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Background: The role of radiotherapy in malignant melanoma is still in discussion due to its relative resis-
tance to radiation. In various literature, heavy ions show a higher relative biological effectiveness than
photons. The aim of this work is to evaluate the radiotherapeutical effect from photons as well as heavy
ions on malignant melanoma cells and to indicate the possible radiosensitivity based on its proliferation-
inhibitory effect.
Methods: Two different cell lines of malignant melanoma, WM115 (primary tumor) and WM266-4
(metastatic site, skin) were used in this in vitro study. The cells were treated with photons or heavy ions
(C12 and O16 ions). Cell-proliferation assay using hemocytometer was used for the quantitative and qual-
itative evaluation of cell growth. Furthermore, flow cytometry was also used to analyze the cell cycle dis-
tribution.
Results: Heavy ions compared to photons and between the two heavy ion modalities, O16 ions showed an
improved suppression of cell growth in both cell lines. Furthermore, a G2/M arrest was detected in both
cell lines after all radiotherapy modalities – with the arrest increasing with the dose applied.
Conclusion: Heavy ions showed a greater inhibitory effect on cell proliferation compared to photons and
an increased G2/M arrest. Therefore, C12 and O16 heavy ions might overcome the relative radioresistance
of malignant melanoma to photons. Further research is warranted.

� 2019 The Authors. Published by Elsevier B.V. on behalf of European Society for Radiotherapy and
Oncology. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Malignant melanoma (MM) is known as the third most frequent
skin cancer, following basal cell carcinoma and squamous cell car-
cinoma. Despite the lower incidence, it is responsible for 90% of
deaths caused by cancer of the skin due to its very high metastatic
potential [1,2]. The development of therapeutic options has shown
promising progress during the last years. Depending on tumor
stage, different adjuvant therapies can be applied for MM following
surgery and have shown promising results, such as interferon
alpha-2b in the early stages or vemurafenib in B-Raf V600E-
mutations [1]. Furthermore, in recent years immunotherapy has
been able to improve the outcome in advanced melanoma [3].
The combination of immuno- or targeted therapies with radiother-
apy might further prolong survival in melanoma with brain metas-
tases [4]. In addition, immunotherapy combined with ion beam
therapy might improve immunogenic reactions [5]. However,
MM is relatively resistant to photon radiation. The role of both
adjuvant and definite radiotherapy in the primary setting is still
being discussed. Photon radiotherapy is commonly used especially
for the treatment of bone and brain metastases fromMM. Different
in vitro studies that were published have shown radiotherapy to be
able to suppress cell growth in MM. However, the range of results
reported is heterogeneous [6].
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The progressing implementation of high linear energy transfer
(LET) heavy ion radiotherapy centers leads to the development of
new therapeutic strategies and eventually offers advanced mela-
noma patients the option of being treated with heavy ions. High-
LET radiotherapy might overcome the relative radioresistance of
MM through a higher relative biological effectiveness (RBE). Fur-
thermore, the unique dose profile with Bragg peaks, very steep
dose gradients and less low dose exposure due to fewer beams
leads to a lower dose to the healthy surrounding tissue. Therefore,
the side effects of these treatments might be reduced with the
same or even better therapeutic effect than photon radiotherapy
[7].

In the current in vitro study, we analyzed the effects of photon
and heavy ion radiotherapy on a primary and metastatic MM cell
line to help implement new therapeutic options for this disease
in the future.

2. Materials and methods

2.1. Cell culture

The two different MM cell lines (WM115 cells from primary
site, and WM266-4 cells from a metastatic site on the skin) were
obtained from ATCC, Manassas, VA, U.S.A. Cells were cultured in
DMEM (Dulbecco’s modified Eagle’s Medium), mixed with 10%
FCS (fetal calf serum) and 1% Penicillin/Streptomycin at 37 �C with
6% CO2 and mostly passaged at 80% confluence after 7 ± 2 days. For
the experiment’s preparation, the cells were seeded in 25 cm2

flasks in particular cell counts, depending on the treatment.

2.2. Photon irradiation

The seeded cells were incubated in 25 cm2 flasks for 24 h to
allow cells to adhere. The cells were then irradiated using
320 keV photons by X-RAD 320 [Precision X-Ray] with physical
doses of 2.0, 4.0 and 6.0 Gy and then incubated for another 72 h,
96 h and 120 h.

2.3. Heavy ion irradiation

The high LET heavy ion radiotherapy was performed at Heidel-
berg Ion-Beam Therapy Centre (HIT) using a horizontal beamline in
raster scanning technique. Depending on the therapy scheme the
Fig. 1. Proliferation assays of two melanoma cell lines (WM115 and WM266-4), 96 h p
ions (O16)). Both heavy ion modalities (C12, O16) showed a relatively shifted curve to the
determined in three independent experiments.
cells were irradiated with either carbon ions (C12) or oxygen ions
(O16). The single layers of cells were irradiated in the middle of
the 8 mm-extended Bragg peak for C12 and 10-mm-extended Bragg
peak for O16. The ionization energy varied between 1.47 and
1.67 GeV for carbon ions and 2.3 and 2.64 GeV for oxygen ions with
LET values of 101 keV/mm and 141 keV/mm, respectively. Single
physical C12 ion or O16 ion doses of 0.5, 1.0 and 2.0 Gy were used.
2.4. Cell proliferation assay

The cells were harvested from 25 cm2 flasks with 1 ml of EDTA
(ethylendiamin-tetraacetate)-trypsin at 37 �C and afterwards neu-
tralized with 1 ml of medium, resulting in a 1:2 dilution. The abso-
lute cell numbers were then counted using a hemocytometer and
compared to a control flask, that contained identical cells but with-
out irradiation.
2.5. Cell cycle analysis

The cell cycle distributions were analyzed using flow cytometry.
At 96 h post irradiation the cells were dispersed using EDTA-
trypsin, washed with phosphate-buffered saline (PBS), then fixed
using 70% ethanol. Fixed cells were centrifuged, washed and incu-
bated in RNAse and propidium iodide prior to measurement of
DNA-content using a FACScan flow cytometer (Becton Dickinson,
Heidelberg, Germany). The minimum of 104 ungated cells were
analyzed using BD CellQuest Pro 4.0.2 (Becton Dickinson and Com-
pany, U.S.A.) and the cell cycle phases were evaluated using ModFit
LT 3.0 (Verity Software House, Inc., U.S.A.).
2.6. Statistical analysis

Statistical analysis of the results was performed using an
unpaired two-tailed t-test. Curves and figures were then calculated
and generated using SigmaPlot 12.0 (Systat Software Inc., U.S.A.).
Results are presented as mean values +/� standard deviation.
P < 0.05 was considered as a significant difference when comparing
results. RBE was defined as the ratio of an absorbed dose type X
(for example C12 or O16 ions) to absorbed reference dose type Y
(photons for example) resulting in the same biological effect, for
example a specific survival fraction of 10% (RBE10). Raw data
was determined in at least three independent experiments.
ost-radiation with three different modalities (photons, carbon ions (C12), or oxygen
left side, indicating greater inhibitory effects than photon irradiation. Raw data was
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3. Results

3.1. The proliferation-inhibiting effect of heavy ions compared to
photon radiotherapy

The following results were based on the cell proliferation assay
at 96 h after radiotherapy (Fig. 1). The 2.0–6.0 Gy photon irradia-
tions showed a wide range of proliferation-inhibition to both
MM cell lines with 8.3–68.2%. In comparison to photon radiother-
apy, both heavy ion types showed a curve significantly shifted to
the left side indicating greater inhibitory effects; after 2.0 Gy C12

and O16 irradiation of both cell lines the proliferation rate was able
to be suppressed to 10.9%�28.8%. The inhibitory effect on prolifer-
ation of 4.0 Gy photon radiotherapy on WM115 was relatively
Fig. 2. Growth ratio of two melanoma cell lines a) WM115 and b) WM266-4 was evaluat
ions (O16), showing curve flattening with increasing dose and linear energy transfer (LET
independent experiments. p < 0.05; x: p > 0.05; **: p < 0.001.
comparable to 1.0 Gy C12 and 0.5 Gy O16 radiotherapy (43.8% vs.
47.0% vs. 44.4%, respectively). On WM266-4 there was a similar
rate of proliferation-inhibition with 68.2%, 61.8% and 68.5%
(6.0 Gy photons, 2.0 Gy C12 and 1.0 Gy O16) with this cell type.

Cell growth was evaluated by relative cell counts, and shown to
be variably affected depending on radiotherapy modality and dose.
Fig. 2 shows the evaluation of cell growth at 72 h, 96 h and 120 h
after radiotherapy with curve flattening depending on the radio-
therapy dose level and beam modality. Heavy ions compared to
photons resulted in a decreased gradient in the proliferation rates
after 120 h. After 120 h the growth in WM115 after 6.0 Gy photon
radiotherapy was inhibited by only 37.5%. The maximum inhibi-
tion of growth after 120 h was shown to be 70.7% for 2.0 Gy C12

and 68.5% for 2.0 Gy O16. In WM266-4 cells the maximum
ed at 72 h, 96 h, and 120 h post treatment with photons, carbon ions (C12) or oxygen
), indicating stronger growth inhibitory effects. Raw data was determined in three
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inhibition of growth observed after 120 h was 73.4% with 2.0 Gy
O16, 52.6% with 2.0 Gy C12 and 58.2% with 6.0 Gy photons, respec-
tively. In absolute number we can also see that the 2.0 Gy O16

radiotherapy resulted in a reduced number of cell counts com-
pared to the control after 120 h.
3.2. Increased G2/M arrest on heavy ion compared to photon
radiotherapy

Fig. 3 shows the cell cycle analysis of both melanoma cell lines
96 h after radiotherapy. In the control sample of WM115 and
WM266-4, 12.5% and 13.8% of the cell were distributed in G2/M
phase, respectively. Photon radiotherapy with 2.0–6.0 Gy resulted
in an increased cell distribution in the G2/M phase, ranging from
15% to 22% in WM115 and 14% to 30% in WM266-4. Accordingly,
radiotherapy with 0.5–2.0 Gy C12 resulted in relatively comparable
18% to 28% distribution in WM115 and 23% to 31% in WM266-4. In
addition, radiotherapy with 0.5–2.0 Gy O16 resulted in a distribu-
tion of 12% to 41% in WM115 and 18% to 37% in WM266-4. This
observation indicated a G2/M arrest in both cell lines after all
radiotherapy modalities with an arrest that increased, the higher
the applied dose was. The results also showed that 0.5–2.0 Gy of
both heavy ion modalities resulted in a comparable distribution
as 2.0–6.0 Gy of photon radiotherapy.
4. Discussion

The aim of this study was to evaluate the effectivity of heavy ion
radiotherapy compared to conventional photon radiotherapy in
MM. In our experiments, heavy ions and especially O16 ions
showed an improved suppression of cell growth in both cell lines
compared to photons. Furthermore, a G2/M arrest was indicated
in both cell lines after all radiotherapy modalities and the arrest
increased with higher dose. These in vitro analyses might help fur-
ther research in radiation oncology to improve the effectiveness of
radiotherapy by adding evidence for heavy ion radiotherapy in



Fig. 3. Cell cycle analyses using FACS-scan at 96 h after irradiation of both
melanoma cell lines (WM115 and WM266-4). Irradiation caused G2/M arrest that
increased, depending on the dose and linear energy transfer (LET). Raw data was
determined in three independent experiments.
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MM. MM cells are considered to be relatively radioresistant com-
pared to other cancer cells [7–9]. The broad shoulder on a mela-
noma survival curve indicated, that a higher radiotherapy dose is
needed to achieve a significant effect. Some underlying mecha-
nisms causing the relative radioresistance of MM are the effective-
ness of its DNA repair, high proliferation capacities and hypoxic
cell pools including radioresistant cancer stem cells [7].

The unique Bragg-peak dose profile combined with the possibil-
ity of using lower dose per fraction (in virtue of the high photon-
relative biological effectiveness of heavy ions) might potentially
contribute to better normal tissue sparing without neglecting the
tumor killing effects [10]. Furthermore, the effects of high-LET
ion beam radiotherapy were observed in several relative radiore-
sistant tumors, especially MM. Prior reports of in vitro, in vivo
and clinical studies have shown high-LET radiotherapy to be more
effective than photon radiotherapy, for example in terms of RBE
[11–14]. High-LET radiotherapy causes more direct than indirect
DNA double-strand breaks, which may be the cause for it being
more effective than photon radiotherapy in certain histologies
[15].

Up to date, in vitro data on heavy ion radiotherapy in MM is
limited. Qin et al. [11] reported on the influence of high-LET heavy
ions (C12) and low-LET photons on apoptosis and related proteins
of MM on tumor-bearing mice under the same physical dose. The
authors showed especially C12 to be able to promote apoptosis in
MM cells and inhibit their proliferation. Moreover, C12 ions had sig-
nificantly increased apoptosis and proliferation inhibition. One of
the results shown is that high-LET radiotherapy was able to inhibit
the tumor growth of B16F10 melanoma cells on mice to 95% one
week after the therapy, compared to 37.5% on the photon arm.
Not only was growth inhibited, the tumor volume shrunk signifi-
cantly compared to the control.

In our study, we also identified the superiority of heavy ions
compared to photon radiotherapy in terms of proliferation-
inhibiting effects. The dose used to achieve the same effect to pho-
ton radiotherapy was notably less using heavy ion therapy (0.5 Gy
for heavy ions comparable to the results of 2.0 Gy photons in our
study), which means that heavy ions might be �4 times more
effective than photons. Nonetheless, with these results we were
able to show the potential of heavy ions in MM. The estimation
of carbon ions RBE was �2, meaning 1.0 Gy carbon ions should
cause the same biological effect as 2.0 Gy photons [7].

Moreover, between the two heavy ion modalities, O16 ions
showed an improved suppression of cell growth in both cell lines
in comparison to C12 ions. Up to now, the published data on O16

ion beams is still limited. Habermehl et al. [16] reported on hepa-
tocellular carcinoma cell lines irradiated with photons or heavy ion
beams (C12 and O16 ions). The authors had shown similar RBE10-
values for C12 and O16, namely 1.9–3.3. Our comparable results of
1.0 Gy O16 ion beams to 2.0 Gy C12 ion beam and 6.0 Gy photon
irradiation in WM266-4 proliferation assay indicated that O16 ion
beams might be �6 times more effective than photons. The signif-
icant curve shifting to the left, which means that fewer cells sur-
vive at a specific dose, might also indicate the potentials of C12

and O16 ion beams to overcome the radioresistance in MM.
The evaluation of the cell cycle distribution 96 h post radiother-

apy has shown an increasing cell population in G2/M-phase,
depending on dose and radiotherapy modality. One explanation
for the G2/M phase increase might be a prolonged G2/M arrest
indicating a high amount of DNA damage, which caused the cells
unable to pass the checkpoint to proliferate and therefore stay in
the G2/M phase, then undergo apoptosis [17]. The comparable
results between 0.5 and 2.0 Gy heavy ions to 2.0–6.0 Gy photons
also demonstrated the improved effectiveness of heavy ions. A pre-
vious study by Suetens et al. [18] compared the cell cycle patterns
after radiotherapy with photons and carbon ions of both prostate
and colon cancer cell line. The results also showed the permanent
G2/M arrest in PC3 cells using relatively a lower dose of carbon
ions (0.5–2.0 Gy).

5. Conclusion

In conclusion, heavy ions showed a greater inhibitory effect on
primary and metastatic malignant melanoma cell proliferation
compared to photons, and an increased G2/M arrest. Further
in vitro experiments as well as clinical trials are needed for further
evaluation of heavy ion beam therapy in malignant melanoma.
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