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ARTICLE INFO ABSTRACT

Keywords: Purpose: Primary gynecological melanomas are uncommon with lower survival rates compared to cutaneous

Mucosal malignant melanoma melanomas. Although melanocytes have been identified in a variety of mucosal membranes, little is known

Radiobiology about their interactions or roles inside the mucosa layer. Melanin is a common pigment in nature and is endowed

x?lan:fl with several peculiar chemical, paramagnetic, and semiconductive characteristics. One of its latest explored
1gration

functions is its interaction with ionizing radiation as a protective mechanism as well as its implication in the
metastatic cascade of tumor cells.

Materials and Methods: In this work, we analyzed in vitro the effects of different doses of photon and carbon ion
irradiation on dendrite formation, pigmentation, migration, and invasion abilities of human mucosal melanoma
cells of the vagina. We evaluated the morphology and melanin production of HMV-II cells exposed to photon and
carbon ion beams with single doses between 0.5 and 10 Gy.

Results: Our results showed that irradiation induces dendrite formation or elongation and pigmentation in HMV-
II cells in a dose-type-dependent and radiation-type-dependent way but also a decrease in cell motility.
Conclusion: The present study describes for the first time an induction of dendritic formation, melanin pro-
duction, and alterations in migration and invasion abilities by low-linear energy transfer and high-linear energy
transfer radiation in human mucosal melanoma cells, suggesting a radioprotective response to further possible
exposures increasing the radioresistance of these cells.

Carbon ions

Introduction

Melanocytes found in the mucosal membranes of the respiratory,
gastrointestinal, and urogenital tracts are the source of primary mu-
cosal melanomas. Gynecological melanomas are uncommon, with the
vulva as the most frequent site, and are known to exhibit more ag-
gressive behavior and have a worse prognosis than other melanoma

subtypes. Due to the localization of the majority of these mucosal
melanomas and the absence of early, distinct signs, a poor prognosis
and delayed detection are common.' Among gynecological melanomas,
vaginal ones have a dismal overall survival (OS) that ranges between
0% and 32% at 5 years.”” Currently, there is no consensus or guidelines
about the management of this rare disease, but surgery, when feasible.
However, considering the short time to progression after demolitive
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Figure 1. Experimental setups for (a and b) photon irradiation and (c and d) carbon ion irradiation.

surgery and the morbidity due to extensive surgical approaches, a more
conservative approach aimed also to control the symptoms might be
justified.®> Unfortunately, the intrinsic radioresistance of this histology
makes conventional photon beam radiation therapy unsatisfactory.
However, the preliminary experiences with carbon ion radiation
therapy achieved really promising results both in terms of local control
and in 0S,°® with a high safety profile also in case of combination of
immunotherapy.® The rational of the use of carbon ion irradiation
(CIRT) in radioresistant malignancies is due to its ballistic proprieties
that allow increasing the total dose to the target, but above all, to the
radiobiological hallmarks. Indeed, CIRT is less cell cycle-dependent, has
a high relative biological effectiveness, and acts independently on the
hypoxic status of the tumor.” Moreover, the DNA damages caused by
CIRT are able to regulate several molecular pathways, increasing also
the immunogenic cell death.'® However, the damage to normal tissues
and the emergence of different tumor radioresistance mechanisms fre-
quently restrict the effectiveness of RT."''® Cancer cells, such as mel-
anomas, may survive by taking advantage of their activation mechan-
isms that involve morphological changes, compensatory survival
signaling, damage-repair signaling (eg, reactive oxygen species [ROS]
scavenging), DNA repair, unfolded protein response, and the induction
of autophagy.''® Moreover, the presence of melanin pigments is
considered one of the possible mechanisms of intrinsic radio-
resistance,'” ' considering its ability to face melanogenesis to scavenge
free radicals and ROS.?>?" Furthermore, in vitro and in vivo experi-
ences showed the inhibition of trans-migration mediated by melanin,
suggesting an important role on the control of metastatic potential.**"
27 Cancer cells take on an invasive, migrating phenotype that causes
them to invade nearby tissues, enter the bloodstream, and travel to far-
off locations.”® Research generally shows that, while CIRT reduces this

in several cell lines, photon radiation (XRT) may subsequently activate
a wide variety of intracellular signaling pathways, increasing the mo-
tility and/or invasiveness of tumor cells.”* However, not all cell lines
react to radiation in the same way. For example, some cell lines showed
decreased invasiveness in response to photon radiation, while others
showed increased invasion in response to carbon ion radiation.’*"
32 Melanoma cells' capacity to undergo phenotypic or functional
switches in response to environmental changes following radiation
exposure makes them an excellent model for researching the activation
of cancer.

Although a few studies analyzed the radio-response of skin mela-
noma cells, finding a correlation between melanin content and radio-
resistance,®*" to the best of our knowledge, there have been no studies
that investigated the effects of low-linear energy transfer (LET) or high-
LET radiation to cell activation in terms of dendricity, melanin pro-
duction, and migration or invasion of mucosal melanoma cells. Herein,
we analyzed in vitro the effects of different doses of XRT and CIRT on
dendrite formation and elongation, as well as on melanin pigment ap-
pearance and motility abilities of human mucosal melanoma cells of the
vagina.

Materials and methods
Cells and reagents

The human melanoma vaginal cell line, designated HMV-II, was
acquired from Sigma Aldrich, located in St. Louis, MO, USA. The cells
were cultivated in RPMI 1640 media supplemented with 10% heat-in-
activated fetal bovine serum, 100 U/mL penicillin, and 0.1 mg/mL
streptomycin in a humidified chamber with 5% CO2. Employing 10%
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trypsin, cells were regularly divided once they had reached 80% to 85%
of confluence up to passage 10. The culture medium and all additives
were bought from Sigma Aldrich.

Irradiations

HMV-II cells that were cultivated exponentially in T12.5 or T25
culture flasks (Corning) were subjected to photon or C-ion beams at
doses of 0.5, 1, 2, 4, 6, 8, or 10 Gy. Every fake sample that had been
exposed to radiation was treated the same as the real samples and
placed on a surface in an adjacent room. To guarantee electronic bal-
ance with the employed beams, which began from below (180°), T25
flasks were placed horizontally above a 1.5 cm-thick layer of Plexiglas
and coated with a 1 cm-thick layer of water-equivalent bolus. Photon
radiation was carried out with a 6 MV from a LINAC linear accelerator
(3 Gy/min as dose rate) in the Radiation Oncology Unit of the Istituti
Clinici Scientifici Maugeri of Pavia, Italy (Figure 1a and b).

A fixed horizontal beamline at the National Center for Oncological
Hadrontherapy in Pavia, Italy, was used to deliver active-scanning
carbon ion beams. T12.5 flasks were positioned within a water phantom
with its entrance window at the room isocenter and filled with a non-
complete cell culture medium, leaving an air gap at the very top of the
flask only. This configuration created a full liquid-to-plastic continuous
interface at the irradiation window. To achieve a uniform dose region
with a thickness of 6 cm, a spread-out Bragg peak (SOBP) was generated
by superimposing 31 different beam energies (ranging from 246 to
312 MeV/n, corresponding to a water-equivalent path length of 120 to
180 mm with 2-mm increments in depth). This SOBP was designed to be
homogeneous in physical dose to minimize any potential dose gradients
across the cell monolayer, consistent with standard practice in clono-
genic assays; thus, no radiobiological model was employed at this stage.
We recalculated the plan using our clinically commissioned treatment
planning system (RaySearch RayStation v 2023B) to verify the flatness
of the dose distribution along the SOBP. The homogeneity was further
confirmed through ionization chamber dosimetry (calibrated Farmer
chamber) placed at various depths within the irradiation field. The
chosen SOBP extensions can be representative of clinically adopted ir-
radiation beams. The LET distribution, ranging from about 32 to
140 keV/pm in the modulated 6 cm region, was also extracted from the
TPS, showing a value of 44.5keV/um at the position of the flasks.
Reference dosimetry is reported in Rossi et al.*”

The cells were positioned 15cm below the phantom’s surface,
roughly in the middle of the SOBP (Figure 1c and d). The noncomplete
medium was removed immediately after the radiation was concluded,
and 5mL of the complete medium was added for the incubation pro-
cess. For every condition, at least 3 samples were used.

Melanocyte morphology and melanin synthesis

By applying a phase-contrast microscope (BX1, Olympus), images of
representative fields of both control and irradiated flasks were captured
every day for 10 days following the administration of radiation to re-
cord the length, dendritic development, and pigmentation of the mel-
anocytes at 100X magnification. Dendritic cells were cells that had one
or more thin processes that extended beyond the width of the cell
body.?® The starting point for measurement has been chosen at the
point where the dendrite emerged from the soma. At least 5 distinct
representative fields' worth of cells were assessed for each condition
(dose and energy) of irradiation. The dendritic length was measured
using the digital camera and expressed in millimicroliters. All raw data
were normalized to the maximal value to eliminate units of measure-
ment.

To evaluate melanin synthesis, separate samples were used com-
pared to those used for dendrite length measurements. Melanin synth-
esis was surveyed by counting the number of pigmented (brownish)
cells, by evaluating of pellets’ color, and by absorbance measurements
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of the pellet’s supernatants collected 10 days after exposure to irra-
diation using an Absorbance Reader (BioTek 800TM TS). More speci-
fically, cells were cultured for 10 days after the exposure to irradiation.
Both irradiated and control (mock-treated) HMV-II cells were collected
by trypsinization and centrifuged in order to form pellets. The super-
natant was discarded, and the pellets were washed twice with phos-
phate-buffered saline to remove any remaining media or trypsin. Each
pellet contained 1 000 000 cells, which was achieved by counting the
cells using the LUNA-II automatic cell counter to ensure even con-
centrations across all groups.

Holotomographic microscopy acquisitions

Label-free images were acquired using a 3D Cell Explorer-fluo mi-
croscope (Nanolive SA—in collaboration with Media System Lab Srl). A
520 nm laser is installed in the microscope to enable tomographic phase
microscope, enabling label-free refractive index image acquisition at
high resolution. Images were reconstructed using STEVE Software
(STEVE, Nanolive SA) and FIJI. Nanolive 3D Cell Explorer-fluo is sup-
plied for live cell imaging (Okolab, Incubator chamber with tempera-
ture, humidity, and gas control).

For imaging, 3000 nonirradiated and irradiated HMV-II cells were
plated in 35 mm No.1.5 ibidi polymer coverslip bottom dishes. After 48 h,
the dishes were put inside the incubator chamber of the microscope, and
overnight imaging began, with the microscope acquiring every 30s.

Cell migration

Cell migration was evaluated through in vitro Boyden chamber
migration assay, using transwell inserts. Following irradiation, HMV-II
cells were trypsinized and counted using the LUNA-II automated cell
counter. A total of 100 000 mock-treated and irradiated cells were
seeded in the upper inserts of a 24-multiwell culture plate (Corning).
The lower chambers were filled with a medium containing 20% serum
that acts as a chemoattractant, promoting the migration of cells through
the 0.8 um pores of the membrane toward the bottom. To ensure ac-
curate measurement of migration, 24 h after incubation, the membrane
of each insert was carefully cleaned with a cotton-tipped applicator to
remove any residual media or nonmigrated cells that had not moved to
the lower chamber. Cells that successfully migrated and were attached
to the underside of the membrane underwent May-Griinwald-Giemsa
staining after being fixed in 70% cold ethanol. Inserts were examined
under a 200X phase-contrast microscope, and for each insert that cor-
responded to a given condition, pictures from at least 5 distinct fields
were captured. All raw data were normalized to the maximal value to
eliminate units of measurement.®” For every condition, at least 3 se-
parate replicates were carried out.

Cell invasion

Cell invasion was evaluated through in vitro invasion assay, using
the BioCoat Matrigel Invasion Chamber (Corning). The 8.0 um PET
Membrane porous filters were conditioned by adding fresh growth
medium both in the lower and in the upper chamber for 2 h. After the
exposure to irradiation, HMV-II cells were trypsinized, and 10 000 ir-
radiated and nonirradiated cells were seeded in the top inserts, while
20% serum-enriched medium was introduced to the bottom chambers
to act as a chemoattractant for the cells. Each insert's membrane was
thoroughly cleaned with a cotton-tipped applicator 24 h after incuba-
tion to carefully remove the media and any remaining cells. Fixing the
invading cells required 70% cold ethanol, and the May-Griinwald-
Giemsa stain was used. When the inserts were dry, they were examined
using a 200X phase-contrast microscope, and for each insert that cor-
responded to a given condition, pictures from at least 5 distinct fields
were captured. All raw data were normalized to the maximal value to
eliminate units of measurement.>” For every condition, we ran at least 3
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separate replicates.

Statistics

All data are provided as the means + SDs and estimated with
GraphPad Prism software, version 8 (GraphPad Software Inc). For each
condition, at least 3 independent biological replicates were conducted.
The results from these replicates were combined to calculate the overall
mean and SD for each experimental condition. The 2 groups were then
compared for significant differences using a 2-tailed independent t test.
A difference that was deemed statistically significant was indicated by
P-values < .05. At least 3 replicates of each experiment were con-
ducted.

Results

In our cell culture conditions, HMV-II cells maintained an epithelial
morphology, with most of the cells presenting a triangular or spindle-
like shape with short processes. After exposure to XRT or CIRT, HMV-II
cells showed increased morphological activation, characterized by
dendrite formation and elongated dendritic morphology, that resulted
in being dose-type and radiation-type dependent (Figure 2a-c).

More specifically, already 24h after the exposure to photons, the
average dendrite length increased progressively to the increasing doses
until 6 Gy where we observed the highest average dendrite length, while it
decreased at higher doses of 8 and 10 Gy (Figure 2d). This morphology
persisted during the entire time of culturing, up to 10 days. On the other
hand, after 24 h of carbon ion irradiation, we did not observe such sig-
nificant differences in the average dendrite length, but at the timepoint of
48 h, HMV-II cells displayed dendrite elongation that gradually increased
with the exposure to increasing doses of CIRT. Also, in this case, the
maximum average dendrite length was observed at 6 Gy (Figure 2¢), while
the trend remained the same up to 10 days postirradiation. However, XRT
caused a more significant elongation of dendrite processes when compared
to CIRT at all time points (Figure 2f).

Before exposure to irradiation, in our cell culture conditions, HMV-II
cells did not present any brownish pigments, and after centrifugation,
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the pellets of cell aggregates were white to gray. We observed the cells
under the microscope up to 20 days after XRT or CIRT with intervals of
24 h. No pigmented cells were visible in the culture of sham-irradiated
samples, while in the irradiated ones, the appearance of melanin pig-
ments gradually increased, according to the dose received, since the
most pigmented cells were visible at one of the highest doses (Figure
3a-c).

The first pigmented cells appeared 3 days after the exposure to XRT
and 5 days after CIRT and the highest number was reached 10 days
after exposure at 8 Gy in both cases, although with very different values
(average of 96 cells versus 24, respectively) (Figure 3d-f). After this
interval time, the numbers of brown cells remained constant.

Concerning the color of the pellets, which appeared white to gray in
the case of control cultures, we observed that they turned light brown at
the intermediate doses (from 0.5 to 6 Gy) to dark brown at 8 Gy (Figure
4), proving melanin synthesis, after both types of irradiation.

Similarly, the measurements of melanin absorbance highlighted that
10 days after irradiation, melanin synthesis is higher in the photon-
irradiated cells when compared to the carbon ion-irradiated ones
(Figure 5).

Using the transwell migration assay, we observed that after ex-
posure to either XRT or CIRT, HMV-II cells’ ability to migrate dimin-
ished in a dose-dependent manner, and the amount of migrated cells in
exposed samples compared with control ones decreased with increasing
the dose. When compared to cells exposed to photons, C-ions sig-
nificantly reduced cell migration (ie, 0.77 in C-ion-irradiated cells
compared to 0.89 in photon-irradiated cells at 2 Gy) (Figure 6a).

Regarding cell invasion, a similar pattern was observed. The number
of invading cells 24 h postirradiation decreased after the exposure to
photons or C-ions, and also, in this case, the effect was more significant
after CIRT (ie, 0.48 in CIRT cells compared to 0.59 in photon beam
radiation therapy cells at 4 Gy) (Figure 6b).

Discussion

The pathogenesis of mucosal melanomas is largely unknown and the
subject of a current debate also due to different hallmarks and functions
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Figure 2. Dendritic processes of HMV-II cells at (a) normal conditions (no exposure to irradiation) and after the exposure to 6 Gy of (b) C-ions and (c) photons,
obtained using a phase-contrast microscope at 100X magnification. (d) Normalized data of dendrite length after the exposure to photons and to (e) C-ions. (f)
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A. Charalampopoulou, A. Barcellini, M. Bistika et al.

International Journal of Particle Therapy 14 (2024) 100630

4.00 4.00 4.00 -
o ~
Y 3.50 | ot 3.40 24
§ 300 — :
[ z
) g E 280 |
a -3 a
c 2.50 | S c
o 14 [ -
s g S 220
£ 200 | s 2 }
- = 4
1.60 =
1.50 | -
100 Lot 1.00 L B e,
0 1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10
Timepoint (days) Timepoint (days) Timepoint (days)
d - - e f C- I
Dose(Gy) * 0 08 —*-1 -2 Dose(ay) ~¥0 ~O- 05 —w—1 -#-2 Dose(Gy) O @2 ~%-6 —e=8

A 4§ == ~O-8 =10

4 4 ——6 0-8 =10

Photons .2 v-6 —o—-8

Figure 3. Label-free holotomographic images of HMV-II cells at (a) control condition and after the exposure to (b) 2 Gy and (c) 4 Gy of C-ions, obtained using the 3D
Cell Explorer-fluo microscope. The white spots represent the melanosomes, which contain melanin. (d) Normalized data of melanin pigments after the exposure to
photons and to (e) C-ions. (f) Comparison of melanin pigments between photons and C-ions at 2, 6, and 8 Gy. *Stands for P < .05 and a statistically significant

difference between the 2 types of irradiation at 2, 6, and 8 Gy for each timepoint.
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Figure 4. Pellets of HMV-II cells at control condition and after the exposure to
8 Gy of C-ions and photons (starting from the left).

of melanin in the skin and in the extracutaneous sites, although the
similar embryological origin.”® Besides the function of the skin melanin
to protect the dermis from the damaging effects of sunlight by serving
as a Ultraviolet (UV) radiation screen,””** melanin plays a role in the
innate immunological defense system*>*® and also neutralizes ROS in-
duced largely by Ultraviolet A radiation, by its antioxidant activity, and
by free-radical scavenger effects.”’ However, the capability of melanin
pigment to shield healthy melanocytes from radiation and oxidative
stress can also render melanoma cells unresponsive to many forms of
treatment, such as irradiation.””-*® Dendricity in skin melanocytes is a
decisive factor concerning epidermal pigmentation since dendritic ex-
tensions are essential for the relocation of melanosomes from melano-
cytes to the surrounding keratinocytes,*® and it is promoted by UV ir-
radiation.”® On the other hand, the role of dendrites in mucosal
melanocytes is not clear, and the cell type that dendrites are ap-
proaching, although the in-situ component of acral lentiginous and

Photons % C-ions
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Figure 5. Melanin absorbance at 450 nm 10 days after the exposure to photons
and C-ions. *Stands for P < .05 and a statistically significant difference.

mucosal malignant melanomas typically displays the dendritic archi-
tecture of malignant cells.”"*>

Considering this challenging background, the results of our study
reveal intriguing insights into the morphological and functional
changes exhibited by human mucosal melanoma cells of the vagina in
response to XRT and CIRT. Under normal culture conditions, HMV-II
cells displayed a characteristic epithelial morphology, but following
exposure to both types of irradiation, a notable activation response was
observed. The most prominent morphological change was the forma-
tion or elongation of dendritic processes. After XRT, there was a dose-
dependent increase in dendrite length up to 6 Gy, with a subsequent
decrease at higher doses. That could be probably explained by the cell
damage induced after the exposure to 8 and 10 Gy of irradiation that
caused the slight decrease in dendritic lengths observed. Similarly,
CIRT induced dendrite elongation, peaking at 6 Gy. However, XRT
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Figure 6. (a) Boyden chamber migration assay: migrated HMV-II cells after exposure to 2 and 4 Gy of photons or C-ions and (b) invasion assay: invaded HMV-II cells
after exposure to 2 and 4 Gy of photons or C-ions. *Stands for P < .05 and a statistically significant difference.

resulted in more significant dendrite elongation than CIRT at both 24
and 48 h postirradiation.

Interestingly, the results of our experiments also highlight melanin
synthesis activation in HMV-II cells by ionizing irradiation. Indeed, in
our experimental conditions, mucosal melanoma cells exhibited an in-
creased ability to synthesize melanin in a dose-dependent manner, with
the appearance of pigmented cells and a color change in cell aggregates.
The highest number of pigmented cells occurred 10 days after exposure
to 8 Gy in both XRT and CIRT, suggesting a correlation between ra-
diation dose and melanin synthesis. However, it is important to un-
derline that photon irradiation seems to induce a more significant cell
activation in terms of melanin synthesis when compared to exposure to
carbon ions. These results are confirmed by measurements of the ab-
sorbance at 450 nm, which demonstrated a higher melanin production
postirradiation that was higher after the exposure to photons when
compared to carbon ions, presenting a peak at 8 Gy.

From a clinical point of view, literature data have shown that
melanin formation is associated with a faster rate of disease progression
and that the presence of melanin in metastatic melanoma cells reduces
the effectiveness of radiation therapy.>* > With regards to the biology
aspect, it has been reported that melanin plays a role in decreasing
radiosensitivity to low-LET (XRT) and high-LET (CIRT) irradiations of
cutaneous melanoma cells,'°® and melanized microbial organisms are
particularly radioactively adapted to conditions including cooling pools
of nuclear reactors, satellites, and the contaminated Chernobyl nuclear
plant.”” Besides, it is thought that one of the ways that fungus and tree
frogs at Chernobyl zones acquire radioprotective qualities by means of
enhanced melanin production®®°? (Figure 7).

The current hypothesis is that melanin carries out a scavenger activity
against cytotoxic short-lived free radicals and consequently reduces DNA
damage. But melanin synthesis seems to be related also to mechanisms of
cell migration and invasion since there are studies which suggest that the
presence of melanin could probably inhibit the metastases of mela-
noma.”*®° Thus, in addition to its UV protective function, melanin seems
to play a role in preventing melanoma metastasis.

In parallel with our experiments regarding mucosal melanoma cell
activation, we also investigated the impact of XRT and CIRT on cell
migration and invasion capacities. Both types of irradiation led to a
dose-dependent decrease in migration and invasion, with CIRT

demonstrating a more significant effect, as reflected in lower numbers
of migrated and invading cells compared to XRT. Importantly, tumor
cell migration and invasion play crucial roles in numerous processes,
such as immune cell trafficking. This point is of utmost importance,
considering that preclinical studies showed more efficient antitumor
immune responses after CIRT compared to XRT.®'

Actually, it has been shown that melanin and the microphthalmia-as-
sociated transcription factor can reduce the aggressiveness of melanoma
by inhibiting a number of critical metastatic processes,”" even though, to
our knowledge, there are no studies that investigated the association of
melanin synthesis and motility abilities of cells postirradiation. However,
this is an interesting aspect that could be further investigated by per-
forming experiments also with the cell line used in this study.

The present study has several undeniable limitations. First, the 2D
experience lacks the complex interactions between cells and the ex-
tracellular matrix present in living tissues that might impact the
cellular responses to radiation, including pigment production and
motility, as well as dendritic formation and elongation. Moreover,
the single cell line represents a limited biological context and the in
vitro experiment, although a surrogate of the in vivo ones is limited
by the intrinsic static condition different from a dynamic 3D and in
vivo model. In addition, the absence of correlation between the
molecular status of HMV-II cells and the response to low and high
LET might be a possible bias. However, the methodology used, the
different irradiation conditions tested, and the fact that, to the best of
our knowledge, there are no data on the effect of low and high LET in
terms of dendrite formation and elongation, as well as melanin pig-
ment appearance and motility abilities of HMV-II, are the main
strengths of our experiments.

The preliminary data obtained from the current experience pave the
way to proceed with subsequent analyses involving more complex
models (such as 3D or in vivo) that can confirm the 2D results in a
nonstatic environment, capturing all the nuances of the processes
evaluated in the current work, drawing near a real-world scenario.
Moreover, including the molecular hallmarks, the cell-cell cross-talking,
and the molecular background as possible predictive variables of re-
sponse might help to move forward a better comprehension of this
disease, with potential implications for therapeutic strategies and fur-
ther exploration of the underlying mechanisms.
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Figure 7. Possible mechanism of melanin synthesis for radioprotection.

Conclusions

The extent and nature of cell activation postirradiation depend on
factors such as the dose of radiation, cell type, and the ability of the
cells to repair damage. In conclusion, our study provides comprehen-
sive insights into the cellular responses of HMV-II cells to XRT and CIRT
in terms of morphological changes, characterized by dendrite formation
and elongation, which suggest a distinctive activation response fol-
lowing irradiation, as well as in terms of melanin synthesis. This asso-
ciation between irradiation dose and melanin synthesis underscores the
dynamic nature of cellular responses in mucosal melanoma cells.

Furthermore, our experiments into migration and invasion capa-
cities revealed a dose-dependent decrease in both parameters after
exposure to XRT and CIRT. Carbon ion irradiation exhibited a more
substantial impact, emphasizing its potential efficacy in limiting the
migratory and invasive capabilities of HMV-II cells.

Overall, despite the undeniable limitation of our findings limited to
one cell line, our study paves the role in a better comprehension of the
complex interplay between different irradiation types and cellular re-
sponses in mucosal melanoma. Understanding the mechanisms behind
cell activation after irradiation is crucial for developing strategies to
enhance the efficacy of radiation therapy or mitigate the adverse effects
of radiation exposure.
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