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Abstract: Canine malignant melanoma (CMM) is a locally and systemically aggressive cancer that
shares many biological and clinical characteristics with human mucosal melanoma. Hypofractionated
radiation protocols have been used to treat CMM but little is known about its radiation biology.
This pilot study is designed to investigate response of CMM cell lines to various ionizing radiations
and cytotoxic agents to better understand this canine cancer. Four CMM cell lines were evaluated
by clonogenic survival assay under aerobic and hypoxic conditions and parameters such as alpha
beta (α/β) ratio, oxygen enhancement ratio (OER), and relative biological effectiveness (RBE) were
calculated after 137Cs, 6 megavoltage (MV) photon, or carbon ion irradiation. Six cytotoxic agents
(cisplatin, camptothecin, mitomycin C, bleomycin, methtyl methanesulfonate and etoposide) were
also assessed for their efficacy. Under aerobic condition with 6 MV photon, the α/β ratio of the
four cell lines ranged from 0.3 to >100, indicating a wide variation of cellular sensitivity. The ratio
increased under hypoxic condition compared to aerobic condition and this was more dramatic in
137Cs and 6 MV photon treatments. OER of carbon was lower than 137Cs at D10 in 3 of the 4 cell
lines. The RBE values generally increased with the increase of LET. Different cell lines showed
sensitivity/resistance to different cytotoxic agents. This study revealed that CMM has a wide range
of radiosensitivity and that hypoxia can reduce it, indicating that widely used hypofractionated
protocols may not be optimal for all CMM patients. Several cytotoxic agents that have never been
clinically assessed can improve treatment outcome.

Keywords: canine malignant melanoma; ionizing radiation; photon; carbon ion; tumor hypoxia

1. Introduction

Canine malignant melanoma (CMM) is a common oral and cutaneous tumor in dogs, and recently
CMMs have been considered as a large animal model for human mucosal melanomas [1]. Previous
studies revealed several prognostic factors for clinical outcome following treatment interventions such
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as tumor location within the mouth, tumor size, and completeness of histopathological margin [2,3].
CMM is highly invasive locally and carries a high tendency to spread regionally and systemically,
yielding significantly shorter survival times [4]. Numerous studies have failed to develop a more
effective local and systemic treatment regimen to improve survival times [2], and currently surgical
excision with adjuvant local and/or systemic therapy is considered as the standard of care. Radiation
therapy is a commonly used locoregional treatment for CMMs [3,5–8]. Different radiation therapy
protocols have been used in veterinary radiation therapy. In a previously reported study that evaluated
clinical outcomes after different radiation therapy protocols to treat CMM, no significant advantage
in treatment outcome was found in dogs that were treated with a fractionated protocol compared to
those that were treated with a hypofractionated protocol. [7]. This report may be part of the reason
why hypofractionated radiation protocols with a large dose per fraction are most commonly used to
treat canine CMM [8–10]. Other reasons may include that the hypofractionated radiation protocol is
generally well tolerated by the canine patients and in veterinary radiation oncology, patients need to
be under general anesthesia or sedation to immobilize them, therefore having fewer treatment sessions
is more practical and convenient. However, complete response cannot be achieved in all clinical cases
and in fact, large tumor volume was a part of a joint prognostic factor in the aforementioned study.
The background biology of this variation in treatment outcome has not been well studied. Parameters
that help understand a cell’s radiobiology include alpha beta ratio, survival fraction (SF) at a specific
radiation dose (i.e., SF at 2 Gy; SF2), and radiation dose that results in a specific cell survival rate
(i.e., 10% survival; D10). Knowing those parameters may help to better understand radiobiology of
CMM and create a more effective radiation therapy protocol.

There are several different types of ionizing radiation that are currently used to treat human
and veterinary cancer patients, although the most common is megavoltage photon beam radiation
delivered with linear accelerators. However, more recently over the last few decades, heavy ion
radiation facilities for research and clinical purposes have been constructed, equipped with a capability
to accelerate heavier particles such as protons, and heavy ions such as carbon and iron nuclei. The
heavy ion beams have a unique physical characteristic that is called Bragg Peak that where the dose
ramps up quickly and locally deep within the tissue. The depth can be controlled and is determined
by the initial energy of the ion and this peak can be also spread out to cover a wide area by delivering
a range of energies, known as the spread out Bragg peak (SOBP). Importantly, as the ion slows the
radiation deposited can be very dense at the end of the SOBP, increasing the level of linear energy
transfer (LET) and potentially the relative biological effectiveness (RBE). By positioning the spread out
Bragg peak (SOBP) at the target lesion, a very high dose can be delivered to the target lesion while
sparing the distal tissues and minimizing proximal tissues since the ions have little interaction before
the Bragg peak. Moreover, heavy ion beams such as carbon and iron ion create very prominent Bragg
peaks, and are more efficient in cell damaging and are less dependent on tissue microenvironment
oxygen level unlike photon beams [11]. Because of those biological and physical advantages, heavy
ion beams are used in biology research and in human cancer treatment [12–14], though the availability
is limited.

Since CMM is highly metastatic disease and many clinical patients eventually develop systemic
spread such as lung metastasis, chemotherapeutic drugs also have been used to treat CMMs.
Carboplatin and nonsteroidal anti-inflammatory drugs especially piroxicam are the two most
commonly used drugs in veterinary practices. Their efficacy for local tumor control as well as
for preventing development of systemic progression has been clinically studied with conflicting
conclusions [7,8,15,16]. Other chemotherapeutic drugs that were previously evaluated to treat CMMs
include toceranib phosphate, temozolomide, doxorubicin, dacarbazine, lomustine, cyclophosphamide,
cisplatin, and mitoxantrone but their efficacy is still controversial [9,10,15,17–19]. For human
melanomas of different origin, various chemotherapeutic drugs including Camptothecin [20–24],
mitomycin C [25–27], bleomycin [28,29], and etoposide [30] have been evaluated in vitro and/or
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in vivo. To the authors’ knowledge, there are no studies that investigated efficacy of those agents
against CMMs in veterinary oncology at the time of writing.

This pilot study was designed to characterize four established CMM cell lines by using different
types of ionizing radiations and cytotoxic agents to deepen our understanding about CMMs and
eventually assist the creation of a more effective multi-modality treatment regimen.

2. Results

2.1. Survival Curves

Cell survival curves generated from colony formation assays for each cell line and each beam
quality are shown in Figure 1. Cell survival was highest in all cell lines for the lowest LET, 137Cs,
treatment, followed by 6MV photon then carbon. All cell lines became more resistant to radiation
under hypoxic condition, compared to under aerobic condition. This was most notable for the lower
LET beam qualities (137Cs and 6MV). The change in radiosensitivity between aerobic and hypoxic
conditions were minimal with carbon ion irradiation compared to 137Cs and 6MV photon beams.
These findings can be quantified by D10, D1, SF2, and SF8, all interpolated from the survival curve.
(Table 1 and Figure 2). When compared between cell lines, CML-10C2 were the most radiosensitive
cell line while other three cell lines were more radioresistant in a similar degree. The difference in
radiosensitivity between cell lines was subjectively more prominent with 137Cs compared to carbon.
For 137Cs, RBE values under hypoxic condition were unavailable in Jones and 17CM98 cell lines at D1

since D1 values were not calculable from the linear quadratic model graphs.
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Figure 1. Results of clonogenic survival assay performed with 137Cs, 6MV photon, and carbon-ion
radiation under aerobic (black) and hypoxic (red) conditions. Linear-quadratic cell survival curves
were fitted and used to calculate radiobiologic parameters. Error bars indicate standard error of the
means from at least three independent experiments.
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Table 1. Summary of SF2 and SF8, survival fraction at 2 and 8 Gy irradiation of four canine malignant
melanoma cell lines irradiated with 137Cs, 6MV photon, or carbon ion radiation under aerobic and
hypoxic conditions. Values are mean of at least three independent experiments.

SF2 and SF8
CML-6M Jones 17CM98 CML-10C2

SF2

137Cs
Aerobic 0.75 0.84 0.89 0.63
Hypoxic 0.85 0.77 0.85 0.55

6MV Photon
Aerobic 0.29 0.65 0.41 0.33
Hypoxic 0.62 0.47 0.57 0.48

Carbon
Aerobic 0.37 0.33 0.27 0.18
Hypoxic 0.66 0.41 0.65 0.39

SF8

137Cs
Aerobic 0.11 0.20 0.20 0.01
Hypoxic 0.44 0.35 0.53 0.09

6MV Photon
Aerobic 0.01 0.002 0.01 0.003
Hypoxic 0.12 0.05 0.09 0.02

Carbon
Aerobic 0.001 0.002 0.001 <0.001
Hypoxic 0.03 0.02 0.07 0.01
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Figure 2. Summary of D10 and D1, which are radiation dose to kill 90% and 99% of cells, respectively,
using four canine malignant melanoma cell lines irradiated with 137Cs, 6MV photon, or carbon ion
radiation under aerobic (black) and hypoxic (red) conditions. Error bars indicate standard error of the
means from at least three independent experiments.

2.2. α/β Ratio

α/β ratio was calculated for aerobic and hypoxic conditions. There were noticeable variations
in α/β ratios when comparing different cell lines as well as between aerobic and hypoxic conditions
within each cell line (Table 2). In general, the α/β ratio increased under hypoxic conditions compared
to under aerobic conditions and this change was more dramatic in 137Cs and 6MV photon treatments.
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Table 2. Summary of alpha-beta ratio of four canine malignant melanoma cell lines irradiated with
137Cs, 6MV photon, or carbon ion radiation under aerobic and hypoxic conditions. The values presented
here are from interpolation of linear-quadratic cell survival curves using mean values of at least three
independent experiments.

α/β ratio
CML-6M Jones 17CM98 CML-10C2

137Cs
Aerobic 4.3 2.9 0.3 2.4
Hypoxic 22.7 >100 >100 >100

6MV Photon
Aerobic >100 0.3 19.2 17.9
Hypoxic >100 47.8 83.3 14.1

Carbon
Aerobic 7.4 13.8 13.1 3.9
Hypoxic 3.6 77.9 8.4 27.5

2.3. Oxygen Enhancement Ratio

Mean oxygen enhancement ratio ranged from 1.3 to 1.9 for 6MV photon, from 1.3 to 2.0 for carbon,
and from 0.7 to 2.3 for 137Cs (Figure 3) at D10 and D1.
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2.4. Relative Biological Effectiveness

The RBE values obtained under aerobic and hypoxic conditions ranged from 1.2 to 2.3 and 1.5 to
3.7 for 6MV photon, and from 1.9 to 3.0 and 1.7 to 4.0 for Carbon ion, respectively (Figure 4). In general,
RBE values increased as LET increased.

2.5. Drug Sensitivity Test

Results of drug sensitivity tests with cisplatin, bleomycin, camptothecin, etoposide, methyl
methanesulfonate and mitomycin C were summarized in Figure 5. In general, survival fraction
decreased in a dose dependent manner in all cell lines and with all treatments. CML-10C2 showed
increased sensitivity to all drugs, making it the most chemosensitive cell line among the evaluated four
cell lines. 17CM98 cells showed increased sensitivity to bleomycin and mitomycin C. CML-6M showed
relative resistance to all tested drugs. Jones showed increased sensitivity to bleomycin and etoposide.
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3. Discussion

External beam radiation therapy is commonly used to treat CMMs especially in non-surgical
cases or after incomplete surgical excision. Historically those tumors have been treated with
hypofractionated protocols with a larger dose per fraction [5–7,31]. Even though the hypofractionated
protocol is clinically more convenient and widely used (i.e., fewer anesthetic episodes, less expensive
compared to conventional fractionated protocols), no study has assessed radiobiology of CMMs,
therefore the rational of choosing the hypofractionated protocol is unclear. Our current study indicated
that the CMM cell lines we evaluated have a wide range of the alpha-beta ratio, which is one of the
indicators of radiation sensitivity of the tested cells. With 6MV photon, which is the widely used
ionizing radiation in the veterinary clinical radiotherapy, the alpha beta ratio ranged from smaller
than 1 to larger than 100. This may indicate that many patients experienced local treatment failure
after hypofractionated radiotherapy received suboptimal protocol [3]. A future study to correlate
pattern/rate of local treatment failure with radiotherapy regimen or biological indices (i.e., mitotic
index) may help us choose the most effective radiotherapy protocol for each patient.

Interestingly, the alpha beta ratio increased in most of the evaluated CMM cell lines under
hypoxic condition. This finding indicates that the efficacy of ionizing radiation to kill CMM cells can
be dramatically influenced by the oxygen level in the tumor tissue. The OERs in the current study
were generally higher with 137Cs than with 6MV photon and the OERs with carbon ion tends to be
the lowest. This suggests that carbon ion radiation therapy is more efficient to kill the CMM cancer
cells regardless of the oxygen level in the tumor. The RBE is used to compare test radiation’s biological
effect (clonogenic death) with that of a reference radiation (137Cs). Unsurprisingly, both 6MV photon
and carbon ion radiation showed RBE higher than 1 (137Cs) under both aerobic and hypoxic conditions.
Carbon ion showed higher RBE than 6MV photon. Based on those findings, carbon ion radiotherapy
is more efficient in leading CMM cells into clonogenic death and its efficacy is dependent on tumor
oxygenation status. This may also indicate that carbon ion radiotherapy may allow veterinary radiation
oncologists to treat dogs with CMMs with even fewer fractionations to achieve the same or better
locoregional tumor control, thanks to its higher biological efficacy. A future clinical study to validate
this finding in vivo is required.

Cytotoxic agents are commonly used along with nonsteroidal anti-inflammatory drugs, surgery,
radiotherapy, or combination of those. Cisplatin, Bleomycin, camptothecin, etoposide, methyl
methanesulfonate, and mitomycin C were evaluated in-vivo and in-vitro manners to assess their
potential clinical efficacy to treat various canine malignancies [15,31–41]. Among them, cisplatin is the
most studied cytotoxic agent to treat CMMs. Clinical treatment outcome of CMMs is still not great,
however, due to either local treatment failure and/or systemic spread, making the role of the systemic
treatment with the currently-utilized cytotoxic agents anecdotal. The current study evaluated efficacy
of cytotoxic agents against CMM cell lines with a hope to identify a new candidate agent for further
clinical investigation. As was shown in previous studies, our current data supported its cytotoxic
activity. Bleomycin, camptothecin, etoposide, and mitomycin C have never been evaluated for their
clinical benefit against CMMs. Our study suggests that those cytotoxic agents, especially camptothecin
(Topoisomerase I inhibitor) and etoposide (Topoisomerase II inhibitor), may be of worth assessing
their clinical benefit. The current study may serve as a starting point for a future in-vivo evaluation of
those cytotoxic agents for canine malignant melanomas. Evaluation of combination effects between
carbon ion irradiation and topoisomerase inhibitor may be an important study for CMM cell lines.

4. Materials and Methods

4.1. Cell Lines

Four canine oral melanoma cell lines (Jones, 17CM98, CML-6M, and CML-10C2) were generously
supplied by Dr. Douglas Thamm (Colorado State University, Fort Collins, CO, USA) and grown
in Minimum Essential Medium (MEM/EBSS, Thermo Fisher Scientific, Waltham, MA, USA)
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supplemented with 10% heat inactivated fetal bovine serum (FBS: Sigma-Aldrich, St Louis, MO,
USA), 1% MEM vitamins, non-essential amino acids, sodium pyruvate, penicillin, streptomycin, and
Fungizone. Those cell lines were previously characterized in previously published literature [42–44].

4.2. Hypoxic Treatment

The hypoxic condition was created using a commercially available oxygen absorber-CO2 generator
placed in a dedicated container by following manufacture’s protocol (Anaeropack Kenki 5%, Mitsubishi
Gas Chemical Company, INC., Tokyo, Japan). The oxygen-level was then monitored by placing an
indicator within the container (Anaero-indicator, Mitsubishi Gas Chemical Company, INC.) [45].

4.3. Irradiation

Photon irradiation: Photon irradiation was performed at room temperature by using a clinical
linear accelerator (Varian Trilogy, Varian Medical Systems, Inc., Palo Alto, CA, USA) located at the
Colorado State University Flint Animal Cancer Center. Only 6MV photon beams (6 Gy/min) from a
single 30 × 30 cm field size was used. The dose was uniform and flat within the area where the cells
were placed. The cells sat at the bottom of the flasks with 2 mm of media on top and 10 cm of solid
water for appropriate backscatter. This allowed the dose to be corrected to 2 mm percent depth dose at
100 cm source to surface distance, which are common setup parameters for absolute calibration and
therefore dose could be easily calculated from standard scattering tables.

Carbon-ion irradiation: Carbon-ion irradiation experiments were carried out at the National
Institute of Radiological Sciences (NIRS) in Chiba, Japan. The details concerning the beam
characteristics of the carbon radiation, biological irradiation procedures, and dosimetry have been
described elsewhere [46–48]. Briefly, carbon ions were accelerated at 290 MeV/nucleon of initial energy
and spread out with a ridge filter creating a SOBP over 6 cm. The monolayer cell culture was irradiated
at the center (50 keV/µm of average LET) of the SOBP at a distance of 119 mm from the entrance
(1 Gy/min) [49].

137Cs irradiation: Gamma-ray irradiation was performed at room temperature by using a 137Cs
gamma-rays irradiator located at Colorado State University (J.L. Shepherd Model Mark I-68 nominal
6000Ci, J.L. Shepherd, Carlsbad, CA, USA) with 2.5 Gy/min of dose rate.

4.4. Colony Formation Assay

Trypsinized cells were plated on P-60 dishes to obtain approximately 100 colonies per dish.
Based on plating efficiency and radiosensitivity of each cell line, plated number of cells were varied
(200-200000 cells). Plated cells were treated under normal aerobic condition or hypoxic condition before
irradiation. After irradiation, cells were cultured for 7-day incubation period to form colonies, without
changing cell culture media, cells were washed in 0.9% sodium chloride and fixed in 100% ethanol,
then stained with 0.1% crystal violet dye (Sigma-Aldrich). Lastly, with microscopic analysis, colonies
containing more than 50 cells were scored as survivors. The cell survival fraction was determined as
the ratio of colony of irradiated cells to that of non-irradiated cells.

4.5. Drug Sensitivity Study

Trypsinized cells were plated on P-60 dishes to obtain approximately 100 colonies per dish.
Based on plating efficiency and drug-sensitivity of each cell line, plated number of cells were varied
(200-20000 cells). Once cells were attached, cells were treated with various dosages of cisplatin (DNA
crosslinker), bleomycin (DNA double strand break inducer), etoposide (Topoisomerase II inhibitor),
camptothecin (Topoisomerase I inhibitor), and mitomycin C (alkylating agent, free radical formation,
DNA crosslinker), Methyl methanesulfonate (alkylating agent) during entire colony formation period
for 7 days. After a 7-day incubation period, cells were washed in 0.9% sodium chloride and fixed in
100% ethanol, then stained with 0.1% crystal violet dye (Sigma) for colony formation analysis.
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4.6. Data Analyses

All experiments were carried out at least three times independently. Data handling and analyses
were performed by using a commercially available software (GraphPad Prism version 7.00, GraphPad
Software, La Jolla, CA, USA, www.graphpad.com).

Survival curves were generated by applying linear quadratic regression model. Survival fraction
(SF) was obtained by interpolating the linear quadratic survival curves. In addition to the standard
SF2 (survival fraction at 2 Gy), survival fraction at 8 Gy, a commonly used dose in clinical radiotherapy
for canine oral malignant melanomas was also recorded and reported (SF8). α/β ratio was calculated
by the following equation:

α/β = exp[−(αD + βD2)] (1)

where D is a radiation dose (Gy).
From this regression curves, D10 and D1 values were obtained by GraphPad Prism software.
Oxygen enhancement ratio (OER) was calculated for each radiation type by the following

equation:

OER = Dose (Gy) under hypoxic condition/Dose (Gy) under aerobic condition (2)

Relative biological effectiveness (RBE) was calculated by the following equation:

RBE = Dose (Gy)(137Cs)/Dose (Gy) (6MV photon or Carbon) (3)

For OER and RBE, both D10 and D1 (radiation dose that kills 90 % and 99 % of cells, respectively)
were used as an endpoint.

5. Conclusions

In conclusion, the current study showed that CMMs may not be uniformly sensitive to
radiotherapy with a large fraction size and their radiosensitivity may be dramatically impacted
by local oxygenation status. High LET radiotherapy such as carbon ion may possess a biological and
clinical benefit from more effective cell killing, allowing veterinary radiation oncologists to treat with
even less fractionation. Also, some additional cytotoxic agents showed potential clinical benefit, which
may be worth evaluating in a clinical study.
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