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ABSTRACT

The incidence of melanoma has substantially increased over the last decades. Melanomas respond poorly to
treatments and no effective therapy exists to inhibit its metastatic spread. The aim of this study was to evaluate
the association between radioresistance of melanoma cells and malignancy. A melanoma model developed in
our laboratory from A375 human amelanotic melanoma cells was used. It consists in two catalase-
overexpressing cell lines with the same genetic background, but with different phenotypes: A375-A7, melanotic
and non-invasive and A375-G10, amelanotic and metastatic; and A375-PCDNAS3 (transfected with empty
plasmid) as control.

Radiosensitivity was determined by clonogenic assay after irradiating these cells with a Cs**” gamma source.
Survival curves were fitted to the linear-quadratic model and surviving fraction at 2 Gy (SF2) was calculated.
Results showed that A375-G10 cells were significantly more radioresistant than both A375-A7 and control cells,
demonstrated by SF2 and o parameter of survival curves: SF2=0.32+0.03, 0.43+0.16 and 0.89+0.05 and
0=0.45+0.05, 0.20+0.05 and 0 for A375-PCDNA3, A375-A7 and A375-G10 respectively.

Bioinformatic analysis of whole genome expression microarrays data (Affymetrix) from these cells was
performed. A priori defined gene sets associated with cell cycle, apoptosis and MAPK signaling pathway were
collected from KEGG (Kyoto Encyclopedia of Genes and Genomes) to evaluate significant differences in gene
set expression between cells by GSEA (Gene Set Enrichment Analysis). A375-G10 showed significant decrease
in the expression of genes related to DNA damage response (ATM, TP53BP1 and MRE11A) compared to
A375-A7 and controls. Moreover, A375-G10 exhibited down-regulated gene sets that are involved in DNA
repair, checkpoint and negative regulation of cell cycle and apoptosis.

In conclusion, A375-G10 gene expression profile could be involved in radioresistance mechanisms of these
cells. Thus, this expression profile suggests that A375-G10 could escape from DNA damage-induced apoptosis
with the consequent progression in the cell cycle resulting in genomic instability and increase of malignancy.

1. INTRODUCTION

The global incidence of melanoma reveals approximately 200,000 new cases and 65,000
melanoma-associated deaths each year [1, 2]. Although cutaneous melanoma accounts for
only 4 % of all skin cancers; it causes the greatest number of skin cancer-related deaths
worldwide [3]. Although surgery is an effective treatment when the disease is identified early
melanomas are aggressive tumors with advanced disease characterized by widespread
metastatic lesions. Moreover, melanoma has traditionally been resistant to most forms of
treatment [4]. In order to better understand the multiple events involved in tumor progression
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and resistance to conventional treatments in advanced stages of the disease, the study of the
molecular machinery associated with the genotype and phenotype of invasive malignant
melanoma becomes relevant.

The intrinsic radiosensitivity of tumor cells is an important factor for determining
radiotherapy efficacy [5]. During tumor development, changes in apoptosis induction, cell
cycle control and oncogenes activation [5, 6] may modulate the radiosensitivity of tumor
cells. The capacity to carry out repair when DNA is damaged by ionizing radiation is a
critical factor in determining cellular radiosensitivity [5]. lonizing radiation produces a broad
spectrum of molecular lesions to DNA, including single strand breaks (SSBs), double strand
breaks (DSBs), and a great variety of base damages. DSBs are the most toxic form of DNA
damage, because a single unrepaired DSB can lead to abnormal mitosis with losses of large
fragments of DNA [7]. It has been shown that the few DSBs that are produced by ionizing
radiation correlate closely to the amount of induced cell death. DSBs are mainly repaired
through homologous recombination repair (HRR) and nonhomologous end joining (NHEJ).
Both mechanisms are initiated by the activation of ataxia telangiectasia mutated (ATM)
kinase. ATM and its downstream kinase CHK2 phosphorylate several targets that regulate
DNA repair, cell cycle and apoptosis, including H2AX, MDM2 and p53/p21 [8]. During the
S and G2 phase of the cell cycle, DNA DSB repair occurs via homologous recombination.
HRR restores DNA DSBs using the undamaged homologous chromosome as a template. This
mechanism involves several proteins, including Rad51, -52 and -54, as well as BRCA1 and -
2 and XRCC2 and -3 [9]. An alternative mechanism, NHEJ, operates throughout the cell
cycle. It effectively links up the ends of broken DNA in a chromosome without a template.
This is the major route for the repair of radiation-induced DSB. XRCC4 and -5, DNA-PKcs
and LIG4 are downstream effectors in NHEJ [10]. Deregulation of DNA-PKcs and Rad51
has been reported to increase cellular radiosensitivity [11-14]. In contrast, overexpression of
Rad51 and Rad52 confers resistance to ionizing radiation [15, 16].

The phosphorylation of the histone protein H2AX (yYH2AX) has been used as a measure of
the formation and rejoining of DSB induced by different types of chemicals and radiations
[17, 18]. H2AX is a histone variant of the H2A family, which is phosphorylated at serine 139
within its conserved COOH-terminal region in response to the presence of DSBs. The early
induction of YH2AX by radiation is reported to be mediated mainly by ATM kinase and
occurs at the sites of DSBs in the nuclear DNA [19]. The number of YH2AX foci formed in
this way has been shown to be directly proportional to the number of DSBs and their
dephosphorylation has been correlated with repair of DSBs [20, 21]. The local formation of
YH2AX allows microscopic detection of distinct foci that most likely represent a single DSB
[20]. The potential to detect a single focus within the nucleus makes this the most sensitive
method available for detecting DSBs [22].

Although conventional radiotherapy can directly damage DNA and other organic molecules
within cells, most of the damage and the cytotoxicity of such ionizing radiation, comes from
the production of ions and free radicals produced via interactions with water. This ‘indirect
effect’, a form of oxidative stress, can be modulated by a variety of systems within cells that,
in normal situations, maintain homeostasis and redox balance. If cancer cells express high
levels of antioxidant redox proteins, they may be more resistant to radiation and so targeting
such systems may be a profitable strategy to increase therapeutic efficacy of conventional
radiotherapy [23].
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In a previous work we developed a melanoma model with different degree of malignancy.
Two stable clones A375-A7 and A375-G10 were generated by overexpression of human
catalase in amelanotic melanoma A375 cells. Transfected cells with empty vector pcDNA3,
A375-PCDNA3, were used as negative control (this control and A375 non-transfected cells
showed similar phenotype and comparable performance along experiments). These clones
triggered quite distinct phenotypes. Clone A375-G10 raised reactive oxygen species (ROS)
levels, which resulted in migration and metastasis by increasing cofilin-1 and CAP1 and
decreasing TIAMI1 or MTSS1 expression. These proteins are involved in actin
polymerization, regulation of cell shape and invasiveness [24-27]. Meanwhile A375-A7 cells
reversed the amelanotic phenotype by increasing melanin content and melanocytic
differentiation markers. These clones allowed the study of potential differentiation and
migration markers and its association with ROS levels in vitro and in vivo. Herein, we used
this melanoma model in order to evaluate the association between radioresistance of
melanoma cells and malignancy.

2. MATERIALS AND METHODS
2.1 Cell Culture

Human amelanotic melanoma cell line A375 was kindly donated by Dr. E. Medrano
(Huffington Center on Aging, Departments of Molecular & Cellular Biology and
Dermatology, Baylor College of Medicine, Houston, Texas, USA). All the experiments with
these cells were performed with less than 5 passages from thawing. Two stable clones A375-
A7 (melanotic and non-invasive) and A375-G10 (amelanotic and invasive) were originally
obtained by transfection of A375 cells with pcDNA3 vector harboring the human catalase
cDNA (p-CAT) and selected by geneticin (Sigma, Buenos Aires, Argentina) and clonal
dilution. Transfected cells with empty vector pcDNA3, A375-PCDNA3, were used as
negative control. Cells were cultured as previously described [28] with the addition of 700
pg/ml geneticin. Cells were regularly tested to be mycoplasma-free.

2.2. Irradiation Experiments and Survival Curves

A ¥Cs source (IBL-437C Irradiator, CIS Biolnternational) (CEBIRSA, Argentina) was used
for gamma irradiations. For clonogenic assays, cells from mid-log growing cultures were
plated and incubated for 18 h before irradiation. Control cells were sham irradiated. After
irradiation, cells were incubated for 15 days at 37°C and 5% CO,. Colonies were fixed and
stained. The fraction of clonogenic cells was determined by scoring colonies containing at
least 50 cells. Three independent experiments were performed in triplicates for each
condition. Survival curves were fitted to the linear—quadratic model (Eq. 1):

S = exp—(aD+BD?) (1)
2.3. Bioinformatic Analysis
Differential gene expression among A375-A7, A375-G10 and control A375-PCDNA3 cells
was evaluated by the bioinformatic analysis of whole genome microarrays (GeneChip®

Human Gene 1.0 ST Array, Affymetrix). The analysis was performed by using the R
programming language (2.12.0) [29] and different tools of Bioconductor [30]. The libraries
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“affy”, “limma”, “oligo”, “affxparser”, “Iranges”, “gplots”, “Biobase”, “Biostrings”,
“cluster”, “annotate”, “org.Hs.eg.db”, “KEGG.db”, “hugenelOstprobeset.db”, “Go.db”,
“preprocessCore”, “hugenelOsttranscriptcluster.db”, “pd.hugene.1.0.st.v1” and
“pd.hugene.1.1.st.v1” were used. Background correction and normalization of data were
performed by Robust Multi-array Average (rma) both for probeset and core. Differential gene
expression was evaluated by Limma (Linear Models for Microarray Data, parameters: Ifc=1
or lfc=2 and p<0.001). Significant and concordant differences between phenotypes were
evaluated by GSEA (Gene Set Enrichment Analysis) [31, 32] with a priori defined gene sets
collected from KEGG (Kyoto Encyclopedia of Genes and Genomes) [33, 34]. These selected
gene sets are associated with cell proliferation and cell death, in particular, MAPK signaling
pathways (containing 257 genes), cell cycle (containing 124 genes), apoptosis (containing 86
genes) and p53 signaling pathway (containing 68 genes). An additional gene set related to the
antioxidant system was manually defined containing 111 genes to be studied in the same way.
Gene networks obtained by the analysis were visualized by GeneMANIA database [35].

2.4. Immunocytofluorescence and quantification of YH2AX

Detection and quantification of YH2AX foci in cells exposed to 2 Gy of gamma radiation or
sham-irradiated were performed as previously described [36]. Briefly, 30 minutes after
irradiation cells were fixed, permeabilized, blocked, and incubated overnight with a
monoclonal anti-yH2AX antibody (Upstate, Lake Placid, NY), which was detected with a
fluorescein isothiocyanate-labeled secondary antibody (Sigma, St. Louis, MO). Cells were
counterstained and mounted with 4’°,6-diamidino-2-phenylindoledihydrochloridedihydrate
(DAPI). Two independent experiments were performed in duplicate for each condition.

2.5. Statistical analysis

The results are presented as mean = SD. Significant changes were assessed using one-way
analysis of variance and nonparametric Kruskal-Wallis test followed by Tukey’s or Dunn’s
multiple comparison tests to determine significant differences between group means. P values
of less than 0.05 were considered significant for all tests.

3. RESULTS AND DISCUSSION

Survival curves were obtained to characterize the radiation response of the clones with
different phenotype and control cells (Fig. 1). A375-G10 cells, which exhibit an invasive and
metastatic phenotype, were significantly more radioresistant (p<0.01) than both A375-A7 and
control cells.

Bioinformatic analysis showed a significant decrease of ATM, TP53BP1 and MREI11A
expression in A375-G10 cells compared with A375-A7 and controls (Fig. 2). ATM protein,
containing a phosphatidyl-inositol 3-kinase like enzyme, is involved in cell cycle control,
mitotic recombination, telomere length monitoring and DNA damage response. A rapid
increase in kinase activity occurs after exposure to ionizing radiation or in the presence of
DSBs [37]. ATM and p53 play a major role in maintaining the integrity of the genome. They
both cooperate in enforcing G1 and G2 checkpoint control and ATM-dependent
phosphorylation is directly responsible for p53 activation [38]. Alterations in these proteins
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may contribute to an increased incidence of genomic changes, such as deletions,
translocations and amplifications, which are common during oncogenesis [37].

c
o
3]
s
=
c
=
2
>
n
0.01 T T 1
0 2 4 6
Dose (Gy)
A375-PCDNA3 (0) A375-A7 (m) A375-G10 (A)
SF2 0.32+£0.03 0.43£0.16 0.89 £0.05
a (Gy?) 0.45 + 0.05 0.20 + 0.05 0
B (Gy? 0.05+0.02 0.11+0.03 0.06 £0.02

Figure 1. Survival curves of melanoma cells after irradiation with gamma rays. Data
represent mean * SD of a representative experiment out of three. Fitted curves are
shown. The table shows SF2 and a and p parameters. * p<0.01.

TP53BP1 (tumor protein p53 binding protein 1, 53BP1) is a protein-coding gene which plays
a key role in the response to DNA damage, may have a role in checkpoint signaling during
mitosis and enhances TP53-mediated transcriptional activation. 53BP1 protein can directly
promote ATM kinase activity on multiple substrates. The magnitude of this effect is
proportional to the level of Mrel1-Rad50-Nbsl (MRN) complex in the reaction, consistent
with the idea that 53BP1 facilitates productive interactions between MRN and ATM and that
these interactions are limiting when MRN concentrations fall below a critical threshold [39].
Moreover, siRNA-mediated decrease of 53BP1 levels in human cells reduced the
phosphorylation of p53, CHK2, BRCAI, and SMC1 by ATM, particularly after damage
induced by low doses of ionizing radiation [39-42]. 53BP1 protein is also phosphorylated by
ATM after DNA damage and this phosphorylation is required for ATM-dependent signaling,
although recruitment of 53BP1 to DNA damage sites is independent of its phosphorylation
[39, 43]. MREIIA gene encodes a nuclear protein involved in homologous recombination,
telomere length maintenance, and DNA-DBS repair. This protein is a component of the MRN
complex which possesses single-strand endonuclease activity and double-strand-specific 3'-5'
exonuclease activity, both provided by MRE11A. Rad50 may be required to bind DNA ends
and hold them in close proximity. The complex may also be required for DNA damage
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signaling via activation of the ATM kinase. Supporting the importance of the interactions
among MRN complex proteins to its stability and function, Mrell protein mutations that
destabilize the MRN complex result in significantly decreased levels of Rad50 and Nbsl in
vivo, and knockdown of individual components of MRN can produce decreases in the other
two members [44]. Moreover, mutations in human MRET11 lead to ataxia telangiectasia-like
disorder [44], in which patients display ataxia and neurodegeneration, resembling the
phenotypes of ATM deficiency [45]. Consistent with the involvement of MRN in cell cycle
checkpoint signaling, cells from patients with ataxia telangiectasia-like disorder are defective
for checkpoint activation [44]. In addition, ataxia telangiectasia-like disorder can display
increased tumorigenesis in a p53 null background [44].

Color Key TP53BP1
__ ATM
-1 [1] 1
Row Z-Score MRE11A

A375-G10  A375-A7 A3T75-PCDNA3

Figure 2. Differential expression profile of genes related to DNA damage response.

Thus, the decrease observed in the levels of TP53BP1 and MRE11A in A375-G10 cells may
be related to a defective DNA damage response favored by a reduction of ATM kinase
activity, which also exhibited a significant decreased expression. Besides, the low levels of
TP53BP1 and MREIIA in A375-G10 cells would help to bypass cell cycle checkpoints.
Therefore, the inability of blocking cell cycle progression after DNA damage would turn
A375-G10 cells more radioresistant, contributing also to increase genomic instability and
malignancy in these cells. Consistent with these results, the GSEA analysis showed in A375-
G10 cells, down-regulation of co-expressed genes in the different signaling pathways studied,
such as apoptosis, cell cycle and MAPK and p53 signaling pathways. These down-regulated
gene sets were, particularly, involved in DNA repair, cell cycle checkpoint, negative
regulation of cell cycle and apoptosis (Fig. 3).

Although both A375-A7 and A375-G10 clones overexpressed the antioxidant enzyme
catalase, only A375-G10 cells exhibit radioresistance. Both clones showed a different gene
expression profile of the antioxidant gene network which could explain, in part, some of the
distinctive features of each clone. A375-A7 vs. control cells up-regulated a gene set
associated with peroxide and glutathione metabolism while A375-G10 vs. control cells up-
regulated a gene set associated with superoxide metabolism and down-regulated the gene set
up-regulated in A375-A7 cells. In this sense, the manganese superoxide dismutase was
involved as mediator of the adaptive radioresistance to low-dose ionizing radiation [46].
Moreover, radioresistance and shortened G2/M duration were described in cells
overexpressing manganese superoxide dismutase [47].
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Figure 3. Gene networks of down-regulated co-expressed genes in A375-G10 cells vs.
A375-A7 and control cells. Genes are represented as circles and the links between genes
represent the type of interaction among them. The color of each gene represents the
associated function in the network. Results of GSEA analysis visualized through
GeneMania. Table shows genes with more than one associated function.

Regarding the DSB induction in this melanoma model, A375-A7 and control cells increased
the average number of YH2AX foci per nucleus at 30 min after 2 Gy irradiation, while A375-
G10 cells did not change the average number of foci post-irradiation (Fig. 4). The lack of
YH2AX foci induction in A375-G10 cells is consistent with the gene expression profile of
these cells.
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Figure 4. Quantification of nuclear YH2AX foci. Average number of YH2AX foci per
nucleus vs. dose. Data represent mean = SEM of a representative experiment.

4. CONCLUSIONS

We showed in a model of human melanoma cells with different degrees of malignancy a gene
expression profile that can be associated with radioresistance and malignant progression. The
decreased expression of ATM, TP53BP1 and MRE11A associated with the down-regulation
of gene sets involved in DNA repair, cell cycle checkpoint, negative regulation of cell cycle
and apoptosis could favor the radioresistance and the low sensing of DNA-damage observed
in A375-G10 clone which exhibits the more aggressive phenotype, being invasive and
metastatic.
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