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Hydrogen Peroxide Enhances Radiation-induced Apoptosis
and Inhibition of Melanoma Cell Proliferation
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Abstract. The efficacy of radiation therapy (RT) for
melanoma is limited in part by its radioresistance. Here, we
examined the radiosensitizing effect of hydrogen peroxide
(H,0,) on a radioresistant melanoma cell line, HTB-65. We
Sfound that H,O, synergized with RT to inhibit melanoma cell
proliferation and promote apoptosis. The antiproliferative
effect of H,O,/RT correlated with increased expression of
pl5 and reduced expression of cyclin D, cyclin E, cyclin-
dependent kinase (CDK)2 and CDK4. The pro-apoptotic
effect of H,O, /RT correlated with reduced expression of the
B-cell CLL/lymphoma (BCL)2. These data highlight the
potential of H,O, as a radiation sensitizer for melanoma
treatment and show that this warrants further study.

Melanoma is the most aggressive form of skin cancer and
advanced stage melanoma has a very poor prognosis (1).
About 70,230 new cases of melanoma and 8,790 deaths
were projected to occur in the USA in 2011 (2). Despite
efforts to increase early melanoma detection, some patients
still present with advanced-stage melanoma. Others
diagnosed with early-stage melanoma will go on to develop
metastasis (3). Although most patients with early-stage
melanoma are cured with surgery alone, the majority of
patients with metastatic disease will die of their disease
soon after diagnosis.

Even with recent therapeutic breakthroughs (4, 5), the
management of advanced melanoma is very challenging, in
part because there are few effective treatment modalities (6-
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8). Although melanoma is resistant to conventional radiation
therapy (RT), high dose RT still plays an important role in
the palliative management of brain metastases, spinal cord
compression and symptomatic bony metastases (1, 9-10). A
safe and effective radiosensitizing agent may allow a
decrease in bothradiation dose and side-effects associated
with RT for advanced melanoma.

Hydrogen peroxide (H,O,) plays a pivotal role in cell
functions (11-13). This reactive oxygen species (ROS) is
produced by certain cell types in response to growth and
injury stimuli such as those mediated through epidermal
growth factor (EGF), vascular endothelial growth factor
(VEGF) and platelet-derived growth factor (PDGF) (11-13).
Among ROS, H,0, has the unique capacity for easy cell
membrane passage and a relatively low bioactivity, which
may facilitate its role as a second messenger for cell
signaling associated with cell proliferation and apoptosis (11-
13). Combination treatment of H,O, and RT has been
reported to enhance apoptosis of human prostate cancer cells
(14), suggesting its possible role as a radiation sensitizer.
Thus, it is reasonable to hypothesize that H,O, /RT might
potentiate the destruction of other types of cancer cells such
as melanoma. The current study was designed to test the
hypothesis that H,O, sensitizes melanoma cells to RT.
Additionally, we report the mechanisms underlying the
changes in proliferation and apoptosis observed when H,0,
is used in combination with RT.

Materials and Methods

Tumor cell line. HTB-65 cells, derived from human malignant
melanoma, were purchased from the ATCC (Manassas, VA, USA).
HTB-65 cells (passage 2) were maintained in Dulbecco’s Modified
Eagle Medium (DMEM, Invitrogen, Grand Island, NY, USA),
supplemented with 10% heat-inactivated fetal bovine serum (FBS)
and 1% penicillin-streptomycin (Invitrogen). Cultures were
incubated at 37°C in a humidified incubator (Fisher Scientific,
Pittsburgh, USA) with 5% CO,. Cells were grown until they reached
70-80% confluence, at which time they were subjected to the
designed experimental treatment regimens.
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Treatment of HTB-65 cells with H,O, and RT. At 70-80% confluence,
HTB-65 cells were treated with H,O, at the concentration of 50 uM
for 24 h, followed by RT at 2 Gy, 4 Gy and 6 Gy, or mock treatment.
The concentration and dosage of H,O, and RT was based on
previously published data by us and others and our pilot experiments
(14-18). All RT was carried out using an XRAD 320 Biological
Irradiator (Precision X-ray, North Brandford, CT, USA) as describe
before (17, 18). Cells were irradiated at room temperature in 75 cm?
culture flasks. After RT, cells were further cultured for 72 h.

Clonogenic survival assay. Seventy-two hours after RT, cells were
detached and counted in a hemocytometer. Clonogenic survival
assay was performed as previously described (17, 18) and cells were
stained with 0.05% crystal violet. The number of colonies was
counted and expressed as a percentage of total colonies in untreated
controls (no RT or H,0,). Combination index (CI) was used to
evaluate the combination treatment effect of H,O, and RT as
described elsewhere (17). CI=1, CI< 1, and CI>1 indicate additive
effect, synergism, and antagonism, respectively (17).

Immunohistochemstry (IHC). HTB-65 cells were treated with or
without H,O, (50 uM) for 24 h, and then irradiated by RT at 6 Gy,
or a mock treatment. Seventy-two hours after RT, cells were spun
into slides by a Cytopro cytocentrifuge (Wescor Biomedical
Systems, Logan, Utah, USA). IHC staining for proliferating cell
nuclear antigen (PCNA), pl5, cyclin E, cyclin-dependent kinase
(CDK)4 and B-cell CLL/lymphoma (Bcl)2 was described previously
(17-20). The concentration used for the primary antibody (Santa
Cruz Biotechnology, Santa Cruz, CA, USA) was 1 pg/ml and for
the secondary antibody2 pg/ml. To quantify the staining intensity,
the average intensity within the area covered by cells was measured
using MetaMorph image analysis software version 6.3r6 (Molecular
Devices Analytical Technologies, Sunnyvale, CA, USA). Results are
expressed as the average integrated immunostaining intensity of
three slides + SEM relative to that in control cells.

Determination of proliferation with the Quick Cell Proliferation
Assay Kit. Besides IHC for PCNA, proliferation was also
determined using the Quick Cell Proliferation Assay Kit (BioVision,
Milpitas, CA, USA) as previously described (17, 18).

Reverse transcriptase-polymerase chain reaction (RT-PCR). Cells were
treated with or without H,O, for 24 h, and then irradiated by RT at 6
Gy, or a mock treatment. Seventy-two hours after RT, cells were
harvested. Cells were washed with phosphate buffered saline (PBS),
centrifuged and homogenized in TRIzol (Invitrogen). RNA was
extracted and its concentration was determined. Subsequently, 1 ug
RNA was reverse transcribed as previously described (17-20).
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as a
housekeeping gene to verify that the same amount of RNA was
amplified. Primer sequences for GAPDH, pro- and anti-proliferative
molecules (p15, pl8, p21, p27, p53, Cyclin B, Cyclin D, Cyclin E,
CDK?2 and CDK4) and pro- and anti-apoptotic molecules (FAS, FASL,
TRAILRI, TRAIL, BAX, FLIP, BCL2) have been described elsewhere
(17). Survivin primers were: sense: 5’-AGCCCTTTCTCAAGGAC
CAC-3’, antisense: 5’-GCACTTTCTTCGCAGTTTCC-3’.

Terminal deoxynucleotidyl transferase-mediated dUTP nick-end
labeling (TUNEL) staining. Apoptosis was determined by TUNEL
assay using an Apoptag kit (Chemicon, El Segundo, CA, USA) as
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previously described (17-20). To quantify the number of apoptotic
cells, all cells in 5-6 randomly selected high power fields
(magnification: x400) were manually counted using image analysis
software MetaMorph. TUNEL+ cells were expressed as a
percentage of total cells.

Measurement of caspase-3 activity. Cellular caspase-3 activity of
PC-3 cells recognizing the sequence DEVD (Asp-Glu-Val-Asp) was
measured using a caspase-3/CPP32 colorimetric assay kit
(BioVision) as described elsewhere (17-20).

Statistics. All experiments were repeated at least two times. Statistical
analysis of data was performed using an unpaired two-tailed Student’s
t-test or the Mann-Whitney rank sum test. A p-value<0.05 was
considered significant.

Results

H,0, sensitized melanoma cells to RT-induced inhibition of
proliferation and growth. To investigate the effect of H,O,
on melanoma radiosensitivity, 70-80% confluent HTB-65
cells were treated with H,O, (50 uM) for 24 h, followed by
RT at escalating doses as described in the Material and
Methods. Cell survival was evaluated by clonogenic survival
assay 72 h after RT (Figure 1A). In the absence of H,O,, the
percentage of colonies of HTB-65 after RT was 93+4% (2
Gy) and 89+7% (4 Gy), respectively, which was comparable
to that in the control group. Although there was a significant
difference in the percentage of colonies compared to the
control group, three quarters (75+6%) of the colonies
survived when cells were treated at the dosage of 6 Gy,
suggesting that HTB-65 was resistant to RT. Interestingly,
When HTB-65 cells were treated with H,O, alone, the
percentage of colonies of HTB-65 decreased significantly to
58+6%. The percentage of colonies of HTB-65 after
H,0,/RT decreased to 41+7%, 19+5% and 8+2% for 2 Gy, 4
Gy and 6 Gy), respectively. Combination index CI was also
used to evaluate the combination effect of H,O, and RT as
previously described in detail (17). It indicated that H,O,
exerted synergistic effect with RT (CI<1) on inhibition of
proliferation and growth of HTB-65 cells, suggesting that
H,0, sensitized melanoma cells to RT-induced inhibition of
proliferation and growth.

This sensitization was also evident by analysis of staining
intensity for PCNA, a cell proliferation marker (Figurel B
and C). Similar results were obtained when a Quick Cell
Proliferation Assay Kit was used to analyze cell proliferation
as described in the Materials and Methods (Figure 1D).
These results strongly indicate that H,O, synergizes with RT
to inhibit cell proliferation and reduce the survival of
melanoma cells.

Effect of H,O0,/RT on the expression of pro- and
antiproliferative molecules in HTB-65 cells. p15, p18, p21,
p27 and p53 are important antiproliferative molecules,
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while cyclin B, cyclin D, cyclin E, CDK2 and CDK4 are
important pro-proliferative molecules (21-25). The normal
balance between these molecules plays a pivotal role in cell
proliferation and survival (21-25). To determine if these
molecules are involved in the synergistic effect of H,O,
with RT in inhibiting cell proliferation and reducing
survival of HTB-65 cells, mRNA expression of these
molecules with and without RT (6 Gy) in the presence and
absence of H,O, (50 uM) was determined by RT-PCR.
mRNA expression of the antiproliferative molecule p15 was
significantly higher and that of the pro-proliferative
molecules cyclin D, cyclin E, CDK2 and CDK4 was
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Figure 1. H,0, sensitized melanoma cells to radiation (RT)-induced
inhibition of proliferation and growth. A: Clonogenic survival assay of
HTB-65 cells with variable dosage of radiation in the presence and
absence of HyO,. The number of colonies was counted and expressed
as a percentage of total colonies in controls (Cx). A significant
difference in the percentage of colonies in each group compared to that
in controls is indicated by an asterisk (p<0.05). A significant difference
in the percentage of colonies in groups treated with HyO, /RT compared
to that in groups treated with the same dosage of RT alone is indicated
by a sword (p<0.05). B: Representative immunohistochemical staining
results for proliferating cell nuclear antigen (PCNA) of HTB-65 cells
treated with and without RT (6 Gy) in the presence and absence of H,0,
(50 uM). C: Relative immunostaining intensity for PCNA in 5-6
randomly selected high-power fields of three slides from each group was
analyzed by MetaMorph software. Results are expressed as the average
integrated immunostaining intensity+SEM relative to that in control
cells. D: HTB-65 cell proliferation evaluated by using a proliferation
kit Results are expressed as the mean OD+SEM of HTB-65 cells in each
group, and are representative of two independent experiments. A
significant difference in staining intensity for PCNA or OD in each
group compared to that in controls is indicated by an asterisk (p<0.05).
A significant difference in staining intensity for PCNA or OD between
the group treated with H,O,/RT and that treated with RT alone is
indicated by a dagger (p<0.05). Original magnification in B: x400.

significantly lower in cells treated with H,O,/RT than that
in cells treated with RT alone. mRNA expression of pro-
proliferative molecule cyclin B was comparable in cells
treated with HyO,/RT to that in cells treated with RT alone.
Surprisingly, the mRNA expression of pI8, p21, p27 and
p53 was reduced in cells treated with H,O,/RT compared
to that in cells treated with RT alone. The reason for this is
unknown. Consistent with the mRNA expression patterns
of pl15, cyclin E and CDK4 shown in Figure 2, the relative
immunostaining intensity for pl5 was higher in cells
treated with H,O,/RT than that in cells treated with RT
alone (Figure 3 A and B), whereas the relative
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immunostaining intensity for cyclin E and CDK4 was
stronger after H,O,/RT than that cells treated with RT
alone (Figure 3 A, C and D). Taken together, these results
indicate that the effect of H,O,/RT in inhibiting cell
proliferation and reducing survival of melanoma cells
correlated with the increased expression of antiproliferative
molecule pI5 and reduced expression of pro-proliferative
molecules cyclin D, cyclin E, CDK2 and CDK4.

H,O,/RT promotes apoptosis of HTB-65 cells. The lower
percentage of colonies in cells treated with H,O,/RT might
also be due to the increased apoptosis of HTB-65 cells. To
address this, we further examined the effect of H,O,/RT on
apoptosis of HTB-65 cells. Apoptosis was evaluated by
TUNEL staining (Figure. 4 A and B). There were few
TUNEL+ cells in the RT group, whereas 26+5% HTB-65
cells were TUNEL+ in the H,O,/RT group and the
difference in TUNEL+ cell between them was significant
(p<0.05). Similar results were obtained when caspase-3
activity of HTB-65 cells was assayed (data not shown).
These results suggest that H,O,/RT promotes apoptosis of
melanoma cells.

Effect of H,0,/RT on the expression of pro- and
antiapoptotic molecules in HTB-65 cells. Similar to the
critical role of the normal balance between pro- and
antiproliferative molecules in cell proliferation and
survival, the normal balance between pro- and
antiapoptotic molecules also plays an important role in cell
survival (19, 20, 26-29). FAS, FASL, TRAILR1, TRAIL
and BAX are important pro-apoptotic molecules, while,
FLIP and BCL2 are important anti-apoptotic molecules
(19, 20, 26-29). To address their roles in the promoted
apoptosis of HTB-65 cells by H,O,/RT, mRNA expression
of these molecules with and without RT (6 Gy) in the
presence and absence of H,O, (50 uM) was determined by
RT-PCR (Figure 5). Unexpectedly, mRNA expression of
the pro-apoptotic molecules FAS, TRAILR1 and TRAIL
was significantly lower in cells treated with H,O,/RT than
that in cells treated with RT alone. mRNA expression of
pro-apoptotic molecules FASL and BAX and anti-apoptotic
molecules FLIP and survivin was comparable in cells
treated with H,O,/RT to that in cells treated with RT
alone. Of particular interest, the mRNA expression of anti-
apoptotic molecule BCL2 was significantly lower in cells
treated with H,O,/RT compared to that in cells treated
with RT alone. Consistent with the mRNA expression of
BCL2, the relative immunostaining intensity for BCL2 was
also much lower in cells treated with H,O,/RT than that in
cells treated with RT alone (Figure 6 A and B). Thus, the
increased apoptosis in cells treated with H,0,/RT
compared to control group correlated with reduced
expression of BCL2.
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Figure 2. Effect of H,0,/RT on the expression of pro- and
antiproliferative molecules in HTB-65 cells evaluated by reverse-
transcriptase-polymerase chain reaction (RT-PCR). mRNA was extracted
as described in the Materials and Methods. Experiments were carried
out in triplicate and results are expressed as the mean ratio of pro- and
antiproliferative molecule in densitometric units/ GAPDH+SEM (x100),
and are representative of two or three independent experiments. A
significant difference between the group treated with H,O,/RT and that
treated with RT alone is indicated by an asterisk (p<0.05).
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Figure 3. Effect of HyO,/RT on the expression of pro- and antiproliferative molecules in HTB-65 cells evaluated by immunohistochemistry (IHC). A:
IHC for pl5, cyclin E and cyclin-dependent kinase (CDK)4 of HTB-65 cells treated with and without RT (6 Gy) in the presence and absence of
H,0, (50 uM). B-D: Relative immunostaining intensity for each protein in 5-6 randomly selected high-power fields of three slides from each group
was analyzed by MetaMorph software. Results are expressed as the average immunostaining intensity+SEM relative to that in control cells. A
significant difference in immunostaining intensity in the groups compared to that in controls (Cx) is indicated by an asterisk (p<0.05). A significant
difference in immunostaining intensity between the group treated with HyO,/RT and that treated with RT alone is indicated by a dagger (p<0.05).

Data are representative of three independent experiments. Original magnification: A: x400.
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Figure 4. Effect of HyO,/RT on apoptosis of HTB-65 cells. A: Representative Terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling
(TUNEL) staining of HTB-65 cells is shown. B: TUNEL+ cells (red) in 5-6 randomly selected high-power fields of three slides were counted. A
significant difference in the percentage of TUNEL+ cells in the treated groups compared to that in controls (Cx) is indicated by an asterisk (p<0.05).
A significant difference in the percentage of TUNEL+ cells between the group treated with H,O,/RT and that treated with RT alone is indicated by
a dagger (p<0.05). Data are representative of three independent experiments. Original magnification: A: x400.

Discussion

RT has a small but important role in melanoma treatment
(1, 10). In part, the relative radioresistance of melanoma
limits the efficacy of RT (1, 9). Improving the effecacy of
RT may allow its expanded use for melanoma while
reducing the potential side effects associated with RT. In
this study, we demonstrate that H,O, synergizes with RT
to inhibit proliferation and promote apoptosis of a
melanoma cell line. The antiproliferative effect of H,O,/RT
treatment correlated with increased expression of the
antiproliferative molecule p15 and reduced expression of
pro-proliferative molecules cyclin D, cyclin E, CDK2 and
CDK4. The proapoptotic effect of H,O,/RT correlated with
reduced expression of the antiapoptotic molecule BCL2. To
our knowledge, this is the first study to demonstrate the
synergistic effect of H,O, and RT on melanoma in vitro.
This is also the first study to investigate the detailed
molecular mechanisms by which H,O,/RT inhibits the
survival of melanoma cells. Kariya et al. showed that H,O,
enhances RT-induced apoptosis of human PC-3 prostate
cancer cells (14). A major limitation of this work in
prostate cancer is the lack of a molecular mechanism to
explain the observed phenomena. Our study expands the
work of Kariya et al. by showing that the proapoptotic
effect of H,O, on cancer cells is not limited to prostate
cancer and that the tumoricidal effect of H,O,/RT on
melanoma cells is not only due to a pro-apoptotic effect,
but also due to an antiproliferative effect.
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The rationale for H,O,/RT in melanoma treatment is
supported by molecular findings specific to melanoma.
Melanoma cells have been shown to have lower catalase
levels compared to melanocytes and there is also increased
expression of antioxidants in melanoma cell lines, including
of superoxide dismutase and ferritin (30-32). Several groups
have attempted to use ROS as a melanoma treatment strategy
(33-35). Ogawa et al. have proposed the use of H,O, as a
radiation sensitizer to treat human tumors including
melanoma (36, 37). Our data further provides a rationale for
this approach in humans by strongly suggesting a
radiosensitizing  role for H,O, in  melanoma.
Radiosensitization of melanoma may allow for reduction of
effective radiation dose and side-effects associated with RT.

The eukaryotic cell cycle is tightly regulated (21-25). The
balance between pro- and antiproliferative molecules plays an
important role in cell proliferation. Cyclin D and cyclin E, as
well as CDK2 and CDK4, play major roles in proliferation.
Down-regulation of cyclin D delays or inhibits entry to the S
phase and overexpression of cyclin D shortens the G| phase
(21-25). Cyclin E is active in late G| phase and is maximal at
the G1-S transition. pl5 is an important antiproliferative
molecule which exerts its effect through inhibition of CDKs
(21-25). In this study, we found that the antiproliferative effect
of H,O,/RT correlated with increased expression of p15 and
reduced expression of cyclin D, cyclin E, CDK2 and CDK4.
These results are also in line with our previous study showing
that resveratrol synergized with RT to inhibit proliferation of
PC-3 prostate cancer cells by up-regulation of p15 and down-
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Figure 5. Effect of HyO,/RT on the expression of pro- and antiapoptotic
molecules in HTB-65 cells evaluated by RT-PCR. mRNA was extracted
as described in the Materials and Methods. Experiments were carried
out in triplicate and results are expressed as the mean ratio of pro- and
antiapoptotic molecules in densitometric units/GAPDH+SEM (x100),
and are representative of two independent experiments. A significant
difference between the group treated with H,O,/RT and that treated with
RT alone is indicated by an asterisk (p<0.05).
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Figure 6. Effect of HyO,/RT on the expression of BCL2 in HTB-65 cells
evaluated by IHC. IHC for BCL2 of HTB-65 cells treated with and
without RT (6 Gy) in the presence and absence of H,O, (50 uM). B:
Relative immunostaining intensity for BCL2 was analyzed by
MetaMorph  software. Results are expressed as the average
immunostaining intensity+SEM relative to that in control cells (Cx). A
significant difference in immunostaining intensity in groups compared
to that in controls is indicated by an asterisk (p<0.05). A significant
difference in immunostaining intensity between the group treated with
H,0,/RT and that treated with RT alone is indicated by a dagger
(p<0.05). Data are representative of three independent experiments.
Original magnification: A: x400.

regulation of cyclin D, cyclin E and CDK2. In our current
study, H,O, alone has little effect on expression of p21 and
pS3. This is not consistent with the study by Dr. Manuel
Rieber’s group, who showed that H,O, up-regulated the
expression of p21 and p53 in a mouse melanoma cell line,
B16 (38). This difference might be due to the difference in the
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concentration of H,O, (50 vs. 500 uM) or the differences in
species and cell line (human HTB-65 vs. mouse B16). The
concentration used by Dr. Manuel Rieber’s group is 10-folds
higher than that used in our study. We also noticed that the
expression of p21 and p53 was not upregulated when the
concentration of H,O, was reduced to 250 uM in the study by
Dr. Manuel Rieber’s group. Further studies are needed to
address if other factors contribute to this difference.
Nevertheless, our data strongly indicate that H,O,/RT
disrupted the pro-proliferative mechanism and broke the
balance between pro- and antiproliferative molecules in
melanoma cells, resulting in inhibition of cell proliferation.

Apoptosis is triggered either through a receptor-mediated
or mitochondrial-mediated pathway (26, 27). FAS, FASL,
TRAILR1 and TRAIL belong to the tumor necrosis factor
(TNF) receptor family and have proapoptotic function in
receptor-mediated apoptosis (28, 29). FLIP inhibits death
receptor-mediated apoptosis by blocking activation of
caspase-8 (28, 29). BCL2 and BAX are two important
molecules in mitochondrial-mediated pathway. Bcl-2 inhibits
apoptosis, while Bax promotes apoptosis through regulation
of mitochondrial voltage-dependent anion channels (27, 29).
Survivin is a member of the inhibitor of apoptosis family and
functions as an antiapoptotic molecule by inhibition of
caspsase activation (29-41). In this study, H,O,, but not RT,
increased apoptosis of melanoma cells (Figure 4) and
H,0,/RT further increased apoptosis of melanoma cells,
suggesting a synergistic effect on apoptosis. This is mainly
due to the down-regulation of antiapoptotic molecule BCL2
(Figures. 5 and 6) but not other anti-apoptotic molecules
such as FLIP or survivin. It will be of interest to investigate
if H,O,/RT enhanced-apoptosis can be abrogated when
BCL2 is knocked out.

It is necessary to point out that in the analysis of pro- and
anti-proliferative and pro- and antiapoptotic molecules, we
unexpectedly found some antiproliferative molecules such as
pl8, p21,p27 and p53 and some proapoptotic molecules,
such as FAS, TRAILR1 and TRAIL to be down-regulated by
H,O0,/RT when compared to RT alone. We believe this
seemly paradoxical effect may be part of an adaptative
response to cell injury to prevent cells from further damage.
Similar effects were also noticed in our previous studies (17).
Thus, it is reasonable to argue that it is not a specific pro- or
antiproliferative and/or pro- and antiapoptotic molecule but
the balance between them which dictates the fate of
melanoma cells.

Taken together, our results show that H,O, sensitizes
melanoma cells to radiation, promotes apoptosis of
melanoma when used in conjunction with radiation, and
enhances the effect of radiation in inhibiting melanoma
proliferation. Further studies may help elucidate the
exploitable mechanisms behind the effect of H,O,/RT which
can be used to increase the efficacy of radiation for
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melanoma. Preliminary clinical data using H,O,/RT supports
this as a viable therapy. Our work explores and supports the
early clinical results of H,O,/RT in patients with melanoma.
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