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Abstract. Background: Anti-apoptotic Bcl-2 family proteins,
such as Bcl-2 and Bcl-x, can modulate radio- and/or
chemosensitivity of human malignancies. Since no information
is available on the role Mcl-1 may play in the radioresponse of
tumor cells, the relationship between Mcl-1 expression and
response to ionizing radiation (IR) was investigated using an
antisense strategy. Materials and Methods: Human melanoma
cells were treated with Mcl-1 antisense oligonucleotides (ASOs)
and IR. The effects of antisense treatment alone or in
combination with IR on proliferation, induction of apoptosis and
clonogenic cell death were evaluated. Results: ASO treatment in
combination with IR reduced the mean cell numbers 9.5-fold
compared to a 2.6-fold reduction after ASO treatment alone and
a 1.6- fold reduction after IR alone. The percentages of apoptosis
measured (means=SD) were 49% =3.0 in antisense/IR-treated
cultures compared to 1.3%=*0.5, 14.3%=*0.5, 7.3%=*1.1 and
10.3%+0.6 in ASO controls, in antisense-treated, in IR-treated
and in antisense control plus IR-treated cells, respectively. Colony
formation assays demonstrated a synergistic effect of Mcl-1
down-regulation with IR. Conclusion: Mcl-1 expression affects
the radioresistance of human melanoma cells.
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Cellular propensity to radiation-induced death is critically
affected by many well-investigated resistance factors. One of
a variety of potential strategies to enhance treatment-induced
tumor cell death is to modulate the expression of proteins,
such as the anti-apoptotic Bcl-2 family members Bcl-2, Bel-x,
Al, Bel-w or Mcl-1 (1-6), which in turn affect the apoptotic
threshold of tumor cells. In addition to their role in
regulating apoptosis, which can be induced by different
treatments and conditions, these proteins are also thought to
be involved in the control of other physiological processes,
such as distribution of cells within the cell cycle or
differentiation. The distribution of cells in the cell cycle, in
turn, is able to affect radiosensitivity (4). Of the Bcl-2 family
members mentioned above, the anti-apoptotic protein Mcl-1
seems to be an attractive candidate for further research, since
it is expressed in a wide variety of tissues and cell types (7-9)
Mcl-1 has some distinct biochemical characteristics compared
to the other members of the anti-apoptotic Bcl-2 protein
family, and its role in controlling cell survival has been shown
in solid as well as in non-solid tumors. Mcl-1 is rapidly
induced after exposure to various growth factors and has a
very short half-life at the RNA and protein levels in the range
of 2 to 3 h (10). In contrast to its more thoroughly
investigated close relatives Bcl-2 and Bcel-xL, the role of Mcl-1
in the modulation of cell death, and specifically in the
regulation of ionizing radiation-induced cell death, has not
been investigated in such extensive detail. Significant interest
in novel strategies influencing apoptotic cell death of human
melanoma and other tumors has been raised in recent years.
Antisense oligonucleotides (ASO) are chemically-modified
stretches of single-stranded DNA. These are potentially
powerful pharmacological inhibitors of protein expression
(11, 12). They are specifically designed to bind to their
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complementary mRNA sequence, resulting in inhibition of
the expression of the protein of interest. Antisense strategies
using ASO against Bcl-2, Bel-xL and Mcl-1 have shown
promise as potential treatment strategies for a variety of
human malignancies (13-22). For instance, our group has
previously reported the chemosensitizing effects of Bcl-2
ASOs in human melanoma, both pre-clinically and in clinical
trials (14, 16, 22). Mcl-1 seems to be crucial for the survival of
cells of hematological origin, such as myeloma cells,
neutrophils and others (23-28). Human neutrophils, for
example, express neither Bcl-2 nor Bcel-xL, but they do
express Mcl-1. Mcl-1 down-regulation also chemosensitizes
transplanted human sarcoma cells in a SCID mouse system
(29). Upon shutdown of Mcl-1 expression, this pro-survival
gene product is rapidly depleted, resulting in acceleration of
apoptosis of human neutrophils. It has been reported that, in
human melanoma, up-regulation of Mcl-1 is associated with
malignant transformation (30). In conclusion, Mcl-1 is a key
player in ensuring survival in different tumor entities by
prolonging cell viability under various cytotoxic conditions.
Mcl-1 down-regulation by antisense oligonucleotides, in order
to facilitate treatment-induced cell death or to induce
apoptotic cell death per se, has been used by several groups
in different systems (see references above). Nevertheless,
until now we are not aware of any reported experimental
evidence connecting radiosensitivity with Mcl-1 expression.
In the present study, the effects of decreasing Mcl-1 protein
levels in human melanoma cells on their susceptibility
towards treatment with ionizing radiation, were investigated
for the first time.

Materials and Methods

Cell culture. The melanoma cell line 518A2 used for this study has
been described previously (9). The cell line was maintained in
Dulbecco’s modified Eagle’s culture medium(DMEM)
supplemented with 10% fetal bovine serum (Gibco, Paisley, UK)
and an antibiotic mixture (100 units/ml penicillin and 100 ug/ml
streptomycin) in a fully humidified (5% CO,, 95% ambient air)
atmosphere at 37°C.

Oligonucleotides  and  transfection. ~ 2’-O-Methoxyethyl/2’-
deoxynucleotide chimeric phosphorothioate antisense oligonucleo-
tides were kindly provided by ISIS Pharmaceuticals (Carlsbad, CA,
USA). The sequence of Mcl-1 antisense oligonucleotide (ISIS
20408) was 5-TTGGCTTTGTGTCC TTGGCG-3". A universal
control (UC) oligonucleotide pool (ISIS 29848) was used, which
was synthesized from a mixture of A (adenine), G (guanine), T
(thymine), and C (cytosine) bases resulting in a mixture of all
possible oligonucleotide sequences. The oligonucleotide backbone
chemistry of ISIS 29848 was identical to that of ISIS 20408. For
transfection, 400,000 cells were seeded in a 75-cm?2 plate 24 h prior
to oligonucleotide treatment. Oligonucleotides were complexed
with lipofectin (Gibco) in an antibiotic-free medium without serum,
as described by the supplier. Subsequently, cells were incubated for
4 h with 150-250 nM complexed oligonucleotides (10 ug per ml
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lipofectin) in antibiotic-free medium containing serum. After
washing with DMEM, cells were further cultured in complete
medium until termination of the experiment.

Determination of survival and apoptosis. For clonogenic survival
experiments, subconfluent cells were treated with oligonucleotides
at the concentrations indicated and then irradiated. Cells were
treated by irradiation 24 h after transfection. Cells were then
trypsinized and plated at appropriate predetermined dilutions onto
5-cm culture dishes. In general, between 200 and 2000 cells were
seeded per dish in order to obtain between 100 and 300 single well-
separated colonies per dish. After 8 to 12 days, cell culture plates
were washed, fixed in 95% ethanol and stained with 0.1% crystal
violet. Colonies containing more than 50 cells were scored as
clonogenic survivors. The colony-forming experiments were
performed three times for each treatment. Cells were irradiated
with a conventional irradiation source. For immunofluorescence
microscopy, 50,000 cells were grown on glass slides and treated
with ASO (150 nM), as described above. Forty-eight h after
irradiation, cells were trypsinized, washed with PBS and stained
with Bisbenzimide (Hoechst 33342) from Sigma-Aldrich (Vienna,
Austria). Apoptotic cells were then counted and photographed by
immunofluorescence microscopy. For the assessment of cell
growth, cells were incubated with oligonucleotides and/or exposed
to ionizing radiation at the time-points and doses indicated. At
various time-points after oligonucleotide treatment, the number of
cells was determined using a Coulter Counter.

Western blot analysis. Cell extracts were prepared in lysis buffer
containing 0.14 M NaCl, 0.4 M triethanolamine, 0.2% Na
deoxycholate, and 0.5% Nonidet P-40, supplemented with 1 mM
phenylmethylsulfonyl fluoride, 4.0 pg per ml aprotinin, and 4.0 ug
per ml leupeptin. Total protein was quantified by means of a
modified Bradford analysis (Bio-Rad, Richmond, CA, USA). Total
lysates (20 ug per lane) were separated by sodium dodecyl sulfate
polyacrylamide gel electrophoresis, blotted onto nitrocellulose
membranes (Millipore, Bedford, MA, USA), and probed with anti-
Mcl-1 (S-43), anti-Bax (P-19) and anti-Bak antibodies (all from
Santa Cruz Biotechnology, Santa Cruz, CA, USA). Bound antigen
was visualized with the enhanced chemiluminescence detection
system (ECL) from Boehringer Mannheim GmbH (Mannheim,
Germany).

Statistical analysis. The statistical significance of differences was
calculated using SigmaPlot 2002 for Windows Version 8.0 and the
Student’s t-test. P values below 0.05 were considered to be of
statistical significance. Results are shown as meansz*standard
deviations of 3 separate experiments.

Results

Mcl-1 expression in a variety of different human melanoma
cell lines has recently been examined. By Western blot
analysis; all human melanoma cell lines evaluated
consistently expressed detectable levels of the anti-apoptotic
protein Mcl-1 (9). Using Mcl-1 ASOs in the presence of the
uptake enhancer lipofectin, a clear reduction in Mcl-1 levels
was observed in melanoma cells in vitro at a concentration
of 150 nM (Figure 1). Twenty-four h after addition of
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Figure 1. Western blot analysis of Mcl-1 expression in ASO-treated
melanoma cells. (A) Melanoma (51842) 24 h after treatment with
150 nM MCL-1 ASOs in the presence of lipofectin; Ctrl, saline-treated
control cells, UC, universal control oligonucleotides, AS, antisense
oligonucleotide-treated cells. A representative blot of four independently
performed experiments is presented. Bak and Bax control blots from the
same lysates are shown in the panels below. (B) Mcl-1 ASO blot with
increased concentrations (250 nM) of oligonucleotides and an actin blot
from the same lysates serving as a control.

oligonucleotides to the cell culture, Mcl-1 levels in
melanoma cells relative to lipofectin-treated control cells
were reduced to 10-20% compared to the baseline
expression levels (data not shown). Notably, treatment of
melanoma cells with Mcl-1 ASO did not change Bak or Bax
protein levels in the cell lines evaluated (Figure 1). At UC
concentrations above 150 nM, a steep increase in unspecific
cell death was observed. We have recently shown that the
ASO-containing Mcl-1 with an identical sequence did not
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Figure 2. Cell proliferation after different treatment combinations. Human
melanoma cells were either untreated (Ctrl), or exposed to antisense (AS)
or UC oligonucleotides. Cells were then irradiated and treated with ASOs
as indicated. Irradiation (IR) was performed with a dose of 4 Gy. Cell
growth was then determined by counting cell numbers 24h, 48h and 72 h
after treatment. Data are means=SD of three independent experiments.
Cell numbers are given in percent of untreated controls.
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Figure 3. Quantitative analysis of cell reduction. In short, mean values
(in percent) of survival of untreated cells were divided by the mean values
of survival of treated cells. Figure and table below demonstrate the extent
of reduction in cell numbers (fold-reduction) by different treatment
combinations obtained at various time-points.

affect Bcl-2 or Bel-x levels in human sarcoma cells (29).
Time-course experiments using the same oligonucleotides
showed a pronounced reduction of Mcl-1 protein, beginning
from 6 to 8 h up to 36 hours after oligonucleotide treatment.
Forty-eight h after oligonucleotide delivery, Mcl-1 expression
returned to levels observed in untreated cells (29).

Next, the biological relevance of Mcl-1 expression as an
anti-apoptotic protein and its potential role for
radiosensitivity in human melanoma was addressed. For
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Figure 4. Microscopic analysis of apoptosis 48 h after different treatments. Hoechst stain of melanoma cells. Cells were untreated (Ctrl) or treated with
UC oligonucloetides, Mcl-1 ASOs alone or in combination with ionizing irradiation.

these experiments, cells were transfected with Mcl-1 ASOs,
universal control oligonucleotides or lipofectin alone.
Following transfection, cells were cultured in complete
medium and subsequently treated with ionizing radiation as
indicated in the materials and methods section. Twenty-four h,
48 h and 72 h later, cell growth effects were evaluated by
counting cell numbers. As shown in Figure 2, treatment with
Mcl-1 ASOs alone, as well as ASO treatment plus IR,
clearly decreased cell numbers compared to untreated or
UC-treated cells. UC treatment alone reduced cell numbers
by approximately 20% of control-treated cells, both in
unirradiated or in irradiated cell cultures. Hence, there was
no significant difference between irradiated and non-
irradiated cell cultures after UC treatment. After 72 h, Mcl-1
ASO treatment alone, IR, and Mcl-1 ASO plus IR led to a
reduction in cell numbers of 38%, 80% and 11%,
respectively compared to UC-treated cells. After 48 h, the
numbers were reduced to 46% (Mcl-1 ASO), 85% (IR) and
18% (Mcl-1 ASO plus IR), respectively, compared to
untreated cells. These observations suggested a clear effect
of the Mcl-1 ASO treatment on radiosensitivity. For a
graphical representation and numerical analysis of the
combination effects on survival, see Figure 3. Fold reduction
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of cell numbers was calculated using UC-treated cell
numbers after the time-points indicated. After 72 h, for
example, Mcl-1 ASO plus IR reduced cell numbers on
average by a factor of 9.5, while IR alone or Mcl-1 ASO
treatment alone reduced cell numbers 1.5 and 2.6-fold
compared to UC-treated cells, suggesting a higher than
additive effect of the combined treatment.

To assess whether the radiosensitization effects by Mcl-1
ASO were associated with an increased rate of early
apoptotic cell death, treated cells were examined for
morphological signs of apoptotic cell death by Hoechst
staining, and the extent of apoptotic cell death was
evaluated quantitatively. A photomicrograph of Hoechst-
dye-stained cells, which were either untreated or treated
with UC oligonucleotides, Mcl-1 ASOs, IR alone or in
combination with Mcl-1 ASOs for 48 h, is provided. The
percentage of apoptotic cells in UC-, ASO alone, IR-, UC
plus IR- and ASO plus IR-treated cultures was 1.3% (SD
0.5), 14.3% (SD 0.5), 7.3% (SD 1.1), 10.3% (SD 0.6) and
49% (SD 3.0), respectively. Mcl-1 ASO plus IR therefore
significantly and synergistically increased the number of
apoptotic cells compared to Mcl-1 ASO- or IR-treated
melanoma cell lines alone. An analysis of apoptotic cell
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Figure 5. Apoptosis after different treatments as indicated. UC, universal
control oligonucleotide, AS, Mcl-1 antisense, IR, ionizing radiation.
Fraction of apoptosis is given as the mean of three independent
experiments +SD.

death after different treatments is shown in Figure 5. As
can be seen from these data, the combination of Mcl-1
ASO with IR is clearly more effective in inducing apoptotic
cell death compared to either treatment alone. Early
apoptosis does not necessarily predict the clinically more
relevant clonogenic survival sensitivity against genotoxic
agents (31). Therefore, whether the early survival effects of
Mcl-1 down-regulation would be reflected by a similarly
reduced clonogenic survival was examined. As is shown in
Figure 6, a combination of Mcl-1 ASO treatment with
irradiation was more effective than either treatment alone.
A dose-response analysis of survival in the presence of a
fixed oligonucleotide concentration and increasing doses of
irradiation demonstrated a decline of survival (measured in
percent of untreated controls) after 0, 2, 4, 6 and 8 Gy
irradiation alone to 82% (SD 2.6), 61% (SD 1.5), 36% (SD
2.5) and 19% (SD 2.5), respectively. In the presence of
Mcl-1 ASOs, survival was further reduced by a factor (with
increasing doses of irradiation) of 1.49 (67%, SD 3.2), 2.05
(40%, SD 4.1), 2.9 (21%, SD 2.5), 3.6 (10%, SD 1.1) and
4.75 (4%, SD 1.0), respectively. Differences in percentage
of apoptosis between ASO-treated cells and control-treated
cells were highly significant (p<0.0015). Interestingly, our
data show that, with increasing doses of IR, the
radiosensitizing effects of down-regulation Mcl-1
expression were even more pronounced. On the other
hand, the degree of unspecific effects of UC treatment on
radiosensitivity were unaffected by irradiation dose, always
being in the range of 20%. This observation provides
additional support for the argument that the synergistic
effect of Mcl-1 down-regulation on IR-induced clonogenic
cell death by ASOs is indeed specific in nature.
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Figure 6. Clonogenic survival analysis after Mcl-1 ASO treatment and/or
irradiation. Melanoma cells were either left untreated, or were treated with
a fixed concentration of ASOs. Twenty-four h later, cell culture dishes were
treated with increasing doses of ionizing irradiation (0, 2, 4, 6 and 8 Gy) as
indicated. Survival was assessed by performing colony-forming assays. Data
are given as percentage survival of untreated cell cultures and represent the
means (£SD) of three independent colony formation experiments.

Discussion

The influence of Mcl-1 expression on the sensitivity of human
melanoma cells against radiotherapy was investigated by
applying an antisense strategy. So far, only limited information
has been available about the role Mcl-1 might play in the
biology and treatment resistance of solid tumors, and virtually
no information has been available about the role it might play
in radioresistance. To the best of our knowledge, we showed
for the first time that Mcl-1 expression is associated with the
survival response against ionizing radiation. The importance
of Mcl-1 expression was addressed, and the apoptotic
threshold in human melanoma cells was lowered by down-
regulating Mcl-1 protein by employing Mcl-1 ASOs. In our
study, Mcl-1 ASOs previously shown to be capable of down-
regulating Mcl-1 expression in endothelial and melanoma cells
were used. In vitro experiments demonstrated a strong, rapid
and specific down-regulation of the Mcl-1 target protein. The
antisense effect was already observed after 8 h and lasted for
36 h. The observation that expression of Bax and Bak, as well
as of Bcl-2 and Bcl-xL, which are closely related anti-apoptotic
members of the Bcl-2 family, are not altered by Mcl-1 ASO
treatment in vitro supports the notion that the effect of down-
regulation of Mcl-1 on tumor growth is not due to
accompanying changes in the expression of other Bcl-2 family
members. Induction of apoptosis was accompanied in our
experiments by a concomitant reduction of the cellular
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survival of treated cells determined up to 72 h after the
respective treatments. For example, an ~ 9-fold reduction of
cell numbers was observed after combination treatment with
Mcl-1 ASOs plus IR, in contrast to only a 2.6-fold reduction in
survival after treatment with ASOs alone and a 1.6- fold
reduction after IR alone. In agreement with these results, the
percentage of apoptotic cells after combined treatment was
49%, while with ASO treatment alone 14% and with IR alone
7.3% apoptotic cells were counted. As has been pointed out
by others, the induction of apoptosis must not necessarily
translate into a direct measure of long-term treatment
response against radiotherapy. For example, in prostate and
other cancer cell types, Bcl-2 overexpression leads to a
reduction in apoptosis after irradiation and/or chemotherapy
without affecting clonogenic survival (31-34). On the other
hand, our group has recently shown that antisense-mediated
Bcl-xL down-regulation leads to reduced clonogenic cell death
in colon cancer cells (35). We could show that a combination
of RT and Mcl-1 down-regulation synergistically improved the
results compared with each treatment alone. Taken together,
we demonstrated that Mcl-1 down-regulation has the potential
to enhance radiosensitivity in human melanoma in vitro.
Treatment of melanoma in vitro with Mcl-1 ASOs followed by
subsequent irradiation with clinically relevant doses resulted
in increased tumor cell death when compared to both
treatments alone. This approach carries not only the potential
to increase the response rate of treatment-resistant human
melanoma, but could also help to minimize the toxic side-
effects of irradiation observed at standard doses, if locally
applied radiotherapy is combined with systemic administration
of ASOs. In conclusion, our data indicate, for the first time, a
role for Mcl-1 as a radioresistance factor affecting early
apoptotic response and proliferation as well as clonogenic
survival. These findings suggest that a combination of Mcl-1
down-regulation with radiotherapy may qualify as a highly
effective and promising treatment strategy in these, and most
likely, in other types of cancer.
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