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The role of Bak-mediated dissipation of
mitochondrial membrane potential in radiosensitivity of
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Abstract

In the radiotherapy of localised cancers, susceptibility of tumour and normal cells to undergo radiation-induced
programmed cell death is an important prognostic factor. Mitochondria-mediated cell death is often preceded by
dissipation of mitochondrial membrane potential. This study investigates whether human prostate cancer cells
would preferentially die via the mitochondria-mediated pathway after photon and neutron irradiation. Bax-
negative human prostate cancer cells were irradiated with p(66)/Be neutrons or *’Co y-rays, in the absence or
presence of an inhibitor of Bak translocation to mitochondria. Dissipation of mitochondrial membrane potential
was assessed using the DePsipher'" kit. Cell survival was assessed using the colony forming assay. The dose
response for the dissipation of mitochondria membrane potential was clearly dependent on radiation type,
and the presence of the Bak inhibitor during irradiation almost completely abolished this process. This was
paralleled by a significant enhancement in radioresistance in the presence of the inhibitor. These data indicate
that, in Bax-negative tumours, Bak availability may lead to significant increases in the radiosensitivity, and can
result in an enhanced therapeutic benefit.

Keywords: prostate cancer; radiotherapy; mitochondrial membrane potential; Bak

*Corresponding author: Dr. John Akudugu, Division of
Radiobiology, Department of Medical Imaging and Clinical
Oncology, Faculty of Medicine and Health Sciences, Stellenbosch
University, Tygerberg 7505, South Africa. Tel.: +27-21-938-9942;
Fax: +27-21-933-8886; Email: jakudugu@sun.ac.za

Introduction

In radiotherapy, a number of factors can influence
the responses of tumours and surrounding normal
tissues. These factors may depend on the patient,
the tumour, or the normal tissue concerned. One
important prognostic factor is the susceptibility
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of different cell types to undergo cellular demise
after irradiation. Cell death can occur via several
major pathways [1-3]. In some modes of cell death,
particularly apoptosis, mitochondrial membrane
integrity plays a significant role. Translocation of
the pro-apoptotic Bax or its homologue Bak onto
mitochondria facilitates the release of cytochrome c
to mediate subsequent cell death [4, 5]. Therefore,
identification of mitochondria-mediated cell death
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as a major mode of cellular demise following
radiation treatment might provide an insight into
the possibility of using Bax or Bak expression as a
prognostic indicator.

Although the tumour suppressor gene p53 is known
to play a key role in the translocation of Bax or
Bak onto mitochondria to mediate in apoptotic cell
death, its functionality and wild- type status are not
required for cells to undergo Bax- or Bak-mediated
apoptosis [6,7]. In fact, the translocation of Bax to
mitochondria in response to exposure to cytotoxic
agents has been demonstrated in cells lacking
functional p53 [8, 9]. Given that most tumours have
mutated or dysfunctional p53, it is conceivable that
the expression of Bax and/or Bak has a pivotal role in
cellular response to radiation insult. The importance
of Bax as a prognostic marker in radiotherapy has
been highlighted by several reports [10-14]. There
is evidence to show that in the absence of Bax
functionality, apoptotic cell death may be mediated
by Bak [15].

This study was designed to investigate whether cell
death in the Bax-negative human prostate cancer
cell line, DU145, would preferentially occur via Bak-
mediation after photon and neutron irradiation. The
roleofradiation-induceddissipationofmitochondrial
membrane potential in radiosensitivity on the basis
of clonogenic cell survival is further discussed.

Materials and methods
Cell lines and culture maintenance

Human prostate cancer cells (DU145) were used
in this study. The tumour suppressor gene p53,
which plays a significant role in cellular response
to radiation insult, is known to be mutated in this
cell line [16]. Also, these cells are Bax-negative but
do express the pro-apoptotic Bax homologue Bak
[17, 18]. Cells were cultured in minimum essential
mediumasmonolayersat37°Cina5% carbon dioxide
humidified atmosphere in air. Growth medium was
supplemented with 10 ug/ml streptomycin and 10
U/ml penicillin (Highveld Biological, South Africa),
and contained 10% heat-inactivated foetal bovine
serum (Sigma-Aldrich, USA).

Mitochondrial dissipation assay

Cells in exponential growth were trypsinised, seeded
into 25-cm’ cell culture flasks and incubated for 3 h
to attach. Cultures were then irradiated to graded

doses in the ranges 0-6 and 0-4 Gy with low linear
energy transfer (LET) ®Co y-rays (~0.5 keV/um)
and high LET p(66)/Be neutrons (~30 keV/um),
respectively. Photon irradiation was performed with
an upward vertical beam from a ®’Co y-ray irradiator
at a dose rate of 0.203+0.004 Gy/min (range:
0.196-0.208 Gy/min). Samples were placed on a
6-mm perspex plate acting as build-up material. A
5-cm thick perspex block was used for backscatter.
The field used was 30x30 cm”. For the accelerator
produced p(66)/Be neutron exposure, a vertical
beam facing downward was employed at a dose rate
of 0.42 Gy/min. The cell samples were placed on a
15-cm thick perspex backscatter block, and build-up
material consisted of a 20-mm polyethylene block.
The field used was 29x29 cm’. Cell cultures were
irradiated at room temperature (22°C) and were
then re-incubated for 20 h prior to the evaluation of
mitochondrial dissipation.

Changes in mitochondrial membrane potential
were assessed using the DePsipher™ Kit per
manufacturer’s instructions (Assay Designs, USA; cat
# 900-167). Briefly, cells were trypsinised, counted,
and centrifuged to produce a pellet of ~10° cells per
sample. Each pellet was resuspended in 1 ml of pre-
warmed DePsipher™ staining solution in reaction
buffer, premixed with stabiliser solution (final
concentration of 2%), and incubated at 37°Cin a 5%
carbon dioxide humidified atmosphere in air for 20
minutes. The stained cells were then centrifuged at
200 g for 5 minutes, and the pellet was resuspended
in 1 ml of stabiliser-containing reaction buffer. The
DePsipher™ dye is a lipophilic cation and aggregates
on polarised mitochondrial membranes of healthy
cells to form an orange-red fluorescent compound.
If the membrane potential is compromised, the dye
cannotaccess the transmembrane space and remains
monomeric and fluoresces green. The cells were
observed immediately by fluorescence microscopy,
using a Zeiss Axioskop 50 microscope with a band-
pass filter for fluorescein and rhodamine. At least
1000 cells per sample and dose point were evaluated.
Three independent experiments were performed
for each irradiation dose. The frequency of cells
with compromised mitochondrial membranes was
expressed as the mean (= SEM) percentage of the
total number of cells observed.

Cell survival measurements

The colony assay was used to assess overall cell
survival. Single-cell suspensions (0.2-4.0x10° cells
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per dish, adjusted for irradiation dose) were plated
into 60-mm tissue culture dishes, incubated for 3 h,
and irradiated to 0 - 10 and 0 - 6 Gy with *°Co y-rays
(photons) and p(66)/Be neutrons, respectively.
After growing for 6 days, colonies were fixed in
glacial acetic acid:methanol:water (1:1:8, v/v/v),
stained with 0.01% Amido Black in fixative, washed
in tap water, air-dried, and were counted. Three
independent experiments were performed for each
dose point, and the mean surviving fractions were
fitted to the linear- quadratic model to generate
survival curves. Radiosensitivity was expressed in
terms of the mean inactivation dose, D, calculated as
the areaunder survival-dose response curves plotted
on a linear-linear scale over the corresponding dose
ranges [19]. The mean inactivation dose was chosen
over the a/B-ratio, as the latter is an indicator of the
‘bendiness’ of the survival curve and often tends
to be unrealistically high for neutrons that are not
typically low-LET in nature.

Effect of peptide inhibitor P5 on
mitochondrial integrity and cell survival

To assess the role of Bak-mediated mitochondrial
dissipation in radiosensitivity, matching sets of
cultures as described for the colony assay were
irradiated in the presence of peptide inhibitor P5
(200 pmol/1) or negative control (200 umol/1). P5
is a cell-permeable synthetic peptide inhibitor of
Bax translocation onto mitochondria, and therefore,
was used as a potential suppressor of Bak-mediated
mitochondrial pore formation. Both P5 (cat # 1786)
and the negative control peptide (cat # 1787) were
from Tocris (Bristol, UK). To evaluate the effect of P5
on mitochondrial dissipation, unirradiated controls
and samples irradiated to 2.5 Gy of p(66)/Be
neutrons or to 6.0 Gy of *°Co y-rays were assessed.

The influence of P5 on cell survival was interrogated
over the entire range of radiation doses used
in the clonogenic assay. The protection against
mitochondria-mediated radiation-induced cell death
by P5 was expressed as a radioprotection factor
(RPF), defined as the ratio of mean inactivation
doses: RPF = DP5 / D . The subscript P5 indicates
irradiation in the presence of the peptide inhibitor
of Bak.

Data analysis

Statistical analyses were performed using the
GraphPad Prism software (San Diego, USA)
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computer program. Standard equations were used
to fit nonlinear relationships. To compare two data
sets, the unpaired Student’s t-test was used. The p
values and the coefficients of determination, R%
were calculated from two-sided tests. A p value of
less than 0.05 indicates a statistically significant
difference between the data sets.

Results
Radiation-induced mitochondrial dissipation

From the data shown in Figure 1, DU145 cells
are moderately susceptible to radiation- induced
mitochondrial dissipation. The data show a clear
LET-dependent dose-response for mitochondrial
dissipation, with a significantly higher proportion
of cells with compromised mitochondria per unit
dose of neutrons than for the lower LET photons. In
both irradiation arms, the extent of mitochondrial
dissipation increased sharply with absorbed dose
and reached maximum values at 2.5 and 6 Gy for
neutrons and photons, respectively (Figure 1).
These radiation doses were chosen for further
assessment of the impact of peptide inhibitor P5
as they corresponded to the highest achievable
radiation-induced mitochondrial dissipation. When
cells were irradiated in the presence of peptide
inhibitor P5, mitochondrial dissipation was almost
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Figure 1: Percentage of DU145 cells with compromised
mitochondria (CM) when irradiated with photons (dashed
line) and with p(66)/Be neutrons (solid line). The effect of
peptide inhibitor P5 on mitochondrial dissipation is shown
for 6 Gy of photons (open circle), 2.5 Gy of neutrons (open
square), and unirradiated cultures (open triangle). Each
data point represents the mean = SEM of three independent
experiments.
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completely abolished. The percentage of cells with
compromised mitochondria was found to diminish
from a maximum of 49 to 17% following both
photon (6 Gy) and neutron (2.5 Gy) irradiation. The
background level of mitochondrial dissipation in this
cell line was found to be high and emerged as 10%.

Radioprotection by peptide inhibitor P5

Figure 2 shows cell survival curves for DU145
cell cultures irradiated with or without peptide
inhibitor P5. The cell survival parameters are

summarised in Table 1. The reduction in radiation-
induced mitochondrial dissipation observed in cell
cultures irradiated in the presence of P5 (Figure 1),
is reflected in an enhancement of radioresistance
(Figure 2). The radioprotection factors RPF (based
on mean inactivation dose) were found to be
1.36+0.04 and 1.24+0.05 for photon and neutron
irradiation, respectively, and were not significantly
different (p = 0.2222; R® = 0.2798). On average, cells
were rendered 30% more radioresistant by PS5,
regardless of the type of radiation.

Table 1: Summary of cell survival parameters for human prostate carcinoma cell line, DU145, as obtained from data fitted to the

linear-quadratic model. P5 indicates concomitant treatment with a Bak inhibitor. Errors in ¢ and {3 represent the standard error of

the best-fit value. Errors in ¢/f-ratios and the radioprotection factor (RPF) were calculated using appropriate error propagation

formulae. Values of the mean inactivation dose D represent the mean (+ SEM) of three independent experiments.

Treatment a (Gy™) B (Gy?) a/B (Gy™) D (Gy) RPF
Photons 0.24 + 0.05 0.06 + 0.01 4.00 + 1.07 2.38+0.06
1.36 £ 0.04
Photons + P5 0.14 % 0.06 0.05 + 0.01 2.80 *1.32 3.23£0.04
Neutrons 0.58 % 0.06 0.09 +0.01 6.44 * 0.98 1.39 £ 0.06
1.24 £ 0.05
Neutrons + P5 0.54 + 0.06 0.02 +0.01 27.00 + 13.83 1.72 +0.01
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Figure 2: Clonogenic survival curves for DU145 cells after
photon and p(66)/Be neutron- irradiation in the absence
(dashed lines) and presence (solid lines) of peptide inhibitor
P5. Each data point represents the mean *= SEM of three
independent experiments.

Discussion

The p53 gene is known to exhibit point mutations
and is dysfunctional in DU145 cells [16]. However,
wild-type or functional p53 is not always required for
cells to undergo mitochondria-mediated apoptosis
[6, 7]. In fact, the translocation of Bax or Bak to
mitochondria in response to exposure to cytotoxic
agents has been demonstrated in cells lacking
functional p53 [8, 9]. Bax/Bak translocation leads
to dissipation in mitochondrial membrane potential
and subsequent apoptosis.

The data presented in Figure 1 show that radiation-
induced dissipation of mitochondrial membrane
potential increases with radiation dose in a LET-
dependent manner. The results also suggest that
Bak plays a major role in the compromise of
mitochondrial membrane potential in the absence
of Bax functionality. Therefore, radiation-induced
mitochondrial membrane potential dissipation
and subsequent cell death in DU145 cells are likely
mediated by translocation of Bak onto mitochondria
in a p53-independent manner [8, 9]. Zhang et al.
have demonstrated that mitochondrial membrane
potential dissipation and cell death after certain
stimuli are strictly Bak-dependent [20]. In the
absence of p53 functionality, it is also possible that
radiation-induced cell death in this cell line occurs
via the ceramide pathway for which Bak is activated
downstream to regulate apoptosis [21]. These data
suggest that Bak-mediated cell death is a major
determinant of cellular response to exposure to
ionising radiation, and that this phenomenon is
independent of the type of radiation (Figures 1 and
2). Inhibition of Bak by P5 resulted in a significant
decrease in radiation-induced mitochondrial
membrane compromise and a corresponding
increase in cell survival.
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A factor that plays an important role in the
proapoptotic function of Bak is voltage- dependent
anion channel 2 (VDAC2). VDAC2 is highly expressed
in DU145 cells [22], and is known to inhibit Bak
activity [23, 24]. However, in the absence of Bax, as is
the case in the cells used in this study, no interaction
occurs between VDAC2 and Bak [17]. It is, therefore,
not surprising that Bak is central in mediating
radiation response in the DU145 cell line, and that
its modulation by P5 significantly affects radiation-
induced mitochondrial membrane compromise and
subsequent cell survival.

The data presented here cannot be corroborated by
studies suggesting that high-LET radiation induces
p53-independent cell death, with low-LET radiation
being more effective in inducing apoptosis in wild-
type p53 cells than in mutated p53 and p53-null
cells [25, 26]. Neutrons appear to be more potent
than *°Co y-rays in compromising mitochondrial
membrane potential and inducing -cytotoxicity
(Figures 1 and 2). However, the relative effectiveness
of these neutrons is marginal when compared with
studies which showed high LET radiation to be ~4
- 6 times more effective than low-LET radiation in
inducing apoptosis in cells without p53 functionality
[25, 26]. Specifically, the data in Figure 1 show that
neutrons induce only 2.22-, 1.42-, and 1.34-fold
higher mitochondrial dissipation than *’Co y-rays at
1, 2, and 4 Gy, respectively. This modest difference
in effectiveness may be due to the relatively large
photon-like component of p(66)/Be neutrons [27].
The low LET segment of the lineal energy spectrum
(< 10 keV/um) in p(66)/Be neutrons significantly
overlaps with the photon spectrum to the order of
36%, thereby making the neutrons behave more like
low-LET radiation. This is consistent with the finding
that the radioprotection factor of P5 for photons
is only about 10% greater than that for neutrons
(Table 1).

Conclusions

In cells that are devoid of p53 and Bax functionality,
Bak-mediated mitochondrial dissipation appears
to be the main determinant of cellular response
to radiation exposure. This is evidenced by the
observation that Bak inhibition in p53- and Bax-
negative human prostate cancer cells correlates
with changes in radiation-induced mitochondrial
dissipation, and subsequently with cell survival.
Bak inhibition during irradiation almost abolishes
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mitochondrial dissipation and leads to increased
radioresistance. These data seem to indicate that
manipulation of Bak availability during irradiation
may lead to significantchangesin the radiosensitivity.
Therefore, targeting Bak availability in tumours
might lead to more effective tumour management
with radiotherapy.
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