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Abstract—We have examined chromosome damage caused by a wide range of bleomycin (BLM)
concentrations in Chinese hamster ovary (CHO-K1) cells reversibly porated by the bacterial cytotoxin
streptolysin-O (SLO). Chromosome damage was measured using the micronucleus cytokinesis block
technique (employing cytochalasin-B). Treatment of exponentially growing cells with 0.045 IU/mL SLO
for 5min resuited in up to a thousand-fold and a million-fold increase in biological effectiveness,
compared to treatment in the absence of SLO for 24 hr and 5 min, respectively. Increases in micronuclei
of 4-5 times background level were observed after only 5 min exposure to the drug in the presence of
SLO at doses as low as 100 pg/mL (=70 pmol/L). These results indicate that the use of SLO may
facilitate the treatment of cells with BLM for periods of time resembling acute exposure to ionizing

radiations.

Permeabilization or poration of cell membranes
allows the increased uptake of otherwise excluded
agents and several poration methods have been used
in the study of agents causing cytogenetic damage
[1-6]). Of these, one of the most widely used, and
successful, techniques is electroporation. However,
this technique can suffer from lysis of a significant
fraction of the electroporated cells under physio-
logical conditions [7, 8]. A technique for the poration
of mammalian cells to facilitate uptake of clastogenic
agents has recently been developed in our
laboratories using the bacterial toxin streptolysin-O
(SLOfY) [8]. SLO produces pores in cell membranes
with pore sizes, increasing with dose, to diameters
in excess of 12nm which allows the release of
proteins up to a relative mass of 483kDa [9]
permitting the poration into cells of a wide range of
agents. The technique developed by Bryant [8] uses
low doses of SLO to permit entry of macromolecules
into cells while maintaining cell viability. This
has permitted the introduction of restriction
endonucleases e.g. Pou II, into Chinese hamster
ovary-K1 cells (CHO) in order to mimic ionizing
radiation in causing cytogenetic damage such
as micronuclei or chromosomal and chromatid
aberrations. Treatment of CHO-K1 cells with
0.0451U/mL SLO (an optimal concentration for
CHO cells) for 5Smin results in high cell recovery
compared with electroporation of cells under the
same physiological conditions.

As a result of this work, and our interest in the
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DNA damaging properties of bleomycin (BLM),
we investigated the effect of BLM in inducing lesions
in the absence of a continuous membrane barrier.

BLM [10] is a radiomimetic glycopeptide with
chemotherapeutic antitumour properties. It is widely
used clinically, particularly in the treatment of
malignant lymphomas, Hodgkins’ disease and
squamous cell carcinoma [11]. The action of BLM
is believed to be mediated by the oxidative production
of single and double stranded DNA breaks in the
presence of Fe(II) [12]. In addition, BLM causes
membrane peroxidation {13] and aggregation of
DNA [14] with the latter being preferential in newly
replicated DNA. BLM-induced damage results in
chromosome aberrations and growth inhibition
[15, 16]. Generally, the lesions induced by BLM are
similar in nature and repair pathways to damage
produced by ionizing radiations [17].

However, entry of BLM into cells is known to be
strongly hindered by the cell membrane with only
approximately 0.1% of available BLM being taken
up by HeLa cells and only 20% of this amount
entering the nucleus [18]. As a result of this, in order
to induce damage in cells comparable to that
produced by X-rays, high concentrations of BLM
and long exposure times are required. In addition,
BLM action is not uniform across the cell population
treated [19]. The permeabilization of the cell
membrane by lysophosphatidylcholine (LPC) has
been shown to facilitate both increased uptake of
BLM (as measured by repair synthesis and DNA
cleavage), and an increase in the proportion of cells
damaged [1]. A drawback of this method is that it
only facilitates entry of relatively small molecules
(<2 kDa), limiting the range of agents that can be
examined [20]. Electroporation has also been shown
to enhance uptake of BLM in vitro [21] and in vivo,
electric puises applied directly to tumour sites have
successfully increased the antitumour activity of
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BLM in spontaneous mammary tumours in mice
[22]. Other factors which undoubtedly play a part
in the clastogenicity of BLM and other radiomimetics
are accessibility of the drug to chromatin and the
cellular half life of the agent in question since
experiments have shown that DNA specifically binds
1mol of BLM per 108bp for cellular treatments,
whereas in vitro, DNA binds at an average of 1 mol
BLM per 3.1 bp [18]. Cells are known to break down
BLM using the BLM-inactivating enzyme, bleomycin
hydrolase [23] with varying activities occurring in
different cell types [24].

In order to quantify BLM damage to chromosomes
in SLO porated mammalian ceils we examined the
production of micronuclei by BLM, using the
cytokinesis block technique [25]. We have examined
the frequencies of micronuclei produced by a
logarithmic range of BLM concentrations in both
untreated cells or cells porated by SLO. CHO-K1
cells were exposed to either chronic (24 hr) treatment
in the absence of SLO or acute (5 min) treatment in
the presence or absence 0.045 IU/mL SLO.

MATERIALS AND METHODS

Cell culture. CHO cells were grown as monolayers
in Eagles’ minimal essential medium supplemented
with 10% (v/v) calf serum (Gibco BRL, Uxbridge,
U.K.), 100 umol/L. FeCl;, 50 U/mL, penicillin and
50 mg/mL streptomycin (EMEMS). All incubations
were carried out at 37° in an atmosphere of 5%
CO,, unless otherwise stated. Exponentially growing
cells were obtained by seeding 1 x 105 cells per
75 cm? tissue culture flasks (Sterilin) and incubating
for 24 hr.

Cell poration and bleomycin treatment. Bleomycin
sulphate (Lundbeck) and SLO (Wellcome Diag-
nostics, Beckenham, U.K.) were made up as stock
solutions (BLM =1mg/mL in H,0, SLO was
made up as per manufacturers instruction to 1.9 IU/
mL) and these were stored in aliquots at —20°.
Cytochalasin-B (Sigma Chemical Co., Poole, U.K.)
was made up as 3mg/mL stock in dimethyl
sulphoxide (Sigma) and stored at —20°. All solutions,
except cytochalasin B, were filter sterilized.

Poration was carried out by the method of Bryant
[8]. Cells were collected by briefly washing the
monolayers twice with SmL 0.05% trypsin (Difco
Laboratories, Detroit, MI, U.S.A.), 0.02% EDTA
followed by 6 min incubation at 37° and resuspension
in 10mL EMEMS. Cells were washed twice by
centrifugation with Hanks’ balanced salt solution
supplemented with 6 mmol/L MgCl, (HBSSM) at
room temperature. For acute BLM treatments (5 min
exposure) cells were resuspended at 2 x 10 cells/
mL in HBSSM and 100 uL aliquoted into 1.5 mL
eppendorftubes (Treff). HBSSM (100 uL) containing
dilutions of BLM = 0.090 IU/mL SLO was added to
give a final cell concentration of 1 X 10°cells/mL
and SLO 0.045 IU/mL. The cells were incubated for
5 min at room temperature before addition of 1 mL
ice-cold EMEMS. They were then immediately
centrifuged (6500 rpm) for 1min in a microfuge
(MSE Micro-centaur) and the supernatant aspirated.
The cell pellet was resuspended in 1mL
EMEMS + 3 ug/mL cytochalasin-B before plating

out in tissue culture grade multi-well plates (Sterilin).
For chronic BLM treatments (24 hr exposure)
2 x 10° cells were plated out in 1mL EMEMS
containing 3 ug/mL cytochalasin-B plus various
dilutions of BLM. All cells were incubated for 24 hr
in a humidified incubator at 37°.

Cell fixation and scoring. Cells were collected by
trypsinization and approximately 5 x 10* cells
cytospun (Shandon Cytospin II) onto glass slides
(BDH, Poole, U.K.) and air dried. The cells were
fixed for 10 min in methanol and again air dried
before staining in 10% filtered aqueous Giemsa
solution for 20 min. Slides (without coverslips)
were examined under high magnification (oil
immersion X 1800) and the number of micronuclei
per 100 binucleate cells were scored. These
frequencies were normalized by subtracting the
background level of micronuclei per 100 binucleate
cells in the untreated control for each experimental

group.
RESULTS AND DISCUSSION

The number of micronuclei induced per 100
binucleate cells by BLM in the presence or absence
of 0.045 IU/mL SLO are shown in Fig. 1. It can be
seen that SLO markedly increases the frequency of
micronuclei from chronic treatments in the absence
of SLO especially in the low dose range where
concentrations to give the same effect are approx-
imately 10™* times that required in the absence of
SLO. Acute treatment (5 min) without SLO gave
very low levels of micronuclei even at 100 ug/mL.
The dose-response relationship for both acute plus
SLO and chronic treatments minus SLO gave
maximal micronucleus induction at 10 ng/mL and
10 ug/mL., respectively. At higher concentrations a
reduction in frequency occurred especially in the
case of BLM plus SLO. The absolute frequencies of
micronuclei achieved in the two cases were also
different with maximum frequencies of 70.2 (+16.3)
and 108.7 (=15.4) micronuclei per 100 binucleate
cells scored for chronic and acute treatments,
respectively. Background levels of micronuclei for
the three experimental groups were: 24 hr, 3.33
(%£1.09); S5min —SLO, 5.0 (x2.04); Smin +SLO,
4.14(%£0.63). This would indicate that SLO treatment
does not increase the numbers of micronuclei by
itself, however the possibility of synergism between
BLM and the effects of poration cannot be ruled
out. The reason for a downturn in numbers of
micronuclei at high doses of BLM in porated and
non-porated (24 hr) cells is at present uncertain but
it may be the result of different forms of damage
occurring which cause cell death prior to mitosis.

In order to examine whether SLO treatment
increases either the number of binucleates containing
damage or the amount of damage within individual
damaged binucleate cell, Fig. 2 shows the mean
number of micronuclei per damaged binucleate cell
versus the percentage of binucleate cells containing
micronuclei. This shows the total number of
micronuclei is a linear function of both the number
of binucleates containing damage and the number
of micronuclei per damaged binucleate. Poration
would appear to increase the total number of
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Fig. 1. Number of micronuclei per 100 binucleate cells as a function of BLM concentration, in the

presence (filled circles) or absence (squares and open circles) of 0.045 IU/mL SLO. Treatment with

BLM was for Smin (circles) or 24 hr (squares). SLO treatment was concurrent with BLM. Vertical

bars represent values of the SEM micronucleus frequency per 100 binucleate cells (normalized with
respect to the control). Results are from 2-5 independent experiments.
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Fig. 2. Correlation between the number of BLM-induced micronuclei per damaged binucleate cell and

the percentage of damaged binucleate cells for CHO cells treated in the presence (filled circles) or

absence (squares) of 0.045 IU/mL SLO. Treatment with BLM was for 5 min (circles) or 24 hr (squares).

SLO treatment was concurrent with BLM. Vertical and horizontal bars represent the SEM for 2-5
independent experiments.

micronuclei by increasing both of these parameters
to the same extent, indicating that damage in porated
cells is a function of increased amounts of BLM
entering all cells of the population rather than either
an increased proportion of cells damaged or an
increase in numbers of micronuclei within the same
fraction of cells susceptible to damage.

From the results presented above it is clear that
poration with a low concentration of SLO produces
a very large increase in chromosome damage caused
by BLM as measured by the production of
micronuclei. On a concentration basis, this increase
is approximately a thousand-fold and a million-fold

BP 45:3-D

compared to treatment in the absence of SLO for
24 hr and 5 min, respectively. The damage caused
by BLM in the presence of SLO would appear to
be similar since there is no significant variation in
the number of micronuclei induced per damaged
cell. The cell membrane is thus a very effective
barrier to uptake of BLM as also shown by Sidik
and Smerdon [1] who have found that the early end-
points of DNA breakage and repair are enhanced
in LPC-permeabilized human fibroblast cells and
also by Poddevin et al. {21] who introduced BLM
by electropermeabilization and who measured
uptake of BLM and relative cloning efficiencies of
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transformed Chinese hamster lung fibroblast cells.
LPC (80ug/mL) and electropermeabilization
(1500 V/cm) were found to increase the uptake by
50- and 100-fold as measured by repair synthesis
levels and relative cloning efficiencies, respectively.

From these results, with BLM, we conclude that
SLO can be effectively used to introduce cytotoxic
molecules into cells at concentrations much lower
than would otherwise be required for non-porated
cells. SLO may also permit treatment of cells with
other chemical agents on a short timescale that more
closely mimics acute treatment with ionizing
radiations; although the actual exposure of the
cellular target to the introduced drug will still be
dependent on the half life of the agent introduced.
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