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Abstract—The induction and repair of single (ssb) and double (dsb) strand breaks in DNA under aerobic
or hypoxic conditions have been determined using sucrose sedimentation techniques following incubation
of V79 mammalian cells with RSU-1069 or misonidazole, representative of a conventional 2-nitro-
imidazole radiosensitizer, for 1-1.5 hr at either 293 or 277°K and subsequent irradiation at 277°K. In ail
cases, the dose dependences for the induction of strand breaks are linear and consistent with an
enhancement in the yield of DNA damage induced by the 2-nitroimidazoles under hypoxic conditions.
With RSU-1069 at 293°K, the dose dependence of ssb is displaced reflecting DNA damage induced
during pre-incubation. From these dependences, it is evident that the enhanced radiosensitization by
RSU-1069 may not be accounted for in terms of accumulation of the agent at DNA. From the repair
studies, DNA breaks induced by RSU-1069 in the absence of radiation have been shown to persist for
at least 3 hr. With a combination of RSU-1069 and radiation under hypoxic conditions, the repair
timescale of the induced breaks is significantly longer and an increase in the residual yields of both ssb
and dsb (at 2-3 hr) was observed when compared with the observation in the presence of misonidazole
or oxygen. From these studies, it is inferred that the enhanced radiosensitization of RSU-1069 at 293°K
is a consequence of the formation of non-repairable DNA damage together with a modification of the
repairability of the radiation-induced DNA breaks.

The compound RSU-1069 (1-(2-nitro-1-imidazolyl)-
3-(1-aziridinyl)-2-propanol) is considerably more
cytotoxic towards hypoxic cells relative to aerobic
cells in vitro [1-3] and is a more efficient hypoxic cell
radiosensitizer than misonidazole [4,5]. Chem-
opotentiation [S, 6] and potentiation of tumour cyto-
toxicity and radiosensitization in vivo [3, 4, 7-9] have
been demonstrated to be more effective with RSU-
1069 than with misonidazole.

Cellular and molecular studies [1, 2, 10-15] have
shown that RSU-1069 acts as a monofunctional agent
under aerobic conditions whereas upon reduction
it becomes bifunctional in character. Studies with
plasmid DNA [10-14] have shown that the major
types of DNA damage are single strand breaks (ssb),
base adducts and, under reducing conditions, cross-
links. Recently, it has been shown that DNA damage
induced in mammalian cells by RSU-1069 is sub-
stantially increased under hypoxia with the formation
of double strand breaks (dsb), an indication of the
compound’s bifunctional character [16]. The induc-
tion of dsb and crosslinks probably plays a major
role in determining the ability of RSU-1069 to act as
a hypoxia-selective cytotoxin [17]. Further, RSU-
1069 induces cellular DNA adducts which are con-
verted into ssb under conditions of high alkalinity
[18].

The present study was undertaken to investigate

* To whom correspondence should be addressed.

the repair (rejoining) of DNA strand breaks induced
within mammalian cells following incubation with
RSU-1069 under aerobic and hypoxic conditions.
The DNA strand breaks were determined using
either neutral sucrose sedimentation techniques or
neutral filter elution where the lysis conditions are
less harsh. Further, since DNA damage produced by
RSU-1069 during pre-irradiation contact has been
suggested to be responsible for its enhanced
radiosensitizing efficiency [16, 19], DNA damage
and its repair have been assessed subsequent to
irradiation following a pre-irradiation contact with
RSU-1069 or misonidazole of 1-1.5 hr. Misonidazole
was chosen for comparison, as a representative
example of a mono-functional 2-nitroimidazole with
a one-electron reduction potential similar to that of
RSU-1069.

Indeed previous studies have shown that radiation-
induced DNA damage in the presence of miso-
nidazole under hypoxic conditions is not readily
repaired [20, 21]. From these studies, it is our aim
to shed more light upon the potential involvement
of “sub-toxic damage” formed during pre-irradiation
contact with RSU-1069 in contributing to its
enhanced radiosensitizing efficiency compared with
that of misonidazole.

METHODS AND MATERIALS

Chemicals. The synthesis, purification and phys-
ico-chemical properties of RSU-1069 have been
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reported [4, 10]). Misonidazole was supplied by Dr
C. E. Smithen (Roche Products Ltd). Sarkosyl and
proteinase K were obtained from Sigma. All other
chemicals were of analytical reagent grade and used
as supplied. In order to minimize degradation of the
2-nitroimidazoles in aqueous medium, the solutions
were freshly prepared as required.

DNA strand breaks. Chinese hamster cells, line
V79-379A, were used throughout this work and
grown in monolayer by methods described previously
[22]. The procedures for labelling the cells and the
technique of sucrose sedimentation for determi-
nation of ssb and dsb have been described previously
[16,23,24]. The resuitant activity profiles of the
gradients after centrifugation were analysed as
described previously [16], based upon the assump-
tion that DNA undergoes scission at random on the
DNA strand. A typical experimental dsb sedi-
mentation profile is shown in Fig 1. For calculations
of the number of dsb/genome it has been assumed
that the molecular weight of untreated DNA is
3 X 10 Daitons [16]. The data are generally pre-
sented as the reciprocal of the weight-averaged mol-
ecular weight (1/Mw) as a function of radiation dose.
The experimental points in Figs 2-7 represent the
average obtained from at least three replicate experi-
ments.

For experiments to determine repair of ssb or dsb
induced by RSU-1069, the cell suspension (10° cell/
mL) was equilibrated with N; + 5% CO; or main-
tained aerobically (air + 5% CO;) for 15 min prior
to addition of the agent. Following incubation for

2 hr at 310°K under the relevant gassing conditions,

the agent was removed followed by resuspension
and incubation of the cells at 310°K under aerobic
conditions for a further 0-180 min to allow time for
repair. Aliquots of cell suspension were subsequently
placed on ice to minimize further repair, centrifuged
at 2000 rpm for 10 min followed by resuspension of
the pellet in ice-cold 0.2 em? of 0.01 mol/dm> Tris-
1 mmol/dm3 EDTA-0,15 mol/dm? NaCl at pH 7.5.
The yields of ssb and dsb were subsequently deter-
mined using sucrose sedimentation technique.
Irradiations. Following pre-incubation of cellular
suspension in the absence or presence of the 2-
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Fig. 1. A typical dsb sedimentation profile obtained fol-

lowing irradiation of V79 cells under aerobic conditions

with a dose of 120 Gy and fitted to a Poisson distribution;
(%) experimental data, (O)) calculated values.
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Fig. 2. The dependence of the initial yield of ssb on radiation
dose (hypoxic conditions} following incubation of V79
mammalian cells in the presence of; 0.5 mmol/dm® RSU-
1069 (A) or misonidazole (O) for 1hr at 293°K under
hypoxia; (A) 0.5 mmol/dm?® RSU-1069 for 1hr under
hypoxia at 277°K. Dashed line represents the hypoxic con-
trol in the absence of the agents. The solid lines are the
best fits to the data based upon unweighted least squares
analysis.

nitroimidazoles in N; + 5% CO; at 293°K for 1 hr,
the suspension was placed on ice to minimize further
damage and/or repair. The suspension was X-irradi-
ated under either hypoxic or aerobic conditions at a
dose rate of 3.8 Gy/min to deliver total doses of 30~
250 Gy. Similar experiments were performed but
with the pre-incubation being carried out at 277°K
in order to minimize the chemical activity of RSU-
1069. Following irradiation, the drug was removed
and the initial yields of ssb and dsb were determined
as described above. Under these conditions, but in
the absence of radiation, the plating efficiency at the
highest concentration of agent used is reduced by
~20%. The time course of repair of the chemical/
radiation-induced ssb and dsb were determined
under aerobic conditions at 310°K, a temperature
required to optimize repair, using the procedure
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Fig. 3. The dependence of the initial yield of dsb on radi-

ation dose (hypoxic irradiation) for a pre-irradiation contact

period of 1hr under hypoxia with either 0.5 mmol/dm’

RSU-1069 (A) or misonidazole (O) at 293°K. The solid

lines are the best fits to the data based upon unweighted
least squares analysis.
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Fig. 4. The kinetics of rejoining of ssb induced following

incubation of V79 cells for 2 hr at 310°K with RSU-1069

under aerobic (1 mmol/dm?, A) and hypoxic (0.5 mmol/
dm?, A) conditions.

described above for chemically-induced DNA
damage.

RESULTS

Initial yields of ssb and dsb induced by RSU-1069
and radiation

ssb. The initial yield of DNA ssb determined by
sucrose sedimentation increases linearly with radi-
ation dose as shown in Fig. 2, following incubation
of V79 mammalian cells in the presence of 0.5 mmol/
dm® RSU-1069 or misonidazole for 1hr at 293°K
under hypoxic conditions and subsequent irradiation
at 277°K under hypoxia. The concentration of the 2-
nitroimidazoles chosen was based upon the maxi-
mum concentration previously [2] used for RSU-
1069 yielding a sensitizer enhancement ratio of ~2.8
for survival of V79 mammalian cells under hypoxia.
At greater concentrations, the cytotoxicity of RSU-
1069 for 1hr incubation under hypoxia results in
significant cell lethality.

With misonidazole, the dose dependence extrapo-
lates to the control value for zero radiation dose in
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Fig. 5. The kinetics of rejoining of dsb induced following

incubation of V79 cells for 2 hr at 310°K with RSU-1069

under aerobic (2 mmol/dm?*, A) and hypoxic (0.4 mmol/
dm?, A) conditions.
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Fig. 6. The kinetics of rejoining of radiation induced ssb
(following incubation of V79 celis for 1.5 hr at 293°K under
hypoxic conditions) in the presence of 0.5 mmol/dm?* RSU-
1069 (A ) or 2 mmol/dm> misonidazole (CJ) and irradiation
with 120 Gy under hypoxic conditions. (O) Rejoining of
ssb induced under aerobic conditions following aerobic X-
irradiation with a dose of 125 Gy. The line (—-—) rep-
resents the level of damage induced by RSU-1069 in the
absence of radiation. The line (— —) represents the con-
trol level in the absence of radiation or agent.

contrast to the displacement observed with RSU-
1069. This displacement is equivalent to the yield of
ssb induced during the 1 hr pre-irradiation contact
period. In Fig. 2, the dependence of the yieid of ssb
on radiation dose is also shown for a pre-irradiation
contact period of 1 hr with RSU-1069 at 277°K, a
procedure which minimizes the chemical activity of
RSU-1069. This dependence, essentially parallel to
that determined at 293°K, extrapolates, within exper-
imental error, to the value observed with miso-
nidazole (Fig. 2) and is, therefore, indicative of little
or no DNA damage induction during the pre-
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Fig. 7. The kinetics of rejoining of radiation induced dsb
following incubation of V79 cells for 1 hr at 293°K under
hypoxic conditions in the presence of 0.5 mmol/dm® RSU-
1069 (A) and irradiation with 200 Gy under hypoxic con-
ditions. (O) represents rejoining of dsb induced following
X-irradiation with a dose of 125Gy under aerobic
conditions. The dashed line represents the control level in
the absence of radiation or agent. The radiation doses were
chosen so that the initial yields of dsb are equivalent.
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irradiation period. Using a higher concentration of
1 mmol/dm?* RSU-1069 at 277°K does not result in
the induction of measurable yields of ssb during pre-
incubation. These observations, are consistent with
RSU-1069 acting as a hypoxic cell radiosensitizer
under conditions where its bioreductive and alkyl-
ating actions are minimized. The enhancement in
the yield of ssb under hypoxic conditions is greater
with RSU-1069 (at 277°K) than with misonidazole,
consistent with the greater enhancement of hypoxic
cell killing seen with RSU-1069 under equi-con-
centration conditions [3, 25].

dsb. The linear dependence of the yield of dsb
on radiation dose, as determined using the sucrose
sedimentation technique, is shown in Fig. 3 for a
pre-irradiation contact period of 1 hr with 0.5 mmol/
dm® RSU-1069 or misonidazole under hypoxia at
293°K followed by irradiation at 277°K under
hypoxia. The enhancement of the yield of dsb under
hypoxic conditions (Fig. 3) is greater with RSU-1069
than with misonidazole and is compatible with the
enhancements observed for ssb. Further, this depen-
dence on radiation dose is not significantly affected
for pre-irradiation contact with either RSU-1069 or
misonidazole at 277°K. Incubation of V79 cells with
0.5 mmol/dm? RSU-1069 under hypoxia for 1 hr at
293°K does not result in significant numbers of dsb,
produced during this pre-irradiation period, above
that observed for the control. As reported previously
[16], incubation with RSU-1069 under these con-
ditions but at 310°K results in dsb.

Repair of strand breaks chemically induced by RSU-
1069

Since DNA ssb and dsb are induced in V79 cells
upon incubation with RSU-1069 under both aerobic
and hypoxic conditions [16], the kinetics and extent
of rejoining of such lesions have been determined
using sucrose sedimentation techniques following
incubation of V79 cells with 0.4-2 mmol/dm?® RSU-
1069 at 310°K for 2 hr under both gassing conditions.
As shown in Figs 4 and 5, insignificant rejoining of
both DNA ssb and dsb induced by RSU-1069 occurs
within 120 and 180 min, respectively, the period for
which repair was assessed. Under aerobic conditions,
the yield of dsb induced by RSU-1069 in fact
increases with time, from which it is tentatively sug-
gested that enzymatic processes may, in part, be
responsible for these increases.

Repair of strand breaks induced by RSU-1069 and
radiation

Since DNA strand breaks induced by RSU-1069
during pre-irradiation contact are not readily
rejoined (see above) it is assumed that RSU-1069
induced DNA damage at 293°K, may still persist at
and during the time of X-irradiation. Therefore, the
kinetics and extent of rejoining of DNA ssb and dsb
induced upon irradiation following pre-irradiation
contact with RSU-1069 were determined using
sucrose sedimentation techniques for repair periods
up to 120 and 180 min at 310°K for ssb and dsb,
respectively.

ssb. The repair kinetics of ssb following pre-incu-
bation of V79 cells under hypoxia with 0.5 mmol/
dm? RSU-1069 for 1.5 hr at 293°K and subsequent
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irradiation under hypoxia at 277°K with a dose of
120 Gy are shown in Fig. 6. Up to 120 min, ~60%
of the ssb produced by the combination of RSU-1069
and radiation are rejoined, a value which is less
than would be expected on the basis of anaerobic
radiosensitization and assuming that the ssbs induced
prior to irradiation by RSU-1069 are not rejoined.
Taking into account the yield of pre-irradiation-
induced breaks, the extent of ssb rejoining is ~75%.
The kinetics for repair of these ssb have been inter-
preted in terms of two exponential components
(value in parentheses represents proportion of re-
paired breaks) with half-lives of <6 min, (50%) and
~80 min (~50%). These findings contrast with those
under aerobic conditions whereby >95% of the ssb
are rejoined with half-lives of <6 min (62%) and
~21 min (38%) treating the repair kinetics in terms
of two exponential components (Fig. 6). As shown
in Fig. 6, using misonidazole, a conventional 2-nitro-
imidazole radiosensitizer, the majority of the ssb
induced under hypoxic conditions are rejoined by a
first-order process with a half-life of ~7 min (~85%).
The residual yield of unrejoined ssb at 120 min is
<5% of the initial vyield, similar to aerobic
conditions,

Under conditions whereby induction of ssb by
chemical action of RSU-1069 is minimized (incu-
bation at 277°K, data not shown), the yield of ssb
rejoined is ~75% (T, ~ 7 min) following incubation
of V79 cells with 0.5 mmol/dm® RSU-1069 under
hypoxic conditions for 1.5 hr foliowed by irradiation
at 277°K with a dose of 120 Gy under hypoxia. Indeed
the initial yield of ssb under these conditions did not
reflect the presence of any agent-induced lesions.
These residual breaks are not as a result of residual
RSU-1069 since varying the number of wash-outs
does not influence the findings.

dsb. The repair kinetics of dsb induced following
incubation of V79 cells with 0.5 mmol/dm*® RSU-
1069 for 1hr under hypoxic conditions at 293°K
and subsequently irradiated at 277°K with a dose of
200 Gy under hypoxic conditions are shown in Fig.
7. A residual yield of 59% of the initial yield is
observed at 180 min. In order to compare the extent
of repair of dsb induced by irradiation, a radiation
dose of 125Gy under aerobic conditions was
required to produce an equivalent yield of initial dsb
as observed with the conditions used for RSU-1069.
The repair time for radiation-induced dsb in the
presence of RSU-1069 are similar to the radiation
only situation under aerobic conditions. In contrast
to the residual yield of dsb with RSU-1069 after
180 min, only ~35% of the yield of dsb remain under
aerobic conditions.

DISCUSSION

Dsb induced by RSU-1069 prior to irradiation at
310°K were observed using the technique of sucrose
sedimentation. Parallel studies using the technique
of neutral elution {26] to determine dsb induced by
RSU-1069 were without success since chemically-
induced dsb were not detected. Differences between
the techniques for the determination of cellular ssb
induced by RSU-1069 have already been highlighted
{18] and emphasized that the majority of ssb pro-
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duced in cellular DNA by RSU-1069 [18] result from
alkali- or heat-labile sites [27]. It is inferred that
RSU-1069 adducts are only converted into breaks
during the cell lysis and subsequent treatment of the
DNA using the harsher conditions associated with
sucrose sedimentation. With the latter technique, a
30-min lysis is performed at 343°K compared to the
lower temperature conditions used in the elution
technique. Differences in the ability of alkylating
agents to induce dsb and crosslinks have been noted
when comparing DNA precipitation and unwinding
assays [28], whereby the former technique also
involves a heat treatment. The foliowing discussion
therefore concentrates on the results obtained using
the sucrose sedimentation technique.

It has previously been shown that RSU-1069
induces DNA dsb and ssb in V79 mammalian cells
after incubation at 310°K under both hypoxic and
aerobic conditions [16] in support of the mechanistic
implications drawn from molecular studies [10-
18,27]. Further the concentrations of RSU-1069
used to induce DNA damage correspond to those
used in the cytotoxicity studies [10]. From the pre-
vious study [16] it was shown that the rate of pro-
duction of DNA strand breaks exceeds that of their
potential rejoining by the various cellular repair pro-

cesses resulting in the accumulation of DNA damage.’

From the time courses for rejoining of DNA strand
breaks induced by RSU-1069 at 310°K under either
aerobic or hypoxic conditions (Figs 4 and 5) it is
demonstrated that the DNA damage is persistent for
at least 2 and 3 hr for ssb and dsb, respectively. It is
not as yet known whether this DNA damage rep-
resents permanent non-repairable damage. Further,
the inability of the cells to repair the observed DNA
damage is independent of whether the incubation
with the RSU-1069 is carried out under oxic or
hypoxic conditions. From this apparent lack of
repair, it is inferred that both monofunctional and
bifunctional action of RSU-1069 results in persistent
DNA damage. Such damage could result from inef-
ficient removal of RSU-1069 from the cells, however
the results of Hill et al. [3] and Walling et al. [25]
and the invariance with number of washouts argue
for effective removal of RSU-1069. Previous studies
with misonidazole under hypoxic conditions have
also indicated the lack of effective rejoining of chemi-
cally-induced DNA damage [20, 21].

Based upon this stability of DNA damage induced
by RSU-1069 (Figs 4 and 5), it is implied that DNA
damage accumulates over the time period generally
reported for in vitro cytotoxicity studies [10].
Further, from the in vitro hypoxic radiosensitization
witnessed with RSU-1069 at 293°K, it is apparent
that any DNA damage induced by RSU-1069 during
pre-incubation contact under hypoxia will persist at
the time of irradiation. Indeed, previous studies have
shown that RSU-1069 is only slightly more effective
than misonidazole as a hypoxic cell radiosensitizer
(SER = 1.9 compared with 1.55 at 0.5 mmol/dm? for
misonidazole) under conditions whereby the reac-
tivity of RSU-1069 is minimized e.g. lower tem-
perature [3,25] or short pre-irradiation contact
periods [18]. The observed linear dependence of
the yield of ssb and dsb on radiation dose for pre-
irradiation contact of RSU-1069 or misonidazole at
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277°K under hypoxia reflect the slight differences
observed for their radiosensitizing efficiencies for
cell killing [25]. These dependences are consistent
with RSU-1069 acting predominantly as an oxygen-
like “electron-affinic” radiosensitizer at 277°K. With
RSU-1069 (0.5 mmol/dm?), the SER increases from
1.9 up to >3.1 on increasing the temperature of the
pre-irradiation contact from 277°K up to 293°K.

The question arises as to whether DNA damage
induced at 293°K during pre-irradiation incubation
under hypoxia is important for the enhanced radio-
sensitization observed with RSU-1069. Indeed, pre-
irradiation incubation of cells with RSU-1069 at
293°K under hypoxia results in the formation of ssb
(Fig. 2) in contrast to the negligible yield of ssb
induced for pre-incubation at 277°K. The subsequent
dependence of the yield of ssb on radiation dose for
pre-incubation of RSU-1069 under hypoxia at 293°K
is parallel to that determined for pre-incubation at
277°K. Itis apparent that the yield of ssb produced by
a combination of radiation and RSU-1069 is additive.
For misonidazole, a conventional radiosensitizer, the
determined dependences of ssb are independent of
temperature consistent with the small temperature
coefficient for its radiosensitization [3, 25].

Based upon the yields of residual ssbs it is apparent
that a synergistic effect occurs upon the repair of
breaks produced in the treatment with RSU-1069
and X-irradiation. This synergism contrasts with the
apparent additivity of the initial yield of ssb breaks.
The repair of ssb appears to be biphasic as previously
shown for the repair of radiation-induced breaks
alone [29-31]. Following the initial rapid rejoining
of ssb witnessed in all cases over the initial 15 min
(Fig. 6), the subsequent repair processes are sig-
nificantly slower for those ssb induced by RSU-1069
in conjunction with radiation compared to the radi-
ation only condition. Similarly, differences in the
extent of repair of dsb damage were observed when
comparing radiation only and radiation in com-
bination with RSU-1069. Such gross changes in the
extent of repair and their kinetics are not observed
using misonidazole, a conventional electron affinic
radiosensitizer. Although, at reduced temperatures,
RSU-1069 still produces considerably more non-
repairable breaks compared with misonidazole.

It is inferred from these studies that the enhanced
radiosensitization of RSU-1069 at 293°K is a conse-
quence of the formation of persistent DNA damage
formed during pre-irradiation incubation. Further,
the extent of repair of radiation-induced DNA dam-
age is also modified in the presence of chemically-
induced damage by RSU-1069.
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