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Abstract
Purpose—To evaluate the response of cells over-expressing dominant negative (DN) Ku70 to
single and multiple small radiation doses.

Methods and Materials—Clones of fibroblasts over-expressing DNKu70, DNKu70-7,
DNKu70-11, and parental Rat-1 cells were irradiated under oxic or hypoxic conditions with single
or multiple doses. Cells were trypsinized 0 or 6 h after irradiation to determine surviving fraction
(SF).

Results—Oxic DNKu70-7 or -11 cells trypsinized 6 h after irradiation were 1.52 or 1.25 and 1.28
or 1.15 times more sensitive than oxic Rat-1 at SF of 0.5 and 0.1, respectively. Hypoxic DNKu70-7
or -11 cells trypsinized 6 h after irradiation were 1.44 or 1.70 and 1.33 or 1.51 times more sensitive
than hypoxic Rat-1 at SF of 0.5 and 0.1, respectively. To the multiple doses, oxic and hypoxic
DNKu70-7 or -11 cells were 1.35 or 1.37 and 2.23 or 4.61 times more sensitive than oxic and hypoxic
Rat-1, respectively, resulting in very small oxygen enhancement ratios. Namely, enhancement caused
by DNKu70 under hypoxia after multiple doses was greater than that under oxic conditions and
greater than that after single dose.

Conclusions—Over-expression of DNKu70 enhances cells’ response to radiation given as a single
dose and as multiple small doses. The enhancement after multiple doses was stronger under hypoxic
than under oxic conditions. These results encourage the use of DNKu70 fragment in a gene-
radiotherapy.
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INTRODUCTION
Ionizing radiation induces several types of DNA lesions, such as base damage, DNA single-
strand breaks (SSBs), and DNA double-strand breaks (DSBs). Deoxyribonucleic acid
nonhomologous end joining represents the major pathway for the repair of DNA-DSBs in
mammalian cells and is essential for the survival of irradiated cells (1–8). One of the major
participants in this pathway is the DNA dependent protein kinase (DNA-PK) complex, which
consists of two components: a 450-kd catalytic subunit, DNA-PKcs, and a heterodimeric

Reprint requests to: Muneyasu Urano, M.D., Ph.D., Department of Medical Physics, Memorial Sloan-Kettering Cancer Center, 1275
York Avenue, New York, NY 10021. Tel: (646) 888-2153; Fax: (646) 422-0247; E-mail: uranom@mskcc.org.
Conflict of interest: none.

NIH Public Access
Author Manuscript
Int J Radiat Oncol Biol Phys. Author manuscript; available in PMC 2009 August 10.

Published in final edited form as:
Int J Radiat Oncol Biol Phys. 2008 June 1; 71(2): 533–541. doi:10.1016/j.ijrobp.2007.12.061.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



protein named Ku. The Ku protein, consisting of two tightly associated but different
polypeptides of 70 kd and 80 kd (Ku70 and Ku80, respectively), has double-strand DNA end-
binding activity, thereby targeting the complex to DNA ends (9,10). In the past decades, studies
using various mutant cell lines, knock-out mice, and their respective mouse embryo fibroblast
cell lines have elucidated the important roles of DNA-PK in many biological processes in cell
survival. Of significance for radiation oncology is the evidence that defect in or absence of
Ku70, Ku80, or DNA-PKcs subunit results in deficiencies in DNA-DSB repair, leading to
hypersensitivity to ionizing radiation (11–13). This crucial role of the DNA-PK complex in
repairing radiation-induced DNA damage has suggested that targeting the compartment(s) of
this complex could enhance the radiation response of mammalian cells (14,15).

Our research group has been actively studying the potential of inhibiting the function of the
DNA-PK complex to enhance radiation treatment and recently extended our investigation to
gene-radiotherapy. Our previous study has identified a dominant negative construct of Ku70,
DNKu70, and demonstrated the feasibility of using adenovirus-mediated expression of the
DNKu70 fragment in a gene-radiotherapy paradigm to sensitize cells to ionizing radiation
(22). Data obtained from structure–function analyses of Ku70 and Ku80 (16–21) have led to
a hypothesis that a construct with a deletion of the N-terminal region of Ku70 might be a
potential candidate. An N-terminal deleted mutant of Ku70 was constructed, and Rat-1 cells
stably over-expressing DNKu70 were generated. We have demonstrated increased radiation
sensitivity of these Rat-1 cells and U-87 human glioma cells infected with recombinant
adenovirus containing cytomegalovirus (CMV) promoter-driven DNKu70. The increased
response to radiation was also observed in hypoxic cells (22).

The purpose of this study was to evaluate the radiation response of cells over-expressing
DNKu70 when radiation doses are given in multiple fractions. We hypothesized that, if
hypersensitivity is due to the deficiencies in DNA-DSB repair, the enhancement ratio after
multiple radiation doses would be greater than that after a single radiation dose. This hypothesis
was tested in vitro by giving multiple doses under both oxic and hypoxic conditions.

METHODS AND MATERIALS
Cell culture

DNKu70 cells (rat embryo fibroblasts over-expressing DNKu70) and parental Rat-1 cells were
used. Construction of DNKu70 cells has been described previously (22). Briefly, we
constructed the expression vector containing the DNKu70 fragment (amino acid residues 62–
609 of human Ku70) under the control of CMV promoter and a hygromycin-resistant gene.
Rat-1 cells were stably transfected with this plasmid. Drug-resistant cells were selected by
culturing these cells in medium containing hygromycin (300 μg/mL) for 2 to 3 weeks, and
individual colonies were isolated (designated DNKu70) and grown in monolayer. Among five
clones previously tested (22), strongly over-expressing clone 7 (DNKu70-7) and moderately
over-expressing clone 11 (DNKu70-11) were studied.

Rat-1 and DNKu70 cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM)
(Mediatech, Herndon, VA) supplemented with 10% fetal calf serum (Gemini Bio-Product,
West Sacramento, CA) and antibiotics (1% penicillin–streptomycin [Mediatech] for Rat-1 and
hygromycin [Sigma, St. Louis, MO] for DNKu70 cells). Cell doubling times of exponentially
growing Rat-1, DNKu70-7, and DNKu70-11 cells were 17.8, 24.5, and 38.7 h, respectively.

Irradiation under oxic and hypoxic conditions
Cells were irradiated with a 137Cs unit (Mark 1 model 68; JL Shephard and Associates, San
Fernando, CA) at a dose rate of approximately 2.3 Gy/min. For oxic irradiations, cells were
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plated in 35-mm or 60-mm Petri dishes and irradiated in air. For hypoxic irradiation, cells were
plated in glass flasks; on the day of irradiation, medium was replaced with those containing
N-2-hydroxyethylpi-perazine-N′-2-ethanesulfonic acid (25 mmol/L). Flasks were tightly
shielded with rubber stoppers, two needles were inserted through a stopper into each glass
flask, and 100% nitrogen gas was flushed through needles (one for inflow and another for
outflow) for 10 min at a flow rate of 1.5 L/min. Subsequently needles were removed to secure
hypoxia in the flasks, and irradiation was initiated approximately 10 min later. Either
immediately or 6 h after irradiation, stoppers were removed and the cells prepared for colony
formation assays.

Single-dose irradiation and colony formation assay
To determine cell survival after irradiations, either single cells or 3-day colonies (3 days after
cell plating) were irradiated.

Single cells—Exponentially growing cells were trypsinized and counted, and cells were
plated in 60-mm Petri dishes. The number of cells plated was estimated to form approximately
50 colonies per dish. Cells were irradiated in air with graded doses approximately 24 h after
plating and incubated in a humidified incubator with 5% CO2 gas flow for 10–14 days. Colonies
were stained with crystal violet and counted under a dissecting microscope. This method was
only applied for single-dose irradiation.

Three-day colonies—Exponentially growing cells were trypsinized and counted. Thirty
thousand Rat-1 cells, forty thousand DNKu70-7, or fifty thousand DNKu70-11 cells were
plated in each 35-mm diameter Petri dish or glass flask and incubated for 3 days. During this
incubation cells formed colonies, and the majority of colonies contained >30 cells. Because a
large number of cells were plated, each colony was likely derived from two or more cells. Cells
were irradiated under oxic or hypoxic conditions as described above. Two dishes or glass flasks
were used for each radiation dose and analyzed separately. For survival assay after a single-
dose irradiation, cells were trypsinized either immediately or 6 h after irradiation, then counted
and plated in 60-mm diameter Petri dishes for colony formation assay as mentioned for single-
cell experiments. In all the colony formations, 105 heavily irradiated cells (with 50 Gy) were
added as feeder cells in each 60-mm diameter Petri dish at the time of cell plating.

Surviving fractions (SF) were calculated by dividing the number of colonies counted by the
number of cells plated [PE (test)] and then corrected by plating efficiency of nonirradiated
control cells [PE (control)]. For survival after irradiation of single cells, cell multiplicity
correction was applied.

Multiple radiation doses
For the multiple irradiations, 3 days after cells were plated in either 35-mm diameter Petri
dishes or glass flasks, irradiation was initiated. Cells were given 0 to 5 doses of 3 Gy each (total
of 0–15 Gy) with an interval of 6 h. Six hours after the last fraction, cells were trypsinized,
counted, and plated for colony formation assays as described above. Between the irradiations,
cells were kept in the 37°C incubator. For the hypoxic irradiation, cells were kept hypoxic until
trypsinization.

During the time of multiple doses (i.e., from 0 to 30 h after the first dose), either an increase
or a decrease in the cell number was noticed. These changes in the population size are likely
due to cell proliferation or loss, suggesting that a conventional SF estimate would not fully
express the effects of fractionated doses, because it takes no account of these changes in the
population size. Accordingly, in addition to the SF obtained, it was further corrected by the
change in cell number; that is, the SF [PE (test)/PE (control)] was multiplied by the cell ratio
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[number of cells (test)/number of cells (control)], whereby the latter indicates the change in
cell number.

Notably, this ratio equals the “clonogen ratio” that is derived by dividing the number of
clonogens in the test group by the number of clonogens in the control group, whereby the
number of clonogens is simply the number of counted cells multiplied by the PE. Namely,

Survival curve analysis
The linear-quadratic model was fitted to the measured cell survival curve after single-dose
irradiation, and α and β were obtained. The exponential regression analysis was used to obtain
the cell survival curve after multiple doses. These analyses were made using commercially
available softwares.

RESULTS
Single dose survival curves

Cell survival curves for oxic Rat-1 and DNKu70 cells irradiated with graded single doses are
shown in Fig. 1a and 1b, respectively. Survival of single cells (irradiated 24 h after plating
single cells) showed typical linear-quadratic curves for both cell lines (solid triangles or reverse
triangles in Fig. 1). The β values of the DNKu70-7 and -11 cell survival curves were slightly
larger, and the α/β ratio slightly smaller than those of Rat-1 cells. The DNKu70-7 or -11 single
cells were 1.46 (3.5/2.4) or 1.06 (3.5/3.3) and 1.42 (8.5/6.0) or 1.16 (8.5/7.3) times more
sensitive at SF of 0.5 and 0.1, respectively, than the Rat-1 single cells (all numbers, including
shown below, are tabulated in Table 1).

For Rat-1 cells irradiated 3 days after plating, those trypsinized immediately (0 h) after
irradiation (3-day colonies, solid circles in Fig. 1a) were more sensitive than those trypsinized
6 h after irradiation (open circles in Fig. 1a). However, this difference was not observed for
both DNKu70-7 and -11 cells irradiated 3 days after plating (compare open and solid symbols
in Fig. 1b). The α/β ratios of these 0-h and 6-h survival curves for both DNKu70 cells were
also identical (Table 1). The α/β ratio of the survival curve for the Rat-1 cells trypsinized
immediately after irradiation was larger than that for cells trypsinized 6 h after irradiation. This
small α/β ratio for cells trypsinized 6 h after irradiation seemed to be due to the low survival
after a dose of 10 Gy.

The DNKu70-7 and -11 cells in 3-day colonies trypsinized immediately after irradiation were
approximately 1.1 and approximately 0.9 times, respectively, more sensitive than the Rat-1
cells in 3-day colonies at all calculated survival levels of 0.5–0.01. DNKu70-7 or -11 cells
trypsinized 6 h after irradiation were 1.52 or 1.25 and 1.28 or 1.15 times more sensitive than
the Rat-1 cells in 3-day colonies at SF of 0.5 and 0.1, respectively.

Cell survival curves for hypoxic Rat-1 and DNKu70-7 and -11 cells are shown together in Fig.
2. Three-day colonies were irradiated and trypsinized either immediately (solid symbols, solid
lines) or 6 h after irradiation (open symbols, dash–dot lines). Survival curves for these cells
trypsinized immediately and 6 h after irradiation were nearly identical, although α/β ratios for
both cells trypsinized immediately were smaller than those for cells trypsinized 6 h later in all
three lines (Table 1). The hypoxic DNKu70-7 or -11 cells in 3-day colonies trypsinized
immediately after irradiation were 1.38 or 1.32 and 1.30 or 1.29 times more sensitive than the
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hypoxic Rat-1 cells at SF of 0.5 and 0.1, respectively. The hypoxic DNKu70- and -11 cells in
3-day colonies trypsinized 6 h after irradiation were 1.44 or 1.70 and 1.33 or 1.51 times more
sensitive than the hypoxic Rat-1 cells at SF of 0.5 and 0.1, respectively. The PEs for Rat-1 and
DNKu70-7 cells kept under no oxygen for 6 h were identical to those of oxic cells, but the PE
for DNKu70-11 cells kept under no oxygen for 6 h decreased to 55% of that for oxic cells;
thus, the aforementioned survival curve for this cell line was normalized.

The survival curves for oxic and hypoxic Rat-1 and DNKu70 cells (3-day colonies trypsinized
6 h after irradiation) are summarized in Fig. 3 for comparison. The OERs (oxygen enhancement
ratios) at SF 0.5–0.01 for DNKu70 cells trypsinized 6 h after irradiation were slightly smaller
than those of corresponding Rat-1 cells and were between 1.9 and 3.0, depending on the
survival level. All OER values are tabulated in Table 1.

Survival curves after multiple doses
Oxic Rat-1 and DNKu70-7 and -11 cells in 3-day colonies received 0–5 doses of 3 Gy each
and were trypsinized 6 h after the final dose. The survivals of these cells are plotted in Fig. 4a.
The survival curves for both cells were exponential, and the D0 values for Rat-1 and DNKu70-7
and -11 cells were 3.67, 2.72, and 2.67 Gy, respectively (Table 2); that is, the DNKu70-7 and
-11 cells were 1.35 and 1.37 times more sensitive than the Rat-1 cells. The enhancement ratio
for DNKu70-7 was slightly smaller at SF 0.5 but greater at SF ≤0.1 than those found for cells
irradiated with graded single doses (i.e., 1.28 and 1.19 at SF 0.1 and 0.01, respectively) (Tables
1 and 2). However, that for DNKu70-11 after multiple doses was greater at all survival levels
tested.

Corrected survivals (survivals corrected for cell proliferation or loss) for Rat-1 cells showed a
D0 of 4.74 Gy and an extrapolation number of 1.30 (Fig. 4b). This D0 was larger than that for
uncorrected survival curve for the same cells, indicating that Rat-1 cells proliferated during
the course of fractionated doses. The D0 values for DNKu70-7 and -11 cells were 2.95 and
2.79 Gy, respectively, only slightly larger than those of the uncorrected survival curve of the
same cells, suggesting limited cell proliferation during the fractionation treatment. Corrected
survival curve showed that the DNKu70-7 or -11 cells were 2.25 or 2.14 and 1.79 or 1.74 times
more sensitive than the Rat-1 cells at SF of 0.5 and 0.1, respectively.

Survivals of hypoxic Rat-1 and DNKu70 cells are shown in Fig. 5a. Three-day colonies were
made hypoxic, received 0–5 doses of 3 Gy each, and were trypsinized 6 h after the final dose.
Hypoxia was kept until cell trypsinization. Similar to oxic cells, these survival curves were
exponential, and D0 values for Rat-1 and DNKu70-7 and -11 cells were 12.87, 5.78, and 2.79
Gy, respectively; that is, DNKu70-7 and -11 cells were 2.23 and 4.61 times, respectively, more
sensitive than the Rat-1 cells. Notably, enhancement ratios for DNKu70-7 or -11 cells after
graded single doses were 1.44 or 1.70 and 1.33 or 1.51 at SF of 0.5 and 0.1, respectively (Table
1). The OERs for multiple doses calculated as the D0 ratio [D0 (oxic)/D0 (hypoxic)] were 3.51,
2.13 and 1.04 for Rat-1, DNKu70-7 and -11 cells, respectively (Table 2). It was noticed that
the PE of DNKu70-11 cells decreased with time, but SFs were not normalized. This will be
discussed later, together with the extremely low OER values for this cell line.

Corrected survivals of these cells are plotted in Fig. 5b. The corrected SF for Rat-1 cells slightly
increased until a total dose of 9 Gy and then decreased slightly. An exponential regression line
was almost flat, with a D0 of 90.9 Gy, and the correlation coefficient was 0.20; thus, alternative
regression was fitted between 6 and 15 Gy, with a resultant D0 of 14.18 Gy, an extrapolation
number of 1.96, and a correlation coefficient of 0.93. These regression analyses indicated that
Rat-1 cells proliferated under no oxygen regardless of repeated 3-Gy doses, whereas each 3
Gy could reduce SF to 0.84 if the hypoxic cell survival curve shown in Fig. 2 is applied.
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Corrected survival curve for DNKu70-7 and -11 showed D0 of 6.17 and 2.94 Gy, respectively,
slightly larger than the D0 of 5.78 and 2.79 Gy of the uncorrected survival curves, suggesting
that cell proliferation was negligible or compensated with cell death caused by hypoxia. On
the basis of the corrected survival curves, DNKu70-7 or -11 cells were 4.51 or 9.70 and 2.97
or 6.21 times more sensitive than Rat-1 cells at SF of 0.5 and 0.1, respectively. The OERs
based on corrected survivals for Rat-1 cells were 4.31 and 3.46 at SF of 0.5 and 0.1,
respectively, whereas the OERs for DNKu70-7 and -11 cells were 2.09 and 1.05 (ratio of 2
D0s), respectively, and independent of the survival level.

DISCUSSION
The present study has shown that DNKu70 cells, rat fibroblasts over-expressing DNKu70, are
more sensitive to radiation given under both oxic and hypoxic conditions than parental Rat-1
cells, and the radiation dose–cell survival curves for both cell lines were well fitted by the
linear-quadratic model. This enhanced radiation sensitivity due to the over-expression of
DNKu70 seemed to be greater at low dose levels than at high dose levels (Table 1, DNKu70
ER at SF 0.5–0.01). In the extreme situation whereby none of the damage is repaired, the
radiation dose–cell survival curve could be exponential. However, this type of survival curve
was not observed, suggesting that not all radiation-induced damage has been repaired.

Interestingly, oxic Rat-1 cells trypsinized immediately after irradiation were more sensitive
than those trypsinized 6 h after irradiation, whereas oxic DNKu70 cells trypsinized either
immediately and 6 h after irradiation showed identical survival curves. Three days after plating,
both cells were still in exponential growth phase, but we observed that a majority of colonies
contained more than 30 cells. This suggests that cells in large colonies could repair potentially
lethal damage (PLD) (23,24), and the difference in sensitivity of cells trypsinized immediately
and 6 h after irradiation could be due to this repair. In other words, Rat-1 cells were able to
repair PLD, but the DNKu70 cells were unable to repair PLD like cells irradiated with high
linear energy transfer (LET) radiation (25,26). These results suggest that Ku70 could be an
essential protein for PLD repair. If the PLD is also the DNA-DSB (27), the involvement of
Ku70 protein in PLD repair may be reasonable. Because of this difference, we have chosen to
trypsinize cells 6 h after irradiation in fractionation experiments and, in this sense, single-dose
survival curves of 3-day colonies trypsinized 6 h after irradiation are appeared to be the most
meaningful for analysis.

We also studied survival curves of cells irradiated under hypoxic conditions and trypsinized
either immediately and 6 h after irradiation. Both survival curves for each cell line were nearly
identical (Fig. 2), suggesting hypoxic cells’ inability to repair PLD. However, the α/β ratios
for both cells trypsinized 6 h after irradiation were larger than those for cells trypsinized
immediately after irradiation (Table 1).

Results of the α/β ratio were mixed. Both oxic and hypoxic DNKu70 cells in 3-day colonies
trypsinized 6 h after irradiation showed greater α/β ratio than Rat-1 cells treated identically.
However, oxic DNKu70 cells in 3-day colonies trypsinized immediately after irradiation
showed rather smaller α/β ratio than identically treated Rat-1 cells, whereas hypoxic DNKu70
cells trypsinized immediately after irradiation showed either greater (DNKu70-11) or smaller
(DNKu70-7) α/β ratio than Rat-1 cells treated identically.

Previous study has shown that DNKu70 expression inhibits DNA-DSB repair (22). However,
to date we do not understand how DNKu70 expression affects the α/β ratio of the radiation
survival curve. One could surmise that, if the β component (but not the α component) is related
to the DNA-DSB repair, the α/β ratio of DNKu70 cells should be greater than that of parental
Rat-1 cells. Our analysis of the radiation survival curves of DNKu70 and parental cells provide
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the first results on this topic. Notably, late-responding normal tissue with large repair capability
is characterized by a small α/β ratio, whereas early-responding normal tissue with small repair
capability is characterized by a large α/β ratio (28). As we discussed above, if we focus on the
survival curve of cells trypsinized 6 h after irradiation, an increase in the α/β ratio of both oxic
and hypoxic DNKu70 cells is due to an increase in the α values rather than a decrease in the
β values (Table 1). These increased α values may suggest an increase in non-repairable damage
in DNKu70 cells, or may reflect the absence or unavailability of the repair proteins in the
vicinity of radiation-induced DNA damages, although more detailed experiments are needed
for a definite conclusion. Increased α and α/β values are also reported for antisense Ku70
transfected human lung cancer cell lines (29).

Results of fractionated doses showed that DNKu70 cells were consistently more sensitive to
radiation than Rat-1 cells, and the uncorrected survival curves for all cell lines irradiated under
oxic and hypoxic conditions were exponential (Figs. 4a and 5a). DNKu70-7 or -11 cells were
1.35 or 1.37 and 2.23 or 4.61 times more sensitive than Rat-1 cells when irradiated under oxic
and hypoxic conditions, respectively (Table 2). This indicates that DNKu70 expression
enhanced response to multiple doses more substantially under hypoxic than oxic conditions.
However, this difference may not be due to the differential enhancement of DNKu70 between
oxic and hypoxic cells. Comparison between corrected and uncorrected survival curves
suggests that this differential enhancement is likely due to the difference in cell proliferation
and hypoxia-induced cell death between DNKu70 cells and Rat-1 cells.

The corrected survival curves for both oxic and hypoxic Rat-1 cells were less steep than
uncorrected survival curves, indicating that Rat-1 cells proliferated throughout the treatment
period. The interval between doses was set for 6 h in the present study for two reasons. First,
PLD repair is completed within 6 h after irradiation (30,31). Second, the doubling time of cells
growing in vitro is usually shorter than that of cells growing in both animal and human tumors.
During these short intervals, cells proliferated. The SF of oxic Rat-1 cells after a total dose of
15 Gy was 0.0168 in uncorrected survival curve and 0.0550 in corrected survival curve; that
is, the number of cells increased by a factor of approximately 3.3 (0.0550/0.0168) during the
total treatment period of 30 h. The SFs of oxic DNKu70-7 or -11 cells after a total dose of 15
Gy were 0.00403 or 0.00363 and 0.00624 or 0.00743 in uncorrected and corrected survival
curves, respectively; that is, the number of DNKu70-7 or -11 cells increased by a factor of
approximately 1.5 or 2.0, respectively.

The SFs of hypoxic Rat-1 cells after a total of 15 Gy were 0.312 and 0.681 in uncorrected and
corrected survival curves, respectively, indicating an increase in the cell number by a factor of
approximately 2.2 (0.681/0.312) under no oxygen. On the other hand, the SFs of hypoxic
DNKu70-7 or -11 cells after the same total dose were 0.0746 or 0.00464 and 0.0878 or 0.00611
in uncorrected and corrected survival curves, respectively. This suggests that the number of
DNKu70-7 or -11 cells increased only by a factor of approximately 1.2 or 1.3, much smaller
compared with Rat-1 cells. These results indicate that cell proliferation under hypoxic
conditions was less substantial than under oxic conditions; nevertheless, a 3-Gy dose given
under hypoxia induced less cell lethality compared with the same dose given under oxic
conditions.

It has been reported that cells kept under no oxygen for a prolonged period failed to survive
(32,33). Our preliminary experiments indicate that both Rat-1 and DNKu70 cells can
proliferate at least for 24 h after placing them under no oxygen, but the survival of these cells
decreases with time. Uncorrected survivals of Rat-1 and DNKu70-7 and -11 cells kept under
no oxygen for 24 h were approximately 80%, 60%, and 15%, respectively. The present results
together with these preliminary data suggest an involvement of Ku70/Ku80 heterodimers in
cell proliferation and cell survival in a nonphysiologic environment. The role of Ku70 in cell
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proliferation has been discussed (12,34), but further studies are undoubtedly needed.
Furthermore, the repair of radiation damage is known to be less extensive in cells irradiated
under hypoxia (35,36). It is highly predictable that the repair inhibitory effect of DNKu70
might have been enhanced under prolonged hypoxia. Accordingly, effects of DNKu70
expression under hypoxic conditions, such as reduced repair, reduced cell proliferation, and
increased cell death, might have contributed to the increased enhancement of radiation response
of hypoxic DNKu70 cells.

It is well known that the OER depends on, for example, oxygen concentrations, cell lines, and
survival levels. The present study suggests that OER value is dynamic. The value is influenced
by factors that occur during the course of fractionated treatment, such as cell proliferation and
cell death. That of DNKu70-7 cells decreased to 2.1 and that of DNKu70-11 cells to a surprising
value of 1.0 because of DNKu70-enhanced cell kill under hypoxic conditions. On the other
hands, the OER of Rat-1 cells increased to 3.5 because of cell proliferation. The small OER
for DNKu70-11 cells after single doses may also contribute to small OER after multiple doses,
although the cause of the small OER after single doses is unknown.

Gene-radiotherapy has been studied by many research groups (22,37–42). A major objective
of this therapy is to enhance the radiation response of malignant cells by transfecting gene(s)
that are involved in radiosensitization or repair inhibition of radiation-induced damage (22,
39–41). Other gene-radiotherapy projects may aim to obtain an additive effect, such as
enhancing host-immunity, increasing the effect of chemotherapeutic agents, or decreasing
tumorigenicity of cancer cells (37,38,40,42).

Our research project is to investigate the feasibility of using adenovirus-mediated expression
of the DNKu70 fragment in gene-radiotherapy. The present study showed that over-expression
of DNKu70 can enhance radiation response and that this enhancement can be obtained after a
small radiation dose and repeatedly obtained after multiple small doses, such as 3 Gy per
fraction. An encouraging result may be that this enhancement was stronger under hypoxic than
under oxic conditions. Furthermore, the over-expression of DNKu70 seemed to inhibit PLD
repair in addition to its inhibitory effect on the DNA-DSB repair and to enhance hypoxia-
induced cell kill. These results not only justify but also encourage the use of adenovirus-
mediated expression of the DNKu70 fragment antisense Ku70 in gene-radiotherapy.
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Fig. 1.
Radiation dose–cell survival curves for Rat-1 cells (a) and DNKu70-7 and -11 cells (b)
irradiated under oxic conditions. Solid triangles and reverse triangles indicate that they were
irradiated 24 h after plating and incubated without trypsinization; circles and squares indicate
that cells were irradiated 3 days after plating (3-day colonies) and trypsinized immediately
(solid symbols) or 6 h (open symbols) thereafter.
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Fig. 2.
Radiation dose–cell survival curves for Rat-1 (squares), DNKu70-7 (circles), and DNKu70-11
(diamonds) cells irradiated under hypoxic conditions. Cells were irradiated 3 days after plating
and trypsinized immediately (0 h, solid symbols) or 6 h (open symbols) thereafter. Hypoxia
had been maintained until cell trypsinization.
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Fig. 3.
Radiation survival curves for Rat-1 and DNKu70-7 and -11 cells irradiated under oxic and
hypoxic conditions and trypsinized 6 h later, shown together for comparison. Squares, circles,
and diamonds indicate Rat-1, DNKu70-7, and DNKu70-11 cells, respectively, and open and
solid symbols indicate radiation given under oxic and hypoxic conditions, respectively.
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Fig. 4.
Radiation dose–cell survival curves for Rat-1 (solid squares), DNKu70-7 (open circles), and
DNKu70-11 (open diamonds) cells receiving 0–5 doses of 3 Gy each under oxic conditions.
The first radiation dose was given 3 days after cell plating, and the interfraction interval was
6 h. Cells were trypsinized 6 h after each final dose for colony formation assay. Cell survivals
are shown without correction for the change in cell numbers (a) and with correction (b).
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Fig. 5.
Radiation dose–cell survival curves for Rat-1 (solid squares), DNKu70-7 (open circles), and
DNKu70-11 (open diamonds) cells receiving 0–5 doses of 3 Gy each under hypoxic conditions.
Cells were made hypoxic 3 days after cell plating, and the first radiation dose was given
approximately 10 min thereafter. The interfraction interval was 6 h. Cells were kept hypoxic
until trypsinization 6 h after each final dose for colony formation assay. Cell survivals are
shown without correction for the change in cell numbers (a) and with correction (b).
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