
Abstract. The responses of cells with mutated DNA repair
pathways were compared for cisplatin, radiation and
combination treatments. The knockout of the nonhomologous
endjoining (NHEJ) pathway resulted in increased radiation
sensitivity, but no change in cisplatin response in the mouse
cells and increased radiosensitivity but decreased cisplatin
sensitivity in chicken cells. The mutation of the homologous
recombination repair (HR) pathway through XRCC3 in CHO
cells resulted in increased radiation and cisplatin sensitivity
and to a lesser extent for the Rad54 knockout in the DT40
chicken cells. The combination treatments of cisplatin and
radiation showed that inhibition of the HR repair pathway
resulted in super additive effects while the inhibition of the
NHEJ pathway in DT40 had no effect. In mouse cells the
knockout of the NHEJ pathway resulted in reduced super
additivity compared to the parental cell lines. These data show
that radiation, cisplatin and combination treatment damage is
affected differently by the various DNA repair pathways, which
could have a range of effects on combination treatments in
tumour cells expressing different levels of DNA repair in the
various repair pathways.

Cisplatin was discovered to be an effective chemotherapy

agent in the treatment of cancer (1-10) and has been

extensively investigated in cultured mammalian cells. It was

shown that cisplatin could form mono and bifunctional

adducts on the DNA and that cells had the ability to remove

such adducts using DNA repair systems (10-13). One such

repair system was shown to be nucleotide excision repair,

which when mutated in xeroderma pigmentosa cells could

cause enhanced sensitivity to cisplatin and, recently, the

homologous recombinational repair pathway has also been

implicated (14-18). Now, through gene mutation and gene

knockout techniques, it is possible to block cellular DNA

repair systems which process DNA single and double strand

breaks such as excision repair and nonhomologous,

endjoining and homologous recombination repair (HR) (19-

26). A number of studies have shown that the inactivation

of DNA repair genes can result in radiosensitization

(20,22,27-30). It has also been shown that such gene

inactivation and knockouts can effect cellular responses to

cisplatin (16,17,18,30-32). We and others have shown that

combined treatment of cisplatin and radiation can result in

additive or superadditive effects, supporting the concept of

cisplatin radiosensitization (10,11,33-35). Cisplatin

radiosensitization may well be influenced by whether similar

or different DNA repair pathways are involved in processing

cisplatin and radiation damage in DNA. In order to explore

this question further, we set out to compare the responses

to radiation, cisplatin and combined treatments in cell lines

with the following natural and knockout mutations;

nonhomologous endjoining using Ku70 and Ku80 gene

knockout cells and homologous recombination using

XRCC3 gene mutated and Rad54 knockout cells.

Materials and Methods

The cell lines used in this study are described as follows: The

mouse embryo fibroblast line (MEF) and its derivative

nonhomologous endjoining knockout (NHEJ) cell line Ku80 were

kindly donated by Dr. G.C. Li (21) and their culture details have

been previously described (22). The CHO cell line AA8 and its

derivative irsISF is a mutant of the XRCC3 gene (XRCC3-/-) and

deficient in homologous recombination (HR) DNA repair. They

were kindly donated by Dr. L. Thompson and have been previously

described in detail (19-20). The DT40 chicken cell lines were

developed by Dr. Takeda (30) and kindly donated for these

experiments. The DT40 is the parental cell line, the DT40Rad54 is

the Rad54 gene knockout cell line deficient in HR repair. The

DT40Ku70 is a knockout in the NHEJ pathway and the

DT40Rad54Ku70 is a knockout line for both HR and NHEJ
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pathways. The details of the cells and their culturing have been

previously described (30). 

The CHO and mouse cell lines were grown in a mixture of 1:1

DMEM and F12 medium supplemented with 10% fetal calf serum

and 0.1 mM MEM nonessential amino acids. The cells were grown

to plateau phase, then refed and, 48 hours after that, the

experiments were performed. The plating efficiencies were 60-90%

for the AA8 and irsISF cell lines and 20-25% for the MEF and Ku80

cell lines.

The DT40 cell lines were cultured in DMEM/F12 (Wisent,

Montreal, Canada) containing 1% penicillin streptomycin (Wisent),

0.88% tryptose phosphate broth solution (29.5g phosphate broth/L,

Sigma, Oakville, ON, Canada), 1% chicken serum (Wisent), 10%

fetal bovine serum (Wisent) and 50 ÌM ‚-mercaptoethanol (14.3

moles/L Sigma). The cells were grown in suspension in 100-mm

petri dishes. Cells were subcultured every two days and the

experiments were done in the exponential phase of the cell growth.

The day of the experiment, the cells were counted using the

hemocytometer. After treatment, the cells were plated in 15-mm

petri dishes. The plating efficiencies of the DT40, DT40Rad 54,

DT40Ku70 and DTRad54Ku70 cells were 70-90, 50-70, 30-50 and

50-70, respectively. 

For cisplatin treatment, cisplatin obtained from David Bull

Canada Inc. in isotonic saline (1 mg/ml) was diluted into the

culture medium at the required concentration. For the

concentration of 1 mg/ml, the dilution factor is 1000 and has no

significant effect on the medium. These solutions are pH buffered

at 7.2 and added directly to the cells. At the end of treatment, the

solutions were removed, cultures rinsed with warm isotonic buffer

and then medium was added. Fresh solutions were used for each

experiment. For the DT40 cells grown in suspension, cells were

centrifuged and the supernatant replaced with isotonic buffer. The

cells were then centrifuged one more time and the buffer was

replaced with fresh medium.

For irradiation, cells were irradiated in 25-cm2 tissue culture

flasks at room temperature using a Pantak Bipolar Series Model

HF320 X-ray, operating at 250 kVp with 1.87 mm base aluminum

filtration giving a dose rate of 168 cGy/min.

After treatment, the cells were prepared for the colony survival

assay. The mammalian cells were trypsinized, counted and plated at

numbers to give about 50 to 100 colonies per 6-cm tissue culture

plate. For the DT40 chicken lines, the cells were plated into 6-cm

petri dishes at numbers for which they formed 50-100 colonies.

Survival was assayed using the suspension colony forming assay in

DMEM/F12 media preparation containing 1% methylcellulose,

4000 centipoises (Shin-Etsu Chemical Co. Ltd. Tokyo, Japan). All

dishes were placed in a 37ÆC incubator until colonies of 50 cells or

more were visible. At this point, all colonies were stained and

counted. Each experiment was repeated three times and the error

bars represent the standard error of the mean.

Results

The radiation response of two cell line pairs is shown in

Figure 1. For the inhibition of recombination DNA repair

pathways, both the homologous recombination repair

mutant (irsISF) and the nonhomologous endjoining

knockout (Ku80) showed greater radiosensitivity than the

parental wild-type cell lines AA8 and MEF, respectively,

indicating both recombination repair pathways as being

important in radiation damage repair.

Figure 2 shows the radiation response of four chicken cell

lines. The DT40 wild-type cell line was much more

radioresistant than the derivative mutants Rad54 (HR gene

knockout) and Rad54Ku70 (both HR and NHEJ gene

knockout). The results for the Ku70 knockout were more
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Figure 1. The radiation response is shown for two cell line pairs consisting
of the mouse embryo fibroblast parental line (MEF) and a Ku80 knockout
line (Ku80) and a Chinese hamster parental line (AA8) and an XRCC3
mutant line (irsISF).

Figure 2. The radiation response is shown for chicken lymphocyte cells
for the parental line DT40 and Rad54 knockout line (DT40Rad54), a
Ku70 knockout line (DT40Ku70) and a double knockout of Rad54 and
Ku70 (DT40Rad54Ku70).



complex, showing low-dose high sensitivity followed by a

radiation-resistant plateau for which the cells become more

resistant than the parental line. This response was observed

earlier (30) and may be related to the up-regulation of the

HR system when the NHEJ system is inactivated and a

small subpopulation of cells in G1 may remain sensitive if

HR is less effective in G1 cells before chromosomes are

replicated.

The recombination repair pathways have profoundly

different effects on cisplatin responses. Figure 3 shows that

the knockout of NHEJ for the Ku80 cell line had no effect

on cisplatin response compared to its normal parental cell

line MEF. On the other hand, the mutation in XRCC3 of

the HR repair pathway in the irsISF cell line resulted in a

large increase in cisplatin sensitivity compared to the

parental cell line AA8. These data confirm that the HR

pathway is important in repair of cisplatin damage (30,32).

Figure 4 shows the response of DT40 cells and three

knockout mutants to cisplatin. The data show that the HR

knockout (Rad54) resulted in increased cisplatin sensitivity

comparing Rad54 to the wild-type. The knockout of NHEJ for

the Ku70 cell line resulted in increased resistance to cisplatin

and the knockout of both NHEJ and HR (DT40Rad54 Ku70)

reduced this resistance compared to Ku70, but it still

remained higher than the parental cell line, DT40.

The combined treatment with cisplatin and radiation was

also evaluated in the mutant cell lines in order to determine

whether any of these mutations affected the interaction

effects of these combined treatments. The results are shown

in Table π for cisplatin given for 1h and terminated 5 min

before irradiation. While experiments were done for a wide

range of cisplatin concentrations, the data are summarized

for two concentrations representative of the data and at the

level of maximum clinical achievability. For the chicken

DT40 cell lines, the parental line DT40 and the mutants

DT40K70 and DT40Rad54Ku70 showed additive effects of

the two treatments by assessing the interaction ratios

(survival of cisplatin alone times survival from X-rays alone

divided by survival of the combined treatments). A result of

greater than 1.0 indicates super additivity and the data were

not significantly different from 1.0. For the DT40Rad54

mutant, the results were significantly greater than 1.0

showing super additivity. For the rodent cell lines, the

results for hamster CHO AA8 showed additivity for the low

cisplatin concentration and super additivity for the higher

concentration, while the irsISF mutant for HR repair

showed super additivity for both concentrations. The mouse

MEF cell line showed super additivity for both

concentrations, while the NHEJ mutant showed super

additivity for the low concentration, but just additivity for

the higher concentration. It is also of interest to note that,

in general, the rodent cell lines showed a greater interaction

effect than the chicken cell lines.

Discussion

The data presented in this study clearly show that DNA

repair pathways are different for repairing damage

stemming from radiation and cisplatin treatments, as

reflected in the interesting differences observed for
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Figure 4. The response of the four chicken cell lines DT40 wild-type,
DT40 Rad54 knockout, DT40Ku70 knockout and the double knockout
DT40Rad54Ku70 is shown. Cisplatin exposure was for 1 hour after which
it was removed and cells were rinsed and given fresh medium.

Figure 3. The cisplatin response is shown for mouse and Chinese hamster
parental cells MEF and AA8 and their respective mutants Ku80 and

irsISF. Cisplatin exposure was given for 1 hour after which it was removed
and cells were rinsed and given fresh medium.



radiation and cisplatin responses for the recombination

repair pathway mutant cell lines. For the NHEJ repair

pathway knockout in Ku80, there was a dramatic increase

in radiation sensitivity but no change in the cisplatin

response, clearly indicating that NHEJ is active in

processing radiation damage but not cisplatin damage. On

the other hand, the inhibition of the HR pathway through

mutation of the XRCC3 gene in the irsISF cell line showed

increased sensitivity to both radiation and cisplatin. The

increased cisplatin sensitivity was about 10-fold in

concentration and confirms earlier results that HR is

important in processing cisplatin damage (18). This would

indicate that perhaps in S-phase and in G2, where HR is

more active (30), the impact of cisplatin would be greater

and this is supported in our earlier results showing

enhanced numbers of dead S-phase cells through cell cycle

analysis (36).

The results for the DT40 cells are very complex. The HR

knockout through Rad54 supports the results for the irsISF

cell line in that it shows increased cisplatin sensitivity.

However, the knockout of the NHEJ pathway shows

complex behavior; cells became resistant to cisplatin and

resistant to high-dose radiation. We speculate that Ku70

knockout may result in up-regulation of the HR pathway

resulting in increased resistance to cisplatin and possibly to

high-dose radiation. The low-dose radiation sensitivity may

be related to the component of cells in the radiosensitive

G1/G0 cell cycle phase, where also HR may be less effective.

The double knockout DT40Rad54Ku70 showed increased

cisplatin sensitivity compared to the Ku70 knockout, but it

was still more resistant than the parental cell line. The data

in Figure 4 show that the Rad54 knockout caused much less

cisplatin sensitization than the XRCC3 mutation shown in

Figure 3. Thus, Rad54 knockout may result in only a partial

HR inhibition and possibly the additional Ku70 knockout

may still allow for some up-regulation in the HR pathway.

We and others have shown that cisplatin radiosensitization

can act through the inhibition of cellular recovery of radiation

damage (10,35,37). In addition, cisplatin responses and

radiosensitization have been shown to affect DNA repair

(30,32,38)

Our results, shown in Table π, support the observation

that cisplatin radiosensitization can be influenced by DNA

repair systems. In the DT40Rad54 HR knockout line, the

interaction ratio for cisplatin and radiation was greater than

1.0 and greater than the parental line. Correspondingly, in

the CHO cell line the irsISF mutant also showed a greater

interaction ratio than the parental line AA8. On the other

hand, in the DT40 system the Ku70 NHEJ mutant was not

significantly different than the parental line, while in the

rodent MEF system Ku80 mutant was less than the parental

line. Thus, both the rodent and the chicken lines show that

perhaps the HR repair system influences the cellular

response to combined cisplatin and radiation treatment. The

results for the NHEJ system are less clear since in the

chicken system there is no effect, while in the rodent system
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Table I. Combined treatment of cisplatin and radiation.

Cell line Cis conc Cis alone Survival response Interaction 

Ìg/ml X-rays Cis + X-ray3 ratio1,2

DT40 2 0.65 0.11 0.085 0.85

X = 6 Gy 4 0.10 0.013 0.85

DT40 Rad54 2 0.3 0.14 0.03 1.4*

X = 3 Gy 4 0.04 0.004 1.4*

DT40 Ku70 2 0.9 0.16 0.15 0.96

X = 3 Gy 4 0.5 0.1 0.80

DT40Rad54Ku70 2 0.5 0.018 0.01 0.90

X = 2 Gy 4 0.25 0.005 0.90

AA8 1 0.65 0.031 0.02 1.0

X = 8 Gy 2 0.18 0.004 1.4*

irsISF 0.1 0.37 0.026 0.006 1.60*

X = 6 Gy 0.2 0.15 0.002 1.95*

MEF 1 0.6 0.02 0.0024 5.0*

X = 8 Gy 3 0.22 0.0018 2.5*

Ku80 1 0.5 0.035 0.01 1.75*

X = 2 Gy 3 0.08 0.0032 0.88

1Interaction ratio = (survival from cisplatin x survival from X-rays/survival from the combined treatments)
2Interaction ratio marked with * show significant difference from 1.0
3The standard deviation on the results was less than ± 10%
4Cisplatin treatment was for 1 h and was terminated 5 min before irradiation was started.



the interaction ratio is less than for the parental line. It

should be noted that, while direct comparison between all

the different cell lines is not possible because of genetic

differences, the relative results of mutant to parental in each

group is possible and these relative comparisons do show a

consistent result for the involvement of the HR repair

pathway.

In summary, these data show that altered expression of

recombination repair pathways can affect responses to

cisplatin, radiation and combined treatments and this could

have clinical implications in cancer treatment where tumour

cells may have different activity in the various DNA repair

pathways.
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