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Intrinsic radiosensitivity and rejoining of radiation-induced DNA double-strand breaks (DNA-dsb)

were analysed in ®ve lung carcinoma cell lines: U-1285, U-1906, H-69, H-82 and U-1810. RS correlated

with both the initial phase of DNA-dsb rejoining, at 15 min (r2 = 0.818) and the late phase, at 120 min

postirradiation (r2 = 0.774), the most sensitive cell line (U-1285) showing least dsb rejoining and the

most resistant (U-1810) showing most dsb rejoining of all ®ve cell lines studied. As DNA-PK has been

recognised as an important molecular component involved in DNA-dsb repair, we analysed content

and activity of this kinase. We found that DNA-PK content and activity correlated with RS (r2 = 0.941

and r2 = 0.944, respectively). The lowest DNA-dependent content/activity was found in the most

radiosensitive cells, U-1285 and H-69, whilst the highest content/activity was found in the most

radioresistant cells U-1810. These results suggest a correlation between RS and DNA-PK content/

activity in lung carcinoma cell lines. # 1999 Elsevier Science Ltd. All rights reserved.
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INTRODUCTION

A substantial amount of data indicate that the cytocidal

eVect of g-irradiation is a consequence of genomic DNA

damage. DNA double-strand breaks (DNA-dsb) represent a

critical DNA lesion and therefore it is likely that DNA-dsb

repair is an important determinant of cellular radiosensitivity

[1]. Several studies have focused on the relationship between

cellular radiosensitivity and the level of unrejoined dsb [2],

rate of dsb rejoining [3] and ®delity of dsb rejoining [4].

DNA-dependent protein kinase (DNA-PK), a serine/threo-

nine protein kinase has been recognised as an important com-

ponent in the process of DNA-dsb repair. The evidence for this

®rst appeared in studies on severe combined immunode®cient

(scid) mice and hamster xrs cells exhibiting increased RS and

impaired V(D)J recombination [5, 6]. The mutations known to

induce these defects are localised to genes coding for a 465 kDa

protein, the DNA-PK catalytic subunit (DNA-PKcs) and for a

86 kDa DNA binding protein Ku86 [7]. DNA-PKcs is, for its

activity, strictly dependent on the DNA-binding Ku hetero-

dimer Ku86 and Ku70 [8]. DNA-PKcs together with Ku pro-

teins form an active complex designated DNA-PK, binding

mainly to linear double-stranded DNA ends but also to other

DNA constructs [9]. Although the in vivo substrates have not yet

been identi®ed several transcription factors including RNApol

II, c-Myc, c-Fos, c-Jun, RPA and p53 are phosphorylated by

DNA-PK in vitro [10, 11]. These substrates suggest a role for

DNA-PK in regulation of transcription and DNA repair.

Few human cell lines with radiosensitivity similar to the xrs

and scid cells have been identi®ed. A radiosensitive human

glioma cell line M059J lacking DNA-PKcs has been char-

acterised, being 30-fold more radiosensitive than the radio-

resistant M059K cell line isolated from the same glioma

biopsy specimen [12]. To our knowledge DNA-PK has not

been studied in lung carcinomas. In this report we addressed

the question of whether DNA-PKcs content and DNA-PK

activity may relate to intrinsic radiosensitivity in lung carci-

noma cell lines.
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MATERIALS AND METHODS

Cell lines

Five human lung cancer cell lines were used, four corre-

sponding to small cell lung carcinoma (SCLC) (U-1285,

U-1906, H-69 and H-82) and one corresponding to an

undiVerentiated non-small cell lung carcinoma (NSCLC) (U-

1810). U-1285, U-1906 and U-1810 have been previously

characterised [13, 14]. H-69 and H-82 were obtained from the

American Tissue Culture Collection (ATCC); Rockville,

Maryland, U.S.A. Cells were grown in CO2-independent

medium (Gibco BRL, U.K.) supplemented with 10% fetal calf

serum, 2 mM l-glutamine and (Penicillin 100 IU and Strepto-

mycin 100 ng/ml) and incubated at 37�C. The viability was

evaluated using trypan blue exclusion. We used early passages

of all cell lines and diVerent batches for diVerent experiments.

Radiosensitivity has previously been studied in U-1285,

U-1906, U-1810 [15], H-69 and H-82 [16]. The survival

fractions after 2 Gy determined by clonogenic assays and

extrapolation method were as follows:

SF2U-1285 � 0:25;SF2H-69 � 0:25;SF2H-82 � 0:61;

SF2U-1906 � 0:45 and SF2U-1810 � 0:88:

Irradiation procedure

For the in vitro radiosensitivity assay, cells were X-irra-

diated (250 kV, 15 mA, 0.5 mm Cu ®lter, SSD 50 cm,

1.33 Gy/min) in culture medium at ambient room tempera-

ture. The dosimetry was based on lithium ¯uoride dosimetry

and was applied using a Simplex Universal dosimeter. Irra-

diation was performed 24 h after plating the cells in culture

dishes with fresh medium. The cell density was kept at levels

allowing exponential growth at the moment of irradiation.

These levels were determined for each cell line from growth

curves of untreated cells during 72 h. Mock irradiation was

used in controls.

For DNA dsb experiments, where pulsed ®eld gel electro-

phoresis was used, cells were labelled for 18 h with 3H-Tdr

(25 Ci/mmol). After a 2 h chase in non-radioactive medium,

the cells were harvested, washed and embedded into a ®nal

concentration of 0.5% low melting point agarose (Bethesda

Research Laboratories, Maryland, U.S.A.). The density of

cells was approximately 3�105 cells per 100ml blocks. The

blocks were cooled and irradiated on ice with 250 keV X-rays

at a dose rate of 1.3 Gy per min. DNA-dsb rejoining was fol-

lowed at 37�C for 0, 15, 30, 60 and 120 min in cells exposed

to 40 Gy and controls.

In vitro radiosensitivity assay

Cells were X-irradiated with 2, 4 and 8 Gy. Untreated and

treated cells were then counted and tested for viability (try-

pan blue exclusion) every 24 h for 7 days (168 h). In all cell

lines there was an exponential growth in controls up to 120 h

postirradiation. The fraction of viable cells in irradiated sam-

ples did not increase or decrease signi®cantly between 120

and 168 h. Growth inhibition after 2 Gy (GI2) values were

used as surrogates for survival fractions after X-irradiation

with 2 Gy and were calculated as follows: GI2 = amount

viable cells (irradiated 2 Gy) at 120 h/amount viable cells

(untreated) at 120 h.

DNA preparation

After irradiation and repair, cells in the agarose blocks were

lysed and digested with 2% sarcosyl and proteinase K

(Boehringer Mannheim, Germany), 1 mg/ml, in 0.5 M

Na2EDTA, pH 8.0, at 50�C for 16 h. The blocks were then

treated with 1 mg RNAse/block and washed four times in TE

buVer, pH 8.0 (10 mM Tris HCl, 1 mM EDTA). All chemi-

cals were from Sigma Co., Germany, except where stated.

Pulsed ®eld gel electrophoresis

Blocks were loaded into the wells of the separation gel. The

gel, 0.9% agarose (SeaKem GTG, FMC) in 0.5�TBE

(90 mM tris-base, 90 mM boric acid, 2.5 mM Na2EDTA)

was cast to a size of 15�15 cm and had a thickness of 10 mm.

The electrophoretic equipment was a CHEF-DR II (BioRad

Laboratories, California, U.S.A.). Electrophoresis was run

for a total of 96 h at 13±14�C with the following protocol:

Run time (h) 24 48 24

Voltage (V) 35 50 60

Pulse time (min) 90ÐÐÐ 45 30

After complete separation the gel was stained overnight

with ethidium bromide. The gel was placed on an ultraviolet

(u.v.) transilluminator and the red ¯uorescence photo-

graphed with Polaroid ®lm type positive 667. The separate

gel lanes were then dissected and radioactivity was deter-

mined by liquid scintillation counting after dissolving and

hydrolysing the agarose pieces in 0.5 ml hot 1 M HCl. DNA

rejoining was followed by counting the radioactivity fractions

released in the gel (FAR values) at 0, 15, 30, 60 and 120 min

postirradiation. Relative FAR values were counted as a ratio

between FAR values at 0 min (100%) and FAR values at 15,

30, 60 and 120 min postirradiation. Using FAR data, the

possibility of a linear correlation with SF2 and GI2 values

was tested.

Cell extracts

Cell pellets were washed with tris-base saline pH 7.3 and

lysed in a volume equivalent to three times the cell pellet

volume with low salt buVer (10 mM Hepes pH 7.6, 25 mM

KCl, 10 mM NaCl, 1.1 mM Mg2Cl, 0.1 mM EDTA, 1 mM

DTT, 0.5 mM PMSF, 1mg/ml aprotinin, 1 mg/ml leupeptin,

10 mg/ml trypsin inhibitor, 10 mg/ml TPCK) by incubation on

ice for 20 min. After centrifugation, supernatants were col-

lected and stored at ÿ 80�C.

Immunoblots

Extracts adjusted to an equivalent amount of protein

(60 mg) were subjected to 4±15% linear gradient SDS-PAGE

and then transferred to a nitrocellulose membrane (Amer-

sham, Buckinghamshire, U.K.) using a semidry transfer cell

(Bio-Rad). After blocking with 5% milk the membranes were

probed with anti-DNA-PKcs (AHP 318, Serotec, U.K.),

anti-Ku86 and anti-Ku70 antibodies. Detection was per-

formed with ECL (Amersham). DNA-PKcs, Ku86 and Ku70

contents were measured by optic densitometry (OD) (Bio-

Rad). Results were tested for the possibility of linear correla-

tion with SF2 and GI2 values. Two tailed t tests were used

for testing statistical signi®cance.

Determination of kinase activity

The DNA-PK kinase activity was determined by a DNA-

PK assay. Brie¯y, samples containing 20 mg protein were

mixed with 35 mg speci®c substrate peptide (Promega, Wis-

consin, U.S.A.) with or without double-stranded DNA
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(dsDNA) in a reaction buVer containing 10 mM Hepes,

25 mM KCl, 10 mM NaCl, 1.1 mM MgCl2, 0.1 mM EDTA

pH 7.2, 1 mM DTT, 5 mM ATP and 0.3 mCi[33P]ATP. The

reaction mixtures were incubated at 37�C for 20 min. The

reaction in each sample was stopped with 2 ml stopbuVer

(0.32 M EDTA pH 7 and 0.1 M ATP) and the mixture was

spotted on to Whatman P81 paper. After washing, radio-

activity was determined by liquid scintillation counting. The

DNA-PK activity was de®ned as counts per minute (cpm)
33P incorporated in the presence of dsDNA minus cpm 33P

incorporated in the absence of dsDNA. Relative DNA-PK

activity values were used in the diagrams by relating the cpm

counts in diVerent cell lines to the lowest cpm count found in

the cell panel (1 in H-69 cells). Results were tested for the

possibility of linear correlation with both SF2 and GI2 values.

Two tailed t-tests were used for testing statistical signi®cance.

RESULTS

In vitro radiosensitivity assay

Survival after X-irradiation in U-1285, U-1906, U-1810,

H-69 and H-82 cells is described in Figure 1(a). The GI2

values for these cell lines (mean values of three or four

experiments) were as follows:

GI2U-1285 � 0:30;GI2H-69 � 0:32;GI2H-82 � 0:48;

GI2U-1906 � 0:59 and GI2U-1810 � 0:8:

Figure 1. (a) Relative survival of U-1285, U-1906, U1810, H-82,
and H-69 cells after X-irradiation (y-axis) as a function of dose
(Gy). (b) Relative FAR values in the same cell lines after X-
irradiation with 40 Gy (y-axis) as a function of repair time (min).

Figure 2. (a) Correlation between SF2 values and initial DNA-
dsb rejoining expressed as relative FAR at 15 min. (b) Corre-
lation between GI2 values and relative FAR at 15 min. (c)
Correlation between SF2 values and unrejoined DNA-dsb
expressed as relative FAR at 120 min. (d) Correlation between

GI2 values and relative FAR at 120 min.
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Thus the SCLC lines U-1285 and H-69 were the most

radiosensitive, SCLC lines U-1906 and H-82 were inter-

mediate sensitive and the NSCLC line U-1810, the most

radioresistant. These results are similar to previously pub-

lished SF2 values for these lines [15, 16].

Rejoining of radiation-induced DNA-dsbs

There were no signi®cant diVerences between induction

levels for FAR values for the diVerent cell lines: U-1285

(range 57±74%), H-69 (range 59±63%), H-82 (range 60±

64%), U-1906 (range 57±67%), U-1810 (range 56±82%).

Relative rejoining of DNA-dsbs after 40 Gy X-irradiation of

the ®ve cell lines is shown in Figure 1(b) as relative FAR

values which were obtained at 15, 30, 60 and 120 min post-

irradiation. In radiosensitive U-1285 cells, less than 10% of

dsb were initially rejoined (9% at 15 min) compared with

radioresistant U-1810 cells, in which more than 30% of dsb

were initially rejoined (34% at 15 min). DNA-dsb rejoining at

15 min correlated with both SF2 (r2 = 0.701) and GI2

(r2 = 0.818) values for the ®ve cell lines (Figure 2). A similar

correlation between DNA-dsb rejoining and SF2

(r2 = 0.936)/GI2 (r2 = 0.774) values was found at 120 min

postirradiation (Figure 2).

Content of DNA-PKcs, Ku86 and Ku70

The content of the components of the DNA-PK complex

were analysed by Western blotting. There was a variability of

the DNA-PKcs content whilst Ku86 and Ku70 were detected

at similar levels in all ®ve cell lines. Figure 3 shows an exam-

ple of an immunoblot of DNA-PKcs, Ku86 and Ku70. Fig-

ure 4(a) shows the content of DNA-PKcs expressed as

relative OD units in the ®ve cell lines. The content of DNA-

PKcs correlated with the SF2 values (Figure 4b) and GI2

values (Figure 4c). Using t-test (®ve experiments) a sig-

ni®cant diVerence between the DNA-PKcs content of radio-

sensitive (U-1285, H-69) and intermediate sensitive cells (U-

1906, H-82) was found (P = 0.002). Comparison of inter-

mediate sensitive (U-1906, H-82) and radioresistant cells (U-

1810) also showed a signi®cant diVerence (P = 0.04).

DNA-PK activity

The relative DNA-PK activity in the ®ve cell lines could be

grouped according to three diVerent activity levels. The

radioresistant U-1810 cells showed the highest kinase activ-

ity. Intermediate sensitive U-1906 and H-82 cells showed

intermediate kinase activity and radiosensitive U-1285 and

H-69 showed the lowest DNA-PK activity, less than 30% of

the activity in U-1810 cells (Figure 5a). DNA-PK activity

correlated with both SF2 (Figure 5b) and GI2 values

(Figure 5c). A signi®cant diVerence between the DNA-PK

activity of radiosensitive (U-1285, H-69) and intermediate

sensitive cells (U-1906, H-82) was found (P = 0.0067).

Comparison of the DNA-PK activity in intermediate sensitive

(U-1906, H-82) and radioresistant cells (U-1810) also

showed a signi®cant diVerence (P = 0.03).

DISCUSSION

Studies on the molecular background of cellular radio-

sensitivity may have relevance for radiotherapy. A correlation

Figure 3. An example of a Western blot, detecting DNA-PKcs,
Ku86 and Ku70. Ku86 and Ku70 were detected with fairly
uniform intensity. In contrast, DNA-PKcs showed variable

intensity in the ®ve cell lines.

Figure 4. (a) Relative DNA-PKcs content in the ®ve cell lines
expressed as relative optic density (OD) (y-axis). The DNA-
PKcs contents were related to the lowest content (1.0) in U-
1285 cells. Standard errors of the mean (SEM) of ®ve experi-
ments are shown. (b) Correlation between SF2 values (x-axis)
and relative OD values (y-axis). (c) Correlation between GI2

values (x-axis) and relative OD values (y-axis).
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between clinical response and in vitro radiosensitivity has

been found in many tumours [17, 18]. Low SF2 values gen-

erally correlate with greater clinical sensitivity. For instance

SF2 values of SCLC cell lines are in the range of 0.016±0.53

while NSCLC cell lines show SF2 values in the range of

0.18±0.90 [18]. Treatment with 50 Gy given in 2 Gy fractions

in SCLC results in locoregional failure of 40% compared

with 70% of NSCLC cases irradiated with the same dose and

fractions [19, 20]. For a given tumour it is not possible to

predict radiosensitivity in the clinical situation. Clonogenic

assays performed on fresh cell cultures from tumour samples

are time-consuming and diYcult to perform. Predictive tests

based on identi®cation of speci®c molecular changes may

provide means to evaluate radiosensitivity. Such tests may be

performed directly on tumour specimens.

In this study we focused mainly on SCLC cell lines with

diVerent radiosensitivity but selected a NSCLC cell line to

illustrate high grade radioresistance. As the purpose of this

investigation was not to determine absolute numbers of

DNA-dsb but to detect a relative diVerence in the kinetics of

dsb rejoining, the evaluation was performed by using FAR

values as estimates of the number of DNA-dsb rejoined at

diVerent repair times. The relative FAR values for U-1285

and U-1810 at 15, 30, 60 and 120 min postirradiation

obtained in the present study are consistent with previously

determined kinetics for DNA-dsb rejoining in these cells

using both the Q-method and FAR values [21], although the

relative number of unrejoined dsb at 120 min was higher in

the present study. A correlation between RS, the rate of

unrejoined dsb [2] and the rate of dsb rejoining [3] has pre-

viously been shown. We found a correlation between radio-

sensitivity and both unrejoined dsb at 120 min and initial dsb

rejoining, con®rming our previous results with lung carci-

noma cells [21].

The main purpose of this study was to investigate the link

between radiosensitivity and DNA-PK content/activity in

lung carcinoma cell lines. We found a good correlation

between radiosensitivity and constitutive DNA-PK content/

activity in this cell system. However, a generalisation of these

®ndings should be viewed with caution owing to the limita-

tion of the cell system used in this study since we used cell

lines and not tumour biopsies. Another study, also using

tumour cell lines, was not able to show a correlation between

DNA-PK activity and radiosensitivity [22].

Another limitation of our analysis was the use of only one

molecular parameter, the DNA-PK complex, in relation to

DNA-dsb rejoining and radiosensitivity. The molecular basis

of DNA-dsb processing is multifactorial, with other proteins

such as the RAD 52 epistasis group being involved [23].

Moreover, important regulatory interactions between DNA-PK

and other proteins that may be relevant for radiosensitivity,

such as p53 and mdm-2, have been described [24, 25].

However, no cell line in our panel has wtp53 [26, 27].

In conclusion, this is the ®rst report showing a correlation

between SF2 and DNA-PK content/activity in human

tumour cells and a larger screening, using both cell lines and

primary cell cultures from viable tumours, is warranted. If the

correlation between SF2 and DNA-PKcs content can be

validated in a larger study, it should oVer a simple predictive

test for radiosensitivity and, possibly, a target for biomodula-

tion of radiosensitivity.
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