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Abstract. Two y-ray hypersensitive cell lines, human ataxia telangiectasia (AT)
and murine severe combined immune deficiency (SCID) cells, proved to be very
competent in amplifying their dihydrofolate reductase (DHFR) gene under
methotrexate selection stress. Over a period of months, methotrexate-resistant
clones were obtained which were able to grow in progressively increasing
methotrexate concentrations up to 1 mM. By then methotrexate-resistant AT
and SCID cells had amplified their DHFR gene 6- and 30-fold, respectively, and
showed very high DHFR mRNA expression. In contrast, related cells with nor-
mal radiosensitivity (human GM637 and mouse BALB/c fibroblasts) did not
show DHFR gene amplification under comparable conditions. This correlation
of the capacity of DHFR gene amplification and y -ray hypersensitivity in AT and
SCID cells suggests that gene amplification may have a mechanism(s) in common
with those involved in repair of yp-radiation-induced damage. No difference in cell
killing could be observed following exposure to densely ionizing « particles: AT
and SCID cells exhibited comparable survival rates to GM637 and BALB/c cells,
respectively.

Introduction

Fibroblasts of a substrain of the BALB/c mouse with a homozygous mutation
for the severe combined immune deficiency (SCID) gene show an increase in
sensitivity to the killing effect of y and X irradiation (Fulop and Phillips 1990;
Hendrickson et al. 1991) similar to that found in ataxia telangiectasia disease
(AT)in humans. SCID mice are severely deficient in both T- and B-cell immunity
due to an inability to rearrange correctly immunoglobulin and T-cell receptor
genes (Bosma et al. 1983). The SCID mutation confers radiosensitivity to the
whole animal, even to tumors arising in SCID mice (Budach et al. 1992). Immune
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defects have also been suggested for ataxia patients by studies showing increased
frequencies of translocations in loci containing the immune system genes as
well as by the finding of reduced levels of T-cell receptor « (Carbonari et al.
1990).

The phenotypic similarities of the two radiosensitive cell lines are further
stressed by the finding that both cell lines show a defect in the repair of DNA
double-strand breaks after y irradiation (Coquerelle et al. 1987; Biedermann
et al. 1991; Blocher et al. 1991; Hendrickson et al. 1991). However, the kinetics
of DNA synthesis following sparsely ionizing radiation is different between the
two cell lines. In contrast to a radioresistant DNA synthesis of AT cells (Painter
and Young 1980), DNA synthesis of SCID cells after irradiation is reduced
in a similar manner to that observed with normal cells (Komatsu et al. 1993).
Interestingly, cell hybrids of SCID and AT cells exhibit repair-proficient survival
rates despite radioresistant DNA synthesis. This suggests that the products of
at least two different genes are involved in a possible common pathway.

In the present publication 1 demonstrate two further similarities between
SCID and AT cells: normal sensitivity to high LET (Linear Energy Transfer)
o particles and a high frequency of methotrexate (MTX)-induced dihydrofolate
reductase (DHFR) gene amplification indicative of increased genomic instability.

Material and methods
Cells and culture conditions

SV40-transformed normal human skin fibroblasts GM637 (kindly provided by
J.E. Cleaver, San Francisco, Calif, USA) and SV40-transformed AT5BI-VA
(purchased from the Genetic Mutant Cell Repository, Camden, N.J., USA) were
cultivated in Dulbecco’s modified Eagle medium (DMEM) supplemented with
10% fetal calf serum (Gibco, Eggenstein/Germany) and antibiotics (100 U/ml
of penicillin, 100 pg/ml of streptomycin).

Murine BALB/c and SCID 3T3/w cells (kindly provided by B. Kaina, Karls-
ruhe, Germany) were grown in medium consisting of a mixture of 1/2 volume
F12 and 1/2 volume DMEM supplemented with fetal calf serum and antibiotics
as described above.

Irradiation procedures

Cells were exposed to radiation under exponential growing conditions. Gamma
irradiations were performed with a cobald 60 y source at a dose rate of 1.5 Gy/
min, as determined by ferrous sulfate dosimetry; « irradiations were performed
with an americium 241 ¢ source, 85 mm in diameter, obtained from Radiochemi-
cal Center, Amersham, UK. The dishes for « irradiations each consisted of
a glass ring, 45 mm in diameter, and a Melinex foil (polyethylene terephthalate)
bottom of 6 um thickness. The energy of the « particles at the cell surface was
reduced to 3.3 MeV corresponding to an LET of about 120 keV/um (Liicke-
Huhle et al. 1982) with a dose rate of 0.35 Gy/min.

Colony survival assay

Survival was determined directly after irradiation of exponentially growing
monolayers by measuring the ability of single cells to form colonies. Cells were



203

seeded into 25-cm? Falcon plastic flasks in numbers yielding about 30-50 colo-
nies per flask. Prior to counting, colonies were stained with crystal violet. For
each experiment 4-6 dishes per dose were evaluated.

MTX selection procedure

Cell clones were selected for increasing levels of MTX resistance by plating
cells at low density (1.3 x 10° cells/cm?) in 75-cm? T-flasks and cultivating the
cells in the presence of MTX. MTX-resistant colonies were trypsinized and
replated with 105 cells per 75-cm?® T-flask in medium containing MTX concen-
trations progressively increasing by factors of 1.5-2. Over a period of months
heterogeneous populations of cells were obtained that were able to grow in
1073, 1072, 1071, and 1 mm MTX, respectively. The starting concentration was
2.5-5%x 107 mmM MTX, which is the EDs, value of the untreated cell lines.
The ED;, value, defined as the dose causing a 50% decrease in colony survival,
had been determined in separate experiments.

Dispersed cell assay

To determine the quantitative changes in DHFR gene copy number (already
at low cell numbers), the dispersed cell assay of Lavi and Etkin (1981} was
applied. Single cell suspensions of 5x 10° cells were sucked onto nitrocellulose
filters (BA84 Dassel/Germany, Schleicher and Schiill). The cells trapped on the
filter were lysed; at the same time their DNA was denatured by soaking the
filters three times in 0.5 M NaOH/1 m NaCl. The filters were then neutralized
with 0.5m TRIS/HCl/3 M NaCl, pH 7.4, dried at 80 °C in vacuo, and filter
halves (2.5 x 10° cells each) were hybridized with 3*P-labeled gene probes.

For quantification of the gene copy number, the § radioactivity of the filter
halves was analyzed in a liquid scintillation counter (Tricarb 2660, Packard
Instruments, Downers Grove, I1l. USA).

DN A isolation

High-molecular-weight DNA was isolated by phenol-chloroform extraction of
sodium dodecylsulfate (SDS)- and proteinase-K-treated cell lysates and precipi-
tated with absolute ethanol (Hinrichs 1986).

Southern DN A blotting technique

Samples of 10 ug of DNA, cach digested with the restriction enzyme EcoRlI,
were subjected to electrophoresis in a 0.8% agarose gel and were afterward
transferred to nitrocellulose filter paper by the method of Southern (1975). By
this method DNA fragments of different sizes can be separated with high resolu-
tion. Preceding the transfer to the nitrocellulose filter, the DNA in the gel was
denatured in 1 M NaOH for 40 min and neutralized in 1 v HCI/1 m TRIS for
60 min. Transfer to nitrocellulose filters was complete after 18 h.
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Northern blot analysis

PolyA* mRNA was isolated using oligo (dT)-cellulose column chromatography.
RNAs (5 pg each) were clectrophoresed on 1% agarose gels and transferred
to nitrocellulose filters (Maniatis et al. 1982).

Filter hybridization with **P-labeled DN A probes

Filters containing either DNAs or RNAs were preincubated for 6-15 h at 65 °C
in sealed plastic bags containing a solution of 1 M NaCl, 10% dextran sulfate,
and 1% SDS. Subsequently, a denatured 3?P-labeled DNA probe [labeled in
vitro by nick translation (Rigby et al. 1977) with **P-dCTP to 10® cpm/per
microgram of DNA] and 100 pg/ml of salmon sperm DNA were added. Incuba-
tion in a waterbath at 65 °C was continued for at least 15 h. Filters were then
washed twice in 2 x SSC (0.3M NaCl, 0.03M Naj citrate, pH 7.0) at room temper-
ature for 5 min, twice in 2x SSC 0.1% SDS at 65 °C for 30 min, and twice
more in 0.1 x SSC at room temperature for 5 min, The filters were then autora-
diographed with Kodak X-Omat AR films and intensifying screens at —70 °C
for various periods of time.

The gene probes used for the hybridization assay were mouse o-actin c-DNA
(Minty et al. 1981) and mouse DHFR c-DNA (Gasser et al. 1982).

Results and discussion

Figure 1 demonstrates SCID 3T3/w and ATSBI-VA cells to be more sensitive
to the killing effect of y rays (open symbols) than their normal counterparts,
the unmutated mouse BALB/c fibroblasts and the normal human GM637 cells,
respectively. Radiosensitivity differs by factors of 2.9 and 2.1 for SCID and
AT cells, respectively, as calculated at 10% survival level (listed in Table 1).
A high sensitivity of SCID cells to y rays and bleomycin has been described
earlier by Biedermann et al. (1991) and Itoh et al. (1993). New is the finding
that no difference can be observed in cell killing following exposure to densely
ionizing americium 241 « particles. Here SCID cells show the same sensitivity
as BALB/c cells, which is comparable to the result obtained with ATSBI-VA
and GM637 cells (closed symbols in Fig. 1). All survival parameters are compiled
in Table 1. As expected, relative biological effectiveness (RBE) values calculated
at 10% survival level are much lower for the radiosensitive SCID and AT5BI-VA
cell lines compared with BALB/c or GM637 cells, respectively.

Alpha-particles are supposed to kill a cell mainly via the production of
DNA double-strand breaks. The finding, however, that no difference in radio-
sensitivity with respect to cell killing exists, indicates that o-particle-induced
DNA strand breaks may be equally well repaired (or not repaired) in AT5BI-VA
and GM637 cells or, correspondingly in SCID 3T3/w and BALB/c cells.

For y-ray-induced DNA double-strand breaks, Biedermann et al. (1991) con-
cluded from rejoining measurements by pulse field gel electrophoresis that a
reduced level of double-strand-break repair is responsible for the high killing
rate in vy irradiated SCID cells. Correspondingly, impaired double-strand-break
rejoining or high fractions of nonrejoined double-strand breaks were found in
v irradiated AT cells (Coquerelle et al. 1987; Blocher et al. 1991). In contrast
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Fig. 1. Survival curves of murine BALB/c and severe combined immune deficiency (SCID)
3T3/w celis (lefi-hand side) and human GM637 and ATSBI-VA cells (right-hand side) after
exposure to cobalt 60 y rays (open symbols) or americium 241 o particles (closed symbols),
respectively. Data points represent mean values of three independent experiments, each +SD.
Curves were fitted by means of a computer program according fo the model by Chadwick
and Leenhouts (1981)

Table 1. Survival curve parameters after exposure to cobalt 60 y or americium 241 « rays

Cell line Species  $°Co y-irradiation 241 Am g-irradiation

Dq(Gy)  Do(Gy) Dio(Gy)  DsqGy)  Dio(Gy) RBE?

GM637 Human 1.6 11 41 04 0.8 5.1
ATSBI-VA Human O 0.8 1.9 0.4 0.8 24
BALB/c Mouse 4.1 1.9 8.3 0.9 1.9 44
SCID 3T3/w  Mouse 0.7 0.9 2.8 0.9 1.9 1.5

2 Calculated at 10% survival

to mechanisms in bacteria and yeast the mechanisms of double-strand-break
repair in mammalian cells are still obscure. A defect in recombinational repair
processes has been suggested by Hendrickson et al. (1991) and Powell et al.
{1993) to be responsible for the high y-ray sensitivity of SCID and AT cells.
The normal sensitivity of these cells to « particles, however, suggests this type
of repair plays a much less important role in the elimination of a-particle-induced
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damage. Such an idea is in agreement with the hypothesis that the clustered
DNA damage that results from densely ionizing particle exposures may not
provide a suitable template for recombination-mediated rejoining (Ritter et al.
1992).

A defective recombination (error prone) is also thought to be responsible
for the high genomic instability of these radiosensitive cells showing up as spon-
taneous chromosome aberrations (Meyn 1993) and a higher incidence of gene
amplification in comparison to cells with normal radiosensitivity. An increased
capacity for gene amplification has been demonstrated recently for AT5BI-VA
cells (Liicke-Huhle et al. 1987) and for ultraviolet-hypersensitive baby hamster
kidney cells (Giulotto et al. 1991).

Fig. 2 shows that not only AT5BI-VA cells, but also SCID cells can amplify
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Fig. 2. Autoradiograms of dispersed cell blots, hybridized either with a >2P-labeled dihydrofolate
reductase (DHFR) gene probe (A) or an «-actin gene probe (B), show an increase in DHFR
gene copy number for methotrexate (MTX)-resistant SCID and AT cells. The 5x 103 cells
have been blotted onto each round nitrocellulose filter that afterward were cut in half to
allow hybridization with two different genes (e.g., DHFR and a-actin). The numbers 1-5 stand
for MTX concentrations the cells can grow in: without MTX (1), 1073 mm MTX (2), 1072 mm
MTX (3), 10~ mm MTX (4), and 1 mm MTX (5)
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their DHFR gene under MTX selection stress. Through stepwise increases in
the concentration of MTX in the culture medium, SCID cell clones were
obtained which finally grew in concentrations of 1 mM MTX; this was five
orders of magnitude higher than the MTX concentration in which the original
cells survived. At this point, MTX-resistant SCID clones have increased their
DHFR gene copy number 30-fold (Table 2). Human AT cells show lower amplifi-
cation rates. They are only able to grow in MTX concentrations up to 10™* mm,
and increased their gene copy number by a factor of five- to sixfold.

That the increase in signal intensity in Fig. 2A is not due to a general poly-
ploidization but reflects the specific increase in DHFR gene copy number is
demonstrated by equal signal intensity between control and MTX-selected cells
after hybridizations of the corresponding filter halves to an «-actin probe
(Fig. 2B).

In contrast to the radiosensitive cell lines, the radioresistant cell lines —
BALB/c and GM637 — do not show any sign of DHFR gene amplification
and stop growing at low concentrations of MTX. The finding that normal cells
do not give rise to the formation of drug-resistant colonies on selection with
drugs inducing gene amplification is in agreement with observations made in
several other laboratories (Tlsty 1990; Wright et al. 1990).

A more detailed analysis of genomic DNA by EcoRI digestion and Southern
blotting supports the finding obtained with the dispersed cell assay: SCID and
AT cells show increasing amplification of their DHFR gene fragments in associa-
tion with increased MTX resistance (Fig. 3). The MTX-resistant SCID cells
show amplification of four characteristic EcoRI fragments of 20, 6.2, 5.8, and
3.8 kb in size (Fig. 3 A, left-hand side). In the MTX-resistant AT cells, fragments
of 1.8, 6, 1.65, and 4 kb are amplified corresponding to the exons 1, 2+3, 4,
and 5 of the DHFR structural gene, respectively (Anagnou et al. 1984). The
increase in MTX concentration from 1072 to 107! mm did not increase the
DHFR gene copy number in AT cells any further (Table 2, Fig. 3A). At this
high concentration many cells do not divide any longer and exhibit a more
general polyploidization, as indicated by the amplification of some «-actin gene
fragments (Fig. 3B). Amplification of the DHFR gene leads in all cases to an

Table 2. Amplification of DHFR-specific DNA in MTX-resistant SCID and AT cells based
on the evaluation of the dispersed cell assays in Fig. 2

Cell line Resistance of cells DHFR gene

to MTX concentrations (mm) (copies per cell)
SCID 3T3/w 0 22

1073 4

1072 10

101 26

1 60

ATS5BI-VA 0 27

1077 6

1072 12

107* 10

2 Per definition
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Fig. 3. Autoradiograms of DNA and RNA blots from control and MTX-resistant cell lines.
EcoRI-digested DNA was either hybridized to *2P-labeled DHFR gene probe (A) or to
32P.labeled a-actin (B). EcoRI-digested SCID DNA (lane 1:10 pg control DNA; lanes 2-4:
1 pg DNA, each of cells resistant to 1072, 107, and 1 mM MTX, respectively) yields four
characteristic fragments of 20, 6.2, 5.8, and 3.8 kb (left-hand arrows from top to bottom). DNA
from AT cells exhibits EcoRI fragments of 6, 4.2, 1.65, and 1.8 kb in size: lanes 5-8, 10 g
DNA each; control AT5BI-VA cells (lane 5) or AT cells resistant to 1073, 1072, and 10~ ! mm
MTX, respectively. Northern blot analysis of poly A" mRNA (C) shows increased expression
of the DHFR gene in all MTX-resistant SCID cells (lanes 2-4) and AT cells (lanes 7 and
8) in comparison to the corresponding controls (lanes 1 and 5, respectively). Lanes are numbered
as in A and B. Hybridization of the same blot with w-actin served as a control to ensure
that equal amounts of RNA had been blotted

increased expression of this gene, as demonsirated in the Northern blot of
Fig. 3C.

In conclusion, the observed correlation between the capacity of gene amplifi-
cation in SCID and AT cells and the defect of these cells being responsible
for the low survival after y irradiation makes it very likely that similar proteins
may be involved in both pathways. Repair of a-particle-induced DNA damage
secems to utilize different repair mechanisms.
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