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Carmustine-induced Toxicity, DNA Crosslinking
and 0°-methylguanine-DNA Methyltransferase
Activity in Two Human Lung Cancer Cell Lines

Suzanne Egyhaizi, Jonas Bergh, Johan Hansson, Peter Karran
and Ulrik Ringborg

OS-methylguanine-DNA methyltransferase (O%-MT) probably plays an important role in the repair of chloroethyl-
nitrosourea-induced DNA damage. O°-MT was studied as a possible drug resistance factor in two human lung
cancer cell lines, one small cell lung cancer (U1690) and one non-small cell lung cancer (U1810), with different
sensitivities to carmustine. The U1810 cell line was 3.4-fold more resistant to carmustine than U1690 cells,
although the two cell lines were equally sensitive to mustine, melphalan and cisplatin. A 23-fold higher level of
DNA interstrand crosslinks was observed following exposure of U1690 cells to carmustine compared with U1810
cells. The O%-MT activity of U1810 cells was 11 times higher than that of U1690 cells. The O5-MT activity in the
U1810 cells showed a dose-dependent decrease after exposure to carmustine. These results show a correlation
between increased 05-MT activity, decreased drug induced DNA interstrand crosslinking and cellular resistance

to carmustine.
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INTRODUCTION

HUMAN LUNG cancer can be separated into small cell lung
cancer (SCLC) and non-SCLC (NSCLC), based on the clinical
behaviour, the marker profile and the morphology of the tumour.
SCLC is characterised by a frequent initial response to chemo-
therapy and radiotherapy, high levels of various neuroendocrine
markers and growth in clusters in vitro. NSCLC responds poorly
to chemotherapy and radiotherapy, expresses low neuroendo-
crine marker levels and grows in monolayer in culture [1-6].
The resistance of lung cancer cells to cytostatic drugs is an
important clinical problem.

The nitrosourea carmustine undergoes aqueous decompo-
sition in the blood plasma to yield a reactive chloroethyl
diazonium hydroxide entity which initially reacts with the O¢-
atom of guanine base residues, and then gives rise to bifunctional
lesions, such as DNA interstrand crosslinks. The level of DNA
interstrand crosslinking and cytotoxicity following exposure to
chloroethylnitrosoureas such as carmustine depends in part on
the activity of the DNA repair enzyme QO%-methylguanine-DNA
methyltransferase (05-MT) [7, 8]. Cells with a deficient enzyme
activity (mer~ or mex~ cells) show an increased sensitivity
to chloroethylnitrosourea compounds [9]. The increased drug
sensitivity has been correlated to increased DNA interstrand
crosslinking in mer~ cells. The modification of the crosslinking
level by OS-MT is caused by enzymatic excision of drug-DNA
monoadducts before a crosslink is formed. This is supported by
the observation that methylating agents can increase DNA
crosslinking levels induced by chloroethylnitrosoureas by a
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competitive inhibition of the O5-MT activity [10]. More direct
evidence for a relationship between the O5-MT and sensitivity
to chloroethylnitrosoureas was obtained by transfection of the
ada gene from Escherichia coli (the gene coding for the inducible
O°-MT of E. coli) to mammalian cells. An increased enzyme
expression was obtained in cells with an inherently low transfer-
ase activity, and the cells acquired resistance to chloroethylnitro-
soureas [11].

In this paper we present results of studies of two human lung
cancer cell lines, one SCLC and one NSCLC, which differ in
sensitivity to carmustine. The aim of the work was to investigate
the possible relationship between cytotoxicity and DNA
interstrand crosslinking after exposure to carmustine, and to
correlate this to the O5-MT activity in the cell lines.

MATERIALS AND METHODS
Drugs and chemicals

Carmustine was a gift from Bristol Laboratories, Syracuse.
Immediately before drug incubations, 3 mg carmustine was
dissolved in 40 pl 99.5% ethanol and diluted in cell culture
medium supplemented with 10% fetal calf serum (FCS) to the
desired drug concentrations.

Melphalan was obtained from the Wellcome Foundation,
London. Stock solutions of melphalan were prepared by dissolv-
ing 100 mg melphalan in 1.8 ml 92% ethanol with 2% HCI and
diluting with 9 ml 60% propylene glycol with 1.2% dipotassium
hydrogen phosphate. These solutions were immediately frozen
at —70°C in aliquots of 1.85 mg melphalan. The stock solutions
were renewed after 3 months. Immediately before each incu-
bation, a stock solution was further diluted in cell culture
medium to the desired drug concentrations.

Mustine was obtained from the Boots Company, Nottingham.
Immediately before each incubation 10 mg mustine was dis-
solved in 10 ml of Eagle’s minimal essential medium (MEM)
with Earle’s salts (Flow Laboratories, Rickmansworth) and
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further diluted in cell culture medium to the desired drug
concentrations.

Cisplatin was a gift from Bristol Laboratories. Immediately
before drug incubation 2 mg cisplatin was dissolved in 100 pl
dimethyl sulphoxide and diluted to the appropriate concen-
trations in cell culture medium.

[Methyl-"*C]thymidine (52 mCi/mmol, 50 wCi/ml) and
[methyl-*H]thymidine (5 C¥mmol, 1 mCi/ml) were obtained
from the Radiochemical Centre, Amersham.

Cells

Two human lung cancer cell lines, U1690 (SCLC) and U1810
(NSCLC) were used [12]. The NSCLC cell line is characterised
by expression of EGF receptors, cytokeratins, low levels of
neuron specific enolase (NSE) and in vitro growth in monolayer.
The SCL.C cell line shows high levels of neuroendocrine markers,
including NSE and neurofilaments and a tendency to grow in
clusters in vitro [2, 3, 12]. Cells were grown in Eagle’s MEM
with Earle’s salts supplemented with 2 mmol/l L-glutamine,
10% FCS, 125 1.U. benzylpenicillin and 125 wg/ml strepto-
mycin. U1690 cells contained 42.6 (S.D. 3.9) chromosomes and
U1810 cells 84.6 (8.7) chromosomes. The doubling time of
U1690 was 22 h and of U1810 45 h. L1210 mouse leukaemia
cells were grown in RPMI 1640 medium with Hepes buffer
(Flow), supplemented with 2 mmol/l L-glutamine, 10% FCS,
125 1.U. benzylpenicillin and 125 p.g/ml streptomycin.

Drug-induced cytotoxicity

Drug-induced cytotoxicity was measured as inhibition of
colony formation [13]. Appropriate numbers of U1690 and
U1810 cells suspended in Eagle’s MEM supplemented with
2 mmol/l L-glutamine and 10% FCS were plated in 6 cm Petri
dishes and left overnight to attach. The cells were either exposed
to various concentrations of melphalan, mustine or cisplatin
for 30 min in medium without FCS and L-glutamine, or to
carmustine for 2 h in medium with 10% FCS and 2 mmol/l L-
glutamine. The longer incubation time with carmustine and the
presence of FCS were chosen since it is known that decompo-
sition to the reactive chloroethyl diazonium hydroxide entity is
a delayed process (half-life in phosphate buffer 50 min) which
is accelerated in the presence of plasma (half-life in plasma 17
min) [14]. After the drug incubations, the cells were grown
in fresh drug-free medium with 10% FCS and 2 mmol/l L-
glutamine for 14 days. The dishes were rinsed with phosphate-
buffered saline (PBS), fixed with 7.4% formaldehyde solution
(diluted in PBS) and stained for 15 min with Giemsa solution
(diluted 1:4 in distilled water) and the surviving fraction was
calculated.

Drug-induced DNA intersirand crosslinking

The alkaline elution technique developed by Kohn and cowor-
kers [15] was used with minor modifications [16]. U1690 and
U1810 cells were labelled overnight with 1*C-thymidine, exposed
to carmustine for 2 h in medium with 10% FCS, and incubated
in drug-free medium with 10% FCS for 6 h. The cells were
resuspended in ice-cold medium with 4% FCS and irradiated
with 6 Gy. Cells were collected on a polycarbonate filter (pore
size 2 pm, diameter 25 mm, Nucleopore). To each filter was
added an internal standard consisting of 0.12 x 106 L1210
leukaemia cells, which were labelled with *H-thymidine and
irradiated with 3 Gy. The cells were then washed twice with
10 ml ice-cold PBS and lysed with 5 ml sarcosyl solution
(2% sarcosyl, 0.1 mol/l glycine, 0.025 mol/l Na,EDTA and
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adjusted to pH 10.0 with 5 mol/l NaOH). Another 2 ml of
sarcosyl solution with 0.5 g/ml proteinase K was added, and
allowed to remain in contact with the filters for 1 h. The DNA
was then slowly eluted from the filters during 16 h with a
tetraethyl-ammoniumhydroxide (TEAH) solution (0.02 mol/l
EDTA, 64 ml/l TEAH, 0.1% sarcosyl, pH 12.1), and collected
in 8 fractions. The *H and '#C activities in the fractions were
counted by liquid scintillation. DNA remaining on the filters at
the end of the elution was removed by hydrolysis in 0.4 ml
1 mol/l HCl at 60°C for 1 h, followed by treatment with 2.5 ml
0.4 mol/l NaOH at room temperature for 1 h. The radioactivity
released from the filters was measured by liquid scintillation
counting. DNA remaining in the funnels, filter holders and
tubes was removed by pumping 2.5 ml of 0.4 mol/l NaOH
through the system. The radioactivity thus obtained was added
to the radioactivity released from the filters. The fraction of *C-
labelled DNA remaining on the filter at the time when 23% of
3H-labelled DNA of internal standard cells remains on the filter
was determined for each sample. The amount of DNA crosslinks
was calculated according to the formula developed by Kohn et
al. [15].

O%-MT-assay

Cell extracts were prepared by lysing 10 x 10 cells of each
cell line in 100 pul extraction buffer consisting of 50 mmol/l
Tris-HCI (pH 7.3), 1 mmol/l EDTA, 10 mmol/l dithiothreitol
(DTT) and 0.2% Triton X-100. Debris was removed by centri-
fugation for 5 min at 14 000 rpm. Protein concentrations were
estimated by the method of Lowry et al. [17]. O%-MT activity in
the cell extracts was measured by the removal of Q%-[*H}-
methylguanine from methylated Micrococcus luteus DNA [18].
The M. luteus DNA was alkylated with *H-methylnitrosourea
(MNU) (specific activity 29 Ci/mmol) followed by heat treat-
ment to remove N-alkylated purines [18]. The substrate was
dissolved in a buffer consisting of 70 mmol/l Hepes KOH
(pH 7.8), 10 mmol/i DTT and 1 mmoll EDTA to give
1-2 % 10 counts per 100 ul (substrate mixture). Assays were
performed by mixing 100 pl substrate mixture with up to 35 pg
crude cell extract and incubating for 1 h at 37°C. The mixtures
were then chilled on ice, 20 pg heat-denatured carrier DNA
was added and the DNA was precipitated with 120 pl cold
0.8 mol/l TCA. The samples were mixed and left on ice for
S min and then centrifuged for 10 min at 10 000 rpm in an
Eppendorf table top centrifuge. The supernatants were removed
and the pellets hydrolysed in 200 pl 0.1 mol/l HCI at 70°C for
30 min to release all purines. The samples were then chilled and
centrifuged for 10 min at 10 000 rpm. The radioactivity in
180 pl of the resulting supernatant was counted to estimate the
relative content of O°-[*H]-methylguanine compared to control
DNA (obtained from incubations consisting only of substrate
mixture without cell extract).

Inactivation of O5-MT by treatment with carmustine

U1810 and U1690 cells were plated in 10 cm Petri dishes,
allowed to grow until subconfluence, and then incubated with
0, 200 or 400 pmol/l carmustine for 2 h at 37°C. The O%-MT
activity was measured directly after exposure to carmustine, as
described above.

RESULTS
Drug-induced cytotoxicity
Colony formation after exposure of U1690 and U1810 cells to
different concentrations of carmustine is shown in Fig. la.
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Fig. 1. Colony forming ability of U1690 (@) and U1810 (O) lung

cancer cells after exposure to different concentrations of carmustine

for 2 h (a), or to melphalan (b), mustine (c) and cisplatin for 30 min
(d). Mean of 2-5 experiments; bars indicate S.E.
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Fig. 2. DNA interstrand crosslinking in U1690 (B) and U1810 (O)

cells after a 2-h exposure to different concentrations of carmustine

followed by a drug-free incubation for a further 6 h. DNA interstrand

crosslinking is shown as Gy-equivalents [15]. Lines indicate
regression analyses with zero intercept.

U1810 cells were 3.4-fold more resistant than U1690 cells. When
colony formation was studied after exposure of the cells to
melphalan, mustine and cisplatin, no differences in sensitivity
between the cell lines were observed (Figs 1b-d). Thus, the
difference in sensitivity is specific for carmustine, and does not
extend to other classes of DNA crosslinking drugs.

Carmustine-induced DN A interstrand crosslinking

Chloroethylnitrosoureas induce several types of DNA lesions.
DNA interstrand crosslinks have been shown to correlate with
cytotoxicity [10, 19], and were therefore studied in the two lung
cancer cell lines after exposure to carmustine. In both cell lines
the maximum number of DNA interstrand crosslinks was
obtained 12-18 h after drug exposure (data not shown), but the
difference in crosslinking at 6 h was representative of the peak
concentration. There was a pronounced dose dependent increase
in DNA interstrand crosslinking in the U1690 cells, while the
crosslinking effect of carmustine was slight in the U1810 cells
(Fig. 2). The difference in DNA crosslinking was 23-fold as
estimated from the slopes of regression lines.

Measurement of the O5-MT activity

The O%-MT activity differed in the two cell lines (Fig. 3).
The U1810 cells, which showed the lowest level of DNA
interstrand crosslinking after carmustine treatment, showed the

Removal of *H-methyl group

Protein (ug)

Fig. 3. Removal of *H-methyl groups from the O° positions in

guanine residues in DNA after incubation with extracts from U1690

(W) and U1810 (0J) cells for 1 hour. Mean of 2-5 experiments; bars
indicate S.E.



Carmustine Toxicity in Lung Cancer Cells

0B MT activity (U /mg)

=

200 acC

Carmustine (gmot /1)

Fig. 4. Inactivation of O%-MT by exposure to carmustine. U1810 (7])

and U1690 (M) cells were incubated with 0, 200 or 400 pmol/l

carmustine for 2 h at 37°C, and O%-MT activities were measured
directly after drug treatment.

highest enzyme activity. The difference in O5-MT activity was
11-fold as estimated from the slopes of regression lines. Studies
in our laboratory with northern blotting showed 05-MT mRNA
to be detectable in U1810 but not in U1690 cells (unpublished
results), in accordance with the lack of O5-MT activity in these
measurements. The U1690 cells can therefore be regarded as
mer~.

Measurement of the O5-MT activity after exposure to carmustine

The O8-MT activity in the two cell lines after exposure to
carmustine is shown in Fig. 4. There was a dose-dependent
inactivation of the O%-MT in the carmustine-resistant U1810
cells after treatment with carmustine while U1690 cells were not
affected by treatment with carmustine. Following 400 pmol/l
carmustine the O%-MT activity of U1810 cells approaches that
obtained with the mer~ U1690 cells.

DISCUSSION

In this paper we have studied two human lung cancer cell
lines, U1810 (NSCLC) and U1690 (SCLC) with different sensi-
tivities to carmustine. The U1690 cells were 3.4-fold more
sensitive to carmustine than the U1810 cells. No differences in
sensitivity to melphalan, mustine or cisplatin were observed.
Thé difference in sensitivity to carmustine is in agreement with
the clinical response of the two types of lung cancer to therapy
with this drug [20].

The U1810 cell line, which has a high O®-MT activity, shows
alow sensitivity to carmustine and low levels of DNA interstrand
crosslinking after treatment with the drug. This is in agreement
with previous observations pointing to a role for the O5-MT
activity as a resistance factor against the chloroethylnitrosourea
compounds {8, 19, 21]. The carmustine-sensitive cell line
U1690 is mer~, i.e it is lacking in OS-MT activity. mer™
cells have been found among tumour cell lines of different
histogenetic origin; for instance melanoma, astrocytoma, lung
carcinoma and ovarian carcinoma lines {22, 23]. It is therefore
likely that a deficient O5-MT activity may have clinical impli-
cations in several types of cancer. Little is, however, known
about the quantitative relationship between the O5-MT activity
of human tumour cells and the sensitivity of tumours to clinical
chemotherapy with chloroethylnitrosourea compounds. We are
at present studying the expression of O®-MT in biopsy specimens
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from human tumours, to establish the incidence of mer™
tumours. We are also comparing the O%-MT expression to
response to chemotherapy.

Treatment of U1810 celis with carmustine resulted in inacti-
vation of O%-MT. Following 400 pwmol/l carmustine O®-MT
activity was almost abolished. Similar results have been pre-
sented by Gerson et al., who also studied the effect of O5-
methylguanine on carmustine cytotoxicity in two human leu-
kaemic cell lines, HL-60 and K562 [21]. The carmustine-
resistant HL-60 approached the sensitive K562 in sensitivity
after pretreatment and post-treatment with O%-methylguanine.
It is of interest to investigate the possibility to sensitise resistant
tumours with high O%-MT activities by inactivating the enzyme
and thereby achieve more efficient chemotherapy.

The difference between the two cell lines in carmustine-
induced cytotoxicity was smaller than the difference in DNA
interstrand crosslinking (Figs 1a, 2). U1690 cells thus tolerate a
higher level of DNA interstrand crosslinking than U1810 cells.
One reason for this could be a difference in cellular capacity to
repair DNA interstrand crosslinks. This is the subject of further
studies. It should also be remembered that the alkaline elution
technique employed in this study measures the average level
of DNA crosslinks in the entire genome. Differences in the
distribution of DNA lesions within the genome, which cannot
be detected with this technique, may be of importance for
cytotoxicity. Further, drug-induced lesions other than DNA
interstrand crosslinks, such as DNA intrastrand crosslinks may
also contribute to the cytotoxicity.

There was a difference in the DNA content between the two
cell lines with 84.6 (S.D. 8.7) chromosomes in U1810 cells and
42.6 (3.9) chromosomes in the U1690 cells. In cell culture the
doubling time was inversely correlated to the DNA content.
The higher content of DNA in U1810 cells does not make this
cell line more resistant to DNA crosslinking agents in general,
since the U1810 cells show similar sensitivity as U1690 cells, to
mustine, melphalan and cisplatin (Figs 1b—d).

Shapiro {24] observed that glioma cells which acquired resist-
ance to nitrosourea compounds showed an over-representation
of chromosome 22. Interestingly, this increase was correlated
to an increased expression of platelet-derived growth factor
(PDGF). Our cell lines represent one further example of a
correlation between PDGF expression and carmustine resist-
ance. Thus, U1810 cells express both peptide chains of PDGF,
while no measurable expression of the two chains was seen in
the U1690 cells [25]. The genes for the A and B chains of PDGF
and O%-MT are located on different chromosomes. The A chain
gene is situated on chromosome 7 while the B chain gene is
situated on chromosome 22 [25]. The O®-MT gene has recently
been cloned and mapped to chromosome 10 [26, 27]. Although
the genes for PDGF and OS-MT are located on different
chromosomes, some common factor(s) may possibly be involved
in the regulation of the expression of both PDGF and O%-MT,
or PDGF may directly be involved in the regulation of O5-MT
expression.

Other cellular resistance factors may also be active against
carmustine. Glutathione transferases may play an important
role in protecting cells against DNA-reactive drugs including
carmustine. Among the different subclasses of glutathione trans-
ferases, the Mu class may be of special importance for protection
against nitrosourea compounds [28]. The possible role of gluta-
thione transferases as resistance factors in the two lung cancer
cells are under investigation.

We have demonstrated differences in O%-MT levels between
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a SCLC and a NSCLC cell line. The different enzyme activities
may partly explain the different sensitivity to carmustine
exposure i vifro. It will be of interest in the future to study the
stability of O%-MT expression in human lung cancer cell lines of
different histogenetic types. It should be of special interest to
study OS5-MT expression in SCLC of “variant type”, or SCLC
cell lines which have been transformed to NSCLC by the
transfection of oncogenes or growth factors [29, 30].
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