
[CANCER RESEARCH 51. 775-779. February 1. 1991]

Heterogeneous Repair of Methylnitrosourea-induced Alkali-labile Sites in Different
DNA Sequences1

Susan P. LeDoux,2 Mrudula Thangada, Vilhelm A. Bohr, and Glenn L. Wilson1

Department of Structural and Cellular Biology, University of South Alabama, Mobile, Alabama 36688 fS. P. L., M. T., G. L. W.}, and Laboratory of Molecular
Pharmacology, National Cancer Institute, NIH, Bethesda, Maryland 20892 /K A. B.]

ABSTRACT

The repair of DNA damage induced by methylnitrosourea (MNU) in
restriction fragments containing the dihydrofolate reducÃase(DHFR)
gene in Chinese hamster ovary cells was compared to that in equal size
restriction fragments containing a nontranscribed flanking sequence 3' to
the DHFR gene or the c-fos gene. Following exposure to IO"3M MNU,
restriction fragments containing either the DHFR gene or the 3' flanking
sequence had similar amounts of alkali labile sites, ~2 sites/restriction
fragment. Fragments encompassing the c-fos gene had less than 2 breaks/
fragment. Twenty-four h after exposure to MNU a consistent, but slight
and not statistically significant, difference was seen with more adducts
removed from the DHFR gene than the 3' flanking sequence. No repair

was detected in the c-fos containing fragments. In addition, the repair of
/V-methylguanine in the overall genome was assessed by use of a J2P

end-labeling technique. Seventy % of this major alkylation product was
repaired after 24 h. These findings establish that repair heterogeneity
occurs in Chinese hamster ovary cells after exposure to MNU.

INTRODUCTION

Recent studies have shown that repair of genomic DNA
damaged by UV irradiation is not homogeneous. Pyrimidine
dimers are removed at different rates from the DNA of actively
transcribed genes, quiescent genes, and nontranscribed se
quences (1-5). While this is a provocative finding, the question
still remains as to whether this is a phenomenon related only
to the repair of UV damage or also is operative in the repair of
other types of DNA lesions.

The studies described herein were designed to address
whether the repair of DNA damage caused by the alkylating
agent methylnitrosourea was heterogeneous across the genome.
Nitrosoureas, such as MNU,4 have previously been found to be
carcinogenic (6), mutagenic (7, 8), teratogenic (9), and diabe-
togenic (10). At physiological pH, MNU spontaneously decom
poses to form a carbonium ion which is capable of alkylating
the nitrogens and oxygens of DNA bases by a 5nl reaction (11).
The predominant sites for alkylation of nitrogens are the A/7
position of guanine and the TV3position of adenine. Lesions of

this type are removed by excision repair (11). It is this type of
repair that served as the focus for the present investigation.
Restriction fragments of 14 kilobases containing either the
dihydrofolate reducÃase gene, a flanking sequence 3' to the

DHFR gene, or the c-fos gene were studied in the CHO B-ll
cell line. This line was selected because the DHFR gene is
amplified 50-fold (1) and because repair heterogeneity of UV
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damage has previously been demonstrated in this system (1,2).
Repair in the DHFR gene was correlated with that found in a
nontranscribed fragment of DNA located 3' to the DHFR gene

and the fragment containing the nontranscribed c-fos gene. The
repair assay used was adapted from that originally described to
assess the repair of pyrimidine dimers (1, 2). Bromodeoxyuri-
dine labeling and CsCl equilibrium density gradient centrifu-
gation were used to separate parental DNA from any DNA
replicated after exposure to the alkylating agent. The parental
DNA was then digested with Kpnl and treated under conditions
which resulted in the removal of A^-methyladenine and /V7-

methylguanine to yield apurinic sites. Subsequent alkali treat
ment caused DNA strand breaks at these apurinic sites. This
DNA was run on denaturing gels and transferred to nylon
support membranes. Hybridization with specific probes to
either the DHFR gene, the c-fos gene, or the nontranscribed
region was used to determine the proportion of restriction
fragments which did not contain alkali labile sites. The amount
of hybridization was determined by scanning densitometry. The
percentage of fragments containing no alkali-labile sites was
equal to the ratio of the amount of full length fragments in the
drug-treated samples compared to that in untreated control
samples. This ratio was used for the calculation of adduci
frequencies per fragment (12). To tesi the hypothesis thai
alkylation damage is repaired differently at sites of active tran
scription, correlations were made belween ihe exlent of time-
dependent repair in the DHFR gene, the 3' nontranscribed

fragment, and the fragment conlaining the nontranscribed c-fos
gene. Comparisons also were made between repair in ihe overall
genome and that in transcribed and nontranscribed restriction
fragments.

MATERIALS AND METHODS

Cell Culture. CHO cells (1) were grown in Ham's F-12 medium

(without glycine, hypoxanthine, and thymidine; GIBCO 78-5474) sup
plemented with 500 nM methotrexate, 10% dialyzed calf serum, and
gentamicin. Forty-eight h before MNU treatment the cells were given
culture medium containing 0.2 uCi/m\ ['Hjthymidine and IO"5 M

thymidine to uniformly label the cells. The medium then was withdrawn
and the cultures were rinsed with HBSS. The cultures next were exposed
to MNU. This chemical was initially dissolved at 100 times the desired
concentration in citrate buffer (pH 4.5) and then diluted appropriately
in HBSS. Control cultures received HBSS containing 1% citrate buffer.
The cultures were exposed to the toxin for 1 h. After treatment with
MNU, the cultures were either prepared immediately for assay of DNA
damage or replenished with repair medium (Ham's F-12, 10% dialyzed
calf serum, gentamicin, 10~5 M bromodeoxyuridine, and IO"6 M fluo-

rodeoxyuridine). Cultures containing repair medium were assayed for
DNA damage after 8 or 24 h of incubation.

32P End Labeling. The "P end-labeling method of Reddy et al. (13)
was adapted to identify /V-methylguanine. The procedures for digesting
and labeling the DNA have been previously described (14). The labeled
digest was mapped on 20- x 20-cm PEI cellulose plates prepared by
washing in 0.1 M ammonium formate, pH 3.5, for 30 min, followed by
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two 10-min washes with H2O. Six-^1 aliquots of the [32P]deoxynucleo-
tide 5'-monophosphates were applied to PEI cellulose sheets 1.5 cm

from the lower edge and 1.5 cm from the left-handed edge. The
chromatogram was developed in the first direction with water to the
origin, 0.4 N acetic acid to 9 cm, then 0.8 N formic acid to 4 cm onto a
Whatman No. 1 filter paper wick that was attached 17 cm from the
bottom edge. The wick was removed, the sheet was thoroughly dried
and then soaked for 10 min in a solution of 600 mg of Tris (free base)
in 500 ml of methanol, followed by a 10-min soak in met Inumi only, in
order to remove residual free acid from the sheet. For the second
direction, another wick was attached and the sheets were developed
with water to the origin, followed by 0.22 M Tris-HCl, pH 8.0, to 5 cm
onto the wick. The sheets were then dried, washed with methanol,
redried, wrapped in cellophane, and autoradiographed.

Autoradiographs were used as templates for localization of the
normal nucleotides and the DNA adducts on PEI cellulose plates. To
determine radioactivity, spots were removed and counted in a Beckman
Model LS6800 liquid scintillation counter. Appropriate blank areas
from chromatograms of untreated DNA were assayed and their counts
were subtracted from counts obtained from adduct spots.

Repair Assay in Specific Genomic Regions. This assay was adapted
from that described in detail elsewhere (12). Cells were lysed in a
solution composed of 10 mivi Tris-HCl, I mivi EDTA, 0.5% sodium
dodecyl sulfate and incubated for 12 h at 37Â°Cin proteinase K (0.1

mg/ml) (Sigma). The DNA was extracted with an equal volume of
phenol, phenol/chloroform (1:1), and chloroform. DNA was precipi
tated with ethanol, resuspended in TE buffer and treated with RNase
(100 ug/m\) for 1-3 h at 37Â°C.The samples next were precipitated

with ethanol, resuspended in TE buffer, and quantitated by determining
absorbance at 260 nm. The DNA subsequently was treated with the
endonuclease Kpn\ (10 units/Vg DNA for 12 h at 37Â°C).Completeness

of digestion was verified on minigels. Next, samples were centrifuged
on CsCI gradients (1, 2, 12). The fractions containing parental DNA
were identified by scintillation spectrometry, pooled, dialyzed, and
ethanol precipitated. The samples were resuspended in TE buffer,
heated at 70Â°Cfor 30 min to depurinate DNA, cooled at room temper
ature for 1 h, and treated with 0.1 N NaOH at 37Â°Cfor 30 min for

alkaline hydrolysis. One-tenth volume of lOx loading buffer (lOx =
500 mM NaOH, 10 miviEDTA, 25% Ficoll, 0.25% bromcresol purple)
was added and the samples were electrophoresed on 0.6% agarose gels
for 16 h at 30 V in a buffer consisting of 30 mivi NaOH and 1 mm
EDTA. After standard gel washing, the DNA was transferred to a
Nytran support membrane (Schleicher & Schuell). Prehybridization,
hybridizations, and washes were performed according to the suggestions
of the manufacturer. Hybridization was done in 5 ml of Hybrisol
(Oncor). Nick-translated 32P-labeled probe (-10" cpm/Vg) for DHFR
gene or "P-multiprime-labeled probe (~109 cpm/Vg) for the 3'-non-

transcribed region and the c-fos gene in an amount giving approximately
IO7 cpm was added to the hybridization solution. The DHFR and 3'

flanking sequence probes used have been described previously (15).
However, the downstream probe has been recloned to remove repetitive
sequences. The mouse c-fos probe (5-kilobase Hindll\-Bamlil frag
ment) was purchased from Lofstrand Labs Limited (Gaithersburg,
MD). After washing, the support membranes were exposed to Kodak
XRP X-ray film for 1-4 days. The film was scanned with a Zeineh
video densitometer and the bands were quantitated as described previ
ously (12).

RESULTS

Initial studies were designed to determine the optimum drug
concentration necessary to induce sufficient DNA damage for
evaluation of repair kinetics. This was defined as a concentra
tion that would yield between 1 and 3 breaks/14 kilobase
restriction fragment. CHO cells were exposed to increasing log
concentrations of MNU from 10~5 to 10~3 M for l h and the

DNA was isolated, restricted, Southern transferred, and probed
for the DHFR gene as described in "Materials and Methods."

The DHFR gene was selected for these beginning experiments
because it is present in multiple copies, thus facilitating its
identification by Southern blot analysis. As can be seen in Fig.
1, exposure to MNU increased the amount of DNA damage in
the major restriction fragment containing the DHFR gene. The
optimum concentration for further studies was determined to
be 10~3 M since this concentration induced approximately 2

breaks/14-kilobase fragment containing the gene (Table 1).
Following selection of an appropriate dose of MNU, studies

were initiated to ensure that this concentration did not cause
significant cell death and thus prevent repair experiments.
Trypan blue dye exclusion was used as a marker for cell viability.
Cultures were exposed to 10~3 M MNU for l h and either

harvested immediately for cell viability counts or replenished
with fresh culture medium and incubated for 24 h before cells
were removed and counted for viability. The results of these
studies demonstrate that 10~3M MNU did not cause apprecia

ble cell death at either time point (Table 2).
The next studies were designed to determine whether there

23.1

4.4

2.3 â€”\

12 3*5678

Fig. 1. Autoradiogram for analysis of dose response to MNU. CHO cells were
exposed to varying concentrations of MNU for l h and the DNA was isolated.
The DNA was restricted with A/ml. Samples were heated and treated with alkali
to depurinate alkylated bases and break apurinic sites. Next the fragments were
separated on an alkaline gel. The fragments then were transferred to a nylon
support membrane and autoradiographed after probing with a DHFR probe
specific for the 14.1-kilobase-long A/ml fragment originating from the 5' terminus

of the DHFR gene. Lanes I and 2 contain DNA from control cultures. Lanes 3
and 4 contain DNA from cultures exposed to 10~3 M MNU. Lanes 5 and 6
contain DNA from cultures exposed to 10~4MNU. Lanes 7 and 8 contain DNA
from cultures exposed to 10"' M MNU. The 2.6-kilobase band seen in all lanes

is from the PUC 18 internal standard.

Table 1 Formation of alkali-labile sites in specific sequences

GeneDHFR

DHFR
DHFRFragment

size
(kilobases)14

1414Drug

concen
tration(mM)0.1

0.01Break

frequency"2.17

Â±0.60*

0.62 Â±0.28
<0.16C

" N = 3 separate experiments.
* Mean Â±SE.
c Breaks were detected in only 1 of 3 experiments.

Table 2 Cell viability following exposure to I mM MNU

Control
Oh
Control
24 hCell

counts"
(IO6)7.00

Â±0.39*

6.55 Â±0.13
9.35 Â±0.29
7.63 Â±0.20%

of viable
cells"98.35

Â±0.25
98.40 Â±0.62
97.30 Â±0.60
94.40 Â±1.17

' N = 4 separate cultures.
*Mean Â±SE.
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was a temporal difference in the repair of alkylation damage in
the DHFR gene compared to the fragment containing the c-fos
gene or the 3'-nontranscribed sequence. Assessments were

made immediately after exposure to MNU and following 8 and
24 h of repair. The results of these experiments are summarized
in Table 3 and Fig. 2. Figure 3 shows radioautograms from
three representative studies. Both the DHFR gene and the 3'-

nontranscribed sequence were alkylated to the same extent by
MNU. There was less alkylation in the c-./as-containing frag-

Table 3 Formation and removal of alkali-labile sites in specific sequences

GeneDHFR3'

flanking
c-fosDHFR3'

flanking
c-fosDHFR3'-flankingC-/OJFragment

size
(kilobases)1414

141414

14141414Repair

<h)00

08882424

24Break

frequency"2.08

Â±0.18*2.32

Â±0.18
1.45Â±0.061.43

0.131.62

1.500.891.47

1.480.30

0.030.180.37

0.23%of

repair"31.2

Â±3.634.4
Â±8.5

<1.057.5

Â±6.740.5
Â±12.0

<1.0
* N = 3 separate experiments.
4 Mean Â±SE.

HR
TIKE OF REPAIR

24 HR

Fig. 2. Repair of alkali-labile sites in 14-kilobase fragments containing the
DHFR gene (â€¢),a 3'-flanking region to the DHFR gene (^) and the c-fos gene

(0).

ment. The extent of repair of the alkylation damage to both the
DHFR gene and the 3'-nontranscribed sequence was not dif

ferent at 8 h after exposure to the toxin. However, after 24 h a
slight, although not statistically significant, difference was seen
with more adducts removed from the DHFR gene. There was
no detectable repair in the c-_/os-containing fragment at 8 or 24
h (Table 3; Fig. 2). The probe which was used for detecting the
c-fos gene is from a mouse sequence ra'1- 'han the hamster.

Because of the decreased homology which results from this
species difference, the stringency of the hybridization and
washes had to be reduced. This reduced stringency resulted in
the increase in background which is seen in this autoradiograph.
In addition, the c-fos probe does not contain homologous
sequences with PUC, therefore, in this autoradiograph the PUC
sequence is not detected.

A final set of experiments was performed to compare the
formation of lesions and their repair in bulk DNA, using 10~3

M MNU, to the results obtained with the restriction fragments.
A 32P-end-labeling technique was used to quantitate the for
mation of /V-methylguanine. Fig. 4, top and middle, shows
representative radioautographs from a control culture and a
culture exposed to MNU for 1 h. As can be seen in this figure,
the N7-methylguanine spot can be readily isolated by two-
directional thin layer chromatography. Quantitation of the N7-
methylguanine (Table 4) showed that 10~3 M MNU induced
formation of ~1 N7-methylguanine/104 normal nucleotides.

This is close to the number of breaks in the various fragments
from the preceding experiments. The repair of A^-methylgua-

nine was assessed (Fig. 4, bottom; Table 4) after 24 h. Approx
imately 70% of these base adducts were repaired at this time
point.

DISCUSSION

The nitrosamides are a subclass of /V-nitroso compounds
which, without metabolic activation, are both carcinogenic and
effective as cancer chemotherapeutic agents. This report de-

9.4

6.6

4.4 â€”

23.1 â€”
23.1 â€”

9.4 â€”

6.6 â€”

4.4 â€”

2.3 â€”

2345678

Fig. 3. Autoradiograms for the repair of MNU-induced alklai labile sites in specific regions of the CHO genome. CHO cells were exposed to 10~3M MNU lor 1 h
and the DNA was isolated immediately or after an 8- or 24-h repair period. DNA treatment, alkaline gel electrophoresis, and Southern transfer were performed as
described in Fig. 2. The filter was hybridized with the DHFR gene (A), the 3'-flanking region of the DHFR gene (B). or the c-fos gene (O- Lanes I and 2 contain
DNA from control cultures. Lanes 3 and 4 contain DNA from cultures exposed to IO"3 M MNU for I h. Lanes 5 and 6 contain DNA from cultures exposed to 10"'
M MNU for 1 h and then were allowed an 8-h repair period. Lanes 7 and 8 contain DNA from cultures exposed to 10~3M MNU for 1 h and then allowed a 24-h
repair period. The 2.6-kilobase band seen in all lanes of A and B is the PUC 18 internal standard. The c-fos probe (C) does not hybridize well with PUC 18.
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Fig. 4. Repair of A^-methylguanine in bulk DNA. The high-molecular-weight
DNA was the same that was isolated and restricted for Southern blot analysis in
the previous studies (exposed to 10~3MNU for 1 h) and was digested to individual
nucleotides with micrococcal endonuclease and spleen exonuclease. ' 'I' was added
to the 5' end of the nucleotide by treatment with [-y-"P]ATP and T4 kinase. The
3'-phosphate was removed by nuclease PI and the nucleotides were separated in

2 directions on PEI cellulose plates. Top is from a control culture and contains
no A/'-methylguanines. Middle is from a culture l h after exposure to MNU.

Bottom is from a culture 24 h after exposure to MNU.

Table 4 Formation and repair of t^f-methylguanine

Oh
24 hN'-methylguanine/

IO4nucleotides0.85

Â±0.11*

0.25 Â±0.03%

ofrepair"69.6

Â±2.3
" N = 3 separate experiments.
* Mean Â±SE.

scribes a generally applicable method for the examination of
intragenomic repair heterogeneity after alkylation by these
chemicals.

The half-life of MNU is controversial, with different inves
tigators obtaining different results (16, 17). To ensure that
alkylation continued in the second 0.5 h of our experiments we
measured the formation of /V-methylguanine after 30 min and
l h of exposure to 1 mM MNU by using "P-postlabeling (data

not shown), and it was discovered that twice as many of these
adducts were formed after 1 h. Thus, it is apparent that under
the conditions used for the experiments performed here, alkyl
ation continued throughout the entire 1-h exposure interval. A
1-h exposure to MNU was recently used to demonstrate a
difference in the repair of alkylation damage in the insulin gene
when it was transcribed compared to when it was quiescent
(18).

The results of these studies demonstrate that alkylation of
CHO cells with 10~' M MNU caused approximately the same

amount of damage in both the DHFR gene and the noncoding
flanking sequence. This finding agrees with those of others (19,
20). However, in contrast the present work also shows that
there is less damage in the fragment containing the c-fos gene.
A similar result has been reported by Milligan and Archer (21).
In the rat liver the transcribed albumin gene received consid
erably more damage than the untranscribed IgE gene when
exposed to the same concentration of TV-nitrosodimethylamine.

While the exact reason for the heterogeneity in damage across
the genome is obscure, it seems plausible that the difference
may be related to the location of the different genes or DNA
fragments in chromatin. Since the 3'-noncoding fragment is

located next to the DHFR gene, it is likely that it would be
equally accessible to the toxin. However, there apparently is no
direct linkage with the c-fos gene or between the albumin gene
and the IgE gene, so it is possible that the c-fos and IgE genes
are located in the chromatin in areas that are less accessible to
the alkylating agent. Differences in the ability of alkylating
chemicals to cause damage in different areas of chromatin have
previously been reported (22).

The alkylation damage in CHO cell DNA in the present
studies is repaired differently from that reported for UV-in-
duced cyclobutane dimers. It has previously been demonstrated
that 70% of UV-induced thymine dimers are repaired in the
DHFR gene of CHO cells over a 24-h period (1, 2). This is
contrasted with 58% repair of alklai-Iabile sites in this gene in
the present work. While the repair of alkylation lesions in the
DHFR gene is only slightly slower than UV-induced lesions,
the repair of lesions in the nontranscribed 3' fragment markedly

is faster with 41% of alkali-labile sites repaired over 24 h
compared to only 15% of UV-induced damage over the same
time interval. Therefore, in contrast to UV damage which goes
almost completely undetected and unrepaired in nontranscribed
areas of the genome, significant excision repair of alkylation
damage can occur in some nontranscribed regions, like the
sequence 3' to the DHFR gene. However, other nontranscribed

regions, like the region around the c-fos gene are not repaired.
There is also little repair in the c-ybs-containing fragments after
exposure to UV.5

There has recently appeared a report in the literature, using
the .S',,2alkylating agent dimethyl sulfate, which indicated, like

the present work, that there is not a significant difference in
the repair of alkali-labile sites in the DHFR gene compared to
the 3'-flanking sequence (23). However, this group found this

repair to be faster than in total cellular DNA, while in the
present experiments repair was slower than in bulk DNA. Both
studies do agree that ~70% lesions were repaired in total
cellular DNA after 24 h. Although the exact reasons for these
apparent differences in repair rates in the same restriction
fragments have yet to be elucidated, we feel that a methodolog
ical explanation is likely. The use of methoxyamine in the
studies of Scicchitano and Hanawalt (20) may have obscured
their findings. In our hands, methoxyamine did not reproduci-
bly stabilize apurinic sites. At most we could only protect about
50% of these sites when compared to a sample of control DNA.
Additionally, when control DNA was exposed to methoxy
amine a decrease in the band intensity was detected, indicating
that the methoxyamine alone induced some strand breaks. A
similar problem with methoxyamine may have been present in
the dimethyl sulfate studies, since the intensity of the bands
from methoxyamine-treated samples decreased across the gel
rather than remaining constant as one would expect if equal
amounts of DNA were loaded into each lane. If indeed the
methoxyamine did not consistently stabilize the apurinic sites,
then false estimates of repair could be obtained. To avoid this
potential problem, we compared the alkylated DNA to an equal
amount of undamaged DNA in order to determine repair.

The finding that repair in the 3'-flanking sequence was only

slightly less than that seen in the DHFR gene, while repair in

*V. Bohr, unpublished observation.
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the c-yoi-containing fragment was markedly attenuated provides
evidence that heterogeneity in repair is not strictly regulated by
transcription, since neither the 3' sequence or the c-fos gene

are transcribed. Additionally, the observation that repair in the
three fragments studied was less than in the overall genome
also indicates that alkylation damage is not preferentially re
paired in actively transcribed genes in an identical fashion to
that of UV-induced cyclobutane dimers. It appears that repair
across the entire genome is heterogeneous with different areas
repairing at varying rates. While the exact mechanisms govern
ing the rate of repair in specific areas remain to be elucidated,
it is conceivable that a major influence is the location of the
sequence in the structure of DNA. DNA loop domains ranging
in size from 30 to 80 kilobases, with an average size of 63
kilobases, have been reported to extend from the nuclear matrix
(23). If a gene or specific sequence is on one of these domains
it would be accessible to repair enzyme complexes and thus be
efficiently repaired. Conversely, if a gene or sequence is buried
in the chromatin it may be hidden from normal repair mecha
nisms. The fact that less initial damage was seen in the fragment
containing the c-fos gene suggests that this gene is in a less
accessible area in chromatin. A recent study has shown that
this may indeed be the case. When the c-fos gene is activated,
there is a change in chromatin structure that renders this gene
more accessible to digestion by DNase I. Upon cessation of
activation the chromatin structure reverses and the gene is once
again resistant to enzymatic digestion (24). The finding that
repair in bulk DNA was slightly faster than that found in the
DHFR gene and the 3' sequence would suggest that there are

other sequences that are located in a more favorable area in the
chromatin for repair and these lesions are removed at a faster
rate. It also should be pointed out that other factors in addition
to DNA structure may be involved in determining rates of
repair. DNA regulating factors such as methylation, binding
proteins, or poly(ADP)ribosylation of histones also could be
involved. Clearly more experimentation is warranted to eluci
date the contributions of these various factors to the regulation
of the rate of DNA repair following exposure to alkylating
toxins.
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