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ABSTRACT

l-[(4-Amino-2-methylpyrimidin- 5 - yl)methyl]-3-(2-chloroethyl)-3-ni-
trosourea hydrochloride (ACNU), a cancer chemotherapeutic bifunc-
tional alkylating agent, causes chloroethylation of DNA and subsequent
DNA strand cross-linking through an ethylene bridge. We isolated and
characterized two ACM -sensitive mutants from mutagenized Chinese
hamster ovary cells and found them to be new drug-sensitive recessive
Chinese hamster mutants. Both mutants were sensitive to various mono-
functional alkylating agents in a way similar to that of the parental cell
lines CHO9. One mutant (UVS1) was cross-sensitive to UV and comple
mented the UV sensitivity of all Chinese hamster cell lines of 7 estab
lished complementation groups. Since UV-induced unscheduled DNA
synthesis was very low, a new locus related to excision repair is thought
to be defective in this cell line. Another ACNU-sensitive mutant, CNU1,
was slightly more sensitive to UV than the parent cell line. CNU1 was
cross-sensitive to l-(2-chloroethyl)-3-cyclohexyl-l-nitrosourea and
slightly more sensitive to mitomycin C. No increased accumulation of
ACNU and a low level of UV-induced unscheduled DNA synthesis in
this cell as compared with the parental cell line suggest that there is
abnormality in a repair response of this mutant cell to some types of
DNA cross-links.

INTRODUCTION

A number of cross-linking alkylating agents have been devel
oped as possible anticancer chemotherapeutic drugs, among
which are CNU3 derivatives such as l,3-bis(2-chloroethyl)-l-
nitrosourea, CCNU, and l-(2-chloroethyl)-3-(/rans-4-methyl-
cyclohexyl)-l-nitrosourea (1). In order to reduce side effects of
CNU drugs on patients, many derivatives were further devel
oped. One of them is a water-soluble ACNU (2). These CNU
drugs are thought to work bifunctionally, namely, cause a
chloroethylation of one strand of DNA followed by an ethylene
bridge formation to another DNA strand (3).

The understanding of DNA repair was initiated by isolation
of Escherichia coli mutants sensitive to chemical and physical
agents, and genes responsible for the sensitivities have been
cloned and analyzed (4). Most of the gene products identified
in E. coli are enzymes catalyzing DNA repair. Also in mam
malian cells, many mutant cells sensitive to chemical and phys
ical agents were isolated from CHO cells (5). These CHO
mutants were classified into, at least, 6 groups, although very
recently one mouse and one Chinese hamster UV-sensitive
mutant were reported as new complementation groups in rodent
UV-sensitive cell lines (6, 7). The number of isolated mutants
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from rodent cell lines, however, seems to be still small as
compared with that of yeast Saccharomyces cerebisiae repair-
deficient mutants (4).

Not only for understanding of DNA repair mechanisms in
mammalian cells but also for effective treatment of cancer
patients with anticancer drugs, it is very important to know the
fate of DNA damages induced by cancer therapeutics. We
started the analysis of the repair mechanisms of DNA damages
induced by bifunctional alkylating agents and report here the
isolation of 2 CHO mutants sensitive to ACNU and their
characteristics.

MATERIALS AND METHODS

Cells and Culture Conditions. A wild type Chinese hamster ovary cell
line CHO9 was used for isolation of mutants. For complementation
test, 7 Chinese hamster cell lines, 43-3B, UV27-1, UV47, UV135,
UV61, and V-B11, were used as representatives of groups 1 to 7,
respectively. These cell lines were generous gifts from J. H. J. Hoe-
ijmakers, L. H. Thompson, and M. Z. Zdzienicka. A mouse lymphoid
cell line US31TG'6, representing the 8th rodent complementation

group was obtained from T. Shiomi. Chinese hamster cells were rou
tinely maintained in Dulbecco's modified Eagle's-Ham's F-12 growth

medium (Sigma Chemical Co., St. Louis, MO) supplemented with 10%
fetal bovine serum, penicillin (100 units/ml), and streptomycin (100
Mg/ml) in plastic culture bottles at 37Â°C.The mouse lymphoid cells

were kept in RPMI 1640 (Nissui Seiyaku Co., Tokyo, Japan). For
colony formation an appropriate number of cells in Petri dishes were
incubated at high humidity under 5% CO2 in air.

Mutagenesis and Mutant Isolation. Exponentially growing CHO9
cells were mutagenized with 0.6 Mg/ml of l-methyl-3-nitro-l-nitroso-
guanidine in BSS (Nissui, Tokyo, Japan) for 1 h. After a washing with
BSS, cells were incubated in growth medium for 2 days. Survived cells
were trypsinized and about 200 cells were plated in a 100-mm PÃ©trie
dish followed by incubation for 2 days. To obtain replica cultures (8),
3 polyester sheets (Nytal, Switzerland) fitting the dish size were placed
in each dish and overlaid with a predetermined amount of glass beads
(4 mm diameter) to form even and tight layers. Cells can grow through
the sheets affording a set of replica sheets. After a 7-day incubation the
medium and beads were removed and 3 sheets were briefly rinsed with
BSS. The top and middle sheets were separately transferred to new
dishes with growth medium. The bottom sheet was treated with 10 Mg/
ml of ACNU (Sankyo, Tokyo, Japan) in BSS for 1 h at 37Â°Cin a new

dish and washed with BSS; then growth medium was added. All 3
sheets were incubated for 7 days.

The top and ACNU-treated bottom sheets were rinsed with PBS and
stained with 0.05% Coomassie Brilliant Blue G-250 (Bio-Rad, Rich
mond, CA). ACNU-sensitive colonies identified by comparison of the
2 sheets were picked up from the third sheet by cutting out small pieces
of polyester sheet with a sharp-edged punch. Clonal cells were estab
lished by another round of replica culture and cloning of cells isolated
from each colony.

Chemical and Physical DNA-damaging Agents. The ACNU solution
was freshly prepared in PBS (pH 3.5) at 1 mg/ml. CCNU (Sankyo,
Tokyo, Japan) was dissolved in ethanol at 5 mg/ml. Aqueous solutions
of Ã7Ã-Pt(II)(Nihon Kayaku, Tokyo, Japan) and MMC (Kyowa Hakkou,
Tokyo, Japan) were prepared at the concentration of 500 Mg/ml and 1
mM, respectively. HN2 (Sigma) was dissolved in BSS at 1 mivi. EMS
was a product of Sigma. ENU (Iwaki Kagaku Yakuhin, Japan) and
methylnitrosourea (MNU) (Sigma) were dissolved in PBS (pH 3.5) at
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10 mg/ml. Irradiation with UV light (Hitachi germicida! lamp CLIO)
and X-ray (Softex, Japan) were carried out at a fluence rate of 0.5
W/m: and 10 rads/s, respectively.

Survival Assays. For survival assay, cultures were prepared by inoc
ulating appropriate numbers of cells in 60-mm Petri dishes 18 h before
treatment. For UV irradiation, cells were washed with dye-deprived
BSS and exposed to 254 nm UV and cultured further in growth
medium. For drug treatment, cells were treated with a drug in BSS for
l h at 37Â°C.Cells were then washed once with BSS and cultured in

growth medium. After incubation in a humid CO; chamber for 7 days
colonies were stained and their number was counted. Each point on the
survival curves represents a mean of values for 3 or more experiments.

Introduction of Dominant Selection Markers into the Isolated ACNU-
sensitive Clones for Complementation Test. Two dominant selection
marker genes, bacterial neo gene (a generous gift of H. Kikuchi) and
hymB (a generous gift of I. Saito). were separately introduced into the
isolated cells as well as 6 CHO cell lines of complementation groups 1
to 6 and the parental cell line CHO9. For V-B11 cell line only neo was
introduced. US31TGr6 cell line of the complementation group 8 could
be transformed by neither of the markers. Cells in 60-mm-diameter
Petri dishes were transformed with 6 Mgof plasmid DNA by calcium
phosphate precipitation method (11). Geneticin (400 Mg/ml; G418;
Gibco, Grand Island, NY) or hygromycin B (100 Mg/ml; Sigma) were
added to cultures 2 days later. Drug-resistant cell lines were obtained 3
weeks after.

Cell Fusion and Complementation Analysis. All pairs of transformed
cells, one containing neo and the other hymB genes, were mixed (2 x
IO4 cells each) and incubated in growth medium in 8-mm wells of a

microplate overnight. After removal of medium, cells were rinsed with
a serum-free medium, treated with 50 M!of 50% polyethylene glycol in
the same medium for 1 min, and carefully rinsed twice with the medium.
After a 2-day incubation in growth medium, cells were transferred to a
new microplate and cultured to the stationary stage. Cells from each
well were then transferred to a 60-mm dish. After overnight incubation,
cells were irradiated with UV (5 J/nr for 3 treatments) or treated with
4 Mg/ml ACNU in BSS for I h, washed with BSS, and cultured in
growth medium supplemented with 400 Mg/ml geneticin and 100 Mg/
ml hygromycin B for 8 days to selected the hybrid cells. The number
of colonies of ACNU-resistant hybrid cells were counted finally after
staining.

Determination of the Amount of Incorporated ACNU in Cells. Cells
(2 x IO6)were seeded in a 90-mm Petri dish and incubated overnight.
Cells were then washed with BSS followed by treatment with [3H]-

ACNU (15 Mg/ml, a generous gift of Sankyo Co.) for 30 or 60 min.
After cells were washed 3 times with BSS and trypsinized. they were
kept in 5 ml of the same medium without ACNU. A time 0 and 1, 2,
and 4 h after removal of labeled ACNU, aliquots of cell suspension
were centrifuged and the radioactivity in the pellets were measured with
a liquid scintillation spectrometer Beckman model LS1801.

Determination of UV-induced UDS. UDS was determined by the
conventional method. Briefly. 5x10' cells were seeded with growth
medium on a small coverslip in a 35-mm dish and incubated overnight.
The coverslip with attached cells was washed with BSS and immediately
irradiated with UV of 10 J/nr. The UV-irradiated cells were incubated
in the growth medium containing 10 nCi/ml ['Hjthymidine for 30 min

followed by three washings with BSS. After cells were fixed with
methanol and washed thoroughly with 5% trichloroacetic acid at 4Â°C.

UDS was determined by grain counting on autoradiography.

RESULTS

Isolation of Mutants and Their Cross-Sensitivities to Various
Agents. By using the replica method we isolated eight ACNU-
sensitive cell lines from about 8000 CHO9 cells which survived
the MNNG treatment. These cell lines were similarly sensitive
to ACNU as shown in Fig. la. Seven of them were cross-
sensitive to UV, whereas one cell line was not (Fig. \b). We
chose one of the seven UV sensitive cell lines (designated as

80 24 6 8 10 12 14 16
ACNUMQ/ml) UVU/m2)

Fig. 1. Dose effect of ACNU (a) and UV (B) on colony-forming ability of 8
isolated CHO cell lines and the parental cell line CHO9. UVS1 (A), CNU1 (â€¢)
and CHO9 (â€¢).Other symbols correspond to 6 other mutant cell lines, which
were not further analyzed.
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Fig. 2. Dose effect of MNU, ENU, and EMS on colony-forming ability of

UVS1 (A), CNU1 (â€¢),and CHO9 (â€¢).

UVS1) and the UV-resistant one (CNU1) for further charac
terization of the mutants.

Since ACNU is an alkylating agent and thought to cause a
chloroethylation on a DNA strand before forming an ethylene
bridge between two DNA strands, the sensitivities of both cell
lines to monofunctional alkylating agents were determined. Fig.
2 shows survival curves of UVS1, CNU1, and the parental cell
line CHO9 against MNU, ENU, and EMS. No difference was
found in the sensitivity of these 3 cell lines to all the 3 alkylating
agents.

ACNU is a bifunctional alkylating agent producing cross
links. Therefore, we next analyzed the cross-sensitivity of UVS1
and CNU1 to various cross-linking agents. Fig. 3 depicts the
dose-response curves of both cell lines and CHO9 against cis-
Pt(II), MMC, and HN2, respectively. UVS1 is more sensitive
to the 3 agents than CHO9, whereas CNU1 is slightly more
sensitive to MMC, but rather a little more resistant to as-Pt(II)
and HN2 than CHO9.

Cross-sensitivities of the isolated 2 cell lines were further
analyzed by using X-ray and CCNU. Both UVS1 and CNU1
showed a sensitivity against X-ray irradiation similar to that of
CHO9 (Fig. 4). CCNU, an analogue of ACNU, also induces
chloroethylation followed by cross-links as ACNU does. Fig. 5
depicts that both mutants are more sensitive to CCNU than
CHO9 as expected.

UV-induced UDS. UV-induced UDS was determined for
UVS1, CNU1, and CHO9. As an excision repair-deficient
reference, UDS of 43-3B cell line, which belongs to comple
mentation group 1, was also determined in parallel. Table 1
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Fig. 3. Dose effect of a'j-platinum(II), mitomycin C. and HN2 on colony-

forming ability of UVS1 (A). CNU1 (â€¢).and CHO9 (â€¢).

in CNU1 as well as in UVS1 resulting in ACNU sensitivity are,
therefore, recessive.

Incorporation of ACNU into CNU1 and CHO9 Cells. The
sensitivity of CNU1 to ACNU could be due to the increased
accumulation of ACNU in the cells. The amounts of ACNU in
cells after [JH]ACNU treatment were determined for CNU1

and CHO9. As shown in Fig. 6, CNU1 did not show any
significant difference in incorporation and discharge of ACNU
in and from cells as compared with CHO9.

DISCUSSION

Of the 8 ACNU-sensitive mutants isolated from MNNG-
mutagenized CHO9 cells, 2 mutants, UVS1 and CNU1, were
characterized. These two mutants are similarly sensitive to

100
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X-ray(rad)
Fig. 4. Dose effect of X-ray on colony-forming ability of UVS1 (A), CNU1

(â€¢).and CHO9 (â€¢).

shows clearly that UVS1 exhibited a quite, if any, low level
UDS like the incision-deficient 43-3B and CNU1 showed about
one-half of the UDS level found in the parental cell line CHO9.

Complementation Test. CHO cell lines of complementation
groups 1 to 6 and UVS1 were transformed with bacterial neo
and hymB, respectively. After all combinations of geneticin-
and hygromycin-resistant transformants were fused each other,
cells were exposed to UV and cultured in the presence of both
antibiotics to select hybrid cells. Table 2 shows the numbers of
survived colonies of fused cells after UV irradiation. Results
clearly indicate the complementation between each of all 6 cell
lines and UVS1.

We found that UVS1 complemented also the UV sensitivity
of the cells of the complementation group 7, V-B11. The fused
cells gave over 500 clones after UV irradiation of 21 J/m2,

while the cells fused between the same cell lines did not survive
the UV dose. We could not accomplish the complementation
test using the 8th group. For the cell line US31TGr6, a deriva

tive of US31 isolated from the mouse lymphoma line LSI78
(7), it was not possible in our hands to obtain cells fused with
UVS1. Therefore, we could not determine whether UVS1 be
longs to the 8th or a new complementation group of rodent cell
lines.

In order to see whether the ACNU sensitivities of UVS1 and
CNU1 cells are dominant or recessive, these and CHO9 cells
were transformed with neo or hymB genes and fused to each
other. Fused cells resistant to both geneticin and hygromycin
B were found to be ACNU resistant (Table 3). The mutations

1234

CCNU(Mg/ml)
Fig. 5. Dose effect of CCNU on colony-forming ability of UVS1 (A), CNU1

(â€¢)and CHO9 (â€¢).

Table 1 Unscheduled DNA synthesis after L'i' irradiation (10 J/m') of Â¡he2

isolated cell lines
Grains per nucleus of 100 cells were scored.

Cell line No. of grains/nucleus

UVS1
CNU1
43-3B
CHO9

1.4 Â±0.5Â°

5.9 Â±0.9
1.2 Â±0.7

11.2 Â±1.0
' Mean Â±SE.

Table 2 Complementation test for 7 UV-sensitive cell lines
Numbers of colonies of fused cells survived UV irradiation with 15 J/m1 are

given. Numbers in parentheses indicate the complementation group number.

Cell lines
transformed
withhymB43-3B(l)UV5

(2)27-1
(3)UV47
(4)UV135I5)UV61

(6)UVS1Cell

lines transformed withneo43-3B020214878215237192UV531101611091884547527-119335004911150205UV47625972013519179UV13511769235230193182UV612731682651201820315UVS12663781912223064280

Table 3 Complementation test for 2 isolated and the parental cell lines
Numbers of colonies of fused cells that survived ACNU treatment (6

are given.

Cell lines
transformed
withhymBCHO9

UVS1
CNU1Cell

lines transformed withneoCHO978

98
86UVS192

024CNU1137 47
0
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Fig. 6. Incorporation and discharge of |3H]ACNU in and from CNU1 (â€¢)and
CHO9 (â€¢)cells. Arrow, time of removal of [3H]ACNU by washing.

ACNU and about 4-5-fold more sensitive than the parental
cells CHO9, but nearly the same as CHO9 in their resistance
to monoalkylating agents such as MNU, ENU, and EMS.
Although chloroethylated bases are removed from DNA as
monoalkylated bases by alkyl-transferase in mammalian cells,
CHO cell lines possess a very low alkyl-transferase activity (12).
It is, therefore, reasonable to conclude that the sensitivity of
these cells to ACNU and CCNU is not due to the reduced level
of alkyl-transferase.

The mutant UVS1 is sensitive to cross-linking agents includ
ing CNU derivatives as well as MMC, ds-Pt(II), and HN2. The
level of UDS in UVS1 cells induced by UV irradiation is similar
to 43-3B, an incision-deficient mutant of CHO9 (13). All these
facts strongly suggest that the mutant UVS1 is excision repair
deficient.

The results of a complementation test obtained by using 7
repair-deficient Chinese hamster mutants, which belong to 7
different complementation groups, revealed that UVS1 belongs
to none of these groups. Because cells of 5 among the 7
complementation groups were reported to be incision deficient
during the excision repair process and one mutant (UV61) is
deficient in excision repair of pyrimidine dimers (14), UVS1
may belong to the 6th group of incision-deficient mutants.

The other mutant CNU1 is nearly wild in its sensitivity to
UV and the level of UV-induced UDS was about one-half that
of the parental cell line. The similar level of ACNU accumula
tion in CNU1 and CHO9 cells seems to rule out any change in
cellular transport system for the drug. It is intriguing to note
that the ACNU- and CCNU-sensitive mutant CNU1 is more
resistant to m-Pt(II) and nitrogen mustard. The difference in
sensitivity to these cross-linking agents would be first explained
by difference in the chemical nature of the cross-linking bridges;
the bridge by nitrogen mustard is more than twice the ethylene
bridge in length and consequently might be more flexible and
repairable. The c/'iPt(II) bridge is quite different in its chemical

character from the ethylene bridge. These facts lead us to a
tentative model explaining the sensitivity of CNU 1 to ACNU
as a defect in a particular repair mechanisms for short bridge
cross-links. This model, however, does not explain the enhanced

resistance to cross-linking agents other than CNUs. Further
characterization is necessary to understand the defect in CNU1.

We succeeded in isolating 2 new drug-sensitive mutants from
CHO cells, probably because we used ACNU for selection
instead of UV. The UV sensitivity of UVS1 and CNU1 cells
may not be high enough to be identified by the replica method
we used. The relationship between UVS1 and the mouse cell
line of the 8th complementation group should be established
by further complementation analysis. Our results suggest the
involvement of more proteins for repair of ACNU-induced
DNA damages in CHO cells than those reported before for
repair of UV-induced damages. Further cell biological charac
terization of the mutant cells as well as molecular analysis of
their defective genes are necessary for the understanding of
DNA repair mechanisms of CNU-induced DNA damages.
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