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ABSTRACT

UVS1 is an intermediately UV-sensitive Chinese hamster ovary mutant
originally isolated by its hypersensitivity to an anticancer drug, l-[(4-
amino-2-methyl-5-pyrimidinyl)methyl]-3-(2-chloroethyl)-3-nitrosourea

hydrochloride. By cell fusion analysis, UVS1 complemented the UV sen
sitivity of the mouse lymphoma cell line US31 from the eighth comple
mentation group of UV-sensitive rodent cell lines. By enzyme-linked im-

munosorbent assay we found that within 3 h after UV irradiation both
pyrimidine dimers and (6-4)photoproducts in UVS1 were not removed
from chromosomal DNA in UVS1 at all. Twenty-four h after UV irradia
tion the removal rate of (6-4)photoproducts was intermediate between
CHO9, the parental cell line, and 43-3B, a UV-hypersensitive Chinese

hamster ovary mutant of the complementation group 1, whereas the py
rimidine dimers in UVS1 were removed less efficiently as 43-3B. Alkaline

elution assay showed that the incising activity to damaged DNA after UV
irradiation of UVS1 was as low as that of 43-3B. The number of l-[(4-
amino-2-methyl-5-pyrimidinyl)methyl]-3-(2-chloroethyl)-3-nitrosourea
hydrochloride-induced DNA interstrand cross-links of UVS1 was almost
equal to that of 43-3B and about 1.5 times more than that of CHO9,
suggesting that the gene products defective in UVS1 and 43-3B are essen
tial for the excision repair of DNA damages produced by l-[(4-amino-2-
methyl-5-pyrimidinyl)methyl]-3-(2-chloroethyl)-3-nitrosourea hydrochlo

ride.

INTRODUCTION

Because cancer proneness of many genetic diseases is due to their
deficiency in DNA repair (1), it is a prerequisite to elucidate its
molecular mechanisms for understanding carcinogenesis. UV-sensi

tive mammalian cell lines have been used to identify pathways in the
repair process. Many researchers used Chinese hamster ovary cells for
isolating mutants, because they have high plating efficiency, grow
rapidly, and have efficient uptake of exogenous DNA, all of which are
advantageous for isolating mutants and cloning genes. Until now a
number of UV-sensitive rodent mutants were isolated, and by com

plementation analysis with the use of hybrid cells they have been
classified into more than 10 complementation groups (2). Using these
cell lines, human genes complementing UV sensitivity of the cells
were cloned and characterized, including ERCCl (3, 4), ERCC2
(5, 6), ERCC3 (7, 8), ERCC5 (9), and ERCC6 (10), which comple
mented the UV sensitivity of the corresponding complementation
groups. ERCCÃŒhas homology in amino acid sequence with a yeast
excision repair protein RADIO and parts of the Escherichia coli
excision repair proteins UvrA and UvrC (4). Amino acid sequence of
ERCC2 also showed homology with that of a yeast excision repair
gene /Ã’4.D3(6). ERCC3 corrected the UV sensitivity of the mutant
from complementation group 3 and that of XP-B (8). Recently Flejter

et al. (11) have reported that ERCC2 gene corrected the phenotype of

XP-D cell. These results suggest the involvement of many gene prod

ucts in nucleotide excision repair, some of which must have similar
functions among different species. Recently, RAD\4 gene of the yeast
Saccharomyces cerevisiae had a striking similarity of amino acid
sequence with that of xeroderma pigmentosum, a complementing
gene product (12). Thus, the number of gene products necessary for
completion of nucleotide excision repair is still increasing and, there
fore, more efforts to isolate mutants and genes are required to obtain
the complete set of genes participating in nucleotide excision repair
process.

Previously we isolated two ACNU2-sensitive mutants, UVS1 and

CNU1. The former showed cross-sensitivities to UV light and other
DNA cross-linking agents. It exhibited a decreased level of UV-

induced UDS, which indicates that this mutant is defective in excision
repair, and demonstrated that it complemented the UV sensitivities of
Chinese hamster complementation groups 1 through 7 (13). In this
study we analyzed the complementation of UV sensitivity between
UVS1 and US31, as well as the defect in UVS1 cells after UV
irradiation and ACNU treatment.

MATERIALS AND METHODS

Cells and Culture Conditions. 43-3B, a UV-sensitive CHO mutant as
signed as complementation group I of UV-sensitive Chinese hamster mutants

(14), UVS1 originally isolated with its hypersensitivity to ACNU (13), and
CHO9, the parental cell line of both mutants were used. These cell lines were
routinely maintained in Dulbecco's modified Eagle's-Ham's F-12 growth me

dium (Sigma Chemical Co.. St. Louis, MO) supplemented with 8% fetal
bovine serum (Cell Culture Laboratories. Cleveland, OH), 100 units of peni-
cillin-G potassium, and 100 ng/ml of streptomycin sulfate in plastic bottles
at 37Â°C.

Chemicals and Irradiation. ACNU was a generous gift from Sankyo Co.,
Tokyo, Japan. A stock solution of 10 mg/ml in dimethyl sulfoxide (Wako Pure
Chemical Industries Ltd., Osaka. Japan) was divided in uliquots and stored at
-20Â°C. ACNU solution at desired concentration was prepared immediately
before use in Hanks' BSS (Nissui Pharmaceutical Co., Tokyo, Japan) and cells

were treated with ACNU for l h at 37Â°C.Irradiation with UV light (Hitachi

germicidal lamp GL10) and X-ray (Softex, Tokyo, Japan) were carried out at
a fluency rate of 0.44 J/m2/s and 10 rads/s, respectively.

Complementation Analysis. Complementation analysis was conducted as
described by Thompson et al. with some modifications (15). Briefly, UVS1
was fused with 6-thioguanine and ouabain resistant US31 by using polyeth

ylene glycol, and fused cells were obtained by culturing in the selection
medium containing hypoxanthine-aminopterin-thymidine and ouabain for 2 to

3 weeks. Five independent colonies were isolated and their sensitivities to UV
were examined by colony-forming assay.

Assay of Accumulated DNA Strand Breaks after UV Irradiation. Ac
cumulated DNA strand breaks after UV irradiation were assayed by the alka
line elution technique as previously described with some modification (16, 17).
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Cells were prelabeled for 24 h with [2-'4C]thymidine (59 mCi/mmol, 0.02

uCi/ml; Amersham, Buckinghamshire, United Kingdom) and chase cultured.
Before UV irradiation, cells were exposed to BSS containing I0~2 M hydrox-
yurea (Sigma Chemical Co., St. Louis, MO) and IO"4 M l-ÃŸ-D-arabinofurano-

sylcytosine (Sigma Chemical Co.) for 30 min at 37Â°Cto accumulate strand

incisions by inhibiting repair synthesis after UV. Post-UV incubation was

performed for 10 or 90 min in BSS in the presence of hydroxyurea and
1-ÃŸ-D-arabinofuranosylcytosine at the same concentration as in the preincuba-
tion buffer. After washing with ice-cold phosphate-buffered saline, 2 X IO5

cells were applied on polycarbonate filter (pore size, 0.8 urn; 25 mm in
diameter; Nuclepore, Cambridge; MA) or polyvinyl-chloride filter (pore size.

2 urn; 25 mm in diameter; Millipore, Bedford, MA) with the same number of
internal standard cells prelabeled with [m?rM'/-'H]thymidine (25 Ci/mmol,

0.1 uCi/ml; Amersham) irradiated with 600 rads of X-ray and lysed with 5 ml
of 2% sodium dodecyl sulfate at room temperature ( 18-20Â°C)for 40 min. The

lysate was treated with 0.5 mg/ml of proteinase K (Boehringer; Mannheim,
Germany) in 0.01 M Tris, 0.01 M EDTA (pH 10) at room temperature for an
additional 30 min. After washing with 0.02 MEDTA (pH 10), DNA was eluted
with 30 ml of buffer containing 0.025 M EDTA and 2% tetra-o-propylammo-

nium hydroxide (Tokyo Kasei Kogyo Co., Ltd; Tokyo, Japan) adjusted to pH
12.3 just before use. The fractions, 3 ml each, were collected at 70-min

intervals at a flow rate of 0.043 ml/min and mixed with 3.3 volumes of ACSI1
(Amersham) for scintillation counting.

ELISA. Removal of cyclobutane pyrimidine dimers and (6-4)photoprod-

ucts was measured by using ELISA as described by Mu.unoetal. (18). Briefly,
DNA was extracted from UV-irradiated or unirradiated cells at various postin-
cubation times and denatured by boiling, applied to 1% protamine sulfate-

pretreated poly vinyl chloride microtiter plates. TDM2 or 64M2 (19) were used
as the first antibody and biotinyl F(ab)' fragment of goat anti-mouse IgG

(H + L) (Zymed Laboratories. Inc., San Francisco, CA) were used as the
second antibody. After incubating with streptoavidin-peroxidase conjugate

(Zymed Laboratories, Inc.). samples were incubated with substrate solution
containing 0.04% o-phenylene diamine and 0.007% H2O;. After halting the

reaction by adding 2 M H2SO4, absorbance at 490 nm was measured by using
an Immuno Reader NJ-2000 (Japan Spectroscopic Co., Tokyo, Japan). The

mean value of 3 wells was calculated in each experiment and values obtained
from unirradiated samples were subtracted as backgrounds.

Measurement of DNA Interstrand Cross-Links Induced by ACNU. The
effects of ACNU on cellular DNA were examined according to Kohn's alkaline

elution method (16, 17). Alkaline elution assay was carried out as described
above.

From graphs of the elution profiles, the strand break frequency (Pun) and
cross-linking frequency (Pc) were calculated according to the formulae intro

duced by Ewing and Kohn as follows (16, 17).

PHD= PHH* ln(r,/r0)/ln(Ro/râ€ž)

PC = [(1 -Â«,;/! -A,)"2- IKPHR+

(A)

(B)

The values of r(>, r,, K0, and K, represent the relative retentions of internal
standard cells, cells treated with ACNU but unirradiated with X-ray, cells
irradiated with 600 rads of X-ray, and cells exposed to ACNU and subsequent
X-ray irradiation at a dose of 600 rads, respectively. Initial slopes were used for
calculation of the relative retention. Ku' was calculated as follows;

In/?,; =[1 (C)

RESULTS

Complementation Analysis between UVSI and US31. US31
is a UV-sensitive mutant isolated from a mouse lymphoma cell line

(20), which has been demonstrated to complement all Chinese
hamster mutants representing complementation groups 1 to 7 in their
UV sensitivities (15). To elucidate whether the defect in UVSI is
distinct from that of US31, a mouse lymphoma cell line representing
the eighth complementation group, complementation analysis was
performed. Five hybrid colonies were picked up to examine their
sensitivities to killing by UV. Cells from these five clones were

examined in their karyotypes and all of them contained chromatin of
Chinese hamster and mouse (data not shown). UVSI and US31
showed almost the same sensitivities to UV, which were 3- to 4-fold

more sensitive than the parental cell line, CHO9, whereas UVSI/
US31 hybrid cells exhibited resistance comparable to that of CHO9
(Fig. 1). These results indicate UVSI complemented US31 in its UV
sensitivity.

Assay of Strand Breaks by Alkaline Elution. Among many steps
constituting nucleotide excision repair, the incising reaction at dam
aged site of DNA occurs at the initial stage, and many of UV-sensitive

Chinese hamster mutants as well as xeroderma pigmentosum cells
have been reported to be deficient in this activity (2, 21-23). To

measure this initial incising activity, UVSI and CHO9 together with
43-3B as an incision-deficient control cell line, were UV-irradiated

under such conditions that repair synthesis was blocked by inhibitors,
and accumulated strand breaks during postincubation for 10 or 90 min
were measured by the alkaline elution technique. Judging from initial
slopes of elution profiles, the incision rate for UV-damaged DNA of
UVSI, was almost as low as that of 43-3B and distinctly lower than

that of CHO9 (Fig. 2). By comparing profiles of unirradiated control
groups which were incubated in the presence of the same inhibitors,
it is clear that accumulated strand breaks observed in this experiment
were caused by UV irradiation rather than effects of inhibitors.

Removal Kinetics of Two Major UV-induced Lesions from Ge
nome. Cyclobutane pyrimidine dimers and (6-4)photoproducts are

two major types of photoproducts induced by 254 nm UV light, both
of which play important roles in cell killing, mutagenesis, and car-
cinogenesis (24; see Ref 25 for review). Removal kinetics of (6-4)-

photoproducts and cyclobutane pyrimidine dimers was measured
by ELISA, using specific monoclonal antibodies previously raised
against these two DNA lesions (19). The results are given in Fig. 3.
CHO9 removed almost all (6-4)photoproducts in 6 h after UV irradi

ation, but about 70% of these sites remained after 24 h of UV irra
diation in 43-3B. In UVSI about 40% of these sites remained at 24 h

of postincubation time, which indicates UVSI to be partially defective

0.5
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Fig. 1. Survival curves of UVS1/US31 hybrids (O), CHO9 (â€¢),UVSI (A), and US3I
I) after UV irradiation. Points, mean of five independent clones; bars, SD.
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1 0.5 0.2 1 0.5 0.2

Reference DNA Remaining on Filter
Fig. 2. Alkaline elution profiles of UV-irradiated ( 10 J/m2) UVS1 (A). 43-3B (â€¢).and

CHO9 (â€¢)cells. Cells were grown lo one-half confluency in the presence of |14C]-
thymidine and exposed to hydroxyurea and l-ÃŸ-o-arabinofuranosylcytosine for 30 min at
37Â°Cprior to UV irradiation. After the irradiation, cells were further incubated for 10 (A)

or 90 min (ÃŸ)in the presence of the inhibitors to accumulale strand breaks. The abscissa
indicates the filter-retained fraction of -'H-labeled internal standard cells which received
600 rads of X-rays. The same number of l4C-labeled and ^H-labeled cells were mixed and
placed on the filter. Control cells were treated with hydroxyurea and 1-ÃŸ-n-arabinofura-
nosylcytosine for 120 min but not irradiated with X-rays.

in the removal of (6-4)photoproducts (Fig. 3/1 ). On the other hand,

even parental CHO9 cells repaired cyclobutane pyrimidine dimers
inefficiently (75% of initial damages remained after 24-h postincuba-

tion) as expected from previous reports (24, 25), whereas in UVS1,
even at the postincubation time of 24 h, 90% of initially produced
cyclobutane pyrimidine dimers remained.

Alkaline Elution of ACNU-treated CHO Mutants. ACNU, like
other chloroethyl nitrosoureas, causes DNA strand breaks, DNA in-
terstrand cross-links, and DNA-protein cross-links (26-28). In order

to identify the reason for the hypersensitivity of UVS1 to ACNU, we
analyzed formation and repair kinetics of these damages in UVS1 by
the alkaline elution technique. To measure strand breaks and cross
links, which occur after treatment of cells with ACNU, alkaline elu
tion assays were carried out with or without exposure of cells to
X-rays after 0 to 24 h of postincubation.

The number of DNA strand breaks were calculated by using Equa
tion A (see "Materials and Methods") formulated by Ewing and Kohn

(16, 17). As shown in Table 1, the numbers of strand breaks depend on
cell lines and time for postincubation. These numbers reflect the
strand break production by ACNU and the result of incision by DNA
repair. After determination of strand breaks produced by X-rays, the
frequencies of DNA interstrand cross-links were calculated according
to Equation B (Refs. 16 and 17; see "Materials and Methods") and

shown in Fig. 4. The results of two independent experiments per
formed by using two different filters (see "Materials and Methods")

coincide very well with each other. The results demonstrated that
ACNU-induced interstrand cross-links were formed gradually during

postincubation after ACNU treatment, and they formed plateaus after
4 to 12 h of postincubation. The results were consistent with earlier
data obtained from the L1210 mouse (26, 29). The maximum values
of interstrand cross-links for 43-3B and UVS1 were about 1.5-fold

higher than that of CHO9.

DISCUSSION

Eight complementation groups of UV-sensitive mutants have been

identified from rodent cells (15), and recently two newly isolated
CHO cell lines, CHO4PV and CHO7PV, with mild sensitivity to UV
were reported to complement all the cell lines complementation
groups 1 through 8(1). Previously we isolated a UV-sensitive CHO
mutant, UVS1, which complemented all UV-sensitive Chinese ham

ster mutants from complementation groups 1 to 7 in its UV sensitivity.
In this study we demonstrated that UVS1 complements the UV sen
sitivity of US31, the mutant derived from a mouse lymphoma cell line
representing the eighth complementation group with almost the same
UV sensitivity as UVS1 (15, 20). Very recently UVS1 was found to

100

036 12 24
Postincubation Time after UV-lrradlatlon (h)

Fig. 3. Removal kinetics of (6-4)photoproducts M) and pyrimidine dimers (fl) in
UVS1 (A), 43-3B (â€¢),and CHO9 (â€¢)after UV irradiation. Cells were UV irradiated at
a dose of 10J/m2 and postincubated as described in "Materials and Methods." At various

postincubation periods DNA was extracted and the photoproducts were assayed by ELISA
by using specific monoclonal antibodies. Points, mean; of three independent preparations;
bars, SD.
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CHARACTERIZATION OF A UV-SENSITIVF. CHO MUTANT, UVSI

Table I Frequency Â¡ifDNA strand breaks induced by ACNU
Cells were Irealed with 50 ug/ml ACNU for l h al 37Â°C,washed 3 times with BSS.

and incubated with common growth medium for various periods. The results show the
mean values Â±SEof two independent experiments. Alkaline elution was performed (see
"Materials and Methods") and strand break frequency was determined by Equation A

described by Kohn el at. (161.

No. of DNA strand breaks/IOK nucleotides in postincubation period

CelllineUVSI

43-3B

CHO9Oh18.4

Â±4.5
29.6 Â±0.8
34.6 Â±7.94h3

1.3 Â±2.4
32.8 Â±4.5
17.0 Â±4.112

h33.0

Â±7.0
38.0 Â±1.4
29.1 Â±6.924

h9.4

Â±1.5
9.5 Â±2.8

13.9 Â±5.8
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Fig. 4. Number of DNA interstrand cross-links in UVSI (Ã€).43-3B (â€¢).and CHO9

(â€¢) treated with ACNU, the results of two independent experiments. The number of
cross-links were calculated by equations introduced by Kohn and Erickson (Refs, 16 and
17; see also "Materials and Methods").

complement the UV sensitivities of CHO4PV and CHO7PV by Riboni
et a/.3 Thus, UVSI constitutes the 11th complementation group of the

UV-sensitive rodent cell line.
UVSI is 3- to 4-fold more sensitive to killing by UV than parental

cell line, CHO9 (Ref. 13; see also Fig. 1). The UV sensitivity of UVSI
is mild compared to those of other mutants from complementation
groups 1 to 5 (13).4 Two mutants which show intermediate sensitivity

to UV, UV61 (complementation group 6) and V-B11 (complementa
tion group 7), were characterized. UV61 can remove (6-4)photoprod-

ucts and have an intact incising activity after UV irradiation (30). In
V-B11 the two major UV-induced photoproducts, cyclobutane pyrim-
idine dimers and (6-4)photoproducts, can be repaired normally from

the overall genome, but the repair of pyrimidine dimers from actively
transcribed HPRT gene and the incising activity are impaired (21).
The defect in US31 is not known.

Using two specific monoclonal antibodies raised against cyclobu-
tane pyrimidine dimers and (6-4)photoproducts (19), we showed that
the removal rate of (6-4)photoproducts of UVSI was intermediate
between that of 43-3B (complementation group 1) and that of CHO9
(Fig. 3/4 ). The intermediate sensitivity of UVSI to UV may be attrib-

' R. Riboni. E. Botta, M. Stefanini, M. Numata. and A. Yosui. Identification of thÃ Ï Ith

complementation group of UV = sensitive excision repair-defective rodent mutants, sub
mitted for publication.

utable to this removal rate of (6-4)photoproducts. As for the removal
of cyclobutane pyrimidine dimers from genome overall, precise quan-
titation was difficult because pyrimidine dimers are repaired ineffi
ciently even from wild-type Chinese hamster cells (Fig. 3ÃŸ).But the

removal of cyclobutane pyrimidine dimers from UVSI cells was
distinctly lower compared to that of CHO9 cells. The results obtained
by ELISA show a completely deficient removal of (6-4)photoproducts

and pyrimidine dimers within 3 h after UV irradiation in UVSI
supporting the results of low UDS (13) and deficient incision after
UV-irradiation.

DNA strand breaks were accumulated by incubating cells in the
presence of DNA synthesis inhibitors after 10 J/m2 of UV-irradiation,

and the frequencies of accumulated strand breaks were measured by
the alkaline elution technique. These accumulated strand breaks can
mainly be considered to be the results of early incising activity of
nucleotide excision repair (2, 21, 23, 30). Previously CHO mutants
from complementation groups 1 to 5 were found to have deficiencies
in this initial incising activity of nucleotide excision repair after UV-
irradiation (23). UVSI showed reduced frequency of accumulated
strand breaks as low as that of 43-3B, which is likely to explain the
low level of UV-induced UDS in UVSI comparable to that of 43-3B
(13). Even in UVSI or 43-3B the frequency of accumulated strand

breaks increased with UV dose (Fig. 2). The defects in the mutants
may be leaky or some residual incision activity of other repair mech
anisms may exist in these cells.

As has been discussed above, UVSI turned out to be a unique
mutant exhibiting following characteristics: (a) An intermediate sen
sitivity to UV. (b) A partial defect in (6-4)photoproduct removal, (c)

A defect in cyclobutane pyrimidine dimer removal, (d) Inefficient
initial incision activity after UV irradiation. The intermediate sensi
tivity of UVSI to UV may reflect the partial defect in removing
(6-4)photoproducts, and the extremely low level of UV-induced UDS

(13) as well as low initial incising activity of UVSI comparable to
those of 43-3B may be interpreted by deficient repair of cyclobutane

pyrimidine dimers.
Many UV-sensitive rodent mutants show cross-sensitivities to var

ious DNA-damaging agents (see Ref. 31 for review). ACNU, as well

as other chloroethyl nitrosoureas, causes different kinds of DNA dam
age, including DNA strand breaks and interstrand cross-links (26-28).
In the formation of cross-links the following steps have been pro

posed; an initial chloroethylation of one strand and the subsequent
cross-linking step that takes place gradually after the initial event (27,
28). In mammalian cells O6-methylguanine-DNA methyltransferase

repairs chloroethylated monoadducts and there is a correlation be
tween the sensitivity to ACNU and activity of this enzyme (32).
Judging from the fact that even in repair-proficient CHO cells the
activity O6-methylguanine-DNA-methyltransferase is undetectable

and several UV-sensitive CHO mutants exhibited hypersensitivity to
killing by ACNU,4 excision repair seems to play an important role in

removing ACNU-induced DNA damages. Since UVSI was originally

isolated by its hypersensitivity to ACNU and was one of the hyper
sensitive groups to ACNU among UV-sensitive CHO mutants,4 it is

likely that a defect in UVSI causing this mutant the intermediate UV
sensitivity is responsible for its hypersensitivity to ACNU, although a
possibility remains that this mutant is an accidental double mutant and
the sole gene product cannot complement these two defects.

The nature of ACNU-induced interstrand cross-links is character

istic in that they are poorly repaired once they are formed (26, 29).
UVSI, as well as 43-3B, were examined in the formation and removal
of ACNU-induced DNA interstrand cross-links (Fig. 4). More than 4

4 M. Numata. unpublished results.
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h were needed to achieve an entrance to the plateau phase in the
number of interstrand cross-links, and this plateau- value of UVSI as
well as 43-3B was 1.5- to 2-fold higher than that of CHO9. Little
difference in the initial cross-linking frequencies among the three cell

lines suggests that the difference of the maximum frequency was due
to difference in repair activity. Two hypotheses are assumed to inter
pret these results; (a) excision repair systems repair ACNU-induced
precursor damages of interstrand cross-links such as monoadducts, but
do not repair interstrand cross-links. In this case the difference of
plateau values of interstrand cross-link frequencies among UVSI,
43-3B, and CHO9 can be explained by the different efficiencies in
removal of the precursors, (h) Interstrand cross-links are repaired by

excision repair systems, although not efficiently enough, and after 4 to
24 h of postincubation, the interstrand cross-link frequencies reach

plateau due to the balance of formation and removal of interstrand
cross-links.

Hoy et al. (33) studied two UV-sensitive CHO mutants and found
a good correlation between the sensitivity to a cross-linking agent,
diepoxybutane, and the maximum number of the cross-links measured

by alkaline elution technique. In this work we could not see distinct
difference in the maximum values of interstrand cross-links caused by
ACNU between UVSI and 43-3B, in spite of different sensitivity to

this agent. Although some specific steps of nucleotide excision repair
are likely involved in removal of interstrand cross-links, other classes
of DNA damages besides interstrand cross-links may play more im

portant roles for the killing effect of ACNU. As Wu et al. (34)
hypothesized in their recent paper, DNA intrastrand cross-links might

be a critical determinant.
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