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A CHO mutant, UV40, that is sensitive to diverse mutagens and
represents a new complementation group of mitomycin C
sensitivity
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Abstract

A new mitomycin C (MMC)-sensitive rodent line, UV40. has been identified in the collection of ultraviolet light- (UV-)
sensitive mutants of Chinese hamster ovary (CHO) cells isolated at the previous Facility for Automated Experiments in Cell
Biology (FAECB). It was isolated from an UV mutant hunt using mutagenesis of AA8 cells with the DNA intercalating
frameshift mutagen ICR170. It is complemented by CHO-UV-1, irsl, irs3, irs1SF. MC5, V-C8 and V-H4 with respect to its
MMC sensitivity based on cell survival. Despite having approx. 4 X normal UV sensitivity and increased sensitivity to UV
inhibition of DNA replication, it has near-normal incision kinetics of UV irradiated DNA, and normal (6-4) photoproducts
removal. It also is not hypermutable by UV, and shows near normal levels of UV inhibition of RNA synthesis. UV40 also
has approx. 11 X, 10X, 5X and 2 X AAR sensitivity to MMC, ethyl methanesulfonate (EMS), methyl methanesulfonate
(MMS), and X-rays, respectively. Thus, its defect apparently does not involve nucleotide excision repair but rather another
process, possibly in replicating past lesions. The spontaneous chromosomal aberration frequency is elevated to 20% in
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UV40, and the bascline frequency of sister chromatid exchange is also ~ 4-fold increased. The phenotype of UV40 appears
to differ from all other rodent mutants that have so far been described.

Keywords: DNA repair; Fanconi's anemia; Mitomycin C; Mutants; Rodent; Ultraviolet light

1. Introduction

The collection of ultraviolet light- (UV-) mutant
Chinese hamster ovary (CHO) cells from the Facility
for Automated Experiments in Cell Biology (FAECB)
(Busch, 1980; Busch et al., 1980, 1994) has con-
tributed representatives of several new rodent com-
plementation groups (CGs), including UV24 and
UV41 in CGs 3 and 4 (Thompson et al., 1981), and
UV135 and UV6! in CGs 5 and 6 (Busch et al,,
1994). The FAECB was closed in 1980 due to
funding problems (Harris, 1980a,b; Petit, 1980).
UV4l was subsequently used to clone the ERCC4
gene (Thompson et al., 1994); UV 135 used to clone
the ERCCS5 gene (Mudgett and Maclnnes, 1990);
and UV6I used to clone the ERCC6 gene (Troelstra
et al., 1990, 1992). The mutant irs1SF, isolated at the
FAECB as an X-ray sensitive clone (Fuller and
Painter, 1988), is the sole representative of a mito-
mycin C (MMC)-sensitive CG of rodent cells (Col-
lins, 1993; Thompson, 1989). irs1SF, like other pro-
totype rodent MMC-sensitive mutants, such as irsl
and V-C8 (Jones et al., 1993; Overkamp et al.,
1993), is also sensitive to UV as well as to X-rays
and ethyl methanesulfonate (EMS). Until recently,
irs1SF was the only identified CHO FAECB mutant
with this pattern of mutagen sensitivity.

UV40 had previously been found not to be in
rodent UV CGs 1-3 and thus to represent a rare UV
sensitive CG (Thompson, L.H., unpublished data).
Because of its moderate UV sensitivity and poor
growth, it was not further characterized until re-
cently. During the complementation assignment of
over 70 moderately UV sensitive mutants from this
collection (Busch et al., 1994), mutant UV40 was
studied further, leading to the discovery that this
mutant apparently is not defective in nucleotide exci-
sion repair. This finding, along with its unusual
near-exponential UV survival curve, and its much
higher sensitivity to MMC than to UV, led to an
attempt to assign the mutant to one of the known
rodent CGs for MMC hypersensitivity. Fusions with

representatives of seven CGs of MMC-sensitive ro-
dent cells (Jones, 1994; Overkamp et al., 1993) have
led to the discovery that UV40 represents a new
group. Characterization of this mutant also shows
phenotypic traits that appear unique among mutants
reported to date.

2. Materials and methods
2.1. Mutant

As previously described (Busch, 1980; Busch et
al., 1980, 1994), UV40 (FAECB No. 361-114-33)
was isolated using the FAECB’s semiautomated
method following ICR-170 mutagenesis of AAS8 cells,
1.0 pg/ml for 18 h. This mutant had a negative
Hoechst 33258 mycoplasma test at the AFIP (Armed
Forces Institute of Pathology, Walter Reed Army
Medical Center, Washington DC).

2.2. Complementation group assignments

CG1-6 (CHO) (Busch et al., 1989, 1994; Thomp-
son et al., 1981, 1987) mutant TOR (6-T hioguanine
and Ouabain Resistant) derivatives UV20TOR,
UVSTOR, UV24TOR, UV41TOR, UVI35TOR, and
UV6ITOR and CG8 (1.5178Y) (Thompson et al.,
1988) mutant TOR derivative US31TOR were iso-
lated at Livermore. CG7 (V-79) (Zdzienicka et al.,
1988) mutant TOR derivative V-B11TOR was iso-
lated at Leiden. CG9-10 (CHO) (Stefanini et al.,
1991) mutant TOR derivatives CHO7PVTOR and
CHO4PVTOR were isolated at Pavia. CG11 (CHO)
(Riboni et al., 1992) mutant TOR derivative UVSI
TOR was 1solated at the AFIP from a UVS1 culture
generously donated by Dr. Akira Yasui. CHO-UV]
TOR, MCS5TOR, irs1TOR, and irs3TOR were iso-
lated from the parental (non-TOR) MMC mutants by
N. Jones (Jones et al., 1988; Jones, 1994). irs] TOR
was provided to M. Zdzienicka by John Thacker.
The V-H4 (Zdzienicka et al., 1990; Studzian et al.,
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1994) TOR derivative, and also irs1SFTOR and
V-C8TOR were isolated at Leiden. CG assignments
were performed as previously described for UV stud-
ies (Thompson et al., 1981; Busch et al., 1994) as
well as for MMC studies (Jones, 1994; Overkamp et
al., 1993). UV1 was previously shown to be in a
different MMC CG than UV20 and UV41 (Hoy et
al., 1985); and UV1, UV20, UV4l, irsl, and irsiSF
were subsequently all shown to be in different MMC
CGs (Jones et al., 1990).

2.3. DNA incision assay

Cells were inoculated at 10° per 35 mm tissue
culture dish in 1 ml of Glasgow-modified Minimal
Essential Medium with 5% fetal calf serum and 5%
newborn calf serum in an atmosphere of 6% CO, at
37°C, with addition to the medium of [merhyl-
*Hlthymidine (Amersham, 13.5 Ci/mmol) at 0.1
mCi/ml. After overnight incubation, the medium
was replaced with non-radioactive medium. One hour
later, the medium was briefly removed for irradiation
with 254 nm UV at a dose rate of 0.25 J/m’ per s.
One group of dishes received inhibitors (2 mM
hydroxyurea, 0. mM 1-B-D-arabinofuranosylcyto-
sine, and 5 mM aphidicolin), from 30 min before
irradiation until 30 min afterwards. Inhibitors were
added to the remaining dishes at 4 h after irradiation;
incubation with inhibitors then continued for 30 or
60 min. At the end of the incubation period, cells
were rinsed with 1 ml of phosphate-buffered saline
(PBS) and lysed with 1 ml of alkaline sucrose (5%
sucrose, 0.3 M NaOH, neutralized with 0.25 ml of |
M KH,PO,), and the lysates were sonicated and
diluted to 20 ml with H,O and 0.05% sodium lauryl
sulfate. The percent of DNA unwound in alkali was
measured by hydroxyapatite chromatography, and
the frequency of DNA breaks calculated as previ-
ously described (Squires et al., 1982).

Incubation of UV-irradiated cells with inhibitors
of DNA synthesis typically causes an accumulation
of DNA breaks, representing DNA repair sites at
which incision has occurred but repair synthesis and
ligation are prevented. This is the basis of the inci-
sion assay, applied here to UV40.

To gain an accurate measure of incision, it is
crucial to maximize the inhibition of repair DNA
synthesis. Hydroxyurea and 1-B-D-arabinofurano-

sylcytosine cause a greater accumulation of (UV-de-
pendent) DNA breaks than when either is present
singly (Collins and Oates, 1987). For the present
work, a mixture of hydroxyurea, [-B-D-
arabinofuranosylcytosine, and another inhibitor,
aphidicolin, was applied. Rather higher levels of
DNA breakage may be obtained if the inhibition is
well established at the time of irradiation by preincu-
bating cells with inhibitors (Collins et al., 1982).

2.4. (6-4) photoproducts assay

The time course of excision of (6-4) photoprod-
ucts was studied for UV40 and AAS8 as previously
described (Mitchell et al., 1988), following 20 J /m?
of UV.

2.5. UV inhibition of DNA svnthesis

Cells, incubated at 10° per 35 mm tissue culture
dish in 1 ml of the cold medium used in the incision
assay, were incubated overnight and then irradiated
with 254 nm UV, 0.25 J/m?, at a range of doses. At
intervals, [*H]thymidine (0.1 mCi/ml) was added to
sample dishes for 1 h, after which cells were rinsed
with PBS and lysed with 1 ml of 0.5 M NaOH. DNA
was precipitated by adding 1 ml of 20% (w/v)
trichloroacetic acid, chilled at least 30 min, and
filtered onto glass circles (Whatman GF/C), and
radioactivity was measured by scintillation counting.
At each time point, incorporation of [*H]thymidine
into DNA is expressed as a percent of the incorpora-
tion in mock-irradiated control cells at corresponding
times.

2.6. UV inhibition of RNA synthesis

Cells were studied as previously described (Mayne
and Lehmann, 1982; Troelstra et al., 1992), using
both single-time multiple-dose and single-dose mul-
tiple-time experiments, with the following modifica-
tions or conditions:

For single-dose multiple-time experiments, cells
were incubated overnight (17 h) with ["Clthymi-
dine-containing HEPES buffered Ham F10, and then
irradiated with 7.5 J/m? of UV (254 nm). They
were refed with nonradioactive medium, and then
incubated for 1 h with [*Hluridine medium at 0, 3, 7,
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and 17 h after UV. Lysis (confirmed by microscopy)
was performed with 0.5 ml/dish of fresh 0.2-0.3 M
NaOH, with solution then placed in a 25 ml scintilla-
tion vial with 7.5 ml of Packard Hionic Fluor scintil-
lation fluid, and shaken, followed by counting for at

ot 14
least 10 min/ Vldl using a H/ C dual program.

Unirradiated dish *H/ ' C ratio was defined as 100%
for each cell line.

For single-time multiple-dose experiments, cells
were rinsed with PBS after 24 h of [*Clthymidine
labeling, and irradiated with 0, 1, 2.5, 5, 7.5 and 10
J/m* of UV. They were refed with nonradioactive
medium and incubated for 17 h. They then were
given the [*Hluridine pulse, cold medium chase,
Iysis, and counting as with the multiple-time singie-
dose experiments.

2.7. UV survival studies

These were performed as described elsewhere
(Busch, 1980; Busch et al., 1980), using the integrat-
ing UV irradiator system.

2.8. EMS, MMC, MMS, and X-ray survival studies

Treatment conditions were as follows: X-rays,
100 kV treatment with up to 800 rad (800 cGy) for
AAR and 400 rad for UV40 with 3 n\r /mln dose

s ar LIRS RS LV

rate, 8 mA current, 0.78 mm Al ﬁ]ter, EMS, 1-h
treatment with up to 30 mM for AA8 and 10 mM for
UV40; MMC, 24-h treatment with up to 160 ng/ml
for AA8 and up to 10 ng/ml for UV40; and methyl
methanesulfonate (MMS), 1-h treatment with up to 2
mM for AA8 and 0.5 mM for UV40.

2.9. UV mutability studies

UV mutability of AA8 and UV40 to 8-azaadenine
(8-AA) resistance (80 mg/m! in a MEM with 10%
dialyzed fetal bovine serum, Gibco) was measured as
previously described (Thompson et al., 1980), but
with substitution of several 175-cm? tissue culture
flasks for each spinner flask. Cultures were grown up
to approx. 108 cells from aliquots of < 100 cells and
then frozen down in several vials per culture, with
one vial used o Vt:l'lly iow vaCngTOuuu of 8-AA-re-
sistant mutant colonies. Expression time was 3 days
after irradiation of 1.1 X 107 cells /100-mm dish uvs-

ing the integrating UV irradiator, with effacement by
dacron swab of cells on the edge of the dish. 5 X 10°
irradiated or control cells were plated in 100-mm
dishes with 30 ml of 8-AA selective medium. UV
mutability to 6-thioguanine (6- TG) resistance was

pCTlOITﬂC(l ds prekusly described unompson et al

1982).

2.10. Clastogenesis and sister chromatid exchange
with MMC

Exponentially growing AA8 and UV40 cells were
treated with different concentrations of MMC for 24
h. The cells were washed and allowed to recover for
21 h in normal medium or for 43 h in medium
containing 5 mM bromodeoxyuridine. For estimating
frequency of chromosomal aberrations, the cells fixed
at 21 h were stained with 5% aqueous Giemsa
solution for & min. One hundred meta_nhases were
scored for each point. Data for chromosomal aberra-
tions are from two separate experiments. Cells fixed
at 43 h were processed for estimating the frequency
of SCEs. The slides were stained by FPG (fluo-
rescent plus Giemsa) technique (Perry and Wollff,
1974). Twenty-five cells were scored for each point

& QT

for determination of the Irequenueb OI DL LS.

3. Results
3.1. General growth characteristics of UV40

UV40 cells are noticeably abnormal in terms of
their growth properties. They attach inefficiently to
plastic and have a rounded appearance; this feature
complicates survival measurements based on colony

iy ahal Thoy ha o nlating afficiane~

£~
1OTHIINE auuuy 1ICY navc a piaung uui\,i\,u\.y of

~ 50% compared to ~ 80% for AAS cells, and their
doubling time is 18 h compared to 12 h for AAS

cells.

3.2. Profile of sensitivity to standard DNA-damaging
agents

The mutant UV40 was originally isolated as an

TIU) cmnsmcabie-n samzadnea rivro Tewrao
Uy bCllblllVC mutant. lllC Sury v1va1 Curves bllUW“ lll

Fig. 1A show that this mutant has substantial UV
sensitivity. Using the D,, values as a simple mea-
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Fig. 1. Hypersensitivity of UV40 cells to killing by various DNA
damaging agents. (A) UV irradiation; (B) X-rays; (C) MMS; (D),
EMS; (E), MMC. Symbols: AAB cells, squares; UV40 cells,
circles. (A) Different symbols represent different experiments.
Cells were exposed to various agents as described in Section 2:
Materials and methods.

sure of sensitivity, UV40 is ~ 4-fold more sensitive
I.lldll ulC parental 1'\1'\0 LCllb ll lb dlbU IIUlCWUllIly
that there is little or no shoulder on the survival
curves of 1IV40, a feature also seen with the V79
mutant irsl (Jones et al., 1987). This degree of UV
sensitivity is less than that of the mutants belonging
to nucleotide-excision-repair complementation
groups 1 through 5 (Thompson et al., 1981; Thomp-
son and Carrano, 1983) but is similar to UV61
(Thompson et al., 1989), a mutant in complementa-

tion group 6 that appears defective in the preferential

repair of active genes (Lommel and Hanawalt, 1991).

To see whether UV40 shows a mutagen sensitiv-
ity profile like that of previously described mutants,
several other commonly used DNA damaging agents
were tested. UV40 is slightly cross-sensitive to X-ray

damage (Fig. 1B), showing 2-fold hypersensitivity.

The simple alkylating agents methyl methanesul-
fonate and ethyl methanesulfonate gave much higher
sensitivities, approx. 7-fold and 10-fold, respectively
(Fig. 1C and D). Finally, a prototype cross-linking
agent, MMC, was examined, and this agent also
showed a substantial degree of hypersensitivity (~
11-fold) (Fig. 1E). Thus, it is apparent that UV40
has a wide spectrum of DNA damage sensitivity,
which is reminiscent of irsl (Jones et al., 1987)
although irs1 has significantly more MMC sensitiv-
ity (60-fold).

3.3. Complementation group analysis

Given the relatively high sensitivity of UV40 to
MMC, it was of interest to determine whether this
mutant might belong to the same complementation
group as other MMC-sensitive rodent lines. The
mutants used in this analysis were from V79 hamster
cells (V-C8, V-H4, irsl and irs3) or from CHO
hamster cells (irs1SF, MC5 and UV1). irsISF and
MCS5 are derived from the AAS8 parental line while
UV1 descended from CHO-K1. Fig. 2A shows the
results of analyzing hybrids derived from fusions
between UV40 with V-C8 and V-H4 lines that carry
the ‘TOR’ drug resistance markers used as previ-
ously described (Thompson et al., 1981). The two
hybrids were even more MMC resistant than the
wild-type parental lines, showing clear complementa-
tion. Hybrids formed with UV40 versus irsl and
irs1SF are shown in Fig. 2B. Again, their resistance
was in the range of the wild-type lines. A separate
complementation study performed under different
MMC exposure conditions was done to test for

r‘nmrﬂpmpnfnnnn of UV40 hv three other mutantc
.................... three other mutants

(1rs3, MCS3, and UV1), Wh]Ch are less sensitive to
MMC than the mutants just described (results shown
in Fig. 2C). Again, all three hybrid lines were highly
resistant to MMC, implying efficient complementa-
tion. From these experiments we conclude that UV40
represents a distinct complementation group from the

other seven mutants tested here. UV40 was also used
to form hybrids with TOR derivatives of each of the

11 established comnlementation erouns of nuclectide
WL UIIJLIVG VULIIPI\IIII\JIIL“I’IUII Eluuk’o Vi Huvivuniuy

excision repair mutants. Hybrids tested for their sur-
vival to UV irradiation were resistant, indicating that
UV40 does not fall into any of these 11 complemen-
tation groups (data not shown).
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Fig. 2. Complementation analysis of UV40 hybridized with
MMC-sensitive mutant lines. (A) Symbols: V-C8, ¢; V-H4, v,
UV40, O; AAS, O0; V79, B: UV40 X V-H4TOR, @; UV40X V-
C8TOR, <. (B) Symbols: irsl, O; irsI1SF, 4; UV40Xirs]TOR,
4 ; UV40Xirs1SF TOR, @; UV40, AA8 and V79 as defined in
(A). (C) Symtols: MC5TOR, crosses; irs3TOR, a; UVITOR, ¢;
UV40 Xirs3TOR, ©; UVAOX MCSTOR, a; UVAOXUVITOR,
@; other symbols as defined in (A). Exposure to MMC was for 24
h in (A) and (B); continuous exposure was used in (C).

3.4. Analysis of incision kinetics following UV irra-
diation

oes show substantial UV sensitivity,
it seemed possible that it might be partially defective
in the ability to remove UV photoproducts by the
incision /excision reaction that has now been well
characterized in vitro (Mu et al., 1995; Aboussekhra
et al., 1995). Break accumulation was examined as a
function of UV fluence (1-5 J/m?) over several
hours following exposure in UV40, wild-type AAS
cells, and the repair—deﬁcient mutant UVI135 from
LUluplcnucluauuu Eioup 5 (11101‘1‘1}‘)8()‘1‘1 and \,arrana,
1983), which is a homolog of xeroderma pigmento-
sum group G (O’Donovan and Wood, 1993). AAR
cells showed a high level of incision immediately
after irradiation (slightly increased if cells were
preincubated with inhibitors). Significant (but much
lower) incision activity was detected at 4-5 h after
UV. As expected. UV 135 had levels of incision that
were only slightly above background (with appar~
eﬁtly rather more aCuvuy at later times) ( \r‘lg 3A).
Incision in UV40 was somewhat lower than that of
AAR at early times but significantly higher than AAS8
during the 4-5-h interval (Fig. 3B). The lack of
substantial accumulation of breaks in 4 h without
inhibitors indicates that the ligation process is not
defective in these cells. These results suggest that
repair is initially slower but persists longer in UV40
cells compared with wild-type cells.

3.5. Remoual of pyrimidine( 6-4)pyrimidinone
photoproducts

As an independent measure of repair, we exam-
ined the removal of (6-4) photoproducts using spe-
cific antibodies (Mitchell et al., 1985). As shown in

Fio 4 thare wac no cionificant differance hetweaen
clg. &, WeTe was no signiniCant Girerence oeiween

UV40 and the parental AAS8 cells in the kinetics of
removal of this photoproduct. These results further
confirm that there is no apparent defect in the re-
moval of UV photoproducts in UV40 cells. This
conclusion suggests that there is some other kind of
defect in the way UV40 responds to DNA damage.

3.6. Inhibition of DNA replication by UV irradiation

DNA replication after UV exposure was exam-
ined in order to get some insight into the nature of
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DNA breaks per 10 daltons

UV fluence (J/m?2)

0 1 2 3 4 5
UV fluence (J/m?2)

Fig. 3. Accumulation of incision breaks after UV exposure and incubation with DNA synthesis inhibitors. (A} AA8: inhibitors present from
0-0.5 h (m), or from 0-0.5 h with a 0.5 h preincubation (0), from 4—4.5 h (@), or 4-5h (O). UV135; 0-05 h($), 4-45h (#),4-5h
(). (B) UVAO; inhibitors present from 0-0.5 h (01). 4-4.5 h (), 4--5 h (O). The triangles represent UV4Q cells incubated for 4 h without

inhibitors.

the biochemical defect in UV40 cells. Wild-type
AASB cells showed a dose-dependent inhibition of
DNA replication following exposure to 1, 5 or 20
J/m? (Fig. 5A). The highest fluence gave a pro-
nounced inhibition to about 30% with no recovery
occurring over a 24-h period. UV40 cells were simi-

0.75

05

0.25

Fraction (6-4) photoproducts remaining

0 1 1 1 1
0 5 10 15 20 25

Time for repair (hr)

Fig. 4. Kinetics of removal of (6-4) photoproducts after UV
irradiation. AA8 (I0) and UV40 (O).

lar to AAS8 cells at 1 J/m* but considerably more
sensitive than AAS8 at 5 J/m? (Fig. 5B). By 7 h after
irradiation with 5 J/m?, AA8 cells had recovered to
100% but UV40 showed a continued decline. As a
negative control, we examined the highly repair-defi-
cient UV135 cells (Fig. 5B). UV135 had signifi-
cantly more inhibition than UV40 at both fluences
tested. We conclude from these data that UV40 is
abnormally hypersensitive to inhibition of DNA
replication by UV damage although it is somewhat
less sensitive than UV 135, which does not signifi-
cantly remove UV photoproducts.

3.7. Inhibition of RNA synthesis by UV irradiation

RNA synthesis after UV was studied in AAS,
UV40 and UV61 in order to see if UV40 shares the
UV sensitivity of RNA synthesis that is present in
mutants in rodent complementation group 6
(Cockayne’s syndrome group B homolog), which are
similar in UV sensitivity to UV40 and which show
normal UV excision repair in the unscheduled DNA
synthesis assay (Busch et al., 1994). Fig. 6A shows



216 D.B. Busch et al. / Mutation Research 363 (1996} 209-221

severe inhibition of RNA synthesis in UV61 18 h
after UV irradiation, with 80% inhibition at 10J/ m>.
In contrast, AA8 and UV40 both show about 20-25%
inhibition. At lower UV levels, UV40 RNA synthe-
sis levels are slightly lower than AAS levels, but this
does not appear to be significant. Fig. 6B shows
inhibition of RNA synthesis in the same three lines
at 1, 4, 8 and 18 h after 7.5 J/m2 of UV. Again,
inhibition is extreme in UV61 relative to AA8; UV40
shows a slightly lower level than AAS8, but much
closer to AAS than to UV61 and probably not signif-
icantly different from AASB. Thus, UV40 shows little
or no sensitization in UV inhibition of RNA synthe-
sis compared to AAS.

Percent of initial DNA synthesis

Percent of initial DNA synthesis

0 1 1 1 1
0 5 10 15 20 25

Time after UV (hr)

Fig. 5. Inhibition of DNA synthesis by UV irradiation. (A} AA8
cells exposed to 1, 5 or 20 J/ m? (open, closed and half closed
squares, respectively). (B) UV40 exposed to 1 or 5 J/m? (closed
and open diamonds, respectively); UV 135 exposed to | or 5 J /m’
(closed and open triangles, respectively).

A
9
>
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>
5
+
0 — T T T !
0 2 4 6 8 10
UV dose (J/m%
B

+UV/-UV (%)
(2]
o
| R N T B
[T AT
c/ i

time post UV (hours)

Fig. 6. inhibition of RNA synthesis by UV in AA8 (O), UV40
(). and UV61 (O). Error bars (mean + standard error of mean)
omitted when space between bars is smaller than height of symbol
(square, triangle, or circle). (A) RNA synthesis with labeling 18 h
after UV irradiation, using different UV levels. (B) RNA synthesis
with labeling 1, 4, 8 and 18 h after 7.5 J/m? of UV.

3.8. UV-induced mutations in UV40 versus AAS cells

The mutability of UV40 was tested in two inde-
pendent experiments in different laboratories. In one
experiment, mutations at the sprt locus were mea-
sured using 6-thioguanine resistance and very long
expression times that took into account the slow
growth rate of the cells (Fig. 7A). The induced
mutation frequencies were similar to what was re-
ported in a previous study for AAS8 cells. In the
second experiment (Fig. 7B), mutations were mea-
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Fig. 7. UV-induced mutagenesis in AA8 and UV40. (A) UV-in-
duced mutations for 6-thioguanine resistance in UV40 after 10 or
12 days expression (O and O, respectively). Spontaneous fre-
quencies were 7X107% and 9107 at 10 and 12 days. The
dotted line is for previously published data on wild-type AAS8
mutability (Thompson et al., 1982). (B) UV-induced mutations for
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8-azaadenine resistance measured after 3 days expression. AAS8

cells (circles) and UV40 cells (O).
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sured at the aprt locus using 8-azaadenine and a
short expression time that had previously been shown
to be adequate for AAS8 cells (Thompson et al.,
1980). In this case, efficient mutation induction was
seen with AA8 cells, but no significant induction

occurred with UV40 celis. To reconcile these coliec-
tive data we conclude that the UV mutability of

UV40 is likely in the normal ranee but that a nro-
uv4al s & nge na pr

1RCLy 0 UL HVIna:

tracted expression time is probably needed to detect
mutations at the aprt locus.

3.9. Spontaneous and induced chromosomal
aberrations in UV40 vs. AAS cells

In untreated cultures, the frequency of sponta-
neous chromosomal aberrations was 6-fold higher
than in AAS cells, with 20% of the cells showing
aberrations. This result indicated a high degree of
P T4 POTINRY £ 0 TG PR T T g S S

1Ste Ulllly \ldUlC 1} UpUll CApusuic [y

V40 cells were extremely sensitive.
th es gl\'mn to UV40 were 10-fold
lower than those given to AAS cells, higher levels of
aberrations were seen in UV40 at all MMC doses.
This result is consistent with the survival data (Fig.
1E), which showed that UV40 was at least 10-fold
more sensitive. In comparing the types of aberra-
tions, there were more induced chromatid exchanges
than chromatid breaks in both ceil lines. Induced
chromosome breaks and exchanges occurred at con-

5 kil 2
siderably lower

et mo i ]
CHIOLIO>UIIAL

Even fhough the HOSN

lavale and wara mracant at annenvi_
1ICVEIS aiia Wi PIesiit at appiOXi

mately equal frequencies in both cell lines. Chro-
matid gaps, which were not included in the total
aberrations, were also seen in all cultures.

Table 1
Mitomycin C clastogenesis of AA8 and UV40 {(data are percent of cells with aberrations)
Cell MMC No. cells  Chromatid  Chromatid Chromatid Chromosome  Chromosome  Total Cells with
line (ng/ml)  scored gaps breaks exchanges  breaks exchanges aberrations,  multiple
excluding aberrations
gaps
AAS8 0 200 9 1 0.5 0.5 1.5 3.5 0
20 100 14 1 1 0 3 5 0
40 200 12 215 32 4 45 62 115
80 100 20 19 27 11 15 72 12
Uuv4o 0 200 12 6.5 3 2.5 8.5 20.5 0
2 100 16 25 21 4 13 63 0
4 200 33 42 57 6.5 115 117 1
8 100 31 53 100 9 9 171 I
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.10. Spontaneous and induced sister chromatid

changes in UV40 vs. AAS cells
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Sister chromatid exchange (SCE) is a more subtle,
sensitive form of chromosome alteration than aberra-
tions and is induced by a wide variety of DNA
damaging agents (Perry and Evans, 1975). UV40 has
a very high baseline of SCE, 3.7-fold higher than
that of AA8 cells. After exposure to MMC, UV40
showed extreme sensitivity to induction of SCE (Fig.
8). Although the doses given UV40 were 10-fold
lower, the SCE levels, like aberrations, were higher
than in AAS cultures. Thus, UV40 has both a high
baseline and high MMC-induced SCE. The high
baseline SCE may not be due entirely to spontaneous
SCE since it has been shown that the 5'-
bromodeoxyuridine used in the standard protocol can
itself induce a large proportion of the baseline SCE

(Pinkel et al., 1985).

In this study, we presented the initial characteriza-
tion of the UV40 celi line derived from CHO AAS
cells and isolated using the Facility for Automated
Experiments in Cell Biology (FAECB). A large col-
lection of FAECB mutants that are defective in
nucleotide excision repair was characterized and de-
scribed during the last 15 years (Busch et al., 1980,

1090 100QA. Th amaiaomn 1QQ1. T vty A A
1707, 1774, Lutposuil ct (11 1701 lllUlllpDUll aliu

Carrano, 1983; Thompson, 1989). Mutant UV40,
while showing ~ 4-fold UV sensitivity is almost

certainly not defective in the NER pathway and must
therefore represent a different kind of UV-sensitivity
defect. We have shown here that the incision of
DNA in UV-irradiated UV40 cells was quite effi-
cient early after irradiation, and between 4 and 5 h

ldlCI lnC lCVClb were duuauy mgncr lﬂd[l lﬂ A/‘\O
cells (Fig. 3). The kinetics of removal of (6-4)

nhntnnrnrhmtg were pccpntmll\/ normal (F|a A\ The

AL

RNA study (Fig. 6) shows no evidence for a severe
deficiency in preferential repair of actively tran-
scribed genes (Troelstra et al.. 1992). The UV-in-
duced mutation frequencies at the Aprt locus were in
the normal range, which is consistent with there
being normal removal of UV photoproducts. The
fack of induced mutants at the aprt locus suggests a
requirement for a prolonged expression time with
this slow- éxuwiﬁg mutant (F:g 6) The CHO-K!
mutant UV-] also shows abnormal nucleotide exci-
sion repair but appears to have a defect in a
postreplication recovery process (Stamato et al.,
1981).

The defect in UV40 could lie either in a process
that is associated with the bypass of lesions by the
DNA replication machinery or in the maturation of
newly rep]icated DNA. Alternatively, the defect
might lie in the pathways that regulate the cell cycie
in response to DNA damage, e.g., checkpoint con-
trols. The DNA synthesis inhibition data (Fig. 5)
may give some clues since the response of UV40 is
clearly abnormal. At 5 J/m” the pattern of inhibition
in UV40 more closely resembled that of an NER-de-
ficient mutant (UV135) than that of wild-type cells.
This behavior suggests that UV40 has a substantial
UV-induced block to DNA replication. Such a block
might conceivably arise if the normally efficient
bypass of lesions during replication were diminished

ar noscihly if 2 minor euhcet of the 1TV nhotanrod-
Or pOSSIoiY 1T 4 MINOT sudset 01 e UV pnoloprod

ucts were not susceptible to repair. It is noteworthy
that a fluence of 1 J/m? incudes ~ 10* photoprod-
ucts per cell, which causes little lethality in ex-
tremely repair-deficient cells, e.g., XPA or CHO
UV135. This consideration emphasizes that normal
cells can carry a substantial burden of unrepaired
damage that the DNA replication and transcription
machinery tolerate without lethal consequences.

Diaclaogs of MNA ranbinatinn at laciang micht alcn
DIOCKAEC O L/iNA loyu\,auuu ac 1CSI0NS Mignt ass

account for the somewhat delayed removal of lesions
seen at 4-5 h (Fig. 3), presumably mostly cyclobu-
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tane dimers, if such blocks were to prevent access to
the photoproducts by the DNA repair complexes.

The profile of mutagen hypersensitivity can also
provide clues as to the nature of the defect in a
mutant. UV40 displays a broad spectrum of hyper-
sensitivity that is rather similar to that of the V79
mutant irs1 (Jones et al., 1987) and somewhat simi-
lar to that of irs1SF, which has less hypersensitivity
to (m)ethyl methanesulfonate and UV than UV40,
but more hypersensitivity to MMC. The cDNAs that
correct irsi and irs1SF (designated XRCC2 and
XRCC3, respectively) have been cloned and se-
quenced (Tebbs et al., 1995; L. Thompson, N. Liu, J.
Lamerdin, and A. Carrano, unpublished results), but
the biochemical functions encoded by these genes
are currently unknown. The high spontaneous chro-
mosomal aberrations (20%) in UV40 also resemble
the increase seen in irs1SF, but the high baseline
SCE does not since irs1SF has normal SCE (Fuller
and Painter, 1988). irsl and UV40 have in common
a predominance of chromatid-type aberrations after
MMC treatment, with chromatid exchanges being
particularly prevalent. The XRCC! mutant EM9 has
10-fold elevated SCE compared with ~ 4-fold eleva-
tion in UV40. UV40 grows rather slowly and has
reduced plating efficiency, additional features that
are prominent in irs1SF. These similarities suggest
that the defect in UV40 might lie in the same
pathway as the defect in irs1 and/or irs1SF, but the
phenotypes of these three mutants are distinctly dif-
ferent. It also should be noted that irs!, irsl1SF,
UV40 and V-C8 all share extreme MMC sensitivity,
moderate UV sensitivity, and chromosomal instabil-
ity.

The genetic complementation analysis based on
the sensitivity of hybrid cells to MMC points to
UV40 being a new group that is distinct from the
other mutants tested (UV-1, MCS3, irs1SF, irsl, irs3,
V-C8 and V-H4). Additional mutants that have less
extreme MMC hypersensitivity [MMC1, MMC3,
MMC4 and MMS?2 (Robson et al., 1985; Robson and
Hickson, 1989)] were not tested, but these mutants
display little or no UV or X-ray hypersensitivity.
Therefore, it seems unlikely that UV40 is defective
in the same genetic locus as one of these latter
mutants.

The question arises as to whether the defect in
UV40 might correspond to that in a human DNA

repair disorder. The hypersensitivity to MMC and
elevated spontaneous chromosomal aberrations are
characteristic of Fanconi anemia cells (dos Santos et
al., 1994), of which one complementation group is
homologous to V-H4 (Arwert et al.. 1991), but other
features such as the elevated SCE and the high
sensitivity to (m)ethylating agents would argue
against this possibility. However, not all complemen-
tation groups of Fanconi anemia have been well
characterized, and heterogeneity may exist among
the groups. It also could be a Roberts syndrome
homolog (Burns and Tomkins, 1989), although
Roberts syndrome has other cytogenetic abnormali-
ties. Since a ¢cDNA (designated XRCC9) that cor-
rects UV40 has been cloned recently (N. Liu and L.
Thompson, unpublished results), it will be possible
to test this sequence for its ability to correct the
various complementation groups of Fanconi anemia
cells.
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