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ABSTRACT

Whole cell extracts from human lymphoid cell lines can perform in
vitro DNA repair synthesis in plasmids damaged by agents including L'Y

or r/i-diamminedichloroplatinum(II) (cii-DDP). Kxtracts from xero-
derrna pigmentosum ( \l'i cells are defective in repair synthesis. \Ve have

noÂ»studied in vitro DNA repair synthesis using extracts from lympho-

blastoid cell lines representing four human hereditary syndromes with
increased sensitivity to DNA-damaging agents. Extracts of cell lines from
individuals with the sunlight-sensitive disorders dysplastic nevus syn
drome or Cockayne's syndrome (complementation groups A and B)

showed normal DNA repair synthesis in plasmids with I \ photoprod-

ucts. This is consistent with in vivo measurements of the overall DNA
repair capacity in such cell lines. A number of extracts were prepared
from two cell lines representing the variant form of XP (\P-V). Half of

the extracts prepared showed normal levels of in vitro DNA repair
synthesis in plasmids containing I \ lesions, but the remainder of the
extracts from the same cell lines showed deficient repair synthesis,
suggesting the possibility of an unusually labile excision repair protein
in XP-V. Fanconi's anemia (FA) cells show cellular hypersensitivity to
cross-linking agents including <n-1 >I>I'. Kxtracts from cell lines belonging

to two different complementation groups of FA showed normal DNA
repair synthesis in plasmids containing c/j-DDP or l"V adducts. Thus,

there does not appear to be an overall excision repair defect in FA, but
the data do not exclude a defect in the repair of interstrand DNA cross
links.

INTRODUCTION

Cells from patients with several different human hereditary
diseases show hypersensitivity to mutagens. Among the most
studied of these diseases are XP,4 CS, DNS, and FA. These

syndromes have widely different clinical presentations, but all
have been shown or suggested to be associated with defects in
DNA repair.

Individuals with the first three of these disorders display
sensitivity to the UV component of sunlight, and cell lines
established from such individuals are anomalously UV sensi
tive. Individuals assigned genetically to any of the eight XP
complementation groups (A through G and V) have a greatly
increased incidence of skin lesions, including tumors (1). De
fects in nucleotide excision repair of damaged DNA are well
established for groups A through G of xeroderma pigmentosum.
The specific alteration in the variant class of XP is less clear.
It is generally found that XP-V cells have near-normal excision
repair synthesis and instead have defects in late stages of repair
or in DNA replication after UV irradiation (2, 3). Some cell
lines reported to be in the XP-V group have been found to have

Received 1/15/91; accepted 4/23/91.
The costs of publication of Ihis article were defrayed Â¡npari by Ihe payment

of page charges. This article musi therefore be hereby marked advertisement in
accordance with 18 U.S.O. Section 1734 solely to indicate this fact.

' This investigation Â»assupported by the Imperial Cancer Research Fund.
United Kingdom. J.H. was partially supported by the Swedish Cancer Society.
Stockholm.

3 Present address: Dept. of Experimental Oncology. Radiumhemmet. Karolin-
ska Hospital. S-104 01 Stockholm. Sweden.

3To whom requests for reprints should be addressed.
4The abbreviations used are: XP. xeroderma pigmentosum; DDP. diammine-

dichloroplatinum(II): CS. Cockayne's syndrome; FA. Fanconi's anemia: DNS,

dysplastic nevus syndrome; V, variant.

decreased excision repair, yielding levels of cellular repair as
low as 50% ofthat found with normal cells (4-6). It is possible
that the XP-V group is heterogeneous and that some cell lines
assigned to this class represent leaky mutants from other com
plementation groups. Some investigators assign cell lines to the
XP-V group only if a postreplication repair defect has been
demonstrated; such lines fall into a single group by cell fusion
analysis (7).

Dysplastic nevus syndrome is characterized by multiple dys
plastic nevi and an estimated 400-fold increase in the incidence
of cutaneous malignant melanoma (8, 9). Although cell lines
from DNS patients are hypersensitive to the mutagenic and
lethal effects of UV and 4-nitroquinoline-l-oxide (10-12), no
clear cellular defect in DNA repair has been associated with
this condition (10, 12, 13).

In contrast, patients from two of the three Cockayne's syn

drome complementation groups (A and B) do not show a
detectably increased tumor incidence (14). Some cell lines ap
pear to have a specialized deficiency in DNA excision repair
which results in a decreased ability to repair UV damage in
transcribed genes (15). Group C of CS corresponds to XP group
B. so there is some overlap between the two diseases (16).

Fanconi's anemia patients do not have an increased frequency

of skin tumors but, instead, show an increased incidence of
leukemias (17). Cell lines from these individuals fall into two
complementation groups designated A and B (18). FA cells are
not UV sensitive but are unusually sensitive to agents that
cross-link DNA, such as photoactivated psoralens, mitomycin
C, and m-DDP (19-33). Correspondingly, most studies of FA
cells (particularly group A) describe a reduced rate of removal
of DNA interstrand cross-links (23, 27, 33-39). although other
investigations have not revealed a consistent defect (24, 31, 40).

Recent studies have explored the biochemistry of human
DNA excision repair using an in vitro DNA repair assay (41-
52). Previously, it was found that the cellular defect in DNA
excision repair in XP is reflected as a decreased efficiency of
XP cell extracts in performing DNA repair synthesis. In the
present study, we have examined repair synthesis with extracts
from CS, DNS, XP-V, and FA cell lines.

MATERIALS AND METHODS

Cell Lines and Extracts. Epstein-Barr virus-immortali/.ed human
lymphoblastoid cell lines were used. Most were obtained from the
National Institute of General Medical Sciences Human Mutant Cell
Repository (Coriell Institute. Camden, NJ): CM 1953 and GM0892
established from healthy donors; GM2249 from an individual with XP
group C: the XP variant lymphoblastoid cell lines GM1646 and
GM2449; cell lines from individuals affected with Cockayne's syndrome

CM 1712 (group B. patient CS2BE), GMI857 (group A, patient
CS3BE). and GM2964 (group A); and GM2474A (from the hÃ©tÃ©rozy
gote father of group B patient CS1BE). CoBo and PeCh were estab
lished from two melanoma patients with dysplastic nevus syndrome
and were obtained from Drs. W. Wakeling and B. Ponder (Dept. of
Pathology. University of Cambridge, Cambridge, England). FA cell
lines (25) HSC99 (group A) and HSC62 (group B) were obtained from
Dr. E. Moustacchi (Institut Pasteur. Paris, France) and line HSC72
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Fig. 1. A, DNA repair synthesis by extracts from normal. DNS, and XP cells
in UV-irradiated DNA. In vitro repair reactions with 150 /jg of extract protein
and 300 ng each of UV-irradiated (450 J/m2) plasmid pAT153 and undamaged
pBR322. Top, photograph of the agarose gel containing ethidium bromide show
ing fluorescence of linearized plasmids: bottom, autoradiograph of gel. Lanes I
and 2. reactions with two different extracts prepared from the normal GMI953
cell line: tane 3, extract of normal GM0892 cell line; fanes 4 and 5, extracts from
the DNS cell lines CoBo and PeCh; lane 6, extract from the XP-C cell line
GM2249. B, DNA repair synthesis in UV-irradiated DNA by different amounts
of extract protein from normal, DNS, and XP cells. Repair reactions were
performed containing 300 ng each of UV-irradiated (450 J/m2) plasmid pAT153
and undamaged pBR322 and 50-150 pg of extract protein from normal CM 1953
(â€¢)or GM0892 (â€¢)cells, the DNS cell lines CoBo (D) and PcCh (O). or XP-C

(group A) was from Dr. M. Buchwald (Hospital for Sick Children,
Toronto, Ontario, Canada). Cells were cultured Â¡nRPMI 1640 medium
supplemented with 15% fetal calf serum and antibiotics. All cell cultures
were free from contamination with Mycoplasma.

Whole cell extracts were made according to the method of Manley
et al. (53) with minor modifications, as previously described (41). For
each preparation, 1- to 2-liter cultures of cells in late exponential growth
phase (5-8 x 10' cells/ml) were used. After preparation, the cell extracts
were immediately frozen and stored at â€”80'C.Purified Escherichia coli

UvrA, B, and C proteins (54) were a generous gift from Prof. L.
Grossman (The Johns Hopkins University, Baltimore, MD).

Plasmids Containing DNA Adducts. Plasmids pAT153 and pBR322
were grown in E. coli host strain DH5 (recA, hsdR). Purified plasmid
pATl 53 was UV irradiated (450 J/m2), treated with E. coli Nth protein,

and repurified on sucrose gradients as described before (41). Plasmid
pAT153 was treated with cis-DDP at a drug/nucleotide ratio of 0.005
to induce an average of 20 cw-DDP adducts/plasmid molecule (44).

In Vitro Repair Reactions. Standard 50-^1 reaction mixtures con

tained 300 ng each of damaged plasmid pAT153 and nondamaged
plasmid pBR322, 45 mM 4-(2-hydroxyethyl)-l-piperazineethanesul-
fonic acid-KOH (pH 7.8), 60-65 mM KC1, 7.5 mM MgCI2, 0.9 m\i
dithiothreitol, 0.4 mM EDTA, 2 mM ATP, 20 ^M each of dGTP, dCTP,
and TTP, 8 MMdATP, 2 MCiof [a-32P]dATP (3000 Ci/mmol), 40 mM

phosphocreatine, 2.5 Â¿igcreatine phosphokinase (type I; Sigma Chem
ical Co.), 3.4% glycerol, 18 tig bovine serum albumin, and 50-150 Â¡ig
extract protein. Reactions were incubated for 3 h at 30Â°C;time-course

studies showed that little additional DNA synthesis occurred with
prolonged incubation for 6 h (44). Plasmid DNA was purified from the
reaction mixtures as described previously (41), linearized with EcoRI,
and electrophoresed overnight on a 1% agarose gel containing 0.5 ng/
ml ethidium bromide. Data were quantified by autoradiography and
densitometry or by scintillation counting of excised DNA bands (41).

RESULTS AND DISCUSSION

Repair Synthesis in UV-damaged DNA by DNS Cell Extracts.
Fig. \A shows the result of a representative experiment com
paring DNA repair synthesis in UV-irradiated DNA in in vitro
reactions mediated by 150 ^g of normal, DNS, and XP-C cell
extracts. Normal (GM1953 and GM0892) and DNS (CoBo
and PeCh) cell extracts perform repair synthesis in UV-irradi
ated DNA, with low levels of unspecific incorporation of radio
active material into undamaged DNA. An XP-C cell extract
was included for comparison and is deficient in UV-damage-
dependent DNA repair synthesis. In further experiments we
measured DNA repair synthesis in reactions containing differ
ent amounts of cell extract protein (Fig. \B). At all levels of
added extract the extent of DNA repair synthesis in UV-
irradiated DNA was similar in DNS and normal cell extracts,
while the XP-C cell extract was repair deficient. Similarly, we
previously observed that extracts made from the DNS cell lines
CoBo and PeCh are proficient in DNA repair synthesis in
plasmid DNA containing cis- or trans-DDP adducts (42). These
results indicate that the sensitivity of DNS cells to the cytotoxic
and mutagenic effects of UV is probably not related to an
overall deficiency in excision repair of UV-adducts and suggest
that a defect in overall repair is not responsible for the high
frequency of malignant melanoma in DNS.

Repair Synthesis in UV-damaged DNA by CS Cell Extracts.
Replicate whole cell extracts were prepared from three lymph-
oid cell lines representing CS: the group A cell lines GM2964
and GM1857 and the group B line GM1712 (55). Extracts

cells (A). Results show damage-dependent DNA repair synthesis in UV-irradiated
pAT153 plasmids after subtraction of the small amount of aspecific background
DNA synthesis in undamaged pBR322 plasmids. Points, mean values of 3-4
separate experiments: bars, SE.
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were also prepared from cell line GM2474, derived from a
heterozygous parent of an unrelated CS group B patient. Ex
tracts from the normal cell line GM1953 were prepared in
parallel with the CS extracts to ensure that results within this
series of experiments were strictly comparable. All extracts
were able to mediate repair synthesis in UV-irradiated DNA
with efficiencies in the range expected for cell lines from unaf
fected individuals (Fig. 2); no significant differences between
CS lines and lines of normal or hÃ©tÃ©rozygoteorigin were
detected. XP-A and XP-C cell extracts showed defective repair
in the same experiments, as expected.

The ability of the CS extracts to perform essentially normal
repair synthesis in UV-irradiated DNA shows that the special
ized repair defect in these CS cell lines is not revealed in the in
vitro system. In this respect the results resemble those found by
assessing the overall excision repair capabilities of CS cells in
vivo (56). This result is not unexpected, since the particular
repair defect in group A and B CS cells is thought to be confined
to transcriptionally active genes (15). In the cell-free system
utilized here, the bacterial genes on the plasmid DNA are not
actively transcribed. It should be possible to devise an experi
mental system to compare repair of transcribed and nontran-
scribed genes in cell extracts. In an initial approach to this
problem, extracts from normal human cell lines were supple
mented with E. coli RNA polymerase in order to transcribe the
plasmid genes, but it was found that this interfered with overall
DNA repair synthesis (46). Interestingly, XP-C cells have been
reported to have a repair alteration that is the converse of that
in CS: an overall defect in repair of UV-irradiated DNA,
without a marked loss in the ability to repair transcribed DNA
(57). The observation that XP-C cell extracts are defective in
repair synthesis in vitro (41, 42) (Figs. 1 and 2) again indicates
that repair of plasmid DNA in extracts reflects the overall
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Fig. 2. Repair synthesis in UV-irradiated DNA with extracts from Cockayne's

syndrome cell lines, a CS hÃ©tÃ©rozygote,and a normal cell line. Repair reactions
contained 300 ngcach of UV-irradiated (450 J/m2) plasmid pATI53 and undam
aged pBR322 and 50-150 n%of extract protein from normal CM 1953 cells (â€¢).
the CS hÃ©tÃ©rozygoteGM2474 (â€¢).the group A CS cell lines GM2964 (G) and
CM 1857 (A), and the group B CS cell line CM 1712 (O). Results show damage-
dependent DNA repair synthesis in UV-irradiated pAT153 plasmids after sub
traction of the low amount of aspecific background DNA synthesis in undamaged
pBR322 plasmids (<50 fmol dAMP). Points, mean values of 2 or 3 separate
experiments with different replicate extracts for each cell line: bars, SD for the
cases with 3 experiments/cell line. In each experiment, assays with 100 fig of a
GM2345 XP-A and 100 Â»gof a GM2249 XP-C extract (different from that used
in Fig. 1) were also included. For three experiments with the same extracts, the
damage-dependent fmol dAMP incorporated/reaction were (mean Â±SD) 76 Â±
25 for the XP-A extract and 56 Â±12 for the XP-C extract.

capacity of a cell line for DNA repair synthesis rather than
details of the mode of repair in transcribed DNA.

XP-V. Patients with the variant form of XP develop the
clinical characteristics of the disease, but cell lines established
from individuals with XP-V are only slightly UV sensitive.
Cells assigned to the XP-V group appear to have highly diverse
excision repair characteristics; some appear to be essentially
normal, while others are reported to have a reduced rate of
incision of UV-irradiated DNA (4), reduced levels of unsched

uled DNA synthesis (6), and reduced levels of photoproduct
removal (5, 58).

We studied extracts from the two XP-V lymphoid cell lines
that are available from the Human Genetic Mutant Cell Re
pository. Cell extracts were repeatedly prepared from the XP-
V cell lines GM1646 and GM2449. Results with different
extracts showed unusual fluctuation, compared with extracts
from the other hereditary syndromes tested or with normal
extracts. Importantly, XP-V extracts could be prepared that
showed repair synthesis indistinguishable from normal extracts
(Fig. 3A). However, extracts from the same XP-V cell lines
were also prepared that reproducibly showed very low repair
synthesis, closer to that of XP-A or XP-C cell extracts (Fig.

3ÃŸ).Four of 7 extracts from G M 2449 and 2 of 5 extracts from
CM 1646 showed repair synthesis in the normal range (as in
Fig. 3^), whereas the other 6 extracts showed deficient repair
synthesis (as in Fig. 3Ã„)comparable to that routinely found
with XP-A or XP-C extracts. Results with extracts of the latter,
repair-defective type were published previously (41).

In additional experiments, purified incision enzymes (Micro-
coccus luteus UV glycosylase-endonuclease or E. coli UvrABC)
were included in reactions with UV-irradiated DNA and several
XP-V extracts, of the type shown in Fig. 30. Extracts supple
mented with UvrABC (Fig. 3C) or the M. luteus enzyme (data
not shown) could then carry out repair synthesis at a level
comparable to positive controls. This demonstrates that such
XP-V extracts (Fig. 3Ã„)were defective in incision of damaged

DNA (42). It is possible that one component of the incision
machinery is easily lost or inactivated during preparation of
XP-V extracts because it is particularly labile or has altered
extraction properties. It is also conceivable that XP-V cells have
an altered gene product whose abundance is particularly sus
ceptible to growth conditions or cell cycle phase. However, we
have not been able to locate an obvious source of such variability
in the different experiments.

The observation that it was possible to prepare some extracts
from the two XP-V lymphoid cell lines that yielded DNA repair
synthesis in the normal range (Fig. 3A) is consistent with the
limited amount of information available from cellular studies
of the two particular lymphoblastoid cell lines GM2449 and
GM1646. The fibroblast cell line XP13BE, derived from an
affected sibling of the GM2449 patient, exhibits near-normal
resistance to UV (59) and has a normal pattern of removal of
binding sites for antibodies against UV-induced cyclobutane or
(6-4) pyrimidine dimers (60). Sensitivity to UV and DNA

repair synthesis in the fibroblast cell line GM1389 from the
same individual as GM1646 were reported to be apparently
normal when these lines were submitted to the Human Genetic
Mutant Cell Repository. It would be of interest to examine
extracts from those XP variant cells which have been reported
to have a measurable excision repair defect in vivo (3-6) when
representative lymphoblastoid cell lines become available.
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Fig. 3. Repair synthesis in l'V-irradiated DNA with extraÃ©isfrom normal cell

lines and XP-V cell lines. Reaction mixtures (50 /jl) contained plasmid DNA as
in Figs. 1 and 2 and 50 or 100 pg whole cell extract protein. Closet! symbols.
extracts from normal cell lines: open symbols, extracts from XP variant cell lines.

A, an experiment to compare repair synthesis in 5 cell extracts: an extract
from CM 1953 (â€¢)and one from GM1646 (O) prepared on the same day. a
second CM 1953 extract (â€¢)and an extract from GM2449 (D) made on the same
day. and an extract from GM0892 made several months previously (A).

B, an experiment to compare repair synthesis in 4 cell extracts (different from
those in Fig. 3.4). prepared in the same 1-month period: GM2449 (G) and
GMI646(O) and two GM 1953 extracts (â€¢â€¢â€¢).In the same experiment, reactions
with 100 /jg of GM2.145 XI'-A extract protein showed incorporation of 80 fmol

Repair Synthesis by FA Cell Extracts in DNA Damaged by
UV or c/s-DDP. Unlike XP cells, FA cells are not UV sensitive
(33) and are proficient in excision of UV-induced pyrimidine
dimers (61). However. FA cells have been shown to be very
sensitive to the lethal (28, 31, 33) and clastogenic (29, 31)
effects of m-DDP. In one investigation an FA fibroblast cell
line was found to have deficient removal of c/s-DDP-induced
DNA interstrand cross-links (33), and another study showed
that FA cells (group A) were deficient in repair of interstrand
psoralen cross-links (37). An attempt to study c/s-DDP-induced
unscheduled DNA synthesis in FA fibroblasts was uninforma-
tive since detectable repair synthesis after rÃ¡-DDP treatment

was absent both in an FA cell line and in cell lines established
from healthy individuals (33).

In order to investigate the possibility of a specific defect in
repair of cross-linked DNA, we compared the in vitro DNA
repair synthesis performed by FA cell extracts in DNA contain
ing UV lesions or m-DDP-induced cross-links. Extracts were
prepared from normal cell lines (GM1953 and GM0892) and
from FA cell lines belonging to complementation group A
(HSC72 and HSC99) and complementation group B (HSC62).
An XP-C cell extract (GM2249) was used as a negative control.
The results of a representative experiment are shown in Fig. 4.
Extracts from both normal cells and FA cells perform DNA
repair synthesis in plasmids damaged with either UV or cis-
DDP. In contrast, XP-C cell extracts are, as expected, deficient
in repair synthesis in DNA damaged with either agent (42). To
determine whether there was a quantitative difference between
normal and FA cell extracts in the capacity to perform DNA
repair synthesis in DNA containing m-DDP-induced DNA
cross-links, experiments similar to that in Fig. 4 were performed
several times. Damage-specific DNA repair synthesis was cal
culated by subtracting the background incorporation of radio
active material into undamaged pBR322 plasmids (Fig. 5). With
most cell extracts the damage-specific repair synthesis was
somewhat higher in plasmid DNA irradiated with 450 J/m2
UV (approximately 12 photoproducts/circle) than in c/s-DDP-
damaged DNA (approximately 20 platinum adducts/circle),
consistent with earlier findings (44). DNA repair synthesis
performed by FA cell extracts representing both complemen
tation groups falls within the range encompassed by extracts
from normal cell lines for DNA containing either UV or cis-
DDP damage.

The lymphoid cell lines used in the present study appear to
be typical representatives of the two FA complementation
groups (18). The HSC72 and HSC99 cell lines from comple
mentation group A show increased sensitivity to treatment with
photoactivated psoralen or mitomycin C, as well as a deficiency
in removal of mitomycin C-induced DNA interstrand cross
links in a specific gene (38, 62). The FA group B cell line
HSC62 is less hypersensitive to mitomycin C and shows a lesser
deficiency of DNA interstrand cross-link repair (38). Most
relevant is the demonstration that the group A cell lines HSC72
and HSC99 are approximately 10-fold more sensitive to cis-
DDP than normal cells, while the HSC62 group B cell line is
approximately 2- to 3-fold hypersensitive to this agent (28).

Despite these earlier findings, we did not detect a deficiency

dAMP. while 100 ,ig of GM2249 XP-C extract protein gave 27 fmol dAMP
(averages of two assays/point).

C. stimulation of repair synthesis by UvrABC in a normal cell extract(GM1953) and in the XP-V "cell extracts shown in Fig. 3B (GM2449 and

GM1646). Repair reactions were performed as in Fig. 2B with 100 ng of cell
extract protein which was supplemented with 72 nxi I'vrA. 59 n\i t'vrB. and 6.9
nM L'vrC in the combinations indicated.
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Fig. 4. DNA repair synthesis by normal.
FA, and \P cell extracts in DNA containing
UV- or n.v-DDP lesions. Repair reactions were
performed with 150 ^g of cell extract protein.
300 ng of undamaged pBR322. and 300 ng of
plasmid pAT153 which was either o/.s-DDP
treated (20 adducts/plasmid) or UV irradiated
(450 J/mÂ¡). Top, DNA fluorescence; boltom.
autoradiograph. Lanes 1-6, repair reactions
with I'V-irradiatcd p.\TI53 plasmid: lanes 7-
12, repair reactions with c/s-DDP-damaged
pATI53 plasmid: lanes I, 2, 7, and 8, repair
reactions with extracts from normal GM1953
and GM0892 cell lines; lanes ÃŒ,4. 9. and 10,
extract from FA cell lines HSC72 and HSC99
(complementation group A); lanes 5 and //,
extract from FA cell line HSC62 (complemen
tation group B); lanes 6 and 12, extract from
XP-C cell line GM2249. The presence of de
tectable repair synthesis in nondamaged DNA
with the HSC99 and HSC62 extracts Â¡sa
characteristic of the nonspecific nuclease activ
ity in these particular preparations and is not
a feature found in all extracts from these cell
lines.
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in the ability of FA cell extracts to perform repair synthesis in
DNA containing m-DDP adducts. If a repair deficiency in FA
cells is principally confined to the repair of interstrand DNA
cross-links, this may have been undetected because of the het
erogeneity of DNA adducts induced by c'f'.y-DDP(63). Greater

than 90% of m-DDP-induced lesions are DNA intrastrand
cross-links between purines in the same strand, whereas inter-
strand cross-links are rare lesions, representing only 7-8% of
the adducts in m-DDP-treated plasmids (44). It is therefore
likely that the major part of DNA repair synthesis in m-DDP-
damaged plasmids is associated with repair of lesions other
than DNA interstrand cross-links. A difference between cell
extracts in repair synthesis originating from the repair of DNA
interstrand cross-links might thus be undetectable against the
DNA synthesis arising from repair of other adducts. Addition
ally, interstrand DNA cross-links may lead to a disproportion
ately small amount of repair synthesis. If only one arm of such
a cross-link is unhooked in cell extracts, the presence of the
adduci on the opposite strand could prevent synthesis. Studies
with agents that produce interstrand cross-links as major lesions
should be informative in this regard. Preliminary experiments
to use nitrogen mustard for such a study showed that substantial
nicking of plasmid DNA was produced by the agent which
interfered with the assay.5

Conclusions.Our results indicate that extracts from available
cell lines representing dysplastic nevus syndrome, Fanconi's
anemia (complementation groups A and B), and Cockayne's

syndrome (complementation groups A and B) are not deficient
in DNA excision repair synthesis under the in vitro conditions
used here. Similarly, an extract from a lymphoblastoid cell line
representative of Bloom's syndrome showed a normal level of
DNA repair synthesis in UV-irradiated DNA (41). Variable
results were obtained here with XP-V cell extracts which might
reflect an altered repair protein. All of these experiments would
have been unable to detect a 2-fold difference in repair between

extracts from normal cell lines and those derived from inherited
syndromes, since this much variation is regularly seen between
different extracts from normal cells (Figs. 3 and 5). Further
studies should be designed to show whether the hypersensitivi-
ties of DNS, CS, or FA cells to DNA-damaging agents are
related to more specific defects in DNA repair. For example,
the present data do not contradict the previous indications that
FA cells are specifically defective in the repair of DNA inter
strand cross-links. In future studies of in vitro repair, DNA
molecules containing a single interstrand cross-link at a defined
site may be of importance in defining a DNA repair defect in
FA. It will certainly be necessary to look specifically for incision

400-

300-

200-

100-

' J. Hansson and R. Wood, unpublished data.

m -o

5T8-
o
u

O C

o o.

O) â€”u(O ^,
o

GM1953 GM0892 HSC72 HSC99 HSC62 XP-C

cell extract
Fig. 5. Experiments such as that shown in Fig. 4 were repeated 3-4 times.

DNA synthesis was quantified by excising the DNA bands from gels and meas
uring the incorporated radioactive material by scintillation counting. The damage-
specific DNA repair synthesis was calculated by subtracting the unspecific incor
poration of radioactive material in undamaged plasmids from the incorporation
in damaged plasmids. Columns, mean values of 3-4 separate experiments; bars.
SE.
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defects, in addition to monitoring overall repair synthesis. In
vitro studies of the relationship of DNA excision repair to
transcription and chromatin or nuclear scaffold structure in CS
cells could also be informative.

ACKNOWLEDGMENTS

We thank M. Biggerstaff and P. Robins for expert technical assist
ance with some of these experiments, L. Grossman for supplying
UvrABC proteins, and A. Lehmann. M. Meuth, and W. Kaufmann for
helpful comments on the manuscript. For providing cell lines used in
this study, we are grateful to E. Moustacchi, M. Buchwald. \V. Wake-

ling, B. Ponder, and A. E. Greene.

REFERENCES

1. Cleaver. J. E.. and Kracmcr. K. H. Xeroderma pigmentosum. In: C. R.
Scriver. A. L. Beaudet. \V. S. Sly. and D. Valle (eds.). The Metabolic Basis
of Inherited Disease. Ed. 6. Voi. 2. pp. 2949-2971. New York: McGraw-
Hill. 1989.

2. Lehmann. A. R.. Kirk-Bell. S.. ArieÂ».C. F.. Harcourt. S. A., de VVeerd-
Kastelein. E. A.. Keijzer. \\'.. and Hall-Smith. P. Repair of ultraviolet light

damage in a variety of human fibroblast cell strains. Cancer Res.. 37: 904-
910. 1977.

3. Cleaver. J. E.. Greene, A. E.. Coriell, L. L.. and Mulivor. R. A. Xeroderma
pigmentosum variants. Cytogenet. Cell Genet.. 31: 188-192. 1981.

4. Thielmann. H. \Vâ€žEdler. L.. Popanda, O., and Friemel. S. Xeroderma
pigmentosum patients from the Federal Republic of Germany: decrease in
post-UV colony forming ability in 30 xeroderma pigmentosum fibroblast
strains is quantitatively correlated with a decrease in DNA-incising capacity.
J. Cancer Res. Clin. Oncol.. 109: 227-240. 1985.

5. Roth. M.. Muller. J.. and Boyle. J. M. Immunochemical determination of
an initial step in thymine dimer excision repair in xeroderma pigmentosum
variant fibroblasts and biopsy material from the normal population and
patients with basal cell carcinoma and melanoma. Carcinogenesis (Lond.). 8:
1301-1307. 1987.

6. Kondo. S., Satoh. Y.. and Kuroki. T. Reduced levels of UV induced unsched
uled DNA synthesis in epidermal keratinocytes of patients with xeroderma
pigmentosum and correlation with development of skin neoplasms. Cancer.
Res.. 49: 1927-1930. 1989.

7. Jaspers. N. G. J., Jansen-van de Kuilen. G.. and Bootsma. D. Complemen
tation analysis of xeroderma pigmentosum variants. Exp. Cell Res.. 136:81-
90. 1981.

8. Greene. M. H.. Clark. \V. H.. Tucker. M. A.. Elder. D. E.. Kraemer. K. H..
Guerry. D.. Witmer. \V. K., Thompson. J.. Mato/./o. I., and FrÃ¤ser.M.
Acquired precursors of cutaneous malignant melanoma: the familial dysplas-
tic nevus syndrome. N. Engl. J. Med.. 312:91-97. 1985.

9. Greene. M. H.. Clark. \V. H.. Tucker. M. A.. Kraemer. K. H.. Elder. D. E..
and Frazer, N. C. High risk of malignant melanoma in melanoma-prone
families with dysplastic naevi. Ann. Intern. Med.. 102: 458-465. 1985.

10. Smith. P. J.. Greene. M. H.. Devlin. D. A.. McKeen, M. A., and Paterson.
M. C. Abnormal sensitivity to I'V'-radiation in cultured skin fibroblasts from

patients with hereditary cutaneous malignant melanoma and dysplastic nevus
syndrome. Int. J. Cancer. 30: 39-45, 1982.

11. Howell. J. N.. Greene. M. H., Corner. R. C.. MÃ¤her.V. M., and McCormick.
J. J. Fibroblasts from patients with hereditary cutaneous malignant mela
noma are abnormally sensitive to the mutagenic effect of simulated sunlight
and 4-nitroquinoline 1-oxide. Proc. Nati. Acad. Sci. USA. SI: 1179-1I83.
1984.

12. Perera. M. 1. R.. Uni. K. I.. Greene. M. H.. Waters. H. L., Bredberg. A., and
Kraemer. K. H. Hereditary dysplastic nevus syndrome: lymphoid cell ultra
violet hypermutability in association with increased melanoma susceptibility.
Cancer Res., 46: 1005-1009. 1986.

13. Smith. P. J.. Greene. M. H.. Adams, D., and Paterson. M. C. Abnormal
responses to the carcinogen 4-nitroquinoline 1-oxide of cultured fibroblasts
from patients with dysplastic nevus syndrome and hereditary cutaneous
malignant melanoma. Carcinogenesis (Lond.). 4: 911-916. 1983.

14. Lehmann. A. R.. and Norris. P. G. DNA-repair and cancerâ€”speculations
based on studies with xeroderma pigmentosum. Cockayne's syndrome, and
trichothiodystrophy. Carcinogenesis (Lond.). 10: 1353-1356. 1989.

15. Venema. J.. Mullenders. L. H. F.. Natarajan. A. T.. Van Zeeland. A. A., and
Mayne. L. V. The genetic defect in Cockayne syndrome is associated with a
defect in repair of UV'-induced DNA damage in transcriptionally active

DNA. Proc. Nati. Acad. Sci. USA, 87: 4707-4711. 1990.
16. Wecda, G., van Ham, R. C. A.. Vermeulen. W.. Bootsma, D.. van der Eb. A.

J.. and Hoeijmakers. J. H. J. A presumed DNA helicase encoded by ERCC-
3 is involved in the human repair disorders xeroderma pigmentosum and
Cockayne's syndrome. Cell, 62: 777-791. 1990.

17. Fanconi. G. Familial constitutional panmyelocytopathy. Fanconi's anemia.

Semin. HematoL 4: 233-240. 1967.
18. Duckworth-Rvsiecki. G.. Cornish. K.. C'larke. C. A., and Buchwald. M.

19.

20.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Identification of two complementation groups in Fanconi anemia. Somat.
Cell Mol. Genet.. //: 35-41. 1985.
Sasaki. M. S.. and Tonomura, A. A high susceptibility of Fanconi's anemia

to chromosome breakage by DNA cross-linking agents. Cancer Res., 33:
1829-1836. 1973.
Latt. S. A.. Steiler. E.. Jengens. L. A., Buchanan. A. R., and Gerald, P. S.
Induction by alkylating agents of sister-chromatid exchanges and chromatid
breaks in Fanconi's anemia. Proc. Nati. Acad. Sci. USA, 72: 4066-4070.

1975.
Fujiwara. Y.. and Tatsumi. M. Repair of mitomycin C damage to DNA in
mammalian cells and its impairment in Fanconi's anemia cells. Biochem.
Biophys. Res. Commun.. 66: 592-598. 1975.
Auerbach, A. D., and Wolman. S. R. Susceptibility of Fanconi's anemia

fibroblasts to chromosome damage by carcinogens. Nature (Lond.). 267:
494-496. 1976.
Fujiwara. Y.. Tatsumi. M.. and Sasaki. M. S. Cross-link repair in human
cells and its possible defect in Fanconi's anemia cells. J. Mol. Biol.. 113:
635-649, 1977.
Fornace, A. J.. Little. J. B.. and Weichselbaum. R. R. DNA repair in a
Fanconi's anemia fibroblast cell strain. Biochim. Biophys. Acta, 561: 99-

109. 1979.
Weksberg. R.. Buchwald. M.. Sargent. P.. Thompson. M. W., and Siminov-
itch. L. Specific cellular defects in patients with Fanconi anemia. J. Cell
Physiol.. 101: 311-324. 1979.
Berger. R.. Bernheim, A., Le Coniai. M., Vecchione. D.. and Schaison. G.
Nitrogen mustard-induced chromosome breakage. A tool to Fanconi's ane
mia diagnosis. Cancer Genet. Cytogenet.. 2: 269-274. 1980.
Kano. Y., and Fujiwara. Y. Roles of DNA Â¡nterstrandcrosslinking and its
repair in the induction of sister-chromatid exchange and a higher induction
in Fanconi's anemia cells. MutÃ¢t.Res.. 81: 365-375. 1981.
Kind.i R.. and Buchwald. M. Susceptibility of Fanconi's anemia lympho-
blasts to DNA-cross-linking and alkylating agents. Cancer Res.. 42: 4000-
4006. 1982.
Poll. E. H. A., Arwert, F.. Joenje. H.. and Eriksson. A. W. Cytogenctic
toxicity of antitumor platinum compounds in Fanconi's anemia. Hum. Ge
net.. 61: 228-230. 1982.
Wunder. E.. and Fleischer-Rcischmann. B. Response of lymphocytes from
Fanconi's anemia patients and their heterozygous relatives to 8-methoxypso-
ralen in a cloning survival test system. Hum. Genet.. 64: 167-172. 1983.
Poll. E. H. A.. Arwert. F.. and Eriksson. A. \V. Fanconi anemia cells are not
uniformly deficient in unhooking of DNA interstrand crosslinks, induced by
mitomycin C or 8-methoxypsoralen plus I'VA. Hum. Genet.. 68: 228-234.
1984. "

German, J., Schonberg, S.. Caskie. S., Warburton. D.. Falk. C.. and Ray, J.
H. A test for Fanconi's anemia. Blood. 69: 1637-1641, 1987.

Plooy, A. C. M.. vanDijk. M.. Berends. F.. and Lohman. P. H. M. Formation
and repair of DNA Â¡nterstrand cross-links in relation to cytoloxicity and
unscheduled DNA synthesis induced in control and mutant human cellstreated with a's-diamminedichloroplatinum(ll). C'anccr Res.. 45:4178-4184.

1985.Fujiwara. Y. Defective repair of mitomycin C crosslinks in Fanconi's anemia

and loss in confluent normal human and xeroderma pigmentosum cells.
Biochim. Biophys. Acta. 699: 217-225. 1982.
Gruenert. D. C.. and Cleaver, J. E. Repair of psoralen-induced cross-links
and monoadducts in normal and repair-deficient human fibroblasts. Cancer
Res.. 45: 5399-5404. 1985.
Papadopoulo. D.. Averbeck. D.. and Moustacchi. E. The fate of 8-methoxy-
psoralcn-photoinduced DNA interstrand crosslinks in Fanconi's anemia cells
of defined genetic complementation groups. MutÃ¢t.Res., 184: 271-280.
1987.
Averbeck. D.. Papadopoulo. D.. and Moustacchi. K. Repair of 4.5'.8-trime-
thylpsoralen plus light-induced DNA damage in normal and Fanconi's ane
mia cell lines. Cancer Res.. 48: 2015-2020. 1988.
Matsumoto. A.. Vos. J-M. H.. and Hanawalt, P. C. Repair analysis of
mitomycin C-induced DNA crosslinking in ribosomal RNA genes in lym-
phoblastoid cells from Fanconi's anemia patients. MutÃ¢t.Res.. 217: 185-

192. 1989.
Roussel. S., Nocentini. S.. Revet. B.. and Moustacchi. E. Molecular analysis
by electron microscopy of the removal of psoralen-photoinduced DNA cross
links in normal and Fanconi's anemia fibroblasts. Cancer Res., 50: 2443-

2448. 1990.
Kaye. J.. Smith. C. A., and Hanawalt, P. C. DNA repair in human cells
containing photoadducts of 8-methoxypsoralen or angelicin. Cancer Res..
40: 696-702. 1980.
Wood. R. D.. Robins. P.. and Lindahl. T. Complementation of the xeroderma
pigmentosum DNA repair defect in cell-free extracts. Cell. 53:97-106. 1988.
Hansson, J.. Grossman. L.. Lindahl. T.. and Wood, R. D. Complementation
of the xeroderma pigmentosum DNA repair synthesis defect with Escherichia
coli UvrABC proteins in a cell-free system. Nucleic Acids Res.. 18: 35-40.
1990.
Wood, R. D. Repair of pyrimidine dimer ultraviolet light photoproducts by
human cell extracts. Biochemistry. 28: 8287-8292. 1989.
Hansson. J.. and Wood. R. D. Repair synthesis by human cell extracts of
DNA damaged by cis- and rran.s-diamminedichloroplatinum(II). Nucleic
Acids Res., 17: 8073-8091. 1989.
Hansson. J.. Munn. M.. Rupp. W. D.. Kahn. R., and Wood. R. D. Localiza
tion of DNA repair synthesis by human cell extracts to a short region at the

3389

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/51/13/3384/2444043/cr0510133384.pdf by guest on 19 M

ay 2023



DNA REPAIR BY EXTRACTS KROM Hl M AN MUTAGEN-SENSITIVE CELLS

site of a lesion. J. Biol. Chem.. 264: 21788-21792. 1989.
46. Frosina. Ci., and Wood. R. D. Influence of RNA synthesis on DNA-repair

replication in human cell extracts. MutÃ¢t. Res., 244: 287-293. 1990.
47. Hoeijmakers. J. H. J.. Eker, A. P. M.. Wood. R. D.. and Robins. P. Use of

in vivo and in vitro assays for the characterization of mammalian excision
repair and isolation of repair proteins. Mutai. Res.. 236: 223-238. 1990.

48. Coverley. D.. Kenny. M. K.. Munn. M.. Rupp. W. D.. Lane. D. P.. and
Wood. R. D. Requirement for the replication protein SSB in human DNA
excision repair. Nature (Lond.). 349: 538-541. 1991.

49. Biggcrslaff. M.. Robins. P.. Coverley. D.. and Wood. R. D. Effect of exoge
nous DNA fragments on human cell extract-mediated DNA repair synthesis.
MutÃ¢t. Res., in press. 1991.

50. Sibghat-llllah. Husain. I.. Carlton. W.. and Sanear. A. Human nucleotide

excision repair in vitro: repair of pyrimidine dimcrs. psoralen and cisplatin
adducts by Hel.a cell-free extract. Nucleic Acids Res.. / 7:4471-4484. 1989.

51. Sibghal-l'llah. and Sanear. A. Substrate overlap and functional competition

between human nucleotidc excision repair and Escherichia coli photolyase
and (A)BC excision nuclease. Biochemistry. 29: 5711-5718. 1990.

52. Meigcr-Bcrnays. W. J.. Essigmann. J. M.. and Lippard. S. J. Effect of the
antitumor drug ci.v-diammincdichloroplatinum(ll) and related platinum com
plexes on eukaryolic DNA-replication. Biochemistry. 29: 8461-8466. 1990.

53. Manley. J. L.. Fire. A.. Samuels. M.. and Sharp. P. A. In vitro transcription:
whole cell extract. Methods Enzymol.. Â¡01:568-582. 1983.

54. Veung. A. T.. Mattes. W. B.. Oh. E. Y., Yoakum, G. Y., and Grossman. L.
I he purification of the Escherichia coli I'vrABC incision system. Nucleic

Acids Res.. 14: 8535-8556. 1986.

55. Lehmann. A. R. Three complementation groups in Cocka\ne syndrome.
Mulat. Res.. 106: 347-356. 1982.

56. Mayne. L. V.. Lehmann. A. R.. and Waters. R. Excision repair in Cockayne
syndrome. MutÃ¢t. Res.. 106: 179-189. 1982.

57. Vcnema. J.. van Hoffen. A.. Natarajan. A. T.. Van /eeland. A. A., and
Mullenders, L. H. F. The residual repair capaci!) of xeroderma pigmcntosum
complementation group C fibroblasts is highly specific for transcriplionally
active DNA. Nucleic Acids Res.. 18:443-448. 1990.

58. Francis. A. A.. Carrier. W. L.. and Regan. J. D. The effect of temperature
and wavelength on production and photolysis of a I'V'-induced photosensitive

DNA lesion which is not repaired in xeroderma pigmentosum variant cells.
Photochem. Photobiol.. Â«.-67-71. 1988.

59. Moshcll, A. N., Taronc. R. E., Newfield, S. A.. Andrews, A. D.. and Robbins.
J. H. A simple and rapid method for evaluating the survival of xeroderma
pigmentosum lymphoid lines after irradiation with ultraviolet light. In Vitro.
17: 299-307. 1981.

60. Mitchell. D. L.. Haipek. C. A., and Clarkson. J. M. \eroderma pigmentosum
variant cells are noi defective in the repair of (6-4) photoproducts. Int. J.
Radial. Biol.. 52: 201-206. 1987.

61. Klocker. H.. Burtscher. H. J., Auer. B.. Ilinh K.iuilmann. M., and
Schweiger. M. Fibroblasts from patients with Fanconi's anemia are not
deficient in excision of thymine dimcr. Eur. J. Cell Biol.. .i7: 240-242. 1985.

62. Moustacchi. E.. Papadopoulo. D.. Diatloff-Zito, C.. and Buchwald. M. Two
complementation groups of Fanconi's anemia differ in their phenotypic

response to a DNA-crosslinking treatment. Hum. (Â¡enei.. 75: 45-47. 1987.
63. Sherman. S. E., and Lippard. S. J. Structural aspects of platinum anticancer

drug interactions with DNA. Chem. Rev.. 87: 1153-1181. 1987.

3390

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/51/13/3384/2444043/cr0510133384.pdf by guest on 19 M

ay 2023


