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ABSTRACT

Nucleotide excision repair (NER) mechanism is the
major pathway responsible for the removal of a large
variety of bulky lesions from the genome. Two different
NER subpathways have been identified, i.e. the tran-
scription-coupled and the global genome repair path-
ways. For DNA-damage induced by ultraviolet light
both transcription-coupled repair and global genome
repair are essential to confer resistance to cytotoxic
effects. To gain further insight into the contribution of
NER subpathways in the repair of bulky lesions and in
their prevention of biological effects we measured the
rate of repair of dG-C8-AF in active and inactive genes
in normal human cells, XP-C cells (only transcription-
coupled repair) and XP-A cells (completely NER-defi-
cient) exposed to NA-AAF. XP-C cells are only slightly
more sensitive to NA-AAF than normal cells and, like
normal cells, they are able to recover RNA synthesis
repressed by the treatment. In contrast, XP-A cells are
sensitive to NA-AAF and unable to recover from RNA
synthesis inhibition. Repair of dG-C8-AF in the active
ADA gene proceeds in a biphasic way and without
strand specificity, with a subclass of lesions quickly
repaired during the first 8 h after treatment. Repair in
the inactive 754 gene occurs more slowly than in the
ADA gene. In XP-C cells, repair of dG-C8-AF in the ADA
gene is confined to the transcribed strand and occurs
at about half the rate of repair seen in normal cells.
Repair in the inactive 754 gene in XP-C cells is virtually
absent. Consistent with these results we found that
repair replication in XP-C is drastically reduced when
compared with normal cells and abolished by
tin indicating that the repair in XP-C cells is mediated
by transcription-coupled repair only. Our data suggest
that dG-C8-AF is a target for transcription-coupled
repair and that this repair pathway is the main pathway

a-amani-

or recovery of RNA synthesis inhibition conferring

resistance to cytotoxic effects of NA-AAF. In spite of

this, repair of dG-C8-AF in active genes in normal cells
by transcription-coupled repair and global genome

repair is not additive, but dominated by global genome

repair. This indicates that the subset of lesions which

are capable of stalling RNA polymerase Il, and are,
therefore, a substrate for TCR, are also the lesions
which are very efficiently recognized by the global

genome repair system.

INTRODUCTION

Nucleotide excision repair (NER) is a major pathway by which a
large variety of bulky DNA lesions are removed from the genome.
Two different NER subpathways have been identified, i.e. the
global genome repair pathway and the transcription-coupled repair
pathway. Both pathways have been well characterized for their role
in the repair of ultraviolet (UV) light-induced cyclobutane
pyrimidine dimers (CPDs) in mammalian cells. In human cells the
global genome repair pathway processes CPDs with different
efficiencies across the genome: (potentially) active genes are
repaired at a much faster rate than non-expressed regions of the
genome ). In addition, CPDs are excised by the transcription-
coupled repair pathway more rapidly from the transcribed strand
of active genes than from the non-transcribed stragjl {This
accelerated repair of CPDs in the transcribed strand of active genes
is dependent on transcripticf).(It has been proposed that stalled
RNA polymerase may act as a signal to target the NER apparatus
to the site of a lesion. From the repair phenotype of UV-sensitive
human cells it is obvious that specific genetic factors are involved
in the NER subpathways. Xeroderma pigmentosum group C
(XP-C) fibroblasts appear to be fully capable of performing
transcription-coupled repair, but are defective in global genome
repair, resulting in the lack of CPD repair in non-transcribed DNA
including the non-transcribed strand of active ger¥s).(In
contrast with CPDs, pyrimidine 6-4 pyrimidone photoproducts
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(6-4 PP) are not preferentially removed from the transcribed stramgntation group C) and XP25RO (complementation group A)
of active genes in normal cells. This lack of strand-specific repair wfere cultured at 3T in 2.5% CQ atmosphere using Ham’s F10
6-4 PP in transcriptionally active genes has been shown to be thedium (without hypoxanthine and thymidine) supplemented
result of a very efficient removal of these lesions by the globalith 15% Fetal Bovine Serum and antibiotics. In experiments
genome repair pathway overruling the removal of 6-4 PP lgimed to determine the initial frequency and the removal of
transcription-coupled repaiB)( adducts in defined genomic sequences, exponentially growing cells
The molecular basis for the observed differences in repair afere prelabelled for 2 days witBH]thymidine (0.06uCi/ml,
6-4 PP and CPD by the global repair pathway most likely lies 82 Ci/mmol). For measurements of repair replication or RNA
local alterations of DNA conformation induced by the photolesionsynthesis, exponentially growing cells were prelabelled with
Further information on the efficiency of processing of other bulkj#2P]orthophosphate (0g8Ci/ml) or [14Cluridine (0.03uCi/ml,
DNA lesions by the global genome and by the transcriptior60 mCi/mmol), respectively.
coupled repair pathways will provide insights in the relationship
between the structure of a DNA lesion, its transcription inhibitin
potency, and the efficiency to be processed by both NE
subpathways (with respect to repair of lesions in active genes).drll survival following treatment with NA-AAF was determined
this study we focussed on the role of the global genome aig measuring the colony forming ability of the treated cells relative
transcription-coupled repair pathways in the repdi-afetoxy-  to the untreated control. 500-1000 cells were seeded in 94 mm
2-acetylaminofluorene (NA-AAF)-induced DNA adducts in activePetri dishes, allowed to attach for 16 h, and incubated with 0, 5,
and inactive genes. 10, 15, 20 or 3M NA-AAF for 30 min at 37C in complete
NA-AAF causes lesions in DNA which are substrate to NERnedium. After incubation fresh medium was added to the cells
(7-10). Although treatment of cells with NA-AAF may principally and 10-14 days after plating colonies were stained with methylene
lead to the formation of two major lesions, i.e. the deacetylatégiue.
N-(deoxyguanosin-8-yl)-2-aminofluorene (dG-C8-AF) and the
acetylated N-(deoxyguanosin-8-yl)-2-acetylaminofluorene (dG- : -
C8-AAF), the main lesion induced in human fibroblasts appears 'f'oPLC analysis of NA-AAF-induced DNA adducts

be the deacetylated dG-C8-AF. Recent studies with normal humganfluent cells were incubated withuB! of [3H]NA-AAF (649
fibroblasts {1,12) and NA-AAF-sensitive Cockayne syndrome mCi/mmol) for 30 min at 37C, and immediately lysed in 150 mM
cells (CS) (2) revealed that transcription-coupled repair does n@jaCl, 10 mM Tris—HCI pH 8.0, 1 mM EDTA, 0.5% SDS and
contribute significantly to the repair of dG-C8-AF in active genes.o0ug/ml proteinase K at 3T overnight. The DNA was purified
These observations, as well as the reported marginal blockagengfphenol extraction, RNase A-treated and the specific activity
transcription by dG-C8-AF im vitro transcription assay$1,13),  (d.p.m.{ig) of DNA was determined by scintillation counting in

raise the question whether dG-C8-AF lesions are actually targgtismasol. HPLC analysis was performed as described previously
for transcription-coupled repair. To assess the role of transcriptiofi-2).

coupled repair in the repair of the dG-C8-AF lesion we compared
the recovery of NA-AAF inhibited RNA synthesis, the repair
kinetics of dG-C8-AF in active genes and the cytotoxic effects i
normal cells, XP-A fibroblasts (completely deficient in NER) and

XP-C fibroblasts (only capable of performing transcriptionRNA synthesis measurements, DNA repair replication and

coupled repair). In this study we demonstrate that dG-C8-Almscheduled DNA synthesis (UDS) were performed as described
lesions are a target for both the global genome repair pathway a§jflyan Oosterwijlet al (12).

the transcription-coupled repair pathway. Both pathways removeé
dG-C8-AF from active genes with biphasic kinetics, but the . .
efficiency of repair by global genome repairasfold higher than ~ 0-Amanitine studies

by transcription-coupled repair. The biological relevance ofg cultures were incubated for 5 h wittamanitine (lug/ml)
transcription-coupled repair of dG-C8-AF is illustrated by theyior to treatment with 9QUM NA-AAF. After NA-AAF
recovery of RNA synthesis and the mild cytotoxic effects %eatment, cells were washed twice with PBS and medium
NA-AAF in XP-C cells when compared with XP cells belonging-sntaininga-amanitine was added to the cells. To allow repair,
to complementation group A and compared with CS cells. Our datgyis were incubated for 24 h in this medium supplemented with
indicate that repair of. dG-C8-A_F_ in active genes by the two NE_ Hjthymidine, 5uCi/ml (82 Ci/mmol) and BUJR/FUdR (10
subpathways is not simply additive, and suggest that those lesiofg/1 M), To determine the amount of incorporated radioactiv-
which are removed by the transcription-coupled repair process #ethe same protocol as previously described for repair repli-
also an efficient substrate for the global genome repair. cation measurements was followéé)( As a control, cells were
treated with onlyo-amanitine or NA-AAF, or not treated at all.

ell survival studies

Measurement of RNA synthesis, DNA repair
eplication and unscheduled DNA synthesis

MATERIALS AND METHODS DNA probes

Double-stranded DNA probes were radioactively labelled with
[32P]dATP by random primer extensiofi4]. Strand-specific
single-stranded probes were radioactively labelled with
Primary fibroblasts from a normal individual, VH25D, and[32P]dATP by a linear polymerase chain reaction, using a single
primary xeroderma pigmentosum fibroblasts, XP21RO (complgrimer recognizing specifically one straridb)

Cell lines and culture conditions
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Determination of NA-AAF-induced DNA adducts in
defined sequences

In order to measure DNA adduct frequencies in defined genomic
sequences as a function of dos#{]thymidine prelabelled
confluent cells were incubated with 0, 5, 10 oplbGNA-AAF
in complete medium for 30 min at3Z. After washing the cells
twice with PBS, they were lysed. In repair experimékts
prelabelled confluent cells were incubated wittVbNA-AAF in
complete medium for 30 min at 32, and either lysed . .
immediately or incubated for up to 48 h in complete medium 1 10 20 30 40
supplemented with BUdR/FUdR (®/1/1 uM). Concentration NA-AAF (uM)

DNA was isolated and purified by phenol—chloroform extractions
and digested with restriction enzyméslp). The frequency of
NA-AAF-induced DNA-adducts per restriction fragment was Figure 1.Cytotoxic effects of NA-AAF on primary normal human fibroblasts
determined by incision at the sites of adducts employing th#H25D (O ), xeroderma pigmentosum fibroblasts XP21RO (complementa-

; i i ; ; tion group C) (J), XP25R0O (complementation group A®() and Cockayne’s
UVrABC excinuclease complex Bicherichia colas described syndrome fibroblasts CS3BE (complementation groupl))( The CS3BE

previously 6,12). data are taken from (12). The error bars represent standard error of the mean
(SEM).

Survival (%)

Determination of BUdR-labelled repair patches in active

and inactive genes ) o _
o o ) .. VH25D and XP21RO, and that the major lesion induced in both

The distribution of BUdR-labelled repair sites in restrictionce| lines after NA-AAF treatment is the deacetylated dG-C8-AF

fragments of genes was studied by an immunochemical methedjon with a frequency of 0.13 and 0.20 NA-AAF lesipht/

previously described §). The method is based on the separationg kp for normal and XP21RO cells respectively.

of restriction fragments containing BUdR-labelled repair patches

from non-BUdR containing DNA using specific antibodies. .
Aliquots of 5uM NA-AAF treated cells were incubated for Effects of NA-AAF treatment on RNA synthesis
different post-incubation periods (0, 2, 4, 8 and 24 h) in mediuSince a stalled transcription complex is considered to be an essential
containing BUdR/FUdR (1@M/1 uM). DNA was isolated, intermediate in transcription-coupled repair, we investigated the
restricted, and caesium chloride gradients were performed twiggibition of RNA synthesis by NA-AAF treatment. Figia

to separate parental DNA from replicated DNA. The parentghows that RNA synthesis measured during a 30 min pulse
DNA was denaturated and subsequently incubated with immediately after treatment with NA-AAF is inhibited in a
monoclonal antibody raised against BUdR in DNA, a biotinylateglose-dependent way and the extent of inhibition is the same in
Goat-anti-Mouse antibody (®1bio) and polymeric magnetic normal and XP-C cells. Next we determined the capabilities of
particles coated with streptavidin (Dynabeads M-280, Dynaljhese two cell lines as well as XP-A cells to recover from
The bound DNA (repaired, BUdR containing) was separatadA-AAF-inhibited RNA synthesis. FigurB shows that both

from the unbound DNA (unrepaired) using a magnetic particlgormal and XP-C cells, after treatment withMsNA-AAF, are
concentrator (MPC-E, Dynal), and both fractions were applied tapable of recovering the inhibited RNA synthesis with the same
Hybond N using a slotblot apparatus (Schleicher and Schuellkinetics. This in contrast with XP-A cells, which are not able to

The blots were hybridized with gene-specifie-labelled probes recover RNA synthesis after NA-AAF treatment ofu\B.
and the amount 6P in the bound and unbound fractions was

determined using a Betascope 603 blot analyser (Betagen Corﬁ'épair replication and UDS measurement

RESULTS To assess the genome overall repair of NA-AAF induced DNA
i adducts in normal and XP-C cells, we measured the level of DNA
Cytotoxic effects of NA-AAF treatment repair replication32P-prelabelled cells were treated with 30, 45 or

To determine the cytotoxic effects of NA-AAF on cells after a 3¢0 WM NA-AAF and were allowed to carry out repair for 24 h in
min exposure, we measured the colony forming ability relative §€ presence offilthymidine, BUdR and FUdR. The resuits,
untreated cells. Figuteshows that the xeroderma pigmentosunhown in Figures, indicate that the extent of repair synthesis
cell line XP21RO (complementation group C) is only slightlyneasured over a period of 24 h following NA-AAF treatment is
more sensitive to NA-AAF treatment than the normal humagubstantially lower in XP-C cells when compared with normal cells.
VH25D cell line, in contrast with XP25RO cells (complementa- Additionally, the level of UDS was determined in the two cell
tion group A). The survival of XP21RO cells following NA-AAF types. Cells were labelled witPH]thymidine during the initial
treatment is also better when compared with the Cockay® Min following NA-AAF exposure, and processed for measure-

syndrome cell line CS3BE (complementation group A). ment of UDS. The number éH-labelled grains per nuclei was
significantly lower in the case of the XP-C cells compared with

normal cells, 2.2 and 11.2 grains per nuclei respectively. Thus
both methods, DNA repair replication and UDS, indicate a

HPLC analysis of DNA obtained from confluent cells treatededuced level (10-20%) of genome overall repair in XP-C cells,
with 3H-labelled NA-AAF revealed that the distribution patternsvhen compared with normal human cells. This is true for short
of radioactivity in the chromatograms were very similar foq2 h) as well as long (24 h) periods of repair.

Formation of DNA adducts
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Figure 2. (A) Inhibition of RNA synthesis after treatment with different doses of NA-AAF. VHZED);(XP21RO (). (B) RNA synthesis relative to untreated
cells at various post incubation times after treatment witfVISA-AAF. VH25D (M ); XP21RO (1 ); XP25R0 (O ). In both panels RNA synthesis after treatment
with NA-AAF is measured by 30 min pulse labelling withlJuridine and expressed relative to corresponding untreated cells. The error bars represent SEM.

50 introduce a single-stranded DNA break in the DNA at each site
of a lesion. After treatment with UvrABC excinuclease the DNA
samples were subjected to alkaline agarose gel electrophoresis,
Southern blotting and hybridization with radiolabelled specific
probes. The presence of DNA lesions is seen as a reduction in
intensity of bands of full size restriction fragments in lanes
containing UvrABC-digested DNA compared with the intensity
of the same bands in lanes with undigested DNA. The ratio of
band intensities was used to quantify lesion frequencies in
restriction fragments employing the Poisson distributl@ (
Normal and XP-C cells were treated with various concentra-
tions of NA-AAF to determine the frequency of induction of
NA-AAF adducts in active and inactive genes. The lesion
frequencies were measured in al@ated 18.5 kbEcdRI
Figure 3.Repair replication in normal human fibroblasl § and xeroderma  fragment of the active ADA gene and a 14&kdaR| fragment of
pigmentosum fibroblasts (complementation group C) () during 24 h  the X-chromosomal inactive 754 gene employing the same filter.
following treatment with 30, 45 and @1 NA-AAF. Moreover, the induction frequencies were very similar for both
genes and for both cell lines with an average induction frequency
of 0.15 adductgM/10 kb, which is very similar to the average
To address the effect of RNA polymerase Il driven transcriptiofiequency in the genome overall as measured by HPLC analysis
on repair of NA-AAF-induced lesions, we investigated the effed0.17 adductgiM/10 kb). Since the methodology for the
of a-amanitine, an inhibitor of RNA polymerase Il, on the level ofjuantification of adducts in defined sequences is most sensitive
DNA repair synthesis. Previous experiments by Carreau amdlthe range of one adduct per restriction fragment, a dogevbf 5
Hunting (L7) indicated that treatment of UV-irradiated XP-C cellswas chosen, inducirid.75 adducts/10 kb, for the measurement
with a-amanitine resulted in a drastic reduction of repaibf gene-specific repair.
replication, whereas no such effect was seen in normal human cellSo determine the kinetics of repair of NA-AAF induced lesions
Table 1 shows that the incorporation GHjthymidine in XP-C  in transcriptionally active and inactive genes, we measured the
cells after NA-AAF treatment is substantially reduced (66%) in thgequencies of DNA lesions in restriction fragments of the active
presence obti-amanitine. This in contrast with the normal Ce”SadenOSine deaminase (ADA) gene and the inactive 754 gene at
which did not show a decrease in repair replication in the presengierent time intervals after iM NA-AAF treatment. In the
of a-amanitine. We note here that the amount of repair replicatigtb A gene, repair was measured in the I@ated EccRI
in normal cells actually increased in the presencea@hanitin; — fragment, in which both strands contain transcription ub@s (
possibly due to the effects afamanitin on nucleotide pools. Figyre4A shows that in normal cells the removal of dG-C8-AF
Surprisingly, untreated cells also showed an increase in iNCorpPQfyqucts from theEcaRI fragment of the ADA gene clearly
ation in the presence of the inhibitor, although untreated cells HFoceeds in a biphasic manner. During the first 8 h after NA-AAF
not expected to incorporate th label in parental DNA. The yoaimentr40% of the dG-C8-AF adducts is removed, followed
reason of this incorporation is not clear. by a slower rate of repair in the subsequent 16 h. It is clear that
the repair of dG-C8-AF adducts in the transcribed ADA gene of
Induction and removal of NA-AAF adducts in active normal human fibroblasts VH25D is significantly faster than in-
and inactive genes the inactive 754 gene. In the XP21RO fibroblasts the rate of repair
is slowerB0% of the dG-C8-AF adducts in tBedR| fragment
To examine the frequency of NA-AAF adducts in restrictiorof the ADA gene is removed in 24 h, whereas the removal of
fragments of genes, we employed the UvrABC excinuclease tiGG-C8-AF adducts from the inactive 754 gene is virtually absent.

3H cpmjug
N w o
-] (=] (=]

-
[—)
T

DNA repair replication

Dose of NA-AAF (pM)
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Table 1. The effect ofu-amanitine treatment (dg/ml) on the incorporation oPf]thymidine in14C-prelabelled cells from primary normal human fibroblasts
(VH25D) and xeroderma pigmentosum fibroblasts (XP21RO) after treatment witkd 90A-AAF (aA/NA-AAF)

Ratio3H/14C
Cell line Untreated aA aA/NA-AAF NA-AAF % Inhibition
VH25D 0.45 1.50 12.40 6.70 0
XP21RO 0.23 0.38 0.56 0.76 66

Data are average of two experiments.

An alternative method employed to measure gene-specific
repair is based on the incorporation of BUdR in repair patches
during the repair of DNA lesions and extraction of DNA
fragments containing BUdR-labelled repair patches using an
antibody specific for BUdR containing DNA. The percent of a
specific restriction fragment bound by the antibody is then
analyzed on slot blots which are hybridized by gene-specific
probes. The increase of bound restriction fragment is a measure
for the removal of damage from that fragment by DNA repair.
The kinetics of repair as determined by the analysis of BUdR-
labelled DNA closely resembled the kinetics found by employing
UvrABC excinuclease (FigiB).

To detect possible differences in kinetics of removal of B
dG-C8-AF adducts from the transcribed and the non-transcribed
strand of the ADA gene, repair measurements were performed in J

% Removal

Post incubation time (h)

30

the ADA Bcll fragment employing strand-specific probes. In s201

contrast with theecdRl fragment of the ADA gene, thacll 2

fragment contains a transcription unit only on the ADA template o |
=10+

strand (9). Figure5 shows an example of an autoradiogram .
obtained after hybridization of filters containiBgll-restricted 1
DNA after hybridization with strand-specific probes. In VH25D R
cells no difference in the rate of repair could be detected between H 5 & 2 48 30 2
the two strands in normal cells (F&). Furthermore, the kinetics
of removal of dG-C8-AF observed in tBell fragment was the
same as in thEcaRI fragment of the ADA gene measured with
the double strand probes (Fy. As mentioned above, the latter Figure 4. (A) Removal of dG-C8-AF from the 18.5 BRI fragment of the
fragment covers a part of the ADA gene in which both strands arDA gene and the 14 KBcoRI fragment of the 754 gene in primary normal
transcribed. However, the XP-C cells clearly exhibited stranduman fibroblasts VH25D [ADA (] ); 754 (M )] and in xeroderma

e : ca. : pigmentosum fibroblasts XP21RO [ADAYX); 754 (@ )]. Lesion frequencies
SpeCIfICIty for repair of dG-C8-AF adducts in the ALBEI are measured by the UvrABC ass8).Rercent of DNA bound by antibodies

fragment (Fig6), revealing the existence of transcription coupledrecognizing BUAR in DNA. The DNA was subsequently analysed on slotblots
repair of dG-C8-AF adducts. using probes recognizing the 18.58dR| fragment of the ADA gene and the
14 kbEcdRI fragment of the 754 gene in primary normal human fibroblasts
VH25D [ADA ([1); 754 (l )] and in repair-deficient fibroblasts XP21RO
DISCUSSION [ADA (O); 754 @)]. The error bars represent SEM.

=]

Post incubation time (h)

Primary XP-C fibroblasts appear to be somewhat more sensitive
to the cytotoxic effects of NA-AAF than normal cells but lesDNA damage in XP-C cells is confined to transcriptionally active
sensitive when compared with XP-A fibroblasts or CS-A andenes, because treatment of XP-C cells withmanitin, an
CS-B fibroblasts12). This differential sensitivity of the various inhibitor of RNA polymerase I, severely inhibited NA-AAF
human fibroblast strains cannot be attributed to variations induced repair replication, whereas the inhibitor had no inhibitory
frequencies or types of DNA lesions induced by NA-AAFeffect on repair replication in normal cells. A similar inhibitory
exposure. The results of the current study and a previoeffect ofa-amanitine on repair synthesis in UV-irradiated conflu-
investigation by Amacher and Lieberm&d)(demonstrate that ent XP-C cells has been reported by Carreau and Hudifing (
in primary normal human fibroblasts, as well as in XP and C$hus our data indicate that removal of NA-AAF induced DNA
cells, NA-AAF induces dG-C8-AF as the major lesion. lesions in XP-C cells depends on transcription and that dG-C8-AF
The relatively mild cytotoxic effect of NA-AAF in XP-C cells lesions are actually targets for transcription-coupled repair.
is in contrast with the low level of genome overall repair of It has been proposed that transcription-coupled repair is driven
NA-AAF induced DNA lesions in these cells when comparetby stalled transcripts which act as signals to target repair enzymes
with normal human cells. This reduced repair of NA-AAFto the sites of the DNA lesion2122). Indeed, exposure to
adducts in XP-C cells resembles the poor genome overall repHiA-AAF resulted in a dose-dependent inhibition of RNA
of UV-induced photolesions in these cells5). Analogous to synthesis in XP-C and normal cells, however the inhibition of
repair of UV-damage, the residual repair of NA-AAF inducedRNA synthesis is rather inefficierits0% inhibition is achieved
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Figure 5. Autoradiograms showing removal of dG-C8-AF from the 19.9 kb 0 = . 23 T 4
Bcll ADA fragment in primary normal human cells, VH258) énd xeroderma 0 12 24 36 48
pigmentosum cells, XP21R@), The ADA fragments are analysed with Post incubation time (h)
strand-specific probes recognizing the transcribed (ts) or the non-transcribed

strand (nts).
Figure 6. Strand-specific analysis of the removal of dG-C8-AF from the 19.9
kb Bcll fragment of the ADA gene in primary normal human fibroblasts

at an adduct frequency of two adducts/10 kb suggesting that fgH25D [transcribed strand’{); non-transcribed strand@i)] and xeroderma
efficient inhibition of RNA synthesis multiple DNA adducts per p|gm::;ntosumh f|brobla§ts XP21RO [trSanscrlbed strapy Oon-transcribed
transcription unit are required. Thus we conclude that dG-c8-AF"" ®)]. The error bars represent SEM.
adducts form only weak blocks for RNA polymerase Il driven
transcription. This conclusion has also been drawnifmoritro ~ dG-C8-AF repair in the transcribed strand of the ADA gene in
transcription assay$1,13). Both normal human and XP-C cells XP-C was about half of the rate observed in normal cells, and
are able to recover NA-AAF inhibited RNA synthesis within 8 hclosely resembled the removal of dG-C8-AF from thected
but XP-A cells lack this recovery. In this respect, NA-AAFEcdRI fragment of the ADA gene, measured in both strands of the
exposure mimics the response of XP fibroblasts to UV-irradgene. A similar observation was made for repair of UV-induced
ation, as XP-C cells are capable of recovering UV-inhibited RNAPD and 6-4 PP in thecdRl and theBcll ADA restriction
synthesis in contrast with XP-A cell83). It is tempting to say fragments in XP-C cells3(6), which has been explained by the
that the recovery of XP-C cells from NA-AAF-repressed RNAtranscriptional organisation of the ADA gene. Both strands of the
synthesis is due to their capacity to perform transcription-coupléttaR| fragment contain transcription units and therefore it is
repair, and that this accounts for the relative mild sensitivity afxpected that the repair of dG-C8-AF in tbedRI fragment
XP-C cells to NA-AAF. measured by a DNA probe recognizing both strands is similar to the

To show directly the role of transcription-coupled repair inrepair of the transcribed strand determined irBitlefragment
removal of dG-C8-AF adducts, we investigated the induction araf the ADA gene. Thus, taken together, all data suggest that
removal of NA-AAF-induced adducts in transcribed sequencedG-C8-AF lesions are target for the transcription-coupled repair
Tanget al (24) demonstrated that purified UvrABC excinucleasepathway, but that the efficiency of repair of dG-C8-AF by
can incise dG-C8-AF adducts in linear plasmid DNA fragmertranscription-coupled repair is rather low compared with UV-
with high efficiency. Our results indicate that dG-C8-AF adductmduced CPD Z5) or benzofjpyrene adducts2@). The same
in large genomic fragments are also efficiently recognized Hyolds for the efficiency of dG-C8-AFr®val by the global genome
UVrABC excinuclease. HPLC analysisef-labelled dG-C8-AF  repair.
in total DNA revealed adduct frequencies very similar to those In UV-irradiated XP-C cells, cytotoxic effects are much more
guantified in restriction fragments of active and inactive genes lpronounced in exponentially growing cells than in confluent cells
the UvrABC assay. Repair of dG-C8-AF in thedR| fragment  (27). The mild sensitivity of non-dividing XP-C cells to UV-light
of the active ADA gene in normal cells appeared to be rather sldvas been related to the capability of XP-C cells of performing
(50% removed after 24 h), but clearly exceeded the repair of thianscription-coupled repair and to restore RNA synthesis after
adduct in the inactive 754 gene (30% removed after 24 h). tamage induction. In growing cells unrepaired lesions residing in
XP-C cells repair of dG-C8-AF occurred at a significantly slowethe non-transcribed part of the genome will interfere with
rate than in normal human cells exhibiting only 30% removakplication leading to severe lethal effects of UV-light in dividing
from the active ADA gene after 24 h. The repair of dG-C8-AF ixXP-C cells. Our results suggest that in the case of NA-AAF
the inactive 754 gene in the XP-C cells was almost absegxposure, transcription-coupled repair plays an important role in
demonstrating selective repair of this lesion in active genes @ounteracting the lethal effects, but importantly not only in
these cells. The differences revealed by the UvrABC assapnfluent cells but also in exponentially growing cells. Thus, the
between active and inactive genes on one hand and betweelative contribution of both NER pathways to counteract the
normal and XP-C cells on the other hand were confirmed Hgthal effects of genotoxic agents strongly depends on the type of
gene-specific analysis of BUdR-labelled repair patches in botesions induced. In the case of UV-induced lesions, transcription-
human cell strains. coupled repair and global genome repair are both required to

In normal cells no strand-specific repair of dG-C8-AF lesionalleviate their cytotoxic effects in dividing cells: efficient
was observed in th8cll fragment of the ADA gene, the transcription-coupled repair in concert with the capability of
transcribed strand being repaired as rapidly as the non-transcrilbedovering UV-inhibited transcription or efficient global genome
strand. However, in XP-C cells the transcribed strand of the AD#epair alone (XP-C and CS respectively) are insufficient to confer
gene was repaired more rapidly and efficiently than the non-traresistance to lethal effects of UV-light. This situation is different
scribed strand. In fact, repair of dG-C8-AF in the non-transcribddr the dG-C8-AF lesion. The ability to recover NA-AAhibited
strand of the ADA gene was barely detectable. The rate BfNA synthesis is the major factor that determines cellular



4680 Nucleic Acids Research, 1996, Vol. 24, No. 23
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blocking potency of dG-C8-AF lesions. However, the questiobiniversity, Rotterdam, The Netherlands. We are grateful to Drs
remains whether the restoration of inhibited RNA synthesis or tt& Bol and J. H. N. Meerman for help in performing the HPLC
capability to perform TCR (which depends on RNA synthesis3nalysis. This study was supported by a grant of the Medical
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