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ABSTRACT

The nucleolus is a unique structural component of
interphase nuclei where the ribosomal genes, trans-
cribed by RNA polymerase | (RNA pol 1), are organ-
ized. In the present study, the repair of UV-induced
photolesions was investigated in the ribosomal DNA
(rDNA) in relation to RNA pol | transcription. We used
hamster cells because their repair phenotype per-
mits the separate analysis of the major photo-
products induced by UV light. Immunofluorescent
labeling of UV-induced DNA repair and transcription
sites showed that the nucleolar regions were defic-
ient in DNA repair despite the presence of abundant
RNA pol | transcription foci. Immunological staining
indicated that various NER proteins, including TFIIH
(subunits p62 and p89), p53, Gadd 45 and prolifer-
ating cell nuclear antigen are all enriched in the
nuclei but distinctly absent in nucleoli. This lack of
enrichment of NER factors in the nucleolus may be
responsible for the inefficient repair of photo-
products in the rDNA. UV irradiation generates two
major photoproducts, the cyclobutane pyrimidine
dimers (CPDs) and the 6-4 photoproducts (6-4 PPs).
The repair kinetics of these two lesions were
assessed simultaneously by the immunological
isolation of bromodeoxyuridine (BudR) containing
excision repair patches using an antibody to BudR.
We found that the repair of the photolesions was less
efficient in the rDNA compared to that of the endo-
genous housekeeping gene, dihydrofolate reductase
(DHFR). Gene specific repair of each of these two
photoproducts was then measured separately in the
rDNA and in the DHFR gene, which is transcribed by
RNA pol Il. The removal of CPDs was deficient in the
rDNA as compared to the DHFR gene. On the con-
trary, 6-4 PPs were removed efficiently from the rDNA
although somewhat slower than from the DHFR
gene. The relatively efficient repair of 6-4 PPs in the
rDNA is consistent with the notion that the 6-4 PPs
are repaired efficiently in different genomic regions
by the global genome repair pathway.

INTRODUCTION

The nucleolus is one of the important domains of interphase
nuclei where the ribosomal DNA (rDNA) genes of all the
chromosomes are clustered and the ribosome assembly takes
place (1). In higher eukaryotic cells, the nucleolus lies at or
near the nuclear envelope (2). The nucleolus contains RNA
polymerase | (RNA pol 1) that transcribes the rDNA,
topoisomerase |, nucleolin and other proteins (3). The activity
of RNA pol | is dependent upon the upstream binding factor
(UBF), the promotor selectivity factor, the SL1 (4), and a
growth dependent transcription initiation factor (TIF-1A) (5).
These factors have been shown to be sufficient for the
transcription of rDNA (6).

UV irradiation of cells at 245 nm generates two major photo-
products in the genomic DNA, the cyclobutane pyrimidine
dimer (CPD) and the 6-4 photoproduct (6-4 PP). The major
photoproduct is the CPD, which constitutes ~80% of the total
lesions. Although the 6-4 PP is less frequent (~20% of total
lesions), this adduct is of high biological importance and
known to be much more mutagenic (7) than the CPDs (8).
Earlier studies have shown that the CPDs induced by UV
irradiation are removed at a much faster rate from the trans-
criptionally active DNA than from the overall genome (9).
This efficient repair is due to the rapid removal of CPDs from
the transcribing strand of RNA polymerase Il (RNA pol 11)
transcribed genes through a transcription repair coupling
(TCR) mechanism (10). Previous studies have reported defic-
ient repair of CPDs in the rDNA genes in both hamster and
human cells (11,12) suggesting a lack of TCR in genes trans-
cribed by RNA pol I. Fritz and Smerdon (13) demonstrated a
lack of strand-specific DNA repair of CPDs in the active chro-
matin fraction of rDNA in mouse Friend erythroleukemia cells.
However, in those studies, the RNA pol | transcription was not
assayed. Evaluation of transcription in addition to repair is
essential for the detection of correlation between transcription
and repair events. Furthermore, the effect of UV irradiation on
RNA pol | elongation is not clearly understood. While the
repair of CPDs in the rDNA has been studied previously, the
repair of 6-4 PP has not yet been characterized in the rDNA.

In this study, we have assessed the repair of UV-induced
DNA damage from the rDNA genes in hamster cells. This
repair was compared with that of an endogenous essential
gene, dihydrofolate reductase (DHFR). We used hamster cells
which have certain repair characteristics that make them useful
for studies assessing individual photoproducts. We analyzed
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repair of CPDs and of the highly mutagenic 6-4 PPs. This is the rDNA
first time repair of 6-4 PPs has been assessed in the rDNA. In 188 288
addition, the repair kinetics of both photoproducts, CPDs and , 3
6-4 PPs were analyzed simultaneously by isolation of bromo- 3 4[._'—_[-}'7
deoxyuridine (BudR) containing excision repair patches. 88 —

In order to study the correlation between RNA pol | trans- K PAgp K
cription and repair in the rDNA, the focal sites of transcription I 15kb \‘
and repair were localized in intact chromatin isolated under DHFR
physiological conditions. Sites of repair and transcription are
simultaneously labeled in the nuclei after incorporation of 5 | | .]—3’
appropriate brominated or biotinylated nucleotide precursors. p— I
Localization of transcription and repair sites by this immuno- K pMB5 K
logical technique yields information about the fidelity of RNA | |
pol | transcription after UV treatment. ! 30kb ‘

There is increasing evidence for enrichment and recruitment
of various repair and transcription factors to the nucleus and
nuclear matrix after DNA damage. However, very little iS Figure 1. Genomic maps of the rDNA and DHFR genes. The 15 kb region
known as to whether these factors also accumulate in thiecluding the rDNA gene and the 30 kb region including the DHFR gene and
nucleolus. We have assessed the relative distribution of thaese shown. The letter K indicates the locationkgnl restriction sites. The
tumor suppressor gene p53, subunits of the basal transcripti Jigd black boxes indicate the exons. The positions of the DNA probes used in
factor TFIIH, proliferating cell nuclear antigen (PCNA) and 's study are shown as black solid fines below the gene.
the DNA damage inducible protein Gadd45 in the nucleus and
in the nucleolus after UV irradiation. The results show that
these factors are abundant in the nucleus but not in the nucleo-
lus after UV. We have also investigated the relative nucleat50 mM, 0.05% Tween 20 pH 7.4). The slides were incubated
matrix association of the rDNA, and find that most of it is asso-at 37C for 15 min in the above buffer containing 5% milk
ciated with this structure where the transcription and repaipowder (Boehringer). The slides were then washed in 1B and
factories are also located. The lack of NER factors may be duggoyl of the primary antibody (antibromodeoxyuridine mouse
to the special chromatin organization in nucleoli and could bng, 1:10 dilution in IB; Boehringer Mannheim) were applied
an element in the defective repair of CPDs in the rDNA. Theand the slides were incubated at°@7for 1 h. This was

differences observed in the processing of 6-4 PPs and CPDS iy e by three washes of 5 min in IB. Secondary antibody

EEZ :Epl)\la?\r Iggtlﬁztsitthvsoel)g:itggge of distinct repair pathways for[antimouse IgG fluorescein isothiocyanate (FITC) conjugated;

1:100 dilution in I1B; Boehringer Mannheim] was applied to the
slides and incubated at 32 for 1 h. After the incubation,

MATERIALS AND METHODS slides were washed in IB three times and dehydrated through
70 and 90% alcohol. The slides were air dried and mounted
DNA probes with Vectashield mounting medium (Vector Lab) containing

The pMB5 probe originally described by Boét al. (14) was  propidium iodide at a final concentration of Quiy/ml.

used to detect the 14 kikpnl fragment of the 5' half of the ) ] ] o )

Chinese hamster ovary (CHO) DHFR gene. The rDNA pABBIN Vitro labeling of repair and transcription sites

probe (kindly provided by J. E. Sylvester, University of Penn-Encapsulation and lysi2—4 x 106 cells per ml were washed
sylvania, Philadelphia, PA) is a 1.4 kb human 28S rDNAthree times in fresh PBS. The cells were encapsulated in 0.5%
which is homologous to hamster sequence. This DNA probggarose (15) by mixing 4 vol of the cell suspension with 1 vol
was utilized to detect the 7.2 Kkpnl fragment of IDNA. The ot mojten agarose (2.5% prepared in PBS) in a conical flask,
genomic maps of the rDNA and DHFR genes as well as th%rtexed for 60 s and swirled many times on ice to form aga-

E?Sl:tr'gnls of the DNA probes used in this study are shown Nose microbeads. The cells in the agarose beads were lysed
9 ' either with 0.05% Triton X-100 or Streptolysin O (SLO;

Labeling sites of DNA repair with BudR in cells Wellcome; 5 IU/ml of agarose beads) in a modified physio-

CHO B11 cells were grown in Hams F12 medium supple-Ioglcal buffer (PB). This buffer contains 10 mM BP0,

. . : 2 - 1 mM MgCl,, 65 mM potassium acetate, 65 mM potassium
mented with 10% dialyzed fetal bovine serum and antibiotics; ; - .
They were grown for 2 days in medium containing 0.5% seru hloride, 1 mM NgATP, 1_mM dithiothreitol and 0.2 mM
prior to UV irradiation. Cells were irradiated with a UV dose of Phenylmethyl sulfonyl fluoride (PMSF). The agarose encapsu-
20 J/n? and incubated with 5@M BudR and 1uM fluoro- Ia_teq cells were incubated with SLO for 30 min &€4to allow
deoxyuridine (FudR) in complete medium for 2, 4 and 8 h afteRinding. The cells were washed to remove unbound SLO,
UV. After pulse labeling, cells were trypsinized, washed oncéesuspended in an equal volume of PB and incubated’a 32
in medium and fixed in aceto-methanol (1:3). The fixed cellsfor 2 min to allow permeabilization. The permeabilized cells
were placed on acid cleaned slides. The slides were treat&¢ere washed in PB at’€. In case of Triton X-100, the cells
with 0.05% pepsin for 15 min at 3 and washed several were lysed with 0.05% Triton X-100 and incubated on ice for
times in immunological buffer (IB: Tris 100 mM, NaCl 15 min, washed in PB and processedifovitro reaction.
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Irradiation with UV. Two ml of encapsulated cells in 10 ml of Immunoextraction and Southern hybridization
PBS were irradiated with 40 Jhfeffective dose was 20 J/n The procedure for the immunoextraction of repair patches was

as agarose shields half of the radiation dose (16) in a 10 COs described by Leadon (17) and Kadeal. (18) with small
dish]. The encapsulated cells were briefly washed and incus, , jifications, Briefly, 3ug of DNA in 9 pl of TE was dena-
bated in compete medium for 10 min prior to lysis. tured with 1l of 1 N NaOH (30 min at room temperature).
In vitro labeling DNA repair and transcription sites The denatured DNA was neL_JtraIized by the_addition of NaCl

) o - and Tris—Cl pH 7.5 to a final concentration of 150 and
The reaction was initiated by the addition of<l€oncentrated 100 mM, respectively. Antibody to BudR (anti-BudR Mouse
mixture of triphosphates and Mgflo give a final concen- |¢G, 1:50 dilution; Boehringer Mannheim) andf salmon
tration of 0.1mM CTP, GTP, Br-UTP (for transcription), sperm DNA (11 mg/ml; Sigma) were added to the DNA and
0.25 mM dATP, dCTP, dGTP, 2fM biotin-16-dUTP (for  this mixture was incubated overnight £1G! Incubation with
repair), 1 mM ATP and 1.5 mM MgGlIThe encapsulated cells the secondary antibody (biotinylated goat anti-mouse 1gG,
were incubated for 30 min at 3C. In order to distinguish 1:50 dilution; Boehringer Mannheim) was performed for 4 h at
between RNA pol Il transcription and that of RNA pol | and geC.
III., er)cgpsulated a_nq lysed cells were trgated_with t_he RNA pol Streptavidin coated magnetic beads were prepared 1 day
IFinhibitor a-amanitin (5Qug/ml) for 30 min onice priortothe  prior to use. Magnetic beads were washed several times and
transcription assay. equilibrated with 150 mM NaCl and 100 mM Tris—Cl pH 7.5
containing 5 mg/ml salmon sperm DNA. 2Q@ beads in a
total volume of 2Qul buffer were added to the DNA solution.
After the reaction, the encapsulated cells were washed severphe beads were gently mixed and incubated for 4 h°at 4
times to remove unincorporated nucleotides. The nucleakfter incubation, the beads containing the repair patches were
membrane was permeabilized (15 min on ice) in ice cold PBeparated using magnetic particle separator (MPC-E Dynal).
containing 0.5% Triton X-100 for 10 min and subsequentlyThe supernatant was carefully collected without disturbing the
washed in PB (10 times the volume of agarose beads). Theellet The pellet containing the beads was incubated with
cells in the beads were then washed in PBS supplemented withs N NaOH for 30 min to release the bound DNA. As a
0.05% Tween 20. Sites containing Biotin were detected witlpositive control, the same procedure was repeated without the
Avidin-FITC (1:1000 dilution in PB, 4 h at€; Sigma). Sites  antibodies. Aliquots (2ul) of both pellet (BudR-containing,
containing Br-RNA were indirectly immunolabeled using abound) and supernatant fractions (BudR-free, unbound) were
primary antibody raised against BudlR—BSA conjugate (antiscintillation counted to determine the percentage of bound
BudR mouse monoclonal IgG; 1:100 dilution, 4 h &C4 DNA. The pellet and supernatant DNA fractions were adjusted
Boehringer Mannheim) which cross reacts only with singleto a volume of 100ul with TBS buffer. The samples were
stranded Br-RNA. After incubation with the primary antibody, applied on a pre-wet Hybond N-membrane using a slot blot
beads were washed extensively with PB plus 0.05% Tween 28pparatus. DNA was immobilized by vacuum drying at@0
and incubated with secondary antibody for 16 h&@ 4sheep for 1 h and subsequently hybridized to gene specific probes.
anti-mouse IgG Texas red conjugated; 1:500 dilution; , o
Amersham). The encapsulated cells were then washed fo@nalysis of repair kinetics
times with PB followed by two washes in PBS alone. Vecta-A small proportion of2P counts was observed at the 0 h time
shield mounting medium (25l) containing 0.1ug/ml of DAPI point in BudR bound DNA fraction after hybridization with
was mixed with 10ul of agarose beads and the mixture wasgene specific probes, although scintillation counting of this
placed on a glass slide and covered with a coverslip. Photgample revealed n#H counts. Hence thes@P counts could
graphs were taken using a Zeiss Axiophot microscope usingsult from non-specific binding of the probe during hybrid-

Immunological staining

Kodak color film 400 ASA (108 oil immersion objective). ization. In order to correct for this non-specific bindifgp
. . . counts found in the BudR bound (Bo) fraction at the 0 h time
Isolation of BudR containing repair patches were subtracted from both Bo and BudR unbound (UB)

UV irradiation and separation of parental DNACHO B11 fractions at the 2, 4, 8 and 24 h time points. The relative
cells were pre-labeled with 0{Ci of 3H-thymidine (80 mCi/ amount of specific sequence enriched in the Bo was calculated
mmol, Amersham) and 1AM cold thymidine for 2 days. The by dividing the3?P counts in the Bo with the total number of
cells were then washed in PBS, trypsinized, reseeded arabunts in both the Bo and UB DNA fractions.

rown for 1 day in isotope-free medium. The procedures for - . .
?JV irradiation gnd separr)ation of parental DNK were essenSene specific repair assay for CPD and 6-4 PP in hamster cells
tially the same as that of Bolat al. (14). Briefly, cells were The kinetics of removal of CPD and 6-4 PP were determined
irradiated with a UV dose of 20 J/254 nm) and some cells by following the procedures published earlier from this labora-
were lysed immediately for the O h time point after UV irra- tory (19). Briefly, exponentially growing CHO B11 cells were
diation. The cells incubated for different repair time pointsUV-irradiated with 20 J/rh The cells for the 0 h time point
were grown in medium containing 50M BudR and 1uM were lysed immediately, whereas those for the later time points
FudR. The cells were lysed after 2, 4, 8 and 24 h and the higlvere incubated in the culture medium containingud@ BudR
molecular weight DNA was isolated. DNA (2Q@) from each  and 1uM FudR. The genomic DNA was isolated and restricted
time point was restricted with eith&pnl or EcaRl (5-10 U/ with the endonucleadepnl. The parental DNA was separated
pg of DNA) and the parental DNA was separated fromfrom the replicated DNA by CsCl gradient centrifugation. For
replicated DNA in neutral CsCl gradients. the detection of pyrimidine dimers in the parental DNALG
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aliquots of the DNA sample from each time point were treatec;
with T4 endonuclease V or mock treated with endonucleas
buffer alone. The samples were resolved on 0.5% alkalin
agarose gels followed by Southern transfer and hybridizatio
as previously described (19). Intensities of the bands represer
ing full-length fragments were quantitated by densitometric
scanning or by direct analysis of the support membranes on
Phosphorlmager. The relative intensities of parallel band
representing full-length fragments were compared. Assumin
the random distribution of CPDs in a homogenous populatiol
of DNA fragments, the adduct frequency per DNA fragment
was determined by Poisson distribution (19).

The procedure for the induction and repair of 6-4 PPs Wagigure 2. Labeling sites of repair in interphase nuclei of CHO B11 cells by
essentially the same as described by Magl. (19). CHO B11  antibody to BudR. Non-irradiated control cells showed no labelikly Note
cells were irradiated with 40 JAfior the determination of 6- the homogeneous distribution of repair foci in cells pulse labeled with BudR
4 PP repair analysis. The parental DNA was isolated andpr 2 h immediately after UV irradiationB). Arrows indicate the nucleolar
restricted with the endonucleakenl. The DNA isolated from regions.
each time point was treated with photolyase and light which
splits the pyrimidine dimers into monomeric form. The ] . ]
remaining non-dimer photoproducts were mainly 6-4 Ppswere detected with a FITC conjugated secondary antibody.
Samples treated with photolyase were preincubated at roof¥on-irradiated control cells did not show any repair labeling
temperature in the dark in the buffer containing 50 mM Tris-With antibodies to BudR (Fig. 2A). The majority of UV-

Cl pH 7.5, 100 mM NaCl, 1 mM EDTA, 10 m\B-mercapto- ifradiated cells (85-90%) showed bright repair labeling (green
ethanol and 0.25ig photolyasalg of DNA. The samples fluorescence) except in the nucleolar regions (indicated by
placed in a small reaction tube were irradiated in a mono@rrows). In cells pulsed for 2 h with BudR immediately after
chrometer at 405 nm for 30 min at room temperature. ThéJV, repair labeling was found homogeneously throughout the
photoreactivated DNA, purified by extraction with organic hucleoplasm (Fig. 2B) except in the nucleolar regions. BudR
solvents, was divided into three parts. One part was reactd@lse labeling for different post UV incubation (2, 4 and 8 h)
with T4 endonuclease to verify the presence of CPDs. Thémes enabled us to follow the progression of repair events
second part was reacted with ABC excinuclease and the thiiithin the interphase nuclei. However, the nucleoli were
part was used as a control. All three samples were run paralléPnsistently found to be devoid of any repair labeling at all the
on an alkaline agarose gel, transferred to a nylon membrariéne points analyzed after UV irradiation (data not shown).
and hybridized to’?P labeled gene specific fragments. The loaical localization of DNA i and t -
conditions for treatment with ABC excinuclease were the Samg_nmu_no ﬁgwa ocalization 0 repair and franscription

as described previously (19). Highly purified preparations ofs'tes In chromatin

excinuclease UvrA, B and C were kindly provided by Dr A. We next used a quasi vitro chromatin assay to determine the
Sancar (University of North Carolina School of Medicine, correlation between the DNA repair and transcription sites

Chapel Hill, NC). after UV irradiation in the nuclear and the nucleolar regions.
o This technique involves the use of brominated and biotinylated
Accessibility of rDNA nucleotide precursors and the incorporated nucleotides were

25-50x 10P cells were used for the preparation of loop andindirectly detected by antibodies. In non-irradiated cells,
matrix DNA. The procedure was essentially the same as that fanscription foci were found predominantly in the nucleo-
Dijkwel et al. (20). Different concentrations of loop and matrix Plasm (Fig. 3A). The transcription foci were stained with
DNA (100, 200, 500 and 1000 ng) in 1Q0 of TE were heat avidin-FITC and hence the f(_)CI_ appeared as green fluores-
denatured and cooled on ice. The samples were then slégnce. Several hundreds of distinct nascent RNA pol Il spots
blotted onto Hybond N membrane (Amersham). The filtersvere observed in each cell. The nascent RNA sites were
were hybridized to®2P-labeled DNA probes. Conditions for compared _vy|th the relative distribution of DNA visualized by
hybridization and post-hybridization washings were the sam@NA-specific fluorochrome, DAPI (data not shown). Nascent
as described previously (21). Filters were then exposed tianscripts were observed in regions of both low and high DNA

Kodak X-Omat film at —86C for 1-2 h. The autoradiographs concentration. When cells were treated wittamanitin, an
were scanned using a densitometer. inhibitor of RNA pol Il, the transcription pattern was distinctly

different. RNA pol Il transcription was completely abolished

in the nucleoplasm while distinct RNA pol | transcription foci
RESULTS (10-20) were observed in the nucleoli (Fig. 3B). The RNA pol
| transcription sites were labeled with avidin-FITC. In order to
show the DNA distribution, the cells were stained with pro-
In order to localize the UV-induced repair sites in the inter-pidium iodide and photographed using an Omega multi-fluor
phase nuclei and the nucleolus, an indirect immunofluorescefitter. The overlap of green fluorescence (FITC) and red (pro-
technique involving BudR was used. The cells were irradiategidium iodide) gave a yellowish color of RNA pol | transcrip-
with UV and incubated in the presence of BudR for 2, 4 and 8 hion sites in the nucleolar region. This active ribosomal
to allow the repair to occur. The BudR incorporated repair sitetranscription pattern in the presence wimanitin was very

Localization of DNA repair sites with antibodies to BudR
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Figure 3. Visualization of transcription and repair foci in intact chromatin of B11 cells isolated under physiological conditions. Encapsulated geNsria G
irradiated with 20 J/of UV permeabilized with SLO and incubated with biotin 16-dUTP (DNA repair) and Br-UTP (transcription). Sites containing incorporated
biotinylated and brominated nucleotides were immunolabeled with avidin-FITC (repair) and anti-BudR antibodies (transcAptimm)-ifradiated cell showing

bright transcription sites distributed uniformly. Note the enrichment of RNA pol | transcription foci in nucleoli regiaraménitin treated celR). In UV treated

cells, transcription elongation by RNA pol 1l is greatly reduced while 10-20 bright transcription foci are found in nu€ledlidte the absence of repair foci in
nuceoli regions exhibiting transcription fodd}. The photograph of the same cell showing the DNA distribution with DAPI stairfif)gArrows indicate the
nucleolar regions.

similar to the transcription pattern seen in UV-irradiated cellsRepair in rDNA genes

(Fig. 3C). After UV exposure, the intensity of extra nucleolar g ichment of rDNA in BudR containing excision repair
labeling of RNA pol Il transcription was greatly reduced while patches.In order to determine the efficiency of rDNA gene
bright transcription foci were found at the nucleolar regionsepair of both photoproducts (CPDs and 6-4 PPs) we used an
(Fig. 3C). The RNA pol II transcription foci were not jmmunoextraction assay which separates the repaired DNA
completely abolished in UV treated cells (Fig. 3C) as theyfrom the total genomic DNA. This procedure involves the use
were in thea-amanitin treated cells (Fig. 3B), but were much of BudR, which is incorporated in the place of thymidine
smaller and less intense than the transcription foci in theluring the excision repair synthesis after UV exposure. The
nucleoli (Fig. 3C). The repair foci were completely absent inscheme for isolating the BudR containing repair patches is
this region (compare the bright spots marked by arrows imlescribed in detail in the Materials and Methods section. A
Fig. 3C with the regions in Fig. 3D) despite the presence ohumber of pilot experiments were carried out to optimize the
bright transcription foci in the nucleoli. The DNA staining concentration of antibodies and Streptavidin coated magnetic

pattern of the same nucleus with DAPI showed that the trang2€@ds. The extraction was found to be optimal at an antibody
cription foci were found mainly in regions with high DNA dilution of 1:50 (data not shown). The same concentration was

concentration after UV irradiation (Fig. 3E). The patterns of!S€d for both primary (anti-BudR) and secondary (biotinylated

- ; - : t anti-mouse 1gG) antibodies. Streptavidin coated magnetic
transcription and repair labeling were carefully analyzed i oa |
more than 100 cells. In the nucleoplasm, the majority of th eads were used at a concentration of §g0n 20l of TBS

o L . uffer per reaction. Omission of either primary or secondary
transcription and repair sites were found to co-localize. In th%ntibody failed to separate the repair patches. Using the
UV-treated cells, distinct RNA pol | transcription foci were ,

) e | X : optimal concentrations of antibodies and beads, 18-20% of the
found in the nucleoli while the intensity of RNA pol Il sites ¢4t5| pNA was separated as BudR containing repair patches.
were much less than in non-irradiated cells. The nucleolafhis percentage of isolation of repair patches from the total
labeling of transcription found in the UV-treated cells was verypNA s in good correlation with the results of earlier studies
similar to that ofa-amanitin treated cells. It was very difficult using other assays to measure the kinetics of overall genome
to visualize the RNA pol | transcription foci without blocking repair (14). The efficiency of immunoextraction was assayed
RNA pol Il transcription with eithera-amanitin or UV as by immunoblotting of the bound Bo and unbound UB DNA
previously reported by Jackseam al. (22). fractions using alkaline phosphatase conjugated antibodies to
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# J ;,f-—f"' at different post incubation times after UV from the rDNA genes in hamster
5 { et cells. The cells were irradiated with 40 and 20 3¢hUV-C irradiation and the
p L DNA was isolated at different post incubation times. The DNA was purified in
: . : : : : two rounds of CsCI gradient centrifugation to remove the replicated DNA. The
L] 8 i 16 2 25 repair kinetics of CPD and 6-4 PP are assayed as descibed earlier (19).

Post Incubation Time (h}

Figure 4. (A) Comparison of the relative enrichment of the rDNA and DHFR 6-4 PPs Were_ determined at different post-incuba_\tion times_ in
specific sequences in the BudR containing (bound, Bo) and non-BudR contaitN® 'DNA using the procedures that were published earlier
ing DNA (unbound,UB) fractions at different times after UV treatment. Note from this laboratory (19). CHO cells were irradiated with 20
the reduced binding of the rDNA to the repair patches during the first4 h. Thegnd 40 J/rA for the determination of CPDs and 6-4 PPs,
numbers indicate the time points after UV treatmeB). The percentagefo ; P

rDNA and DHFR sequences enriched in the isolated BudR containing DNAreSpeCtlvely' The initial frequency of C.:PDS per 10 kb DNA
fractions was calculated by dividing tHé counts in BudR bound fracton Was 1.03 for rDNA and 1.28 for the dihydrofolate reductase
(Bo) with the total number of counts in both the Bo and UB DNA fractions. (DHFR) gene after a UV dose of 20 JnThe initial frequency

The symbols represent the average values of three independent determinatiop$.6-4 PP for 10 kb DNA was found to be 1.05 and 0.93 for
rDNA andDHFR genes, respectively, after a UV dose of 40 J/
m2 under our experimental conditions. This suggests that the
frequency of 6-4 PP is ~30% of total lesions introduced after
40 J/In? UV irradiation. The representative autoradiograms for
" ; ; ; the removal of CPDs and 6-4 PPs from the rDNA genes are
ositive signal to alkaline phosphatase detection. e . .

P g phosp shown in Figure 5A and B. The quantitation of the autoradio-

The efficiency of repair of UV-induced photo lesions was raphic signals showed that the repair of CPDs is defective in
determined by measuring the relative enrichment of a give e IDNA compared to thOHFR, 17 versus 70% after 24 h

DNA sequence in the BudR containing repair patches. Reprer. : :

. . ) Fig. 6B). In contrast, the removal of 6-4 PPs is only slightl
sentative slot blots hybridized with tfi2HFR and the rDNA ?es% effe)ctive in the rDNA than iDHFR. The repair of 6¥4 PQI]DS Y
genes are shown in Figure 4A. The average values of rDN om DNA is much more efficient than that of CPDs
enriched in the Bo and UB fractions obtained from three inde Fig. 6A). Comparison of the relative removal of both 6-4 PPs
pendent determinations are shown in Figure 4B. SOUthergnd CPDs after 8 h of UV irradiation indicates that the repair of
hybridization analysis showed enrichment of only 1-2% ofyy4ih photo products is efficient in the DHFR gene while the
rDNA at 4 h after UV irradiation. The percentage of rDNA in yepair of CPDs is much less efficient than that of 6-4 PPs in the
the pellet fraction gradually increased to 8 and 17% after 8 anghN (Fig. 6C).

24 h, respectively. The relative percentagesD¥FR and

rDNA genes found in the repair paiches are given in Figure 4BEistribution of rDNA in loop and matrix DNAFractionation
The repair of DNA genes was much less efficient than that of, yeriments were carried out to determine the relative access-
the DHFR, which showed up to ~46% enrichment of repaifjity of rDNA in higher order chromatin organization. Loop
label after 24 h of UV treatment. and matrix associated DNA fractions were separated by diges-
tion of nuclei withEcaRl and extracted with either 2 M NaCl
Gene-specific repair analysis of CPDs and 6-4 PPs in DNAor 10 mM lithium diiodosalicylic acid (LIS). LIS extracts a
As the repair patches generated during the repair of CPDs amdajority of histone and non-histone proteins from the nuclei in
6-4 PPs are of similar size, it is difficult to distinguish betweena low salt buffer containing 0.125 mM spermidine (20).
the repair of these two lesions detected by the immunoextratNuclear matrix associated DNA (MAD) was found to consti-
tion assay. Therefore, the repair of each of the two phototute 5-7% of the total genomic DNA. Slot blot analysis of loop
products was assayed separately. The repair rates of CPDs aartt] matrix DNA showed that 67% of the rDNA was found in

BudR. Only the pellet fraction containing the Bo DNA gave a
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Figure 6. The percent repair of 6-4 PR) and CPD B) from the rDNA and DHFR genes in hamster cells at different post incubation times. Bars indicate the
standard error of the mean of three independent determinat@bligtogram showing the relative removal of 6-4 PP and CPDs from the DHFR and rDNA genes
8 h after UV irradiation.

the insoluble matrix fraction. Extraction of the chromatin with DISCUSSION

another_ prptO(_:oI using L_IS rat_her than NaCl yielded 5|m|Iar|n this study, we have attempted to determine the correlation
result§ |nd|cat|ng that t.hls enrichment of rDNA was not aNpetween RNA pol | transcription and DNA repair of photo
experimental artifact (Fig. 7A and B). The sequential hybrid egions in the rDNA genes by immunofiuorescent and gene
ization of the same filter with the probe for tH2HFR gene  gpecific repair assays. Although there have been previous
showed that ~20% of thBHFR gene sequences were attachedassessments of repair in the rDNA, it has never been assayed in
to the nuclear matrix. This indicates that the enrichment otonjunction with the analysis of transcription. Earlier studies
rDNA in the matrix fraction is ~3-fold higher than that of the have dealt only with the repair of CPDs, while the fate 6-4 PP,
DHFRgene. which is more mutagenic than CPD, has not been examined in

the rDNA. Our immunofluorescent results indicate that there is
Immunostaining of repair and transcription factors in the efficient RNA pol | transcription but minimal repair of photo-
nucleus and nucleolusThe relative distribution of various Products in the nucleoli. In this study, we have used a guasi
factors directly or indirectly involved in DNA damage process-VItro assay for measuring repair and transcription for two
ing was next analyzed to determine their relative abundance f§2S0ns. First, labelingr vivo with brominated and bioti-

the nucleus and the nucleolar regions. The subunits of TFIHYlated precursors is impractical, as endogeneous NTP and
(062 and p89), p53 and Gadd45 were all enriched in tthTP pools may greatly affect the uptake. Second, the rate of

) - gy elongation is so rapid that many transcripts will be completed
nucleus after UV irradiation, but distinctly absent or undetect-; . ; . ; :
able in the nucleolus (data not shown)).l The protein PCNAdurlng several minutes required to give detectable labeling.

o . . . : Therefore we labeled the transcription sites vitro after
which is an important component in the repair resynthesis steomeapilizing the cells with either Triton X-100 or Strepto-
of NER, was specifically enriched after UV damage in thejysin 0. Jacksomt al. (22) using a similar assay have recently
form of bright fluorescent foci in the nucleus of quiescent cellsshown that essentially all RNA polymerases actigevivo
(Fig. 8B). In the non-irradiated cells, PCNA staining wasremain activén vitro. Itis also well established that tivevitro
found to be much less intense (Fig. 8A). However, the nucleokystem we have utilized in the present study is analogous to
regions were found to be devoid of any PCNA staining aftemuclear run-on and is unable to initiate but only can elongate
UV damage. the transcripts that are initiated before permeabilization. The
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Figure 8. Immunological analysis of PCNA distribution in contré{ and UV
treated cellsB). The cells were grown on a coverslip, irradiated with 202J/m
UV and fixed in ice cold methanol after 2 h. The slides were stained with a
primary antibody (mouse IgGla) to PCNA and a secondary FITC conjugated
g antibody to mouse IgG1la. Arrows indicate the nucleolar regions.

Figure 7. Enrichment of rDNA genes in the matrix fraction. Chromatin
extracted with 2 M NaCl was digested wiitdRI. Different concentrationsfo
fractionated loop (L) and matrix (M) DNA were slot blotted and hybridize
with the rDNA probe to determine the relative enrichment of sequences in the
two fractions. Matrix DNA shows 1.5-2-fold enrichment of rDNA genes as
compared to loop fractionX). Hybridization patterns of the same filter were
shown with the DHFR gendg). to the repair of CPDs, Stevnsnetral. (11) have shown that in
hamster cells, intrastrand adducts induced by MMS are
efficiently repaired in the rDNA genes. MMS forms simple
elongation step alone is labeled in this assay by pulse labelirglkylation lesions in DNA, which are largely repaired by base
with Br-UTP. Therefore it is unlikely that the transcripts we excision repair (BER). This suggests that the repair deficiency
detect after UV irradiation are made before UV irradiation.in rDNA is limited to bulky lesions removed by NER. An
Under the same irradiation conditions, we found that the RNAexception to this statement, however, is that the removal of
pol Il elongation is greatly reduced in a dose dependent fashiogisplatin induced interstrand crosslinks is efficient in rDNA
with UV irradiation. Our observations indicate that the elon-(11). These complex lesions are thought to be removed by a
gation of RNA pol | is relatively unaffected by UV compared combination of excision and recombination repair pathways.
to RNA pol Il elongation. The pattern of nucleolar transcrip- Thus, rDNA does not appear to be deficient in recombinational
tion observed after UV irradiation is very similar to that DNA repair.
obtained after treatment of cells with- amanitin. In contrast ~ The frequency of lesions induced by different agents appear
to nucleolar regions, nuclear regions comprising RNA pol llto vary in the rDNA (11) as compared to other regions of the
transcribed genes show greatly reduced transcription bgfenome. The overall organization of chromatin and the
abundant repair sites after UV. The gene specific repair assagequence complexity may influence the induction of DNA
show that both photoproducts are repaired less efficiently illamage. As compared to the DHFR, fewer CPDs are induced
the rDNA than theDHFR gene. Interestingly, the repair of 6- in the rDNA after UV exposure, and the greater GC content of
4 PP, which probably does not require transcription couplingthe rDNA could also be a possible explanation. In corrobor-
is much more efficient than the repair of CPDs in the rDNA. ation with our earlier study (11), analysis of isolated repair
In the present study, we could not detect BudR repair labepatches (Fig. 7) showed very reduced repair of the rDNA
ling in nucleolar regions after a UV dose of 20 3/lthough  sequences. This assay does not discriminate between the
6-4 PPs seem to be removed very efficiently from rDNA, theremoval of CPD and 6-4 PP, and measures repair of both
frequency of 6-4 PPs induced by this UV dose was insufficienphotolesions. In the present study, we observed only 2%
to visualize the repair sites. The molecular weights of the antibinding of the rDNA to the repair patches as compared to 22%
bodies used for transcription and repair assessment in oof the DHFR probe during the first 4 h (Fig. 7). These results
assays are similar. Hence, the absence of repair labeling in tlage quite consistent with the analyses of CPD and 6-4 PP repair
nucleoli is not due to the limited accessibility of antibodiesusing the gene specific repair assay for each individual photo-
used for repair detection. Several studies have demonstratpdoduct. The results of immunoextraction correlate well with
that rDNA is deficient in the repair of CPDs in both rodent andthe T4 endonuclease analysis of CPDs, although the percent-
human cells (11,12). Using strand-specific probes, Christianage of the DHFR gene bound to the isolated repair patches was
and Hanawalt (12) demonstrated the lack of TCR of CPDs iromparatively less than that of the repair assayed by T4 endo-
the rDNA of Cockayne syndrome (CS) (complementatiomuclease method. The repair of photolesions in the rDNA
groups A and B) and Xeroderma pigmentosum (XP) (complegenes measured by the immunoextraction assay was slightly
mentation group C) cells. Fritz and Smerdon (13) analyzed thmore efficient than the repair of CPDs measured by gene
repair of CPDs in the transcriptionally active and inactivespecific repair assay. The difference in repair rates observed
fractions of the rDNA separated on the basis of psoralemetween the immunoextraction and the gene specific repair
binding. They found a lack of TCR in the rDNA genes of assay could in part be due to different doses of UV. Also, the
mouse Friend erythroleukemia cells. However, the repairepair patches generated by the removal of 6-4 PPs and CPDs
deficiency of the rDNA is not universal as yeast cells canin GC-rich regions of the genome would be expected to be low
efficiently remove the CPDs from their DNA (23). In contrastin BudR due to the low thymidine content. The rDNA is
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relatively GC rich. The low level of rDNA binding observed A revertant cell line displays proficient 6-4 PP repair without
during the early hours after UV may be due to the poor BudRany detectable level of repair of CPDs (29). In corroboration
extraction of these GC rich regions with reduced thymidinewith these experimental evidences, the present study indicates
content. Using a similar approach, Kale al. (18) extracted that the excision repair capacity may vary for 6-4 PP and CPD
60% of the total DNA containing repair patches in humanin the rDNA.
cells. On the contrary only 17-20% of the total DNA is isolated A technical difficulty in detecting the induction and repair of
from hamster cells. This difference is expected since hamst&-4 PPs is that a higher dose of UV-C irradiation (403 Atman
cells are deficient in overall genome repair of CPDs. the one used for CPDs (10-20 Jjnis required to generate

The lack of TCR of CPDs in the rDNA may be attributed to enough lesions for detection. It is well known that the active
the enzymatic differences between RNA polymerases | and RNA pol Il elongation is important for TCR pathway in normal
as well as to their differential location in the nucleus. There areells. Venemaet al. (30) have shown that TCR of CPDs in the
many copies of rDNA in mammalian cells. If only a fraction of adenosine deaminase (ADA) gene is efficient in normal cells
the rDNA genes are transcribed, it would probably explain thefter a UV dose of 10 J/iwhile the TCR is completely abol-
lower repair efficiency of CPDs in the rDNA. However, ished in the ADA gene at 30 JAmThis shows that at higher
Conconiet al. (24) have shown that majority of the rDNA UV dose, like the one used for 6-4 PPs detection, RNA pol Il
genes are transcribed in exponentially growing cells. As cellglongation is impaired affecting the TCR pathway. Hence the
in exponential growth phase were used in the present study, tiedficient repair of 6-4 PPs observed at higher UV dose is most
lack of transcriptional activity is probably not the cause of thelikely due to the fact that the global repair pathway overrules
lack of repair of CPDs. In mammals, transcription by RNA polthe TCR pathway. To determine whether there is 6-4 PP
Il requires the co-ordinated action of seven accessory proteifismoval via TCR, a sensitive gene specific assay using the low
for accurate initiation of transcription (25). TFIIH is the most dose of UV must be developed.
complex of all these proteins with many diverse enzymatic The 6-4 PP is an important determinant of the lethal and
activities (26). The efficient strand specific repair of genesmutagenic effects of UV irradiation in biological systems (7).
transcribed by pol Il is due to the association with basic transThe removal of this mutagenic lesion appears to correlate well
cription factor TFIIH that plays dual roles in both transcription with early DNA repair responses of mammalian cells including
and repair (10). While this large multi-subunit complex isincision, repair resynthesis and the removal of replication
required for RNA pol Il transcription as well as for DNA blocks. Considering the mutagenic potential of 6-4 PP, the
repair, only three components, RNA pol I, UBF and theintegrity of 6-4 PP repair pathway may be critical for prevent-
promotor selectivity factor (SL1) are required for transcriptioning the mutational load that may affect the maintenance of
of rDNA (6). No evidence has been obtained yet for the assaDNA and the ribosome assembly in the nucleolus. Further
ciation of TFIIH or the NER proteins with RNA pol I. In studies are required to understand the mechanisms responsible
corroboration with this, we find that immunostaining of nuclei for the differential processing of 6-4 PPs and CPDs in the
with antibodies to different repair proteins and transcriptionrDNA.
factors show homogeneous distribution in the nucleoplasm,
but no presence in the nucleolar regions of both control an
UV-treated cells. The lack of enrichment of NER factors in/(&CKNOWLEDGEMENTS
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