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Compelling evidence indicates that proliferating cell nuclear antigen (PCNA) is an indispensable
factor not only in DNA replication but in nucleotide excision repair (NER), alternative pathway of base
excision repair (BER), and mismatch repair. The common function of PCNA in each of these is to assist in
the initiation of DNA synthesis by providing a scaffolding clamp as a trimer catalyzed by RF-C at the 3°-OH
terminus of a nascent DNA strand, to which DNA polymerase 0 or ¢ can bind. Interestingly, DNA synthesis
is reported to be ingeniously inhibited in replication, but not in NER owing to the interaction with CDKN1A
(formerly known as p21/WAF1/CIP1). Furthermore, several proteins, XPG, FEN1, and DNA ligase I,
recently were shown to competitively bind to the same region of PCNA, the interdomain connector loop, to
which DNA polymerase  or ¢ also binds. PCNA therefore seems to have a regulatory role in these DNA
transactions. The in vitro reconstituted experimental system has been a powerful tool to obtain these lines of
evidence, but another approach, immunofluorescence studies, also has been a contributor. In fact, the
involvement of PCNA in DNA replication, NER, and BER has for the first time been indicated by a unique
method that makes visible only in vivo chromatin-bound PCNA. The usefulness of this method and the
importance of cooperative studies done with in vitro and in vivo experimental systems is discussed in terms
of DNA excision repair.

INTRODUCTION

Proliferating cell nuclear antigen (PCNA), discovered by Miyachi et al. is recognized by
certain autoantibodies from autoimmune disease patients”. Bravo et al. independently identified
a 36 kD acidic nuclear protein, ‘cyclin’, whose expression was increased in the S-phase of cell
cycle distribution™”. PCNA and ‘cyclin’ were found to be identical*”. Thereafter, immunofluo-
rescence studies using autoantibodies contributed greatly to identifying the potential role of PCNA
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in DNA replication®™®. PCNA next was shown by Bravo et al.” and Prelich et al.'” to be an
auxiliary protein of DNA polymerase 6 (pol d ), which stimulated the study of the specific mecha-
nism of PCNA in an in vitro reconstituted DNA replication system. Finally, PCNA and pol ¢
were confirmed to be essential factors in DNA replication of the leading strand together with
another factor, pol «, that is essential in lagging strand replication'""'. In contrast, most DNA
excision repair studies focused on the recognition / incision steps of the repair process. The only
available information concerning the DNA synthesis step was that pol ¢ and 8 were involved
respectively in nucleotide excision repair (NER) and base excision repair (BER), based on find-
ings of experiments using aphidicolin, a specific inhibitor of pol & and ¢ '?. Exactly the same
approach used in DNA replication was applied to DNA repair studies and the first evidence of the
involvement of PCNA in DNA repair was shown by immunofluorescence study results, de-
scribed hereafter.

Immunofluorescence studies generally provide information on: i) the presence or absence
of specific proteins in an individual cell'”; ii) if present, the distribution of these proteins within
the cell structure'”; iii) the colocalization of different proteins when multi-immunofluorecence
d'>'%; and iv) the three dimensional distribution of these proteins when com-
bined with confocal scanning techiques'”. Some proteins are dynamically redistributed during

stainings are use

certain events within the cell, and the change can be detected immunohistochemically between
the accumulated proteins and unredistributed ones when the contrast is high enough. Conversely,
the identification of that kind of phenomenon is a strong proof that the proteins are involved in
the events. A recent successful use of the immnunofluorescence approach was the detection of
redistributed and colocalized hMre11/hRad50 at the double strand break (DSB) sites following y
irradiation, which complex has been suggested to be involved in homologous recombination and
non-homologous end joining'®. Moreover, the hMre11/ hRad50 complex was reported to carry
the Nijmegen breakage syndrome (NBS) gene product, and its cDNA has been cloned'®. Inter-
estingly, use of the conventional immunofluorescence method made the redistributed foci vis-
ible. In the case of PCNA, the situation was not so simple.

UNIQUE CHARACTERISTICS OF PCNA IMMUNOFLUORESCENCE STAINING

PCNA is an abundant, stable protein (half life ~ 20h) within the nucleus?, and its expression
is growth-regulated with a peak at the S-phase in the cell cycle distribution'™. Therefore, using
the conventional approach, it should have been difficult to clearly detect only the chromatin-
bound PCNA in S-phase cells due to the presence of high concentrations of unredistributed PCNA.
PCNA immunostaining, however, was observed only in S-phase cells, and its patterns during the
S-phase changed markedly in accord with the incorporation sites of *H-thymidine detected by
autoradiography and 5-bromodeoxyuridine (BrdU) detected by immunostaining®™®. Bravo and
Macdonald-Bravo reported that methanol fixation somehow had a key role in detecting chroma-
tin-bound PCNAY. Indeed, when cells were fixed in formalin, the nuclei were almost all homo-
geneously stained”. Later it was reported that the methanol fixation method was successful only
with autoantibodies, not monoclonal antibodies'”. Anti-PCNA autoantibodies therefore have
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PCNA AND DNA EXCISION REPAIR 3

Table 1. Characteristics of PCNA immunostaining

Antibody
Fixation method
Monoclonal antibody (PC10) Autoantibody (AK)
4% formaldehyde B+U* B+U
Detergent extraction® B B
+ 4% formaldehyde
Methanol B+U B
Detergent extraction
B B

+ methanol

“Both chromatin-bound and -unbound PCNA are visible.
"Only chromatin-bound PCNA is visible.
‘Detergent treatment with Triton X-100 done prior to fixation.

unique characteristics that allow them to recognize chromatin-bound PCNA under methanol-
fixed conditions. These autoantibodies recognized conformation-dependent epitopes of PCNA'?,
which may be one reason for the differential recognition of PCNA status. Another method for
detecting chromatin-bound PCNA uses detergent treatment prior to fixation. Chromatin-unbound
PCNA was successfully extracted by detergent treatment, e.g. Triton X-100, leaving only tightly
chromatin-bound PCNA and was made visible by both monoclonal antibodies and autoantibod-
ies**”. The unique characteristics of PCNA immunostaining are summarized in Table 1. These
findings obtained using the unique method strongly suggest that PCNA migrates to the DNA
synthesis sites on the chromatin and therefore should be directly involved in the DNA replication
process.

DETECTION OF CHROMATIN-BOUND PCNA IN THE NER PROCESS

NER is a very complicated repair system that removes bulky DNA damage, such as pyrimi-
dine dimers induced by UV-irradiation. Repair is initiated by recognition of the DNA lesion and
incision on both sides of the lesion by proteins, including the XP proteins deficient in the heredi-
tary disease xeroderma pigmentosum. About 30 oligonucleotides including the lesion are re-
moved, and then the gap is filled by DNA polymerase”. This method of autoantibodies and
methanol fixation was used to study the role of PCNA in the DNA synthesis step of NER in UV-
irradiated cells. Celis and Madsen reported that UV-irradiation induced PCNA staining in non S-
phase cells 30 min after irradiaiton and that the staining was not abolished by cycloheximide
treatment™. These findings were the first to suggest the migration of pre-existing PCNA to DNA
damage sites and its involvement in the NER process. In the authors’ discussion, cells derived
from a xeroderma pigmentosum group A (XP-A) patient (XP25RO) were also described as show-
ing UV-induced PCNA staining. They concluded that not all the steps of the NER process are
inhibited in XP-A cells. Toschi and Bravo characterized the properties of UV-induced PCNA
staining in more detail®. PCNA staining using the autoantibody AK, a different antibody than
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that used by Celis and Madsen, was not induced after methanol fixation when ATP was depleted
or when cells were irradiated at 0°C. In contrast, under both conditions PCNA staining was
clearly present after detergent treatment plus formalin fixation. On the basis of these findings,
they proposed three different PCNA populations following UV-irradiation: i) chromatin-
unbound, free PCNA in the nucleoplasm; ii) chromatin-bound PCNA that does not consume
ATP (‘pre-synthetic complex’), which is not recognized by AK under methanol-fixed condi-
tions; and iii) chromatin-bound PCNA that consumes ATP (‘replicative complex’) and which is
recognized by AK under methanol-fixed conditions. On the basis of our current biochemical
knowledge of PCNA, the PCNA forming ‘replicative complex’ should be an anchor clamp loaded
onto the DNA catalized by RF-C in an ATP-dependent manner***”. We therefore re-examined
UV-induced PCNA staining using AK and XP-A cells. In contradiction to the results reported by
Celis and Madsen, strong PCNA staining was present in normal cells, but none in XP-A cells 30
min after irradiation”®. The same results were obtained when cisplatin was used to induce DNA
lesions that are believed to be repaired by NER*”. Furthermore, XP-A cells fused with normal
cells restored UV- or cisplatin-induced PCNA staining®”. We also showed that there was PCNA
staining in BrdU-incorporated XP-A cells following UV-irradiation, where spontaneous DNA
strand breaks take place®®. These results confirmed the involvement of PCNA in the NER pro-
cess and indicated that ATP-consuming chromatin-bound PCNA is formed after the incision
steps in the NER process. The discrepancy in results of UV-induced PCNA staining in XP-A
cells may be attributed to the types of mutation harbored in the XPA genes of the patients or to
different properties of the autoantibodies. The former possibility is remote because both types of
mutation lead to undetectable levels of XPA protein expression™*”. Conceivably some autoan-
tibodies recognize PCNA other than tightly chromatin-bound type consuming ATP even under
methanol-fixed conditions. Prosperi et al. developed a detergent treatment method under hypo-
tonic conditions to use following UV-irradiation in which only ATP-dependent chromatin-bound
PCNA is detected by the monoclonal antibody PC10*”. Aboussekhra and Wood reported no
PCNA staining in XP25RO cells using severe detergent treatment and PC10 following UV-
irradiation®. Although the ‘pre-synthetic complex” has yet to be confirmed, the tightly chroma-
tin-bound PCNA consuming ATP detected by the immunofluorescence method well reflects the
biochemical properties of PCNA clamp formation in vitro. The ATP-consuming type hereafter is
referred to as chromatin-bound PCNA. After PCNA involvement in NER was shown by immu-
nofluorescence 22’23’26), Shiviji et a1.30>, and Nichols and Sancar’” proved that PCNA is an essen-
tial factor in the DNA synthesis step in the reconstituted NER system in vitro and that pol d or &,
not pol ¢, is involved in it.

To confirm the involvement of PCNA in the NER process, the relationship between the
function of the mutant XPA protein and UV-induced PCNA staining was examined in quiescent
XP-A cells harboring various mutations in the XPA gene. XPA protein has a pivotal role in the
recognition of DNA damage and is an essential factor in NER*. The structure of the mutant
XPA protein and results of PCNA stainings are presented in Fig. 1. XP350S is homozygous for
mutation of a G — C transversion at the 3’ splice acceptor site of intron 3 leading to the expression
of undetectable levels of XPA protein, which is most common in Japanese XP-A patients with

severe clinical symptoms*”. GM2009 is heterozygous for a G — T transversion at nucleotide 323
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PCNA AND DNA EXCISION REPAIR 5

altering the Cys-108 codon to the Phe codon, and for 5-bp deletion at nucleotide 349—353 pro-
ducing severe clinical symptoms®”. The cells express only a significant level of normal-size XPA
mRNA derived from the allele harboring the missense mutation in the C4-type zinc finger do-
main which plays an essential role in the XPA protein function®. These two types of cells showed
no PCNA staining 30 min after UV-irradiation as was the case with XP67TO cells
described above (Fig. 1B, C). XP390S and XP11TU are homozygous for a C - T transversion
altering the Arg-228 codon to a nonsense codon®**”. These cells express 3—5 times less the amount
of XPA protein lacking the C-terminal 46 amino acids, including the H2C2-type zinc finger
motif****. They showed very faint, but reproducible staining (Fig. 1D, E). XPSLO is
heterozoygous for a G — C transversion at the last nucleotide of exon 4 and for an A - G transver-
sion altering the His-244 to Arg in exon 6, which gives very mild symptoms’®. The cells express
only normal-size mRNA derived from the allele harboring the missense mutation in exon 6.
They showed strong PCNA-staining very similar to that seen in normal cells (Fig. 1F). In previ-

A C4-type zinc finger H2C2-type zinc finger
105 108 126 129 242 244261 264
Cys Cys Cys Cys His His Cys Cys
1 NLS E-clust.
il
GM2009 XP390S, XP11TU XP8LO
Cys » Phe Truncated at 228 His >Arg
B

.
Fig.1 Structure of the mutant XPA protein and its effect on UV-induced PCNA staining. A: Structures of XPA protein
and mutant XPA protein expressed in GM2009, XP390S, XP11TU, and XPSLO cells. Numbers give the amino
acid sequence of the XPA protein. NLS, nuclear localization signal; E-cluster, glutamic acid cluster. B: PCNA

staining 30 min after 10 J/m* of UV-irradiation: A, SEN4 (normal); B, XP350S; C, GM2009; D, XP390S; E,
XP11TU; F, XP8LO.

6102 UdJBIN 0Z U0 158Nb Aq 968186/1/1/0%/A0B1ISGB-2[dI1E/LI/WO00"dNO"D1WSpED.//:SARY WOl PSPEOUMOQ



6 MASAHIKO MIURA

ous studies, UV-survival rates were correlated with the functions of mutant XP proteinsSS’%),
indicative that the function of mutant XPA protein, UV-survivals, and PCNA staining 30 min
after UV-irradiation are well correlated and that the initial recognition step and PCNA-dependent
DNA synthesis step are closely linked in the NER process.

We next pinpointed at which stages chromatin-bound PCNA is formed in the NER process.
Because UV-induced PCNA staining was restored in BrdU-incorporated XP-A cells, the incision
step may be important for PCNA clamp formation. XPG and XPF/ERCCI are reported to have
roles in the dual incisions in the NER process respectively at the 3’ and 5’ side of the DNA
lesion *'*"*¥ XP-G, mouse ERCC group 5 (equivalent to human XP-G ), and XP-F cells were
used to test this possibility, and UV-induced PCNA-staining was examined 30 min after irradia-
tion. No PCNA staining was detected in XP-G (Sps-1) or ERCC group 5 (XL216-7) cells, but it
was present when a plasmid carrying a full coding region of the wild type ERCC 5 cDNA was
tranfected to ERCC group 5 cells®®. XP-F (XP2YO) cells, which are considered to harbor non-
leaky mutations that result in the expression of undetectable levels of XPF and ERCC1, there was
faint PCNA staining®. These results suggest the following possibilities: i) the PCNA clamp is
not formed without a 3’ side incision; ii) the PCNA clamp is formed, but at low efficiency, even
if a 5’ incision is deficient; and iii) therefore, an incision step, in particular a 3’ side incision, is
essential for PCNA clamp formation. Aboussekhra and Wood made a comprehensive study of
quantitative UV-induced PCNA staining using all types of XP cell strains*”. They found: i) no
PCNA staining in XP-A or XP-G cells; ii) ~50 % of the staining intensity in normal cells was
detected in XP-B, XP-C, XP-D, and XP-F cells; and iii) there was normal staining in the XP-E
and variant cells. They concluded that NER proceeds except in XP-A and XP-G cells, and that
dual incisions take place at the 3’ side first. It seems likely that no incision occurs in XP-G cells,
but that 3’ side incision occurs at low efficiency in XP-F cells and the PCNA clamp is formed at
the incision site in the NER process. The findings on the dual incisions were confirmed in a
reconsituted NER system in vitro by Evans et al.*”. Quantitative detection of chromatin-bound
PCNA therefore reflects incision activities in NER in vivo.

DETECTION OF CHROMATIN-BOUND PCNA IN THE UNIDENTIFIED
PROCESS FOLLOWING UV-IRRADIATION OF XP CELLS

During the study of PCNA staining in NER, we noticed a different time course than that of
normal cells in UV-induced PCNA staining in XP-A cells*". It began to appear at a later time,
about 2-3 h after irradiation. Strong staining was detected even 24 h after irradiaiton, the stain-
ing in normal cells having almost disappeared at that time (Fig. 2). Interestingly, the staining
pattern differed completely from that for normal cells reflecting NER, the fluorescent foci being
larger in size but smaller in number (Fig. 2D). When XP-A cells were fused with normal cells,
the very same time course as the normal staining pattern was observed, not the peculiar one*".
This phenomenon was first seen in XP67TO cells but also is common in the other XP-A cell
strains XP96TO, XP350S, GM2009, XP390S, XP11TU, and in XP8LO cells*. Li et al. also

observed the same phenomenon in XP-A, XP-C, and XP-G cells and showed that CDKNI1A
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PCNA AND DNA EXCISION REPAIR 7

Fig.2 Unique PCNA staining in XP-A cells at later times after UV-irradiation. PCNA staining for SFN4 cells (A, 3 h;
C, 24 h) and XP67TO cells (B, 3 h; D, 24 h) following 10 J/m? of UV-irradiation.

(formerly p21/WAF1/CIP1) colocalized at the foci*”. PCNA together with CDKN1A therefore
was speculated to have a role in NER prior to the incision step, presumably by contributing to the
initial sensing of DNA damage®”. This hypothesis does not, however, explain the time course
and staining pattern. Interestingly, peculiar staining was not seen in cisplatin-treated XP-A cells
(unpublished data, Miura et al.), suggesting that it reflects an NER-unrelated repair process spe-
cific to certain kinds of UV-induced damage. The damage must normally be repaired by NER
because normal cells proficient in NER do not show that kind of pattern. This interesting phe-
nomenon was detected by an immunofluoresce study, and clarification of its nature awaits fur-
ther study.

DETECTION OF CHROMATIN-BOUND PCNA IN THE BER PROCESS

Not only artificial base damage caused by agents, such as ionizing radiation (IR) or alkylat-
ing agents, but metabolically produced ones are considered to be repaired by the BER system.
Repair is initiated by the removal of the damaged base by DNA glycosylase, and the 5’ side of the
apurinic / apyrimidinic (AP) sites is nicked by AP-endonuclease, after which the dRP or nucle-
otides are removed, and the small gap (1~several nucletides) is filled by DNA polymerase®’. We
found that IR also induces PCNA staining in normal and XP-A cells*®. Confocal scanning of the
PCNA staining showed innumerable small foci distributed all over the nucleus, indicative that
the yield of causative DNA damage is high, presumably base damage or single strand breaks.
This shows, for the first time the involvement of PCNA in short patch-type DNA repair, which is
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surprising because IR-induced base damage has been considered to be repaired exclusively by
pol B. This finding was confirmed by Stivala et al.*” who used quantitative PCNA staining by
flow cytometry. We further showed that there was no staining when ATP was depleted or when
cells were irradiated at 0°C*. The staining diminished gradually with the increase in incubation
time, eventually, disappearing almost completely about 12—15 h after irradiation*”. Aphidicolin
treatment did not inhibit staining, but did significantly inhibit its disappearance, which suggests
that repair depends on pol ¢ /e*”
available, further specific study was impossible.

Matsumoto et al. developed an in vitro reconstituted BER system using extracts from xenopus
laevis oocytes and showed that there are two pathways in BER which are pol - and PCNA-
dependent*®. Similar results were obtained by Frosina et al. with extracts from hamster and

. Unfortunately, as cells completely deficient in BER were not

human cells*”. In contrast, Sobol et al., who used extracts from mouse embryo cells derived from
pol 3 knockout and wild type littermates, reported that only the pol §-dependent pathway exists
in BER*®. Reduced and oxidized apurinic/apyrimidinic (AP) sites also have been reported to be
repaired mainly by the pol §-dependent pathway in cooperation with DNaseI V/FEN1 stimulated
by PCNA*”, which conclusion depended on the fact that the addition of anti-pol 8 antibody to
the reaction mixture inhibited about 95% of BER activity49). Biade et al.’®, however, clarified the
situation: i) the former two research groups used circular plasmids whereas the latter group used
linear oligonucleotides as the DNA substrate; ii) PCNA can load and form the DNA clamp on
circular plasmids but not on linear oligonucleotides®, whereas pol f can bind to both and carry
out DNA synthesis; and iii) in fact, extracts from pol § knockout cells did not repair AP sites on
the oligonucleotides but did on the circular plasmids. Accordingly, when oligonucleotides were
used as substrates the function of PCNA was underestimated under conditions in which it could
not load onto DNA. Existence of the PCNA-dependent pathway was thus confirmed in vitro. The
difference in the use of the two pathways in vivo is an interesting phenomenon that need to be
clarified.

PERSPECTIVES

In this review, the role of PCNA in DNA excision repair is described mainly in terms of
immunohistochemistry. The approach has been very useful in showing the potential role of PCNA
but cooperative studies done with an in vitro reconstituted experimental system were essential to
confirm that role. I believe that the immunofluorescence method also can be used to verify in
vitro findings on the incision step because PCNA staining reflects in vivo incision activities in
NER*"”. Several proteins, including XPG, are recently reported to bind to the specific site of
PCNA’'"?, Gary et al. identified a 29-amino acid region of human XPG that contains the PCNA
binding activity’". Interestingly, the region shares key hydrophobic residues with the PCNA-
binding domains of CDKN1A and FEN1°". It may be possible to examine the effect of this
binding on incision activities in vivo if mutant proteins deficient in the PCNA binding site are
expressed in the cells. The availability of cells with null mutation of specific genes by targeted
disruption will extend the usefulness of the immunofluorescence study of PCNA. Pol 8 knockout
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PCNA AND DNA EXCISION REPAIR 9

cells should provide useful information concerning the two different pathways in BER. Key
information on transcription-coupled repair (TCR) mechanism, which is still behind that on glo-
bal genome repair, may be given by immunofluorescence studies in combination with such
genetic engineering. I strongly believe that these techniques will shed additional light on the true
DNA excision repair mechanism.

ACKNOWLEDGEMENTS

This review is mainly based on experiments done in collaboration with Dr. Takehito Sasaki,
Dr. Shin Nakamura (Tokyo Medical and Dental Univ.), Dr. Yoshinari Takasaki (Juntendo Univ.),
Dr. Seiji Kondo (Sapporo Medical Univ.), Dr. Tadahiro Shiomi (National Institute of Radiologi-
cal Sciences), and Dr. Masaru Yamaizumi (Kumamoto Univ.), for whose help I am most grate-
ful. Thanks also are owed to Dr. Hiraku Takebe (Kinki Univ.), Dr. Takashi Yagi (Kyoto Univ.),
and Dr. Kiyoji Tanaka (Osaka Univ.) for providing XP-A and XP-F cells. I also extend my
appreciation to Dr. Richard D. Wood (Imperial Cancer Research Fund) and Dr. Yoshihiro
Matsumoto (Fox Chase Cancer Center) for their useful discussions. Finally, I thank my wife for
her constant encouragement of my work.

REFERENCES

1. Miyachi, K., Fritzler, M. J. and Tan, C. K. (1978) Autoantibody to a nuclear antigen in proliferating cells. J. Immunol.
121: 2228-2234.

2. Bravo, R., Fey, S. J,, Bellatin, J., Larsen, P. M. and Celis, J. E. (1982) Identification of a nuclear polypeptide
(‘cyclin’) whose relative proportion is sensitive to changes in the rate of cell proliferation and to transformation.
Prog. Clin. Biol. Res. 85: 235-248.

3. Bravo, R. (1984) Coordinated synthesis of the nuclear protein cyclin and DNA in serumstimulated quiescent 3T3
cells. FEBS Lett. 169: 185-188.

4. Mathews, M. B., Berstein, R. M., Franza, B. R. Jr. and Garrels, J. I. (1984) Identity of the proliferating cell nuclear
antigen and cyclin. Nature 309: 374—376.

5. Takasaki, Y., Fischwild, D. and Tan, E. M. (1984) Characterization of proliferating cell nuclear antigen recognized
by autoantibodies in lupus sera. J. Exp. Med. 159: 981-992.

6. Bravo, R. and Macdonald-Bravo, H. (1985) Changes in the nuclear distribution of cyclin (PCNA) but not its synthe-
sis depend on DNA replication. EMBO J. 4: 655-661.

7. Celis, J. E. and Celis, A. (1985) Cell cycle-dependent variations in the distribution of the nuclear protein cyclin in
cultured cells. Proc. Natl. Acad. Sci. USA 82: 3262-3266.

8. Bravo, R. and Macdonald-Bravo, H. (1987) Existence of two populations of cyclin/proliferating cell nuclear anti-
gen during the cell cycle: association with DNA replication sites. J. Cell Biol. 105: 1549-1554.

9. Bravo, R, Frank, R., Blundell, P. A. and Macdonald-Bravo, H. (1987) Cyclin/PCNA is the auxiliary protein of
DNA polymerase 0. Nature 326: 515-517.

10. Prelich, G., Tan, C-K., Kostura, M., Mathews, M. B., So, A. G., Downey, K. M. and Stillman, B. (1987) Functinal
identity of proliferating cell nuclear antigen and a DNA polymerase 0 auxiliary protein. Nature 326: 517-520.

11.  Tsurimoto, T., Melendy, T. and Stillman, B. (1990) Sequential initiation of lagging and leading strand synthesis by
two different polymerase complexes at the SV40 DNA replication origin. Nature 346: 534—539.

6102 UdJBIN 0Z U0 158Nb Aq 968186/1/1/0%/A0B1ISGB-2[dI1E/LI/WO00"dNO"D1WSpED.//:SARY WOl PSPEOUMOQ



10

12.
13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

MASAHIKO MIURA

Stillman, B. (1994) Smart machines at the DNA replication fork. Cell 78: 725-728.

Dresler, S.L. and Lieberman M.W. (1983) Identification of DNA polymerases in DNA excision repair in diploid
human fibroblsts. J. Biol. Chem. 258: 9990—-9994.

Minami, K., Matsuzaki, S., Hayashi, N., Mokarim, A., Ito, M. and Sekine, I. (1998) Immunohistochemical study of
p53 overexpression in radiation-induced colon cancers. J. Radiat. Res. 39: 1-10.

Yamane, M., Hattori, H., Sugito, K., Hayashi, Y., Tohnar, I., Ueda, M., Nishizawa, K. and Ohtsuka, K. (1995)
Cotranslocation and colocalization of hsp 40 (Dnal) with hsp70 (DnaK) in mammalian cells. Cell Struc. Func. 20:
157-166.

Maser, R. S., Monsen, K.J., Nelms, B. E. and Petrini, J. H. (1997) hMrell and hRad50 nuclear foci are induced
during the normal cellular response to DNA double-strand breaks. Mol. Cell. Biol. 17: 6087—-6096.

Boudier, J. A., Charvin, N., Boudier,J. L., Fathallah, M., Tagaya, M., Takahashi, M. and Seagar,M. J. (1996)
Distribution of components of the SNARE complex in relation to transmitter release sites at the frog neuromuscular
junction. Eur. J. Neurosci. 8: 545-552.

Carney, J. P., Maser, R. S., Olivares, H., Davis, E. M., Beau, M. L., Yates III, J. R., Hays, L., Morgan, W. F. and
Petrini, J. H. (1998) The hMre11/hRad50 protein complex and Nijmegen breakage syndrome: Linkage of double-
strand break repair to the cellular DNA damage response. Cell 93: 477-486.

Muro, Y., Tsai, W.-M., Houghten, R. and Tan, E. M. (1994) Synthetic compound peptide stimulating antigenicity
of conformation-dependent autoepitope. J. Biol. Chem. 269: 18529—-18534.

Prosperi, E., Stivala, L. A., Sala, E., Scovassi, A. I. and Bianchi, L. (1993) Proliferating cell nuclear antigen com-
plex formation induced by ultraviolet irradiation in human quiescent fibroblasts as detected by immunostaining and
flow cytometry. Exp. Cell Res. 205: 320—-325.

Wood, R. D. (1996) DNA repair in eukaryotes. Annu. Rev. Biochem. 65: 135-167.

Celis, J. E. and Madsen, P. (1986) Increased nuclear cyclin/PCNA antigen staining of non S-phase transformed
human amnion cells engaged in nucleotide excision DNA repair. FEBS Lett. 209: 277-283, 1986.

Toschi, L. and Bravo, R. (1988) Changes in cyclin/proliferating cell nuclear antigen distribution during DNA repair
synthesis. J. Cell Biol. 107: 1623-1628.

Burgers, P. M. J. and Yoder, B. L. (1993) ATP-independent loading of the proliferatng cell nuclear antigen requires
DNA ends. J. Biol. Chem. 268: 19923-19926.

Krishna, T. S. R., Kong, X. -P., Gary, S., Burgers, P. M. and Kuriyan, J. (1994) Crystal structure of the eukaryotic
DNA polymerase processivity factor PCNA. Cell 79: 1233-1243.

Miura, M., Domon, M., Sasaki, T. and Takasaki, Y. (1992) Induction of proliferating cel nuclear antigen (PCNA)
complex formation in quiescent fibroblasts from a xeroderma pigmentosum patient. J. Cell. Physiol. 150: 370—-376.
Miura, M., Domon, M., Sasaki,T. and Takasaki,Y. (1992) Restoration of proliferating cell nuclear antigen (PCNA)
complex formation in xeroderma pigmentosum group A cells following cis-diaminedichloroplatinum (II)-treat-
ment by cell fusion with normal cells. J. Cell. Physiol. 152: 639-645.

Tanaka, K., Miura, N., Satokata, I., Miyamoto, I., Yoshida, M. C., Satoh, Y., Kondo, S., Yasui, A., Okayama, H.
and Okada, Y. (1990) Analysis of a human DNA excision repair gene involved in group A xeroderma pigmentosum
containing a zinc finger domain. Nature 348: 73-76.

Aboussekhra, A. and Wood, R. D. (1995) Detection of nucleotide excision repair incisions in human fibroblasts by
immunostaining for PCNA. Exp. Cell Res. 221: 326—332.

Shivji, M. K. K., Kenny, M. K. and Wood, R. D. (1992) Proliferating cell nuclear antigen is required for DNA
excision repair. Cell 69: 367-374.

Nichols, A. F. and Sancar, A. (1992) Purification of PCNA as a nucleotide excision repair protein. Nucleic Acid
Res. 20: 2441-2446.

Satokata, I., Tanaka, K., Miura, N., Miyamoto, 1., Satoh, Y., Kondo, S. and Okada, Y. (1990) Characterization of a
splicing mutation in group A xeroderma pigmentosum. Proc. Natl. Acad. Sci. USA 87: 9908-9912.

Satokata, I., Tanaka, K. and Okada, Y. (1992) Molecular basis of group A xeroderma pigmentosum: a missense
mutation and two deletions located in a zinc finger consensus sequence of the XPAC gene. Hum. Genet. 88: 603—
607.

6102 UdJBIN 0Z U0 158Nb Aq 968186/1/1/0%/A0B1ISGB-2[dI1E/LI/WO00"dNO"D1WSpED.//:SARY WOl PSPEOUMOQ



34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.
55.

PCNA AND DNA EXCISION REPAIR 11

Satokata, 1., Tanaka, K., Miura, N., Narita, M., Mimaki,T., Satoh,Y., Kondo,S. and Okada,Y. (1992) Three non-
sense mutations responsible for group A xeroderma pigmentosum. Mutat. Res. 273: 193-202.

Nishigori, C., Zghal, M., Yagi, T., Imamura, S., Komoun, M.R. and Takebe, H. (1993) High prevalence of point
mutation in exon 6 of the xeroderma pigmentosum group A-complementing (XPAC) gene in xeroderma
pigmentosum group A patients in Tunisia. Am. J. Hum. Genet. 53: 1001-1006.

Satokata, I., Tanaka, K., Yuba, S. and Okada, Y. (1992) Identification of splicing mutations of the last nucleotide of
exons, a nonsense mutation, and a missense mutation of the XPAC gene as cause of group A xeroderma
pigmentosum. Mutat. Res. 273: 203-212.

Biggerstaff, M., Szymkowski, D. E. and Wood, R. D. (1993) Correction of the ERCC1, ERCC4 and xeroderma
pigmentsum group F DNA repair defect. EMBO J. 12: 3685-3692.

O’Donovan, A., Davies, A. A., Moggs, J. G., West, S. C. and Wood, R. D. (1994) XPG endonuclease makes the 3’
incision in human DNA nucleotide excision repair. Nature 371: 432—435.

Miura, M., Nakamura, S., Sasaki, T., Takasaki, Y., Shiomi, T. and Yamaizumi, M. (1996) Roles of XPG and XPF/
ERCCI1 endonucleases in UV-induced immunostaining of PCNA in fibroblasts. Exp. Cell Res. 226: 126—132.
Evans, E., Moggs, J. G., Hwang, J. R., Egly, J. M., and Wood, R. D. (1997) Mechanism of open complex and dual
incision formation by human nucleotide excision repair factors. EMBO J. 16: 6559—-6573.

Miura, M., Domon, M., Sasaki, T., Kondo, S. and Takasaki, Y. (1992) Two types of proliferating cell nuclear
antigen (PCNA) complex formation in quiescent normal and xeroderma pigmentosum group A fibroblasts follow-
ing ultraviolet light (UV) irradiation. Exp. Cell Res. 201: 541-544.

Miura, M. and Sasaki, T. (1996) Effect of XPA gene mutations on UV-induced immunostaining of PCNA in fibro-
blasts from xeroderma pigmentosum group A patients. Mutat. Res. 364: 51-56.

Li, R., Hannon, G. J., Beach, D. and Stillman, B. (1996) Subcellular distribution of p21 and PCNA in normal and
repair-deficient cells following DNA damage. Current Biol. 6: 189—199.

Stivala, L. A., Prosperi, E., Rossi, R and Bianchi, L. (1993) Involvement of proliferating cell nuclear antigen in
DNA repair after damage induced by genotoxic agents in human fibroblasts. Carcinogenesis 14: 2569—-2573.
Miura, M., Sasaki, T. and Takasaki, Y. (1996) Characterization of X-ray-induced immunostaining of proliferating
cell nuclear antigen in human diploid fibroblasts. Radiat. Res. 145: 75—-80.

Matsumoto, Y., Kim, K. and Bogenhagen, D. F. (1994) Proliferating cell nuclear antigen-dependent abasic site
repair in xenopus laevis oocytes: an alternative pathway of base excision DNA repair. Mol. Cell. Biol. 14: 6187—
6197.

Frosina, G., Fortini, P., Rossi, O., Carrozzino, F., Raspaglio, G., Cox, L. S., Lane, D. P., Abbondandolo, A. and
Dogliotti, E. (1996) Two pathways for base excision repair in mammalian cells. J. Biol. Chem. 271: 9573-9578.
Sobol, R. W., Horton, J. K., Kuhn, R., Gu, H., Singhal, R. K., Prasad, R., Klaus, R. and Wilson, S. H. (1996)
Requirement of mammalian DNA polymerase-f in base-excision repair. Nature 379: 183—186.

Klungland, A. and Lindahl, T. (1997) Second pathway for completion of human DNA base excision-repair: recon-
stitution with purified proteins and requirement for DNase IV (FEN1). EMBO J. 16: 3341-3348.

Biade, S., Sobol, R. W., Wilson, S. H., and Matsumoto, Y. (1998) Impairment of proliferating cell nuclear antigen-
dependent apurinic/apyrimidinic site repair on linear DNA. J. Biol. Chem. 273: 898-902.

Gary, R., Ludwig, D. L., Cornelius, H. L., MacInnes, M. A. and Park, M. S. (1997) The DNA repair endonuclease
XPG binds to proliferating cell nuclear antigen (PCNA) and shares sequence elements with the PCNA-binding
regions of FEN-1 and cyclin-dependent kinase inhibitor p21. J. Biol. Chem. 272: 24522-24529.

Levin, D. S., Bai, W., Yao, N., O’Donnel, M. and Tomkinson, A. E. (1997) An interaction between DNA ligase I
and proliferating cell nuclear antigen: implications for Okazaki fragment synthesis and joining. Proc. Natl. Acad.
Sci. USA 94: 12862-12868.

Gulbis, J. M., Kelman, Z., Hurwitz, J., O’Donnell, M. and Kuriyan, J. (1996) Structure of the C-terminal region of
p2lwafl/cipl complexed with human PCNA. Cell 87: 297-306.

Wang, X. and Ohnishi, T. (1997) p53-dependent signal transduction induced by stress. J. Radiat. Res. 38: 179-194.
Zhang, P., Sun, Y., Hsu, H., Zhang, L., Zhang, Y. and Lee, M. Y. (1998) The interdomain connector loop of human
PCNA is involved in a direct interaction with human polymerase ¢. J. Biol. Chem. 273: 713-719.

6102 UdJBIN 0Z U0 158Nb Aq 968186/1/1/0%/A0B1ISGB-2[dI1E/LI/WO00"dNO"D1WSpED.//:SARY WOl PSPEOUMOQ



12 MASAHIKO MIURA

56. Li, X., Li, J., Harrington, M. R., Lieber, M.R. and Burgers, P. M. J. (1995) Lagging strand DNA synthesis at the
eukaryotic replication fork involves binding and stimulation of FEN-1 by PCNA. J. Biol. Chem. 270: 22109—
22112.

6102 UdJBIN 0Z U0 158Nb Aq 968186/1/1/0%/A0B1ISGB-2[dI1E/LI/WO00"dNO"D1WSpED.//:SARY WOl PSPEOUMOQ



