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Abstract Damaged DNA-binding activity comprises two major
protein components, DDB1 and DDB2, which are implicated in
the repair of ultraviolet (UV) radiation-induced DNA damage.
The possible role of DDB2 as a determinant of cellular sensitivity
to UV was investigated. The abundance of DDB2 in UV-
resistant HeLa cell lines was increased compared with that in the
parental UV-sensitive cells. Stable transfection of the resistant
cells with DDB2 antisense cDNA resulted in marked depletion of
DDB2 protein and restored cellular sensitivity to UV-induced
apoptosis. Whereas the extent of UV-induced activation of
apoptosis executioners, including DNA fragmentation factor,
and caspase-3 were reduced in the UV-resistant cells compared
with those apparent in the sensitive cells, depletion of DDB2 from
the resistant cells restored the normal activation patterns for
these proteins. In contrast, overexpressing DDB2 in DDB2-
depleted cells with recombinant adenovirus, which carries ddb2
c¢DNA, markedly inhibited the extent of UV-induced activation
of DNA fragmentation factor, and caspase-3. Interestingly, a
mutated form of DDB2, which is defective in interacting with
DDB1 and binding to UV-damaged DNA, also markedly
inhibited the activation of apoptosis executioners. These results
indicate that DDB2 is a modulator of UV-induced apoptosis, and
that UV resistance can be overcome by inhibition of DDB2. The
findings also suggest that modulation of UV-induced apoptosis
by DDB2 may be independent of DNA repair. © 2002 Pub-
lished by Elsevier Science B.V. on behalf of the Federation of
European Biochemical Societies.
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1. Introduction

Ultraviolet (UV) radiation induces apoptosis by activation
of the Fas signaling pathway in a variety of cell types [1].
Multimerization of Fas at the cell surface induces the recruit-
ment of the signaling molecules FADD and caspase-8 to the
activated receptor, resulting in the formation of the death-
inducing signaling complex (DISC) [2,3]. Oligomerization of
caspase-8 within the DISC results in its autoactivation by

*Corresponding author. Fax: (886)-3-3283031.
E-mail address: cckchao@mail.cgu.edu.tw (C.C.-K. Chao).

Abbreviations: UV, ultraviolet; DFF, DNA fragmentation factor;
DDB2, damaged DNA-binding protein 2; XP, xeroderma pigmento-
sum; DAPI, 4',6-diamidino-2-phenylindole; PCR, polymerase chain
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proteolysis [4]; the activated protease then mediates the acti-
vation of other caspases, including caspase-3 [5,6], by proteo-
Iytic cleavage. These downstream caspases cleave the death
substrates, including DNA fragmentation factor (DFF) [7,8],
that are central to apoptotic events such as changes in cell
morphology and DNA fragmentation [9].

Nucleotide excision repair is a versatile mechanism for the
repair of damaged DNA that operates in organisms ranging
from mycoplasma to mammals. The ability of a cell to recog-
nize damaged DNA is crucial in nucleotide excision repair and
is a key determinant of cell sensitivity to genotoxic agents,
including UV radiation. Damaged DNA-binding (DDB) ac-
tivity has been purified to apparent homogeneity from human
placenta and HelLa cells and characterized [10-12], and is
identical to a similar activity originally identified in human
placenta [13]. In vitro reconstitution studies have indicated
that DDB proteins stimulate nucleotide excision repair but
that they are not essential for this process [14]. Cells derived
from individuals with the inherited disorder xeroderma pig-
mentosum (XP) of complementation groups A-G exhibit a
reduced capacity for nucleotide excision repair of damaged
DNA [15], and DDB proteins have been implicated in the
primary defect of XP-E. Thus, whereas DDB activity, as mea-
sured by electrophoretic mobility shift assay, is increased in
UV-resistant cells [16-19], it is absent from or reduced in
several XP-E cell lines [20-23]. Furthermore, microinjection
of purified DDB proteins into XP-E cells corrected the defect
in DNA repair [24,25]. However, only indirect evidence sug-
gests that DDB activity contributes to DNA repair
[16,17,19,21].

DDB activity was originally purified as a single ~ 127-kDa
protein from monkey cells [26] and as a complex of ~ 127-
kDa (DDBI1) and ~48-kDa (DDB2) subunits from human
cells [11,27]. The gene encoding DDBI has been isolated from
monkey [28] and human [29,30], and the protein has been
proposed to function in the recognition of DNA damage dur-
ing UV-induced nucleotide excision repair [31]. However, sev-
eral studies have shown that DDBI is not essential for this
step [32]. The detection of mutations in the DDB2 gene in a
subset of XP-E cells that exhibit reduced or a lack of DDB
activity [27] suggested that DDB2 might contribute to nucle-
otide excision repair and to cell sensitivity to genotoxic stress.
The human DDB2 ¢cDNA has been cloned [29] and the DDB2
protein was recently shown to require DDBI in order to rec-
ognize DNA damaged by UV radiation [33]. However, the
role of DDB2 in determination of cellular sensitivity to UV
irradiation is unknown. We have now shown that antisense
cDNA-induced down-regulation of DDB2 expression over-
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comes the acquired resistance of cultured cells to UV radia-
tion.

2. Materials and methods

2.1. Cells and reagents

Antibodies to B-actin, to DFF, and to caspase-3 were obtained
from Santa Cruz Biotechnology. 4’,6-Diamidino-2-phenylindole
(DAPI) and other reagents were from Sigma, unless indicated other-
wise. Human cervical carcinoma HeLa cells were originally obtained
from American Type Culture Collection. UV-resistant HeLa-CPR
variants were maintained as previously described [34].

2.2. Cloning of DDB2 ¢cDNA

An 1820-bp fragment of human DDB2 cDNA containing the entire
reading frame was isolated from a placental cDNA library (Quick-
Clone cDNA; Clontech) with the use of the polymerase chain reaction
(PCR) [35] and primers based on the sequence deposited in the Gen-
Bank database (GenBank U18300) [29]. Recognition sequences for
Smal and HindIIl were added to the 5’ end of the forward primer
and the 3’ end of the reverse primer, respectively, to facilitate plasmid
construction. The PCR product was cloned into the pGEM-T Easy
vector (Promega) to yield pGTddb2. The cDNA insert was sequenced
by the dideoxynucleotide method [36] with the use of a T7 or SP6
primer complementary to a vector region immediately adjacent to the
insert. The continuity of the open reading frame in pGTddb2 was also
confirmed by in vitro transcription and translation with the TNT
reticulocyte lysate system (Promega), as described [37].

2.3. Preparation of antibodies to DDBI and to DDB2

For preparation of antibodies to DDB2, we digested pGTddb2 with
Smal and HindIll, and inserted the released DNA fragment in frame
into pET15bDH, a modified version of pET15b (Invitrogen), to form
pETddb2. The recombinant protein produced from pETddb2 in bac-
teria was purified by chromatography on a nickel-NTA column (Qia-
gen). For preparation of antibodies to DDB1, a human DDB1 cDNA
spanning nucleotides 2386-3723 (EMBL database accession number
AJ002955) and encoding a 381-residue fragment of the protein was
isolated by PCR from human placenta. Recognition sequences for
Smal and HindIll were added to the 5’ end of the forward primer
and the 3" end of the reverse primer, respectively. The DDBI cDNA
was inserted in frame into pET15bDH to yield pETddbl, which was
then introduced into bacteria. The recombinant protein was purified
as for DDB2. Antibodies to DDBI and to DDB2 were generated in
New Zealand White rabbits as described [38].

2.4. Generation of DDB?2 transgenic cell lines

To generate cell lines that produce DDB2 antisense RNA, we trans-
fected HeLa-CPR cells with pcDNA3ddb2as, a modified form of
pcDNA3 (Invitrogen) that contains the full-length human DDB2
cDNA in the antisense orientation, a neomycin resistance gene, and
a green fluorescent protein gene. The transfected cells were subjected
to selection with medium containing G418 (300 pg/ml) for 2 weeks,
and those expressing green fluorescent protein were identified by fluo-
rescence microscopy [39].

2.5. Recombinant adenovirus and infection

Replication-deficient recombinant adenoviruses containing human
ddb2 were generated as previously described [40] according to the
method of He et al. [41]. Human ddb2 sequence that contains the
full length of the open reading frame was amplified by PCR according
to the reported sequence ([29], EMBL database accession number
U18300). A 1.3-kb Notl/HindlIl wild-type ddb2 fragment from
pcDNA 3.1-ddb2 was ligated with pAdTrack-CMV. A ddb2 mutant
(XP82TO) [27] fragment was released by Stul and NotI and was also
ligated with pAdTrack-CMV. After restriction enzyme mapping, lin-
earized pAdTrack-CMV-ddb2 was cotransformed with pAdEasyl
into BJ5183 competent bacteria to generate recombinant pAdEasyl-
GFP- ddb2. Recombinant viruses were produced by transfecting lin-
earized pAdEasyl-GFP-ddb2 into 293 cells using lipofectamine re-
agent (Gibco). For large-scale virus production, the recombinant vi-
ruses were subjected to CsCl gradient centrifugation. The titer of viral
stocks was determined by spectrophotometer at 260 nm, and one
OD,g represents approximately 10'% pfu/ml.
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Cells growing in log phase were infected with either empty or ddb2
adenovirus. After 30 h, cells were left untreated or treated with var-
ious doses of UV for 24 h. Cells were washed with phosphate-buffered
saline and stained with DAPI to analyze the morphology and percent-
age of apoptotic cells. Samples were analyzed under a microscope.
There were 50-60% cells infected by the virus (multiplicity of infection
(MOI), 500) as shown by green fluorescence.

2.6. Preparation of cell extracts and immunoblot analysis

Cells were washed twice with phosphate-buffered saline and lysed
by incubation on ice for 30 min in 1 ml of modified radioimmuno-
precipitation buffer (50 mM Tris-HCI pH 7.4, 1% Nonidet P-40,
0.25% sodium deoxycholate, 150 mM NaCl, 1 mM EGTA, 1 mM
phenylmethylsulfonyl fluoride, 1 mM Na3;VO,4, | mM NaF, and apro-
tinin, leupeptin, and pepstatin each at 1 pg/ml). Insoluble material
was removed by centrifugation using an Eppendorf centrifuge at
12000 rpm for 10 min at 4°C, and the resulting supernatant was saved
as cell extract. Protein concentration was measured by Bradford assay
with the Bio-Rad dye reagent [42].

For immunoblot analysis, equivalent amounts of protein from each
sample were fractionated by SDS-PAGE, and the separated proteins
were transferred to a polyvinylidene difluoride membrane and exposed
to antibodies. Immune complexes were detected with enhanced chem-
iluminescence reagents (Pierce).

2.7. Analysis of viability and apoptosis

Cell viability was determined by the 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) colorimetric assay [43]. In
brief, cells were transferred to 96-well plates in a volume of 100 ul
and, after 12 h, exposed to UV at 37°C. The number of surviving cells
was determined after 72 h by their ability to convert the tetrazolium
salt of MTT into a formazan product. For assessment of apoptosis,
cells growing in six-well plates were exposed to UV, incubated for 24
h at 37°C, fixed with methanol, and incubated for 30 min in the dark
with DAPI (2 pg/ml). Floating cells from each well were also fixed
and added back to the respective wells. Cells were then examined with
a fluorescence microscope at a wavelength of 420 nm, and those ex-
hibiting morphological features of apoptosis, including chromatin
condensation and nuclear fragmentation [44], were counted in six to
eight randomly selected fields. Five hundred nuclei were examined for
each sample, and the percentage of cells with apoptotic nuclei was
determined in three independent experiments.

3. Results

3.1. Abundance of DDB2 in UV-resistant HeLa cells

UV-induced viability of sensitive HeLa, and its resistant cell
lines (R1, R2, and R3), originally selected with increasing
concentrations of cisplatin, was determined (Fig. 1A). Inter-
estingly, cisplatin-selected cells are cross-resistant to UV. UV-
induced apoptotic resistance in the resistant cell lines (R1, R2,
and R3) was also determined (Fig. 1B). We previously showed
that UV-resistant HeLa cells exhibited increased DDB activity
and enhanced DNA repair compared with the parental cells
[17,45]. Given the importance of DDB2 in DDB activity and
DNA repair, we investigated the role of this protein in deter-
mination of UV sensitivity or resistance. With the use of im-
munoblot analysis, we examined the abundance of DDBI and
DDB2 in the crude extracts of these cells. Both DDB1 and
DDB2 levels were increased in resistant cells, with most abun-
dance in R3 cells (Fig. 1C).

3.2. Effect of DDB2 depletion on acquired UV resistance
Although both DDBI1 and DDB?2 are required for recogni-
tion of UV-induced DNA damage [46], mutation in DDB2 is
associated with a defect in recognition and repair of UV-in-
duced DNA damage [47]. DDB2 might be a determinant of
UV sensitivity. This possibility was investigated further by
stable transfection of R3 cells with a vector encoding DDB2
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Fig. 1. Overexpression of DDB2 and apoptotic resistance in UV-re-
sistant HeLa cell lines. A: Cell viability to UV treatment. HeLa
(H), UV-resistant HeLa (R1, R2, R3) cells were exposed to the indi-
cated doses of UV, and, after incubation for 72 h, cytotoxicity was
assessed by the MTT assay. B: Apoptotic resistance in UV-resistant
cells. Data are expressed as percentage survival relative to the sur-
vival of untreated cells, and are means£S.D. of values from three
independent experiments. C: Overexpression of DDB2 in UV-resis-
tant cells. Cell extracts (50 pg of protein) of HeLa (H) cells, UV-re-
sistant HeLa cells (R1, R2, and R3) were subjected to immunoblot
analysis with antibodies to DDBI, to DDB2, or to B-actin.

antisense RNA. In typical resulting cell lines, R3ddb2as #6
and #18, the abundance of DDB2 was reduced (Fig. 2A). We
next examined the effects of depletion of DDB2 on UV-in-
duced apoptosis in the UV-resistant cells. Exposure of both
sensitive and resistant HeLa cells to UV induced a dose-de-
pendent increase in the percentage of apoptotic cells in both
DDB2 knockdown cell lines (Fig. 2B). Depleting DDB2 by
antisense cDNA expression restored the sensitivity of
R3ddb2as #18 cells to apoptosis-inducing effects of UV to
levels similar to those apparent for sensitive HeLa cells.
These observations were confirmed by immunoblot analysis
of the activation of caspase-3 and DFF, which is required for
fragmentation of chromosomal DNA during apoptosis. Acti-
vation of DFF is mediated by caspase-3 and caspase-7 in vitro
[48]. Exposure of sensitive HeLa cells to UV at a dose of 40
J/m? induced a marked decrease in the abundance of the cas-
pase-3 and DFF precursors (Fig. 3); this effect was dose-de-
pendent (data not shown) and is indicative of the proteolytic
cleavage of this protein to yield active caspase-3 and DFF.
Whereas the extent of UV-induced activation of DFF was
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Fig. 2. Effect of DDB2 antisense cDNA expression on the abun-
dance of DDB2 and on UV-induced apoptosis in UV-resistant
HeLa cells. A: Effect of DDB2 antisense cDNA expression on the
abundance of DDB2. Cell extracts (50 pg of protein) of UV-resis-
tant HeLa (R3) cells, and R3 cells stably transfected with DDB2
antisense cDNA (HRddb2as #6, #18 cells) were subjected to immu-
noblot analysis with antibodies to DDBI1, to DDB2, or to B-actin.
B: Effect of DDB2 depletion on UV-induced apoptosis. The per-
centage of apoptotic cells was determined by DAPI staining 24 h
after exposure to the indicated doses of UV. Data are means+ S.D.
of values from three independent experiments.

greatly reduced in R3 cells, depletion of DDB2 from these
cells (R3ddb2as #6 and #18) restored the UV sensitivity of
caspase-3 and DFF activation to a level similar to that of
control HeLa cells. The average levels of corresponding apo-
ptosis are also indicated. These results thus suggested that
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Fig. 3. Depleting DDB2 sensitizes UV-induced activation of cas-
pase-3 and DFF. HeLa (H), UV-resistant HeLa (R3), and DDB2-
depleted R3 (R3ddb2as #6, #18) cells were exposed or not to UV
(40 J/m?) and, after 24 h, were lysed. Cell extracts (50 pg of pro-
tein) were then subjected to immunoblot analysis with antibodies to
caspase-3, to DFF, or to B-actin. The percentage of apoptotic cells,
shown below, was determined by DAPI staining 24 h after exposure
to the indicated doses of UV. Data are means+ S.D. of values from
three independent experiments.
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Fig. 4. Overexpressing DDB2 inhibits UV-induced activation of cas-
pase-3 and apoptosis in DDB2-depleted cells. A: Inhibition of acti-
vation of caspase-3 and apoptosis by overexpressing DDB2.
R3ddb2as #18 (R18) and R18/DDB2 or RI18/DDB2M cells (which
overexpress human DDB2 or DDB2 mutant) were exposed to the
indicated doses of UV and then incubated for 24 h. Cell extracts
(50 pg of protein) were subjected to immunoblot analysis with anti-
bodies to caspase-3, to DFF, or to B-actin. B: Inhibition of UV-in-
duced apoptosis by overexpressing DDB2. The percentage of apo-
ptotic cells was determined by DAPI staining 24 h after exposure to
the indicated doses of UV. Data are means*S.D. of values from
three independent experiments.

DDB2 overexpression might protect against UV-induced apo-
ptosis.

3.3. Effects of DDB2 overexpression on UV-induced apoptosis

The potentiation of UV-induced apoptosis in R3 cells by
depleting DDB2 suggested that DDB2 modulates these phe-
nomena. To test this hypothesis further, we examined the
effects of DDB2 overexpression in DDB2-depleted cells
(R3ddb2as #18, or R18), in which DDB2 is nearly undetect-
able. We introduced recombinant adenoviruses, which carry
the ddb2 gene, into these cells. Exposure of R18 cells to UV at
a dose of 80 J/m? induced a marked decrease in the abun-
dance of the caspase-3 and DFF precursors (Fig. 4A), where-
as the extent of UV-induced activation of caspase-3 and DFF
was greatly reduced in DDB2-overexpressing cells (R18/
DDB?2). Interestingly, overexpressing DDB2 mutant (R18/
DDB2M) also greatly reduced UV-induced activation of cas-
pases-3 and DFF. The extent of UV-induced apoptosis in
these cells was reduced relative to that apparent in R18 cells
(Fig. 4B).

4. Discussion

We have shown that the abundance of DDB?2 is increased
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in UV-resistant HeLa cell lines compared with that in the
parental cell line, and that depletion of DDB2 from resistant
cells by expression of DDB2 antisense cDNA restored their
sensitivities to UV-induced apoptosis to the original values.
Our results therefore suggest that overexpression of DDB2
may contribute to the acquired UV resistance of HeLa cells.
This conclusion was further supported by our observation
that overexpression of recombinant DDB2 in DDB2-depleted
cells protected these cells from UV-induced apoptosis. Deple-
tion of DDB2 from R3 cells did not affect apoptosis induced
by cisplatin or mitomycin C (data not shown), suggesting that
modulation of apoptosis by DDB2 may be stimulus-specific.

DFF, a heterodimeric protein composed of 45-kDa cata-
lytic (DFF45) and 40-kDa regulatory (DFF40) subunits, me-
diates fragmentation of nuclear DNA and chromatin conden-
sation in apoptotic cells [8,48]. The extent of UV-induced
activation of DFF in resistant R3 cells was reduced compared
with that apparent in UV-sensitive HeLa cells. DFF is acti-
vated by caspases-3 and -7 in vitro [49], and activation of
these caspases in the cytosol appears to be a critical step in
apoptosis in mammalian cells [6,50]. The extent of UV-in-
duced activation of caspase-3 in resistant cells was also re-
duced compared with that observed in UV-sensitive HelLa
cells. Depletion of DDB2 from resistant R3 cells restored
the extents of UV-induced activation of caspase-3 and DFF
to levels similar to those apparent in UV-sensitive HeLa cells.
Our results thus support the notion that various apoptotic
stimuli, including UV, activate caspase-3 and thereby induce
cleavage of apoptotic substrates such as DFF [6,48,51,52], and
that impaired activation of caspase-3 contributes to the devel-
opment of cellular resistance to UV in HeLa cells. These re-
sults also suggest that DDB2 may be a regulator for the acti-
vation of executioner caspases during UV-induced apoptosis.

Microinjection of purified DDB proteins into XP-E cells
corrects the defect in DNA repair [24,25], suggesting that
these proteins may play a specific role in the repair of chro-
mosomal DNA. In the present study, depletion of DDB2
from UV-resistant HeLa cells, which exhibit enhanced DNA
repair [17,46], increased the sensitivity of the cells to UV-in-
duced apoptosis. Overexpression of DDB2 has also been
shown to potentiate global genomic repair in hamster cells
[47]. These observations further suggest that DDB2 functions
in the repair of UV-induced DNA damage, and that the intra-
cellular concentration of this protein is an important determi-
nant of acquired UV resistance. The importance of DDB2 in
the UV response is also supported by the observation that a
subset of XP-E cells that expressed DDB1 but in which the
DDB2 gene was mutated did not exhibit DDB activity [27].
Interestingly, overexpression of DDB2 mutant, which failed to
interact with DDBI1 and to induce DDB activity, in DDB2-
depleted HeLa (R18) cells also inhibits UV-induced activation
of caspase-3 and DFF. These results suggest that regulation of
UV-induced apoptosis by DDB2 may be independent of DNA
repair. Although a recent study also showed that overexpres-
sion of DDB2 by stable transfection in hamster V79 cells
increased DDB activity [47], DDB2 overexpression did not
protect the cells from UV cytotoxicity as measured by a col-
ony formation assay. In contrast, we showed that overexpres-
sion of DDB2 protected HeLa cells from UV-induced apopto-
sis. Since apoptosis appears to be a major cell death pathway
after UV, this apparent discrepancy is likely due to the differ-
ence between the cell lines.



172

Acknowledgements: The authors would like to thank Dr. Stuart Linn
(University of California, Berkeley, CA, USA) for ddb2 mutant
(XP82TO) plasmid, and Dr. Bert Vogelstein (Johns Hopkins Univer-
sity) for pAdTrack-CMV and pAdEasyl. This work was supported by
an intramural fund from Chang Gung University (CMRP743, 1025)
and grants from the National Science Council, R.O.C. (NSC88-2316-
B182-007 and NSC89-2320-B182-076). C.C.-K.C. holds the Yuan-
Tche Lee Distinguished Chair from the Foundation for the Advance-
ment of Outstanding Scholarship. P.K. is a recipient of a postdoctoral
fellowship from the National Science Council, R.O.C.

References

[1] Rehemtulla, A., Hamilton, C.A., Chinnaiyan, A.M. and Dixit,
V.M. (1997) J. Biol. Chem. 272, 25783-25786.

[2] Kischkel, F.C., Hellbardt, S., Behrmann, [.M., Germer, M., Paw-
lita, M., Krammer, P.H. and Peter, M.E. (1995) EMBO 1J. 14,
5579-5588.

[3] Scaffidi, C., Krammer, P.H. and Peter, M.E. (1999) Methods 17,
287-291.

[4] Muzio, M., Stockwell, B.R., Stennicke, H.R., Salvesen, G.S. and
Dixit, V.M. (1998) J. Biol. Chem. 273, 2926-2930.

[5] Enari, M., Talanian, R.V., Wong, W.W. and Nagata, S. (1996)
Nature 380, 723-726.

[6] Cohen, G.M. (1997) Biochem. J. 326, 1-16.

[7] Liu, X., Li, P., Widlak, P., Zou, H., Luo, X., Garrard, W.T. and
Wang, X. (1998) Proc. Natl. Acad. Sci. USA 95, 8461-8466.

[8] Tang, D. and Kidd, V.J. (1998) J. Biol. Chem. 273, 28549-28552.

[9] Enari, M., Sakahira, H., Yokoyama, H., Okawa, K., Iwamatsu,
A. and Nagata, S. (1998) Nature 391, 43-50.

[10] Hwang, B.J. and Chu, G. (1993) Biochemistry 32, 1657-1666.

[11] Keeney, S., Chang, G.J. and Linn, S. (1993) J. Biol. Chem. 268,
21293-21300.

[12] Van Assendelft, G.B., Rigney, E.M. and Hickson, I1.D. (1993)
Nucleic Acids Res. 21, 3399-3404.

[13] Feldberg, R.S. and Grossman, L. (1976) Biochemistry 15, 2402
2408.

[14] Aboussekhra, A., Biggerstaff, M., Shivji, M., Vilpo, J., Moncolin,
V., Podust, V., Protic, M., Hubscher, U., Egly, J. and Wood, R.
(1995) Cell 80, 859-868.

[15] Friedberg, E.C., Walker, G.C. and Siede, W. (1995) DNA Repair
and Mutagenesis, ASM Press, Washington, DC.

[16] Chu, G. and Chang, E. (1990) Proc. Natl. Acad. Sci. USA 87,
3324-3328.

[17] Chao, C.C.K., Huang, S.L., Huang, H.M. and Lin-Chao, S.
(1991) Mol. Cell. Biol. 11, 2075-2080.

[18] Chao, C.C.K., Huang, S.L., Lee, L.Y. and Lin-Chao, S. (1991)
Biochem. J. 277, 875-878.

[19] Chao, C.C.K. (1992) Biochem. J. 282, 203-207.

[20] Chu, G. and Chang, E. (1988) Science 242, 564-567.

[21] Hirschfeld, S., Levine, A.S., Ozato, K. and Protic, M. (1990)
Mol. Cell. Biol. 10, 2041-2048.

[22] Kataoka, H. and Fujiwara, Y. (1991) Biochem. Biophys. Res.
Commun. 175, 1139-1143.

[23] Keeney, S., Wein, H. and Linn, S. (1992) Mutat. Res. 273, 49-56.

[24] Keeney, S., Eker, A., Brody, T., Vermuelen, W., Bootsma, D.
and Hoeijmakers, J. (1994) Proc. Natl. Acad. Sci. USA 91, 4053~
4056.

N.-K. Sun et al.IFEBS Letters 512 (2002) 168-172

[25] Otrin, V.R., Kuraoka, I., Nardo, T., McLenigan, M., Eker,
A.P.M., Stefanini, M., Levine, A.S. and Wood, R.D. (1998)
Mol. Cell. Biol. 18, 3182-3190.

[26] Abramic, M., Levine, A.S. and Protic, M. (1991) J. Biol. Chem.
266, 22493-22500.

[27] Nichols, A., Ong, P. and Linn, S. (1996) J. Biol. Chem. 271,
24317-24320.

[28] Takao, M., Abramic, M., Moos, M., Otrin, V.R., Wootton, J.C.,
McLenigan, M., Levine, A.S. and Protic, M. (1993) Nucleic
Acids Res. 21, 4111-4118.

[29] Dualan, R., Brody, T., Keeney, S., Nichols, A., Admon, A. and
Linn, S. (1995) Genomics 29, 62-69.

[30] Hwang, B., Liao, J. and Chu, G. (1996) Mutat. Res. 362, 105-
117.

[31] Chu, G. (1994) J. Biol. Chem. 269, 787-790.

[32] Sancar, A. (1996) Annu. Rev. Biochem. 65, 43-81.

[33] Hwang, B.J., Toering, S., Francke, U. and Chu, G. (1998) Mol.
Cell. Biol. 18, 391-439.

[34] Chao, C.C.K., Lee, Y.L., Cheng, P.W. and Lin-Chao, S. (1991)
Cancer Res. 51, 601-605.

[35] Saiki, R.K., Gelfand, D.H., Stoffel, S., Scharf, S.J., Higuchi, R.,
Horn, G.T., Mullis, K.B. and Erlich, H.A. (1988) Science 239,
487-491.

[36] Sanger, F., Nicjlen, S. and Coulson, A.R. (1977) Proc. Natl.
Acad. Sci. USA 74, 5463-5467.

[37] Sambrook, J., Fritsch, E.F. and Maniatis, T. (1989) Molecular
Cloning: A Laboratory Manual, 2nd edn., Cold Spring Harbor
Laboratory Press, Cold Spring Harbor, NY.

[38] Harlow, E. and Lane, D. (1988) Antibodies: A Laboratory Man-
ual, Cold Spring Harbor Laboratory Press, Cold Spring Harbor,
NY.

[39] Zolotukhin, S., Potter, M., Hauswirth, W.W., Guy, J. and Mu-
zyczka, N. (1996) J. Virol. 70, 4646-4654.

[40] Kamarajan, P., Sun, N.K., Sun, C.L. and Chao, C.C.K. (2001)
FEBS Lett. 505, 206-212.

[41] He, T.C., Zhou, S., Da Costa, L.T., Yu, J., Kinzler, K.W. and
Vogelstein, B.A. (1998) Proc. Natl. Acad. Sci. USA 95, 2509—
2514.

[42] Bradford, M.M. (1976) Anal. Biochem. 72, 248-254.

[43] Mosmann, T. (1983) J. Immunol. Methods 89, 55-63.

[44] Wyllie, A.H., Morris, R.G., Smith, A.C. and Dunlop, D. (1984)
J. Pathol. 142, 66-77.

[45] Chao, C.C.K. and Huang, S.L. (1993) Mutat. Res. 303, 19-27.

[46] Nichols, A.F., Itoh, T., Graham, J.A., Liu, W., Yamaizumi, M.
and Linn, S. (2000) J. Biol. Chem. 275, 21422-21428.

[47] Tang, J.Y., Hwang, B.J., Ford, J.M., Hanawalt, P.C. and Chu,
G. (2000) Mol. Cell 5, 737-744.

[48] Liu, X., Zou, H., Slaughter, C. and Wang, X. (1997) Cell 89,
175-184.

[49] Liu, X., Zou, H., Widlak, P., Garrard, W. and Wang, X. (1999)
J. Biol. Chem. 274, 13836-13840.

[50] Budihardjo, I., Oliver, H., Lutter, M., Luo, X. and Wang, X.
(1999) Annu. Rev. Cell Dev. Biol. 15, 269-290.

[51] Duan, H., Chinnaiyan, A.M., Hudson, P.L., Wing, J.P., He,
W.W. and Dixit, V.M. (1996) J. Biol. Chem. 271, 1621-1625.

[52] Chinnaiyan, A.M., Orth, K., O’'Rourke, K., Duan, H., Poirier,
G.G. and Dixit, V.M. (1996) J. Biol. Chem. 271, 4573-4576.



