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The protein p21Cip1, Waf1, Sdi1 is a potent inhibitor of cyclin-dependent kinases (CDKs).
p21 can also block DNA replication through its interaction with the proliferating cell
nuclear antigen (PCNA), which is an auxiliary factor for polymerase d. PCNA is also
implicated in the repair resynthesis step of nucleotide excision repair (NER). Previous
studies have yielded contradictory results on whether p21 regulates NER through its
interaction with PCNA. Resolution of this controversy is of interest because it would help
understand how DNA repair and replication are regulated. Hence, we have investigated
the effect of p21 on NER both in vitro and in vivo using purified fragments of p21
containing either the CDK-binding domain (N terminus) or the PCNA binding domain
(C terminus) of the protein. In the in vitro studies, DNA repair synthesis was measured
in extracts from normal human fibroblasts using plasmids damaged by UV irradiation. In
the in vivo studies, we used intact and permeabilized cells. The results show that the C
terminus of the p21 protein inhibits NER both in vitro and in vivo. These are the first in
vivo studies in which this question has been examined, and we demonstrate that
inhibition of NER by p21 is not merely an artificial in vitro effect. A 50% inhibition of in
vitro NER occurred at a 50:1 molar ratio of p21 C-terminus fragment to PCNA monomer.
p21 differentially regulates DNA repair and replication, with repair being much less
sensitive to inhibition than replication. Our in vivo results suggest that the inhibition
occurs at the resynthesis step of the repair process. It also appears that preassembly of
PCNA at repair sites mitigates the inhibitory effect of p21. We further demonstrate that
the inhibition of DNA repair is mediated via binding of p21 to PCNA. The N terminus
of p21 had no effect on DNA repair, and the inhibition of DNA repair by the C terminus
of p21 was relieved by the addition of purified PCNA protein.

INTRODUCTION

The protein p21Cip1, Waf1, Sdi1 was initially identified as
a component of quaternary complexes containing p21,
proliferating cell nuclear antigen (PCNA), cyclin D,
and a cyclin-dependent kinase (CDK) (Zhang et al.,
1993). p21 is a potent and universal inhibitor of cyclin-
dependent kinases and causes G1 growth arrest
(Harper et al., 1993; Xiong et al., 1993). It is up-regu-
lated by p53 after DNA damage (Xiong et al., 1993) and

is overexpressed 10- to 20-fold in senescent and qui-
escent cells (Noda et al., 1994). p21 was later shown to
inhibit PCNA-dependent replication (Shivji et al., 1994;
Waga et al., 1994; Chen et al., 1995). Because PCNA is
common to both replication (Prelich et al., 1987; Prelich
and Stillman, 1988; Tsurimoto et al., 1990) and nucle-
otide excision repair (NER) (Shivji et al., 1992), it has
been speculated that p21 might play regulatory roles
in several essential biological processes, including cell
cycle progression, replication, and DNA repair.

PCNA is a 36-kDa protein that serves as a proces-
sivity factor for polymerase d (reviewed in Kuriyan
and O’Donnell, 1993) during replication (Prelich et al.,
1987; Prelich and Stillman, 1988; Tsurimoto et al.,
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1990). It is also essential for the resynthesis step of
NER (Shivji et al., 1992). The C terminus of p21 has
been shown to bind PCNA (Chen et al., 1995, 1996;
Goubin and Ducommun, 1995; Warbrick et al., 1995),
and the binding domain is within amino acids 142–163
(Goubin and Ducommun, 1995; Warbrick et al., 1995).
The C terminus inhibits DNA replication (Chen et al.,
1995). Although p21/PCNA binding occurs in a 1:1
ratio, a 5- to 10-fold excess of p21 to PCNA is neces-
sary to inhibit PCNA-dependent replication both in
vivo and in vitro (Li et al., 1996). p21 exerts it effect on
PCNA-dependent replication by inhibiting the assem-
bly of the trimeric PCNA clamp onto DNA. Addition-
ally, p21 inhibits the loading of polymerase d onto the
preassembled PCNA clamp (Podust et al., 1995). Inter-
estingly, however, p21 does not affect translocation of
the assembled clamp (Podust et al., 1995). Thus, the
regulatory role of p21 in replication through its inter-
action with PCNA has been firmly established. Its
precise role in DNA repair, however, remains uncer-
tain.

One in vitro DNA repair study showed no effect of
p21 on repair of a UV-damaged plasmid even at 60- to
240-fold excess of p21 to PCNA monomer (Li et al.,
1994). p21 also had no effect on the filling of a 28-
nucleotide gap by either polymerase d or e (Li et al.,
1994), suggesting that the PCNA-dependent short gap
filling is independent of p21. Similar findings were
reported by Shivji et al. (1994), who showed no effect of
p21 on DNA repair of a UV-damaged plasmid in
Xenopus egg extracts and fractionated human cell ex-
tracts at a p21 level as high as 0.8 mM. In contrast, Pan
et al. (1995), using similar assays, demonstrated that
full-length (renatured) p21 concentrations as low as
0.34 mM exhibited 50% repair inhibition and that con-
centrations approaching 1 mM showed nearly 100%
inhibition of DNA repair. Interestingly, a mere three-
fold excess of p21 to PCNA inhibited nucleotide exci-
sion repair by 50%. This is surprising because the level
of p21 required to inhibit PCNA-dependent replica-
tion is considerably higher, in the range of 5- to 10-fold
excess of p21 to PCNA (Li et al., 1996).

There have been no direct in vivo studies on the role
of p21 in DNA repair. Indirectly, in vivo studies have
suggested that increased p21 expression is associated
with enhanced DNA repair by measuring survival.
McDonald et al. (1996) showed that overexpression of
p21 in p21 2/2 HCT116 human colon cancer cells
resulted in a twofold increase in reporter activity from
an in vitro UV-damaged CMV-driven b-galactosidase
plasmid. They also demonstrated that overexpression
of p21 increased clonogenic survival after UV irradi-
ation. Similar findings were noted using a reporter
gene transfected into p53 null colorectal cells overex-
pressing p21 (Sheikh et al., 1997). Both studies, how-
ever, did not quantitate the level of p21 overexpressed
and did not directly measure DNA repair. Also, the

cells used in these experiments were transformed and
might respond differently compared with normal
cells. Hence, the question of the role of p21 in vivo
NER remains unclear.

There are two major domains of the p21 protein. The
C-terminal domain has been shown to bind to PCNA
(Chen et al., 1995, 1996; Goubin and Ducommun, 1995;
Luo et al., 1995; Warbrick et al., 1995), whereas the
N-terminal end of the molecule binds to cdk kinase
(Chen et al., 1995; Goubin and Ducommun, 1995). We
have investigated the effect of p21 on NER both in
vitro and in vivo using these two separate domains of
the p21 protein. Although the C terminus of p21 might
play a regulatory role in NER via its interaction with
PCNA, the role of the CDK-binding domain of p21 in
DNA repair has not been examined previously. We
purified the p21 C-terminal and p21 N-terminal frag-
ments of the p21 protein and tested them in the DNA
repair resynthesis assay. This approach offers the ad-
vantage of being able to assess each of the two func-
tional domains of the p21 protein. In addition, these
fragments of p21 are highly soluble, whereas the
whole protein often aggregates, which might compli-
cate biochemical assays. Other investigators have also
noted that aggregation is a major problem in the pu-
rification of full-length p21 (Pan et al., 1995).

The effect of p21 on DNA repair in vivo was studied
in intact or permeabilized cells. The protein was
added directly or by electroporation. Both methods
have the advantage of introducing the proteins uni-
formly into the cells. In the permeabilized cell system,
we specifically measured the resynthesis step of the
DNA repair process as reported previously by Jackson
et al. (1994). This assay measures repair incorporation
as does the in vitro study. Using both this assay and an
electroporation approach, we observed a substantial
inhibitory effect of the C-terminal fragment of the p21
protein. These results thus suggest that the p21 protein
plays a role in DNA repair.

MATERIALS AND METHODS

Cell Lines and Extracts
Human primary fibroblast and lymphoblast cell lines (Normal
GM38A and Normal 1310B, respectively) were obtained from the
Corriel Cell Repository (Camden, NJ). All of the fibroblast cells were
maintained in 23 MEM supplemented with 15% FBS and antibiot-
ics. All lymphoblast cells were maintained in RPM I 1640 medium
supplemented with 10% FBS, 2 mM glutamine, and penicillin/
streptomycin. Nuclear extracts were prepared according to the
method of Dignam et al. (1983).

Preparation of p21 Protein Derivatives
The GST-tagged human p21 (the construct was kindly provided by
Dr. Dutta, Brigham and Women’s Hospital, Boston, MA) was over-
produced in Escherichia coli (BL21-DE3 pLysS). Freshly transformed
bacteria were grown for 8 h in Luria-Bertani medium containing 0.1
mg/ml ampicillin and 0.034 mg/ml chloramphenicol at 37°C. The
medium was replaced with fresh medium and stored at 4°C over-
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night. A 250-ml culture was inoculated with a 1:50 dilution of the
8-h culture. The culture was grown until A600 was 0.5. The culture
was then induced for 2 h in the presence of 0.4 mM isopropyl-1-
thio-b-d-galactopyranoside. The culture flasks were then stored on
ice for 10 min, and the cells were pelleted. The pellet was frozen in
liquid nitrogen and stored at 280°C overnight.

The bacterial pellet was lysed and resuspended in 75 ml of cold
buffer containing 25 mM HEPES-NaOH, pH 8.0, 0.1% Triton X-100,
0.2 mg/ml lysozyme, 2 mM EDTA, 1 mM DTT, 1 mM PMSF, 10
mg/ml leupeptin, 10 mg/ml pepstatin A, and 10 mg/ml aprotinin for
10 min. The lysate was sonicated by two 10-s repetitive cycles on ice.
The lysate, containing soluble p21 N terminus or p21 C terminus,
was then clarified by centrifugation at 100,000 3 g for 1 h at 4°C and
filtered through a 0.45 mM filter. It was then loaded onto a 20-ml
DEAE Sepharose Fast Flow column (Pharmacia, Piscataway, NJ).
The protein was eluted with a 50- to 1000-mM KCl gradient in buffer
containing 25 mM HEPES-NaOH, pH 7.3, 2 mM EDTA, 1 mM DTT,
1 mM PMSF, 10 mg/ml leupeptin, 10 mg/ml pepstatin A, and 10
mg/ml aprotinin. The fractions containing p21 were pooled and
loaded onto a 2.5-ml glutathione sepharose 4B column (Pharmacia).
The column was then washed with 25 ml buffer containing PBS, pH
7.4, containing 2 mM EDTA, 1 mM DTT, 1 mM PMSF, 10 mg/ml
leupeptin, 10 mg/ml pepstatin A, and 10 mg/ml aprotinin. A 50-ml
wash with buffer containing 25 mM HEPES, pH 7.5, 50 mM KCl, 20
mM MgCl2, 5 mM ATP, 1 mM DTT, 1 mM PMSF, 10 mg/ml
leupeptin, 10 mg/ml pepstatin A, and 10 mg/ml aprotinin followed.
The protein was eluted with 7.5 ml of buffer containing 25 mM
HEPES, pH 8.0, 10 mM glutathione, and 2 mM EDTA.

The sample was concentrated to a final volume of 0.6 ml by
membrane filtration (Microcon, Amicon, Beverly, MA). It was then
dialyzed against 25 mM HEPES, pH 7.5, 2 mM EDTA, 0.15 M KCl,
and 1 mM DTT for 1 h at 4°C. Dialysis was repeated once, and the
protein was further concentrated in a Microcon 10 (Amicon) by
centrifugation at 14,000 3 g for 35 min at 4°C. The final volume was
brought to 0.1 ml using dialysis buffer. The samples were frozen in
liquid nitrogen and stored at 280°C. The typical yield of protein
from a 250-ml culture was 2.5 mg.

Purification of Histidine-tagged PCNA
The gene encoding human PCNA (kindly provided by Dr. T.
Kunkel, NIEHS, Chapel Hill, NC) was subcloned into pET 15b
(Novagen, Madison, WI) and overexpressed in E. coli (BL21-DE3
pLys S). Freshly transformed bacteria were grown for 8 h in Luria-
Bertani medium containing 0.1 mg/ml ampicillin and 0.034 mg/ml
chloramphenicol at 37°C. The medium was replaced with fresh
medium and stored at 4°C overnight. A 100-ml culture was inocu-
lated with a 1:50 dilution of the 8-h culture. The culture was grown
until A600 was 0.5. The culture was then induced 2 h in the presence
of 0.4 mM isopropyl-1-thio-b-galactopyranoside. The culture flasks
were stored on ice for 10 min, and the cells were pelleted. The pellet
was frozen on liquid nitrogen and stored at 280°C overnight.

The pellet was resuspended in 4 ml ice cold buffer (5 mM imida-
zole, 0.5 M NaCl, 20 mM Tris-HCl pH 7.9) from Novagen supple-
mented with protease inhibitors and lysozyme (1 mM PMSF, 10
mg/ml leupeptin, 10 mg/ml pestatin A, 10 mg/ml aprotinin, 0.2
mg/ml lysozyme). The sample was subjected to two 10-s cycles of
sonication on ice. The lysate containing PCNA was clarified at
100,000 3 g for 1 h at 4°C and filtered through a 0.45-mm filter. The
lysate was loaded onto a 1-ml Ni21 resin column (Novagen) charged
per manufacturer’s instructions. The sample was washed sequen-
tially with 10 vol of resuspension buffer (5 mM imidazole, 0.5 M
NaCl, 20 mM Tris-HCl, pH 7.9) and 6 vol of wash buffer (60 mM
imidazole, 0.5 M NaCl, 20 mM Tris-HCl, pH 7.9). The bound PCNA
protein was then eluted with 1 M imidazole, 0.5 M NaCl, 20 mM
Tris-HCl, pH 7.9, and dialyzed two times against 25 mM HEPES, pH
7.5, 0.15 M KCl for 1 h at 4°C. The purified PCNA was concentrated
using Centriprep 10 and Microcon 10 (Amicon) micro concentrators.
The protein was then dialyzed against 25 mM HEPES, pH 7.5, 0.15
M KCl, 2 mM EDTA, and 1 mM DTT.

Preparation of Substrates for In Vitro DNA Repair
Studies
UV-damaged DNA substrate devoid of pyrimidine hydrates and
apurinic sites was prepared as described by Wood et al. (1988).
Briefly, pUC18 plasmid DNA was irradiated with 450 J/m2 UV,
treated with E. coli Nth protein to remove pyrimidine hydrates and
AP sites, and purified once on a CsCl/ethidium bromide gradient
followed by a final purification over a 5–25% sucrose gradient.
Undamaged DNA substrate was prepared similarly using pUC18
plasmid DNA containing a 1.5-kbp insert.

In Vitro DNA Repair
The in vitro nucleotide excision repair assay was performed as
described previously by Wood et al. (1988). Reaction mixtures (20
ml) contained 45 mM HEPES, pH 7.7, 70 mM KCl, 7 mM MgCl2, 0.4
mM EDTA, 1 mM DTT, 2 mM ATP, 8 mM [a-32P]dCTP (specific
radioactivity of 3000 Ci/mmol), 20 mM remaining dNTPs, 40 mM
phosphocreatine, 50 mg/ml creatine phosphokinase, 0.36 mg/ml
BSA, 4.4% glycerol, 6 ng/ml each of the UV-damaged and control
plasmids, and 1.07 mg/ml GM1310B nuclear extract. The reaction
was incubated for 1 h for 30°C. After incubation the reaction was
treated with 0.18 mg/ml proteinase K and 0.06 mg/ml RNaseA in
0.68% SDS and 12 mM EDTA for 30 min at 37°C. After proteinase K
digestion, the proteins were removed by phenol/chloroform extrac-
tion, ethanol-precipitated, and linearized by EcoRI digestion by
incubation at 37°C for l h. The plasmids were resolved by electro-
phoresis on 0.75% agarose and visualized by ethidium bromide
staining. After drying under vacuum, the gel was exposed to a
PhosphorImager screen for 3 h. Quantification was performed using
Image Quant Software on a Molecular Dynamics PhosphorImager
(Sunnyvale, CA).

DNA Repair in Permeabilized Cells: Encapsulation
of Cells
The cells were prelabeled with 3H-thymidine (0.1 mCi/ml) to uni-
formly label the DNA. The procedure for encapsulation was essen-
tially the same as described by Jackson and Cook (1988). Briefly,
2.5% agarose (Sigma Type VII, Sigma, St. Louis, MO) in PBS was
melted and cooled to 39°C. Five milliliters of cells (2–4 3 106

cells/ml) in complete medium were mixed with 1.25 ml of molten
agarose in a conical flask at 39°C. After the addition of 15 ml liquid
paraffin oil (Fisher Scientific, Houston, TX) to the cells in molten
agarose, the mixture was vortexed for 30 s and kept on ice with
constant swirling of the flask for 2 min. Fifteen milliliters of com-
plete medium were added to the flask, and the contents were
transferred to a 50-ml centrifuge tube. The agarose beads were
pelleted (500 3 g, 5 min). After the removal of paraffin and excess
aqueous phase, the agarose beads were thoroughly washed in PBS.

Permeabilization of Encapsulated Cells
The beads were irradiated with UV (20 J/m2) in PBS before perme-
abilization with lysolecithin. The beads containing the cells were
permeabilized with lysolecithin (60 mg/ml) in a modified physio-
logical buffer for 15 min on ice. This buffer contained 10 mM
Na2HPO4, 2.5 mM MgCl2, 65 mM KCl, 65 mM KC2 H3O2, 1 mM
Na2ATP, 1 mM DTT, and 0.2 mM PMSF. After permeabilization, the
cells were washed in PBS, and the repair reaction was performed at
37° using 250 mM dATP, dGTP, dTTP, and 40 mCi/ml 32P-a-dCTP.

Electroporation
Electroporation of proteins into cells was performed according to
method of Winegar and Lutze (1990). Briefly, 14C-labeled GM38A
fibroblast cells were grown to confluency, trypsinized, and har-
vested. The cells were washed in PBS devoid of magnesium and
calcium. Approximately 3 3 105 cells were transferred to a cuvette
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prechilled on ice in a total volume of 800 ml. GST, p21 N (amino
acids 1–90), and p21 C (amino acids 87–164) were added to final
concentration of 0.2 mM. The cells were then electroporated at 250 V
and 960 F. The cells were immediately chilled on ice, seeded onto
culture dishes containing fresh media, and allowed to reattach for
2–4 h. After reattachment, the cells were washed and irradiated
with 254 nm UV radiation (30J/m2). The cells were incubated with
medium containing 10 mCi/ml 3H-thymidine for 2 h. The cells were
lysed in 0.5% SDS containing proteinase K, precipitated with 5%
TCA, spotted on filters, and washed with ethanol and acetone. The
samples were then scintillation-counted.

RESULTS

Purification of Proteins
The use of full-length GST-p21 protein was avoided
because it invariably formed aggregates during the
purification. Precipitation of the GST-p21 full-length
protein routinely occurred when the eluted product
was subjected to high-speed centrifugation. This prob-
lem was circumvented by using highly soluble p21
fragments, which were previously shown to be fully
functional by Chen et al. (1995). Both the C- and N-
terminal domains of the p21 protein were overex-
pressed as GST-fusion proteins and affinity-purified
using glutathione 4B Sepharose column chromatogra-
phy as soluble monomers to .95% purity. All exper-
iments were conducted with p21 protein fragments
designated hereafter as p21 N (amino acids 1–90) and
p21 C (amino acids 87–164). PCNA was overexpressed
as a histidine tagged-fusion protein. It was purified as
soluble monomers to .95% purity using nickel col-
umn chromatography (our unpublished results)

In Vitro DNA Repair
In vitro NER was measured using the repair resynthe-
sis assay initially described by Wood et al. (1988).
Repair of a UV-damaged plasmid devoid of pyrimi-
dine hydrates and apurinic sites was measured in an
in vitro assay using nuclear extracts prepared from
normal human fibroblast cells (GM1310B). A control
plasmid of different molecular weight was used to
assess DNA repair specificity. UV damage induces
both cyclobutane pyrimidine dimers and 6–4 photo-
products in DNA that are repaired by NER. To opti-
mize conditions for high repair specificity, we con-
ducted experiments at different extract concentrations
and incubation times (Figure 1). Our results indicated
that the repair incorporation was linear at a concen-
tration of 1.07 mg/ml nuclear extract and an incuba-
tion time of 1 h. We also tested the repair incorpora-
tion in XPA cell extracts and found no incorporation
(our unpublished results). This suggests that the re-
pair incorporation that we measure is specific to NER
of UV-induced photoproducts.

Effect of p21 N and p21 C on In Vitro DNA Repair
Increasing concentrations of p21 N and p21 C were
used in the in vitro repair assays. The samples were

normalized to a GST protein control devoid of puri-
fied proteins, and the percentage inhibition was cal-
culated (Figure 2A). The use of purified GST protein
alone showed no difference compared with the control
without protein (our unpublished results). Hence,
GST protein was omitted in subsequent experiments
as a control. Our results demonstrate that p21 N, the
CDK-binding domain of p21, had no effect on NER
even at concentrations as high as 3.6 mM (Figure 2).
p21 C, however, had a marked inhibitory effect on
NER. Concentrations as low as 0.2 mM exhibit 20%
repair inhibition. Concentrations .0.5 mM resulted in
.50% inhibition and those near or .1 mM inhibited
NER by ;80% (Figure 2B). These data demonstrate
that the PCNA binding domain of p21 specifically
inhibits in vitro NER. Similar results were also ob-
tained with HeLa cell extracts and with two other
human cell extracts.

PCNA Competitively Reverses the Inhibitory Effect
of p21 C on NER
If p21 C inhibits NER by binding to PCNA, its inhib-
itory effect should be reversed by the addition of
PCNA. Such an assessment would first require the
precise determination of the amount of PCNA present
in the extract. Using Western blot analysis, we deter-
mined that the concentration of native PCNA present
in the extract used for NER was 10 nM (Figure 3). By

Figure 1. Optimization of in vitro repair assay. Reaction mixtures
(20 ml) containing control and damaged DNA substrates were in-
cubated with increasing amounts of nuclear extract prepared from
normal human fibroblast cells (GM1310B). The reactions were incu-
bated at 30°C for 1 h. The samples were then subjected to RNAse A
and proteinase K digestion. After extraction with organic solvents
and ethanol precipitation, the plasmid DNA samples were linear-
ized with EcoRI and resolved on a 0.75% agarose gel. The agarose
gel was dried under heated vacuum, and the bands containing
radioactively labeled DNA were quantified on a PhosphorImager
(Molecular Dynamics).
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titrating with increasing amounts of p21 C we could
then determine the ratio of p21:PCNA under condi-
tions of repair inhibition. At 50% inhibition of the
repair reaction the p21 concentration was 500 nM (Fig-
ure 2). Thus, under these conditions the p21:PCNA

ratio is 50:1. Increasing amounts of PCNA were then
added to the repair reactions containing 2 mM p21 C
(Figure 4, A and B). The results demonstrated that at
near equimolar amounts of PCNA to p21 (0.5 molecule
PCNA:1 molecule p21 C) the inhibitory effect of p21 C

Figure 2. The effect of p21 N and p21 C on in
vitro NER. (A) Ethidium bromide gel (top
panel) and phosphorimage of dried ethidium
bromide gel (bottom panel). Increasing levels of
p21 N and p21 C were preincubated with
GM1310B nuclear extract at 30°C for 10 min.
Reaction buffers and UV-damaged and undam-
aged DNA substrates were added. The reac-
tions were incubated at 30°C for 1 h. The sam-
ples were then subjected to RNAse A and
proteinase K digestion. After extraction of or-
ganic solvents and ethanol precipitation, the
plasmid DNA samples were linearized with
EcoRI and resolved on a 0.75% agarose gel. The
agarose gel was dried under heated vacuum,
and the bands containing radioactively labeled
DNA were quantified on a PhosphorImager
(Molecular Dynamics). (B) Plot of the samples
shown in A (n 5 2 or greater). Error bars rep-
resent SEM. Inset shows a map with locations of
the C and N fragments of p21.
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was reversed. This suggests that p21 C is effecting
DNA repair inhibition by binding to PCNA.

Synchronization of Cells for In Vivo Studies
To determine whether p21 C inhibited NER in vivo,
protein electroporation studies and a permeabilized
cell system were used. Both systems allow measure-
ment of efficient UV-induced NER activity in human
fibroblast cells. UV-induced NER synthesis is difficult
to measure in exponentially growing cells because of
DNA replication of S-phase cells. To measure repair
synthesis efficiently, cells were synchronized at G1 by
growing them to a confluent state. In addition, the
cells were treated with 10 mM hydroxyurea to block
semiconservative replication. Flow cytometric analy-
sis of the synchronized cells is shown in Figure 5. The
results demonstrate that well over 95% of the cells are
in G1 or G2 phase. There was no difference at 48 h
between control and UV-treated cells. These findings
were confirmed by autoradiography of cells grown on
coverslips in the presence of 14C-thymidine (our un-
published results).

Effect of p21 N and p21 C on In Vivo Repair
The effect of p21 N and p21 C on DNA repair under
in vivo conditions was studied. Electroporation
served as a simple and rapid technique to introduce
and distribute protein uniformly within cells, in-
cluding their nuclei. This is necessary, because the
p21 N protein fragment lacked a nuclear localization
sequence. After electroporation the cells were al-
lowed to reattach and then were UV-irradiated. Af-
ter UV-treatment the cells were incubated with tri-
tiated thymidine to monitor DNA repair as
measured by unscheduled DNA synthesis. GST pro-
tein was used as a control. The results show no effect
of p21 N on unscheduled DNA synthesis relative to
GST (Figure 6). p21 C, however, shows an inhibition
of 28%.

We then used a permeabilized cell system as de-
scribed by Jackson et al. (1994). Once the cells are
permeabilized they no longer undergo initiation or

incision. Hence, the assay specifically measures the
resynthesis and ligation steps of NER (Jackson et al.,
1994; Balajee et al., 1998). Normal human fibroblast
cells were encapsulated in agarose beads and per-
meabilized with lysolecithin. It was shown previ-
ously by Dent et al. (1989) that lysolecithin perme-
abilization permits the entry of high molecular
weight proteins into the nucleus. The permeabilized
cells were incubated with reaction buffer containing
P32-labeled dCTP. Unscheduled DNA synthesis was

Figure 3. Determination of the amount of PCNA in the nuclear
extract (GM1310B) used for the in vitro repair assays. Nuclear
extract (75 mg) (lane 1) and different amounts of histidine-tagged
PCNA protein (lane 2, 25 mg; lane 3, 50 mg; lane 4, 100 mg; lane 5, 200
mg) were electrophoresed on 4–12% SDS-PAGE and transferred to
PVDF membrane per manufacturer instructions. PCNA was immu-
nologically detected using an anti-human mouse monoclonal anti-
body to PCNA. The values for the standards were linear.

Figure 4. The effect of PCNA on p21 C inhibition of NER. (A)
Ethidium bromide gel (top) and phosphorimage of dried ethidium
bromide gel (bottom). Increasing amounts of PCNA (lane 1, molec-
ular weight marker; lane 2, control; lane 3, 0 mM PCNA; lane 4, 0.2
mM PCNA; lane 5, 1 mM PCNA) were incubated with nuclear
extract containing p21 C at 2 mM for 10 min at 30°C. Reaction
buffers, UV-damaged plasmid DNA, and undamaged plasmid
DNA were then added. The reactions were incubated at 30°C for
1 h. The samples were then subjected to RNAse A and proteinase K
digestion. After extraction with organic solvents and ethanol pre-
cipitation, the plasmid DNA samples were linearized with EcoRI
and resolved on a 0.75% agarose gel. The agarose gel was dried
under heated vacuum, and the bands containing radioactively la-
beled DNA were quantified on a PhosphorImager (Molecular Dy-
namics). (B) Histogram of the results shown in A.
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measured by the incorporation of radioactive dCTP.
Again, the results showed that p21 N had no effect
on repair, suggesting that the CDK-binding domain
of p21 plays no role in NER (Table 1). p21 C, how-
ever, exhibited an inhibition of 25% at 1.5 mM and
52% at 3.7 mM (Table 1). Similar experiments inves-
tigating replication alone showed an inhibition of
33% at 0.02 mM p21 C and of 57% at 0.2 mM p21 C.
As expected, its effect on replication was much
stronger than that on repair. We thus find that only
the PCNA binding domain of p21 inhibited NER in
vivo. Moreover, our findings suggest that the PCNA
binding domain of p21 blocks the resynthesis step of
NER in vivo.

DISCUSSION

A number of studies have demonstrated a regulatory
role of p21 in replication and in the cell cycle; how-
ever, its role in DNA repair has been controversial.
This study, using purified C- and N-terminus p21
protein, demonstrates that the C terminus, which con-
tains the PCNA binding domain of p21, inhibits in
vitro NER. Inhibition occurs at a high p21 to PCNA
ratio. This conclusion differs significantly from previ-
ous studies that reported either no effect of p21 on
NER even at high concentrations or that p21 inhibited
NER at concentrations similar to those required for
inhibition of replication. In contrast, this study con-

Figure 5. Synchronization of
cells for in vivo repair assays. Nor-
mal human fibroblasts (GM 38A)
were grown to confluency in me-
dia containing 10 mM hydroxyu-
rea and incubated for 0 h (A, 1UV;
B, 2UV), 8 h (C, 1UV; D, 2UV),
24 h (E, 1UV; F, 2UV), and 48 h
(G, 1UV; H, 2UV) at 37°C in 5%
CO2 incubators. The cells were
then harvested and treated with
70% ethanol and 100 mg/ml
RNAse A. The DNA content of the
cells was measured by flow cytom-
etry.
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cludes that p21 differentially regulates repair and rep-
lication. NER is much less sensitive to inhibition by
p21 than is replication. Our study provides a more
physiologically relevant model for understanding the
protective role of p21 because we show the effect of
p21 both in vivo and in vitro. Thus, the inhibition of
DNA repair by p21 is not merely an in vitro phenom-
enon. We show that p21 inhibits the resynthesis step
of NER in cells. It appears that the inhibitory effect of
p21 is significantly mitigated by preassembly of
PCNA at repair sites before p21 addition. The failure
of the N terminus to inhibit NER strongly supports
our hypothesis that the inhibition of NER by p21 is
mediated primarily through the C-terminal PCNA
binding domain of p21. It also indirectly suggests that
cdk-cyclins probably have no significant regulatory
role in NER.

There have been several studies on the effect of p21
on DNA repair. Most of these have shown no inhibi-

tory effect of p21 (Li et al., 1994; Shivji et al., 1994;
McDonald et al., 1996), whereas one found inhibition
(Pan et al., 1995). Although our data in general terms
agree with those of Pan et al. (1995), their stoichiome-
try differed significantly from ours with respect to the
ratio of p21 to PCNA required for inhibition of NER.
We find that a minimal ratio of 50:1 p21 to PCNA
monomer is necessary for 50% inhibition of in vitro
NER and a ratio of 100:1 is required for 80% inhibition.
This is in contrast to Pan et al. (1995) who reported that
a ratio as low as 3:1 full-length p21 to PCNA monomer
was necessary for 50% inhibition of in vitro DNA
repair. This discrepancy is relevant, because the ratio
of p21 to PCNA monomer required for inhibition of
PCNA-dependent replication using both in vitro and
in vivo studies has been shown to be 5–10:1 p21 to
PCNA monomer (Li et al., 1996). On the basis of the
p21:PCNA ratio reported by Pan et al. (1995), it would
be inferred that a cellular increase in p21 would inhibit
DNA repair more efficiently than DNA replication.
Our p21:PCNA ratio suggests that replication is more
sensitive to the inhibitory effect of p21 than DNA
repair. From a biological perspective, the latter sce-
nario seems more compatible with cell survival. Thus,
we view this notion as supportive of our observations.
The in vitro repair assay used is quite sensitive to
nicks and pyrimidine hydrates in the plasmid DNA. If
such lesions exist, nick translation will falsely mimic
DNA repair activity. To avoid such a problem, we
routinely test our substrates with an XPA extract,
which is defective in NER and thus detects the extent

Figure 6. The effect of p21 N and C on in vivo DNA repair using
electroporation. Histogram showing the role of p21 N and p21 C on
DNA repair in normal human fibroblasts GM38A. 14C-labeled cells
were grown to confluence, trypsinized, and harvested. The cells
were washed in PBS devoid of magnesium and calcium. Approxi-
mately 3 3 105 cells were transferred to a cuvette prechilled on ice
in a total volume of 800 ml. GST, p21 N, and p21 C were added to
a final concentration of 0.2 mM. The cells were then electroporated
at 250 V and 960 F. The cells were immediately chilled on ice, seeded
onto culture dishes containing fresh media, and allowed to reattach
for 2–4 h. After reattachment, the cells were washed and irradiated
with 254 nm UV radiation (30 J/m2). The cells were incubated with
medium containing 10 mCi/ml 3H-thymidine for 2 h. The cells were
lysed in 0.5% SDS containing proteinase K, precipitated with 5%
TCA, spotted on filters, and washed with ethanol and acetone. The
samples were then counted in a scintillation counter (n 5 2). Error
bars represent SEM.

Table 1. The effect of p21 N and p21 C on in vivo DNA repair using
permeabilized cells

Treatment % Incorporation

Control (0 J/m2) 14.6 6 12.4
UV (20 J/m2) 100
UV 1 p21 N

0.037 mM 97.7 6 5.3
1.5 mM 101 6 10.3
3.7 mM 103.8 6 7.48

UV 1 p21 C
0.037 mM 92.4 6 9.29
1.5 mM 75.1 6 12.8
3.7 mM 52.0 6 14.8

Normal human fibroblasts (GM38A) were encapsulated in 2.5%
(Sigma type III) agarose at 39°C (see Materials and Methods). The
encapsulated cells were irradiated with 254 nm UV radiation (20
J/m2). The cells were permeabilized in physiological buffer contain-
ing lysolecithin. p21 N and p21 C were added to the permeabilized
encapsulated cells, and the reaction was incubated at 37°C with ATP
and dNTPs. The samples were washed in ice-cold PBS and then
lysed in 0.1% SDS. After lysis the samples were precipitated on
filters with 5% TCA, washed, dried, and scintillation counted. Ex-
cluding p21 N at a concentration of 0.037 mM, all of the results are
the mean of three independent biological experiments. Values are
mean 6 SD.
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of nonspecific nick translation. In our experiments
there was no measurable repair incorporation in the
XPA extracts. Perhaps the discrepancy observed be-
tween this study and that of Pan et al. (1995) is related
to their use of renatured, full-length protein, whereas
we have used soluble proteins. Nevertheless, the ob-
servation that a high ratio of p21 to PCNA is necessary
to inhibit NER might explain the conflicting in vitro
results reported by others who may have used cell
extracts with saturating levels of PCNA (Li et al., 1994;
Shivji et al., 1994). We argue that our observation of an
inhibition by p21 C is not due just to high levels of the
protein. Addition of p21 N to the in vitro DNA repair
assay does not affect the reaction, even at much higher
concentration than those at which the p21 C terminal
effectively inhibits the repair.

Very recently, at the time of completion of this work,
Shivji et al. (1998) reported some in vitro effects of p21.
Their study used both histidine-tagged and GST-
tagged full-length protein. They demonstrated inhibi-
tion of DNA repair by p21 at a high p21 to PCNA
ratio. In agreement with our findings, they observed a
much stronger effect of p21 on replication than on
DNA repair; however, they did not examine the func-
tion of the N terminus of the protein and did not study
the effect of the p21 protein in vivo.

Several studies have clearly implicated the role of
PCNA in the repair resynthesis step of NER (Wood,
1996). Because the inhibition of repair by p21 is PCNA
dependent, this suggests that the p21 effect on DNA
repair is at the resynthesis step. To determine whether
p21 also inhibits the repair process in vivo, we used a
permeabilized cell system. The method of cell perme-
ablization constitutes a valid model system for study-
ing molecular functions. The encapsulation of cells in
agarose microbeads prevents the shearing and aggre-
gation of chromatin on isolation under isotonic condi-
tions. This system has been used successfully to label
the UV-induced repair sites and transcription sites in
chromatin (Jackson et al., 1994; Balajee et al., 1998). One
distinct advantage of this system is that the chromatin
of permeabilized cells replicate and transcribe at rates
comparable to those of intact cells (Jackson et al., 1993).
The cells remain viable for several days in tissue cul-
ture and also replicate at 85% of the rate of nonper-
meabilized cells in a cell cycle-specific manner and
efficiently perform transcription (Jackson and Cook,
1986). We exploited the inherent ability of permeabil-
ized cells to perform only the resynthesis step and
ligation after UV exposure. It has been shown that
initiation of incision activity precedes the permeabili-
zation step (Jackson et al., 1994). Using this system we
find that the C terminus of p21 effectively blocks the
resynthesis step of NER through its interaction with
PCNA.

In the electroporation experiments we also observed
an in vivo inhibitory effect of p21 on NER. Although

we observed the same inhibitory effect of p21 C ter-
minus on NER activity in both systems, the concen-
tration of p21 required for inhibition was lower in
electroporation experiments. This may be related to
the timing of p21 addition. Addition of p21 before
DNA damage in electroporation experiments is likely
to inhibit both loading of the PCNA clamp and the
polymerase. In contrast, p21 protein was added after
DNA damage in the permeabilized cell system. Stud-
ies have shown that PCNA is rapidly recruited to
DNA repair sites within seconds after UV irradiation
(Li et al., 1996; Savio et al., 1996). It is conceivable,
therefore, that p21 mediates repair inhibition in per-
meabilized cells primarily by inhibiting the initial
polymerase loading as well as any reloading of the
polymerase after dissociation of polymerase from the
PCNA clamp. Once the PCNA clamp is assembled its
translocation is immune to p21; however, the loading
and reloading of the polymerase remains prone to
inhibition by p21 (Podust et al., 1995). Hence, p21
inhibition of both clamp assembly and polymerase
loading could take place in electroporated cells com-
pared with only inhibition of polymerase loading in
the permeabilized cells. Thus, preassembly of PCNA
at repair sites may account for the increased level of
p21 required for inhibition of NER.

Although p21 inhibits the resynthesis step of both
replication and repair, the differential effect of p21 on
PCNA-dependent synthesis is most likely due to the
high processivity of the DNA polymerase d or e ho-
loenzymes. Thus, long tracts of replicating DNA are
more prone to inhibition of DNA synthesis at a low
concentration of p21 compared with the short tracts of
DNA synthesis in NER. It is possible, therefore, that
actively dividing cells that undergo up-regulation of
p21 after DNA damage use a p21 concentration-de-
pendent repair threshold. Below this threshold repli-
cation is inhibited, whereas repair remains permissive.

It has been shown in several biological systems that
p21 is up-regulated with aging, but it is not clear
whether senescence or stress situations can effect a
level of overexpression sufficient to inhibit DNA re-
pair. Some experiments have suggested that the in-
crease of expression of p21 with senescence is on the
order of 10- to 20-fold (Noda et al., 1994), which may
not be high enough to affect DNA repair; however,
this could be a potential mechanism to account for the
observations that DNA repair capacity declines with
age (reviewed in Bohr and Anson, 1995). The decrease
in DNA repair could then explain the increased levels
of DNA damage and mutation in senescent cells (re-
viewed in Bohr and Anson, 1995). Thus it is possible
that the level of p21 plays a critical role in attaining the
senescent phenotype and the associated high suscep-
tibility for the development of malignancies. Also,
several aggressive tumors overexpress p21 (Erber et
al., 1997; Trotter et al., 1997), and some head and neck
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squamous cell carcinomas, which maintain very high
levels of p21, have decreased survival and malignant
phenotypes (Erber et al., 1997).

In conclusion, p21 regulates three crucial biological
processes: cell cycle progression, replication, and
DNA repair. p21 inhibits NER both in vitro and in
vivo; however, the biological significance of this inhi-
bition requires further study. It appears that the
PCNA binding domain of p21 regulates both replica-
tion and NER. This regulation occurs at the resynthe-
sis step and most likely proceeds through the inhibi-
tion of PCNA clamp assembly and polymerase
loading. The impact of p21 on NER is dependent on its
intracellular concentration at the onset of repair rela-
tive to the PCNA level. As a result, actively growing
cells that undergo a p21-mediated growth arrest may
be protected from p21-induced repair inhibition by
using a concentration-dependent repair threshold.
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