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Subcellular distribution of p21 and PCNA in normal and
repair-deficient cells following DNA damage
Rong Li, Gregory J. Hannon*, David Beach* and Bruce Stillman
Background: The p21 protein binds to both cyclin-dependent kinases (Cdks)
and the proliferating cell nuclear antigen (PCNA). In mammalian cells, DNA
damage results in an increase in the level of p53 protein, which stimulates
expression of the gene encoding p21, which in turn leads to an inhibition of Cdk
activity. Biochemical studies have shown that the direct interaction between p21
and PCNA blocks the latter’s function in DNA replication but not in DNA repair.
In addition to the p53-dependent damage response, the stimulation of quiescent
cells with serum can also cause a p53-independent elevation in p21 gene
expression. It is not clear, however, whether the induction of p21 protein under
these two circumstances serves the same purpose. In this study, we have
investigated the kinetics of p21 induction by DNA damage and serum stimulation
and the consequent effects on cell-cycle progression. Using both normal and
repair-deficient human cells, we have also analyzed the nuclear distribution of
p21 in relation to that of PCNA.
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Results: In vivo immunofluorescence staining experiments indicate that,
following UV damage, DNA repair is not inhibited by the presence of a large
amount of p21 protein in the nucleus; in contrast, cells undergoing DNA
replication during S phase contain very low amounts of p21. The addition of
serum induced a transitory elevation of p21 levels, whereas UV damage to cells
resulted in a sustained, high level of p21 that was more tightly associated with
the nuclear structure. Interestingly, cells deficient in global nucleotide
excision–repair displayed a distinct pattern of detergent-insoluble p21 that
co-localized with PCNA.
Conclusions: The in vivo studies presented here, which are consistent with our
previous findings in vitro, indicate that p21 has a differential effect on DNA
replication and DNA repair, and that the induction of p21 by serum and DNA
damage may have different consequences. Furthermore, the co-localization of
p21 and PCNA in the nucleus of normal and repair-deficient human cells
indicates that p21 and PCNA interact during post-damage events.

Background
The major transition points in eukaryotic cell-cycle
progression are controlled by multiple cyclin-dependent
kinases (Cdks) [1–3]. One mechanism by which Cdk function is modulated is through the action of a group of Cdk
inhibitors [4], whose activities are affected by various
external cues [5]. One of these inhibitors, p21
(CIP/WAF1), may be responsible for controlling the G1–Sphase checkpoint in the event of DNA damage [6–10].
Expression of the gene encoding p21 is stimulated by the
tumor suppressor protein p53, the induction of which is
triggered by the presence of DNA damage.
In addition to the p53-dependent DNA-damage pathway,
p21 has also been shown to respond to growth signals, such
as serum and growth factors, and has been implicated in
terminal differentiation and senescence [11–22]. Although
the exact role(s) of p21 in these damage-independent

situations remains to be elucidated, it may involve an
interaction between p21 and the Cdks that are still present
in non-growing cells. In support of this notion, p21 is
known to interact with and regulate multiple Cdk–cyclins
and, under certain situations, it can promote the assembly
of the cyclin–Cdk complex [23,24]. Furthermore, in
serum-stimulated cells, the p21-associated histone H1
kinase activity increases in parallel with increasing
amounts of p21 [17].
In normal human cells, p21 exists in a quaternary complex
with a Cdk, a cyclin and the proliferating cell nuclear
antigen (PCNA) [24]. One unique feature of p21 that
distinguishes it from the other Cdk inhibitors is its dual
inhibition of the activities of Cdks and PCNA [25–27]. As
an auxiliary factor for DNA polymerases d and e, PCNA
facilitates the loading of the polymerases onto DNA
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templates and increases the processivity of the polymerases [28]; PCNA is required for both DNA replication
and DNA repair [29–31]. Although the total cellular level
of PCNA is relatively constant through the cell cycle, it is
tightly associated with the nucleus only in S-phase cells
and in UV-irradiated non-S-phase cells [32–34]. Under
such conditions, a subset of PCNA is resistant to detergent extraction from the nucleus.
Recent studies have revealed that different domains of
p21 interact with Cdks and PCNA, and that both of these
domains can independently inhibit DNA replication when
present in cells [35–38]. This strengthens the notion that
p21 can arrest cell-cycle progression by inhibiting both
Cdks and PCNA. In vitro, p21 preferentially inhibits longrange DNA synthesis while allowing short-patch synthesis
to proceed, such as that which occurs during nucleotide
excision–repair [39,40].
The ability of p21 to bind simultaneously to both Cdks
and PCNA has led to the suggestion that it may mediate
the coordination between DNA replication, DNA repair
and cell-cycle progression [25,39]. To investigate this
further, we used immunofluorescence staining to visualize
the subcellular distribution of p21 and PCNA under
different physiological conditions. The results show that
DNA replication, but not DNA repair, correlates with low
levels of p21. The kinetics of p21 induction and the
extent of its association with the nuclear structure differed
in response to DNA damage or serum stimulation. After
DNA damage, we also observed a similar nuclear distribution of both p21 and PCNA that was dependent on the
DNA-repair capacity of the cell. These results provide in
vivo evidence for the involvement of p21 and PCNA in a
damage-dependent cell-cycle checkpoint.

Results
DNA repair, but not DNA replication, is compatible with
high levels of p21 in the nucleus

Previous biochemical studies have shown that a two-to-fivefold molar excess of p21 over the level of PCNA can completely inhibit the latter’s function in DNA replication
[25,27,40]. One issue that has arisen from this observation
concerns the physiological relevance of the p21:PCNA
ratios used in these in vitro assays. We have therefore examined the relative amounts of p21 and PCNA in an asynchronous population of human WI38 diploid fibroblasts by
quantitative immunoblotting experiments. As shown in
Figure 1, various amounts of WI38 cell lysate were compared with known amounts of purified PCNA and histidinetagged p21 proteins. Based on multiple experiments, we
estimated that the molar ratio of p21 to PCNA (monomer)
was close to 1:1 in vivo, representing ~2–5 × 105 molecules
per cell. After UV irradiation, the level of p21, but not of
PCNA, increased five-to-ten fold ([41] and our unpublished observations); these observations in vivo therefore
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Quantitation of PCNA and p21 in WI38 human cells. Sub-confluent
WI38 cells were harvested and lysed directly in Laemmli sample buffer.
The amounts of lysate loaded in lanes 1–4 were equivalent to 1.5, 3, 6
and 12 × 104 cells, respectively. For quantitation purposes, 0.6, 1.2,
2.5, 5 and 10 ng of purified PCNA and p21 were loaded in lanes 5–9,
respectively.

mimic the conditions in vitro, where p21 inhibited PCNA’s
function in DNA replication.
To further investigate the relationship between S-phase
DNA synthesis and the level of p21, on a single-cell basis
in vivo, asynchronous human diploid WI38 cells were
pulse-labeled with bromodeoxyuracil (BrdU) and subsequently stained for incorporated BrdU and the endogenous p21 protein (Fig. 2c,d). After comparing the p21 and
BrdU staining in many microscopic fields, we found that
only a small proportion of the cells (10–20 %) contained
high levels of p21 localized in the nucleus, and that none
of these p21-positive cells incorporated BrdU. This is
consistent with earlier reports demonstrating that p21
inhibits the functions of both Cdks and PCNA in DNA
replication [25–27]. As a control, we also compared PCNA
staining with the BrdU incorporation (Fig. 2a,b). As
observed previously [32], only S-phase cells contained
high levels of detergent-insoluble PCNA, whereas PCNA
in non-S-phase cells was easily extractable with non-ionic
detergent (data not shown; but see Fig. 4). Thus, in a
proliferating population of normal human fibroblasts, cells
with detergent-insoluble PCNA contained low levels of
p21. Taken together, these data suggest that, unlike
PCNA, p21 is not associated with active DNA replication
in S-phase cells. From the data shown in panels of Fig.
2a–d, it is not possible to tell the exact cell-cycle stage of
the p21-positive cells. However, as high levels of p21 have
been found in senescent cells and p21 can be induced by
serum, we speculate that the p21-positive cells in the
asynchronous WI38 population may be in either the G0
or early G1 phase of the cell cycle.
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Figure 2
High levels of p21 are compatible with DNA
repair but not DNA replication. (a–d)
Asynchronous WI38 cells were labeled briefly
with BrdU and stained with a flourescine
isothiocyanate (FITC)-conjugated anti-BrdU
antibody (a,c), together with either an antiPCNA monoclonal antibody (b) or anti-p21
polyclonal serum (d), followed by a Texas
Red-conjugated secondary antibody. Cells
stained for PCNA were pretreated with Triton
X-100 before fixation to reveal the detergentinsoluble PCNA present only in S-phase cells.
Non-S-phase cells are not visible in (a,b). (e,f)
Synchronized G0-phase cells were irradiated
at 12 J m–2 and released into G1 phase by
serum addition in the presence of BrdU. (e)
The relatively weak repair signal was amplified
using an anti-BrdU antibody, a biotinylated
anti-mouse IgG antibody and FITC-conjugated
streptavidin. (f) The polyclonal antiserum
directed against p21 was used to detect p21
in the damaged cells. (g,h) Cells were treated
as in (e,f), except without BrdU labelling.
Samples were subsequently immunostained
with (g) a monoclonal antibody directed
against human p53 (FITC staining) and (h) the
polyclonal antiserum directed against p21
(Texas Red staining).

Using different in vitro systems for DNA replication and
nucleotide excision–repair, it was demonstrated previously
that p21 has a differential effect on these two types of
PCNA-dependent DNA synthesis [39,40]. To extend
these observations in vitro, the levels of p21 were compared with the extent of DNA repair in cells undergoing
active DNA repair following UV irradiation. Synchronized

WI38 cells in G1 phase of the cell cycle were used to
minimize the BrdU staining signal from S-phase DNA
replication that would otherwise obscure the relatively
weak signal generated by DNA repair. As shown in Figure
2e,f, all the irradiated cells underwent DNA repair and,
concomitantly, the majority of cells (~75 %) contained
abundant amounts of p21 protein in the nucleus. As
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Figure 3

immunofluorescence study is consistent with findings in
vitro that p21 has different effects on the function of
PCNA in DNA replication and DNA repair.
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Serum and UV irradiation lead to different kinetics of p21 induction.
Cells were synchronized by serum deprivation, treated with or without
UV and then released from growth arrest by the addition of serum.
Samples were harvested at different time points and analyzed (a) by
immunoblotting using polyclonal anti-p21 serum or (b) by FACS
analysis for cell-cycle distribution. In this and the following experiments,
samples at time zero were harvested without further incubation in
serum-containing media.

expected, cells deficient in nucleotide excision–repair did
not generate the BrdU staining signal (data not shown).
This result indicates that, unlike DNA replication, active
DNA repair can occur in the presence of high levels of p21
(compare Fig. 2c,d with 2e,f). Interestingly, some variation
in the levels of p21 was observed between cells within the
synchronized population. This may result from different
kinetics of p53 induction within individual cells. This is
supported by the observation that the UV-irradiated cells
containing higher levels of p21 also showed stronger
nuclear staining for p53 (Fig. 2g,h). In conclusion, the

The induction of p21 by serum and DNA damage, and the
effects on cell-cycle progression

To compare the induction of p21 by serum and UV
damage, we conducted a kinetic study on WI38 cells
synchronized by serum starvation and then restimulated.
At different time points after the addition of serum, the
levels of p21 were determined by immunoblotting and the
cell-cycle distribution assessed by an analysis of DNA
content using fluorescence-activated cell sorting (FACS).
As quiescent cells exited from G0 into G1 phase, the
expression of p21 initially increased but then diminished
as the cells progressed into late G1 and early S phase (Fig.
3a, lanes 1–5, and 3b). This result is consistent with previous kinetic studies of p21 mRNA levels following serum
stimulation of quiescent fibroblasts [11,20]. It is also worth
noting that a minor portion of the p21 protein seemed to
migrate more slowly when analysed by SDS–PAGE. This
may represent the phosphorylated form(s) of p21, as
observed previously [23].
We then investigated the effects of DNA damage on the
level of p21, by immediately irradiating synchronized cells
with UV before serum release. As expected, the cell-cycle
progression was prevented (compare the 24 hour time
points in Fig. 3b); in fact, UV irradiation seemed to block
the cell-cycle progression for a prolonged period up to
48 hours (data not shown). Based on the results shown in
Figure 2e, these cells were undergoing active DNA repair.
However, at the same time, the cellular levels of p21 were
elevated and sustained over a long period of time (Fig. 3a,
lanes 6–10). Serum and UV irradiation therefore differ in
their ability to induce p21 and to maintain the elevated
levels of p21.
PCNA is known to be tightly associated with the nuclear
structure in UV-irradiated cells, presumably because of its
involvement in post-damage events such as DNA repair
[33,34]. Given the strong interaction between p21 and
PCNA, it is possible that p21 in damaged cells might also
be refractory to detergent extraction; it was reported
recently that, after UV-irradiation of IMR90 cells, a
considerable fraction of p21 became resistant to extraction
with Triton [41]. We were interested to know whether
p21 induced by either serum or DNA damage would
behave differently in this regard. Synchronized cells were
treated with or without UV irradiation, released from
serum starvation and collected at different time points.
The cell pellets were either lysed directly in protein
sample buffer or subjected to extraction with Triton X100 prior to resuspension in lysis buffer. The samples
were then immunoblotted to determine the amount of
total and Triton-resistant PCNA and p21. In the absence
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of UV damage, most of the p21 was Triton-soluble at all
three time points (Fig. 4a, lanes 1–6). PCNA, however,
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became resistant to detergent extraction 16 hours after
serum release (Fig. 4a, lanes 5,6), at which point the cells

Figure 4
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Association of PCNA and p21 in the nucleus
following UV damage. (a) WI38 cells were
growth-arrested by serum starvation. Nonirradiated (lanes 1–6) and UV-irradiated (lanes
7–12) cells were then harvested 0, 4 and
16 hours after incubation in serum-containing
media, and the cellular proteins with (+) or
without (–) detergent extraction were analyzed
by immunoblotting using an anti-PCNA
antibody and anti-p21 polyclonal serum.
(b–m) Non-irradiated and (n–y) UV-irradiated
cells were collected at different time points
following DNA damage and extracted with
(+T) or without (–T) Triton X-100, as
described in Materials and methods. Cells
were stained for PCNA (FITC staining) and
p21 (Texas Reds staining). For direct
comparison, the photographs were taken
using the same exposure time.
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Figure 5
Distinct patterns of p21 and PCNA in repairproficient and repair-deficient cells. WI38 and
various mutant cells were synchronized,
irradiated with UV and released into serumcontaining media. See the text for a detailed
description of the mutant cells. After 4 h
incubation in serum-containing media, cells
were extracted with detergent and stained
with anti-p21 polyclonal serum. In this figure
and in Fig. 6, the relative positions of the two
cells from the same field were adjusted using
the Adobe Photoshop software program in
order to generate more compact pictures.

started to enter S phase (as determined by BrdU
incorporation and FACS analysis; data not shown). This is
consistent with the role of PCNA in DNA replication
during S phase. In contrast, when cells were UV-irradiated
at the time of serum release, cell-cycle progression was
blocked (Fig. 3) and the damaged DNA was actively
repaired (Fig. 2e,f). Accordingly, PCNA was resistant to
Triton extraction at the 4 and 16 hour time points after
DNA damage (Fig. 4a, lanes 9–12). Strikingly, a substantial amount of the p21 protein became resistant to Triton
extraction 16 hours after UV irradiation (Fig. 4a, lanes 11
and 12), unlike the control without UV treatment (Fig. 4a,
lanes 5,6). The resistance to detergent extraction was
unlikely to be a result of non-specific UV cross-linking for
two reasons. Firstly, the UV dosage used in this experiment was relatively low. Secondly, the amount of Tritoninsoluble PCNA and p21 was negligible at the zero time
point, even though the cells had been UV irradiated, suggesting a UV-induced time-dependent nuclear association
of both proteins.
As both PCNA and p21 can interact with several other
proteins involved in cell-cycle regulation, we stripped the
blot shown in Figure 4 and reprobed it with polyclonal
antisera directed against Cdc2, Cdk2, cyclins A, D and E,
and the replication proteins RPA and RF-C. Unlike
PCNA and p21, none of these proteins displayed UVdependent resistance to Triton extraction (data not
shown). A similar observation was made recently by
Pagano et al. [41]. The association of p21 with the nuclear

structure is therefore likely to result from its direct
interaction with PCNA.
To confirm the results obtained by the immunoblotting
analysis, we directly examined the nuclear distribution of
PCNA and p21 by immunofluorescence staining in nonirradiated or irradiated cells, with or without detergent
extraction prior to fixation. Under similar conditions to
those used in the previous experiment, detergent-insoluble PCNA appeared in both non-irradiated cells in Sphase (Fig. 4j,k) and UV-irradiated cells undergoing DNA
repair (Fig. 4n,o,r,s,v,w). In non-irradiated cells, p21 was
not detected in the Triton insoluble form in the nucleus
(Fig. 4d,e,h,i,l,m). In contrast, a significant amount of
detergent-insoluble p21 was detected in the UV-irradiated
cells, but only after a time delay (Fig. 4p,q,t,u,x,y).
Together with the earlier kinetic studies, these data reveal
distinct properties of p21 when induced by damagedependent and independent pathways.
Cells deficient in global repair display distinct detergentinsoluble patterns of p21 and PCNA

DNA repair is one of the major post-damage events
occurring in irradiated cells. We therefore hypothesized
that the differential distribution patterns of p21 and PCNA
in the presence or absence of irradiation might be related
to the response of the cellular repair machinery to DNA
damage. To further assess the relationship between DNA
repair and the subcellular localization of p21, we compared
the nuclear staining patterns of p21 in normal and several

Research Paper Effects of p21 on DNA repair and replication in vivo Li et al.

195

Figure 6
(a–c) WI38 and (d–f) XPA cells were treated
as described in Figure 5. UV-irradiated cells
were stained with anti-PCNA and anti-p21
monoclonal antibodies. To superimpose the
p21 and PCNA patterns, photographs with
double exposure are also shown (c,f).

mutant cell lines that are defective in various DNA-repair
pathways. Xeroderma pigmentosum (XP) is a human
genetic disease characterized by an extreme sensitivity to
UV irradiation [42]. The different complementation groups
of the XP syndrome represent defects in multiple gene
products that are involved in nucleotide excision–repair
[43–45]. For example, the XPA group lacks the activity of a
protein that recognizes damaged DNA, whereas the XPG
group has a defect in the enzyme which is normally responsible for making an incision in the DNA on one side of the
lesion. As a result, the overall rate of nucleotide excision–
repair is greatly reduced in both of these mutant cells.
Cockayne’s syndrome (CS) is caused by defects in transcription-coupled DNA repair, and cells from patients with
CS exhibit reduced repair only on the transcribed strand of
transcriptionally active genes; in contrast, global genome
repair is normal in these cells. Another XP group, XPC, is
proficient in transcription-coupled repair, yet is deficient in
global repair of the remaining genome. Finally, ataxia–
telangiectasia (A–T) is a human genetic disease characterized by an extreme sensitivity to ionizing irradiation [42].
The detergent-insoluble p21 staining patterns in all cell
types could be divided into two categories — those with
small and numerous speckles (Fig. 5a,c,e), and those with
much larger but fewer dots (Fig. 5b,d,f). Interestingly,
this difference seems to correlate with the ability of the
cells to execute global DNA repair. Cells capable of
global DNA repair (WI38, CSA and A–T) exhibited the

more homogeneous nuclear staining pattern of Triton-insoluble p21, even though some cells (CSA) were defective for
transcription-coupled repair. In contrast, cells that were
deficient in global repair (XPA, XPG and XPC) contained
p21 that displayed the larger punctate staining pattern.
Miura et al. [46] reported the detection of two types of
Triton-insoluble PCNA in UV-irradiated normal and XPA
cells. The Triton-insoluble PCNA staining pattern in
normal cells appeared earlier than that in XPA cells, and
the fluorescent speckles in XPA cells were larger in size but
smaller in number. This was somewhat surprising as PCNA
is thought to be involved in a late step in the
excision–repair pathway [29,31], presumably after the
recognition of lesion by the XPA protein [47,48]. The p21
staining patterns in the two categories described in Figure
5 are similar to the PCNA staining patterns described by
Miura et al [46]. To determine whether the two types of
p21 staining patterns correlated with PCNA localization,
W138 and XPA cells were extracted with Triton-containing
buffer and immunostained using using both anti-p21 and
anti-PCNA antibodies. The distribution of p21 and PCNA
was essentially coincident in both cell types, with the result
being more obvious in XPA cells (Fig. 6d–f) than in normal
W138 cells (Fig. 6a–c). To confirm the co-localization of
p21 and PCNA in normal W138 cells, confocal microscopy
was employed to compare localization of the two proteins
within a defined optical section of the nucleus. The pattern
of p21 and PCNA staining was very similar and in most
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Figure 7

Triton-insoluble patterns of (a) PCNA and (b) p21. WI38 cells, treated
as in Figure 6, were examined using a confocal laser scanning
microscope. A 0.5 mm optical section of both staining patterns is
shown.

cases overlapped in the optical section obtained (0.5 mm;
Fig. 7). This demonstrates that in UV-irradiated wild-type
cells, the p21 and PCNA staining patterns co-localize, concomitant with their tight nuclear association.

Discussion
The p21 levels in the nucleus can be induced either by
mitogenic stimuli or DNA damage. Our results indicate
that serum stimulation causes a temporary induction of
p21 protein in early G1 phase, and a gradual decline when
cells progress into S phase. The induction of p21 protein
by serum addition seems to parallel that of p21 mRNA
[11]. The low levels of p21 in S phase cells are consistent
with the ability of p21 to inhibit DNA replication [25–27].
UV irradiation, on the other hand, leads to a sustained
induced level of the p21 protein. A similar pattern of p21
induction by ionizing irradiation has been reported
recently [49]. The current work also suggests an intimate
association between p21 and PCNA following UV irradiation in vivo. Both p21 and PCNA become Tritoninsoluble and co-localize in the nucleus of irradiated cells,

supporting the notion that the interaction between p21
and PCNA plays an important role in the cellular response
to DNA damage. The elevated levels of p21 following
DNA damage correlate with increased levels of nuclear
p53. Recent genetic evidence in both human and mouse
cells demonstrates that p21 is a major downstream effector of p53 in causing cell-cycle arrest following DNA
damage [50–52].
One question that arises from these experiments concerns
the exact mechanism that leads to the different kinetics of
p21 expression. Given that the kinetics of induction of the
p21 protein and mRNA are quite similar (this study and
[11]), transcriptional regulation is likely to play a major
role in p21 induction. For example, following serum stimulation, certain serum-responsive transcription factors may
bind to the promoter region of the p21 gene and activate
gene expression. On the other hand, UV is known to
induce an elevated level of p53 over a relatively long
period [53], and this could account for the sustained high
level of the p21 protein observed in this study. It is tempting to speculate that the p21 induced by these two mechanisms might be involved in different processes. As p21 is
capable of promoting the formation of the Cdk–cyclin
complex under certain conditions [23], it is conceivable
that the transitory increase in the level of p21 stimulated
by serum may be required to increase the Cdk activity in
early G1 phase to facilitate the progression from the G0 to
the G1 phase of the cell cycle. In the presence of DNA
damage, however, a longer period may be needed to completely repair lesions throughout the genome before the
cell-cycle machinery can resume normal progression.
In S. cerevisiae, the protein encoded by the SIC1 gene
(Sic1p) is an inhibitor of the B-type cyclin-dependent
kinases that control entry into S phase [54,55]. Sic1p is
degraded by a ubiquitin-dependent mechanism at the
transition from G1 to S phase, thereby releasing the Cdk
to activate the initiation of DNA replication. Because p21
seems to be removed from the nucleus as cells enter S
phase, it is possible that p21 controls entry into S phase by
inhibiting specific cyclin–Cdks in a similar manner to the
way that Sic1p inhibits the Cdks that activate S phase in
yeast. It would therefore be of interest to determine
whether similar cell-cycle regulated proteolysis of p21
occurs in mammalian cells.
Previous studies have shown that there are two forms of
PCNA, with regard to its association with the nuclear structure — detergent-insoluble PCNA in S-phase or UV-irradiated cells, and detergent-soluble PCNA in normal
non-S-phase cells [32–34]. Given the known biochemical
function of PCNA in DNA synthesis [29–31], the tight
association of PCNA with the nucleus in S-phase and irradiated cells is consistent with its involvement in DNA
replication and nucleotide excision–repair. However,
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several lines of evidence suggest that the exact role(s) of
PCNA in DNA replication and repair may not be identical.
During DNA replication, PCNA serves as an auxiliary
factor for DNA polymerase d and, together with RF-C,
facilitates the loading and processivity of the polymerase.
Although PCNA is essential for nucleotide excision–
repair, the nature of DNA templates and the length of
newly synthesized DNA is quite different from those in
DNA replication, and some studies have indicated that
polymerase e, rather than polymerase d, may play the major
role in DNA repair [48,56,57]. Furthermore, PCNA has
been shown to facilitate the catalytic turnover of repairspecific enzymes involved in the incision–excision step of
nucleotide excision–repair [31], presumably a result of its
interaction with repair-specific proteins. Genetic studies
have also led to the discovery of yeast PCNA mutants that
are specifically impaired in DNA repair but not DNA replication [58]. In addition, the fact that p21 inhibits the function of PCNA in SV40 DNA replication in vitro, but does
not interfere with its function in nucleotide excision–
repair, suggests that PCNA acts differently in these two
processes [39,40]. Finally, immunofluorescence studies
have demonstrated that PCNA becomes tightly associated
with the nucleus immediately after DNA damage, even at
low temperature and in the absence of an energy source
[34], and that PCNA can be Triton-insoluble even in
repair-deficient cells following DNA damage [46].
It is intriguing that the Triton-insoluble p21 and PCNA in
repair-deficient cells give rise to distinct patterns of
nuclear distribution. The precise nature of the bright
speckles in XP cells remains unclear. One simple explanation is that they represent some low-level nucleotide
excision–repair activity in UV-irradiated XPA cells.
However, this hypothesis is not supported by the observation that the granular pattern of PCNA in XPA cells occurs
even when no DNA repair is detected [46]. An alternative
explanation is that these fluorescent sites represent other
DNA-repair pathways, which may be less readily
detectable by thymidine incorporation. For example, base
excision–repair involves PCNA and is thought to be
required for the removal of pyrimidine hydrates, a minor
lesion generated by UV irradiation [42]. A third hypothesis
is that the tight association of p21 and PCNA with the
nuclear structure is involved in other aspects of the
cellular damage response.
As discussed above, the known biochemical function of
PCNA in DNA repair is to facilitate polymerase d/e-dependent repair synthesis, and it is believed that the Tritoninsoluble PCNA in UV-irradiated cells is involved in repair
synthesis [29,31]. Current models based on in vitro data
suggest that PCNA only functions after the execution of
the incision stage of nucleotide excision–repair [47,48].
However, the observation that repair-deficient cells have a
distinct staining pattern for Triton-insoluble p21 and
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PCNA raises the intriguing possibility that PCNA, together
with p21, may play a role in nucleotide excision–repair
prior to the actual incision event catalyzed by the XPA and
XPG proteins. For example, upon DNA damage, p21 may
bind to PCNA and this may contribute to initial sensing of
the damage by the cellular machinery. If the repair machinery fails to repair the lesions promptly, p21 and PCNA may
accumulate at those damaged sites, causing the fluorescent
speckles in the repair-deficient cells. This, in turn, would
suggest a role for p21 and PCNA in a step of nucleotide
excision–repair that is independent of the activity of XPA
or XPG proteins, which function during the early stages of
damage recognition and incision. Although the exact molecular basis for this phenomenon awaits further study, our
data strongly suggest that the nuclear localization of p21
and PCNA following UV damage is dependent upon the
competence of the cellular repair machinery. The tight
association of p21 with PCNA and the nucleus following
DNA damage supports the notion that p21, together with
PCNA, serves as an important link between DNA replication, DNA repair and cell-cycle progression.

Conclusions
The results in the current study support the notion that
p21 plays a pivotal role in cellular response to DNA
damage by inhibiting the onset of S-phase DNA replication while allowing active DNA repair. We have shown
that the presence of p21 in damaged cells not only is compatible with active DNA repair, but a substantial fraction
of it is also tightly associated with the nuclear structure in
a manner that is similar to that of PCNA. Moreover, the
detergent-insoluble nuclear staining patterns of p21 and
PCNA are dependent on the capacity of cells to repair
damaged regions of the genome. Based on these data, we
propose that the interaction between p21 and PCNA is
significant in coordinating the multiple post-DNA damage
events, including checkpoint control, inhibition of DNA
replication and efficient DNA repair. Our results also
support the notion that p21 induced by the p53-independent pathways, such as serum stimulation, may play a
distinct role in cell-cycle progression.

Materials and methods
Antibodies, cell lines and tissue culture
The purified anti-PCNA antibody from an autoimmune patient was kindly
provided by M. Mathews. The polyclonal antiserum directed against p21
was generated by G.H. and D.B. The monoclonal antibodies directed
against p21 (Ab-1) and against p53 (Ab-2) were purchased from Oncogene Science. The two anti-p21 antibodies gave rise to essentially the
same results and were used interchangeably in the experiments. WI38
cells were purchased from ATCC and grown in DMEM plus 10 % fetal
bovine serum. The following human genetic mutant cell lines were purchased from Coriell Cell Repositories and grown in DMEM containing
20 % serum: XPA (GM00710B); XPC (GM03176); XPG
(GM03021A); CSA (GM01856B); A–T (GM05823B). For the synchronization experiments, cells were starved in the serum-free media for
2–3 d and subsequently transferred to serum-containing media. For UV
irradiation, synchronized cells were washed with PBS and irradiated at
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12 J m–2 using a 254 nm UV lamp calibrated by a UV radiometer. The
cells were then incubated in fresh media for various periods of time. The
human PCNA and histidine-tagged p21 used for the quantitative
immunoblotting experiment were purified as published previously [25].

purified his-tagged p21 protein; G. Cullman for help in generating the color
figures; and V. Ellison and A. Stenlund for critical reading of the manuscript.
R.L. is a special fellow of the Leukemia Society of America. D.B. is an
Investigator of the Howard Hughes Medical Institute. This research was
supported by a grant to B.S. from the National Institutes of Health
(CA 13106).

BrdU labeling and immunofluorescence staining
For detecting DNA replication, asynchronous cells were labeled with
10 mM BrdU (Amersham) for 10–15 min. To detect the relatively weak
signal from DNA repair, UV-irradiated cells were incubated in media
containing 100 mM BrdU for 3–4 h. The immunofluorescence procedure was performed essentially as described [59]. Upon harvesting,
cells were fixed in 2 % formaldehyde for 15 min at room temperature
and then permeabilized in 0.2 % Triton X-100 for 5 min on ice. Cells
were incubated with the primary antibodies and the secondary antibodies (FITC- or Texas Red-conjugated) for 1 h each at room temperature.
For detergent extraction, cells before fixation were pretreated with a
hypotonic buffer containing 0.1 % Triton, as described [41].
For BrdU staining, cells after staining of the first antigen were fixed
again with formaldehyde, denatured with 4 M HCl for 10 min at room
temperature, and neutralized by incubation with 0.1 M sodium borate
(pH 8.5) and PBS. The DNA replication signal was detected by a FITCconjugated anti-BrdU antibody (Boehringer). DNA-repair signal was
detected by a procedure described previously [41], using an anti-BrdU
monoclonal antibody (Amersham), in conjunction with a biotinylated
anti-mouse IgG antibody and FITC-conjugated streptavidin (Vector
Laboratories). Under these conditions, UV-irradiated cells, but not
control G1 phase cells, gave rise to BrdU staining.
Samples were examined and photographed on a Nikon Microphot-FXA
microscope using 60 x and 100 x plan-apochromat lenses. Unless
otherwise specified, pictures were taken on Kodak Ektachrome 400 x
film using the automatic exposure feature of the microscope. The final
composite figures were made by using a Polaroid SprintScan 35 slide
scanner and Adobe Photoshop software program, and printed on a
Codonics NP-1600 Photographic Network Printer. For the confocal
pictures, 0.5 mm optical sections were obtained using a Zeiss LSM10
confocal laser scanning microscope and a 63 x/1.3 N.A. objective with
a HeNe (l: 543 nm) and Argon Ion (l: 488 nm) lasers.

Protein analysis
For analyzing the total amount of p21 and PCNA, cells were harvested
and directly resuspended in Laemmli sample buffer. To extract cells with
detergent, the protocol by Pagano et al. [41] was followed with some
minor modifications. Essentially, cell pellets were resuspended in extraction buffer (50 mM Tris-HCl pH 7.4, 0.25 M NaCl, 0.1 % Triton-X100
1 mM EDTA, 50 mM NaF, 1 mM DTT, 0.1 mM Na3VO4) containing protease inhibitors. The sample was incubated on ice for 30 min and centrifuged at 14 000 cpm for 10 min. The resulting pellet was extracted
again with the same buffer and resuspended in the same volume of
Laemmli buffer as the one used for total protein. Proteins were resolved
by SDS–PAGE on a 17 % gel, transferred to a nitrocellulose membrane
and detected by a ECL immunoblotting detection kit (Amersham).

Fluorescence activated cell sorting (FACS) analysis
Samples were collected by trypsinization and resuspended in 100 ml
PBS plus 1 % serum. The cells were fixed by adding 900 ml 100 %
ethanol dropwise and incubating for 1 h at 4 °C. The fixed cells were
washed once with PBS plus serum and resuspended in the same
buffer containing 10 mg ml–1 DNase-free RNase and 25 mg ml–1 propidium iodide. After incubation at 37 °C for 30 min, the samples were
analyzed on a EPICS Elite ESP flow cytometer (Coulter).
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