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Figure 6. Release of PCNA from DNA repair sites is dependent on acetylation. (A) LF-1 fibroblasts depleted for CBP and p300 by RNAi were locally
UV-irradiated with a 3-�m pore filter, and after 4 h were lysed and fixed for immunostaining of both CBP and p300 polyclonal antibodies (whole nuclear
staining), and PCNA with monoclonal antibody (spot) at DNA damage sites. The images were merged with DNA staining. Scale bar = 10 �m. (B) Western
blot analysis of chromatin-bound RFP-PCNA wt and mutant proteins (2KR, 5KR) at 0.5, 8 and 24 h after UV irradiation. Densitometric quantification
of the released fraction of chromatin-bound RFP-PCNA at 24 h to the value measured at 30 min after UV. Mean values ± s.d. of three independent
experiments are shown. (C) Transfected HeLa cells were micro-irradiated with the 405 nm laser at the indicated areas (dashed circles). For measurements
of the accumulation, the cells (wt: n = 10; 2KR: n = 12; 5KR: n = 9) were imaged for 150 s after micro-irradiation and the normalized intensities at the sites
of micro-irradiation were measured. The plot shows the average intensities (lines) and standard deviation (shaded areas). To quantify the release the cells
were micro-irradiated as above and the intensity of the accumulation site was measured for 60 min post irradiation in 5 min intervals (wt: n = 17; 2KR:
n = 13; 5KR: n = 8). Data was normalized to the 5 min time point that showed maximum accumulation. The graph shows the mean of the normalized
curves together with the standard deviation (shaded areas).
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Figure 7. PCNA degradation after DNA damage is dependent on acetylation. (A) Time course analysis of PCNA levels in the soluble and chromatin-bound
pools of PCNA in quiescent, CHX-treated (25 �M) LF-1 fibroblasts after UV-irradiation (10 J/m2). Western blot analysis of PCNA, histone H3, and actin
(loading controls), are shown. (B) Densitometric quantification of the soluble form of PCNA in CHX-treated and UV-irradiated (10 J/m2) quiescent LF-1
fibroblasts. PCNA levels were normalized to actin content. Mean values ± s.d. of at least three independent experiments are shown. (C) Western blot
analysis of PCNA and actin (loading control) in the soluble and chromatin-bound pools in LF-1 fibroblasts incubated with non-targeting (NT) siRNA,
or siRNA targeting CBP and p300 (CBP/p300), at 4 h after UV irradiation (10 J/m2). (D) Densitometric quantification of soluble PCNA (normalized to
actin) in LF-1 fibroblasts incubated with non-targeting siRNA (NT), both siRNA to CBP/p300, or in single exposure, or to PCAF, in untreated (C), or 4
h after UV irradiation (10 J/m2). Mean values ± s.d. of three independent experiments are shown. (E) Western blot analysis of soluble RFP-PCNA and
actin (loading control) in HeLa cells expressing wt, 2KR or 5KR mutant RFP-PCNA, before (0), or at 4 and 8 h after UV irradiation (10 J/m2) in the
presence of CHX. (F) Densitometric quantification of soluble RFP-PCNA levels (normalized to actin) at 4 h after UV irradiation (10 J/m2) in HeLa cells
expressing wt, 2KR or 5KR RFP-PCNA. Mean values ± s.d. of three independent experiments are shown. (G) Immunoprecipitation of RFP-PCNA with
anti-RFP antibody in whole extracts from HeLa cells expressing wt, 2KR or 5KR RFP-PCNA, at 30 min after UV irradiation (10 J/m2), in the presence
of MG132. Western blot analysis of immunocomplexes was performed with anti-ubiquitin antibody. RFP-PCNA levels in the input extracts are shown
below.
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Figure 8. CBP/p300-mediated acetylation links DNA synthesis with degradation of PCNA. (A) Immunoprecipitation of acetylated proteins with anti-
acetyl-lysine antibody from cell extracts of LF-1 fibroblasts treated for 30 min with aphidicolin and araC (100 �M and 10 �M, respectively) before
UV-irradiation (10 J/m2), and further incubated (30 min) in the same medium. Western blot analysis of immunocomplexes was performed with anti-
PCNA antibody. (B) Immunoprecipitation of acetylated proteins with acetyl-lysine antibody from extracts of HeLa cells treated for 30 min with 100 �M
aphidicolin and 10 �M araC, or with 100 �M curcumin, before UV-irradiation (10 J/m2), and further incubated (30 min) in the same medium. Western blot
analysis of immunocomplexes was performed with anti-PCNA antibody. (C) Immunoprecipitation of acetylated proteins with anti-acetyl-lysine antibody
from extracts of LF-1 and XPA fibroblasts, 30 min after UV irradiation (10 J/m2). Western blot analysis of immunocomplexes was performed with
anti-PCNA antibody. (D) Western blot analysis of soluble PCNA levels and actin (loading control) 4 h after UV irradation (10 J/m2) in XPA or XPG
fibroblasts, and densitometric quantification of PCNA (normalized to actin) in the same cells versus normal fibroblasts (NF). Mean values ± s.d. of
three independent experiments are shown. (E) Immunoprecipitation of acetylated proteins with acetyl-lysine antibody from extracts of LF-1 fibroblasts
treated for 30 min with 50 mM MG132 before UV-irradiation (10 J/m2) and further 30 min incubation in the same medium. Western blot analysis of
immunocomplexes was performed with anti-PCNA antibody. Densitometric quantification of PCNA (mean values ± s.d.) in immunocomplexes from
MG132-treated versus untreated cells, is reported from three independent experiments (P = 0.0009). (F) Western blot analysis of chromatin-bound PCNA
in LF-1 fibroblasts untreated (lane 1, C), or 30 min after UV-irradiation (10 J/m2), in the absence (lane 2, UV) or in the presence of MG132 (lane 3,
UV+MG132).

fect also precedes the DNA synthesis step (63,66). These re-
sults were not dependent on reduced levels of CBP, p300,
nor PCNA in XPA fibroblasts; in fact, PCNA acetylation
could be detected in S-phase cells (Supplementary Figures
S6A and B).

To further investigate the dependence of chromatin re-
moval and degradation on the acetylation of PCNA, LF-
1 fibroblasts were treated with MG132. PCNA acetylation
was significantly increased (by at least 2×), in UV-irradiated

cells treated with MG132 (Figure 8E and Supplementary
Figure S6C), concomitantly with a drastic accumulation of
chromatin-bound PCNA (Figure 8F), as also observed at
local DNA damage sites (Supplementary Figure S6D). This
effect of PCNA sequestration in the chromatin-bound pool
probably explains why PCNA levels in the soluble fraction
were not completely rescued by MG132 (Supplementary
Figure S6E).
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DISCUSSION

Acetylation of PCNA was previously reported in prolifer-
ating cells, and after UV damage (31,33); however, its role
in DNA repair has remained unknown. In addition, the
molecular mechanism responsible for PCNA acetylation
was not investigated, except for the interaction with p300
(36).

Here, we have found that also CBP interacts with PCNA
in vivo, and the interaction increased after DNA damage.
In vitro, we have mapped the interaction domain at the C-
terminus of CBP, namely at two fragments encompassing
amino acid residues 1894–2441, corresponding to the ho-
mologous region of p300 (aa 1893–2414) that was previ-
ously shown to interact with PCNA (36).

CBP acetylated PCNA more efficiently than p300 in vitro
reaction, as also indicated by the number of lysine acety-
lated by each enzyme, detected by MS. Among acetylated
residues (Lys13, 14, 77 and 80), only the last two were de-
tected by MS in cell proteomic studies (32), while Lys14
acetylation was suggested by mutational analysis (33). The
discrepancy in the number of aceylated residues may be ex-
plained by the amount of protein necessary to detect this
modification.

The lysines involved in acetylation are located in �-helices
facing the inner hole of PCNA, and are important for con-
tacting DNA (55,67). Single point mutations of lysines in
this region reduced the PCNA stimulatory activity of DNA
polymerase � (58). This loss of activity was explained by de-
fects in PCNA loading by Replication Factor C (RFC) (57).
However, re-assessement of these PCNA mutants has out-
lined the importance of internal Lys residues not only for
RFC loading, but also for DNA polymerase � activity (68).
Importantly, those studies only investigated the effect of
lysine to alanine substitution. Our results confirmed that
K77,80A substitution impaired PCNA loading; however,
2KR and 5KR PCNA mutants (maintaining the positive
charge) could be loaded onto DNA. Notably, these mutants
showed an impairment of DNA synthesis (both replication
and repair), even if PCNA trimers could be formed by mu-
tant (exogenous) and wt (endogenous) subunits. In addi-
tion, they triggered a DNA damage response, and increased
cell death after DNA damage. These results suggest that
acetylation of these residues is important for DNA synthe-
sis. In fact, gene knock-out and depletion of both CBP and
p300 proteins are known to affect DNA replication (69,59),
and DNA repair (60,61).

Being PCNA acetylation mutants able to interact and
to co-localize with DNA polymerase �, our results sug-
gest that impaired DNA synthesis might be due to slow-
ing down or blocking PCNA sliding caused by misaligne-
ment of residues contacting DNA (55,67). In fact, deple-
tion of both CBP and p300 resulted in an accumulation
of chromatin-bound PCNA to DNA damage sites which
might delay the coordinated hand-off of intermediates dur-
ing DNA repair (55). Since acetylation will abolish the
charge of lysines contacting DNA (55,67), further structural
studies are required to explain the impact of this PCNA
modification on DNA synthesis.

PCNA acetylation was reported to disengage the inter-
action with MTH2 protein in response to UV damage,

Figure 9. Schematic representation of PCNA acetylation after DNA dam-
age. PCNA is acetylated (at residues indicated by dots) by CBP and p300
upon loading to DNA. After completion of DNA synthesis, acetylated
PCNA is unloaded and is then recognized by molecular machinery for pro-
teasomal degradation.

and trigger PCNA proteasomal degradation; however, the
mechanism of PCNA acetylation was not investigated (33).
Our results have shown that both CBP and p300 are re-
quired for PCNA turnover because their depletion pre-
vented PCNA acetylation with consequent accumulation
of chromatin-bound PCNA and reduction of its protea-
somal degradation. Consistently, 2KR and 5KR PCNA
acetylation-deficient mutants were released from chromatin
more slowly than the wt protein, and they were not signif-
icantly degraded after UV irradiation because they were
not appreciably polyubiquitinated. These results indicate
that CBP/p300-mediated acetylation is the signal necessary
for removal of chromatin-bound PCNA, thereby promot-
ing polyubiquitination and consequent degradation upon
DNA damage.

Since the interaction of PCNA with CBP/p300 was de-
tectable only in the chromatin-bound pool after UV dam-
age, this suggests that PCNA acetylation occurs after load-
ing on DNA. Although sterically the reaction seems disad-
vantaged, the DNA contact with residues of a single PCNA
monomer (see Figure 1 in (55)) might help the KAT en-
zyme in contacting the relevant residues in the two other
monomers. In addition, CBP/p300 depletion by RNAi re-
sulted in the accumulation of PCNA at DNA damage sites,
despite the evident reduction in PCNA acetylation. These
findings were also supported by the evidence that proteaso-
mal inhibition by MG132 induced an accumulation of the
chromatin-bound pool, with an increase in acetylated forms
of PCNA. On-going DNA synthesis was not required for
PCNA acetylation, as indicated by results with DNA poly-
merase � inhibitors. In contrast, PCNA loading onto DNA
was a necessary step because PCNA was not acetylated, nor
significantly degraded in XPA cells, whose NER defect pre-
vents PCNA loading (66,63).

In conclusion, these results suggest a model (Figure 9)
in which chromatin-bound PCNA is acetylated by CBP
and p300. After DNA synthesis is completed, acetylated
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PCNA is unloaded from DNA, thus entering the soluble
pool where it is degraded by the proteasome. Acetylation,
by linking DNA synthesis function of chromatin-bound
PCNA to its removal and degradation, provides a novel
mechanism to avoid excessive retention of PCNA on chro-
matin, that is dangerous for genome stability (34, 35).

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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Supplementary methods 

 

The following primers were used for site-directed mutagenesis: 

RFP-PCNA2KA : For 5’- GTG AAC CTC ACC AGT ATG TCC GCC ATA CTA GCC TGC GCC 

GGC AAT-3’; Rev 5’- ATT GCC GGC GCA GGC TAG TAT GGC GGA CAT ACT GGT GAG 

GTT CAC-3’ 

RFP-PCNA2KR : For 5’- GTG AAC CTC ACC AGT ATG TCC CGG ATA CTA CGG TGC GCC 

GGC AAT-3’; Rev 5’- ATT GCC GGC GCA CCG TAG TAT CCG GGA CAT ACT GGT TGA 

GGT GAG GTT CAC-3’ 

The RFP-PCNA5KR mutant construct was obtained from RFP-PCNA2KR by using the primers: 

For 5’- GGC TCC ATC CTC CGG CGG GTG TTG GAG GCA CTC CGG GAC CTC  ATC  

AAC-3’; Rev 5’- GTT GAT GAG GTC CCG GAG TGC CTC CAA CAC CCG CCG GAG GAT  

GGA GCC-3’. 

 
 
 
 
 
 
 
Supplementary figures 
 

 
 
Figure S1. Time course analysis and dose dependence of PCNA acetylation. 
(A) Quiescent LF-1 human fibroblasts were irradiated with UV light (10 J/m2) and collected at 
different periods of time after exposure, or (B) irradiated with different doses and collected 
after 30 min. Whole cell extracts were analyzed by Western blot with PC10 antibody to 
PCNA. In both panels, the arrows indicate that slower migrating form of PCNA. TSA: cells 



were pre-treated with 1 mM trichostatin A (TSA) before UV irradiation. (C) Detection of PCNA 
with PC10 antibody after immunoprecipitation of acetylated protein with anti-acetyl lysine 
antibody (4G12) in irradiated LF-1 fibroblasts collected at 8 and 24 h after UV exposure (10 
J/m2). 
  
 
 
 
 
 
 
 
 
 

 
 
 
 
Figure S2. GST-CBP fragments used to study association with purified recombinant or 
cellular PCNA. Coomassie staining of GST-CBP fragments used in this study: N-terminal (N-
term) aa.1-1098; Br domain (Br), aa. 1081-1197; HAT domain, aa. 1319-1710; CR2 aa. 1894-
2221; CR3 aa. 2212-2441. 
 
 
 
 



 
 
Figure S3. In vitro and in vivo dependence of PCNA acetylation by CBP/p300. 
(A) MS/MS analysis of recombinant PCNA acetylation by purified recombinant p300. MS/MS 
spectrum of peptide 65-80 is shown with acetylated residue indicated in red.  
(B) PCNA acetylation by purified recombinant CBP: MS/MS spectrum of peptide 6-14 is 
shown, with acetylated residue in red.  
(C) PCNA acetylation by purified recombinant CBP: MS/MS spectrum of peptide 14-20 is 
shown, with acetylated residue in red.  
(D) PCNA acetylation by purified recombinant CBP: MS/MS spectrum of peptide 78-91 is 
shown, with acetylated residue in red.  
(E) MS/MS LTQ-Orbitrap spectrum shows detail of acetylation signature ions for acetylated 
peptide 14-20 AcK14VLEALK. Lysine acetylation marker ions marked in blu. The immonium ion 
of acetyllysine ([Im], 143.1179 Da) and a derivative that has lost ammonia ([Im - NH3], 
126.0913 Da) were reported as MS/MS marker ions for the presence of acetyllysine in this 
peptide. 
(F) Western blot analysis of CBP, p300, PCNA and actin protein levels in human LF-1 
fibroblasts after siRNA depletion of CBP and p300 vs non-targeting control siRNA (NT).  
(G) Western blot analysis of CBP, p300 and PCNA protein levels in human LF-1 fibroblasts 
after siRNA depletion of PCAF vs non-targeting control siRNA (NT).  
 



 

 

 

 
Figure S4. Characterization of PCNA acetylation mutants. 
(A) Expression and nuclear localization of RFP-PCNAwt, RFP-PCNA2KR and RFP-PCNA5KR in 
HeLa cells after 24 h from transfection with Effectene reagent. Red fluorescence show RFP-



PCNA proteins, while blue fluorescence show DNA stained with Hoechst 33258 (0.1 µg/ml). 
Scale bar = 50 µm. 
(B) Co-immunoprecipitation of endogenous native PCNA with exogenous RFP-PCNA wt and 
mutant proteins. Immunoprecipitation from whole HeLa cell extracts was performed with anti-
RFP antibody. Samples were analyzed by Western blot with anti-PCNA antibody. Arrows 
indicate RFP-PCNA and endogenous PCNA, while other bands probably related to 
endogenous ubiquitinated PCNA are also present. 
(C) Soluble (left) and chromatin-bound (right) fractions of RFP-PCNAwt vs RFP-PCNA2KA 
expressed in HeLa cells. Western blot analysis was performed with anti-PCNA and anti-actin 
antibodies. Actin is shown as loading control. 
(D) BrdU incorporation in HeLa cells expressing RFP-PCNA2KA mutant protein. HeLa cells 
grown on microscope slides were transfected with RFP-PCNA2KA construct and incubated 24 
h later with 10 µM BrdU. After immunofluorescence reaction with anti-BrdU antibody (1:50) 
(Cazzalini et al, 2003), cells positive to RFP fluorescence were analyzed for BrdU 
incorporation. 
(E) UV-induced UDS (unscheduled DNA synthesis) in HeLa cells expressing RFP-PCNA wt 
and mutant proteins, as detected by counting autoradiographic grains in cells positive to RFP 
antibody immunostaining (shown as red-brown color). Scale bar = 10 µm. 
(F) HeLa cells co-expressing GFP-tagged histone H2B and RFP-PCNAwt, or mutant forms 
RFP-PCNA2KR or RFP-PCNA5KR), were grown on slides, exposed to UV irradiation (30 J/m2) 
through polycarbonate filters with 3-µm diameter pores. In situ lysed cells were fixed and 
immunostained with monoclonal antibody to CPDs (1:3000), followed by anti-mouse Alexa 
633 secondary antibody. Confocal microscopy analysis of co-localization of GFP-H2B (green 
fluorescence) RFP-PCNA (red fluorescence), and CPD (infrared fluorescence rendered as 
blue signal) is shown by the merged images. Scale bar = 10 µm. 
(G) Purified recombinant his-PCNA wt or 5KR mutant form shown by Coomassie staining. 
(H) PCNA depletion from S-phase cell extracts by subsequent rounds (I to III) of PCNA pull-
down with GST-p21C peptide bound to GHS-agarose beads. Western blot analysis with 
PCNA monoclonal antibody show the residual PCNA remaining after each pull-down. Actin is 
shown as loading control. 
(I) Extracts of HeLa nuclei showing loading of recombinant his-PCNAwt and his-PCNA5KR and 
the mobility shift shown after 2 h-incubation in PCNA-depleted extract. Recombinant PCNA 
forms were detected by Western blot analysis with antibody to polyHistidine (His). Input show 
10% of each recombinant protein.  
 

 

 

 

 

 

 

 

 



 

 

 

Figure S5. Influence of PCNA acetylation on its degradation induced by DNA damage, 
and on its recruitment at DNA damage sites, .  
(A) Recruitment of chromatin-bound PCNA at local UV-DNA damage sites in human LF-1 
fibroblasts after depletion of CBP/p300 by incubation for 48 h in medium containing 20 nM 
siRNA to CBP and p300, as compared with cells incubated in medium with non-targeting (NT) 
siRNA. Cells were locally irradiated with UV (30 J/m2) through micropore filters, and then re-
incubated for 30 min before in situ lysis to detect chromatin-bound proteins. 
Immunofluorescence co-staining of both CBP and p300 (green fluorescence) was performed 
with specific polyclonal antibodies (1:100 each), while PCNA (red fluorescence) was detected 
with PC10 monoclonal antibody (1:100). The merged images show the nuclear area by DNA 
staining with Hoechst 33258 dye (blue fluorescence). Scale bar = 10 µm.  
(B) Degradation of detergent-soluble form of PCNA after UV-induced (10 J/m2) DNA damage 
(UV), oxidative damage by potassium bromate (KBr), by alkylation damage with MNNG (MN), 
or by ionizing radiation with 10 Gy γ-rays (IR).  
(C) PCAF siRNA depletion in human LF-1 fibroblasts was obtained after 48 h incubation in 
medium containing 30 nM PCAF siRNA, vs non-targeting control siRNA (NT). Western blot 
analysis of whole cell extracts show the levels of PCAF and actin as loading control. 
(D) LF-1 human fibroblasts treated for 48 h with 30 nM siRNA to PCAF were UV irradiated 
(10 J/m2) and collected 4h later to detect the amount of soluble PCNA. Western blot analysis 
was performed with antibody to PCNA, and to actin, as loading control. 
 
 



 
 
 
 

 

Figure S6. Influence of proteasomal inhibition on PCNA acetylation, accumulation at 
DNA damage sites, and on its degradation following UV irradiation. 
(A) Western blot analysis of CBP, p300 and PCNA protein levels in whole cell extracts from 
normal (NF), and XPA human fibroblasts. 
(B) Detection of acetylated PCNA with PC10 antibody after immunoprecipitation with anti-
acetyl lysine antibody (4G12) in S-phase synchronized XPA fibroblasts. 
(C) Detection of acetylated forms of PCNA in HeLa cells treated or not, for 15 min with 50 µM 
MG132, then UV-irradiated (10 J/m2) and re-incubated for 30 min in the same medium before 
immunoprecipitation with antibody to acetyl-lysine (4G12). Cells were also treated with 100 
µM curcumin (Curc) before UV irradiation. Immunoprecipitated complexes were analyzed by 
Western blot with antibody to PCNA. 
(D) Retention of chromatin-bound PCNA at local UV-DNA damage sites in human LF-1 
fibroblasts after treatment with 50 µM MG132. Cells were pre-treated for 15 min with MG132 
before local UV irradiation (30 J/m2) through micropore filters, and then re-incubated for 
further 30 min in the same medium, before in situ lysis to detect chromatin-bound proteins. 
Immunofluorescence staining PCNA (red fluorescence) was performed with PC10 
monoclonal antibody (1:100). The merged images show the nuclear area by DNA staining 
with Hoechst 33258 dye (blue fluorescence). Scale bar = 10 µm. 
(E) Western blot analysis of soluble form of PCNA in LF-1 human fibroblasts pre-treated with 
50 µM MG132 for 15 min before UV irradiation (10 J/m2) and subsequent re-incubation in the 
same medium for further 4 h. PCNA was detected with PC10 antibody, and actin was 
detected as loading control. 
 
 


