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A B S T R A C T

In mammalian cells, Nucleotide Excision Repair (NER) plays a role in removing DNA damage induced by UV
radiation. In Global Genome-NER subpathway, DDB2 protein forms a complex with DDB1 (UV-DDB), re-
cognizing photolesions. During DNA repair, DDB2 interacts directly with PCNA through a conserved region in N-
terminal tail and this interaction is important for DDB2 degradation. In this work, we sought to investigate the
role of DDB2-PCNA association in DNA repair and cell proliferation after UV-induced DNA damage. To this end,
stable clones expressing DDB2Wt and DDB2PCNA- were used. We have found that cells expressing a mutant DDB2
show inefficient photolesions removal, and a concomitant lack of binding to damaged DNA in vitro. Unexpected
cellular behaviour after DNA damage, such as UV-resistance, increased cell growth and motility were found in
DDB2PCNA- stable cell clones, in which the most significant defects in cell cycle checkpoint were observed,
suggesting a role in the new cellular phenotype. Based on these findings, we propose that DDB2-PCNA inter-
action may contribute to a correct DNA damage response for maintaining genome integrity.

1. Introduction

Genome integrity and its duplication fidelity are of fundamental
importance for correct transmission of genetic information. Many fac-
tors, both exogenous and endogenous, can endanger the integrity of the
genetic material by inducing DNA damage. To remove these lesions,
mammalian cells have developed different DNA repair pathways and,
among them, Nucleotide Excision Repair (NER) is specialised in re-
moving DNA photoproducts induced by UV radiation [1,2]. In the
global genome NER (GG-NER), the sub-pathway responsible for repair
of transcriptionally inactive regions of the genome as well as the non-
transcribed strands of expressed genes, DDB2 protein carries out a
crucial role [3]. This factor forms with DDB1 and Cullin4A (Cul4A) the
complex UV-DDB that recognizes both Cyclobutane Pyrimidine Dimers
(CPDs) and 6-4 Photoproducts (6-4PPs), the major UV-lesions [4–6].
The complex formation is important not only for the damage

recognition associated to the faster XPC recruitment, but also for the
chromatin remodelling, thus facilitating the admission and binding of
the repair factors [7]. In addition, the UV-DDB complex has a role in
ubiquitination of DDB2 and XPC proteins [8,9] and in the same post-
translational modification of H2A, H3 and H4 histones [10]. Further-
more, the homology of DDB2 with proteins that allow the reorganiza-
tion of the chromatin has been demonstrated and the UV-DDB complex
interaction with the STAGA complex has been observed [11].

DDB2 is involved in the early stages of damage recognition caused
by UV radiation and in the early recruitment of the GG-NER repair
proteins [12]. However, a possible role for DDB2 in tumorigenesis is
under debate since different DDB2 expression levels in human cancer
are reported [13–15]. In addition, experimental data highlight the
DDB2 involvement in the epithelial to mesenchymal transition in
cancer cells [16], whereas its overexpression limits stem cells abun-
dance in cancer, thereby leading to the repression of tumorigenesis
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[17].
Recently, we have demonstrated that DDB2 interacts with PCNA

[18], and that the expression of a mutant form abolishing this inter-
action (DDB2PCNA-), promoted cell proliferation [19].

In this work, we sought to study the effect of DDB2PCNA- protein
expression on DNA repair efficiency and on cell proliferation and mi-
gration after DNA damage. For this reason, DDB2PCNA- transiently or
stably transfected epithelial cells were irradiated with UV-C and DNA
repair efficiency was evaluated both by CPDs removal and Unscheduled
DNA Synthesis (UDS). In addition, DDB2PCNA- binding capability to
DNA damaged sites was explored in in vitro assay. Finally, cell damage
response to UV irradiation was investigated in terms of cell clonogenic
efficiency, proliferation and motility.

We demonstrate that the loss of the interaction between DDB2 and
PCNA influences different aspects of the DNA damage response: i) de-
laying the removal of UV-induced DNA damage; ii) determining an
increase in UV-resistance; and iii) conferring a proliferation advantage,
as determined by changes in cell growth and motility. These results
suggest that the interaction between PCNA and DDB2 contributes to
preserve genome stability by promoting DNA repair and by controlling
cell cycle checkpoints.

2. Materials and methods

2.1. Cell lines and transfection

HeLa S3 cell line was cultured in Dulbecco's modified Eagle's
medium (DMEM, Sigma) supplemented with 10% foetal bovine serum
(Life Technologies-Gibco), 2 mM L-glutamine (Life Technologies-
Gibco), 100 U/ml penicillin, 100 μg/ml streptomycin in a 5% CO2 at-
mosphere.

HeLa S3 cells seeded on coverslips or Petri dishes (70% confluent)
were transiently transfected with the DDB2Wt kindly provided by Q.
Wang [13], or the mutated DDB2 form (DDB2PCNA-) using Effectene
transfection reagent (Qiagen). DDB2 mutated in the PIP-box sequence
was produced as previously described [18].

The irradiation was usually performed 24 h after transfection. Cell
exposure to UV-C was performed with a lamp (Philips TUV-9) emitting
mainly at 254 nm, at doses of 10, 30 or 100 J/m2, as measured with a
DCRX radiometer (Spectronics). Localized irradiation was performed by
laying Isopore polycarbonate filters (Millipore) with 3 μm pores on top
of the cells.

HEK293 (Human Embryonic Kidney) cell line was grown as above
described. Cells (50% confluent) were stably transfected with the same
constructs (DDB2Wt and DDB2PCNA-) [19].

2.2. Analysis of global genome repair (GG-NER)

HEK293 control cells or stably transfected with DDB2Wt and
DDB2PCNA- were seeded on coverslips or Petri dishes and 24 h later were
washed in PBS, exposed to 30 J/m2 of UV-C radiation, and harvested at
0min, 0.5, 4, 8, 24 h.

The DNeasy tissue kit (Qiagen) was used to extract the DNA. The
GG-NER efficiency was performed by an immunoblot assay of CPDs
removal from DNA [20]. Briefly, DNA was denatured using PCR and
blotted in triplicate on nitrocellulose using a Schleicher & Schuell ap-
paratus that allows the DNA binding through a vacuum system. Mem-
branes were fixed by heating at 70 °C for 90min, blocked with 5% dry
milk and incubated with the antibodies mouse monoclonal anti-CPDs
(Kamiya Biomedical Company; RRID: AB_1233355), mouse anti Ig-G
biotinylated (1:2000, Sigma) and streptavidinHRP (1:2000, Amersham
Biosciences).

Reactive bands were visualized with the ECL system (Pierce) using a
Li-Cor C-DiGit blot scanner and a densitometric analysis was performed
with Li-Cor Image Studio Lite software.

2.3. Analysis of DNA repair by UDS determination

In control and transfected HEK293 cells, UDS was determined after
irradiation (20 J/m2), by incubating cells for 2 h in medium containing
1ml [3H]-thymidine (NEN, 10 Ci/ml specific activity), then chased for
1 h in medium containing 10mM each cold thymidine and cytidine.
Cells were then fixed in 4% formaldehyde and post-fixed in 70%
ethanol. Samples were processed for autoradiography using an Ilford K2
emulsion, exposed for 4 days at 4 °C, and then developed and fixed
before mounting on microscope slides. Autoradiographic granules were
counted in 50 non-S phase cells showing DDB2 staining, in duplicate
experiments [21].

2.4. Gel electrophoretic mobility shift assay

For the DNA binding assay, plasmid DNA (pEGFP-N1, Clontech) was
irradiated at 800 J/m2 and then mixed with each recombinant DDB2
(Wt or mutant form) and recombinant DDB1 human protein (Abnova).
The reactions were conducted in 28mM sodium phosphate (pH 7.5),
containing 150mM NaCl, 3.4mM MgCl2, 1.4mM EDTA, 2% glycerol
and 0.1 mg/ml BSA, at 30 °C for 30min and 1 h. Gel electrophoresis was
performed in TBE 1× buffer and DNA was run on 1% agarose gel at
40 V for 3 h. The gel was photographed by transilluminator UST-20M-
8E on Darkhood DH-30/32 (Biostep).

2.5. Immunofluorescence and confocal microscopy

HeLa cells seeded on coverslips and transiently transfected as de-
scribed above, were locally irradiated (100 J/m2) and re-incubated in
whole medium for the indicated period of time (5, 10, 30, 60 and
240min). The cells on coverslips were then washed twice in cold PBS,
fixed, and lysed in buffer containing freshly made 2% paraformalde-
hyde, 0.5% Triton X-100 in PBS, 0.2mM phenylmethylsulfonyl fluoride
(PMSF), and 0.2 mM Na3VO4 for 30min at 4 °C. Then, the samples were
washed twice with cold PBS and treated with 2M HCl at 37 °C for
10min to denature the DNA, followed by a PBS rinse to remove HCl
[22]. After re-hydration, the samples were blocked in PBST buffer (PBS,
0.2% Tween 20) containing 1% bovine serum albumin (BSA), and then
incubated for 1 h with specific antibodies: goat polyclonal anti-DDB2
(1:100, Santa Cruz; RRID: AB_2088827), mouse monoclonal anti-CPDs
(1:1000, Kamiya Biomedical Company; RRID: AB_1233355) and rabbit
polyclonal anti-XPC (1:400, Sigma; RRID: AB_796183), all diluted in
PBST buffer/BSA. After washing, each reaction was followed by in-
cubation for 30min with anti-mouse (Molecular Probes; RRID: AB_
141607) or anti-rabbit (Molecular Probes; RRID: AB_141708) antibody
conjugated with Alexa 488, anti-goat Alexa Fluor 594 (Molecular
Probes; RRID: AB_ 14240). After immunoreactions, the cells were in-
cubated with Hoechst 33258 dye (0.5 μg/ml) for 2min at RT and wa-
shed in PBS. The slides were mounted in Mowiol (Calbiochem) con-
taining 0.25% 1,4-diazabicyclo-octane (Aldrich) as antifading agent.
Images of fixed cells were taken with a Nikon Eclipse E400 fluorescence
microscope equipped with a Canon Power Shot A590 IS digital camera.
Fluorescence signals were acquired with a TCS SP5 II Leica confocal
microscope, at 0.3 μm intervals. Image analysis was performed using
the LAS AF software.

2.6. Western blot and pull down

HeLa S3 and HEK293 cells were seeded at the density of 1× 106

into 100mm cell culture dishes. The day after, cells were washed with
PBS and irradiated with a lamp at a dose of 10 or 30 J/m2 UV-C. The
medium was added to the cells, incubated at 37 °C to allow repair and
harvested at the indicate post-UV irradiation times.

For blot analysis, the cells were directly lysed in SDS sample buffer
(65mM Tris-HCl pH 7.5, 1% SDS, 30mM dithiothreitol (DTT), 10%
glycerol, 0.02% Bromophenol Blue), or fractionated in soluble and
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chromatin-bound fractions, as previously described [23] with minor
modifications. The cells were lysed in hypotonic buffer containing
10mM Tris-HCl (pH 7.4), 2.5 mM MgCl2, 1 mM PMSF, 0.5% Nonidet
NP-40, 0.2mM Na3VO4, and a mixture of protease and phosphatase
inhibitor cocktails (Sigma). After 10min on ice, the cells were pelleted
by low-speed centrifugation (200 g, 1min), and the detergent-soluble
fraction was recovered. Lysed cells were washed once in hypotonic
buffer, followed by a second wash in 10mM Tris-HCl buffer (pH 7.4),
containing 150mM NaCl, and protease/phosphatase inhibitor cocktails.
The cell pellets were then incubated with DNaseI (20 U/106 cells) in
10mM Tris-HCl (pH 7.4), 5 mM MgCl2, and 10mM NaCl for 15min at
4 °C. After a brief sonication on ice, the samples were centrifuged again
(13,000g, 1 min), and the supernatant containing the chromatin-bound
fraction was collected. For immunoprecipitation, about 107 cells were
re-suspended in 1ml lysis buffer and fractionated as above. Equal
amounts of each extract were incubated with anti-DDB2 rabbit poly-
clonal antibody (Santa Cruz; RRID: AB_2276986), pre-bound to protein
G Dynabeads (Invitrogen). Half the amount of each antibody was used
for chromatin-bound fractions. The reactions were performed for 3 h at
4 °C under constant agitation. The samples were then centrifuged at
14000g (30min, 4 °C), and immunocomplexes were washed with ice-
cold 50mM Tris-HCl (pH 7.4) containing 150mM NaCl, 0.5% Nonidet
NP-40. Immunoprecipitated peptides were eluted in SDS sample buffer
and resolved by SDS-PAGE (SDS-PAGE). Proteins were electro-
transferred to nitrocellulose, then membranes were blocked for 30min
in 5% non-fat milk in PBST buffer and probed with the following pri-
mary antibodies: anti-DDB1 (1:1000, Genetex; RRID: AB_1950102),
anti-DDB2 (1:500, Santa Cruz; RRID: AB_2088827), anti-PCNA (1:1000,
Dako; RRID: AB_2160651), anti-CUL4A (1:500, Sigma; RRID: AB_
1847339), anti-XPC (1:1000, Sigma; RRID: AB_796183), anti-p21
(1:500, Santa Cruz; RRID: AB_632121) and anti-actin (1:1000, Sigma;
RRID: AB_476730), anti-P-Ser139-H2AX (BioLegend, San Diego, CA;
RRID: AB_315794), anti-P-Ser-317-Chk-1 (Cell Signalling; RRID: AB_
331488), anti-P-Ser-345-Chk-1 (Cell Signalling; RRID: AB_330023) di-
luted 1:1000, anti-panH2AX (Santa Cruz) diluted 1:1000 and anti-
panChk (Santa Cruz, RRID: AB_1121554) diluted 1:500. The mem-
branes were then washed in PBST, incubated for 30min with appro-
priate HRP-conjugated secondary antibodies: anti-mouse (DAKO), anti-
goat and anti-rabbit (KPL) and revealed using enhanced chemilumi-
nescence. All the pull-down experiments were performed at least 3
times. The densitometric analysis was performed using the public
software ImageJ (http://rbs.info.nih.gov/nih-image).

2.7. Clonogenic efficiency

Control and stable transfected HEK293 cells were seeded (1×106)
in 100mm cell culture dishes. After two days, cells were exposed to
10 J/m2 UV-C radiation and immediately trypsinized and harvested and
re-seeded (5× 103) in 60mm cell culture dishes. The clonogenic effi-
ciency was also assessed with cells that were not exposed to UV-C ra-
diations [19]. After a period of 7–10 days, to prevent the cell con-
fluence, the colonies were stained with Gentian Violet to count their
number and to analyze their shape for each cell line. Cells were washes
twice in PBS and the Petri dishes were covered with the dye for 20min
under constant stirring. Then, the dye was washed several times with
distilled water and the colonies were air dried and counted.

To evaluate morphological features of colonies, control and stable
transfected HEK293 cells were seeded (5×105) in 35mm cell culture
dishes containing a coverslip. After two days, cells were exposed to
10 J/m2 UV-C radiation, immediately trypsinized, harvested and re-
seeded (2× 105) on coverslips. After 3 days, the samples were stained
with May-Grünwald Giemsa using a standard protocol (May-Grünwald,
Merck and Giemsa, Carlo Erba). Number of total cells per colony, dead
cells and mitosis were counted and photographed under a digital mi-
croscope Nikon Eclipse 80i with a camera Nikon Digital Sight DS-Fi1.

2.8. Wound-healing assay

For cell motility assays, wound healing was performed using the
Ibidi Culture-Insert (Madison, WI) according to the manufacturer's in-
structions. Control and stable transfected HEK293 cells were seeded
(1×106) in 100mm cell culture dishes. After two days, cells were
exposed to 10 J/m2 UV-C radiation and immediately trypsinized. 70 μl
of cell suspension (7× 104 cells) were applied to each culture-insert,
allowing the cells to grow in the designated areas until a confluent layer
was formed at 37 °C. Thereafter, the culture-insert was removed,
creating a cell-free gap. Wound closure was monitored daily and pho-
tographed starting from 0 to 10 d with an inverted light microscope
equipped with a Canon A590 IS camera (Tokyo, JP). The analysis was
performed using the public software ImageJ (http://rbs.info.nih.gov/
nih-image).

2.9. Statistical analysis

Results are expressed as mean ± standard deviation. Statistical
significance was calculated using the Student t-test.

3. Results

3.1. Expression of DDB2PCNA- impairs UV-lesion removal

In order to verify the capability of DDB2PCNA- protein in removing
the UV-induced DNA damage, untransfected control HEK293 and
DDB2Wt or DDB2PCNA- stable clones were irradiated and collected at
different recovery times, as indicated in the Fig. 1A. Total DNA was
extracted, quantified, spotted into nitrocellulose membrane and in-
cubated with CPDs antibody (for detail see Material and Methods). Cells
expressing DDB2Wt showed an efficient DNA repair, with> 40% of CPD
removal at 24 h after UV radiation (Fig. 1A), even higher than that of
control cells (about 30%). On the contrary, the mutant clone appeared
very slow in repairing these DNA lesions. To exclude any effect of lesion
dilution by DNA replication, we performed BrdU assays that show
comparable results regarding the proliferation of the two stable clones
(Fig. S1 in Supplementary Appendix).

Similarly, in UDS experiments (Fig. 1B and C), unscheduled DNA
repair synthesis is strongly reduced in human cells expressing DDB2
mutant protein, whereas no significant modifications were observed in
cells expressing DDB2Wt protein compared to control cells. These two
different approaches demonstrated that the mutated form of DDB2
modifies the cellular response against UV-C induced lesions.

In order to evaluate whether DDB2PCNA- affects directly damaged
DNA binding, we performed gel electrophoretic motility shift assay. To
this end, damaged plasmid DNA was incubated with each recombinant
DDB2 proteins, in the presence of DDB1. DDB2Wt bound damaged DNA
both 0.5 and 1 h after incubation, as demonstrated by the shift in mi-
gration of linearized DNA, which was not revealed in the presence of
the mutant protein.

3.2. Impairment of DDB2PCNA- recruitment at DNA damaged sites

To verify the DNA damage site recruitment of DDB2 exogenous
proteins, we performed immunofluorescence time course experiments.
To this end, we used HeLa cells since HEK293 cells do not adhere firmly
on the glass surface. HeLa cells were transiently transfected with
DDB2Wt or DDB2PCNA- constructs, locally irradiated, lysed at different
time points: 0.5, 1 and 4 h after UV damage and immunostained for
DDB2. Fig. 2A shows that the highest percentage of DDB2 positive cells
was detected at 1 h after damage in cells expressing DDB2 mutated;
instead, the highest recruitment for DDB2Wt was observed at 0.5 h, as
also evidenced by representative images obtained with confocal mi-
croscopy. To confirm this different behaviour, we performed co-loca-
lization studies using specific antibodies against DDB2 and CPDs. The
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co-localization images (Figs. 2B and S2) showed that DDB2 mutated
protein presents a delayed recruitment at DNA damage sites. In fact, a
weak focalized co-localization begins to be detectable only 1 h after UV
damage while a diffuse DDB2 staining in all the nuclear area is visible at
earlier times. On the contrary, DDB2Wt is distinctly and significantly
recruited at foci already 0.5 h after irradiation.

Time-course experiments to analyze the recruitment of DDB2 and
XPC proteins (Fig. 2C) showed a very early chromatin association of
XPC protein and DDB2Wt, indicating 5min after DNA damage as the
best time for co-localization between these two NER proteins. Whereas,
the recruitment of the two proteins occurred significantly only 1 h after
UV-damage induction in the presence of the mutated form of DDB2
(Figs. 2C and S3 in Supplementary Appendix).

Altogether, the collected data show that the mutated DDB2PCNA-

modifies the kinetic of co-localization with CPDs and/or XPC protein,
thus suggesting a delay in the initiation of the repair process.

3.3. DDB2 mutation delays initiation of the NER process

In order to understand the mechanism underlying the different re-
cruitment of DDB2 mutant protein, the interaction of DDB2 with crucial
NER proteins was investigated. To this end, immunoprecipitation of

proteins recruited at DNA was performed in HeLa cells expressing
DDB2Wt or DDB2PCNA-. In Fig. 3, soluble and chromatin bound fractions
derived from irradiated cells, harvested at 0.5 and 1 h after UV damage,
showed three important differences: i) the persistence of the DDB2PCNA-

protein bound to the DNA until 1 h from the irradiation. As expected, no
bands of PCNA were detectable in the specific lane, indicating that the
protein is not able to immunoprecipitate with DDB2, and confirming
that the mutation introduced in the PIP-box is actually able to prevent
the interaction between the two proteins (Fig. 3D). (ii) The association
between DDB2PCNA- and DDB1 was already detectable in the chromatin
fraction immediately after the irradiation, and it increased with the
recovery time after DNA damage. A similar trend was observed for XPC
protein, whose interaction with DDB2PCNA- increased with time,
reaching the highest value at 1 h. The latter result is markedly different
from that obtained with the Wt protein, where the XPC level was
maximum at 0.5 h (Fig. 3B). (iii) The last aspect, regarding DDB2PCNA-/
Cul4A interaction, showed again a shifted forward of their association,
compared to the results obtained with DDB2Wt, where already at 0.5 h
the Cul4A protein level was of lower intensity (Fig. 3B). This early in-
teraction between DDB2Wt and NER proteins has already been de-
monstrated [18]. Taken together, these results confirm a delay in NER
machinery initiation when DDB2 presents a mutation in the PIP-box.

Fig. 1. Effect of the DDB2 mutation on the cells' ef-
ficiency to repair the DNA damage after UV-C irra-
diation. (A) HEK293 control cells, DDB2Wt and
DDB2PCNA- stable clones were irradiated (20 J/m2),
collected at the indicated recovery times to detect
CPDs removal from DNA. Data are mean ± S.D.
from at least three independent experiments; values
are expressed in percentage. Asterisks indicate
*p < 0.05 or **p < 0.01 compared to DDB2Wt

transfected cells. °p < 0.05 compared to HEK293
control cells. (B) HEK293 control cells, DDB2Wt and
DDB2PCNA- clones were UV-C irradiated (20 J/m2),
incubated for 2 h in [3H] thymidine and then fixed.
UDS is denoted by the presence of nuclear auto-
radiographic granules. (C) Quantification of UDS
grains in nuclei of cells from HEK293 stable clones
and control cells treated as above. Mean values of
grain number (± S.D.) in triplicate samples are re-
ported. (D) Gel electrophoretic motility shift assay.
Damaged plasmid DNA (lane 1), damaged DNA in-
cubated for 30min (lines 2–3) or 1 h (lanes 4–5) with
DDB1 recombinant protein and DDB2Wt (lanes 2–4)
or DDB2PCNA- proteins (lanes 3–5).
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Fig. 2. Recruitment of DDB2 and NER proteins to DNA repair sites. (A) HeLa cells expressing DDB2Wt or DDB2PCNA- were exposed to local UV-C radiation (100 J/m2)
through filters with 3 μm pores. After 0.5, 1 and 4 h, irradiated cells were extracted in situ and fixed for immunofluorescence staining with anti-DDB2 antibody.
Results from DDB2Wt (empty bars) and DDB2PCNA- (black bars) clones were shown. Besides, representative confocal images of the DDB2 recruitment (0.5 h after UV-
C) on DNA damage site in DDB2Wt and DDB2PCNA- cells were presented. Scale bar= 13.54 μm. (B) HeLa cells were transfected with pcDNA3.1-DDB2Wt or pcDNA3.1-
DDB2PCNA- expression vectors and 24 h later exposed to local UV-C radiation (100 J/m2). Half and 1 h later, samples were extracted in situ and fixed for immuno-
fluorescence determination CPDs (green) and DDB2 (red), respectively. In the merged images, spots of colocalization (yellow) are clearly visible. DNA (blue
fluorescence) was stained with Hoechst 33258. Scale bar= 20 μm. (C) HeLa cells expressing DDB2 wild type or mutated form were locally irradiated (UV-C 100 J/
m2), DDB2-XPC co-localization was analysed at 5, 10, 30, 60, 240min after UV-C damage and the percentages of positive cells were reported. * p < 0.05 and **
p < 0.01.(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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3.4. DDB2PCNA- influences cell growth and motility after UV-C irradiation

We have previously shown that the expression of DDB2PCNA- protein
resulted in an increased cell proliferation [19]. To evaluate the effect of
DDB2PCNA- protein on cellular growth following DNA damage, we
performed a clonogenic assay using HEK293 stable clones irradiated,
seeded in 60mm Petri dishes and incubated for 10 days to allow colony
formation.

The results showed that stable DDB2PCNA- clone produces more
colonies, characterized also by a larger size, than those observed in cells
expressing DDB2Wt. As expected, control cells did not grow after UV
irradiation and only very few and faded colonies were present (Fig. 4A).
All data are summarized in Fig. 4B in which is pointed out that the
presence of exogenous DDB2, both wild-type and even more, the mu-
tated form, unexpectedly determined an increase in cell survival after
UV irradiation. Similarly, visual scoring of 3 days growing colonies
stained with May-Grünwald Giemsa after UV-C irradiation confirmed
that the number of cells per colony is higher in both wild-type and, even
more, in the mutated clone respect to control cells. In contrast, dead
cells are more numerous in the last one, and rare in DDB2PCNA- stable

clone. Finally, although the number of mitosis appeared comparable in
the both clones, atypical forms are significantly increased in the DDB2
mutated cells (Fig. 4C and D).

Next, we investigated whether DDB2 stable expression could also
influence cell motility. HEK293 stable clones exposed to UV-C radiation
were seeded and wound healing assay was carried out. Fig. 4C shows
representative images obtained by time-course experiments, starting
from the cell wall (cell front) formation at time 0 until 10 days later.
Cell motility, and consequently the ability to reconstitute the cell
monolayer, started to be evident 7 days after UV irradiation, mainly in
cells expressing exogenous DDB2 proteins. At this time, a higher cell
motility and growth was observable in the presence of DDB2PCNA-; in
fact, cells were able to form dense multilayer of growing cells, evident
in both cellular walls. The same feature was detectable two days later
(9 d) in cells producing DDB2Wt when, in the presence of DDB2PCNA-,
the wound healing was entirely filled up.

In addition, the disordered and persistent growth in cells expressing
DDB2 mutant protein suggests a major UV-C resistance acquired by this
clone.

Fig. 3. DDB2 interaction with NER proteins. HeLa cells transfected with pcDNA3.1-DDB2Wt and pcDNA3.1-DDB2PCNA- plasmids were grown for 24 h and collected
0.5 and 1 h after UV-C irradiation (30 J/m2), as described in “Materials and Methods”. Cells were fractionated in soluble (S) and chromatin-bound (Cb) samples for
immunoprecipitation and analysed by Western blot. (A–C) Input load: 1/30 of cell extract. (B–D) Immunoprecipitation (Ip) with anti-DDB2 antibody on fractionated
cell extracts, as indicated above. Arrows indicate the specific protein bands.
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3.5. Reduction on p21 protein level in the presence of DDB2PCNA-

To further understand whether the above results could be depen-
dent on cell cycle regulator factors, p21 protein level were investigated.
Our previous data have demonstrated that lower level of this cell cycle
inhibitor was related to high cell proliferation rate, in the presence of
DDB2Wt and even more with the mutated form [19]. To perform a ki-
netic analysis of p21 protein level, cells were collected and its amount
evaluated by Western blot analysis at 1, 3, 6 and 24 h after UV damage
(Fig. 5A). The results reported in Fig. 5B show a rapid decrease in p21
levels, both in control and in DDB2Wt samples; the presence of
DDB2PCNA- appears to further reduce this protein. At longer times after
UV-damage, p21 protein level remains low and similar in the control
and DDB2 stable clones (Supplemental Fig. S4).

3.6. DDB2PCNA- causes defective cell cycle checkpoints activation

To go further insight into the molecular pathway responsible for the
loss of cell proliferation control after UV-C exposure, the expression of
some key proteins involved in the checkpoints activation was in-
vestigated. In particular, the phosphorylated form of the histone H2AX
(γ-H2AX), playing a key role in the signalling pathway of genomic
damage, was the first protein analysed by Western blot (Fig 6A and B).
For this purpose, HEK293 control cells and stable clones DDB2Wt and
DDB2PCNA- were irradiated with UV-C (10 J/m2) and then recovered for
0.5 and 1 h. Cells of each non-irradiated line were kept as negative
control. The results showed that the ectopic expression of DDB2Wt did
not influence the activation kinetics of the histone H2AX, as compared
with control cells in which a statistically significant increase was ob-
served after the induction of DNA damage. High basal levels of γ-H2AX

Fig. 4. Clonogenic efficiency and cell motility of DDB2Wt and DDB2PCNA- clones after UV-induced DNA damage. HEK293 cells were seeded at the density of 1× 106

into 100mm cell culture dishes, irradiated (10 J/m2 UV-C) and immediately harvested and re-seeded (5× 103) both in 60mm cell culture dishes for colony growth
and (7×104) in culture-insert for wound-healing assay. (A) Representative images of colonies formed by control HEK293 cells, DDB2Wt and DDB2PCNA- stable clones.
After 10 days, the colonies were fixed, stained with crystal violet and then counted. Mean values (± S.D.) are reported from 3 independent experiments. (B) Number
of colonies grown of DDB2Wt and DDB2PCNA- clones vs. control cells. * p < 0.05 and ** p < 0.01. (C and D) Morphological features of May-Grünwald Giemsa-
stained growing colonies of control, DDB2Wt and DDB2PCNA- stable clones. Most of the cells in control colonies are dead (arrows) compared to the stable clones.
Representative atypical mitosis (M) in DDB2PCNA- stable clone. (E) Representative processed images of cell motility (×10 magnification objective) of control HEK293
cells, DDB2Wt and mutated clones. (F) Migration rate quantification of HEK293 control and stable clones; data are the mean ± S.D. from at least three independent
experiments, normalized to 100% wound closure for untreated cells.
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was found in cells expressing the mutant form of DDB2 in which no
further increase was found one hour after UV irradiation. These data
suggest that loss of interaction between DDB2 and PCNA negatively
affects the cell response that should be activated immediately after the
damage.

Considering both mitotic activity and defective signalling of DNA
damage in cells expressing DDB2PCNA-, levels of the phosphorylated
forms of Chk1 protein, that plays an important role in blocking cell
cycle progression, were considered (Fig. 6A e B). Specifically, this
protein is part of the G2/M phase checkpoint that monitors and reg-
ulates cellular mitosis. Fig. 6 shows the results of the analysis of the
phosphorylated forms of Chk1 (Chk1-P) on both serine 317 (S317) and
serine 345 (S345). The increase in the phosphorylation levels of this
protein is comparable between the control and the stable DDB2Wt clone,
indicating that the checkpoint is correctly activated after the DNA da-
mage. In the presence of DDB2PCNA-, however, no activation is detected.
In addition, the Chk1-P (S317), as well Chk1-P (S345) levels are low,
opening to the hypothesis that the loss of control of this checkpoint
could drive cells to mitosis, without repairing DNA damage.

4. Discussion

The UV rays are responsible for the induction of pyrimidine dimers
which, if not removed, can cause genetic instability, mutations and the
onset of skin cancer. In fact, some diseases with a defect of the NER
machinery (e.g. Xeroderma pigmentosum) are characterized by high
photosensitivity and high incidence of skin cancers [24].

The DDB2 role in tumorigenesis is still debated since different DDB2
expression levels in human cancer have been reported [13–15]. In ad-
dition, the DDB2 involvement in the epithelial to mesenchymal tran-
sition in cancer cells has been described [16] whereas its over-
expression inhibits tumorigenesis [17].

We have previously demonstrated that mutations in DDB2 PIP-box,
a conserved sequence useful to direct interaction with PCNA, promote
cell cycle progression [19]. In the present study, we sought to in-
vestigate the role of DDB2-PCNA association in the cell response to UV-
induced DNA damage. Our results have shown that expression of the

mutant DDB2 form unable to interact with PCNA impaired DNA repair,
that may be explained by inefficient binding to damaged DNA in vitro.
Remarkably, the DDB2PCNA- cells acquired uncontrolled cell growth, as
indicated by an increased resistance to UV irradiation and also a more
aggressive phenotype, as suggested by wound healing experiments.
Explanation of such proliferative behaviour appears to be related to a
defect in cell cycle checkpoint signalling, since DDB2PCNA- cells show
aberrant phosphorylation of H2AX and Chk1 both before and after UV-
induced DNA damage. Interestingly, it has been previously reported
that DDB2 influences checkpoint activation after UV-damage and, in
particular, regulate H2AX and Chk1 phosphorylation [25]. In addition,
it has been reported that DDB2 protein level can regulate Chk1 phos-
phorylation influencing ATR recruitment on chromatin, as well as in
signalling checkpoint termination [26,27]. Therefore, our results are in
agreement with these findings, and suggest that failure to correctly
activate the cell cycle checkpoint could have provided the DDB2PCNA-

Fig. 5. p21 protein levels in control HEK293 cells, DDB2Wt and DDB2PCNA-

stable clones at the indicated time point after UV-C irradiation. HEK293 control
cells and DDB2 cell clones were plated (1×106) in 100mm cell culture dishes,
irradiated (10 J/m2 UV-C) and harvested at different times. (A) Representative
image from Western blot analysis of samples from control and DDB2 cell clones,
in which the level of p21 and actin are shown. (B) p21 protein levels normalized
to actin values through densitometric analysis. Mean values (± S.D.) are from
3 independent experiments. *p < 0.05 and **p < 0.01.

Fig. 6. Checkpoint activation in control HEK293 cells, DDB2Wt and DDB2PCNA-

stable clones after UV-induced cell damage. HEK293 control cells and DDB2 cell
clones were plated (1× 106) in 100mm cell culture dishes, irradiated (10 J/m2

UV-C) and harvested at different times as indicated in the figure. In (A) re-
presentative images of γ-H2AX (Ser139), Chk1-P (Ser317), Chk1-P (Ser345)
obtained by Western blot. (B) Protein levels normalized to pan-H2AX and pan-
Chk1 values through densitometric analysis. Mean values (± S.D.), obtained
from 3 independent experiments, were reported. *p < 0.05 and **p < 0.01.
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cells with an enhanced proliferation and motility, two characteristic
hallmarks of tumours. Accordingly, in DDB2PCNA- irradiated cells a
higher number of atypical mitosis has been detected in respect to the Wt
stable clone or, even more, to control cells. Furthermore, UV-resistance
phenotype of both clones is highlighted by the rare events of cell death.
These results are also in agreement with the tumour-prone phenotype
shown by DDB2-deficient mice, in which the inefficient DNA repair
function has been related with the properties of increased cell pro-
liferation and adhesion typical of the cancer phenotype [28,29].

Many papers have demonstrated that p21 has a role in modulating
DNA repair process [30–34]. In particular, it has been reported a co-
operation between DDB2 and p21 proteins in the cellular response to
UV radiation [14,35], besides the DDB2 role in modulating p21 levels
after DNA damage [12]. In our experimental model we have found that
DDB2-PCNA interaction may have a role to prevent uncontrolled cell
proliferation. In fact, in the presence of the DDB2 mutant protein, very
low level of p21 was detected, associated to an increased cellular
growth and motility.

Based on our results, we speculate that the DDB2-PCNA interaction
may have a role in regulating cell cycle progression; in DDB2PCNA-

stable clone, the defective checkpoint activation, together with a de-
layed DNA repair process, could license the cells to enter mitosis even in
the presence of unrepaired DNA. The results from clonogenic assay
support this hypothesis, driving cells to acquire new capabilities such as
uncontrolled cell growth and increased resistance to UV irradiation.

Taken together, the binding between DDB2 and PCNA could play a
fundamental role in the correct removing of the UV-C induced DNA
damage and its impairment may determine the acquisition of a phe-
notype characterized by proliferation advantage.

Supplementary data for this article can be accessed on the pub-
lisher's website. Supplementary data associated with this article can be
found in the online version, at doi: https://doi.org/10.1016/j.bbamcr.
2018.03.012
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