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Background: The p53-induced genes DDB2 and p21 play antagonistic roles in DNA repair and apoptosis.
Results: In UV-induced skin carcinoma, DDB2 and p21 cooperate to prevent carcinoma by inducing premature senescence.
Conclusion: Pro-senescence and anti-proliferative pathways are critical protection mechanism against skin malignancies.
Significance: Although studies on skin cancer focus on DNA repair mechanisms, this study provides new insights.

Exposure to ultraviolet rays (UV) in sunlight is themain cause
of skin cancer. Here, we show that the p53-induced genesDDB2
and p21 are down-regulated in skin cancer, and in the mouse
model they functionally cooperate to prevent UV-induced skin
cancer. Our previous studies demonstrated an antagonistic role
of DDB2 and p21 in nucleotide excision repair and apoptosis.
Surprisingly, we find that the loss of p21 restores nucleotide
excision repair and apoptosis in Ddb2�/� mice, but it does not
protect from UV-mediated skin carcinogenesis. In contrast,
Ddb2�/�p21�/� mice are significantly more susceptible to UV-
induced skin cancer than the Ddb2�/� or the p21�/� mice. We
provide evidence that p21 deletion in the Ddb2�/� background
causes a strong increase in cell proliferation. The increased pro-
liferation in the Ddb2�/�p21�/� background is related to a
severe deficiency in UV-induced premature senescence. Also,
the oncogenic pro-proliferation transcription factor FOXM1 is
overexpressed in the p21�/� background. Our results show that
the anti-proliferative and the pro-senescence pathways ofDDB2
and p21 are critical protection mechanisms against skin
malignancies.

The UV rays in sunlight cause DNA damage by generating
cyclobutane pyrimidine dimers and 6-(1,2)-dihydro-2-oxo-4-
pyrimidinyl-5-methyl-2,4-(1H,3H)-pyrimidinedione between
two adjacent pyrimidines. Both DNA damages lead to distor-
tion of DNA, predisposing cells to accumulate mutations. As a

protective mechanism against UV-induced DNA damage, cells
utilize nucleotide excision repair (NER)6 pathway or they
undergo apoptosis. Damaged DNA-binding protein 2 (DDB2),
a subunit of the damaged DNA-binding protein DDB, encoded
by the XP-E gene, plays important roles in both NER and apo-
ptosis following exposure to UV irradiation (1–3). Ddb2�/�

mice develop UV-induced skin cancers with much higher inci-
dence in comparisonwithwild type (WT)mice (4, 5). Enhanced
expression of Ddb2 in mice also reduces UV-induced carcino-
genesis by delaying the onset of tumor development and also by
reducing the number of tumors per mouse, providing further
evidence of the role of DDB2 in the inhibition of UV-induced
skin tumorigenesis (6).
We demonstrated that high accumulation of p21 following

exposure to low doses of UV light is the cause for the NER
deficiency in the fibroblasts derived from the Ddb2-deficient
embryos. DDB2 regulates the level of p21 through multiple
mechanisms. DDB2 targets p53S18P for proteolysis upon low
dose of UV irradiation, ensuring lower expression of its down-
stream transcriptional target p21 (7). DDB2 also targets the p21
protein for proteolysis (8). p21 is not required for NER, as cells
lacking p21 carry out NER efficiently following UV irradiation
(9). We showed that deletion of p21 in Ddb2-null background
reverses the NER deficiency (7). Another study reported that
Gadd45�/� keratinocytes accumulate p21 at a high level and
that those keratinocytes are deficient in NER. Moreover, dele-
tion of p21 restores NER capacity in Gadd45-deficient keratin-
ocytes, further supporting the inhibitory role of p21 in NER
(10).
The DDB2-deficient cells are resistant to UV-induced apo-

ptosis (4, 8). We showed that upon treatment with DNA-dam-
aging agents (cisplatin and aclarubicin) or high doses of UV
light, accumulation of high levels of p21 in the Ddb2-deficient
cells causes the apoptosis-deficient phenotype (8). Moreover,
deletion of p21 in theDdb2-deficient background restores UV-
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or DNA damage-induced apoptosis. Thus, after low doses of
UV light, DDB2 ensures efficient repair, and when the DNA
damage is too high to be repaired, DDB2 supports induction of
apoptosis. Both processes involve attenuation of the levels of
p21.
p21 is involved in senescence (11). Because DDB2 negatively

regulates the levels of p21,we expected that theDDB2-deficient
cells with high levels of p21 will undergo senescence prema-
turely. Contrary to that notion, the DDB2-deficient mouse
embryonic fibroblasts (MEFs) are deficient in senescence and
are prone to immortalization (12).Moreover, DDB2 expression
in MEFs coincides with the onset of senescence (12). We dem-
onstrated that DDB2 participates in inducing senescence
through a completely differentmechanism involving transcrip-
tional repression of the antioxidant genes. In this study, we
demonstrate that the premature senescence function of DDB2
plays a major role in suppressing UV-induced skin cancer, and
p21 cooperates with DDB2 in the suppression.

MATERIALS AND METHODS

Mice—p21�/�micewere crossedwithDdb2�/�mice to pro-
duce Ddb2�/�p21�/� progeny, which were crossed further to
obtain the Ddb2�/�p21�/� mice. The Ddb2�/�p21�/� were
crossed with Ddb2�/�p21�/� to obtain p21�/� and Ddb2�/�

p21�/� mice. Ddb2�/� mice were crossed with Ddb2�/� mice
to obtain Ddb2�/� and wild type mice.
Irradiation of Mice—10 to 15 mice each genotype were sub-

jected to UV-B irradiation. Irradiation was carried out with FB-
UVXL1000 UV cross-linker (Fisher) with UV-B tubes. Mice
were exposed to UV light for 42 weeks, starting with 2 kJ/m2

twice a week. The dose of UV light was gradually increased to 6
kJ/m2 five times per week. Mice were shaved once a week. The
dorsal area of the mice was exposed to UV-B.
BrdU Incorporation Assay—Mice were injected intraperito-

neally at 100 �g of BrdU/g of body weight 4 h prior sacrificing.
Skin sections were fixed, and immunostaining was performed
with BrdU monoclonal antibody.
MEFs were pulse-labeled with 3 �g/ml BrdU for 1 h and 30

min and fixed with ice-cold 70% ethanol. Cells were kept with
Denaturing solution (2 M HCl, 0.5% Triton X-100) for 1 h fol-
lowed by 10min of incubationwithNeutralization solution (0.1
M sodium borate). Cells were incubated with BrdUmonoclonal
antibody (Dako; 1:500 dilution) overnight at 4 °C. After rinsing
with PBS, cells were incubated with TRITC-conjugated poly-
clonal rabbit anti-mouse antibody for 2 h at room temperature
and counterstained with DAPI.
Generation of Keratinocytes—Newborn pups were sacrificed

and placed on ice and then washed with 70% EtOH. Skin was
cut and peeled away from the posterior to anterior part of the
body. The skins were placed in 6-cm dishes, dermal side up and
spread. The skins were rinsed three times with 1� PBS and
further treated with Dispase II (Roche Applied Science, 295
825) for 1 h at 37 °C. Epidermis was separated from the dermis,
and the epidermis was floated in 3 ml of trypsin and incubated
for 15 min at room temperature. Stratum corneum was
removed, and the remaining cells were passed through cell dis-
sociation sieve with 60–70 mesh screen. Trypsin was neutral-
ized with FBS. Cells were spun down for 3 min. The cell pellets

were resuspended in KGM-2 medium (Combrex BulletKit
without Ca2�, CC-3108) supplied with 50 �MCaCl2 and plated
on mouse collagen type IV precoated plates (BD Biosciences,
354233).
Unscheduled DNA Synthesis (UDS) Assays—Keratinocytes

were grown on coverslips and treated with 10 mCi of [3H]thy-
midine for 1 h in serum-free medium to distinguish the S phase
cells. Cells were subjected to UV irradiation (12 J/m2) and
maintained in medium containing [3H]thymidine for 3 h in the
absence of serum.The cells were incubated inmediumcontain-
ing unlabeled thymidine for an additional 30min and then fixed
withmethanol/acetic acid (3:1 ratio). Coverslipswere placed on
glass slides (cells facing up). Cells were further treated with 5%
trichloroacetic acid in 1� PBS three times for 15 min each,
followed by rinsing two times with 70% ethanol and one time
with 100% ethanol to dry the coverslips completely. Under dark
conditions, the slides were incubated in prewarmed EM-1
emulsion (Amersham Biosciences). The slides were left in a
near vertical position for 10 min to drain the excess emulsion,
followed by sealing in a light-tight box with anhydrous gels and
storing at 4 °C for 5–7 days. Under darkroom conditions, slides
were developed as follows; after 5 min in developing solution
(prewarmed working strength D-19 Kodak), the reaction was
stopped by incubation for 30 s in stop solution (working
strength Kodak stop bath) and fixed for 10 min (Working
Strength Fixer, Kodak). After fixation, the slides were exposed
to light and washed four times for 15 min each with distilled
H2O. Pictures of randomnucleiwere takenwith aNikonmicro-
scope at �100. Grains per nucleus (corresponding to DNA
repair synthesis) were counted with Axio-Vision program.
Immunohistochemistry—Skin tissues were fixed in 10% buff-

ered formalin and paraffin-embedded. Serial sections of 5 �m
thickness were de-paraffinized in xylene, followed by rehydra-
tion in 100, 95, and 70% ethanol. Sections were further treated
for antigen retrieval with citrate buffer, pH 6.0, at 95 °C for 20
min. Blocking was performed using mouse on mouse blocking
reagents following the manufacturer’s protocol (Vector Labo-
ratories BMK-2202). The sections were incubated with the
mouse anti-BrdU antibody 1:200 dilution (DAKO M0744)
overnight. Sections were washed three times with 1� PBS,
incubated with anti-mouse AP (Vector Laboratories AP-2000),
and further developed with Alkaline Phosphatase Substrate
(Vector Laboratories SK-5300) following the manufacturer’s
protocol. Nuclei were counterstained with Nuclear Fast Red.
Tissue Microarray—Human tissue microarray of normal

(NL) and basal cell carcinoma (BCC) samples were obtained
from US Biomax (SK482 and SK484). Immunohistochemical
assaywas performed as described abovewith antibodies against
p21 (BD Biosciences) or against DDB2 (Abcam). Tissues were
counterstained with hematoxylin. Intensity of staining was
blind-scored from 0 (no staining) to 4 (highest intensity of
staining). Graphs represent the average intensity of staining
and paired t test of BCC versus NL scores of intensity of the
staining.
Immunofluorescence—Skin tissues were fixed in 10% buff-

ered formalin, and paraffin-embedded. Serial sections of 5 �m
thickness were de-paraffinized in xylene, followed by re-hydra-
tion in 100, 95, and 70% ethanol. Sections were further treated
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for antigen retrieval with citrate buffer, pH 6.0, at 95 °C for 20
min. Blocking was performed using 5% goat serum in PBS for
1 h at room temperature. Sections were incubated overnight at
4 °C using the following primary antibodies: p19Arf (5C3Mab)
and p16INK4a (SC-1207). After washing with PBS, sections
were incubated with anti-rat or anti-rabbit immunoglobulin
conjugated with FITC or TRITC. Coverslips were mounted in
Vectashield (Vector Laboratories) containing DAPI to stain
nuclei.
SA-�-Galactosidase Assay—Frozen skin sections were fixed

in 3% formaldehyde in 1� PBS for 5 min at room temperature.
Sections were washed two times with 1� PBS, pH 7.2, with 1
mM MgCl2 and further incubated with X-gal staining solution

overnight at 37 °C. Nuclei were counterstained with Nuclear
Fast Red. Pictures of random fields were taken with Nikon
microscope at �10. SA-�-galactosidase-positive cells per field
were counted.
MEFs were washed twice with ice-cold PBS. Cells were

fixed with 2% formaldehyde and 0.2% glutaraldehyde solu-
tion in PBS. Cells were incubated at 37 °C overnight in stain-
ing solution containing 1 mg/ml X-gal, 40 mM citric acid/
sodium phosphate, pH 6.0, 5 mM potassium ferrocyanide, 5
mM potassium ferricyanide, 150 mM NaCl, and 2 mM MgCl2.
Pictures of random fields were taken with Nikon microscope
at �100. SA-�-galactosidase-positive cells per field were
counted.

FIGURE 1. Reduced expression of DDB2 and p21 in basal cell carcinoma, a synergistic increase in UV skin cancer in Ddb2�/�p21�/� mice. A, DDB2
immunohistochemistry of human tissue microarray of NL skin (upper panel) and BCC (bottom panel). Intensity of DDB2 staining was scored from 0 to 4. One
representative of normal human skin section with score 4 (n � 11) (upper panel) and one representative of basal cell carcinoma with score 2 (n � 52) (bottom
panel) are shown. Right graph represents the average intensity of DDB2 staining and t test for BCC versus NL. B, upper panels present p21 immunohistochemistry
of human tissue microarray of NL skin (n � 11) with score 4, and the bottom panels present BCC (n � 52) with score 0. Intensity of p21 staining was scored from
0 to 4. Right graph presents the average intensity of p21 staining and t test for BCC versus NL. The asterisks in A and B indicate statistically significant differences.
The p values were calculated by Student’s t test (A, ***, p � 0.0009; B, ***, p � 0.0001). C, table presents percent basal cell carcinoma patients with lower p21 and
DDB2 intensity of the staining in comparison with the average normal intensity of staining (p21lowDDB2low). p21lowDDB2hi represents patients with lower than
average normal p21 staining and equal to average normal DDB2 staining. D, wild type, Ddb2�/�, p21�/�, and DKO (Ddb2�/�p21�/�) mice at 8 –12 weeks of age
were chronically UV-irradiated for 42 weeks. Mice were shaved once a week, and the dorsal area was exposed to UV-B. Representative pictures of tumor-bearing
Ddb2�/� and DKO (bottom panels) are shown. E, histological analysis of UV-induced tumors in the DKO (Ddb2�/�p21�/�) mouse is shown. �2.5 magnification.
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Western Blot—Keratinocytes and skin tissue extracts were
prepared in 0.4 M NaCl, 20 mM Tris-HCl, pH 7.5, 0.1% Nonidet
P-40, 5% (v/v) glycerol, 1 mM sodium orthovanadate, and pro-
tease inhibitormixture. Extracts (50–100�g)were subjected to
10% SDS-PAGE followed by blotting to nitrocellulose mem-
brane. The blots were probed with cdk2 (Santa Cruz Biotech-
nology), FoxM1 (Santa Cruz Biotechnology), catalase (Calbi-
ochem), and p21Waf1/Cip1 (BD Biosciences).
TUNEL—Keratinocytes were grown on glass coverslips and

treatedwithUV-BorUV-C.Twenty four hours after treatment,
cells were fixed in 1% paraformaldehyde, pH 7.4. The ApopTag
Red in situ apoptosis detection kit (S7165) was used following
the manufacturer’s protocol. Paraffin-embedded tumor-free
skin tissues from chronically UV-B-irradiated mice were sub-
jected to TUNEL using ApopTag Red in situ apoptosis detec-
tion kit (S7165) following the manufacturer’s protocol.
Analysis of ROS Production—Harvested skin sections were

embedded and frozen in OCT compound, and frozen sections
were prepared. Sections were stained with 10 �M 5-(6)-
chloromethyl-2-dichlorodihydrofluorescein diacetate (CM-
H2DCFDA) (Invitrogen) for 45min at 37 °C. Images were taken
using a fluorescent microscope at �20 magnification. Three to
five randomly selected areas were photographed with the same
exposure time. The imageswere processed using the same fixed
threshold in all samples by Photoshop software, and represen-
tative images are shown.

RESULTS

Deletion of p21 Accelerates UV-induced Skin Cancers in
Ddb2�/�Background—TheDdb2 gene ismutated inXP-E, and
its expression is reduced in a variety of cancers (13). One study
reported DDB2 as one of the top 5% underexpressed genes in
head and neck squamous cell carcinoma (14). Using tissue
microarrays, we observed a significant loss of theDDB2 protein
expression in BCCs (Fig. 1A). DDB2 participates in tumor sup-
pression in at least three ways as follows: promoting NER, sup-
porting apoptosis, and inducing premature senescence after
DNA damage (7, 8, 12, 15–19). It participates in NER and apo-
ptosis by maintaining p21 at a low level that is optimum for
efficient repair synthesis and apoptosis (7, 8). However, expres-
sion of the p21 protein also is reduced in BCCs (Fig. 1B). The
tissuemicroarray in our experiment contained 52 BCC samples
of which 75% exhibited lower expression for DDB1 and p21
(Fig. 1C). Ddb2 and p21 are p53-induced genes (20, 21). It is
possible that the reduced expression is related to p53 muta-
tions; however, the p53 status in those BCC samples in the
microarray, obtained from US Biomax, was not characterized.
But it is noteworthy that p53 is mutated at a high frequency in
BCC (22, 23).
Because deletion of p21 restores repair function and UV-

induced apoptosis in the Ddb2�/� cells (7, 8), we sought to
investigate the effects of p21 deletion on the susceptibility to
UV-induced skin carcinogenesis in the Ddb2�/� mouse. Wild
type (n � 10), Ddb2�/� (n � 10), p21�/� (n � 8), and DKO
(Ddb2�/�p21�/�) (n � 15) littermate mice were subjected to
UV-B carcinogenesis protocol. We did not use p21�/� in the
Ddb2�/� background because in that background stabilization
rather than synthesis is the dominant factor that regulates the

level of p21. There is a defect in p21 proteolysis in theDdb2�/�

background that causes accumulation of p21 after UV irradia-
tion (8). Also, a previous study on skin carcinogenesis did not
observe any significant difference in the p21�/� background
compared with the p21�/� background (24). Also, the Ddb2�/�

did not exhibit any significant deficiency in UV carcinogenesis
experiments (5). Themice (the four genotypes indicated above)
were shaved once aweek and exposed toUV-B, initially 2 kJ/m2
twice a week for the first 8 weeks, followed by gradual increase
of the frequency and dose of irradiation. The dose of UV-B used
toward the end was 5 kJ/m2, five times per week. We observed
that deletion of p21 in theDdb2�/� background did not reverse
the susceptibility to UV-induced skin carcinogenesis (Fig. 1D).
On the contrary, loss of p21 in the Ddb2�/� background expe-
dited the onset of tumor development. The Ddb2�/�p21�/�

mice developed tumors as early as 18weeks post-UV treatment,
and by 33 weeks 50% of the animals developed tumors. The
Ddb2�/�mice started exhibiting tumor phenotypes at week 28,
reaching 50% at week 42 (Fig. 1D). Only a few wild type mice
exhibited papillary epithelioma beginning 41 weeks of treat-
ment. The p21�/� mice exhibited increased susceptibility. All
three genotypes (p21�/�, Ddb2�/�, and p21�/�Ddb2�/�)

FIGURE 2. Loss of p21 in Ddb2�/� mice results in higher proliferation.
A, chronically UV-irradiated wild type, Ddb2�/�, p21�/�, and Ddb2�/�p21�/�

(DKO) mice were injected intraperitoneally with BrdU 4 h prior to sacrificing.
Paraffin-embedded tissue was subjected to immunohistochemistry with
BrdU antibody. B, BrdU-positive cells per �10 magnification field were
counted. Average of six different randomly chosen fields per mouse of each
genotype is presented. The asterisk in B indicates statistically significant dif-
ferences, with the following p value calculated by Student’s t test: ***, p �
0.001; ns, not significant.
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developed basal cell carcinoma, squamous epithelioma, and
soft tissue sarcomas (tumor sections from theDdb2�/�p21�/�

are shown in Fig. 1E). Only the double knock-out mice exhib-
ited trichoblastoma.
Strong Increase in Proliferation in the Ddb2�/�p21�/�

Background—The cyclin-dependent kinase inhibitor p21 func-
tions as a major negative regulator of cell cycle progression. A
recent study showed that the anti-proliferative activity of p21 is
indispensable for inhibition of carcinogenesis upon chronic
DNA damage to liver and kidneys (25). Therefore, we sought to
investigate the extent of proliferation upon loss of p21 in the
Ddb2�/�mouse.WemeasuredBrdU incorporation in the non-
tumor skin sections fromUV-irradiatedmice from all four gen-
otypes as follows:Wt,Ddb2�/�, p21�/�, andDdb2�/�p21�/�.
Tumor-bearing mice from the UV-induced carcinogenesis
experiment (Fig. 1D) were injected intraperitoneally with BrdU
4 h before sacrificing. Immunohistochemical analysis revealed
higher BrdU incorporation in the Ddb2�/�p21�/� mouse skin
in comparison with theWT,Ddb2�/�, and p21�/� mouse skin
(Fig. 2, A and B). The extent of BrdU incorporation in the dou-
ble knock-out was significantly greater than the incorporations
in each of the single knock-outs. The sections from the nontu-
mor region were subjected also to TUNEL assay to determine
the extent of apoptosis. As can be seen in Fig. 3, A and B, the
sections from the Ddb2�/� mice were deficient in apoptosis,
but no deficiency in apoptosis was observed in the double
knock-out mice. This observation is consistent with our find-
ings in MEFs (8). To further confirm the reversal of the UV-

induced apoptosis in the keratinocytes, we measured the effect
of p21 deletion on apoptosis in keratinocytes upon exposure to
UV-B and UV-C. Wild type, Ddb2�/�, p21�/�, or Ddb2�/�

p21�/� keratinocytes were isolated from newborn pups and
subjected to eitherUV-C (Fig. 3C) orUV-B (Fig. 3D). Apoptosis
was measured by TUNEL assay. Consistent with our previous
findings in MEFs and in the skin sections, the Ddb2�/� keratin-
ocytes exhibited deficiency in apoptosis upon both UV-B and
UV-C. Loss of p21 in Ddb2�/� keratinocytes restored the sen-
sitivity to apoptosis induced byUVdamage. These observations
suggest that the increased proliferation, but not the lack of apo-
ptosis, inDdb2�/�p21�/� is responsible for accelerated tumor
development.
Loss of p21 Restores theDNARepair Synthesis in theDdb2�/�

Keratinocytes—Previously, we showed that inMEFs accumula-
tion of p21 in the absence of DDB2 is due to higher expression
and deficiency in degradation (7, 8). Moreover, deletion of p21
reversed the repair-deficient phenotype of the Ddb2�/� MEFs
(8). Consistent with the observations in theMEFs, we observed
a significant increase in the level of p21 in the keratinocytes and
in the skin fromDdb2�/�mice, both in the absence or presence
of UV damage (Fig. 4, A and B). We measured NER DNA syn-
thesis in keratinocytes in all four genotypes Wt, Ddb2�/�,
p21�/�, and Ddb2�/�p21�/� by assaying for unscheduled
DNA synthesis (UDS) (Fig. 4C). UDS measures DNA synthesis
in non-S phase cells induced byUV irradiation. Consistent with
our earlier observation onMEFs, we found thatDdb2�/� kera-
tinocytes exhibited deficiency in UDS, measured by grains per

FIGURE 3. p21 deletion in Ddb2�/� background sensitizes mouse skin and keratinocytes to UV-induced apoptosis. A and B, mice were chronically
UV-irradiated for 30 weeks. Skin was isolated from tumor-free mice, wild type, Ddb2�/�, p21�/�, and Ddb2�/� p21�/� (DKO). Paraffin-embedded skin sections
were subjected to TUNEL assay to measure apoptosis. Representative pictures are shown at �10 magnification. The asterisks in B indicates statistically
significant differences, with the following p value calculated by Student’s t test: *, p � 0.05; ***, p � 0.001. C and D, keratinocytes were isolated from newborn
pups, followed by UV irradiation. Eighteen hours post UV-C or UV-B exposure, apoptosis was measured by TUNEL.
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nucleus upon exposure to a single dose of UV-B (Fig. 4C). Dele-
tion of p21 inDdb2�/� keratinocytes restored theUDS to levels
comparable with that in theWT keratinocytes withmost of the
nuclei carrying over 200 grains per nucleus (Fig. 4C). Thus, the
accelerated tumor development may not be related to the defi-
ciency in repair synthesis in the double knock-out mice.
Ddb2�/�p21�/� Mice Are Severely Deficient in UV-induced

Premature Senescence—We previously demonstrated a role of
DDB2 in cellular senescence (12). High level p21 has been sug-
gested to play an important role in triggering senescence (26–
29). AlthoughDdb2�/� cells have higher level of p21, these cells
are deficient in premature senescence (12). We observed evi-
dence that DDB2 and p21, in fact, have a synergistic effect in
inducing premature senescence response following exposure to
UV light. Mice of all four genotypes were exposed to acute
UV-B followed by measurement of senescence response. We
performed SA-�-galactosidase staining of skin sections from
mice irradiated with UV-B (Fig. 5A) using a procedure
described previously (30). Both p21�/� and Ddb2�/� mice
exhibited deficiencies in senescence response in comparison
with WT mice after UV damage (Fig. 5A). Interestingly, the
Ddb2�/�p21�/� mice exhibited a more severe deficiency in
senescence response compared with the Ddb2�/� or the
p21�/� mice (Fig. 5A). We confirmed the observation by
assessing the level of p16Ink4a and p19Arf. Accumulation of
p19Arf and p16Ink4a was observed in the WT mice and that

was significantly reduced in the p21�/� and theDdb2�/� mice
(Fig. 5, B and C, and supplemental Fig. S1). Moreover, consis-
tent with the SA-�-galactosidase staining, there was a near
complete loss of p19Arf and p16Ink4 expression in the
Ddb2�/�p21�/�mice, further confirming the notion that these
mice are severely deficient in senescence, which might be
the major contributing factor for the increased onset of
tumorigenesis.
Instability of ROS and Increased Expression of FoxM1 in the

Ddb2�/�p21�/� Mice—Previously, we demonstrated that the
senescence deficiency phenotype inDdb2�/� mice is related to
a deficiency in the accumulation of ROS. DDB2 supports ROS
accumulation by repressing the antioxidant genes (12). ROShas
been implicated also in the mechanism by which p21 partici-
pates in senescence (26). We measured the levels of ROS using
DCFDA staining (detects peroxides) in the skin of all four gen-
otypes following subacute UV irradiation. Cryosections of skin
from WT, Ddb2�/�, p21�/�, and Ddb2�/�p21�/� mice were
treated with 10 �M DCFDA for 45 min at 37 °C and visualized
under microscope (Fig. 6A and supplemental Fig. S2). Clearly,
the Ddb2�/� and the p21�/� mice were deficient in peroxide
accumulation compared with the WT mice. Moreover, the
double knock-out skin sections also exhibited a stronger defi-
ciency in peroxide accumulation (Fig. 6A). Extracts from the
skin fragments of all four genotypeswere compared byWestern
blot assays for catalase. Clearly, the skin extracts from the dou-

FIGURE 4. Loss of p21 restores the DNA repair synthesis in Ddb2�/� keratinocytes. A, Ddb2�/� keratinocytes have higher levels p21 in the absence and
presence of UV-B. Extracts from wild type or Ddb2�/� keratinocytes either not treated or subjected to UV-B were subjected to Western blot analysis. B, extracts
from wild type or Ddb2�/� mouse skin were subjected to Western blot analysis. C, keratinocytes from WT, Ddb2�/�, p21�/�, and Ddb2�/�p21�/� were
subjected to UDS analyses. Representative nuclei are shown (upper panels). After quantification, the numbers of grains per nucleus were plotted (bottom
panels).
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ble knock-out mice exhibited a much higher expression of cat-
alase (Fig. 6B). p21 has been implicated in regulating expression
of FoxM1 (31), a transcription factor that regulates oxidative
stress-induced premature senescence and activates expression
of proliferation genes, including genes involved in G1 to S and
G2 toMprogression (32, 33). Consistent with that, we observed
a much higher expression of FOXM1 in the p21�/� back-
ground. Both p21�/� mice and the double knock-out mice
expressed FOXM1 at much higher levels (Fig. 6C). The lack of
senescence and increased expression of FOXM1provide a clear
explanation for the strong increase in proliferation in the
p21�/�Ddb2�/� mice. The higher rate of cell proliferation and
reduced senescence after UV irradiation in the p21�/�

Ddb2�/� backgroundwas confirmed also usingMEFs (Fig. 6,D
and E). It is noteworthy that the extent of increase in BrdU

incorporation after UV irradiation in the double knock-out
cells was somewhat less thanwhat was seen in the in vivo exper-
iment (Fig. 2B), which most likely reflects the differences in the
in vitro and in vivo experimental set up. Finally, we observed
that N-acetylcysteine, a ROS scavenger, inhibited UV-induced
senescence (Fig. 6F), which is consistent with a role of ROS in
inducing premature senescence following UV irradiation.

DISCUSSION

Results presented here are significant in several ways. First,
although it is generally believed that DNA repair and apoptosis
are important for preventing development of cancer cells, our
results suggest a critical role of premature senescence in inhib-
iting UV-induced skin cancer. We show that premature senes-
cence is more important than NER and apoptosis in inhibiting

FIGURE 5. Ddb2�/�p21�/� mice are deficient in UV-induced senescence. A, wild type, Ddb2�/�, p21�/�, and Ddb2�/�p21�/� mice were irradiated with a
single dose of UV radiation (10 kJ/m2). Unfixed cryosections were prepared from the skin 24 h after UV radiation. Frozen skin sections were subjected to
SA-�-galactosidase. Arrows indicate SA-�-galactosidase-positive cells. SA-�-galactosidase-positive cells per �10 magnification field were counted. 10 random
fields were chosen for quantification. B and C, wild type, Ddb2�/�, p21�/�, and Ddb2�/�p21�/� mice were irradiated with a single dose of UV radiation (10
kJ/m2). Mice were killed after 24 h, and their skin were fixed in 10% formalin, processed, and embedded with paraffin for sectioning. Prepared skin section slides
were then subjected to immunocytochemical analysis using p16INK4A, p19ARF antibody, and DAPI. p16INK4A and p19ARF-positive staining identified
senescent cells. p19ARF and p16INK4A-positive cells per �10 magnification field were counted. 10 random fields were chosen for quantification.
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UV-induced skin cancer. In addition, we show that the p53-
induced genes p21 and Ddb2 play significant roles in that pro-
cess. p21 and DDB2 cause accumulation of ROS to a high level
following UV irradiation, leading to senescence.
UV skin carcinogenesis protocol involves irradiation of mice

with high doses ofUV-B, leading to extensiveDNAdamage that
overwhelms the repair machinery. In theDdb2�/� background
the repair capacity becomes further limiting because of high
levels of p21. The high level of p21 also inhibits apoptosis of the
cells harboring irreparable DNA damages. Deletion of p21
restored repair and apoptosis but did not restore premature
senescence in Ddb2�/� mice. However, there was a stronger
inhibition of premature senescence in the Ddb2�/�p21�/�

mice compared with the single knock-outs. In addition, there
was a huge increase in proliferation in the skin of the UV-irra-
diatedDdb2�/�p21�/� mice.We think that the increased pro-
liferation and the lack of premature senescence of the UV-irra-
diated cells are responsible for acceleration of the tumor
development in the Ddb2�/�p21�/� mice. Our findings are
consistent with a study demonstrating that p21�/� anti-prolif-

erative function is indispensable for inhibition of tumorigenesis
in the liver (25). Willenbring et al. (25) observed induction of
p21 in Fah�/� mice, a mouse model of hereditary tyrosinemia
type I, a humandisorder characterized by accumulation of toxic
metabolites that causes chronic DNA damage leading to hepa-
tocellular carcinoma. Fah�/� hepatocytes also exhibit cell cycle
arrest and deficiency in apoptosis (25). Apoptosis resistance in
Fah�/� mice was found to be due to accumulation of p21,
because its depletion restored apoptosis (25). Despite efficient
apoptosis, deletion of p21 in Fah�/� background resulted in
rapid proliferation and cancer formation (25).
p21 inhibits cell proliferation and supports premature senes-

cence through its ability to inhibit the CYCLIN-CDK kinases
(34). The CYCLIN-CDK inhibitory function supports prema-
ture senescence by activation of the cell cycle inhibitory path-
ways of the retinoblastoma protein (34). The Ddb2�/�p21�/�

cells possess higher CYCLIN-CDK kinase activity (8), which is
therefore expected to contribute to the lack of senescence in the
double knock-out cells through inhibition of the retinoblas-
toma protein. Interestingly, consistent with a previous report

FIGURE 6. Deficiency in UV-induced senescence in Ddb2�/�p21�/� mice is due to low accumulation of ROS. A, wild type, Ddb2�/�, p21�/�, and
Ddb2�/�p21�/� mice were irradiated with a single dose of UV light (10 kJ/m2). Unfixed cryosections from treated and untreated mice were prepared from the
skin 24 h after UV radiation. Cryosections were incubated with 10 �M DCFDA for 45 min at 37 °C to detect ROS. All images were photographed under �20
magnification. ROS-positive cells per �20 magnification field were counted. Average of six different randomly chosen fields per mouse of each genotype is
presented. B and C, skin extracts from wild type, Ddb2�/�, p21�/�, and Ddb2�/�p21�/� mice were subjected to Western blot analysis with catalase and FoxM1
antibody. Actin or GAPDH was used as loading control. Two different sets of mice have been shown for catalase expression. D, WT, Ddb2�/�, p21�/�, and
Ddb2�/�p21�/� MEFs were plated at equal density (1 � 10 5). Next day cells were treated with UV light (50 J/m2). 48 h after UV treatment, BrdU (3 �g/ml) was
added to the culture medium for 1 h and 30 min. The cells were fixed in 70% ice-cold ethanol and subjected to immunostaining for BrdU using monoclonal BrdU
antibody. The cells were also stained with DAPI. The percent BrdU-positive cells from three experiments were plotted. E, WT, Ddb2�/�, p21�/�, and Ddb2�/�p21�/�

MEFs were plated at equal density (1 � 10 5). Next day cells were treated with UV light (50 J/m2). 72 h after treatment cells were subjected to SA-�-galactosidase
assay. SA-�-galactosidase assay-positive cells were counted from at least 10 fields of triplicate plates. F, WT MEFs were plated at equal density (1 � 10 5). Next
day cells were treated with UV light (50 J/m2) and kept with or without (NAC) (20 mM N-acetylcysteine). 72 h after treatment, cells were counted from at least
10 fields of triplicate plates. The asterisk in A and D–F indicates statistically significant differences, with the following p value calculated by Student’s t test: *, p �
0.05; **, p � 0.01; ***, p � 0.001; ns, not significant.
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(26), we observed a role of p21 in the ROS accumulation, a
mechanism that also contributes to senescence (35). In UV-
irradiated skin, both Ddb2�/� and p21�/� mice accumulated
much lower levels of ROS compared with that in the wild type
mice. The levels of ROS in the double knock-outs were signifi-
cantly lower than the levels observed in the single knock-outs,
suggesting that p21 and DDB2 regulate ROS through distinct
mechanisms. Consistent with that, there was a higher expres-
sion of catalase in the double knock-out skin samples compared
with that in the single knock-outs.We showed that DDB2 func-
tions as a repressor of theCatalase and SOD2 genes (12). How-
ever, in the skin samples,MnSODexpressionwas not increased
significantly in the absence of DDB2 (data not shown). It is
likely that other mechanisms overcome the DDB2-mediated
repression of MnSOD in skin. However, catalase expression
was increased in the Ddb2�/� background. The increase was
observed also in the p21�/� background, suggesting that p21
also represses Catalase expression. Interestingly, p21 was
shown to repress expression of FOXM1, which is a prolifera-
tion-associated transcription factor that is also an activator of
Catalase (31, 36). Interestingly, FOXM1 activates its own
expression (37). But the activity of FOXM1 requires phosphor-
ylation by CYCLIN-CDK (38). Therefore, it is possible that p21
inhibits FOXM1 expression by inhibiting its activation by the
CYCLIN-CDK kinases. A reduced FOXM1 activity will reduce
its own expression. Consistent with that, we observed a signif-
icantly higher expression of FOXM1 in the p21�/� back-
ground. High level of FOXM1 is known to inhibit premature
senescence by attenuating oxidative stress or ROS (36).
FOXM1 reduces oxidative stress by stimulating expression of
several antioxidant genes, including Catalase (36).
The deficiency in premature senescence is expected to

increase the proliferation, and therefore it could explain the
high level proliferation in the Ddb2�/�p21�/� background.
The lack of p21 will increase CYCLIN-CDK activities, contrib-
uting to a higher rate of proliferation. In addition, the increased
expression of FOXM1, a pro-proliferation transcription factor,
is expected to contribute to proliferation significantly because
it stimulates expression of SKP2 and CKS1 to promote G1/S
progression and stimulates a number of mitotic genes to pro-
mote G2/M transition (32). Therefore, the high expression of
FOXM1 in theDdb2�/�p21�/� background is expected to pro-
mote proliferation through activation of the cell cycle genes.
FOXM1 is a target of the DNA damage checkpoint effectors,
and its reduced expression has been implicated in the G2/M
delay following exposure to DNA-damaging agents (39). High
expression of FOXM1 in the p21�/� background is expected to
overcome the checkpoints in cells harboring irreparable DNA
damage and therefore is expected to support accumulation of
mutant cells. The Ddb2�/� cells to do not arrest after DNA
damage (8). Therefore, the Ddb2�/�p21�/� cells are expected
to generatemutant cells atmuchhigher rates, which is likely the
basis for the acceleration of skin cancer development.
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