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Ultraviolet light (UV)-induced DNA damage is repaired
primarily by the nucleotide excision repair (NER) path-
way. Gadd45 is a multifunctional protein that regulates
NER. Gadd45-deficient keratinocytes fail to repair
UV-induced DNA damage, but the mechanism by which
Gadd45 stimulates repair of UV-induced DNA damage is
unknown. p21WAF1/Cip1 (p21) is a well-characterized down-
stream target of p53 that binds to Gadd45 and prolifer-
ating cell nuclear antigen (PCNA). The role of p21 in NER
is somewhat controversial, however, recent studies appear
to suggest that it inhibits DNA repair by inhibiting PCNA
activity. Since a physical interplay exists between p21,
Gadd45 and PCNA, we hypothesized that Gadd45 pro-
moted DNA repair via p21. Initially, we examined p21
protein expression in Gadd45-deficient and proficient
mice and found a higher base level of p21 protein in
Gadd45-deficient keratinocytes and in most other tissues.
With these results, we next speculated on the role played by
p21 in Gadd45 regulated NER, by exposing keratinocytes
from wild-type, single and double knockout (Gadd45 and
p21) mice to UV, and measuring the responses. We con-
firmed that Gadd45-deficient keratinocytes were defective
in UV-induced NER, but interestingly Gadd45/p21-null
keratinocytes had normal NER in response to UV.
Furthermore, Gadd45/p21-null keratinocytes were more
resistant to UV-induced cell death than Gadd45-deficient
keratinocytes. These results support the hypothesis that
Gadd45 enhances NER by negatively regulating basal p21
expression in keratinocytes.

Introduction

Exposure to sunlight is a primary risk factor for development
of skin cancer. The level of sunlight exposure in humans may
be increasing due to the depletion of stratospheric ozone,
which could increase the incidence of skin cancer (1). Ultra-
violet B (UVB; 290–320 nm), the most damaging component
of sunlight, has been shown to be much more carcinogenic
than UVA (2). The ability to repair DNA is an important

cellular mechanism that protects cells from the deleterious
effects of DNA damage and maintains genetic stability (3).
It is quite clear that p53 protein also plays a critical role in

regulating DNA repair after exposure to UV light (4–12).
Numerous potential mechanisms have been described as to
how p53 functions to regulate DNA repair. p53 directly asso-
ciates with TFIIH, a nucleotide excision repair (NER) com-
ponent (13), and up-regulates genes implicated in DNA
repair such as p48 (14), Gadd45a (15,16), XPC (17) and
p21WAF1/Cip1 (designated as p21) (18,19).
The p53 regulated molecule, Gadd45a (designated as

Gadd45) is rapidly induced at the transcriptional level in
UV-irradiated mammalian cells (15,16). Gadd45 may be regu-
lated by both p53-dependent and p53-independent mechan-
isms in response to genotoxic stress such as UV and
alkylating agents (20). Gadd45 is also involved in the G2/M
checkpoint mediated by Cdc2 kinase activity (21,22). Gadd45
has been shown to physically interact with p21 (23) and pro-
liferating cell nuclear antigen (PCNA) (24,25). Mice targeted
for homologous deletion of Gadd45 demonstrated genomic
instability, in a manner similar to p53-deficient mice (26).
Using primary cells, mouse embryonic fibroblasts (27) and
mouse keratinocytes (22), Gadd45 has been shown to regulate
DNA repair post-UV.
p21, another p53-dependent protein, is a cyclin-dependent

kinase inhibitor specifically associated with a cell cycle asso-
ciated protein, cyclin D1, that may be involved in neoplastic
transformation and progression (18). p21 was later proven to
inhibit both the kinase activity of cyclin-dependent kinase 2
(Cdk2) and the phosphorylation of retinoblastoma (Rb) pro-
tein, acting as a possible negative regulator of the cell cycle
(19). The role of p21 in DNA repair is somewhat controversial.
Post-UV, this molecule has been shown to inhibit repair
(28–31) or have no apparent effect (32,33), have a marginal
effect (34) or a positive effect (35,36). However, it now
appears that the bulk of the studies appear to favor a negative
or no role for p21 in UV-induced NER.
Our laboratory has focused on primary keratinocytes as the

target for UV experiments (6,8,37). It is our belief that these
cells are the most physiologically relevant targets for UV.
Furthermore, we have not used passaged cells and thus accu-
mulated DNA lesions are less likely to develop in our system.
Since Gadd45 is known to physically interact with p21, we

tested the hypothesis that Gadd45 may regulate NER by alter-
ing the function or expression of p21. This study focuses on the
expression of p21 in Gadd45-deficient keratinocytes, and the
role these two molecules may play in NER after UVB (295 nm
UV-radiation) in a physiologically relevant system.

Materials and methods

Cells and cell culture

Gadd45-transgenic mice were kindly provided by Dr A.Fornace (26). p21-
transgenic mice were purchased from Jackson Laboratory (Bar Harbor,

Abbreviations: MEF, mouse embryo fibroblast; NER, nucleotide excision
repair; PBS, phosphate-buffered saline; PCNA, proliferating cell nuclear
antigen; PI, propidium iodide; TCR, transcription-coupled repair; UV, ultra-
violet.
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Maine). To produce Gadd45/p21 double knockout mice, at least six crosses
were performed using the following breeding strategy: Gadd45�/� and p21�/�

mice were crossbred to generate Gadd45þ/�p21þ/� progeny. The double
heterozygote was bred with a p21�/� mouse to produce Gadd45þ/�p21�/�

mice. Finally, Gadd45þ/�p21�/� littermates were crossbred to produce the
following genotypes: Gadd45þ/þp21�/�, Gadd45þ/�p21�/� and double
knockout Gadd45�/�p21�/� animals.

Newborn mice were killed and tails were used for genotyping by PCR. Skin
was sterilized by 7.5% povidone-iodine (Betadine) and 100% ethanol and
rinsed in phosphate-buffered saline (PBS). Skin was then removed and soaked
in 0.2% dispase overnight at 4�C. The epidermal layer was separated from the
dermis and trypsinized for 5 min, neutralized with fetal bovine serum (FBS)
and filtered. Cells were centrifuged and the cell pellet was resuspended with
keratinocytes-SFM (Life Technologies, Burlington, Ontario). Keratinocytes
were plated in collagen-I coated dishes (Biocoat�, Becton Dickinson, Franklin
Lakes, NJ) at 3–4 � 104 cells/cm2. Cells were incubated at 37�C until 80%
confluency and used within 2 weeks after plating.

UVB irradiation

Keratinocytes were rinsed twice with PBS and irradiated with a bank of four
unfiltered sun lamps (FS20T12/UVB-BP, UBL, USA). To avoid any UVC
contamination, lids of the culture dishes were kept on during irradiation. The
intensity of the UV light was measured using an IL1700 radiometer connected
to a SED 240 detector with a UVB-1 filter and W diffuser (International Light,
Newburyport, MA). The light peak was at 295 nm and no UVC contamination
was observed when using the culture dish lid (38).

Flow cytometry

Cells were stained with propidium iodide (PI) and sorted by flow cytometry
(39). Keratinocytes were trypsinized and combined with floating cells at 8, 24
and 48 h after irradiation. Unirradiated control cells were also harvested and
analyzed. Cells were neutralized with DMEM containing 10% FBS, centri-
fuged and washed twice in 3 ml PBS supplemented 1% glucose (PBSþ). The
cell pellet was suspended in 1 ml ice-cold 70% ethanol with gentle vortexing.
Cells were incubated overnight on a rocker at 4�C, centrifuged and suspended
in 0.5 ml PI staining solution (50 mg/ml PI, 100 U/ml RNase in PBSþ) and
incubated at room temperature for 1 h. PI staining was quantified by FACScan
(Becton Dickinson, San Jose, CA). FACScan data were acquired and analyzed
by CELLQuest.

DNA repair slot-blot assay

Cells were harvested 0, 24, 48 or 72 h after UV irradiation. Unirradiated
control cells were also harvested. Genomic DNA was isolated using the
DNeasy kit (Qiagen Mississauga, Ontario) according to the manufacturer’s
protocol. DNA (100 ng in 0.5 M NaOH and 10 mM EDTA) was denatured by
boiling for 10 min. Ice-cold ammonium acetate (2 M) was added to a final
concentration of 1 M. Denatured DNA was spotted onto a nitrocellulose
membrane pre-wet with 6� SSC using a slot-blot apparatus (Bio-Dot SF,
Bio-Rad, Mississauga, Ontario). The filter was baked at 80�C for 2 h. Thymine
dimers were quantified using monoclonal antibody MC-062 (clone KTM53,
Kamiya Biomedical, Seattle, WA). Bound antibody was detected by ECL
plus (Amersham, Baie d’Urfè, Quèbec), and quantified by autoradiography.
The membrane was re-probed with radiolabeled mouse genomic DNA to
quantify the amount of the sample DNA per slot. The antibody signal was
normalized to the amount of DNA per lane, and the rate of lesion removal was
calculated (40).

Western blot analysis

Irradiated mouse keratinocytes were harvested 8, 24 and 48 h after irradiation,
and unirradiated cells were harvested as control. Cells were rinsed twice with
PBS and harvested by scraping into ice-cold RIPA buffer (150 mMNaCl, 1.0%
NP-40, 0.5% deoxycholate, 0.1% SDS and 50 mM Tris–HCl, pH 8.0) with
1 mM phenylmethylsulfonyl fluoride and 1 mM orthovandate. Cell lysates
were sonicated and microcentrifuged at 10,000 r.p.m. for 10 min at 4�C. The
supernatant was removed and protein concentration was determined by Lowry
Assay. Total protein (10 or 20 mg) was analyzed by 15% SDS–PAGE and
transferred to a nitrocellulose membrane in 20 mM Tris, 154 mM glycine and
20%methanol at 4�C. Non-specific binding was blocked with 1% non-fat milk
in 0.1% Tween/PBS. The membranes were incubated for 1–2 h at room
temperature or overnight at 4�C with mouse monoclonal anti-p21 antibody
(SXM, BD PharMingen, Mississauga, ON). Unbound antibody was removed
by washing 3–4 times for 10–20 min. Membranes were incubated for 1 h at
room temperature with horseradish peroxidase-conjugated secondary antibody
in 0.1% Tween/PBS. After additional washing, bound antibody was detected
by ECL plus (Amersham, Baie d’Urfè, Quèbec) according to manufacturer’s
instruction. The membranes were exposed to X-ray film (Fuji, Japan).

Six-week-old Gadd45þ/þ or Gadd45�/� mice were killed and organs were
homogenized in harvesting buffer. Tissues were sonicated, centrifuged and

supernatants were used for western blot: 20 mg of total protein was loaded
per lane.

Results

Gadd45-deficient keratinocytes express more p21 than
wild-type keratinocytes

p21 protein expression was compared in Gadd45-deficient and
proficient keratinocytes. p21 was quantified using western
blots as described in Materials and methods. A higher level
of p21 protein was detected in Gadd45-deficient than in
Gadd45-proficient cells (Figure 1).

Characterization of Gadd45/p21 double knockout mice

Gadd45�/�p21�/� mice were crossbred and females produced
pups without obvious developmental anomalies. The pups
remained healthy and have no obvious spontaneous pathology
as adults.

Gadd45-deficient keratinocytes are defective in UV-induced
NER but Gadd45/p21-null keratinocytes show normal NER in
response to UV

DNA repair capacity was tested in wild-type and mutant ker-
atinocytes using 125 J/m2. Slot blot analysis using thymine
dimer antibody showed delayed repair of thymine dimers in
Gadd45-null cells, but not in wild-type, p21-null or Gadd45/
p21-null cells (Figure 2a and b). Differences were noted begin-
ning at 24 h, and were maximal at 72 h. Figure 2c is an
example of a slot blot used to quantify DNA repair. The top
panel shows the loading control re-probed with radiolabeled
mouse DNA, and the lower panel shows slot blot probing with
thymine dimer antibody. Clearly, the bands remain present in
Gadd45 null cells, but disappear in the other genotypes at 48
and 72 h.

Gadd45/p21 double knockout keratinocytes do not
undergo UV-induced apoptosis

UV-exposed Gadd45�/� and Gadd45�/�p21�/� keratinocytes
were analyzed by flow cytometry to identify apoptotic cells in
the sub G0G1 population. Gadd45

�/� keratinocytes underwent
UV-induced apoptosis resulting in a large increase in the
subG0G1 population 48 h after UV exposure; in contrast, the
subG0G1 population did not increase in UV-exposed Gadd45/
p21 double knockout keratinocytes (Table I).

Fig. 1. Expression of p21WAF1/Cip1 in wild-type and Gadd45-deficient
cultured keratinocytes. Total protein (20 mg) from wild-type and Gadd45-
deficient keratinocytes was analyzed by western blot. Actin served as an
internal loading control.

Gadd45 down-regulates p21
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(c)

(b)

(a)
Time  Course of Thymine Dimer Repair

After 125 J/M2 dose of UVB

Time  Course of Thymine Dimer Repair
After 125 J/M2 dose of UVB

Fig. 2. Slot blot DNA repair assay of wild-type and mutant keratinocytes. DNA was analyzed by slot blot. Thymine dimers were detected using a monoclonal
antibody. Assays were carried out with wild-type, Gadd45-null, p21-null or Gadd45/p21-null cells (a). This experiment was repeated and almost identical results
were obtained (b). The slot blots pertaining to experiment (b) are shown in (c). The lower blot shows thymine dimer levels as detected with the monoclonal
antibody, while the upper blot was probed with radiolabeled mouse DNA to control for loading differences.
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UV-induced up-regulation of p21 requires Gadd45

Recent studies in our laboratory indicate that steady-state
expression of p21 in keratinocytes is p53-independent (33).
Figure 1 examined constitutive expression of p21 and
demonstrates that Gadd45-deficient keratinocytes express
more p21 protein than Gadd45-proficient cells, a finding con-
firmed in Figures 3. Previous studies show that UV-induces
p21 (33,41–44). This is confirmed in Figure 3. p21 protein
expression increases in UV-exposed Gadd45þ/þ keratinocytes;
however, this pattern is not present in UV-exposed Gadd45�/�

cells. At all three doses, p21 is markedly induced in
Gadd45þ/þ cells, and then gradually falls at 48 h. Whereas in
the Gadd45�/� cells, p21 may rise slightly at 8 h in the lowest
dose, but indeed is lower in the intermediate and high doses.

Gadd45-deficient tissues express more p21 than wild-type
tissues

p21 protein expression was compared in Gadd45-deficient and
proficient tissues. Mice were killed at 6 weeks of age and total
protein was extracted from brain, heart, kidney, liver, lung and
spleen. p21 was quantified using western blots as described in
Materials and methods. In most tissues, a higher level of
p21 protein was also detected in Gadd45-deficient than in
Gadd45-proficient mice (Figure 4). p21 was expressed at a
very low level in brain in both Gadd45-deficient and
-proficient animals.

Discussion

We have sought to determine molecular mechanisms regulat-
ing UV responses in keratinocytes, specifically p53-dependent

pathways. Gadd45 is an important downstream regulatory
protein of p53. We have previously shown that Gadd45 regu-
lates DNA repair in keratinocytes (22), but the mechanism
responsible for this effect is under investigation. It has been
suggested that Gadd45 may promote recruitment of DNA
repair proteins, specifically PCNA, to sites of UV damage
(27) (Tron,V.A.). Since Gadd45 is known to physically inter-
act with p21 (23), and both of these molecules have been linked
to NER, we sought to examine whether Gadd45 regulates
DNA repair via p21.

Table I. Comparison of apoptotic population

No UV 24 h 48 h

Wild-type (%) 9.4 8.0 10.7
Gadd45�/� (%) 12.4 14.4 42.1
Gadd45�/�p21�/� (%) 16.3 13.0 13.3

Fig. 3. UV-induction of p21 expression effectively in Gadd45-proficient and
-deficient cells. Gadd45þ/þ and Gadd45�/� cells were treated with UVB.
Western blot was performed and p21 expression was quantified.

Fig. 4. Expression of p21 in wild-type and Gadd45-deficient tissues. Total protein (20 mg) from wild-type and Gadd45-deficient tissues was analyzed by western
blot. Actin served as an internal loading control.

Gadd45 down-regulates p21
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Using a global genomic DNA repair assay (40), which
measures the removal of thymine dimers after UV exposure,
we confirmed our previous finding that Gadd45-deficient ker-
atinocytes are deficient in NER, and are more sensitive to UV-
induced cell death (22). However, the more interesting finding
occurred when p21 was also knocked out (Gadd45/p21 double
knockout keratinocytes), NER returned to normal levels. In
support of this DNA repair finding, the double KO cells also
demonstrated less cell death as compared with the single
Gadd45 KO cells. Thus, the removal of p21 in Gadd45-
deficient keratinocytes was effective in restoring NER. Fur-
thermore, Gadd45 appears to negatively regulate steady-state
p21 protein levels, most clearly evident in keratinocytes, as
evidenced via western blot analysis. Since most studies now
support the notion that p21 functions to inhibit NER, our data
point to the conclusion that Gadd45 is regulating NER by
inhibiting the steady-state levels of p21 in keratinocytes.
Critical to our conclusion is the observation that the

C-terminal region of p21 has been shown to inhibit NER by
50% when a 5-fold excess of p21 to PCNA is present (30).
Previous work has shown that p21 and PCNA must interact
with each other in the absence of NER proteins in order to
observe subsequent inhibition of NER by p21/PCNA (29).
Thus, in the event preloading does not occur, p21 will not
inhibit DNA polymerases delta or epsilon during PCNA-
dependent gap filling, even when p21 is present in great
excess (30).
We feel that our current data provide mechanistic support

for the earlier observations that Gadd45 promotes recruitment
of PCNA to sites of damage (34). We confirm this observation
by observing very rapid PCNA DNA binding in Gadd45þ/þ

cells (Tron,V.A.). If p21 is available before DNA damage
occurs, NER is inhibited by the lack of DNA polymerase and
PCNA binding to areas of damage (30). Thus, the presence of
p21 in our Gadd45-deficient cells could interfere with the
loading of PCNA onto sites of DNA damage, and thus inter-
fering with DNA repair. Conversely, low levels of p21 in wild-
type cells would allow for the binding of PCNA, and allow for
the important resynthesis step of NER.
Our data show that p21 is up-regulated in Gadd45-

proficient cells after UVB exposure. Since p21 is known to
inhibit NER, this could potentially contradict our conclusion.
However, as noted earlier, after UV exposure p21 is unable to
inhibit NER, since NER proteins have preloaded (29,30).
Then, what exactly is p21 doing? It is our belief that p21
functions primarily to inhibit the cell cycle after UV exposure
and not inhibit NER. It would not be in a cell’s best interest to
have a molecule inhibiting DNA repair (a deleterious func-
tion), while at the same time, inhibiting the cell cycle (a pro-
tective function). In vivo, our previous study confirmed p21’s
primary role was to regulate the cell cycle and not to regulate
NER (33).
What role is p53 playing in this pathway? As noted

previously, our work demonstrated that p21 appears to be
negatively regulated in a Gadd45-dependent manner in kerat-
inocytes in the absence of UV. Work from our group has
previously shown that p21 is regulated in a p53-independent
manner, in growing steady-state keratinocytes (33). This con-
clusion is based on a previous study of ours, showing no
difference in p21 expression in keratinocytes from p53þ/þ

and p53�/� keratinocytes. In support of this thinking, a p53-
response-element transfected into non-irradiated Gadd45aþ/þ

and Gadd45a�/� keratinocytes, demonstrated no difference in

activity between the two cell types (45). The same group also
showed p21 induction within Gadd45aþ/þ epidermis, after UV
exposure, but not Gadd45a�/� keratinocytes, in a p53-depend-
ent manner (45). In summary, Gadd45 appears to negatively
regulate steady-state p21 protein in a p53-independent manner,
but after UV, Gadd45 up-regulates p21 via a p53-dependent
pathway.
In this current study, we used primary keratinocyte

cultures to examine the role of Gadd45 in NER. This experi-
mental design was chosen because it is based on a physiolo-
gically relevant system. In particular, non-transformed
well-characterized cells and tissues were used whose genotype
has been studied. Transformed or passaged cells tend to have
uncharacterized genetic changes that can influence experi-
mental results. For example, when normal keratinocytes were
compared with a keratinocyte cell line (SCC12B2) in a DNA
microarray analysis, major differences were noted (46). While
UVB up-regulated key DNA damage response genes and DNA
repair genes, there was little or no effect noted in the trans-
formed cell line. Furthermore, many investigators, when using
a primary cell line, choose fibroblasts such as mouse embry-
onic fibroblasts (MEFs). For example, damaged fibroblasts
arrest primarily at G1, and damaged keratinocytes arrest pre-
dominately at G2 (47). Furthermore, DNA repair in fibroblasts
occurs via the transcription-coupled repair (TCR) pathway,
while in keratinocytes, NER is largely TCR-independent
(48). Fibroblasts are more convenient to work with than
keratinocytes, but keratinocytes are a more physiologically
relevant cell type which has significantly different properties
than fibroblasts.
A somewhat similar observation was made by Therrien et al.

(49) demonstrating that an NER repair defect in p53-deficient
tumor cells can be reversed by deleting p21. In order to link
this observation with our study, it would be important to
compare p21 protein levels with a comparable p53þ/þp21þ/þ

cell line. The Therrien paper did not include such a genotype,
however if one was added, it would be tempting to speculate
that basal p21 protein levels in a p53þ/þp21þ/þ genotype
might be lower than their p53�/�p21þ/þ cells.
In contrast to our findings, Smith et al. (34) also studied

Gadd45/p21 double knockout MEFs, and they observed that
Gadd45/p21 double knockout MEFs repair UV damage less
efficiently than Gadd45�/� MEFs. A number of differences
between the experimental protocol are important to take into
account. First, UVC was the wavelength used, but this may not
be relevant since UVC never reaches the earth’s surface.
Second, MEFs are more rapidly growing than keratinocytes,
and are not a major important target of UV. As noted above,
fibroblasts do respond differently to keratinocytes. Finally, we
have recently examined the basal p21 protein levels in murine
fibroblasts, with and without Gadd45. In these cells, as con-
trasted to keratinocytes, basal p21 protein levels were Gadd45
independent (Tron,V.A.).
In summary, we describe a novel mechanism by which

Gadd45 regulates NER in keratinocytes, by negatively regu-
lating steady-state p21 levels.
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