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The growth arrest and DNA damage inducible, alpha (Gadd45a) protein regulates DNA repair by interact-
ing with proliferating cell nuclear antigen (PCNA). Our previous study suggested a potential role for
Gadd45a in the base excision repair (BER) pathway by affecting apurinic/apyrimidinic endonuclease 1
(APE1) protein in addition to its accepted role in nucleotide excision repair (NER). Here, we investigated

Keywords: whether the interaction of Gadd45a with PCNA affects APE1 activity. To address this issue, we used a siR-
Gadd45a NA directed to Gadd45a and a form of Gadd45a with a mutation to the predicted site of PCNA binding.
1111?;:\ There was a reduction of APE1 activity in cells transfected with the Gadd45a siRNA. Furthermore, the

interaction of Gadd45a with PCNA and APE1 was lower in cells transfected with mutant Gadd45o com-
pared with cells transfected with wild-type Gadd45a. Indeed, we observed that the APE1 activity in the
Gadd45a-interacting complex was significantly lower in cells that overexpress mutant Gadd45a com-
pared with cells that overexpress wild-type Gadd45a. We conclude that the PCNA binding site on
Gadd45a plays a critical role in modulating the interaction with PCNA and APE1, affecting BER activity.
These results provide novel insights into the mechanisms by which BER activity is modulated, although
the interaction of Gadd45a with APE1 needs to be clarified.

Base excision repair (BER)

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Genomic stability is a crucial mechanism for maintaining nor-
mal cellular proliferation and cancer avoidance. Such genomic sta-
bility is dependent on the ability of the cell to recognize and repair
damaged DNA [1]. If alterations in DNA structure are left unre-
paired, they cause mutations that increase the risk of cancer [2].
The DNA excision repair systems protect cells from mutations that
arise endogenously or as a consequence of environmental expo-
sure. These systems include nucleotide excision repair (NER), base
excision repair (BER), and mismatch repair (MMR). In particular,
BER is a critical protective mechanism that maintains genomic
integrity by correcting DNA base modifications caused by alkylat-
ing agents such as methyl methanesulfonate (MMS) [3]. These
DNA repair processes involve complexes of several repair proteins
that remove and repair damaged DNA.

The growth arrest and DNA damage inducible, alpha (Gadd45a.)
gene is a downstream target of p53 [4], and is induced by a number
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of stresses associated with growth arrest [5]. The protein has also
been reported to contribute to the regulation of DNA repair. Smith
et al. [6] showed that mouse embryo fibroblasts (MEFs) deficient in
Gadd45a did not achieve normal levels of UV 6-4 photoproduct re-
moval. There is also evidence that Gadd45a enhances NER by neg-
atively regulating basal p21 expression in Kkeratinocytes [7].
Furthermore, Gadd45a associates with proteins such as proliferat-
ing cell nuclear antigen (PCNA), core histones, p21, MAP three ki-
nase 1 (MTK1), and Cdc2. Of these, PCNA participates in the DNA
repair pathway via its interaction with Gadd45a« [8].

PCNA operates as a communication point and a signal process-
ing center for a variety of cellular processes [9,10]. In particular,
PCNA plays a crucial role as a molecular adaptor for recruiting fac-
tors to a DNA repair site in a sequence-independent manner [11].
Additionally, PCNA is involved in the DNA repair pathway through
recruitment to the sites of DNA damage and interaction with
Gadd45a. Smith et al. [6] reported that PCNA foci were reduced
in Gadd45a-deficient cells when they were immunostained after
UV irradiation. This finding suggests that PCNA recruitment was af-
fected by the presence or absence of Gadd45a. Our previous study
showed that Gadd45a strongly interacts with PCNA in nuclear ex-
tracts of Gadd45a +/+ MEF cells. Furthermore, through PCNA


http://dx.doi.org/10.1016/j.bbrc.2013.02.066
mailto:seoyr1@naver.com
mailto:seoyr@dongguk.edu
http://dx.doi.org/10.1016/j.bbrc.2013.02.066
http://www.sciencedirect.com/science/journal/0006291X
http://www.elsevier.com/locate/ybbrc

186 H.L. Kim et al./Biochemical and Biophysical Research Communications 434 (2013) 185-190

immunostaining, we observed that PCNA was localized within the
nucleus of Gadd45a +/+ MEF cells in response to MMS [12].

Several studies, as well as our own, have reported that PCNA
was involved in the BER process through co-immunoprecipitation
of PCNA and APE1 [12-14]. Apurinic/apyrimidinic (AP) endonucle-
ase 1 (APE1) has been recognized as an essential enzyme responsi-
ble for the recognition and excision of AP sites in the BER pathway
[15,16]. Some polymorphisms in APE1 reduce BER efficacy by
interfering with its ability to communicate with other BER pro-
teins, leading to the risk of lung, colon, breast, and prostate cancer
[17,18]. APE1 binds directly to p53, suggesting that p53 may also
regulate BER [1,19]. Our earlier studies suggested for the first time
the possibility that the p53 target protein, Gadd45aq, affects the
ability of the APE1 enzyme to function in the BER pathway, as
manifested by the slow repair of AP sites in Gadd45a —/— cells
and by the disrupted localization of APE1/Ref1 in the nuclei of
Gadd45a —/— cells [12,20].

In this study, we predicted the PCNA binding site on the Gad-
d450 gene sequence using bioinformatic analyses to elucidate
the DNA repair mechanism related to Gadd45a. We provide evi-
dence that the interaction of Gadd45a with PCNA plays a vital role
in the modulation of APE1 activity via the interaction of Gadd45a
with PCNA and APE1.

2. Material and methods
2.1. Cell culture

Human HepG2 liver cancer cells were grown in Dulbecco’s
Modified Eagle’s Medium (DMEM) (Gibco, USA) containing 10% fe-
tal bovine serum (FBS) (Gibco, USA), 10,000 units/ml penicillin,
10,000 pg/ml streptomycin (Gibco, USA) under an atmosphere of
5% CO, at 37 °C. The cells were then washed in phosphate-buffered
saline (pH 7.4) (Gibco, USA) and removed. After trypsinization for
3 min, the cells were collected by centrifugation at 1500 rpm for
5 min. The cell pellet was resuspended in DMEM and plated on a
cell culture dish (SPL Life Sciences, Korea).

2.2. Site-directed mutagenesis and expression

The PCNA binding site on Gadd45a predicted by the PHD soft-
ware package was mutated by site-directed mutagenesis [21,22].
The Gadd45a expression vector pFlagCMV4-Gadd45a was con-
structed by inserting the Gadd45o cDNA into pFlagCMV4. Oligonu-
cleotide-mediated mutagenesis of the Gadd45a cDNA was
performed by a PCR-based procedure using pFlagCMV4-Gadd45a
as the template. Mutation-specific PCR analysis for the Gadd45a
mutation was carried out using the following primers. Wild-type
Gadd45a sense: 5-CCCAAGCTTTGCAATATGACTTTGGA-3/, anti-
sense: 5'-CTTGGTACCATGCCATCACCGTTCAG-3’, mutant Gadd45a
(WVP466VAV) sense: 5-TTTTGCCGGGAAAGTCGCTACATGGAT-
CAAGTGGCTGTAGTG-3, anti-sense: 5'-GTTCACCGACATCACTAATT-
AGAGGGACTTGCCACAGGGACT-3'. Escherichia coli strain DH5a was
transformed with wild-type or mutant pFlagCMV4-Gadd45a and
grown aerobically at 37°C in LB medium supplemented with
ampicillin (100 pg/ml).

2.3. Transfection of Gadd45a plasmid DNA

One day before transfection, HepG2 cells were plated at
1 x 108 cells/100 mm dish in DMEM containing only 10% FBS.
The HepG2 cells were then transfected with wild-type or mutant
pFlagCMV4-Gadd45a. using Fugene 6 transfection reagent accord-
ing to the manufacturer’s instructions (Roche, Germany). For each
dish, 18 pl of Fugene 6 was added to 164 pl of free-serum DMEM

and incubated for 10 min. After further addition of 6 pug of Gad-
d45a plasmid DNA, the solutions were incubated at room temper-
ature for 15 min and then added drop-wise to the plated cells. The
cells were harvested after 48 h and prepared for immunoprecipita-
tion and APE1 endonuclease activity assays.

2.4. Gadd45a siRNA preparation and transfection

ON-TARGETplus SMARTpool Gadd45a siRNA and Non-targeting
siRNA were purchased from Dharmacon, Inc. (Thermo Scientific,
USA). Transfections were optimized using different concentrations
of siRNA and different cell harvest times. Briefly, one day before
transfection, HepG2 cells were plated at 1 x 10° cells/well in 6-
well plates. 4 pl of oligofectamine (Invitrogen, USA) was added to
11 pl of serum-free DMEM (Gibco, USA), mixed gently and incu-
bated for 10 min at room temperature. Then 5 pl of stock 20 nmol
Gadd45a, siRNA was added to 180 pl of serum-free DMEM and
mixed gently. Both siRNA and oligofectamine complexes were
mixed and incubated at room temperature for 20 min. While com-
plexes were forming, the growth medium was removed from the
cells and 800 pl of serum-free DMEM was added to each well.
200 pl of siRNA and oligofectamine complexes were added to each
well, and the 6-well plates were incubated under 5% CO, at 37 °C.
After 4 h, 500 pl of growth medium containing 3 x the normal con-
centration of serum was added.

2.5. Immunoprecipitation and immunoblotting

In preparation for immunoprecipitation, cell pellets were col-
lected by trypsinization and washed in phosphate-buffered saline
(pH 7.4). Harvested cells were homogenized in 500 pl of RIPA buffer
containing 50 mM Tris-HCl, pH 7.8, 150 mM NaCl, 0.5 mM EDTA,
0.1% SDS, 1% Triton X-100, 1 mM DTT, protease inhibitors (Roche,
Germany) per four 100 mm dishes. The homogenate was incubated
for 30 min on ice, sonicated for 5s and centrifuged at 13,000 rpm
for 30 min. The samples were incubated with 2 ig mouse anti-Flag
antibody for 12 h and then with 40 pl ExactaCruz™C (Santa Cruz,
USA) overnight. After a series of washes, the immunoprecipitated
samples were separated by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis [10% (w/v) polyacrylamide].

All immunoblotting was performed as described in Smith et al.
[23]. The antibodies were as follows: anti-Flag M2 monoclonal
antibody for Gadd45a (F3165, Sigma); anti-PCNA (sc-7907, Santa
Cruz); anti-APE1 (NB 100-101, Novus Biologicals). Immunoreactive
proteins were detected with horseradish peroxidase-conjugated
secondary antibodies (Santa Cruz) and enhanced chemilumines-
cence (Amersham™ ECL Plus Western Blotting Detection System,
GE Healthcare).

2.6. APE1 endonuclease activity assays

Assays were performed as previously described [24]. Briefly, the
cells were suspended in 35 pl harvesting buffer containing 20 mM
HEPES-KOH (pH 8.0), 10% glycerol, 125 mM Nacl, 0.5 mM EDTA, 1%
Triton X-100, 1 mM DTT, and protease inhibitor per well (6-well
plate) and kept on ice for 30 min. Debris was removed by centrifu-
gation at 13,000 rpm at 4 °C for 30 min. Oligonucleotides designed
for DNA substrates were 17mers containing the abasic site ana-
logue, tetrahydrofuran (THF), at position 9. The complementary
oligo with a T opposite THF was also supplied. The sequences were
as follows: 5'-AGCATTCGXGACTGGGT-3/, in which X indicates THF;
5'-ACCCAGTCTCGAATGCT-3’ for the complementary strand. The 5’
end-radiolabelling of the oligonucleotides was performed using
[y->?P]JATP and T4 polynucleotide kinase. The radiolabeled strand
was then annealed to the complementary strand in 10 mM Tris-
HCI (pH 8.0), 100 mM NacCl, and 1 mM EDTA in 90 °C water and
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Fig. 1. Reduction of APE1 activity when Gadd45a is silenced. (A) HepG2 cells were
transfected with the control or Gadd45a siRNA. APE1 endonucleolytic activity was
assessed using the abasic site substrate, THF oligo nucleotide, 24 h after transfec-
tion. The APE1 activity of Gadd45a siRNA-treated cells was lower than that of
control siRNA-treated cells. (B) Western blots showing relative endogenous levels
of Gadd45a and APE1 protein.

cooled to room temperature. APE1 cleavage assays were conducted
using 500 ng (Fig. 1) or 2 mg (Fig. 3D) of proteins and 10 pmol of
annealed oligo at 37 °C for 15 min in reaction buffer containing
10 mM Tris-HCI (pH 7.5), 50 mM NaCl, and 1 mM EDTA. The sub-
strates were separated from the products in 20% polyacrylamide/
7 M urea denaturing gels, and the gels were dried and exposed to
X-ray film.

3. Results
3.1. Reduction of APE1 activity in cells treated with Gadd45c SiRNA

To investigate whether Gadd45a can affect BER activity based
on its interaction with APE1, we performed APE1 endonuclease
activity assays after manipulating the levels of Gadd45c. The
THF-containing substrate, 17 nucleotides long with the abasic site
analogue at position 9, was used as the test lesion for assessing
APE1 activity. Cleavage at the abasic site by APE1 results in a
8mer comprised of the 5’ labeled substrate. We found that the level
of cleaved product in cells transfected with Gadd45a siRNA was
lower than in cells transfected with control siRNA (Fig. 1A). While
the APE1 activity was lower in cells transfected with Gadd45a siR-
NA, the level of APE1 protein was not (Fig. 1B). This result implies
that endogenous Gadd45a might be involved in the regulation of
BER activity by affecting APE1 function.

3.2. Identification and empirical validation of the PCNA binding site on
Gadd45a

To identify the PCNA binding site on Gadd45a, sequence com-
parisons and secondary structure predictions were employed. It
has been suggested that the C-terminal region of Gadd45a (amino
acids 137-165) has the capacity to bind PCNA [25]. We therefore
analyzed the potential PCNA binding motif on Gadd45a, assuming
that the interaction site is accessible to PCNA and that it is con-
served within the Gadd45a family of sequences. The assumption
is that a highly relevant interaction should be evolutionarily con-
served (Fig. 2A). By in silico analysis we identified a conserved, sur-
face-exposed sequence comprised of the WVP tripeptide (amino
acids 156-158) in the C-terminal PCNA interacting domain of Gad-
d45a (Fig. 2B). To confirm whether PCNA binds to the identified
motif of Gadd45a protein, WVP was mutated to a VAV sequence.

To determine whether PCNA protein binds to the identified
PCNA binding site on Gadd450, we investigated the interaction
of Gadd45a with PCNA in flag-tagged wild-type or mutant Gad-
d45a-transfected cells. As shown in Fig. 3A, Gadd45a interacted

effectively with PCNA in cells that overexpress wild-type Gadd45a,
but was significantly lower in cells that overexpress mutant Gad-
d450. Furthermore, interaction of Gadd45a with APE1 was signif-
icantly lower in cells transfected with mutant Gadd45a, compared
to cells transfected with wild-type Gadd45a (Fig. 3B). The PCNA,
APE1, and GAPDH proteins were expressed equally in cells trans-
fected with wild-type or mutant Gadd45a«, indicating that the pro-
tein-protein interactions were not affected by respective their
overall levels. These data suggest that the PCNA binding site on
the Gadd45a protein is a critical region regulating the interaction
of Gadd45a with APET.

3.3. Reduction of APE1 activity in mutant Gadd45o-transfected cells

To validate the functional relevance of the Gadd45a WVP se-
quence and demonstrate the effects by decreased interaction of
mutant Gadd45a with PCNA on APE1 activity, we compared
APE1 endonuclease activity in the Gadd45a-interacting complex
after immunoprecipitation with flag-tagged wild-type or mutant
Gadd45a (Fig. 3C). Our data showed a decreased level of cleaved
THF-containing oligonucleotide with mutant Gadd45c compared
to that with the wild-type (Fig. 3D), indicating that the decreased
interaction of Gadd45a with PCNA might affect BER activity.

4. Discussion

Gadd45a was initially identified as a p53 regulated protein that
interacts with PCNA with the suggestion that it might play a role in
NER [8]. Subsequently, the domain of Gadd45a that physically
interacts with PCNA was identified [25,26]. The specific binding
sites within Gadd45aq, however, have yet to be identified. To pro-
vide further insight into the mechanism of Gadd45a-mediated re-
pair, we have now defined a PCNA binding site on Gadd45a and
investigated whether the interaction of Gadd45a with PCNA af-
fects APE1 activity.

Recently, we showed that Gadd45a —/— MEF cells exhibit de-
creased interaction of Gadd45a with APE1, suggesting that Gad-
d45a could largely contribute to the BER mechanism [12]. In this
study, we have shown a physical interaction between Gadd45a
and APE1 and have observed altered APE1 activity in Gadd45a siR-
NA-treated cells. Together, these data suggest a role for Gadd45a in
APET1 activity and consequently in BER. APE1 activity is critical for
BER as the predominant activity for excision of AP sites induced by
DNA damage [27]. The reduction of APE1 activity in cells treated
with Gadd45a siRNA suggests that endogenous Gadd45a might
modulate BER activity, although the mechanisms whereby APE1
activity is affected by Gadd45a have not yet been clarified.

In silico analysis of Gadd45a identified a potential PCNA binding
motif that was validated by site directed mutagenesis and subse-
quent immunoprecipitation studies implicating the importance of
this site for interaction with PCNA. It is possible that such a binding
site may play a physiological role in modulating PCNA interactions
with Gadd45a in response to damaged DNA. This proposition is
supported by the observation that the C-terminal domain of Gad-
d450 containing amino acids 137-165 is involved in the interac-
tion with PCNA. Significantly, this domain includes the PCNA
binding site identified in silico and validated experimentally. Fur-
thermore, some clinicopathological research related to mutations
of the gadd45a gene has been reported [28]. These were primarily
within exon 4 in 13.6% of tumors from 59 patients with invasive
ductal carcinomas of the pancreas, and one of the eight point
mutations fell within the PCNA binding domain of Gadd45o.
Although it is not yet known whether the identified mutations
compromise Gadd45o-mediated interaction and function, our re-
sults suggest that the mutations at and around the predicted PCNA
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Fig. 2. Sequence alignment and structure of Gadd45a. (A) A sequence alignment of Gadd45o (SWISS-PROT accession code: P24533), Gadd458 (075923), and Gadd45y
(095257). Highly conserved residues and partially conserved residues are shaded in green and yellow, respectively. PCNA binding site residues are indicated by the open red
box. To demonstrate whether PCNA binds to the identified site of Gadd45a, the predicted binding site was mutated by site-directed mutagenesis and designated
WVP466VAV. This figure was drawn with ClustalX [32] and GeneDoc (http://www.nrbsc.org/downloads/). (B) Ribbon diagram of Gadd45a (PED ID code: 2KG4). The PCNA
binding sites including Trp156, Val157, and Pro158 are displayed as purple sticks. (For interpretation of the references to color in this figure legend, the reader is referred to

the web version of this article.)

binding site on Gadd45a may contribute to the induction of pan-
creatic cancer.

The interaction of Gadd45a with multiple repair proteins ap-
pears to be an important component in DNA repair. Our group
has previously reported the importance of a complex composed
of Gadd45a, PCNA, and APE1, providing a potential mechanism

for Gadd45a-mediated regulation of BER [12]. Our data now fur-
ther support the regulation of APE1 function by the binding of Gad-
d45a to PCNA as well as to APE1, whose interaction with mutant
Gadd45a is reduced when compared with wild-type Gadd45o. In
aggregate, the data suggest that the interaction of Gadd45a with
PCNA is related to both the BER and NER pathways. Although the
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Fig. 3. Altered interaction of Gadd45a with PCNA and APE1 as well as APE1 activity in mutant Gadd45a-transfected cells. (A) Flag-tagged wild-type and mutant Gadd45o
plasmids were transfected into HepG2 cells and 48 h later were harvested with RIPA buffer, and subjected to immunoprecipitation using an anti-flag antibody. PCNA antibody
was used as a primary antibody for Western blot analysis. In mutant Gadd45a-transfected cells, the interaction of Gadd450 with PCNA was lower. (B) After anti-flag
immunoprecipitation, APE1 antibody was used for Western blot analysis. The interaction of Gadd45a with APE1 was likewise lower in cells overexpressing Gadd45o mutant.
(C) The APE1 activity, using the THF oligonucleotide substrate, was compared 48 h following transfection of cells with wild-type and mutant Gadd45a vectors. Cells were
harvested using APE1 lysis buffer. (D) APE1 activity in the Gadd45a-interacting complex was lower in cells that overexpress mutant Gadd45a compared with those that

overexpress wild-type Gadd45a.

data indicate that Gadd45a may modulate APE1 function, it re-
mains unclear whether Gadd45a interacts directly with APE1 or
indirectly as part of a complex with other repair proteins.

The modulation of APE1 activity either by direct binding of Gad-
d45a to APE1 or indirectly by association of Gadd45a with PCNA,
or by some other mechanism, is of functional importance since in
any of these cases reduction of APE1 activity should result in com-
promised BER. The absence of or significant reduction of APE1
activity is associated with human disease. The APE1 enzyme is re-
dox sensitive, and several studies have reported an altered redox-
associated function of APE1 that may accompany redox-induced
neurotoxicity and cancer development [29,30]. Our results, there-
fore, suggest that the interaction of Gadd45a with PCNA can be
considered a general mechanism that contributes to these genetic
based diseases. The reduced APE1 activity that accompanies the
decrease of APE1 interaction with Gadd45a also indicates that
the activity of repair proteins is affected by protein-protein inter-
actions. This is not a new notion for DNA repair processes since He
et al. [31] proposed that direct contact between XPG and RPA-XPA
bound to DNA lesions as a complex in the NER process could be
important for targeting the endonuclease activity of XPG to its sub-
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Gaddasa ESRYMDQUVP)/ INLPER
PCNA binding site

Gadd45a

$

APE1
activity

BER l
: = -Il
activity

Fig. 4. Model depicting the decrease in interaction between Gadd45o and PCNA
and the reduction of APE1 activity as a consequence of mutating the PCNA-
interacting site on Gadd45a. The data and model emphasize the importance of
Gadd45a-mediated protein-protein interaction in regulation of the base excision
repair (BER) activity.
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strate. Thus, our results serve as additional evidence showing a
protein-protein interaction that affects endonuclease activity
in vivo.

In conclusion, our data suggest a critical role for Gadd45a in
modulating BER activity via interaction with PCNA. We showed
for the first time that the interaction site between Gadd45o and
PCNA, which we have identified, might ultimately affect the activ-
ity of APE1, an enzyme that is important for AP site removal in the
BER pathway (Fig. 4). Our results provide novel insights for under-
standing mechanisms of BER activity modulation although the
physical interaction of Gadd45a with APE1 still needs to be
elucidated.
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