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Apurinic/apyrimidinic endonucleasel/redox factor-1 (APE1/
Ref-1) is a multifunctional protein involved in base exci-
sion DNA repair and transcriptional regulation of gene
expression. APE1/Ref-1 is mainly localized in the nucleus,
but cytoplasmic localization has also been reported. How-
ever, the functional role of cytoplasmic APE1/Ref-1 and its
redox cysteine residue are still unknown. We investigated
the role of cytoplasmic APE1/Ref-1 on tumor necrosis fac-
tor-a (TNF-a)-induced vascular cell adhesion molecule-1
(VCAM-1) expressions in endothelial cells. Endogenous
APE1/Ref-1 was mainly observed in the nucleus, however,
cytoplasmic APE1/Ref-1 was increased by TNF-a. Cytop-
lasmic APE1/ Ref-1 expression was not blunted by cyclo-
heximide, a protein synthesis inhibitor, suggesting cytop-
lasmic translocation of APE1/Ref-1. Transfection of an N-
terminus deletion mutant APE1/Ref-1(29-318) inhibited
TNF-o-induced VCAM-1 expression, indicating an anti-inflam-
matory role for APE1/Ref-1 in the cytoplasm. In contrast,
redox mutant of APE1/Ref-1 (C65A/C93A) transfection led
to increased TNF-a-induced VCAM-1 expression. Our find-
ings suggest cytoplasmic APE1/Ref-1 localization and
redox cysteine residues of APE1/Ref-1 are associated with
its anti-inflam-matory activity in endothelial cells.

INTRODUCTION

Apurinic/apyrimidinic endonuclease1/redox factor-1 (APE1/Ref-
1) is a multifunctional protein involved in base excision DNA
repair and transcriptional regulation of gene expression. The
multifunctional nature of APE1/Ref-1 has been uncovered
through extensive study of its cellular response to oxidative
stress (Jeon and Irani, 2009). Redox and DNA repair functions
of APE1/Ref-1 are completely independent (Xanthoudakis et al.,
1994), and analysis of truncated APE1/Ref-1 proteins in vitro
has revealed that redox and repair activities are encoded by
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distinct regions. Specifically, the N-terminal region contains the
redox regulatory domain characterized by 2 critical cysteine
residues, C65 and C93 (Xanthoudakis et al., 1992; 1994). Nuc-
lear localization of APE1/Ref-1 is controlled by the first 20-35
amino acids at the N-terminal sequence (Jackson et al., 2005;
Jeon et al., 2004). It also has been reported that nitrosation of
APE1/Ref-1 leads to cytoplasmic localization in a chromosome
region maintenance 1 (CRM1)-independent process (Qu et al.,
2007). Thus, nuclear import and export systems may control
subcellular distribution of APE1/Ref-1 (Qu et al., 2007).

APE1/Ref-1 suppresses oxidative stress through modulation
of cytoplasmic Rac1-regulated generation of reactive oxygen
species (Angkeow et al., 2002; Ozaki et al., 2002) and stimu-
lates nitric oxide production by activating endothelial nitric oxide
synthase (Jeon et al., 2004). In endothelial cells, APE1/Ref-1
mitigates TNF-a-induced monocyte adhesion and suppresses
the expression of vascular cell adhesion molecules (Kim et al.,
2006). Recently, it was reported that APE1/Ref-1 suppresses
oxidized LDL-induced p66shc activation in endothelial cells by
inhibiting PKCpIlI-mediated serine phosphorylation of p66shc
(Lee et al., 2011). Therefore, a possible protective role of APE1/
Ref-1 in vascular inflammatory disorders was proposed.

Although APE1/Ref-1 is mainly observed in the nucleus, cy-
toplasmic APE1/Ref-1 has been reported in response to vari-
ous stimuli (Choi et al., 2013; Lee et al., 2011; Tell et al., 2005).
However, the functional role of cytoplasmic APE1/Ref-1 has not
been experimentally defined. To date, the specific domain of
APE1/Ref-1 responsible for the coordinated control of vascular
endothelial activations has not been elucidated. In this study,
we have been used a mutant with a N-terminus deletion of 28
amino acids (29-318) and a double redox point mutant (C65A/
C93A) to investigate the functional role of cytoplasmic APE1/
Ref-1 to determine the critical domain for anti-inflammatory
activity of APE1/Ref-1 in endothelial cells.
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MATERIALS AND METHODS

Cells culture and reagents

Human umbilical vein endothelial cells (HUVECs) were ob-
tained from Clonetics (USA). Endothelial growth medium, fetal
bovine serum and antibiotics were purchased from Gibco
(USA). Human TNF-a, diphenyleneiodonium (DPI), leptomycin
B (LMB) and cycloheximide (CHX) were purchased from Sigma
(USA). Antibodies against VCAM-1, ICAM-1, PARP, a-tubulin
and B-actin were obtained from Santa Cruz Biotechnology
(USA).

Construction of APE1/Ref-1 plasmids and transfection
N-terminus deletion mutants (putative nuclear localization sig-
nals, NLS) of APE1/Ref-1 were generated by deleting 28 amino
acids of the N-terminus (29-318) using recombinant DNA tech-
nology on the pEGFP-APE1/Ref-1 vector containing the full-
length APE1/Ref-1 cDNA. Forward primers were added as
initiation codons of ATG with Kpnl sites, and all reverse primers
were added as termination codons of TGA with BamHI sites at
their 5’-ends. PCR reactions were performed using high fidelity
DNA polymerase according to the manufacturer's instruction
(Intron, Korea). HA-APE1/Ref-1 (C65A/C93A) was generated
by site-directed mutagenesis as previously described (Jeon et
al., 2004). All deletions and mutations were validated by DNA
sequencing. HUVECs were transfected with 0.5-2 ug of APE1/
Ref-1 plasmid using Lipofectamine™ 2000 reagent according to
manufacturer’s instruction, showed 20-30% transfection effi-
ciency (Joo et al., 2009). After 18 h of TNF-a treatment, West-
ern blot analysis was performed using prepared cell lysates.

Measurement of reactive oxygen species (ROS)

Intracellular ROS generation was measured by fluorometric
examination with dichlorofluoresceindiacetate (H.DCFDA).
H.DCFDA dye is cleaved by nonspecific esterases, which is
oxidized by peroxide, yielding fluorescent 2’, 7'-dichlorofluo-
rescein (DCF). The 1 x 10* cells were plated and incubated in a
96-well plate for 24 h. The cells were activated with 15 ng/ml
TNF-a in the absence or presence DPI. Subsequently, the cells
were stained with 5 uM H,DCFDA for 30 min at 37°C. Fluores-
cence was observed under fluorescent microscope (Carl Zeiss)
and the intensity was measured using a Fluorskan (Thermo
Scientific, USA) with a 485 nm excitation and a 530 nm emis-
sion filter set.

Western blotting

Cells were harvested on ice using lysis buffer containing 20 mM
Tris-Cl, pH 7.5, 100 mM NaCl, 2 mM EDTA, 2 mM EGTA, 1 mM
NazVOs;, 1 mM beta-glycerophosphate, 4 mM Na pyrophos-
phate, 5 mM NaF, 1% Triton X-100, and a protease inhibitor
cocktail as previously described (Lee et al., 2012). The cell
lysate was cleared by centrifugation at 12,000 x g for 15 min,
and supernatant was used for immunoblotting. Proteins were
resolved on 10% SDS-PAGE and transferred onto a polyvinyli-
dene fluoride (PVDF) membrane. After blocking with 5% skim
milk for 1 h at room temperature, blots were incubated over-
night at 4°C with specific primary antibody (1:1000) and subse-
quently with horseradish peroxidase (HRP)-conjugated sec-
ondary antibody. The immunoreactive bands were visualized
using an enhanced chemiluminescence method (Pierce Bio-
technology, USA). As a protein loading control, each mem-
brane was stripped and reacted with an anti-B-actin antibody to
normalize for amount of protein. Nuclear and cytoplasmic ex-
tracts were prepared using nuclear and cytoplasmic extraction
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reagent kits according to instructions provided by the manufac-
turer (Pierce).

Immunocytochemistry for localization of APE1/Ref-1

For immunofluorescent staining, endothelial cells were grown
on glass coverslips and treated with TNF-a. To observe the
endogenous APE1/Ref-1, cells were fixed with 4% paraformal-
dehyde and permeabilized with 0.5% Triton X-100, and blocked
with 5% bovine serum albumin (BSA) for 1 h as previously
described (Lee et al., 2011; 2012; 2013). Coverslips were then
incubated for 1 h at 25°C in anti-APE1/Ref-1 (dilution 1:200)
primary antibody in 1% BSA. Cells were washed and incubated
in FITC-labeled secondary antibodies for 1 h. Mitotracker Red
(Molecular probes) and DAPI were used for 15 min to stain
mitochondria and nucleus, respectively. In some experiments, a
subcellular localization of APE1/Ref-1 mutant protein was ob-
served in cells transfected with pEGFP-APE1/Ref-1 plasmids
(1 ng). Coverslips were mounted on microscope slides, and
fluorescence signals were visualized with a confocal micro-
scope (Carl Zeiss).

Statistical analysis

All data are expressed as the mean + S.E.M. Statistical signi-
ficance of differences in measured variables was determined
using one-way ANOVA followed by Dunnett's or Bonferroni’s
test for multiple comparisons. Differences were considered
significant at P < 0.05.

RESULTS

Ectopic overexpression of APE1/Ref-1 inhibited TNF-a-
induced VCAM-1 expression

Firstly, we determined whether the expression of inflammatory
cell adhesion molecules, VCAM-1 and ICAM, in response to
TNF-a is regulated by APE1/Ref-1 level in human endothelial
cells. To explore this possibility, cells were transfected with
APE1/Ref-1 gene and determined changes in level of VCAM-1
and ICAM-1 expression. Twenty-four hours after APE1/Ref-1
plasmid transfection, Western blot analysis against adhesion
molecules was performed using cell lysates. The expression
level of adhesion molecules was not detected under basal con-
ditions; however, TNF-a (15 ng/ml) treatment for 18 h resulted
in markedly induced expression of VCAM-1 and ICAM-1 in
HUVECs. Plasmid transfection with pEGFP-APE1/Ref-1 (0.5-2
ug) did not induce by itself in expression of adhesion mole-
cules; however, it significantly inhibited TNF-a-induced VCAM-
1 expression in a dose-dependent manner (Fig. 1). It was also
observed the ex-pression level of ICAM-1 was statistically sig-
nificantly decree-sed by 21%, compared to only TNF-a. stimu-
lated cell. These data indicate that the expression of TNF-a-
induced cell adhesion molecules can be modulated by overex-
pression of APE1/ Ref-1 in endothelial cells.

Subcellular localization of APE1/Ref-1
Next, we determined whether the subcellular localization of
endogenous APE1/Ref-1 was affected by TNF-a, an inflamma-
tory cytokine. Immunocytochemistry of endogenous APE1/Ref-
1 was performed in cells permeabilized with Triton X-100. In
basal cells, APE1/Ref-1 was mainly localized to the nucleus. In
TNF-o-treated endothelial cells, immunofluorescent signal of
APE1/Ref-1 was detected in cytoplasm as well as the nucleus,
indicating cytoplasmic translocation and/or cytoplasmic expres-
sion.

ROS generation by TNF-a treatment in HUVECs was meas-
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Fig. 1. APE1/Ref-1 overexpression inhibited TNF-a-
induced VCAM-1 and ICAM-1 expression in endo-
thelial cells. (A) Western blot analysis for APE1/Ref-1
VCAM-1, ICAM-1 was performed in EGFP-APE1/
Ref-1-transfected endothelial cells. Ectopic expres-
sion of APE1/Ref-1 using EGFP-APE1/Ref-1 plas-
mid inhibited TNF-a-stimulated VCAM-1 and ICAM-1
expression (B) Summarized data from Fig. 1A. Each
bar shows the mean + SE (n = 4). *p < 0.05 vs. non-
transfected control cells by one-way ANOVA fol-
lowed by Dunnett’s test.

Fig. 2. Intracellular localization of endogenous
APE1/Ref-1 in endothelial cells. (A) Endogen-
ous APE1/Ref-1 is mainly localized in the nuc-
leus. Tumor necrosis factor-a (TNF-a) treat-
ment caused cytoplasmic translocation of
APE1/Ref-1 in endothelial cells but not in cells
pretreated with diphenyleneiodonium (DPI, 10
uM), an inhibitor of NADPH oxidase. Cells
were grown on glass coverslips and treated
with TNF-a. (15 ng/ml) for 30 min in the ab-
sence or presence of DPI. Cells were fixed with
4% paraformaldehyde and permeabilized with
0.5% Triton X-100. Cells were immunostained
with anti-APE1/Ref-1 (Green, Alexa 488), mito-
tracker red (red fluorescence) for mitochondrial
staining, and 4',6-diamidino-2-phenylindole
(DAPI, blue fluorescence) for nuclear staining.
Magnification, 400x. Similar results were ob-
served in experiments run in triplicate. (B) ROS
generation in TNF-a-stimulated HUVECs was
observed. Representative fluorescent images
show ROS levels in basal and HUVECs stimu-
lated with TNF-o in the absence or presence of
DPI. The fluorescent intensity of ROS was
measured by fluorometer. Data are presented
as means + SEMs (n = 3). Significantly differ-

ent compared with basal (*p < 0.05) and TNF-o-stimulated cells with DPI (°p < 0 05) by one-way analysis of variance followed by Dunnett's

test.

ured using DCFDA fluorescent dye. HUVECs treated with TNF-
o for 6 h were brightly stained with DCF, suggesting generation
of ROS as shown in Fig. 2B fluorescent image. We observed
that the TNF-a-induced ROS generation were completely pro-
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tected by 10 uM DPI pretreatment, a NADPH oxidase inhibitor.
In accordance with block of TNF-a-stimulated ROS generation
by DPI, cytoplasmic translocalization of APE1/Ref-1 was atte-
nuated and the APE1/Ref-1 was mainly localized in the nucleus,
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Fig. 3. Tumor necrosis factor-o. (TNF-c) induced cytoplasmic translocation of APE1/Ref-1 in endothelial cells. (A) TNF-a treatment caused
rapid translocation of APE1/Ref-1 into cytosol in endothelial cells. Immunoblotting for APE1/Ref-1 using cytosolic and nuclear fractions was
performed. Each fraction was prepared from cells following treatment of TNF-a (15 ng/ml) for the indicated time. PARP and a-tubulin were
used as nuclear and cytoplasmic marker, respectively. Each bar shows the mean + SE (n = 3). *p < 0.05 vs. compared with basal. (B) Effect of
leptomycin B or cyclohexamide on TNF-a-induced cytoplasmic translocation in endothelial cells. Cells were pre-incubated with leptomycin B
(LMB, 10 ng/ml for 1 h) or cyclohexamide (CHX, 10 ng/ml for 1 h) and then stimulated with TNF-o. (15 ng/ml) for 30 min. Similar results were

observed in experiments run in triplicate.

similar to the basal condition (Fig. 2A). These results indicate
that NADPH oxidase is involved in translocation of APE1/Ref-1
in endothelial cells.

NADPH oxidase inhibition suppressed the cytoplasmic
translocation of APE1/Ref-1

Since cytoplasmic expression of APE1/Ref-1 was detected by
immunocytochemistry, we further investigated whether expo-
sure to TNF-a induces cytoplasmic translocation of APE1/Ref-1
in endothelial cells. As shown in Fig. 3A, the nuclear APE1/Ref-
1 was reduced by treatment of TNF-o. within 15 min. In contrast,
the cytoplasmic APE1/Ref-1 increased in a time-dependent
manner. However, cytoplasmic translocation in response to
TNF-o was blunted by the pretreatment of DPI, suggesting
involvement of NADPH oxidase (Fig. 2). Subsequently, we
investigated whether cytoplasmic APE1/Ref-1 was the result of
de novo protein synthesis or nuclear export. The level of cytop-
lasmic APE1/Ref-1 was measured in cells treated with cyclo-
heximide (CHX, 10 ng/ml for 1 h), a protein synthesis inhibitor,
or leptomycin B (LMB, 10 ng/ml for 1 h), an inhibitor of the nuc-
lear export factor CRM-1. As shown in Fig. 3B, neither CHX nor
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LMB pretreatment had an effect on the level of cytoplasmic
APE1/Ref-1 in response to TNF-a-treatment. Collectively, these
data indicate that increased cytoplasmic APE1/Ref-1 in respon-
se to TNF-a may be the result of subcellular translocation.

NLS-deleted APE1/Ref-1 inhibited TNF-a-induced VCAM-1
expression

To understand the functional role of cytoplasmic APE1/Ref-1 in
endothelial activation, the NLS-deletion mutant of APE1/Ref-1
was generated by deleting 28 amino acids from the N-terminus
to produce APE1/Ref-1(29-318). The effect of NLS-deleted
APE1/Ref-1 mutant on TNF-a-induced VCAM-1 expression was
determined. As observed by immunocytochemistry (Fig. 4A),
the NLS-deletion mutant of APE1/Ref-1 (29-318) localized to
the diffuse cytoplasm. The subcellular distribution of ectopically
expressed EGFP-APE/Ref-1 or EGFP-APE1/Ref-1 (29-318)
proteins was also confirmed by nuclear/ cytoplasmic fractiona-
tion. As shown in Fig. 4A, EGFP-APE/Ref-1 was mainly located
in the nucleus, the EGFP-APE1/Ref-1 was dramatically trans-
located into the cytoplasm after TNF-a stimulation. In contrast,
the EGFP-APE1/Ref-1(29-318) was consistently detected in

http://molcells.org
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Fig. 4. N-terminus deletion mutant
APE1/Ref-1 (29-318) inhibited TNF-
o-induced VCAM-1 expression in
endothelial cells. (A) Immunocyto-
chemistry for analysis of N-ter-
minus deletion mutant EGFP-APE1/
Ref-1 (29-318) in endothelial cells.
Cells were stained with mitotracker
red (red fluorescence) for mito-
chondria and 4',6-diami-dino-2-
phenylindole (DAPI, blue fluores-
cence) for nucleus. Merged im-
ages show green fluorescent stain-
ing in the cytoplasm due to cytop-
lasmic localization of EGFP-APE1/
Ref-1 (29-318). The subcellular
localization of EGFP-APE1/Ref-1
(29-318) fractions in response to
TNF-o was confirmed in Western
blot using cytosolic and nuclear
fractions. (B) The expression of
EGFP-APE1/Ref-1 (1-318) and EGFP-
APE1/Ref-1 (29-318) by plasmid
transfection significantly inhibited
TNF-o-induced VCAM-1 expres-
sion at 15 ng/ml for 18 h. (C) Sum-

marized data for Fig. 4B. Each bar shows the mean + SE (n = 4). *p < 0.05 vs. compared with TNF-a alone. NS, non-significant.
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Fig. 5. Double redox mutant APE1/Ref-
1 (C65/93A) augmented TNF-a-indu-
ced VCAM-1 expression in endothelial
cells. (A) Immunocytochemistry for ana-
lysis of double redox mutant APE1/
Ref-1 (C65A/C93A) in endothelial cells.
Cells were stained with mitotracker red
(red fluorescence) for mitochondria and
4' 6-diamidino-2-phenylindole  (DAPI,
blue fluorescence) for nucleus. Merged
images show green fluorescent staining
in the cytoplasm due to cytoplasmic
localization of EGFP-APE1/Ref-1 (29-
318). The subcellular localization of
EGFP- APE1/Ref-1 (C65/93A) fractions
in response to TNF-o. was confirmed in
Western blot using cytosolic and nuc-
lear fractions. (B) The expression of
HA-APE1/Ref-1 (C65A/C93A) by plas-
mid transfection significantly augment-
ted TNF-o-induced VCAM-1 expres-
sion at 15 ng/ml for 18 h. (C) Summa-
rized data for Fig. 5B. Each bar shows
the mean + SE (n = 4). *p < 0.05 vs.
compared with TNF-o. alone.
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cytoplasmic fraction, regardless of TNF-a treatment.

Interestingly, TNF-a-induced VCAM-1 expression was inhi-
bited by wild type of APE1/Ref-1 (1-318) and it was also inhi-
bited by the transfection of NLS-deletion mutant APE1/Ref-1
(29-318) which was showing cytoplasmic localization, suggest-
ing anti-inflammatory action of cytoplasmic APE1/Ref-1 (Figs.
4B and 4C).

Redox cysteine mutant of APE1/Ref-1 increased TNF-o-
induced VCAM-1 expression

The role of APE1/Ref-1 redox function was further investigated
using the redox mutant APE1/Ref-1 (C65A/C93A) in TNF-a-
treated endothelial cells. The redox mutant APE1/Ref-1 (C65A/
C93A) was generated by substitution of cysteine 65 and 93
with alanine in APE1/Ref-1 by point mutation. As observed by
immunocytochemistry (Fig. 5A), the redox mutant APE1/Ref-1
(C65A/C93A) was localized to nucleus which was co-localized
with DAPI as nucleus marker. The nuclear localization of
EGFP-APE1/Ref-1 (C65/93A) protein was also confirmed by
nuclear/cytoplasmic fractionation. Plasmid transfection with
redox mutant APE1/Ref-1 (C65A/C93A) (0.5-2 nug) augmented
TNF-o-induced VCAM-1 expression in a dose-dependent
manner as shown in Figs. 5B and 5C. This data suggests that
redox active site cysteine 65 and 93 of APE1/Ref-1 contribute
to the anti-inflammatory action of APE1/Ref-1 in TNF-a-activa-
ted endothelial cells.

DISCUSSION

As an accumulation of evidence has shown, APE1/Ref-1 is not
only involved in DNA repair and transcriptional regulation in the
nucleus but also has a pleiotropic role in controlling cellular
responses to oxidative stress (Jeon and Irani, 2009; Tell et al.,
2009). Furthermore, extra-nuclear functions of APE1/Ref-1
have been revealed (Jeon and Irani, 2009). APE1/Ref-1 reduc-
es intracellular ROS production via inhibition of Rac1 activation
in NADPH oxidase (Angkeow et al., 2002; Guo et al., 2008;
Ozaki et al., 2002). It is well known that mitogen-activated pro-
tein kinase (MAPK)s are activated by growth factors, environ-
mental stresses and inflammatory cytokine (Chen et al., 2001).
We previously reported that the overexpression of APE1/Ref-1
using the adenoviral gene transfer system inhibits TNF-o-
induced ROS production and VCAM-1 in endothelial cells (Ang-
keow et al., 2002; Kim et al., 2006; Lee et al., 2009). In addition,
p38 MAPK activation by TNF-a was blocked by overexpression
of APE1/Ref-1 resulting in inhibition of TNF-a-induced VCAM-1
in endothelial cell (Kim et al., 2006). TNF-a-induced VCAM-1 is
closely associated with NADPH oxidase and mitochondrial
ROS in endothelial cells (Bae et al., 2011; Yu et al., 2006). In
the present study, our data showed plasmid transfection of
APE1/Ref-1 inhibits TNF-a-induced VCAM-1 expression in
endothelial cells, suggesting a biological function for APE1/Ref-
1 against cytokine-induced endothelial inflammation.
APE1/Ref-1 is a ubiquitous protein in cells, but its expression
pattern differs based on cell type. The APE1/Ref-1 subcellular
localization is mainly nuclear, but cytoplasmic identification has
also been reported, especially during high metabolic or prolifer-
ative states (Duguid et al., 1995; Kakolyris et al., 1998; Tell et
al., 2005). Some evidence suggests that APE1/Ref-1 expres-
sion and subcellular localization are finely tuned. The subcellu-
lar distribution of APE1/Ref-1 may be regulated by both nuclear
import and export systems (Jackson et al., 2005). APE1/Ref-1
undergoes active shuttling between the cytoplasm and nucleus
in response to oxidative (Angkeow et al., 2002; Bhakat et al.,
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20083; Tell et al., 2000a) and nitrosative stress (Qu et al., 2007).
In endothelial cells, the translocation of APE1/Ref-1 into the
cytoplasm has been previously reported. Protein kinase C acti-
vation causes an increase of APE1/Ref-1 cytoplasmic translo-
cation in endothelial cells (Lee et al., 2011). In this study, we
confirmed that cytoplasmic APE1/Ref-1 is increased in re-
sponse to TNF-a, and is not blocked by cycloheximide, a de
novo protein synthesis inhibitor or leptomycin B, an inhibitor of
nuclear exportin. This data indicates that the increased amount
of APE1/Ref-1 in the cytoplasm after TNF-a-stimulation is most
likely due to cytoplasmic translocation of APE1/Ref-1 in endo-
thelial cells (Fig. 2).

In highly metabolically active cells, APE1/Ref-1 undergoes
translocation from cytoplasm to nucleus in different cell types
upon ROS exposure. The addition of thyrotropin to the culture
medium increases the cytoplasm-to-nucleus translocation of
APE1/Ref-1 in thyroid cells (Tell et al., 2000a). Exposure of B-
lymphocytes to hydrogen peroxide induces a rapid and sus-
tained increase in APE1/Ref-1 protein levels of the nucleus
(Tell et al., 2000b). In the present study, we observed that
APE1/Ref-1 is mainly localized in the nucleus of endothelial
cells and exposure to TNF-o causes an increase of cytoplasmic
translocation. However, the cell mechanism that regulates this
re-localization of APE1/Ref-1 remains to be defined in endo-
thelial cells. Our data shows that nucleus-to-cytoplasm translo-
cation of APE1/Ref-1 in response to TNF-a is blocked by a
NADPH oxidase inhibitor. This suggests that the presence of
APE1/Ref-1 in the cytoplasm may reflect its involvement in
cellular responses to oxidative stress in endothelial cells.

Analysis using deletion mutant of APE1/Ref-1 revealed that
N-terminus 28 amino acids deletion of the APE1/Ref-1 which
includes the putative NLS is biologically active and shows cy-
toplasmic localization. Since NLS-deletion mutant of APE1/Ref-
1 is mainly located in the cytoplasm, inhibitory action of NLS-
deletion mutant of APE1/Ref-1 on VCAM-1 is not mediated by
nuclear function of APE1/Ref-1 which could modulate several
nuclear transcriptional factors such as NF-xB and AP-1 (Evans et
al., 2000). Plasmids transfection of NLS-deletion mutant APE1/
Ref-1 (29-318) inhibits TNF-a-induced expression of VCAM-1,
similar to wild type APE1/Ref-1. This suggests that the cytop-
lasmic localization of APE1/Ref-1 contributes to anti-inflam-
matory action in endothelial cells.

Functional activity of the redox domain in endothelial cells is
poorly understood, Several studies of APE1/Ref-1 deletion
mutants have revealed that the N-terminal of 1-127 amino acid
residues are sufficient for its redox activation of c-Jun binding
repair in vitro, and redox activities of APE1/Ref-1 are encoded
by two distinct regions of APE1/Ref-1 (Xanthoudakis et al., 1994).
Therefore, the N-terminal 1-127 amino acid residues of APE1/
Ref-1 are the putative redox domain. In the present study, trans-
fection of double cysteine mutant, APE1/Ref-1 (C65A/C93A)
resulted in an increase of TNF-a-induced VCAM-1 expression.
This suggests that the redox active sites at cysteine 65 and 93
of the redox domain of APE1/Ref-1 contribute to inhibition of
APE1/Ref-1 in TNF-a-induced VCAM-1 expression of endo-
thelial cells.

In conclusion, our results suggest that cytoplasmic localiza-
tion of APE1/Ref-1 contributes to the anti-inflammatory activity
observed in endothelial cells. Specifically, cysteine of 65 and 93
residues play an important role in the anti-inflammatory action
of APE1/Ref-1 in endothelial cells.
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