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Abstract
AP endonuclease 1 (APE1; also known as REF-1) contains a DNA repair domain and a redox
regulation domain. APE1 is overexpressed in several human cancers, and disruption of APE1
function has detrimental effects on cancer cell viability. However, the selective contribution of the
redox and the DNA repair domains to maintenance of cellular homeostasis in cancer has not been
elucidated. In the present study, we used E3330, a small-molecule inhibitor of APE1 redox
domain function, to interrogate the functional relevance of sustained redox function in pancreatic
cancer. We show that E3330 significantly reduces the growth of human pancreatic cancer cells in
vitro. This phenomenon was further confirmed by a small interfering RNA experiment to
knockdown APE1 expression in pancreatic cancer cells. Further, the growth-inhibitory effects of
E3330 are accentuated by hypoxia, and this is accompanied by striking inhibition in the DNA-
binding ability of hypoxia-inducible factor-1α, a hypoxia-induced transcription factor. E3330
exposure promotes endogenous reactive oxygen species formation in pancreatic cancer cells, and
the resulting oxidative stress is associated with higher levels of oxidized, and hence inactive,
SHP-2, an essential protein tyrosine phosphatase that promotes cancer cell proliferation in its
active state. Finally, E3330 treatment inhibits pancreatic cancer cell migration as assessed by in
vitro chemokine assays. E3330 shows anticancer properties at multiple functional levels in
pancreatic cancer, such as inhibition of cancer cell growth and migration. Inhibition of the APE1
redox function through pharmacologic means has the potential to become a promising therapeutic
strategy in this disease.

Introduction
The control of cell proliferation in cancer is deranged (1). The intracellular redox state has
been suggested as regulator of growth in cancer cells (2). AP endonuclease 1 (APE1; also
known as REF-1) is a dual-function protein, which contains a redox domain and a DNA
repair domain (3). APE1 is overexpressed in numerous solid cancers, including prostate and
bladder cancers (4, 5), non-small cell lung cancers (6), gliomas (7), medulloblastomas and
primitive neurectodermal tumors (8), osteosarcomas (9), and germ cell tumors. In these and
other studies, nuclear APE1 overexpression is associated with an adverse prognosis (4, 6, 9)
and/or resistance to radiation and chemotherapeutic agents (5, 8). APE1 was recently
reported to be overexpressed in pancreatic cancer, and APE1 levels were further up-
regulated by exposure to the antimetabolite agent, gemcitabine (10). Conversely, inhibition
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of APE1 with antisense DNA resulted in profound sensitization of pancreatic cancer cells to
gemcitabine (10). APE1 has been implicated in the transactivation of numerous seminal
transcription factors involved in cancer initiation and progression, including activator
protein-1, nuclear factor-κB (NF-κB), hypoxia-inducible factor-1α (HIF-1α), cyclic AMP
response element-binding protein, etc. (reviewed in ref. 3). For example, Gray et al. have
recently shown that APE1 plays a critical role in hypoxia-induced HIF-1α-mediated up-
regulation of the angiogenic growth factor, vascular endothelial growth factor, in pancreatic
cancer (11).

Although the accumulating weight of evidence strongly implicates APE1 as a cancer
potentiating molecule with diverse functions, there is scant information at present vis-à-vis
the relative importance of the DNA-binding versus redox domains of APE1 in sustaining the
growth of cancer cells. Further, it is not known whether selective inhibition of the redox
domain by itself can mitigate the transformed phenotype of cancer cells. Previously, APE1
knockdown by RNA interference in human cancer cell lines was shown to block cell
proliferation and induce apoptosis (12). Because the deleterious effects on cell viability
could be rescued with an unrelated yeast protein that contains AP endonuclease activity but
lacks the other functions of human APE1, the authors hypothesized that loss of the AP
endonuclease activity, with resultant increase in abasic DNA damage, is sufficient for
inducing cell death (12). Nevertheless, the contribution of the APE1 redox domain was not
specifically investigated in their report.

In the present study, we investigated whether selective blockade of the APE1 redox function
can inhibit pancreatic cancer growth and, if so, what the underlying mechanisms of these
phenotypic effects might be. To accomplish this, we used E3330 (IC50, 50 μmol/L), a small-
molecule inhibitor of redox activity of APE1 protein that does not impede its DNA repair
function (13, 14). The effects of E3330 were compared with that of methoxyamine, a small-
molecule inhibitor of the APE1 DNA repair activity (3, 14). Our results show that E3330
inhibits not only the growth but also the migratory abilities of pancreatic cancer cells in
vitro. We also elucidate the signaling moieties whose activity is perturbed by APE1 redox
inhibition and which likely contributes to the anticancer effects of E3330.

Materials and Methods
Cell Culture

The human cancer cell lines used in this study, PANC1, PK9, BxPC3, CAPAN-1, ASPC-1,
and XPA1 cells (purchased from the American Type Culture Collection), were all
individually cultured in DMEM supplemented with 10% fetal bovine serum, 100 units/mL
penicillin, and 100 units/mL streptomycin (Invitrogen) as described previously (15).
hTERT-immortalized nontransformed human pancreatic epithelial cell line HPNE (16) were
cultured with medium D, which contains 1 volume of medium M3, 3 volumes of glucose-
free DMEM, 5% fetal bovine serum, 5.5 mmol/L glucose, 10 ng/mL epidermal growth
factor, and 50 μg/mL gentamycin.

Western Blot Analysis
For APE1 Western blot, refer to our previous report (14). In summary, whole-cell extracts
were prepared using nuclear protein extract buffer from pancreatic cancer cells. The cell
lysates were separated by SDS-PAGE using a 10% (w/v) polyacrylamide resolving gel and
transferred electrophoretically to a nitrocellulose membrane. The blots were blocked with
5% TBS-Tween 20 buffer for 1 h. Immunobloting was done using the APE1 primary
polyclonal antibody (Santa Cruz Biotechnology) at a 1:400 dilution at room temperature and
the peroxidase-conjugated secondary antibodies (Amersham Pharmacia) overnight at 4°C.
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All immunoblots were visualized by enhanced chemiluminescence (Amersham Pharmacia
Biotech). For SHP-2 Western blot, refer to our previous report (17).

Preparation of Single-Cell Suspension from Fresh Pancreatic Cancer Tissues and Isolation
of Epithelial-Specific Antigen – Positive Primary Pancreatic Cancer Cells

Excess tissue from three freshly resected pancreatic cancer specimens was obtained from the
Department of Pathology at the Johns Hopkins Hospital. Before collagenase digestion, the
specimens were minced using sterile scalpel blades. To obtain a single-cell suspension, the
resultant minced tumor pieces were mixed with ultrapure collagenase IV (Worthington
Biochemical) and allowed to incubate at 37°C for 2.5 to 3 h for enzymatic dissociation. The
specimen was further mechanically dissociated every 15 to 20 min by pipetting with a 10
mL pipette. Subsequently, cells were filtered through a 40-μm nylon mesh and washed with
HBSS/20% fetal bovine serum and then washed twice with HBSS. The cell suspensions
were then incubated with anti-human epithelial-specific antigen (ESA; CD326) bead
(Miltenyi Biotec). ESA is overexpressed on the surface of pancreatic cancer cells, and ESA-
positive primary cancer cells were thus isolated using MACS.

3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide Assay
E3330 powder (kindly provided by Dr. Honda) was dissolved with pure ethanol. PANC1,
XPA1, or HPNE cells were incubated with various concentrations of either E3330 (10-30
μmol/L) or methoxyamine (1 μmol/L-10 mmol/L) for 72 h in 96-well plates (Flow
Laboratories). At the culmination of the study, cell viability was evaluated by measuring the
mitochondrial-dependent conversion of the tetrazolium salt, 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT; Sigma), to a colored formazan product as
described previously (18). A similar analysis was done to assess growth of ESA-positive
primary pancreatic cancer cells in the presence of E3330, with the exception that MTT
assays were culminated at 48 h.

Trypan Blue Exclusion Assay
Refer to our previous report (19). In summary, 2 × 105 PANC1 cells were placed in one well
of a 12-well plate (Costar) and treated with 5 to 30 μmol/L E3330. After a 24, 48, and 72 h
of culture, the cells were washed with PBS and stained with trypan blue, and cell viability
was examined by counting the live cell numbers.

APE1Small Interfering RNA Experiment
Transient transfection of small interfering RNA (siRNA) was carried out as we reported
previously (14). In summary, PANC1 cells were diluted with fresh medium without
antibiotics and transferred to 12-well plates at 1 × 105 per well (500 μL/well). Transient
transfection of double-stranded RNA was carried out using Oligofectamine 2000 (Life
Technologies). Cells were untreated (control) or treated with scrambled APE1 siRNA
(25-50 nmol/L) or APE1 siRNA (25-50 nmol/L). After 72 h, the live cell numbers were
counted by trypan blue exclusion assay.

Cell Cycle Analysis by Flow Cytometry
Cell cycle analysis was done on PANC1 cells incubated for 48 h with E3330 (10, 20, or 30
μmol/L). The cells were fixed in chilled methanol overnight before staining with propidium
iodide (50 Ag/mL) in the presence of 20 μg/mL RNase (Sigma) and 0.1% NP-40 (Sigma).
Analysis was done immediately after staining using a FACScan (Becton Dickinson).
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Flow Cytometric Detection of Proliferation-Associated Antigen Ki-67
Proliferation-associated antigen Ki-67 was detected as described (20). Briefly, PANC1 cells
were fixed for 15 min by gently dropping ice-cold methanol on the cell pellet at −20°C.
Fixed cells were washed and incubated for 45 min at room temperature with monoclonal
antibodies against Ki-67 antigen (Becton Dickinson Immunocytometry Systems) or control
IgG1 (Becton Dickinson Immunocytometry Systems). After washing, green fluorescence
intensity was detected by flow cytometry (FACScan; Becton Dickinson). The expression of
the proliferation-associated antigens was determined by the mean fluorescence intensity of
gated cancer cells and was expressed as the percentage of positively stained cells in relation
to the total amount of cells.

Detection of Reactive Oxygen Species by Flow Cytometry
Flow cytometric detection of reactive oxygen species (ROS) was done as described (21).
Briefly, PANC1 cells treated with 20 μmol/L E3330 for 2 days and subsequently washed
with PBS and resuspended in complete medium followed by incubation with 0.5 μmol/L
dihydrorhodamine 123 (Sigma) for 30 min at 37°C. ROS fluorescence intensity was
determined by flow cytometry with excitation at 490 nm and emission at 520 nm.

SHP-2 Oxidation Assay by “Positive Labeling” of Oxidized Thiols with PEO-Iodoacetyl
biotin

SHP-2 oxidation was measured by “positive labeling” of oxidized thiols as described
previously (22, 23). In summary, PANC1 cells were serum starved and subsequently
stimulated with E3330 for 2 h. Then, the E3330-treated cells were lysated for 1 h at 25°C in
an anaerobic chamber. All free thiols were masked with 10 mmol/L NEM and 10 mmol/L
iodoacetamide. Reversibly oxidized thiols were reduced with 4 mmol/L DTT in the
anaerobic chamber and then were labeled with 0.5 mmol/L PEO-iodoacetyl biotin (Pierce).
Biotin incorporation into immunoprecipitated SHP-2 was detected by Western blotting with
horseradish peroxidase–conjugated streptavidin and enhanced chemiluminescence.

HIF-1α DNA-Binding ELISA Assay
HIF-1α DNA binding was assessed by using HIF-1α DNA-binding ELISA assay kit
purchased from Active Motif. HIF-1α DNA binding was assessed as described (24).
PANC1 or XPA1 cells were treated with E3330 at various doses for 6 h. Then, the cells
were harvested and whole-cell proteins were isolated. The procedures of ELISA assay were
done according to the manufacturer’s protocol.

NF-κB Reporter Assay
PANC1 or XPA1 cells were plated at 1 × 105 per well in 24-well plates on the day before
transfection. The cells were transiently transfected by Fugene 6 Transfection Reagent
(Roche Molecular Biochemicals) with 950 ng of a NF-κB reporter plasmid (pNF-κB-Luc;
Stratagene) and 50 ng of a construct directing expression of Renilla luciferase under the
control of a constitutively active thymidine kinase promoter (pRL-TK; Promega). Twenty-
four hours after transfection, the cells were treated by E3330 at various doses for 6 h, and
luciferase activity was measured using a Dual-Luciferase Reporter Assay System (Promega)
according to the manufacturer’s instructions.

In vitro Migration Assays
Migration of three APE1 expressing pancreatic cancer cells (PANC1, XPA1, and BxPC3)
was assayed using 6.5-mm-diameter chambers with 8-μm pore filters (Trans-well, 24-well
cell culture; Costar) as described (18). Pancreatic cancer cells were suspended in serum-free
medium at a concentration of 2 × 105/mL. Thereafter, 0.2 mL of the cell suspension was
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added to the upper chamber, and 0.5 mL serum-free medium with 100 ng/mL stromal cell–
derived factor-1 was added to the lower chamber. Various concentrations of E3330 were
added to the upper chamber. The chambers were incubated for 12 h at 37°C in a humid
atmosphere of 5% CO2/95% air. After incubation, the filters were fixed and stained with
Diff-Quick reagent (Dade Behring). Cell viability (MTT) assays were done on the upper
chamber lysates, to normalize any effects of E3330-induced growth inhibition (reduced cell
numbers) on the migration readout. The upper surface of the filters was scraped twice with
cotton swabs to remove nonmigrating cells. The experiments were repeated in triplicate
wells, and the number of migrating cells in five high-power fields per filter was counted
microscopically at ×400 magnification.

Flow Cytometric Detection of Surface CD44 Expression in PANC1 Cells
PANC1 cells were stained with PE-labeled rat IgG2b (isotype control) antibody or PE-
labeled rat anti-human CD44 (eBioscience) at concentration of 0.125 μg antibody per 1
million of cells as suggested by the antibody provider. After incubation for 30 min at 4°C,
the cells were washed with PBS and analyzed by flow cytometry for CD44 expression.

Results
Pancreatic Cancer Cells Overexpress APE1

To examine the expression of APE1 protein in pancreatic cancer cells, we did Western blot
analysis of six human pancreatic cancer cell lines: PANC1, BxPC3, CAPAN-1, ASPC-1,
XPA1, and PK9. As shown in Fig. 1A, all tested pancreatic cancer cell lines expressed
APE1 protein at a considerably higher level than HPNE and HPDE, the nonneoplastic
human pancreatic cell lines.

Inhibition of APE1Redox Function with E3330 Inhibits the Growth of Human Pancreatic
Cancer Cell Lines but Not That of Nonneoplastic Human Pancreatic Epithelial Cells

We determined the in vitro growth of PANC1 and XPA1 cells exposed to increasing
dosages of E3330. In normoxic conditions, at dosages of E3330 <10 μmol/L, there was no
affect on the growth of PANC1 and XPA1 cells as examined by MTT assay. However, at
dosages of E3330 ≥20 μmol/L, there was significant inhibition of in vitro growth of PANC1
and XPA1 cells. In contrast, this compound had no suppressive effects on in vitro growth of
HPNE cells, which have minimal APE1 expression, even at 50 μmol/L E3330 exposure
(Fig. 1B). Further studies show that E3330 also inhibits growth of other pancreatic cancer
cell lines, such as MIAPACA, BxPC3, and PK9 (data not shown). Trypan blue exclusion
assay also confirmed the inhibitory effect of this compound in PANC1 cell proliferation
(Fig. 1C). Our studies also indicated that the DNA repair domain of APE1 was not essential
for maintaining the growth of pancreatic cancer cells, because blockade of the function of
this domain with the chemical inhibitor methoxyamine did not affect cell viability in
PANC1 and XPA1 pancreatic cancer cell lines as measured by MTT assays (Fig. 1D).
Further study showed that methoxyamine also had no effect in cell viability of other
pancreatic cancer cell lines, such as MIAPACA, BxPC3, and PK9 (data not shown). To
address whether there is difference of growth rate between HPNE cells and APE1-
overexpressing pancreatic cells, we examined the spontaneous growth rate between HPNE
and PANC1 cells. We observed that PANC1 cells have a significant higher growth rate than
HPNE cells. To further verify the role of APE1 in regulation of growth of pancreatic cells,
we transduced exogenous APE1 into HPNE cells and then observed that HPNE cells
transduced with exogenous APE1 exhibit higher growth rate than control cells (Fig. 1E). To
further confirm the essential role of APE1 in maintaining pancreatic cancer cell growth, we
used siRNA to knockdown APE1 gene expression in PANC1 cells and showed that
knockdown of APE1 gene expression affects pancreatic cancer cell growth (Fig. 2A).
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E3330 Inhibits the In vitro Growth of Primary Pancreatic Cancer Cells
In light of the growth-inhibitory effects of E3330 on pancreatic cancer cell lines, we
examined the behavior of ESA-positive primary pancreatic cancer cells to E3330. We
isolated ESA-positive cells from a fresh pancreatic cancer resection and plated the viable
cells obtained in the presence of E3330. We found a dose-dependent reduction of in vitro
growth with E3330 exposure (Fig. 2B), consistent with our observations in pancreatic cancer
cell lines.

E3330 Does Not Induce G1 or G2 Arrest but Rather Promotes Exit of Cell Cycle of PANC1
Cells

Because E3330 inhibits PANC1 growth (Fig. 1), we examined whether E3330 affected the
cell cycle kinetics of these cancer cells. Our previous study in mouse embryonic stem cells
and embryonic stem cell-derived embryoid body cells revealed that knockdown of APE1
expression induced G1 arrest in cell cycle (14). In contrast, we find that E3330 treatment of
PANC1 cells induced neither G1 nor G2 arrest (Fig. 2C). E3330-treated cells and control
cells (treated by ethanol, a vehicle of E3330) have similar DNA contents. Ki-67 is a nuclear
antigen expressed in all phases of the cell cycle, except in G0 cells. The frequency of Ki-67-
expressing PANC1 cells is significantly reduced compared with control cells on E3330
exposure (Fig. 2D), indicating that E3330 promotes exit of cell cycle in PANC1 cells rather
than inducing G1 or G2 arrest.

Hypoxia Potentiates E3330-Mediated Inhibition of Pancreatic Cancer Cell Growth
Hypoxia is a hallmark of the tumor microenvironment and hypoxic tumor cells are relatively
resistant to radiation and chemotherapy (25). We examined the regulatory role of E3330 in
pancreatic cancer growth under hypoxic conditions. The cells were treated with 100 μmol/L
CoCl2, which is an established system to model hypoxia in culture settings (26); the cells
were then treated with E3330. Our data show that, in the setting of hypoxia, E3330 is more
effective in inhibiting PANC1 and XPA1 cell growth compared with normoxic conditions,
suggesting an enhanced requirement for APE1 redox function in hypoxia (Fig. 3A and B).

E3330 Inhibits the DNA-Binding Activity of HIF-1α
Given the differences in effects of E3330 between hypoxia and normoxic conditions, we
explored whether blockade of APE1 redox function has deleterious effects on survival
signals activated in hypoxia. HIF-1α, a hypoxia-induced transcription factor, is expressed by
many cancers, including pancreatic cancer (27, 28). HIF-1α transcriptionally activates a
diverse repertoire of genes, including angiogenic growth factors, and facilitates cancer cell
survival in the hypoxic milieu of tumors (29, 30). In our study, exposure of PANC1 cells to
E3330 at dosages >20 μmol/L dramatically inhibited nuclear HIF-1α protein DNA-binding
activity (Fig. 3C), suggesting the requirement of APE1 redox function domain for the
transcriptional activity of HIF-1α. However, E3330 at ≤30 μmol/L had no significant
inhibitory effect in NF-κB activity, although this inhibitory effect is obvious when the
E3330 dose is ≥40 μmol/L (Fig. 3D).

E3330 Exposure Increase Endogenous ROS Levels in PANC1 Cells
It has been suggested that APE1 suppresses intracellular ROS production induced by
exogenous stimuli such as TNF cytokines (31, 32). Elevated intracellular ROS levels can
rapidly overwhelm endogenous antioxidant mechanisms and induce oxidative stress-related
damage. We hypothesized that the APE1 redox domain controls endogenous ROS level;
hence, inhibition of this domain with E3330 would increase ROS production in pancreatic
cancer cells. Using dihydrorhodamine 123 as a probe, our flow cytometric analysis revealed
that untreated cells have low level of endogenous ROS, whereas E3330 treatment enhances
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significantly intracellular ROS level in PANC1 cells (Fig. 4A). To confirm this
phenomenon, we also knocked down APE1 expression in PANC1 cells with APE1 siRNA
and found that knockdown of APE1 expression resulted in increased level of ROS (Fig. 4B).

E3330 Treatment of PANC1 Cell Increases SHP-2 Oxidation, Thus Inactivating This
Oncogenic Tyrosine Phosphatase

SHP-2 is a cytoplasmic Src homology domain containing protein tyrosine phosphatase,
which is ubiquitously expressed in most somatic cells, and plays a critical role during
development and hematopoiesis (33). Aberrant activity of this phosphatase has been
implicated in a growing list of human cancers (34-37), and gain-of-function somatic
mutations of PTPN11; the gene encoding SHP-2 have been reported in hematologic
malignancies (38, 39). Oxidation of SHP-2 reduces its activity (40). In light of increased
intracellular ROS levels on E3330 exposure, we hypothesized that blockade of APE1 redox
domain would enhance SHP-2 oxidation in PANC1 cells, leading to inactivation of this
phosphatase. We examined the expression of SHP-2 in mitochondria and our result show
that SHP-2 protein is localized in mitochondria assayed in Western blot assay with fraction
of mitochondria (Fig. 4C). Indeed, as shown in Fig. 4D, E3330-untreated PANC1 cells
express the active, reduced form of SHP-2, whereas E3330 treatment induces oxidation and
hence inactivation of SHP-2. To the best of our knowledge, this is the first demonstration for
the requirement of APE1 redox function in sustaining SHP-2 activation in cancer cells.

E3330 Inhibits Migration of Pancreatic Cancer Cells
The cellular redox state can have profound effects on not only viability but also migratory
abilities of cancer cells. Currently, the role of APE1 in regulation of cell migration is not
defined. In the present study, we determined whether inhibition of APE1 redox function had
an effect on migration of three APE1-overexpressing pancreatic cancer cell lines. The well-
established pancreatic cancer chemokine stromal cell–derived factor-1, also known as
CXCL12, was used for directing migration in culture chambers. Addition of E3330 in the
culture significantly affected the in vitro migration of all three lines independent of any
effects on growth inhibition (Fig. 5A).

E3330 Inhibits CD44 Expression on the Surface of Pancreatic Cancer Cells
In light of the migration inhibition by E3330, we determined if APE1 redox domain had any
effects on surface expression of CD44. This molecule is a cell surface glycoprotein
overexpressed in many cancers, including pancreatic cancer, and has been implicated in
promoting the invasive and migratory capabilities of cancer cells in vitro and in vivo. By
flow cytometry, E3330 strikingly inhibited CD44 expression on PANC1 cells, even at the
lowest dosages of 1 to 10 μmol/L, where cellular growth itself was unaffected (Fig. 5B and
C).

Discussion
Regulation of the intracellular redox environment is critical for cell viability and
maintenance of cellular homeostasis. APE1 is a dual-function molecule, containing an AP
endonuclease DNA repair domain and a redox function domain (3). Many of the studies to
date on the role APE1 in human cancers have ablated total gene function (e.g., by RNA
interference or antisense) without selectively dissecting the contribution of the respective
functional domains (10, 12). In the present study, we explored the role of APE1 redox
regulation in established human pancreatic cancer cell lines. Motivation for this study
stemmed from our observation as well as those of other groups (10, 11), showing APE1
overexpression in human pancreatic cancer cells. Our studies were facilitated by the
availability of E3330, a small-molecule inhibitor of APE1 redox function (14). An APE1−/−
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human cell line cannot be generated because APE1 is essential for early embryonic
development (41); thus, identification and development of a specific inhibitor of this protein
will significantly help as a tool in APE1 functional study and therapeutic potential. Within
APE1 protein, there are three E3330-binding sites, and all of these sites are located within
the redox domain, none are located in the DNA repair domain of APE1 protein (13), and it
affects redox activity of several downstream targets of APE1. These data indicate that
E3330 is a specific inhibitor of APE1 redox function without interfering with its DNA repair
role (3, 42). It is suggested that methoxyamine is a specific inhibitor of APE1 DNA repair
function (3). Interestingly, although DNA repair function of APE1 protein has been
suggested to play a key role in sustaining cell viability and proliferation in colon cancer cells
when APE1 gene expression was knocked down by siRNA (12), the recent studies show that
methoxyamine, the DNA repair domain inhibitor, actually has no cytotoxicity and no
influence in cell proliferation (43, 44). Our data presented in this study are consistent with
their demonstration. We suggest that novel APE1-independent DNA base excision repair,
such as NEIL1/2/PNK-dependent base excision repair, which can bypass APE1 (45), or
APE2-dependent base excision repair, may function at this stage to replace the base excision
repair function of APE1 when it is inhibited by methoxyamine. So, the redox function may
be more important than its DNA repair function to sustain cell survival and proliferation in
pancreatic cancer.

APE1 is overexpressed in numerous solid cancers, including prostate and bladder cancers (4,
5), non-small cell lung cancers (6), gliomas (7), medulloblastomas and primitive
neurectodermal tumors (8), osteosarcomas (9), and germ cell tumors (46). In this study, we
confirmed increased expression of APE1 protein in pancreatic cancer cell lines compared
with the nonneoplastic HPNE and HPDE cell line. Thus, aberrant expression of APE1 may
be a general phenomenon in human cancer and suggests an increased requirement for one or
both functional domains of this critical homeostatic protein in cancer cells. Further, E3330-
induced inhibition of growth in pancreatic cancer cell lines, but not in the HPNE cells,
implies that neoplastic cells have a greater dependence on sustained APE1 redox function
for their viability than nonneoplastic cells. This important observation provides a therapeutic
window in terms of therapeutic targeting of the APE1 redox domain using E3330 or more
potent small-molecule inhibitors.

Although APE1/REF-1 subcellular localization is mainly nucleus (32), recently, there is
emerging evidence showing that APE1 protein is localized in both nucleus and cytoplasm
(31, 47). Furthermore, in liver cancer tissue, cytoplasmic expression of APE1 is higher in
cancer cells than in nonmalignant liver cells within the tumor (47). Cytoplasmic APE1/
REF-1 is associated with mitochondria (32), similar to its homologous gene Apn1 in yeast
(48). This encouraged us to examine the potential extranuclear function of APE1 protein
localized within the cytosol of pancreatic cancer cells. We were particularly interested to
examine the relevance between cytoplasmic protein tyrosine phosphatase, such as SHP-2,
and APE1-mediated redox regulation, because recent observation shows SHP-2 can be
localized within mitochondria. SHP-2 is essential for cellular growth and progenitor cell
differentiation (17), and recent studies have established a direct role for SHP-2 in cell
survival related to oxidative stress-related cellular signaling. SHP-2 is activated in diverse
human cancers, and this phosphatase has been implicated as a critical effector for the
transforming ability of several credentialed oncogenes, like Ras, Bcr-Abl, and mutant
epidermal growth factor receptor (35, 37). The activity of SHP-2 can be negatively regulated
by oxidation (40). Previous studies have shown that ROS can induce transient inactivation
of SHP-2 in T cells (23). Endogenous APE1 may function as a regulator to maintain ROS
balance because knockdown of APE1 expression by siRNA for 48 h significantly increases
ROS level (49). In the present study, we confirmed the expression of active (nonoxidized)
SHP-2 phosphatase in untreated PANC1 cells. We hypothesized that E3330-induced up-
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regulation of endogenous ROS levels in PANC1 will suppress SHP-2 activity via oxidation.
We confirmed this hypothesis to be true, and our data provide the first evidence linking
inhibition of APE1 redox domain with inactivation of SHP-2 by oxidation. We believe that
inactivation of SHP-2 may be one mechanism by which E3330 exerts its antiproliferative
effects in pancreatic cancer. Further, we propose APE1 may activate SHP-2 through a redox
mechanism within mitochondria, a novel mechanism regarding its role in cancer cell
regulation (Fig. 6).

In conclusion, we show that E3330, a small-molecule inhibitor of APE1 redox domain
function, directly inhibits growth and migration of human pancreatic cancer cells. Further,
we establish that blockade of APE1 redox domain can inhibit the transcription activating
function of HIF-1α, inactivate SHP-2, and down-regulate CD44 expression on the cell
surface, all of which have likely mitigating effects on the transformed phenotype of
pancreatic cancer cells. Our results suggest that small-molecule inhibition of the APE1
redox domain with E3330, or other more potent chemical inhibitors, is a potential
therapeutic strategy in pancreatic cancer. However, we showed previously that E3330 also
inhibits hematopoiesis, including reduction of colony-forming units-granulocyte-
macrophage colony formation (14). This might limit its potential use as an anticancer agent
in pancreatic cancer because of its potential side effect in hematopoiesis suppression. To
solve this problem, it is recommended to combine E3330 and hematopoietic stimulatory
factor for the future in vivo trial in cancer therapy, such as granulocyte-monocyte-colony-
stimulating factor, stem cell factor, etc., which may overcome the potential hematopoietic
suppression effect of E3330.
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Figure 1.
A, APE1 expression in pancreatic cancer cells (Western blot). The total cell lysates are
analyzed by Western blot. All six tested pancreatic cancer cell lines PANC1, PK9, BxPC3,
CAPAN-1, ASPC-1, and XPA1 express a dominant level of APE1. Non-tumorigenic human
pancreatic cell line HPNE and HPDE express lower level of APE1 compared with these
malignant cell lines. B, dose-dependent inhibition of growth of pancreatic cancer cells
(PANC1 and XPA1) but not the nonneoplastic human pancreatic epithelial cells HPNE by
E3330. PANC1, XPA1, or HPNE cells were treated with various dose of E3330 for 72 h.
Then, MTT assays were done to analyze cell viability. C, trypan blue staining and cell count
for E3330-treated PANC1 cells. D, methoxyamine, the APE1 DNA repair domain inhibitor,
has no growth-inhibitory effects on pancreatic cancer cells. Both PANC1 and XPA1 cells
were treated with methoxyamine for 72 h followed by a MTT assay. E, difference of
spontaneous growth rate between low APE1-expressing pancreatic cell (HPNE) and high
APE1-expressing pancreatic cells (PANC1). Transduction of exogenous wild-type APE1
into HPNE cells enhances their growth rate.
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Figure 2.
APE1 is essential for pancreatic cancer cell growth in vitro. A, knockdown of APE1
expression affects cell growth in trypan blue exclusion assay. PANC1, XPA1, or HPNE
cells were transfected with scramble (control) siRNA 25 or 50 nmol/L or APE1 siRNA 25 or
50 nmol/L. After transfection, the cells were cultivated for 3 d. The live cell numbers were
counted after trypan blue staining. The MTT assays were carried out to examine the cell
viability. Mean of three independent experiments; bars, SD. B, APE1 redox domain
inhibitor E3330 inhibits the in vitro growth of primary pancreatic cancer cells. ESA-positive
primary pancreatic cancer cells were isolated from three independent freshly resected
pancreatic cancer tissue specimens using ESA-positive MACS bead. The isolated pancreatic
cancer cells were then treated with various doses of E3330. After 48-h incubation, the MTT
assay was done to examine cell viability. Columns, mean of three independent experiments;
bars, SD. C, DNA contents of PANC1 cells treated with ethanol (as control cells) or with
E3330 at various doses (10, 20, and 30 μmol/L) for 48 h. Representative result from three
independent experiments. D, percentage of Ki-67-positive cells in E3330-treated PANC1
cells in flow cytometry assay. PANC1 cells were treated with either with ethanol (as control
cells) or with various doses of E3330 (1, 5, 10, 20, or 30 μmol/L) for 48 h. The cells were
then stained with FITC-conjugated anti-Ki-67 antibody and read on flow cytometry.
Columns, mean of three independent experiments; bars, SD. *, P < 0.05; **, P < 0.01.
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Figure 3.
Hypoxia enhances E3330-mediated growth inhibition in pancreatic cancer cells. A, PANC1
cells. B, XPA1 cells. In normoxia or hypoxia conditions (cells were treated with 100 μmol/L
CoCl2), the cells were treated with E3330 at various dose for 48 h. The MTT assay was
done. Columns, mean of three independent experiments; bars, SD. *, P < 0.05; **, P < 0.01.
C, E3330 inhibits HIF-1α activity. HIF-1α DNA-binding activity was analyzed by ELISA.
Columns, mean of three independent experiments; bars, SD. *, P < 0.05. D, NF-κB activity
assay in pancreatic cancer cells treated with E3330. Pancreatic cancer cells were transfected
with NF-κB reporter plasmid pNF-κB-Luc. The cells were treated with E3330 at various
doses for 6 h, and the luciferase activities were measured using a Dual-Luciferase Reporter
Assay System.
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Figure 4.
E3330 enhances ROS production in PANC1 cells. A, ROS was detected by flow cytometry
using dihydrorhodamine 123 as a probe. The cells were treated with ethanol (as control
cells) or with E3330 at the indicated dose for 2 d. The cells were then harvested, stained
with 0.5 μmol/L dihydrorhodamine 123 for 30 min, and analyzed on flow cytometry.
Representative results from three independent experiments. B, knockdown of APE1
expression enhance endogenous ROS level in PANC1 cells. PANC1 cells were transfected
with control siRNA or APE1 siRNA. After 72 h, the intracellular ROS level was analyzed
by labeling cells with dihydrorhodamine 123 and assessed by flow cytometry. MFI, mean
fluorescence intensity. C, SHP-2 expression in mitochondria of PANC1 cells in Western
blot assay: 50 μg whole-cell lysate of PANC1 cells or 50 μg purified mitochondria of
PANC1 cells were assayed in their SHP-2 protein level. D, inhibition of APE1 redox
function with E3330 increases SHP-2 oxidation and inactivation in pancreatic carcinoma.
PANC1 cells were treated with ethanol (as control cells) or indicated dose of E3330 for 48
h. The cells were lysated in an anaerobic chamber with 1 mL O2 free lysis buffer. The level
of oxidation of SHP-2 is examined by immunoprecipitation and blot assay. Representative
results from three independent experiments.
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Figure 5.
E3330 inhibits stromal cell – derived factor-1 – mediated migration of pancreatic cancer
cells. A, pancreatic cancer cell lines PANC1, XPA1, and BxPC3 were stimulated by stromal
cell – derived factor-1 at 100 ng/mL and exposed to varying concentrations of E3330.
Stromal cell – derived factor-1 – stimulated migration was inhibited by E3330 at dosages ≥5
μmol/L. Columns, mean of three independent experiments in triplicate wells and normalized
for any growth-inhibitory effects of E3330. *, P < 0.05. B, fluorescence-activated cell
sorting analysis of CD44 expression in PANC1 cells. Dotted line, cells stained with isotype
control antibody; solid line, cells stained with anti-CD44 antibody. C, E3330 inhibits CD44
expression in PANC1 cells. PANC1 cells were treated with E3330 at the indicated dose for
48 h. The cells were then harvested, stained with fluorescence-conjugated anti-CD44
antibody, and analyzed on flow cytometry. Columns, mean of three independent
experiments; bars, SD. *, P < 0.05; **, P < 0.01.
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Figure 6.
Proposed model about the role of APE1 regulating SHP-2 activity in mitochondria and
HIF-1α activity in nucleus through redox mechanism in pancreatic cancer cells.
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