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Abstract
The base excision repair (BER) pathway is required to repair endogenous and exogenous oxidative
DNA damage. Multiple DNA repair pathways have been shown to be down-regulated in the tumor
microenvironment, whereas APE1/Ref1, a central protein in BER, is overexpressed in many types
of solid tumors. APE1/Ref1 has dual functions, participating both in BER and in redox regulation of
oxidized transcription factors. Here, we show that inhibition of the BER pathway in an acidic tumor
microenvironment increases oxidative DNA damage temporally related to increased intracellular
reactive oxygen species. Unrepaired oxidative DNA damage results in cell cycle arrests and increased
DNA double strand breaks, leading to cell death. Therefore, up-regulation of BER in solid cancers
may represent an adaptive survival response. Consequently, BER inhibition may confer tumor
microenvironment targeted cytotoxicity in human cancers. Our data suggest that BER inhibition is
a rational basis for cancer therapy with or without other cytotoxic therapy. Additionally, our results
offer insight as to why APE1/Ref1 retains it’s unique dual functionality, both of which counteract
environmental oxidative stress.
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INTRODUCTION
Oxidative stress generates various types of DNA damage including base damage, apurinic/
apyrimidinic (AP) sites, single strand breaks (SSBs), and double strand breaks (DSBs). In
addition to exogenous stress such as ionizing radiation (IR), endogenous oxidative stress is
thought to be a significant threat to cells with aerobic respiration. The base excision repair
(BER) system is essential to repair some forms of oxidative DNA damage (1). Spontaneous
DNA damage induced by endogenous oxidative stress may be enough to reduce cell
proliferation and induce apoptosis if BER is strongly inhibited (2).

APE1/Ref1 is a bi-functional protein serving as a key enzyme in the BER pathway (apurinic/
apyrimidinic endonuclease 1 [APE1]) as well as in redox regulation (redox factor 1 [Ref1]).
Ref1 was independently identified and shown to reductively activate several key transcription
factors such as c-Fos, c-Jun, and NF-κB (3). As such, APE1/Ref1 has a unique and critical role
in both genomic protection and cellular maintenance against an environmental oxidative stress.
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Transfection of another BER-related gene, XRCC1, into the Chinese hamster ovary (CHO)
mutant EM9 cell line was found to correct defective DNA strand break repair and reduce
cytotoxicity to a variety of DNA damages (4). XRCC1 coordinates multiple steps in the BER
pathway through protein-protein interactions with DNA ligase III (LIGIII) (5), poly(ADP-
ribose) polymerase 1 (PARP-1) (6,7), DNA polymerase β (Polβ) (6,8), and polynucleotide
kinase (PNK) (9). XRCC1 also interacts with APE1 and is required for efficient APE1 function
(10).

Solid tumors are often found to have an altered extracellular condition called the tumor
microenvironment. The tumor microenvironment may be characterized by acute/chronic
hypoxia, low extracellular pH (pHe), and low nutrition. The tumor microenvironment has been
shown to impact on local disease progression, metastatic potential, and response to radiation
and chemotherapy (11). The tumor microenvironment is also associated with genetic instability
(12,13). Multiple DNA repair systems are inhibited under hypoxic and/or low pH extracellular
conditions including mismatch repair (14,15), nucleotide excision repair (16), and homologous
recombination (17,18). In contrast to these DNA repair systems, APE1 was found to have
greater activity in various types of tumors compared to normal tissues (19–21). Additionally,
certain polymorphisms of XRCC1, particularly single amino acid changes at codons 194, 280
and 399 are associated with a risk of several types of gastrointestinal cancers, breast cancer
and lung cancer (22). The indispensable role of BER in mediating oxidative stress and the
observation of overexpression of BER in various types of cancer raises the question of whether
BER can counteract increased genotoxic stress in an acidic tumor microenvironment compared
to a normal pH extracellular environment. Therefore, we hypothesize that the BER plays an
essential role in mediating cytotoxicity in an acidic tumor microenvironment.

MATERIALS AND METHODS
Cell lines and chemicals

The cell lines used were the isogenic Chinese hamster ovary cell lines, CHO AA8 (parental
wild type), CHO EM9 (XRCC1 deficient), and CHO H9T3 (XRCC1 cDNA-complemented in
EM9 cells), and the human colon cancer cell lines, HCT116 and RKO. RKO cells conditionally
expressing shRNA for the APE/Ref1 sequence and for a control sequence were kind gifts from
Dr. Y-C Cheng of Yale University (23). Expression of shRNA was induced by incubation with
1µg/ml doxycycline. The cells were maintained in DMEM, supplemented with 10% fetal
bovine serum, L-glutamine, and penicillin/streptomycin at 37°C in a humidified 10% CO2
atmosphere. The pH of culture media was adjusted by phosphoric acid at ambient conditions
before adding supplemental factors to the media. All chemicals were purchased from Sigma
(St. Louis, MO), unless otherwise specified. A potent inhibitor of APE1, 7-nitroindole-2-
carboxylic acid (CRT0044876) (24), was obtained from Calbiochem (San Diego, CA).
CRT0044876 was dissolved in DMSO at a concentration of 200mM and stored at −0°C. For
experiments using CRT0044876 treatments, the same dose of DMSO was added to control
groups.

Survival assay
Clonogenic cell survival was determined by a standard colony-forming assay as described
previously (25). Survival fractions were calculated by a formula:
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Multicellular spheroid
Ten-thousand exponentially growing cells were seeded in each well of a 96 U-bottom culture
plate pre-coated with 1% agarose in DMEM. The plates were placed on a plate shaker for up
to one hour at ambient conditions to facilitate cell aggregation in the center of the wells. The
cells were incubated at 37°C in a humidified 10% CO2 atmosphere. The cells started to grow
as one spheroid in each well, typically 5 to 10 days later. Following specified treatments,
spheroids were fixed in 3.7% paraformaldehyde for immunohistochemical analyses. The
spheroids were treated with pimonidazole for 24 hours prior to harvest to label hypoxic regions,
according to the manufacturer’s instructions (NPI, Burlington, MA). The fixed spheroids were
aggregated in Histogel (Thermo Fisher Scientific, Waltham, MA), and then paraffin-
embedded. For a spheroid growth assay, images of spheroids were taken under phase-contrast
microscopy. The volume of spheroids was estimated by the equation:

Intracellular ROS measurement
At subconfluent conditions, HCT116 cells were counterstained with Hoechst33342. Then, a
ROS responsive fluorochrome, CM-H2DCFDA, was loaded into the cells, according to the
manufacturer’s instructions (Invitrogen, Carlsbad, CA). The cells were next incubated at 37°
C in pH7.4 PBS, pH6.2 PBS, or pH7.4 PBS with 25µM H2O2. After 20 min, the cells were
observed by reverse fluorescent microscopy. In a parallel experiment, cells were harvested by
trypsinization. CM-H2DCFDA was then loaded into the resultant single cell suspensions. The
cells were incubated under similar conditions to the attached cells, and then assayed by flow
cytometry.

Western blotting
Western blot analyses were conducted using standard procedures (SDS-PAGE followed by an
electrotransfer onto a membrane). The antibodies used were γH2AX and PARP-1 (Calbiochem,
San Diego, CA), APE1/Ref1 (Novus Biologicals, Littleton, CO), and β-actin. Relative protein
levels of APE1/Ref1 were determined by an optical density measurement using a software
ImageJ-1.39u against control bands with 100% and 10% protein loading.

Immunochemical staining
Paraffin-embedded slides were processed using standard procedures with de-paraffinization
and rehydration. For tissue culture samples, cells grown on cover glass were fixed and
permeabilized using ice-cold methanol. The primary antibodies used were γH2AX (1:500
dilution) (Calbiochem, San Diego, CA) and pimonidazole (1:250 dilution) (NPI, Burlington,
MA). Texus-Red conjugated or AlexaFluor488 secondary antibody (Invitrogen, Carlsbad, CA)
were used for visualization.

Immunocytochemistry and flow cytometry of spheroids
Following the indicated treatments, cellular debris-like materials adjacent to spheroids were
carefully harvested with medium separately from the adjacent spheroids. The debris-like
materials were recovered by centrifugation. Separately, a single cell suspension of spheroids
was obtained by trypsinization. Following fixation in 70% ethanol at −20°C, the samples were
dropped onto a microscope slide and air-dried. The slides were immuno-stained for
pimonidazole, as described above. The remaining ethanol-fixed single cell suspension was
similarly immuno-stained for pimonidazole and counter-stained with propidium iodide. The
samples were then subjected to flow cytometry.
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Comet assay
An alkaline comet assay was performed as previously described (25). Briefly, a single cell
suspension was embedded in 1% low-melting-point agarose in PBS, and then spread onto a
microscope slide. Following a cell lysing process and immersion in alkaline solution, the slide
was subjected to electrophoresis using 1V/cm in a neutral buffer for 10 min. Following fixation,
DNA was visualized with SYBR-green I (Invitrogen, Carlsbad, CA) and tail moments were
measured.

Cell cycle analysis
Following the indicated treatments, cells were harvested by trypsinization and fixed with 70%
ethanol at −20°C. Following propidium iodide staining, the cells were subjected to flow
cytometry.

RESULTS
To test our hypothesis that up-regulation of BER provides a greater tolerance to cancer cells
in an acidic tumor microenvironment, we examined the impact of BER inhibition on cell
survival. APE1 and XRCC1 were selected as targets of inhibition since: 1) APE1 is a rate-
limiting enzymatic step in BER and is frequently overexpressed in solid tumor tissues; and 2)
XRCC1 has a crucial role in efficient BER and is involved in multiple steps of the BER pathway
including binding to APE1.

We first compared growth of the XRCC1-proficient and -deficient isogenic pair of CHO cells
at pHe7.4 for 5 days. By counting live cells (i.e. with consideration of cell loss factor), no
difference was found in cell doubling times between CHO AA8 cells and CHO EM9 cells. The
doubling times of CHO AA8 cells and CHO EM9 cells were 20.1 [18.3–22.2] hours and 20.5
[18.6–22.5] hours, respectively [95%CI]. However, incubation in an acidic medium (pHe6.0)
showed a differential effect within 3–5 days of incubation based on microscopic evaluation of
cell density and morphology in XRCC1-deficient CHO EM9 cells compared to wild type CHO
AA8 cells (Fig.1A). Subsequent comparison of clonogenic survival at day 14 using a colony
forming assay demonstrated that incubation at pHe6.0 for 5 days significantly reduced survival
in CHO EM9 cells compared to CHO AA8 cells (Fig.1B). The reduced survival was partially
reversed in CHO H9T3 cells, in which XRCC1 function was complemented by stable
transfection of XRCC1 cDNA into CHO EM9 cells.

We next tested whether APE1 inhibition alters cell survival under acidic conditions. APE1 was
down-regulated in RKO cells using shRNA (Fig.1C). The APE1 protein levels were gradually
reduced to approximately 10% following a 12-day incubation with 1µg/ml doxycycline. For a
clonogenic survival assay, we used RKO cells pre-treated with doxycycline for greater than
12 days and then continued to incubate the cells with doxycycline throughout the assay period.
At pHe7.4, there was no difference in cell survival between APE1-down-regulated RKO cells
and control RKO cells (shRNA for APE1 without doxycycline or shRNA for control sequence
with doxycycline). However, following a 48-hour incubation at pHe6.0, cell survival was
significantly reduced in the APE1-down-regulated RKO cells compared to control RKO cells
(p<0.01) (Fig.1D).

Similarly, clonogenic survival was measured in HCT116 cells following a 72-hour period of
chemical inhibition of APE1 using varying concentrations of CRT0044876 (50–2000µM).
HCT116 cells were significantly more sensitive to CRT0044876 at pHe6.2 compared to
pHe7.4 (p<0.001) (Fig.2A). The 50% lethal dose (LD50) and 90% lethal dose (LD90) were
189µM and 439µM at pHe6.2, and 1590µM and 2510µM at pHe7.4, respectively. Additionally,
we measured the effect on HCT116 cell proliferation in monolayer cultures following up to a
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4 day exposure to 600µM CRT0044876 (Fig.2B, upper panel). At pHe7.4, there was no effect
on cell proliferation (relative cell number determined once daily × 4 days). However, at both
pHe6.8 and 6.2, exposure to the drug significantly reduced the cell numbers compared to control
(vehicle alone) cells. To generalize our observation to another human tumor cell line, we
conducted a similar experiment using the human glioblastoma cell line U251. We found a
qualitatively similar result in U251 cells (Fig.2B, lower panel). Since the APE1 inhibitor
CRT0044876 has been shown to enhance cytotoxicity to other oxidative damaging agents
(24), we tested whether CRT0044876 enhances cytotoxicity to exogenous oxidative stress
using H2O2 in HCT116 cells. We found that there was a positive interaction between 600µM
CRT0044876 and a range of H2O2 concentrations in HCT116 cells (Fig.2C), consistent with
the hypothesis that CRT0044876 inhibits repair of oxidative DNA damages.

We also examined the impact of APE1 inhibition on the growth of HCT116 tumor spheroids.
We chose 600µM CRT0044876 as a dose of the APE1 inhibitor for these experiments, since
greater than 90% of cell killing occurred at pHe6.2 compared to less than 10% cell killing at
pHe7.4 in monolayer cultures of HCT116 cells (Fig.2B). APE1 inhibition by incubation with
600µM CRT0044876 for up to 12 days resulted in substantial growth retardation of spheroids
(Fig.3A). However, following removal of the chemical APE1 inhibitor, the spheroids started
to re-grow.

To determine whether the effect of CRT0044876 treatment (600µM × 12 days) in HCT116
tumor spheroids represents a cytostatic versus a cytotoxic effect, we observed spheroids over
the 12 day period by phase-contrast microscopy (Fig.3A). The treated spheroids (upper panel)
were less compact with increased peri-spheroid stranding, typically occurring following one
week of treatment (arrows at days 9 and 12). In separate experiments, the hypoxic regions of
spheroids were labeled using pimonidazole (an exogenous hypoxic marker) for 24 hour prior
to CRT0044876 or vehicle alone treatment. Following one week of treatment with
CRT0044876 or vehicle alone, spheroids and the adjacent peri-spheroid stranding were
separately harvested. The resultant cellular suspensions were analyzed by
immunocytochemistry and flow cytometry with pimonidazole staining (Fig.3B). DNA
contents were measured with propidium iodide staining. We found that a large portion of
cellular materials from the peri-spheroid stranding were positive for pimonidazole staining
with either sub-G1 (43%) or normal DNA contents (32%) (subpanel c). Additionally, single
cell suspensions derived from spheroids treated with 600µM CRT0044876 (subpanel b)
showed a larger proportion of pimonidazole-negative (oxic) cells as well as a larger
pimonidazole-positive sub-G1 population than single cell suspensions from control spheroids
(subpanel a). HCT116 cells in mono-layer cultures under normoxic (21% O2) or hypoxic (0.1%
O2) conditions were used as negative and positive controls, respectively (subpanel d and e).
These observations suggest that peri-spheroid stranding is derived from a hypoxic region of
spheroids at the time of CRT0044876 treatment. Additionally, using immunohistochemical
analysis of tumor spheroid sections following 4 days of treatment, there was enhanced
micronuclei formation (by Hoechst33342 staining) corresponding to areas of enhanced
pimonidazole staining in CRT0044876 treated spheroids compared to control spheroids (Fig.
3C, D).

Collectively, these data suggest a cytotoxic effect to APE1 inhibition by CRT0044876
treatment in HCT116 spheroids, particularly in hypoxic regions. The observed re-growth of
spheroids following a removal of CRT0044876 is consistent with the hypothesis that the
peripheral (less hypoxic/acidic) area of spheroids is spared from cytotoxicity induced by the
APE1 inhibition.

To explore possible mechanisms of enhanced cytotoxicity to BER inhibition in an acidic
microenvironment, we examined whether low pHe increases intracellular reactive oxygen
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species (ROSs). A ROS-responsive dye, CM-H2DCFDA, was used to measure intracellular
ROS levels in HCT116 cells grown in monolayer culture. Incubation with 25µM H2O2 was
used as a positive control. We observed increased intracellular ROSs levels following a 20-
min incubation at pHe6.2, similar to treatment with 25µM H2O2 (Fig.4A, B). However, the
distribution of the fluorescent signals representing intracellular ROSs appeared different
following an incubation at low pHe (focal distribution) compared to exogenous H2O2 treatment
(diffuse distribution), which may implicate the existence of a localized source of intracellular
ROS generation upon an exposure to an acidic environment (Fig.4A).

To further evaluate the mechanism of cytotoxicity following BER inhibition at low pHe, we
evaluated the extent and time-course of DNA damages. Using the alkaline comet assay, we
measured the amount of DNA damages following a 2-hour exposure to low pHe (6.0–6.2) in
the isogenic CHO cell pair and in HCT116 cells with and without 600µM CRT0044876
treatment (Fig.4C, D). The alkaline comet assay can detect a variety of DNA damages including
AP sites, SSBs, and DSBs. Increased DNA damages, as measured by increased comet tail
moments, were found in both CHO EM9 cells and in CRT0044876-treated HCT116 cells at
low pHe compared to normal pHe (Fig.4D). CHO AA8 cells and control HCT116 cells showed
no increased DNA damages following the 2-hour exposure to low pHe.

Unlike other types of DNA damage, DSBs are an imminent threat to cells. To access the extent
and time-course of DSB formation, we measured cellular γH2AX levels as a marker of DNA
DSB (26,27) in HCT116 cells treated with 0µM or 600µM CRT0044876 while incubated at
pHe6.2. A time course experiment revealed that phosphorylation of histone H2AX increased
over 24 hours with APE1 inhibition. Following 48 hours of APE1 inhibition, γH2AX levels
were greater than that at 30 min following 8Gy IR (Fig.5A). However, we did not detect an
increase of γH2AX levels at 48 hours with APE1 inhibition at pHe7.4 (0 hour at pHe6.0; lane5
in Fig.5A). Similarly, we examined γH2AX foci formation using the CHO cell pair incubated
at pHe6.0 for 48 hours (Fig.5B, C). Under normal pHe, CHO EM9 cells showed a slightly
greater number of γH2AX foci per cell than CHO AA8 cells. Incubation at pHe6.0 significantly
increased the number of γH2AX foci in both CHO AA8 and CHO EM9 cells. However, the
increase in γH2AX foci number was substantially greater in CHO EM9 cells (mean 7.2 [95%
CI 6.4–8.1]) than CHO AA8 cells (0.31 [0.13–0.49]). A comparison of the extent of micro/
fragmented nuclei revealed a similar finding (Fig.5D). A significant enhancement in the
number of micro/fragmented nuclei was found in CHO EM9 cells following incubation at
pHe6.0.

BER pathway inhibition also significantly impacted cell cycle progression under acidic
conditions (Fig.6A, B). Both CHO AA8 cells and CHO EM9 cells showed an intra S-phase
arrest following a 8-hour incubation at pHe6.0. CHO EM9 cells continued to show prolonged
intra S-phase as well as G2/M phase arrests at the later time points (24–48 hours), whereas the
intra S-phase arrest appeared to be transient and the cell cycle recovered to the baseline in CHO
AA8 cells. A sub-G1 population was apparent at 48 hours and also significantly greater in CHO
EM9 cells. Similar effects on the cell cycle progression were found in HCT116 cells following
chemical APE1 inhibition (Fig.6B). Consistent with the increased sub-G1 population by flow
cytometry, cleavage of PARP-1 was found in HCT116 cells following chemical APE1
inhibition at low pHe (Fig.6C). Similar PARP-1 cleavage was found in HCT116 cells treated
for 48 hours with 5-fluorouracil or camptothecin (both known to induce apoptosis in colorectal
cancers), but not in HCT116 cells at 48 hours following treatment with 10 Gy ionizing radiation
(which induced >99% cell killing primarily through non-apoptotic mechanism, data not
shown). These data suggest that an apoptotic pathway is, at least partially, involved in cell
death induced by APE1 inhibition at low pHe.
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DISCUSSION
The extracellular environment is often acidic in solid cancers. Impaired microcirculation and
increased acid production can be sources of acidity (28). Metabolically transformed cancer
cells also produce a greater amount of acid through aerobic glycolysis regardless of the level
of oxygenation. This hypermetabolic phenomenon is often referred to as the Warburg effect
and is the mechanistic basis of 18F-fluoro-deoxy-glucose positron emission tomography for
cancer imaging.

In our study, we use pHe levels of 6.0 and 6.2 to assess the effects of BER inhibition in our
CHO and RKO cell models and in the HCT116 cell model, respectively, based on preliminary
growth experiments in these cell lines. This pHe range is comparable to a study of a mouse
tumor model using a fluorescent imaging technique (29). However, other studies using micro-
electrode pH measurements show a wide range of values, although this technique records a
composite of both extracellular pH and intravascular pH. For example, two studies in typically
large human tumors showed significant intra-and inter-tumor variations in pH with a range of
5.5–7.8 (30,31). Using magnetic resonance spectroscopy, a pH range of 5.9–7.1 (mean 6.6–
6.9) was found in several different mouse tumors (32). As such, the pHe of 6.0–6.2 used in our
study is in a low but clinically relevant pHe range.

The association between ischemia/acidosis and oxidative stress has been more intensively
investigated in the field of the nervous and cardiovascular systems (33). Others have
demonstrated how extracellular acidity increases intracellular ROS production. In brain tissue,
hyperglycemia-induced lactic acidosis is well known to strongly enhance cell death following
an ischemic event. Ying et al. revealed that acidosis enhances oxidative neuronal injury by
impairing antioxidant enzyme function and increasing intracellular free iron levels (34). In
cardiac myocytes, an acidic medium induced by chronic hypoxia or exogenous addition of
lactic acid caused apoptosis irrespective of aerobic or anaerobic conditions (35). In their study,
chronic hypoxia alone was not a significant factor for inducing apoptosis, but low extracellular
pH or reoxygenation resulted in apoptosis in cardiac myocytes. In vascular endothelial cells,
ketoacidosis has been shown to generate oxygen radicals which result in lipid peroxidation and
possibly atherosclerosis (36). These findings are consistent with our observation showing that
an acidic extracellular environment increased oxidative stress in the human cancer cell line,
HCT116. Interestingly, the intracellular spatial distribution of ROS-responsive fluorescent dye
following the incubation in the acidic environment was different from the exogenous H2O2
treatment, while similar enhanced signal intensity per cell was found using the flow cytometric
analysis (Fig.4A, B). The significance of this observation is not yet established, although a
focal increase of signal intensity implies a presence of an intracellular localized ROS source
in response to lowered pHe.

Oxidative attacks to DNA can generate strand breaks directly or indirectly through the BER
processing. An oxidized base can be excised by bi-functional DNA glycosylases/AP-lyases
(e.g. OGG1, NTH1, and NEIL1/2), which leaves a SSB with damaged 5’ or 3’ termini (37).
For both the direct and indirect formation of SSBs, a DNA end processing step is necessary to
proceed to the next gap-filling step in both the short patch and long patch BER pathways. The
end processing is extremely important for cellular viability because the repair intermediates
may be more toxic than the original base damages. An imbalanced increase of glycosylase
activity can paradoxically increase cell death because of accumulated repair intermediates.
Depending on types of damaged termini, APE1 or PNK is the major enzyme to process the
termini. XRCC1 has a critical role in coordinating the end processing and the downstream
steps, gap filling and ligation. Accordingly, inhibition of APE1 and/or XRCC1 can cause excess
SSBs. A consequence of unrepaired SSBs in proliferating cells is likely a blockage or collapse
of replication forks during the S-phase, which results in DNA DSB formation (38). Consistent
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with this model, we observed prolonged intra-S-phase and G2/M phase cell cycle arrests in an
acidic environment with APE1 or XRCC1 inhibition. In non-cycling cells, SSBs located in the
opposed strands may form a DSB if they are close spatially. Although cells are equipped to
repair DSBs efficiently, the tumor microenvironment inhibits homologous recombination
repair which works primarily in S-phase (17). Reduced DSB repair may contribute, to some
extent, to our observation that APE1 or XRCC1 inhibition caused greater cell death in an acidic
environment.

DNA repair systems are under active investigations as targets for cancer therapeutics (39).
APE1 is considered to be one of promising targets, and multiple pharmacologic inhibitors are
being evaluated in addition to CRT0044876 (40). Methoxyamine is a potential APE1 inhibitor
that physically binds to DNA AP-sites, inhibiting further processing by APE1 (41).
Methoxyamine is currently under clinical investigation as a modulator of cytotoxicity to the
DNA methylating agent, temozolomide. Recently, another more potent APE1 inhibitor has
been identified (42). Although these APE1 inhibitors are being developed to sensitize other
DNA damaging agents (43), our data suggests that APE1 inhibitors alone may induce cell death
in an acidic environment independent of exogenous DNA damaging agents.

In this study, we focused on enhanced DNA damages as a mechanism of the differential
cytotoxicity induced by the BER inhibition in an acidic versus normal pH environment. A
further investigation of other potential mechanisms, including Ref1 function, may be necessary
to consider, since Ref1 function is also essential for cell survival (44). Ref1 is necessary to
reductively activate oxidized transcription factors that play essential roles in cellular viability
and proliferation in the tumor microenvironment, such as c-Jun, c-Fos, NF-κB, and HIF-1α.
Inhibition of Ref1 using a small molecule inhibitor has recently been shown to reduce
proliferation and migration in pancreatic cancer cell lines (45). The reduced proliferation was
more pronounced under hypoxic conditions than normoxic conditions. Taken together with
our data in this study, APE1/Ref1 appears to possess dual functions which at first glance appear
distinct and unrelated but both counteract against environmental oxidative stress.

In conclusion, inhibition of APE1 and/or XRCC1 induces acidic tumor microenvironment
targeted cytotoxicity. Therefore, it seems logical to target the BER pathway for solid cancer
therapeutics as monotherapy or combined with other standard cytotoxic therapies.
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Fig. 1.
(A) Cell density and morphology at pHe6.0 were examined under phase-contrast microscopy
(×100) for up to 5 days. CHO EM9 cells appeared to have reduced density and viability at
pHe6.0 compared to CHO AA8 cells. (B) Clonogenic survival of isogenic CHO cells. (C)
Western blot analysis showed down-regulation of APE1 using stable transfection of shRNA
in RKO cells. (D) Following a 48-hour incubation at pHe7.4 or 6.0, clonogenic survival was
measured in APE1-inhibited RKO cells (APE1-shRNA with DOX [grey bar]) compared to
control RKO cells (control-shRNA with DOX [black bar] and APE1-shRNA without DOX
[white bar]). Significance of difference between the two groups was examined by t-test
(*p<0.01, **p<0.001).
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Fig. 2.
(A) Clonogenic survival following treatment with the APE1 inhibitor CRT0044876 in HCT116
cells at pHe7.4 versus 6.2. The cell survival was dependent on pHe (p<0.001) as well as a dose
of CRT0044876 (p<0.001), assessed by ANOVA. (B) 600µM CRT0044876 did not affect cell
proliferation of HCT116 cells (upper panel) in monolayer cultures at pHe7.4, whereas cell
proliferation was significantly inhibited at the lower pHe values (mean±sem). A similar result
was found using U251 cells (lower panel). (C) Clonogenic survival assay following a 48-hour
exposure to various doses of H2O2 with or without co-incubation of 600µM CRT0044876
(mean±sem).
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Fig. 3.
(A) Growth of HCT116 multicellular spheroids treated with 0µM or 600µM CRT0044876 at
pHe7.4 for 12 days (mean±sem of greater than 100 spheroids in each group from the 5
independent experiments). Representative images of the spheroids by phase-contrast
microscopy (×40) are also shown. Note the debris-like material adjacent to the CRT0044876-
treated spheroids (white arrows) at days 9 and 12. (B) Following one-week treatment with 0µM
or 600µM CRT0044876, spheroids (subpanel a, b) and peri-spheroid stranding (debris-like
materials shown in the panel A) (subpanel c) were separately collected. No detectable materials
were recovered as a peri-spheroid stranding from the spheroids treated with 0µM CRT0044876.
The upper panels are representative images (×400) of immunocytochemical staining for
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pimonidazole (green). Nuclei were counterstained with propidium iodide (red). (white arrows:
pimonidazole-positive cells, white arrow heads: pimonidazole-negative cells, yellow arrow
heads: pimonidazole-positive cellular remnants). The lower panels show flow cytometric
analysis of the same samples (x-axis: DNA contents, y-axis: a log scale of pimonidazole stain).
(C) Immunohistochemical analyses from paraffin-embedded sections of the HCT116 spheroids
following a 4-day treatment with CRT0044876 (×200) (green: pimonidazole, blue:
Hoechst33342). Arrow heads indicate an interface between hypoxic and normoxic regions.
600µM CRT0044876 resulted in micronuclei (white arrow) in the central hypoxic regions but
not in the peripheral normoxic regions. (D) The frequency of micronuclei was quantitated in
the 5 pairs of spheroid sections with 0 or 600µM CRT0044876 treatment (Bar: mean±sem).
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Fig. 4.
(A) Intracellular ROS levels measured in HCT116 cells using CM-H2DCFDA (green) (×400).
Nuclei were counterstained using Hoechst33342 (blue). A 20 min incubation at pHe 6.2
increased intracellular ROS levels compared to pHe7.4. (B) CM-H2DCFDA fluorescent
intensity was measured by flow cytometry under similar conditions as Fig.3A (Black: control
at pHe7.4, Green: pHe6.2, Red: H2O2). (C) DNA damages were measured using an alkaline
comet assay in the CHO cell pair following a 2-hour incubation at pHe6.0 or 7.4. (D) The
distributions of the comet tail moments from >100 cells in the CHO cells pair (left) and in
HCT116 cells with 0µM or 600µM CRT0044876 (right) are graphed. Significance of
difference between two groups was tested using Wilcoxon rank-sum test (N.S.; not significant).
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Fig. 5.
(A) The time-course of phosphorylation of histone H2AX by Western blotting in HCT116 cells
treated with 0µM or 600µM CRT0044876 at pHe6.2. For comparison, the extent of H2AX
phosphorylation at 30 min following ionizing radiation (IR) is also shown. (B)
Immunocytochemical analyses for γH2AX foci formation (red) (×640). Nuclei were
counterstained with Hoechst33342 (blue). A 48-hour incubation at pHe6.0 induced greater
γH2AX foci formation in CHO EM9 cells compared to CHO AA8 cells. (C) Quantitative
analysis of γH2AX foci formation in >500 nuclei from 5 independent experiments (mean
±sem). (D) The number of cells with micronuclei was counted in the same experiments shown
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in the panel B and C (mean±sem). Significance of difference between the two groups was tested
using t-test.
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Fig. 6.
(A) Cell cycle progression in an acidic extracellular environment in CHO AA8 cells versus
CHO EM9 cells. (B) Using HCT116 cells with chemical APE1 inhibition, a differential cell
cycle progression was found similarly to the CHO cell pair. (C) A substantial amount of the
cleaved PARP-1 85kDa fragments was detected in HCT116 cells following a 48-hour
incubation at pHe6.2 when APE16.2 when APE1 was inhibited. A 48-hour incubation with
150µM 5-fluorouracil or 5µM camptothecin was used as a positive control for apoptotic
activity while a 48-hour measurement after 10Gy ionizing radiation was used as a negative
control.
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