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Abstract
Apurinic/apyrimidinic endonuclease 1/redox factor-1 (APE1/Ref-1) is the redox regulator of multiple
stress-inducible transcription factors, such as NF-κB, and the major 5’-endonuclease in base excision
repair (BER). We utilized mice containing heterozygous gene-targeted deletion of APE1/Ref-1
(Apex+/-) to determine the impact of APE1/Ref-1 haploinsufficiency on the processing of oxidative
DNA damage induced by 2-nitropropane (2-NP) in the liver tissue of mice. APE1/Ref-1
haploinsufficiency results in a significant decline in NF-κB DNA binding activity in response to
oxidative stress in liver. In addition, loss of APE1/Ref-1 increases the apoptotic response to oxidative
stress where a significant increase in GADD45g expression, p53 protein stability and caspase activity
are observed. Oxidative stress displays a differential impact on monofunctional (UDG) and
bifunctional (OGG1) DNA glycosylase initiated BER in liver of Apex+/- mice. APE1/Ref-1
haploinsufficiency results in a significant decline in the repair of oxidized bases (e.g., 8-OHdG),
while removal of uracil is increased in liver nuclear extracts of mice using an in vitro BER assay.
Apex+/- mice exposed to 2-NP displayed a significant decline in 3’-OH-containing single-strand
breaks and an increase in aldehydic lesions in their liver DNA suggesting an accumulation of repair
intermediates of failed bifunctional DNA glycosylase initiated BER.
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Introduction
The imbalance between pro-oxidants and anti-oxidants within the cellular milieu promotes a
chronic state of oxidative stress which can damage DNA and other macromolecules within the
cell [1]. The steady-state accumulation of oxidative damage is thought to be an important
mechanism underlying aging and age-related diseases such as cancer [2,3]. In order to maintain
DNA integrity, cells employ elaborate DNA repair mechanisms of which base excision repair
(BER) is the most versatile and the pathway of choice for repairing oxidative damage, single-
strand breaks, and other small, non helix-distorting DNA damage [4-6].

Apurinic/apyrimidinic (AP) endonuclease 1 (APE1) was originally characterized as an
endonuclease that cleaves the backbone of double-stranded DNA containing AP sites [7,8].
Subsequently, APE1 was shown to possess 3’-phosphodiesterase, 3’-phosphatase, and 3’→5’
exonuclease activities [9]. APE1 was also independently characterized as redox factor-1
(Ref-1), a redox activator of cellular transcription factors [10,11]. APE1/Ref-1 participates in
cellular signaling via activation of multiple transcription factors involved in the cellular stress
response, such as NF-κB [12]. Studies of NF-κB DNA binding indicate a mechanism that is
redox regulated by and dependent upon APE1/Ref-1. For example, APE1/Ref-1 was shown to
enhance the DNA binding activity of NF-κB in vitro as well as NF-κB-dependent
transcriptional activation in vivo [13]. Furthermore, deletion of the redox-sensitive domain of
APE1/Ref-1 significantly inhibited TNF-induced NF-κB activation [14]. Loss of APE1/Ref-1
also resulted in decreased NF-κB DNA binding and transcriptional activation, in addition to
increased susceptibility to TNF-induced apoptosis [15,16]. These findings establish APE1/
Ref-1 as an essential upstream signaling molecule regulating NF-κB.

Research focused on understanding the role of APE1/Ref-1 in the BER response to oxidative
stress provides insight into its multifunctional activity. Initially, BER was believed to be a
simplistic linear pathway involving damage recognition and removal, followed by base
insertion and nick-sealing activity, requiring only four enzymatic reactions [17]. However,
recent studies have indicated that BER is a dynamic and environmentally responsive DNA
repair pathway [18,19], with individual BER enzymes being induced by oxidizing agents
[20,21]. Our laboratory has demonstrated that both BER activity and DNA polymerase β (β-
pol) levels increase in response to the oxidative stress [22]. Research has also shown that APE1/
Ref-1 expression is inducible by oxidative stress [23,24], while its down regulation increased
sensitivity to DNA damaging agents [25,26] and its overexpression protected against oxidative
stress-induced genotoxicity [27]. Recently, Fung and Demple [28] showed that APE1/Ref-1
repair activity is essential for cellular viability and indicate that APE1/Ref-1 redox activity
may be dispensable. However, Izumi et al. [29] and Vasko et al. [30] present data supporting
the notion that both functions of APE1/Ref-1, repair and redox, are essential for cell survival.

The objective of this study is to determine the functional importance of APE1/Ref-1 in the
repair of oxidative damage in vivo. We provide evidence that in response to in vivo exposure
to oxidative stress, an increase in BER activity, β-pol, and APE1/Ref-1 protein levels are
observed. We also present data demonstrating increased activation of NF-kB in response to
oxidative stress in vivo. To determine whether BER activity in response to oxidative stress is
affected by reduced APE1/Ref-1, we utilized a mouse model of APE1/Ref-1 haploinsufficiency
[Apex+/-] previously characterized by our lab [31]. We find that oxidative stress displays a
differential impact on monofunctional (UDG) and bifunctional (OGG1) DNA glycosylase
initiated BER in Apex+/- mice. Oxidative stress results in a significant increase in UDG initiated
BER activity, but a significant decline in the repair of oxidized bases (8-OHdG). We also
observed reduced DNA binding activity of NF-kB in Apex+/- mice exposed to oxidative stress
establishing a significant role for APE1/Ref-1 redox function in the activation of NF-κB in
response to oxidative stress in vivo. Our data has relevant translational implications since
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APE1/Ref-1 variants have been identified in the human population [32], and variants in BER
have been associated with increased cancer risk [33,34].

MATERIALS AND METHODS
Animals

The experiments were performed in young (3-6 month), wild-type and APE1/Ref-1
heterozygous heterozygous (Apex+/-) male C57BL/6 specific pathogen-free mice in accordance
with NIH guidelines for the use and care of laboratory animals. Mice were backcrossed to
C57BL/6 background. The Wayne State University Animal Investigation Committee approved
the animal protocol. Mice were maintained on a 12-hr light/dark cycle and fed standard mouse
chow and water ad libitum. Mice were anesthetized in a CO2 chamber and sacrificed by cervical
dislocation. Harvested liver was flash frozen in liquid nitrogen and stored at -70°C for further
analysis.

DNA damage induction
Experimental mice were i.p. injected with 100 mg/kg body weight 2-nitropropane (2-NP;
Aldrich Chemical Company, Chem. Abstr. Serv. Reg. No. [79-46-9]) dissolved in olive oil.
Control mice were injected with olive oil vehicle. Mice were sacrificed after 24-hr. The dose
and exposure time were based on previous studies characterizing the effect of 2-NP on DNA
damage and repair induction [22].

Gene expression profiling
The mRNA expression level of APE1/Ref-1 was quantified using a real-time PCR-based
pathway focused on gene expression profiling of mouse DNA damage. Total RNA was
extracted from liver tissue of control and 2-NP-treated mice using TRIzol® Reagent
[GibcoBRL, Rockville, MD]. First strand cDNA was synthesized from 1 μg RNA using random
primers and purified using QIAquick PCR purification kit (Qiagen, Valencia, California).
Gene-profiling was analyzed using Realtime PCR array (SuperArray, Frederick, MD)
according to manufacturer’s instructions. Briefly, a cocktail of cDNA samples was prepared
using a supplied master mix and aliquoted into each well of a 96-well plate containing primer
pairs specific for 84 genes involved in the DNA damage pathway, including 5 housekeeping
genes. Among the 84 genes analyzed, changes in the expression of genes related to BER
pathway were confirmed using real time PCR and reported herein. Expression of β-pol, UNG,
OGG1 and GADD45g were also quantified using real time PCR with RNA extracted from
liver tissue of control and 2-NP treated mice. UNG primers were designed to detect both UNG1
and UNG2 message. Primer sequences used for β-pol, GADD45g, APE-1/Ref-1, UNG, OGGI,
GAPDH and β-actin transcripts are detailed in Table 1. External standards for all the genes
were prepared by subcloning the amplicons, synthesized using the primers listed in Table 1,
into PGEM-T easy vector. The vectors were linearized using Ecor1 to make the standard curves.
All gene transcripts were normalized to both GAPDH and β-actin.

Nuclear protein isolation
Nuclear proteins were isolated as previously described [31]. Briefly, nuclear extracts were
isolated using transfactor extraction kit (Clontech, Mountain View, CA). The kit uses a
hypotonic buffer to lyse the cell allowing the removal of cytosolic fractions and is followed
by the extraction of nuclear proteins by a high salt buffer. All samples and tubes were handled
and chilled on ice, and all solutions were made fresh according to manufacturer’s protocol.
Low molecular weight contaminants were removed from extracts by dialysis in 1L dialysis
buffer (20 mM Tris-HCl, pH 8.0; 100 mM KCl; 10 mM NaS2O5; 0.1 mM DTT; 0.1 mM PMSF;
1 μg/ml Pepstatin A) for 4-hr at 4°C using Slide-A-Lyzer® mini-dialysis units (Pierce
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Biotechnology, Rockford, IL) with a molecular weight cut off of 3.5kDa. Dialyzed extracts
were aliquoted and flash frozen in liquid nitrogen and stored at -70°C for subsequent analyses.
Protein concentrations were determined according to Bradford using Protein Assay Kit I (Bio-
Rad, Hercules, CA).

Protein expression analysis
Western blot analysis was performed using 200 μg nuclear protein as previously described
[31]. Upon completion of SDS-PAGE, the region containing the protein(s) of interest was
excised and prepared for western blot analysis while the remaining portion of the gel was
stained with GelCode®Blue Stain Reagent (Pierce Biotechnology, Rockford, IL) to ensure
equal protein loading. Manufacturer recommended dilutions of anti-sera developed against
APE1/Ref-1 (Clone 13B8E5C2, Novus Biologicals, Littleton, CO), β-pol (Ab-1 Clone 18S,
NeoMarkers, Fremont, CA) and p53(Pab 240, Santa Cruz Biotechnology, Delaware, CA) were
used to detect proteins of interest followed by incubation with HRP-conjugated secondary
antibody (Santa Cruz Biotechnology, Santa Cruz, CA). As an internal control to ensure equal
protein transfer, membranes were reprobed with anti-Lamin B antibody (Santa Cruz
Biotechnology, Santa Cruz, CA) The bands were visualized and quantified using a
ChemiImager™ System (AlphaInnotech, San Leandro, CA) after incubation in SuperSignal®
West Pico Chemiluminescent Substrate (Pierce Biotechnology, Rockford, IL). Data are
expressed as the integrated density value (I.D.V.) of the band per μg of protein loaded.

Electrophoretic mobility shift assay (EMSA)
A non-radioisotopic EMSA was used to determine the NF-κB and CREB DNA binding activity
of nuclear extracts isolated from liver tissue of control and 2-NP-treated Apex+/+ and Apex+/-

mice according to the manufacturer’s protocol (LightShift® Chemiluminescent EMSA kit,
Pierce Biotechnology, Rockford, IL). Briefly, 40 fmol biotin-end-labeled DNA containing an
NF-κB consensus sequence (5’ AGTTGAGGGGACTTTCCCAGG 3’BTN from Panomics,
Redwood City, CA) and CRE sequence with β-pol flanking region
(-36..AGCCTGGCGCGTGACGTCAC CGCGCTGCGC..-7) was incubated with 10 μg
nuclear extract in a 20 μl reaction mixture containing 1X binding buffer (100 mM Tris, 500
mM KCl, 10 mM DTT; pH 7.5), 2.5% glycerol, 5 mM MgCl2, 50 ng/μl poly (dI-dC), and
0.05% NP-40. Negative controls (all components except nuclear extract) were included in all
experiments. In competitive assays, 100X molar excess of unlabeled oligonucleotide was added
to the reaction mixture. Samples were incubated for 20 min at room temperature then resolved
on a 6% non-denaturing polyacrylamide gel in 0.5X TBE buffer. After electrophoresis, samples
were transferred from the gel to a positively charged nylon membrane and cross-linked. Biotin-
labeled protein/DNA complexes were detected by chemiluminescence and quantified using a
ChemiImager™ System (AlphaInnotech, San Leandro, CA). Data are expressed as the
integrated density value (I.D.V.) of the band per μg of protein loaded.

DNA base excision repair activity assay
The G:U mismatch repair assay is developed to measure monofunctional glycosylase-initiated
base excision repair (BER) activity. Purified radio-end-labeled 30-bp oligonucleotides (upper
strand: 5’-ATATACCGCGGUCGGCCGATCAAGCTTATTdd-3’; lower strand: 3’
ddTATATGGCGCCG GCCGGCTAGTTCGAATAA-5’) containing a G:U mismatch and a
Hpa II restriction site (CCGG) were incubated in a BER reaction mixture containing 50 μg
nuclear protein as previously described [31]. This repair assay uses a 30bp long oligonucleotide
with G:U mismatch as no significant difference was seen in the catalytic efficiency of the in
vitro assay when a plasmid or oligonucleotide was used as a substrate [35]. Repair of the G:U
mismatch to a correct G:C base pair was determined via treatment of the duplex oligonucleotide
with 20U of HpaII (Promega, Madison, WI) for 1-hr at 37°C and analysis by electrophoresis
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on a 20% denaturing 19:1 acrylamide/bis-acrylamide gel (SequaGel® Sequencing System,
National Diagnostics, Atlanta, GA). Repair activity (presence of a 16-mer band) was visualized
and quantified using a Molecular Imager® System (Bio-Rad, Hercules, CA) by calculating the
ratio of the 16-mer product with the 30-mer substrate (product/substrate). Data are expressed
as machine counts per μg of protein.

The 8-OH G:C repair assay is utilized to measure bifunctional glycosylase-initiated BER
activity. Fluorescein-end-labeled 30-bp oligonucleotides (upper strand: 5’-ATATACCGC
GGGCG*GCCGATCAAGCTTATTdd-3’; lower strand:3’
ddTATATGGCGCCGGCCGGCTAGTT CGAATAA-5’,* G=8-hydroxydeoxyguanine)
containing a Hpa II restriction site (CCGG) were incubated in a BER reaction mixture
containing 50 μg nuclear protein as described previously [31]. The repair activity was
determined as described above.

DNA damage analysis: Random oligonucleotide primed synthesis [ROPS] Assay
The relative number of single-strand breaks containing a 3’-OH group was quantified using a
Klenow (exo-) incorporation ROPS assay as previously described [31,36]. This assay is based
on the ability of Klenow to initiate DNA synthesis from 3’-OH ends of single-strand DNA.
Incorporation of α (32P) dCTP was quantified using a Packard scintillation counter. DNA for
the ROPS assay was isolated using Qiagen (Valencia, CA) gravity tip columns as described in
the manufacturer’s protocol. This method generates large fragments of DNA (up to 150-kb)
while minimizing shearing.

ASB Assay
Detection of aldehydic DNA lesions (ADLs) was carried out by ASB as described previously
[37] with slight modifications. DNA [8ug] from liver tissue was incubated in 30ul of phosphate-
buffered saline with 2 mM aldehyde reactive probe (Dojindo Laboratories, Kumamoto, Japan)
at 37 °C for 10 min. DNA was precipitated by the cold ethanol method and resuspended in 1X
TE buffer overnight at 4 °C. DNA was heat-denatured at 100 °C for 10 min, quickly chilled
on ice, and mixed with an equal volume of 2 M ammonium acetate. The nitrocellulose
membrane (Schleicher & Schuell) was prewet in deionized water and washed for 10 min in 1
mM ammonium acetate. DNA was immobilized on the pretreated nitrocellulose membrane
using an Invitrogen filtration manifold system. The membrane was washed in 5X SSC for 15
min at 37 °C and then baked under vacuum at 80 °C for 30 min. The dried membrane was
incubated in a hybridization buffer (20 mM Tris, pH 7.5, 0.1 M NaCl, 1 mM EDTA, 0.5% (w/
v) casein, 0.25% (w/v) bovine serum albumin, 0.1% (v/v) Tween 20) for 30 min at room
temperature. The membrane was then incubated in fresh hybridization buffer containing 100
ul of streptavidin-conjugated horseradish peroxidase (BioGenex, San Ramon, CA) at room
temperature for 45 min. Following incubation in horseradish peroxidase, the membrane was
washed three times for 5 min each at 37 °C in TBS, pH 7.5 (0.26 M NaCl, 1 mM EDTA, 20
mM Tris, pH 7.5, 0.1% Tween 20). Membrane was incubated in ECL (Pierce) for 5 min at
room temperature and visualized using a ChemiImager™ system (AlphaInnotech, San
Leandro, CA).

Caspase Activity
Caspase-3 activity was measured using Enzchek Caspase-3 Assay kit No.1 (Molecular probes
Eugene, OR). Briefly, Liver tissues were homogenized, and cytosolic extracts were isolated
using transfactor extraction kit (Clonetech, Mountain View, CA). The extracts (250 μg protein)
were incubated for 2hr at room temperature in the working solution (25mM PIPES, pH 7.4,
5mM EDTA and 0.25% CHAPS) containing synthetic Caspase-3 substrate, Z-DEVD-AMC.
Caspase mediated proteolytic cleavage of the substrate yields a bright blue-fluorescent product.
An additional control assay was performed using reversible aldehyde inhibitor Ac-DEVD-
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CHO to confirm that the fluorescence observed in the sample assay was due to caspase activity.
The fluorescence was measured using a fluorescence microplate reader (Genios plus, Tecan)
at excitation:342nm, emission:441nm. The caspase activity was determined using an AMC (7-
amino-4-methylcoumarin) standard curve (0-100uM), and reported as fluorescence per
microgram of protein.

Statistical analysis
Statistical significance between means was determined using ANOVA followed by the Fisher’s
least significant difference test where appropriate [38]. P-values less than 0.05 were considered
statistically significant.

RESULTS
Analysis of the liver tissue for APE1/Ref-1 expression and redox activity in response to 2-
Nitropropane

Using the hepatocarcinogen 2-nitropropane (2-NP), we analyzed the impact of oxidative stress
on the expression and redox activity of APE1/Ref-1 in vivo. Metabolism of 2-NP in liver
generates reactive oxygen species (ROS) and promotes oxidative DNA damage, e.g., 8-
oxo-7,8-dihydro-2’-deoxyguanosine (8-OHdG), both of which are believed to be one of the
causative factors behind 2-NP-induced carcinogenesis [39]. 2-NP has also been shown to be
genotoxic in vitro, inducing mutations in bacteria and unscheduled DNA synthesis in
hepatocytes [40]. Our laboratory has demonstrated that 2-NP (100mg/kg body weight) induces
levels of 8-OHdG [by 4-5 fold, p< 0.01], followed by a concomitant increase in BER activity
and β-pol protein levels [50%, p< 0.01] in liver tissues of mice and rats [22]. In addition, 2-
NP is also shown to increase mutation frequency in liver tissues of these animals [22]. Using
RT-PCR and Western blot analyses, we analyzed the expression of APE1/Ref-1 in response
to 2-NP treatment. Our data show that 2-NP induces APE1/Ref-1 mRNA (Fig. 1A) and protein
levels significantly (Fig. 1B) in the liver. Thus, we confirmed previous reports from cultured
cells e.g. HeLa S3 tumor cells and WI 38 primary fibroblast [24] where expression of APE1/
Ref-1 was shown to be inducible by oxidative stress and extended this observation to in vivo
study establishing APE1 as a stress response gene,. Consequently, we examined the impact of
2-NP on DNA binding activity of NF-κB (Fig. 1C). As expected, NF-κB DNA binding activity
was significantly increased in response to oxidative stress in liver nuclear extracts.
Furthermore, increase in NF-κB DNA binding activity was correlated with an increase in
expression/activity of APE1/Ref-1, the redox activator of NF-κB. To determine the role of
APE1/Ref-1 and its redox function in this process, we evaluated the activation of NF-κB DNA
binding activity in response to 2-NP in mice heterozygous for the APE1/Ref-1 gene, i.e.,
Apex+/- mice.

Analysis of APE1/Ref-1 expression and redox activity in response to oxidative DNA damage
in liver nuclear extracts of Apex+/- mice

We determined whether reduced level of the APE1/Ref-1 gene in Apex+/- mice would impact
the activation of NF-κB in response to oxidative damage generated by 2-NP treatment. APE1/
Ref-1 protein level was significantly reduced in Apex+/- mice (Fig. 2), in addition, NF-κB DNA
binding activity was reduced in Apex+/- mice suggesting that the redox activation of NF-κB
and its consequent DNA binding activity is significantly reduced when the expression of APE1/
Ref-1 is compromised (Fig. 3). The specificity of the NF-κB DNA binding activity in our assay
is established as the shifted band is completely abolished using an oligonucleotide containing
the NF-κB unlabeled consensus sequence (Fig. 3, Lane A). In agreement with our previous
data [31], we confirmed that APE1/Ref-1 heterozygosity promoted haploinsufficiency with
respect to APE1/Ref-1 gene expression. In this study we established that wild-type mice
exposed to 2-NP showed a significant increase in APE1/Ref-1 protein and redox activation of

Unnikrishnan et al. Page 6

Free Radic Biol Med. Author manuscript; available in PMC 2010 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



NF-kB in vivo, while mice haploinsufficient for APE1/Ref-1 showed similar response to
oxidative stress via their intact allele, the ultimate level of induction was significantly lower
in heterozygous mice reducing its redox capacity (Figs. 2 and 3). This suggests that the
induction in APE1/Ref-1 expression and increased NF-κB activation in response to oxidative
stress are dependent on APE1/Ref-1 genotype. Based on these data, it appears that the level of
APE1/Ref-1 protein is instrumental in redox activation of NF-κB and its DNA binding activity
in vivo.

Analysis of DNA damage intermediates in the liver tissue of Apex+/- mice
Data from our laboratory and other labs indicate that down regulation of APE1/Ref-1 promotes
a damage hypersensitive phenotype [26,31]. Thus, it was essential to determine the impact of
APE1/Ref-1 haploinsufficiency on the level of DNA damage. We have previously reported
the levels of AP sites, single-strand breaks and Aldehydic lesions in DNA isolated from liver
of young Apex+/- mice under normal condition. Interestingly, no significant difference in DNA
damage in Apex+/- mice as compared to wildtype counterparts was observed [36]. In this study,
wild-type mice exposed to oxidative stress displayed a 2-fold induction in the level of 3’-OH-
containing single-strand breaks (Fig. 4a) and no significant increase in the level of Aldehydic
lesions (Fig. 4b). Interestingly, the level of 3’-OH-containing single-strand breaks was
significantly lower in Apex+/- mice exposed to similar treatment as compared to their wildtype
counterparts (Fig. 4a). However, the level of aldehydic lesions was significantly higher in
Apex+/- mice exposed to oxidative stress as compared to wildtype animals (Fig 4b). We suggest
that the processing of oxidized bases by a bi-functional DNA glycosylase such as OGG1 (8-
oxoguanine DNA glycosylase) could result in generation of aldehydic blocking lesions at 3’
end. Inability to process these 3’ blocking groups in the absence of the 3’-phophoesterase
activity of Apex in Apex+/- mice [41], could result in lower detection of endonuclease-mediated
single-strand breaks in the heterozygous animal.

Nevertheless, the decrease in the detection of 3’-OH-containing single-strand breaks in
Apex+/- mice could also arise from an increase in β-pol-dependent BER capacity and rapid
removal of oxidized bases and their repair-intermediates. Based on the findings that APE1 is
not the rate limiting enzyme in Uracil initiated BER pathway [31,41] and emergence of AP
endonuclease-independent BER pathway for repair of oxidized bases [42], upregulation in
BER pathway could be the plausible mechanism for decline in 3’-OH-containing single strand
breaks in Apex+/- mice exposed to oxidative stress. Accordingly, it has become important to
evaluate BER capacity using a BER assay and determine the expression of its rate limiting
enzyme, β-pol, in Apex+/- mice in response to oxidative stress. Understanding this mechanism
is important as these data potentially sheds light on the means by which APE1/Ref-1
haploinsufficiency alters the DNA damage signal in Apex+/- mice.

Analysis of the BER response to oxidative DNA damage in the liver nuclear extracts of
Apex+/- mice

We examined whether loss of APE1/Ref-1 affects the BER activity in liver in response to 2-
NP-induced oxidative DNA damage in vivo. Using a G:U mismatch repair assay where APE1
endonuclease activity is essential, we analyzed the in vitro BER activity in Apex+/- mice and
their wild-type counterparts in response to 2-NP treatment. For this assay we utilized a 30bp
long oligonucleotide as no significant difference has been observed in the catalytic efficiency
of the G:U mismatch assay when a plasmid or small oligonucleotide were used as substrate
[35]. As expected, BER activity was significantly increased in response to oxidative stress in
wildtype mice (Fig. 5A) with a concomitant increase in β-pol protein (Fig. 5B). We confirmed
previous reports that mice haploinsufficient for APE1/Ref-1 display reduced in vitro BER
activity (Fig. 5A) and β-pol expression (Fig. 5B). However, while the BER activity
significantly declined in Apex+/- mice, much to our surprise this activity was significantly
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higher in Apex+/- mice treated with 2-NP as compared to its wildtype littermates. In other words,
APE1/Ref-1 haploinsufficiency resulted in a significant increase in BER activity in response
to oxidative stress. In addition, we provide evidence that 2-NP treatment resulted in a
significantly higher induction in β-pol expression/protein stability as compared to wildtype
animals (Fig. 5B).

Regulation of eukaryotic gene expression is controlled, in part, though interaction of cis-
elements within promoters of the genes with their associated DNA-binding factors. One of the
candidates responsible for triggering induction of a specific gene by oxidative stress is the
cAMP responsive element (CRE). The CRE sequence is present within the promoter of both
the APE1/Ref-1 as well as the β-pol genes. Interestingly, mutational inactivation of CRE
sequence in the APE1/Ref-1 promoter completely eliminates APE promoter activity in
response to oxidative stress in cells [43]. In addition, the CRE sequence in human β-pol
promoter has been shown to play a key role in the basal expression as well as induction of β-
pol in response to DNA-alkylating agents [44,45]. Based on these findings, we propose that
attenuation in the redox function of APE1/Ref-1 in Apex+/- mice impacts the handling of
oxidative stress perhaps via alterations in activation of factors such as NF-κB and consequently
results in increased CREB binding activity that impacts the expression of the β-pol gene. In
support of this notion, we determined whether APE1/Ref-1 haploinsufficiency alters ATF/
CREB binding activity to CRE sequence within the β-pol promoter. In gel retardation
experiments, the protein binding capacity of the CRE element was significantly increased in
Apex+/- mice in response to oxidative stress as compared to their wildtype littermates (Fig. 5C).
The shifted band is completely abolished using an oligonucleotide containing the consensus
CRE sequence as competitor (Fig 5C, Lane B) while using an oligonucleotide with mutational
inactivation of the CRE site does not compete with the shifted band (Fig 5C, Lane A).
Interestingly, the increase in CREB/CRE binding activity within the β-pol promoter in
Apex+/- mice corresponds to an increase in β-pol mRNA levels in heterozygous animals (Fig
5C). Based on these results, it appears that alteration in the redox function of APE1/Ref-1
enzyme impacts the handling of oxidative stress and consequently results in an oxidative DNA
damage repair response, e.g., increased expression of β-pol gene.

Further, to directly determine the role of APE1/Ref-1 in the repair of oxidized bases, we used
a 8-OHdG:C repair assay where APE1 3’-phosphoesterase activity are reported to be rate
limiting [41]. As expected, the wildtype animals displayed an increase in 8-OHdG:C repair
activity when exposed to 2-NP (Fig. 6A). However, while the Apex+/- mice showed similar
response to 2-NP, the overall repair activity remained considerably lower for Apex+/- mice
when compared to their wildtype counterparts (Fig. 6A). Additionally, to confirm the role of
APE1/Ref-1 in repairing the oxidized base, the 8-OHdG:C BER assay was performed in the
presence of APE1/Ref-1 purified protein. When purified APE1/Ref-1 (Novus biologicals,
Littleton, CO) was added to the reaction mixture, the reduced BER activity was restored in
control and 2-NP treated Apex+/- mice, while the wildtype mice displayed no noticeable
differences (Fig. 6B). Taken together, these results confirm that APE1/Ref-1 plays an important
role in the repair of oxidized bases (e.g., 8-OHdG) and that APE1/Ref-1 haploinsufficiency
results in a significant decline in this repair activity, while monofunctional DNA glycosylase
dependent BER activity is increased in these mice.

Analysis of Glycosylases in the liver of Apex+/- mice in response to oxidative DNA damage
To further confirm the impact of APE1/Ref-1 heterozygosity on the BER pathway, we
determined the expression of two glycosylases responsible for initiating the repair of oxidative
damage. Using Real time PCR we determined the expression of OGGI, a bi-functional
glycosylase and UNG (Uracil DNA glycosylase), a monofunctional glycosylase. Both these
glycosylases are involved in the removal of oxidized bases from DNA. There are two types of

Unnikrishnan et al. Page 8

Free Radic Biol Med. Author manuscript; available in PMC 2010 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



8-Oxoguanine DNA glycosylase; OGG1 and OGG2 [46]. Hazra et al, [46] have demonstrated
that both these enzymes are involved in processing oxidized bases, with OGG1 being involved
in the removal of 8-OHdG paired with cytosine, thymine and guanine and OGG2 in responsible
for the removal of 8-OHdG paired with Adenine. UNG has two isoforms arising from
alternative splicing; UNG1 and UNG2 [47,48]. UNG 1 is a mitochondrial enzyme whereas
UNG2 is found in the nucleus [47,48]. In addition to initiating uracil removal from DNA, UNG
is also involved in the repair of Uracil derivatives like isodialuric acid, 5-hydroxyuracil and
alloxan, derived from oxidative damage to cytosine residues in the DNA [49], thus playing an
important role in repair of oxidative damage. Interestingly, UNG expression follows the profile
of β-pol and the G:U mismatch BER activity. In other words, mice treated with 2-NP showed
significant increase in UNG expression with maximum induction seen in Apex+/- mice (Fig.
7A). Using a UDG activity assay as described by our laboratory [36], we determined the impact
of oxidative stress on UNG activity in liver tissue of mice treated with 2-NP. Interestingly,
oxidative stress resulted in a significant increase in UNG activity following the expression of
UNG gene and BER activity (data not shown). However, OGG1 mRNA levels did not change
significantly among the control and experimental groups (Fig. 7B). Interestingly, addition of
purified human OGG1 (Novus biologicals, Littleton, CO) protein to BER reaction mixture did
not increase OGG1 initiated BER activity in 2-NP treated Apex+/- mice (data not shown)
suggesting that APE1/Ref-1 activity is essential for bifunctional DNA glycosylase initiated
BER. Thus, upregulation in UNG expression and simultaneous increase in β-pol protein explain
the increase in G:U mismatch BER activity in 2-NP treated Apex+/- mice (Fig. 5A). Conversely,
lack of induction of OGG1 initiated BER in the liver tissue of Apex+/- mice exposed to 2-NP
(Fig. 6A) are expected to increase oxidative DNA damage that drives apoptosis.

Analysis of Apoptosis in the liver of Apex+/- mice in response to oxidative stress
To characterize the effect of Ape1/Ref-1 heterozygosity on cell cycle arrest and apoptosis
during oxidative stress, we analyzed three factors associated with apoptosis; GADD45g
(Growth Arrest and DNA-damage-inducible, gamma), p53 and Caspase-3. GADD45g, a
genotoxic stress inducible gene associated with cell cycle arrest and apoptosis was analyzed
by real time PCR. The mRNA level of GADD45g was significantly increased in Apex+/+ mice
in response to 2-NP (Fig. 8A). Under control conditions, there was no effect of genotype on
GADD45g expression (Fig 8A), while in response to oxidative stress, expression of GADD45g
was significantly greater in Apex+/- mice as compared to their wildtype counterparts. As a p53
responsive gene, we wanted to evaluate the role of p53 in GADD45g gene response. Using
western blot assay, we determined the effect of Ape1/Ref-1 heterozygosity on p53 stability in
response to oxidative stress in the liver nuclear extracts. p53, a tumor suppressor protein is a
well established determinant of cell cycle arrest and apoptosis. p53 protein stability followed
the same trend as GADD45g expression, with 2-NP treated Apex+/- mice displaying the highest
level of p53 protein stability (Fig. 8B). We further analyzed the activity of caspase-3, one of
the final effectors in the apoptotic pathway under the same conditions using liver cytosolic
extracts. Caspase-3 activity was significantly induced in the 2-NP treated Apex+/- mice
compared to its untreated counterpart (Fig. 8C). Thus, loss of APE1/Ref-1 increases the
apoptotic response to oxidative stress.

DISCUSSION
APE1/Ref-1 is a multifunctional protein involved in the maintenance of genomic integrity and
in the regulation of gene expression. In addition to its role in BER as the major 5’-endonuclease
and 3’phosphoesterase, APE1/Ref-1 was independently characterized as a redox activator of
cellular transcription factors. Although research has demonstrated that APE1/Ref-1 is involved
in the cellular response to oxidative DNA damage, it is currently unclear whether this response
is strictly due to APE1/Ref-1 repair activity, APE1/Ref-1 redox regulatory activity, or both. A

Unnikrishnan et al. Page 9

Free Radic Biol Med. Author manuscript; available in PMC 2010 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



study by Fritz et al. [50] suggests that APE1/Ref-1 repair activity is constitutively expressed,
while APE1/Ref-1 redox activity is subject to regulation under various stimuli. Furthermore,
Hsieh et al. [51] present data indicating that APE1/Ref-1 redox activity is mediated by
phosphorylation in response to oxidative stress.

Reports to date have shown that APE1/Ref-1 expression is inducible by various forms of
oxidative stress in vitro [23-30]. For example, HeLa cells exposed to damaging agents like
hypochlorite or methyl methane sulfonate show an increase in both the APE1/Ref-1 expression
and activity [51]. Additionally, Ramana et al. [24] have shown induction of APE1/Ref-1 mRNA
and protein levels with increased translocation of the protein into the nucleus when HeLa S3
tumor cells and WI 38 primary fibroblasts were exposed to ROS generators. Ape1/Ref-1 protein
has also been shown to be translocated from the cytoplasm to the nucleus during H2O2 and
ATP stimulation [52]. In order to determine the effect of oxidative stress on APE1/Ref-1 in
vivo, we used mice containing a heterozygous gene-targeted deletion of APE (Apex+/-).
Homozygous deletion of the APE1/Ref-1 gene (Apex-/-) is embryonic lethal, but heterozygous
mice survive and are fertile [26,53,54]. These APE1/Ref-1 haploinsufficient (Apex+/-) mice
show tissue specific differences in BER capacity characterized using an in vitro G:U mismatch
repair assay. In addition Huamani et al. [55] have demonstrated that Apex+/- mice show a
significant increase in spontaneous mutagenesis in lacI transgenes in liver and spleen.
Furthermore, MEF’s and brain cells obtained from Apex+/- mice have been shown to be more
susceptible to oxidizing agents [26,56]. In this study we used 2-nitropropane (2-NP), a well
known hepatocarcinogen [39,57] to induce oxidative stress in vivo. 2-NP, an industrial solvent,
is found in paints, varnishes and cigarette smoke [39,57]. 2-NP promotes formation of 8-
oxo-7,8-dihydro-2’-deoxyguanosine (8-OHdG) and 8-aminoguanine through its metabolites
N-isopropylhydroxylamine and hydroxylamine-O-sulfonic acid, which are believed to be the
causative factors behind 2-NP-induced carcinogenesis [39]. In addition, 2-NP occurs as
Propane 2-nitronate (P2N) at physiological pH and promotes genotoxicity through production
of NO species [57]. NO is shown to induce genotoxicity by deaminating DNA and increasing
uracil to cytosine ratio [48,58]. 2-NP has also been shown to be genotoxic in vitro, inducing
mutations in bacteria and increasing unscheduled DNA synthesis in cultured hepatocytes
[40]. Additionally, our laboratory has previously demonstrated that 2-NP-treatment results in
an increase in the levels of 8-OHdG in vivo in the liver of mice and rats, followed by a
concomitant increase in β-pol expression and BER activity [22]. Here we verify that APE1/
Ref-1 is indeed an inducible protein (Figure 1B). While fold increase is the same in response
to oxidative stress across the genotypes, the total accumulative level of APE1/Ref-1 protein is
lower in the liver of Apex+/- mice, i.e., even though the intact allele is induced in response to
2-NP, it does not compensate for the lost allele.

APE1/Ref-1 has been shown to be an essential component of transcription complexes by
directly interacting with other transcription factors such as HIF-1 and p300 [59,60]. Research
has shown that APE1/Ref-1 enhances the DNA binding activity of NF-κB in vitro as well as
NF-κB-dependent transcriptional activation in vivo [13,14]. Deletion of the redox-sensitive
domain of APE1/Ref-1 has been shown to inhibit TNF-induced NF-κB activation, while loss
of APE1/Ref-1 is shown to result in a significant decline in NF-κB activity and increased
susceptibility to TNF-induced apoptosis [15,16]. Furthermore, down-regulation of APE1/
Ref-1 by soy isoflavones in vitro and in vivo resulted in concomitant reduction of NF-κB
activity, while a 2-fold increase in APE1/Ref-1 expression, obtained by cDNA transfection,
resulted in a concomitant 2-fold increase in NF-κB activity, confirming the cross-talk between
these molecules [61]. In line with these findings the Apex+/+ mice showed a significant increase
in APE1/Ref-1 redox activation of NF-κB when exposed to 2-NP, while increase in NF-κb
activation is the same in response to oxidative stress across the genotypes, the total NF-κb
DNA binding activity is lower in the liver of Apex+/- mice, i.e., the ultimate level of NF-κB
activation was significantly attenuated in the heterozygous animals. It is well established that
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NF-κB is a mediator of inflammatory responses promoting cell proliferation and survival by
inhibiting cell cycle arrest & apoptosis [62,63], thus reduced activation of NF-κB and other
redox-regulated transcription factors in response to oxidative stress in Apex+/- mice may prove
detrimental due to alterations in the signaling mechanisms necessary to differentiate between
repair and apoptosis.

We have previously reported tissue-specific differences in BER capacity in APE1/Ref-1
haploinsufficient mice [31]. Moreover, previous studies have indicated that down-regulation
of APE1/Ref-1 may promote a damage hypersensitive phenotype [26-28]. Therefore, it was
essential to analyze the effect of reduced APE1/Ref-1 on the level of DNA damage production
and BER. In this study, we demonstrate that the liver tissue of Apex+/- mice expresses a BER
phenotype that is more susceptible to accumulation of DNA damage in response to oxidative
stress as a result of reduced APE1/Ref-1 3’-phoshoesterase activity in vivo. Here we show the
differential impact of APE1/ref-1 heterozygosity on monofunctional and bifunctional
glycosylase initiated BER. The traditional BER response to certain DNA base damages like
uracil and alkylated bases, involves a monofunctional glycosylase-mediated removal of the
damaged base resulting in the generation of an abasic site (AP site) that serves as a substrate
for APE1/Ref-1 endonuclease activity. APE1/Ref-1 subsequently promotes formation of a
transient single-strand break that serves as a substrate for β-pol-mediated nucleotide insertion
and is followed by DNA ligase-mediated BER completion. β-pol, dRP lyase activity serves as
the rate limiting step in this pathway [64]. On the other hand, other damages like oxidized bases
(e.g. 8-hydroxyguanosine and thymine glycol) requires a bi-functional glycosylase mediated
removal of the damage. These glycosylases have associated AP lyase activity resulting in
3’blocking ends. DNA polymerase requires a 3’OH group as its substrate for repair synthesis.
Therefore 3’-blocking end trimming requires the 3’-phosphoesterase activity of APE1/Ref-1.
β-pol and DNA ligase subsequently complete the repair process. The 3’-phoshoesterase activity
of APE1/Ref-1 is a crucial step in this bi-functional glycosylase mediated BER [41]. In this
study, we show the difference in the requirement of Ape1/Ref-1 in BER pathway in vivo. Our
Apex+/- mice exposed to 2-NP show significant upregulation in the UNG message with
concomittant increase in the β-pol protein and G:U mismatch BER capacity in the liver tissue.
We suggest that 2-NP, via its NO generation leads to increased uracil levels in the DNA
resulting in the upregulation of UNG, a monofunctional glycosylase which is also associated
in the processing of oxidized cytosine derivatives [49]. Since β-pol is the rate limiting enzyme
in this pathway, the liver extracts of Apex+/- mice treated with 2-NP show significant induction
in the G:U mismatch repair. Apex+/- mice treated with 2-NP showed increased CREB binding
activity, a stress response transcriptional activator of β-pol promoter, potentially explaining
the induction of β-pol expression [44]. It is widely accepted that β-pol protein expression and
activity strongly correlate with BER activity in response to a variety of stressors [22,65-67].
Moreover, the endonuclease activity of APE1/Ref-1 is 100 fold more efficient than the 3’
phosphoesterase activity [68], thus we suggest that the available APE1/Ref-1 protein in
apex+/- mice is adequate to sustain the monofunctional glycosylase initiated BER. In addition,
increased p53 level can stabilize the APE1/Ref-1 and β-pol protein complex on the DNA abasic
site which would enhance BER activity [69,70].

Alternatively, the liver tissues of the 2-NP treated Apex+/- mice displayed significantly lower
8-OH G:C BER activity compared to the wildtype animals. OGG1 is a bifunctional glycosylase
known to be involved in the removal of 8-OHdG. While, OGG1 mRNA and protein levels are
shown to be unaffected during oxidative stress, the activity of this enzyme is enhanced by the
increased APE1/Ref-1 protein [71]. In line with these findings, our 2-NP treated Apex+/- mice
did not show any significant difference in the OGG1 mRNA levels. Furthermore, addition of
purified human OGG1 protein to BER reaction mixture did not increase OGG1 initiated BER
activity in 2-NP treated Apex+/- mice. However, addition of purified APE1/Ref-1 protein to
BER reaction mix resulted in a significant increase in the 8-OH G: C BER activity in these
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mice confirming the significant role played by APE1/Ref-1 in the removal of 3’blocking
groups. These data indicate that APE1/Ref-1 3’ phosphoesterase activity is critical in removing
the 3’blocking lesion created by a bifunctional glycosylase, e.g., OGG1. Therefore, APE1/
Ref-1 heterozygosity compromises this function resulting in reduced detectable single strand
break, increased aldehydic lesions and reduced bifunctional DNA glycosylase initiated BER
activity.

Previously, we have measured the presence of AP sites, single-strand breaks and aldehydic
lesions in isolated liver DNA from APE1/Ref-1 haploinsufficient mice and observed no
significant difference in DNA damage accumulation as a result of reduced APE1/Ref-1 [31].
The lack of damage accumulation in untreated Apex+/- mice suggested that APE1/Ref-1
haploinsufficiency in liver does not cause an accumulation of genotoxic DNA repair
intermediate products under baseline conditions. In line with previous studies from our
laboratory [22] and others [72], we have demonstrated a significant increase in 3’-OH-
containing single-strand breaks in response to oxidative stress. However the level of detectable
single strand breaks (SSB’s) in the liver tissue of 2-NP treated Apex+/- mice was found to be
significantly lower than its wildtype counterpart while the level of aldehydic lesion was
significantly higher. We suggest that the processing of oxidized bases by a bi-functional DNA
glycosylase such as OGG1 (8-oxoguanine DNA glycosylase) could result in generation of
aldehydic blocking lesions at 3’ end. Inability to process these 3’ blocking groups in the absence
of the 3’-phophoesterase activity of Apex in Apex+/- mice [41], could result in lower detection
of endonuclease-mediated single-strand breaks in the heterozygous animal.

Herein, we demonstrate that Ape1/Ref-1 haploinsufficiency does not promote a concomitant
decline in G:U mismatch BER activity in the liver in response to oxidative stress, it rather
displays a significant increase in this activity. While, the high efficiency of APE1/Ref-1
endonuclease activity, upregulation in UNG and β-pol expression appear to be the reason
behind the significant increase in G:U mismatch repair activity, alternatively, recent studies
report an APE1/Ref-1-independent BER pathway in human cells [42]. While mono-functional
DNA glycosylases such as SMUG1 and TDG and bi-functional DNA glycosylases/lyases such
as OGG1 and NTH require APE1/Ref-1 to process AP sites and the 3’-OH aldehydic groups,
respectively, APE1/Ref-1 backup enzymes have been identified for the repair of oxidative
damage in vivo [73]. The recently discovered mammalian DNA glycosylase/AP lyases NEIL1
and NEIL2 recognize oxidative damage and generate DNA strand breaks with 3’-phosphate
termini. Removal of the 3’-phosphate termini was shown to be dependent upon polynucleotide
kinase (PNK) activity, not APE1/Ref-1, with NEIL1 serving as a backup enzyme. Additionally,
a study by Das et al. [74] has demonstrated that NEIL1 is induced by oxidative stress. Therefore,
it is likely that the observed increase in BER may be due to increased processing of DNA
damage by an APE-independent β-pol regulated BER pathway, however, this alternative
pathway does not rescue the observed decline in 8OHdG:C BER capacity in APE1/REF-1
haploinsufficient mice.

In conclusion, we suggest that the optimal balance between the stress response transcription
factors, notably NF-κB, and the DNA repair pathway required for cell survival is attenuated
in APE1/Ref-1 haploinsufficient mice exposed to oxidative stress. Reduced redox activity of
APE1/Ref-1 leads to reduced activation of NF-κB potentially leading to cell cycle arrest and
apoptosis. This notion is supported by the augmentation of GADD45g expression, a cell cycle
arrest gene, observed in the liver of 2-NP treated Apex+/-mice. GADD45g has also been
implicated in the promotion of apoptosis under environmental stress via the p38K-Jun NH2-
terminal Kinase pathway [75,76]. Furthermore, Apex+/- mice exposed to 2-NP show significant
induction in the p53 protein levels and Caspase-3 activity in the liver, both being markers of
apoptosis. Therefore, when APE1/Ref-1 is compromised the cells are more susceptible to
oxidative stress mainly due to reduced redox and 3’phosphodiestrase activity impacting cell
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survival, pushing it towards apoptosis. This finding has therapeutic importance as increased
APE1/Ref-1 levels in tumor cells have been shown to confer resistance to chemotherapeutic
drugs perhaps via decrease in apoptosis [77]. In line with previous findings, inhibition of DNA
repair or redox or both activities of APE1/Ref-1 using inhibitors could potentially sensitize the
tumor cells to the therapeutic agents [77] making APE1/Ref-1 an attractive molecular target
in the treatment of cancer.
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Fig. 1.
Expression and activity of APE1/Ref-1 in response to 2-NP in vivo. (A) APE1/Ref-1 mRNA
expression was quantified using a real-time PCR and the data were normalized using GAPDH.
Values represent an average (± S.E.M.) for data obtained from 5 mice in each group (B) The
level of the 37-kDa APE1/Ref-1 protein in 200 μg of liver nuclear extract as determined by
western blot analysis. Values represent an average (± S.E.M.) for data obtained from 5 mice
in each group (C) The level of APE1/Ref-1 redox-activation of NF-κB in 10 μg of live nuclear
extract as determined using EMSA. Values represent an average (± S.E.M.) for data obtained
from 5 mice in each group and are representative of separate independent experiments. (I.D.V.):
integrated density value corresponding to the level of APE1/Ref-1 protein as quantified by an
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AlphaInnotech ChemiImager™; Lane A: nuclear extracts incubated in the presence of 100X
molar excess of unlabeled NF-kB consensus DNA to confirm binding specificity; (*): value
significantly different from control, wild-type mice at P < 0.05; (**): value significantly
different from control, Apex+/- mice at P < 0.05. Lamin B protein level served as nuclear protein
loading control. The picture depicts the representative sample from each group.
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Fig. 2.
Effect of 2-NP on APE1/Ref-1 expression levels in Apex+/- mice. The level of the 37-kDa
APE1/Ref-1 protein in 200 μg of liver nuclear extract was determined by western blot analysis.
Values represent an average (± S.E.M.) for data obtained from 5 mice in each group and are
representative of separate independent experiments. (SDS-PAGE]: the level of APE1/Ref-1
protein was normalized based on the amount of protein loaded on each gel. (I.D.V.): integrated
density value corresponding to the level of APE1/Ref-1 protein as quantified by an
AlphaInnotech ChemiImager™; Values with different letter superscripts indicate significant
differences at P < 0.05. Lamin B protein level served as nuclear protein loading control. The
picture depicts the representative sample from each group.
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Fig. 3.
Effect of 2-NP on APE1/Ref-1 redox activation of NF-κB in Apex+/- mice. The level of NF-
κB DNA binding in 10 μg of liver nuclear extract was determined using EMSA. Values
represent an average (± S.E.M.) for data obtained from 5 mice in each group and are
representative of separate independent experiments. (I.D.V.): integrated density value
corresponding to the level of NF-κB DNA binding as quantified by an AlphaInnotech
ChemiImager™; Lane A: nuclear extracts incubated in the presence of 100X molar excess of
unlabeled NF-κB consensus DNA to confirm binding specificity; Values with different letter
superscripts indicate significant differences at P < 0.05. The picture depicts the representative
sample from each group.
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Fig. 4.
DNA Damage analysis in liver DNA of Apex+/- mice injected with 2-NP. (A) The level of 3’-
OH single-strand breaks as determined by the ROPS assay in liver of wild-type (Apex+/+) and
Apex+/- mice treated with 100 mg/kg body weight 2-NP. (B) The level of Aldehydic lesions as
determined by the ASB assay in liver of wild-type (Apex+/+) and Apex+/- mice treated with 100
mg/kg body weight 2-NP.Values represent an average (± S.E.M.) for data obtained from 5
mice in each group and are representative of separate identical experiments. (C.P.M.): machine
counts per minute corresponding to the level of α-[32P]dCTP incorporation as quantified by a
Packard scintillation counter; (I.D.V.): integrated density value corresponding to the level of
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DNA as quantified by an AlphaInnotech ChemiImager™; Values with different letter
superscripts indicate significant differences at P < 0.05.
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Fig. 5.
Effect of APE1/Ref-1 haploinsufficiency and 2-NP on G:U mismatch BER, DNA polymerase
β expression and CREB DNA binding activity. (A) The in vitro G:U mismatch BER was
conducted using nuclear extracts from liver of control and 2-NP treated Apex+/+ and Apex+/-

mice. Base excision repair (BER) reaction products were resolved on a sequencing gel and
visualized by autoradiography. Repair activity is visualized by the appearance of a 16b
fragment. The relative level of BER was quantified using a Bio-Rad Molecular Imager®

System. The data were normalized based on the amount of protein used in each reaction and
expressed as machine counts per μg of protein. (B) The level of the 39-kDa β-pol protein in
200 μg of liver nuclear extract was determined by western blot analysis. (SDS-PAGE): the
level of β-pol protein was normalized based on the amount of protein loaded on each gel. (C)
The level of CREB DNA binding in 10 μg of liver nuclear extract was determined using EMSA
and β-pol mRNA expression level as quantified using a real-time PCR and normalized with
GAPDH Values represent an average (± S.E.M.) for data obtained from 5 mice in each group
and are representative of separate identical experiments. (M): molecular weight standard; (-):
negative control, G:U mismatch oligonucleotide incubated in the absence of nuclear extract
and treated with HpaII restriction endonuclease; (+): positive control, G:U mismatch
oligonucleotide incubated with recombinant β-pol and treated with HpaII restriction
endonuclease; (G:C): positive control, G:C oligonucleotide incubated with nuclear extract and
treated with HpaII restriction endonuclease; (I.D.V.): integrated density value corresponding
to the level of β-pol protein and the level of CREB DNA binding as quantified by an
AlphaInnotech ChemiImager™; Lane A & B: nuclear extracts incubated in the presence of
100X molar excess of mutated and unlabeled CRE sequence with β-pol flanking region
respectively to confirm binding specificity; Lamin B protein level served as nuclear protein
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loading control. Values with different letter superscripts indicate significant differences at P <
0.05. (*): value significantly different from wildtype (Apex+/+) mice treated with 2-NP at P <
0.05. The picture depicts the representative sample from each group.

Unnikrishnan et al. Page 27

Free Radic Biol Med. Author manuscript; available in PMC 2010 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 6.
Effect of APE1/Ref-1 haploinsufficiency and 2-NP on 8 OH G:C BER and the consequence
of hApe1 enrichment on the repair capacity. (A) The in vitro 8-OH G:C BER was conducted
using nuclear extracts from liver of control and 2-NP treated Apex+/+ and Apex+/- mice in the
presence of 1.6 U of ogg1 enzyme (New England Biolab, MA). Base excision repair (BER)
reaction products were resolved on a sequencing gel. Repair activity is visualized by the
appearance of a 16b fragment. The relative level of BER was quantified using an Bio-rad
ChemiImager™. The data were normalized based on the amount of protein used in each
reaction and expressed as machine counts per μg of protein. (B) The in vitro 8-OH G:C BER
was conducted with human Ape1/Ref-1 (hApe1) enrichment. Values represent an average (±
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S.E.M.) for data obtained from 5 mice in each group and are representative of separate identical
experiments. (M): molecular weight standard; (-): negative control, G:U mismatch
oligonucleotide incubated in the absence of nuclear extract and treated with HpaII restriction
endonuclease; Values with different letter superscripts indicate significant differences at P <
0.05. The picture depicts the representative sample from each group.
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Fig. 7.
Effect of 2-NP on UNG and OGG1 expression in Apex+/- mice. (A) UNG mRNA expression
level in control and 2-NP treated Apex+/+ and Apex+/- mice as quantified using real-time PCR
and normalized against GAPDH. (B) OGG1 mRNA expression level in control and 2-NP
treated Apex+/+ and Apex+/- mice as quantified using real-time PCR and normalized against
GAPDH. Values represent an average (± S.E.M.) for data obtained from 5 mice in each group
and are representative of separate identical experiments; Values with different letter
superscripts indicate significant differences at P < 0.05.
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Fig. 8.
Effect of 2-NP on apoptosis in Apex+/- mice. (A) GADD45g mRNA expression level was
quantified using real-time PCR and normalized with GAPDH. (B) The level of the p53 protein
in 200 μg of liver nuclear extract was determined by western blot analysis. (SDS-PAGE): the
level of p53 protein was normalized based on the amount of protein loaded on each gel. (C)
The level of Caspase-3 activity in liver cytosolic extract as determined by Caspase-3 enzyme
assay. Values represent an average (± S.E.M.) for data obtained from 5 mice in each group and
are representative of separate identical experiments; Values with different letter superscripts
indicate significant differences at P < 0.05. Lamin B protein level served as nuclear protein
loading control. The picture depicts the representative sample from each group.
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Table 1
Primer Sequences for Real-Time PCR

Gene Sense Primer Sequence Antisense Primer Sequence

Ape1/Ref-1 5’-ATGAAGAAATTGACCTCCGTAACC-3’ 5’-GTGTAAGCGTAAGCAGTGTTG-3’

β-actin 5’-ACCAACTGGGACGACATGGAGAAG-3’ 5’-TACGACCAGAGGCATACAGGGACT-3’

β-pol 5’-CTGGAAAAGGGCTTCACAATCAATG-3’ 5’-GCGCCACTGGATGTAATCAAAAATG-3’

GADD45g 5’-AGTTCCGGAAAGCACAGCCAGGATG-3’ 5’-GCCAGCACGCAAAAGGTCACATTGT-3’

GAPDH 5’-GCACAGTCAAGGCCGAGA-3’ 5’-TACGACCAGAGGCATACAGGGACT-3’

OGG1 5’-CGGCTGGCATCCTAAGACATC-3’ 5’-AACAGGCTTGGTTGGCGAAGG-3’

UNG 5’-AAGAGCTGTCTACAGACATCGA-3’ 5’-ATAAGAGCCCCAGAGGAGGAA-3’
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