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1. Introduction

Genomic DNA possesses an inherent instability, at risk from damage by spontaneous base
lesions, metabolic by-products, and exogenous sources such as ultraviolet light, ionising
radiation and chemical agents. Unrepaired, this damage could result in non-canonical base
pairing during replication, leading to the propagation of potentially mutagenic lesions. A
number of DNA repair mechanisms have evolved to ensure genomic integrity can be
preserved. So critical are these repair pathways that mutations within constituent genes are
associated with several cancer predisposition syndromes such as hereditary non-polyposis
carcinoma coli (HNPCC) or BRCA-deficient breast and ovarian cancer syndromes (Sweasy,
Lang, and DiMaio 2006).

Cancer therapies commonly rely upon the induction of DNA damage to exert their effects.
Upregulation of DNA repair pathways in cancer is common and may impact upon response
to therapy and contribute to development of treatment resistance. Inhibition of DNA repair
offers exciting possibilities for the future treatment of cancer. DNA repair constituents may
also be used as biomarkers to predict tumour response to treatment and improve outcome
prognostication. Pharmacological inhibition of DNA repair might potentiate the effects of
anticancer agents, improving response rates, overcoming resistance, and improving
outcomes. Furthermore, there may be scope to specifically target tumour cells using DNA
repair inhibitors by exploiting genetic differences with normal tissue.

Base excision repair (BER) is critical for the repair of damage induced by alkylating
chemotherapy agents such as temozolomide and dacarbazine. Targeting BER has shown
considerable promise in the form of poly (ADP-ribose) polymerase (PARP) inhibitors, and a
number of groups are now focusing on other BER targets. This chapter will provide an
overview of the BER pathway, with specific consideration of the compelling evidence base
for targeting the critical enzyme apurinic/apyrimidinic endonuclease I (APE1) for cancer
therapy.

2. Base excision repair

Base excision repair (BER) is responsible for detection and repair of damage caused by a
number of mechanisms, including alkylation, oxidation, ring saturation, single strand
breaks and base deamination. Although complex, with at least two sub-pathways (see figure
1), BER generally proceeds via: a) recognition and removal of a damaged base by a DNA
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glycosylase to form an abasic site intermediate; b) cleavage of the phosphodiester backbone
5" to the abasic site by apurinic/apyrimidinic endonuclease 1 (APE1); c) removal of the 5
sugar fragment; d) incorporation of the correct base by a DNA polymerase; and e) sealing of
the strand break by a DNA ligase (Figure 1) (Fortini et al. 2003; Nilsen and Krokan 2001;
Izumi et al. 2003; Dianov et al. 2003; Sancar et al. 2004; Barnes and Lindahl 2004; Robertson
et al. 2009; Abbotts and Madhusudan 2010).

Abasic site generated
by DN A glycosylase

DINA incised by APEL

R to generate 'mick!

A

2-10 maleotides
incorporated with
flap generation

Single nueleotide
incorporated

Fig. 1. Short-patch (A) and long-patch (B) base excision repair !

DNA glycosylases are a family of damage-specific enzymes which excise the damaged base
via cleavage of the N-glycosidic bond linking it to the deoxyribose moiety. They induce
localised DNA distortion to ‘flip out’ the damaged base into the binding site for processing.
Some have dual functionality, also possessing the ability to cleave the DNA phosphodiester
backbone to create a single strand break 3’ to the abasic site. More commonly, APE1 incises

1 UDG = uracil DNA glycosylase, APE1 = apurinic/apyrimidinic endonuclease 1, XRCC1 = X-ray repair
cross-complementing group 1, PARP1 = poly(ADP-ribose) polymerase 1, dRP = deoxyribose phosphate,
PolB/8/€ = DNA polymerase B/8/¢, PCNA = proliferating cell nuclear antigen, Lig3 = DNA ligase III,
FEN1 = flap endonuclease I, Ligl = DNA ligase I
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the DNA backbone 5 to the abasic site, creating a nick bordered by 5'-deoxyribose
phosphate (dRP) and 3’-hydroxyl groups. These groups act as blocking moieties, requiring
further processing for BER to proceed. A number of enzymes possess this ability, including
APE1, DNA polymerases 3, A and 1, and PNKP (polynucleotide kinase 3'-phosphatase).
Repair synthesis proceeds via a DNA polymerase. In the short-patch pathway, DNA Polf3
incorporates a single nucleotide “patch” into the processed abasic site. This pathway requires
high concentrations of ATP for completion. When ATP concentrations are low or the
oxidative state of the abasic lesion is altered, repair proceeds via the long-patch pathway.
This involves the incorporation of 2-10 nucleotides by DNA polymerases & and € in
conjunction with the sliding clamp protein PCNA (proliferating cell nuclear antigen), or
alternatively, a Pol/Rad9-Rad1-Husl complex, which bears structural similarity to PCNA.
Long-patch nucleotide incorporation displaces the existing 5 DNA in a flap intermediate
which is removed by flap endonuclease I (FEN1) (Pascucci et al. 1999; Balakrishnan et al.
2009). The repair is then completed by sealing of the DNA strand break by a DNA ligase. In
the short-patch pathway, this primarily occurs via the DNA ligase III-XRCC1 (X-ray cross-
complementation group I) scaffold protein heterodimer, whereas the long-patch pathway is
completed by DNA ligase 1.

Coordination of the BER pathway relies upon members of the poly (ADP-ribose)
polymerase (PARP) family, which bind to DNA strand breaks and stabilise the DNA strand
until repair can be effected. Once bound, PARPs also catalyse the addition of poly (ADP-
ribose) polymers to target proteins, affecting protein-protein interactions and catalytic
activities (D'Amours et al. 1999). 90% of PARP poly(ADP-ribosyl)ation is automodification,
leading to recruitment of other BER constituents such as XRCC1, DNA Polf3 and DNA LiglII
(Megnin-Chanet, Bollet, and Hall 2010). This automodification also stimulates the release of
PARP from DNA, allowing access to BER proteins to proceed with repair. Inhibition of
PARP leads to persistence of single strand breaks, causing stalling of replication forks and
formation of lethal double strand breaks (Durkacz et al. 1980). PARP inhibitors are currently
showing promise in clinical trials (Helleday et al. 2008; Jones and Plummer 2008; Chalmers
2009; O'Shaughnessy et al. 2009) (see 6. Targeting APE1 for therapy).

3. Apurinic/apyrimidinic endonuclease (APE1)

3.1 Abasic site formation

Abasic site formation occurs at a rate of ~50000 sites per cell per day, through the action of
DNA glycosylases in the BER pathway and by spontaneous depurination (Lindahl 1993;
Nakamura and Swenberg 1999; Atamna, Cheung, and Ames 2000). Abasic sites can also be
induced by exogenous agents such as ionising radiation or alkylating and oxidizing drugs
including temozolomide or bleomycin. Without repair, abasic sites cause stalling of
replication forks, leading to strand breaks that are cytotoxic in high number (Wilson 2003).

3.2 Apurinic/apyrimidinic endonucleases

Apurinic/apyrimidinic (AP) endonucleases are critical for the recognition and processing of
abasic sites during base excision repair. Two classes of AP endonucleases exist: Class I AP
lyases, and Class II AP endonucleases. Class II AP endonucleases can be classified further
into two families which are structurally distinct but catalyse reactions with identical
products. These families are defined by their structural homology to the two endonucleases
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expressed in E. coli, exonuclease III (exolll, encoded by xth gene) and endonuclease IV
(endolV, encoded by nfo) (Figure 2).

DINA repair domain
(265 residues)

/|
A4

APE] (Human)

R
.
¢
L
J

Arp (Arabidopsis)

Aprl (Drosophila)

Exof (E. pneumonias)

ExoIll (E. coli)

Fig. 2. The Exonuclease III family of AP Endonucleases in various species

The exolll human homologue, APE1, accounts for 95% of AP endonuclease activity in
human cells (Robson and Hickson 1991, Demple, Herman, and Chen 1991; Chen, Herman,
and Demple 1991; Robson et al. 1992). A second exonuclease Ill-like protein, APE2, has
recently been identified but is not yet fully characterised (Hadi and Wilson 2000; Hadi et al.
2002; Burkovics et al. 2006). Also known as HAP1 or Ref-1, APE1l is a ubiquitous
multifunctional protein, with 350,000 - 7,000,000 units per cell (Chen, Herman, and Demple
1991). The 2.6kb APE1 gene is localised to 14q11.2-12. It consists of four introns and five
exons that encompass a 954 nucleotide coding region, encoding a 318-amino acid protein of
35kDa. The C-terminal domain is essential for DNA repair activity, while the N-terminal
domain possesses redox regulatory activity and also contains a nuclear localisation
sequence. Preservation of APE1 function requires at least 10 evolutionarily conserved amino
acids (Asp70, Asp90, Glu96, Tyrl71, Asp210, Asn212, Asp219, Asp283, Asp308 and His309)
(Figure 3).

APEL1 is a globular protein arranged in a four-layered o/ sandwich, sharing significant
structural homology with exolll despite limited sequence homology (Gorman et al. 1997)
(Figure 3B). The DNA repair active site is situated within a hydrophobic pocket on top of
the o/B sandwich (Figure 3C). During DNA binding, the active site undergoes little
conformation change, instead significantly distorting the DNA substrate, probably to
displace the bound DNA glycosylase (Mol et al. 2000). Within the active site, highly
conserved His309 and Thr283 are vital for catalytic activity. His309 is believed to act as a
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general base to abstract a proton from water, forming a hydroxide which attacks the scissile
bond of the phosphate group 5 to the abasic site. Also essential is a Glu96-bound
magnesium ion which, along with Thr283, may help stabilise the reaction intermediate
(Gorman et al. 1997; Lipton et al. 2008).

REDOX
@i, »
NLS DNA REPAIR
—> < >
1 36 81 p90 Tyr71 Asp219 318
| As p|70 Glu96 | Asp210 Asp308
A
L I L
Cys65 Cys93 Asn212 Asp283 His309

B (I L | IR |

Fig. 3. A. Schematic representation of APE1 protein with critical residues (NLS = nuclear
localization sequence). B. APE1 protein structure. White rectangles represent o-helical
regions and shaded rectangles represent 3-strands. C. Ribbon diagram of APE1 protein
structure including DNA repair active site.

3.3 Roles of APE1 in DNA repair

APEl1 endonuclease activity catalyses Mg2*-dependent hydrolytic cleavage of the
phosphodiester bond of the DNA backbone 5' to an abasic site, producing a nick flanked by
a 3'-hydroxyl and a 5'-deoxyribose phosphate group. Like exonuclease III, APE1 has a
number of other DNA repair roles mediated through the same highly-conserved active site.
APE1 possesses 3’-phosphodiesterase activity, catalysing removal of fragmented sugar
moieties 3’ to single strand breaks induced by bleomycin or ionising radiation (Parsons,
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Dianova, and Dianov 2004). It has exonuclease activity, which may facilitate the removal of
mis-paired nucleotides (or nucleoside analogues such as troxacitabine), including those
incorrectly inserted by Polf, thus preserving BER fidelity (Chou, Kukhanova, and Cheng
2000; Chou and Cheng 2002). It has weak 3’-phosphatase activity that removes 3’-phosphate
blocking groups left after bifunctional DNA glycosylase base excision (Wiederhold et al.
2004). APE1 also appears to have a role in the nucleotide incision repair pathway, where an
endonuclease recognises and processes oxidatively-damaged DNA in a glycosylase-
independent manner (Gros et al. 2004; Ishchenko et al. 2006). A mitochondrial targeting
signal in the C-terminal has been identified (Li et al. 2010), supporting evidence that APE1
has a role in the repair of oxidatively-damaged mitochondrial DNA (Frossi et al. 2002;
Shokolenko et al. 2009).

3.4 Other functions of APE1

APE1 redox regulatory activity includes modulation of the activity of a number of
transcription factors, including those involved in proliferation, downregulation of apoptosis
and angiogenesis. These findings suggest a role for APE1 redox function in tumourigenesis,
cancer progression and treatment resistance (Bapat, Fishel, and Kelley 2008; Luo et al. 2008;
Luo et al. 2010). A number of other roles have also been ascribed to APE1, including
acetylation-mediated gene regulation, RNA quality control, and involvement in NK-cell-
mediated killing. Further discussion is beyond the scope of this chapter, and is reviewed at
length elsewhere (Kelley, Georgiadis, and Fishel 2011).

4. Functional preclinical studies of APE1

4.1 APE1 DNA repair activity is critical for cell viability

Complete absence of APE1 is associated with embryonic lethality in mice (Xanthoudakis et al.
1996; Ludwig et al. 1998; Meira et al. 2001). Expression of floxed human APE1 transgene in
APE1-/- mouse models by Izumi et al. was unable to counter early embryonic loss, but did
allow culture of viable nullizygous mouse embryonic fibroblasts (MEFs). Inactivation of
transgenic APE1 rapidly induced apoptosis, which could be overcome by transient
transfection with wild-type APE1l, but not by mutants lacking either DNA repair or
acetylation-mediated gene regulatory functions, suggesting the essentiality of both functions.
Conversely, transfection with a Cys65Ser mutant reported to be deficient in redox activity was
able to prevent apoptosis, suggesting nonessentiality of APE1 redox activity (Izumi et al. 2005).
Similarly, knock-in of a cysteine-to-alanine point mutation at Cys64 (Cys65 in hAPE1) is non-
lethal in murine models - although the mutation was found to be associated with normal Fos-
and Jun-reducing activity, raising doubts regarding the redox role of Cys64 in mice (Ordway,
Eberhart, and Curran 2003). Elsewhere, siRNA downregulation of APE1 has been
demonstrated to be associated with sequelae of BER inhibition such as AP site accumulation
and apoptosis, and can be reversed by yeast Apnl expression, which lacks redox activity
(Fung and Demple 2005). Taken together, these results demonstrate the essentiality of the
APE1 DNA repair function, but not redox activity, in cell viability.

4.2 APE1 depletion hypersensitises cells to DNA base damage
Induction of apoptosis in response to APE1l downregulation has been confirmed in
numerous cell types and in vivo in rats and mice (Robertson et al. 1997; Evans, Limp-Foster,
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and Kelley 2000). However, response to knockdown may vary between cell types. In ovarian
cancer cells, APE1 knockdown causes S phase prolongation rather than apoptosis, reflected
in xenografts as a reduced tumour growth rate that is associated with impaired glucose
metabolism suggestive of reduced cellular proliferation (Fishel et al. 2008). Heterozygosity
for APE1 in mice is associated with hypersensitivity to oxidative stress (Meira et al. 2001).
Antisense depletion of APE1 hypersensitises HeLa cells to the alkylating agent methyl
methanesulphonate (MMS), H2O,, menadione and paraquat (Walker et al. 1994). Antisense
APE1 downregulation also increases sensitivity of lung cancer cells to ionising radiation
(Chen and Olkowski 1994), pancreatic cancer cells to gemcitabine (Lau et al. 2004), and
glioma cells to MMS, temozolomide and nitrosurea (Ono et al. 1994; Silber et al. 2002).
SiRNA-mediated APE1 downregulation enhances cytotoxicity to alkylating agents and
hydrogen peroxide in osteosarcoma cells (Wang, Luo, and Kelley 2004), cisplatin in non-
small cell lung cancer cells (Wang et al. 2009), and ionising radiation in glioma cells (Naidu
et al. 2010). Double negative APEl mutation expression is associated with enhanced
cytotoxicity to antimetabolites and alkylating agents (McNeill et al. 2009). Downregulation
of APE1 using an adenoviral vector in a colon cancer mouse model successfully reduced
APE1 expression levels and was associated with an increased response to ionising radiation
(Xiang et al. 2008). This evidence highlights the therapeutic potential of targeting APE1 with
small molecular inhibitors to improve radio- and chemotherapeutic efficiency.

4.3 APE1 overexpression protects cells from DNA damage and is implicated in
treatment resistance

Upregulation of APE1l has a protective effect against agents causing DNA damage.
Transfection of hAPE1 into AP endonuclease-mutant E. coli and Apnl-deficient yeast
restored resistance to the effects of DNA damaging agents (Robson and Hickson 1991;
Demple, Herman, and Chen 1991; Wilson et al. 1995). Co-expression of hAPE1 as a chimeric
protein with MGMT conferred resistance to hydrogen peroxide and MMS in AP
endonuclease-deficient E. coli. Overexpression of the chimeric protein in HeLa cells had a
similar protective effect (Hansen et al. 1998). In human teratocarcinoma cells (Robertson et
al. 2001) and melanocytes (Yang et al. 2005), overexpression of APE1 conferred resistance of
radiation and chemotherapy, although this effect was not replicated in cells from other
mammalian species (Herring et al. 1999; Tomicic, Eschbach, and Kaina 1997). Modulation of
APE1 activity may offer a strategy to improve treatment response in tumours with high
levels of APE1 expression.

Chemotherapy agents can induce APE1 upregulation, contributing to treatment resistance.
In non small cell lung cancer cells, cisplatin treatment induces a dose-dependent increase in
APE1 expression. When APE1l is downregulated using antisense methods, cisplatin
cytotoxicity is significantly increased (Wang et al. 2009), suggesting that combining
inhibitors of APE1 with chemotherapeutic agents may overcome treatment resistance.

5. APE1 and human cancer

5.1 APE1 overexpression in human cancers

APE1 expression is cell cycle dependent, with highest levels not surprisingly seen during
early and middle S-phase (Fung, Bennett, and Demple 2001). Immunohistochemical analysis
of many human cancers has demonstrated elevated levels of APE1 (see table). For example,
APE1 protein expression is increased in human gliomas, and is positively correlated with

www.intechopen.com



502 DNA Repair and Human Health

AP endonuclease activity. AP endonuclease activity was also found to be positively
correlated with tumour grade, and with the fraction of S-phase cells, suggesting that APE1
activity is related to level of proliferation (Bobola et al. 2001). APE1 is also elevated in
prostate cancer, with immunohistochemical staining levels increasing from low in benign

prostatic hypertrophy to intense in prostatic carcinoma (Kelley et al. 2001).

Tumour site | APE1 expression | Preclinical findings Clinical findings
Nuclear expression associated
Nuclear in normal with negative lymph node
Breast 2 Mixed localisation status, low angiogenesis
in ductal Asp148Glu associated with
carcinoma in situ reduced rate of early
radiotherapy toxicity
Overexpression . .
. . Increased expression associated
Cervical 3 with nuclear . . .
o with radioresistance
localisation
Predominant] siRNA inhibition sensitises
Colon 4 Tty LOVO cells and xenografts to
cytoplasmic . -
ionising radiation (IR)
. Overexpression associated with
Overexpression ) .
. earlier relapse, reduced survival
Head & with nuclear, L .
. Nuclear localisation associated
neck 5 cytoplasmic, or ) e
. o with nodal positivity, treatment
mixed localisation .
resistance
Nuclear expression associated
Gastro- Mixed or nuclear with poor survival
oesophageal® | expression Cytoplasmic expression
associated with differentiation
Overexpression .
. Overexpression confers
Germcell 7 | with nuclear . .
- bleomycin resistance
localisation
Upregulation by oxidative
stress associated with
resistance to MMS,
Glio- APE1 temozolomide (TMZ), IR
blastoma 8 overexpression Antisense downregulation
sensitises cells to TMZ
siRNA, CRT0044876 and
lucanthone sensitise cells to IR

Table 1. Summary of preclinical and clinical evidence for APE1 as a predictive and
prognostic biomarker

2 (Kakolyris et al. 1998; Chang-Claude, Poponda, et al. 2005; Andreassen et al. 2005; Andreassen et al. 2006)
3 (Xu et al. 1997; Herring et al. 1998)

4 (Kakolyris et al. 1997; Xiang et al. 2008)

5 (Koukourakis et al. 2001)

6 (Al-Attar et al. 2010)

7 (Robertson et al. 2001)

8 (Bobola et al. 2001; Silber et al. 2002; Naidu et al. 2010)
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Tumour

blastoma 10

expression in
womern, younger
patients

site APEI1 expression Experimental findings Clinical findings
Asp148Glu associated with
sensitivity to IR, improved
Overexpression with A.PEI gpregulated by response to chemo-
. . cisplatin treatment siRNA radiotherapy
mixed localisation S . . .
Lung® . inhibition reduces cell Low expression associated with
(nuclear in normal ) - . e
tissue) growth and induces cisplatin sensitivity, improved
apoptosis survival
Overexpression associated with
chemoresistance
Predominantly
nuclear
Medullo- Increased in siRNA inhibition sensitises | Overexpression associated with

cells to carmustine and TMZ

early relapse

Potential APE1 inhibitor

Melanoma! Elrlicli:gmantly resveratrol sensitises cells to
dacarbazine
Reduced HO5 cell viability
following antisense
Osteo- . depletion Overexpression associated with
1 | Overexpression . . )
sarcoma Antisense downregulation poor survival
sensitises cells to MMS,
H20O,, thiotepa, etoposide, IR
Ovarian® | Nuclear/cytoplasmic siRNA inhibition reduces Nuclear expression associated
ytop SKOV-3x growth with poor survival
APFE1 1 . .
. apresu ated by Absence of cytoplasmic staining
Pancreatico- o gemcitabine treatment . . . .
T 14 Nuclear localisation . . associated with high risk
biliary Antisense downregulation

sensitises cell to gemcitabine

features

Prostate 15

Increasing
overexpression from
benign prostatic
hypertrophy to
prostatic
intraepithelial
neoplasia to cancer
Predominantly
cytoplasmic

Table 1. (cont.). Summary of preclinical and clinical evidence for APE1 as a predictive and
prognostic biomarker5.4. APE1 polymorphisms and cancer susceptibility

9 (Hu et al. 2001; Su et al. 2007; Wang et al. 2009)
10 (Bobola et al. 2005)

11 (Yang et al. 2005)

12 (Wang, Luo, and Kelley 2004)

13 (Moore et al. 2000; Fishel et al. 2008; Al-Attar et al. 2010)
14 (

15 (

Lau et al. 2004; Al-Attar et al. 2010)

Kelley et al. 2001)
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5.2 APE1 subcellular localisation in cancer

APE1 expression demonstrates complex and heterogenous localisation patterns that vary
between tissue types. Nuclear localisation is common, and is thought to reflect functions in
DNA repair. Cytoplasmic localisation is commonly seen in cell types exhibiting rapid
metabolic or proliferative rates, particularly when under high oxidative stress. Cytoplasmic
localisation is predominantly within the mitochondria and endoplasmic reticulum, in
keeping with the role of mitochondria in cellular response to oxidative stress, and may
relate to APE1’s role in mitochondrial DNA repair and redox regulation of transcription
factors (Tell et al. 2005). In non-small cell lung cancer, APE1 dysregulation is common, with
upregulation in the cytoplasm contributing to global overexpression and associated with
increased superoxide production and lipid peroxidation (Yoo et al. 2008).

Alterations in subcellular distribution of APE1 compared to normal tissue have been seen in
a number of human tumours. Normal colorectal mucosa features nuclear staining in the less
differentiated cells in the lower parts of the crypts, with cytoplasmic staining in the
superficial epithelium. In both adenomas and carcinomas, subcellular restriction is lost and
a mixed localisation pattern develops, with a predominance of cytoplasmic staining
(Kakolyris et al. 1997). Increased cytoplasmic staining is also seen in thyroid (Tell et al.
2000), hepatocellular (Di Maso et al. 2007), epithelial ovarian (Moore et al. 2000) and prostate
carcinomas (Kelley et al. 2001). In contrast, melanomas display an increased level of APE1
expression which is predominantly localised to the nucleus, compared to cytoplasmic
staining in normal skin (Yang et al. 2005). Increased levels of APE1 expression with nuclear-
specific localisation are also seen in cervical carcinomas (Xu et al. 1997), bladder cancers (Sak
et al. 2005), rhabdomyosarcomas (Thomson et al. 2001), and squamous cell head and neck
cancers (Koukourakis et al. 2001). Some tumour types have shown variance of APEl
localisation between studies. There is consensus regarding elevated levels of APE1 in non-
small cell lung cancer, but different groups have found predominantly cytoplasmic (Wang
et al. 2009) or nuclear (Puglisi et al. 2001; Kakolyris et al. 1999) localisation.

5.3 APE1 expression and localisation as a marker

Alterations in APE1 expression may be of prognostic significance. In non-small cell lung
cancer, elevated APE1 expression is an independent poor prognostic factor, associated with
reduced disease-free and overall survival (Puglisi et al. 2001). Similarly, elevated APE1 is
suggestive of poor prognosis in medulloblastoma (Bobola et al. 2005), ovarian, gastro-
oesophageal and pancreatico-biliary cancers (Al-Attar et al. 2010). Alterations in APE1
localisation may also be of prognostic significance. Breast cancers display heterogenous
localisation, compared to predominantly nuclear distribution in normal breast tissue.
Localisation appears to be correlated to patient outcomes, with nuclear localisation being
associated with better prognostic features such as differentiation, reduced angiogenesis and
negative lymph node status (Kakolyris et al. 1998; Puglisi et al. 2002). Similar prognostic
correlations are also seen in osteosarcoma (Wang, Luo, and Kelley 2004), where cytoplasmic
staining is associated with poor survival outcomes. Conversely, in ovarian and pancreatico-
biliary cancers, nuclear APE1 expression is associated with aggressive tumour biology and
poor overall survival (Al-Attar et al. 2010).

Preclinical evidence suggests that increased APEl expression may be associated with
chemo-and radio-resistance due to efficient repair of therapeutically-induced DNA damage.
In tumour samples, APE1 expression levels and subcellular localisation patterns may
therefore have potential as a predictive marker for response to treatment. In non-small cell
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lung cancers, increased APE1 expression is associated with resistance to cisplatin (Wang et
al. 2009), and in cervical cancers elevated expression correlates to radio-resistance (Herring
et al. 1998). In germ cell tumours (Robertson et al. 2001) and medulloblastoma (Bobola et al.
2005), increased APEl levels are associated with both chemo- and radio-resistance.
Similarly, increased nuclear localisation of APE1 in head and neck cancers is associated with
chemo-and radio-resistance (Koukourakis et al. 2001). In contrast, however, high levels of
APE1 expression in bladder tumours are associated with radiosensitivity and improved
survival rates (Sak et al. 2005). The authors hypothesise that this may be because repair of
irradiation-induced base damage requires phosphodiester backbone cleavage as an
intermediary step, leading to the increased acquisition of potentially lethal double strand
breaks - hence, efficient BER may actually increase radiotherapy-induced lethality.
Alternatively, increased APE1 redox activity might lead to an increased stress response and
hence a greater response to radiotherapy. While further study is required to clearly elucidate
the prognostic significance of APE1 expression in different tumour types, the current body
of evidence suggests the potential of APE1 as a prognostic biomarker.

5.4 APE1 polymorphisms and cancer susceptibility

Polymorphic APE1 variants have been reported and correlated to cancer susceptibility. In an
analysis of seven APE1 polymorphisms, reduced repair activity was noted in four (Hadi et
al. 2000). In a Chinese study, a Thr141Gly promoter polymorphism was associated with
reduced levels of APE1 mRNA in blood and lung tissue, possibly due to reduced affinity for
Oct-1 transcription factor, thought to be activated by DNA damage. Homozygosity for the
Gly allele was associated with a 40% reduction in lung cancer risk (Lu et al. 2009).
Asp148Glu, a variant which exhibits normal repair activity, is associated with an increased
risk of cancer development (Gu et al. 2009), including melanoma (Li et al. 2006), pancreatic
(Li et al. 2007), cervical (Farkasova et al. 2008) and lung cancer susceptibility (Agachan et al.
2009). The Asp148Glu variant may also be associated with hypersensitivity to ionising
radiation (Hu et al. 2001), although it has also been demonstrated to have a protective effect
against acute radiation toxicity reactions in normal skin (Chang-Claude, Popanda, et al.
2005). Further study is required to further elucidate how APE1l polymorphisms might
impact response to treatment.

5.5 APE1 as a predictive and prognostic biomarker

A growing body of evidence suggests that alterations in APEl expression levels and
subcellular localisation may have predictive or prognostic significance in many human
cancers. Similarly, a number of APE1 single-nucleotide polymorphisms (SNPs) have been
identified and correlated to APE1 activity and tumour risk. Recent patent applications have
been filed to utilise tissue APE1 as a biomarker in lung, breast and ovarian cancers (Deutsch
2003; Hagmann et al. 2008). Incorporating biomarker studies into future clinical trials offers
the opportunity to corroborate and expand upon current knowledge to develop APE1 as a
clinically relevant biomarker.

6. Targeting APE1 for therapy

The early promise of PARP inhibitors highlights the potential of BER proteins as therapeutic
targets (Lord and Ashworth 2008; Fong et al. 2009). PARP inhibitors have shown particular
promise in the setting of BRCA-deficient breast cancers, highlighting an important
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therapeutic concept that may be applicable to inhibitors of APE1. Synthetic lethality exploits
inter-gene relationships where the loss of function of either of two related genes is non-
lethal, but loss of both causes cell death. This offers the potential to specifically target cancer
cells through inhibition of a gene known to be in a synthetic lethal relationship with a
mutated tumour suppressor gene (Rehman, Lord, and Ashworth 2010). BRCA-1 and -2 have
long been identified as tumour suppressors, being mutated in an inherited cancer
predisposition that increases susceptibility to breast and ovarian tumours (Miki et al. 1994).
Both gene products have a role in the homologous recombination (HR) DNA repair
pathway, which repairs double strand DNA breaks (DSBs) (Venkitaraman 2002). A degree
of redundancy exists between the BER and HR pathways, allowing cells to compensate for
the loss of one pathway. The BER enzyme PARP1, which binds to single strand DNA breaks
and recruits other repair proteins, can be successfully targeted for inhibition, leading to
failure of the BER pathway, replication fork stalling, and acquisition of double strand
breaks. In normal cells, these double strand breaks are repaired via HR. In BRCA-deficient
cells, however, loss of effective HR leads to DSB persistence and cell death. As
heterozygosity at a BRCA allele is associated with effective HR, PARP inhibition specifically
targets only tumour cells with acquired BRCA-/- homozygosity (Bryant et al. 2005; Farmer et
al. 2005). Phase I and II trials of PARP inhibitors have demonstrated favourable efficacy and
limited toxicity in BRCA-related breast and ovarian cancers (reviewed in (Rehman, Lord,
and Ashworth 2010)) and phase III trials are underway.

Other potential synthetic lethal relationships in PARP inhibition are currently being
explored. ‘BRCAness’ refers to a subset of breast cancers, including ‘triple negative’
(oestrogen-, progesterone- and HER2-negative) and ‘basal phenotype’ cancers, that possess
molecular and histopathological similarity to BRCA-deficient tumours, that may
successfully be targeted by PARP inhibition (Turner, Tutt, and Ashworth 2004; Giorgetti et
al. 2007). There is also developing interest in PTEN (phosphatase and tensin homolog),
which is mutated in many sporadic cancers and, like BRCA mutations, causes a defect in
homologous recombination (Shen et al. 2007; Mendes-Pereira et al. 2009).

Recent evidence suggests that other BER factors may also be targeted by a synthetic lethality
approach. Mismatch repair (MMR) is responsible for the repair of DNA damage occurring
during replication, and shares a degree of overlap with BER function. For example, 8-
oxoguanine base lesions, which are induced by metabolic ROS and can cause mutagenic
GC—TA transversions if unrepaired, may be processed by both BER and MMR. Mutations
in the mismatch repair (MMR) genes MLHI or MSH2 are implicated in human non-
polyposis carcinoma coli (HNPCC) and some sporadic colorectal cancers. SiRNA inhibition
of the BER constituent DNA polymerase /7y is selectively lethal in MLH1/MSH2 mutant
cell lines, suggesting a synthetic lethality relationship. Given the potential for BER inhibitors
as a synthetic lethality target, it remains to be established if additional factors such as APE1
may have a role in this capacity.

7. APE1 inhibitors: Progress to date

7.1 APE1 DNA repair domain inhibitors

The first reported inhibitor of the APE1l repair domain, CRT0044876, was identified
following high-throughput fluorescence-based screening of a small molecular chemical
library. Applied alone, this compound increased the rate of AP site accumulation in tumour
cell lines without evidence of intrinsic cytotoxicity. In combination with various base
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damaging agents, including the alkylators MMS and temozolomide (TMZ), a synergistic
increase in AP site accumulation was noted, associated with essentially complete (>99%) cell
death. This effect was not replicated when the DNA damaging agents used induced damage
repaired by mechanisms other than BER, suggesting BER-specific inhibition (Madhusudan
et al. 2005). CRT0044876-induced BER inhibition has been reproduced elsewhere (Guikema
et al. 2007, Seo and Kinsella 2009), including cytotoxicity potentiation with ionising
radiation (Koll et al. 2008), although another group was not able to replicate potentiation
(Fishel and Kelley 2007).

CRTO0044876 contains an indole ring which is thought to interact with the APE1 active site,
while the compound’s carboxylate group coordinates towards the active site catalytic
magnesium atom. Utilising knowledge gained from the identification and development of
CRT0044876, molecular modelling techniques were utilised to design inhibitor templates to
screen a computer database of 2.6m chemical compounds. Promising hits were chosen for
their active site ‘fit’ and drug-like properties, then screened in the laboratory for specific
inhibitory activity. A number of highly-potent, highly-specific non-competitive inhibitors of
APE1 DNA repair were identified. Like CRT0044876, these compounds had low intrinsic
toxicity, but are able to potentiate the cytotoxicity of alkylating agents in various cancer cell
lines. Interestingly, the inhibitory effect was significantly increased in the Asp148Glu APE1
polymorph, previously implicated in cancer predisposition (see Section 5.4. APEl
polymorphisms and cancer susceptibility) (Mohammed et al. 2011).

A number of other groups have been working on the development of APE1 DNA repair
inhibitors. Seiple et al. have identified the potential of arylstibonic acids, which possess
inherent inhibitory activity on an initial fluorescence-based high-throughput screen
(Seiple et al. 2008). Simeonov et al. utilised a similar fluorescence screening assay
to identify three compounds (6-hydroxy-DL-DOPA, Reactive Blue 2 and myricetin) which
potentiate MMS cytotoxicity in HeLa cells associated with a quantifiable increase in
AP site accumulation. Modelling studies of 6-hydroxy-DL-DOPA suggest that it docks to
the APE1 active site in a similar manner to CRT0044876 (Simeonov et al. 2009). Bapat
et al. modified the previously-described fluorescence assay to identify the novel inhibitor
ARO02, which is able to selectively block APE1 DNA repair function in glioma cells
and potentiate cytotoxicity of alkylating agents (Bapat et al. 2010). Zawahir et al.
performed an in silico pharmacophore model-based screen to identify 21 potent and
specific inhibitors. The most potent of the inhibitors identified to date share common
features of two carboxylate groups arranged around a hydrophobic core, bearing
structural similarity to the 3’- and 5’- deoxyribosephosphate groups on abasic DNA
(Seiple et al. 2008; Zawahir et al. 2009).

The topoisomerase II inhibitor lucanthone has also been identified as a potential inhibitor of
APE1 DNA repair activity, without impact on redox function (Bases and Mendez 1997; Luo
and Kelley 2004). Lucanthone treatment in cell culture induces an increase in abasic site
accumulation (Mendez, Goldman, and Bases 2002), and potentiates the cytotoxic effects of
MMS and temozolomide (Luo and Kelley 2004). Clinically, lucanthone treatment accelerates
regression of brain metastases following whole brain radiotherapy (Del Rowe et al. 1999).
However, it is unclear whether this effect is mediated via APE1 inhibition, or as a function
of lucanthone’s effect on topoisomerase (Fishel and Kelley 2007).

Methoxyamine is a small molecular inhibitor of BER which irreversibly binds to abasic DNA
sites, preventing processing by APEl (Liu and Gerson 2004). Methoxyamine potentiates
temozolomide in vitro (Taverna et al. 2001; Fishel et al. 2007) and in tumour xenografts (Liu,
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Nakatsuru, and Gerson 2002; Yan et al. 2007). It also potentiates radiotherapy cytotoxicity in
combination with the potent radiosensitiser 5-iodo-2’-deoxyuridine (Taverna et al. 2003).
Methoxyamine has undergone phase I clinical trials in combination with pemetrexed
(Anthony et al. 2009) and temozolomide (Sawides et al. 2010) in patients with advanced
refractory cancer.

7.2 APE1 redox domain inhibitors

Through redox-mediated transcription factor activation, APE1 has cytoprotective and
angiogenic influence in response to cellular stresses. The APE1 redox domain has therefore
also been evaluated as a possible target for small molecule inhibition.

The naturally-occurring compound resveratrol, found in grapes and red wine, has been
suggested as an inhibitor of tumourigenesis (Bhat and Pezzuto 2002; Aziz, Kumar, and
Ahmad 2003). Computer modelling suggests it may bind the APE1 redox domain (Yang et
al. 2005). Resveratrol exposure has been shown to inhibit activation of the APE-1 dependent
antiapoptotic transcription factors activator protein-1 (AP-1) and nuclear factor kappa B
(NFxB), and is also able to sensitise melanoma cells in vitro to dacarbazine treatment (Yang
et al. 2005). However, these results have not been substantiated elsewhere (Fishel and Kelley
2007; Luo et al. 2008).

Soy isoflavanes are under investigation for a possible role in the treatment of prostate
cancer. Prostate cell survival is significantly decreased when co-treated with soy isoflavanes
in combination with radiation, compared to radiation alone. This is associated with
downregulation in APE1l levels, and therefore a reduced level of NFxB and the
proangiogenic transcription factor hypoxia-inducible factor 1o. (HIF-1o) binding that may
mediate the increase in radiosensitivity (Raffoul et al. 2007; Singh-Gupta et al. 2008).
However, it is unclear how APE1 downregulation is mediated by soy isoflavanes, and
whether associated downregulation of BER also has an impact on treatment sensitivity
(Kelley, Georgiadis, and Fishel 2011).

APX3330 (also known as E3330) is a small molecule inhibitor of APE1 redox function. It
specifically and selectively blocks APE1-mediated reduction of various transcription factors
to their activated state (Zou and Maitra 2008; Luo et al. 2008; Zou et al. 2009; Nyland et al.
2010). APX3330 exposure has been demonstrated to reduce tumour cell growth (Saitou et al.
2005), migration (Zou and Maitra 2008) and angiogenesis (Zou et al. 2009). A number of
APX3330 analogues with improved potency are currently under evaluation (Kelley,
Georgiadis, and Fishel 2011).

7.3 APE1 inhibition and toxicity

Inhibition of APE1 offers exciting therapeutic potential. Given that APE1 is ubiquitously
expressed in normal and malignant cells, concerns exist regarding the risk of inhibitor
toxicity in normal tissue, particularly when wused in combination with systemic
chemotherapy treatments. This risk could be reduced by targeting inhibitor use in cancers
with high levels of APEl overexpression, or combining inhibitor use with targeted
treatment such as radiotherapy. Long term toxicity is also of concern, as inhibition of APE1
in normal cells may result in propagation of potentially mutagenic DNA damage, leading to
secondary malignancies. However, it is likely that the target population for APE1 inhibition
will be patients with advanced cancer, where risk of secondary malignancy will not be of
clinical significance (Abbotts and Madhusudan 2010).
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8. Conclusion

Genomic integrity is constantly challenged by damage inflicted from a variety of
endogenous and exogenous sources, including spontaneous deamination, reactive oxygen
species, ionising radiation, ultraviolet light and chemical agents. Highly conserved
pathways of DNA repair have evolved to maintain stability within the genome. Base
excision repair (BER) processes and repairs damage to individual bases induced by
alkylation, oxidation or ring saturation. Human apurinic/apyrimidinic endonuclease 1
(APE1) is a critical BER enzyme that recognises and processes the site of excised base
damage (an ‘abasic’ site). APE1 is of considerable interest as a potential predictive and
prognostic biomarker in cancer. Polymorphisms causing variable APE1 activity may alter
cancer susceptibility and treatment response. High levels of oxidative stress in the tumour
microenvironment may induce an increased rate of DNA damage acquisition, leading to an
upregulation of BER that contributes to the dysregulation of APE1 expression commonly
observed in solid tumours. Furthermore, APE1 expression is upregulated in response to
treatment with DNA damaging agents such as chemotherapy and ionising radiation, and is
frequently associated with resistance to treatment and poor prognostic outcomes. Further
characterisation of APE1 polymorphisms and expression levels in human cancer will allow
development of APEL1 as a predictive and prognostic biomarker.

Preclinical study has confirmed APEl as an emerging therapeutic target in cancer.
Overexpression of APE1 is induced by DNA damaging agents and is associated with
treatment resistance. Constitutional or engineered downregulation of APE1l confers
sensitivity to treatment, and can overcome chemoresistance. A number of inhibitors of the
APE1 DNA repair domain are currently under development, showing promise in vitro in
their ability to potentiate the actions of agents causing alkylating or oxidation damage and
overcome treatment resistance. Further development of these inhibitors into clinically-
relevant compounds is an important and expanding area of cancer therapeutics.
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