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Abstract The apurinic endonuclease 1/redox factor-1

(APE1) has a crucial function in DNA repair and in redox

signaling in mammals, and recent studies identify it as an

excellent target for sensitizing tumor cells to chemother-

apy. APE1 is an essential enzyme in the base excision

repair pathway of DNA lesions caused by oxidation and

alkylation. As importantly, APE1 also functions as a redox

agent maintaining transcription factors involved in cancer

promotion and progression in an active reduced state. Very

recently, a new unsuspected function of APE1 in RNA

metabolism was discovered, opening new perspectives for

this multifunctional protein. These observations underline

the necessity to understand the molecular mechanisms

responsible for fine-tuning its different biological func-

tions. This survey intends to give an overview of the

multifunctional roles of APE1 and their regulation in the

context of considering this protein a promising tool for

anticancer therapy.
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Abbreviations

8-OHG 8-Hydroxyguanine

AP Apurinic/apyrimidinic

AP-1 Activating Protein-1

APE1 Apurinic apyrimidinic endonuclease 1

BER Base excision repair

CKI and CKII Casein kinase I and II

CREB cAMP-responsible element binding protein

Egr-1 Early growth response protein-1

FEN1 Flap endonuclease I

GSK3 Glycogen synthase kinase 3

GzmA Granzyme A

GzmK Granzyme K

HIF-1a Hypoxia inducible factor-1a
MTS Mitochondrial targeting sequence

MPG Methylpurine DNA glycosylase

MYH Human MutY glycosylase homolog

NF-jB Nuclear factor-kappaB

nCaRE Negative calcium responsive elements

NLS Nuclear localization signal

NPM1 Nucleophosmin 1

OGG-1 8-Oxoguanine DNA glycosylase

PARP-1 Poly(ADP-ribose) polymerase

Pax Paired box-containing proteins

PCNA Proliferating cell nuclear antigen

PEBP-2 Polyoma virus enhancer-binding

protein-2

PKC Protein kinase C

Polb Polymerase b
PTEN Phosphatase and tensin homolog

PTH Parathyroid hormone

PTM Post-translational modification

RFC Replication factor C

ROS Reactive oxygen species

Trx Thioredoxin

XRCC1 X-ray cross-species complementing 1

Introduction

APE1/Ref-1 (also called APEX1 or Ref-1 and here referred

to as APE1), the mammalian ortholog of Escherichia coli
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Xth (Exo III), is a master regulator of cellular response to

oxidative stress and plays a central role in the maintenance

of genome stability acting as the major apurinic/apyrimi-

dinic (AP)-endonuclease in the DNA base excision repair

(BER) pathway that copes with DNA damage caused by

both endogenous and exogenous agents including chemo-

therapeutic agents (see the reviews by Hazra et al. and

Wilson III et al. in this issue for details). Upon removal of

the damaged base, APE1 cleaves the abasic site to facilitate

repair. The vital effects of APE1 are attributed to this role

[1]. However, APE1 has at least another major cellular

function, since it works as a redox protein which stimulates

the DNA binding activity of several transcription factors

that are involved in cancer promotion and progression,

such as nuclear factor-kappaB (NF-jB), early growth

response protein-1 (Egr-1), p53, HIF-1a, CREB, AP-1 and

paired box-containing proteins (Pax) in different cell sys-

tems [2]. This function is accounted for by Cys65 residue.

Interestingly, through this redox-mediated activation of

NF-jB-driven IL-8 expression, APE1 has recently been

suggested to play a role in inflammatory processes [3]. A

third secondary and poorly characterized APE1 function is

represented by its transcriptional repressor activity (on

PTH and APE1 promoters) through binding to the negative

calcium responsive elements (nCaRE) [4, 5]. The two

major functions of APE1, redox and in BER, are com-

pletely independent: the N-terminus, which contains a

bipartite nuclear localization signal (NLS), is principally

devoted to redox-mediated transcriptional co-activation

activity while the C-terminus exerts the enzymatic activity

on the abasic sites of DNA mainly through the residue

H309 in the catalytic site [6].

We have recently discovered a new unsuspected func-

tion of APE1 in RNA metabolism which is controlled by

the first 33N-terminal aminoacids. In particular, we dem-

onstrated that APE1 is able to bind RNA and may act as a

cleansing factor of abasic RNA ([7, 8], and unpublished

data). Another recent paper demonstrated that APE1 may

control c-Myc expression by cleaving its mRNA [9]. This

evidence points to a new function of APE1 in regulating

gene expression through post-transcriptional mechanisms

and opens new perspectives in understanding APE1 mul-

tifunctional roles in cancer cells.

APE1 is essential for cell viability [1, 10] and, therefore, a

detailed comprehension of the molecular targets of APE1

functions has been very difficult. Conditional knock-out and

knock-down strategies [1, 11] confirmed its essentiality and

allowed establishment of cell models to inspect and char-

acterize in better detail the major functions of APE1.

However, knowledge of the molecular effectors regulated by

APE1 in determining its biological essentiality is still scanty.

Recently, proteolysis occurring at Asn33 (giving rise to

a form called ND33APE1) has been described, suggesting

that removal of NLS may constitute a general mechanism

for redirecting APE1 towards non-canonical subcellular

compartments, such as mitochondria [12]. Unfortunately,

the specific protease responsible for this cleavage has not

yet been identified. The first 42 amino acids of APE1

appear highly unordered in the crystallographic structure

[13], while the remainder have a globular fold [14]. It is

therefore plausible, as is becoming evident, that the protein

N-terminus is used for interacting with other partners, thus

modulating the different APE1 functions. Interestingly, a

similar bipartite arrangement for Rrp1, the Drosophila

homologue of mammalian APE1, has been described,

indicating a functional role of the unstructured N-terminal

domain in modulating protein–protein interactions ([15],

and Hazra et al. this issue).

Accumulating evidence has demonstrated that the het-

erogeneity of APE1 expression pattern is linked to different

pathological conditions ranging from metabolic to differ-

entiative disorders and, in particular, to cancer, and that

elevated levels of APE1 have been linked to resistance to

chemotherapy, poor prognosis and poor survival. Different

kinds of human tumors are characterized by alterations in

subcellular distribution of APE1 with respect to non-

tumoral tissue [16]. Furthermore, alteration in subcellular

distribution of APE1 is not functionally related to the

ability of cancerous tissue to repair abasic sites, suggesting

that BER may not be affected [17–19]. Even though it is

not clear at present whether APE1 extranuclear localization

is responsible for or only associated with tumor progres-

sion, its function in RNA metabolism is a possible

antitumor candidate target.

The essentiality of mammalian APE1 cannot be ascribed

only to its DNA repair function, since attempts to restore

this activity in APE1-deficient cells with the yeast

homologous Apn1 [1], lacking the redox-activation

domain, or with an APE1 mutant lacking the acetylation

sites or the first 33N-terminal domain, required for its

function in RNA metabolism [7, 8] but not the DNA repair

activity [11], were unsuccessful. It is also known that the

specific block of the APE1 redox activity on NF-jB with

E3330 impairs hemangioblast development in vitro [20].

Therefore, it appears that the essentiality of this protein is

due to its pleiotropic effects rather than merely to its DNA

repair activity: this implies that post-translational modifi-

cations (PTMs) and modulation of the interactome

networks of APE1 may fine-tune its different biological

functions. While some PTMs may have a functional role

(i.e. K6/K7 acetylation by p300) [21, 22], poor information

is available on APE1 protein interacting partners [23],

particularly under genotoxic stress conditions. We char-

acterized an APE1 interactome map in HeLa cells under

basal conditions comprising about 20 different protein

species ([7], and unpublished observations). Modulation of
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this network by PTMs under different stress conditions

may target APE1 towards a specific function. Our recent

work is actually devoted to fill in this gap [7, 8].

APE1 structure and domain organization

The 318-amino-acid-long human APE1 protein acts as a

monomer and is organized into three functionally inde-

pendent domains (Fig. 1): (1) the first 33–35N-terminal

unstructured sequence is essentially involved in protein–

protein interaction and is important for the RNA-binding

activity of the protein [7] and the modulation of its cata-

lytic activity on abasic DNA ([24], and unpublished

observations); (2) the redox domain which spans the region

between amino acids 35 and 127; and (3) the DNA repair

domain which spans the C-terminal domain of the protein

from about residue 161 onwards.

The structure of the DNA repair domain of APE1 con-

sists of two symmetrically related portions with similar

topology and has a significant structural similarity to both

bovine DNase I and its Escherichia coli homologue

Exonuclease III. It is important to note that all information

about the structure of the APE1 were retrieved by X-ray

crystallography studies on a truncated form of the enzyme

which lacks the first 35N-terminal amino acids, thus

precluding complete understanding of the structural–func-

tional relationships in light of the most recent findings on

the very N-terminal region of the protein. 3-D structure of

human APE1 shows a globular a/b protein consisting of

two domains (N-terminal domain core: residues 44–136

and 295–318; C-terminal domain core: 137–260), with

overall dimensions of 40 9 45 9 40 Å3. Both domains

display similar topologies, and each of them comprises a

six-stranded b-sheet surrounded by a-helices, which pack

together to form a four-layered a/b sandwich [14].

The N-terminal domain of APE1 is responsible

for redox regulation of transcription factors activities

Recent data pointing to the first 33–35 amino acid region as

an independent APE1 functional and structural subdomain

are discussed below; thus, in this section, the classical
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Fig. 1 Schematic organization of human APE1 structure, based on

functional studies reported in Refs. [26, 46, 136], with some critical

residues. Ribbon representation of the APE1 structure. An a/b-

sandwich is formed by the packing of two–six-stranded b-sheets

surrounded by a-helices, with strand order b3-b4-b2-b1-b1-b13 and

b5-b6-b7-b8-b12-b9 from domains 1 and 2, respectively [14]. The

main functions of APE1 are those involved in: (1) BER pathway of

DNA lesions; (2) transcriptional repressor through binding to negative

calcium responsive elements (N-CaRE); (3) redox-dependent and

-independent regulation of different transcription factors activities;

(4) RNA metabolism
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function as redox co-activator by APE1 is examined. By

using in vitro assays, it has been demonstrated that the

N-terminal region comprised between residues 43 and 65 is

necessary for APE1 to act in a redox mode, reductively

activating oxidized proteins like p53 [25], AP-1 and Myb

[26, 27]. The structural data indicate that this region forms

an extended loop which lies across the b-strands b13 and

b14 making a number of hydrogen bond and salt bridge

interactions with the globular core of the molecule. Cys65

is implicated in the redox activity of the APE1 [27] and is

located on b1 with the side chain pointing into a hydro-

phobic pocket and away from the central b sheet. Solvent

accessibility calculations show that Cys65 is inaccessible

to solvent and would therefore be unable to directly interact

with residues from other proteins. Since the structure of the

C65A mutated APE1 [28] appears similar to that of the

wild-type protein, it is likely that the crystallized structure

does not represent the molecule in a redox-active state. It

was proposed that APE1 may undergo a conformational

change, which involves exposure of Cys65 and creates a

binding site that will accommodate the different tran-

scription factors [28]. However, further work is required to

test this hypothesis and to understand which are the factors

capable of stimulating this conformational rearrangement.

A redox-independent mode of action by APE1 on tran-

scription factors activities has also been hypothesized, as in

the case of p53 [25], subsequently extended to AP-1 [29].

The C-terminal domain of APE1 is responsible

for the DNA repair activity

This domain harbors APE1’s catalytic site responsible for

AP endonuclease activity. Before protein structure was

solved, some of the key residues involved in catalysis had

already been determined by site directed mutagenesis

studies or analysis of sequence conservation between

human APE1 and EXOIII [30]. Initially, the active site

structure was described by Gorman et al. [14]; further

details were provided by the work of Mol et al. [31] and

Beernink et al. [13]. The active site lies in a pocket at the

top of the a/b sandwich and is surrounded by loop regions.

The active site is defined by several residues (His309,

Glu96, Asp283, Thr265, Tyr171, Asn68, Asp210, Asp70,

Asn212), most of which are involved in a hydrogen

bonding network. Within the active site, at least one

divalent ion (Mg2?) is present [32], probably bound to

Glu96. APE1 orients a rigid pre-formed DNA binding face

and penetrates the DNA helix from both the major and the

minor grooves, stabilizing an extra-helical conformation

for the target abasic deoxyribose and excluding any normal

DNA nucleotide: APE1 thus seems to be preformed for

abasic site recognition. APE1-bound DNA is severely

distorted (bent &35�). Even if APE1 interacts with both

strands of DNA, most of interactions involve the strand

containing the abasic site. APE1 binds to phosphates at 50

and 30 of the AP site. Met270 inserts through the minor

groove to pack against the orphan base. Meanwhile,

Arg177 inserts through the DNA major groove and delivers

a hydrogen bond to the AP site 30 phosphate. Together,

Arg177 and Met270 effectively lock APE1 onto AP-DNA.

There is not a unified view concerning the hypothetical

catalytic mechanism (see Refs. [13, 14, 31] for details),

thus confirming that further work is needed along these

lines.

APE1 is a multifunctional protein

DNA repair activity of APE1 in base excision repair

BER is a molecular pathway devoted to removal of bases

with small, non-helix distorting lesions that could other-

wise cause mutations during replication or lead to strand

breaks in DNA molecules [33]. The importance of BER is

underlined by the fact that its defects have been associated

with cancer susceptibility and neurodegenerative disorders.

As for the mechanism, BER funnels diverse base lesions

into a common intermediate, the apurinic/apyrimidinic

(AP) site, which is then handled by APE1. Subsequent

steps follow either of two distinct sub-pathways, called

short patch- or long patch-DNA repair [34]. In mammalian

cells, APE1 hydrolyzes the 50 phosphodiester bond of the

AP site to generate a DNA intermediate that contains a

single strand break with 30-hydroxyl and deoxy-ribose-50-
phosphate (50-dRp) termini. However, APE1 can generate a

30-hydroxyl terminus even in other ways: APE1 can

remove through its 30–50 exonuclease activity a 30-phospho-

a,b-unsaturated aldehyde, formed by complex glycosylases

and by radiation [35]. APE1 can also remove a 30 terminal

phosphate (through its 30 phosphatase activity), produced

by glycosylases NEIL1 and NEIL2 [36]. Therefore, APE1

is the key enzyme responsible for the incision of the AP

sites and the generation of a 30-OH, which represents a

primer for Polb (for details refer to Wilson III et al. this

issue). BER involves several other proteins that, even if not

acting directly on DNA, can recruit other factors, coordi-

nate them or stimulate their activities. Among these are the

scaffold protein X-ray cross-species complementing 1

(XRCC1), proliferating cell nuclear antigen (PCNA),

poly(ADP-ribose) polymerase (PARP-1), immediately

binding to an incised AP site, recruiting other BER proteins

and increasing overall process efficiency [37]. Interest-

ingly, evidence from reconstituted systems and from cell

extracts suggests that, besides providing the AP endonu-

clease activity, APE1 also contributes to coordination of
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the different BER steps by interacting directly or indirectly

with other BER enzymes and with other repair pathways.

APE1 can interact with different glycosilases (OGG-1,

MYH, MPG), with Polb, with XRCC1, which in turn

stimulates APE1 endonuclease activity, or with FEN1

(Flap endonuclease 1), directly stimulating its activity [2].

Due to its ability to recruit different protein factors, APE1

can be considered as one of the key elements capable of

forming large DNA repair factories. The molecular basis of

the specificity of these interactions, as well as their bio-

logical significance, remains to be largely determined [8].

Redox regulation of transcription factors activity

by APE1

Oxidative stress represents a common threat and danger for

all aerobic organisms. Any enzyme capable of metaboliz-

ing oxygen generates reactive oxygen species (ROS), such

as superoxide ion (O2
�-), hydrogen peroxide (H2O2) or

hydroxyl radical (OH�) [38]. ROS produced in vivo at

levels that cannot be adequately dealt with by endogenous

antioxidant systems, damage lipids, proteins, carbohydrates

and nucleic acids [39], leading to functional inhibition of

these molecules. Therefore, cellular redox balance is

maintained by an array of enzymatic (such as catalase,

peroxidases, superoxide dismutase) and non-enzymatic

(such as glutathione, L-ascorbic acid, a-tocopherol) systems

that ensure that an overall reducing condition prevails [2].

More recently, however, interest has focused on the ROS

formation at sub-toxic levels and on their potential to act as

biological signaling molecules. Sub-toxic ROS production

can lead to alterations in cellular and extracellular redox

state, and these alterations have been shown to signal

changes in cell functions. Thiol groups, for their ability to

be reversibly oxidized, may act as redox sensitive switches,

thereby providing a common trigger for a variety of ROS

mediated signaling events [39].

It has been demonstrated that redox regulation affects

gene expression. Recently, a great body of experimental

evidence suggests that this outcome is achieved through

direct modulation of transcription factors activity. Up to

now, several transcription factors have been demonstrated

to be targets of redox regulation, which is mediated by the

redox state of thiol groups exposed by critical Cys residues.

APE1 has been identified as a protein capable of nuclear

redox activity inducing the DNA binding activity of several

transcription factors, such as AP-1 [26], NF-jB [40], Myb

[41], Egr-1 [42], p53 [43], and Pax proteins [44]. APE1

accomplishes this activity through the control of the redox

state of the Cys residues located either in the DNA-binding

domains or within regulatory regions of the transcription

factor itself [45, 46]. Therefore, by maintaining these Cys

in the reduced state, through the action of its redox-sensi-

tive Cys65, APE1 provides a redox-dependent mechanism

for regulation of target gene expression.

Recently, a novel APE1 activity, termed ‘‘redox chap-

erone activity’’, was discovered, by which APE1 may

regulate the DNA binding activity of various transcription

factors by promoting reduction of their critical Cys resi-

dues by means of third reducing molecules, such as GSH

and thioredoxin [47] (Fig. 2). The redox-chaperone activity

seems to be mediated by direct interactions between APE1

and the target transcription factor, and does not require

high concentrations of APE1 as does its redox activity. It is

therefore plausible that APE1 may regulate redox-sensitive

transcription factors essentially through this redox-chap-

erone activity in living cells. The authors proposed three

possible mechanisms for explaining this activity. First,

APE1 may facilitate reduction of target transcription fac-

tors by bridging between the target and the reducing

molecule (recruitment model). Second, APE1 could facil-

itate reduction by inducing conformational changes of the

target protein such that the redox-sensitive residues may

become accessible to reducing molecules (conformational

change model). Third, APE1 may stabilize the reduced

states of the target transcription factors by preventing

oxidation, possibly through hydrogen bond formation with

the thiol groups (oxidation barrier model). These models

are not mutually exclusive.

In conclusion, the redox and the redox-chaperone

activities are leading functions of APE1, and may contrib-

ute to preserve the cell from the genotoxic insults due to

increased ROS concentration. However, further work is

needed to characterize in detail the mechanisms responsible

Fig. 2 Schematic representation of APE1 redox and redox-chaperone

activities. APE1 is responsible for the reduction of oxidized cysteines

within DNA-binding domain or regulatory domain of a number of

transcription factors. The exact mechanism by which APE1 achieves

this thiol reduction is not very well understood. In addition, the state

of oxidation of the transcription factor in the nucleus is also poorly

characterized (adapted from Ref. [38])
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for targeting this APE1 activity in response to a specific

stimulus.

Extra-nuclear functions of APE1: inhibition

of Rac1-mediated intracellular ROS production

APE1 has an important extra-nuclear function, which is the

suppression of intracellular ROS production in endothelial

cells, through modulation of Rac1-regulated NADPH oxi-

dase [48] (Fig. 3). The NADPH oxidase complex is a multi-

subunit enzyme involved in the innate immune response by

phagocytic cells [49]. Its activation generates ROS, which

are important in the host defense against infection [49]. ROS

are also important modulators of vascular cell function and

are generated by the NADPH oxidase complex [50] in

response to a number of ligands such as angiotensin II [51],

vascular endothelial growth factor (VEGF) [52], EGF [53],

PDGF [54], and endothelin I [55] and to mechanical stimuli

[56]. Rac1 has been shown to play a critical role in

the assembly and activation of NADPH oxidase. Rac1 is a

21-kDa GTP binding protein belonging to the Ras super-

family. Rac1 cycles between an inactive GDP-bound form

and, upon stimulation, an active GTP bound form. This cycle

is regulated by GDP exchange factors (GEF) and GTPase

activating proteins (GAP). The exact mechanism by which

Rac1 is involved in the activation of the vascular NADPH

oxidase remains unclear [57]; however, it seems that one of

the oxidase complex subunits, p67phox, is sequestered by

p40phox. Rac1 binding to p67phox could result in the dis-

ruption of p67phox/p40phox association, allowing NADPH

oxidase activation [58]. Endothelial cells subjected to TNFa
treatment or hypoxia/reoxygenation (H/R), respond by

activating NADPH oxidase in a Rac1-dependent manner.

Angkeow et al. [48] discovered that APE1 overexpression, in

an endothelial cell line, prevents oxidative stress induced by

TNFa or H/R, even if the molecular mechanism was not

characterized. The authors hypothesized that APE1 inter-

feres with Rac1 activation, presumably perturbing either an

activation (GEF) or inactivation (GAP) process of Rac1.

These results suggest once more that the control of APE1

subcellular localization is a finely regulated phenomenon

and that subcellular trafficking of the protein could have a

dramatic impact on cell fate [48].

NADPH oxidase, Rac1 and oxidative stress also play an

important role in regulation of cell shape and motility, cell–

cell contacts and cell adhesion, which are processes med-

iated by the rapid re-organization of the cytoskeletal actin

network. In endothelial cells, for example, it has been

demonstrated that actin cytoskeleton responds to an

increased ROS concentration with enhanced motility and

that Rac1 inhibitors can influence both ROS levels and

actin cytoskeleton-based motility. Thus, by controlling

Rac1-mediated ROS production, APE1 could also play a

fundamental role in regulating actin network organization

in endothelial cells. Further experiments are required to

understand these aspects that may devise a possible role of

APE1 in the tumorigenic process.

Recently, E3330, a specific inhibitor of APE1 redox

activity [59], was found to be able to increase ROS levels in

human pancreatic cancer PANC1 cell line [60]. The authors

did not investigate the molecular mechanism; however, pan-

creatic cells express NADPH oxidase [61], thus it is likely that

E3330 influences the pathway involving Rac1 [48]. This

evidence offers at least two possible explanations. E3330

could inhibit the ability of APE1 to block Rac1-mediated

NADPH oxidase activation. A second possibility is that APE1

could also exert a redox-like activity in the cytoplasm or that

the Rac1 inhibition could be attributable to APE1 redox

activity, therefore one of its substrates should be a factor

involved in Rac1 activation/inactivation cycle. Further

experiments are required to shed light on these mechanisms.

Transcriptional repressor activity by APE1 through

binding to nCaRE elements

APE1 was identified as a component of a trans-acting

complex with transcriptional repressor activity which binds

to the negative calcium responsive elements, nCaRE-A and

nCaRE-B, first discovered in the promoter of the human

parathyroid hormone (PTH) gene [62], and later in the

APE1 promoter itself. An increase in hematic PTH con-

centration mobilizes Ca2? from the storage tissues [63]:

high levels of extracellular calcium inhibit PTH tran-

scription with a negative feedback mechanism which

involves the binding of the trans-acting complex to the

nCaRE sequences [62, 64]. More recently, other nCaRE

Fig. 3 Role of APE1 in intracellular ROS production control. APE1

is capable of inhibiting intracellular H2O2 production, through

modulation of a Rac1-regulated NADPH oxidase. The molecular

mechanism underlying this APE1 activity is not clear; however, a

functional interaction between APE1 and Rac1 was demonstrated

(adapted from Ref. [48])
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elements were identified on the promoter sequences of other

genes, like renin [65] and APE1 itself [66]. Thus, experi-

mental observations suggest that APE1 could down-regulate

its own gene and this negative feedback mechanism would

represent the first example of such a transcriptional self-reg-

ulatory mechanism for a DNA repair enzyme [5]. However,

experimental results show that APE1 is not able to directly

bind nCaRE elements; other protein factors are indeed

required like the heterogeneous ribonucleoprotein-L (hnRNP L)

[5], raising the question of how APE1 protein may represent

a key factor in specifically regulating nCaRE function.

More recently, Bhakat et al. [22] showed that an increase

of extracellular calcium concentration can induce p300

dependent acetylation of APE1 at lysine residues 6 and 7 and

that acetylated APE1 has an increased capability of binding

nCaRE elements. The discovery of calcium-induced APE1

acetylation and its effect on DNA binding activity suggested

that specific post-translational modifications may provide a

means for challenging this multi-functional protein to dif-

ferent activities and interactions. Indeed, APE1 acetylation

seems to be an important mechanism, capable of switching

specific functions of the protein either on or off [22].

Roles of APE1 in RNA metabolism: a new paradigm

The first evidence hypothesizing the APE1 involvement in

RNA metabolism dates back to 1995, when Barzilay et al.

[67] demonstrated its RNase H-activity. However, their

experimental data show that APE1 binds with relatively

low affinity to undamaged single- and double-stranded

nucleic acid substrates (RNA and DNA) but does not

exhibit general nuclease activity against them.

Later on, it has been suggested that APE1 can also bind

to RNA molecules in vivo: in fact, APE1 was found to be

associated with ribosomes in the cytoplasm of different cell

types [2]. Besides the direct interaction with RNA mole-

cules, APE1 was also found to be able to interact with other

protein factors involved in RNA metabolism, like YB-1

[68] and hnRNP-L [5]. Altogether, these observations

suggest a direct involvement of APE1 in RNA metabolic

pathways, but until recently it was not clear which kind of

activity APE1 could exert on RNA molecules.

Very recently, by performing a number of in vitro

experiments, Berquist et al. [69] proposed a possible role

for APE1 in RNA metabolism. Starting from the observa-

tions that APE1 also exerts a powerful AP endonuclease

activity on AP-site containing ssDNA molecules [70], they

discovered the same ability on abasic ssRNA molecules,

which highly depended on the molecule conformation

rather than on the nucleotide sequence context. This ability

implies that APE1 can remove damaged RNA templates

from the endogenous pool, thus affecting, to an ultimate

extent, general protein synthesis. It is known that RNA is

oxidized to a greater extent than cellular DNA by treatment

with H2O2 [71] and that oxidized RNA molecules are

present in huge amounts in brains from Alzheimer patients

[72]. Although the biological relevant question is whether

the formation of abasic RNA molecules is a spontaneous or

guided process, the results propose APE1 as an ideal can-

didate for a novel RNA cleansing process [7, 8, 69]. Our

data, discussed later in this review, demonstrate that APE1

affects cell growth by directly acting on RNA quality

control mechanisms, thus affecting gene expression

through posttranscriptional mechanisms [7, 8].

Very recently, Barnes et al. [9] identified APE1 as the

endonuclease capable of cleaving c-myc mRNA in vitro. The

APE1 catalyzed cleavage occurs on a specific sequence located

in a loop portion of a complex stem and loop structure and

shares the same active site with the DNA-endonuclease activity

of the protein, because both E96A and H309N APE1 mutants

were almost inactive in cleaving the RNA template [9].

Altogether, these evidences support the existence of a

direct, previously unknown, role of APE1 in RNA

metabolism, presumably in RNA decay or RNA quality

control pathways.

General biological role of APE1 within cells:

a pro-survival factor required for cellular defense

against oxidative stress and other genotoxicants

Due to the activities exerted by APE1 within mammalian

cells, the protein is essential for human cells viability and

for mouse embryo development [1, 11, 73].

Several experimental studies suggest that APE1 is a pro-

survival factor and a reduced APE1 level usually occurs

before the onset of the apoptotic process [74]; other studies

showed that APE1 gene silencing directly induces apop-

tosis [75]. Moreover, APE1 is often overexpressed in

several human tumors [2, 76, 77] leading to a reduced

tumor sensitivity towards anti-neoplastic drugs, especially

towards alkylating agents [78]. Even though APE1 over-

expression seems to be insufficient to promote cell

transformation or cell cycle control alteration, it can render

cells more resistant to different genotoxic treatments [79].

Interestingly, APE1 requires both redox and endonuclease

activities to act as a pro-survival factor [80].

Despite the above evidence, some authors suggested

that, under some circumstances, APE1 could act as a

‘permissive factor’ for pro-apoptogenic signalling, by

exerting its redox function over transcription factors such

as p53 or Egr-1, or for cell cycle promotion, by activating

transcription factors such as AP-1, NF-jB or NF-Y (for

reviews, see [2, 46]). These apparently contrasting obser-

vations could be explained under the assumption that APE1
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may act as a ‘molecular switch’, capable of integrating

different signal transduction cascades and of activating

either a set of pro-survival or pro-apoptotic transcription

factors in response to different conditions. Indeed, as

pointed out before, it is reasonable to think that APE1

could reduce and co-activate different factors with different

efficiencies, and that PTMs could play a major role in

determining the final outcome. Unfortunately, until now,

no convincing evidence has been adduced to confirm this

hypothesis.

Modulation of APE1 different functions

The regulatory functions of the different APE1 activities can

be fine-tuned and implemented via three different mecha-

nisms: (1) increase in APE1’s level after transcriptional

activation; (2) re-localization of APE1 from the cytoplasm to

the nucleus; and (3) modulation of APE1’s PTMs.

To date, no examples of editing or alternative splicing

have been reported for APE1 (see, e.g., [81]). Moreover, no

reports concerning the control of APE1 mRNA stability,

either miRNA-mediated or miRNA-independent, are

available in current scientific literature. All examples of

reduction in APE1 mRNA levels can indeed be explained

in terms of a transcriptional repression [82, 83].

Knowledge of PTMs affecting APE1 function has grown

exponentially in the last decade and at least six different

kinds have been described occurring in vivo: acetylation,

phosphorylation, ubiquitination, S-nitrosation, proteolytic

cleavage of the N-terminal 33 amino acids domain and redox

regulation, which is at the basis of APE1 redox activity.

Together with PTMs, changes in the interactome of

APE1 could target it towards a specific biological function.

Information about interactome of APE1 is very limited, due

to the poor sensitivity of available techniques. Moreover,

interactions were mainly analyzed under basal conditions,

while most interesting results are expected when APE1

interactome variations are analyzed after specific stimula-

tions, such as during oxidative stress. To date, the only

systematic attempt to characterize the APE1 interactome in

HeLa cells under basal condition was performed in our

laboratory and led to the identification of several novel

APE1 interacting proteins [7], most of which are factors

involved in RNA metabolism, suggesting this activity as a

significant one in non-stressed cells.

Transcriptional regulation of APE1 gene

APE1 gene maps on chromosome 14q11.2-q12 [84] spans

2.6 kbp and consists of five exons and four small introns.

The first exon is untranslated [85]. Consistent with the

constitutive expression of APE1 observed in other studies,

the 0.5 kbp of DNA sequence upstream of APE1 gene

revealed only a possible CCAAT box and no TATA box.

Like many TATA-less genes [86], APE1 displays multiple

transcription start sites, which are clustered around 130 bp

upstream from the first splice junction [85] (Fig. 4).

In silico analyses revealed the existence of several

potential recognition sites for the glucocorticord receptor,

for Sp1 and for c-myc-like proteins such as USF and AP-1

[2, 87]. However, AP-1 putative binding site seems not to

exert any effect, as suggested by results of independent

groups [87, 88]. Fung et al. [89] showed that APE1 tran-

scription is tightly coordinated with the cell cycle: the

mRNA levels begin to increase before the onset of DNA

synthesis, continue to rise during the S-phase of cell cycle

and depend on a specific DNA element, which can be

bound by Sp1 transcription factor. APE1 promoter bears

two distinct Sp1 binding sites, the first located close to the

CCAAT box (upstream Sp1 site, or Sp1-1), and the second

located downstream of the transcription start site (down-

stream Sp1 site, or Sp1-2). Sp1-1 site is involved in basal

gene expression, while the Sp1-2 site is required for cell

cycle coordinated APE1 gene transcription [89].

More recently, downregulation of APE1 expression by

p53 has been suggested and the responsive element has

been located upstream of the transcription start site and

close to the CCAAT box [82]. However, no p53 binding

sites were revealed by in silico analysis of this region

nor the recombinant p53 protein is able to bind an oligo-

nucleotide with the same sequence. Therefore, it was

Fig. 4 Schematic representation of APE1 gene promoter region. In

the distal promoter region (between -3,000 and -1,000 bp relative to

the transcription start site) there are three nCaRE elements; in the

proximal promoter region (between -500 and ?200 relative to the

transcription start site), there are two Sp1 binding elements, an Egr-1

binding site and a CCAAT box. Moreover, several other putative

binding sites for other transcription factors are also present
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hypothesized that p53 was indirectly recruited to this

region. The exact mechanism is still not clear. However,

Zaky et al. [82] suggested that p53 could physically

interact with Sp1 bound to Sp1-1 element, inhibiting basal

gene transcription. This study suggests an intriguing

hypothesis concerning an inverse relationship between

nuclear protein levels of p53 (a pro-apoptotic factor) and

APE1 expression (a pro-survival factor), especially in

tumors: in fact, malignancies in which p53 gene is mutated

or downregulated, could be associated with an increased

APE1 gene expression, and this mechanism could be at the

basis of tumor resistance to chemotherapy.

The mechanisms of inducible activation of APE1 gene

are well documented. Among them, cell stimulation with

hormones, such as TSH [90], or upon oxidative stress.

Subtoxic doses of ROS strongly increase APE1 mRNA

levels in different cell lines [79, 91, 92]. For example,

Ramana et al. showed that HeLa S3 cells subjected to low

doses of HOCl show an increase in APE1 mRNA levels,

due to a transcriptional regulation (and not to an increased

mRNA stability). Moreover, ROS-stimulated cells become

more resistant to a second treatment with oxidants, thanks

to APE1 increased expression. Ramana et al. [79] referred

to this phenomenon as ‘‘adaptive response’’. Since that

time, much effort has been spent in order to understand the

molecular mechanisms underlying ROS-induced expres-

sion of APE1 and the onset of ‘‘adaptive response’’.

However, the molecular mechanism of ROS-induced

transcriptional activation of APE1 is still not so clear. As

NF-jB, C/EBP, AP1 and Egr-1 have been implicated in

activation of several ROS-responsive genes, many attempts

were carried out to discover whether any of them were also

involved in ROS-induced APE1 expression.

Grosch and Kaina [93] identified a CREB binding site

(CRE) within the human APE1 gene promoter, approxi-

mately 600 bp upstream of the transcription start site. By

performing transfection experiments on CHO cells, they

discovered that this element is required for APE1 induction

by ROS. They showed that CRE is bound by a complex of

ATF2 and c-Jun, which is also induced by H2O2.

Some years later, we demonstrated the involvement of

Egr-1 in ROS inducible APE1 gene transcription [94]. We

characterized a specific sequence on APE1 promoter,

which could be directly bound by Egr-1. Moreover, by

using a cell transfection approach in the human osteoblastic

HOBIT cell line, we showed that ROS induce DNA

binding activity of Egr-1, which in turn can activate APE1

promoter [94].

Even if these two reports give us some important indi-

cations about APE1-inducible transcriptional regulatory

mechanisms, much work still remains to be done. In par-

ticular, the presence of cis-acting elements placed several

kbp downstream or upstream of the transcription start site

should be considered. For example, three nCaRE elements

have been located 2 kbp upstream of the start site [66]. One

of them is similar to the PTH gene promoter nCaRE-A ele-

ment, while the others are similar to nCaRE-B element. Since

APE1 was identified as one of the protein factors bound to

nCaRE elements on the PTH promoter, it may also regulate

its own expression by binding to these sequences, in partic-

ular to the nCaRE B2 element. Such autoregulation, if

confirmed, would be the first example of such a regulatory

mechanism of a mammalian DNA repair gene [66].

Post-translational modifications of APE1

PTMs of a protein represent a quick and usually reversible

way to modulate its activities or functions. Concerning

APE1 protein, several PTMs have been described in the

last decade (refer to [46] for a comprehensive review and to

Busso and Izumi in this issue) (Fig. 5). Their study is

extremely important to understand which APE1 specific

activity is switched on or off by the specific modification

and which stimuli are eventually required. Several APE1

PTMs have been described occurring in vitro, but only a

few having a function in vivo.

A detailed description of APE1 phosphorylation, S-ni-

trosation, acetylation and ubiquitination is extensively

reported in Busso et al. (this issue). A very peculiar APE1

PTM was first evidenced in vivo by Yoshida et al. [95],

who purified a 34-kDa, Mg2?-dependent endonuclease,

from apoptotic human promyelocytic leukemia HL-60 cells

treated with etoposide. Five years later, the same group

discovered that this enzyme was just a truncated form of

APE1 enzyme, lacking a N-terminal portion spanning 33

amino acids (ND33APE1) and obtained by an unidentified

trypsin-like enzyme, activated by caspase-3 during apop-

tosis [81].

A truncated APE1 form was also discovered during a

granzyme-induced caspase-independent type of apoptosis.

Granzymes are serine proteases that are released by cyto-

toxic T and natural killer cells and that kill virus-infected

cells [96]. Granzyme A (GzmA) activates a caspase-inde-

pendent cell death pathway with morphological features of

apoptosis, including accumulation of single-strand breaks.

Single-stranded DNA damage is initiated when the endo-

nuclease NM23-H1 is activated, and this event takes place

after GzmA has cleaved the endonuclease inhibitor, called

SET. SET and NM23-H1 are part of an endoplasmic

reticulum-associated complex (the SET complex), that

translocates to the nucleus in response to superoxide gen-

eration by GzmA [97]. Fan et al. [98] showed that APE1 is

also present in the SET complex bound to GzmA, which in

turn cleaves the APE1 after Lys31. The authors concluded

that this proteolytic PTM of APE1 could have a role in
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GzmA-induced cell death [98]. An APE1 role within the

SET complex in preventing HIV autointegration was also

recently demonstrated [99].

Interestingly, it has been suggested that the production of

the truncated APE1 protein could be induced during trig-

gering of different cell death pathways, and could exert a

nuclear function by contributing to the accumulation of

single-strand breaks on DNA molecules. This is a very

interesting hypothesis; however, some concerns still exist,

since it is known from early studies on different APE1

deletion mutants that the ND33APE1 keeps both redox and

AP endonuclease activities [27], without acquiring a general

nuclease activity. Moreover, the truncated protein lacks both

nuclear localization signals, previously identified by Jackson

et al. [100]. Thus, it would be necessary to understand which

molecular mechanisms could bring ND33APE1 to the

nucleus of the apoptotic cell. More recently, truncated APE1

protein was detected in the cytoplasm of some cell types, and

it was recognized as the predominant APE1 form present

inside mitochondria. These observations suggested the

existence of a hypothetical physiological role for the

ND33APE1 as the AP endonuclease enzyme involved in

mitochondrial BER [12]. However, other observations

showed that, at least in some cell types, the prevalent

mitochondrial form of APE1 is the full length one (Vascotto

et al., unpublished observation; [101]), thus indicating that

APE1 internalization into the mitochondria should follow a

non-conventional mechanism, as recently suggested [102].

In conclusion, the proteolytic cleavage of the N-terminal

portion of APE1 is a peculiar, irreversible PTM, which

appears extremely intriguing. Since it has been associated

with cell death processes, it could represent an important

regulatory switch for APE1 functions; thus, non-physio-

logical alterations of this PTM, could lead to anomalous

control of apoptosis, such as that previously seen in some

examples of human pathologies, like cancer or neurode-

generative diseases. Unfortunately, many unsolved

questions remain concerning the identification of the pro-

tease, the determination of the stimuli capable of inducing

such a PTM, the analysis of the cellular compartment

where the cleavage takes place, and the effects of the

modification on the localization and the activities of the

truncated APE1 protein.

Intracellular trafficking and localization of APE1

protein

Subcellular localization of a protein plays an important role

in controlling its functions. For example, segregation of an

enzyme in a cellular compartment, which is different from

the one where its substrate is localized, is an effective way

to inhibit its function. For a multifunctional protein like

APE1, which exerts both nuclear and extra-nuclear func-

tions, as described before, it is extremely important to

understand how subcellular trafficking is regulated in dif-

ferent cell types and under different conditions. For

example, oxidant stimuli or even other signal molecules

like TSH or Ca2? have been shown to trigger nuclear

translocation of APE1 [79, 92]. In agreement with its
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Fig. 5 Schematic representation of the PTM acceptor sites on

APE1 sequence. Although several putative phosphorylation sites

have been mapped, it is still unknown which are the real targets of

phosphorylation in vivo except for T233 [135]. In contrast, the sites of

acetylation, S-nitrosation and ubiquitination of the protein have been

precisely mapped on APE1 sequence (adapted from Ref. [2])
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endonuclease and redox functions, APE1 is a nuclear

protein in many cell types. This protein presents two

known independent nuclear localization signals. There is a

canonical nuclear localization signal (NLS) comprising the

first seven residues at the N-terminal of the protein. The

second signal is defined by the amino acid stretch com-

prised between residues 8 and 13 [100]. Since lysine

residues K6 and K7 are part of the first NLS, but are also

target of acetylation by p300, Jackson et al. investigated

whether this PTM could influence APE1 subcellular

localization; however, they found that lysines K6 and K7

and their acetylation status do not influence nuclear import

of APE1 protein [100].

It is important to again point out that APE1 can also

undergo a proteolytic PTM, which generates the truncated

protein ND33APE1 lacking both NLS sequences. This mod-

ification could represent a mechanism to prevent APE1

nuclear import. However, it is clear that deletion of the known

NLS sequences does not completely abolish APE1 nuclear

accumulation [7]; thus additional mechanisms should be

involved in regulating APE1 subcellular distribution.

A second kind of intracellular protein trafficking is the

intra-nuclear one.

From a historical perspective, the concept of nuclear

subdivisions in functional compartments initially focused

on the nucleolus, as the site of ribosomal gene expression,

and on nuclear pores, as gates for bidirectional exchange of

RNAs and proteins between the nucleus and cytoplasm.

We now recognize that specific mechanisms might coor-

dinate the spatial organization of genes, transcripts and

proteins within the nucleus; moreover, there are several

large specialized subnuclear domains, such as PML nuclear

bodies, Cajal bodies, nucleoli, splicing speckles and para-

speckles, that have been characterized, even if their precise

functions often remain elusive [103].

Thus, besides a nuclear localization signal (NLS), many

nuclear proteins often expose at least another sequence,

which is able to mediate interactions with other molecular

partners (proteins, but also RNAs or chromatin/DNA) and

target them to specific intra-nuclear compartments [104].

Intra-nuclear compartmentalization of a protein may rep-

resent a way to regulate different functions. Unfortunately,

very little information concerning intra-nuclear localization

of APE1 is available at present. Besides our recent work

[7], just one additional report indicates that APE1 could

localize within nucleoli [105]. Interestingly, two known

APE1 interacting proteins involved in BER were also

found in this subnuclear compartment, XRCC1 and FEN1

[106], raising the question whether the nucleolus may be a

storage site for accumulation of DNA repair proteins or

whether DNA repair proteins are active in this subnuclear

compartment. Further work is currently ongoing in our

laboratory to address this issue.

Though APE1 is a nuclear protein in many cell types, in

other cell types or under some circumstances APE1 can be

found prevalently in the cytoplasm [16]. Since cell treat-

ment with leptomycin-B (specific nuclear export inhibitor)

may induce a nuclear accumulation of APE1 in some of

these cell types, it is likely that the protein presents a

cytoplasm export signal, even though no canonical signals

were detected within the APE1 sequence. A recent work by

Qu et al. [107] showed that APE1 can be translocated to the

cytoplasm upon S-nitrosation of Cys93 and Cys310; how-

ever, this mechanism does not explain the results obtained

with leptomycin-B treatment, since it was found that

S-nitrosation-mediated APE1 export was not abrogated by

treatment with this drug. Moreover, also in this case, the

physiological conditions capable of stimulating such a PTM

are not yet known; and also, the role played by APE1 in

cytoplasm still remains elusive. As discussed above, cyto-

plasmic APE1 is able to inhibit Rac1-induced NADPH-

mediated ROS production [48]. However, other roles were

hypothesized for cytoplasmic APE1. One possibility is that

APE1 is maintained in the cytoplasm just to prevent its

nuclear activities (DNA repair, redox regulation of tran-

scription factors), perhaps under conditions in which cell is

triggering apoptosis; a second possibility was suggested by

Fan et al. [98], who showed the presence of APE1 on

endoplasmic reticulum and hypothesized that APE1 could

be important for keeping neo-synthesized transcription

factors in a reduced and thus active state. Another more

intriguing possibility is that APE1 could be present within

mitochondria to preserve mitochondrial DNA (mtDNA)

from oxidative damage during ROS-generated oxidative

phosphorylation through mitochondrial BER [108].

In conclusion, subcellular localization of APE1 is a

dynamic and very precisely regulated phenomenon [2].

However, comprehension of the mechanisms regulating

APE1 intracellular trafficking is still fragmentary and

requires further analyses.

APE1 interactome network

Biological processes within cells are carried out by multi-

protein molecular machineries rather than by isolate

enzymes; discovering the constituents of the different

protein assemblies in which a specific protein of interest is

integrated is an effective way to understand its role, its

functions and the processes in which it is involved. By

using a powerful cell model developed in our laboratory, in

which endogenous APE1 was replaced by an ectopic flag-

tagged protein [10], we recently characterized the APE1

interactome network under basal conditions and tested the

role of the unstructured 33N-terminal domain in stabiliza-

tion of this network. By an unbiased functional proteomic
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approach, we have recently identified and characterized sev-

eral novel APE1 protein partners which, unexpectedly,

include a number of proteins involved in ribosome biogenesis

and RNA processing. In particular, a novel interaction

between Nucleophosmin (NPM1) and APE1 was character-

ized [7, 8] (Table 1). We observed that the APE1 33N-

terminal residues are required for stable interaction with the

NPM1 oligomerization domain and with RNA. As a conse-

quence of the interaction with NPM1 and RNA, APE1 is

localized within the nucleolus and this localization depends on

cell cycle and active rDNA transcription, being predominant

during the S-phase. NPM1 stimulates APE1 endonuclease

activity on abasic dsDNA but decreases APE1 endonuclease

activity on abasic ssRNA by masking the N-terminal region of

APE1 required for stable RNA binding. In the APE1 knocked-

down cells, pre-rRNA synthesis and rRNA processing were

not affected, but an inability to remove 8-OHG rRNA upon

oxidative stress, impaired translation, lowered intracellular

protein content and decreased cell growth rate were found [7,

8]. Genotoxic stress may reduce NPM1 affinity for APE1,

through modulation of the acetylation status of the above-

mentioned K residues, or decrease NPM1 binding to RNA,

thus freeing APE1 to exert its cleansing function on abasic

RNA [7, 8]. Following APE1 cleavage, the exosome complex

and XRN1 exoribonuclease may operate to degrade the

resulting RNA fragments. An additional interpretation, cur-

rently under evaluation, is that NPM1 interaction within

nucleoli may promote storaging of APE1. These new data may

well explain the cytoplasmic accumulation of APE1 observed

in different tumors [2]. Thus, we believe that modulation of

the new function of APE1 in the RNA quality control process,

through inhibition of its interaction with NPM1, may repre-

sent a powerful candidate for development of new anticancer

drugs because it is expected that tumor cells will be more

sensitive to inhibition of this activity than normal cells.

Below, we detail the main protein partners of APE1,

which were identified by us (Table 1) following the

described approach, or even earlier by other groups

(Table 2) and using different approaches.

A detailed description of each of these interacting

partners goes far beyond the aim of this review. However,

some general considerations may be drawn from the

analysis of the main functions exerted by the proteins listed

in the tables. In particular, it is possible to cluster APE1

interacting partners in at least six different groups.

Group 1 Enzymes involved in BER or in other DNA repair

pathways (downstream of APE1): this group includes all

enzymes already described before, such as XRCC1, PCNA,

FEN1. Also Polb can be inserted in this group. Moreover, the

group includes two protein factors (Ku70, described by

Chung et al. [4], and PRP19, identified in our laboratory)

involved in DNA double-strand break repair pathway.

Group 2 Enzymes or proteins capable of recognizing

damaged nucleic acid molecules (DNA, RNA or both).

This group includes BER glycosylases OGG1, hMYH and

MPG; however, it also includes hS3 and YB-1. Interest-

ingly, both these proteins are able to specifically bind

8-oxo-G-containing ssRNA molecules.

Group 3 Proteins involved in redox or redox-chaperone

activities of APE1: the proteins belonging to this group are

Trx (interaction characterized by Wei et al. [109]) and

peroxiredoxin 6 (PRDX 6) (identified in our laboratory).

Group 4 Protein targets of Redox regulation mediated by

APE1: even if many transcription factors were described as

Table 1 List of 10 novel proteins which can interact with APE1

Protein Function

1 NPM1 One of the hub proteins inside nucleolus: it may organize and interact with many other nucleolar proteins;

involved in ribosomal protein assembly and transport; involved in control of centrosome duplication,

and in the regulation of the tumor suppressor ARF

2 TCPA Molecular chaperone

3 K2C8 Keratin, type II: part of the cytoskeleton

4 PRP19 DNA double-strand break (DSB) repair and pre-mRNA splicing

5 RSSA Belongs to the ribosomal protein S2P family

6 MEP50 Component of the 20S PRMT5-containing methyltransferase complex, which modifies specific

arginines to dimethylarginines in several spliceosomal Sm proteins

7 RLA0 Acidic ribosomal protein, rich in hydrophobic amino acid residues

8 PRPS1 Phosphoribosylpyrophosphate synthetase 1: catalyzes the phosphoribosylation of ribose 5-phosphate to

5-phosphoribosyl-1-pyrophosphate, which is necessary for the de-novo and salvage pathways

of purine and pyrimidine biosynthesis

9 PRPS2 Phosphoribosylpyrophosphate synthetase 2: ribose metabolism

10 PRDX6 Redox regulation of several biological processes and in protection under oxidative injuries

These proteins were identified in our laboratory using an unbiased proteomic approach (adapted from [7])
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targets of APE1 redox activity, only a few were found to

physically interact with the protein. In this group are p53

and ERa.

Group 5 Enzymes involved in APE1 modification:

among them are MDM2, SIRT-1 and HDACs proteins. It

would be interesting to study whether MEP50, a compo-

nent of a multi-protein complex capable of modifying

specific arginines to dimethylarginines in several spliceo-

some Sm proteins, could also be able to methylate APE1.

Group 6 A large set of proteins involved in RNA

metabolism. This group shares some factors with other

groups (for example, the proteins YB-1 and hS3 already

described in group 2). Within this group, we can distin-

guish proteins involved in rRNA metabolism or in

ribosome biogenesis (NPM1, RSSA, RLA0), proteins

involved in pre-mRNA maturation or splicing (hnRNP L,

PRP19, MEP50), and enzymes involved in general ribo-

nucleotides metabolism and synthesis pathways (PRPS1

and PRPS2). All these newly discovered interactions of

APE1 strongly suggest that its role in RNA quality control

processes or, more generally, in RNA metabolism, could

represent one of its major functions in mammals.

Notably, APE1 also acts as a ‘‘hub’’ at the transcriptome

level. Through an unbiased approach, combining both gene

expression array and proteomics analysis to identify genes

directly or indirectly regulated by APE1 [7, 8], we recently

analyzed the molecular networks in which APE1 is involved

(Fig. 6). APE1 silencing induces apoptosis through mito-

chondrial pathway and p53 activation. Differentially

expressed genes in our study strongly indicate significant

perturbation of the cellular stress response signaling

pathway. Proteins of the HSP70 complex are significantly

Table 2 List of APE1 interacting proteins retrieved from literature

Protein Function References

11 Ku70/80 Double-strand breaks repair of DNA [4]

12 Polb DNA Polymerase involved in Base Excision DNA Repair [125]

13 p53 Pro-apoptotic transcription actor; genome stability control [43]

14 Thioredoxin Cytoplasmic redox-sensitive signaling factor, capable of facilitating

protein–nucleic acid interactions of several protein factors

[109]

15 FLAP-1 Base Excision DNA Repair [126]

16 PCNA Base Excision DNA Repair [126]

17 hMYH DNA glycosylase involved in Base Excision DNA Repair [127]

18 XRCC1 Base Excision DNA Repair [128]

19 hnRNP-L Pre-mRNA splicing; role in regulating chromatin modification [5]

20 MDM2 Main ubiquitin E3 ligase for p53 [129]

21 SET complex Function in cells is unknown; associated mostly with the endoplasmic

reticulum (ER); involved in the nuclear single-stranded DNA nicking

in GZMA induced apoptosis

[98]

22 GZMA Released by T- and NK- cells; induces a caspase-independent cell death pathway

with morphological features of apoptosis

[98]

23 MPG Methylpurine glycosylase, involved in Base Excision DNA Repair [130]

24 HDAC Histone deacetylases, involved in transcriptional gene repression [22]

25 hS3 Binds to 8-oxoG residues on DNA [131]

26 OGG1 DNA glycosylase involved in Base Excision DNA Repair [132]

27 Rad9/Rad1 Hus1 DNA damage sensing and signaling pathways; the complex plays also a

direct role in various DNA repair processes

[133]

28 YB-1 Member of the cold-shock domain (CSD) protein superfamily; it may bind Y-box

elements on DNA (transcription factor); it is involved in DNA repair pathways;

it may bind ssDNA, and RNA molecules as well; it protects mRNA against

degradation; it binds to 8-oxo-G containing RNAs

[68]

29 SIRT-1 Class III histone deacetylase; it is a stress-response and chromatin-silencing factor,

involved in various nuclear events such as transcription, DNA replication, and DNA repair

[122]

30 ERa Transcription factor; hormonal ligand, 17b-estradiol facilitates the interaction

of the receptor with estrogen-response elements (EREs) on DNA

[134]

31 Cdk5 Pro-directed Ser/Thr kinase belonging to cyclin-dependent kinase family playing

a crucial role in neuronal death

[135]

A brief description of each protein is shown, together with the bibliographic reference

APE1, a DNA repair protein with multifunctional roles 3601



up-regulated (HSPA1A, HSPA1B and HSPA8). The overall

picture confirmed the dual-role nature of APE1, as a pro-

totypical example of an apparent biological paradox. In fact,

while a number of papers clearly demonstrated its anti-

apoptotic roles as well as its positive effect on cell prolif-

eration (for a review, see Refs. [1, 2, 11, 110]), some works

underlined its potential role in controlling proapoptotic

functions through p53-mediated activation [43, 111, 112] of

p21, leading to cell cycle arrest by inhibiting cyclin-

dependent kinase function [113], and cyclin G, having pro-

apoptotic activity [114]. Thus, since the DNA repair and/or

RNA-cleansing functions of APE1 seems to explain its anti-

apoptotic roles [1], the APE1 function as transcriptional

coactivator for different transcription factors factors (i.e.

p53 and Egr-1) ensuring efficient cell cycle arrest, may act in

concert with the previous (repair of DNA damage) to protect

cells from accumulation of oxidative damage. Obviously,

for a proper modulation of these two interconnected func-

tions, a fine-tuning regulation of APE1 activities is required.

Thus, it is mandatory that a full understanding of the pro-

cesses controlling (1) APE1 subcellular distribution, (2)

protein post-translational modifications, (3) protein half-

life, and (4) the different interacting partners recruited as a

function of cellular response, is required to fully address this

paradoxical issue. Interestingly, this dual nature in tran-

scriptional regulation and DNA repair for proteins involved

in the five major DNA repair pathways, i.e. homologous

recombinational repair (HRR), non-homologous end joining

(NHEJ), nucleotide excision repair (NER), base excision

repair (BER) and mismatch repair (MMR), is generally

shared, as in the cases of BRCA1, ATM and p53 itself

(for review, see Ref. [115]). The existence and correct

regulation of a switching mechanism shifting cells from

DNA repair to apoptosis is central to avoid progression

to cancer, preventing clonal expansion of cells in which

unrepaired damage would lead to mutation and to car-

cinogenesis. In this regard, it is interesting to note that a

number of DNA repair genes (i.e. GADD45, BRCA1)

were down-regulated as a consequence of APE1 silenc-

ing, thus suggesting the existence of a cross-regulation,

in terms of expression, between individual partners

of different pathways and underlining the leading role

of APE1 in DNA repair processes with a different

role besides the well-known AP-endonuclease activity.

This hypothesis will require further investigation in the

future.

APE1 in human pathologies and as a potential new

pharmacological target

As discussed before, APE1 is a vital protein for mamma-

lian cells [10, 11, 73]. The reason is the abrogation of both

main activities of APE1 (AP endonuclease and redox

activities) [80], and probably the abolition of more recently

discovered functions, such as that on RNA metabolism.

Thus, its involvement in human pathologies is not unex-

pected. Oxidative stress is, for example, a common feature

Fig. 6 Different model

networks for APE1-mediated

signaling as derived by gene

expression and proteomic data.

Direct interaction network for

genes dysregulated upon APE1

knock-down, involved in redox

control, stress response and in

transcription factors-signaling.

Colors of the symbols indicate

inhibition (blue) and activation

(red). Here, the name APEX is

used to refer to APE1. This

model network is accessible

at this site: https://portal.

genego.com/pub/network/

n-860173808.html
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of several degenerative disorders, including neurodegen-

erative diseases such as Alzheimer disease (AD), Parkinson

disease (PD) or amyotrophic lateral sclerosis (ALS) and of

cancer development. Alteration of APE1 regulation is, in

particular, a well-established common feature in different

neoplastic diseases [2]. In many tumors, APE1 is over-

expressed; however, this could often be easily explained as

an alteration of transcriptional regulation of APE1 gene,

due to inactivation of p53 or altered SP1 expression. In

these tumors, increased nuclear levels of APE1 usually

correlate with reduced sensitivity to antineoplastic drugs,

especially alkylating agents [78].

However, even fewer evident alterations of APE1 reg-

ulation, such as a perturbation in specific PTMs regulatory

mechanisms, like an anomalous intracellular localization,

could be correlated with human cancer. Generally, APE1

localization is eminently nuclear while in several carcino-

mas a nuclear, cytoplasmic, and nuclear/cytoplasmic

staining were observed (for a comprehensive review, see

Ref. [2]). This peculiar broader distribution correlates well

with the aggressiveness and prognosis of the tumor, as

nuclear localization was always associated with a better

prognostic feature together with a higher degree of cellular

differentiation, low angiogenesis and negative lymph node

status. Because in hepatocellular carcinoma (HCC), a

cytoplasmic localization of APE1 has been associated with

a significantly lower degree of differentiation and with a

shorter survival time, the localization of APE1 in liver

biopsy is of prognostic value [116]. Interestingly, in normal

cell types characterized by high metabolic rates, like

Leydig cells [117], APE1 is also prevalently localized

within cytoplasm. The reasons of this unusual localization

is still not clear; presumably those cell types depend

heavily on a extra-nuclear function of APE1 for their sur-

vival, and perhaps mitochondrial functions of APE1 could

be involved.

Therefore, APE1 also represents a promising target for

pharmacological treatment in some cancer types. An ideal

pharmacological target should be a biomolecule expressed

only in the pathological tissue, and should be involved in

the pathogenesis of the disease, so that, by its blockage, it

would be possible to also inhibit cancer growth. APE1, as a

whole, is not an ideal target, because it is expressed in all

human tissues and is essential for all mammalian cells.

However, it could still be considered as an ideal pharma-

cological target in specific kinds of cancers, provided that

the specific activity required for that cancer cell is known.

On this basis, development of small compounds specifi-

cally targeting the DNA repair rather than the redox

activity of the protein is growing more and more (refer to

Wilson III and Simeonov, this issue, for details).

In solid tumors, characterized by high levels of oxida-

tive stress and increased nuclear APE1 levels, APE1 redox

function could be crucial for maintaining pro-survival

transcription factors in a reduced, active state [2]. In these

cases, inhibition of redox function of APE1 could com-

promise neoplastic cell viability, while normal cells, which

are not usually subjected to high levels of oxidative stress,

could be unaffected by the treatment. Also, in other kinds

of tumors, such as those showing a higher cytoplasmic than

nuclear APE1 staining, the inhibition of extra-nuclear

activities could kill neoplastic cells in a very specific way.

Since APE1 extra-nuclear activities are not yet very well

understood and characterized, most of the research con-

cerning compounds able to inhibit APE1 functions is

focused on the discovery of molecules capable of targeting

its redox or DNA repair activities. Inhibitors could be used

alone or, more frequently, in combination with a conven-

tional chemotherapeutic agent, such as bleomycin,

temozolomide or gemcitabine [118], to enhance the cyto-

toxic effect.

Though this is a novel field in APE1 research, a few

compounds have already been reported, such as APE1

redox inhibitors [119]; moreover, results obtained so far

suggest that at least one of these compounds could be a

promising lead drug. Soy isoflavones, a component of

soybeans, have been investigated for their potential as

chemopreventive agents in prostate cancer [120]. Though it

is not clear whether APE1 redox activity is the only activity

affected by these molecules, it is clear that they block the

redox signaling through APE1 and NF-jB, dramatically

increasing prostate cancer cells’ sensitivity to radiotherapy.

Resveratrol is another natural occurring compound, with

reported effects on the redox activity of APE1 [121].

Treating cells with resveratrol does not impair APE1 DNA

repair activity; Yang et al. [121] claimed a reduction of

APE1 redox activity, but other groups [59] were not able to

confirm these observations. Thus, further experiments

investigating the efficacy of resveratrol are required.

Moreover, since resveratrol could increase the activity of

class III HDAC SIRT1, a deacetylase acting on APE1

[122], the existence of indirect effects of this compound

mediated by APE1 cannot be excluded.

E3330 is a quinone-derivative compound having clinical

potential as a redox inhibitor of APE1. Previous studies

demonstrated that E3330 selectively inhibits NF-jB-med-

iated gene expression without affecting degradation of IjB

alpha. Within APE1, there are three E3330-binding sites,

and all these are located within the redox domain [123].

E3330 was found to be a specific inhibitor of APE1 redox

function, without interfering with AP endonuclease activity

[59]. Moreover, binding constant between APE1 and

E3330 was estimated, and confirmed that the drug can

specifically interact with its target [123]. E3330 was found

to inhibit growth and migration of human pancreatic cancer

cells, while not interfering with the growth of human
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pancreatic epithelial cells [60]. However, tests with E3330

showed an important side effect: the compound inhibits

hematopoiesis [20]. This side effect may limit its potential

use as an anticancer agent in pancreatic cancer. However, a

combination of E3330 and hematopoietic stimulatory fac-

tors could represent a promising implementation of the

therapeutical protocol.

An extensive review of novel inhibitors of APE1 DNA

repair activity is by Simeonov and Wilson in this issue.

In conclusion, APE1 biological importance is reflected

by its involvement in cancer, and, for this reason, thera-

peutical strategies aiming at specific inhibition of different

APE1 activities seem to be very promising.

Conclusions and future directions

Recent evidence clearly shows that bifunctional therapy,

including DNA damaging agents (such as treatment with

alkylating agents, ionizing radiation or radiomimetics

treatment) and inhibition of DNA repair enzymes activities,

may represent a promising direction in the field of cancer

treatment [124]. Therefore, knowledge of the molecular

mechanisms regulating key enzymes in DNA repair is of

fundamental importance for developing new anticancer

strategies. APE1 is a central enzyme in BER and a multi-

functional protein with both gene expression regulatory

and redox capabilities within eukaryotic cells. In addition

to basic research aimed at the understanding the molecular

mechanisms responsible for fine-tuning the different APE1

functions, development of small molecule inhibitors of

each function will be necessary to ultimately conclude

which activity is required in normal and cancer cell func-

tion. Recent findings on redox inhibition of APE1 have

potential clinical translational significance such that a

redox inhibitor could be used as a single agent, in combi-

nation with current treatments or as a potential anti-growth,

cytostatic agent. To this aim, we are currently working on

identification of a panel of small molecules able to spe-

cifically inhibit APE1/NPM1 interaction as an effective

tool for mechanistic investigations and as a potential

starting point for development of therapeutic agents.

Obviously, for a proper modulation of different inter-

connected functions of multifunctional proteins as APE1,

a fine-tuned regulation of APE1 activities is required.

Thus, a better understanding of the processes controlling

APE1 subcellular distribution, of the post-translational

modifications occurring on the protein itself, of the

mechanisms controlling protein half-life, and of the dif-

ferent interacting partners recruited as a function of

cellular response, is required to fully address this complex

issue for translating this unique protein from benchtop to

bedside.
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