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Nucleolar accumulation of APE1 depends on 
charged lysine residues that undergo acetylation 
upon genotoxic stress and modulate its BER 
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ABSTRACT Apurinic/apyrimidinic endonuclease 1 (APE1) is the main abasic endonuclease in 
the base excision repair (BER) pathway of DNA lesions caused by oxidation/alkylation in 
mammalian cells; within nucleoli it interacts with nucleophosmin and rRNA through N-termi-
nal Lys residues, some of which (K27/K31/K32/K35) may undergo acetylation in vivo. Here we 
study the functional role of these modifications during genotoxic damage and their in vivo 
relevance. We demonstrate that cells expressing a specific K-to-A multiple mutant are APE1 
nucleolar deficient and are more resistant to genotoxic treatment than those expressing the 
wild type, although they show impaired proliferation. Of interest, we find that genotoxic 
treatment induces acetylation at these K residues. We also find that the charged status of 
K27/K31/K32/K35 modulates acetylation at K6/K7 residues that are known to be involved in the 
coordination of BER activity through a mechanism regulated by the sirtuin 1 deacetylase. Of 
note, structural studies show that acetylation at K27/K31/K32/K35 may account for local confor-
mational changes on APE1 protein structure. These results highlight the emerging role of 
acetylation of critical Lys residues in regulating APE1 functions. They also suggest the exis-
tence of cross-talk between different Lys residues of APE1 occurring upon genotoxic dam-
age, which may modulate APE1 subnuclear distribution and enzymatic activity in vivo.

INTRODUCTION
Apurinic/apyrimidinic endonuclease 1/redox effector factor-1 (APE1) 
plays a central role in the maintenance of genome stability and re-
dox signaling (Bapat et al., 2009, 2010; Tell et al., 2010a; Wilson and 
Simeonov, 2010). Through its C-terminal domain (residues 61–318), 
it acts as an essential enzyme in the base excision repair (BER) path-
way of DNA damages caused by both endogenous and exogenous 
oxidizing/alkylating agents, including many chemotherapeutic 
drugs. In combination with thioredoxin (Ueno et al., 1999; Seemann 
and Hainaut, 2005) and through its N-terminal domain (residues 
1–127), it also functions as a regulatory redox agent to maintain 
cancer-related transcription factors (Egr-1, NF-κB, p53, HIF-1α, AP-1, 
and Pax proteins) in an active reduced state (Hirota et al., 1997; 
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mutants are reintroduced into APE1-silenced cell clones to deter-
mine the role of these crucial amino acids during cell response to 
genotoxic treatment.

RESULTS
Positively charged K27/K31/K32/K35 residues are essential 
for APE1 nucleolar accumulation through stabilization 
of protein interaction with NPM1 and rRNA
We previously demonstrated that charged K residues, located within 
the unstructured APE1 N-terminal domain (i.e., K24/K25/K27/K31/K32), 
are crucial for APE1 interaction with rRNA and NPM1 and for modu-
lating its catalytic activity on abasic DNA through regulation of prod-
uct binding. Of interest, some of these critical amino acids (i.e., K27/
K31/K32 in addition to K35) may undergo in vivo acetylation under 
basal conditions (Fantini et al., 2010). We hypothesized that the de-
gree of positive charges, modified by acetylation at these residues, 
may modulate APE1’s different functions through its redirection to 
different substrates and/or stimulation of its DNA-repair enzymatic 
activity (Fantini et al., 2010). To address this issue, we inspected 
the role of the positively charged residues within the region 27–35 in 
modulating the interaction between APE1 and NPM1. Colocaliza-
tion experiments in HeLa cells transiently transfected with either 
FLAG-tagged, wild-type APE1 (APE1WT), a K-to-A mutant (APE1K4pleA) 
in which the positive charges have been removed as in the case of 
constitutive acetylation, or a nonacetylatable K-to-R APE1 mutant 
(APE1K4pleR) showed that APE1K4pleA mutant has a marked exclusion 
from the nucleoli apparent in all expressing cells (Figure 1A). Silenc-
ing of the endogenous APE1 protein did not alter either the ability 
of the APE1WT and APE1K4pleR proteins to accumulate within the nu-
cleolar compartment or the inability of the APE1K4pleA to accumulate 
within the nucleolus (unpublished data). These data thus demon-
strate that APE1WT and APE1K4pleR nucleolar accumulation is not the 
consequence of their overexpression.

To complement these observations and also to exclude a possi-
ble contribution of the FLAG tag used to generate recombinant ec-
topic proteins, we exploited a live-cell imaging system as suggested 
by Schnell et al. (2012). APE1 cDNA was cloned into a pDendra2 
vector to express APE1 in fusion with the green photoconvertible 
fluorophore Dendra (Chudakov et al., 2007). As reported in Figure 
1B, the fluorophore alone is present in both the cytoplasm and the 
nuclear compartment, but it is completely excluded from the nucle-
oli, as demonstrated by quantitative fluorescence signal analyses. In 
contrast, whereas the expression of Dendra in fusion with APE1WT 
and APE1K4pleR results in an efficient accumulation of the protein 
within the nucleolar compartment, the Dendra-APE1K4pleA mutant 
displays a homogeneous nuclear distribution. This approach con-
firms immunofluorescence-based data on the reduced accumula-
tion of FLAG-tagged APE1K4pleA within the nucleoli and supports the 
evidence that the nucleolar accumulation of APE1 protein does not 
depend on the protein abundance nor does it depend on the spe-
cific tag used to generate the ectopic recombinant proteins (see 
also Supplemental Figure S1).

We supported our immunofluorescence data with biochemical 
interaction experiments. Coimmunoprecipitation analysis showed 
that the APE1K4pleA mutant has a significantly reduced interaction 
with NPM1 (Figure 2A), in accordance with its impaired nucleolar 
accumulation. The altered electrophoretic mobility observed for the 
APE1K4pleA mutant (Figure 2A) was further confirmed by SDS–PAGE 
analysis of recombinant proteins expressed in Escherichia coli and 
purified by chromatography. The effect is likely due to alteration of 
its overall charge, since electrospray ionization mass spectrometry 
analysis confirmed the correctness of protein mass values, and the 

Wei et al., 2000; Ziel et al., 2004; Gray et al., 2005; Pines et al., 2005; 
Tell et al., 2005, 2010a). APE1 can also act as a transcriptional repres-
sor through indirect binding to negative Ca2+-response elements 
(nCaRE), which are regulated by K6/K7 acetylation (Bhakat et al., 
2003). Recently APE1 was demonstrated to bind/cleave abasic RNA 
(Vascotto et al., 2009b; Fantini et al., 2010; Tell et al., 2010b) and to 
control c-Myc expression by cleaving its mRNA (Barnes et al., 2009). 
These discoveries pointed to a new function of APE1 in regulating 
gene expression through posttranscriptional mechanisms and 
brought to light the fact that this protein is a possible target for anti-
cancer therapy.

In this context, we showed that the first 35 amino acids in the 
nonstructured N-terminal domain of APE1 are required for a stable 
interaction with rRNA, nucleophosmin 1 (NPM1), and other proteins 
involved in ribosome biogenesis/RNA processing (Vascotto et al., 
2009b; Tell et al., 2010b). In particular, K residues within the protein 
region spanning amino acids 24–35 are involved in the interaction of 
APE1 with both rRNA and NPM1 and also regulate its in vitro enzy-
matic activity (Fantini et al., 2010). Of interest, some of these critical 
K residues, namely K27/K31/K32/K35, undergo in vivo acetylation. 
These results suggest that protein–protein interactions and/or post-
translational modifications (PTMs) involving the APE1 N-terminal 
domain may play important roles in vivo in coordinating and fine-
tuning the protein’s BER activity and functions on rRNA metabolism. 
Recently it was also demonstrated that APE1 K6/K7 may undergo 
acetylation during cell response to genotoxic treatment (Fantini 
et al., 2008) and that the acetylation status of these K residues, con-
trolled by the sirtuin 1 (SIRT1) deacetylase activity, should be impor-
tant in modulating protein DNA-repair function by regulating the 
kinetics of its interaction with other enzymes involved in BER, for 
example, XRCC1 (Yamamori et al., 2010).

APE1 is mainly a nuclear protein and is critical for controlling cel-
lular proliferative rates (Fung and Demple, 2005; Izumi et al., 2005; 
Vascotto et al., 2009b). We also showed that a considerable amount 
of APE1 is accumulated within the nucleoli of different cell lines 
(Vascotto et al., 2009b; Fantini et al., 2010), but its role within this 
compartment is unknown. Cytoplasmic, mitochondrial, and endo-
plasmic reticulum localizations have also been ascertained (Tell 
et al., 2001; Szczesny and Mitra, 2005; Chattopadhyay et al., 2006; 
Grillo et al., 2006; Mitra et al., 2007). APE1 is an abundant and rela-
tively stable protein in mammalian cells (Tell et al., 2009, 2010a). 
Fine-tuning of the multiple APE1 functions may therefore depend 
on the modulation of its PTMs and, eventually, on its interactome. 
Although a functional role has been determined for some PTMs 
(K6/K7 acetylation and K24/K25/K27 ubiquitination; Bhakat et al., 2003; 
Fantini et al., 2008; Busso et al., 2009), the identity and importance 
of various interacting partners in modulating APE1 biological func-
tions are still under investigation (Parlanti et al., 2007; Busso et al., 
2009; Vascotto et al., 2009b). APE1 may affect cell growth by di-
rectly acting on rRNA quality control mechanisms; in particular, 
APE1 interaction with NPM1 may affect its activity over rRNA mole-
cules. However, many aspects of this new function are undefined 
(Vascotto et al., 2009b; Tell et al., 2010b).

In this study, we address the biological role of APE1 acetylation at 
K27/K31/K32/K35 and, in light of recent evidence showing the emerg-
ing function of the nucleolus as a central sensor of protein trafficking 
during DNA repair after genotoxic treatment (Nalabothula et al., 
2010), the role of the nucleolus itself on the APE1 protective function 
toward genotoxic damage. We used a reconstitution strategy with 
APE1 mutants in which the charged Lys residues were replaced by 
either Ala or Arg to mimic constitutive acetylated (APE1K4pleA) and 
nonacetylatable (APE1K4pleR) protein forms, respectively. These 
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difference in their apparent mobility ob-
served in SDS–PAGE was abolished when 
separating various mutants in urea-contain-
ing denaturing gels (Supplemental Figure 
S2 and unpublished data). It was also ob-
served for other K-to-A mutants of APE1 
(Fantini et al., 2010). We then evaluated 
the contribution of the single K residues to 
the extent of APE1 nucleolar localization 
(Supplemental Figure S3) and the ability to 
interact with NPM1 (Figure 2B). Double mu-
tants APE1K27/35A, APE1K31/32A, APE1K27/35R, 
and APE1K31/32R and a deletion mutant lack-
ing 33 amino acids at the protein N-terminus 
(APE1NΔ33) were compared with APE1WT. 
Whereas APE1WT, APE1K27/35R, and 
APE1K31/32R displayed a nucleolar and 
nucleoplasmic staining, APE1K27/35A and 
APE1K31/32A showed two alternative stain-
ings, exhibiting nucleolar/nucleoplasmic or 
only nucleoplasmic positivity, respectively 
(Supplemental Figure S3). Coimmunopre-
cipitation experiments (Figure 2B) were in 
accordance with immunofluorescence anal-
yses and showed a substantial reduction of 
the interaction in the case of APE1K4pleA and 
APE1NΔ33 mutants and a moderate impair-
ment for APE1K27/35A and APE1K31/32A mu-
tants. Glutathione S-transferase (GST) pull-
down assays with recombinant purified 
proteins confirmed that these results were 
due to effects on direct interaction between 
APE1 and NPM1 (Figure 2C). This confirmed 
previous hypotheses (Fantini et al., 2010). 
We also checked the effect of the K-to-A 
mutation on the ability of APE1 to bind nu-
cleolar rRNA (Vascotto et al., 2009b). As ex-
pected, rRNA–chromatin immunoprecipita-
tion (ChIP) analyses showed that K-to-A 
mutations significantly alter APE1 binding to 

FIGURE 1: Positively charged K27/K31/K32/K35 residues are required for APE1 nucleolar 
accumulation. (A) Confocal microscopy of HeLa cells transfected with APE1WT, APE1K4pleA, or 
APE1K4pleR FLAG-tagged proteins and stained with antibodies against NPM1 (red) and ectopic 
FLAG-APE1 (green). Overlap of staining (yellow) demonstrated colocalization of the two 
proteins. Of note, the APE1K4pleA mutant was completely excluded from nucleoli (white 
arrowheads), whereas both APE1WT and the APE1K4pleR were accumulated within. Images are 
representative of 100% of transfected cells. (B) HeLa cells transfected with pDendra2-N empty 
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vector or encoding APE1 (wild-type and 
mutants) in fusion with Dendra fluorophore 
were analyzed with a live confocal 
microscopy workstation. Cells transfected 
with empty vector (Dendra) showed diffuse 
green fluorescence within cytoplasm and 
nucleus, with exclusion of the nucleolar 
compartment. APE1WT and APE1K4pleR mutant 
mainly localized within the nuclear 
compartment and accumulated within 
nucleoli. In contrast, APE1K4pleA did not show 
any nucleolar accumulation. Images were 
captured by using the same settings (488-nm 
laser at 10% of intensity and PMT at 760 V). 
Fluorescence intensity analysis was carried 
out on a 25-μm-long line (white). Graphs 
represent the fluorescence intensity 
measured through a cross section of the 
nucleus and demonstrate an incremental 
fluorescence in corresponding nucleoli only 
in the case of APE1WT and APE1K4pleR-Dendra 
fusion protein–expressing cells.
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FIGURE 2: Positively charged K27/K31/K32/K35 
residues are required for NPM1 interaction. (A) The 
APE1K4pleA mutant shows impaired interaction with 
NPM1. Coimmunoprecipitation (CoIP) analysis on 
HeLa cells transfected with APE1WT, APE1K4pleA, or 
APE1K4pleR FLAG-tagged proteins with endogenous 
NPM1. Western blot analysis was used to quantify 
the interaction among the different APE1 forms 
and NPM1 by using specific antibodies. IB, 
immunoblot. (B) K27/K31/K32/K35 residues are 
responsible for proper interaction of APE1 with 
NPM1. CoIP analysis on HeLa cells transfected with 
FLAG-tagged APE1WT, APE1NΔ33, or the APE1 
double (APE1K27/35A, APE1K31/32A, APE1K27/35R, and 
APE1K31/32R) or quadruple (APE1K4pleA and 
APE1K4pleR) K-to-A or K-to-R mutants. Western blot 
analysis was performed on total cell extracts (left) 
and on immunoprecipitated material (right) with 
specific antibody for endogenous NPM1. 
Normalized coimmunoprecipitated amounts of 
NPM1 are indicated under each relative bar. 
Anti-FLAG staining was used as loading control. 
(C) Interaction of K-to-A APE1 mutants with NPM1 
and rRNA. A 150-pmol amount of each bait 
GST-APE1 recombinant purified protein (rAPE1) 
was incubated with an equimolar amount of 
recombinant NPM1, as described in Materials and 
Methods. After GST pull-down, samples underwent 
Western blot analysis by using the indicated 
antibodies (right). NPM1 band intensities were 
normalized vs. those of GST-APE1 proteins, and 
the resulting values, expressed as percentage of 
bound with respect to APE1WT, were plotted in the 
histogram (left). Each bar represents the mean of 
two independent experiments whose variation was 
<10%. (D) Interaction of K-to-A APE1 mutants with 
NPM1 and rRNA. After transfection of HeLa cells, 
total cell lysates were prepared as described in 
Materials and Methods, and an RNA-ChIP assay 
was performed to measure the rRNA-binding 
activity of the different APE1 mutants. 
Immunoprecipitated samples underwent either 
Western blot analysis (right) or RNA extraction and 
quantification by reverse transcription and 
quantitative PCR analysis, using 18S and 47S 
rRNA–specific primers. Data are presented as a 
fold percentage of the amount of total 18S or 
47S rRNA with respect to the amount of 
immunoprecipitated FLAG-tagged APE1 protein, 
respectively. The resulting values are plotted in 
the histograms (left), showing the average values 
with SD of three independent experiments. 
(E) Nucleoplasmic interaction between APE1 and 
NPM1 is affected by K-to-A mutation on APE1. 
PLA technology was used to evaluate in vivo the 
effect of positively charged K27/K31/K32/K35 
residues on APE1 interaction with NPM1 in the 
nuclear compartment. Stable HeLa clones 
expressing APE1WT, APE1K4pleA, or APE1K4pleR 
FLAG-tagged proteins were seeded on a glass 
coverslip, and PLA reaction was carried out 
using anti-FLAG and anti-NPM1 antibodies. 
4′,6-Diamidino-2-phenylindole staining is used as a 
reference for the nuclei. The histogram represents 
the average number of PLA blobs scored for at 
least 30 cells per slide. Asterisks represent a 
significant difference between APE1WT and 
mutants.
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rRNA molecules (Figure 2D) and that a partial removal of positive 
charges in the region 27–35 strongly affects the protein binding to 
rRNA molecules.

Interaction between APE1 and NPM1 may also occur in the nu-
cleoplasmic compartment of cells. We measured the effect of the 
K-to-A mutation on the nucleoplasmic interaction of APE1 with 
NPM1 through proximity ligation assay (PLA) analysis, which allows 
in situ detection of two proteins that are at interacting distance of 
<40 nm (Weibrecht et al., 2010). Data displayed in Figure 2E show 
that nucleoplasmic interaction between APE1 and NPM1 was sig-
nificantly affected by the K-to-A mutation. Taken together, these 
data demonstrate that charged lysines within the 27–35 region are 
essential for APE1 maintenance within the nucleoli and for a proper/
stable interaction of this protein with NPM1 or rRNA molecules. 
Moreover, our data suggest that APE1 must lose the positive charge 
at more than two K residues (among K27/K31/K32/K35) to get a signifi-
cant reduction of the APE1/NPM1 interaction in the nucleus and 
loss of APE1 nucleolar accumulation.

Loss of APE1 nucleolar accumulation causes impairment 
of cell proliferation
APE1 protects cells against genotoxic damaging agents (Tell and 
Wilson, 2010). To clarify the biological relevance of the APE1 nucle-
olar accumulation, we estimated the effect of the expression of the 
nucleolar-deficient form of APE1 (i.e., APE1K4pleA) on cell viability 
with respect to APE1WT and APE1K4pleR mutant. To test the effects of 
the mutant proteins and exclude the contribution of the endoge-
nous one, we used inducible APE1-silenced (through small interfer-
ing RNA [siRNA] technology) HeLa cells, which were reconstituted 
with siRNA-resistant APE1 ectopic proteins in place of the endog-
enous one (Figure 3A; Vascotto et al., 2009a). The levels of the ec-
topic proteins expressed by the different cell clones used for the 
following experiments were comparable to that of the wild-type 
endogenous one before silencing, as demonstrated by quantita-
tive Western blot analysis (Supplemental Figure S4); the extent of 
the residual endogenous protein was <10%. Quantification of the 
nuclear amount of ectopic proteins after doxycycline treatment, 
demonstrated by Western blot analysis with a calibration curve, 
gave the following results (expressed as nanograms of APE1 per 
microgram of nuclear extract): 23.22 ± 6.04 for APE1WT, 18.63 ± 
4.84 for APE1K4pleA, and 17.69 ±4.60 for APE1K4pleR (Supplemental 
Figure S4B). Therefore these cell lines represent a reliable system 
for testing our hypothesis. On the basis of previous data showing 
that nucleolar APE1 may act as a cleansing factor in rRNA quality 
control, possibly affecting cellular proliferation through an impair-
ment of the overall protein synthesis machinery (Vascotto et al., 
2009b; Tell et al., 2010b), we investigated the effect of the nucleo-
lar-deficient form APE1K4pleA on cell proliferation rate under basal 
conditions. Of interest, by cell counting assays performed on re-
constituted cell clones, we obtained proof that APE1K4pleA acts as a 
loss-of-function mutation in terms of cell proliferation, whereas 
APE1K4pleR behaves similarly to APE1WT (Figure 3B). These data, 
confirmed by using at least two different clones for each mutant 
cell line, suggest that nucleolar APE1 is required for appropriate 
control of cell proliferation, perhaps through its role in rRNA me-
tabolism (Tell et al., 2010b). Colony formation assays confirmed cell 
proliferation data (Figure 3C). However, although the cell number 
in each colony of APE1K4pleR-expressing cells was always similar to 
that expressing APE1WT, these cells grew in a more widespread 
manner, possibly due to an altered migrating phenotype and/or an 
intercellular adhesion pattern. These data were indicative that abo-
lition of the acetylatable residues of APE1 at K27/K31/K32/K35 may 

significantly affect cell biology, even though it is also possible that 
the lower expression level of the APE1K4pleR (∼76%) with respect to 
APE1WT may also have an effect on this phenotype.

Increased APE1 acetylation at K27/K31/K32/K35 residues upon 
genotoxic damage
APE1 acetylation at K6/K7 is known to be enhanced after genotoxic 
insult by methyl methanesulfonate (MMS) and it has been shown to 
play a role in modulating APE1 interaction with XRCC1, possibly 
coordinating different enzymatic steps in the BER pathway 
(Yamamori et al., 2010). We therefore tested whether MMS treat-
ment, which promotes generation of DNA damage specifically re-
paired through BER, may also induce APE1 acetylation at K27/K31/
K32/K35 residues. Immunopurified APE1 samples from control and 
MMS-treated cells were separated by SDS–PAGE and excised 
bands and then analyzed by peptide mapping experiments. Semi-
quantitative nano–electrospray linear ion trap tandem mass spec-
trometry (nanoLC-ESI-LIT-MS/MS) analysis was performed on iden-
tical quantities of immunopurified APE1WT-FLAG protein samples 
obtained from HeLa cells before and after MMS treatment (Supple-
mental Figure S5). In particular, we evaluated the amount of the 
peptides (15–33)Ac3 and (15–35)Ac4 in each APE1 endoprotease 
AspN digest and compared them to that of the nonmodified coun-
terparts. Analysis was performed by extracting and integrating the 
corresponding nanoLC-ESI-LIT-MS peak areas equivalent to the as-
signed m/z values for the acetylated and nonacetylated peptides in 
the same total ion chromatogram. After MMS treatment, the amount 
of the peptide (15–33)Ac3 was significantly increased, and the pep-
tide (15–35)Ac4 was almost doubled as compared with that of the 
nonmodified counterparts (Figure 4A). The MMS-induced acetyla-
tion on the aforementioned residues was further demonstrated by 
Western blotting using a commercial anti–Ac-Lys antibody on im-
munopurified proteins from HeLa cells transiently transfected with 
the FLAG-tagged APE1WT and the nonacetylatable APE1K4pleR 
forms. It is striking that a significant increase of APE1 acetylation 
was observed after MMS treatment but mainly for APE1WT rather 
than for APE1K4pleR (Supplemental Figure S6). These data show that, 
besides increasing the acetylation status of K6/K7 (see later discus-
sion and Yamamori et al., 2010), MMS treatment also promotes 
acetylation at K27/K31/K32/K35 residues. The mild increase of Lys 
acetylation level in the mutant APE1K4pleR may possibly be ascribed 
to K6/K7 acetylation (see later discussion).

We then investigated the cellular distribution pattern of acety-
lated APE1 at K27/K31/K32/K35 residues by using an ad hoc–devel-
oped antibody that specifically recognized the peptide 25–38 fully 
acetylated at K27/K31/K32/K35, hereafter referred to as anti-APE1K27-35Ac 
(Poletto et al., 2012). This antibody was particularly efficient in rec-
ognizing acetylation at K35 with a measured affinity in the nanomolar 
range (196 nM for the tetra-acetylated stretch vs. 26,800 nM for 
the nonacetylated one, as assessed by surface plasmon resonance 
(SPR; Poletto et al., 2012). Preincubation of the antibody with the 
acetylated and nonacetylated peptides confirmed the specificity of 
the antibody (Poletto et al., 2012). The distribution pattern of 
APE1WT, APE1K4pleA, and APE1K4pleR was compared by using anti-
FLAG and anti-APE1K27-35Ac antibodies. Of interest, staining with the 
anti-APE1K27-35Ac antibody gave a pattern quite similar (i.e., nucleo-
lar exclusion) to that of the anti-FLAG antibody but only in the case 
of the APE1K4pleA mutant (Figure 4B). PLA was also carried out to 
demonstrate the in vivo occurrence of acetylation on endogenous 
APE1 by using either the anti-APE1K27-35Ac antibody alone (as a 
control) or together with an anti-APE1 antibody (Figure 4C). This 
assay clearly highlighted the proximity between the target of both 
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FIGURE 3: Expression of the nucleolus-deficient APE1 mutant causes impaired cell proliferation. (A) Generation of 
reconstituted cell lines expressing APE1K4pleA and APE1K4pleR mutants. HeLa cells were stably transfected with the 
inducible siRNA vectors and siRNA resistant APE1WT, APE1K4pleA, and APE1K4pleR–expressing vectors, as previously 
described (Vascotto et al., 2009a; Fantini et al., 2010). Expression of ectopic APE1 forms without silencing and after the 
suppression of endogenous APE1 expression after 10 d of treatment with doxycycline (Doxy) was assayed by Western 
blotting on total cellular extracts with an anti-APE1 antibody. Normalized expression levels for each clone of ectopic 
and endogenous APE1 protein after the silencing are indicated under each relative band. β-Tubulin was used as loading 
control. (B) Cell proliferation assays for APE1-reconstituted cell lines. APE1-expressing cell clones were seeded in 
60-mm Petri dishes. Growth was followed by measuring cell numbers at various times upon doxycycline treatment, as 
indicated. Cells were harvested at the indicated times, stained with trypan blue, and counted in triplicate. Data, 
expressed as cell number, are the mean ± SD of three independent experiments. (C) Colony formation assays for 
APE1-reconstituted cell lines. After 8 d of doxycycline treatment, 200 cells of APE1WT and the indicated APE1 mutants 
were seeded in 60-mm Petri dishes and grown for 8 d in medium supplemented with doxycycline to promote 
endogenous APE1 silencing. Then cells were stained with crystal violet and images captured by using a Leica S8 
microscope with 80× magnification. Data, expressed as number of cells per colony, are the mean ± SD of 10 colonies for 
each clone.

C

B

APE1K4pleA APE1K4pleRAPE1WT

C
el

l n
u

m
b

er
 (

x1
05 )

WT
K4pleA
K4pleR

0 2 4 6 8 10 12 14

Days

0

2

4

6

8

10

12

14

16

18

A

1.00

1.23

1.00

1.09

1.00

0.67

0.09 0.08 0.06 Normalized endogenous APE1
(relative units)

Normalized ectopic APE1

36

55

IB: APE1

IB: Tubulin

Mr
(kDa)

WT K4pleA K4pleR

- + - + - + Doxycycline 

ecto

endo

A
ve

ra
g

e 
o

f 
ce

ll 
n

u
m

b
er

 p
er

 c
o

lo
n

y

WT K4pleA K4pleR
0

40

80

120

160



Volume 23 October 15, 2012 Functional relevance of APE1 nucleolar accumulation | 4085 

antibodies, further suggesting that, in vivo, 
APE1 is acetylated at K27/K31/K32/K35 resi-
dues and that these acetylated forms are 
excluded from the nucleoli. Taken together, 
these data suggest that acetylation at these 
charged amino acids may control the nucle-
olar/nucleoplasmic distribution of APE1 
within cells.

Removal of positively charged K27/K31/
K32/K35 residues increases APE1 
DNA-repair activity in vivo
We tested whether abolition of positive 
charges on acetylatable residues may affect 
the APE1 DNA repair function in cells, as 
previously demonstrated in vitro by using 
recombinant purified proteins bearing two 
different clusters of K-to-A mutation (i.e., on 
residues 24/25/27 and on residues 
24/25/27/31/32; Fantini et al., 2010). For 
this purpose we used nuclear extracts from 
reconstituted cell clones after precise nor-
malization for the APE1 ectopic nuclear con-
tent with a titration curve (as shown in Sup-
plemental Figure S4). This normalization for 
APE1 ectopic protein expression allowed 
comparison of the enzymatic activities of 
the different protein mutants in the nuclear 
fractions from each clone. Figure 5A shows 
that the AP-endonuclease activity of the 
APE1K4pleA mutant, measured through cleav-
age assays performed with nuclear extracts, 
was significantly increased with respect to 
APE1WT-and APE1K4pleR-expressing cells. 
Moreover, Figure 5B shows a lower amount 
of abasic DNA lesions accumulated after 
MMS treatment by the APE1K4pleA- as com-
pared with the APE1WT-expressing cells. 
These results suggest that removal of posi-
tive charges at Lys 27–35, as exerted by 
acetylation, may result in a more enzymati-
cally active protein.

FIGURE 4: Genotoxic treatment promotes APE1 acetylation at K27/K31/K32/K35 residues. 
(A) Relative quantitative changes of APE1 acetylation at K27/K31/K32/K35 after MMS treatment. 
Mass spectrometry analysis of acetylated peptides present in the endoprotease AspN digest of 
FLAG-tagged APE1 WT purified from HeLa cells (see Materials and Methods for details). 
Histograms indicate the relative amounts of the peptides (15–33)Ac3 and (15–35)Ac4 with respect 
to their nonmodified counterparts before and after MMS treatment. Identical ionization 
tendencies were assumed for each peptide pair. Each bar represents the mean of three 
independent experiments. (B) Acetylated APE1 at K27/K31/K32/K35 residues is present within cell 
nucleoplasm but is excluded from nucleoli. Confocal microscopy of HeLa cells transfected with 
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(recognizing the endogenous APE1 protein in 
the PLA reaction; green).



4086 | L. Lirussi et al. Molecular Biology of the Cell

FIGURE 5: Abolition of positively charges K27/K31/K32/K35 residues increases APE1 DNA-repair activity. (A) Nuclear 
extracts from APE1K4pleA mutant present an increased AP endonuclease activity on abasic DNA. AP-site incision activity 
of the nuclear extracts from HeLa-reconstituted cell clones was tested using an AP endonuclease activity assay as 
described in Material and Methods. The nuclear APE1 content in each clone was precisely quantified through a titration 
curve obtained using purified recombinant APE1 (Supplemental Figure S4). Nuclear ectopic APE1 protein levels were 
then normalized between the different cell clones in order to compare their relative enzymatic activities. Top left, 
concentration-dependent conversion of an AP site–containing DNA substrate (S) to the incised product (P). A 
representative image of the denaturing polyacrylamide gel of the enzymatic reactions is shown. The amounts 
(femtomoles) of APE1 used in the reaction and the percentage of substrate converted into product, as determined by 
standard phosphorimager analysis, are indicated. NE, no cell extract control. Bottom left, time-dependent kinetics of 
APE1 (2.15 ng) endonuclease activity from nuclear extracts of the different reconstituted cell clones. The image of a 
representative gel analysis is shown (bottom). Right, graph depicting the time-course kinetics of APE1 from incision 
results shown on the left. Average values are plotted ± SD of three independent experiments. Asterisks represent a 
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amino acids during MMS treatment is unknown. We thus checked 
whether the charged status of K27/K31/K32/K35 residues might play 
a role in modulating the acetylation status of K6/K7 through the 
contribution of SIRT1. First, we evaluated the effect of the modifi-
cation at K27/K31/K32/K35 on the ability of SIRT1 to deacetylate K6/
K7 in APE1. We found that recombinant purified APE1 protein is 
nonenzymatically acetylated after incubation with acetyl-CoA, as 
demonstrated for other proteins (Garbutt and Abraham, 1981). 
Thus, to obtain a significant amount of acetylated recombinant 
APE1 protein on K6/K7 residues, we treated purified recombinant 
rAPE1 obtained from E. coli with acetyl-CoA, as described in the 
Supplemental Information. Then we treated in vitro–acetylated 
rAPE1WT, rAPE1K4pleA, rAPE1K27/35A, or rAPE1K31/32A with purified re-
combinant SIRT1 protein and measured the acetylation level on 
K6/K7 through a specific antibody that recognizes only acetylation 
at these residues (Fantini et al., 2008; Sengupta et al., 2011). Of 
interest, although APE1WT was efficiently deacetylated by SIRT1 at 
K6/K7 (Figure 6A), the APE1K4pleA mutant did not show any deacety-
lation in this region; concomitant K-to-A substitutions at positions 
27 and 35 (APE1K27/35A mutant) or at positions 31 and 32 (APE1K31/32A 
mutant) caused an intermediate effect.

We then verified the ability of SIRT1 to directly deacetylate APE1 
at K27/K31/K32/K35 residues through in vitro deacetylation assays car-
ried out on acetylated purified recombinant rAPE1WT or mutant pro-
teins as substrates (Supplemental Figure S7). Protein acetylation 
level was monitored by using the anti-APE1K27-35Ac (Figure 6B). Incu-
bation with recombinant-purified SIRT1 protein revealed a marked 
decrease in acetyl-APE1 signal but only when APE1WT was used. 
These data were corroborated by qualitative peptide mapping ex-
periments on in vitro–acetylated rAPE1WT before and after incuba-
tion with SIRT1. This analysis demonstrated that SIRT1 was indeed 
able to deacetylate in vitro–acetylated rAPE1WT at least at K25/K27/
K32 residues (Supplemental Table S1).

The ability of SIRT1 to deacetylate in vitro APE1 at K27/K31/K32/K35 
was also analyzed on APE1 (25–38) peptides (Figure 6C), which were 
chemically synthesized either in their nonacetylated or tetra-acety-
lated form at these K residues. These peptides were used in a com-
petitive fluorescence-based assay in which a fluorogenic p53 acety-
lated peptide was used as SIRT1 substrate (Marcotte et al., 2004). 
As expected, we observed a dose-dependent decrease in the 

Cell viability experiments, after MMS treatment, were carried out 
to verify the enzymatic data. Thus, the effect of K27/K31/K32/K35 mu-
tation on cell viability after MMS treatment was measured by 
3-(4-5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sul-
fophenyl)-2H-tetrazolium salt (MTS) and clonogenic assays using the 
reconstituted cell clones. The MTS data (Figure 5C) showed that the 
APE1K4pleA-mutant–expressing cells were significantly more resistant 
to MMS treatment than those expressing the nonacetylatable 
APE1K4pleR mutant. Of note, clonogenic assay experiments (Figure 
5D) confirmed these results and highlighted the relevant acetylation 
occurring at the K residues, as demonstrated by the higher sensitiv-
ity of APE1K4pleR-expressing cells after MMS treatment. We extended 
our observations on the protective function of the APE1K4pleA mutant 
by using tert-butyl-hydroperoxide (TBHP) as a reactive oxygen spe-
cies (ROS) generator (Lazzé et al., 2003). We recently demonstrated 
that APE1 knockdown sensitizes HeLa cells to TBHP treatment (Li 
et al., 2012). Therefore we now measured the sensitivity of the differ-
ent reconstituted cell clones to TBHP in a dose–response experi-
ment (Figure 5E). As in the case of MMS treatment, expression of the 
APE1K4pleA mutant exerted a protective function with regard to TBHP 
treatment with respect to APE1WT-expressing cells. Similarly to MMS 
treatment, the APE1K4pleR-mutant–expressing clone evidenced even 
more sensitivity than the APE1WT-expressing one. Taken together, 
these data show that acetylation at residues K27/K31/K32/K35 is asso-
ciated with cell response to DNA damage and confers protection to 
genotoxic treatment. The increased activity of the APE1K4pleA mutant 
may explain its proficient protective effect in vivo against genotoxic 
treatment, even though further explanatory mechanisms, such as its 
altered protein association in the cell or its possible higher stability 
(Vascotto et al., 2011), could also be invoked.

K6/K7 deacetylation by SIRT1 is modulated by the charged 
status of K27/K31/K32/K35residues
It was recently demonstrated that APE1 K6/K7 may undergo acety-
lation during cell response to genotoxic treatment (Fantini et al., 
2008; Yamamori et al., 2010) and that modulation of the acetyla-
tion status of these residues through SIRT1 deacetylase activity is 
important for the regulation of APE1 DNA-repair function after 
MMS treatment (Yamamori et al., 2010). However, the molecular 
mechanism regulating the SIRT1-mediated modification at these 

significant difference between APE1WT and APE1K4pleA. (B) Accumulation of genomic abasic (AP) lesions after MMS 
treatment (0.5 mM, 4 h) of reconstituted cell clones with APE1WT and APE1K4pleA mutant as measured by an aldehyde-
reactive probe. APE1WT and APE1K4pleA-expressing HeLa cells were grown in medium supplemented with Doxy (10 d) to 
silence endogenous APE1 expression and were treated with 0.5 mM MMS for 4 h. Counting at the AP sites was 
performed by using the AP-site quantification kit, as described in Materials and Methods. In the histogram, data are 
expressed as number of AP sites per 105 base pairs and represent the mean ± SD of four independent experiments. 
Asterisks represent a significant difference between the two conditions (untreated and MMS-treated cells). (C) Effects of 
APE1 acetylation mutants on cell viability after MMS treatment in reconstituted cells. APE1WT, APE1K4pleA-, and 
APE1K4pleR-expressing cells were grown in medium supplemented with Doxy to silence APE1 endogenous protein and 
treated with increasing concentrations of MMS for 8 h; the cytotoxic effect of this compound was determined by the 
MTS assay (see Materials and Methods for details). Each point, shown as percentage viability with respect to untreated 
clones, represents the mean ± SD of four observations, repeated in at least two independent assays. Asterisks represent 
a significant difference between APE1K4pleA and APE1K4pleR mutants. (D) Cell growth as measured by colony survival 
assay. One thousand cells of APE1WT-, APE1K4pleA-, and APE1K4pleR-expressing clones treated with increasing 
concentrations of MMS for 8 h were seeded in Petri dishes and then treated with Doxy for 10 d to silence endogenous 
APE1. Data, expressed as the percentage of change with respect to untreated clones, are the mean ± SD of three 
independent experiments. (E) Effects of APE1 acetylation mutants on cell viability after TBHP treatment in APE1WT-, 
APE1K4pleA-, and APE1K4pleR-expressing cells grown in medium supplemented with Doxy to silence APE1 endogenous 
protein. Cells were treated with increasing concentrations of TBHP for 6 h, and the cytotoxic effects were determined 
by the MTS assay. Each point, shown as percentage viability with respect to untreated clones, represents the mean ± SD 
of four observations, repeated in at least two independent assays. Asterisks represent a significant difference between 
APE1K4pleA and APE1K4pleR mutants.
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FIGURE 6: SIRT1 deacetylase activity on K6/K7 depends on the charged status of K27/K31/K32/K35 residues. (A) K6/K7 
acetylation, modulated by SIRT1, depends on the charged status of K27/K31/K32/K35 residues. Western blot analysis on 
purified recombinant APE1 proteins in vitro acetylated with acetyl-CoA and then incubated in the presence/absence of 
recombinant GST-SIRT1, as indicated. The analysis was carried out using an antibody specific for acetylated K6/K7 APE1 
(top). The histogram reports data obtained from densitometric quantification of the bands for each APE1 protein after 
normalization on Ponceau S staining (bottom). Data shown are the mean of two independent experimental sets whose 
variation was <10%. (B) SIRT1 deacetylates rAPE1 at K27/K31/K32/K35. Left, Western blot analysis on the in vitro–
acetylated and deacetylated purified recombinant APE1, further subjected to MS analysis (Supplemental Table S1). 
rAPE1WT was incubated with 0.5 mM acetyl-CoA and then with recombinant SIRT1 protein, as shown. Samples were 
separated onto 10% SDS–PAGE, and Western blot analysis was performed by using the anti-APE1K27-35Ac antibody. 
Ponceau S staining was used as loading control. Right, the histogram shows the densitometric quantification of the 
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could be responsible for APE1 subnuclear trafficking. Thus, we 
examined the subnuclear distribution of SIRT1 on c-myc-SIRT1–
transfected cells through immunofluorescence analysis. We found 
that transiently transfected c-myc-SIRT1 mainly localized in the nu-
cleoplasmic compartment and was not found in the nucleoli (Figure 
8A, left); quantification of the endogenous SIRT1 protein in bio-
chemically purified nucleoli confirmed its absence from this subnu-
clear compartment (Figure 8A, right). Evaluation of the acetylation 
status of APE1 present in nucleolar or nucleoplasmic fractions under 
basal conditions showed that APE1 acetylated at K6/K7 is mainly 
present within the nucleoplasm but almost absent in the nucleolus 
(Figure 8B). Of note, these findings may have important implications 
for SIRT1-mediated deacetylation at K6/K7 and demonstrate the 
possibility that APE1 acetylation modulates the protein’s subnuclear 
distribution and enzymatic functions, corroborating our previous 
work (Fantini et al., 2010).

It is known that Lys acetylation may control local conformational 
stability of proteins, thus affecting their activity, subcellular distribu-
tion, and protein–protein interaction network. To examine the effect 
of acetylation on the local structure of the N-terminal APE1 region, 
we analyzed the conformational behavior of the protein portion of 
residues 14–38, which contain K27/K31/K32/K35 residues acetylatable 
in vivo. To this end, we chemically synthesized and purified four 
peptides bearing differential acetylation at positions 27, 31, 32, and 
35 (Supplemental Table S2). To evaluate the effect of acetylation on 
peptide conformation, we undertook structural analysis of these 
peptides in solution by far-ultraviolet (UV) circular dichroism (CD) 
and nuclear magnetic resonance (NMR) spectroscopy. Figure 8C 
shows the overlay of CD spectra of APE1(14–38) and APE1(14–
38)K27/31/32/35Ac in aqueous buffer, indicating a minimum at ∼200 nm 
and a shoulder at ∼220 nm. These features suggest the presence of 
mixed conformational states in which an unfolded state coexists 
with a certain helical content. The propensity of this domain to 
adopt helical conformation was also confirmed by trifluoroethanol 
(TFE) titration experiments (Supplemental Figure S8A). In particular, 
the CD spectrum of the tetra-acetylated peptide showed a mini-
mum at 220 nm that was deeper than that of the nonacetylated 
counterpart, suggesting a role for the acetyl groups in determining 
structural changes in this protein region. An intermediate behavior 
was observed for the monoacetylated and triacetylated peptides, 
confirming the role of this K modification in modulating the confor-
mation of the N-terminal APE1 region (unpublished data).

To further address this point, we carried out additional NMR ex-
periments. In aqueous buffer, the one-dimensional (1D) spectra pre-
sented poor signal dispersion (Figure 8D, left), confirming a rather 
disordered state for both the tetra-acetylated and nonacetylated 
peptides. This observation was further strengthened by the analysis 
of two-dimensional (2D) [1H, 1H] total correlation spectroscopy 
(TOCSY) spectra (Griesinger et al., 1988; Figure 8D, middle), and 2D 
[1H, 1H] rotating frame nuclear Overhauser effect spectroscopy 
(ROESY) spectra (Bax and Davis, 1985; Figure 8D, right). In the latter 
case, the presence of a restricted set of cross-peaks in the NH-aliphatic 
side-chain proton correlation region made unfeasible the process of 
sequential resonance assignments, as often occurs for small, flexible 

fluorescence signal by using different amounts of the tetra-acety-
lated peptide (25–38); the nonacetylated counterpart was used as 
a negative control substrate. Best data fitting was observed with a 
one-site competition equation, which provided an IC50 value of 
4.6 ± 0.3 μM. These data support the conclusion that the acety-
lated APE1 region spanning amino acids 27–35 is a substrate for 
SIRT1 deacetylase activity. Taken together, these results demon-
strate that SIRT1’s ability to efficiently deacetylate APE1 at K6/K7 
residues relies on the presence of positive charges at K27/K31/K32/
K35. Moreover, SIRT1 is also able to bind and possibly deacetylate 
in vitro–acetylated APE1 K27/K31/K32/K35 residues.

Cross-talk between the charged state of K27/K31/K32/K35 and 
the acetylation status of K6/K7 residues through SIRT1
To understand whether SIRT1 activity on acetylated K6/K7 residues 
might be modulated in vivo by MMS as a function of the charged 
status of K27/K31/K32/K35, we performed coimmunoprecipitation 
experiments on transiently transfected HeLa cells. As shown in 
Figure 7A, an intact N-terminal domain is required for stable APE1 
binding to SIRT1. The APE1/SIRT1 association was induced after 
MMS treatment and was abolished in the case of both APE1NΔ33 
and APE1K4pleA mutants. Substitution of K27/K31/K32/K35 residues 
with nonacetylatable R residues was ineffective, suggesting that 
SIRT1 binding depends on the presence of positively charged 
amino acids spanning the APE1 region 27–35. Measurements of 
K6/K7 acetylation status with the specific antibody (performed on 
the same samples) clearly showed that, in agreement with the 
binding data, K6/K7 residues resulted in more acetylation both un-
der basal and after MMS treatment but only in the case of the 
APE1K4pleA mutant. In addition, the acetylation status of APE1WT 
and APE1K4pleR, both under basal conditions and after MMS treat-
ment, was comparable (Figure 7B), supporting the existence of 
cross-talk between the charged status of K27/K31/K32/K35 and the 
acetylation level of K6/K7.

We then investigated the cross-talk between K6/K7 and K27/K31/
K32/K35 acetylation status through siRNA experiments. HeLa cell lines 
stably expressing both endogenous APE1 and APE1WT, APE1K4pleA, 
and APE1K4pleR ectopic forms were silenced for SIRT1 expression as 
described in Materials and Methods. The acetylation level of K6/K7 
was then measured through Western blotting. Data shown in Figure 
7C demonstrate that the K6/K7 acetylation level of the ectopic APE1 
forms was increased ∼30–40% upon SIRT1 silencing but only in the 
case of APE1WT- and APE1K4pleR-expressing cells, whereas acetylation 
of K6/K7 of APE1K4pleA was <10%. As a control, the acetylation level 
of endogenous APE1 always increased (∼60–70%) upon SIRT1 si-
lencing in all the cell lines tested (unpublished data). Taken together, 
these data demonstrate that the acetylation/charged status of K27/
K31/K32/K35 residues controls the stability of the SIRT1/APE1 com-
plex, thus playing a role in the acetylation level of K6/K7.

Possible relevance of acetylation for APE1 subnuclear 
distribution and protein local conformation
The data suggest that a coordinated acetylation/deacetylation dy-
namic modulated by SIRT1 may occur within the cell nucleus and 

band intensities, after normalization to the nonacetylated APE1 form, of the in vitro–acetylated and deacetylated 
purified APE1 mutants. Data are the mean ± SD of three independent replicates. Asterisks represent a significant 
difference. (C) The acetylated APE1 25–38 peptide is a substrate of SIRT1 activity. Purified APE1 peptides (25–38) either 
in fully acetylated form at K27/K31/K32/K35 residues or not acetylated were analyzed as competitors in an in vitro 
deacetylase SIRT1 assay based on a fluorogenic acetylated peptide derived from p53 (region 379–382). Dose–response 
signals allowed an estimated IC50 value of 4.6 ± 0.3 μM of the acetylated APE1 25–38 region with respect to the p53 
peptide.
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FIGURE 7: Cross-talk between the acetylation status of K27/K31/K32/K35 and K6/K7 residues through SIRT1. 
(A) Positive charges at K27/K31/K32/K35 residues strongly influence the stability of SIRT1 binding to APE1. Western 
blot analysis performed on total cell extracts (left) and on immunoprecipitated material (right) from HeLa cells 
cotransfected with c-myc–tagged SIRT1 and APE1WT, APE1NΔ33, APE1K4pleA, or APE1K4pleR FLAG-tagged proteins and 
treated with 0.5 mM MMS for 8 h. Coimmunoprecipitated amounts of SIRT1 normalized with respect to APE1WT or 
APE1K4pleR, respectively, are indicated under each relative bar. Ponceau S staining was used as loading control. 
(B) Acetylation level of K6/K7 in APE1K4pleA mutant is higher than that of APE1WT both under basal conditions and 
after MMS treatment. Western blot analysis on CoIP material after MMS treatment from HeLa cells transfected with 
APE1WT and FLAG-tagged mutants is shown. The histogram indicates the relative amount of acetylated APE1K6/K7 in 
the different clones obtained from the densitometric quantification of acetylated APE1 bands, normalized with 
respect to the amount of APE1 FLAG-tagged immunopurified protein. Data shown are the mean of two 
independent experimental sets whose variation was <10%. (C) SIRT1 siRNA knockdown increases APE1 K6/K7 
acetylation. HeLa stable clones expressing APE1WT, APE1K4pleA, and APE1K4pleR were transfected with siRNA against 
SIRT1 protein or control siRNA. Western blot analysis was performed to detect differential amount of the 
acetylated K6/K7 APE1 after SIRT1 silencing. Arrows highlight bands of ectopic APE1 protein form; β-tubulin was 
used as a loading control. The histogram shows densitometric quantification of acetylated K6/K7 APE1 form. Data 
are expressed as percentage of induction of the acetylated K6/K7 APE1 after SIRT1 silencing after normalization 
for the total APE1 protein levels. Data shown are the mean of two independent experimental sets whose variation 
was <10%.
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to our previous data obtained in vitro with recombinant purified pro-
teins (Fantini et al., 2010). In many cases, the presence of the unstruc-
tured N-terminal domain of APE1 seemed essential for interaction of 
APE1 with different substrates (i.e., nucleic acids or proteins). Interac-
tion also increased after histone deacetylase (HDAC) inhibition, 
which promotes APE1 acetylation at K6/K7 residues (Bhakat et al., 
2003; Yamamori et al., 2010). This evidence strongly support the no-
tion that this unstructured domain is responsible for the modulation 
of APE1’s different functions through the recruitment of APE1 in dif-
ferent protein complexes by means of various amino acid side-chain 
modification events. From an evolutionary perspective, it can be hy-
pothesized that mammalian APE1 activity was made adjustable 
(through PTMs and/or interaction with other proteins), or expanded 
toward other substrates, with the acquisition of a protein N-terminus 
containing positively charged residues, without major modifications 
on the enzyme catalytic site, which retained the “canonical” function 
toward abasic DNA. The existence of such an N-terminal extension 
in only mammals may suggest its evolutionary significance in the 
face of increased functional complexity. For the noncomplexed pro-
tein in solution, the intrinsic lack of a secondary structure associated 
with this domain can confer functional advantages to mammalian 
APE1, including the ability to bind to different protein targets (e.g., 
NPM1, XRCC1, CSB, RNA, etc.; Vidal et al., 2001; Wong et al., 2007; 
Vascotto et al., 2009a; Tell et al., 2010a), thus allowing efficient con-
trol over the thermodynamics in the binding process to different sub-
strates. Because the protein’s N-terminus is required for the stabiliza-
tion of APE1 interaction with NPM1 or rRNA and for the control of 
the overall endonuclease activity (possibly decreasing the rate of 
product release once in the positively charged state; Fantini et al., 
2010; Figure 5), this region-specific multitasking function can provide 
a “trigger” for molecular regulation with important biological signifi-
cance. This should be regarded, however, in light of BER coordina-
tion to prevent formation of harmful, unprotected DNA strand 
breaks. Therefore subcellular distribution of APE1 and its enzymatic 
activity seem to be finely tuned to demand and in a time-dependent 
manner through multiple interactions with various protein partners 
and the coordinated occurrence of different PTMs, such as acetyla-
tion and ubiquitination (Busso et al., 2009, 2011). The observation 
that acetylation at K27/K31/K32/K35 residues may favor a transition to-
ward a more organized conformation (Supplemental Figure S8) 
would support the notion that this modification may significantly 
modulate the interaction with several protein partners on a structural 
basis. In addition, acetylation at the mentioned K residues may pro-
foundly affect APE1 protein stability, based on a recent report show-
ing that the same K residues can be also polyubiquitinated by UBR3, 
targeting the protein for degradation by the proteasome (Meisenberg 
et al., 2011). Given that acetylation competes with ubiquitination for 
the same K residues, it may represent the switch for controlling pro-
tein turnover rate. In this context, the acetylation at these residues 
that we observed during cell response to genotoxicants may stabilize 
protein half-life, thus preventing its degradation.

Few studies have reported on the effect of acetylation on the 
structure of small, ordered (Hughes and Waters, 2006; Liu and Duan, 
2008) and disordered (Smet-Nocca et al., 2010) peptides. Molecular 
dynamic simulations carried out on a peptide from the histone H3 
N-terminal tail in the nonacetylated and doubly acetylated forms 
revealed that acetylation, although not appreciably disturbing the 
overall structure of the most-populated states, influenced peptide 
stability (Liu and Duan, 2008). The effect of acetylation at K residues 
on the conformational properties of small random-coil peptides 
from the histone H4 N-terminal tail and from nonhistone thymine 
DNA glycosylase indicated that acetylation had little effect on the 

peptides that tumble very rapidly in solution. On the other hand, a 
detailed comparison of the 1D NMR data for the nonacetylated and 
tetra-acetylated APE1 peptides (Figure 8D, left) indicated that acety-
lation causes a small but clear improvement of spectral dispersion, 
which can be particularly appreciated in the NH region (Figure 8D, 
top left). Moreover, the intensity of ROE cross-peaks is increased in 
the spectra of APE1(14-38)K27/31/32/35Ac peptide as compared with the 
nonmodified counterpart (Figure 8D, right). This evidence, together 
with small chemical shift changes, point toward the presence of more 
organized conformations for the tetra-acetylated peptide in aqueous 
solution, in agreement with CD data. Similar conclusions are drawn 
from the analysis of NMR data for APE1(14–38) and APE1(14–
38)K27/31/32/35Ac peptides in phosphate:TFE solution (Supplemental 
Figure S8B), which suggested again the higher propensity of this 
domain in its acetylated form to adopt a more ordered conformation 
in contrast to the nonmodified counterpart. Also in this case, 
monoacetylated and triacetylated peptides showed an intermediate 
behavior (unpublished data). These data suggest that acetylation 
may account for local conformational changes on APE1 structure that 
may modulate its binding ability to different substrates.

DISCUSSION
APE1 is an unusually abundant DNA-repair protein in mammalian 
cells, with a wide nuclear distribution and an essential role in the 
BER pathway of DNA lesions (Tell and Wilson, 2010). We calculated 
that HeLa cells express ∼4 × 107 molecules per cell (Supplemental 
Figure S4A), whereas other enzymes of the BER pathway, such as Pol 
β or XRCC1, are present at an extent of <1/10 (Demple and DeMott, 
2002; Parsons et al., 2008). Therefore APE1 involvement in pre-
formed DNA-repair complexes may only partially explain the energy 
cost used to maintain such high protein concentration within the 
cells. Recently we found that APE1 may interact with rRNA and with 
proteins involved in RNA metabolism and is associated with nucleo-
lar structures through its interaction with NPM1 (Vascotto et al., 
2009b; Tell et al., 2010b). Interaction with rRNA and NPM1 strictly 
depends on the positive charge of K residues within the APE1 region 
24–35 placed within the unstructured protein N-terminal domain, as 
demonstrated by the inability of the corresponding K-to-A mutants 
(resembling constitutive acetylation at these residues) to stably bind 
both rRNA and NPM1 (Fantini et al., 2010). Of interest, some of 
these amino acids (i.e., K27/K31/K32/K35), which have been acquired 
during evolution, may undergo in vivo acetylation (Fantini et al., 
2010). We conjectured that, under physiological conditions, non-
acetylated APE1 may be stored in the nucleolar compartment 
through its binding to NPM1 and rRNA, but the in vivo relevance of 
APE1 nucleolar accumulation was still unclear. This study was aimed 
at addressing this issue.

We also found that APE1K4pleA binds poorly to NPM1 and rRNA in 
vivo and as a result is unable to accumulate within the nucleoli, 
whereas it is present in the nucleoplasm. Moreover, reconstitution of 
HeLa cells with this mutant gave improved protection from geno-
toxic damage induced by alkylating agents, such as MMS, and oxida-
tive stress-generating compounds, such as TBHP, through increased 
DNA-repair activity. As expected for a regulated pheno menon such 
as the response to a genome insult, an in vivo–augmented acetyla-
tion at K27/K31/K32/K35 residues was observed during cell response to 
genotoxic damage. Furthermore, cross-talk involving the SIRT1 
deacetylase occurred within cells between acetylation at K27/K31/K32/
K35 and at K6/K7 residues. Therefore we hypothesized that genotoxic 
stress may shift the equilibrium between the nonacetylated and 
acetylated APE1 forms toward the latter, which would result in the 
most enzymatically active one on abasic DNA. This also corresponds 
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FIGURE 8: Nucleolar APE1 hypoacetylated on K6/K7 and conformational impact of acetylation at K27/K31/K32/K35 on 
APE1 local structure. (A) SIRT1 resides within the nucleoplasm of HeLa cells. Left, confocal microscopy of HeLa cells 
cotransfected with green fluorescent protein–fused APE1 (APE1GFP) and c-myc-SIRT1 after fixing and staining with 
antibodies against NPM1 (red) and c-myc-SIRT1 (top, green; bottom, red). SIRT1, clearly excluded from nucleoli, 
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This is also underway in our laboratory. Of note, data obtained in 
this work not only show that nucleoli may act as a storage site so that 
an appropriate amount of APE1 is readily available for maintenance 
of genome stability, but also emphasize that nucleolar accumulation 
of APE1 controls cell proliferation, possibly through its rRNA cleans-
ing function. Compatible with this, APE1K4pleA-expressing cells, un-
der basal conditions, showed impairment in proliferation rate with 
respect to APEWT-expressing ones (Figure 3). Therefore it can be 
speculated that nucleolar APE1 is responsible for functional activity 
of the nucleolus in ribosome biogenesis. APE1 release from the nu-
cleoli after genotoxic treatment may constitute a signal to block ac-
tive protein synthesis and allow activation of the proper DNA-repair 
mechanisms. Experiments are in progress along these lines to ad-
dress this in light of the possibility that acetylation may control the 
APE1 trafficking from nucleoli to nucleoplasm.

In conclusion, our data shed light on novel molecular aspects 
highlighting the multifunctional nature of APE1 in regulating differ-
ent biological outcomes and point to acetylation as an important 
mechanism for the fine-tuning of protein functions, subcellular dis-
tribution, and stability. They also emphasize the need for additional 
investigation of the APE1 N-terminal domain in order to understand 
the structural details of the regulatory mechanisms for this multi-
functional protein. In addition, recent evidence on APE1 acetylation 
pattern in triple-negative breast cancer reveals that, concomitantly 
with total APE1 overexpression, a profound deregulation of APE1 
acetylation status occurs under pathological conditions (Poletto 
et al., 2012). This underscores the biological relevance of our find-
ings and the need for future investigation.

MATERIALS AND METHODS
Inducible APE1 knockdown and generation of APE1 
knock-in cell lines
Inducible silencing of endogenous APE1 and reconstitution with 
mutant proteins in HeLa cell clones was performed as described 
(Vascotto et al., 2009a,b) and as reported in the Supplemental 
Information. For inducible shRNA experiments, doxycycline (1 μg/ml; 
Sigma-Aldrich, St. Louis, MO) was added to the cell culture medium, 
and cells were grown for 10 d. All biological data were reproduced 
in at least two different cell clones for each model.

Cell culture and transient transfection with plasmids 
or siRNA knockdown
HeLa cells were grown in DMEM (Invitrogen, Carlsbad, CA) supple-
mented with 10% fetal bovine serum (EuroClone, Milan, Italy), 
100 U/ml penicillin, and 100 μg/ml streptomycin sulfate. One day 

overall polypeptide structure, while inducing local conformational 
changes (Smet-Nocca et al., 2010). In agreement with these studies, 
APE1(14–38) and APE1(14–38)K27/31/32/35Ac became disordered, as 
shown by the lack of ROE (Bax and Davis, 1985) cross-peak patterns, 
which are characteristic of ordered secondary structure elements. 
However, small differences in the NMR spectra (Figure 8 and Sup-
plemental Figure S8), concerning both chemical shift values and 
signal intensities, seem to indicate that at least local conformational 
changes may occur following acetylation. We cannot ignore that 
these changes may be important for the interaction of APE1 with 
SIRT1 deacetylase and with NPM1; they highlight the role that the 
charged status of K residues within this region may play at the pro-
tein structural level. Based on our data, it can be speculated that full 
acetylation of K27–35 may reduce SIRT1 binding to APE1, thus delay-
ing its enzymatic activity on K6/K7. This mechanism could represent 
a way to coordinate the kinetics of the overall acetylation status of 
the protein. According to this hypothesis, SIRT1 should first deacety-
late K27–35Ac before deacetylating K6/K7Ac. Our ability to identify 
APE1 peptides with varying amounts of acetylation on K27–35 sup-
ports the existence of a dynamic equilibrium between multiple 
acetylated forms of the protein within cells and thus its functional 
regulatory role. Moreover, the presence of SIRT1, found exclusively 
in the nucleoplasm but not in the nucleoli (similar to the APE1 acety-
lated on K27–35 and the reduced nucleolar presence of APE1 acety-
lated on K6/K7; Figure 8, A and B), suggests that acetylation of APE1 
may force its exit from nucleoli to nucleoplasm, where it can be 
deacetylated by SIRT1. This model is further supported by the sig-
nificantly reduced interaction of AcAPE1K27-35 with NPM1 (Figure 2). 
Further studies to identify the acetyltransferase able to acetylate 
APE1 within the nucleoli are in progress. Furthermore, this work sup-
ports findings by Yu et al. (2010), who demonstrated that these K 
residue conformational adjustments were concomitant with DNA 
binding and catalysis or with interaction with Pol β.

The nucleolar role of APE1 storage and regulation, as described 
here, may have profound biological consequences during cell re-
sponse to stressor signals, especially in light of recent evidence 
pointing to the nucleolus as a central hub in DNA damage 
(Nalabothula et al., 2010). Accordingly, the nucleolus seems respon-
sible for actively transmitting signals to the molecular complex regu-
lating p53 activity mediated by ARF–NPM1 interaction (Colombo 
et al., 2002; Lee et al., 2005; Nalabothula et al., 2010), and thus it is 
involved in the maintenance of genome stability. A careful elucida-
tion of the NPM1-ARF-p53 signaling networks and their involve-
ment in the DNA-repair pathway coordinated by APE1 is an impor-
tant subject for molecular carcinogenesis and deserves further study. 

colocalizes with APE1 in the nucleoplasm. The inner part of nucleoli, marked in the granular zone by NPM1, is negative 
for SIRT1. Right, biochemical isolation of nucleoli confirms that SIRT1 localizes in the nucleoplasmic fraction and it is 
excluded from nucleoli, where nucleolin, NPM1, and APE1 reside (see Materials and Methods for details). Nucleolin was 
used as a positive control for nuclear and nucleolar compartment. (B) Acetylated K6/K7-containing APE1 is enriched 
within the nucleoplasmic compartment with respect to nucleoli. After normalization for total APE1 protein amount, the 
levels of acetylated APE1 in nucleolar and nucleoplasmic fractions were analyzed through Western blotting. APE1 
acetylated at K6/K7 residues is predominately present within the nucleoplasmic fraction, whereas it is reduced in the 
nucleolar fraction. The histogram indicates the relative percentage amount of acetylated APE1 obtained from the 
densitometric quantification of acetylated APE1 bands normalized with respect to the amount of total APE1 in each 
fraction. Each bar represents the mean of two independent experiments whose variation was <10%. (C) CD spectra of 
the APE1(14–38) and APE1(14–38)K27/31/32/35Ac peptides in 10 mM phosphate buffer, pH 7. (D) Comparison of 1D (left), 
2D [1H, 1H] TOCSY (middle), and 2D [1H, 1H] ROESY (right) spectra of APE1(14–38) and APE1(14–38)K27/31/32/35Ac peptides 
in 10 mM phosphate buffer, pH 7.0. Two different expansions of the proton 1D spectrum are shown; the region 
between 0.8 and 2.4 ppm, in the lower inset, contains signals from side-chain protons. Acetyl methyl groups originate a 
peak around 2 ppm, which can be clearly seen in the spectrum of the acetylated peptide; peaks of backbone and 
side-chain NH atoms appear between 7.0 and 8.8 ppm in the upper inset. For 2D [1H, 1H] TOCSY and 2D [1H, 1H] ROESY 
experiments the HN-aliphatic protons correlation region of the spectra are reported.
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ing the ECL enhanced chemiluminescence procedure (GE Health-
care Piscataway, NJ) or Western Lightning Ultra (PerkinElmer, 
Waltham, MA). Normalization was performed by using a monoclonal 
anti-tubulin antibody (Sigma-Aldrich). Blots were quantified by using 
a Chemidoc XRS video densitometer (Bio-Rad, Hercules, CA).

Plasmids and expression of recombinant proteins
Expression and purification of recombinant proteins from E. coli 
were performed as previously described (Vascotto et al., 2009b; 
Fantini et al., 2010). Where recombinant proteins were used for in 
vitro assays, the acronym rAPE1 is used.

GST pull-down assay
A 150-pmol amount of either GST-tagged rAPE1WT or mutant pro-
teins was added to 15 μl of glutathione–Sepharose 4B beads (GE 
Healthcare), together with equimolar amounts of recombinant 
NPM1. Binding was performed in PBS, supplemented with 1 mM 
dithiothreitol (DTT) and 0.5 mM phenylmethylsulfonyl fluoride 
(PMSF) for 2 h, under rotation, at 4°C. Beads were washed three 
times with PBS, supplemented with 0.1% (vol/vol) Igepal CA-630 
(Sigma-Aldrich), 1 mM DTT, and 0.5 mM PMSF and resuspended in 
Laemmli sample buffer for Western blot analysis.

DNA–RNA ChIP assays
DNA–RNA ChIP assays were carried out by using a modified version 
of a protocol described earlier (Gilbert et al., 2000) and as detailed 
in the Supplemental Information.

Enzymatic fluorescence assays
To examine in vitro deacetylase activity on the acetylated APE1 re-
gion 25–38, we used the SIRT Fluorescent Activity Assay Kit (Biomol, 
Plymouth, PA). Optimizing manufacturer’s instructions, we used 
white plates (OPTI PLATE; PerkinElmer) with 384 wells at reduced 
volume (total reaction volume, 20 μl). Purified peptides were incu-
bated in 25 mM Tris-HCl, pH 8.0, 2.7 mM KCl, 137 mM NaCl, 1 mM 
MgCl2, and 1 mg/ml bovine serum albumin containing the enzyme 
(0.04 U/μl) and 25 μM Fluor de Lys-p53 peptide substrate (Arg-His-Lys-
Lys [Ac], from region 379–382 of human p53) in the presence/
absence of 250 μM NAD+ for 30 min at 37°C. Deacetylase activity 
was measured in arbitrary fluorescence units at 460 nm. Dose–
response experiments were carried out by using a 0–500 μM range 
of peptide concentration. Data fitting was performed using the 
GraphPad Prism 4 software, version 4.02 (GraphPad, La Jolla, CA). 
Data were in triplicate/duplicate from three independent assays.

Immunofluorescence confocal and proximity ligation 
analyses
Immunofluorescence procedures and PLA were carried out as de-
scribed earlier (Vascotto et al., 2009b, 2011). To study the interaction 
between APE1 and NPM1 in vivo, we used the in situ Proximity 
Ligation Assay technology (Olink Bioscience, Uppsala, Sweden). 
After incubation with monoclonal anti-APE1 (1:50) or anti-FLAG anti-
body (1:200) for 3 h at 37°C, cells were incubated with polyclonal 
anti-NPM1 (1:200) overnight at 4°C. PLA was performed following 
manufacturer’s instructions. Technical controls, represented by the 
omission of anti-NPM1 primary antibody, resulted in the complete 
loss of PLA signal. Cells were visualized through a Leica TCS SP laser-
scanning confocal microscope (Leica Microsystems, Wetzlar, 
Germany). Determination of PLA signals was performed using 
BlobFinder software (Center for Image Analysis, Uppsala University, 
Uppsala, Sweden). PLA technology was also used to detect acety-
lated APE1 at K27/K31/K32/K35 residues. Cells were incubated with the 

before transfection, cells were seeded in 10-cm plates at a density 
of 3.0 × 106 cells/plate. Cells were then transiently transfected 
with the indicated plasmids using the Lipofectamine 2000 reagent 
(Invitrogen), according to the manufacturer’s instructions. Cells were 
harvested either 24 or 48 h after transfection, as indicated.

For SIRT1-knockdown experiments, HeLa clones were trans-
fected with 150 nM siRNA siGENOME SMART pool or negative 
control siRNA 5′-CCAUGAGGUCAUGGUCUGdTdT-3′ (Dharmacon, 
Lafayette, CO), using Oligofectamine (Invitrogen). After 72 h the 
cells were harvested.

Preparation of total cell extracts and anti-FLAG 
coimmunoprecipitation
Preparation of total cell lysates and coimmunoprecipitation analyses 
were performed as described (Vascotto et al., 2009a,b).

Determination of AP endonuclease activity 
and abasic site assay
Determination of APE1 AP endonuclease activity was performed 
using an oligonucleotide cleavage assay, as described previously 
(Vascotto et al., 2009b) and detailed in the Supplemental 
Information.

Mass spectrometric analysis of APE1 acetylation
Characterization of APE1 acetylation was performed on the immu-
nopurified protein obtained from APE1-FLAG–expressing HeLa 
cells (Vascotto et al., 2009b). APE1 was resolved by SDS–PAGE; 
corresponding protein bands were excised, S-alkylated, and di-
gested with endoprotease AspN (Fantini et al., 2010). Digest ali-
quots were directly analyzed by nanoLC-ESI-LIT-MS/MS using an 
LTQ XL mass spectrometer (ThermoFisher Scientific, Waltham, MA) 
equipped with a Proxeon nanospray source connected to an Easy-
nanoLC (ThermoFisher Scientific; Arena et al., 2010; Scippa et al., 
2010), and analysis of APE1 acetylation was performed as described 
(D’Ambrosio et al., 2006) and detailed in the Supplemental Infor-
mation. A semiquantitative measurement of the amino acid modifi-
cation was obtained by extracting and integrating nanoLC-ESI-LIT-
MS peak areas corresponding to m/z values of the modified and 
nonmodified peptides in the same total ion chromatogram (Salzano 
et al., 2011). Modification extent was then assayed by evaluating 
the peak area of the modified peptide with respect to that of the 
modified peptide plus that of the nonmodified peptide, assuming 
identical ionization properties for modified and nonmodified spe-
cies. All these analyses were performed in triplicate.

Antibodies for immunofluorescence and immunoblotting
Antibodies used were anti-NPM1 monoclonal, anti-nucleolin mono-
clonal (Zymed, Invitrogen), anti-FLAG peroxidase-conjugated, 
anti-GST peroxidase-conjugated, anti-SIRT1 polyclonal (Abcam, 
Cambridge, MA), anti–c-myc (Santa Cruz Biotechnology, Santa Cruz, 
CA), and anti–β-tubulin monoclonal (Sigma-Aldrich). Anti-APE1 
monoclonal (Vascotto et al., 2009a) and anti-APE1K6K7Ac (Bhakat et al., 
2003) were described previously. Anti-APE1K27-35Ac polyclonal anti-
body was generated by PRIMM (Milan, Italy; Poletto et al., 2012).

Western blot analyses
For Western blot analyses, the indicated amounts of cell extracts 
were resolved in 12% SDS–PAGE and transferred to nitrocellulose 
membranes (Schleicher & Schuell BioScience, Dassel, Germany). 
Membranes were blocked with 5% (wt/vol) nonfat dry milk in phos-
phate-buffered saline (PBS) containing 0.1% (vol/vol) Tween 20 and 
probed with the indicated antibodies; blots were developed by us-
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