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ABSTRACT Nucleophosmin (NPM1) is a multifunctional protein that controls cell growth and
genome stability via a mechanism that involves nucleolar-cytoplasmic shuttling. It is clear that
NPM1 also contributes to the DNA damage response, yet its exact function is poorly under-
stood. We recently linked NPM1 expression to the functional activation of the major abasic
endonuclease in mammalian base excision repair (BER), apurinic/apyrimidinic endonuclease 1
(APE1). Here we unveil a novel role for NPM1 as a modulator of the whole BER pathway by
1) controlling BER protein levels, 2) regulating total BER capacity, and 3) modulating the nu-
cleolar localization of several BER enzymes. We find that cell treatment with the genotoxin
cisplatin leads to concurrent relocalization of NPM1 and BER components from nucleoli to the
nucleoplasm, and cellular experiments targeting APE1 suggest a role for the redistribution of
nucleolar BER factors in determining cisplatin toxicity. Finally, based on the use of APE1 as a
representative protein of the BER pathway, our data suggest a function for BER proteins in
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the regulation of ribogenesis.

INTRODUCTION

Nucleophosmin (NPM1; B23) is a diverse protein mainly known for
its involvement in cell proliferation, primarily through the modula-
tion of the multiple steps of ribosome biogenesis (Herrera et al.,
1995; Yu et al., 2006; Murano et al., 2008; Colombo et al., 2011). In
accordance with this function, the localization of the protein is largely
restricted to the nucleolar compartment, where NPM1 acts as a hub
protein. In tumor cells the nucleolar localization of NPM1 facilitates
the accumulation of several factors, such as the p14 alternative
reading frame tumor suppressor and the apurinic/apyrimidinic
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endonuclease 1 (APE1) DNA repair protein (Colombo et al., 2005;
Apicelli et al., 2008; Vascotto et al., 2013; Antoniali et al., 2014).
Continuous shuttling of NPM1 from nucleoli to the cytoplasm has
also been described, with this phenomenon being linked to a role as
a carrier for ribosomal particles (Yu et al., 2006).

NPM1 takes part in the maintenance of genomic stability, acting
as a licensing factor for centrosome replication (Lim and Wang,
2006), and accumulating evidence supports a direct role for NPM1
in the DNA damage response (DDR). NPM1-knockout (KO) studies
in mice revealed that this protein is essential for embryonic develop-
ment and that the absence of NPM1 leads to unrestricted cen-
trosome duplication and overall genomic instability; furthermore,
NPM1 haploinsufficiency accelerates oncogenesis (Grisendi et al.,
2005). Parallel studies showed elevated DDR markers (i.e., y-H2AX
and phosphorylated ATM) in NPM1 KO embryos, accompanied by
higher susceptibility to oncogenic transformation in mouse embry-
onic fibroblasts (MEFs) derived from KO mice (Colombo et al.,
2005). More recently, NPM1 was shown to relocalize to DNA dou-
ble-strand breaks after phosphorylation (Koike et al., 2010), and
pharmacological inhibition of the colocalization between phospho-
rylated NPM1 and y-H2AX foci sensitizes cells to ionizing radiation
(Sekhar et al., 2011). In addition, different DNA-damaging agents,
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ultraviolet (UV) irradiation in particular, induce nucleoplasmic relo-
calization of NPM1, often associated with increased expression of
the protein (Wu et al., 2002; Rubbi and Milner, 2003; Kurki et al.,
2004; Paron et al., 2004; Burger et al., 2010; Lo et al., 2013). Taken
together, these observations suggest a possible role for NPM1 in
the DDR, although the precise function(s) of the protein requires
more thorough characterization.

A role for NPM1 in the DNA base excision repair (BER) pathway
has been put forward. For instance, we demonstrated that NPM1
modulates the AP-site incision activity of APE1 (Vascotto et al., 2009,
2013; Fantini et al., 2010). Accordingly, NPM1 KO MEFs display in-
creased sensitivity to a wide range of genotoxins that elicit a BER
response (Vascotto et al., 2013), suggesting that NPM1 might be
considered a novel modulator of the BER pathway. Despite the
growing body of evidence linking NPM1, the DDR and the BER
pathway, a clear picture of the role(s) of NPM1 in coordinating these
processes is lacking.

In this study, we demonstrate for the first time that NPM1 plays
multiple roles during the DDR, modulating the BER pathway at vari-
ous levels. We show that NPM1 amount is critical for BER protein
stability and demonstrate that lack of NPM1 expression negatively
affects overall BER capacity, whereas NPM1 localization appears to
be critical for nucleolar retention of a subset of BER enzymes. More-
over, we show that impairment of nucleolar relocalization of a repre-
sentative BER enzyme (namely APE1) negatively affects cell resis-
tance to cisplatin. In addition, impaired expression of APE1 affects
ribosome biogenesis, suggesting an active role for the BER pathway
in a correct ribogenesis process. Our results highlight NPM1 multi-
layered intervention on BER and give new insight into the nucleolar
role of DNA repair pathways.

RESULTS

NPM1 depletion leads to BER protein up-regulation
independently of p53 status

Earlier work from our lab described and characterized the interac-
tion between NPM1 and APE1 (Vascotto at al., 2009; Fantini et al.,
2010). A functional relationship between the two proteins was sug-
gested by the observation that in p53/NPM1 double-KO MEFs
(hereafter, NPM17), the APE1 protein level was more abundant
than in the isogenic p53 KO control cells (NPM1+/%; Vascotto et al.,
2013). We extend these previous studies to investigate here whether
the absence of NPM1 has a broader effect on the BER pathway.
Western blot analyses carried out on whole-cell extracts from
NPM1++# and NPM1~~ MEFs reveal that BER protein levels are
largely up-regulated upon NPM1 depletion (Figure 1A). This situa-
tion is not restricted to the NPM1~/~ cells, which exhibit genetic in-
stability that could influence the results, as transient small interfering
RNA (siRNA)-mediated knockdown of NPM1 in NPM1+/* cells reca-
pitulated the BER expression phenotype for many of the proteins
tested (Figure 1B). Furthermore, reconstitution of NPM1~/~ cells with
recombinant human NPM1 largely reverted this phenotype (Figure
1C). Quantitative PCR analyses revealed that most of the BER fac-
tors (with DNA polymerase [PolB] as a clear exception) did not ex-
hibit any significant variation at the transcript level in NPM1~/~ MEFs
(Figure 1D), indicating that the NPM1 effect on BER proteins is pri-
marily mediated via posttranscriptional mechanisms.

To gain further insight into the molecular mechanisms by which
NPM1 exerts its effect on BER expression, we analyzed the BER pro-
tein expression pattern upon NPM1 knockdown in the Hela human
cervical carcinoma cell line. As seen in the MEFs, NPM1 depletion in
HelLa cells resulted in a general up-regulation in BER protein expres-
sion (Figure 2A). Because p53 function is impaired in the cells

1642 | M. Poletto et al.

studied to this point (Yaginuma and Westphal, 1991; Colombo et al.,
2005), we examined the effect of NPM1 depletion in the HepG2
hepatocarcinoma cell line, which harbors wild-type p53 (Vollmer
etal., 1999). We found that in the presence of functional p53, NPM1
depletion similarly induces increased BER protein levels (Figure 2B).

These data imply that NPM1 is a novel, direct modulator of the
BER pathway. Moreover, the BER protein up-regulation induced by
NPM1 knockdown is a widespread phenomenon independent of
cellular p53 status.

BER capacity is positively modulated by NPM1
NPM1~/~ MEFs have already been shown to display increased sensi-
tivity to a wide range of DNA-damaging agents that elicit a BER re-
sponse (e.g., methyl methanesulfonate and oxidizing agents). We
previously demonstrated that, despite the presence of an increased
amount of APE1 protein, the AP-site incision activity in NPM1~~ cell
extracts was significantly impaired (Vascotto et al., 2013). To assess
whether other downstream steps of the BER pathway were affected
by NPM1 depletion, we compared BER activities at equal amounts
of NPM1** and NPM1~/~ MEF cell extracts using standard in vitro
assays. Surprisingly, despite the higher content of BER proteins in
NPM1~/~ cell extracts (Figure 1A), both the nick-ligation and the
flap-incision activities showed marginal but not significant increase
(Supplemental Figure S1A). A small yet significant increased profi-
ciency in gap filling was observed in the NPM1~/~ extracts (Supple-
mental Figure S1A), consistent with elevated Polf expression (Figure
1A). Of importance, the same repair capacity results were obtained
using cell extracts prepared by different methods (i.e., detergent vs.
hypotonic extraction), suggesting that differential protein solubility
between the two cell lines does not account for our findings (unpub-
lished observations). We also carried out the BER assays at equal
(normalized) levels of PolB, DNA ligase llI, or flap endonuclease 1
(FEN1) by appropriately adjusting the amount of the NPM1+/* and
NPM1~/~ MEF whole-cell extract used. In this situation, and consis-
tent with the earlier findings, we observed impairment in every en-
zymatic step in extracts lacking NPM1 (Figure 3A), indicating that
NPM1 positively modulates each phase of the BER process in vitro.
Our analyses revealed that little or no difference is seen when
comparing the BER capacity of NPM1*/* and NPM1~/~ MEF cell ex-
tracts at the same total protein amount (Supplemental Figure S1A).
Previous studies, however, demonstrated a higher sensitivity of
NPM1~/~ cells to genotoxins (Vascotto et al., 2013) and the accumu-
lation of DDR markers in NPM1-KO embryos (Colombo et al., 2005),
suggesting that our biochemical approach might not fully capture
the dynamics of the BER response in intact cells. To address this is-
sue, we assessed in vivo BER capacity through a reporter-based as-
say. A luciferase reporter plasmid was heat-depurinated to obtain an
AP-DNA substrate and subsequently transfected into either NPM1+/*
or NPM 17/~ MEFs; restoration of the luciferase activity was used as
an indicator of cellular BER capacity. The heating treatment used
was shown to generate mainly AP sites in the reporter DNA, as con-
firmed through recombinant APE1 incision experiments, although a
small amount of spontaneously nicked plasmid DNA (which is also
repaired through BER) was also generated during the process (Sup-
plemental Figure S1B). Our measurements confirmed that NPM1-
deficient cells have an impaired BER response (Figure 3B), despite
their elevated levels of BER proteins, thus explaining the hypersen-
sitivity to genotoxins previously observed (Vascotto et al., 2013).
Consistently, transient depletion of NPM1 in NPM1+* MEFs resulted
in a similar BER impairment (Figure 3B), whereas reconstitution of
NPM1~/~ cells with an ectopically expressed FLAG-tagged human
NPM1 reversed this phenotype (Figure 3B).
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Depletion of NPM1 positively modulates BER protein amounts. (A) Representative Western blotting analysis
on NPM1** and NPM1~/~ whole-cell extracts (60 pg), showing the higher levels of BER proteins in the absence of NPM1
expression (left). Antibodies used are indicated on the right-hand side. Right, histogram reporting densitometric
quantification of Western blotting signals from at least three independent experiments. Protein amounts are expressed
as mean * SD of the signal, considering NPM1*/* as reference sample. Either actin or tubulin was used as loading control.
(B, C). Representative Western blotting analysis on whole-cell extracts (50 pg) from scrambled siRNA (siScr), NPM1
siRNA (siNPM1)-treated NPM1+/* cells (B), and mock- or NPM1-reconstituted (PNPM1) NPM1-/~ cells (C). Change in BER
protein levels upon NPM1 down-regulation or reexpression are indicated on the right-hand side. siScr cells or mock-
transfected cells were used as reference, respectively. Values indicated are mean £ SD from at least three independent
replicates. Antibodies used are indicated on the right-hand side; tubulin was used as loading control. (D) Real-time PCR
analysis comparing the relative amount of transcript for the indicated BER factors between NPM1+/+ and NPM1~/~ cells.
Among the genes tested, only Polf showed a statistically significant increment. Values reported are expressed as
mean + SD of the expression level in three independent replicates, considering NPM1*/* as reference sample.
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NPM1 knockdown positively modulates BER proteins independently of p53 status. (A) Representative
Western blotting analysis on HelLa whole-cell extracts (50 pg) from scrambled siRNA (siScr)- or NPM1 siRNA (siNPM1)-
treated cells (left). An increased amount of a subset of BER proteins is visible upon NPM1 down-regulation. Antibodies
used are indicated on the right-hand side. Right, histogram reporting the quantitative increment of different BER
proteins in Hela cells upon NPM1 down-regulation. Values reported are expressed as mean + SD of the fold of
induction relative to siScr-treated cells in at least three independent replicates. (B) Representative Western blotting
analysis on HepG2 whole-cell extracts (50 pg) obtained from siScr or siNPM1 cells (left). NPM1 depletion leads to
accumulation of different BER proteins. Antibodies used are indicated on the right-hand side. *Unspecific band. Right,
histogram reporting the increase of BER protein levels in HepG2 cells upon NPM1 down-regulation. Values reported are
expressed as mean + SD of the fold of induction relative to siScr-treated cells in at least three independent replicates.
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NPM1 contributes to the tuning of BER capacity. (A) In vitro BER assays using
NPM1++ and NPM1~/~ whole-cell extracts at equal amounts of DNA PolB, DNA ligase Il (Liglll),
or FEN1 reveal impaired gap-filling, nick-ligation, and flap-incision activities, respectively, in the
absence of NPM1. For each enzymatic activity we report a representative denaturing gel
analysis, along with a Western blot indicating the amount of cell extract used to obtain
comparable quantities of each BER factor (left). Graphs (right) describe the percentage of
substrate (S) converted to product (P) as a function of time. Values reported are mean + SD of at
least three independent experimental replicates. (B) In vivo BER capacity assessment using a
reporter-based system as indicated in Materials and Methods (left). The assays highlight a
positive role for NPM1 in the modulation of BER capacity. Histograms show mean + SD of at
least three independent replicates. Luciferase activity for the depurinated plasmid relative to
that of undamaged DNA is reported. A statistically significant impairment in BER capacity is
observed when comparing NPM1+/+ and NPM1~/~ cells. A similar defect in BER-mediated repair
is also visible when comparing siScr- and siNPM1-treated NPM1+/* cells. Reconstitution of
NPM1~/~ cells with human recombinant NPM1 (pNPM1) instead restored the BER defect. A
representative Western blotting analysis (right) shows NPM1 levels in the siScr- and siNPM1-
treated NPM1+/* cells and in the mock- and NPM1-reconstituted (pNPM1) NPM1~/~ cells used in
the in vivo BER assays. Tubulin was used as loading control.
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NPM1 regulates BER protein
localization during nucleolar stress
NPM1 is considered a hub factor, as it medi-
ates the nucleolar retention of several pro-
teins (e.g., p14 alternative reading frame,
APE1; Emmott and Hiscox, 2009; Antoniali
et al., 2014). Given the dysregulation of BER
capacity in the absence of NPM1, we inves-
tigated whether the subcellular localization
of BER proteins was altered in the NPM1~/~
background. Strikingly, whereas immunoflu-
orescence staining for endogenous APE1,
FEN1, Ligl, or DNA polymerase & catalytic
subunit revealed accumulation of a fraction
of these proteins within nucleoli, the lack of
NPM1 led to impairment in the nucleolar
retention of all of these factors (Figure 4A).
Of importance, failure of the BER proteins to
accumulate within nucleoli was not a conse-
quence of nucleolar disruption, as NPM 17/~
cells did not display abnormalities in the
fibrillarin localization (Colombo et al., 2005;
Korgaonkar et al, 2005; Supplemental
Figure S2). Reconstitution of NPM1~/~ MEFs
with recombinant NPM1 resulted in restora-
tion of the nucleolar accumulation of the
BER proteins (Figure 4B; Vascotto et al.,
2013), indicating that NPM1 is indeed cru-
cial for the storage or retention of BER fac-
tors within nucleoli. Furthermore, coimmu-
noprecipitation experiments with Hela cells
transiently transfected with a recombinant
FLAG-tagged form of NPM1 confirmed that
NPM1 is found in vivo within complexes
containing the majority of the BER proteins
(Figure 5).

NPM1 undergoes nucleoplasmic relocal-
ization after diverse stress stimuli, including
UV irradiation, RNA polymerase | (Pol 1) inhi-
bition, and treatment with several antitumor
drugs (Rubbi and Milner, 2003; Burger et al.,
2010). We reasoned that if NPM1 is neces-
sary for the nucleolar retention of BER pro-
teins, then a stimulus able to induce NPM1
relocalization from nucleoli should lead to a
concomitant change in the localization of
the BER enzymes. Cell treatment with cispl-
atin, daunorubicin, or actinomycin D (a
known Pol | inhibitor) led to NPM1 relocal-
ization to the nucleoplasmic compartment
(Figure 6 and Supplemental Figure S3, A
and B). In accordance with our hypothesis,
NPM1 shuttling was associated with a re-
markable modification in the localization
pattern of several BER proteins, with exten-
sive nucleolar depletion observed for FEN1,
Ligl, and APE1 (Figure 6 and Supplemental
Figure S3, A and B). We note, however, that
under conditions that induce DNA damage
usually processed by the BER pathway (e.g.,
H,O,, methyl methanesulfonate), we did
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NPM1 promotes the accumulation of BER proteins within nucleoli. (A) Representative immunofluorescence
images showing the differential subcellular localization of diverse BER factors in NPM1*/+ and NPM1~/~ cells. Each
protein analyzed (left) shows nucleolar accumulation (white arrowheads) only in the presence of NPM1. TO-PRO-3
counterstaining was used to highlight nuclei; bars, 16 ym. (B) Representative immunofluorescence analysis on mock- and
NPM1-reconstituted (pNPM1) NPM1~/~ cells. NPM1 staining (0-FLAG, green) was used to localize cells positively
transfected with FLAG-tagged human NPM1; NPM1 reexpression restores the accumulation of BER proteins (red) within

nucleoli. Nuclei are counterstained with TO-PRO-3; bars, 16 um.

not observe any major relocalization of either NPM1 or APE1
(unpublished observations).

Taken together, our findings suggest that NPM1 can modulate
nucleolar accumulation of various BER proteins under normal physi-
ological conditions. On triggering of nucleolar stress, through either
a specific DNA-damaging drug or Pol | inhibition, NPM1 relocaliza-
tion to the nucleoplasm coincides with simultaneous release of BER
factors from nucleoli.

Active redistribution of APE1 from nucleoli after cisplatin-
induced stress

The onset of a nucleolar stress response is often associated with
extensive reorganization of the nucleolar proteome, which affects
the ribosome synthesis rate, as well as the distribution of DNA repair
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proteins (Rubbi and Milner, 2003; Burger et al., 2010; Moore et al.,
2011; Antoniali et al., 2014). The cisplatin treatment used to induce
the relocalization of NPM1 and BER enzymes leads to the formation
of fibrillarin caps (Shav-Tal et al., 2005), along with a drop in the 47S
rRNA transcription rate (Supplemental Figure S4A). To examine
whether redistribution of BER proteins is merely a passive conse-
quence of nucleolar disassembly, we analyzed the behavior of APE1
as a representative enzyme of the pathway. We recently character-
ized a set of critical lysine residues within the APET N-terminal
domain (K27, K31, K32, and K35), conversion of which to alanine
generates a mutant protein (APE1K4P'*A) endowed with higher repair
endonuclease activity that accumulates less efficiently within nucle-
oli and strongly impairs cell proliferation (Lirussi et al., 2012). Sulbsti-
tution of the same residues with arginine renders the APE1 protein

Molecular Biology of the Cell
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(APE1K4PIeR) refractory to acetylation but does not affect its nucleolar
accumulation, the cell growth rate, or its ability to interact with
NPM1 (Lirussi et al., 2012). Although we observed prompt relocal-
ization of APETVT from nucleoli upon cisplatin treatment, the non-
acetylatable APE1X4P!*R mutant was incapable of such redistribution,
and the APE1*4Pl*A mutant exhibited no change in its localization
pattern (Figure 7A); expression of either APE1 mutant did not affect
the cisplatin-induced relocalization of NPM1 (unpublished observa-
tions). These results indicate that other factors, in addition to NPM1,
may contribute to APE1 retention within nucleoli. In the case of cis-
platin-induced nucleolar stress, APE1 does not freely relocalize as a
consequence of nucleolar breakdown, nor is the protein simply
towed to the nucleoplasm by NPM1, but instead, some kind of
posttranslational modification (PTM; e.g., acetylation [Lirussi et al.,
2012] or ubiquitination [Busso et al., 2009; Meisenberg et al., 2011])
is seemingly required for its redistribution.

To examine whether the ability of APE1 to translocate from nucle-
oli affects cellular response to cisplatin, we exploited a Hela cell
model that, through a doxycycline-dependent inducible expression
of specific short hairpin RNAs, allows us to knock down the endog-
enous form of APE1 and substitute ectopically expressed siRNA-
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resistant wild-type or mutant APE1 forms (Vascotto et al., 2009;
Lirussi et al., 2012). The APE1X4P'*R-expressing clone showed signifi-
cantly increased sensitivity to cisplatin, suggesting that correct shut-
tling of APE1 from the nucleoli to the nucleoplasm is essential for
cellular resistance to cisplatin (Figure 7B and C). Moreover, expres-
sion of the nucleoplasmic APE1¥4P'A mutant form is protective at low
doses of cisplatin (Figure 7B and C). Because inhibition of the APE1
catalytic activity via an indirect inhibitor, methoxyamine, or a direct
small-molecule inhibitor, compound #3, in the APE1<leA cells did
not affect the resistance phenotype to cisplatin (Supplemental Figure
S4, B and C), the lower proliferation rate of the APE1<4PlA-express-
ing clone likely explains the protective effect, not the higher AP-site
incision capacity of the APE1 mutant.

In summary, these results suggest that, upon nucleolar stress,
APE1 redistribution (and possibly that of other BER proteins) is not a
passive event but is a tightly regulated phenomenon that likely in-
volves PTMs of specific lysine residues in the protein. Furthermore,
it is clear that interfering with cisplatin-induced BER protein relocal-
ization has a major effect on cell survival.

The expression of APE1 affects ribosome biogenesis

The effect observed on BER protein localization upon cisplatin,
along with the concurrent impairment in nucleolar transcription,
points to a major role for BER components in the maintenance of
ribosome biogenesis. We previously demonstrated that the accu-
mulation of APE1 within nucleoli is linked to the efficiency of the
rRNA quality control mechanisms (Vascotto et al., 2009). To gain
further insights into the function of nucleolar BER enzymes, we
transiently depleted cells of APE1 and measured the rRNA tran-
scription rate through two complementary assays. First, we as-
sessed the nucleolar incorporation of fluorouridine (FUrd), a fluori-
nated UTP analogue, into nascent rRNA transcripts (Kruhlak et al.,
2007; Percipalle and Louvet, 2012). Of note, depletion of APE1
resulted in a strong impairment in nucleolar FUrd uptake (Figure 8,
A and B). Second, we corroborated this observation by metabolic
[3?Plorthophosphate-labeling experiments, which confirmed the
reduced synthesis rate of the 47S rRNA precursor in APET-
depleted cells (Figure 8, A and C). Together, these data show that
the expression of APE1 is crucial for efficient transcription of ribo-
somal genes. These data, coupled with our previous evidence
(Vascotto et al., 2009), allow us to conclude that nucleolar APE1
and possibly other BER enzymes within the nucleolus play an ac-
tive role in ribogenesis.

DISCUSSION

The data presented here support a novel role for NPM1 as a muilti-
level modulator of the BER pathway. NPM1 is a well-known nucleo-
lar stress marker that undergoes nucleolus-to-nucleoplasm relocal-
ization upon diverse DNA-threatening cues or after inhibition of
Pol I-mediated transcription (Rubbi and Milner, 2003). On the basis
of our results, we suggest that NPM1 operates on the BER pathway
at (at least) three different levels:

1) NPMT1 affects the stability of BER proteins. Our data demonstrate
that lack of or reduced NPM1 expression results in an accumula-
tion of several BER factors through a mechanism that is indepen-
dent of the p53 status. It is worth pointing out that some of the
expression changes that we observed are quantitatively small
and may be indirect, in that increased expression of one BER
protein may lead to higher levels of another pathway compo-
nent. The coordinated modulation of so many factors, however,
might play a significant role in overall repair capacity.
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NPM1 modulates BER protein localization during nucleolar stress. Representative immunofluorescence
analysis on the indicated proteins underlines the dramatic change in subcellular localization upon nucleolar stress
induced by cisplatin treatment (100 uM for 6 h) in HelLa cells. BER proteins, as well as NPM1, relocalize from nucleoli to
the nucleoplasm; for some BER factors (APE1, FEN1, Ligl) nucleolar emptying is also evident. TO-PRO-3 counterstaining

was used to highlight nuclei; bars, 16 pm.

2) NPM1 promotes BER protein nucleolar retention. The presence
of DNA-repair proteins within nucleoli is well established (Moore
et al., 2011; Antoniali et al., 2014). In fact, several BER proteins,
including SMUG1, APE1, FEN1, XRCC1, aprataxin, and PARP1/2,
have been reported to accumulate within nucleoli, where they
may carry out functions that differ from their “canonical” roles in
DNA repair (e.g., rRNA processing; Meder et al., 2005; Becherel
et al., 2006; Guo et al, 2008; Vascotto et al., 2009, 2013;
Rancourt and Satoh, 2009; Jobert et al., 2013). To the best of our
knowledge, this is the first report showing that a fraction of Ligl
and DNA polymerase § catalytic subunit also accumulates within
nucleoli in an NPM1-dependent manner, suggesting a promi-
nent role for NPM1 in modulating nucleolar BER accumulation.

3) NPM1 regulates the efficiency of each BER step. We previously
demonstrated that NPM1 modulates APE1 endonuclease activ-
ity through direct protein—protein interaction (Vascotto et al.,
2009, 2013). Here we show that NPM1 affects not only AP-site
incision, but also each enzymatic step of BER after APE1 cleav-
age, with a reduction of in gap-filling, flap-incision, and nick-liga-
tion activities after NPM1 depletion, despite increases in several
BER protein levels. Moreover, in vivo repair assays point to sig-
nificant dysregulation in BER pathway dynamics in the absence
of NPM1. A possible explanation for the observed dysfunction is
that NPM1 may enhance overall BER capacity through its chap-
erone-like activity, acting through protein—protein or protein—
DNA interactions, as already described for histones (Gadad
et al., 2011). Attempts to restore each BER enzymatic step in
NPM1~= cell extracts with purified recombinant NPM1 were
unsuccessful (unpublished observations), suggesting that PTMs
either of, or induced by, NPM1 may be required for BER modula-
tion. On the other hand, the measured BER impairment may
reflect overall dysregulation in BER enzyme expression, which
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might result in an uncoordinated BER response. Although future
studies aimed at elucidating molecular mechanisms underlying
NPM1-mediated BER stimulation are needed, the BER impair-
ment measured in vivo likely reflects a profound role for NPM1 in
stimulating BER capacity.

A peculiar aspect of our observations is the extensive relocaliza-
tion of BER proteins from nucleoli upon DNA damage or Pol | inhibi-
tion. If we consider the nucleolus as a storage depot, our data would
point to the redistribution of BER proteins as a means of increasing
the nucleoplasmic repair capacity. A possible contribution of the
BER pathway in repairing damage induced by cisplatin (as already
suggested; Wilson and Seidman, 2010; Kothandapani and Patrick,
2013), daunorubicin, or actinomycin D is conceivable, as all of these
agents have been reported to promote accumulation of oxidative
stress and markers of DNA strand breaks (Ali et al., 2002; Mischo
et al., 2005; Carifio-Cortés et al., 2010). Despite numerous studies
reporting NPM1 relocalization upon nucleolar stress, there is little
evidence supporting this model for classic BER-related agents (e.g.,
alkylating compounds or H,O,). Furthermore, crude estimates on
nucleoli biochemically purified from Hela cells under basal condi-
tions revealed that the amount of BER proteins retained in nucleoli
is only a small fraction of the whole nuclear content (0.5-9%; M.
Poletto unpublished data). Because relocalization involves such a
tiny amount of protein, it is very unlikely that redistribution per se is
affecting overall BER capacity in a relevant manner. What is more
significant, however, is the dramatic drop in nucleolar BER protein
amount upon nucleolar stress. Nucleolar BER proteins have been
suggested to exert functions related to rRNA quality control and
cellular proliferation in addition to DNA repair (Guo et al., 2008,;
Vascotto et al., 2009; Jobert et al., 2013). SMUG1 enzymatic activity,
for instance, has been implicated in rRNA quality control mecha-
nisms (Jobert et al., 2013), whereas interfering with FEN1 nucleolar
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APE1 redistribution upon cisplatin requires active modification of lysine residues and protects cells from
cisplatin cytotoxicity. (A) Representative immunofluorescence analysis on Hela cells expressing different FLAG-tagged
APE1 forms. On cisplatin treatment (100 pM for 6 h) only APE1WT redistributes from nucleoli (white arrowheads),
whereas the nonacetylatable APE1X4PeR does not display major relocalization. The APE1X4P'eA form fails to accumulate
within nucleoli, regardless of the cisplatin treatment. TO-PRO-3 counterstaining was used to highlight nuclei; bars,

16 pm. (B) Viability assay on Hela cell clones expressing the indicated APE1 forms. Cells were treated with doxycycline
to induce endogenous APE1 knockdown (Lirussi et al., 2012) and challenged with increasing amounts of cisplatin for
24 h. The histogram reports the mean + SD of at least three independent experimental replicates. The APE1K4PleR-
expressing clone is hypersensitive to cisplatin, indicating that modification on critical APE1 lysine residues and
redistribution of the protein from nucleoli are important to cell survival. The APE1K4Pl*A-expressing cells, conversely,
show a protective phenotype linked to a decreased cell proliferation rate. (C) Representative Western blot analysis on
Hela cell clones used for the experiments in B. HeLa whole-cell extracts (20 pg) from the indicated clones were probed
with an anti-APE1 antibody. The analysis shows comparable expression of the ectopic APE1 forms (ecto) and minimum
residual of the endogenous protein (endo). Tubulin was used as loading control.
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FIGURE 8: Depletion of APE1 leads to nucleolar impairment. (A) Representative Western blot
analysis on Hela cells treated with either a scrambled siRNA (siScr) or an APE1-targeting siRNA
(siIAPE1) shows the efficiency of APE1 knockdown. Tubulin was used as loading control. (B) FUrd
labeling of siScr- and siAPE1-treated Hela cells. Left, representative immunofluorescence
showing the preferential accumulation of FUrd within transcriptionally active nucleoli only in
APE1-proficient cells (white arrowheads). Bars, 8 pm. Right, histogram reporting the average
FUrd nucleolar incorporation efficiency in siScr and siAPE1 cells. Values reported express the
average amount of FUrd-positive cells £ SD from at least three independent experiments.

(C) [*2P]phosphate metabolic labeling of nascent rRNA transcripts in HeLa cells treated with
siScr, siAPE1, or actinomycin D (as positive control) reveals the nucleolar impairment in
APE1-depleted cells. Cells were transfected with siRNAs and 48 h later pulsed for 1 h with
[®2Plorthophosphate as described in Materials and Methods. Left panel, total RNA was
extracted and the amount of labeled rRNA precursors was measured through autoradiography.
Ethidium bromide staining was used as loading control. Right, histogram reporting the average
[32P]phosphate incorporation into the 47S precursor in siScr and siAPE1 cells. Values reported
express the mean incorporation + SD from at least three independent experiments. siScr was
used as reference sample.

protein relocalization observed upon stimuli
known to affect the cell cycle (e.g., cisplatin,
daunorubicin, actinomycin D) but not to ac-
tivate a BER response reflects the onset of
cell proliferation arrest. This hypothesis,
which requires further investigation, would
imply a leading role for nucleolar BER pro-
teins in controlling cell proliferation.

Based on our findings, the effect of
NPM1 on the BER pathway during stress re-
sponse might be summarized as follows:
under basal conditions, NPM1 functions as a
nucleolar gatekeeper, retaining a small sub-
population of BER factors within nucleoli.
Nucleoplasmic BER proteins are homeostat-
ically maintained at sufficient concentration
and activity to grant a steady-state DNA re-
pair level (Parsons and Dianov, 2013), limit-
ing accumulation of DNA repair factors that
could otherwise increase genomic instability
(Parsons et al., 2008). On triggering of nu-
cleolar stress, NPM1 is released to the nu-
cleoplasm along with BER proteins. This
event may foster p53-dependent cell cycle
arrest (where p53 stabilization is achieved
through NPM1-mediated HDM2 sequestra-
tion; Kurki et al., 2004). BER proteins exiting
from nucleoli might contribute to the arrest
of cell proliferation, at least through the im-
pairment of normal ribosome biogenesis.
This cascade of events should maintain a
cell cycle delay sufficient to complete DNA
repair, while at the same time, nucleoplas-
mic NPM1-mediated coordination of BER
enzymes could promote faster DNA repair.
A similar involvement of NPM1 in the fine
tuning of additional DNA repair pathways is
not to be excluded, and evidence of the
nucleolar exit of other DNA repair proteins
in response to DNA damage has been re-
viewed (Antoniali et al., 2014, and refer-
ences therein). Further comprehension of
the precise functional significance of DNA
repair protein shuttling between the nucleo-
lus and the nucleoplasm, however, deserves
more extensive investigation.

MATERIALS AND METHODS

Cell culture, treatments, and siRNA
transfection

P53~ (NPM1+%) and p53~/-/NPM1~/-
(NPM1~/7) MEFs (Colombo et al., 2005) and
all the cell lines used were grown in DMEM
(GE Healthcare, Piscataway, NJ) supple-

retention causes reduced survival (Guo et al., 2008). We previously
showed that impairment of nucleolar accumulation of APE1 reduces
cell proliferation (Lirussi et al., 2012). Data presented here suggest
that APE1’s ability to redistribute from nucleoli also affects the cel-
lular response to cisplatin. Moreover, we show here that the expres-
sion of APE1 is critical for transcription of ribosomal genes within
nucleoli, and it seems likely that other BER genes will also play an
important role during ribogenesis. Thus we suggest that the BER
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mented with 10% fetal bovine serum (FBS; GE Healthcare), 100 U/ml
penicillin, and 100 pg/ml streptomycin sulfate. Hela cells reconsti-
tuted with mutant APE1 forms were grown as indicated (Lirussi et al.,
2012). Daunorubicin was from Bosche Scientific; cisplatin was
purchased from Sigma-Aldrich (Milan, Italy) and freshly resuspended
in dimethylformamide before each use. For siRNA experiments,
1 x 10° cells were seeded onto six-well plates and transfected 24 h
later with 50 pmol of either a scrambled control siRNA or the

Molecular Biology of the Cell



target-specific siRNA by using the Oligofectamine Reagent
(Invitrogen, Carlsbad, CA) as per manufacturer’s indications. All
siRNAs were from Thermo Scientific (Lafayette, CO); ON-
TARGETplus SMARTpools were used for NPM1 down-regulation in
human and mouse cells, and the oligonucleotide sequence used
for APE1 was 5-UACUCCAGUCGUACCAGACCU-3". Cells were
harvested 48 or 72 h after transfection.

Preparation of cell extracts and Western blotting

Whole cell extracts (WCEs) for Western blotting analyses were pre-
pared as described (Vascotto et al., 2009). Cell extracts for in vitro
BER assays were prepared by resuspending cells in hypotonic buf-
fer (50 mM Tris pH 7.4, 1 mM EDTA, 0.5 mM dithiothreitol [DTT],
Protease Inhibitor Cocktail [Sigma-Aldrich], 1 mM phenylmethyl-
sulfonyl fluoride [PMSF]); the cell suspension was freeze-thawed,
and KCl was added to a final concentration of 222 mM. After
30 min on ice, the cell lysate was cleared by centrifugation and
supplemented with glycerol (10% final concentration); protein
concentration was determined using the Protein Assay reagent
(Bio-Rad, Hercules, CA). Western blotting procedures were carried
out as already described (Vascotto et al., 2009). Images were ac-
quired and quantified using a Chemidoc XRS video-densitometer.
A complete list of the antibodies used is given in the Supplemental
Materials and Methods.

Coimmunoprecipitation

Cells transfected with FLAG-tagged NPM1 were lysed in 50 mM
Tris-HCI (pH 7.4), 150 mM NaCl, 1 mM EDTA, 1% Triton X-100
supplemented with Protease Inhibitor Cocktail, 0.5 mM PMSF,
1 mM NaF, and 1 mM Na3VOy, under gentle rocking for 20 min at
4°C. The cell extract was clarified by centrifugation, and coimmu-
noprecipitation was carried out for 3 h using the anti-FLAG M2
affinity gel (Sigma-Aldrich) as per the manufacturer’s indications.
Coimmunoprecipitated material was eventually eluted by incuba-
tion with 0.15 mg/ml FLAG peptide in Tris-buffered saline (TBS)
and analyzed as indicated.

Immunofluorescence and confocal microscopy

For immunofluorescence analyses, cells grown on glass coverslips
were fixed with 4% paraformaldehyde for 20 min and extracted for
5 min in PBS/Triton X-100, 0.1%. Cells were saturated with 10% fetal
bovine serum in TBS/Tween-20, 0.1%, and incubated overnight with
primary antibodies. A complete list of the antibodies used is given
in the Supplemental Materials and Methods. Rhodamine red-,
DyLight 549—, or Alexa Fluor 488-conjugated secondary antibodies
(Jackson ImmunoResearch, West Grove, PA) were used for detec-
tion. Cells were visualized through a Leica TCS SP laser-scanning
confocal microscope (Leica Microsystems, Wetzlar, Germany)
equipped with a 488-nm argon laser, a 543-nm HeNe laser, and a
63x oil immersion objective (HCX PL APO CS 63x/1.32-0.60; Leica).
Data were acquired at room temperature (23°C) using the integrated
Leica Confocal Software package; multicolor images were captured
through sequential scanning.

Viability assays

Cell viability was measured through the CellTiter 96 AQueous One
Solution Cell Proliferation Assay (Promega, Madison, WI) as per the
manufacturer’s instructions.

In vitro BER assays. WCE-based BER assays were carried out by

using standard 3?P-radiolabeled oligonucleotide substrates essentially
as described in McNeill et al. (2004), with minor modifications. Briefly,

Volume 25 May 15, 2014

all reactions were performed in the same reaction buffer (50 mM
4-(2-hydroxyethyl)-1-piperazineethanesulfonic  acid, pH 7.5,
100 mM KCI, 10% glycerol, 1 mM DTT) at 37°C for the indicated
time; oligonucleotide substrates have been described (McNeill
et al., 2004). Flap-incision reactions were carried out using 1 pg of
WCE; gap-filling reactions were carried out using 3 pg of WCE,
and nick-ligation assays were completed with 5 pg of WCE. Gap-
filling reactions were supplemented with 0.5 mM dCTP; nick-
ligation reactions were instead supplemented with 1 mM ATP.
Reactions were stopped with 10 pl of 96% formamide and 10 mM
EDTA and analyzed by electrophoresis on 15 or 20% sequencing
(for gap-filling reactions) denaturing polyacrylamide gel. The
percentage of substrate converted to product was determined
after background subtraction using standard phosphorimager
analysis and ImageQuant software.

In vivo BER capacity measurements. For reporter-based BER
assays, a pPCMV/Luc plasmid was in vitro depurinated by incubation
at 65°C for 40 min in 0.1 M sodium citrate and 0.5 M NaCl. DNA was
ethanol precipitated and resuspended in water for transfection. We
seeded 1 x 10* cells onto 96-well plates and transfected them with
200 ng of either damaged or undamaged pCMV/Luc along with
8 ng of intact pPCMV/RL (encoding for the Renilla luciferase, as a
reference for transfection efficiency) using Lipofectamine2000
Reagent (Invitrogen) as per manufacturer’s indications. Luciferase
activity was measured 8 h after transfection by the Dual-Glo
Luciferase Assay System (Promega); repair efficiency was expressed
as percentage of luciferase signal normalized to undamaged plasmid
signal.

Assessment of nucleolar transcription

Fluorouridine incorporation was assessed as described previously
(Kruhlak et al., 2007; Percipalle and Louvet, 2012), with minor mod-
ifications. Briefly, cells were transfected with the indicated siRNA
for 48 h, washed in warm DMEM, and incubated with 2 mM FUrd
(Sigma-Aldrich) in DMEM for 15 min at 37°C. Cells were then
washed with ice-cold phosphate-buffered saline (PBS), fixed with
4% paraformaldehyde for 10 min at room temperature, and washed
with PBS. FUrd was visualized after cell permeabilization with 0.5%
Triton X-100 for 5 min at room temperature; cells were incubated
with a monoclonal anti-BrdU antibody (Sigma-Aldrich) for 1 h,
washed twice with PBS, and then stained for 1 h with an Alexa
Fluor 488-conjugated anti-mouse secondary antibody (Jackson
ImmunoResearch).

[32PJorthophosphate metabolic labeling was performed essen-
tially as described previously (Burger et al., 2010). Briefly, 48 h after
siRNA transfection cells were harvested by trypsinization and phos-
phate depleted in phosphate-free DMEM (Invitrogen) supplemented
with 10% dialyzed FBS for 1 h under rocking. [*?Plorthophosphate
labeling was then carried out in phosphate-free DMEM supple-
mented with 15 pCi [*2Plorthophosphate (PerkinElmer, Waltham,
MA) for 1 h. Total RNA was eventually isolated using the TRIzol
Reagent (Invitrogen) as per manufacturer’s indications. Samples
were then separated onto a 1% agarose-formaldehyde gel, dried,
and subjected to autoradiography; ethidium bromide staining of the
28S species was used as loading control. Actinomycin D (1 ug/ml)
was used as positive control and was introduced for 1 h during phos-
phate depletion.

Statistical analyses
Statistical analyses were performed by using the Student's t test.
p < 0.05 was considered as statistically significant.
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