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a b s t r a c t

Nucleophosmin (NPM) is a multifunctional nucleolar protein that has been linked with nucleolar stress.
In non-neuronal cell lines, NPM may enhance or inhibit the activity of tumor suppressor p53, a major
apoptotic protein. The relationship between NPM and p53 in the central nervous system (CNS) remains
unknown. Here, we assessed the role of NPM in the CNS using a model of seizure-induced neurodegen-
eration. We show that NPM overexpression is neuroprotective against kainic acid-induced excitotoxicity,
and that downregulation of NPM is pro-apoptotic in a p53-independent manner. These results suggest a
key role for NPM in promoting neuronal survival and a novel mechanism of neuronal degeneration trig-
gered by nucleolar stress.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction in ribosome assembly [5], chromatin remodeling and centrosome
The nucleolus, a non-membrane bound intranuclear structure,
is well-known for its role in ribosomal RNA synthesis, ribosome
assembly and diverse cellular processes relevant to cell growth
and proliferation, cell cycle control and tumorigenesis [1]. Recent
evidence has also implicated the nucleolus in the cellular response
to stress [1,2]. In this regard, UV radiation, hypoxia and other
cytotoxic agents, may result in nucleolar stress characterized by
disruption of nucleolar structure, redistribution of nucleolar pro-
teins, and inhibition of nucleolar function [1,3,4].

Nucleophosmin (NPM) is a multifunctional protein that has
been shown to play an important role in the nucleolar response
to stress [1,2]. NPM levels are closely correlated with mitogen-
induced cell proliferation, and NPM fusion proteins are found in
several malignancies [3,4]. Importantly, NPM directly participates
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duplication [5,6]. During nucleolar stress NPM may stabilize tumor
suppressor p53, a major regulator of apoptosis, or promote its deg-
radation [1,7]. The relationship between NPM and p53 varies with
cell type and/or stimulus [7,8]. Thus, NPM may block apoptosis by
preventing p53 mitochondrial translocation, but can also interact
with the pro-apoptotic protein, Bax, and promote cell death
[9,10]. In contrast to non-neural systems, the role of NPM in the
CNS is poorly understood. Here we demonstrate a link between
NPM abundance and neuronal survival following excitotoxic in-
jury. Studies in cultured neurons show that NPM downregulation
is pro-apoptotic in a p53-independent manner. These results sug-
gest a key role for the nucleolar protein, NPM, as a promoter of
neuronal survival.

2. Materials and methods

2.1. Animals and drug treatment

Sprague Dawley rats (4 weeks old) obtained from Charles River
were injected subcutaneously with the excitotoxin, kainic acid (KA,
10 mg/kg) (N = 5–7) or vehicle control (10 mM Tris–HCl) (N = 5)
[11]. Following KA administration animals were observed for at
least 4 h for spontaneous seizures. Only those animals exhibiting
status epilepticus were included in the study. Rats were sacrificed
under CO2 gas anesthesia at indicated time points after KA admin-
istration and the brain was rapidly removed and dissected [11].
Breeding pairs of p53-deficient mice on an FVB background
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obtained from The Jackson Laboratory (Bar Harbor, ME) were bred
by crossing p53+/� with either p53+/� or p53�/� mice and con-
firmed by genotyping. Wild type (p53+/+) littermates were used
as controls. Mice 4 weeks postnatal were given KA (20 mg/KA,
s.c.) and processed similar to rats. All animals were treated in
accordance with the guidelines of the UC Irvine School of Medicine
and housed at the vivarium on a 12 h light/dark cycle with food
and water available ad libitum.
2.2. Cell culture and treatments

Primary cortical neuron cultures were prepared from embryonic
day 18 (E18) Sprague–Dawley fetuses and cultured in neurobasal
media as described [11]. Human SH-SY5Y neuroblastoma cell line
and NE-4C cells were obtained from the American Type Culture Col-
lection (ATCC, Manassas, VA). SH-SY5Y cells were cultured with a
1:1 mixture of DMEM and F12 media, 10% FBS, 0.2% PenStrep and
5 mM glutamine. NE-4C neuroectodermal cells were cultured in
DMEM, 10% FBS, 0.2% PenStrep and 5 mM glutamine. Primary neu-
rons or SH-SY5Y cells were treated with KA (100–400 lM) for
10 min [11]. For CPT treatments, 0.05–1.0 lM was directly added
Fig. 1. Downregulation of NPM following KA-induced excitotoxicity. (A) Immunohistoch
NPM staining in the CA1 region of the hippocampus of rats treated with KA compared
demonstrates normal morphology in a control rat and neuronal damage at indicated
demonstrates strong nucleolar staining of NPM in untreated primary neurons (Ctl) and
stained with DAPI. Scale bar = 20 lm. (C) Western blotting using the same C-terminal N
following onset of KA-induced seizures and in primary neurons (PN) after KA treatment re
using an NPM N-terminal antibody (n). b-Actin immunoreactivity is shown as internal lo
NPM mRNA in the hippocampus of control (Ctl) and KA-treated rats or primary neurons
(E, F) Quantification of NPM immunoreactive cells in the hippocampal CA1 region (e) and
number of NPM(+) cells at indicated times after KA treatment in comparison with contr
to fresh culture media. At indicated times following treatments cells
were either fixed in 90% cold methanol or harvested for isolation of
total RNA or preparation of whole cell lysates [11].

2.3. Constructs and transfections

Plasmids containing Flag-tagged wild type p53, mutant
p53R175Q, dsp53TAF, and a Flag-empty vector were constructed
from Clontech plasmids [12]. Mixtures containing Fugene 6 and
either 2 lg of total plasmid DNA or 150 nM siRNA (control or
NPM targeted) were incubated with cells as per the manufacturer’s
manual. For NPM overexpression assays, either Flag-NPM or a Flag-
empty vector was transfected into SH-SY5Y cells on chamber slides
followed by KA treatment (100 lM KA for 10 min) 16 h later. Cells
were fixed with 90% cold methanol and processed for dual labeling
of TUNEL and Flag [11,12].

2.4. Immunohistochemistry and TUNEL staining

Immunohistochemistry was performed as described [11] using
the following dilutions of primary antibody: anti-NPM,1:800;
emistry using a C-terminal NPM antibody reveals a significant decrease in nucleolar
with an untreated control rat (Ctl) (top row). H&E staining of adjacent sections

times following KA treatment (bottom row). (B) Immunofluorescence microscopy
decreased NPM immunoreactivity in neurons 24 h after KA treatment (KA). Nuclei
PM antibody (c) reveals a reduction of NPM protein abundance in rat hippocampus
lative to untreated controls (Ctl). Similar changes were observed in primary neurons
ading control. (D) RT-PCR analysis demonstrates no significant changes in levels of

(PN) at indicated times after treatment. b-Actin product is used as a loading control.
primary neurons after KA treatment (F) demonstrates a significant decrease in the

ols.
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p53 CM5, 1:200; Mdm2 SMP14, 1:100; anti-p53 full length, 1:450;
anti-Bax 1:200; anti-cytochrome C, 1:500; and anti-caspase 3 CM1,
1:300. Secondary antibody incubations were with biotin- (1:200
dilution), Cy3- (1:80 dilution), or FITC- (1:110 dilution) conjugated
antibodies for 30 min. Confocal microscopy was performed using a
Zeiss LSM510-META microscope. For terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL), samples were labeled
with an in situ cell death detection kit [12].

2.5. Reverse transcription-polymerase chain reaction (RT-PCR)

Total RNA was extracted using Trizol reagent and RT-PCR was
performed using three different pairs of primers to confirm speci-
ficity [11]. Primers used for all of the RT-PCR reactions are listed in
Table 1 (see Supplementary data). Amplification of total RNA with-
out the RT reaction served as a negative control.

2.6. Western blotting

Briefly, 10 or 20 lg total protein lysate for each sample was
resolved by 10% SDS–PAGE, transferred onto an immobilon-P
membrane, blocked with Blotto solution, and incubated with
primary antibody [1:100 (NPM N-terminal, p53, Mdm2), 1:1000
(NPM C-terminal, b-actin)] overnight at 4 �C followed by incuba-
tion with an appropriate HRP-conjugated secondary antibody.
Immunoreactivity was visualized by ECL [12].

2.7. Quantification and statistical analysis

For NPM or NPM/TUNEL co-localization, a total of 1000 cells in
brain sections (three sections/group) or 100 cultured cells were
counted randomly in 10 different fields. In the Flag-NPM overex-
pression assays, TUNEL-positive cells were counted based on the to-
tal number of 100 Flag-positive cells on each slide transfected with
either Flag-NPM or Flag-empty vector constructs. Quantification of
Fig. 2. NPM is reduced in nucleoli of damaged neurons. Double-label immunofluorescenc
rat or primary neurons are NPM(+) (red) and TUNEL(�). Following KA-treatment the m
immunoreactivity and are TUNEL(+) (green). Quantification of TUNEL(+) cells (%) that ar
⁄denotes p < 0.05. (For interpretation of the references to color in this figure legend, the
gel pixel intensity was performed with Scientific Imaging System
KODAK ID software. The data are depicted as the mean ±
S.E.M. from 3 to 5 independent experiments. Statistical analysis
was performed by one-way ANOVA followed by Student’s t-test.
The differences between groups were considered statistically signif-
icant when p 6 0.05.
3. Results

3.1. Downregulation of NPM abundance following prolonged seizures

Systemic administration of KA, a potent glutamate analog, in-
duces prolonged seizures, selective neuronal degeneration and up
regulation of p53 and related proteins linked with DNA damage
in degenerating neurons [13,14]. KA-mediated excitotoxicity was
therefore employed to explore the relationship between NPM,
nucleolar stress and neuronal degeneration. As shown in Fig. 1,
there was prominent NPM immunoreactivity in the nucleolus of
hippocampal CA1 neurons from vehicle-treated rats. In contrast,
nucleolar NPM immunoreactivity was significantly reduced after
KA treatment (Fig. 1A, top row). Importantly, adjacent brain sec-
tions stained with hematoxylin and eosin (H&E) exhibited eosino-
philic cells with pyknotic nuclei, i.e., morphological signs of
irreversible cell damage, in the same regions displaying decreased
NPM levels (Fig. 1A, bottom row). To corroborate these findings,
loss of nucleolar NPM immunoreactivity was observed in primary
neurons treated with KA (Fig. 1B). Quantification of the results
showed that a significant decrease in NPM occurred in both the
hippocampus and primary neurons after KA treatment (Fig. 1E
and F). These observations were confirmed by immunoblot analy-
ses using antibodies against the C- or N-terminus of NPM. The re-
sults showed decreased NPM abundance in both the hippocampus
and primary neurons after KA treatment (Fig. 1C).

To determine if changes in NPM gene transcription paralleled
those in NPM protein, mRNA was isolated from both whole
e shows that nucleoli of cells in the hippocampal CA1 region from untreated control
ajority of cells in either CA1 or in culture exhibit reduced levels of nucleolar NPM
e either NPM(+) or NPM(�) for each treatment group is depicted as mean ± S.E.M.;
reader is referred to the web version of this article.)
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hippocampi or cultured neurons and nested RT-PCR performed
using different amplification cycles and two sets of primers for
the flanking and internal regions of the NPM gene. There was no
Fig. 3. NPM overexpression promotes neuronal survival in a p53-independent manner. (A
nonsense control siRNA (siCtl), and morphology visualized by fluorescence/DIC microsco
in the control group (arrowheads) and a shrunken appearance after NPM siRNA trans
quantification confirms a significant downregulation of NPM and induction of p53, rela
transfected with plasmids expressing either Flag-NPM or Flag alone and then treated
transfected with Flag-NPM are TUNEL(�) arrowheads, lower panels, whereas most cells t
treatment. Quantification shows a significant reduction in the number of TUNEL(+) cell
antibodies confirms overexpression of NPM or Flag following Flag-NPM transfection in S
were treated with increasing concentrations of camptothecin (CPT, 0.05–1.0 lM). West
increased levels of endogenous p53. Right panels: SH-SY5Y cells were transfected with
Western blotting using a panel of antibodies as indicated shows no difference in NPM ab
type or mutant p53. NPM abundance is also unchanged in hippocampal lysates from p53
a loading control. (F) RT-PCR analyses of p53-regulated genes Mdm2, p21 and Bax in
transfection. (H) Upper: RT-PCR analysis of NPM expression in SH-SY5Y cells transfecte
hippocampus of either p53KO or wild type mice. b-Actin was used as an internal loadi
transcriptional activity, and either p53-GFP, p53R173Q-GFP (p53M), siNPM or siCtl plus p
each of the indicated reagents. Bar graphs in (B), (C) and (I) are depicted as mean ± S.E
references to colour in this figure legend, the reader is referred to the web version of th
significant change in the level of NPM mRNA up to 120 h after
KA treatment (Fig. 1D). As shown in the same figure, KA did not af-
fect NPM mRNA levels in rat primary neurons.
) SH-SY5Y cells were co-transfected with pEGFP plus either NPM siRNA (siNPM) or a
py. GFP signal (green) indicates transfected cells, which exhibit normal morphology
fection (arrowheads). (B) Western blotting using NPM C-terminal antibody with
tive to b-actin control, after transfection with NPM siRNA. (C) SH-SY5Y cells were
with KA. Dual fluorescence labeling using an anti-Flag antibody reveals that cells
ransfected with Flag alone are TUNEL+ (arrowheads, upper panels) by 24 h after KA
s following transfection with Flag-NPM. (D) Western blot with either NPM or Flag
H-SY5Y cells. b-Actin was used as a loading control. (E) Left panels: SH-SY5Y cells

ern blotting shows that there is no effect of CPT on NPM abundance in contrast to
a plasmid expressing either Flag (Ctl), Flag-p53 (p53) or Flag-p53R173Q (p53 M).

undance in control cells compared with cells overexpressing either Flag-tagged wild
knockout mice (p53KO) compared with wild type (WT) controls. b-Actin was used as
SH-SY5Y cells after overexpression of either p53 or p53M or (G) following siRNA
d with either p53 or p53M plasmids. Lower: RT-PCR analysis of NPM expression in
ng control. (I) SH-SY5Y cells were co-transfected with dsp53TAF, a reporter of p53
EGFP. Bar graphs show the number of p53TAF+ cells (%) following transfection with
.M.; ⁄denotes p < 0.05. Scale bar = 10 lm in (A) and (C). (For interpretation of the
is article.)



Fig. 4. Downregulation of NPM induces cell death in p53-deficient cells. (A) Photomicrographs demonstrate normal morphology of NE-4C cells transfected with control siRNA
(left) and shrunken appearance 12 h following transfection of NPM siRNA (right). (B) NPM level is reduced relative to b-actin 16 h after transfection with NPM siRNA. (C–E)
NE-4C cells were co-transfected with dsRedMito, a mitochondrial reporter, and either control (upper rows) or NPM siRNA (lower rows) followed by immunostaining for Bax,
cytochrome C or activated caspase-3. Confocal microscopy shows increased (C) Bax mitochondrial co-localization; (D) mitochondrial cytochrome c release and (E) activated
caspase-3 following siRNA-mediated downregulation of NPM. (F) Immunoblot shows NPM and activated caspase-3 expression after siRNA treatment. (C, D, F) Bar graphs
corresponding to each marker show a significant increase following siNPM transfection with the results depicted as mean ± S.E.M.; ⁄denotes p < 0.05. Scale bar = 20 lm.

518 E.M. Marquez-Lona et al. / Biochemical and Biophysical Research Communications 417 (2012) 514–520



E.M. Marquez-Lona et al. / Biochemical and Biophysical Research Communications 417 (2012) 514–520 519
3.2. NPM downregulation occurs in degenerating neurons

To further examine the relationship between NPM and neuronal
degeneration, brain sections were dual-labeled for NPM and
TUNEL. The results revealed decreased NPM expression in TUN-
EL-positive neurons after KA treatment (Fig. 2A). In comparison,
there was abundant nucleolar NPM immunoreactivity in TUNEL-
negative neurons from control animals. An identical inverse
relationship between NPM and TUNEL was observed in primary
neurons (Fig. 2B), and in both cases the results were statistically
significant (Fig. 2A and B).

3.3. Downregulation of NPM leads to increased p53 abundance and
neuronal degeneration

To evaluate whether NPM promotes neuronal survival, the ef-
fects of reducing NPM levels were investigated in SH-SY5Y human
neuroblastoma cells. Following co-transfection of NPM siRNA and a
shuttle plasmid expressing the green fluorescent protein (GFP) re-
porter, morphological analysis by differential interference contrast
(DIC) microscopy revealed cell body shrinkage and membrane
blebbing, which are features of apoptosis (Fig. 3A). Western blot
analysis showed a 25% reduction of NPM protein 16 h after NPM
siRNA transfection (Fig. 3B). Notably, siRNA-mediated downregula-
tion of NPM resulted in an increase in p53 abundance, suggesting
that there may be a regulatory relationship between NPM and
p53 in neurons.

3.4. Overexpression of NPM is neuroprotective

As NPM abundance was significantly reduced following neuro-
nal injury, we explored the possibility that NPM could be neuro-
protective. SH-SY5Y cells transfected with either a Flag-tagged
NPM or control Flag vector were treated with KA. Dual immuno-
staining revealed that the number of TUNEL-positive cells was re-
duced in samples transfected with Flag-NPM (Fig. 3C). Western
blotting confirmed that there was a significant increase in NPM
abundance following Flag-NPM transfection (Fig. 3D).

3.5. Lack of a regulatory relationship between NPM and p53

To explore the possibility of a regulatory relationship between
p53 and NPM in neurons, SH-SY5Y cells were transfected with
expression vectors encoding either Flag-tagged p53, p53R175H, a
mutated form of p53 that is deficient in DNA binding activity
[15] or Flag alone as a control. Western blotting demonstrated an
increase in p53 abundance (Fig. 3E, middle panels) and up-regula-
tion of p53-regulated genes Mdm2, p21 and Bax, after transfection
of Flag-p53, but not Flag-p53R175H or Flag alone (Fig. 3F). p53
transfection also had no effect on the abundance of either NPM
protein (Fig. 3E, middle panels) or mRNA (Fig. 3H, upper panels).
NPM mRNA and protein levels were similarly unchanged in the
brain of both untreated and KA-treated p53-deficient mice, in
which there was minimal neuronal degeneration (Fig. 3E, middle
panels and 3H, lower panels; Fig. 5 in Supplementary data) [16].
These results indicated that neither upregulation nor absence of
p53 affected NPM expression. Further, RNAi-mediated downregu-
lation of NPM, which resulted in increased p53 abundance
(Fig. 3B), had no effect on the expression of p53-regulated genes
(Fig. 3G). This was corroborated with a reporter of p53 transcrip-
tional activity (dsp53TAF) (Fig. 3I). We next examined the effects
of a different type of neuronal injury on NPM and p53 expression.
Cultured neurons were treated with the DNA topoisomerase I
inhibitor, camptothecin (CPT), which triggers p53-mediated
neuronal apoptosis [11]. While CPT-treated cells exhibited a
dose-dependent induction of p53, no significant changes in NPM
abundance were detected (Fig. 3E, left panels).
3.6. NPM downregulation leads to p53-independent apoptosis

The absence of p53 transcriptional activation suggested that
p53 was not required for NPM siRNA-mediated neuronal degener-
ation. To explore this further, we studied the effects of downregu-
lating NPM in NE-4C cells, a neuroectodermal cell line that lacks
functional p53 [17]. NE-4C cells transfected with NPM siRNA dem-
onstrated morphological changes consistent with apoptosis
(Fig. 4A) and a significant reduction in NPM abundance by 16 h
(Fig. 4B). NE-4C cells co-transfected with siNPM plus the mito-
chondrial reporter, dsRedMito, also exhibited a significant increase
in mitochondrial Bax translocation (Fig. 4C), cytochrome C release
from mitochondria (Fig. 4D) and activation of caspase-3 (Fig. 4E),
confirmed by immunoblotting (Fig. 4F).
4. Discussion

Recent evidence indicates that the nucleolus is a sensor of cell
stress and effector of apoptotic cell death [2]. While the mecha-
nisms leading to nucleolar stress and subsequent cell death are
not well understood, evidence indicates that NPM plays an impor-
tant role [1]. The results shown here support the idea that down-
regulation of NPM is a component of the nucleolar stress
response leading to neuronal apoptosis. These results extend cur-
rent knowledge about the role of NPM to excitotoxic cell death in
the CNS. Further, the decrease in NPM abundance in injured neu-
rons likely occurs post-transcriptionally. The significance of NPM
in the CNS is underscored by the demonstration that maintenance
of NPM expression following injury is neuroprotective.

Despite the connection between NPM expression and neuronal
viability, there was no clear association between NPM and p53.
Thus, (1) siRNA-mediated downregulation of NPM was associated
with accumulation of a transcriptionally-inactive form of p53, (2)
NPM levels were unaffected by either p53 overexpression, CPT
treatment or absence of p53 in mice and (3) NPM downregulation
triggered apoptosis in the absence of p53. While we could not
demonstrate a regulatory relationship between NPM and p53 in
neurons, the possibility remains that p53 activation may occur up-
stream from changes in NPM under excitotoxic conditions.

In summary, our findings indicate that the multifunctional
nucleolar protein, NPM, which is essential for early development,
may also be critical for maintaining neuronal viability in the in-
jured CNS. Importantly, the results suggest that downregulation
of NPM may be an early component of a nucleolar stress response
and p53-independent apoptosis. In addition to NPM, the nucleolar
response to cellular stress may involve other nucleolar proteins
that react to pro-apoptotic signals and could provide novel targets
for neuroprotective strategies.
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