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biquitin-Binding Protein p62 Expression Is Induced
uring Apoptosis and Proteasomal Inhibition

n Neuronal Cells
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Neuronal apoptosis is involved in several patholog-
cal conditions of the brain. Using cDNA arrays, we
bserved upregulation of ubiquitin-binding protein
62 expression during serum withdrawal-induced
poptosis in Neuro-2a cells. We demonstrate here that
he expression levels of p62 mRNA and protein were
ncreased in Neuro-2a cells and cultured rat hip-
ocampal neurons by different types of proapoptotic
reatments, including serum deprivation, okadaic
cid, etoposide, and trichostatin A. Ubiquitin-binding
rotein p62 is a widely expressed cytoplasmic protein
f unclear function. The ability of p62 to bind non-
ovalently to ubiquitin and to several signalling pro-
eins suggests that p62 may play a regulatory role
onnected to the ubiquitin system. Accordingly, we
how that proteasomal inhibitors MG-132, lactacystin,
nd PSI caused a prominent upregulation of p62
RNA and protein expression, with a concomitant in-

rease in ubiquitinated proteins. To conclude, p62 up-
egulation appears to be a common event in neuronal
poptosis. Results also suggest that the induction of
62 expression by proteasomal inhibitors may be a
esponse to elevated levels of ubiquitinated proteins,
ossibly constituting a protective mechanism. © 2001

cademic Press

Key Words: A170; programmed cell death; neuroblas-
oma; hippocampal neurons; neuronal degeneration;
biquitination; Neuro-2a.

Apoptotic neuronal death is involved in acute patho-
ogical conditions of the brain, such as ischemic stroke
1). In addition, a growing body of evidence suggests
hat apoptosis contributes to neuronal loss during neu-
odegenerative disorders, such as Alzheimer’s disease

1 To whom correspondence should be addressed at Department
f Neuroscience and Neurology, University of Kuopio, P.O. Box
627, FIN-70211 Kuopio, Finland. Fax: 1358-17-162-048. E-mail:
ntero.salminen@uku.fi.
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nderstanding of the molecular mechanisms of apopto-
is in non-neuronal contexts, in neuronal cells the
echanisms remain less well defined. In most cases,

euronal apoptosis can be blocked in vitro using inhib-
tors of mRNA or protein synthesis (4), implying that
hanges at the level of gene expression are necessary
or the activation of the apoptotic machinery. However,
nly a few studies have been published in which the
xpression of large numbers of genes has been assayed
n an attempt to identify the relevant genes.

We have used expression screening techniques, such
s cDNA arrays and mRNA differential display, to
dentify genes induced during neuronal apoptosis (5).
ere we describe the identification of ubiquitin-
inding protein p62 as a gene involved in neuronal
poptosis. Although ubiquitin-binding protein p62 has
ecently been identified in a number of contexts (6–9),
ts function remains unclear. However, since p62 is
ble to interact noncovalently with ubiquitin and sev-
ral signalling proteins, p62 may have a regulatory
unction by connecting signal transduction to
biquitin-mediated proteolysis. Ubiquitin-mediated
roteolysis in proteasomes is the primary mechanism
or degradation of cytoplasmic proteins and has an
mportant role in cellular signalling (10). Ubiquitin-
rotein conjugates are present in different types of
rotein aggregates associated with neurodegeneration,
uggesting a dysfunction in the mechanisms involved
n the removal of excessive, misfolded, or defective
roteins via the ubiquitin-proteasome pathway (11). In
rder to clarify the possible role of p62 under conditions
hat involve neuronal death or accumulation of ubiqui-
inated proteins, we explored the expression of p62 in
euronal cell cultures subjected to apoptosis or protea-
omal dysfunction. We found that p62 expression is
pregulated during different in vitro models of neuro-
al apoptosis. Furthermore, we show that proteasomal

nhibitors increase p62 expression, suggesting that p62
0006-291X/01 $35.00
Copyright © 2001 by Academic Press
All rights of reproduction in any form reserved.



upregulation might be a protective response under con-
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itions promoting protein aggregation.

ATERIALS AND METHODS

Cell culture. Mouse neuroblastoma Neuro-2a cells (CCL 131)
ere obtained from the American Type Culture Collection (Manas-

as, VA). The cells were cultured in Dulbecco’s Modified Eagle Me-
ium (DMEM) (Sigma, St. Louis, MO) containing 1000 mg/l
-glucose and supplemented with 10% fetal calf serum (Life Tech-
ologies, Rockville, MD), 100 U/ml penicillin, 100 mg/ml streptomy-
in, and 2 mM L-glutamine. Rat hippocampal neurons were prepared
rom 17-day-old Wistar rat embryos and cultured in B27-
upplemented Neurobasal medium (Life Technologies) containing
00 U/ml penicillin, 100 mg/ml streptomycin, and 0.5 mM
-glutamine, as described by Brewer et al. (12).

Treatment of cultures. Apoptosis was induced in exponentially
rowing Neuro-2a cells (;24 h after plating) either by withdrawal of
erum or by treatment of the cells with okadaic acid (Oka, 10–30
M), etoposide (Eto, 8 mM), or trichostatin A (TsA, 2 mM). Proteaso-
al inhibitors MG-132, lactacystin, and PSI were used at concentra-

ions of 2–5 mM. Rat hippocampal neurons were treated with okadaic
cid (10 nM) or lactacystin (5 mM) after 7 days in vitro. All drugs
ere purchased from Calbiochem-Novabiochem (San Diego, CA).
ells were analyzed for nuclear morphology, caspase-3 activity, and
NA integrity as previously described (13).

cDNA array hybridization. Atlas mouse cDNA expression arrays
Clontech, Palo Alto, CA) were used for the identification of genes
pregulated during apoptosis. Briefly, Neuro-2a cells were cultured

n serum-free medium, and total RNA was extracted from apoptotic
nd control cultures after 24 h. 32P-labelled cDNA probes were pre-
ared from DNase-treated RNA samples and hybridized to a pair of
DNA expression arrays according to the manufacturer’s protocol.
he 32P signals were detected using a Storm PhosphorImager and
uantified using the ImageQuaNT program (Molecular Dynamics,
unnyvale, CA). For each detectable spot in the array pair, signal

ntensity ratios (i.e., apoptotic:control) were calculated and com-
ared to the signal ratios of control genes present in the array.

Northern blotting. Total RNA was extracted from cultured
euro-2a cells and rat hippocampal neurons using TRIzol reagent

Life Technologies). Equal amounts of RNA (10–15 mg) were dena-
ured and resolved in an agarose/formaldehyde gel, transferred in
0 3 SSC onto a Magnacharge positively charged nylon membrane
Osmonics, Westborough, MA), and fixed using a UV crosslinker (120
J/cm2) (Stratalinker 2400, Stratagene, La Jolla, CA). As a control

f equal loading and transfer efficiency, the blots were stained with
ethylene blue as described (14). A 32P-labelled cDNA probe specific

or p62 mRNA was prepared from the expressed sequence tag (EST)
lone 576791 (RZPD, Berlin, Germany) using High Prime labelling
ystem (Roche Molecular Biochemicals, Indianapolis, IN). The blots
ere prehybridized for 2 h and hybridized overnight at 65°C in a

olution containing 0.5 M (with respect to Na1) sodium phosphate,
% SDS, 1% BSA, and 1 mM EDTA. After hybridization, the mem-
ranes were washed 2 3 15 min in 2 3 SSC/0.1% SDS and 2 3 15
in in 0.1 3 SSC/0.1% SDS at room temperature. The 32P signals
ere detected and quantified using the Storm PhosphorImager and

mageQuaNT program. The results were analyzed for statistically
ignificant differences using one-way ANOVA followed by Bon-
erroni’s post-hoc multiple group comparison.

Immunoblotting. Neuro-2a cells were washed twice with ice-cold
hosphate buffered saline (PBS) and lysed in RIPA buffer (50 mM
ris pH 7.5, 150 mM NaCl, 0.1% SDS, 1% Triton X-100, 0.5% sodium
eoxycholate) supplemented with 1 3 Complete protease inhibitor
ocktail (Roche). The lysates were stored on ice for 30 min and
entrifuged at 10,000g for 10 min. The supernatant was used for
mmunoblotting. Rat hippocampal neurons were washed twice with
224
BS, collected in PBS using a rubber policeman, and centrifuged at
5,000g for 20 s. The cell pellet was lysed in PBS containing 1%
riton X-100 and 1 3 Complete protease inhibitor cocktail. The

ysates were stored on ice for 30 min, centrifuged at 12,000g for 20
in, and the supernatant was used for immunoblotting. Equal

mounts of proteins (10–20 mg) were analyzed in 10%
olyacrylamide–sodium dodecyl sulfate (SDS) gels according to the
tandard protocol (14) and transferred onto Hybond ECL (Amersham
harmacia Biotech, Piscataway, NJ) nitrocellulose membranes us-

ng a Trans-Blot SD semi-dry blotting apparatus (Bio-Rad, Hercules,
A) according to the manufacturer’s protocol. The blots were blocked

n Tris-buffered saline (TBS) containing 3% nonfat dried milk and
.05% Tween 20, and incubated with primary and secondary anti-
odies according to standard protocols (14). The protein bands were
isualized using a chemiluminescent detection system (SuperSignal,
ierce, Rockford, IL) and Hyperfilm ECL film (Amersham Pharma-
ia Biotech).

Antibodies. For detection of p62 by immunoblotting, rat poly-
lonal antiserum raised against A170 (mouse homologue of p62; gift
rom Dr. T. Ishii, Univ. Tsukuba, Japan), was used at a dilution of
:2500. Ubiquitin-protein conjugates were detected using a rabbit
olyclonal antibody (Z0458; DAKO, Carpinteria, CA) using a dilution
f 1:500. As secondary antibodies, anti-mouse or anti-rabbit F(ab’)2

ragments linked with horseradish peroxidase (Amersham Pharma-
ia Biotech) were used to detect the primary antibodies.

ESULTS

62 mRNA Expression Is Upregulated during Serum
Deprivation-Induced Apoptosis of Neuro-2a Cells

To identify genes induced during neuronal apoptosis,
e used a cDNA array to monitor changes in mRNA
xpression during serum deprivation-induced apopto-
is in Neuro-2a cells. Two Atlas mouse cDNA expres-
ion arrays, containing 588 cDNA fragments from
nown genes representing different functional classes
f proteins, were hybridized with 32P-labelled cDNA
robes prepared from apoptotic or control RNA (Fig. 1).
ne of the genes that were significantly (.50% in-

rease) upregulated in apoptotic cells was oxidative
tress-induced protein A170 (GenBank Accession No.
40930), which is the mouse homologue of human
biquitin-binding protein p62 (GenBank Accession No.
M_003900).

FIG. 1. Differential expression of p62 mRNA detected using At-
as mouse cDNA expression arrays. Apoptosis was induced in
euro-2a cells by culturing the cells in serum-free medium for 24 h.
wo identical arrays were hybridized with 32P-labelled cDNA probes
repared from control (left) or apoptotic (right) Neuro-2a cells. Array
ections containing the double spot corresponding to p62 mRNA
boxes) are shown.
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everal Types of Proapoptotic Treatments Increase
Level of p62 mRNA in Neuro-2a Cells and Rat
Hippocampal Neurons

The present finding that the expression of p62 is
nduced in serum-deprived Neuro-2a cells suggested,
or the first time, that the function of p62 might be
elated to apoptosis. In order to test the possibility that
62 is upregulated during neuronal apoptosis, irre-
pective of the type of apoptotic inducer, we studied
62 mRNA expression using different neuronal in vitro
odels of apoptosis (Fig. 2). In Neuro-2a cells, all treat-
ents tested, i.e., serum deprivation, okadaic acid, eto-

oside, and trichostatin A, were found to increase the
evel of p62 mRNA markedly during 12–48 h, with
arying time courses (Fig. 2A). We have previously
onfirmed that these treatments cause apoptotic cell
eath in Neuro-2a cells (13, 15). These results demon-
trate that the upregulation of p62 mRNA appears to
e a common feature of Neuro-2a apoptosis.
We subsequently studied whether a similar induc-

ion of p62 expression occurs during apoptosis of pri-
ary cultured neurons. In okadaic acid treated rat
ippocampal neurons, p62 mRNA level was markedly

ncreased during 12–24 h (Fig. 2B), demonstrating that
he upregulation of p62 is not limited to Neuro-2a
euroblastoma cells.

roapoptotic Treatments Increase Expression
of p62 Protein in Neuro-2a Cells and Rat
Hippocampal Neurons

Next we examined whether the upregulation of p62
RNA by certain apoptotic inducers was accompanied

y an increase in the protein level of p62 (Fig. 3). In
mmunoblot analysis, the A170 antiserum recognized a

FIG. 2. Effect of proapoptotic treatments on p62 mRNA expressio
lotting. (A) Neuro-2a cells were either withdrawn of serum (Ser-),
richostatin A (TsA; 2 mM) and cultured for 12–48 h (C, untreated con
10 nM) after 7 days in vitro and cultured for 0–24 h. Values on the v
s a loading control, 18S rRNA was stained with methylene blue.
225
2-kDa protein, the level of which was upregulated in
euro-2a cells deprived of serum or treated with oka-
aic acid for 12236 h (Figs. 3A and 3B). Similarly, in
ultured rat hippocampal neurons, okadaic acid in-

Neuro-2a cells and rat hippocampal neurons, assessed by Northern
treated with okadaic acid (Oka; 30 nM), etoposide (Eto; 8 mM), or
l, 12 h). (B) Rat hippocampal neurons were treated with okadaic acid
ical axes are normalized pixel volumes (control 5 1.0) of 32P signals.

FIG. 3. Induction of p62 protein expression by pro-apoptotic
reatments in Neuro-2a cells and rat hippocampal neurons.
euro-2a cells were (A) withdrawn of serum or (B) treated with

kadaic acid (30 nM) and cultured for 0–36 h (C, untreated control,
6 h). (C) Rat hippocampal neurons were treated with okadaic acid
10 nM). Levels of p62 protein were analyzed by immunoblotting,
sing p62-specific rabbit antiserum.
n in
or
tro
ert
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reased the level of the 62-kDa protein at 24 h (Fig.
C). The results demonstrate that the increase ob-
erved in p62 mRNA level is paralleled at the protein
evel, with similar time courses.

roteasomal Inhibitors Induce a Prominent
Upregulation of p62 mRNA and Protein
in Neuro-2a Cells

The p62 protein has a ubiquitin-binding area in
ts N-terminal region and can bind ubiquitin non-
ovalently in vitro and in vivo (16), suggesting that it
ay play a regulatory role connected to the ubiquitin

ystem. To address the question whether the mRNA
nd protein levels of p62 are affected by the accumu-
ation of ubiquitinated proteins, we used the proteaso-

FIG. 4. Effect of proteasomal inhibitors on the levels of p62 mRN
at hippocampal neurons (D, E). Cells were treated with 2–5 mM of M
A) Levels of p62 mRNA in Neuro-2a cells were analyzed by Norther
olumes (0 h 5 1.0) from 3–4 separate experiments. **P , 0.01, *P ,
as assessed by immunoblotting using p62-specific rabbit antiserum

ivity of whole-cell extracts at 0–36 h was analyzed by immunoblott
pper panels) Expression of p62 mRNA in rat hippocampal neuro
ntreated control, 24 h). As a loading control, 18S rRNA was stai
ippocampal neurons treated with lactacystin was assessed by immu
nd ubiquitin immunoreactivity of whole-cell extracts was analyzed
226
al inhibitors MG-132, lactacystin, and proteasome
nhibitor I (PSI) to increase the level of ubiquitin-
rotein conjugates in Neuro-2a cells, and monitored
he levels of p62 mRNA and protein (Figs. 4A–4C).
nterestingly, the level of p62 mRNA was prominently
pregulated by all three inhibitors tested (Fig. 4A),
ith varying time courses. In the case of MG-132, p62
RNA reached a steady level as early as 6 h, whereas

actacystin caused a continuous increase of p62 mRNA
uring 0–24 h. The highest upregulation of p62 mRNA,
ver fourfold, was obtained with PSI.
At the protein level, p62 expression was similarly

ncreased by all three inhibitors tested, with a maxi-
um increase at 24–36 h (Fig. 4B). Interestingly, in

he case of PSI, a higher Mw band appeared above the

p62 protein, and ubiquitinated proteins in Neuro-2a cells (A–C) and
132, lactacystin (Lact), or proteasome inhibitor I (PSI) as indicated.
lotting. Values are expressed as means 6 SEM of normalized pixel
.05, compared to 0 h. (B) Protein expression of p62 in Neuro-2a cells
) Neuro-2a cells were treated with PSI and ubiquitin immunoreac-
using a rabbit polyclonal antibody (C, untreated control, 36 h). (D,
treated with lactacystin, as determined by Northern blotting (C,
with methylene blue. (Bottom panel) Protein level of p62 in rat

lotting. (E) Rat hippocampal neurons were treated with lactacystin
immunoblotting.
A,
G-

n b
0

. (C
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pparent Mw at ;70 kDa, it is possible that this band
epresents p62 conjugated to monoubiquitin. The in-
ensity of the upregulation of p62 expression in
euro-2a cells by proteasomal inhibitors was similar to

hat caused by apoptotic treatments, with a two- to
ourfold increase at the mRNA level (compare Fig. 4A
o Fig. 2A), and a maximum increase at the protein
evel at 24–36 h (compare Fig. 4B to Figs. 3A and 3B).

In order to compare the expression profile of p62 to
he level of ubiquitinated proteins, we examined the
ffect of proteasome inhibitors on the level of ubiquitin-
mmunoreactive proteins in Neuro-2a cells. As ex-
ected, proteasome inhibitor I (PSI) caused a pro-
ounced increase in the level of ubiquitinated proteins
uring 12–36 h (Fig. 4C). Similar results were obtained
sing MG-132 and lactacystin (data not shown).

roteasomal Inhibitors Induce Expression of p62
mRNA and Protein in Rat Hippocampal Neurons

Next we examined the effect of proteasomal inhibi-
ors on p62 expression in primary cultured neurons
Figs. 4D and 4E). In rat hippocampal neurons treated
ith lactacystin, expression of p62 mRNA was promi-
ently upregulated during 12–24 h (Fig. 4D, upper
anels). Furthermore, the protein expression of p62
aralleled that of mRNA (Fig. 4D, bottom panel). As
bserved in Neuro-2a cells, lactacystin potently in-
reased the amount of ubiquitin-immunoreactive pro-
eins in rat hippocampal neurons (Fig. 4E).

Taken together, the results demonstrate, for the first
ime, that pro-apoptotic treatments and proteasomal
nhibitors prominently increase the expression of p62

RNA and protein in neuronal cells. In addition, the
esults suggest that the upregulation of p62 expression
y proteasomal inhibitors could be a response to an
ncreased level of ubiquitinated proteins.

ISCUSSION

In the present work, we report for the first time an
ssociation between neuronal apoptosis and upregula-
ion of ubiquitin-binding protein p62 expression. From
he viewpoint of neuropathology, several aspects of p62
arrant its study in the context of neuronal death: [i]

apid induction of p62 mRNA and protein by different
timuli, including oxidative stress (7, 17), [ii] ability to
ind noncovalently to ubiquitin (16), [iii] involvement
n protein aggregation (8, 9), [iv] binding to several
ntracellular signalling proteins, such as p56lck, PKC-
/i, p38MAPK, and RIP, some of which have been associ-
ted with cell stress or apoptosis (6, 18, 19), and [v]
ndirect evidence for a protective effect against excito-
oxicity in rat brain (20). Oxidative stress and protein
ggregation contribute to both chronic and acute neu-
opathological processes (11, 21). We therefore set out
227
onal apoptosis and proteasomal dysfunction in vitro.
The initial cDNA array observation that p62 mRNA

s induced during serum deprivation of Neuro-2a cells
rompted us to test the possibility that the induction of
62 is a common event in neuronal apoptosis. We ob-
erved that p62 mRNA was upregulated by serum de-
rivation, okadaic acid, etoposide, and trichostatin A at
2–24 h following the apoptotic treatment. Interest-
ngly, the induction of p62 expression clearly preceded
he activation of caspase-3, which appears at ;36 h in
hese models (13, 15). Therefore, p62 upregulation ap-
ears to occur well before the execution phase of apop-
osis, temporally paralleling the activation of more
pstream apoptotic signals. The response of p62 ex-
ression to diverse apoptotic treatments in vitro sug-
ests a role for p62 also in neuronal apoptosis in vivo.
In Neuro-2a cells as well as in rat hippocampal neu-

ons, the proteasomal inhibitors MG-132, lactacystin,
nd PSI prominently increased the expression of p62
rotein and mRNA, with a concomitant accumulation
f ubiquitinated proteins. The marked increase of p62
xpression by proteasomal inhibitors suggests that the
pregulation of p62 could be a response to an increased

evel of ubiquitinated proteins. Because of its ability to
nteract with ubiquitin as well as a number of signal-
ing proteins, p62 is likely to have a regulatory role by
orming a link between signal pathways and ubiquitin-

ediated proteolysis. Ubiquitinated proteins accumu-
ate in neurons in protein-damaging conditions, such
s oxidative stress and excitotoxicity. Therefore, it is
onceivable that by responding to increased levels of
biquitinated proteins, p62 upregulation might have a
rotective effect in these pathological conditions.
A direct association of p62 with human disease was

ecently reported by demonstrating that p62 is a major
onstituent in intracytoplasmic protein aggregates (hy-
line bodies) observed in hepatocellular carcinoma (9).
he presence of p62 in protein aggregates in vivo and
he induction of p62 expression in neuronal cells in
itro by protein aggregation-promoting conditions sug-
ests that p62 may play a role also in neurodegenera-
ive diseases, such as Alzheimer’s disease (AD), since a
allmark of these diseases is the accumulation of in-
racellular protein aggregates in the brain.

Our results demonstrate a role for p62 during con-
itions of neuronal apoptosis and proteasomal dysfunc-
ion in vitro. It will be important to determine the
ignificance of p62 during neuronal loss and the forma-
ion of protein aggregates in AD and other neuropatho-
ogical conditions.
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