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Ubiquitin-Binding Protein p62 Expression Is Induced
during Apoptosis and Proteasomal Inhibition
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Neuronal apoptosis is involved in several patholog-
ical conditions of the brain. Using cDNA arrays, we
observed upregulation of ubiquitin-binding protein
p62 expression during serum withdrawal-induced
apoptosis in Neuro-2a cells. We demonstrate here that
the expression levels of p62 mMRNA and protein were
increased in Neuro-2a cells and cultured rat hip-
pocampal neurons by different types of proapoptotic
treatments, including serum deprivation, okadaic
acid, etoposide, and trichostatin A. Ubiquitin-binding
protein p62 is a widely expressed cytoplasmic protein
of unclear function. The ability of p62 to bind non-
covalently to ubiquitin and to several signalling pro-
teins suggests that p62 may play a regulatory role
connected to the ubiquitin system. Accordingly, we
show that proteasomal inhibitors MG-132, lactacystin,
and PSI caused a prominent upregulation of p62
MRNA and protein expression, with a concomitant in-
crease in ubiquitinated proteins. To conclude, p62 up-
regulation appears to be a common event in neuronal
apoptosis. Results also suggest that the induction of
p62 expression by proteasomal inhibitors may be a
response to elevated levels of ubiquitinated proteins,
possibly constituting a protective mechanism. o 2001
Academic Press
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Apoptotic neuronal death is involved in acute patho-
logical conditions of the brain, such as ischemic stroke
(1). In addition, a growing body of evidence suggests
that apoptosis contributes to neuronal loss during neu-
rodegenerative disorders, such as Alzheimer’s disease
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(2, 3). Whereas major advances have been made in the
understanding of the molecular mechanisms of apopto-
sis in non-neuronal contexts, in neuronal cells the
mechanisms remain less well defined. In most cases,
neuronal apoptosis can be blocked in vitro using inhib-
itors of mMRNA or protein synthesis (4), implying that
changes at the level of gene expression are necessary
for the activation of the apoptotic machinery. However,
only a few studies have been published in which the
expression of large numbers of genes has been assayed
in an attempt to identify the relevant genes.

We have used expression screening techniques, such
as cDNA arrays and mRNA differential display, to
identify genes induced during neuronal apoptosis (5).
Here we describe the identification of ubiquitin-
binding protein p62 as a gene involved in neuronal
apoptosis. Although ubiquitin-binding protein p62 has
recently been identified in a number of contexts (6-9),
its function remains unclear. However, since p62 is
able to interact noncovalently with ubiquitin and sev-
eral signalling proteins, p62 may have a regulatory
function by connecting signal transduction to
ubiquitin-mediated proteolysis. Ubiquitin-mediated
proteolysis in proteasomes is the primary mechanism
for degradation of cytoplasmic proteins and has an
important role in cellular signalling (10). Ubiquitin-
protein conjugates are present in different types of
protein aggregates associated with neurodegeneration,
suggesting a dysfunction in the mechanisms involved
in the removal of excessive, misfolded, or defective
proteins via the ubiquitin-proteasome pathway (11). In
order to clarify the possible role of p62 under conditions
that involve neuronal death or accumulation of ubiqui-
tinated proteins, we explored the expression of p62 in
neuronal cell cultures subjected to apoptosis or protea-
somal dysfunction. We found that p62 expression is
upregulated during different in vitro models of neuro-
nal apoptosis. Furthermore, we show that proteasomal
inhibitors increase p62 expression, suggesting that p62
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upregulation might be a protective response under con-
ditions promoting protein aggregation.

MATERIALS AND METHODS

Cell culture. Mouse neuroblastoma Neuro-2a cells (CCL 131)
were obtained from the American Type Culture Collection (Manas-
sas, VA). The cells were cultured in Dulbecco’s Modified Eagle Me-
dium (DMEM) (Sigma, St. Louis, MO) containing 1000 mg/I
D-glucose and supplemented with 10% fetal calf serum (Life Tech-
nologies, Rockville, MD), 100 U/ml penicillin, 100 pg/ml streptomy-
cin, and 2 mM L-glutamine. Rat hippocampal neurons were prepared
from 17-day-old Wistar rat embryos and cultured in B27-
supplemented Neurobasal medium (Life Technologies) containing
100 U/ml penicillin, 100 pg/ml streptomycin, and 0.5 mM
L-glutamine, as described by Brewer et al. (12).

Treatment of cultures. Apoptosis was induced in exponentially
growing Neuro-2a cells (~24 h after plating) either by withdrawal of
serum or by treatment of the cells with okadaic acid (Oka, 10-30
nM), etoposide (Eto, 8 uM), or trichostatin A (TsA, 2 uM). Proteaso-
mal inhibitors MG-132, lactacystin, and PSI were used at concentra-
tions of 2-5 uM. Rat hippocampal neurons were treated with okadaic
acid (10 nM) or lactacystin (5 wM) after 7 days in vitro. All drugs
were purchased from Calbiochem-Novabiochem (San Diego, CA).
Cells were analyzed for nuclear morphology, caspase-3 activity, and
DNA integrity as previously described (13).

cDNA array hybridization. Atlas mouse cDNA expression arrays
(Clontech, Palo Alto, CA) were used for the identification of genes
upregulated during apoptosis. Briefly, Neuro-2a cells were cultured
in serum-free medium, and total RNA was extracted from apoptotic
and control cultures after 24 h. **P-labelled cDNA probes were pre-
pared from DNase-treated RNA samples and hybridized to a pair of
cDNA expression arrays according to the manufacturer’s protocol.
The *P signals were detected using a Storm Phosphorlmager and
quantified using the ImageQuaNT program (Molecular Dynamics,
Sunnyvale, CA). For each detectable spot in the array pair, signal
intensity ratios (i.e., apoptotic:control) were calculated and com-
pared to the signal ratios of control genes present in the array.

Northern blotting. Total RNA was extracted from cultured
Neuro-2a cells and rat hippocampal neurons using TRIzol reagent
(Life Technologies). Equal amounts of RNA (10-15 ug) were dena-
tured and resolved in an agarose/formaldehyde gel, transferred in
10 X SSC onto a Magnacharge positively charged nylon membrane
(Osmonics, Westborough, MA), and fixed using a UV crosslinker (120
mJ/cm?) (Stratalinker 2400, Stratagene, La Jolla, CA). As a control
of equal loading and transfer efficiency, the blots were stained with
methylene blue as described (14). A *P-labelled cDNA probe specific
for p62 mMRNA was prepared from the expressed sequence tag (EST)
clone 576791 (RZPD, Berlin, Germany) using High Prime labelling
system (Roche Molecular Biochemicals, Indianapolis, IN). The blots
were prehybridized for 2 h and hybridized overnight at 65°C in a
solution containing 0.5 M (with respect to Na*) sodium phosphate,
7% SDS, 1% BSA, and 1 mM EDTA. After hybridization, the mem-
branes were washed 2 X 15 min in 2 X SSC/0.1% SDS and 2 X 15
min in 0.1 X SSC/0.1% SDS at room temperature. The *P signals
were detected and quantified using the Storm Phosphorlmager and
ImageQuaNT program. The results were analyzed for statistically
significant differences using one-way ANOVA followed by Bon-
ferroni’s post-hoc multiple group comparison.

Immunoblotting. Neuro-2a cells were washed twice with ice-cold
phosphate buffered saline (PBS) and lysed in RIPA buffer (50 mM
Tris pH 7.5, 150 mM NacCl, 0.1% SDS, 1% Triton X-100, 0.5% sodium
deoxycholate) supplemented with 1 X Complete protease inhibitor
cocktail (Roche). The lysates were stored on ice for 30 min and
centrifuged at 10,000g for 10 min. The supernatant was used for
immunoblotting. Rat hippocampal neurons were washed twice with
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FIG. 1. Differential expression of p62 mRNA detected using At-
las mouse cDNA expression arrays. Apoptosis was induced in
Neuro-2a cells by culturing the cells in serum-free medium for 24 h.
Two identical arrays were hybridized with **P-labelled cDNA probes
prepared from control (left) or apoptotic (right) Neuro-2a cells. Array
sections containing the double spot corresponding to p62 mRNA
(boxes) are shown.

PBS, collected in PBS using a rubber policeman, and centrifuged at
15,0009 for 20 s. The cell pellet was lysed in PBS containing 1%
Triton X-100 and 1 X Complete protease inhibitor cocktail. The
lysates were stored on ice for 30 min, centrifuged at 12,000g for 20
min, and the supernatant was used for immunoblotting. Equal
amounts of proteins (10-20 pung) were analyzed in 10%
polyacrylamide—sodium dodecyl sulfate (SDS) gels according to the
standard protocol (14) and transferred onto Hybond ECL (Amersham
Pharmacia Biotech, Piscataway, NJ) nitrocellulose membranes us-
ing a Trans-Blot SD semi-dry blotting apparatus (Bio-Rad, Hercules,
CA) according to the manufacturer’s protocol. The blots were blocked
in Tris-buffered saline (TBS) containing 3% nonfat dried milk and
0.05% Tween 20, and incubated with primary and secondary anti-
bodies according to standard protocols (14). The protein bands were
visualized using a chemiluminescent detection system (SuperSignal,
Pierce, Rockford, IL) and Hyperfilm ECL film (Amersham Pharma-
cia Biotech).

Antibodies. For detection of p62 by immunoblotting, rat poly-
clonal antiserum raised against A170 (mouse homologue of p62; gift
from Dr. T. Ishii, Univ. Tsukuba, Japan), was used at a dilution of
1:2500. Ubiquitin-protein conjugates were detected using a rabbit
polyclonal antibody (Z0458; DAKO, Carpinteria, CA) using a dilution
of 1:500. As secondary antibodies, anti-mouse or anti-rabbit F(ab’),
fragments linked with horseradish peroxidase (Amersham Pharma-
cia Biotech) were used to detect the primary antibodies.

RESULTS

p62 MRNA Expression Is Upregulated during Serum
Deprivation-Induced Apoptosis of Neuro-2a Cells

To identify genes induced during neuronal apoptosis,
we used a cDNA array to monitor changes in mRNA
expression during serum deprivation-induced apopto-
sis in Neuro-2a cells. Two Atlas mouse cDNA expres-
sion arrays, containing 588 cDNA fragments from
known genes representing different functional classes
of proteins, were hybridized with *P-labelled cDNA
probes prepared from apoptotic or control RNA (Fig. 1).
One of the genes that were significantly (>50% in-
crease) upregulated in apoptotic cells was oxidative
stress-induced protein A170 (GenBank Accession No.
U40930), which is the mouse homologue of human
ubiquitin-binding protein p62 (GenBank Accession No.
NM_003900).
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FIG. 2. Effect of proapoptotic treatments on p62 mRNA expression in Neuro-2a cells and rat hippocampal neurons, assessed by Northern
blotting. (A) Neuro-2a cells were either withdrawn of serum (Ser-), or treated with okadaic acid (Oka; 30 nM), etoposide (Eto; 8 uM), or
trichostatin A (TsA; 2 uM) and cultured for 12—-48 h (C, untreated control, 12 h). (B) Rat hippocampal neurons were treated with okadaic acid
(10 nM) after 7 days in vitro and cultured for 0-24 h. Values on the vertical axes are normalized pixel volumes (control = 1.0) of *P signals.
As a loading control, 18S rRNA was stained with methylene blue.
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Several Types of Proapoptotic Treatments Increase
Level of p62 mMRNA in Neuro-2a Cells and Rat
Hippocampal Neurons

The present finding that the expression of p62 is
induced in serum-deprived Neuro-2a cells suggested,
for the first time, that the function of p62 might be
related to apoptosis. In order to test the possibility that
p62 is upregulated during neuronal apoptosis, irre-
spective of the type of apoptotic inducer, we studied
p62 MRNA expression using different neuronal in vitro
models of apoptosis (Fig. 2). In Neuro-2a cells, all treat-
ments tested, i.e., serum deprivation, okadaic acid, eto-
poside, and trichostatin A, were found to increase the
level of p62 MRNA markedly during 12—-48 h, with
varying time courses (Fig. 2A). We have previously
confirmed that these treatments cause apoptotic cell
death in Neuro-2a cells (13, 15). These results demon-
strate that the upregulation of p62 mMRNA appears to
be a common feature of Neuro-2a apoptosis.

We subsequently studied whether a similar induc-
tion of p62 expression occurs during apoptosis of pri-
mary cultured neurons. In okadaic acid treated rat
hippocampal neurons, p62 mRNA level was markedly
increased during 12—-24 h (Fig. 2B), demonstrating that
the upregulation of p62 is not limited to Neuro-2a
neuroblastoma cells.

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

Next we examined whether the upregulation of p62
MRNA by certain apoptotic inducers was accompanied
by an increase in the protein level of p62 (Fig. 3). In
immunoblot analysis, the A170 antiserum recognized a
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62-kDa protein, the level of which was upregulated in
Neuro-2a cells deprived of serum or treated with oka-
daic acid for 12—36 h (Figs. 3A and 3B). Similarly, in
cultured rat hippocampal neurons, okadaic acid in-
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FIG. 3. Induction of p62 protein expression by pro-apoptotic
treatments in Neuro-2a cells and rat hippocampal neurons.
Neuro-2a cells were (A) withdrawn of serum or (B) treated with
okadaic acid (30 nM) and cultured for 0-36 h (C, untreated control,
36 h). (C) Rat hippocampal neurons were treated with okadaic acid
(10 nM). Levels of p62 protein were analyzed by immunoblotting,
using p62-specific rabbit antiserum.
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FIG. 4. Effect of proteasomal inhibitors on the levels of p62 MRNA, p62 protein, and ubiquitinated proteins in Neuro-2a cells (A—C) and
rat hippocampal neurons (D, E). Cells were treated with 2-5 uM of MG-132, lactacystin (Lact), or proteasome inhibitor I (PSl) as indicated.
(A) Levels of p62 mMRNA in Neuro-2a cells were analyzed by Northern blotting. Values are expressed as means = SEM of normalized pixel
volumes (0 h = 1.0) from 3—4 separate experiments. **P < 0.01, *P < 0.05, compared to 0 h. (B) Protein expression of p62 in Neuro-2a cells
was assessed by immunoblotting using p62-specific rabbit antiserum. (C) Neuro-2a cells were treated with PSI and ubiquitin immunoreac-
tivity of whole-cell extracts at 0—36 h was analyzed by immunoblotting using a rabbit polyclonal antibody (C, untreated control, 36 h). (D,
upper panels) Expression of p62 mRNA in rat hippocampal neurons treated with lactacystin, as determined by Northern blotting (C,
untreated control, 24 h). As a loading control, 18S rRNA was stained with methylene blue. (Bottom panel) Protein level of p62 in rat
hippocampal neurons treated with lactacystin was assessed by immunoblotting. (E) Rat hippocampal neurons were treated with lactacystin
and ubiquitin immunoreactivity of whole-cell extracts was analyzed by immunoblotting.

creased the level of the 62-kDa protein at 24 h (Fig.
3C). The results demonstrate that the increase ob-
served in p62 mMRNA level is paralleled at the protein
level, with similar time courses.

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

The p62 protein has a ubiquitin-binding area in
its N-terminal region and can bind ubiquitin non-
covalently in vitro and in vivo (16), suggesting that it
may play a regulatory role connected to the ubiquitin
system. To address the question whether the mRNA
and protein levels of p62 are affected by the accumu-
lation of ubiquitinated proteins, we used the proteaso-

mal inhibitors MG-132, lactacystin, and proteasome
inhibitor 1 (PSI) to increase the level of ubiquitin-
protein conjugates in Neuro-2a cells, and monitored
the levels of p62 mMRNA and protein (Figs. 4A-4C).
Interestingly, the level of p62 mMRNA was prominently
upregulated by all three inhibitors tested (Fig. 4A),
with varying time courses. In the case of MG-132, p62
MRNA reached a steady level as early as 6 h, whereas
lactacystin caused a continuous increase of p62 mMRNA
during 0—24 h. The highest upregulation of p62 mRNA,
over fourfold, was obtained with PSI.

At the protein level, p62 expression was similarly
increased by all three inhibitors tested, with a maxi-
mum increase at 24-36 h (Fig. 4B). Interestingly, in
the case of PSI, a higher M,, band appeared above the
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62-kDa signal (Fig. 4B, bottom panel). Based on its
apparent M,, at ~70 kDa, it is possible that this band
represents p62 conjugated to monoubiquitin. The in-
tensity of the upregulation of p62 expression in
Neuro-2a cells by proteasomal inhibitors was similar to
that caused by apoptotic treatments, with a two- to
fourfold increase at the mRNA level (compare Fig. 4A
to Fig. 2A), and a maximum increase at the protein
level at 24—-36 h (compare Fig. 4B to Figs. 3A and 3B).
In order to compare the expression profile of p62 to
the level of ubiquitinated proteins, we examined the
effect of proteasome inhibitors on the level of ubiquitin-
immunoreactive proteins in Neuro-2a cells. As ex-
pected, proteasome inhibitor I (PSI) caused a pro-
nounced increase in the level of ubiquitinated proteins
during 12-36 h (Fig. 4C). Similar results were obtained
using MG-132 and lactacystin (data not shown).

Proteasomal Inhibitors Induce Expression of p62
MmRNA and Protein in Rat Hippocampal Neurons

Next we examined the effect of proteasomal inhibi-
tors on p62 expression in primary cultured neurons
(Figs. 4D and 4E). In rat hippocampal neurons treated
with lactacystin, expression of p62 mRNA was promi-
nently upregulated during 12-24 h (Fig. 4D, upper
panels). Furthermore, the protein expression of p62
paralleled that of mRNA (Fig. 4D, bottom panel). As
observed in Neuro-2a cells, lactacystin potently in-
creased the amount of ubiquitin-immunoreactive pro-
teins in rat hippocampal neurons (Fig. 4E).

Taken together, the results demonstrate, for the first
time, that pro-apoptotic treatments and proteasomal
inhibitors prominently increase the expression of p62
MRNA and protein in neuronal cells. In addition, the
results suggest that the upregulation of p62 expression
by proteasomal inhibitors could be a response to an
increased level of ubiquitinated proteins.

DISCUSSION

In the present work, we report for the first time an
association between neuronal apoptosis and upregula-
tion of ubiquitin-binding protein p62 expression. From
the viewpoint of neuropathology, several aspects of p62
warrant its study in the context of neuronal death: [i]
rapid induction of p62 mMRNA and protein by different
stimuli, including oxidative stress (7, 17), [ii] ability to
bind noncovalently to ubiquitin (16), [iii] involvement
in protein aggregation (8, 9), [iv] binding to several
intracellular signalling proteins, such as p56', PKC-
M, p38™4°%, and RIP, some of which have been associ-
ated with cell stress or apoptosis (6, 18, 19), and [v]
indirect evidence for a protective effect against excito-
toxicity in rat brain (20). Oxidative stress and protein
aggregation contribute to both chronic and acute neu-
ropathological processes (11, 21). We therefore set out
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to explore the role of p62 under the conditions of neu-
ronal apoptosis and proteasomal dysfunction in vitro.

The initial cDNA array observation that p62 mRNA
is induced during serum deprivation of Neuro-2a cells
prompted us to test the possibility that the induction of
p62 is a common event in neuronal apoptosis. We ob-
served that p62 mRNA was upregulated by serum de-
privation, okadaic acid, etoposide, and trichostatin A at
12-24 h following the apoptotic treatment. Interest-
ingly, the induction of p62 expression clearly preceded
the activation of caspase-3, which appears at ~36 h in
these models (13, 15). Therefore, p62 upregulation ap-
pears to occur well before the execution phase of apop-
tosis, temporally paralleling the activation of more
upstream apoptotic signals. The response of p62 ex-
pression to diverse apoptotic treatments in vitro sug-
gests a role for p62 also in neuronal apoptosis in vivo.

In Neuro-2a cells as well as in rat hippocampal neu-
rons, the proteasomal inhibitors MG-132, lactacystin,
and PSI prominently increased the expression of p62
protein and mRNA, with a concomitant accumulation
of ubiquitinated proteins. The marked increase of p62
expression by proteasomal inhibitors suggests that the
upregulation of p62 could be a response to an increased
level of ubiquitinated proteins. Because of its ability to
interact with ubiquitin as well as a number of signal-
ling proteins, p62 is likely to have a regulatory role by
forming a link between signal pathways and ubiquitin-
mediated proteolysis. Ubiquitinated proteins accumu-
late in neurons in protein-damaging conditions, such
as oxidative stress and excitotoxicity. Therefore, it is
conceivable that by responding to increased levels of
ubiquitinated proteins, p62 upregulation might have a
protective effect in these pathological conditions.

A direct association of p62 with human disease was
recently reported by demonstrating that p62 is a major
constituent in intracytoplasmic protein aggregates (hy-
aline bodies) observed in hepatocellular carcinoma (9).
The presence of p62 in protein aggregates in vivo and
the induction of p62 expression in neuronal cells in
vitro by protein aggregation-promoting conditions sug-
gests that p62 may play a role also in neurodegenera-
tive diseases, such as Alzheimer’s disease (AD), since a
hallmark of these diseases is the accumulation of in-
tracellular protein aggregates in the brain.

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