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Abstract

In this study we examined whether established signal transduction cascades, p44/42 mitogen
activated protein kinase (ERK1/2) and Jun N-terminal kinases (JNK) pathways, are altered in N2a
neural cells in response to proteasome inhibition. Additionally, we sought to elucidate the relative
contribution of these signal transduction pathways to the multiple downstream effects of proteasome
inhibition. Our data indicate that ERK1/2 and JNK are activated in response to proteasome inhibition.
Washout of proteasome inhibitor (MG132) results in an enhancement of ERK1/2 activation and
amelioration of JNK activation. Treatment with an established MAPK inhibitor resulted in an
increase in proteasome inhibitor toxicity, while incubation with JNK inhibitor was observed to
significantly attenuate proteasome inhibitor toxicity. Subsequent studies demonstrate that inhibition
of ERK1/2 and JNK activity does not alter the gross increase in ubiquitinated protein following
proteasome inhibitor administration. Similarly, ERK1/2 and JNK activity do not appear to play a
role in the disruption of polysomes following proteasome inhibitor administration in neural cells.
Together, these data indicate that ERK1/2 and JNK activation may play differential roles in
modulating neurochemical disturbances and neurotoxicity induced by proteasome inhibition.
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INTRODUCTION

The proteasome is a large protein complex which is responsible for a significant amount of
overall intracellular proteolysis, including the degradation of the majority of short lived
proteins (Shringarpure et al., 2002; Goldberg, 2003). Proteasome inhibition occurs during
aging and in a variety of age-related neurodegenerative conditions (Chondrogianni et al.,
2005; Keller et al., 2002), and is believed to contribute to multiple aspects of neuropathology
and neurotoxicity. The majority of studies to date have focused on the role of proteasome
inhibition as a mediator of increased ubiquitin-protein conjugates and protein aggregation
within a variety of cell types and tissues (Chondrogianni et al., 2003; Sullivan et al., 2004;
Rideout et al., 2001, 2003; Hyun et al., 2003; Li et al., 2008). More recent studies have
demonstrated a role for proteasome inhibition as a mediator of decreased protein synthesis
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(Ding et al., 2006), and a mediator of ribosome dysfunction (Ding et al., 2006; Kim et al.,
2005; Jiang and Wek, 2005; Othumpangat et al., 2005), with such disruptions potentially
contributing to the toxicity of proteasome inhibition. Such studies not only identify interplay
between protein synthesis and protein degradation, but also open the possibility of proteasome
inhibition contributing to cytotoxicity through modulation of protein synthesis (Ding et al.,
2007).

A number of signal transduction cascades have been demonstrated to be modulated in response
to proteasome inhibition, including the p44/42 mitogen activated protein kinase (ERK1/2) and
Jun N-terminal kinases (JNK) pathways (Shi et al., 2006; Yamamoto et al., 2008; Li et al.,
2008; Fineschi et al., 2008; Liu et al., 2008; Lam and Cadenas, 2008). The regulation of these
signal transduction cascades by stressors such as proteasome inhibition appears to be extremely
cell type specific, with the corresponding effects of these signal transduction pathways on
cellular homeostasis also being extremely cell type specific. For example, studies have
demonstrated both pro-apoptotic and anti-apoptotic roles for ERK1/2 and JNK activation
(Junttilaetal., 2008; Borsello and Forloni, 2007; Raman et al., 2007). Interestingly, proteasome
inhibition itself has been demonstrated to be both pro- and anti-apoptotic in a cell type specific
manner (Meiners et al., 2008; Montagut et al., 2006; Vu et al., 2008; Sun et al., 2008; Harris
et al., 2008). Exploring the potential role of ERK1/2 and JNK activation in modulating the
toxicity of proteasome inhibition is therefore an extremely important and relevant topic to aging
and age-related diseases of the brain, where proteasome inhibition is known to occur.

Recent studies have demonstrated that the toxicity of proteasome inhibition in rat primary
neurons is reversible (Ding et al., 2006), where washout of the proteasome inhibitor during the
first 12 hours of treatment results in a significant attenuation in neural death (Ding et al.,
2006). In the present study we sought to utilize this model to elucidate the relationship between
the reversible effects of proteasome inhibition as related to alterations in signal transduction,
ubiquitinated protein levels, ribosome alterations, and neural viability. Together, these data
indicate potentially different roles for ERK1/2 and JNK in regulating the toxicity of proteasome
inhibition in neural cells, and indicate that the relationship between ERK1/2 and JNK with
proteasome inhibitor toxicity is possibly independent of effects on ubiquitinated protein levels
or effects on ribosome homeostasis.

MATERIALS AND METHODS

Materials

All cell culture supplies were obtained from GIBCO L.ife Sciences (Gaithersburg, MD, USA).
Proteasome inhibitor MG132, ERK1/2 inhibitor 3-(2-Aminoethyl)-5-((4-ethoxyphenyl)
methylene)-2,4-thiazolidinedione-HCI (catalog # 328006), JNK inhibitor AEG3482 (catalog
# 152228) were obtained from Calbiochem (San Diego, CA). Antibodies against p44/42
ERKZ1/2 (catalog # 4695), phosphorylated p44/42 ERK1/2 (catalog # 9101S), JNK (catalog #
9258), and phosphorylated JNK (catalog # 4668S) were purchased from Cell Signaling
Technology (Danvers, MA); antibodie anti-f-actin (sc-47778) were purchased from Santa Cruz
Biotech, Inc. (Santa Cruz, CA). The secondary antibodies peroxidase-conjugated goat anti-
rabbit 1gG (H+L) (catalog # 111-035-003) and peroxidase-conjugated goat anti-mouse 1gG (H
+L) (catalog # 115-035-003) were purchased from Jackson ImmunoResearch Lab, Inc. (West
Grove, PA). Protease inhibitor was purchase from Roche Diagnostics (Indianapolis, IN);
phosphotase inhibitor cocktail 1 (catalog # P2850) and phosphotase inhibitor cocktail 2 (catalog
#P5726) were purchased from Sigma (St. Louis, MO). All Western-blot supplies, 7.5% precast
gel (catalog # 161-1154) and 10-20% precast gel (catalog # 161-1160) were purchased from
BIO-RAD (Hercules, CA). Polysome analyzing system was purchased from Brandel
(Gaithersburg, MD). All other chemicals were purchased from Sigma (St. Louis, MO).
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Cell Culture

N2a cells were cultured in 5% CO, at 37°C in minimum essential medium (MEM) containing
5% fetal bovine serum, 1% of antibiotic antimycotic and 1 mM pyruvate. All cells were plated
in fresh medium one day prior to experimentation and were used at ~70% confluency.

Western blot analysis

N2a cells were lysed in lysis buffer (50 mM Tris-HCI, pH 8.0, 20% glycerol, 140 mM NacCl,
0.5% Nonidet P-40, 5 mM MgCly, 0.2 mM EDTA) with protease inhibitors and phsophotase
inhibitors. Proteins were electrophoresed and blotted to nitrocellulose membrane. Blots were
probed with antibodies and visualized with peroxidase-linked secondary antibodies by using
Pierce ECL Western blotting substract (Pierce, Rockford, IL).

Analysis of cell survival

Cell survival was determined by quantification of apoptotic and necrotic nuclei using Hoechts
344 staining as described previously (Keller et al., 1998). Briefly, N2a cells were stained with
the fluorescent DNA-binding dye Hoechts 344 (Kruman et al., 1997), and the percentage of
viable cells determined by counting the number of dead cells (condensed and fragmented
nuclei) using a fluorescence microscope equipped with a 32X objective. Additional
confirmation of cell viability was determined using MTT reduction as a measure of cell viability
as reported previously (Keller et al., 1998), data not shown.

Analysis of ribosomes and polysome levels

Ribosomes and polyribosome fractions were purified and quantified as described in previous
studies from our laboratories and by others (Ding et al., 2006; Zhou et al., 2008). Briefly, N2a
cells were cultured in Dulbecco’s modified Eagle’s medium, as highlighted above, in the
presence of 10 uM MG132, or to no MG132, for 6 h. At that time 10 ug/ml cycloheximide was
added to the medium prior to collection and analysis. Cells were washed in cold phosphate-
buffered-saline solution supplemented with 10 ug/ml cycloheximide, and then lysed with ice-
cold lysis buffer containing 20 mM Tris-HCI (pH 7.5), 5 mM MgCl,, 100 mM NacCl, 0.4%
Nonidet P-40, and 10 pg/ml cycloheximide. The extracts were passed through a 23-gauge
needle for proper lysis of cells, incubated for 10 min on ice, and insoluble material was collected
by microcentrifugation at 10,000 rpm for 10 min at 4 °C. The resulting supernatant was then
applied onto a 15-50% sucrose gradient containing 20 mM Tris-HCI (pH 7.5), 5 mM MgCl,,
100 mM NaCl, 10 pug/ml cycloheximide, and centrifuged for 2 h at 40,000 rpm in a Beckman
SW-41Ti rotor. Following centrifugation, the gradients were fractionated by Brandel
fractionation system, and the absorbance of cytosolic RNA at 254 nm calculated using an in-
line UV monitor.

RESULTS

Reversible toxicity of proteasome inhibitors in N2a cells

Previously we have demonstrated that the ability of proteasome inhibitors to promote reversible
toxicity in primary neurons (Ding et al., 2006), whereby the washout of the proteasome
inhibitor within 12 hours of administration ameliorates neurotoxicity. Such studies suggest that
the event(s) which mediate neurotoxicity must be activated to a specific degree, or in concert
with other neurochemical changes, in order to induce neuron death. In the present study we
examined whether proteasome inhibitor toxicity is similarly reversible in N2a neural cells. In
these studies N2a cells were treated with increasing concentrations of the reversible proteasome
inhibitor MG132. Analysis of neural survival demonstrated that there was a dose-dependent
increase in toxicity that was largely reversible by washout of the proteasome inhibitor (Fig. 1
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& 2). These data indicate that N2a cells respond similarly to rat primary neurons, in regards to
neurotoxicity following proteasome inhibitor treatment.

Effect of proteasome inhibitors on ERK1/2 and JNK activation

In order to determine whether proteasome inhibitors modulate the activation of the ERK1/2
and JNK pathways in N2a cells, we conducted studies in which cells were treated with MG132,
or treated with MG132 followed by washout of the inhibitor. In these studies we observed that
the presence of MG132 promoted a modest elevation in ERK1/2 activation, as indicated by
the presence of increased detection of phosphorylated ERK1/2, which is known to be an
activated form of ERK1/2 (Fig. 3). Interestingly, the greatest activation of ERK1/2 was
observed to occur during the washout of MG132 (Fig. 3), which was also associated with neural
survival (Fig. 1 & 2). We next examined the degree to which MG132 was able to modulate
JNK activation, using phosphorylated JNK levels as an index of JINK activation. In these studies
we observed that JINK appeared to be activated in response to MG132, with washout of MG132
ameliorating the levels of JNK activation (Fig. 3).

Effect of ERK1/2 and JNK inhibitors on proteasome inhibitor-induced toxicity

In order to begin to elucidate the downstream consequences of ERK1/2 and JNK activation to
proteasome inhibitor-induced neurotoxicity, we treated N2a cells with ERK1/2 and INK
inhibitors during the different experimental paradigms involving MG132 treatment. In these
studies we observed that addition of a ERK1/2 inhibitor did not reduce MG132 toxicity and
actually promoted an exacerbation of MG132 toxicity (Fig 2). In contrast, treatment with INK
inhibitor resulted in an amelioration of MG132 toxicity (Fig 2). Together, these data indicate
that MAP kinase and JNK pathways appear to play differential roles in modulating neural
viability in response to proteasome inhibition.

Effects of ERK1/2 and JNK inhibition on MG132-induced increases in ubiquitinated protein

We next examined the potential roles of ERK1/2 and JNK activation to MG132-induced
increases in ubiquitinated protein. In these studies we observed that there was a predicted
increase in ubiquitinated protein levels upon treatment with MG132, which was sustained in
response to washout of the proteasome inhibitor (Fig. 4). Administration of ERK1/2 and JNK
inhibitors did not significantly alter the level of ubiquitinated protein during MG132 treatment
or following washout of the proteasome inhibitor (Fig. 4). These studies suggest that ERK1/2
and JNK do not significantly modulate the gross levels of ubiquitinated protein following
proteasome inhibition.

Effect of ERK1/2 and JNK inhibition on MG132-induced ribosome disturbances

Studies from our laboratory and other have demonstrated that proteasome inhibition is
sufficient to alter ribosome dysfunction and protein synthesis (Ding et al., 2006). In this study
we observed that inhibition of proteasome activity induced declines in polyribosome levels
and significantly altered the relative level of ribosome precursors (40S/60S) as well as mature
ribosome complexes (80S) (Fig. 5). Washout of MG132 was observed to result in no significant
effect on MG132 disturbances of either polyribosome and individual ribosome complexes (Fig.
5). Additionally, we observed that treatment with JNK inhibitor (Fig. 5) or ERK1/2 inhibitor
(Fig. 5) did not have significant effects on MG132 induced ribosomal disturbances.

Discussion

Our findings indicate that N2a neural cells exhibit reversible proteasome inhibitor toxicity
similar to what is observed in rat primary neurons (Ding et al., 2006), with washout of the
reversible proteasome inhibitor largely ameliorating the neurotoxicity of proteasome
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inhibition. N2a cells may therefore provide another important and relevant model for studying
the molecular and cellular aspects of proteasome inhibition, including identifying and
understanding the reversible aspects of proteasome inhibitor toxicity. In particular, studies are
needed to distinguish which downstream effects of proteasome inhibition are involved in
promoting neurotoxicity, as well as identify those cellular disturbances which play a role in
preventing neurotoxicity in response to proteasome inhibition. Such data are of significant
importance in the neuroscience field given the considerable evidence for proteasome inhibition
contributing to brain aging and neuropathology in a variety of neurodegenerative disorders
(Keller et al., 2006; Olanow and McNaught, 2006; Stolzing and Grune, 2001; Sullivan et al.,
2004; Halliwell, 2002; McNaught, 2004; Seo et al., 2004). Studies using N2a cells may
therefore be combined with studies in primary rat neurons to develop useful insight into these
areas of aging and neurodegeneration research.

The data in our current study demonstrate that proteasome inhibition promotes activation of
ERK1/2 and JNK signal transduction pathways, and that the activation of these pathways
appears to have differential effects on neural viability. Specifically, in the present study we
identified that activation of ERK1/2 activation appears to play a significant role in ameliorating
neurotoxicity while activation of INK appears to promote the development of neural cell death.
These studies are therefore consistent with previous studies which identified a role for ERK1/2
in ameliorating the toxicity of irreversible proteasome inhibitors (Choi et al., 2006; Cheng et
al., 2006) and studies which identified JNK inhibitors as being capable of promoting cell
viability in response to irreversible proteasome inhibitor administration (Shi et al., 2006; Cheng
et al., 2006). At present it is unclear whether the ultimate fate of cell viability is dictated by
the balance between the gross level of ERK1/2 activated events, and the gross level of INK
mediated events, or whether cell viability is dictated by the modulation of a limited number of
specific events following activation of these signal transduction pathways. Interestingly, in the
present study we observed that washout of the proteasome inhibitor resulted in a further
increase in ERK1/2 activation while JNK activation was reduced in response to removal of
proteasome inhibitor. These data suggest once proteasome inhibition has activated ERK1/2
and JNK pathways, ERK1/2 possesses significant residual activity and remains capable of
sustaining downstream signal transduction, while maintenance of JNK activation requires
sustained levels of proteasome inhibition. Understanding the basis for proteasome inhibition
regulating these two kinases is therefore likely key to understanding the basis for proteasome
inhibitor toxicity.

Previous studies have demonstrated that proteasome inhibition promotes an inhibtion of
ERK1/2 activation via modulation of ERK1/2 specific phosphatases (Torres et al., 2003) in
fibroblast. Furthermore, this previous study linked the ability of proteasome inhibitors to
decrease ERK1/2 signaling to the ability of proteasome inhibitors to promote an acceleration
in cell senescence (Torres et al., 2003), consistent with proteasome inhibition promoting
cellular aging in some cell types via the down regulation of ERK 1/2 signaling. In our study
we observed that neural cells have an apparent protective activation of ERK 1/2 in response
to proteasome inhibition. It remains unclear as to why in some cell types there is a down
regulation of ERK 1/2, and in others there is an apparent activation of ERK 1/2, in response
to proteasome inhibition. The most obvious explanation based on the available data suggest
that this discrepancy is largely dependent upon the degree to which MAPK phosphatase activity
is increased in response to proteasome inhibition (Torres etal., 2003). Regardless, these studies
cumulatively are consistent with ERK 1/2 activation being beneficial in ameliorating the effects
of proteasome inhibition. Identifying the proteasome substrates which directly or indirectly are
responsible for modulating ERK 1/2 activity, and the ERK 1/2 substrates which are responsible
for modulating downstream effects of proteasome inhibition, will lead to significant advances
in the area of aging research. Such studies may also explain the basis by which increasing the
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levels of proteasome in cells is sufficient to increase lifespan (Chen et al., 2006; Chondrogianni
and Gonos, 2007, 2008; Chondrogianni et al., 2005).

It is important to point out that our studies relied on Western blot techniques to assess the
relative activation state of ERK1/2 and JNK, with previous studies using these assays as well
as other experimental modes to detect changes in ERK1/2 and JNK activity (Cheng et al.,
2006). This discrepancy highlights the fact that there may be cell type specific, as well as
experimental variances depending on the model utilized; with regards to the ultimate degree
ERK1/2 and JNK are activated in response to proteasome inhibition. Such difference are
important to consider when synthesizing the findings from different studies on this research
topic, and may be important to understanding the ability of proteasome inhibition to promote
cell death in some paradigms, and in other paradigms contribute to the induction of cell death.

Our data suggest that the toxicity of proteasome inhibition is regulated by the balance between
pro- and anti-cell death downstream effects of proteasome inhibition. Previous studies have
firmly established that proteasome inhibition results in increased levels of both pro- and anti-
apoptotic pathways (Ding et al. 2004; Yew et al., 2005). This is an important concept for
understanding how proteasome inhibition mediates neurotoxicity in vivo, given that it is likely
that inhibition of proteasome activity in vivo is mediated by transient events that ultimately
results in longer and longer durations of proteasome inhibition as tissues age. Identifying the
neuropathological and neurochemical events which are central mediators of the deleterious
shift to prolonged proteasome inhibition, will be useful in identifying cases where proteasome
inhibition is a benign event.

Interestingly, in the present study we did not observe a significant role for INK or ERK1/2 in
modulating the levels of ubiquitinated protein or ribosome disturbances which occurred
following proteasome inhibition. Such data suggest that these alterations may occur
independent of increased ERK1/2 and JNK activity. Interestingly, these gross abnormalities
were not clearly identified as being pro- or anti-cytotoxic given that increased protein
ubiquitination and ribosome disturbances were observed during chronic as well as transient
proteasome inhibitor treatment. These data suggest that these events are independent predictors
of proteasome inhibitor toxicity, at least in this current experimental paradigm. Additionally,
they raise the possibility that it may be small changes in specific pools of ubiquitinated protein,
or specific effects in subsets of polyribosomes within a specific subcellular localization, which
are linked to the induction of neurotoxicity. Such scenarios may be particularly important to
the emerging role for proteasome activity in regulating synaptic homeostasis and long term
potentiation (Ding and Shen, 2008; Fioravante et al., 2008). Our studies indicate that
proteasome inhibition promotes the disassociation of polyribosome complexes, and thereby
promotes the amount of free mature ribosomes in the cytoplasm. Such changes will
undoubtedly contribute to impairments in protein synthesis, and are likely mediated by effects
of proteasome inhibition on ribosomal RNA (Ding et al., 2006).

Given the tremendous interest in proteasome biology and interest in understanding the
downstream effects of proteasome inhibition, it is becoming increasingly important to begin
elucidating the basis by which dysfunction of the proteasome promotes cellular disturbances.
In particular, studies need to begin to link the different downstream effects of proteasome
inhibition to each other, and to begin the process of distinguishing benign effects from those
which are either pro- and anti-apoptotic. Such data are likely to increase our understanding of
the basis for brain aging and neurotoxicity in a variety of neurodegenerative settings where
proteasome inhibition is observed.
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Figure 1. Analysis of MG132 toxicity in N2a neural cells

Increasing concentrations of MG132 increase cytotoxicity as evidenced by a loss of cell
integrity and blebbing, with washout of proteasome inhibitor largely preserving cell viability.
Examples of cell morphology are presented following 24 hrs of treatment with increasing
concentrations of the proteasome inhibitor MG132 (-washout). Additionally, cultures which
received a 3 hr treatment with MG132, followed by washout of the inhibitor and quantification
of viability 24 hrs following proteasome inhibitor administration are presented (+ washout).
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Figure 2. Analysis of MG132 toxicity in neural N2a cells

Increasing concentrations of MG132 were administered to neural N2a cells with the cells
analyzed for neural viability 24 hours following initial MG132 treatment. In each experimental
group (0-10 uM MG132) neural cells were also treated with 5 pM ERK1/2 inhibitor or 5 uM
JNK inhibitor (AEG1842). *p < 0.05 compared to cells not treated with MG132; **p < 0.05
compared to cells not treated with ERK1/2 or JNK inhibitors
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Figure 3. Analysis of ERK1/2 and JNK activation following treatment with proteasome inhibitor
MG132

Increased levels of ERK1/2 and JNK activation are observed following proteasome inhibitor
treatment, with washout of proteasome inhibitor promoting further ERK1/2 activation and
ameliorating the elevation in JNK activation. The levels of activated p44/42 MAP kinase (P-
ERK1/2), non-phosphorylated ERK1/2 (ERK1/2), activated JUN kinase (P-JNK) and non-
phosphorylated Jun Kinase (JNK) were analyzed following 4 or 8 hours of 10 uM MG132
treatment. Additionally, cultures were analyzed following washout of MG132 and incubation
of cells in complete N2a media (lacking MG132) for 16 hours. Data representative of results
from 3 separate experiments.

J Neurosci Res. Author manuscript; available in PMC 2010 November 1.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuely Joyiny vd-HIN

Zhang et al.

Page 14

BHr MG132 - + + - + + - + +
AEG1842 - - - + + + - - -
ERK1/2Inh. = = = = = = + + +
Washout = - + - - + - - +

anti-ubiquitin

Figure 4. Analysis of ubiquitinated protein levels in N2a cells in response to MG132 treatment
Proteasome inhibitor treatment increases the levels of protein ubiquitination, and washout of
the inhibitor sustains the elevation in ubiquitinated protein levels. Treatment with inhibitors
of ERK1/2 and JNK have no significant effect on proteasome inhibitor-induced increases in
ubiquitinated protein levels. Neural N2a cells were analyzed for the levels of ubiquitination
following 6 hours of 10 uM MG132 treatment with or without the presence of 5 uM ERK1/2
inhibitor or 5 uM JNK inhibitor (AEG1842). Additionally, cultures were analyzed for N2a
protein ubiquitination following washout of MG132 and incubation of cells in normal N2a
media for 16 hours. Data representative of results from 3 separate experiments.
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Figure 5. Analysis of MG132 effects on ribosome and polyribosome homeostasis in N2a neural cells
Neural N2a cells were analyzed for alterations in ribosome and polysome fractions following
6 hour-treatment with 10 uM proteasome inhibitor MG132. Additionally, ribosome and
polyribosome homeostasis was examined following washout of MG132 and incubation of cells
in normal N2a media for 16 hours. Data demonstrate that MG132 results in diminution of
polyribosome levels, and alters the ratio of premature (40S/60S) ribosome complexes to mature
ribosomes (80S). Additional experiments were conducted where MG132 effects were analyzed
in the presence and absence of 5 uM JNK inhibitor AEG1842. Lastly studies were conducted
in which MG132 effects were analyzed in the presence and absence of 5 uM ERK1/2 inhibitor.

Data representative of results from 3 separate experiments.

J Neurosci Res. Author manuscript; available in PMC 2010 November 1.



