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The inhibition of the ubiquitin-dependent proteasome system (UPS) via specific drugs is one type of approach used to
combat cancer. Although it has been suggested that UPS inhibition prevents the rapid decay of AU-rich element
(ARE)-containing messages, very little is known about the cellular mechanisms leading to this effect. Here we establish
a link between the inhibition of UPS activity, the formation of cytoplasmic stress granules (SGs), and mRNA metabolism.
The assembly of the SGs requires the phosphorylation of the translation initiation factor eIF2� by a mechanism involving
the stress kinase GCN2. On prolonged UPS inhibition and despite the maintenance of eIF2� phosphorylation, SGs
disassemble and translation recovers in an Hsp72 protein-dependent manner. The formation of these SGs coincides with
the disassembly of processing bodies (PBs), known as mRNA decay entities. As soon as the SGs assemble, they recruit
ARE-containing messages such as p21cip1 mRNA, which are stabilized under these conditions. Hence, our findings suggest
that SGs could be considered as one of the players that mediate the early response of the cell to proteasome inhibitors by
interfering temporarily with mRNA decay pathways.

INTRODUCTION

In eukaryotic cells, the ubiquitin-dependent proteasome
system (UPS) is the main nonlysosomal pathway respon-
sible for selective intracellular protein degradation
(Nandi et al., 2006). The UPS is composed of the ubiquitin-
conjugating system and the multicatalytic protease com-
plex known as the proteasome (Vabulas and Hartl, 2005).
The activity of the UPS is not only essential for protein
quality control but also for sustaining protein synthesis by
supplying the translational machinery with amino acids
(Hershko and Ciechanover, 1998; Hershko, 2005). Interfer-
ing with the UPS activity by pharmacological agents reduces
general translation initiation, followed by the induction of the
expression of heat shock proteins such as Hsp72; two main
features of cell stress response (Glickman and Maytal, 2002;
Pritts et al., 2002; Takimoto and Diggikar, 2002; Vabulas and
Hartl, 2005). Conversely, prolonged inhibition of the UPS
leads to a partial recovery of general translation via an
unknown mechanism (Baugh and Pilipenko, 2004; Ding et
al., 2006).

The UPS has also been implicated in RNA metabolism. It
was shown that interfering with UPS activity prevents the
rapid decay of a reporter message containing AU-rich ele-
ments (AREs) in the 3� untranslated region (3�UTR; Laroia
et al., 1999). The effect, however, of UPS inhibition on en-

dogenous ARE-containing messages is not known. The AREs
consist of multiple copies of the destabilizing sequence
AUUUA, responsible for the rapid decay of many short-lived
mRNAs including cytokines, growth factors, and proto-onco-
genes (Bevilacqua et al., 2003; Barreau et al., 2005). In addition to
the AREs, the AU-rich–mediated decay (AUMD) pathway in-
volves trans-acting factors known as AU-binding proteins
(AUBPs) that positively or negatively affect the AUMD pro-
cess. AUBPs such as HuR and CUG-BP1 protect ARE-mes-
sages from the decay machinery, whereas TTP, KSRP, BRF1,
CUG-BP2, and AUF1 target them for rapid degradation (Fan
and Steitz, 1998; Stoecklin et al., 2003; Iakova et al., 2004; Raineri
et al., 2004; Barreau et al., 2005; Briata et al., 2005).

It is well established that under stress conditions the sta-
bilization of ARE-containing messages correlates with the
recruitment of some of the AUBPs (HuR and TTP) to cyto-
plasmic foci called stress granules (SGs; Andrews et al., 1987;
Gallouzi et al., 2000; Kedersha et al., 2000; Stoecklin et al.,
2004). Likewise, other RNA-binding proteins (RBPs) known
to repress translation, such as TIA/TIAR and FMRP (Fragile
X Mental Retardation protein), or to induce mRNA turn-
over, such as G3BP (ras-GAP SH3 binding protein), also
localize to SGs in response to various stresses (Gallouzi et al.,
1998; Mazroui et al., 2002; Tourriere et al., 2002; Kedersha
et al., 2005; Anderson and Kedersha, 2006). Under these
conditions, RBPs and their associated mRNAs are recruited
from translating ribosomes to accumulate into SGs as un-
translated mRNPs. Because SGs contain proteins involved in
both the stabilization and degradation of mRNAs, their as-
sembly might be important for the regulation of mRNA
decay during stress.

Recently it has been suggested that under normal growth
conditions, mRNA decay occurs in cytoplasmic entities re-
ferred to as processing bodies (PBs; Kedersha et al., 2005;
Sheth and Parker, 2006). These are dynamic foci where fac-
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tors involved in different mRNA decay pathways are con-
centrated (Fenger-Gron et al., 2005; Lykke-Andersen and
Wagner, 2005). Examples include factors involved in
AUMD, such as TTP and BRF1, in nonsense-mediated decay
(NMD) such as Smg (5, 2) and Upf1 and in basic mRNA
decay such as the decapping enzymes Dcp1/2 and the exo-
nuclease Xrn1. Therefore, SGs and PBs share several com-
mon proteins (Kedersha et al., 2005), raising the possibility
that a cross-talk between these two structures is required
to ensure cellular protection from harmful conditions and
rapid recovery from stress. It is well known that once the
stress is relieved, SGs disassemble, and the majority of
released mRNPs are recruited back to the translation ma-
chinery (Kedersha and Anderson, 2002). These observa-
tions indicate that the assembly/disassembly of SGs
might constitute an important mechanism to regulate
gene expression in response to stress. Because proteasome
inhibition induces a typical stress response such as reduc-
tion in translation activity (Jiang and Wek, 2005) as well as
the overexpression of the Hsp72 protein (Meriin et al.,
1998), it is possible that under these conditions the cell
forms SGs and directly or indirectly affects the function of
PBs, which could explain in part the block in the decay of
ARE-containing messages (Laroia et al., 1999).

The mechanisms that regulate the formation of PBs are
largely unknown, although their size and numbers can in-
crease when 5� to 3� mRNA decay is prevented or when
translation initiation is inhibited by stress (Kedersha et al.,
2005; Anderson and Kedersha, 2006). The formation of PBs
can be blocked in response to treatments with a variety of
translation elongation inhibitors known to trap mRNPs
within polysomes, as well as during mitosis (Brengues et al.,
2005). In contrast to PBs, two different mechanisms have
been described to induce the formation of SGs. The first
relies on the phosphorylation of the translation initia-
tion factor 2 (eIF2�; Kedersha et al., 1999; Anderson and
Kedersha, 2006). The phosphorylation of eIF2� is known to
be mediated by four different stress kinases: heme-regulated
inhibitor kinase (HRI), protein kinase RNA (PKR), PKR-like
endoplasmic reticulum (ER) kinase (PERK), and general
control nonderepressible-2 (GCN2), depending on the type
of stress applied (Holcik and Sonenberg, 2005; Wek et al.,
2006). The second mechanism is independent of eIF2� phos-
phorylation and does not involve the activation of any of
these kinases. Indeed, we and others have showed that
interfering with the activity of the translation initiation fac-
tor eIF4A (Dang et al., 2006; Mazroui et al., 2006) or eIF4G
(Mazroui et al., 2006) triggers SG formation independently of
eIF2� phosphorylation. Under these conditions, however,
we did not observe any effect on the shape and number of
PBs. Although these studies identified some of the molecular
mechanisms by which SGs are formed, the effect of these
treatments on mRNA turnover is still elusive.

Although the observations mentioned above describe
some of the molecular mechanisms by which SGs are
formed, the signaling events involved in their disassembly
are not well defined. It has been suggested that Hsp72
protein could be involved in the disassembly of cytoplasmic
aggregates induced by the prion-like domain (PRD) of the
TIA protein (Gilks et al., 2004). The fact that the overexpres-
sion of PRD prevents SG formation and stimulates a mas-
sive production of the Hsp72 protein raised the possibility
that this heat shock protein (HSP) could be one of the
factors that triggers SGs disassembly. HSPs are a group of
proteins that act as chaperones or regulate protein trans-
location into organelles (Beere, 2004). Hsp72 is the major
inducible HSP during stress (Gabai and Sherman, 2002).

Interestingly, the inhibition of the UPS pathway is known
to induce a high expression level of Hsp72 (Meriin et al.,
1998). However, the link between Hsp72 expression and
the translation-recovery observed during prolonged pro-
teasome inhibition is not known. Under other stresses,
however, the expression of Hsp72 is induced during the
phase of translation recovery (Rylander et al., 2005a,b),
suggesting a potential link between Hsp72 expression,
translation reinitiation, and SG disassembly.

Here we investigated whether the inhibition of UPS
affects the localization and the fate of endogenous ARE
messages. We found that interfering with the activity of
UPS induces the formation of SGs and disrupts PB assem-
bly, leading to the stabilization of ARE mRNAs. We also
show that the assembly of SG in response to the inhibition
of the proteasome requires GCN2-mediated phosphoryla-
tion of eIF2�. Finally, we observed that the disassembly of
SGs as well as the recovery of translation that occurred
upon prolonged inhibition of UPS correlates with the
cytoplasmic accumulation of the Hsp72 protein.

MATERIALS AND METHODS

Cell Lines and Cultures
HeLa cells and 293 cells stably transfected with green fluorescent protein
ubiquitin (GFPu) (Bence et al., 2005; Salomons et al., 2005) were obtained from
American Type Culture Collection (Manassas, VA; ATCC). PERK KO and
GCN2 KO mouse embryonic fibroblasts (MEFs) are a gift from Dr. D. Ron
(New York University). HeLa cells stably transfected with TCR-� WT or
TCR-� containing a PTC were a generous gift from Dr. M. Wilkinson (Uni-
versity of Texas, M. D. Anderson Cancer Center, Houston, TX). Wild-type
(WT) MEFs, and MEFs harboring the mutation eIF2�S51A/S51A were previ-
ously described (Scheuner et al., 2001). Unless specified, all cell lines were
maintained in DMEM (Sigma, St. Louis, MO) supplemented with 10% fetal
bovine serum (FBS; Sigma), and penicillin and streptomycin (Sigma). All drug
treatments were done when cells reached 60–80% confluency.

Reagents
Two proteosome inhibitors MG132 (Z-Leu-Leu-Leu-al, purity �80% HPLC) and
lactacystin (purity �90% thin layer chromatography) were acquired from Sigma.
Both drugs were dissolved in DMSO (Sigma) at 100 mM stock solution and
stored at �20°C.

Antibodies
Anti-HuR and anti-G3BP antibodies were previously described (Gallouzi
et al., 2000; Mazroui et al., 2006). Anti-eIF4E and anti-TIA antibodies were
provided by Dr. J. Pelletier (McGill University, Canada) and Dr. P. Anderson
(Brigham and Women’s Hospital, Boston, MA), respectively. Anti-FMRP and
anti-FXR1 antibodies were a generous gift from Dr. E. Khandijian (St-Francois
d’Assise, Quebec, Canada). Anti-Dcp1a antibody was obtained from Dr. J.
Lykke Anderson (Boulder University, Colorado). Anti-EDD antibody was
a gift from Dr. Simon Wing (McGill University, Canada), Anti-Hsp72
(Stressgene), anti- p21cip1 (Chemicon, Temecula, CA), anti-actin (Sigma).
Anti-caspase-3, anti- eIF2�, and anti-phospho-eIF2�, (Cell Signaling, Bev-
erly, MA) antibodies were obtained from the indicated companies. Anti-
p53 was obtained from Dr. P. Branton (McGill University, Canada). Sec-
ondary antibodies were from Biocan Jackson (West Grove, PA).

Plasmids and Transfections
The plasmid encoding Flag-Hsp72 was a generous gift from Dr. P. Anderson
and the plasmid encoding HA-eIF4ET was provided by Dr. N. Sonenberg
(McGill University, Canada). DNA transfections were performed using Lipo-
fectamine Plus Reagent (Invitrogen, Carlsbad, CA) as recommended by the
manufacturer. For a six-well plate, 0.5 �g of DNA was used. Hsp72 small
interfering RNA (siRNA), purchased from Santa Cruz Biotechnology (Santa
Cruz, CA), was transfected into HeLa cells as described previously (Di Marco
et al., 2005). Twenty-four hours before transfection, cells were trypsinized to
obtain 50–60% confluency on the day of transfection. For a six-well plate,
1.5 �l of siRNA duplex (80 �M annealed duplex from Dharmacon [Boulder,
CO] or Santa Cruz) was mixed with 100 �l of OPTI-MEM medium and 3.5 �l
of Plus Reagent (Invitrogen) and incubated for 15 min at room temperature.
A mixture of 4 �l of Lipofectamine (Invitrogen) and 100 �l of OPTI-MEM was
then added to the precomplexed RNA mix and incubated for an additional 15
min before adding to cells. EDD siRNA was obtained from Dr. Simon Wing
(McGill University) and used as described (Yoshida et al., 2006).
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Proteins Extraction and Western Blotting
For total extract, cells (4 � 106) were washed with cold PBS, lysed directly in
1 ml of buffer A (20 mM Tris-HCl, pH 7.4, 150 mM KCl, 1.5 mM MgCl2, 100
mM NaF, 10 ng/ml aprotinin, 1 mM phenylmethyl-sulfonylfluoride, 1 mM
dithiothreitol (DTT), 10 U/ml RNasin; Pharmacia, Arlington Heights, IL) and
0.5% Nonidet P-40. The lysates were scraped from the plates, and proteins
were quantified with the Bradford assay. An equal volume of 2� Laemmli
loading dye was then added to the extract before boiling. For soluble-insol-
uble fractionation of lysates, cells were washed twice on ice with cold PBS and
then lysed in 1 ml ice-cold buffer A. The lysates were scraped from the plates,
incubated on ice for 10 min, and passed through a hypodermic needle (Becton
Dickinson, Lincoln Park, NJ) 15 times. Lysates were then clarified by centrif-
ugation at 12,000 � g for 30 min at 4°C to separate the soluble from the pellet
insoluble fraction. The soluble fraction was then removed and mixed with one
volume of 2� Laemmli loading dye. The pellet was dissolved in 1 ml of buffer
A and mixed with 1 ml of 2� Laemmli loading dye. Proteins were boiled,
resolved in 10% SDS-polyacrylamide gel, transferred to nitrocellulose mem-
brane, and incubated with the indicated antibodies.

Fluorescence Microscopy
Immunofluorescence was performed as previously described (Mazroui et al.,
2006). Essentially, cells were fixed in 3% paraformaldehyde and permeabil-
ized with 0.1% Triton X-100/phosphate-buffered saline (PBS). Slides were
incubated with primary antibodies diluted in 0.1% normal goat serum for 1 h
at room temperature (RT). After washing, slides were incubated with goat
anti-mouse/-rabbit IgG (H�L) secondary antibodies coupled to Alexa Fluor
488/594 (Molecular Probes, Eugene, OR; Invitrogen). Fluorescence micros-
copy was performed using a Zeiss Axiovision 3.1 microscope equipped with
Axiocam HR (Zeiss, Thornwood, NY) digital camera. Images were compiled
using Adobe Photoshop software (San Jose, CA).

Annexin V-Fluorescein Isothiocyanate/Propidium Iodide
Assay
HeLa cells were treated with 10 �M of MG132 for different time points or
with 3% formaldehyde containing PBS for 30 min on ice. We harvested
both adherent and detached cells. First the media was removed and
collected in a 15-ml Falcon tube (Becton Dickinson) and stored on cold ice.
Second the remained attached cells were scraped off the plate than added
to the Falcon tube. On centrifugation for 5 min at 1500 rpm, cells were
washed with ice-cold PBS, then pelleted again at 1500 rpm for 10 min at
4°C, and resuspended in ice-cold binding buffer (10 mM HEPES/NaOH,
pH 7.4, 140 mM NaCl, 2.5 mM CaCl2). The cells were subsequently stained
with annexin V-fluorescein isothiocyanate (FITC) and propidium iodide
(PI) for 15 min in the dark. A total of 50,000 cells were counted, and dead
cells were examined by flow cytometry.

Northern Blot Analysis
Northern blot analysis was performed as was previously reported (Di Marco
et al., 2005) using 10 �g of RNA isolated by TRIZOL reagent (Invitrogen).
RNA was transferred to a Hybond-N membrane, and after cross-linking the
blots were hybridized with 32P-dCTP-labeled human p21cip1, TCR-�, and
GABDH probes. After hybridization and washing, blots were exposed to
Biomax films (Perkin Elmer, ON, Canada).

In Vitro Transcription and RNA Fluorescence In Situ
Hybridization
A DNA fragment corresponding to the 3�UTR of p21cip1 was amplified by
PCR using the following primers fused either to the T7 or T3 minimal
promoter sequence: T3- p21cip1 Forward: 5� AATTAACCCTCACTAAAGG-
GCTCAGAGGAGGCGCCATGTCA 3� and T7- p21cip1 Reverse: 5� TAATAC-
GACTCACTATAGGGGCCGTTTTCGACCCTGAGAGTG 3�.

The amplified fragment was used as a template for in vitro transcription to
produce p21cip1 sense RNA from T3 promoter or p21cip1 anti-sense RNA from
T7 promoter, using the fluorescence in situ hybridization (FISH) tag RNA
Green Kit with Alexa fluor 488 (Invitrogen). In vitro–transcribed RNA was
quantified, denatured, and incubated with fixed, permeabilized cells at 37°C
for 16 h in the hybridization buffer (50% formamide, 5� SSC, 50 mM phos-
phate buffer, pH 7.4, 5� Denhardt’s, 1 mM EDTA, and 250 ng/�l salmon
sperm DNA). After hybridization, cells were processed for immunofluores-
cence as described above.

RESULTS

The Inhibition of the Ubiquitin-Proteasome Activity
Induces the Formation of Stress Granules
The inactivation of the UPS is known to induce the phos-
phorylation of eIF2�, leading to the transient inhibition of
translation initiation (Baugh and Pilipenko, 2004; Jiang and

Wek, 2005; Ding et al., 2006). Because phosphorylation of
eIF2� was also linked to SG formation triggered by several
stresses (Anderson and Kedersha, 2006), we asked whether
UPS inactivation might also result in the formation of these
cytoplasmic foci. We confirmed the effect of UPS inhibition
on eIF2� phosphorylation (Figure 1A) and found that treat-
ment of HeLa cells with MG132 or lactacystin (two well-
characterized inhibitors of the UPS; Voorhees and Orlowski,
2006) induced the formation of SGs, as illustrated by the
distribution of the SG markers, HuR and G3BP (Figure 1, B
and C). The involvement of the proteasome in the formation
of SGs was further confirmed by the depletion of the E3
ubiquitin ligase EDD using RNA interference (RNAi) du-
plexes against EDD mRNA (Yoshida et al., 2006). A signifi-
cant reduction in EDD expression (Figure 1E) correlated
with the formation of SGs (Figure 1D, compare panels 1 and
2). However, cells that did not take up EDD siRNA duplexes
did not form SGs (Figure 1D).

Our observations described above indicated that the as-
sembly of SGs in response to proteasome inhibition is time
dependent and reversible; this assembly started 1 h after
treatment with 10 �M MG132 and coincided with the phos-
phorylation of eIF2�. The granules then disassembled after
6 h of treatment (Figure 1, compare A and B). It was previ-
ously shown that prolonged exposure of cells to MG132
(�6 h) leads to a partial recovery of translation (Baugh
and Pilipenko, 2004; Ding et al., 2006). To determine whether
the disassembly of SGs correlates with this phenomenon, we
treated HeLa cells with MG132 for different times followed by
30 min of incubation with [35S]methionine and analyzed the
synthesis of de novo protein using a 10% SDS-polyacrylamide
gel (Figure 2A). The results showed that translation recovered,
albeit partially, when SGs disassembled (Figure 2, A and B). Of
note, we observed that the translation pattern after 8-h expo-
sure to MG132 is slightly different from untreated cells (Figure
2A). This could indicate that some of the population of mRNAs
that recover their translation after prolonged UPS inhibition
could be different from the ones expressed before the MG132
treatment. To ensure that the UPS is still inhibited at a time
when SGs disassembled, we used 293 cells stably transfected
with a reporter plasmid expressing GFP fused to a proteasome-
targeting sequence (GFPu). In these cells and in the absence of
any UPS inhibitors, the GFPu protein is constitutively de-
graded by the ubiquitin-dependent proteasome pathway
(Bence et al., 2005; Salomons et al., 2005). The addition of 10 �M
MG132 to these cells prevented the degradation of GFPu pro-
tein even after the disassembly of SGs (Figure 2C), demonstrat-
ing that UPS inhibition is maintained beyond the 6-h time
point. This result was confirmed in HeLa cells by following the
expression of p53 protein, which is known to be rapidly de-
graded by UPS in this cell system (Hougardy et al., 2006;
Kuballa et al., 2007). Western blot analysis on total HeLa cell
extracts prepared upon treatment with 10 �M MG132 for var-
ious periods of time showed a significant increase in the levels
of p53 compared with untreated cells (Figure 2D). These results
indicated that the disassembly of SGs occurred without reacti-
vation of the ubiquitin-proteasome system.

Previous observations showed that the overexpression of
some RBPs such as G3BP, FXR1, and FMRP induce sponta-
neous SGs assembly (Mazroui et al., 2002; Tourriere et al.,
2002). Thus it is possible that the MG132-induced SGs could
simply be the result of the stabilization and the accumula-
tion of SG-promoting proteins. To test this possibility, we
performed a Western blot analysis with total cell extracts
treated for different periods of time with 10 �M MG132, and
then the membrane was probed with the anti-G3BP, -FXR1,
and -FMRP antibodies. We observed that the expression
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Figure 1. Inhibition of the proteasome activity induces SGs formation. (A) Treatment of HeLa cells with MG132 induces eIF2� phosphor-
ylation. HeLa cells were treated with 10 �M MG132 for the indicated amounts of time, and protein extracts were prepared and analyzed by
Western blotting using an anti-phospho eIF2� (top panel) or pan anti-eIF2� (bottom panel) antibodies. (B) The SGs induced by MG132
disassemble 6 h after treatment. Untreated HeLa cells or cells treated with 10 �M MG132 for different time points were permeabilized and
fixed. The presence of stress granules was subsequently verified by immunofluorescence using antibodies against two surrogate markers of
SGs: HuR and G3BP. The primary antibodies used were a monoclonal anti-HuR antibody and a polyclonal anti-G3BP antibody. (C)
Lactacystin-induced SGs are dynamic. HeLa cells were incubated with lactacystin (10 �M) for 4 h (Lacta) or for 3 h before adding
cycloheximide (50 �g/ml) for an additional hour (Lacta � CHX), and then the distribution of HuR and G3BP was analyzed as described
above. In B and C the percentage of cells harboring SGs (�5 granules/cell), from three different fields and three different experiments
containing a total of 450 cells, is indicated to the right bottom of 4, 8, 12, and 16. (D and E) The RNAi-mediated depletion of the E3 ubiquitin
ligase EDD induces SG formation. HeLa cells transfected with siRNA against EDD or control siRNA (Ctr) for 48 h were either fixed on
coverslips and used for immunofluorescence with anti-EDD and anti-HuR antibodies (D) or used to prepare total cell extracts to perform
Western blot analysis using the indicated antibodies (E). (D) Cells containing SGs are indicated with arrowheads. Representative images of
two independent experiments are shown.
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levels of G3BP, FXR1, FMRP, and HuR proteins remained
unchanged throughout the treatment (Figure 2E and Sup-
plementary Figure 4). Additionally, the knockdown of the
EDD protein did not affect the expression of G3BP (Figure 1,
D and E). Thus, these observations suggested that during
MG132-mediated proteasome inhibition the assembly of SGs
does not correlate with the accumulation of some SG-pro-
moting proteins (G3BP, FXR1, and FMRP).

Our results indicated that the SGs induced by MG132
could be similar to those triggered by arsenite or heat

shock treatments (Andrews et al., 1987; Gallouzi et al.,
2000; Kedersha et al., 2000; Stoecklin et al., 2004). It has
been shown that during biochemical fractionation of cells
treated with various stresses the levels of SG-associated
proteins significantly increases in the insoluble fraction
(Mazroui et al., 2002; Gilks et al., 2004). When we per-
formed the same biochemical fractionation on HeLa cells
treated with MG132 for 3 h, we observed a threefold
increase in the levels of G3BP and FMRP proteins in the
insoluble fraction compared with untreated cells (Supple-

Figure 2. The proteasome inhibitor MG132 induces a transient reduction in translation activity that correlates with SG assembly. (A and B)
MG132 triggers a transient translation inhibition. (A) HeLa cells were treated with 10 �M MG132 for the indicated times and were then
labeled for 30 min with [35S]methionine (50 �Ci/ml). Proteins were resolved by SDS-polyacrylamide gel, stained with Coomassie blue
(bottom panel), and detected by autoradiography (top panel). (B) The intensity of the signal in each lane was measured using ImageQuant
software. The results were plotted as bar graphs. Error bars, SD of three independent experiments. The percentage of each signal was defined
as the intensity of each sample minus the background level and normalized against the signal for the untreated cells. (C and D) Treatment
with MG132 for more than 8 h is still effective. (C) GFPu cells (293 cells stably transfected with a GFP reporter construct fused to a proteasome
targeting sequence) were treated with 10 �M MG132 for different periods of time. The expression of GFP protein was monitored by Western
blot using the anti-GFP antibody to assess the inhibition of the proteasome activity. (D) HeLa cells were treated with 10 �M MG132 for
different periods of time (0–24 h). The expression of p53 protein was monitored by Western blot using the anti-p53 antibody. (E) The
expression levels of �-actin, G3BP, HuR, and FXR1 proteins are not affected during MG132 treatment. HeLa cells were treated with MG132
as in A. The steady state level of the indicated proteins was analyzed by Western blot using specific antibodies as indicated.
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mentary Figure 4). This indicated that MG132-induced
SGs display the same biochemical characteristics found in
SGs that are induced by other stresses. This conclusion was
confirmed when we followed the cellular distribution of other
SG markers. Using immunofluorescence, we observed that in
addition to HuR and G3BP (Figures 1B), SGs in cells treated
with MG132 for 3 h recruit FMRP, FXR1, PABP, eIF4A, and
TIA-1 (Figure 3). Addition of cycloheximide (a drug that inhib-
its the elongation step of translation by trapping mRNPs into
polysomes; Sonenberg and Dever, 2003) to cells pretreated
with lactacystin (Figure 1C, panels 2 and 4) or with MG132
(data not shown) disrupted preformed SGs, attesting to their
dynamic nature. This conclusion was further supported by the
fact that MG132-induced SGs disassemble after prolonged ex-
posure to 10 �M MG132 (Figure 1B). However, this disassem-
bly of SGs could simply be the result of massive cell death. To
test this possibility we treated HeLa cells for various periods of

time (0–16 h) with 10 �M MG132 and measured cell death by
quantifying the percentage of annexin V/PI-positive cells us-
ing flow cytometry (Martin et al., 1995) or by following the
activation by cleavage of the apoptotic effector caspase-3 (Zou
et al., 1997). Annexin V is known to associate with externalized
phosphatidylserines exposed at the surface of cell dying by
either apoptosis or necrosis (Sabourin et al., 2000; Suzuki et al.,
2001; Green and Steinmetz, 2002; Cobb et al., 2004). As shown
in Figure 4A, the maximum levels of apoptotic cells was � 20%
upon 16 h of MG132 treatment compared with the 86% of cell
death reached after only 30 min of exposure to formaldehyde
(Figure 4, A and B). Additionally, a low level of cleaved
caspase-3 was only detected after 16 h of exposure to MG132
(Figure 4C). These observations clearly indicated that the
MG132-induced SG assembly and disassembly are not due to a
massive cell death. Therefore, together these data suggested
that the inhibition of the UPS induced the formation of dy-
namic and reversible SGs.

The Formation of SGs in Response to MG132 Requires the
Phosphorylation of eIF2�

The assembly of SGs under different stresses can be triggered
by phosphorylation of eIF2� at serine 51 (Kedersha and Ander-
son, 2002). Recently, we reported that SGs can also form via a
mechanism unrelated to this modification (Mazroui et al.,
2006). Thus, we investigated the requirement of eIF2� phos-
phorylation in UPS-inhibition–mediated SG formation. For
this, we analyzed the ability of MEF cells expressing the non-
phosphorylatable eIF2� mutant (eIF2�S51A/S51A), obtained
from knockin mice (Scheuner et al., 2001), to form SGs in
response to MG132. Treating these cells with 10 �M MG132 for
3 h did not induce SG formation (Figure 5A, panels 3, 4, 7, and
8). In contrast, and under the same conditions, SGs were effi-
ciently formed in WT MEFs (Figure 5A, panels 1, 2, 5, and 6).
This result established that SG assembly triggered by UPS-
inhibition requires the phosphorylation of eIF2�.

Recent reports have suggested that during UPS-inhibition
the phosphorylation of eIF2� is mediated by the GCN2
kinase (Jiang and Wek, 2005). To test the implication of
GCN2 in MG132-induced SG assembly, we analyzed the
formation of these granules in MEF cells isolated from GCN2
knockout mice. As a control, we followed the formation of
these SGs in PERK�/� cells (PERK is a stress kinase known
to phosphorylate eIF2� under ER stress; Kimball et al., 2003).
We observed that in contrast to PERK�/�, GCN2�/� cells
do not form SGs upon MG132 treatment for 3 h (Figure 5B,
compare panels 2 and 6 with 4 and 8). The role of GCN2
in this process seems to be specific to proteasome inhibi-
tion, because arsenite-induced oxidative stress or pateam-
ine-mediated inhibition of eIF4A (a drug that forms SGs in
an eIF2�-phosphorylation-independent manner; Mazroui
et al., 2006) is able to induce the formation of SGs in both
GCN2�/� and PERK�/� cells (Supplementary Figure 2).
Thus, the lack of SG induction in GCN2�/� cells in the
presence of MG132 is not due to a general failure of these cells
to assemble SGs, but rather to a defect of a single pathway that
requires GCN2 activity. Consistent with the reported role of
GCN2 kinase in phosphorylating eIF2� during the proteasome
inhibition (Jiang and Wek, 2005), our Western blot analysis
showed that this posttranslational modification is weakly in-
duced in GCN2�/� compared with PERK�/� or WT MEFs
in response to MG132 (Figure 5, C and D). Altogether these
results suggested that GCN2 activity is part of the stress-
activated signaling pathway leading to SG assembly in re-
sponse to the inhibition of the UPS through phosphorylation of
eIF2�. The disassembly of SGs that occurs upon prolonged

Figure 3. MG132-induced SGs recruit a variety of RNA-binding
proteins. Untreated HeLa cells or cells treated with 10 �M MG132
for 3 h were subjected to immunofluorescence using antibodies
specific to FMRP, FXR1, eIF4A, HuR, PABP, TIA, and G3BP. The
Merge represents a staining for the two indicated proteins and the
DAPI. The percentage of cells harboring SGs (�5 granules/cell),
from three different fields and three different experiments contain-
ing a total of 450 cells, is indicated to the right bottom of 4, 8, 12, and
16. Representative pictures are shown for each protein.
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exposure to MG132, however, seems to be independent of the
phosphorylation state of eIF2� (Figure 1).

The Activity of the HSP Hsp72 Is Involved in Both SG
Disassembly and Translational Recovery during the
Inhibition of the UPS
Hsp72 is the major HSP produced in cells recovering from
stresses that induce SGs, such as heat shock or arsenite
(Gabai and Sherman, 2002). It was also shown that Hsp72 is
the main HSP induced during proteasome inhibition (Meriin
et al., 1998), and we have found that in NIH-3T3 cells, the
induction of Hsp72 in response to MG132 precedes SG dis-
assembly (Supplementary Figure 1). In HeLa cells, although
Hsp72 is constitutively expressed (Figure 6A, lane 1), its
production significantly increased during prolonged protea-
some inhibition when SGs disassemble (Figure 6A, compare
lanes 1 and 4). Thus, we hypothesized that Hsp72 activity
might play a role in SG disassembly. First we analyzed the
effect of overexpressing Flag-tagged Hsp72 on SGs in HeLa
cells and observed that only cells expressing high levels of
Flag-Hsp72 (�20% of total cells), compared with nontrans-
fected cells, failed to assemble SGs upon treatment with
10 �M MG132 (Figure 6B, compare panels 1, 2, 5, and 6). The
same result was obtained using other cell types such as
NIH-3T3 (known to express Hsp72 only during a recovery
from stress; Supplementary Figure 1C). Of note, we ob-
served that only cells expressing very high levels of Flag-
tagged-Hsp72 (50% of total Flag-tagged Hsp72-positive
cells) failed completely to form SG in response to MG132.

Thus, it is possible that a high level of Hsp72 protein is
required to prevent MG132-induced SGs. To confirm the
role of Hsp72 in SG disassembly during prolonged inhibi-
tion of the UPS, we depleted Hsp72 from HeLa cells by
RNAi using specific siRNA duplexes. Western blot analysis
showed that Hsp72 protein levels were significantly reduced
in HeLa cells treated with siRNA-Hsp72 compared with
cells treated with control siRNA (siRNA-Ctr; Figure 6C).
Immunofluorescent experiments using antibodies against
FMRP (Mazroui et al., 2003) or Hsp72 proteins showed that
treatment with 10 �M MG132 for 7 h failed to induce SG
disassembly in cells transfected with siRNA-Hsp72 duplexes
compared with nontransfected cells (Figure 6D) or those
treated with siRNA-Ctr (data not shown). These observa-
tions suggested that the overexpression of the Hsp72 protein
could be implicated in the disassembly of MG132-induced SGs.

Our data described above established a link between
MG132-induced SG formation and reduction in general
translation (Figure 1). To investigate the role of Hsp72 in
translation recovery during proteasome inhibition, we de-
pleted the expression of Hsp72 from HeLa cells with siRNA
as described above and analyzed the effect on the synthesis
of de novo proteins during MG132 treatment using [35S]me-
thionine in vivo labeling. Our results showed that the
siRNA-mediated depletion of Hsp72 protein did not affect
the inhibition of translation triggered by MG132, but signif-
icantly impaired translation recovery (Figures 6, E and F),
which is normally observed 6 h upon MG132 treatment
(Figure 1). Together, these results suggested that Hsp72

Figure 4. A small percentage of apoptotic
cells are detected only after prolonged expo-
sure (�15 h) to 10 �M MG132. (A and B) The
effect of MG132 treatment on the expression of
annexin V. (A) Untreated HeLa cells or cells
that were treated with MG132 for the indi-
cated times were collected, stained with an-
nexin V-FITC and PI, and analyzed by flow
cytometry. Formaldehyde treatment for 30
min was used as a positive control for apopto-
sis. The percentage of total dead or dying cells
is indicated on the top of each box (% of cell
death) and was defined as the sum of early
(lower right box) and late (upper right box)
apoptosis. The values were normalized to
control, untreated cells. (B) Histogram pre-
senting the results from A as the means �
SEM, from two independent experiments.
(C) The cleavage of the apoptotic protein
caspase-3 is detected only upon 16 h of ex-
posure to MG132. HeLa cells were treated
for the various indicated time points with
10 �M MG132 and then used to prepare
total cell extracts. Thirty micrograms from
each extract were used for Western blot, and
the membrane was probed for caspase-3 and
G3BP. The molecular weight (MW) of the
caspase-3 cleavage product (Caspase-3-CP)
is �14 kDa, whereas the precursor is 35 kDa.
Shown are representatives of two indepen-
dent experiments.
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protein could be involved in both SG disassembly and in the
partial recovery of translation that occurs during prolonged
inhibition of the UPS.

Previous studies have shown that the localization of HSPs
such as Hsp27 and Hsc70 changes during the stress response
of eukaryotic cells (Cuesta et al., 2000; Kodiha et al., 2005).
Hence, we examined the cellular distribution of Hsp72 in
HeLa cells in response to MG132. Immunofluorescence ex-
periments showed that Hsp72 was more concentrated in the

nucleus of untreated cells, as well as in cells treated with
10 �M MG132 for 3 h (Figure 7A, panel 2). In contrast, Hsp72
became more cytoplasmic upon prolonged exposure to
MG132 (�6 h), which correlated with the time during which
SG disassembly occurred (Figure 7A, compare panels 9 and
10). These results suggested that the cytoplasmic accumula-
tion of Hsp72 correlated with SGs disassembly. If this as-
sumption is true, cells in which Hsp72 accumulates in the
cytoplasm might fail to assemble SGs if treated with another

Figure 5. The formation of stress granules in
response to the inhibition of the proteasome
requires activation of the stress-induced ki-
nase GCN2 and phosphorylation of eIF2�. (A)
The phosphorylatable isoform of eIF2� is re-
quired for MG132-induced SGs. Wild-type
cells as well as cells expressing a nonphos-
phorylatable eIF2� isoform (S51A/S51A) were
treated with 10 �M MG132 for 3 h. The for-
mation of SGs was then verified by immuno-
fluorescence using antibodies against HuR
and FXR1. (B) MG132-mediated SGs require
the normal expression of the GCN2 kinase.
WT MEFs or MEFs lacking GCN2 or PERK
were treated with 10 �M MG132 for 3 h. The
formation of SGs was verified by immunoflu-
orescence as indicated above. (C and D) MG132-
mediated eIF2� phosphorylation requires the
GCN2 kinase. (C) Western blot analysis of phos-
pho-eIF2� in wild-type as well as in GCN2�/�
cells treated with 10 �M MG132 for the indi-
cated periods of time. HuR was used as a load-
ing control. (D) The results of Western blot were
quantified and normalized against HuR. The bar
graph represents the results of two independent
experiments.
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Figure 6. Link between the cellular localization of the Hsp72 protein, the disassembly of SGs and translation reactivation during prolonged UPS
inhibition. (A) The expression level of Hsp72 protein is enhanced during UPS inhibition. HeLa cells were treated with or without 10 �M MG132 for the
indicated periods of time. The expression of Hsp72 was then analyzed by Western blot. (B) The overexpression of Hsp72 prevents SG formation. HeLa
cells transfected with a construct encoding Flag-Hsp72 were treated with or without 10 �M MG132 for 3 h as indicated. The localization of Flag-Hsp72
was verified by immunofluorescence using the anti-Flag antibody. The formation of SGs was verified by immunofluorescence using antibodies against
G3BP. Shown are representative images of three independent experiments. Cells overexpressing Flag-Hsp72 and did not form SGs are indicated with
arrowheads. (C and D) RNAi-mediated Hsp72 depletion prevents SG disassembly after 7 h of treatment with MG132. HeLa cells incubated with an
siRNA targeting Hsp72 or a control siRNA (Ctr) for 48 h were subsequently treated with 10 �M MG132 for 7 h and then lysed, and protein
extracts were prepared and analyzed by Western blot for Hsp72 expression (C, HuR levels are included as a loading control). (D) The same
experiment as in C was performed, and cells were fixed and used for immunofluorescence experiment with anti-FMRP and anti-Hsp72 antibodies.
Cells that did not uptake the Hsp72-siRNA and lacking SGs are indicated with arrowheads. Representative images of two independent experiments
are shown. (E and F) The knockdown of Hsp72 correlates with the absence of translation recovery upon treatment with MG132 for 7 h. (E) HeLa
cells incubated with an siRNA targeting Hsp72, or a control siRNA, were treated with or without 10 �M MG132 for 3 or 7 h (h) and then subjected
to 35S-methionine labeling for 30 min to monitor de novo protein translation. Proteins were resolved by SDS-polyacrylamide gel, stained with
Coomassie blue (bottom panel), and detected by autoradiography (top panel). (F) The results were plotted as a bar graph. The intensity of the
signals was defined as described in Figure 2B.
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stress. To test this possibility, we first exposed HeLa cells to
10 �M MG132 for 7h and 30min to allow cytoplasmic accu-
mulation of Hsp72, then assessed SG formation upon treat-
ment with different stresses known to induce SGs in an
eIF2� phosphorylation-dependent manner. Because as ex-
pected these cells retained the cytoplasmic accumulation of

Hsp72 (Figure 7A, panel 18), they failed to assemble SGs
upon exposure to 0.5 mM arsenite for 30 min (Figure 7A,
panel 17) or to 10 �M MG132 for 3 h (data not shown). In
contrast, cells that were not pretreated with MG132 had
nuclear localization of Hsp72 and formed SGs upon arsenite
treatment (Figure 7A, panels 13 and 14). Additionally, the
same result has been obtained when we followed the cellular
distribution of the FMRP protein in cells treated as described
above (Figure 7B). Subsequently, we tested the effect of
arsenite on eIF2� phosphorylation in cells pretreated with
MG132 for 7 h. We performed a time course of MG132
treatment and followed eIF2� phosphorylation by Western
blot analysis. We observed that the level of eIF2� phosphor-
ylation increases by twofold in the presence of arsenite when
cells were pretreated with MG132 for 7 h (Supplementary
Figure 3, compare lane 7 to lanes 1–5). However this effect is
fivefold less than the phosphorylation of eIF2� observed in
cells exposed to only arsenite for 30 min (Supplementary
Figure 3, compare lane 6 and 7). This observation could
argue that MG132 only needs a low level of eIF2� phosphor-
ylation to induce SGs compared with arsenite. However
these cells preserved their ability to induce eIF2�-phosphor-
ylation-independent SGs. We observed that exposing pre-
treated HeLa cells with 10 �M MG132 for 7 h to Pateamine
A or Hippuristanol (Mazroui et al., 2006) for 30 min trig-
gered SG formation (Supplementary Figure 3B). Together
our results suggested that the accumulation of Hsp72 in the
cytoplasm not only correlated with SGs disassembly, but
also with the inhibition of their reassembly and this effect is
not due to a general defect in SG formation.

The Inhibition of the UPS Prevents Both
ARE- and Nonsense-mediated Decay
Previous studies have reported that the inhibition of the UPS
leads to the stabilization of ARE-containing messages via a
mechanism that involves Hsp72 protein (Laroia et al., 1999).
Stabilization of ARE messages has also been observed in
response to other stresses known to induce SG formation
such as heat shock, UV, or arsenite (Andrews et al., 1987;
Wang et al., 2000; Stoecklin et al., 2004). Therefore, it is
possible that the SGs induced by UPS inhibition could play
a direct role in protecting mRNA from the degradation
machinery. To test this possibility, we assessed whether
exposing HeLa cells to 10 �M MG132 for 3 h induces the
recruitment of mRNAs to SGs. Using RNA FISH, we ob-
served that the endogenous ARE-containing mRNA p21cip1,
which is known to be stabilized under stress conditions
(Wang et al., 2000), was recruited to MG132-induced SGs
(Figure 8). These observations suggested that SGs could play
a direct role in protecting labile mRNAs from rapid decay.
This conclusion was further confirmed by measuring the
half-life of p21cip1 mRNA during UPS inhibition. HeLa cells
untreated or incubated with 10 �M MG132 for 3 or 6 h were
subsequently treated with actinomycin D (ActD) for various
periods of time to block synthesis of de novo pol-II tran-
scripts. Total RNA was collected and used for Northern blot
analysis to assess the levels of p21cip1 mRNA. We observed
that treatment with MG132 for 3 h, conditions under which
SGs assemble (Figure 1B), resulted in a significant shift of the
p21cip1 mRNA half-life from 1 h 30 min (untreated cells)
to �4 h (Figure 9, A and B). Because under normal condi-
tions p21cip1 mRNA is an unstable message, we had to
overexpose the blot containing mRNA isolated from un-
treated cells about five times longer than the one containing
mRNA extracted from MG132-treated cells. However, upon
prolonged treatment of HeLa cells with MG132 (�6 h) we
observed that the half-life of p21cip1 mRNA was �4 h

Figure 7. Prolonged inhibition of UPS induces cytoplasmic accu-
mulation of Hsp72 and renders the cell resistant to SG formation.
(A) Inhibition of arsenite-induced HuR recruitment to SGs upon
exposure to MG132 for 7 h. HeLa cells were either untreated or
treated with 10 �M MG132 for 3 h, 7 h and 30 min, or 7 h with
MG132 followed by 30-min exposure to 0.5 mM of arsenite (AS) and
then analyzed by immunostaining with antibodies against HuR and
Hsp72. HeLa cells treated with only 0.5 mM arsenite were used as
a positive control for AS-induced SGs. Shown are representative
images from four independent experiments. (B) Inhibition of arsen-
ite-induced FMRP recruitment to SGs upon exposure to MG132 for
7 h. HeLa cells were treated as described in A except that SGs were
visualized by following the cellular distribution of FMRP protein.
Shown are representative images from three independent experi-
ments. In both panels, the percentage of cells harboring SGs were
determined as described in Figure 1.
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(Figure 9, A and B). Although this increase in the decay
rate of p21cip1 mRNA is modest, it could indicate that as
soon as SG disassembly starts, the ARE-containing mes-
sages that were recruited to SGs become accessible to the
decay machinery. This could be the case because after the
6-h MG132 treatment and during the 4-h exposure to
ActD the MG132, although still active (Figure 2C and data
not shown), did not induce cell death (Figure 4). There-
fore, these observations suggested that during the inhibi-
tion of the UPS, the stabilization of p21cip1 message could
be due in part to its recruitment to SGs.

Interestingly, our data suggested that p21cip1 mRNA co-
localizes in SGs with the RBP HuR (Figure 8). This colocal-
ization is consistent with the fact that HuR is known to
stabilize p21cip1 mRNA under stress conditions (Wang et al.,
2000). Moreover, SGs are also known as translation repres-
sion sites. Thus, it is possible that SG-mediated stabilization
of p21cip1 mRNA coincides with a reduction/inhibition in its
translation. To examine this possibility, we followed the
expression of p21cip1 protein under UPS inhibition. Cells
were treated with MG132 for different periods of time, and
total extracts were prepared and used for Western blot anal-
ysis using the anti- p21cip1 antibody. We observed that the
level of p21cip1 protein remained low during the time when
SGs were induced by MG132 and when p21cip1 message was
highly stabilized (3–6 h), compared with its level in un-
treated cells (Figure 9C). This result is consistent with the
fact that p21cip1 mRNA is recruited to SGs where its trans-
lation is repressed. However, p21cip1 protein becomes highly
abundant after prolonged treatment with MG132 (�6 h),
which correlates with SG disassembly (Figure 9C). Of note,
our Northern blot analysis showed that the steady state
levels of p21cip1 mRNA at 3 and 6 h after MG132 treatment

are almost identical (Figure 9A, compare lanes 7 and 13),
indicating that the observed increase in protein expression at
6 h is not due to an increase in the transcription rate of
p21cip1 message. Our data indicated that although the inhi-
bition of the UPS prevented the decay of ARE-messages, it
does not necessarily lead to the immediate translation of
these messages due to their sequestration into SGs.

If MG132-induced SGs play a role in the stabilization of
p21cip1 mRNA under conditions of UPS inhibition, this sta-
bilization effect should be prevented in the GCN2�/� cells
that are not able to form SGs in response to MG132 (Figure
3). To test this possibility, we performed the same ActD
pulse-chase experiment on GCN2�/� cells as described
above and measured the half-life of the endogenous p21cip1

mRNA. We observed that although exposure to MG132 for
3 h enhanced the steady state levels of p21cip1 mRNA by
fivefold in GCN2�/� cells (Figure 9D, compare lane 16 to
lane 6), the rate of its decay was the same than in untreated
cells (MEF or GCN2�/�; Figure 9D, compare lanes 1, 10, 16,
and 20, and 9E). As expected, however, and similarly to
HeLa cells (Figure 9A), exposure of wt-MEFs to 10 �M
MG132 for 3 h induced SG formation (data not shown) and
increased the half-life of p21cip1 mRNA (from 2 h in un-
treated cells to �4 h; Figure 9E). Thus, the stabilization of
p21cip1 mRNA in response to MG132 seems to require the
activity of GCN2 kinase and SG formation. Altogether, our
observations strengthen the correlation between MG132-in-
duced SG formation and the stabilization of ARE-containing
messages such as the p21cip1 mRNA.

The role of UPS-inhibition in ARE-mRNA stabilization
prompted us to question whether this inhibition could in-
terfere with other mRNA degradation pathways. To address
this question, we tested the effect of MG132 treatment on the
decay of another class of mRNA that contains a premature-
termination codon (PTC) and is normally eliminated by the
NMD pathway (Lykke-Andersen, 2004). HeLa cells stably
expressing the WT T-cell receptor beta minigene (TCR-�-wt)
or a TCR-� minigene containing a PTC (Li et al., 1997) were
treated with 10 �M MG132 for different times and the levels
of TCR-� mRNA were analyzed by Northern blot (Figure 9,
F and G). As expected, the level of the PTC-containing
mRNA was very low in untreated cells (Figure 9F, lane 1),
confirming its rapid decay by NMD (Li et al., 1997). In
contrast, NMD was impaired upon MG132 treatment (Fig-
ure 9F, compare lanes 2–5 with lane 1), which correlated
with SG formation (data not shown). Thus, our data sug-
gested that the role of UPS inhibition-induced SGs in mRNA
metabolism is not restricted to ARE-containing messages.

Recent studies have shown that both AUMD and NMD
occur in specific cytoplasmic foci called PBs (Fenger-Gron
et al., 2005; Sheth and Parker, 2006). Although stress treat-
ment is not required for PB assembly, it does increase
their size and number (Kedersha et al., 2005; Anderson
and Kedersha, 2006). Similar to SGs, PBs have been de-
scribed as sites for storage of translationally repressed
mRNAs (Sheth and Parker, 2006). Thus we investigated
the effect of UPS inhibition on the integrity of PBs. HeLa
cells were treated with 10 �M MG132 for different periods
of time, and PBs were visualized by immunofluorescence
experiments using a polyclonal antibody against a marker
of PBs, Dcp1a (Lykke-Andersen, 2002). As expected, we
observed that under normal conditions, Dcp1a was de-
tected in PBs (Figure 10A, panel 2). In contrast, upon
treatment with MG132 for 3 h, the number of Dcp1a-
containing PBs was significantly reduced (Figure 10A,
panel 6). These results indicated that exposure to MG132
resulted in the disruption of PBs. We also analyzed the

Figure 8. MG132-induced SGs recruit the ARE-containing mes-
sage p21cip1. On treatment with MG132 for 3 h, cells were fixed,
permeabilized, and then incubated with a Cy3-labeled in vitro–
transcribed antisense RNA probe to detect p21cip1 mRNA (p21
mRNA probe, panels 1– 8) and as a control with sense RNA probe
(Ctr probe, panels 9 –16). SGs were visualized using anti-HuR
antibodies. Shown are representative images from two indepen-
dent experiments.
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Figure 9. The inhibition of the proteasome blocks both ARE-mediated decay and NMD. (A and B) Effect of MG132 treatment on the half-life of p21cip1

mRNA in HeLa cells. (A) HeLa cells were first treated with or without MG132 for 3 h and then incubated with 5 �g/ml actinomycin D (ActD) for the
indicated times. Total RNA was prepared and the expression levels of p21cip1 mRNA was determined using Northern blot analysis. Endogenous GAPDH
mRNA was used as a loading control. (B) The expression of p21cip1 mRNA was quantified using the ImageQuant software program. The expression levels
of p21cip1 mRNA were then standardized against GAPDH message and plotted as the percentage of remaining mRNA compared with message levels
at the 0 time point (where there is 100% maximum mRNA level). Error bars, SD of three independent experiments. (C) Effect of MG132-treatment on the
synthesis of the p21cip1 protein in HeLa cells. Total cell extracts prepared from HeLa cells treated with 10 �M MG132 for the indicated time periods were
harvested and used for Western blot analysis. The membrane was probed for p21cip1 and �-actin proteins. (D and E) The GCN2 kinase seems to be
required for the MG132-mediated stabilization of the p21cip1 mRNA. (D) Wild-type MEFs and MEFs derived from GCN2�/� mice were treated as in
A, and the expression levels of mouse p21cip1 mRNA was determined using Northern blot analysis. (E) The expression of p21cip1 mRNA was quantified
as in A. Levels were standardized against 18S rRNA. Error bars, SD of two independent experiments. (F and G) UPS inhibition by MG132 interferes with
the nonsense-mediated decay pathway. (F) HeLa cells stably expressing T-cell receptor beta minigene wild type (TCR-�-wt) or a TCR-� minigene
containing a PTC were treated with 10 �M MG132 for different time points, and the levels of TCR-� mRNA were analyzed by Northern blot. (G) TCR-�
mRNA levels were standardized as described in A and B. Error bars, SD of two independent experiments.
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distribution of other markers of PBs, such as the cap-
binding protein eIF4E (Ferraiuolo et al., 2005). We found
that similar to Dcp1a, treatment with 10 �M MG132 for
3 h prevented the localization of eIF4E in PBs and targeted
it to SGs (Figure 10B). These data are consistent with
previous reports demonstrating that arsenite treatment
targeted eIF4E to SGs (Kedersha et al., 2002). Altogether,
these observations indicated that although the inhibition
of the UPS induces SGs, it disrupts PBs.

DISCUSSION

It is well established that interfering with the normal func-
tion of the UPS induces a stress characterized by the accu-
mulation of proteins that are normally targeted for decay
(Zimmermann et al., 2000; Lee et al., 2003). UPS inhibition
also stabilizes reporter ARE-containing messages (Laroia
et al., 1999). Very little is known, however, about the mech-
anisms linking these stress conditions to the block in mRNA
decay. In this study, we show that UPS inhibition triggers
SG assembly through a process that requires the GCN2-
mediated phosphorylation of eIF2� as well as a significant
reduction in protein synthesis. The assembly of these SGs is
reversible since they disassemble during proteasome inhibi-
tion allowing for a partial recovery in translation. Under
these circumstances, both SG disassembly and translation
recovery involves the Hsp72 protein. We provide evidence

suggesting that these stress conditions induce the stabili-
zation of the ARE-containing mRNA p21cip1, which cor-
relates with the recruitment of this message to SGs. This
effect is not restricted to ARE messages because PTC-
containing mRNAs are also protected from the degrada-
tion machinery during UPS inhibition. While assessing
the status of the cytoplasmic mRNA decay bodies (PBs)
under these conditions, we observed that the inhibition of
both ARE-mediated decay and NMD correlated with PB
disassembly. Together, these findings suggest that SGs
could be involved in protecting mRNAs from decay dur-
ing UPS inhibition, which preserves the ability of the cell
to recover from this stress.

One of the main features of cell stress response is to first
activate survival mechanisms to prevent the damage of vital
proteins and mRNAs that are needed for the recovery pro-
cess. If the stress is unsustainable, the cell will be irreversibly
damaged and death pathways are activated (Beere, 2004).
Because prolonged treatment of cells with proteasome in-
hibitors such as MG132 has been shown to activate apopto-
sis in an eIF2�-phosphorylation–dependent manner (Jiang
and Wek, 2005), it is possible that the assembly and the
disassembly of SGs observed in our experiments (Figure 1)
are part of the mechanisms involved in the sequential acti-
vation of anti- and pro-death pathways. In fact, eIF2� phos-
phorylation has been associated with both pro- and anti-
apoptotic activities (Adams, 2004). The fact that SGs have
been associated with a reduction in translation activity and
have been shown to recruit poly A� mRNAs and key cellu-
lar proteins raised the possibility that their assembly could
be part of stress-induced survival pathways (Anderson and
Kedersha, 2002, 2006). Our data showing that the assembly
of SGs upon MG132 treatment depends on the phosphory-
lation of eIF2� (Figure 5A) supports this possibility. A recent
study by Jiang and Wek (2005) has shown that GCN2 is the
primary kinase that mediates eIF2� phosphorylation-depen-
dent apoptosis upon treatment with MG132. However, with
other stresses such as UV treatment, GCN2 plays the oppo-
site role by activating the anti-apoptotic NF�B pathways
(Ghosh and Karin, 2002). The high level of cell death medi-
ated by GCN2 and eIF2�-phosphorylation occurs mainly
after prolonged exposure to MG132 (Jiang and Wek, 2005).
While examining cell death in our system, we observed that
a modest level of apoptosis was detected only after exposure
to MG132 for �15 h (Figure 4). Therefore, it is possible that
by inducing the assembly of SGs during the early time
points of MG132 treatment, GCN2 participates in the first
step of the cell stress response, which is activation of sur-
vival pathways. It is still intriguing, however, as to why and
how after 6 h of proteasome inhibition and despite the
maintenance of eIF2� phosphorylation, the cell partially re-
covers its translation activity and disassembles SGs (Figures
1 and 6). These observations could simply indicate that at
this stage the MG132 stress becomes unsustainable, signal-
ing to the cell that death is imminent. Consequently and in
response to these signals the cell slowly starts preparing
itself for the activation of suicide mechanisms by increasing
the levels of proapoptotic proteins. Therefore, defining the
exact factors involved in MG132-mediated SG assembly
could help identify better ways to accelerate the transition
from the survival to the apoptotic step, which will help
improve anticancer treatments.

In this study, we provide evidence suggesting that the
HSP Hsp72 (also called Hsp70; Nylandsted et al., 2004) plays
a positive role in the disassembly of MG132-induced SGs
(Figures 6 and 7). Previous experiments have indicated that
the level of Hsp72 protein increases significantly in response

Figure 10. The inhibition of the UPS disrupts PBs. (A) After incu-
bation with 10 �M MG132 for 3 or 7 h, HeLa cells were fixed and
used for immunofluorescence to detect SGs with anti-HuR antibod-
ies and to detect PBs with anti-Dcp1a antibodies. (B) Untreated
HeLa cells or cells treated with MG132 for 3 h were analyzed by
immunostaining using anti-eIF4E and anti-Dcp1a antibodies. (A
and B) Shown are representative images for three independent
experiments. The percentage of SGs and PBs in each cell has been
determined as described in Figure 1 for SGs.

Stress Granules and UPS Inhibition

Vol. 18, July 2007 2615



to proteasome inhibition in mice fibroblasts (Jiang and Wek,
2005). Although Hsp72 is constitutively expressed in HeLa
cells (Gallouzi et al., 2001; Nylandsted et al., 2004), our results
suggest that the increase in Hsp72 expression levels upon
prolonged treatment with MG132 is concomitant with its
accumulation in the cytoplasm (Figure 6). The nuclear local-
ization of Hsp72 that is seen at early time points of MG132
treatment (�6 h; Figure 7A, panels 2 and 6) could indicate a
need for keeping this chaperone away from the area where
SGs assemble. This conclusion was further supported by the
fact that overexpressing Hsp72 prevented SG formation,
whereas its depletion led to the maintenance of SGs beyond
6 h of MG132 treatment (Figure 6). Although these observa-
tions could argue that Hsp72 plays a role in SG disassembly,
we still do not know the molecular mechanisms leading to
this effect. However, it is also possible that this MG132-
induced SG assembly and disassembly could simply be the
result of a shift from cap-dependent to cap-independent
translation as has been recently observed for some viral
infection systems (McInerney et al., 2005; MacCallum et al.,
2006; Lin et al., 2007). Further studies are needed to define
the exact function of Hsp72 during SG disassembly as well
as during the recovery from stress in general.

Previous studies have reported that the inhibition of the
UPS leads to the stabilization of reporter ARE-mRNAs, and
suggested that this effect is due to the sequestration of AUF1
by Hsp72 in perinuclear aggregates (Laroia et al., 1999). It is
unlikely that these aggregates represent SGs because our
experiments show that Hsp72 is excluded from SGs (Figure
7A, panel 6). AUF1 is a member of a family of factors that
include TTP, KSRP, BRF1, G3BP, and CUGBP2—all known
to induce the decay of ARE messages (Barreau et al., 2005;
Anderson and Kedersha, 2006). Thus, it is plausible to as-
sume that the defect in ARE-mRNA decay during UPS in-
hibition involves a negative effect on the function of these
factors and the activation of a general mRNA stabilization
processes. Recent reports have shown that the recruitment of
TTP to SGs correlates with the inhibition of its ability to
induce ARE-mRNA decay (Stoecklin et al., 2004). Our data
suggest that MG132-induced SGs could be the cellular enti-
ties in which ARE-containing messages are recruited (Figure
8) and most likely stabilized (Figure 9). The presence of
p21cip1 mRNA in SGs (Figure 8) correlates with a significant
increase in its half-life and an inhibition of its translation
(Figures 9C). These data indicate a dual function of MG132-
induced SGs in the metabolism of a given message; protec-
tion from degradation and translation repression. Thus,
mRNAs that are stabilized during stress are not necessar-
ily accompanied by an increase in the level of protein that
they encode. Previous studies have reported that the in-
hibition of UPS induces accumulation of proteins in-
volved in cell cycle arrest such as p21cip1, p27, and p53
(Adams, 2004). This effect was attributed to protein stabi-
lization because these factors are normally degraded by
the proteasome. Our data provides more mechanistic de-
tail regarding the steps leading to the expression of pro-
teins such as p21cip1 under condition of UPS inhibition.
However, we still do not know how p21cip1 mRNA is
recruited to SGs. A recent study has shown that although
the RBP ZBP1 is not required for targeting �-actin mRNA
to SGs under stress, it plays a key role in its stabilization
(Stohr et al., 2006). Defining the protein factor(s) respon-
sible for the recruitment of p21cip1 to SGs under UPS
inhibition will help in the understanding of how and why
this message is first stabilized and then released to the
translation machinery.

In absence of stress, both translation repression and
mRNA degradation are known to occur within PBs. Because
the number and size of PBs seem to be induced during stress
(Kedersha et al., 2005), it is possible that many of the trans-
lationally repressed mRNAs are still targeted to PBs rather
than to SGs. However, under stress, SGs and PBs can be
detected in close proximity in single cells (Kedersha et al.,
2005), suggesting a direct communication between both en-
tities. Indeed, a model for a functional link between PBs and
SGs was recently proposed (Kedersha et al., 2005); mRNAs
that are recruited to SGs are either stored or delivered (e.g.,
via the destabilizing factor TTP) to adjacent PBs for degra-
dation. According to this model, the two entities are distinct.
It has also been shown that under certain conditions SGs can
recruit PB-markers such as Dcp1a and GW182 (Kedersha
et al., 2005). Our data shows that during the early time points
of UPS inhibition, SG assembly coincides with the disrup-
tion of PBs (Figure 10). The disappearance of PBs is not due
to their fusion with SGs because Dcp1a was excluded from
SGs during the inactivation of the UPS (Figure 10). It is
possible that UPS inactivation prevents the decay of proteins
that are antagonistic to PBs assembly. Previous studies have
suggested that interfering with UPS activity by overexpress-
ing the deubiquitinating enzyme prevents ARE-mediated
decay (Laroia et al., 2002). It will be interesting to investigate
whether the activity of these enzymes can also affect PB
and/or SG formation, and how they affect mRNA decay in
general. In fact, our experiments show that treating cells
with MG132 not only blocks the decay of ARE-mRNAs, but
also that of PTC-containing messages which are normally
targeted for NMD (Figure 9). Because PBs are known to be
the site of nonsense-mediated mRNA decay (Sheth and
Parker, 2006), their disassembly during UPS inhibition in
addition to the observed translation inhibition explains in
part the impairment of the NMD machinery. However,
whether PTC-containing messages are recruited to SGs re-
mains unknown. Thus the inhibition of the UPS seems to
affect more than one mRNA decay pathway, and it will be
interesting to investigate whether other mRNA processes
such as miRNA-mediated translation repression and mRNA
degradation can also be linked to the activity of the UPS.
Although SGs, PBs, and UPS are separate compartments,
they appear to be functionally connected. Because drugs
known to block the proteasome activity are now used in
cancer therapy (Adams, 2004), defining the exact pathways
by which they affect cell metabolism will help improve our
strategy to combat this disease. Our work opens the door to
further investigate the role of SGs in mediating the effect of
these drugs.
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