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Molecular chaperones and the ubiquitin-proteasome pathway are known to participate
in the quality control of proteins in cells. In this study, we examined the responses of
small heat shock proteins to proteasome inhibitors to clarify their roles under condi-
tions where misfolded proteins are abnormally accumulated. HSP27 and aB-crystallin
accumulated in both soluble and, more prominently, insoluble fractions after exposure
to MG-132, a proteasome inhibitor. Enhanced expression of mRNAs for HSP27 and aB-
crystallin was observed, suggesting transcriptional activation. Phosphorylation of
HSP27 and aB-crystallin in cells treated with MG-132 was enhanced concomitantly with
activation of p38 and p44/42 MAP kinase pathways. Immunofluorescence analysis
revealed that exposure to proteasome inhibitors induced the formation of aggresomes
in U373 MG cells, to which HSP27 and aB-crystallin were recruited. However, phospho-
rylation was not required for this accumulation in aggresomes. Thus, HSP27 and aB-
crystallin are increased, phosphorylated and localized in aggresomes when proteasome
activity is inhibited.
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Posttranslational quality control of proteins such as folding,
refolding, and degradation are required for the mainte-
nance of cellular functions (1). If the systems responsible m
individual cells are damaged, functions may be lost and
this often leads to serious disease. In fact, abnormal accu-
mulation and aggregation of proteins in intracellular and
extracellular lesions are associated with cell death in de-
generative conditions such as Alzheimer's, Parkinson's and
Huntington's diseases (2). Molecular chaperones partici-
pate in folding of many proteins under both unstressed and
stressed conditions (3), and several families are known to
exist in mammalian cells including the small heat shock
protein (sHSP) family. sHSPs, which have a molecular
mass of about 15-30 kDa, share several features: posses-
sion of a homologous amino acid sequence called the "a-cry-
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stallin domain" (4); induction by various stimuli including
heat, oxidative reagents and heavy metals (5, 6); and phos-
phorylation in response to various stresses and growth fac-
tors (7, 8). There are several reports describing relation-
ships between sHSPs and human diseases We previously
found levels of HSP27 and aB-crystallin, which are typical
sHSPs, to be elevated in brains of patients with Alzheimer's
disease (9). Similarly, ubiquitinated and phosphorylated
aB-crystallin accumulates in Alexander's disease as a com-
ponent of the Rosenthal fibers in glial cells {10-12).

Abnormal proteins in the cytosol and nucleus are de-
graded primarily through the ubiquitin-proteasome path-
way. The proteasome is a large multicatalytic complex that
catalyzes such degradation (23). The pathway is required
for the breakdown of many cellular regulatory proteins,
and the controlled degradation of substrates is critical for
cell survival (14). Recently, a variety of reversible (15) and
irreversible (16) proteasome inhibitors have been identified
and used to reveal involvement of the ubiquitin-proteasome
pathway in diverse cellular functions. Treatment with
these proteasome inhibitors activates the heat shock tran-
scription factor (HSF) (17, 18) with subsequent induction of
heat shock proteins (19-21).

In the present study, we examined the responses of
sHSPs to proteasome inhibitors to clarify their roles under
conditions where misfolded proteins are abnormally accu-
mulated. We found that proteasome inhibitors induce accu-
mulation and phosphorylation of the sHSPs HSP27 and
aB-crystallin in U373 MG human glioma cells. Moreover,
this was associated with recruitment of HSP27 and aB-
crystallin to specialized cellular structures called aggre-
somes (22).
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MATERIALS AND METHODS

Reagents—MG-132 was purchased from Calbiochem-
Novabiochem (La Jolla, CA) or Peptide Institute. (Osaka).
Lactacystin, SB203580, PD169316, and PD98059 were
obtained from Calbiochem-Novabiochem. Carbobenzoxy-L-
leucyl-L-leucinal was obtained from Peptide Institute.
Uol26 was purchased from Promega (Madison, WI). Mouse
monoclonal antibodies against vimentin (Sigma Chemical,
St Louis, MO), against ubiquitin (Medical and Biological
Laboratories, Nagoya), against 20S proteasome (23) (gener-
ously provided by Dr. K. Tanaka, Tokyo Metropolitan Insti-
tute of Medical Science, Tokyo) and against P-tubulin
(Boehringer Mannheim, Germany) were used. Rabbit poly-
clonal antibodies against p38 mitogen-activated protein
(MAP) kinase, phospho-p38 MAP kinase, p44/42 MAP ki-
nase, and phospho-p44/42 MAP kinase were purchased
from New England Biolabs. (Beverly, MA). Ampholine for
isoelectric focusing (IEF) was obtained from Amersham
Pharmacia Biotech (Uppsala, Sweden) and Alexa Fluor 488
goat anti-rabbit and Alexa Fluor 568 goat anti-mouse IgG
conjugates from Molecular Probes (Eugene, OR). Okadaic
acid and calyculin A were purchased from Wako Pure
Chemicals (Osaka).

Cell Culture and Preparation of Cell Extracts—U373 MG
human ghoma cells were grown in Eagle's minimal essen-
tial medium (EMEM; Nissui Pharmaceutical, Tokyo) sup-
plemented with 10% fetal calf serum (Equitech-Bio, Inc.,
Ingram, TX) at 37°C in a humidified atmosphere of 95% air
and 5% CO2 Cells were seeded on 90-mm dishes. HeLa
cells and NG108-15 cells were grown in Dulbecco's modified
Eagle's medium (DMEM; Nissui Pharmaceutical). When
cells reached confluence, they were treated with various
chemicals at 37°C. Cells in each dish were rinsed with
phosphate-buffered saline (PBS, containing 8 g of NaCl, 0.2
g of KC1,1.15 g of Na2HPO412H2O, and 0.2 g of KILPO,, in
1,000 ml of HjO) and frozen at -80°C for a few days. Cells
were collected and suspended in 0.25 ml of a suspension
buffer, 50 mM Tris-HCl buffer, pH 7.5, containing 0.1 M
NaF, 5 mM EDTA, 0.3 mg/ml Pefablock SC (Roche Diag-
nostics, IN), 0.2 yM okadaic acid, and 0.2 yM calyculin A
(buffer S). Each suspension was sonicated at 0°C for 1 min
and centrifuged at 125,000 xg for 20 min at 4°C. The super-
natants were used as soluble fractions of cells and the pel-
lets were washed once by sonication and centrifugation
with buffer S and then solubikzed with 0.1 ml of buffer S
containing 2% sodium dodecyl sulfate (SDS) for SDS-poly-
acrylamide gel electrophoresis (PAGE) or buffer S contain-
ing 8 M urea and 0.5% Nonidet P-40 (NP^O) for IEF. For
detection of p38 and p44/42 MAP kinases, cells were sus-
pended in buffer S containing 2% SDS and extracts were
prepared by sonication and centrifugation as described
above.

Preparation and Purification of Antibodies against Phos-
phorylated HSP27—Two peptides corresponding to inter-
nal sequences of human HSP27, containing phosphorylated
Ser-15 (residues 10-20, LLRGPSWDPFR; pl5S) and Ser-
82 (residues 79-89, RQLSSGVSEIR; p82S), respectively,
were synthesized. Each peptide was conjugated with hemo-
cyanin (Sigma) using iV-(4-carboxycyclohexylmethyl)male-
imide (Zeiben Chemicals, Tokyo) (24) Antisera were raised
in rabbits by injection of each conjugate (0.5 mg of peptide/

animal), and antibodies were purified with each peptide-
coupled Sepharose by the procedures described previously
(25).

Electrophoresis and Western Blot Analysis—SDS-PAGE
was performed as described by Laemmli (26) in 12.5% gels.
IEF was carried out as described by OTarrell (27) using the
Protean II system from Bio-Rad (Hercules, CA) (28). We
used gels for IEF composed of 9.2 M urea, 2% Ampholine
mixture (4 parts Ampholine pH 5-7 and 1 part Ampholine
pH 3.5-10 for detection of HSP27, and 4 parts Ampholine
pH 6-8 and 1 part Ampholine pH 3.5-10 for detection of
aB-crystalLn), 4% acrylamide, and 2% NP-40. The proteins
m gels were transferred electrophoretically to nitrocellulose
sheets (SDS-PAGE) or polyvinylidene difluoride mem-
branes (type GV; Nihon Millipore, Yonezawa) (IEF), incu-
bated at room temperature for 2 h with the primary anti-
bodies, and then for 1 h with the second antibodies. Affin-
ity-purified antibodies raised in rabbits against human
HSP27 (29), phosphopeptides corresponding to the two
phosphorylation sites of human HSP27, the carboxyl-termi-
nal decapeptide of aB-crystallin (25) or phosphopeptides
corresponding to the three phosphorylation sites of aB-crys-
tallin (pl9S, p45S, and p59S) (28), were employed as pri-
mary antibodies, and peroxidase-labeled antibodies raised
in goat against rabbit IgG as the second antibodies. Peroxi-
dase activity on membranes was visualized on X-ray films
using a Western blot chemiluminescence reagent (Renais-
sance, Dupont NEN, Boston, MA). In some experiments,
peroxidase activity was also detected with the aid of a lumi-
noimage analyzer LAS-1000 (Fuji Film, Tokyo) and the rel-
ative densities of protein bands were quantified with re-
levant software.

Isolation of RNA and Northern Blot Analysis—Total
RNA was isolated from cells with a QuickPrep total RNA
Extraction kit (Amersham Pharmacia Biotech), and 10 \ig
aliquots were subjected to electrophoresis on 0.9% agarose-
2.2 M formaldehyde gels and blotted onto nitrocellulose
membranes. For Northern blot analysis, membranes were
allowed to hybridize with cDNA probes that had been
labeled with ^ using a Multiprime DNA labeling system
(Amersham Pharmacia Biotech), as described previously
(30) A BamHl-Hindin fragment of cDNA for mouse
HSP27 (31) was kindly provided by Dr. L.F. Cooper, Univer-
sity of North Carolina, and a Pstl fragment of cDNA for
bovine aB-crystallin (32) by Dr H. Bloemendal, University
of Njjmegen, The Netherlands. Hybridized membranes
were autoradiographed with X-ray film

Immunofluorescence—U373 MG cells were seeded on
glass coverslips and when they reached confluence, they
were treated with various chemicals at 37°C. Cells on each
coverslip were rinsed twice with PBS, permeabilized with
PBS containing 0.5% NP-40 and 5 mM MgCL. for 1 min at
room temperature, washed three times with PBS and fixed
with 4% paraformaldehyde in PBS for 30 min at room tem-
perature In control experiments, cells treated with various
chemicals were washed with PBS, fixed with 4% paraform-
aldehyde and permeabilized with 0.2% Triton X-100 in PBS
for 15 min at room temperature. Fixed cells were washed
three times with PBS and blocked with 10% normal goat
serum in PBS containing 0.1% sodium azide for 30 min.
Incubation was with primary and secondary antibodies,
diluted in 10% normal goat serum in PBS, at room temper-
ature for 2 and 1 h, respectively. In the experiment on the
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Fig 1 Accumulation of HSP27
and aB-crystallin in U373 MG
cells during exposure to MG-132.
(A) and (B), Five micromolar MG-132
was added to medium of confluent
cultures of U373 MG cells followed by
incubation at 37°C for the indicated
periods Cells were harvested and sol-
uble and insoluble fractions were pre-
pared as described in "EXPERI-
MENTAL PROCEDURES" Each ex-
tract containing 5 jig of proteins was
subjected to SDS-PAGE and subse-
quent Western blot analysis using an-
tibodies against HSP27 (A) and aB-
crystalhn (B) Two different samples
collected at the indicated tunes were
loaded "ST" is a purified standard
protein of HSP27 (A) and aB-crystal-
lin (B) (C) Relative densities of pro-
tein bands in (A) and (B) were quan-
tified by lumrnotmage analyzer LAS-
1000 The data are shown as percent-
ages relative to the intensity of each
at time zero (on the left) Closed bars,
HSP27, open bars, aB-crystalhn

soluble

insoluble

A HSP27 B aB-crystallin

8 16 24 ST 0 4 8 16
Duration of exposure to MG-132 (h)

24 ST

,200
soluble

JOOO
insoluble

9 500

CC

24 T 4 8 16 24

Duration of exposure to MG-132 (h)
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insoluble
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Concentration of MG-132 (/vM)
Fig 2 Dose dependence of MG-132-mediated accumulation of
HSP27 and aB-crystallin in U373 MG cells. Cells were incu-
bated in the presence or absence of the indicated concentrations of
MG-132 at 37°C for 16 h Soluble and insoluble fractions of cells
were prepared, and extracts containing 5 (xg of proteins were sub-
jected to SDS-PAGE and subsequent Western blot analysis using an-
tibodies against HSP27 (A) and aB-crystallin (B) Two different
samples treated with the indicated concentrations of MG-132 were
loaded "ST" is a punned standard protein of HSP27 (A) and aB-
crystallm (B)

expression of GFP-250, cells were seeded on coverslips and
transiently co-transfected with two plasmids, 1 jjLg of cxB-
pCMV5 (33) and 1 jjLg of GFP-250 (34), by using Iipo-
fectAMINE Plus reagent (Life Technologies, Gaithersburg,

• •••»HSP27

aB

28S

0 3 6 9 16
Incubation time (h)

Fig 3 Northern blot analysis of mRNA for HSP27 and aB-
crystallin in U373MG cells treated with MG-132. Confluent cul-
tures of U373 MG cells were incubated with 5 uM MG-132 at 37°C
for the indicated periods. Total RNA was extracted from cells and 10-
Hg aliquots were subjected to Northern blot analysis of mRNAs for
HSP27 and aB-crystallin A photograph of 28S nbosomal RNA is
also shown for reference

MD). Cells were permeabilized and fixed after 24 h and
stained as described above. Fluorescent images were ob-
tained using a confocal microscope (FLUOVIEW; Olympus
optical, Tokyo).

Other Methods—Human HSP27 was purified from pecto-
ral muscles obtained at surgical resection of breast cancer
(29). Bovine aBj-crystallin (phosphorylated form) and OLB2-
crystallin (unphosphorylated form) were purified from lens
as described previously (25). Concentrations of protein were
estimated with a micro BCA protein assay reagent kit
(Pierce, IL) or a Bio-Rad protein assay kit (Bio-Rad) with
bovine serum albumin as the standard.
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RESULTS

Proteasome Inhibition Induces Accumulation of HSP27
and aB-Crystallin—The effects of a proteasome inhibitor,
MG-132, on the levels of HSP27 and aB-crystallin were
examined in U373 MG cells. Since HSP27 and oB-crystal-
lin are known to translocate from the soluble cytosol frac-
tion to the insoluble nuclear/membrane fraction (35, 36), we

estLmated the levels of these proteins in both soluble and
insoluble fractions. As shown in Fig 1, A and B, HSP27 and
aB-crystallin were present mainly in the soluble fraction in
control U373 MG cells. Levels of these proteins increased
after addition of MG-132 in both soluble and insoluble frac-
tions, reaching a plateau at 16-24 h (Fig. 1, A and B). The
increase in the insoluble fraction was the more prominent
(Fig. 1, A and B). Because the ratios of total amounts of
proteins in each fraction remained unchanged after expo-

MG-132 +MG-132 -MG-132 +MG-132

C -MG-132 +MG-132

Fig. 4 Immunocytochemical
analysis of HSP27 and aB-
crystallin in U373 MG cells
exposed to MG-132. Cells were
incubated with or without 5 (JLM
MG-132 at 37°C for 16 h, fixed
and then permeabilized (A and
C) or permeabilized and then
fixed (B and D), and subse-
quently stained with antibodies
against HSP27 (A and B) or aB-
crystallin (aB) (C and D) The
nuclei were stained with propid-
ium iodide (PI) All images were
obtained using confocal micros-
copy All bars show 50 |xm
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Small Heat Shock Proteins and Aggresomes 597

sure to MG-132 (data not shown), these results indicate
that the distributions of HSP27 and aB^crystallin-also'
changed in addition to protein accumulation. The increase
in HSP27 and oB-crystallin in U373 MG cells after expo-
sure to MG-132 was confirmed by quantitatdon of intensi-
ties of bands in Fig. 1, A and B, by luminoimage analysis
(Fig. 1C). The sHSPs accumulated in U373 MG cells even
at a 0.5 JJLM concentration of MG-132, dose-dependently
increased up to 5 |xM and reached a plateau (Fig 2). Treat-

ment with higher concentrations (5—20 uM) of MG-132 did
noHead to the further increase of HSP27 and aB-crystaUin
(data not shown). Since MG-132 is also known to inhibit
another protease, calpain, we further examined the effects
of lactacystin, a more specific proteasome inhibitor {16),
and carbobenzoxy-L-leucyl-L-leucinal, an inhibitor of cal-
pain but not of proteasomes (37), for their ability to in-
crease levels of small heat shock proteins in U373 MG cells.
Exposure to 10 \JM lactacystin but not 50 JJLM carboben-

A -MG-132 +MG-132 -MG-132 +MG-132

HSP27

vimentin

Fig. 5. Formation of intraceUu-
lar "aggresomes" is induced in
U373 MG cells after exposure
to MG-132. Cells were incubated
with or without 5 >iM MG-132 at
37°C for 16 h, permeabihzed, fixed
and stained with antibodies
against HSP27 and wmentin (A)
or otB-crystalkn and vimentan (B).
Cells exposed to 5 |JH MG-132
were stained with antibodies
against HSP27 and ubiquitin (C),
HSP27 and 20S proteasomes (20S
pro) (D) or HSP27 and p-tubulin
(E). Cells incubated with 5 jtM
MG-132 in the presence of 26 ng/
ml nocodazole were stained with
antibodies against HSP27 and vi-
mentin (F). All unages were ob-
tained using confocal microscopy
All bars show 20 jj.m
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zoxy-L-leucyl-L-leucinal caused accumulation of HSP27 and
otB-crystallin (data not shown). To examine whether the
accumulation induced by exposure to MG-132 was due to
transcriptional activation, we estimated levels of mRNAs
for HSP27 and oB-crystallin in U373 MG cells by Northern
blot analysis. Increase was observed at 6-9 h after expo-
sure to MG-132 and this persisted for up to 16 h (Fig. 3).

HSP27 and aB-crystalhn Accumulate in Aggresomes
After Exposure to Proteasome Inhibitors—In view of the ob-
served change of the distribution of HSP27 and aB-crystal-
lin, we next determined the cellular localization of HSP27
and aB-crystallin after exposure to MG-132 by immunoflu-
orescence. When we fixed cells prior to permeabilization,
HSP27 and aB-crystallin were observed mainly in the cyto-
sol in control U373 MG cells (Fig. 4, A and C, left panel).
After treatment with MG-132, both proteins were also seen
mainly in the cytosol and to a lesser extent in the nucleus
(Fig. 4, A and C, right panel). In contrast, when we perme-
abilized cells before fixation, staining of HSP27 and aB-
crystallin in the cytosol of control cells almost completely
disappeared (Fig. 4, B and D, left panel), and intense juxta-
nuclear staining was observed in 70-90% of cells exposed to
MG-132 for 16 h (Fig. 4, B and D, right panel). Similar
structures were also observed when cells were treated with
lactacystin but not with carbobenzoxy-L-leucyl-L-leucinal
(data not shown). Recently, Johnston et al. reported expres-
sion of misfolded proteins and proteasome inhibition to
induce the formation of intracellular inclusions called
"aggresomes" (22), denned as pericentriolar membrane-
free, cytoplasmic inclusions containing misfolded, ubiquiti-
nated proteins ensheathed in a cage of intermediate fila-
ments. Vimentin filaments were observed as reticular

elements in control U373 MG cells (Fig. 5, A and B, left
panel) Exposure to MG-132 disrupted these reticular
structures and caused accumulation of vimentin in a peri-
nuclear region, co-localizing with HSP27 and otB-crystallin
(Fig. 5, A and B, right panel). HSP27 also co-localized with
ubiquitin (Fig 5C) and 20S proteasomes (Fig. 5D). To
define the location of the microtubule-organizing center, we
used staining with anti--y-tubulin antibodies However, we
could not clearly detect a positive staining in aggresomes
induced in U373 MG cells (data not shown). Therefore, we
used staining with anti-P-tubulin antibodies, because mi-
crotubules are assembled and radiate from the microtu-
bule-organizing center (38). Instead of normal astral distri-
bution, a central hole containing HSP27 is visible in most
cells exposed to MG-132, and microtubules extend from the
region accumulating HSP27 (Fig. 5E). These results are
similar to observations in the previous report (34) and sug-
gest that the site accumulating HSP27 is a microtubule-
organizing center An intact microtubule-based cytoskele-
ton is required for the formation of aggresomes (34) The
microtubule network can be inhibited by microtubule-dis-
rupting reagents (22). In our experiment, one such reagent,
nocodazole, also blocked the accumulation of small heat
shock proteins and vimentin in the juxtanuclear region of
cells (Fig. 5F). We also performed the same experiments as
described above to characterize the localization of aB-crys-
tallin and we obtained similar results as with the HSP27
case (data not shown). Formation of aggresomes and accu-
mulation of HSP27 in response to proteasome inhibitors
were also observed in HeLa cells (Fig. 6A) Moreover, accu-
mulation of aB-crystallin (Fig. 6B) and HSP27 (data not
shown) in aggresomes was observed when the formation of

A
-MG-132 +MG-132

B

HSP27

vimentin

merge

Fig 6 Formation of aggre-
somes and accumulation of
HSP27 in response to MG-
132 in HeLa cells (A) and for-
mation of aggresomes by a
misfolded protein, GFP-250,
and accumulation of aB-cry-
stallin in NG108-15 cells (B).
(A) HeLa cells were incubated
with or without 5 JJLM MG-132
at 37°C for 16 h, permeabihzed,
fixed and stained with antibod-
ies against HSP27 and vimen-
tin (B) aB-crystalhn and GFP-
250 were co-expressed in NG-
108-15 cells by transient trans-
fection After 24 h, cells were
permeabihzed, fixed and stain-
ed with antibodies against vi-
mentin or aB-crystallin. All im-
ages were obtained using con-
focal microscopy All bare show
20n.ni
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aggresomes was induced by expression of misfolded pro-
teins, GFP-250 (34), in NG108-15 cells not treated with
proteasome inhibitors.

Exposure to Proteasome Inhibitors Induces Phosphoryla-
tion of HSP27 and aB-Crystallin—Phosphorylation is one
of the most important and characteristic features of small
heat shock proteins. In fact, HSP27 and aB-crystallin are
phosphorylated m response to various stressful stimuli (7,
8, 28). Exposure to MG-132 induced the increase of acidic
forms of HSP27. Four isoforms (indicated as pO, pi, p2 and
p3; the band "p3" was rather faint and often undetectable)
were finally detected after 16—24 h, and the increase was
more prominent in the insoluble fraction than in the solu-
ble (Fig. 7A). This result was consistent with a previous
description of three phosphorylation sites in the molecule of
human HSP27 (39). Phosphorylated aB-crystallin was ob-
served in the soluble and to a lesser extent in the insoluble
fraction in control cells, and increased m both after treat-
ment with MG-132 (Fig 7B) Phosphorylation of HSP27
and aB-crystallin was also observed when the cells were
exposed to lactacystm but not to carbobenzoxy-L-leucyl-L-
leucinal (data not shown), indicating that inhibition of pro-
teasome activity was responsible for the enhanced phospho-
rylation. Using previously produced affinity-purified anti-
bodies that specifically recognize three phosphorylation
sites of aB-crystallin (28), we determined those with

changes in response to proteasome inhibition. As shown in
Fig. 7C, aB-crystallin phosphorylated at Ser-45 and Ser-59
was observed m both soluble and insoluble fractions after
exposure to MG-132. Phosphorylation of Ser-59 was more
prominent. We previously reported that phosphorylation of
Ser-45 and Ser-59 in aB-crystallin is catalyzed respectively
by p44/42 MAP kinase and MAP kinase-actdvated protein
(MAPKAP) kinase-2, a kinase activated by p38 MAP ki-
nase (40). Other groups reported that phosphorylation of
HSP27 is catalyzed by MAPKAP kinase-2/3 (39, 41) and
p38 regulated/activated protein kinase (PRAK) (42).
Indeed, p44/42 MAP kinase was activated maximally at 4—
8 h after exposure to MG-132 (Fig. 8, right panel) and p38
MAP kinase was activated maximally after 16-24 h (Fig. 8,
left panel).

Effect of Protein Kinase Inhibitors on the Accumulation,
Phosphorylation and Recruitment of HSP27 and aB-Crys-
tallin to Aggresomes—We next estimated the effect of vari-
ous protein kinase inhibitors on the accumulation and
phosphorylation of HSP27 and aB-crystallin Since we have
recently produced affinity-purified antibodies that specifi-
cally recognize phosphorylated Ser-15 and Ser-82, respec-
tively in Western blot analysis (data not shown; to be
described in detail elsewhere), we used these antibodies in
this experiment in addition to the phospho-specific antibod-
ies against aB-crystallin. Phosphorylation of Ser-15 and

nB-crystallin

8 16 24 16 24

Duration of exposure to MG-132 (h)

p19S

p45S

p59S

aB-CT

soluble
—

—

insoluble

0 4 8 16 24 B2B1 0 4 8 16 24 B2B1

Duration of exposure to MG-132 (h)

Fig 7 Phosphorylation of HSP27 and aB-crystal-
lin induced by MG-132. (A) and (B), Confluent cul-
tures of U373 MG cells were incubated with 5 \iM MG-
132 at 37°C for the indicated periods. Soluble and in-
soluble fractions were prepared as described in "EX-
PERIMENTAL PROCEDURES" Each extract con-
taining 20 (jLg of protein was subjected to isoelectnc fo-
cusing and subsequent Western blot analysis using an-
tibodies against HSP27 (A) and oB-crystalhn (B) (C)
Cells were incubated with 5 JJLM MG-132 at 37°C for
the indicated periods Soluble and insoluble fractions
were prepared, and extracts containing 20 \ug of pro-
tein for detection of phosphorylated aB-crystallin and
5 jig of protein for detection of total aB-crystalhn were
subjected to SDS-PAGE and subsequent Western blot
analysis using antibodies against phosphorylated Ser-
19 (pl9S), Ser-45 (p45S), Ser-59 (p59S) in aB-crystal-
hn, and the carboxyl terminal of aB-crystalhn (aB-CT).
Two different samples collected at the indicated times
were loaded B,, phosphorylated form of aB-crystallin
purified from bovine lens, B2, unphosphorylated form
of aB-crystalhn punned from bovine lens
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600 H. Ito et al.

Ser-82 in HSP27 and Ser-45 and Ser-59 in oB-crystallin
was observed in both soluble and insoluble fractions after
exposure to MG-132 (Fig. 9). SB203580 and PD169316,
which specifically inhibit p38 MAP kinase, significantly, but
not completely, inhibited phosphorylation of Ser-15 and
Ser-82 in HSP27 and Ser-59 but not Ser-45 in aB-crystallin
(Fig. 9). In contrast, Uol26 and PD98059, which specifi-
cally inhibit the MEK and suppress activation of p44/42
MAP kinase, significantly inhibited Ser-45 in aB-crystallin
(Fig. 9B and data not shown). These results indicate that

proteasome inhibitor induces activation of p38 MAP kinase
and p44/42 MAP kinase, and activation of these kinases
results in the phosphorylation of HSP27 and aB-crystallin.

Although these protein kinase inhibitors differently in-
hibit the proteasome inhibitor-induced phosphorylation of
HSP27 and aB-crystalkn, accumulation and change of the
distribution of both proteins was barely affected (Fig. 9).
Moreover localization of HSP27 (Fig. 10) and aB-crystallin
(data not shown) m aggresomes after exposure to MG-132
was barely affected by SB203580 (Fig 10) and PD98059

total

phospho

p38

—

MAP kinase p44/42 MAP kinase

0 4 8 16 24 0 4 8 16 24

Duration of exposure to MG-132 (h)

Fig 8. Exposure to MG-132 caused
activation of p38 and p44/42 MAP ki-
nases in U373 MG cells. U373 MG cells
were incubated with 5 (iM MG-132 at
37°C for the indicated periods. Total ex-
tracts of cells containing 40 ng of protein
were subjected to SDS-PAGE and subse-
quent Western blot analysis using anti-
bodies against p38 or p44/42 MAP ki-
nases (total) and their phosphorylated
forms (phospho) Two different samples
collected at the indicated times were
loaded

A

p15S

p82S

HSP27

soluble fraction

—

insoluble fraction

MG + + + +
SB PD Uo Noc

ST c MG + + + +
SB PD Uo Noc

p59S

aB-CT

Bi C MG + + + + B2
SB PD Uo Noc

Fig 9. Effects of protein kinase inhibitors and nocodazole on
accumulation and phosphorylation of HSP27 (A) and aB-crys-
tallin (B) in U373 MG cells exposed to MG-132. Cells were incu-
bated with or without 5 JJLM MG-132 (MG) in the presence or absence
of 10 (JLM SB203580 (SB), 10 (JLM PD169316 (PD), 10 \iM Uol26, and
25 ng/ml nocodazole (Noc) at 37°C for 16 h. Soluble and insoluble frac-
tions were obtained Extracts containing 20 (xg of protein for detection
of phosphorylated HSP 27 and aB-crystallin, and 5 (xg of protein for
detection of total HSP27 and aB-crystallin were subjected to SDS-

Bi C MG + + + + B2
SB PD Uo Noc

PAGE and subsequent Western blot analysis using antibodies against
phosphorylated Ser-15 (pl5S), Ser-82 (p82S) in HSP27 and human
HSP27 (A), and phosphorylated, Ser-45 (p45S), Ser-59 (p59S) in aB-
crystallin, and the carboxyl terminal of aB-crystalhn (aB-CT) (B)
Two different samples collected at the indicated tunes were loaded
"ST" stands for purified standard HSP27. B,, phosphorylated form of
aB-crystallin purified from bovine lens; Bs, unphosphorylated form of
aB-crystallin purified from bovine lens
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control MG MG+SB Fig 10 Effects of SB203580 on formation of
aggresomes and localization of HSP27. Cells
were incubated with or without 5 JJLM MG-132
(MG) in the presence or absence of 10 jiM
SB203580 (MG+SB) at 37°C for 16 h. Then they
were permeabilized, fixed and stained with anti-
bodies against HSP27 and vimentin All images
were obtained using confocal microscopy Bar
shows 50 jjum.

(data not shown). Nocodazole inhibited the formation of
aggresomes (Fig. 5) We also determined the effect of
nocodazole on the proteasome inhibitor-induced responses
of HSP27 and aB-crystalkn. As shown in Fig. 9, nocodazole
barely affected the accumulation, phosphorylatdon and
change of the distribution of HSP27 and aB-crystallin.

These results indicate that the accumulation, change of
the distribution and recruitment to aggresomes of HSP27
and aB-crystalhn do not directly correlate with their phos-
phorylation states.

DISCUSSION

In this study, we found the small heat shock proteins
HSP27 and aB-crystallin to be induced, phosphorylated
and localized in aggresomes after proteasome inhibition in
U373 MG cells. There have been a number of reports
describing induction of HSPs by proteasome inhibitors via
activation of heat shock transcription factor (F£SF) in sev-
eral mammalian cell lines (17-21). In our experiments,
HSP27 and aB-crystallin mRNAs were increased (Fig 3).
The fact that induction of HSP70 was also observed (data
not shown) indicates that activation of HSF might have
been involved.

HSP27 and aB-crystallin accumulated in both soluble
and, more prominently, in insoluble fractions after expo-
sure to MG-132 (Figs. 1 and 2). Although stress-induced
redistribution of sHSPs is a well-known phenomenon as
reported previously (35, 43, 44), the physiological signifi-
cance of this phenomenon has not yet been elucidated.

Fujimuro et al. reported that heat stress caused accumula-
tion of ubiquitinated proteins in HeLa cells (45). Exposure
to proteasome inhibitors also caused the accumulation of
ubiquitinated proteins, especially in the insoluble fraction,
in U373 MG cells under our experimental conditions (data
not shown). From these observations, we suspect that
sHSPs may interact with ubiquitinated proteins for proper
folding or disruption of cellular proteins and accumulate
preferentially in insoluble fraction under severe conditions
such as heat stress or proteasome inhibition. It remains to
be clarified whether sHSPs actually interact with ubiquiti-
nated proteins.

HSP27 and aB-crystallin accumulated m aggresomes
after treatment with proteasome inhibitors (Figs. 4 and 5),
and to our knowledge, this is the first report of such co-
localization of sHSPs. Proteasome inhibitor-induced re-
ruitement of sHSPs to aggresomes is not restricted to the
case of U373 MG cells, because recruitment of HSP27 to
aggresomes was also observed in HeLa cells (Fig. 6A).
Moreover, accumulation of aB-crystallin (Fig. 6B) and
HSP27 (data not shown) in aggresomes induced by a mis-
folded protein, GFP-250 (34), was observed in NG108-15
cells. These results indicate that sHSPs are recruited to
aggresomes induced by two different pathways, namely,
proteasome inhibition and overexpression of misfolded pro-
teins.

The physiological significance of recruitment of sHSPs to
aggresomes is not clear, but other chaperones, HSP70 and
HSP90, were found to be recruited into the centrosomal
fraction after exposure to proteasome inhibitors and over-
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expression of misfolded proteins in an earlier study (46).
HSC70, HSP40 and the chaperonin TCP1 also co-localized
in aggresomes induced by overexpression of misfolded pro-
teins (34). Ehrnsperger et al. reported that HSP27 binds to
non-native proteins, creates a reservoir of folding interme-
diates and allows refolding in cooperation with other chap-
erones (47). In the present study, ubiquitinated proteins
and proteasomes also co-localized with sHSPs (Fig. 5, C
and D, and data not shown). sHSPs and other chaperones
may act in cooperation with each other to effect the confor-
mation of misfolded and ubiquitinated proteins, and assist
the degradation of misfolded and ubiquitinated proteins by
proteasome in aggresomes. Chaperones like HSC70 (48)
and Ydjl (49) are reported to participate in the ubiquitm-
dependent degradation of certain proteins, but it remains
to be clarified whether this is also the case for sHSPs. On
the other hand, sHSPs are known to interact with interme-
diate filaments and affect their filament formation and
assembly (50-52). Moreover, it is reported that overexpres-
sion of glial fibrillary acidic protein (GFAP) in astrocytes
induces formation of cytoplasmic inclusions, which are dis-
aggregated by co-expression of aB-crystaUin (53). We specu-
late that sHSPs may affect the structure of intermediate
filaments during exposure to proteasome inhibitors and at
least partially participate in the formation of cage-like
structures of aggresomes.

Exposure to MG-132 caused activation of p38 and p44/42
MAP kinases in U373 MG cells (Fig 8) and phosphoryla-
tion of HSP27 and aB-crystallin (Figs. 7 and 9). HSP27 is
reported to be phosphorylated by several downstream ki-
nases of p38 MAP kinase, such as MAPKAP kinase-2/3 (41,
54) and PRAK (42). We previously reported that phosphory-
latdon of Ser-59 in aB-crystalhn is catalyzed by MAPKAP
kinase-2, while phosphorylatdon of Ser-45 in oB-crystalkn
is catalyzed by p44/42 MAP kinase (40). In fact, SB203580
and PD169316, inhibitors of p38 MAP kinase, significantly
but not completely inhibited MG-132-induced phosphoryla-
tion of HSP27 (Fig. 9A) and Ser-59 in aB-crystallin (Fig.
9B). Uol26 and PD98059, inhibitors of MEK, which acti-
vate p44/42 MAP kinase, did not inhibit MG-132-induced
phosphorylation of HSP27 and Ser-59 in aB-crystaUin but
inhibited phosphorylation of Ser-45 in the latter (Fig. 9B
and data not shown) These results suggest that protea-
some inhibitors induce activation of p38 MAP kinase and
p44/42 MAP kinase pathways in U373 MG cells and that
this leads to phosphorylation of the small heat shock pro-
teins, HSP27 and aB-crystallin.

SB203580 and PD98059 barely affected the accumula-
tion of HSP27 and aB-crystallin or the formation of aggre-
somes by proteasome inhibitors (Figs. 9 and 10 and data
not shown) These results indicate that phosphorylation is
not required for the observed responses of HSP27 and aB-
crystallin in U373 MG cells. Clarification of the mechanism
involved in the formation of aggresomes and roles of
HSP27 and cxB-crystallin may lead to understanding of the
pathology of several neurodegenerative diseases.

We thank Dr. Kerji Tanaka for the generous gift of monoclonal
antibody to 20S proteasomes.
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