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Abstract. The R120G mutation in the small heat shock
protein (sHSP) aB-crystallin has been identified in a
family suffering from desmin-related myopathy. In this
study, we characterized the features of transiently ex-
pressed R120GaB-crystallin in mammalian cells. In ad-
dition, we examined interactions of this mutant aB-crys-
tallin with Hsp27, another representative sHSP. In HeLa
cells, transiently expressed R120GaB-crystallin was
mainly fractionated in the insoluble fraction, although
wild-type aB-crystallin was predominantly found in the

soluble fraction. In immunofluorescence studies, we
found 15-25% of R120GaB-crystallin-expressing cells
to contain multiple cytosolic inclusion bodies, in which
Hsp27 was also localized. When R120GaB-crystallin
and Hsp27 were transiently co-expressed in HeLa cells,
the amount of R120GaB-crystallin in the soluble fraction
was greater than with expression of R120GaB-crystallin
alone. Moreover, co-expression resulted in reduced for-
mation of inclusion bodies, suggesting that Hsp27 acts as
a molecular chaperone for R120GaB-crystallin.
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Molecular chaperones participate in folding of many pro-
teins under both unstressed and stressed conditions [1].
Several families are known to exist in mammalian cells,
including the small heat shock protein (sHSP) family,
which have a molecular mass of 15-30 kDa and share
several features: possession of a homologous amino acid
sequence called the ‘a-crystallin domain’ [2]; induction
by various stimuli including heat, oxidative reagents and
heavy metals [3, 4], and phosphorylation concomitant
with dissociation from large oligomers in response to var-
ious stresses and growth factors [S—8]. aB-crystallin is a
sHSP known to be abundant in unstressed mammalian
tissues such as ocular lens, cardiac and skeletal muscles
[9]. There are several reports describing accumulation of
aB-crystallin in the brains of patients suffering from de-
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generative ailments such as Alexander’s [10] and
Alzheimer’s disease [11], although the physiological sig-
nificance is not clear. Recently, a missense mutation in
aB-crystallin, R120G, was found in a French family suf-
fering from desmin-related myopathy (DRM) [12], an au-
tosomal dominant myopathy characterized by cytoplas-
mic aggregates of desmin in muscle cells [13]. There have
been several reports concerning the nature of R120GaB-
crystallin in vitro and in whole animals. Using a recom-
binant protein purified from bacterial culture, the R120G
mutation has been shown to alter the structure and chap-
erone-like activity of aB-crystallin [14—16]. Another
group produced transgenic mice expressing R120GaB-
crystallin and reported that they exhibit symptoms simi-
lar to DRM [17].

Hsp27 is another representative member of the sHSP
family, also abundant in muscle cells [18]. Together with
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aB-crystallin, it forms large heterooligomers in mam-
malian cells and tissues [19, 20], although the relation-
ship between the two proteins in mammalian cells has not
been elucidated. In the present study, we therefore char-
acterized the nature of R120GaB-crystallin in mam-
malian cell lines transiently expressing the mutant protein
using biochemical and cell-biological methods. In addi-
tion, we examined interactions with constitutively and ex-
ogenously expressed Hsp27.

Materials and methods

Reagents

Okadaic acid and calyculin A were purchased from Wako
Pure Chemicals (Osaka, Japan) and the protease inhibitor
cocktail and mouse monoclonal antibodies against vi-
mentin (clone V9) and f-tubulin (clone TUB 2.1) from
Sigma (St Louis, Mo.). Alexa Fluor 488 goat anti-rabbit
IgG and Alexa Fluor 568 goat anti-mouse IgG conjugates
were obtained from Molecular Probes (Eugene, Ore.).
Fluorescein isothiocyanate-labeled goat anti-mouse IgG
and rhodamine-labeled goat anti-rabbit IgG were pur-
chased from Bio Source International (Camarillo, Calif.).
The green fluorescent protein (GFP) expression vector,
pEGFP-C3, was obtained from BD Biosciences Clontech
(Palo Alto, Calif.).

Construction of expression vectors

For expression of aB-crystallin in mammalian cells, a
HindIll and Notl fragment from human aB-crystallin
cDNA (generously provided by Dr. A. Iwaki, Kyushu
University, Japan) [21] was inserted into the expression
vector pRc/CMV (Invitrogen, Tokyo, Japan). For site-di-
rected mutagenesis, we used the polymerase chain reac-
tion (PCR) with oligonucleotide mutation primers and a
template aB-crystallin expression vector. HindIIl and
Notl fragments from PCR fragments were inserted into
HindlIIl and Notl sites of pRe/CMV. We constructed two
plasmids to express wild-type aB-crystallin and aB-
crystallin in which Argl120 was substituted with glycine,
and designated these plasmids as wtaB-pRc/CMV and
R120GaB-pRc/CMV. The mutated sites were confirmed
by DNA sequencing. An EcoRI fragment from the human
Hsp27 cDNA cloned from a cDNA library of HeLa cells
was inserted into the expression vector pPCMV5 (gener-
ously provided by Dr. H. Itoh, Nara Institute of Science
and Technology, Japan) [22].

Cell culture and preparation of cell extracts

HeLa and CHO cells were grown in Dulbecco’s modified
Eagle’s medium (DMEM; Nissui Pharmaceutical, Tokyo,
Japan), supplemented with 10% fetal calf serum (Equi-
tech-Bio, Ingram, Tex.). Cells were seeded in 35-mm
dishes, transfected with 1 pg of plasmids using Lipofect-
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AMINE PLUS reagent (Invitrogen), harvested 24—48 h
alter, and suspended in 200 pl of 50 mM Tris-HCl buffer,
pH 7.5, containing 0.1 M NaF, 5 mM EDTA, 0.2 pM
okadaic acid, 0.2 pM calyculin A and 1/100 volume of the
protease inhibitor cocktail. We designated this buffer as
buffer S. Each suspension was sonicated at 0°C and cen-
trifuged at 125,000 g for 20 min at 4 °C. The supernatants
were used as the soluble fractions. The pellets were
washed once by sonication and centrifugation with buffer
S and then solubilized with 100 pl of buffer S containing
2% sodium dodecyl sulfate (SDS). The resultant super-
natants were used as the insoluble fractions.

Electrophoresis and Western blot analysis
SDS-polyacrylamide gel electrophoresis (PAGE) was
performed as described by Laemmli [23] with 12.5%
gels. The included proteins were transferred elec-
trophoretically to nitrocellulose sheets, incubated at room
temperature for 2 h with primary antibodies, and then for
1 h with secondary antibodies. Affinity-purified antibod-
ies raised in rabbits against human Hsp27 [19] and the
carboxyl-terminal decapeptide of aB-crystallin [9] were
employed as the first, and peroxidase-labeled antibodies
raised in goat against rabbit IgG as the second antibodies.
For detection of GFP, a mouse monoclonal antibody
against GFP (clone 1E4; Medical & Biological Laborato-
ries, Nagoya, Japan) and peroxidase-labeled antibodies
raised in goat against mouse IgG (Medical & Biological
Laboratories) were used. Peroxidase activity on mem-
branes was visualized on X-ray films using a Western blot
chemiluminescence reagent (Western Lightning; Perkin
Elmer Life Sciences, Boston, Mass.).

Immunofluorescence

Cells were seeded on glass coverslips and transfected with
various plasmids. After 24—48 h, each coverslip was rinsed
twice with phosphate-buffered saline (PBS; containing 8 g
NaCl, 0.2 g KCI, 1.15 g Na,HPO,-12 H,0 and 0.2 g
KH,PO, in 1000 ml H,0), treated with PBS containing
0.5% Nonidet P-40 (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
temperature. In some experiments, cells treated with vari-
ous chemicals were washed with PBS, fixed with 4%
paraformaldehyde and treated 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% nor-
mal goat serum in PBS containing 0.1 % sodium azide for
30 min. Incubation was with primary and secondary anti-
bodies, diluted in 10% normal goat serum in PBS, at room
temperature for 2 and 1 h, respectively. Fluorescent images
were obtained using an Axiovert 200 fluorescent micro-
scope with an attached AxioCam HRc digital camera (Carl
Zeiss, Oberkochen, Germany) and a FLUOVIEW confocal
microscope (Olympus Optical, Tokyo, Japan).
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Immunoelectron microscopy

HeLa cells were fixed with 4% paraformaldhyde in PBS
and then washed with 0.1 M phosphate buffer, pH 7.4
containing 4.5% sucrose. After washing, the specimens
were dehydrated in graded ethanol and embedded in a
mixture of Epon (TAAB Laboratories, Aldermaston, UK)
and Araldite (Nisshin EM, Tokyo, Japan). Ultrathin sec-
tions (70 nm thick) were collected over nickel grids using
an 8800 Ultramicrotome III (LKB, Bromma, Sweden).
Immunogold labeling was carried out by a post-embed-
ding method using affinity-purified rabbit anti-aB-crys-
tallin (1 pg/ml) followed by biotinylated goat antibody
to rabbit IgG (1:200 dilution; Vector Laboratories,
Burlingame, Calif.) and a streptavidin colloidal gold con-
jugate (20 nm diameter, 1:10 dilution; EY Laboratories,
San Mateo, Calif.). Immunostained sections were post-
fixed with 1% glutaraldehyde in PBS and counterstained
with 2% uranyl acetate and 1% lead citrate. Images were
obtained using a JEOL 1200EX II electron microscope
(Tokyo, Japan).

Evaluation of the inclusion body-containing cells
Cells were stained for immunofluorescence as described
above. The number of transfected cells with and without
inclusion bodies were counted in five randomly chosen
microscope fields in different areas of a coverslip. Data
are expressed as percentage of total transfected cells with
inclusion bodies. To examine the effects of co-expression
of Hsp27 and GFP, cells were transfected with 0.5 pg of
R120GaB-pRc/CMV and various amounts of Hsp27/
pCMVS5 or EGFP-C3 and expression of the heat shock
proteins and GFP were determined by Western blot an-
alysis.

Other methods

Human Hsp27 was purified from samples of pectoral
muscles obtained at surgical resection of breast cancer
[19]. Bovine aB-crystallin was purified from lens as de-
scribed previously [9]. Concentrations of protein were es-
timated using a micro BCA protein assay reagent kit
(Pierce, Rockford, I11.) with bovine serum albumin as the
standard.

Results

Cellular distribution of R120GaB-crystallin in
transiently transfected HeLa cells

As shown in figure 1, transiently expressed wtaB-crys-
tallin was mainly fractionated in the soluble fraction,
whereas R120GaB-crystallin was predominantly found
in the insoluble fraction, the total contents of both pro-
teins in transiently transfected HeLa cells being almost
equal. By immunofluorescence microscopy, wtaB-crys-
tallin was observed mainly in the cytosol after treatment
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Figure 1. Expression of wtaB-crystallin and R120GaB-crystallin
in HeLa cells. HeLa cells were transfected with plasmids to express
wtaB-crystallin (wtaB) or R120GaB-crystallin (R120GaB) and
soluble, insoluble and whole-cell extracts containing 5 pg of pro-
teins were subjected to SDS-PAGE and subsequent Western blot
analysis using antibodies against the carboxyl-terminal peptide of
aB-crystallin. ‘mock’ represents cells transfected with empty vector.

of cells with a detergent after fixation (fig. 2A). HeLa
cells constitutively expressed a significant amount of
Hsp27, another representative small heat shock protein,
in the cytosol and this localization did not appear to be
affected by expression of wtaB-crystallin (fig. 2A).
R120GaB-crystallin was also observed in the cytosol in
many cells although some contained multiple inclusion
body-like structures that were intensely stained (fig. 2 A;
indicated with arrows) or were stained only peripherally
(fig. 2A; indicated with arrowheads) with antibodies
against aB-crystallin. These structures were first seen af-
ter 8 h of transfection (data not shown). We observed in-
clusion body-like structures when we transfected with
0.2—1 pg of R120GaB-crystallin-expressing plasmids
and the number of these structure-containing cells in-
creased in a dose-dependent manner (data not shown).
When we transfected 1 pg of R120GaB-crystallin-ex-
pressing plasmids and estimated the ratio of these struc-
ture-containing cells after 24 h of transfection, inclusion
body-like structures were observed in 15-25% of cells
that were transfected with R120GaB-crystallin, although
the percentage varied between experiments. Formation of
inclusion body-like structures after transfection with
R120GaB-crystallin was also observed in CHO and
COS-m6 cells (data not shown), and thus was not specific
to HeLa cells. Hsp27 was also observed in the inclusions
(fig. 2A), and in the cells with this feature, the staining of
Hsp27 appeared to be relatively weak compared to cells
lacking these structures (fig. 2A). Since R120GaB-crys-
tallin was distributed in the insoluble fraction (fig. 1), we
treated cells with a detergent before fixation to wash out
the soluble components and then stained with individual
antibodies. Immunostaining of Hsp27 and aB-crystallin
in cells transfected with wtaB-crystallin almost com-
pletely disappeared (fig. 2B). In contrast, intense staining
of inclusion body-like structures was observed in some
cells transfected with R120GaB-crystallin. Hsp27 was
also localized in these structures (fig. 2B). The removal
by detergent before fixation of unknown soluble compo-



1220 H. Ito et al.

Hsp27 aB

A
’ ..
F{1206..

B Hsp27 aB

Figure 2. Localization of wtaB-crystallin, R120GaB-crystallin
and Hsp27 in HelLa cells transfected with wtaB-crystallin or
R120GaB-crystallin. Cells were transfected with wtaB-crystallin
(wt) or R120GaB-crystallin (R120G) and incubated at 37°C for
24 h. After washing, cells were fixed and then treated with a deter-
gent (4) or with a detergent before fixation (B) and subsequently
stained with antibodies against Hsp27 or aB-crystallin (aB). All
images were obtained using a fluorescence microscope with an at-
tached digital camera. Bars, 50 pm. (4) Inclusion bodies that were
well stained (arrow) or stained only peripherally (arrowhead) are in-
dicated. (B) An inclusion body (arrow) and a filamentous structure
(arrowhead) are indicated.

Figure 3. Immunoelectron micrograph of HeLa cells expressing
R120GaB-crystallin. Immunoelectron microscopy using antibod-
ies against the carboxyl terminal of aB-crystallin was performed as
described in Materials and methods. N, nucleus. The arrow indi-
cates an inclusion body containing R120GaB-crystallin. Bar, 1 pm.
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Figure 4. Localization of vimentin (4) and S-tubulin (B) in HeLa
cells transiently expressing R120GaB-crystallin. HeLa cells were
transfected to express R120GaB-crystallin. After 24 h, they were
washed, treated with a detergent, fixed and stained with antibodies
against aB-crystallin and against vimentin (4) or f-tubulin (B).
Bar, 20 pm.

nent(s) that interfere with antibody binding was presum-
ably responsible for these differences in inclusion body
staining. On immunoelectron microscopic analysis, as
shown in figure 3, intense signals for aB-crystallin were
observed in the inclusions, confirming that the expres-
sion of R120GaB-crystallin caused the formation of in-
clusion bodies in HeLa cells. Along with the staining of
aB-crystallin in inclusion bodies in cells expressing
R120GaB-crystallin, filamentous staining was observed
(fig. 2B). Because aB-crystallin is known to interact
with tubulin and intermediate filaments such as vimentin,
we compared the staining of R120GaB-crystallin with
those of S-tubulin and vimentin. The filamentous staining
of R120GaB-crystallin differed from that of vimentin
(fig. 4A) and B-tubulin (fig. 4B). Moreover, vimentin
and S-tubulin were not accumulated in the inclusion bod-
ies (fig. 4).

Effects of co-expression of Hsp27 on the solubility of
R120G aB-crystallin and formation of inclusion
bodies

aB-crystallin and Hsp27 are known to interact and form
heterooligomers in mammalian cells and tissues [19, 20].
We therefore examined whether co-expression of Hsp27
affects the solubility of R120GaB-crystallin in mam-
malian cells. When 0.5 pg of R120GaB-crystallin-ex-
pressing plasmid was transfected with various amounts of
Hsp27-expressing plasmid, solubilization of R120GaB-
crystallin was observed even at the ratio of 1:0.1 (fig.
5A). To determine whether this was a specific effect of
Hsp27, we performed a co-expression experiment with
R120GaB-crystallin and GFP. As shown in figure 5B, the
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Figure 5. Co-expression of Hsp27 changes the distribution of R120GaB-crystallin in HeLa cells. Cells were transfected with the indicated
ratios of R120GaB-crystallin and Hsp27 (4) or GFP (B). After 24 h, they were harvested and soluble (S) and insoluble (I) extracts were
obtained, and extracts containing 5 pg of protein were subjected to SDS-PAGE with subsequent Western blot analysis using antibodies
against aB-crystallin (upper panels) and against Hsp27 or GFP (lower panels).

solubilization of R120GaB-crystallin was not observed
at any ratios although the levels of R120GaB-crystallin
in both soluble and insoluble fractions tended to decrease
at higher ratios. Co-expression of Hsp27 at a ratio of
1:0.1 markedly reduced the formation of inclusion bod-
ies due to expression of R120GaB-crystallin, complete
inhibition being evident at a ratio of 1:0.2 (table 1). Ex-
pression of GFP at a ratio of 1:0.1 did not reduce inclu-
sion body-containing cells although the expression of
GFP at higher ratios (1:0.2 to 1: 1) tended to decrease in-
clusion body-containing cells (table 1).

Table 1. Co-expression of Hsp27 suppresses the formation of in-
clusion bodies induced by R120GaB-crystallin in HeLa cells.

Transfected cells with
inclusion bodies (%)

Transfection

R120GaB-crystallin alone 21.1+£2.23
R120GaB-crystallin: Hsp27

1:0.1 2.97 £0.540
1:0.2 0.00 £ 0.00
R120GaB-crystallin: GFP

1:0.1 19.8 £ 1.22
1:0.2 12.0 £ 1.46

Transfected cells were counted under fluorescence microscopy to
calculate the percentage containing inclusion bodies. Each value is
the mean % SD of results from three samples.

Discussion

The present study showed R120GaB-crystallin to pre-
dominantly locate in insoluble components of cells,
including cytosolic inclusion bodies (figs. 1-3).
R120GaB-crystallin has been reported to cause the for-
mation of aggregates including desmin, a member of the
type III intermediate filament family, in C2.7 myoblasts
and BHK21 kidney smooth muscle cells [12], but mor-
phological features are quite different from the structures
in HeLa cells, which did not contain a significant amount
of desmin (fig. 2). HeLa cells contain vimentin, another
type Il intermediate filament member, but this was not a
feature of inclusion bodies induced by expression of
R120GaB-crystallin (fig. 4 A). Since Perng et al. [16] re-
ported an increased binding ability of R120GaB-crys-
tallin to glial fibrillary acidic protein (GFAP) filaments
compared with wtaB-crystallin in vitro, these results
suggest that the mutant protein may preferentially induce
aggregation of desmin and GFAP, but not vimentin.

Expression of misfolded proteins such as a mutant of the
cystic fibrosis transmembrane conductance regulator
(CFTR), and treatment with a proteasome inhibitor may
create the cytoplasmic inclusion body called the aggre-
some [24, 25]. The aggresome is now defined as a peri-
centriolar, membrane-free, cytoplasmic inclusion con-
taining misfolded, ubiquitinated proteins ensheathed in a
cage of intermediate filaments, whose formation is in-
hibited by microtubule-disrupting agents such as nocoda-
zole [24, 25]. Recently, we reported that proteasome in-
hibitors induce the accumulation, phosphorylation and
recruitment of Hsp27 and aB-crystallin into aggresomes
in U373 MG human glioma cells [26]. The inclusion bod-
ies induced by expression of R120GaB-crystallin in this
study, however, did not contain the intermediate filament,
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vimentin (fig. 4A). Moreover, they were negative for
ubiquitin, and nocodazole did not inhibit their formation
(data not shown), indicating a nature distinct from the
previously reported aggresomes.

Hsp27 and aB-crystallin are known to form hetero-
oligomers that have an apparent molecular mass of about
500 kDa in unstressed mammalian cells and tissues
[19, 20]. In this study, we examined the effect of Hsp27
on the solubility of R120GaB-crystallin and the forma-
tion of inclusion bodies. Co-expression of Hsp27 with
R120GaB-crystallin caused a remarkable solubilization
of R120GaB-crystallin without a significant increase in
Hsp27 in the insoluble fraction (fig. 5). In addition, for-
mation of inclusion bodies by expression of R120GaB-
crystallin was also inhibited by the co-expression of
Hsp27 (table 1), indicating that Hsp27 is a powerful chap-
erone for the mutant protein.

Co-expression of GFP with R120GaB-crystallin did not
cause solubilization of R120GaB-crystallin although the
levels of R120GaB-crystallin in both soluble and insolu-
ble fractions and the number of cells with inclusion bod-
ies tended to decrease at higher ratios of co-transfection
(fig. 5, table 1). The reasons for these phenomena are
unclear. We think that co-expression of GFP with
R120GaB-crystallin may be rather toxic for cells, the ex-
pression of R120GaB-crystallin may be decreased and as
a result, the number of inclusion body-containing cells
was reduced.

There have been reports that insolubilization of proteins
and formation of inclusion bodies may cause cell death
[27]. However, cells with inclusion bodies induced by
R120GaB-crystallin in the present study did not exhibit
typical morphological features of cell death such as
shrinkage and nuclear fragmentation (fig. 2 and data not
shown). Moreover, culturing for up to 96 h after transfec-
tion did not result in increased loss of cells (data not
shown). Since lens and muscle tissues seem to be selec-
tively affected by the R120GaB-crystallin mutation [12],
the toxic effects of R120GaB-crystallin may be restricted
to these tissues and thus we could not detect a visible tox-
icity toward the epithelial HeLa cell line.

In conclusion, R120GaB-crystallin exists in insoluble
protein complexes and causes the formation of inclusion
bodies in mammalian cells. Moreover, co-expression of
Hsp27 may result in solubilization and reduction of such
inclusion bodies, pointing to a possible therapeutic appli-
cation in patients suffering from DRM due to aB-crys-
tallin mutation.
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