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The chaperone aB-crystallin («BC) is a member of the small heat shock protein family and its point or
truncated mutants cause the muscular disorder a-crystallinopathy. The illness is histologically character-
ized by accumulation of protein aggregates in muscle cells. Expression of the myopathy-causing R120G
mutant of aBC, harboring an arginine-to-glycine mutation at position 120, results in aggregate formation.
We demonstrated that tethering aBC to the endoplasmic reticulum (ER) membrane represses the protein
aggregation mediated by the R120G mutant. ER-anchored oBC decreased the amount of the R120G
mutant through autophagic proteolysis. In contrast, knockdown of ATG5, an E3 ligase essential for
autophagy, in ER-anchored aBC-transfected cells restored the quantity of the R120G mutant. In this con-
text, aggregate formation was still suppressed, indicating that ER-anchored oBC profoundly constrains
aggregation competency of the R120G mutant separately from downregulating the abundance of the
mutant. We have proposed that protein aggregation is prevented by manipulation of the ER microenvi-
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ronment with aBC, and have shed light on a novel aspect of the ER as a therapeutic target.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

The molecular chaperone oBC is a member of the small heat
shock protein and operates in cellular response to various stresses
such as heat shock, ischemia and oxidation [1]. It prevents protein
aggregation by binding to improperly folded proteins. Several
mutants of oBC have been reported [2-4]|, among which the
R120G mutant is the first to be identified to cause a-crystallinop-
athy. The illness is an autosomal dominant muscular disease char-
acterized by compromised functions of cardiac and skeletal
muscles. Histologically, a typical feature of o-crystallinopathy is
the accumulation of protein aggregates containing «BC and des-
min, an intermediate filament protein. Transfection of the R120G
mutant into non-muscular cell lines resulted in aggregate forma-
tion, as observed in the specimens from o-crystallinopathy
patients [4,5]. Although not yet clearly understood, defective chap-
erone activity of the R120G mutant is expected to trigger the accu-
mulation of protein aggregates and underlie the development of a-
crystallinopathy [6,7]. a-Crystallinopathy thus reflects the failure
of protein quality control and is classified as a protein deposition
disease [8,9], including Alzheimer’s disease and Parkinson’s
disease.

* Corresponding author. Fax: +81 88 633 9550.
E-mail address: tyamazak@tokushima-u.ac.jp (T. Yamazaki).

http://dx.doi.org/10.1016/j.bbrc.2014.10.151
0006-291X/© 2014 Elsevier Inc. All rights reserved.

The ER is intimately involved in protein quality control and has
been recognized as a key regulator of stress responses [10]. It has
been reported that misfolded proteins are sequestered to ER-asso-
ciated subcellular compartments such as Q-body [11], JUNQ [12]
and ERAC [13], further supporting the view that the ER deals with
potentially harmful proteins. We recently have found that ultravi-
olet C-induced cell death is attenuated by tethering oBC to the ER,
revealing a link between this organelle and the DNA damage
response [14]. The finding led us to reason by analogy that other
cellular responses could also be controlled by manipulating the
ER using oBC as a biological tool.

Here we have demonstrated that ER-anchored oBC remarkably
suppresses aggregate formation mediated by the disease-causing
oBC mutant. Based on the results, we propose that modulation of
the micromilieu surrounding the ER membrane is effective in pre-
venting the accumulation of protein aggregates, a possible cause of
the protein deposition disease.

2. Materials and methods
2.1. Cell culture and transfection
HelLa cells were maintained in «-MEM (nakalai tesque) supple-

mented with 10% fetal bovine serum (FBS). The expression
constructs and siRNA were transfected into the cells using
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polyethylenimine and HiPerfect transfection reagent (Qiagen),
respectively.

2.2. Expression vectors and small interfering RNAs

The construction of the following expression vectors were
described previously [14]: pcDNA4/myc-aBC (WTaBC), pcDNA4/
myc-TMaBC (TMaBC), pcDNA4/myc-TMaBCn (TMaBCn). Knock-
down experiments were performed with the siRNA against the
ATG5 mRNA sequence (5'-tgagataactgaaagggaa-3') and the control
siRNA employed previously [15].

2.3. Antibodies

Antibodies against each protein were purchased as follows: myc
(Santa Cruz Biotech), GRP94 (Enzo Life Science), calumin (Atlas),
GFP (MBL), actin (Sigma), and ATG5 (Cell Signaling).

2.4. Immunocytochemistry and fluorescence image

Hela cells were fixed in 4% paraformaldehyde in phosphate-
buffered saline (PBS) for 15 min, treated with PBS including 0.1%
triton X 100 for 10 min, and blocked in PBS containing 2% FBS for
1 h. The samples were then incubated with anti-myc antibody in
PBS containing 2% FBS overnight at 4 °C, and then incubated with
Alexa Fluor 555-conjugated anti-mouse IgG (Invitrogen) for 1h
at room temperature. The immunofluorescence and/or GFP images
were acquired with a fluorescence microscope or a confocal laser-
scanning microscope.

2.5. Immunoblot analysis

Cells were lysed in RIPA buffer (50 mM Tris pH 8.0, 150 mM
NaCl, 1% Nonidet P40 (NP-40), 0.5% sodium deoxycholate, 0.1%
SDS) containing protease inhibitor cocktail. After centrifugation
at 15,000 rpm for 5 min, supernatants were subjected to SDS-PAGE
and electrotransferred onto polyvinylidene difluoride membranes.
Protein expression levels were determined by using specific
antibody.

2.6. Immunoprecipitation assays
Hela cells were solubilized in lysis buffer (50 mM Tris (pH 8.0),

and 150 mM NaCl with 1% NP-40 plus protease inhibitor cocktail).
Anti-myc antibody was added to the lysates and incubated with
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rotation for 1.5 h, followed by incubation with protein G-Sepharose
(GE Healthcare Life Sciences) for 1.5 h. Immunoprecipitates cap-
tured with protein G-Sepharose were washed five times with lysis
buffer. Samples were resolved by SDS-PAGE and immunoblotted
with specific antibody.

2.7. Statistical analysis

All data are expressed as means * S.E.M. The data were accumu-
lated under each condition from at least three independent exper-
iments. Statistical significance was evaluated using the t-test for
comparisons between two mean values.

3. Results

3.1. ER-anchored oBC represses aggregate formation mediated by the
R120G mutant

Expression of the R120G mutant C-terminally tagged with GFP
in HelLa cells, a human cervical cancer cell line, led to formation
of protein aggregates (Fig. 1A, vector). We then determine whether
tethering oBC to the ER affects the R120G mutant-mediated pro-
tein aggregation. Upon co-transfection with either an empty vector
or the myc-tagged wild-type oBC construct (WTaBC [14]), aggre-
gates were found in ~30% of the GFP-positive cells (Fig. 1A and
B, vector and WTaBC). Meanwhile, the rate dropped to ~5% upon
simultaneous expression of the ER-anchored aBC, referred to as
TMoaBC [14] (Fig. 1A and B, TMaBC). Unlike TMoBC, the N-terminal
half of oBC tethered to the ER (TMaBCn [14]) did not attenuate
aggregate formation (Fig. 1A and B, TMaBCn). Consistent with this
difference, a majority of the R120G mutant co-localized with
TMaBC, but not with TMaBCn, as shown by microscopy (Fig. 1C).
It is therefore suggested that TMaBC specifically prevents the
R120G mutant from aggregating.

3.2. ER-anchored oBC decreases the abundance of the R120G mutant

Protein aggregates are formed when misfolded proteins exces-
sively accumulate to overwhelm the capacity of the protein dis-
posal system [16-19]. In this regard, we hypothesized that
TMoaBC reduces the abundance of the R120G mutant, the burden
on the proteolysis system, thereby blocking aggregate formation.
To test this possibility, the R120G mutant levels were quantified
based on the immunoblotting data. The amount of the R120G
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Fig. 1. ER-anchored oBC inhibits aggregation of the R120G mutant. (A) HeLa cells were transfected with pEGFP-N1-oBC R120G mutant (R120G) in combination with pcDNA4/
myc-oBC (WTaBC), -TMaBC (TMaBC), -TMaBCn (TMaBCn) or the insertless vector (vector). Fluorescent imaging of the R120G mutant-GFP was performed at 16 h post-
transfection. Scale bar: 20 um. (B) Shown is the mean percentage of cells with aggregates in GFP-positive cells. The data represent mean * S.E.M. from three separate
experiments. *p < 0.05, **p < 0.01. (C) HeLa cells were transfected with the R120G mutant in combination with TMaBC or TMaBCn, subjected to staining with anti-myc

antibody. The dual fluorescence images (GFP, green; myc, red) were acquired with a confocal laser-scanning microscope. Scale bar: 20 um. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)



S. Yamamoto et al./Biochemical and Biophysical Research Communications 455 (2014) 241-245

mutant in TMaBC-transfected cells was reduced to ~50% of that in
mock- or WTaBC-transfected cells (Fig. 2A). The reduction
appeared selective because the amounts of actin, the ER luminal
protein GRP94 or the ER transmembrane protein calumin were
comparable between groups. Co-immunoprecipitation assays
showed that the R120G mutant associates with TMaBC and
WTaBC, but not with TMaBCn (Fig. 2B). Therefore, binding to the
R120G mutant was necessary but insufficient for aBC to decrease
the amount of the mutant. Considering its localization to the ER,
TMaBC was most likely to concentrate the R120G mutant in the
immediate vicinity of the ER membrane, whereby targeting the
mutant for selective proteolysis.

3.3. Defects in autophagy abrogate the quantitative control over the
R120G mutant

Two major proteolysis sites have been well known, the protea-
some and the lysosome, coupled with protein ubiquitination and
autophagy, respectively [20,21]. We next investigated the relative
contribution of each site to the TMaBC-mediated reduction of
the R120G mutant. The level of the mutant in TMaBC-transfected
cells was ~80% elevated by the lysosome inhibitor chloroquine
plus the protein synthesis inhibitor cycloheximide (Fig. 3A). In con-
trast, the level was not significantly affected by the proteasome
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inhibitor MG132 plus cycloheximide, suggesting that the R120G
mutant is subjected to lysosomal degradation. Given that the
R120G mutant was degraded predominantly in the lysosome, we
directly examined involvement of autophagy by knocking down
autophagy-related protein 5 (ATG5), an E3 ligase vital for autoph-
agy [22,23]. Upon ATG5 knockdown in TMoBC-transfected, the
quantity of the R120G mutant was increased relative to that upon
control knockdown (Fig. 3B). Moreover, the levels of the mutant
were comparable between TMaBC-transfected cells depleted of
ATG5 and WTaBC-transfected cells enriched in ATG5, demonstrat-
ing that defects in autophagy abolishes the negative effects of
TMaBC on the abundance of the R120G mutant.

3.4. ER-anchored oBC renders the R120G mutant aggregation-
incompetent

Because ATG5 knockdown in TMaBC-transfected cells restored
the amount of the R120G mutant to the control level, we reasoned
that aggregates are formed in this setting to a similar extent in
WTaBC-transfected control cells. Upon ATG5 knockdown, how-
ever, less than 5% of the TMaBC-transfected cells harbored aggre-
gates (Fig. 4), indicating that the quantity of the R120G mutant
does not significantly correlate with the extent of aggregate forma-
tion. Collectively, it was suggested that TMaBC renders the R120G
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Fig. 2. ER-anchored oBC reduces the amount of the R120G mutant. (A) Transfections were performed as described in Fig. 1A. Immunoblots were probed with antibodies
against GFP, actin, GRP94, calumin or myc. Shown in the right panel is the GFP immunoreactivity normalized with the values acquired from the cells cotransfected with the
R120G mutant and the insertless vector. The data represent mean = S.E.M. from three independent experiments. *p < 0.05, **p < 0.01. (B) The cells transfected with the
indicated combination of expression constructs. Myc immunoprecipitates from the cell lysates were probed with antibodies against GFP, myc or GRP94.
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Fig. 3. The R120G mutant is degraded predominantly through autophagy. (A) HeLa cells were cotransfected with the R120G mutant and TMaBC. At 16 h post-transfection,
the cells were treated with 10 pg/ml cycloheximide (CHX) in combination with either 50 uM chloroquine (CQ) or 5 pM MG132, incubated for another 6 h, and subsequently
lyzed. The lysates were subjected to immunoblotting performed as in the legend to Fig. 2A. Shown in the right panel is the GFP immunoreactivity normalized with the values
acquired from the mock-treated cells. The data represent mean * S.E.M. from four independent experiments. “*p < 0.01. (B) HeLa cells were transfected with either control
(sicontrol) or ATG5 (siATG5) siRNA. After 40 h, the cells were transfected with the R120G mutant (R120G) in combination with WTaBC (WT) or TMaBC (TM). At 16 h post-
transfection, the cells were lyzed for subsequent analysis performed as in (A). Shown in the right panel is the GFP immunoreactivity normalized with the values acquired from
the cells sequentially transfected with the control siRNA, the R120G mutant and WT. The data represent mean + S.E.M. from five separate experiments. **p < 0.01.
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Fig. 4. Aggregate formation is repressed by ER-anchored oBC in autophagy-
defective cells. (A) HeLa cells transfected as described in Fig. 3B were subjected to
fluorescent imaging of the R120G mutant-GFP. Scale bar: 50 pum. (B) Shown is the
mean percentage of cells with aggregates in GFP-positive cells. The data represent
mean + S.E.M. from five separate experiments. **p < 0.01.

mutant aggregation-incompetent independently of targeting the
mutant for autophagic proteolysis.

4. Discussion

We have revealed that aggregation of the disease-causing
R120G mutant is remarkably suppressed by TMaBC. It was highly
expected that the reduction of the abundance of the R120G mutant
diminishes burden on the protein disposal system. Indeed, it has
been known that aggregate formation is closely associated with
disturbance of protein homeostasis [18]. We therefore postulated
that TMoBC corrects the imbalance between the quantity of aber-
rant proteins and the capacity of protein disposal system, thereby
exerting its negative effect on protein aggregation. The results of
ATGS5 knockdown analysis, however, argued against this hypothe-
sis. While the abundance of the R120G mutant was restored, the
aggregation was still repressed by TMaBC. In other words, quanti-
tative control of the protein burden is not the driving force of
TMoaBC's anti-aggregation activity.

The finding that TMaBC blocks aggregate formation separately
from its proteolysis-enhancing function has raised the question
about why aBC needs to be situated on the ER membrane to impact
on the R120G mutant. Owing to its subcellular localization, WTaBC
would have difficulty in getting access to the ER membrane pro-
teins. Meanwhile, such geographical obstacles are most likely to
be circumvented by tethering aBC to the ER. In this regard, one
simple explanation would be that TMaBC might operate primarily

by increasing the chance that ER membrane proteins encounter the
R120G mutant. A vast array of ER proteins could be in contact with
the R120G mutant bound to TMaBC, whereby counteracting the
mutant’s propensity to form aggregates. Considering that TMaBC
could be juxtaposed to the ribosome on the ER membrane, it might
also be possible that TMaBC imposes conformational constraints
on the nascent polypeptide chain of the R120G mutant, averting
its misfolding. The previous study showed that the ribosome-
bound chaperone NAC (nascent polypeptide-associated complex)
is involved in clearance of aggregates [24]. It is tempting to specu-
late that TMaBC disassembles protein aggregates by employing
those ribosome-associated components.

o-Crystallinopathy is histologically characterized by both accu-
mulation of aggregates and degenerative myofibrils in muscle
fibers [7,25]. If introduced into muscle cells in a relatively early
phase of the disease, TMaBC would repress further protein aggre-
gation, thereby delaying or even blocking the disease progression.
From a therapeutic standpoint, it is also critical whether TMaBC
disassembles preexisting aggregates. Induced-expression of
TMaBC in the R120G mutant transgenic mice is required to address
this issue. If this is the case, TMaBC could ameliorate muscular
dysfunction elicited by the R120G mutant. Moreover, TMaBC
might be applied to other protein deposition diseases such as
amyotrophic lateral sclerosis, Parkinson’s disease and Alzheimer’s
disease, because aggregate formation is common characteristics
of the protein deposition disease. Considering that aggregate clear-
ance is mediated by autophagy [16,26,27], TMaBC, functioning
through autophagy, could possibly be a useful therapeutic tool.

Here we have demonstrated that manipulation of the microen-
vironment on the ER membrane would be a promising strategy for
o~crystallinopathy. The findings have shed light on a novel aspect
of the ER as a potential target in developing pharmacological inter-
ventions for the protein deposition disease.
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