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(Bacl(ground: A lys141Asn (K141N) missense mutation in heat shock protein (HSP) B8 causes distal hereditary motor
Results: HSPB8 K141N transgenic mice exhibited mild hypertrophy and apical fibrosis as well as slightly reduced cardiac

Conclusion: A single point mutation of HSPBS, such as K141N, can cause cardiac disease.
Significance: The cardiomyopathy phenotype was observed in cardiac-specific HSPB8 K141N transgenic mice.
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A K141N missense mutation in heat shock protein (HSP) B8,
which belongs to the small HSP family, causes distal hereditary
motor neuropathy, which is characterized by the formation of
inclusion bodies in cells. Although the HSPB8 gene causes
hereditary motor neuropathy, obvious expression of HSPBS is
also observed in other tissues, such as the heart. The effects of a
single mutation in HSPB8 upon the heart were analyzed using
rat neonatal cardiomyocytes. Expression of HSPB8 K141N by
adenoviral infection resulted in increased HSPBS8-positive
aggregates around nuclei, whereas no aggregates were observed
in myocytes expressing wild-type HSPB8. HSPB8-positive
aggresomes contained amyloid oligomer intermediates that
were detected by a specific anti-oligomer antibody (A11l).
Expression of HSPB8 K141N induced slight cellular toxicity.
Recombinant HSPB8 K141N protein showed reactivity against
the anti-oligomer antibody, and reactivity of the mutant HSPB8
protein was much higher than that of wild-type HSPBS8 protein.
To extend our in vitro study, cardiac-specific HSPB8 K141N
transgenic (TG) mice were generated. Echocardiography
revealed that the HSPB8 K141N TG mice exhibited mild hyper-
trophy and apical fibrosis as well as slightly reduced cardiac
function, although no phenotype was detected in wild-type
HSPB8 TG mice. A single point mutation of HSPBS, such as
K141N, can cause cardiac disease.
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Heat shock protein (HSP)> B8 (also known as HSP22, H11
kinase, or aC-crystallin) is assigned to the small HSP family that
also includes HSP20 (HSPB6), HSPB2, HSPB3, HSPB4 (aA-
crystallin (CryAA)), HSPB5 (aB-crystallin (CryAB)), and
HSP27 (HSPB1) (1, 2). The small HSPs share sequence similar-
ity within the a-crystallin domain but exhibit different patterns
of gene expression, transcriptional regulation, and subcellular
localization (1, 2). The chaperone-like activity of the small
HSPs, which are grouped together based on their ability to pre-
vent protein aggregation and/or restore the biological activity
of cell substrates, is widely believed to be a protective mech-
anism against protein misfolding and denaturation triggered
by noxious environmental stimuli such as hyperthermic
stress, heavy metals, ischemic injury, and some genetic dis-
eases (1, 3, 4).

Missense mutations in small HSPs, such as CryAA and
CryAB, can cause dominant disease, such as cataracts and myo-
fibrillar myopathy (1, 2). These diseases, characterized by the
formation of aggregates, are misfolded protein-related diseases
that can be recapitulated in transgenic (TG) mice, for example,
by the presence of a mutant HSP protein in the lens of the eye or
in cardiomyocytes (5, 6). Similar to the effect of missense muta-
tions of CryAA and CryAB, a missense mutation of HSPB8 such
as K141N or K141E causes autosomal dominant distal heredi-
tary motor neuropathy (HMN) type II in some European fam-
ilies, which is characterized by the formation of inclusion bod-
ies in cells (7). In another study, HSPB8 K141N was also shown
to cause axonal Charcot-Marie-Tooth (CMT) disease type 2L
in a large Chinese family (8). The K141N mutation affects a
highly conserved residue in the central a-crystallin domain of
the protein. Overexpression of the HSPB8 K141N protein in

2 The abbreviations used are: HSP, heat shock protein; CryAA, aA-crystallin;
CryAB, aB-crystallin; TG, transgenic; NTG, nontransgenic; HMN, distal
hereditary motor neuropathy; CMT disease, Charcot-Marie-Tooth disease;
tTA, tetracycline-controlled transcriptional activator; MTT, 3-(4,5-dimeth-
ylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide; MOI, multiplicity of infec-
tion; VDAC, voltage dependent anion channel.
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COS cells increased the interaction of HSPB8 and HSPBI, lead-
ing to the formation of intracellular aggregates (7). A recent
study reported that an HSPB8 gene KO mouse showed normal
development and no obvious abnormalities in tissue function,
but cardiac dysfunction and remodeling, as well as transition
into heart failure, were accelerated by pressure-induced over-
load to the heart (9). These results suggest that the overexpres-
sion of mutant HSPB8 can lead to the induction of some degree
of cellular toxicity in cultured cells, although no similar pheno-
type was detected in the HSPB8 knock-out mouse. Thus, it is
unclear whether a missense mutation of HSPB8 alone can cause
neurodegenerative diseases such as HMN and CMT disease
because of loss of function, particularly in vivo. Furthermore, it
is known that the HSPB8 expression pattern is ubiquitous, with
the highest expression in muscle tissue (10). This implies that
mutant HSPBS8 protein can be present in muscle tissue, such as
the heart, and can affect cardiac function as well as neuronal
tissues.

To study the structure-function relationship of a single mis-
sense mutation of HSPB8 in vivo, cardiac-specific TG mice
expressing HSPB8 K141N as well as wild-type HSPB8 TG mice
as controls were generated using tetracycline-controlled tran-
scriptional activator (tTA) and the attenuated myosin heavy
chain system (11, 12). The phenotype of HSPB8 K141N TG
mice is an accumulation of aggregates containing HSPB8, caus-
ing slightly impaired cardiac function, mild ventricular hyper-
trophy, and apical cardiac fibrosis with cardiac mitochondrial
dysfunction at approximately 6 months of age. Our results indi-
cate that mutant HSPB8 TG mice have a cardiomyopathy phe-
notype, whereas no abnormality was observed in wild-type
HSPB8 TG mice. Thus, our data suggest that the HSPB8 muta-
tion can act in a dominant negative manner and that the cellular
toxicity of the mutant protein may play an important role in
disease development. Our results imply that the HSPB8 mutation
can cause cardiomyopathy as well as neuronal degenerative dis-
eases such as HMN and CMT disease and that a phenotype
induced by the mutant HSPB8 may result from the mild toxicity of
the mutated HSPBS protein.

EXPERIMENTAL PROCEDURES

¢DNAs—cDNAs of HSPB8 and CryAB were isolated by
reverse transcription-PCR and used to generate recombinant
protein and adenoviral constructs as described previously (13).
The missense mutations HSPB8 K141N and CryAB R120G
were introduced using reverse transcription-PCR and sub-
cloned into the pBSKII vector (Agilent Technologies, Palo Alto,
CA). To distinguish the transgenic products from endogenous
protein, a FLAG epitope was introduced at the N terminus of
CryAB R120G. An HA epitope was introduced at the N termi-
nus of HSPB8 as described previously (12, 13).

Recombinant Protein—To produce recombinant protein, His
epitope-tagged wild-type HSPB8, HSPB8 K141N, wild-type
CryAB, and CryAB R120G were overexpressed in BL21 cells
(Invitrogen) using the pET system (Novagen, Madison, W1I) and
purified with a nickel-nitrilotriacetic acid column (Qiagen) as
described previously (13). To measure the amyloid oligomer
level (amyloid oligomer is positive immunoreactive material
against the anti-oligomer antibody), each recombinant protein
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was incubated and blotted on a nitrocellulose membrane and
quantified as described previously (13). The cellular toxicity of
the recombinant HSPB8, HSPB8 K141N, CryAB, and CryAB
R120G protein in HEK293T cells as well as cardiomyocytes was
determined using a 3-(4,5-dimethylthiazol-2-yl)-2, 5-diphe-
nyltetrazolium bromide (MTT) assay. Recombinant proteins
were added to give a final concentration of 0.4 mg/ml in serum-
free Dulbecco’s modified Eagle’s medium and incubated for
12 h. After incubation, MTT assays were performed as
described previously (12, 13).

Cardiomyocyte and NIE115 Cell Cultures and Adenovirus
Infection—Rat neonatal cardiomyocytes were isolated using the
Worthington cardiomyocyte isolation system (Worthington
Biochemical Corporation, Lakewood, NJ). After isolation of the
rat neonatal cardiomyocytes, the cells were grown on glass
slides coated with gelatin as described previously (12, 14).
Mouse neuroblastoma NIE-115 cells were cultured as
described previously (15). Replication-deficient recombinant
adenoviruses were made using an AdEasy system (Agilent
Technologies) as described previously (5, 13, 14). Viral titration
was determined using an AdEasy viral titer kit (Agilent Tech-
nologies), and the manufacturer’s protocol was followed to cal-
culate the infectious units/milliliter as well as the multiplicity of
infection (MOI), which is the ratio of transfer vector transduc-
ing particles to cells. To address the transgene expression level
to the endogenous HSPBS level, cardiomyocytes were infected
at a MOI of 1 for both the HSPB8 and HSPB8 K141N virus as
described previously (13). The N1E-115 cells were infected at a
MOI of 10 for each adenovirus. Cellular viability was measured
using an MTT assay (12, 13).

Immunohistochemistry—Immunohistochemical analyses
were performed as described previously (12, 14). Alexa 488-
conjugated anti-rabbit and Alexa 568-conjugated anti-mouse
antibodies and TO-PRO-3 for nuclear staining were purchased
from Molecular Probes (Eugene, OR), anti-HSPB8 antibody
from Imgenex Corporation (San Diego, CA), anti-HA anti-
body from MB Laboratories Co., Ltd. (Nagoya, Japan), and
anti-cTnl antibody (MAB1691) from Millipore (Billerica, MA).
The anti-oligomer antibody (A-11) was generated and used as
described previously (12, 14). Image J 1.38x public domain soft-
ware was used to quantify the immunofluorescent intensity.
The results from 30 to 50 cells were averaged for cohort com-
parison. Areas stained with the oligomer antibody were
defined, and the average pixel intensities for the cardiomyo-
cytes were determined for comparison (12, 14).

Isolation of Mitochondrial and Cytosolic Fractions—Isola-
tion of mitochondrial and cytosolic fractions was performed as
described previously (14). Hearts were homogenized in buffer
containing 250 mMm sucrose, 10 mm Tris-HCI (pH 7.4), 1 mm
EDTA, 1 mm NazVO,, and complete protease inhibitor mixture
tablets (Roche Applied Science). The homogenates were cen-
trifuged at 1,000 X g for 10 min at 4 °C to remove the nuclei.
Supernatant fluids were then centrifuged again at 13,000 X g for
30 min at 4 °C. Pellets were washed extensively in the same
buffer and centrifuged at 13,000 X g for 30 min at 4 °C. The
mitochondrial fraction of the pellets was then resuspended in
lysis buffer containing 150 mm NacCl, 50 mm Tris-HCI (pH 7.4),
1 mm EDTA, 1 mm NazVO,, complete protease inhibitor mix-
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ture tablets (Roche Applied Science), and 1% Nonidet P-40.
Supernatant fluids were further purified at 100,000 X g for 30
min (4 °C) and used as the cytosolic fraction.

Immunoprecipitation Assay—Immunoprecipitation assay
was performed as described previously (13, 16). 200 ug of mito-
chondrial fractions were incubated with 1 ug of anti-voltage
dependent anion channel (VDAC) antibody (Ab-5) (Merck) for
2hat4°C. 20 ul of protein A/G-agarose (Santa Cruz Biotech-
nology, Inc., Santa Cruz, CA) were added, and the specimens
were incubated overnight at 4 °C. Pellets were collected by cen-
trifugation at 2,500 X g for 5 min at 4 °C and washed four times
with radioimmune precipitation assay buffer. The pellets were
resuspended in 40 ul of sample buffer, boiled for 3—5 min, and
centrifuged again, and the supernatants were analyzed first by
PAGE and then by Western blotting using either anti-HSPB8
(Imgenex Corporation) or anti-VDAC (Ab-5) (Merck). In some
experiments, to examine the direct interaction of HSPB8
K141N and VDAC, the recombinant HSPB8 protein, as well as
the HSPB8 K141N protein, was treated with the mitochondrial
fractions from nontransgenic (NTG) mouse hearts at 25 °C for
1 h and then washed four times with radioimmune precipita-
tion assay buffer. Recombinant proteins were added to give a
final concentration of 0.1 mg/ml in the medium.

Preparation of Isolated Mitochondria and Measurement of
Mitochondrial Respiratory Function—Preparation of cardiac
mitochondria was performed using the method described pre-
viously (17). Heart tissue was homogenized in ice-cold buffer
containing 180 mm KCl, 10 mm EDTA (pH 7.4), and 0.5% fatty
acid-free BSA. The homogenate was then centrifuged at 700 X
g for 10 min at 2 °C, and the resulting supernatant fluid was
centrifuged at 8,000 X g for 10 min at 2 °C. The crude mito-
chondria were again suspended in buffer and centrifuged at
8,000 X g for 10 min at 4 °C. The organelles were then resus-
pended in suspension buffer (20 mm Tris-HCI, pH 6.8, contain-
ing 320 mM sucrose and 0.25% BSA) and used to measure mito-
chondrial activity. The isolated mitochondria were used for the
measurement of mitochondrial respiratory function. The mito-
chondrial state 3 and 4 respiration, respiratory control index,
and oxidative phosphorylation rate were determined using the
method described previously (17). Isolated mitochondria were
incubated in a medium of pH 7.4 that contained 10 mm Tris-
HCI, 250 mMm sucrose, 10 mm K,HPO,, and 10 mMm glutamate
and were stirred at 25 °C. The mitochondrial oxygen consump-
tion rate was measured in the chamber using a Clark-type oxy-
gen electrode (Central Kagaku, Tokyo, Japan). The quality of
the mitochondrial preparation was evaluated by assessing the
respiratory control index, which was determined in the pres-
ence of 240 nmol of ADP. In some experiments, to examine the
direct effect of HSPB8 K141N on mitochondrial oxygen con-
sumption ability, the recombinant HSPB8 protein, as well as the
HSPB8 K141N protein, was added to the medium. Recombi-
nant proteins were added to give a final concentration of 0.1
mg/ml in the medium.

Miscellaneous Methods—Sample preparation for Western
blotting, gel preparation, and electrophoretic conditions were
carried out as described previously (12, 14). Western blot anal-
yses were performed using anti-GAPDH antibody (Chemicon
International, Temecula, CA), anti-HSPB8 antibody (Imgenex
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Corporation), anti-HA antibody from MB Laboratories Co.,
Ltd. (Nagoya), anti-VDAC antibody (Ab-5) (Merck), and anti-
cytochrome ¢ antibody (BD Bioscience, CA). The band inten-
sity in the immunoblot was semiquantified using Image J. The
filter assay for the detection of aggregates was performed as
described previously (12). Lysate from both the transfected cells
and the transgenic mouse hearts was centrifuged at 12,000 X g
for 10 min. The resultant pellet was diluted into 0.2 ml of 2%
SDS and boiled for 5 min. After boiling, the sample was filtered
through a 0.2-um nitrocellulose membrane. The aggregate
fraction on the membrane was detected with anti-HSPB8 anti-
body. Echocardiography and trichrome staining were per-
formed as described previously (12).

Transgenic Mice—Female mice with cardiac-specific overex-
pression of mutant HSPB8 containing the K141N mutation,
driven by the modified a-myosin heavy chain promoter, have
been described previously (12, 18). The TG mice were identi-
fied by PCR analysis of genomic DNA isolated from tail tips.
The responder HSPB8 and HSPB8 K141N mice were crossed
with tetracycline-controlled tTA TG mice to generate tTA/
HSPB8 and tTA/HSPB8 K141N double TG (tTA/HSPB8 TG
and tTA/HSPB8 K141IN TG) mice (12, 18). The responder
HSPB8 and HSPB8 K141N mice used for all experiments had a
C57BL/6Cr Slc genetic background (SLC, Shizuoka, Japan).
The CryAB R120G and tTA TG mice were backcrossed with
C57BL/6Cr Slc mice more than 10 times and maintained on a
C57BL/6Cr Slc background as described previously (12). NTG
littermates were always used as controls for comparison. The
animals were housed in microisolator cages in a pathogen-free
barrier facility. All experimentation was performed under
approved institutional guidelines.

Statistics—The data are expressed as the means *+ standard
error. Statistical analysis was performed using the unpaired
Student’s ¢ test and one-way analysis of variance followed by a
post hoc comparison with Scheffe’s multiple comparison, using
Statview version 5.0 software (Concepts, Inc., Berkeley, CA).

Ethics—This study was approved by the Animal Care Com-
mittee of Iwate Medical University (approval identification
21-056). All of the experimental procedures were performed in
accordance with the Guidelines of the Iwate Medical University
Ethics Committee for Animal Treatment and the Guidelines
for Proper Conduct of Animal Experiments by the Science
Council of Japan.

RESULTS

HSPB8 KI14IN in Cardiomyocytes and NI1E115 Cells—Al-
though a missense mutation in HSPB8, a member of the small
HSP family, causes HMN and CMT disease, which is character-
ized by the formation of inclusion bodies in cells, the role of the
mutant HSPB8 protein in other tissues remains uncertain. To
study this, we analyzed the distribution of the HSPB8 protein in
mouse tissue (Fig. 14). HSPB8 protein was detectable in most
tissues, such as the cerebrum, spinal cord, heart, and aorta (Fig.
1A), although the levels were not uniform among these tissues.
The levels of HSPB8 in the heart and aorta were much higher
than those in the cerebrum and spinal cord. These results imply
that the HSPB8 missense mutation that causes HMN and CMT

VOLUME 288+NUMBER 13-MARCH 29, 2013



Cardiomyopathy in HSPB8 K141N TG Mouse

A Cereb Spina Heart Sk.m Lung Liver Kid Aorta
HSPB8 | ‘ —
GAPDH
HSP
B HSP s C 12
Lacz B8 LacZ K141N T -1.0
o
HSPB8 & < 0.8
Q% 0.6
HA B2 04
mo -
2x02
LacZ HSPB8 HSPB8
K141N
D HSPB8 HSBB8 K141N
HHH
o5 Hkok
E HsPBs I >
Lacz HSPB8 K14IN N~
Q S 25
HSPB8 . S5 20
515
32
< % 1.0
=05
0.0
Lacz HSPB8 HSPB8
K141N
G2 1.2
*#
o 107 ad, 1 b
Kk
£% 08 2% 0s bbb
83 5
s o 0.6 ®©'S 0.6
=3 S5
8L 041 TS 04
% O%
=02 Z 02
0.0 -
Lacz HSPB8 HSPB8 CryAB CryAB LacZ HSPB8 CryAB
K141N R120G K141N R120G

FIGURE 1. Characterization of HSPB8 K141N. A, tissue distribution of endogenous HSPB8 in the mouse showing analysis of several tissues, with the heart and
aorta displayed prominently. B and C, typical images of HSPB8 and GAPDH Western blot in cardiomyocytes infected using an adenoviral vector containing
HSPB8 and HSPB8 K14 1N at a multiplicity of infection of 1 (B) and the quantitative analysis (C). D, a typical image of immunohistochemistry in cardiomyocytes
expressing HSPB8 (green) and HSPB8 K141N (green). HSPB8-positive aggregates were observed in cardiomyocytes expressing HSPB8 K141N. To distinguish
cardiomyocytes, cardiac troponin | was stained (red), and TO-PRO-3 was used for nuclear staining (blue). E and F, quantitative analysis of aggregates. Typical
images of the filtration assay (E) and the quantitative analysis of aggregates (F) are shown. G, cell viability in cardiomyocytes. Mild cellular toxicity was observed
with HSPB8 K14 1N overexpression, whereas a significant decrease in cell viability was observed with CryAB R120G overexpression. H, cell viability in N1E115
neuroblastoma cells. The values are the fold increases relative to cardiomyocytes (G) and N1E115 cells (H) expressing LacZ (LacZ), whose value was arbitrarily
set to 1. Cereb, cerebrum; Spina, spinal cord; Sk. m, skeletal muscle; Kid, kidney. *, p < 0.05; **, p < 0.01; ***, p < 0.001 versus cardiomyocytes expressing LacZ.
#, p < 0.05; ###, p < 0.001 versus cardiomyocytes expressing HSPB8. aa, p < 0.01 versus cardiomyocytes expressing CryAB; b, p < 0.05; bbb, p < 0.001 versus
N1E115 cells expressing LacZ.

disease may affect the tissue function of heart and vascular sion of HSPBS resulted in the down-regulation of the endoge-

tissues.

To address the effect of the HSPB8 mutant protein in car-
diomyocytes, we expressed HSPB8 and HSPB8 K141N using an
adenoviral vector. In this experiment, we used adenoviral vec-
tor at a MOI of 1 to express HSPB8 as well as HSPB8 K141N
(Fig. 1B). Under this experimental condition, the protein level
of the expressed HSPBS8 protein, as well as that of the HSPB8
K141N protein, was similar to the endogenous HSPB8 protein
level in cardiomyocytes expressing LacZ, because viral expres-
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nous HSPBS protein (Fig. 1, B and C). Similar HSPBS8 protein
levels were observed among wild-type HSPB8, HSPB8 K141N,
and LacZ cardiomyocytes (Fig. 1, Band C), and cardiomyocytes
expressing the wild-type HSPB8 and LacZ showed no detecta-
ble aggregates. Despite this, perinuclear aggregates that were
immunoreactive against an HSPB8 antibody were observed in
cardiomyocytes expressing HSPB8 K141N (Fig. 1, D-F). These
results suggest that, in a manner similar to that of the CryAB
missense mutation (5), the HSPB8 missense mutation can
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FIGURE 2. Formation of amyloid oligomer using the recombinant HSPB8 K141N protein. A, typical SDS-PAGE images of the recombinant wild-type HSPB8
(HSPB8) and HSPB8 K141N. B, dot blotting shows the presence of the amyloid oligomer in the recombinant HSPB8 K141N and CryAB R120G proteins, but a
lower amyloid oligomer level is detected in wild-type HSPB8 (HSPB8 WT) and CryAB (CryAB WT). C, quantitative amyloid oligomer analysis. The values are the
fold increases relative to 0.5 ug of CryAB WT, whose value was arbitrarily set to 1. D and E, cellular toxicity of recombinant proteins. The cellular HSPB8 K141N
protein toxicity in HEK293 cells (D) and cardiomyocytes (E) was determined using the MTT method. The values are the fold increase relative to cells with the
buffer, added without recombinant proteins (Buffer), whose value was arbitrarily set to 1. *, p < 0.05; **, p < 0.01; ***, p < 0.001 versus CryAB WT; #, p < 0.05;
####, p < 0.001 versus HSPB8 WT. a, p < 0.05; aa, p < 0.01; aaa, p < 0.001 versus buffer. b, p < 0.05; bbb, p < 0.001 versus CryAB. ¢, p < 0.05 versus HSPBS.

induce aggregate formation in cardiomyocytes. A slight reduc-
tion in cellular viability was observed in cardiomyocytes
expressing HSPB8 K141N (Fig. 1G), whereas the CryAB mis-
sense mutation led to a significant reduction in cellular viabil-
ity, as described previously (5). Similar to the results for car-
diomyocytes, mild cellular toxicity of HSPB8 K141N and severe
cellular toxicity of CryAB R120G were observed in N1E115
mouse neuroblastoma cells (Fig. 1H). This finding may imply
that mutant HSPB8 is less toxic than mutant CryAB in cultured
cells such as cardiomyocytes and neuroblastoma cells.
Amyloid Oligomer Formation of HSPB8 K14IN—To com-
pare the cellular toxicity and amyloid oligomer formation of the
HSPB8 K141N and CryAB R120G proteins, we generated
recombinant proteins (Fig. 24). Recombinant HSPB8 K141N
protein showed immunoreactivity against an anti-amyloid
oligomer antibody, and its reactivity was similar to that of the
recombinant CryAB R120G protein. The immunoreactivities
of recombinant wild-type HSPB8 protein and recombinant
wild-type CryAB protein were weaker than those of the recom-
binant mutant HSPB8 and the mutant CryAB proteins (Fig. 2, B
and C). When the recombinant HSPB8 K141N protein was
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added to the culture medium, mild cellular toxicity in 293T
cells as well as in cardiomyocytes was observed, but this cyto-
toxicity was less than that of the recombinant CryAB R120G
protein (Fig. 2, D and E). These results suggest that although
both the HSPB8 K141N protein and the CryAB R120G protein
can form an amyloid oligomer at a level detectable by the anti-
oligomer antibody, the cytotoxicity of HSPB8 K141N is milder
than that of the CryAB R120G protein.

tTA/HSPB8K141N Double TG Mouse—Our in vitro study
showed that the missense mutation of HSPB8 led to the forma-
tion of a toxic amyloid oligomer and that HSPB8 K141N
showed mild cellular toxicity in vitro. To further study the effect
of the HSPB8 missense mutation on cardiomyocytes in vivo, we
generated a cardiac-specific TG mouse that overexpressed
the HSPB8 K141N mutation or wild-type HSPB8 using an
inducible cardiac-specific a-myosin heavy chain promoter as
described previously (11, 12). The level of HSPB8 proteins
observed in the HSPB8 and HSPB8 K141N TG mice was 3-fold
higher when they were cross-bred with tTA TG mice than that
of NTG mice (12); HSPB8 K141N proteins were also observed
(Fig. 3, A and B). No differences were observed in the HSPB8

VOLUME 288+NUMBER 13-MARCH 29, 2013



tTA/
tTA/  HSPB8
NTG HSPB8 K141N

HSPB8

GAPDH s s S

O

W A
o o

e e
o v o v o

Heart weight/Body weight

HSPB8/GAPDH (x-fold of NTG) TJ

g
=}

tTA/
HSPB8

tTA/
HSPB8

NTG

FIGURE 3. Characterization of the tTA/HSPB8 K141N double TG mouse. A,

C

Cardiomyopathy in HSPB8 K141N TG Mouse

tTA/HSPB8

NTG tTA/HSPB8 K141N

1 #Hit#
o ]
5
5 =
> 4
£
9 34
©
e,
14
0
NTG tTA/ tTA/
HSPB8 HSPB8
K141N

typical images of HSPB8 Western blot analysis. An increase in the transgene

product, which had an HA epitope tag inserted at the N terminus, was observed. Anti-GAPDH antibody was used as a loading control. B, quantitative analysis
of HSPB8. The values are the fold increases relative to values in NTG mouse hearts, whose values were arbitrarily set to 1. C, representative images of hearts from
6-month-old TG mice. D, ratios of heart weight to body weight. A significant increase in heart weight was observed in the tTA/HSPB8 K141N double TG mouse.
*, p < 0.05; *** p < 0.001 versus the NTG. ###, p < 0.001 versus tTA/HSPB8 double TG mice.

protein level between tTA/HSPB8 double TG mice and tTA/
HSPB8 K141N double TG mice (Fig. 3, A and B). Furthermore,
although the protein levels were similar, the tTA/HSPB8
K141N double TG mice showed increased heart weight/body
weight ratios compared with those of tTA/HSPB8 double TG
mice and NTG mice at 6 months of age (Fig. 3, C and D). At 6
months, intracellular aggregates that were immunoreactive
against anti-HSPBS, as well as an anti-HA epitope that was
introduced into the transgene products to distinguish them
from endogenous protein, were detected in the hearts of the
tTA/HSPB8 K141N double TG mice, whereas no aggregates
were observed in the hearts of tTA/HSPB8 and NTG mice (Fig.
4, A and B). These aggregates contained the amyloid oligomer
in the tTA/HSPB8 K141N double TG mice (Fig. 4, A and D).
Thus, concomitant with cardiac hypertrophy, the mutant
HSPB8 protein can result in the formation of aggresomes in the
heart that are immunoreactive against the anti-oligomer
antibody.

The hearts of the HSPB8 K141N double TG mice exhibited
mild apical cardiac fibrosis at 6 months of age (Fig. 5A). Cardiac
performance, such as fractional shortening and ejection frac-
tion, was slightly reduced in tTA/HSPB8 double TG mice com-
pared with that in tTA/HSPB8 TG and NTG mice at 6 months
of age (Table 1 and Fig. 5, B and C). At 6 months, the oxidative
phosphorylation ratio, respiratory control index, and oxygen
consumption in state 3 were markedly decreased in the mito-
chondrial fraction from tTA/HSPB8 K141N TG mice com-
pared with tTA/HSPB8 and NTG mice (Fig. 5, D—F). No distin-
guishable difference in terms of premature death was detected
up to 2 years of age, and no distinguishable difference in termi-
nal TUNEL-positive apoptosis of cardiomyocytes was observed
at 6 months of age among tTA/HSPB8 K141N double TG mice,
tTA/HSPBS8 double TG mice, or NTG mice (data not shown).
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These results suggest that cardiac disease, such as cardiac fibro-
sis and reduced cardiac function, occurs in response to the
presence of the mutant HSPB8 protein and that this cardiac
disease may be associated with mitochondrial dysfunction in
the heart.

Interaction of HSPB8 KI14IN Protein with Mitochondrial
Protein—A missense mutation of CryAB, such as R120G,
results in the accumulation of a mutant protein around nuclei,
called an aggresome; this mutant protein can bind directly to
VDAC protein (16). Because marked mitochondrial dysfunc-
tion of the heart in CryAB R120G TG mice was clearly
observed, this protein interaction between the mutant CryAB
and VDAC may play an important role in the cellular toxicity of
the mutant CryAB (16). HSPBS8, a member of the small HSP
family along with CryAB, may be directly associated with mito-
chondria. To examine this hypothesis, we analyzed the distri-
bution of HSPB8 in cardiomyocytes, as well as in double TG
mouse hearts (Fig. 6, B and C). Typical mitochondrial markers,
such as cytochrome ¢ and VDAC, were enriched in the mito-
chondrial fraction from mouse hearts and cardiomyocytes,
whereas the cytosolic marker GAPDH was enriched in the cyto-
solic fraction (Fig. 6A). Similar amounts of wild-type HSPB8 or
HSPB8 K141N proteins were detected in the cytosolic fraction
after expression of HSPB8 or HSPB8 K141N in the cardiomyo-
cytes infected at a MOI of 1 for each adenovirus, whereas a
higher level of the HSPB8 K141N protein was observed in the
mitochondrial fraction compared with that expressing the
wild-type HSPB8 (Fig. 6B). This difference in the HSPB8
K141N protein distribution pattern was also observed in the
hearts of double TG mice (Fig. 6C). A distribution pattern,
namely, a trend toward high amounts of the mutant protein in
the mitochondrial fraction, was also detected in the CryAB
R120G protein (Fig. 6D). These results suggest that a missense
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mutation of small HSPs, such as HSPB8 K141N and CryAB
R120G proteins, can change their localization from cytoplasm
to mitochondria, probably because of alteration of their affinity
for partner proteins.

In a previous study, we showed that CryAB R120G can bind
directly to VDAC protein with high affinity compared with
wild-type CryAB (16). This result may imply that the HSPB8
missense mutation may be able to bind to VDAC protein. To
examine this hypothesis, we performed immunoprecipitation
assays using an anti-VDAC antibody (Fig. 6E), which showed a
detectable interaction with HSPB8, but almost no interaction
with HSPBS8 derived from hearts in which NTG or wild-type
HSPB8 was overexpressed (Fig. 6E). This result suggests that
HSPB8 K141N can interact with VDAC protein in mice. To
confirm this result, recombinant HSPB8 and HSPB8 K141N

8916 JOURNAL OF BIOLOGICAL CHEMISTRY

proteins were added to the mitochondrial sample from NTG
mice. Similar to the TG mouse study, a detectable interaction
with the recombinant HSPB8 K141N but almost no interaction
with the recombinant HSPB8 was observed (Fig. 6F). Mito-
chondrial oxidative phosphorylation was reduced by treatment
with recombinant HSPB8 K141N protein compared with wild-
type HSPB8-treated mitochondria (Fig. 6G). These results sug-
gest that HSPB8 K141N protein can interact with mitochondria
and that this interaction may be associated with a reduced
mitochondrial oxygen consumption rate.

DISCUSSION

In the present study, we showed that cardiac-specific over-
expression of HSPB8 K14IN can cause cardiomyopathy,
whereas no obvious phenotype was observed in the overexpres-
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sion of wild-type HSPBS. Similar results were observed in other
TG mice in which disease is caused by missense mutations of
small HSPs, such as CryAB R120G (5), CryAA R116C (6),
HSPB1 S135F, and P182L (19). The phenotype of the cardiac-
specific CryAB R120G TG mouse includes the accumulation of
CryAB aggregates as well as severe cardiac disease at approxi-
mately 6 months of age (5). Studies have shown that expression
of CryAA R116C in lens tissue results in posterior cortical cat-
aracts and structural abnormalities (6) and that the neuronal-
specific overexpression of HSPB1 S135F and P182L leads to
CMT disease or distal HMN (19). In contrast to TG mice
expressing the mutant HSPs, TG mice expressing wild-type
small HSPs, such as CryAB, CryAA, and HSPB1, were indistin-
guishable from age-matched NTG control mice (5, 6, 19). Fur-

MARCH 29, 2013 +VOLUME 288+NUMBER 13

thermore, phenotypes were seldom observed in CryAB and
HSPB2 KO mice (20) or HSPB8 KO mice (9). These small HSP
KO mice showed normal development and no obvious abnor-
malities in tissue function, but the stress response to pressure-
induced overload to the heart was impaired (9, 21). These data
indicate that the HSPB8 K141N mutation can cause cardio-
myopathy on its own, is dominant negative, and results in car-
diac hypertrophy. The mutant protein may play an important
role in neurodegenerative disease formation, such as HMN and
CMT disease.

There has been no published research regarding the cardiac
phenotype induced by the missense HSPB8 mutation in
humans because HSPB8 missense mutations were shown to
cause HMN and CMT disease (8, 22, 23). The expression pat-
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TABLE 1
Echocardiographic parameters at 6 months of age

The values are the means = S.E. (n = 6—10 in each group). tTA/HSPB8 TG, tTA/HSPB8 double transgenic mouse; tTA/HSPB8 K141N TG, tTA/HSPB8 K141N double
transgenic mouse; LVIDd, left ventricular internal end diastolic dimension; LVIDs, left ventricular internal end systolic dimension; PW, posterior wall thickness; Septum,

septal wall thickness; LV, left ventricular.

Body weight LVIDd LVIDs PW Septum LV mass/body weight
g mm mm mm mm mg/g
NTG 33+2 34*02 1.8+ 0.1 09 =*0.1 1.0+ 0.1 34=*01
tTA/HSPB8 TG 34 *2 35*02 1.9+0.1 1.0+ 0.1 1.1+0.1 35*02
tTA/HSPB8 K141IN TG 35+2 3.7 £0.1¢ 2.3+ 0.17¢ 11*+0.1 12+0.1 4.7 = 0.2%e g

“ p <0.05versus NTG.

b p < 0.01 versus NTG.

€p <0.01 versus tTA/HSP B8 TG.
9 p < 0.001 versus NTG.

¢p < 0.001 versus tTA/HSP B8 TG.
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FIGURE 6. Subcellular HSPB8 K141N distribution in hearts of 6-month-old tTA/HSPB8 K141N TG mice and in cardiomyocytes expressing HSPB8
K141N. A, a representative image of mitochondrial markers, such as cytochrome c and VDAC, with GAPDH used as a cytosolic marker. Band C, mutant HSPB8
subcellular distribution in cardiomyocytes (B) and tTA/HSPB8 K141N in double TG mice (C). D, mutant CryAB R120G-FLAG protein (CryAB R120G-F) subcellular
distribution in cardiomyocytes. £, immunoprecipitation (/P) analysis using anti-VDAC antibody. F, interaction of VDAC with recombinant HSPB8 (his-HSPB8) and
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phosphorylation ability in isolated mitochondria isolated from NTG mice (n = 6).

tern of HSPBS is ubiquitous, and the highest expression occurs
in muscle tissue (10). This implies that mutant HSPB8 protein
can be present in muscle tissues, such as the heart. The HSPB8
K141N protein showed mild cellular toxicity in both rat neona-
tal cardiomyocytes and cultured mouse neuroblastoma cells,
N1E115 cells. Cardiac toxicity of the mutant HSPB8 was also
detected in TG mice in our study. Because the cardiac HSPB8
expression level is higher than in most other human tissues (8,
22, 23) and because this expression pattern is similar to the
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*, p < 0.05; **, p < 0.01 versus mitochondria treated with his-HSPB8.

results obtained in mice in the present study, these results imply
that the HSPB8 missense mutations, such as K141N and K141E,
are present in cardiomyocytes and peripheral neuronal cells.
HSPB8 K141N protein overexpression using an a-myosin
heavy chain promoter can cause aggresomal accumulation and
amyloid formation in cardiomyocytes without any modifica-
tion of noncardiomyocytes. Furthermore, no obvious pheno-
type was observed with wild-type HSPB8 overexpression. Thus,
the possibility that the present experimental approach, which
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included overexpression of the disease causing gene, led to
exaggerated aggresomal formation by the mutant HSPBS8 can-
not be excluded; HSPB8 K141N cardiac expression can affect
cellular function by aggresomal formation in the cardiomyo-
cytes and may cause cardiomyopathy in addition to HMN and
CMT disease.

Because it is known that Arg-116 in CryAA and Arg-120 in
CryAB correspond to Lys-141 in HSPB8 in the a-crystallin
domain of small HSPs and because disease-causing missense
mutations, such as R120G, R116C, and K141N, were found in
these amino acids, similar underlying mechanisms of cellular
toxicity may be present among these mutant small HSPs (7). To
address this, we examined amyloid oligomer formation for the
recombinant HSPB8 K141N and CryAB R120G proteins.
Recombinant HSPB8 K141N protein showed immunoreactiv-
ity against an anti-amyloid oligomer antibody that detected the
structural characteristics of amyloid protein (24), and its reac-
tivity was similar to that of the recombinant CryAB R120G
protein, whereas the immunoreactivities of recombinant wild-
type HSPBS protein and recombinant wild-type CryAB protein
were weaker than those of the mutant recombinant proteins.
Because it is hypothesized that amyloid oligomers can permea-
bilize cellular membranes and lipid bilayers, which may repre-
sent the primary toxic mechanism of amyloid pathogenesis (14,
25), cellular toxicity induced by the amyloid oligomers is asso-
ciated with mitochondrial function as well as induction of apo-
ptotic cell death by cytochrome c release from mitochondria
(12, 16). Marked mitochondrial dysfunction was observed in
the hearts of HSPB8 K141N TG mice in this study as well as in
CryAB R120G TG mice (12, 16). As we have shown, mutant
HSPB8 and mutant CryAB proteins (16) can be associated with
mitochondrial protein, including VDAC, a regulatory protein
of mitochondria transition pores. The recombinant HSPB8
K141N protein can also be associated with VDAC protein; this
association may play a role in the reduction in mitochondrial
oxidative phosphorylation.

Although the physiological significance of the protein inter-
action between mutant small HSPs and VDAC protein remains
unclear, and the molecular mechanisms of mitochondrial dys-
function induced by mutant small HSPs are currently
unknown, the association of mutant small HSPs with mito-
chondria may play an important role in cellular toxicity as well
as the formation of diseases such as cardiomyopathy, cataracts,
HMN, and CMT disease. In our previous study, we showed that
nicorandil, a mitochondrial K,p-sensitive channel opener,
could partially inhibit disease progression in CryAB R120G TG
mice without any reduction in mitochondrial CryAB transloca-
tion (14). This suggests that the translocation of mutant HSP is
not associated with disease progression in CryAB R120G TG
mice hearts. Similar to mitochondrial CryAB R120G transloca-
tion, the physiological significance of mutant HSPB8 transloca-
tion in cardiac disease in HSPB8 K141IN TG mice remains
unclear. Recently, an interaction between STAT3 (a transcrip-
tion factor) and HSPB8 (which is related to STAT3 transloca-
tion to the mitochondria) has been shown in HSPB8 knock-out
mice, where both mitochondrial STAT3 translocation and res-
piration were significantly decreased (9). Thus, it is possible
that interaction between HSPB8 and STAT3 or VDAC plays an
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important role in the regulation of transcription and in mito-
chondrial oxidative phosphorylation ability and that these pro-
tein interactions can be altered by missense mutation such as
K141N. Further research is needed to clarify the cause-and-
effect relationship in HSPB8 K141N cellular toxicity.

Although the mutant HSPB8 showed immunoreactivity
against the anti-oligomer antibody similar to that of the mutant
CryAB, the cellular toxicity of the mutant HSPB8 was milder
than that of the mutant CryAB. Similar to the degrees of cellular
toxicity observed in vitro, the cardiac disease observed in
HSPB8 K141N TG mice was more benign than that in CryAB
R120G TG mice, although amyloid oligomer-positive
aggresomes were detected in cardiomyocytes from the TG
mouse hearts (5, 12, 14). These in vivo and in vitro results indi-
cate that the immunoreactivity against the anti-oligomer anti-
body is somewhat dissociated from the cellular toxicity.
Another study also suggested that immunoreactivity against an
anti-oligomer antibody is observed in native wild-type HSPs,
such as human HSP27, HSP40, HSP70, HSP90, yeast HSP104,
and bovine Hsc70 (23). Thus, anti-oligomer antibody immuno-
reactivity can be present in native proteins, particularly HSPs.
Missense mutations from arginine or lysine (a positive-charged
amino acid), to glycine or cysteine can markedly alter protein
structure, because it is known that a positive charge must be
preserved at this position for the structural and functional
integrity of small HSPs (26, 27). Thus, higher immunoreactivity
against an anti-oligomer antibody in mutant small HSPs may
result from altered protein structure because of the loss of
charge and changes in overall surface hydrophobicity of the
protein (26).

The reason for the higher cellular toxicity of the mutant
CryAB compared with that of the mutant HSPB8 remains
uncertain in this study. One possible explanation is that the
cellular toxicity of the mutant CryAB R120G protein may be
induced by multiple factors. Previous studies showed that
CryAB can bind to many contractile proteins, such as desmin,
actin (28), and titin (29). Thus, the CryAB R120G protein may
retain the ability to interact with contractile proteins, and this
interaction may be enhanced relative to the normal affinity of
the protein, as is the case with FBX4, a member of the F-box
family of proteins (30). In addition, CryAB negatively regulates
apoptosis by inhibiting caspase-3 activation (31). CryAB
R120G, which is defective in chaperone activity, binds tightly to
nascent contractile proteins, preventing them from folding cor-
rectly and integrating into productive sarcomeres (5). The pres-
ence of contractile protein fragments within the aggregates
suggests that mutant CryAB binding may directly disturb con-
tractile protein function, rendering muscle tissue particularly
sensitive to the action of CryAB R120G (16). Thus, the patho-
genesis of mutant CryAB probably reflects a synergistic combi-
nation of these mechanisms. Further study will be needed to
address these structure-function relationships in mutated
small HSPs.

A previous study showed that overexpression of wild-type
HSPB8/H11 kinase resulted in cardiac hypertrophy in mice
(23). In contrast, our previous study (12), as well as the present
study, showed that no obvious phenotype is observed by over-
expression of HSPBS8 in the heart. The reasons for the different
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findings between the previous study by another group and our
results are uncertain. One possibility involves gene constructs
as the previous study used human HSPB8/H11 kinase followed
by a C-terminal HA tag to generate TG mice, whereas we used
mouse HSPB8/HA followed by an N-terminal HA tag. The
genetic background of the mice is another difference between
the two studies (FVb/n strain in the previous study and
C57BL/6 background in our study). All of the results suggest
that overexpression of mouse mutant missense HSPBS, such
as K141N ~3-fold higher than that of NTG, can result in
mild cardiac hypertrophy, whereas no obvious phenotype is
observed by the same level of overexpression of wild-type
mouse HSPBS in the C57Bl/6 strain.

The hearts of HSPB8 K141N double TG mice exhibited mild
apical cardiac fibrosis at 6 months of age. The aggresomal and
amyloidal formation in cardiomyocytes can induce mechanical
deficits in passive cytoskeletal stiffness in the heart and can
observed cardiac wall stress (32). An increase in wall stress,
which can cause relatively hypoxic conditions particularly at
the apex and subendocardial region of the heart, may be asso-
ciated with cardiac fibrosis. Further study on the observed in
wall stress and cardiac fibrosis is required.

HSPB8 expression induced by an adenoviral vector led to a
reduction in endogenous HSPB8 in cardiomyocytes (Fig. 1B).
This result is also observed in mouse hearts that overexpress
HSPB8 using an a-myosin heavy chain promoter (12), whereas
no alteration in endogenous gene expression was observed by
the overexpression of other small HSPs, such as CryAB, using
the same system (13). Thus, HSPB8 may modify its own gene
expression. Because HSPBS8 can translocate to the nuclei and
can modulate the function of transcription factors such as
STAT3, HSPB8 may play a self-regulating role in its gene
expression (9).

Summary—QOverexpressing HSPB8 K141N resulted in
increased perinuclear HSPB8-positive aggregates containing
amyloid oligomer and mild cellular toxicity, whereas no aggre-
gates or cellular toxicity were observed in myocytes overex-
pressing wild-type HSPB8 in vitro and in vivo. Recombinant
HSPB5 K141N protein showed reactivity against an anti-
oligomer antibody. The reactivity of the mutant HSPBS8 protein
was much higher than that of the wild-type HSPBS8 protein.
Thus, a missense mutation of HSPB8 such as K141N can affect
cellular function in cardiomyocytes and may cause cardiomy-
opathy as well as HMN and CMT disease.
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