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Aims During heart failure, the levels of circulatory heat shock protein family D member 1 (HSP60) increase. However, its
underlying mechanism is still unknown. The apical domain of heat shock protein family D member 1 (HSPD1) is
conserved throughout evolution. We found a point mutation in HSPD1 in a familial dilated cardiomyopathy (DCM)
patient. A similar point mutation in HSPD1 in the zebrafish mutant, nbl, led to loss of its regenerative capacity and
development of pericardial oedema under heat stress condition. In this study, we aimed to determine the direct in-
volvement of HSPD1 in the development of DCM.

Methods By Sanger method, we found a point mutation (Thr320Ala) in the apical domain of HSPD1, in one familial DCM pa-

and results tient, which was four amino acids away from the point mutation (Val324Glu) in the nbl mutant zebrafish. The nbl
mutants showed atrio-ventricular block and sudden death at 8-month post-fertilization. Histological and micro-
scopic analysis of the nbl mutant hearts showed decreased ventricular wall thickness, elevated level of reactive oxy-
gen species (ROS), increased fibrosis, mitochondrial damage, and increased autophagosomes. mRNA and protein
expression of autophagy-related genes significantly increased in nbl mutants. We established HEK293 stable cell
lines of wild-type, nbl-type, and DCM-type HSPD1, with tetracycline-dependent expression. Compared to wild-type,
both nbl- and DCM-type cells showed decreased cell growth, increased expression of ROS and autophagy-related
genes, inhibition of the activity of mitochondrial electron transport chain complexes Ill and IV, and decreased mito-
chondrial fission and fusion.

Conclusion Mutations in HSPD1 caused mitochondrial dysfunction and induced mitophagy. Mitochondrial dysfunction caused in-
creased ROS and cardiac atrophy.

1.20Z Yotey 80 Uo 1senb Aq | 19GG8G/8G | BBAD/IAD/SE0 L 0| /IOP/3]01IB-80UBAPE/SSI0SEAOIPIED /W02 dNO dIWapee//:sd)y WOl PaPEOjUMO(]

*Corresponding author. Tel: 481 3 5843 6702; fax: +81 3 5363 3875, E-mail: smakino@z6.keio.jp
Published on behalf of the European Society of Cardiology. All rights reserved. © The Author(s) 2020. For permissions, please email: journals.permissions@oup.com.



H. Enomoto et al.

Graphical Abstract

-

HYY

mitochondnia

HSPD1 e Dilated cardiomyopathy e Mitochondria e Mitophagy e Zebrafish

Keywords

1. Introduction

Dilated cardiomyopathy (DCM) is the most frequent cause for heart
transplantation. The main characteristics of DCM are heart chamber di-
lation and impaired systolic function. Histological examination of cardiac
tissue from DCM patients usually reveals degeneration of myocytes, fi-
brotic remodelling, and a decrease in myofilament content.” Heart failure
is known to be related to various aetiological genetic abnormalities, mi-
tochondrial dysfunction, excessive alcohol consumption, metabolic dis-
orders, viral infections, and oxidative stress.”* Most of the genetic causes
are mutations in sarcomeric specific genes and sarcomeric elements play
key roles in the generation and transmission of contractile force.*”
Moreover, DCM is known to cause arrhythmias, including atrio-
ventricular (AV) block. These cardiac conduction abnormalities in con-
junction with DCM have been reported to be related with a strong ten-
dency to sudden death by genetic mutation.®’

Heat shock protein family D member 1 (HSPD1, also named HSP60
for the orthologue in other species as zebrafish) is a well-characterized
mitochondrial chaperone that prevents stress-induced protein damage
and acts as a protection system of biological activity.®>” The point muta-
tion in HSPD1 (Asp29Gily) is reported to cause neurodegenerative dis-
orders and hypomyelinating leukodystrophies.'®"" Interestingly, the
level of HSPD1 and reactive oxygen species (ROS) is elevated in cardiac
dysfunc‘cion.12 However, the underlying mechanism is unknown.

Autophagy is a cellular process that degrades long-lived proteins and
recycled components.13 The tight regulation of autophagy in the heart is
necessary, as either excessive activation or inhibition of autophagy signifi-
cantly reduces the myocardial survival."*'® Mitophagy, a mitochondria
specific autophagy, functions as an early cardio-protective response,
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favouring adaptation to stress by removing damaged mitochondria.'’
Another study has shown that mitophagy eliminates non-functional mi-
tochondria in the pathogenesis of neurological Parkinson’s disease.'®
These studies implicate the important role of mitophagy to keep the
long-lived cells healthy.

Zebrafish is an excellent model organism to study the cardiovascular
system, because its embryos are transparent and can survive without
blood flow through sufficient oxygen delivery by diffusion. We previ-
ously developed a zebrafish mutant, no blastema (nbl), which has a
Val324Glu missense mutation in exon 8 of HSPD1, leading to its loss of
function.”” These mutants showed loss of regenerative capacity and mis-
folding of the lactate dehydrogenase protein.

In this study, we used nbl mutants as an embryonic model under heat
stress conditions (acute disease models) and as adult models under opti-
mal conditions (chronic disease models, see Supplementary material on-
line, Figure S1). The nbl mutants developed DCM-like conditions, along
with enhanced ROS production and a higher number of autophagosomes.
Furthermore, stable HEK293 cell lines with homogenous expression of
the nbl or DCM patient type of HSPD1 showed inhibition of mitochon-
drial complexes Il and IV, as well as significant loss of mitochondrial fission
and fusion. This study constitutes a first finding that the HSPD1 dysfunc-
tion decreases mitochondrial activity and develops heart failure.

2. Methods
2.1 Genetic analysis of DCM patients

Human studies were conducted in accordance with the ethical standards
of the responsible committee on human experimentation (institutional
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Figure | One of the DCM family had a point mutation in HSPD1. (A) We searched 96 genetically unrelated familial dilated cardiomyopathy (DCM)
patients, who had no mutations in the known DCM-causing genes; one of the familial DCM patients had a point mutation in HSPD 1. In that family, the pro-
band and two of its relative died suddenly due to arrhythmia. (B) RFLP analysis for this family. (C) These familial DCM patients have a mutation in HSPD1,
Thr320Ala, near the nbl mutation (Val324Glu) site. Red color denotes nbl point mutation. Blue color denotes DCM patient’s point mutation. (D) Familial
DCM and nbl-type mutation site are present on the apical domain in HSPD1. (E) Multiple species alignment of the apical domain of HSPD1 containing the

nbl- and DCM-type mutations.

and national) and in accordance with the Helsinki Declaration of 1975, as
revised in 2008. A total of 96 genetically unrelated Japanese patients with
familial DCM were the subjects of this study. The research protocol was
approved by the Ethics Review Committee of the Medical Research
Institute, Tokyo Medical and Dental University, Tokyo, Japan.”® Informed
consent was given prior to the inclusion of people in the study (see
Supplementary material online for the detailed Methods section).

2.2 Construction of cell lines
HEK293 cells inducible for expression of HSPD1 wild-type (WT),
HSPD1-Val324Glu (nbl), or HSPD1 Thr320Ala (DCM) were created

using the Flp-In T-REx system (Invitrogen, Carlsbad, CA, USA). The cells
were co-transfected with pcDNAS/FRT/TO plasmids, containing WT-,
nbl- or DCM-type cDNA sequences, together with pOG44, which enco-
des a Flp-recombinase, according to the manufacturer’s instructions. After
selection with hygromycin, cells with stable integration of the pcDNA5/
FRT/TO and the vector containing the HSPD1 variants were obtained
(see Supplementary material online for the detailed Cell Culture method).

2.3 Animal procedures
All procedures were conducted in accordance with the Animal Welfare
Act and the Guide for the Care and Use of Laboratory Animals
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Figure 2 Phenotype of adult nbl mutants grown under normal (28.5°C) conditions. (A) Survival rate (Kaplan—Meier curve) of nbl homozygous, heterozy-
gous, and WT zebrafish, grown under non-heat stress condition (n = 30). (B) Exercise tolerance test of WT and nbl mutant 5-month post-fertilization (mpf,
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(National Institutes of Health, Bethesda, MD, USA). All experiments
were approved by the local Animal Experiment Committee of CIEA of
Japan (Permit number: 4790). The zebrafish were anesthetized with
Ethyl 3-aminobenzoate methane sulphonate salt (Tricaine, MS-2: Sigma-
Aldrich, St. Louis, MO, USA) followed by rapid freezingin liquid nitrogen
(see Supplementary material online for the detailed Methods section).

2.4 Chemical treatment of embryos

For rescue assay, the nbl mutant zebrafish were grown in embryonic wa-
ter containing 1 mg/ml of catechin and 1 mM of 3-methyladenine (3MA),
from 12-h post-fertilization to 120-h post-fertilization at 34.5°.

2.5 Immunohistochemistry and histology

At the end of each experiment, the hearts and whole mount fish were
collected and fixed overnight at 4°C in 4% paraformaldehyde. The hearts
were then rinsed in PBS and equilibrated in 15% and 30% sucrose, before
being embedded in Tissue-Tek OCT compound (Sakura Finetek Europe
B.V., Alphen aan den Rijn, The Netherlands) and cryo-sectioned at a
thickness of 6 um. The immunohistochemistry procedures (haematoxy-
lin and eosin and Azan staining) were performed as previously de-
scribed'?! (see Supplementary material online for the detailed
Methods section). The area of blue-stained collagen fibrils and red-
stained muscle fibre were quantified using BZ-Il Analysis Software
(Keyence, Japan) performed as described.”’

2.6 Transmission electron microscope
Transmission
described."’

electron microscope (TEM) was performed as

2.7 Exercise trial

The water flow chamber had lines at every 90°. We counted number of
times the fish crossed these lines in 30s. If the fish passed through this
line against the water flow, they were awarded a point. If they passed the
line along with the flow, however, one point was subtracted from their
score instead (see Supplementary material online, Figure $1B and C).

2.8 Mitochondria separation and

mitochondria activity

After inducing HSPD1 expression in the cell lines, mitochondria and cy-
tosol were separated from the various cell lines via differential sedimen-
tation using the FOCUS SubCell (TaKaRa Bio Inc., Kusatsu, Japan).
Isolated mitochondria were then resuspended in storage buffer and
stored at 4°C to arrest their activity. About 20 pL of resuspended mito-
chondria from the WT and mutant cell lines were immediately used as
test compound for MitoCheck Complex | Activity Assay Kit, MitoCheck
Complex Il Activity Assay Kit, MitoCheck Complex Il/lll Activity Assay
Kit, (Cayman Chemical, Ann Arbor, MI, USA), and MitoXpress Xtra
Oxygen Consumption Assay (Luxcel Biosciences, Cork, Ireland) for mi-
tochondria activity assay.

2.9 HSP60/HSP10 folding activity

After inducing HSPD1 expression in the cell lines, mitochondrial and
cytosolic contents were separated via differential sedimentation using
a FOCUS SubCell kit (TaKaRa Bio Inc., Kusatsu, Japan). Isolated mi-
tochondria were then solubilized in Mitochondria Storage Buffer.
HSP60/HSP10 Glow-Fold Protein Refolding kits (R&D Systems, Inc.,
MA, USA) were used for HSP60/HSP10 folding activity assay, as per
manufacturer’s instruction with slight modification. Since we wanted
to access the refolding assay with overexpressed WT and mutant
type HSPD1, we used water as test compound. HSP60 solution
provided in the kit was used as a positive control. We substituted
the HSP60 solution provided in the kit with isolated mitochondrial
solution from WT HSPD1 and mutant HSPD1 for our experiment
to assess the folding activity.

2.10 Mitochondria movie

The three HSPD1-expressing cell lines were incubated in 1:1000
MitoGreen (TaKaRa Bio Inc., Kusatsu, Japan) medium for 30 min. For the
live imaging experiment, cells on 35mm/Glass Base Dish (IWAKI,
Shizuoka, JAPAN) were cultured in a small CO, incubator (Carl Zeiss,
Oberkochen, Germany) in 5% CO, at 37°C, and maintained in a culture
medium. Cells were scanned every 6 s for a duration of 2 min (for mov-
ies or statistical data, respectively) using an LSM 510 microscope (Carl
Zeiss, Oberkochen, Germany). The values were also confirmed through
naked-eye observation of the sequence of photographs that constitutes
the AVI file-formatted movie.

2.11 Statistical analysis

Differences between groups were evaluated with the use of a two-way
ANOVA to evaluate differences between individual mean values. A value
of P < 0.05, **P < 0.01 was considered statistically significant for all com-
parisons. Statistical analyses for survival measurement analysis were per-
formed with EZR (Saitama Medical Center, Jichi Medical University,
Saitama, Japan), which is a graphical user interface for R (The R
Foundation for Statistical Computing, Vienna, Austria).”* More precisely,
it is a modified version of R commander designed to add statistical func-
tions frequently used in biostatistics.

3. Results

3.1 The point mutation in HSPD1 was
found in a familial DCM patients

We searched genetically unrelated 96 proband patients, who had no
mutations in the known DCM-causing genes, with familial DCM. We
identified a point mutation, Thr320Ala, in exon 8 of HSPD1 gene in one
of the DCM family (Figure TA and see Supplementary material online,
Figure S2). This patient, along with her three children (two sons and one
daughter), had the same point mutation in HSPD1 and it was confirmed

n=1>5) and 8-mpf (n = 13). Individual data points, box, and whisker plots showing the median, inter-quartile range, and maximum and minimum values. (C)
Comparison of atrio-ventricular (AV) block in nbl mutants and WT, grown under non-heat stress conditions (n = 15). (D) Haematoxylin and eosin staining in
WT, nbl heterozygous, and nbl homozygotes on whole mount section. (n=10) Scale bar is 100 pm. Lower graph is thickness of ventricular wall. (E) Azan
staining and DHE staining in WT, nbl heterozygous, and homozygous mutants. Azan staining revealed fibrosis (arrowheads; fibrosis). DHE staining revealed
ROS expression. We, further, quantified the rate of fibrosis and ROS activity (n=5). Here, each dot indicates average of five frames per fish sample. Scale
bar is 50 um. (F) Electron microscopy analysis in WT, nbl heterozygous, and homozygous mutant heart (upper panel, mitochondria; middle panel, autopha-
gosome; and lower panel, sarcomeric fiber). Scale bar is 1 um. *P < 0.05, **P < 0.01, two-way ANOVA.
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Figure 3 Autophagy was increased in the nbl mutant heart. (A) qPCR analysis for HSPD1, in WT, nbl heterozygous and nbl homozygous mutant heart
(n=10). (B) gPCR analysis for autophagy-related genes (Prkaa1, FOXO3, gabarap, Atg3, Atg5) in WT, nbl heterozygous and nbl homozygous mutant hearts
(n=10). (©) Immunohistochemistry of autophagy-related proteins (LC3), MuRF1, and collagen1 in WT, nbl heterozygous, and nbl homozygous hearts
(n=15). Scale bar is 50 pm. (D) Protein level of HSPD1, CX43, MuRF1, and LC3 I/Il in WT, nbl heterozygous, and nbl homozygous hearts (n = 5). Right graphs
show concentration of western-blot bands. *P < 0.05, **P < 0.01, two-way ANOVA.
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intensity (n = 10). Scale bar is 100 um. Lower graph shows intensity of fluorescence. (E) Mitochondrial fission and fusion cycle in each of the HSPD1-induced
cells (n=5). Arrow indicates the two mitochondria fusion and fission in 120 s of time frame. Scale bar is 5 um. (F) Number of fission and fusion cycles in each
type of HSPD1-induced cells. Individual data points, box, and whisker plots showing the median, inter-quartile range, and maximum and minimum values
(n=8). (G) Fission:fusion ratio in each HSPD1-induced cell (n = 8). Individual data points, box, and whisker plots showing the median, inter-quartile range,

and maximum and minimum values. *P < 0.05, **P < 0.01, two-way ANOVA.

by restriction fragment length polymorphism (RFLP) (Figure 1B and C).
We performed direct sequencing for 400 healthy Japanese individuals.
However, we could not find Thr320Ala missense mutation in any of the
normal control DNA. One son had a medical history of arrhythmia, and
the other son had been diagnosed with DCM. Both sons suffered sudden
death at ages 16 and 21. The daughter of the patient was also diagnosed
with DCM and is currently awaiting heart transplantation. The mutation
site corresponds to the apical domain of HSPD1(Figure 1D). Multiple
species alignment showed high conservation of this domain of the
HSPD1protein.'” Interestingly, point mutations in nbl mutant zebrafish
(Val324Glu)'® and DCM female patients corresponded to the same con-
served apical domain, only four amino acids apart, of the HSPD1 protein
(Figure 1E). The amino acid sequence alignment in both the zebrafish and
humans showed 79% sequence identity in the HSPD1 protein, with 88%
sequence identity in its apical domain (Figure 1E). These results encour-
aged us to study the role of HSPD1 in the heart using nbl mutant
zebrafish.

3.2 Atrio-ventricular block, dilated heart,

and sudden death developed nbl mutants

The zebrafish were grown at 28.5°C (i.e. non-stress conditions). Under
optimal conditions, the life span of WT zebrafish is ~2-3 years.
However, nbl homozygous mutant zebrafish do not survive beyond
16 months, with the highest mortality rate being ~12 months. Similarly,
nbl heterozygous also showed a high mortality rate at ~15months
(Figure 2A). Furthermore, to check the physiological strength of nbl
mutants, we used a water flow chamber system (see Supplementary ma-
terial online, Figure S1B and C) as per the procedure described in the
Methods section. Healthy WT fish could easily swim against the stream
(40.5), whereas 5-month-old nbl homozygous mutants showed reduced
exercise tolerance with a score of -1.5. When 8-month-old zebrafish
were used, nbl homozygous mutants showed a further lowered exercise
tolerance of -8.0, as compared with WT with a score of +4.0.
Interestingly, nbl heterozygotes also showed a reduced exercise toler-
ance of -4.5 (Figure 2B and see Supplementary material online, Movie S1).
The difference was not significant at 5-month-old, however, the differ-
ence reached statistical significance at 8-month-old. We hypothesized
that the loss of physiological strength could be related to cardiac dys-
function. Therefore, we anaesthetized the 8-month-old zebrafish and ex-
posed the heart by dissecting the nearby abdominal skin. While
observing under a dissecting microscope, nbl homozygous mutants
showed dilated ventricles with increased connective tissue deposition
around the heart, as compared with the WT fish (see Supplementary
material online, Figure S3). Interestingly, using 5-month-old cmlc2; GFP
transgenic zebrafish, we found that 87% nbl homozygous zebrafish devel-
oped AV block (>6 AV block/min; 13 out of 15). About 46% nbl hetero-
zygous zebrafish also showed AV block (<3 AV block/min; 7 out of 15)
(Figure 2C). Histological analysis by haematoxylin and eosin staining
showed significantly reduced ventricular wall thickness in 8-month-old
nbl homozygote and heterozygote, as compared with WT fish
(Figure 2D). Next, Azan staining of the ventricular chamber showed a

higher level of collagen deposition in the nbl homozygotes compared to
WT and heterozygotes (Figure 2E, upper panel). Furthermore, DHE
staining showed elevated levels of ROS in the nbl homozygotes and het-
erozygotes when compared with the WT fish (Figure 2E, lower panel).
Given that the mitochondria are the major source of ROS production,
we analysed the ultrastructure of ventricular cardiomyocytes by trans-
mission electron microscopy. We found that nbl homozygotes had many
mitochondria with variable electron density (Figure 2F, upper panel).
Additionally, mitochondria numbers were increased but mitochondrial
size was decreased in nbl homozygous hearts compared to WT and het-
erozygotes (see Supplementary material online, Figure S4A and B).
Interestingly, we found that the number of autophagosomes in nbl
homozygotes was significantly higher than in heterozygotes and
completely absent in WT ventricular cardiomyocytes (Figure 2F, middle
panel). In addition, the sarcomeric structures were ruptured and thinner
in the nbl homozygotes and heterozygotes compared those in WT fish
(Figure 2F, lower panel). From these results, we hypothesize that muta-
tion in HSPD 1 might decrease cardiac stress tolerance, which leads to mi-
tochondrial dysfunction and increased ROS expression, resulting in AV
block and cardiac atrophy.

To confirm if mutations in HSPD Tcan reduce the cardiac stress toler-
ance level, we used higher temperatures during embryonic development
as a stress-inducing factor. Embryos obtained from a nbl heterozygous
cross were grown 24-h post-fertilization at 37°C; we found three differ-
ent phenotypic embryos based on their growth. Some embryos devel-
oped normally, while other embryos showed either an 8- or 12-h delay
of embryonic growth (see Supplementary material online, Figure S5A).
All of the embryos with normal growth were WT. However, 70% of em-
bryos with 8 h of developmental delay, and 80% of the embryos with
12 h of growth delay, were nbl heterozygote and nbl homozygote, re-
spectively (see Supplementary material online, Figure S5B). We found
that at 3.5-day post-fertilization, 48% (30/62) of nbl homozygous em-
bryos had developed AV block (see Supplementary material online,
Figure S5C and D and Movie S2), while 79% (49/62) of nbl homozygous
embryos had developed pericardial oedema (see Supplementary mate-
rial online, Figure S5E and F). gPCR results showed increased mRNA ex-
pression of HSPDT in heat stress conditions as compared with non-
stress conditions, in both nbl homozygous and WT embryos. Also, the
mRNA expression level of HSPD1 in nbl homozygous embryos was
higher as compared with that in WT in both non-stress and heat-
stressed conditions (see Supplementary material online, Figure S5G).
Western-blot results of the nbl embryos showed that protein expression
of HSPD1 was increased in nbl homozygotes as compared to WT fish
(see Supplementary material online, Figure S5H). These results confirm
that mutations in HSPD1 led to the development of AV block and peri-
cardial oedema in nbl homozygous embryos under stress conditions.

3.3 Autophagy-related genes expression in-
creased in nbl homozygous mutant hearts

HSPD1 increased in a similar pattern (Figure 3A). Since we found autopha-
gosomes in nbl homozygous hearts by TEM analysis (Figure 2F), we
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assumed that autophagy might induce cardiac atrophy in nbl homozygous
mutants. Therefore, to understand its mechanistic basis, we analysed ex-
pression patterns of autophagy-related genes in the heart of 8-month-
old adult WT and nbl homozygotes. MRNA expression levels of autoph-
agy inducer, Prkaal (AMP kinase), and FOXO3 were significantly
increased in both nbl heterozygous and homozygous fish. Furthermore,
autophagy-related genes GABARAP (atg8), atgb, and atg3 also
showed higher expression in nbl heterozygous and homozygous fish
(Figure 3B). Further, immunohistochemical analysis showed an increased
expression of MuRF1 and collagen (Col1) in nbl heterozygotes and
homozygotes as compared to WT fish (Figure 3C, middle and lower pan-
els). Microtubule-associated protein 1 A/1B-light chain 3 (LC3) is a solu-
ble protein with a molecular mass of ~17kDa. The cytosolic form of
LC3 (LC3-l) conjugates to phosphatidylethanolamine and form LC3-
phosphatidylethanolamine conjugate (LC3-Il), which is recruited to auto-
phagosomal membranes.”> The immunohistochemical analysis showed
that the expression of LC3 was higher in nbl homozygotes compared to
nbl heterozygotes. However, the LC3 expression was absent in WT
(Figure 3C, upper panel). Western-blot data showed that LC3 I/l was sig-
nificantly higher in nbl homozygotes than in heterozygotes and WT. We
also analysed protein expression levels of p62 in WT and mutants
(Figure 3D). Thus, these results, along with the pattern of deaths of nbl
mutants, indicate that autophagy was induced in an age-dependent man-
ner, and thus nbl homozygous fish showed higher death rates at 7—
8 months after birth. We also tried to analyse the p62 level using west-
ern blotting. However, the expression level of p62 was similar in WT,
heterozygotes, and homozygotes. It is known that p62 is continuously
degraded once incorporated into the autophagosome. Therefore,
detecting and correlating the p62 level and autophagic flux without the
use of autophagic inhibitors like bafilomycin may have resulted in a simi-
lar pattern in WT and mutants. Western-blot results of the nbl heart
showed that protein expression of HSPD1,and MuRF1 was increased in
nbl homozygotes and heterozygotes as compared with in WT fish
(Figure 3D). Mutation in HSPD1 stimulates the HSPD1 expression to en-
hance a stress response. These results suggest that although physiologi-
cal stress resulted in increased HSPD1 expression, the point mutation
resulted in loss of function of HSPD1, and thus in higher autophagy in nbl
homozygotes and heterozygotes. Connexin 43 (CX43) is important for
inter-cardiomyocyte junctions and is known to regulate synchronized
cardiac beating in vitro. Interestingly, the protein level of CX43 was de-
creased in nbl homozygous and heterozygous hearts, which might cause
arrhythmia.

3.4 Induction of mutant HSPD1 increased
autophagy and decreased mitochondrial
function

Using the Flp-In T-REx system, we created stable transfected HEK293
cell lines, which express HSPD 1 genes of the WT and nbl and DCM types
(see Methods section). The gene expression was induced by tetracycline

treatment (see Supplementary material online, Figure $6). Each stable cell
line was cultured in 10% DMEM medium containing 1 pg/ml of tetracy-
cline on day 0 (1.0x 10° cells). After 2 days of incubation, the average cel-
lular proliferation in nbl type (4.6x10° cells) and DCM (4.9x10° cells)
type was significantly lower than in WT (6.0 x 10° cells, Figure 4A). The
nbl (354 autophagosomes) and DCM (53.4 autophagosomes) trans-
fected cells showed higher expression of autophagic markers as com-
pared with the WT (10.8 autophagosomes) transfected cells by the
immunohistochemistry for LC3 (Figure 4B). Since we found high ROS
and irregular electron density of mitochondria in nbl mutants, we exam-
ined if similar patterns are obtained in vitro. DHE staining showed ele-
vated levels of ROS in nbl and DCM cell lines, as compared with WT cell
lines (Figure 4C). Therefore, we used MitoGreen (TaKaRa Bio Inc,
Kusatsu, Japan) dye to detect the activity of mitochondria using confocal
laser microscopy. The expression of MitoGreen was significantly lower
in the nbl and DCM cell lines, as compared with in WT cell lines
(Figure 4D). We assumed that HSPD1 chaperone activity was decreased
in mutant cell lines. Therefore, we analysed HSP60/HSP10 folding activity
in each of the HSPD1-induced cell lines. We found that folding activity of
HSP60/HSP10 was lower in the mutant cell lines (see Supplementary
material online, Figure S7). Furthermore, when we observed mitochon-
drial activity using time-lapse microscopy, we found that the fission and
fusion cycles of mitochondria in nbl (fission: 5.0/2 min, fusion 6.0/2 min)
and DCM cell lines (fission: 3.0/2 min, fusion: 4.5/2 min) were significantly
lower than those of the WT cell lines (fission: 6.0/2 min, fusion: 8.0/
2 min; Figure 4E and F and see Supplementary material online, Movie S3).
Interestingly the fission:fusion ratios were similar in all three cell lines
(Figure 4G). We performed similar experiments in H9C2 cell lines(a
myogenic cell line derived from embryonic rat heart ventricles)overex-
pressed with WT, nbl-, and DCM types of HSPD1. Fission and fusion
were decreased in H9C2 cell lines overexpressing nbl- and DCM types
of HSPD1 compared to H9C2 cell lines overexpressing WT type of
HSPD1 as it is shown in Supplementary material online, Figure S8 (see
Supplementary material online, Movie $4):

3.5 Mitophagy was induced by decrease in

mitochondrial complexes lll and IV activity
We investigated whether the decrease in mitochondrial activity caused
an increase in mitophagy. We used sodium azide, a potent inhibitor of
complex IV, as a positive control in our experiment. gPCR results dem-
onstrated a significant increase in Prkaal (AMP kinase), FOXO3, and
atg3 mRNA expression in HSPD1-nbl and HSPD1-DCM cell lines
(Figure 5A). Western-blot results of the mitochondrial extract show that
protein expression of the genes involved in autophagy, MnSOD, Pink1,
Parkin, and LC3-Il were increased in HSPD1-nbl and HSPD1-DCM-
induced HEK293 cells, as compared with WT-induced HEK293 cells
(Figure 5B). Parkin and Pink1 are located in mitochondria and trigger mi-
tochondrial autophagy, which is known as mitophagy. It was confirmed
that mitochondria-specific autophagy (mitophagy) occurred by inhibiting

Figure 5 Mutation in HSPD1 caused decrease in mitochondrial activity. (A) gPCR analysis for HSPs (HSPD 1, HSPA5), Prkaa1, FOXO3, atg3 genes in the
three HSPD1-expressing cell lines (n = 10). (B) Western-blot analysis for mitochondria of the three HSPD1-expressing cell lines. Sodium azide used as posi-
tive control for mitochondrial complex IV dysfunction (n = 5). Graphs show concentration of western-blot bands. (C) Flux assay for mitochondrial autoph-
agy-related proteins (n = 5). Lower graph shows concentration of western-blot bands. (D) Mitochondrial complex activities in the three HSPD1-expressing
cell lines (n=5). (E) Phosphorus/oxygen analysis for WT and nbl- and DCM-type HSPD1 induced cell lines (n =5). NC, negative control; untreated HEK293

cell. *P < 0.05, **P < 0.01, two-way ANOVA.
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Figure 6 Inhibition of ROS and autophagosome activity rescued FOXO3 and MuRF1 expression. (A) Cell number of HSPD1-induced cell lines treated
with catechin or 3MA (n = 10). (B) mRNA level of atg3 in HSPD1-induced cell lines treated with catechin (n = 10). (C) mRNA level of atg5 in HSPD1-induced
cell lines treated with catechin (n = 10). (D) mRNA level of FOXO3 in HSPD1-induced cell lines treated with 3MA and catechin (n = 10). (E) Protein level of
MuRF1 in overexpression of HSPD1 H9C2 cell lines treated with catechin. Lower graph is concentration of western-blot band (n =5). (F) Protein level of
MuRF1 in overexpression of HSPD1 HIC2 cell lines treated with 3MA. Lower graph is concentration of western-blot band (n = 5). (G) Protein level of p62
and LC3 I/l in HSPD1overexpressed mitochondria in H9C2 cell lines treated with catechin. Lower graphs show concentration of western-blot bands
(n=5). (H) Protein level of p62 and LC3 II/l in HSPD1-overexpressed mitochondria in H9C2 cell lines treated with 3MA. Lower graphs show concentration
of western-blot bands (n = 5). NC, negative control; untreated H9C2 cell. *P < 0.05, **P < 0.01, two-way ANOVA.

the lysosome, and that expression of LC3-ll and P62 was increased in
mutant HSPD1-induced cell lines (Figure 5C and see Supplementary ma-
terial online, Figure S9). Protein levels of mitofusin (MFN2) and mitofis-
sion (Drp1) were decreased in HSPD1-nbl- and HSPD1-DCM-induced
HEK?293 cells, indicating a decrease in mitochondrial fusion. Interestingly,
mRNA and protein expression patterns of autophagy-related genes in
HSPD1-nbl and HSPD1-DCM-induced HEK293 cells were similar to so-
dium azide-treated HEK293 cells. This encouraged us to check if the in-
crease in autophagy in HSPD1-nbl and HSPD1-DCM-induced HEK293
cells was due to a decrease in activity of any mitochondrial complex.
Subsequently, we found that the activity of mitochondrial complex IV
was significantly reduced in both HSPD1-nbl and HSPD1-DCM-induced
HEK?293 cells, similar to sodium azide-treated cells. The activity of com-
plex Il was also decreased in HSPD1-nbl and HSPD1-DCM-induced
HEK293 cells; however, the activity rate of complexes | and Il were simi-
lar (Figure 5D). Furthermore, we performed phosphorus/oxygen (P: O)
analysis in each of the HSPD1-induced cell lines. P:O ratios decreased in
the mutant cell lines (Figure 5E).

3.6 Inhibition of ROS and autophagosome
formation rescued FOXO3 and MuRF1

expression

Next, we performed rescue experiment, in which we used catechin and
3-methyladenine (3MA) to inhibit ROS expression and autophagosome
formation, respectively, in HSPD1-induced HEK293 cell lines. Both, cate-
chin and 3MA, rescued cell division in nbl and DCM type HEK cell line
(Figures 4A and 6A). Further, we found that catechin treatment resulted
in decreased mRNA expression levels of atg3 and atg5 in nbl- and DCM-
type HSPD1-induced HEK293 cell lines, as compared with respective
non-treated cell lines (Figure 6B and C). To establish if mitophagy contrib-
utes to DCM type phenotype, we compared the change of expression
level of FOXO3 under catechin and 3MA treatment in three types of
HSPD1 induced HEK293 cell lines. We found that mRNA expression
level of FOXO3 in nbl- and DCM-type HSPD1 cell lines under catechin
and 3MA treatment was significantly decreased when compared with
non-treated corresponding cell line (Figure 6D). We, then, used HSPD1-
overexpressed HIC2 cell line, for the rescue experiment. We found
that inhibition of ROS production and autophagosome formation lead to
decreased expression of MuRF1 in nbl- type and DCM-type HSPD1 cell
line (Figure 6E and F). Furthermore, in mutant HSPD1-expressed cells,
p62 and LC3 II/I ratios were decreased upon treatment with catechin
and 3MA. We investigated whether the phenotype of nbl zebrafish can
be rescued by catechin and 3MA treatment. We found that cardiac oe-
dema and the AV-block rate in untreated zebrafish (NC) were higher
than in zebrafish treated with catechin and 3MA (see Supplementary ma-
terial online, Figure $10). These experiments established that inhibition of
mitophagy leads to decrease in expression level of FOXO3 and MuRF1
suggesting direct involvement of mitophagy in cardiac atrophy.

mitochondria

mitophagy

FOXO03 1

l

MuRFI 1t

Cardiac atrophy

l

Figure 7 Mechanistic representation of heart failure caused by
DCM-linked HSPD1 mutation. DCM-linked HSPD1 mutation led to de-
crease in activity of mitochondrial complexes Il and IV, resulting in ele-
vation of mitophagy, FOXO3 expression, and MuRF1 expression. This
led to cardiac atrophy and subsequently, heart failure.

Altogether, the results from the nbl zebrafish experiments and in vitro
studies indicated that mutations in the apical domain of HSPD1 genes
resulted in the inhibition of mitochondrial complex IV, causing an in-
crease in ROS. This led to an increase in mitophagy, and induced cardiac
atrophy (Figure 7).

4. Discussion

In a previous study, Makino et al.'’

developed nbl mutants that lacked re-
generative capacity and showed pericardial oedema under heat stress.
The presence of a point mutation in the apical domain of HSPD1 in a fa-
milial DCM patient, and a similar mutation in a zebrafish nbl mutant, has
prompted great interest in studying the mechanistic basis of the role of
HSPD1 in cardiac disease. In this study, we demonstrated that the up-

regulation of HSPD1 protein, due to a point mutation, inhibited the
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activity of mitochondrial complex IV, therefore resulting in an increase in
ROS concentration. High ROS led to significant increase in mitophagy in
cardiac tissue, causing heart failure (Figure 7).

HSPD1 is an evolutionary conserved ubiquitously expressed protein.
The major functions of HSPD1 are to maintain the integrity of cellular
proteins, particularly in response to environmental changes;** control
the transport and maintenance of mitochondrial proteins;*® and assist in
the replication of mitochondrial DNA.?® Mutation in HSPD1 may cause
phenotypic changes in high HSPD1-expressed organs, such as the heart
and brain.?”?® In fact, there is a report that HSPD1-mutated patients
have exhibited brain hypomyelination and leukodystrophy.'®"" Here, we
identified the point mutation, Thr320Ala, in exon 8 of HSPD1 gene in
one of the familial DCM patients.

DCM is a rare cardiac disease that often leads to heart failure and sud-
den cardiac death caused by the failure of cardiac conduction systems.””
DCM s also associated with excessive proliferation of cardiac fibro-
blasts.*® nbl mutants at the adult stage showed typical DCM-like pheno-
types (i.e. dilation of ventricular chamber, decrease in thickness of
ventricular wall, AV block, and cardiac fibrosis) (Figure 2 and see
Supplementary material online, Figure S3). However, the mutations in
HSPD1 did not affect the skeletal muscle systems in the nbl mutants (data
not shown). Therefore, we assume that cardiac dysfunction is the pri-
mary cause of sudden death in the nbl mutants. HSPDT is a stress-
responsive gene, and its expression increases to neutralize the physiolog-
ical responses from any type of stress.”’ However, nbl mutants showed
higher expression of HSPD1 and a subsequent increase in ROS produc-
tion, even at optimum growth conditions. Since every organism, during
its development and growth, faces various forms of stress, we show that
a missense mutation in the apical domain of the HSPD 1 gene has resulted
in functional inactivation of the HSPD1 protein, leading to a continuous
increase in ROS around the 7- to 8-month point in nbl adult fish, thus
causing early aging. Therefore, missense mutation of HSPD1 did not af-
fect its stress-responsive expression but, unable to neutralize the physio-
logical response of heat stress.

Since the HSPD1 is a mitochondrial chaperonin, and ROS level is
moderated through mitochondria, it is reasonable to assume that any
cardiac damage that occurs is initiated through mitochondrial dysfunc-
tion.*”** TEM analysis of ventricular chambers of nbl mutants showed
mitochondria with variable electron densities, as compared with the mi-
tochondria that exhibited similar electron densities in WT. Interestingly,
the mitochondria in nbl showed a significantly higher number of
autophagosome-like structures, suggesting that mitophagy may have
some role in the development of DCM-like phenotypes in nbl mutants.

Mitochondria constantly undergo fission and fusion to generate
healthy mitochondria.>> Meanwhile, defective mitochondria are elimi-
nated through a form of autophagy called mitophagy.>® The stable
HEK293 cells, which overexpressed the nbl and DCM types of HSPD1,
showed a significant decrease in mitochondrial fission and fusion.
Furthermore, we found that nbl type and DCM type HEK293 cells dem-
onstrated a significant decrease in complex IV activity. These results indi-
cate that a point mutation in the apical domain of HSPD1 induced
mitochondrial dysfunction.

It was earlier established that the knockdown of HSPD1 resulted in a
decrease in complex IV activity.”> Autophagy is required for normal de-
velopment. However, excessive autophagy may cause tissue damage.®’
In order to understand, if excessive mitophagy is caused by missense mu-
tation in HSPD1, we transfected nbl type and DCM type HSPD1 in
HEK293 cell line. In nbl mutants, we found a significant increase in
autophagy as compared with WT. MuRF1 was reported to be induced

by FOXO3, and was found in developed cardiac atrophy.*®*” The aber-
rant autophagic response resulted in cardiac damage (MuRF1 expres-
sion) in nbl mutants (Figure 3C).

In summary, point mutation in apical domain of HSPD1 led to mito-
chondrial dysfunction through ROS-mediated increased mitophagy,
resulting in a DCM like condition. Therefore, we suggest that HSPD1 is
one of the mediators of development of heart failure.

Supplementary material

Supplementary material is available at Cardiovascular Research online.
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Translational perspective

The aged heart is more susceptible to stress despite the increased compensatory chaperones/co-chaperones activity. Here, we identified a point
mutation in HSPD1 in a human DCM family. Using zebrafish, we demonstrated that functional inactivation of HSPD1 resulted in increased ROS level
and mitophagy, thereby resulting in heart failure at a relatively early age. Inhibition of ROS activity by antioxidants decreased cell death and mitoph-
agy. This work identifies the key role of HSPD1 in cardiac muscle protection and suggests the supplementation of antioxidants may improve the car-
diac function through the mitochondrial ROS pathway in patients with chronic heart failure.
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