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Abstract

HSPB7 is a member of the small heat-shock protein (HSPB) family and is expressed in the

cardiomyocytes from cardiogenesis onwards. A dramatic increase in HSPB7 is detected in

the heart and blood plasma immediately after myocardial infarction. Additionally, several

single-nucleotide polymorphisms of HSPB7 have been identified to be associated with heart

failure caused by cardiomyopathy in human patients. Although a recent study has shown

that HSPB7 is required for maintaining myofiber structure in skeletal muscle, its molecular

and physiological functions in the heart remain unclear. In the present study, we generated

a cardiac-specific inducible HSPB7 knockout mouse and demonstrated that the loss of

HSPB7 in cardiomyocytes results in rapid heart failure and sudden death. The electrocardio-

gram showed cardiac arrhythmia with abnormal conduction in the HSPB7 mutant mice

before death. In HSPB7 CKO cardiomyocytes, no significant defect was detected in the

organization of contractile proteins in sarcomeres, but a severe structural disruption was

observed in the intercalated discs. The expression of connexin 43, a gap-junction protein

located at the intercalated discs, was downregulated in HSPB7 knockout cardiomyocytes.

Mislocalization of desmoplakin, and N-cadherin, the intercalated disc proteins, was also

observed in the HSPB7 CKO hearts. Furthermore, filamin C, the interaction protein of

HSPB7, was upregulated and aggregated in HSPB7 mutant cardiomyocytes. In conclusion,

our findings characterize HSPB7 as an intercalated disc protein and suggest it has an

essential role in maintaining intercalated disc integrity and conduction function in the adult

heart.

Author summary

The intercalated disc is an indispensable structure that connects neighboring cardiomyo-

cytes. It is also considered to be a single functional unit for cellular electric, mechanical,

and signaling communication to maintain cardiomyocyte rigidity and synchrony. Muta-

tion or defect in intercalated disc components usually results in distortions in the struc-

ture of intercalated discs and lethal cardiac abnormalities in patients. In this study, we
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found that the dynamic expression and subcellular location of HSPB7 are highly associ-

ated with intercalated disc component protein, N-cadherin, during the assembly and mat-

uration of intercalated discs in cardiomyocytes. To identify the functional role of HSPB7

in the adult heart, we conducted a loss-of-function study of HSPB7 using a gene condi-

tional knockout approach. We found that the loss of HSPB7 quickly results in the disrup-

tion of the intercalated disc structure, decreasing the expression of connexin 43 and

mislocalization of N-cadherin and desmoplakin, and further inducing arrhythmic sudden

death. In conclusion, our mouse model demonstrates that HSPB7 is required to maintain

the structure and function of gap-junction complexes and intercalated discs, which has

important implications for human heart disease.

Introduction

HSPB7, also known as cardiovascular heat-shock protein (cvHsp), is a member of the small

heat-shock protein (sHSP or HSPB in mammals) family that shares a conserved α-crystallin

domain in the C-terminal region [1, 2]. The sHSPs characteristically function as ATP-indepen-

dent molecular chaperones assisting intracellular protein assembly and cytoskeleton formation

under normal conditions and suppressing the aggregation of denaturing proteins in resistance

to stress [3]. Many sHSPs are expressed in cardiac and skeletal muscles [4, 5] and the pheno-

types of their mutations are seen in muscle diseases. For example, mutation in HSPB5 was

found to induce desmin-related skeletal muscle myopathy and cardiomyopathy [6, 7]. Previ-

ous studies have also demonstrated that HSPB2, HSPB5, and HSPB6 can protect against myo-

cardial ischemia-reperfusion injury and suppress pressure overload cardiac hypertrophy [8–

12]. Consequently, these studies suggest that sHSPs are crucial in protecting striated muscles

from damage caused by stress and injury.

HSPB7 is the most highly expressed sHSP gene in the heart [1]. Increasing expression of

HSPB7 can be detected in the monocrotaline-induced hypertrophic right ventricle [1], aging

skeletal muscle [13], and dystrophin-deficient MDX diaphragm in mice [14]. Despite being

the most potent suppressor of sHSP against the aggregation of the mutated huntingtin protein

[15], HSPB7 was reported to be a potential early biomarker of myocardial infarction and an

independent risk factor for acute coronary syndrome [16]. Overexpression of HSPB7 can

reduce the amount of tachypacing-induced F-actin stress fibers through attenuation of the

RhoA-GTPase pathway [17]. Recent studies have reported that an intronic single-nucleotide

polymorphism (SNP) rs1739843 in HSPB7 is highly associated with heart failure (HF) [18–20],

dilated cardiomyopathy (DCM) [21], and idiopathic DCM [22] in human patients. Although

rs1739743 and another 11 additional HSPB7 SNPs were further confirmed to be associated

with heart failure, the additional SNPs were also found to be intronic or synonymous. As such,

HSPB7 SNPs are predicted to have no effect on its protein sequence or function, suggesting a

role as a marker for the position of a genetically linked functional variant located outside

HSPB7 [23]. However, all the previous findings still imply the role of HSPB7 in cardiac patho-

genesis. Recently, the studies conducted using gene knockdown in zebrafish demonstrated

that HSPB7 is required for the formation of the left-right axis and cardiac morphogenesis [24,

25]. Although these findings demonstrate the essential role of HSPB7 in cardiac development

and functional maintenance, the functions of HSPB7 in adult heart still remain unclear.

Using an HSPB7 inducible-conditional knockout (CKO) model approach, here we demon-

strate that the loss of HSPB7 leads to cardiomyopathy and arrhythmic sudden death. Lack of

HSPB7 causes the disruption of the intercalated disc (ID) structure, resulting in abnormal

HSPB7 in arrhythmogenic cardiomyopathy
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localization of ID component proteins and defect of the cardiac conduction function. Further-

more, we found that filamin C (FLNC), the interaction protein of HSPB7, was mislocalized

and aggregated in HSPB7 CKO cardiomyocytes. Thus, our results suggest that HSPB7 acts as a

novel cardiac ID protein to maintain the structural integrity of the ID and the cardiac func-

tions of the adult heart.

Results

HSPB7 is localized at intercalated discs and adjacent to the Z-line of the

adult cardiac muscle

To explore the functional role of HSPB7 in the heart, we first analyzed the expression of HSPB7

in the heart. Immunoblot analysis revealed that HSPB7 is expressed in the heart from embryonic

day 14.5 (E14.5) to postnatal day 28 (P28) (Fig 1A) in multiple forms with different molecular

masses (arrows in Fig 1A). The subcellular localization of HSPB7 was determined by confocal

fluorescence microscopy in longitudinal sections of the adult mouse heart. Double labeling with

sarcomere markers, α-actinin as the Z-line, myomesin as the M-line, and cardiac-actin as the I-

band showed that HSPB7 is expressed adjacent to the Z-line (Fig 1B). Localization of HSPB7 at

the IDs was verified by co-staining with N-cadherin (adherens junction), desmoplakin (desmo-

somes), and connexin 43 antibody (gap junction; Fig 1B). HSPB7 is present as a diffusion pattern

in bands of regular periodicity, and is not completely colocalized with N-cadherin at E18.5 (Fig

1C). After birth, bright patches of HSPB7 staining were observed at P3 and appear to have a

compact pattern of adherens junction localization at P14, which is indicated by colocalization

with N-cadherin. In the adult heart, HSPB7 staining was seen as faint striations, mostly concen-

trated at the ends of cardiomyocytes. Our results indicate that HSPB7 is highly colocalized with

N-cadherin during the assembly and maturation of IDs, suggesting that HSPB7 may be involved

in organizing and maintaining the cardiac cytoarchitecture.

HSPB7 CKO mice develop lethality with cardiomyopathy

To elucidate the function of HSPB7 in the heart, a tamoxifen-induced CKO mouse line (MCM/

HSPB7Flox/Flox) was established using HSPB7Flox/Flox intercrossed with MCM mice [26]. HSPB7

CKO and littermates (8- to 10-week-old) including HSPB7Flox/Flox and MCM mice were adminis-

tered with tamoxifen for four consecutive days. Immunoblot analysis of heart lysates revealed a

75% and 95% reduction in HSPB7 protein levels in the hearts of CKO mice compared with their

control HSPB7Flox/Flox littermates (n = 4; Fig 2A and 2B) at d4 and d7 after tamoxifen administra-

tion, respectively. Immunofluorescence staining and confocal microscopy also revealed a dramatic

decrease in HSPB7 at the intercalated discs and sarcomeres at d7 after tamoxifen administration

in CKO mice (Fig 2C). The CKO mice displayed a moderate increase in heart weight/body weight

ratio compared with their HSPB7Flox/Flox littermates (n = 8; Fig 2D). Notably, we found that abla-

tion of HSPB7 in the cardiomyocytes led to rapid mouse death within 12 days (n = 11). By con-

trast, tamoxifen-treated HSPB7Flox/Flox (n = 10) or MCM control mice (n = 11) appeared healthy

throughout the course of tamoxifen treatment (Fig 2E). Histological analysis showed slight inflam-

matory infiltrate, cardiomyocyte disarray, and enlarged myocytes with hyperchromatic nuclei in

the CKO myocardium. However, fibrosis was not detected in the mutant heart by using Masson’s

trichrome stain (Fig 2F). To further explore the functional pathological phenotype of the HSPB7

CKO mice in more detail, we then analyzed cardiac function through echocardiography. Echocar-

diographic analysis showed that the contractility of the CKO mice was significantly impaired

compared with the control mice. We observed a significant reduction in LV fractional shortening

(%FS; 29.3% ± 4.0 for HSPB7Flox/Flox versus 15.6% ± 6.7 for CKO) and ejection fraction (%EF;

HSPB7 in arrhythmogenic cardiomyopathy
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63.0% ± 4.8 for HSPB7Flox/Flox versus 38.1% ± 14.5 for CKO) in CKO mutants compared with

controls (n = 5; Fig 3) at d7 after tamoxifen administration. These results imply that ablation of

HSPB7 in the myocardium leads to cardiomyopathy, HF, and sudden death.

Fig 1. Expression and localization of HSPB7 in cardiac muscle. (A) Immunoblot analysis of the cardiac muscle showing

HSPB7 constitutive expression from the embryonic stages to adulthood (E14.5 to P28) with multiple forms of HSPB7 at

different molecular masses (arrows). (B) Subcellular localization of HSPB7 in the cardiac muscle of adult mice. The heart

sections were stained with antibodies against HSPB7 (red) and desmoplakin (desmosome), α-actinin (Z-line), myomesin (M-

line), N-cadherin (adhering junction), connexin 43 (gap junction), and cardiac-actin (I-bend). HSPB7 mainly localizes at the

intercalated discs and is adjacent to the Z-line with a striated pattern. (C) Colocalization of HSPB7 with N-cadherin during

development. Heart sections from the embryonic stages to adulthood (E14.5 to P56) were stained with antibodies against

HSPB7 (red) and N-cadherin (green). The nucleus was visualized through Hoechst 33342 staining. Insets show the

representative areas with higher magnification. Scale bar: 10 μm.

https://doi.org/10.1371/journal.pgen.1006984.g001
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Fig 2. Characterization of HSPB7 CKO mouse. (A) Immunoblot analysis for HSPB7 protein expression levels in control

(Flox/Flox) and CKO animals 4 days (d4) and 7 days (d7) after tamoxifen administration. The GAPDH signal shows the

loading of samples between lanes. (B) Quantitative analysis for immunoblot analysis of HSPB7 expression protein levels in

cardiac tissue from control and CKO mice. Seven days after the first tamoxifen administration, HSPB7 protein expression

dropped to less than 10% in CKO animals, as determined by immunoblot blot (HSPB7 compared with GAPDH). Data are

presented as means ±SD. (C) Double staining of the left ventricle section with HSPB7 and Hoechst 33342 in the control

and CKO hearts at d7 after tamoxifen administration. HSPB7 was no longer present at the intercalated disc and sarcomere.

Scale bar: 20 μm (D) Significant increase in heart weight in HSPB7 CKO mice (n = 8; *p = 0.00027). (E) Kaplan–Meier

survival curve of HSPB7 CKO and control mice. (F) Representative whole mounts (left), Masson’s trichrome (middle left

and right), and hematoxylin-eosin–stained (right) transverse sections of control and CKO mouse hearts. Histological

analysis showed inflammatory infiltration in the myocardium, identified as mostly lymphocytes and plasma cells, in HSPB7

CKO hearts at d7 after tamoxifen administration. In addition, Masson’s trichrome staining showed no significant collagen

deposition in HSPB7 CKO hearts, as compared to control mice.

https://doi.org/10.1371/journal.pgen.1006984.g002
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Abnormal cardiac conduction properties and sudden arrhythmic death in

HSPB7 CKO mice

Given the cardiomyopathy and sudden death observed in HSPB7 CKO mice, we speculated

that the normal electrophysiological activities were disturbed in the HSPB7 mutant hearts. For

routine monitoring of cardiac activity during anesthesia, we used the ECG, which revealed an

abnormality in the HSPB7 CKO hearts (Fig 4A–4D). ECG measurements in 8-week-old mice

Fig 3. Echocardiographic measurements of HSPB7 CKO and control mice. (A) Representative

two-dimensional and M-mode echocardiographic images of the HSPB7 CKO and control hearts. (B)

Echocardiographic analysis in the HSPB7 CKO and control mice before and at 4 days (d4) and 7 days (d7)

after tamoxifen administration. Left ventricular ejection fraction (LVEF), left ventricular fractional shortening

(LVFS), left ventricular end-systolic internal diameter (LVIDs), and left ventricular end-diastolic internal

diameter (LVIDd). Data are means ± SD; n = 5 per group. *, P < 0.05 **, P < 0.01 relative to the control.

https://doi.org/10.1371/journal.pgen.1006984.g003
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revealed no difference in QRS duration, QT interval, or PQ interval between HSPB7Flox/Flox

and MCM/HSPB7Flox/Flox mice (Fig 4A and 4C). By d7 after tamoxifen administration,

although the conduction of the electrical activity from the atrium to ventricle of the CKO mice

was normal (PR interval) (53.6 ± 6 ms vs. 54.3 ± 6 ms; Fig 4B and 4D), the depolarization and

repolarization of the CKO ventricle were disturbed. This is reflected in the prolonged QRS

complex (11.4 ± 0.8 ms vs. 16.4 ± 2.1 ms) and QT interval (20.0 ± 1.26 ms vs. 33.3 ± 8.5 ms)

after induction of the CKO (Fig 4B and 4D). To further investigate the nature of sudden car-

diac death and evaluate possible underlying ECG abnormalities, miniaturized telemetric trans-

mitter devices were implanted in 8- to 10-week-old MCM, HSPB7Flox/Flox, and HSPB7Flox/Flox

mice to record their cardiac rhythm [27] (Fig 4E). We recorded the time interval for 2 hours

before and at d4, d7, and d14 after tamoxifen administration to HSPB7 CKO and control

mice. The HSPB7 CKO mice were continuously recorded at d7 after tamoxifen administration

until death. All the control mice exhibited normal sinus rhythms, with no evidence of ventricu-

lar ectopy. We also observed ST segment abnormalities in HSPB7 CKO mice similar to the

result of surface ECG recordings at d7 after tamoxifen administration (S1 Fig). In the HSPB7

CKO mice during the continuous recording period, we captured the abrupt onset of spontane-

ous ventricular tachyarrhythmia, confirming that the death was arrhythmic.

Structural defects of IDs and sarcomeres in HSPB7 CKO

cardiomyocytes

To examine the myofibril organization and cell–cell contacts at the ultrastructural level,

transmission electron micrograph (TEM) analysis was performed on control and CKO

hearts (Fig 5) at d7 after tamoxifen administration. Intercalated disc structures were visible

in the HSPB7Flox/Flox hearts, with clear adherens junctions and desmosomes represented by

submembranous electron dense material adjacent to the intercellular space between the

myocytes. By contrast, the structures of the mutant IDs were highly convoluted and disorga-

nized (Fig 5A). Higher-magnification images revealed abnormal adherens junctions (black

arrowhead in Fig 5A) and desmosomes (white arrowhead in Fig 5A) with widened gaps at

the IDs of HSPB7 mutant cardiomyocytes. The ultrastructure of the sarcomeres at the cen-

ter part of the mutant cardiomyocytes was slightly distorted, showing loose actin filaments

(black arrowhead in Fig 5B) and wider, less dense Z-lines (white arrowhead in Fig 5B) com-

pared with the controls. The TEM images of the sarcomeres proximal to the intercalated

discs showed an abnormal Z-line (black arrow in Fig 5A), disrupting filaments (asterisk in

Fig 5A), and lacunae spaces at the sites of myofibril attachment at the IDs (white arrows in

Fig 5A). These sarcomere defects in the HSPB7 CKO myocardium presumably reflect the

lack of myofibril anchorage at the plasma membrane.

Disrupted localization of ID component proteins in HSPB7 CKO

cardiomyocytes

Because HSPB7 is expressed at both the IDs and adjacent to the Z-line in the adult heart, we

next examined whether the loss of HSPB7 affects the cell–cell junctions of the IDs and the sar-

comeric apparatus. The components of the ID, desmoplakin (a cytoplasmic desmosomal pro-

tein), N-cadherin (an adherens junction protein) and connexin 43 (a gap junction protein)

were examined through immunofluorescence staining and confocal microscopy (Fig 6A). In

HSPB7 CKO hearts, the cytoplasmic localization of desmoplakin and N-cadherin were

observed in the HSPB7 CKO heart (Fig 6A) but not in the HSPB7Flox/Flox control heart. More-

over, depletion of HSPB7 in the IDs resulted in a significant decrease in connexin 43 in the

myocardium (Fig 6A). Immunoblot blot analysis further confirmed a reduction in connexin

HSPB7 in arrhythmogenic cardiomyopathy
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43 in the HSPB7 CKO heart compared with the HSPB7Flox/Flox control heart (Fig 6B and

6C), whereas N-cadherin and desmoplakin levels remained unchanged in the mutant hearts

(Fig 6B and 6C). Furthermore, the expression pattern of vinculin (a costamere marker)

was characterized relatively normally (Fig 6A) in HSPB7 CKO cardiomyocytes. Confocal

microscopy revealed the normally striated structure of the Z-line (α-actinin) and the M-line

Fig 4. Electrical conduction is impaired in HSPB7 CKO hearts. (A and B) Annotated ECG curve of the

HSPB7 CKO and control animals before (A) and 7 days after (B) the first tamoxifen injection. (C and D)

Quantification of the ECG changes in HSPB7 CKO and control animals before (C) and 7 days after (D) the

first tamoxifen administration. N = 5 per group. Data are presented as means ± SD. *, P < 0.05 **, P < 0.01

relative to the control. (E) Representative telemetric 2-lead ECG recording of a tamoxifen-treated HSPB7

CKO and control mice. Telemetry ECG recordings of lethal arrhythmias in HSPB7 CKO mice. n = 2 per group.

https://doi.org/10.1371/journal.pgen.1006984.g004
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(myomesin) (S2 Fig), consistent with the results of the TEM. Likewise, immunoblot analysis

also showed the same expression levels of sarcomeric protein (Fig 6B and 6C) in the HSPB7

CKO hearts. Taken together, these data support the notion that HSPB7 is required to main-

tain the ID structure including the components of gap junctions, desmosomes, and adhe-

rens junctions.

Loss of HSPB7 results in FLNC aggregation and disruption of membrane

integrity

To further identify the possible functional target(s) affected by HSPB7 loss, we examined

the interactions of ID component proteins with HSPB7 by co-immunoprecipitation. Inter-

estingly, only FLNC (but not N-cadherin, desmoplakin, or connexin 43) was found to inter-

act with HSPB7 in heart lysate (S3 Fig). FLNC has been found to be the interaction protein

of HSPB7, and the loss of HSPB7 in skeletal muscles can cause progressive myopathy with

FLNC aggregation [28]. The confocal microscopy showed that HSPB7 mainly colocalized

with FLNC adjacent to the Z-line and at IDs in the cardiomyocytes (S4 Fig). Furthermore, a

significant increase in FLNC expression was detected in the HSPB7 CKO heart at d7 after

tamoxifen administration (Fig 7A and 7B) and is consistent with the immunoblotting analy-

sis in the supernatant and pellet fractions of heart lysates showing the upregulation of FLNC

protein expression (Fig 7C and 7D). Furthermore, along with the FLNC aggregation

detected in the myocardium (arrowheads in Fig 7A), an accumulation of extracellular

matrix (WGA staining in Fig 7A and 7B) was also observed in the myocardium of the

HSPB7 CKO mice.

To understand whether the aggregation of FLNC is the cause of the disruption of ID struc-

ture, immunoblotting analysis was performed in HSPB7 CKO mice at d4 after tamoxifen

administration (S5 Fig). The results showed that the downregulation of connexin 43 occurred

before the upregulation of FLNC in the HSPB7 CKO heart. These results suggest that the

reduction of connexin 43 may not be caused by the overexpression or aggregation of FLNC.

Additionally, double staining of FLNC with desmoplakin or N-cadherin showed that the mis-

localization of desmoplakin or N-cadherin (arrowheads in S6 Fig) and FLNC aggregation

(arrows in S6 Fig) did not always occur at the same cardiomyocytes of the HSPB7 CKO heart

at d7. Our findings indicate that the overexpression or aggregation of FLNC protein may not

be the direct cause for the disruption of ID structure in HSPB7 CKO cardiomyocytes. We next

examined whether cell integrity was affected by the loss of HSPB7 in the heart [29, 30], since

the sarcolemma disruption was observed in the HSPB7 skeletal muscle specific CKO mouse.

Using EBD uptake analysis, we found that the HSPB7 CKO heart presented blue coloration

compared with the control. Consistent with our previous study [28], a high uptake of EBD

(red) was detected in the HSPB7 mutant cardiomyocytes (S7 Fig).

Fig 5. Ultrastructural study of control and HSPB7 CKO hearts. Transmission electron micrographs

(TEMs) of ventricular myocardium from HSPB7 CKO and control mice at d7 after tamoxifen administration.

Right panels are higher-magnification views of the boxed areas in the left panels. (A) Normal intercalated disc

structures were visible in the control hearts. The inset provides a simplistic representation of the morphology

of the intercalated discs. Higher-magnification images showed abnormal adherens junctions (black

arrowheads) and desmosomes (white arrowheads) with widened gaps of the intercalated discs in HSPB7

mutant hearts. Abnormal Z-line (black arrow), filament disruption (asterisk), and detachment of myofibrils at

the intercalated disc (white arrow) were also observed in the CKO mice. (B) The ultrastructure of the

sarcomeres at the center part of the cardiomyocyte was slightly distorted. Higher-magnification images

showed (right panel) loose actin filaments (black arrowhead) and wider, less dense Z-lines (white arrowhead)

compared with the controls. n = 3 per group. Scale bar: 250 nm.

https://doi.org/10.1371/journal.pgen.1006984.g005
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Adenovirus-mediated expression of Cre in HSPB7Flox/Flox mouse hearts

Tamoxifen in αMHC-MerCreMer mice could induce a DNA damage response leading to HF

and death [31]. To exclude the possibility that the phenotype of HSPB7 CKO resulted from

tamoxifen toxicity, we performed gene elimination through direct intramyocardial injection

with the Adeno-Cre virus in HSPB7Flox/Flox mice. The expression patterns of ID components

Fig 6. Expression and localization of ID complex proteins in HSPB7 CKO hearts. (A) Confocal micrographs of

longitudinal sections of the cardiac muscle of control and CKO mice at d7 after tamoxifen administration. Specific antibodies

were used to identify the distributions of intercalated disc components: N-cadherin, desmoplakin, vinculin, and connexin 43.

In HSPB7 CKO hearts, the staining of desmoplakin and N-cadherin were distributed throughout the cytoplasm, but little was

observed in control hearts. Connexin 43 was absent from the intercalated discs in HSPB7 CKO hearts. The insets show

representative areas at a higher magnification. The nucleus was visualized through Hoechst 33342 staining. n = 4 per

group. Scale bar: 20 μm. (B) Immunoblotting of intercalated discs and sarcomeric-associated proteins in HSPB7 CKO and

control hearts. GAPDH signal shows the loading of the samples between the lanes. n = 4 per group. (C) Quantitative

analysis of immunoblot analysis of protein levels in cardiac tissue from control and CKO mice. Seven days after the first

tamoxifen injections, connexin 43 protein expression dropped to < 40% in CKO animals, as determined by immunoblot

analysis. Data are presented as means ± SD. *, P < 0.05, **, P < 0.01 relative to control.

https://doi.org/10.1371/journal.pgen.1006984.g006
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Fig 7. Loss of HSPB7 results in FLNC protein upregulation and aggregation. Confocal micrographs of

longitudinal sections (A) and cross-sections (B) of the heart. FLNC aggregation (arrowheads) was observed only

in the mutant cardiomyocytes. Extracellular matrix accumulation was labeled using wheat germ agglutinin (WGA).

The nucleus was visualized through Hoechst 33342 staining. Scale bar: 50 μm. (C) Immunoblot analysis and

quantitation (D) of the expression levels of FLNC in the cardiac muscle. The muscle homogenate supernatant (S)

and pellet (P) fractions were analyzed from control and CKO mice at d7 after tamoxifen administration. GAPDH

and Coomassie Blue staining were used to verify the loading amount in the supernatant and pellet. n = 3 per

group. Data are presented as means ± SD. *, P < 0.05 relative to the control.

https://doi.org/10.1371/journal.pgen.1006984.g007
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and FLNC were evaluated at d8 after Adeno-Cre virus injection by immunofluorescence stain-

ing. Adeno-Cre virus treatment efficiently reduced HSPB7 expression at the injected region of

the heart (the upper Cre region shown in S8 Fig). As shown in the immunofluorescence analy-

sis, HSPB7 was eliminated, and a decrease in expression of connexin 43 was observed in the

HSPB7-depleted regions of the Adeno-Cre virus-injected heart. Additionally, high magnifica-

tion confocal images of these regions showed that the mislocalization of desmoplakin (Fig 8A)

and N-cadherin (Fig 8B) occurred in HSPB7-depleted cardiomyocytes. Consistent with the

results for the HSPB7 CKO heart, confocal fluorescence microscopy revealed that the immu-

noreactivity of FLNC significantly increased in HSPB7 depleted regions of the Adeno-Cre

virus-injected heart. Overall, our results indicate a direct functional and cell-autonomous role

for HSPB7 in maintaining FLNC stability and ID structure in cardiomyocytes.

Discussion

In this study, we have shown that HSPB7 plays an essential role in maintaining ID integrity to

prevent cardiac arrhythmogenic failure. We demonstrated the dynamic expression and subcel-

lular location of HSPB7 in cardiac muscle from the embryonic stage to adulthood. We found

that HSPB7 is highly colocalized with N-cadherin during the assembly and maturation of IDs.

Importantly, we demonstrated that the ablation of HSPB7 in adult mouse hearts leads to (i)

the disruption of ID structure with distorted expression and location of ID components, (ii)

defects in myofibrillar organization and membrane integrity in cardiomyocytes, and (iii) the

development of abnormal conductive activity with arrhythmic sudden death.

The IDs are an indispensable structure that connect neighboring cardiomyocytes, which is

essential for electric, mechanical, and signaling communication between adjacent cells [32].

Loss of ID components, such as plakoglobin [30] and N-cadherin [33] causes cardiac arrhyth-

mic death with distortion of ID structures and downregulation of ID protein in mice. A previ-

ous study demonstrated that dysregulation and mislocalization of cadherin may dissipate the

contractile force across the plasma membrane leading to impaired force transmission and

dilated cardiomyopathy [34]. Consistent with the arrhythmogenic lethal phenotype, HSPB7

CKO mice exhibited severe disruption of the ID structure with mislocalization of N-cadherin

and desmoplakin in the cardiomyocyte cytosol. Likewise, we speculate that loss of HSPB7 may

cause the structural instability of ID components and further affect the localization and func-

tion of N-cadherin and desmoplakin.

Furthermore, several genetic mutations of desmoplakin [35] and plakoglobin [36] have

been found to cause arrhythmogenic cardiomyopathy (AC) in humans. AC is a complex

disorder and is considered to be a progressive disease of the IDs with clinical manifestations,

including progressive loss of cardiomyocytes, inflammatory infiltrates, and compensatory

replacement with fibrofatty tissue, leading to HF, severe ventricular tachyarrhythmias, and

sudden cardiac death. HSPB7 CKO mice do not present with the typical phenotype seen in AC

patients and lacks severe DCM and fibrofatty replacement phenotypes. It is possible that the

mutant animals die too soon from sudden death (within 2 weeks) to observe a long-term com-

pensation effect.

Adherens junctions and desmosomes are organized independently of gap junctions [37].

The loss of protein in either the adherens junctions or desmosomes can decrease the expres-

sion of gap junction proteins [38] and results in arrhythmogenesis development [33, 39]. The

HSPB7 CKO mutant presents a much more severe phenotype compared with connexin 43

CKO and other adherens junctions or desmosome mutant mice [30, 33, 40], suggesting loss of

HSPB7 could affect more than one of these protein functions. These results suggest that
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Fig 8. Intramyocardial injection with Adeno-Cre in HSPB7Flox/Flox mice. Confocal micrographs of the

cardiac muscle of the HSPB7Flox/Flox mice 8 days after intramyocardial injection with Adeno-Cre virus. n = 3

per group. The heart sections were co-immunostained with antibody against HSPB7 (red) and specific

antibodies (green) were used to identify the distributions of intercalated disc components: desmoplakin (A)

and N-cadherin (B). (A) In HSPB7Flox/Flox hearts, desmoplakin was distributed throughout the cytoplasm

(asterisk in lower panel) at the HSPB7 depleted region compared with the control region (upper panel). (B) N-

cadherin exhibited partial misexpression at the HSPB7 depleted region (asterisk in lower panel) compared

with the control region (upper panel). The nucleus was visualized through Hoechst 33342 staining (blue).

Scale bar: 10 μm.

https://doi.org/10.1371/journal.pgen.1006984.g008
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HSPB7 has a pivotal role as an ID protein for maintaining the structure and functional com-

plexes of IDs.

The molecular mechanism by which HSPB7 maintains ID structure remains unclear. Our

previous study identified FLNC, an actin-binding protein, as the HSPB7 interaction protein

[28]. Loss of HSPB7 in skeletal muscle causes myofibrillar disorganization and sarcolemma dis-

ruption [28]. FLNC participates in the attachment of the sarcomere’s Z-lines to the costamere

and IDs allowing cell-to-cell mechanical force transduction [41]. In the present study, myofibril

organization appeared distorted in the mutant hearts that had wider, less dense Z-lines and

loose actin filaments. Such a phenotype may have been caused by defects in the IDs. Ablation of

ID proteins, such as N-cadherin [33] and plakoglobin [42], can lead to distortion of the sarco-

mere, which may reflect loss of myofibril tension because of a lack of myofibril anchorage at the

plasma membrane. Alternatively, loss of FLNC can also result in extensive disruption of the

thick and thin filaments and the loss of distinct Z-lines in mice [43]. Furthermore, the down

regulation of connexin 43 is before the occurrence of FLNC up-regulation and aggregation

(d4); and the mislocalization of desmoplakin or N-cadherin in HSPB7 CKO cells is not always

detected with the aggregation of FLNC. Taken together, our results suggest that the up-regula-

tion of FLNC may not be the first step in the resulting phenotype. Loss of HSPB7 would cause

the structural instability of FLNC and then trigger the chaperone-assisted selective autophagy

(CASA) pathway to increase the gene expression and aggregation of FLNC [28]. The CASA

machinery can incorporate tension sensing, autophagosome formation, and transcription regu-

lation to maintain filamin protein homeostasis in mammalian cells [44, 45]. Loss of HSPB7

would facilitate FLNC unfolding or conformational changes that would further activate the

CASA pathway, thereby leading to FLNC upregulation and then aggregation. A recent study

reported that 23 different truncating variants in FLNC are highly associated with variable frac-

tures of DCM and AC [46]. The presence of FLNC aggregates has also been identified in cardio-

myocytes of patients with cardiomyopathy [47] and cardiac arrhythmia [48]. However, our

results indicated that loss of HSPB7 resulting in the mislocalization of desmoplakin or N-cad-

herin would not be directly affected by the effect of FLNC overexpression and aggregation. On

the other hand, the possibility still cannot be ruled out that the interaction between HSPB7 and

FLNC is required for maintaining IDs and myofibrillar functional structures in the adult heart.

In conclusion, our results provide the first comprehensive study characterizing HSPB7 as

an ID protein and revealing information regarding the biological function of HSPB7 in the

adult myocardium. The loss of HSPB7 results in the disruption of the ID structure with abnor-

mal cardiac conduction function and thus induces arrhythmic sudden death, indicating the

phenotype in the HSPB7 CKO mice is at least partly similar to that in human AC patients.

Although it has not yet been reported, given the severity of the cardiac phenotype in our ani-

mal model, the functional mutation variants of HSPB7 gene could be identified in patients

with AC. Thus, our mouse model demonstrates that HSPB7 is required for the structural integ-

rity and function of gap-junction complexes and IDs, a finding which has vital implications

for human heart disease.

Materials and methods

Ethics statement

All animal experiments were performed in accordance with the guidelines established by the

Institutional Animal Care and Use Committee (IACUC) of Academia Sinica. All the experi-

mental protocols were approved by IACUC and the approval number is 10–12–113. Mice

were treated according to institutional protocols or perfused transcardially under deep Avertin

anesthesia for further perfusion.
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Generation of HSPB7 CKO mice

To generate inducible cardiac-specific HSPB7 CKO mutants, transgenic mice expressing

a tamoxifen-inducible Cre recombinase protein under the control of the α-myosin

heavy chain promoter, αMHC/MerCreMer mice (MCM) [26], were intercrossed with

HSPB7Flox/Flox mice [28] in a mixed 129S6/SvEvTac with a C57BL/6 genetic back-

ground. To induce Cre recombination, 8- to 10-week-old male MCM/HSPB7Flox/Flox

mice were treated with 40 mg/kg of tamoxifen (cat#L5647, Sigma) by intraperitoneal

injection for 4 consecutive days. Tamoxifen was dissolved in corn oil at a concentration

of 10 mg/mL heated to 37˚C for 1 h. Mice were sacrificed at 4 and 7 days following the

initiation of the tamoxifen treatment, and Cre-negative littermates were used as con-

trols. All animal experiments were performed using protocols approved by the Institu-

tional Animal Care and Use Committee, IBMS, Academia Sinica.

Preparation of tissue extracts and immunoblotting

For tissue extracts, the hearts were dissected from anesthetized mice, rinsed with cold PBS,

blotted dry, weighed, and then homogenized using TissueLyser LT (QIAGEN) in 1X Cell Lysis

Buffer (cat#9803, Cell Signaling Technology) with a complete protease inhibitor cocktail

(cat#11836145001, Roche Applied Sciences). For fractionation assay, mouse hearts were

homogenized in lysis buffer containing 9M urea. The insoluble pellet fraction was sedimented

through centrifugation at 16,000 g for 15 min. An equal volume of 2X SDSPAGE gel sample

buffer was added to the supernatants and insoluble pellet fraction. After heating at 100˚C for

10 min, the supernatants were stored at −80˚C as aliquots until use. For western blotting

experiments, protein extracts (30 μg of total protein) were separated on 8% or 15% polyacryl-

amide gels and blotted onto PVDF membranes (Millipore). Membranes were blocked with

blocking buffer (5% nonfat dry milk, 10 mM of Tris–HCl, pH 7.6, 150 mM NaCl, and 0.1%

Tween 20) and incubated with the primary antibody at 4˚C overnight. After incubation with

peroxidase-conjugated secondary antibodies, proteins were visualized using enhanced chemi-

luminescence reagents (Millipore) and detected using an ImageQuant LAS 4000 mini system

(GE Healthcare Life Sciences). Densitometric analyses were performed using ImageJ software.

The protein levels of GAPDH were used to normalize the results. The primary antibodies used

included mouse monoclonal antibodies anti-α-actinin (clone EA-53, Sigma-Aldrich; 1:1000.),

anti-Actin, cardiac (clone AC1-20.4.2, Sigma-Aldrich; 1:1000), anti-connexin43 (clone CXN-

6, Sigma-Aldrich; 1:1000), anti-GAPDH (clone 6C5, Millipore Corporation; 1:3000); and anti-

Vinculin (clone hVIN-1, Sigma-Aldrich, Inc.); rabbit polyclonal antibodies anti-FLAG (F7425,

Sigma-Aldrich; 1:1000), antipan-cadherin (#C3678, Sigma-Aldrich; 1:1000); goat polyclonal

antibodies anti-FLNC (K-18, Santa Cruz Biotechnology; 1:200); and guinea pig polyclonal

antibody anti-HSPB7 (G11W, LTK BioLaboratories; 1:1000).

Histopathology

Mouse heart tissues were collected, fixed with 10% formalin, buffered with phosphate, and

embedded in paraffin. Tissue sections (5 μm) were subjected to hematoxylin and eosin and

Masson’s trichrome staining using standard procedures [49].

Confocal immunofluorescence analysis

For immunofluorescence staining, heart tissue was isolated from HSPB7 CKO mice, directly

embedded in optimal cutting temperature compound (OCT), and cryosections (16-μm sec-

tioned) were prepared. The sections were postfixed in 2% paraformaldehyde, blocked with 2%
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bovine serum albumin, and incubated with primary antibodies at 4˚C overnight. The primary

antibodies used included mouse monoclonal antibodies anti-α-actinin (clone EA-53, Sigma-

Aldrich; 1:200.), anti-Actin, cardiac (clone AC1-20.4.2, Sigma-Aldrich; 1:200), anti-con-

nexin43 (clone CXN-6, Sigma-Aldrich; 1:200), antidesmoplakin (clone DP2.15, Millipore Cor-

poration; 1:200), anti-mMaC myomesin B4 (DSHB; 1:200), and anti-Vinculin (clone hVIN-1,

Sigma-Aldrich); rabbit polyclonal antibodies anti-FLAG (F7425, Sigma-Aldrich; 1:200), anti-

pan-cadherin (#C3678, Sigma-Aldrich; 1:200); goat polyclonal antibodies anti-FLNC (K-18,

Santa Cruz Biotechnology; 1:100); and guinea pig polyclonal antibody anti-HSPB7 (G11W,

LTK BioLaboratories; 1:200). After washing in PBS, sections were incubated with secondary

antibodies, including FITC- or Rhodamine-conjugated goat anti-mouse and anti-rabbit IgG,

FITC- conjugated donkey anti-goat IgG, Rhodamine-conjugated donkey anti-guinea pig IgG

secondary antibodies (Jackson ImmunoResearch Laboratories). Fibrosis was detected by stain-

ing using Alexa Fluor 647 wheat germ agglutinin (WGA, Invitrogen; 10 μg/ml in PBS) for 10

min at room temperature. Counterstaining was performed using 0.5 μg/ml of Hoechst 33342

(Cell Signaling Technology). Fluorescence was visualized using a Zeiss LSM700 confocal

microscope.

Echocardiography

Two-dimensional echocardiography was performed using a Philips iE33 ultrasound imaging

system (Philips Medical Systems, Best, Netherlands) equipped with a 7–15 MHz linear array

transducer on 10- to 12-week-old (n = 5 per group) mice. Echocardiography was recorded

before tamoxifen administration and at 4 or 7 days after the first tamoxifen treatment for

changes in cardiac function. The animals were initially anesthetized using 3% isoflurane. After

the animals were sedated, anesthesia was maintained using 1% isoflurane during the echocar-

diographic examination. Heart rate was maintained between 350 and 600 beats per minute.

After two-dimensional long- and short-axis images of the left ventricular (LV) were obtained,

M-mode traces were acquired for measurement of the LV chamber dimensions at the diastole

and systole, as well as the wall thickness. Echocardiography-derived LV mass, fractional short-

ening (FS), and ejection fraction were recorded. Measurements were averaged from five conse-

cutive cardiac cycles.

Surface and telemetric electrocardiogram

Surface ECGs were recorded using a PowerLab 8/30 (AD Instruments, Dunedin, New Zea-

land). ECGs were used to assess mice before and at 7 days after the first tamoxifen treatment.

The animals were anesthetized using 1% isoflurane and standard three-lead surface ECG

recordings were performed continuously for 15 minutes. The data were digitized and stored

for off-line analysis using LabChart Pro software (AD Instruments).

For telemetric measurement of the ECG, miniature telemetry transmitter devices (HD-X11,

Data Sciences International) were implanted subcutaneously on the back with electrodes surgi-

cally placed and sutured to the right of the trachea and the left upper abdominal region as

described [50]. The animals were allowed 7 days to recover from the surgery before telemetry

recordings were acquired. Recordings from control and CKO mice were assessed continuously

for 2 hours before and at 4, 7, and 14 days after the first tamoxifen treatment. For CKO mice,

recordings were continuous beginning at day 7 after injection until the time of death. The

receiver (Physiotel Receiver, model RPC-1; Data Sciences International) was used for data

acquisition. ECG signals were digitized and stored for off-line analysis using LabChart Pro

software (AD Instruments).
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Transmission electron microscopy

Mouse left ventricle tissue was diced into small blocks in a fixative mixture of glutaraldehyde

(1.5%) and paraformaldehyde (1.5%) in phosphate buffer at pH 7.3. The procedure was identi-

cal to that described previously [51]. Ultrathin sections were cut, mounted, post-stained, and

observed using a FEI TECNAI G2 F20 S-TWIN electron microscope (Electron Microscope

Core Facility, Institute of Cellular and Organismic Biology, Academia Sinica).

Co-immunoprecipitation experiments

For immunoprecipitation experiments, hearts from adult C57BL/6 wild-type and HSPB7Flox/

Flox mice were lysed in Cell Lysis Buffer (Cell Signaling Technology) with complete protease

inhibitor cocktail (Roche Applied Sciences). Subsequently, 1 mg of total protein extracts were

incubated with 50 μL of prewashed anti-FLAG M2 affinity gel (A2220, Sigma-Aldrich) at 4˚C

overnight. The beads were then washed with PBS and analyzed through western blotting with

an anti-FLNC antibody (K-18, Santa Cruz Biotechnology). Wild-type mice heart was used as a

negative control. Anti-HSPB7 (G11W, LTK BioLaboratories) was used as a control for the

equal loading of heart extracts.

Evans blue dye injection

For in vivo tests of muscle cell membrane integrity, 8- to 10-week-old control and CKO mice

(n = 4 per group) were first treated using 40 mg/kg of tamoxifen (Sigma) through intraperito-

neal injection for four consecutive days. Evans Blue dye (EBD; Sigma) with 0.1 mg/g of body

weight was intraperitoneally injected for two consecutive days into HSPB7 CKO and control

mice 5 days after the first tamoxifen administration. After 18 h, mice were sacrificed and their

hearts were harvested and cryosectioned. EBD-positive myofibers were directly observed

under a stereomicroscope with blue color (SMZ1500, Nikon) and a fluorescence microscope

with red autofluorescence (BX51, Olympus).

Administration of the recombinant adenovirus

The adenoviruses Ad-Cre (5 × 107 pfu per μL) for Cre recombinase were kindly provided

by Guey-Shin Wang (Institute of Biomedical Sciences, Academia Sinica, Taiwan). To achieve

successful gene delivery through intracardiac virus infection, 10- to 12-week-old male HSPB7

Flox/Flox mice weighing 25–30 g were used in the experiments. Mice were intraperitoneally

anesthetized with Avertin at a dose of 100 mg/kg. The skin was incised at the level of the left

third and fourth ribs and the pectoral muscles were dissected using two fine forceps and

retracted gently with a 6–0 silk suture to free the location. The 27-g needle was inserted 4-mm

deep directly into the thorax between the third and fourth ribs. Then, we performed four injec-

tions (10 μL each) of Ad-Cre (5 × 107 pfu/μL) into the cardiac wall. After a slow injection, the

pectoral muscles were quickly released and the skin was sutured using a 3–0 silk suture, and

animals were observed and monitored until recovery. After sacrificing the mice at d8, heart tis-

sue was isolated, directly embedded in OCT, and cut (cryosectioned, 16-μm sections) for fur-

ther immunofluorescence study.

Statistics

Results are presented as mean ± s.d. Comparisons between the two groups employed two-

tailed Student’s t-test. Mouse survival rates were calculated through the Kaplan–Meier method.

When analyzing statistical differences between the groups of mice, a P value of less than 0.05

was considered significant.
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Supporting information

S1 Fig. Telemetry ECG recordings of HSPB7 CKO mice. Annotated telemetry 2-lead ECG

curve of the HSPB7 CKO and control animals at 7 days after tamoxifen administration. A hor-

izontal bar tracing marks the ST segment abnormalities in HSPB7 CKO mice. n = 2 per group.

(TIF)

S2 Fig. Expression of sarcomere proteins at control and HSPB7 CKO cardiomyoctes. Con-

focal micrographs of longitudinal sections of the cardiac muscle of control and CKO mice at

d7 after tamoxifen administration. Specific antibodies were used to identify the distributions

of sarcomere components: α-actinin (Z-line) and myomesin (M-line). In HSPB7 CKO hearts,

the staining revealed the normally striated structure of Z-line and M-line. Insets show repre-

sentative areas at a higher magnification. The nucleus was visualized through Hoechst 33342

staining. n = 4 per group. Scale bar: 20 μm.

(TIF)

S3 Fig. HSPB7 interacts with FLNC protein in vivo. Cardiac muscle from adult HSPB7Flox/

Flox or wild-type mice was lysed and incubated with anti-FLAG M2 affinity gel for co-immuno-

precipitation (IP) and further immnoblot analysis was conducted to identify the proteins bind-

ing to HSPB7. HSPB7 can interact with FLNC and FLNA (A), but not with N-cadherin,

desmoplakin, and connexin 43 (B).

(TIF)

S4 Fig. HSPB7 colocalizes with FLNC protein in cardiomyocytes. The colocalization of

HSPB7 and FLNC was assessed by confocal microscopy. The wild-type heart sections were co-

immunostained with antibodies against HSPB7 (red) and FLNC (green). Insets show represen-

tative areas at a higher magnification. The nucleus was visualized through Hoechst 33342

staining. Scale bars: 10 μm.

(TIF)

S5 Fig. Downregulation of connexin 43 in HSPB7 CKO heart at 4 days after TAM. (A)

Immunoblot analysis of intercalated disc-associated proteins and FLNC in HSPB7 CKO and

control hearts. GAPDH signal shows the loading of the samples between the lanes. n = 4 per

group. (B) Quantitative analysis of immunoblots of protein levels in cardiac tissue from con-

trol and CKO mice. Four days after the first tamoxifen injections, only connexin 43 protein

expression dropped in CKO animals, as determined by immunoblot analysis. Data are pre-

sented as means ± SD. ��, P< 0.01 relative to the control.

(TIF)

S6 Fig. Mislocalization of ID component proteins is not associated with FLNC upregula-

tion and aggregation in HSPB7 CKO cardiomyocytes. Confocal micrographs of longitudinal

sections of the cardiac muscle of control and CKO mice at d7 after tamoxifen administration.

Antibodies against intercalated disc components desmoplakin (A) or N-cadherin (B), and

FLNC are as indicated. In HSPB7 CKO hearts, mislocalization of desmoplakin or N-cadherin

(arrowhead) and upregulation of FLNC (arrow) were both observed. Notably, the mislocaliza-

tion of desmoplakin or N-cadherin (arrowhead) does not always occur with upregulation of

FLNC in the same cardiomyocyte (asterisk). The nucleus was visualized through Hoechst

33342 staining. Scale bar: 10 μm.

(TIF)

S7 Fig. Disruption of membrane integrity in the HSPB7 CKO heart. For in vivo tests of

muscle cell membrane integrity, HSPB7Flox/Flox and CKO mice (n = 4 per group) were first
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treated with tamoxifen for 4 days, and then injected with EBD at d4 and sacrificed after 18 h.

In HSPB7 CKO mice, the heart presented a blue coloration under low-power magnification

(5X, left panel) and high-power magnification (40X, middle left panel) compared with the con-

trol mice. The pattern of fluorescence microscopy results also showed a high uptake of EBD

(red) in the HSPB7 CKO mice under low-power magnification (40X, middle right panel) and

high-power magnification (400X, right panel) compared with the control mice.

(TIF)

S8 Fig. Gene knockout of HSPB7 in the heart by intramyocardial injection with Adeno-

Cre in HSPB7Flox/Flox mouse. Confocal micrographs of the cardiac muscle of HSPB7Flox/Flox

mice 8 days after intramyocardial injection with the Adeno-Cre virus. The heart sections were

co-immunostained with antibodies against HSPB7 (red) and specific antibodies (green)

against ID components desmoplakin, N-cadherin, connexin 43 and FLNC to evaluate their

expressions. In HSPB7Flox/Flox hearts, connexin 43 was absent from the intercalated discs, and

FLNC expression significantly increased at the HSPB7 depleted region of the Adeno-Cre

injected heart (the area above the dotted line). The nucleus was visualized through Hoechst

33342 staining (blue). Scale bar: 50 μm.

(TIF)

Acknowledgments

We thank the Taiwan Mouse Clinic (NSC 102-2325-B-001-042) for technical support in sur-

face electrocardiogram (ECG) recordings. We are grateful to the Pathology Core at the Insti-

tute of Biomedical Sciences, Academia Sinica, Taiwan for technical assistance. We also thank

the Electron Microscope Core Facility of the Institute of Cellular and Organismic, Academia

Sinica, and Ting-Fen Tsai (National Yang-Ming University, Taiwan) for preparation of EM

samples. In addition, we thank Guey-Shin Wang (Institute of Biomedical Sciences, Academia

Sinica, Taiwan) for kindly providing the Ad-Cre and Sitt-Wai Fong (Institute of Biomedical

Sciences, Academia Sinica, Taiwan) for telemetry transmitter devices implanted surgery.

Author Contributions

Conceptualization: Yu-Ting Yan.

Data curation: Wern-Chir Liao.

Formal analysis: Wern-Chir Liao.

Investigation: Wern-Chir Liao, Liang-Yi Juo, Yen-Ling Shih, Yen-Hui Chen, Yu-Ting Yan.

Methodology: Wern-Chir Liao, Liang-Yi Juo, Yen-Ling Shih, Yen-Hui Chen.

Supervision: Yu-Ting Yan.

Writing – original draft: Wern-Chir Liao.

Writing – review & editing: Yu-Ting Yan.

References
1. Krief S, Faivre JF, Robert P, Le Douarin B, Brument-Larignon N, Lefrere I, et al. Identification and char-

acterization of cvHsp. A novel human small stress protein selectively expressed in cardiovascular and

insulin-sensitive tissues. The Journal of biological chemistry. 1999; 274(51):36592–600. PMID:

10593960

2. Kampinga HH, Hageman J, Vos MJ, Kubota H, Tanguay RM, Bruford EA, et al. Guidelines for the

nomenclature of the human heat shock proteins. Cell stress & chaperones. 2009; 14(1):105–11.

HSPB7 in arrhythmogenic cardiomyopathy

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1006984 August 21, 2017 20 / 23

http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1006984.s008
http://www.ncbi.nlm.nih.gov/pubmed/10593960
https://doi.org/10.1371/journal.pgen.1006984


3. Sun Y, MacRae TH. The small heat shock proteins and their role in human disease. The FEBS journal.

2005; 272(11):2613–27. https://doi.org/10.1111/j.1742-4658.2005.04708.x PMID: 15943797

4. Golenhofen N, Perng MD, Quinlan RA, Drenckhahn D. Comparison of the small heat shock proteins

alphaB-crystallin, MKBP, HSP25, HSP20, and cvHSP in heart and skeletal muscle. Histochemistry and

cell biology. 2004; 122(5):415–25. https://doi.org/10.1007/s00418-004-0711-z PMID: 15480735

5. Verschuure P, Tatard C, Boelens WC, Grongnet JF, David JC. Expression of small heat shock proteins

HspB2, HspB8, Hsp20 and cvHsp in different tissues of the perinatal developing pig. European journal

of cell biology. 2003; 82(10):523–30. https://doi.org/10.1078/0171-9335-00337 PMID: 14629120

6. Liu Y, Zhang X, Luo L, Wu M, Zeng R, Cheng G, et al. A novel alphaB-crystallin mutation associated

with autosomal dominant congenital lamellar cataract. Investigative ophthalmology & visual science.

2006; 47(3):1069–75.

7. Simon S, Michiel M, Skouri-Panet F, Lechaire JP, Vicart P, Tardieu A. Residue R120 is essential for the

quaternary structure and functional integrity of human alphaB-crystallin. Biochemistry. 2007; 46

(33):9605–14. https://doi.org/10.1021/bi7003125 PMID: 17655279

8. Morrison LE, Whittaker RJ, Klepper RE, Wawrousek EF, Glembotski CC. Roles for alphaB-crystallin

and HSPB2 in protecting the myocardium from ischemia-reperfusion-induced damage in a KO mouse

model. American journal of physiology Heart and circulatory physiology. 2004; 286(3):H847–55. https://

doi.org/10.1152/ajpheart.00715.2003 PMID: 14592939

9. Benjamin IJ, Guo Y, Srinivasan S, Boudina S, Taylor RP, Rajasekaran NS, et al. CRYAB and HSPB2

deficiency alters cardiac metabolism and paradoxically confers protection against myocardial ischemia

in aging mice. American journal of physiology Heart and circulatory physiology. 2007; 293(5):H3201–9.

https://doi.org/10.1152/ajpheart.01363.2006 PMID: 17873008

10. Fan GC, Ren X, Qian J, Yuan Q, Nicolaou P, Wang Y, et al. Novel cardioprotective role of a small heat-

shock protein, Hsp20, against ischemia/reperfusion injury. Circulation. 2005; 111(14):1792–9. https://

doi.org/10.1161/01.CIR.0000160851.41872.C6 PMID: 15809372

11. Kumarapeli AR, Su H, Huang W, Tang M, Zheng H, Horak KM, et al. Alpha B-crystallin suppresses

pressure overload cardiac hypertrophy. Circulation research. 2008; 103(12):1473–82. https://doi.org/

10.1161/CIRCRESAHA.108.180117 PMID: 18974385

12. Wang X, Zingarelli B, O’Connor M, Zhang P, Adeyemo A, Kranias EG, et al. Overexpression of Hsp20

prevents endotoxin-induced myocardial dysfunction and apoptosis via inhibition of NF-kappaB activa-

tion. Journal of molecular and cellular cardiology. 2009; 47(3):382–90. https://doi.org/10.1016/j.yjmcc.

2009.05.016 PMID: 19501592

13. Doran P, Gannon J, O’Connell K, Ohlendieck K. Aging skeletal muscle shows a drastic increase in the

small heat shock proteins alphaB-crystallin/HspB5 and cvHsp/HspB7. European journal of cell biology.

2007; 86(10):629–40. https://doi.org/10.1016/j.ejcb.2007.07.003 PMID: 17761354

14. Doran P, Martin G, Dowling P, Jockusch H, Ohlendieck K. Proteome analysis of the dystrophin-deficient

MDX diaphragm reveals a drastic increase in the heat shock protein cvHSP. Proteomics. 2006; 6

(16):4610–21. https://doi.org/10.1002/pmic.200600082 PMID: 16835851

15. Vos MJ, Zijlstra MP, Kanon B, van Waarde-Verhagen MA, Brunt ER, Oosterveld-Hut HM, et al. HSPB7

is the most potent polyQ aggregation suppressor within the HSPB family of molecular chaperones.

Human molecular genetics. 2010; 19(23):4677–93. https://doi.org/10.1093/hmg/ddq398 PMID:

20843828

16. Chiu TF, Li CH, Chen CC, Chen CH, Cheng CJ, Yan YT, et al. Association of plasma concentration of

small heat shock protein B7 with acute coronary syndrome. Circulation journal: official journal of the

Japanese Circulation Society. 2012; 76(9):2226–33.

17. Ke L, Meijering RA, Hoogstra-Berends F, Mackovicova K, Vos MJ, Van Gelder IC, et al. HSPB1,

HSPB6, HSPB7 and HSPB8 protect against RhoA GTPase-induced remodeling in tachypaced atrial

myocytes. PloS one. 2011; 6(6):e20395. https://doi.org/10.1371/journal.pone.0020395 PMID:

21731611

18. Cappola TP, Li M, He J, Ky B, Gilmore J, Qu L, et al. Common variants in HSPB7 and FRMD4B associ-

ated with advanced heart failure. Circulation Cardiovascular genetics. 2010; 3(2):147–54. https://doi.

org/10.1161/CIRCGENETICS.109.898395 PMID: 20124441

19. Garnier S, Hengstenberg C, Lamblin N, Dubourg O, De Groote P, Fauchier L, et al. Involvement of

BAG3 and HSPB7 loci in various etiologies of systolic heart failure: Results of a European collaboration

assembling more than 2000 patients. International journal of cardiology. 2015; 189:105–7. https://doi.

org/10.1016/j.ijcard.2015.04.003 PMID: 25889438

20. Matkovich SJ, Van Booven DJ, Hindes A, Kang MY, Druley TE, Vallania FL, et al. Cardiac signaling

genes exhibit unexpected sequence diversity in sporadic cardiomyopathy, revealing HSPB7 polymor-

phisms associated with disease. The Journal of clinical investigation. 2010; 120(1):280–9. https://doi.

org/10.1172/JCI39085 PMID: 20038796

HSPB7 in arrhythmogenic cardiomyopathy

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1006984 August 21, 2017 21 / 23

https://doi.org/10.1111/j.1742-4658.2005.04708.x
http://www.ncbi.nlm.nih.gov/pubmed/15943797
https://doi.org/10.1007/s00418-004-0711-z
http://www.ncbi.nlm.nih.gov/pubmed/15480735
https://doi.org/10.1078/0171-9335-00337
http://www.ncbi.nlm.nih.gov/pubmed/14629120
https://doi.org/10.1021/bi7003125
http://www.ncbi.nlm.nih.gov/pubmed/17655279
https://doi.org/10.1152/ajpheart.00715.2003
https://doi.org/10.1152/ajpheart.00715.2003
http://www.ncbi.nlm.nih.gov/pubmed/14592939
https://doi.org/10.1152/ajpheart.01363.2006
http://www.ncbi.nlm.nih.gov/pubmed/17873008
https://doi.org/10.1161/01.CIR.0000160851.41872.C6
https://doi.org/10.1161/01.CIR.0000160851.41872.C6
http://www.ncbi.nlm.nih.gov/pubmed/15809372
https://doi.org/10.1161/CIRCRESAHA.108.180117
https://doi.org/10.1161/CIRCRESAHA.108.180117
http://www.ncbi.nlm.nih.gov/pubmed/18974385
https://doi.org/10.1016/j.yjmcc.2009.05.016
https://doi.org/10.1016/j.yjmcc.2009.05.016
http://www.ncbi.nlm.nih.gov/pubmed/19501592
https://doi.org/10.1016/j.ejcb.2007.07.003
http://www.ncbi.nlm.nih.gov/pubmed/17761354
https://doi.org/10.1002/pmic.200600082
http://www.ncbi.nlm.nih.gov/pubmed/16835851
https://doi.org/10.1093/hmg/ddq398
http://www.ncbi.nlm.nih.gov/pubmed/20843828
https://doi.org/10.1371/journal.pone.0020395
http://www.ncbi.nlm.nih.gov/pubmed/21731611
https://doi.org/10.1161/CIRCGENETICS.109.898395
https://doi.org/10.1161/CIRCGENETICS.109.898395
http://www.ncbi.nlm.nih.gov/pubmed/20124441
https://doi.org/10.1016/j.ijcard.2015.04.003
https://doi.org/10.1016/j.ijcard.2015.04.003
http://www.ncbi.nlm.nih.gov/pubmed/25889438
https://doi.org/10.1172/JCI39085
https://doi.org/10.1172/JCI39085
http://www.ncbi.nlm.nih.gov/pubmed/20038796
https://doi.org/10.1371/journal.pgen.1006984


21. Wang M, Ding H, Kang J, Hu K, Lu W, Zhou X, et al. Association between polymorphisms of the HSPB7

gene and Cheyne-Stokes respiration with central sleep apnea in patients with dilated cardiomyopathy

and congestive heart failure. International journal of cardiology. 2016; 221:926–31. https://doi.org/10.

1016/j.ijcard.2016.07.107 PMID: 27441470

22. Stark K, Esslinger UB, Reinhard W, Petrov G, Winkler T, Komajda M, et al. Genetic association study

identifies HSPB7 as a risk gene for idiopathic dilated cardiomyopathy. PLoS genetics. 2010; 6(10):

e1001167. https://doi.org/10.1371/journal.pgen.1001167 PMID: 20975947

23. Cappola TP, Matkovich SJ, Wang W, van Booven D, Li M, Wang X, et al. Loss-of-function DNA

sequence variant in the CLCNKA chloride channel implicates the cardio-renal axis in interindividual

heart failure risk variation. Proceedings of the National Academy of Sciences of the United States of

America. 2011; 108(6):2456–61. https://doi.org/10.1073/pnas.1017494108 PMID: 21248228

24. Lahvic JL, Ji Y, Marin P, Zuflacht JP, Springel MW, Wosen JE, et al. Small heat shock proteins are nec-

essary for heart migration and laterality determination in zebrafish. Developmental biology. 2013; 384

(2):166–80. https://doi.org/10.1016/j.ydbio.2013.10.009 PMID: 24140541

25. Rosenfeld GE, Mercer EJ, Mason CE, Evans T. Small heat shock proteins Hspb7 and Hspb12 regulate

early steps of cardiac morphogenesis. Developmental biology. 2013; 381(2):389–400. https://doi.org/

10.1016/j.ydbio.2013.06.025 PMID: 23850773

26. Sohal DS, Nghiem M, Crackower MA, Witt SA, Kimball TR, Tymitz KM, et al. Temporally regulated and

tissue-specific gene manipulations in the adult and embryonic heart using a tamoxifen-inducible Cre

protein. Circulation research. 2001; 89(1):20–5. PMID: 11440973

27. Aberle H, Schwartz H, Kemler R. Cadherin-catenin complex: protein interactions and their implications

for cadherin function. Journal of cellular biochemistry. 1996; 61(4):514–23. https://doi.org/10.1002/

(SICI)1097-4644(19960616)61:4&lt;514::AID-JCB4&gt;3.0.CO;2-R PMID: 8806074

28. Juo LY, Liao WC, Shih YL, Yang BY, Liu AB, Yan YT. HSPB7 interacts with dimerized FLNC and its

absence results in progressive myopathy in skeletal muscles. Journal of cell science. 2016; 129

(8):1661–70. https://doi.org/10.1242/jcs.179887 PMID: 26929074

29. Fujita M, Mitsuhashi H, Isogai S, Nakata T, Kawakami A, Nonaka I, et al. Filamin C plays an essential

role in the maintenance of the structural integrity of cardiac and skeletal muscles, revealed by the

medaka mutant zacro. Developmental biology. 2012; 361(1):79–89. https://doi.org/10.1016/j.ydbio.

2011.10.008 PMID: 22020047

30. Li D, Liu Y, Maruyama M, Zhu W, Chen H, Zhang W, et al. Restrictive loss of plakoglobin in cardiomyo-

cytes leads to arrhythmogenic cardiomyopathy. Human molecular genetics. 2011; 20(23):4582–96.

https://doi.org/10.1093/hmg/ddr392 PMID: 21880664

31. Bersell K, Choudhury S, Mollova M, Polizzotti BD, Ganapathy B, Walsh S, et al. Moderate and high

amounts of tamoxifen in alphaMHC-MerCreMer mice induce a DNA damage response, leading to heart

failure and death. Disease models & mechanisms. 2013; 6(6):1459–69.

32. Noorman M, van der Heyden MA, van Veen TA, Cox MG, Hauer RN, de Bakker JM, et al. Cardiac cell-

cell junctions in health and disease: Electrical versus mechanical coupling. Journal of molecular and cel-

lular cardiology. 2009; 47(1):23–31. https://doi.org/10.1016/j.yjmcc.2009.03.016 PMID: 19344726

33. Kostetskii I, Li J, Xiong Y, Zhou R, Ferrari VA, Patel VV, et al. Induced deletion of the N-cadherin gene

in the heart leads to dissolution of the intercalated disc structure. Circulation research. 2005; 96(3):346–

54. https://doi.org/10.1161/01.RES.0000156274.72390.2c PMID: 15662031

34. Ferreira-Cornwell MC, Luo Y, Narula N, Lenox JM, Lieberman M, Radice GL. Remodeling the interca-

lated disc leads to cardiomyopathy in mice misexpressing cadherins in the heart. J Cell Sci. 2002; 15

(115):1623–34.

35. Alcalai R, Metzger S, Rosenheck S, Meiner V, Chajek-Shaul T. A recessive mutation in desmoplakin

causes arrhythmogenic right ventricular dysplasia, skin disorder, and woolly hair. Journal of the Ameri-

can College of Cardiology. 2003; 42(2):319–27. PMID: 12875771

36. Asimaki A, Syrris P, Wichter T, Matthias P, Saffitz JE, McKenna WJ. A novel dominant mutation in pla-

koglobin causes arrhythmogenic right ventricular cardiomyopathy. American journal of human genetics.

2007; 81(5):964–73. https://doi.org/10.1086/521633 PMID: 17924338

37. Gutstein DE, Liu FY, Meyers MB, Choo A, Fishman GI. The organization of adherens junctions and des-

mosomes at the cardiac intercalated disc is independent of gap junctions. Journal of cell science. 2003;

116(Pt 5):875–85. PMID: 12571285

38. Perriard JC, Hirschy A, Ehler E. Dilated cardiomyopathy: a disease of the intercalated disc? Trends in

cardiovascular medicine. 2003; 13(1):30–8. PMID: 12554098

39. Li J, Patel VV, Kostetskii I, Xiong Y, Chu AF, Jacobson JT, et al. Cardiac-specific loss of N-cadherin

leads to alteration in connexins with conduction slowing and arrhythmogenesis. Circulation research.

2005; 97(5):474–81. https://doi.org/10.1161/01.RES.0000181132.11393.18 PMID: 16100040

HSPB7 in arrhythmogenic cardiomyopathy

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1006984 August 21, 2017 22 / 23

https://doi.org/10.1016/j.ijcard.2016.07.107
https://doi.org/10.1016/j.ijcard.2016.07.107
http://www.ncbi.nlm.nih.gov/pubmed/27441470
https://doi.org/10.1371/journal.pgen.1001167
http://www.ncbi.nlm.nih.gov/pubmed/20975947
https://doi.org/10.1073/pnas.1017494108
http://www.ncbi.nlm.nih.gov/pubmed/21248228
https://doi.org/10.1016/j.ydbio.2013.10.009
http://www.ncbi.nlm.nih.gov/pubmed/24140541
https://doi.org/10.1016/j.ydbio.2013.06.025
https://doi.org/10.1016/j.ydbio.2013.06.025
http://www.ncbi.nlm.nih.gov/pubmed/23850773
http://www.ncbi.nlm.nih.gov/pubmed/11440973
https://doi.org/10.1002/(SICI)1097-4644(19960616)61:4&lt;514::AID-JCB4&gt;3.0.CO;2-R
https://doi.org/10.1002/(SICI)1097-4644(19960616)61:4&lt;514::AID-JCB4&gt;3.0.CO;2-R
http://www.ncbi.nlm.nih.gov/pubmed/8806074
https://doi.org/10.1242/jcs.179887
http://www.ncbi.nlm.nih.gov/pubmed/26929074
https://doi.org/10.1016/j.ydbio.2011.10.008
https://doi.org/10.1016/j.ydbio.2011.10.008
http://www.ncbi.nlm.nih.gov/pubmed/22020047
https://doi.org/10.1093/hmg/ddr392
http://www.ncbi.nlm.nih.gov/pubmed/21880664
https://doi.org/10.1016/j.yjmcc.2009.03.016
http://www.ncbi.nlm.nih.gov/pubmed/19344726
https://doi.org/10.1161/01.RES.0000156274.72390.2c
http://www.ncbi.nlm.nih.gov/pubmed/15662031
http://www.ncbi.nlm.nih.gov/pubmed/12875771
https://doi.org/10.1086/521633
http://www.ncbi.nlm.nih.gov/pubmed/17924338
http://www.ncbi.nlm.nih.gov/pubmed/12571285
http://www.ncbi.nlm.nih.gov/pubmed/12554098
https://doi.org/10.1161/01.RES.0000181132.11393.18
http://www.ncbi.nlm.nih.gov/pubmed/16100040
https://doi.org/10.1371/journal.pgen.1006984


40. Eckardt D, Theis M, Degen J, Ott T, van Rijen HV, Kirchhoff S, et al. Functional role of connexin43 gap

junction channels in adult mouse heart assessed by inducible gene deletion. Journal of molecular and

cellular cardiology. 2004; 36(1):101–10. PMID: 14734052

41. van der Ven PF, Wiesner S, Salmikangas P, Auerbach D, Himmel M, Kempa S, et al. Indications for a

novel muscular dystrophy pathway. gamma-filamin, the muscle-specific filamin isoform, interacts with

myotilin. The Journal of cell biology. 2000; 151(2):235–48. PMID: 11038172

42. Li J, Swope D, Raess N, Cheng L, Muller EJ, Radice GL. Cardiac tissue-restricted deletion of plakoglo-

bin results in progressive cardiomyopathy and activation of {beta}-catenin signaling. Molecular and cel-

lular biology. 2011; 31(6):1134–44. https://doi.org/10.1128/MCB.01025-10 PMID: 21245375

43. Dalkilic I, Schienda J, Thompson TG, Kunkel LM. Loss of FilaminC (FLNc) results in severe defects in

myogenesis and myotube structure. Molecular and cellular biology. 2006; 26(17):6522–34. https://doi.

org/10.1128/MCB.00243-06 PMID: 16914736

44. Arndt V, Dick N, Tawo R, Dreiseidler M, Wenzel D, Hesse M, et al. Chaperone-assisted selective autop-

hagy is essential for muscle maintenance. Current biology: CB. 2010; 20(2):143–8. https://doi.org/10.

1016/j.cub.2009.11.022 PMID: 20060297

45. Ulbricht A, Eppler FJ, Tapia VE, van der Ven PF, Hampe N, Hersch N, et al. Cellular mechanotransduc-

tion relies on tension-induced and chaperone-assisted autophagy. Current biology: CB. 2013; 23

(5):430–5. https://doi.org/10.1016/j.cub.2013.01.064 PMID: 23434281

46. Ortiz-Genga MF, Cuenca S, Dal Ferro M, Zorio E, Salgado-Aranda R, Climent V, et al. Truncating

FLNC Mutations Are Associated With High-Risk Dilated and Arrhythmogenic Cardiomyopathies. Jour-

nal of the American College of Cardiology. 2016; 68(22):2440–51. https://doi.org/10.1016/j.jacc.2016.

09.927 PMID: 27908349

47. Kley RA, Hellenbroich Y, van der Ven PF, Furst DO, Huebner A, Bruchertseifer V, et al. Clinical and

morphological phenotype of the filamin myopathy: a study of 31 German patients. Brain: a journal of

neurology. 2007; 130(Pt 12):3250–64.

48. Avila-Smirnow D, Gueneau L, Batonnet-Pichon S, Delort F, Becane HM, Claeys K, et al. Cardiac

arrhythmia and late-onset muscle weakness caused by a myofibrillar myopathy with unusual histopath-

ological features due to a novel missense mutation in FLNC. Revue neurologique. 2016; 172(10):594–

606. https://doi.org/10.1016/j.neurol.2016.07.017 PMID: 27633507

49. Young B, Heath JW. Wheater’s Functional Histology: A Text and Colour Atlas. London: Churchill Liv-

ingstone; 2003.

50. Cesarovic N, Jirkof P, Rettich A, Arras M. Implantation of radiotelemetry transmitters yielding data on

ECG, heart rate, core body temperature and activity in free-moving laboratory mice. Journal of visual-

ized experiments: JoVE. 2011(57).

51. Wu CY, Chen YF, Wang CH, Kao CH, Zhuang HW, Chen CC, et al. A persistent level of Cisd2 extends

healthy lifespan and delays aging in mice. Human molecular genetics. 2012; 21(18):3956–68. https://

doi.org/10.1093/hmg/dds210 PMID: 22661501

HSPB7 in arrhythmogenic cardiomyopathy

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1006984 August 21, 2017 23 / 23

http://www.ncbi.nlm.nih.gov/pubmed/14734052
http://www.ncbi.nlm.nih.gov/pubmed/11038172
https://doi.org/10.1128/MCB.01025-10
http://www.ncbi.nlm.nih.gov/pubmed/21245375
https://doi.org/10.1128/MCB.00243-06
https://doi.org/10.1128/MCB.00243-06
http://www.ncbi.nlm.nih.gov/pubmed/16914736
https://doi.org/10.1016/j.cub.2009.11.022
https://doi.org/10.1016/j.cub.2009.11.022
http://www.ncbi.nlm.nih.gov/pubmed/20060297
https://doi.org/10.1016/j.cub.2013.01.064
http://www.ncbi.nlm.nih.gov/pubmed/23434281
https://doi.org/10.1016/j.jacc.2016.09.927
https://doi.org/10.1016/j.jacc.2016.09.927
http://www.ncbi.nlm.nih.gov/pubmed/27908349
https://doi.org/10.1016/j.neurol.2016.07.017
http://www.ncbi.nlm.nih.gov/pubmed/27633507
https://doi.org/10.1093/hmg/dds210
https://doi.org/10.1093/hmg/dds210
http://www.ncbi.nlm.nih.gov/pubmed/22661501
https://doi.org/10.1371/journal.pgen.1006984

