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Abstract
Rationale—A homozygous disruption or genetic mutation of the bag3 gene, a member of the
Bcl-2-associated athanogene (BAG) family proteins, causes cardiomyopathy and myofibrillar
myopathy that is characterized by myofibril and Z-disc disruption. However, the detailed disease
mechanism is not yet fully understood.

Objective—bag3−/− mice exhibit differences in the extent of muscle degeneration between
muscle groups with muscles experiencing the most usage degenerating at an accelerated rate.
Usage-dependent muscle degeneration suggests a role for BAG3 in supporting cytoskeletal
connections between the Z-disc and myofibrils under mechanical stress. The mechanism by which
myofibrillar structure is maintained under mechanical stress remains unclear. The purpose of the
study is to clarify the detailed molecular mechanism of BAG3-mediated muscle maintenance
under mechanical stress.

Methods and Results—To address the question of whether bag3 gene knockdown induces
myofibrillar disorganization caused by mechanical stress, in vitro mechanical stretch experiments
using rat neonatal cardiomyocytes and an shRNA-mediated gene knockdown system of the bag3
gene were performed. As expected, mechanical stretch rapidly disrupts myofibril structures in
bag3 knockdown cardiomyocytes. BAG3 regulates the structural stability of F-actin through the
actin capping protein, CapZβ1, by promoting association between Hsc70 and CapZβ1. BAG3
facilitates the distribution of CapZβ1 to the proper location, and dysfunction of BAG3 induces
CapZ ubiquitin-proteasome-mediated degradation. Inhibition of CapZβ1 function by
overexpressing CapZβ2 increased myofibril vulnerability and fragmentation under mechanical
stress. On the other hand, overexpression of CapZβ1 inhibits myofibrillar disruption in bag3
knockdown cells under mechanical stress. As a result, heart muscle isolated from bag3−/− mice
exhibited myofibrillar degeneration, and lost contractile activity after caffeine contraction.

Conclusions—These results suggest novel roles for BAG3 and Hsc70 in stabilizing myofibril
structure and inhibiting myofibrillar degeneration in response to mechanical stress. These proteins
are possible targets for further research to identify therapies for myofibrillar myopathy or other
degenerative diseases.
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Introduction
Molecular chaperones and co-chaperones have critical roles in protein folding, inhibition of
protein aggregation and degradation of misfolded proteins. There are two major cytosolic
molecular chaperones in the cellular protein folding machinery: stress inducible Hsp70 and
constitutively expressed Hsc70. BAG3 is a member of the Bcl-2-associated athanogene
(BAG) family of proteins that regulate Hsp70/Hsc70 chaperone activity via their conserved
C-terminal domains1. The upstream region of BAG family proteins diverges, which
presumably allows the different family members to act in a variety of settings. BAG3 carries
both a WW domain and PXXP motif that are typical of proteins that interact with the
cytoskeleton2. BAG3 expression is notably high in skeletal and cardiac muscle tissue3.
Consistent with this finding, bag3-deficient mice show severe muscle dysfunction and die
on average four weeks after birth3. Recently, identical mutations in BAG3 were identified in
three myofibrillar myopathy patients. This mutation involved a substitution of proline for
leucine at amino acid 209 (P209L), where no distinct protein motifs are located4. All three
patients experienced symptoms beginning in childhood that included progressive limb and
axial weakness and each developed cardiomyopathy.

Myofibrillar myopathy is a genetically heterogeneous group of diseases characterized by
progressive muscle weakness, and, at a cellular level, disrupted Z-disc structure and
myofibrillar degeneration5. Mutations in genes encoding Z-disc proteins can result in
increased vulnerability of muscle tissue to mechanical stress, causing cardiomyopathy and
myofibrillar myopathy6, 7. Myofibrillar myopathy is sometimes accompanied by cytosolic
aggregated protein and ectopic accumulation of various different myofibrillar proteins,
which may be due to abnormalities in protein folding and assembly of Z-disc proteins8, 9.
These data suggest that BAG3 may play an important role in facilitating protein folding and
maintaining the stability of myofibrillar proteins under mechanical stress.

The length of actin filaments is tightly regulated and may grow or shrink depending on the
rate of globular actin (G-actin) polymerization to form filamentous-actin (F-actin) with
concomitant ATP hydrolysis. Filament length is dependent in part on the activity of two
types of capping proteins, tropomodulin 1 and F-actin capping protein, which act on the
pointed and barbed ends, respectively, of F-actin. In addition, a giant protein, nebulin
regulates actin filament lengths by stabilizing the filaments10. A specific interaction
demonstrated between CapZ and the nebulin C-terminus may aid in positioning the actin
filaments at the Z-disc and also facilitate linkage of adjacent sarcomeres11. F-actin capping
protein is termed CapZ because of its localization at the Z-disc. CapZ binds with high
affinity to the barbed (+) end of actin to prevent the dissociation of actin monomers from the
filament end12. CapZ is comprised of a 1:1 heterodimer of α and β subunits. Vertebrates
have three α subunits, which are encoded by three different genes, while threeβ subunits
arise from one gene as a result of alternative splicing13–15. In muscle, capping protein α1
subunit and β1 subunit are localized at the Z-disc, and form CapZ13, 16. CapZ binds to α-
actinin at the Z-disc, and anchors the actin thin filament to the Z-disc17. Inhibition of CapZ
function using a CapZ-specific monoclonal antibody resulted in abnormal actin
architecture12, while expression of CapZ mutants caused abnormal myofibrillar assembly12,
suggesting that CapZ plays important roles in maintaining both actin and Z-disc structures.
In yeast and dictyostelium, null mutants or underexpressors of capping proteins have
aberrant actin structure and cell morphology, but these mutations are not lethal18–20. In
contrast, capping protein has an essential function in higher organisms, as evidenced by
Drosophila with mutations in capping protein β showing a lethal phenotype during the early
larval stage21. The two isoforms of the CapZβ subunit have distinctive functions with
CapZβ1 distributing to the Z disk and CapZβ2 preferentially localizing to the intercalated
disk. Mice expressing the CapZβ2 isoform under the control of the α-MyHC promoter, in
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which the physiological function of CapZβ1 was inhibited by overexpressed CapZβ2, died
with severe myofibril disruption between 7 and 26 days after birth22. These mice exhibited
stunted growth, an irregular gait, and labored breathing for several days before death22.

In this study, we report that BAG3 is crucial for the maintenance of myofibrillar integrity
under mechanical stress. In the absence of BAG3, myofibril structure was disrupted. We
demonstrate that BAG3 regulates myofibril stability by facilitating the association of Hsc70
with CapZβ1, which resulted in the tight association of CapZ with F-actin. The absence of
BAG3 in both bag3 knockdown cardiomyocytes and bag3-deficient mice rendered CapZ
vulnerable to degradation. Inhibition of CapZβ1 function by overexpressing CapZβ2
increased Z-disc vulnerability and fragmentation of myofibril structure under mechanical
stress. On the other hand, overexpression of CapZβ1 inhibits myofibrillar disruption in bag3
knockdown cells under mechanical stress. As a result, heart muscle isolated from bag3−/−

mice exhibited myofibrillar degeneration, and lost contractile activity after caffeine
contraction.

Materials and Methods
Ex-vivo Contracture and Electron Microscopy of Papillary Muscle

Small cardiac muscle strips (0.3–0.4 mm in diameter and 2 mm in length) were dissected
from papillary muscle of bag3−/−or bag3+/− left ventricles as previously described in
detail23. The strips were tied with a silk monofilament between a force transducer (AE801,
SensoNor, Horten Norway) and an extension of a micromanipulator to adjust the muscle
length, such that the bundles produced a maximum force. The strips were mounted in a well
on a temperature-controlled multiple-well plate to allow for rapid solution changes. The
force transducer output was digitized using PowerLab/8SP (ADInstruments, Colorado
Springs, CO). The temperature was maintained at 30°C with circulating water.

To generate a large contracture in cardiac muscle, 20 mmol/L caffeine was used under Na-
free, depolarizing conditions, where 150 mmol/L NaCl in the external solution was replaced
with equimolar K-methanesulfonate24. The strips were repeatedly stimulated with caffeine
for 5 minutes at intervals of 15 minutes in the Na-free solution for a total of six cycles. After
caffeine was removed and the force was returned to resting levels, the strips were prefixed
with 4% paraformaldehyde for 20 minutes at 30°C followed by fixation in 2%
paraformaldehyde/2% glutaraldehyde in PBS for 2 hours, and post-fixed in osmium
tetroxide for 2 hours, and embedded in araldite epoxy resin. Strips without caffeine
contracture were also fixed for further electron microscopic analysis. Semi-thin sections
(1μm) were stained with toluidine blue for light microscopic evaluation prior to sectioning
for ultrastructural evaluation. Ultrathin sections (60–90nm) were stained with uranyl acetate
and lead citrate and examined using a Siemens Elmskop 101 electron microscope at 80 kV.

Equibiaxial strain system
Cardiomyocytes were plated onto a silicon sheeting (Specialty Manufacturing, Saginaw, MI)
coated with 0.5μg/ml fibronectin (SIGMA) at a density of 2×105 cells/cm2. Cells were
infected with adenovirus encodingβ-galactosidase or the indicated genes, and incubated for
24 hours. Cells were incubated for an additional 24 hours without serum, which halts
autonomous contraction. After 24 hours of incubation in serum-free medium, mechanical
stress corresponding to 20% stretch was applied to cells using an equibiaxial strain system
described by Lee et al. 25.
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Results
Mechanical stress induces myofibril destabilization

Mice with a homozygous disruption of the bag3 gene develop a myofibrillar myopathy
characterized by non-inflammatory myofibrillar degeneration3. In bag3−/− mice, differences
in the extent of muscle degeneration among muscle groups suggest that muscles
experiencing the most usage degenerate at an accelerated rate3. Usage-dependent muscle
degeneration suggests a role for BAG3 in supporting cytoskeletal connections between the
Z-disc and myofibrils under mechanical stress. To address the question of whether bag3
gene knockdown induces myofibrillar disorganization caused by mechanical stress, in vitro
experiments using rat neonatal cardiomyocytes and an shRNA-mediated gene knockdown
system of the bag3 gene were performed. Cardiomyocytes were cultured on a fibronectin-
coated elastic sheet (silicon sheet) and a homogenous continuous equibiaxial stretch was
applied to cardiomyocytes that had been infected with adenovirus containing bag3 shRNA
48 hours prior to beginning the experiment (Figure 1A). After 2 hours of static stretch, both
actin and α-actinin staining indicated disruption of myofibril structure in bag3 knockdown
cardiomyocytes (Figure 1B). In the absence of static stretch, the staining pattern of both
actin and α-actinin showed no clear differences between control and bag3 shRNA-treated
cells (Figure 1B). Quantitative analysis of myofibril length also showed that the length of
myofibril in bag3 knockdown cells is significantly shorter than that of the control after
mechanical stress (Figure 1C). These results indicate that bag3 has crucial roles in
maintaining myofibril structures under mechanical stress.

In cardiomyocytes with shRNA gene knockdown of bag3, myofibril structure was disrupted
after mechanical stress (Figure 1B). Since our recent findings indicated that BAG3 can
regulate cell motility by affecting actin organization2, we examined the role of BAG3 in
actin organization in an in vitro model of myofibrillar degeneration using cardiomyocytes.
To analyze whether BAG3 regulates actin, we used the F-actin destabilizing reagent
cytochalasin D. One day following cardiomyocyte infection with bag3 knockdown
adenovirus, normal actin and Z-disc structures in cardiomyocytes were maintained. Upon
addition of varying amounts of cytochalasin D (0–1 μM), the myofibril structure was
significantly disrupted in cardiomyocytes infected with bag3 shRNA adenovirus, but was
well-maintained in control cardiomyocytes (Figure 1D). The average myofibril length was
calculated and statistically analyzed; the results indicated that the length of myofibril in
bag3 knockdown cardiomyocytes was statistically shorter than that of control
cardiomyocytes (Figure 1E). On the other hand, bag3 overexpression rendered cells more
resistant to cytochalasin D compared to control cardiomyocytes (Figure 1D). Z-disc
structures were also affected in bag3 knockdown cardiomyocytes after cytochalasin D
exposure, suggesting that proper thin filament structure is necessary to maintain Z-disc
structure (Figure 1D). Thus, these data support a role for BAG3 in stabilizing myofibril
structure via F-actin, and the absence of BAG3 results in not only myofibril disruption but
also Z-disc structure destabilization under mechanical stress.

A novel function for BAG3: promoting the interaction between Hsc70/Hsp70 and CapZ
proteins

The next question is how BAG3 maintains myofibril stability upon myofibril disruption
caused by mechanical stress or depolymerization reagents. To address this question, an in
vitro actin polymerization assay was employed to examine the effect of BAG3 on actin
polymerization. Purified recombinant BAG3 protein was mixed with pyrene-conjugated G-
actin, in the presence of both ATP and CaCl2 and the fluorescence intensity of polymerized
pyrene-conjugated actin was monitored. Neither recombinant BAG3 nor BAG3 purified
from mammalian cell lysates either with or without purified Hsp70 affected the
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polymerization reaction (data not shown), indicating that on their own BAG3 and/or Hsp70
do not regulate actin polymerization in vitro. This result suggests that accessory proteins are
likely necessary to mediate BAG3’s effects on actin filament regulation.

Cytochalasin D has been reported to destabilize F-actin by driving F-actin capping protein
away from the barbed end26. This actin capping protein, CapZ, is an important molecule for
regulating F-actin stability at the barbed end. Although genetic mutation of CapZ has not
been reported in any human diseases, CapZ is one of the candidate proteins implicated in
myofibrillar myopathy27. Like BAG3, Hsc70 is reported to bind the CapZβ1 subunit, which
enhances CapZ’s actin capping activity18, 20. Here, we analyzed whether BAG3 can regulate
F-actin stability by way of CapZ.

CapZ exists as a heterodimer of α and β subunits at a 1:1 molar ratio with the β1 subunit
isoform preferentially localizing to the Z-disc13. To confirm the co-localization of CapZ
proteins and BAG3, adenovirus expression vectors encoding either Myc-tagged CapZα or
CapZβ1 were generated and used to infect cardiomyocytes along with adenovirus carrying
Flag-tagged BAG3. As determined by immunofluorescence, BAG3 co-localized with CapZ
proteins at the Z-disc (Figure 2A). The interaction between CapZ and Hsc70 was confirmed
by an immunoprecipitation assay using endogenous or overexpressed protein. For
immunoprecipitation, we used cell or tissues having sarcomere structures. CapZ proteins
were solubilized from differentiated myotubes, but not from cardiomyocytes or muscle
tissues. Myotubes were induced using the mouse myoblast cell line, C2C12, from which cell
lysates were prepared and used for immunoprecipitation with anti-BAG3 antibody, followed
by 2-dimensional gel electrophoresis. CapZβ were detected with anti-pan CapZβ antibody,
which recognizes both CapZβ1 and CapZβ2. As shown in Figure 2B, at least four spots were
detected by CapZβ antibody in cell lysates from differentiating myotubes. The isoform-
specific antibodies (a gift from Dr. J.A. Cooper, Washington University, St. Louis) were
also used for western blot, which indicated that the left three spots were CapZβ1 and the
right spot was CapZβ2 (not shown). Similar 2-dimensional electrophoresis patterns were
reported by Cooper’s lab previously, but the acidic shifting of CapZβ1 signals in isoelectric
focusing has not been biochemically analyzed13. After immunoprecipitation with the anti-
BAG3 antibody, isolated immunocomplexes revealed three different positive spots of CapZβ
proteins, CapZβ1 (Figure 2B, left two spots) and CapZβ2 (Figure 2B, right spot). The
intensity of each spot might indicate a different affinity of β1 and β2 isoforms for BAG3.
Interestingly, the right spot of CapZβ1 had better recovery in BAG3 immunocomplexes,
suggesting that post-translational modifications of CapZβ1 may potentially influence its
interaction with the BAG3/Hsc70 complex. In the same immunocomplex, Hsc70 and CapZα
were detected, with the absence of desmin in these complexes serving as a negative control.
CapZα antibody detected two major spots in cell lysates and only one spot at the basic
position recovered in immunocomplex with BAG3 (Figure 2B, right spot). According to
previous reports by Dr. Cooper’s lab, the CapZα isoforms, α1 andα2, corresponded to left
and right spots, respectively, at the same molecular weight on a 2-dimensional gel. Thus, we
expected that the immunoprecipitated CapZα was the α2 isoform, however, since we only
have antibodies to detect both CapZα1 and α2, the isoform identity of these two spots could
not be confirmed in this experiment. Next, we confirmed the association among BAG3,
Hsc70, and CapZ proteins using an overexpression system. Myc-tagged CapZα and CapZβ1
were expressed in HEK293 cells with or without Flag-tagged BAG3 or Flag-tagged Hsc70,
and the cell lysates were incubated with anti-Flag antibody. This assay also indicated that
CapZβ bound to Hsc70 as well as BAG3 (Figure 2C). Interestingly, increased expression
levels of Myc-tagged BAG3 strongly promoted CapZβ1 binding to Hsc70 (Figure 2C).
Although the interaction was weak compared to CapZβ1, CapZα also bound to Hsc70 in the
presence of BAG3 (Figure 2C). The role of BAG3 in the association between Hsc70 and
CapZ proteins was also confirmed in vitro. Both CapZα and CapZβ1 were co-expressed in
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bacteria, and purified as GST fusion proteins using GSH sepharose beads. Hsp70 purified
from bovine brain bound to GST-CapZ proteins but not GST itself (Figure 2D). When the
assay was performed in the presence of BAG3 purified from insect cells, more Hsp70
associated with CapZ proteins, confirming the immunoprecipitation assay results (Figure
2D), and suggesting that Hsp70 binds CapZ proteins directly, and that BAG3 enhances this
interaction without involving other components.

Since BAG3 interacts with Hsc70 and promotes the interaction between Hsc70 and CapZ
proteins, we were prompted to determine the intracellular localization of Hsc70 when BAG3
is overexpressed. Flag-tagged Hsc70 was expressed in HEK293 cells, and an
immunostaining assay was performed with an anti-Flag antibody. Hsc70 expressed alone
had a diffuse cytoplasmic localization, but BAG3 overexpression directed Hsc70 to the
juxtamembrane region where CapZ proteins and F-actin are enriched (Figure 2E).

We also verified the function of BAG3 using a FRET assay. CFP-conjugated CapZβ was
expressed with YFP-conjugated Hsc70 in HEK293 cells. After 24 hours of culture, the cells
were visualized by confocal microscopy using emission and excitation wavelengths as
described in the Methods. Only very weak signals from these two molecules were detected
by FRET, but when BAG3 was also expressed, the fluorescence signal was strongly
enhanced (Figure 2F), indicating that BAG3 promotes a tight interaction between CapZ and
Hsc70 in vivo.

BAG3 enhances the proper localization and stabilization of CapZ proteins
To understand the significance of the association between CapZ and Hsc70 in the presence
of BAG3, Myc-tagged CapZβ1 was expressed in cardiomyocytes with or without Flag-
tagged BAG3, and an immunostaining assay was performed to detect differences in CapZβ1
localization. Overexpression of CapZβ1 alone produced a diffuse cytosolic localization, but
upon BAG3 co-overexpression, CapZβ1 translocated to the Z-disc (Figure 3A). To
investigate the mechanism of CapZβ1 localization, we used cellular fractionation to separate
lysates of rat neonatal cardiomyocytes infected with CapZβ1 adenovirus with or without
adenovirus encoding flag-tagged bag3 into two fractions, the G-actin and F-actin fraction,
followed by analysis of CapZ distribution. CapZα was also expressed together with CapZβ1
to determine the localization and stability of this subunit, since both isoforms are reported to
be necessary for physiological dimerization at the Z-disc and overexpression of CapZα1 or
β1 protein subunits singly could destabilize both isoforms28.

As shown in the western blot of the total lysate, co-expression of CapZα increased the
intensity of CapZβ1 signals in the lysate (Figure 3B). Similarly, when BAG3 was
overexpressed with CapZβ1 in cardiomyocytes, immunodetection of CapZβ1 indicated high
intensity of signals on a western blot of the protein compared to lysates from cells
expressing only CapZβ1, suggesting that BAG3 as well as CapZα increased CapZβ1
expression (Figure 3B).

When CapZα1 is co-expressed with CapZβ1, both proteins are detected in the G-actin and F-
actin fractions, however with overexpression of BAG3, the majority of stabilized CapZβ1
localized to the F-actin filament (Figure 3B).

To understand the importance of the interaction of BAG3 with Hsc70 for the stability and
translocalization of CapZ proteins, we expressed various BAG3 mutants in HEK293 cells
with CapZβ1, and performed a fractionation assay. The BAG3 protein possesses three
known protein interaction motifs: the WW domain, which interacts with the PPXY sequence
found in various subcellular compartments; the PxxP motif, a candidate interaction site for
SH3 domain proteins; and the BAG domain, which interacts with Hsp70/Hsc70. While wild-
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type BAG3, ΔWW, and ΔPxxP each promoted CapZβ1 translocation to the juxtamembrane
region, the BAG mutant, which does not bind to Hsc70, failed to do so (Figure 3C). BAG
also did not stabilize CapZβ1 in this experiment, suggesting that the interaction between
BAG3 and Hsc70 is crucial for both CapZ stability and localization. Hsc70 itself has a weak
effect on the localization and stability of CapZβ1 but this effect is enhanced synergistically
in the presence of BAG3 (Online Figure I). To understand the importance of BAG3 in this
role, bag3 knockdown 293 cells were transfected with a plasmid expressing Hsc70. As
expected, increased destabilization of CapZβ1 was observed in bag3 knockdown cells, and
importantly, the presence of Hsc70 had little or no effect on CapZβ1 stability in these cells
(Online Figure II). Taken together, BAG3 enhances the interaction between Hsc70 and
CapZ proteins (Figure 2B and 2B), and modulates the interaction between Hsc70 and CapZ
proteins to ensure the proper expression and localization of CapZ proteins.

Using anti-CapZα1 and β1 specific antibodies, we performed additional experiments to
investigate how BAG3 might stabilize CapZ protein. After 2, 3, and 4 days of shRNA bag3
adenovirus infection, cardiomyocytes were harvested and cell lysates were subjected to
SDS-PAGE, followed by western blot analysis. Immunoblot analysis showed that
endogenous CapZβ1 levels were decreased when bag3 gene expression was depleted (Figure
3D, upper panel). Interestingly, CapZα1 protein expression was also detected at lower levels
compared to control infected cells. The decreased expression of CapZβ1 observed in bag3
knockdown cardiomyocytes likely does not occur at the RNA level since RT-PCR showed
no difference in RNA levels between control and bag3 knockdown cardiomyocytes (Online
Figure III). From the above results, we may conclude that BAG3 is important for the proper
localization and protein stability of CapZβ1.

BAG family proteins are co-chaperones with Hsp70/Hsc70 family molecular chaperones
and their activity has been reported to be critical for protein folding or degradation
pathways29, 30. To investigate the regulation of CapZβ1 protein stability by ubiquitin
proteasome degradation, we used the proteasome inhibitor MG132. With increasing MG132
doses, CapZβ1 signals recovered even at low levels of BAG3 (Figure 3E). Thus, CapZ
proteins appear to be destabilized and degraded via the proteasome in the absence of BAG3
assistance. Finally, the reduction of CapZβ1 was also verified in protein lysates from hearts
isolated from bag3−/− mice at the age of 14 days (Figure 3F and Online Figure IV). Taken
together, these results indicate that BAG3 promotes the interaction between Hsc70 and
CapZ proteins, which is crucial for the proper localization and expression of CapZ proteins,
and the absence of BAG3 leads to inappropriate localization and proteasomal degradation of
CapZ proteins.

BAG3 prevents mechanical stress-induced myofibrillar disorganization through CapZβ1
function

The previous experiments determined that BAG3 has a critical function in maintaining
CapZβ1 localization and stability. Under mechanical stress, myofibril structure is
disorganized in bag3 knockdown cardiomyocytes, which is followed by disruption of Z-disc
structure. To address whether CapZ proteins play a pivotal role in these abnormalities in
bag3 knockdown cardiomyocytes, two strategies were taken: inhibition of CapZβ1 function
and overexpression of CapZβ1 in cardiomyocytes.

First, we studied whether inhibition of CapZβ1 function increased the vulnerability of Z-
discs in cardiomyocytes. Using adenoviral short hairpin shRNA expression vectors to reduce
CapZβ1 expression in rat neonatal cardiomyocytes, we observed moderate myofibril and Z-
disc disruption after 20% static stretch for 2 hours. This result occurred despite a reduction
in CapZβ1 expression of 40% compared to control vector-infected cardiomyocytes (Online
Figure V). The moderate effect of CapZβ1 shRNA expression was likely due to the presence
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of multiple CapZ isoforms. Although CapZβ1 and β2 are translated from alternatively
spliced forms of RNA they differ only in their C-terminal sequence and have similar affinity
for F-actin. The two isoforms have distinct distributions and physiological functions, and
cannot be replaced by each other22. Indeed, CapZβ2 overexpressing transgenic mice
reportedly have severely disrupted Z-discs in vivo, suggesting inhibition of CapZβ1 function
by CapZβ2 overexpression22. Thus, we constructed Myc-tagged CapZβ2 adenovirus
expression vectors to overexpress this protein in cardiomyocytes to determine the effect of
inhibiting CapZβ1 function in cardiomyocytes. As shown in Figure 4A, protein expression
was confirmed by western blot analysis. Interestingly, the CapZβ1 signal was reduced when
CapZβ2 was overexpressed in cardiomyocytes, possibly because CapZα was occupied by
overexpressed CapZβ2 and CapZβ1 was destabilized28. Such reductions in CapZβ1 were
also observed in transgenic mice overexpressing CapZβ222. Next, cardiomyocytes were
stained with anti-Myc antibody, which revealed a diffuse or granular distribution of Myc-
CapZβ2 (Figure 4B). Cardiomyocytes were cultured on a stretchable silicone sheet, infected
with Myc-CapZβ2 or LacZ adenovirus, followed by mechanical stretch for 2 hours and the
cytoskeletal structure examined. CapZβ2 overexpressing cardiomyocytes showed myofibril
structure fragmentation after mechanical stretch, and a similar pattern was seen in bag3
knockdown cells (Figure 4C). The expression of CapZβ1 and β2 in CapZβ1 knockdown or
CapZβ2 overexpressing cardiomyocytes is shown in Online Figure VI. Interestingly,
induction of BAG3 expression was observed in CapZβ1 knockdown and CapZβ2
overexpressing cardiomyocytes, probably due to a compensatory mechanism against low
CapZβ1 expression.

Next, CapZβ1 adenovirus was infected with or without bag3 knockdown and we examined
whether cytoskeletal disruption was reversed. Cardiomyocytes were cultured on a
stretchable silicone sheet, infected with bag3 shRNA adenovirus with or without CapZβ1
adenovirus and mechanical stress was applied, followed by observation of changes in
myofibril and Z-disc structures. The expression level of CapZβ1 was confirmed by western
blot (Figure 4D). After 2 hours of mechanical stress, myofibril structure was severely
disrupted in bag3 knockdown cardiomyocytes, but overexpression of CapZβ1 in the bag3
knockdown cardiomyocytes attenuated the disorganization of myofibril structure (Figure
4E). The statistical analysis of myofibril length also supported the attenuation of cytoskeletal
disorganization in bag3 knockdown cardiomyocytes provided that CapZβ1 was expressed
(Online Figure VII).

These results show that BAG3 and CapZβ1 cooperatively stabilize the Z-disc following
mechanical stress. These experimental results suggest that myofibrillar myopathy in bag3−/−

mice is likely caused by altered Z-disc structure due to dysfunction of BAG3 in myofibril
stabilization through CapZβ1.

Mechanical stress causes degeneration of myofibrillar components leading to muscle
contraction failure

Myofibrillar myopathy is characterized by myofibrillar and Z-disc disruption in striated
muscle. Cardiomyopathy is one of the symptoms observed in this disease, although the
pathological features of this cardiomyopathy have not been well-characterized. We showed
that mechanical stress causes degeneration of myofibrillar structures in bag3 knockdown
cardiomyocytes (Figure 1B). Using heart tissue from bag3−/− mice, the ultrastructure of
papillary muscles from hearts of bag3−/− and control mice at 12 day after birth was
analyzed. Ultrastructural changes were observed with Z-disc widening or smearing as well
as irregularities in the I-band in bag3−/− papillary muscle (Online Figure VIII). Gross
pathological examination indicated that hypertrophic cardiomyopathy was present in hearts
from bag3−/− mice (Figure 5A). Interestingly, patients with the P209L bag3 mutation also
showed hypertrophic cardiomyopathy4. To test whether mechanical stress directly
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influences the degeneration of myofibrillar structure and muscle contractile activity, ex vivo
contracture experiments were performed using caffeine, with active muscle force monitored
by a force transducer. Small strips of papillary muscle were connected to the force
transducer and the relevant solution applied. After six 5 minute exposures to caffeine
(20mM) conducted at 15 minute intervals, Z-disc destruction and myofibrillar degeneration
were observed similarly to the ultrastructural changes present in bag3−/− mouse skeletal
muscle3 or in bag3 knockdown cardiomyocytes (Figure 1B, Figure 5B). As expected, a
rapid reduction of both active and passive tension was observed in bag3−/−specimens
(~50%), while the control tissue displayed only a 10–20% reduction (Figure 5C).

Discussion
In this study we propose a novel function for the BAG family protein BAG3 in stabilizing
CapZ and preventing myofibrillar degeneration under mechanical stress. Myofibrillar
myopathy is characterized by myofibrillar disruption and Z-disc destruction, sometimes
accompanied by protein aggregation and ectopic accumulation of myofibrillar proteins. The
pathogenesis of myofibrillar myopathy is believed to be induced by abnormal function of
proteins on or connecting to the Z-disc, but the precise mechanism by which this occurs or
whether protein aggregation is involved remains unclear. In this report, we showed that
mechanical stress induces myofibrillar and Z-disc disruption in bag3 knockdown
cardiomyocytes or papillary muscle from bag3−/− mice. We also demonstrated that the Z-
disc protein CapZβ1 directly interacts with Hsc70 and this interaction was enhanced by the
presence of BAG3. Without BAG3, CapZβ1 fails to localize to the Z-disc and is degraded
by the proteasome pathway.

BAG3-mediated CapZ stabilization and localization
The BAG family consists of six members, each possessing a BAG domain, which is thought
to be a catalytic domain for ATP exchange in the cytosolic 70kDa molecular chaperone
(Hsc70/Hsp70)29. As such, BAG family proteins may act as functional homologues of the
bacterial chaperone GrpE31, 32, despite the absence of structural homology between the two
proteins. What the exact molecular function of BAG domain proteins might be and why
mammals need six different BAG proteins remains an interesting question. BAG family
proteins have a conserved Hsc70-interacting domain at their C-terminus, but upstream their
sequences diverge and a distinct function for each member has been reported from gene
knockout studies3, 33, 34. In this report, we found that endogenous BAG3 and Hsc70 formed
a complex with CapZ proteins in vivo (Figure 2B) and BAG3 strongly enhances the binding
of Hsc70 to CapZ proteins without requiring additional components (Figure 2C and 2D),
suggesting that at minimum BAG3 functions by promoting the binding of Hsc70/Hsp70 to a
specific substrate, which is in contrast to the previously proposed BAG mechanism of
facilitating Hsc70/Hsp70 substrate release. BAG3 also affects the intracellular localization
of Hsc70, probably due its enhancement of the Hsc70/Hsp70-CapZ interaction (Figure 2E
and 2F). The thinking that each BAG protein may have a specific substrate is strengthened
by the finding that BAG3 is the only BAG family member that promotes the Hsc70 and
CapZ interaction (Online Figure IX) and regulates CapZβ1 localization to F-actin (Online
Figure X). Importantly, BAG3 itself does not bind to CapZβ1 directly (Online Figure XI)
but enhances the interaction between CapZβ1 and Hsc70 (Figure 2). To our knowledge, this
is the first demonstration of a BAG protein acting as a co-chaperone protein to link Hsc70/
Hsp70 to its substrate specifically.

BAG3 increases the Z-disc distribution of CapZ, and failure to achieve this localization
leads to CapZ degradation through the 26S proteasome (Figure 3). Little or no functional
CapZβ1 rapidly leads to destabilization of myofibrillar structures in muscle (Figure 4) 12, 22,
which in turn can promote a degenerative disease state35. Finally, overexpression of CapZ
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protein in bag3 knockdown cardiomyocytes rendered cells resistant to mechanical stress-
induced disruption of myofibril structure (Figure 4E). This evidence indicates that low level
expression and mislocalization of CapZ is responsible for the myopathy seen in bag3−/−

mice.

Since interaction with proteins having ubiquitin ligase activity appears to be a general
feature of BAG family proteins36–40, a future direction of study will be to investigate
whether BAG3 can also modulate ubiquitin ligase function, especially given our finding that
CapZβ1 can be a substrate of the proteasomal degradation pathway and this degradation can
be inhibited by BAG3.

In cultured myotubes, BAG3 and Hsc70 form complexes with CapZ proteins, CapZβ1, β2
and CapZα (Figure 2B). In this report, we focused on the regulation of CapZβ1 function by
BAG3 and Hsc70 at the Z-disc, owing to the abnormal Z-disc structure found in bag3 gene
knockout mice and knockdown cardiomyocytes. But since CapZβ2 may also participate in
this complex, it is possible that BAG3/Hsc70 may have a general function to regulate the
CapZβ complex at the barbed end of F-actin. It will be of interest to investigate how BAG3
and Hsc70 regulate CapZβ function in non-muscle cells. Indeed, we reported that BAG3
regulates cell motility and metastasis in cancer cells through actin organization2. Further
investigation will be necessary to elucidate the possibility of the regulation of CapZβ
function by BAG3/Hsc70 in non-muscle cells.

Guardian for mechanical stress
The muscle sarcomere has important roles in mechanotransduction and mutations in genes
expressing costamere proteins can induce various muscular dystrophies and myopathies, as
well as heart failure41. LIM domain proteins, MLP and Cypher (ZASP), associate with α-
actinin and have an important role in signaling of mechanical stress. Interestingly, the titin
cap protein (t-cap/telethonin) interacts with MLP. Mutations in T-cap result in protein
instability, which can cause dilated cardiomyopathy42. In addition, mechanical stress
induces degradation of titin capping protein, which also induces Z-disc disruption. Genetic
mutations of Cypher have been found in human myofibrillar myopathy patients, so it would
be of interest to determine whether signal transduction of mechanical stress and Z-disc
disruption require common pathways that involve BAG3/CapZ and MLP/Cypher/actinin.

Mechanical stress on the Z-disc induces expression of proteins that prevent Z-disc disruption
under physiological conditions. Online Figure XII shows the analysis of endogenous
CapZβ1 protein expression levels after mechanical stress and demonstrates that CapZβ1 as
well as BAG3 is rapidly upregulated after 12 hours of 20% static strain. Recent microarray
or proteomics experiments revealed changes in CapZ expression levels under different stress
conditions, including skeletal muscle injury model43, smooth muscle under hemodynamic
stress 44 and smooth muscle in pulmonary hypertension45. These changes in CapZ levels
suggest that BAG3 may have important roles in mechanical stress-induced
pathophysiological conditions of striated muscle, such as muscle injury, atrophy, heart
failure and cardiomyopathy. In addition, BAG3 expression was reported to be upregulated
when eccentric contraction is applied to skeletal muscle, suggesting that bag3 may have a
role in repairing skeletal muscle injuries caused by mechanical stress46. A mouse model of
congenital non-dystrophic myopathy, nemalin myopathy, also displays high BAG3
expression levels, again suggesting that BAG3 may function in the regenerating process of
myopathy47. Thus, it would be important to determine whether CapZβ1 as well as BAG3 is
a downstream target of the mechanical stress signaling.
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Mechanical Stress on myofibrillar myopathy
Although various gene mutations have been reported to cause myofibrillar myopathy,
overall myofibrillar myopathy has many similar clinical and histological features. One of the
typical clinical manifestations of myofibrillar myopathy is progressive muscle weakness48.
Muscle weakness is observed not only in patients with bag3 mutation but also in bag3-
deficient mice3, 4. In most cases, muscle weakness is late-onset, and then progresses but
why the disease proceeds this way is unknown. In this article, we raise the possibility that
mechanical stress causes myofibrillar degeneration with a disease background, which is
followed by muscle weakness (Figure 5B and C). Myofibrillar degeneration progresses after
birth upon repeated and/or strong muscle contractions, which accompanies muscle
weakness. On the other hand, the cardiac muscle maintains its myofibrillar structure
relatively well as compared to other skeletal muscles in bag3−/− mice. We only observed
subtle changes in myofibrillar structures between bag3−/− and control hearts (Online Figure
VIII). This result may be due to differences of the stretch in terms of the strength and
direction between cardiac and skeletal muscle. According to the Frank-Starling law, the
heart is working in the ascending limb of sarcomere length-tension curve. Even at 2.0 μm of
sarcomere length where the thin and thick filaments are maximally overlapping each other,
physiological contraction is markedly enhanced in response to positive inotropic agents such
as isoprenaline, suggesting that cardiac muscle fibers are working below 50% of maximum
force that they can produce. In contrast, skeletal muscle fibers stimulated by motor nerve
impulses always produce equal to or, if not, near 100% of maximum force. In addition,
skeletal muscle fibers are often stretched during contraction in keeping the balance of
movement while cardiac muscle fibers are stretched at the relaxed state under normal
conditions. Furthermore, cardiac muscle fibers are more protected against stretch because of
more collagen, microtubules and intermediate filaments. Together, these suggest that the
stress generated at the Z-disks during contraction is much higher in skeletal than cardiac
muscle fibers. In fact, myofibrillar disruption occurred after the caffeine contraction in
cardiac muscle (Figure 5B), followed by contraction failure (Figure 5C). It is noteworthy
that myofibrillar myopathy is not always accompanied by cardiomyopathy, and about 1/6
patients with myofibrillar myopathy also suffer from cardiomyopathy27.

BAG3 modulates the substrate of Hsc70/Hsp70 specifically, and the absence of BAG3
causes the mislocalization and destabilization of the Hsc70 substrate CapZβ1, which, with
mechanical stress, eventually leads to myofibrillar degeneration, muscle weakness and early
death. Further analysis may help us understand the detailed molecular mechanism of
myofibrillar myopathy as well as other diseases caused by abnormal Z-disc function. We
hope to find translational implications of BAG3 and CapZβ1 association for muscle
protection not only in pathological conditions but also in physiological settings, such as
myofibrillar remodeling under mechanical stress.

Novelty and Significance

What is known?

• BAG3 regulates protein folding and degradation by directly interacting with
cellular chaperones Hsc70/Hsp70.

• In BAG3 knockout mice, myofibrillar degeneration occurs in a use-dependent
fashion, suggesting that BAG3 can protect myofibril structures from mechanical
stress.

• The F-actin capping protein CapZ maintains both actin and Z-disc structures and
aberrant distribution of CapZ isoforms induces abnormal myofibrillar assembly.

What new information does this article contribute?
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• BAG3 is essential for maintaining myofibril structure under mechanical stress.

• BAG3 and Hsc70 regulate proper localization of CapZ to F-actin at Z-disc.

• Without the support of BAG3 and Hsc70, the CapZ protein failed to interact
with actin filaments, and was degraded via the ubiquitin-proteasome system.

Summary

BAG3 mutations in human and mouse causes progressive myofibrillar myopathy with
severe loss of skeletal and cardiac muscle function, but the molecular mechanism of this
degeneration is unclear. Using bag3 gene knockdown, rapid myofibrillar degeneration
and Z-disc disruption was observed in cardiomyocytes exposed to mechanical stretch.
We found that BAG3 interacts with Hsc70 and increases localization and stabilization of
the actin capping protein CapZ at Z-disc F-actin. Without BAG3, CapZ protein is
degraded via the ubiquitin proteasome pathway, which results in myofibrillar structure
disruption upon exposure to mechanical stress. Our report indicates a novel function for
BAG3 and Hsc70 in supporting myofibril structure and that CapZ is a client protein for
the Hsc70/BAG3 molecular chaperone complex. This study promotes our understanding
of how myofibrillar structure is maintained under excessive muscle contraction, and
suggests that CapZ is an important player in myofibrillar myopathy pathogenesis. Further
analysis of this system may provide potential therapeutic targets for myofibrillar
myopathy as well as other diseases caused by mechanical stress on the Z-disc.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Mechanical stress induces myofibrillar disruption in bag3 shRNA-treated
cardiomyocytes
(A) A schematic view of the equibiaxial stretch model used in these experiments. (a) Isolated
cardiomyocytes are cultured on a silicone membrane, which is attached to the bottom of the
outer cylinder and a homogeneous equibiaxial strain of 0–20% can be applied by downward
insertion of the inner cylinder (purchased from University of California San Diego). (b)
shRNA mediated gene knockdown of BAG3. Two days after adenovirus infection, cells
were harvested and an immunoblot analysis was carried out using anti-actin and anti-BAG3
antibodies to confirm that bag3 shRNA specifically reduced bag3 expression in
cardiomyocytes.
(B) Mechanical stress in bag3 knockdown disrupts myofibril structure in cardiomyocytes.
Cardiomyocytes infected with control or bag3 knockdown adenovirus and 20% mechanical
stretch applied for 2 hours. Z-disc and F-actin structures were stained using anti-α-actinin
antibody (α-actinin: upper panels) and rhodamine-phalloidin (phalloidin: lower panels).
(C) Mechanical stress affects myofibril length. The lengths of myofibril in cardiomyocytes
(using at least 10 cells from various spots) were measured using NIH image J and
statistically analyzed.
(D) F-actin structure is essential for proper Z-disc structure.
Cardiomyocytes infected with either control, bag3 knockdown adenovirus (shBAG3) or
adenovirus carrying Flag-BAG3 (BAG3) were treated for one hour with the indicated
concentration of cytochalasin D (CD) to destabilize actin (+) ends. F-actin and Z-discs were
then stained with rhodamine-phalloidin (phalloidin: left panels) and anti-α-actinin antibody
(α-actinin: right panels), respectively.
(E) Myofibril is vulnerable in bag3 knockdown cardiomyocytes. Myofibril length in
cardiomyocytes in the presence of the indicated amount of Cytochalasin D was measured
using NIH image J.
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Figure 2. BAG3 increases CapZβ1-Hsc70/Hsp70 association
(A) BAG3 localizes with CapZ protein. Cardiomyocytes were infected with adenovirus to
express both Flag-tagged BAG3 and Myc-tagged CapZβ. Two days after infection, the cells
were fixed, and stained with anti-Flag antibody (panel a, green) and anti-Myc antibody
(panel b, red). The merged image is shown in panel c.
(B) BAG3 interacts with CapZβ in differentiating myotubes in vivo. C2C12 mouse myoblast
cells were cultured in differentiation medium for 6 days and immunocomplexes were
isolated by BAG3 antibody, followed by 2D electrophoresis and immunodetection. CapZβ1,
β2, α, Hsc70 and desmin were detected by anti-CapZβ, anti-CapZα, anti-Hsc70 and anti-
desmin antibody.
(C) BAG3 promotes the interaction between CapZ proteins and Hsc70 in mammalian cells.
HEK293 cells were transfected with the indicated plasmids, and cell extracts were subjected
to an immunoprecipitation assay using anti-Flag antibody. Myc-tagged CapZ proteins and
Myc-tagged BAG3 were detected with anti-Myc antibody (upper panel). Precipitation of
Flag-tagged BAG3 or Hsc70 was confirmed with anti-Flag antibody (bottom panel).
(D) CapZ and Hsp70 associate in vitro. Purified recombinant GST-fusion CapZα1 and
CapZβ1 were mixed with purified Hsp70 with or without purified BAG3, and GST-fusion
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proteins were precipitated with GSH sepharose. Precipitated Hsp70 was confirmed by
immunoblot assay using anti-Hsp70 antibody.
(E) BAG3 affects Hsc70 intracellular localization. Myc-tagged Hsc70 was expressed in
HEK293 cells with or without Flag-tagged BAG3. The localization of Hsc70 was confirmed
using anti-Myc antibody (green). F-actin was also stained using Rhodamine-Phalloidin
(red).
(F) BAG3 can facilitate the interaction between Hsc70 and CapZ in vivo. For the FRET
assay, CFP-CapZβ1 and YFP-Hsc70 were co-transfected into HEK293 cells with (+BAG3,
panels e-h) or without (−BAG3, panels a–d) Myc-tagged BAG3. For FRET measurement,
excitation at 458 nm and emission at 565–595 nm were used (d and h). Merged images are
shown in panels c and g.
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Figure 3. BAG3 is crucial for proper localization and expression of CapZ proteins
(A) BAG3 promotes CapZ localization to Z-discs. Myc-tagged CapZβ1 adenovirus was
infected to cardiomyocytes with LacZ (−BAG3, a, b and c) or Flag- tagged BAG3 (+BAG3,
d, e and f) adenovirus. After 2 days of infection, the cells were fixed, and stained. CapZβ1
was detected using anti-Myc antibody (panels a and d, red). Z-disc was stained using anti-
sarcomeric alpha actinin antibody (panels b and e, green). The merged images are shown in
panels c and f.
(B) BAG3 promotes both CapZβ1 expression and translocation to the F-actin fraction.
Cardiomyocytes were co-infected with Myc-tagged CapZβ1 and either LacZ (control), Flag-
tagged BAG3 (BAG3) or Myc-tagged CapZα (CapZα) with GFP adenovirus. G-actin and F-
actin fractions were applied to an immunoblot assay using anti-Myc antibody (top panel),
anti-Flag antibody (middle panel) or anti-actin antibody (bottom panel) and anti-GFP
antibody (third panel) for confirming same infection efficiency.
(C) The BAG domain is required for BAG3 action towards CapZ. HEK293 cells were
transfected with empty vector (mock), BAG3 full length (FL), WW domain deletion mutant
(ΔWW), PxxP motif deletion mutant (ΔPxxP) or BAG domain deletion mutant (ΔC), and
fractionated into F-actin or G-actin fractions. Myc-tagged CapZβ1 was detected with anti-
Myc antibody (CapZβ1). Anti-actin and anti-GFP antibodies were used for a loading and
infection efficiency control.
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(D) CapZβ1 is destabilized in bag3 knockdown cells. After 2, 3 and 4 days of infection of
bag3 shRNA adenovirus or control LacZ virus, cardiomyocytes were harvested for
immunoanalysis of endogenous CapZβ1 and CapZα1. A BAG3-specific antibody was used
to confirm the efficient knockdown of BAG3 protein expression. Immunoblots of Hsp70 and
actin are shown as loading controls.
(E) CapZβ1 destabilization is inhibited by addition of proteasome inhibitor MG132. shRNA
bag3 adenovirus infected cells were incubated with 2μM or 10μM MG132 at 24 hours after
infection. After an additional 24 hours, the cells were harvested for immunoblot assay using
anti CapZβ1 antibody (top panel), anti-BAG3 antibody (second panel) and anti-actin
antibody (bottom panel).
(F) CapZβ1 is destabilized in bag3−/− mice. Hearts were extracted from 14 day old wild type
(+/+), heterogenous (+/−) or bag3−/− (−/−) mice, homogenized, and applied to immunoblot
assay using anti-CapZβ1, Hsc70/Hsp70, BAG3, or actin antibodies.
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Figure 4. CapZβ1 plays pivotal roles in myofibrillar and Z-disc degeneration caused by
mechanical stress
(A) Expression of CapZ proteins in cardiomyocytes with overexpression of Myc-CapZβ2.
Myc-tagged CapZβ2 and LacZ control adenovirus was infected into cardiomyocytes.
Expression of CapZβ1, β2 and α was confirmed by antibody against each protein. Lysates
were prepared from cardiomyocytes with or without stretch.
(B) Distribution of overexpressed CapZβ2 in cardiomyocytes. After infection of Myc-
CapZβ2 and LacZ control virus, fixed cells were incubated with anti-Myc antibody to detect
localization of myc-CapZβ2 (Myc: left and middle panels), indicating granular staining of
overexpressed CapZβ2. For visualization of Z-discs, sarcomeric α-actinin antibody was used
for double staining on the same sample (α-actinin: right panel).
(C) Overexpression of CapZβ2 results in myofibrillar and Z-disc degeneration under
mechanical stress. Cardiomyocytes were infected with adenovirus LacZ or Myc-tagged
CapZβ (Myc-CapZβ2), followed by 20% mechanical stress for 2 hours and stained with
anti-α-actinin (α-actinin: left panels) and Rhodamine-Phalloidin (Phalloidin: right panels).
(D) Western blot analysis of cardiomyocytes with CapZβ1 overexpression. Cardiomyocytes
were infected with adenovirus for control (LacZ) or bag3 knockdown (shBAG3) with or
without Myc-tagged CapZβ1. The expression of CapZ and BAG3 were confirmed with anti-
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CapZβ1 antibody, anti-CapZα1 antibody or anti-BAG3 antibody, respectively. The same
membrane was also blotted with anti-actin antibody. (Endogenous CapZβ1 was decreased
after the expression of Myc-CapZβ1 probably due to compensation to maintain total
expression levels.)
(E) Overexpression of CapZβ1 protein attenuates disruption of myofibrillar structure in
bag3 knockdown cardiomyocytes exposed to mechanical stress. Myc-tagged CapZβ1
adenovirus was infected to cardiomyocytes with bag3 knockdown adenovirus, and
mechanical stress (20%) was applied for 2 hours. Cells were fixed and stained with anti-α-
actinin antibody (α-actinin: upper panels) and rhodamine-phalloidin (Phalloidin: lower
panels).
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Figure 5. Mechanical stress causes myofibrillar degeneration and contraction failure
(A) Hematoxylin and eosin staining detects asymmetric hypertrophy in bag3−/− heart. The
left two panels show a low magnification section of control (bag3+/−) heart and the right two
panels depict bag3−/− heart. The sagittal and transverse sections are displayed in the upper
and lower panels, respectively (bar indicates 0.5mm).
(B) Myofibrillar degeneration is induced by ex vivo contracture experiment. Papillary
muscle fibers (~0.4 mm in width and 2 mm in length) were dissected from left ventricles of
wild-type, heterozygous or bag3−/−mice. One end of the fibers was tied with monofilament
silk to a force transducer (AE801, SensoNor, Horton Norway) and the other to a
micromanipulator to adjust the muscle length. The fibers were soaked in the high (124mM)
K+ and low (30mM) Na+ solution to facilitate a large caffeine-induced contracture in cardiac
muscle. After the sixth contracture, the papillary muscle fibers were removed, and the
myofibrillar ultrastructure was examined. Myofibrillar structure and Z-disc was disrupted in
bag3−/− papillary muscle after contracture (right), but not in control papillary muscle
(Left).
(C) Time course of repeated caffeine contractures in control cardiac muscle fibers. (a)
20mM caffeine was repeatedly applied for 3 min in the high K+ solution at each 12 min
interval. Panel (b) shows a rapid deterioration of the repeated caffeine-induced contractures
in bag3−/− cardiac muscle compared to control (bag3−/− n=4, control n=4). At the sixth
contracture, the amplitude was less than 50% of the original in the bag3−/−muscle while
control muscle maintained more than 80% amplitude.
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