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disintegration, but not in the formation of protein aggre-
gates. Remarkably, BAG3P209L is able to rescue the myofi-
brillar disintegration phenotype, further demonstrating that 
its function is not impaired. Together, our knockdown and 
overexpression experiments identify a mechanism whereby 
BAG3P209L aggregates form, gradually reducing the pool of 
available BAG3, which eventually results in BAG3 insuf-
ficiency and myofibrillar disintegration. This mechanism is 
consistent with the childhood onset and progressive nature 
of MFM and suggests that reducing aggregation through 
enhanced degradation or inhibition of nucleation would be 
an effective therapy for this disease.

Keywords Myofibrillar myopathy · BAG3 · Muscle · 
Zebrafish · Autophagy

Introduction

Myofibrillar myopathies (MFMs) are a group of chronic 
muscle disorders characterized by the accumulation 
of protein aggregates and dissolution of muscle fibers 
(reviewed in [27, 32, 37]). There is significant variabil-
ity in the presentation of these diseases: the age of onset 
ranging from infantile to late 70s; the involvement of, and 
initial presentation in, the heart, respiratory muscles, and 
distal or proximal muscle groups; and severity covering 
the full spectrum from mild muscle weakness to premature 
lethality. The causative mutations have not been identified 
for all MFMs, but, of the genes identified, desmin (DES) 
[13] (reviewed in [7]), αB-crystallin (CRYAB) [42], myoti-
lin (MYOT) [35], Z-band alternatively spliced PDZ motif-
containing protein (ZASP) [36], filamin C (FLNC) [43] 
(reviewed in [11]), bcl-2-associated athanogene 3 (BAG3) 
[38], four and a half LIM domain 1 (FHL1) [33], and 
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titin (TTN) [29] all encode Z-disk localized proteins. The 
Z-disk provides a backbone for the attachment of actin fil-
aments, an important structural linkage in the transmission 
of tension and contractile forces along the muscle fiber. 
Pathology consistent with MFM has also been identified 
in patients with epidermolysis bullosa simplex with mus-
cular dystrophy due to mutation in plectin [34] (reviewed 
in [46]).

Whilst structural failure of the muscle fiber is a feature 
of MFM, not all of the proteins associated with MFM have 
a structural role. One such protein is BAG3, a multidomain 
co-chaperone expressed primarily in skeletal and cardiac 
muscle, but found at lower levels in the kidney, lung, liver 
and placenta [16]. In skeletal muscle, BAG3 is localized to 
the Z-disk and the cytoplasm [16]. Like other members of 
the BAG family of proteins, BAG3 has a conserved C-ter-
minal BAG domain that interacts with the anti-apoptotic 
protein Bcl-2 [22] and heat shock protein 70 [39], thereby 
inhibiting apoptosis and proteosomal degradation of pro-
teins. More recently, two BAG3 isoleucine, proline, and 
valine (IPV) domains that directly interact with HSPB6 and 
HSPB8 have been characterized [10]. These interactions 
stimulate macroautophagy resulting in lysosomal degra-
dation of misfolded proteins and aggregates in cell culture 
models of various diseases including CRYAB-related MFM 
[15], Huntington’s disease [45], and inclusion body myosi-
tis [23]. In muscle cells, the interaction of BAG3 with 
HSPB6 and HSPB8 is important in targeting misfolded 
FLNC at the Z-disk for degradation, via the chaperone-
assisted selective autophagy pathway (CASA) [2, 40, 41].

Sixteen dominant BAG3 mutations have been reported to 
date, 14 of which result in dilated cardiomyopathy (DCM) 
and 2 in BAG3-related MFM [1, 8, 9, 17, 21, 25, 38]. A 
proline to leucine mutation in the second IPV domain of 
BAG3 (BAG3P209L) results in a severe dominant childhood 
MFM, accompanied by cardiomyopathy and respiratory 
complications [38]. At a cellular level, affected cells have 
increased immunoreactivity for DES, CRYAB, HSPB8, 
HSPB1, MYOT, gelsolin, neural cell adhesion molecule, 
ubiquitin, and dystrophin [38]. Ultrastructurally, there is 
evidence of electron-dense granulofilamentous aggregates 
originating from the Z-disk and between myofibrils, thick-
ening of the Z-disk, myofibrillar disintegration, and a disar-
ray of the myofibril system [26, 38].

Whilst the pathological features of BAG3-related 
MFM are fairly well characterized, it is not known how 
the BAG3P209L mutation results in disease. Transfection 
of tagged forms of BAG3P209L into COS-7 or C2C12 cells 
results in the formation of granular aggregates, similar to 
those seen in patients [1, 38]. In non-denaturing gel electro-
phoresis, Selcen et al. [38] identified faster migration of the 
BAG3P209L complex than the wild type (BAG3wt) suggest-
ing a failure of binding partners to associate. This argument 

was strengthened by cell culture experiments that showed 
the inability of BAG3P209L to facilitate the HSPB8-medi-
ated degradation of FLNC, therefore implicating the failure 
of CASA as the molecular cause of BAG3-related MFM 
[2]. However, this has not been validated in an in vivo 
system. Whilst an animal model for BAG3 MFM has not 
been generated, the Bag3 knockout mouse exhibits Z-disk 
defects and non-inflammatory fiber degeneration that ulti-
mately results in failure of the intercostal muscles causing 
lethality [16].

To elucidate the mechanism of disease, we generated 
and examined zebrafish models of BAG3-related MFM. We 
show that presence of MFM-causing protein BAG3P209L 
results in the formation of granular protein aggregates, 
which contain wild-type BAG3 and FLNC, and the loss 
of BAG3 results in contraction-dependent myofibril-
lar disintegration. Our analysis reveals that BAG3P209L is 
able to function to protect the myofiber from disintegra-
tion. Together, our knockdown and overexpression models 
recapitulate the hallmark features of MFM and suggest a 
mechanism of disease in which the pathology is caused 
by a toxic gain of function, ultimately resulting in BAG3 
insufficiency.

Materials and methods

Fish maintenance

Fish maintenance and handling were carried out as per 
standard operating procedures approved by the Monash 
Animal Services Animal Ethics Committee. Experiments 
were carried out on embryos of the TU/TL or nacre (drug 
treatment experiments) background and staged as per Kim-
mel et al. [18]. Fish were anesthetized using tricaine meth-
anesulfonate (3-amino benzoic acid ethyl ester, Sigma) at a 
final concentration of 0.16 % in E3 embryo medium (5 mM 
NaCl, 0.17 mM KCl, 0.33 mM CaCl, 0.33 mM MgSO4 in 
H2O).

Immunohistochemistry and whole-mount  
in situ hybridization

Immunofluorescence (IF) and in situ hybridization were 
performed using techniques previously described [31]. The 
primary antibodies used for IF were anti-actinin (A7811; 
Sigma; 1:100), anti-myosin (A4.1025; DSHB; 1:10), anti-
slow myosin (F59; DSHB; 1:10), anti-dystrophin (7A10; 
DSHB; 1:10), and anti-eGFP (A-11122; Invitrogen; 1:150). 
Alexa Fluor-488, Alexa Fluor-546, and Alexa Fluor-594 
secondary antibodies (Molecular Probes) were used at 
1:150. The samples were embedded in 1 % low melt-
ing point agarose (A9414; Sigma). For high-resolution 
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antibody imaging (Fig. 6c), samples were dehydrated in 
methanol, cleared in benzyl alcohol:benzyl benzoate (1:2) 
and mounted in DPX (44581; Sigma). A Zeiss LSM 710 
confocal was used to image the embryos and maximum 
intensity projections were obtained using Fiji (http://fiji.
sc). The bag3 coding sequence spanning from exon two to 
four was amplified from a cDNA pool using the primers 
5′-TACATCCCCATCCCTGTCTG-3′ and 5′-AGGTATGG 
CTGTGTGTCCAA-3′. The resulting 534 bp fragment was 
cloned into pGEM-T easy (Promega) and used as a tem-
plate to synthesize the riboprobe.

Morpholino microinjections

All antisense morpholino oligonucleotides were obtained 
from Gene Tools and co-injected with Cascade Blue labeled 
dextran (Molecular Probes) at 0.01 mg/ml. Two mor-
pholinos were used to knockdown Bag3 function: a trans-
lation-blocking morpholino (TTGAGCCATTACAGCC 
GCTACAGAC, bag3 ATGMO) injected at 0.5 μM; and a 
splice site-targeting morpholino (GATAAATAACACAC 
ATACCTGAGGC, bag3 splMO) injected at 0.5 μM. To 
control for injection quality, only embryos positive for Cas-
cade Blue were selected for further analysis.

cDNA synthesis and RT-PCR

RNA was extracted from 28-hpf uninjected embryos and 
embryos injected with bag3 splMO using Trizol (Invitro-
gen). DNAse was used to remove any genomic DNA after 
which cDNA was synthesized using superscript III (Invitro-
gen) and RT-PCR was performed using Go-Taq (Promega), 
according to the manufacturer’s protocol. Primers used 
were β-actin forward primer 5′-GCATTGCTGACCGT 
ATGCAG-3′, β-actin reverse primer 5′-GATCCACATCTG 
CTGGAAGGTGG-3′, bag3 forward primer 5′-AGTG 
CAGACCCCATCAGAAG, and bag3 reverse primer 
5′-AGGTATGGCTGTGTGTCCAA-3′.

eGFP morpholino assay

The translation initiation site of eGFP was replaced with 
the bag3 translational blocking morpholino target sequence 
using the primers 5′-GTCTGTAGCGGCTGTAATGG 
CTCAAGTGAGCAAGGGCGAGGAGCTGTTCA-3′ and 
5′-TTACTTGTACAGCTCGTCCATGCCG-3′ and cloned 
into a modified form of pCS2+ [24]. mRNA was syn-
thesized using the mMessage machine kit (Ambion) and 
injected into one-cell-staged embryos at 15 ng/μl either 
with Cascade Blue dye alone or with Cascade Blue and 
bag3 ATGMO. Images were acquired using an SZX16 
Olympus fluorescent stereo-microscope.

Overexpression constructs

The full-length human BAG3 ORFs were synthesized by 
GenScript and the gateway cloning system [20] was used 
to generate the final expression constructs with the acta1 
promoter [14] in the 5′ entry, a multiple cloning site in the 
middle entry, and either eGFP-tagged human BAG3wt or 
BAG3P209L in the 3′ entry vector. The mCherry-tagged vari-
ants were generated by amplifying BAG3wt or BAG3P209L 
and cloning into a modified form of pDONR221 [24]. The 
final expression vector was generated using LR recom-
bination with the acta1 promoter in the 5′ entry, BAG3wt 
or BAG3P209L in the middle entry, and mCherry in the 3′ 
entry vector. The human full-length FLNC–eGFP sequence 
[19] was generously provided by Peter van der Ven and 
subsequently cloned under the acta1 promoter to generate 
the final expression construct. Plasmids were injected at 
25 ng/μl into the one-cell-stage embryos along with Cas-
cade Blue and transposase RNA (25 ng/μl) that was syn-
thesized from the pcs2FA-transposase vector [20] using the 
mMessage machine Sp6 kit (Ambion).

Fluorescent recovery after photobleaching

Five-day-old embryos expressing either BAG3wt–eGFP 
or BAG3P209L–eGFP were anesthetized in 0.16 % tricaine 
methanesulfonate and laterally mounted in 1 % low melting 
agarose for FRAP experiments. Using a 20× 1.0 numerical 
aperture water-dipping objective and a 488 nm laser on an 
LSM 710 confocal microscope (Zeiss), a precise region of 
the muscle fiber was bleached with four iterations of 100 % 
laser and imaged every 0.5 s for 60 s. Imaging parameters 
were optimized for each sample to utilize the full dynamic 
range of the detector. Four images were taken prior to 
bleaching and averaged to obtain the pre-bleach value. 
The ImageJ package Fiji was used to determine the fluo-
rescence intensity of the bleached and unbleached areas at 
each time point. FRAP data analysis was carried out as per 
Wang et al. [44].

Drug treatments

32-hpf embryos were incubated in either Chloroquine 
(Sigma; final concentration 100 μM in E3 embryo medium 
[3]) or Rapamycin (Sigma; final concentration 10 μM in 
E3 embryo medium [4]) for 16 h and imaged live using a 
Zeiss LSM 710 confocal microscope. Drug treatments were 
performed in triplicate and all images were randomized 
before scoring for the number of cells containing aggregates 
to prevent any bias. A two-way ANOVA statistical test was 
used to test for significant changes in protein aggregation  
post-drug treatment.

http://fiji.sc
http://fiji.sc
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LysoTracker assay

Embryos at 48-hpf were incubated in E3 embryo medium 
containing LysoTracker Red DND-99 (Molecular probes; 
L7528; final concentration 10 μM). Following 1 h of incu-
bation, the embryos were rinsed several times with fresh E3 
water, mounted in low melting point agarose, and imaged 
using a Zeiss LSM 710 confocal.

Electron microscopy

Zebrafish were fixed in 2.5 % glutaraldehyde, 2 % para-
formaldehyde, 0.25 % CaCl2, and 0.25 % MgCl2 in 0.1 M 
Na cacodylate, pH 7.4, at room temperature for 4 h. After 
rinsing in Na cacodylate, pH 7.4, cells were post-fixed with 
1 % OsO4 and 1.5 % K3Fe(III)(CN)6 in 0.065 M Na caco-
dylate buffer, pH 7.4, for 2 h at 4 °C in the dark, rinsed 
in distilled water, and stained with 0.5 % uranyl acetate 
in distilled water. Dehydration was carried out in ethanol 
and fish were embedded in Epon. After polymerization, 
ultrathin sections (80 nm) were cut and stained with 2 % 
uranyl acetate in distilled water and Reynolds lead citrate. 
The sections were imaged using a Hitachi S-7500 TEM 
equipped with a Gatan MultiScan digital camera. Montages 
of overlapping images were assembled using the photo-
merge function of Photoshop CS6 (Adobe).

Results

bag3 is expressed specifically in the zebrafish skeletal 
and cardiac muscle

A search of the zebrafish genome sequence 
(www.ensembl.org) identified a single bag3 homolog in 
zebrafish. To determine the expression pattern of bag3 in 
zebrafish, we performed in situ hybridization on 10-, 16-, 24-, 
and 28-somite-stage embryos (Supplementary Figure S1). We 
identified bag3 expression at the 10-somite stage in muscle 
precursor cells. At the 16, 24, and 28-somite stages, bag3 
expression was restricted to the slow and fast muscle cells. 
Given that mutations in BAG3 have been implicated in DCM, 
we also examined the expression of bag3 in zebrafish heart 
tissue. RT-PCR analysis on cDNA obtained from adult hearts 
revealed bag3 expression (Supplementary Figure S2). The 
expression pattern of bag3 in zebrafish is therefore consistent 
with that of BAG3 in humans.

BAG3P209L expression results in the formation of protein 
aggregates

Given the dominant nature of BAG3-mediated MFM, 
we investigated the effect of overexpressing enhanced 

green fluorescent protein (eGFP)-tagged forms of human 
wild-type BAG3 (BAG3wt–eGFP) or the MFM-causing 
BAG3P209L (BAG3P209L–eGFP) under the control of the 
skeletal muscle alpha actin (acta1) promoter. Live imag-
ing of the injected embryos at 32, 48, 72, 96, and 120 h 
post-fertilization (hpf) revealed clear sarcomeric, and some 
cytoplasmic, localization of BAG3wt–eGFP (Fig. 1a). Over-
expression of BAG3P209L–eGFP resulted in similar locali-
zation, but small granular protein aggregates, associated 
with the striations, evident from 32-hpf (Fig. 1b), analo-
gous to those observed in BAG3-related MFM patients.

BAG3wt–eGFP and BAG3P209L–eGFP localize to the 
Z-disk

Given the striated pattern of BAG3wt–eGFP and BAG3P209L–
eGFP localization (Fig. 1), we wished to determine which 
compartment of the sarcomere the two proteins were 
localized to. We performed immunohistochemistry using 
antibodies against eGFP and either myosin (Fig. 2a, b) or 
actinin (Fig. 2c, d). Both BAG3wt–eGFP and BAG3P209L–
eGFP localize to the Z-disk as evident by the complemen-
tary staining pattern of eGFP with A-band localized Myosin 
and the overlap with Z-disk localized Actinin. Therefore, 
despite the formation of aggregates, BAG3P209L–eGFP cor-
rectly localizes to the Z-disk of the sarcomere.

Increased temperatures can exacerbate the protein 
aggregate phenotype

Since we are injecting human variants of BAG3 that are 
normally functional at 37 °C and lower temperatures have 
previously been shown to improve folding of proteins with 
missense mutations [5, 12, 47], we hypothesized that incu-
bating BAG3P209L–eGFP expressing fish at 37 °C rather 
than 28 °C may result in increased misfolding. Indeed, 
incubation of fish at 37 °C resulted in the formation of 
larger aggregates with BAG3P209L–eGFP, but did not result 
in protein aggregation in BAG3wt–eGFP expressing fibers 
(Supplementary Figure S3). This is consistent with the pro-
line to leucine change in BAG3P209L, increasing its propen-
sity to misfold resulting in increased protein aggregation.

BAG3P209L aggregates sequester other Z-disk proteins

To examine the similarity of the BAG3P209L aggregates 
observed in our zebrafish model to those in patients, we 
examined their composition. We co-injected eGFP-tagged 
human FLNC (FLNC–eGFP) with mCherry-tagged BAG3wt 
or BAG3P209L and incubated the embryos at 37 °C to pro-
mote protein misfolding and the formation of large aggre-
gates. Increased temperature did not promote aggregation 
of BAG3wt–mCherry or FLNC–eGFP (Fig. 3a), but resulted 

http://www.ensembl.org


825Acta Neuropathol (2014) 128:821–833 

1 3

in the formation of larger BAG3P209L–mCherry-containing 
aggregates. The BAG3P209L-mediated aggregates were found 
to contain FLNC–eGFP (Fig. 3b) similar to those described 
in MFM patients [6]. Additionally, we identified that 
BAG3wt–eGFP is incorporated into the aggregates (Fig. 3c), 
suggesting that the presence of aggregates reduces the avail-
ability of BAG3wt in addition to that of BAG3P209L.

BAG3P209L–eGFP protein dynamics at the Z-disk  
are indistinguishable from BAG3wt–eGFP

Whilst we have demonstrated that the P209L mutation does 
not affect BAG3 localization, we wished to examine if pro-
tein dynamics within the sarcomere were altered. We there-
fore performed fluorescent recovery after photobleaching 

Fig. 1  Expression of BAG3P209L–eGFP results in protein aggrega-
tion. Sarcomeric and cytoplasmic localization of BAG3wt–eGFP (a) or 
BAG3P209L–eGFP (b) at 32-, 48-, 72-, 96- and 120-hpf. BAG3P209L–

eGFP also results in the formation of granular aggregates that associ-
ate with the striations and myosepta boundary (arrowheads)

Fig. 2  Z-disk localization of BAG3wt–eGFP and BAG3P209L–eGFP. 
eGFP (a–d), Myosin (a, b), and Actinin localization (c, d) in BAG3wt–
eGFP (a, c) or BAG3P209L–eGFP (b, d) expressing cells. Complemen-

tary staining pattern of eGFP with Myosin (arrowhead) and perfect 
overlap of eGFP staining with Actinin (arrowhead) confirms Z-disk 
localization of tagged variants of human BAG3
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(FRAP) on 5 days post-fertilization (dpf) embryos express-
ing either BAG3wt–eGFP (Fig. 4a) or BAG3P209L–eGFP 
(Fig. 4b). There was no significant difference in the aver-
age time taken for 50 % recovery following photobleach-
ing between BAG3wt–eGFP (9.31 ± 1.02 s, n = 11) and 
BAG3P209L–eGFP (9.79 ± 1.24 s, n = 9). By 60 s, both 
proteins had recovered to approximately 95 % of starting 

levels (Fig. 4c, d). We found no significant difference in 
the rate of recovery of BAG3P209L–eGFP compared to 
BAG3wt–eGFP at any time point. This suggests that the 
protein interactions of BAG3P209L required for its Z-disk 
localization are not impaired. Additionally, the rapid recov-
ery and very high mobile fraction (95 %) reflect the highly 
dynamic role of BAG3 in the muscle.

Fig. 3  BAG3P209L–eGFP aggregates sequester Z-disk proteins. a 
Following incubation at 37 °C, BAG3wt–mCherry and FLNC–eGFP 
localize correctly to the Z-disk and do not aggregate. b, c Incuba-

tion of BAG3P209L–mCherry expressing embryos at 37 °C results in 
the formation of larger aggregates that contain BAG3wt–eGFP and 
FLNC–eGFP (arrowhead)

Fig. 4  BAG3 dynamics in zebrafish embryos. Time lapse images 
documenting fluorescence of BAG3wt–eGFP (a) or BAG3P209L–eGFP 
(b) before bleaching (pre-bleach), immediately after (0 s), 10, and 
20 s after bleaching in 5-day-old zebrafish embryos. c Mean fluo-

rescence recovery profiles ± SD of BAG3wt–eGFP (blue; n = 11) or 
BAG3P209L–eGFP (red; n = 9) at the various time points. d Percent-
age of mobile fraction ± SD of BAG3wt–eGFP (blue) or BAG3P209L–
eGFP (red) at 60 s post-bleach
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Impaired autophagy does not account for the formation 
of protein aggregates

To test the prevailing hypothesis that the aggregates in 
BAG3-related MFM are due to defects in BAG3-mediated 
autophagy, we treated BAG3wt–eGFP or BAG3P209L–eGFP 
injected embryos at 32-hpf with either Chloroquine (CQ) or 
Rapamycin (Rap) to block or stimulate autophagy, respec-
tively, and examined the formation of aggregates at 48-hpf. 
Neither inhibition nor stimulation of autophagy had any effect 
on BAG3wt–eGFP expressing cells (Fig. 5a, b; untreated, 
n = 87 fibers in 23 embryos; CQ treated, n = 122 fibers in 24 
embryos; Rap treated, n = 49 fibers in 14 embryos; p > 0.05). 
However, treatment of BAG3P209L–eGFP expressing embryos 
with CQ resulted in a significant increase in the percentage 
of cells containing aggregates (Fig. 5a, c; untreated, n = 106 
fibers in 26 fish; CQ treated, n = 127 fibers in 29 fish; 
p < 0.05). Treatment of BAG3P209L–eGFP with Rap on the 
other hand significantly reduced the number of phenotypic 
cells (Fig. 5a, c; Rap treated, n = 117 fibers in 21 embryos; 
p < 0.0001). These results demonstrate that the aggregates in 
BAG3-related MFM are not due to a failure of the autophagic 

pathway. Moreover, these experiments show that autophagy 
is not only actively involved in clearing the BAG3P209L aggre-
gates, but the pharmacological upregulation of autophagic 
levels can result in their reduction.

To determine if the BAG3P209L aggregates were included 
within autophagic vesicles, we labeled 48-hpf embryos 
expressing BAG3wt–eGFP or BAG3P209L–eGFP with 
LysoTracker, a red fluorescent dye that labels acidic orga-
nelles. We found no observable difference in the level 
of LysoTracker staining between BAG3wt–eGFP and 
BAG3P209L–eGFP expressing cells (Supplementary Figure 
S4). Whilst some BAG3P209L–eGFP aggregates correlated 
with Lysto Tracker staining most of them did not (Sup-
plementary Figure S4). These results demonstrate that the 
aggregates seen in BAG3P209L expressing fibers are not due 
to the accumulation of autophagic material.

Loss of Bag3 results in contraction-dependent myofibrillar 
disintegration

Since fiber dissolution, the second distinguish-
ing feature of MFM, was not seen in cells expressing 

Fig. 5  Disruption of autophagy does not result in aggregate forma-
tion. a, b Treatment of 32-hpf embryos expressing BAG3wt–eGFP 
with Chloroquine (CQ) or Rapamycin (Rap) for 16 h does not sig-
nificantly increase the percentage of aggregate-containing cells. a, c 
Treatment of 32-hpf embryos expressing BAG3P209L–eGFP with CQ 

or Rap, however, significantly increases or decreases the percentage 
of phenotypic fibers, respectively. Error bars indicate standard error. 
Asterisk significantly different from BAG3P209L–eGFP; hash symbol 
significantly different from BAG3wt–eGFP
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BAG3P209L–eGFP, we hypothesized that this feature of 
MFM may be due to a loss of BAG3 function. We there-
fore injected a bag3 splice site-targeting morpholino 
(bag3 splMO) into wild-type embryos to reduce Bag3 
levels. Myosin antibody labeling of bag3 splMO-injected 
embryos at the 26-somite stage revealed a mild and 
sporadic muscle phenotype in which the muscle fibers 
break along the length of the fiber (Fig. 6b). Myosin and 
α-Actinin antibody labeling revealed disintegration of 
the muscle fiber at the Z-disk, evident by the presence of 
α-Actinin at both ends of the broken fiber (Fig. 6c). Char-
acterization of bag3 morphant embryos using electron 
microscopy further revealed the loss of Z-disk patterning, 
aggregation of mitochondria in areas devoid of myofibrils, 
and the presence of autophagic vesicles (Fig. 7), all of 
which are characteristic features of BAG3-related MFM 
[38]. Myofibrillar disintegration is also evident at 48-hpf 
and affects both slow and fast muscle fibers as seen by 
the Myosin, Actinin, and Dystrophin antibody labels on 
bag3 splMO-injected embryos (Supplementary Figure 
S5). To confirm the efficacy of the morpholino, RT-PCR 
was performed on cDNA obtained from a pool of bag3 
splMO-injected embryos. The bag3 splMO-injected 

embryos were found to have 27 % of wild-type bag3 
transcript when compared with uninjected controls (Sup-
plementary Figure S6). A second translational blocking 
bag3 morpholino (bag3 ATGMO) was also injected into 
wild-type embryos to confirm the bag3 morphant pheno-
type. These embryos displayed a similar phenotype to that 
seen with the splice morpholino (Supplementary Figure 
S7), confirming that loss of Bag3 results in myofibrillar 
disintegration. 

To determine whether the bag3 MO phenotype was 
contraction dependent, we incubated 22-somite-staged 
bag3 splMO-injected embryos in either the anesthetic 
tricaine or in 1 % methyl cellulose, a viscous solution 
that increases the load on the muscle. The embryos were 
fixed at the 26-somite stage and myosin antibody labe-
ling was used to evaluate muscle integrity. In contrast to 
untreated bag3 splMO embryos in which we observed 
broken fibers, in 28 % of embryos (n = 25) we identi-
fied no fiber damage in anesthetized embryos (n = 15). 
Conversely, incubation in methyl cellulose (Fig. 6e) 
resulted in a significant increase in phenotypic embryos 
with 75 % exhibiting myofibrillar disintegration (n = 28; 
p < 0.001) (Fig. 6f). Our results therefore indicate that 

Fig. 6  Loss of BAG3 results in muscle myofibrillar disintegration. a 
Muscle fibers span the entire length of the somite in the 26-somite-
stage uninjected control embryos as seen by Myosin antibody labe-
ling. b Embryos injected with a bag3 splice morpholino (bag3 
splMO), however, display a sporadic myofibrillar disintegration 
phenotype. c Myosin and α-Actinin labeling on 26-hpf bag3 mor-
phant embryos reveals remnants of α-Actinin on both ends of the 
disintegrated muscle fiber (arrowhead) demonstrating a failure of the 
Z-disk. Incubation of bag3 splMO embryos in 1 % methyl cellulose 

greatly increases the severity of the fiber dissolution phenotype (e), 
but has no effect on uninjected embryos (d) incubated in 1 % methyl 
cellulose. f A graph showing the effect of treatment on phenotype 
frequency. Exposure to Tricaine prevented myofibrillar disintegra-
tion in bag3 splMO embryos, whereas incubation in methyl cellulose 
resulted in a significant increase in the number of embryos that con-
tained broken fibers. Error bars indicate standard deviation. Asterisk 
significantly different from untreated embryos
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loss of Bag3 results in contraction-dependent myofibril-
lar disintegration, the second hallmark feature of BAG3-
related MFM.

Loss of Bag3 does not result in protein aggregation

To determine if the protein aggregate phenotype is due 
to reduced levels of BAG3 in addition to the presence 
of BAG3P209L, we co-injected bag3 splMO with FLNC–
eGFP and incubated the embryos at 37 °C to promote 
aggregate formation. No FLNC–eGFP aggregation was 
evident following Bag3 knockdown (Supplementary Fig-
ure S8a), suggesting that the protein aggregation is solely 
due to the presence of BAG3P209L and that loss of BAG3 
does not contribute to this aspect of the pathology.

The effect of decreased levels of endogenous Bag3 on 
the BAG3P209L protein aggregate phenotype was assessed 
by co-injecting the bag3 splMO with BAG3wt–eGFP or 
BAG3P209L–eGFP. Reduction in endogenous Bag3 did not 
alter the frequency of aggregate-containing cells (Supple-
mentary Figure S8b), therefore supporting our conclusion 
that it is the presence of BAG3P209L that results in protein 
aggregation, and not the loss of BAG3.

BAG3P209L–eGFP is functional and capable of rescuing the 
bag3 morphant phenotype

To investigate the function of BAG3P209L, we assessed the 
ability of BAG3P209L–eGFP to rescue the myofibrillar dis-
integration observed in bag3 morphants. bag3 splMO and 
ATGMO were co-injected and embryos at the 22-somite 
stage were incubated in methyl cellulose for 2 h, to increase 
the load on the muscle (and therefore the frequency of bro-
ken fibers) before fixation at the 26-somite stage. BAG3wt–
eGFP or BAG3P209L–eGFP constructs were co-injected with 
the morpholinos and the frequency of broken slow muscle 
fibers in these fish was compared to those injected with 
morpholinos alone. In affected somites of embryos injected 
with bag3 splMO and bag3 ATGMO, an average of 48 % 
of fibers had broken (Fig. 8a, d; n = 11 fish; total intact 
fibers: 178; total broken fibers: 164). Of the slow muscle 
fibers expressing BAG3wt–eGFP on the double morpholino 
background, 100 % of the GFP-positive fibers were intact 
(Fig. 8b, d; n = 6 fish; total intact fibers: 15; total broken 
fibers: 0). Of the slow muscle fibers expressing BAG3P209L–
eGFP on the double morpholino background, 100 % of the 
GFP-positive fibers were intact (Fig. 8c, d; n = 7 fish; total 

Fig. 7  Ultrastructural characterization of muscle in the bag3 mor-
phant embryo. a Slow muscle cells in the bag3 morphant embryo 
exhibit myofibrillar disintegration (asterisk) and loss of the Z-disk 
patterning (arrow). In areas devoid of myofibrils, mitochondria aggre-

gation is evident (arrowhead). b Loss of bag3 results in a myofibril-
lar disarray. c Slow muscle cells with disrupted myofibers contain 
autophagic vesicles (arrowhead). d Uninjected embryos exhibit nor-
mal sarcomeric patterning
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Fig. 8  Human variants of BAG3 are functional and capable of res-
cuing the bag3 morphant myofibrillar disintegration phenotype. a 
Embryos injected with both, bag3 splMO and bag3 ATGMO, dis-
play severe myofibrillar disintegration phenotype. Fibers expressing 
BAG3wt–eGFP (b) or BAG3P209L–eGFP (c) on the double morpholino 
background are intact (arrowhead), despite failure of neighboring 

slow muscle fibers. d In an affected somite in a double bag3 MO 
(bag3 splMO and bag3 ATGMO) embryo, 50 % of slow muscle fib-
ers undergo myofibrillar disintegration. In an affected somite, 100 % 
of BAG3wt–eGFP or BAG3P209L–eGFP expressing slow muscle fibers 
are intact
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intact fibers: 15; total broken fibers: 0; Chi square statistical 
test p < 0.001). We therefore rejected the null hypothesis 
that BAG3wt–eGFP or BAG3P209L–eGFP has no effect on 
fiber integrity. To determine if the BAG3P209L–eGFP was 
still capable of rescuing at the increased temperature that 
we identified as promoting aggregation, the rescue experi-
ments were repeated at 37 °C for the second hour of the 
methyl cellulose treatment (Supplementary Figure S9). In 
affected somites of embryos injected with bag3 splMO and 
bag3 ATGMO and incubated at 37 °C, an average of 32 % 
of fibers had broken (Supplementary Figure S9; n = 6 fish; 
total intact fibers: 149; total broken fibers: 71). 100 % of 
BAG3wt–eGFP or BAG3P209L–eGFP expressing fibers on 
the double morpholino background were intact, despite 
incubation at 37 °C (Supplementary Figure S9; Chi square 
statistical test p < 0.05). Together, these results demonstrate 
that BAG3wt–eGFP and BAG3P209L–eGFP are capable 
of rescuing the loss of function phenotype at both human 
and zebrafish physiological temperatures, proving that 
both proteins are able to provide the functions required for 
Z-disk integrity.

Discussion

In this study, we present a novel zebrafish model of 
BAG3-related MFM that has allowed us to elucidate the 
mechanism of disease. We show in an in vivo system that 
BAG3P209L–eGFP results in the formation of protein aggre-
gates, a hallmark of MFM. Examination of the aggre-
gates reveals inclusion of FLNC, as has been reported in 
MFM patients [6], and of BAG3wt, which has not been 
previously shown. Having confirmed that our zebrafish 
model develops similar aggregates to those seen in BAG3-
related MFM, we tested the hypothesis that BAG3P209L 
has impaired protein–protein interactions. We examined 
the dynamics of BAG3wt–eGFP, in vivo, using FRAP and 
compared it to that of BAG3P209L–eGFP. No difference in 
recovery rate at the Z-disk was seen between the two pro-
teins, demonstrating that protein dynamics are unaltered 
and that the protein–protein interactions required for its 
localization to the Z-disk are unaffected.

It has been suggested that formation of aggregates 
in BAG3-related MFM results from the inability of 
BAG3P209L to drive autophagic degradation of misfolded 
proteins. To test this hypothesis, we blocked autophagy in 
BAG3wt–eGFP expressing cells and showed that this was 
insufficient to result in protein aggregation, therefore dem-
onstrating that decreased autophagic activity was not the 
cause of protein aggregation seen in MFM. Furthermore, 
stimulation or inhibition of autophagy in BAG3P209L–
eGFP expressing fish ameliorates or further exacerbates 
the protein accumulation phenotype, respectively. This 

demonstrates that autophagy not only has an active role 
in clearing the aggregates, but also that upregulating 
autophagy can significantly promote further clearance. 
We propose that it is the propensity of BAG3P209L to mis-
fold, and not its inability to trigger autophagy, that results 
in protein aggregation in BAG3-related MFM. Our results 
indicate that pharmacological upregulation of autophagy 
could be beneficial in reducing protein aggregation in 
MFM. In fact, in several neurodegenerative disease mod-
els, an enhancement of the autophagic pathway has resulted 
in a reduction of protein aggregates [28]. For example, in 
fly and mice models of Huntington’s disease Rapamycin 
and its analog CCI-779 have been shown to reduce protein 
aggregation and decrease levels of neurodegeneration [30]. 
This, together with our results, highly supports the poten-
tial use of autophagy modulating drugs in modifying the 
protein aggregation in MFM.

An aspect of MFM not seen with our BAG3P209L overex-
pression model is the dissolution of muscle fibers. Through 
morpholino knockdown of Bag3, we demonstrate that a 
reduction in Bag3 levels results in myofibrillar disintegra-
tion. Examination of the disintegrating fibers determined 
that the failure in integrity was within the Z-disk. Further 
analysis using electron microscopy revealed impaired 
Z-disk patterning, accumulation of mitochondria in areas 
devoid of myofibrils, and the presence of autophagic vesi-
cles, all of which are found in BAG3-related MFM [38]. 
Our analysis also revealed that myofibrillar disintegration 
is contraction dependent and increases with the load on the 
fiber. The reduction of Bag3, however, does not result in 
the formation of protein aggregates. The two features of 
MFM are therefore caused by a combination of dominant 
gain of function resulting in protein aggregation and a loss 
of function resulting in myofibrillar disintegration.

Having determined that impaired autophagy was not 
the cause of aggregate formation in BAG3P209L MFM, we 
wished to further examine the function of the mutant pro-
tein. Remarkably, BAG3P209L is capable of rescuing the 
bag3 morphant phenotype, suggesting that myofibrillar 
disintegration in patients is not due to BAG3 haploinsuf-
ficiency. Given that we found BAG3wt sequestered into 
BAG3P209L-mediated aggregates, we propose a mecha-
nism whereby BAG3P209L aggregation results in a decrease 
in available BAG3, which is further compounded by the 
sequestration of the wild-type protein. BAG3 has previ-
ously been demonstrated to regulate the autophagic degra-
dation of the Z-disk protein FLNC following mechanical 
stress [2]. The continuous unfolding and refolding of the 
Z-disk protein FLNC during repeated contraction results 
in its damage and BAG3 is responsible for targeting dam-
aged FLNC for degradation via the CASA pathway [2, 
41]. In BAG3-related MFM the decreasing pool of BAG3, 
due to sequestration of both BAG3P209L and BAG3wt in 
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aggregates, leads to an insufficiency resulting in myofibril-
lar disintegration, potentially due to a failure to degrade 
damaged Z-disk proteins including FLNC. This hypothesis 
is supported by the striking similarity observed between 
bag3 MO-injected embryos and the loss of function FLNC 
mutant, “stretched out” [31], suggesting a common mecha-
nism of action. Myofibrillar disintegration would also be 
enhanced by the depletion of FLNC due to its accumulation 
in aggregates.

In conclusion, we have shown that the P209L mutation 
causes BAG3 to aggregate. We propose that the gradual 
loss of available BAG3wt and BAG3P209L proteins results 
in an insufficiency that leads to myofibrillar disintegration 
and explains both the late onset and progressive nature of 
MFM. Whilst myofibrillar disintegration is the cause of 
muscle weakness, the formation of protein aggregates, 
reducing the BAG3 available to the myofiber, is the primary 
trigger. Therefore, development of therapies that target this 
aspect of the phenotype, by promoting aggregate clearance 
or inhibiting aggregate nucleation, will be highly beneficial 
for the treatment of MFM.
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