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Mutations in B cell lymphoma 2–associated athanogene 3 (BAG3) are recurrently associated with dilated cardiomyopathy
(DCM) and muscular dystrophy. Using isogenic genome-edited human induced pluripotent stem cell–derived
cardiomyocytes (iPSC-CMs), we examined how a DCM-causing BAG3 mutation (R477H), as well as complete loss of
BAG3 (KO), impacts myofibrillar organization and chaperone networks. Although unchanged at baseline, fiber length and
alignment declined markedly in R477H and KO iPSC-CMs following proteasome inhibition. RNA sequencing revealed
extensive baseline changes in chaperone- and stress response protein–encoding genes, and protein levels of key BAG3
binding partners were perturbed. Molecular dynamics simulations of the BAG3-HSC70 complex predicted a partial
disengagement by the R477H mutation. In line with this, BAG3-R477H bound less HSC70 than BAG3-WT in
coimmunoprecipitation assays. Finally, myofibrillar disarray triggered by proteasome inhibition in R477H cells was
mitigated by overexpression of the stress response protein heat shock factor 1 (HSF1). These studies reveal the
importance of BAG3 in coordinating protein quality control subsystem usage within the cardiomyocyte and suggest that
augmenting HSF1 activity might be beneficial as a means to mitigate proteostatic stress in the context of BAG3-
associated DCM.
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Introduction
Dilated cardiomyopathy (DCM), characterized by enlarged ventricular dimensions and diminished systolic 
and diastolic function, represents the most common form of  nonischemic cardiomyopathy and is a prin-
cipal cause of  heart failure (1). Exome sequencing studies and clinical testing have nominated nonsense, 
missense, and frameshift mutations in B cell lymphoma 2–associated athanogene 3 (BAG3) as potential 
causes of  adult-onset, sporadic, and monogenic forms of  DCM (2, 3). BAG3, identified via a yeast 2-hybrid 
screen based on its high-affinity interaction with HSC/HSP70 (4), is an evolutionarily conserved and multi-
functional protein expressed in myriad cell types (5). In cardiac and skeletal muscle, BAG3 performs a vital 
protein quality control function by instigating removal of  mechanically damaged proteins such as filamin 
C from Z-discs via the chaperone-assisted selective autophagy (CASA) pathway (6) and confers structural 
support by anchoring F-actin to α-actinin (7).

Homozygous loss of  Bag3 in mice results in severe muscle wasting and heart failure soon after birth (8). 
Similarly, Bag3 loss in zebrafish is coincident with cardiac dysfunction (3) and multisystem muscle failure 
in Drosophila (6). However, far less is known about the effect of  naturally occurring mutations that occur in 
humans. This is crucial, since different BAG3 domains regulate distinct cellular functions (5), meaning dif-
ferent mutations could elicit distinct cellular defects and, hence, alter disease trajectories. Of > 250 human 
BAG3 mutations reported in clinical databases (e.g., ESP, ClinVar, and ExAC) as deleterious or potentially 
deleterious, just a handful have been phenotypically appraised (3, 9–11). Here, we employed genome-edited 
induced pluripotent stem cell–derived cardiomyocytes (iPSC-CMs) as a contextually accurate modality to 
examine the cell-autonomous effect of a BAG3 missense variant (c.1430G>A; R477H [RH]) linked to DCM (3). 

Mutations in B cell lymphoma 2–associated athanogene 3 (BAG3) are recurrently associated with 
dilated cardiomyopathy (DCM) and muscular dystrophy. Using isogenic genome-edited human 
induced pluripotent stem cell–derived cardiomyocytes (iPSC-CMs), we examined how a DCM-
causing BAG3 mutation (R477H), as well as complete loss of BAG3 (KO), impacts myofibrillar 
organization and chaperone networks. Although unchanged at baseline, fiber length and alignment 
declined markedly in R477H and KO iPSC-CMs following proteasome inhibition. RNA sequencing 
revealed extensive baseline changes in chaperone- and stress response protein–encoding genes, 
and protein levels of key BAG3 binding partners were perturbed. Molecular dynamics simulations 
of the BAG3-HSC70 complex predicted a partial disengagement by the R477H mutation. In line 
with this, BAG3-R477H bound less HSC70 than BAG3-WT in coimmunoprecipitation assays. 
Finally, myofibrillar disarray triggered by proteasome inhibition in R477H cells was mitigated by 
overexpression of the stress response protein heat shock factor 1 (HSF1). These studies reveal 
the importance of BAG3 in coordinating protein quality control subsystem usage within the 
cardiomyocyte and suggest that augmenting HSF1 activity might be beneficial as a means to 
mitigate proteostatic stress in the context of BAG3-associated DCM.
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Our study represents the first exploration of  a disease-linked BAG3 variant using engineered human iPSC-
CMs. Underscoring BAG3’s crucial role in protein quality control, our data implicate the mutant allele as 
uncoupling the BAG3-HSC/HSP70 complex, dysregulating the chaperone system, and impairing myofiber 
maintenance. We also demonstrate that increasing expression of  heat shock factor 1 (HSF1), a transcription 
factor that regulates expression of  BAG3 and myriad stress-response genes, can lessen myofibrillar disarray in 
cardiomyocytes harboring BAG3 loss-of-function alleles.

Results
The RH mutation was introduced heterozygously into a healthy donor–derived iPSC line using the CRIS-
PR-Cas9 system (Figure 1, A and B). A homozygous BAG3 KO line (BAG3-KO) was also established 
(Supplemental Figure 1; supplemental material available online with this article; https://doi.org/10.1172/
jci.insight.128799DS1). BAG3-RH, BAG3-KO, and unedited isogenic control (BAG3-WT) lines were dif-
ferentiated into cardiomyocytes (iPSC-CMs) via the Wnt/β-catenin modulation protocol (12) coupled with 
lactate selection (13), and purity was consistently ≥ 90% (Supplemental Figure 2). No obvious difference 
in BAG3 distribution was observed between BAG3-WT and BAG3-RH iPSC-CMs (Figure 1C). BAG3 
promotes removal of  damaged proteins from the sarcomeric Z-disc via the CASA pathway, and BAG3 
loss-of-function causes myofibrillar disarray in mouse and fly (6, 8). However, based on gross examination 
of  cardiac troponin T and α-actinin staining profiles, fiber formation and organization appeared unchanged 
across BAG3-WT, BAG3-RH, and BAG3-KO iPSC-CMs (Figure 1D).

Expression of  BAG3 increased with age in mouse heart, as did the autophagy adapter protein P62 (Sup-
plemental Figure 3), in line with increased autophagy in older cells (14). Since iPSC-CMs resemble mid- to 
late-embryonic cardiomyocytes (15) and favor the ubiquitin-proteasome system for proteolytic disposal, we 
posited that enforced reliance on autophagy would place increased stress on BAG3 and potentially lead to 
fiber disarray. Proteasome inhibition activates autophagy in various cell types, including cardiomyocytes 
(16, 17), and the 26s proteasome inhibitor MG132 caused accumulation of  ubiquitinated proteins (Ub-pro-
teins) and increased expression of  BAG3 and P62 in healthy unedited iPSC-CMs (Supplemental Figure 3). 
MG132 also caused BAG3 to adopt a robust fiber distribution (Supplemental Figure 4). Using score-based 
classification and a quantitative approach, we firstly confirmed that in untreated iPSC-CMs, neither the 
BAG3-RH substitution nor BAG3 loss caused overt myofibrillar disorganization (Figure 2, A–D). We then 
analyzed fiber organization following proteasome inhibition and observed marked disarray in BAG3-RH 
and BAG3-KO iPSC-CMs relative to equivalently treated BAG3-WT iPSC-CMs (Figure 2, E–H). Protea-
some inhibition also caused accumulation of  Ub-proteins and enhanced expression of  autophagy pathway 
proteins BAG3, P62, and LC3-II (Supplemental Figure 5). Ub-protein accumulation was most evident in 
MG132-treated BAG3-KO iPSC-CMs, and interestingly, induction of  LC3-II by MG132 was greater in 
BAG3-RH iPSC-CMs and BAG3-KO iPSC-CMs than BAG3-WT iPSC-CMs (Supplemental Figure 5). 
Therefore, proteasome inhibition caused increased myofiber disarray in BAG3-RH and BAG3-KO iPSC-
CMs and a pronounced, presumably adaptive induction of  the macroautophagy pathway.

RNA sequencing (RNA-Seq) revealed marked transcriptional differences between BAG3-WT, BAG3-
RH, and BAG3-KO iPSC-CMs (Figure 3A). The majority of  chaperone- and heat shock protein–encoding 
genes detected (48 of  80) were differentially expressed between BAG3-RH and BAG3-WT iPSC-CMs (P < 
0.01, FDR < 0.1) (Figure 3B). In BAG3-RH vs. BAG3-WT iPSC-CMs, BAG1 — whose activity is recipro-
cally linked to that of  BAG3 (14) — was the most highly upregulated, while BAG3 binding partner HSPB6 
(18) was the most repressed. At the protein level, increased expression of  HSPA8 (HSC70), a generic mark-
er of  cell stress and chief  BAG3 binding partner, was evident, while HSPB6 and HSPB8 levels diminished 
(Figure 3C). Hence, the BAG3-RH mutation disequilibrated expression and stability of  key mediators of  
protein quality control and the stress response.

We next tested if  the RH mutation affects interaction between BAG3 and HSC70. Using a theoretically 
derived construct of  the BAG3-HSC70 interface, we conducted molecular dynamics (MD) simulations, 
assessing protein backbone trajectories and amino acid side-chain interactions. Simulations predicted that 
the RH mutation causes a loss of  H-bonding between BAG3 and HSC70 (Figure 4A), as well as a mild 
but obvious increase in BAG3 protein backbone flexibility (Figure 4B), which in sum could be envisaged 
to destabilize the complex. To explore this experimentally, coimmunoprecipitation assays were conducted 
on FLAG-tagged forms of  BAG3-WT, BAG3-RH, and a BAG domain–deficient form of  BAG3 (BAG3-
BAGΔ) following stable expression in HL-1 cardiomyocytes. As expected, BAG3-WT bound robustly to 
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HSC70, while BAG3-BAGΔ did not (Supplemental Figure 6), and supporting our in silico studies, BAG3-
RH bound less (~40%) HSC70 than BAG3-WT (Figure 4, C and D).

Finally, we tested if  stimulating the stress response system would reduce myofibrillar disarray induced by 
proteasome inhibition in mutant BAG3 iPSC-CMs. The stress-inducible transcription factor HSF1 drives expres-
sion of BAG3 and various chaperones, including HSP70, and regulates proteasome function (19). In line with 
a protective effect, MG132-induced fiber disarray was less severe in BAG3-RH iPSC-CMs transduced with an 
HSF1 lentivirus than in BAG3-RH iPSC-CMs transduced with a control lentivirus (Figure 5). Hence, promoting 
the heat shock pathway lessens proteasome inhibition–mediated myofibrillar disarray in the context of BAG3 
loss-of-function and could hold potential as a therapeutic entry point for treatment of BAG3-associated DCM.

Figure 1. Production and preliminary analysis of BAG3-R477H and BAG3-KO induced pluripotent stem cell (iPSC)-de-
rived cardiomyocytes. (A) Schematic representation of the BAG3 gene, WT genomic DNA (gDNA) sequence, and the 
central part of the single-stranded oligonucleotide (ssODN) sequence used to introduce the c.1430G>A (R477H) muta-
tion, which causes DCM in humans (3), into iPSCs. (B) Sanger sequence traces and corresponding amino acid sequences 
of an unedited iPSC line (BAG3-WT, left) and an iPSC line heterozygous for the c.1430G>A (BAG3-RH) mutation (right). 
In A and B, underlined/bolded and italicized nucleotides denote the variant of interest and synonymous Cas9-blocking 
mutations, respectively. (C) BAG3 localization in BAG3-WT (WT), BAG3-R477H (RH), and BAG3-KO (KO) iPSC–derived 
cardiomyocytes. Green, BAG3; blue, DAPI. Scale bar: 20 μm. (D) Visualization of myofibrillar organization in BAG3-WT 
(WT), BAG3-R477H (RH), and BAG3-KO (KO) iPSC–derived cardiomyocytes. Red, cardiac troponin T; green, α-actinin; 
blue, DAPI. Scale bar: 20 μm. Data are representative of 3 independent experiments.
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Figure 2. Proteasome inhibition causes myofibrillar disarray in BAG3-R477H and BAG3-KO induced pluripotent stem cell–derived cardiomyocytes (iPSC-CMs). 
(A) Visualization of myofibrillar organization in unedited (WT), BAG3-R477H knock-in (RH), and BAG3-KO (KO) iPSC-CMs, maintained under standard culture con-
ditions. Red, cardiac troponin T; green, α-actinin. (B) Quantification of myofibrillar disorganization/organization in BAG3-WT, BAG3-RH, and BAG3-KO iPSC-CMs 
based on manual classification (n > 150 cells per genotype). (C) Quantification of myofibrillar disorganization/organization in BAG3-WT, BAG3-RH, and BAG3-
KO iPSC-CMs from corresponding cells in A. Left panels show individual myofiber boundaries (identified from cardiac troponin channel) defined using an edge 
detection algorithm in MATLAB (see Methods) and are displayed as red or blue if aligned or unaligned, respectively, with the predicted long axis of the parent cell, 
indicated in the top right corner. Right panels display each myofiber from the corresponding parent cell (left panels) as a single point and are plotted according to 
their length (y axis) and angle relative to the predicted long axis (x axis) of the parent cell. The dashed box represents ±15°of the predicted long axis of the cell. (D) 
Relative myofiber alignment based on edge detection measurements in BAG3-WT, BAG3-RH, and BAG3-KO iPSC-CMs. E–H are as described in A–D, respectively, 
but with the addition of MG132 (25 μM, 15 hours). In A and E, scale bar: 20 μm. In D and H, each data point represents average myofiber alignment from a single 
cell. For each genotype, 15 randomly selected cells were analyzed. Boxplots show median and interquartile range (IQR), whiskers extend 1.5 times the IQR, and 
individual data points are displayed as red points. *P < 0.05 (unpaired 2-tailed t test) following Bonferroni correction for multiple comparisons. Images in A and E 
display representative cells from 1 experiment, and data are representative of 3 independent experiments.
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Discussion
BAG3 plays a critical role in maintaining myofibrillar organization, and loss causes severe muscle dys-
function in several model organisms. In humans, missense variants in BAG3 recurrently associate with 
dilated cardiomyopathy (DCM) and muscular dystrophy. As in the case of  the RH variant, symptom 
onset often occurs in mid-life to later life. How such mutations initiate disease remains largely unex-
plored. To our knowledge, this represents the first use of  genome-edited iPSC-CMs to interrogate a 
DCM-associated BAG3 mutation. In brief, our study revealed the following: (a) Basal myofibrillar orga-
nization in iPSC-CMs is unaffected by the DCM-associated BAG3-RH variant or total loss of  BAG3; 
(b) proteasome inhibition causes marked fiber disarray in both BAG3-RH and BAG3-KO iPSC-CMs; 
(c) hundreds of  genes, including those with chaperoning and stress response functions, are dysregulated 
in BAG3-RH and BAG3-KO iPSC-CMs at baseline; (d) the ordinarily high-affinity interaction between 
BAG3 and HSC/HSP70 is weakened by the RH variant; and (e) stimulating the HSF1-driven stress 
response pathway reduces proteasome inhibition–mediated fiber disarray in BAG3-RH iPSC-CMs.

Cardiac fiber proteins experience significant mechanical stress and undergo continual replacement. Mul-
ticomponent chaperone complexes comprising BAG3, HSC70, CHIP, and other small HSPs play a key role 
by promoting refolding of  fiber proteins, as well as targeting irreversibly damaged proteins for degradation 
via the proteasome and chaperone-assisted selective autophagy (CASA), which is distinct from the canonical 
macroautophagy pathway. In our studies, myofibrillar organization was not adversely affected by either the 
BAG3-RH variant or wholesale loss of  BAG3 at baseline. However, in the setting of  proteasome inhibition, 
which, as anticipated, caused accumulation of  Ub-proteins and activated the autophagy pathway, fiber orga-
nization worsened in BAG3-RH and BAG3-KO iPSC-CMs. These observations indicate an adaptive effort 
to maintain proteostasis in response to diminished proteasome function and signify that, in such a setting, 
cells harboring BAG3 mutations fail to compensate sufficiently. Conversion rate of  cytosol-localized LC3-I 
to the autophagosome-associated LC3-II moiety reflects macroautophagic flux. Relative to WT cells, prote-
asome inhibition–mediated LC3-II induction was greater in BAG3-RH and BAG3-KO cells. Hence, rather 

Figure 3. Dysregulated expression and stability of chaperones and heat shock genes/proteins in BAG3-R477H 
and BAG3-KO induced pluripotent stem cell–derived cardiomyocytes (iPSC-CMs). (A) Principal components anal-
ysis of RNA-Seq gene expression profiles from unedited (WT), BAG3-R477H (RH), and BAG3-KO (KO) iPSC-CM. PC1 
and PC2 denote principal components 1 and 2, respectively. (B) Relative transcript abundance of all chaperone and 
heat shock protein (HSP) genes in BAG3-RH vs. BAG3-WT iPSC-CMs (expressed as log2 fold change). Red and gray 
points denote transcripts at P < 0.01 and FDR < 0.1 calculated by quasi-likelihood F-test (QLF test) in edgeR (28) 
and have been adjusted for multiple testing. (C) Western blot for BAG3, key binding partners, and GAPDH (loading 
control) in BAG3-WT (WT), BAG3-RH (RH), and BAG3-KO (KO) iPSC-CMs.
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than impairing autophagy, the RH variant potentiated its activation in the context of  proteasome stress. 
Interestingly, BAG3 loss-of-function has an opposing effect on autophagy in the setting of  nutrient stress 
(9). Cell type, age, and maturity may explain these differences, especially since BAG3 has been proposed to 
underlie an aging-dependent switch from ubiquitin-proteasome– to autophagy-lysosome–based degradative 
pathways (14). Alternatively, it is possible that proteasome stress activates cardiomyocyte autophagy via a 
noncanonical pathway, as proposed elsewhere (20).

Key to BAG3’s role in protein quality control is its interaction with HSC/HSP70. The RH residue 
is in BAG3’s BAG domain, an ~80 amino acid–long 3-helix bundle motif  located at the C-terminus of  
the protein, which mediates binding with HSC/HSP70 and subsequent assembly of  multimeric chaperone 
complexes. Exploiting high-sequence similarity across the BAG family, as well as preexisting structural data, 
we modeled the BAG3-HSC70 binding interface by protein threading and examined how the RH mutation 
affects the interaction using MD simulations. In the context of  the RH mutation, partial uncoupling of  the 
BAG3-HSC70 complex was observed. This was supported by coimmunoprecipitation experiments in which 
a subtle reduction in binding between BAG3-RH and HSC70 was measured. It will be informative to deter-
mine if  this model can successfully predict the uncoupling potential of  other, novel BAG domain mutations 
suspected to cause disease.

Our findings tally with a previous study in which knockdown of  Bag3 in rat neonatal cardiomyocytes 
had no obvious impact on myofibril length or Z-disc periodicity in the absence of  mechanical stress (7). Con-
trary to our observations, overt myofibrillar disarray was reported in BAG3-deficient iPSC-CMs at baseline 
(21). This disparity could originate from the use of  different iPSC lines and suggests that genetic heteroge-
neity — within and beyond BAG3 — modifies phenotypic severity. Interestingly, a recent study identified a 
panel of  BAG3 variants enriched in African American DCM patients, which — while not disease causing 
— were associated with worse outcomes, such as increased hospitalizations and heart transplant (22).

Case-by-case genome editing in iPSCs is laborious, and a limitation of  our study is that a single RH 
line and a single KO line were generated. We recently employed a bacterial recombinase system (23) to 
introduce a panel of  variants of  uncertain significance (VUS) into the TNNT2 gene (24). Such an approach 
would be well suited to appraise the growing list of  VUS in BAG3.

Figure 4. Molecular dynamics simulations and coimmunoprecipitation assays implicate the BAG3-R477H mutation as weakening the BAG3-HSC70 
interaction. (A) Ribbon representations of theoretically derived models (see Methods) of WT and R477H BAG3-HSC70 complexes generated using 
I-TASSER (30). The BAG domain 3-helix bundle is shown in blue, and the HSC70 ATPase domain is shown in gray. Molecular dynamics simulations predict 
that ARG477 (green asterisk) hydrogen bonds to GLU283 in HSC70 but HIS477 (red asterisk) does not. (B) Superimposed first normal mode motions (see 
Methods) of BAG3-WT (dark blue, opaque) and BAG3-R477H (light blue, transparent) BAG domain trajectories over a 20-ns molecular dynamics simula-
tion. Ball-and-stick representation displays position of ARG477 (blue) and HIS477 (green). Note increased motion of the RH protein predictive of weaker 
interaction with HSC70. (C) Coimmunoprecipitation analysis of BAG3-HSC70 binding. Left panel shows Western blot detection of stably expressed FLAG-
tagged BAG3-WT and BAG3-RH in HL-1 cardiomyocytes. Right panel shows coimmunoprecipitation (co-IP) analysis of how R477H substitution affects 
BAG3-HSC70 interaction. Each lane corresponds to a distinct sample. (D) Quantification of band densities in C. Individual data points are displayed as red 
points, and boxplot shows median and interquartile range; whiskers extend 1.5 times the IQR. *P < 0.05 (unpaired 2-tailed t test).
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Figure 5. Overexpression of HSF1 mitigates proteasome inhibition–induced myofibrillar disarray in induced pluripotent stem cell–derived cardiomy-
ocytes (iPCS-CMs) with the BAG3-R477H (RH) mutation. (A) Western blot for HSF1 and GAPDH (loading control) in BAG3-RH iPCS-CMs transduced with 
HSF1 and GFP lentivirus. (B) Visualization of myofibrillar organization in untransduced and HSF1-transduced BAG3-RH iPSC-CMs following treatment 
with MG132 (25 μM, 15 hours) or DMSO. Red, cardiac troponin T; green, α-actinin; blue, DAPI. Images display representative cells. Right panels show 
cardiac troponin channel only for clarity. Scale bar: 20 μm. (C) Quantification of myofibrillar disorganization/disorganization in cells in B. Left panels 
show individual myofiber boundaries (identified from cardiac troponin channel) defined using an edge detection algorithm in MATLAB (see Methods) and 
are displayed as red or blue if aligned or unaligned, respectively, with the predicted long axis of the parent cell, indicated in the top right corner. Right 
panels display each myofiber from the corresponding parent cell (left panels) as a single point and are plotted according to their length (y axis) and angle 
relative to the predicted long axis (x axis) of the parent cell. The dashed box represents ±15° of the predicted long axis of the cell. (D) Relative myofiber 
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In conclusion, missense variants in BAG3’s BAG domain are recurrently encountered in DCM 
patients. In this study, we aimed to elucidate molecular-level consequences of  the RH substitution. Our 
data imply a pathologic mechanism in which BAG3-RH improperly engages HSC/HSP70. We propose 
that this impairs formation of  larger multimeric chaperone complexes required for essential protein 
quality control duties, including but likely not limited to myofibrillar maintenance. The observation that 
fiber disorganization was only apparent when cells were forced to use autophagy — regarded as a key 
degradative mechanism for damaged proteins in older cells — suggests that BAG3 variant expressivity 
is influenced by age-related dynamics in protein quality control subsystem usage and provides a poten-
tial explanation for the delayed onset of  BAG3-associated DCM and heart failure observed in many 
patients. The severity of  fiber disarray was mitigated by overexpression of  HSF1. This could be because 
HSF1 stimulates the stress response program, increasing expression of  chaperones and cochaperones; 
bolstering the holdase and foldase functions, which appear to be lost when BAG3 is mutated and ulti-
mately reducing the proteastatic deficit associated with BAG3 loss of  function.

Methods
Genome editing. Genome editing was conducted as previously described (25) using an sgRNA targeting the 
GGGACGAGCCGATGTGCGTC sequence, a presynthesized (IDT) single-stranded oligodeoxynucle-
otide (5′-CCTGATGATCGAAGAGTATTTGACCAAAGAGCTGCTGGCCCTGGATTCAGTGGAC-
CCCGAGGGGCGGGCAGACGTCCATCAGGCCAGGAGAGACGGTGTCAGGAAGGTTCAGAC-
CATCTTGGAAAAACTTGAACAGAAAG-3′, variant underlined and italicized), and AAVS1 targeting 
reagents. BAG3-KO cells were established by transfecting pX330 expressing an sgRNA targeting the GGGAC-
GAGCCGATGTGCGTC sequence. Transfected cells were maintained in puromycin-containing media for 
1 week. Distinct colonies were expanded, PCR-amplified, and genotyped via Sanger sequencing. Potential 
off-target loci, identified using ZiFiT Targeter Version 4.2 (26), were also sequenced. Isolated knock-in iPSC 
lines were expanded for pluripotency immunocytochemistry, karyotyping, and cryopreservation.

Edited iPSCs were differentiated into cardiomyocytes using the Palacek lab’s Wnt/β-catenin modula-
tion protocol (12) with metabolic selection (13). Typically, beating sheets were evident after 10 days, and 
cardiac troponin T positivity as measured by flow cytometry was typically ~90%. Phenotypic characteriza-
tion studies were conducted at day 30–40.

Lentivirus-mediated overexpression of  HSF1. HSF1 CDS was amplified from iPSC-CM cDNA and 
cloned into pLenti-Puro. Lentivirus was generated in HEK293-Lx cells using pMD2.G and psPAX2 
plasmids. For transduction, 5–10 μL concentrated lentivirus was added to cardiomyocytes grown in 
12-well plates for protein studies or on coverslips in 24-well plates for immunocytochemistry studies. 
HSF1 protein expression was confirmed by Western blotting and immunofluorescence microscopy.

Immunocytochemistry studies. iPSC-CMs were stained, as appropriate, with antibodies against BAG3 
(Proteintech, 10599-1-AP), cardiac troponin T (Abcam, ab45932), and α-actinin (MilliporeSigma, A7811) 
overnight at 4°C. Cells were then incubated with Alexa Fluor 555–conjugated goat anti-rabbit (Thermo Fish-
er Scientific, A27039), Alexa Fluor 488–conjugated goat anti-mouse (Thermo Fisher Scientific, A-11001), 
Alexa Fluor 647–conjugated goat anti-chicken (Thermo Fisher Scientific, A-21449) secondary antibodies as 
appropriate for 1 hour at room temperature. Cells were mounted (Abcam) and viewed at ×100 magnification 
(oil immersion) using a Nikon A1+ confocal microscope. Myofibrillar organization was assessed before and 
after treatment with MG132 (25 μM for 15 hours). For qualitative analyses, cells were stained with cardiac 
troponin T and α-actinin antibodies, and ×20 magnification images (~20 field of  view and ~200 cells per 
genotype) were acquired with a Nikon Eclipse 80i fluorescence microscope for user-based classification. For 
quantitative analysis, thin filament fibers were defined by edge detection (MATLAB, MathWorks). Area and 
angle relative to cell long axis was determined for each fiber object. For presentation purposes, each fiber 
object is plotted based on its length and angle relative to the predefined long axis of  the cell.

RNA-Seq. Poly-A mRNA was prepared from day-30 iPSC-CM cultures (3 independent wells per gen-
otype) with RNeasy columns (Qiagen), followed by oligo-dT selection. Sample quality was assessed using 

alignment based on edge detection measurements in untransduced BAG3-RH iPSC-CMs and BAG3-RH iPSC-CMs overexpressing HSF1 following addition 
of MG132 (25 μM, 15 hours) or DMSO. Each data point represents average myofiber alignment from a single cell. For each condition, 17 randomly selected 
cells per analyzed. Boxplots show median and interquartile range (IQR); whiskers extend 1.5 times the IQR. *P < 0.05 (unpaired 2-tailed t test) following 
Bonferroni correction for multiple comparisons. Data is representative of 3 independent experiments.
 

https://doi.org/10.1172/jci.insight.128799


9insight.jci.org   https://doi.org/10.1172/jci.insight.128799

R E S E A R C H  A R T I C L E

the Agilent Bioanalyzer 2100. Library preparation was conducted with TruSeq RNA Library Prep Kit 
v2 chemistry, and sequencing was carried out on an Illumina HiSeq 2500. FASTQ reads were aligned to 
human genome (hg19) with STAR 2.5.2a (27). Transcript counts per million files were normalized by the 
Cox-Reid method and compared via PCA (FactoMineR) and quasi-likelihood F-tests in edgeR (28). Data 
can be accessed at Gene Expression Omnibus (accession number GSE138633)

BAG3 homology modeling. The BAG1/HSC70 structure (PDB 1HX1; ref. 29) served as a template for 
homology modeling using I-TASSER (30). The RH mutant was generated by substituting Arginine at posi-
tion 477 for histidine. Side-chain conformations were predicted using SCWRL4, and tertiary structure was 
refined with ENCoM Normal Mode Analysis. MD simulations of  the WT and Arg447His mutant (20-ns 
long) were performed using the AMBER package (31) with the ff14sb force field. Both models were simu-
lated without additional restraints.

Coimmunoprecipitation studies. Protein lysates from HL-1 cells (MilliporeSigma, SCC065) expressing 
FLAG-tagged WT, RH, and BAG3-BAGΔ were incubated with Protein A–conjugated Dynabeads (Ther-
mo Fisher Scientific) precomplexed with anti-FLAG antibody (Cell Signaling Technology, 14793S) over-
night at 4°C. Coimmunoprecipitates were subjected to SDS-PAGE and Western blotting as standard. Blots 
were probed with a BAG3 antibody (Abcam, ab47124) to ensure capture and HSC70 (Cell Signaling Tech-
nology, 8444S) to assess BAG3-HSC70 binding.

Statistics. The MATLAB code used for analysis of  myofibers is available upon request. For all statisti-
cal tests other than those involving RNA-Seq data (see above), P values were calculated with an unpaired 
2-tailed Student’s t test with Bonferroni correction for multiple comparisons and were considered signifi-
cant when P < 0.05.

Study approval. All mouse experiments were performed according to procedures approved by the Uni-
versity of  Pennsylvania IACUC.
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