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Introduction
Hypertrophic cardiomyopathy (HCM), characterized by left ventricular hypertrophy and fibrosis, is the 
most common monogenetic form of  inherited heart disease affecting approximately 1 in 500 individuals. 
Patients with HCM are predisposed to heart failure, outflow tract obstruction, arrhythmias, and sudden 
cardiac death. The most frequently mutated gene in HCM is cardiac myosin binding protein C (MYB-
PC3), accounting for more than 50% of  cases in which the causative gene has been identified (1). MYB-
PC3 is a 150-kDa myofilament protein found in the C-zone of  the thick filament that interacts with both 
myosin and actin, acting as a molecular brake on cross-bridge cycling (2). In contrast to other sarcomere 
genes that primarily harbor missense mutations, over 90% of  MYBPC3 mutations are nonsense, result-
ing in premature termination and predicted to yield truncated proteins (1, 3). Yet, multiple studies have 
failed to identify the presence of  mutant truncated MYBPC3 in myocardium from HCM patients (4–6). 
Nonsense mutant MYBPC3 transcript has been shown to undergo nonsense-mediated decay (NMD), 
suggesting the majority of  mutant transcript is degraded (7). However, we have previously shown that in 
myocardium from patients with MYBPC3-linked HCM, transcript originating from the mutant allele of  
MYBPC3 is still detectable in sufficient quantities to provide a template for mutant protein synthesis (8). 
While the absence of  truncated proteins supports a disease mechanism arising from haploinsufficiency 
of  full-length MYBPC3 within the sarcomere, a contribution from mutant protein expression has not 
been conclusively excluded. In several studies using both cell and animal models, expression of  truncat-
ed mutant MYBPC3 protein was associated with impairment of  the ubiquitin-proteasome system (UPS), 
one of  the major cellular protein degradation pathways (9–11). Deficits in the UPS have been previously 
linked to human HCM particularly when caused by truncating mutations in MYBPC3 (12, 13). UPS 
dysfunction is an indicator that protein homeostasis, or proteostasis, is disrupted. However, what is not 

Cardiac myosin binding protein C (MYBPC3) is the most commonly mutated gene associated with 
hypertrophic cardiomyopathy (HCM). Haploinsufficiency of full-length MYBPC3 and disruption of 
proteostasis have both been proposed as central to HCM disease pathogenesis. Discriminating the 
relative contributions of these 2 mechanisms requires fundamental knowledge of how turnover of 
WT and mutant MYBPC3 proteins is regulated. We expressed several disease-causing mutations 
in MYBPC3 in primary neonatal rat ventricular cardiomyocytes. In contrast to WT MYBPC3, mutant 
proteins showed reduced expression and failed to localize to the sarcomere. In an unbiased 
coimmunoprecipitation/mass spectrometry screen, we identified HSP70-family chaperones as 
interactors of both WT and mutant MYBPC3. Heat shock cognate 70 kDa (HSC70) was the most 
abundant chaperone interactor. Knockdown of HSC70 significantly slowed degradation of both WT 
and mutant MYBPC3, while pharmacologic activation of HSC70 and HSP70 accelerated degradation. 
HSC70 was expressed in discrete striations in the sarcomere. Expression of mutant MYBPC3 did 
not affect HSC70 localization, nor did it induce a protein folding stress response or ubiquitin 
proteasome dysfunction. Together these data suggest that WT and mutant MYBPC3 proteins are 
clients for HSC70, and that the HSC70 chaperone system plays a major role in regulating MYBPC3 
protein turnover.
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known is how MYBPC3 is targeted for degradation by the UPS system and whether truncated MYBPC3 
mutants represent a direct challenge to proteostasis.

Proteostasis involves a complex array of  cellular protein quality control systems that maintain balance 
between protein synthesis, folding, repair, and degradation. Maintenance of  proteostasis in the heart is critical 
to proper cardiac function. Cardiac hypertrophy, fundamentally caused by increased myocyte size as opposed 
to proliferation, is inherently an imbalance between protein synthesis and degradation (14). The postmitotic 
cardiomyocyte is particularly dependent on precise regulation of  contractile protein stoichiometry, folding, 
and repair, but mechanisms governing turnover of  sarcomere proteins, including MYBPC3, are still largely 
unknown. Recent studies have underscored the importance of  protein quality control pathways in various 
etiologies of  cardiovascular disease (15–19). Defects in proteostasis relating to mutations in genes encoding 
molecular chaperones, a class of  proteins that assists in folding nascent or misfolded clients and preventing 
toxic aggregation of  proteins, can cause pathological cardiac remodeling in human disease. Two notable 
examples are mutations in the small heat shock protein (sHSP) αB-crystallin and the cochaperone BAG3, 
which cause dilated and myofibrillar cardiomyopathy, respectively (20–22). Therefore, we hypothesized that 
chaperone-client interactions may also play a role in the pathogenesis of  hypertrophic cardiomyopathy.

Through an unbiased coimmunoprecipitation/mass spectrometry (co-IP–MS) study, we identified heat 
shock protein 70 kDa–family (HSP70-family) chaperones as MYBPC3 interactors. The HSP70 family, 
including but not limited to HSP70 and heat shock cognate 70 kDa (HSC70), is a group of  highly ubiquitous 
chaperones with an ATP-dependent catalytic cycle that recognize exposed hydrophobic residues on client 
proteins (23). In addition to promoting protein folding, the HSP70s participate in guiding proteins toward 
UPS-mediated degradation through interactions with the E3 ligase carboxyl-terminus of  HSP70 interacting 
protein (CHIP) (24). Experimentally, Hspa1a/b-null mice and mice null for the HSP70 cochaperone Hspa4 
developed left ventricular hypertrophy and fibrosis, suggesting that loss of  HSP70 chaperone function can 
lead to a phenotype similar to HCM (25, 26). While critical roles for HSC70 and its cochaperones in myo-
sin folding and Z-disk maintenance have been previously demonstrated, the role of  molecular chaperones 
in handling sarcomeric regulatory proteins such as MYBPC3 is underexplored (27–29). We hypothesized 
that MYBPC3 is a client of  HSP70-family chaperones and that expression of  truncated MYBPC3 increases 
stress responses associated with HSP70 chaperones, contributing to UPS impairment and defective proteo-
stasis in cardiomyocytes. To test this hypothesis, we expressed a panel of  human MYBPC3 mutations in 
neonatal rat ventricular cardiomyocytes (NRVMs), and explored their physical and functional interactions 
with HSP70s. We present our findings that both WT and mutant MYBPC3 physically interact with the 
HSP70 family of  molecular chaperones, and that modulation of  HSC70 expression or activity specifically 
impacts MYBPC3 degradation. Moreover, we show that HSC70 localizes to the sarcomere adjacent to 
MYBPC3. However, expression of  truncated MYBPC3 was not associated with proteasome dysfunction, 
induction of  HSP70 expression, or stress-induced translocation of  cytosolic HSC70 to the nucleus. These 
results represent what we believe to be the first identification of  a chaperone for MYBPC3, challenge the 
hypothesis that HCM-associated truncated MYBPC3 directly disrupts proteostasis, and uncover a role for 
HSC70 in sarcomere proteostasis in fully differentiated myofibrils.

Results
MYBPC3 mutants are unstably expressed and mislocalized. We created WT and 5 mutant human MYBPC3 con-
structs with N-terminal FLAG epitope tags to express in NRVMs via adenoviral transduction. The muta-
tions chosen have been identified as pathogenic in patients with HCM (8, 30) and occur at several loci along 
the MYBPC3 protein (Figure 1A). The Ile154Leufs*5, c.2905+1G>A, Asp1076Valfs*6, and Trp1098* 
mutations are nonsense, resulting in truncated proteins, while the Gly1248_Cys1253dup mutation con-
tains an in-frame duplication near the C-terminus resulting in a full-length protein. Gly1248_Cys1253dup 
was included because, unlike other MYBPC3 nontruncating mutations, the mutant protein appears to be 
unstable and is not detectable in human HCM tissue, similar to MYBPC3 truncating mutations (8). We 
performed immunofluorescence of  NRVMs on fibronectin-micropatterned polydimethylsiloxane (PDMS) 
coverslips (Figure 1E) to determine the subcellular localization of  MYBPC3 mutants. This micropatterning 
technique constrains the NRVMs to 20-μm-wide rows, inducing elongated rectangular morphologies more 
similar to adult cardiomyocyte geometry, and thus enabling precise analysis of  sarcomere structure and 
protein localization. FLAG-WT MYBPC3 localized correctly to the C-zone, in the characteristic doublet 
pattern flanking the M-line. In contrast, none of  the MYBPC3 mutants exhibited sarcomere incorporation, 
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instead localizing diffusely to the cytosol and in the case of  Ile154Leufs*5, to the nucleus (Figure 1D and 
Supplemental Figure 1A; supplemental material available online with this article; https://doi.org/10.1172/
jci.insight.99319DS1). Select MYBPC3 mutants also showed significantly decreased expression compared 
with WT as assessed by Western blot of  NRVM whole lysate (Figure 1, B and C). However, total MYBPC3 
protein levels (sum of  endogenous rat and adenovirally expressed protein) were unchanged, indicating that 
overall sarcomere stoichiometry of  MYBPC3 was maintained (Supplemental Figure 1, B and C).

MYBPC3 associates with HSP70 chaperone proteins. In order to identify MYBPC3-interacting proteins, we 
purified WT, Ile154Leufs*5, and Trp1098* FLAG-MYBPC3 and binding partners from NRVM lysates by 
co-IP (Figure 2A) and analyzed them by liquid chromatography–tandem mass spectrometry (LC-MS/MS). 
Two independent co-IP–MS experiments were performed. Interactors were defined as those proteins with 
2 or more assigned peptides detected in both experiments, and with a calculated fold change in spectral 
counts (FC-A score) of  2 or higher compared with the nontransduced NRVM sample in at least 1 of  the 2 
experiments. Gene ontology enrichment analysis of  37 proteins identified as WT interactors (Figure 2B) 
analyzed against a background list of  all 515 proteins detected in the samples transduced with WT FLAG-
MYBPC3 identified an annotation cluster for chaperones, unfolded protein binding, and protein folding 
as the most enriched category of  proteins (for full results and analysis of  interactors, see Supplemental 
Table 2). Among these, members of  the HSP70 family of  molecular chaperones were the most abundant 

Figure 1. FLAG-tagged WT and mutant MYBPC3 constructs were generated and expressed in NRVMs via adenovirus. (A) MYBPC3 protein schematic 
showing protein domains and locations of mutations. (B and C) Representative Western blot and quantification, respectively, of FLAG-MYBPC3 expression 
levels. Shorter truncation mutants and Gly1248_Cys1253dup are more unstably expressed. n = 6, Kruskal-Wallis 1-way ANOVA P < 0.0001. *P < 0.05 versus 
WT, Dunn’s multiple-comparison test. Mean ± SEM. (D) FLAG–WT MYBPC3 is correctly expressed in the sarcomere C-zone in patterned NRVMs, while 
MYBPC3 mutants appear diffuse in the cytosol with little to no sarcomere localization. Immunofluorescence micrographs, ×60 magnification. Scale bars: 
10 μm. (E) Diagram demonstrating fibronectin micropatterning technique.
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chaperones identified, with HSC70 (Hspa8) exhibiting the highest spectral counts among chaperones in 
both experiments. The stress-inducible cytosolic HSP70 (Hspa1a), endoplasmic reticulum–specific binding 
immunoglobulin protein (BiP, Hspa5), and mitochondrial HSP70 (Hspa9), were also identified as interact-
ing proteins. The abundance of  peptides corresponding to each HSP70 chaperone was mutation specific: 
the Ile154Leufs*5 mutant had the lowest spectral counts for HSP70 and HSC70, while Trp1098* had the 
highest spectral counts relative to WT MYBPC3 (Figure 2D). Sarcomere proteins known to bind to MYB-
PC3 (i.e., α- and β-myosin heavy chains) were identified in WT co-IPs, and were less abundant or absent in 
mutant MYBPC3 samples, reflecting loss of  binding domains and lack of  sarcomere incorporation (Figure 
2F). While α-cardiac actin (Actc1), a known major binding partner of  MYBPC3, was detected in both co-
IP–MS replicates, it did not meet the requisite threshold for an interacting protein due to the presence of  
high spectral counts in the nontransduced samples. This was likely due to nonspecific binding of  Actc1 to 
the Sepharose beads or IgG, as actin isoforms are known common contaminants in affinity purification 
assays (31). Additionally, Acta1 (α-skeletal muscle), Acta2 (aortic smooth muscle), and Actb and Actg1 (cyto-
plasmic) were also detected. Due to the high sequence homology among different actin isoforms, it is also 
possible that some peptides assigned to cardiac actin originated from the other forms of  actin, and vice-
versa. Other potentially novel interacting proteins associated with the myofilament and cytoskeleton were 

Figure 2. Interactions between MYBPC3 and molecular chaperones. (A) Western blot showing co-IP of HSC70 and HSP70 with FLAG-tagged WT and 
mutant MYBPC3. Shorter MYBPC3 truncated proteins show loss of this interaction. (B) Summary of WT MYBPC3–interacting proteins manually catego-
rized by function. All interactors were detected in both co-IP–MS experiments and showed a calculated fold change (FC-A) in spectral counts 2 or higher 
over nontransduced myocytes in at least one independent experiment. Interactors within dark boxes showed an FC-A of 2 or higher over background in 
both experiments. (C) Venn diagrams showing overlap of interacting proteins (left, all interactors; right, protein quality control interactors) identified in 
immunoprecipitates for WT, Ile154Leufs*5, and Trp1098* MYBPC3. MYBPC3 mutants show loss of interaction with protein quality control–related pro-
teins. (D–F) Normalized spectral counts for a subset of MYBPC3-interacting proteins from 2 independent co-IP–MS experiments. Adjusted spectral counts 
were normalized to abundance of FLAG-MYBPC3 bait protein. (D) HSC70 and HSP70 were more abundant in FLAG-Trp1098* samples, but less abundant 
in FLAG-Ile154Leufs*5 samples compared with FLAG-WT, while small heat shock proteins (E) showed loss of interaction with both mutants. (F) MYBPC3 
mutants also showed reduced association with known binding partners myosin heavy chains α and β.

https://doi.org/10.1172/jci.insight.99319
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also identified (e.g., FLNA, FLNC, CSRP3, LDB3, and SORBS2), as were several proteins involved in 
other cellular functions, including metabolism and translation (Figure 2B and Supplemental Table 2). Five 
proteins retained interaction with WT, Trp1098*, and Ile154Leufs*5 MYBPC3: polyubiquitin-C, Hspa1a, 
Hspa5, Hspa8, and Hspa9. Both mutants showed an overall loss of  interaction with non-HSP70 chaperones 
and other protein quality control–related factors compared with WT (Figure 2C). For example, we iden-
tified a loss of  interaction with the sHSPs αB-crystallin (Cryab) and HSP27 (Hspb1) for both MYBPC3 
mutants (Figure 2E).

HSC70 knockdown slows degradation rate of  WT and mutant MYBPC3. Both HSC70 and HSP70 act 
upstream of  proteasomal degradation by interacting with UPS substrates and the E3 ubiquitin ligase CHIP, 
thereby facilitating ubiquitination (24). Because the affinity-purification MS experiment demonstrated the 
strongest evidence for an MYBPC3-HSC70 interaction, we focused initially on HSC70. We hypothesized 
that if  MYBPC3 is a client for HSC70, modulating expression or activity of  HSC70 would affect its degra-
dation. To investigate this, we measured the degradation rates of  WT and mutant MYBPC3 by cyclohexi-
mide (CHX) pulse-chase assay. First, NRVMs were treated with either nonspecific scrambled control siR-
NA or siRNA directed against the gene encoding HSC70 (Hspa8). Twenty-four hours of  siRNA treatment 
produced significant (>50%) knockdown of  both HSC70 transcript and protein compared with scrambled 
control (Supplemental Figure 2, A–C). NRVMs were then incubated in media containing CHX to block de 
novo protein synthesis and allow measurement of  the rates of  degradation for individual proteins by West-
ern blot. Scrambled siRNA treatment did not significantly affect the endogenous rat MYBPC3 degradation 
rate compared with the untreated condition (Supplemental Figure 4A). For endogenous rat MYBPC3, 
FLAG-WT, and Trp1098*, t½ was significantly longer in cells treated with HSC70 siRNA versus scrambled 
siRNA, while the effect of  HSC70 knockdown on Ile154Leufs*5 and Gly1248_Cys1253dup MYBPC3 was 
not significant (Figure 3, A–E, and Table 1; representative Western blots can be found in Supplemental 
Figure 3). The Gly1248_Cys1253dup mutant exhibited a very rapid rate of  degradation, and earlier time 
points after CHX treatment (45 and 90 minutes) were added to better capture its degradation kinetics. The 
Z-disk protein α-actinin and myosin heavy chain (Supplemental Figure 4B) did not degrade at the same rate 
as MYBPC3, demonstrating that the degradation kinetics we observed are specific to MYBPC3 and do not 

Figure 3. Degradation rates of WT and mutant MYBPC3 are affected by HSC70 knockdown and small-molecule HSP70 activator YM-1. (A–E) MYBPC3 
degradation was slowed in NRVMs treated with HSC70 siRNA (open triangles, dashed line) compared with scrambled control siRNA treatment (closed 
circles, solid line). (F–J) MYBPC3 degradation was accelerated in NRVMs treated with 10 μM YM-1 (open diamonds, dashed line) compared with DMSO 
vehicle control (closed circles, solid line). n ≥ 7, mean ± SEM, P values represent significance of comparison of reaction constant k between conditions. 
Dotted lines show 95% confidence intervals for k.
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simply reflect general turnover of  all sarcomere proteins. We also verified that the effect of  HSC70 knock-
down on MYBPC3 degradation was retained in micropatterned NRVMs. While the t½ of  endogenous rat 
MYBPC3 was comparatively longer in the patterned cells compared with unpatterned monolayers, HSC70 
siRNA still slowed MYBPC3 degradation in the patterned cells (Supplemental Figure 5, A and B). Lastly, 
we demonstrated that FLAG-MYBPC3(WT) is primarily degraded through the proteasome rather than 
autophagy by treating NRVMs with CHX in conjunction with either the proteasome inhibitor lactacystin 
or the autophagy inhibitor bafilomycin. At 12 hours after CHX, MYBPC3 expression in lactacystin-treated 
cells was not significantly different from levels in untreated cells, while levels in bafilomycin-treated cells 
were reduced to a similar extent as cells treated with CHX alone (Supplemental Figure 2G).

HSP70 activator YM-1 accelerates degradation of  WT and mutant MYBPC3. YM-1 is a small-molecule 
activator that stabilizes the ADP-bound conformation of  HSP70 chaperones, including but not limited to 
HSC70, resulting in tighter substrate binding. YM-1 has previously been shown to promote degradation 
and clearance of  misfolded clients (32). Addition of  YM-1 did not affect HSP70 or HSC70 protein levels 
(Supplemental Figure 2, D–F). DMSO itself  prolonged the half-lives of  WT and mutant MYBPC3 rela-
tive to scrambled siRNA control in the previous experiment (Table 1 and Supplemental Figure 4A). This 
is likely because DMSO can nonspecifically disrupt protein-protein interactions. However, the addition 
of  DMSO was necessary to maintain the solubility of  YM-1 and therefore was used in the control buffer 
for this set of  experiments. YM-1 significantly accelerated degradation of  both endogenous rat WT and 
FLAG–WT MYBPC3 as well as Trp1098* and Ile154Leufs*5, compared with DMSO vehicle control (Fig-
ure 3, F–I). Gly1248_Cys1253dup was not significantly affected (Figure 3J). Representative Western blots 
can be found in Supplemental Figure 3.

HSC70 localizes to the sarcomere M-line and Z-disk in NRVMs. HSC70 is expressed in both the cytosol and 
nucleus in most cell types, but the precise localization of  HSC70 in cardiac myocytes has not been previ-
ously reported to our knowledge. We observed HSC70 signal localizing to prominent striations within 
the sarcomere of  NVRMs. To precisely assess localization patterns of  HSC70 in the sarcomere, we ana-
lyzed aligned micropatterned NRVMs by immunofluorescence (Figure 4A). In untreated cells, fluorescence 
intensity traces from line scans of  individual NRVMs showed that sarcomere HSC70 signal appeared in 
an alternating pattern compared with phalloidin (actin) staining (Figure 4, A and B). The center of  the 
area of  phalloidin signal demarks the Z-disk, indicating that HSC70 peaks occur at the M-line. A weaker 

Table 1. Kinetic fit parameters for cycloheximide pulse-chase data

Treatment t½ (h) t½ 95% CI (h) k (h–1) ± SE R2 P value for k comparison

rat MYBPC3 (WT)

scrambled siRNA 6.29 4.81 to 9.06 0.110±0.017 0.34 <0.0001
Hsc70 siRNA 75.6 18.5 to 460 0.0179 ± 0.0089 0.02
DMSO vehicle 20.2 14.6 to 32.8 0.0343 ± 0.0067 0.13 <0.0001

10 μM YM-1 7.59 8.83 to 14.4 0.0913 ± 0.011 0.33

FLAG-MYBPC3 (WT)

scrambled siRNA 5.04 4.21 to 6.37 0.137±0.014 0.57 0.0001
Hsc70 siRNA 10.7 7.80 to 16.8 0.0651 ± 0.012 0.26
DMSO vehicle 13.6 9.71 to 22.8 0.0508 ± 0.010 0.24 <0.0001

10 μM YM-1 3.04 1.45 to 3.88 0.329 ± 0.057 0.44

FLAG-MYBPC3 (Ile154Leufs*5)

scrambled siRNA 23.7 12.3 to 87.6 0.0293 ± 0.011 0.06 0.323
Hsc70 siRNA 17.9 12.6 to 31.1 0.0388 ± 0.0083 0.15
DMSO vehicle 21.1 10.2 to 99.0 0.0328 ± 0.014 0.05 0.0063

10 μM YM-1 7.21 5.33 to 11.1 0.0961 ± 0.017 0.23

FLAG-MYBPC3 (Trp1098*)

scrambled siRNA 4.43 3.43 to 6.24 0.157 ± 0.023 0.35 0.002
Hsc70 siRNA 11.4 6.38 to 24.5 0.0611 ± 0.019 0.10
DMSO vehicle 17.6 11.1 to 42.0 0.0394 ± 0.011 0.09 <0.0001

10 μM YM-1 2.20 1.70 to 3.09 0.316 ± 0.046 0.72

FLAG-MYBPC3 (Gly1248_
Cys1253dup)

scrambled siRNA 0.548 0.334 to 0.854 1.27 ± 0.25 0.57 0.693
Hsc70 siRNA 0.498 0.396 to 0.619 1.39 ± 0.14 0.81
DMSO vehicle 1.58 1.07 to 2.33 0.439 ± 0.070 0.33 0.0539

10 μM YM-1 0.849 0.485 to 1.41 1.23 ± 0.16 0.32  
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HSC70 band that colocalized with phalloidin was also visible. Fast Fourier transform analysis of  HSC70 
intensity traces, which quantitatively determined the period of  HSC70 signal, confirmed that local HSC70 
maxima occurred once every approximately 1 μm, in comparison with phalloidin, with maxima once every 
approximately 1.75 μm (Figure 4C). The fact that the periodicity of  HSC70 is slightly greater than twice the 
periodicity of  phalloidin may be explained by the relative weakness of  the Z-disk signal compared with the 
more prominent M-line signal. The same localization pattern was observed in unpatterned NRVM mono-
layers (Figure 5C), and HSC70 was not disrupted by expression of  mutant MYBPC3, suggesting no effect 
on the periodicity of  HSC70 localization in the sarcomere (Supplemental Figure 6).

Mutant MYBPC3 expression is not associated with stress-induced HSP70 expression or HSC70 nuclear translocation. 
HSP70 chaperones have well-characterized roles in cellular stress responses, most notably in the cytoplasmic 
heat shock response (33). In order to determine whether mutant MYBPC3 expression affected established signs 
of protein folding stress associated with HSP70 chaperones, we assessed HSP70 and HSC70 expression levels 
and localization following WT and mutant MYBPC3 expression. Elevation of HSP70 mRNA and protein 
levels occurs as part of the heat shock response pathway and during other challenges to proteostasis (33). We 
found no significant differences in HSP70 protein in NRVMs expressing mutant MYBPC3. HSP70 exhibited 
very low expression levels in NRVMs and was only significantly elevated in cells heat shocked for 1 hour at 
45°C (Supplemental Figure 7A). HSC70 protein was not significantly affected by either mutant MYBPC3 
expression or heat shock (Supplemental Figure 7B). While HSC70 is constitutively expressed under both base-
line and stress conditions, it is known to undergo nuclear translocation in response to heat stress (34, 35). 
HSC70 has been shown to translocate in complex with heat shock factor 1 (HSF-1) and regulates HSF-1–medi-
ated transcriptional activity (36). We performed colocalization analysis of HSC70 and DAPI signals using con-
focal microscopy to determine if  mutant MYBPC3 expression affected compartmental localization of HSC70. 
In both control and mutant MYBPC3-expressing cells, HSC70 was present in concentrated areas within nuclei, 
likely nucleoli (Supplemental Figure 7E). However, nuclear localization of HSC70 significantly increased only 
in heat-shocked NRVMs (Supplemental Figure 7, C and D). Overall, mutant MYBPC3 was not associated 
with the typical responses of HSP70 and HSC70 to protein folding stress. These results were supported by lack 
of a significant increase in expression of HSP70 and HSC70 in human myocardium obtained from patients 
with HCM bearing MYBPC3 mutations, compared with donor control hearts or HCM hearts with no identi-
fied sarcomere mutations (Supplemental Figure 8).

Expression of  mutant MYBPC3 in NRVMs does not disrupt UPS function. Expression of  truncated mutant 
MYBPC3 in vitro has been previously shown to impair UPS function (9). We used the fluorescent degron 
reporter GFPu to assay the effect of  mutant MYBPC3 expression on UPS function. GFPu accumulates 
when the UPS is impaired (26). The proteasome inhibitor lactacystin was used as a positive control. While 
some MYBPC3 mutants showed increased GFPu signal compared with untransduced NRVMs, none of  the 
MYBPC3 mutants significantly induced GFPu accumulation compared with cells expressing WT MYBPC3 

Figure 4. HSC70 is expressed in the sarcomere in NRVMs. (A) Represen-
tative immunofluorescence micrograph of untransduced NRVM. HSC70 
localizes in sarcomeric striations in row-patterned NRVMs, occurring in 
a prominent band at the M-line and a weak band at the Z-disk (arrow-
heads). M-line signal exhibits an alternating pattern with phalloidin (actin) 
staining. Scale bars: 20 μm and 5 μm (inset). Original magnification, ×60. 
(B) Representative baseline-corrected fluorescence intensity profiles 
for HSC70 and phalloidin taken from a line scan of the cell pictured in A. 
Strong HSC70 peaks coincide with phalloidin (Z-disk) troughs; weak HSC70 
peaks coincide with phalloidin peaks. (C) Median frequency of HSC70 and 
phalloidin peaks as determined by fast Fourier transform analysis of inten-
sity profiles from n = 18 cells. HSC70 signal repeats every 1 μm, approxi-
mately twice as often as phalloidin, reflecting both M-line and Z-disk 
localization. Mean ± SEM, *P < 0.0001 by Wilcoxon’s signed-rank test.
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(Figure 5, A and B). Lactacystin treatment clearly blocked degrada-
tion of  adenovirally expressed MYBPC3 proteins (Figure 5C; see 
supplemental material for uncut blot), but there was no apparent 
direct effect of  mutant MYBPC3 on UPS function.

Discussion
The major findings of  this study are the following: (a) MYBPC3 
interacts with the molecular chaperones HSP70 and HSC70; (b) 
decreasing the pool of  HSC70 prolonged the half-life of  both 
WT and mutant MYBPC3, while pharmacological activation of  
HSP70/HSC70 shortened half-life; (c) a fraction of  the HSC70 pool 
is positioned within the sarcomere; and (d) expression of  mutant 
MYBPC3 in NRVMs did not induce UPS dysfunction, HSP70 
expression, or HSC70 nuclear translocation. These data provide 
evidence that proteasomal degradation of  MYBPC3 is mediated by 
HSC70. To our knowledge, our study is the first to identify a chap-
erone for which MYBPC3 is a client. HSC70 has previously been 
shown to be involved in assembly of  myosin intermediates in skel-
etal muscle myoblasts, and regulation of  actin-capping machinery 
and turnover of  filamin C at the Z-disk in response to mechanical 
stress (27–29). However, the role of  HSC70 in routine sarcomere 
protein turnover in fully differentiated cardiac myofibrils has not 
been explored previously. By showing that HSC70 regulates degra-
dation of  MYBPC3, we reveal an essential role for this chaperone 
family in cardiac sarcomere protein homeostasis, and provide a 
proof  of  concept for therapeutic manipulation of  chaperone-client 
interactions to regulate sarcomere protein turnover in HCM.

Two nonmutually exclusive hypotheses to explain pathogen-
esis in HCM caused by nonsense mutations in MYBPC3 have 
been proposed: haploinsufficiency of  functional MYBPC3, and 
a poison-peptide effect associated with truncated MYBPC3. To 
date, truncated MYBPC3 mutant protein has not been identified 
in myocardial tissue from HCM patients (4–6). Furthermore, sev-
eral studies have identified reduced expression of  WT MYBPC3 

in patients with nonsense mutations in MYBPC3 (4, 5, 37). Ablation of  MYBPC3 in cardiac muscle fibers 
causes increased myofilament calcium sensitivity (38), which has been linked to diastolic dysfunction 
both in patient studies and mouse models of  HCM (37, 39). These findings suggest that in patients with 
MYBPC3 nonsense mutations, truncated MYBPC3 is absent and WT MYBPC3 levels may be insufficient 
to maintain normal calcium sensitivity leading to diastolic dysfunction, a defining feature of  HCM. It is 
known that nonsense mutant transcript is removed by NMD (5, 7). However, we have previously found 
that some nonsense MYBPC3 transcripts escape NMD to varying degrees across individual patients (8). 

Figure 5. Expression of MYBPC3 mutants does not significantly affect 
ubiquitin-proteasome function as assessed by the degron reporter 
GFPu. (A) Representative flow cytometry density plots. x axis, GFPu 
fluorescence; y axis, side scatter area (SSC-A). Data in the boxed area 
indicate GFP-positive cells. (B) Quantification of GFPu expression. Data 
are normalized to percentage GFPu-positive cells for control (untrans-
duced) NRVMs. Mean ± SEM, n ≥ 11. Kruskal-Wallis 1-way ANOVA P < 
0.0001. *P < 0.05 versus control by Dunn’s multiple-comparison test.  
(C) Representative Western blot of NRVMs expressing MYBPC3 con-
structs with and without treatment with 25 μM proteasome inhibitor 
lactacystin. Black line between lanes indicates noncontiguous samples 
from the same blot. Degradation of adenovirally expressed WT and 
mutant MYBPC3 is inhibited by lactacystin, while endogenous rat WT 
MYBPC3 levels were not significantly affected.
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Therefore, any truncated protein that is translated is likely degraded soon after. Consistent with prior stud-
ies (7, 9), we observed that truncated MYBPC3 is degraded by the UPS. However, it remains unknown 
what upstream regulators target both WT and truncated MYBPC3 for proteasomal degradation.

Evidence for truncated MYBPC3 exhibiting a poison-peptide effect has been suggested based on obser-
vations of  UPS dysfunction in human HCM (12, 13), mutant MYBPC3 mouse models (10, 11), and in 
vitro expression of  truncated MYBPC3 (9). Whether UPS dysfunction is directly associated with a bur-
den imposed on protein quality control by truncated MYBPC3 or indirectly due to adverse remodeling 
in HCM is unresolved. Our experimental system allowed us to study the acute effect of  mutant MYBPC3 
on UPS function in a context of  normal total MYBPC3 expression and intact sarcomere structure, in the 
absence of  remodeling. We found that expression of  mutant MYBPC3 did not induce UPS dysfunction 
when compared with expression of  FLAG–WT MYBPC3 in NRVMs. This is in contrast with a previ-
ous finding, which observed accumulation of  a UbG76V-DSRed degron reporter associated with expression 
of  a 40-kDa truncated MYBPC3 protein in NRVMs, despite similar experimental conditions (9). Several 
differences between this and the present study may explain the divergent results. First, of  the 2 mutants 
tested in the prior study, which both localized to the cytosol, only the shorter one (truncation in C1) caused 
degron accumulation as measured by flow cytometry. The mutant we tested that was most similar (trun-
cation in the C0-C1 linker) showed primarily nuclear localization, and may not be degraded by cytosolic 
UPS machinery. Additionally, the prior study showed formation of  ubiquitin-positive cytosolic MYBPC3 
aggregates in some NRVMs expressing the shorter mutant, while we did not observe aggregates associated 
with any of  the 5 mutants tested. Therefore, proteasomal burden of  mutant MYBPC3 may be dependent 
on the severity of  truncation and subcellular localization. We also found no correlation between expression 
of  mutant MYBPC3 and changes in expression or subcellular localization of  HSP70 and HSC70. These 
findings indicate that expression of  truncated MYBPC3 by itself, even well above the sub-threshold expres-
sion in human HCM, likely does not represent an acute challenge to proteostasis, at least in the presence 
of  WT MYBPC3. Nevertheless, it is possible that proteotoxic effects may arise from long-term expression 
over the course of  a patient’s lifetime. Indeed, UPS impairment in mutant MYBPC3-knockin mice was not 
observed until 1 year of  age (10). Our data suggest that UPS dysfunction in HCM is not directly caused by 
truncated MYBPC3 proteins, but rather may be an indirect consequence of  pathological cardiac remodel-
ing, as has been observed for other forms of  cardiomyopathy and heart failure (40–42).

The extent to which MYBPC3 nonsense mutations produce loss of  functional protein is governed by 
regulation of  MYBPC3 expression and degradation. Exploration of  MYBPC3’s binding partners has previ-
ously been focused almost exclusively on its sarcomeric interactors. Yet, in an unbiased screen, we found 
that the most enriched category of  interactors for WT MYBPC3 were chaperones and protein quality con-
trol–related partners. Most abundant among these were HSP70 molecular chaperones, supporting a role 
in the degradation pathway of  MYBPC3. Furthermore, HCM-related mutations may affect the specific-
ity of  MYBPC3-HSP70/HSC70 interactions. HSC70 and HSP70 coimmunoprecipitated with WT, Ile-
154Leufs*5, and Trp1098* MYBPC3. However, normalized spectral counts for both chaperones were sub-
stantially reduced for Ile154Leufs*5 compared with WT, suggesting decreased interaction for that particular 
mutant. Consistent with these findings, HSC70 knockdown had no significant effect on degradation of  the 
Ile154Leufs*5 mutant, although YM-1 did accelerate degradation of  Ile154Leufs*5. The effect of  YM-1 on 
Ile154Leufs*5 could be explained by activation of  other HSP70 isoforms in addition to HSC70. Conversely, 
spectral counts for HSP70 and HSC70 were increased for the Trp1098* mutant compared with WT. Since 
expression of  Trp1098* did not upregulate HSP70 or HSC70, we speculate that either a larger pool of  the 
mutant protein is associated with HSP70 chaperones or that the binding is more avid for the mutant than for 
the WT protein. However, the effects of  HSC70 knockdown and YM-1 on the t½ of  the Trp1098* mutant 
were similar to the effects on FLAG–WT MYBPC3. Interestingly, neither the Ile154Leufs*5 nor Trp1098* 
truncated mutants showed a significantly shorter t½ at baseline than that of  FLAG–WT MYBPC3. In fact, 
Ile154Leufs*5 had a longer t½, which could be explained by its aberrant nuclear localization. On the other 
hand, degradation of  the Gly1248_Cys1253dup mutant was significantly accelerated, despite exhibiting sim-
ilar cytosolic localization to Trp1098*. While the Gly1248_Cys1253dup mutation encodes for a full-length 
protein, the protein has not been detected in myocardium from HCM patients, suggesting that this mutation 
renders it highly unstable. Although it was degraded via the UPS in the same manner as WT and Trp1098* 
MYBPC3, neither HSC70 knockdown nor YM-1 affected the t½ of  Gly1248_Cys1253dup. This could imply 
that this particular mutation disrupts interaction with HSP70 chaperones, but does not affect its ability to be 
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targeted for proteasomal degradation. Together, these results imply differential effects on MYBPC3-HSP70 
chaperone interactions based on mutation locus within MYBPC3. Specificity of  a given MYBPC3 mutant’s 
interaction with HSP70 chaperones could potentially be dictated by its subcellular localization, presence or 
absence of  binding domains, protein length, or folding state.

Because the HSP70 family interacts with a very broad range of  clients and because HSC70 participates 
in many critical cellular functions, it is unknown whether direct targeting of  these chaperones would be 
possible without adversely affecting turnover of  other proteins or other cellular processes. Therefore, fur-
ther elucidation of  the mechanism by which HSC70 facilitates degradation of  MYBPC3 and identification 
of  potential cochaperones involved is warranted as it could open new therapeutic avenues to address hap-
loinsufficiency of  MYBPC3 in HCM. HSC70 interacts with the E3 ubiquitin ligase CHIP, which links it 
to UPS-mediated degradation. A recent study identified a potential interaction between MYBPC3 and the 
HSC70 cochaperone BAG3 (43). BAG3 localizes to the Z-disk and participates in both proteasomal and 
chaperone-assisted autophagic degradation pathways, most notably in a complex with HSC70, CHIP, and 
HSPB8 (22, 29, 44, 45). However, clients of  this complex undergo chaperone-assisted selective autophagy, 
while MYBPC3 seems primarily to be degraded by the proteasome. BAG3 and HSC70 have also been 
found to form a complex with the actin-capping protein CapZ at the Z-disk in NRVMs, which is consistent 
with the sarcomeric localization of  HSC70 we observed (28). We found that HSC70 also localized promi-
nently to the M-line in NRVMs. This localization pattern is consistent with a regulatory role of  HSC70 in 
the turnover of  MYBPC3, which is localized as a doublet within the A-band of  the sarcomere, adjacent to 
the M-line on either side. We speculate that this juxtapositioning of  HSC70 relative to MYBPC3 within 
the sarcomere facilitates its mobilization to degrade MYBPC3 as the protein is being released from the 
sarcomere. It is also possible that a pool of  non–sarcomere-bound MYBPC3 interacts with HSC70 prior 
to sarcomere incorporation or after it has been fully disengaged from the sarcomere. It is notable that 
FLAG–WT MYBPC3 had a shorter t½, and higher expression after addition of  lactacystin compared with 
endogenous MYBPC3. A higher rate of  proteasome-mediated degradation is consistent with the existence 
of  a larger pool of  newly synthesized FLAG–WT MYBPC3 that is not yet incorporated into the sarcomere. 
This could also explain why HSC70 knockdown elicited a lesser magnitude change in protein t½ for the 
FLAG–WT MYBPC3 compared with endogenous MYBPC3 (~2-fold vs. ~12-fold, Table 1). In contrast, 
YM-1 accelerated degradation of  FLAG–WT MYBPC3 to a greater extent than endogenous MYBPC3 
(~4.5-fold vs. ~2.5-fold, Table 1), which could be explained by a greater contribution of  HSP70 cytosolic 
chaperones to its degradation.

Several other chaperones and protein quality control–related proteins were identified in the co-IP 
experiments as interacting with WT MYBPC3, including the sHSPs αB-crystallin and HSP27 (Hspb1). 
A subset of  sHSP family members are highly expressed in striated muscle and some have been found 
to be cardioprotective against ischemia/reperfusion injury (46–48). Mutations in αB-crystallin, which are 
hypothesized to alter its interactions with its client protein desmin, result in a dilated cardiomyopathy 
characterized by the presence of  desmin aggregates (20, 49, 50). Both αB-crystallin and HSP27 may also 
act to prevent aggregation of  unfolded titin domains (51). In this study, we observed a substantial loss of  
interaction between these sHSPs and truncated MYBPC3 mutants in co-IP–MS experiments. Given the 
importance of  these sHSPs in maintaining cardiomyocyte proteostasis by preventing aggregation of  inter-
mediate filament and myofilament proteins, further studies are warranted to define the potential role they 
play in the folding and turnover of  MYBPC3.

Our model system of  expressing mutant MYBPC3 proteins in NRVMs has some limitations. Because 
truncated MYBPC3 protein has not been detected in human myocardium samples from patients with non-
sense MYBPC3 mutations, the levels at which FLAG-MYBPC3 mutant proteins are expressed are supra-
physiological. However, in our model the total expression levels of  mutant MYBPC3 are relatively low 
compared with the endogenous protein, without affecting total MYBPC3 stoichiometry. Furthermore, this 
expression system enabled quantification and modulation of  the degradation kinetics of  each individual 
mutant protein relative to WT MYBPC3. It is notable that even the highest expression levels of  WT or 
mutant MYBPC3 did not induce UPS dysfunction, HSP70 induction, or HSC70 nuclear translocation, sug-
gesting that the source of  proteasome insufficiency in HCM may be related more to secondary remodeling 
rather than a direct effect of  mutant MYBPC3 expression. Additionally, the absence of  any marked protein 
folding stress response suggests that the interaction between MYBPC3 and HSC70 is important for normal 
physiologic regulation of  MYBPC3 expression.
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Most existing therapeutic interventions for HCM address symptoms but do not modify the progression 
of  the underlying disease substrate. Recent clinical and preclinical trials targeting calcium flux and contrac-
tility have shown promise (52–54), but it is not apparent whether such therapies will be effective for all genet-
ic subtypes of  HCM. If  haploinsufficiency is the major underlying mechanism in MYBPC3-linked HCM, 
restoring normal sarcomere levels of  MYBPC3 would be attractive as a targeted therapy. In demonstrating 
interactions between HSP70/HSC70 and MYBPC3, we have identified what we believe to be a new mecha-
nism by which MYBPC3 degradation, and thereby turnover, could be modulated. These findings further our 
understanding of  disease mechanisms in the most common genetic form of  HCM, and contribute a piece to 
the longstanding puzzle of  sarcomere protein turnover and maintenance of  stoichiometry.

Methods
Isolation and culture of  NRVMs. NRVMs were isolated from excised ventricles of  1- to 3-day-old Sprague-
Dawley rats (Charles River) according to a modified version of  the Worthington Neonatal Cardiomyocyte 
Isolation System (Worthington Biochemical Corporation). Ventricles were minced in ice-cold HBSS and 
predigested in 1 mg/ml trypsin (Worthington) at 4°C for 6 hours. Tissue was then digested in 30 U/ml puri-
fied collagenase (Worthington), dissolved in Media 199 (Invitrogen) with Earle’s salts, L-glutamine, 2.2 g/l 
sodium bicarbonate, 2% penicillin/streptomycin, 25 mM HEPES, and 15% heat-inactivated qualified FBS 
(Invitrogen), in a Celstir 50-ml jacketed spinner flask (Wheaton) for 45 minutes at 37°C. Digested tissue was 
triturated and filtered through a 70-μm strainer, and then incubated for 20 minutes at room temperature to 
further digest partially degraded collagen. Cell suspensions were preplated on untreated plastic dishes for 
1 hour at 37°C to reduce adherent fibroblast contamination, and then filtered through a 40-μm strainer. 
NRVMs were seeded on plates coated with 5 μg/ml bovine fibronectin (Sigma-Aldrich) or on fibronectin-
micropatterned PDMS coverslips (see below) in maintenance media (Media 199 with Earle’s salts, L-gluta-
mine, 2.2 g/l sodium bicarbonate, 2% penicillin/streptomycin, 25 mM HEPES, and 5% FBS). Medium was 
changed 24 hours after plating and every subsequent 48 hours unless otherwise noted. NRVMs undergoing 
heat shock treatment were incubated at 45°C for 1 hour immediately prior to collection or fixation.

Micropatterning of  PDMS coverslips. Micropatterned PDMS stamps with 20-μm-wide rows spaced 3-μm 
apart were fabricated as previously described with minor modifications (55). To print fibronectin micropat-
terns onto 20-mm-diameter coverslips cut from PDMS sheeting (Specialty Manufacturing, Inc), sterilized 
stamp surfaces were covered in a 1:40 dilution in PBS of  fibronectin from human plasma, 0.1% solution 
(Sigma-Aldrich) and incubated at room temperature for 1 hour. Fibronectin solution was aspirated and 
stamps were dried with compressed nitrogen gas. PDMS coverslips were cleaned by sonication in 70% 
ethanol, placed in 6-well cell culture plates, and treated in a UV-ozone cleaner (Jelight Company) for 8 
minutes prior to stamping. Stamps were inverted onto the PDMS circles and then removed. Stamped sur-
faces were then treated with 1% Pluronic F-127 (Sigma-Aldrich) for 5 minutes to render unstamped areas 
hydrophobic. Coverslips were washed 3 times in PBS and stored at 4°C until plating.

Expression of  FLAG-tagged WT and truncated MYBPC3 constructs via recombinant adenovirus. MYBPC3 
mutants were generated by site-directed mutagenesis using the QuikChange II XL Kit (Agilent) from WT 
human MYBPC3 cDNA. Adenovirus was generated with the ViraPower Adenoviral Gateway Expression 
Kit (Invitrogen) using the pAd/CMV/V5-DEST Gateway vector, and amplified in HEK293A cells. MOI 
for NRVM transduction was optimized to levels at which no ectopic expression of  WT MYBPC3 was 
detected by immunofluorescence (MOI 2–10).

Flow cytometry analysis of  ubiquitin proteasome function. Unpatterned NRVMs were plated at a density of  
4.5 × 105 cells/well in 12-well culture plates. Cells were transduced with WT or truncated MYBPC3 adeno-
virus (MOI 10) 24 hours after plating. Forty-eight hours following MYBPC3 adenovirus, cells were trans-
duced with GFPu degron adenovirus (provided by X.J. Wang, University of  South Dakota, Vermillion, South 
Dakota, USA) at MOI 7.5. GFPu is a fusion protein of  the yeast CL1 degron with GFP that acts as a UPS 
substrate and is constitutively degraded under normal physiological conditions, but accumulates when the 
UPS is impaired (26). Positive control wells were treated with 25 μM proteasome inhibitor lactacystin (Enzo 
Life Sciences). Twenty-four hours later, NRVMs were dissociated in 0.05% trypsin EDTA (Invitrogen) for 
10 minutes at 37°C, washed twice in ice-cold PBS with 5% FBS, fixed in 4% paraformaldehyde, and stored 
at 4°C. Cells were analyzed using an LSRFortessa Cell Analyzer (BD Biosciences). Debris and events larger 
than single cells were gated out. GFPu signal was detected using a 488-nm laser (530/30 filter), and data were 
processed using FlowJo software (FlowJo, LLC). Data were collected for 3 independent experiments.
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Co-IP of  MYBPC3-interacting proteins. Unpatterned NRVMS were plated at a density of  1 × 107 cells 
per 100-mm culture dish. Cells were transduced with WT or truncated MYBPC3 adenovirus (MOI 10) 
24 hours after plating. Cells were collected 48 hours later by scraping in ice-cold PBS with Roche protease 
inhibitor cocktail. Cell pellets were stored at –80°C, and 2 × 107 cells were used per sample. Nontransduced 
cells were used as a negative control for the FLAG co-IP. Pellets were lysed in RIPA buffer (1% Triton 
X-100, 1% sodium deoxycholate, 0.1% SDS, 150 mM NaCl, 10 mM Na2PO4 pH 7.2, 1 mM NaF, 1 mM 
EDTA, 2.5 mM EGTA, 20 mM (NH4)2MoO4, 100 μM Na3VO4, and Roche protease inhibitor cocktail) and 
incubated on ice for 15 minutes. Lysates were then sonicated for four 10-second bursts at 50% amplitude 
using a Branson digital sonifier with cup horn attachment, incubated on ice for a further 15 minutes, and 
centrifuged for 10 minutes at 15,700 g at 4°C to remove debris. Supernatants were recovered and protein 
concentration was determined by Bradford protein assay. This fraction was used as input for Western blot 
analysis of  co-IPs. Protein (2 mg) from supernatants was allocated to 1 FLAG co-IP tube and 1 normal 
mouse IgG control tube. All samples underwent initial preclearing of  nonspecific interactors by adding 10 
μg of  normal mouse IgG for 1 hour at 4°C followed by adding 20 μl of  a 1:1 mixture of  protein A and pro-
tein G Sepharose bead slurry (Sigma-Aldrich) for 1 hour at 4°C with gentle shaking. Precleared superna-
tant was retained for co-IP. FLAG co-IP tubes received 20 μl anti-FLAG M2–conjugated Sepharose beads 
(Sigma-Aldrich) while normal mouse IgG control tubes received 10 μg normal mouse IgG and 20 μl 1:1 
mix of  protein A/protein G Sepharose beads. Following overnight incubation at 4°C with gentle shaking, 
bead fractions were collected and immunoprecipitate was eluted by competitive binding in 100 μl 100 μg/
ml 3X FLAG peptide (Sigma-Aldrich). Western blot analysis confirmed that FLAG-tagged MYPBC3 bait 
proteins were not nonspecifically pulled down by normal mouse IgG controls.

Protein identification by LC-MS/MS. Thirty microliters of  the FLAG immunoprecipitate was separated 
by SDS-PAGE. Gels were stained in Biosafe Coomassie (Bio-Rad) for 1 hour at room temperature and 
destained in ddH2O for 1 hour. Gel lanes were cut into 10–12 fragments and destained with 30% methanol 
for 4 hours. Upon reduction (10 mM DDT) and alkylation (65 mM 2-chloroacetamide) of  the cysteines, 
proteins were digested overnight with sequencing-grade modified trypsin (Promega). Resulting peptides 
were resolved on a nano-capillary reverse phase column (Acclaim PepMap C18, 2 μm, 50 cm, Thermo-
Fisher Scientific) using a 1% acetic acid/acetonitrile gradient at 300 nl/min and directly introduced into an 
Orbitrap Fusion Tribrid mass spectrometer (ThermoFisher Scientific). MS1 scans were acquired at 120K 
resolution. Data-dependent high-energy C-trap dissociation MS/MS spectra were acquired with top speed 
option (3 seconds) following each MS1 scan (relative CE ~32%).

Data were collected for 2 independent co-IP–MS experiments. Peptide-to-spectrum assignments 
(PSMs) were statistically validated and protein lists were generated using PeptideProphet (56). The ABA-
CUS algorithm was used to extract adjusted spectral counts, making adjustments for shared peptides 
among closely homologous proteins (57). Criteria for identifying MYBPC3 interactors were the follow-
ing: (a) proteins were detected in both experimental replicates, and (b) proteins showed a calculated fold-
change score (FC-A) in adjusted spectral counts of  2 or higher over the nontransduced sample in at least 
one replicate. FC-A was calculated as described previously (31). Spectral counts of  interacting proteins 
were normalized to abundance of  the FLAG-MYBPC3 bait protein by multiplying the adjusted spectral 
counts by a normalization factor equal to the ratio of  adjusted spectral counts for FLAG–WT MYBPC3 
to adjusted spectral counts for the respective FLAG–mutant MYBPC3 in each sample: Snorm = Sadj × ([Sadj 
WT/Sadj mutant]), where Sadj refers to the adjusted spectral counts retrieved from the Abacus algorithm 
and Snorm refers to the bait-normalized spectral counts. When comparing spectral counts for interacting 
proteins between WT and mutant MYBPC3, we verified that the majority of  MYBPC3 peptides detected 
in each sample could be attributed to the human FLAG-MYBPC3 bait protein as opposed to any endog-
enous rat MYBPC3 that was pulled down nonspecifically (see Supplemental Table 1).

CHX pulse-chase analysis of  MYBPC3 degradation rates. Unpatterned NRVMs were plated at a density of  
2.25 × 105 cells/well in 24-well culture plates. Micropatterned NRVMs used for pulse-chase assays were 
plated at 1.5 × 105 cells/coverslip. Cells were transduced at MOI 2 with WT or truncated MYBPC3 adeno-
virus 24 hours after plating. Forty-eight hours following MYBPC3 adenovirus, cells received one of  the fol-
lowing treatments: 20 nM scrambled siRNA (Silencer Select Negative Control 1, ThermoFisher Scientific); 
20 nM rat HSC70 siRNA (Silencer Select s127902, ThermoFisher Scientific); 1:1,000 DMSO vehicle; or 10 
μM YM-1 small-molecule Hsp70 activator in DMSO (1:1,000 dilution). siRNA was delivered using Dhar-
mafect 1 transfection reagent (DharmaCon) in antibiotic-free maintenance media. YM-1 or DMSO vehicle 
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control was directly applied to NRVMs. Maintenance media containing 300 μg/ml CHX (Sigma-Aldrich) 
to inhibit de novo protein synthesis was added starting 24 hours after the above treatments. Samples were 
collected in quadruplicate by scraping in 1× Laemmli buffer (Bio-Rad) with protease inhibitor cocktail 
(EDTA-free, Sigma-Aldrich) at 0, 0.75, 1.5, 3, 6, 9, and 12 hours and stored at –80°C. Abundance of  
endogenous rat MYBPC3 and FLAG-tagged WT and truncated MYBPC3 protein over time was assessed 
by Western blotting. Data from 3 independent experiments were fit to a first-order exponential decay curve 
[MYBPC3] = [MYBPC3]0e

–kt (with [MYBPC3]0 normalized to 1), from which reaction constants k and 
half-lives t½ (calculated as t½ = ln[2]/k) were determined.

Western blotting. Prior to analysis, sample protein concentration was determined by Lowry (for 
samples collected in Laemmli buffer) or Bradford (for samples collected in RIPA buffer) protein assays. 
Final sample preparation was in 1× Laemmli buffer with 5% β-mercaptoethanol. Samples were boiled 
for 5 minutes at 95°C, separated in 18- or 26-well precast Tris-HCl 4%–20% gradient gels (Bio-Rad), 
and transferred to nitrocellulose membranes. Following transfer, gels were stained in Biosafe Coo-
massie for 1 hour at room temperature and destained in ddH2O. Membranes were blocked in 5% non-
fat dry milk in PBS for 1 hour at room temperature. Primary and secondary antibody solutions were 
made in 5% milk in PBS-T (0.03% Tween-20). Antibody conditions were as follows: MYBPC3, rabbit 
polyclonal 1:10,000 (custom, provided by Samantha Harris, University of  Arizona, Tucson, Arizona, 
USA) (58); FLAG M2, mouse monoclonal 1:1,000 (Sigma-Aldrich, F1804); FLAG, rabbit polyclonal 
1:500 (Sigma-Aldrich, F7425); HSC70, mouse monoclonal 1:500 (Enzo Life Sciences, ADI-SPA-815); 
Hsp70, mouse monoclonal 1:200 (Enzo Life Sciences, ADI-SPA-810); α-actinin, mouse monoclonal 
1:5,000 (Sigma-Aldrich, A7811); cardiac myosin heavy chain [BA-G5], mouse monoclonal 1:1,000 
(AbCam, ab50967); GAPDH, rabbit polyclonal 1:1,000 (Millipore, ABS16); IRDye 680RD goat anti-
mouse IgG 1:5,000 (LI-COR, 926-68070); and IRDye 800CW goat anti-rabbit IgG 1:5,000 (LI-COR, 
925-32211). Primary antibody incubations were either for 1 hour at room temperature or overnight at 
4°C. Secondary antibodies were incubated for 1 hour at room temperature protected from light. For 
myosin heavy chain blots, blocking and antibody buffers were made using Odyssey blocking solution 
(LI-COR) with 0.2% Tween-20. Blots and gels were scanned on an Odyssey CLx Imaging System (LI-
COR) and analyzed with LI-COR Image Studio. For images of  blots in figures, all lanes presented are 
from the same individual blot, but a solid line between adjacent lanes signifies that the image is not 
contiguous. Omitted lanes were of  additional experimental replicates. See complete unedited blots in 
the supplemental material.

Immunofluorescence of  NRVMs. NRVMs plated on glass or PDMS coverslips were washed in PBS, fixed 
for 15 minutes at room temperature in 4% paraformaldehyde (Sigma-Aldrich), and permeabilized in 0.2% 
Triton X-100 (Sigma-Aldrich) for 10 minutes. Cells were blocked in 5% normal goat serum (Vector Biolabs) 
in PBS for 30 minutes at room temperature. Primary and secondary antibody solutions were made in 5% 
normal goat serum in PBS. Antibody and staining conditions were as follows: MYBPC3, rabbit polyclonal 
1:1,000 (custom, Samantha Harris, University of  Arizona); FLAG M2, mouse monoclonal 1:500 (Sigma-
Aldrich, F1804); HSC70, mouse monoclonal, 1:200 (Enzo Life Sciences, ADI-SPA-815); AlexaFluor 488 
phalloidin, 1:1,000 (ThermoFisher Scientific); goat anti-mouse IgG Alexa Fluor 594, 1:500 (ThermoFisher 
Scientific, A11005); and goat anti-rabbit IgG Alexa Fluor 488, 1:500 (ThermoFisher Scientific, A11008). 
Primary antibodies were incubated for 1 hour at room temperature. Cells stained for MYPBC3 and FLAG 
received sequential incubations of  first FLAG, then MYBPC3 to reduce antibody cross-reactivity. Secondary 
antibodies and phalloidin were incubated for 30 minutes at room temperature, protected from light. Follow-
ing antibody incubations, cells were incubated with 200 ng/ml DAPI in PBS for 10 minutes at room tem-
perature, protected from light. Lastly, coverslips were mounted onto slides with ProLong Diamond Antifade 
(ThermoFisher Scientific) and cured overnight prior to imaging. PDMS coverslips were mounted face-up 
and topped with glass coverslips.

Assessment of  HSC70 nuclear colocalization. To determine if  mutant MYBPC3 expression affects com-
partmental localization of  HSC70, we performed colocalization analysis of  HSC70 and DAPI signals in 
confocal Z-stack images of  nuclei from patterned immunostained NRVMs. NRVMs were plated at a den-
sity of  1.5 × 105 cells/coverslip, fixed and immunostained as described above for HSC70 and phalloidin. 
Z-stack images with a step size of  0.6 μm were acquired with a ×60 objective using a Nikon A1 confocal 
laser microscope system. Five or 6 individual nuclei from 3 random fields per coverslip per condition were 
subjected to colocalization analysis using NIS Elements Confocal imaging software.
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Assessment of  HSC70 sarcomere periodicity. Patterned NRVMs plated at a density of  1.5 × 105 cells/
coverslip were fixed and immunostained as described above for HSC70 and phalloidin. Images of  3 
random fields per coverslip per condition were acquired with a ×60 objective using a Nikon Eclipse 
Ti-E inverted fluorescence microscope under single-blind conditions. Using NIS-Elements software, 
fluorescence intensity profiles for HSC70 and phalloidin were obtained from longitudinal line scans of  
2–4 individual cells per field. Line scans were set to 32 pixels wide (~20 μm) to cover the entire width 
of  the cardiomyocyte. Baseline correction, fast Fourier transforms, and cross-correlation analysis of  
fluorescent intensity traces were done using MatLab software. Median periods of  both HSC70 and 
phalloidin signals were determined.

Quantitative reverse transcription PCR. qRT-PCR was used to validate knockdown of  Hspa8 transcript 
in NRVMs, and to assess transcript abundance of  HSPA8/HSC70 and HSPA1A/HSP70 in human 
myocardial tissue. RNA was isolated from cells using the standard Qiagen RNeasy Mini kit, and from 
tissue using the Qiagen RNeasy Fibrous Tissue Mini kit. The Qiagen Omniscript RT kit was used 
for generation of  cDNA by reverse transcription. TaqMan gene expression assays for human HSPA8 
and HSPA1A and rat Hspa8 were used in conjunction TaqMan Fast Advanced Master Mix and sam-
ples were analyzed using an Applied Biosystems 7500 Fast Real-Time PCR system. β2-Microglobulin 
and 60S ribosomal protein L32 were used as internal reference genes for human tissue analyses, and 
GAPDH was used for NRVM analyses. Each sample was analyzed in triplicate. Data were analyzed 
as previously described (59).

Procurement of  human heart tissue. Intraventricular septum samples from HCM patients were collected 
from tissue excised during septal myectomy, and control tissue was collected from the intraventricular sep-
tum of  unmatched donor hearts, as described previously (60). Tissue was snap frozen in liquid N2 and 
stored at –80°C. Patient demographic data were recorded at the time of  tissue collection, including geno-
type status determined by clinical genetic testing performed in CLIA-approved laboratories. All MYBPC3 
HCM samples came from patients with truncating mutations.

Statistics. Statistical analysis was done using GraphPad Prism software. Kruskal-Wallis nonpara-
metric 1-way ANOVA with Dunn’s post hoc test for multiple comparisons were used for comparisons 
among control, WT MYBPC3, and mutant MYBPC3 groups. Outliers excluded from analysis were 
identified using GraphPad Prism’s ROUT method with a Q coefficient of  1%. CHX chase data analysis 
was performed by fitting data to a first-order exponential decay curve as described above and determin-
ing if  control and treatment data could be explained by identical or differing fit parameters (i.e., reac-
tion constant k). P values < 0.05 were considered statistically significant. Data are reported as mean ± 
SEM unless otherwise noted.

Study approval. All animal studies were conducted with the approval of  the University of  Michi-
gan Institutional Animal Care and Use Committee (IACUC). All patient samples were collected with 
the approval of  the University of  Michigan Institutional Review Board, and all subjects gave written 
informed consent.
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