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HIGHLIGHTS

� HCM is commonly caused by pathogenic

MYBPC3 variants that reduce total WT

MyBP-C (the protein encoded by

MYBPC3).

� It is critical to understand the regulators

of MyBP-C protein homeostasis to un-

cover novel therapeutic strategies.

� We developed and executed a high-

throughput chemical screen in iPSC-CMs

to identify compounds that alter steady-

state levels of MyBP-C protein, revealing

2 compounds, JG98 and PTL, that signifi-

cantly reduced MyBP-C levels.

� Validation studies suggest that the

complex between Hsp70 and its co-

chaperone BAG3 is a dynamic regulator of

MyBP-C stability. Stabilizing Hsp70-BAG

interactions could be a new therapeutic

target for HCM.
https://doi.org/10.1016/j.jacbts.2023.04.009

of Michigan, Ann Arbor, Michigan,

ular Institute, University of Penn-

iovascular Medicine, University of

University of Michigan, Ann Arbor,

Chemistry, University of California

lvania, Philadelphia, Pennsylvania,
hDepartment of Human Genetics,

chigan, Ann Arbor, Michigan, USA;

itute, University of Michigan, Ann

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
https://doi.org/10.1016/j.jacbts.2023.04.009
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jacbts.2023.04.009&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


R E V I A T I O N S

J A C C : B A S I C T O T R A N S L A T I O N A L S C I E N C E V O L . 8 , N O . 9 , 2 0 2 3 Thompson et al
S E P T E M B E R 2 0 2 3 : 1 1 9 8 – 1 2 1 1 Hsp70-BAG3 Regulates MyBP-C

1199
SUMMARY
AB B
AND ACRONYM S

BAG = Bcl-2–associated

athanogene

BAG3 = Bcl-2–associated

athanogene 3

EC50 = half maximal effective

concentration

HCM = hypertrophic

cardiomyopathy

Hsp70 = heat shock protein 70

iPSC-CM = induced pluripotent

stem cell–derived

Th

ins

vis

Ma
Variants in the gene myosin-binding protein C3 (MYBPC3) account for approximately 50% of familial hypertrophic

cardiomyopathy (HCM), leading to reduced levels ofmyosin-binding protein C3 (MyBP-C), the protein productmade by

geneMYBPC3. Elucidation of the pathways that regulate MyBP-C protein homeostasis could uncover new therapeutic

strategies. Toward this goal, we screened a library of 2,426 bioactive compounds and identified JG98, an allosteric

modulator of heat shock protein 70 that inhibits interaction with Bcl-2–associated athanogene (BAG) domain co-

chaperones. JG98 reducesMyBP-C protein levels. Furthermore, genetic reduction of BAG3 phenocopies treatmentwith

JG-98 by reducing MYBP-C protein levels. Thus, an unbiased compound screen identified the heat shock protein

70–BAG3 complex as a regulator of MyBP-C stability. (J Am Coll Cardiol Basic Trans Science 2023;8:1198–1211)

© 2023 The Authors. Published by Elsevier on behalf of the American College of Cardiology Foundation. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

omyocyte
cardi
MyBP-C = myosin-binding

protein C3, the protein product

made by gene MYBPC3

MYBPC3 = the gene myosin-

binding protein C3

MYH = myosin heavy chain

PTL = parthenolide

shRNA = small hairpin RNA

WT = wild-type
H ypertrophic cardiomyopathy (HCM) is a
genetic cardiomyopathy characterized by
left ventricular hypertrophy. Patients can

experience a variety of adverse cardiovascular out-
comes, including left ventricular outflow tract
obstruction, heart failure, arrhythmias, and prema-
ture death.1 Cardiac sarcomere genes are the pri-
mary genetic basis of HCM, with variants in the
gene myosin-binding protein C3 (MYBPC3) account-
ing for approximately 50% of familial cases.2

Significant progress has been made in defining the
disease mechanism underlying HCM.3 More than 90%
of MYBPC3 variants are known to create premature
stop codons,4 which are commonly referred to as
“truncating variants.” The mutant messenger RNA
and protein produced by these variants is rapidly
cleared from the cell,5-7 and mutant myosin-binding
protein C3 (MyBP-C), the protein product made by
gene MYBPC3, is not detectable in cellular lysate.7

This leads to haploinsufficiency of wild-type (WT)
MyBP-C, with levels reduced by approximately 40%
in human HCM myectomy tissue.7-10 Viral delivery of
MYBPC3 prevents and reverses disease phenotypes in
both animal and cellular models of disease.11-14

However, in both human induced pluripotent stem
cell–derived cardiomyocytes (iPSC-CMs) and mouse
models, a single allelic pathogenic variant is not suf-
ficient to consistently cause disease phenotypes or
haploinsufficiency.8,15 This result suggests that
compensatory mechanisms could be exploited to
restore WT MyBP-C levels in patients. However, the
pathways that regulate expression, folding, traf-
ficking, and/or turnover of MyBP-C remain incom-
pletely defined.
e authors attest they are in compliance with human studies committe

titutions and Food and Drug Administration guidelines, including patien

it the Author Center.

nuscript received March 6, 2023; revised manuscript received April 17, 20
Toward this goal, we developed a high-
throughput screen using iPSC-CMs derived
from a patient with HCM carrying an MYBPC3
pathogenic variant. A library of biologically
active small molecules was screened to
identify those that alter MyBP-C protein
levels. From this screen, we identified the
heat shock protein 70 (Hsp70)–Bcl-2–associ-

ated athanogene 3 (BAG3) complex as a critical regu-
lator of MyBP-C homeostasis, suggesting that
stabilizing the Hsp70-BAG complex could be a thera-
peutic target for HCM caused by MYBPC3 loss-of-
function variants.

METHODS

INDUCED PLURIPOTENT STEM CELL–DERIVED

CARDIOMYOCYTES. iPSCs used in this study are
from 4 control lines (Ctrl 1,2,3,4), 3 patient-derived
lines obtained from patients with HCM who were
genotype positive for a pathogenic truncating variant
in MYBPC3 (MYBPC3 Patient1,2,3) and a gene-edited
iPSC homozygous MYBPC3 knockout line (MYBPC3
[–/–]) (Supplemental Table 1, Supplemental
Figure 1).15-19 Details regarding stem cell mainte-
nance, cardiomyocyte production, and cell culture
are provided in the Supplemental Appendix. The
iPSC-CMs used in our screen showed >90% purity by
immunostaining for a-actinin (Supplemental
Figure 2). Mass spectrometry, performed as
described further in the Supplemental Appendix, on
MYBPC3 Patient1 iPSC-CM cellular lysate confirms
that MYBPC3 is the only MYBPC isoform present
(Supplemental Table 2).
es and animal welfare regulations of the authors’

t consent where appropriate. For more information,

23, accepted April 18, 2023.
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A detailed method section is provided in the
Supplemental Appendix. This includes the high-
throughput Alpha-LISA screening assay
(Supplemental Figures 3 to 5), details regarding
compound libraries (Supplemental Table 3), cell
toxicity testing, immunofluorescence, contractility
measurements, cycloheximide chase analysis,
adenovirus treatment, and Western blot analysis.

STATISTICAL ANALYSIS. Statistical analysis was
performed by using GraphPad Prism software
(GraphPad Prism 8 Software). Kruskal-Wallis
nonparametric one-way analysis of variance with
Dunn’s post hoc test for multiple pairwise compari-
sons were used for comparisons. P values <0.05 were
considered statistically significant. Data are reported
as mean � SEM. Linear regression and nonlinear re-
gressions were performed in GraphPad Prism
(GraphPad Prism 8 Software). Linear regression was
performed for results obtained by testing serial di-
lutions of cellular lysate in the MyBP-C and myosin
heavy chain (MYH) Alpha-LISA assay; goodness of fit
was evaluated with coefficients of determination (R2).
Concentration-response curves were analyzed by
performing an inhibitor vs response, variable slope
nonlinear regression. Cycloheximide chase assay data
were analyzed by using a one-phase decay nonlinear
regression. Parameters obtained from these nonlinear
regressions, such as the half-maximal effective con-
centration (EC50) and half-life, are reported as least
squares mean with 95% CI. If constraints were used in
the nonlinear regressions, this is indicated in the table
or figure legends. Finally, the degree of co-localization
of Hsp70 and BAG3 was analyzed for immunofluores-
cence images in patterned cardiomyocytes using NIS-
Elements AR Analysis version 5.30.03 software
(Nikon, Instruments Inc). Pearson’s correlation is re-
ported and describes the extent of overlap between
the Hsp70 and BAG3 immunofluorescence signals
within the cytosol of a single cardiomyocyte. Addi-
tional details regarding data analysis are provided
within the Supplemental Appendix.

STUDY APPROVAL. All animal studies were conduct-
ed with the approval of the University of Michigan
Institutional Animal Care and Use Committee
(PRO00009438). All patient samples were collected
with the approval of the University of Michigan Insti-
tutional Review Board, and all subjects gave written
informed consent (HUM00041413, HUM00052165).

RESULTS

HIGH-THROUGHPUT SCREENING. To identify path-
ways that regulate MyBP-C stability, we envisioned
screening a collection of bioactive small molecules in
a cell-based model. To enable this screen, a no-wash,
homogenous immunoassay technology (Alpha-LISA,
PerkinElmer) was used. We developed an Alpha-LISA
assay quantifying MyBP-C, within a cellular lysate
sample, using 2 antibodies linked to donor and
acceptor beads (Figure 1A, Supplemental Table 4). In
choosing cells for this screen, a well-characterized
iPSC cell line derived from a patient with HCM was
used to generate CMs (MYBPC3 Patient1
[þ/c.2373dupG])15-17 (Figure 1B). Another key design in
our screen was the simultaneous measurement of
MYH, using antibodies that detect aMYH and bMYH
via a parallel Alpha-LISA. This feature allowed us to
control for sarcomere content in each well and focus
on compounds that modulated MyBP-C via reporting
of the MyBP-C/MYH ratio. Both MyBP-C and MYH
Alpha-LISA exhibited an excellent signal-to-noise
ratio and a linear relationship between the Alpha-
LISA signal and total protein concentration when
testing MYBPC3 Patient1 cellular lysates (Figures 1C
to 1E).

Using a primary endpoint of MyBP-C/MYH ratio,
we screened 2,426 compounds representing 2,400
U.S. Food and Drug Administration–approved mole-
cules or known bioactive compounds and a curated
subcollection of 26 molecules that target known
MyBP-C–interacting proteins. In this screen, in-plate
controls were used to allow determination of the
assay robustness, yielding an average in-plate Z-fac-
tor of 0.66. In-plate Z-factors ranged from 0.44 to
0.83 and are reported in Supplemental Figure 6. Using
a criterion of 3 SDs from the controls, 241 (9.9%) of
2,426 hit compounds that decreased MyBP-C/MYH
levels were identified (Figure 2). Also identified were
29 (1.2%) of 2,426 hit compounds that increased
MyBP-C/MYH levels (Supplemental Table 5).
VALIDATING SCREENING HITS. In any high-
throughput screening campaign, it is important to
establish reproducibility of initial hits (Figure 2A). A
detailed description of the validation process is pro-
vided in the Supplemental Appendix. No compounds
that increased MyBP-C/MYH protein levels showed
activity after repeat testing. Fifty-two compounds
that decreased MyBP-C/MYH protein levels exhibited
activity after repeat testing (Supplemental Table 6).

Secondary assays were next used to focus on the
most robust hits. First, we analyzed MyBP-C and MYH
Alpha-LISA separately and selected compounds that
reduced MyBP-C levels without significantly altering
MYH levels (Figure 2B, Supplemental Tables 7 and 8,
Supplemental Figure 7). Finally, 14 hits that met the
aforementioned criteria were evaluated in a counter-
screen for cytotoxicity (Supplemental Figure 8,
Supplemental Table 9). Compounds that exhibited
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FIGURE 1 Alpha-LISA MyBP-C/MYH Assay Development

(A) Schematic of the Alpha-LISA testing platform. (B) Inducible pluripotent stem cell–derived cardiomyocyte (iPSC-CM) models used in the

screen. (C) Myosin-binding protein C3 (MyBP-C), the protein product made by gene MYBPC3, and myosin heavy chain (MYH) Alpha-LISA raw

results under screening assay conditions for positive control (MYBPC3 Patient1) iPSC-CMs, negative control (MYBPC3 [-/-]) iPSC-CMs, and

negative control 293T cells. (D and E) Serial 2-fold dilution of MYBPC3 Patient1 iPSC-CM lysate tested in triplicate shows that assay con-

ditions fall within the linear range for MyBP-C (D) with R2 ¼ 0.98 and MYH (E) with R2 ¼ 0.99.
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toxicity with an EC50 #60 mM were excluded. After
these steps, 6 compounds were left that decreased
MyBP-C/MYH protein levels by decreasing MyBP-C
protein levels with no significant effect on MYH pro-
tein levels or cellular toxicity.

To further evaluate these 6 compounds, we re-
ordered fresh powders and tested them in the
Alpha-LISA assay (Supplemental Table 10). From
these experiments, only JG98 and parthenolide (PTL),
a sesquiterpene lactone, retained activity (Figure 3A,
Supplemental Figure 9). Specifically, JG98 exhibited
an EC50 of 12.1 mM (95% CI: 8.3-18.0). JG98 also
decreased MYH, but at a higher concentration, with
an EC50 of 43.8 mM (95% CI: 29.1-68.4). PTL exhibited
an EC50 of 43.8 mM (95% CI: 29.1-68.4), with no sig-
nificant activity noted in the MYH assay. This activity
was maintained in a control line and 2 other patient-
derived lines (Figure 3B, Table 1). The ability of PTL
and JG98 to reduce MyBP-C protein levels was
confirmed in an orthogonal Western blot analysis on
whole cellular lysates run on sodium dodecyl sulfate
denaturing gels (Supplemental Figure 10).
PTL is a natural product that has a variety of re-
ported biologic activities, including inhibition of
histone deacetylase 1, modulation of nuclear factor
kappa B and Hsp70, and reduction of detyrosinated a-
tubulin.20-22 JG98 is an allosteric modulator of Hsp70,
which is known to inhibit Hsp70 binding to an
important class of co-chaperones, the BAG domain
proteins.23,24 Given that sex-associated differences
have been observed in BAG domain protein–related
diseases and in BAG domain protein localiza-
tion,25,26 we proceeded to test JG98 in an additional
female and male control line. No significant differ-
ences in activity were observed across cell lines
(Figure 3C). Thus, these screens identified 2 com-
pounds that affected MyBP-C levels.
STRUCTURE ACTIVITY RELATIONSHIPS. To gain
further insight into the validated hits, we tested
analogues that are structurally related to JG98 and
PTL (Figure 2C, Supplemental Table 10). Our goal
was to understand whether the expected structure
activity relationship would correlate with the
observed effects on MyBP-C abundance. In the

https://doi.org/10.1016/j.jacbts.2023.04.009
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FIGURE 2 Compound Screen Results

(A) Normalized MyBP-C/MYH results from 2 representative screening plates. Overall, 100% is defined by MYBPC3 Patient1 iPSC-CMs treated

with vehicle (dimethyl sulfoxide) control (green circles); 0% is defined byMYBPC3 (–/–) iPSC-CMs (gray squares). Hit compounds exhibited a

MyBP-C/MYH value >3 SDs above (red open triangles) or below (red closed triangles) the control. Most compounds did not significantly

change MyBP-C/MYH levels (blue triangles). (B) Hits subsequently went through a validation process detailed in the flowsheets herein.

CRC ¼ concentration-response curve; other abbreviations as in Figure 1.
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Alpha-LISA, we found that PTL-related compounds
containing the reactive epoxide moiety were active,
but those lacking the epoxide were inactive
(Supplemental Table 10). One exception was euni-
cin, although this compound also reduced MYH
levels. These findings are consistent with the known
biologic activity of PTL, which uses a covalent
mechanism of action, driven by the reactivity of the
epoxide moiety.20
JG98 is part of a medicinal chemistry campaign
of $400 compounds to develop Hsp70-BAG in-
hibitors.23,27,28 We found that the activity of the an-
alogues tracked with their known potency in other
systems. For example, JG258 is a structurally related
compound without activity against Hsp70, and it did
not reduce MyBP-C protein levels (Figure 3C).27 Like-
wise, analogues such as MKT-077, YM-1, and YM-8 are
known to have reduced activity against Hsp70,

https://doi.org/10.1016/j.jacbts.2023.04.009


FIGURE 3 Validated Hits: JG98 and PTL

(A) JG98 and parthenolide (PTL) retained activity when fresh powder was tested (N ¼ 4). (B) Compounds were also tested across a variety of

cardiomyocyte cell lines and exhibited activity throughout. Graphs denote the concentration that results in a 50% reduction (EC50) of MyBP-

C or MYH, and error bars represent the 95% CI (Table 1). (C) Structural analogues of JG98 and PTL were tested to explore structure activity

relationships. The concentration-response curves of the 2 compounds with the lowest EC50 (orange triangles, red squares) and a repre-

sentative inactive structurally related compound (black circles) are shown (Supplemental Table 11). Abbreviations as in Figure 1.
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compared with JG98, and they also did not reduce
MyBP-C protein levels29,30 (Supplemental Table 11).
Conversely, more potent analogues such as JG231 and
JG345 reduced MyBP-C protein levels at a lower
concentration than JG98.27 Together, these results
support the idea that the Hsp70-BAG system is
important for MyBP-C stability.
MECHANISM OF ACTION FOR PTL IS LIKELY INDEPENDENT

OF DETYROSINATION OF a-TUBULIN. The most well-
studied activity of PTL in cardiomyocytes is its
ability to decrease the amount of detyrosinated
a-tubulin.21 Detyrosinated a-tubulin is a post-
translational modification generated by carboxypep-
tidases (vasohibin 1/2–small vasohibin binding
protein),31,32 and this process is reversed by tubulin
tyrosine ligase.33 Thus, it is possible that PTL could
reduce MyBP-C through this pathway. To test this
possibility, we treated the cells with adenovirus to

https://doi.org/10.1016/j.jacbts.2023.04.009
https://doi.org/10.1016/j.jacbts.2023.04.009


TABLE 1 Testing PTL and JG98 in Multiple Cell Lines

MyBP-C MYH

NEC50 (mM) 95% CI
Top

% Vehiclea 95% CI EC50 (mM) 95% CI
Top

% Vehicle 95% CI

JG98

Ctrl-1 10.3 7.4-14.6 75 65- 86 15.8 11.4-22.3 107 94-121 5

Ctrl-3 3.02 1.15-7.49 52 33-89 16.7 10.5-29.5 84.3 71-98 4

Ctrl-4 1.5 0.5-3.1 71 43-204 5.8 2.3-13.6 86.9 64-122 4

PD -1b 12.1 8.3-18.0 132 115-150 43.8 29.1-68.4 100 87-113 5

PD-2 11.4 7.5-17.8 94 79-109 19.2 12.2-31.1 142 120-164 7

PD-3 7.5 4.7-12.6 70 57- 85 14.8 9.4-24.4 92 76-110 4

PTL

Ctrl-1 14.1 7.7-26.5 113 91-138 >50 – 115 104-126 5

PD-1 22.5 11.1-44.2 118 85-131 >50 – 109 91-127 5

PD-2 13.4 9.9-18.2 118 105-131 >50 – 115 107-123 7

PD-3 21.5 15.3-31.0 104 91-116 >50 – 95 – 4

Concentration-response curves were fit using the inhibitor vs response-variable slope nonlinear regression in GraphPad Prism. Half-maximal effective concentration (EC50) and
Top represent least squares mean estimates from this nonlinear regression model. Constraints included Bottom ¼ 0, hill slope ¼ –2. respectively. aVehicle control is dimethyl
sulfoxide. bPD refers to the gene myosin-binding protein C3 (MYBPC3) patient inducible pluripotent stem cell–derived cardiomyocytes (1,2,3).
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increase expression of tubulin tyrosine ligase and,
separately, knocked down VASH1 with small hairpin
RNA (shRNA). We validated that these manipulations
reduced detyrosinated a-tubulin, as expected
(Supplemental Figure 11). However, there was no
change in MyBP-C/MYH levels. These results suggest
that PTL regulates MyBP-C homeostasis via a mech-
anism distinct from its known effects on detyrosi-
nated a-tubulin.

JG98 IDENTIFIES HSP70-BAG3 AS A KEY REGULATOR OF

MyBP-C PROTEIN HOMEOSTASIS. The current study
subsequently focused on understanding the mecha-
nism by which JG98 reduces MyBP-C protein levels.
We began by re-evaluating cell toxicity of JG98 and
its analogues. Again, we found that these compounds
do not exhibit significant toxicity at concentrations
that reduce MyBP-C protein levels (Figure 4,
Supplemental Table 12). Next, the effect of JG98 on
myofilament structure was evaluated (Figure 4,
Supplemental Figure 12). A 27.5% reduction was
observed in MyBP-C/a-actinin in cells treated with
JG98 compared with vehicle control (P < 0.001), with
no significant change in cells treated with JG258.
Using a blinded scoring system,34 no change was
noted in myofibrillar disarray. Despite this lack of
effect on myofibrillar disarray, JG98 treatment
inhibited contractility in cardiomyocytes
(Supplemental Figure 13).

Structure activity relationships suggest that JG98
reduces MyBP-C via its known activity as an allosteric
inhibitor of Hsp70 binding to BAG domain proteins
(Figure 3). BAG3 is one of the BAG family of co-
chaperones that is highly expressed in car-
diomyocytes and localizes to the sarcomere,35,36

where it is believed to play a role in the folding and
assembly of sarcomere proteins. Thus, we hypothe-
sized that JG98 induces MyBP-C degradation by dis-
rupting the Hsp70-BAG3 interaction (Figure 5A).
Consistent with this hypothesis, JG-98 treatment
reduced co-localization of Hsp70 and BAG3 by
immunofluorescence (Figure 5B). We also showed
that shRNA knockdown of BAG3 reduced MyBP-C
protein levels (Figure 5C), genocopying the effect of
JG98 on MyBP-C. Furthermore, using a cycloheximide
chase assay, JG98 treatment was shown to shorten
the half-life for WT MyBP-C (Figure 5D). Proteasome
inhibition blocked JG98-induced reductions in
MyBP-C (Figure 5E). Taken together, these results
support a model in which disruption of Hsp70-BAG
interactions leads to proteasome-dependent degra-
dation of MYBP-C.

DISCUSSION

Pathogenic truncating variants in MYBPC3 lead to
HCM by causing haploinsufficiency.7,9 However,
haploinsufficiency and hypercontractility are not
consistently observed in published mouse or iPSC-CM
models with heterozygous truncating MYBPC3 vari-
ants.8,15 Our group has shown previously that this
compensatory response in iPSC-CMs occurs by slow-
ing the degradation rate of the remaining WT pro-
tein.15 This compensatory mechanism is evidently
lost in patients with HCM because tissue levels of WT
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FIGURE 4 JG98 Reduces MyBP-C Protein Levels Without Inducing Toxicity or Disrupting Myofilament Structure
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MyBP-C are consistently reduced in myectomy tis-
sue.7 Thus, identifying the pathways that regulate
MyBP-C protein levels is important to understand the
processes that may be therapeutically targeted to halt
disease progression.3 Herein, we developed a high-
throughput small-molecule screen to identify regu-
lators of MyBP-C protein levels. Two small molecules
that reduce MYBP-C protein levels (JG98 and PTL)
were identified. JG98 led us to pinpoint the Hsp70-
BAG3 axis as a critical and potentially intervenable
target to control MyBP-C abundance.

One important product of this work is the devel-
opment of a robust high-throughput screen in iPSC-
CMs. We screened a relatively small library with
2,426 bioactive compounds. We did not identify any
immediate therapeutic leads (compounds that
increased MyBP-C protein levels). Nonetheless, this
work shows the feasibility of our screening approach,
which is readily amenable to scale-up. It is our hope
that future screens, using larger and more diverse
chemical collections, will uncover therapeutic leads
that increase MyBP-C protein levels.

The screen did identify 2 compounds (JG98 and
PTL) that decrease MyBP-C protein levels. The activ-
ity of PTL and JG98 was consistent across multiple
iPSC-CM cell lines, showing that activity is not
dependent on the genetic background, sex, or batch-
specific variables of cardiomyocyte differentiation.
Understanding the molecular mechanism by which
these compounds reduce MyBP-C levels may uncover
pathways that contribute to the development of
MyBP-C haploinsufficiency in patients with HCM and
lead to the development of novel therapeutic
strategies.

PTL contains an epoxide moiety that enables it to
make covalent modifications to cysteine amino
acids.20 By testing PTL analogues, we found that the
ability to reduce MyBP-C protein levels is dependent
on this epoxide. However, the target protein that
leads to alterations in MyBP-C protein levels remains
unknown. Our results suggest that the activity of PTL
on detyrosinated a-tubulin is not relevant to its ac-
tivity on MyBP-C, suggesting that other targets must
be involved. Given the pleiotropic cellular targets of
PTL,20-22 identification of this target is expected to be
FIGURE 4 Continued

(A) Representative images of Ctrl-3 iPSC-CMs with JG98 (10 mM), JG25

MyBP-C (red) (Supplemental Figure 12). Blinded analysis (N ¼ 24) revea

samples and no significant change in myofibrillar disorder. (B) Cellular to

concentrations that lead to MyBP-C reductions (Supplemental Tables 9

sulfoxide; neg ¼ negative; Veh ¼ vehicle; other abbreviations as in Figu
challenging and is outside the scope of the current
work.

In contrast, our results with JG98 and its analogues
strongly suggest that the Hsp70-BAG complex is
important for MyBP-C homeostasis. JG-98 reduced
steady-state MyBP-C protein levels at concentrations
that did not lead to alterations of myofibrillar disarray
or significant cellular toxicity. JG98 is known to bind
a conserved allosteric site on Hsp70, trapping a
conformation that has weak affinity for BAG domain
proteins.30 JG98 has been shown to disrupt Hsp70-
BAG domain-binding in a variety of cellular systems,
including cardiomyocytes.27,37 To further evaluate
how JG98 leads to MyBP-C protein reduction, we
tested a structurally related control that lacks activity
against Hsp70, JG258.27 JG258 did not affect MyBP-C
protein levels, showing that the affinity for Hsp70 is
critical. Furthermore, compounds with improved af-
finity for Hsp70 (ie, JG231, JG345) also led to re-
ductions in MyBP-C at lower concentrations.23,27,28

These results are consistent with JG98, leading to
reductions in MyBP-C via its known activity as an
allosteric inhibitor of Hsp70-BAG domain
interactions.

Of note, there are 2 cytosolic isoforms of Hsp70 and
6 BAG proteins.38 Knockdown of one cytosolic iso-
form of Hsp70 leads to overexpression of the other
and as such did not alter JG98 activity when previ-
ously tested.27,39 Dual knockdown is cytotoxic.39

Interestingly, our pilot screen also contained other
Hsp70 modulators, which were not active
(Supplemental Table 3). These compounds, such as
115-7c, are known to bind other sites on Hsp70 and to
have distinct effects on other (non-BAG) co-chaper-
ones.40,41 Thus, these observations suggest that the
Hsp70-BAG complex may be the most important
Hsp70 co-chaperone interaction for regulation of
MyBP-C stability.

We next focused on the importance of BAG3-Hsp70
interaction for several reasons. First, BAG3 localizes to
the sarcomere.26 Second, human genetic studies point
to an important role for BAG3 in human cardiomyop-
athy. Rare loss-of-function variants in BAG3 are asso-
ciated with dilated cardiomyopathies.42,43

Furthermore, common BAG3 variants have been
8 (10 mM), or vehicle control are shown with a-actinin (green) and

ls reduced levels of MyBP-C/a-actinin in JG98 but not in JG258

xicity of JG98 and analogues did not exhibit significant toxicity at the

and 12). ***P < 0.001. Conc ¼ concentration; DMSO ¼ dimethyl

re 1.
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FIGURE 5 Disruption of the BAG3-Hsp70 Complex by BAG3 Knockdown or JG98 Treatment Reduces MyBP-C Protein Levels

(A) Proposed model: JG98 induces MyBP-C degradation by inhibiting heat shock protein 70 (Hsp70) and Bcl-2–associated athanogene 3

(BAG3) binding. (B)Micropatterned Ctrl-3 iPSC-CMs were treated with JG98 (10 mM) or vehicle control in duplicate. Representative images of

immunofluorescence for Hsp70 (green) and BAG3 (red) and merged images are shown. The extent of co-localization within the cytosol

between Hsp70 (green) and BAG3 (red) was measured by using Pearson’s correlation for each cell tested. There is less Hsp70 and BAG3 co-

localization (lower Pearson’s correlation) in cells treated with JG98 than in vehicle control (N ¼ 20). (C) A representative Western blot is

shown. Ctrl-2 iPSC-CMs were cells treated with an adenovirus at a multiplicity of infection 5 carrying scrambled small hairpin RNA (shRNA)

(gray bars, black squares) or BAG3 shRNA (blue bars, black triangles) for 18 hours. Cellular lysates were analyzed 4 days after shRNA

treatment (n ¼ 27; 5 biologic replicates). Quantification of Western blots shows significant reduction of BAG3 and MyBP-C. Glyceraldehydre-

3-phosphate dehydrogenase (GAPDH) was also used as a loading control. (D) Cycloheximide chase assay shows that treatment with JG98

results in more rapid clearance of MyBP-C from neonatal rat ventricular cardiomyocytes compared with vehicle control (DMSO). JG98 was

tested at 1 mM for 24 hours. The EC50 of JG98 in neonatal rat ventricular cardiomyocytes is 1.2 mM (95% CI, 0.4-3.00). (E) Alpha-LISA analysis

of MyBP-C/MYH on Ctrl-3 iPSC-CMs treated with vehicle control, JG98 (20 mM), or JG98 (20 mM) and bortezomib (0.5 mM) for 24 hours

shows that inhibition of the proteasome blocks JG98-mediated reductions in MyBP-C/MYH. *P < 0.05, **P < 0.01, ***P < 0.001.

Conc ¼ concentration; t1/2 ¼ half-life; Veh ¼ vehicle; other abbreviations as in Figures 1, 3, and 4.
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identified in genome-wide association studies with
opposing direction of risk for dilated cardiomyopa-
thies and HCM.44-46 The effects of these common
variants on BAG3 activity and disease pathogenesis
remain unknown. Additional experiments performed
here support the hypothesis that Hsp70-BAG3 in-
teractions stabilize MyBP-C (Figure 5A). First, we
found that JG98 reduced co-localization of cytosolic
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Hsp70 and BAG3 in iPSC-CMs. Furthermore, JG98
shortens the half-life of MyBP-C. Finally, BAG3
knockdown reduces MyBP-C protein levels. Prior work
in loss-of-function BAG3 mutants found that these
mutants caused the accumulation of other sarcomere
proteins within the insoluble fraction of cellular ly-
sates.47 Thus, we evaluated total MyBP-C protein
levels (soluble and insoluble fractions combined) by
performing Western blot analysis on whole cell lysate
run on sodium dodecyl sulfate denaturing gels. Both
JG98 treatment and BAG3 knockdown exhibited re-
ductions in total MyBP-C protein levels (Supplemental
Figure 10, Figure 5). This work shows that disruption of
BAG3 is sufficient to reduce MyBP-C protein levels.

The ability of BAG3 knockdown to reduce steady-
state levels of MyBP-C has not been previously
established. Yang et al48 recently explored knock-
down of BAG3 in iPSC-CMs, showing that reduced
BAG3 leads to sarcomere damage after 10 days. The
investigators performed immunofluorescence and
Western blot analysis to evaluate MyBP-C protein
levels and found mild reductions by immunofluores-
cence but no change according to Western blot. It is
possible that the shorter time points of 24 hours after
JG98 treatment or 96 hours of shRNA knockdown
could explain this discrepancy, as modulation of
chaperone effects typically results in rapid changes in
protein stability, and compensation by other factors
(eg, other BAG proteins) can occur at longer time
points. We observed robust reductions of MyBP-C
levels with BAG3 knockdown, clearly establishing
this relationship.

Our work supports a growing body of evidence
highlighting the importance of BAG3 in sarcomere
proteostasis. The Hsp70-BAG3 protein complex can
regulate clearance of client proteins via chaperone-
assisted selective autophagy or the ubiquitin protea-
some system.35,49,50 We found that proteasome
inhibition blocks the effect of JG98 to reduce MyBP-C
protein levels. This is consistent with our prior work
showing that MyBP-C is cleared through the protea-
some and not through autophagic pathways.6 Future
studies examining the effects of JG98 or BAG3
knockdown on the ubiquitination state of MyBP-C, as
well as the involvement of other co-chaperones and
ubiquitin ligases in its degradation, will be critical for
understanding how these protein interactions can be
leveraged for therapeutic benefit.
It is important to highlight that JG98 treatment is
not a therapeutic strategy, as JG98 decreases MyBP-C
protein levels, which is the opposite direction of ef-
fect desired for a therapy targeting HCM caused by
MyBP-C haploinsufficiency. Interestingly, we also
observed that JG98 inhibited contractility. The effect
of JG98 on contractility is likely independent of its
effect on MyBP-C because complete knockout of
MyBP-C exhibits a more subtle decrease in fractional
shortening and increases normalized contraction.15,19

This result could be due to other pleiotropic effects of
JG98 or reflect the effect of JG98 on other clients of the
Hsp70-BAG3 complex.34 Thus, JG98 is not a thera-
peutic lead but rather helped to uncover the Hsp70-
BAG3 axis as a high-priority focus area for future
studies. For example, therapeutic strategies that
enhance the formation of an Hsp70-BAG3 complex
may increase MyBP-C protein levels. This may include
adeno-associated virus–mediated overexpression of
BAG3.
STUDY LIMITATIONS. First, our studies were per-
formed in iPSC-CMs. Performing a high-throughput
screen of this nature would not be possible without
the use of iPSC-CMs. Nonetheless, iPSC-CMs exist in
an immature state compared with adult cardiac
myocytes. Thus, future studies will be needed to
evaluate the role of BAG3 in more mature model
systems. Second, the absence of haploinsufficiency in
iPSC-CM cellular models is an important limita-
tion.15,51 Identifying iPSC-CM models that exhibit
haploinsufficiency and functional phenotypes, such
as hypercontractility, will be important to success-
fully leveraging these cellular models to identify
therapeutic leads. Furthermore, we acknowledge the
limitations of compounds identified in our study.
Both PTL and JG98 have poor potency, which limits
their utility as chemical probes. Likewise, PTL has
many known targets, and JG98 modulates the func-
tion of Hsp70, a chaperone that acts on multiple
cellular client proteins. Future work will be needed to
understand the broader effects of these compounds
on the proteome. Also, although JG98 did not have
significant toxicity or effects on myofibrillar disarray
at concentrations that reduced MyBP-C protein
levels, it did result in reductions in MYH levels and
cardiotoxicity at approximately 1.5- to 3-fold higher
doses and inhibited contraction in iPSC-CMs. These
findings limit its applications as a chemical probe in
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: HCM is

commonly caused by pathogenic MYBPC3 variants that reduce

total levels of WT MyBP-C protein. However, the pathways that

regulate MyBP-C protein levels are poorly understood. By

screening biologically active compounds in an iPSC-CM model,

this study identified the Hsp70-BAG3 complex as a key regulator

of MyBP-C protein levels.

TRANSLATIONAL OUTLOOK: These results suggest that

therapeutically targeting stabilization of the Hsp70-BAG3 inter-

actions or increasing BAG3 protein levels may be beneficial in

HCM caused by pathogenic MYBPC3 variants.
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cardiomyocytes.37 Finally, although both JG98 and
PTL activity was observed across both female and
male iPSC-CM cell lines, this study was not designed
to robustly address sex-specific differences in MyBP-
C protein quality control. This remains an important
future area of investigation.

CONCLUSIONS

By screening known, biologically active compounds
in an iPSC-CM model, we identified the Hsp70-BAG3
complex as an intervenable target to directly
modulate MyBP-C homeostasis. These results sug-
gest that therapies which stabilize Hsp70-BAG3 in-
teractions or increase BAG3 protein levels may be
beneficial in HCM caused by pathogenic MYBPC3
variants.
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