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Introduction
Bcl2-associated athanogene 3 (BAG3) is a co-chaperone pro-
tein highly expressed in heart and skeletal muscle. Initial studies 
demonstrated early lethality in homozygous Bag3-knockout mice 
(1). Since then, BAG3 has emerged as a critical regulator of  cardiac 
proteostasis, and BAG3 mutations have been identified as a cause 
of  genetic dilated cardiomyopathy (DCM) (2–4).

In the sarcomere, BAG3 forms a ternary complex with heat 
shock protein 70 (HSP70) and small heat shock protein B8 (HSPB8) 
and aids in the removal of  proteins denatured by mechanical stress 
(5–8). Despite these mechanistic insights, our understanding of  
BAG3 in the heart is limited to its function in cardiomyocytes 
(CMs), while BAG3 is a ubiquitously expressed protein. Recent sin-
gle-nucleus sequencing data show that CMs constitute a minority 
(30%–50%) of  the heart by number, emphasizing the importance 

of  the contribution of  non-myocytes in homeostasis (9–11). Of  
particular interest are cardiac fibroblasts (CFs), which are the pri-
mary mediators of  extracellular matrix (ECM) composition (12, 
13). Fibroblasts remodel the heart in disease, leading to ventricle 
wall thinning, chamber dilation, and loss of  ventricle stiffness (14). 
Traditionally, these changes in the ECM are viewed as a compen-
satory process in response to CM death. However, given its high 
expression in CFs, we posit there may be an intrinsic, deleterious 
effect of  BAG3 loss in CFs.

The study of  CF biology is limited by the lack of  specific mark-
ers for the isolation of  CFs from explanted tissue, which hinders 
assessment of  pure populations of  CFs at the cellular level (15). To 
address this, several robust protocols for CF differentiation from 
human induced pluripotent stem cells (hiPSCs) have been reported 
(16–18). In addition, advances in cardiac tissue engineering allow 
for noninvasive, imaging-based measurements of  contractile force 
and promote the maturation of  hiPSC-CMs in a 3D microenviron-
ment (19, 20). Our laboratory and others have demonstrated the 
ability of  hiPSC-based engineered tissues to model cardiac devel-
opment, elucidate normal and pathological function, and parse out 
the respective contributions of  CMs and supporting cells (21–25).

Here, we used isogenic hiPSC-derived fibroblasts to study the 
role of  BAG3 in CFs. By generating cell type–specific condition-
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mal CM function in the FBKO group, and we asked whether this 
was due to an increase in ECM deposition in the cardiac tissues. 
Indeed, we observed increased collagen deposition that inversely 
correlated with force data (Figure 1, F and G). CMKO tissues 
exhibited increased fibrosis, in line with previous work that estab-
lished fibrosis as a sequela of  the deletion of  CM Bag3 (33). FBKO 
also led to greater cytotoxicity compared with Full WT, measured 
by lactate dehydrogenase (LDH) extravasation into culture medi-
um (Supplemental Figure 1I).

While recent reports differ on whether or not fibroblast cell pro-
portion expands in disease (28, 34), we formally tested the effect of  
FBKO at higher fibroblast percentages in our tissues by increasing 
the ratio during tissue formation to 40% and 60% fibroblasts. We 
found that increasing the fibroblast percentage to 40% increased 
the force generation of  WT tissues, in line with previous studies 
demonstrating the critical role of  non-myocyte cells in engineered 
cardiac tissue contractility (35–37). Critically, we showed reduced 
force production and increased collagen deposition in the FBKO 
group compared with full WT in tissues of  every ratio (Supplemen-
tal Figure 1J-L). Taken together, these data suggest a role of  CF 
BAG3 in maintaining cardiac contractility and ECM composition.

Loss of  BAG3 alters the CF proteome. We next analyzed BAG3+/+ 
and BAG3–/– CFs’ global proteome by mass spectrometry in isolat-
ed 2-dimensional (2D) culture. BAG3–/– CFs had significantly dif-
ferent expression of  766 proteins compared with BAG3+/+ (cutoffs: 
FDR = 0.05 and log2 fold change [log2FC] = 0.58) (Figure 2A and 
Supplemental Table 1).

Network analysis of  protein-protein interactions of  significant 
proteins using the STRING database identified 2 major clusters 
enriched in cell cycle– and ECM-related processes (Figure 2, B and 
C). Cell cycle proteins such as p21 (CDKN1A) and cyclin-depen-
dent kinases (CDK1/2/6) were differentially expressed. Indeed, 
proliferation rate was increased in BAG3–/– CFs compared with 
BAG3+/+ CFs as quantified by EdU staining (Supplemental Fig-
ure 2A). To exclude the possibility that clonal selection of  hiPSCs 
contributed to this phenotype, we further assayed heterozygous 
BAG+/– CFs. Ki-67 staining revealed a dose-dependent effect of  loss 
of  BAG3, suggesting that the increase in fibroblast proliferation is 
a biological effect of  BAG3 loss (Supplemental Figure 2B). These 
results align with previous studies suggesting BAG3’s role in the 
cell cycle and mitosis (38, 39).

In the ECM-related cluster, levels of  thrombospondin 1 
(THBS1) and lysl oxidases responsible for collagen cross-linking 
(LOX, LOXL2, LOXL3) were significantly increased in BAG3–/– 
CF. Gene set enrichment analysis further revealed an increase in 
the TGF-β signaling pathway in BAG3–/– CFs (Figure 2D) (40). 
BAG3–/– CFs expressed significantly more type II TGF-β receptor 
(TGFBR2; log2FC = 1.25) (Figure 2E), which was confirmed by 
Western blotting (Supplemental Figure 2, C and D). Interestingly, 
TGF-β ligand was not significantly upregulated. Assaying cell cul-
ture supernatant using ELISA, we observed an increase in TGF-β1 
secretion by knockout CMs, but not knockout CFs (Supplemental 
Figure 2E). This suggested augmentation of  ligand and receptor 
interactions between CMs and CFs and may explain the fibrosis 
observed in our CMKO model. Together, these data indicate that 
the loss of  BAG3 significantly alters CF phenotype and the TGF-β 
pathway, particularly at the level of  the receptor.

al knockout (cKO) engineered cardiac tissues, we showed that the 
loss of  CF BAG3 is detrimental to tissue function and recapitulates 
the phenotypic hallmarks of  DCM. Mechanistically, we show that 
BAG3 is a negative regulator of  type II TGF-β receptor (TGFBR2) 
via proteasomal degradation. Finally, by conducting single-nucleus 
RNA sequencing (snRNA-Seq) of  cardiac tissue from BAG3 cardio-
myopathy patients, we observed that pathogenic variants in BAG3 
driving DCM activate a fibrogenic program in cardiac fibroblasts.

Results
Cell type–specific contribution of  BAG3 to engineered cardiac tissue 
function. In cardiac tissue lysates from human DCM patients, we 
observed a global decrease of  BAG3 compared with controls of  
non-failing hearts, consistent with previous studies (Supplemen-
tal Figure 1A; supplemental material available online with this 
article; https://doi.org/10.1172/JCI181630DS1) (7). To isolate 
the specific role of  BAG3 in cardiac fibroblasts (CFs), we studied 
BAG+/– and BAG3–/– hiPSCs, which were provided by Bruce Conk-
lin (Gladstone Institutes, UCSF, San Francisco, California, USA) 
(26, 27). We differentiated the BAG3–/– hiPSCs and their wild-type 
(WT; BAG3+/+) isogenic control (the WTC11 cell line) into CFs 
using a previously established method (Supplemental Figure 1, B 
and C) (16). During differentiation, CFs undergo an epicardial cell 
progenitor state marked by zona occludens 1 (ZO1) and WT1 tran-
scription factor (WT-1) staining and, once specified, express vimen-
tin and connexin 43 (Supplemental Figure 1D). We confirmed the 
CF-specific markers transcription factor 21 (TCF21) and discoidin 
domain receptor tyrosine kinase 2 (DDR2) by immunofluorescence 
in BAG3+/+ and BAG3–/– CFs (Supplemental Figure 1E). CFs had 
similar BAG3 expression compared with differentiated CMs from 
the same hiPSC lines, and BAG3 had cytoplasmic distribution 
within the CFs (Supplemental Figure 1, F and G).

To model the cell type–specific contribution of  BAG3 to car-
diac function, we leveraged our engineered cardiac tissue platform 
and created a series of  isogenic cKO tissues: (a) wild-type (CM+/+, 
CF+/+; Full WT), (b) fibroblast knockout (CM+/+, CF–/–; FBKO), 
(c) cardiomyocyte knockout (CM–/–, CF+/+; CMKO), and (d) full 
knockout (CM–/–, CF–/–; Full KO) (Figure 1A). hiPSC-CMs (>95% 
TNNT2+ by flow cytometry; Supplemental Figure 1H) were com-
bined with hiPSC-CFs in an 85%/15% ratio and encapsulated in 
a fibrin hydrogel cross-linked with thrombin. We selected this ini-
tial percentage of  fibroblasts as it has been reported in both human 
datasets and lineage tracing experiments in mice (28–31). After 
tissue formation, tissues were matured by ramped electrical stimu-
lation based on our previous studies. BAG3 loss did not affect the 
cells’ ability to form compact tissues (Figure 1B). Tissue passive 
(diastolic) tension did not significantly differ, indicating no hyper-
contractile phenotype observed in other tissue models of  hypertro-
phic or restrictive cardiomyopathy (Figure 1C) (32).

All cKO tissues demonstrated decreased active contractile 
force generation (Figure 1D). To normalize for the variability in 
passive tension and pillar starting position across tissues, we cal-
culated the work performed by each tissue, which was decreased 
in all cKO tissues (Figure 1E), with the lowest work produced by 
the Full KO group. Given the known role of  BAG3 in sarcomere 
integrity, the reduction in force in CMKO and Full KO tissues was 
unsurprising. However, the loss of  BAG3 in CFs impaired nor-
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significant differences in the phosphorylation events downstream of  
TGFBR2 in BAG3–/– CFs compared with BAG3+/+ (Figure 3A). In 
the canonical pathway, SMAD2 phosphorylation was significantly 
increased, both at baseline and following stimulation (Figure 3B). On 
the other hand, SMAD3 phosphorylation showed a downward trend 
(Figure 3C). In the non-canonical pathway, we observed a loss of  
maximal p38 phosphorylation in BAG3–/– CFs (Figure 3D).

Assessment of  the canonical TGF-β pathway transcriptional 
activity using a SMAD-binding element (SBE4) luciferase reporter 

BAG3 loss sensitizes the TGF-β signaling cascade response through TGF-
BR2. TGFBR2 forms heterodimeric complexes with coreceptors that 
bind ligand and transduce signaling through canonical and non-ca-
nonical pathways (41–43). We thus aimed to characterize the conse-
quences of  increased TGFBR2 expression in CFs. Cell membrane 
biotinylation analyses of  CFs demonstrated increased TGFBR2 at 
the cell membrane, accessible to bind ligand (Supplemental Figure 
2F). We then tested the sensitivity of  these cells to TGF-β ligand 
stimulation. Treatment with TGF-β1 ligand over 8 hours revealed 

Figure 1. Engineered cardiac tissues reveal the contribution of cardiac fibroblast BAG3 to cardiac function. (A) Schematic of experimental design. (B) 
Representative bright-field microscopy of engineered cardiac tissues. Scale bars: 0.5 mm. (C–E) Measurements of cardiac tissue passive tension (C), 
contractile force (D), and work (E). (F and G) Immunofluorescence staining of cardiac tissues with collagen I (F) and quantification (G). Scale bars: 50 μm. 
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 by 1-way ANOVA with post hoc Tukey’s test. Functional data pooled from 3 independent experiments, 
resulting in n = 15–17 per genotype.
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which conflicted with the results of  our engineered tissue model 
and known disease phenotype.

A critical difference between engineered cardiac tissues and 
traditional culture is the cells’ surrounding substrate. Tissue culture 
plastic is known to induce the activation of  fibroblasts owing to its 
supraphysiological stiffness (107 kPa), compared with the 1–20 kPa 
of  the native heart (46). BAG3 has established functions as a mech-
anosensor, and we hypothesized that the phenotype we observed 
was due to changes in such signaling (47, 48). Therefore, to sepa-
rate the factors of  mechanical activation from ligand activation, we 
cultured the cells atop soft polydimethylsiloxane at physiological 
stiffness (8 kPa). The soft substrate normalized the gene expression 
of  FN-EDA and COL1A1 between genotypes, and we observed 
that these markers were more sensitive to TGF-β stimulation in 
BAG3–/– CFs (Figure 3H). We validated these findings at the protein 

revealed a dose-dependent increase in TGF-β sensitivity between 
BAG+/+, BAG+/–, and BAG–/– CFs (Figure 3E). Cotransfection with 
TGFBR2-specific siRNA negated the increased luciferase transcrip-
tion in response to TGF-β ligand (Figure 3F). Notably, siTGFBR2 
also attenuated the proliferative phenotype in BAG3–/– CFs (Supple-
mental Figure 2G). Therefore, the measured increase in TGFBR2 
also corresponded with increased pathway activity.

Decoupling mechanical and ligand-mediated fibroblast activation 
reveals a fibrogenic program in BAG3–/– CFs. We next tested ECM 
remodeling in response to TGF-β ligand. Surprisingly, assessment 
of  the myofibroblast activation marker α-smooth muscle actin 
(ACTA2/α-SMA), collagen I (COL1A1), and the disease-asso-
ciated fibronectin EDA isoform (FN-EDA) by quantitative PCR 
showed blunted expression in BAG–/– CFs (Figure 3G) (44, 45). This 
was puzzling, as it suggested an antifibrotic effect of  BAG3 loss, 

Figure 2. Loss of BAG3 alters CF phenotype. (A) Differentially expressed proteins in BAG3–/–  
CFs. (B and C) STRING analysis of protein-protein interactions reveals 2 clusters of cell 
cycle– and ECM-associated protein networks. (D) Gene set enrichment analysis of TGF-β 
signaling pathway. (E) Fold change values for the TGF-β ligands and receptors identified 
by mass spectrometry. *P < 0.05 by 2-tailed Student’s t test with permutation-based FDR 
correction less than 0.05. n = 3 independent differentiations in mass spectrometry data.
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gene expression and protein expression, suggesting that this pheno-
type is independent of  the classic myofibroblast cell state. Neverthe-
less, the hyperphosphorylation of  SMAD2 but not SMAD3 persist-
ed (Figure 3J and Supplemental Figure 3, C and D), and silencing 

level using Western blot and quantification of  total collagen in the 
cell culture supernatant, further demonstrating the ECM-secreting 
state of  BAG3–/– CFs (Figure 3, I and J, and Supplemental Figure 3, 
A and B). BAG3–/– CFs again displayed decreased ACTA2/α-SMA 

Figure 3. BAG3 loss sensitizes the TGF-β response and promotes the fibrotic response in 
a substrate-dependent manner. (A–D) Representative Western blot and quantification of 
the phosphorylation response of the canonical and non-canonical TGF-β signaling path-
way following stimulation. (E) TGF-β pathway activity was measured by a SMAD-binding 
element luciferase reporter. (F) Silencing of TGFBR2 abrogates the hypersensitivity of 
BAG3–/– reporter response. (G) RT-qPCR of ECM-related genes after 48 hours of TGF-β 
ligand stimulation following culture on tissue culture plastic (TCP). (H) RT-qPCR of 
ECM-related genes after 48 hours of TGF-β ligand stimulation following culture on 8 kPa 
substrate. (I) Western blot of FN-EDA and α-SMA response after 48 hours of TGF-β stim-
ulation following culture on TCP. (J) Western blot of FN-EDA, α-SMA, and SMAD response 
after 48 hours of TGF-β stimulation following culture on 8 kPa substrate. *P < 0.05,  
**P < 0.01, ****P < 0.0001 by 2-way ANOVA with post hoc Šidák’s test.
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of  TGFBR2 reduced FN-EDA mRNA levels in BAG3–/– CFs grown 
on 8 kPa substrates (Supplemental Figure 3E). These data suggest 
that TGFBR2 upregulation after BAG3 loss induces a fibrogenic 
cell state at physiological stiffness, consistent with our engineered 
cardiac tissue model.

BAG3 regulates the proteasomal degradation of  TGFBR2. BAG3 
is a scaffolding protein that links binding partners with a variety 
of  molecular chaperones and ubiquitin ligases to mediate protein 
degradation (49). Thus, we hypothesized that BAG3 could mod-
ulate TGFBR2 through a similar mechanism. We overexpressed a 
3xFLAG-tagged BAG3 or an empty vector in BAG3–/– CFs to rescue 
proteins from altered proteostasis. Affinity purification of  FLAG 
and mass spectrometry (AP-MS) identified 59 high-confidence 
interactors of  BAG3, with a false discovery rate (FDR) of  0.01 
(Figure 4A and Supplemental Table 2). Consistent with previous 
reports, BAG3 interacted with the heat shock protein 70 (HSP70) 
family (HSPA1, HSPA2, HSPA6, HSPA8), HSPB8, and the auto-
phagy adaptor SQSTM1/p62, as well as the E3 ligase C-terminus 
of  HSC70-interacting protein (CHIP/STUB1) (7, 50).

Notably, we identified TGFBR2 as an interacting partner of  
BAG3 in CFs, which we then confirmed by coimmunoprecipitation 
analysis of  endogenous BAG3 (Figure 4B). This was an intrigu-
ing finding since TGFBR2 levels are tightly regulated through 
proteasome and lysosomal pathways (endocytic and autophagic, 
respectively) (51). By analogy to previous studies in CMs, which 
showed a role for BAG3 in autophagy, we suspected a deficit in 
the autophagic turnover of  TGFBR2 (7, 52). Indeed, inhibition 
of  lysosomal acidification using bafilomycin A1 (BafA1) showed 
a decrease of  total autophagic flux in BAG3–/– CFs, identified by 
the levels of  lipidated LC3B (Supplemental Figure 3F). However, 
the flux of  TGFBR2 through lysosomal pathways was not different 
between BAG3+/+ and BAG3–/– CFs (Figure 4, C and E). Converse-
ly, inhibition of  the proteasome with MG-132 revealed a signifi-
cant decrease in the flux of  TGFBR2 in BAG3–/– CFs compared 
with BAG3+/+ (Figure 4, D and F). Pulse-chase experiments with 
the translation inhibitor cycloheximide showed a significantly lon-
ger decay time of  transfected V5-tagged TGFBR2 in BAG3–/– CFs 
(Figure 4, G and H). These data suggest that BAG3 regulates the 
expression of  TGFBR2 through its degradation at the proteasome.

These findings could be due to either a global deficit in prote-
asome activity or a specific lack of  TGFBR2 turnover in BAG3–/– 
CFs. To test this, we assessed global proteasome proteolytic activity 
by measuring the cleavage of  fluorescent substrate in cell lysate. 
Paradoxically, BAG3–/– CFs showed increased proteasome activity 
compared with BAG3+/+ (Supplemental Figure 3G).

Next, we tested the proteasomal targeting of  TGFBR2 by 
evaluating its ubiquitination. Since V5-TGFBR2 was more sta-
ble in BAG3–/– CFs, we titrated plasmid overexpression to obtain 
equivalent pull-down between genotypes (Supplemental Figure 
3H). BAG3–/– CFs had significantly lower ubiquitination of  immu-
noprecipitated V5-TGFBR2 compared with WT (Figure 4, I and 
J). There was no difference in global ubiquitin between the cell 
lines, suggesting a specific difference in TGFBR2 (Supplemental 
Figure 3I). We further sought to rescue ubiquitination via cotrans-
fection of  BAG3 in BAG3–/– CFs. BAG3WT, but not the DCM-caus-
ing mutant BAG3E455K, rescued the ubiquitination of  V5-TGFBR2 
(Figure 4, K and L). Additionally, the interaction between TGF-

BR2 and BAG3E455K was diminished (Figure 4M). Because the 
E455K mutation disrupts binding of  BAG3 with HSP70 (Supple-
mental Figure 3J), it is likely that the BAG3-HSP70 interaction 
is required for TGFBR2 ubiquitination as well as to stabilize the 
BAG3-TGFBR2 complex.

Finally, we assessed the role of  BAG3 in primary human car-
diac fibroblasts via BAG3 knockdown (Supplemental Figure 4A). 
Silencing of  BAG3 increased COL1A1 and FN-EDA mRNA 
expression both at baseline and after treatment with TGF-β ligand 
for 48 hours on 8 kPa substrate (Supplemental Figure 4, B and 
C). Moreover, BAG3 knockdown increased collagen I secretion 
and FN-EDA expression at the protein level (Supplemental Fig-
ure 4, D–H). Mirroring our findings in iPSC-CFs, siBAG3-treat-
ed cells had hypersensitive SMAD2 phosphorylation after TGF-β 
ligand stimulation for 15 minutes (Supplemental Figure 4, I and 
J). Together, these data convincingly establish BAG3 as a regulator 
of  TGFBR2 through protein degradation in the cardiac fibroblast.

Human mutations in BAG3 and BAG3–/– CFs converge on TGF-β 
signaling. To further validate our model, we conducted multiplexed 
snRNA-Seq (53) on 3 independent differentiations of  BAG3+/+, 
BAG3+/–, and BAG3–/– CFs cultured on the 8 kPa substrate (Figure 
5A and Supplemental Figure 5A). Differentially expressed genes 
(DEGs) in BAG3+/– (n = 973) and BAG3–/– CFs (n = 5,229) exhibited 
significant overlap (n = 663, P = 5.08 × 10–15, hypergeometric test), 
as did the differentially expressed proteins (n = 289, P = 0.024 for 
BAG3–/– snRNA-Seq vs. mass spectrometry; n = 67, P = 6.53 × 10–8 
for BAG+/– snRNA-Seq vs. mass spectrometry; hypergeometric test), 
indicating shared transcriptomic changes between the two cell lines 
(Supplemental Figure 5B). DEGs in BAG3+/– and BAG3–/– CFs that 
overlapped with differentially expressed proteins in BAG3–/– CFs (n 
= 59) included cell cycle–related genes (cyclin-dependent kinase 1, 
marker of  proliferation Ki-67) and ECM component genes (fibulin 
2, EGF-containing fibulin-like extracellular matrix protein 1, Fra-
ser extracellular matrix complex subunit 1) (Supplemental Figure 
5C). Notably, TGFBR2 mRNA expression remained unchanged in 
BAG3–/– CFs, suggesting that post-transcriptional regulation drives 
increased TGFBR2 expression (Supplemental Figure 5C). Inter-
leukin-11 (IL-11), a profibrotic ligand induced by TGF-β stimula-
tion in CFs, and lysyl oxidase–like 3, another gene downstream of  
TGF-β signaling, were upregulated in a dose-dependent manner in 
BAG3+/– and BAG3–/– CFs (Figure 5B) (54, 55). Overall, transcrip-
tomic changes in BAG3+/– and BAG3–/– CFs converge on increased 
proliferation and profibrotic gene expression.

We next sequenced tissue from the left ventricles (LVs) of  4 DCM 
patients harboring pathogenic variants in BAG3 and analyzed them 
in the context of  previously published snRNA-Seq data (28). Three 
patients carried premature truncating variants, and one patient car-
ried a 4.2 kb deletion encompassing the promoter and first exon of  
BAG3 (Supplemental Table 3) (56). These data were compared with 
region-matched snRNA-Seq data from non-failing control hearts  
(n = 14) and other DCM cohorts (comprising patients with TTN and 
LMNA variants, collectively labeled as DCM below; n = 18) (Figure 
5C) (28). The identified cell types, along with their respective states 
and the distribution of  nuclei across these states in the BAG3 LVs, 
mirrored those observed in other DCM-affected LVs (Figure 5D and 
Supplemental Figure 6, A–C and E). BAG3 expression was detected 
at low levels across all cell types (Supplemental Figure 6D).
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We then analyzed gene expression changes in all fibroblasts and 
within each state (Supplemental Figure 6F). No significant overlap 
was observed between the DEGs in BAG3+/– or BAG3–/– hiPSC-CFs 
and the DEGs in BAG3 fibroblasts (overlapping genes: n = 43 for 
BAG3+/–; n = 265 for BAG3–/–; Supplemental Figure 6H). However, 
consistent alterations in the expression of  profibrotic genes (tissue 

inhibitor of  metalloproteinases 3, TGF-β2, platelet-derived growth 
factor subunits A and D) were evident in all fibroblasts affected by 
DCM, including those in BAG3 hearts (Supplemental Figure 6, G 
and I) (28, 57, 58). In addition, we noted shared transcriptomic 
changes between BAG3 hiPSC-CFs and human fibroblasts (Figure 
5, E and F, and Supplemental Figure 6I), several of  which were 

Figure 4. BAG3 binds TGFBR2 and mediates its proteasomal degradation. (A) Identification of BAG3 binding partners in CFs using affinity purification 
of FLAG and mass spectrometry (AP-MS). (B) Immunoprecipitation of endogenous BAG3 confirms TGFBR2 interaction. (C) Lysosomal flux of TGFBR2 
measured by Western blot. (D) Proteasomal flux of TGFBR2 measured by Western blot. (E) Quantification of C. (F) Quantification of D. (G and H) Cyclo-
heximide (CHX) chase of V5-tagged TGFBR2 (G) and quantification (H). (I and J) Ubiquitination assay of V5-TGFBR2 (I) and quantification (J). (K and L) 
Rescue of TGFBR2 ubiquitination in BAG3–/– background (K) and quantification (L). (M) BAG3E455K reduces TGFBR2 and BAG3 binding. *P < 0.05, **P < 
0.01 by unpaired 2-tailed Student’s t test (E, F, and J), 1-way ANOVA with post hoc Tukey’s test (L and M), or 2-way ANOVA with post hoc Šidák’s test (H). 
n = 3 independent transfections.
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for fibroblasts, were paradoxically downregulated in BAG3 fibro-
blasts and hiPSC-CFs (55, 61–65). Lastly, we stained BAG3 LVs 
and non-failing control LVs with Masson’s trichrome and Picrosir-
ius red and quantified fibrosis. We observed increased fibrosis and 
collagen deposition in BAG3 LVs (Figure 5, G–I). The cumulative 

BAG3 specific. In particular, endoglin (ENG), a receptor for TGF-β 
ligand and a downstream target of  angiotensin II (59, 60), was sig-
nificantly upregulated in all BAG3 fibroblasts but not their DCM 
and WT controls. Conversely, discoidin domain receptor tyrosine 
kinase 2 (DDR2) and fibulin 2 (FBLN2), common marker genes 

Figure 5. Gene expression changes in BAG3 fibroblasts indicate increased TGF-β signaling. (A) Uniform manifold approximation and projection (UMAP) 
visualization of multiplexed snRNA-Seq data of cultured CFs, color-coded based on their respective genotypes. (B) Averaged and normalized expression 
of fibrosis- and TGF-β–related genes. Median values are denoted by black horizontal bars. The interquartile range is illustrated by the upper and lower 
boundaries of the box. The highest and lowest values are indicated by the top and bottom ends of the vertical lines. Adjusted P values from edgeR 
analysis are provided at the top. (C) UMAP of non-failing control and DCM-affected left ventricles, distinguished by their assigned cell types. (D) UMAP 
of fibroblasts, with color indicating their respective cell states. (E and F) Dot plot illustrating the differentially expressed genes in BAG3+/+, BAG3+/–, 
and BAG3–/– hiPSC-CFs (E) and human tissue fibroblasts (F). Genes highlighted in red indicate significantly differential expression in the proteomics of 
BAG3–/– hiPSC-CFs. The size of each dot represents the fraction of nuclei expressing each gene, and colors indicate log2 fold change. Adjusted P values 
from edgeR analysis are displayed on top of each dot. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. (G) Representative images from staining of 
explanted BAG3 DCM (n = 4) hearts and non-failing control (NFC) hearts (n = 4) with Masson’s trichrome and Picrosirius red (PSR) staining. Scale bars: 50 
μm. (H) Quantification of fibrosis in trichrome images. Each dot represents the average fibrosis present in patient samples from several histological slic-
es. n = 4 for both NFC and BAG3-mutant DCM patients. (I) Quantification of fibrosis in PSR images. n = 4 for both NFC and BAG3-mutant DCM patients. 
**P < 0.01 by 2-tailed Student’s t test (H and I).
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In addition to these possibilities, BAG3’s previously described role 
in mediating mechanotransduction through Hippo/YAP signaling 
may also play a role in response to matrix stiffness. Our data chal-
lenge several studies that have suggested the antifibrotic action of  
BAG3 loss, all of  them using traditional culture substrates (74–76).

Mechanistically, we show that loss of  BAG3 drives upregula-
tion of  TGFBR2 in a ubiquitin-dependent manner. Furthermore, 
the HSP70-BAG3 interaction is integral to this process, evidenced 
by rescue studies using BAG3E455K overexpression. Interestingly, 
hypersensitive TGFBR2 activation and ECM secretion occurred in 
the notable absence of  concomitant ACTA2/α-SMA expression. 
In our model, we observed a decrease in both p38 and SMAD3 
signaling. Previous work suggests that both are required for the 
activation of  ACTA2+ myofibroblasts, which may explain the dif-
ferences we encountered (13, 77). The myofibroblast state is well 
known to secrete ECM; however, lineage tracing experiments 
suggest that ACTA2/α-SMA only labels a subset (15%–25%) of  
fibrosis-related CFs in mice (78, 79). Moreover, the function of  
α-SMA is primarily to generate cell tension, rather than to secrete 
ECM (80). While these processes often intertwine, they appear to 
be independent in our model.

To extend the validity of  our findings in vitro, we generated 
an snRNA-Seq dataset from heart failure patients harboring BAG3 
mutations. Similarly to previous key works that studied the cell 
composition of  hearts in health and disease, we observed signifi-
cant alterations in fibroblast transcriptome along with evidence of  
TGF-β activation (9, 11, 28, 34, 81, 82). Biochemical and histolog-
ical analyses in these hearts show evidence of  fibrosis and TGF-β 
pathway activation in concordance with our findings in hiPSC-CFs. 
Additionally, we identified BAG3-specific transcriptional changes in 
failing hearts, including increases in endoglin (ENG), a coreceptor 
for TGF-β. We suggest that these results are initial confirmation that 
BAG3 loss alters TGF-β signaling at a whole-organ level. However, 
our approach precluded study of  TGFBR2 ubiquitination in these 
tissues. Whether TGFBR2 proteostasis is dysregulated within these 
patients requires additional study, though we note that the mRNA 
level of  TGFBR2 did not significantly change compared with that in 
controls, suggesting post-transcriptional control. The dataset gener-
ated represents a valuable resource with the potential to study how 
BAG3 variants affect each cell type in the human heart.

Our study adds to the growing body of  work using hiPSCs 
to study different cardiac cell types and their roles in maintaining 
cardiac homeostasis. These data underscore the ability of  tissue 
engineering models to elucidate cell type–specific biology and the 
importance of  using human explanted heart samples to define the 
cellular and histological phenotypic changes.

Apart from monogenic disease, BAG3 levels decrease in 
non-genetic heart failure, which affects a vastly larger number of  
patients. BAG3 is therefore a promising therapeutic target, as indi-
cated by studies that have shown the preclinical efficacy of  BAG3 
overexpression in cardiac injury (83). The data presented here have 
implications for this approach, as we suggest that reconstitution of  
BAG3 in CMs alone may incompletely ameliorate the dysfunction 
caused by a global loss of  BAG3. Conversely, because of  the delete-
rious effect of  BAG3 loss in both cell types, BAG3 may be a prime 
target to treat both CM pathology and fibroblast pathology, which 
rarely present without the other.

evidence from these gene and protein expression alterations, in con-
junction with the increased TGFB2 expression, implies heightened 
TGF-β signaling and, importantly, concordance between primary 
human heart fibroblasts and hiPSC-CFs carrying BAG3 mutations.

Discussion
Proteostasis in the mechanically active environment of  the heart is 
disrupted in cardiac pathology (66–68). The role of  BAG3 is high-
lighted by its link to DCM. Here, we present evidence that the loss 
of  BAG3 in CFs alters TGF-β signaling and drives cardiac fibrosis.

By generating cKO tissues and measuring force generation in 
situ, we observed that all cKO tissue models recapitulated hall-
marks of  clinical DCM, including a decrease in contractile func-
tion and tissue fibrosis. Importantly, tissues composed with BAG3–/–  
CFs showed decreased tissue contractility and increased tissue 
fibrosis, regardless of  CM genotype. Our model captured the spe-
cific contributions of  CM and CF BAG3 to tissue fibrosis, match-
ing previously published in vivo data (33). Interestingly, the loss 
of  BAG3 in the FBKO group caused a significant decrement in 
function, equal to that in the CMKO group. Considering the sim-
ilar amounts of  collagen deposition between FBKO and CMKO 
tissues, fibrosis may account for much of  this effect. Indeed, we 
observed complementary increases in TGF-β ligand and TGFBR2 
in CMs and fibroblasts, respectively. This synergy likely explains 
the highest level of  collagen deposition in the Full KO group, con-
comitant with the lowest work production.

The effect of  FBKO across tissues of  several different compo-
sitions was robust, and the loss of  BAG3 in CFs in just 15% of  the 
tissue can inhibit the force production of  WT CMs. However, it is 
interesting that we did not observe a dose-dependent effect on con-
tractility when increasing fibroblast percentage. While this may be 
due to the limitations of  our experimental model and the sensitive 
range of  force measurement, these data may also suggest that there 
are ECM-independent mechanisms that contribute to the decreased 
contractile function in the FBKO group. It is well established that 
fibroblast-CM communication through paracrine signaling and 
electrical coupling influences CM function (69, 70). While these 
interactions are outside the scope of  this study, there is evidence of  
an inflammatory milieu marked by increased IL-11 RNA expres-
sion and increased lactate dehydrogenase release in the FBKO 
group. Altogether, these data demonstrate the power of  engineered 
models to capture physiologically relevant effects in vitro at much 
shorter time scales when compared with in vivo models.

Switching to 2D culture, we uncovered a significant difference 
between the ECM-secreting phenotypes in 2D that was dependent 
on substrate stiffness. On tissue culture plastic, the loss of  BAG3 
appears to dampen ECM secretion in response to TGF-β ligand 
stimulation; however, using soft substrate to decouple mechanical 
activation, we observed an inversion of  this phenotype. We did not 
establish a mechanism for how this switch occurs in our model. 
Yet our findings are in line with several studies of  the context- 
dependent functions of  TGF-β signaling. For example, in the ear-
ly stages of  tumorigenesis, TGF-β first acts as a tumor suppressor, 
inhibiting proliferation (71). In later stages, it enhances survival 
and cell invasion (72). Notably, a previous study demonstrated that 
matrix stiffness regulated a switch between these disparate TGF-β 
functions through downregulation of  the PI3K/Akt pathway (73). 
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SB431542 (Tocris). On day 14, cells were split at a density of  10,000/

cm2 into Fibroblast Growth Medium 3 (FGM3; Promocell) supplement-

ed with 20 ng/mL FGF-2 (PeproTech) and 10 μM SB431542 until day 

20. Differentiated CFs were maintained in FGM3. For stiffness studies, 

cells were cultured atop 8 kPa Cytosoft plates (Advanced Biomatrix) 

that had been coated with Matrigel for 1 hour at room temperature.

Primary human ventricular cardiac fibroblasts (Lonza CC-2904) 

were cultured in FGM3 as well and were used at passage 3–5.

Generation of  cardiac tissues. Tissues were generated and analyzed 

following our recently reported pipeline (19). Briefly, culture platforms 

were cast from polydimethylsiloxane in custom-milled molds containing 

electrodes for electrical stimulation. hiPSC-derived CMs and CFs were 

dissociated to single cells using 10× TrypLE (Thermo Fisher Scientific) 

and 1× TrypLE, respectively. Cells were resuspended to 500,000 cells 

per tissue in a ratio of  85% CMs and 15% CFs, in a solution of  5 mg/mL 

fibrinogen. 13.5 μL of  cell suspension was mixed with 3 μL of  thrombin 

(5 U/mL) in each well per tissue. After formation, tissues were main-

tained in fresh B27 medium. Seven days after tissue formation, medium 

was changed to a 50:50 mixture of  B27 medium and an RPMI-based 

metabolic maturation medium. This culture medium contained Albu-

MAX, a higher calcium content, and a lower glucose content designed 

to promote fatty acid oxidation, as detailed in a previous publication 

(86). Also at day 7, tissues began a 2-week ramped electrical stimulation 

regimen that started at 2 Hz and increased 0.33 Hz every 24 hours until 

6 Hz. The medium was supplemented with 5 mg/mL 6-aminocaproic 

acid (Sigma-Aldrich A7824) throughout the tissue experiment.

Measurement of  cardiac tissue function. Tissue contraction was cap-

tured by video-based microscopy while stimulated at 1 Hz, and force 

generation was analyzed by pillar deflection using a custom-written 

Python code, as recently reported (19). Briefly, a computer vision pack-

age containing an object-tracking algorithm was adapted to track pil-

lar head movement and calculate displacement from videos of  beating 

tissues. Cardiac tissue thickness was calculated from measurements in 

ImageJ (NIH) at the center of  the tissue. Work was calculated by inte-

gration of  the total force over the deflection distance of  the pillar.

Cardiac tissue staining. Cardiac tissues were fixed using 4% parafor-

maldehyde (PFA), subsequently embedded in Histogel (Thermo Fisher 

Scientific), and fixed overnight in 4% PFA. The Histogel blocks were 

paraffin-embedded and sectioned along the longitudinal axis onto glass 

slides. Sections were rehydrated using washes in graded ethanol. Anti-

gen retrieval was performed using 10 mM sodium citrate buffer, and 

the slides were microwaved until boiling. Sections were permeabilized 

with 0.25% Triton X-100 in PBS. Tissues were incubated with primary 

antibodies overnight, then secondary for 1 hour at room temperature in 

the dark before mounting on coverslips using ProLong Glass Antifade 

Mountant with NucBlue Stain (Invitrogen P36981), then imaged on a 

Nikon A1 confocal microscope. Mean gray value intensity of  collagen 

deposition was quantified using ImageJ (87).

Global proteomics through mass spectrometry. For global quantitative 

proteomics of  BAG3+/+ and BAG3–/– CFs, proteomics based on parallel 

accumulation–serial fragmentation combined with data-independent 

acquisition (diaPASEF) was used (88). Briefly, cells were lysed in lysis 

buffer (1% Sodium deoxycholate (SDC), 100 mM Tris-HCl [pH 8.5], 

protease inhibitors) and boiled for 15 minutes at 95°C. Protein reduc-

tion and alkylation of  cysteines was performed with 10 mM Tris(2-car-

boxyethyl)phosphine hydrochloride (TCEP) and 40 mM 2-Chloroacet-

amide (CAA) at 45°C for 10 minutes followed by sonication in a water 

In conclusion, BAG3 emerges as a nexus of  proteostasis cru-
cial to not only cardiomyocytes, but also cardiac fibroblasts. These 
results broaden the knowledge of  BAG3 in the heart beyond a car-
diomyocyte-centric view and highlight the ability of  hiPSC-based 
cell type–specific modeling to help answer such questions.

Study limitations. Our study is not without limitations. We stud-
ied a homozygous knockout cell line, a severe and overrepresenta-
tive phenotype. Here, the majority of  the BAG3 gene, from exon 2, 
was deleted (26). This removes the functional domains of  BAG3, 
including its IPV, PxxP, and BAG domains. We did not study 
which domain of  BAG3 is responsible for the binding of  TGFBR2. 
Additionally, as BAG3 does not have intrinsic E3 ubiquitin ligase 
activity, identifying the definitive E3 ligase that BAG3 facilitates to 
ubiquitinate TGFBR2 requires additional study. Furthermore, sig-
nificant sex-specific differences in clinical survival were observed in 
patients with BAG3 DCM (3), and our data are limited to a single 
set of  isogenic male hiPSCs.

Methods
Sex as a biological variable. Our study examined 3 male and 1 female 

human patients with BAG3 pathogenic variants. Owing to the rarity 

of  BAG3 variants, we did not obtain adequate sample sizes to conduct 

sex-specific analyses.

hiPSC culture. The male WT and BAG3–/– WTC11 hiPSC lines (26) 

were provided by Bruce Conklin, through a material transfer agreement 

between Gladstone Institutes and Columbia University. hiPSCs were 

cultured in mTeSR Plus medium (Stemcell Technologies) on plates 

coated with Matrigel (Corning 354230) until 70% confluence, then pas-

saged using 0.5 mM EDTA every 4–6 days, with 5 μM ROCK inhibitor 

(RI; Tocris Y-27632) for the first day after passaging.

CM differentiation. Two days before differentiation (day –2), hiPSCs 

were replated in 6-well plates at a density of  2 million cells per well with 

5 μM RI. The medium was refreshed with mTeSR Plus the following 

day (day –1). At the start of  differentiation (day 0), the medium was 

switched to a cardiac differentiation medium (CDM) containing RPMI 

1640, albumin, and ascorbic acid, supplemented with 6 μM CHIR 99021 

(Tocris) (84). On day 2 after differentiation, medium was switched to 

CDM containing 2 μM Wnt-C59 (Tocris). Cells were refreshed in CDM 

on days 4, 6, and 8 after differentiation. At day 10 after differentiation, 

beating CMs were switched to RPMI 1640 plus B27 Supplement (Ther-

mo Fisher Scientific), and were expanded one passage with the addi-

tion of  2 μM CHIR 99021 (Tocris), after dissociation with 10× TrypLE 

(Thermo Fisher Scientific) per a recently published method (85). Con-

fluent CMs were maintained in RPMI 1640 plus B27 for experiments in 

2D or until incorporation into tissues.

Cardiac fibroblast differentiation and culture. CFs were differentiated 

using an adapted version of  an established protocol (16). Cardiac pro-

genitor cells (CPCs) were generated using small-molecule modulation 

of  Wnt signaling pathway in CDM medium, identical to CM differen-

tiation, using Wnt-C59 rather than IWR2 as described in the original 

protocol. On day 5 after differentiation, CPCs were dissociated using 

Accutase (Stemcell Technologies) and split 1:12 in Matrigel-coated 

plates and Advanced DMEM (Thermo Fisher Scientific) supplemented 

with 2 μM retinoic acid, 5 μM CHIR, and 5 μM RI. On day 6, medium 

was refreshed to Advanced DMEM plus 5 μM CHIR and retinoic acid 

for 2 days. On day 8, cells were recovered in Advanced DMEM. On 

days 11–14, medium was switched to Advanced DMEM plus 2 μM 
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tion with primary antibodies (see Supplemental Methods for catalog 

numbers) was done overnight at 4°C in 5% BSA or 5% milk in TBST, 

then washed and blotted with rabbit secondary antibody (1:5,000) in 

milk for 1 hour at room temperature. Membranes were imaged after 

incubation in enhanced chemiluminescence substrate (ECL).

For blots involving the detection of  endogenous TGFBR2, whole-

cell lysates were prepared by lysing of  cells in 1% sodium dodecyl sulfate 

in 10 mM Tris-HCl buffer containing 1 mM sodium orthovanadate and 

boiling for 20 minutes. Samples were homogenized by passing through 

a 26.5-gauge needle 10 times. Samples were then spun at 16,000g for 10 

minutes before transferring of  cleared supernatant to a new tube. Sam-

ple protein concentration was determined via BCA assay, then mixed 

with 4× Laemmli buffer. At least 30 μg of  sample was run under dena-

turing conditions in 4%–20% Tris-glycine gels (Thermo Fisher Scientif-

ic XP04205BOX), then transferred to 0.2 μm nitrocellulose membranes. 

Membranes were blocked in 5% nonfat dry milk. TGFBR2 antibody 

(1:250; Thermo Fisher Scientific 701683) was incubated overnight in 

TBS with 0.1% Tween-20, then washed and blotted with rabbit sec-

ondary (1:5,000) for 1 hour and imaged. Western blot membranes were 

imaged on a Licor Odyssey Fc system, and band intensity was quanti-

fied in ImageStudio Lite Software (v5.2).

Transfection of  plasmids and siRNA. DNA constructs of  FLAG-

tagged BAG3 and V5-tagged TGFBR2 used in this study were purchased 

from and cloned by VectorBuilder (www.vectorbuilder.com). siRNA to 

TGFBR2 (Thermo Fisher Scientific s14077) and BAG3 (Thermo Fish-

er Scientific s18292) were transfected using Lipofectamine RNAiMAX 

following the manufacturer’s protocol. DNA plasmids were transfected 

using Viafect (Promega) following the manufacturer’s protocol with 

a ratio of  6:1 transfection reagent to plasmid (vol/wt). For ubiquiti-

nation assays involving V5-TGFBR2, pilot studies were performed to 

identify equivalent DNA concentrations for transfection, because of  the 

increased stability of  the protein in knockout cells. All plasmids used in 

this study can be found in the Supplemental Methods.

Luciferase assay. One day before the assay, cells were seeded in 

24-well plates at a density of  50,000 cells per well. siRNAs were trans-

fected as described. Twenty-four hours later, cells were transfected with 

SBE4-Luc (Addgene 16495) and pRL (Promega E2261) at a 1:1 ratio 

using Viafect as described. Twenty-four hours after transfection, medi-

um was refreshed with or without 10 ng/mL TGF-β1 (PeproTech 100-

21C). Twenty-four hours later, luciferase activity was analyzed using 

the Dual-Glo Luciferase Assay Kit (Promega E2920) following the 

manufacturer’s instructions.

Quantitative reverse transcriptase PCR. mRNA was isolated from 

cells in a 12-well plate using the RNeasy Mini Kit (QIAGEN 74106) 

according to the manufacturer’s instructions. RNA quality was 

ensured with 260:230 ratio between 1.8 and 2.2 using the NanoDrop 

One (Thermo Fisher Scientific). cDNA samples were obtained from 

1 μg RNA using a High Capacity cDNA Reverse Transcription Kit 

(Applied Biosystems, catalog 4368813). Reverse transcriptase quanti-

tative PCR (RT-qPCR) was performed with 5 ng cDNA per sample, 10 

μM of  forward and reverse primer (Supplemental Methods), and Fast 

SYBR Green Master Mix (Applied Biosystems, catalog 4385612) in a 

96-well plate (Applied Biosystems, catalog 4346906). Thermal cycling 

was performed in a StepOne Plus Real Time PCR System (Applied 

Biosystems) using 40 cycles of  2-step PCR protocol of  95°C melting 

for 3 seconds and 60°C annealing and extension for 30 seconds, before 

an initial hot start at 95°C for 20 seconds.

bath cooled down to room temperature. Protein digestion was pro-

cessed overnight by addition of  LysC and trypsin at a 1:50 ratio (micro-

grams of  enzyme to micrograms of  protein) at 37°C and 1,400 rpm. 

Peptides were acidified by addition of  1% trifluoroacetic acid (TFA), 

vortexed, and subjected to StageTip (CDS Analytical) clean-up via sty-

renedivinylbenzene-reverse phase sulfonate (SDB-RPS) (89). Peptides 

were loaded on one 14-gauge StageTip plug. Peptides were washed 

twice with 200 μL 1% TFA/99% ethyl acetate followed by 200 μL 0.2% 

TFA/5% acetonitrile (ACN) in a centrifuge at 956g, followed by elution 

with 60 μL of  1% ammonia/50% ACN into Eppendorf  tubes, and dried 

at 45°C in a SpeedVac centrifuge. Samples were resuspended in 10 μL 

of  LC buffer (3% ACN/0.1% formic acid). Peptide concentrations were 

determined using a NanoDrop spectrophotometer (Thermo Fisher Sci-

entific), and 200 ng of  each sample was used for diaPASEF analysis 

on a timsTOF Pro (Bruker Daltonics). Peptides were separated within 

120 minutes at a flow rate of  400 nL/min on a reversed-phase C18 

column with an integrated CaptiveSpray Emitter (25 cm × 75 μm, 1.6 

μm; IonOpticks). Mobile phases A and B were with 0.1% formic acid 

in water and 0.1% formic acid in ACN. The fraction of  B was linearly 

increased from 2% to 23% within 90 minutes, followed by an increase 

to 35% within 10 minutes and a further increase to 80% before re-equil-

ibration. The timsTOF Pro was operated in diaPASEF (88) mode, and 

data were acquired at defined 32 × 50 Th isolation windows from m/z 

100 to 1,700. To adapt the MS1 cycle time in diaPASEF, the repetitions 

were set to 1.91 in the 32-scan diaPASEF scheme. The collision energy 

was ramped linearly as a function of  the mobility from 59 eV at 1/K0 = 

1.6 V·s/cm2 to 20 eV at 1/K0 = 0.6 V·s/cm2. The acquired diaPASEF 

raw files were searched with the default settings for targeted analysis of  

data-independent acquisition (DIA) data against the human UniProt 

database (UP000005640) in Spectronaut (90). The FDR was estimated 

with the mProphet approach (Biognosys AG) and set to 1% at peptide 

precursor level and at 1% at protein level. Results obtained from Spec-

tronaut were further analyzed using the Spectronaut statistical package.

Gene set enrichment analysis. Gene set enrichment analysis (GSEA) 

was performed in the GSEA Java application (4.10.0). All protein abun-

dances from the mass spectrometer were input. Proteins were filtered 

such that all 6 samples must have had detectable protein abundances. 

GSEA was run on the Hallmark gene set using gene set permutation 

with an FDR of  0.05.

Analysis of  global mass spectrometry data. The FDR was estimated 

with the mProphet approach and set to 1% at peptide precursor lev-

el and at 1% at protein level. Results were further analyzed using the 

Spectronaut statistical package. Significantly changed protein abun-

dance was determined by unpaired, 2-tailed t test with a threshold for 

significance of  P less than 0.05 (permutation-based FDR correction) 

and 0.58 log2FC. Network analysis of  differentially expressed proteins 

was performed in Cytoscape (v3.8.2) (https://cytoscape.org).

Western blot. Cells were washed with cold PBS and lysed using 

Pierce IP Lysis Buffer (Thermo Fisher Scientific 87787) containing 

protease and phosphatase inhibitors (Thermo Fisher Scientific 78442). 

Lysate was transferred to ice for 30 minutes with intermittent vortexing, 

homogenized by passing through a 26.5-gauge needle, then centrifuged 

at 16,000g for 10 minutes. Lysates were quantified with the Pierce BCA 

kit, and 20 μg total protein was mixed with 4× Laemmli buffer, boiled 

for 5 minutes, and loaded in 4%–20% Tris-glycine gels (Thermo Fisher 

Scientific XP04205BOX). Next, the gel was transferred onto 0.2 μm 

nitrocellulose membranes and blocked in 5% nonfat dry milk. Incuba-
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5 μg of  BAG3 antibody (Proteintech 10599-1AP) was incubated with 

Dynabeads Protein G (25 μL) (Thermo Fisher Scientific) in TBS with 

0.1% Tween-20 (TBST) for 30 minutes at room temperature. Antibod-

ies were cross-linked to beads per the manufacturer’s instructions using 

bis(sulfosuccinimidyl)suberate (BS3; Thermo Fisher Scientific 21580). 

Cross-linked beads were washed 3 times with TBST, then incubated 

in lysate overnight at 4°C. For other immunoprecipitation reactions, 

FLAG-conjugated (Sigma-Aldrich M8823) and V5-conjugated (Chro-

motek v5tma) magnetic beads were used, according to the manufactur-

ers’ protocols. After sample incubation, beads were washed with MS 

lysis buffer 10 times; then sample was eluted depending on downstream 

application. For mass spectrometry, beads were incubated in 0.1 M gly-

cine-HCl (pH 2.8) for 30 minutes at room temperature, then quenched 

in 1 M Tris-HCl. For Western blotting, samples were eluted from the 

beads using 2× Laemmli buffer for 5 minutes at 95°C.

Chase studies. Cells were replated at a density of  50,000 cells/cm2 2 

days prior to the start of  treatment. Cells were treated with 50 μg/mL 

cycloheximide (Sigma-Aldrich C4859), 50 μM bafilomycin A1 (Tocris 

1334), or 10 μM MG-132 (Selleck S2619) for the specified times and 

subsequently collected and lysed for protein analysis by Western blot.

Flow cytometry. Dissociated and pelleted single cells were fixed in 

4% PFA. Cells were washed twice with PBS and permeabilized using 

0.1% Triton X in PBS before incubation with primary antibody solution 

for troponin (BD Biosciences 565744) per the manufacturer’s protocol. 

After staining for 30 minutes, cells were washed 3 times with PBS and 

analyzed on a Novocyte Quanteon cell analyzer. EdU uptake was mea-

sured using Click-iT EdU Cell proliferation assays (Thermo Fisher Sci-

entific) according to the manufacturer’s protocol and measured using 

flow cytometry in the Novocyte Quanteon cell analyzer.

Immunofluorescence quantification of  proliferation. CFs were thawed 

on 96-well imaging plates (Corning CLS4580) at a density of  50,000 

cells per well. Forty-eight hours later, cells were fixed using 4% PFA 

and permeabilized with 0.1% Triton-X in PBS at room temperature. 

Cells were blocked in 5% BSA for 1 hour, then incubated in primary 

antibody against Ki-67 overnight (Abcam). The following day, cells 

were incubated with secondary antibody for 1 hour followed by 3 

PBS washes. Then, cells were stained with phalloidin and DAPI for 

15 minutes, followed by 3 PBS washes. Cells were then imaged on a 

Molecular Devices ImageXpress Pico. Image analysis was conducted 

in an automated manner using CellProfiler (https://cellprofiler.org). 

Briefly, nuclei were identified in the DAPI channel. From the iden-

tified nuclei, the Ki-67 channel was masked and the percentage of  

nuclei containing Ki-67 calculated.

Streptavidin pull-down. CFs were seeded at a density of  3 million per 

10 cm dish. Cells were grown for 4 days until confluence. The Pierce 

Cell Surface Pulldown Kit was used per manufacturer’s protocol to bioti-

nylate and pull down cell surface proteins. An equivalent amount of  800 

μg protein was used per pull-down reaction, and cell lysate was incubat-

ed with streptavidin beads overnight at 4°C. The eluted lysate was mixed 

with 4× Laemmli buffer and subsequently used for Western blot.

Measurement of  proteasomal activity. CFs were lysed in Pierce IP 

Lysis Buffer (Thermo Fisher Scientific 87787) with protease and phos-

phatase inhibitors (as above) and quantified using BCA assay. Subse-

quently, 40 μg of  lysate was loaded onto an opaque white 96-well plate, 

and proteasome activity was measured according to the manufactur-

er’s instructions with a commercially available proteasome activity 

assay (Abcam ab107921).

Affinity purification mass spectrometry. Eluted proteins from FLAG 

immunoprecipitation reactions were denatured in SDC buffer (0.5% 

SDC/100 mM Tris-HCl [pH 8.5]) and boiled for 20 minutes at 60°C, 

1,500 rpm (89). Protein reduction and alkylation of  cysteines were per-

formed with 10 mM TCEP and 40 mM CAA at 45°C for 10 minutes 

followed by sonication in a water bath cooled down to room tempera-

ture. Proteins were further precipitated with salt method as previously 

described, and pellets were resuspended in SDC buffer (1% SDC/100 

mM Tris-HCl [pH 8]) (89). Protein digestion was processed overnight 

by addition of  LysC and trypsin at a 1:50 ratio (micrograms of  enzyme 

to micrograms of  protein) at 37°C and 1,400 rpm. Peptides were acidi-

fied by addition of  1% TFA, vortexed, and subjected to StageTip clean-

up via SDB-RPS and dried in a SpeedVac. Peptides were dissolved in 

3% ACN/0.1% formic acid. Peptides were separated within 80 minutes 

at a flow rate of  400 nL/min on a reversed-phase C18 column with 

an integrated CaptiveSpray Emitter (25 cm × 75 μm, 1.6 μm; IonOp-

ticks). Mobile phases A and B were with 0.1% formic acid in water and 

0.1% formic acid in ACN. The fraction of  B was linearly increased from 

2% to 23% within 70 minutes, followed by an increase to 35% within 

10 minutes and a further increase to 80% before re-equilibration. The 

timsTOF Pro was operated in PASEF (91) mode with the following 

settings: mass range 100 to 1,700 m/z, 1/K0 start 0.6 V·s/cm2, end 1.6 

V·s/cm2, ramp time 100 ms, lock duty cycle to 100%, capillary voltage 

1,600 V, dry gas 3 L/min, dry temperature 200°C; PASEF settings: 10 

tandem mass spectrometry (MS/MS) frames (1.16 seconds duty cycle), 

charge range 0–5, active exclusion for 0.4 minutes, target intensity 

20,000, intensity threshold 2,500, collision-induced dissociation (CID) 

collision energy 59 eV. A polygon filter was applied to the m/z and ion 

mobility plane to select features most likely representing peptide precur-

sors rather than singly charged background ions.

Analysis of  liquid chromatography–tandem mass spectrometry data 

(AP-MS). Acquired PASEF raw files were analyzed using the Max-

Quant environment v2.0.1.0 and Andromeda for database searches at 

default settings (92). The default is used for first search tolerance and 

main search tolerance (20 ppm and 4.5 ppm, respectively). MaxQuant 

was set up to search with the reference human proteome database 

(UP000005640) downloaded from UniProt. MaxQuant performed the 

search trypsin digestion with up to 2 missed cleavages. Peptide, site, and 

protein FDRs were all set to 1% with a minimum of  1 peptide needed for 

identification; label-free quantitation was performed with a minimum 

ratio count of  1. The following modifications were used for protein 

identification and quantification: Carbamidomethylation of  cysteine 

residues (+57.021 Da) was set as a static modification, while the oxida-

tion of  methionine residues (+15.995 Da) and deamidation (+0.984) on 

asparagine and glutamine were set as a variable modifications. Results 

obtained from MaxQuant were imported into Perseus v1.6.10.0 (93) 

for 2-tailed t test statistical analysis (FDR < 0.01) to identify proteins 

demonstrating statistically significant changes in abundance.

Immunoprecipitation. Cells were lysed in a custom buffer (MS lysis 

buffer) containing 0.5% (vol/vol) NP-40 detergent, 150 mM sodium 

chloride, 10 mM potassium chloride, 1.5 mM magnesium chloride, and 

10 mM Tris-HCl buffer supplemented with protease and phosphatase 

inhibitors. Lysate was transferred to ice for 30 minutes with intermit-

tent vortexing, then centrifuged at 16,000g for 10 minutes at 4°C. The 

supernatant was removed to a clean tube and protein concentration 

quantified. Each immunoprecipitation reaction contained 300–500 μg 

of  equivalent protein. For endogenous BAG3 immunoprecipitation, 
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change greater than 1.5 were reported. Significant DEGs are listed in 

Supplemental Table 4.

Histological analysis. Cross sections of  hearts were fixed in 10% for-

malin and embedded in paraffin. Sections were sliced to a thickness 

of  5 μm from the block and stored at 4°C. Before staining, the tissue 

sections were deparaffinized with ethanol and xylene, then rehydrat-

ed according to the protocol. Slices were stained with Picrosirius red 

and Masson’s trichrome to assess fibrosis, which was visualized using 

a light microscope (Leica DM4000 B), as described in our previous 

research (28, 103). Five sections per sample were imaged, with 7 pic-

tures taken per section. The area of  collagen deposition was quantified 

using ImageJ (Fiji) by selection of  the area and adjustment of  the color 

threshold. Raw data are provided in Supplemental Table 6.

Statistics. GraphPad Prism version 9.3.1 was used for all statistical 

analyses. The details of  statistical analysis, including n, test used, and 

significance, are shown in figures and figure legends. All experiments 

reported are representative of  at least 3 independent experiments, each 

performed with at least 3 independent cardiac fibroblast differentiations.

Study approval. Patients with advanced HF were recruited at 

Columbia University Medical Center, and heart tissue at the time of  

heart transplant was collected from the left ventricles of  explanted 

hearts. Explanted heart samples from the Mazankowski Alberta Heart 

Institute (Edmonton, Alberta, Canada) were collected via the Human 

Explanted Heart Program (HELP; Pro00011739).

Control myocardial samples were obtained from the National Dis-

ease Research Interchange (https://ndriresource.org/ats) as deiden-

tified specimens collected from non-failing hearts determined to be 

unusable for cardiac transplantation due to non-cardiac donor issues 

but without evidence or knowledge of  underlying cardiac disease. 

The study was approved by the Institutional Review Board of  Colum-

bia University (IRB no. AAAR0055). All patients provided written 

informed consent before inclusion in the study.

Data availability. The mass spectrometry proteomics data were depos-

ited to ProteomeXchange via the PRIDE (104) partner repository with 

the dataset identifier PXD050740. snRNA-Seq data of  hiPSC-CFs were 

deposited in the Gene Expression Omnibus database (GEO GSE261750). 

Original Western blots and raw data are available in the Supporting Data 

Values file. Any additional information required to reanalyze the data 

reported in this paper is available upon request. Python scripts used to 

analyze engineered tissues are available via the Vunjak-Novakovic labo-

ratory’s GitHub page (https://github.com/GVNLab).
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Collagen secretion assay. Supernatant of  hiPSC-CFs cultured on soft 

8 kPa plates with and without 10 ng/mL TGF-β1 for 48 hours of  treat-

ment was collected, and collagen was concentrated using a concentrat-

ing solution (Chondrex 90626) according to the manufacturer’s instruc-

tions. Secreted collagen was determined using Sirius Red Total Collagen 

Detection Kit (Chondrex 9062) according to the manufacturer’s instruc-

tions, and absorbance was measured at 530 nm in a spectrophotometer.

Multiplexed single-nucleus RNA sequencing. Cells were cultured as 

described earlier and then frozen. Multiplexing, single-nucleus RNA 

sequencing (snRNA-Seq), and deconvolution were conducted as pre-

viously described (53). CellBender (94) was used to remove unwant-

ed background RNA reads. For doublet detection, Scrublet (95) and 

Solo (96) were used. Nuclei with Scrublet scores less than 0.3 and 

Solo scores less than 0.5 were included in subsequent analyses. Nuclei 

meeting the following quality control metrics were retained for further 

analyses: RNA count between 15,000 and 5,000; number of  detected 

genes between 6,000 and 300; mitochondrial gene reads less than 5%; 

ribosomal gene reads less than 5%. Counts were normalized and scaled 

using the standard Seurat commands (97). Mitochondrial percentages 

and RNA counts were regressed out. Nuclei were clustered at a res-

olution of  0.1. For differential gene expression testing, genes with a 

normalized averaged expression greater than 0.2 in at least one geno-

type were used (n = 9,236). Differentially expressed genes (DEGs) were 

tested using edgeR (98). The results were filtered based on an adjusted P 

value (<0.05) and an absolute log2 fold change (1). Significant DEGs are 

listed in Supplemental Table 4. Gene Ontology analysis of  the DEGs 

was performed using the ClusterProfiler package (99), with the 9,236 

genes as the background. P values were adjusted using the Bonferroni 

method, and all ontology databases were tested. The hypergeometric 

test (phyper) was used to calculate significant overlaps between the 

DEGs. For the hypergeometric test of  proteomics and the snRNA-Seq 

data, genes detected and tested in both platforms (n = 4,739) were used.

Human tissue snRNA-Seq analysis. Tissues were sequenced and pro-

cessed as previously described (28, 100). All sequencing data were pro-

cessed using CellBender (94) to eliminate nonspecific RNA expression. 

Samples were then merged into a single Seurat object. Solo (96) was 

used for doublet detection. Nuclei meeting the following quality con-

trol metrics were retained for subsequent analyses: RNA count between 

15,000 and 5,000; detected genes between 6,000 and 300; mitochondri-

al gene reads below 1%; ribosomal gene reads below 1%. To remove 

batch effects and unwanted variations, samples were harmonized based 

on individuals (101). Gene expression was normalized using stan-

dard Seurat commands, and nuclei were clustered at a resolution of  

0.1. Fibroblasts were then isolated, renormalized, and clustered using 

Leiden clustering in the Scanpy package (102). Fibroblast states were 

annotated based on the previous study (28). The abundance of  each 

cell type and fibroblast states are listed in Supplemental Table 5. Then 

tissues were grouped into control (n = 14), BAG3 (n = 4), and DCM 

(DCM caused by mutations in TTN or LMNA, n = 9 for each) for sta-

tistical testing. Distribution of  nuclei among different states was tested 

using 2-tailed Student’s t test and adjusted for multiple testing using 

the Bonferroni method. For differential gene expression analysis, genes 

with a normalized average expression greater than 0.0125 in at least one 

genotype group were selected (n = 18,798) and analyzed using edgeR 

(98). For differential gene expression analysis within each state, samples 

with less than 10 nuclei in a given state were excluded from the analy-

sis. DEGs with an adjusted P value less than 0.05 and an absolute fold 



The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

J Clin Invest. 2025;135(1):e181630  https://doi.org/10.1172/JCI1816301 4

Address correspondence to: Gordana Vunjak-Novakovic, Depart-
ment of  Biomedical Engineering, Columbia University, 622 West 
168th Street VC12-234, New York, New York 10032, USA. Phone: 
212.305.5755; Email: gv2131@columbia.edu.

doctoral Fellowship 915283 to BZW). We also gratefully acknowl-
edge support from the core facilities for Flow Cytometry, Confocal 
Microscopy, and Proteomics at Columbia University. We thank 
Bruce Conklin for his generous sharing of  reagents.

	 1.	Homma S, et al. BAG3 deficiency results in ful-
minant myopathy and early lethality. Am J Pathol. 
2006;169(3):761–773.

	 2.	Norton N, et al. Genome-wide studies of  copy 
number variation and exome sequencing identify 
rare variants in BAG3 as a cause of  dilated cardio-
myopathy. Am J Hum Genet. 2011;88(3):273–282.

	 3.	Domínguez F, et al. Dilated cardiomyopathy due 
to BLC2-associated athanogene 3 (BAG3) muta-
tions. J Am Coll Cardiol. 2018;72(20):2471–2481.

	 4.	Feldman AM, et al. Decreased levels of  BAG3 
in a family with a rare variant and in idio-
pathic dilated cardiomyopathy. J Cell Physiol. 
2014;229(11):1697–1702.

	 5.	Arndt V, et al. Chaperone-assisted selective auto-
phagy is essential for muscle maintenance. Curr 
Biol. 2010;20(2):143–148.

	 6.	Ulbricht A, et al. Cellular mechanotransduction 
relies on tension-induced and chaperone-assisted 
autophagy. Curr Biol. 2013;23(5):430–435.

	 7.	Martin TG, et al. Cardiomyocyte contractile 
impairment in heart failure results from reduced 
BAG3-mediated sarcomeric protein turnover. Nat 
Commun. 2021;12(1):2942.

	 8.	Meister-Broekema M, et al. Myopathy associated 
BAG3 mutations lead to protein aggregation 
by stalling Hsp70 networks. Nat Commun. 
2018;9(1):5342.

	 9.	Litviňuková M, et al. Cells of  the adult human 
heart. Nature. 2020;588(7838):466–472.

	10.	Garvin AM, et al. Transient ACE (angioten-
sin-converting enzyme) inhibition suppresses 
future fibrogenic capacity and heterogeneity of  
cardiac fibroblast subpopulations. Hypertension. 
2021;77(3):904–918.

	11.	Koenig AL, et al. Single-cell transcriptomics reveals 
cell-type-specific diversification in human heart 
failure. Nat Cardiovasc Res. 2022;1(3):263–280.

	12.	Bowers SLK, et al. Fibroblasts orchestrate cellular 
crosstalk in the heart through the ECM. Nat Car-
diovasc Res. 2022;1(4):312–321.

	13.	Khalil H, et al. Fibroblast-specific TGF-β-
Smad2/3 signaling underlies cardiac fibrosis.  
J Clin Invest. 2017;127(10):3770–3783.

	14.	Takawale A, et al. Extracellular matrix commu-
nication and turnover in cardiac physiology and 
pathology. Compr Physiol. 2015;5(2):687–719.

	15.	Tallquist MD, Molkentin JD. Redefining the 
identity of  cardiac fibroblasts. Nat Rev Cardiol. 
2017;14(8):484–491.

	16.	Zhang H, et al. Generation of  quiescent cardiac 
fibroblasts from human induced pluripotent stem 
cells for in vitro modeling of  cardiac fibrosis. Circ 
Res. 2019;125(5):552–566.

	17.	Zhang J, et al. Functional cardiac fibroblasts 
derived from human pluripotent stem cells via 
second heart field progenitors. Nat Commun. 
2018;10(1):2238.

	18.	Whitehead AJ, et al. Improved epicardial cardiac 
fibroblast generation from iPSCs. J Mol Cell Cardi-
ol. 2022;164:58–68.

	19.	Tamargo MA, et al. milliPillar: a platform for the 
generation and real-time assessment of  human 
engineered cardiac tissues. ACS Biomater Sci Eng. 
2021;7(11):5215–5229.

	20.	Ronaldson-Bouchard K, et al. Advanced matura-
tion of  human cardiac tissue grown from pluripo-
tent stem cells. Nature. 2018;556(7700):239–243.

	21.	Giacomelli E, et al. Human-iPSC-derived cardiac 
stromal cells enhance maturation in 3D cardiac 
microtissues and reveal non-cardiomyocyte 
contributions to heart disease. Cell Stem Cell. 
2020;26(6):862–879.

	22.	Campostrini G, et al. Cardiac tissues from stem 
cells: new routes to maturation and cardiac regen-
eration. Circ Res. 2021;128(6):775–801.

	23.	Zhuang RZ, et al. Opportunities and challenges 
in cardiac tissue engineering from an analysis 
of  two decades of  advances. Nat Biomed Eng. 
2022;6(4):327–338.

	24.	Nunes SS, et al. Biowire: a platform for matura-
tion of  human pluripotent stem cell-derived car-
diomyocytes. Nat Methods. 2013;10(8):781–787.

	25.	MacQueen LA, et al. A tissue-engineered scale 
model of  the heart ventricle. Nat Biomed Eng. 
2018;2(12):930–941.

	26.	Judge LM, et al. A BAG3 chaperone complex 
maintains cardiomyocyte function during proteo-
toxic stress. JCI Insight. 2017;2(14):e94623.

	27.	Perez-Bermejo JA, et al. Functional analysis of  
a common BAG3 allele associated with pro-
tection from heart failure. Nat Cardiovasc Res. 
2023;2(7):615–628.

	28.	Reichart D, et al. Pathogenic variants damage cell 
composition and single-cell transcription in car-
diomyopathies. Science. 2022;377(6606):eabo1984.

	29.	Fu X, et al. Specialized fibroblast differentiated 
states underlie scar formation in the infarcted 
mouse heart. J Clin Invest. 2018;128(5):2127–2143.

	30.	Pinto AR, et al. Revisiting cardiac cellular compo-
sition. Circ Res. 2016;118(3):400–409.

	31.	Kanisicak O, et al. Genetic lineage tracing defines 
myofibroblast origin and function in the injured 
heart. Nat Commun. 2016;7:12260.

	32.	Wang BZ, et al. Engineered cardiac tissue model 
of  restrictive cardiomyopathy for drug discovery. 
Cell Rep Med. 2023;4(3):100976.

	33.	Fang X, et al. Loss-of-function mutations in 
co-chaperone BAG3 destabilize small HSPs 
and cause cardiomyopathy. J Clin Invest. 
2017;127(8):3189–3200.

	34.	Chaffin M, et al. Single-nucleus profiling of  
human dilated and hypertrophic cardiomyopathy. 
Nature. 2022;608(7921):174–180.

	35.	Tiburcy M, et al. Defined engineered human 
myocardium with advanced maturation for 
applications in heart failure modeling and repair. 
Circulation. 2017;135(19):1832–1847.

	36.	Li Y, et al. Age-dependent functional crosstalk 
between cardiac fibroblasts and cardiomyocytes 
in a 3D engineered cardiac tissue. Acta Biomater. 
2017;55:120–130.

	37.	Zhang D, et al. Tissue-engineered cardiac patch 
for advanced functional maturation of  human 
ESC-derived cardiomyocytes. Biomaterials. 
2013;34(23):5813–5820.

	38.	Colvin TA, et al. Hsp70-Bag3 interactions regu-
late cancer-related signaling networks. Cancer Res. 
2014;74(17):4731–4740.

	39.	Fuchs M, et al. A role for the chaperone complex 
BAG3-HSPB8 in actin dynamics, spindle orienta-
tion and proper chromosome segregation during 
mitosis. PLoS Genet. 2015;11(10):e1005582.

	40.	Subramanian A, et al. Gene set enrichment anal-
ysis: a knowledge-based approach for interpreting 
genome-wide expression profiles. Proc Natl Acad 
Sci U S A. 2005;102(43):15545–15550.

	41.	Humeres C, Frangogiannis NG. Fibroblasts in 
the infarcted, remodeling, and failing heart. JACC 
Basic Transl Sci. 2019;4(3):449–467.

	42.	Frangogiannis NG. Transforming growth fac-
tor-β in myocardial disease. Nat Rev Cardiol. 
2022;19(7):435–455.

	43.	Meng XM, et al. TGF-β: the master regulator of  
fibrosis. Nat Rev Nephrol. 2016;12(6):325–338.

	44.	Arslan F, et al. Lack of  fibronectin-EDA promotes 
survival and prevents adverse remodeling and 
heart function deterioration after myocardial 
infarction. Circ Res. 2011;108(5):582–592.

	45.	Booth AJ, et al. Recipient-derived EDA fibronec-
tin promotes cardiac allograft fibrosis. J Pathol. 
2012;226(4):609–618.

	46.	Münch J, Abdelilah-Seyfried S. Sensing and 
responding of  cardiomyocytes to changes of  
tissue stiffness in the diseased heart. Front Cell Dev 
Biol. 2021;9:642840.

	47.	Kathage B, et al. The cochaperone BAG3 coor-
dinates protein synthesis and autophagy under 
mechanical strain through spatial regulation 
of  mTORC1. Biochim Biophys Acta Mol Cell Res. 
2017;1864(1):62–75.

	48.	Günay KA, et al. Myoblast mechanotransduc-
tion and myotube morphology is dependent on 
BAG3 regulation of  YAP and TAZ. Biomaterials. 
2021;277:121097.

	49.	Klimek C, et al. BAG3-mediated proteostasis at a 
glance. J Cell Sci. 2017;130(17):2781–2788.

	50.	Hiebel C, et al. BAG3 proteomic signature under 
proteostasis stress. Cells. 2020;9(11):2416.

	51.	Di Guglielmo GM, et al. Distinct endocytic path-
ways regulate TGF-beta receptor signalling and 
turnover. Nat Cell Biol. 2003;5(5):410–421.

	52.	Ulbricht A, et al. Induction and adaptation of  
chaperone-assisted selective autophagy CASA in 
response to resistance exercise in human skeletal 
muscle. Autophagy. 2015;11(3):538–546.

	53.	Zhang Q, et al. Multiplexed single-nucleus RNA 
sequencing using lipid-oligo barcodes. Curr Protoc. 
2022;2(10):e579.

	54.	Moita MR, et al. Transcriptome and proteome 
profiling of  activated cardiac fibroblasts supports 
target prioritization in cardiac fibrosis. Front Car-
diovasc Med. 2022;9:1015473.



The Journal of Clinical Investigation      R E S E A R C H  A R T I C L E

1 5J Clin Invest. 2025;135(1):e181630  https://doi.org/10.1172/JCI181630

	55.	Schafer S, et al. IL-11 is a crucial deter-
minant of  cardiovascular fibrosis. Nature. 
2017;552(7683):110–115.

	56.	Kim Y, et al. Genetic contribution to end-stage 
cardiomyopathy requiring heart transplantation. 
Circ Genom Precis Med. 2023;16(5):452–461.

	57.	Gallini R, et al. PDGF-A and PDGF-B induces 
cardiac fibrosis in transgenic mice. Exp Cell Res. 
2016;349(2):282–290.

	58.	Pontén A, et al. Platelet-derived growth factor 
D induces cardiac fibrosis and proliferation of  
vascular smooth muscle cells in heart-specific 
transgenic mice. Circ Res. 2005;97(10):1036–1045.

	59.	Chen K, et al. Transforming growth factor beta 
receptor endoglin is expressed in cardiac fibro-
blasts and modulates profibrogenic actions of  
angiotensin II. Circ Res. 2004;95(12):1167–1173.

	60.	Gerrits T, et al. Endoglin promotes myofibro-
blast differentiation and extracellular matrix 
production in diabetic nephropathy. Int J Mol Sci. 
2020;21(20):7713.

	61.	Jia S, et al. Discoidin domain receptor 2 signaling 
regulates fibroblast apoptosis through PDK1/Akt. 
Am J Respir Cell Mol Biol. 2018;59(3):295–305.

	62.	Khan SA, et al. Fibulin-2 is essential for angio-
tensin II-induced myocardial fibrosis mediated by 
transforming growth factor (TGF)-β. Lab Invest. 
2016;96(7):773–783.

	63.	Muhl L, et al. Single-cell analysis uncovers fibro-
blast heterogeneity and criteria for fibroblast and 
mural cell identification and discrimination. Nat 
Commun. 2020;11(1):3953.

	64.	Olaso E, et al. Discoidin domain receptor 2 
regulates fibroblast proliferation and migration 
through the extracellular matrix in association 
with transcriptional activation of  matrix metallo-
proteinase-2. J Biol Chem. 2002;277(5):3606–3613.

	65.	Zhang Y, et al. Knockdown of  FBLN2 suppress-
es TGF-β1-induced MRC-5 cell migration and 
fibrosis by downregulating VTN. Tissue Cell. 
2023;81:102005.

	66.	Doroudgar S, et al. Hrd1 and ER-associated 
protein degradation, ERAD, are critical elements 
of  the adaptive ER stress response in cardiac myo-
cytes. Circ Res. 2015;117(6):536–546.

	67.	Rothermel BA, Hill JA. Autophagy in 
load-induced heart disease. Circ Res. 
2008;103(12):1363–1369.

	68.	McLendon PM, Robbins J. Proteotox-
icity and cardiac dysfunction. Circ Res. 
2015;116(11):1863–1882.

	69.	Nicin L, et al. Fibroblast-mediated intercellular 
crosstalk in the healthy and diseased heart. FEBS 
Lett. 2022;596(5):638–654.

	70.	Hall C, et al. Complex relationship between car-
diac fibroblasts and cardiomyocytes in health and 
disease. J Am Heart Assoc. 2021;10(5):e019338.

	71.	Siegel PM, Massagué J. Cytostatic and apoptotic 
actions of  TGF-beta in homeostasis and cancer. 

Nat Rev Cancer. 2003;3(11):807–821.
	72.	Massagué J. TGFbeta in cancer. Cell. 

2008;134(2):215–230.
	73.	Leight JL, et al. Matrix rigidity regulates a 

switch between TGF-β1-induced apoptosis and 
epithelial-mesenchymal transition. Mol Biol Cell. 
2012;23(5):781–791.

	74.	Du F, et al. BAG3 regulates ECM accumulation 
in renal proximal tubular cells induced by TGF-
β1. Am J Transl Res. 2015;7(12):2805–2814.

	75.	De Marco M, et al. BAG3 induces α-SMA expres-
sion in human fibroblasts and its over-expression 
correlates with poorer survival in fibrotic cancer 
patients. J Cell Biochem. 2022;123(1):91–101.

	76.	Chillappagari S, et al. Therapeutic induction of  
Bcl2-associated athanogene 3-mediated autoph-
agy in idiopathic pulmonary fibrosis. Clin Transl 
Med. 2022;12(7):e935.

	77.	Molkentin JD, et al. Fibroblast-specific genetic 
manipulation of  p38 mitogen-activated protein 
kinase in vivo reveals its central regulatory role in 
fibrosis. Circulation. 2017;136(6):549–561.

	78.	Moore-Morris T, et al. Resident fibroblast lineages 
mediate pressure overload-induced cardiac fibro-
sis. J Clin Invest. 2014;124(7):2921–2934.

	79.	Moore-Morris T, et al. Infarct fibroblasts do not 
derive from bone marrow lineages. Circ Res. 
2018;122(4):583–590.

	80.	Tomasek JJ, et al. Myofibroblasts and mecha-
no-regulation of  connective tissue remodelling. 
Nat Rev Mol Cell Biol. 2002;3(5):349–363.

	81.	Tucker NR, et al. Transcriptional and cellu-
lar diversity of  the human heart. Circulation. 
2020;142(5):466–482.

	82.	Gladka MM, et al. Single-cell sequencing of  
the healthy and diseased heart reveals cyto-
skeleton-associated protein 4 as a new mod-
ulator of  fibroblasts activation. Circulation. 
2018;138(2):166–180.

	83.	Knezevic T, et al. Adeno-associated virus serotype 
9–driven expression of  BAG3 improves left ven-
tricular function in murine hearts with left ventric-
ular dysfunction secondary to a myocardial infarc-
tion. JACC Basic Transl Sci. 2016;1(7):647–656.

	84.	Burridge PW, et al. Chemically defined gener-
ation of  human cardiomyocytes. Nat Methods. 
2014;11(8):855–860.

	85.	Buikema JW, et al. Wnt activation and reduced 
cell-cell contact synergistically induce massive 
expansion of  functional human iPSC-derived car-
diomyocytes. Cell Stem Cell. 2020;27(1):50–63.

	86.	Feyen DAM, et al. Metabolic maturation 
media improve physiological function of  
human iPSC-derived cardiomyocytes. Cell Rep. 
2020;32(3):107925.

	87.	Schneider CA, et al. NIH Image to ImageJ: 
25 years of  image analysis. Nat Methods. 
2012;9(7):671–675.

	88.	Meier F, et al. diaPASEF: parallel accumu-

lation-serial fragmentation combined with 
data-independent acquisition. Nat Methods. 
2020;17(12):1229–1236.

	89.	Kulak NA, et al. Minimal, encapsulated proteomic- 
sample processing applied to copy-number 
estimation in eukaryotic cells. Nat Methods. 
2014;11(3):319–324.

	90.	Bruderer R, et al. Extending the limits of  quanti-
tative proteome profiling with data-independent 
acquisition and application to acetamino-
phen-treated three-dimensional liver microtissues. 
Mol Cell Proteomics. 2015;14(5):1400–1410.

	91.	Meier F, et al. Online parallel accumulation-serial 
fragmentation (PASEF) with a novel trapped ion 
mobility mass spectrometer. Mol Cell Proteomics. 
2018;17(12):2534–2545.

	92.	Cox J, et al. Andromeda: a peptide search engine 
integrated into the MaxQuant environment.  
J Proteome Res. 2011;10(4):1794–1805.

	93.	Tyanova S, et al. The Perseus computational plat-
form for comprehensive analysis of  (prote)omics 
data. Nat Methods. 2016;13(9):731–740.

	94.	Fleming SJ, et al. Unsupervised removal of  sys-
tematic background noise from droplet-based 
single-cell experiments using CellBender. Nat 
Methods. 2023;20(9):1323–1335.

	95.	Wolock SL, et al. Scrublet: computational identifi-
cation of  cell doublets in single-cell transcriptom-
ic data. Cell Syst. 2019;8(4):281–291.

	96.	Bernstein NJ, et al. Solo: doublet identification 
in single-cell RNA-Seq via semi-supervised deep 
learning. Cell Syst. 2020;11(1):95–101.

	97.	Satija R, et al. Spatial reconstruction of  single- 
cell gene expression data. Nat Biotechnol. 
2015;33(5):495–502.

	98.	Robinson MD, et al. edgeR: a Bioconductor 
package for differential expression analysis of  
digital gene expression data. Bioinformatics. 
2010;26(1):139–140.

	99.	Wu T, et al. clusterProfiler 4.0: a universal enrich-
ment tool for interpreting omics data. Innovation 
(Camb). 2021;2(3):100141.

	100.	Nadelmann ER, et al. Isolation of  nuclei from 
mammalian cells and tissues for single-nucleus 
molecular profiling. Curr Protoc. 2021;1(5):e132.

	101.	Korsunsky I, et al. Fast, sensitive and accurate 
integration of  single-cell data with Harmony. Nat 
Methods. 2019;16(12):1289–1296.

	102.	Wolf  FA, et al. SCANPY: large-scale single-cell 
gene expression data analysis. Genome Biol. 
2018;19(1):15.

	103.	Patel VB, et al. PI3Kα-regulated gelsolin activity 
is a critical determinant of  cardiac cytoskeletal 
remodeling and heart disease. Nat Commun. 
2018;9(1):5390.

	104.	Perez-Riverol Y, et al. The PRIDE database 
resources in 2022: a hub for mass spectrometry- 
based proteomics evidences. Nucleic Acids Res. 
2022;50(d1):D543–D552.


	Graphical abstract

