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Introduction

An important challenge in modern medicine has been that new
drugs, biologics, and even vaccines may be precise in modify-
ing the function of a particular target yet still have off-target
effects that can hinder their therapeutic development. When
the conflict involves proteins that play critical roles in the phys-
iology of the heart but at the same time facilitate the advance
of cancer, both caregivers and patients can be challenged. An
excellent example can be found in the ongoing development
of Bcl2-associated athanogene-3 (BAG3) agonists for the treat-
ment of heart failure (HF) and the development of BAG3 inhib-
itors for the treatment of cancer.

Cancer cells are highly stressed by metabolic dysfunction,
aberrant RNA splicing, accelerated protein synthesis, metabolic
reprogramming, and the accumulation of misfolded proteins and
other cellular debris. To survive, cancer cells have developed the
ability to enhance the activity of the proteasome and the autoph-
agy pathways while simultaneously blocking apoptosis (1). Thus,
a logical strategy for ridding the organism of malignancy would
be to inhibit protein quality control (PQC) and activate targeted
apoptosis (2). Under this strategy, the cellular debris that accu-
mulates in cancer cells would be cleared by BAG3-responsive
prosurvival signaling pathways: autophagy, mitophagy, and the
ubiquitin-associated proteasomal pathway (3, 4). Unfortunately,
efforts to develop BAG3-targeted anticancer therapeutics have
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Bcl2-associated athanogene-3 (BAG3) is expressed ubiquitously in humans, but its levels are highest in the heart, the skeletal
muscle, and the central nervous system; it is also elevated in many cancers. BAG3's diverse functions are supported by its
multiple protein-protein binding domains, which couple with small and large heat shock proteins, members of the Bcl2 family,
other antiapoptotic proteins, and various sarcomere proteins. In the heart, BAG3 inhibits apoptosis, promotes autophagy,
couples the B-adrenergic receptor with the L-type Ca* channel, and maintains the structure of the sarcomere. In cancer cells,
BAGS3 binds to and supports an identical array of prosurvival proteins, and it may represent a therapeutic target. However, the
development of strategies to block BAG3 function in cancer cells may be challenging, as they are likely to interfere with the
essential roles of BAG3 in the heart. In this Review, we present the current knowledge regarding the biology of this complex
protein in the heart and in cancer and suggest several therapeutic options.

been limited in part by the fact that the heart also requires a robust
system of BAG3-dependent PQC. Addressing this type of question
served as the foundation for the recent emergence of the field of
cardio-oncology and for the recent development of strategies that
take advantage of innovations in molecular biochemistry, includ-
ing gene therapy (5-7).

This therapeutic challenge is best illustrated by the recent
development of proteasome inhibitors for the treatment of cancer.
One of the first proteasome inhibitors to reach clinical trials was
bortezomib, which showed limited ability to modify autophagy
flux but blocked the proteasome and upregulated levels of BAG3
(8, 9). By contrast, BAG3 knockdown in ex vivo human leukemic
cells potentiated bortezomib’s induction of apoptosis (9). Car-
filzomib, a proteasome inhibitor that does not upregulate BAG3,
proved to be significantly better than bortezomib in treating can-
cer in a large head-to-head comparison (10, 11). While the overall
incidence of HF was low in both groups, nearly 3-fold more events
were attributed to HF in the carfilzomib group (8.2%) compared
with the bortezomib group (2.8%).

While BAG3 remains an interesting and important target for
new therapies in both cancer and heart disease, it has not been
tested in either context. However, recent discoveries regarding
both the molecular and the cellular biology of BAG3 raise ques-
tions regarding its potential usefulness in cancer because of con-
cerns regarding cardiotoxicity. This discussion will focus attention
on two specific diseases that illustrate the therapeutic conundrum
in which substantive research relevant to the biology of cancer and
heart disease has been carried out: pancreatic ductal adenocarci-
noma (PDAC) and hereditary dilated cardiomyopathy with severe
heart failure with reduced ejection fraction (HFrEF).

BAG3
BAGS3, its name derived from “athanatos,” Greek for “against
death,” is the third member of a family of six proteins that
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Figure 1. Structure and function of BAG3. Binding sites on BAG3 are shown in yellow, and their binding partners are shown in purple. Posttranslational

modifications (specifically phosphorylation) are indicated vertically.

bind to the ATPase motif of heat shock cognate 70 (heat shock
protein 70; hsp70) through a sequence in the BAG domain
(12, 13). That BAG3 plays a critical role in living organisms is
supported by the fact that a homolog of BAG3 is expressed in
all domains of life, including yeast, invertebrates, amphibi-
ans, mammals, and even plants (14). BAG3 is a constitutive-
ly expressed, multifunctional, and ubiquitous protein that is
most abundant in the heart, skeletal muscle, and central ner-
vous system and in many cancers (3, 15). It limits the intrinsic
(mitochondria-dependent) pathway of apoptosis by coupling
with Bcl2 and activates macroautophagy by cochaperoning
both large and small heat shock proteins. Its expression is
induced by stress, proteasome inhibitors, 50 Hz electromag-
netic fields (14), and aging (12, 16-20).

BAGS3 translocates to the nucleus, where it can bind to its
own promoter and autoregulate its transcription (21). Heat shock
transcription factor 1 (HSF1) interacts with two elements in
BAG3’s promoter to increase its expression in an NF-kB-depen-
dent manner (22). It also appears to be sensitive to less well-
known transcription factors including the androgen-regulated
protein androgen-induced bZIP (AIbZIP) (23), fibroblast growth
factor 2 (FGF-2) (24), and early growth response proteins. BAG3
is also expressed in endothelial cells, where its absence leads to
decreased angiogenesis (25).

Mechanism of action of BAG3

BAGS3 interacts with a plethora of signaling pathways that would
seem unmanageable were it not for the fact that the protein has
numerous protein-protein binding domains that support these dif-

ferent activities. Moving from the carboxy terminus to the amino
terminus of the peptide (Figure 1), the first binding site is the BAG
domain, which includes a motif that binds the ATPase site of the
cochaperone hsp70. The BAG domain also includes the binding
site for Bcl2, which initiates the canonical signaling cascade that
inhibits the intrinsic limb of apoptosis (26). Next, BAG3’s PXXP
domain has two important partners. First, it binds with proteins
that have Src domains, as found in phospholipase C-y or Src, which
enhances its ability to regulate cancer cells’ adhesion, migration,
and invasion of other cells and tissues (27). Second, it serves as the
docking station for the motor protein dynein, a microtubule-based
minus-end-directed transport system that carries cargo to
perinuclear aggresomes for eventual digestion (16, 28). There are
then two Ile-Pro-Val (IPV) domains that bind the small heat shock
proteins hspB6 and hspB8 and provide cellular protection during
hypoxia/reoxygenation by binding to the heat shock cognate hsc70
(29, 30). Located between the two IPV domains is a binding site
for the 14-3-3 protein that targets misfolded proteins to the dynein
motor complex (16). The intermediate domain of BAG3 is also a
binding site for af-crystallin (31). At the amino terminus, the WW
domain may interact with proline-rich repeats such as the guanine
nucleotide exchange, the pentose base protein, synaptopodin-2,
the YAP/TAZ inhibitors LATS1/2 and AMOTL1/2, or the tuberous
sclerosis 1 protein (32, 33). The WW domain is required for the
induction of autophagy in glioma cells (34).

BAG3 and the proteasome. Eukaryotic cells have two primary
means of insuring homeostasis and proteostasis: the ubiquitin-
proteasome system (UPS) and the autophagy-lysosome system. In
the UPS, degradation-prone proteins are first ubiquitinated by the
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Figure 2. Diverse cellular roles of BAG3. (A) BAG3 regulates contractility in adult ventricular myocytes, colocalizing with Na*-K*/ATPase and the
L-type Ca2* channel in the sarcolemma and the transverse tubules (t-tubules). Figure 3 shows BAG3's function in the sarcomere in more detail.

(B) BAG3 also plays a central role in autophagy and mitophagy, creating a complex including hsp70 and hspB8 to deliver ubiquitinated, misfolded
proteins to the phagophore. This process is both specific and selective. BAG3 is also involved in the maturation of the phagophore into the autopha-
gosome, through its interaction with synaptopodin-2 (SYNPO2) and its associated proteins. BAG3 also serves as an anchoring point for the dynein
motor pathway, an intracellular transport system that moves cargo toward the minus ends of microtubules, where they are packaged into perinuclear
aggresomes for eventual removal from the cell. (C) Finally, BAG3 couples to Bcl2 to limit the mitochondria-dependent apoptosis pathway.

ATP-consuming ubiquitin conjugation machinery. The polyubiquiti-
nated proteins are then degraded by the proteasome, a barrel-shaped
and highly conserved multiprotein complex (35). When cells are
exposed to stress, they switch from the UPS degradation pathway
to the aggresome-lysosome pathways (autophagy) to clear client
proteins from the cell. This proteasome-to-autophagy switch is medi-
ated by BAG3 and two proteins that it chaperones: hspB8 and hspA1A.

BAG3 and autophagy. Autophagy is a complex evolutionarily
conserved process that clears the cell of debris that arises from cell
division, metabolism, and other cell processes (36). A full descrip-
tion of autophagy is outside the scope of this Review; however, in
view of the important role that BAG3 plays in autophagy, a brief
introduction is provided. The reader is referred to several excel-
lent reviews for additional information (4, 15, 37, 38).
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Autophagy is generally divided into three mechanistic group-
ings: microautophagy, chaperone-mediated autophagy (CMA),
and macroautophagy (Figure 2 and ref. 39). Microautophagy is
the process in which cytoplasmic debris directly enters a lyso-
some through an outpouching of the lysosomal membrane. CMA
specifically targets substrates with a biochemical motif related to
the sequence KFERQ (40, 41). Misfolded proteins are unfolded
through the action of cytosolic chaperones and then translo-
cated across the lysosomal membrane, where they are digested
(42). CMA requires lysosomal-associated membrane protein 2A
(LAMP2A), hspA8, and hsp90. Macroautophagy is a complex
and multistep process in which selective substrates are packaged
outside of a lysosome and then transported to the lysosome for
degradation (Figure 2). In selective macroautophagy or chaper-
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one-assisted selective autophagy (CASA), the membrane appears
to wrap around the cargo in order to fit the specific target (43, 44).
The CASA machinery, which impacts the processes of adhesion,
migration, and proliferation (44, 45), consists of synaptopodin-2,
the WW domain of BAG3, an autophagosome membrane fusion
complex, and YAP/TAZ signaling (16, 46-48). Macroautophagy
PQC can be impaired by sustained inflammation (49).

BAG3 and apoptosis. BAG3 inhibits apoptosis in the heart and
in some cancers through binding to Bcl2 with subsequent inhibi-
tion of the canonical intrinsic pathway of apoptosis (50). However,
Bcl2 is but one member of the 25-member Bcl2 family. Therefore,
it is not surprising that noncanonical BAG3-mediated pathways
might also play a role. This is supported by studies of Bcl2 fam-
ily members in the hematopoietic system, including Bcl-x; and
Bax, which have very similar structures and form ion channels in
synthetic membranes (51-53) but, as far as we know, are not
strongly regulated by Bcl2 (54-57). The reader is referred to the
references for additional details.

BAG3 in cancer

A decade ago, heat shock proteins were thought to be ideal targets
for cancer drug therapy, because their expression was increased
in cancer, (58); overexpression could induce tumor-specific apop-
tosis in vitro (59); and a small-molecule inhibitor of hsp70 poten-
tiated hsp90 inhibitor-induced apoptosis in colon carcinoma
cells (60). However, the overall effect of early pharmaceuticals
on the treatment of cancer was modest, causing investigators to
pivot to the cochaperone of hsp70, BAG3 (61). BAG3 is an ideal
target: (a) it can promote survival through multiple cell pathways;
(b) its expression is induced by stress and growth factors found
in cancer cells; (c) high levels of expression correlate directly
with chemoresistance; and (d) high levels of BAG3 predict a poor
outcome in a variety of cancers, including thyroid, breast, liver,
leukemias, and metastatic melanoma (62-65). BAG3 protects
estrogen receptor-o-positive neuroblastoma and breast cancer
cells through an estrogen response element-independent nonca-
nonical autophagy pathway (66), and also protects non-small cell
lung cancer cells from apoptosis (67). However, cancer cells do
not follow a script, and in epithelial thyroid cancer cells, knock-
down of BAG3 induces epithelial-mesenchymal transition and
increased migration and invasion (62, 68).

Oncologists, seeing great potential in BAG3 as a therapeutic
target, began studies of its mechanism of action in both animal
models of cancer and patients with disease. Colvin et al. showed
that BAG3 interacts with the SH3 domain of Src, a non-protein
tyrosine kinase (27, 69). This interaction resulted in enhanced
mediation of Src signaling with hsp70 by modulating the activity of
transcription factors including NF-kB, FoxM1, hypoxia-inducible
factor-1a, the translation regulator HuR, and the cell cycle regula-
tors p21 and survivin (27). These studies clearly demonstrated that
enhanced coupling of BAG3 and hsp70 supported tumor growth
whereas an absence of BAG3-hsp70 had the opposite effect (27).
These investigations also identified a small-molecule inhibitor of
autophagy, YM-1, which disrupted the hsp70-BAG3 interaction,
leading to a loss of Src signaling and to a failure of autophagy to
regulate the amount of cellular debris and misfolded proteins (27).
These results were confirmed by Li and colleagues, who demon-
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strated that an allosteric inhibitor of the hsp70-BAG3 protein-
protein interaction had antiproliferative activity across all cancer
cell lines tested (27, 61).

Another BAG3-related signaling mechanism that has been
shown to promote survival of cancer cells is the antiapoptotic Bcl2
family member Mcl-1, which prevents programmed cell death by
binding to proapoptotic members of the family, including Bax and
Bak (70). By contrast, BAG3 knockdown reduced the level of the
antiapoptotic Bcl2 protein Bcl-x, (71-76).

Pancreatic cancer. Studies of BAG3 in pancreatic ductal ade-
nocarcinoma (PDAC) provide the best examples of the com-
plexity of using BAG3 as a target for anticancer therapy. Two
decades ago, cancer biologists reported for the first time that
BAG3 was overexpressed in human pancreatic cancer and in cell
lines derived from these tumors (77). By contrast, BAG3 mRNA
levels were not elevated in other gastrointestinal cancers, includ-
ing hepatocellular carcinoma, esophageal, stomach, and colon
cancers. The elevation in BAG3 levels in pancreatic cancer was
inversely related to survival (78). Pancreatic cancer was also asso-
ciated with an increase in anti-BAG3 antibodies, which proved
useful in discriminating between neoplastic lesions and normal
pancreas and between neoplastic lesions and other causes of
pancreatic disease such as pancreatitis (77, 78). The finding that
BAG3 was also detectable in the sera of PDAC patients suggested
arole for the secreted form of BAG3 in tumor development (79).

In an important study, Rosati et al. found that not only was
BAG3released from human PDAC cells in culture, but BAG3 could
be detected in both the exosome and soluble fractions of PDAC
cell lines and colocalized with a cytosolic marker for endosomes
(80). These results suggested that BAG3 might be secreted through
exosomal pathways. The investigators also found that BAG3
attached to receptors on the surface of macrophages, resulting in
their activation and the secretion of PDAC supporting factors. The
receptor, identified as interferon-induced transmembrane protein
2 (IFITM-2), signals through the PI3K and the p38 MAP kinase
pathways. Notably, BAG3/IFITM-2 binding and the subsequent
activation of macrophages were independent of hsp70. The extra-
cellular BAG3 activation of the IFITM-2 receptor on macrophages
caused the macrophages to secrete factors that stimulate PDAC
cell proliferation. Interruption of macrophage activation leads to
decreased tumor growth and metastasis. Importantly, IFITM-2
was required for BAG3 binding and signaling, as its deletion
mitigated the untoward effects of BAG3 on macrophage activa-
tion. The BAG3 antibody did, however, inhibit tumor growth and
metastasis. In aggregate, these studies suggested that the BAG3/
IFITM-2 pathway plays an important role in cellular homeostasis
and could be another novel therapeutic target.

Although BAGS3 fulfills its canonical role of enhancing autoph-
agy and inhibiting apoptosis in the pancreas, it also has a nonca-
nonical effect in that it supports the reprograming of the malig-
nant cells in the pancreas to aerobic glycolysis so that energy levels
can be achieved that will support the rapid growth and reproduc-
tion that characterize pancreatic cancer (81). Investigators have
also identified another noncanonical pathway in which BAG3
promotes cell invasion by stabilizing IL-8 transcription via HuR
recruitment and subsequently suppressing the loading of micro-
RNA-4312 containing the miRNA-induced silencing complex in
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PDAC. This novel pathway links BAG3 expression to enhanced
PDAC metastasis (82). In aggregate, these studies support the use
of BAG3 as a target for the treatment of patients with PDAC; how-
ever, that enthusiasm must be tempered by the recognition that
the regulation and function of autophagy in pancreatic cancer are
complex and likely require precise targeting (83). Finally, it should
be noted that BAG3 controls angiogenesis through regulation of
ERK phosphorylation, providing another reason to consider BAG3
as a therapeutic target in cancer (25).

BAG3 and the heart

BAGS3 genetics and genomics. The first evidence that BAG3 plays
an important part in cardiac homeostasis and proteostasis came,
in retrospect, from a genome-wide association study (GWAS) in
2006 by Patrick Ellinor et al. that identified a novel locus for the
phenotype of dilated cardiomyopathy, diffuse myocardial fibrosis,
and sudden death on chromosome 10q25-26 (84). In 2011, Nor-
ton et al. identified a deletion mutation in BAG3 that segregated
with family members with a heritable form of dilated cardiomy-
opathy (DCM) (85). Subsequent studies of probands from multiple
countries with hereditary DCM identified disease-causing coding
region mutations, the majority of which were either truncations or
deletions (86-88). Interestingly, BAG3 levels were also reduced in
HF patients with nonheritable forms of DCM (88, 89).

Further confirmation that BAG3 deficiency plays an import-
ant role in the pathobiology of HFrEF has come from a group of
large GWAS and large proband studies that have identified BAG3
variants as one of 2 to 14 genes that can cause heritable DCM —
BAG3 being the second most common after titin in the majority of
studies (90-97).

Important information regarding the clinical presentation of
BAG3-related disease came from the European Genetic Cardio-
myopathies Initiative, describing the clinical epidemiology in over
100 subjects with defined BAG3 genotypes. Presumptive BAG3
mutations were associated with an 80% penetrance and an earlier
onset of DCM and a more severe disease in men. The authors also
noted a prevalence of truncations or deletions that encompassed
the BAG domain and a course of the disease that was more aggres-
sive than seen with other heritable forms of DCM (98).

In 2009, Selcen et al. described the cases of three unrelated
children with myofibrillar myopathy who harbored a heterozygous
single-nucleotide polymorphism in exon 3 of BAG3 that resulted in
a substitution of a leucine for a proline at amino acid position 209
(Pro209Leu) (99). Although this disease does not have a name,
it is distinguished from other forms of BAG3-related DCM by its
unique phenotype: severe and progressive muscle weakness ulti-
mately resulting in respiratory failure, a restrictive/hypertrophic
cardiomyopathy, elevated levels of serum creatine kinase, and
neurologic abnormalities including giant axon disease. Recent-
ly, investigators reported three missense mutations targeting the
same proline 209 codon — each causing a unique phenotype: (a)
early cardiomyopathy with distal myopathy (Pro209Leuw); (b) late
Charcot-Marie-Tooth type 2 neuropathy (Pro209Ser); and (c) late
distal myopathy (Pro209Gln) (100). All three Pro209 mutants
were found to have a toxic gain-of-function mutation that caused
the mutant to aggregate hsp70, and interfere with autophagy
(100). However, there is ongoing controversy because a mouse
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model of the variant did not result in a cardiomyopathy phenotype
(101). The reader is therefore referred to several excellent reviews
of this disease that is seen predominantly in children (102, 103).

In the more common BAG3 mutations, coding region inser-
tions, or deletions, patients present with a DCM and a positive
family history. We now know that BAG3 variants do not necessar-
ily have to cause DCM but can instead influence the phenotype
if disease occurs (104). For example, the presence of any one of
four variants in patients of African ancestry was associated with a
nearly 2-fold increase in either death or worsening HF if the indi-
vidual developed the disease (104).

BAG3 mechanism of action in the heart. The first evidence of
BAG3’s role in cardiac pathobiology came in 2006 when Homma
et al. reported that homozygous deletion of BAG3 in mice led to
profound myofibrillar disorganization and death by 4 weeks of age
(105). Homma et al. also reported that heterozygotes were normal,
but that determination was made at just 4 weeks of age. In 2010,
Hishiya et al., using neonatal myocytes in which BAG3 had been
knocked down and small cardiac muscle strips from Bag3”~ and
WT mice, showed that BAG3 and its cochaperone hsp70 stabilized
myofibril structure by forming a complex with the F-actin capping
protein CAPZB1 (106). In the absence of BAG3, even modest stress
led to disruption of the myofibril structures (107). Later studies
using mice in which one allele of Bag3 was ablated showed that
haploinsufficiency was associated with diminished autophagy and
increased apoptosis as well as modest left ventricle (LV) dysfunc-
tion (108). By contrast with neonatal cardiac myocytes, in adult
myocytes BAG3 was predominantly expressed in the sarcolemma
and the t-tubules (102, 108). Genetic variants in BAG3 have a sim-
ilar role in modulating the susceptibility to ischemia in the skeletal
musculature, an effect that is strain specific (109).

BAGS3 is also cardioprotective during the stress of hypoxia
followed by reperfusion (110). When hearts infected with an
AAV2/9 vector and the CMV promoter driving the expression
of BAG3 underwent exposure to ischemia/reperfusion injury,
AAV2/9-BAG3 pretreatment significantly protected the heart.
These salutary effects of BAG3 were attributable in part to
decreased apoptosis, increased autophagy, and increased auto-
phagic flux (110). BAG3 gene therapy also ameliorated the
decrease in LV function seen in hearts after left anterior descend-
ing coronary artery occlusion when AAV9-BAG3 was administered
two months after the infarction (111). These beneficial effects of
BAG3 were accompanied by improved cell shortening, enhanced
systolic [Ca*], increased transients in [Ca*]. amplitudes, and
increased maximal L-type Ca* current amplitude (112).

To model BAG3 cardiomyopathy in a human system, Judge
et al. generated an isogenic series of human induced pluripotent
stem cells (iPSCs) with loss-of-function mutations in BAG3 (113).
These heterozygous mutations demonstrated reduced protein
expression, disrupted myofibril structure, and compromised con-
tractile function. The studies also found that hspB8is a particularly
important partner for BAG3 in cardiomyocytes. Mass spectrosco-
py suggested that the primary interactions occurred with proteins
associated with PQC, ribosomal/RNA binding, nuclear proteins,
and secreted proteins (113). However, Judge et al. also reported
that the accumulation of ubiquitinated protein after bortezomib
treatment was the same in WT and BAG3-deficient cardiomyo-
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removed and instead stay imbedded in the sarcomere lattice structure. These nuclear, stress-misfolded proteins contribute to the cellular contractile

dysfunction observed in heart failure.

cytes, suggesting that BAG3 is not required for the regulation of
bulk autophagy flux.

Investigators have taken advantage of transgenic technology
to evaluate the mechanism by which a point mutation or the loss
of a single allele of BAG3 results in DCM (114). Knockin of the
human mutation BAG3®4X disrupted the interaction between
BAG3 and hsp70 and resulted in a DCM phenotype (114). In both
the BAG3-knockout and E455K-knockin mouse, the levels of small
heat shock proteins were diminished whereas a subset of proteins
that maintain cardiac homeostasis were elevated (114, 115). Simi-
larly, cardiac-specific knockouts of one allele of BAG3 also led to
a substantial decrease in LV function and cardiac dilatation that
were associated with a decrease in small heat shock proteins (114).
Other investigators using a similar cardiac-restricted knockout
model reported that the decrease in LV function was associat-
ed with a decrease in autophagy and autophagy flux as well as a
significant increase in myocardial apoptosis (112). Mice in which
the ascending aorta had been banded with eventual development
of cardiac dilatation and LV dysfunction and mice harboring mus-
cle LIM protein (MLP) knockout showed a 50% reduction in BAG3
levels, consistent with studies in the human heart (88). Thus,
diminished levels of BAG3 appear to be a ubiquitous response to
stress in the heart.

Another interesting response to stress was reported by De
Marco and colleagues. Using mass spectroscopy to measure BAG3
levels in sera, they found for the first time that BAG3 was released
from the heart in patients with DCM and stress (116). BAG3
release was associated with an increase in immune response, as
anti-BAG3 antibodies were also measurable in the serum of these
patients. However, the release of BAG3 was seen only in patients
with class IV symptoms, indicative of severe disease.

BAGS3 regulates contractility in the adult heart. In adult ven-
tricular myocytes, BAG3 is colocalized with Na*/K*-ATPase and
the L-type Ca* channel in the sarcolemma and the t-tubules
(108). In fact, BAG3 coimmunoprecipitated with the B -adren-

ergic receptor, the L-type Ca** channels, and phospholemman
(108). A reduction in maximal calcium-activated force (F,_ )
generated by the myofilament is a hallmark of HFrEF in both
humans and animal models (117, 118). While the cause of this
decline was not known, it was suspected that it arose from struc-
tural disorganization and reduced sarcomeric PQC, which is a
poorly understood process in the adult heart (119). However,
recent work has shown that the BAG3-hsp70-hspB8 complex
localizes to the sarcomere to mediate the turnover of a number
of clients, such as tropomyosin, myosin light chain, and filamin C
(120). In human HF, the decrease in F,___directly correlated with
reduced myofilament and localized BAG3 levels. Heterozygous
deletion of Bag3 in mice resulted in a similar phenotype, and
AAV-driven restoration of BAG3 in a mouse HF model rescued
myofilament function and PQC (Figure 3).

The levels of BAG3 in the human heart during HF are not influ-
enced by either age or sex. However, myofilament localization of
BAG3 was significantly decreased in cardiac tissue from males
with DCM but not in heart tissue from females (121). This differ-
ence was independent of estrogen but was closely correlated with
changes in LV heat shock transcription factor 1 (HSF1). Specifical-
ly, the myofilament-associated HSF1 protein decreases in HF.

BAG3 also plays an important role in modulating the homeo-
stasis of the mitochondria (122). Mitochondrial disruption can
result in failure to generate enough ATP and/or the unfettered
release of reactive oxygen species, leading to increased apoptosis
(123). BAG3 and parkin are recruited to depolarized mitochondria,
where they promote mitophagy, whereas suppression of BAG3
significantly reduced autophagy flux and eliminates clearance of
TOM?20, an essential import receptor for maintaining appropriate
levels of mitochondrial proteins (124).

To investigate how a DCM-causing mutation (R477H) could
impact myofibrillar organization and the chaperone network
in cardiomyocytes, McDermott-Roe et al. generated isogenic
genome-edited human iPSC-derived cardiomyocytes (iPSC-
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CMs) (125). Although normal at baseline, fiber length and align-
ment declined markedly in R477H and knockout iPSC-CMs fol-
lowing proteasome inhibition with MG132. Proteasome inhibition
increased BAG3 and P62 expression in healthy cells, but in mutant
cells it caused fiber redistribution, fiber disarray, accumulation of
ubiquitinated proteins, and enhanced expression of the autophagy
pathway proteins BAG3, P62, and LC3IL

Connexin 43 (Cx43) is a critical protein in the heart that can
rapidly change its function by altering the gap junction and slowing
cell-cell communication. Early studies suggested that impairment
of the autophagy-lysosome pathway degraded Cx43 by either
inhibiting lysosomal activity or diminishing the level of BAG3
(126). Inhibition of lysosomal activity enhanced accumulation of
Cx43 aggregates and suppressed BAG3 turnover. Knockdown of
BAG3 dysregulated Cx43 protein degradation and decreased the
levels of Cx43 by changing the stability of the protein. BAG3 can
also signal the accumulation of Cx43, suggesting that BAG3 plays
a role in Cx43 turnover under normal circumstances and during
stress. In fact, when cells were starved, there was a reduction in
levels of Cx43-P1 and Cx43-P2, forms of Cx43 that may reflect
posttranslational (phosphorylation) modifications. Knockdown of
BAG3 reduced levels of Cx43 by dysregulating Cx43 protein sta-
bility, and it impaired lysosomal turnover of Cx43.

Based on recent work by Xi Fang, we also know that small
heat shock proteins closely monitor protein folding for a variety of
tissues, including the heart (127). Specifically, they mediate chap-
erone functions by interacting with BAG3 at the two IPV motifs
independent of the actions of the BAG, WW, and PXXP domains.
However, the presence of hsp70 may be necessary for these inter-
actions to occur (114). Elevated levels of hspB8 have been found
in both animal models and patients with both acute and chronic
cardiovascular disease, including acute and chronic myocardial
infarction, chronic myocardial ischemia, and pressure overload-
induced cardiac hypertrophy.

Targeting BAG3: protecting the heart while treating cancer. To
illustrate the complexity that may arise in treating life-threaten-
ing illnesses with agents that lack tissue specificity, we sought
examples of a pair of diseases where the therapeutic goal was to
inhibit a specific protein to treat one of the diseases but the ther-
apeutic goal for the second disease was to stimulate that same
pathway. We also looked for diseases that affected large num-
bers of patients, that had substantial morbidity and/or mortality,
and for which the pharmacologic effects of the therapy were not
organ specific. HF and lung cancer were ideal for illustrating this
challenge. Both affect large numbers of patients: HF is the most
common diagnosis at the time of discharge in individuals over the
age of 65 who are hospitalized in the United States, and its inci-
dence is increasing. Lung cancer is the second most common form
of cancer, following prostate cancer in men and breast cancer in
women. Although the rate of lung cancer has decreased and sur-
vival improved for men, the opposite is true for women (128).

From a teleological perspective, BAG3 is unique in that
it serves multiple purposes that vary depending on cell type,
as opposed to other proteins that do the same thing in multi-
ple cells. In fact, BAG3’s multiple roles in cell survival appear
to make its therapeutic reduction more complicated. In fact,
in the heart, BAG3 maintains tissue homeostasis and proteo-
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stasis through the very same pathways by which it supports
the growth and survival of hematopoietic cancers and solid
tumors — pro-autophagy and antiapoptosis. However, the stud-
ies with bortezomib and carfilzomib provide an important clue:
cardiac toxicity was seen in only a very small percentage of sub-
jects receiving either of these two agents.

The results of the bortezomib-carfilzomib studies described
above led us to hypothesize that under normal situations, sys-
temic pharmacologic inhibition of BAG3 is not robust enough
to alter cardiac function because of inherent redundancy in the
autophagy and apoptosis signaling pathways. This hypothesis is
supported by the finding that when the proteasome is inhibited,
BAG3 and the heat shock proteins can pivot and transport cargo to
aggresomes and lysosomal autophagic pathways. Similarly, if the
endogenous pathway of apoptosis is inhibited, the cell can pivot
and utilize the exogenous (mitochondria-independent) pathway
or ship misfolded proteins as appropriate to the proteasome. The
theory that loss-of-function genetic mutations in cardioprotective
pathways can be associated with a higher incidence of side effects
of targeted anticancer therapy is supported by the demonstration
of a carfilzomib-sensitive PDAC subgroup with a specific tran-
scriptomic phenotype that could explain the group’s increased
sensitivity to the agent (129). This means of interpreting the
effectiveness of anticancer therapies and their risk to noncancer-
ous cells and tissues based on genotype is a novel concept, but
one that that has gained recent attention (130).

Significant advances in gene therapy and innovations in deliv-
ery systems including viral vectors with enhanced tropism, vectors
with diminished immunogenicity, and gene therapy that can be
delivered on a chip or by other novel delivery systems may also be
helpful in preventing new chemotherapeutic agents from causing
cardiotoxicity in patients who are at increased risk. We believe that
we could learn a great deal more about cardiotoxicity in anticancer
therapy and whether there are potential opportunities to mitigate
off-target effects if oncologists begin to genotype both the tumor
and the person who harbors the tumor (130). Similarly, cardiolo-
gists need to begin to genotype patients with new-onset DCM as
we continue to recognize new genetic causes of this common dis-
ease. A recent report suggests that important information regard-
ing target identification may also be gleaned from new and novel
serum biomarkers (131). One potential biomarker is TNF-a, which
activates the death receptor pathway, which in turn may lead to
cell survival, apoptosis, or a regulated form of necrosis (108). The
signaling pathway can then travel alternative paths, activating
cell survival, apoptosis, or necrosis. A major decision point is the
choice between apoptosis or necrosis — a choice predicated on the
activity of caspases (132).

Several clinical points regarding the potential of gene therapy
also merit mention. First, because the expression of the transfect-
ed gene is often driven by a viral promoter, there is a theoretical
concern that “overexpression” could have undue consequenc-
es. However, in the case of BAG3, the gene self-regulates, and
therefore, endogenous expression should turn off if levels get
too high (21). Second, BAG3, when driven by an AAV9 vector,
does not integrate into the genome and thus is not passed on to
daughter cells during cell division. The corollary of this obser-
vation is that therapeutic BAG3 does not serve as an oncogene.
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Third, in patients with single-nucleotide polymorphisms that are
not amenable to traditional gene replacement therapy because of
potential dominant-negative effects, CRISPR/Cas9 may soon be
used to correct functional single-nucleotide variants. And finally,
while this Review has focused on the heart and cancer, we would
be disingenuous if we did not report that an increasing number
of studies suggest that targeting BAG3 may also be effective in
the treatment of diseases attributable to abnormalities in PQC in
the central nervous system, including Huntington’s disease, amy-
otrophic lateral sclerosis, Parkinson’s disease, and Alzheimer’s
disease (133-135). The development of a BAG3-targeted gene
therapy for neurodegenerative diseases is an exciting new area
in the field of PQC and regulation of apoptosis. By contrast with
cancer, neurodegenerative disease requires adequate levels of
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BAG3 consistent with the myocardium. Research is also under
way in a hunt for small molecules that might target BAG3 and
increase its expression. Regardless of approach, BAG3 remains
an enticing target for therapeutic gene and drug discovery.
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