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Abstract

The multi-domain structure of BAG3 facilitates its interaction with many different proteins that
participate in regulating a variety of biological pathways. After revisiting the BAG3 literature
published over the past ten years with Citespace software, we classified the BAG3 research

into several clusters, including cancer, cardiomyopathy, neurodegeneration and viral propagation.
We then highlighted recent key findings in each cluster. To gain greater insight into the roles

of BAG3, we analyzed 5 different published mass spectrometry data sets of proteins that co-
immunoprecipitate with BAG3. These data gave us insight into universal, as well as cell-type
specific BAG3 interactors in cancer cells, cardiomyocytes, and neurons. Finally, we mapped
variable BAG3 SNPs and also mutation data from previous publications to further explore

the link between the domains and function of BAG3. We believe this review will provide a
better understanding of BAG3 and direct future studies towards understanding BAG3 function in
physiological and pathological conditions.
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Introduction:

In 1999, Bcl-2-associated athanogene 3 (BAG3) was first identified as a member of a family
of BAG-1-related proteins. These proteins all have a conserved region near their C termini
(the BAG domain) that binds the ATPase domain of heat shock protein 70 (Hsp/Hsc70) and
regulates its chaperone activity (Takayama, Xie, & Reed, 1999). In the same year, another
group of researchers identified a protein they named Bis (alias BAG3) that interacted with
Bcl-2 to synergistically inhibit apoptosis (J. H. Lee et al., 1999). In the following year,
BAG3 also got another alias, CAl stressed-1 (CAIR-1) as it is upregulated in response to
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stress conditions (Doong et al., 2000). This brief history of the initial studies on BAG3
indicates that the diverse functions of BAG3 were evident from the very beginning. In the
following 20+ years, over 400 research papers have been published, which have greatly
expanded our knowledge about BAG3, although there is still much to be learned.

Human BAG3 is 575 amino acids in length and has a molecular mass of 74 kDa. Besides
the BAG domain located at the C terminus, BAG3 also contains a tryptophan-tryptophan
(WW) domain at the N-terminus, two conserved lle-Pro-Val (IPV) domains, a proline-rich
region (PXXP), and two phosphoserine-containing 14-3-3 binding motifs (Sturner & Behl,
2017). This multi-domain structure of BAG3 facilitates its interaction with many proteins
and regulation of many biological pathways. Perhaps the best studied role of BAG3 is that
of a co-chaperone acting to monitor cellular protein quality control through its BAG domain
association with Hsp/Hsc70 (Doong et al., 2000). BAG3 also associates with many small
heat shock proteins such as HspB8, HspB6, HspB5, and HspB1 through its IPV domains,
which further enables BAG3 maintenance of proteostasis (Carra, Seguin, & Landry, 2008;
Fuchs et al., 2009; Rauch et al., 2017). However, as we will discuss, the BAG3 interactome
contains conserved and cell-specific partners that facilitate the involvement of BAG3 in a
variety of cellular pathways beyond its co-chaperone activity.

BAG3 is expressed in most cell types and tissues, but to date most of the research on

BAG3 has been driven by clinical associations and focused on numerous cancer cells
(Kogel, Linder, Brunschweiger, Chines, & Behl, 2020), skeletal muscle, cardiomyocytes
(Doong et al., 2000; Homma et al., 2006), and nervous system studies (Santoro et al.,

2017), with few over-lapping studies. Inter-publication citation analysis (CiteSpace) of

the 347 research articles about BAG3 in the past decade revealed that the studies are

mainly distributed into 5 major clusters: cancer, cardiomyopathy, actin dynamics, protein
aggregation (involving neurodegeneration), and viral production (Figure 1). This analysis
depicts the relatively isolated clusters of BAG3 research, with the largest being cancer

and cardiomyopathy related studies. As BAG3 mutations mostly involve cardiomyopathy
(discussed later), the BAG3 mutation cluster stems from the cardiomyopathy cluster with
little inter-report citation with the other clusters. The cluster of neurodegenerative disease
research, as a relatively new sub-field on BAG3, appears to be in the initial stages of
forming a new cluster among actin dynamics and protein aggregation research. As BAG3
has many putative interacting partners and functions across numerous cell types, considering
inter-field studies and hypotheses may be beneficial in investigating BAG3-mediated cellular
function.

BAG3 interactome

The multi-domain structure of BAG3 aids in an extensive interactome and participation in a
wide variety of cellular functions. Beyond the well-established Hsp70/Hsc70 and chaperone
binding activity of BAG3, many other discoveries have suggested that BAG3 coordinates
vital cellular functions. BAG3 reportedly regulates protein synthesis, metabolism, and
nutrient sensing by associating with regulators of the mTOR axis (Kathage et al., 2017), cell
proliferation and apoptosis (via PLCy1 (Doong et al., 2000)), development- and disease-
associated kinases (such as Src (Colvin et al., 2014)), cytoskeletal active transport (via
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dynein subunits (Gamerdinger, Kaya, Wolfrum, Clement, & Behl, 2011)), GTPase activity
(via RAPGEF2 (Iwasaki et al., 2010)), signal transduction (via 14-3-3y (Xu et al., 2013)),
dendritic spine morphology and plasticity (via synaptopodin (Ji, Tang, Zeidler, Hohfeld,
& Johnson, 2019)) and viral particle recognition (Gout, Gutkowska, Takayama, Reed, &
Chroboczek, 2010), among others. These validated interaction partners suggest that BAG3
participates in central and cell-type specific cellular pathways, such as synaptic plasticity,
but few studies have compared the BAG3 interactome across cell types.

Several higher-throughput experiments using co-immunoprecipitation coupled mass
spectrometry (IP-MS) have identified hundreds of interaction partners with BAG3. A
meta-analysis of five separate IP-MS reports identified common proteins associated with
BAG3 in cancer cell lines (HeLa (Y. Chen et al., 2013), MCF7 (Pasillas et al., 2015)),
induced pluripotent stem cell cardiomyocytes (Judge et al., 2017), neurons (Zhou et

al., 2020), and human embryonic kidney cells (HEK293T (Hiebel et al., 2020)). Since
reports varied in experimental methods, BAG3 tag and immunoprecipitation protocols,
controls, and statistical analyses, the same cutoffs for positive association hits were used

as reported in the original papers. However, the p value cutoff between a protein’s intensity
in control IP (e.g. 1gG) to BAG3 IP was raised to 0.10 to match the highest p- value

used among all reports. Positive hit proteins from each report were analyzed for KEGG
and Reactome pathway enrichment via g.Profiler (Raudvere et al., 2019). Significantly
enriched KEGG and Reactome pathways were compared for conserved and cell-type
specific pathway analysis (Figure 2). As expected, cellular responses to stress and heat shock
responses were found conserved in all cell types, supporting the role of BAG3 in mediating
stress responses involving HSF1 activation. Interestingly, two novel pathways were also
significantly enriched among all cell types: signaling by ROBO receptors, which regulate
axonal guidance and cell migration, as well as influenza infection.

Many pathways uniquely presented per cell type, suggesting BAG3 may regulate differing
cellular functions depending on the tissue or cell investigated. In cancer HeLa and MCF7
cells, BAG3 interacted with proteins that participate in cancer-related pathways, such as

cell cycle regulation, glycolysis and gluconeogenesis, and metabolism and catabolism.
Interestingly, many neurodegenerative disease and viral pathways were also over-represented
in the HeLa BAG3 interactome, such as Alzheimer’s disease (AD) and Epstein-Barr

virus infection (. Chen et al., 2013). In cardiomyocytes, BAG3 associates with proteins
involved in RNA metabolism and protein synthesis, the spliceosome, and COVID-19
infection (Judge et al., 2017). In HEK293T cells, BAG3-associated proteins over-represented
pathways involving neurodegenerative disease, such as Amyotrophic lateral sclerosis (ALS),
viral infection, cell cycle and apoptosis control, and RNA metabolism, such as transport,
translation, and splicing (. Chen et al., 2013). In neurons, BAG3 associated with

proteins involved in synaptic plasticity, such as vesicle cycling and long-term potential,
neurodegenerative diseases in particular ALS and AD, and metabolism (Zhou et al., 2020).

Overall, few pathways are conserved across all reports, though this is likely at least

partly due to differences in experimental condition and statistical analysis. Many pathways
are represented in at least one report, such as the large 139 pathways overlap between
BAG3-associated pathways in HeLa and HEK293T cells (Y. Chen et al., 2013; Hiebel et
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al., 2020). This overlap includes cell cycle regulation pathways, apoptosis, p53-dependent
repair mechanisms, and central kinase signaling cascades by MAPK and AKT, suggesting
similar roles of BAG3 among these cell types. Other BAG3-associated pathways are found
over-represented in multiple reports, such as RNA metabolism and translation related
pathways shared in cardiomyocytes, HEK293T, and MCF7 cancer cells (Hiebel et al.,
2020; Pasillas et al., 2015). BAG3 in neurons shares fewer over-represented associated
pathways with other cell types. The greatest overlap exists between neurons and HelLa
cells, where BAG3-associated proteins in both cell types significantly over-represented
neurodegenerative pathways relating to Parkinson’s disease (PD), AD, and Huntington’s
disease (HD), as well as metabolism pathways that include glycolysis, gluconeogenesis, and
interleukin signaling (Y. Chen et al., 2013; Zhou et al., 2020). Altogether, the considerable
number of shared pathways beyond HSF1-mediated heat shock responses and autophagy
suggest a broad role of BAG3 in cells (Klimek, Kathage, Wordehoff, & Hohfeld, 2017). We
will discuss these alternative roles of BAG3 further in this review.

Function of BAG3 in Cancer

The role of BAG3 in cancer has been studied intensively over the past ten years with 139 of
the 347 papers on BAG3 being cancer-related based by CiteSpace analysis (Figure 1). BAG3
plays a role in the development, prognosis and resistance to treatment of over 10 different
types of cancer including melanomas (Doong et al., 2000), glioblastomas (Festa et al., 2011;
Gentilella & Khalili, 2011), thyroid carcinomas (Chiappetta et al., 2007; Meng et al., 2014),
lung cancers (Chiappetta et al., 2014), breast cancers (Das et al., 2018; Liu et al., 2017),
hepatocellular carcinomas (Xiao et al., 2014), pancreatic ductal adenocarcinomas (PDACS)
(Rosati et al., 2012), colorectal carcinomas (Yang et al., 2013), endometrioid endometrial
adenocarcinomas (Esposito et al., 2017), leukemia (Romano et al., 2003; Zhu et al., 2014),
prostate cancers (Ammirante, De Laurenzi, Graziano, Turco, & Rosati, 2011; lwasaki et al.,
2007), chondrosarcoma (Shi et al., 2018) and colon cancer (N. Li et al., 2018) (Figure 3).
The elevated levels of BAG3 in these cancer cells is often associated with increased cell
survival, proliferation, migration, invasion and stemness of cancer cells (Figure 3). Further,
increased expression of BAG3 in these cancer cells correlates with increased resistance to
chemotherapeutics compared to drug-responsive cancer cells, such as chronic lymphocytic
leukemia (H. Y. Chen et al., 2010), chronic myelogenous leukemia, adult acute myeloid
leukemia (Valdez et al., 2008), thyroid cancer (Du, Meng, Zhang, Guan, & Wang, 2008), and
colon cancer cells (Wang et al., 2018), where BAG3 expression is not significantly elevated.

BAG3 inhibits apoptosis and promotes cell proliferation

As a Bcl-2 binding protein (J. H. Lee et al., 1999), BAG3 plays a role in stabilizing

Bcl-2 family proteins, including Bcl-xL, and Mcl-1, which inhibit cancer cell apoptosis
(Karpel-Massler et al., 2015; Wang et al., 2018). Besides regulating the protein level

of Bcl-2 family proteins, BAG3 retains the pro-apoptotic BAX protein in the cytosol,
preventing its mitochondrial translocation (Festa et al., 2011). Moreover, depletion of BAG3
results in inhibition of the phosphorylation of focal adhesion kinase (FAK), significant loss
of cell-matrix adhesion, and matrix detachment-induced cell death, which is inhibited by
Bcl-2 (Antonietti et al., 2017). As an Hsp70 binding partner, BAG3 competes with another
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BAG protein family member, BAG1, which directs its client to the proteasome, leading to
stabilization of targeted cargo proteins. In melanoma cells, BAG3 stabilizes IKK-y from
proteasome degradation by competing with BAG1, which normally directs this client to
the proteasome for degradation (Luders, Demand, & Hohfeld, 2000). This stabilization of
IKK-y leads to sustained NF-kB activation and cell survival (Ammirante et al., 2010).

BAG3 also plays an essential role in promoting the proliferation of cancer cells. Microarray-
based transcriptome analysis of wild type and BAG3 knockout HeL a cells revealed that
“cellular growth and proliferation” and “cell death and survival” were the major pathways
regulated by BAG3 in these cancer cells (Furusawa et al., 2018). In neuroblastoma cells,
BAG3 modulates the degradation of cyclin B1 expression, which regulates cell-cycle
progression (Gentilella, Passiatore, Deshmane, Turco, & Khalili, 2008). In addition, BAG3
stabilizes the mRNA of S-phase kinase-associated protein 2 (Skp2), a cell cycle regulator, in
ovarian cancer cells (Yan et al., 2017). BAG3 also stabilizes glutaminase via interacting with
SIRTS5, and thus promotes glutaminolysis (Zhao et al., 2019), which plays an essential role
in maintaining bioenergetics and promoting proliferation of cancer cells (Wise & Thompson,
2010; Y. Xiang et al., 2015). These findings support the role of BAG3 in regulating the cell
cycle and cell proliferation in cancer cells.

BAG3 enhances EMT, invasiveness, and stemness of cancer cells

Epithelial-mesenchymal transition (EMT) is a process in which epithelial cells lose their
polarity and cellular adhesion properties and acquire invasive characteristics to become
mesenchymal stem cells (Grigore, Jolly, Jia, Farach-Carson, & Levine, 2016). In cancer
cells, EMT contributes to the acquisition of properties that are essential for metastasis (Y.
Zhang & Weinberg, 2018). Increasing evidence indicates that BAG3 is involved in EMT and
invasive properties of tumors. For example, phosphorylation of BAG3 regulates EMT and
invasiveness of thyroid cancer cells (N. Li et al., 2013), and suppresses miR-29b expression
enhancing MMP2 expression, which in turn increases cell motility and invasiveness of
uterine corpus carcinoma and glioblastoma cells (Habata et al., 2015; Im et al., 2016).

In addition, BAG3 positive pancreatic stellate cells release multiple cytokines enhancing
migration and invasion of pancreatic ductal adenocarcinoma cells (Yuan et al., 2019).
Moreover, BAG3 promotes the stemness of cancer cells (Liu et al., 2017). Cancer stem

cells are a group of cells within tumors that retain stemness properties including self-renewal
cloning, growing, and the ability to metastasize (Overton, lhara, & Bishop, 1987); removal
of cancer stem cells is a key to the success of cancer treatment. For example, BAG3
stabilizes STAT3, a master regulator of stemness, in tumor spheres of glioblastoma stem
cell-like cells (Im et al., 2016).

BAG3 in regulating mRNA stability

Interestingly, studies of BAG3 in pancreatic cancer have illuminated a novel function for
BAG3. BAG3 is highly expressed in PDAC, one of the deadliest cancers (Rosati et al.,
2012). BAG3 interacts with a constitutive decay degradation element (CDE) of the 3’-UTR
regions of hexokinase 2 (HK2) mRNA and alters recruitment of the RNA-binding proteins
Roquin and IMP3 to the HK2 mRNA. Ultimately, this leads to the stabilization of the HK2
MRNA and a corresponding increase in HK2 expression which promotes aerobic glycolysis
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(Anetal., 2017). Later, the same research team demonstrated that BAG3 regulates the
recruitment of Argonaute 2 (Ago2) to IL-6 mRNA (C. Li et al., 2019) and HuR to IL-8
mRNA (C. Li et al., 2018), which results in the mRNA transcript stabilization of both genes.
Beyond PDAC, BAG3 has also been reported to promote the stemness of breast cancer stem
cells through interaction with CXCR4 mRNA, resulting in increased expression (Liu et al.,
2017).

Secreted BAG3 in PDAC

Falco et al. were the first to show that BAG3 is detectable in serum from PDAC patients
(Falco et al., 2013). Later, the same group identified BAG3 in both the exosome and soluble
fractions of five human pancreatic carcinoma cell lines (Rosati et al., 2015). Interestingly,
serum BAG3 levels are significantly higher in samples from PDAC patients compared to
patients with the inflammatory disease or other types of cancer, such as colon and stomach
carcinomas (De Marco et al., 2018). This finding suggests BAG3 may be a potential
biomarker for the diagnosis of PDAC. Without a signal peptide at the N terminal, BAG3 is
likely released from the pancreatic carcinoma cells (donor cells) through an unconventional
protein secretion (UPS) route (Nickel & Rabouille, 2009). Secreted BAG3 binds to induced
transmembrane 2 (IFITM 2) on the plasma membrane of macrophages (recipient cells),
thereby promoting the release of IL-6 from macrophages, which in turn facilitates the
growth of pancreatic tumors (Rosati et al., 2015). These findings demonstrating that there is
a secreted form of BAG3 are indicative of a remote regulatory function of BAG3 in cancer
cells.

BAG3 promotes resistance to chemotherapy

With the growing knowledge about the function of BAG3 in regulating apoptosis,
proliferation, stemness, EMT, and invasiveness in a variety of cancers, an increasing
number of studies have reported a role for BAG3 in chemotherapy resistance. Mcl-1 is

an antiapoptotic Bcl-2 family member which is highly expressed in various human tumors
(Shamas-Din, Kale, Leber, & Andrews, 2013). Mcl-1 has been shown to be a resistance
factor that limits the efficacy of various antitumor agents (W. Xiang, Yang, & Bai, 2018).
BAG3 stabilizes Mcl-1 and promotes AUY922 (Hsp90 inhibitor) resistance in colon cancer
cells (Wang et al., 2018). Knockdown of BAG3 sensitizes ovarian cancer cells to apoptosis
(Sugio et al., 2014) and significantly increased the efficacy of paclitaxel, in combination
with the Mcl-1 antagonist MIM1, in inducing cell death (Habata et al., 2016). In urothelial
cancer cells, knockdown of BAG3 significantly downregulated Mcl-1 protein levels and
increased their susceptibility to ABT-737 (Bcl-2 inhibitor) (Mani et al., 2016). Depletion of
BAG3 sensitizes a lung carcinoma cell line (A549) and ovarian cancer cells to treatment
with cisplatin (Qiu et al., 2017; Qiu, Sun, Zhang, & Han, 2019). Moreover, BAG3 promotes
resistance to 5-FU chemotherapy treatment in colorectal cancer (N. Li et al., 2018).

In summary, BAG3 may be a suitable biomarker for certain types of cancer. Inhibition or
neutralization of BAG3 may be a potentially promising strategy for anticancer therapies. It
should be noted that certain cancers such as small cell carcinomas and lung cancer with
neuroendocrine differentiation were negative for BAG3 expression (Yeo et al., 2015) and in
a specific case, BAG3 was reported to inhibit cell growth in carcinomas (Kong et al., 2016).
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These contradictory data indicate the need for further investigation of the functions of BAG3
in cancer cells.

Impact of BAG3 on Myopathies

BAG3 is highly expressed in muscle tissue, particularly in cardiac muscle. BAG3 co-
localizes with Z-disks proteins such as a.-actinin and desmin, which show a repeating

and regular stripe-like pattern in longitudinal sections of muscle (Homma et al., 2006). In
2006, Homma and colleagues were the first to generate a homozygous BAG3 knockout
mouse (Homma et al., 2006). These mice showed neonatal noninflammatory myofibrillar
myopathy in skeletal and cardiac muscle, disruption of Z-disk architecture, and myofibrillar
degeneration with apoptotic features, leading to death at an early postnatal stage (Homma
et al., 2006). This was the first direct demonstration of the role of BAG3 in regulating
myofibrillar maintenance in vivo.

Follow-up studies further explored the role of BAG3 in regulating the function of
cardiomyocytes. BAG3 was found to regulate the stability of F-actin through the actin
capping protein, CapZp1, which plays an important role in regulating the stability and
proper distribution of actin at the Z-disk in the myocyte (Lin, Li, Swanson, & Russell,

2013; Pappas, Bhattacharya, Cooper, & Gregorio, 2008). BAG3 deficiency lead to the
degradation of CapZp1 through the ubiquitin-proteasome system (Hishiya, Kitazawa,

& Takayama, 2010), and overexpression of CapZp1 in cardiomyocytes attenuated the
myofibrillar disruption caused by BAG3 depletion (Hishiya et al., 2010). Additionally,
BAG3 regulates chaperone-assisted selective autophagy mediated degradation of the Z-disk
protein, filamin, which is necessary to maintain structure and function of myocytes (Arndt et
al., 2010). Besides regulating the Z-disk, BAG3 also associates with the gap junction protein
connexin 43 (Cx43) in primary neonatal rat ventricular cardiomyocytes (Ghasemi Tahrir et
al., 2019). BAG3 regulates the phosphorylation and turnover of Cx43 (Ghasemi Tahrir et

al., 2019), which promotes cardiac tissue conductance (Saffitz, Laing, & Yamada, 2000).
Moreover, BAG3 also modulates myocyte contraction and action potential duration through
association with the B1-adrenergic receptor, L-type Ca2+ channels and phospholamban.
Knockdown of BAG3 caused reduced myocyte contraction amplitudes and lower calcium
transient amplitudes in cardiomyocytes in reponse to isoproterenol treatment (Feldman et al.,
2016).

In 2009, Selcen et al. first reported 3 unrelated myofibrillar myopathy cases in children with
a missense mutation in BAG3, leading to a replacement of leucine with proline at amino
acid 209 position (P209L) (Selcen et al., 2009). All 3 cases developed progressive and
severe muscle weakness, respiratory insufficiency, and cardiomyopathy in their childhood
(Selcen et al., 2009). These cardiomyopathy cases in humans were consistent with Homma’s
findings (Homma et al., 2006) in BAG3 knockout mice and suggested the important

role of BAG3 in maintaining cardiomyocyte function. Subsequently, additional clinical
evidence supported the connection between the P209L BAG3 mutation and cardiomyopathy
(Konersman et al., 2015; H. C. Lee et al., 2012; Odgerel et al., 2010). Clinical muscle
biopsies of patients harboring the P209L BAG3 mutation showed disintegration of Z-discs
with an extensive accumulation of granular debris and large inclusions within fibers.
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The P209L mutation of BAG3 lead to decreased BAG3 and Hsp70 levels together with
a-actinin desmin, filamin, and fast myosin heavy chain, which compromised the muscle
fiber morphology and its function (Kostera-Pruszczyk et al., 2015). In zebrafish, loss of
BAG3 resulted in myofibrillar disintegration, but didn’t have an effect on the formation of
protein aggregates. Interestingly, overexpression of P209L BAG3 rescued this myofibrillar
disintegration phenotype in the zebrafish. These data suggest P209L BAG3 tends to
aggregate, gradually reducing the pool of existing BAG3, which leads to BAG3 insufficiency
and myofibrillar disintegration (Ruparelia, Oorschot, Vaz, Ramm, & Bryson-Richardson,
2014). This hypothesis was further supported in a mouse model where cardiac-specific a
MHC-human BAG3 P209L was expressed in mice (Quintana et al., 2016). These mice
showed progressive heart failure with the presence of pre-amyloid oligomers, abnormal
mitochondrial dynamics, and activation of p38 signaling (Quintana et al., 2016). It should
be noted that in the « MHC-human BAG3 P209L transgenic mice, P209L BAG3 is
overexpressed in the presence of wild type BAG3 but still leads to haploinsufficiency

of wild-type BAG3 (Quintana et al., 2016), which is consistent with the findings of
Ruparelia et al (Ruparelia et al., 2014). Recently, Ruparelia and colleagues screened
autophagy-promoting compounds in P209L BAG3 mutant zebrafish and human myoblasts
and identified nine, including metformin, that could reduce aggregates. Further evaluation of
histology and behavior shows that metformin is also able to rescue the fiber disintegration
and swimming deficit observed in the BAG3 —/- fish (Ruparelia et al., 2020). These studies
suggest a mechanism that P209L BAG3 tends to aggregate with the available BAG3 pool
leading to BAG3 insufficiency, which results in impaired autophagic activity.

In addition to the P209L mutation, more than 20 BAG3 variants or SNPs have been found to
be related to cardiomyopathy. The reported BAG3 variants and the related diseases are listed
in Table 1. These variants include missense mutations, truncations, and frameshift mutations
(Figure 4A). The cited papers include both research studies and case reports, which reflect

a combination of prevalence of a certain variant and the focus of research interests.

With this analysis, we can find some interesting patterns: 1. P209 mutation of BAG3,
including P209L, P209S, and P209Q, are the most extensively reported, which indicates

the prevalence of the mutation at this site. 2. The same mutation could lead to multiple
phenotypes. For example, P209L BAG3 was found in a variety of cardiomyopathies and
neuropathies, including myofibrillar myopathy (MFM) (D’Avila et al., 2016; Konersman
etal., 2015; H. C. Lee et al., 2012; Odgerel et al., 2010; Selcen et al., 2009), myopathy
(Andersen et al., 2018), axonal neuropathy (D’Avila et al., 2016; Kostera-Pruszczyk et

al., 2015; Odgerel et al., 2010), and Charcot-Marie-Tooth disease (CMT) (Noury et al.,
2018). 3. The different mutations on the same site could show a tendency for different
pathologies. For example, R71W is correlated with DCM (Norton et al., 2011), while R71Q
is non-syndromic (Citro et al., 2013; Villard et al., 2011); P209L showed a tendency of
development of MFM, while P209S is associated with CMT (Adriaenssens et al., 2020; J.
Fu et al., 2020; Shy et al., 2018). 4. It should be noted that the cardiomyopathy caused

by BAG3 mutations at P209 is sometimes present with neuropathy or even present as

a neuropathy only, which indicates the important role of BAG3 in regulating neuronal
function. 5. Interestingly, ignoring the citation number of the different mutations, about one
third (6/16) of the pathogenic missense mutations are in the a2 and a3 helix of the BAG
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domain. This domain regulates the association of BAG3 with Hsp70 (Brockmann et al.,
2004). Moreover, if the truncations and frameshift mutations are taken into consideration,
the longest truncation product (T451X) of BAG3 mutant protein lacks this region. It

seems that the mutation which affects the region of E455~R477 is highly correlated with
cardiomyopathy. It will be intriguing to examine the 3D structure of the E455~R477 region
that is located at a2 and a3 helix of the BAG domain. However, there is only one report
available about the 3D structure of the BAG domain in human BAG1 (Sondermann et al.,
2001). Since the BAG domain is highly conserved (over 70% consensus) between BAG1
and BAG3 (Figure 4B), we use the interaction between the BAG domain from BAG1 and
Hsp/Hsc70 as a model for analysis. After mapping the E455~R477 region (colored in red)
to the 3D model, we are surprised to see that this region is most proximal to Hsp70 (Figure
4C). It should be noted that the well-studied P209L mutation is located in an IPV motif,
which is important for the association of BAG3 with HspB8. These findings indicate that
disruption of the association of BAG3 with small heat shock proteins may be important
for the development of cardiomyopathy. However, a recent study has shown that disrupted
binding of BAG3 mutants (BAG3 P209 and P470S) to either HspBs or Hsp70 is not the
cause of the dramatic collapse of protein quality control (Meister-Broekema et al., 2018).
On the contrary, for both the BAG3P209 and BAG3P470 mutants, binding to Hsp70 was
found to be required for the phenotypic effects. These BAG3 mutations do not affect Hsp70
binding, but the stimulation of Hsp70-dependent client processing is impaired. Genetic
and pharmaceutical disruption of the association of BAG3 with Hsp70 completely reverses
stress-induced protein aggregation for both BAG3 mutations. These mutant BAG3 proteins
showed a dominant gain of function mutation, leading to aggregation of itself, Hsp70, and
Hsp70 clients, which results in aggregates observed in clinical biopsy and development of
cardiomyopathy (Meister-Broekema et al., 2018).

BAG3 in the nervous system:

The fact that cardiomyopathy caused by BAG3 mutations sometimes arises along with
neuropathy (D’Avila et al., 2016; Kostera-Pruszczyk et al., 2015; Odgerel et al., 2010)
indicates a role for BAG3 in the nervous system. An increasing number of reports support
the importance of BAG3 in neural function and neurodegenerative disease (Figure 1).

The expression of BAG3 shows an interesting bi-phasic pattern during the development

of the central nervous system in rats. In the embryonic stage, BAG3 is expressed in

the medial telencephalic wall (lateral ventricle) and in the marginal zone of the cortex

in Cajal-retzius cells in developing neurons. This is followed by an abrupt increase in
expression of BAG3 in the cortical and hippocampal neurons during the first postnatal
week, which declined thereafter, suggesting a role in regulating neuronal development (Choi
et al., 2006). Additionally, BAG3 localized to radial glial cells in the midbrain. More
specifically, it is localized to the dorsal midline glia, both within the brain stem and spinal
cord (Choi et al., 2009). However, unlike the early postnatal stages, BAG3 increases in the
mouse hippocampus from 4 to 12 months of age, which indicates BAG3 may play a role
maintaining protein homeostasis during aging and that dysregulation could be a contributing
factor in age-related neurodegenerative conditions (Tang, Ji, Pallo, Rahman, & Johnson,
2018).
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Major characteristics of many neurodegenerative diseases involve the aggregation and
accumulation of misfolded proteins associated with cytotoxic effects in neurons. These
misfolded proteins include tau protein that is found in neurofibrillary tangles (H. Fu

et al., 2019; Sturner & Behl, 2017; Tapia-Rojas et al., 2019), mutant huntingtin with

an expanded polyQ tract (Hipp, Park, & Hartl, 2014; Ogen-Shtern, Ben David, &
Lederkremer, 2016) and mutant superoxide dismutase 1 (SOD1) (Crippa et al., 2010). Even
though neurodegenerative diseases are characterized by different mutant/misfolded protein
aggregates, they present a unifying attribute; an inability of the protein clearance machinery
to efficiently degrade the misfolded proteins and maintain proteostasis. In this context,
BAGS3 has been shown to promote the clearance of disease-relevant aggregation-prone
proteins including tau (Lei, Brizzee, & Johnson, 2015), a-synuclein (Cao et al., 2017),
mutant SOD1 (Gamerdinger et al., 2011), and mutant huntingtin (Carra, Seguin, Lambert,
& Landry, 2008a), which are related to AD, ALS, HD and PD, respectively. These findings
point to the importance of BAG3 in maintaining proteostasis and how dysregulation of
BAG3 may contribute to the development of age-related neurodegenerative disease (Figure
5).

BAG3 functions in Alzheimer’s disease:

Dysregulation of proteostasis in neurons will lead to the accumulation of pathologic
proteins, with phosphorylated tau species being a defining characteristic of AD (Kruger

& Mandelkow, 2016). Our lab was the first to demonstrate a role for BAG3 in clearing

tau species in neurons. Proteasome inhibition increased BAG3 expression and promoted
phosphorylated tau clearance in neurons, and knockdown of BAG3 attenuated autophagy
measures and increased the accumulation of phosphorylated tau in neurons (Lei et al., 2015).
Recently, we have provided evidence that BAG3 regulates autophagic flux in the neurites
through interaction with the post-synaptic cytoskeleton protein synaptopodin. Knockdown
of either BAG3 or synaptopodin disrupts the fusion of autophagosomes and lysosomes in
the post-synaptic compartment, which leads to the accumulation of phosphorylated tau in
autophagosomes at post-synaptic densities (Ji et al., 2019). This finding suggests a crucial
role of BAG3 in regulating proteostasis and synaptic function in neurons. Additional data
on the importance of BAG3 in aberrant tau clearance was shown when comparing inhibitory
and excitatory neurons in the entorhinal cortex of EC-tau mice (expressing pathological
human tau in the entorhinal cortex), human AD, and human non-AD brain samples (H.

Fu et al., 2019). The levels of BAG3 were increased in non-neuronal cells and inhibitory
neurons in both AD and non-AD samples, which are relatively resistant to tau pathology
compared to excitatory neurons (H. Fu et al., 2019). Furthermore, in excitatory neurons

the knockdown of BAG3 increased tau levels, while BAG3 overexpression attenuated tau
accumulation(H. Fu et al., 2019). Together, these findings indicate that BAG3 may have a
neuroprotective role by selectively targeting aberrant tau protein for degradation, thereby
restoring proteostasis. Another study found that BAG3 protein levels were lower in human
AD brains compared with the aged-matched controls (Zhou et al., 2020). These investigators
also overexpressed GFP-BAG3 in neurons followed by immunoprecipitation with a GFP
antibody and mass spectrometric analyses of co-precipitating proteins. In this study, BAG3
was found to interact with post-synaptic proteins and regulated glutamatergic synaptic
protein turnover through its association with Hsp70. When AAV-shBAG3 was injected into
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the brains of newborn mice and analyses were carried out 1-3 months later, post-synaptic
proteins were decreased, Golgi staining showed fewer dendritic spines in the hippocampus,
and prefrontal cortex at this early postnatal stage compared to neonates injected with a
control AAV, indicating that BAG3 levels influence these post-synaptic proteins (Zhou

et al., 2020). Our latest findings have identified a group of neuronal BAG3 interactors

that are involved in the endocytic pathway. Our data demonstrate that a BAG3-Hsp70-
TBC1D10B complex attenuates the ability of the GTPase activating protein, TBC1D10B, to
inactivate Rab35. BAG3, through its interaction with TBC1D10B supports the activation of
Rab35 and recruitment of Hrs, which initiates ESCRT-mediated endosomal tau clearance.
Intrahippocampal expression of BAG3 in P301S mice increased the co-localization of
phospho-tau with the ESCRT 11 protein CHMP2B and reduced the levels of the mutant
human tau (Lin et al., 2021). In summary, these studies indicate a close link between

the protective function of BAG3 and tau clearance in an excitatory neuron preferential
manner. These findings highlight an important role of BAG3 in neuronal proteostasis and
pathogenesis of AD, as well as other neurodegenerative diseases.

BAG3 in Amyotrophic Lateral Sclerosis:

ALS is a progressive nervous system disease that affects motor neurons in the brain and
spinal cord. One of the genes that is mutated in familial forms of the disease is SOD1,
which results in its misfolding, aggregation, and proteasome inhibition (Crippa et al., 2010).
Overexpression of SOD1G93A in immortalized motor neurons (NSC34 cells) induced the
expression of BAG3, HspB8, and Hsp70 expression and consequently an enhanced removal
of SOD1CG%3A, When autophagy was blocked and SOD1G93A was not degraded, SOD1693A
was found to immunoprecipitated with BAG3, HspB8, Hsc70, and CHIP (Crippa et al.,
2010). This finding indicates the importance of BAG3-mediated autophagy in clearing
aggregated, misfolded proteins in another neurodegenerative disorder. HspB8 is upregulated
in spinal cord motor neurons in the mutant SOD1 transgenic SOD193A mice (Crippa et
al., 2010), and the mutant SOD1 interacts with the HspB8/BAG3/Hsc70/CHIP complex.
Overexpression of HspB8 increases the solubility and clearance of mutant SOD1 without
affecting the wild type SOD1. This can be blocked by an autophagy inhibitor (Crippa

et al., 2010). In the spinal cords of SODCG93A and SODS85R transgenic mouse models,
BAG3 showed a higher expression level compared to control mice, and BAG3 co-localized
with the mutant SOD1 in the perinuclear inclusions (Gamerdinger et al., 2009). Further
studies showed that BAG3, which associates with cytoplasmic dynein, collaborates with
Hsp70 to direct SOD1G85R (an Hsp70 substrate) to the aggresome for degradation. It should
be noted that the PXXP domain is needed for the association of BAG3 with dynein for
perinuclear transportation, while the BAG domain is necessary for the association of Hsp70
and its substrate (Gamerdinger et al., 2009). Besides, SOD1685R was shown to co-localize
with autophagosomal and lysosomal markers, including p62, NBR1, LC3B, and Lamp1,
indicating an autophagic degradation mechanism (Gamerdinger et al., 2009).

BAG3 in Huntington’s disease:

A characteristic of HD is the accumulation of the aggregation-prone mutant huntingtin
protein which has an elongated poly-glutamine tract. A polyglutamine tract >35Q in
huntingtin is considered pathological (Rubinsztein et al., 1996). Carra et al. found that

J Cell Biochem. Author manuscript; available in PMC 2023 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Linetal.

Page 12

BAG3 promotes the clearance of Htt43Q, human huntingtin protein with 43 glutamines (Q),
through a selective macroautophagy pathway (Carra, Seguin, Lambert, & Landry, 2008b).
BAG3 associates with HspB8 and regulates its activity. Overexpression of BAG3, HspB8

or both decreased levels of Htt43Q, whereas BAG3 knockdown prevented HspB8-induced
Htt43Q degradation (Carra, Seguin, et al., 2008b). Another line of study showed that
deletion of the IPV domain, which is needed for the association of BAG3 with HspB8,
would disrupt the effect of BAG3 on the degradation of Htt43Q (Fuchs et al., 2009). These
findings suggest a protective role of BAG3 in regulating the clearance of mutant huntingtin
through selective macroautophagy, and likely plays a role in regulating the clearance of other
pathological polyQ proteins (Paulson, Shakkottai, Clark, & Orr, 2017).

BAG3 in Parkinson’s disease

PD is a disorder causing motor deficiencies due to the neurodegeneration of dopaminergic
neurons. It is characterized by Lewy bodies in the substantia nigra pars compacta.

It has been shown that these inclusion bodies are mostly composed of misfolded a.-
synuclein(Henderson, Trojanowski, & Lee, 2019). Increased expression and co-localization
of BAG3 and a-synuclein were found upon immunoblotting and histochemical staining in
SNCAA3ST mice (overexpress mutant a-synuclein in the brain), relative to non-transgenic
controls (Cao et al., 2017). BAG3 knockdown decreased LC3B-Il in MG132 treated

and untreated cells, while BAG3 overexpression showed the opposite effects even upon
treatment with the vacuolar H+-ATPase inhibitor, bafilomycin Al (Cao et al., 2017).
SQSTM1 and BAG3 binding was increased in SNCAA3ST mice, along with the expression
of SQSTM1 and LC3B-I1, while SQSTM1 co-localized to the substantia nigra compacta
neurons (Cao et al., 2017). BAG3 knockdown leads to accumulation of a-synuclein, while
BAG3 overexpression decreased a-synuclein levels. Furthermore, inhibition of autophagy
through Atg5 knockdown attenuates the effects of BAG3, indicating the role of BAG3

in regulating a-synuclein by modulating autophagy. Furthermore, a recent Genome-wide
association study (GWAS) in microglia showed that BAG3 is one of the PD risk SNPs
within active regulatory regions of DNA, suggesting its potential role in the development of
PD (Boom, Pierce, & Coetzee, 2020).

BAG3 in viral replication and function.

BAG3 also participates in the regulation of replication, persistence, and survival of viruses
through interaction with viral proteins. Multiple BAG3 domains are involved in the
interaction between viral proteins that will either promote or inhibit their function. One
domain in particular, the WW domain, has been shown to interact with the PPxY motif

of VP40, a crucial protein involved in viral assembly and budding (Harty, Brown, Wang,
Huibregtse, & Hayes, 2000). In Ebola and Marburg virus, the interaction of BAG3 and
VP40 led to an inhibition of replication due to BAG3 sequestering VP40, therefore limiting
its function (Liang et al., 2017). However, a different effect of BAG3 was shown in
adenovirus where it interacts with Ad penton base protein, which is a viral capsid constituent
responsible for virus internalization. Knockdown of BAG3 impaired the internalization of
the virus, suggesting the regulatory function of BAG3 in the viral life cycle in adenoviruses
(Gout et al., 2010).
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Besides the WW domain, the BAG domain of BAG3 mediates interactions with viral
proteins. ORF29p, a latency-associated protein for Varicella-zoster virus (VZV), is bound by
BAG3 through its BAG domain. BAG3, Hsp70/Hsc70, and Hsp90 colocalize with ORF29p
during lytic replication of VZV. Knockdown of BAG3 results in a dramatic decrease in the
replication efficiency of VZV (Kyratsous & Silverstein, 2007). BAG3 expression is therefore
crucial for the survival of this specific type of virus. In the case of HIV-1 infection, the
opposite is likely the case, as BAG3 has been suggested to suppress the expression of the
HIV-1 gene, stunting the spread of this infection (Rosati et al., 2007).

In addition to direct interactions with viral proteins, BAG3 has been shown to have
downstream effects and have an indirect role in virus survival. The Herpes Simplex virus
(HSV) is an example of a virus that is modulated by BAG3. Specifically, BAG3 colocalized
with ICPO, a transcriptional activator, which together resulted in increases in viral protein
accumulation in the cell (Kyratsous & Silverstein, 2008). This interaction isn’t direct but
shows the dependence of these proteins on each other in order to maintain efficient viral
production. Similar functions of BAG3 were found in studies in SARS-CoV. Studies have
suggested that SARS-CoV relies heavily on the expression of BAG3 in the host cell in
order to replicate, as knocking down BAG3 led to dramatic decreases in viral production
(L. Zhang, Zhang, Zhang, Lin, & Ge, 2010). BAG3 can be regulated by other proteins

as well, as demonstrated in Epstein-Barr virus (EBV). In this study, the viral oncoprotein,
EBNA3A, was able to induce BAG3 and it’s chaperone proteins, one of them being Hsp70
(‘YYoung, Anderton, Paschos, White, & Allday, 2008). The mechanism involves interacting
with the Hsp70 complex, therefore having an indirect effect on BAG3. By doing so, it had
been suggested that the EBNAS3A protein would maintain stability and prevalence when
upregulating these molecular chaperones and co-chaperones (Young et al., 2008). Besides
the interaction with virus proteins, BAG3 was also found to interact with host proteins

to regulate the integration process of virus infiltration. Overall, BAG3 can lead to either
negative or positive effects on the virus life cycle. Variability between viruses accounts for
these vast differences, as well as the complexity of BAG3 and its interactors.

Conclusions and future directions:

BAG3, as a co-chaperone, plays multiple roles in supporting the diverse functions of

the different cell types, including cancer cells, myocytes, and neurons. BAG3 exhibits
these various functions by interacting with specific proteins through its different domains.
Identifying the interactors of each particular domain of BAG3 is key to understanding the
various functions of BAG3. A variety of transgenic mouse and zebrafish models have
been used to study the functions of BAG3 using site mutations in different domains.

The association of point mutations in BAG3 and the phenotype (cardiomyopathy and
neuropathy) have been extremely helpful in the molecular dissection of BAG3’s function.
Large-scale whole genomic sequencing in the different inherited diseases may help us to
better understand BAG3.

Although the functions of BAG3 are diverse, we can still identify two significant threads;
cell survival and proteostasis. These two threads show a certain degree of specificity
considering the different cell types. For example, the function of BAG3 in regulating cell
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survival primarily occurs in cancer cells, while maintaining proteostasis is more likely
associated with neurodegeneration and cardiomyopathy. Silencing of BAG3 is reported to
inhibit the chemotherapy resistance of cancer cells, while overexpression of BAG3 promotes
the degradation of misfolded proteins in neurodegeneration. However, these two threads

are also intertwined with each other. For example, BAG3 regulates the proteostasis of
pro-apoptotic proteins, which affect cell survival. Overall, it is clear that further studies

are to define BAG3 interactors and the signaling pathways that it regulates. In the future,
understanding these BAG3 interactions will allow the development of therapeutic strategies
for cancer, myopathies and neurodegenerative diseases.
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AAV Adeno-associated virus

AD Alzheimer’s Disease

Ago2 Argonaute 2

ALS Amyotrophic lateral sclerosis

BAG1 Bcl-2-associated athanogene 1

BAG3 Bcl-2-associated athanogene 3

Bcl-2 B-cell lymphoma-2

Bcl-xL B-cell lymphoma-extra large

CAIR-1 CAll stressed-1

Capzpl F-actin-capping protein subunit betal
CDE Constitutive decay degradation element
CHIP C-terminus Hsp70 Interacting Protein
CHMP2B Charged Multivesicular Body Protein 2B
CMT Charcot-Marie-Tooth disease

Cx43 Connexin 43

CXCR4 C-X-C Motif Chemokine Receptor 4
EBNA3A Epstein—Barr virus nuclear antigen 3A
EBV Epstein-Barr virus

EMT Epithelial-mesenchymal transition
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FAK
GWAS
HD
HK2
Hsc70
Hsp70
HspB
HuR
IKK-y
IL

IPV domain
Lampl
LC3B
MAPK
Mcl-1
MFEM
mTOR
NBR1

NF-kB

PD

PDACs

PLCy1

PXXP
RAPGEF2
ROBO receptors
SARS-CoV
Skp2

SNPs
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F focal adhesion kinase

Genome-wide association study
Huntington’s disease

hexokinase 2

Heat shock cognate 71 kDa protein

70 kDa heat shock protein

Heat shock protein B

Human antigen R

cytokine-responsive kB kinase -gamma
Interleukin

Ile-Pro-Val domain

Lysosomal-associated membrane protein 1
Microtubule-associated proteins 1A/1B light chain 3B
Mitogen-activated protein kinase
Myeloid-cell leukemia 1

myofibrillar myopathy

Mechanistic target of rapamycin

Neighbor of BRCAL gene 1

nuclear factor kappa-light-chain-enhancer of activated B
cells

Parkinson’s disease

Pancreatic ductal adenocarcinomas

Phospholipase C, gamma 1

proline-rich region

Rap guanine nucleotide exchange factor 2

Roundabout receptors

Severe acute respiratory syndrome-associated coronavirus
S-phase kinase-associated protein 2

Single nucleotide polymorphisms
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SOD1 superoxide dismutase 1
SQSTM Sequestosome-1
Src Proto-oncogene tyrosine-protein kinase Src
STAT3 Signal transducer and activator of transcription 3
VZV Varicella-zoster virus
WW domain tryptophan-tryptophan domain
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Figure 1. Cluster analysis of research papersabout BAG3 in the past decade.
BAG3 is used as the key word to screen for research papers since 2011 in the Web of

Science data base. The reviews or comments are filtered out, and the remaining citations
were exported to Citespace for cluster analysis based on reference. Five major clusters
including cancer, cardiomyopathy, actin dynamics, protein aggregation and viral production
and three minor cluster such as cancer cell resistance, cancer cell death, BAG3 mutations are
labeled in the diagram.
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Figure 2. Pathway meta-analysis of BAG3 associated proteins.
Five separate IP-MS studies assessing protein co-immunoprecipitation with BAG3 were

compared and analyzed through gProfiler to determine the statistically significant pathways
over-represented by BAG3 interacting proteins across cell types. An FDR p value cutoff of

0.05 was used to determine statistically significant pathway over-representation. KEGG and
Reactome annotations were considered. A Venn diagram was produced using InteractiVenn
(Heberle, Meirelles, da Silva, Telles, & Minghim, 2015).
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Figure 3. Functions of BAG3 in Cancer.
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(A) An illustration showing the cancers related to increased BAG3 expression. (B) A
diagram showing that BAG3 promotes proliferation, EMT, invasiveness, and stemness while
inhibiting the apoptosis of cancer cells. The underlining molecular mechanism are listed in

the box.
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Figure 4. The majority of syndromic mutationsin BAG3 are located in the BAG domain.
(A) A diagram that maps the reported variants of BAG3 on the protein sequence. BAG3

variants are color coded and indicate syndromic missense mutations, non-syndromic
missense mutations, truncations and frame shifts. (B) Structure-based sequence alignment
of BAG domain from BAG3 and BAG1. The sequence ticker of the protein is based on the
original sequence of BAG3. (C) The crystal structure of the BAG domain of human BAG1
(yellow) associating with the ATPase domain of bovine Hsp70 (blue, PDB: 1HX1).
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Figure 5. BAG3 in neurodegener ative disorders.

Diagrams illustrate the molecular mechanism of BAG3 in regulating neurodegenerative
disorders including Alzheimer’s disease (AD), amyotrophic lateral sclerosis (ALS),

Huntington’s disease (HD) and Parkinson’s disease (PD).
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Table 1.
A list of reported BAG3 variants and the related disease

Site Citation per Mutation  Citation Disease

variant

71 1 R71W (Norton et al., 2011) DCM

94 2 194F (Miszalski-Jamka et al., 2017; Norton et al., 2011) DCM

109 1 H109R (Norton et al., 2011) DCM

115 1 P115S (Norton et al., 2011) DCM

209 23 P209L (Adriaenssens et al., 2020; Andersen et al., 2018; Arimura, Ishikawa, MFM /axonal

Nunoda, Kawai, & Kimura, 2011; D'Avila et al., 2016; Dominguez et al., neuropathy/
2018; Guilbert et al., 2018; Inomata et al., 2018; Konersman et al., 2015; myopathy/CMT
Kostera-Pruszczyk et al., 2015; Lee et al., 2012; Luo et al., 2020; Meister-

Broekema et al., 2018; Norton et al., 2011; Noury et al., 2018; Odgerel

et al., 2010; Quintana et al., 2016; Ruparelia et al., 2020; Ruparelia,

Oorschot, Vaz, Ramm, & Bryson-Richardson, 2014; Sarparanta et al.,

2012; Schanzer et al., 2018; Selcen et al., 2009; Tarnovskaya, Kiselev,

Kostareva, & Frishman, 2017)

209 2 P209Q (Meister-Broekema et al., 2018; Semmler et al., 2014) M FM/_ axonal
sensorimotor
polyneuropathy

209 3 P209S (Adriaenssens et al., 2020; Fu et al., 2020; Shy et al., 2018) CMT

218 3 R218W (Arimura et al., 2011; Ng et al., 2013; Sahlin et al., 2019) DCM

258 1 R258W (Leeetal., 2012) MFM

262 1 A262T (Norton et al., 2011) DCM

380 1 P380S (Myers et al., 2018) DCM

407 1 P407L (Villard et al., 2011) DCM

455 3 E455K (Adriaenssens et al., 2020; Fang et al., 2017; Franaszczyk et al., 2014) DCM

462 1 1462P (Arimura et al., 2011) DCM

468 1 V468M (Villard et al., 2011) DCM

470 1 P470S (Meister-Broekema et al., 2018) MFM

477 2 R477H (McDermott-Roe et al., 2019; Norton et al., 2011) DCM

90 1 (Norton et al., 2011) DCM

121 1 (Norton et al., 2011) DCM

123 3 (Janin et al., 2017; Norton et al., 2011; Toro et al., 2016) DCM

360 1 (Rafiq et al., 2017) DCM

390 1 (Villard et al., 2011) DCM

451 1 (Franaszczyk et al., 2014) DCM

218 1 R218Gfs  (Norton etal., 2011) DCM

243 1 H243Tfs  (Toroetal., 2016) DCM

251 1 Q251Rfs  (Nortonetal., 2011) DCM

353 1 Q353Rfs  (Franaszczyk et al., 2014) DCM

379 1 G379Afs  (Franaszczyk et al., 2014) DCM

383 1 S385Qfs  (Villard et al., 2011) DCM

71 2 R71Q (Citro et al., 2013; Villard et al., 2011) NO

77 1 P77L (van der Kolk et al., 2016) NO

151 10 C151R (Aragam et al., 2018; Citro et al., 2013; d'Avenia et al., 2015; de Denus et NO

al., 2020; Esslinger et al., 2017; Garnier et al., 2015; Myers et al., 2018;
Ng et al., 2013; Norland et al., 2019; Villard et al., 2011)
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Site Citation per Mutation  Citation Disease
variant
xngl 1 R258W (Arimura et al., 2011) NO

flt should be noted that R258W mutation was found in a CMT case (Lee et al., 2012), but is also found in 1 DCM case and 5 control case in
another report in which it was considered as a non-disease-associated polymorphism (Arimura et al., 2011). BAG3 variants are coded with colors
that indicate syndromic missense mutation(red), non-syndromic missense mutation(green), truncation (purple) and frame shift(blue). DCM, dilated
cardiomyopathy; MFM, myofibrillar myopathy; CMT, Charcot-Marie-Tooth disease.
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