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Abstract

Tauopathies are a group of heterogeneous neurodegenerative conditions characterized by the 

deposition of abnormal tau protein in the brain. The underlying mechanisms that contribute to the 

accumulation of tau in these neurodegenerative diseases are multifactorial; nonetheless, there is 

a growing awareness that dysfunction of endosome-lysosome pathways is a pivotal factor. BCL2 

associated athanogene 3 (BAG3) is a multidomain protein that plays a key role in maintaining 

neuronal proteostasis. Further, recent data indicate that BAG3 plays an important role in mediating 

vacuolar-dependent degradation of tau. Overexpression of BAG3 in a tauopathy mouse model 

decreased pathological tau levels and alleviated synapse loss. High throughput screens of BAG3 

interactors have identified key players in the vacuolar system; these include clathrin and regulators 

of small GTPases. These findings suggest that BAG3 is an important regulator of endocytic 

pathways. In this commentary, we discuss the potential mechanisms by which BAG3 regulates the 

vacuolar system and tau proteostasis.

Introduction

The microtubule associated protein tau is an evolutionarily conserved protein that, among 

other functions (Tapia-Rojas et al., 2019), modulates the dynamics of microtubules 

in neuronal axons (Qiang et al., 2018). Tauopathies are a group of heterogeneous 

neurodegenerative conditions characterized by the deposition of abnormal tau protein in the 

brain. Although the underlying mechanisms that contribute to the aberrant accumulation of 

the tau protein have not been fully defined, there is compelling data indicating that impaired 

processing mechanisms are likely a factor. Therefore, elucidating the molecular events that 

mediate tau clearance is essential for understanding the mechanisms underlying tauopathies.
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The vacuolar system plays an essential role in neurons as it is used to orchestrate the 

uptake, sorting, trafficking, degradation, and release of tau. This system includes endocytosis 

for tau uptake, exosomes for tau release, and the endosome-lysosome system for tau 

trafficking and degradation (Brunello et al., 2020;Grant and Donaldson, 2009;Nixon et 

al., 2000;Yan and Zheng, 2021). Of note, dysregulation of the vacuolar systems occurs 

early in the pathogenesis of Alzheimer’s disease (AD) and other neurodegenerative diseases 

(Kimura and Yanagisawa, 2018;Nixon, 2005). Indeed, defects in the lysosomal membrane 

concomitant with the accumulation of autophagosomes, lysosomes, and multi-vesicular 

bodies (MVBs) have been reported in numerous tauopathies including Corticobasal 

Degeneration (CBD) (Piras et al., 2016;Puangmalai et al., 2020), and Progressive 

Supranuclear Palsy (PSP)(Jiang and Bhaskar, 2020), as well as AD (Cataldo et al., 

2004;Nixon, 2005). Conversely, fragmented tau can impair chaperone-mediated autophagy 

(CMA) and lysosomal function, which could lead to enhanced tau oligomerization and 

aggregation (Wang et al., 2009). Further, genome-wide association studies have identified 

a number of genes related to AD susceptibility including: BIN1, PICALM, CD2AP, RIN3, 

SORL1, GRN, and PLD3, which modulate the endosome-lysosome and autophagy pathways 

(Bertram and Tanzi, 2009;Kamboh et al., 2012). Finally, a recent study that analyzed 

snRNA data bases from human excitatory and inhibitory neurons found that the protein 

Bcl-2-associated anthogene 3 (BAG3) was expressed to a significantly greater extent in 

neurons that were resistant to developing tau accumulations compared to neurons vulnerable 

to developing tau aggregates (Fu et al., 2019). Indeed, BAG3 likely plays a key role in 

regulating vacuolar processes that mediate tau clearance, which has been an active area of 

investigation in our lab for the past decade.

BAG3

BAG3 is a stress-induced, multi-domain protein with expression levels that rise with 

aging potentially reflecting the critical role of BAG3 in maintaining proteostasis and 

neuronal health (Klimek et al., 2017;Lin et al., 2021). The expression of BAG3 shows an 

interesting bi-phasic pattern during the development of the rat central nervous system. In the 

embryonic stage, BAG3 expression increases in the cortical and hippocampal neurons during 

development. These increases in BAG3 continue into the first postnatal week and then 

decline thereafter, suggesting BAG3 plays a role in regulating neuronal development (Choi 

et al., 2006). Subsequently, BAG3 expression increases in the mouse hippocampus from 4 

to 12 months of age, which indicates BAG3 may also play a role in maintaining protein 

homeostasis during aging and that dysregulation could be a contributing factor in age-related 

neurodegenerative conditions (Tang et al., 2018). Indeed, data indicate that BAG3 levels are 

significantly lower in AD cases compared to age matched controls (Zhou et al., 2020).

Our lab was the first to demonstrate a role for BAG3 in clearing tau species in neurons 

(Lei et al., 2015). 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). We also showed that BAG3 regulates autophagic flux in the neurites through 

interaction with the post-synaptic cytoskeleton protein synaptopodin (Ji et al., 2019). In 

our recent study, we investigated the endogenous neuronal BAG3 interactome through 
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unbiased immunoprecipitation-coupled mass spectrometry (IP-MS). Surprisingly, among the 

BAG3-interacting proteins, the endosome-lysosome pathway was the most over-represented. 

These interactors were in three major categories including: GTPase pathways (IQSEC3, 

GAPVD1, TBC1D10B), clathrin (CLTC, DNM2, AP2B1), and the cytoskeleton (Tubb3, 

Tubb2a, Tubb4b, Actb, Capzb, Capza2). In this review, we will review our own findings and 

those of others which shed light on how BAG3 can mediate tau processing by regulating the 

vacuolar system (Lin et al., 2022).

Mechanisms of tau entry into the vacuolar system varies depending on the localization of 

tau. Endocytosis is considered one of the major pathways for the entrance of extracellular 

tau into the vacuole system (Evans et al., 2018;Zhao et al., 2021). Intracellular tau likely 

enters the vacuolar system through endosomal sorting complexes required for transport 

(ESCRT)-mediated or autophagy pathways (Lin, et al., 2021). Here, we will focus on the 

potential involvement of BAG3 in regulating tau’s entrance into the vacuolar system which 

either occurs primarily through the ESCRT pathway for intracellular tau or occurs via 

clathrin-mediated endocytosis (CME) for extracellular tau. For a recent review on the role of 

BAG3 in mediating autophagy-dependent tau clearance, see Ji et al (Ji et al., 2022).

BAG3 regulates Rab35 and ESCRT-dependent entry of intracellular tau into 

the vacuole system

There is a growing awareness that the ESCRT pathway plays an important role in directing 

intracellular tau into the vacuolar system (Chen et al., 2019;Vaz-Silva et al., 2018). ESCRT 

regulates the formation and scission of vesicles that bud away from the cytosol into the 

internal vacuolar system or out of the cells (Schoneberg et al., 2017). The core ESCRT 

machinery is made up of three subcomplexes; ESCRT- I, ESCRT-II, and ESCRT-III. ESCRT-

I (TSG101, VPS28, VPS37 and MVB12 or UBAP1) interacts with ESCRT-II (EAP45, 

EAP30 and EAP20) through VPS28 and EAP45. ESCRT-III (CHMP2 to CHMP6), which 

is recruited by ESCRT-II, collaborates with the ATPase, VPS4, to promote the constriction 

and scission of membrane (Vietri et al., 2020). The ESCRT-0 complex (Hrs and STAM) 

interacts with both ubiquitylated and non-ubiquitylated proteins to target them to the 

endosome (Pridgeon et al., 2009;Yamashita et al., 2008). ESCRT-0 is recruited to the 

endosomal membrane by phosphatidylinositol 3-phosphate, and clusters into microdomains 

via clathrin binding (Migliano and Teis, 2018). ESCRT-0 then recruits in ESCRT-I, leading 

to the assembly of the ESCRT machinery and internalization of captured cargos into the 

endosome (Bache et al., 2003;Katzmann et al., 2003). ESCRT plays an important role in 

multiple cellular process including endosome maturation, membrane repair, and many other 

processes (Gatta and Carlton, 2019). Recent studies have provided evidence that BAG3 

modulates the ESCRT pathway, as it associates with key proteins that regulate ESCRT 

function (Lin, et al., 2021). Further, in a study of the human binary protein interactome, 

BAG3 was found associated with an ESCRT-I core protein, VPS37, and ESCRT-III protein, 

CHMP4C, (Luck et al., 2020).

The regulation of Rabs and other small GTPases plays a key role in coordinating the 

functions of the ESCRT pathway (Kumar et al., 2019;Lumb et al., 2011;Sheehan et al., 

Lin et al. Page 3

Neuroscience. Author manuscript; available in PMC 2024 May 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2016). BAG3 interacts with and regulates the primary GTPase activating protein (GAP) for 

Rab35, TBC1D10B (Hsu et al., 2010;Lin, et al., 2021). Rab35 plays an essential role in 

mediating Hrs-dependent targeting of clients, including tau, to the endosome (Vaz-Silva, et 

al., 2018). The interaction of BAG3 withTBC1D10B prevents it from inactivating Rab35, 

thus keeping it in the active GTP bound state. Reduction of BAG3 levels results in lower 

Rab35 activity (Lin, et al., 2021). Rab35 plays a critical role in initiating recruitment of 

cargos to the ESCRT system (Klinkert and Echard, 2016;Sheehan, et al., 2016); thus, BAG3 

facilitates this process by sequestering TBC1D10B and preventing it from promoting the 

conversion of Rab35-GTP to Rab35-GDP (Hsu, et al., 2010). Further, the mobility of Hrs 

and its association with Rab35 are increased by the presence of BAG3, whereas loss of 

BAG3 decreases Hrs and Rab35 interactions (Lin, et al., 2021). Phospho-tau is one cargo 

that is directed to endo-lysosomal degradation through the ESCRT system (Chen, et al., 

2019;Vaz-Silva, et al., 2018), and thus the modulation of the ESCRT system by BAG3 

plays an important role in regulating the degradation of phosphorylated tau through this 

pathway (Lin, et al., 2021). Indeed, reduction of BAG3 increases the accumulation of 

phosphorylated tau, whereas depletion of TBC1D10B decreases the level of phosphorylated 

tau in neurons (Lin, et al., 2021). Consistent with the notion that the BAG3/TBC1D10B 

association helps regulate tau sorting into ESCRT system, BAG3 knockdown decreases 

colocalization between phospho-tau and CHMP2B, an ESCRT-III component. Furthermore 

depletion of TBC1D10B alone or depletion of both BAG3 and TBC1D10B increases the 

localization of phospho-tau to the ESCRT system (Lin, et al., 2021). Overall, these findings 

show that BAG3 regulates the recruitment of ESCRT-0/Hrs to the endosome, in part by 

interacting withTBC1D10B to attenuate the inactivation of Rab35. Increases in Rab35 

activity lead to the enhanced recruitment of Hrs-associated tau to Rab35. This mechanism 

leads to the internalization of intracellular tau into endosomes for trafficking to lysosomes 

and degradation (Vaz-Silva, et al., 2018).

Another key interactor of BAG3 that we identified was, IQSEC3, a guanine nucleotide 

exchange factor (GEF) for Arf6 (Shoubridge et al., 2010). Arf6 is a small GTPase that 

localizes preferentially in inhibitory post-synapses (Fukaya et al., 2011). The Arf6-GEF 

activity of IQSEC3 is required for maintenance of GABAergic synapse structure, raising 

the possibility that normal levels of Arf6 activity are crucial for GABAergic synapse 

development and maintenance (Sannerud et al., 2011). Arf6 has been reported to play an 

important role in axonal outgrowth, dendritic branching, and spine formation in primary 

cultured cortical and hippocampal neurons (Jaworski, 2007). Recent studies have found that 

Arf6 may play a role in tauopathy. Overexpression of wild-type Arf6 in HEK cells strongly 

enhances tau secretion, which is effectively blocked by Arf6 siRNA (Yan et al., 2016). In 

addition, Arf6 mediates the trafficking of BACE1 to the early endosomal compartment and 

thus the processing of the amyloid protein precursor protein (APP) to form Aβ. Inactivation 

of Arf6 blocks the recycling of cargo proteins from the endosome to the cell surface 

and allows BACE1 and APP to reside longer in the endosomal processing compartment. 

This increases APP processing and consequently enhances Aβ production, which could 

contribute to the development of tau pathology (Reiss et al., 2018;Sannerud, et al., 2011).

Interestingly, Arf6 has an antagonistic relationship with Rab35. For instance, Arf6 activity 

is negatively regulated by ACAP2, which is a Rab35 effector and an Arf6 GAP. Conversely, 
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Arf6 recruits the Rab35 GAP, TBCB1D10B, to clathrin-coated structures to control the 

activity of Rab35 and its loading into clathrin-coated structures (Chesneau et al., 2012). In 

addition, Arf6 stimulates clathrin/AP-2 recruitment to synaptic membranes (Krauss et al., 

2003). Because BAG3 interacts with both a GAP for Rab35 (TBC1D10B) and a GEF for 

Arf6 (IQSEC3), it may be a crucial factor in mediating the relationship of these two key 

small GTPases.

BAG3 also associates with the clathrin heavy chain, which is involved in the maturation 

of the endosome. Interestingly, clathrin and Hrs collaborate to regulate intraluminal vesicle 

(ILV) formation. Hrs recruits clathrin to early endosomes (Raiborg et al., 2001), and then 

clathrin promotes ESCRT-0 disassembly, allowing for ESCRT-mediated formation of the 

ILV (Norris et al., 2017;Raiborg et al., 2006). Interestingly, HSC70, which also binds BAG3, 

participates in the disassembly of endosomal clathrin and ESCRT-0 (Norris, et al., 2017). 

Live cell imaging showed that formation of MVBs is mediated by characteristic, repetitive, 

and concerted recruitment waves of the entire ESCRT machinery to endosomes, starting 

immediately after cargo internalization. The highly coordinated recruitment of ESCRT 

machinery can ensure that the cargo, which is sequestered by ESCRT-0, will be efficiently 

sorted into forming ILVs (Wenzel et al., 2018).

Because BAG3 interacts with components that regulate the ESCRT system, we hypothesize 

that BAG3 plays a key role in mediating the endocytic pathway to control tau’s entrance 

into vacuolar system. We speculate that BAG3, by interacting with key players including 

clathrin, TBC1D10B, IQSEC3, and other mediators of the ESCRT machinery, coordinates 

this highly dynamic process (Figure 1). In this pathway, BAG3 interacts with IQSEC3 

which activates Arf6. The activated Arf6 recruits clathrin to the endosome membrane, 

and TBC1D10B is recruited to the clathrin-coated structures. BAG3 interacts with both 

clathrin heavy chains and TBC1D10B. TBC1D10B is a GAP that inactivates Rab35, and this 

process is controlled by BAG3. The activated Rab35 can inactivate Arf6 through ACAP2. 

The activated Rab35 will then recruit Hrs (ESCRT-0) which binds tau and further recruits 

clathrin and other ESCRT machinery to the endosome membrane. The recruitment of 

ESCRT machinery can ensure that tau, which is sequestered by ESCRT-0, will be efficiently 

sorted into the forming ILV. The recruited clathrin will dissociate Hrs, which makes it 

possible to form other ILVs. During this process, BAG3 directly interacts with TBC1D10B 

to prevent inactivation of Rab35. Moreover, BAG3 interacts with other ESCRT machinery 

components including VPS37 (ESCRT-1) and CHMP4 (ESCRT-III) (Gatta and Carlton, 

2019;Lin, et al., 2021). This evidence indicates that BAG3 may act as a key regulator in fine 

tuning the ESCRT system to regulate tau’s entrance into the vacuolar system.

Summary

It is well-established that endosome-lysosome pathway dysfunction is a significant 

contributor to the pathogenesis of AD and other neurodegenerative diseases (Nixon, 

2005;Pensalfini et al., 2020). Further, there is an increasing awareness of the importance 

of this pathway in tauopathies, as deficits in the vacuolar system occur early and precede 

the accumulation of tau (Nixon, 2005;Pensalfini, et al., 2020). Previous studies have 

established that BAG3 is an autophagy regulator (Klimek, et al., 2017;Sturner and Behl, 
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2017). Recently, several unbiased IP-MS analyses examining BAG3 interactors demonstrate 

its close relationship with endosome-lysosome pathways (Hiebel et al., 2020;Lin, et al., 

2021). These and other data strongly indicate that BAG3 regulates a broad range of vacuolar 

system events, beyond its well-studied role in autophagic processes (Behl, 2016;Ji, et al., 

2019;Klimek, et al., 2017), indicating its role in facilitating tau degradation and preventing 

tau propagation. Indeed, human brains with higher levels of BAG3 in specific neuronal 

populations exhibit a resistance to developing tau pathology (Fu, et al., 2019). The ability 

of BAG3 to protect against tau accumulation in human cases is further supported by data 

demonstrating that BAG3 promotes tau clearance in cultured neurons as well as in tauopathy 

mouse models. Importantly, overexpression of BAG3 in tauopathy mouse models alleviates 

the synaptic loss (Lin, et al., 2021). These findings support the conceptual framework 

that BAG3 is a key regulator of vacuolar system and, thus, an important factor in the 

development of tau pathology.

Future studies

Based on the IP-MS data, neuronal BAG3 interacts with a group of proteins involved in 

CME including the heavy chain of clathrin, AP2 complex subunits, and dynamin. Our 

findings in neurons are also supported by a recent BAG3 proteomic study in HEK cells 

(Hiebel, et al., 2020). These findings clearly indicate a potential role for BAG3 in regulating 

CME. Future studies are needed to define the mechanisms by which BAG3 mediates CME. 

Another important area of study is the interaction of BAG3 with chaperone proteins, as 

the field would benefit from better understanding of how particular chaperone proteins can 

regulate the function of BAG3 in different vacuolar pathways. For example, the interaction 

of BAG3 with HSP70 through its BAG domain dramatically increases its ability to bind 

to and regulate TBC1D10B (Lin, et al., 2021). Indeed, approximately one third of the 

pathogenic mutations in BAG3 that cause myopathies occur in the α2 and α3 helix of 

the BAG domain which can impact the binding of HSP70 to BAG3 (Lin, et al., 2022). 

Further, our preliminary data indicate that the binding of BAG3 with IQSEC3 and GAPVD1 

(a GEF for Rab5) (Hunker et al., 2006) are strongly increased when HSP70 is bound to 

BAG3. These findings indicate that BAG3 likely needs to interact with HSP70 to regulate 

the activity of proteins that regulate small GTPases (TBC1D10B, IQSEC3 and GAPVD1). 

Additionally, our in vitro protein binding assay showed that HSP70 doesn’t directly bind 

with TBC1D10B, but may need interact with BAG3 to associate with TBC1D10B. Future 

studies are needed to define how HSP70’s binding to BAG3 mediates its interaction 

with these GTPase regulators. How BAG3 impacts Arf6 and Rab5 activity and, thus, tau 

clearance through these pathways also needs further investigation. Indeed, overactivation 

of Rab5 has been shown to result in an AD-like phenotype, including the accumulation 

of phosphorylated tau (Pensalfini, et al., 2020). Overall, future studies to delineate the 

mechanisms by which BAG3 mediates vacuolar processes will significantly contribute to our 

understanding of the molecular mechanisms underlying tauopathies.
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Highlights

• BAG3 is a multidomain protein that plays a key role in maintaining neuronal 

proteostasis.

• BAG3 plays an important role in mediating vacuolar-dependent degradation 

of tau.

• In the BAG3 interactome, the endosome-lysosome pathway was the most 

over-represented.

• BAG3 regulates the recruitment of ESCRT-0/Hrs to the endosome, and thus 

tau, in part by interacting withTBC1D10B to attenuate the inactivation of 

Rab35.

• BAG3 is a key regulator of vacuolar system and, thus, an important factor in 

the development of tau pathology.
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Figure 1. BAG3 interacts with clathrin, TBC1D10B and IQSEC3 to form a network regulating 
the endocytic pathway.
IQSEC3, a GEF, activates Arf6 promoting the GTP bounded state. Activated Arf6 recruits 

clathrin to the vacuolar membrane, and TBC1D10B is recruited to the clathrin-coated 

structures. TBC1D10B is a GAP that inactivates Rab35, and this process is controlled by 

BAG3. The activated Rab35 can inactivate Arf6 through ACAP2. The activated RAB35 will 

recruit the ESCRT-0 component, Hrs, which interacts with tau, and further recruit clathrin 

and other ESCRT machinery to endosome membrane. The recruitment of ESCRT machinery 

can ensure that the cargo, which is sequestered by ESCRT-0, will be efficiently sorted 

into forming one intraluminal vesicle (ILV). The recruited clathrin will dissociate from Hrs 

which allows it to proceed and promote the formation of the next ILV. During this process, 

BAG3 directly interacts with and sequestersTBC1D10B, attenuating its ability to inactivate 

Rab35. MVB, multivesicular body.
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