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Abstract

Background: Declining proteostasis with aging contributes to increased susceptibility to 

neurodegenerative diseases, including Alzheimer’s disease (AD). Emerging studies implicate 

impairment of the endosome-lysosome pathway as a significant factor in the pathogenesis of 

these diseases. Previously we demonstrated that BAG3 regulates phosphorylated tau clearance. 

However, we did not fully define how BAG3 regulates endogenous tau proteostasis, especially in 

the early stages of disease progression.

Methods: Mass spectrometric analyses were performed to identify neuronal BAG3 interactors. 

Multiple biochemical assays were used to investigate the BAG3-HSP70-TBC1D10B (EPI64B)-

Rab35-Hrs regulatory networks. Live-cell imaging was used to study the dynamic of endosomal 
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pathway. Immunohistochemistry and immunoblotting were performed in human AD brains and 

BAG3 overexpressed P301S tau transgenic mice.

Results: The primary group of neuronal BAG3 interactors identified are involved in the 

endocytic pathway. Among them were key regulators of small GTPases, such as the Rab35 

GTPase activating protein, TBC1D10B. We demonstrated that a BAG3-HSP70-TBC1D10B 

complex attenuates the ability of TBC1D10B to inactivate Rab35. Thus, BAG3 interacts with 

TBC1D10B to support the activation of Rab35 and recruitment of Hrs, initiating ESCRT-mediated 

endosomal tau clearance. Further, TBC1D10B shows significantly less co-localization with BAG3 

in AD brains than in age-matched controls. Overexpression of BAG3 in P301S tau transgenic mice 

increased the co-localization of phospho-tau with the ESCRT III protein CHMP2B and reduced 

the levels of the mutant human tau.

Conclusion: We identified a novel BAG3-TBC1D10B-Rab35 regulatory axis that modulates 

ESCRT-dependent protein degradation machinery and tau clearance. Dysregulation of BAG3 could 

contribute to the pathogenesis of AD.
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Introduction

Maintaining proteostasis is vital for neuronal function and healthy aging. A critical aspect 

of proteostasis is an efficient system that recognizes and clears damaged or unnecessary 

proteins. Disruption of proteome homeostasis is likely a significant contributing factor to 

the pathogenesis of neurodegenerative diseases that are characterized by the accumulation 

of aggregation-prone proteins, such as Alzheimer’s disease (AD)(1, 2). One of the defining 

hallmarks of AD is the presence of intraneuronal aggregates of phosphorylated tau (3). 

The accumulation of tau, particularly in an oligomeric state, advance AD pathogenesis (4). 

There is increasing evidence that compromised degradative mechanisms, and in particular 

lysosome dysfunction, contribute to the accumulation of toxic tau species and other disease-

relevant proteins (5, 6).

There is compelling evidence that impairment of the endosome-lysosome pathway is a 

significant contributor to the pathogenesis of neurodegenerative proteopathies such as AD 

and Parkinson’s disease (7, 8). The endosome-lysosome pathway is an important protein 

clearance mechanism that directs the engulfment of protein cargo and trafficking to the 

lysosome for degradation. This process depends on the endosomal sorting complex required 

for transport (ESCRT) machinery, which mediates multivesicular body (MVB) formation 

and fusion with the lysosome (9). Deficits in ESCRT and the endosome-lysosome pathway, 

evidenced by enlargement of the early endosome compartment and increased endosome/

lysosome pH, are some of the earliest observable pathological changes in AD and other 

neurodegenerative diseases (10, 11). However, the mechanisms linking endosome-lysosome 

pathway dysregulation to AD pathogenesis have not been fully-elucidated.
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Bcl-2-associated anthogene 3 (BAG3) is a stress-induced, multi-domain protein that is 

increased during aging (12) and plays a critical role in maintaining proteostasis, and thus 

neuronal health (13–17). Interestingly, neurons with higher BAG3 expression are more 

resistant to tau pathology in AD (18), and recent data suggest that BAG3 levels are lower 

in AD brain compared to age-matched controls (15). BAG3 promotes the clearance of tau 

(19) and other disease-relevant aggregation-prone proteins (14, 20). These findings point to 

the importance of BAG3 in maintaining neuronal proteostasis, which has historically been 

attributed to its role in autophagy (13), although the mechanisms involved have not been 

fully defined and it is becoming apparent that this is likely not the only degradative pathway 

regulated by BAG3.

In the present study, we investigated the endogenous neuronal BAG3 interactome 

through unbiased immunoprecipitation-coupled mass spectrometry (IP-MS). Surprisingly, 

the endosome-lysosome pathway was the most over-represented. Intriguingly, a key BAG3 

interactor was the primary GTPase-activating protein (GAP) for Rab35, TBC1D10B ((Tre-2/

USP6, BUB2, Cdc16) Domain Family 10B) (21) (also known as asEPI64B (22)). Rab35 is 

a prominent small GTPase which localizes to endosomes and plays a key role in protein 

clearance (23–25). Activated Rab35 has been shown to recruit Hrs/ESCRT0 and traffic 

tau as cargo to the endosome (26), suggesting that Rab35 can regulate the clearance of 

tau through the ESCRT-mediated endosome-lysosome pathway. However, the regulatory 

mechanisms underlying Rab35 in mediating tau clearance are not well understood.

In the present study, we demonstrate that the association of TBC1D10B with BAG3 

disinhibits Rab35 activation, which in turn keeps Rab35 in a GTP bound, activated state 

resulting in enhanced ESCRT0 recruitment and Hrs mobility. BAG3 also promotes tau 

recognition by ESCRT machinery, resulting in greater MVB trafficking of tau, lower 

hyperphosphorylated tau levels, and rescued neurite density in P301S tau (PS19 line) mice. 

Further, TBC1D10B shows significantly less co-localization with BAG3 in AD brains than 

in age-matched controls. Our findings define a new role of BAG3 in regulating vacuolar-

dependent protein degradation machinery through the TBC1D10B-Rab35-Hrs axis and 

provide a new therapeutic avenue for modulating tau clearance.

Methods and Materials

Reagents

Detailed information of plasmids and antibodies can be found in Supplemental Methods and 

Materials in supplement 1.

Animals

All animal procedures were approved by the University Committee on Animal Research of 

the University of Rochester (Protocol #:2007–023E&ER). Detailed information about the 

mice together with the sample preparation procedures are listed in Supplemental Methods 

and Materials in Supplemental Methods and Materials in supplement 1.
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Other experiment procedures

Experiment procedures including cell culture, generation of lentivirus, live-cell 

imaging, stereotaxic surgeries, mass spectrometry analysis, Rab35 activity assay, 

immunoprecipitation, immunoblotting, immunohistochemical and Immunofluorescence 

staining can be found in Supplement 1.

Statistical analysis

All image measurements were obtained from the raw data. GraphPad Prism was used 

to plot graphs and perform statistical analysis. The statistical tests used are denoted in 

each Figure legend, and statistical significance was defined as *p<0.05 and **p<0.01. All 

immunoprecipitation data are repeated at least twice. For the live-cell imaging analysis, the 

difference of Hrs mobility curves (Figure 6D) was transformed into an accumulation curve 

and then analyzed using the Kolmogorov–Smirnov test.

Results

BAG3 has been shown to play a role in autophagy (19, 27). However, as a co-chaperone 

protein with multiple domains, BAG3 likely has regulatory functions beyond autophagy 

through its interaction with other proteins. To better understand the role of BAG3 in 

mediating these processes, we used IP-MS analysis to identify interactors of endogenous 

BAG3 in mature primary neuron cultures. We identified 127 high-confidence BAG3-

interacting proteins in the immunoprecipitates from neurons transduced with scrambled 

virus compared to shBAG3-mediated knockdown neurons (Supplement Table 1). We 

validated several of these putative BAG3 interactors, including MAP6 and clathrin heavy 

chain, by immunoprecipitation (Supplemental Figure S2A&B). KEGG analysis of these 

BAG3 interactors revealed endocytosis as the highest over-represented pathway (Figure 

1A). Protein interaction mapping using STRING identified clusters of endocytosis-related 

and chaperone/co-chaperone proteins (Figure 1B and Supplemental Figure S3). GAPs play 

crucial roles in endocytosis (28, 29). TBC1D10B (also known as EPI64B or FP2461) is 

one of the major GAPs for Rab35 (21, 30) and was identified as a BAG3 interactor. Rab35 

regulates endocytosis, recycling of synaptic vesicles, neurite elongation (23, 31), and the 

targeting of tau to the endolysosome compartment (26). Given the pivotal role of Rab35 

in mediating vacuolar processes, neuronal health, and tau clearance, we investigated the 

potential role of BAG3 in mediating endosome/lysosome pathways via interacting with 

TBC1D10B.

BAG3 interacts with TBC1D10B in hippocampal and cortical neurons.

To verify the interaction of TBC1D10B with BAG3, we demonstrated that endogenous 

BAG3 co-immunoprecipitated with TBC1D10B from rat cortical neuron lysates (Figure 

2A). Immunohistochemistry (IHC) of 8-month-old wildtype WT mouse brain showed 

TBC1D10B puncta co-localized with BAG3 throughout neurons in the CA1 region of the 

hippocampus (Figure 2B). Like our in vivo observations, in rat primary neuronsTBC1D10B 

co-localized with BAG3 in the soma in punctate-like structures (Figure 2C–E). Co-

localization analysis (32) showed overlap between TBC1D10B puncta and BAG3 in the 

soma (12.4 ± 2.8 %, mean ± SEM). Together, these data show BAG3 and TBC1D10B 
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interact and co-localize in neurons. Extending this to postmortem human brains, the co-

localization of BAG3 with TBC1D10B was significantly reduced in human AD brain 

samples compared with age-matched controls (Figure 2F–I).

The interaction of BAG3 with TBC1D10B is facilitated by HSP70.

Given the plethora of domain-specific BAG3 interactors (14), we next assessed which 

domain(s) in BAG3 facilitate TBC1D10B interaction using a co-expression model in BAG3 

knockout (KO) HEK cells. FLAG-TBC1D10B was co-expressed with WT and mutant forms 

of BAG3 followed by co-immunoprecipitation (Figure 3A). WT BAG3 readily associated 

with TBC1D10B, as did BAG3 with the GPG mutation, which is a mutation of the IPV 

domains that prevents association with small heat shock proteins (33, 34).. The WAWA 

mutant form of BAG3, which prevents BAG3 WW domain association with synaptopodin-2 

(myopodin) (35) and synaptopodin (27), decreased the apparent co-immunoprecipitation 

of BAG3 with TBC1D10B. Strikingly, the L462P mutation in the BAG domain BAG3, 

which mediates binding with HSP70 (36, 37), abolished its interaction with TBC1D10B. 

L462P is a rare mutation in BAG3 that causes cardiomyocyte protein aggregation and dilated 

cardiomyopathy (37), and has been speculated to decrease BAG3-HSP70 association. To 

assess whether HSP70 is involved in modulating BAG3-TBC1D10B interaction, we first 

verified that the L462P mutation of BAG3 strongly decreased (>50%) the association with 

HSP70 using a co-expression model of WT or L462P BAG3 with V5-HSP70 in BAG3 KO 

cells (Figure 3B). Next, we examined whether modulating HSP70 levels or activity regulated 

BAG3-TBC1D10B interaction. HSP70 over-expression resulted in enhanced BAG3 co-

immunoprecipitation with TBC1D10B compared to mock-transfected HEK cells (Figure 

3C). Pharmacological inhibition of HSP70 ATPase activity and HSP70-BAG3 association 

using 10μM YM-01 (38) disrupted BAG3-TBC1D10B co-immunoprecipitation (Figure 3D). 

Pairing V5-HSP70 over-expression with YM-01 treatment prevented this loss of BAG3-

TBC1D10B association, likely due to saturation of YM-01 with exogenous HSP70. Overall, 

these results suggest HSP70 facilitates the association of BAG3 with TBC1D10B.

These findings prompted us to examine if HSP70 associated directly with TBC1D10B, 

independent of BAG3. Co-expressing FLAG-TBC1D10B and V5-HSP70 in BAG3 KO 

HEK cells followed by immunoprecipitation with V5 antibody revealed HSP70 associated 

with TBC1D10B in the absence of BAG3 (Figure 3E). BAG3 interaction prevents the 

degradation of the small heat shock protein HspB8 (34, 39), and we identified that the same 

is true for HSP70, as increased expression of BAG3 greatly increases HSP70 levels (Figure 

3F). To examine if BAG3 regulated the association between HSP70 with TBC1D10B, we 

co-transfected V5-HSP70, FLAG-TBC1D10B, and WT BAG3 or empty vector followed by 

a saturated immunoprecipitation with the V5 antibody. This resulted in equal amounts of 

V5-HSP70 in the control and BAG3 overexpression group pulled down with V5 (Figure 

3G). These data demonstrated that BAG3 greatly enhances the association of HSP70 with 

TBC1D10B. To determine if the interaction is direct, we used recombinant His-TBC1D10B-

FLAG, His-HSP70 and GST-BAG3. Our results confirm that BAG3 directly interacts 

with HSP70 (Supplemental Figure S4A). TBC1D10B directly interacts with GST-BAG3, 

and HSP70 enhanced the association of TBC1D10B with GST-BAG3. The addition of 

ATP didn’t affect the association between BAG3 and TBC1D10B suggesting that HSP70 
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regulates the association of BAG3 and TBC1D10B through an ATP-independent mechanism 

(Supplemental Figure S4B). We didn’t observe an association of TBC1D10B with HSP70 

without the presence of BAG3 suggesting no direct interaction between HSP70 and 

TBC1D10B (Supplemental Figure S4C). Overall, our data indicate that HSP70 facilitates 

the association of BAG3 and TBC1D10B, and that TBC1D10B and HSP70 are linked by 

BAG3 to form a complex.

BAG3 regulates the Rab35 activity through the association of TBC1D10B.

TBC1D10B is a GAP that specifically associates with the GTP bound, active form of Rab35 

and promotes GTP hydrolysis, leading to the inactivation of Rab35 (21). To determine how 

BAG3 may regulate the function of TBC1D10B, neurons were transduced with lentivirus 

expressing scrambled or BAG3 shRNA, followed by immunoprecipitation of TBC1D10B 

and immunoblotting for Rab35. Neuronal BAG3 knockdown alters TBC1D10B-Rab35 

association without modifying total levels of TBC1D10B (Figure 4A). This finding leads 

to two opposing hypotheses: 1) Because GAPs preferentially bind GTP bound Rabs (40, 

41), BAG3 promotes the association of TBC1D10B with Rab35 and leads to the inactivation 

of Rab35 (conversion to GDP-Rab35) and thus decreases Rab35-TBC1D10B interaction; 

2) Binding of BAG3 attenuates the ability of TBC1D10B to stimulate the GTPase activity 

of Rab35, resulting in prolonged association of TBC1D10B with Rab35 (42). To test these 

hypotheses, we used an established Rab35 activity assay based on GST-tagged RBD35, 

which specifically binds the active, GTP-bound form of Rab35 (43). Cell lysates from rat 

neurons transduced with lentivirus expressing scrambled or BAG3 shRNA were incubated 

with GST or GST-RBD35 on glutathione beads, and the precipitates blotted for Rab35. 

Knockdown of BAG3 did not alter total protein levels of Rab35, but instead reduced GTP-

bound Rab35 (Figure 4B). This finding supports our second hypothesis that BAG3 keeps 

Rab35 in a GTP-bound state by associating with TBC1D10B, thereby preventing Rab35 

inactivation.

To examine if disrupting the association of BAG3 with TBC1D10B could also affect 

Rab35 activity, we co-transfected Myc-Rab35 with WT BAG3, L462P BAG3, or empty 

vector in BAG3 KO HEK cells. Repeating the Rab35 activity assay with these conditions 

showed that loss of BAG3 substantially decreased the level of GTP-bound Rab35 without 

affecting its expression level, consistent with our findings in rat cortical neurons (Figure 4C). 

Interestingly, the L462P mutation of BAG3, which greatly disrupted BAG3 association with 

TBC1D10B, also decreased the level of GTP-bound Rab35 (Figure 4C).

Our findings suggest that BAG3 associates with TBC1D10B in order to maintain Rab35 

in an active state. In contrast, depletion of BAG3 or freeing TBC1D10B from BAG3 will 

increase the inactivation of Rab35. This finding further leads to another hypothesis that 

a primary mechanism by which BAG3 regulates the Rab35 activity is through mediating 

the function of TBC1D10B. To test whether BAG3 regulates Rab35 activity through 

TBC1D10B, we examined Rab35 activity in conditions with BAG3, TBC1D10B, or both 

were knocked down using shRNA. Resulting data demonstrated that, compared to scrambled 

shRNA conditions, GTP-bound Rab35 levels are increased when TBC1D10B is knocked 

down, but decreased when BAG3 is knocked down. The decreased GTP-bound Rab35 
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levels observed with BAG3 knockdown was alleviated when TBC1D10B was knocked down 

as well (Figure 4D). Our findings suggest a model where BAG3 inhibits the function of 

TBC1D10B, maintaining active Rab35 levels. Conditions with depleted BAG3, such as in 

AD(15), could therefore lead to inactivated Rab35 and impaired endocytosis.

TBC1D10B has other Rab targets, including Rab8a (44) and Rab27B (45). Therefore, we 

examined if Rab35 is able to rescue the effect of shBAG3 on tau clearance (Supplemental 

Figure S5A). Overexpression of either WT Rab35 or Rab35Q67L significantly reduced 

the increased p-Ser396/404 and p-Thr231 tau levels in response to BAG3 depletion 

(Supplemental Figure S5B–D).

BAG3 interacts with TBC1D10B to regulate tau sorting into the endocytic pathway through 
the ESCRT system.

Rab35 is a GTPase that plays an essential role in the endocytic pathway and facilitates 

tau clearance in neurons (26). BAG3 promotes tau degradation (19) and interacts with 

TBC1D10B (Figure 2A). BAG3-TBC1D10B association regulates the activity of Rab35 

(Figure 4B), and thus TBC1D10B likely plays a role in phosphorylated tau clearance. 

Indeed, our data show that depletion of TBC1D10B in neurons significantly decreased the 

levels of p-Thr231, p-Ser262, and p-Ser396/Ser404 tau in mature neurons (Figure 5A&B). 

We next examined whether combining knockdown of TBC1D10B and BAG3 rescued 

phosphorylated tau levels (Figure 5C). First, we supported our previous results showing 

BAG3 knockdown increased the levels of p-Thr231, p-Ser262, and p-Ser396/Ser404 tau 

in mature neurons (19). Consistent with our proposed model, simultaneous depletion of 

TBC1D10B and BAG3 negated this effect on p-tau levels compared with BAG3 knockdown 

alone (Figure 5D&E). These data suggested that TBC1D10B is downstream of BAG3 

in regulating tau clearance. Since Rab35 clears tau through the ESCRT system (26), 

we hypothesized that BAG3 acts in concert with TBC1D10B to regulate phosphorylated 

tau clearance by similar means. We assessed whether BAG3 knockdown altered the 

co-localization between CHMP2B, an ESCRT III component (46), and p-Ser396/404 

tau in neuronal processes. In BAG3 knockdown neurons, CHMP2B co-localized with p-

Ser396/404 tau significantly less compared with the scrambled group. Depletion of both 

BAG3 and TBC1D10B significantly increased the co-localization of p-Ser396/404 tau 

with CHMP2B (Figure 6 and Supplemental Figure S6A–C). Further, 29.6±4.5% of the 

p-Ser396/404 tau/ CHMP2B co-localized volume is Rab7 positive (Supplemental Figure 

S6D&E), indicating that BAG3 acts with TBC1D10B to regulate phosphorylated tau 

clearance through the ESCRT system.

BAG3 regulates the recruitment of Hrs to Rab35.

When activated, Rab35 recruits Hrs to the surface of the endosome to facilitate the 

recruitment of other ESCRT machinery to form intraluminal vesicles and in directing cargo, 

such as phospho-tau species (26), to the endosome for engulfment (31). Since our data 

suggest that BAG3 regulates the activity of Rab35 through interacting with TBC1D10B, 

we hypothesize that BAG3, by promoting active Rab35, should facilitate the recruitment 

of Hrs to Rab35. In primary neurons, Rab35 co-localizes with Hrs both in the soma 

and neuronal processes, and that this co-localization was significantly decreased in BAG3 
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knockdown neurons (Figure 7A–F). Additionally, 60.8±2.6% of the Rab35/Hrs co-localized 

volume is Rab7 positive and thus at the late endosome (Supplemental Figure S7). The 

recruitment of Hrs to Rab35 to initiate the ESCRT pathway is a dynamic process; Hrs 

must be both recruited and released for intraluminal vesicle formation of MVBs (47). 

Therefore we examined eGFP-Rab35 and Hrs-RFP dynamics using live-cell imaging with 

and without BAG3. In BAG3 KO HEK cells, the majority of Hrs puncta were stationary; 

4.5% of the Hrs puncta moved more than 1μm over 10 minutes (Figure 7G&H). Expressing 

WT-BAG3 rescued Hrs puncta mobility, with 23% of the Hrs puncta moving more than 

1μm over 10 minutes (Figure 7G&H). Additionally, the co-localization of Rab35 with Hrs 

was greatly increased in the presence of BAG3 compared with the BAG3 KO condition 

(Figure 7I). These findings suggest BAG3 enhances the mobility of Hrs and boosts the 

recruitment dynamics of Hrs to Rab35. Next, we examined the regulatory function of BAG3 

and TBC1D10B on the association of Hrs and Rab35 by expressing Myc-Rab35 with 

and without overexpression of BAG3 and TBC1D10B. Co-immunoprecipitation analysis 

revealed that Rab35 and Hrs minimally associate in BAG3 KO cells, but returned to a 

strong association when BAG3 was re-introduced (Figure 7J). Further, overexpression of 

TBC1D10B disrupts the association of Rab35 with Hrs in the presence of BAG3 (Figure 7J). 

These findings suggest BAG3 promotes the recruitment of Hrs to Rab35, and TBC1D10B 

acts downstream of BAG3 to inhibit this recruitment.

We next examined the role of the different BAG3 domains in mediating the recruitment of 

Hrs to Rab35. Since Hrs recruitment is important to initiate the ESCRT pathway to sort 

tau into endosome-lysosome for degradation (26, 47, 48), we also examined tau levels with 

the different BAG3 mutants. To test these hypotheses, we generated stable tau-expressing 

BAG3 KO HEKs cells, followed by co-transfection with Hrs, Myc-Rab35, and WT BAG3 

or BAG3 with different mutations. As expected, WT BAG3, WAWA BAG3, and GPG BAG3 

expression significantly reduced tau levels in BAG3 KO HEKs (Figure 7K&L). Expression 

of L462P BAG3 failed to decrease tau levels, further supporting the importance of BAG3-

HSP70 interactions in tau degradation (Figure 7G&H). Next, we immunoprecipitated Myc-

Rab35 and blotted for Hrs. We found that expressing all BAG3 constructs, except L462P 

BAG3, enhanced the association of Hrs with Rab35 compared with the BAG3 KO condition 

(Figure 7M). Since the L462P mutation of BAG3 disrupted the association of BAG3 and 

TBC1D10B, our findings indicate that BAG3 interacts with TBC1D10B to regulate the Hrs 

recruitment to Rab35.

Hippocampal overexpression of BAG3 alleviates the tau pathology development in P301S 
mice.

Recent reports have suggested BAG3 maintains neuronal proteostasis and acts as a protector 

against tau aggregation (12, 15, 19). We tested whether BAG3 over-expression reduces 

tau pathology in male P301S tau transgenic mice (PS19 line) as it has been reported 

that they develop tau pathology more consistently than females (49–51). Two-month-old 

P301S mice were subjected to bilateral intrahippocampal AAV injections of T2A-hBAG3 

(with an N-terminal FLAG-Myc tag) or eGFP control and collected at 6 months of age. 

Resulting IHC data showed endogenous BAG3 is expressed both in the soma and neurites 

of the CA1 region (Figure 8A). BAG3 was overexpressed at approximately four-fold of 
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that of the control group and found largely limited to the hippocampal region (Figure 

8B&C). BAG3 was found unaltered in the cerebellum, indicating the regional specificity 

of BAG3 overexpression (Supplemental Figure S8A&B). Total human tau (recognized by 

the human tau-specific antibodies HT7 (52) and 5A6 (53)) was significantly decreased 

in the BAG3 overexpression group (Figure 8D&E). Phosphorylated tau species including 

p-Ser262 tau, p-Thr231 tau and p-Ser396/404 tau were similarly significantly decreased in 

the BAG3 overexpression groups compared with the AAV control groups (Figure 8F&G), 

validating our in vitro studies. As expected, total human tau levels were not significantly 

changed in the cerebellum, showing that BAG3-mediated tau clearance is dependent on 

the regional overexpression of BAG3 (Supplemental Figure S8C&D). Quantitative IHC 

also showed p-Ser262 tau and p-Ser396/404 tau were significantly decreased in the CA1 

region in the BAG3 overexpression brains (Figure 8H and I). Moreover, the percentage of 

oligomeric tau (recognized by T22 antibody (54)) positive cells was significantly reduced 

in the BAG3 overexpression group compared with the control group (Figure 8J). Staining 

with the conformation-dependent MC1 tau antibody (55) was also decreased in the CA1 in 

the BAG3 overexpression group (Figure 8K). These findings suggest that overexpression of 

BAG3 reduced the level of pathogenic tau species, indicating an essential role for BAG3 in 

tau clearance in vivo. To extend these findings, AAV9-control or AAV9 shBAG3 particles 

were injected into CA1 of the hippocampus of 15-month-old C57Bl/6 WT mice and 

collected 5 months post-injection. Immunofluorescence staining, as well as immunoblotting, 

demonstrated that expression of BAG3 was greatly reduced in the hippocampus in the 

shBAG3 group (Supplemental Figure S9C–E).). In addition, we observed a significant 

increase p-Ser262 tau in the shBAG3 hippocampi supporting a role for BAG3 in tau 

clearance in vivo (Supplemental Figure S9D&E).

To demonstrate BAG3 promotes the recruitment of Hrs to Rab35 in vivo, we co-

immunostained P301S mouse brains for Hrs and Rab35 and found significantly more Rab35 

co-localized with Hrs in the CA1 region in the BAG3 overexpression group compared with 

the control group (Figure 9A–C). Co-localization of p-Ser396/404 tau with the ESCRT III 

component CHMP2B was also significantly increased in the BAG3 overexpression group 

(Figure 9D–F). Finally, we examined the role of BAG3 in the synapse loss of P301S mice 

(49). IHC staining for MAP2 and PSD95 was used to visualize dendrites and postsynaptic 

compartments, respectively (56, 57). To quantify the density of MAP2 and PSD95, the 

images were reconstructed using the Imaris Surface Rendering Model. Our data showed the 

MAP2 and PSD95 density was significantly increased in the BAG3 overexpression group 

(Figure 10A–C).

Discussion

Proteostatic dysregulation occurs during normal aging and could contribute to the 

pathogenesis of neurodegenerative diseases involving the pathological accumulation of 

protein, such as in AD, which is defined by the presence of aggregates of abnormally 

phosphorylated tau (58–61). The cellular machinery involved in clearing toxic tau species is 

not fully understood, though evidence suggests that these pathways have strong therapeutic 

potential for the treatment of AD (62). BAG3 is ubiquitously expressed and has numerous 

interacting partners ranging from synaptic proteins to many chaperone/co-chaperone 
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proteins (27, 63, 64). The function of BAG3 is likely governed by the expression of cell-

specific interactors and could be sensitive to over-expression, which may explain disparities 

in the BAG3 interactome literature (15, 65).

In this study, we assessed the endogenous neuronal BAG3 interactome and uncovered 

a novel mechanism of BAG3-mediated tau clearance through the endosome-lysosome 

pathway. BAG3 interacts with TBC1D10B, one of the main regulators of Rab35, to control 

the trafficking and clearance of toxic tau species. Mutations in the different domains of 

BAG3 had little effect on tau clearance and TBC1D10B interaction apart from the L462P 

mutation, which impacts BAG3-HSP70 complexing (66), further supporting the importance 

of BAG3-HSP70 association in neuronal proteostasis. This BAG3-HSP70-TBC1D10B 

complex has important implications for the endosome-lysosome pathway. Since TBC1D10B 

inactivates Rab35 (23, 31), this complex implies BAG3-HSP70 monitoring of neuronal 

activities controlled by Rab35, such as presynaptic protein homeostasis, neuritic outgrowth, 

among others (31, 67, 68).

Besides TBC1D10B, BAG3 interacted with other vacuolar-regulating proteins, including 

clathrin heavy chain and AP2a. Interestingly, these interactors may cooperate with 

TBC1D10B and Hrs. TBC1D10B has been found at the level of clathrin-coated pits 

where AP2 is recruited (69). Hrs recruits clathrin to define the timing and morphology of 

intraluminal vesicle formation (47). Furthermore, IQSEC3, a guanine nucleotide exchange 

factor (GEF) (70), was also identified as a BAG3 interactor. Interestingly one of the targets 

of IQSEC3 is Arf6 which is also a regulator for Rab35 through TBC1D10B(30). Therefore, 

a larger BAG3 network may exist to modulate the endocytic pathway.

Our findings support previous studies showing Rab35-mediated tau clearance (26) by 

demonstrating that BAG3 disinhibits Rab35 activity through its interaction with TBC1D10B 

and initiates downstream ESCRT activity through Hrs recruitment, MVB formation, and 

the trafficking of tau species to the late endosome for degradation in an HSP70-dependent 

manner (26, 71, 72). Moreover, we provide the first evidence that upregulating BAG3 

in disease-relevant regions of the brain in vivo ameliorates tau pathology by increasing 

engulfment of tau by ESCRT machinery and rescuing neuritic and synaptic morphology. 

Overall, the present study reports a novel TBC1D10B-BAG3-HSP70 signaling axis for 

further study as a modulator of ESCRT-mediated endosomal protein clearance in aging and 

neurodegenerative diseases (Figure 11).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
BAG3 interacts with proteins of the endocytosis pathway. Rat cortical neurons were 

transduced with lentivirus expressing scrambled (Scr) or BAG3 shRNA. Corresponding 

lysates were immunoprecipitated for BAG3 and associating proteins were run through 

LC-MS/MS. (A) KEGG enrichment analysis of BAG3 associated proteins with PSM 

ratios greater than 3 (Scr/shBAG3), FDR-adj. p-value < 0.01. (B) BAG3-associated protein 

interaction map using STRING. Line thickness indicates the literature interaction. Nodes 

directly linked to vacuolar processes are labeled in red, and nodes that are related to 

chaperone/co-chaperone proteins are labeled in green.

Lin et al. Page 15

Biol Psychiatry. Author manuscript; available in PMC 2023 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
BAG3 associates with TBC1D10B in neurons. (A) Rat cortical neuron lysates were 

immunoprecipitated with an anti-TBC1D10B antibody and immunoblotted for BAG3. An 

indicated fraction of cell lysate was used as input control with GAPDH as loading control. 

Immunoprecipitates were probed for TBC1D10B, BAG3, and Rab35. Vertical dashed lines 

indicate that intervening lanes were removed. However, all images were from the same 

blot and exposure. (B) Representative immunostaining of BAG3 (green) and TBC1D10B 

(red) co-localization in the CA1, counterstained with Hoechst 33342. Scale bars, 20μm. 

(C-G) Neurons were immunostained for BAG3 (red) and TBC1D10B (green). Overlap of 
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BAG3 with TBC1D10B puncta was observed in the soma (F) with corresponding line 

scans (E). Arrowheads indicate areas of overlap. Scale bar, 10 μm. (F, G) Representative 

immunostaining of BAG3 (red) and TBC1D10B (green) co-localization in human AD brain 

and age matched controls. Scale bars, 10 μm. (H) Quantification of the co-localization 

between TBC1D10B, BAG3 tau based on volume. (I) Quantification of co-occurring of 

BAG3 in TBC1D10B, using Mander’s coefficient. 3 slides each from 5 brains in each group 

were used for analysis. Data are shown as mean ± SEM with unpaired Student’s t-test;. *, 

P<0.05; **, P<0.01.
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Figure 3. 
HSP70 facilitates the association of BAG3 with TBC1D10B at the BAG domain. (A) BAG3 

null HEK293TN cells were transiently transfected with FLAG-TBC1D10B together with 

empty vector (Control), wild type BAG3 (WT), or BAG3 with WAWA mutation (WAWA), 

GPG mutation (GPG) and L462P mutation (L462P). Cell lysates were immunoprecipitated 

with an anti-FLAG antibody, followed by blotting for BAG3 and FLAG. Immunoprecipitates 

were probed for FLAG and BAG3. (B) BAG3 null HEK293TN cells were transiently 

transfected with V5-HSP70 together with WT BAG3 or L462P BAG3. Cell lysates 

were immunoprecipitated with a V5 tag antibody, followed by blotting for BAG3 and 

V5. (C) HEK293TN cells were transiently transfected with FLAG-TBC1D10B together 

with an empty vector (Control) or V5-HSP70. Cell lysates were immunoprecipitated 

with an anti-FLAG antibody, followed by blotting for endogenous BAG3, FLAG, and 

V5. (D) HEK293TN cells were transient co-expressed with FLAG-TBC1D10B together 

with an empty vector or V5-HSP70 and treated with 10 μM YM01 or DMSO (vehicle 

control). Corresponding lysates were collected and immunoprecipitated with anti-FLAG 

antibody, followed by blotting for BAG3, V5, and FLAG. (E) BAG3 null HEK293TN 

cells were transiently transfected with V5-HSP70 and FLAG-TBC1D10B. Corresponding 

lysates were immunoprecipitated with anti-FLAG antibody, followed by blotting for V5 

and FLAG. Results of different exposure times for the same blot were separate with a 

vertical dotted line. Indicated fraction of cell lysate was used as input control. (F) BAG3 

null HEK293TN cells were transiently transfected with FLAG-TBC1D10B, V5-HSP70 

together with an empty vector (Control) or wildtype BAG3 (BAG3 WT). Cell lysates were 

immunoprecipitated with anti-FLAG antibody, followed by blotting for BAG3, V5, and 

FLAG. (G) Cell lysate from F was immunoprecipitation with the 0.5μg IgG or V5 antibody 
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which is saturated by V5-HSP70 and blotted for FLAG. GAPDH was used as a loading 

control for all input lanes.
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Figure 4. 
BAG3 associates with TBC1D10B to regulate the Rab35 activity. (A) Rat cortical neurons 

were transduced with lentivirus expressing shBAG3 or a scrambled (Scr) version. Cell 

lysates were immunoprecipitated with an anti-TBC1D10B antibody and immunoblotted for 

BAG3, TBC1D10B, and Rab35. An 8% fraction of cell lysate was used as input control. (B) 

Rat cortical neurons were transduced with lentivirus expressing scrambled (Scr) or shBAG3 

shRNA. Rab35 activity was examined by incubation of cell lysates with purified GST 

or GST-RBD35, followed by precipitation with glutathione beads (43). The precipitated 

samples were blotted for Rab35 and GST. 4% of the cell lysate was used as input control. 

(C) BAG3 null HEK293TN cells were transiently transfected with Myc-Rab35 together 

with empty vector (Control), wild type BAG3 (WT BAG3) or L462P BAG3. Rab35 activity 

was examined by pull-down with GST-RBD35, as described in B. The precipitated samples 

were blot for Rab35 and GST. 1.2% of the cell lysate was used as input control. (D) 

Rat cortical neurons were transduced with lentivirus expressing scrambled (Scr), shBAG3, 

shTBC1D10B, or both shBAG3 and shTBC1D10B shRNAs. Rab35 activity was examined 

by pull-down with GST-RBD35. Arrow indicates the GST-RBD35 fusion protein; **, GST-

RBD35 degradation products, *, GST protein. GAPDH was used as a loading control for all 

input lanes.
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Figure 5. 
BAG3 cooperates with TBC1D10B to regulate tau levels in neurons. (A) Rat cortical 

neurons were transduced with lentivirus expressing scrambled (Scr) or shTBC1D10B 

shRNA. Cell lysates were immunoblotted for TBC1D10B, p-Ser262, p-Ser396/404, and 

p-Thr231 tau. GAPDH is used as a loading control. (B) Relative level of p-tau to total tau. 

Data are shown as mean ± SEM with unpaired Student’s t-test; *, P<0.05, **, P<0.01. (C-D) 

Rat cortical neurons were transduced with lentivirus expressing scrambled (Scr) or shBAG3 

or both shBAG3 and shTBC1D10B shRNAs. Cell lysates were either immunoblotted for 

BAG3 and TBC1D10B for validating the knockdown (C) or p-Ser262, p-Ser396/404, and 

p-Thr231 tau (D). (E) Relative level of p-tau to total tau. Data are shown as mean ± SEM 
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with one-way ANVOA and Tukey’s multiple comparisons test. *, P<0.05, **, P<0.01. For 

all experiment n=3 for each group. Vertical dotted lines indicate that intervening lanes were 

removed, however, all images were from the same blot and exposure.
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Figure 6. BAG3 interacts with TBC1D10B to regulate the tau sorting into the endocytic pathway 
through the ESCRT system.
(A) Rat cortical neurons were transduced with lentivirus expressing scrambled (Scr), 

shBAG3, shTBC1D10B or both shBAG3 and shTBC1D10B shRNAs. Neurons were co-

immunostained for CHMP2B (red) and p-Ser396/404 tau (green). The corresponding line 

scans are shown below for neurites. Arrowheads indicate areas of overlap. Scale bar, 5 μm. 

(B) Quantification of the co-localization between CHMP2B and p-Ser396/404 tau based 

on volume. (C) Quantification of co-occurring of CHMP2B in p-Ser396/404 tau using 

Mander’s coefficient. Data were presented as mean ± SD, N=10 neurites from 6+ cells each 

with one-way ANVOA and Tukey’s multiple comparisons test. *, P<0.05, **, P<0.01.
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Figure 7. BAG3 and TBC1D10B regulate the mobility of Hrs and its interaction with Rab35.
(A-F) Rat cortical neurons that were transduced with lentivirus expressing scrambled (Scr) 

or shBAG3 shRNAs were co-immunostained for Rab35(Green) and Hrs (Red). Overlap of 

Rab35 with Hrs puncta was observed in the soma (A) and neurites (D). Scale bars, 10 μm. 

The corresponding line scans are shown at the bottom for A or right for D. Arrowheads 

indicate areas of overlap. (B, E) Quantification of the co-localization between Rab35 and 

Hrs based on volume. (C, F) Quantification of co-occurring Rab35 in Hrs using Mander’s 

coefficient. N=12 neurites from 6 different neurons in each group. Data was presented as 

mean±SD with unpaired Student’s t-test., *P<0.05, **P<0.01. (G) BAG3 null HEK293TN 
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cells were transfected with BAG3 WT (+BAG3) or empty vector (BAG3 KO), RFP-Hrs, 

and GFP-Rab35. Live-cell imaging was imaged at 0.1 Hz for 10 minutes. G1 and G2, are 

representative snapshots of HEKS with or without BAG3. G1’, G1” and G2’, G2” are 3D 

kymographs of G1 and G2. The white color indicates the co-localized region of Rab35 and 

Hrs over time. Scale bars, 20μm. (H) The graph shows the track distance of Hrs puncta in 

10 minutes. The distance of the track was binned every 0.1 μm. The percentage of events 

is defined as the percentage of tracks of Hrs in a certain distance range in one cell. At 

least 10 cells from each group were analyzed. (p < 0.01, Kolmogorov-Smirnov test). (I) 

Comparison of co-occurring Rab35 in Hrs using Mander’s co-localization coefficient over 

time in BAG3 expressing and BAG3 KO cells. Mean±SD, N=12, with unpaired Student’s 

t-test. **, P<0.01. (J) BAG3 null HEK293TN cells were transfected with Myc-Rab35 and 

with/without BAG3 and TBC1D10B. Corresponding cell lysates were immunoprecipitated 

with anti-Myc antibody and immunoblotted for Hrs and Myc. Four percent of the lysates 

were used for input control. (K-M) BAG3 null HEK293TN cells stably expressing tau were 

transfected with Myc-Rab35 together with empty vector (Control), wildtype BAG3 (BAG3 

WT), or BAG3 mutants. (K) Corresponding lysates were immunoblotted for total tau, Hrs 

and BAG3 and quantified in (L). N=3 for each group. Data are shown as mean ± SEM with 

one-way ANOVA and Tukey’s multiple comparisons test. **, P<0.01. n.s. not significant. 

(M) Cell lysates were immunoprecipitated with Myc antibody and immunoblotted for Hrs. 

For immunoblots shown in F, G, and I, GAPDH was used as a loading control.
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Figure 8. 
Overexpression of BAG3 in P301S mice in the hippocampus reduced the tau levels. Two-

month-old P301S mice were intrahippocampally injected with AAV2/9-eGFP as control 

or AAV2/9-eGFP-hBAG3 (with a FLAG-Myc N terminal tag) for BAG3 overexpression 

(BAG3 O/E), and animals were collected at 6 months of age. (A) Images of the AAV 

injected brains were co-immunostained for BAG3 (red) and Myc tag (purple). The 

immunofluorescence images showed increased levels of BAG3 in the hippocampal region 

in the BAG3 O/E brain. Scale bars, 200μm. (B) Hippocampal lysates from control and 

BAG3 O/E brains were immunoblotted for BAG3. GAPDH is used as a loading control. 
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(C) The graph shows the level of BAG3 normalized to GAPDH and relative to control. 

N=4 for control, n=5 for BAG3 O/E, Data are shown as mean ± SEM with Student’s t-test, 

*P<0.05. (D, E) Hippocampal lysates from control and BAG3 O/E brains were blot for total 

human tau (HT7 and 5A6). The graphs on the right show the quantitative analysis of tau 

normalized to GAPDH and relative to control. N=4 for control, n=5 for BAG3 O/E. (F) 

Representative blots of phosphorylated tau (p-Thr231, p-Ser262, and p-Ser396/Ser404) in 

the hippocampus lysate of control and BAG3 O/E brains. (G) Quantification of the levels 

of phosphorylated tau in control and BAG3 O/E hippocampal lysates. Data were normalized 

to the loading control GAPDH and then compared to controls, N=4 for control, n=5 for 

BAG3 O/E. (H, I) Phosphorylated tau immunofluorescence (p-Ser262 and p-Ser396/Ser404, 

Green) staining in the CA1 with corresponding intensity quantification relative to controls, 

N=4. (J) Oligomeric tau (T22 tau, purple) immunofluorescence staining in the CA1 with 

corresponding quantification, N=3. (K) Pre-tangle and tangle conformation tau (MC1 tau, 

green) immunofluorescence staining in the CA1 with corresponding quantification relative 

to controls, N=3. For all images, scale bars, 20μm and data are shown as mean ± SEM with 

unpaired Student’s t-test;. *, P<0.05; **, P<0.01.
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Figure 9. 
Overexpression of BAG3 in tau transgenic mice promotes Rab35-mediated recruitment 

of Hrs and tau sorting into the endocytic pathway. Two-month-old P301S tau mice were 

intrahippocampally injected with AAV2/9-GFP as control or AAV2/9-GFP-hBAG3 (with 

a FLAG-Myc N terminal tag) as BAG3 overexpression (BAG3 O/E) and collected at 

6-month-old. (A) Representative immunofluorescence staining and co-localization of Rab35 

(Green) and Hrs (Red) in the CA1. (B) Quantification of co-occurring Rab35 in Hrs 

using Mander’s co-localization coefficient. (C) Quantification of the co-localization between 

Rab35 and Hrs based on volume. N=3 with unpaired Student’s t-test.. (D) Representative 

immunofluorescence staining of p-Ser396/404 tau (green) co-localization with CHMP2B 

(red) in the CA1. (E) Quantification of co-occurring of CHMP2B in p-Ser396/404 tau using 

Mander’s coefficient (F) Quantification of the co-localization between p-Ser396/404 tau 

and CHMP2B. All samples were counterstained with Hoechst 33342 (blue) to visualize the 

nuclei. Scale bars denote 20 μm. N=4 with unpaired Student’s t-test. *P<0.05, **P<0.01.
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Figure 10. 
Overexpression of BAG3 in tau transgenic mice in the hippocampus increased the 

density of synapses and dendrites. (A) Representative immunofluorescence images of 

MAP2+ dendrites (green) and PSD95+ postsynaptic compartments (red). CA1 region 

of the hippocampus was imaged with Hoechst 33342 (blue) counterstaining for nuclei 

visualization. The border of each neuron was outlined using the ‘surface’ IMARIS function. 

Scale bars denote 20μm. (B&C) Relative density of MAP2 (B) and PSD95 (C) in the 

depicted area. The density of MAP2 or PSD95 were defined as the volume of fluorescence 

positive area/total area. Data are shown as mean ± SEM, N=4 using unpaired Student’s 

t-test, **, P<0.01.
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Figure 11. 
BAG3-TBC1D10B-Rab35 signaling axis regulates ESCRT and endosomal tau clearance. 

(A) During normal aging, BAG3 level increases (represented by large green shape), 

promoting the association of TBC1D10B-BAG3-HSP70. This prevents TBC1D10B from 

inactivating Rab35, leading to Hrs recruitment and initiation of ESCRT-mediated endosomal 

tau clearance. (B) In AD brains, however, this increase of BAG3 may be attenuated 

(represented by small green shape) (15), which would release TBC1D10B from the 

TBC1D10B-BAG3-HSP70 complex. Free TBC1D10B would thus be able to inactivate 

Rab35 and prevents endosomal clearance of tau, leading to accumulation over time.
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