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Abstract

The decline in proteostasis during aging is a major contributing factor to increased susceptibility
to neurodegenerative diseases such as Alzheimer’'s disease. Although dysfunction of the
autophagy pathway is likely one of the contributors, emerging studies implicate that impairment
of the endosome-lysosome pathway is also a significant factor in the pathogenesis of these
diseases. Our lab was the first to demonstrate that BAG3 facilitates phosphorylated tau clearance
through autophagy. However, we did not fully define the mechanisms by which BAG3 regulates
endogenous tau proteostasis. Here, we applied mass spectrometric analyses and found a major
group of neuronal BAG3 interactors are in the endocytic pathway. Among them were key
regulators of small GTPases. Excitingly one of these was the Rab35 GTPase activating protein,
TBC1D10B. Our data demonstrate that a BAG3-HSP70-TBC1D10B complex attenuates the
ability of TBC1D10B to inactivate Rab35. Thus BAG3, through its interaction with TBC1D10B
supports the activation of Rab35 and recruitment of Hrs, which initiates ESCRT-mediated
endosomal tau clearance. Further, intrahippocampal expression of BAG3 in P301S mice
increased the co-localization of phospho-tau with the ESCRT Il protein CHMP2B and reduced
the levels of the mutant human tau. Overall, our data provide evidence of a novel BAGS3-
TBC1D10B-Rab35 regulatory axis in modulating vacuolar dependent protein degradation
machinery through ESCRT. These findings expand our understanding of the role of BAG3 in
neuronal proteostasis, and how dysregulation could contribute to the pathogenesis of Alzheimer’s

disease, as well as other neurodegenerative diseases.
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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 damaged or unnecessary proteins and clears
them from the cell. 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)[29,49]. One of the defining
hallmarks of AD is the presence of intraneuronal aggregates of phosphorylated tau [54]. The
accumulation of tau, particularly in an oligomeric state, contributes to AD pathogenesis [14]. There
is increasing evidence that compromised degradative mechanisms, and in particular lysosome
dysfunction, likely contribute to the accumulation of toxic tau species, as well as other disease
relevant proteins [58,37].

Degradative pathways that direct cargos to the lysosome include autophagosome-lysosome and
endosome-lysosome pathways, both of which are highly regulated, vacuolar-based degradative
systems. Although dysfunction of the autophagy pathway is likely one of the contributors to
neurodegenerative proteopathies such as AD and Parkinson’s disease [52,11], it is clear that
impairment of the endosome-lysosome pathway is also a significant contributor to the
pathogenesis of these diseases [75,61]. The endosome-lysosome pathway is an important protein
clearance mechanism that directs the engulfment of protein cargo and trafficking to the lysosome
for degradation. A key to this process is the endosomal sorting complex required for transport
(ESCRT) machinery, which mediates multivesicular body (MVB) formation and fusion with the
lysosome [55]. Additionally, deficits in ESCRT and the endosome-lysosome pathway have been
observed in AD and other neurodegenerative diseases [32]. For example, enlargement of the
early endosome compartment and increased endosome/ysosome pH have been considered as
the some of the earliest pathological changes in AD [10]. Further, studies in cell models have
shown that compromised ESCRT leads to endolysosomal escape of tau seeds and propagation
of tau aggregation [13], and mutation of the ESCRT Ill protein CHMP2b causes frontotemporal
dementia [67]. Given that defects in the endosome-lysosome pathway likely contribute to the
pathogenesis of neurodegenerative diseases, it is of critical importance to understand the

regulation of this pathway.

Bcl-2-associated anthogene 3 (BAG3) is a stress-induced, multi-domain protein that plays a
critical role in maintaining proteostasis, and thus neuronal health [5,69,82,12]. As a stress-induced
protein, BAG3 protein levels increase during ageing [71]. Interestingly, BAG3 is expressed at

higher levels in neurons that are resistant to tau pathology compared to those that are susceptible
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[23], and recent data suggest that BAG3 levels are lower in AD brain compared to aged-matched
controls [82]. BAG3 has been shown to promote the clearance of tau [51] and other disease-
relevant aggregation prone proteins such as a-synuclein [8], mutant SOD1, and mutant huntingtin
[69]. These findings point to the importance of BAG3 in maintaining neuronal homeostasis, and
this supposition is largely due to its ability to facilitate autophagy [5]. Nonetheless, the specific
molecular mechanisms by which BAG3 regulates autophagy in neurons have not been
unequivocally elucidated and it is becoming apparent that this is likely not the only degradative
pathway regulated by BAG3.

Given the importance of BAG3 in maintaining the neuronal proteome, we focused our studies on
defining the molecular events regulated by BAG3. Therefore, we carried out an unbiased
proteomic screen of BAG3 interactors in neurons by using mass spectrometric analysis of proteins
that co-immunoprecipitated with endogenous BAG3. Interestingly, KEGG analysis of the BAG3
associated proteins revealed that the top pathway was the endocytosis pathway. These findings
further indicate the potential role of BAG3 in regulating protein homeostasis through modulating
the endosomal-lysosome pathway. Of particular interest was the fact that several of the proteins
were regulators of small GTPases, and most excitingly we found that the primary GTPase-
activating protein (GAP) for Rab35, TBC1D10B((Tre-2/USP6, BUB2, Cdc16) Domain Family 10B),
[31] is a bona fide BAG3 interactor. Rab35, which localized to endosomes and the plasma
membrane, is involved in vacuole and protein trafficking, synapse vesicle turnover, and protein
clearance [45,57,65]. Further, a recent study showed activated Rab35 recruits Hrs/ESCRT-0, and
traffics tau as a cargo, to the endosome [72]. These finding suggested that Rab35 plays a central
role in the clearance of tau through the ESCRT-mediated endosome-lysosome pathway.

Therefore, it is of great importance to understand the regulation of Rab35 activity.

In the present study, we demonstrate that the binding of TBC1D10B by BAGS inhibits its ability to
inactivate Rab35, which in turn keeps Rab35 in a GTP bound, activated state. BAG3 not only
promotes the activation of Rab35 and recruitment ESCRT-0/Hrs, but also increase the mobility of
Hrs. Furthermore, BAG3 promotes the association of Hrs with tau, and increases phosphorylated
tau sorting into MVBs in vivo. Intrahippocampal delivery of BAG3 in P301S tau (PS19 line) mice
significantly decreased tau levels, increased the co-localization of phospho-tau with the ESCRT-
Il protein CHMP2b and increased the density of neurites. Our findings define a new role of BAG3
in regulating vacuolar dependent protein degradation machinery through the TBC1D10B-Rab35-

Hrs axis.
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Materials and Methods
Reagents

Constructs: lentiviral vectors: shBAG3 (5-AAGGTTCAGACCATCTTGGAA-3) and BAG3-
scrRNA (5’-CAGTCGCGTTTGCGACTGG-3’) in FG12 (with an H1 promoter) [51], or pHUUG
with a U6 promoter (a generous gift of from Dr. C.Préschel, University of Rochester) with and
without GFP were used. shTBC1D10B (5-GCTGTCTTAATTTGCCTTTGG-3’) and shRab35 (5-
CGATTGTGGTGATGTAGCTG-3’ targeting the ORF region and 5-
ATTTGTTAAGAGAATGCTCC-3' targeting the 3'UTR region) were prepared in pHUUG. pcDNA3
TBC1D10B (NM_015527.3 (ORF sequence) in pcDNA3.1+/C-(K)-DYK (FLAG tagged)) was
prepared by and purchased from Genscript (Genscript, NJ). Myc-Rab35 (plasmid#47433), Myc-
Rab35 Q67L (plasmid #47434), eGFP-Rab35 (plasmid #49552), and pCS2 Hrs-RFP (plasmid
#29685) were from Addgene. BAG3, WAWA BAG3 [40] (with W to A substitutions at positions 26
and 49), and L462P BAG3 in pcDNA (generous gifts from Dr. J. Héfeld, University of Bonn) were
used as templates to clone into the lentiviral pCDH backbone (System Biosciences CD516-B2,
CA) using Gibson assembly (New England Biolabs, #2611, MA). pCDH-GPG BAG3 was
generated by mutation of the two IPV domains of BAG3 in pcDNA to GPG (with IPV to GPG
substitution at position 95~97 and 207~209) and cloning into the pCDH backbone. pCDH-T4 tau-
T2A-RFP was generated by cloning T4 tau (ON4R) from T4 tau-pcDNA3.1 [18] using Gibson
assembly into the lentiviral pCDH backbone, replacing the Puromycin resistant gene. pGEX-
RBD35 was generated by cloning the Rab35-binding region of RUSC2 (RUN and SH3 domain-
containing 2; amino acid residues 982-1,199) from cDNA derived from mouse brain into pGEX-
6P-2 (#GE28-9546-50, Millipore Sigma) at the BamH1 and Notl sites. Lentiviral packaging
vectors psPAX2 (#12260) and VSV-G (#12259) were from Addgene. AAV control virus (AAV9-
SYN1-eGFP) and AAV BAG3 overexpression virus (AAV9-SYN1-GFP-T2A-BAG3 [with an N
terminal FLAG-Myc tag]) were purchased from Vector Biolabs (Vector Biolabs, PA).

Antibodies: rabbit antibodies include: BAG3 (Proteintech, 10599-1-AP), TBC1D10B (Invitrogen,
PA5-61832), V5 Tag (Cell Signaling Technology, #13202), Rab35 (Proteintech, 11329-2-AP),
PSD95 (Cell Signaling Technology, #3450S), Hrs (Cell Signaling Technology, #15087), tau (Dako,
A0024), phospho-Tau (Thr231)(AT180 Thermo Fisher OPA-03156), CHMP2B (Proteintech,
12527-1-AP), Normal Rabbit IgG (EMD Millipore 12-370). Mouse antibodies include: Hrs (Santa
Cruz, sc-271455), Myc Tag (Cell Signaling Technology, #2276), FLAG Tag (Cell Signaling
Technology, 8146), MAP2 (AP14, a gift from Dr. L.l. Binder [7,60]), clathrin (Santa Cruz, sc-
271178), MAP6 (Biolegend, 824701), MC1 (a gift from Dr. P. Davies) , 5A6 (DSHB, Univ. lowa),
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HT7 (ThermoFisher, MN1000B), tau5 (a gift from Dr L.l. Binder [7,60]), T22 (Millipore Sigma,
ABN454), phospho-Tau (Ser262) (12E8, a gift from Dr. P. Seubert), phospho-Tau (Ser396/404)
(PHF1, a gift from Dr. P. Davies), GAPDH (Invitrogen, AM4300), Normal mouse IgG (EMD
Millipore 12-371). Secondary antibodies include Alexa Fluor 594 donkey-anti-rabbit, Alexa Fluor
594 donkey-anti-mouse, Alexa Fluor 488 donkey-anti-mouse, Alexa Fluor 488 donkey-anti-rabbit,
and Alexa Fluor 647 donkey-anti-mouse (Thermo Fisher Scientific). Conformation specific mouse
anti-rabbit 1gG (Cell Signaling Technology, #5127S). Anti-rabbit IgG HRP-conjugated Antibody
(Bio-rad 5196-2504), Anti-mouse 1gG HRP-conjugated Antibody (Bio-rad 5178-2504).

Animals

All mice and rats were maintained on a 12 h light/dark cycle with food and water available ad
libitum. All procedures were approved by University Committee on Animal Research of the
University of Rochester. Male P301S mice (PS19 line) were purchased from Jackson laboratories
(Stock # 008169). There were 4-5 animals in each group for all quantitative analyses. All
procedures were approved and performed in compliance with the University of Rochester

guidelines for the care and use of laboratory animals.

To prepare samples for analyses, mice were deeply anesthetized with isoflurane and perfused
with phosphate-buffered saline (PBS), followed by decapitation and rapid brain removal. The
cortex and hippocampus of a half hemisphere were dissected out, collected, and quickly frozen
for immunoblot analyses. The other hemisphere was fixed with 4% paraformaldehyde for 2 hours
at 4°C, then cryoprotected by a transfer to 15% sucrose, followed by 30% sucrose solution in PBS
until it sank in the latter. Each hemisphere was briefly dabbed with a lint-free wiper to remove
excess sucrose and then rapidly frozen in cooled 2-methylbutane for 30 s on dry ice. Samples
were kept at -80°C prior to sectioning and immunohistochemical analysis. All samples were stored

at -80°C until further use.
Stereotaxic surgeries

For BAG3 overexpression, 2-month-old P301S male mice received intrahippocampal injections
of either AAV9-SYN1-eGFP or AAV9-SYN1-eGFP-2A-hBAG3 in both hemispheres and sacrificed
4 months post injection. Animals received intrahippocampal AAV injections while under isoflurane
anesthesia (1.75 % isoflurane in 30/70 % oxygen/nitrogen gas) using a Kopf stereotactic
apparatus [16]. Mice were secured using ear bars and a head holder. Ophthalmic ointment was
applied to prevent drying of the eyes. Betadine was used to disinfect the scalp prior to incision

with a scalpel. A 0.5-mm burr hole was drilled 1.8 mm caudal and 1.8 mm lateral from the bregma.
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A 33-GA needle was lowered 2 mm over 2 minutes. A Micro-1 microsyringe pump controller
(World Precision Instruments) was used to inject 5 yL of AAVs using the convection-enhanced
delivery (CED) method resulting in delivery of approximately 3x10!! infection particles/mL into
each hippocampus as previously described [42]. The needle was left in place for two additional
minutes before it was slowly removed. The burr hole was filled with bone wax (Ethicon, Somerville,
NJ), and the incision closed with 50 Dermalon sutures (Covidien, Mansfield, MA). Betadine and
topical lidocaine were applied to the top of the suture to prevent infection and for analgesia,
respectively.

Cell culture

Primary cortical neurons were prepared from rat embryos at E18 and cultured as previously
described with some modifications [35]. In brief, cerebral cortices were isolated from the
embryonic rat brains, meninges were removed, then the cortices were transferred into trypsin-
EDTA (0.05%) (Corning, MT25053Cl). Digestion in trypsin occurred for 15-20 minutes in a 37°C
water bath. Following gently trituration, neurons were plated at a density of 100,000 cells/cm? for
biochemical studies, and at a density of 10,000 cells/cm? on coverslips for imaging. Both culture
dishes and coverslips were coated with poly-D-lysine (Sigma, P6407). Neurons were grown up
to DIV 22 in Neurobasal medium (Thermo Fisher Scientific) supplemented with 2% B27 (Thermo
Fisher Scientific) and 2 mM GlutaMax (Thermo Fisher Scientific). Half of the media was replaced
every 3-4 days. For lentiviral transduction, DIV7 neurons were treated with virus for 16-24 hours

followed by a half medium change.

HEK293T cells (System Biosciences, #LV900A-1) were grown in DMEM medium supplemented
with 10% fetal bovine serum (FBS), 2 mM GlutaMax and penicillin/ streptomycin on 60 mm dishes
until 80% confluent. HEK cells were transfected with 2-3 ug of the designated construct or empty

vector using the PolyJet (SignaGen Laboratories, SL100688).

HEK293T cells were treated with 10 uM YMO1 [2] (Sigma #SML0943) or DMSO as vehicle control

at for 24 hours before collection for western blot analysis.
Creation of BAG3 null cell line by Crispr/Cas9 system

HEK293T cells were transfected with BAG3 gRNA plasmid (QRNA_eSpCas9-2A- GFP (PX458),
GenScript). 20bp gRNA sequence was TCTGTCATGCCGCCACGTAA. Successful delivery of
gRNA plasmid was confirmed by visualizing GFP expression. Cells were collected and
resuspended in 1ml PBS with 2% FBS. Using fluorescence activated cell sorting (FACS), cells

expressing GFP fluorescence were sorted into 96-well plate individually and allowed to grow for
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14 days. Cell colonies were expanded, and the knockout of BAG3 was determined by
immunoblotting. Tau (ON4R) expressing BAG3 null HEK293TN cells were generated by
transducing BAG3 null HEK293TN cells with T4 tau-T2A-RFP expressing lentivirus, followed by

fluorescence activated cell sorting.
Lentivirus

To generate lentiviral particles, lentiviral vectors were co-transfected with viral packaging vectors
into 70% confluent HEK293TN cells using PolyJet. Media were changed into DMEM containing
1% FetalClone-Il serum (Hyclone, SH30066.03) 16h after transfection. The transfected HEK cells
were then incubated at 33°C and 5% CO. to slow their proliferation. Virus was collected at 64h
after transfection and filtered through a 0.2 ym syringe filter to remove cell debris. Viral media
was concentrated by ultracentrifugation at 4°C and resuspended in Neurobasal media.
Concentrated virus was aliquoted, snap frozen, and stored at -80°C.

Mass Spectrometry Analysis

Rat primary cortical neurons transduced with either pHUUG-Scr or pHUUG-shBAGS3 lentivirus at
DIV16 were collected at DIV 22. BAG3 antibody (Proteintech, 10599-1-AP) was coupled to
Dynabeads using the Dynabeads Antibody Coupling Kit (Thermo Fisher Scientific, Cat # 14311D).
Cell lysates were immunoprecipitated with BAG3 antibody coupled beads. After washing, protein
was eluted with a low pH elution buffer (0.1M citrate, pH 2.95). 1 M Tris (pH 8.8) was added
immediately to the eluate to correct the pH and the samples were submitted to URMC Mass

Spectrometry Resource Facility for mass spectrometry analysis.

Samples were run into a 4-12% SDS-PAGE gel to remove contaminants and create a ~10mm
length region. These regions were excised, cut into 1mm cubes, de-stained, then reduced and
alkylated. Gel pieces were dehydrated and trypsinized at 37°C overnight. Peptides were
extracted the next day, then dried down in a CentriVap concentrator (Labconco). Peptides were
desalted, dried again, and reconstituted in 0.1% TFA. Peptides were injected onto a homemade
30 cm C18 column with 1.8 um beads (Sepax), with an Easy nLC-1000 HPLC (Thermo Fisher),
connected to a Q Exactive Plus mass spectrometer (Thermo Fisher). The Q Exactive Plus was
operated in data-dependent mode, with a full MS1 scan followed by 10 data-dependent MS2

scans.

Raw data was searched using the SEQUEST search engine within the Proteome Discoverer
software platform, version 2.2 (Thermo Fisher Scientific), using the SwissProt Rattus norvegicus

database. Label-free quantitation using Minora was used to determine relative protein abundance
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between samples. Percolator was used as the FDR calculator, filtering out peptides which had a
g-value greater than 0.01. Identified proteins that showed a greater abundance in the Scr group
compared to the shBAG3 group (PSM (Scr/shBAG3)>3) were selected and KEGG analysis was

performed with String online platform (string-db.org).
Immunoblotting

Cell or tissue lysates were denatured in 1x SDS sample buffer at 100°C for 10 min before being
loaded onto each lane of 10%-15% SDS-PAGE gels. After electrophoresis, proteins were
transferred onto nitrocellulose membranes. Membranes were then blocked in TBS-T (0.1%
Tween-20) containing 5% non-fat dry milk for 1h at room temperature. Primary antibodies were
diluted in blocking solutions followed by incubation at 4°C overnight. The next day, membranes
were further incubated with secondary antibody for 1h at room temperature. After thoroughly
washing, membranes were visualized by enhanced chemiluminescence and images captured
using the KwikQuant™ Imager (Kindle Biosciences, LLC). The intensity of each band was
guantified using Image Studio Lite (Li-Cor). GAPDH was used as loading controls. Treatments
were then normalized to their corresponding control sample and expressed as a fold difference

above the control.
Immunohistochemical staining

Brain slices (30 um) were prepared from mouse brains fixed with 4% paraformaldehyde using a
sliding microtome (VWR 89428-70) with a freezing stage (PhysiTemp Instruments BFS-
3MP/PTU-3). The brain sections were washed three times using 0.15 M phosphate buffer (0.05M
NaH2PO4, 0.1M Na;HPO,) to remove the cryoprotectant. Sections were mounted on poly-D-lysine
coated slides (Thermo Fisher), antigen retrieval was performed, and the slides were blocked with
PBS containing 5% BSA and 0.1% tween 20 for 1 h at room temperature. The sections were
incubated with primary antibody in 5% BSA in PBS overnight at 4°C. The next day, slices were
incubated for 1 h at room temperature with Alexa Fluor™-conjugated secondary antibody
including Alexa Fluor™ 594 donkey-anti-rabbit, Alexa Fluor™ 488 donkey-anti-rabbit, or Alexa
Fluor™ 647 donkey-anti-rabbit (Thermo Fisher Scientific). Alternatively, they were labeled using
the MOM kit (BMK-2202, Vector laboratories), followed by three washes with PBS and labeling
with Streptavidin Alexa Fluor™ 488 or 647 (Thermo Fisher Scientific). The brain sections were
coverslipped with ProLong Diamond Antifade Mountant (Thermo Fisher Scientific, P36961). The
slides were imaged using a Nikon A1R HD laser scanning confocal microscope (Nikon). The brain
sections were imaged at CA1 of hippocampus with Nikon ECLIPSE Ti2 and recorded by NIS-

Elements (Version 5.11) software. Resulting images were pseudocolored for illustration purposes.
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Immunofluorescence

Neurons grown on coverslips were rinsed with PBS twice and followed by fixing in PBS containing
4% paraformaldehyde and 4% sucrose for 5 minutes at room temperature. Then, neurons were
permeabilized in PBS containing 0.25% Triton X-100 and were blocked with PBS containing 5%
BSA and 0.3 M glycine. Primary antibodies were diluted in blocking solution, added to the
coverslips, and incubated on a shaker at 4°C overnight. Alexa Fluor 488/594/647 conjugated
secondary antibodies were diluted in blocking solution and incubated with neurons for 1 hour at
room temperature. Coverslips were counterstained with Hoechst 33342 and mounted with
ProLong Diamond Antifade Mountant. Images were acquired on a Nikon A1R HD scanning
confocal microscope using a 40x objective with a 2x optical magnification. Resulting images were
pseudocolored for illustration purposes.

Live cell imaging

BAG3 null HEK293TN cells on 25mm coverslips were transfected with control vector or BAG3
expression vector together with GFP-Rab35 and Hrs-RFP. The coverslips were placed in an
Attofluor™ Cell Chamber (#A7816, Thermo Fisher Scientific) with Krebs-Ringer Solution at 36
hours post transfection. During imaging, cells were placed inside a heating chamber (TIPA plate
adapter for Nikon TIA) at 37 °C. Live cell imaging of fluorescent proteins was performed using a
Nikon A1R HD laser scanning confocal microscope and images were acquired with a 60x Oil
objective. Images obtained by Nikon ECLIPSE Ti2 and recorded by NIS-Elments (Nikon, Version

5.11) software at a rate of 6 frame per minute for 10 minutes.

Live cell image stacks were analyzed using Imaris Cell Imaging Software (Bitplane, Switzerland).
Briefly, kymographs were generated using the function of swap time and z, and the rendered
images were rotate 45 degree. The mobility of Hrs-RFP was determined by using the spots
module in Imaris. First spots were generated for the Hrs-RFP range of 1~2um in diameter. Next,
the spots were tracked over 10 minutes and the track of the spots were recorded. Finally, the
total length of the different tracks was binned every 0.1 ym. Over 10 cells for each group were

used for analysis.
Immunoprecipitation

Cells were lysed in ice-cold lysis buffer (50 mM Tris, 150 mM NacCl, 0.4% NP-40, 1 mM EDTA, 1
mM EGTA, pH7.4) supplemented with protease inhibitor cocktails and phosphatase inhibitors.
Cell lysates were briefly sonicated then centrifuged at 13,200 rpm for 10 minutes at 4°C. Cleared

supernatants (500 ug) were mixed with 2 ug normal rabbit/mouse IgG control or primary antibody,
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followed by incubation at 4°C for 24h. Antibody/antigen mixture was incubated with Dynabeads
M-280 sheep anti-rabbit or mouse IgG (Thermo Fisher Scientific) for 6h at 4°C on the following
day. An aliquot of protein lysate was saved for input control. After thoroughly washing the beads,
bound fractions were eluted in sample loading buffer by boiling at 100°C for 10 minutes. Proteins
were then resolved by SDS-PAGE. To reduce the background of heavy chain and light chain from
IgG and antibodies, a conformation specific mouse anti-rabbit IgG, a secondary rabbit antibody,
was used following the precipitation of TBC1D10B.

Rab35 activity assay

The Rab35 activity assay was performed as previously described [46]. Briefly, pPGEX (GST only)
or pGEX-RBD35 were transformed into BL21 E. coli, and GST and GST-RBD35 protein
expression was induced with IPTG, followed by purification using glutathione S-transferase beads
(Ge healthcare, #17-5132). The proteins were eluted and concentrated with Amicon Centrifugal
Filter Units 10K (GST) and 50K (GST-RBD35) (Millipore) to remove excessive glutathione. Cell
lysates from 10 cm dishes were collected and incubated with 1.25 ug of GST or GST-RBD35
recombinant protein, followed by precipitation with glutathione S-transferase beads. The
precipitated samples were analyzed by immunoblotting and 1~4% of the cell lysates were used

as input controls.
Image analysis

Immunofluorescence images were opened and processed with combination of Image J and Imaris.
Region of interests were either selected around the soma, or a line (line width equals 120 pixels)
was drawn along processes, followed by straightening with Imaris. Line scans were generated
using the plot profile tool in Fiji (line width of one pixel). Intensity values for a given marker were

normalized by subtracting the minimum background and dividing the dataset by its maximum.

Colocalization analysis was done using Imaris. Specifically, regions of interest were selected at
the molecular layer in the CA1 region of the hippocampus (Fig 2b, Fig 9 a and b) or along
processes with a line width of 200 pixels, followed by straightening (Fig 2c-f, Figs 6a, Fig 7a and
d). Co-localization module was used, and different fluorescence channels were thresholded to
generate a new colocalization channel. Mander’s colocalization coefficients were used to quantify

the overlapping of fluorescence intensity[1].

Western blot images were turn into Black and white with photoshop software (Adobe, Ver, CC).

And the grey value was analyzed with image studio lite (LI-COR Biosciences, Ver 5.0).
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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. For the live-cell
imaging analysis, the difference of Hrs mobility curves (Fig 6d) was transformed into an

accumulation curve and then analyzed using the Kolmogorov—Smirnov test.
Results

BAG3 plays an essential role in the clearance of tau and other disease-relevant aggregation-
prone proteins [27,8,51,9]. Our previous findings, together with those from other groups, have
focused on BAG3'’s role in autophagy [51,36]. 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
immunoprecipitated endogenous BAG3 from mature neuron cultures transduced with either
scrambled or shBAG3 shRNA. By comparing the mass spectrometric analysis data from the
scrambled and shBAG3 transduced neurons, we identified 127 proteins (peptide-spectrum match
(PSM): (Scr/shBAG3)>3) that were enriched in the BAG3 precipitates from scrambled transduced
neurons compared to shBAG3 transduced neurons, thus indicating an association with BAG3
(Supplementary Table). We further validated several of the BAG3 interactors, including MAP6
and clathrin heavy chain, by immunoprecipitating BAG3 from rat neurons transduced with
lentivirus expressing scrambled or shBAG3 shRNA followed by immunoblotting (Fig s1, a and b).
To identify the functional categories of the BAG3'’s interactors, we used KEGG analysis and found
the top pathway is the endocytosis pathway (Fig 1a). With string analysis, we found a cluster of
endocytosis-related genes that interact with each other and are closely related to a group
chaperone and co-chaperone protein (Fig 1b and Fig s2). Among the genes associated with
endocytosis, there are three main groups, including chaperone proteins, cytoskeletal proteins,
and proteins that modulate the activity of small GTPases. In this last category, we were very
excited to find TBC1D10B (also known as EPI64B or FP2461), which is a GAP for Rab35 [31].
Rab35 is an essential Rab that controls endocytosis, recycling of synaptic vesicles, neurites
elongation [45,66], and the targeting of tau to the endolysosome compartment [72]. Given the
pivotal role of Rab35 in mediating vacuolar processes, neuronal health and tau clearance, we
focused on defining the interaction of BAG3 with TBC1D10B and the functional implications of

this interaction.
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BAG3 interacts with TBC1D10B in hippocampal and cortical neurons.

To verify the predicted interaction of TBC1D10B with BAG3, we immunoprecipitated TBC1D10B
from rat cortical neuron lysates and immunoblotted for BAG3. Endogenous BAG3 readily co-
precipitated with TBC1D10B (Fig 2a). We next investigated the spatial localization of BAG3 and
TBC1D10B in mouse brain. Immunohistochemistry (IHC) of 8-month-old wildtype mouse brain
sections show TBC1D10B co-localizes with BAG3 predominantly in punctae in soma and neurites
in the CA1 region of the hippocampus (Fig 2b). We further examined the colocalization of BAG3
with TBC1D10B in cultured rat cortical neurons. Similar to what was observed in vivo, TBC1D10B
co-localized with BAG3 in the neurites and the soma in punctate-like structures (Fig 2 c-g).
Colocalization analysis [1] showed that 12.4 + 2.8% (Mean + SEM) of TBC1D10B-positive puncta
co-localized with BAG3 in the soma and 8.0 £ 2.0 % (Mean + SEM) in the neurites of the primary
cultured neurons (10 neurons from each group were used for analysis). These data suggest BAG3
and TBC1D10B are associated with each other in both hippocampal and cortical neurons.

The interaction of BAG3 with TBC1D10B is facilitated by HSP70.

BAG3 is a co-chaperone protein with multiple domains [69] and therefore, we wanted to define
the domains that are necessary for its interaction with TBC1D10B. FLAG-tagged TBC1D10B was
co-expressed with wild-type (WT) BAG3, WAWA BAG3 (mutation at the WW domain of BAG3 in
the N terminal which is required for interaction with synaptopodin) [36], GPG BAG3 (mutation at
both IPV domains of BAG3 where small heat shock proteins bind)[26,9], or L462P BAG3
(mutation in the C terminal BAG domain which is where Hsp70 binds) [20,3] in BAG3 null cells,
followed by immunoprecipitation with a FLAG antibody. The data show that the WAWA mutation
of BAG3 slightly decreased its association with TBC1D10B (Fig 3a). However, the L462P
mutation of BAG3 almost abolished its interaction with TBC1D10B (Fig 3a). L462P is a rare
mutation that causes dilated cardiomyopathy [3] and prior in vitro studies have suggested that
L462P BAG3 does not efficiently bind HSP70 (data not shown). Since the L462 site is likely
necessary for BAG3 to effectively bind with HSP70, we hypothesized that HSP70 may be involved
in the association of BAG3 with TBC1D10B. We first verified that the L462P mutation of BAG3
decreases its association with HSP70. WT BAG3 or L462P BAG3 was co-transfected with V5-
HSP70 into BAG3 null HEK cells, followed by immunoprecipitation with V5 and immunoblotting
for BAG3. Our data demonstrate that the association of HSP70 with L462P BAG3 was reduced
over 53% compared with WT BAG3 (Fig 3b), confirming the dependence of the L462 site of BAG3
for the assaociation. To examine how HSP70 regulates the association of BAG3 with TBC1D10B,
FLAG-TBC1D10B was co-transfected with V5-HSP70 or empty vector into HEKs cells followed

13


https://doi.org/10.1101/2021.01.25.428055

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.25.428055; this version posted January 26, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

by immunoprecipitation with the FLAG antibody. We found overexpression of HSP70 enhanced
the association between BAG3 and TBC1D10B (Fig 3c). We further asked if disruption of the
association between BAG3 and HSP70 could affect the association of TBC1D10B with BAG3.
We co-transfected FLAG-TBC1D10B together with V5-HSP70 or empty vector into HEK cells,
followed by treatment with YMO1, which locks HSP70 in the ADP bound state and reduces its
binding to BAG3 [53]. Cell lysates were immunoprecipitated with the FLAG antibody and blotted
for BAG3. We found that YMO1 treatment disrupted the association of BAG3 with TBC1D10B.
Interestingly, expression of exogenous HSP70 leads to less disruption of BAG3-TBC1D10B
interactions by YMO1, which may due to saturation of YMO1 by excessive HSP70 (Fig 3d). Overall,
these findings suggest HSP70 facilitates the association of BAG3 with TBC1D10B. These findings
further prompted us to examine if HSP70 could associate with TBC1D10B independent of BAG3.
We co-transfected FLAG-TBC1D10B and V5-HSP70 in BAG3 null HEKs cells, followed by
immunoprecipitation with V5 antibody. Our data showed HSP70 associates with TBC1D10B in
the absence of BAG3 (Fig 3e). BAG3 interaction with HspB8 prevents its degradation resulting in
increased stability [9,25] and the same is most likely true for HSP70, as increased expression of
BAG3 greatly increases HSP70 levels (Fig 3f). To examine if BAG3 could also regulate the
association between HSP70 with TBC1D10B, we co-transfected V5-HSP70, FLAG-TBC1D10B,
and WT BAG3 or empty vector followed with a saturated immunoprecipitation with the V5 antibody.
This resulted in equal amounts of V5-HSP70 in the control and BAG3 overexpression group when
pulled down with V5 (Fig 3g). These data demonstrated that BAG3 greatly enhances the
association of HSP70 with TBC1D10B. Overall, our data indicate that HSP70 facilitates the
association of BAG3 and TBC1D10B, and that HSP70, TBC1D10B and BAGS3 interact 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 [31]. Since our data showed that
BAG3 associates with TBC1D10B, we examined how BAG3 may regulate the function of
TBC1D10B. Rat cortical neurons were transduced with lentivirus expressing scrambled or
shBAG3 shRNA, followed by immunoprecipitation of TBC1D10B and immunoblotting for Rab35.
Our data showed that depletion of BAG3 doesn’t change the protein level of TBC1D10B, but
instead inhibits the association of TBC1D10B with Rab35 (Fig 4a). This finding leads to two
opposing hypotheses: hypothesis 1; Because GAPs preferentially bind GTP bound Rabs[63,81].
BAG3 promotes the association of TBC1D10B with Rab35, which leads to the inactivation of
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Rab35 (conversion to GDP-Rab35) and thus decreases in Rab35 that immunoprecipitates with
TBC1D10B; hypothesis 2, Binding of BAG3 attenuates the ability of TBC1D10B to stimulate the
GTPase activity of Rab35, and resulting in prolonged association of TBC1D10B with Rab35 [59].
To test these hypotheses, we used an established Rab35 activity assay. We generated GST
tagged RBD35, which specifically binds the active, GTP-bound form of Rab35 [46]. Cell lysates
from rat neurons transduced with lentivirus expressing scrambled or shBAG3 shRNA were
incubated with GST or GST-RBD35 on glutathione beads, with the precipitates blotted for Rab35.
Our data show that knockdown of BAG3 doesn't change the expression level of Rab35; instead,
it reduces the activity of Rab35 (Fig 4b). This finding supports our second hypothesis that BAG3
keeps Rab35 in a GTP-bound state by associating with TBC1D10B, which prevents the
inactivation of Rab35. 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 null HEKs. Rab35 activity assay results showed that loss of BAG3 substantially
decreases the level of GTP bounded Rab35 without affecting its expression level, which is
consistent with our finding in rat cortical neurons (Fig 4c). Interestingly, the L462P mutation of
BAG3, which greatly disrupts its association with TBC1D10B, also decreased the level of GTP-
bounded Rab35 (Fig 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 this hypothesis, we examined Rab35 activity under the conditions
of the knockdown of BAG3 or TBC1D10B, or both BAG3 and TBC1D10B. Our data demonstrate
that Rab35 activity is decreased when BAG3 is knocked down and increased when TBC1D10B
is knocked down compared with scrambled controls. The decreased activity observed with BAG3
knockdown was alleviated when TBC1D10B was knocked down as well (Fig 4d). These findings
show that the BAG3 regulates Rab35 activity through its interaction with its GAP, TBC1D10B.

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 [72]. As shown in primary rat cortical neurons, BAG3 promotes tau
degradation [51] and interacts with TBC1D10B (Fig 2a). This association with TBC1D10B
ultimately regulates the activity of Rab35 (Fig 4b), which leads to TBC1D10B potentially playing

a role in phosphorylated tau clearance as well. Indeed, our data shows that depletion of
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TBC1D10B in neurons significantly decreased the level of p-Thr231, p-Ser262, and p-
Ser396/Ser404 tau in mature neurons (Fig 5a and b). We also examined if depletion of TBC1D10B
would rescue the accumulation of tau caused by knockdown of BAG3 (Fig 5c). Our data show
that knockdown of BAG3 increases the level of p-Thr231, p-Ser262, and p-Ser396/Ser404 tau in
mature neurons, confirming our previous results [51]. However, depletion of both TBC1D10B and
BAG3 significantly reduced the increases in phosphorylated tau compared with knockdown of
BAG3 alone (Fig 5d and e). These data suggest that TBC1D10B is downstream of BAG3 in
regulating tau clearance. As indicated by our mass spectrometry analysis, BAG3 is involved in
regulating the endocytic pathway (Fig 1a). Further, Rab35 has been shown to facilitate
phosphorylated tau clearance through the ESCRT system [72]. Therefore, we hypothesized that
BAG3 collaborates with TBC1D10B to regulate phosphorylated tau clearance through the ESCRT
system. In initial studies, we examined the colocalization between CHMP2B, an ESCRT-III
component [67], and p-Ser396/404 tau in neuronal processes. In the shBAG3 group, p-
Ser396/404 tau colocalization with CHMP2B was significantly decreased compared with the
scrambled group. Depletion of both BAG3 and TBC1D10B significantly increased the
colocalization of p-Ser396/404 tau with CHMP2B (Fig 6). These findings indicate that BAG3
interacts with TBC1D10B to regulate phosphorylated tau clearance through the ESCRT system.

BAG3 regulates the recruitment of Hrs to Rab35.

Rab35 plays an essential role in the ESCRT system. When activated, Rab35 recruits Hrs, an
ESCRT 0 component, to the surface of the endosome. This not only facilitates the recruitment of
the ESCRT machinery to form intraluminal vesicles, but also plays a role in directing cargo to the
endosome for engulfment [66], and a previous study provided evidence that these cargos include
various phospho-tau species [72]. 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. Therefore, we investigated the
colocalization of Rab35 with Hrs in primary rat cortical neurons. We found Rab35 co-localizes
with Hrs both in the soma and neuronal process in the scrambled group, whereas colocalization
was significantly decreased in BAG3 knockdown neurons (Fig 7 a-f). The recruitment of Hrs to
Rab35 to initiate the ESCRT pathway is a dynamic process, in that Hrs must be both recruited
and released for intraluminal vesicle formation of MVBs [73]. To examine the dynamics of Rab35
and Hrs, we co-transfected eGFP-Rab35 and Hrs-RFP together with WT BAG3 or empty vector
in BAG3 null HEKs. When BAG3 was absent, we observed that majority of Hrs puncta were

stationary, and 4.5% of the Hrs puncta moved more than 1uym during the 10-minute imaging
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session (Fig 7g and h). With the presence of BAG3, Hrs puncta were mobile and 23% of the Hrs
puncta moved more than 1um during the 10-minute imaging session (Fig 7g and h). Additionally,
we observed the colocalization of Rab35 with Hrs was greatly increased in the presence of BAG3
compared with the BAG3 null condition (Fig 7 i). 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/without BAG3 and TBC1D10B in BAG3 null HEKs cells, followed by
immunoprecipitation with a Myc antibody. Our immunoprecipitation result showed Rab35 and Hrs
barely associate with each other in the BAG3 null condition, while this association was greatly
enhanced with the presence of BAG3 (Fig 7j). Further, overexpression of TBC1D10B disrupts the
association of Rab35 with Hrs in the presence of BAG3 (Fig 7j). These findings suggest BAG3
strongly promotes the recruitment of Hrs to Rab35, and TBC1D10B acts downstream of BAG3 to
inhibit this recruitment. As specific domains of BAG3 were involved in mediating its interaction
with TBC1D10B, we hypothesized that mutations of BAG3 in the different domains may affect the
recruitment of Hrs to Rab35. Since Hrs recruitment is important to initiate the ESCRT pathway to
sort tau into endosome-lysosome for degradation [4,73,72], we also hypothesize that mutations
of BAG3 may affect tau degradation in a domain-dependent manner. To test these hypotheses,
we generated stable tau-expressing BAG3 null HEKSs cells by transfecting BAG3 null HEKs cells
with ON4R tau-T2A-RFP, followed by fluorescence-activated cell sorting. We then transfected Hrs,
Myc-Rab35, and WT BAG3 or BAG3 with different mutations into the BAG3 null HEKSs cells. Our
data showed expression of WT BAG3, WAWA BAG3, or GPG BAGS3 significantly reduced tau
levels in BAG3 null HEKs (Fig 7k and I). However, expression of L462P BAG3 did not result in a
significant decrease in tau levels, demonstrating the importance of the BAG domain of BAG3 in
tau degradation (Fig 7g and h). Next, we immunoprecipitated Myc-Rab35 and blotted for Hrs. We
found that expressing WT BAG3, WAWA BAG3 or GPG BAG3 enhanced the association of Hrs
with Rab35 compared with the BAG3 null condition, while the L462P BAG3 expression group
barely showed any association of Hrs with Rab35 (Fig 7m). Since the L462P mutation of BAG3
disrupts the association of BAG3 and TBC1D10B, our findings indicate that BAG3 collaborates
with TBC1D10B to regulate the Hrs recruitment to Rab35.

Hippocampal overexpression of BAG3 alleviates the tau pathology development in P301S

mice.

BAG3 is essential for maintaining proteostasis and increases in neurons during the aging process

[71], and a recent report indicated that BAG3 levels are likely decreased in AD brains compared
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to aged matched controls [82]. Further, previous studies suggest that overexpression of BAG3 in
rat cortical neuron promotes tau clearance [51]. Given these findings, we hypothesize that
increases in BAG3 levels may alleviate tau pathology development. To determine the effect of
increasing BAG3 overexpression on tau pathology, we used P301S mice (PS19 line) [79]. For
these studies we only used male P301S as it has been reported that they develop tau pathology
more consistently than females [56,80]. Two-month-old P301S mice were administered bilateral
intrahippocampal AAV injections of hBAG3 (with an N-terminal FLAG-Myc tag) or empty vector
control (both AAVs also express eGFP) and collected at 6 months of age. IHC data showed
endogenous BAG3 is expressed both in the soma and neurites of the CA1 region of the control
brain (Fig 8a), with levels of BAG3 significantly increased in the BAG3 overexpression group.
Exogenous BAG3 is mainly expressed in the hippocampal region as shown by Myc-tag staining
(Fig 8a). Western blot analysis of hippocampal lysates show that the BAG3 levels in the BAG3
overexpression group are significantly elevated and approximately four-fold of that of the control
group (Fig 8b and c). However, the BAG3 level is not changed in the cerebellum region, indicating
the regional specificity of BAG3 overexpression (Fig s3 a and b). Next, we investigated the
function of BAG3 in modulating the tau levels of P301S mice. Immunoblots of hippocampal lysates
showed total human tau (recognized by the human tau specific antibodies HT7 [19] and 5A6 [39])
were significantly decreased in the BAG3 overexpression group (Fig 8d and e). We further
examined the phosphorylated tau species in these lysates. Immunoblot data of the hippocampal
lysates showed that the levels of p-Ser262 tau, p-Thr231 tau and p-Ser396/404 tau were
significantly decreased in the BAG3 overexpression groups compared with the AAV control
groups (Fig 8f and g). Total human tau levels were not significantly changed between the control
and BAG3 overexpression groups in the cerebellum, indicating the decrease in tau is closely
related to BAG3 overexpression (Fig s3c and d). Quantitative IHC also showed p-Ser262 tau and
p-Ser396/404 tau were significantly decreased in the CAL region in the BAG3 overexpression
brains (Fig 8h and i). Moreover, we also examined oligomeric tau with the T22 tau antibody [50].
The percentage of T22 positive cells was significantly reduced in the BAG3 overexpression group
compared with the control group (Fig 8j). Staining with the conformation-dependent MC1 tau
antibody [38] was also decreased in CAl region of the hippocampus when BAG3 was
overexpressed (Fig 8k). These findings suggest that overexpression of BAG3 reduced the level
of pathogenic tau species in P301S mice hippocampus and indicates an essential role for BAG3

in tau clearance.

We further tested our hypothesis that BAG3 promotes the recruitment of Hrs to Rab35 in vivo.

Co-immunostaining of Hrs and Rab35 in the P301S mouse brains showed significantly more
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Rab35 co-localized with Hrs in the CAL region in the BAG3 overexpression group compared with
the control group (Fig 9 a-c). Furthermore, co-immunostaining of p-Ser396/404 tau with ESCRT-
Il component, CHMP2B, showed colocalization of p-Ser396/404 tau with CHMP2B was
significantly increased in the BAG3 overexpression group (Fig 9 d-f). Finally, we examined the
role of BAG3 in the synapse loss of P301S mice [79]. IHC staining for MAP2 and PSD95 was
used to visualize dendrites and postsynaptic compartments, respectively [33,6]. 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 (Fig 10a-c). Overall, these findings suggest hippocampal overexpression
of BAG3 alleviates tau pathology development in P301S mice.

Discussion

Proteostasis is an essential aspect of neuron health that becomes less functional during aging,
the primary risk factor for AD [43]. Dysregulation of proteostasis in neurons will lead to the
accumulation of pathologic proteins, with phosphorylated tau species being a defining
characteristic of AD [48]. Given that pathological tau species are essential factors in the
development and progression of AD [78,41], facilitating the clearance of these tau species by
manipulating autophagy and endolysosomal pathways could be part of a potential therapeutic
strategy [34]. Previous studies from our lab demonstrated that BAG3 regulates the clearance of
phosphorylated tau through the autophagy pathway [51,36]. To determine if BAG3 may function
to regulate protein clearance pathways beyond autophagy, we carried out an unbiased proteomic
analysis to identify interactors of endogenous BAG3 in neurons. The results of this screen
revealed that BAG3 directs a novel regulatory mechanism of the endolysosomal pathway that
facilitates the removal of phosphorylated tau species. Indeed, the primary pathway represented
by the proteins that co-precipitated with endogenous BAG3 was the endocytic pathway, with one
of these proteins being the Rab35 GAP, TBC1D10B. The interaction of BAG3 with TBC1D10B
increases Rab35 activity and its dynamic association with Hrs. This is a fundamentally important
process that results in ESCRT-mediated targeting of tau to the endosome for eventual clearance
by the lysosome [72]. Further, our data suggest the association of BAG3 with HSP70 is essential
for its regulatory function of TBC1D10B. This finding is novel as it is the first to implicate the
BAG3-HSP70 complex in regulating the Rab GTPase cycle. Moreover, our in vivo study using
intrahippocampal delivery of BAG3 in P301S tau mice resulted in significantly decreased tau

levels concomitant with an attenuation of synaptic loss and decreased neuronal atrophy.
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BAG3 is a co-chaperone protein that plays an essential role in proteostasis. BAG3 is increased
with aging [71]. However, recent data suggest that BAG3 expression is decreased in human AD
brains compared with the aged control [82]. A previous study in our lab showed that depletion of
BAG3 in rat cortical neurons increased the levels of endogenous phosphorylated tau [51]. The
present study is the first to examine the function of BAG3 in tau clearance in a tauopathy mouse
model. Recent data suggest that the ON and 4R isoforms of tau are most likely to aggregate in
AD [74] and intriguingly ON4R tau with the P301S mutation is what is overexpressed (~5x over
endogenous) in the PS19 mice which were used in this study [79]. In the present study, we
observed BAG3 expression in the hippocampus reduces both human total tau and
phosphorylated tau species, suggesting the essential role of BAG3 in tau clearance. We noticed
that the overexpression of BAG3 also increased the density of dendrites and postsynaptic
compartments in the P301S mice. This finding echoes the results from a recent study indicating
that exogenous expression of BAG3 in the 5XFAD mouse model increased the expression of
synaptic proteins [82].

BAG3 is a protein with multiple domains and numerous binding partners, which results in
modulating the function of various cellular processes [44]. For example, the C-terminal BAG
domain interacts with the ATPase domain of HSP70 [68], the N terminal WW domain mediates
binding with synaptopodin [36], and the IPV domains mediate binding to HspB6 and HspB8[26].
An earlier global analysis of BAG3 interacting partners in Hela cells using quantitative
immunoprecipitation showed enrichment in proteins functioning within the ubiquitylation-
proteosome pathway [15]. In contrast, our findings in primary rat cortical neurons showed
endogenous BAG3 co-precipitated with proteins from the endocytic pathway, rather than the
ubiquitylation-proteasome system. These results suggest BAG3 may play different roles in
different cell types [70,21,36]. Another recent study using rat neurons in which GFP-BAG3 (or
GFP only) was overexpressed for 72 hours, followed by immunoprecipitation with a GFP antibody.
The mass spectrometric analysis showed BAG3 interactors enriched in the synaptic vesicle cycle
[82]. The fact that in this previous study, a different set of BAG3 interactors was identified
compared to our present study (although there were a few proteins in common) could be due the
overexpression of BAG3 altering protein-protein interactions. It can be speculated that
overexpression of BAG3 will likely greatly enhance the expression of HSP70 and stabilize it in an
active form [64,62], which also may result in a different interactors co-precipitating. In addition,
the fact that they used GFP overexpression as a control, while we used depletion of BAG3 by
transducing neurons with shBAG3 as our control, could also be a contributing factor to the

differential co-immunoprecipitation protein binding profile. Further studies are needed to elucidate
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the specific reasons for these differences. Nonetheless, given that we identified proteins that
interacted with endogenous BAG3 in neurons and used neurons with BAG3 knocked down to
increase the stringency of our screen strongly supports the validity of our findings. In addition, we
found that known interactors of BAG3 such as HspB8 [9], HSC70 (HspA8) [30] and 14-3-3y [76]

co-immunoprecipitated with endogenous BAG3 in our study (Supplementary Table).

TBC1D10B, also known as EPI64B or FP2461, belongs to TBC1 protein family, which mainly
function as GAPs promoting GTP hydrolysis and selective inactivation of the different Rab
proteins [24]. In the present study, we identified TBC1D10B as a BAGS3 interactor and
demonstrated the importance of this interaction in regulating endocytic pathways. Further, we
found that the L462P mutation at the BAG domain, which is where HSP70 also binds [68], disrupts
the association of BAG3 with TBC1D10B. Since HSP70 promotes the association of BAG3 with
TBC1D10B, and HSP70 is able to bind TBC1D10B independent of BAG3, our data support a
regulatory model of the association of HSP70 with BAG3 promoting its interaction with TBC1D10B.
It should also be noted that BAG3 overexpression greatly increased the expression level of
HSP70 and promoted the association of HSP70 and TBC1D10B (Fig 3 f, g). This could be
explained by BAG3’s role in stabilizing HSP70 in an activated form [64,62], which may favor the
association of HSP70 with TBC1D10B.

Rab35 is a key player involved in multiple cellular functions, including endosomal trafficking[47],
ESCRT mediated tau degradation[72], presynaptic protein homeostasis [66], and neurite
outgrowth[17]. As a GTPase, Rab35 acts as a molecular switch that cycles between active (GTP-
bound) and inactive (GDP-bound) states. Active Rab35 recruits effectors that regulate the
endocytic pathway to recycle different cargos [45]. A recent study also found Rab35 regulates the
degradation of synaptic vesicle proteins in a activity-dependent manner [66]. In the present study,
we found BAG3 enhances the association of TBC1D10B with Rab35, while knocking down of
BAG3 decreased Rab35 activity. TBC1D10B, as a GAP, preferably binds with the active form of
Rab35 and subsequently promotes the inactivation of Rab35 [46]. These findings suggest a
regulatory model in which the binding of BAG3 to TBC1D10B attenuates the ability of TBC1D10B
to stimulate the GTPase activity of Rab35, resulting in activation of Rab35 [59]. Interestingly, we
also noticed that the L462P mutation of BAG3, which disrupts the association of HSP70 with
BAG3, decreased Rab35 activity. Given that BAG3 is a nucleotide exchange factor (NEF) and
thus activates HSP70 [64,62], which also interacts with TBC1D10B, suggests that BAG3
activates HSP70 and enhances its binding with TBC1D10B. During this process, the ability of
TBC1D10B to promote the GTPase activity of Rab35 was attenuated, which in turn to keeps
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Rab35 in an activated form [46]. As a result, BAG3 promotes the association of TBC1D10B with

Rab35, but also keeps Rab35 in an activated state at the same time.

ESCRT complexes orchestrate the endolysosome pathway and thus are essential components
of the neuronal proteostasis network [28]. Activated Rab35 recruits Hrs, an ESCRT 0 component,
to the endosome and thus initiates the ESCRT pathway, MVB formation, and clearance of the
targeted cargo [72,66]. Hrs binds to both ubiquitylated and non-ubiquitylated cargos, including tau
proteins, and sorts them to the endosome for eventual degradation [22,77,72]. It should also be
noted that both Rab35 activation/deactivation and the recruitment of Hrs to the endosome are
dynamic processes. The dynamics of Hrs recruitment and release defines the timing and
morphology of intraluminal vesicle formation [73]. In our present study, we found BAG3 regulates
the association and colocalization of Rab35 with Hrs, and this may be due to the regulatory role
of BAG3 on the activity of Rab35. BAG3 also regulates Hrs mobility and dynamic colocalization
with Rab35, as shown by live-cell imaging. Since every time Hrs dwells on an endosome
intraluminal vesicle formation can be initiated, the high mobility and frequency of interaction of
Rab35 with Hrs will promote ESCRT-mediated sorting of cargo into endosome and maturation of
MVBs [72,66]. This is also consistent with our in vivo finding that BAG3 overexpression increases
the co-localization of Rab35 with Hrs and Hrs with p-Ser396/404 tau. These data suggest a
mechanism that BAG3 regulates the activity of Rab35 to promote the ESCRT mediated tau
clearance. Interestingly, we also noticed L462P mutation of BAG3 or overexpression of
TBC1D10B greatly disrupts the association of Rab35 with Hrs. These findings suggest that BAG3
collaborates with HSP70 and TBC1D10B to regulate the recruitment of Hrs by Rab35.

In conclusion, the results of our study describe for the first time a BAG3-HSP70-TBC1D10B
signaling axis that modulates Rab35 activity and thus ESCRT-mediated endosomal tau clearance.
During normal aging, increased BAG3 promotes the association of BAG3-HSP70-TBC1D10B,
thus the inactivation function of TBC1D10B on Rab35 is prohibited. The activation of Rab35
recruits Hrs, which initiates the ESCRT mediated endosomal tau clearance. In AD brains,
however, this increase of BAG3 may be attenuated, which would release TBC1D10B from the
BAG3-HSP70-TBC1D10B complex. The TBC1D10B will thus be free to inactivate Rab35, which
could contribute to an accumulation of phosphorylated tau (Fig 11). Given the key role that Rab35
plays in regulating vacuolar-dependent processes, it is likely that this BAG3 signaling complex
extends beyond tau clearance mechanisms. Overall, the present study on BAG3 illustrates the

fundamental importance of understanding the functions of BAG3 in maintaining healthy neurons
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during aging and how these processes may be dysregulated in AD and other neurodegenerative
diseases.
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Figure legends

Fig 1 BAGS3 interacts with proteins of the endocytosis pathway. Rat cortical neurons were
transduced with lentivirus expressing scrambled (Scr) or shBAG3 shRNA. Neurons were
subsequently collected, BAG3 was immunoprecipitated, and mass spectrometry was used to
identify BAG3-interacting proteins (neurons transduced with shBAG3 were used as a control for
non-specific interactions). (a) KEGG enrichment analysis of the BAG3 associated proteins
(PSM(Scr/shBAG3)>3) was generated using STRING online software (http://string-db.org). FDR
threshold was set at -log10>1. (b) STRING was used to visualize predicted protein-protein
interactions for the identified BAG3 associated proteins based on confidence. Line thickness
indicates the strength of data support (http://string-db.org). Prominent clusters of the proteins that
co-immunoprecipitated with BAG3 represented proteins involved in vacuolar processes and
chaperone/co-chaperone proteins, both of which are associated with endocytosis. Nodes directly
linked to vacuolar processes are labeled in red, and nodes that are related to chaperone/co-
chaperone proteins are labeled in green. Rab35 did not co-immunoprecipitate with BAG3 but is
included with the node being surrounded by a dotted line. BAG3 and TBC1D10B are in red font.

FDR, false discovery rate. KEGG, Kyoto Encyclopedia of Genes and Genomes.

Fig 2 BAG3 associates with TBC1D10B in neurons. (a) Rat cortical neuron lysates were
immunoprecipitated with a TBC1D10B antibody and immunoblotted for BAG3. The same amount
of non-immune rabbit IgG was used to verify the specificity of the immunoprecipitation. An
indicated fraction of cell lysate was used as input control. Immunoprecipitates were probed for
TBC1D10B, BAG3, and Rab35. GAPDH was used as a loading control for the input lanes. The
positions at which molecular weight markers (kDa) migrated are indicated at the left. Vertical
dashed lines indicate that intervening lanes were removed, however, all images were from the
same blot and exposure. (b) Immunostaining of brain sections from an 8 month old male wild type
C57BI/6 mouse (which had been intrahippocampally injected with AAV9 control virus for another
study) shows colocalization of BAG3 (green) and TBC1D10B (red). The sample was
counterstained with Hoechst 33342 to visualize the nuclei. The CAL region of the hippocampus
was imaged. Scale bars, 20pm. (c-f) Neurons were co-immunostained for BAG3 (red) and
TBC1D10B (green). Overlap of BAG3 with TBC1D10B puncta was observed in the neurites (d)
and soma (f). (e and g) The corresponding line scans are shown at right for neurites of d and line

of f. Arrowheads indicate areas of overlap. Scale bar: 10 pm.
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Fig 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 BAG3), or different form of BAG3 mutant including, WAWA
BAG3, GPG BAG3, or L462P BAG3. Cell lysates were collected at 48 hours post-transfection for
all studies. The cell lysates were immunoprecipitated with FLAG tag 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 wild type BAG3 (WT)
or L462P BAG3 (L462P). Cell lysates were immunoprecipitated with 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
FLAG tag, followed by blotting for endogenous BAG3, as well as FLAG-TBC1D10B and V5-
HSP70. (d) HEK293TN cells were transient co-expressed with FLAG-TBC1D10B together with
an empty vector or V5-HSP70. Cells were treated with 10 yM YMO1 or DMSO (vehicle control) at
24 hours post-transfection. Cells were collected 48 hours post-transfection and
immunoprecipitated with FLAG tag antibody, followed by blotting for BAG3, V5, and FLAG. (e)
BAG3 null HEK293TN cells were transient co-expressed with V5-HSP70 and FLAG-TBC1D10B.
Cells were immunoprecipitated with FLAG tag antibody, followed by blotting for V5 and FLAG.
Results of different exposure times for the same blot were separate with a vertical dotted line.
The same amount of control IgG was used to verify the specificity of the immunoprecipitation. 4%
fraction of cell lysate was used as input control. In all panels, the positions at which molecular
weight markers (kDa) migrated are indicated at the left, and GAPDH was used as a loading control

for the input lanes.

Fig 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 BAGS,
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 [46]. The precipitated samples were blotted for Rab35 and
GST. 4% of the cell lysate was used as input control. (¢) 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
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scrambled (Scr), shBAG3, shTBC1D10B, or both shBAG3 and shTBC1D10B shRNAs. Rah35
activity was examined by pull-down with GST-RBD35. Arrow indicates the GST-RBD35 fusion
protein; **, GST-RBD35 degradation products, *, GST protein. In all panels, the positions at which
molecular weight markers (kDa) migrated are indicated at the left, and GAPDH was used as a

loading control for the input lanes.

Fig 5 BAGS3 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 tau, p-Ser396/404 tau, and p-Thr231 tau. GAPDH
is used as a loading control. (b) Quantifications of the level of phosphorylated tau in TBC1D10B
knockdown neurons. Data are shown as mean + SEM. Statistical analysis was performed using
the student t-test. **, P<0.01. N=3 for each group. (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, tau p-Ser396/404 tau, and p-Thr231 tau (d). (e) Quantifications of the level of
phosphorylated tau in D. Data are shown as mean + SEM. Statistical analysis was performed
using the student t-test. **, P<0.01. N=3 for each group. Vertical dotted lines indicate that
intervening lanes were removed, however, all images were from the same blot and exposure. The
positions at which molecular weight markers (kDa) migrated are indicated at the left for the

immunoblots in a, c and d.

Fig 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 (green). Overlap of CHMP2B with
p-Ser396/404 puncta was observed in the neurites. The corresponding line scans are shown
below for neurites. Arrowheads indicate areas of overlap. Scale bar: 5 ym. (b) Quantification of
the colocalization between CHMP2B and p-Ser396/404 based on volume. (c) Quantification of
colocalization of CHMP2B and p-Ser396/404 using Mander’s coefficient. Ten neurites from at
least 6 different cells were used for analysis. Statistical analysis was performed using One-way
ANOVA. Data were presented as MeanzSD. *, P<0.05, **, P<0.01.

Fig 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 um. The corresponding line
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scans are shown at the bottom for A or right for D. Arrowheads indicate areas of overlap. (b, e)
Quantification of the colocalization between Rab35 and Hrs based on volume. (c, f) Quantification
of colocalization of Rab35 and Hrs using Mander’s coefficient. Twelve neurites from 6 different
neurons from each group were used for analysis. Statistical analysis was performed using One-
way ANOVA. Data were presented as MeanzSD. *, P<0.05, **, P<0.01. (g) BAG3 null HEK293TN
cells were transfected with BAG3 WT (+BAG3) or empty vector (BAG3 KO), RFP-Hrs, and GFP-
Rab35. Live-cell imaging was done at 36 hours post-transfection in conventional mode at a frame
rate of 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, 20um. (h) The graph shows the track
distance of Hrs puncta in 10 minutes. The distance of the track was binned every 0.1 ym. 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) The graph shows the average Mander’s coefficient of Rab35 and Hrs in each cell over time in
BAG3+ and BAG3-/- group (MeanzSD). n=12. **, P<0.01. (j) BAG3 null HEK293TN cells were
transfected with Myc-Rab35 and with/without BAG3 and TBC1D10B. The cell lysates were
immunoprecipitated with Myc tag 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), wild type BAG3(BAG3 WT),
or different mutant forms of BAG3 including, WAWA BAG3, GPG BAGS3, and L462P BAG3. (k)
Cell lysates were collected at 48 hours post-transfection and immunoblotted for total tau, Hrs and
BAG3. (I)The graph on the right shows the level of tau was quantified. N=3 for each group. Data
are shown as mean + SEM. Statistical analysis was performed using the student t-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 is used as a loading control.
The positions at which molecular weight markers (kDa) migrated are indicated at the left.

Fig 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, 200pm.
(b) Hippocampal lysates from control and BAG3 O/E brains were immunoblotted for BAG3.

GAPDH is used as a loading control. The positions at which molecular weight markers (kDa)
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migrated are indicated at the left. (¢) 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.
Statistical analysis was performed using the student t-test, *P<0.05. (d, ) 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) The immunofluorescence images show phosphorylated tau (p-
Ser262 and p-Ser396/Ser404, Green) in the CA1 region of control and BAG3 O/E brains. The
graphs on the right show the intensity of fluorescence of the phosphorylated tau relative to controls.
Four animals of each group were used for analysis. (j) The immunofluorescence images show
oligomeric tau (T22 tau, purple). The graph on the right shows the percentage of T22 positive
cells in the CA1l region. Three animals from each group were used for analysis. (k) The
immunofluorescence images show the neurofibrillary tangles in CA1 region of control and BAG3
O/E brains with anti-MC1 tau (Green). The graph on the right shows the intensity of fluorescence
of the MCL1 tau relative to controls. Scale bars, 20um. Three brains from each group were used
for analysis. The samples were counterstained with Hoechst 33342. Data are shown as mean *

SEM. Statistical analysis was performed using the student t-test. *, P<0.05. **, P<0.01.

Fig 9. Overexpression of BAG3 in P301s mice promotes Rab35 mediated recruitment of Hrs and
the tau sorting into the endocytic pathway. Two-month-old P301S 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) The immunofluorescence
images show the colocalization of Rab35 (Green) and Hrs (Red) in the CA1 region of the control
and BAG3 OJ/E brain. The dashed lined rectangles show the magnified CAl areas. (b)
Quantification of colocalization of Hrs and Rab35 using Mander’s coefficient. (c) Quantification of
the colocalization between Rab35 and Hrs based on volume. Three animals from each group
were used for analysis. (d) The immunofluorescence images show the colocalization of p-
Ser396/404 tau (green) and CHMP2b (red) in the CA1 region of the control and BAG3 O/E brain.
The dashed line rectangles show the magnified CA1 areas. (e) Quantification of colocalization of
using Mander’s coefficient. (f) Quantification of the colocalization between Rab35 and Hrs. All

samples were counterstained with Hoechst 33342 (blue) to visualize the nuclei. Scale bars, 20
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pum. Three samples from each group were used for analysis. Statistical analysis was performed
using the student t-test. *, P<0.05. **, P<0.01.

Fig 10. Overexpression of BAG3 in P301S mice in the hippocampus increased the density of
synapses and dendrites. (a) The immunofluorescence images show the dendrites (MAP2
staining(Green)) and postsynaptic compartment (PSD95 staining (Red)). The samples were
counterstained with Hoechst 33342 to visualize the nuclei. CA1 region of the hippocampus was
imaged. The confocal images were rendered with the surface function using Imaris in the lower
right panels. Scale bars, 20um. (b& c) The graphs show the relative density of MAP2(b) and
PSD95(c) in the yellow rectangle area. The density of MAP2 or PSD95 were defined as the
volume of fluorescence positive area/total area. Data are shown as mean + SEM. Statistical
analysis was performed using the student t-test. **, P<0.01. Four sections from 4 brains for each
group were used for analysis.

Fig 11. BAG3-TBC1D10B-Rab35 signaling axis in regulate ESCRT and endosomal tau clearance.
Schematic diagram shows BAG3-TBC1D10B-Rab35 signaling axis in tau clearance. During
normal aging, BAG3 level is increasing over time. Increased BAG3 promotes the association of
BAG3-HSP70-TBC1D10B, thus the inactivation function of TBC1D10B on Rab35 is prohibited.
The activation of Rab35 recruits Hrs, which initiates the ESCRT-mediated endosomal tau
clearance. In AD brains, however, this increase of BAG3 may be attenuated, which would release
TBC1D10B from the BAG3-HSP70-TBC1D10B complex. The free TBC1D10B would thus be able
to inactivate Rab35 and contribute to the accumulation of phosphorylated tau. Overexpression of

BAG3 in a tauopathy mouse model decreased tau levels and helped maintain neuronal health.

35


https://doi.org/10.1101/2021.01.25.428055

KEGG Pathway analysis FDR (-lg)
2 4 6

0

Endocytosis

Endocrine and other factor-regulated
calcium reabsorption

Synaptic vesicle cycle

Gap junction

Phagosome

Estrogen signaling pathway

Bacterial invasion of epithelial cells

Hippo signaling pathway

@ Vacuolar processes

. Chaperone/co-chaperon proteins



https://doi.org/10.1101/2021.01.25.428055

Q
&
& N
N O L
Q¥ ) A
P NS N
130
e " 5c1p10B

95—
* |BAG3

34— GAPDH

r' v
bwm} W \'\u\/pv \/

Normalized |nten5|ty
o

OC

Dlstance (pm)

-
o
3

BAG3 TBC1D10B

©
o

Normalized intensity
o
a

"

Distance (pm)


https://doi.org/10.1101/2021.01.25.428055

b c
4% Input IP1gG___IP Flag-TBC1D10B 4% input IPIgG IP V5-HSP70 4% input  IP IgG IP FLAG
T N sh Thss
[©) ] [O) <) o o
o <a® o <afokE<xa@ E £ E & £ g 5 @ 5 2 £ 9
SES86S 25583255683 s 3 = 3 = 3 e X E X £ X
130+ o > o > O >
s w=-=ws [BAG3 ,,| WR WN . = BAG3 g5
1047 — - = |BAG3
551 72
72 w— w— -— | V5
130 o o = - an e o @ FLAG 1504
951 - &= @ FLAG-TBC1D10B
— — 954
721 . == |V5-HSP70
—
24| ™ == | GAPDH
e f
o ,,fé 9
5 o & o IPV5 IPIgG
9 e o 3 S 4 o
4% Input IP FLAG-TBC1D10B £ 2 2 _ 5 E
Q - o
wmot_-_ - + + - - + + > e 72- — s £ 8 8
- o < <
“.. . w | BAG3 1301 e -— O m 1]
72
h A & - 1 - -
: 5 FLAG-TBC1D10B 301 e == ew@w [FLAG-TBC1D10B 130 -
72+ - - - == |vs.HSP7O 1T s : FLAG-TBC1D10B
Short Long Exp. T2 . .
L u V5-HSP70
130+ | -
- w e || e e e s | FLAG 34| - 72
GAPDH 34— GAPDH V5-HSP70
34- e o s == (GAPDH



https://doi.org/10.1101/2021.01.25.428055

8% Input IP IgG IP TBC1D10B
Scr shBAG3 Scr shBAG3 Scr shBAG3
130+ 4% &= |«TBC1D10B
95+
130
 — 4BAG3
724
Short Exp. Long Exp.
25+
— —— Rab35
17
— <amm— GAPDH
34+
1.2% Input GST GST-RBD35
3 & 3 83 &
- © - © - ©
323 32 3 &z 3
257 e s  [Rab35 2] - Rab35
15+ 15 1
90 72 -
" == w» 4GST-RBD35
;]  Wmww BAG o]
34 == — = |GAPDH 347 s cum e 8 B B8 ¥ GST

4% Input

Scr
shBAG3

25 um— — Rab35

95

~— == |(GAPDH

34
2% Input
n 3
S B
w 2 «5
O o Onm
< m <=
[ m = mc
6 £ £ <c£o
(72 [ [ w+
7247
BAG3
D) o . — =
Rab35
g4 | —
GAPDH
95_ —— —
TBC1D10B
34- e — — -

GAPDH

GST GST-RBD35
o o
[0 0}
< <
. ) - )
o @ 3 @
25 - Rab35
551 w w4 GST-RBD35
43 4
34 4
arenIBES
25 - * GST
GST GST-RBD35
n 9 m 2
S o S a
w 2 3 w 2 e
Q o Onm Q O Om
< m < < o <=
- m = mc - [11] = mc
[%3 < < K=n"] O = < Ln
[72] [ [ »n+ [72] [ [ »n+

25+

|
|
|

Rab35

724
55+

34+

GST

Rab35

<4GST-RBD35

+ GST


https://doi.org/10.1101/2021.01.25.428055

) (\'Nhich was not certified by peer review) is the author/funder. All rig'hts reserved. No reuse allowed without permission.

©
AQ
< «90\0 b c N\
60 6‘\ 1.51 1 Scr 0’5 e?‘efbc,\o
—*_ [ shTBC1D10B PR S A\
557 0 o= . |p-Ser262 . N . ¢ o x2
[ 1 ‘ — ! !
34| e = = == |GAPDH 2101 ud a2 T
: * ° L] 72- E i
55 = = — p-Ser396/404 % * . “BAG3
S T T
8.0.54 : :
34{" s s== == |GAPDH go.s " . 130 - - —
55| m= == = | p-Thr231 G . TBC1D10B
34 == w== v «= (GAPDH X 0.0 Y T T 43---:--:
& o “GAPDH.
130 - - TBC1D10B Q;,e‘ (595\ Q,«“‘
()
o®
PO oR5®
¢ o 5 e
: : 4010Scr  CshBAG3 1 shBAG3+shTBC1D10B
55+ — — E- -E . - p-Ser262 E * - * "
i | S —_— X% — X%
i | 230
——— -E- == |GAPDH c _T_
55- - : 2 sk —% .
- o= #B& | == == p-Ser396/404 020
1 : Q -
43 -— — i- -— i- -— GAPDH .g 1.0 :.
S EEEE p-Thr231 S :
: ! 0.0
! ! p-Ser262 p-Ser396/404 p-Thr231
q3 | e - - - GAPDH



https://doi.org/10.1101/2021.01.25.428055

20

m

o

— .

(]

; =
: - P
_.m —fe §
3 > —— | &
+ Z| @
m AM °0
< =
m & 5 -0
=

3

- o
>“_._w:0uc_ pazije

shTBC1D10B

shBAG3

Scr

wlioN

o
N

el
~—

10

Distance, ym

5

=d

(=]
N

v
~—

10

o
«
7
Ao
=

o
-

Distance, pm

5

=
2

- o o
Ayjisuajui pazijewaoN

%,
. |s—eg e oo . .X%ONQN
W\O &w\b
* ° o\rw ° . | @
x il %
°® :\Q
° hw- (A [ %0? s
X e
*
oo _lﬁulv oooo . .'\0&4
< © N = o
JUDID1}}D0I S JSpPUBA
(&
§,
o+|f|- [T 1N d X&J Q\Q\
0?@ 0@
w\h. .\w\.@
* . f‘o\o{ 0o o .Q
X 0,
Q\O
(4
<
. _.0’.- o oo %OV‘ Qﬁ.
X %,
* ()
oTlOO. o %oeo k o\Orma
ne} y0p/96€49s-d
juoinezijedo0|od Jo 9,
o]


https://doi.org/10.1101/2021.01.25.428055

] (\'Nhich was not certified by peer review) is the author/funder. All rig'hts reserved. No reuse allowed without permission.

Scr shBAG3
a : b c
*%
? 2 : w 0.25
I E *
c ‘G 020 .
o 0
Q15 T £ T
o - : Qoasi | .,
=AU 1- o . ..Iu.
o - o . 0 0.10 ok
£ \] v = K] . 5
g'op ! g 8 T 0.05 .
£ E 4 c
T 0.5 To5 2 0 = 0.00
: W : || & &
hoo il / ho c 9(\ )
270 5 10 15 203270 5 10 15 20
Distance (um) Distance (um)
d £ SCr __Rab3s —Hrs e f
21,0
Q
€ v
35 v
205 4 50 €03 *%
= 0 ,\ % * o :
goc U V U /\ '240 - ) :'“%oz T
. © [}
Rab3sHrs = N30 _[ . 9 -l
’2.'1.0 ShBAG3 M §2o . -g odd | - e
] - L) %
£l ﬂ Sl | = | |4 % '
e o.sp ;\[\‘ M\J U\M I e 0 = 0.0 "
50.0 Q Q
Rab35Hrs 2 5 10 15 20 Py >
Distance (um)
g h i 4%Input IP Myc-Rab35
— — BAG3 - - + + - - + +
+ BAG3 BAG3 KO 020 *BAG3 —BAG3KO roiipioB - + - + - 4 - +
- N s
> 130 __ _ _ i
Wio - b
o
L5 Hrs
251
0 'o 1 2 3 Pl R N B - e o
I Distance(pm)
, 020 %k Myc-Rab35
oo 307 we == |FLAG-TBC1D10B
5§39 : 1101
ﬁ £ 0.10 X
23 ﬁE 959 BAG3
g G 0.05 1 72 -
< 0.00!
& {9 34| e»eme» e GAPDH
F @
x @?‘0
k \ ] I m IP:Myc IP IgG
o &
{-oé\@v RS < o g a
— 1.57 tau S o N = o N
] oOotEgLa Q@ okgLa g
551 - - tau > ¥ =S 2032203
L ks n.s
c ofe 180
= 1.0-
3 1307 _—-— -
130
— == — — == |Hrs ° ¢ o5
o k% kk %%k |V
95 S 059 T Hrs
7o --!- BAG3 & = T
- © o |le2®
&0 - 257 s e e =
34] == = == == — |GAPDH RCAIRN gézc’é{z
& < MYC-Rab35


https://doi.org/10.1101/2021.01.25.428055

b

Control BAG3 O/E

1
| % B |BAG3
1

s s |GAPDH

Relative Protein level


https://doi.org/10.1101/2021.01.25.428055

) (\'Nhich was not certified by peer review) is the author/funder. All rig'hts reserved. No reuse allowed without permission.

e E
Control BAG3O/E = *
2
55 T
Q' [ ]
Human tau (5A6) ) 051 T
@
. —— ——— .‘g ®
34+ Eo.c . r
N
GAPDH ééo 'bo\@
< O
Q,‘?'
g
1 Control
O [ BAG3 O/E
o *
E o *%
c ° o *%
'.ST_-Z
O 14
g e®
)
2 . °
) [ ]
S ® °
)
elA [z [E
9 AS A
qg) b‘ '5
Ca '5‘36\ :\“&
Q 60‘ 'Q
Q’
Control BAG3 O/E

Control BAG3 O/E g”‘ .
)
-—— - . g 1.01 T
50+ o *
s .
Human tau (HT7) 9 o5 .
— R 'g
43-| | % o .
GAPDH (4 .¢°\ O\Q,
s &
Q
f Control BAG3 OE
554
. — p-Ser262
> == e = GAPDH
34
554 T 8 & » |p-Thr231
GAPDH
344 — — — o
-~ ¥ p-Ser396/404
55+ !
34 — -i— == GAPDH
h Control BAG3 /
>
515
b *
£
o 1.0 X
g .
: -
§ 0.5 .
E
g 0.0
E & &
14 00 0“-’
Qv
j Control  BAG3 OJE
P301S e
60 *%
g T
-“540
g
F T
~ 20 o
o
s
> 0 - =
Q S
c;°€\é 0“"0

p-Ser396/404 -
p-Ser396/404

Control BAG3 O/E

Relative fluorescence intensity

g
°

2
.7’ *
&
o L .
[ ®
S T
[ o
(%]
(7]
2os
)
3
S
[
2
=
% 0.0
N
V4 \*0 O\Q/
& Al
O ‘?9
L2
1.5 *

-
o

o
&



https://doi.org/10.1101/2021.01.25.428055

X &
X %,
To . .\n.vﬂ\
A\O
V)
g 8 & g =°
ne} y0y/96€19S

-d/awn|oA 921182009 JO Y,

X
o

&
9
e
® k AN»\\O
(o)
L T T 0
i N e e
o o o o
JUBIDIB09 S Japue
josuoy 3/0 €9vd
© ()
¥ M ovos
)
X ) vmv
+'.. 3 o.vvo
(o)
T T o
g = &
SJH/3WN|OA 8Z1|e20]09 JO %,
(&)
. T ° /«VO%
O
X ) v@
[ J - o..\.\\o
(o)
r T T T T o
10 < “« N e <
o o o o o o

JUaIDI}909 S Jopuey

jouoy 3/0 €9vd


https://doi.org/10.1101/2021.01.25.428055

X o
X Vav
[} .\o.\\Q
m o
O
© < ~ 1)
O  Aysusp 6asd eAne|oy
ff %o,
X V)
X .T v@
[ ] -\o
%,
o)
Ll
—
(@]
()
O)
<
m
©
| ..
i)
c
o
(&)



https://doi.org/10.1101/2021.01.25.428055

Alzheimer's disease

Normal Ageing

BAG3 4

o e i
1

-

Endosome@
)~

lysosome

Endosome

BAG3 *

Endolysosome

Endosome



https://doi.org/10.1101/2021.01.25.428055

12% Input IP IgG IP BAG3 12% Input IPIgG IP BAG3
© © © ) ) ™
] ] ]
< < < g 2 g
5 = 5§ = 5 = 5 = 5 & 5 =
R A R A B D 6 hD 6 BH @
130+
951 954
- BAG3 - N % | BAG3
72+ 72
170+ 1701 = e Clathrin Heavy Chain
| — MAP6 _
Short exp. Long exp.
Short exp. Long exp. S——
34- GAPDH
34+

Fig s1. Verification of immunoprecipitation-mass spectrometry data. Cell lysates from rat neurons transduced with lentivirus
expressing scrambled or shBAG3 shRNA at DIV16 were collected at DIV 22. MAP6 and clathrin were selected from the list of proteins
that co-immunoprecipitated with BAG3 that were identified by mass spectrometry for verification. (a) Cell lysates were
immunoprecipitated with an anti-BAG3 antibody and probed for the presence of MAPG. (b) Cell lysates were immunoprecipitated with an
anti-BAG3 antibody and probed for the presence of clathrin. The same amount of rabbit IgG was used to verify the specificity of the
immunoprecipitation. A fraction of cell lysate was used as input control. GAPDH is used as a loading control. the positions at which

molecular weight markers (kDa) migrated are indicated at the left.
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Fig s2. STRING analysis of predicted protein-protein interactions for the identified BAG3 associated proteins based on
confidence. STRING analysis reveals that BAG3 associated with a diverse set of proteins which influence on endocytosis. STRING

analysis reveals that BAG3 associated with a diverse set of proteins which influence on endocytosis pathway. Magnified image of Fig 1b.
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Fig s3. Overexpression of BAG3 in the hippocampus doesn’t affect the tau levels in the cerebellum. Two-month-old P301S mice
were intrahippocampal injected with AAV2/9-GFP as control or AAV2/9-GFP-BAG3-MYC as BAG3 overexpression (BAG3 O/E) and were
collected at 6-month old. (a) Representative immunoblots of BAG3 for cerebellum lysate of control and BAG3 O/E brains. (b) The graph
shows the quantitative analysis of BAG3 to GAPDH and relative to control. (c, e) Representative blot of total tau (HT5 and 5A6) for
cerebellum lysates of control and BAG3 O/E brains. (d, f) The graphs show the quantitative analysis of tau to GAPDH and relative to
control. N=4 for control, n=5 for BAG3 O/E. Data are shown as mean + SEM. Statistical analysis was performed using the student t-test.
NS, not significant.
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