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5Institute of Biological Information Processing, Forschungszentrum Jülich, Wilhelm-Johnen-Straße, 52428 Jülich, Germany
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SUMMARY

Proteome maintenance in contracting skeletal and cardiac muscles depends on the chaperone-regulating
protein BAG3. Reduced BAG3 activity leads to muscle weakness and heart failure in animal models and pa-
tients. BAG3 and its chaperone partners recognize mechanically damaged muscle proteins and initiate their
disposal through chaperone-assisted selective autophagy (CASA). However, molecular details of the force-
dependent regulation of BAG3 have remained elusive so far. Here, we demonstrate that mechanical stress
triggers the dephosphorylation of BAG3 in human muscle and in isolated cells. We identify force-regulated
phospho-switches in BAG3 that control CASA complex assembly and CASA activity. Differential proteomics
reveal RAB GTPases, which organize membrane traffic and fusion, as dephosphorylation-dependent inter-
actors of BAG3. In fact, RAB7A and RAB11B are shown here to be essential for CASA in skeletal muscle cells.
Moreover, BAG3 dephosphorylation is also observed upon induction of mitophagy, suggesting an involve-
ment of the cochaperone in the RAB7A-dependent autophagic engulfment of damagedmitochondria in exer-
cised muscle. Cooperation of BAG3 with RAB7A relies on a direct interaction of both proteins, which is regu-
lated by the nucleotide state of the GTPase and by association with the autophagosome membrane protein
LC3B. Finally, we provide evidence that BAG3 and RAB7A also cooperate in non-muscle cells and propose
that overactivation of CASA in RAB7A-L129F patients contributes to the loss of peripheral neurons in
Charcot-Marie-Tooth neuropathy.

INTRODUCTION

Cellular protein homeostasis (proteostasis) under biotic and

abiotic stress depends on a cooperation of molecular chaper-

ones with protein degradation systems.1,2 Stress-unfolded pro-

teins are recognized by chaperones, which mediate refolding to

the native state whenever possible. However, in case of irrevers-

ible damage, chaperones cooperate with degradation factors for

client protein disposal through the ubiquitin-proteasome-system

or autophagy pathways.1 During chaperone-assisted selec-

tive autophagy (CASA), client recognition is facilitated by the

BCL2-associated athanogene 3 (BAG3), which links chaperones

of the 70-kDa heat shock protein (HSP70) family to small heat

shock proteins (sHSPs).3,4 Following client ubiquitylation by a

chaperone-associated ubiquitin ligase and recruitment of auto-

phagic ubiquitin receptors, the CASA-client complex is engulfed

by phagophoremembranes, leading to autophagosome (AP) for-

mation and ultimately to degradation in autolysosomes (ALs).3 In

neurons, CASA mediates the degradation of aggregation-prone

proteins linked to neurodegeneration. This includes the microtu-

bule-associated protein tau, which accumulates in Alzheimer’s

disease, and mutant variants of SOD1 and Huntingtin that form

aggregates in brains of amyotrophic lateral sclerosis (ALS) and

Huntington’s disease patients, respectively.5–8 In mechanically
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stressed cells, CASA degrades the actin-crosslinking protein

filamin following force-induced unfolding and damage.9–12

Disposal of damaged filamin is necessary for maintaining the

integrity of the sarcomere, the smallest contractile unit of striated

muscle.9–13 In fact, mutations in BAG3 cause rapidly progressing

muscle dystrophy and cardiomyopathy in animal models and pa-

tients.12,14–18 Moreover, a reduction of BAG3 activity contributes

to heart failure,11 which is a leading cause of morbidity and mor-

tality in industrialized countries, affecting 64 million people

worldwide.19 Evidently, BAG3 expression and activity need to

be carefully adjusted to stress levels to ensure cell survival and

tissue homeostasis. In human skeletal muscle, BAG3 expression

is indeed upregulated following resistance exercise (RE) to cope

with cytoskeleton damage.20 In this situation, accumulation of

force-unfolded proteins is sensed by HSP70 chaperones, result-

ing in the activation of the heat shock transcription factor 1

(HSF1), which in turn triggers BAG3 transcription.9,21 Besides

transcriptional regulation, recent studies also point to an adap-

tive modulation of BAG3 activity through posttranslational

modification.22,23 In line with this, proteomic analysis of the

phospho-proteome of exercised human muscle and contracting

mouse muscle revealed significant changes of the phosphoryla-

tion status of BAG3 compared to resting muscle.24–26 However,

functional consequences remained elusive so far. Here, we show

that BAG3 is dephosphorylated on multiple residues in response

to mechanical forces that are externally applied to cells or inter-

nally generated. We identify phospho-switches in BAG3, which

control its cooperation with sHSPs during client recognition

and sequestration and with autophagy-stimulating membrane

trafficking factors during CASA execution. The findings shed

light on critical regulatory steps of BAG3-mediated proteostasis,

which could be explored for therapeutic intervention in pathol-

ogies caused by BAG3 dysfunction.

RESULTS

BAG3 is subjected to force-induced dephosphorylation
Available proteomic data reveal extensive changes of the phos-

phorylation status of BAG3 in human and murine muscle follo-

wing exercise and electrical stimulation.24–26 Notably, most of

the regulated phosphosites display reduced levels of phosphor-

ylation under mechanical stress, suggesting that force-induced

dephosphorylation could activate BAG3-mediated proteostasis

(Figure 1A).

We succeeded in generating a phospho-specific antibody

against one of the force-regulated sites, i.e., serine-136 of hu-

man BAG3 (Figures 1A and S1). It is the terminal serine of the

first arginine-serine-glutamine-serine (RSQS) motif of the co-

chaperone, which mediates binding of BAG3 to 14-3-3 proteins

during the microtubule-dependent transport of misfolded pro-

teins to perinuclear aggresomes.22 Using the phospho-specific

antibody, significant dephosphorylation of BAG3 was observed

in vastus lateralis muscle biopsies of unadapted human sub-

jects after standardized mechanical overload (SMO1; R1 and

E1) (Figures 1B and 1C). Moreover, SMO-induced dephos-

phorylation of BAG3 was attenuated following an adaptation

phase with repeated bouts of RE (SMO2; R2 and E2). Repe-

ated training reduces force-induced damage of sarcomeric

proteins20 and hence diminishes a requirement for BAG3

activation. The data confirm that BAG3 is dephosphorylated

in exercised human muscle and illustrate an inverse correlation

between BAG3 dephosphorylation and the training status of the

subject.

BAG3 dephosphorylation was also monitored in C2C12

mouse myotubes, in which twitch contractions were induced

by electrical pulse stimulation (EPS). EPS mimics exercise regi-

mens in humans with high intensities leading to comparable

damage in muscle cytoskeleton architecture.27 Of note, applying

EPS of increasing intensity to mouse myotubes caused incre-

asing dephosphorylation of BAG3 (Figure 1D).

Finally, A7r5 rat smoothmuscle cells were grown on elastomer

substrates and subjected to unidirectional cyclic stretch. In this

experimental setup, cells respond to the applied force with a re-

orientation of their actin cytoskeleton perpendicular to the force

axis to minimize strain.28 Reorientation occurs in a BAG3 and

autophagy-dependent manner within 4 h of stretching.28 Strik-

ingly, cyclic stretch resulted in a strong dephosphorylation of

BAG3 within the first hour of treatment, before phosphorylation

returned to control level at 4 h (Figure 1E). Dephosphorylation

of the cochaperone is apparently an immediate response to

applied strain that is reversed when cells adapt through cyto-

skeleton reorientation.

Taken together, the dephosphorylation of BAG3 emerges as a

common physiological response to internally generated and

externally applied mechanical forces in mammalian cells.

Dephosphorylation of BAG3 stimulates CASA complex
formation and activates CASA
To elucidate functional consequences of BAG3 dephosphoryla-

tion, we mutated serine and threonine residues of human BAG3,

which were identified to be dephosphorylated in exercised hu-

man muscle,24 namely S136, S264, S275, S279, T285, and

S289 (Figure 1A). Residues were exchanged to alanine (A) and

aspartic acid (D) to mimic the dephosphorylated and phosphor-

ylated state, respectively (Figure 2A). In initial experiments, the

impact of these mutations on CASA complex formation was

investigated. HeLa cells were chosen for this approach because

they are readily transfected, and CASA complex formation is well

detectable in these cells.12 FLAG-tagged phosphosite mutant

variants of BAG3 were transiently expressed in HeLa cells, fol-

lowed by immunoprecipitation and complex analysis (Figure 2A).

Phosphorylationmimicry at single sites did not affect association

of BAG3 with its chaperone partners HSPB8 and the constitu-

tively expressed HSP70 protein heat shock cognate 70

(HSC70) (Figures S2A–S2F). Yet, when amino acid exchanges

at position T285 and S289 were combined, CASA complex for-

mation was affected (Figures 2B and 2C). The mutant variant

that represents the dephosphorylated state (T285A/S289A)

behaved like wild-type BAG3 and interacted with HSPB8 and

HSC70 (Figures 2B and 2C). In contrast, phosphorylation mim-

icry on both residues (T285D/S289D) reduced binding to

HSPB8. Force-induced dephosphorylation of BAG3 apparently

triggers a transition from a core BAG3/HSC70 complex, which

prevails under rest, to the fully assembled CASA complex with

incorporated HSPB8.

To investigate how BAG3 phosphosite mutant variants aff-

ect CASA activity, the degradation of the BAG3 interactor

SYNPO2 was analyzed in A7r5 smooth muscle cells. In this cell
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line, CASA is active when intracellular tension is generated upon

cultivation on the extracellular matrix protein fibronectin.9 To

monitor degradation, cells were treated with the translation in-

hibitor cycloheximide, and the reduction of the cellular concen-

tration of SYNPO2 isoforms was followed by immunoblot anal-

ysis (Figures 2D and 2E). SYNPO2 links the CASA machinery

to a membrane fusion complex, which facilitates engulfment

by AP membranes.9 SYNPO2 is, therefore, co-degraded during

CASA. Consistent with previous data,9 SYNPO2 isoforms were

turned over with a half-life of about 3 h in A7r5 cells (Figure 2E).

Expression of wild-type BAG3 or dephosphorylation-mimicking

alanine variants did not significantly affect SYNPO2 degradation.

However, T285D/S289D, T285D, and S136D mutant variants,

which mimic phosphorylation of these sites, acted as domi-

nant-negative proteins and abrogated SYNPO2 turnover (Fig-

ure 2E). CASA regulating activity was specific for these residues,

as D variants of residues S264, S275, S279, or S289 did not inter-

fere with SYNPO2 degradation (Figures S2G and S2H). In

conclusion, force-induced dephosphorylation of S136, T285,

and T285/S289 activates the CASA degradation pathway under

mechanical stress.

BAG3 associates with RAB GTPases in a
dephosphorylation-dependent manner
To explore the molecular basis of the observed dephosphoryla-

tion-dependent activation of CASA, differential interaction prote-

omics of BAG3 phosphosite mutant variants was performed. A

and D variants of S136, T285, and T285/S289 were expressed

in A7r5 cells as FLAG-tagged fusion proteins followed by anti-

FLAG immunoprecipitation and mass spectrometry (Figure 3A).

Whereas dephosphorylation mimicry at position S136 did not

significantly stimulate binding of BAG3 to partner proteins

(Table S1), the interactomes of T285 and T285/S289 mutant var-

iants were significantly affected (Figures 3B, 3C, 3E, and S3F)

(Data S1 and S2). In agreement with findings for HeLa cells

(Figures 2B and 2C), BAG3-T285A/S289A displayed increased

binding to sHSPs compared with the T285D/S289D variant

when expressed in A7r5 smooth muscle cells (Figure 3B). Yet,

instead of HSPB8, HSPB1was detected in BAG3 complexes iso-

lated from this cell type. HSPB1 is another member of the sHSP

family, which interacts with BAG329 and contributes to muscle

proteostasis.30 Indeed, HSPB8 is not expressed in A7r5 smooth

muscle cells (Figure S3A), suggesting that HSPB1 replaces
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Figure 1. BAG3 is dephosphorylated in res-

ponse to mechanical forces

(A) Schematic presentation of the domain structure

of human BAG3 with domain-interacting proteins

indicated below. Residues, which were identified

by Hoffman et al.24 as being subjected to exercise-

induced dephosphorylation in human muscle, are

shown in red. WW, tryptophan-containing domain

that mediates binding to PY-motif-containing

partner proteins; IPV, isoleucine-proline-valine

motif that mediates binding to sHSPs; RSQS,

arginine-serine-glutamine-serine motif that medi-

ates binding to 14-3-3 proteins; PXXP, proline-x-x-

proline motif that mediates binding to dynein; BAG,

BCL2-associated athanogene signature domain

that mediates binding to HSC70.

(B) Overview of the human study design. Following

strength diagnostics (SDs), human subjects per-

formed standardized mechanical overload (SMO1,

unadapted state) and resistance exercise (RE) as

indicated. After an adaptation phase with 12 exer-

cise bouts, subjects performed a second SMO

(SMO2, adapted state). Biopsies were taken 4 days

before (rest: R1 and R2) and 60 min after SMO

(exercise: E1 and E2).

(C) BAG3 and phosphorylated BAG3 (BAG3-

pS136) were detected in lysates from muscle bi-

opsies taken before (R1 and E1) and after an

adaptation phase with repetitive RE sessions (R2

and E2). Staining reflects protein detection on blot

membranes by Ponceau S. Protein levels were

quantified from 8 human subjects, and protein ra-

tios between exercise and rest were calculated.

The dashed line indicates a ratio of 1 with no change between exercise and rest. Data are shown as mean values for E/R ratios ± SEM, n = 8.

(D) Differentiated C2C12 myotubes were subjected to electrical pulse stimulation (EPS) of increasing intensity for 5 h, followed by detection of BAG3 and BAG3-

pS136 with specific antibodies. Protein levels were quantified, and the ratio between BAG3-pS136 and total BAG3 (phospho/total) observed in untreated control

cells was set to 1. The dashed line represents the control value. Data are shown as mean values ± SEM, n = 5.

(E) A7r5 rat smooth muscle cells were subjected to unidirectional cyclic stretch at 0.3 Hz and 20% amplitude for 4 h. At 0, 0.5, 1, and 4 h cells were collected and

analyzed for BAG3 and BAG3-pS136 levels. Protein levels were quantified, and the ratio between BAG3-pS136 and total BAG3 (phospho/total) observed in

untreated control cells was set to 1. The dashed line represents the control value. Data are shown as mean values ± SEM, n = 5.

Statistical analysis was carried out using two-tailed unpaired t test with Welch’s correction: *p < 0.05, ***p < 0.001.

See also Figure S1.
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HSPB8 in this cell type. In agreement with this, HSPB1 depletion

abrogated the autophagic degradation ofBAG3 inA7r5 cells (Fig-

ures S3B and S3C). HSPB1 was also detected in BAG3-T285A

complexes (Figure S3C). However, different from the double-

mutant variant BAG3-T285D/S289D, exchange of threonine-

285 to aspartic acid alone (BAG3-T285D) did not significantly

reduce HSPB1 binding. Again, this is consistent with observa-

tions from HeLa cells (Figures 2B, 2C, and S2E) and illustrates

that multisite dephosphorylation on T285 and S289 is required

to facilitate an interaction of BAG3 with HSPB1 and HSPB8.

Gene Ontology (GO) term analysis of BAG3-associated pro-

teins showed an enrichment of cytoskeleton, chaperone, and
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Figure 2. BAG3 phosphosite mutant variants

that mimic the phosphorylated state interfere

with CASA complex formation and CASA

activity

(A) Phosphosite mutant variants of BAG3 were de-

signed to mimic the different states of BAG3 and were

transiently expressed in HeLa cells as FLAG-epitope

tagged proteins followed by anti-FLAG immunopre-

cipitation.

(B) Immunoprecipitated complexes were probed with

specific antibodies for the presence of BAG3,

HSPB8, and HSC70.

(C) Data obtained under (B) were quantifiedwith levels

for HSPB8 detected in complexes of wild-type BAG3

(FLAG-BAG3) set to 1. Data are shown as mean

values ± SEM, n = 5.

(D) BAG3 and BAG3 phosphosite mutant variants

were transiently expressed in A7r5 rat smooth muscle

cells cultivated on fibronectin. 48 h after transfection,

cells were treated with cycloheximide (CHX) for 3 h to

block protein synthesis.

(E) Lysates of A7r5 cells that recombinantly express

the indicated proteins were prepared and subjected

to western blot analysis using antibodies against

SYNPO2 and BAG3. SYNPO2 is detectable as multi-

ple isoforms in this cell type. Levels of SYNPO2 were

quantified, and the ratio of levels in the presence of

CHX or the solvent DMSO was determined (ratio ±

CHX). The dashed line represents a ratio of 1 with no

changes upon CHX treatment. Data are shown as

mean values ± SEM, n R 5.

Statistical analysis was carried out using two-tailed

unpaired t test with Welch’s correction: *p < 0.05;

**p < 0.01; ns, non-significant.

See also Figure S2.

ubiquitin ligase-binding proteins, consistent

with the proteostasis function of BAG3 in

cytoskeleton maintenance (Figures 3D and

S3E). Moreover, several nucleotide trip-

hosphate hydrolases, e.g., GTPases, were

detected in BAG3 complexes. The small

GTPases RAB7A and RAB11A/B were sig-

nificantly enriched in BAG3-T285A/S289A

complexes compared to those of the double

aspartic acid variant BAG3-T285D/S289D

(Figure 3E), and RAB7A, RAB1A, RAB2A/B,

and RAB10 showed increased binding to

BAG3-T285A compared to T285D (Figure

S3F). The data point to a force-induced,

dephosphorylation-dependent interaction of BAG3with a subset

of small GTPases. RAB GTPases regulate intracellular mem-

brane traffic and compartmentalization in eukaryotic cells.31

Strikingly, all BAG3-associated RABs, except RAB11B, were

previously linked to autophagy.32–40 Their regulated association

with BAG3 under mechanical stress may thus facilitate mem-

brane fusion events during CASA.

RAB7A and RAB11B are essential for CASA
To explore the relevance of BAG3-associated RABs for skeletal

muscle homeostasis, RABs were depleted by RNA interference

in differentiating murine skeletal muscle cells (Figure 4A). In
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this approach, we used C2 myoblasts, the parental cell line from

which theC2C12 cell line was derived.41 Following differentiation

to myotubes, cells were treated with bafilomycin A1 (BafA1),

which prevents the acidification of lysosomes and thereby

blocks late stages of autophagy, resulting in the accumulation

of autophagy clients. Besides core autophagy factors such as

SQSTM1 and lipidated LC3B (LC3B-II), BAG3 and SYNPO2

were analyzed as CASA-specific components (Figure 4B). We

concentrated on RAB2A and RAB11A/B, which were detected

in complexes with BAG3-T285A and BAG3-T285A/S289A,

respectively, and on RAB7A that was significantly enriched in

both complexes (Figures 3E and S3F). RNA interference reduced

RAB2A levels in differentiated myotubes to �30% (Figures S4A

and S4B). RAB2A depletion was accompanied by an increase

in the steady-state level of LC3B-II, whereas BAG3, SYNPO2,

and SQSTM1 levels remained unaffected (Figure S4B). BafA1

treatment of differentiated myotubes revealed autophagic

degradation of BAG3, SYNPO2, SQSTM1, and LC3B-II, which

was not significantly altered upon RAB2A depletion (Figure S4C).

Regarding the RAB11 isoforms A and B, we initially focused on

RAB11A because of its role in AP assembly.39 Following small

interfering RNA (siRNA) treatment, RAB11A was no longer dete-

ctable in myotubes (Figure S4D). Whereas SYNPO2, SQSTM1,

and LC3B-II steady-state levels were not altered upon RAB11A

depletion, BAG3 levels were �1.5-fold increased (Figures S4D

and S4E). Impairment of membrane traffic in the absence of

RAB11A might be compensated by elevated BAG3 expression.

Indeed, autophagic degradation rates were not significantly

different between control and RAB11A-depleted cells (Fig-

ure S4F). Taken together, depletion of RAB2A and RAB11A,

respectively, leads to an adaptation of the autophagy network

in differentiated myotubes, but both GTPases are dispensable

for autophagic flux and CASA activity.

A different picture emerged for RAB11B. Although, RAB11B

has not been linked to autophagy in previous studies, its deple-

tion to about 45% of the control level completely abrogated the

autophagic degradation of BAG3 and SYNPO2 (Figures 4B and

4D). In contrast, SQSTM1 and LC3B-II turnover was not affected

by RAB11B depletion. RAB11B is apparently not generally

required for autophagic flux in skeletal muscle cells but exerts

specific and essential functions during CASA.

An essential role in CASA was also revealed for RAB7A, which

was themost robust interactor of BAG3 dephosphorylationmim-

icry variants (Figures 3E and S3F). The established siRNA strat-

egy allowed us to deplete RAB7A in C2 myotubes to about 50%

of the control level (Figures 4E and 4F). RAB7A depletion led to

an increase of the steady-state levels of BAG3, SQSTM1, and

LC3B-II (Figure 4F). Furthermore, autophagic degradation of all

analyzed components was significantly reduced to about half

of the degradation rate in control cells (Figure 4G). The data

show that RAB7A is a core autophagy factor in skeletal muscle

cells, involved in CASA and other SQSTM1 and LC3B-depen-

dent autophagy pathways.
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Figure 3. BAG3 interacts with RABGTPases in a dephosphorylation-

dependent manner

(A) Phosphosite mutant variants of BAG3 were transiently expressed in A7r5

cells as FLAG-epitope tagged proteins followed by anti-FLAG immunopre-

cipitation and mass spectrometry.

(B) HSC70 was detected in complexes of wild-type BAG3, and BAG3-T285A/

S289A and BAG3-T285D/S289D mutant variants by interaction proteomics.

HSPB1 was significantly more abundant (LIMMA-moderated t test p

value < 0.05) in pull-downs with the dephosphorylation-mimicking BAG3-

T285A/S289A. Heatmap shows protein abundance as log2-transformed

mean intensity compared to mean background intensity (FLAG-BAG3-

construct/empty). See Data S1A for more information.

(C) Principal-component analysis based on label-free quantification (LFQ) in-

tensities of 42 proteins identified as differentially abundant (ANOVA p

value < 0.05 with Tukey’s post hoc test FDR < 0.05). Empty, empty vector

transfected controls (black); WT, wild-type BAG3 (green); DD, BAG3-T285D/

S289D (blue); AA, BAG3-T285A/S289A (red). See Data S1B for more infor-

mation.

(D) Gene Ontology (GO) terms enriched among proteins identified as BAG3

interactors. GO terms were selected from significantly enriched categories

(FDR-corrected p value < 0.05). ForGO-term identifier numbers, seeData S1C.

(E) Volcano plot visualizing the log2 transformed ratio of mean protein

abundance in pull-downs with BAG3-T285A/S289A compared to BAG3-

T285D/S289D (log2 (AA/DD)), plotted against �log10 (LIMMA-moderated t

test p value AA/DD) as a measure of significance. See Data S1D for more in-

formation.

For all panels: empty vector, n = 5; FLAG-BAG3, n = 8; FLAG-T285D/S289D,

n = 8; FLAG-T285A/S289A, n = 6.

See also Figure S3 and Table S1 and Data S2.
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RAB7A exerts early and late functions during CASA and
directly interacts with BAG3
Previous work has highlighted a role of RAB7A in AP maturation

and AP-lysosome fusion.32 Engulfment of BAG3 by phagophore

membranes during AP formation apparently reduces the avail-

ability of the cochaperone for binding to RAB7A at these late

stages of autophagy. We therefore investigated whether

RAB7A also acts early during AP formation in cells with active

CASA. A7r5 rat smooth muscle cells were cultivated on fibro-

nectin to induce CASA and were transfected with a plasmid for

expression of an LC3B-traffic-light reporter protein (mCherry-

EGFP-LC3B). In APs, the reporter protein emits green and red

fluorescence, causing a yellow appearance in merged images,

whereas quenching of the EGFP portion in acidic ALs results

only in red fluorescence (Figure 5A). Thus, the reporter protein al-

lows to simultaneously quantify APs and ALs in transfected cells

(Figure 5B). To verify a role of RAB7A in AP and AL formation,

dominant-negative RAB7A-T22N was co-expressed with

mCherry-EGFP-LC3B. The mutation reduces the affinity for gua-

nosine triphosphate (GTP) and impairs nucleotide exchange on

RAB7A.42 Co-expression of RAB7A-T22N increased the ratio

between APs and ALs (AP/AL) (Figure 5C, red columns). Consis-

tent with the function of RAB7A in AP-lysosome fusion, thematu-

ration of APs is apparently attenuated in the presence of mutant

RAB7A. Strikingly, however, impaired AP-lysosome fusion did

not result in an accumulation of APs in A7r5 cells (Figure 5C, yel-

low columns). This is in marked contrast to previous findings for

starvation-induced autophagy, where RAB7A-T22N expression

caused a strong increase in AP number due to impaired late

stages of autophagy.43 The lack of AP accumulation observed

here in CASA-executing cells suggests that RAB7A does not

only stimulate AP-lysosome fusion but also contributes to the

initial formation of APs during CASA (Figure 5D).

In vitro binding experiments with purified proteins were perfo-

rmed to test for a direct interaction between BAG3 and RAB7A.

The dephosphorylation-mimicking BAG3-T285A/S289A was

incubated with T7-tagged RAB7A followed by anti-T7 immuno-

precipitation (Figure 5E). As effector protein binding to RAB7A
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Figure 4. RAB11B and RAB7A are essential for CASA in differenti-

ated mouse myotubes

(A) C2 mouse myoblasts were differentiated to myotubes for 5 days. At days

0 and 2 siRNA transfections were performed. Obtainedmyotubes were treated

with the solvent DMSO or the autophagy inhibitor bafilomycin A1 (BafA1) to

determine autophagic activity.

(B) Differentiated myotubes, transfected with control siRNA or RAB11B-tar-

geting siRNA (siRAB11B), were incubated with solvent (�) or BafA1 (+) for 5 h.

Myotube lysates were analyzed with specific antibodies against the indicated

proteins.

(C) RAB11B depletion leads to an increase in the steady-state level of LC3B-II.

Data obtained under (B) were quantified. Protein levels observed in solvent-

treated and control siRNA-transfected cells were set to 1 and were compared

to levels in solvent-treated RAB11B-depleted cells. The dashed line indicates

the control value. Data are shown as mean values ± SEM, n = 6.

(D) RAB11B depletion specifically attenuates CASA. Data obtained under

(B) were quantified. The ratio of protein levels with andwithout BafA1 treatment

(ratio ± BafA1) was determined. The dashed line indicates a ratio of 1 with no

changes upon BafA1 treatment. Data are shown as mean values ± SEM, n = 6.

(E) Differentiated myotubes, transfected with control siRNA or RAB7A-tar-

geting siRNA (siRAB7A), were incubated with solvent (�) or BafA1 (+) for 5 h.

Myotube lysates were analyzed with specific antibodies against the indicated

proteins.

(F) RAB7A depletion leads to an increase in the steady-state levels of BAG3,

SQSTM1, and LC3B-II. Data obtained under (E) were quantified. Protein levels

observed in solvent-treated and control siRNA-transfected cells were set to 1

and were compared to levels in solvent-treated RAB7A-depleted cells. The

dashed line indicates the control value. Data are shown asmean values ± SEM,

n = 5.

(G) RAB7A depletion attenuates autophagic flux. Data obtained under (E) were

quantified. The ratio of protein levels with and without BafA1 treatment (ratio ±

BafA1) was determined. The dashed line indicates a ratio of 1 with no changes

upon BafA1 treatment. Data are shown as mean values ± SEM, n = 5.

Statistical analysis was carried out using two-tailed unpaired t test with

Welch’s correction: *p < 0.05, **p < 0.01, ***p < 0.001; ns, non-significant.

Asterisks above column bars indicate significance compared with control.

Asterisks above columns-connecting lines indicate significance between the

compared samples.

See also Figure S4.
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Figure 5. RAB7A acts in autophagosome forma-

tion and autophagosome-lysosome fusion in

smooth muscle cells and is recognized by de-

phosphorylated BAG3 when in the GDP-bound

state

(A) An LC3B traffic-light construct (mCherry-EGFP-LC3B)

was expressed in A7r5 smooth muscle cells. Expression

of the reporter protein allows to distinguish between au-

tophagosomes (AP, yellow fluorescence) and autolyso-

somes (AL, red fluorescence).

(B) A7r5 cells were transfected withmCherry-EGFP-LC3B

together with an empty plasmid (control) or with one that

encodes for the dominant-negative mutant variant

RAB7A-T22N. Cells were grown on fibronectin-coated

plates to induce CASA activity. 48 h after transfection

cells were fixed and subjected to confocal microscopy.

Scale bars represent 10 mm.

(C) The number of autophagosomes per cell area (AP/cell

area [mm2]) was determined in control and RAB7A-T22N

expressing cells, and the AP/AL ratio was calculated. For

quantification, at least 20 cells of each condition were

analyzed in each of 5 independent experiments. Data are

shown as mean values ± SEM, n = 5.

(D) Schematic presentation of autophagy pathway

disruption in the presence of RAB7A-T22N.

(E) Purified T7-RAB7A and BAG3 variants were used in

in vitro binding experiments followed by immunoprecipi-

tation with an anti-T7 antibody.

(F) Incubation of equimolar concentrations of purified

proteins (1 mM) was performed in the presence of EDTA,

GPTgS, or GDP as indicated. Isolated complexes were

analyzed by western blotting with specific antibodies

against RAB7A and BAG3. Input corresponds to 10% of

the total sample, and IP sample represents 20% of the

eluate.

(G) Data obtained under (F) were quantified. Levels of co-

immunoprecipitated BAG3 were determined and

normalized for the levels of immunoprecipitated RAB7A.

Data are given as BAG3-occupied RAB7A in percent of

total immunoprecipitated RAB7A (BAG3-occ.RAB7 [% of

imm.]) and are shown as mean values ± SEM, n = 4.

(H) Equimolar concentrations (1 mM) of purified RAB7A,

BAG3, and LC3B were incubated in the presence of GDP

as indicated, followed by isolation of RAB7A and asso-

ciated proteins by immunoprecipitation with an anti-T7

antibody. Isolated complexes were analyzed by western

blotting with specific antibodies against RAB7A and

BAG3. Input corresponds to 5% of the total sample, and

IP sample represents 20% of the eluate.

(I) Data obtained under (H) were quantified. BAG3 levels

detected in association with RAB7A in the absence of

LC3Bwere set to 1, and the fold change in the presence of

LC3B was calculated. Data are shown as mean values ±

SEM, n = 4.

(J) Schematic presentation of the regulated interaction

between BAG3 and RAB7A during autophagosome for-

mation.

Statistical analysis was carried out using two-tailed un-

paired t test withWelch’s correction: *p < 0.05, **p < 0.01;

ns, non-significant.

See also Figure S5.
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is dependent on the nucleotide state of the GTPase,44 proteins

were incubated in the presence of EDTA to induce a nucleo-

tide-free state or with non-hydrolysable GTP-g-S or guanosine

diphosphate (GDP). Notably, an association of BAG3-T285A/

S289A with GDP-loaded RAB7A was observed (Figures 5F and

5G). The GDP-bound state represents the inactive form of

RAB7A, which is largely localized in the cytoplasm.44 Also, re-

combinantly expressed and purified wild-type BAG3 was used

in binding assays. The bacterially expressed protein does not

display the phosphorylation pattern characteristic for inactivated

BAG3 in mammalian cells, as is evident from the lack of S136

phosphorylation (Figure S5A). It may therefore behave like acti-

vated BAG3. Indeed, the recombinant wild-type protein also in-

teracted with GDP-bound RAB7A (Figure 5H). Next, a possible

impact of the autophagic membrane marker LC3B on the inter-

action between BAG3 and RAB7A was investigated because

BAG3 directly binds to LC3B45 and RAB7A is part of the LC3B

interactome.46 When purified LC3B was included in in vitro bind-

ing assays, a direct interaction between RAB7A and LC3B was

detected (Figure 5H). Importantly, the presence of LC3B signifi-

cantly reduced binding of BAG3 to RAB7A (Figure 5H). Taken

together, our findings suggest a pathway on which force-

induced dephosphorylation of BAG3 triggers an interaction of

the cochaperone with inactive RAB7A-GDP throughout the cyto-

plasm followed by sorting to sites of AP formation (Figure 5J).

LC3B-facilitated docking onto phagophore membranes then

leads to a dissociation and subsequent activation of RAB7A to

promote phagophore fusion.

Induction of mitophagy triggers BAG3
dephosphorylation in skeletal muscle cells
RAB7A also exerts early functions during the engulfment of

damaged mitochondria by autophagic membranes.33,47 Intrigu-

ingly, BAG3 is recruited to damagedmitochondria and promotes

mitophagy.48 We therefore investigated whether induction of

mitophagy affects BAG3 phosphorylation. Toward this end, C2

myotubes were treated with carbonyl cyanide 3-chlorophenylhy-

drazone (CCCP) and valinomycin. Both compounds lead to a

disruption of the mitochondrial membrane potential and trigger

mitophagy.49,50 Mitophagy induction was verified by detection

of ubiquitin phosphorylated on serine-65 (ubiquitin-pS65) (Fig-

ure S5B), which is generated upon activation of the mitophagy-

stimulating kinase PINK1.51 Notably, mitophagy induction led

to a significant increase in BAG3 expression in differentiated

skeletal muscle cells and triggered an almost complete dephos-

phorylation of BAG3 (Figures S5B and S5C). Dephosphorylation-

dependent activation of BAG3 may thus not only stimulate AP

formation during CASA but also facilitate mitophagy.

Overactivation of CASA in RAB7A-L129F patient cells
may contribute to neuropathy
The identification of RAB7A as an essential CASA component

has implications beyond muscle homeostasis. Mutations in

RAB7A as well as in HSPB1, HSPB8, and BAG3 cause

Charcot-Marie-Tooth type 2 (CMT2) neuropathy, which is char-

acterized by a loss of peripheral neurons.42,52–58 The prevalent

hypothesis to explain RAB7A-related CMT2 pathology is that

mutant alleles alter endosome-lysosome trafficking and the-

reby impair neurotrophic signaling.59 To investigate whether

dysregulation of CASA could contribute to the observed pathol-

ogy, degradation assays were performed with lymphoid cells

from a CMT2 patient expressing RAB7A-L129F.60 This amino

acid substitution makes cycling between GDP and GTP-bound

states largely independent of a cognate guanine nucleotide ex-

change factor (GEF) and a GTPase-activating protein (GAP),

leading to increased levels of activated RAB7A-L129F (Fig-

ure 6A).61 The cellular concentration of RAB7A-L129F in patient

cells was reduced to about 50% of the concentration of the wild-

type protein in healthy control cells (Figures 6B and 6C). More-

over, a significant accumulation of RAB7A-L129F was observed

in patient cells after treatment with the autophagy inhibitor BafA1

(Figures 6B and 6D). Excessive activation of RAB7A-L129F

apparently results in increased autophagic degradation of the

GTPase and, consequently, lowers its cellular concentration.

Strikingly, RAB7A reduction in patient cells was accompanied

by a reduction of BAG3 levels (Figures 6B and 6C). In addition,

autophagic turnover of BAG3 and SYNPO2 was significantly

increased in patient cells (Figures 6B and 6D). The CMT2-

causing L129F mutation in RAB7A apparently causes an overac-

tivation of CASA in patient cells.

DISCUSSION

Here, we uncovermolecular details of the force-dependent regu-

lation of BAG3. We demonstrate that BAG3 is dephosphorylated

in response to internally generated and externally applied me-

chanical forces in diverse mammalian tissues and cell types.

Dephosphorylation of BAG3 triggers an association with sHSPs

and activates CASA through binding to autophagy-stimulating

RAB GTPases (Figure 6E).

A phospho-switch for a regulated interaction with sHSPs is

formed by residues T285 and S289 of BAG3. The residues are

distantly located from the two isoleucine-proline-valine (IPV) mo-

tifs of BAG3 (amino acid [aa] 96–98 and 208–210) that mediate

the interaction with sHSPs (Figure 1A).62 The phospho-switch

apparently regulates the accessibility of the IPV motifs through

induced conformational changes of BAG3. sHSPs form oligo-

meric assemblies with a unique capacity to stabilize misfolded

proteins.63 Upon proteasome impairment, the sHSP HSPB8

acts upstream of BAG3 to sequester ubiquitylated proteins inmi-

croaggregates that are subsequently concentrated through

BAG3-dependent transport along microtubules for final auto-

phagic degradation.64 The phospho-switch in BAG3 may allow

to uncouple the chaperone and surveillance function of HSPB8

from a degradative function that is exerted in conjunction with

BAG3. Remarkably, regulated uncoupling of BAG3 and HSPB8

is important for the biogenesis of stress granules (SGs), which

are membrane-less assemblies for the storage of mRNA under

stress conditions.65 In response to oxidative stress, for example,

HSPB8 dissociates from BAG3 and is incorporated into SGs to

stabilize SG components. When the stress subsides, the inter-

action between BAG3 and HSPB8 is re-established, which is

necessary for SG disassembly.65 Phosphorylation and dephos-

phorylation on T285 and S289 of BAG3 could provide the

molecular basis for a dynamic and regulated interplay between

the cochaperone and the sHSP under these conditions.

HSPB8 closely cooperates with BAG3 during CASA and stim-

ulates the association of BAG3 with the autophagic ubiquitin
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adaptor SQSTM1.64 In addition to HSPB8, BAG3 also binds to

HSPB1, HSPB5, and HSPB6.29 It has remained unclear, howev-

er, whether these sHSPs contribute to BAG3-mediated auto-

phagy. Strikingly, we observed that HSPB8 is not expressed in

A7r5 smooth muscle cells (Figure S3A), although high CASA

activity is detected in this cell type when grown on fibronectin

(Figure 2E).9 Instead of HSPB8, HSPB1 was identified as a

dephosphorylation-dependent interactor of BAG3 in A7r5 cells

(Figures 3B and 3E). Knock down of HSPB1 or the expression

of disease-causing mutant variants attenuates autophagic

degradation in diverse cell types.52 Moreover, HSPB1 binds

directly to SQSTM1 and triggers the formation of SQSTM1 scaf-

folds necessary for phagophore formation.52 In this way, HSPB1

could facilitate CASA upon association with BAG3 and function-

ally replace HSPB8. In fact, depletion of HSPB1 abrogated

CASA in smooth muscle cells (Figures S3B and S3C), demon-

strating a cooperation between BAG3 and HSPB1 in autophagic

protein degradation.

Phosphorylation mimicry on residues S136, T285, and T285/

S289, respectively, results in mutant variants of BAG3, which

inhibit CASA activity in a dominant-negative manner (Figure 2E).

S136 is the terminal residue of the first of two 14-3-3 binding

sites within BAG3 (Figure 1A). Binding of BAG3 to 14-3-3 pro-

teins increases the association with dynein motor proteins and

promotes the microtubule-dependent transport of misfolded

protein cargo into perinuclear aggresomes.22 Remarkably, agg-

resome targeting was enhanced by phosphorylation of S136,22

whereas CASA activity, monitored by SYNPO2 degradation,

was attenuated (Figure 2E). This implies a highly dynamic,

S136-regulated process in which phosphorylation-dependent

sequestration of cargo is followed by dephosphorylation-depen-

dent AP formation and degradation. Release of BAG3 from

transport complexes might be necessary in this scenario for

cargo enclosure by phagophore membranes. Yet, differential

proteomics did not reveal an increased association of the

dephosphorylation-mimicking S136A variant with proteostasis

or autophagy factors (Table S1). It appears that rather transient

low-affinity interactions are regulated through S136 phosphory-

lation and dephosphorylation.

In contrast, the phosphorylation status of residues T285 and

T285/S289 controls the association of BAG3 with autophagy-

stimulating RAB GTPases (Figures 3E and S3F). RAB1A,

RAB2A/B, RAB7A, RAB10, and RAB11A/B all showed preferen-

tial binding to force-activated, dephosphorylated variants of

BAG3. RAB1 and RAB2 isoforms link the endoplasmic reticulum

and the Golgi apparatus to the autophagy network, as they facil-

itate membrane trafficking at these compartments and, in addi-

tion, affect the localization of autophagy-inducing kinases to

promote autophagy initiation.35–37,66 RAB10 mediates mem-

brane trafficking between the Golgi and the plasma membrane

and stimulates the formation of recycling endosomes, but also

associates with nascent phagophores to trigger cargo engulf-

ment during lipophagy and mitophagy.34,38 Finally, RAB11A reg-

ulates the trafficking of recycling endosomes and directs such

endosomes to sites of AP formation in the context of mitophagy

and starvation-induced autophagy.39,67 The observed dephos-

phorylation-dependent association of BAG3 with the aforemen-

tioned RABs may thus allow to recruit membrane vesicles of

different origins for AP formation during CASA. The participating
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Figure 6. CMT2-causing RAB7A-L129F induces an overactivation of

CASA in patient cells

(A) Schematic presentation of the altered GTPase cycle of RAB7A-L129F as

determined by McCray et al.61 RAB7A activity is controlled by a guanine

nucleotide exchange factor (GEF) and a GTPase-activating protein (GAP).

(B) Lymphoid cells of a control subject and CMT2 patient were treated with

solvent (�) or BafA1 (+) for 7 h. Lysates were probed with specific antibodies

against the indicated proteins. Multiple isoforms of SYNPO2 are detectable in

this cell type.

(C) Data obtained under (B) were quantified. Protein levels observed in solvent-

treated control cells were set to 1 and were compared to levels in solvent-

treated patient cells to determine changes in the steady-state levels. The

dashed line indicates the control value. Data are shown asmean values ±SEM,

n = 4 with two biological replicates performed in each independent experi-

ment.

(D) Data obtained under (B) were quantified. The ratio of protein levels with and

without BafA1 treatment (ratio ± BafA1) was determined. The dashed line in-

dicates a ratio of 1 with no changes upon BafA1 treatment. Data are shown as

mean values ± SEM, n = 4 with two biological replicates performed in each

independent experiment.

(E) Schematic presentation of the stress-dependent regulation of BAG3.

Statistical analysis was carried out using two-tailed unpaired t test with

Welch’s correction: *p < 0.05; ns, non-significant.
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RABs likely exert overlapping functions. Indeed, depletion of

either RAB2A or RAB11A in mouse myotubes did not attenuate

CASA activity (Figure S4). Directing membrane material from

multiple sources into the CASA pathway may ensure robust

and efficient disposal of abundant cytoskeleton proteins

following their damage under mechanical stress.

In contrast to RAB11A, depletion of RAB11B abrogated CASA

in differentiated skeletal muscle cells (Figures 4B and 4D). Even

though the two isoforms share a high degree of sequence homol-

ogy and have both been linked to endosomal recycling pathways,

RAB11A and RAB11B reside on distinct vesicle compartments

and exert specific functions in the recycling of different plasma

membrane proteins.68–70 Furthermore, it is unclear whether

RAB11B facilitates phagophore formation as does RAB11A.

Although the intersectionbetweenRAB11B-mediatedmembrane

traffic and the CASA pathway remains to be defined, it is striking

that RAB11Bdepletion interferedwithCASA but did not generally

block SQSTM1- and LC3B-mediated autophagy in mouse myo-

tubes (Figures 4Band4D). The dephosphorylation-inducedasso-

ciationofBAG3withRAB11Bseems topromoteaspecific recruit-

ment of RAB11B decorated vesicles onto the CASA pathway.

Notably, RAB11B expression is induced by mechanical stress,

and RAB11B affects mechanotransduction by regulating integrin

receptor recycling.71,72 The observed essential role of RAB11B in

CASA thus adds a new facet to the homeostatic function of the

GTPase in mechanically challenged cells and tissues.

While RAB11B exerted CASA-specific functions, RAB7A

emerged here as a general autophagy factor, whose depletion

attenuated the degradation of CASA components as well as of

core autophagy proteins (Figures 4E and 4G). RAB7A acts in en-

dosome-lysosome trafficking and facilitates late stages of auto-

phagy, i.e., AP -lysosome fusion.32,43,73–75 Consistent with such

a function, we observed that the AP to AL ratio was increased in

CASA-executing A7r5 cells that express dominant-negative

RAB7A-T22N (Figures 5B and 5C). A role of BAG3 in endo-

some-lysosome trafficking and in late stages of AP maturation

has been revealed in neuronal cells,6,76 and might involve coop-

eration with RAB7A. In fact, BAG3 regulates the GTPase RAB35

during endosome trafficking in neurons, which highlights the

importance of the interplay of BAG3 with RAB proteins.76 How-

ever, BAG3 also exerts a prominent role in autophagy initiation

and cooperates with SYNPO2 to mediate phagophore fusion

during cargo engulfment in skeletal and smooth muscle cells

(Figure 6E).9 Multiple lines of evidence suggest that RAB7A

acts at early stages of CASA. First, an accumulation of APs

was not observed in A7r5 cells upon expression of dominant-

negative RAB7A-T22N (Figures 5B and 5C). This is in marked

contrast to findings for starvation-induced autophagy in Chinese

hamster ovary (CHO) cells, where RAB7A-T22N expression

caused a strong increase in AP number.43 It suggests that the

mutant RAB interferes with AP closure in CASA-executing cells.

Moreover, RAB7A was the only RAB, which significantly accu-

mulated upon autophagy inhibition in myotubes (Figure 4G). A

fraction of RAB7A apparently becomes enclosed by AP mem-

branes and is then co-degraded. Again, this points to a role of

RAB7A in AP formation during CASA. Of note, RAB7A was

recently also identified as autophagy cargo in basal autophagy

and shown to facilitate the engulfment of damagedmitochondria

by phagophores during mitophagy.33,38,46,47,77 Thus, RAB7A

stimulates early membrane fusion events on diverse autophagy

pathways, including CASA.

Duringmitophagy,RAB7Aassociateswithdamagedorganelles

and induces their autophagic engulfment through recruitment of

ATG9A-positive lipid vesicles for phagophore expansion.77 Mito-

chondrial association of RAB7A is dependent on the MON1/

CCZ1 complex, which acts as a GDP/GTP exchange factor of

RAB7A.78,79 The complex binds to cytosolic GDP-bound RAB7A

and directs the GTPase to damaged mitochondria.77 In a striking

analogy, we observed that BAG3 also binds to GDP-bound

RAB7A (Figures 5F–5I). We, therefore, propose a model for

CASA initiation under stress in which dephosphorylation-depen-

dent binding of BAG3 to cytosolic RAB7A triggers recruitment to

sites of AP formation, where RAB7A would facilitate phagophore

expansion (Figures 5J and 6E). Importantly, association with

LC3B weakens the interaction between RAB7A and BAG3 (Fig-

ures 5H and 5I). Binding of LC3B to BAG3 as well as to RAB7A

may promote complex dissociation, as an LC3B-interacting re-

gion (LIR)was recently identified inBAG345andadirect interaction

between LC3B and RAB7A was revealed here (Figure 5H). Upon

release of RAB7A from BAG3 at the phagophore, the GTPase

would become available for activation and could then associate

with a membrane tethering complex to mediate phagophore

fusion. In fact, a VPS16 and VPS18-containing membrane teth-

ering complex, which resembles the RAB7A-binding HOPS com-

plex on late endosomes and lysosomes,80 is contacted by

SYNPO2 during BAG3-mediated autophagy (Figure 6E).9

As energy-generating organelles, mitochondria are required

for maintaining healthy muscle, and exercise improves mito-

chondrial activity by stimulating the synthesis of new organelles

and the mitophagic clearance of damaged ones.81–83 Remark-

ably, altered mitochondrial morphology has been observed in

hearts of BAG3mutantmice.16,84 Furthermore, BAG3 associates

with damaged mitochondria and promotes mitophagy in rat car-

diomyocytes.48 Exercise-induced binding of BAG3 to RAB7A

may explain this mitophagy-stimulating activity of BAG3, as it

would increase the concentration of RAB7A on themitochondrial

surface to facilitate mitophagosome formation. An involvement

of BAG3 in the initiation of CASA and mitophagy could enable

the cochaperone to coordinate both degradation pathways dur-

ing muscle maintenance. In agreement with a crosstalk of CASA

andmitophagy, pharmacological induction of mitophagy in skel-

etal muscle cells triggered BAG3 expression and dephosphory-

lation (Figures S5B and S5C).

The proteostasis function of BAG3 is not restricted to muscle

cells. BAG3 is also essential for protein homeostasis in neurons,

where it degrades aggregation-prone proteins such as the

microtubule-binding protein tau, which accumulates in Alz-

heimer’s disease.5,6 Intriguingly, mutations in RAB7A, BAG3,

HSPB8, and HSPB1 all can cause Charcot-Marie-Tooth type 2

(CMT2) neuropathy characterized by a length-dependent degen-

eration of peripheral neurons.52,53,56,58,60,85,86 RAB7A-associ-

ated pathology was so far mainly attributed to altered endo-

some-lysosome trafficking.60,85,86 However, our identification

of RAB7A as an essential CASA component suggests that dys-

regulation of the autophagy pathway could contribute to disease

progression upon expression of RAB7Amutant variants. Indeed,

the disease variant RAB7A-L129F, which displays elevated acti-

vation,61 stimulated CASA in CMT2 patient cells (Figures 6B and
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6D). Overactivation of the CASA pathway may directly impair tau

and microtubule homeostasis and thereby adversely affect axon

stability, neurotrophic signaling, and neuronal survival.

Pharmacological modulation of BAG3-mediated proteostasis

holds the promise to treat some of the most prevalent diseases

of our time, including heart failure and neurodegeneration. Our

characterization of phospho-switches in BAG3 reveals a regula-

tory mechanism in which BAG3-inhibiting kinases and BAG3-

activating phosphatases control CASA complex formation and

CASA initiation. Although the involved kinases and phospha-

tases remain to be identified, elucidating BAG3-regulating

signaling networks could help to find druggable target proteins

for therapeutic intervention in BAG3-related pathologies.
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B.G., and Zanchin, N.I.T. (2006). The crystal structure of the small GTPase

Rab11b reveals critical differences relative to the Rab11a isoform.

J. Struct. Biol. 154, 260–268. https://doi.org/10.1016/j.jsb.2006.01.007.

71. Howe, E.N., Burnette, M.D., Justice, M.E., Schnepp, P.M., Hedrick, V.,

Clancy, J.W., Guldner, I.H., Lamere, A.T., Li, J., Aryal, U.K., et al. (2020).

Rab11b-mediated integrin recycling promotes brain metastatic adapta-

tion and outgrowth. Nat. Commun. 11, 3017. https://doi.org/10.1038/

s41467-020-16832-2.

72. Thant, L., Kakihara, Y., Kaku, M., Kitami, M., Kitami, K., Mizukoshi, M.,

Maeda, T., Saito, I., and Saeki, M. (2022). Involvement of Rab11 in osteo-

blastic differentiation: Its up-regulation during the differentiation and by

tensile stress. Biochem. Biophys. Res. Commun. 624, 16–22. https://

doi.org/10.1016/j.bbrc.2022.07.061.

73. Kimura, S., Noda, T., and Yoshimori, T. (2007). Dissection of the auto-

phagosome maturation process by a novel reporter protein, tandem fluo-

rescent-tagged LC3. Autophagy 3, 452–460. https://doi.org/10.4161/

auto.4451.
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This paper PRIDE: PXD048551

Experimental models: Cell lines

Human: HeLa Sigma-Aldrich Cat#: 93021013

Rat: A7r5 Sigma-Aldrich Cat#: 86050803

Mouse: C2C12 Sigma-Aldrich Cat#: 91031101

Mouse: C2 D. Fürst (University

of Bonn, Germany)

N/A

Lymphoid cell lines of CMT2 patient

and unaffected relative

This paper N/A
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BAG3-S136A – forward

5’-CCT CAG AGG TCC CAG GCA

CCT CTG CGG GGC A-3’

This paper N/A

BAG3-S136A – reverse

5’-TGC CCC GCA GAG GTG

CCT GGG ACC TCT GAG G-3’

This paper N/A

BAG3-S136D – forward
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This paper N/A

BAG3-S136D – reverse

5’-CAT GCC CCG CAG AGG
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This paper N/A

BAG3-S264A – forward

5’-CCC CTG CGG GCG GCA

GCC CCG TTC AGG TCA T-3’

This paper N/A

BAG3-S264A – reverse

5’-ATG ACC TGA ACG GGG

CTG CCG CCC GCA GGG G-3’

This paper N/A

(Continued on next page)

ll
OPEN ACCESS

e2 Current Biology 34, 1–14.e1–e9, September 23, 2024

Please cite this article in press as: Ottensmeyer et al., Force-induced dephosphorylation activates the cochaperone BAG3 to coordinate protein ho-
meostasis and membrane traffic, Current Biology (2024), https://doi.org/10.1016/j.cub.2024.07.088

Article

https://www.ebi.ac.uk/pride/archive/projects/PXD048551


Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

BAG3-S264D – forward

5’-CCC CTG CGG GCG GCA

GAC CCG TTC AGG TCA TC-3’

This paper N/A

BAG3-S264D – reverse

5’-GAT GAC CTG AAC GGG

TCT GCC GCC CGC AGG GG-3’

This paper N/A

BAG3-S275A – forward

5’-CAG GGT GCA TCG GCC

CGG GAG GGC TCA -3’

This paper N/A

BAG3-S275A – reverse

5’-TGA GCC CTC CCG GGC

CGA TGC ACC CTG -3’

This paper N/A

BAG3-S275D – forward

5’-GTC CAG GGT GCA TCG

GAC CGG GAG GGC TCA -3’

This paper N/A

BAG3-S275D – reverse

5’-TGA GCC CTC CCG GTC

CGA TGC ACC CTG GAC -3

This paper N/A

BAG3-S279A – forward

5’-TCG AGC CGG GAG GGC

GCA CCA GCC AGG AGC A-3’

This paper N/A

BAG3-S279A – reverse

5’-TGC TCC TGG CTG GTG

CGC CCT CCC GGC TCG A-3’

This paper N/A

BAG3-S279D – forward

5’-CGA GCC GGG AGG GCG

ACC CAG CCA GGA GCA GC-3’

This paper N/A

BAG3-S279D – reverse

5’-GCT GCT CCT GGC TGG

GTC GCC CTC CCG GCT CG-3’

This paper N/A

BAG3-T285A – forward

5’-CCA GCC AGG AGC AGC

GCG CCA CTC CAC TCC C-3’

This paper N/A

BAG3-T285A – reverse

5’-GGG AGT GGA GTG GCG

CGC TGC TCC TGG CTG G-3’

This paper N/A

BAG3-T285D – forward

5’-CAG CCA GGA GCA GCG

ACC CAC TCC ACT CCC CC-3’

This paper N/A

BAG3-T285D – reverse

5’-GGG GGA GTG GAG TGG

GTC GCT GCT CCT GGC TG-3’

This paper N/A

BAG3-T285A/S289A – forward

5’-AGC GCG CCA CTC CAC

GCC CCC TCG CCC ATC C-3’

This paper N/A

BAG3-T285A/S289A – reverse

5’-GGA TGG GCG AGG GGG

CGT GGA GTG GCG CGC T-3’

This paper N/A

BAG3-T285D/S289D – forward

5’-AGC GAC CCA CTC CAC

GAC CCC TCG CCC ATC CG-3’

This paper N/A

BAG3-T285D/S289D – reverse

5’-CGG ATG GGC GAG GGG

TCG TGG AGT GGG TCG CT-3’

This paper N/A

BAG3-S289A – forward

5’-AGC ACG CCA CTC CAC

GCC CCC TCG CCC ATC C-3’

This paper N/A

(Continued on next page)

ll
OPEN ACCESS

Current Biology 34, 1–14.e1–e9, September 23, 2024 e3

Please cite this article in press as: Ottensmeyer et al., Force-induced dephosphorylation activates the cochaperone BAG3 to coordinate protein ho-
meostasis and membrane traffic, Current Biology (2024), https://doi.org/10.1016/j.cub.2024.07.088

Article



Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

BAG3-S289A – reverse

5’-GGA TGG GCG AGG GGG

CGT GGA GTG GCG TGC T-3

This paper N/A

BAG3-S289D – forward

5’-GCA CGC CAC TCC ACG

ACC CCT CGC CCA TCC G-3’

This paper N/A

BAG3-S289D – reverse

5’-CGG ATG GGC GAG GGG

TCG TGG AGT GGC GTG C-3’

This paper N/A

MISSION siRNA-Universal-

Negativkontrolle Nr. 1

Sigma-Aldrich Cat#: SIC001

MISSION siRNA against rat

HSPB1: 5’-CCAAGGAAGGCG

UGGUGGA[dT][dT]-3’

Sigmal-Aldrich Cat#: SASI_Rn01_00093719

Custom siRNA against mouse

RAB2A: 5’-GAAGGAGUCUUU

GACAUUA[dT][dT]-3’

Schleinitz et al.88 N/A

Custom siRNA against mouse RAB7A:

5’-CCAUCAAACUGGACAAGAA[dT][dT]-3’

Schleinitz et al.88 N/A

MISSION siRNA against mouse

RAB11A: 5’-GUCAGAACAUCUA

AGGCGU[dT][dT]-3’

Sigma-Aldrich Cat#: SASI_Mm01_00108290

MISSION siRNA against mouse

RAB11B: 5’-CACCUUCGGGCUGUG

CCCA[dT][dT]-3’

Sigma-Aldrich Cat#: SASI_Mm02_00315111

Recombinant DNA

pCMV-Tag2B-BAG3 Arndt et al.12 N/A

pCMV-Tag2B-BAG3-S136A This paper N/A

pCMV-Tag2B-BAG3-S136D This paper N/A

pCMV-Tag2B-BAG3-S264A This paper N/A

pCMV-Tag2B-BAG3-S264D This paper N/A

pCMV-Tag2B-BAG3-S275A This paper N/A

pCMV-Tag2B-BAG3-S275D This paper N/A

pCMV-Tag2B-BAG3-S279A This paper N/A

pCMV-Tag2B-BAG3-S279D This paper N/A

pCMV-Tag2B-BAG3-T285A This paper N/A

pCMV-Tag2B-BAG3-T285D This paper N/A

pCMV-Tag2B-BAG3-T285A/S289A This paper N/A

pCMV-Tag2B-BAG3-T285D/S289D This paper N/A

pCMV-Tag2B-BAG3-S289A This paper N/A

pCMV-Tag2B-BAG3-S289D This paper N/A

mCherry-EGFP-LC3B Pankiv et al.89 N/A

pcDNA3.1-RAB7A-T22N This paper N/A

pETM11-BAG3 Kimura et al.16 N/A

pETM11-BAG3-T285A/S289A This paper N/A

pET28a-RAB7A This paper N/A

pET23-EEF-LC3B This paper N/A

Software and algorithms

HyStar Bruker https://www.bruker.com/en/products-and-

solutions/mass-spectrometry/lc-ms/

compass-hystar.html

MaxQuant Tyanova et al.90 https://www.maxquant.org/
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Jörg Höh-

feld (hoehfeld@uni-bonn.de).

Materials availability
Newly generated materials described in this paper are available upon request.

Data and code availability

d Proteomics data have been deposited at the PRIDE repository. Accession number is listed in the key resources table.

d Non-standardized data reported in this paper will be shared by the lead contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human study
Study participants (24±4,2 years; 184±3,2 cm; 81,5±7 kg; 7 male, 1 female) were adult white caucasian subjects with a middle-

class socioeconomic status. Subjects with a male sex identified themselves as males, all subjects with a female sex identified

themselves as females. All participants were healthy, physically active adolescents, which refrained from any other form of

resistance exercise as disposed for the study for at least four weeks before the intervention and also during the study. All sub-

jects were verbally and in written form informed about the study and the experimental procedures. Afterwards all subjects pro-

vided written informed consent to participate in the study. The study was approved by the ethics committee of the German

Sport University of Cologne (005/2018) and all associated procedures were conducted in accordance with the Declaration of

Helsinki.

Cell lines
HeLa cells (human, sex: female) were cultured in Dulbecco’smodified Eagle’smedium (DMEM) containing 10% fetal calf serum (FCS)

and 100 U/ml penicillin as well as 100 U/ml streptomycin (PS) at 37�C and 5% CO2.

A7r5 smooth muscle cells (embryonic rat, sex unspecified) were cultured in DMEM supplemented with 10% FCS, 4 mM

L-glutamine and PS.

C2C12 and C2 myoblasts (mouse, sex: female) were cultured in high glucose DMEM containing L-glutamine, supplemented with

15% FCS, 2 mM non-essential amino acids, 1 mM sodium pyruvate and PS (proliferation medium) to a confluency of approximately

90%. Differentiation was induced by changing themedium to DMEMsupplementedwith 2%horse serum, 2mMnon-essential amino

acids, 1 mM sodium pyruvate and PS (differentiation medium). Differentiation medium was changed every 24-48 h until extensive

myotube formation was observed (day 5 for C2 cells; day 7 for C2C12).

To obtain RAB7A-L129F patient cells, a peripheral blood sample was obtained from an adult CMT2B patient of Caucasian origin,

affected with a RAB7A_c.385C>T transition mutation causing a L129F missense mutation, and from an unaffected relative. The pa-

tient was diagnosed more than 20 years ago and reported by Verhoeven et al.60 Lymphocytes were transformed with Epstein-Barr

virus to obtain lymphoid cells. The lymphoid cells were revived and cultured in RPMI1640 medium, supplemented with 15% fetal

bovine serum (FBS), 1% penicillin/streptomycin, 1% L-glutamine and 1% sodium pyruvate and maintained at 37�C with 6% CO2.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Perseus Tyanova et al.90 https://maxquant.net/perseus/

LIMMA R package plugin within Perseus Yu et al.91 https://support.bioconductor.org/p/2536/

ComplexHeatmaps Gu et al.92 https://bioconductor.org/packages/

release/bioc/html/ComplexHeatmap.html

EnhancedVolcano https://github.com/kevinblighe/

EnhancedVolcano

https://github.com/kevinblighe/

EnhancedVolcano

ShinyGO Ge et al.93 http://bioinformatics.sdstate.edu/go/

ImageJ Schneider et al.94 https://imagej.nih.gov/ij/

GraphPad Prism Graphpad https://www.graphpad.com/
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Informed consent and ethical approval, in frame of the genetic and functional study of themutation, was obtained from the local Med-

ical Ethics Committee of the University of Antwerp (approval A00-038 of 26/01/2000).

METHOD DETAILS

Human study design
The intervention comprised of an acute exercise phase and an adaptation phase (Figure 1B). In the acute phase, participants were

exposed to a significant stimulation by intense RE, which we termed standardized mechanical overload (SMO1). This was done to

significantly stimulate skeletal muscle and to analyze BAG3 phosphorylation in the unadapted state. In the second phase, human

subjects conducted 12 RE-sessions (twice per week for six weeks) with lower intensity to adapt skeletal muscle by repeatedmechan-

ical stimulation. At the end of the adaptation phase, we repeated the SMO procedure (SMO2) to stimulate skeletal muscle in the

adapted state. Over the study, we conducted skeletal muscle biopsies before (R1 and R2) and 60 min after SMO1 and SMO2 (E1

and E2; Figure 1B). Subjects were instructed to fast overnight before biopsy-days and consume a standardized meal consisting

of a nutrients-drink (Fresubin Vanille, Fresenius; 20 g protein, 24.8 g carbohydrates, 13.4 g fat, 1,260 kJ) 3 hours before biopsies.

All subjects were allowed to drink water ad libitum.

Resistance exercise (RE)
The RE regimen included three different exercises:

1. Leg extensions (Gym80 Signum, Gelsenkirchen, Germany) - one set with 4, 8, and 16 repetitions of the maximum repetition

range [RM] (the maximum weight which can be used to conduct just 4, 8 or 16 repetitions).

2. Leg press (MANG Sportger€ate, Bellenberg, Deutschland) - one set with 4 and 8 RM.

3. Drop jumps from a height of 60 cm - one set with 10 repetitions.

Standardized mechanical overload (SMO)

1. Leg extensions (Gym80 Signum, Gelsenkirchen, Germany) – two sets with 4, 8, and 16 repetitions of the maximum repetition

range [RM] (the maximum weight, which can be used to conduct just 4, 8 or 16 repetitions). Additionally, one set of single

legged eccentric leg extensions were conducted with 70% of 8 RM.

2. Leg press (MANG Sportger€ate, Bellenberg, Deutschland) - one set with 4 and 8 RM. Additionally, one set of single legged

eccentric leg press was conducted with 70% of 8 RM.

3. Drop jumps from a height of 60 cm - two sets with 10 repetitions.

4. Two times downstairs stairwell walking – Each 182 stairs with a height of 18 cm, where two steps were taken at once. An

elevator was used to return to the starting point.

Themuscle contraction pattern and time under tension during leg extension and leg press exercises was standardized for one sec-

ond concentric contraction, two seconds eccentric movement phases and 0.5 seconds for the isometric contraction at motion

reversal. The inter-set rest period was 2 minutes, and the inter-exercise rest period was 3 minutes. At the beginning of each training

or SMO session, a general warm-up was performed on a cycle ergometer, consisting of 5 minutes at a load of 1 W/kg body weight.

This was followed by a device-specific warm-up, involving 10 repetitions with a load set at 70% of the 10 RM. The individual training

weight was determined ten days before the first SMO, and this load remained constant throughout the intervention, with no progres-

sion of the weights used. All SMOs and biopsies were conducted between 8:00 AM and 11:00 AM, while the training sessions took

place between 8:00 AM and 6:00 PM.

Skeletal muscle biopsies
Skeletal muscle biopsies were obtained from the midportion of the vastus lateralis muscle, using the percutaneous needle technique.

The legselected for the initial biopsyatbaselinewaschosen randomly.SubsequentbiopsiesafterSMOwere then taken fromthecontra-

lateral leg. For repeated sampling from the same leg, a new incisionwas 2 cmabove or below the previous sampling site. Thiswasdone

tocollect tissuenotaffectedbyapreviousbiopsy.Afterextraction, bloodandconnective tissuewascarefully removedbyusingascalpel

or sterile swabs. Biopsy sampleswere then immediately frozen in liquid nitrogen and stored at -80�C for subsequent analysis. For SDS-

PAGEanalysis,muscle tissuewas sectioned using a cryotome at -20�C, and 20mg of each samplewas placed in a pre-chilled 2ml tube

containing 2.8 mmand 1.4 mm zirconium oxide beads (CKMix – 2ml, P000918-LYSKO-A.0, Bertin Instruments). For everymilligram of

muscle tissue, 30 ml of a Triton X-100-based lysis buffer was added (9803, CST), and a protease/phosphatase inhibitor cocktail (78429,

Thermo Fisher) containingPMSFwas added. Tissue lysis was carried out using a Precellys 24 tissue homogenizer (P000062-PEVO0-A,

Bertin Instruments) with four cycles of homogenization (each 15 seconds at 5800 rpm)with a 120-second pause, during which samples

were placed on ice. Following homogenization, the samples were centrifuged for 15min at 19,640 x g at 4�C, and the supernatant was

collected. Protein concentration of the sampleswasdetermined using the Pierce Bradford protein assay kit (23225, Thermo Fisher) and

stored at -80�C until further use. Equal amounts of protein (12 mg) for each subject and time point were analysed by SDS-PAGE and

Western blotting. Equal sample loading and transfer were checked by staining of the blot membrane with Ponceau S after transfer.
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Generation and validation of the anti-BAG3-pS136 antibody
The anti-BAG3-pS136 phospho-specific antibody was generated against the peptide PQRSQpSPLRG of human BAG3 (aa 131-140)

and purified as described by the manufacturer using an unphosphorylated peptide (PQRSQSPLRG) (Eurogentec). Antibody speci-

ficity was verified using lysates of A7r5 cells transiently transfectedwith plasmid constructs for the expression of wild-type BAG3, and

BAG3-S136D and BAG3-S136Amutant variants. For phosphatase treatment, cells were lysed in 50 mMHEPES, pH 7.5, 0.1 M NaCl,

2 mM DTT, 0.01% Brij35. To lysates (10 mg/ml), MnCl2 (final concentration of 1 mM) and l-phosphatase (P0753, New England Bio-

labs) (1,600 U/ml lysate) were added followed by incubation at 30�C for 30 min. Samples were analysed by SDS-PAGE and

immunoblotting.

Electrical pulse stimulation
Differentiated C2C12 myotubes were subjected to electrical pulse stimulation (EPS) mainly as described before.27 In brief, cells were

grown on 6well plates and electrically stimulatedwith aC-Pace unit (IonOptix, Milton,MA) and a six-well C-dish electrode (IonOptix).

EPSwas performed by applying pulses of 10 V for 4ms at a frequency of 0.5 Hz (‘mild EPS’) or pulses of 10 V for 10ms at 1 Hz (‘twitch

EPS’). Damage EPS consisted of a sequence of a 5 sec tetanic hold triggered by continuous pulses at 15 Hz, 5 sec delay, and 5 sec of

pulses at 5Hz followed by another 5 sec delay. After 5 hours of EPS treatment, cells were lysed in RIPA buffer (25mMTris-HCl, pH 8.0,

150 mM NaCl, 0.5% sodium deoxycholate, 1% Nonidet P-40, 0.1% SDS, 10% glycerol, complete protease inhibitor (4693132001,

Roche), phosSTOP phosphatase inhibitor (4906837001, Roche)). Following sonication with 10 pulses at 100% amplitude (UP100H

ultrasonic processor, Hielscher Ultrasound Technology), lysates were incubated for 20 min on ice and then centrifuged at 16,100 x

g for 20 min at 4�C. Protein concentration of resultant supernatants was determined in a Bradford assay (protein assay dye,

5000006, Bio-Rad) and equal amounts of protein were analysed by SDS-PAGE and immunoblotting. Band intensities were quantified

and normalised to protein amount as determined by Ponceau S staining of the blot membrane.

Unidirectional cyclic stretch
Elastomeric PDMS substrates for cyclic stretch were prepared with an elasticity of 50 kPa as described earlier.95 For cell attachment,

substrates were coated with 20 mg/ml human fibronectin (356008, Corning) in PBS for 1 h at 37�C before seeding 10,000 A7r5 cells/

cm2. Uniaxial cyclic strain was applied with a frequency of 0.3 Hz and a stretch amplitude of 20%as described earlier.28 After stretch-

ing for 0, 0.5, 1 and 4 h cells were harvested and lysed in 30 ml RIPA buffer (89901, Thermo Fisher) per chamber supplemented with

protease inhibitor cocktail (P8340, Sigma-Aldrich) and phosphatase inhibitor cocktail (P5726, Sigma-Aldrich). Crude protein extracts

were centrifuged at 12,000 x g for 10 min at 4�C. The resultant supernatant was analysed by SDS-PAGE and Western blotting. Band

intensities were quantified and normalised to loaded protein amount. Values obtained for the unstretched control were set to 1.

Generation and characterization of phosphosite mutant variants of BAG3
To generate BAG3 phosphosite mutant variants, site directed mutagenesis was performed by PCR using nucleotide primers with

specific nucleotide substitutions and a human BAG3 cDNA as template. PCR products were subcloned into plasmid pCMV-

Tag2b. All plasmids were verified by sequencing. HeLa cells were transiently transfected with the resultant plasmids using a CalPhos

transfection kit (631312, Clontech), whereas A7r5 cells were transfected with JetPRIME transfection reagent (101000001, Polyplus)

following the instructions of the manufacturer. 48 hours after transfection cells were collected. For immunoprecipitation of BAG3

complexes from HeLa cells, transfected cells were lysed in RIPA buffer without SDS (25 mM Tris-HCl, pH 8.0, 150 mM NaCl,

0.5% sodium deoxycholate, 1% Nonidet P-40, 10% glycerol, Complete protease inhibitor, phosSTOP phosphatase inhibitor). After

20 min of incubation on ice, the lysate was sonicated and centrifuged at 16,100 x g for 20 min at 4�C. Resultant supernatant was

adjusted to a protein concentration of 10 mg/ml using MOPS/KCl buffer (20 mM MOPS-KOH, pH 7.2, 100 mM KCl, Complete pro-

tease inhibitor). Samples were incubated with M2-agarose (A2220, Sigma-Aldrich) at a concentration of 30 ml of agarose per ml of

lysate for 3 h at 4�C. The agarose was collected by centrifugation at 900 x g for 1 min and was washed four times with RIPA buffer

without SDS and two times with MOPS/KCl. Agarose-bound proteins were eluted using 0.1 M glycine-HCl, pH 3.5, precipitated with

12.5% trichloroacetic acid, and analysed by SDS-PAGE and immunoblotting.

To monitor impact of BAG3 phosphosite mutant variants on CASA activity, A7r5 cells were seeded on human fibronectin (1.25 mg/

cm2; F2006, Sigma-Aldrich) coated culture dishes. 24 h after seeding cells were transiently transfected with plasmid constructs for

mutant variant expression and further grown for 48 h. 3 hours prior to lysis cells were treated with 50 mMcycloheximide (8682.1, Roth)

to inhibit protein synthesis. Cells were lysed in RIPA and further analysed as described above. After SDS-PAGE and immunoblotting,

SYNPO2 isoforms targeted by BAG3 for autophagic degradation were quantified and ratios of protein levels in the presence and

absence of CHX were determined.

Proteome preparation and mass spectrometry
To isolate FLAG-BAG3 complexes for mass spectrometry, five 10 cm culture dishes of A7r5 cells were cultivated per condition and

grown to �60% confluency prior to transfection with FLAG-BAG3 variants-encoding pCMV-Tag2b plasmids with JetPRIME trans-

fection reagent according to the protocol of themanufacturer (101000001, Polyplus). 32 hours after transfection, cells were collected,

washed with PBS, and resuspended in RIPA buffer without SDS (25mM Tris-HCl, pH 8.0, 150mMNaCl, 0.5% sodium deoxycholate,

1%Nonidet P-40, 10%glycerol, Complete protease inhibitor, phosSTOP phosphatase inhibitor). Following sonication with 10 pulses

at 100% amplitude (UP100H ultrasonic processor, Hielscher Ultrasound Technology), lysates were incubated for 20 min on ice and
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then centrifuged at 16,100 x g for 20min at 4�C. The resultant supernatant was adjustedwith IP buffer (20mMMOPS, pH 7.2, 100mM

KCl) to a protein concentration of 5mg/ml. To 5mg of lysate 15 ml of anti-FLAGmagnetic beads (A36797, Thermo Fisher) were added.

After incubation on a rotating wheel for 1.5 hours at 4�C, beads were collected in a magnetic field and washed 5-times with 1 ml of IP

buffer containing 0.1%Tween 20, followed by onewashing with IP buffer. Boundmaterial was eluted by incubation in 50mMHEPES,

pH 7.5, 2% SDS (proteomics grade; M112, VWR) at 95�C for 5 min.

Immunoprecipitation eluates were reduced with 10mMDTT at 37�C for 30 min and alkylated with 50mM chloroacetamide at room

temperature (RT) in the dark for 30 min. Alkylation was quenched with 50 mM DTT at RT for 20 min. Proteins were purified using SP3

beads, resuspended in 50 mM HEPES, pH 7.4, 5 mM CaCl2 buffer and Trypsin (Serva) added at 1:100 (w/w) protease to proteome

ratio, and incubated shaking at 37�C for 18 h. Digested peptides were de-salted using self-packed C18 STAGE tips and resuspended

in 0.1% formic acid in water. For each sample, 1 mg desalted peptides were loaded on an Ultimate 3000 RSLC nano chromatography

system (Thermo Fisher), with a mPAC reverse phase trap column (COL-TRPNANO16G1B2, Thermo Fisher) and a 50 cm mPAC reverse

phase analytical column (COL-NANO050G1B, Thermo Fisher), operated at 40�C. Samples eluted using 600 nl/min flow rate and a

90 min binary gradient from 1-30% eluent B (A: 0.1% formic acid in water, B: 0.1% formic acid in acetonitrile), 2 h total time. Sepa-

rated peptides were ionized using a Captive Spray ion source (Bruker) into an Impact II Q-TOFmass spectrometer (Bruker). The HyS-

tar Software (v3.2, Bruker) was used for data dependent acquisition in the 200–1750m/z range with MS1 spectra acquisition rate of

4 Hz and the top 17most intense ions selected for fragmentation. Fragmented precursors ions were excluded from repeated analysis

for 30 s unless signal to noise ratio improved >3-fold. Fragmentation spectra were acquired between 5 Hz for low-intensity (>500 cts)

and 20 Hz for high intensity (>5k cts) precursors, with stepped parameters, each with 50% acquisition time dedicated to each pre-

cursor: 100 ms transfer time, 7 eV collision energy, and collision radio frequency (RF) of 1500 volt peak to peak (Vpp), followed by

100 ms transfer time, 9 eV collision energy and collision RF of 1700 Vpp.

Proteome data analysis
MaxQuant (v.2.0.3.0)90 was used for peptide identification from the acquired mass spectrometry data, using standard settings for

Bruker Q-TOF instruments. FASTA files containing Rattus norvegicusUniProt protein sequences, human BAG3wild type andmutant

sequences, and appended standard contaminants were used for database searches applying false discovery rate (FDR) cutoffs of

0.01 at the level of peptide-sequence-matching (PSM) and protein identification. Label-free quantification (LFQ) and ‘‘match between

runs’’ were enabled. Trypsin was set as digestion enzyme, oxidation (M) and acetylation (protein N-term) as variable modifications

and cysteine carbamidomethylation as fixed modification. Three replicates of the empty control and two replicates of IPs with AA

variant were excluded after initial analysis due to low number of peptide identifications (less than 50%of average background binding

in empty samples) which compromised LFQ comparison. LFQ data was analysed using Perseus (v2.0.10.0), filtering proteins quan-

tified inR 60% replicates in at least one condition followed by imputation of missing values with standard settings. Principal compo-

nent analysis was performed on proteins with significant differences in abundance (ANOVA p-value < 0.05 with Tukey�s Post-hoc test

FDR < 0.05). Differential Expression (DE) statistical analysis was performed using LIMMA R package plugin within Perseus.91 BAG3

interactors were determined by filtering for proteins significantly enriched (LIMMA-moderated t-test p-value < 0.05) in pulldowns with

at least one human BAG3 variant compared to control. Heatmaps and Volcano plots were produced in R using ComplexHeatmaps92

and EnhancedVolcano (https://github.com/kevinblighe/EnhancedVolcano) respectively. Gene Ontology (GO) enrichment analysis

was performed with ShinyGO.93 See Table S1, Data S1 and Data S2 for more information.

Monitoring autophagic degradation following RNA interference
To elucidate a role of HSPB1 in CASA, rat A7r5 cells were grown to about 30% confluency on fibronectin, medium was exchanged,

and cells were transfected with control siRNA (Mission siRNA universal negative control, Sigma-Aldrich) or siRNA directed against

HSPB1 (siHSPB1), respectively (Mission siRNA, Sigma-Aldrich) using JetPRIME transfection reagent. For each sample, correspond-

ing to a 10 cm cell culture plate with 10mlmedium, 6 ml siRNA (20 mMstock), 8 ml JetPRIME reagent, and 200 ml JetPRIME buffer were

used. 16 hours after transfection medium was exchanged. 41 hours after transfection cells were treated with BafA1 (100 nM; sc-

201550A, Santa Cruz Biotechnology) for 7 hours prior to cell lysis and analysis by SDS-PAGE and immunoblotting.

The role of RAB proteins in CASA was analysed in mouse skeletal muscle cells. C2 myoblasts were grown in proliferation medium.

When cells reached �70% confluency, medium was exchanged to differentiation medium and cells were transfected with control

siRNA (Mission siRNA universal negative control, Sigma-Aldrich) or siRNA directed against RAB2A, RAB11A, and RAB7A, respec-

tively (Mission siRNA, Sigma-Aldrich) using JetPRIME transfection reagent. Final concentration of siRNAs was 60 nM. After 24 hours

mediumwas exchanged. On the second day of differentiation siRNA transfection was repeated. On the fifth day of differentiation cells

were treated with BafA1 (300 nM; sc-201550A, Santa Cruz Biotechnology) for 5 hours prior to cell lysis and analysis by SDS-PAGE

and immunoblotting.

Autophagosome formation and maturation assay
A7r5 cells grown on fibronectin were transfected with plasmids mCherry-EGFP-LC3B and pcDNA3.1-RAB7A-T22N using the

JetPrime transfection kit. For this approach, the RAB7A-T22N coding region had been subcloned from plasmid pEGFP-C1-

Rab7A-T22N96 into vector pcDNA3.1, Control cells were transfected with mCherry-EGFP-LC3B and empty pcDNA3.1. 48 h after

transfection, cells were fixed with 4% paraformaldehyde/phosphate-buffered saline for 15 min at 37�C, followed by 3 washing steps

with PBS. The cells weremounted in Fluoromount-G (00-4958-02, Thermo Fisher) and subjected to fluorescencemicroscopy using a
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Zeiss confocal laser scanningmicroscope equippedwith a Plan-Apochromat 63x/1.40Oil DIC objective (LSM710, AxioObserver) or a

Zeiss Cell Observer SD spinning disk microscope equipped with an alpha Plan-Apochromat 63x/1.46 Oil Korr M27 objective (Axio

Observer.Z1/7). Obtained confocal images were subjected to manual counting of autophagosomes and autolysosomes using the

multi-point tool of ImageJ. Autophagosomes and autolysosomes were identified as such when they could be differentiated from

the background as distinct puncta. The same photographs were subsequently used to manually quantify the cell area by outlining

the perimeter of the cells using the freehand selection tool of ImageJ.

In-vitro binding assays
The cDNA encoding BAG3-T285A/S289A was subcloned into plasmid pET-M11. The plasmid construct and a construct encoding

wild-type BAG3,16 respectively, were used for expression of His-tagged BAG3 variants in E. coli BL21(DE3) and subsequent purifi-

cation of the tagged protein on Ni-NTA-agarose as described by the manufacturer (30210, Qiagen). For expression of His- and T7-

tagged RAB7A, the coding region of RAB7Awas subcloned from plasmid pEGFP-C1-Rab7A96 into pET-28a, followed by expression

in BL21(DE3) cells and purification on Ni-NTA-agarose. Similarly, LC3B was expressed and purified after subcloning of the LC3B

coding region from plasmid mCherry-EGFP-LC3B89 into vector pET23-EEF.87 Purified proteins were mixed at a concentration of

1 mM each in 20 mM MOPS, pH7.2, 100 mM KCl, and 0.1% Tween 20 (incubation buffer). Buffer contained in addition 10 mM

EDTA, 2mMGDP (20-177,Merck), or 0.2mMGTP-g-S (20-176,Merck) when indicated. For pulldown of RAB7A complexes, samples

(50 ml) received 1 mg anti-T7-tag antibody together with 6 ml of protein-G-sepharose (GE17-0618-01, Sigma-Aldrich). After incubation

for 1 h at 4�C, sepharose beads were collected by centrifugation at 900 x g for 1 min. Beads were washed 3 times with incubation

buffer and once with incubation buffer without Tween 20. Isolated complexes were eluted with 0.1 M glycine-HCl, pH 3.5, precipi-

tated with 12.5 % trichloroacetic acid, and analysed by SDS-PAGE and immunoblotting.

Analysing BAG3 dephosphorylation upon mitophagy induction
Following 5 days of differentiation, C2 myotubes were treated for 16 hours with 10 mM CCCP (C2759, Sigma-Aldrich) or 1 mM vali-

nomycin (94675, Sigma-Aldrich). Cells were collected and lysed, followed by lysate analysis by SDS-PAGE and immunoblotting.

Cultivation and analysis of CMT2 patient cells
Lymphoid cells from a RAB7A-L129F patient and an unaffected relative were analysed to investigate the impact of the disease mu-

tation on CASA activity. Mutant and healthy control-derived cells, respectively, were equally divided in T25 flasks in duplicates with

fresh medium. Lymphoid cells were exposed to either 0.01% DMSO or 100 nM BafA1. After 7 hours, cells were collected in centri-

fugation tubes, supernatant was removed, and the cell pellets were washed in ice-cold PBS before lysis in RIPA buffer (25 mM Tris-

HCl, pH 8.0, 150 mM NaCl, 0.5% sodium deoxycholate, 1% Nonidet P-40, 0.1% SDS, 10% glycerol, complete protease inhibitor

(4693132001, Roche), phosSTOP phosphatase inhibitor (4906837001, Roche)). Following sonication with 10 pulses at 100% ampli-

tude (UP100H ultrasonic processor, Hielscher Ultrasound Technology), lysates were incubated for 20min on ice and then centrifuged

at 16,100 x g for 20 min at 4�C. Protein concentration of resultant supernatants was determined in a Bradford assay (protein assay

dye, 5000006, Bio-Rad) and equal amounts of protein were analysed by SDS-PAGE and immunoblotting. Band intensities were

quantified and normalised to protein amount as determined by Ponceau S staining of the blot membrane.

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification of blot lane intensities was performed using ImageJ. Values were normalised for loaded protein amount deduced by

Ponceau S staining or by immunoblotting with anti-g-tubulin antibody (T5326, Sigma-Aldrich). Data were analysed for statistical sig-

nificance using GraphPad prism 10. The number of independent experiments and the used statistical test is specified in the figure

legends.
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