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Summary

Mechanical tension is an ever-present physiological stim-
ulus essential for the development and homeostasis of loco-
motory, cardiovascular, respiratory, and urogenital systems
[1, 2]. Tension sensing contributes to stem cell differentia-
tion, immune cell recruitment, and tumorigenesis [3, 4].
Yet, how mechanical signals are transduced inside cells
remains poorly understood. Here, we identify chaperone-as-
sisted selective autophagy (CASA) as a tension-induced
autophagy pathway essential for mechanotransduction in
muscle and immune cells. The CASA complex, comprised
of the molecular chaperones Hsc70 and HspB8 and the
cochaperone BAG3, senses the mechanical unfolding of
the actin-crosslinking protein filamin. Together with the
chaperone-associated ubiquitin ligase CHIP, the com-
plex initiates the ubiquitin-dependent autophagic sorting
of damaged filamin to lysosomes for degradation. Autopha-
gosome formation during CASA depends on an interaction
of BAG3 with synaptopodin-2 (SYNPOZ2). This interaction is
mediated by the BAG3 WW domain and facilitates coopera-
tion with an autophagosome membrane fusion complex.
BAG3 also utilizes its WW domain to engage in YAP/TAZ
signaling. Via this pathway, BAG3 stimulates filamin tran-
scription to maintain actin anchoring and crosslinking under
mechanical tension. By integrating tension sensing, auto-
phagosome formation, and transcription regulation during
mechanotransduction, the CASA machinery ensures tissue
homeostasis and regulates fundamental cellular processes
such as adhesion, migration, and proliferation.
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Results and Discussion

The CASA-inducing cochaperone BAG3 contains a WW
domain at its amino terminus [5] (Figure 1A). Such domains
are known to interact with proline-rich motifs [6, 7]. To identify
BAGS3 interactors, we incubated a peptide array displaying
2296 proline-rich peptides from the human proteome with
the BAG3 WW domain. The approach revealed preferential
binding of the domain to PPPY and PPSY motifs and led to
the identification of the known BAGS3 interactor RAPGEF®6 [8]
and 72 putative novel binding partners (Figures 1A and 1B).
Among the latter was synaptopodin-2 (SYNPO2, myopodin),
a cytoskeleton adaptor protein that acts as a tumor sup-
pressor in bladder and prostate (Figure 1C) [9-11]. In striated
muscles, SYNPO2 localizes together with BAG3 and the
actin-crosslinking proteins o-actinin and filamin at Z disks,
which are actin-anchoring structures that rely on CASA for
their maintenance under mechanical tension [5, 10]. In smooth
muscle cells, these proteins colocalize along actin stress
fibers that form when tension is generated inside cells during
adhesion and migration (Figure S1A, available online). Muscle
cells express at least four different SYNPO2 isoforms,
SYNPO2a to SYNPO2d, which all contain the PPPY motif
recognized by the BAG3 WW domain (Figures 1D and 1E).
Binding studies confirmed a WW-PPPY-mediated interaction
between BAG3 and SYNPO2 (Figures S1C-S1F). Moreover,
BAGS3 was readily detectable in immunoprecipitated SYNPO2
complexes, which also contained the CASA chaperone Hsc70,
the CASA-mediating ubiquitin adaptor p62, and the CASA
client and known SYNPO2 interactor filamin [5, 10] (Figure 1F).

The observed interaction prompted us to investigate
whether SYNPO2 is degraded by CASA. Autophagy inhibition
by bafilomycin A1 (BafA1) and proteasome inhibition by
MG132, known to induce autophagy [12], did not affect the
short isoform SYNPO2d, which lacks the amino-terminal
PDZ domain (Figures S2A and S2B). Yet, cellular levels of the
PDZ-containing isoforms SYNPO2a to SYNPO2c decreased
after induction of autophagy and increased upon autophagy
inhibition (Figures S2A-S2E). Furthermore, depletion of the
autophagy factors ATG5 and ATG7 or of the CASA-inducing
cochaperones BAG3 and CHIP stabilized SYNPO2a to
SYNPO2c (Figures S2F-S2K). SYNPO2 is apparently degraded
by CASA in a PDZ domain-dependent manner.

Degradation may reflect recognition as a chaperone client or
afunctional involvement of SYNPO2 isoforms in CASA, leading
to codegradation during autophagic flux. Notably, SYNPO2
and the CASA client filamin were differently affected by
impaired autophagosome-lysosome fusion in mice deficient
for the lysosome membrane protein LAMP2 [13]. Filamin forms
large proteinaceous aggregates in muscles of these mice [5].
In contrast, SYNPO2 was released from actin-crosslinking
structures, i.e., stress fibers in smooth muscle cells and Z
disks in soleus muscles, and accumulated in small aggregates
and autophagosomes (Figures S2L-S2N). To elucidate a func-
tional involvement in CASA, we treated adherent smooth
muscle cells with SYNPO2 siRNAs. This led to a significant
depletion of the unstable isoforms SYNPO2a to SYNPO2c
but did not reduce SYNPO2d expression (Figure 2A). Notably,
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Figure 1. BAG3 Associates with SYNPO2

(A) A peptide array containing 2296 polyproline peptides (12-mers)
from ~1750 protein IDs of the human proteome was incubated with the
biotin-labeled BAG3 WW domain (aa 20-54), followed by detection of the
bound domain. BAG, Hsc70-binding BAG domain.

(B) Amino acid probabilities within the BAG3 WW domain-associated
12-mer peptides.

(C) BAGS interacts with a PPPY-containing peptide (aa 615-626) of
SYNPO2.

(D) Schematic representation of SYNPO2 isoforms expressed in human
cells.

(E) Immunodetection of SYNPO2 isoforms in extracts of mouse striated
muscle cells (differentiated C2C12) and rat smooth muscle cells (A7r5).
SYNPO2b and SYNPO2c cannot be distinguished because of their similar
molecular mass (60 nug of protein per lane).

(F) Immunoprecipitation (IP) of SYNPO2 isoforms from A7r5 cells. Isolated
complexes were probed for the presence of associated components by
immunoblotting with corresponding antibodies. Ex., extract (60 pg of
protein per lane)

See Figure S1 for related data.

depletion caused a stabilization of LC3B-II (lipidated LC3B),
a marker for autophagosome precursor membranes (phago-
phores) and autophagosomes [14] (Figures S20 and S2P).
SYNPO2a to SYNPO2c thus exert an essential function during
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Figure 2. SYNPO2 Is Essential for Autophagosome Formation

(A) A7r5 cells were transfected with a plasmid encoding mCherry-eGFP-
LC3B and with control (—), synpo2-, or bag3-targeting siRNA for 72 hr as
indicated, followed by lysis. Extracts were probed with antibodies against
the indicated components (60 pg of protein per lane).

(B) Autophagosome (AP, yellow signal in the merge) and autolysosome
(AL, red signal in the merge) formation was monitored in adherent A7r5 cells
expressing mCherry-eGFP-LC3B. Where indicated, SYNPO2 or BAG3 was
depleted by transfection of corresponding siRNAs for 72 hr before fixation.
Scale bars represent 20 um.

(C) Quantification of data obtained as described under (B). Autophagosome
number in control cells was set to 100%. The AP/AL ratio was determined
by dividing numbers of autophagosomes and autolysosomes per cell.
Mean = SEM, n = 3, 20 cells counted for each sample in each individual
experiment, **p < 0.005.

See Figure S2 for related data.

autophagy after phagophore formation. Consequences for
autophagosome (AP) and (auto)lysosome (AL) formation
were analyzed using an mCherry-eGFP-LC3B reporter, which
givesrise to yellow fluorescence in autophagosomes and turns
red in acidic autolysosomes because of eGFP quenching.
Depletion of SYNPO2a to SYNPO2c resulted in a 60%-70%
decrease in autophagosome formation, similar to findings for
BAGS3, whereas autophagosome-lysosome fusion remained
unaffected (Figures 2B and 2C). Autophagosome formation
during CASA apparently depends on PDZ-containing SYNPO2
isoforms.

The SYNPO2 PDZ domain interacted in a yeast two-hybrid
screen with the vacuolar protein sorting 18 homolog (VPS18)
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(Figure 3A). VPS18 is a core component of different
membrane-tethering complexes, such as the homotypic
fusion and vacuole protein sorting (HOPS) complex, which
contains, in addition to core components, the RAB7-binding
proteins VPS39 and VPS41 to facilitate fusion with lysosomes
[15-17]. VPS18 and also the core protein VPS16 coprecipitated
with SYNPO2 upon immunoprecipitation from smooth muscle
cells, whereas HOPS-specific components did not (Figure 3B).
SYNPO2 apparently interacts with a membrane-tethering
complex that is distinct from HOPS, in agreement with arole in
autophagosome formation but not autophagosome-lysosome
fusion (see Figure 2). SYNPO2 immunocomplexes also con-
tained ATG16L1, which is present on preautophagosomal
structures (PAS) and phagophores, the phagophore and auto-
phagosome marker LC3B, and the phagophore fusion-factor
syntaxin? [14, 18] (Figure 3B). This further supports a function
of the SYNPO2-associated VPS16- and VPS18-containing
tethering complex in autophagosome formation. Increased
expression of VPS18, previously shown to disrupt membrane
fusion [19, 20], and depletion of VPS16 indeed attenuated
the degradation of SYNPO2 and the CASA client filamin,
respectively (Figures 3C-3F). Finally, VPS16 was also detect-
able in association with BAG3, but interaction was abrogated
by SYNPO2 depletion (Figure 3G). SYNPO2 apparently links
the client-processing CASA chaperone machinery to a
membrane-tethering and fusion complex that provides auto-
phagosome membranes (Figure 4A).

WW domains and PPxY motifs are interaction modules
frequently used in signaling proteins [6, 7]. Among them are
the transcriptional coactivators YAP and TAZ (WW domains)
and the YAP/TAZ inhibitors LATS1/2 and AMOTL1/2 (PPxY
motifs) (Figure 4A). Remarkably, YAP and TAZ are activated
under mechanical tension to induce the expression of proteins
involved in cell adhesion, including the connective tissue
growth factor (CTGF) and filamin [21] (Figure 4B). Activation
can be blocked by cytoplasmic retention of YAP/TAZ through
binding to LATS1/2, AMOTL1/2, and 14-3-3 proteins (Fig-
ure 4A) [6]. Intriguingly, the YAP/TAZ inhibitors LATS1,
AMOTL1, and AMOTL2 were all detected as BAG3 WW inter-
actors on the peptide array (Figure 4C). BAG3 might use its
WW domain for binding PPxY-containing YAP/TAZ inhibitors
and thereby activate YAP/TAZ (Figure 4A). Indeed, BAG3
was found associated with LATS1 and AMOTL1, and BAG3
depletion attenuated YAP/TAZ target gene expression (Fig-
ures 4D and 4E). On the other hand, SYNPO2 depletion, which
relieves BAG3 from recruitment to the autophagy machinery
(see Figure 3G), induced target gene expression (Figure 4F).
BAG3 thus emerges as a positive regulator of YAP/TAZ-
mediated transcription.

To better define the crosstalk between CASA and YAP/TAZ
regulation, we adapted a previously established assay for
YAP/TAZ activation under tension [21]. In this assay smooth
muscle cells are plated on elastomer substrates of varying
stiffness, i.e., 0.6 kPa versus 230 kPa, which are coated
with the extracellular matrix protein fibronectin (Figure 4G).
Depending on substrate stiffness, different levels of tension
are generated in cells that contact the substrate through
attachment proteins such as integrins [1, 2, 21]. High tension
triggered an ~2.5-fold increase in autophagosome number
in a manner dependent on BAG3 and SYNPO2 (Figures 4H
and 4l). Moreover, autophagy induction was accompanied
by increased LC3B lipidation and elevated BAG3 expression
(Figure 4J). The findings reveal CASA as a tension-induced
autophagy pathway.
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Figure 3. SYNPO2 Links the CASA Machinery to a Membrane-Tethering
Complex

(A) The PDZ domain of SYNPO2 (PDZ) interacts with VPS18 in the yeast two-
hybrid assay. Control cells carried empty pLex, pAct-vps18, and pAct-ctnnb
(B-catenin), as indicated.

(B) Immunoprecipitation (IP) of endogenous SYNPO2 complexes from
A7r5 cells. Indicated proteins were detected with specific antibodies
(see Figure 1F for coprecipitation of CASA components). Ex., extract
(60 ng of protein); bdg., binding; PAS, preautophagosomal structure;
phago., phagophore; AP, autophagosome.

(C) Transient expression of VPS18 for 48 hr stabilizes SYNPO2a to SYNPO2¢c
in A7r5 cells (60 ng of protein per lane).

(D) Quantification of data obtained as described under (C). Mean + SEM,
n=3.

(E) Quantification of transcripts for ATG7 and VPS16 48 hr after transfection
of A7r5 cells with the indicated siRNAs. Transcript levels were compared
to levels in cells that received control siRNA (100%). Mean + SEM, n = 3,
**p < 0.005.

(F) Filamin levels were determined in A7r5 cells depleted for ATG7 and
VPS16 as described under (E). Where indicated, cells were treated with
50 1M cycloheximide (CHX) for 12 hr before lysis to inhibit protein synthesis.
Mean += SEM, n = 3, *p < 0.05; **p < 0.005.

(G) Immunoprecipitation (IP) of endogenous BAG3 complexes from A7r5
cells. Cells were transfected with control siRNA (—) or siSYNPO2 (+) for
72 hr before immunoprecipitation. Ex., extract; 60 ug of protein per lane.
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Figure 4. BAG3 Regulates Transcription and Degradation in Response to
Mechanical Tension

(A) Schematic representation of BAG3-mediated mechanotransduction.
PAS, preautophagosomal structures; Ubc, ubiquitin-conjugating enzyme.
(B) After transfection with control siRNA or cotransfection of siRNAs against

Remarkably, levels of the CASA client filamin did not decline
in smooth muscle cells under high tension (Figures 4J and 4K).
A concomitant upregulation of filamin transcription may
explain this finding, all the more because filamin is a transcrip-
tional target of YAP/TAZ (Figure 4B). Indeed, filamin mRNA
level increased ~ 3-fold under high tension (Figure 4K). More-
over, full induction was dependent on BAG3, consistent with
its stimulatory role in YAP/TAZ-mediated transcription. Main-
taining filamin levels despite tension-induced autophagic
degradation apparently relies on a transcriptional response
to provide newly synthesized protein. Correlating transcript
and protein levels finally revealed a tension-induced and
BAG3-mediated turnover of filamin (Figure 4K). In conclusion,
BAG3 acts as aregulator of both transcription and degradation
in mechanically strained cells.

When smooth muscle cells were subjected to an acute
mechanical insult by short-term cyclic stretching, autophagic
degradation of filamin exceeded compensatory synthesis, as
is evident from an ~50% decline of filamin protein level under
stretch, which was not observed upon autophagy inhibition
(Figure 4L).

Smooth muscle cells and nonmuscle cells express a filamin
isoform (FLNA) that differs from the striated muscle isoform
FLNC [22]. The data obtained here and our previous work on
the role of CASA in muscles [5] illustrate that both filamin iso-
forms are targeted by the BAG3-containing CASA machinery,
suggesting a widespread cellular mechanism. Indeed, BAG3
critically regulates the adhesion and motility of diverse cell
types [8, 23]. We extended our analysis to immune cells, which
rely on tension-regulated adhesion and migration for their
recruitment to sites of injury, infection, and inflammation [4].

yap and taz, A7r5 cells were allowed to attach for 16 hr in fibronectin-coated
cell culture dishes, followed by cell lysis and transcript quantification.
Filamin refers to FLNA. Mean + SEM, n = 3, *p < 0.05; **p < 0.005.

(C) PPxY-containing peptides of YAP/TAZ inhibitors recognized by the
BAG3 WW domain in the array screen (see Figure 1A).

(D) Immunoprecipitation (IP) of endogenous BAG3 from A7r5 cells. Indi-
cated components were detected with specific antibodies. Ex., extract;
60 pg of protein.

(E) Transcript quantification for BAG3-depleted cells grown as described
under (B). Mean = SEM, n = 3, *p < 0.05; **p < 0.005.

(F) Transcript quantification for SYNPO2-depleted cells grown as described
under (B). Mean = SEM, n = 3, *p < 0.05; **p < 0.005.

(G) Fibronectin-coated elastomer substrates of different stiffness, i.e.,
0.6 kPa versus 230 kPa, were used to induce different amounts of tension
in adherent A7r5 smooth muscle cells.

(H) Autophagy was monitored in A7r5 cells, transfected with fluorescently
labeled LC3B, and grown under low and high tension for 16 hr. Scale bars
represent 20 um.

() Quantification of autophagosomes (AP) in cells grown as described under
(H) by automated confocal z stack analysis. Mean = SEM, n = 3, 20 cells
analyzed for each sample in each experiment, *p < 0.05, **p < 0.005.

(J) Immunoblot analysis of untransfected A7r5 cells grown under the same
conditions as described under (H).

(K) A7r5 cells were transfected with control siRNA or siBAG3 for 48 hr and
afterward plated on fibronectin-coated elastomer substrates for 16 hr, prior
to quantification of protein and transcript levels for the indicated compo-
nents. Turnover rates were calculated by dividing the values obtained for
mRNA and protein levels. Mean = SEM, n = 5, *p < 0.05.

(L) Filamin levels were monitored in A7r5 cells subjected to cyclic stretch for
3 hr. When indicated, the lysosomal proteolysis inhibitor chloroquine (CQ;
100 M) was added 2 hr before stretching.

(M) A7r5 cells were transfected with control siRNA or siBAG3 for 48 hr and
afterward plated on fibronectin-coated elastomer substrates for 16 hr, prior
to quantification of transcript levels for the indicated components. Mean =
SEM, n = 4.

See Figures S3 and S4 for related data.
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Inhibition of autophagy strongly impaired the adhesion,
spreading, and migration of human Jurkat T lymphoblasts
(Figures S3A-S3C) and attenuated the resistance of lympho-
blasts and human primary leukocytes to shear stress (Figures
S3D and S3E). Moreover, stimulation of adhesion and
spreading significantly induced BAG3 expression and filamin
turnover in Jurkat cells (Figure S3F). CASA thus emerges as
awidely used cellular mechanism for adaptation to mechanical
force.

The YAP/TAZ inhibitor LATS1 was not subjected to
increased turnover in mechanically strained smooth muscle
cells, despite its binding to BAG3 (Figures 4D and 4K). Appar-
ently, BAGS3 utilizes its WW domain to either engage in auto-
phagy initiation together with SYNPO2 or to bind YAP/TAZ
inhibitors during transcription regulation (Figure 4A). Under
low tension, BAGS3 levels are low and consequently filamin
transcription and degradation are balanced at a low level.
Tension induces BAG3 expression (Figure 4J), leading to
increased filamin degradation and compensatory upregulation
of filamin transcription. Notably, BAGS3 is a stress-inducible
cochaperone under control of the heat shock transcription
factor HSF1 [24]. High tension indeed caused an induction of
HSF1 and the HSF1 target gene DNAJB1 in smooth muscle
cells (Figure 4M). Moreover, BAG3 depletion, which abrogates
the ability to cope with protein damage in mechanically
strained cells, further stimulated HSF1 and DNAJB1 expres-
sion. Tension-induced unfolding of mechanosensors and
cytoskeleton components seems to evoke an adaptation
program similar to a heat shock response, involving HSF1
induction, which in turn triggers BAG3 expression and CASA.
In this way, autophagic flux through CASA is constantly
adjusted to the level of tension within the actin cytoskeleton.

The CASA client filamin is a central mechanosensor [25]. It
mediates integrin-actin and actin-actin interactions and
thereby senses externally applied force and intracellular
tension [22, 25-28]. Filamin is a homodimer consisting of two
~250 kDa rods, each formed by an amino-terminal actin-
binding domain followed by 24 immunoglobulin-like (lg)
repeats (Figure S4A). Mechanical unfolding of filamin involves
the disruption of interactions between Ig domains 16 through
21 and the loss of secondary structure elements within single
Ig domains, which both affect partner protein binding [22, 25,
28, 29]. We mapped the BAG3-binding site in filamin to Ig19-
21 (Figures S4A and S4B), which overlapped with the mecha-
nosensitive integrin-binding site [30]. The BAG3 chaperone
partners Hsc70 and HspB8 showed only a very weak interac-
tion with 1g19-21 on their own (Figures S4C and S4D).
However, in the presence of BAGS, increased amounts of the
chaperones were retained on Ig19-21, which in turn also stim-
ulated binding of BAG3 to the domains (Figures S4C-S4E).
Cooperative binding of BAG3, Hsc70, and HspB8 to a mecha-
nosensitive region of filamin provides a molecular basis for
sensing tension-induced unfolding.

Our data show that BAG3 coordinates tension sensing,
autophagosome formation, and transcription regulation and
thus acts as a key transducer of mechanical signals in mam-
malian cells. By targeting filamin, with its multitude of binding
partners [22], BAG3 exerts protein quality control at a major
mechanosensitive interaction hub. The necessity to induce
autophagic degradation at this hub probably arises from struc-
tural features of filamin. The large size of the protein combined
with the linear arrangement of a large number of individual
folding entities, i.e., 24 Ig repeats, might hinder efficient degra-
dation by the proteasome. Still, autophagosome formation at

the hub may provide a means for the codegradation and
thus coregulation of other hub components.

CASA is induced in adherent cells under tension (see above)
and in contracting muscles [5]. The identification of a tension-
induced autophagy pathway explains the high reliance on
autophagy for the development and maintenance of mechan-
ically strained tissues [31]. Indeed, CASA is required for lung
and muscle homeostasis, and its impairment causes muscular
dystrophy and cardiomyopathy [5, 32-35]. The observed
crosstalk between CASA and YAP/TAZ regulation also
appears to be of pathophysiological relevance with regard to
tumor formation, known to be affected by mechanical cues
[3]. YAP and TAZ, as well as BAGS3, are overexpressed
in different tumors and display oncogenic activity [7, 23,
36-40]. In contrast, SYNPO2 acts as a tumor suppressor
[11]. The opposing roles of these proteins in tumorigenesis
can be conclusively explained by the interaction network iden-
tified here. Elevated BAG3 expression leads to YAP/TAZ
activation, which drives oncogenic transformation, whereas
increased SYNPO2 levels would sequester BAG3 to the auto-
phagy machinery, causing YAP/TAZ inactivation and tumor
suppression. BAG3-mediated mechanotransduction is appar-
ently intimately linked to tissue homeostasis and growth
control in mammals.

Supplemental Information

Supplemental Information includes Supplemental Experimental Procedures
and four figures and can be found with this article online at http://dx.doi.org/
10.1016/j.cub.2013.01.064.
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