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Maintaining the dynamic proteome of a living cell in the
face of an ever-changing environment depends on a fine-
tuned balance of protein synthesis and protein degradation.
Molecular chaperones exert key functions during protein
homeostasis (proteostasis). They associate with nonnative
client proteins following synthesis or damage and facilitate
client sorting and folding. When client proteins are terminally
misfolded, chaperones cooperate with protein degradation
systems to dispose of such clients. This dual proteostasis
activity of chaperones is essential for maintaining cell function
under normal growth conditions and becomes even more
important under stress conditions such as heat and oxidative
stress. The recent identification of chaperone-assisted
selective autophagy (CASA) as a tension-induced autophagy
pathway highlights the critical role of molecular chaperones
in mechanically strained cells and tissues. The CASA complex,
assembled by the cochaperone BAG3, coordinates protein
degradation and protein synthesis in response to mechanical
force. Here we describe the composition and function of this
chaperone complex in mammals and discuss its relevance
for tissue homeostasis and the regulation of cell adhesion,
migration and proliferation. We provide a unifying concept
for the function of BAG3, which integrates its involvement in
muscle maintenance, tumor formation and virus infection.

Living cells and tissues are constantly subjected to mechanical
tension.! This is apparent for force-generating tissues such as
muscles, and for cells that have to resist force such as blood-filter-
ing kidney cells. However, intracellular tension is also generated
in adherent and migrating cells through cell-cell and cell-matrix
contacts.>® Cells respond to mechanical tension by reinforcing
cell attachment sites and by strengthening the cytoskeleton.
Moreover, tension can represent a physiological stimulus, govern-
ing for example stem cell differentiation, immune cell recruit
ment and tumor cell development.>>® Considerable progress has
been made in recent years regarding our understanding of how
mechanical signals are transduced into biochemical and genetic
responses within cells. Diverse cytoskeleton components were
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shown to undergo tension-induced conformational changes.?*””

This often affects the functional interplay with signaling pro-
teins, pointing to a role of the involved cytoskeleton components
as mechanosensors. In addition, transcription regulators, such
as YAP1 and WWTRI1/TAZ, were found to be activated under
tension to induce the expression of proteins involved in cell adhe-
sion.* Yet, how mechanosensing is ultimately linked to transcrip-
tion regulation remains poorly understood. Notably, we recently
identified a chaperone complex, which coordinates tension sens-
ing, transcription regulation and the degradation of mechani-

cally damaged proteins in mammalian cells."”

Role of Molecular Chaperones in Protein Folding
and Degradation

Molecular chaperones are defined by the ability to associate
with nonnative proteins and prevent protein aggregation (Fig.
1)."! They assist in the sorting and folding of newly synthesized
and damaged proteins, and facilitate the assembly of protein
complexes. Accordingly, biology textbooks describe molecular
chaperones usually as cellular protein folding factors. However,
in recent years it has become increasingly clear that some key
chaperones, i.e., Hsp70 and Hsp90 family members, very actively
participate in protein degradation.’*'> When a client protein is
unable to attain its native conformation, the chaperones can initi-
ate client disposal by different pathways (Fig. 1)." This includes
sorting to the proteasome, a large proteolytic complex, follow-
ing the attachment of a ubiquitin chain to the client protein.'?
Alternatively, nonnative clients can be targeted for lysosomal
degradation by two distinct autophagy pathways, i.e., chaperone-
assisted selective autophagy (CASA) and chaperone-mediated
autophagy (CMA). During CASA, nonnative clients are initially
ubiquitylated and then enclosed in autophagosomes, which even-
tually fuse with lysosomes (Fig. 1)."? In contrast, CMA involves
the ubiquitin-independent translocation of chaperone clients,
which display a KFERQ consensus-degradation motif, directly
across the lysosome membrane.!>!

Considering the degradation-promoting activity of molecu-
lar chaperones, it becomes apparent that the common textbook
definition of these proteins needs to be revised. Instead of being
protein folding factors, many chaperones rather act as surveil-
lance proteins. They constantly scan the cellular interior for the
presence of nonnative proteins. The chaperones will bind to these
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Figure 1. Molecular chaperones bind nonnative proteins and prevent
their aggregation. Folding or degradation of the client protein is initi-
ated in conjunction with regulatory cochaperones. Association with
an ubiquitin ligase leads to ubiquitin chain formation on the chaper-
one-bound client. This induces client sorting to the proteasome or
triggers the autophagic engulfment of the client during chaperone-
assisted selective autophagy (CASA). On the latter pathway, the client
is eventually degraded in lysosomes. During chaperone-mediated
autophagy (CMA) the client is directly translocated across the lyso-
some membrane. The cochaperone requirement during CMA remains
to be determined (?).

proteins in order to prevent aggregation and then facilitate either
folding or degradation."! The mode of action of the chaperone
is determined in this situation by cochaperones, which regulate
client binding and provide a link to other folding factors or to
degradation systems (Fig. 1).” Defined chaperone-cochaper-
one complexes are thus specifically engaged in distinct cellular
processes. In mechanically strained cells and tissues the CASA

chaperone-cochaperone mediates

10,16

complex autophagosome

formation.
Chaperone-Assisted Selective Autophagy (CASA)

The CASA complex comprises the molecular chaperones HSPA8/
HSC70 and HSPB8/HSP22 and the cochaperones BAG3 and
STUBI/CHIP (Fig. 2).'® HSPAS8 represents a constitutively
expressed member of the Hsp70 chaperone family localized in
the cytoplasm and nucleus of mammalian cells. HSPB8 belongs
to the family of small heat shock proteins, which, although small
in size (-20-kDa), form large oligomeric assemblies that stabilize
nonnative proteins. Further processing of the stabilized protein
occurs in cooperation with Hsp70 chaperones.” The cochaper-
one BAG3 facilitates the functional interplay between HSPA8
and HSPBS, because it possesses non-overlapping binding sites
for both chaperones.'® Client loading onto HSPA8 might be
facilitated by the J-domain cochaperone DNAJBG6, found to be
associated with the CASA complex in muscle cells.”® J-domain
cochaperones are often the first components of the chaper-
one machinery, which recognize client proteins and regulate
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Figure 2. The CASA chaperone complex comprises the chaperones
HSPA8 and HSPB8 and the cochaperones BAG3 and STUB1. STUB1acts
as a chaperone-associated ubiquitin ligase and cooperates with the
ubiquitin-conjugating enzyme UBE2D during the ubiquitylation of
the chaperone-bound client. Autophagosome formation during CASA
depends on an interaction of BAG3 with SYNPO2, which interacts with
a VPS protein-containing membrane fusion complex. This complex
mediates the tethering of ATG16L1 and LC3 positive autophagosome
precursor membranes (phagophores) in preparation for syntaxin7-me-
diated membrane fusion. Binding partners of the VPS complex on the
target membranes (blue) remain to be identified. Through simultane-
ous interactions with BAG3 and the VPS complex, SYNPO2 triggers the
formation of an autophagosome membrane around the client-loaded
CASA complex.

the ATP-driven chaperone cycle of Hsp70 proteins in a man-
ner allowing high-affinity client binding." Once bound to the
chaperone complex the client is modified by attachment of an
ubiquitin chain. This appears to be mediated preferentially by
the chaperone-associated ubiquitin ligase STUBLI in conjunction
with ubiquitin-conjugating enzymes of the UBE2D family (Fig.
2).'* However, STUBI1 might not be the only ubiquitin ligase
involved in CASA, as protein degradation is not significantly
affected in STUBI deficient mice and functional redundancy
has been reported for chaperone-associated ubiquitin ligases.”*
Following ubiquitylation, BAG3 facilitates the autophagic deg-
radation of CASA-bound clients by multiple means. Based on
an association with the microtubule-motor dynein it directs cli-
ents into aggregate-like structures suited for efficient autophagic
digestion.”! Moreover, the cochaperone stimulates the recogni-
tion of ubiquitylated clients by the autophagic ubiquitin adaptor
SQSTM1/p62.162223 The adaptor possesses a ubiquitin binding
site and also a domain that interacts with LC3 on autophagosome
precursor membranes (phagophores). Simultaneous binding to
ubiquitylated clients and to phagophores allows the adaptor to
induce autophagic engulfment (Fig. 2).?* Autophagosome forma-
tion during CASA also depends on SYNPO2 (synaptopodin-2/
myopodin).'® SYNPO2 has been described as a cytoskeleton
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adaptor protein in skeletal muscle and heart,*** and as a tumor
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suppressor in bladder and prostate.*?® It interacts through a

Volume 6 Issue 4



PPPY motif with the WW domain of BAG3 and at the same time
contacts the vacuolar protein sorting homolog VPS18 through an
N-terminal PDZ domain (Fig. 2).!° VPS18 is a core component of
diverse protein complexes, which tether intracellular membranes
in preparation for fusion.?? The SYNPO2-associated VPS pro-
tein complex seems to be specifically involved in the tethering of
phagophore membranes, because corresponding marker proteins,
i.e.,, ATGI6LI and LC3, were detectable in SYNPO2 immuno-
complexes.”’ In addition, these complexes contain the SNARE
protein syntaxin7, which was recently shown to facilitate phago-
phore fusion.’* Taken together, SYNPO2 apparently acts as a
coupling factor between the client-processing CASA chaperone
complex and a membrane tethering and fusion machinery that
provides autophagosome membranes (Fig. 2). The data estab-
lish a functional paradigm how ubiquitylation can be linked to
autophagosome formation during selective autophagy.

CASA is Essential for Cytoskeleton Maintenance

The CASA complex is closely associated with the actin cytoskel-
eton (Fig. 3). In striated skeletal muscles, the complex localizes
at Z-disks, force-bearing structures, where actin filaments are
anchored and crosslinked.'® In smooth muscle and nonmuscle
cells the complex is detectable along actin stress fibers that form
when tension is generated inside cells during adhesion and migra-
tion.”!® In all cases, association reflects a critical role of the CASA
complex in maintaining the actin cytoskeleton under mechanical
tension. The CASA-inducing cochaperone BAG3 is indeed essen-
tial for the adhesion and migration of diverse cell types ranging
from embryonic fibroblasts to kidney epithelial cells and breast
cancer cells.?*3 Moreover, BAG3-deficient mice suffer from a
rapid disintegration of Z-disks in contracting muscles after birth,
leading to a progressively developing muscle weakness.” The
mice die within four weeks because of heart and lung failure, in
agreement with an essential function of the CASA machinery in
muscle maintenance.

In 2009, Selcen and Engel were the first to identify a missense
mutation in human BAG3, which leads to dominant childhood
muscle weakness.*® Similar to the findings obtained for BAG3-
deficient mice, a progressive deterioration of Z-disk architecture
was observed in muscles of affected patients, causing limb and
axial muscle weakness, cardiomyopathy and respiratory insuf-
ficiency at about ten years of age. Other pathogenic mutations
within BAG3 were identified in subsequent years and the CASA-
inducing cochaperone is now recognized as a causative agent
in muscular dystrophy and cardiomyopathy.’* Furthermore,
limb-girdle muscular dystrophy was recently shown to be caused
by mutations in the CASA-associated cochaperone DNAJBG6.
CASA-mediated protein degradation is obviously necessary for
muscle homeostasis in humans.

What is the critical client of CASA in mechanically strained
cells, which needs to be degraded in order to maintain the cyto-
skeleton? To address this question, we incubated the isolated
cytoskeleton of differentiated muscle cells with purified CASA
components.'® The assumption was that the CASA machin-
ery should be able to mediate the release of clients from the
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Figure 3. The CASA complex is associated with Z-disks in striated
muscles and with actin stress fibers in smooth muscle and nonmuscle
cells. It senses the mechanical unfolding of the actin-crosslinking and
anchoring protein filamin (red) and initiates the autophagic disposal of
mechanically damaged filamin.

cytoskeleton as a prerequisite for their autophagic sorting to lyso-
somes. In this assay, BAG3 specifically triggered the dissociation
of the actin-crosslinking protein filamin from the isolated cyto-
!¢ Filamin is a homodimer comprised of two ~250-kDa
rod-like structures, each formed by an N-terminal actin-binding
domain and 24 immunoglobulin (Ig)-like domains.® Filamin
crosslinks actin filaments at Z-disks and along actin stress fibers,

skeleton.

and exerts actin-anchoring functions through interactions with
cell surface attachment proteins such as integrins (Fig. 3).7%
Notably, mechanical tension of a magnitude prevalent in adher-
ent and migrating cells results in a loss of interdomain interac-
tions and in an unfolding of individual Ig domains of the filamin
rod, leading to a significant extension of the molecule.”**** This
enables filamin to act as a flexible linker between actin fila-
ments under mechanical strain. Tension-induced conformational
changes and unfolding also affect the interaction of filamin with
diverse signaling proteins, in line with a role of the actin-cross-
linking protein as a mechanosensor.*"*% Mutations in filamin
indeed cause skeletal and heart muscle weakness.”* We could
show that BAG3 binds to a mechanosensitive region of filamin,
comprising Ig domain 19-21, and facilitates the recruitment of
HSPA8 and HSPB8 to this site.!” The chaperones then monitor
tension-induced unfolding and damage of filamin, and initiate
its autophagic disposal in cooperation with BAG3 and STUBI.
In adherent smooth muscle cells, filamin is indeed degraded
by autophagy in a BAG3 and STUBI dependent manner.'®'¢
Moreover, filamin forms large proteinaceous aggregates in mus-
cles of transgenic mice deficient for the lysosome membrane
protein LAMP2, in which autophagosome-lysosome fusion is
blocked.'® Apparently, filamin needs to be continuously degraded
by CASA in mechanically strained cells and tissues in order to
maintain the actin cytoskeleton.

BAGS3 is a Dual Function Proteostasis Factor

Cell and tissue maintenance under tension depends not
only on the disposal of mechanically damaged cytoskeleton
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Figure 4. BAG3 utilizes its WW domain to interact with PPxY motif-
containing components of the Hippo signaling network, i.e., LATS1/2
and AMOTL1/2. These proteins are usually involved in the cytoplasmic
retention of the transcriptional regulators YAP1 and WWTR1, which
control filamin expression. BAG3 binding to LATS1/2 and AMOTL1/2 ab-
rogates the cytoplasmic retention and induces YAP1/WWTR1-mediated
filamin transcription under tension.

components. Degraded components also need to be replaced
by newly synthesized molecules in order to maintain the cel-
lular architecture. Intriguingly, BAG3 is not only involved in
the autophagic degradation of filamin under tension, but also
participates in filamin transcription."” The cochaperone is able
to interact with components of the Hippo signaling network,
which controls the development and growth of tissues and
was recently linked to mechanotransduction*"** (The term
“Hippo” refers to the key kinase that is involved in this network
in Drosophila melanogaster). Downstream targets of the sig-
naling network include the transcription regulators YAP1 and
WWTRI1/TAZ, which are activated in response to mechanical
tension and induce the expression of proteins involved in cell
adhesion, including filamin.* The activity of the transcription
regulators is restricted by the network proteins LATS1/2 and
AMOTL1/2. These proteins possess PPxY motifs that contact
WW domains present in YAP1 and WWTRI. In this way
LATS1/2 and AMOTL1/2 mediate the cytoplasmic retention
of the transcription regulators and attenuate target gene expres-
sion (Fig. 4).”% Intriguingly, BAG3 can engage in interactions
with the PPxY-containing YAP1/WWTRI inhibitors through
its own WW domain.!” As a consequence, the transcription
regulators are released, migrate into the nucleus and activate
gene expression (Fig. 4).!° The data reveal BAG3 as a positive
regulator of YAPI/WWTRI-mediated transcription. This
enables BAG3 to stimulate filamin synthesis under tension. The
cochaperone thus acts as a dual function proteostasis factor in
mechanically strained cells and tissues. On one hand, BAG3
mediates the autophagic degradation of mechanically damaged
filamin in conjunction with SYNPO2, and on the other hand,
it binds YAP1/WWTRI inhibitors to induce a transcriptional
response for compensating autophagic disposal. It remains to
be seen whether BAG3 cooperates with its chaperone partners
during transcription regulation. In any case, the dual function
of the cochaperone is essential for maintaining the actin cyto-

skeleton under tension.!®'
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Tension-Dependent Regulation of CASA Activity

BAGS3 is a stress-inducible cochaperone under control of the heat
shock transcription factor HSF1.9°° BAG3 expression is upreg-
ulated in mammalian cells under oxidative and heat stress or
upon exposure to heavy metals.?>#**! We observed that mechani-
cal tension also leads to HSF1 activation and increased BAG3
expression.'” Similar to the situation in heat-stressed cells, the
tension-induced unfolding of cytoskeleton proteins and mecha-
nosensors apparently causes a depletion of the available pool of
chaperones in mechanically strained cells. This in turn induces
the HSFl-mediated compensatory expression of chaperones,
cochaperones and proteostasis factors, including BAG3 and other
CASA components. In this way, CASA activity is constantly
adjusted to the level of tension within the actin cytoskeleton.

Physiological Role of CASA

It was previously observed that mechanically strained tissues
such as skeletal muscle, heart, lung, bone and kidney highly
rely on autophagy for their development and maintenance.’>*
Transgenic mice unable to express key autophagy factors often
develop severe pathologies affecting these tissues. For example,
LAMP2-deficient mice, in which autophagosome-lysosome
fusion is blocked, suffer from skeletal muscle weakness and severe
cardiomyopathy.® A similar pathology is observed in patients
with Danon disease, which is caused by functional impairment
of human LAMP2.5 Mutations in p62, which acts as an autoph-
agic ubiquitin adaptor during CASA, are frequently found in
Paget disease of bone.”? Furthermore, a cell-specific knockdown
of the autophagy initiation factor ATG5 in podocytes, which
form the kidney filtration barrier, causes glomerulosclerosis
accompanied by an accumulation of ubiquitinated proteins in

>¢ These are only few examples that illustrate the

transgenic mice.
physiological importance of autophagic degradation in mechani-
cally strained tissues. It remains to be seen whether in all cases
CASA-mediated degradation of filamin lies at the heart of the
observed pathologies, as was shown for LAMP2-deficiencies.'®
Still, the finding that autophagy is necessary for maintaining the
architecture of the actin cytoskeleton under mechanical tension
provides a novel conceptual framework for our understanding of
these pathologies.

Beth Levine and coworkers recently identified an exercise-
induced autophagy pathway in muscles, which is regulated by
the anti-apoptotic protein BCL2.” Acute exercise leads to a rapid
induction of autophagy in skeletal and cardiac muscle of mice.
Induction is accompanied by the disruption of an inhibitory com-
plex between BCL2 and the autophagy initiation factor beclinl.
Expression of a mutant form of BCL2 that stably associates with
beclinl abrogates exercise-induced autophagy.”” Because mutant
mice also show altered glucose metabolism, the authors conclude
that exercise-induced and BCL2-regulated autophagy is required
for muscle glucose homeostasis. Still, it will be interesting to
investigate the relationship between this pathway and CASA,
which is upregulated in contracting mouse muscles and may,
therefore, also represent an exercise-induced autophagy pathway.
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The ability to resist mechanical force and to respond to
mechanical signals is a vital feature of immune cells. These cells
circulate in the blood and are recruited to lymphoid organs and
peripheral sites of injury, infection and inflammation.? Notably,
tension-regulated adhesion and migration of immune cells
involves induction of BAG3 expression and filamin turnover.”
Moreover, pharmacologic inhibition of autohagy attenuates
immune cell adhesion, migration and resistance to shear stress."’
The data point to an essential function of CASA in immune cell
activation and recruitment.

Although we focus here on the role of CASA in mechano-
transduction, it should be mentioned that CASA is also essential
for protein homeostasis in neuronal cells. In fact, the CASA-
inducing cochaperone BAG3 was initially linked to the autopha-
gic degradation of pathologic forms of the huntingtin protein,
which cause Huntington’s disease.’® Moreover, it was observed
that BAG3 expression is induced in aged neuronal cells in cor-
relation with an increased autophagic clearance of oxidatively
damaged proteins.”? CASA seems to protect the brain against a
pathologic accumulation of misfolded proteins.

A Unifying View on the Multifaceted Cochaperone
BAG3

Ever since its identification as a BCL2-associated protein® and
HSPAS8 cochaperone® in 1999, the CASA-inducing cochaperone
BAGS3 has been analyzed in seemingly very different functional
settings. The finding that BAG3 exerts anti-apoptotic activ-
ity in conjunction with BCL2” led to a series of studies that
focused on the role of the cochaperone in tumor development.®!
Indeed, BAG3 is overexpressed in several tumors, including
glioblastoma, acute lymphoblastic leukemia and prostate carci-
noma, where it sustains cell survival and therapy resistance.®*%
Moreover, the cochaperone regulates the adhesion and motility
of tumor cells.?3*% Other studies revealed the physiological rel-
evance of BAG3 in muscle cells and identified mutations in the
cochaperone as the cause for muscle dystrophy and cardiomy-
opathy.*** Finally, the identification of BAG3 as a cochaperone
of HSPA8 and HSPB8 stimulated research on its role in proteo-
stasis, unravelling its function in chaperone-assisted selective
autophagy‘l[),lé,zl,22,58,6()

A unifying concept for the function of this cochaperone is
now emerging based on the recent identification of BAG3 as a
transducer of mechanical signals, which coordinates autopha-
gosome formation and YAP1/WWTRI1-mediated transcription
under tension.® According to this concept, association of BAG3
with BCL2 might reflect an involvement of the cochaperone
in regulating early steps of autophagosome formation, because

BCL2 engages in inhibitory interactions with the autophagy ini-
tiation factor beclinl.>¢¢ The oncogenic activity of BAG3 might
be attributed to its role as an activator of YAP1 and WWTRI.
The two transcription regulators drive oncogenic transformation
and epithelial to mesenchymal transition, which is a critical step
during tumor progression.” It is also noteworthy in this regard
that extracellular matrix stiffness promotes a malignant pheno-
type of epithelial cells.” Changes in the expression of BAG3,
which senses extracellular matrix stiffness in cooperation with
its chaperone partners,'® might therefore directly contribute to
oncogenic transformation. This is certainly in agreement with
the essential regulatory function of BAG3 in tumor cell adhe-
sion and migration.*** Hence, BAG3-mediated mechanotrans-
duction may not only be essential for muscle maintenance but
may also explain the eminent role of the cochaperone in tumor
formation.

Several studies revealed BAG3 as a critical regulator of viral
replication and growth. Affected viruses include varicella-zoster
virus (VZV),* polyomavirus JC,* Epstein-Barr virus (EBV),”
herpes simplex virus (HSV)”* and HIV.”? In many cases, deple-
tion of BAG3 by small interfering RNA inhibits virus replication.
It is important to note in this regard that many viruses exploit
autophagy pathways to facilitate their entry and replication.”>”
Therefore, the role of BAG3 during virus infection might also
be related to the function of the cochaperone as an autophagy
inducer.

Outlook

The identification and functional characterization of the CASA
machinery revealed the importance of chaperone-assisted pro-
teostasis in mechanically strained cells and tissues. Still, many
important questions remain to be answered. We do not know yet
the full repertoire of client proteins that are degraded by CASA.
Mechanisms that underlie the physiological regulation of CASA
components and the formation of autophagosomes during CASA
only begin to emerge. The future analysis of the CASA machin-
ery will certainly continue to provide important insights into
very diverse areas of biology and biomedicine, including virology,
immunology, mechanobiology and cancer research.
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