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ABSTRACT Basically, all mammalian tissues are constantly exposed to a variety of environ-
mental mechanical signals. Depending on the signal strength, mechanics intervenes in a
multitude of cellular processes and is thus capable of inducing simple cellular adaptations
but also complex differentiation processes and even apoptosis. The underlying recognition
typically depends on mechanosensitive proteins, which most often sense the mechanical
signal for the induction of a cellular signaling cascade by changing their protein conforma-
tion. However, the fate of mechanosensors after mechanical stress application is still poorly
understood, and it remains unclear whether protein degradation pathways affect the mech-
anosensitivity of cells. Here, we show that cyclic stretch induces autophagosome formation
in a time-dependent manner. Formation depends on the cochaperone BAG family molecular
chaperone regulator 3 (BAG3) and thus likely involves BAG3-mediated chaperone-assisted
selective autophagy. Furthermore, we demonstrate that strain-induced cell reorientation is
clearly delayed upon inhibition of autophagy, suggesting a bidirectional cross-talk between
mechanotransduction and autophagic degradation. The strength of the observed delay de-
pends on stable adhesion structures and stress fiber formation in a Ras homologue family
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member A (RhoA)-dependent manner.

INTRODUCTION

Mammalian tissues are constantly exposed to environmental
mechanical signals generated by respiration, heart and muscle
contraction, body movement, or pulsating blood flow. The resulting
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environmental strain indispensably has to be recognized by tissues
in order to ensure tissue integrity, development, and survival (Moore
et al., 2010; DuFort et al., 2011; Hoffman et al., 2011; Yusko and
Asbury, 2014). Mechanosensitivity and thereby induced cellular re-
sponses thus represent vital mechanisms at the single cell as well as
the multicellular level (Discher et al., 2005; Janmey and Miller,
2011).

Different strain frequencies and wave forms as well as amplitudes
of up to 20% and more can be naturally measured to induce reori-
entation of the cytoskeleton as well as the whole cell body away
from the strain direction in the case of uniaxial strain (Hayakawa
et al., 2000, 2001; Neidlinger-Wilke et al., 2002; Jungbauer et al.,
2008; Tondon et al., 2012; Noethel et al., 2018; Zielinski et al.,
2018). This mechanism has been identified for most adherent cell
types on single cell and monolayer levels and is primarily caused by
actin filament rupture upon straining above a certain threshold
(Faust et al., 2011). Reorientation away from the strain direction
therefore leads to a reduction of strain in the living system to regain
cellular homeostasis (DuFort et al., 2011; Yusko and Asbury, 2014).
The processes of strain sensing and subsequent signal transduction
depend on multiple elementary processes, including mechanically
activated ion channels, tension-dependent conformational changes
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of proteins, and tension-dependent binding affinities (Kanzaki et al.,
1999, Hayakawa et al., 2008, 2011).

Most intensively characterized is strain-induced conformational
unfolding of mechanosensory proteins. This unfolding leads to sub-
sequent exposure of previously hidden binding domains for recruit-
ment of binding proteins or phosphorylation to induce signaling
pathways and subsequent cellular responses (Bakolitsa et al., 2004;
Izard and Vonrhein, 2004; Sawada et al., 2006; Humphries et al.,
2007; del Rio et al., 2009; Carisey et al., 2013). Because mechano-
sensation primarily defines a cellular protective mechanism, most
mechanosensitive proteins are positioned at sites that experience
mechanical load. Thus, a considerable number of mechanosensitive
proteins are found in focal adhesions (FAs) and cell-cell adhesions
as well as at the actin cytoskeleton itself (Riveline et al., 2001; Hynes,
2002; Yonemura et al., 2010; Hoffman et al., 2012; Rognoni et al.,
2012). Of the proteins forming the integrin adhesome (Zaidel-Bar
et al., 2007), strain-induced unfolding and subsequent binding or
phosphorylation of previously hidden domains was demonstrated,
especially for those with multiple protein binding sites such as talin,
vinculin, paxillin, FA kinase (FAK), or p130Cas (Sawada et al., 2006;
del Rio et al., 2009; Michael et al., 2009; Pasapera et al., 2010; Ca-
risey et al., 2013). However, very little is known about the fate of
unfolded mechanosensory proteins after stress release. For some
proteins, such as talin, cycles of unfolding and refolding have been
demonstrated (Yao et al., 2016). However, it remains unclear whether
this refolding always occurs to a fully functional initial state and
whether complete refolding is also possible at high strain ampli-
tudes. It appears likely that at least in some instances a protein qual-
ity control system will become engaged, involving the recognition
of strain unfolded proteins by molecular chaperones, chaperone-
assisted refolding, or targeting onto protein degradation pathways
(Arndt et al., 2010; Ulbricht et al., 2013; Balchin et al., 2016; Dikic,
2017; Kathage et al., 2017).

With autophagy, an important lyososome-mediated process for
recycling of cytosolic cargoes is known (Yu et al., 2018) and a num-
ber of stress conditions are known to stimulate this pathway. Also for
mechanical stress several studies indicate a close link between the
regulation of FA or actin cytoskeletal stability and various selective
autophagy pathways (Kenific et al., 2016b). Specifically, studies on
the actin-associated mechanosensory protein filamin (Rognoni
et al., 2012) have shown its recognition by the cochaperone BAG
family molecular chaperone regulator 3 (BAG3) and subsequent
degradation by the chaperone-assisted selective autophagy (CASA)
(Arndt et al., 2010; Ulbricht et al., 2013; Ulbricht et al., 2015; Kathage
et al., 2017). At least for stressed skeletal muscle cells, recognition
of filamin additionally has been shown to depend on direct interac-
tion with filamin-A-interacting protein 1 (FILIP1). This interaction in-
duces the degradation of filamin but is prohibited by filamin phos-
phorylation (Reimann et al., 2020).

Further evidence for a critical involvement of autophagy in the
turnover of mechanosensors has been obtained in a study that re-
vealed degradation of the FA core protein paxilin in cancer cells
dependent on the Src-kinase and the autophagic membrane marker
microtubule-associated proteins 1A/1B light chain 3B (LC3B) (Sharifi
et al., 2016). Furthermore, FAK depletion in cancer cells is associ-
ated with autophagy-associated degradation of active Src. At the
same time, FAK is known to be a negative regulator of beclin-1-de-
pendent autophagy (Sandilands et al., 2011; Cheng et al., 2017).

On the basis of these findings, we address the question of
whether induction of cyclic stretch-induced cell reorientation causes
increased autophagic activity. We report a strain-induced reorienta-
tion process that is dependent on BAG3-mediated autophagosome
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(AP) formation. Furthermore, Ras homologue family member A
(RhoA) activation and therefore reinforced mechanosensitive cell
structures further strengthen this response, revealing a tight inter-
play between mechanoadaptation and autophagic protein
degradation.

RESULTS

AP formation can be mechanically induced by cyclic stretch
To address the overall capability of mammalian cells to produce
APs, rat smooth muscle (A7r5) cells and mouse embryonic fibroblast
(MEF) cells were transfected with green fluorescent protein (GFP)-
LC3B as autophagy marker protein on glass (Figure 1A). In trans-
fected A7r5 and MEF cells, LC3B-positive vesicular structures were
readily detectable. To enable stress application by mechanical
straining, cells were cultivated on elastomeric silicone rubber sub-
strates. After 1 h of cyclic stretch, A7r5 and MEF cells exhibited in-
creased numbers of APs compared with unstretched control cells
(Figure 1B). Blocking the lysosomal proteolysis of APs by chloro-
quine (CQ) and subsequent immunostaining against LC3B showed
a significant increase (A7r5: p < 0.0001, MEF: p < 0.0001) of LC3B
spots in both cell types, with an even stronger accumulation in A7r5
cells. Furthermore, due to a better signal-to-noise ratio, we decided
to perform immunostainings of LC3B instead of transfection of GFP-
LC3B constructs for all subsequent quantitative analyses.

Stretch-induced autophagy is a time-dependent process
Because cyclic strain induces cellular reorientation as an adaptation
mechanism to regain stable homeostasis, we next quantified stretch-
induced AP formation over time for A7r5 and MEF cells (Figure 2).
A7r5 cells revealed only low numbers of LC3B spots under un-
stretched conditions (1.2 spots per cell), which significantly
(p < 0.001) increased by almost 100% already after 10 min of cyclic
uniaxial stretch with an amplitude of 20% and a frequency of
300 mHz as applied in all subsequent stretch experiments. Highest
numbers of APs were identified after 30-60 min, with an almost
threefold increased number (Figure 2, A and B). Interestingly, appli-
cation of long cyclic stretching induced a reverse behavior, with a
reduction of AP numbers to numbers significantly (p < 0.0001) below
those found for the unstretched control (1/3 after 6 h). An identical
significant trend could also be identified for MEF cells. However,
increase and reduction showed an accelerated time course with the
maximum number of LC3B spots already after 5-10 min and an im-
mediately following reduction, which also ended up at significantly
(p < 0.0001) lower numbers of APs after 4 h (60%) compared with
control conditions before stretch was applied (n = 16) (Figure 2, C
and D). In both cell types, a transient induction of autophagy appar-
ently accompanies the adaptation to cyclic uniaxial strain.

Cyclic strain-induced mechanoresponse is dependent on
autophagy

The time course of APs formed under cyclic strain suggested a rela-
tionship to cytoskeletal reorientation behavior. To analyze this hy-
pothesis in more detail, we characterized actin orientation based on
actin filament gray value gradients in A7r5 and MEF cells over time
in the presence of CQ, MG132, or both (Figures 3 and 4). Cumula-
tive frequency plots for actin stress fiber main orientation per cell
showed for A7r5 cells an equal distribution of all angles under un-
stretched conditions (Figure 3, A and B). Cyclic strain induced reori-
entation in the perpendicular direction relative to strain under con-
trol conditions. Here, beginning with a very rapid response within
the first 30 min, main actin orientation angles per cell approached
their maxima in the range of 68°-82° relative to stretch direction
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Mammalian cells have different capacities to produce APs.
(A) GFP-LC3B-transfected A7r5 and MEF cells cultivated on FN-
coated glass showed LC3B spots as markers for APs 24 h after
transfection. Scale bar is 20 um. (B) LC3B spots could be induced in
A7r5 and MEF cells by mechanical cyclic stretch (str.) shown by
immunostainings of LC3B after fixation. Further, LC3B spots
accumulated by blocking lysosomal proteolysis of APs with CQ.

Volume 32 October 1, 2021

within 4 h. This orientation remained nearly stable even with further
prolonged cyclic straining (Figure 3, A and B). Strain-induced cyto-
skeletal dynamics therefore correlated well with AP formation.
Blocking proteasome activity by MG132 showed no effect on the
time course of actin reorientation (Figure 3, A and C-E). In contrast,
the addition of CQ strongly impaired the cellular mechanoresponse.
Here, not only the reorientation behavior was slowed down at every
time point analyzed, but also the final average reorientation steady
state after 6 h was shifted by more than 10° from 83° for untreated
control conditions to 71° upon CQ supplementation (Figure 3, A
and C-E). Parallel supplementation with CQ and MG 132 resulted in
almost identical impairments in mechanoresponse (72°) as found for
CQ treatment only, confirming the autophagy-specific influence on
mechanosensitivity and response.

Identical experiments on MEF cells showed a much faster reori-
entation behavior upon cyclic straining for control conditions. Here,
already after 30 min main actin angles reached stable distributions
that remained largely unchanged with further stretching (Figure 4, A
and B). These data correlate well with the much faster LC3B-spot
induction upon strain application in MEF cells shown before. Fur-
thermore, with an average actin reorientation angle of 72°, reorien-
tation was less pronounced in MEF compared with A7r5 cells. Inter-
estingly and in contrast to A7r5 cells, neither CQ-, MG132-, nor CQ/
MG132-treated MEF cells were impaired in steady state reorienta-
tion distribution after 1 h of stretch (Figure 4E). The rate of cellular
reorientation toward this reorientation distribution was also similar
in the presence of inhibitors and was delayed only after 30 min of
stretch (Figure 4, C and D). Ongoing autophagic degradation is ap-
parently a prerequisite for cytoskeleton reorientation in smooth
muscle cells but not in embryonic fibroblasts under standard growth
conditions.

RhoA activation shifts MEF cells to an autophagy-
dependent mechanoresponse

To further analyze the interdependence between autophagy, the
spatial organization of the mechanosensitive apparatus, and the
mechanoresponse, we next activated RhoA in MEF cells by lyso-
phosphatidic acid (LPA) to increase cell contractility. Efficient activa-
tion was confirmed after 30 min of treatment by strongly reinforced
FAs and clear stress fiber formation (Figure 5A). When cyclically
strained, such cells reoriented significantly faster compared with
nontreated MEF cells. This resulted in a stronger overall reorienta-
tion behavior in the perpendicular direction relative to stretch with
an average reorientation angle for LPA-treated MEF that was similar
to that for A7r5 cells (78°) (Figure 5B). Starting from an already mas-
sively formed stress fiber network and stable FAs, the same experi-
ments performed on A7r5 smooth muscle cells resulted in neither
any further cytoskeletal reinforcement nor changes in strain-induced
mechanoresponse (Supplemental Figure S1). In addition, the actin
dynamics of A7r5 cells after reorientation due to 4 h of stretch ap-
plication remains active as shown by a slow loss of reorientation or-
der over time. Furthermore, we could even invert actin reorientation
by cyclic stretch in the orthogonal direction after fully completed
first reorientation (Supplemental Figure S2). Vice versa, the use of

Control cells were cultivated on 50 kPa elastomeric substrates coated
with FN in the absence of stretch (unstr.). The indicated treatments
were performed for 1 h. Scale bar is 10 um. Note that for all
subsequent LC3B quantifications, immunostainings at the indicated
time points were performed because of the better signal-to-noise
ratio.
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LC3B spots can be mechanically induced by cyclic stretch. (A, C) LC3B (green) immunostainings display a
time-dependent increase in the number of LC3B spots in A7r5 and MEF cells after cyclic stretch (str.) for the indicated
time on FN-coated elastomeric substrates or for unstretched (unstr.) control. Arrowheads illustrate stretch direction.
Scale bar is 20 pm. (B, D) Quantification of LC3B spots per cell shown in A and C in the percent of unstretched control is
given for all time points. Data represent mean values + SEM of analyzed cells (n). Significances are given for all values in

comparison to unstretched control (n, =72, n, = 54, n. =55, ng=50, no =54, ns=

ng = 71, n= 66)

very soft 5 kPa stretching chambers visibly reduced actin stress fiber
intensity and order in A7r5 cells to result in a slowed but still detect-
able reorientation under strain. Interestingly, AP formation to signifi-
cantly higher numbers in the presence of strain remained unaltered
(Supplemental Figure S3).

To further test whether a reinforced cytoskeleton also induces
mechanoresponse dependence on autophagy in MEF cells, the for-
mation of APs after RhoA activation was analyzed in a first step.
Here, an increased formation of LC3B spots was already clearly vis-
ible under unstretched control conditions. When cyclic stretch was
applied, this effect was further significantly increased (Figure 6, A
and B). In addition, while in untreated cells AP formation peaked at
stretch durations of 5-10 min (Figures 2D and 6B), RhoA activation
shifted this peak to later time points with fourfold increased num-
bers of LC3B spots after 30 min. Such time courses resembled those
found for A7r5 cells.

Owing to observed increased numbers of stretch-induced LC3B
spots in RhoA-activated MEF cells, we next analyzed whether inhibi-
tion with CQ would now also impair mechanoresponsive behavior
as we could observe before for A7r5 cells. Indeed, actin reorienta-
tion was significantly decelerated for all measured time points in
comparison to untreated control (Figure 6C). Furthermore, almost
identical reorientation distributions for MEF cells after 1 h compared
with the corresponding distributions after 30 min argue that not only
the reorientation time course but also the reorientation steady state
distribution were impaired upon AP block.

4 | L Lovenich etal.

55, ng= 72, ny=74,n,=75, n= 69,

Initially observed differences between A7r5 and MEF cells in the
sensitivity of actin reorientation toward autophagy inhibition thus
cannot be attributed to distinct mechanoresponses but seem to re-
flect lower force generation in MEFs under standard growth condi-
tions. Upon elevated force generation, actin reorientation in MEFs
depends on ongoing autophagy similar to initial findings for A7r5
cells. Our work points at a force-dependent interplay between
mechanoresponse and autophagy conserved between different cell

types.

Actin reorientation in A7r5 cells is dependent on
BAG3-mediated autophagy

Because earlier work had already identified CASA as a strain-in-
duced autophagy pathway, we determined the contribution of
CASA to the observed mechanoresponse to cyclic stretch. For
this purpose, we compared actin reorientation of A7r5 cells upon
transient expression of either BAG3-wild type (WT) or its inactive,
dominant-negative form, carrying tryptophan-to-alanine substi-
tutions at positions 26 and 49 (WAWA). The mutant variant con-
tains alanine substitutions in the WW domain of BAG3, which
disrupt the interaction of the cochaperone with several of its
binding partners (Ulbricht et al., 2013; Kathage et al., 2017). For
identification, cells were cotransfected with GFP-plasmids and
only GFP-expressing cells were subsequently analyzed (Figure
7A). The expression of neither BAG3-WT nor BAG3-WAWA
caused changes of A7r5 cell morphology, characterized by
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Upon stretch, A7r5 actin fibers reorient perpendicular to the direction of stretch, which can be decelerated
by blocking lysosomal proteolysis of APs with CQ. (A) Immunofluorescence micrographs of actin cytoskeleton after 6 h
of cyclic stretch (str.) after 1 h pretreatment with MG132 and/or CQ to inhibit proteasomal and lysosomal degradation,
respectively. Cells were cultivated on FN-coated elastomeric substrates and pretreated with the mentioned inhibitors
1 h before stretch. Control cells were cultivated unstretched (unstr.) in normal growth medium. Arrowheads illustrate
stretch direction. Scale bar is 50 pm. (B—E) After fixation and staining, actin fibers were evaluated as angular distribution
from 0° to 90° to the direction of stretch and are plotted as cumulative frequencies of all analyzed cells (n). Plots are
given for (B) untreated cells, for time points from 30 min to 6 h of cyclic stretch, and for (C) 30 min, (D), 1 h, and (E) 6 h
cyclic stretch in the presence and absence of the mentioned inhibitors (n, = 292, np, = 254, n. = 259, ny = 244, n, = 203,

ng=249,ng =256, n, =
uniform distributions of all actin orientation angles under un-
stretched conditions (Figure 7, A and B). However, BAG3-
WAWA-expressing A7r5 cells displayed a strongly decelerated
actin reorientation after 30 min and 1 h of cyclic stretch com-
pared with BAG3-WT cells. The mechanosensitivity of BAG3-
WAWA cells was reduced to such an extent that no response
could be detected after 30 min compared with that of control
BAG3-WT cells. Also steady state distributions after long cyclic
straining of 4 h pointed to a significantly reduced mechanore-
sponse in the absence of functional BAG3 (Figure 7B).
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257, nj= 255, nj = 256, n = 252, n= 199, ny, = 219, n, = 187).

DISCUSSION

Mechanosensing of single cells highly depends on FAs connected
to the actin cytoskeleton (Zaidel-Bar et al., 2007). Here, various pro-
teins have been shown to undergo conformational changes under
tension to enable transfer of mechanical signals into a chemical sig-
nal cascade. In the case of strain these cascades can subsequently
trigger disassembly (Ehrlicher et al., 2011), induced dynamics
(Sigaut et al., 2018), and reinforcement of structures (Marshall et al.,
2003; Yakovenko et al., 2008). This is specifically evident in the cyto-
skeletal and cellular reorientation in a perpendicular direction to

5
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Cyclic stretch in MEF cells leads to time-restricted actin fiber reorientation perpendicular to the direction of
stretch, which can be slightly decelerated by blocking autophagy and/or proteasomal degradation.
(A) Immunofluorescence micrographs of actin cytoskeleton in the presence and absence of the proteasome inhibitor
MG132 and/or the lysosomal proteolysis inhibitor CQ after 30 min of cyclic stretch (str.). Cells were pretreated with the
mentioned inhibitors 1 h before stretch. Control cells were cultivated in normal growth medium on FN-coated
elastomeric substrates without stretch (unstr.). Arrowheads illustrate stretch direction. Scale bar is 50 pm.
(B-E) Subsequent to fixation and staining, actin fibers were evaluated as angular distribution from 0° to 90° to the
direction of stretch and are plotted as cumulative frequencies of all analyzed cells (n). Plots are shown for (B) untreated
control cells at all time points and for (C) 10 min, (D) 30 min, and (E) 1 h of cyclic stretch in the presence and absence of
the indicated inhibitors (n, = 336, n, =280, n. = 437, ng =396, n, =304, n;= 287, ng= 270, n, =451, n;= 428,

nj= 438, n = 455, nj= 428, n,, = 429).

strain as a nearly universal response to cyclic stretch (Hayakawa
et al., 2000; Noethel et al., 2018; Zielinski et al., 2018). However, it
has remained largely unclear how cellular systems can distinguish
different strengths of the mechanical signal, because for only a few
proteins, such as p130Cas or fibronectin (FN), a stepwise force-de-
pendent unfolding behavior has been shown (Paci and Karplus,
1999: Lu et al., 2013). For other mechanosensors such as talin, re-
peated unfolding and refolding has been demonstrated (Yao et al.,
2016). Nevertheless, it is still uncertain whether frequently repeated
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unfolding/refolding cycles or very intense protein unfolding due to
high strain amplitudes actually always allow error-free refolding. This
is also important because another study additionally showed that
stretching of cells caused locally distinctly different deformations,
whereby proteins in the contact area between FAs and actin fila-
ments were exposed to significant elongation (Kirchenbuchler et al.,
2010). This behavior suggests that even at low and intermediate
strain amplitudes, certain proteins become significantly more un-
folded, potentially to the point of irreversible structural change.

Molecular Biology of the Cell
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n, =212, n; = 200).

Moreover, it remained largely unclear whether mechanosensitiv-
ity and subsequent cell responses are associated with the degrada-
tion of specific proteins. For phosphorylated p130Cas, specific reg-
ulation by the ubiquitin—proteasome system has been demonstrated
in FAs of motile cells (Teckchandani and Cooper, 2016). Paxillin, on
the other hand, is able to interact directly with LC3 to trigger the
degradation of FAs via autophagy in tumor cells (Sharifi et al., 2016).
Autophagy has also been shown to influence a number of other
adhesion and migration processes (Kenific et al., 2016b). Here,
NBR1-mediated selective autophagy appears to be of particular im-
portance for motile cells (Kenific et al., 2016a). Consistent with its
function as an autophagy cargo receptor, NBR1 biochemically inter-
acts with FA mechanosensors vinculin and zyxin and promotes the
targeting of APs to dynamic FAs at the leading edge of migrating
cells. Here, binding between NBR1 and mechanosensors is induced
by their tension-dependent conformational unfolding. A similar situ-
ation is also assumed for binding of NBR1 to the mechanosensor
titin in sarcomeres (Lange et al., 2005). However, whether these
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bindings involve the recognition of irreversibly unfolded mechano-
sensors or are a simple regulatory mechanism of FA or sarcomer
dynamics remains unclear.

In contrast, a clear link between misfolding and autophagy has
been demonstrated for the protein filamin in both skeletal muscle
(Arndt et al., 2010; Kathage et al., 2017) and smooth muscle
(Ulbricht et al., 2013, 2015) cells. Filamin binds to FAs in a tension-
dependent manner and induces FA reinforcement (Gehler et al.,
2009). In addition, unfolded filamin was shown to be bound by the
cochaperone BAG3 to subsequently recruit the CASA machinery
(Ulbricht et al., 2013). While different hard substrate elasticities were
used in that work to regulate cellular tension, our studies for cyclic
stretch demonstrated the strong link between autophagy, mecha-
nosensitivity, and subsequent cell response even on soft substrates
under cyclic stretch. Elasticities of 50 kPa that mimic the in vivo
elasticities of, for example, basement membranes (Tilleman et al.,
2004; Pawlaczyk et al., 2013) but also the use of 10 times softer
substrates confirm this interplay. In this context, it is also interesting
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RhoA-activated MEF cells indicate higher numbers of stretch-induced LC3B spots, and actin reorientation is
decelerated by blocking their lysosomal degradation. (A) LC3B (green) immunostainings after 10 and 30 min of cyclic
stretch (str.) and unstretched control (unstr.) in the presence and absence of LPA 30 min before cyclic stretch. Cells were
cultivated on FN-coated elastomeric substrates. Arrowheads illustrate direction of stretch. Scale bar is 20 pm.

(B) Quantification of LC3B spots per cell shown in A in percent to unstretched control in the absence of LPA. Data
represent mean values = SEM of all analyzed cells (n). (C) Actin reorientation of RhoA-activated MEF cells after 10 min,
30 min, and 1 h cyclic stretch in the presence and absence of CQ to inhibit lysosomal degradation of APs. Angle
distributions of actin fibers were evaluated (0° is the direction of stretch) and are displayed as cumulative frequency
plots of all analyzed cells (n) (n, =98, n, = 73, n. =50, nq =58, n, =52, nf =49, ng = 303, n, =292 n; = 301, n;=315,

n. = 286, n =313, ny, = 290, n, = 321).

that Kim et al. (2013) postulate a kinetic context between force-in-
duced protein unfolding and chaperone binding. According to this,
the rate of domain refolding of mechanosensors correlates with the
rate of chaperone binding to possibly induce the recruitment of
degradation factors in the case of slow protein refolding. Slowed
domain refolding by several minutes at increased forces even when
the applied force was reduced has already been shown for filamin
(Rognoni et al., 2014). This kinetic-based hypothesis could thus also
explain why static stretch and cyclic straining similarly induce AP
formation.

In contrast, we could not see any effect on actin reorientation
and therefore mechanoresponse by blocking proteasomal degrada-
tion pathways. In turn, proteasomal inhibition is known to up-regu-
late autophagy by transcriptional up-regulation of BAG3 (Wang
et al., 2008), thus amplifying BAG3 necessity also for mechanore-
sponse. Our analyses with a dominant-negative BAG3 mutant fur-
thermore established the mutual dependence on BAG3. However,
it still needs to be shown at this stage whether BAG3 also recruits
the CASA machinery after cyclic straining or whether other autoph-
agy factors are involved to induce protein degradation (Gamerdinger
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et al., 2011). Nevertheless, the BAG3 mutant used here with the in-
activated WW domain and thus blocked interaction to SYNPO PPxY
motifs (Ji et al., 2019), which is required to induce autophagy
(Merabova et al., 2015), argues for a regulatory mechanism similar
to that described for filamin.

Interestingly, the induction of autophagy upon application of cy-
clic stretch occurred in a time-dependent manner with a sharp in-
crease in AP number and subsequent decrease to numbers clearly
less than those of unstretched cells. This time-dependent behavior
clearly correlates with the time course of cytoskeletal reorientation
(Hayakawa et al., 2000, 2001; Faust et al., 2011; Zielinski et al., 2018)
and strongly suggests that indeed cellular stress levels and thus me-
chanical deformation of proteins trigger autophagy. Reorientation,
and thus minimization of cellular elongation and stress (Faust et al.,
2011), might therefore subsequently also reduce autophagy pro-
cesses that are below control levels due to homogeneously aligned
cells. This hypothesis is further supported by the fact that the strength
of the mechanosensitive apparatus made of FAs and stress fibers is
associated with the influence of autophagy on mechanosensitivity
and response as seen for the different cell types used here. Also,
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FIGURE 7: Stretch-induced actin reorientation in A7r5 cells is BAG3 mediated. (A) Micrographs of GFP- and BAG3-WT-
or BAG3-WAWA-cotransfected A7r5 cells (green) on FN-coated elastomeric substrates after 30 min, 1 h, and 4 h of
cyclic stretch (str.). Control cells were cultivated unstretched (unstr.). After transfection the cells were cultivated for 24 h,
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direction of stretch. Scale bar is 50 ym. (B) Actin fiber reorientation under conditions mentioned in A were evaluated as
angular distribution from 0° to 90° to the direction of stretch; cumulative frequency plots are given for 30 min, 1 h, and
4 h of cyclic stretch of all analyzed BAG3-WT and BAG3-WAWA A7r5 cells (n) (n, = 298, n, = 242, n. = 206, ng = 192,

ne =183, n; =195, ng = 275, ny, = 223).

activation of RhoA and thus reinforcement of mechanosensitive
structures (Nobes and Hall, 1995) confirmed that both autophagy-
dependent mechanoresponse and number of mechanically induced
APs depend on the strength of the mechanosensitive apparatus. It
therefore seems that with increasing cytoskeletal order from MEF to
smooth muscle cells and ultimately skeletal muscles (Ulbricht et al.,
2013), the correlation between autophagy and response to mechani-
cal stress becomes increasingly important while AP formation itself is
present in all of these cell types. With BAG3 and SYNPO, just first
regulators have been identified and further experiments are neces-
sary to identify possibly even cell type-specific regulators. Interest-
ingly, a p62-dependent degradation mechanism via autophagy has
also been described for activated RhoA itself (Belaid et al., 2013).
Whether this effect needs to be integrated into a deeper under-
standing of the regulatory mechanism identified here is unclear.
While induction of autophagy under cyclic stretch is readily expli-
cable, we can only speculate how blocking lysosomal degradation
of APs using CQ (Mauthe et al., 2018) negatively affects the mecha-
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noresponse of cells. One possibility might be a concentration dilu-
tion of important autophagy factors that recognize unfolded mecha-
nosensors and prime them for subsequent degradation. Such a
mechanism could result in misfolded proteins that remain in FAs and
on the cytoskeleton and thus in a deficient mechanoresponse. Fur-
ther studies also need to identify which proteins in particular are
degraded by the induction of autophagy under cyclic stretch and
which proteins regulate cyclic stretch-dependent autophagy. This
will help to understand more precisely the BAG3-dependent regula-
tory mechanism of mechanoresponse revealed here.

MATERIALS AND METHODS
Request a protocol through Bio-protocol.

Cell culture

MEF and rat smooth muscle (A7r5) cells were purchased from the
American Type Culture Collection and cultivated under sterile
condlitions at 37°C and 5% (vol/vol) CO, in a humidified atmosphere.
9
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MEF cells were cultivated in DMEM/GlutaMAX medium (Life Tech-
nologies, Carlsbad, CA) supplemented with 10% (vol/vol) fetal bo-
vine serum (FBS) (Life Technologies) and 1% penicillin/streptomycin
(Sigma, St. Louis, MO). A7r5 cells were cultivated in DMEM/low glu-
cose/pyruvate/no glutamine, no phenol red medium (Life Technolo-
gies) supplemented with 10% (vol/vol) FBS Premium (P30-3302; Pan
Biotech, Aidenbach, Germany), 1% (vol/vol) penicillin/streptomycin
(Sigma) and 2 mM GlutaMAX (Thermo Fisher, Waltham, MA). Murine
keratinocytes were cultivated as described before (Noethel et al.,
2018).

Elastic substrate preparation

Elastic silicone substrates for stretch experiments were prepared
and calibrated as described earlier (Faust et al., 2011). Cell straining
experiments were performed on 50 kPa elastomeric stretching
chambers (Sylgard 184; Dow Corning GmbH; mixing ratio of 1 to 40
cross-linker to base) to mimic natural elasticities except as otherwise
stated. For some experiments, elastomeric chambers were overlaid
with an additional layer of 5 kPa soft elastomer (mixing ratio of 1 to
60, thickness of approximately 500 um). Elasticities were deter-
mined by indentation as described before (Ulbricht et al., 2013). To
promote cell attachment, chambers were coated with human FN
(20 pg/ml) (Corning, Tewksbury, MA) in phosphate-buffered saline at
37°C for 1 h before cell seeding. Cells were seeded for single cells
18 h before cell straining at a density of 10,000 cells/cm? for MEF
cells and 3000 cells/cm? for A7r5 cells. When indicated, cells were
cultivated on glass substrates. Therefore, glass coverslips (1.5# high-
precision coverslips with a thickness of 170 £ 5 ym; Paul Marienfeld,
Lauda-Kénigshofen, Germany) were fitted underneath Petri dishes
with a predrilled hole for confocal imaging. Glass substrates were
coated with FN as described above.

Cell culture supplementation

The lysosomal proteolysis inhibitor CQ diphosphate salt (Sigma)
and the proteasome inhibitor MG132 (Peptanova, Sandhausen,
Germany) were used, respectively. Medium was supplemented with
100 uM CQ and/or 10 uM MG132 1 h before straining experiments.
Control cells were incubated in normal growth medium. For Rho-
kinase activation LPA (Santa Cruz Biotechnology; Santa Cruz, CA)
was utilized to increase cell contractility. Preincubation in 50 uM LPA
took place 30 min before straining. LPA concentration was kept con-
stant during stretching. All LPA experiments were performed in se-
rum-free medium.

Cell straining

Uniaxial stretch was applied to six elastic substrates simultaneously
as described before (Noethel et al., 2018) adapted from a single
chamber stretcher previously used (Faust et al., 2011). To mimic
physiological conditions that also induce cytoskeletal reorientation
in vivo (Wong et al., 1983), a cyclic stretch amplitude of 20% was
applied. As strain frequency, 300 mHz was applied as used before in
other studies (Hayakawa et al., 2000). Such a frequency minimized
medium flow in the chambers upon stretching and therefore en-
sured homogeneous cell response.

Plasmid transfection

Transfection with GFP-LC3B-, BAG3-WT-, BAG3-WAWA-,and
GFP-plasmid DNA was performed by use of Lipofectamine 3000
(Thermo Fisher) according to the manufacturer’s protocol directly on
the elastomeric substrates. For each substrate, 500 ng of DNA was
used. All plasmids used here are already published (Ulbricht et al.,
2013; Kathage et al., 2017).
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Immunocytochemistry

Cells for LC3B immunocytochemistry were fixed in ice-cold metha-
nol (VWR, Radnor, PA) for 10 min at —20°C, subsequently washed
twice with cytoskeleton buffer (CB; 150 mM NaCl, 5 mM MgCly,
5 mM ethylene glycol-bis(3-aminoethylether)-N,N,N’,N'-tetraacetic
acid (EGTA), 5 mM glucose, 10 mM 2-(N-morpholino)ethanesul-
fonic acid, pH 6.1) at room temperature (22°C), as were all the fol-
lowing incubations unless otherwise indicated. Staining of paxillin
and actin fibers was performed after fixation in 3.7% (vol/vol) para-
formaldehyde in CB for 15 min at 37°C. After fixation, the cells
were washed twice with 100 mM glycine in CB. Cell membranes
were permeabilized for 10 min with 0.05% (vol/vol) Triton X-100
(Sigma) in CB, rinsed three times with CB, and afterward blocked
for 1 h with 5% milk powder (Roth, Karlsruhe, Germany). Subse-
quently, cells were incubated with 0.2% (vol/vol) anti-LC3B anti-
body from rabbit (2775; Cell Signaling, Danvers, MA) or 0.2% (vol/
vol) anti-paxillin antibody from mouse (Invitrogen; AHO0492) in 1%
milk powder in CB at 4°C for 16 h. Unbound primary antibody was
removed and cells rinsed three times with CB before incubation
with 0.2% (vol/vol) Alexa Fluor 488 anti-rabbit antibody from goat
(A11034; Life Technologies) or 0.2% (vol/vol) Alexa Fluor 488 anti-
mouse antibody from donkey (Invitrogen; A21202), 0.1% 4’,6-di-
amidin-2-phenylindol (Invitrogen), and 1% milk powder in CB for
1 h. Actin fibers were stained with 0.2% (vol/vol) Alexa Fluor 546
Phalloidin (Invitrogen; A22283) simultaneously with secondary anti-
body incubation. Subsequently, cells were washed three times with
CB for 5 min each and once with deionized H,O before adding
Fluoromount Aqueous Mounting Medium (Sigma) with a glass cov-
erslip on top. Chambers were stuck on a microslide (VWR, Radnor,
PA) and dried overnight. Afterward the cells were analyzed upside
down.

Microscopy

Actin fiber, LC3B, and paxillin immunostainings were analyzed on
a confocal laser scanning microscope (LSM880; Carl Zeiss, Jena,
Germany) using Airyscan Mode with a 40x EC-Plan-Neofluar/
ph3/1.3 NA oil objective (Carl Zeiss) or a 63x Plan Apochro-
mat/1.4 NA oil objective (Carl Zeiss). Z-stacks of single cells for
LC3B and paxillin and images of several cells for actin fiber de-
tection were performed using appropriate settings for excitation
and emission. All cells were imaged completely from bottom to
top with an optical layer thickness of 159 nm and a layer overlap
of 50% based on optimal Z-resolution settings in the Zen Black
software (Carl Zeiss). Images were processed with the same soft-
ware. BAG3-WT-, BAG3-WAWA-, and GFP-plasmid DNA
cotransfected cells after actin immunostaining were imaged with
a widefield microscope (AxioObserver; Carl Zeiss) using a
40x EC-Plan-Neofluar/ph3/1.3 NA oil objective (Carl Zeiss) and
the appropriate filter set.

LC3B-spot analysis

LC3B-spot analysis is described in detail in Supplemental Figure
S4. In short, APs were stained immunocytochemically for LC3B
and recorded by Z-stack confocal microscopy. Subsequently, in-
tensity projections of the signals were smoothed and a cell mask
was calculated based on the mean gray value as threshold.
Within the cell mask, the signal intensity of LC3B spots had to be
above a manually selected threshold that was kept constant for
each single experiment. Furthermore, signals with an area of
fewer than 70 pixels for A7r5 and 20 pixels for MEF cells, respec-
tively, were rejected. To separate clusters of spots the watershed
algorithm was used.

Molecular Biology of the Cell



Analysis of actin fiber orientation

Actin fiber orientation was analyzed as described before (Faust
et al., 2011; Noethel et al, 2018). In short, we performed a
maximum-intensity projection of recorded z-stacks and marked sin-
gle cells manually. Cortical actin signals were removed, and the ori-
entation of actin fibers in the inner area was determined from gray
value gradients. The main actin fiber orientation of each cell was
analyzed as the maximum of the distribution of all angles in the cell
area. Cell main actin fiber orientations were plotted as cumulative
distributions from parallel (0°) to perpendicular (90°) to the direction
of stretch.

Statistical analysis

The actin fiber orientation for all indicated experiments was statisti-
cally analyzed using bootstrapping as used by us earlier (Noethel
etal., 2018). In short, the bootstrap sample size was set to 5000 and
the cumulative frequency as well as the upper and lower 95% confi-
dence intervals were analyzed for classes from 0° to 90° in 5°
sections (Supplemental Tables S1-S8). The resulting values were
plotted as cumulative frequency distributions (sampled in 5° steps).
The Kolmogorov-Smirnov test was used to determine statistical
significances between individual sample sets (ns p > 0.05, *p < 0.05,
**p <0.01, ***p < 0.001). All statistically analyzed experiments were
performed at least three times individually from each other.
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