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SUMMARY

Physiological and pathological cardiac stress induced by exercise and hypertension, respectively, increase
the hemodynamic load for the heart and trigger specific hypertrophic signals in cardiomyocytes leading to
adaptive or maladaptive cardiac hypertrophy responses involving a mechanosensitive remodeling of the
contractile cytoskeleton. Integrins sense load and have been implicated in cardiac hypertrophy, but how
they discriminate between the two types of cardiac stress and translate mechanical loads into specific
cytoskeletal signaling pathways is not clear. Here, we report that the focal adhesion protein B-parvin is highly
expressed in cardiomyocytes and facilitates the formation of cell protrusions, the serial assembly of newly
synthesized sarcomeres, and the hypertrophic growth of neonatal rat ventricular cardiomyocytes (NRVCs)
in vitro. In addition, physiological mechanical loading of NRVCs by either the application of cyclic, uni-axial
stretch, or culture on physiologically stiff substrates promotes NRVC elongation in a B-parvin-dependent
manner, which is achieved by binding of B-parvin to o/B-PIX, which in turn activates Rac1. Importantly,
loss-of-function studies in mice also revealed that B-parvin is essential for the exercise-induced cardiac
hypertrophy response in vivo. Our results identify B-parvin as a novel mechano-responsive signaling hub
in hypertrophic cardiomyocytes that drives cell elongation in response to physiological mechanical loads.

INTRODUCTION

Cardiomyocytes sense and respond to an increase in mechanical
load by activating specific signaling pathways that lead to distinct
cardiac hypertrophies. Physiological cardiac hypertrophy occurs
after repeated and healthy exercise and is characterized by a
reversible, adaptive increase in heart muscle mass, which allows
to process the elevated blood return (cardiac volume overload).
Cardiac muscle mass increase is caused by the assembly of
newly synthesized sarcomeres, which occurs in series and paral-
lel to the existing ones, resulting in a finely balanced increase in
cardiomyocyte length and width and eventually cardiac growth
with preserved geometry of the heart ventricles.'** Pathological

cardiac hypertrophy, by contrast, develops in response to high
blood pressure or aortic stenosis (cardiac pressure overload).
Initially, the left ventricular muscle counterbalances the increased
wall stress with an adaptive and reversible thickening of the ven-
tricular wall. However, when wall stress continues, the ventricular
muscle wall undergoes a maladaptive, progressive, and usually
irreversible thickening, which results from the assembly of new
sarcomeres almost exclusively in parallel to the existing ones
leading to an over-proportional increase in cardiomyocyte
width."® The consequences of the ventricular wall thickening
can lead to secondary implications including increased stiffening
of the ventricular wall and/or insufficient blood supply through
coronary arteries resulting in cardiomyocyte death, formation of
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Figure 1. B-parvin abundance in cardiac tissue and role for NRVC hypertrophy and sarcomere-containing protrusions
(A) Expression levels of integrin-associated proteins in adult murine cardiac tissue relative to their expression levels in adult murine brain and lung determined by
MS. Ratios of expression levels are normalized to ratios of proteasome subunit alpha type 1 (PSMA1) expression levels.

(legend continued on next page)
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fibrotic tissue, and, in the end, cardiac insufficiency. Although a
number of signaling pathways regulating actin dynamics, expres-
sion of distinct genes, and proteins have been associated with
physiological®'° and/or pathological cardiac hypertrophy,''=*°
it is still an open question how cardiomyocytes differentiate be-
tween different mechanical loads, induce distinct signaling, and
integrate newly synthesized contractile proteins into existing
myofibrils.

Cardiomyocytes form characteristic protein assemblies around
integrins at the sarcolemma called costameres. They connect
Z-disks via integrins to the extracellular matrix (ECM), sense
mechanical properties of the ECM and the actomyosin contrac-
tility,”'~** and translate the mechanical information into biochem-
ical signals with the help of mechanosensitive adaptor proteins
and kinases. Although costameric proteins such as kindlin-2, vin-
culin, talin-1 and -2, a-parvin, or focal adhesion kinase (FAK) are
required to preserve cardiac homeostasis and/or pressure-over-
load-induced cardiac hypertrophy,>*~" it remains unclear whether
distinctintegrin-associated proteins exist that specifically respond
to volume-overload and induce cardiac hypertrophy.

An essential ternary protein complex that associates with in-
tegrins in costameres and focal adhesions (FAs) of non-muscle
cells consists of integrin-linked pseudo-kinase (ILK), LIM-only
domain containing protein PINCH, and F-actin binding protein
parvin (called IPP complex).®>>* Mammals have a single /LK
gene and protein, two PINCH genes encoding two isoforms
(PINCH-1 and PINCH-2) and three parvin genes encoding three
parvin isoforms («-parvin, -parvin, and y-parvin).*> The stabili-
zation and recruitment of ILK, PINCH, and parvin proteins to in-
tegrin adhesion sites require the post-translational assembly into
the IPP complex in the cytoplasm.®® Studies with cultured cell
lines indicate that IPP complexes can reorganize the actomyosin
cytoskeleton through their ability to directly bind F-actin and
modulate the activity of the Rho-family of small GTPases.®>’°

Genetic studies in mice and fish have highlighted the impor-
tance of the IPP complex for heart function. In mice, deletion
of the a-parvin (Parva) gene profoundly impairs formation and/
or maintenance of cardiac sarcomeres, leading to embryonic
death at midgestation,‘ whereas the cardiac-restricted deletion
of the ILK gene leads to fibrosis and lethal heart dilation.*" In ze-
brafish, expression of a parvin-binding-deficient ILK or the
disruption of the @-parvin (Parvb) gene results in lethal heart
contraction defects.** Although these studies showed that IPP
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complexes exert cardioprotective functions by inducing PI-3K/
PKB/Akt signaling,*’*? it is not known whether and how IPP
orchestrates sarcomere assembly and safeguards the shape
of hypertrophic cardiomyocytes, e.g., via regulating small
GTPases including RhoA, Rac1, and Cdc42. These GTPases
play important roles for myofibrillogenesis in cultured
cardiomyocytes®“**® and regulate volume- and/or pressure-
overload-induced cardiac hypertrophy in vivo.'®*’

In the present study, we identified B-parvin as a major me-
chano-sensor of costameres in cardiomyocytes, where it acti-
vates Rac1 and induces serial sarcomere assembly and cell
elongation in response to cyclic stretch and growth on sub-
strates with physiological stiffness. Moreover, mice lacking
B-parvin expression (Parvb ") failed to induce cardiac hypertro-
phy in response to exercise highlighting the central role of B-par-
vin for physiological cardiac hypertrophy.

RESULTS

B-parvin is abundant in cardiac muscle

To identify new integrin-associated proteins enriched in heart tis-
sue, we determined the proteome of adult mouse hearts by mass
spectrometry (MS) and compared the relative abundance of
known adhesion proteins with their abundance in non-myocar-
dial tissues.*®*? Although the abundance of most adhesion pro-
teins was similar between different tissues, Itga7, PDZ, and LIM
domain 5 (PDLIM5) and B-parvin were highly enriched in adult
hearts when compared with lung or brain (Figure 1A; Table S1).
Although mutations in the human /tga7 gene lead to congenital
myopathy®*°" and silencing of PDLIM5 to cardiac hypertro-
phy,°? the role of B-parvin for cardiac function is elusive.

In line with the MS data, in situ hybridization on parasagittal
sections of 14.5-day-old mouse embryos (E14.5) and western
blots of adult mouse tissues confirmed the high expression
levels of B-parvin in embryonic and adult hearts (Figures S1A
and S1B). g-parvin levels were also high in skeletal muscle,
peripheral ganglia, and megakaryocytes in the embryonic
liver (Figure S1A). a-parvin expression, which is essential for
heart development,*® was high in most fetal and adult organs
except heart and skeletal muscle, central nervous system,
thymus, and fetal liver (Figures S1A and S1B). Notably, B-parvin
colocalized with B1 integrin in costameres in murine adult left
ventricular myocardial tissue (Figure 1B).

(B) Confocal micrograph showing B-parvin and B1 integrin immunofluorescence on cryosections of murine adult left ventricular tissue. Scale bars, 5 um.

(C) Confocal micrographs showing a-actinin immunofluorescence and DRAQ5-staining of control- and Parvb-siRNA-treated NRVCs. Note increased cell size,
well-organized a-actinin striation (asterisks), and long «-actinin positive cell protrusions in control- (arrows) but not Parvb- (arrowhead) siRNA NRVCs. Scale
bars, 20 pm.

(D) Confocal micrographs showing a-actinin immunofluorescence, DRAQ5-staining, and GFP-fluorescence of Parvb-siRNA NRVCs expressing GFP or GFP-
B-parvin. Note increased cell size and long a-actinin positive cell protrusions in GFP-B-parvin- (arrow) but not GFP (arrowhead)-expressing NRVCs. Scale
bars, 20 um.

(E-G) Quantification of cell area (E), cell perimeter (F), and outer bounding ellipse area (G) of control- and Parvb-siRNA NRVCs, and Parvb-siRNA NMVCs express-
ing GFP or GFP-B-parvin.

Data for (E)-(G) are shown as mean + SEM from n = 3 independent biological replicates with 17-113 cells per group/replicate. ns, p > 0.05; *p < 0.05, **p < 0.01.
(H) Confocal micrographs showing cardiac troponin | immunofluorescence and GFP-fluorescence of control-siRNA- and Parvb-siRNA-treated NRVCs express-
ing GFP, GFP-tagged a-parvin, or GFP-tagged B-parvin. Scale bars, 20 pm.

(I-K) Quantification of cell area (1), cell perimeter (J), and outer bounding ellipse area (K) of control-siRNA and Parvb-siRNA NRVCs expressing GFP, GFP-tagged
a-parvin, or GFP-tagged B-parvin. Data are shown as mean + SEM from n = 4 independent biological replicates with 32-158 cells per group/replicate. ns, p > 0.05;
*p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001.

See also Table S1 and Figures S1 and S2.
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Figure 2. Role of B-parvin for NRVC morphology and contractility

(A) Epifluorescence time-lapse images of SCP growth in control- and Parvb-siRNA NRVCs; SCP marker skeletal muscle tropomyosin-GFP (skTM); 1 h frame rate.
Red line shows line scan positioning parallel to the long axis of SCP for kymograph analyses (right) of SCP growth. D, distance; T, time. Scale bars, 5 pm.
(B-D) Quantification of protrusion velocity (B), duration (C), and distance (D) of control- and Parvb-siRNA NRVCs expressing skTM-GFP. Data are shown as
mean + SEM from n = 3 independent biological replicates with 5-49 protrusions per group/replicate. ns, p > 0.05; *p < 0.05, **p < 0.01, Student’s t test.

(E) High-resolution confocal micrograph showing SCPs and cell body of live control- and Parvb-siRNA NRVCs expressing skTM-GFP as sarcomere marker; 1 h
frame rate. Red line shows line scan positioning parallel to the long axis of SCP for kymograph analyses (right) of sarcomere assembly. Note serial assembly of
new sarcomeres in front of existing ones in control- (arrows), but not Parvb-siRNA NRVCs. D, distance; T, time. Scale bars, 5 um.

(F) High-resolution confocal micrographs showing a-actinin immunofluorescence, phalloidin-staining to visualize F-actin, and DRAQ5-staining in control- and
Parvb-siRNA NRVCs. Note irregular a-actinin striation in Parvb- compared with control-siRNA NRVCs (inserts). Scale bars, 5 pm.

(legend continued on next page)
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B-parvin induces sarcomere-containing protrusions and
the expansion of the cardiomyocyte surface area

To investigate B-parvin functions in cardiomyocytes, we
depleted the mRNA with specific siRNAs in cultured neonatal
(P3) rat ventricular cardiomyocytes (NRVCs) (Figure S2A) and
measured several cell morphological parameters. Control-
siRNA-treated NRVCs seeded on collagen for a period of
3 days showed well-organized striation of a-actinin (Figure 1C,
asterisk) and an increase in cell area, perimeter, and longitudi-
nal growth of cross-striated a-actinin-containing protrusions
(sarcomere-containing protrusions, SCPs) measured with an
outer bounding ellipse fitted around cells (Figures 1C, 1E-1G,
and S2B-S2D). In contrast, Parvb-siRNA-treated NRVCs dis-
played a punctate organization of a-actinin (Figure 1C, asterisk)
and did not increase cell area, perimeter, and outer bounding
ellipse area (Figures 1C, 1E-1G, and S2D). Importantly, the
defects were rescued upon lentiviral re-expression of siRNA-
resistant GFP-B-parvin but not GFP (Figures 1D-1G),
indicating that B-parvin promotes sarcomeric o-actinin organi-
zation, formation of SCPs, and expansion of the cardiomyocyte
area.

Since a-parvin is also present in costameres and essential for
normal and stressed cardiomyocytes,®’ we compared the
effects of a- and B-parvin expression on cell morphology and
SCPs of control- and Parvb-siRNA NRVCs. Although GFP-B-par-
vin overexpression in control-siRNA NRVCs increased cell area,
perimeter, and outer bounding ellipse area (Figures 1H-1K),
overexpression of GFP-a-parvin did not affect cell perimeter
and decreased cell and outer bounding ellipse area
(Figures 1H-1K). Similarly, expression of siRNA-resistant GFP-
B-parvin rescued cell area and outer bounding ellipse area of
Parvb-depleted NRVCs, whereas overexpression of GFP-a-par-
vin neither reversed the defects nor further impaired the cellular
morphology (Figures 1H-1K). These data demonstrate that
a-parvin cannot compensate B-parvin-induced SCP growth
and expansion of the NRVC surface area.

B-parvin promotes leading edge protrusion, serial
sarcomere assembly, and contractile force generation

in NRVCs

To test whether B-parvin promotes the growth of SCPs and the
assembly of sarcomeres in NRVCs, we developed long-term
imaging to assess the morphodynamics of NRVCs. Epifluores-
cence live imaging of NRVCs expressing skeletal muscle
tropomyosin-GFP (skTM-GFP) revealed that SCPs slowly
and steadily grew over long-lasting time spans (15-20 h; Video
S1). Kymograph analyses of SCP-dynamics in skTM-GFP
expressing NRVCs revealed a significantly reduced protrusion
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velocity and length of SCPs in Parvb-siRNA NRVCs, whereas
the protrusion duration remained unaffected (Figures 2A-2D;
Video S1), demonstrating that B-parvin promotes the growth
rate of SCPs.

To test whether B-parvin also influences the de novo formation
of sarcomeres in growing SCPs, we performed high-resolution
confocal imaging of live skTM-GFP expressing control- and
Parvb-siRNA NRVCs (Video S2). Kymograph analyses of con-
trol-siRNA NRVCs revealed that several micrometers behind
their leading edge new sarcomeres assembled in series in front
of existing sarcomeres (Figure 2E, arrows; Video S2). Moreover,
sarcomeres in growing SCPs displayed a retrograde motion to-
ward the cell body (Figure 2E), reminiscent of the F-actin retro-
grade flow in the lamella of migrating fibroblasts. In sharp
contrast, sarcomere assembly and retrograde flow were hardly
detectable in the short SCPs of Parvb-siRNA NRVCs (Figure 2E;
Video S2), indicating that B-parvin is also required for serial
sarcomere assembly in growing SCPs. In addition, the sarco-
mere apparatus in the cell body of Parvb-siRNA NRVCs was
disorganized with narrow, less elongated Z-disks (Figures 2F-
2H) and showed a continuous, non-directional motion over
time (Video S2), which was never observed in control-siRNA-
treated NRVCs. Notably, GFP-tagged B-parvin localized to vin-
culin-positive adhesion sites (Figure 2I) and is required for normal
adhesion site formation (Figure 2J) and substrate adhesion
(Figures S3A and S3B) of NRVCs.

The sarcomere assembly and adhesion defects of Parvb-
siRNA NRVCs suggest that B-parvin also affects cardiomyo-
cyte contractility. To test this hypothesis, we generated
three-dimensional (3D) cardiac microtissues in collagen gels
by assisted self-assembly of NRVCs (Figure S3C). NRVCs in
3D microtissues displayed an elongated cell shape and an
anisotropic a-actinin striation (Figure S3D). Spontaneous
contractions extending across the entire 3D microtissue indi-
cated that the NRVCs are mechanically and electrically
coupled to each another (Video S3). Furthermore, treatment
of 3D microtissues for 48 h with phenylephrine (PE), shown
to promote cardiomyocyte force generation in vivo and
in vitro,”® significantly increased contractile forces of 3D mi-
crotissues (Figures S3E and S3F), which makes 3D microtis-
sues suitable tissue surrogates for mechanistic analyses. In
line with our hypothesis that cardiomyocytes require B-parvin
for contractile force generation, 3D microtissues assembled
by B-parvin-depleted NRVCs generated less contractile force
than those made with the same number of control-siRNA-
treated NRVCs (Figures 2K and 2L). Interestingly, the time be-
tween contraction onset and force peak as well as the force
relaxation time were comparable between microtissues from

(G and H) Quantification of Z-disk width (G) and aspect ratio (H) of control- and Parvb-siRNA NRVCs. Data are shown as mean + SEM from n = 4 independent
biological replicates with 20-25 cells per group/replicate. ***p < 0.001, ***p < 0.0001, Student’s t test.
(I) Confocal micrographs showing vinculin immunofluorescence and GFP-fluorescence in control-siRNA NRVCs expressing GFP or GFP-B-parvin. Note coloc-

alization of GFP-B-parvin, but not GFP with vinculin. Scale bars, 5 um.

(J) Confocal micrographs of vinculin immunofluorescence and DRAQ5-staining in control- and Parvb-siRNA NRVCs. Scale bars, 5 um.

(K) Bright field micrographs of 3D cardiac microtissues from control- and Parvb-siRNA-treated NRVCs three days after tissue formation. Scale bars, 250 pm.
(L-N) Quantification of contractile force generation (L), time from contraction onset to force peak (M), and force relaxation time (N) of 3D cardiac microtissues from
control- and Parvb-siRNA-treated NRVCs. Data are shown as mean + SEM from n = 3 independent biological replicates with 12-17 tissues per group/replicate.

*p < 0.05, **p < 0.01, Student’s t test.
See also Figure S3 and Videos S1, S2, and S3.
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Figure 3. B-parvin-mediated Rac1-activa-
tion induces growth of SCPs and NRVCs

(A) Confocal micrographs showing a-actinin
immunofluorescence and DRAQ5-staining of
NRVCs transfected with control- and Parvb-
siRNA, as well as NRVCs transfected with con-
trol-siRNA after treatment with 20 uM Rac-inhibitor
EHT1864. Note increased cell size, well-organized
a-actinin striation (inserts), and long a-actinin pos-
itive cell protrusions in control- but not Parvb-
siRNA or control-siRNA EHT1864 NRVCs. Scale
bars, 20 pm.

(B-D) Quantification of cell area (B), cell perimeter
(C), and outer bounding ellipse area (D) of control-
and Parvb-siRNA NRVCs, as well as EHT1864-
treated control-siRNA NRVCs. Data are shown as
mean + SEM from n = 3 independent biological
replicates with 48-157 cells per group/replicate.
ns, p > 0.05; *p < 0.05, *p < 0.01.

(E) Western blot analysis of lysates from control-
and Parvb-siRNA NRVCs after Rac1 pull-down.
(F) Densitometry-based quantification of (E);
mean + SD from n = 3 independent biological rep-
licates. *p = 0.016, Student’s t test.

(G) Confocal micrographs showing a-actinin im-
muno- and GFP-fluorescence of NRVCs express-
ing GFP or GFP-tagged B-parvin in the absence
or presence of 20 pM Rac-inhibitor EHT1864.
Note EHT1864-mediated block of GFP-B-parvin-
induced increase in cell area and the size of a-ac-
tinin positive cell protrusions. Scale bars, 20 um.
(H-J) Quantification of cell area (H), cell perimeter
(l), and outer bounding ellipse area (J) of control-
and Parvb-siRNA NRVCs, as well as EHT1864-
treated control-siRNA NRVCs. Data are shown as
mean + SEM from n = 3 independent biological
replicates with 80-178 cells per group/replicate.
ns, p > 0.05; *p < 0.05, **p < 0.01.

(K) Western blot analysis of GST-PIX, parvin-GFP
and GAPDH levels after GST pull-down and in total
cell lysates, taken 24 h after co-transfection of the

N
X0 o
é\c'o‘\c_',\ o
GTP-Rac1
* total Rac1

F

@ sicontrol
e siParvb

*

1.07 04 |

0.8
0.6
0.4
0.2
0.0

Active/total Rac1

OQ?)OQQ ’0&\0'6&\0

B-parvin

-—

a-PIX
— p-PIX

GST

a-parvin
B-parvin

esea® GFP

Out. ellipse (um?)

GAPDH

GAPDH indicated GST-PIX and parvin-GFP expression
constructs in COS cells. Note co-precipitation of

B-parvin (top, lanes 5+6) but not a-pavin (top, lanes

2+3) with both a- and B-PIX (2" panel). GFP and GAPDH of total lysates served as control for protein input; 20 uL of total lysates and GST-precipitates were

loaded per lane.
See also Figure S4.

control and Parvb-siRNA NRVCs, suggesting that the contrac-
tion proceeds normally in the absence of B-parvin (Figures 2M
and 2N). Altogether, our findings demonstrate that B-parvin
triggers a signaling pathway in integrin-based cell-ECM
adhesions of NRVCs whose signaling output includes serial
sarcomere assembly, cell edge protrusion, dynamic growth
of SCPs, adhesion site formation, and cardiomyocyte
contractility.

B-parvin promotes SCP formation and increases NRVC
surface area by activating Rac1

The reorganization of the actin cytoskeleton resulting in the for-
mation of membrane protrusions requires the activities of small
RhoA-like GTPases including Rac1.**°*°° Since B-parvin was
shown to activate Rac1 via the Rac1/Cdc42-guanine nucleo-
tide exchange factors (GEF) PIX in C2C12 cells,”®°” we tested
whether the B-parvin-mediated expansion of the NRVC surface
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area also operates via Rac1 by chemically inhibiting Rac1 activ-
ity with EHT1864 in control-siRNA NRVCs.*® Similar to the loss
of B-parvin in NRVCs, EHT1864 treatment inhibited the increase
in cell area, cell perimeter, and outer bounding ellipse area
(Figures 3A-3D) suggesting that the increase of the NRVC
surface area and SCP growth are Racl dependent. This
conclusion was supported by GTP-Rac pull-down assays,
which revealed a significant reduction of GTP-bound to total
Rac1 levels in Parvb- compared with control-siRNA NRVCs
(Figures 3E and 3F). Furthermore, EHT1864-treatment also
inhibited the growth of SCPs and the expansion of the NRVC
surface area induced by B-parvin overexpression (Figures
3G-3J). In line with these findings, overexpression of the domi-
nant-negative GFP-Rac1-T17N cDNA reduced surface area,
perimeter, and outer bounding ellipse area of NRVCs compared
with non-transfected control NRVCs (Figures S4A-S4D).
Conversely, overexpression of the constitutively active
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Figure 4. B-parvin is required for cyclic stretch and physiological substrate stiffness induced longitudinal growth of NRVCs

(A) Confocal micrographs showing a-actinin immunofluorescence and DRAQ5-staining of control- and Parvb-siRNA NRVCs subjected for 48 h to uni-axial cyclic
stretch (8%, 1 Hz). Scale bars, 20 um.

(B-G) Quantification of cell area (B), cell perimeter (C), outer bounding ellipse (D), major axis (E), minor axis (F), and aspect ratio (G) of stretched and non-stretched
control- and Parvb-siRNA NRVCs. Data are shown as mean + SEM from n = 3 independent biological replicates with 78-160 cells per group/replicate. ns,
p > 0.05; *p < 0.05.

(H) Confocal micrographs showing a-actinin immunofluorescence and DRAQ5-staining of control- and Parvb-siRNA NRVCs on d3 of culture on collagen | coated
polyacrylamide-substrates at indicated stiffness. Note elongated shape of control- compared with Parvb-siRNA NRVCs at 10 kPa substrate stiffness. Scale bars,
20 um.

(I-N) Quantification of cell area (l), cell perimeter (J), outer bounding ellipse (K), major axis (L), minor axis (M), and aspect ratio (N) of control- and Parvb-siRNA
NRVCs cultured on collagen | coated polyacrylamide-substrates at indicated stiffness. Data are shown as mean + SEM from n = 4 independent biological rep-
licates with 51-265 cells per group/replicate. ns, p > 0.05; *p < 0.05, ***p < 0.001.

See also Figure S5.

GFP-Rac1-Q61L cDNA increased the surface area of NRVCs
and induced an excessive formation of lamellipodia
(Figures S4A-S4D). Finally, we also found that the Rac1-GEF
PIX-proteins co-immunoprecipitated with B-parvin but not
with a-parvin (Figure 3K, lanes 2-3 and 5-6), which may explain
why Rac1 activation and NRVC spreading were not compen-
sated by a-parvin (Figures TH-1K).

Physiological mechanical load induces cardiomyocyte
elongation via B-parvin

The assembly of newly synthesized sarcomeres either in series
or in parallel to existing ones determines the shape of hypertro-
phic cardiomyocytes and whether the heart responds with

physiological or pathological hypertrophic growth in vivo."?
Since cardiomyocytes undergo cycles of contraction and relax-
ation in vivo, we investigated whether B-parvin influences the
spreading area and morphology of NRVCs under conditions of
increased passive elongation induced by the application of cy-
clic, uni-axial stretch (8%, 1 Hz) for 48 h.°%° Neither control-
nor Parvb-siRNA NRVCs responded to stretch by further
increasing cell area, perimeter, or outer bound ellipse area
(Figures 4A-4D). However, control-siRNA NRVCs showed a ten-
dency to increase cell length (major axis) and decrease cell width
(minor axis), resulting in a significantly increased aspect ratio
(Figures 4A and 4E-4G). The absence of this cell morphology
response in Parvb-siRNA NRVCs (Figures 4A and 4E-4G)
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indicates that the cyclic, uni-axial stretch-induced, elongated
shape of normal cardiomyocytes is accomplished by B-parvin.
In our second experimental setup, we tested whether B-parvin
also shapes the mechano-response of NRVCs cultured on
compliant substrates of physiological stiffness. Based on pub-
lished data showing that the Young’s modulus of healthy striated
muscle tissue is approximately 10 kPa®'%? and of pressure-over-
loaded, pathological myocardial tissue up to 7-fold higher than
volume-overloaded, physiological myocardial tissue,® we per-
formed our experiments on collagen | coated polyacrylamide
(PAA) substrates with Young’s moduli of 10 and 50 kPa, respec-
tively. Control- and Parvb-siRNA NRVCs significantly increased
cell area, perimeter, and outer bounding ellipses at 10 as well
50 kPa substrate stiffness, although the increase of these param-
eters was stronger in control-siRNA NRVCs (Figures 4H-4K and
S5A-S5D). Amazingly, control-siRNA NRVCs grew on 10 kPa
substrates mainly in length and on 50 kPa substrates to the
same extent in width and length. The length growth on 10 kPa
substrates resulted in an increase of the aspect ratio of con-
trol-siRNA NRVCs (Figures 4H and 4L-4N), which was absent
in Parvb-siRNA NRVCs (Figures 4H and 4L-4N). These findings
indicate that B-parvin is required for cardiomyocyte elongation
in response to physiological mechanical stimuli such as cyclic
strain or substrate compliance.
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Figure 5. IGF-1- and PE-induced longitudi-
nal growth of NRVCs at physiological sub-
strate stiffness requires B-parvin

(A) Confocal micrographs showing a-actinin
immunofluorescence and DRAQ5-staining of un-
treated, IGF-1-treated, and PE-treated control-
and Parvb-siRNA NRVCs cultured on collagen |
coated polyacrylamide-substrates at indicated
stiffness. Note elongated shape of control-
compared to Parvb-siRNA NRVCs at 10 kPa sub-
strate stiffness in the presence of IGF-1. Scale
bars, 20 pm.

(B-G) Quantification of cell area (B), cell perimeter
(C), outer bounding ellipse (D), major axis (E), minor
axis (F), and aspect ratio (G) of control- and Parvb-
siRNA NRVCs cultured on collagen | coated poly-
acrylamide-substrates at indicated stiffness. Data
are shown as mean + SEM from n = 3 independent
biological replicates with 69-204 cells per group/
replicate. ns, p > 0.05; *p < 0.05, *p < 0.01,
***p < 0.001.

See also Figure S6.

50kPa

IGF-1 and phenylephrine induce
cardiomyocyte elongation at
physiological substrate stiffness
through the B-parvin-Rac1

signaling axis

To test whether B-parvin also regulates
the morphology of NRVCs in response
to hypertrophic agonists at different
substrate stiffnesses, we stimulated
NRVCs cultured on 10 and 50 kPa sub-
strates, respectively, with insulin-like
growth factor-1 (IGF-1) or phenylephrine
(PE), which trigger physiological and
pathological cardiac hypertrophy, respectively.>”*® The treat-
ment with PE induced an increase in cell area on 10 as well as
50 kPa stiff substrates in both, control- and Parvb-siRNA
NRVCs (Figures 5A-5D) suggesting that despite the smaller
cell area of Parvb- versus control-siRNA NRVCs seeded on
50 kPa substrates or collagen-coated glass (Figures 1, 2, 3,
and S6A-S6C), PE-induced NRVC hypertrophy proceeds in a
B-parvin independent manner. Consistent with the requirement
of B-parvin for SCP growth and NRVC elongation (Figures 2
and 4), the PE-induced increase in cell area in Parvb-siRNA
NRVCs was not associated with an increase in cell perimeter,
outer bounding ellipse area or cell length, but with an increase
in cell width (Figures 5A-5F). Interestingly, IGF-1 treatment of
control- or Parvb-siRNA NRVCs affected neither cell area, perim-
eter, nor outer bounding ellipse area on 10 or 50 kPa stiff sub-
strates. However, IGF-1- as well as PE-treated control-siRNA
NRVCs increased cell length but not width on 10 kPa substrates,
resulting in an increased aspect ratio, which was absent in
Parvb-siRNA NRVCs seeded on 10 kPa stiff substrates
(Figures 5A, 5E-5G, and S6D-S6F). In contrast, on 50 kPa sub-
strates both IGF-1- and PE-treatment moderately and compa-
rably increased cell length of control- and Parvb-siRNA NRVCs
without affecting the aspect ratio (Figures 5A, 5E-5G, and
S6D-S6F). Altogether, these findings show that different

50kPa

50kPa
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hypertrophic agonists induce NRVC elongation at physiological
substrate stiffness via B-parvin.

Next, we tested whether B-parvin-mediated NRVC elongation
at physiological substrate stiffness occurs via Rac1 by treating
NRVCs on 10 kPa substrates with IGF-1 supplemented with or
without EHT1864. The experiments revealed that the IGF-1-
induced increase in NRVC aspect ratio was blocked by
EHT1864 (Figures 6A-6G), indicating that IGF-1-induced NRVC
hypertrophy at physiological substrate stiffness is mediated by
B-parvin-Rac1-induced NRVC elongation. Since IPP complexes
were shown to regulate cardiomyocyte hypertrophy by acti-
vating protein kinase-B (PKB)/Akt, we tested whether loss of
B-parvin affects basal and/or IGF-1 induced PKB/Akt activity.
Contrary to our expectation, western blot analyses revealed
comparable total and phospho-serine 473 PKB/Akt levels in
control- and Parvb-siRNA NRVCs cultured on 10 kPa substrates
and treated with or without IGF-1 for 30 min (Figures 6H and 6l).

Major axis (um)

Aspect ratio

¢ CellP’ress

Figure 6. IGF-1-induced longitudinal growth
of NRVCs at physiological substrate stiff-
ness requires Rac1 activation
300 (A) Confocal micrographs showing a-actinin
immunofluorescence and DRAQS5 staining of un-
200 treated, IGF-1-treated, and IGF-1 + EHT1864-
treated NRVCs cultured on collagen | coated
100 polyacrylamide-substrates of 10 kPa Young’s
modulus. Note elongated shape of IGF-1-treated
compared to untreated or IGF-1 + EHT1864-
treated NRVCs. Scale bars, 20 um.
i (B-G) Quantification of cell area (B), cell perimeter
(C), outer bounding ellipse (D), major axis (E), minor
axis (F), and aspect ratio (G) of untreated, IGF-1-
treated, and IGF-1 + EHT1864-treated NRVCs
cultured on collagen | coated polyacrylamide-sub-
strates at 10 kPa substrate stiffness. Data are
shown as mean + SEM from n = 3 independent
biological replicates with 45-146 cells per group/
replicate. ns, p > 0.05; *p < 0.05.
(H) Western blot analysis of phospho-serine-473
and total PKB/Akt levels in control- and Parvb-
siRNA NRVCs on d3 of culture on collagen | coated
polyacrylamide-substrates of 10 kPa Young’s
modulus without (lanes 1 and 2) and after 30 min
stimulation with IGF-1 (lanes 3 and 4).

ns
*
U] ;
mean + SD from n = 3 independent biological
O replicates. ns, p > 0.05, Student’s t test.

o

Densitometry-based quantification of (H)

e IGF-1 + EHT

B-parvin is required for volume-
overload-induced cardiac
hypertrophy in vivo
To test B-parvin functions in vivo, we abla-
o ted the Parvb gene in the germline of mice
(Figure S7A). Parvb™~ mice lacked Parvb
mRNA and protein (Figures S7B, S7E, and
S7F), were viable, and were without overt
defects (Figures S7C and S7D). Echocar-
diographic and morphometric measure-
ments revealed regular myocardial
morphology, normal heart/body weight
ratio, left ventricular mass, cardiomyocyte
diameter, and capillary-to-myocyte ratio
in 4-month-old Parvb™~ mice under basal conditions (Figures
7A-7D; Table S2). Ejection fraction and left ventricular end-dia-
stolic and end-systolic volumes were also unaffected in Parvb ™/~
hearts (Figures 7E-7G) indicating that Parvb™~ mice have
normal cardiac function under basal conditions. Notably, lysates
of Parvb™~ hearts had elevated a-parvin and normal ILK protein
levels (Figures S7B and S7F), indicating that B-parvin protein loss
led to increased assembly of a-parvin-containing IPP complexes
that compensated for B-parvin loss in the developing and un-
stressed, postnatal heart. Importantly, however, Parvb~'~
neonatal mouse ventricular cardiomyocytes (NMVCs) cultured
on collagen (Figures 7H-7L) phenocopied the punctate a-actinin
pattern, the reduced cell area, and diminished aspect ratio of
Parvb-siRNA-treated NRVCs (see Figures 1C-1G and 4).

Next, we exposed control and Parvb™~ mice to pressure-
overload that triggers pathological cardiac hypertrophy. Trans-
verse aortic constriction (TAC) for 3 weeks increased ECM
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Figure 7. B-parvin requirement for volume-
overload-induced cardiac hypertrophy in
mice

(A) Electronmicrographs of left ventricular tissue of
3- to 6-month-old control and Parvb '~ mice under
sedentary conditions, after 4 weeks of forced
treadmilling exercise (trained) or 3 weeks of
trans-aortic constriction (TAC). Scale bars, 25 pm.
(B-D) Heart/body (H/B)-weight ratio (B), cardio-
myocyte diameter (C), and capillarization (D) in
left ventricular tissue of sedentary, trained, and
TAC control and Parvb™'~ mice.

(E-G) Ejection fraction (EF) (E), left ventricular end-
diastolic (LVEDV) (F), and end-systolic volumina
(LVESV) (G) in sedentary, trained, and TAC control
and Parvb™'~ mice. Data are shown as mean +
J SEM from n = 2-7 mice per group. ns, p > 0.05;

—~ A e g *p < 0.05, **p < 0.01, **p < 0.001, Student’s t test.
2 207 v | s = < 7007 — E 60 - (H) Confocal micrographs showing a-actinin
=) : -
g £ Efoo] o1 E814] 9
= 15 < = 500 $ @ 40 immunofluorescence and DRAQ5-staining of con-
= 10 i ; 3 388 % 30 trol and Parvb ™/~ NMVCs after 4 days in culture.
,_E 5 ks) 2 %88 »‘Q %8 Note reduced size and aspect ratio, and punctate
T 0 g 8 oLl g oLl a-actinin striation in Parvb ™'~ compared with con-
%”»:‘?’o'/‘\’c?)’%:‘%ﬁo o trol NMVCs. Scale bars, 20 pm.
N RY (I-L) Quantification of cell area (I), major axis (J), mi-
nor axis (K), and aspect ratio (L) of control and
K L Parvb™~ NMVCs. Data are shown as mean +
T 207 M 3.0 ,’ﬂ] SEM from n = 3 independent biological replicates
g = 15 -% 25 with 18-69 cells per group/replicate. *p < 0.05,
> | 10 b %g *p < 0.01, **p < 0.001.
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depositions, heart/body weight ratio, left ventricular mass, cardi-
omyocyte diameter, and number of capillaries per myocyte to
the same extent in control and Parvb ™/~ hearts (Figures 7A—
7D; Table S2). TAC-treated control and Parvb™~ animals dis-
played reduced left ventricular function compared with their
sedentary counterparts, as shown by a decreased ejection frac-
tion accompanied by a significant increase in end-systolic and
end-diastolic volumes (Figures 7E-7G), which altogether indi-
cates that B-parvin is not required for the response to pres-
sure-overload in mice.

To test the response to physiological mechanical load, we
challenged control and Parvb~'~ mice with a daily, forced tread-
mill exercise over a period of four weeks. Exercised control mice
showed an increase in heart/body weight ratio, cardiomyocyte
diameter, and capillarization when compared with sedentary
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by membrane protrusion and the assembly of
newly synthesized sarcomeres in series to existing
ones, resulting in cardiomyocyte elongation and
adaptive hypertrophic growth of the heart.

See also Figure S7 and Table S2.

control mice (Figures 7A-7D). In contrast,
Parvb™~ mice failed to increase heart/
body weight ratio, cardiomyocyte diam-
y eter, and capillarization upon exercise
(Figures 7A-7D). Most cardiac functions
remained normal in trained Parvb™/~
mice (Figures 7E and 7F; Table S2),
whereas left ventricular end-diastolic volume was reduced in
exercised Parvb™~ but not control hearts (Figure 7G). These
data demonstrate that -parvin is also required to induce hyper-
trophic growth of the heart in response to volume-overload
in vivo.

DISCUSSION

Cardiomyocytes have the remarkable ability to sense and
discriminate between different mechanical cues and respond
with a characteristic cell size increase (hypertrophy) and assem-
bly of new sarcomeres. The response to exercise-induced
volume-overload is primarily characterized by a longitudinal
cell growth and predominantly serial arrangements of new sar-
comeres resulting in a reversible and physiological cardiac
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adaption to the mechanical stress, whereby the geometric pro-
portions of the heart ventricles remain unaffected. By contrast,
the response to pressure overload due to, e.g., hypertension
leads to lateral cell growth and the parallel arrangements of
new sarcomeres, resulting in an irreversible thickening of the
ventricular wall muscle. The profoundly different response to
different mechanical stresses points to the existence of different
sensing and signaling systems that orchestrate the different
shape changes and sarcomere assemblies. In search for cardiac
mechanosensors, several laboratories reported that f1-class in-
tegrins play a central role in inducing cardiac hypertrophy in vitro
and in vivo.?5?%:¢4%5 Since B1 integrins recruit numerous mecha-
nosensitive proteins to adhesion sites,*®®” we searched for high-
ly expressed integrin-associated adhesion proteins and protein
complexes in the heart muscle and tested their role for mechan-
ical stress-specific responses. In the present study, we identified
B-parvin as novel mechano-responsive adhesion protein in cos-
tameres and show that B-parvin is required for serial sarcomere
assembly and elongated growth of hypertrophic cardiomyocytes
in vitro and for volume-overload-induced cardiac hypertrophy
in vivo.

Our proteomics screen for cardiac-enriched integrin adhe-
sion-associated proteins identified particularly high levels of
B-parvin in the cardiomyocyte proteome. Functional studies
with in vitro cultured B-parvin-depleted NRVCs and B-parvin-
null NMVCs revealed that B-parvin is required for longitudinal
cardiomyocyte growth and growth of sarcomere-containing pro-
trusions (SCPs) under conditions mimicking cardiac preload
in vitro, such as culturing NRVCs on collagen substrates with
physiological rigidity or exposing NRVCs to eccentric loading
by applying cyclic, uni-axial stretch. Furthermore, both IGF-1-
and PE-treatment of NRVCs induced longitudinal cell growth in
a B-parvin-dependent manner on physiologically stiff 2D-sub-
strates and not on 2D-substrates of pathologically high rigidity.
The signaling pathway activated downstream of B-parvin
commences with the recruitment of «- and B-PIX followed by
the activation of Rac1 and concludes with serial assemblies of
sarcomeres and elongated growth of cardiomyocytes (Fig-
ure 7M). Our findings showing that a-parvin does not bind to
a- and B-PIX provide a rational explanation why a-parvin is un-
able to compensate the loss of B-parvin in cardiomyocytes in
our in vitro and in vivo experiments. The high degree of sequence
and structural homology between parvin isoforms makes it diffi-
cult to predict where o-/B-PIX mediates the interaction with
B-parvin. Although the N terminus is least conserved among
the parvins and contains isoform-specific serine/threonine-
phosphorylation sites,®"° overexpression of B-parvin frag-
ments in Hela cells identified the CH1-domain responsible for
Rac1-dependent lamellipodium formation via o-/g-PIX.”"

Our in vivo experiments confirm the in vitro data and demon-
strate that Parvb ™'~ mice, which develop without apparent de-
fects, failed to induce a cardiac hypertrophy response to forced
treadmill exercise/volume-overload. This finding indicates that
the ILK/PINCH/B-parvin complex serves as volume load-specific
mechano-responsive complex at cardiomyocyte/ECM adhesion
sites in vivo that promotes physiological hypertrophy. Consistent
with our in vitro data, this functional property of the ILK/PINCH/
B-parvin complex is not compensated by the ILK/PINCH/
a-parvin complex, which plays an indispensable role during

¢ CellP’ress

development by facilitating the septation of the cardiac outflow
tract and the formation and/or stabilization of cardiac
sarcomeres.*°

The normal cardiac development and response to TAC-
induced pressure-overload in the absence of B-parvin is surpris-
ing, considering its requirement for NRVC areal expansion
in vitro. This could be due to different effects of the cardiomyo-
cyte microenvironment under cardiac pressure and volume-
overload conditions in vivo, where the cells adhere through
costameres across the whole cell surface, as opposed to stiff
versus soft 2D culture substrates, where the cells form a small,
ventrally located cell adhesion area. Pathological cardiac hyper-
trophy is furthermore associated with the reactivation of fetal
gene expression,’ which our in vitro culture may not be able to
reproduce. We can also not exclude functional redundancy or
compensation by a-parvin under TAC conditions. Parvin iso-
forms have the ability to provide the IPP complex with specific
functions. It has been shown, for example, that ILK-dependent
PKB/Akt activation is mediated by B-parvin in zebrafish cardio-
myocytes*? and by a-parvin in dilated cardiomyopathy of human
patients as well as in murine aortic banding- and myocardial
infarction models.”” It clearly requires more studies to assign
specific functions to distinct IPPs and determine which are
shared due to redundancy or compensatory upregulation of
IPP complexes.
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PGK forward primer (neomycin cassette), This paper N/A
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Parvb E3 reverse primer, genotypg. This paper N/A

TCC TTG AAC TTG GGG TCT TCT

Parvb forward primer, RT-PCR This paper N/A
GACTGGATCAACGACGTGC

Parvb reverse primer, RT-PCR This paper N/A
TGCACGGTGACGTGTTCAGG

GAPDH forward primer, RT-PCR This paper N/A

CAG AAG ACT GTG GAT GGC CC

GAPDH reverse primer, RT-PCR This paper N/A

AGT GTA GCC CAG GAT GCC CT

Recombinant DNA

pEGFP-C1 Clontech Cat# 6084-1
pPEGFP-a-parvin This paper N/A
PEGFP-B-parvin This paper N/A
pPEGFP-a-skeletal muscle tropomyosin David Helfman N/A
pEGFP-Rac1-Q61L This paper N/A
pEGFP-Rac1-T17N This paper N/A
pRRLSIN.cPPT.PGK-GFP.WPRE Didier Trono Addgene, RRID: 12252
pLentiGFP This paper N/A
pLentiGFP-a-parvin This paper N/A
pLentiGFP-B-parvin This paper N/A
PENTR1A Thermo Fisher Cat# A10462
pAdCMV/V5/DEST Invitrogen V49320
pAdGFP This paper N/A
pAdGFP-a-parvin This paper N/A
PAdGFP-B-parvin This paper N/A
Software and algorithms

Leica LAS AF Image Acquisition Software Leica Microsystems N/A

ZEN Blue Carl Zeiss AG RRID: SCR_013672
Fiji http://fiji.sc RRID: SCR_002285
GraphPad Prism GraphPad Prism RRID: SCR_002798
MaxQuant Cox etal.” RRID: SCR_014485
Perseus Tyanova et al.”® RRID: SCR_015753
Other

Leica SP5X upright confocal microscope system

Zeiss LSM800 confocal laser scanning
microscope with Airyscan module

Leica DMI 6000 epifluorescence microscope system
Axioskop transmitted light microscope

Axio Imager Z1 epifluorescence microscope

MZFLIII Binocular

Custom made uni-axial cell stretcher device
Spinning disk device

GentleMACS Octo Dissociator

Ultra-high performance liquid chromatography,
Easy nLC1000

QExactive mass spectrometer
Exer3/6 treadmill
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Leica Microsystems
Carl Zeiss AG

Leica Microsystems
Carl Zeiss AG

Carl Zeiss AG

Leica Microsystems
Kah et al.”®

Lautscham et al.””
Milteny Biotech

Thermo Fisher Scientific

Thermo Fisher Scientific
Columbus Instruments, USA

N/A
N/A

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

N/A
N/A
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

HDI-5000 ultrasound system, echocardiography Philips Medical Systems, USA N/A

Ultramicrotome Reichert N/A

Transmission electron microscope 902A Carl Zeiss AG N/A

HM 355 S Mikrotom Mikrom N/A

HM 500 OM Mikrotom Mikrom N/A

Hybond N+ Nylon membrane Amersham N/A

PVDF-membrane Carl Roth T830.1

Lung proteomics data Schiller et al.*® ProteomeXchange Consortium/
PRIDE partner repository #PXD001765

Brain proteomics data Sharma et al.*? ProteomeXchange Consortium/

PRIDE partner repository #PXD001250

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Reinhard
Fassler (faessler@biochem.mpg.de)

Materials availability
All unique/stable reagents generated in this study are available from the lead contact without restriction.

Data and code availability

e Cardiac proteomics data have been deposited at PRIDE and are publicly available as of date of publication. The accession
number is listed in the key resources table.

o All data reported in this study will be shared by the lead contact upon request.

® This paper does not report any original code.

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

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals

Sprague-Dawley rats were obtained from Charles River Laboratories (Cologne, Germany) or bred in house at the animal facility of the
Friedrich-Alexander-University of Erlangen-Nuremberg. Parvb™ -mice were generated using R1-embryonic stem cells (sv/129-strain)
and blastocysts derived from C57BI/6J-mice. Parvb*’-mice were kept on the mixed genetic background (sv/129/C57BI/6J). Control
and Parvb™ -littermates of 2-6 months age were used for experiments.

Housing and use of laboratory animals at the Max Planck Institute of Biochemistry, the Friedrich-Alexander-University and the
German Sports University fully conform with all German (e.g. German Animal Welfare Act) and EU (e.g. Annex Il of Directive
2010/63/EU of the European Parliament on the protection of animals used for scientific purposes) applicable laws and regulations
concerning care and use of laboratory animals, and have been approved by the District Government of Upper Bavaria (No.5.1-
568 rural districts office), the Animal Ethics Committee of the Friedrich-Alexander University of Erlangen-Nuremberg (heart dissection
from neonatal mice and rats: protocol TS-7/2015 Biophysik (NMVC), protocol TS-9/2016 Nephropatho (NRVC)), and the Animal Care
Committee of Northrine-Westfalia (transverse aortic constriction and treadmilling exercise), respectively. Animals were housed in
environmentally controlled animal facilities, usually in sex-matched groups or in stable breeder pairs or trios, at a 12:12h light:dark
cycle, and with food and water available ad libitum.

Isolation and culture of NRVC/NMVC

NRVC

Dissected hearts from neonatal (postnatal day 3; P3) Sprague-Dawley rats were isolated using the Neonatal Heart Dissociation Kit
(Miltenyi Biotec, Bergisch Gladbach, Germany) and the Octo Dissociator (Miltenyi Biotec, Bergisch Gladbach, Germany) according
to manufacturer’s instructions. For P3 cardiomyocyte enrichment, cells were preplated for 1.5 h in DMEM-F12/Glutamax TM-I (Life
Technologies, Darmstadt, Germany)/10% fetal bovine serum (FBS, Biowest, Nuaille, France)/penicillin (100 U/ml)/streptomycin
(100 mg/ml) (Life Technologies), non-attached cells collected, centrifuged for 5 min at 330 x g, resuspended and cultured at
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50-60% confluency in cardiomyocyte medium (DMEM-F12/Glutamax TM-I (Thermo Fisher Scientific)/5% fetal bovine serum (FBS,
Biowest, Nuaille, France)/5% Horse serum (Thermo Fisher Scientific)/3 mM Na-pyruvate/insulin/transferrin-selenite (1:100, Thermo
Fischer)/0.2% BSA/penicillin (100 U/ml)/streptomycin (100 mg/ml)/20 pM Ara-C (Sigma-Aldrich)) on collagen | coated (50 png/ml, Ma-
trix Bioscience) cover slips, cell culture vessels or Poly-dimethylsiloxane (PDMS)-based flexible membranes, or used to generate 3D
cardiac microtissues.

NMVC

Dissected hearts from neonatal (P1-2) control and Parvb™ mice (2-3 animals/group) were minced with a scissor and dissociated us-
ing the Neonatal Heart Dissociation kit (Miltenyi Biotec, Bergisch Gladbach, Germany) in 0.45 ml enzyme mix/heart in a 2 ml reaction
tube for 1 h at 37°C under constant end-to-end rotation and gentle pipetting every 10-15 min, passed through a 100 pm cell strainer
and centrifuged at 330 x g for 5 min. The pellet was resuspended in 1 ml cardiomyocyte medium (DMEM-F12/Glutamax
TM-1(Life technologies) containing 5% horse serum, 5% FCS, 20uM ara-C, 3mM Na-pyruvate, 0.1mM ascorbic acid, insulin/trans-
ferrin-selenite, 0.2% BSA and 100U/ml penicillin streptomycin)/heart and pre-plated onto non-coated cell culture dishes for 90 min to
remove cardiac fibroblasts. The supernatant was distributed in two wells of a 24-well plate/heart, each containing a collagen | coated
(50 pg/ml; Matrix Bioscience #50301) 12 mm round coverslip, and cultured for up to 4 days before fixation and immunofluorescence
staining. The morphological analyses of control and Parvb”~ NMVCs were performed in three biological replicates.

/-

HEK293T cells
HEK293 cells were purchased from ATCC and are from female origin. The cells were cultured in monolayers in DMEM/Glutamax
(Thermo Fischer) supplemented with 10% FBS (Thermo Fisher Scientific) and antibiotics at 37°C in a 5% CO2 incubator.

METHOD DETAILS

Heart proteome analysis

Dissected hearts of adult mice were snap frozen in liquid nitrogen, ground to a fine powder using a mortar and pestle and proteins
extracted with RIPA lysis buffer (100 mM Tris/HCI, pH 7.5, 300 mM NaCl, 2 mM EDTA, 2% NP40, 0.2% Na-deoxycholate). Lysates
were homogenized using a Bioruptor, sheared with a G17 needle and clarified by centrifugation. Protein concentrations were deter-
mined using the Pierce 660nm protein assay (Thermo Fisher Scientific). 20 pug lysate were precipitated with acetone in the presence of
GlycoBlue (Thermo Fisher Scientific) for 2 h at —20°C, washed with 90% acetone and resuspended in Bolt LDS sample buffer
(Invitrogen). Proteins were reduced with 20 mM DTT for 30 min at RT, carbamidomethylated with 10 mM iodoacetamide for
20 min in the dark at RT and subsequently separated using a Bolt 4-12% Bis-Tris Plus gel (Invitrogen). After Coomassie-staining,
each sample was cut into seven equal-sized slices, destained with 50% acetonitrile (ACN) and dehydrated with 100% ACN. Proteins
were digested overnight at 37°C with Lys-C and trypsin (12 ng/ul, 1:10) and on the following day digestion was stopped by adding
trifluoroacetic acid. Tryptic peptides were extracted using increasing concentrations of ACN. Organic compounds were evaporated
using a SpeedVac concentrator (Eppendorf) and peptides were loaded onto conditioned C18 cartridges and washed with 20 pl of
0.1% TFA.

Proteomic analysis was performed using an Easy nLC 1000 ultra-high performance liquid chromatography (UHPLC) coupled to a
QExactive mass spectrometer (Thermo Fisher Scientific) with the previously described settings.”® The raw files were processed using
MaxQuant software and its implemented Andromeda search engine.”* The experiment was performed once. Statistical analysis, and
t tests were performed using Perseus software.”® The mass spectrometry proteomics data have been deposited to the ProteomeX-
change Consortium via the PRIDE partner repository with the dataset identifier PRIDE: PXD033963.

siRNA-mediated knockdown of Parvb in NRVCs

NRVCs on 2D surfaces were transfected 24 h after isolation/seeding. NRVCs for 3D cardiac microtissues were transfected in sus-
pension immediately after cell isolation for 30 minutes. The cell-containing lipofection-mix was subsequently added to the
collagen-solution used for the top-layer preparation of the microtissues (see below).

NRVCs were transfected with different Parvb-specific and non-specific control siRNA (Thermo Fisher Silencer Select pre-designed
siRNA ID #s170128 and Silencer Select negative control siRNA #4390843 (10 pmol/1.2x10° cells); Qiagen Flexitube siRNA
#5101828519 (20 pmol/1.2x10° cells)) using RNAIMax transfection reagent (Thermo Fisher Scientific) according to manufacturer’'s
instructions. 48 h after siRNA transfection, mRNA was isolated using RNeasy kit (Qiagen, Hilden, Germany) according to manufac-
turer’s instructions, and subjected to RT-PCR analysis using Parvb- and GAPDH-specific primers (ParvbF 5'-GACTGGATCAAC
GACGTGC-3', ParvbR 5-TGCACGGTGACGTGTTCAGG-3'; GAPDHF 5- CAGAAGACTGTGGATGGCCC-3' and GAPDHR
5'-AGTGTAGCCCAGGATGCCCT-3') to confirm successful Parvb-mRNA depletion. The Life Technologies Silencer Select system
was consistently used throughout further experiments.

Viral expression of murine «- and B-parvin in NRVCs

For lentiviral expression of B-parvin, EGFP-tagged murine B-parvin or EGFP alone was subcloned into the lentiviral vector
pRRLSIN.cPPT.PGK-GFP.WPRE by in-fusion cloning (Clontech). pRRLSIN.cPPT.PGK-GFP.WPRE was from Addgene (plasmid #
12252; http://n2t.net/addgene:12252; RRID:Addgene_12252). Vesicular stomatitis virus G pseudotyped lentiviruses were produced
by transient transfection of 293T cells as described previously.”® Cells were transfected using Lipofectamine 2000 according to the
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manufacturer’s protocol, viral particles were harvested after 48-72 h by collecting the cell culture medium, followed by filtration
(0.45 pm) and ultracentrifugation at 20,300 rpm for 2 h in a SW 32 Ti rotor (Beckman Coulter) and resuspension in 45 ul Hank’s
balanced salt solution (Thermo Fisher Scientific). To rescue the loss of B-parvin in Parvb-siRNA NRVC, the cells were infected
with either EGFP-B-parvin- or EGFP-expressing lentivirus 24 h after Parvb-siRNA transfection and fixed for analysis 48 h later.
Lentiviral rescue was performed in three biological replicates.

For adenoviral expression of «- and B-parvin, EGFP-tagged «- or B-parvin, or EGFP alone was subcloned into the pENTR1A by
DNA assembly (NEBuilder Hifi DNA Assembly Kit) and transferred by Gateway recombinase into the adenoviral expression plasmid
pAdCMV/V5/DEST (Invitrogen). After adenovirus production in 293T cells (ViraPower Adenoviral Expression System; Thermo Fisher
Scientific), control- and Parvb-siRNA-treated NRVCs were transduced with either EGFP-a-, or EGFP-B-parvin- or EGFP-only-
expressing adenovirus, fixed with 4% PFA 48 h later and analyzed. Experiments were performed in biological triplicates.

Transient expression of skeletal muscle tropomyosin-GFP and GFP-Rac1-Q61L/T17N in NRVCs

cDNAs of human Rac1-Q61L and -T17N, and a-skeletal muscle tropomyosin, subcloned into the pEGFP-C1 backbone were trans-
fected into NRVCs using Lipofectamine LTX according to the manufacturer’s instructions. 24 h later, cells were either live imaged
(skTM-GFP) or fixed and immunostained (GFP-Rac1-Q61L/T17N).

NRVC culture on flexible polyacrylamide substrates

Flexible polyacrylamide (PAA) substrates were prepared as described previously.?® Briefly, acrylamide-bisacrylamide gels (29:1;
Sigma-Aldrich) of 5.8 % (10 kPa) and 8.0 % (50 kPa) were cast on glutaraldehyde-activated coverslips, subsequently covered
with 0.5 mg/ml Sulfo-SANPAH (Thermo Fisher Scientific) and activated for 5 min under UV-light, washed 2x 10 min with PBS, and
coated with collagen | (100 pg/ml; Matrix Bioscience #50301) at 4°C overnight. The substrates were washed once with PBS.
NRVCs were seeded onto the substrates at 50-60% confluency and allowed to adhere and spread over night before siRNA-lipofec-
tion, followed by fixation, immunofluorescence staining and confocal imaging.

Uni-axial stretching of NRVCs on 2D PDMS membranes

Poly-dimethylsiloxane (PDMS) based 2D membrane devices were generated by casting de-gassed PDMS (Dow Corning Sylgaard
184) at a mixing ratio of 32:1 (elastomer:curing agent) in plastic molds. Casts were baked for 24 h at 65°C and removed from molds
under isopropanol, cleaned with isopropanol and air-dried under sterile conditions. 250 pl Sulfo-SANPAH (0.5 mg/ml; Thermo Fisher
Scientific) was added onto the gel prior to UV-light exposure for 5 min, followed by 2x 10 min washing (PBS) and incubation with
100 pg/ml collagen | solution (Matrix Bioscience #50301) at 4°C over night. Each membrane device was mounted into a rack fitting
into a custom build, stepper-motor driven and PC-controlled, uni-axial stretcher device and washed once with PBS before cell seed-
ing. Freshly isolated NRVCs were seeded onto the membranes at a confluency of 50-60% and allowed to adhere and spread over
night before siRNA-lipofection and subsequent application of uni-axial stretch (8%, 1 Hz, 48 h) to the membranes, followed by fix-
ation, immunofluorescence staining and confocal imaging in the racks.

Spinning disk adhesion assay

NRVCs were cultured on collagen | coated (50 ug/ml Matrix Bioscience #50301) cell culture dishes and stained with Hoechst 33342
(Sigma-Aldrich) immediately prior to the assay. Cell adhesion was quantified using a customized microscope stage mounted device
consisting of a compressed air driven, rotating glass plate as described previously.”” The glass plate was located 100 pm above the
culture dish and rotated at 1750 rpm for 400 s to apply shear force. Regions at the same radial distance from the center in control- and
Parvb-siRNA treated samples were imaged before and after the spin. The fraction of adherent cells was calculated after superimpos-
ing pre- and post-spin images as the ratio of pre-spin/pre+post-spin labeled nuclei.

Generation of 3D cardiac microtissues and quantification of forces

PDMS-based 3D microtissue devices, carrying an array of 6x3 cuboid shaped wells (4x2x2 mm), each containing two microposts of
500 um diameter and 2 mm height were generated by casting de-gassed PDMS (Dow Chemical Sylgard 184) at a mixing ratio of 22:1
(elastomer:curing agent) in Computerized Numerical Control- (CNC) machined, Trichlor-(1H,1H,2H,2H-perfluoroctyl)-silan (Sigma-
Aldrich) coated steel molds. Casts were baked for 24 h at 65°C and removed from molds under isopropanol. Microtissue devices
were cleaned with isopropanol and air-dried under sterile conditions. Collagen | solution (0.3 mg/ml) was prepared as previously
described.?’ In brief, a 0.3 mg/ml collagen | solution containing 0.1 mg/ml collagen R (rat tail collagen I; Matrix Bioscience
#50301), 0.2 mg/ml collagen G (bovine skin collagen I; Matrix Bioscience #50104), and 25 mM NaHCO3 in DMEM was prepared under
sterile conditions on ice. Collagen polymerization was induced by adjusting the pH to ~10 through the addition of NaOH to a final
concentration of 15 mM. The wells were filled up to 50% of the total well volume (6 pl) as a non-cell containing collagen bottom layer
to prevent cell sinking to the bottom of the well during polymerization of the cell containing top layer. Pipetting was performed on ice
and the devices were incubated for 2 h at 37°C, 95% humidity and 5% CO, for bottom layer polymerization. Subsequently, the cell
containing collagen top layer was pipetted onto the bottom layer using collagen | solution identical to the bottom layer solution mixed
with freshly isolated NRVCs (2x10° cells per well/microtissue), allowing NRVCs to sink on top of the pre-polymerized bottom layer.
Microtissue preparations were incubated for 15 h at 37°C, 95% humidity and 5% CO, before adding cardiomyocyte medium.
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Contractile forces generated by cardiac microtissues were calculated based on the microtissue-induced deflection of microposts.
Bright field time lapse image sequences (25 ms frame rate) of spontaneously contracting microtissues were recorded at 37°C using a
Leica DMI 6000-based inverted transmitted light microscope system and a 5X/0.12NA objective lens. Micropost deflection was re-
corded at the post tips and interpolated to the microtissue position along the post length (i.e. tissue height measured from the bottom
of the well). Contractile forces were calculated from maximum post deflections based on Hooke’s Law. The spring constant of the
microposts was 1 uN for a lateral deflection of 1 um at a typical tissue height of 1.25 mm.

Microscopy and morphological analysis of NRVCs/NMVCs

Confocal imaging of NRVCs and NMVCs on mounted coverslips and PDMS-membranes was performed on an upright SP5X laser
scanning confocal microscope (Leica, Wetzlar, Germany) using a 20X/1.0NA dip-in water-immersion objective lens. 3D image stacks
of 370 x 370 um were recorded at 1 um z-section distance throughout the thickness of the sample. Confocal image stacks were
maximum-projected prior to morphological analysis. Cells were outlined manually (ImageJ; National Institutes of Health, Bethesda,
Maryland, USA) to determine cell area, cell perimeter, major axis and minor axis length, and aspect ratio. Minimum outer bounding
ellipses to quantify the extension range of SCPs were manually fitted to cells using ImagedJ software. High resolution imaging of
sarcomere organization and focal adhesions in fixed cells was performed on an upright Zeiss LSM 800 microscope system (Zeiss,
Jena, Germany) using a 63X/1.4NA Plan Apo objective lens. 3D image stacks of 67 x 67 um were recorded at 0.4 pm z-section dis-
tance throughout the thickness of the sample. Maximum-projected image stacks (sarcomere organization) or individual z-sections
(focal adhesions) are shown. Maximum projected images for the analysis of Z-disk morphology were equally thresholded between
control- and Parvb-siRNA groups and analyzed for Z-disk width and aspect ratio (Imaged; National Institutes of Health, Bethesda,
Maryland, USA).

High resolution confocal imaging of skTM-GFP in live NRVCs was performed on the Leica SP5X confocal system at 37 °C (whole
stage incubation chamber; Leica) using a 100X/1.4NA Plan Apo objective lens at a frame rate of 1 h. Epifluorescence imaging was
performed on a BZ9000 Fluorescent microscope (Keyence, Osaka, Japan) at 37 °C (stage incubation chamber; Tokai Hit, Shizuoka,
Japan) using a 20X/0.75NA objective lens at a frame rate of 1 h. 3D image stacks of 75 x 75 um (confocal) and 725 x 545 um (epifluor.)
were recorded at 0.75 pm z-section distance throughout the thickness of the sample. Image stacks were maximum-projected prior to
kymograph analysis of sarcomere assembly and SCP-growth dynamics (ImageJ; National Institutes of Health, Bethesda, Maryland,
USA). Cells were transfected with skTM-GFP using Lipofectamine LTX (Life technologies) according to manufacturer’s instructions
36-48 h after siRNA-transfection and 24 h prior to imaging.

Generation of Parvb™~ mice

A B-parvin cDNA-containing fragment of EST-clone #2999-a09 (Image: 1193744, GenBank: AA726210) was used to screen a 129/sv
mouse P1 artificial chromosome (PAC) library.®? PAC-clone #597-014 (Human Genome Mapping Project Center, Cambridge, UK)
was used to clone the Parvb-targeting construct. A part of exon 2, intron 2 and a part of exon 3 including the putative translation
initiation codon 226-228 (M76)®° were replaced by an internal ribosome entry site (IRES)-regulated lacZ-reporter-gene and a phos-
phoglycerate-kinase (PGK)-driven neo-resistence cassette, flanked by 5.8kb 5'-end and 2.9kb 3’-end homologous sequences (Fig-
ure S1A). After electroporation of the targeting construct into R1 embryonic stem (ES) cells (passage 15), G418-resistent clones were
selected as previously described.® Briefly, cells were cultured on y-irradiated embryonic fibroblast cells in DMEM supplemented
with 15% FCS, 10™*M B-mercaptoethanol (Sigma-Aldrich) and non-essential amino acids (Thermo Fisher Scientific). After 24 h
without selection 300ng/ml G418 (Thermo Fisher Scientific) was added to the medium. After 8-11 days, individual ES-cell colonies
were picked into 24 wells and expanded. Half of the 24-well dish was frozen, the other half was used to isolate genomic DNA. Re-
combinant ES cell clones were identified by radioactive Southern blot of BamHI-restricted genomic DNA with an Ncol/BamHI-
derived external probe (477 bp of intron 3). Three homologously recombined ES cell clones were used to generate germline chimeric
males that produced Parvb*’~ mice.

Transverse aortic constriction

Experiments were performed on 2-3 months old control and Parvb”~ mice (including male and female animals) as published.®® The
constriction was generated by tying 6.0 suture twice around a blunt 3 mm segment of a 27 gauge needle, positioned adjacent to the
aorta between the right innominate and left carotid arteries. The needle was removed after the constriction was generated. The pro-
cedure was performed on anesthetized and ventilated animals according to our approved animal protocol.

Treadmill exercise

Experiments were performed on 3-6-months old control and Parvb”” mice (including male and female animals). The treadmill (Exer3/
6, Columbus Instruments, Columbus, USA) training consisted of a 60 min forced treadmill exercise on five days per week at a velocity
of 18 m/min at an angle of 10°. Mice were elicited to run by touching their back with a pencil. Mice were accommodated to the sit-
uation for 1 week before starting the experiments. The velocity of 18 m/min was chosen since in pre-experiments control and 8-parvin
knockout mice were able to constantly run for 1 hour at this velocity. An angle of 10° was chosen to increase the muscle load during
the training, which was performed for 4 weeks. At the end of this period animals were sacrificed, the hearts were isolated and either
fixed in 4% paraformaldehyde (PFA) over 6 h at 4°C for ultrastructural and immunohistochemical analysis, or liquid nitrogen-frozen or
immediately treated with RIPA buffer for biochemical analysis. Treadmill exercise and transaortic constriction experiments were per-
formed once.
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Echocardiography

High-resolution mouse echocardiography was performed using a commercial ultrasound system equipped with a linear array trans-
ducer operating at an emission frequency of 15 MHz (harmonic-mode) with frame rates up to 280 Hz (HDI-5000, Philips Medical Sys-
tems, Bothell, WA, USA). Axial resolution was 100 um. Three months old mice were anesthetized with 1.5-1.8% sevoflurane in 50%
nitrous oxide/50% oxygen and the constant body temperature was held at 37°C. Data sets were obtained as previously described.®°
Left ventricular end-diastolic and end-systolic volumes, left ventricular mass and ejection fraction (EF) were assessed with the area-
length method. Parasternal short-axis views were visually divided into six segments. Imaging was considered adequate when the
endocardial and epicardial borders were properly visualized in at least five segments. End-diastolic measurements were obtained
at the peak of the R-wave and end-systolic measurements at the time of minimum internal chamber dimensions.

Electron Microscopy

Heart muscle samples were fixed in 4% PFA, rinsed in cacodylate buffer three times and then treated with 1% uranyl acetate in 70%
ethanol for 8 h to enhance the contrast. The heart samples were subsequently dehydrated in a graded series of ethanol and then
embedded in Araldite (Serva). Semithin sections (0.5 um) were cut with a glass knife on an ultramicrotome (Reichert, Bensheim,
Germany) and stained with methylene blue. Ultrathin sections (30 to 60 nm) for electron microscopic observation were processed
on the same microtome with a diamond knife and placed on copper grids. Transmission electron microscopy (TEM) was performed
using a 902A electron microscope from Zeiss (Oberkochen, Germany).

Histology and immunohistochemistry

Dissected cardiac and other tissues were fixed in 4% PFA over night (pH 7.2), dehydrated in a graded alcohol series, and embedded
in paraffin (Paraplast X-tra; Sigma Aldrich). Sections were cut at 8 um (HM 355 S, Mikrom, Walldorf, Germany) and stained with he-
matoxylin/eosin (Thermo Shandon). For immunofluorescence analyses cardiac tissue was frozen in TissueTec-freezing-medium at
-80°C. PFA-fixed cryosections (HM 500 OM, Mikrom, Walldorf, Germany) were permeabilized in 0.5% Triton X-100/PBS and
blocked in 1% BSA/PBS prior to incubation with primary antibody for 12 h at 4°C at recommended dilutions in 1%BSA/PBS.
Secondary antibody incubation was carried out for 1 h at RT. Microscopical analyses were performed on Axioskop (transmitted light)
or Axio Imager Z1 (immunofluorescence) microscopes (Zeiss, Germany). For radioactive in situ hybridization, 33P-UTP-labeled
(Amersham) sense and antisense riboprobes were generated by in vitro transcription (SP6/T7, Invitrogen) from linearized vectors
containing «- and B-parvin specific cDNA fragments encompassing 500-700 bp long sequences extending from the translated
into the 3’-untranslated region of each isoform. Paraffin sections from mouse embryos at different embryonic stages were dewaxed,
rehydrated and hybridized as previously described.®” Microscopical analysis was performed on a MZFLIII binocular (Leica,
Bensheim, Germany).

Western and Northern Blots

Liquid nitrogen-frozen or fresh tissue samples were homogenized in 1 ml/0.1 g tissue ice-cold modified RIPA-buffer (50 mM Tris
pH 7.4, 150 mM NaCl, 1% Nonidet P40, 0.1% SDS, 0,5% Na-deoxycholate, 1 mM EDTA, 1 mM EGTA, protease-inhibitor cocktail
(Roche Complete Mini), phosphatase-inhibitor cocktails (Roche)) per 100 mg tissue with a polytron (30s), dounced 15-20x, incubated
on ice for 10 min and centrifuged for 10 min (20000xg, 4°C) to pellet cell debris. 10-20 ng of total protein per lane were SDS gel-sepa-
rated (reducing conditions), blotted on PVDF membrane and immunoprobed with the primary and secondary antibodies.

For Northern blots 15 pg of Trizol (Invitrogen) extracted total RNA were separated on a 0.8% denaturing agarose gel and trans-
ferred to Hybond N+ nylon membranes (Amersham). The membranes were hybridized with 32P-dCTP-labeled (RediPrime Il random
prime labeling, Amersham) antisense probes (see in situ hybridization) over night at 65°C, expositions (Kodak Biomax MS) for up to
14 days were performed at -80°C.

Rac1 activation assay and GST-PIX pull-down/parvin-GFP co-precipitation

To determine Rac1 activity 2.4x10° freshly isolated NRVCs were plated on collagen | (50 pg/ml Matrix Bioscience #50301) coated
culture dishes and transfected with either control or Parvb-siRNA after 24 h. 48 h later, cells were lysed in CLB+ buffer (50mM
Tris-HCI, 200mM NaCl, 1% NP-40, 10% glycerol, 5mM MgCI2, protease (Roche Complete Mini) and phosphatase (Roche) inhibitors).
Biotinylated PAK-CRIB peptide (4-6 ng/40 ul sample) was coupled to Streptavidin-Sepharose beads (Amersham) for 1 h at 4°C and
washed 3x (50mM Tris-HCI, 50mM NaCl, 5mM MgCI2, 1mM PMSF and 1 mM DTT). Lysates were incubated with PAK-CRIB peptide
coupled beads for 45 min at 4°C and washed 4x with CLB+ buffer, followed by elution of GTP-loaded Rac. Pull down and total lysates
samples were subjected to Western blot analysis.

For PIX-parvin co-immunoprecipitation, 1.6x10° COS cells were transfected (Lipofectamine 2000) with the indicated constructs,
incubated overnight and lysed in 1ml lysis buffer (150mM TrisHCI pH 8.0, 50mM NaCl, 1mM EDTA, 0,5% NP40, 1 Tablet Roche Com-
plete Mini/10 ml, 0.7 ng/ml pepstatin). 900 ul lysate were incubated for 5 h with glutathione-sepharose beads at 4°C and precipitates
were washed with low-salt TBS (50mM TrisHCI pH 7.4, 150mM NaCl) at 6000xg. 20 pl of each total lysate and precipitate were SDS
gel-separated under reducing conditions, blotted on PVDF membrane (Roth) and immunoprobed with primary and secondary
antibodies.
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Antibodies

The following antibodies were used: Anti-ILK (#611803; clone 3/ILK, BD Bioscience, WB 1:2000), anti-caveolin-3 (#610421; clone
26/Caveolin 3, BD Bioscience, WB 1:5000), anti-Rac1 (#610651; clone 102/Rac1, BD Bioscience, WB 1:2000), anti-GAPDH
(#G8795; clone GAPDH-71.1, Sigma-Aldrich, WB 1:2000), anti-p1 integrin (MAB1997; clone MB1.2, Thermo Fisher Scientific,
IF 1:500), anti -, B- and y-parvin were described previously’® (WB 1:1000; IF 1:100), anti-a-actinin (#A7811, Sigma-Aldrich, IHC
1:800), anti-GFP antibody (#8367-2, BD Clontech, WB 1:150), anti-GST-HRP (#GERPN1236, Sigma-Aldrich/GE-Healthcare, WB
1:4000), anti-a-actinin (#ab9465, Abcam, IF 1:500), anti-troponin | (#ab56357, Abcam, IF 1:500), anti-vinculin (#V4505, Sigma-Al-
drich, 1:250), anti-PKB/Akt (#9272, Cell Signaling Technology, WB 1:1000), anti-pS473-PKB/Akt (#9271, Cell Signaling Technology,
WB 1:1000), TRITC-labeled phalloidin (#P1951, Sigma-Aldrich), anti-mouse-HRP-conjugate (#1706516, BioRad, WB 1:1000),
anti-rabbit-HRP-conjugate (#1706515, BioRad, WB 1:1000), fluorescent anti-mouse-, anti-rabbit-, and anti-rat-IlgG-conjugates
were obtained from Jackson Immunoresearch (#715095151, #715025150, #711225152, #711025152, #712025150, IF 1:500).

QUANTIFICATION AND STATISTICAL ANALYSIS
All image analyses were carried out using Fiji

Statistical analysis

Sample size was not predetermined. Experiments were repeated with independent biological replicates based upon the number of
replicates required to obtain consistent results. Unless indicated otherwise, data was reproduced in three independent biological
replicates. Individual preparations of primary NRVC or NMVC were scored as biological replicate. All attempts at replication were
successful. Data was excluded if positive or negative control samples failed. Mass spec data was filtered for frequently observed
contaminants and low confidence uniprot peptides. Mice with pre-conditioned heart abnormalities were excluded. Mice of a specific
genotype were randomly allocated to the experimental groups. Investigators were not blinded as the experimental conditions
required investigators to know the identity of the samples. Data are presented as mean + SEM. Statistical analysis and graph
production were performed in Graph Prism using one- or two-way ANOVA with post-hoc Bonferroni, or, where indicated, two-tailed
Student’s t test with unequal variance.
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