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A maladaptive feedback mechanism between the
extracellular matrix and cytoskeleton contributes to
hypertrophic cardiomyopathy pathophysiology
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Hypertrophic cardiomyopathy is an inherited disorder due to mutations in contractile proteins
that results in a stiff, hypercontractile myocardium. To understand the role of cardiac stiffness
in disease progression, here we create an in vitro model of hypertrophic cardiomyopathy
utilizing hydrogel technology. Culturing wild-type cardiac myocytes on hydrogels with a
Young's Moduli (stiffness) mimicking hypertrophic cardiomyopathy myocardium is sufficient
to induce a hypermetabolic mitochondrial state versus myocytes plated on hydrogels
simulating healthy myocardium. Significantly, these data mirror that of myocytes isolated
from a murine model of human hypertrophic cardiomyopathy (cTnl-G203S). Conversely, cTnl-
G203S myocyte mitochondrial function is completely restored when plated on hydrogels
mimicking healthy myocardium. We identify a mechanosensing feedback mechanism
between the extracellular matrix and cytoskeletal network that regulates mitochondrial
function under healthy conditions, but participates in the progression of hypertrophic car-
diomyopathy pathophysiology resulting from sarcomeric gene mutations. Importantly, we
pinpoint key ‘linker’ sites in this schema that may represent potential therapeutic targets.
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dominant genetic heart disease that affects 1:500 of the

general population!. It is the leading cause of sudden
cardiac death in the young (5-15 year olds)2. HCM occurs pre-
dominantly due to genetic mutations in sarcomeric proteins>*.
Clinical characteristics of HCM include left ventricular hyper-
trophy in the absence of increased hemodynamic workload, and a
non-dilated left ventricle with preserved or increased ejection
fraction!%. At the cellular level, HCM is characterized by cardiac
myocyte remodeling, sarcomeric protein disorganization, inter-
stitial fibrosis, and altered energy metabolism®. We have pre-
viously identified a role for the cardiac L-type calcium channel
(LTCC) in the development of HCM pathophysiology®”.

The cardiac LTCC triggers “calcium-induced calcium release”
that is critical to maintaining cardiac excitation-contraction
coupling®. The cardiac LTCC also plays an important role in
regulating mitochondrial function via both calcium-dependent
and calcium-independent mechanisms®10. Specifically, activation
of the LTCC evokes an increase in mitochondrial membrane
potential (¥,), in the presence or absence of calcium®. This is
facilitated by a structural-functional association between the
channel and mitochondria. The cardiac LTCC is a transmem-
brane spanning protein comprised of a;c, a6, and [, subunits.
The [, subunit is bound to the pore-forming a;c subunit via the
a-interaction domain (AID)!!l. The B, subunit also associates with
neuroblast differentiation-associated protein AHNAK, also
known as desmoyokin, a large subsarcolemmal protein, that is
also anchored to F-actin!?. Cytoskeletal proteins, including F-
actin, interact directly with mitochondria by binding to outer
mitochondrial docking proteins!3-1°. This structural link between
the LTCC and mitochondria plays an important role in regulating
mitochondrial function under physiological conditions, with
conformational changes that occur in the LTCC [, subunit on a
beat-to-beat basis leading to downstream alterations in mito-
chondrial function®.

Impairments to this intracellular network are associated with
dysregulation of mitochondrial function and the development of
pathological states®”1017. We have previously shown that a
murine model of human HCM causing troponin I (cTnl) gene
mutation Gly203Ser (cTnI-G203S) exhibits a disrupted cytoske-
letal architecture, impaired structural-functional communication
between the LTCC and mitochondria, and a resulting hyperme-
tabolic mitochondrial state®!7. Similar findings have been
recorded in mice carrying the human disease causing B-myosin
heavy chain mutation Arg403Gln’. Notably, these responses
preceded development of the hypertrophic state.

The established human HCM phenotype is characterized by a
stiff myocardium!®1°. In line with this, increased extracellular
matrix (ECM) protein synthesis has been implicated in the
progression of human HCM pathology?°-22. Indeed, engineered
heart tissues created by seeding healthy human-induced plur-
ipotent stem cell-derived cardiac myocytes onto strips of
decellularized myocardium harvested from a swine model of
HCM exhibit increased stiffness?l. The ECM interacts with
cardiac myocytes via transmembrane spanning mechanosensing
protein integrin, that has also been implicated in the develop-
ment of cardiac hypertrophy?324. Cytosolic protein vinculin
mediates binding of integrin to F-actin, and transfers mechan-
ical forces from the cell membrane to the cytoskeleton?3:2%:26,
Therefore, in addition to an intracellular network between the
LTCC and mitochondria, a structural-functional association
also appears to exist between the ECM and F-actin. Here we
explore the role of this link in the development of HCM
pathophysiology involving the LTCC and mitochondria by
creating an in vitro platform that mimics HCM myocardial
stiffness.

I Iypertrophic cardiomyopathy (HCM) is an autosomal

Results

An in vitro model of cardiac myocyte stiffness. We sought to
develop an in vitro model of hypertrophic cardiomyopathy. We
began by assessing the compressive Young’s Moduli (stiffness) of
hydrogels produced to mimic healthy (“soft”) and HCM (“stift”)
myocardium. Using atomic force microscopy, the overall com-
pressive stiffness of hydrogels was recorded at 12.5+0.4 and
34.1 0.9 kPa respectively (p <0.05, Fig. 1b). We then utilized a
H9C2 myoblast cell line isolated from rat ventricular tissue, to
test our in vitro platform. H9C2 cells were plated on hydrogel
substrates coated with ECM protein laminin. H9C2 cells plated
on stiff hydrogels displayed a significant increase in compressive
stiffness versus soft hydrogels (p <0.05, Supplementary Fig. 1a).
Additionally, immunohistochemistry studies revealed a sig-
nificant increase in lamin A, a cellular marker of stiffness, as well
as mechanosensing protein vinculin (p <0.05, Supplementary
Fig. 1b-e)27-2%, These data indicate that altering the compressive
stiffness of the hydrogel platform was sufficient to alter the
stiffness of the cells.

Next, we performed studies on cardiac myocytes isolated from
10 to 15-week-old wild-type (wt) mice. Myocytes plated on
laminin coated soft and stiff hydrogel substrates yielded stiffness’s
of approximately 2 and 4 kPa respectively (p<0.05, Fig. 1c).
Importantly, these values align with previously reported measure-
ments of myocardial stiffness assessed in 20-40 year old healthy
and HCM adults!®. Myocytes plated on stiff hydrogels also
displayed a significant increase in lamin A, vinculin and f;-
integrin, the most abundantly expressed integrin isoform in the
post-natal heart?330 (p < 0.05, Fig. 1d-i). These data indicate that
our in vitro platform is suitably representative of the human
condition.

wt cardiac myocytes plated on stiff hydrogels exhibit a hyper-
metabolic mitochondrial state. We have previously demon-
strated that ¢TnI-G203S cardiac myocytes exhibit increased
mitochondrial metabolic activity and ¥, that is consistent with
the human condition?!, in response to activation of the LTCC®17,
Here, we explored if simply plating wt cardiac myocytes on
hydrogels with a stiffness mimicking HCM myocardium was
sufficient to mirror these responses. We tested the effect of sub-
strate stiffness on mitochondrial metabolic activity and ¥, in
cardiac myocytes isolated from 10 to 15-week-old wt mice, in
response to activation of the LTCC using channel agonist
BayK(—). Metabolic activity is dependent upon oxygen con-
sumption and mitochondrial electron transport down the elec-
tron transport chain. Therefore, we measured alterations in
mitochondrial electron transport in intact cardiac myocytes pla-
ted on soft and stiff hydrogels for at least 3h, by monitoring
changes in flavoprotein oxidation (as autofluorescence). We
found that wt myocytes plated on soft and stiff hydrogels both
showed a significant increase in flavoprotein oxidation following
exposure to BayK(—) versus the (+)enantiomer of BayK that does
not act as an agonist (BayK(+)) (Fig. 2a—c). However the mag-
nitude of the BayK(—) response was significantly larger on stiff
versus soft hydrogels. Importantly, all BayK(—) induced respon-
ses could be attenuated with application of LTCC antagonist
nisoldipine, confirming that the LTCC mediated the response.
These data indicate that alterations in ECM stiffness are sufficient
to alter regulation of mitochondrial function by the LTCC.

In order to examine the effect of substrate stiffness on the
structural-functional communication between the channel and
mitochondria, we also assessed alterations in ¥,,, under calcium-
free conditions. Although oxidative phosphorylation is a calcium-
dependent process, ¥, remains highly polarized under condi-
tions of low intracellular calcium (0-535 nM)32-33, Indeed, studies
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performed in mouse and guinea pig cardiac myocytes demon-
strate that activation of the LTCC by voltage-clamp of the plasma
membrane, application of high Kt solution or BayK(—), results
in an increase in ¥, even in the absence of calcium®.
Depolymerization of actin or p-tubulin with Latrunculin A or
colchicine, or the absence of dystrophin, attenuates elevated ¥,
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indicating that the response is dependent on an intact cytoskeletal
architecture®’-%16. Here, consistent with observed alterations in
flavoprotein oxidation, we found that wt myocytes plated on soft
and stiff hydrogels, incubated for at least 3 h in calcium-free and
EGTA containing HBS, both displayed a significant increase in
¥, following application of BayK(—) versus BayK(+) (Fig. 2e-g).
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Fig. 1 An in vitro platform that mimics HCM myocardial stiffness. a Schematic indicating structural-functional link between the L-type calcium channel,
cytoskeletal network and mitochondria in wt cardiac myocytes. Targeted linker sites (1) L-type calcium channel a-interaction domain (AID), (2) interaction
site between the L-type calcium channel B, subunit and AHNAK, (3) F-actin, (4) p-tubulin, and (5) B, integrin. b Compressive stiffness (in kPa) of
polyacrylamide (PA) hydrogels under manufactured conditions (soft and stiff), including mean + SEM. ¢ Compressive stiffness (in kPa) of wt cardiac
myocytes plated on soft and stiff hydrogels, including mean + SEM. Representative images and quantitated data points for wt cardiac myocytes plated on
soft and stiff hydrogels stained for lamin A (d, e), vinculin (f, g), and integrin (h, D), including mean £ SEM. n = number of cells, N = number of hydrogels.

Statistical significance determined by Mann Whitney tests.

Once again, the magnitude of the BayK(—) response was
significantly larger on stiff versus soft hydrogels. All BayK(-)
induced responses were abolished with nisoldipine, confirming
that the LTCC mediated the response. These data indicate that
alterations in ECM stiffness are sufficient to alter the structural-
functional communication between the LTCC and mitochondria.

Significantly, the alterations in metabolic activity and ¥, observed
in wt myocytes plated on stiff versus soft hydrogels mimicked
previous data obtained from ¢TnI-G203S versus wt cardiac myocytes
(Fig. 2d, h)®17. These data indicate that increased ECM stiffness may
contribute to the progression of HCM pathophysiology.

Unraveling the structural-functional link between the LTCC,
mitochondria, and ECM. We examined various “linker” sites
between the LTCC and mitochondria as potential mediators of
mitochondrial function in response to increased substrate stift-
ness. We found that BayK(—) induced increases in both flavo-
protein oxidation and W, were significantly attenuated in wt
myocytes plated on soft and stiff hydrogels in the presence of a
peptide derived specifically against the cardiac LTCC AID that
immobilizes the LTCC B, subunit (AID-TAT peptide, Fig. 1a)
(Fig. 3a-f). Similar results were observed in the presence of a
peptide that targets the interaction site between the LTCC p,
subunit and AHNAK (AHNAK-P4N-TAT, Fig. la) (Fig. 3a-f).
Similarly, BayK(—) induced alterations in both flavoprotein oxi-
dation and ¥, were abolished in the presence of actin or -
tubulin depolymerizing agents Latrunculin A or colchicine
respectively (Fig. 3g-1). These data confirm a key structural-
functional network between the cardiac LTCC and mitochondria
via the cytoskeletal network that regulates mitochondrial function
under conditions of altered ECM stiffness.

In addition to an intracellular link between the LTCC and
mitochondria via the cytoskeletal network, a structural-functional
association also appears to exist between the ECM and F-actin via
integrin. Interestingly, here we find that BayK(—) induced
alterations in both flavoprotein oxidation and ¥, were significantly
attenuated in wt myocytes plated on soft and stiff hydrogels in the
presence of a murine f;-integrin function blocking antibody (CD-
29, Fig. 1a) (Fig. 4a—f). Overall, these data suggest that the cardiac
LTCC and integrin may participate as partners in mediating
mitochondrial function under conditions of ECM stiffness
mimicking the healthy and HCM phenotype. We further explored
this network by manipulating intracellular stiffness. We found that
exposure of wt myocytes plated on soft and stiff hydrogels to
jasplakinolide, a drug that stabilizes F-actin and thereby stiffens the
cytoskeletal network4, was sufficient to induce a significant
increase in flavoprotein oxidation and ¥, (Fig. 4g-1), indicating
a potential role of cytoskeletal stiffness in regulating mitochondrial
function under both conditions. These findings are supported by
studies demonstrating that alterations in cytoskeletal proteins are
sufficient to influence mitochondrial function!3-15.

Decreasing substrate stiffness is sufficient to reverse the cTnlI-
G203S hypermetabolic mitochondrial state. We explored
reversibility of the ¢TnI-G203S hypermetabolic mitochondrial

state arising from ¢Tnl mutation Gly203Ser, by testing the effect
of reducing substrate stiffness on ¥,, and mitochondrial meta-
bolic activity in cardiac myocytes isolated from ¢TnI-G203S mice
with established HCM. cTnI-G203S mice exhibit hallmark fea-
tures of HCM including hypertrophy and hypercontractility from
21 weeks of age>®173>, Therefore, 30-50-week-old ¢TnI-G203S
cardiac myocytes and age-matched wt cardiac myocytes were
plated on stiff and soft hydrogels for at least 3 h to mimic innate
HCM and healthy conditions respectively. Alterations in cellular
stiffness and mitochondrial function were then assessed. Con-
sistent with data collected from 10 to 15-week old wt cardiac
myocytes, 30-50-week-old wt myocytes plated on stiff hydrogels
displayed a significant increase in compressive stiffness versus
soft hydrogels (p <0.05, Fig. 5a). Additionally, 30-50-week-old
cTnI-G203S myocytes plated on soft hydrogels displayed a sig-
nificant decrease in compressive stiffness versus those plated on
stiff hydrogels (p < 0.05, Fig. 5a). These data demonstrate that the
compressive stiffness of wt cardiac myocytes may be manipulated
to mimic that of ¢TnI-G203S myocytes, and vice versa. Consistent
with the HCM phenotype, exaggerated responses were observed
in ¢TnI-G203S versus wt myocytes when plated on soft or stiff
conditions (Fig. 5a). Whilst no alteration in lamin A or vinculin
expression was observed, plating cTnI-G203S myocytes on soft
hydrogels resulted in a significant decrease in (;-integrin
expression (Fig. 5b-g), implicating integrin as a key mechan-
osensing protein in cTnI-G203S myocytes.

We also measured alterations in mitochondrial metabolic
activity and ¥, in cardiac myocytes isolated from 30-50-week-
old ¢Tnl-G203S mice plated on stiff and soft hydrogels, in
response to activation of the LTCC using BayK(—). We found
that ¢TnI-G203S myocytes plated on stiff and soft hydrogels both
showed a significant increase in flavoprotein oxidation and ¥,
following exposure to BayK(—) versus BayK(+) (Fig. 6a-f). The
magnitude of the BayK(—) response was significantly reduced on
soft versus stiff hydrogels, indicating that ECM stiffness plays a
critical role in regulating alterations in mitochondrial function in
cTnI-G203S pathophysiology. All BayK(—) induced responses
could be attenuated with application of nisoldipine or AID-TAT
(Fig. 6a-f), confirming that a structural-functional communica-
tion between the LTCC and mitochondria mediates the response.
Further to this, BayK(—) induced alterations in flavoprotein
oxidation and ¥, were significantly attenuated in in the presence
of CD-29, whereas application of jasplakinolide alone was
sufficient to induce significant increases in flavoprotein oxidation
and ¥, (Fig. 6g-1). Taken together, these data suggest that the
cardiac LTCC and integrin may participate as partners in
mediating the hypermetabolic mitochondrial state exhibited by
cTnI-G203S myocytes.

Alterations in relative cardiac mTOR expression and integrin
expression appear to precede cTnI-G203S pathology. To further
investigate the role of the LTCC and f; integrin in disease pro-
gression, we assessed expression levels of LTCC and B; integrin in
whole heart homogenate collected from pre- and post-
cardiomyopathic ¢TnI-G203S mice. We found no significant
difference in LTCC expression in pre- and post-cardiomyopathic
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Fig. 2 Increased ECM stiffness contributes to the progression of HCM pathophysiology. Representative ratiometric flavoprotein (a, b) and JC-1 (e, f)
fluorescence recorded from wt cardiac myocytes plated on soft and stiff hydrogels before and after exposure to 10 pM BayK(+), or 10 pM BayK(—) in the
absence or presence of nisoldipine (15 uM, Nisol). JC-1 studies were performed under calcium-free conditions (O mM calcium). Arrows indicate addition of
drugs. To confirm signals were mitochondrial in origin, FCCP (50 pM) was applied at the end of each flavoprotein experiment to increase flavoprotein
oxidation. NaCN (40 mM) was applied at the end of each JC-1 experiment to collapse ¥,,. Overall flavoprotein (¢) and JC-1 (d) fluorescence for all
myocytes (n) exposed to drugs as indicated, including mean = SEM. d-h, flavoprotein (d) and JC-1 (h) fluorescence for cardiac myocytes (n, in suspension)
isolated from cardiomyopathic cTnl-G203S mice and wt counterparts after exposure to BayK(+) or 10 uM BayK(—)17. All statistical significance determined

by Kruskal-Wallis tests, or Browne-Forsythe and Welch ANOVA test (i).

cTnI-G203S hearts or age-matched wt hearts (Fig. 7a, b and
Supplementary Fig. 2). However, alterations in P, integrin
expression were observed in pre- and post-cardiomyopathic cTnl-
G203S hearts versus wt, with the most substantial increases
occurring in post-cardiomyopathic hearts (Fig. 7c, d and Sup-
plementary Fig. 2). Overall, alterations in integrin expression

appear to “worsen” late in ¢TnI-G203S HCM disease progression.
This may be indicative of a maladaptive state3°

The mammalian target of rapamycin (mTOR) is a calcium-
independent signaling pathway, that is a key regulator of protein
synthesis, mitochondrial biogenesis and cell metabolism, and has
been implicated in the development of HCM37-3%. Myocytes
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Fig. 3 A key structural-functional network between the cardiac L-type calcium channel and mitochondria assists in regulating mitochondrial function
under conditions of varying substrate stiffness. Representative ratiometric flavoprotein (a, b and g, h) and JC-1(d, e and j, k) fluorescence recorded from
wt cardiac myocytes plated on soft and stiff hydrogels before and after exposure to 10 pM BayK(+), or 10 pM BayK(—) in the absence or presence of AID-
TAT (10 pM), AHNAK-PAN-TAT (1pM), Latrunculin A (Latrunc, 5pM, 20 min pre-incubation) or Colchicine (Colch, TpM, 3 h pre-incubation®'). JC-1
studies were performed under calcium-free conditions (O mM calcium). Arrows indicate addition of drugs. To confirm signals were mitochondrial in origin,
FCCP (50 pM) was applied at the end of each flavoprotein experiment to increase flavoprotein oxidation. NaCN (40 mM) was applied at the end of each
JC-1 experiment to collapse ¥,,. Overall flavoprotein (¢ and i) and JC-1 (f and I) fluorescence for all myocytes (n) exposed to drugs as indicated, including
mean £ SEM. All statistical significance determined by Kruskal-Wallis tests.

isolated from ¢TnI-G203S mice exhibit an increase in mitochon-
drial size and density versus wf myocytes, but no alteration in
intracellular calcium concentration®3. Therefore here, we tested
the involvement of mTOR in the development of ¢TnI-G203S
cardiomyopathy. Alterations in LTCC mediated mitochondrial
metabolic activity and a resulting hypermetabolic mitochondrial
state occurs prior to the development of ¢TnI-G203S
pathology®!7. To determine whether alterations in protein
expression occur early or late in disease progression, we assessed
mTOR expression in cytoplasmic and nuclear fractions prepared
from hearts of pre- and post-cardiomyopathic cTnI-G203S mice.
Expression of phosphorylated mTOR (phospho-mTOR) was
normalized to total mTOR to yield “relative” mTOR expression
(please refer to Supplementary Figs. 3 and 4 for individual
phospho-mTOR and total mTOR data). We found that relative
mTOR expression was significantly increased in post- versus pre-
cardiomyopathic ¢Tnl-G203S and wt cytoplasmic (Fig. 7e) and
nuclear fractions (Fig. 7f); supporting the notion that mTOR may
play a role in the ‘normal’ cardiac aging process’’. However
notably, relative mTOR expression was significantly elevated in
both pre- and post-cardiomyopathic ¢TnI-G203S nuclear

fractions versus age-matched wt counterparts (Fig. 7f). These
data suggest that activation of mTOR may also contribute to the
early phase of the disease. However, further functional studies
utilizing the platforms described in this study would be required
to confirm a causal role of mTOR in disease progression.

Discussion

An intracellular “communication breakdown” between the LTCC
and mitochondria contributes to a hypermetabolic mitochondrial
state arising from cTnl and P-myosin heavy chain gene
mutations®17-31, These responses precede development of HCM.
Increased ECM protein synthesis has been implicated in the
progression of human HCM pathology?9-22. Here, utilizing an
in vitro platform that mimics HCM myocardial stiffness, we
demonstrate that alterations in substrate stiffness can modulate
the structural-functional communication between the LTCC and
mitochondria. This appears to occur via key “linker” sites within
the cytoskeletal network, under both healthy and HCM condi-
tions (Figs. 2 and 6). With this, we propose that increased ECM
stiffness, upstream of the LTCC, may contribute to the
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Fig. 4 The cardiac LTCC and integrin participate as partners in mediating mitochondrial function under conditions of varying substrate stiffness.
Representative ratiometric flavoprotein (a, b and g, h) and JC-1 (d, e and j, k) fluorescence recorded from wt cardiac myocytes plated on soft and stiff
hydrogels before and after exposure to 10 pM BayK(+), Jasplakinolide (Jasp, TpM, 20 min pre-incubation), or 10 pM BayK(—) in the absence or presence
of CD-29 (5 pg/ml, 30 min pre-incubation). JC-1 studies were performed under calcium-free conditions (O mM calcium). Arrows indicate addition of drugs.
To confirm signals were mitochondrial in origin, FCCP (50 pM) was applied at the end of each flavoprotein experiment to increase flavoprotein oxidation.
NaCN (40 mM) was applied at the end of each JC-1 experiment to collapse ¥,,. Overall flavoprotein (¢ and i) and JC-1 (f and I) fluorescence for all
myocytes (n) exposed to drugs as indicated, including mean £ SEM. All statistical significance determined by Kruskal-Wallis tests.

progression of HCM pathophysiology resulting from the
Gly203Ser gene mutation. In support of this, engineered heart
tissues created by seeding healthy human induced pluripotent
stem cell-derived cardiac myocytes onto strips of decellularized
myocardium harvested from a swine model of HCM exhibit
increased stiffness?!.

We find that inhibition of mechanosensing protein B;-integrin
abolished LTCC-induced alterations in mitochondrial metabolic
activity, while increasing cytoskeletal stiffness simulated LTCC-
induced alterations in mitochondrial function (Figs. 4 and 6).
Interestingly, the cardiac LTCC and (;-integrin are transmem-
brane spanning proteins that structurally and functionally
associate with F-actin12:23:25.26 There is good evidence that car-
diac mechanotransduction occurs on both an inside-out and
outside-in basis#?#!, With this, we propose a feedback mechan-
ism between the ECM and cytoskeletal network, via integrin, that
assists in regulating alterations in LTCC-mediated mitochondrial
function under healthy conditions, yet becomes maladaptive in
response to sarcomeric gene mutation Gly203Ser, thereby parti-
cipating in progression of the HCM disease state (Fig. 7g). To
assess the effect of alterations in substrate stiffness on regulation
of mitochondrial function by the LTCC under both healthy and
HCM conditions, all studies in this paper were performed in

quiescent cardiac myocytes. Furthermore, to explore the meta-
bolic regulatory role of the structural-functional link between the
LTCC and mitochondria, alterations in W, were performed
under calcium-free conditions. Future studies involving mea-
surements of contractility would be required to further elucidate
the role of ECM stiffness on the mechanisms identified in
this study.

Genetic studies have identified over 1500 different sarcomere
gene mutations associated with the development of HCM*. A
review of studies investigating HCM pathophysiology revealed
that while some similarities exist, each mutation appears to lead
to mutation-specific pathophysiology*2. Therefore, further
investigation would be required to confirm the involvement of the
proposed mechanism in the development of specific HCM
causing sarcomeric gene mutations. From a therapeutic per-
spective, treatment of ¢TnI-G203S mice with AID-TAT restores
LTCC kinetics, mitochondrial metabolic activity, and prevents the
development of hypertrophy!”. Other studies involving pro-
teomics analysis of cardiac tissue from HCM patients with
identified sarcomeric gene mutations suggest the microtubule
network as a potential treatment target*3. These findings support
the notion that targeting downstream cellular responses to ECM
stiffness may be an important consideration in the development
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Fig. 5 Integrin is a key mechanosensing protein in ¢cTnl-G203S myocytes. a Compressive stiffness (in kPa) of cardiac myocytes isolated from
cardiomyopathic ¢Tnl-G203S mice and wt counterparts plated on soft and stiff hydrogels, including mean + SEM. b-g Representative images and quantitated
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Fig. 6 The cardiac L-type calcium channel and integrin participate as partners in mediating the hypermetabolic mitochondrial state exhibited by cTnl-
G203S cardiac myocytes. Representative ratiometric flavoprotein (a, b and g, h) and JC-1(d, e and j, k) fluorescence recorded cardiac myocytes isolated
from cardiomyopathic ¢Tn/-G203S mice plated on stiff and soft hydrogels before and after exposure to 10 pM BayK(+), Jasplakinolide (Jasp, 1pM, 20 min
pre-incubation), or 10 pM BayK(—) in the absence or presence of nisoldipine (15 pM, Nisol), AID-TAT (10 uM), or CD-29 (5 pg/ml, 30 min pre-
incubation). JC-1 studies were performed under calcium-free conditions (O mM calcium). Arrows indicate addition of drugs. To confirm signals were
mitochondrial in origin, FCCP (50 pM) was applied at the end of each flavoprotein experiment to increase flavoprotein oxidation. NaCN (40 mM) was
applied at the end of each JC-1 experiment to collapse ¥,,. Overall flavoprotein (¢ and i) and JC-1 (f and I) fluorescence for all myocytes (n) exposed to
drugs as indicated, including mean £ SEM. All statistical significance determined by Kruskal-Wallis tests.

of preventative therapies*. With further characterization, key
‘linker’ sites between the LTCC and mitochondria and/or mod-
ifying sarcomeric proteins may represent potential therapeutic
targets for the development of HCM treatment approaches for
patients with identified sarcomeric gene mutations.

Methods

Fabrication and functionalization of hydrogels

Fabrication. Polyacrylamide (PA) hydrogels were fabricated based on a previously
described method®®. Pre-polymer solutions for hydrogels mimicking healthy (soft)
and HCM (stiff) myocardium were made by combining acrylamide (Bio-Rad), bis-
acrylamide (Bio-Rad), Dulbecco’s PBS (Mg?+ and Ca?* free) (Life Technologies)
and deionized H,O (See Table 1 for recipe). Coverslips were cleaned and activated
in an ozone cleaner for 1 min on each side (Bioforce Nanosciences UV/Ozone
ProCleaner), then functionalized for 5min in a solution containing 3-(tri-
methoxysilyl)propyl methacrylate (0.5% V/V) (Merck), glacial acetic acid (3% V/V)
and pure ethanol (96.5% V/V). Functionalized coverslips were rinsed in ethanol for
1 min and allowed to dry in air, then coated with dimethydichlorosilane (DCDMS)
to create a flat, non-adhesive surface to fabricate hydrogels. A polymer solution was
then prepared by adding 10 pl of ammonium persulfate (APS) (Bio-Rad) and 1 pl
of N,N,N’,N’- tetramethylethylenediamine (TEMED) (Bio-Rad) to 1 ml of pre-
polymer solution. Next, 4 or 12 ul polymer solution was pipetted onto DCDMS
coated glass slides to achieve a final height of 50 um (for 10 mm diameter round or
15 x 15 mm? square coverslips respectively). Functionalized coverslips were then

gently placed on top. Hydrogels were allowed 20 min to polymerize before cov-
erslips were removed from DCDMS coated slides and UV sterilized.

Functionalization. Hydrogels were rinsed three times in 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid buffer (HEPES) (50 mM, pH 8.5) (Life Technolo-
gies), then immersed in N-sulphosuccinimidyl-6-(4’- azido-2’-nitrophenylamino)
hexanoate (sulpho-SANPAH; Thermo Scientific) in HEPES (1 mg/ml). Sulfo-
SANPAH was activated under UV light (365 nm, 10 min), then removed, and
hydrogels rinsed in HEPES. Hydrogels were then immersed in mouse laminin
(ThermoFisher 23017015) in HEPES (25 pg/ml) and incubated overnight at 37 °C.
Prior to use, hydrogels were rinsed with PBS to remove unbound laminin.

Atomic force microscopy. Atomic force microscopy (AFM) was used to measure
the compressive stiffness of hydrogels and single cells, measured in Young’s
moduli. Measurements were made with an MFP-3D atomic force microscope
(Asylum Research), using 200 um chromium/gold-coated pyrex-nitride cantilevers
with triangular-shaped tips (Nano World model PNP-TR). Measurements were
made in 1x PBS (MgZJr and Ca%t free) and probed with 2nN indentations
(approach velocity: 2 um/s, retraction velocity: 10 um/s). The linear portion of the
contact generated force curve was used to determine Young’s modulus through
custom-written code in Igor Pro, as previously described?®. Indentations were
made in triplicate to ensure the stability of measurements and averaged to give an
average stiffness per indentation. Six points across each hydrogel were chosen at
random to be indented. The average of these six indentations was used as an
estimate of the overall compressive stiffness of the hydrogel*’. Two technical
repeats per biological repeat were characterized to ensure that hydrogels were of a
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Fig. 7 Alterations in relative cardiac mTOR expression and integrin expression appear to precede cTnl-G203S pathology. Immunoblot analysis of
L-type calcium channel (a, b) and B, integrin (¢, d) protein expression performed on total heart homogenate pooled from groups of 5 pre- (10-15-wk-old) or
post-cardiomyopathic (30-50-week-old) cTn/-G203S mice and age-matched wt counterparts. Representative immunoblots probed with L-type calcium
channel oyc subunit (Cay1.2, @) or By integrin (c) antibody, then GAPDH monoclonal antibody. Densitometry analysis of Cay1.2 (b) or B integrin (d) protein
expression, normalized to associated GAPDH expression. n = number of technical repeats. A Browne-Forsythe and Welch ANOVA (b) or Kruskal-Wallis
test (d) determined statistical significance. Densitometry analysis of relative mTOR expression (calculated as Phospho-mTOR/Total mTOR) performed on
cytoplasmic (e) and nuclear (f) fractions pooled from groups of five pre- or post-cardiomyopathic cTn/-G203S mice and age-matched wt counterparts. -
tubulin and histone H2B antibodies were used as loading controls for cytoplasmic and nuclear fractions respectively. n = number of technical repeats. A
Browne-Forsythe and Welch ANOVA (e) or Kruskal-Wallis test (f) determined statistical significance. g Schematic indicating structural-functional link
between the L-type calcium channel, cytoskeletal network, mitochondria, integrin and the extracellular matrix in wt and cTnl-G203S cardiac myocytes. A
disrupted cytoskeletal architecture in ¢Tnl-G203S cardiac myocytes may trigger a maladaptive feedback mechanism between increased cytoskeletal and
extracellular matrix stiffness, resulting in a hypermetabolic mitochondrial state.
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Table 1 Pre-polymer solution recipes.

Acrylamide 2% Bis-acrylamide
Soft (Healthy) 10% 0.1%
Stiff (HCM) 8% 0.48%

consistent stiffness. Stiffness of cells was characterized by indenting the center of
single cells. Approximately 28 cells were indented per biological repeat?’-4. For
single cell stiffness, four technical repeats were performed per biological repeat. A
minimum of four biological repeats were conducted per condition.

H9C2 cell line. The HOC2 myoblast cell line, isolated from rat ventricular tissue,
was supplied by the European Collection of Cell Cultures (ECACC, Salisbury,
United Kingdom), and purchased from CellBank Australia (Westmead, NSW,
catalog number 88092904). HIC2 cells were cultured as per ECACC instructions.
Cells were resuscitated in complete growth media comprised of Dulbecco’s Mod-
ified Eagle Medium (DMEM, high glucose, pyruvate, ThermoFisher), supple-
mented with 4 mM glutamine and 10% fetal calf serum. Cells were seeded at

1-3 x 10,000 cells/cm?. Media changes were performed once every 2-3 days. Sub-
culturing was performed at ~70-80% confluence. To sub-culture or plate onto PA
hydrogels, DMEM was removed and discarded, replaced with 0.25% Trypsin-
EDTA (ThermoFisher) and incubated for ~3 min (37 °C) before centrifuging cell
suspension at 1200 rpm (5 min). The supernatant was then removed and the pellet
resuspended in pre-warmed complete growth media. For PA hydrogels, cells were
plated at 10,000 cells per hydrogel (soft or stiff), and incubated for 24-48 h at 37 °C
prior to experimentation.

Adult cardiac myocytes

Mouse model. Male mice were used for all studies. Adult cardiac myocytes isolated
from mice expressing the human ¢TnlI gene encoding the human HCM causing
mutation ¢TrnI-G203S were used. The mice develop hallmark features of HCM by
21 weeks>®17:3>, 10-15-week-old (pre-cardiomyopathic) and 30-50-week-old
(post-cardiomyopathic) cTnI-G203S mice were used for in vitro and ex vivo stu-
dies. Age-matched mice expressing the normal human cTnl gene were used as
controls (wt). Male mice were used to eliminate potential differences in responses
due to sex. Experiments were performed in a total of seventy-four 10-15-week-old
wt mice, ten 10-15-week-old c¢TnI-G203S mice, sixteen 30-50-week-old wt mice,
and forty-five 30-50-week-old ¢TnI-G203S mice. All animals were randomly
assigned to treatment groups. All animal studies were approved by the Animal
Ethics Committee of The University of Western Australia in accordance with the
Australian Code of Practice for the Care and Use of Animals for Scientific Purposes
(NHMRGC, 8th Edition, 2013).

Cell isolation. Adult cardiac myocytes were isolated from wt and ¢TnI-G203S mice
as previously described!®1749. Mice were anaesthetized with pentobarbitone
sodium (240 mg/kg, via intraperitoneal injection) then hearts excised and cannu-
lated onto a Langendorff apparatus via the aorta. Hearts were perfused with
Krebs-Henseleit Buffer (KHB) containing (in mM): 120 NaCl, 25 NaHCO3, 4.8
KCl, 2.2 MgSO,, 1.2 NaH,PO, and 11 glucose (pH = 7.35 with O,/CO, at 37 °C)
for: 4 min at 37 °C, then 3 min in the presence of 2.4 mg/ml collagenase B, then
8 min in the presence of 40 uM calcium. Following perfusion, ventricular tissue was
teased apart and triturated to dissociate myocytes into suspension. Myocyte sus-
pension was left to settle for 20 min, supernatant discarded, and myocytes resus-
pended in calcium free Hepes-Buffered Solution (HBS) containing (in mM): 5.3
KCl, 0.4 MgSO,4-7H,0, 139 NaCl, 5.6 Na,HPO,-2H,0, 5 glucose, 20 Hepes, and 2
glutamine (pH =7.4 at 37 °C) in the presence or absence of 3 mM EGTA (for
0mM calcium experiments). For calcium containing experiments, calcium was
titrated back to achieve a final extracellular concentration of 1.8 mM. Myocyte
suspensions were plated onto hydrogels and incubate for at least 3 h at 37 °C prior
to experimentation. All in vitro studies were performed in freshly isolated quiescent
myocytes at 37 °C.

Immunostaining and confocal microscopy. Cells were prepared for confocal
imaging based on previously described methods”1°. Following plating and incu-
bation, H9C2 cells or adult cardiac myocytes were washed three times with
phosphate buffered saline (PBS), containing in mM: 13 KCl, 7.35 KH,PO,, 0.69
NaCl, 40.4 and 40.4 Na,HPO,7H,0 (pH = 7.4), then fixed with 4% paraf-
ormaldehyde (PFA, in PBS, for 15 min), and permeabilized with 0.3% Triton X-100
(15 min). Following permeabilization, cells were incubated in a blocking solution
containing 5% goat serum and 5% horse serum (in PBS) for 1 h at 37 °C. Cells were
then incubated with primary antibodies lamin A (1:400, Abcam, ab26300) and
vinculin (1:200, Abcam, ab130007) in 5% BSA (in PBS, 1h at 37 °C). Cells were
then incubated with rhodamine phalloidin (TRITC, 1:400, ThermoFisher, R415),
Goat F(ab) Anti-Rabbit IgG H&L (FITC, 1:200, Abcam ab7050) and Goat Anti-
Mouse IgG H&L (Alexa Fluor® 647, 1:200, Abcam ab150115) in 5% BSA (in PBS,
1h at 37 °C). Alternatively, cells were incubated with a B, integrin primary

antibody (1:100, ThermoFisher MA1-06906) in 5% BSA (in PBS, 1h at 37 °C),
followed by Goat anti-Mouse IgG H&L (Alexa Fluor® Plus 488, 1:400, Thermo-
Fisher A32723) in 5% BSA (in PBS, 1 h at 37 °C). Finally, cells were incubated with
nucleic acid stain DAPI (1:200 in PBS, Sigma-Aldrich D9542) for 10 min at room
temperature before being mounted onto glass slides for imaging. Cells were imaged
on an Olympus IX71 inverted fluorescent microscope at 60x magnification.

Fluorescent detection of in vitro mitochondrial membrane potential (¥,,) and
mitochondrial flavoprotein oxidation

Agonists and antagonists. 5,5,6,6'-tetrachloro-1,1’,3,3'-tetraethylbenzimidazolyl-
carbocyanine iodide (JC-1) was purchased from Molecular Probes (Eugene, Ore-
gon, USA). Carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP), col-
chicine, latrunculin A, nisoldipine, (S)-(—)-Bay K8644 (BayK(—)) and sodium
cyanide (NaCN) were bought from Merck (Kenilworth, New Jersey, USA). Jas-
plakinolide was purchased from Cayman Chemical (Ann Arbor, Michigan, USA);
(R)-(+)-Bay K8644 (BayK(+)) from BioVision (Milpitas, California, USA); and
CD-29 from BD Biosciences (Franklin Lakes, New Jersey, USA). AID-TAT peptide
was synthesized using the amino acid sequence QQLEEDLKGYLDWITQAE
including a cell-penetrating TAT sequence (RKKRRQRRR) tethered via
6-aminohexanoic acid (AusPep, Tullamarine, Victoria, AUS)*0. The AHNAK-
P4AN-TAT peptide was synthesized using the amino acid sequence
KGKHGKLKFGTFGGLGSKSKGHYEVT tethered to the TAT sequence as pre-
viously described (Mimotopes Pty Ltd, Victoria, AUS).

Mitochondrial membrane potential (¥,,,) was assessed using fluorescent
indicator JC-1 (200 nM, incubation period = 3 h, ex = 480 nm, em = 580/535 nm,
interval = 2 min, exposure = 50 ms)!®17. At the end of each experiment,
mitochondrial electron transport blocker sodium cyanide was applied to collapse
¥ confirming that the JC-1 signal was indicative of ¥, (NaCN, 40 mM).
Mitochondrial flavoprotein oxidation was assessed by recording myocyte
autofluorescence as previously described (ex =480 nm, em = 535 nm,
interval = 1 min, exposure = 250 ms)!®17. Mitochondrial electron transport chain
uncoupler FCCP (50 uM) was added at the end of each experiment to increase
flavoprotein oxidation, confirming signal was mitochondrial in origin. All in vitro
fluorescence was measured on an Andor Zyla SCMOS 5.5 MP camera attached to
an inverted Nikon TE2000-U microscope. Ratiometric JC-1 or flavoprotein
fluorescent images were quantified using Metamorph 7.10. Regions containing
myocytes were manually traced to obtain a fluorescent signal for each cell. An
equivalent region not containing cells was used as background and subtracted for
each cell. Responses to treatments were reported as a percentage increase or
decrease from the pre-treatment (basal) average.

Immunoblot studies. The protein concentration of all samples was quantified
using the Bradford protein assay using BSA as a standard. 25 pug samples were
loaded into precast 10% BIO-RAD Mini-PROTEAN® TGX Stain-Free™ SDS-
polyacrylamide gel (Bio-RAD Laboratories), then electrophoretically transferred to
0.2 um nitrocellulose membrane (Trans-Blot® TurboTM Transfer Pack, Bio-RAD
Laboratories) using the Bio-RAD Trans-Blot® TurboTM Transfer System. Blots
were stripped between each re-probing step using stripping buffer, consisting of (in
mM): Tris HCI pH 6.8: 62.5, 2-mercaptoethanol: 100, 2% SDS, 30 min at 50 °C).
Quantitative densitometry was performed on images captured using a Chemidoc
imaging system (Bio-rad), and Image] software. Data are presented as optical
density of protein expression, normalized to loading control detected on the
same blot.

LTCC (Cayl.2) and f3; integrin protein. Immunoblot analysis was performed on total
heart homogenate pooled from groups of five 10-15-week-old and 30-50-week-old
wt and ¢TnI-G203S mice. Briefly, snap frozen hearts were weighed, ground into a fine
powder in liquid N, using a mortar and pestle, and homogenized in 1:4 RIPA buffer
consisting of (in mM): NaCl 150, Tris 50, Na,P,0; 20, Na;VO, 2, NaF 1, 0.5% Na
deoxycholate, 1 % Triton X-100, 0.1 % SDS, pH 7.4, supplemented with cOmplete”,
Mini, EDTA-free Protease (Roche, 4693159001), and PhosStop™ phosphatase
(Roche, 4906837001, 1:100 dilution) inhibitor tablets. Total heart homogenate was
then centrifuged at 10,000 g for 5 min at 4 °C. Blots were probed with the following
primary antibodies: rabbit polyclonal anti-Cay1.2 (Alomone, ACC-003, 1:200) or
rabbit monoclonal anti-B, integrin (D6S1W) (Cell Signaling Technology 34971,
1:1000). Rabbit monoclonal anti-GAPDH (Cell Signaling Technology, 2118, 1:1000)
was used as a loading control. Blots were then probed with polyclonal goat anti-rabbit
IgG H&L (HRP) pre-absorbed secondary antibody (Abcam, ab97080, 1:10,000).

mTOR. Subcellular fractions were prepared from groups of five 10-15-week-old
and 30-50-week-old wt and ¢TnI-G203S hearts, an NE-PER™ Nuclear and
Cytoplasmic Extraction Kit (ThermoFisher Scientific, 78833), supplemented with
cOmplete”, Mini, EDTA-free Protease (Roche, 4693159001) and PhosStop™
phosphatase (Roche, 4906837001) inhibitor tablets, according to manufacturer
protocols. Blots were probed with the following primary antibodies: Total mTOR,
mTOR (7C10) rabbit mAb (Cell Signaling Technology, 2983, 1:1000); Active
mTOR, phospho-mTOR (Ser2448) (D9C2) XP® Rabbit mAb (Cell Signaling
Technology, 5536, 1:1000); Total SRP6, S6 ribosomal protein (5G10) rabbit mAb
(Cell Signaling Technology, 2217, 1:1000); Active SRP6, phospho-S6 ribosomal
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protein (Ser235/236) (2F9) rabbit mAb (Cell Signaling Technology, 4856, 1:1000).
The following primary antibodies were used for loading controls: B-tubulin anti-
body (Cell Signaling Technology, 2146, 1:500); histone H2B (D2H6) rabbit mAb
(Cell Signaling Technology, 12364, 1:1000). Blots were probed with goat anti-rabbit
IgG H&L (HRP) preadsorbed secondary antibody (Abcam, ab97080, 1:10000). The
same antibodies were used to confirm purity of cytoplasmic and nuclear fractions
(Supplementary Fig. 5).

Antibody validation

Rabbit polyclonal anti-Cay1.2 (Alomone, ACC-003). Species: H, M, R; Applications:
WB, ICC, IF, IFC, IHC, IP; Validated by Alomone. Citation: 124 (https://www.
alomone.com/p/anti-cavl-2-antibody/ACC-003). Rabbit monoclonal anti-f;
integrin (D6SIW, Cell Signaling Technology, 34971): Species: H, M, R; Applica-
tions: WB, IHC; Validated by Cell Signaling Technology. Citation: 31 (https://www.
cellsignal.com/products/primary-antibodies/integrin-b1-d6s1w-rabbit-mab/
34971). Rabbit monoclonal anti-GAPDH (Cell Signaling Technology, 2118): Spe-
cies: H, M, R, MKk, B, Pg; Applications: WB, IHC, IF, F; Validated by Cell Signaling
Technology. Citation: 5360 (https://www.cellsignal.com/products/primary-
antibodies/gapdh-14c10-rabbit-mab/2118). Total mTOR (mTOR) (7C10, rabbit
mADb, Cell Signaling Technology, 2983): Species: H, M, R, Mk; Applications: WB,
IP, IHC, IF, F; Validated by Cell Signaling Technology. Citation: 1837 (https://
www.cellsignal.com/products/primary-antibodies/mtor-7c10-rabbit-mab/2983).
Active mTOR (phospho-mTOR) (Ser2448, D9C2, XP® Rabbit mAb, Cell Signaling
Technology, 5536): Species: H, M, R, Mk; Applications: WB, IP, IF; Validated by
Cell Signaling Technology. Citation: 1356 (https://www.cellsignal.com/products/
primary-antibodies/phospho-mtor-ser2448-d9c2-xp-rabbit-mab/5536). Total SRP6
(S6 ribosomal protein, 5G10, rabbit mAb, Cell Signaling Technology, 2217): Spe-
cies: H, M, R, Mk; Applications: WB, THC, IF; Validated by Cell Signaling Tech-
nology. Citation: 1610 (https://www.cellsignal.com/products/primary-antibodies/
s6-ribosomal-protein-5g10-rabbit-mab/2217). Active SRP6 (phospho-S6 ribosomal
protein, Ser235/236, 2F9, rabbit mAb, Cell Signaling Technology, 4856): Species: H,
M, R, Mk; Applications: WB, IF, F; Validated by Cell Signaling Technology.
Citation: 255 (https://www.cellsignal.com/products/primary-antibodies/phospho-
s6-ribosomal-protein-ser235-236-2f9-rabbit-mab/4856). B-tubulin antibody (Cell
Signaling Technology, 2146): Species: H, M, R, Mk, Z, B; Applications: WB, IHC,
IF, F; Validated by Cell Signaling Technology. Citation: 676 (https://www.cellsignal.
com/products/primary-antibodies/b-tubulin-antibody/2146). Histone H2B (D2H6,
rabbit mAb, Cell Signaling Technology, 12364): Species: H, M, R, Mk; Applications:
WB, IHC, ChiP; Validated by Cell Signaling Technology. Citation: 33 (https://
www.cellsignal.com/products/primary-antibodies/histone-h2b-d2h6-rabbit-mab/
12364).

Statistics and reproducibility. Results are reported as mean + SEM. For non-
parametric data, statistical significance was accepted at P < 0.05 using the Mann
Whitney test (two-sided) or Kruskal-Wallis test (one-way) for multiple compar-
isons. For parametric data, statistical significance was accepted at P < 0.05 using a
Brown-Forsythe and Welch ANOVA test (one-way) (GraphPad Prism version
9.1.2). Number of replicates and statistical comparisons are specified in figures.

Power and Sample Size software (PS) was used to determine sample size taking
into consideration inter-animal variability and intra-animal variability. With this, it
was determined that responses would need to be studied in 10 mice from each
mouse strain/genotype in order to reject the null hypothesis that the population
means of experimental groups are equal with probability/power of 0.95 (type I
error probability = 0.05). Of note, p values resulting from all in vitro data ranged
from p < 0.0001 through to p < 0.0216, indicating that the sample sizes utilized were
sufficient to exceed the set significance level.

No data obtained from live cells were excluded. All attempts at replication in
live cells were successful. For in vitro studies, experiments involving the use of
different agonists/antagonists were performed across different experimental days,
in a random manner. Additionally, two individuals ran experiments concurrently,
on two different fluorescent experimental set ups. One individual was privy to the
agonists/antagonists being applied to ensure correct agents were applied in the
correct order. The other individual was blinded. Data were reliably replicated
between individuals in all instances.

Reporting summary. Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data generated or analyzed during this study are included in this published article
(and the Supplementary Information file). Source data can be obtained in

the Supplementary Data file.
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