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Abstract

In this study, we investigated the pathophysiological impact of Rho-associated coiled-
coil–containing protein kinase (ROCK)1 and ROCK2 double deletion vs. single
deletion on cardiac remodeling. Utilizing a cardiomyocyte-specific and tamoxifen-
inducible MerCreMer recombinase (MCM), 3 mouse lines
(MCM/ROCK1 /ROCK2 , MCM/ROCK1 , and MCM/ROCK2 ) were generated.
As early as 5 d after inducible deletion, the double ROCK knockout hearts exhibited
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reduced phosphorylation of myosin light chain (MLC) and focal adhesion kinase
(FAK), supporting a role for ROCK activity in regulating the nonsarcomeric
cytoskeleton. Moreover, the autophagy marker microtubule-associated proteins 1A-
1B light chain 3B was increased in the double ROCK knockout, and these early
molecular features persisted throughout aging. Mechanistically, the double ROCK
knockout promoted age-associated or starvation-induced autophagy concomitant
with reduced protein kinase B (AKT), mammalian target of rapamycin (mTOR), Unc-
51–like kinase signaling, and cardiac fibrosis. In contrast, ROCK2 knockout hearts
showed increased phosphorylated (p)-MLC and p-FAK levels, which were mostly
attributable to a compensatory ROCK1 overactivation. Autophagy was inhibited at
the baseline accompanying increased mTOR activity, leading to increased cardiac
fibrosis in the ROCK2 knockout hearts. Finally, the loss of ROCK1 had no significant
effect on p-MLC and p-FAK levels, mTOR signaling, or autophagy at baseline. In
summary, deletions of ROCK isoforms in cardiomyocytes have different, even
opposite, effects on endogenous ROCK activity and the MLC/FAK/AKT/mTOR
signaling pathway, which is involved in autophagy and fibrosis of the heart.—Shi, J.,
Surma, M., Yang, Y., Wei, L. Disruption of both ROCK1 and ROCK2 genes in
cardiomyocytes promotes autophagy and reduces cardiac fibrosis during aging.
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Rho-associated coiled-coil–containing protein kinases (ROCKs) are central regulators
of the actin cytoskeleton downstream of the small GTPase RhoA (1–8). The 2 ROCK
isoforms, ROCK1 and ROCK2, are highly homologous with an overall amino acid
sequence identity of 65% (1–3). The best-characterized targets of ROCK in the
vascular system and nonstriated muscle cells are myosin light chain (MLC)
phosphatase, MLC (4–6), and LIM kinases (7, 8), thereby modulating actin
cytoskeleton organization, stress fiber formation, and smooth-muscle cell
contraction. Cardiomyocytes contain both sarcomeric and nonsarcomeric
cytoskeleton, and the composition of the nonsarcomeric cytoskeleton appears to be
similar to that of actin stress fibers and focal adhesions in nonstriated muscle cells
(9–11). Although ROCK1 and ROCK2 are expressed in cardiomyocytes, their roles in
regulating sarcomeric and nonsarcomeric cytoskeleton remain largely unexplained.

We previously found that ROCK1 is a key molecule in mediating apoptotic signaling
in cardiomyocytes under pressure overload and in genetically induced pathologic
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cardiac hypertrophy (12–16). Recently, we observed that ROCK1 deletion restores
autophagic flux through reducing Beclin 1 phosphorylation in doxorubicin
cardiotoxicity in global and cardiomyocyte-specific ROCK1 knockout mice (17).
Collectively, these loss-of-function studies, along with other studies in genetically
modified mouse models (18, 19), have provided strong evidence that ROCK1 is a vital
player for pathologic cardiac fibrosis formation and cardiomyocyte apoptotic events
but not for cardiac hypertrophy. On the other hand, global hemizygous ROCK2-
deficient and cardiomyocyte-specific ROCK2-deficient mice were found to be
resistant to angiotensin II and pressure overload–induced cardiac hypertrophy and
fibrosis formation, supporting that ROCK2 is important in mediating the cardiac
hypertrophic response (20, 21). Although these studies indicate a critical role of
ROCKs in mediating cardiac function and remodeling, the fundamental question of
whether ROCKs directly regulate sarcomeric and nonsarcomeric cytoskeleton in
cardiomyocytes has not been addressed. Deletion of both ROCK isoforms in
cardiomyocytes is therefore necessary to respond to this question.

The present study is focused on the roles of both ROCK1 and ROCK2 in
cardiomyocytes using a cardiomyocyte-specific knockout approach achieved by
tamoxifen (TAM)–inducible MerCreMer recombinase (MCM) (22). Three mouse
models with double or single ROCK isoform knockout were generated for evaluating
the impact of double vs. single isoform knockout under the same experimental
conditions. Our results demonstrated that ROCKs are not required to maintain
cardiac structure and function in adult hearts but are involved in regulating
autophagy function through multiple mechanisms. This study also revealed a
compensatory overactivation of ROCK1 in the ROCK2 knockout hearts, resulting in
opposite effects on cardiac remodeling by ROCK2 deletion vs. double ROCK deletion
in cardiomyocytes.

MATERIALS AND METHODS

Generation of mouse models

All animal experiments were conducted in accordance with the Guide for the Care and
Use of Laboratory Animals (National Institutes of Health, Bethesda, MD, USA) and
were approved by the Institutional Animal Care and Use Committee at the Indiana
University School of Medicine. ROCK1  and ROCK2  mice were generated as
previously described in refs. 17 and 23. Deletion of exon 5 in the ROCK1 gene by Cre
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recombinase results in a frame-shift mutation, thus removing all residues from
residue 137 to the end of the protein (Fig. 1A). Deletion of exon 2 in the ROCK2 gene
results in a frame-shift mutation, removing all residues from the residue 47 to the
end of the protein (Fig. 1A). To generate cardiomyocyte-specific ROCK1 and ROCK2
knockout mice [α-myosin heavy chain (α-MHC)–Cre/ROCK1  and α-MHC–
Cre/ROCK2 ], ROCK1  and ROCK2  mice were crossed to the α-MHC–Cre mice
(24) and bred back to the ROCK1  and ROCK2  mice, respectively.

To generate inducible cardiomyocyte-specific ROCK1 knockout mice
(MCM/ROCK1 ), ROCK1  mice were crossed to the transgenic mice expressing
TAM-inducible Cre recombinase fused to mutant estrogen-receptor ligand-binding
domain (MerCreMer) under the control of the α-MHC promoter MCM (22) and bred
back to ROCK1  mice. To generate inducible cardiomyocyte-specific ROCK2
knockout mice (MCM/ROCK2 ), ROCK2  mice were crossed to the transgenic
MCM mice (22) and bred back to ROCK2  mice. To generate double knockout mice,
we first generated mice homozygous for the floxed ROCK1 and ROCK2 alleles
(ROCK1 /ROCK2  mice) by intercrossing ROCK1  and ROCK2  mice.
ROCK1 /ROCK2  mice were then crossed with the transgenic MCM mice and
bred back to ROCK1 /ROCK2  mice to produce inducible cardiac-specific double
knockout mice (MCM/ROCK1 /ROCK2 ). TAM (30 mg/kg dissolved in sunflower
oil; MilliporeSigma, Burlington, MA, USA) was administrated to adult mice (3–6 mo
old) of either sex by intraperitoneal injection once per day to induce knockout of
ROCK1 and ROCK2. Hearts from MCM/ROCK1 /ROCK2  mice subjected to 1–3
injections of TAM were collected 2–5 d after the first injection to determine the
extent of ROCK1 and ROCK2 knockout (Figs. 1 and 2). Control groups were MCM
mice treated with TAM or oil and ROCK1 /ROCK2  mice treated with TAM or oil.
For starvation studies, mice were deprived of food for 24 h in clean cages, but they
received water ad libitum.

Echocardiography analysis

Mouse cardiac dimensions and contractile functions were evaluated by noninvasive
transthoracic echocardiography using a VisualSonics 2100 Ultrasound Machine for
small-animal imaging and MS400 Transducer (Fujifilm, Tokyo, Japan). Functional
parameters of the left ventricle were measured using standard assessment
techniques as previously described in Shi et al. (13).
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Histology and quantitative analysis

Total heart weight was indexed to tibial length. Cryosections or paraffin sections
were stained with hematoxylin and eosin for initial evaluation and picrosirius red
and fast green to identify collagen fibers as previously described in refs. 13, 14, 16,
and 25. The quantification of collagen-stained area was performed with Image-Pro
software (Media Cybernetics, Rockville, MD, USA). At least 10 randomly chosen high-
power fields per section and 4 transverse sections from each heart, sampled from the
midpoint between the apex and base, were analyzed.

Electron microscopy analysis

Ventricular specimens (cubes <3 mm square) fixed in 2.5% glutaraldehyde
underwent sectioning and heavy metal uranyl acetate staining for contrast by the
Electron Microscopy Center of the Indiana University School of Medicine. At least 6
separate sections from each group were analyzed. Electron micrographs were
acquired on a Tecnai BioTwin transmission electron microscope (Thermo Fisher
Scientific, Waltham, MA, USA) equipped with an Advanced Microscopy Techniques
Charge-Coupled Device (AMT CCD) Camera (Advanced Microscopy Techniques,
Woburn, MA, USA).

Protein analysis

Protein samples were prepared as previously described in refs. 13, 16, 17, and 25.
Ventricular tissue fragments were disrupted with a Pyrex Potter-Elvehjem tissue
grinder (Thermo Fisher Scientific) on ice in lysis buffer containing proteinase and
phosphatase inhibitors (Roche, Basel, Switzerland). The homogenate was centrifuged
at 15,000 g at 4°C for 15 min, and the supernatant was saved for immunoblotting.
The blots were probed with primary antibodies to ROCK1 (sc-5560), ROCK2 (sc-
5561), and focal adhesion kinase (FAK; sc-558) from Santa Cruz Biotechnology
(Dallas, TX, USA); ROCK1 (4035), phosphorylated (p)-FAK-Tyr925 (3284), Bax
(2772), microtubule-associated proteins 1A/1B light chain 3B (LC3) (2775), Beclin 1
(3738), p62 (5114), p-AMPK-Thr172 (2535), AMPK (2603), p-MLC-Ser19 (3671),
MLC (672), p–protein kinase B (AKT)-Ser473 (9271), AKT (9272), p–mammalian
target of rapamycin (mTOR)-Ser2448 (5536), and mTOR (2972) were from Cell
Signaling Technology (Danvers, MA, USA); and p–Beclin 1-Thr119 (ABC118), p–Unc-
51–like kinase (ULK)-Ser757 (ABC112), and ULK (ST1521) were from
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MilliporeSigma. All blots were normalized to glyceraldehyde 3-phosphate
dehydrogenase (GAPDH; ABS16; MilliporeSigma) or actin (MABT523;
MilliporeSigma).

Gene expression analysis

Total RNA was extracted from ventricular tissues by using Trizol Reagent (Thermo
Fisher Scientific). To assess mRNA transcript levels by real-time quantitative RT-PCR
(qRT-PCR), cDNA was synthesized with a High-Capacity cDNA Reverse Transcription
Kit (Thermo Fisher Scientific). TaqMan primers and probes for mouse GAPDH,
ROCK1, ROCK2, α-MHC, βMHC, atrial natriuretic factor, B-type natriuretic peptide,
and collagen 1α1 were from Thermo Fisher Scientific.

Statistical analysis

Data are reported as means ± se. Comparisons between groups were analyzed by
Student’s t test or ANOVA as appropriate, with P < 0.05 considered as significant.

RESULTS

Generation of inducible cardiomyocyte-specific double ROCK knockout mice

To determine how the complete removal of ROCK activity in cardiomyocytes impacts
cardiac structure and function, we first attempted to generate α-MHC–
Cre/ROCK1 /ROCK2  mice to make constitutive cardiomyocyte-specific
knockout via α-MHC–Cre (24). Both α-MHC–Cre/ROCK1 /ROCK2  and α-MHC–
Cre/ROCK1 /ROCK2  mice with only 1 wild-type (WT) allele of ROCK1 or ROCK2
gene remaining were viable up to 12 mo of age. We then crossed α-MHC–
Cre/ROCK1 /ROCK2  or α-MHC–Cre/ROCK1 /ROCK2  mice with
ROCK1 /ROCK2  mice and we were unable to obtain any viable α-MHC–
Cre/ROCK1 /ROCK2  mice after screening over 200 mice after birth. These
results indicated that complete removal of both ROCK1 and ROCK2 in
cardiomyocytes leads to embryonic lethality. Therefore, the inducible approach via
MCM (22) should be used to feasibly investigate the biological effects responding
from double ROCK knockout in cardiomyocytes.
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We then generated MCM/ROCK1 /ROCK2  mice and established the optimal
protocol for making inducible deletion of ROCK1 and ROCK2 in cardiomyocytes by
TAM injection (Fig. 1). We observed that 2 or 3 doses of 30 mg/kg body weight TAM
led to a reduction of >75% for ROCK1 and ROCK2 proteins (Fig. 1B, C) and a
reduction of >80% for ROCK1 and ROCK2 mRNAs (Fig. 1D) in ventricular preparation
5 d after the first TAM dose compared with oil-injected mice, but not in other tissues
including lung (Fig. 1E), confirming the tissue specificity of ROCK-gene disruption. In
addition, the loss of protein levels of ROCK1 or ROCK2 was comparable to that
observed in the α-MHC–Cre/ROCK1  or α-MHC–Cre/ROCK2  mouse hearts (
Fig. 1B), supporting efficient cardiomyocyte-specific ROCK-gene disruption by this
inducible protocol. Control mouse groups [MCM/ROCK1 /ROCK2  mice treated
with oil alone (Fig. 1B–D), MCM mice treated with TAM or oil (Fig. 1E), and
ROCK1 /ROCK2  mice treated with TAM or oil (Fig. 1E)] were used to confirm
that there were no nonspecific toxic effects of TAM or Cre activity. The TAM doses
used in this study were lower than reported doses, which could induce cardiac
toxicity in the presence of MCM (26–28). Because 3 doses of TAM gave no detectable
toxic effects on cardiac function monitored by echocardiography at d 5, 10, and 30
after the first injection of TAM, we subsequently used this dosage to ensure maximal
reduction of both ROCK1 and ROCK2 proteins in MCM/ROCK1 /ROCK2  mice
treated with TAM; we used MCM/ROCK1 /ROCK2  mice treated with oil or MCM
mice treated with TAM as control groups in the subsequent experiments.

Early molecular changes associated with inducible cardiomyocyte-specific
double ROCK knockout

We next assessed the impact of double ROCK deletion on the phosphorylation of
molecules in several known ROCK downstream substrates. Interestingly, we
observed a temporary reduction of MLC and FAK phosphorylation levels associated
with reduced ROCK1 and ROCK2 expression levels in cardiomyocytes, and this effect
was noticeable at d 2 after the first dose of TAM and reached maximal levels at d 5 (
Fig. 2A–C). These observations indicate that ROCK activity in cardiomyocytes
regulates the nonsarcomeric cytoskeleton, which appears to be similar to that of
actin stress fibers and focal adhesions in nonstriated muscle cells (9). Moreover, an
increase in autophagy marker LC3-II accumulation was also observed (Fig. 2A, C),
suggesting that ROCK activity in cardiomyocytes is involved in regulating autophagy
function.
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Late molecular changes associated with inducible cardiomyocyte-specific double
ROCK knockout

To further investigate the impact of deletion of both ROCK1 and ROCK2 on cardiac
structure and function, we evaluated molecular changes in a time course of 1, 6, or 12
mo beginning from the first TAM injection, which was performed in
MCM/ROCK1 /ROCK2  mice at 6 mo old, followed by collecting the hearts at 7,
12, or 18 mo old. The previously observed molecular changes at early time points
including p-MLC, p-FAK, and LC3-II were reversed at the 1-mo time point post-TAM
injection, except for the reduced ROCK1 and ROCK2 expression (Fig. 2D), suggesting
the presence of compensatory effects that are due to other unknown signaling
pathways. However, these compensatory effects were temporary because the
reduced p-MLC and p-FAK levels and increased LC3-II levels recurred at later 6- and
12-mo time points (Fig. 2D–F). Among the numerous examined autophagy-related
molecules, we noticed that increased LC3-II levels were associated with reduced
phosphorylation of mTOR in the double ROCK knockout hearts (Fig. 2F). Because the
activation of the mTOR signaling pathway inhibits autophagy function (29–31), the
reduced mTOR activity as indicated by reduced p-mTOR levels likely contributes to
the increased LC3-II levels found in the double ROCK knockout hearts.

Inducible cardiomyocyte-specific double ROCK knockout inhibits age-related
cardiac fibrosis

From histologic analyses, reduced collagen deposition was observed during the aging
process in the double ROCK knockout hearts at 12 mo post-TAM injection (at 18 mo
of age) (Fig. 3A, B), consistent with reduced collagen 1 α1 gene expression (Fig. 3C)
and decreased smooth-muscle α-actin levels (Fig. 2D, F). Because increased
autophagy was observed at the 6–12-mo time points post-TAM injection in the
double ROCK knockout mice, it most likely contributes to the reduced cardiac fibrosis
during aging. It should be noted that the increases in heart weight (Fig. 3D) and
cardiac fibrosis during this aging period did not display significant effects on cardiac
contractile function (Fig. 3E, F), as indicated by an insignificant decrease in left
ventricular fractional shortening (Fig. 3F) and insignificant changes in lung weight (
Fig. 3E), which is an indicator for lung congestion, between the 2 time points of 1 and
12 mo in the control group and in the double ROCK knockout group. The findings
indicated that the cardiac remodeling remained in a compensatory stage.
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Inducible cardiomyocyte-specific double ROCK knockout promotes starvation-
induced autophagy through inhibiting mTOR signaling

To further investigate the mechanisms underlying the increased autophagy function
in the double ROCK knockout hearts, we examined autophagy activity in mouse
hearts after exposing mice to starvation. As already mentioned (Fig. 2D), the
molecular changes were minimal between the double ROCK knockout and control
mice at 1 mo post-TAM injection, except for the differences in ROCK1 and ROCK2
expression. We therefore applied starvation stress at this time point to minimize the
preexisting effects of the double ROCK deletion on autophagy and related pathways (
Fig. 4A). We observed increased LC3-II levels in the control mouse hearts after 24 h
of starvation (Fig. 4B, C), which was associated with increased phosphorylation of
AMPK (Fig. 4B, D). However, the activity of the mTOR signaling pathway, as reflected
by p-mTOR levels and the phosphorylation of ULK on Ser757 (a downstream effector
of mTOR in inhibiting autophagy), was not significantly affected by starvation in the
control group (Fig. 4B, D). In contrast, a further increased starvation-induced
autophagy function was detected in double ROCK knockout mouse hearts (Fig. 4A),
associated with reduced p-mTOR and p-ULK-Ser757 levels (Fig. 4B, D), supporting
the notion that reduced mTOR signaling is involved in activating autophagy function
of the double ROCK knockout hearts. We next examined the upstream of mTOR
signaling; the decreased phosphorylation of AKT on Ser473 in the double ROCK
knockout hearts, parallel to the reduced p-MLC and p-FAK levels, suggests that the
increased autophagy in cardiomyocytes of double ROCK deletion is through
inhibiting the MLC/FAK/AKT/mTOR/ULK pathway rather than increasing AMPK
activity, which was found to be similar in both starved control and double knockout
hearts. It is worth noting that the inhibition of this pathway was not detected in
either ROCK1 or ROCK2 single knockout hearts (see below); in other words, these
were unique characteristics found in double ROCK deletion.

Early molecular changes associated with inducible cardiomyocyte-specific single
ROCK knockout

To compare the impact of double ROCK knockout vs. ROCK1 or ROCK2 single
knockout in cardiomyocytes, parallel experiments were performed in
MCM/ROCK1  and MCM/ROCK2  mice. These mice received 3 doses of TAM at 30
mg/kg body weight, and the molecular changes were evaluated at d 5 after the first
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dose (Fig. 5A, B). Different from the double ROCK knockout mice, the p-MLC, p-FAK,
and LC3-II levels were unchanged in the ROCK1 knockout hearts (Fig. 5A, C),
suggesting that the presence of ROCK2 in the ROCK1 knockout cardiomyocytes is
able to maintain the nonsarcomeric cytoskeleton. Also different from the double
ROCK knockout mice, the p-MLC and p-FAK levels were increased in the ROCK2
knockout hearts, and this increase in p-MLC and p-FAK levels was associated with a
decrease in LC3-II levels (Fig. 5A, C).

Consistent with the inducible ROCK2 knockout mice, the p-MLC and p-FAK levels
were also increased in the constitutive α-MHC–Cre/ROCK2  ROCK2 knockout
hearts at 3 wk of age, and this increase in p-MLC and p-FAK levels was associated
with decreased LC3-II levels (Fig. 5D). Selection of the young α-MHC–Cre/ROCK2
mice for this experiment is because of the reported cardiac toxicity appearing in α-
MHC–Cre mice by 3 mo of age compared with WT littermates (32). We have noted
that α-MHC–Cre alone had no significant effects on p-MLC, p-FAK, and LC3-II at 3 wk
of age (unpublished results). Together, these results suggest a compensatory
increase in ROCK1 activity in the absence of ROCK2 and further support a role for
ROCK activity in regulating autophagy in cardiomyocytes.

Inducible cardiomyocyte-specific ROCK1 knockout reduces starvation-induced
autophagy through inhibiting Beclin 1 phosphorylation

We have previously reported that systemic ROCK1 deletion and constitutive
cardiomyocyte-specific ROCK1 deletion via α-MHC–Cre reduced phosphorylation
levels of Beclin 1 at Thr119 and improved autophagic flux in doxorubicin-treated
hearts through inhibiting Beclin 1–mediated autophagy initiation (17). In addition,
autophagy was not affected at the baseline in these constitutive ROCK1 knockout
models (17), similar to the present inducible ROCK1 knockout model (Fig. 5A). To
determine the role of ROCK1 in Beclin 1–mediated autophagy in the inducible
knockout model, we examined autophagy activity in MCM/ROCK1  hearts after
stressing with starvation (Fig. 6). Like the experiments performed with the double
ROCK knockout mice, the starvation stress was applied at 1 mo post-TAM injection to
MCM/ROCK1  mice. Interestingly, p–Beclin 1 levels were significantly reduced in
the starved ROCK1 knockout hearts but not in control hearts, which is associated
with reduced LC3-II levels (Fig. 6A, B) compared with the starved control hearts.
Moreover, different from the double ROCK knockout hearts, the levels of p-MLC, p-
FAK, p-AKT, p-mTOR, and p-ULK were not reduced in the starved ROCK1 knockout
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hearts (Fig. 6A), indicating that the presence of ROCK2 in the ROCK1 knockout
cardiomyocytes is able to maintain mTOR activity at the baseline and under
starvation. It is worth noting that although both ROCK1 deletion (Fig. 6A, B) and
double ROCK deletion (Fig. 4B) showed reduced Beclin 1 phosphorylation, they had
opposite effects on autophagy, suggesting that the suppressed mTOR activity in the
double ROCK knockout hearts has a dominant effect on autophagy function.

Inducible cardiomyocyte-specific ROCK2 knockout increases ROCK1 activity,
inhibits autophagy, and induces cardiac fibrosis

Because inducible ROCK2 deletion in cardiomyocytes resulted in an increase in p-
MLC and p-FAK levels associated with a decrease in LC3-II levels at d 5 from the first
dose of TAM (Fig. 5), we performed a time-course study following these molecular
changes at 1, 3, or 6 mo after TAM injection (Fig. 7). These MCM/ROCK2  mice
received either TAM or oil injection at 6 mo, and the hearts were collected at 7, 9, or
12 mo. The increased p-MLC and p-FAK levels and reduced LC3-II levels that were
observed at d 5 persisted at these later time points (Fig. 7A, B) and were associated
with increased p-mTOR levels (Fig. 7A, B), supporting increased ROCK1 activity and
reduced autophagy function, which resulted from activating the mTOR pathway in
the ROCK2 knockout cardiomyocytes. Importantly, smooth-muscle α-actin levels
increased at 6 mo from the first dose of TAM (Fig. 7A, B), suggesting that the
persistent ROCK1 overactivation promotes cardiac fibrosis at baseline conditions.
This profibrosis feature at 6 mo post-TAM was only observed in the ROCK2 knockout
hearts and not in the ROCK1 knockout hearts (Fig. 7A).

Consistent with the increased smooth-muscle α-actin levels at 6 mo post-TAM
injection, increased collagen deposition (Fig. 8A, B) was also observed in the ROCK2
knockout hearts associated with increased heart weight (Fig. 8C), supporting the
notion that impaired autophagy caused by persistent ROCK1 and mTOR activation
contributes to cardiac fibrosis and hypertrophy in the ROCK2 knockout hearts.
Despite the increases in heart weight and cardiac fibrosis at 6 mo after ROCK2
knockout, the cardiac contractile function was preserved because no significant
increase in lung weight (Fig. 8D) and no significant decrease in left ventricular
fractional shortening (Fig. 8E) were detected between ROCK2 knockout and control
mice, indicating that the cardiac remodeling remained at a compensatory stage.
Together, these results not only reveal a compensatory increase of ROCK1 activity
because of ROCK2 ablation, but they also support a direct role for cardiomyocyte
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ROCK overactivation in inhibiting autophagy activity, which can have a long-term
consequence on cardiac fibrotic remodeling.

DISCUSSION

The present study examined the short- and long-term impacts of double ROCK
deletion vs. single ROCK isoform knockout via an inducible approach in
cardiomyocytes on cardiac structure and function. This study demonstrated that
double or single ROCK isoforms deletion in cardiomyocytes resulted in different
outcomes on endogenous ROCK activity, autophagic activity, and cardiac fibrosis (
Fig. 9). We observed that the endogenous ROCK activity in cardiomyocytes can be
monitored by measuring the phosphorylation of MLC, which is critically involved in
FAK activation. Because MLC is present in the nonsarcomeric cytoskeleton of
cardiomyocytes and in the cytoskeleton of all other cell types in the heart, our results
provide direct evidence that ROCK activity regulates nonsarcomeric cytoskeleton
organization in cardiomyocytes, which has numerous important functions, including
proper assembly and maintenance of myofibrils, maintenance of sarcolemma
integrity, and interaction with other cardiomyocytes, the extracellular matrix, other
noncardiomyocytes, etc. (9–11). The primary effects of inducible ablation of ROCK
proteins could be observed 2–5 d post-TAM injection (prior to cardiac remodeling);
phosphorylation of MLC and FAK was only reduced in the double ROCK knockout
hearts but remained unchanged in the ROCK1 knockout hearts and increased in the
ROCK2 knockout hearts, which is likely attributable to a compensatory
overactivation of ROCK1. Interestingly, the reduced phosphorylation of MLC and FAK
was reversed at 1 mo post-TAM injection in the double ROCK knockout hearts,
indicating that compensation can occur through the action of other kinases. This
observation can be explained by the fact that the consensus sequences Arg/Lys-X-
Ser/Thr or Arg/Lys-X-X-Ser/Thr (R/KXS/T or R/KXXS/T, respectively) of ROCK
phosphorylation sites can also be phosphorylated by several other protein kinase A,
G, C (AGC) family of serine and threonine protein kinases (33, 34). However, the
reduced phosphorylation of MLC and FAK reappeared during aging or exposure to
starvation stress, indicating that this compensation is only temporary and has a
limited effect. Hence, we demonstrated that the inducible double ROCK knockout
mice can serve as a valid tool to determine the endogenous ROCK substrates in
cardiomyocytes, presenting advantages compared to ROCK chemical inhibitors which
inhibit ROCK activity in all cell types of the heart, and even nonspecifically inhibit
other kinases.
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Our study demonstrates that ROCKs in cardiomyocytes of adult mouse hearts are not
required for maintaining cardiac structure and function but are required during
mouse heart development, as evidenced by the inability to obtain viable α-MHC–
Cre/ROCK1 /ROCK2  mice after birth. However, we noticed that both α-
MHC/ROCK1 /ROCK2  and α-MHC/ROCK1 /ROCK2  mice were viable with
normal cardiac structure and function at weaning ages; this finding indicates that
only 1 allele of the ROCK1 or ROCK2 gene in cardiomyocytes is sufficient for
processing heart development. In addition to the embryonic lethality associated with
the constitutive α-MHC–Cre–mediated deletion of both ROCKs, α-MHC–Cre
transgenic mice have been reported to exhibit signs of cardiac toxicity by 3 mo of age
and exhibit decreased cardiac function by 6 mo of age compared with WT littermates
(32). The inducible approach used in the current study allowed bypassing not only
the critical developmental window requiring the presence of at least 1 ROCK allele
but also the cardiotoxicity of α-MHC–Cre for the longitudinal study.

Our study provided strong evidence that cardiomyocyte ROCKs play a critical role in
modulating autophagy function, which chronically affects cardiac fibrotic remodeling.
Double ROCK knockout hearts exhibited increased autophagy immediately after
ablation of ROCK proteins, which also existed persistently during aging, resulting in
reduced cardiac fibrotic remodeling (Fig. 9A). Mechanistically, suppressed
MLC/FAK/AKT/mTOR signaling was observed in the double ROCK knockout heart
during aging (Fig. 2) and in starvation-induced autophagy activation (Fig. 4),
revealing a novel functional connection between ROCK-mediated MLC
phosphorylation and mTOR signaling; the former modulates nonsarcomeric
cytoskeleton, and the latter inhibits autophagy activity. In line with our results,
previous studies suggest that RhoA and ROCK mediate the activation of FAK, which
associates with the regulatory p85 subunit of PI3K, activating it to mediate
downstream activation of AKT in cultured neonatal cardiomyocytes (35, 36). In
addition, our results are consistent with the previously reported inverse relationship
between autophagy and cardiac fibrosis during aging, attributable to elevated mTOR
activity; such a decline of autophagy induces accumulation of misfolded proteins,
dysfunctional organelles, and increased oxidative stress, which facilitate senescence
in the heart and increase cardiac fibrosis and other abnormalities (30, 31, 37–39).
Because increased oxidative stress and accumulation of damaged proteins and
organelles in the heart also occur in response to pathologic insults, including
pressure overload, ischemic injury, and both genetic and metabolic cardiomyopathies
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in which partial genetic or pharmacological inhibition of mTOR signaling is beneficial
(31), double ROCK deletion in the heart is anticipated to exert beneficial effects
during cardiac stress through inhibiting mTOR activity and facilitating autophagy.
Because the remaining ROCK isoform in the single ROCK knockout cardiomyocytes is
able to increase mTOR activity (ROCK2 knockout model, Fig. 9B) or maintain mTOR
activity (ROCK1 knockout model, Fig. 9C), the double ROCK deletion model is
expected to produce more prominent cardioprotective effects than the single ROCK
deletion models in response to cardiac stress, in which decreased mTOR signaling is
beneficial. Future studies are warranted to study the effects of double ROCK deletion
in various stress contexts.

Studies using genetically modified mouse models have demonstrated the
contribution of cardiomyocyte RhoA and ROCK activation to the development of
fibrosis in response to pathologic stress (12, 14, 16, 18, 19, 40, 41). Deletion of RhoA
(40) or Rho guanine nucleotide exchange factor 12 in cardiomyocytes (41) has anti-
fibrotic effects in response to pressure overload because of inhibition of RhoA and,
presumably, ROCKs. Global homozygous ROCK1  (12) and heterozygous ROCK1
(19) mice show decreased cardiac fibrosis without affecting pressure overload or
angiotensin II–induced cardiac hypertrophy. In a gain-of-function mouse model,
transgenic mice expressing constitutively active ROCK in cardiomyocytes develop
fibrotic cardiomyopathy under physiologic conditions, which is further augmented
by angiotensin II stimulation (18). Several potential mechanisms have been proposed
to link RhoA and ROCK activation in cardiomyocytes with increased cardiac fibrosis
under pathologic stress, which are as follows: 1) replacement cardiac fibrosis that is
due to ROCK1-mediated cardiomyocyte apoptosis (14, 16); 2) increased
transcriptional activation of genes involved in fibrosis that is due to increased RhoA-
and ROCK-mediated F-actin assembly, including myocardin response transcription
factor and serum response factor, resulting in increased production of fibrogenic
cytokines such as TGF-β1 and connective tissue growth factor in cardiomyocytes,
which leads to increased fibrotic response in cardiac fibroblasts (12, 18, 19, 40); and
3) increased NF-κB–mediated inflammatory response in cardiomyocytes (18). The
following difference between the current study and the previous studies should be
noted: there were no clear differences reported in cardiac structure and function
from previous loss-of-function mouse models compared with control mice under
physiologic conditions (12, 14, 16, 18, 19, 40, 41). The potential explanation could be
the differences in ages of mice and time frames of the experiments; a 12-mo-long
time frame was followed in the present study to detect phenotype differences under
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physiologic conditions in the double ROCK deletion model at 18 mo of age. In
addition, the protective mechanisms, such as increased autophagy associated with
reduced mTOR signaling, have not been reported in previous studies. Future studies
are warranted to study the effects of double ROCK deletion in cardiomyocytes on
serum response factor–mediated fibrotic response under pathologic conditions and
the effects of double ROCK deletion in other cell types, including cardiac fibroblasts
and vascular cells.

Recently, we observed that global ROCK1 deletion or cardiomyocyte-specific deletion
by crossing with α-MHC–Cre transgenic mice restores autophagic flux through
reducing Beclin 1 phosphorylation in doxorubicin cardiotoxicity (17). In the present
study, inducible loss of ROCK1 had an insignificant effect on MLC/FAK/AKT/mTOR
signaling and autophagy at the baseline (Fig. 9C) but reduced starvation-induced
autophagy associated with reduced Beclin 1 phosphorylation (Fig. 6), which is
consistent with the reported starvation-mediated autophagic response in global
ROCK1 knockout mouse hearts (42). On the other hand, despite the reduced Beclin 1
phosphorylation in the double knockout hearts, autophagy was still increased
because of reduced MCL/FAK/AKT/mTOR signaling (Figs. 4B and 9A). Together,
these findings reveal that ROCK activity can modulate autophagy in cardiomyocytes
via several mechanisms, and MLC/FAK/AKT/mTOR signaling appears to have a
dominant effect over the Beclin 1 signaling.

In addition to the ROCK1-mediated phosphorylation of Beclin 1 (17, 42), other
studies have demonstrated both positive (43, 44) and negative (45) effects of ROCK
inhibition on autophagy. Treatment with the ROCK inhibitor Y27632 increased the
degradation of mutant Huntington protein via proteasome degradation and
autophagy in mouse neuroblastoma cell lines (44). ROCK inhibition has also been
linked to an increase in autophagy responding to starvation or rapamycin treatment
and is associated with the formation of enlarged early autophagosomes and late
degradative autolysosomes in human embryonic kidney 293 cells (43). In contrast,
ROCK inhibition impaired the starvation-mediated autophagic response in HeLa cells
and CHO cells through its inhibitory effect on actin cytoskeleton formation, which
participates in the initial membrane remodeling at very early stages of
autophagosome formation (45). These context-dependent roles of ROCK in
modulating autophagy are likely because of the complexity of autophagy regulation
and the variety of cellular functions controlled by RhoA and ROCK signaling. Our
study uncovered both positive (through mTOR signaling) and negative (through
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Beclin 1 signaling) effects of ROCK inhibition in cardiomyocytes on autophagy
function, therefore providing mechanistic explanation for the potential opposite
effects on autophagy.

In contrast with the double ROCK knockout, inducible ROCK2 knockout caused
compensatory ROCK1 overactivation in both the short and long term, resulting in
increased MLC/FAK/AKT/mTOR signaling, decreased autophagy, and increased age-
related cardiac fibrosis and hypertrophy (Fig. 9B). This observation provides further
support for a ROCK-mediated regulation of mTOR signaling, which impacts
autophagy and fibrosis. In addition, increased fibrosis accompanying increased ROCK
activity is consistent with the profibrotic effects of increased ROCK activity observed
in a cardiomyocyte-specific overexpression of the ROCK1 mouse model (18).
However, the detrimental effects of ROCK2 deletion observed in our study are
different from the antifibrotic and antihypertrophic phenotypes reported in the
cardiomyocyte-specific ROCK2 knockout by crossing with α-MHC–Cre transgenic
mice under pressure overload (20, 21). This discrepancy can be explained by the
different knockout approaches, stresses, and time frames between these studies (e.g.,
aging-related stress and 6-mo follow-up in our study vs. pressure-overload stress and
4-wk follow-up in others) (20, 21). As previously mentioned, α-MHC–Cre transgenic
mice have been reported to exhibit signs of cardiac toxicity by 3 mo of age and
decreased cardiac function associated with increased fibrosis and inflammation by 6
mo compared with WT littermates, which is because of DNA damages caused by
constitutive Cre activity (32); therefore, these mice are not appropriate for a
longitudinal study. It is important to note that we have indeed observed increased
MLC phosphorylation in α-MHC–Cre/ROCK2  hearts as early as 3 wk of age (Fig. 5D
), and this time point is before the onset of signs of cardiac toxicity from 3 to 6 mo of
age. Therefore, a compensatory overactivation of ROCK1 in the absence of ROCK2
cannot be overlooked. Further investigation will determine whether inducible
ROCK2 deletion provides beneficial or detrimental responses to pressure overload
and other pathologic stresses.

In summary, we have discovered in vivo short- and long-term impacts of double or
single ROCK deletion in cardiomyocytes and demonstrated that ROCKs are not
required for maintaining cardiac structure and function in adult hearts, but they
participate in the regulation of nonsarcomeric cytoskeleton organization and
autophagy function through multiple mechanisms, such as an mTOR-mediated
inhibiting pathway and a Beclin 1–mediated activating pathway. The present study
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also revealed a compensatory overactivation of ROCK1 in the ROCK2 knockout
hearts. Consequently, cardiac remodeling processes can present varied, even
opposite, outcomes, depending on double ROCK deletion vs. single ROCK1 or ROCK2
deletion in cardiomyocytes.
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Glossary

α-MHC α-myosin heavy chain

AKT protein kinase B

FAK focal adhesion kinase

GAPDH glyceraldehyde 3-phosphate dehydrogenase

LC3 microtubule-associated proteins 1A/1B light chain 3B

MCM MerCreMer recombinase

MLC myosin light chain
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mTOR mammalian target of rapamycin

qRT-PCR quantitative RT-PCR

ROCK Rho-associated coiled-coil–containing protein kinase

TAM tamoxifen

ULK Unc-51–like kinase

WT wild type
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Figures and Tables

Figure 1

Inducible cardiomyocyte-specific deletion of both ROCK1 and ROCK2 by TAM treatment. A) Schematic
representation of the domain structures of ROCK1 and ROCK2 indicating the positions of exon 5 for ROCK1
and exon 2 for ROCK2, which can be deleted by Cre recombinase, resulting in ROCK1 and ROCK2 deletion.
B) Representative image of Western blot of ROCK1 and ROCK2 in the ventricular homogenates from
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MCM/ROCK1 ROCK2  (MCM/ROCK1&2 ), α-MHC–Cre/ROCK1 , or α-MHC–Cre/ROCK2  mice at
3 mo of age. MCM/ROCK1&2  mice were subjected to 1–3 injections (1/d) of TAM or oil and collected 5 d
from the first injection. C) Quantitative analysis of the Western blots showing that the maximal reduction
of ROCK1 and ROCK2 protein levels can be reached in the MCM/ROCK1&2  heart lysates after 2
injections. The expression of ROCK1 and ROCK2 was normalized to that of GAPDH. D) qRT-PCR analysis of
ROCK1 and ROCK2 in the same heart samples used for the Western blot analysis. The expression of ROCK1
and ROCK2 was normalized to that of GAPDH. E) Representative image of Western blot of ROCK1 and
ROCK2 in the ventricular or lung homogenates from MCM/ROCK1&2 , ROCK1 ROCK2
(ROCK1&2 ), or MCM mice subjected to 3 injections of TAM or oil and collected 5 d from the first
injection; n = 4–6 in each group. *P < 0.05 vs. oil-injected group.

Figure 2
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Molecular changes following inducible cardiomyocyte-specific deletion of both ROCK1 and ROCK2. A)
Representative image of Western blot analysis in the ventricular homogenates from
MCM/ROCK1 ROCK2  (MCM/ROCK1&2 ) mice subjected to 2 or 3 injections (1/d) of TAM and
collected 2 or 5 d from the first injection, respectively, showing progressive reduction of ROCK1, ROCK2,
phosphorylation of MLC and FAK, and increases in autophagy marker LC3-II. B) Quantitative analysis of
immunoreactive bands of ROCK1 and ROCK2. C) Quantitative analysis of immunoreactive bands of p-MLC
and MLC, p-FAK and FAK, and LC3-II. D) Representative image of Western blot analysis in the ventricular
homogenates from MCM/ROCK1&2  mice collected 1, 6, or 12 mo from the TAM or oil injection. E)
Quantitative analysis of immunoreactive bands of p-MLC and MLC and p-FAK and FAK. F) Quantitative
analysis of immunoreactive bands of SM actin, LC3-II, and p-mTOR and mTOR; n = 4–6 in each group. *P <
0.05 vs. oil-injected group of same age.

Figure 3
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Cardiomyocyte-specific deletion of both ROCK1 and ROCK2 reduces age-related cardiac fibrosis. A)
Representative heart sections stained with picrosirius red/fast green (scale bar, 50 μm) showing collagen
deposition in 18-mo-old MCM/ROCK1 ROCK2  (MCM/ROCK1&2 ) hearts collected 12 mo after TAM
or oil injection received at 6 mo of age. B) Quantitative analysis of the collagen deposition in 7- or 18-mo-
old MCM/ROCK1&2  hearts collected 1 or 12 mo after TAM or oil injection received at 6 mo of age,
expressed as a percentage change relative to oil-injected hearts collected 1 mo after injection (4–6 hearts
in each group). C) qRT-PCR analysis of collagen type 1α1 normalized to that of GAPDH. The mean
normalized value in oil-injected hearts was defined as 1.0. D) Quantitative analysis of heart weight (heart
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wt) to tibial length (TL) ratios. E) Quantitative analysis of lung weight (lung wt) to TL ratios. F) M-mode
echocardiography was performed in series at 1 or 12 mo from TAM or oil injection received at 6 mo of age.
LV FS, left ventricular fractional shortening; n = 6–8 in each group. *P < 0.05 vs. oil-injected group of same
age, P < 0.05 vs. 1-mo group of same treatment.

Figure 4
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Cardiomyocyte-specific deletion of both ROCK1 and ROCK2 promotes starvation-induced autophagy
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through inhibiting mTOR signaling. A) Starvation was performed for 24 h on MCM/ROCK1 ROCK2
(MCM/ROCK1&2 ) mice after 30 d from first TAM or oil injection. Representative transmission electron
microscopy images of MCM/ROCK1&2  hearts collected after 24 h of starvation. TAM-injected starved
MCM/ROCK1&2  hearts showed increased numbers of autophagic vacuoles (red arrows) compared with
oil-injected starved MCM/ROCK1&2  hearts. Scale bar, 500 nm. B) Representative image of Western blot
analysis in the ventricular homogenates from fed or starved mice. C) Quantitative analysis of
immunoreactive bands of LC3-II. D) Quantitative analysis of p-MLC and MLC, p-FAK and FAK, p-AKT and
AKT, p-mTOR and mTOR, p-ULK and ULK, and p-AMPK and AMPK. Stv, starved; n = 4–6 in each group. *P <
0.05 vs. oil-injected group, P < 0.05 vs. fed group.

Figure 5
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Inducible cardiomyocyte-specific deletion of ROCK2 induces a compensatory increase in ROCK1 activity.
A) Representative image of Western blot of ROCK1, ROCK2, p-MLC, MLC, p-FAK, FAK, and LC3 in the
ventricular homogenates from MCM/ROCK1  or MCM/ROCK2  mice subjected to 3 injections of TAM
and collected 5 d from the first injection, showing reduction of ROCK1 or ROCK2 in MCM/ROCK1  or
MCM/ROCK2  hearts, respectively, increases in phosphorylation of MLC and FAK, and reduction of
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LC3B-II in MCM/ROCK2  hearts. B) Quantitative analysis of immunoreactive bands of ROCK1 and
ROCK2. C) Quantitative analysis of immunoreactive bands of p-MLC and MLC, p-FAK and FAK, and LC3-II; n
= 4–6 in each group. *P < 0.05 vs. oil-injected group with same genotype. D) Representative image (left)
and quantitative analysis (right) of Western blot of ROCK1, ROCK2, p-MLC, MLC, p-FAK, FAK, and LC3B in
the ventricular homogenates from α-MHC–Cre/ROCK2  mice at 3 wk of age; n = 4–6 in each group. *P <
0.05 vs. ROCK2  group.

Figure 6

Inducible cardiomyocyte-specific deletion of ROCK1 inhibits starvation-induced autophagy through
inhibiting Beclin 1 activation. A) Starvation was performed for 24 h on MCM/ROCK1  mice 30 d after the
first TAM or oil injection. Representative image of Western blot of ROCK1, ROCK2, p-MLC, p-FAK, LC3, p-
AKT, p-mTOR, p-ULK, p–Beclin 1, Beclin 1, p-AMPK, and p62 in the ventricular homogenates from fed or
starved mice. B) Quantitative analysis of immunoreactive bands of LC3-II, p–Beclin 1, and Beclin 1. Stv,
starved; n = 4–6 in each group. *P < 0.05 vs. oil-injected group, P < 0.05 vs. fed group.

Figure 7
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Late molecular changes following inducible cardiomyocyte-specific deletion of ROCK2. A) Representative
image of Western blot of ROCK1, ROCK2, p-MLC, MLC, p-FAK, FAK, smooth-muscle α-actin (SM actin), LC3,
p-mTOR, and mTOR in the ventricular homogenates from 7-, 9-, or 12-mo-old MCM/ROCK2  mice
collected 1, 3, or 6 mo after the TAM or oil injection received at 6 mo of age or from 12-mo-old
MCM/ROCK1  mice collected 6 mo after the TAM or oil injection. B) Quantitative analysis of
immunoreactive bands of p-MLC and MLC, p-FAK and FAK, SM actin, LC3-II, and p-mTOR and mTOR; n = 4–
6 in each group. *P < 0.05 vs. oil-injected group of same genotype.
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Figure 8

Cardiomyocyte-specific deletion of ROCK2 induces age-related cardiac fibrosis. A) Representative heart
sections stained with picrosirius red and fast green showing collagen deposition in 12-mo-old MCM and
ROCK2  hearts collected 6 mo after TAM or oil injection that MCM/ROCK2  mice received at 6 mo of
age (scale bar, 50 μm). B) Quantitative analysis of the collagen deposition in 7- or 12-mo-old
MCM/ROCK2  hearts collected 1 or 6 mo after TAM or oil injection received at 6 mo of age. C)
Quantitative analysis of heart weight (heart wt) to tibial length (TL) ratios. D) Quantitative analysis of lung
weight (lung wt) to TL ratios. E) M-mode echocardiography was performed in series at 1 or 6 mo from
TAM or oil injection received at 6 mo of age. LV FS, left ventricular fractional shortening; n = 6–8 in each
group. *P < 0.05 vs. oil-injected group of same age, P < 0.05 vs. 1-mo group of same treatment.

Figure 9
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Schematic summary of roles of ROCK1 and ROCK2 in regulating nonsarcomeric cytoskeleton, autophagy,
and fibrosis in cardiomyocytes. A) Double ROCK deletion in adult cardiomyocytes results in reduced
nonsarcomeric cytoskeleton assembly (reduced p-MLC and p-FAK), resulting in increased baseline
autophagy through inhibition of AKT/mTOR/ULK signaling and beneficial antifibrotic effects during the
aging process. B) ROCK2 deletion in cardiomyocytes is profibrotic and associated with compensatory
increased ROCK1 activity, which increases nonsarcomeric cytoskeleton assembly and AKT/mTOR/ULK
signaling, resulting in inhibiting baseline autophagy. C) ROCK1 deletion in cardiomyocytes is protective in
the context of doxorubicin cardiotoxicity, in part, because of reduced Beclin 1–mediated autophagy
activity, resulting in improved autophagic flux when lysosome function is impaired by doxorubicin. The
baseline autophagy regulated by AKT/mTOR/ULK is not affected because of the presence of ROCK2, which
maintains nonsarcomeric cytoskeleton.
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