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Abstract

Cardiac ischemia/reperfusion, loss of blood flow and its subsequent restoration, causes damage to
the heart. Oxidative stress from ischemia/reperfusion leads to dysfunction and death of
cardiomyocytes, increasing the risk of progression to heart failure. Alterations in mitochondrial
dynamics, in particular mitochondrial fission, have been suggested to play a role in
cardioprotection from oxidative stress. We tested the hypothesis that activation of RhoA regulates
mitochondrial fission in cardiomyocytes. Our studies show that expression of constitutively active
RhoA in cardiomyocytes increases phosphorylation of Dynamin-related protein 1 (Drpl) at
serine-616, and leads to localization of Drpl at mitochondria. Both responses are blocked by
inhibition of Rho-associated Protein Kinase (ROCK). Endogenous RhoA activation by the GPCR
agonist sphingosine-1-phosphate (S1P) also increases Drpl phosphorylation and its mitochondrial
translocation in a RhoA and ROCK dependent manner. Consistent with the role of mitochondrial
Drp1l in fission, RhoA activation in cardiomyocytes leads to formation of smaller mitochondria
and this is attenuated by inhibition of ROCK, by siRNA knockdown of Drpl or by expression of a
phosphorylation-deficient Drpl S616A mutant. In addition, activation of RhoA prevents cell death
in cardiomyocytes challenged by oxidative stress and this protection is blocked by siRNA
knockdown of Drpl or by Drpl S616A expression. Taken together our findings demonstrate that
RhoA activation can regulate Drpl to induce mitochondrial fission and subsequent cellular
protection, implicating regulation of fission as a novel mechanism contributing to RhoA-mediated
cardioprotection.
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1. Introduction

Cardiomyocyte death following cardiac ischemia/reperfusion (I/R) contributes to
progression to heart failure [1], thus there is considerable interest in elucidating signaling
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pathways that sustain myocyte survival in the face of injury. We and others have previously
demonstrated that signaling by activation of the small GTPase RhoA provides
cardioprotection from ischemic injury [2-5]. RhoA regulates downstream phosphorylation
cascades involved in protection from ischemic or oxidative stress through kinases such as
Rho-associated Protein Kinase (ROCK), Protein Kinase B (Akt) and Protein Kinase D
(PKD) [2, 3, 6]. Sphingosine-1-phosphate (S1P), a ligand released in response to injury, also
elicits cardioprotection [7, 8] which we have shown to be associated with activation of RhoA
[9, 10].

Mitochondria are dynamic organelles that undergo fusion and fission in response to changes
in cellular environment [11, 12]. Mitochondrial fission precedes apoptosis [13, 14], but also
occurs prior to more physiological responses such as mitosis [15], and has been suggested to
provide protection from apoptosis [16]. A role for mitochondrial fission in cell survival is
supported by evidence that inhibiting fission leads to cell death [17, 18]. Dynamin-related
protein 1 (Drpl) is a GTPase that can translocate to the mitochondria and generate the force
necessary for mitochondrial fission [19, 20]. Mitochondrial translocation of Drpl can be
increased or decreased through its post-translational modification, most clearly
phosphorylation but also ubiquitination, SUMOylation, and S-nitrosylation [21]. Cardiac
specific knockout of Drpl results in mitochondrial dysfunction, cardiomyocyte death, and
progression to lethal cardiomyopathy [18]. Similarly, a mutation in a Drpl1 oligomerization
domain induces cardiomyopathy in mice [22]. Heterozygous cardiomyocyte specific Drpl
knockouts are minimally affected under baseline conditions, but show enhanced dysfunction
after fasting and increased infarct from ischemia/reperfusion (I/R), further indicating that
Drp1 serves an adaptive role in response to stress [23].

Previous studies suggest the involvement of ROCK in regulation of Drp1 and mitochondrial
fission [24-27]. It has not been determined, however, whether Drpl serves as a downstream
mediator of RhoA signaling and is a mechanism by which receptor activation can regulate
mitochondrial dynamics. Here we use pharmacological and genetic approaches to provide
evidence that activation of RhoA, through its heterologous expression or via GPCR
mediated activation of endogenous RhoA, increases Drpl serine-616 phosphorylation, Drpl
translocation to mitochondria, and mitochondrial fission. We further show that Drpl
participates in RhoA mediated cardioprotection from oxidative stress, implicating
mitochondrial fission as a novel mechanism by which RhoA signaling can promote
cardiomyocyte survival.

2. Materials and methods

2.1. Animals

All animal procedures were performed in accordance with the NIH Guide for the Care and
Use of Laboratory Animals and approved by the Institutional Animal Care and Use
Committee at the University of California San Diego. All experiments were performed on
age-matched littermates.
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2.2. Reagents

Predesigned rat siRNA and scrambled control siRNA were purchased from Qiagen and used
at 3 pg per 1 x 108 cells. Cardiomyocytes were transfected with SiRNA using
DharmaFECT-1 transfection reagent (1:2.5 ratio) from Thermo Fisher Scientific based on
the manufacturer’s instruction. The RhoA inhibitor C3 exoenzyme was obtained from
Cytoskeleton (CT04). The ROCK inhibitor Y-27632 was purchased from Calbiochem.
Mitochondrial fission inhibitor mdivi-1 was purchased from Sigma-Aldrich. S1P was
obtained from Avanti Polar. CYM-51736, an allosteric agonist of SIPR3, was provided by
Dr. Hugh Rosen (Scripps Research Institute, La Jolla, CA).

2.3. NRVM cell culture

Neonatal rat ventricular myocytes (NRVMSs) were isolated from cardiac ventricles of 1- to 2-
day-old Sprague-Dawley rat pups as described previously [28]. NRVMs were plated at a
density of 3.0 x 10%/cm? on gelatin-coated dishes and maintained in Dulbecco-modified
Eagle’s medium (DMEM) containing 15% fetal bovine serum overnight. Beginning the
following day, cells were starved with serum-free DMEM for 24 h and, if applicable,
transfected with siRNA for 48 h for further analysis.

For adenoviral expression in NRVMs, cells cultured in serum-free medium were
subsequently infected with adenovirus for 16 h, unless otherwise stated. Adenovirus for the
constitutively active (L63) RhoA, dominant-negative ROCK, Drpl wildtype, and
phosphorylation defective mutant Drpl S616A constructs were generated as described
previously [29]. Pharmacological inhibitors were added at the time of adenoviral infection.

2.4. Adeno-associated virus serotype 9 cardiac-targeted expression

AAV9 plasmids containing the gene for either a GFP control or the gene for (L63) RhoA,
driven by a cardiomyocyte specific CMVMLC2v0.8 promoter, were prepared as previously
described [30]. Mice were anesthetized with 2% isoflurane and then injected via lateral tail
vein with 100 pl of AAV in lactated Ringer’s solution containing 1 x 1011 viral particles.
Hearts were isolated at 2 weeks following AAV9 injection for analysis via mitochondrial
isolation and Western blot.

2.5. Mitochondrial isolation

Isolation of mitochondrial fractions from NRVMs was performed as previously described
[28]. Myocytes were washed with ice-cold PBS, resuspended in mitochondrial isolation
buffer containing 420 mM mannitol, 140 mM sucrose, 2 mM EDTA, 20 mM HEPES (pH
7.4), 0.025% digitonin, 1 uM Na3zVOy, 10 pg/ml aprotinin, 10 ug/ml leupeptin, 0.5 mM
PNPP (para-nitrophenyl phosphate), and 0.5 mM PMSF (phenylmethylsulfonyl fluoride),
cells were broken up with a syringe and 25-gauge needle, and incubated on ice for 10 min.
Samples were centrifuged twice at 700g for 10 min to spin down nuclei and cell debris.
Clarified supernatants were spun at 12,000 g for 15 min to pellet mitochondria. The pellet
was washed and resuspended in RIPA buffer as the mitochondrial fraction. The final
supernatant was used as the cytosolic fraction.
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For isolation of mitochondria from adult mouse hearts, the left ventricle was homogenized in
mitochondrial isolation buffer described above, and incubated on ice for 10 min. Samples
were then centrifuged twice at 700g for 10 min to spin down nuclei and cell debris. Clarified
supernatants were spun at 10,000 g for 15 min to pellet mitochondria, which were
resuspended in RIPA buffer.

2.6. Western blotting

2.7.

2.8.

Western blot analysis was performed according to protocols as previously described [28].
The primary antibodies used were Drpl from BD Transduction Laboratories; phospho-Drpl
(Ser616), phospho-Drpl (Ser637), RhoGDI, COX-1V, GAPDH, phospho-Akt (Ser473), and
Akt from Cell Signaling Technology; RhoA from Santa Cruz; cofilin2, and phospho-cofilin2
(Ser3) from Millipore. Peroxidase-conjugated secondary antibodies (Sigma) were used at a
dilution of 1:2000, and enhanced chemiluminescent substrate was from Thermo Scientific.

Isolated perfused heart (Langendorff)

Hearts from age-matched 2- to 4-month-old WT or cardiomyocyte-specific RhoA KO mice
were removed quickly and perfused with modified Krebs-Henseleit buffer (118 mM NaCl,
4.7 mM KCI, 1.2 mM KH,POy, 25 mM NaHCO3, 0.5 mM EDTA, 1.2 mM MgSQOy, 11 mM
glucose, 1.5 mM sodium pyruvate, and 2 mM CaCl,) in a Langendorff apparatus (Radnoti)
at a constant pressure of 80 mmHg, as described previously [2]. Hearts were perfused for 15
min with and without addition of S1P to the Krebs-Henseleit buffer. Following perfusion,
hearts were snap-frozen in liquid nitrogen prior to mitochondrial fractionation and
subsequent analysis.

Fluorescence confocal microscopy

Cells plated on laminin-coated coverslips were incubated for 15 min with MitoTracker
DeepRed (30 nM) and maintained in DMEM without Phenol Red. Fluorescent images were
captured with a Leica SP5 confocal microscope, with a 40x oil immersion objective. Images
were convolved with subsequent particle analysis of mitochondrial objects in ImageJ
software (NIH) to quantify mitochondrial size by Form Factor and Aspect Ratio [31, 32].
Mitochondrial Form Factors and Aspect Ratios were averaged for each cell. Each
experiment was performed 3—4 times, with 10 cells per condition quantified in each
experiment.

2.9. Cell death enzyme-linked immunosorbent assay (ELISA)

DNA fragmentation indicative of apoptosis was assayed using the Cell Death Detection
ELISAPLUS kit (Roche) according to the manufacturer’s instructions, as performed
previously [2]. Cardiomyocytes were washed in ice-cold PBS and harvested in cytosolic
extraction buffer containing 20 mM Tris pH 7.6, 3 mM EDTA, 3 mM EGTA, 125 mM NacCl,
20 mM B-glycerophosphate and 0.4% NP-40 plus protease and phosphatase inhibitors.
Samples were then spun down and the supernatant was incubated with anti-histone-biotin
and anti-DNA-peroxidase in a streptavidin-coated microplate for 2 h, washed 3 times,
colorimetric substrate was added, and absorbance was measured at 405 nm.
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2.10. Statistical analysis

All results are reported as means +/— standard error. Comparison of two groups with one
variable was accomplished using an unpaired Student’s £test, or if the control group was
normalized to 1 with no variance, a paired t-test. Data from experiments with more than two
groups with one variable were compared by one-way ANOVA followed by Tukey’s multiple
comparison test, or repeated measures ANOVA followed by Tukey’s multiple comparison
test if the control group was normalized to 1 with no variance. Probabilities <0.05 were
considered significant.

3. Results

3.1. RhoA and S1P stimulate phosphorylation of Drp1l at serine-616

To establish whether activation of RhoA can regulate Drpl we expressed constitutively
active L63 RhoA adenovirus in cardiomyocytes. Expression of active RhoA increased
phosphorylation of Drpl at serine-616 (Fig. 1A-B), a site implicated in Drp1-dependent
mitochondrial fission. To determine if ROCK is required for Drpl phosphorylation we used
the small molecule ROCK inhibitor Y-27632 (Fig. 1A), or co-expression of a dominant-
negative ROCK adenovirus (Fig. 1B). Both means of inhibiting ROCK signaling prevented
RhoA induced increases in Drpl serine-616 phosphorylation (Fig. 1A-B). In contrast,
phosphorylation of Drpl at serine-637, a residue implicated in decreased mitochondrial
fission, was not affected by expression of active RhoA (Fig. 1C), although increasing cCAMP
signaling with forskolin increased phosphorylation at this site, as previously reported [32].

In addition to examining responses to expression of active RhoA, we stimulated
cardiomyocytes with the GPCR agonist sphingosine-1-phosphate (S1P) to activate
endogenous RhoA [9]. S1P treatment also increased phosphorylation of Drpl at serine-616
(Fig. 1D). Phosphorylation of Drpl in response to S1P was dependent on both RhoA and
ROCK, as indicated by attenuation of this response by functional RhoA inhibition with C3
exoenzyme and ROCK inhibition with Y-27632 respectively (Fig. 1D). We previously
demonstrated that the S1PR3 is the S1P receptor subtype that selectively couples to RhoA
activation in cardiomyocytes [10], and show here that the S1PR3 specific agonist
CYM-51736 also increases phosphorylation of Drp1 at serine-616 (Fig. 1E), a response
abolished by functional inhibition of RhoA signaling with C3.

3.2. RhoA and S1P increase Drp1l levels at the mitochondria

Phosphorylation of Drp1 at serine-616 has been associated with Drp1 translocation to the
mitochondria. To determine if activation of RhoA increases mitochondrial levels of Drpl we
infected cardiomyocytes with adenovirus encoding active RhoA and harvested cells at
various times. Mitochondrial fractions were prepared and RhoA activation was found to
increase Drpl in mitochondrial fractions 2-fold by 16 h following infection (Fig. 2A). This
time point was used in all experiments, including demonstrating that ROCK inhibition with
Y-27632 prevents RhoA-induced increases in mitochondrial Drpl (Fig. 2B).

To determine whether activation of endogenous RhoA is capable of increasing mitochondrial
Drpl cardiomyocytes were stimulated with S1P. Treatment with S1P for 30 min increased
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mitochondrial Drpl approximately 1.5-fold (Fig. 2C). The response to S1P also required
downstream ROCK signaling, as the ROCK inhibitor Y-27632 or adenoviral expression of
dominant-negative ROCK prevented the increase of mitochondrial Drpl (Fig. 2D).

To determine if RhoA activation increases mitochondrial Drpl in vivo, an AAV9 construct
engineered to express constitutively activated RhoA was injected into the tail vein of mice.
Hearts were harvested 2 weeks after injection to allow time for RhoA expression and shown
to have increased levels of RhoA and of mitochondrial Drpl1 (Fig. 3A). Isolated mouse
hearts perfused with S1P for 15 min also had increased mitochondrial Drpl (Fig. 3B). We
then used hearts from cardiac specific RhoA KO mice [3] to establish the requirement for
RhoA in S1P regulated Drp1 translocation in the perfused heart. When S1P was perfused
into hearts isolated from RhoA KO mice no increase in mitochondrial Drpl levels was
observed, indicating that mitochondrial translocation of Drpl due to ex vivo stimulation with
S1P is a RhoA dependent event (Fig. 3C).

3.3. RhoA induces Drpl dependent mitochondrial fission

The ability of RhoA to regulate both phosphorylation and mitochondrial levels of Drpl
suggested that RhoA activation would lead to mitochondrial fission in cardiomyocytes. To
examine this, mitochondria were visualized by confocal microscopy using MitoTracker
DeepRed. RhoA expression was found to reduce mitochondrial size, assessed by calculation
of form factor and aspect ratios, indicators of circularity used to determine mitochondrial
size [31]. Knockdown of Drpl with siRNA for 48 h, which caused ~60% reduction in Drpl
when assessed in whole cell lysates by Western blot (Fig. 4A), blocked the RhoA mediated
decrease in mitochondrial size (Fig. 4B), indicating that Drp1 is required for RhoA induced
mitochondrial fission in cardiomyocytes. Consistent with our finding of ROCK dependent
Drpl serine-616 phosphorylation and mitochondrial association, Y-27632 prevented RhoA
dependent decreases in mitochondrial size (Fig. 4C).

To further demonstrate a role for Drpl phosphorylation at serine-616 in RhoA induced
mitochondrial fission we constructed adenovirus expressing either Drpl wildtype (Drpl
WT) or a non-phosphorylatable mutant, Drpl S616A. Pilot studies were carried out using a
range of MOls to achieve similar expression levels for the two constructs (Fig. 5A).
Expression of the Drp1 constructs at 500 MOI, which gives expression approximately 5 fold
over endogenous levels, was used in further studies. As shown in Fig. 5B, Drpl WT
accumulated at mitochondria when co-expressed with active RhoA, consistent with the
effects of RhoA expression on endogenous Drpl. In contrast there was not a significant
increase in mitochondrial Drpl S616A in response to RhoA (Fig. 5B). We further observed
that RhoA increased mitochondrial fission, as indicated by decreased form factor and aspect
ratios, in cells expressing Drpl WT but not in cells expressing Drpl S616A (Fig. 5C),
consistent with the inability of RhoA activation to increase mitochondrial levels of Drpl
S616A.
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3.4. Drplisrequired for RhoA-mediated cardioprotection of cardiomyocytes from
oxidative stress

Sustained mitochondrial fission through Drpl has been implicated in cardiac cell death [33],
but studies on heterozygous Drpl knockout mice suggest that Drpl dependent fission is
protective against ischemia/reperfusion injury [23]. Thus we considered whether the ability
of RhoA signaling to protect cardiomyocytes against oxidative stress [9] could derive in part
from its ability to regulate Drp1. We induced oxidative stress by hydrogen peroxide
treatment since we have previously established that RhoA expression or S1P treatment
protect against cell death in this model [2, 9]. The ability of either RhoA or S1P to protect
cardiomyocytes against cell death was significantly diminished when cardiomyocyte Drpl
was knocked down with siRNA (Fig. 6A). Protection of cardiomyocytes by RhoA was also
observed when Drpl WT was expressed, but not with expression of Drpl S616A (Fig. 6B).
Expression of Drpl S616A had a modestly protective effect, but this was independent of
RhoA activation. To provide further evidence for a role of Drpl-mediated fission in the
cardioprotective effect of RhoA we utilized mdivi-1, a pharmacological inhibitor of Drpl
dependent fission. Prolonged treatment with 50 UM mdivi-1 induces cardiomyocyte death
[23]. However, when cells were treated with a lower dose of mdivi-1 (10 uM) to limit its
pro-apoptotic effects, it was found to attenuate RhoA mediated protection (Supplemental
Fig. 1). Thus Drpl dependent mitochondrial fission is a critical mechanism underlying
RhoA-mediated cardioprotection. Drpl knockdown did not affect RhoA induced changes in
phosphorylation of Akt or cofilin, markers of pathways we have previously implicated in
cardioprotection (Fig. 6C). Thus the requirement for Drpl in RhoA mediated mitochondrial
fission defines a novel pathway independent of known RhoA dependent kinase cascades that
protect against oxidative stress.

4. Discussion

We show here, through studies using either adenoviral expression of constitutively active
RhoA or stimulation of RhoA with the GPCR ligand S1P, that RhoA activation in
cardiomyocytes regulates Drpl phosphorylation at serine-616 through a ROCK dependent
pathway. Using these same approaches, we demonstrate that RhoA activation increases
mitochondrial levels of Drpl in both cardiomyocytes and the whole heart. We further show
that activation of RhoA induces mitochondrial fission in cardiomyocytes in a Drpl
dependent manner as indicated through studies using sSiRNA knockdown. Experiments using
expression of phosphomutant Drpl indicate that RhoA induced Drp1l translocation and
fission both require the phosphorylation of Drpl at serine-616. Lastly using a cellular model
of cardiomyocyte death we demonstrate, via SiRNA knockdown or expression of a
nonphosphorylatable Drpl mutant, that Drpl dependent fission contributes to RhoA-
mediated cardioprotection against oxidative stress. To our knowledge, this is the first
demonstration that a RhoA signaling pathway can elicit Drp1 dependent mitochondrial
fission to provide protection against oxidative stress in cardiomyocytes.
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4.1. Drplis phosphorylated and localized to mitochondria in response to RhoA and

ROCK

Our studies demonstrate that RhoA activation, achieved through adenoviral expression of
active RhoA or S1P treatment, leads to Drpl phosphorylation at serine-616. Phosphorylation
at this site appears to be a point of convergence for regulation of Drpl by multiple kinase
cascades: Drpl has been reported to be phosphorylated at serine-616 through Cdk1, PKCS,
and CaMKII [15, 34, 35]. These kinases were implicated in non-cardiomyocytes, except in
the case of CaMKI|I, and none of these kinases are likely downstream targets of RhoA
signaling. Our studies demonstrate that Drpl phosphorylation by RhoA is blocked by
pharmacological or genetic interventions that inhibit ROCK, consistent with the finding that
pharmacological inhibition of ROCK decreases Drpl phosphorylation at serine-616 in hearts
of mice subjected to endotoxemia [36].

We did not observe effects of RhoA signaling on serine-637 phosphorylation (Fig. 1C). This
contrasts with a study using podocytes subjected to hyperglycemia where ROCK was
implicated in phosphorylation of Drpl at serine-637 [37]. PKD, another downstream target
of RhoA explored in our previous work [3, 9, 10], has also been suggested to phosphorylate
Drp1 at serine-637 in cardiomyocytes [38]. However, serine-637 phosphorylation of Drpl
was not affected by activation of RhoA nor was the RhoA-induced increase in
phosphorylation of Drpl at serine-616 blocked by a PKD inhibitor (data not shown). Thus
activation of RhoA in cardiomyocytes does not lead to phosphorylation of Drp1 at
serine-637 or phosphorylation of Drp1 through PKD signaling.

Our previous work demonstrates that RhoA signaling in cardiomyocytes regulates the
kinases ROCK, Akt, and PKD [2, 3, 6, 9]. We considered possible involvement of Akt
downstream of ROCK [2, 6], in the regulation of Drp1; however, phosphorylation of Drpl
by S1P was not blocked by an Akt inhibitor or a PKD inhibitor (data not shown). In
addition, direct signaling by ROCK was recently suggested by its immunoprecipitation with
Drp1 [37]. In light of these findings we propose that ROCK is the kinase responsible for
transducing RhoA activation to Drpl phosphorylation.

We also show that localization of Drpl to mitochondria is mediated through ROCK in
cardiomyocytes. Our studies using phosphomutant Drpl support the hypothesis that
phosphorylation at serine-616 is required for regulation of the mitochondrial translocation of
Drpl [34, 35]. Thus activation of RhoA and its downstream kinase, ROCK, defines a new
pathway by which phosphorylation of Drpl can be regulated in cardiomyocytes to transduce
environmental signals to mitochondria.

4.2. Activation of RhoA by S1P mediates regulation of Drpl

Our findings with expression of active RhoA are recapitulated by GPCR stimulation with
S1P or an S1PR3 agonist, both of which we have shown to lead to activation of RhoA [9,
10]. Both agonists increase phosphorylated Drpl in a RhoA/ROCK dependent manner.
Mitochondrial Drpl was also increased in both cardiomyocytes and isolated hearts treated
with S1P. GPCR pathways previously reported to stimulate Drp1 translocation to the
mitochondria are the Gas coupled B-adrenergic [35, 39] and the Gaq coupled a-adrenergic
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[40] receptors. Notably, studies showing responses to agonists for these other GPCRs in
primary cardiomyocytes have examined changes in Drpl phosphorylation, localization, or
function after 6-48 h of stimulation, when additional signaling cascades or changes in gene
expression could be activated [35, 40]. In contrast, SIPR3 couples through a different family
of heterotrimeric G-proteins, Ga1y/13, t0 activate RhoA signaling in both cardiomyocytes
and other cardiac cells [10, 41], and the finding that S1P can stimulate RhoA-mediated Drpl
phosphorylation and translocation within 15 min of treatment provides important new
insights into the role of acute activation of a GPCR signaling pathway in regulation of Drpl
in cardiomyocytes.

4.3. Mitochondrial fission induced by RhoA through regulation of Drpl in cardiomyocytes

Expression of constitutively active RhoA results in changes in mitochondrial morphology
consistent with increased fission. We demonstrated through pharmacological inhibition that
ROCK is required for RhoA to elicit fission in cardiomyocytes, consistent with evidence for
a role of ROCK in mitochondrial fission in neuronal and cancer cells [25, 26]. The siRNA
knockdown of Drpl prevented development of this phenotype, indicating that RhoA leads to
mitochondrial fission through Drpl. Mitochondrial size was not altered in cardiomyocytes
by Drpl knockdown alone, in contrast to the mitochondrial enlargement observed in hearts
of Drpl knockouts [18]. This likely reflects the more limited extent and time of knockdown
with siRNA versus that in genetic knockout models, as well as differences in the in vivo
mouse versus isolated rat cardiomyocyte models. In a similar vein, expression of mutant
Drpl S616A, which appears to act as a dominant negative in blocking RhoA mediated Drpl
translocation and fission, did not alter mitochondrial size in the cardiomyocyte. This is
consistent with an observation in HeLa cells where Drpl serine-616 mutants had no basal
effect on mitochondrial size [42]. The fact that there are no significant basal changes in
mitochondrial dynamics in our model provided the opportunity to more specifically focus on
the importance of activating RhoA signaling pathways on Drpl mediated mitochondrial
fission.

Previous studies have shown that Drp1 dependent mitochondrial fission occurs following I/R
in the heart [33, 43], and we have demonstrated that RhoA activation is a signaling event
that occurs in response to I/R [3, 9]. There is abundant evidence that S1P is generated in the
heart in response to ischemic injury [7, 8]. These events have not been directly linked, but
our evidence for regulation of Drpl by RhoA activation in the heart suggests that the Drpl
dependent mitochondrial fission that occurs in response to I/R could be mediated through
S1P generation and signaling through RhoA.

4.4. Mitochondrial mechanism of Drpl dependent cardioprotection by RhoA

Extending our previous work delineating pathways by which S1P and RhoA protect
cardiomyocytes [2, 9], we show here that sSiRNA knockdown of Drpl significantly
attenuates RhoA mediated cardioprotection. This is consistent with studies in which
heterozygous cardiac Drpl knockout mice were reported to have increased infarct from I/R
[23] and increased apoptosis following pressure overload [44], suggesting that Drpl serves a
protective function in the response to these interventions. Inhibiting Drpl dependent fission
in cardiomyocytes during exercise was also recently shown to prevent B-adrenergic receptor
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mediated increases in mitochondrial respiration capacity [39]. Thus in the setting of
exercise, Drpl dependent fission serves as an adaptive physiological response to enhance
mitochondrial function. Notably the fission observed with exercise is not associated with
mitochondrial depolarization and concurrent cardiomyocyte cell death [39]. Likewise,
activation of RhoA to levels used in the current study does not lead to mitochondrial
membrane depolarization or increased opening of the mitochondrial permeability transition
pore [45] and S1P stimulation preserves mitochondrial membrane potential in
cardiomyocytes under oxidative stress [9]. Thus we propose that moderate levels of RhoA
activation, as occur through S1P signaling, provide cardioprotection through mitochondrial
fission without triggering mitochondrial dysfunction. This is in contrast to effects of chronic
B-adrenergic receptor activation or inflammatory sepsis in which both increases in fission as
well as mitochondrial depolarization and/or cell death are observed [33, 35, 46].

We previously reported that S1P signaling through RhoA in cardiomyocytes stimulates
survival pathways, including FAK/AKkt [2, 6] and PKD [9]. Drpl dependent fission joins
these as protective mechanisms regulated through RhoA signaling. All three signaling
pathways eventually converge at the mitochondria. Akt signaling inhibits mitochondrial
permeability transition pore opening to protect against dysfunction in cardiomyocytes [47].
PKD signals to mitochondria by inhibiting translocation of the pro-apoptotic protein Bax
[9]. Drpl dependent fission can segregate damaged from healthy mitochondria, preventing
accumulation of oxidized mitochondrial proteins and dysfunction [48]. Thus rather than a
“single” pro-survival pathway, a combination of anti-apoptotic signaling along with
pathways that inhibit mitochondrial dysfunction may be optimal for sustaining
cardiomyocytes under ischemic or oxidative stress. We suggest that these RhoA dependent
pathways represent integrated mechanisms by which RhoA activation can protect against
mitochondrial dysfunction in the immediate aftermath of cardiomyocyte injury.

Currently, potential roles played by RhoA mediated regulation of Drp1 beyond
mitochondrial fission that may further explain the involvement of Drpl in RhoA dependent
mitochondrial protection have not been explored. There is interplay between mitochondrial
fission and mitophagy signals in the heart [49], although there are conflicting observations
as to whether knockout of Drp1l leads to increased [18, 50] or decreased mitophagy [23, 44].
Drp1 also regulates mitochondrial respiration in cardiomyocytes [51, 52]. Thus, it will be of
interest in future studies to determine if activation of RhoA facilitates mitophagy and/or
mitochondrial respiration as part of a broader mitochondrial quality control program in the
cardiomyocyte.

5. Conclusion

In summary, we have shown that increases in RhoA activity, whether by expression of active
RhoA or by activation of endogenous RhoA in response to the agonist S1P, regulate the
mitochondrial fission protein Drpl. The consequent changes observed include Drpl
phosphorylation, mitochondrial translocation, and Drpl dependent mitochondrial fission.
Drp1 and mitochondrial fission also play a role in the ability of RhoA to protect
cardiomyocytes from oxidative stress induced cell death.
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RhoA activation through ROCK stimulates phosphorylation of Drpl at serine-616. A,
NRVMs adenovirally expressing activated RhoA or GFP control, in the absence or presence
of 10 uM of ROCK inhibitor Y-27632. Whole cell lysates were analyzed by SDS-PAGE and
Western blot for p-Drpl at serine-616 and total Drpl levels. **p < .01 vs. Ctrl, ##p < .01 vs.
RhoA (m7=5-6). B, NRVMs adenovirally expressing activated RhoA or GFP control, with
and without co-expression of dominant-negative ROCK (DNR). Whole cell lysates were
analyzed by SDS-PAGE and Western blot for p-Drp1 at serine-616 and total Drp1l levels.
**p < .01 vs. Ctrl, #p < .05 vs. RhoA (7=4-5). C, A representative Western blot for p-Drpl
at serine-637 and total Drpl in whole cell lysates from NRVMs adenovirally expressing
activated RhoA or GFP control, or stimulated for 30 min with 10 uM forskolin (Fsk) as a
positive control for PKA-dependent phosphorylation of Drpl at serine-637. D, NRVMs were
pretreated with C3 Rho inhibitor (1.5 pg/ml for 6 h pretreatment) or ROCK inhibitor
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Y-27632, then stimulated with 300 nM S1P for 30 min. Whole cell lysates were analyzed by
SDS-PAGE and Western blot for p-Drpl at serine-616 and total Drpl levels. **p < .01 vs.
Ctrl, ##p < .01 vs. S1P (n=4-6). E, NRVMs with or without pretreatment of C3 Rho
inhibitor were stimulated by 10 uM of S1PR3 selective agonist CYM-51736 (CYM) for 30
min and cell lysates were subjected to Western blot for p-Drpl at serine-616. *p < .05 vs.
Ctrl, #p < .05 vs. CYM (n=4).
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Fig. 2.

RhoA activation through ROCK increases mitochondrial levels of Drpl in cardiomyocytes.
A, NRVMs adenovirally expressing activated RhoA for the amount of time indicated
following infection. Mitochondrial and cytosolic fractions analyzed by SDS-PAGE and
Western blot for Drpl in respective fractions. COX-IV and RhoGDI were used as controls
for loading of mitochondrial and cytosolic fractions respectively. *p < .05 vs. 0 h (n=5) B,
NRVMs adenovirally expressing activated RhoA or GFP control, in the absence or presence
of 10 uM of ROCK inhibitor Y-27632. Mitochondrial and cytosolic fractions analyzed by
SDS-PAGE and Western blot for Drpl in respective fractions. **p < .01 vs. Ctrl, #p< .05 vs.
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RhoA (n=5). C, NRVMs with stimulation by 300nM S1P for the amount of time indicated.
Mitochondrial and cytosolic fractions analyzed by SDS-PAGE and Western blot for Drpl in
respective fractions. D, NRVMs in the absence or presence of 10 uM of ROCK inhibitor
Y-27632 () or adenovirally expressing dominant-negative ROCK (DNR), were stimulated
by 300 nM S1P for 30 min. Mitochondrial and cytosolic fractions analyzed by SDS-PAGE
and Western blot for Drp1 in respective fractions. **p < .05 vs. Ctrl, #p < .05 vs. S1P (n=4).
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Fig. 3.

RhoA activation increases mitochondrial Drpl levels in the adult mouse heart. A, Mice were
injected with RhoA AAV9 or corresponding control for 2 weeks. Mitochondrial fractions of
mouse hearts analyzed by SDS-PAGE and Western blot for Drpl. COX-1V and RhoGDI
were used as mitochondrial and cytosolic markers respectively. *p < .05 vs. Ctrl (7=3). B, C,
Mouse hearts from wildtype (B) or cardiac-specific RhoA knockouts (C) were subjected to
ex vivo Langendorff perfusion with or without 300 nM S1P for 15 min. Mitochondrial
fractions analyzed by SDS-PAGE and Western blot for Drpl. *p < .05 vs. Ctrl (7=7).
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Fig. 4.
RhoA activation induces mitochondrial fission in cardiomyocytes through ROCK and Drp1.

A, NRVMs were transfected with either control siRNA (siCtrl) or siRNA for Drp1 (siDrp1)
for 48 h. **p < .01 vs. siCtrl (77=6). B, Confocal microscopy of NRVMs treated with either
control or Drpl siRNA for 48 h, and subsequent adenoviral expression of either activated
RhoA or control. MitoTracker DeepRed (30 nM) was loaded into cardiomyocytes to
visualize mitochondria. Particle analysis was carried out to calculate form factor and aspect
ratio as indicators of circularity to assess mitochondrial size. *p < .05 vs. siCtrl, ***p < .001
vs. siCtrl (7=40). C, Confocal microscopy images of NRVMs with adenoviral expression of
either activated RhoA or control, and absence or presence of ROCK inhibitor Y-27632 (10
uM). MitoTracker DeepRed was used to visualize mitochondria. Particle analysis was
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carried out to calculate form factor and aspect ratio as indicators of circularity to assess
mitochondrial size. *p < .05 vs. Ctrl, ***p <.001 vs. Ctrl (/7=30).
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Fig. 5.
Phosphorylation of Drp1 at serine-616 is required for RhoA-induced mitochondrial fission.

A, NRVMs were infected with adenovirus expressing wildtype or S616A phosphorylation-
defective mutant Drpl. Whole cell lysates were analyzed by Western blot for Drpl. B,
NRVMs were infected with 500 MOI of adenovirus expressing Drpl wildtype or S616A,
and active RhoA or GFP control were adenovirally co-expressed. Mitochondrial fractions
were analyzed by Western blot for Drpl, with COX-1V and RhoGDI as mitochondrial and
cytosolic markers respectively. *p < .05 vs. Ctrl (n=6). C, Fluorescent confocal microscopy
images of NRVMs with adenoviral expression of wildtype or S616A phosphorylation-
defective mutant Drp1, and adenoviral co-expression of activated RhoA or control, using
MitoTracker DeepRed to visualize mitochondria. Particle analysis was carried out to
calculate form factor and aspect ratio as indicators of circularity to assess mitochondrial
size. *p < .05 vs. Drpl WT, ***p <.001 vs. Drp1 WT (n=30).
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Fig. 6.

Drgpl contributes to RhoA-mediated cardioprotection from oxidative stress. A, Following 48
h of control or Drpl siRNA treatment, NRVMs were infected with adenovirus expressing
activated RhoA or GFP control for 12 h and treated with or without S1P for 30 min. NRVMs
were then treated with 50 pM H,O, for 16 h. Cell death was quantified by Cell Death
Detection ELISAPLYUS POD assay of nucleus-free lysates. *p < .05 vs. Hy0,, **p < .01 vs.
H»0, in control (n=6). B, NRVMs were infected with adenovirus expressing wildtype or
S616A phosphorylation-defective mutant Drpl, and adenoviral co-expression of activated
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RhoA or GFP control for 24 h. NRVMs were then treated with 50 uM H,0, for 16 h. Cell
death was quantified by Cell Death Detection ELISAPLYS POD assay of nucleus-free
lysates. **p < .01 vs. Drpl + H,0O5 (n=6). C, NRVMs were treated with control or Drpl
siRNA knockdown for 48 h. Subsequently, NRVMs were infected with adenovirus
expressing activated RhoA or GFP control, and whole cell lysates were analyzed by Western
blot for Drpl to confirm knockdown, and of p-Akt, total Akt, p-cofilin, and total cofilin to
assess phosphorylation of these proteins with and without Drpl siRNA.
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