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ABSTRACT OF THE THESIS

S1P3 Receptor Coupling to RhoA Activation and Cardioprotection

by

Bryan Shing Hei Yung

Master of Science in Biology

University of California, San Diego, 2015

Professor Joan Heller Brown, Chair
Professor Nicholas C. Spitzer, Co-Chair

Sphingosine-1-phoshpate (S1P) is a lysophospholipid that can signal through
multiple G protein-coupled receptor subtypes. S1P is generated and released at sites of
tissue injury in the heart and can act on S1P;, S1P,, and S1P; receptor subtypes to
effect cardiovascular responses. We established that S1P causes little
phosphatidylinositol hydrolysis and does not induce hypertrophy in neonatal rat
ventricular myocytes (NRVMs), indicating that it does not cause receptor coupling to Gq.

We previously demonstrated that S1P confers cardioprotection against
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ischemia/reperfusion (I/R) and mediates this cardioprotection by activating RhoA and its
downstream effector PKD. The S1P receptors and G proteins that regulate RhoA
activation and downstream response in the heart have not been determined. By
inhibiting different G proteins in NRVMs, we established that S1P regulates RhoA
activation through Gais. Knockdown of the three S1P receptors using siRNA
demonstrated a requirement for S1P; in RhoA activation and subsequent PKD
phosphorylation, and was confirmed in studies using isolated hearts from S1P3 knockout
(KO) mice. To investigate the functional role of S1P; receptors, we subjected isolated
wild-type (WT) or S1P; KO mouse hearts to ex vivo I/R. Addition of S1P prior to I/R
significantly reduced infarct size in WT hearts; this protection was abolished in the S1P;
KO. To confirm the role of S1P; in cardioprotection, WT mouse hearts were perfused
with S1P3-specific agonist CYM-51736; infarct development was attenuated to a degree
similar to that achieved by S1P. These findings suggest that S1Ps- and Ga,s;-mediated

RhoA/PKD activation are responsible for protection against I/R.

Xiii



INTRODUCTION

Ischemic heart disease

Cardiovascular disease is the leading cause of death globally, claiming
approximately 17 million lives every year (1). Of the many types of heart disease,
ischemic heart disease, also known as coronary artery disease, is the most common
type of heart disease and is characterized by reduced blood supply to the heart, leading
to myocardial infarction. Restoration of blood flow after an ischemic episode (e.g.
myocardial infarction) is necessary to prevent catastrophic heart failure, but reperfusion
can itself lead to an additional increase in cardiomyocyte death; a process referred to as
reperfusion injury (2-4). The primary therapies available for limiting myocardial infarction
and preventing the onset of heart failure are thrombolytic therapy or percutaneous
coronary intervention (i.e. coronary angioplasty). An adjunct therapy to uninterrupted
reperfusion is ischemic postconditioning (IPOST), the employment of intermittent
ischemic episodes during reperfusion, which has been shown in some studies to further
reduce myocardial infarction (5,6), although not all clinical studies have been positive
(7,8). Despite improvements in therapies that allow timely reperfusion of occluded
arteries, there is still no reliable therapy for preventing reperfusion injury, suggesting the
ongoing need for new therapeutic treatments. Experiments have been conducted to
identify potential mediators of reperfusion injury, including oxidative stress (9,10),
intracellular calcium overload (11,12), and inflammation (13-15), and have resulted in the
development of pharmacological treatments to limit cardiomyocyte death during
ischemia/reperfusion injury (I/R). Previous work has shown that the G protein-coupled

receptor (GPCR) agonist sphingosine-1-phosphate (S1P) is endogenously released in



response to cardiac injury (16,17) and that S1P protects the heart from the oxidative
damage that leads to I/R (18-20). However, the receptor subtypes and intracellular

signaling pathways by which S1P mediates cardiac protection are not fully understood.

G protein-coupled receptor signaling

Over 200 GPCRs have been identified in the heart and they play an important
role in the regulation of diverse cardiac functions such as heart contractility, heart rate,
hypertrophy, heart failure development, and cardioprotection (21). GPCRs are seven-
transmembrane domain receptors found on the surface of eukaryotic cells and are
currently the largest family of proteins targeted by drug discovery (21-23). Antagonists of
these receptors are the most commonly used pharmacological treatment for heart failure
and includes the use of B-blockers to inhibit B-adrenergic receptors that couple to Gas
and Angiotensin |l receptor blockers (ARBs) to block the activity of the Angiotensin II
receptor, which couples to Gay,.

GPCRs couple to heterotrimeric G proteins, consisting of a, 8, and y subunits,
each existing as multiple isoforms (21-23). Upon external activation of the receptor by a
ligand, the ligand-receptor complex facilitates the activation of the a subunit of the
heterotrimeric G protein complex by exchanging guanosine diphosphate (GDP) for
guanosine triphosphate (GTP). This causes a conformational change and results in the
disassociation of the Ga subunit from the B and y subunits, allowing the a subunit and
By complex to interact with various downstream effectors and ion channels (23).

The signaling and downstream effects of these GPCRs depend on the G protein
they couple (i.e. Gs, Gi, Gg, Gi2, and Gis). While Ga; antagonizes the stimulation of

adenylate cyclase (AC) and cardiac inotropic and chronotropic effects mediated through



Gas (24), Gag couples to phospholipase C-beta (PLCB) and has been demonstrated to
play a major role in the development of hypertrophy (21,25-28). The Gaiz,3family of G
proteins interact with various guanine exchange factors (GEFs) for the low molecular
weight G protein Ras homolog gene member A (RhoA) (29-35). RhoA signals through
downstream mediators, including Rho Kinase (ROCK) and serum response factor (SRF),
to initiate a variety of cellular responses including actin cytoskeleton organization by
inducing stress fiber and focal adhesion formation (36-38) as well as modulating cell
migration, proliferation and gene expression (34,39,40). Our laboratory has previously
shown that cardiac-specific expression of RhoA protects the heart against oxidative
stress and I/R injury whereas gene deletion of RhoA decreases tolerance to ischemic

damage (41).

Cardiac role of S1P

S1P is a circulating lysophospholipid that is bound to serum albumin and high-
density lipoprotein (18,42). It has been shown to function in a variety of biological
processes, including cell proliferation (43,44), development (45,46), and cell survival
(47). S1P is a high affinity ligand for five GPCRs denoted S1P,.5 (48-50). It has been
demonstrated that cardiomyocytes primarily express S1P,, S1P,, and S1P3. S1P; is the
major subtype expressed in the heart as well as in cardiomyocytes and it exclusively
couples to the heterotrimeric G protein G; to inhibit cyclic adenosine monophosphate
(cAMP) formation and cardiac contractility (24,51,52). Unlike S1P4, the S1P, and S1P;
receptors couple not only to Gi, but also to Gg, Giz, and Gis (51,53), as illustrated in

Scheme 1.



The physiological and pathophysiological role of S1P-mediated RhoA activation
in the heart has not been fully elucidated. It has been established that Ga, signaling is
involved in development of cardiac hypertrophy in vivo (25,27,54), and while S1P, and
S1P3; have been shown to couple to Gag in other systems (55,56) it has not been
determined whether S1P regulates cardiac hypertrophy or plays a role in pressure
overload induced hypertrophy in vivo through S1P,and S1P; receptor activation of Gay.
Accumulating evidence has shown that S1P confers cardioprotection against stress
including in vitro and in vivo I/R models (17-20,57). For example, S1P levels are
increased in and released from cardiomyocytes in response to ischemic preconditioning
and mediates cardioprotective effects of preconditioning (17,58). The Food and Drug
Administration (FDA)-approved drug FTY720, which acutely stimulates S1P; and S1P3,
has been shown to provide cardioprotective effects in vitro (59,60). It has not been
determined which receptor is responsible for the protective effect, although FTY720
eventually downregulates S1P4 (61). In a separate study, antagonism of S1P;and S1P;
receptors with VPC23019 prevented the cardioprotective effects of both pre- and post-
conditioning on infarct size development after I/R (17). There have also been reports
indicating that S1P, may be involved in protecting the heart against ischemic stress (60).
However, it has been shown that the S1P; selective agonist SEW1781 perfusion
provides very modest cardioprotection in rat hearts subjected to ex vivo I/R, compared to
that provided by S1P (62).

We have previously demonstrated that S1P provides protection against oxidative
stress or I/R in neonatal ventricular myocytes (NRVMs), in the isolated perfused heart,
and in the in vivo heart (19,20). In our previous study, we showed that gene deletion of

S1P, and S1P;in mice exacerbated infarct development, suggesting that these are the



major receptor subtypes mediating in vivo cardiac protection by S1P against I/R (19). In
this study, we examined whether S1P regulates cardiomyocyte hypertrophy through
S1P, or the S1P3receptors and which of these receptor subtypes are involved in S1P-
mediated cardioprotection. We have previously shown that S1P conferred
cardioprotection through RhoA and its downstream effectors phospholipase C-epsilon
(PLCe) and protein kinase D (PKD) (20). Thus we also elucidated S1P receptor
subtypes and G protein involvement in activation of RhoA/PKD signaling. The data
presented here demonstrates that S1P does not contribute to development of cardiac
hypertrophy, that S1P3 is responsible for RhoA activation through coupling to Gays, and
that this coupling plays a major role in S1P-mediated PKD activation and

cardioprotection.



MATERIALS & METHODS

NRVM cell culture and reagents

NRVMs were isolated from cardiac ventricles of 1- to 2-day-old Sprague-Dawley
rat pups and digested with collagenase, and cardiomyocytes were purified through a
Percoll Gradient (63). NRVMs were then plated at a density of 3.0 x 10%cm? on 1%
gelatin-coated dishes and maintained overnight in Dulbecco-modified Eagle’s medium
(DMEM) (4.5 g/L D-glucose) from Gibco containing 15% fetal bovine serum, 100 U/mL
penicillin, and 100 pg/mL at 37°C with 10% CO, overnight. After overnight culture, cells
were either serum-starved in serum-free DMEM for 24 hours or transfected with siRNA
in Opti-MEM for 24 or 48 hours, depending on optimal knockdown levels, for further
analysis. The Rho inhibitor C3 exoenzyme was obtained from Cytoskeleton (CT04) and
used at 2 pug/mL for 6 hours before treatments. Pertussis toxin (PTX) from Calbiochem
was used at 0.1 pug/mL overnight before treatments. Phenylephrine (PE) was obtained
from Sigma Life Science and used at 50 uM. S1P was obtained from Avanti Polar Lipids
(860492P) and used at 0.3 pM. S1P;-specific agonist CYM-51736 was provided by Dr.

Hugh Rosen (The Scripps Research Institute, La Jolla, CA) and used at 10 uM.

Animals

All animal procedures were performed in accordance with 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. Generation of global homozygous

C57BL/6 S1P, knock out (KO) and S1P3; KO mice has been previously described (64).



All experiments were performed on age-matched (8- to 12-week-old) male wild-type

(WT) and KO littermates.

Immunofluorescence

Following treatments, NRVMs were washed with cold phosphate buffered saline
(PBS) and fixed in 3.5% paraformaldehyde solution for 15 minutes at room temperature.
Cells were then rehydrated and permeabilized in 0.02% NP-40 alternative in PBS for 10
minutes, and blocked in 2% bovine serum albumin (BSA) and 10% goat serum in PBS
for 1 hour at room temperature. Cells were then incubated in primary antibody against a-
actinin or atrial natriuretic factor overnight at 4°C. The cells were then washed 3 times
with 0.02% NP-40 alternative in PBS on a rocker for 5 minutes. Secondary antibodies
conjugated to Alexa fluorophores were diluted in block solution described above and
applied for 2 hours at room temperature in the absence of light. Cells were then washed
3 times in 0.02% NP-40 alternative in PBS and mounted with VECTASHIELD Hardset
containing DAPI to visualize nuclei at room temperature in the absence of light. Images
were visualized by confocal microscopy. Cell area was measured using a scale bar of 20

um.

RNA isolation and measurements

NRVMs were harvested in Trizol and allowed to incubate at room temperature for
5 minutes. Chloroform was added to the samples and mixed by shaking followed by
another room temperature incubation for 2 to 5 minutes. Samples were then centrifuged
for 15 minutes at 4°C at 20,817 rcf. The clear supernatant phase was decanted into a

clean microfuge tube containing isopropanol and incubated for 10 minutes at room



temperature. Samples were then centrifuged for 15 minutes at 4°C at 20,817 rcf and the
supernatant was removed from the RNA pellet. The pellet was then rinsed with 70%
ethanol made with nuclease free water. The samples were then centrifuged for 15
minutes at 4°C at 20,817 rcf. The ethanol was then removed and the pellet was allowed
to air dry for 30 to 60 minutes. The pellet was resuspended in 25 uL of nuclease-free
water and heated for 10 minutes at 55°C. RNA dilutions were made at 1:500 in 1 mL and
the optical density at 260 nm was measured using a quartz cuvette and a
spectrophotometer. To determine the concentration of RNA in pg/uL, the following

equation was used: OD 260 x df (500) x 0.04.

cDNA synthesis and qPCR analysis

Total RNA was converted to cDNA using the Verso cDNA synthesis kit acquired
from Thermo Scientific. From the isolated total RNA, 1 ug of RNA was added to
polymerase chain reaction (PCR) tubes and brought up to a final volume of 11puL with
nuclease free water. The samples were then heated to 70°C for 5 minutes and cooled to
4°C for 1 minute in a PCR thermocycler before the addition of kit components. Next, 4
pL of 5x synthesis buffer, 2 uL of dNTP mix, and 1 pL of random hexamers, RT
Enhancer, and verso enzyme mix were added to each sample and heated to 50°C for 50
minutes followed by 95°C for 2 minutes before being cooled at 4°C. The cDNA mixture is
then brought to a final volume of 40 pL with 20 pL of nuclease free water and then a
subsequent 1:50 dilution in nuclease free water. Then, mRNA levels are assessed using
the Applied Biosystem 7500 Fast Real-Time PCR system. A master mix containing 10
pL of 2x Tagman Universal Master Mix Il with UNG from Applied Biosystems and 1 pL of

the primer from Applied Biosystems was added to each well in a quantitative PCR



(qPCR) plate along with 9 pL of the 1:50 dilution of cDNA. Using the standard program,
the data acquired was analyzed using the comparative C; Method (i.e. the 2724%

method) (65). GAPDH levels were used as the internal control.

Phosphatidylinositol (Pl) hydrolysis

After overnight culturing, NRVMs were labeled with tritium-labeled ([°H]) inositol
(2.5 pCi/mL) in serum-free DMEM containing 0.1 % fatty acid free BSA for 24 hours. The
media was then aspirated and cells were then treated with agonists at various times in
the presence of 25mM lithium chloride, 0.1 % BSA, and 0.1 M HEPES in serum-free
DMEM. Cells were then washed one time with cold PBS and incubated in cold 50 mM
CH,0, (Sigma) for 40 minutes at 4°C. Following incubation, 150 mM NH,OH was added
and the cells were stored in 4°C overnight. Samples were then run through BioRad Poly-
Prep chromatography columns containing BioRad anion exchange AG1-X8 resin
equilibrated in water. Columns were then rinsed two times with water followed by a rinse
with 50mM NH3;CH»0, (Sigma). Columns were then eluted with a solution of 1.2 M
NH3CH>0,in 0.1 M CH,0O, (Fischer) into scintillation vials. Scinti-safe was then added to

the vials and read in scintillation counter for [°H] for 5 minutes.

Hypertrophy studies

Transverse aortic constriction (TAC) was used in 8- to 10-week-old WT, S1P,
KO, or S1P3; KO mice to induce pressure overload hypertrophy as previously described
(66,67). The transverse aortic arch was visualized by a median sternotomy and a 7-0 silk
ligature was tied around the aorta (27-gauge constriction) between the right

brachiocephalic and the left common carotid arteries for one week. Mice were
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anaesthetized under 2% isoflurane, intubated, and ventilated. Mice were euthanized by
cervical dislocation and analyzed following one week TAC. Assessment following
pressure overload hypertrophy was done by comparing the ratio of heart weight (HW) to

body weight (BW).

GTP-RhoA pull-down assay

RhoA activation was determined by an affinity pull-down assay using a
glutathione S-transferase (GST) fusion protein of the RhoA binding domain of the RhoA
effector Rhotekin, as previously described (68). Cardiomyocytes were treated with
Vehicle (DMEM), S1P, or PE for 5 minutes or with CYM-51736 for 20 minutes, rinsed
with cold PBS, and then lysed in a buffer containing 50 mM Tris (pH 7.4), 0.1% Triton-X
100, 150 mM NacCl, 5 mM MgCl,, and 10% glycerol, supplemented with protease and
phosphatase inhibitors (Sigma). To determine RhoA activation in WT, S1P, KO, or S1P;
KO hearts, hearts were perfused with either Vehicle (DMSO) or 0.3 pM S1P for 5
minutes, or 10 uM CYM-51736 for 20 minutes and homogenized in GTP-RhoA pull-down
assay lysis buffer described above. The lysate was then clarified by centrifugation for 2
minutes at 4°C at 20,817 rcf and the supernatant was incubated with the Sepharose-
bound GST-rhotekin-RhoA binding domain for 40 minutes at 4°C with mild nutation. The
beads and precipitated proteins were washed with lysis buffer four times and the
samples were prepared in 2x Laemmli sample buffer [33.3 mM NaH.PQO4°H,0, pH 7,
20% glycerol, 4% sodium dodecylsulfate (SDS), 1.2% Pyronin Y and 6% dithiothreitol

(DTT)] and boiled for 5 minutes at 95°C to elute captured proteins.
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Western blotting

Cardiomyocyte cell lysates or left ventricular lysates were prepared with either
GTP-RhoA pull-down assay lysis buffer as described above or RIPA buffer (150 mM
NaCl, 1% NP-40 alternative, 1% sodium deoxycholate, 0.1% SDS, 2 mM EDTA, 50 mM
NaF, 50 mM Tris, pH 7.4). Western blot analysis was performed according to protocols
previously described (63). The antibodies used from immunoblotting were the following:
RhoA from Santa Cruz Biotechnology Inc., glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), phoshpo-PKD (Ser’**"*®) PKD, and a-actinin from Cell Signaling Technology.
Peroxidase-conjugated secondary antibodies were used at a dilution of 1:2000 (Sigma)

and the enhanced chemiluminescent substrate was from Thermo Scientific.

Transfection of cardiomyocytes with siRNA

Predesigned PLCe, Ga,, Gais, Gass, S1Py, S1P,, and S1P3; siRNA for rat and
scrambled control siRNA were purchased from Qiagen and used at 3 ug per 1 x 10°
cells. Cardiomyocytes were transfected with siRNA using DharmaFECT-1 transfection
reagent from Thermo Scientific based on the manufacturer’s instruction. siRNA and
DharmaFECT-1 (1:3 ratio) were individually incubated in tubes containing Opti-MEM
medium from Gibco for 10 minutes at room temperature, mixed, and incubated for 20
minutes. Media in cardiomyocyte culture dishes were replaced with fresh media and
siRNA/DharmaFECT-1 mixtures were added to the dishes. After overnight incubation,
cells were washed and cultured for either 24 hours or 48 hours depending on optimal
knockdown levels in serum-free DMEM supplemented with penicillin (100 U/mL) and

streptomyocin (100 pg/mL) before further treatment.
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Isolated perfused heart (Langendorff) ischemia/reperfusion

Hearts from age-matched (8- to 12-week-old) male WT, S1P, KO, or S1P; KO
mice were removed quickly and perfused retrogradely with modified Krebs-Henseleit
buffer (118 mM NaCl, 4.7 mM KCI, 1.2 mM KH,PO,4, 25 mM NaHCO3, 0.5 mM EDTA, 1.2
mM MgSO,, 11 mM glucose, 1.5 mM sodium pyruvate, and 2 mM CaCly) in a
Langendorff apparatus (Radnoti) at a constant pressure of 80 mmHg. To measure infarct
size, hearts were stabilized for 10 minutes and then perfused with subjected to a period
of global ischemia for 22 minutes followed by reperfusion for 60 minutes. Vehicle, S1P
(0.3 uM) or CYM-51736 (10 uM) was perfused 10 minutes before the onset of ischemia
and throughout reperfusion. At the end of reperfusion, ventricles were frozen and cut
transversely into 5 slices of equal thickness and incubated in a solution of 1% triphenyl
tetrazolium chloride (TTC) from Sigma in PBS and fixed in 10% formalin-PBS for 24
hours to measure infarct size. Fixed slices were scanned and Imaged was used to
measure and calculate the size of infarct area and the total slice area. To determine
RhoA activation, hearts were stabilized in Krebs-Henseleit buffer for 10 minutes,
perfused with either S1P for 5 minutes or CYM-51736 for 20 minutes, homogenized in
GTP-RhoA pull-down assay lysis buffer and the protocol for the assay was followed as

described above.

Statistical analysis

All experimental data was normalized to an internal control if available. The
normalized values were all compared to non-treated control group and expressed as
relative fold changes. All results are reported as means = standard error (SE).

Comparison of two groups with one characteristic was accomplished using an unpaired
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Student’s t test. Data with two groups with multiple characteristics were compared with
two-way analysis of variance (ANOVA) followed by Tukey’s multiple comparison test.
Data from experiments with more than two groups with one characteristic were
compared by one-way ANOVA followed by Tukey’s multiple comparison test.
Probabilities values of < 0.05 were considered significant and are indicated by an

asterisk or a pound in all figures.



RESULTS

S1P does not induce cardiac hypertrophy.

Stimulation of Ga, coupled-receptors with ligands such as PE or endothelin
regulates PLC to increase Pl hydrolysis and downstream signals implicated in
development of cardiac hypertrophy (25,27). S1P is an endogenous regulator of cardiac
function that can activate S1P receptor subtypes known to couple to Ga,. The role of
S1P in control of cardiac hypertrophy has not been thoroughly examined. Initially we
assessed the ability of S1P receptor stimulation to activate PLC in NRVMs. NRVMs were
serum-starved in the presence of ®H-inositol and treated with 0.3 uM S1P for 0, 1, 5, 10,
30, and 60 minutes. Responses were compared with those seen with 50 uM PE, an
established hypertrophic agonist that activates a-adrenergic receptors. We observed a
robust increase the accumulation of inositol phosphates (InsPs) in response to PE
whereas S1P elicited a significantly more modest increase in Pl hydrolysis (Figure 1A).
In previous studies we established that S1P receptor mediated PLC activation can occur
through the novel PLC isoform PLCe and its activation by RhoA (69,70). Interestingly,
the PI hydrolysis induced by S1P in NRVMs was fully inhibited by blockade of RhoA
function with C3 exoenzyme (2 ug/ml) whereas the response to PE was not (Figure 1B).
In addition, knockdown of PLCe with siRNA prevented the Pl response to S1P but not
that to PE (Figure 1C). These data suggest that whereas PE works through the
canonical Ga/PLCB signaling pathway to elicit robust Pl hydrolysis, the less robust Pl
response to S1P is mediated through RhoA signaling to PLCe.

To determine whether S1P treatment can elicit cardiomyocyte hypertrophy

NRVMs were treated with S1P or PE for 24 hours. Cells were then subjected to

14
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immunofluorescence analysis for a-actinin, a cardiomyocyte cytoskeletal protein, and
atrial natriuretic factor (ANF), a hypertrophic marker (Figure 2A). Immunofluorescence
analysis revealed a large increase in ANF positive cells following PE treatment, but not
in S1P treated cardiomyocytes (Figure 2A, C). We also observed that PE, but not S1P,
significantly increased the cell surface area (1.6 fold) assessed by a-actinin staining
(Figure 2A, B). qPCR analysis was then used to measure the expression of brain
natriuretic peptide (BNP) and skeletal muscle a-actin (ACTA1), which are both up-
regulated in NRVMs treated with hypertrophic stimuli. PE treatment resulted in a 3.6-fold
increase in BNP and 2.5-fold increase in ACTA1 mRNA expression, but there was no
significant increase in expression of either hypertrophic marker in response to S1P
(Figure 2D, E). Thus S1P receptor stimulation appears unable to trigger the conventional
hypertrophic signaling pathways by which activation of Gag/PLCR elicits hypertrophy in

NRVMs.

S1P, and S1P; receptors do not play a role in TAC induced hypertrophy in mouse
hearts.

Inhibition or genetic deletion of Ga, prevents pressure overload hypertrophy
induced by TAC (71). To determine whether either of the S1P receptor subtypes known
to couple to Ga, (S1P, and S1P3) mediate development of hypertrophy in vivo WT, S1P,
KO, and S1P; KO mice were subjected to TAC for one week to induce pressure overload
hypertrophy. We observed a significant increase in HW relative to BW ratio, indicative of
hypertrophy development, in WT mice and an equivalent increase in the S1P, KO and

S1P3; KO mice following TAC (Figure 3). This indicates that cardiac hypertrophy is still
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induced in the absence of these receptors i.e. that S1P acting on these receptors is not a

player in the development of cardiac hypertrophy induced by pressure overload.

S1P induced RhoA activation is Ga;; dependent.

Having observed that Pl hydrolysis in response to S1P was Rho dependent in
NRVM, we next compared RhoA activation by S1P and PE. S1P robustly activated RhoA
(4.2-fold compared to vehicle) whereas PE did not significantly activate RhoA (Figure
4A). S1P receptors have been shown to couple to G (for S1P,) or to G Gg, and G213 (for
S1P, and S1P3). The G proteins subunits that are most dedicated in coupling GPCRs to
Rho activation through RhoGEFs are Gai, and Ga,yz; although RhoA can also be
activated through Gaqand Ga;. To test involvement of Ga; in RhoA activation induced by
S1P, cells were pretreated with PTX for 24 hours followed by 5 minute S1P stimulation.
RhoA activation was then assessed by immunoprecipitating the GTP-bound activated
RhoA using the Rho binding domain of Rhotekin, a RhoA effector. S1P elicited a 3-fold
increase in activated RhoA and pretreatment with PTX did not affect the activation of
Rho by subsequent S1P stimulation (Figure 4B). To determine whether Ga,, Gai,, or
Gayz were involved in S1P-mediated RhoA activation, we used siRNA-mediated
knockdown of the various G protein a subunits. Treatment with siRNA for 72 hours
reduced expression of each Ga subunit by greater than 50% (Figure 5 A, B, C).
Subsequent S1P treatment of cells transfected with control siRNA elicited a 2-fold
increase in RhoA activation, which was not inhibited by knockdown of Gaq or Gai,
(Figure 6). Knockdown of Gays, however, significantly attenuated RhoA activation
induced by S1P. These results implicate Gay; in S1P induced activation of RhoA in

cardiomyocytes.
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S1P activates RhoA through the S1P; receptor in NRVMs and in isolated perfused
hearts.

As indicated above, the S1P receptor subtypes S1Pi.; are expressed in
cardiomyocytes. To determine which are important for the activation of RhoA in
response to S1P, siRNA for each of the S1P receptor subtypes was transfected in
NRVMs. siRNA knockdown of the S1P receptor subtypes assessed 48 hours later
showed greater than 70% reduction in mRNA expression for each respective S1P
receptor subtypes (Figure 7 A, B, C) and did not significantly affect the expression of
other subtypes (data not shown). After 48 hours, cells were stimulated with S1P for 5
minutes and RhoA activity was assessed by GTP-RhoA pull-down assay as described
above. Knockdown of S1P; receptors markedly reduced RhoA activation by S1P; in
contrast a response equivalent to that seen with control siRNA was observed in S1P; or
S1P, receptor knockdown cells (Figure 8A).

To extend the implications of S1P; receptor-mediated RhoA activation to the
intact adult heart, WT, S1P, KO, or S1P3; KO mouse hearts were isolated and perfused
in the Langendorff mode. S1P was perfused for 5 minutes and RhoA activation was
assessed using the GTP-RhoA pull-down assay. S1P significantly increased the amount
of active RhoA in WT hearts and a similar increase was observed in heart isolated from
S1P, knockout (Figure 8B). Remarkably, S1P treatment failed to activate RhoA in S1P;
knockout mouse hearts, indicating that the S1P5; receptor plays a critical role in S1P
induced RhoA activation in the adult murine heart as it does in neonatal rat

cardiomyocytes.
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S1P; receptor mediates cardioprotection in Langendorff perfused mouse hearts
against ischemia/reperfusion injury.

Our lab has previously reported that S1P confers strong cardioprotection in
isolated perfused mouse hearts through signaling to RhoA and PKD. The findings above
suggested that the cardioprotection induced by S1P would be mediated through
activation of the S1P;receptor. To test this hypothesis, hearts from WT and S1P; KO
mice were perfused with 0.3 uM S1P for 10 minutes, subjected to global ischemia for 22
minutes followed by reperfusion for 60 minutes, and cardiac damage assessed by
staining with 1% TTC. S1P treatment significantly reduced myocardial infarction in the
WT mouse heart, supporting previous observations (20). The protective effect of S1P
was completely abolished in the S1P; KO hearts (Figure 9A). To further confirm the
significant role of S1P; in cardioprotection, we examined the effect of CYM-51736, a
S1P3 receptor-specific agonist. Hearts isolated from WT mice were perfused with 10 pM
CYM-51736 for 10 minutes followed by global I/R. CYM-51736 pretreatment resulted in a
significant reduction in infarct size (Figure 9B), comparable to that observed in hearts
perfused with S1P (Figure 9A) supporting the critical role of the S1P3 receptor in S1P

mediated cardioprotection against I/R injury.

S1P; also mediates the activation of PKD in NRVMs.

We previously demonstrated that PKD is downstream of RhoA activation and
contributes to S1P/RhoA mediated cardioprotection (20). Knockdown of S1P3 in NRVMs
significantly attenuated PKD phosphorylation in response to S1P whereas knockdown of
S1P; or S1P, did not (Figure 10A). In addition, the S1P; selective agonist CYM-51736

robustly increased PKD phosphorylation, and failed to do so following S1P5; receptor
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knockdown (Figure 10B). Together, these results indicate that the cardiac S1P;receptor
plays a critical role in initiating the RhoA/PKD signaling cascade that contributes to

cardioprotection.
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Scheme 1: S1P receptor coupling and downstream effectors. S1P,, S1P,, and S1P;
are the three primary S1P receptors expressed in cardiomyocytes. Previous studies
have shown that S1P, exclusively couples to Ga;, whereas S1P,and S1P; couple to Gq;,
Gag, Gay, and Gayz in non-cardiac cell types. The preferential coupling of the S1P
receptor subtypes to their G proteins and their downstream biological effects have not
been well established in cardiomyocytes.
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Figure 1: PLC activation measured by [H?] inositol phosphate accumulation in
NRVMs. (A) Time course of S1P- and PE-induced phosphatidylinositol hydrolysis.
NRVMs were serum starved overnight in the presence of [°H] inositol. Cells were then
treated with agonists for 1, 5, 10, 30, and 60 minutes in the presence of LiCl before
isolation of [°H] inositol phosphates (InsPs). **P < 0.01 vs. Vehicle, ##P < 0.01 vs. S1P
(n = 5). (B) NRVMs were pretreated with 2.0 ug/mL C3 exoenzyme (Rho inhibitor) for 6
hours or (C) transfected with Control siRNA (siCtrl) or siRNA against PLCe for 48 hours
before challenge with agonists for 60 minutes and assessed for InsPs production. **P <
0.01 vs. Vehicle + Control or siCtrl, ##P < 0.01 vs. S1P + Control or siCtrl (n = 5).
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Figure 2: S1P does not induce cardiac hypertrophy in NRVMs. (A) NRVMs were
treated with Vehicle (Veh), 0.3 uM S1P, or 50 uM PE for 24 hours. Representative
immunofluorescent images depicting NRVMs stained for a-actinin, atrial natriuretic factor
(ANF), and nuclei with DAPI. Scale bar: 20 um. (B) Quantified relative cell area and (C)
quantified ANF positive cells (n = 400 cells). (D) mRNA expression of brain natriuretic
peptide (BNP) and (E) skeletal muscle a-actin (ACTA1). **P < 0.01 vs. Vehicle (n = 4).
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Figure 3: S1P, and S1P; receptors do not play a role in TAC-induced hypertrophy
in mouse hearts. Representative graph of heart weight (HW) to body weight (BW) ratio
of wild-type (WT), S1P, knockout (KO), and S1P; KO mice following transverse aortic
constriction (TAC) for one week to induce pressure overload hypertrophy. **P < 0.01 vs.

Sham (n = 5).
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Figure 4: RhoA activation by S1P is robust and insensitive to pertussis toxin
pretreatment. (A) NRVMs were treated with 0.3 uM S1P or 50 uM PE for 5 minutes and
RhoA activation was measured by a GTP-RhoA pull-down assay. **P < 0.01 vs. Vehicle
(n =5). (B) NRVMs were pretreated with 0.1 pug/mL pertussis toxin (PTX), a Ga; inhibitor,
overnight and then stimulated with 0.3 uM S1P for 5 minutes. RhoA activation was
assessed by GTP-RhoA pull-down assay. NS indicates not significant (n = 4).
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Figure 5: siRNA-mediated knockdown of G protein alpha subunits. NRVMs were
transfected with either Control siRNA (siCtrl) or siRNA against (A) Gag, (B) Gaiz, or (C)
Gays. G protein expression levels were assessed by Western blotting after 72 hour-
knockdown, **P < 0.01 (n = 3). Cytoskeletal protein a-actinin was blotted as a loading
control.
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Figure 6: S1P-mediated RhoA activation is Ga;; dependent. NRVMs were
transfected with either Control siRNA (siCtrl) or siRNA against Ga,, Gay,, or Gays for 72
hours and then stimulated with 0.3 uM S1P for 5 minutes. RhoA activation was assessed
by GTP-RhoA pull-down assay. *, **P < 0.05, 0.01 vs. siCtrl, #P < 0.05 vs. siCtrl + S1P
(n=7).
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Figure 7: siRNA-mediated knockdown of the S1P receptor subtypes. NRVMs were
transfected with either siCtrl or siRNA against (A) S1P,, (B) S1P,, (C) or S1P5;. S1P
receptor levels were assessed by qPCR analysis after 48 hour siRNA transfection. **P <
0.01 vs. siCtrl (n = 6).
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Figure 8: S1P activates RhoA through S1P; in NRVMs and in isolated perfused
hearts. (A) NRVMs were transfected with siRNA to knockdown S1P receptor subtypes
for 48 hours and then stimulated with 0.3 pM S1P for 5 minutes. RhoA activation was
assessed by GTP-RhoA pull-down assay. *,**P < 0.05, 0.01 vs. siCtrl, ##P < 0.01 vs.
siCtrl + S1P, (n = 4). (B) Isolated wild-type (WT), S1P, KO, and S1P; KO mouse hearts
were perfused with either Vehicle or 0.3 uM S1P in Krebs-Henseleit buffer for 5 minutes
in Langendorff mode and RhoA activation was assessed by GTP-RhoA pull-down assay
**P < 0.01 vs. Vehicle, ##P < 0.01 vs. WT + S1P (n=310 5).



29

[ Veh
80 Em SiP

Infarct size (%)
N
o
1

S1P,KO

60

40

Infarct size (%)

C || ||
Vehicle CYM-51736

Figure 9: S1P; mediates the cardioprotective effects of S1P on I/R injury in the
isolated perfused mouse heart. Representative images of TTC-stained cross sections
of isolated perfused mouse hearts after I/R injury (top) and quantification of infarct size
(bottom). White areas are infarcted tissue and red areas are viable tissue. (A) Isolated
WT and S1P3; KO hearts were perfused with either Vehicle or 0.3 uM S1P for 15 minutes
and subjected to 22 minute global ischemia followed by 60 min reperfusion. *P < 0.05 vs.
WT + Vehicle (n = 5). (B) WT hearts were perfused with either Vehicle or 10 puM CYM-
51736 (S1P; specific agonist) for 15 minutes and subjected to I/R. Infarct size was
assessed by TTC staining. **P < 0.01 vs Vehicle (n = 5).
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Figure 10: S1P; mediates the activation of PKD by S1P in NRVMs. NRVMs were
transfected with siRNA against S1P receptor subtypes for 48 hours followed by
treatment with either (A) 0.3 uM S1P for 5 minutes or (B) 10 uM CYM-51736 for 20
minutes. *P < 0.05 vs. siCtrl, #P < 0.05 vs. siCtrl + S1P or CYM-51736 (n = 4 t0 5).
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Scheme 2: Proposed scheme of S1P;-mediated RhoA activation and
cardioprotection.



DISCUSSION

S1P is a pleiotropic bioactive lysophospholipid that couples to a variety of GPCR
subtypes to regulate biological functions, including cell proliferation, inflammation, and
cardiac function (21,22,32,49). In the heart, S1P has been shown to confer protection
against ischemic stress, and we recently reported that RhoA plays a crucial role in S1P-
mediated cardioprotection against I/R injury (17-20,57). Identifying the S1P receptor
subtype through which cardioprotection is mediated would inform further consideration of
potential therapeutic targets for ischemic heart diseases. We demonstrate here that
S1P; is the receptor subtype responsible for S1P-mediated RhoA activation and
protection against I/R injury in cardiomyocytes and in the isolated perfused heart. Our
results also suggest that Gays, but not Gay,, couples S1P receptor stimulation to RhoA
activation in the heart. Studies using NRVMs also demonstrated that the S1P; regulates
RhoA as well as PKD but that S1P causes limited PLC activation and does not induce
hypertrophic responses. S1P, and S1P; are also dispensable for in vivo pressure-

overload induced hypertrophy.

G protein-coupled receptors and RhoA

As previously mentioned, S1P; exclusively couples to Ga;, while S1P, and S1P;
activate multiple G-protein subtypes: Gag, Ga; Gai,, and Gaiz (48,51-53). In the context
of RhoA activation, Gy, and G3, members of the Ga,213 subfamily of G proteins, are well
accepted to mediate the activation of RhoA in response to GPCRs stimulation through
direct regulation of RhoGEFs (29,32,72-74). Interestingly, the data presented here reveal

that only Ga,s, but not Gai,, knockdown significantly attenuates S1P-induced RhoA

32



33

activation and that Gaj, cannot subsume this role in cardiomyocytes. These data
indicates that Ga,3 plays a critical role in transducing S1P; receptor stimulation to RhoA
activation (Figure 6 and 8A). Although we cannot rule out the possibility that Ga,
knockdown achieved by siRNA is insufficient to observe the contribution of Ga,, to S1P-
mediated RhoA activation in NRVMs, it is increasingly clear that Gas, and Ga,; have
distinct signaling effects. Strikingly Gasz knockout mice die during embryonic
development, while Gas, knockout mice are viable, fertile, and without obvious
phenotype (75,76). Indeed, a previous study using Gas;, and Gays antibody
microinjection in Swiss 3T3 cells showed that lysophosphatidic acid (LPA) induced
stress fiber formation, a RhoA-mediated response, through Ga,s; but not Gai, (77).
Studies using overexpression of Gas, and Gayz constructs in 293 cells have also
demonstrated that thrombin and LPA selectively couples to Ga, and Ga,s respectively
to activate RhoA (30).

Coupling of Gay> and Ga,z to RhoGEFs has also been reported to be different.
The regulator of G protein signaling homology (RH) Rho GEFs (p115RhoGEF, leukemia-
associated RhoGEF a.k.a. LARG, and PDZ-RhoGEF) are among the best characterized
downstream effectors of Gas, and Gass. Interestingly it has been reported that several
structural aspects of the their interaction with RhoGEFs differ and thus Gay> and Gais
engage different RhoGEFs (33). Previous seminal in vitro reconstitution experiments
revealed that Ga,s, but not Gay,, stimulates the activity of p115 RhoGEF activity and
PDZ-RhoGEF (31,72). Leukemia-associated RhoGEF (LARG) is activated by Gai, only
when this GEF is phosphorylated by tyrosine-kinase while Ga,; activates it with or

without phosphorylation (35). Taken together, our data using siRNA mediated
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knockdown provide support at the levels of endogenous molecules suggesting the

distinct regulation and roles of Gay, and Gays in GPCRs mediated RhoA activation.

S1P receptor subtypes and Rho signaling

There are five S1P receptor subtypes, S1P4-S1P5 and the expression of these
subtypes varies depending on cell type. Previous studies including work from our
laboratory showed that S1P4, S1P,, and S1P; are the major subtypes expressed in the
heart, with S1P; as the predominant subtype (48-50,65). Our results obtained using
siRNA-mediated receptor knockdown in cardiomyocytes reveal that S1P3, although a
more minor receptor subtype, plays a major role in S1P-mediated RhoA activation
(Figure 8A). The role of S1P3 in RhoA activation was also supported by our experiments
with S1P3; knockout hearts (Figure 8B).

The relative roles of S1P3;versus S1P,in RhoA activation are less consistent. For
example, our previous studies using S1P, and S1P3 KO MEF cells showed that deletion
of S1P,, but not S1P3, significantly diminishes RhoA activation induced by S1P (65,78).
A study using S1P, KO macrophages also suggested a responsible role for S1P, in
RhoA activation (79). On the other hand, pharmacological studies in human coronary
artery smooth muscle cells showed RhoA activation to be inhibited by either S1P, or
S1P3 antagonism (80).

Since both S1P, and S1P; receptors can couple to Ga,o and Gays, the subtype
predominating in RhoA regulation likely depends on receptor expression level. In mouse
cardiomyocytes, we found that S1P; is the most abundant subtype followed by S1Pj,
while S1P;, is expressed at relatively lower levels (48). Maybe the difference in S1P3

versus S1P, receptor expression in cardiomyocytes versus MEFs or other cell types
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explains the preference for S1P; signaling to RhoA. There may also be as yet defined
differences in S1P, and S1P;coupling to Gay,, versus Gais and of Gay,, versus Gass to

endogenous RhoGEFs, as discussed previously.

S1P receptor and cardioprotection

A wide range of molecules downstream of S1P receptor activation has the
potential to mediate cardioprotection. Previously, our laboratory demonstrated that S1P
treatment in NRVMs leads, through RhoA and its effect on PLCe activation, to activation
of PKD (20). In line with the aforementioned significant contribution of S1P; to RhoA
activation, we also observed that PKD activation induced by S1P treatment was
markedly reduced by S1P3 knockdown. (Figure 10A). These results suggest that PKD is
downstream of S1Ps/RhoA signaling axis. We previously demonstrated that S1P-
mediated cardioprotection lost in PKD KO or PLCe KO (20). Here we demonstrate that
S1P-mediated cardioprotection against I/R injury is abolished in S1P; KO hearts (Figure
9A) and that selective activation of S1P; by CYM-51736 leads to robust activation of
PKD (Figure 10B) and confers protection comparable to that observed with S1P (Figure
9B). Thus, this study defines early players in the S1P signaling pathway and suggests
that S1P3, and its coupling to Gass, plays a major role in S1P- and RhoA-mediated
cardioprotection against I/R injury, as illustrated in Scheme 2.

Our results also demonstrate that S1P, in contrast to many other GPCR agonists,
does not induce hypertrophic responses in NRVMs (Figure 2A, B, C, and D) nor is S1P
receptor stimulation involved in pressure-overload induced hypertrophy in vivo (Figure
3). With regard to G protein involvement in cardiac hypertrophy, Gaq has been

established to be essential in development of hypertrophy induced by GPCR agonists
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and by pressure-overload, presumably mediated through PLCPB activation and resultant
generation of intracellular second messengers inositol triphosphate (IP;) and
diacylglycerol (DAG) from phosphatidylinositol 4,5-bisphosphate (PIP,) (21,25-28).
Compared to the adrenergic agonist PE, which activates Ga, coupled a; adrenergic
receptors, S1P-induced Pl responses are very modest and appears to be RhoA/PLCe
dependent (Figure 1A, B, and C). These results suggest that although S1P, and S1P;
have an ability to activate Ga, signaling in non-cardiomyocyte cells (55,56), recruitment
of Gaq signaling through S1P, and S1P3 in cardiomyocytes is limited and not sufficient to
drive hypertrophic responses in the heart. This observation that the hypertrophic
response induced by pressure-overload was unaffected in S1P, or S1P3 KO mice further
indicates that activation of these S1P receptors does not contribute to hypertrophy in
vivo (Figure 3).

All three S1P receptors expressed in the heart have been shown to couple to
Ga;, which negatively regulates adenylate cyclase activity, counteracting the action of
Gas. S1P exerts a negative inotropic effect against B-adrenergic receptor stimulation
induced by Gas activation, and we and others have suggested that S1P4, the
predominant S1P receptor in the heart and one exclusively coupled to Ga;, is responsible
for Gai-mediated inhibition of adenylate cyclase activity (decreasing cAMP) and resultant
negative inotropic effect (24,51,52). Notably, while MAPK and Akt activation induced by
S1P in adult mouse ventricular myocytes (AMVMSs) is also sensitive to pertussis toxin
and thus mediated through Ga;, these responses are attenuated by gene deletion of
S1P, or S1P; and abolished by that of both S1P receptor subtypes (19). Thus Ga;

activation by S1P, and S1P; stimulation is important in regulation of MAPK and Akt, and
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this could also contribute, along with the S1Pz;-mediated RhoA activation shown here, to

the cardioprotective effect of S1P.

Conclusion

We show in this study that S1P receptor stimulation does not induce hypertrophic
responses in cardiomyocytes and is not necessary for the development of hypertrophy in
response to pressure-overload. Using siRNA-mediated knockdown and knockout mice
models, we demonstrate for the first time that the actions of S1P on the S1P; receptor
and its coupling to Ga,3 activate RhoA and PKD. Using gene silencing and deletion, we
also demonstrate that S1P; is responsible for S1P-mediated cardioprotection against ex
vivo I/R injury. These findings are supported by experiments using a recently developed
S1P; selective agonist, CYM-51736. We suggest that specific drug targeting of S1P;
receptors could provide therapeutic benefits in ischemic heart disease without the

undesirable effects of global activation of other cardiac S1P receptors.
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