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Abstract

:

Phosphatidic acid (PA) is a bioactive phospholipid capable of regulating key biological functions, including neutrophil respiratory burst, chemotaxis, or cell growth and differentiation. However, the mechanisms whereby PA exerts these actions are not completely understood. In this work, we show that PA stimulates myoblast proliferation, as determined by measuring the incorporation of [3H]thymidine into DNA and by staining the cells with crystal violet. PA induced the rapid phosphorylation of Akt and ERK1/2, and pretreatment of the cells with specific small interferin RNA (siRNA) to silence the genes encoding these kinases, or with selective pharmacologic inhibitors, blocked PA-stimulated myoblast proliferation. The mitogenic effects of PA were abolished by the preincubation of the myoblasts with pertussis toxin, a Gi protein inhibitor, suggesting the implication of Gi protein-coupled receptors in this action. Although some of the effects of PA have been associated with its possible conversion to lysoPA (LPA), treatment of the myoblasts with PA for up to 60 min did not produce any significant amount of LPA in these cells. Of interest, pharmacological blockade of the LPA receptors 1 and 2, or specific siRNA to silence the genes encoding these receptors, abolished PA-stimulated myoblast proliferation. Moreover, PA was able to compete with LPA for binding to LPA receptors, suggesting that PA can act as a ligand of LPA receptors. It can be concluded that PA stimulates myoblast proliferation through interaction with LPA1 and LPA2 receptors and the subsequent activation of the PI3K/Akt and MEK/ERK1-2 pathways, independently of LPA formation.
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1. Introduction


Phosphatidic acid (PA) is the precursor of triacylglycerol (TAG), which is the main form of energy store in humans, and constitutes the original building block from which many phospholipids are synthesized [1,2], thereby playing a relevant role in cell architecture. Later, it was demonstrated that PA is a second messenger capable of regulating a variety of intracellular signaling pathways and cell functions.



PA can be synthesized by three major pathways: (a) the acylation of lysophosphatidic acid (LPA, initially formed by the esterification of sn-1 by glycerol 3-phosphate acyltransferase) by LPA acyltransferases, (b) the phosphorylation of diacylglycerol (DAG) by DAG kinase, and (c) the hydrolysis of membrane phospholipids, namely phosphatidylcholine (PC), by phospholipase D (PLD) activities. Whilst LPA acyltransferases are involved in the biosynthesis of structural PA in the endoplasmic reticulum (ER), PA produced by DAG kinase or PLDs is implicated in the regulation of key physiological and pathological cell process. These include apoptosis, cytoskeletal rearrangement, chemotaxis, membrane trafficking, differentiation, micropinocytosis, secretory vesicle formation, cell growth, and tumor progression [3,4,5,6,7,8,9,10].



In mammalian cells, PA exerts its biological effects through distinct mechanisms. In this context, the cone-shaped geometry and negative charge of the molecule enable PA to interact with different proteins or enzymes to regulate their catalytic activities and their association with different membrane compartments. This is, for instance, the case for some GTP-binding proteins of the ADP ribosylation factor (Arf) and Rho families of homomeric G proteins [11]. Among the main signaling regulators, PA has been shown to control the activity of various protein kinase C (PKC) isoforms to promote the recruitment and activation of the proto-oncogene kinase Raf [12], and to regulate the activity of the mammalian target of rapamycin (mTOR), which are all involved in the regulation of cell proliferation [13]. In addition to kinases, PA also modulates the activity of a variety of phosphatases, including protein phosphatase 1 (PP1), which is involved in many cellular activities such as glycogen metabolism, the processing of RNA and the regulation of the cell cycle [10]. Although PA is a signaling molecule in its own right, some of its biological effects can be exerted by its conversion to LPA by phospholipase A2 activity [14]. Concerning muscle biology, the proliferation of myogenic cells is a critical process in skeletal muscle formation during embryogenesis, or the regeneration of adult muscle after injury. Muscle regeneration results from the activation, proliferation, and fusion of myogenic precursor cells called satellite cells. If left unrepaired, muscle damage can lead to loss of muscle mass, locomotive deficiency, and in severe cases, death. An important effector that leads to muscle regeneration is the mechanical stimulation. This plays a major role in the regulation of skeletal muscle mass and its maintenance contributes to prevent disease and to improve life quality. Some studies have shown that the mechanical stimulation of skeletal muscle and exercise promote an increase in PA concentration [15,16,17,18]. Additionally, PA is found in plasma and is present in a number of commonly consumed food sources [19]. However, the mechanisms by which PA regulates cell proliferation are not well understood.



In the present work, we demonstrate that PA stimulates myogenic cell proliferation through interaction with the LPA receptors, LPA1 and LPA2, and the subsequent activation of the phosphatidylinositol 3 kinase (PI3-K)/Akt (also known as protein kinase B) and extracellularly regulated kinases (ERK1/2) signaling pathways.




2. Results


2.1. Phosphatidic Acid Promotes Myoblast DNA Synthesis and Proliferation


In the present work, we show that PA stimulates DNA synthesis and cell division in C2C12 myoblasts, a murine satellite cell line commonly employed to investigate skeletal muscle cell biology. The stimulation of DNA synthesis was concentration dependent, reaching maximal values at 15 μM PA after 16 h of incubation (Figure 1A). Likewise, the treatment of C2C12 cells with exogenous phospholipase D (exPLD), which generates PA at the plasma membrane of cells, also stimulated DNA synthesis in the myoblasts (Figure 1B). Cell proliferation was also determined by staining the myoblasts with crystal violet, which is a reliable assay to estimate the cell number of adherent cells [20]. Treatment with PA for 16 h significantly increased cell proliferation, with optimal stimulation being attained at 15 µM PA (Figure 1C).




2.2. Phosphatidic Acid Stimulates the PI3-K/Akt and MEK/ERK1-2 Pathways in Myoblasts. Implication in PA-Stimulated Myoblast Proliferation


To investigate the mechanisms by which PA exerts is mitogenic actions, we tested the effects of this phospholipid on the stimulation of PI3-K/Akt and MEK/ERK1-2, which are two major signaling pathways implicated in the regulation of cell proliferation by growth factors [21,22]. The treatment of C2C12 myoblasts with PA caused a rapid and time dependent phosphorylation of Akt (at Ser 473), which is a kinase downstream of PI3-K activation (Figure 2A,B). To test whether this pathway is involved in the mitogenic effect of PA, the myoblasts were preincubated with selective inhibitors of PI3-K or Akt and DNA synthesis was determined after stimulation with PA. Figure 2, panels C to F, shows that the selective PI3-K inhibitor LY294002, or the blockade of Akt activity with 10-DEBC, a specific inhibitor of this kinase, substantially reduced the incorporation of [3H]thymidine into DNA and the increase in cell number that were elicited by PA. Likewise, the preincubation of these cells with specific siRNAs to silence the genes encoding PI3-K or Akt1 completely blocked the stimulation of DNA synthesis by PA, suggesting that the PI3-K/Akt1 pathway is implicated in the mitogenic action of PA. Knockdown of Akt2 or Akt3 were without effect, indicating that Akt1 is the relevant isoform involved in this pathway (Figure 2G).



We also observed that PA induced the rapid phosphorylation of ERK1-2, which are MAPKs downstream of MEK activation (Figure 3A,B). To evaluate the implication of this pathway in the mitogenic actions of PA, the selective MEK inhibitor PD98059 was used. Figure 3 (panels C and D) shows that both the stimulation of DNA synthesis and the increase in cell number were completely inhibited by PD98059. Moreover, the treatment of the myoblasts with specific siRNA to silence the genes encoding ERK1-2 completely blocked PA-stimulated DNA synthesis, suggesting that the MEK/ERK1-2 pathway is also relevant in this process. By contrast, the preincubation of the myoblasts with SB21091 or SP600125, which selectively inhibit the MAPKs p38 and JNK, respectively, did not significantly alter the mitogenic effect of PA in these cells (Figure 3C,D). Likewise, the preincubation of these cells with specific siRNAs to silence the genes encoding ERK1 or ERK2 completely blocked the stimulation of DNA synthesis by PA, suggesting that the MEK/ERK1-2 pathway is also implicated in the mitogenic action of PA (Figure 3E).




2.3. Phosphatidic Acid Stimulates Myoblast Proliferation Through Interaction with the LPA Receptors LPA1 and LPA2


Another relevant observation in this work was that the stimulation of myoblast proliferation was completely abolished by the pretreatment of the myoblasts with pertussis toxin (Ptx), an inhibitor of heterotrimeric GTP binding proteins of the Gi family of proteins (Figure 4A,B), suggesting the implication of Gi protein-coupled receptors in this process. Moreover, Ptx completely blocked the rapid phosphorylation of Akt and ERK1-2 induced by PA (Figure 4C–E), further indicating that the PI3-K/Akt and MEK/ERK1-2 pathways are relevant for the stimulation of myoblast proliferation by this phospholipid.



These findings suggested that PA might be acting through interaction with a Gi protein-coupled receptor to elicit its mitogenic effects. Since a specific receptor for PA has not yet been identified, we hypothesized that PA might act through interaction with any of the LPA receptors that are expressed in the myoblasts. In this connection, RT-PCR studies revealed the presence of LPA receptor mRNAs in satellite cells [23] and in C2C12 myoblasts [24]. Of note, contrary to LPA1 and LPA2 receptors, the LPA4 receptor was implicated in a reduction in Akt and ERK1-2 phosphorylation rather than in their enhancement, and this receptor was coupled to Gq, G12/13 and Gs, but not to Gi proteins [25]. Hence, the intervention of LPA4 in PA-stimulated myoblast proliferation could be ruled out. To test the possible implication of LPA1 in this process, the selective inhibitor VPC32183 was used. This inhibitor was able to block both PA-stimulated DNA synthesis (Figure 5A) and cell proliferation (Figure 5B). Moreover, the phosphorylation of Akt and ERK1-2 was also inhibited by the VPC32183 inhibitor (Figure 5C–E).



In addition, specific siRNA to silence the gene encoding the LPA1 receptor abolished PA-stimulated DNA synthesis, and this was also the case when specific siRNA to silence LPA2 was used (Figure 6A). The silencing of the LPA1 and LPA2 receptors also blocked the phosphorylation of Akt and ERK1-2 (Figure 6B–D).



These findings suggest that both LPA1 and LPA2 receptors are implicated in the mitogenic actions of PA in myoblasts. To confirm that PA was able to bind to LPA receptors, radioligand binding assays using [3H]-labeled LPA and myoblast cell membranes were performed (see Materials and Methods). Figure 7A shows that there was competition for the specific binding of [3H]-labeled LPA by unlabeled LPA, whose IC50 (concentration of competing ligand that displaces 50% of the specific binding of the radioligand, [3H]-LPA) was 116.14 ± 3.14 µM. Of note, PA was able to also potently displace bound [3H]-LPA from myoblast membranes with an IC50 of 207.97 ± 2.21 µM. However, sphingosine-1-phosphate, a lysophosphosphingolipid that is structurally similar to LPA, and ceramide-1-phosphate, which is structurally similar to PA, were unable to displace bound [3H]-LPA from the myoblast membranes (Figure 7B).




2.4. PA Stimulates Myoblast Proliferation in the Absence of LPA Formation


Some previous studies suggested that PA exerts its biological effects through conversion to LPA by cytosolic PLA2 (cPLA2) activity, or that the PA samples used in experiments might have been contaminated with LPA [26]. However, the preincubation of the myoblasts with arachidonyl trifluoromethyl ketone (AACOCF3), Palmityl trifluoromethyl ketone (PACOCF3) or with pyrrophenone, which selectively inhibit cPLA2 activities, neither blocked PA-stimulated DNA synthesis (Figure 8A) nor cell proliferation (Figure 8B). In addition, the incubation of the myoblasts with [14C] phosphatidic acid for up to 1 h showed no conversion of PA into LPA (Figure 8C), thereby ruling out a possible intervention of LPA in the rapid phosphorylation of Akt and ERK1-2 by PA, which takes place in a few minutes (Figure 2 and Figure 3). Moreover, analysis of the PA samples used in experiments by thin layer chromatography rendered no detectable amount of LPA, in agreement with the compound supplier, who warrants a purity of 98% of the commercial PA samples. Some experiments were also performed in the presence of specific inhibitors of autotaxin, which is the most important enzyme for LPA production and generates most of the extracellular LPA [27,28]. Autotaxin is a lysophospholipase D enzyme that would efficiently convert any possible lysophosphatidylcholine (LPC) that might be present in the PA samples into LPA. However, the autotaxin inhibitor HA-130 at 300 nM, which is a concentration over 10-fold higher than its IC50 (28 nM) and was shown to potently inhibit transendothelial migration of naïve T lymphocytes [29], did not significantly alter PA-stimulated myoblast proliferation (Figure 8D). Additionally, the autotaxin inhibitor PF-8380 (300 nM), which significantly reduced basal myoblast proliferation, did not alter the mitogenic effect of PA (Figure 8D). It should also be noted that the optimal concentrations of PA and LPA to stimulate DNA synthesis in the myoblasts are similar (Figure 8E), also suggesting that the effect of PA is independent of LPA formation. Lastly, myoblast proliferation was tested using synthetic PA that was provided by Avanti Polar Lipids, who warrants a purity of the PA preparations higher than 99%, and these preparations are not expected to contain any other lipid species. The two different species of synthetic PA used in the experiments, 1,2-dipalmitoyl-sn-glycerol-3-phosphate (16:0-PA) and 1-palmitoyl-2-oleoyl-sn-glycerol-3-phosphate (16:0-18:1-PA), stimulated myoblast proliferation to the same extent as the natural mixture of egg yolk PA (Figure 8F), again suggesting that the stimulation of myoblast proliferation by PA is not caused by contamination with LPA.





3. Discussion


Muscle development and regeneration after injury seem to follow the same procedures. These rely on the activation of different cell types, namely satellite cells, and the formation of new myofibers under the control of myogenic regulators, including mitogenic growth factors or cytokines that are released by inflammatory cells [30,31,32]. However, the exact functions and effects of these factors on muscle remodeling and how they have evolved are not well understood. In the present work, we demonstrate that PA, a glycerophospholipid with mitogenic properties, stimulates myoblast proliferation, and we have identified at least part of the mechanisms by which PA regulates this process. Specifically, the treatment of mouse myoblasts with PA, or with exogenous PLD to generate PA at the plasma membrane of cells, resulted in the stimulation of the MEK/ERK1-2 and PI3K/Akt pathways leading to myoblast proliferation. These findings are consistent with the PA myogenic stimulation of mTOR, which is downstream of Akt or ERK1-2, in different cell types or tissues, including skeletal muscle [13,18,33,34]. In a recent report, PA has also been demonstrated to stimulate cell proliferation and promote G1/S phase transition through the activation of mTOR in primary muscle cells of the fish turbot (Scophthalmus maximus) [35], which, given the disparate growth pattern compared to mammals, suggests a well conserved action of PA through evolution.



The rapid phosphorylation of Akt and ERK triggered by PA suggests that it may be a receptor-mediated effect. In this regard, there is evidence suggesting that some PA actions are elicited through interaction with G protein-coupled receptors [11,36,37,38,39]. Specifically, the PA-stimulated Akt and ERK phosphorylation followed by the upregulation of DNA synthesis and cell proliferation that we observed in this work were all inhibited by Ptx, suggesting the intervention of Gi protein-coupled receptors in the regulation of these processes. PA also stimulated actin polymerization within seconds, leading to human monocyte migration, an effect that was optimal after 90 min of PA addition to the cells and that was also inhibited by Ptx [40]. Although the concentrations of PA that stimulated myoblast proliferation (10–15 µM) are higher than the PA concentrations found in plasma (3 µM) [41], local PA concentrations may be increased under certain circumstances. In this regard, the intracellular concentrations of PA in some cell types such as cardiomyocytes are around 20 µM, and can be even higher in hepatocytes [42,43]; if these amounts of PA were to be released upon cell activation, local concentrations of extracellular PA in the range 10–15 µM would likely be achievable in vivo. In this connection, it has been shown that 20 µM PA increases intracellular Ca2+ concentration through direct interaction with LPA receptors [44], an action that is compatible with the stimulation of cell proliferation by PA. Additionally, PA and phospholipase D2 (PLD2), a major enzyme that produces PA at the plasma membrane of cells, are enriched in extracellular vesicles [45,46], which can be secreted by most, if not all, cell types and bind to plasma membrane receptors to regulate cell responses [47]. Moreover, the release or accumulation of these vesicles at specific extracellular locations might increase extracellular PA concentrations locally.



Another key finding in the present study was that PA elicited its mitogenic effects in the myoblasts through interaction with the LPA1 and LPA2 receptors in the absence of LPA formation. In this connection, another study showed that the inhibition of LPA1/LPA3 receptors blocked PA induced morphological changes in C6 glioma cells [48]. In addition, PA stimulated the migration of human neutrophils and human leukemia HL-60 monocytes, and these actions could not be recapitulated by LPA [49]. Interestingly, LPA receptors mediated the mitogenic action exerted by the bioactive sphingolipid ceramide 1-phosphate through the stimulation of the LPA signaling axis [50]. In this work, a broader versatility of these receptors in relation to receptor-ligand interaction is provided, being activated also by PA. Moreover, as previously demonstrated in skeletal muscle precursor cells [26,51], PA stimulated DNA synthesis with similar potency to that of LPA when administered at the same concentrations, indicating that a possible contamination of the PA preparations with LPA cannot account for the mitogenic effect of PA (if PA were to be contaminated by LPA, 2% of the optimal concentration of PA used in this work (15 µM) would translate into a concentration equivalent to 0.3 µM LPA, which is not sufficient to stimulate myoblast proliferation). Moreover, the inhibition of the two major enzymes for LPA formation, PLA2 acting on PA or autotaxin acting on LPC, did not alter PA-stimulated cell proliferation, and pure synthetic 16:0-PA and 16:0-18:1-PA also potently stimulated myoblast proliferation. Additionally, the stimulation of human monocyte migration by suboptimal concentrations of PA was 2-fold higher than similar concentrations of LPA [40], further suggesting that at least some PA actions are independent of conversion to LPA. There are at least two molecular models that can explain the possible interaction of PA with LPA receptors. First, Alderton and co-workers suggested that both PA and LPA may bind to the same receptors, with the additional acyl group in PA binding to a second site, through a hydrophobic interaction. The ecto-site binding would effectively clamp PA to the receptor, causing its activation. This site may be on the receptor itself or in the lipid milieu surrounding the receptor [52]. A second model would implicate the allosteric activation of the G protein-coupled LPA receptors by PA. In fact, G protein-coupled receptors (GPCRs) have been referred to as “allosteric machines” since they carry multiple, spatially distinct, yet conformationally linked ligand-binding sites [53].



In addition to stimulating myoblast proliferation, PA also promotes muscle cell differentiation [54,55,56]. Both cell proliferation and differentiation seem to be regulated by mTOR, although through different mechanisms. In fact, mTORC1 can also be activated by intracellular PA, independently of receptor interaction. Whilst PA-stimulated muscle cell proliferation requires the upregulation of the kinase activity of mTORC1 [54,57], PA-induced muscle cell differentiation is regulated by a kinase independent activity of mTOR, probably involving the activation of Igf2 muscle specific enhancer gene [56].



In cell growth regulation, the amino acid-sensing Vps34-PLD1 pathway leads to the direct activation of the mTORC1 kinase by PA [57,58], but the myogenic IGF-II pathway is independent of mTOR kinase activity [56]. During myogenesis, myoblasts must exit the cell cycle and undergo an ordered set of myogenic events. So, it may be speculated that PA would first stimulate myoblast proliferation events that will be followed by the induction of muscle cell differentiation into myocytes to promote myogenesis. These facts are in agreement with previous work showing that PLD1- and PLD2-derived PA have different, and at times opposed, effects in cell biology. In particular, whilst PLD1 deficiency impaired FcεRI-mediated mast cell degranulation, PLD2 deficiency enhanced it [59]. Additionally, PLD1 deficiency impaired F-actin disassembly, whereas PLD2 enhanced microtubule formation [59].



It can be concluded that PA stimulates myoblast proliferation through interaction with LPA1 and LPA2 receptors and the subsequent activation of the PI3K/Akt and MEK/ERK1-2 pathways, independently of LPA formation. These findings place PA as a key regulator of muscle regeneration and repair and may have a positive impact in ensuring healthy musculature.




4. Materials and Methods


4.1. Materials


Phosphatidic acid (from egg yolk lecithin), lysophosphatidic acid, pertussis toxin, crystal violet, SB21091, SP600125, LY294002, and PF-8380 (4-[3-(2,3-Dihydro-2-oxo-6-benzoxazolyl)-3-oxopropyl]-1-piperazinecarboxylic acid (3,5-dichlorophenyl)methyl ester were from Sigma-Aldrich (St Louis, MO, USA). Mouse skeletal muscle C2C12 cells were obtained from the American Type Culture Collection (Manassas, VA, USA). Dulbecco’s modified eagle’s medium (DMEM) was from Lonza. Fetal bovine serum (FBS), oligofectamine and OptiMEM medium were supplied by Gibco (Thermo Fisher Scientific) (Waltham, MA, USA). [Methyl-3H] thymidine, L-α-dipalmitoyl, phosphatidic acid, -[glycerol-14C(U)]-, and [oleoyl-9,10-3H]-lysophosphatidic acid were from Perkin Elmer (Boston, MA, USA). Goat anti-rabbit IgG horseradish peroxidase secondary antibody, and those to phospho-ERK1/2 (Thr-202/ Tyr-204), phospho-Akt (Ser 473), total Akt, and total ERK1/2 were purchased from Cell Signalling Technology (Beverly, MA, USA). The 10-DEBC hydrochloride and PLA2 inhibitors AACOCF3 and PACOCF3 were supplied by Tocris Biosciences (Bristol, UK). HA-130 (B-[3-[[4-[[3-[(4-Fluorophenyl)methyl]-2,4-dioxo-5-thiazolidinylidene]methyl]phenoxy]methyl]-phenyl]-boronic acid was from Echelon Biosciences Inc (Salt Lake City, UT, USA). Antibodies and small RNA interferences (siRNA) to LPA1-2 receptors, and the negative control siRNA, were from Santa Cruz Biotechnology (Dallas, TX, USA). Small RNA interferences (siRNA) to PI3-K, Akt and ERK1/2 were purchased from Ambion (Austin, TX, USA). PD98059 and the cPLA2 α inhibitor pyrrophenone (N-{(2S,4R)-4-(Biphenyl-2-ylmethyl-isobutyl-amino)-1-[2-(2,4-difluorobenzoyl)-benzoyl]-pyrrolidin-2-ylmethyl}-3-[4-(2,4-dioxothiazolidin-5-ylidenemethyl)-phenyl] acrylamide) were from Calbiochem (San Diego, CA, USA). Sphingosine-1-phosphate, N-palmitoyl-ceramide-1-phosphate (C1P), 1,2-dipalmitoyl-sn-glycerol-3-phosphate (16:0-PA), 1-palmitoyl-2-oleoyl-sn-glycerol-3-phosphate (16:0-18:1-PA) and the VPC32183 inhibitor were supplied by Avanti Polar Lipids (Alabaster, AL, USA).




4.2. Cell Culture


C2C12 myoblasts (obtained from the American Type Culture Collection, ATCC CRL-1772) were routinely grown in DMEM supplemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine, 100 U/mL penicillin, and 100 μg/mL streptomycin in T75 tissue culture flasks at 37 °C in an atmosphere of 5% CO2. The culture medium was replaced every two days. The cells were passaged when about 70% confluent, taking care not to surpass 20 passages, and were used in experiments when approximately 40–50% confluent. The cells were serum-starved for 24 h in DMEM containing 1 mg/mL BSA prior to the addition of agonists or inhibitors. PA was added to cells, sonicated in water so as to avoid the use of organic solvents. When inhibitors were used, these were added to the cells 30 min prior to agonist addition.




4.3. Determination of DNA Synthesis


C2C12 cells were seeded and grown in 12-well plates at 20,000 cells/well, as indicated above. Before experiments, the myoblasts were serum-starved for 24 h in DMEM supplemented with 0.1% BSA, and were then incubated in the presence or absence of agonists for 16 h. [3H]Thymidine incorporation into DNA was measured as described previously [60]. Briefly, [3H]thymidine (0.5 μCi/mL) was added for the last 2 h of incubation. The medium was then removed and cells were washed twice with phosphate-buffered saline (PBS). Cells were washed twice with ice-cold PBS before the addition of 500 μL of 10% trichloroacetic acid for 5 min at 4 °C. The cells were washed again in ice-cold PBS, and 250 μL of ethanol:ether (3:1 v/v) was added to the insoluble material. Samples were then lysed in 0.25 M NaOH with 1% sodium dodecyl sulfate (SDS) for 1 h at 37 °C. Radioactivity was measured by scintillation counting.




4.4. Determination of Cell Proliferation


C2C12 myoblasts were seeded at 4000 cells/well in 96-well plates, and were grown and treated as indicated above. Before experiments, the myoblasts were serum-starved for 24 h in DMEM supplemented with 0.1% BSA, and were then incubated in the presence or absence of agonists for 24 h. Cell proliferation was estimated by staining the cells with crystal violet, as previously reported [61]. The crystal violet assay is a quick and reliable screening method that is suitable to estimate cell number for the examination of cell growth and survival [20,61,62]. Briefly, C2C12 myoblasts were stained with a solution of 0.5% crystal violet in 20% methanol for 20 min at 37 °C. The cells were then washed three time with PBS and left to dry. The dye was eluted by adding 200 µL of methanol to each well with shaking for 20 min, and the absorbance was read at 570 nm using a Power Wave XS plate reader from Biotek.




4.5. Small Interfering RNA (siRNA)-Mediated Depletion


C2C12 cells in OptiMEM were transfected with LPA1, LPA2, Akt, PI3-K, ERK1/2 or negative vector siRNA (40 nM) for 5 h using oligofectamine according to the manufacturer’s instructions. The transfected cells were maintained in DMEM with 10% FBS for 48 h before starting the experiments. In parallel, cell lysates were immunoblotted with specific antibodies to evaluate the efficiency of siRNA-mediated protein depletion.




4.6. Western Blot Analysis


C2C12 myoblasts were collected and lysed in ice-cold homogenization buffer as previously described [63]. Protein aliquots (20–40 μg) from each sample were loaded onto 12% polyacrylamide gels and separated by SDS-PAGE. Proteins were transferred to nitrocellulose membranes and were blocked for 1 h with 5% skim milk in Tris-buffered saline (TBS) containing 0.01% sodium azide (NaN3) and 0.1% Tween 20 to prevent non-specific antibody binding. The nitrocellulose membranes were then incubated overnight at 4 °C with the primary antibody dissolved in TBS/0.1% Tween. The nitrocellulose membranes were then washed three times with TBS/0.1% Tween 20, and were incubated with horseradish peroxidase-conjugated secondary antibody at 1:5000 dilution for 1 h. Protein bands were visualized using the enhanced chemiluminescence assay kit, Supersignal West Femto (from Pierce Biotechnology, Inc.).




4.7. Phosphatidic Acid Uptake and Metabolism


PA uptake by the myoblasts was studied by labelling C2C12 cells with 0.05 μCi/mL (111,000 dpm) of [14C]PA at 15 μM for the indicated times. The radioactive medium was then removed and the cells were washed twice with ice-cold calcium-free phosphate-buffered saline (PBS). They were then scraped into 0.5 mL of methanol. The plates were washed further with 0.5 mL of methanol, and the two methanol samples were combined and mixed with 0.5 mL of chloroform. Lipids were extracted by separation of phases with 0.5 mL of chloroform and 0.9 mL of a solution containing 2 M KCl in 0.2 M H3PO4. Chloroform phases were dried down under a stream of nitrogen and lipids were separated by thin-layer chromatography (TLC) using silica gel 60-coated plates. TLC plates were soaked in 2.3% boric acid in ethanol and developed with chloroform/ethanol/water/triethylamine (30:35:8:35, v/v/v/v) and then dried. Positions of PA and LPA were identified after staining with sulfuric acid in methanol by comparison with authentic standards. The radioactivity was quantified by liquid scintillation counting after scraping the corresponding spots from the TLC plates.




4.8. Preparation of Cell Membrane and LPA Radioligand-Binding Assay


The preparation of myoblast membranes and the LPA radioligand assay protocols have been previously described [64]. Briefly, myoblasts were incubated in homogenization buffer containing 10 mM Tris-HCl, 3 mM 2,2′,2″,2‴-(Ethane-1,2-diyldinitrilo)tetraacetic acid (EDTA), 3 mM Ethylene glycol-bis(2-aminoethylether)-N,N,N′,N′-tetraacetic acid (EGTA), 1mM NaF, protease inhibitors (10 µg/mL leupeptin, 10 µg/mL aprotinin, and 1 mM phenylmethylsulfonyl fluoride) for 30 min at pH 7.5 on ice. The myoblasts were lysed using a Dounce homogenizer and were centrifuged at 500× g for 5 min to remove unbroken cells and intact nuclei. Cell homogenates were then pelleted by centrifugation at 100,000× g for 30 min. The pellets were resuspended in a binding buffer containing 50 mM Tris-HCl, 150 mM NaCl, 0.8% fatty acid-free bovine serum albumin (BSA), 10 µg/mL leupeptin, 10 µg/mL aprotinin, and 0.2 mM phenylmethylsulfonyl fluoride, at pH 7.5. Only freshly prepared membranes were used in experiments. [3H]LPA (22,000 dpm/assay tube, at a final specific activity of 0.06 µCi/ pmol) and other lipids were sonicated in fatty acid-free BSA binding buffer and mixed with the cell membrane samples in a volume of 150 µL. The binding assays were performed in borosilicate tubes at 37 °C for 30 min with gentle mixing. The reactions were terminated by collecting the membranes onto glass monofiber filters (GF/C with a 1225 Sampling Manifold from Millipore. The filters were rapidly washed three times with 350 µL of ice-cold washing buffer containing 10 mM Tris-HCl and 15 mM NaCl, at pH 7.5. Radioactivity of filter-bound radionuclide was quantified by liquid scintillation counting.




4.9. Statistical Analysis


Results are expressed as means ± SEM of three independent experiments performed in triplicate, unless indicated otherwise. Statistical analyses were performed using one-way analysis of variance (ANOVA), or Student’s t-test as appropriate, with the level of significance set at p < 0.05.








Author Contributions


Conceptualization A.G.-M.; Formal analysis, A.G.-L. and P.G.; Funding acquisition A.G.-M.; Investigation A.G.-L. and P.G. (these authors performed all of the experiments); Methodology, A.G.-L., P.G. and N.P.; Supervision A.O. and A.G.-M.; Writing–review and editing, A.G.-M., A.O., A.G.-L., M.T., A.D.-H., N.P., C.D. and P.B. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by ‘Departamento de Educación del Gobierno Vasco (Gasteiz-Vitoria, Basque Country, Spain) grant number IT-1106-16 and ‘Ministerio de Ciencia, Innovación y Universidades (Madrid, Spain) grant number SAF2016-79695-R.




Acknowledgments


The present work was supported by “Departamento de Educación del Gobierno Vasco (Gazteiz-Vitoria, Basque Country, Spain)” grant number IT-1106-16, and “Ministerio de Ciencia, Innovación y Universidades (Madrid, Spain)” grant number SAF2016-79695-R. NP received a fellowship from the University of the Basque Country, and ADH and AO were the recipients of predoctoral and postdoctoral fellowships from the Basque Government, respectively.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Brindley, D.N. Intracellular translocation of phosphatidate phosphohydrolase and its possible role in the control of glycerolipid synthesis. Prog. Lipid Res. 1984, 23, 115–133. [Google Scholar] [CrossRef]

	



Vance, J.E.; Vance, D.E. Phospholipid biosynthesis in mammalian cells. Biochem. Cell Biol. 2004, 82, 113–128. [Google Scholar] [CrossRef] [PubMed]

	



Wang, X.; Devaiah, S.P.; Zhang, W.; Welti, R. Signaling functions of phosphatidic acid. Prog. Lipid Res. 2006, 45, 250–278. [Google Scholar] [CrossRef] [PubMed]

	



Bargmann, B.O.; Munnik, T. The role of phospholipase D in plant stress responses. Curr. Opin. Plant Biol. 2006, 9, 515–522. [Google Scholar] [CrossRef] [PubMed]

	



Cazzolli, R.; Shemon, A.N.; Fang, M.Q.; Hughes, W.E. Phospholipid signalling through phospholipase D and phosphatidic acid. IUBMB Life 2006, 58, 457–461. [Google Scholar] [CrossRef]

	



English, D. Phosphatidic acid: A lipid messenger involved in intracellular and extracellular signalling. Cell. Signal. 1996, 8, 341–347. [Google Scholar] [CrossRef]

	



English, D.; Cui, Y.; Siddiqui, R.A. Messenger functions of phosphatidic acid. Chem. Phys. Lipids 1996, 80, 117–132. [Google Scholar] [CrossRef]

	



Cabot, M.C.; Zhang, Z.C.; Cao, H.T.; Lavie, Y.; Giuliano, A.E.; Van Han, T.; Jones, R.C. Tamoxifen activates cellular phos-pholipase C and D and elicits protein kinase C translocation. Int. J. Cancer. 1997, 70, 567–574. [Google Scholar] [CrossRef]

	



Pettitt, T.R.; McDermott, M.; Saqib, K.M.; Shimwell, N.; Wakelam, M.J.O. Phospholipase D1b and D2a generate structurally identical phosphatidic acid species in mammalian cells. Biochem. J. 2001, 360, 707–715. [Google Scholar] [CrossRef]

	



Tanguy, E.; Wang, Q.; Moine, H.; Vitale, N. Phosphatidic Acid: From Pleiotropic Functions to Neuronal Pathology. Front. Cell. Neurosci. 2019, 13, 2. [Google Scholar] [CrossRef]

	



Litosch, I.; Pujari, R.; Lee, S.J. Phosphatidic acid regulates signal output by G protein coupled receptors through direct interaction with phospholipase C-β1. Cell. Signal. 2009, 21, 1379–1384. [Google Scholar] [CrossRef] [PubMed]

	



Andresen, B.T.; A Rizzo, M.; Shome, K.; Romero, G. The role of phosphatidic acid in the regulation of the Ras/MEK/Erk signaling cascade. FEBS Lett. 2002, 531, 65–68. [Google Scholar] [CrossRef]

	



Winter, J.N.; Fox, T.E.; Kester, M.; Jefferson, L.S.; Kimball, S.R. Phosphatidic acid mediates activation of mTORC1 through the ERK signaling pathway. Am. J. Physiol. Cell Physiol. 2010, 299, C335–C344. [Google Scholar] [CrossRef] [PubMed]

	



Aikawa, S.; Hashimoto, T.; Kano, K.; Aoki, J. Lysophosphatidic acid as a lipid mediator with multiple biological actions. J. Biochem. 2015, 157, 81–89. [Google Scholar] [CrossRef] [PubMed]

	



Hornberger, T.A.; Chu, W.K.; Mak, Y.W.; Hsiung, J.W.; Huang, S.A.; Chien, S. The role of phospholipase D and phosphatidic acid in the mechanical activation of mTOR signaling in skeletal muscle. Proc. Natl. Acad. Sci. USA 2006, 103, 4741–4746. [Google Scholar] [CrossRef]

	



Hornberger, T.A.; Sukhija, K.B.; Chien, S. Regulation of mTOR by Mechanically Induced Signaling Events in Skeletal Muscle. Cell Cycle 2006, 5, 1391–1396. [Google Scholar] [CrossRef]

	



Cleland, P.J.; Appleby, G.J.; Rattigan, S.; Clark, M.G. Exercise-induced translocation of protein kinase C and production of diacylglycerol and phosphatidic acid in rat skeletal muscle in vivo. Relationship to changes in glucose transport. J. Biol. Chem. 1989, 264, 17704–17711. [Google Scholar] [CrossRef]

	



Shad, B.J.; Smeuninx, B.; Atherton, P.J.; Breen, L. The mechanistic and ergogenic effects of phosphatidic acid in skeletal muscle. Appl. Physiol. Nutr. Metab. 2015, 40, 1233–1241. [Google Scholar] [CrossRef]

	



Tanaka, T.; Kassai, A.; Ohmoto, M.; Morito, K.; Kashiwada, Y.; Takaishi, Y.; Urikura, M.; Morishige, J.-I.; Satouchi, K.; Tokumura, A. Quantification of Phosphatidic Acid in Foodstuffs Using a Thin-Layer-Chromatography-Imaging Technique. J. Agric. Food Chem. 2012, 60, 4156–4161. [Google Scholar] [CrossRef]

	



Venter, C.; Niesler, C.U. Rapid quantification of cellular proliferation and migration using ImageJ. Biotechniques 2019, 66, 99–102. [Google Scholar] [CrossRef]

	



Downward, J. PI 3-kinase, Akt and cell survival. Semin. Cell Dev. Biol. 2004, 15, 177–182. [Google Scholar] [CrossRef] [PubMed]

	



Liang, J.; Slingerland, J.M. Multiple Roles of the PI3K/PKB (Akt) Pathway in Cell Cycle Progression. Cell Cycle 2003, 2, 336–342. [Google Scholar] [CrossRef]

	



Cencetti, F.; Bruno, G.; Blescia, S.; Bernacchioni, C.; Bruni, P.; Donati, C. Lysophosphatidic acid stimulates cell migration of satellite cells. A role for the sphingosine kinase/sphingosine 1-phosphate axis. FEBS J. 2014, 281, 4467–4478. [Google Scholar] [CrossRef] [PubMed]

	



Jean-Baptiste, G.; Yang, Z.; Khoury, C.; Greenwood, M.T. Lysophosphatidic acid mediates pleiotropic responses in skeletal muscle cells. Biochem. Biophys. Res. Commun. 2005, 335, 1155–1162. [Google Scholar] [CrossRef]

	



Noguchi, K.; Ishii, S.; Shimizu, T. Identification of p2y9/GPR23 as a Novel G Protein-coupled Receptor for Lysophosphatidic Acid, Structurally Distant from the Edg Family. J. Biol. Chem. 2003, 278, 25600–25606. [Google Scholar] [CrossRef]

	



Yoshida, S.; Fujisawa-Sehara, A.; Taki, T.; Arai, K.; Nabeshima, Y. Lysophosphatidic acid and bFGF control different modes in proliferating myoblasts. J. Cell Biol. 1996, 132, 181–193. [Google Scholar] [CrossRef]

	



Valdés-Rives, S.A.; González-Arenas, A. Autotaxin-Lysophosphatidic Acid: From Inflammation to Cancer Development. Mediat. Inflamm. 2017, 2017, 1–15. [Google Scholar] [CrossRef]

	



Albers, H.M.H.G.; Dong, A.; Van Meeteren, L.A.; Egan, D.A.; Sunkara, M.; Van Tilburg, E.W.; Schuurman, K.; Van Tellingen, O.; Morris, A.J.; Smyth, S.S.; et al. Boronic acid-based inhibitor of autotaxin reveals rapid turnover of LPA in the circulation. Proc. Natl. Acad. Sci. USA 2010, 107, 7257–7262. [Google Scholar] [CrossRef]

	



Zhang, Y.; Chen, Y.-C.M.; Krummel, M.F.; Rosen, S.D. Autotaxin through Lysophosphatidic Acid Stimulates Polarization, Motility, and Transendothelial Migration of Naive T Cells. J. Immunol. 2012, 189, 3914–3924. [Google Scholar] [CrossRef]

	



Musarò, A. The Basis of Muscle Regeneration. Adv. Biol. 2014, 2014, 1–16. [Google Scholar] [CrossRef]

	



Karalaki, M.; Fili, S.; Philippou, A.; Koutsilieris, M. Muscle regeneration: Cellular and molecular events. In Vivo 2009, 23, 779–796. [Google Scholar] [PubMed]

	



Baghdadi, M.B.; Tajbakhsh, S. Regulation and phylogeny of skeletal muscle regeneration. Dev. Biol. 2018, 433, 200–209. [Google Scholar] [CrossRef] [PubMed]

	



Menon, D.; Salloum, D.; Bernfeld, E.; Gorodetsky, E.; Akselrod, A.; Frias, M.A.; Sudderth, J.; Chen, P.-H.; DeBerardinis, R.; Foster, D.A. Lipid sensing by mTOR complexes viade novosynthesis of phosphatidic acid. J. Biol. Chem. 2017, 292, 6303–6311. [Google Scholar] [CrossRef] [PubMed]

	



Lin, S.-S.; Liu, Y.-W. Mechanical Stretch Induces mTOR Recruitment and Activation at the Phosphatidic Acid-Enriched Macropinosome in Muscle Cell. Front. Cell Dev. Biol. 2019, 7, 78. [Google Scholar] [CrossRef]

	



Wang, T.; Wang, X.; Zhou, H.; Jiang, H.; Mai, K.; He, G. The Mitotic and Metabolic Effects of Phosphatidic Acid in the Primary Muscle Cells of Turbot (Scophthalmus maximus). Front. Endocrinol. 2018, 9, 221. [Google Scholar] [CrossRef] [PubMed]

	



Ha, K.S.; Exton, J.H. Activation of actin polymerization by phosphatidic acid derived from phosphatidylcholine in IIC9 fibroblasts. J. Cell Biol. 1993, 123, 1789–1796. [Google Scholar] [CrossRef]

	



Pearce, B.; Jakobson, K.; Morrow, C.; Murphy, S. Phosphatidic acid promotes phosphoinositide metabolism and DNA synthesis in cultured cortical astrocytes. Neurochem. Int. 1994, 24, 165–171. [Google Scholar] [CrossRef]

	



Ryder, N.S.; Talwar, H.S.; Reynolds, N.J.; Voorhees, J.J.; Fisher, G.J. Phosphatidic acid and phospholipase D both stimulate phosphoinositide turnover in cultured human keratinocytes. Cell. Signal. 1993, 5, 787–794. [Google Scholar] [CrossRef]

	



Yamaji, H.; Sakai, K.; Joho, T.; Izumoto, E.; Fukuda, H. Cell cycle analysis of Chinese hamster ovary cells stimulated by phosphatidic acid in serum-free culture. J. Biosci. Bioeng. 2004, 98, 487–489. [Google Scholar] [CrossRef]

	



Zhou, D.; Luini, W.; Bernasconi, S.; Diomede, L.; Salmona, M.; Mantovani, A.; Sozzani, S. Phosphatidic Acid and Lysophosphatidic Acid Induce Haptotactic Migration of Human Monocytes. J. Biol. Chem. 1995, 270, 25549–25556. [Google Scholar] [CrossRef]

	



Bond, P. Phosphatidic acid: Biosynthesis, pharmacokinetics, mechanisms of action and effect on strength and body composition in resistance-trained individuals. Nutr. Metab. 2017, 14, 1–9. [Google Scholar] [CrossRef] [PubMed]

	



Noh, J.-Y.; Lim, K.-M.; Bae, O.-N.; Chung, S.-M.; Lee, S.-W.; Joo, K.-M.; Lee, S.-D.; Chung, J.-H. Procoagulant and prothrombotic activation of human erythrocytes by phosphatidic acid. Am. J. Physiol. Heart Circ. Physiol. 2010, 299, H347–H355. [Google Scholar] [CrossRef] [PubMed]

	



Kurz, T.; Schneider, I.; Tölg, R.; Richardt, G. Alpha 1-adrenergic receptor-mediated increase in the mass of phosphatidic acid and 1,2-diacylglycerol in ischemic rat heart. Cardiovasc. Res. 1999, 42, 48–56. [Google Scholar] [CrossRef]

	



Chang, Y.-J.; Kim, Y.-L.; Lee, Y.-K.; Sacket, S.J.; Kim, K.; Kim, H.-L.; Han, M.; Bae, Y.-S.; Okajima, F.; Im, D.-S. Dioleoyl phosphatidic acid increases intracellular Ca2+ through endogenous LPA receptors in C6 glioma and L2071 fibroblasts. Prostaglandins Lipid Mediat. 2007, 83, 268–276. [Google Scholar] [CrossRef] [PubMed]

	



Egea-Jimenez, A.L.; Zimmermann, P. Phospholipase D and phosphatidic acid in the biogenesis and cargo loading of extracellular vesicles. J. Lipid Res. 2018, 59, 1554–1560. [Google Scholar] [CrossRef]

	



Record, M.; Silvente-Poirot, S.; Poirot, M.; Wakelam, M.J.O. Extracellular vesicles: Lipids as key components of their biogenesis and functions. J. Lipid Res. 2018, 59, 1316–1324. [Google Scholar] [CrossRef] [PubMed]

	



Robbins, P.D.; Morelli, A.E. Regulation of immune responses by extracellular vesicles. Nat. Rev. Immunol. 2014, 14, 195–208. [Google Scholar] [CrossRef]

	



Chang, Y.-J.; Kim, Y.-L.; Jo, J.-Y.; Kyeok, K.; Kim, H.-L.; Im, N.-S. Dioeloyl phosphatidic acid induces morphological changes through an endogenous LPA receptor in C6 glioma cells. Arch. Pharmacal Res. 2008, 31, 628–633. [Google Scholar] [CrossRef]

	



Frondorf, K.; Henkels, K.M.; Frohman, M.A.; Gomez-Cambronero, J. Phosphatidic Acid Is a Leukocyte Chemoattractant That Acts through S6 Kinase Signaling. J. Biol. Chem. 2010, 285, 15837–15847. [Google Scholar] [CrossRef]

	



Bernacchioni, C.; Cencetti, F.; Ouro, A.; Bruno, M.; Gomez-Muñoz, A.; Donati, C.; Bruni, P. Lysophosphatidic Acid Signaling Axis Mediates Ceramide 1-Phosphate-Induced Proliferation of C2C12 Myoblasts. Int. J. Mol. Sci. 2018, 19, 139. [Google Scholar] [CrossRef]

	



Calise, S.; Blescia, S.; Cencetti, F.; Bernacchioni, C.; Donati, C.; Bruni, P. Sphingosine 1-phosphate stimulates proliferation and migration of satellite cells. Biochim. Biophys. Acta BBA Mol. Cell Res. 2012, 1823, 439–450. [Google Scholar] [CrossRef] [PubMed]

	



Alderton, F.; Sambi, B.; Tate, R.; Pyne, N.J.; Pyne, S. Assessment of agonism at G-protein coupled receptors by phosphatidic acid and lysophosphatidic acid in human embryonic kidney 293 cells. Br. J. Pharmacol. 2001, 134, 6–9. [Google Scholar] [CrossRef] [PubMed]

	



Changeux, J.-P.; Christopoulos, A. Allosteric Modulation as a Unifying Mechanism for Receptor Function and Regulation. Cell 2016, 166, 1084–1102. [Google Scholar] [CrossRef] [PubMed]

	



Yoon, M.-S.; Sun, Y.; Arauz, E.; Jiang, Y.; Chen, J. Phosphatidic Acid Activates Mammalian Target of Rapamycin Complex 1 (mTORC1) Kinase by Displacing FK506 Binding Protein 38 (FKBP38) and Exerting an Allosteric Effect. J. Biol. Chem. 2011, 286, 29568–29574. [Google Scholar] [CrossRef] [PubMed]

	



Yoon, M.-S.; Chen, J. PLD regulates myoblast differentiation through the mTOR-IGF2 pathway. J. Cell Sci. 2008, 121, 282–289. [Google Scholar] [CrossRef]

	



Yoon, M.-S.; Chen, J. Distinct amino acid–sensing mTOR pathways regulate skeletal myogenesis. Mol. Biol. Cell 2013, 24, 3754–3763. [Google Scholar] [CrossRef]

	



Yoon, M.-S.; Du, G.; Backer, J.M.; Frohman, M.A.; Chen, J. Class III PI-3-kinase activates phospholipase D in an amino acid–sensing mTORC1 pathway. J. Cell Biol. 2011, 195, 435–447. [Google Scholar] [CrossRef]

	



Wiczer, B.M.; Thomas, G. Phospholipase D and mTORC1: Nutrients Are What Bring Them Together. Sci. Signal. 2012, 5. [Google Scholar] [CrossRef]

	



Zhu, M.; Zou, J.; Li, T.; O’Brien, S.A.; Zhang, Y.; Ogden, S.; Zhang, W. Differential Roles of Phospholipase D Proteins in FcεRI-Mediated Signaling and Mast Cell Function. J. Immunol. 2015, 195, 4492–4502. [Google Scholar] [CrossRef]

	



Gomez-Muñoz, A.; A Duffy, P.; Martin, A.; O’Brien, L.; Byun, H.S.; Bittman, R.; Brindley, D.N. Short-chain ceramide-1-phosphates are novel stimulators of DNA synthesis and cell division: Antagonism by cell-permeable ceramides. Mol. Pharmacol. 1995, 47, 833–839. [Google Scholar]

	



Carracedo, A.; Ma, L.; Teruya-Feldstein, J.; Rojo, F.; Salmena, L.; Alimonti, A.; Egia, A.; Sasaki, A.T.; Thomas, G.; Kozma, S.C.; et al. Inhibition of mTORC1 leads to MAPK pathway activation through a PI3K-dependent feedback loop in human cancer. J. Clin. Investig. 2008, 118, 3065–3074. [Google Scholar] [CrossRef] [PubMed]

	



Feoktistova, M.; Geserick, P.; Leverkus, M. Crystal Violet Assay for Determining Viability of Cultured Cells. Cold Spring Harb. Protoc. 2016, 2016, 343–346. [Google Scholar] [CrossRef]

	



Hamilton, J.A.; Myers, D.; Jessup, W.; Cochrane, F.; Byrne, R.; Whitty, G.; Moss, S. Oxidized LDL Can Induce Macrophage Survival, DNA Synthesis, and Enhanced Proliferative Response to CSF-1 and GM-CSF. Arter. Thromb. Vasc. Biol. 1999, 19, 98–105. [Google Scholar] [CrossRef] [PubMed]

	



Ouro, A.; Arana, L.; Rivera, I.-G.; Ordoñez, M.; Gomez-Larrauri, A.; Presa, N.; Simón, J.; Trueba, M.; Gangoiti, P.; Bittman, R.; et al. Phosphatidic acid inhibits ceramide 1-phosphate-stimulated macrophage migration. Biochem. Pharmacol. 2014, 92, 642–650. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 22 01452 g001 550] 





Figure 1. Phosphatidic acid (PA) stimulates C2C12 myoblast proliferation. Approximately 40% confluent C2C12 myoblasts were serum-starved for 24 h in Dulbecco’s modified eagle’s medium (DMEM) supplemented with 0.1% bovine serum albumin (BSA). (A) Cells were treated for 16 h with PA at the indicated concentrations. [3H]Thymidine incorporation into DNA was measured as described in the Materials and Methods section. Data are expressed relative to the control (Ctrl) value without agonist and are the means ± SEM of 3 independent experiments performed in triplicate. (*** p < 0.001). (B) Cells were treated for 16 h with 15 μM PA or with exogenous phospholipase D (exPLD) (1 unit/mL). [3H]Thymidine incorporation into DNA was measured as indicated in the Materials and Methods section. Data are expressed relative to the control value (Ctrl) without agonist and are the means ± SEM of 4 independent experiments performed in triplicate. (** p < 0.01; *** p < 0.001). (C) Cells were treated for 24 h with PA at the indicated concentrations. Cell proliferation was determined by staining the myoblasts with crystal violet as described in the Materials and Methods section. Data are expressed relative to the control value without agonist and are the means ± SEM of 6 independent experiments performed in triplicate. (* p < 0.05; *** p < 0.001). 
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Figure 2. Involvement of the PI3-K/Akt pathway in PA-stimulated myoblast proliferation. Myoblasts were serum-starved for 24 h in DMEM supplemented with 0.1% BSA. (A) The cells were challenged with 15 μM PA at the indicated times. Cell lysates were analyzed by western blotting as described in the Materials and Methods section. Phosphorylation of Akt was determined with an antibody specific to phospho-Akt (Ser 473). Equal loading of protein was monitored using a specific antibody to total Akt. Panel A corresponds to a representative blot of three independent experiments. (B) Results of scanning densitometry of the exposed film showing the p-Akt/total Akt ratio. Data are expressed relative to the control value without agonist and are the mean ± SEM of 3 independent experiments performed in triplicate. (** p < 0.01; *** p < 0.001). (C) C2C12 myoblasts were preincubated for 30 min with 1 μM LY 294002 and then treated with 15 μM PA for 16 h. [3H]Thymidine incorporation was measured as described in the Materials and Methods section. Results are expressed relative to the control value without agonist and are the mean ± SEM of 3 independent experiments performed in triplicate. (** p < 0.01, control versus PA-treated cells, # p < 0.05; PA-treated cells versus PA-treated cells in the presence of the inhibitor). (D) Cells were treated as in panel C. Cell proliferation was determined by staining the myoblasts with crystal violet as described in the Materials and Methods section. Results are expressed relative to the control value without agonist and are the mean ± SEM of 3 independent experiments performed in triplicate. (* p < 0.05, control versus PA-treated cells, # p < 0.05; PA-treated cells versus PA-treated cells in the presence of the inhibitor). (E) C2C12 cells were preincubated for 30 min with 1 μM 10-DEBC and then treated with 15 μM PA for 16 h. [3H]Thymidine incorporation was measured as described in the Materials and Methods section. Results are expressed relative to the control value without agonist and are the mean ± SEM of 3 independent experiments performed in triplicates. (** p < 0.01, control versus PA-treated cells, # p < 0.05; PA-treated cells versus PA-treated cells in the presence of the inhibitor). (F) Cells were treated as in E. Cell proliferation was determined by staining the myoblasts with crystal violet as described in the Materials and Methods section. Results are expressed relative to the control value without agonist and are the mean ± SEM of 3 independent experiments performed in triplicate. (* p < 0.05, control versus PA-treated cells, # p < 0.05; PA-treated cells versus PA-treated cells in the presence of the inhibitor). (G) C2C12 cells were preincubated for 5 h with negative (scrambled) siRNA, or with specific PI3K, Akt1, Akt2, or Akt3 siRNA (40 nM in all cases), prior to stimulation with 15 μM PA, as indicated. [3H]Thymidine incorporation was measured as described in the Materials and Methods section. Results are expressed relative to the control value without agonist and are the mean ± SEM of 3 independent experiments performed in triplicate. (* p < 0.05 control versus PA-treated cells, # p < 0.05; PA-treated cells versus PA-treated cells in the presence of the corresponding siRNA). 
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Figure 3. Involvement of MEK/ERK 1/2, but not p38 or JNK in PA-stimulated myoblast proliferation. Myoblasts were serum starved and maintained in DMEM supplemented with 0.1% BSA for 24 h before addition of agonists. (A) The cells were challenged with 15 μM PA at the indicated time points. Cell lysates were analyzed by western blotting as described in the Materials and Methods section. Phosphorylation of ERK1/2 was determined with an antibody specific to phospho-ERK1/2. Equal loading of protein was monitored using a specific antibody to total ERK1/2. Panel A shows a representative blot of three independent experiments. (B) Results of scanning densitometry of the exposed film showing the p-ERK/total ERK ratio. Data are expressed relative to the control value without agonist and are the mean ± SEM of 3 independent experiments performed in triplicate. (*** p < 0.001). (C) C2C12 cells were preincubated for 30 min with 10 μM PD98059 to inhibit MEK, 5 μM SB239063 to inhibit p38 or 1 μM SP600125 to inhibit JNK, and were then treated with 15 μM PA, or vehicle for 16 h. [3H]Thymidine incorporation was measured as described in the Materials and Methods section. Results are expressed relative to the control value without agonist and are the mean ± SEM of 3 independent experiments performed in triplicate. (* p < 0.05, control versus PA-treated cells, # p < 0.05; PA-treated cells versus PA-treated cells in the presence of the inhibitor). (D) Cells were treated as in panel C. Cell proliferation was determined by staining the myoblasts with crystal violet as described in the Materials and Methods section. Results are expressed relative to the control value without agonist and are the mean ± SEM of 3 independent experiments performed in triplicate. (* p < 0.05, control versus PA-treated cells, # p < 0.05; PA-treated cells versus PA-treated cells in the presence of the inhibitor); ** p < 0.01, control versus PA-treated cells in the presence of SP600126; p < 0.05, control versus PA-treated cells in the presence of SB202190. (E) C2C12 cells were pre-treated for 5 h with negative (scrambled) siRNA, or with specific ERK1 or ERK2 siRNA (40 nM in all cases), prior to stimulation with 15 μM PA, as indicated. [3H]Thymidine incorporation was measured as described in the Materials and Methods section. Results are expressed relative to the control value without agonist and are the mean ± SEM of 3 independent experiments performed in triplicate. (* p < 0.05, control versus PA-treated cells, # p < 0.05; PA-treated cells versus PA-treated cells in the presence of the corresponding siRNA). 






Figure 3. Involvement of MEK/ERK 1/2, but not p38 or JNK in PA-stimulated myoblast proliferation. Myoblasts were serum starved and maintained in DMEM supplemented with 0.1% BSA for 24 h before addition of agonists. (A) The cells were challenged with 15 μM PA at the indicated time points. Cell lysates were analyzed by western blotting as described in the Materials and Methods section. Phosphorylation of ERK1/2 was determined with an antibody specific to phospho-ERK1/2. Equal loading of protein was monitored using a specific antibody to total ERK1/2. Panel A shows a representative blot of three independent experiments. (B) Results of scanning densitometry of the exposed film showing the p-ERK/total ERK ratio. Data are expressed relative to the control value without agonist and are the mean ± SEM of 3 independent experiments performed in triplicate. (*** p < 0.001). (C) C2C12 cells were preincubated for 30 min with 10 μM PD98059 to inhibit MEK, 5 μM SB239063 to inhibit p38 or 1 μM SP600125 to inhibit JNK, and were then treated with 15 μM PA, or vehicle for 16 h. [3H]Thymidine incorporation was measured as described in the Materials and Methods section. Results are expressed relative to the control value without agonist and are the mean ± SEM of 3 independent experiments performed in triplicate. (* p < 0.05, control versus PA-treated cells, # p < 0.05; PA-treated cells versus PA-treated cells in the presence of the inhibitor). (D) Cells were treated as in panel C. Cell proliferation was determined by staining the myoblasts with crystal violet as described in the Materials and Methods section. Results are expressed relative to the control value without agonist and are the mean ± SEM of 3 independent experiments performed in triplicate. (* p < 0.05, control versus PA-treated cells, # p < 0.05; PA-treated cells versus PA-treated cells in the presence of the inhibitor); ** p < 0.01, control versus PA-treated cells in the presence of SP600126; p < 0.05, control versus PA-treated cells in the presence of SB202190. (E) C2C12 cells were pre-treated for 5 h with negative (scrambled) siRNA, or with specific ERK1 or ERK2 siRNA (40 nM in all cases), prior to stimulation with 15 μM PA, as indicated. [3H]Thymidine incorporation was measured as described in the Materials and Methods section. Results are expressed relative to the control value without agonist and are the mean ± SEM of 3 independent experiments performed in triplicate. (* p < 0.05, control versus PA-treated cells, # p < 0.05; PA-treated cells versus PA-treated cells in the presence of the corresponding siRNA).
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Figure 4. Pertussis toxin inhibits PA-stimulated myoblast proliferation and Akt and ERK1/2 phosphorylation. Myoblasts were serum-starved in DMEM supplemented with 0.1% BSA for 24 h. (A) Cells were preincubated for 16 h with 0.5 μg/mL pertussis toxin (Ptx) and then further treated with 15 μM PA or vehicle for 16 h, as indicated. [3H]Thymidine incorporation was measured as described in the Materials and Methods section. Results are expressed relative to the control value without agonist and are the mean ± SEM of 3 independent experiments performed in triplicate. (** p < 0.01, control versus PA-treated cells, ## p < 0.01; PA-treated cells versus PA-treated cells in the presence of Ptx). (B) Cells were treated as in panel A. Cell proliferation was determined by staining the myoblasts with crystal violet as described in the Materials and Methods section. Results are expressed relative to the control value without agonist and are the mean ± SEM of 3 independent experiments performed in triplicate. (* p < 0.05, control versus PA-treated cells, # p < 0.05; PA-treated cells versus PA-treated cells in the presence of Ptx). (C) C2C12 cells were preincubated for 16 h with 0.5 μg/mL Ptx. The myoblasts were then challenged with 15 μM PA or vehicle for 5 min, as indicated. Cell lysates were analyzed by western blotting as described in the Materials and Methods section. Phosphorylation of Akt (Ser473) and ERK were determined using specific antibodies to phospho-Akt (P-Akt), or phospho-ERK1/2 (P-ERK1/2). Equal loading of protein was monitored using specific antibodies to total Akt and ERK1/2. Panel C shows a representative blot of three independent experiments. (D,E) Results of scanning densitometry of the exposed films. Data are expressed as arbitrary units of intensity relative to the control values in the absence of agonist or Ptx (Ctrl) and are the mean ± SEM of 3 replicate experiments. (* p < 0.05; ** p < 0.01; control versus PA-treated cells, # p < 0.05, ## p < 0.01; PA-treated cells versus PA-treated cells in the presence of Ptx, as indicated). 
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Figure 5. Inhibition of PA-stimulated myoblast proliferation and Akt and ERK1/2 phosphorylation by the lysoPA (LPA) receptor antagonist VPC32183. Myoblasts were serum-starved in DMEM supplemented with 0.1% BSA for 24 h. (A) The cells were preincubated for 30 min with 5 μM VPC32183 and were then challenged with 15 μM PA or 15 μM LPA for 16 h, as indicated. [3H]Thymidine incorporation was measured as described in the Materials and Methods section. Results are expressed relative to the control value without agonist and are the mean ± SEM of 3 independent experiments performed in triplicate. (* p < 0.05, control versus PA or LPA-treated cells, # p < 0.05; PA or LPA-treated cells versus PA or LPA-treated cells in the presence of VPC32183). (B) Cells were treated as in panel A. Cell proliferation was determined by staining the myoblasts with crystal violet as described in the Materials and Methods section. Results are expressed relative to the control value without agonist and are the mean ± SEM of 3 independent experiments performed. Control versus PA-treated cells; ** p < 0.01, control versus LPA-treated cells; # p < 0.05; PA- or LPA-treated cells versus PA- or LPA-treated cells in the presence of VPC32183). (C) Cells were preincubated with 5 μM VPC32183 for 30 min and then treated with 15 μM PA for 5 min. Cell lysates were analyzed by western blotting as described in the Materials and Methods section. Phosphorylation of Akt and ERK1/2 was determined using specific antibodies against phospho-Akt (P-Akt) or phospho-ERK1/2 (P-ERK1/2). Equal loading of protein was monitored using specific antibodies to total Akt and total ERK1/2. Panel C shows a representative blot of three independent experiments. (D,E) Results of scanning densitometry of the exposed films. Data are expressed as arbitrary units of intensity relative to the control siRNA values in the absence of agonist or inhibitor (Ctrl) and are the mean ± SEM of 3 replicate experiments. (* p < 0.05; ** p < 0.01; control versus PA-treated cells, # p < 0.05, ### p < 0.001; PA-treated cells versus PA-treated cells in the presence of VPC32183, as indicated). 
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Figure 6. Implication of LPA1 and LPA2 receptors in PA-induced DNA synthesis and Akt and ERK phosphorylation. Myoblasts were preincubated for 5 h with negative (scrambled) siRNA (Neg siRNA) or with specific LPA1 or LPA2 siRNA (40 nM in all cases), as indicated. Transfected cells were maintained in DMEM with 10% fetal bovine serum (FBS) for 48 h and were then serum-starved in DMEM supplemented with 0.1% BSA for 24 h. (A) Cells were treated with 15 μM PA or vehicle for 16 h, as indicated. [3H]Thymidine incorporation was measured as described in the Materials and Methods section. Results are expressed relative to the control value without agonist and are the mean ± SEM of 3 independent experiments performed in triplicate. (* p < 0.05, control versus PA-treated cells, # p < 0.05; PA-treated cells versus PA-treated cells in the presence of siRNA). (B) Cells were treated as above and then stimulated for 5 min with 15 μM PA or vehicle as indicated. Cell lysates were analyzed by western blotting as described in the Materials and Methods section. Phosphorylation of Akt and ERK1/2 was determined using specific antibodies to phospho-Akt (P-Akt) or phospho-ERK1/2 (P-ERK1/2). Equal loading of protein was monitored using specific antibodies to total Akt or ERK1/2. Panel B shows a representative blot of three independent experiments. (C,D) Results of scanning densitometry of the exposed films. Data are expressed as arbitrary units of intensity relative to the control siRNA values in the absence of agonist (Ctrl) and are the mean ± SEM of 3 replicate experiments. (* p < 0.05; ** p < 0.01; control versus PA-treated cells, # p < 0.05, ## p < 0.01, ### p < 0.001; PA-treated cells versus PA-treated cells in the presence of the corresponding siRNA, as indicated). 
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Figure 7. PA competes with LPA for binding to LPA receptors. (A) Myoblast membranes were incubated with 10 µM [3H]LPA in the presence of the indicated concentrations of unlabeled PA or LPA, as indicated. Non-specific binding was measured in the absence cell of membranes. Results are the mean ± SEM of three independent experiments performed in triplicate. Radioactivity of filter-bound radionuclide was quantified by liquid scintillation counting, as indicated in the Materials and Methods section. (B) The competition binding assays were performed with 10 µM [3H]LPA in the presence of 400 µM PA, 400 µM LPA, 400 µM S1P or 400 µM C1P, as indicated. Non-specific binding was measured in the absence of myoblast membranes. Results are the mean ± SEM of three independent experiments performed in triplicate. (** p < 0.01). Radioactivity of filter-bound radionuclide was quantified by liquid scintillation counting. 
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Figure 8. PA-stimulated myoblast proliferation does not depend on conversion of PA to LPA. Myoblasts were serum-starved in DMEM supplemented with 0.1% BSA for 24 h. (A) The cells were preincubated with 20 µM PACOCF3, 20 µM AACOCF3 or with 1 µM of the cPLA2 α inhibitor pyrrophenone (N-{(2S,4R)-4-(Biphenyl-2-ylmethyl-isobutyl-amino)-1-[2-(2,4-difluorobenzoyl)-benzoyl]-pyrrolidin-2-ylmethyl}-3-[4-(2,4-dioxothiazolidin-5-ylidenemethyl)-phenyl] acrylamide) for 30 min before they were challenged with 15 μM PA for 16 h. [3H]Thymidine incorporation into DNA was measured as described in the Materials and Methods section. Results are expressed relative to the control value without agonist and are the mean ± SEM of 3 independent experiments performed in triplicate (** p < 0.01, control versus PA-treated cells; * p < 0.05, control versus PA-treated cells in the presence of the indicated inhibitors. (B) Cells were treated as in panel A. Cell proliferation was determined by staining the myoblasts with crystal violet as described in the Materials and Methods section. Results are expressed relative to the control value without agonist and are the mean ± SEM of 3 independent experiments performed in triplicate. (* p < 0.05, control versus PA-treated cells in the absence or in the presence of the indicated inhibitors). (C) Cells were labelled with 15 μM [14C]PA (0.05 μCi/mL) for the indicated time points. PA and LPA levels were determined as described in the Materials and Methods section. Results are expressed as percentage of the radioactivity present in the PA and LPA thin-layer chromatography (TLC) spots compared to that in total lipids and are the mean ± SEM of 3 independent experiments performed in duplicate. (D) The cells were preincubated with 300 nM HA-130 or 300 nM PF-8380 for 30 min before they were treated with 15 μM PA for 16 h. Cell proliferation was determined by staining the myoblasts with crystal violet as described in the Materials and Methods section. Results are expressed relative to the control value without agonist and are the mean ± SEM of 3 independent experiments performed in triplicate. (** p < 0.01, control versus PA-treated cells; * p < 0.05, control versus PA-treated cells in the presence of HA-130, or PF-8380 treated cells versus PA-treated cells in the presence of this inhibitor; # p < 0.05, control versus cells incubated with PF-8380). (E) Cells were treated with PA or LPA for 16 h at the indicated concentrations. [3H]Thymidine incorporation into DNA was measured as described in the Materials and Methods section. Data are expressed relative to the control value without agonist and are the means ± SEM of 3 independent experiments performed in triplicate (*** p < 0.001, control versus PA- or LPA-treated cells). (F) Cells treated with PA from egg yolk or with different PA species (at 15 µM), as indicated. Results are expressed relative to the control value without agonist and are the mean ± SEM of 6 independent experiments performed in triplicate. (** p < 0.01, control versus PA from egg yolk; * p < 0.05, control versus 16:0-PA or 16:0-18:1-PA, as indicated). 






Figure 8. PA-stimulated myoblast proliferation does not depend on conversion of PA to LPA. Myoblasts were serum-starved in DMEM supplemented with 0.1% BSA for 24 h. (A) The cells were preincubated with 20 µM PACOCF3, 20 µM AACOCF3 or with 1 µM of the cPLA2 α inhibitor pyrrophenone (N-{(2S,4R)-4-(Biphenyl-2-ylmethyl-isobutyl-amino)-1-[2-(2,4-difluorobenzoyl)-benzoyl]-pyrrolidin-2-ylmethyl}-3-[4-(2,4-dioxothiazolidin-5-ylidenemethyl)-phenyl] acrylamide) for 30 min before they were challenged with 15 μM PA for 16 h. [3H]Thymidine incorporation into DNA was measured as described in the Materials and Methods section. Results are expressed relative to the control value without agonist and are the mean ± SEM of 3 independent experiments performed in triplicate (** p < 0.01, control versus PA-treated cells; * p < 0.05, control versus PA-treated cells in the presence of the indicated inhibitors. (B) Cells were treated as in panel A. Cell proliferation was determined by staining the myoblasts with crystal violet as described in the Materials and Methods section. Results are expressed relative to the control value without agonist and are the mean ± SEM of 3 independent experiments performed in triplicate. (* p < 0.05, control versus PA-treated cells in the absence or in the presence of the indicated inhibitors). (C) Cells were labelled with 15 μM [14C]PA (0.05 μCi/mL) for the indicated time points. PA and LPA levels were determined as described in the Materials and Methods section. Results are expressed as percentage of the radioactivity present in the PA and LPA thin-layer chromatography (TLC) spots compared to that in total lipids and are the mean ± SEM of 3 independent experiments performed in duplicate. (D) The cells were preincubated with 300 nM HA-130 or 300 nM PF-8380 for 30 min before they were treated with 15 μM PA for 16 h. Cell proliferation was determined by staining the myoblasts with crystal violet as described in the Materials and Methods section. Results are expressed relative to the control value without agonist and are the mean ± SEM of 3 independent experiments performed in triplicate. (** p < 0.01, control versus PA-treated cells; * p < 0.05, control versus PA-treated cells in the presence of HA-130, or PF-8380 treated cells versus PA-treated cells in the presence of this inhibitor; # p < 0.05, control versus cells incubated with PF-8380). (E) Cells were treated with PA or LPA for 16 h at the indicated concentrations. [3H]Thymidine incorporation into DNA was measured as described in the Materials and Methods section. Data are expressed relative to the control value without agonist and are the means ± SEM of 3 independent experiments performed in triplicate (*** p < 0.001, control versus PA- or LPA-treated cells). (F) Cells treated with PA from egg yolk or with different PA species (at 15 µM), as indicated. Results are expressed relative to the control value without agonist and are the mean ± SEM of 6 independent experiments performed in triplicate. (** p < 0.01, control versus PA from egg yolk; * p < 0.05, control versus 16:0-PA or 16:0-18:1-PA, as indicated).



[image: Ijms 22 01452 g008]













	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
Binding (% Control)

Binding (% Control)

110
1 . LPA
o PA
90
70
50
30

150

100

05 10 15 20 25 30
Tog lipid] (:M)

= g

v

cl LPA PA SIP CIP
[Lipid] (400 M)





media/file4.png
p-Akt/Akt ratio (relative to time 0)

A
PA 15 uM

0 5 10 15 30 (min)

e — e Akt

. e . —

-~
L

-]
L

(4]
L

.

L
i

L]
M

-
n

=]
L

[1] 5 10
Time (min)

W PA 15 M

30

®

Relative [°H] thymidine

incorporation

O

w)

i = Ctrl 34 3 Ctr
ke
2 N PA 15 M o * B PA 15 uM
= 2.0+ %
- =
ES 24 2
£E 1.5 e
bl # @ D
,E 8 % = #
= L
g S 1.04 — a3
= £ © ‘g 1
L]
S 0.5 -
& Qo
0.0 o
Vehicle LY294002 Vehicle LY234002
— Ctrl 37 — Ctrl
s 2.5+ *x . PA15 .M = * Hm PA15 uM
=
~— 1]
h=] 2.0- s
S : §3 =
£8® 151 2 2 4
ra S =
=5 1.0- s
@ o =4 14
2 8 [::] Sz
o 0.5 o
7]
(4
0.0
Vehicle 10-DEBC Vehicle 10-DEBC
2.54 3 Vehicle
* B PA15uM
2.0
1.5
" =
1.04
0.5 H
0.0-
Negative PI3K siRNA Akt1 siRNA Akt2 siRNA Akt3 siRNA

siRNA





nav.xhtml


  ijms-22-01452


  
    		
      ijms-22-01452
    


  




  





media/file16.png
Relative [°H] thymidine

Cell proliferation
(Crystal violet assay)

tion

Incorpora

o

Lipid incorporation (%)

= Vehicle

4- * * Bl PA15 M
3' *%
*
) ﬁ
) H
o |
Ctrl PACOCF3 AACOCF3 cPLA2inh
== Vehicle
mm PA15 uM
3- *
*
* *
2-
T
1- H H
0 ﬂ
Ctrl PACOCF3 AACOCF3 cPLA2inh
50+ *k
= LPA
401 = PA
*%
30+
204
104
04 , .
0 15 30 45 60

time (min)

O

Cell proliferation
(Crystal violet assay)

m

Relative [*H] thymidine

m

Cell proliferation
(Crystal violet assay)

incorporation

3 Vehicle
mE PA
*
3+ %k *
2w
i i
Ly o
Ctrl PF-8380 HA-130
= LPA el
31 mm PA l s
2 1
e
1-
0
0.0 2.5 50 15.0
[Lipid] (uM)
4 *
3= *%k
*
2-
—
1=
Ctrl PA 16:0 16:0-18:1,

(from egg yolk) L

PA





media/file2.png
2.5=

| | 1 | |
< 0 < w
o™ - - o

uonesodiooul
auipiwAyy [H.] aAnelay

1
=
o

[PA] (uM)

*%

1 | |
o] o™ -—

uoneltodiooul
auipiwAy) [H.] aAnejay

PA15uM  exPLD 1 unit/mL

Ctrl

* k%

1 1
o™ -

(Aesse j9]01A |e)ISA19))
uonesadjijoid |29

0-

[PA] (uM)





media/file5.jpg
I

-
u Sus
20- o
.

Relative PHlhymidine
Incorporation

Negatve  ERKZSIRNA ERKTsIRNA
ey





media/file3.jpg





media/file1.jpg
AN

P01 s

oy

Py





media/file7.jpg
>
L]

= veice S 2] = veiao
§ o T Rt T
5= HE
r E
TE* 821
£212 " 33
] SEos
2 os i_ [3
e AT el AT
¢
vots n P parin
»m— o
ESRREmES e
-
D E
3 Vehicle hic £ Vehicle
- g ™| m e a
£S 20 T
Y 216
§ .

|3l
F-n

| B

ol PATS M c PA1S M






media/file10.png
*%

LPA

**

497 = Vehicle .
@ == VPC32183 * 39 = Vehicle
§ N J__ % mm VPC32183 _'l'_
c c
ES * s
£ = ‘.t-U' T 2=
=% B 5%
- £
[y # g2
:; E 1 — 'S 17
© 1 o ¥
o O
0 0
Ctrl PA LPA Ctrl PA
Vehicle PA VPC PA + VPC
el el B P-AKt
—— —
e = - PERKIR
—— . = ERKA/2
*
15+ =3 Vehicle 2.0- .
mm VPC32183 =3 Vehicle
mm VPC32183
°oT S = 1.54
8O0 # &
g8 < 9
1.04 1.04
<¢ e
<8 X &
L0 .
Q‘: Qo — 0.5
0.5 0.0
Ctrl PA 15 M Ctrl

PA 15 M






media/file12.png
>

Relative [>H] thymidine

incorporation

-
15
|

g
o
1

-
(8
1

-
o
1

=
(%))
1

1 Ctrl
N PA15uM

p-ERK/ERK ratio
(relative Ctrl Negative siRNA)

0.0

. Negative siRNA LPA1siRNA LPA2 siRNA

Neg siRNA

-—

o A 3

LPA1siRNA LPA2 siRNA
-+
— =SES == p.Akt

| Akt

—— = T pERK12

i

ERK1/2

p-Akt/Akt ratio
(relative Ctrl Negative siRNA)

C

3.0+
2.5+
2.0+
1.54
1.04

0.5+

0.0

s 1 Cirl
B PA15uM
#
#Ht
je— o

]

Negative siRNA LPA1 siRNA LPA2 siRNA

e = Ctrl
B PA15uM

0

Negative siRNA LPA1 siRNA LPA2 siRNA





media/file9.jpg
pAKUAK o
(raaiv to Gt

ot 3 oy Gn EY [
c
——— P
A
- e
=mma———
E
' i3
B
H -





media/file0.png





media/file14.png
Binding (% Control)

Binding (% Control)

1101

904

70+

304

e LPA
O PA

10
0.0

150+

1004

50+

1 1 1

05 1.0 15 20 25 3.0
log [lipid] (uM)

D q—

v &

Cti LPA PA S1P C1P
[Lipid] (400 pM)





media/file8.png
* %

PA 15 uM

2 Q

2 = o 2

= = - - £ x

eavu O -] X D

> 0o © < = 4 > 0o

o J w
1j | x I |
o

T T | T + T T T T T
I T < ¥ © © o

(1439 03 aAnejal)
onje. Yy3/My3-d

Aesse }9|0IA |e)sAin)
uonesdyijoad 199

_——

PA Ptx

-

PA 15 uM

PA 15 uM
Vehicle

2@ Q2

-m -m

= = L %

e..vu P [7)

> 0 O Vm... m
| | | | | 1 | || | | | |
s < ©o N «© ) < © N ©
N N - - o N N -— -— o

uoneisodiooul (119 03 aAne|al)
auipiwAyy-[H.] eanejoy - ones PiyMy-d

PA 15 M

Ctrl

Ctrl





media/file11.jpg
>
o

2% = o
-PATS M

«LZHI i

Nogative sIRNA LPATSIRNA LPAZ sIRNA

30 - oo
- A

é?ﬂl i

Nogatv siRNA LPAY SRNA LPAZSIRNA

[*H] thymidine

Nog SRNA  LPATSRNA  LPAZ sIRNA|
T+ -+ -+
- e e

= mme—== == = ren

15






media/file6.png
vy

p-ERKI/ERK ratio (relative to time 0)

o
r

wm
r

=3
i

w
r

L]
i

-
I

e

PA 15 uM

0 5 10

30 (min)

- EmEB=

0 5 10
Time (min)

Relative [*H]-thymidine
i )

M PA 15 uM

Relative [*H]-thymidine

Cell proliferation
(Crystal violet assay)

(@)

O

incorporation

— Vehicle
34 = PD98050 *
== SP600126
mm SB202190 _T_
2-
#
1- I;‘

Ctrl PA 15 UM
3 Vehicle
34 = PD98050 -
=3 SP600126 -
*
mm SB202190 _T_
24
#
1- I_T_‘
Ctrl PA 15 “M

= Vehicle
Bl PA15uM

“

Negative ERK2 siRNA ERK1 siRNA

siRNA





media/file15.jpg
"G pacocrs acocrs crAzin o prewo  marm
B J—,
35 .
H
25 M
i
c F
= s
.
]
£
3 I
7 .
T S A b e e
time i) Y





