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Mechanical stretch rapidly activates multiple signaling cascades, including phospholipases and kinases,
to stimulate protein synthesis and growth. The purpose of this study was to determine whether PLA2
activation contributes to stretch-induced phosphorylation of ERK2 in skeletal muscle myotubes. Myotu-
bes derived from neonatal C57 mice were cultured on silicone membranes and subjected to brief cyclic
stretch. Inhibition of PLA2 prevented ERK2 phosphorylation, while inhibition of prostaglandin or leuko-
triene synthesis did not. ERK2 phosphorylation was also blocked by genistein and PD98059, implicating
the canonical raf-MEK-ERK cassette. It appears that PLA2, but not further metabolism of arachidonic acid,
is required for stretch-induced activation of ERK2. Exposure to exogenous arachidonic acid had no effect
on ERK2 phosphorylation, but exposure to lysophosphatidylcholine, the other metabolite of PLA2, caused
a dose-dependent increase in ERK2 phosphorylation. These results suggest that stretch-induced activa-
tion of ERK2 may result from an interaction between PLA2 derived lysophosphatidylcholine and mem-
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brane receptors.
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Introduction

Mechanical signals are important for the development and
maintenance of skeletal muscle function. In vivo, brief periods of
forceful exertion are sufficient stimulate protein synthesis over a
few hours and to promote increases in muscle mass [1]. In isolated
muscle, passive stretch is sufficient to reduce the negative nitrogen
balance, and stretch of cultured myotubes dramatically promotes
their morphological maturation and development of a contractile
matrix [2,3]. Many signaling processes are involved in this process,
but the ultimate mechanosensor(s) are still ambiguous.

Phospholipase A2 (PLA2) enzymes may be mechanically acti-
vated [4], because kinetic parameters depend on membrane phase
structure and packing defects [5]. PLA2 activity results in the cleav-
age phospholipids, liberating a free fatty acid, often an arachidonic
acid (AA) and lysophospholipid, often a lysophosphatidylcholine
(LPC). Cytoplasmic PLA2 activity derives from at least 15 different
proteins in three distinct families: the calcium-dependent cPLA2 or
Group IV family, the calcium-independent iPLA2 or Group VI fam-
ily, and the platelet activating factor (PAF-AH) or Group VII and
Group VIII families [6,7]. Inhibition of PLA2 blocks stretch-induced
AA release, stretch-induced muscle damage, and, in kidney cells,
stretch-induced phosphorylation of ERK 1/2 [8,9].

Both AA and LPC are biologically active molecules, but AA has
shown special importance. AA metabolism is quite complex, as it
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is subject to oxidative modification and specific metabolism by
cyclooxygenase (COX) into prostaglandins (PG), by lipoxygenase
(LOX) into leukotrienes, or by cytochrome p450 into epoxyeicos-
atrienoic acid (EET) [6]. In muscle, attention has focused on PGs,
which contribute to stretch- or exercise-stimulated protein syn-
thesis and hypertrophy in vivo and in vitro [1,2,10]. In humans,
the COX inhibitors ibuprofen and acetaminophen reduce exer-
cise-stimulated protein synthesis in proportion with their ability
to prevent PG accretion [1,11]. Ibuprofen is also an effective inhib-
itor of passive stretch-stimulated protein synthesis in whole mus-
cle, but meclofenamic acid, which also inhibits PLA2 [12], is even
more effective [2].

Signaling through ERK1/2 is also important to hypertrophic sig-
naling [13,14], and ERK?2 is rapidly phosphorylated and activated
by mechanical signals [15-17]. ERK2 activity can be increased by
stretch-activated PLA2 in kidney cells [8] and contributes to upreg-
ulation of COX2 in cardiomyocytes [18]. Its activity is also required
for transcription of cyclins, activation of cyclin dependent kinases,
and progression through the cell cycle [19]. In addition to its tran-
scriptional role, ERK2 phosphorylates translational regulators and
is required for hypertrophy of muscle fibers [13]. In cardiac myo-
cytes, ERK2 contributes to endothelin-induced activation of mTOR,
p70S6K and elF4E [14], and this mechanism may be active in skel-
etal myotubes.

Both PLA2 activity and ERK phosphorylation increase rapidly
with stretch in myotubes, and both are linked to stretch-induced
growth. While some cPLA2s require phosphorylation by ERK for
full activation [20], both PGF,,, and PGE, receptors lead to phos-


mailto:thomas.burkholder@hps.gatech.edu
http://www.sciencedirect.com/science/journal/0006291X
http://www.elsevier.com/locate/ybbrc

T.J. Burkholder/ Biochemical and Biophysical Research Communications 386 (2009) 60-64 61

phorylation of ERK [21]. PLA2 activity may be directly influenced
by mechanical distortion of the cell membrane [4], but ERK phos-
phorylation is increased by many different stretch-related stimuli
[16,17]. It is not clear whether PLA2 activity and ERK 1/2 represent
separate mechanotransduction cascades or links within a single
chain.

The experiments in this paper were intended to test the hypoth-
esis that the immediate phosphorylation of ERK2 by stretch is
dependent on PLA2 signaling and to test the contribution of spe-
cific metabolites. Primary cultured myotubes were subjected to
cyclic stretch and treated with inhibitors of AA metabolism. The re-
sults suggest that PLA2 activity and LPC, but not a metabolite of AA,
promotes rapid ERK2 phosphorylation. PLA2 is an instigator of the
cellular response to mechanical stimulation.

Materials and methods

Cell culture. Myoblasts were isolated from neonatal C57 mice by
enzymatic dissociation of hindlimb musculature and purified by
selective trypsinization and differential adhesion, using procedures
reviewed and approved by Georgia Institute of Technology’s IACUC
and in compliance with the Guide for Care and Use of Laboratory
Animals. Briefly, 2- to 5-day-old mouse pups were sacrificed by
isoflurane overdose and washed with 70% ethanol. Hindlimb mus-
culature was minced between crossed razor blades and incubated
30 min at 37 °C in dissociation solution (10 mM phosphate buf-
fered saline (PBS) containing 10 mM CaCl,, 1.5 U/ml collagenase,
2.4 U/ml dispase). Cells were resuspended in growth media (GM,
Ham’s F-10 containing 20% fetal bovine serum, 2.5 ng/ml bFGF,
100 ug/ml streptomycin and 100 IU/ml penicillin) and myogenic
cells were enriched over 8-12 passages by gentle trypsinization
and brief preplating. Myogenicity was validated by desmin stain-
ing, and only cultures >97% desmin positive were used. Experi-
ments were routinely performed on cells between passage 10
and 22.

For stretch experiments, cells were seeded at 10° cells/cm? on
Matrigel (BD Biosciences, San Jose) coated silicone membranes
fixed between stainless steel clamps [22]. Cultures were allowed
to adhere and proliferate for 24 h and were then subjected to an
initial 25% stretch coincident with replacement of GM with differ-
entiation media (DM, DMEM containing 2% horse serum and anti-
biotics). This initial stretch results in cultures forming myotubes
aligned with the axis of stretch, and cultures were maintained at
this length (125% of seeding length), which serves as a reference
for all subsequent length changes. Cultures were maintained in
DM until well fused, generally 3-4 days after the media switch.

Culture media was replaced with serum and antibiotic free
Ham’s F-10 60 min prior to mechanical stimulation. Mechanical
stimulation consisted of sinusoidal length changes between
85% and 115% of the reference length at 0.3 Hz. Cultures were
subjected to 15 stretch cycles (45 s) followed by 15 s rest, and
the pattern was repeated for 15 min. Parallel static cultures were
maintained on elastic membranes, subjected to the 25% stretch
with switch to differentiation media, but were not subjected to
cyclic stretches.

Interventions. Pharmacological interventions were used to probe
the roles of PLA2, COX, LOX, and receptors. Each intervention
experiment consisted of a two by two design of mechanical stimu-
lation and drug treatment. Static cultures are designated as “Con-
trol,” and vehicle treated cultures as “No drug”. Each treatment
was repeated on a minimum of three independent experiments,
each with 2-3 repeated wells, resulting in final group sizes (n)
around 9. Drugs were suspended in water (BDM, pertussis toxin),
DMSO (MA, IBU, BW-B70C, PD146176, genistein, BIM-1), or etha-
nol (AACOCF3), prior to dilution into serum free F-10 media.

To directly test the effects of PLA2 products, cultures were incu-
bated for 60 min in serum free F-10 media, then exposed to AA or
lysophosphatidylcholine for 15 min. AA (CN Biosciences) was sus-
pended in ethanol at 100 mM, and added to CO,-equilibrated F-10
to give a final concentration of 1-10 puM. Synthetic LPC (1-stearoyl-
2-hydroxy-sn-glycero-3-phosphocholine, Avanti Polar Lipids) was
dispersed in PBS at 1 mM by vortexing for 60 s immediately before
use. An aliquot of this dispersion was added to CO,-equilibrated F-
10 to give a final concentration of 1-20 pM and mixed by vigorous
trituration.

Western blotting. Immediately following treatment, cultures
were removed from the stretch apparatus, rinsed with ice cold
PBS, and collected by scraping in detergent buffer (1% Triton-X
100, 50 mM tris, 250 mM NaCl, 25 mM EDTA, protease inhibitors
(Sigma), 100 mM NaF, and 4 pg/ml NaVOs) for 30 min. Insoluble
material was cleared by centrifugation at 16k xg for 5 min, and sol-
uble protein concentration was assayed by bicinchronic acid assay
(Pierce).

To assay phosphorylation of ERK2, Akt, and p70S6 kinase, 4 g
soluble protein was separated by SDS-PAGE through 10% acrylam-
ide mini-gels. Proteins were transferred to nitrocellulose mem-
branes, blocked with 5% nonfat dry milk in Tween-TBS (TTBS)
and hybridized with phospho-specific antibody to ERK, Akt, or
p70S6k (Cell Signaling). Membranes were rinsed, incubated with
horseradish peroxidase conjugated secondary antibody (Jackson,
1:20,000), and detected by enhanced chemiluminescence (Amer-
sham). Bands were visualized by exposure to radiographic film
and quantified by scanning densitometry. Membranes were then
stripped and re-probed with non-phospho-specific antibodies
ERK2 (BD Biosciences), Akt (Cell Signaling) or p70S6k (Santa Cruz
Biotechnology). All samples from an experiment were run on the
same gel, along with a serum-stimulated positive control, and nor-
malized to the average of that experiment’'s No Drug-Control
samples.

Statistics. All results are reported as mean = S.D. Comparisons
within each stretch experiment are made by two-way ANOVA
(drug x stretch). Sample size was chosen to provide statistical res-
olution of one standard deviation with statistical power of 0.8 for
interaction effects. Statistical trends were recognized at a thresh-
old of 10%. All intervention experiments follow the 2 x 2 design,
and no post hoc T-tests were performed, because the interaction
term directly tests whether the intervention alters the stretch re-
sponse. Exogenous lipid treatments were analyzed by 1-way ANO-
VA followed by post hoc T-tests using the Bonferroni/Dunn
correction for multiple comparisons.

Results and discussion

Stretch-induced phosphorylation of several proteins was mea-
sured by Western blot. In most cases, p70S6 kinase was not signif-
icantly phosphorylated on Thr-389 following stretch (p-values
between 0.26 and 0.77, data not shown), consistent with previous
observations using this stretch model [23]. The single exception to
this was in experiments using 100 pM genistein, in which stretch
produced a 50 % 60% increase (p =0.04) increase in the vehicle
(DMSO) treated wells (data not shown). This was not seen in other
DMSO treated cells and is believed to be a statistical artifact. The
activity of pla2g4a may be modulated by ERK 1/2-dependent phos-
phorylation [20], but its phosphorylation was not altered by cyclic
stretch (p-values between 0.64 and 0.68, data not shown). This
indicates that the activity of this PLA2 isoform is not influenced
by phosphorylation during the course of these experiments. In con-
trast, pooled across all experiments (n =118, all No Drug, Control/
Stretch samples), cyclic stretch produced a 130 + 130% increase in
ERK2 phosphorylation. The extent of phosphorylation varied
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among experiments (see below), but was always significant at the
p <0.01 level, ranging from 70 £ 35% (n=9) to 220 + 90% (n=9).

Previous experiments [2] have shown than 100 pM meclofena-
mic acid (MA) prevents stretch-induced increase in protein synthe-
sis and PG generation in whole muscle. MA is a COX inhibitor (ICsq
0.6-2.5 uM) and a LOX inhibitor (IC59 47-110 pm) [24], but also an
inhibitor of PLA2, with an ICso of 0.05-400 uM, depending on Ca®*
[12]. To determine whether a similar process contributes to
stretch-induced ERK2 phosphorylation, myotubes were treated
with 30 uM MA prior to stretch. MA completely eliminated the
stretch-induced phosphorylation of ERK2 (Drug x stretch
p <0.001; Fig. 1), involvement of lipid signals, however, the multi-
ple actions of MA at high micromolar concentration make it diffi-
cult to decipher what that mechanism might be.

To clarify the relative roles of COX and LOX, myotubes were
subjected to stretch with broad-spectrum inhibitors of these en-
zymes. Pre-incubation of myotubes with 100 uM ibuprofen to
block COX activity failed to prevent ERK2 phosphorylation
(Drug x stretch p = 0.65; Fig. 2), although ibuprofen substantially
blocks exercise-induced PG synthesis [1]. The stretch-induced in-
crease in protein synthesis and myoblast proliferation can be mim-
icked by addition of exogenous PGF,, [25,26], but the lack of
ibuprofen effect in the present study suggests that COX-mediated
PG synthesis does not contribute to stretch-induced ERK signaling.
Prostanoid signaling following stretch is similar to that seen after
ionophore treatment, and NDGA (a non-specific LOX inhibitor) pre-
vents both ionophore and muscular dystrophy induced membrane
damage [27,28]. Inhibition of LOX with a cocktail of 10 uM
PD146176, a specific inhibitor of 15-LOX, and 10 puM BW-B 70C,
a specific inhibitor of 5-LOX, also failed to prevent ERK2 phosphor-
ylation (Drug x stretch p=0.52; Fig. 2). COX and LOX represent
two of the major AA metabolic pathways, COX being particularly
important for the control of protein turnover and proliferation of
myoblasts, but they do not appear to contribute to the rapid phos-
phorylation of ERK 1/2.
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Fig. 1. Representative blot showing increased intensity of labeling with phsopho-
specific (Thr202/Tyr204) ERK antibody following stretch, and the effect of several
PLA2 inhibitors. In the absence of drug, stretch (solid bars) induced significant
phosphorylation of ERK2 relative to unstretched controls (open bars). Stretch-
induced phosphorylation was blocked by incubation with 30 uM meclofenamic acid
(MA), 100 pnM AACOCF; (AACOCF3) or 100 uM quniacrine (quin). Bars represent
means + SD; significance notations represent 2-way ANOVA statistics: ‘main effect
of Stretch p <0.05; "main effect of Drug p <0.05; ‘interaction of Drug x Stretch
p < 0.05. Note that significance of Stretch is indicated only over the vehicle-treated
bars, but refers to the effect of main effect of stretch independent of drug.

Stretch - + - + - + -+
BU - - + + - - - -
BWPD - - - - - - + +
phosERK2 - - - —
4.0
c [] Static
S Il Stretch
©
_A3O_
>
1N .
23
£ o 207
29
s i
N4
T 101
0.0
None Ibuprofen  BWB/PD146176

Fig. 2. Stretch-induced phosphorylation of ERK2 is not blocked by inhibition of
cyclooxygenase by ibuprofen (Drug x Stretch p = 0.65, power = 0.07) or of lipoxy-
genase with a cocktail of BW-B70C and PD146176 (Drug x Stretch p=0.52,
power = 0.09). (Mean +SD; ‘Stretch p<0.05; 'Drug p<0.05; !Drug x Stretch
p <0.05).

Generation of AA by phospholipase A2 (PLA2) is a rate-limiting
step in the synthesis of prostaglandins and other eicosanoids, so
PLA2 inhibitors would be expected to reduce PG production inde-
pendent of COX activity. To evaluate whether the inhibition of
stretch-induced ERK phosphorylation resulted from the inhibition
of PLA2, myotube cultures were treated with other PLA2 inhibitors.
Treatment with 100 pM quinacrine, an inhibitor of all three PLA2
classes, blocked stretch-induced ERK2 phosphorylation (Drug x -
Stretch p = 0.02, Fig. 1). Similarly, 100 pM AACOCE3, an inhibitor
of cPLA2 and iPLA2 by a mechanism different than quinacrine
[29], also reduced ERK2 phosphorylation (Drug x Stretch
p=0.005, Fig. 1). Thus, three inhibitors of PLA2 activity prevent
the stretch-induced phosphorylation of ERK2, while inhibitors of
subsequent AA metabolism do not. Although each of the three
inhibitors has non-specific effects, they block PLA2 activity by dif-
ferent mechanisms and are expected to have distinct non-specific
effects. The common consequence of reducing stretch-induced
ERK2 phosphorylation indicates that PLA2 activity, through one
of at least eight muscle proteins with PLA2 activity [7], is required.

When examining the effect of different venom-derived PLA2s
on homogeneous liposomes, Lehtonen and Kinnunen [4] found that
osmotic swelling of the liposomes increased activity at lower pres-
sures, but inhibited the activity at higher pressures. They found
that the extent of osmotic activation depended strongly on lipo-
some composition, being greatest in liposomes composed of tightly
packed, saturated fatty acid tails. Burack and Biltonen [5] suggest
that PLA2 is most active at the interface between liquid ordered
and liquid disordered phases, such as the boundary of lipid rafts,
possibly as a consequence of high local curvature. These results
seem to be related to lipid packing stresses, which are reduced
by dilatation. Mechanical stretch requires gross rearrangement of
the cell membrane, including substantial increase in effective sur-
face area, and may impose sufficient dilatation and mixing to facil-
itate PLA2 activity. Further, the sensitivity to membrane stress
varies across PLA2 enzymes, so different gene products may re-
spond to different degrees of stretch.

PLA2 activity produces a free fatty acid and lysophospholipid.
Because AA metabolites appeared not to participate in the phos-
phorylation of ERK2, static cultures were incubated with exoge-
nous lipids to evaluate the influence of PLA2 products. Exposure
for 15 min to AA, in concentrations up to 10 uM, did not alter
ERK2 phosphorylation (Fig. 3). In contrast, exposure to synthetic
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Fig. 3. Phosphorylation of ERK2 was not affected by addition of exogenous AA (1 or
10 uM), but was increased by addition of 10 or 20 pM lysophosphatidycholine
(LPC). (Mean = SD; significantly different from None, p < 0.003).

LPC produced a dose-dependent increase in ERK2 phosphorylation,
reaching statistical significance at 10 uM (Fig. 3). This suggested
that the products of PLA2 activity might contribute to separate sig-
naling cascades, with the AA contributing to control of protein syn-
thesis and the LPC contributing to transcriptional regulation
through ERK2.

The presence of lysophospholipids, including LPC and lyso-
phosphatidic acid (LPA) significantly alters local membrane bio-
physics, and can directly alter channel conductivity and
receptor kinetics. LPC collects in cardiac myocytes during ische-
mia-reperfusion and contributes to calcium toxicity through
bepradil and flunarizine sensitive calcium channels [30]. LPC is
also capable of activating protein kinase C (PKC) [31], which
may be a mechanism to phosphorylate ERK. To determine
whether stretch-induced ERK2 phosphorylation depends on
PKC, cultures were treated with BIM-1 for 60 min prior to
stretch. There was a trend for 1 uM BIM-1 to reduce ERK2 phos-
phorylation overall (p =0.07, Fig. 4), and a trend for ERK2 to be
less phosphorylated in BIM-1 stretched cultures (160 +34% of
static vs 205 + 64% for vehicle-treated stretch, p = 0.09), but this

Stretch - + - + - + - + - + - +
BIM-1 - - + + - - - - - - - -
PD98059 - - - - - - + + - - - -
Genistein - - - - - - - - - - + +
phosERK2 - T =
4.0 q
s 357 [ Static
% 3.0 R Stretch
23 .
S 5 25+
S5
89 20+
&3 .
S = 1.5 : t
4 T +
L 10 t
0.5 -
0.0 . .
None BIM-1 PD98059  Genistein

Fig. 4. Although BIM-1 treatment appears to reduce stretch-induced ERK2 phos-
phorylation, statistical tests were inconclusive (Drug x Stretch p=0.12,
power = 0.32), suggesting that PKC is, at best, not a potent mediator of stretch.
However, stretch-induced phosphorylation of ERK2 was blocked by both genistein
(Drug x Stretch p =0.01), and PD98059 (Drug x Stretch p = 0.02), indicating that
both tyrosine kinase and MEK activity are required. (Mean + SD; "Stretch p < 0.05;
Drug p < 0.05; Drug x Stretch p < 0.05).

did not reach statistical significance. BIM-1 is an inhibitor of
conventional PKCs with ICsg in the nanomolar range, well below
the applied concentration, and if PKC is involved in the stretch-
ERK pathway, it is likely only one of redundant branches.

To further examine the pathway leading to ERK2 phosphoryla-
tion, cultures were treated with MEK and tyrosine kinase inhibi-
tors. Treatment with the MEK inhibitor PD98059 reduced ERK2
phosphorylation in static culture to 50 + 20% of vehicle treated
and significantly prevented the phosphorylation of ERK2 by stretch
(Drug x Stretch p = 0.02; Fig. 4), demonstrating that phosphoryla-
tion of ERK2 is through the canonical MEK cascade. ERK is classi-
cally phosphorylated downstream of tyrosine kinases (TKs),
including receptor tyrosine kinases, like FGF receptors, and non-
receptor tyrosine kinases, like Src. To test the involvement of
TKs, cultures were preincubated for 60 min with 100 M genistein,
a broad spectrum TK inhibitor. Genistein potently reduced both the
ERK phosphorylation in resting cells (p <0.01; Fig. 4), and the
stretch-induced increase (Drug x Stretch p = 0.01). The phospho-
ERK antibody recognizes the dual, Thr-185/Tyr-187 phosphory-
lated form of ERK2, and both genistein and PD98059 may reduce
ERK2 phosphorylation through inhibition of MEK.

In summary, brief, cyclical stretch results in the rapid phosphor-
ylation of ERK2 in primary myotubes by a mechanism dependent
on PLA2 activity and protein kinases, but not COX or LOX. ERK2
phosphorylation was similarly increased by exogenous LPC, but
not by AA, and this is consistent with mechanical membrane defor-
mation facilitating PLA2 activity, with PLA2-generated LPC inter-
acting with membrane protein to activate a tyrosine kinase,
leading to activation of MEK1/2 and ERK1/2. Activation of PLA2
may promote the subsequent upregulation of AA metabolizing en-
zymes, such as COX2, to increase a myotube’s capacity for generat-
ing growth-promoting prostaglandins, allowing synergy across
daily or semi-daily activity bouts.
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