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Annexin A1 Induces Skeletal Muscle Cell Migration
Acting through Formyl Peptide Receptors
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Abstract

Annexin A1 (ANXAT, lipocortin-1) is a glucocorticoid-regulated 37-kDa protein, so called since its main property is to bind
(i.e. to annex) to cellular membranes in a Ca**-dependent manner. Although ANXA1 has predominantly been studied in the
context of immune responses and cancer, the protein can affect a larger variety of biological phenomena, including cell
proliferation and migration. Our previous results show that endogenous ANXA1 positively modulates myoblast cell
differentiation by promoting migration of satellite cells and, consequently, skeletal muscle differentiation. In this work, we
have evaluated the hypothesis that ANXA1 is able to exert effects on myoblast cell migration acting through formyl peptide
receptors (FPRs) following changes in its subcellular localization as in other cell types and tissues. The analysis of the
subcellular localization of ANXA1 in C2C12 myoblasts during myogenic differentiation showed an interesting increase of
extracellular ANXA1 starting from the initial phases of skeletal muscle cell differentiation. The investigation of intracellular
Ca®" perturbation following exogenous administration of the ANXA1 N-terminal derived peptide Ac2-26 established the
engagement of the FPRs which expression in C2C12 cells was assessed by qualitative PCR. Wound healing assay
experiments showed that Ac2-26 peptide is able to increase migration of C2C12 skeletal muscle cells and to induce cell
surface translocation and secretion of ANXAT1. Our results suggest a role for ANXA1 as a highly versatile component in the
signaling chains triggered by the proper calcium perturbation that takes place during active migration and differentiation or
membrane repair since the protein is strongly redistributed onto the plasma membranes after an rapid increase of
intracellular levels of Ca®*. These properties indicate that ANXA1 may be involved in a novel repair mechanism for skeletal
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muscle and may have therapeutic implications with respect to the development of ANXA1 mimetics.
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Introduction

Under normal biological conditions adult skeletal muscle is an
extremely stable tissue. However, upon damage due to specific
diseases, trauma or strong physical exercise, skeletal muscle, as
well as myocardium muscle [1], exhibits a remarkable capacity of
self-repair aimed at preventing the loss of muscle mass.

Regeneration of skeletal muscle 1s mainly carried out by satellite
cells (SCis) an adult stem cell population associated with myofibers
and localized within the basal lamina of the muscle fibers [2].
These resident stem cells are a heterogencous population
composed of stem cells and committed progenitors.

The conversion of activated SCs and myoblasts into terminally
differentiated skeletal fibers is a highly regulated process charac-
terized by the sequential induction of muscle specific gene
products. Two distinct phases have been reported to be involved
in the development and regeneration of skeletal muscle: the SC
commitment phase, which requires the activity of primary
myogenic factors, MyoD and Myf5, for the propagation and
survival of myoblasts, and the differentiation phase, regulated by
the expression of secondary myogenic factors, myogenin and
MRF#4 [3]. This latter stage can be divided temporally into a series
of steps including migration, myoblast-myoblast alignment and
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adhesion, plasma membrane breakdown and the fusion of the cells
with damaged muscle fibers or with themselves, to produce new
fibers that replace the dead ones [4].

Different factors can modulate SC activity including migration,
chemotaxis, proliferation, and differentiation [3].

While a large and detailed body of literature is available in the
context of other cell types, particularly neural crest cells, neurons,
and endothelial cells, information on SC motility or migration is
comparatively scarce, probably due to technical difficulties in
visualizing SCs dynamically within the muscle tissue [5]. Due to
this limited availability and the restricted number of experimental
approaches that can be employed to investigate their biological
features i viwo, myoblastic cell lines, such as the C2C12 which is
derived from mouse muscle SCs, are widely utilized to study i vitro
skeletal muscle growth and differentiation.

Annexin Al (ANXALI, lipocortin-1) is the first characterized
member of the annexin superfamily of proteins, so called since
their main property is to bind (i.e., to annex) to cellular
membranes in a Ca**-dependent manner. Originally described
as an endogen mediator of the anti-inflammatory effects of
glucocorticoids, in the last 20 years ANXAI has been involved in a
broad range of molecular and cellular processes, including acute
[6] and chronic [7] inflammation, leukocyte migration [8-9],
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kinase activities in signal transduction [10], preservation of
cytoskeleton and extracellular matrix integrity [11], tissue main-
tenance and apoptosis [6,12-13], cell growth and differentiation
[14].

ANXATI has been shown to localize to the cell surface of various
cell types where it is thought to be important in biological function
[15-20].

It has been shown that regulatory action on cell surface by
extracellular ANXAT is mediated by signaling through FPRs [21—
23].

FPRs are G-protein coupled chemoattractant receptors, which
can sense gradients of bacterial peptides such as Formyl-
Methionine-Leucine-Phenylalanine (fMLP) and thereby direct
leukocytes towards sites of bacterial infection [24]. Ligand binding
to FPR activates a number of downstream effector enzymes
including phospholipase C, catalyzing the cleavage of phosphati-
dylinositol 4,5-biphosphate into secondary messengers inositol
1,4,5-triphosphate and diacylglycerol leading to calcium mobili-
zation and activation of protein kinase C [25]. Although FPRs are
classically thought to act as chemotactic receptors regulating
leukocyte migration, they have been shown to be expressed in
diverse cellular populations and to elicit differential biological
responses [26].

Our previous studies [27] indicate that the inhibition of ANXAL1
expression by siRNAs in C2C12 cells caused reduction in
myogenic differentiation, whereas analysis on sorted quiescent
and activated SCs of Tg:Pax7nGFP mice showed that ANXAI is
expressed in both quiescent and activated SCs cells. Interestingly,
we have shown that ANXAIL expression is not restricted to
dividing transit amplifying myoblasts that are generated from SCs
after injury, but is present also in the quiescent SCs isolated
directly from homeostatic tissue. Immunofluorescence approaches
on sections of Tibialis Anterior muscle confirmed that ANXAI is
expressed in quiescent and activated SCs co-stained with Pax7 (a
marker of SC quiescence) and suggested that the protein is mainly
localized in the cells that migrate in the lumen of regenerating
fibers.

Moreover, confocal microscopy experiments on C2C12 cell line
have shown that ANXAL is found diffusely through the cytoplasm,
although it has an actin-like filamentous organization and is
enriched at the lamellipodial extrusions of migrating cells. Finally,
ANXATI neutralizing antibody is able to induce a significant
reduction of myogenic differentiation and myoblast cell migration
[27].

In the present study we show that ANXAI can promote skeletal
muscle cell migration by acting through FPR receptors possibly
leading to fully differentiated cells: i vivo, the ultimate outcome
would be tissue repair.

Materials and Methods

Cell Culture

C2C12, mouse myoblast cells (ATCC, Rockville, MD, USA)
were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM;
Lonza) containing L-Glutamine 2 mM supplemented with antibi-
otics (10000 U/ml penicillin and 10 mg/ml streptomycin; Lonza)
and containing 10% heat-inactivated fetal bovine serum (FBS;
Lonza), referred to as growth medium (GM). To induce
differentiation, after reaching cells 80% confluency, GM was
replaced with  DMEM containing antibiotics and 2% heat-
inactivated horse serum, referred to as differentiation medium
(DM). Cultures destined for immunohistochemistry were grown to
dense confluency on glass coverslips. After reaching 80%
confluency, cells were incubated first in Na*-Tyrode’s solution
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(140 mM NaCl, 5 mM KCI, 1 mM MgCl2, 10 mM glucose and
10 mM HEPES; pH 7.4) containing or not 20 uM Ionomycin
(Sigma-Aldrich) as a Ca®" ionophore and either 2 mM CaCly or
2 mM EDTA for 10 min at 37°C.

Confocal Microscopy

After the specific time of incubation, C2C12 cells were fixed in
p-formaldehyde (4% v/v in PBS; Sigma-Aldrich) for 5 minutes.
The cells were permeabilized in Triton X-100 (0.5% v/v in PBS)
for 5 minutes, and then incubated in goat serum (20% v/v PBS)
for 30 minutes, and with a rabbit anti-ANXAI antibody in PBS
(1:100; Invitrogen) overnight at 4°C. After two washing steps with
PBS, cells were incubated with AlexaFluor anti-rabbit (1:1000;
Molecular Probes) for 2 h, and FITC-conjugated Phalloidin
(Sigma-Aldrich) for 30 minutes. The coverslips were mounted in
glycerol (40% v/v PBS). A Zeiss LSM 710 Laser Scanning
Microscope (Carl Zeiss Microlmaging GmbH Jena Germany) was
used for data acquisition. To detect nucleus and filaments, samples
were excited with a 458 and 488 nm Argon laser respectively. A
555 nm He-Ne laser was used to detect emission signals from
ANXATI stain. Samples were vertically scanned from the bottom of
the coverslip with a total depth of 5 um and a 63X (1.40 NA)
Plan-Apochromat oil-immersion objective. A total of 10 z-line
scans with a step distance of 0.5 um were collected and single
planes or maximum intensity projections were generated with
Zeiss ZEN Confocal Software (Carl Zeiss Microlmaging GmbH
Jena Germany).

Western Blot Analysis

Details of the procedure for immunoblotting have been
previously described [12]. After three washing in TBST, the blots
were incubated overnight at 4°C with primary polyclonal antibody
against ANXAT1 (1:10000; Invitrogen), with primary monoclonal
antibodies against MyoD (1:500; Dako), Myogenin (1:500; Santa
Cruz Biotechnology) and MyHC (1:500; Santa Cruz Biotechnol-
ogy) and o-Tubulin (1:2000; Sigma-Aldrich) and then at RT with
an appropriate secondary rabbit or mouse antibody (1:5000;
Sigma-Aldrich). Immunoreactive protein bands were detected by
chemioluminescence using enhanced chemioluminescence re-
agents (ECL; Amersham) and exposed to Hyperfilm. The blots
were scanned and analysed (Gel-Doc 2000, BIO-RAD). All results
are mean = SEM of 3 or more experiments performed in
triplicate. The optical density of the protein bands detected by
Western blotting was normalized on tubulin levels. Statistical
comparison between groups were made using Bonferroni para-
metric test. Differences were considered significant if p<0.01.

PCR

C2C12 cells were seeded at an initial density of 1x10° in a
100 mm Petri dish and incubated for 48 h in GM allowing cells to
reach 90% confluency. Total RNA was extracted from C2C12
cells using Trizol (Invitrogen), according to the manufacturer’s
mstructions. Total RNA (1 pg) was used to synthesize cDNA using
areverse transcription kit (Promega). PCR was conducted by using
the following primers:

Fpr-rs 1 primer pair 1: (fwd 5'-CAG CCT GTA CTT TCG
ACT TCT CC-3') e (rev 3’-ATT GGT GCC TGT ATC ACT
GGT CT-5");

Fpr-rs2 primer pair 1: (fwd 5'-CTT TAT CTG CTG GTT
TCC CTT TC-3") and (rev 3'-CTG GTG CTT GAA TCA CTG
GTT TG-5");

Fpr-rs 1 primer pair 2: (fwd 5'- TCC ATT GTT GCC ATT
TGC A -3") and (rev 3'- GCT GTT GAA GAA AGC CAA GG -
5');
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Fpr-rs 2 primer pair 2: (fwd 5'- ACT GTG AGC CTG GCT
AGG AA -3') and (rev 3'- CAT CAG TTT GAG CCC AGG AT
-5)

The predicted Fpr-rs1 primer pairs 1 and 2 and Fpr-rs2 primer
pairs 1 and 2 products are 240 bp and 297 bp respectively. The
Fpr-rs1 and Fpr-rs2 genes were amplified using PCR under the
following conditions: pre-denaturation at 94°C for 2 min, 35
cycles of denaturation at 94°C for 30 s, annealing at 60°C for 30 s,
extension at 72°C for 30 s and a final extension at 72°C for
10 min. The products were stored at 4°C. A portion (5 pl) of the
PCR product was electrophoresed on a 1% agarose gel in a Tris-
acetate-EDTA buffer. The gel was stained with ethidium bromide
and was scanned and analysed (Gel-Doc 2000, BIO-RAD).

Measurement of Intracellular Ca®* Signaling

Intracellular Ca®" concentrations [Ca*'] were measured using
the fluorescent indicator dye Fura 2-AM (Sigma-Aldrich), the
membrane-permeant acetoxymethyl ester form of Fura 2, as
previously described [28] with minor revisions.

Briefly, C2C12 cells (1x10*ml) were washed in phosphate
buffered saline (PBS), resuspended in 1 ml of Hank’s balanced salt
solution (HBSS) containing 5 mM Fura 2-AM and incubated for
45 min at 37°C. After the incubation period, cells were washed
with the same buffer to remove excess of Fura 2-AM and then
incubated in 1 ml of buffer containing or not 0.1 mM Ca?".

C2C12 cells were then transferred to the spectrofluorimeter
(Perkin-Elmer LS-55). Treatments with ionomycin (I mM) and/or
fMLP (50 nM; Sigma-Aldrich), ANXA1 N-terminal peptide Ac2-
26 (100 nM; Tocris Biosciences), cyclosporine H (CsH; 500 nM;
Alexis-Biochemicals) were carried out by adding the appropriate
concentrations of each substance into the cuvette in Ca®" -free
HBSS/0.5 mM EDTA buffer.

The excitation wavelength was alternated between 340 and
380 nm, and emission fluorescence was recorded at 515 nm. The
fluorescence ratio was calculated as 1'340/1F380 nm.

Maximum and minimum [Ca®"] were determined at the end of
each experimental protocol by adding to the cells HBSS
containing 1 mM ionomycin and 15 mM EDTA, respectively,
according to the equation of Grynkiewicz [29].

In vitro Wound-healing Assay

Details of the procedure for wound healing assay have been
previously described [27]. Briefly, C2C12 cells were seeded in a
12-well plastic plate at 2x10” cells per well. After 24 h incubation,
cells reached 100% confluency and a wound was produced at the
centre of the monolayer by gently scraping the cells with a sterile
plastic p200 pipette tip. After removing incubation medium and
washing with PBS, cell cultures were incubated in the presence of
fMLP (50 nM), Ac2-26 (100 nm), CsH (500 nM) or in GM as
control. The wounded cell cultures were then incubated at 37°C in
a humidified and equilibrated (5% v/v COy) incubation chamber
of an Integrated Live Cell Workstation Leica AF-6000 LX. A 10x
phase contrast objective was used to record cell movements with a
frequency of acquisition of 10 minutes. The migration rate of
individual cells was determined by measuring the distances
covered from the initial time to the selected time-points (bar of
distance tool, Leica ASF software). For each condition five
independent experiments were performed. For each wound five
different positions were registered, and for each position ten
different cells were randomly selected to measure the migration
distances. Statistical analysis were performed by using the
Microsoft Excel™ software. Data were analyzed using unpaired,
two-tailed t-test comparing two variables. Data are presented as
means * SD. Values <0.01 were considered as significant.
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Proteomic Experiments

The ANXAIL N-terminal peptide Ac2-26 was modified with
NH2-PEG4-Biotin (Pierce) leading to the formations of a
biotinylated form of the peptide. The derivatization reaction was
carried out for 3 hours at room temperature under stirring,
incubating 100 pl of a Ac2-26 solution 1 mg/ml acetonitrile 20%
with a 10 fold molar excess of NHS-PEG4-Biotin (Pierce). The
kinetic reaction was monitored by LC-MS, using a Q-TOF
Premier instrument (Waters). Even if in the peptide sequences are
present two Lys residues (Lys9 and Lys26), reaction conditions
used mainly produced a mono-biotinylated Ac2-26 homogeneous-
ly modified at Lys26. Reaction yield was about 70% and the
mono-biotinylated Ac2-26 was purified by HPLC, using a Luna
C18 (1x150 mm) column and gradient from 5% to 35% of
CH3CN in 20 min.

To prepare C2C12 membrane protein extracts, cell organelles
were separated by ultra-centrifugation. Cells ruptured by sonica-
tion were centrifuged at 300 X g for 5 min to remove coarse debris
and intact cells and the supernatant were removed and
resuspended in 1 ml lysis buffer (Iris HCl 20 mM, pH 7,45
Sucrose 250 mM; DTT 1 mM; Protease inhibitors; EDTA 1 mM;
HyO). An initial centrifugation at 13,000 x g separated nuclei,
mitochondria and other dense material. The supernatant from this
step was then resuspended in 0.5 ml lysis buffer and centrifuged
for 1 h at 100,000 x g The resulting pellet was resuspended in
lysis buffer containing 0.1% Triton-X 100 and incubated on
orbital shaker over night. The sample was then centrifuged for
30 min at 300xg and the supernatants (membrane soluble
fraction) were analyzed to determine the total protein concentra-
tion using the BioRad Protein Assay Method (Bio-Rad Labora-
tories) according to the manufacturer’s instructions.

500 ug of membrane protein extract were incubated with 50 ug
of biotinylated Ac2-26 or with 12 nmol of PEG4-biotin for 1.5 h
at room temperature; successively each mixture was incubated
streptavidin resin for 3 h at 4°C with continuous shaking on a
rotator tube holder. The beads were then washed three times with
lysis buffer and then three times with PBS 1X, 0.1% Igepal. The
elution of interacting proteins was performed with 50 pl of
Leammli buffer (60 mM Tris HCI pH 6.8, 2% sodium dodecyl-
sulfate, 10% glycerol, 0.01% blue bromophenol, 5% B-mercap-
toethanol). Eluted samples were loaded on a mono-dimensional
12% SDS-PAGE, and separated proteins were stained with
Brilliant Blue G-Colloidal (Sigma Aldrich). To perform in gel
trypsin digestions, coomassie-stained protein bands were excised
from the polyacrylamide gel, reduced, alkylated using iodoaceta-
mide, and digested by trypsin. The resulting fragments were
extracted and analyzed by LC/MS/MS using a Q-TOF premier
mstrument (Waters, Milford, USA) equipped by a nano-ESI
source coupled with a nano-Aquity capillary UPLC (Waters):
peptide separation was performed on a capillary BEH C18 column
(0.075 mm x 100 mm, 1.7 um, Waters) using aqueous 0.1%
formic acid (A) and CH3CN containing 0.1% formic acid (B) as
mobile phases. Peptides were eluted by means of linear gradient
from 5% to 50% of B in 45 min and a 300 nl min flow rate.
Capillary ion source voltage was set at 2.5 kV, cone voltage at
35V, and extractor voltage at 3 V. Peptide fragmentation was
achieved using argon as collision gas and a collision cell energy of
25 eV. Mass spectra were acquired in a m/z range from 400 to
1800, and MS/MS spectra in a 25-2000 range. Mass and MS/
MS spectra calibration was performed using a mixture of
angiotensin and insulin as external standard and [Glu]-Fibrino-
peptide B human as lock mass standard. MS and MS/MS data
were used by Mascot (Matrix Science) and Protein Prospector
5.1.8 basic (UCSF) to interrogate the Swiss Prot non-redundant
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protein database. Settings were as follows: mass accuracy window
for parent ion, 50 ppm; mass accuracy window for fragment ions,
200 millimass units; fixed modification, carbamidomethylation of
cysteines; variable modifications, oxidation of methionine.

Results

Extracellular Expression of ANXA1 during Skeletal Muscle
Differentiation

Our previous studies [27] indicate that the administration of an
ANXAT neutralizing antibody in G2C12 cells caused reduction in
myogenic differentiation.

In several systems, ANXAI actions are exerted extracellularly
via membrane-bound receptors on adjacent sites after transloca-
tion of protein from the cytoplasm onto the cell surface.
Accordingly, we examined the translocation of ANXAI onto cell
membrane during C2C12 myogenic differentiation.

Extracellular and cytosolic ANXAI during C2C12 differentia-
tion process was detected by Western blot analysis (Fig. 1, a-c)
together with the differentiation markers MyoD (Fig. 1, d),
Myogenin (Fig. 1, ¢) and MyHC (Fig. 1, {). Protein normalization
was performed on tubulin levels (Fig. 1, g).

Our results show that resting C2C12 contains a small
proportion of membrane pool ANXAI (Fig. 1, a). This arrange-
ment changes at 3 days of differentiation when the ANXAI
membrane pool increases remaining steady until terminal

ANXA1 Induces C2C12 Cell Migration through FPRs

differentiation (Fig. 1, a). At the same experimental point (3 days),
the protein starts to be massively secreted outside the cells (Fig. 1,
b). The analysis of ANXAI cytosolic expression (Fig. 1, ¢) showed
that during C2C12 myogenic differentiation occurs an overall
increase of the synthesis of the protein, confirming our previous
data [27].

C2C12 Cells Express Fpr-rs1 and Fpr-rs2 that are
Activated by Ac2-26 Peptide

The regulatory action on cell surface by extracellular ANXALI
could be mediated by signaling through FPRs.

On the basis of the existing evidences we examined the
expression of the two most important FPR superfamily receptors
in C2C12 myoblast cell line by qualitative PCR. Our results show
that C2C12 cells express Fpr-rsl and Fpr-rs2 (Fig. 2A).

Although the signal transduction pathway of FPRs is partially
unclear, previous studies on these and other Gi-coupled receptors
have suggested that their activation often leads to the release of
Ca®" from intracellular stores and to the subsequent influx across
the plasma membrane, which is for example essential to neutrophil
chemotaxis [30].

Accordingly, we performed the measurement of the intracel-
lular calcium mobilization following cell stimulation by known
agonists/antagonists of FPRs and by the ANXAI-derived NHo-
terminal peptide Ac2-26 (100 nM). Our results show that the
well known FPR agonist fMLP (50 nM) induces appreciable
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L ANXA1
E Supernatants

37kD.
M Anxat @
] Cytosol
C 37kDa
L] ANXA1
E Cytasol 48kDa
L MyoD 45kDa
] Cytosol
e 35kDa
L Myogenin
(] © I
L MyHC
] Cytosol
g : . 55kDa
oS | Tubulin

DIFFERENTIATION DAYS

0 3

5 7

Figure 1. Cell surface translocation and secretion of ANXA1 during myogenic differentiation in C2C12 cells. Cell surface (a) and
extracellular (b) ANXA1 from C2C12 cells in GM (0 differentiation day) and after exposure for the indicated times (3, 5, and 7 differentiation days) to
DM was analyzed by Western blot with anti-ANXA1 (a, b) antibody. Total cell protein extracts were analyzed by Western blot with anti-ANXA1 (c) and
with anti-MyoD (d), anti-Myogenin (e), and anti-MyHC (f) antibodies to assess myogenic differentiation rate. The protein bands were normalized on
tubulin levels (g). The data are representative of 5 experiments with similar results.

doi:10.1371/journal.pone.0048246.g001
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Figure 2. FPR detection and effects of Ac2-26, fMLP and CsH on the FPR-induced rise in intracellular Ca®*. (A) Qualitative PCR products
for full-length Fpr-rs1 and Fpr-rs2 genes with only cDNA isolated from C2C12 cells. Product electrophoresis was performed on 1% agarose gel stained
with ethidium bromide. Lane 1: negative control. Lane 2:1 kb DNA ladder. Lane 3: primer pairs 1 for Fpr-rs1 amplicon, 240 bp. Lane 4: primer pairs 1
for Fpr-rs2 amplicon, 297 bp. Lane 5: primer pairs 2 for Fpr-rs1 amplicon, 240 bp. Lane 6: primer pairs 2 for Fpr-rs2 amplicon, 297 bp. (B) C2C12 were
treated as described in Materials and Methods. The histogram shows the fluorescence ratio calculated as F340/F380 nm in the presence or in the
absence of extracellular Ca%*.Control represents unstimulated cells. Data are means = SEM (n = 3). *** <0.001, ** <0.01 vs corresponding controls;
888 <0.001 vs Ac 2-26 or fMLP.

doi:10.1371/journal.pone.0048246.g002

calcium mobilization only in high calcium conditions (Fig. 2B) ANXA1-derived Peptide Ac2-26 Induces C2C12 Cell
whereas Ac2-26 peptide is able to induce calcium mobilization Migration

in both high and calcium-free conditions (Fig. 2B). This pattern
of calcium mobilization is not observed in cells treated with the
two peptides and the FPR antagonist CsH (500 nM).

To determine if ANXAI influences myoblast cell migration
acting through FPR receptors, we performed a wound-healing
assay on C2C12 monolayer cell line in the presence of the FPR
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agonist fMLP, the FPR antagonist CsH, and the ANXA1-derived
NHoy-terminal peptide Ac2-26.

The confluent cultures were scraped to create a wound and cell
migration was monitored by time-lapse video-microscopy at the
site of the wound. We measured the migration distances of selected
cells at different time points as previously described in Materials
and Methods.

Results in figure 3 A show a progressive increase in migration
speed of cells treated with ANXAIT NHy-terminal peptide Ac2-26
(100 nM) or tMLP (50 nM) compared to control cells at different
times after scraping (4, 8, 12, 16, 20, and 24 h). The stimulation of
cell migration by either Ac2-26 or fMLP was inhibited by the FPR
antagonist CsH (500 nM) (Fig. 3A).

Moreover, cell protein extracts from 16 h G2C12 wounded cells
show that cell treatment with peptide Ac2-26 (100 nM) caused
significant changes in ANXAI intracellular location since after
Ac2-26 strongly increases ANXAI membrane pool (Fig. 3B).
Changes in ANXAI concentrations in cell supernatants were also
detected after 16 h of Ac2-26 treatment implying the completion
of the ANXALI externalization process after its exposure on the
plasma membrane.

This expression pattern is not observed in all the other
experimental points including when the FPR1 high affinity agonist
fMLP is used, suggesting a selective effect in ANXAI mobilization
by Ac2-26 in C2C12 cells (Fig. 3B). Interestingly, in all
experimental points is not observed a reduction in ANXAI
cytosolic content (Fig. 3B), probably due to a partial replenishment
of the cytosolic pool of the protein at this time point.

ANXAT1-derived Peptide Ac2-26 Potentially Interacts with
Fpr-rs 2 in C2C12 Cell Line

To identify which of the eight FPR isoforms expressed in mice
interacts with ANXA1-derived peptide Ac2-26, chemical proteo-
mics experiments were performed [31], using peptide Ac2-26 as a
probe. Preliminarily the peptide was biotinylated at Lys26 in order
to allow the affinity chromatography purification of the possible
complexes it would form with proteins. A membrane protein
extract of C2C12 cell line was then incubated with biotinylated
Ac2-26; the same incubation was also performed using biotin to
obtain a control sample, needed to distinguish between specifically
bound components and background contaminants. Both the
samples were purified by affinity chromatography on a streptavi-
din resin and the resulting protein mixtures were resolved by SDS-
PAGE; the gel line was cut in 13 pieces, digested with trypsin, and
analyzed by mass spectrometry through nanoflow reversed-phase
HPLC MS/MS. Doubly and triply charged peptide species were
fragmented, and all the MS/MS spectra were evaluated by a
Mascot database search.

The list of the identified proteins was compared with that in the
control experiment. This analysis led to the identification of three
potential partners (Table 1) of the ANXAI-derived peptide Ac2-
26. All those proteins were recognized in three different
experiments, by at least 9 non-redundant peptides and minimum
sequence coverage of 25%. Our results show that in C2C12
myoblasts Ac2-26 potentially interacts with Fpr-rs2 receptor with
sequence coverage of 25% by using 9 different peptides (Table 1).

Ca**-dependent Cellular Relocation of ANXA1 in C2C12
Myoblast Cell Line

Our previous data showed that ANXAL accumulates at the
protruding ends of active migrating cells and interacts with F-actin
[27]. This could be due to the Ca®*-sensitivity of the protein and
could reflect a role for ANXAT as a highly versatile component in
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the signaling chains triggered by the proper calcium perturbation
that takes place during active migration and differentiation as well
as following FPR activation.

On the basis of these evidences, we suppose the existence of a
positive loop by which ANXATI is produced within, and exported
outside the cells, where it stimulates FPRs, inducing intracellular
calcium release and ANXAI accumulation at the protruding ends
of active migrating cells possibly interacting in a calcium-
dependent manner with F-actin.

In order to deep into this aspect, we analyzed the effects of a
strong intracellular calcium perturbation on ANXA1 mobilization
in skeletal muscle cells.

In Ca®"-free conditions immunolabeling of C2C12 cells, which
possess a well-developed stress fiber system, ANXAI has an
obvious filamentous organization as well as a diffusely distribution
throughout the cytoplasm (Fig. 4A, panels a, e, 1). An increase of
intracellular [Ca**] (achieved by adding 2 mM Ca®* to the culture
medium) leads the protein to mainly localize at the leading edges
of C2C12 cells (Fig. 4A, panels b, f, 1).

At low intracellular [Ca®"] (obtained by incubating cells in
medium containing 2 mM EDTA without Ca*"), immunolabeling
revealed ANXAI to be diffusely distributed throughout the
cytoplasm, with no obvious filamentous organization (Fig. 4A,
panels ¢, g, m) that is partially restored when 2 mM Ca®" is added
(Fig. 4A, panels d, h, n).

Increased intracellular levels of Ca** (achieved by incubating
cells with the Ca®" ionophore Ionomycin) lead to ANXAI
translocation to the plasma membrane (Fig. 4B, panels a-c): this
redistribution of the protein is strongly visible at very high
intracellular levels of Ca?* when the stress-fiber system has been
hard damaged by the abrupt increase of the Ca”" arising from the
treatment with ionophore Tonomycin and 2 mM Ca®" (Fig. 4B,
panels d-f).

Discussion

ANXALI is involved in a wide range of functions both inside and
outside cells such as membrane aggregation, inflammation,
phagocytosis, apoptosis, proliferation, and differentiation. Cellular
ANXATI knockdowns and mouse knockout models have revealed
processes that are affected by the loss of ANXAL. As expected,
these events are often linked to Ca?" signaling and membrane
functions, although in some cases extracellular functions have been
revealed, for example, in the regulation of inflammatory reactions
and fibrinolytic homeostasis.

As mentioned above, our previous studies [27] indicate that
ANXAT could be a novel determinant for tissue repair, at least in
the muscle, playing a role in stem cell (SCs in the muscle)
migration and differentiation.

It is well known that the establishment of a set of environmental
factors, namely soluble factors, regulates the activation of
myogenic factors and the progression of myoblast differentiation
through a complex interplay of signaling pathways, including the
activation of calcineurin and NFAT, Rho/Rho kinase, PI-3-kinase
and p38 MAPK cascades [32-36]. Since ANXAI1 has long been
known to occur extracellularly under conditions of inflammation,
and it shows potent anti-inflammatory activities [7,37-38], mainly
interacting with specific receptors on leukocytes [39], we
investigated ANXA1 membrane translocation and secretion
during C2C12 active migration, one of the first steps in the
processes of skeletal muscle maintenance and regeneration once
the SCs are committed to differentiate.

Our results show that resting C2C12 contain a small amount of
ANXALI in the membrane pool and that this arrangement changes
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Figure 3. Cell surface translocation and secretion of ANXA1 after Ac2-26 treatment in Wound-healing migration assay of C2C12
cells. (A) Results for control, fMLP, Ac2-26, CsH, fMLP + CsH and Ac2-26+ CsH are reported as means of three experiments, measuring individual cell
migrations at different times. Bars represent standard errors. (B) Cytosolic, cell surface and extracellular ANXA1 from C2C12 cells after exposure for
the indicated time (16 h) to fMLP, Ac2-26, CsH, Ac2-26+ CsH and fMLP + CsH were analyzed by Western blot with anti-ANXA1 and anti-tubulin
antibodies. The data are representative of 5 experiments with similar results. *** <0.001 vs control; 888 <0.001 vs Ac 2-26 or fMLP.
doi:10.1371/journal.pone.0048246.g003

Table 1. Proteins identified as possible Ac2-26 partners by chemical proteomics.

Swiss Prot code Identified protein Sequence coverage (%) Peptides
ACTS_MOUSE Actin, Alpha scheletal muscle 32 14
FPR2_MOUSE Formyl Peptide Receptor 2 25 9
ANXA1_MOUSE Annexin Al 28 10

doi:10.1371/journal.pone.0048246.t001
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Figure 4. ANXA1 cellular relocation following Ca®* challenge. (A) Cultured murine C2C12 myoblasts fixed and labeled with fluorescent
antibody against ANXA1 and with FITC-conjugated Phalloidin in Ca’**-free conditions (a, ¢, e, g) and in a medium containing 2 mM Ca%* (b, d, f, h). (B)
An increase of intracellular Ca®* levels leads to ANXA1 relocation to the plasma membrane (a); at high Ca*" concentrations actin filaments (green) are

PLOS ONE | www.plosone.org 8 October 2012 | Volume 7 | Issue 10 | e48246



ANXAT1 Induces C2C12 Cell Migration through FPRs

significantly damaged by high intracellular increase of Ca*" level (e): in this condition ANXA1(red) is strikingly shifted to the plasma membrane (d).

Bar=25 um.
doi:10.1371/journal.pone.0048246.9004

at 3 days of differentiation when the ANXAI membrane pool
increases remaining steady until terminal differentiation. Interest-
ingly, at 3 days of differentiation the protein also starts to be
secreted outside the cells. Analysis of cytosolic expression of
ANXALI protein confirms our previous data [27] that is the cellular
content of the protein increases during C2C12 myogenic
differentiation.

In several systems, ANXAI actions are exerted extracellularly
via membrane-bound receptors on adjacent sites after transloca-
tion of protein from the cytoplasm onto the cell surface. The
ANXALI receptors, at least on leukocytes, have been identified as
members of the FPR family [40].

On the basis of the existing evidences we examined by PCR the
expression of the FPR receptors in C2C12 myoblast cell line and
we found that G2C12 cells express Fpr-rsl and Fpr-rs2 isoforms.

Ligands bound to the G-coupled receptors FPRs trigger a
number of signaling systems. Activation of PLCP by GBy results in
hydrolysis of phosphatidylinositol 4,5-bisphosphate (PIP2), gener-
ating DAG, which activates PKC isoforms, and inositol-1,4,5-
trisphosphate (IP3), which releases Ca®" from intracellular stores.
The release of Ca®" from internal stores induces the opening of the
store-operated Ca”* channel in the plasma membrane followed by
a sustained influx of Ca®" [41].

Our results show that ANXAl-derived NHo-terminal peptide
Ac2-26 is able to induce FPR activation and intracellular calcium
increase in C2C12 myoblasts: this effect on Ca** mobilization
might be mainly from intracellular stores since extracellular Ca®*
is not required. This finding is supported by initial proteomics
experiments that indicate that the Ac2-26 peptide interacts with
FPR receptors, confirming what is known about ANXAT ligands.
Moreover, data obtained by this approach suggested a selective
recognition of the ANXAI N-terminus by Fpr-rs2. The identifi-
cation of ANXAL in the same analysis could possibly be due to the
presence of stable Fpr-rs2/ANXAI complexes in the membrane
protein extracts from G2C12 myoblast cell line. Further experi-
ments are necessary to better address this point.

A wound-healing assay on C2C12 monolayer cell line in the
presence of the well known FPR agonist fMLP, of the FPR
antagonist CsH and in the presence of the ANXAI-derived NHy-
terminal peptide Ac2-26 show that ANXAI influences myoblast
cell migration acting through FPR receptors. In fact, our data
show a progressive increase in migration speed of cells treated with
ANXA1 NHy-terminal peptide Ac2-26 and fMLP compared to
control cells at different times after scraping. This increase in
migration speed was inhibited by FPR antagonist CsH.

Moreover, cell protein extracts from 16 h G2C12 wounded cells
show that cell treatment with peptide Ac2-26 strongly increased
ANXAI membrane pool. Changes in ANXAI concentrations in
cell supernatants were also detected after 16 h of Ac2-26 treatment
implying the completion of the ANXAI externalization process
after its exposure on the plasma membrane.

In our model [42], extracellular ANXAI may lead a feedback
loop on its function and may modulate signal transduction in a
cell-activating way stimulating the migration of both SCs and
myoblasts through activation of FPRs: ANXAT is produced within
and exported outside the cells, where it stimulates FPRs, inducing
intracellular calcium release, PLCB and PKC activation and F-
actin polymerization. This feedback loop may be strengthened
throughout a severe muscle injury in which damaged skeletal
muscle cells could represent a conceivable early source for
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extracellular ANXALI that could exert its effects in a paracrine
manner on the neighbouring cells.

FPR ligation has been also shown to signal through the small G
protein Cdc42 to activate Rac- and ARP2/3-dependent pathways
leading to actin nucleation [43] and stress fiber formation.

Apart from maintaining cell shape and coordinating cell
movement, cytoskeletal actin may also participate in the regulation
of cell differentiation and skeletal myogenesis, representing a nodal
point in the signal transduction leading to muscle formation [44—
49].

Indeed, there is evidence that Rho-dependent regulation of
muscle development is mediated by its ability to induce
cytoskeletal reorganization, since either the inhibition of Rho
function with C3 toxin or disruption of actin filament with
Cytochalasin D are equally effective in blocking myoblast
differentiation [50].

It was also shown that cytoskeleton may have a functional
role in the transduction of differentiation signals in C2C12
murine myoblasts, where the formation of stress fibers in
response to sphingosine l-phosphate, for example, is able to
transmit a mechanical tension to the plasma membrane and, in
turn, stimulate stretch-activated channels (SACs) and Ca®*
influx [51]. These data couple with the known role played by
extracellular Ca®* on muscle differentiation [52] and suggests
that actin cytoskeletal reorganization and SAC opening may
represent critical events in the differentiative processes of
myogenic cells.

In parallel to act extracellularly, ANXAI protein could take part
in the process of cytoskeleton reorganization following the calcium
perturbation that take place during myogenic cell migration and
differentiation or next FPR activation.

In this regard, we show that in Ca**-free conditions immuno-
labeling of C2C12 cells, which possess a well-developed stress fiber
system, ANXAI has an obvious filamentous organization as well
as a diffusely distribution throughout the cytoplasm whereas an
increase of Ca®' concentration, as occurs during muscle cell
migration and differentiation [52], leads the protein to mainly
localize at the leading edges of C2C12 cells. High levels of Ca** in
the culture medium lead to ANXAI translocation to the plasma
membrane: this redistribution of the protein is strongly visible at
very high concentrations of Ca®* when the stress-fiber system and
plasma membrane have been hard damaged by the abrupt
increase of the ion as could happen in a muscle injury scenario.
The observed subcellular relocation of ANXAT protein in C2C12
myoblasts in response to the changes of Ca>" concentration should
be related to what was previously described by Lennon et al. that
showed an interesting association between dysferlin and ANXAI
in a Ca®* and membrane injury-dependent manner assuming that
[53].

Consistently, in the area of gut pathology, properties similar to
those we have described in this work for exogenous and
endogenous ANXAL in epithelial cell differentiation and motility
were shown [54], well complemented by the observation that
ANXAT-null mice delay their repair of the gut upon application of
a model of colitis [55]. It is highly plausible that our findings would
lead to a novel approach to the promotion of the repair of an
mnjured skeletal muscle and to therapeutic implications with
respect to the development of ANXAI mimetics.
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