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SUMMARY

Cell surface exposure of phosphatidylserine (PS) is shown M1234, which lacks the ability to bind to PS. Although
to be part of normal physiology of skeletal muscle apoptotic myoblasts also expose PS, differentiating muscle
development and to mediate myotube formation. A cells show neither loss of mitochondrial membrane
transient exposure of PS was observed on mouse embryonic potential nor detectable levels of active caspase-3 protein.
myotubes at E13, at a stage of development when primary Moreover, myotube formation and exposure of PS cannot
myotubes are formed. The study of this process in cell be blocked by the caspase inhibitor zZVAD(OMe)-fmk. Our
cultures of differentiating C2C12 and H9C2 myoblasts also findings indicate that different mechanisms regulate PS
reveals a transient expression of PS at the cell surface. This exposure during apoptosis and muscle cell differentiation,
exposure of PS locates mainly at cell-cell contact areas and and that surface exposed PS plays a crucial role in the
takes place at a stage when the structural organization of process of myotube formation.

the sarcomeric protein titin is initiated, prior to actual

fusion of individual myoblast into multinucleated

myotubes. Myotube formation in vitro can be inhibited by  Key words: Myotube formation, Skeletal muscle development, Heart
the PS binding protein annexin V, in contrast to its mutant  development, Apoptosis, Mouse embryo

INTRODUCTION adhesion and formation of a prefusion complex, as well as
plague, cell alignment and plasma membrane apposition and
Hallmarks of myoblast differentiation are the assembly of th@lasma membrane breakdown, respectively. Molecules that
sarcomeres, the mechanical-electrical coupling of cells, and ilave been implicated in mammalian skeletal muscle
the case of skeletal muscle, fusion of individual myoblasts intdifferentiation include active protease nexin2Caathespin
multinucleated myotubes. Phosphatidylserine (PS) has recen®; desmin, GRP49, ERK®6, m-calpain, NCAM, N-cadherin,
been identified as a novel factor related to myoblasproteasomes and the H145 antigen (Crescenzi et al., 1994;
differentiation in vivo during embryogenesis (van den EijndeDourdin et al., 1999; Dourdin et al., 1997; Gogos et al., 1996;
et al., 1997a; van den Eijnde et al., 1999), using th&-Ca Gorza and Vitadello, 2000; Hyodo and Kim, 1994; Lechner et
dependent PS binding protein annexin V (Swairjo et al., 1995l., 1996; Li et al., 1994; Moncman and Wang, 1998; Peck and
to detect cell surface exposure of PS. The embryo studi&¥alsh, 1993; Seigneurin-Venin et al., 1996). Extending our
revealed PS exposure at the cell surface of apparently viabteowledge of intercellular interactions in vertebrate muscle
myoblasts in the developing heart and skeletal muscle. This hdevelopment may aid in the understanding of muscle tissue
led us to the hypothesis that PS can mediate homotyprepair, which includes the reassembling of intercalated disks in
recognition between cardiac and skeletal muscle cells in thtee infarcted or hibernating heart (Kaprielian et al., 1998;
process of intercalated disk- and myotube formationMatsushita et al., 1999), and the fusion of satellite cells with
respectively (van den Eijnde et al., 1997a). damaged myotubes in skeletal muscle after exercise
At present, the molecular control of myogenesis has beg@nderson, 1998).
studied in most detail iDrosophila in particular for skeletal The aim of the present study was to explore in greater detail
muscle (Dobberstein et al., 1997). In this species the gen&se role of cell surface exposure of PS in myoblast
myoblast city blown fuserolling stoneand Drac1®12V have differentiation, both in mouse embryos in vivo, and in
been shown to be essential to myotube formation. These gerestablished muscle cell lines C2C12 and H9C2 in vitro.
encode proteins that mediate key processes of recognition aBécause PS exposure is predominantly considered a hallmark
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of apoptosis, occurring downstream of changes in thenyotubes (Van der Loop et al., 1996). As negative controls, the
mitochondrion and after caspase activation (Martin et al., 199%)yeloid cell line U937 (American Type Culture Collection) and the
Verhoven et al., 1999), we compared maturation-induced aripn-small-cell lung cancer cell line MR65 (Gropp, Philips

apoptosis-associated PS exposure. To achieve this, thiversitats Klinik, Marburg, Germany) were used.

spatiotemporal pattern of annexin V binding was determinegeagents

during myoblast differentiation in relation to a panel OfIn this study, several variants of human recombinant annexin V were

differentiation and cell death markers. In addition, the functlorlljsed: (1) human recombinant annexin V conjugated to Oregon Green

of surface-exposed PS in myotube formation was studied Q¥%nnexin V-fluo) at a final concentration of 250 ng/ml (annexin V-

fusion-inhibition studies using annexin V. Oregon Green, NeXins Research BV); (2) unlabeled recombinant
human annexin V (AnxV; 1-10Qg/ml); (3) its null mutant (M1234;
MATERIALS AND METHODS 100 pg/ml), which has mutations in all four €abinding sites

resulting in a loss of PS binding capacity (Mira et al., 1997); and (4)
. M1234 conjugated to Oregon Greenpd/ml).

Embryo studies _ _ _ To test cell viability and apoptosis, the following reagents were
The procedures for in vivo Iabellng of PS-exposmg“ceIIs in mousgsed: propidium iodide (PI, j5g/ml; Molecular Probes, Eugene, OR),
embryos have been described previously (van den Eijnde et al., 1999MxRos (Mitotracker® Red, 500 ng/ml; Molecular Probes); Hoechst
van den Eijnde et al., 1997b). Briefly, vital embryos were collectecd3o58 (1Qug/ml; Molecular Probes), and zZVAD(OMe)-fmk (1081,

from pregnant mice at E10-14 (plug=day 0) without damaging thejiluted in DMSO; Alexis Biochemicals, Leiden, The Netherlands).
extraembryonic membranes. The embryos were injected withl2-3  For immunofluorescence studies, rabbit-derived antibodies were
of annexin V conjugated to biotin (annexin V-biotin B-500; NeXins ysed against active caspase 3 (polyclonal antibody CM1, 1:40, Idun
BV, Kattendijke, The Netherlands) into the sigmoid vein in the heaharmaceuticals Inc., La Jolla, CA), and against annexin V (1:100).
and kept alive in annexin V binding buffer (20 mM Hepes (pH 7.4) Furthermore, mouse derived mAbs were used directed against the
132 mM NaCl, 2.5 mM Ca@l 6 mM KCl, 1 mM MgSQ@, 1.2 mM  sarcomeric protein titin (9D10, 1:10; Developmental Studies
K2HPQy, 5.5 mM glucose, 0.5% BSA) for 30 minutes at 37°C.Hybridoma Bank). As secondary antibodies, Texas-Red-conjugated
Subsequently, the embryos were fixed with 4% formaldehyde iBwine anti-rabbit Ig, or rabbit anti-mouse Ig were used as appropriate
binding buffer overnight at 4°C, and stored in 70% ethanek@tC (DAKO, A/S, G|Ostrup' DK). As negative controls, the primary

until further processing for routine paraffin embedding andantibody was omitted; all negative control samples showed an absence
sectioning. Sections (&m thick) were dewaxed in xylol and hydrated of immunoreactivity.

in a descending alcohol series. Annexin V-biotin binding was detected
by a streptavidin-HRP conjugate (ABC Elite kit, Vector Laboratories mmunocytochemistry

Burlingame, ~ CA) and an  #D/3,3-diaminobenzidine  Cells cultured in the presence of annexin V-fluo were rinsed with ice
tetraydrochloride (DAB) reaction. Differentiating muscle cells, cold annexin V binding buffer and thereafter fixed with 4%
including smooth muscle, skeletal muscle and cardiomyocytes weggsraformaldehyde in annexin V binding buffer at 4°C, pH 7.4 for 10
detected using the anti-smooth-muscle actin antibody (1:1000, minutes. Then the cells were rinsed twice with PBS, permeabilized
Clone 1A4, Sigma, Natick, MA, USA). Labeling @fsmooth-muscle  for 10 minutes with 0.005% SDS in PBS at room temperature, rinsed
actin was achieved via an2Ep/DAB reaction after 4 hours of ith PBS containing 1% BSA and incubated at 4°C with CM1
incubation with the primary monoclonal antibody and incubation Wlthannbody overnight’ or one of the other antibodies for 2 hours.
a secondary rabbit-anti-mouse antibody conjugated to HRP. Subsequently, samples were rinsed with the same buffer and incubated
for 2 hours with the appropriate fluorochrome-conjugated secondary
) antibody. After incubation with the secondary antibody, the samples
Cell lines were rinsed again and mounted with glycerol containing DAPI (Sigma
Two muscle cell lines were used in this study, both obtained from th€hemicals, St Louis, MO).
American Type Culture Collection (Manassas, VA): the mouse C2C12 ) o
skeletal muscle cell line and the rat H9C2(2-1) cardiomyocyte ceff\nnexin V binding assays
line (Su et al., 1999). Importantly, the latter cell line has beero test for cell surface exposure of PS, annexin V-fluo was added to
described to possess features of skeletal muscle differentiatiothe medium. The cells were maintained in culture for a period ranging
including myotube formation (Menard et al., 1999). This is in contrasfrom 15 minutes up to several days in a humidified 5% i@€ubator
to heart muscle cells in vivo that do not fuse into myotubes buat 37°C. For the longer culture periods, medium including annexin V-
become connected by intercalated disks. The cells were grown inflao was renewed every 2 days. Cells were studied upon binding of
humidified incubator at 5% CGand 37°C in growth medium (GM) annexin V-fluo using an inverted fluorescence microscope with
consisting of DMEM (ICN Biomedicals BV, Zoetermeer, The appropriate excitation and emission filters (Zeiss, Oberkochen,
Netherlands) supplemented with 2 mM L-glutamine (ServaGermany; Leica Microsystems BV, Rijswijk, The Netherlands),
Heidelberg, Germany), 10% FCS (Gibco, Paisly, UK) and 0.05 mg/mimage acquisition was achieved using Ikaros (2.3) (MetaSystems,
gentamycin (AUV, Cuijk, The Netherlands). At 70-80% confluency,Heidelberg, Germany) or Openlab (Improvision, Lexington, MA)
cells were trypsinized (0.125% trypsin (Gibco), 0.02% EDTA andsoftware. Images and composite figures were prepared using Adobe
0.02% glucose in PBS) for 1-3 minutes and split at a 1:5-1:10 ratidc®hotoShop (5.0.2) and lllustratator (8.0) software, respectively
Myotube formation was induced by replacing GM with differentiation (Adobe Systems Inc., San Jose, CA). To some images, deconvolution
medium (DM) (Van der Loop et al., 1996). The only differencesoftware was applied to remove out-of-focus information using the
between GM and DM is that the latter contains 2% normal hors®penlab package (Improvision).
serum (Gibco) instead of 10% FCS. To limit autofluorescence, all the L
experiments were performed with cells maintained in GM or DMMyotube fusion-inhibition assay
deficient in neutral red (ICN Biomedicals BV). To test whether recombinant human annexin V could inhibit myotube
As a positive control for myoblast differentiation-dependentformation, C2C12 and H9C2 cells were grown in 96 well plates
annexin V binding, the BHK-21/C13 cell line (Flow Laboratories, (uClear™ black tissue culture microplates, Greiner Labortechnik,
Irvine, UK) was used, which has been reported to exhibit myoblagtrickenhausen, Germany). When the C2C12 cultures had reached
like characteristics, including the formation of multinucleated25% or 50% confluency and the H9C2 cultures had reached 95%

In vitro studies
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confluency, myoblast differentiation and myotube formation wasRESULTS

induced by replacing GM with DM containing AnxV (1-108/ml)

immediately after the medium switch. Medium with the same amounps exposure during muscle cell development in

of annexin V was refreshed twice a day for the lower doses (1-4fgquse embryos

pg/ml) and every third day for the highest dose (1@@ml). To . s . .

ascertain that annexin V interacted with the myoblasts in a Pé-n areas of skeletal mu_scle differentiation, labeling with

dependent manner, we used the non-PS-binding annexin V muta@pnexin V was observed in E13 mouse embryos, where most

M1234 at a concentration of 1Q@/ml. As a positive control, cells ©Of the myotubes in the trunk region were positive for cell

were incubated with DM without AnxV or M1234. surface exposure of PS (Fig. 1). Fig. 1A1-C2 show examples
On DMdO0 and at the end of the culture period (i.e. DMd5 for C2C1Df annexin V-positive primary myotubes in the cervical,

and DMd11 for H9C2), dual interference contrast-microscopy imagethoracic and lumbar regions. On the surface of these annexin

were captured of each well. After culturing, cells were fixed in 40/0\/.p05itive myotubes, annexin V.positive protrusions were

paraformaldehyde in annexin V binding buffer and stained for thggnd (Fig. 1D1,D2, open arrowheads). In-between the
sarcomeric protein titin as described above. Subsequently, the "

complete bottom of the wells with cells attached were cut out with
scalpel and mounted on a coverslide using glycerol/DAPI. In eac
sample, all multinuclear cells were identified by titin staining and thei
nuclei were counted on a Zeiss microscope using thel ZONA oil
objective. For each well, the total number of multinucleated cells an
nuclei therein, and the ratio between both were calculatec
Averagests.e.m. were calculated for the data in each group (contr
M1234 and AnxV), using MS Excel 98 (Microsoft, Redmond, WA).
To test for significance, the Mann-Whitney (non-parametric) test wa
applied using SPSS (10.07a) for Macintosh (MacKiev, Cupertino
CA).

Control experiments

To determine whether fluorescence observed in differentiating HOC
and C2C12 myoblasts was due to the presence of annexin V-fluo a
not of unconjugated fluorochrome or autofluorescence, annexin
was immunocytochemically visualized. Using the same
immunocytochemical procedure, it was verified whether unlabele
human recombinant annexin V had bound to differentiating
myoblasts and the level of endogenous annexin V expression
C2C12 and H9C2 cells was assessed. Expression of annexin V w
not detected in C2C12 cells, whereas, in apoptotic HOC2 cells, son
endogenous annexin V expression was observed. To quantify tl
amount of annexin V in this cell line, an ELISA was performed,
according to the manufacturer’s instructions (Zymutest, Hyphel
Biomed, Andressy, France). Cell lysates were obtained by removin
the medium, adding 1Qd of lysis buffer (10 mM Tris, 1 mM EDTA,
pH 7.4) and collecting the cells with a rubber policeman.
Subsequently, the suspension was subjected to three freeze-th
cycles, and stored af70°C until simultaneous analysis. The levels
of endogenous annexin V-protein measured in this cell line were
however, very low, with values ranging from 0.0028-0.0008% pe!
total protein content.

Fig. 1. Transient PS exposure by differentiating myoblasts in mouse
embryos. Primary myotubes expose PS transiently at E13 (black
arrows) in the cervical area (boxed area A1,A2), in-between the
developing ribs (boxed area B1,B2) and the lumbar region (boxed
area C1,C2). Frequently, annexin V-positive rounded cells were
found attached to myotubes (D1,D2, arrowheads). Also in these
sections, indications were found that annexin V-positive extensions
arise from these developing myotubes (D1,D2, open arrowheads).
Mitotic cells were negative for annexin V (B2, white arrowhead). At
E14, annexin V staining of myotubes is virtually absent: compare the
labeling for muscle using an amtismooth muscle actin antibody
(E1) with the labeling of surface-exposed PS (E2) in the same
muscle (white arrows) in an adjacent section. For comparison, F
shows annexin V-labeled apoptotic cells in the fusing E11 branchial
arches, both in the mesodermal compartment (arrow) and in the
ectoderm (arrowhead). Bars, gt (C2,D1,D2,F); 4Qum (B2); 200

um (A2,B1,C1); 50Qum (A1,E1,E2). Abbreviations: b, brain; I,

limb; r, rib.
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myotubes, a mixed population of mononucleate myoblasts, ar
fibroblasts, were observed (Ontell and Kozeka, 1984). Man
of these cells were negative for annexin V-biotin, but &
subpopulation of these cells, in particular the more rounde
cells with little cytoplasm were observed to be annexin V-
positive and attached to myotubes (Fig. 1D1,D2, blacl
arrowheads). The labeled primary myotubes were
characterized by their large diameter, and non-condenst
cytoplasm and nucleus (Ashby et al., 1993b; Stockdale, 199z
Hence, these cells could be clearly discriminated fron
condensed apoptotic cells. Whereas only a few of suc
apoptotic cells were found in the developing muscle, man
were observed elsewhere in the embryo at specific sites whe
cell death is known to occur (Fig. 1F). Only at these sites we
profound phagocytic activity was observed. At E14, when mos
primary myotubes had formed, thesesmooth muscle actin-
positive cells (Fig. 1E1) were mostly negative for annexin V-
biotin (Fig. 1E2).

In summary, our data from developing myotubes indicate
that these viable muscle cells transiently expose PS in
developmentally regulated manner. No accumulation o
phagocytes was observed in areas of myoblast differentiatio

PS exposure in differentiating myoblast cultures

C2C12 and H9C2 muscle cell lines undergo differentiatior
after serum deprivation, as indicated by the process of cellul:
elongation, fusion into di- and trinuclear elongated cells an
formation of extremely elongated multinucleated myotubes.
These C2C12 and HI9C2 cells were able to bind annexin \
fluo transiently (Fig. 2). C2C12 muscle cells were found tc
bind annexin V within 8 hours after switching from GM to DM
(Fig. 2A1,A2). After 2 days, binding was maximal with
approximately 60% of the cells positive for annexin V. By
contrast, proliferating C2C12 muscle cells (Fig. 2A3) anc
myotubes (Fig. 2A4) after 8 days in DM were not labeled witr
annexin V-fluo. H9C2 cells behave similarly (Fig. 2B1-4),
except that the first binding of annexin V-fluo was observe:
after 2.5 days in DM (Fig. 2B1,B2), was maximal after 8 day: : ) e Sl
(on average 40% of the cells) and absent again after 12 da Ry N WL
Mitotic cells (Fig. 2B3) and myotubes (Fig. 2B4) were
negative for annexin V-fluo. In annexin V-positive cells theFig. 2. Double labeling with annexin V-fluo (green) and for DNA
distribution pattern of this marker changed time dependentl{DAPI, blue) of C2C12 (A) and HIC2 (B) muscle cells shows that
Between 15 minutes and 2 hours of incubation the annexin \differentiating myoblasts are labeled with annexin V at cell-cell
fluo labeling was seen at the cell surface, in-between cell§Ontact areas (A1,A2,B1,82, arrows), while mitotic myoblasts
After longer incubation periods the annexin V-fluo becam A3,B3, arrowheads) and multinucleated myotubes (4,84, .

) ) C~ . arrowheads) are negative for annexin V. Immunocytochemistry with
gradually internalized, as could be demonstrated Dy rinsing, 4nti.human annexin V antibody (red) shows co-localization of
with Ce?*-depleted medium (which dissociates annexin V fromnese two markers resulting in yellow areas in the overlay (A2,B2).
cell surface-exposed PS), resulting in only a partial loss of thegars, 20um (A1-3,B1-3); 60um (A4,B4).
annexin-fluo labeling.

Once negative for annexin V-fluo, cells could not be

relabeled with freshly added annexin V-fluo, even atrecombinant annexin V, which was used in the fusion
quadruple doses (fug/ml), indicating that the loss of the inhibition studies (see below), also specifically bound
annexin V-fluo signal is not due to depletion of this markerdifferentiating myoblasts since the pattern of immunostaining
and stressing the transient nature of PS exposure. In Figf this unlabeled annexin V accurately mirrored the annexin
2A2,B2, cells are shown that were incubated with annexin W-fluo signal.

fluo in culture and stained with an anti-human annexin V Since myoblast differentiation is a highly organized process,
antibody after fixation. The co-localization of both markerswe wondered whether the temporal window of annexin V
indicates that the green annexin V-fluo signal reflect$abeling is related to a particular phase of myoblast
interaction of intact annexin V conjugates with the myoblastsgifferentiation, as for example indicated by the molecular
even after prolonged incubation periods. In additionorganization at the sarcomeric level. To this end, cells were
analogous experiments showed that unlabeled humaiouble-stained for annexin V and titin, which has been shown
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Fig. 3. Triple labeling with annexin V-fluo (green), for titin (red) and
DNA (DAPI, blue) of C2C12 (A1,A2) and H9C2 (B1,B2) myoblasts
shows that annexin V labels mainly early differentiating muscle cells
with a punctate titin expression pattern (A1,B1, arrows). At later
stages of differentiation, when the titin-expression pattern becomes
filamentous, myoblasts were almost completely negative for annexit
V-fluo (A2,B2). Bar, 2Qum.

to be one of the earliest proteins to become expressed a
organized in the developing sarcomere (van der Ven et a

was mainly observed at a phase when titin was expressed In

dot-like aggregates (Fig. 3A1,B1). By contrast, virtually all Fig. 4. Differentiating annexin V-binding C2C12 (A1,A2) and H9C2
; ; i ; : éBl—S) myoblasts have an intact plasma membrane as detected by PI

exclusion. In all cultures low numbers of solitary annexin V (green)

forTannexfl_n V:[frl]u? t(r']:'g' 3A2,_B2\)/. fluo int i ith | and PI (red) labeled cells were found (A1,B1,B3, arrows). These
0 confirm that the annexin v-1iuo interaction with- muscie ostapoptotic/necrotic cells can clearly be discriminated from

cells observed in our culture system is a PS-specific event, ignexin V-positive differentiating myoblasts where annexin V
performed negative control experiments using M1234apeling is preferentially located at cell-cell contact areas (A2, nuclei
conjugated to Oregon Green. In none of the experiments witlained with DAPI; B2, asterices indicate location of nuclei), and
C2C12 or H9C2 cells was any labeling observed, even aftevhich are Pl impermeable (A2,B2,B3, asterisks indicate location of
incubation periods of multiple days or doses up tagiml nuclei). In-between the cells shown in B2, an annexin V- and PI-
(data not shown). Double labeling experiments showed that @psitive cell fragment, most probably resulting from apoptotic cell
differentiating C2C12 and H9C2 cell cultures the annexin Vinembrane blebbing, is present (arrowhead). Bargn25s
fluo-positive cells had a non-disrupted plasma membrane 481.A2,B1,82); 200um (B3).
concluded from Pl exclusion (Fig. 4A2,B2,B3), which
indicates that annexin V stained the cells via an interactioshowed that normally only viable differentiating muscle cells
with PS present at the outer leaflet of the plasma membrangind annexin V. In line with our hypothesis, differentiating
Only sporadically, cells were positive for both annexin V-fluoBHK cells bound annexin V-fluo similar to the C2C12 and
and Pl (Fig. 4A1,B1,B3, arrows), indicating a possibleH9C2 muscle cell lines after growth factor deprivation. In
intracellular annexin V-fluo labeling, which was accompaniedBHK cells, annexin V-fluo was detected at contact areas of
by a postapoptotic/necrotic morphology. Mainly, annexin V-cells with a non-apoptotic morphology as determined with
fluo was observed to label clusters of cells amidst unlabeledAPI staining and dual interference contrast microscopy. By
cells (Fig. 4B3). contrast, U937 and MR65 cultures were only annexin V-
Finally, testing annexin V-fluo in cultures of other cell linespositive when necrotic or apoptotic (data not shown).
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Annexin V fusion-inhibition studies

To investigate a possible causal relationship between F
exposure and myoblast fusion, we analyzed whether annex
V can inhibit the formation of myotubes in differentiating
C2C12 and H9C2 cells. C2C12 cells grown to 25% or 50%
confluency (Fig. 5A1,A2) and H9C2 cells grown to 95%
confluency (Fig. 5B1,B2) were induced to differentiate by
medium switch. We also induced C2C12 myoblast
differentiation in cells grown to 80-100% confluency.
However, in these cultures the numbers of myotubes that h:
formed at DMd5 were too high to permit accurate counting o
myotube numbers and nuclei.

In almost completely confluent cultures, first signs of
‘spontaneous’ myoblast differentiation and myotube formatior
were observed before the medium switch (Fig. 5B1,B2
arrows). In samples cultured in DM without AnxV (Fig.
5A3,B3) and in samples cultured in DM containing M1234
(data not shown), cells became elongated upon medium switc
aligned and formed giant multinucleated cells. Maximum
myotube formation was observed on DMd5 and DMd11 foi
C2C12 and H9C2 cells, respectively. When cultured in DV
containing AnxV, only a few C2C12 myotubes had formed
(Fig. 5A4). H9C2 cultures responded similarly to incubation
with DM with AnxV, although the decrease in myotube
numbers as compared with control incubations was les
extreme (Fig. 5B4).

For the quantitative and statistical analysis of difference
in myotube formation between myoblasts cultured with ol
without AnxV, we counted all myotubes and nuclei therein ir
5-17 wells per group. To this end C2C12 cells at DMdE
(Fig. 5A5) and H9C2 cells at DMd11 (Fig. 5B5) were labeled
for titin to identify differentiated multinucleated cells,
and DAPI to count the nuclei. Fig. 6A illustrates the
differences in myotube numbers containing a given numbe
of nuclei for C2C12 cells that were induced to differentiate
when grown to 50% confluency and H9C2 cells grown tc
95% confluency before switching to DM. It is evident from
this figure that for C2C12, AnxV significantly reduces the
number of myotubes compared with control and M123<
incubations, whereas for HOC2 this inhibitory effect is less
pronounced

C2C12 cultures that were induced to differentiate at 259

Fig. 5.Recombinant human annexin V (AnxV) inhibits myotube
formation in differentiating C2C12 and H9C2 muscle cell cultures.
C2C12 cells were induced to differentiate in DM when the cultures
were at 25% (not shown) and 50% confluency (A1,A2), and H9C2
cells at 95% confluency (B1,B2). In samples cultured in the
presence of M1234 (not shown) or in the absence of annexin V
(ctrl) myotube formation could clearly be observed in C2C12 cells
at day 5 (DM d5, A3, arrows) and H9C2 cells at day 11 (DM d11,
B3, arrows), and to a lesser extent in cells cultured in DM
containing 10Qug/ml of recombinant human annexin V (A4,B4,
arrows). Note that cells cultured in GM differentiate

spontaneously and form myotubes when reaching 100% confluency
(e.g. B1,B2, arrows). To assess the effect of annexin V on myotube
formation quantitatively, multinucleated cells and their nuclei were
counted in C2C12 cultures at DM d5 (A5) and H9C2 cultures at
DM d11 (B5), after staining of DNA with DAPI (blue), and with

titin (green) to detect differentiating cells. The quantitative results
are shown in Fig. 6 and Table 1. Bar, 100 (A1-4,B1-4); 25um
(A5,B5).
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A Table 1. Annexin V inhibits myotube formation in
C2C12 differentiating C2C12 and H9C2 cell cultures

A C2C12
(25% confluency) Myotubes/well Nuclei/myotube
Control f=17) 565 6.3+0.4

g M1234 (1=5) 4518 8.1+0.4*

g AnxV (n=6) 23448 7.1+0.7

= B C2C12
(50% confluency) Myotubes/well Nuclei/myotube
Control (1=6) 141417 7.1+0.2
M1234 (1=6) 123+14 7.3+0.4
AnxV (n=6) 67+131 7.240.2
C HIC2
(95% confluency) Myotubes/well Nuclei/myotube
Control (=6) 4247 4.2+0.2
M1234 (=6) 27x4* 3.4+0.3
AnxV (n=6) 19+4* 3.540.2

Myotube formation by differentiating C2C12 and H9C2 cells. Myoblast
differentiation and myotube formation was induced in cultures of C2C12 cells
grown to 25% (A) or 50% (B) confluency, and H9C2 cells grown to 95%
confluency (C) by switching from GM to DM, which contained no annexin V
(control), 100ug/ml of mutant annexin V (M1234), or 1¢@/ml of annexin
V (AnxV). Number of myotubes and nuclei therein were determined in each
sample at DMd5 and DMd11 in C2C12 and H9C2 cultures, respectively. The
average valuests.e.m. are shown for each group. The Mann-Whitney test
(non-parametric) was applied to determine significance of differences
between control versus M1234 or Anx\P&0.05;¥P<0.005) and between
M1234 versus AnxV§P<0.05;TP<0.005).

Myotubes

oAnxV mM1234 m control
confluency (Table 1A), showed no significant differences
B between myoblast differentiation in DM or in DM plus
M1234 with respect to myotubes per well, whereas myoblast
differentiation in DM with AnxV resulted in significantly
fewer myotubes compared with contrp:0.001) and M1234
(p=0.014). The average number of nuclei per myotube varied

100

80

€ o between 6.3 and 8.1. Inducing differentiation of C2C12 cells
8 at 50% confluency (Table 1B) resulted in a profound increase
g w© in the number of myotubes formed compared with numbers
= in the 25% confluence culture, whereas the average number

of nuclei per myotube was in the same order of magnitude.
Statistically significant differences were observed for the
number of myotubes formed in the presence of AnxV,
0 1 10 40 100 compared with myotube formation in the presence of M1234
AnnexinV (ug/mi) (p=0.005) or DM only =0.002). In H9C2 cells (Table 1C),
) o R o a trend was visible for the number of myotubes with highest
Fig. 6.(A) Annexin V inhibits myotube formation in differentiating  \,3jues for control cultures, intermediate values for cells
C2C12 and H9C2 myoblast cultures via an interaction with PS. it rentiating in medium with M1234, and lowest values for
C2C12 and H9C2 cells were induced to differentiate in DM cells differentiating in medium with AnxV. However,

(control), DM with PS binding-deficient M1234, or DM with 100 isticall anifi diff | b d
pg/ml annexin V (AnxV). The graphs depict myotube distribution as statistically significant differences were only observe

20

a function of the number of nuclei they contained on DMdS5 in between control samples and M1234<@.033) and
cultures of C2C12 cells that were induced to differentiate at 50% ANnXV (p<0.019) incubated samples. In this cell line the
confluency, and on DMd11 in cultures of HOC2 cells that were average number of nuclei per myotube varied between 3.4

induced to differentiate at 95% confluency. Data from 6 wells per and 4.2.

group were combined. Statistical analysis of this data is shown in A dosage-dependent effect of annexin V on myotube
Table 1. (B) Annexin V inhibits myotube formation dose _ formation is obvious from Fig. 6B, which shows a trend of an
dependently. C2C12 cells were induced to differentiate in DM with inhibitory effect already at the lowest dose gfig/ml, and a

indicated concentrations of annexin V and the number of myotubes ;¢ O hiki _
were counted in each sampie=6 per dose). The graph depicts the Zﬁglggﬁcte inhibitory effect at a dose of 4@/ml (p=0.001)

average number of myotubes per well as a percentage of control on G I h b . v indi h
DMd5 in myoblast cultures that were induced to differentiate at 50% enerally these observations = strongly indicate that

confluency. A significant decrease in the number of myotubes formd@combinant human annexin V inhibits myotube formation by
was observed at a concentration of@ml (** p=0.001) and 100 homotypic interaction between muscle cells via surface-
pg/ml (* p=0.002). exposed PS.
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PS-exposing myoblasts: differentiation or of the caspase cascade, as observed for PS exposure during
apoptosis? apoptosis. This translocation of PS from the inner to the outer

PS exposure in apoptotic cells is suggested to be a downstre@fasma membrane leaflet is predominantly found at cell-cell
effect of mitochondrial Changes and activation of the Caspaé‘é)ntact areas. The formation of multinucleated myotubes from
cascade in the apoptosis signaling pathway. To establidhdividual differentiating myoblasts can specifically be
whether a comparable molecular mechanism underlies A#ocked with PS-binding annexin V, indicating that cell
exposure in fusing myoblasts, these events were investigatétrface exposure of PS is essential to the execution of this
during in vitro myoblast differentiation (Fig. 7). process.

Detection of PS exposure with annexin V-fluo, in
combination with CMXRos labeling to indicate the status of
the mitochondrial membrane potential, and DAPI to show
nuclear morphology, demonstrated clear differences betwet
apoptotic and differentiating C2C12 and H9C2 cells. Apoptotic
myoblasts are stained with annexin V-fluo at the cells
circumference, the CMXRos labeling is diffuse, while the
nucleus is pyknotic (Fig. 7A1,B1). By contrast, differentiating
myoblasts have a granular annexin V-fluo distribution patterr
a granular CMXRos labeling indicating an intact mitochondrial
membrane potential, and uncondensed nuclei (Fig. 7A2,B2
Activated caspase 3 was present in apoptotic, annexin V-flut
positive C2C12 and H9C2 myoblasts (Fig. 7A3,B3,B4,
arrowhead). By contrast, differentiating annexin V-fluo-
positive myoblasts were negative for active caspase (Fi
7A4,B4, arrow). Further confirmation that annexin V binding
to differentiating myoblasts is unrelated to caspase activity we
obtained from experiments in which C2C12 and H9C2 cell:
were cultured in DM supplemented with the cell-permeable
general caspase inhibitor zZVAD(OMe)-fmk. Up to 5 days afte
switching to differentiation medium, the cell cultures with
zVAD(OMe)-fmk showed similar numbers of myotubes (Fig.
7A5,B5) and comparable distribution of annexin V-fluo (Fig.
A6,B6) as the cultures without this caspase inhibitor. In thes
cases, it is again evident that after extended incubation perio
annexin V is internalized.

DISCUSSION

At present only limited data are available on surface
molecules that regulate signaling between myoblasts durir
muscle development. In this study we show thai
differentiating myoblasts transiently express PS at an ear!
phase of myotube formation, a process that seems not
involve loss of mitochondrial metabolic activity and activation

Fig. 7. Annexin V-binding by differentiating C2C12 (A) and H9C2
(B) myoblasts does not require loss of mitochondrial inner
membrane potential or caspase activity. Apoptotic myoblast are
positive for annexin V-fluo (green) and show a diffuse labeling for
CMXRos (A1,B1, arrowhead, red) and immunoreactivity for the
anti-active caspase 3 antibody (A3,B3,B4, arrowhead, red). By
contrast, differentiating C2C12 and H9C2 cells bind annexin
V-fluo while having a granular labeling for CMXRos (A2,B2,
arrow) and show no active caspase 3 protein (A4,B4, arrow). In
line with the latter results, culturing cells in DM containing the
caspase inhibitor zZVAD-(OMe)-fmk at a dose of 108 blocks
neither myotube formation (A5,B5, arrow) nor annexin V-fluo
binding (A6,B6, arrow). These two figures, in which out-of-focus
information has been removed by image restoration using
deconvolution software, further illustrate the intracellular granular
labeling of myoblasts with annexin V-fluo after longer incubation
periods. Bars, 25m.
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Muscle cells transiently expose PS during Labeling for the sarcomeric protein titin revealed further detalil
differentiation about the time-point of PS exposure in myoblast
In this study we present data showing that, duringlifferentiation. Titin is the first sarcomeric protein expressed
embryogenesis, morphologically viable myoblasts transientljn muscle cells (Van der Loop et al., 1996; van der Ven et al.,
bind annexin V, and thus express PS at particular stages ©993); in differentiating muscle cells titin organization changes
development. These cells were, however, not in contact withiom diffuse to punctate, thereafter becomes filamentous and
phagocytes, nor were any phagocytes detected in their vicinitfinally incorporates into sarcomeres, where it exhibits the
as would be expected when these cells were apoptotic (Abodgpically striated staining pattern. Annexin V-positive
and Jones, 1991; van den Hoff et al., 2000). In the underlyingyoblasts were largely characterized by a punctate titin
study, we have focussed on skeletal muscle development. diistribution pattern, while subsequent stages of titin patterns
this tissue, binding of annexin V appeared to be a synchronowsere rarely observed in these labeled cells. In view of previous
process that was present at E13 without the accumulation mhmunocytochemical studies of C2C12 and H9C2 cells (Van
pyknotic cells. Annexin V was not observed anymore at El4dler Loop et al., 1996) or in human skeletal muscle cell cultures
or later, when most primary myotubes have formed, and weaand BHK cells (van der Ven and Furst, 1998; van der Ven et
preceding the phase of massive death of primary myotubes thedt, 1993), our results indicate that, in particular, early
occurs after E15 (Ashby et al., 1993a). postmitotic myoblasts expose PS. Thus, these in vitro data
Since, in the organism, cell surface exposure of PS is @rroborate our in vivo observations that annexin V binding is
trigger for phagocytic removal of apoptotic cells (Fadok et al.mainly restricted to myoblasts in the process of myotube
1992b; van den Eijnde et al., 1999), one may wonder how P$rmation, and that PS is therefore transiently exposed and
exposing, differentiating myoblasts remain unnoticed byinternalized before the fusion process is actually completed.
phagocytes. Macrophages show tissue specificity with respethe localization of PS in the inner plasma membrane leaflet in
to the receptors used for clearance of apoptotic cells. In ETBost cells is maintained by an aminophospholipid translocase
mouse embryos, shielding of PS specifically on apoptoti€Diaz and Schroit, 1996; Zwaal and Schroit, 1997). During
neurons using annexin V was found to inhibit phagocytosisapoptosis and platelet activation, PS becomes cell surface
whereas apoptotic mesenchymal cells in the limbs werexposed by a simultaneous translocase inhibition and
ingested by phagocytes (van den Eijnde et al., 1999). Thiscramblase activation (Higgins, 1994; Verhoven et al., 1995).
finding corroborates studies by Fadok and co-workers, whiti remains to be resolved, however, whether the same or similar
showed that depending on their activation status, macrophageansporters regulate loss of PS asymmetry of the plasma
may recognize apoptotic cells in a PS-dependent or membrane in developing myotubes.
independent manner via integrins (Fadok et al., 1992a). ) o
Another mechanism may relate to the observations thatS exposure during myogenesis is not related to the
apoptotic cells can attract phagocytes actively by secretingiolecular cascade of apoptosis
chemotactic factors (Knies et al., 1998). PS-exposing viabl& possible link between the apoptotic pathway and PS
muscle cells may, by lacking such factors, avoid the attentioexposure during muscle cell differentiation was investigated
of scavenging cells despite the fact that they bear a putatiand could be excluded at the level of loss of mitochondrial
signal for cell removal (Knies et al., 1998; Wilson et al., 1996)inner cell membrane potential, caspase 3 activation and
Similar to the in vivo situation, two populations of annexincaspase activity. In contrast to apoptotic H9C2 and C2C12
V binding cells could be discriminated in C2C12 and H9CZells, annexin V-positive differentiating cells showed none of
cell cultures, that is, apoptotic and differentiating muscle cellghese molecular characteristics. In addition, we were unable to
In contrast to apoptotic cells, differentiating cells showednhibit myotube formation and differentiation-dependent PS
intracellular labeling when incubated with annexin V-fluo forexposure with the broad spectrum caspase inhibitor
longer time periods. Endocytosis of annexin V-fluo througheVAD(OMe)-fmk, suggesting that caspases are probably not
pinocytosis can largely be excluded since co-labeling oflirectly involved in the loss of plasma membrane PS
annexin V-fluo with Dil (labeling of the membrane of pinocytic asymmetry. Nonetheless, we cannot rule out that PS exposure
vesicles) showed hardly any overlap (S.M.v.d.E. et al.by myoblasts is triggered by a short and transient loss of
unpublished). The nature of the annexin V-fluo vesicles imitochondrial membrane potential (Minamikawa et al., 1999).
differentiating muscle cells is not yet known. However, basetVe consider it likely that PS exposure during muscle
upon their cellular localization they resemble: (1) thedevelopment is regulated via factors upstream of the
cytoplasmic vesicles found in the gap junction-like prefusiormitochondrion. This hypothesis is substantiated by several
complex that forms at an early stage of myotube formation inecent studies, indicating that PS exposure does not always
Drosophilg directly following the initial phase of cell require caspase activity, and that this plasma membrane
recognition and adhesion; and (2) the plasma membraradteration can be reversed (Hammill et al., 1999; Williamson
vesicles found during the phase of plasma membranet al., 1995).
breakdown, which is believed to effect cytoplasmic continuity
and actual fusion of myoblasts by removing excess plasnfahysiological function of PS exposure in myoblast
membrane in-between the fusing cells (Doberstein et al., 199nteractions
Paululat et al., 1999). Using the merocyanin 540 dye for labeling of loose lipid
In our in vitro experiments, annexin V was found to almosipacking of plasma membranes, Sessions and Horwitz, as early
exclusively label mononucleated cells in contact with otheas 1981, suggested that in primary cultures of chick and qualil
mononucleated cells or small myotubes containing a fewnyoblasts PS was exposed at the cell surface when these were
nuclei. Large, multinucleated myotubes were unlabeledexpected to fuse (Sessions and Horwitz, 1981). From these
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results, they hypothesized that an increase in the percentage
the PS in the outer plasma membrane leaflet may give rise
an increase in membrane fluidity. In turn, this increase:
membrane  fluidity could create a  biochemical
microenvironment facilitating the fusion process. Data
presented in this study also indicate that cell surface-exposi
PS is required for differentiating muscle cells to fuse intc
multinucleated myotubes. A significant decrease was observi
in the numbers of myotubes formed in myoblast culture:
containing 40 and 10Qg/ml of recombinant human annexin
V. Generally, C2C12 cells showed more prominent features ¢
differentiation than H9C2 cells. This may relate to the fact tha
C2C12 cells are of skeletal myoblast origin, whereas H9C
cells derive from cardiac myoblasts. Cells from this lineage
normally become connected via intercalated disks and do n
form myotubes, neither in vivo nor in primary cultures (Kostin
et al., 1999). It may be expected, therefore, that HIC2 cells a
at least partially deficient in the expression of molecule:
regulating myoblast fusion and are less efficient in executin
this process. In all experiments, a limited effect of the annexi
V mutant M1234 on myotube formation was observed, whict
was borderline-significant in H9C2 cell cultures. This finding
suggests that this annexin V mutant, which does not bind F
that is present in artificial bilayers of phosphatidylcholine
(C.P.M.R., unpublished), may have a residual interaction witl
PS in biological membranes. Alternatively, it may suggest
PS-independent interaction of M1234 with myoblasts. Al
present, the nature of these interactions remains to be resolv
Data from the fusion inhibition experiments indicate that P<
is of physiological importance to myotube formation. A well
documented function of PS is phagocyte recognition OFig. 8.PS is transiently exposed by differentiating cardiomyocytes of
apoptotic cells (Fadok et al., 2000; Hamon et al., 2000; Schroft12 mouse embryos. Adjacent transverse sections were stained for
et al., 1985; Verhoven et al., 1995), involving PS exposure at-smooth muscle actin to detect cardiac muscle cells (A) and
the plasma membrane of both scavenger and prey (Marguetagnexin V to label surface-exposed PS (B). Boxed areas in Al and
al., 1999). Cell-cell recognition is considered the initial evenBl are depicted at a higher magnification in A2 and B2 (upper box),
in myotube formation (Doberstein et al., 1997; Paululat et al2nd A3 and B3 (lower box). A strong annexin V-biotin labeling was
1999), and we therefore consider it likely that PS has a! bserved in the smooth-walled atrial myocardium (A2,B2, arrow),

T . . he subepicardial ventricular myocardium (A2,A3,B2,B3, in-between
analogous function in phagocytosis and myotube formation. 'erowheads) and the epicardium (A2,A3,B2,B3, open arrowhead).

this respect, the phenomenon of partial inhibition of myotubg\is, 4t this stage of development, some pyknotic cardiomyocytes

formation by high doses of annexin V may relate to the timingyere observed in the trabecular myocardium (A3,B3, open arrows).
of interference with the fusion process, at which a fraction oBars, 25um (A2,B2); 50um (A3,B3); 500um (A1,B1).

the cells may have already completed their recognition phasabbreviations: n, neural tube; I, limb; p, pericardial cavity.
Interestingly, a similar partial inhibitory effect of has been
observed in studies on the role of PS in phagocytic removal of
apoptotic cells. In several phagocyte lineages the decreaseparticular, in sub-epicardial ventricular cardiomyocytes and the
phagocytic activity also maximized at approximately 50%smooth-walled atrial myocardium in a spatiotemporal
irrespective of the inhibitory agent used (i.e. annexin V at distribution, which did not match early descriptions of cell
dose 18-180ug/ml (Bennett et al., 1995), PS-containing death foci in the developing heart (van den Hoff et al., 2000).
liposomes, or antibodies against a putative PS receptor (FadokPS may be implicated in homotypic recognition between
et al.,, 2000)). This partial inhibition of phagocytosis ismuscle cells by interacting with a receptor. A putative receptor
explained by the existence of multiple pathways in which P$or PS, which is highly expressed in developing heart and
is a membrane component amongst others orchestrating thieeletal muscle, has recently been identified and cloned by
engulfment. Fadok and co-workers (Fadok et al., 2000). Another candidate
A function of PS in homotypic cell-cell interactions would receptor is thrombospondin, which has been reported to bind
fit our observations that PS is initially exposed at the plasmBS (Tooney et al., 1998) and to be expressed in mouse
membrane at myoblast cell-cell contact areas by earlgmbryonic heart and skeletal muscle (Manodori et al., 2000)
differentiating muscle cells. In addition, it could explain ourin a pattern that is mirrored by the pattern of in vivo PS
observation of a transient exposure of PS in the developinexposure described here. Alternatively, PS exposure can
heart in mouse embryos at E12 (Fig. 8). In heart developmemhediate cell signaling. This may be achieved in a direct manner
homotypic cell recognition is possibly of importance to theto the cytosol via lipid rafts, as has been shown to occur in
formation of intercalated disks. PS exposure was detected, differentiating B cells (Dillon et al., 2000). In addition, PS may




PS exposure during myoblast differentiation 3641

give rise to cell signaling in an indirect manner via catalyzing (1996). Gene trapping in differentiating cell lines: regulation of the
the conversion of prothrombin into thrombin. In myoblasts this lysosomal protease cathepsin B in skeletal myoblast growth and fasion.
could result in a signal for cell survival after the interaction of ¢!l Biol. 134 837-847.

. L . . orza, L. and Vitadello, M. (2000). Reduced amount of the glucose-
thrombin with its receptor, which is present at the myoblas regulated protein GRP94 in skeletal myoblasts results in loss of fusion

surface prior to fusion (Chini et ql., 1999_; Su_idan et al., 1996). competenceFASEB J14, 461-475.
Taken together, our studies in combination with those offammill, A. K., Uhr, J. W. and Scheuermann, R. H.(1999). Annexin V
others strongly indicate a physiological role of cell surface staining due to loss of membrane asymmetry can be reversible and precede

; ; ot commitment to apoptotic deatBxp. Cell Res251, 16-21.
exposure of PS in myoblast differentiation. Hamon, Y., Broccardo, C., Chambenoit, O., Luciani, M. F., Toti, F,

Chaslin, S., Freyssinet, J. M., Devaux, P. F., McNeish, J., Marguet, D.
~M.J.B.v.d.H. (grant M96.002) and W.L.v.H. (grant D96.025) are ¢ 41 2000). ABC1 promotes engulfment of apoptotic cells and transbilayer
financially supported by The Netherlands Heart Foundation. Imaging redistribution of phosphatidylserindat. Cell Biol.2, 399-406.
equipment and decovolution software is financially supported byiggins, C. F. (1994). Flip-flop: the transmembrane translocation of lipids.
NWO (grant 901-28-134). The Monoclonal antibody 9D10 was Cell 79, 393-395.
obtained from the Developmental Studies Hybridoma BankHyodo, N. and Kim, J. (1994). Preparation and characterization of a
maintained by the Department of Pharmacology and Molecular monoclonal antibody that inhibits myoblast fusion of avian skeletal
Sciences, Johns Hopkins University School of Medicine, Baltimore, MyoblastsExp. Cell Res212, 120-131.

MD 21205, USA and the Department of Biology, University of lowa, K@Prielian, R. R., Gunning, M., Dupont, E., Sheppard, M. N., Rothery, S.

- S M., Underwood, R., Pennell, D. J., Fox, K., Pepper, J., Poole-Wilson, P.
lowa City, IA, USA under contract NO1-HD-2-3114. A. et al. (1998). Downregulation of immunodetectable Connexin-43 and

decreased Gap junction size in the pathogenesis of chronic hibernation in
the human left ventricleCirculation 97, 651-660.
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