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Annexins are soluble proteins that bind to biological membranes containing negatively charged phos-
pholipids, principally phosphatidylserine, in a Ca?*-dependent manner. Annexin-A5 (AnxA5), the
smallest member of the annexin family, presents unique properties of membrane binding and self-
assembly into ordered two-dimensional (2D) arrays on membrane surfaces. We have previously re-
ported that AnxA5 plays a central role in the machinery of membrane repair by enabling rapid resealing
of plasma membrane disruption in murine perivascular cells. AnxA5 promotes membrane repair via the
formation of a protective 2D bandage at membrane damaged site. Here, we review current knowledge on
cell membrane repair and present recent findings on the role of AnxA5 in membrane resealing of human

© 2015 Published by IFPA and Elsevier Ltd.

1. Annexin-A5

Annexins are soluble proteins present in eukaryotes and absent in
yeasts and prokaryotes [1]. Vertebrates have in common twelve
annexins, named annexin A1—A13 (AnxA1—AnxA13, the number 12
being non-assigned). Annexins share the property of binding to
membranes exposing negatively charged phospholipids in a Ca**-
dependent manner [1,2]. They are formed by a four-fold repeat
(eight-fold for AnxA6) of a 70 amino-acid domain, highly conserved
in sequence, and by a variable amino-terminal (N;) domain which
contains phosphorylation sites and binding sites for various molec-
ular partners and is assumed to be responsible for the functional
specificity of annexins [2]. Following the determination of AnxA5
structure by X-ray crystallography [3], atomic models have been
obtained for many other annexins [4]. Annexins present a common
membrane-binding core formed by the cyclic arrangement of the
four conserved 70 amino-acid-long domains (Fig. 1). The membrane-
binding core has the shape of a slightly curved rhomboid with a
convex membrane-binding face where Ca?*-binding loops are
exposed, and a concave face from which protrudes the N; domain.

* Corresponding author. UMR-5248-CBMN, Bat. B14, Allée Geoffroy Saint-Hilaire,
F-33600 Pessac, France. Tel.: +33 (0)5 40006860; fax: +33 (0)5 40002200.
E-mail address: a.bouter@cbmn.u-bordeaux.fr (A. Bouter).
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Membrane binding is mediated via four to eight Ca®*-binding
sites located on the convex face. Annexin binding presents little
specificity for anionic lipid head-groups, yet the Ca®* concentration
required for binding varies considerably between annexins [5,6].
Most in vitro membrane binding studies on annexins have been
performed with membrane systems containing phosphatidylserine
(PS), which is the major negatively charged phospholipid in
eukaryotic cell membranes [7]. Binding of annexins to membrane
surfaces is very tight and depends on the content in negatively
charged phospholipids and the Ca** concentration [8—10]. Equilib-
rium binding constants of the order of 10 fM have been measured for
AnxA5 and membrane vesicles containing 25% PS at 1 mM Ca®* [9].

At the functional level, annexins have been shown to participate
in numerous membrane-related processes, including exo- and
endo-cytosis, vesicle trafficking, regulation of blood coagulation
and inflammation, membrane aggregation and fusion, or the
regulation of membrane dynamics and organization [2,11]. Strik-
ingly, although annexins do not possess a secretory signal peptide,
several of them have been found both intracellularly and extra-
cellularly. Actually, the best defined functions of annexins concern
extracellular AnxA1l, AnxA2 and AnxA5, which possess anti-
inflammatory [12], pro-fibrinolytic [13] and anti-thrombotic
[14,15] activities, respectively.

A remarkable property of several members of the annexin
family -including AnxA5, AnxB12 (from hydra), AnxA4, AnxA6 and
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Phospholipid surface

Fig. 1. Structure of soluble AnxA5. (Top) 3D structure of an AnxA5 molecule observed
from the concave side, along a direction perpendicular to the membrane plane. AnxA5,
the smallest annexin, presents four a-helical domains, numbered I to IV [3]. (Bottom)
Side view of an AnxA5 molecule. Four Ca®* ions are represented, one per a-helical
domain (red dot). The approximate position of the membrane surface is indicated (blue
line). These figures were created with PyMOL (http://pymol.org) from PDB code 1AVR.

the (AnxA2-p11), tetramer complex-is to self-organize into two
dimensional (2D) arrays at the level of biological membranes
[16—19]. This property has been mostly investigated in the case of
AnxA5, which is the smallest annexin and consists only of the
conserved membrane-binding core of annexins. Extensive studies
by electron microscopy [16—19] and atomic force microscopy
[10,20,21] have revealed the successive steps involved in the for-
mation of AnxA5 2D crystals on a membrane surface (Fig. 2). When
soluble AnxA5 molecules encounter a membrane containing
negatively charged phospholipids in the presence of Ca**, mono-
meric AnxA5 molecules bind to the membrane surface, membrane-
bound AnxA5 assemble rapidly into trimers [22] which self-
organize into 2D ordered arrays, even at low surface density [10].
Two main types of crystals are formed by AnxA5 depending on the
PS content and the Ca®* concentration. At low and medium PS

Anx5 <

Ca?t

PS ¢
1- binding

content (5—20%), open hexagonal arrays with p6 symmetry form
and are stable, while crystals with p3 symmetry predominate at
high PS-content (>40%) and high Ca®* concentration [10,23,24].

Given the central roles played by self-assembly processes in the
construction of supra-molecular structures essential for cell's life,
e.g. cell membranes, microtubules or virus capsids to name a few,
the unique tendency of AnxA5 to self-assemble into 2D arrays on
membranes in the presence of mM Ca®" opened the hypothesis
that these 2D arrays could support a cellular function. This has led
ultimately to the discovery of the role of AnxA5 2D arrays in cell
membrane repair, as described below.

2. Cell membrane repair

Cells from many tissues, such as skeletal or cardiac muscle, skin,
gut epithelium or vascular endothelium, are exposed to mechanical
stress in physiological conditions. This results often in the forma-
tion of tears in cell membrane [25]. Membrane rupture is followed
by a rapid increase in the intracellular Ca®* concentration, which is
in the uM range in cell resting state while the extracellular Ca®*
concentration is in the mM range. The rise in intracellular Ca®*
concentration activates a repair machinery that ensures a rapid
resealing and repair of membrane ruptures [26]. Failure in mem-
brane resealing may lead to cell death and contribute to the
development of degenerative diseases, such as muscular dystro-
phies [27]. According to current models of cell membrane repair
[25,28], membrane resealing is an active process that requires
extracellular Ca**, intracellular vesicles and a step of Ca**-depen-
dent exocytosis [26]. Although small disruptions may be resealed
spontaneously in synthetic liposomes, the presence of a cortical
cytoskeleton in cells creates considerable membrane tension which
prevents passive resealing (Fig. 3A).

Three main mechanisms of membrane repair have been pro-
posed, which include the steps of membrane resealing and lesion
removal. The classical model from McNeil and collaborators in the
late 1990s proposed that the increase of intracellular Ca®* con-
centration triggered the fusion of intracellular vesicles and the
formation of a lipid patch enabling the membrane to reseal via an
exocytosis-like process (Fig. 3B) [29,30]. McNeil and coworkers
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Fig. 2. 2D self-assembly of AnxA5 on a negatively charged phospholipid surface. Three successive steps take place when soluble AnxA5 molecules encounter a membrane con-
taining negatively charged phospholipids, mainly phosphatidylserine (PS), in the presence of Ca®*: 1) monomeric AnxA5 molecules bind to the membrane in a Ca®*-dependent
manner; 2) membrane-bound AnxA5 molecules form trimers; 3) trimers self-assemble into 2D ordered arrays, of p6 or p3 symmetry. This model is mainly based on electron
microscopy and atomic force microscopy studies. The three upper panels display the nucleation, the crystal growth and the p6/p3 transition steps, as observed in atomic force

microscopy.
Adapted from Ref. [10].
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Fig. 3. Models of cell membrane repair. (A) In synthetic liposomes small disruptions is resealed spontaneously (upper panel). In contrast, considerable membrane tension due to the
cortical cytoskeleton prevents passive resealing in nucleated cell (lower panel). Adapted from Ref. [40]. (B) The lipid patch hypothesis. Ca* influx triggers fusion of intracellular
vesicles, which form a lipid patch. Through an exocytic-like process, the patch reseals the disrupted site. Adapted from Ref. [28]. (C) Lesion removal through ceramide-driven
invagination. Bacterial toxins insert into cell plasma membranes and form pores (red) leading to the entry of Ca®* which activates lysosome exocytosis and secretion of acid
sphingomyelinase (ASM). The hydrolysis of sphingomyelin head groups induces ceramide-driven invagination and lesion removal via an endocytic process. Adapted from Ref. [34]
(©2010 Tam et al. Journal of Cell Biology. 189:1027—1038. doi:10.1083/jcb.201003053). (D) Lesion removal by membrane shedding. Ca®* influx through a toxin-induced pore ac-
tivates annexins (blue diamonds) translocation to the plasma membrane. Annexins induce membrane folding which leads to the formation of an outward curvature and the release
of microparticles into the extracellular milieu.

Adapted from Ref. [65].
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Fig. 4. AnxA5 promotes membrane repair in perivascular cells. Responses of wild-type (A) and AnxA5-null (B) murine perivascular (PV) cells after laser irradiation in the presence of 2 mM
Ca®*. (A) Image series showing the response of a wild-type (wt) PV cell. The cell presents an increase of cytoplasmic fluorescence intensity limited to an area closed to the wounding site.
Bar = 10 pm. (B) Response of an AnxA5-null PV cell. The cell presents a macroscopic membrane rupture at the irradiated area and a large increase of cytoplasmic fluorescence intensity.
Bar = 10 um. In all frames, the area of membrane irradiation is marked with a white arrow before irradiation and a red arrow after irradiation. Image frames 1 and 2 were recorded 1.6 s before
and 1.6 s after irradiation, respectively, as indicated. (C) Kinetics of FM1-43 fluorescence intensity increase for wt-PV cells (filled circles) and AnxA5-null PV cells (empty circles) after membrane
damage. For wt-PV cells, the fluorescence intensity reaches a plateau after about 90 s, indicating cell membrane has resealed stopping further entrance of FM1-43 molecules. For AnxA5-null PV
cells, the fluorescence intensity increases continuously, indicating the absence of membrane resealing.

Adapted from Ref. [49].
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hypothesized that several fusion pores formed between the edges
of the patch and the plasma membrane surrounding the disruption
site, similarly to the “vertex” fusion process observed when two
yeast vacuoles fuse [31]. Complete connection between the patch
and the plasma membrane may be created by lateral expansion of
the fusion pores. While membranes of the patch, together with the
residual wounded plasma membrane, are mostly released into the
extracellular milieu, the lower membrane portion of the patch may
restore cell membrane at the wounded site [28]. Most early in-
vestigations that led to the ‘lipid patch’ hypothesis did not use
specific markers ensuring the identification of injury-induced
intracellular vesicles [29,30], preventing the determination of
their endo- or exo-cytic origin. Lysosomes were the first intracel-
lular vesicles proposed to participate in membrane resealing [30].
They were thought to contribute to the lipid patch formation until
the detection of lysosomal marker Lamp1 revealed a punctate
distribution surrounding the disrupted site, inconsistent with the
localization of lysosomes in the patch [32]. Actually, the entry of
Ca®* into wounded cells triggers not only lysosome exocytosis but
also a form of endocytosis [33], which is induced by the secretion of
lysosomal acid sphingomyelinase [34]. Exogenously-added acid
sphingomyelinase enables plasma membrane repair even in the
absence of Ca®t [35]. Based on this, a new model has emerged
according to which Ca?* entry through a membrane disruption
activates the exocytosis of lysosomes, which secrete acid sphingo-
myelinase in the extracellular milieu. Subsequently, hydrolysis of
the phosphorylcholine head groups of sphingomyelin trigger
ceramide-driven membrane invagination giving rise to the lesion
removal by endocytosis (Fig. 3C) [33,34,36].

In addition, the processes of membrane resealing and lesion
removal can also be achieved by microvesicule shedding (Fig. 3D)
[37—39]. These processes may involve the ESCRT machinery [39] or
neutral sphingomyelinase that triggers ceramide production in the
inner leaflet of plasma membrane giving rise to an outward cur-
vature (Fig. 3D) [40].

The implementation of one or a combination of membrane
repair mechanisms depends probably on the size and the type of
injury. It is noteworthy that the emerging models based on the
lysosomal enzyme-induced endocytosis rely mostly on the obser-
vation of toxin-treated cells, while most studies that led to the ‘lipid
patch’ hypothesis have been conducted on cells submitted to me-
chanical tears. Major differences are expected with regards to
molecular consequences induced by these two types of injury,
which may explain the various operating processes of membrane
repair.

Several proteins of the membrane repair machinery have now
been identified. Dysferlin has been shown to participate in the
membrane fusion step of the repair process [41,42]. Mutations of
the dysferlin gene are responsible for muscular dystrophies [41,43].
Several dysferlin-binding proteins have also been identified,
including MG53, AHNAK, calveolin-3, calpain-3, as well as several
annexins [42,44,45]. In mouse primary muscle cells, AnxA1 and
AnxA2 have been proposed to trigger the recruitment and fusion of
intracellular vesicles during the lipid patch formation and promote
its attachment to the plasma membrane, by interacting with dys-
ferlin [42]. On the other hand, in dysferlinopathic mice that present
a defect in membrane repair, it has been shown that AnxA1—AnxA2
do not interact with dysferlin. In the zebrafish skeletal muscle,
membrane repair has been shown to involve the controlled and
sequential assembly of a highly ordered scaffold comprising dys-
ferlin, AnxA6, AnxA2 and AnxA1 [46]. The membrane repair ma-
chinery is therefore becoming unraveled, although the specific role
of each component and their interplay remain largely to be eluci-
dated. Unlike dysferlin, which has been found to facilitate the
secretion of acid sphingomyelinase [47], most proteins of the repair

machinery were analyzed solely according to the lipid patch model.
Future investigations might consider their participation in mem-
brane repair in the light of the emerging models.

3. Discovery of the role of AnxA5 in membrane repair

In view of the 2D self-assembly properties of AnxA5, we
wondered whether AnxA5 and its 2D arrays could play a role in
membrane repair. This question was first addressed at the level of
mouse perivascular cells, for which an AnxA5 knock-out cell line
had been established [48]. We compared the responses to mem-
brane damage of wild-type cells expressing AnxA5 and cells lacking
AnxAS5 [49]. A well-established procedure of membrane rupture by
laser irradiation was applied, while membrane repair was assessed
by measuring the entrance within the cell of FM1-43, a dye that
becomes fluorescent upon inserting into intracellular membranes
[41]. Wild-type cells were able to repair membrane ruptures
spontaneously and rapidly. In contrast, cells lacking AnxA5
exhibited a defect in their machinery of membrane repair (Fig. 4).
The addition of exogenous AnxA5 was shown to restore membrane
repair ability, while an AnxA5 mutant lacking the property of 2D
self-assembly failed to promote membrane resealing. This study
established that AnxA5 plays a central role in the membrane repair
machinery by forming a 2D bandage at the level of torn membrane
edges, thus preventing the expansion of membrane wound and
facilitating the final steps of membrane resealing (Fig. 5) [49].
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Fig. 5. Model of the function of AnxA5 in membrane repair. (A) Intact cell membrane.
The extracellular and intracellular milieus differ by their high versus low Ca®>* con-
centrations, and the absence versus presence of AnxA5 (red rods) and PS (green
spheres), respectively. (B) Local rupture of a cell membrane. Forces resulting from
membrane tension tend to expand the tear laterally (black arrows). (C, D) The for-
mation of AnxA5 2D arrays at the torn membrane edges stops the expansion of the
wound. Upon membrane rupture, a microenvironment is formed where the intra- and
extra-cellular milieus mix, providing optimal conditions for the formation of tight
complexes between Ca?*, PS and AnxA5. AnxA5 molecules bind to PS molecules
exposed at ruptured membrane edges, form trimers and 2D arrays. These AnxA5 2D
self-assemblies stabilize the membrane and stop expansion of the rupture. (D) Top
view of a membrane disruption with AnxA5 2D arrays surrounding the rupture.
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Fig. 6. AnxA5 promotes membrane resealing in human trophoblasts. (A) Representative images showing the response of a wild-type BeWo ST (left-hand panel) and an AnxA5-
deficient BeWo ST (middle panel) 120 s after 110-mW infrared-laser irradiation in the presence of 1 mM Ca?*. Whereas the human choriocarcinoma BeWo cell line remains as
mononucleated cells in free-cAMP growth condition, cell differentiation and fusion occur in the presence of 100-uM 8-Br-cAMP for 48 h, forming large multinucleated cells (referred
as BeWo ST). AnxA5-deficient BeWo ST were obtained by transduction with lentiviral particles containing AnxA5-targetting ShRNA [61]. The area of membrane irradiation is marked
with a red arrow (also in B, C). Bars = 20 pm (right-hand panel) For wild-type cells (filled circles) the FM1-43 fluorescence intensity reaches a plateau after about 30 s, indicating cell
membrane resealing. For AnxA5-deficient cells (empty circles), the fluorescence intensity increases continuously, indicating the absence of membrane resealing. (B) Subcellular
localization of endogenous AnxA5 in a damaged wild-type ST (left-hand panel) analyzed by immunocytofluorescence. Cells were irradiated, fixed with paraformaldehyde,
immunostained for AnxA5 (green) and counterstained with DAPI (blue). Endogenous AnxA5 binds exclusively to the disrupted site of the injured membrane. Bar = 20 um. (C) Lesion
removal in a wild-type ST after cell membrane injury. The image was recorded 120 s after irradiation in the presence of FM1-43 (green). The white arrowhead points to the removal

of a large membrane fragment containing the disrupted site. Bar = 20 pm.

4. AnxA5 promotes membrane resealing in human
trophoblasts

Annexins are abundant in the placenta where they represent
about 1% of total proteins [50—52]. AnxA5 was discovered in the
placenta and named initially PAP-1, for placental anti-coagulant
protein-1 [53].

The multinucleated syncytiotrophoblast (ST) layer covering the
surface of the placenta and bathing in maternal blood is the site of
numerous placental functions and plays a major role throughout
pregnancy [54—56]. The ST layer expands through the continuous
recruitment by fusion of underlying progenitor cytotrophoblasts
(CT), and is therefore regenerated along pregnancy. The ST apical
membrane that faces maternal blood is made of abundant but
fragile microvilli. These microvilli are subjected to shear stresses
from the maternal blood flux within the intervillous space, which
result in numerous events of membrane rupture. In addition, the
syncytial surface delivers into the maternal blood numerous ST-
derived particles named either syncytial knots or sprouts [57]. An
exacerbated deportation of trophoblast knots and sprouts into
maternal blood is observed in preeclampsia, which is responsible
for an inflammatory response of maternal endothelial cells directly
involved in the physiopathology of preeclampsia [58,59]. The un-
expected presence in ST of dysferlin, a cell membrane repair protein
hitherto considered specific to skeletal muscle, suggested the ex-
istence of a plasma membrane repair machinery in the placenta
[60]. The molecular mechanisms leading to the shedding of ST-
derived particles and the required processes of membrane repair
in the placenta are yet poorly understood.

In view of the role of AnxA5 in membrane repair and the high
amount of AnxA5 in human placenta, we hypothesized that AnxA5
may also play a role in membrane repair of human trophoblasts
[61]. We showed that wild-type ST reseal ym?-size membrane
disruptions rapidly, within 30 s, whereas cells lacking AnxA5 fail to
reseal membrane ruptures (Fig. 6A). Similar results were obtained
for CT [61]. It is unlikely that the fast membrane resealing observed
in ST is accomplished through ceramide-driven invagination
induced by exocytosis of lysosomal enzymes. For instance, it was
observed that secretion of significant amount of acid sphingo-
myelinase can take up to several minutes [34], which is inconsistent
with membrane resealing occurring in the second range. Our re-
sults suggest that membrane resealing in human trophoblasts oc-
curs via the formation of a lipid patch.

Wild-type ST express AnxA5, which is homogenously
distributed within the cell, in both the cytoplasm and the nu-
cleus. Few seconds after membrane injury, cytosolic AnxA5 -as
well as extracellular AnxA5-is recruited to the disruption site,
where it is retained several minutes after membrane resealing
(Fig. 6B). The intracellular Ca** concentration has been found to
drop rapidly after membrane resealing [37,39], at a level that is
inconsistent with AnxA5 binding to PS. The presence of AnxA5 at
the disrupted site several minutes after membrane resealing
suggests therefore that it is trapped in a lipid environment where
Ca* remains at mM concentration. Frequently, the lipid material
accumulated at the disruption site of ST was found to detach
from the cell, either as a large fragment (about 100-pm?, Fig. 6C)
or as membrane debris (about 5-pm? [61]). Importantly, this
process was observed to start after completion of membrane
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resealing, which suggests that the release of lipid material cor-
responds to the removal of the lesion.

5. Conclusions

Cell membrane rupture creates a microenvironment where
extracellular and intracellular components mix; in particular, the
high intracellular concentrations of PS and AnxA5 mix with the
high extracellular concentration of Ca®*. Upon binding to PS mol-
ecules at the wounding site of injured cell, AnxA5 self-assembles
into 2D arrays. The formation of AnxA5 2D arrays at a ruptured
cell membrane strengthens the membrane [62,63] by counter-
acting membrane tension due to cytoskeleton attachment. AnxA5
may thus prevent the expansion of the tear and facilitate mem-
brane resealing. By participating in the earliest step of membrane
repair, according to a process based only on the Ca®* influx and the
presence of PS at the plasma membrane, AnxA5 functions likely in a
universal and ubiquitous way whatever the subsequent membrane
resealing and lesion removal mechanisms.

The human trophoblast, which is the primary barrier separating
maternal blood from fetal blood, is a fragile tissue. Various types of
damages may affect the ST plasma membrane and result in the
exposure of PS-containing membranes to maternal blood. In view
of the pro-coagulant properties of PS-exposing membranes, effi-
cient mechanisms of membrane repair must operate in the
placenta to prevent onset of blood coagulation, which could be life-
threatening for the fetus.

Extracellular -as well as cytosolic- AnxA5 binds to the disrupted
site of injured plasma membrane as early as few seconds after
membrane wounding and promotes membrane resealing. Rand
and collaborators have proposed that extracellular AnxA5 forms a
2D anti-thrombotic shield covering the surface of placental ST in
physiological conditions [64]. They proposed also that this protec-
tive shield was disrupted by anti-phospholipid antibodies and that
the correlated exposure of pro-coagulant phospholipids was
responsible for recurrent pregnancy losses observed in patients
presenting the anti-phospholipid antibody syndrome [14,64]. It
would be relevant to revisit this interesting hypothesis in the
context of membrane repair.

The presence of many annexins in the placenta [50—52],
together with the participation of several members of the annexin
family in membrane repair processes, raise the question of a col-
lective role of these proteins in the protection and repair of mem-
brane injuries in trophoblasts.
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