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Abstract

Plasma membrane forms the barrier between the cytoplasm and the environment. Cells constantly and selectively transport
molecules across their plasma membrane without disrupting it. Any disruption in the plasma membrane compromises its
selective permeability and is lethal, if not rapidly repaired. There is a growing understanding of the organelles, proteins,
lipids, and small molecules that help cells signal and efficiently coordinate plasma membrane repair. This review aims to
summarize how these subcellular responses are coordinated and how cellular signals generated due to plasma membrane
injury interact with each other to spatially and temporally coordinate repair. With the involvement of calcium and redox
signaling in single cell and tissue repair, we will discuss how these and other related signals extend from single cell repair
to tissue level repair. These signals link repair processes that are activated immediately after plasma membrane injury with
longer term processes regulating repair and regeneration of the damaged tissue. We propose that investigating cell and tissue

repair as part of a continuum of wound repair mechanisms would be of value in treating degenerative diseases.
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Introduction

Work at the turn of the twentieth century by Charles Overton
established that a lipid membrane bounds the protoplasm
in all living cells [1]. This barrier membrane, referred to as
the cell membrane, plasmalemma, or plasma membrane has
enabled the creation of living cells by physically separating
the protoplasm from the surrounding primordial soup. How-
ever, this 10 nm thick membrane is quite fragile [2] and its
rupture allows extracellular and intracellular milieu to mix,
causing chemical imbalances in the cell that can lead to cell
death. Thus, a cell’s survival depends on its ability to rapidly
restore the integrity of a ruptured plasma membrane. This
explains the need for a ubiquitous pathway to repair plasma
membrane injury in all cells. Plasma membrane repair has
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been studied in a wide variety of organisms and cell types
and defects in plasma membrane repair have been identi-
fied in a growing number of diseases associated with tissue
degeneration (reviewed in [3-5]). Despite the capacity of all
cells to repair their plasma membrane, all cells do not expe-
rience similar injuries. For example, the plasma membrane
of cells in mechanically active tissues, such as muscle and
lungs, experience greater damage from shear stress while
membranes of cells in the gut and other epithelia exposed to
pathogens are more prone to injury by pore-forming toxins.

Specialized signaling mechanisms and cellular machinery
help cells determine the nature and location of the plasma
membrane injury and orchestrate the appropriate repair
response. There are additional features of plasma mem-
brane injury that highlight the need to coordinate the repair
response. First, the cell cannot predict where or when plasma
membrane damage will occur and thus it needs to rapidly
detect damage and orient the repair response based on the
location of the injury. Second, the repair response must be
controlled based on the nature and size of the wound. Third,
repair of the injured membrane occurs in seconds to min-
utes—a time scale that is conducive to changes in protein
and lipid interactions, but not to de novo protein synthesis.
Thus, prior to injury the cell must possess all the required
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components of the plasma membrane repair machinery and
should be able to readily activate and coordinate a response
to effectively repair the membrane. With such requirements,
it is not a surprise that many of the proteins that facilitate
plasma membrane repair have additional roles in cell physi-
ology. The way in which these proteins contribute to plasma
membrane repair changes somewhat based on the type and
size of the injury, and more than one mechanism can con-
tribute to the repair of a single wound. These mechanisms
are the subject of many reviews and a dedicated special
journal issue [3, 4, 6]. Thus, instead of detailing the repair
mechanisms (Fig. 1), we will instead focus on our current
understanding of how these cellular mechanisms and signals
are orchestrated in space and time to allow efficient repair of
wounded plasma membrane.

Cellular mechanisms of repair
Clot formation
Early studies of plasma membrane injury by Victor Heilb-

runn noted that injured cells can seal a torn membrane by a
calcium ion-dependent process that he called the ‘surface

Membrane
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O

Fig. 1 Cellular mechanisms for plasma membrane repair. Injured
plasma membrane, represented by dark blue color, is repaired by
various cellular mechanisms working in tight spatial and tempo-
ral concert with one another. The various mechanisms that enable
plasma membrane repair include: clot formation: organelles, vesicles,
cytoskeletal proteins, as well as calcium-binding proteins aggregate
around the wound site, plugging the wound and rapidly creating a
barrier to prevent the free exchange of materials between the cyto-
plasm and the extracellular environment. Membrane internalization:
endocytosis of the injured plasma membrane can remove holes in
the plasma membrane formed by pore forming toxins. In the case of
larger membrane injuries, endocytosis of vesicles adjacent to the site
of membrane damage may offer a source of recycled membrane that
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Clot Formation and
Wound Constriction

precipitation reaction’ [7]. He hypothesized this to be a
basic colloidal reaction of protoplasm that affects the pro-
toplasm in a manner similar to clotting of blood [7]. Sub-
sequent work has lent support to this clotting-like mecha-
nism by showing that proteins (e.g. annexins) organelles
(eg: mitohondria), or vesicles (endosomes) aggregate at
the site of injury in a calcium-dependent manner [8—11].
Aggregation of calcium-sensitive proteins at the injury site
occurs rapidly and is suggested to be a potential mecha-
nism to slow the exchange of material between the cytosol
and extracellular space [8, 12]. Cells are also capable of
plugging large holes caused by severe plasma membrane
damage, such as due to the transection of axons or skeletal
myofibers. Transected axons accumulate vesicles at the
cut site, which functions to protect the injured axon [10].
Similarly, localized injury of skeletal myofibers results in
rapid accumulation of mitochondria at the site of injury
[9]. Skeletal myofiber injury can result in a ‘stump’ where
myofibrils and mitochondria accumulate in a clotting-like
manner. These stumps containing the clotted material
allow the myofibers to survive for several hours in vivo
without a plasma membrane that is observable by electron
microscopy [13]. Thus, clot formation may be a part of
the repair mechanism where proteins and organelles form

Membrane
Internalization

can form clots or fuse back with the plasma membrane to remodel
the damage site and help close the wound. Membrane shedding: simi-
lar to membrane internalization, ectocytosis can remove holes in the
plasma membrane caused by pore forming toxins, as well as damaged
(oxidized) lipids from membrane adjacent to the site of a large injury.
The resulting vesicles (ectosomes) can then participate in extracellu-
lar signaling that potentiates tissue-level repair responses in neighbor-
ing cells. Membrane fusion: fusion of intracellular vesicles with the
plasma membrane adds new membrane that is required to replace the
damaged membrane lost due to injury. Additionally, the fusing vesi-
cles can release small molecules or enzymes that can alter the extra-
cellular matrix and membrane as well as signal to neighboring cells
to facilitate both cell and tissue repair
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scaffolds to allow the cell time to build new plasma mem-
brane, following which the scaffolds are removed.

Wound constriction

An immediate result of plasma membrane injury is disas-
sembly of the underlying cortical cytoskeleton [14—16].
Membrane tension provided by the cortical cytoskeleton
inhibits spontaneous resealing of small wounds [17], and
acutely relaxing membrane tension helps pull the damaged
membrane together. Depolymerization of densely packed
cortical F-actin is thought to free space for vesicle fusion
events to occur near the site of injury [14]. Although early
disassembly of the cytoskeleton is beneficial, accumulation
of F-actin in the later stages of resealing is required for suc-
cessful repair by aiding in membrane trafficking, wound clo-
sure, and providing structural support to the newly formed
membrane [11, 16, 18, 19]. In Xenopus and Drosophila
models, actin forms a ring structure around the wound area
and aids in closure via a purse-string mechanism involving
the motor function of myosin [20, 21].

Membrane fusion

Early studies of invertebrate eggs implicated vesicle fusion
in the process of repairing injured plasma membrane [22].
This was confirmed in studies with oocytes, which identified
cortical granules as the vesicles that provide new membrane
to repair the damaged plasma membrane [23]. Involvement
of synaptic vesicle-like machinery in repairing invertebrate
and mammalian cells provided further support to vesicle-
mediated membrane repair [24, 25]. In oocytes, vesicle-
mediated repair appears to involve formation of a ‘mem-
brane patch’ to close the wound [26, 27]. While mammalian
cells lack cortical granules, lysosomes have been identified
as the ubiquitous calcium-dependent exocytic compartment
[28, 29]. Lysosome fusion facilitates repair of plasma mem-
brane injured by mechanical as well as toxin-induced dam-
age [30, 31]. Lysosomal exocytosis was proposed to facili-
tate plasma membrane repair in a manner similar to cortical
granules, where internal membrane provides a patch for the
plasma membrane wound [15, 30]. However, imaging lys-
osomes present at the plasma membrane showed that instead
of coalescing into a patch, these lysosomes respond to the
calcium increase and plasma membrane injury by fusing
at the site where they are present on the plasma membrane
[32]. Instead of patch formation, lysosome exocytosis con-
tributes to plasma membrane repair by releasing the lysoso-
mal enzyme acid sphingomyelinase (ASM) [31-33]. This
mechanism of lysosome-mediated repair is supported by the
ability of the extracellular ASM treatment to reverse plasma
membrane repair defects in cells that show reduced injury-
triggered lysosomal exocytosis [32].

Membrane internalization

Plasma membrane endocytosis was first observed in cells
treated with pore forming protein released by killer T cells
[34]. Later on, this endocytic process was shown to depend
on clathrin and dynamin and aid in the repair of injured
plasma membrane, helping protect the tissue from inflamma-
tion that would result from the release of cellular proteins if
necrotic cell death ensued [35]. Endocytosis was also shown
to facilitate repair of plasma membrane injured by bacte-
rial pore forming toxin streptolysin O (SLO) or injured due
to cell sqeezing [31]. Injury-triggered endocytosis of SLO
pores has also been shown to depend on the release of lyso-
somal ASM, which converts local sphingomyelin into cera-
mides and subsequently induces endocytosis [31, 33]. This
suggests the possibility that intracellular vesicles needed to
reseal the membrane may be derived from the plasma mem-
brane itself [18].

Membrane shedding

In addition to endocytosis, repair of plasma membrane
injured by SLO and other pore forming toxins has been
shown to rely on microvesicle-mediated shedding of toxin
pores in the plasma membrane [36, 37]. While vesicle shed-
ding is suggested to be a physical effect of the toxin on the
plasma membrane, more recent studies have implicated the
endosomal sorting complex required for transport (ESCRT)
machinery in shedding of SLO pores [38]. The require-
ment of ESCRTs has also been identified in repairing larger
(micron scale) focal plasma membrane wounds as well as
by mechanical injury [39]. In the case of the larger wounds,
F-actin deploymerization and ESCRT assembly both facili-
tate shedding of damaged edges of the injured plasma mem-
brane [16, 39]. This enables merging of the wound edges
through the constriction of the wound by membrane fusion
and cytoskeletal contraction.

Instead of any one of the above mechanisms for plasma
membrane repair, cells employ a combination of many of the
above mechanisms to work cooperatively to aid with wound
closure and remodeling the wounded plasma membrane for
efficient plasma membrane repair.

Signals and effectors of plasma membrane
repair

Calcium and calcium-binding proteins

With an over 10,000-fold calcium gradient across the plasma
membrane, injury results in a large and rapid calcium influx

into the cytosol [40]. This large influx of calcium is rec-
ognized for its ability to trigger cell death [41]. However,
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nearly a century ago the requirement of calcium for repairing
injured cells was first reported by way of a “surface pre-
cipitation reaction” [7, 42]. Excessive calcium entry across
the plasma membrane is a universal signal to trigger the
plasma membrane repair response [3-5]. A critical element
of the calcium-triggered repair response is the cell’s abil-
ity to switch it off by removing excess cytosolic calcium.
Chelation by calcium-binding proteins can temporarily curb
the excess calcium overload in the moments immediately
following injury. However, other compartments, such as
mitochondria, can selectively take up calcium at the site of
injury and help in stably buffering the calcium increase [19].

The unique chemistry of the calcium ion [40] is integral
to its role in plasma membrane repair. This is demonstrated
by experiments showing that reduction in the level of extra-
cellular calcium or increasing the level of a competing diva-
lent ion, such as magnesium, compromises the kinetics and
the ability of cells to repair [24, 43]. Calcium entry from
the site of injury creates a gradient starting from the wound
site, and the myriad cellular mechanisms (chelators, pumps,
etc.) that remove excess cytosolic calcium add to the rapid
generation of a calcium gradient. This gradient activates dif-
ferent calcium-sensitive responses depending on the local
calcium level and the relative affinity of calcium binding
proteins [44]. Cells have a variety of calcium sensing pro-
teins that exhibit a wide range of calcium binding affinities,

which enables them to mount a diversity of spatially and
temporally localized responses to calcium increase (Fig. 2)
[45]. However, the magnitude and timing for which calcium
increase needs to occur for triggering an efficient repair
response are variable. While the repair of micropuncture
injury of oocytes requires 1.2 mM extracellular calcium, this
threshold is 400 uM for 3T3 fibroblast injury [24]. Following
pore forming toxin injury, intracellular calcium increase in
the low micromolar range (5-10 uM) can facilitate repair,
while increase over 10 pM can cause the repair to fail [46].
Different cell types also exhibit different sensitivity to cal-
cium increase following membrane injury for their survival
[47]. Thus, there appears to be a fine line between calcium
signaling and toxicity during membrane repair, necessitating
a tight control over free calcium following injury.

Annexins

The annexin family of calcium-binding proteins has a wide
range of calcium sensitivities [48]. This allows annexins to
respond to plasma membrane injury in a calcium-concentra-
tion-dependent fashion [45]. This diversity in calcium sen-
sitivity is matched by the diversity of roles annexins have
been proposed to play in processes implicated in plasma
membrane repair, including clot formation, membrane traf-
ficking, and cytoskeleton reorganization [48]. The ability of
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Fig.2 Cellular calcium-binding proteins activate plasma membrane
repair machinery. Plasma membrane injury leads to entry of extracel-
lular calcium into the cell, which activates different calcium-depend-
ent repair mechanisms. (a) Clotting and wound constriction: various
calcium-binding proteins such as annexins respond to the local high
calcium and the presence of phosphatidylserine-containing mem-
branes, which results in local aggregation of proteins and vesicles.
Through activation of calcium-activated proteases such as calpains,
structural and signaling proteins undergo local proteolysis. This is
accompanied by re-assembly of new cytoskeleton, which is also
facilitated by annexins and other calcium-binding proteins. F-actin
remodeling facilitates local trafficking and trapping of vesicles at the
wound site to form a clot. (b) Membrane shedding: calcium bind-
ing to ALG-2 initiates assembly of the ALIX/ESCRT-III complex.
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This enables cleavage of the damaged membrane edges, which are
then shed as extracellular vesicles. Additionally, loss of actin at the
injury site allows for the membrane to become floppy and to be easily
detached from the adjacent undamaged part of the plasma membrane.
Shedding of these membrane regions allows for efficient closure of
the wound edges while the shed vesicles signal neighboring cells to
facilitate tissue repair. (¢) Vesicle fusion and calcium homeostasis:
vesicles such as lysosomes contribute to local calcium signaling by
sequestering or releasing their luminal calcium through transport-
ers such as MCOLNI. Other calcium-sensitive proteins such as syn-
aptotagmin and dysferlin facilitate tethering and fusion of vesicles
with the injured plasma membrane. This provides new membrane for
remodeling and allows for delivery of signaling molecules and pro-
teins, which aid in repair
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annexin family members to perform a wide array of tasks
during plasma membrane repair may be due to their different
binding affinities to intracellular calcium [44]. For example,
annexins with the greatest calcium sensitivity respond faster
to plasma membrane injury, at a time when their function
is dictated by the substrates (e.g. lipids or cytoskeleton)
available for binding [49, 50]. While annexins with lower
calcium sensitivity respond later and can involve bind-
ing partners such as S100 proteins [16]. The difference in
response to calcium signaling may determine how largely
similar annexin proteins including Annexin Al, A2, A4,
A5 and A6 can accumulate and potentially facilitate differ-
ent aspects of plasma membrane repair (Fig. 2a) [51, 52].
However, annexin accumulation at the injury site does not
necessarily indicate a role in repair. For example, Annexin
A1, which accumulates at the site of myofiber injury [51], is
not required for myofiber repair following focal or mechani-
cal injury [53]. Another annexin, Annexin A5, which accu-
mulates at the site of plasma membrane injury facilitates
repair by forming two-dimensional protein arrays. These
arrays may play a structural role in repair by stabilizing the
damaged plasma membrane and limiting wound expansion
[8]. In addition, Annexin A5—Iike other annexins—binds
phosphatidylserine (PS) enriched at the site near injury
(see discussion on lipid patterning below). In contrast to
the structural lattice formed by Annexin AS, the Annexins
A4 and A6 play complimentary roles in membrane curva-
ture and constriction after injury [52]. Calcium-dependent
Annexin A4 also binds preferentially to PS-rich membrane
regions and curves the wounded plasma membrane edges,
which is subsequently constricted inward by Annexin A6 to
aid in closing the wound. This proposed mechanism seems
to fit with the wound stabilizing role of Annexin A5, which
is recruited to the injury site within seconds [8], while later
arrival of Annexins A4 and A6 facilitates wound closure
[52]. Annexin A6 has been reported to localize to the extra-
cellular face of the plasma membrane in skeletal muscle [11,
51], which is consistent with the role of Annexin A6 in con-
stricting the damaged free edges of the wound site. Annexin
A2 is involved in repair as a complex, which it forms with
the calcium-binding protein S100A11 [16] and this Annexin
A2/S100A11 complex is required for actin reorganization
and the membrane scission mechanism of repair described
above. In contrast to the rapid annexin response described
above, the Annexin A2/S100A11 complex is recruited rela-
tively slowly (tens of seconds), which aligns with the time
scale of F-actin recruitment during repair (Fig. 2a) [16].
Interestingly, Annexin A1 was also rapidly recruited in can-
cer cells independently of SI00A11, but it accumulated in
the region of damaged membrane that was eventually shed
off. Unlike the in vivo role of Annexin Al in facilitating
myoblast fusion during muscle regeneration [53], but not in
myofiber plasma membrane repair, in cultured cells Annexin

Al is suggested to facilitate plasma membrane repair by
promoting membrane trafficking and fusion [46, 54]. The
diversity of kinetics and localization of annexin recruitment
at the injury site, for example the faster accumulation of
Annexins Al and A6 compared to Annexin A2, is conserved
in some [11, 55], but not other systems. For example, in
injured muscle fibers of Zebrafish, Annexin A2 accumu-
lates before Annexin A1 [51]. This suggests that annexins
either perform different functions in repair depending on the
system/cell type, or that the timing of accumulation is not a
strict requirement for the role of annexins in repair. Future
studies may help address such questions related to the role
of annexin complexes in plasma membrane repair.

Calpains

Similar to annexins, upon binding micromolar to millimo-
lar level of calcium, calpains participate in plasma mem-
brane repair in multiple cell types [56—60]. Unlike the direct
effects of annexins on membrane dynamics and vesicle
fusion, calpains work by calcium-dependent proteolysis of
membrane and cytoskeletal proteins [59—-61]. Disassembly
of the cortical cytoskeleton not only helps reduce membrane
tension that can inhibit resealing, but also improves access
of vesicles to fuse with the plasma membrane [14, 62]. Cal-
pains have also been implicated in the control of vesicle
fusion machinery itself [63]. Thus, calpains may facilitate
repair of injured plasma membrane through their contribu-
tion to cytoskeleton remodeling and action on vesicle fusion
machinery. However, unlike annexins, an optimal level of
calpain activity, perhaps through regulation of intracellu-
lar calcium level, is required for efficient plasma membrane
repair, and excessive calpain activation can cause cell death
[64].

MCOLN1 and ALG-2

Intracellular compartments contribute to cellular calcium
homeostasis both by facilitating clearance and controlled
release of calcium into the cytosol. These organelle-medi-
ated secondary calcium release mechanisms allow for
delayed and localized increase in calcium independent of
the injury site. For example, calcium released by lysosomes
is used by pyramidal neurons for long-term structural plas-
ticity of dendritic spines, which is mediated by lysosome
exocytosis [65]. Lysosomal calcium release is also relevant
for membrane repair as loss of the lysosomal calcium chan-
nel MCOLN1 (TRPML1) in muscle fibers compromises
injury-triggered lysosomal exocytosis and plasma membrane
repair, resulting in muscular dystrophy [66]. Additionally,
association of MCOLN1 with the calcium-binding protein
Apoptosis-linked gene-2 (ALG-2) also facilitates calcium-
dependent retrograde movement of lysosomes [67]. ALG-2
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itself has been shown to be essential for plasma membrane
repair as it is responsible for membrane shedding through
recruitment of the ESCRT complex at the injured plasma
membrane (Fig. 2b) [38, 39]. ESCRT proteins are well
known for their role in membrane deformation and scission
at the late endosome/lysosomes to form exosomes within
the multivesicular body [68]. However, in response to
plasma membrane injury, ALG-2 facilitates accumulation
of ESCRT-III at the damaged plasma membrane by way of
its binding partner—ALG-2 interacting protein X (ALIX).
The ESCRT-III complex works together with the ATPase
Vps4b to cause shedding of the damaged membrane produc-
ing extracellular vesicles called ectosomes [39]. While sug-
gested to be relevant for small injuries (< 100 nm), ESCRT
machinery is also required for shedding of ectosomes follow-
ing micron-sized plasma membrane damage [38, 39]. Given
the lack of lipid binding domain in ALG-2, the mechanism
by which it associates with the injured plasma membrane in
response to injury-triggered calcium increase requires fur-
ther investigation.

Synaptotagmins

Synaptotagmins (Syt) are a family of C2 domain contain-
ing proteins that, similar to the annexin family, show a
graded calcium sensitivity for the process of calcium-
triggered exocytosis [69]. Early work had recognized the
role of synaptic vesicle like exocytic machinery in plasma
membrane repair [24, 25]. In support of this, Syt have been
recognized for their role in the repair of axons in mam-
malian and invertebrate neurons as well as in the plasma
membrane repair in astroglial cells [70, 71]. Syt facilitate
calcium-triggered lysosome fusion, which is implicated
in repair of neuronal and non-neuronal cells. Syt-VII is
a major lysosomal synaptotagmin isoform that controls
fusion pore expansion during calcium-triggered lysosome
exocytosis and its absence compromises plasma membrane
repair (Fig. 2¢) [30, 72—75]. In cells such as astrocytes,
which lack lysosomal Syt VII, another synaptotagmin iso-
form, Syt XI, facilitates calcium-triggered lysosome exo-
cytosis and is required for plasma membrane repair [75].
In contrast to these Syt, lysosome exocytosis is negatively
regulated by Syt II [75, 76]. Such positive and negative
regulation of lysosome exocytosis may be crucial for the
graded calcium dependence that regulates the extent of
calcium-triggered lysosome fusion—high calcium (as
experienced after membrane injury) leads to full fusion
of lysosomes, while smaller increases in calcium induced
by receptor stimulation lead to partial fusion of the lyso-
some [75]. This calcium dependence is lost in the absence
of Syt [74, 75]. Furthermore, the rate of exocytosis and
the number of lysosomes that exocytose are directly tied
to the level of calcium increase. After plasma membrane
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injury, peak lysosome exocytosis occurs within 10 s while
receptor stimulation-induced calcium increase causes the
peak fusion to occur by 30 s [74, 75]. Thus, Syt are cal-
cium sensors that help tune lysosome fusion based on the
strength and/or duration of the calcium signal. Aside from
Syt, other proteins including synaptotagmin-like protein
4a are also implicated in plasma membrane repair by its
interaction with the GTPase Rab3a to facilitate lysosome
trafficking to the cell periphery [77].

Dysferlin

Similar to Syt, ferlin proteins also contain C2 domains
and are implicated in plasma membrane repair by regulat-
ing injury-triggered vesicle fusion [78]. The absence of
dysferlin-mediated vesicle fusion results in poor plasma
membrane repair and muscular dystrophy [32, 79]. Like
Syt VII and XI, dysferlin also regulates calcium-triggered
lysosome exocytosis [32, 80]. However, unlike synaptotag-
min, instead of triggering exocytosis, dysferlin facilitates
tethering/docking of lysosomes to the plasma membrane
(Fig. 2¢). This enables rapid fusion of lysosomes following
plasma membrane injury. While the exact mechanism for
this mode of action of dysferlin has not been elucidated,
lack of dysferlin has been shown to reduce the number
of lysosomes present at the plasma membrane as well as
cause an overall reduction in the kinetics and number of
lysosomes that undergo injury-triggered exocytosis [32].
Dysferlin-mediated lysosome exocytosis releases the lys-
osomal enzyme ASM. Secreted ASM facilitates injury-
triggered plasma membrane endocytosis required for
repair [33, 81]. Interestingly, muscle fiber injury causes
endocytosis of dysferlin into vesicles that can fuse with
the plasma membrane in an F-actin dependent process
[18]. This suggests a model in which dysferlin-mediated
ASM secretion allows for the formation of endocytic
vesicles to facilitate myofiber repair [81]. Extracellular
application of ASM to dysferlin-deficient muscle rescues
the plasma membrane repair defect in dysferlin-deficient
mice and establishes the requirement of secreted ASM for
plasma membrane repair [32]. Injury-triggered calcium
increase also activates calpain, which has been shown in
astroglial and muscle cells to cleave dysferlin at the site
of membrane injury to form a truncated dysferlin protein
(mini-dysferlin) that resembles synaptotagmin [60, 78].
Mini-dysferlin is detectable at the injury site in <10 s,
which is consistent with the rapid time course of lysosome
exocytosis in muscle and glial cells [32, 75]. Given that
dysferlin in skeletal muscle with the calpain cleavage site
is limited to 10-15% of the total dysferlin protein [60], it
remains to be seen how these mini-dysferlin molecules
facilitate plasma membrane repair.
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Calcium-dependent signaling

Calcium is a ubiquitous second messenger that regulates a
variety of signaling processes by interacting with calcium-
binding proteins and modifying their function by changing
their charge, molecular conformation, or interaction with
other proteins [40, 82]. These calcium-sensitive proteins are
damage sensors and can act rapidly to facilitate plugging
of the membrane wound. In addition to such a direct role,
calcium signals also propagate through downstream effec-
tor proteins and compartments, which upon activation lead
to prolonged signaling (Fig. 3). We will next discuss these
proteins and their mode of action.

Rho GTPases

One mechanism by which injury-triggered calcium increase
results in downstream structural changes to the cell mem-
brane is through the activation of Rho-family GTPases,
which regulate the assembly of transient contractile
cytoskeletal arrays [83, 84]. A brief injury-triggered increase
in calcium leads to the activation of Rho and/or Cdc42
proteins. These GTPases in turn regulate the formation
well-defined zones of actin and myosin-2 in a manner that
mediates constriction of the wounded edges of the plasma
membrane in a purse string-like mechanism (Fig. 3a) [83,
85]. Calcium-dependent activation of PKC f and n isoforms
following injury causes PKC p-mediated activation and PKC
n-mediated inhibition of GTPase activity, which creates the
positive feedback underlying the acute and coordinated

amplification of Rho and Cdc42 leading to closure of the
plasma membrane wound [86, 87]. RhoA also exhibits acti-
vation by calcium-triggered mitochondrial redox signaling
and this facilitates F-actin reorganization required for repair
[19]. In the sections below, we will discuss the interplay
of calcium, ROS and other regulators in coordinating Rho
GTPases during wound repair.

Phospholipases

Phospholipases contribute to the modification of lipid com-
position of the injured plasma membrane, causing down-
stream signaling to facilitate repair. Injury-triggered calcium
increase activates phospholipase C (PLC) [88], causing pro-
duction of diacylglycerol (DAG) and inositol trisphosphate
(IP5;) (Fig. 3b). DAG localizes to the region adjacent to the
wound site and provides a key signaling platform that deter-
mines the spatial localization of downstream repair effectors
such as protein kinase C (PKC) and Rho GTPases [86]. In
astrocytes, IP; increase has been shown to last for hours,
well beyond the time frame for intracellular calcium increase
[88]. While the mechanism of PLC-dependent IP; produc-
tion in the repair of injured cells is yet to be elucidated,
repaired cells secrete IP;, suggesting a role for injury-trig-
gered extracellular IP; signaling. Plasma membrane injury
also causes the increased activity of phospholipase D (PLD)
[89]. PLD activity results in the formation of phosphatidic
acid (PA), which occurs in a spatially confined concentric
ring around the injury site, mirroring the kinetics of DAG
formation [86]. PA has been implicated in SNARE-mediated

Calcium-dependent signaling
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Fig.3 Calcium-dependent signaling coordinates the repair response
(a) GTPase signaling: Rho-family GTPases regulate the assembly of
F-actin cytoskeleton that facilitates the closure of plasma membrane
wounds. GTPase activity is controlled by regulatory GEF and GAPs,
which allow GTPases to function in distinct spatial regions relative to
the wound site. (b) Lipid patterning: the site of injury undergoes local
modification of lipids after injury, due to local influx and efflux of
specific lipids, delivery of new lipids by vesicle fusion, and de novo

generation of lipids caused by the activation of calcium-dependent
phospholipases or localized secretion of enzymes such as acid sphin-
gomyelinase (ASM). This local change in lipid species provides a
platform for downstream signaling events carried out by GTPases and
protein kinases. (c¢) Potentiation of repair: localized activation and
recruitment of protein kinase C to DAG-rich membrane regions near
the site of injury triggers a CREB-mediated gene transcription path-
way that potentiates the repair response for repeat injuries
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vesicle fusion [90]. Further, PLD is involved in the synthesis
of phosphatidylglycerol (PG). In response to keratinocyte
wounding in vitro, PLD inhibitors prevented repair, while
addition of exogenous PG aided in epithelial wound repair in
mice [89]. Given the role of vesicle fusion in plasma mem-
brane repair and the ability of PLD to catalyze PG synthesis
by the transphosphatidylation reaction [91], it is possible
that PLD plays multiple roles in plasma membrane and tis-
sue repair.

Protein kinases

Protein kinase C isozymes are recruited to the plasma mem-
brane by DAG and regulate downstream signaling pathways
that facilitate repair. While not all PKC isozymes require
direct calcium-binding for activation, binding to DAG indi-
rectly requires the calcium-activated PLC. PKC signaling,
through the family members PKC 1 and 0, regulates vesicle
fusion after membrane injury via the downstream effector
Munc13-1 [86, 92]. This pathway is propagated by a feed-
forward mechanism in which the PKC target MARCKS
mediates synthesis of phosphatidylinositol 4,5-bisphosphate
(PIP,), which may allow for PLC-mediated DAG formation.
Protein kinase A (PKA) activity is increased by binding
of cAMP, which itself increases in the minutes following
plasma membrane injury [93]. PKA activity is required for
membrane resealing, but its role in this process is less well
understood [94].

PKC and PKA activity is critical not only to initial reseal-
ing of damaged plasma membrane, but also for the longer-
term adaptation to injury. Cells, especially those in mechani-
cally active tissues, often undergo repeat injuries. To better
deal with this membrane stress, cells have developed adap-
tive mechanisms to improve their plasma membrane repair
ability. This process, referred to as potentiation, can reduce
the time needed for resealing by twofold, thus improving
survival in the face of repeated injuries [17]. Increase in
PKC and PKA activity after an initial plasma membrane
wound is required for short-term potentiation of repair from
a repeat injury that occurs in the minutes after initial dam-
age (Fig. 3c). These kinases initiate signaling pathways that
facilitate vesicle trafficking to the cell periphery in a manner
dependent on new microtubule growth [17, 95].

Long-term potentiation, which provides improved repair
ability for hours or even days after an initial membrane
injury, requires CREB-mediated gene expression (Fig. 3c)
[96]. Phosphorylation of CREB occurs through a PKC and
p38-MAPK-dependent pathway [96]. Additionally, plasma
membrane repair in neighboring uninjured cells can be
potentiated by extracellular signaling, which increases pro-
tein kinase G (PKG) activity in these cells. PKG activity
causes CREB phosphorylation, leading to gene expression
that potentiates repair. This pathway involves intracellular
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nitric oxide signaling [97]; however, the precise mechanism
is yet to be resolved.

Purinergic signaling

Extracellular purinergic signaling helps potentiate repair
of neighboring cells that are not in physical contact [98].
Release of ATP by the injured cells is sensed by neighbor-
ing cells, which initiates short-term repair potentiation.
Although ATP can be passively released from injured cells,
this does not appear to be a major contributor to signal-
ing that regulates potentiation [98]. Instead, ATP secretion
occurs by calcium-triggered exocytosis following plasma
membrane injury [98—100]. In addition to facilitating lyso-
some exocytosis, dysferlin can also facilitate injury-triggered
exocytic ATP secretion [98]. Since lysosome exocytosis
can facilitate ATP secretion [101], ATP secretion-mediated
potentiation of repair may be another role of injury-triggered
lysosome exocytosis. Secreted ATP can bind purinoreceptors
on neighboring cells, causing increase in intracellular cal-
cium and cAMP [102]. This in turn can stimulate PKC and
PKA activity to regulate downstream short-term potentiation
pathways. Purinergic signaling also regulates Akt (protein
kinase B) activity, which increases several minutes after
plasma membrane injury [103]. Given that Akt activation
occurs after membrane resealing is well underway, it seems
likely to control longer-term processes such as lysosome
biogenesis [104, 105].

Redox signaling

There is growing evidence that supports a beneficial role of
reactive oxygen species (ROS) in a variety of physiologi-
cal processes through activation of redox signaling [106].
An abundant source of ROS is the superoxide produced by
mitochondria and in the cytosol by NADPH oxidases. These
species are then rapidly dismutated to hydrogen peroxide
(H,0,), which can act as a signaling molecule [107]. Redox
modifications chemically alter proteins and lipids and can
change their function. While uncontrolled redox modifi-
cation can damage cells, the specificity, reversibility, and
highly localized nature of this process allow it to facilitate
signaling [108]. A feature of redox signaling enabled by
endogenous antioxidants is its transient nature. Compared
to calcium increase after plasma membrane injury, the life-
time of reactive oxygen generating moieties is measured
in fractions of seconds. Thus, ROS increase after plasma
membrane damage is transient and highly localized to the
site of injury where it can facilitate repair by locally acti-
vating proteins such as MG53 and RhoA, which facilitate
vesicle fusion and cytoskeletal remodeling, respectively
[19, 109-111]. Chronic ROS increase appears to prevent
plasma membrane repair [112]. Because ROS increase may
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be beneficial or detrimental to cells based on its duration,
ROS increase following membrane injury needs to be tightly
regulated in amplitude, space, and time. There is growing
interest in understanding the machinery that produces the
short-lived ROS signal and the sensors that help respond to
this signal to repair the injured plasma membrane.

Protein oxidation

Similar to calcium, ROS act as an early signal alerting the
cell of damage to the plasma membrane (Fig. 4). This may
occur by the entry of extracellular oxidants, which has been
proposed to cause the oxidation and subsequent oligomeriza-
tion of the TRIM-family protein MG53, leading to its rapid
localization at the site of injury [109]. MGS53 is also capable
of binding the negatively charged PS. PS binding in conjunc-
tion with oxidation-dependent oligomerization allows MG53
to aid in trafficking of dysferlin-containing vesicles to the
plasma membrane for fusion (Fig. 4a) [109, 113]. However,
exogenous MG53 exposure can also improve membrane
repair in dysferlin-null mice [114]. Therefore, instead of
oxidation-dependent vesicle fusion, oxidized MG53 may aid
in little explored extracellular pathways for plasma mem-
brane repair [115]. Thus, the mechanism of action of MG53
in membrane repair needs to be elucidated further.
Independent of MG53, oxidation of signaling proteins
regulates downstream mechanisms to facilitate plasma mem-
brane repair. Oxidation of PKA increases its activity, which
increases the response of SNAP-25 and NSF—components
of SNARE-mediated vesicle fusion machinery [110]. This

ROS-mediated PKA activation is independent of cAMP and
is suggested to be due to direct oxidation of the regulatory
subunits of the PKA holoenzyme [116]. In particular, the
regulatory subunits of Type I PKA, but not Type II, are capa-
ble of forming intramolecular disulfide bonds in response to
oxidation that causes dissociation and activation of the cata-
Iytic PKA subunits [116]. Regardless of the precise mecha-
nism, low levels of oxidation as well as acute exposure to
high oxidation promote the phosphorylation of downstream
PKA targets [117]. In contrast, chronic exposure to oxidation
abolishes PKA signaling. Similar to PKA, Rho GTPase sign-
aling regulates repair by influencing its downstream targets.
Oxidation of RhoA, which contains a redox-sensitive motif,
increases its activity [118]. Redox-dependent activation of
RhoA facilitates repair by mediating F-actin reorganization
(Fig. 4b) [19]. Redox-regulation of Rho GTPases may also
occur via different mechanisms. For example, ROS inhibi-
tion of Cdc42GAP in smooth muscle cells results in the indi-
rect increase of Cdc42 [119]. The role of ROS in regulating
protein kinase and Rho GTPase signaling suggests that redox
signaling may facilitate repair in parallel with the conven-
tional calcium-dependent signaling pathways.

Lipid oxidation

The role of ROS as a signaling molecule depends on its
level as well as its spatial and temporal compartmentali-
zation. Therefore, the location of ROS production after
plasma membrane injury as well as the extent to which it is
produced can have seemingly contradictory effects on the
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Fig.4 Redox signaling facilitates plasma membrane repair. Reactive
oxygen species (ROS) present at the site of injury may be produced
by mitochondria or the NADPH oxidase Duox. Redox signaling
results in protein and lipid modification that initiates repair path-
ways in parallel with calcium-dependent mechanisms. (a) Vesicle
aggregation: oxidation of the TRIM-family protein MG53 causes its
oligomerization. This promotes vesicle aggregation near the site of
injury and may promote repair by participating in clotting or mem-

brane fusion. (b) Cytoskeletal rearrangement: redox regulation of
Rho-family GTPases facilitates cytoskeletal rearrangement. Oxida-
tion increases the activity of Rho GTPase, which mediates F-actin
assembly at the site of injury. (¢) Lipid modification: redox signaling
provides additional diversity in the spatial and temporal patterning of
lipids. In conjunction with calcium-dependent patterning, phospholi-
pases interact with oxidized lipids to provide signaling platforms to
activate downstream repair pathways
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ability of cells to repair membrane damage. Of interest in
this regard is the observation that plasma membrane-directed
glutathione peroxidase 4 (Gpx4) aids in repair, suggesting
that plasma membrane lipid peroxidation inhibits repair
[120]. This observation is supported by the ability of vita-
min E, a membrane localized antioxidant, to improve plasma
membrane repair, while the cytosolic antioxidant N-acetyl
cysteine (NAC) does not affect repair [112]. In contrast,
phospholipases, which are required for injury-induced lipid
patterning (described in the section below) are also regulated
by ROS such that PLC preferentially cleaves peroxidized
phospholipids, and acute treatment with hydrogen peroxide
increases PLC-mediated lipid cleavage [121, 122]. After
stretch induced injury in astrocytes, increased membrane
oxidation was observed along with a concomitant increase
in PLC activity and phosphatidylcholine (PC) biosynthesis
[123]. This, and the fact that lipid peroxidation is revers-
ible [124], suggests that the oxidation of membrane lipids
may constitute a signaling process to direct the precise spa-
tial patterning of lipid species, such as DAG, after injury
(Fig. 4c). Oxidants near the site of injury may modify lipids,
thus directing PLC to generate DAG adjacent to the injury
site. PLC can also generate IP;, which is secreted after
injury and can stimulate calcium release from intracellular
stores, thus participating in intercellular membrane repair
signaling [88]. This potentially ties ROS signaling back into
calcium-dependent repair signaling. Other studies investigat-
ing more general, globally acting antioxidants, such as DTT
and melatonin, conclude they are detrimental to repair [109,
110, 120]. Thus, involvement of lipid oxidation in membrane
repair does not appear to be straightforward. Collectively,
these studies suggest that the role of ROS in plasma mem-
brane repair needs to take into consideration the magnitude,
the spatial and temporal localization of ROS production, and
the nature of the oxidizing species.

Calcium and redox crosstalk

Calcium and redox signaling pathways regulate plasma
membrane repair by interacting with the repair machinery
described above. However, calcium and ROS signaling
also impact on one another at different levels, which affect
how signals are generated and propagated in the cell [125].
Injury-triggered increase in intracellular calcium can induce
ROS production by NADPH oxidases (Nox) and mitochon-
dria. While the Nox isoform Duox plays an important role
in tissue repair (discussed below), calcium-dependent mito-
chondrial ROS production facilitates plasma membrane
repair by activation of RhoA, which mediates F-actin accu-
mulation at the site of injury [19].

Similarly, ROS activation of plasma membrane and
organellar calcium channels modulates calcium signal-
ing by controlling calcium entry and release into cellular
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compartments. The activity of plasma membrane voltage-
gated calcium channels (VGCC) is regulated by ROS, and
calcium influx mediated by VGCCs has been implicated
in both cell death as well as plasma membrane repair in
neurons [126—-128]. Blocking L-type calcium channels in
muscle cells causes poor repair, possibly by preventing
translocation of dysferlin to the injury site [78]. ROS can
also modulate calcium entry and release from intracellular
organelles such as ER, mitochondria, and lysosomes [125,
129]. Mitochondrial ROS activation of the lysosomal cal-
cium channel MCOLNI causes calcium release from lys-
osomes [130], and this may regulate lysosome exocytosis
to facilitate repair. Such a crosstalk between mitochondria
and lysosomes could allow for lysosomal exocytosis to con-
tinue beyond the initial calcium increase caused by plasma
membrane injury. However, chronic elevation of ROS is
detrimental to mitochondrial and lysosomal function [131,
132]. This highlights the delicate balance needed in calcium
and ROS homeostasis during repair. Crosstalk between these
signaling pathways increases the diversity possible in gen-
erating new signals and, thus, allows for the complex spa-
tiotemporal organization of machinery that is necessary for
plasma membrane repair.

Spatiotemporal organization of signaling
elements and effectors

The focal nature of plasma membrane injury demands a
localized response. Successful repair also depends on a
series of sequential steps including stabilization of the
damaged membrane, vesicle movement and fusion, and
cytoskeletal reorganization. Therefore, cellular machinery
must be targeted to the correct location and arrive at the
appropriate time in order to enable plasma membrane repair.
The calcium and redox signaling pathways described above
control the activation of repair machinery. However, the
organization of this machinery and how the precise spatial
and temporal coordination is achieved in response to plasma
membrane damage is critical to the ability of a cell to repair
(Fig. 5).

Lipid patterning

Lipids are the basic constituent of cellular membranes.
Recent studies have identified that organization of plasma
membrane lipids at the wound site changes in response to
injury [27, 86]. Plasma membrane injury triggers lipid pat-
terning that can occur rapidly (<20 s) or slowly, and results
in pattern formation by lipids at the wound site. These lipid
movements form distinct and sometimes overlapping zones
around the wound site. Lipid changes rely both on movement
of specific lipids to the site of injury, and de novo generation
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Fig.5 Timeline of events coordinating repair. Injured cells undergo a
set of overlapping events that occur in a sequential manner to enable
successful membrane repair. The membrane repair process includes
events required to reseal the wounded membrane, as well as the
cytoskeletal reassembly and other events required to return the cell
membrane to its pre-injury state. The events involved in the repair
response do not have a discreet start and stop time as they depend on
the nature of injury and the cell type involved in the repair response.

of lipids. These re-organized lipids then facilitate temporal
and spatial control of protein localization and function at the
wound site (Fig. 3).

One of the lipids that reorganizes at the wound site is
PS. PS is a negatively charged lipid with the ability to bind
proteins such as annexins, dysferlin, and MG53, which are
all involved in plasma membrane repair [133]). Following
plasma membrane injury in Xenopus oocytes and zebrafish
skeletal muscle, PS localizes directly adjacent to the wound
site [86]. PS translocation in zebrafish muscle is guided
by the arginine-rich PS binding region of dysferlin [133].
However, the details of how dysferlin itself translocates to
the injury site and how it helps localize PS require further
investigation. This model, in which PS binding proteins may
regulate PS translocation, also invokes a potential role of
annexin and MG53 localization in PS translocation. PS pat-
terning at the wound edge helps annexins to localize and
stabilize the wound edge and induce folding of the wounded
membrane edge that aids in repair [52].

Beyond forming distinct spatial zones, lipid signaling also
provides a temporal element of regulation. This is achieved
by de novo synthesis of lipids in response to plasma mem-
brane injury. Ceramide formation from sphingomyelin is
an example of this. Ceramide is formed directly as a result
of injury-triggered release of ASM due to dysferlin and
synaptotagmin-mediated lysosome exocytosis (see discus-
sion above) [32, 75]. Locally high concentrations of ASM
catalyze local formation of ceramide from plasma mem-
brane sphingomyelin [134]). Ceramide clusters may facili-
tate repair by inducing removal of the injured membrane

However, these steps proceed in a stereotypical order illustrated here,
which ensures rapid (<5 min) repair of plasma membrane injury.
Similar stereotypical events can occur at a slower (minutes to hours)
timescale in the injured and surrounding cells to potentiate repair
from a subsequent membrane injury, as well as repair of damage to
the tissue caused by single cell injury. The details of these events are
discussed in the text

by endocytosis or by ectocytic shedding [31, 135]. Cera-
mide-rich regions are also implicated in production of ROS,
although a role for this has not been investigated in plasma
membrane repair [136]. Interestingly, ceramide, along with
phosphatidylcholine (PC), are the primary sources of injury-
triggered diacylglycerol (DAG) synthesis, which is catalyzed
by PLC [86, 137]. Rapid DAG patterning adjacent to the
injury site gives it the ability to tightly control downstream
effectors, such as PKC family members in a tightly con-
trolled window of space and time [137]. DAG recruits and
activates the conventional PKC (cPKC) f in addition to
novel PKC (nPKC) n [137]. In response to plasma mem-
brane damage, PKC f is recruited to the injury site by DAG,
where it participates in activating the GTPases Rho and
Cdc42, thus contributing to local actin assembly [138]. This
lipid patterning is critical for repair with absence of DAG
patterning after injury resulting in reduced Rho GTPase acti-
vation and failure to close membrane wounds [86]. Within
this ring, PKC n localizes in a narrower band directly adja-
cent to the free plasma membrane edge and inhibits GTPase
activity. Thus, mutually opposing activities of PKC family
members, recruited by DAG, result in GTPase patterning
(Fig. 3a, discussed below). How a single lipid species, DAG,
could recruit PKC f and n to distinct and partially overlap-
ping spatial compartments is unclear. It may in part be due
to the activation of nPKCs (e.g. n) only requiring binding
of DAG, while cPKCs (e.g. B) require both DAG and cal-
cium binding [92]. Therefore, a combinatorial calcium and
lipid signaling component may determine the spatiotemporal
organization and activation of PKCs after injury. Another
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lipid—phosphatidylinositol 4,5-bisphosphate (PIP,)—local-
izes into a distinct ring 20-40 s after membrane injury in
Xenopus oocytes and zebrafish skeletal muscle, albeit with
slower kinetics [86, 133]. PIP, distribution determines the
location of actin assembly at the plasma membrane and is
required for vesicle fusion in secretory cells [139]. Inter-
estingly, Rho GTPases can also stimulate PIP, formation
by activating PI(4)P-5 kinase, which could help in F-actin
accumulation at the plasma membrane [61].

GTPase patterning

As mentioned above, the Rho-family GTPases, Rho and
Cdc42, enable plasma membrane repair through regulation
of actin cytoskeleton dynamics following injury. Similar
to lipids, Rho and Cdc42, as well as another Rho-family
GTPase Racl, show distinct pattern formation in Xenopus
and Drosophila models [140]. Rhol (RhoA-homologue
referred to as Rho hereafter) forms a narrow concentric
ring directly adjacent to the wound site. This ring of Rho
is surrounded, and partially overlapped, by a more diffuse
region of Cdc42 and Rac activity (Fig. 3a) [141]. It has been
proposed that this spatial organization allows for cortical
actin flow by Cdc42 and Rac activity while Rho facilitates
branched actin assembly and constriction of the contrac-
tile array along with myosin II [142]. Therefore, it is clear
that precise spatial localization is required for GTPases to
regulate actin assembly during plasma membrane repair;
however, it is not obvious how these proteins achieve this.
A proposed treadmilling model suggests that GTPases are
selectively activated at the leading edge of their respective
zone and inactivated at the trailing edge [143]. Thus, GTPase
activity flux controls the constriction of the contractile array
responsible for wound closure. GTPase regulatory proteins,
guanine nucleotide exchange factors (GEFs) and GTPase
activating proteins (GAPs) have the ability to regulate spati-
otemporal activity of GTPases [144], and regulation by these
proteins has been proposed to provide the basis for GTPase
flux during contractile array constriction [145].

In Xenopus a dual GEF/GAP protein called Abr can
regulate Rho and Cdc42 activity in mutually opposing fash-
ion [146]. The GEF function of Abr, capable of activating
GTPases, selectively activates Rho, while the GAP func-
tion, which inhibits GTPases, selectively targets Cdc42.
Furthermore, active Rho is required to cause Abr translo-
cation to the site of injury. Thus, a positive feedback loop
occurs between Rho and its regulator Abr, in which Rho
recruits Abr, subsequently activating more Rho. Addition-
ally, Abr GAP activity within the Rho-zone limits Cdc42.
A conceptual issue facing this type of regulation is that
such a positive feedback loop should cause the Rho-zone
to expand and inhibit Cdc42. Thus, there must be additional
regulators that either limit Rho or selectively activate the
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other GTPases. In Drosophila, GEF proteins, in addition
to one GAP, act specifically on a particular GTPase poten-
tially helping to explain how Cdc42 and Rac remain active
[147]. Still the question of how GTPases localize, not just
activate upon injury, is less clear. Interestingly, GTPases in
Drosophila rely on binding stabilized actin filaments for pat-
tern formation. This is interesting, as cortical actin network
disassembly is required for repair [148]. Actin filaments
accumulate later during repair at a time when Rho GTPases
are already active. This conundrum may be due to technical
limitation in detecting localized actin stabilization, which
may be too transient to be identified by most live imaging
studies, but sufficient to allow for Rho activation. Another
possibility may be that activation relies upon accumulation
of additional proteins, such as Annexin B9 [147]. Like other
annexins, Annexin B9 in Drosophila accumulates rapidly
(<3 s) and is required to stabilize actin. Perhaps, Annexin
B9-mediated actin stabilization near the injury site leads to
GEF recruitment. It seems likely that other GAP proteins
are associated with each GTPase to prevent the constitutive
activity of a GTPase within its own zone, thus regulating the
temporal aspect of signaling. For example, the relationship
between GEFs and GAPs themselves can determine whether
GTPase activity will occur as a single long-lasting signal or
as multiple transient spikes [144]. A final level of regula-
tion adding to the complexity of GTPase signaling is their
role in regulating phospholipases. For example, the Rho-
family GTPases Cdc42 and Racl, but not Rho, can stimulate
the activity of PLC-B, [149]. This would not only connect
aspects of GTPase and lipid patterning after injury, but also
be a mechanism to more precisely define the distinct spatial
zones separating Rho and its family members. Here it would
be possible that GTPases contribute to their own localization
by regulating the synthesis of lipid species such as DAG. In
the context of plasma membrane repair, more work is needed
to identify regulatory proteins as well as downstream effec-
tors (PLCs and other effectors) that allow for the functional
complexity to exist between Rho, Cdc42, and Rac.

Cytoskeletal organization

Patterning of lipids and GTPases plays an important role in
regulating the location of actin assembly, but the temporal
organization of actin as well as microtubules can also regu-
late the GTPases. Actin response to plasma membrane injury
is biphasic, with initial depolymerization being followed by
accumulation at the site of injury [148]. Cortical actin dis-
assembly and reassembly in response to calcium increase
occurs immediately after injury and is mediated by the
formin INF2 [150]. Loss of cortical actin relieves membrane
tension preventing the damaged free edges of the wound
site from expanding outward and provides physical space to
allow vesicles to fuse with the plasma membrane [14, 62].
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In addition to INF2, F-actin accumulation at the membrane
is organized by Rho GTPase signaling and occurs in parallel
with vesicle trafficking and fusion events [148]. Thus, the
F-actin network appears to aid in vesicle trafficking as well
as provide structural support to the newly resealed mem-
brane. Unlike actin, microtubule accumulation is not critical
for the wound closure [19]. However, microtubule growth is
required for vesicle and organelle trafficking that facilitates
longer-term potentiation of the injured cell. In the minutes
following membrane injury, PKC-dependent microtubule
growth aids in replenishing vesicles at the cell periphery
[95]. This action improves the ability of cells to repair from
subsequent injuries. Furthermore, trafficking of organelles,
such as mitochondria, along microtubules is required for the
regeneration of neurons, which is a longer-term process fol-
lowing initial axonal repair [151, 152]. Localized proteolysis
of sub-membrane spectrin by calpain allows microtubule-
based vesicle trap formation that aids in the accumulation
and fusion of anterograde transported vesicles at the spectrin
free membrane. This process facilitates the formation of new
growth cones in injured neurons [62].

Shared regulators of cellular and tissue-level
repair

Wound repair is a process conserved across most of our tis-
sues and is recognized for its medical significance [153].
While there are in-depth reviews of tissue level repair path-
ways [154, 155], single cell plasma membrane repair has
often been viewed as an event unrelated to tissue repair. In
recent years, the importance of plasma membrane repair in
the pathophysiology of disease in many tissues has been
appreciated [4, 156]. It is also clear that overlapping mecha-
nisms exist between the repair processes at the single cell
and tissue scale [157]. Importantly, signaling elements that
identify damage and initiate repair mechanisms are con-
served. A result of tissue injury is damage to individual
cells, which initiates signaling cascades for cell and tissue
level responses. Thus, tissue repair responses are built upon
the signals and repair responses that regulate single cell
repair. In support of this view, we will discuss the shared
regulators of single cell and tissue repair.

Extracellular vesicle signaling

Small, diffusible molecules have several advantages as extra-
cellular signals, including that they are readily generated
and transmitted by the injured cells. However, these diffus-
ible small molecules, proteins, and peptides are prone to
rapid removal from circulation by renal clearance. This is
avoided by the formation of extracellular vesicles, which can
transfer a bolus of proteins, lipids, or other small signaling

molecules discussed above to nearby cells or neighboring
tissues [158]. This type of signaling is widely implicated in
tissue repair [159].

Repair machinery used to reseal plasma membrane dis-
ruptions can participate in extracellular signaling by gener-
ating extracellular vesicles at the site of injury [39]. A role
for ceramide-rich regions of plasma membrane, ESCRT-
machinery, Rho GTPase signaling, and actin assembly in
the formation of extracellular vesicles has been identified
[160-162]. These regulators are all activated or are localized
near the membrane and, therefore, are capable of participat-
ing in vesicle formation. In addition to facilitating the for-
mation of extracellular vesicles, other regulators of plasma
membrane repair are utilized as signals associated with these
vesicles. Annexin Al, an early responder to plasma mem-
brane injury, accumulates within damaged portions of the
membrane that are shed into the extracellular space (Fig. 6a)
[16]. Extracellular vesicles containing Annexin Al promote
epithelial wound repair, and leukocytes secrete Annexin
Al-containing vesicles to resolve the inflammatory phase of
wound repair [163, 164]. A related annexin—Annexin A2—
has been implicated in muscle tissue inflammation caused by
lack of the membrane repair protein dysferlin through its role
in immune signaling (Fig. 6) [165]. Macrophages, leuko-
cytes that mediate the inflammatory response, also respond
to single cell plasma membrane disruption by recognizing
exposed PS at the site of membrane damage [133]. This
lipid patterning response is necessary for proper spatiotem-
poral regulation of the plasma membrane repair response,
and recruitment of macrophages to the site of injury in this
manner provides a mechanism for early initiation of tissue
level repair. Communication between damaged cells and
macrophages is not unidirectional. Macrophages also secrete
extracellular vesicles to promote regeneration of injured
neurons. In this case, NADPH oxidase 2 (Nox2) containing
extracellular vesicles are taken up by injured neurons lead-
ing to ROS generation that regulates a pro-regenerative gene
expression program [166]. These findings demonstrate that
the signals and machinery collectively regulating plasma
membrane repair also contribute to tissue level repair and
regeneration when transmitted appropriately across the tis-
sue. Thus, the tissue level repair response usurps the extra-
cellular signals that are generated after injury and used for
plasma membrane repair.

Small molecule signaling

Much of the focus on signaling during tissue repair is on
the innate immune response such as those facilitated by
the damaged-associated molecular patterns (DAMPs),
which are molecules released by damaged cells. Typically,
these molecules effect target cells by binding specific cell
surface receptors to elicit longer-term responses through
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Fig.6 Signals released during plasma membrane repair initiate tis-
sue repair (a) Extracellular vesicle signaling: membrane shedding
after cell injury, due to cytoskeletal changes and ESCRT-III activa-
tion, generates extracellular vesicles containing molecules including
Annexin Al and ROS. These extracellular vesicles communicate
with nearby cells to initiate tissue repair pathways. Release of cyto-
solic proteins (such as Annexin A2) from injured cells also initi-
ates inflammatory signaling by interacting with cognate cell surface
receptors (e.g. TLR4). (b) Intercellular calcium signaling: intracellu-

gene expression [167]. In contrast, injury-triggered signals
that lack target specificity such as calcium, ROS, and ATP
(also a classic DAMP) are rapidly generated and actively
propagated to produce immediate responses that facilitate
tissue repair. These signals, which as we described above
can originate from damaged cells as well as neighboring
undamaged cells, can also be derived from immune and
other cells that infiltrate the injured areas of a tissue.

Calcium

Tissue scale calcium signaling is among the earliest dam-
age signals, arising almost immediately after injury and
spreading throughout the injured tissue in a wave-like
manner similar to single cell injury [168, 169]. Nota-
bly, intercellular calcium waves appear to be dependent
on intracellular calcium mobilization [170, 171]. Thus,
intracellular calcium signaling is responsible for generat-
ing and propagating tissue scale calcium waves. The ini-
tial intracellular calcium increase likely occurs by direct
extracellular calcium entry into physically damaged cells
as in single cell injury, or via voltage-gated calcium or
mechanosensory TRP channels located on non-injured
cells nearby (Fig. 6b) [169, 172].
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lar calcium increase initiates plasma membrane repair in injured cells.
Calcium increase in neighboring, non-injured cells can be propagated
by purinergic signaling and can improve future repair responses
even in the absence of injury. (¢) Purinergic signaling: cytosolic cal-
cium increase stimulates the release of ATP by vesicle exocytosis or
through plasma membrane channels. Binding of the released ATP
to purinoreceptors on neighboring cells activates inflammatory and
immune cells while also helping to propagate tissue-level calcium
waves by triggering intracellular calcium increase

ATP

Widely recognized for its intracellular role as the energy
currency of a cell, ATP is also a quintessential signal-
ing molecule that enables cellular and tissue-level com-
munication in our body by way of purinergic receptors
(Fig. 6¢) [173]. ATP can be produced by extracellular
signals such as calcium and in turn help in propagation of
calcium waves for minutes after the initial calcium rise.
This may occur by the active release of calcium through
plasma membrane calcium ATPases or through signaling
by extracellular ligands including ATP [45, 170, 174].
An abundance of ectoapyrases limits the spatial range of
extracellular signaling by ATP. However, purinergic sign-
aling-dependent calcium release from intracellular stores
can mirror the process of short-term potentiation of single
cell repair (Fig. 6b). As a result of this, cytosolic calcium
increase in injured or neighboring cells can cause subse-
quent ATP secretion via exocytosis or plasma membrane
channels, thus resulting in a wave-like propagation of ATP
signaling well beyond the immediate site of injury.
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ROS

ROS signaling, particularly by hydrogen peroxide produced
by NADPH oxidases or mitochondria, has been implicated
in many aspects of wound repair and tissue regeneration
[175-178]. Hydrogen peroxide generated from the NADPH
oxidase Duox, residing in the plasma membrane of injured
cells, has been shown to form tissue-scale gradients and
recruit immune cells to the site of injury in zebrafish, Dros-
ophila, and Xenopus tadpoles (Fig. 6) [168, 179, 180]. ROS
signaling is delayed relative to calcium increase, but can
extend across the tissue for hundreds of microns [179, 180].
Importantly, both calcium and ATP can activate ROS pro-
duction by Duox, highlighting how these signaling mole-
cules are interrelated [181], and Duox-generated ROS affects
both short-term responses and long-term responses, such as
inducing vimentin gene expression to control cell migration
[182, 183]. In mammalian cells, treatment with exogenous
ROS speeds up epithelial wound closure in vitro [184]. ROS
produced within injured skeletal muscle fibers is also criti-
cal for tissue repair, as antioxidant treatment inhibits the
later stages of muscle repair by affecting regeneration [178,
185]. Although more work is needed to define the precise
pathways affected by calcium, ATP, and ROS during tissue
repair, each has been implicated in the repair of multiple
tissues across several species [155].

An unanswered question that links injury-triggered sign-
aling in single cells and tissues is how a cell or nearby cells
can distinguish between normal cell function and damage-
induced signaling. Calcium, ATP, and ROS are universal
second messengers and thus involved in many physiological
and pathophysiological processes. However, they produce
different outcomes to activate repair pathways. In both sin-
gle cell and tissue repair, these and other signals may be
distinguished based on intensity, spatiotemporal profile, or
by the precise combination of the level of these signals after
injury. Signaling by calcium, ATP and ROS all initiate at or
close to a wound site and decrease further from the wound.
Thus, gradients of these signals may inform nearby cells of
their position relative to an injury site. Furthermore, because
multiple signals exist simultaneously, but are generated and
propagate with unique kinetics, cells surrounding a wound
are exposed to a unique combination and intensity of sign-
aling molecules depending on their location. For example,
calcium waves are generated quickly and travel relatively
large distances while ATP is limited to local signaling. ROS
signaling arises slower but can travel hundreds of microns to
reach distant immune cells. The variety of signals produced
after injury ensures that nearby cells are exposed to a unique
niche of signaling molecules, making it likely that tissue
repair relies on the same injury-induced spatiotemporal
patterning of signals reminiscent of this concept discussed
above for the repair of single cell injury.

Conclusion

The number of signals and the multitude of signaling com-
binations that can be generated by spatial and temporal
coding provide cells with a large variety of signals to tailor
the repair process to the extent, nature, and location of the
injury. Such a controlled response that involves coordinating
a diversity of signals provides redundancy and robustness
needed to fine tune the repair process to the magnitude and
the nature of plasma membrane injury. These signals facili-
tate movement of proteins and lipids that enable subcellular
events such as membrane fusion as well as membrane and
cytoskeletal remodeling required for repairing plasma mem-
brane injuries. However, plasma membrane repair does not
stop with the closure of the wound. The process continues by
way of longer term signaling, including extracellular signal-
ing that primes successfully repaired as well as bystander
cells, to repair more efficiently from future injuries. These
signals also extend beyond single cell repair to tissue level
repair. Here, signals derived from cells undergoing plasma
membrane repair help initiate tissue-level wound repair
responses. This demonstrates that single cell repair and tis-
sue repair are related processes that are part of the same
continuum, albeit occurring at different spatial and temporal
scales. Overall, the continuity of wound repair responses
from cells to tissues through overlapping and conserved sig-
nals shows that careful orchestration of a series of signals
and resulting responses allows cells and tissues to repeatedly
recover from injury throughout our lifespan. Defects in these
repair processes are causative for a variety of diseases, in
which dysregulated repair causes altered regeneration and
tissue loss due to scarring and chronic inflammation. Under-
standing how cell and tissue repair proceeds efficiently is
crucial to better understand these diseases and may aid in
developing novel therapies to treat them.
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