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Abstract: Nuclear protein prothymosin « (ProT«) is a unique member of damage-associated molec-
ular patterns (DAMPs)/alarmins. ProT« prevents neuronal necrosis by causing a cell death mode
switch in serum-starving or ischemic/reperfusion models in vitro and in vivo. Underlying receptor
mechanisms include Toll-like receptor 4 (TLR4) and G;-coupled receptor. Recent studies have revealed
that the mode of the fatal stress-induced extracellular release of nuclear ProT« from cortical neurons
in primary cultures, astrocytes and C6 glioma cells has two steps: ATP loss-induced nuclear release
and the Ca%*-mediated formation of a multiple protein complex and its extracellular release. Under
the serum-starving condition, ProT« is diffused from the nucleus throughout the cell due to the ATP
loss-induced impairment of importin «—mediated nuclear transport. Subsequent mechanisms are
all Ca2+—dependent. They include the formation of a protein complex with ProT«, S100A13, p40
Syt-1 and Annexin A2 (ANXA2); the fusion of the protein complex to the plasma membrane via p40
Syt-1-Stx-1 interaction; and TMEM16F scramblase-mediated ANXA2 flop-out. Subsequently, the
protein complex is extracellularly released, leaving ANXA2 on the outer cell surface. The ANXA2
is then flipped in by a force of ATP8A2 activity, and the non-vesicular release of protein complex
is repeated. Thus, the ANXA2 flop-out could play key roles in a new type of non-vesicular and
non-classical release for DAMPs/alarmins, which is distinct from the modes conducted via gasdermin
D or mixed-lineage kinase domain-like pseudokinase pores.

Keywords: DAMPs; alarmins; GSDMD; MLKL; exosomes; SNARE complex; SI00A13; scramblase;
flippase

1. Introduction

Damage-associated molecular patterns (DAMPs)/alarmins are extracellularly released
from the cell upon various types of stress and exert inflammatory or inflammation-related
actions. Representative DAMPs/alarmins include high mobility group box 1 (HMGB1)
protein, heat shock proteins, extracellular cold-inducible RNA-binding protein (eCIRP) and
various isoforms of S100 proteins [1-4]. As most of them are known to have important
physiological roles in the cell [5-8], the mechanisms underlying the extracellular release of
DAMPs/alarmins have attracted the concerns of many investigators. Of interest is the fact
that most of these proteins are released in a way of non-classical and non-vesicular release,
which is distinct from exocytosis, as seen in neurotransmitters and peptide hormones.
Current studies have revealed that some of representative DAMPs/alarmins use the release
modes via gasdermin D (GSDMD) and mixed-lineage kinase domain-like pseudokinase
(MLKL) pores [9,10]. In the present review, the author introduces a new mechanism,
the annexin A2 (ANXA2) flop-out mediated release of prothymosin «, a neuroprotective
member of DAMPs/alarmins [11], as well as GSDMD or MLKL pore-mediated non-classical
and non-vesicular release.
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2. Various Modes of Extracellular Release
2.1. Classical Release Modes for Biologically Active Molecules

The classical mode of secretion mechanisms has been discussed as exocytosis. It is a
regulated type of exocytosis of hormones, neurotransmitters and digestive enzymes. In
neurons and endocrine cells, a small percentage of secretory vesicles are fused with the
plasma membrane upon cell stimuli, whereas the majority remains in a filamentous network
of synapsins or actin in the case of neurons and endocrine cells, respectively, in reserve
for subsequent stimulation [12]. In these mechanisms, several Ca?*-binding proteins are
involved in molecular processes, such as tethering, docking, priming and fusion, in which
Ca?* sensor synaptotagmin-1, vesicular SNARE synaptobrevin (and homologue) and target
SNARESs syntaxin/SNAP-25 (and homologues) play key roles in vesicle docking and fusion
to the plasma membrane of nerve endings. Details have been reported elsewhere [13].

2.2. Non-Classical Constitutive Vesicular Release

Unlike regulated exocytosis, there is a non-classical or constitutive vesicular exocytosis
during the secretion of materials, such as collagen and extracellular matrix proteins (fibrob-
lasts) [14] or bone matrix proteins (osteoblasts) [15]. Calcium signaling and cytoskeletal
dynamics are also involved via a variety of signaling pathways and cellular processes. There
are two constitutive types of vesicular release: exosome release and lysosome-mediated
release. They are generated via a fusion of multivesicular bodies (MVBs) with plasma
membranes and released into the extracellular space [16]. Exosomes play roles as carriers
of several molecules, such as DNA, RNAs (miRNAs and small RNAs), proteins (signaling
proteins and heat shock proteins) and lipids. Some of them are incorporated into other cells
and exert biological actions [16]. The biogenesis of exosomes begins with the budding of
endosomes, which is followed by the formation of MVBs and either the extracellular release
of exosomes or their degradation at lysosomes. The manner of extracellular release uses
the process of vesicular docking and fusion with SNAREs complexes and the endosomal
sorting complex required for transport (ESCRT), consisting of ESCRT-0, I, IT and IIT and
the ATPase Vps4 complex [17]. On the other hand, lysosomes are also part of extracellular
release. Digested and waste materials in lysosomes are extracellularly released into and
contained in the extracellular matrix or are fused with the membrane.

2.3. Non-Classical and Non-Vesicular Release Mediated via GSDMD and MLKL Pore Formation

Bacterial endotoxin lipopolysaccharides (LPS), when administered to the body at high
levels, cause septic shock. LPS is known to stimulate Toll-like receptor 4 and produce
proinflammatory cytokines such as IL-13 and TNF« via the activation of NF-kB. LPS is
also reported to produce IL-1p and IL-18 via the activation of caspase-1 and release these
cytokines through a GSDMD pore in the plasma membrane [18]. LPS-mediated cytokine
(IL-1B or IL-18) release is mediated through a membrane pore made of GSDMD N-terminus
peptide oligomers, which are cleaved by activated caspase-1. The GSDMD pore also causes
a membrane rupture and pyroptotic cell death, which further enhances cytokine release.
However, the GSDMD pore does not allow the release of the high mobility group protein
B1 (HMGB-1) caspase-1 p20 subunit due to its pore size limit [19]. On the other hand,
HMGB-1 is released from necrotic, necroptotic, pyroptotic, and ferroptotic cells [20-22].
Necroptosis occurs in various diseases including tumor necrosis factor (TNF)-mediated
systemic inflammation and ischemic reperfusion injury. Activated TNF receptor-1 (TNFR-1)
triggers signaling complex 1, composed of TNFR associated via the death domain (TRADD),
TNFR-associated factor 2 (TRAF2), receptor-interacting protein kinase 1 (RIPK1), cellular
inhibitors of apoptosis (cIAPs), the linear ubiquitin chain assembly complex (LUBAC),
transforming growth factor-3-activated kinase 1 (TAK1), and the inhibitor of kB kinase
(IKK) complex, which activate NF-«B and mitogen-activated protein kinase (MAPK) [23,24].
When NF-«B activation is blocked, TRADD is dissociated from complex I, forms complex
II and activates caspase 8, which promotes apoptosis. When caspase 8 activity is further
blocked, complex II evolves into a necrosome, composed of RIPK1, RIPK3 and MLKL,
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leading to the phosphorylation of MLKL and the subsequent formation of the membrane
pore made of MLKL oligomers. These mechanisms cause a necroptosis and membrane
rupture for the release of larger DAMPs/alarmins, such as HMGB-1 [24]. Regarding
HMGB-1 release, it is also reported that all-thiol type HMGB-1 is released from the ruptured
membrane, while disulfide type HMGB-1 is released by lysosome-mediated exocytosis [25].

3. New Type of Non-Classical and Non-Vesicular Release
3.1. Identification of Prothymosin a Causing Cell Death Mode Switch

We discovered prothymosin « (ProT«), which inhibits necrotic neuronal death, from
a conditioned medium of cortical neurons [26] and observed that it is released from neu-
rons and astrocytes upon starving or ischemia—reperfusion stress in a unique non-classical
and non-vesicular manner [27]. When freshly prepared cortical neurons from 17-day-
old embryonic rat brains were cultured in serum-free (no supplement) and low-density
(1 x 10° cells/cm?, LD) conditions (Figure 1A), more than 80% of neurons died in a manner
of necrosis within 12 h (Figure 1B). Transmission electron microscopy (TEM) showed that
there is a decrease in the electrical density of cytosol, a damaged plasma membrane and
swollen mitochondria, while substantially no change in the nucleus, all of which indicate
necrosis. The nature of neuronal death was also characterized by cytochemical analyses
using propidium iodide (PI, necrosis marker). Of interest is the finding that neurons cul-
tured in 5 x 10° cells/cm? (HD) showed an increase in survival activity; apoptotic features,
such as nuclear fragmentation (TEM); and immunocytochemical changes, including the
externalization of annexin V and activated caspase-3 [26]. When the conditioned medium
(CM) from neurons in the HD culture was added to the LD culture, the survival activity
was markedly increased (Figure 1B), and the PI signal was largely inhibited. Using a
cytochemical assay with PI staining for the screening, we purified the necrosis-inhibitory
factor from the CM and identified that it was nuclear protein ProTo [26]. The addition of
recombinant ProT« reproduced not only the inhibition of necrotic features but also caused
apoptotic features (Figure 1C). It should be noted that the apoptosis caused by ProT« is
prevented by the addition of growth factors, such as brain-derived neurotrophic factor
(BDNEF), as shown in an in vitro culture study using cortical neurons [26] and an in vivo
study in a rat middle cerebral artery occlusion (MCAO) model [28] and a mouse retinal
ischemia-reperfusion model, respectively [29].
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Figure 1. Prothymosin « as endogenous necrosis inhibitor released from neurons in starving condi-
tion. (A). Preparation of conditioned medium (CM) from the primary culture of embryonic (E17) rat
cortical neurons at 5 x 10° cells/cm? (HD) cultured in the absence of serum. (B). Increase in survival
activity of neurons cultured at a low-density (LD, 1 x 10° cells/cm?) by the addition of CM from HD
culture [26]. (C). Schematic changes in cell death mode of cortical neurons by recombinant ProTw. In
the absence of serum, freshly prepared cortical neurons showed features of necrosis, characterized
by a decrease in electron density and ATP levels, in the cytosol and swollen mitochondria and by
propidium iodide (PI) incorporation into the nucleus through the disrupted plasma membrane. The
addition of ProT« converted the cell death mode into apoptosis at the time point of 12 h, which is
characterized by nuclear fragmentation, annexin-V (ANX-V) flop-out and caspase 3 activation.
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3.2. Serum-Free Starvation-Induced Extracellular Release of ProT«

In the serum-free culture of primary neurons, ProT« release into the CM started as
early as 1 h after the start of culturing, and it was time-dependent till 12 h [26]. Immuno-
cytochemical and Western blot analyses revealed that the level of ProT« in the nuclei of
neurons and astrocytes was markedly decreased (Figure 2). At 3 h, cell contents were
reduced to a little less than 50% of the initial cell contents of cortical neurons and astrocytes,
while CM levels were a little more than 50% of the initial cell contents [27]. However, in
any condition, ProTa was not detected in the cytosol (Figure 2). As no PI signals in the
nucleus were observed in serum-free cultured neurons at 3 h [26], ProT« release is unlikely
caused by a plasma membrane rupture. As released ProT« is considered to have beneficial
survival effects in the brain [30], it is interesting to examine the mode of ProT« release. As
ProT« levels in the CM from the culture of neurons and astrocytes were not affected by
the pretreatment with brefeldin A, which inhibits protein transport from the endoplasmic
reticulum to the Golgi complex [31], it is presumed that the mode of ProT« release is not
vesicular. For the purpose of detailed cellular and molecular mechanisms of ProT« release,
we used C6 glioma cells to study the serum deprivation-induced extracellular ProT« release
since the release was not also affected by brefeldin A [27].

Cortical Neurons Astrocytes

Control

Serum-
deprivation

ProTa Scale bar (20 pym)

Figure 2. Serum deprivation-induced loss of ProT« in the nuclei of neurons and astrocytes. Results
show that serum deprivation stress caused a loss of ProTw in the nuclei of cortical neurons and
astrocytes in primary culture, while no significant ProT« immunoreactivity was observed in the
cytosol. Details are described in a previous report [27].

3.2.1. Ischemic ATP Loss-Induced ProT« Release from the Nucleus

The mechanisms of non-classical and non-vesicular ProT« release induced by serum
deprivation in C6 glioma cells could be divided into two stages. The first stage is related
to the loss of cellular ATP under the condition of serum deprivation [27]. The addition of
2-deoxy-D-glucose (2-DG) reproduced ATP loss just like in the case of serum deprivation
and caused a redistribution of ProTa throughout the cell by inhibiting nuclear localiza-
tion. However, the extracellular release of ProTa was not observed. The intracellular
injection of anti-importin « neutralizing IgG also caused a loss of nuclear localization of
ProTw. This finding may be explained by the report that the loss of cellular ATP causes
an inhibition of the continuous transport of NLS-possessing proteins into the nucleus [32].
It should be noted that anti-importin « IgG redistributed ProT« throughout the cell and
inhibited extracellular ProT« release. The mechanisms underlying ProT« redistribution
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remain elusive, but it may be attributed to a passive diffusion from the nucleus since the
intranuclear injection of wheat germ agglutinin, an inhibitor of the nuclear pore complex,
also inhibited the nuclear localization of ProT« and caused redistribution throughout the
cell [27]. Regarding the loss of the extracellular release of ProT«, additional mechanisms
may be involved, as described below.

3.2.2. Ca?*-Dependent ProTa-S100A13 Interaction

A pull-down assay using CM from serum-deprived C6 glioma cells and anti-ProT«
IgG detected two protein bands at 14 and 10 kDa using Coomassie Brilliant Blue staining.
The 14 kD protein was identified as ProT« by immunoblotting with anti-ProT« IgG, while
the protein at 10 kDa was identified as SI00A13 by MALDI-TOF MS/MS analysis [27]. In
the immunocytochemistry, SI00A13 was found throughout the C6 cells under the normal
condition, but ProT« was localized in the nucleus. However, both proteins were completely
lost from the cell following serum deprivation. Interestingly, the loss of both proteins was
reversed by the addition of amlexanox (Amx), an inhibitor of SI00A13 [33]; however, ProT o
still remained throughout the cell, supporting the view that ProT« release is not performed
in a passive fashion via membrane rupture. The quartz crystal microbalance (QCM) assay
showed that ProTa and S100A13, a Ca2+-binding protein, interact at a ratio of 1:1; the
interaction was Ca* concentration-dependent and in the range of 0.1 to 200 uM. The Kp
value for Strep-tagll-S100A13 in the binding to GST-ProT« was 211.9 and 69.8 nM in the
absence and presence of 100 uM Ca?*, respectively. In the study using deletion mutant
proteins, C-terminal regions of ProT« (102-111) and S100A13 (88-98) were found to play the
most important roles in the interaction. In the fluorescence resonance energy transfer (FRET)
analysis using ProT a-EGFP and DsRed2-5100A13, the FRET signal was markedly increased
following serum deprivation stress in the presence of amlexanox, which inhibits the release
of both proteins [27]. As expected, the FRET signal was reversed by BAPTA-AM, which
chelates the intracellular free Ca?*. It should be noted that the decrease in extracellular Ca?*
levels by the addition of EGTA also reversed the FRET increase, which is consistent with the
previous finding that serum deprivation causes a Ca?* influx via voltage-dependent N-type
Ca?* channels [34]. These results suggest that the next step after the nuclear release of
ProTa would be related to the increase in the intracellular Ca%*-concentration, possibly due
to the serum-deprivation-stress-induced Ca?* influx via the voltage-dependent N-type Ca®*
channel. When C6 glioma cells expressing SI00A13 (A88-98) were used, serum deprivation
did not show the extracellular release of ProT«, and the S100A13 mutant was lost [27].
This finding suggests that serum-deprivation-stress-induced ProT« release requires the
interaction with S100A13 but that S100A13 release does not require the interaction. In other
words, S100A13 could be a ‘cargo’ protein for the serum-deprivation-induced release. The
non-classical and non-vesicular corelease of S1I00A13 was also observed in the cases of
fibroblast growth factor (FGF-1) and interleukin-1« [34-39]. These findings suggest that
S100A13 may be a cargo protein for non-classical and non-vesicular release.

3.2.3. Anti-Apoptosis Action of Cytosol ProTo

ProT« is in the nuclei of neurons, astrocytes and C6 glioma cells in culture in the
absence of serum-free or serum deprivation stress, which causes necrosis and causes the ex-
tracellular release of ProT. However, when C6 glioma cells were given apoptosis-inducing
chemicals, such as staurosporin, tunicamycin or etoposide, ProT« was no more localized
in the nucleus but distributed throughout the cell [27]. These changes were reversed by
zDEVD-fmk, a caspase-3 inhibitor. Furthermore, unlike in the case of serum deprivation,
there was no significant ProT« release in the CM. Western blot and MALDI-TOF analyses
revealed that ProT o loses its C-terminal peptide (102-112), which includes NLS, a caspase-3
cleavage site and the peptide sequence required for binding to S100A13 [27]. Thus, the
distinct localization of ProT o« upon the apoptotic stimuli is closely related to the C-terminal
specific cleavage of ProTa by caspase-3. Interestingly, one study reported that ProT« in-
hibits apoptosis by binding to Apaf-1, a protein component of apoptosome in non-neuronal



Cells 2023, 12, 1569

6 of 14

HeLa cells [40]. Therefore, ProT« that lacks C-terminal regions may inhibit apoptosis by
binding to Apaf-1 and inhibiting the formation of apoptosomes.

3.2.4. Ca**-Dependent Interaction between S100A13 and p40 Syt-1

To examine the molecules that interact with S100A13 in the presence of Ca?*, we
attempted to perform pull-down experiments using StrepTactin™ MicroPrep® resin beads
and cytosol fraction from C6 glioma cells expressing Strep-tagll-S100A13. As S100A13 plays
arole as a cargo molecule for the non-classical release of many proteins, it was expected that
many molecules would be obtained in the pull-down assay. For this reason, we followed a
previous study [39], in which S100A13 interacts with fibroblast growth factor-1 (FGF-1) and
Ca2* sensor synaptotagmin-1 (Syt-1). Syt-1 is known to play in the facilitation of SNARE
complex formation [41]. In the immunoblot experiment using materials pulled down from
the C6 glioma cell cytosol fraction and anti-Syt-1 IgG in a Ca**-dependent manner, a single
positive band was detected at 40 kDa, corresponding to p40 Syt-1, which is deficient of the
membrane-spanning domain of p65 Syt-1 [42]. When C6 glioma cells were treated with
serum deprivation stress, the cell contents of ProTa and S100A13 decreased, while p65
and p40 Syt-1 levels were completely lost. On the other hand, ProT«, S1I00A13 and p40
Syt-1 were detected in the CM, while p65 Syt-1 was not. The detailed mechanisms remain
elusive, but p65 Syt-1 may be degraded or cleaved into p40 Syt-1 by serum deprivation
stress. In the surface plasmon resonance (SPR) analysis using Hisg-p40 Syt-1 attached to
an anti-Hisg IgG-coated sensor chip, Strep-tagll-S100A13 interacts with Hisg-p40 Syt-1in a
Ca?* concentration-dependent manner with EC50 (Ca%*) = 83.19 uM. Under the condition
of 100 uM Ca?*, the Kp of S100A13 vs. Hisg-p40 Syt-1 was 17.5 uM, which is higher than
in the case of the QCM assay, in which the Kp of Strep-tagll-S5100A13 vs. GST-ProTo was
69.8 nM in the presence of 100 uM Ca?* [27]. Considering the involvement of N-type
voltage-dependent Ca?* channel and the Ca?*-induced Ca?* release from an endoplasmic
or sarcoplasmic reticulum [43], it is plausible that the interaction between S100A13 and
Syt-1 may occur in the vicinity of plasma membranes, where higher Ca?* concentrations
are developed under the condition of serum deprivation stress. Compared with this, the
interaction between ProT« and S100A13 may occur by the time of the development of high
levels of Ca?*.

3.2.5. Syt-1 Involved in the Release of ProTo and S100A13

We used the Duolink™ in situ proximity ligation assay (in situ PLA, Olink Bioscience,
Uppsala, Sweden) for the detection, visualization, and quantification of the S100A13 and
Syt-1 interaction. In this assay, both proteins in the fixed cell preparation were first labeled
with specially designed oligonucleotides conjugated with each antibody/IgG against
S100A13 and Syt-1. The preparation was then used for the amplification of the signal by
generating a DNA surrogate of the protein using a polymerase. For the purpose of detecting
the serum-deprivation-induced intracellular interaction of both proteins, amlexanox is
useful to prevent the extracellular release. In the presence of amlexanox, the SI00A13-Syt-
1 interaction became evident throughout the cell time-dependently at 1.5 and 3 h after
the start of serum deprivation. Furthermore, the intracellular injection of Syt-1 IgG also
prevented the stress-induced release of ProTo and S100A13 [42]. All these findings suggest
that Syt-1 plays a key role in the serum-deprivation-induced extracellular release of ProT«
and S100A13.

3.2.6. Interaction between p40 Syt-1 and Target SNARE Syntaxin-1

Syt-1 (p65 form) is a Ca®* sensor [44] and promotes the formation of the SNARE
complex or SNAREpin [45], which is composed of synaptobrevin, a vesicular-soluble N-
ethylmaleimide-sensitive factor attachment protein receptor (v-SNARE), and target-SNARE
(t-SNARE) syntaxin-1 (and its homologues), which is in the plasma membrane. The v-
SNARE plays roles in the translocation and fusion of vesicles to target plasma membranes
via an interaction with t-SNARESs, which include syntaxin-1 (Stx-1), SNAP-25 and SNAP-23.



Cells 2023, 12, 1569

7 of 14

During neurotransmitter release via exocytosis, Syt-1 first increases the vesicle docking
rate by binding to the t-SNARE/phosphatidylinositol 4,5-bisphosphate complex. Subse-
quently v-SNARE displaces Syt-1 from the so-called “SNAREpin”, a complex between the
vesicular membrane and the target plasma membrane [46], under the low concentration
of Ca?*. When neurons are activated and Ca?* influx occurs, Syt-1 rebinds to the SNARE-
pin via voltage-gated Ca®* channels. Thus, these Ca?*-dependent processes may trigger
synchronous membrane fusion [47].

Based on the comparison to exocytotic vesicular release, we speculated the possible
binding of p40 Syt-1 to t-SNARESs in the serum-deprivation-induced release of ProT« and
S5100A13 by the use of different species of Clostridium botulinum neurotoxins (BoNTs),
such as type A, B and C1 [48]. Among them, the pretreatment (3 h) with BoNT/C1, which
cleaves Syntaxin-1 (Stx-1), inhibited the release of ProT«, S100A13 and Syt-1, while ProTo
showed a distribution throughout the cell. The specificity was observed in the finding
that large amounts of SI00A13 and Syt-1 were lost due to serum deprivation in C6 glioma
cells pretreated with heat-inactivated BoNT1. The intracellular delivery of anti-Stx-1 IgG
also blocked the release of ProTa, S100A13 and Syt-1. In addition, the treatment with
siRNA for Stx-1 also blocked ProT« release [42]. The fact that substantially all Syt-1
immunoreactivities were lost due to serum deprivation may suggest the possibility that
p65 Syt-1is digested in a soluble form of p40 Syt-1, which, in turn, is released. More precise
studies about the fate of p65 Syt-1 should be conducted in the future.

3.2.7. p40-Syt-1-Stimulation of S100A13 Interaction with Annexin A2

Annexins play roles in Ca*-mediated cellular processes, such as exocytosis-related
membrane traffic, endocytosis and mitotic signaling [49,50]. Annexin A2 (ANXA2), which
is one member of this family that is structurally related to actin- and phospholipid-binding
proteins, is known to be an essential partner of exocytosis in neuroendocrine cells [51,52]
and a functional link to the SNAREpin via S100A10, a member of divergent member of the
5100 protein family [53]. When we attempted to perform the pull-down assay using C6
glioma cell lysates and Strep-tagll-S100A13, a member of the S100A family in the absence of
Ca%*, ANXA2 dimer was detected, while in the presence of 100 pM Ca?t, higher amounts
of ANXA2 dimer and (3-actin were detected. On the other hand, an immunoblot assay
revealed that serum deprivation caused a time-dependent (0.5-3 h) decrease in S100A13
cell contents but an increase in CM contents. However, there was no change in ANXA2
cell contents, suggesting that SI00A13 is extracellularly released, while ANXA2 remains in
the cell. In the ELISA-based protein binding assay, the interaction between Hisg-ANXA2
and Strep-tagll-S100A13 bound to the Streptavidin plate was increased in a Hisg-p40 Syt-1
concentration-dependent manner in the presence of Ca®*.

3.2.8. Annexin A2 Flop-Out

Under serum deprivation stress, S100A13 is extracellularly released from C6 glioma
cells, but ANXAZ2 remains in the cell in the immunoblot analysis; however, there is a tight
interaction between both proteins in the cytosol of C6 glioma cells in the presence of p40
Syt-1and Ca?* in the ELISA-based protein-binding assay [11]. The tight interaction between
both proteins was supported by the in situ PLA assay, in which intense amplified signals
were observed 1.5 and 3 h after the serum deprivation of C6 glioma cells in the presence of
amlexanox, which prevents the extracellular release of S100A13. During immunofluorescent
microscopy, permeabilized preparations showed both S100A13 and ANXAZ2 in the cell in
the presence of serum, but only ANXA2 was detected in serum-deprived preparations.
On the other hand, the preparations without permeabilization did not show signals of
either protein in the presence of serum, but only ANXA2 was detected in serum-deprived
preparations. All these findings suggest that ANXAZ2, which is capable of binding to acidic
phosphatidylserine (PS), is localized at the outer surface of the cell (flop-out) due to serum
deprivation stress, while S100A13 is extracellularly released. Furthermore, the study using
EGTA and w-conotoxin revealed that the power of ANXA2 flop-out as well as ProTa



Cells 2023, 12, 1569

8 of 14

release is mediated by the extracellular Ca?* influx via the N-type voltage-dependent Ca?*
channel. The involvement of ANXA2 flop-out in the serum-deprivation-induced release of
ProTe, S100A13 and p40 Syt-1 was evidenced by the study using the intracellular delivery
of anti-ANXA2 IgG. Interestingly, both S100A13 and Syt-1 signals were localized at the
edge of the plasma membrane even in the absence of amlexanox. Similarly, ProTx was
detected throughout the cell but was not localized in the nucleus.

3.2.9. Possible Machineries of ANXA2 Flop-Out

The mechanisms underlying ANXA2 flop-out are interesting topics to investigate.
One of the mechanisms would be related to the Ca?*-dependent scrambling of acidic
phospholipid PS in the membrane. As the asymmetrical localization of phosphatidylser-
ine (PS) is maintained by P4-type ATPases (flippases) [54], the ATP loss due to serum
deprivation stress may lead to a move-back of PS to the outer leaflet of the plasma mem-
brane. On the other hand, we observed that serum deprivation or ischemia—reperfusion
stress also causes CaZ* influx in C6 glioma cells [34], which may lead to an activation of
phospholipid scramblase TMEM16F [55,56]. Furthermore, there are interesting reports
that ANXAZ2 is translocated across membranes via plasma membrane phospholipid (PS)
remodeling [57] and that PS membrane domain clustering is induced by ANXA2/S100A10
heterotetramer [58]. When C6 glioma cells were pretreated with various types of P4-ATPase
siRNA, ANXAZ2 flop-out was significantly abolished only by ATP8A2 siRNA [11]. The
treatment with siRNA for ATP8A2 as well as Stx-1A and ANXA?2 also significantly de-
creased oxygen glucose deprivation (ODG)-type ischemia and reperfusion-induced ProTo
release [11]. These findings suggest that once externalized PS-ANXA2 (flop-out) would
be flipped in by ATP8A2 and used for the subsequent and repeated extracellular release
of the S100A13 complex in C6 glioma cells. This may explain why serum deprivation or
ischemia-reperfusion induces a complete depletion of ProT« and S100A13, unlike in the
case of exocytotic neurotransmitter release.

From these findings, the author proposes a new type of non-vesicular release mecha-
nism for ProT«, a member of DAMPs/alarmins upon fatal stress. According to this working
hypothesis, the initial step is the formation of the S1I00A13 complex (with ProT«, p40 Syt-1
and ANXAZ2), as shown in Figure 3, upper panel, as follows: (1) under the serum-deprivation
condition in culture or ischemia—-reperfusion stress in vivo, ProT« is diffused from the
nucleus throughout the cell due to an ischemic ATP decrease (energy crisis); (2) at the same
time, a Ca?* influx occurs via N-type voltage-dependent Ca?* channels; (3) SI00A13 is
then associated with cytosol ProTe, Syt-1 (p65 or p40) and ANXA2 in a Ca?*-dependent
manner. The second step is the membrane association and extracellular release of the
ProTo«/S100A13 complex (Figure 3, lower panel), as follows: (1) the tethering of the S100A13
complex to the membrane with the help of the Ca?*-dependent association between Ca?*
sensor Syt-1 and t-SNARE Stx-1; (2) the amplification of the intracellular concentration
of Ca?* via a Ca?*-induced Ca?* release (CICR) from the endoplasmic reticulum; (3) the
tight binding of ANXA2 to PS on the inner leaflet of the membrane; (4) the PS-ANXA2
flop-out by Ca?*-dependent TMEM16F scramblase activity; (5) the extracellular release of
ProT«, S100A13 and p40Syt-1 complexes; (6) the recycling of PS-ANXAZ2 by flipping in
via a force of ATP8A2. This mechanism may be involved in the repeated ProT«/S100A13
complex release.
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Figure 3. Schematic illustration of stress-induced extracellular release of ProT«, SI00A13 and p40
Syt-1 (working hypothesis). Upper panel: Under the normal condition, importin « transports ProTa
possessing nuclear localization sequence into the nucleus. The loss of ATP by starving stress impairs
the importin « action for the nuclear transport of ProT«, and existing ProT« in the nucleus is then
diffused throughout the cell. The starving stress also causes Ca?* influx, which triggers the formation
of protein complex comprising ProTa, SI00A13, Syt-1 and ANXA2 on filamentous F-actin network.
Lower panel: The protein complex is tethered to the plasma membrane with the help of interaction
between p40 Syt-1 and Stx-1 (stage 1). High levels of intracellular Ca>* caused by CICR (stage 2)
facilitate the tight binding of the protein complex to plasma membrane with the help of interaction
between ANXA?2 and acidic phospholipids (e.g., phosphatidylserine/PS) (stage 3), followed by the
TMEM16F-mediated flop-out of ANXA2-PS complex (stage 4) and the extracellular release of protein
complex (stage 5). Externalized ANXA2-PS will be flipped in by a force of ATP8A2, and the additional
non-vesicular release of protein complex will be repeated (stage 6). Details are described in the text
and have been reported previously [11].

3.2.10. Cell-Type-Specific Non-Classical and Non-Vesicular Release

Unlike in the case of cultured neurons and astrocytes, ProT o is not localized in the nu-
cleus of cultured microglia. In addition, ProT« release was not caused by serum deprivation
stress (Figure 4A). Mechanisms underlying the lack of this release from microglia remain to
be fully determined, but some of them may be explained by the fact that v-SNARE Syt-1,
t-SNARE Stx-1 and ATP8A2 are substantially missing in the microglia (Supplementary
Figures S1A and S2A). Analogous events were also observed in the culture of HeLa cells,
which also lack Syt-1 and Stx-1. The extracellular release of ProT« from C6 glioma cells
was also observed by serum deprivation, oxygen glucose deprivation (OGD) or heat shock,
while no release was observed in HeLa cells (Figure 4B,C, Supplementary Figures S1B,C
and 52B). In HeLa cells, ProT o was localized in the nucleus in the presence of serum, while
it became distributed throughout the cell in the absence of serum, suggesting that HeLa
cells have an importin-mediated ATP-dependent nuclear localization system but not a
Ca”*-mediated extracellular flop-out system.
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Figure 4. Lack of stress-induced ProT« release in microglia and HeLa cells. (A—C). Representative
pictures of ProTo immunocytochemistry in rat microglia (A), C6 glioma (B) and HeLa cells (C)
cultured with various types of stress. (A). Lack of ProT« release from microglia by serum deprivation
stress. ProTo is detected throughout the cell both in the presence or absence of serum. (B). ProT« is
detected in the nucleus of C6 glioma cells in the presence of serum, while no ProT« is detected in
the nucleus and cytosol after the treatment with oxygen glucose deprivation (OGD, glucose-free, 1%
Oy, 3 h) or heat shock (pre-heat treatment at 42 °C for 90 min, followed by incubation at 37 °C for
3 h). (C). Lack of ProT« release from HeLa cells by serum deprivation or heat shock stress. ProT« is
detected throughout the cell in the presence of serum deprivation or heat shock stress.

3.3. ANXA?2 Flop System Underlying Anti-Stroke Actions of ProTw

Exogenously administered ProT« shows various beneficial actions against ischemia—
reperfusion stress in the cerebral artery occlusion (MCAO)-induced focal ischemia model,
the bilateral common carotid artery occlusion-induced global ischemia model and the
retinal ischemia—reperfusion model [27,30]. The blockade of the beneficial actions of
endogenously released ProT« were also observed using neutralized anti-ProT« IgG or
antisense oligodeoxynucleotide in MCAO and retinal ischemia-reperfusion models [28,29].
The most striking actions of ProTo have been recently reported [59], in which a hemorrhage
induced by late treatment (6 h) with a tissue plasminogen activator (tPA) was abolished
with the co-administration of ProTx. Underlying mechanisms are closely related to the
inhibition of matrix metalloprotease (MMPs) production in microglia following MCAO.
On the other hand, in the case of late treatment with a tPA, the MMP production was
further observed in CD31-positive vascular endothelial cells, and the co-administration
with ProT« showed a complete inhibition [59] (Supplementary Figure S3). Although the
precise mechanisms of ProT«’s potent beneficial actions against ischemic and tPA-induced
MMP production remain elusive, PS-ANXA2 flop-out may be related to them. Regarding
this mechanism, there is a report that the SI00A10-ANXA2 complex could be a potential
tPA binding site [60]. Thus, under the MCAO condition, tPA may stimulate MMP activities
and damage S100A10-ANXA2-attached brain cells, including endothelial cells as well as
neurons and microglia. As ProT« is able to tightly bind to SI00A13 in the presence of Ca?*
(extracellular concentration), exogenously administered ProT« may block the tPA binding
and subsequent MMP-mediated damage. At initial or weak MCAO, released endogenous
ProTa may also inhibit the binding of naturally occurring tPA (Figure 5).
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Figure 5. Possible roles of stress-induced ANXA2 flop-out in the plasmin and MMP production.

Upon ischemic stress, protein complex comprising ProT« and S100A13 is released to the extracellular
space by the force of ANXA2 flop-out mechanism. Because of high levels of Ca?*, S100A13 is expected
to keep binding to ANXA2. On the analogy of the previously reported model, in which S100A10
bound to ANXA2 could be a receptor for tPA [60], endogenous or exogenous tPA binds to externalized
S100A13 on the vascular cells or other cells in vicinity and causes the production of plasmin and
MMPs. Produced MMPs may cause a hemorrhage by degrading tight junction proteins. Endogenous
ProT« released upon stress may bind to S100A13 and prevent the MMP production to some extent by
the inhibition of tPA binding to S100A13. Exogenous tPA may produce large amounts of MMPs via
binding to S100A13 and cause hemorrhages, which are suppressed by co-administration of ProTo.

4. Conclusions

The ANXA2 flop-out-type non-vesicular release of ProT« is a unique mechanism
and, it looks distinct from known mechanisms through the membrane pores made of GS-
DMD or MLKL. Instead of membrane pores, the proposed mechanism includes TMEM16F
scramblase, which plays a role in the process of phosphatidylserine translocation from
the inner to the outer leaflet of the plasma membrane and is activated by very high Ca?*
concentrations [61]. In addition, ANXA2 binds membrane phospholipids in the presence of
Ca?* and plays a role in vesicle budding, fusion, internalization and membrane repair via
lipid segregation [62]. Although we need to examine what types of DAMPs/alarmins use
this mechanism, there is a similar example within the heat-shock-stress-induced release
of FGF-1, which is co-released with S100A13 and Syt-1 upon serum deprivation and heat
shock [34,35,63]. Interestingly, IL-1«x is also co-released with S100A13 by heat shock stress,
but Syt-1 is not [64]. The reason for the different involvement of Syt-1 between brain
FGF-1 and IL-1x may be explained by a possibility that IL-1c release may use a different
molecule instead of Syt-1 [65]. So far, three DAMPs/alarmins may use this model, although
it remains elusive whether ANXA2 flop-out is involved in the release of FGF-1 and IL-1«.
In addition, there are reports that IL-1c is released upon inflammasome activation and sub-
sequent GSDMD-mediated mechanisms [66,67], suggesting that DAMPs/alarmins could
be released via different mechanisms upon different types of stress and different cell types.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/cells12121569/s1, Figure S1: Cell type-specific ProT« release
induced by various types of stress; Figure S2: Cell type-specific expression of key molecules involved
in stress-induced ProT« release; Figure S3: Proposed schematic mechanisms underlying the blockade
of hemorrhage by ProT«.


https://www.mdpi.com/article/10.3390/cells12121569/s1
https://www.mdpi.com/article/10.3390/cells12121569/s1

Cells 2023, 12, 1569 12 of 14

Funding: This work was supported by KAKENHI JP17H01586, JP19K21592 and JP21H03024 (HU)
from the Japan Society for the Promotion of Science (JSPS) and the Platform Project for Support-
ing in Drug Discovery and Life Science Research (Platform for Drug Discovery, Informatics, and
Structural Life Science) (16am0101012j0005) (HU) from the Japan Agency for Medical Research and
Development (AMED).

Institutional Review Board Statement: All procedures were approved by the Nagasaki University
Animal Care Committee, Nagasaki, Japan (approval number: 1104190914).

Informed Consent Statement: Not applicable.
Acknowledgments: The author thanks H. Matsunaga for valuable discussions.

Conflicts of Interest: The author Hiroshi Ueda declares that he has no conflict of interest.

References

1. Murshid, A.; Gong, J.; Calderwood, S.K. The role of heat shock proteins in antigen cross presentation. Front. Immunol. 2012, 3, 63.
[CrossRef] [PubMed]

2. Nishiyama, H.; Itoh, K.; Kaneko, Y.; Kishishita, M.; Yoshida, O.; Fujita, J. A glycine-rich RNA-binding protein mediating
cold-inducible suppression of mammalian cell growth. J. Cell Biol. 1997, 137, 899-908. [CrossRef] [PubMed]

3. Scaffidi, P; Misteli, T.; Bianchi, M.E. Release of chromatin protein HMGB1 by necrotic cells triggers inflammation. Nature 2002,
418, 191-195. [CrossRef] [PubMed]

4. Zhu, X.; Huang, H.; Zhao, L. PAMPs and DAMPs as the Bridge Between Periodontitis and Atherosclerosis: The Potential
Therapeutic Targets. Front. Cell Dev. Biol. 2022, 10, 856118. [CrossRef]

5. Batulan, Z,; Pulakazhi Venu, VK. Li, Y.; Koumbadinga, G.; Alvarez-Olmedo, D.G.; Shi, C.; O’Brien, E.R. Extracellular Release and
Signaling by Heat Shock Protein 27: Role in Modifying Vascular Inflammation. Front. Immunol. 2016, 7, 285. [CrossRef]

6.  Young, B.D.; Cook, M.E.; Costabile, B.K,; Samanta, R.; Zhuang, X.; Sevdalis, S.E.; Varney, KM.; Mancia, F.; Matysiak, S.; Lattman,
E.; et al. Binding and Functional Folding (BFF): A Physiological Framework for Studying Biomolecular Interactions and Allostery.
J. Mol. Biol. 2022, 434, 167872. [CrossRef]

7. Zhao, Y,; Li, R. HMGBI is a promising therapeutic target for asthma. Cytokine 2023, 165, 156171. [CrossRef]

8. Zhong, P; Zhou, M.; Zhang, ].; Peng, ].; Zeng, G.; Huang, H. The role of Cold-Inducible RNA-binding protein in respiratory
diseases. J. Cell. Mol. Med. 2022, 26, 957-965. [CrossRef]

9. Chauvin, C.; Retnakumar, S.V.; Bayry, J]. Gasdermin D as a cellular switch to orientate immune responses via IL-33 or IL-1beta.
Cell. Mol. Immunol. 2023, 20, 8-10. [CrossRef]

10. Tonnus, W.; Linkermann, A. The in vivo evidence for regulated necrosis. Immunol. Rev. 2017, 277, 128-149. [CrossRef]

11. Matsunaga, H.; Halder, S.K.; Ueda, H. Annexin A2 Flop-Out Mediates the Non-Vesicular Release of DAMPs/Alarmins from C6
Glioma Cells Induced by Serum-Free Conditions. Cells 2021, 10, 567. [CrossRef]

12.  Zhang, Q.; Li, Y,; Tsien, R.W. The dynamic control of kiss-and-run and vesicular reuse probed with single nanoparticles. Science
2009, 323, 1448-1453. [CrossRef]

13.  Seino, S.; Shibasaki, T. PKA-dependent and PKA-independent pathways for cAMP-regulated exocytosis. Physiol. Rev. 2005, 85,
1303-1342. [CrossRef]

14. Machamer, C.E. Accommodation of large cargo within Golgi cisternae. Histochem. Cell Biol. 2013, 140, 261-269. [CrossRef]
[PubMed]

15.  Zhao, H,; Tto, Y.; Chappel, J.; Andrews, N.W.; Teitelbaum, S.L.; Ross, F.P. Synaptotagmin VII regulates bone remodeling by
modulating osteoclast and osteoblast secretion. Dev. Cell 2008, 14, 914-925. [CrossRef]

16. Gurunathan, S.; Kang, M.H.; Jeyaraj, M.; Qasim, M.; Kim, ].H. Review of the Isolation, Characterization, Biological Function, and
Multifarious Therapeutic Approaches of Exosomes. Cells 2019, 8, 307. [CrossRef]

17.  Henne, W.M.; Stenmark, H.; Emr, S.D. Molecular mechanisms of the membrane sculpting ESCRT pathway. Cold Spring Harb.
Perspect. Biol. 2013, 5, a016766. [CrossRef]

18.  Shi, J.; Zhao, Y.; Wang, K.; Shi, X.; Wang, Y.; Huang, H.; Zhuang, Y.; Cai, T., Wang, F.; Shao, F. Cleavage of GSDMD by inflammatory
caspases determines pyroptotic cell death. Nature 2015, 526, 660-665. [CrossRef]

19. Heilig, R.; Dick, M.S.; Sborgi, L.; Meunier, E.; Hiller, S.; Broz, P. The Gasdermin-D pore acts as a conduit for IL-1beta secretion in
mice. Eur. . Immunol. 2018, 48, 584-592. [CrossRef]

20. Brough, D.; Rothwell, N.J. Caspase-1-dependent processing of pro-interleukin-1beta is cytosolic and precedes cell death. J. Cell
Sci. 2007, 120, 772-781. [CrossRef]

21. Martin, S.J. Cell death and inflammation: The case for IL-1 family cytokines as the canonical DAMPs of the immune system. FEBS
J. 2016, 283, 2599-2615. [CrossRef] [PubMed]

22. Rickard, J.A.; O’'Donnell, J.A.; Evans, ].M.; Lalaoui, N.; Poh, A.R.; Rogers, T.; Vince, ].E.; Lawlor, K.E.; Ninnis, R.L.; Anderton, H.;

et al. RIPK1 regulates RIPK3-MLKL-driven systemic inflammation and emergency hematopoiesis. Cell 2014, 157, 1175-1188.
[CrossRef]


https://doi.org/10.3389/fimmu.2012.00063
https://www.ncbi.nlm.nih.gov/pubmed/22566944
https://doi.org/10.1083/jcb.137.4.899
https://www.ncbi.nlm.nih.gov/pubmed/9151692
https://doi.org/10.1038/nature00858
https://www.ncbi.nlm.nih.gov/pubmed/12110890
https://doi.org/10.3389/fcell.2022.856118
https://doi.org/10.3389/fimmu.2016.00285
https://doi.org/10.1016/j.jmb.2022.167872
https://doi.org/10.1016/j.cyto.2023.156171
https://doi.org/10.1111/jcmm.17142
https://doi.org/10.1038/s41423-022-00950-6
https://doi.org/10.1111/imr.12551
https://doi.org/10.3390/cells10030567
https://doi.org/10.1126/science.1167373
https://doi.org/10.1152/physrev.00001.2005
https://doi.org/10.1007/s00418-013-1120-y
https://www.ncbi.nlm.nih.gov/pubmed/23821163
https://doi.org/10.1016/j.devcel.2008.03.022
https://doi.org/10.3390/cells8040307
https://doi.org/10.1101/cshperspect.a016766
https://doi.org/10.1038/nature15514
https://doi.org/10.1002/eji.201747404
https://doi.org/10.1242/jcs.03377
https://doi.org/10.1111/febs.13775
https://www.ncbi.nlm.nih.gov/pubmed/27273805
https://doi.org/10.1016/j.cell.2014.04.019

Cells 2023, 12, 1569 13 of 14

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.
44.

45.

46.

47.

48.

49.
50.

Micheau, O.; Tschopp, J. Induction of TNF receptor I-mediated apoptosis via two sequential signaling complexes. Cell 2003,
114, 181-190. [CrossRef]

Nakano, H.; Murai, S.; Moriwaki, K. Regulation of the release of damage-associated molecular patterns from necroptotic cells.
Biochem. J. 2022, 479, 677-685. [CrossRef] [PubMed]

Kwak, M.S.; Kim, H.S.; Lee, B.; Kim, Y.H.; Son, M.; Shin, J.S. Immunological Significance of HMGB1 Post-Translational
Modification and Redox Biology. Front. Immunol. 2020, 11, 1189. [CrossRef]

Ueda, H.; Fujita, R.; Yoshida, A.; Matsunaga, H.; Ueda, M. Identification of prothymosin-alphal, the necrosis-apoptosis switch
molecule in cortical neuronal cultures. J. Cell Biol. 2007, 176, 853—-862. [CrossRef]

Matsunaga, H.; Ueda, H. Stress-induced non-vesicular release of prothymosin-alpha initiated by an interaction with S100A13,
and its blockade by caspase-3 cleavage. Cell Death Differ. 2010, 17, 1760-1772. [CrossRef]

Fujita, R.; Ueda, H. Prothymosin-alphal prevents necrosis and apoptosis following stroke. Cell Death Differ. 2007, 14, 1839-1842.
[CrossRef]

Fujita, R.; Ueda, M.; Fujiwara, K.; Ueda, H. Prothymosin-alpha plays a defensive role in retinal ischemia through necrosis and
apoptosis inhibition. Cell Death Differ. 2009, 16, 349-358. [CrossRef]

Ueda, H. Prothymosin alpha Plays Role as a Brain Guardian through Ecto-F(1) ATPase-P2Y(12) Complex and TLR4/MD2. Cells
2023, 12, 496. [CrossRef]

Nebenfuhr, A.; Ritzenthaler, C.; Robinson, D.G. Brefeldin A: Deciphering an enigmatic inhibitor of secretion. Plant Physiol. 2002,
130, 1102-1108. [CrossRef] [PubMed]

Yasuda, Y.; Miyamoto, Y.; Saiwaki, T.; Yoneda, Y. Mechanism of the stress-induced collapse of the Ran distribution. Exp. Cell Res.
2006, 312, 512-520. [CrossRef] [PubMed]

Shishibori, T.; Oyama, Y.; Matsushita, O.; Yamashita, K.; Furuichi, H.; Okabe, A.; Maeta, H.; Hata, Y.; Kobayashi, R. Three distinct
anti-allergic drugs, amlexanox, cromolyn and tranilast, bind to SI00A12 and S100A13 of the S100 protein family. Biochem. |. 1999,
338, 583-589. [CrossRef]

Matsunaga, H.; Ueda, H. Evidence for serum-deprivation-induced co-release of FGF-1 and S100A13 from astrocytes. Neurochem.
Int. 2006, 49, 294-303. [CrossRef]

Landriscina, M.; Soldi, R.; Bagala, C.; Micucci, I.; Bellum, S.; Tarantini, F.; Prudovsky, I.; Maciag, T. SI00A13 participates in the
release of fibroblast growth factor 1 in response to heat shock in vitro. J. Biol. Chem. 2001, 276, 22544-22552. [CrossRef]
Mandinova, A.; Soldi, R.; Graziani, I.; Bagala, C.; Bellum, S.; Landriscina, M.; Tarantini, E.; Prudovsky, I.; Maciag, T. S100A13
mediates the copper-dependent stress-induced release of IL-1alpha from both human U937 and murine NIH 3T3 cells. J. Cell Sci.
2003, 116, 2687-2696. [CrossRef]

Matsunaga, H.; Ueda, H. Voltage-dependent N-type Ca2+ channel activity regulates the interaction between FGF-1 and S100A13
for stress-induced non-vesicular release. Cell. Mol. Neurobiol. 2006, 26, 237-246. [CrossRef]

Matsunaga, H.; Ueda, H. Synergistic Ca?* and Cu?* requirements of the FGF1-5100A13 interaction measured by quartz crystal
microbalance: An initial step in amlexanox-reversible non-classical release of FGF1. Neurochem. Int. 2008, 52, 1076-1085.
[CrossRef]

Mouta Carreira, C.; LaVallee, T.M.; Tarantini, F.; Jackson, A.; Lathrop, J.T.; Hampton, B.; Burgess, W.H.; Maciag, T. S100A13
is involved in the regulation of fibroblast growth factor-1 and p40 synaptotagmin-1 release in vitro. J. Biol. Chem. 1998, 273,
22224-22231. [CrossRef]

Jiang, X.; Kim, H.E.; Shu, H.; Zhao, Y.; Zhang, H.; Kofron, J.; Donnelly, J.; Burns, D.; Ng, S.C.; Rosenberg, S.; et al. Distinctive roles
of PHAP proteins and prothymosin-alpha in a death regulatory pathway. Science 2003, 299, 223-226. [CrossRef]

Wang, S.; Li, Y.; Ma, C. Synaptotagmin-1 C2B domain interacts simultaneously with SNAREs and membranes to promote
membrane fusion. Elife 2016, 5, e14211. [CrossRef]

Matsunaga, H.; Halder, S.K.; Ueda, H. Involvement of SNARE Protein Interaction for Non-classical Release of DAMPs/Alarmins
Proteins, Prothymosin Alpha and S100A13. Cell. Mol. Neurobiol. 2021, 41, 1817-1828. [CrossRef] [PubMed]

Endo, M. Calcium-induced calcium release in skeletal muscle. Physiol. Rev. 2009, 89, 1153-1176. [CrossRef] [PubMed]

Brose, N.; Petrenko, A.G.; Sudhof, T.C.; Jahn, R. Synaptotagmin: A calcium sensor on the synaptic vesicle surface. Science 1992,
256,1021-1025. [CrossRef]

Weber, T.; Zemelman, B.V.; McNew, J.A.; Westermann, B.; Gmachl, M.; Parlati, F.; Sollner, T.H.; Rothman, J.E. SNAREpins:
Minimal machinery for membrane fusion. Cell 1998, 92, 759-772. [CrossRef]

Mion, D.; Bunel, L.; Heo, P; Pincet, F. The beginning and the end of SNARE-induced membrane fusion. FEBS Open Bio 2022, 12,
1958-1979. [CrossRef]

Kim, J.Y.; Choi, B.K.; Choi, M.G.; Kim, S.A.; Lai, Y,; Shin, Y.K; Lee, N.K. Solution single-vesicle assay reveals PIP2-mediated
sequential actions of synaptotagmin-1 on SNAREs. EMBO ]. 2012, 31, 2144-2155. [CrossRef]

Vaidyanathan, V.V.; Yoshino, K.; Jahnz, M.; Dorries, C.; Bade, S.; Nauenburg, S.; Niemann, H.; Binz, T. Proteolysis of SNAP-25
isoforms by botulinum neurotoxin types A, C, and E: Domains and amino acid residues controlling the formation of enzyme-
substrate complexes and cleavage. J. Neurochem. 1999, 72, 327-337. [CrossRef]

Creutz, C.E. The annexins and exocytosis. Science 1992, 258, 924-931. [CrossRef]

Gerke, V.; Creutz, C.E.; Moss, S.E. Annexins: Linking CaZ* signalling to membrane dynamics. Nat. Rev. Mol. Cell Biol. 2005,
6,449-461. [CrossRef]


https://doi.org/10.1016/S0092-8674(03)00521-X
https://doi.org/10.1042/BCJ20210604
https://www.ncbi.nlm.nih.gov/pubmed/35293986
https://doi.org/10.3389/fimmu.2020.01189
https://doi.org/10.1083/jcb.200608022
https://doi.org/10.1038/cdd.2010.52
https://doi.org/10.1038/sj.cdd.4402189
https://doi.org/10.1038/cdd.2008.159
https://doi.org/10.3390/cells12030496
https://doi.org/10.1104/pp.011569
https://www.ncbi.nlm.nih.gov/pubmed/12427977
https://doi.org/10.1016/j.yexcr.2005.11.017
https://www.ncbi.nlm.nih.gov/pubmed/16368437
https://doi.org/10.1042/bj3380583
https://doi.org/10.1016/j.neuint.2006.01.017
https://doi.org/10.1074/jbc.M100546200
https://doi.org/10.1242/jcs.00471
https://doi.org/10.1007/s10571-006-9016-1
https://doi.org/10.1016/j.neuint.2007.11.002
https://doi.org/10.1074/jbc.273.35.22224
https://doi.org/10.1126/science.1076807
https://doi.org/10.7554/eLife.14211
https://doi.org/10.1007/s10571-020-00950-y
https://www.ncbi.nlm.nih.gov/pubmed/32856232
https://doi.org/10.1152/physrev.00040.2008
https://www.ncbi.nlm.nih.gov/pubmed/19789379
https://doi.org/10.1126/science.1589771
https://doi.org/10.1016/S0092-8674(00)81404-X
https://doi.org/10.1002/2211-5463.13447
https://doi.org/10.1038/emboj.2012.57
https://doi.org/10.1046/j.1471-4159.1999.0720327.x
https://doi.org/10.1126/science.1439804
https://doi.org/10.1038/nrm1661

Cells 2023, 12, 1569 14 of 14

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Gabel, M.; Chasserot-Golaz, S. Annexin A2, an essential partner of the exocytotic process in chromaffin cells. J. Neurochem. 2016,
137, 890-896. [CrossRef]

Gabel, M.; Royer, C.; Thahouly, T.; Calco, V.; Gasman, S.; Bader, M.F,; Vitale, N.; Chasserot-Golaz, S. Annexin A2 Egress during
Calcium-Regulated Exocytosis in Neuroendocrine Cells. Cells 2020, 9, 2059. [CrossRef] [PubMed]

Umbrecht-Jenck, E.; Demais, V.; Calco, V.; Bailly, Y.; Bader, M.E.; Chasserot-Golaz, S. S100A10-mediated translocation of annexin-
A2 to SNARE proteins in adrenergic chromaffin cells undergoing exocytosis. Traffic 2010, 11, 958-971. [CrossRef] [PubMed]
Shor, E.; Wang, Y.; Perlin, D.S.; Xue, C. Cryptococcus flips its lid—Membrane phospholipid asymmetry modulates antifungal
drug resistance and virulence. Microb. Cell 2016, 3, 358-360. [CrossRef]

Suzuki, J.; Umeda, M; Sims, PJ.; Nagata, S. Calcium-dependent phospholipid scrambling by TMEM16F. Nature 2010, 468, 834-838.
[CrossRef]

Zhang, Y.; Li, H,; Li, X.; Wu, J.; Xue, T.; Wu, J.; Shen, H.; Li, X.; Shen, M.; Chen, G. TMEMI16F Aggravates Neuronal Loss by
Mediating Microglial Phagocytosis of Neurons in a Rat Experimental Cerebral Ischemia and Reperfusion Model. Front. Immunol.
2020, 11, 1144. [CrossRef]

Stewart, S.E.; Ashkenazi, A.; Williamson, A.; Rubinsztein, D.C.; Moreau, K. Transbilayer phospholipid movement facilitates the
translocation of annexin across membranes. J. Cell Sci. 2018, 131, jcs217034. [CrossRef]

Menke, M.; Gerke, V.; Steinem, C. Phosphatidylserine membrane domain clustering induced by annexin A2/5100A10 heterote-
tramer. Biochemistry 2005, 44, 15296-15303. [CrossRef]

Halder, S.K.; Matsunaga, H.; Ueda, H. Prothymosin alpha and its mimetic hexapeptide improve delayed tissue plasminogen
activator-induced brain damage following cerebral ischemia. J. Neurochem. 2020, 153, 772-789. [CrossRef]

Seo, J.S.; Svenningsson, P. Modulation of Ion Channels and Receptors by p11 (S100A10). Trends Pharmacol. Sci. 2020, 41, 487-497.
[CrossRef]

Pedemonte, N.; Galietta, L.J. Structure and function of TMEM16 proteins (anoctamins). Physiol. Rev. 2014, 94, 419-459. [CrossRef]
Morozova, K.; Sridhar, S.; Zolla, V.; Clement, C.C.; Scharf, B.; Verzani, Z.; Diaz, A.; Larocca, ].N.; Hajjar, K.A.; Cuervo, A.M.; et al.
Annexin A2 promotes phagophore assembly by enhancing Atgl6L* vesicle biogenesis and homotypic fusion. Nat. Commun.
2015, 6, 5856. [CrossRef] [PubMed]

LaVallee, T.M.; Tarantini, F.; Gamble, S.; Mouta Carreira, C.; Jackson, A.; Maciag, T. Synaptotagmin-1 is required for fibroblast
growth factor-1 release. . Biol. Chem. 1998, 273, 22217-22223. [CrossRef]

Tarantini, F.; Micucci, I.; Bellum, S.; Landriscina, M.; Garfinkel, S.; Prudovsky, I.; Maciag, T. The precursor but not the mature
form of IL1alpha blocks the release of FGF1 in response to heat shock. J. Biol. Chem. 2001, 276, 5147-5151. [CrossRef]
Prudovsky, I.; Mandinova, A.; Soldi, R.; Bagala, C.; Graziani, I.; Landriscina, M.; Tarantini, F.; Duarte, M.; Bellum, S.; Doherty, H.;
et al. The non-classical export routes: FGF1 and IL-1alpha point the way. J. Cell Sci. 2003, 116, 4871-4881. [CrossRef]

Tsuchiya, K.; Hosojima, S.; Hara, H.; Kushiyama, H.; Mahib, M.R.; Kinoshita, T.; Suda, T. Gasdermin D mediates the maturation
and release of IL-1lalpha downstream of inflammasomes. Cell Rep. 2021, 34, 108887. [CrossRef]

Voss, O.H.; Cobb, J.; Gaytan, H.; Rivera Diaz, N.; Sanchez, R.; DeTolla, L.; Rahman, M.S.; Azad, A.F. Pathogenic, but Not
Nonpathogenic, Rickettsia spp. Evade Inflammasome-Dependent IL-1 Responses to Establish an Intracytosolic Replication Niche.
mBio 2021, 13, e0291821. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1111/jnc.13628
https://doi.org/10.3390/cells9092059
https://www.ncbi.nlm.nih.gov/pubmed/32917016
https://doi.org/10.1111/j.1600-0854.2010.01065.x
https://www.ncbi.nlm.nih.gov/pubmed/20374557
https://doi.org/10.15698/mic2016.08.521
https://doi.org/10.1038/nature09583
https://doi.org/10.3389/fimmu.2020.01144
https://doi.org/10.1242/jcs.217034
https://doi.org/10.1021/bi051585i
https://doi.org/10.1111/jnc.14858
https://doi.org/10.1016/j.tips.2020.04.004
https://doi.org/10.1152/physrev.00039.2011
https://doi.org/10.1038/ncomms6856
https://www.ncbi.nlm.nih.gov/pubmed/25597631
https://doi.org/10.1074/jbc.273.35.22217
https://doi.org/10.1074/jbc.C000714200
https://doi.org/10.1242/jcs.00872
https://doi.org/10.1016/j.celrep.2021.108887
https://doi.org/10.1128/mbio.02918-21

	Introduction 
	Various Modes of Extracellular Release 
	Classical Release Modes for Biologically Active Molecules 
	Non-Classical Constitutive Vesicular Release 
	Non-Classical and Non-Vesicular Release Mediated via GSDMD and MLKL Pore Formation 

	New Type of Non-Classical and Non-Vesicular Release 
	Identification of Prothymosin  Causing Cell Death Mode Switch 
	Serum-Free Starvation-Induced Extracellular Release of ProT 
	Ischemic ATP Loss-Induced ProT Release from the Nucleus 
	Ca2+-Dependent ProT–S100A13 Interaction 
	Anti-Apoptosis Action of Cytosol ProT 
	Ca2+-Dependent Interaction between S100A13 and p40 Syt-1 
	Syt-1 Involved in the Release of ProT and S100A13 
	Interaction between p40 Syt-1 and Target SNARE Syntaxin-1 
	p40-Syt-1-Stimulation of S100A13 Interaction with Annexin A2 
	Annexin A2 Flop-Out 
	Possible Machineries of ANXA2 Flop-Out 
	Cell-Type-Specific Non-Classical and Non-Vesicular Release 

	ANXA2 Flop System Underlying Anti-Stroke Actions of ProT 

	Conclusions 
	References

