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S3C33:1:: Anti-high mobility group box1
monoclonal antibody ameliorates brain
infarction

Hideo Takahashi', Shuji Mori%, Masahiro Nishibori'

'Dept. Pharmacol., Okayama Univ. Grad. Sch. Med., Dent. & Pharm.

Sci., 2-5-1 Shikata-cho, Kita-ku, Okayama 700-8558, Japan, *Dept.
Pharmacy, Shujitsu Univ., 1-6-1 Nishigawahara, Okayama, Japan.
High mobility group box1 (HMGB1), originally identified as
an architectural nuclear protein, exhibits an inflammatory
cytokine-like activity in the extracellular space. Here
we show that treatment with anti-HMGB1 monoclonal
antibody (mAb) remarkably ameliorated brain infarction
induced by 2-h occlusion of the middle cerebral artery in
rats, even when the mAb was administered after the start
of reperfusion. Consistent with the 90% reduction in infarct
size, the accompanying neurological deficits in locomotor
function were significantly improved. mAb inhibited the
increased permeability of the activation of microglia,
the expression of TNF-alpha and iNOS, and suppressed
activity of MMP-9. Immunohistochemical study revealed
that HMGB1 immunoreactivity in the cell nuclei decreased
or disappeared in affected areas, suggesting the release of
HMGBI1 into the extracellular space. Anti-HMGB1 mAb
efficiently inhibited the development of brain edema through
the protection of blood-brain barrier (BBB) structure in
the early reperfusion phase following focal ischemia of
brain tissue. These results indicate that anti-HMGB1 mAb
inhibits the development of brain infarction through the
protection of BBB structure in the ischemic region.

8€33:35% Prothymosin a: a novel
neuroprotetive polypeptide against
ischemic damages

Hiroshi Ueda, Hayato Matsunaga

Div. Mol. Pharmacol. & Neurosci., Nagasaki Univ. Grad. Sch. of Biomed.
Sci., 1-14 Bunkyo-machi, Nagasaki 852-8521, Japan

In stroke, both necrotic and apoptotic neuronal cell death
cause the loss of functions that include memory, sensory
perception and motor skills. Since necrosis potentially
expands cell death, while apoptosis restricts the spread
of irretrievable damage, neuronal necrosis is considered
to be a principle target for the rapid treatment of stroke.
Prothymosin a (ProTa), a highly acidic nuclear protein
that lacks signal peptide, was isolated from the conditioned
medium after serum-free culture of cortical neurons and
found to convert a cell death mode switch from necrosis
to apoptosis. Indeed, ProTa administered via systemic
routes markedly inhibited the functional and histological
damages induced by cerebral and retinal ischemia. Although
ProTa converted a cell death mode switch from necrosis to
apoptosis in vivo, the ProTo-induced apoptosis was found to
be completely inhibited by brain-derived neurotrophic factor
or erythropoietin produced in the ischemic brain. Analysis in
terms of the therapeutic time window and potency suggest
that ProTa could be the prototypic compound to develop the
medicine, and ProTa signaling may also be an important
novel therapeutic strategy useful for the treatment of stroke.

:83€33:2 Therapeutic potential of non-
psychotropic cannabidiol in ischemic
stroke

Kazuhide Hayakawa'?, Kenichi Mishima’, Eng H. Lo?,
Katsunori Iwasaki', Michihiro Fujiwara’

'Dept. Neuropharmacol., Fukuoka Univ., 8-19-1 Nanakuma, Jonan-ku,
Fukuoka 814-0180, Japan, "MGH-Harvard, MGH-149, Charlestown,
MA02129

Cannabis contains the psychoactive component delta9-
tetrahydrocannabinol (delta9-THC), and the non-
psychoactive components cannabidiol (CBD), cannabinol,
and cannabigerol. It is well-known that delta9-THC
and other cannabinoid CB1 receptor agonists are
neuroprotective during global and focal ischemic injury.
Additionally, delta9-THC also mediates psychological effects
through the activation of the CB1 receptor in the central
nervous system. In addition to the CB1 receptor agonists,
cannabis also contains therapeutically active components
which are CB1 receptor independent. Of the CB1 receptor-
independent cannabis, the most important is CBD. In the
past five years, an increasing number of publications have
focused on the discovery of the anti-inflammatory, anti-
oxidant, and neuroprotective effects of CBD. In particular,
CBD exerts positive pharmacological effects in ischemic
stroke. The cerebroprotective action of CBD is CB1 receptor-
independent, long-lasting, and has potent anti-oxidant
activity. Importantly, CBD use does not lead to tolerance.
Among cannabis compounds, CBD may represent a very
promising agent with the highest prospect for therapeutic
use for ischemic stroke.

49583845 Understanding the mechanisms
of actions of neuroprotective compounds
in animal stroke models

Kazuya Hokamura, Kazuo Umemura

Dept. Pharmacol, Hamamatsu Univ. Sch. Med., 1-20-1 Handayama,
Higashi-ku, Hamamatsu 431-3192, Japan

Stroke is the third leading cause of death in Japan
accounting for approximately 10% of all deaths. Intravenous
t-PA has been approved for treating acute ischemic stroke,
but delayed treatment is associated with increased risk
of cerebral haemorrhagic transformation. In light of this
background, there is a need for novel drugs for treating
stroke. We investigated the effects of two new compounds,
which have nuroprotective actions. In this symposium, we
will share with you their mechanisms of actions, which
we have investigated in animal stroke models. One of the
two compounds is GIF-0173, a derivative of prostaglandin
J2. GIF-0173 reduced the infarct size by 40% in a cerebral
thrombosis model. The neuroprotection was via activation
of prostaglandin D1 receptor, which upregulates the
sarcoplasmic/endoplasmic reticulum calcium ATPase pump
activity in endoplasmic reticulum leading to reduction of
free cytoplasmic calcium. Another compound we investigated
is Ginkgolide B (GB). The reduction of infarct size by GB
was 34% in animal stroke models. It protected neurons by
reducing intracellular calcium influx through an NMDA
receptor during excitotoxicity. The two compounds are
potential candidates for the treatment of stroke.
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Prothymosin « as robustness molecule against ischemic
stress to brain and retina
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Following stroke or traumatic damage, neuronal death via both necrosis and apoptosis causes loss of functions,
including memory, sensory perception, and motor skills. As necrosis has the nature to expand, while apoptosis stops
the cell death cascade in the brain, necrosis is considered to be a promising target for rapid treatment for stroke. We
identified the nuclear protein, prothymosin alpha (ProT«) from the conditioned medium of serum-free culture of
cortical neurons as a key protein-inhibiting necrosis. In the culture of cortical neurons in the serum-free condition
without any supplements, ProT « inhibited the necrosis, but caused apoptosis. In the ischemic brain or retina, ProT
showed a potent inhibition of both necrosis and apoptosis. By use of anti-brain-derived neurotrophic factor or
anti-erythropoietin IgG, we found that ProT « inhibits necrosis, but causes apoptosis, which is in turn inhibited
by ProT«-induced neurotrophins under the condition of ischemia. From the experiment using anti-ProT« IgG or
antisense oligonucleotide for ProT, it was revealed that ProT« has a pathophysiological role in protecting neurons

in stroke.

Keywords: apoptosis; brain-derived neurotrophic factor; cell death mode switch; ischemia; necrosis; robustness

Introduction

Stroke is a major cause of death and a major factor
behind people spending their life confined to bed.
Stroke results in dysfunctions of motor skills, mem-
ory, and sensory perception that are caused by var-
ious kinds of ischemia leading to neuronal death.
Necrotic death occurs first in the ischemic core.
Neuronal necrosis in the ischemic core is caused
by deprivation of oxygen, glucose, and some neu-
rotrophic factors, and results in the release of cyto-
toxic substances including high-mobility group box
1.1:2 These cytotoxic substances cause further dam-
age to the surrounding neurons, through an activa-
tion of nonneuronal cells, astrocytes, and microglia
that release other types of cytotoxic molecules, such
as cytokines and nitric oxide.> Meanwhile in the
penumbra surrounding the core, apoptosis takes
over the necrosis. Considering that apoptosis has
the nature of being a converging type of cell death,
it is interesting to hypothesize that apoptosis plays

a limited role in terminating the neuronal death ex-
pansion by necrosis.! In other words, the cell death
mode switch from necrosis to apoptosis is a type of
“Robustness” in the ischemic brain. Our major con-
cern, however, was to identify the key molecule to
exert an inhibition of necrosis, a mechanism that
accomplishes the robustness or cell death mode
switch. Here, we introduce the identification of pro-
thymosin alpha (ProTa) and propose its possible
robustness roles in the ischemic brain and retina
through a demonstration of cellular and in vivo
actions.

Identification of ProT« as a
necrosis-inhibitory factor

The search for necrosis-inhibitory factors was initi-
ated by the simple observation of density-dependent
survival of cortical neurons in serum-free culture.
After careful characterization of this unique cell
death, we found that the death mode of cortical

doi: 10.1111/j.1749-6632.2010.05466.x
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neurons in serum-free culture was necrosis under
low-density conditions, but apoptosis under high-
density conditions.* Therefore, we decided to search
for survival factors that inhibit necrosis in the low-
density culture of neurons, from the conditioned
medium (CM) of high-density culture of neurons.
After various approaches, the use of simple and effi-
cient chromatographies enabled to purify active ma-
terials to a homogeneity in SDS-PAGE separation.
This protein was analyzed by MALDI-TOF-MS,
and a subsequent search of the nonredundant NCBI
protein database for matching peptide mass finger-
prints revealed 17 peptides that were unique to rat
ProTa. Moreover, tandem MS analysis confirmed
that the N-terminal of purified ProTa was an acety-
lated serine.” The structure of ProTa has several
unique characteristics in that it is highly hydrophilic
and acidic (pI = 3.55) owing to its abundance of glu-
tamic and aspartic acids (50% of the total residues)
in the middle part of the protein. The cluster of
acidic amino acids in this region seems to resemble
a putative histone-binding domain. A small stretch
of basic residues, corresponding to thymosin-a,
is found at the N-terminal, while another stretch of
basic residues at the C-terminal includes a nuclear
localization signal (NLS; TKKQKK). The fact that
ProTa is a monomeric protein without any regu-
lar secondary structures under physiological con-
ditions” may explain its poor immunogenicity, a
favorable property in terms of its clinical use. This
purified protein was also biologically identified to
be ProTa because a large proportion of ProTa
and the survival activity in the CM were recov-
ered in the acid-treated eluates from anti-ProTo
IgG-conjugated beads, and ProTa purified to ho-
mogeneity exhibited an equivalent concentration-
dependency to that of the recombinant protein. The
fact that ProTa mutants lacking the N-terminal re-
gion (A1-29) including thymosin-a; or C-terminal
region (A102-112) including the NLS retained the
original activity of ProTa also indicates that ProTa
itself exerts survival activity through an action on
cell surface receptor.

Nonvesicular neuronal release of ProT«
upon ischemic stress

ProTa was detected in CM as early as 1 h after the
onset of serum-free and high-density culture. As
neurons in high-density culture retain intact plasma

Ischemic stress to brain and retina

membranes at 1 h after the start of serum-free cul-
ture and ProTa lacks a signal peptide sequence re-
quired for vesicular release, it is evident that the
ProTo release occurs in a regulated and unique non-
classical manner.®? However, no ProTa release was
observed in the presence of serum. Taken together,
these findings suggest that ProTa may play an im-
portant neuroprotective role in the event of starva-
tion or ischemic stress.

Inhibition of necrosis by ProTa

Recombinant ProTa reversed the rapid decrease
in survival of cortical neurons observed in serum-
free and permanent ischemia models.> Addition of
ProTa abolished the typical necrosis features, such
as disrupted plasma membranes and swollen mito-
chondria in transmission electron microscope anal-
ysis at 6 h, but caused apoptosis at 12 h instead.
When the cell death mode was evaluated by dou-
ble staining with PI (necrosis)/annexin V (apopto-
sis at 3 h), PI/anti-activated-caspase-3 IgG (apop-
tosis at 12 h), and PI/TUNEL (apoptosis at 24 h),
most of the neurons were found to die by necro-
sis under serum-free stress. Addition of ProTa to-
tally switched the cell death mode from necro-
sis to apoptosis. Although little is known about
the mechanisms of necrosis, it is only accepted
that necrosis is caused by energy failure due to
loss of cellular ATP.!!3 The neuronal ATP levels
and [*H]-2-DG uptake rapidly decrease immedi-
ately after the start of serum-free culture, and this
decrease is markedly inhibited by the addition of
ProTa.’ Quite similar changes were reproduced in
the ischemic low-oxygen, low-glucose (LOG) cul-
ture. ProTa also reversed the LOG stress-induced
decrease in glucose transporter (GLUT) 1/4 mem-
brane translocation that underlies a mechanism
for necrosis, or rapid decrease in ATP and [*H]-
2-DG uptake levels. The ProTa-induced GLUT1/4
translocation was blocked by the treatments with
pertussis toxin (PTX), PLC inhibitor, PKC in-
hibitor, and PKCR;; antisense oligodeoxynucleotide
(AS-ODN). Furthermore, ProTa reversed the mem-
brane translocation of GLUT4-EGFP,'* which had
been internalized by serum deprivation in N18-
RE105 hybrid cells (Fig. 1). Thus, the rescue
of membrane translocation of GLUTs by ProTa
through activation of putative Gj/,-coupled recep-
tor, PLC, and PKCfj; would be a key mechanism
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Figure 1. ProTa-induced GLUT4 translocation in N18-RE105 hybrid cells. Real-time imaging of ProTa-induced
GLUT4 externalization by the use of GFP technique. The GFP images were acquired every 30 sec for 90 min (30 min
after ischemic stress). GLUT4-EGFP transiently expressed in N18-RE105 cells was completely internalized 30 min
after the serum deprivation, a representative ischemic stress (left panel). Externalization of GLUT4 was started 30
min after the treatment of ProTe (100 nM) under serum-deprivation stress (middle panel). ProTa recovered the
membrane arrival of GLUT4 60 min after the treatment (right panel). Inset (lined frame): Higher magnifications of
images for dotted frame. Arrowheads denote the membrane translocation of GLUT4.

underlying ischemia-induced necrosis or energy
crisis (Fig. 2).

ProT«-induced cell death mode switch in
cultured neurons

The molecular machineries for apoptosis are rela-
tively better characterized than those for necrosis. In
terms of the activation of various caspases, caspase-
3 is believed to be the final execution molecule
for apoptotic cell death linked to DNA break-
down and nuclear fragmentation. ProTa activates
caspase-3 in serum-free and permanent ischemia
models, as well as caspase-9, but not caspase-8 or
caspase-12.> Therefore the apoptosis mechanism is
mediated through mitochondrial pathway, but not
through cell death receptor (caspase-8) or ER stress
(caspase-12) pathway. This view was confirmed by
the findings that ProTa increased the expression
of pro-apoptotic Bax and Bim, while it decreased
the expression of anti-apoptotic Bcl-2 and Bcl-xL,
which regulate mitochondrial apoptotic signaling.
On the other hand, a PKC;; AS-ODN reversed

the ProTa-induced pro-apoptotic Bax expression.
However, it should be noted that the Bax expres-
sion was also abolished by treatment with an AS-
ODN for PKCf3;, but not an AS-ODN for PKCo.
This fact means that the PKC involved in ProTa-
induced GLUT1/4 membrane translocation under-
lying necrosis is more specific for fj-isoform. As
seen in the case with necrosis, ProTa-induced Bax
expression was abolished by PTX. Furthermore, we
observed that ProTa causes membrane ruffling of
microglia through putative G;/,-coupled receptor,
PLC, PKCRy, and 3; (Ueda et al., unpublished data).
The ProTa-induced upregulation of Bax through
PKCf; and 3 activation, seems to be consistent
with the report that PKC8 activation leads to Bax
upregulation through NF-kB.!%16 All these findings
suggest that various cell biological actions of ProTa
are mediated by the activation of G;/,-coupled re-
ceptor, PLC, and PKC (Fig. 2). The second im-
portant issue is that ProTa switches the cell death
mode by causing apoptosis.> As serum-free stress
itself does not cause mitochondrial cytochrome c
release, this stress is unlikely to drive the apoptosis

22 Ann. N.Y. Acad. Sci. 1194 (2010) 20-26 © 2010 New York Academy of Sciences.
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Figure 2. Cellular robustness actions of ProT« through a machinery of cell death mode switch in ischemic neurons
in culture. Serum-free or starvation stress leads to endocytosis of the glucose transporters GLUT1/4, which in
turn causes bioenergetic catastrophe-mediated necrosis through a rapid loss of glucose supply. Addition of ProT«
to ischemia-treated neurons causes translocation of GLUT1/4 to the membrane to allow sufficient glucose supply
through activation of G;/,, PLC, and PKC8y. ProT«-induced apoptosis occurs later at 12 h after the start of serum-
free stress. The machinery is mediated by upregulation of Bax, which in turn causes mitochondrial cytochrome c
release and subsequent apoptosis. Bax upregulation is also mediated by activation of G;/,, PLC, and PKC, similar
to the case for necrosis. However, both PKCf; and PKC8;; upregulations mediate this apoptotic mechanism. As
caspase-3-mediated PARP degradation minimizes the ATP consumption, the apoptosis induction may have a crucial
role in inhibiting the rapid necrosis. In addition, as pyruvate, a substrate for ATP production in mitochondria,
inhibits necrosis but does not cause apoptosis, the apoptosis machinery seems to be independent of the necrosis
inhibition. Neurotrophins, such as BDNF or EPO, which are expected in the ischemic brain and retina, can inhibit
the apoptosis machinery at a later stage.

machinery as well as the necrosis machinery. Fur-
thermore, ProTa-induced apoptosis may not be sec-
ondary to the inhibition of necrosis, since the addi-
tion of pyruvate, which increases ATP levels through
the TCA cycle, inhibited the necrosis in this culture
system, but did not induce apoptosis.

Blockade of ProTx-induced apoptosis by
neurotrophins

Although addition of ProTa delayed the cell death
of cortical neurons in serum-free culture, most of
the neurons completely died by apoptosis within

24 h. However, when neurons were treated with
ProTa under conditions of ischemia and subse-
quent reperfusion with serum-containing medium,
no significant cell death was observed for at least
48 h.> These findings indicate that serum factors
prevented the ProTa-induced apoptosis. Indeed,
further addition of nerve growth factor, brain-
derived neurotrophic factor (BDNF), basic fibrob-
last growth factor, or interleukin (IL)-6, compris-
ing representative apoptosis inhibitors rescued the
cell survival in serum-free culture for 48 h, while
these factors alone had no effects on the survival

(Fig. 2).
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Inhibition of necrosis by apoptosis
induction

It should be noted that concomitant addi-
tion of N-benzyloxycarbonyl-Val-Ala-Asp (OMe)-
fluoromethylketone (zVAD-fmk), a pan-type
caspase inhibitor, with ProTa did not lead to long-
lasting survival, but caused marked cell death by
necrosis at the later stage.” As zVAD-fmk does
not affect cytochrome c release, mitochondrial
bioenergetic dysfunction may lead to loss of ATP
and necrosis induction. Alternatively, the blockade
of caspase activity may allow a large poly(ADP-
ribose)polymerase (PARP)-mediated consumption
of ATP, as stated earlier (Fig. 2). Indeed we ob-
served that the addition of PARP inhibitor 3-
aminobenzamide reversed the rapid decrease in the
intracellular ATP levels and inhibited necrosis af-
ter the start of the low-density and serum-free cul-
ture, while z VAD-fmk significantly reversed the in-
creased ATP levels and necrosis inhibition by ProTa
(unpublished data). In other words, apoptosis-
induction in the early stage after ischemia may play
a defensive role in inhibiting rapid cell death by
necrosis. However, as the late phase of apoptosis
is also induced by many other cytotoxic cytokines
and nitric oxide through different pathways, we have
to consider that the beneficial role of apoptosis in
terms of antinecrosis could be limited in the case
with ProTa-induced one.

Cellular roles of ProT« in cell death
regulation

With regard to cell death regulation, intracellular
ProTa was reported to play a cytoprotective role
by inhibiting apoptosome formation in HeLa cells
subjected to apoptotic stress.'” This finding is in-
consistent with reports that ProTa is released upon
necrotic stress and protects against neuronal death.’
ProTa is a highly acidic nuclear protein of the
a-thymosin family, and is found in the nuclei of
virtually all mammalian cells.'®!® ProTa is gen-
erally thought to be an oncoprotein that is corre-
lated with cell proliferation by sequestering anti-
coactivator factor, a repressor of estrogen receptor
activity, in various cells.?%?! On the other hand,
ProTa has been reported to act as an extracellular
signaling molecule, as observed in the activation of
macrophages, natural killer cells, and lymphokine-
activated killer cells, and in the production of IL-2

Ueda et al.

and tumor necrosis factor-alpha (TNFa).6 There-
fore, ProTa has multiple functions inside and out-
side of the cell, particularly in terms of cell survival
and proliferation.?” Furthermore, the extracellular
actions of ProTa seem to be cell type-specific even
among brain cells, since ProTa binding is observed
in neurons and microglia, but notin astrocytes.’ The
identification of ProTa-binding proteins would be
the next subject.

ProT«-induced inhibition of
ischemia-induced necrosis and apoptosis

Systemic administration of recombinant rat ProTa
at 30 min and 3 h after focal cerebral ischemia
using middle cerebral artery occlusion (MCAO)
and reperfusion largely reversed the brain damage
and suppressed ischemia-induced motor dysfunc-
tion and lethality.?*> Since Myc-tagged recombinant
ProTo administered intraperitoneally was detected
in the cortex at 3 h after MCAO stress, the neuro-
protective actions of ProTa administered through
systemic routes are likely to be due to transient dis-
ruption of the blood-brain barrier in the ischemic
brain.? More details were elsewhere reported.! The
administration of ProTa inhibited both necrotic
and apoptotic cell death. When anti-BDNF or anti-
erythropoietin (EPO) IgG was given into the sub-
arachnoid space through a parietal bone, there was
a reversal of ProTa-inhibited apoptosis, but not
necrosis.” Therefore, ProTa is a unique cell death
regulatory molecule, in that it converts irretrievable
necrosis into controllable apoptosis. As this apopto-
sis can be inhibited by growth factors secreted upon
ischemic stress, it is expected that ProTa may have
an overall neuroprotective or robustness role in the
treatment of stroke. Quite similar mechanisms were
also observed in the transient global retinal ischemia
model resulting from acute vascular occlusion.?

In vivo neuroprotective role of ProT« in a
retinal ischemia model

To examine the in vivo role of ProTa, intravitreous
pretreatment with an AS-ODN against ProTa was
carried out. This AS-ODN, but not a mismatched
scrambled oligodeoxynucleotide (MS-ODN), sig-
nificantly worsened the histological damage at day
4 after retinal ischemic stress. Similar results were
observed for intravitreous pretreatment (1 jLg/eye,
30 min prior to ischemic stress) of anti-ProTa IgG,

24 Ann. N.Y. Acad. Sci. 1194 (2010) 20-26 © 2010 New York Academy of Sciences.
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Figure 3. Robustness roles of ProTa in the neuroprotection in stroke. The hypothesis depicts the machineries
underlying the robustness roles of ProTa through a mechanism of cell death mode switch in cerebral ischemia. In
the mild cerebral ischemia, ProTe is first released upon ischemic stress from necrotic cells in the ischemic core.
Released ProTo exerts a suppression of the necrosis of neighbored neurons, which plays a role of the early stage
of robustness. ProTa at the same time causes apoptosis machineries including caspase 3 activation, which in turn
delays the necrosis (through a PARP degradation), as another type of robustness. Expression of neurotrophic factors,
such as BDNF or EPO will then occur and block the apoptosis in the penumbra (the late stage of robustness). As the
robustness actions of endogenous ProTa seem to be insufficient in the intense ischemia, exogenous administration
of ProTa is required for the cure of ischemic brain damages.

which absorbs ProTa.?® Functional damage was also
deteriorated by this antibody treatment, as evalu-
ated by electroretinography (ERG). As ProTa-like
immunoreactivities completely disappeared with-
out exception at 3 h after the stress, it is evident that
ProTa released upon ischemic stress plays in vivo
neuroprotective roles.

Conclusions

The discovery of ProTa initiated investigations into
what happens in the event of neuronal necrosis,
followed by searches for compounds that inhibit
necrosis, based on the detection of its presence in
CM from neuronal cultures. The hypothesis that
ProTa acts as a “Robustness” or cell death mode
switch molecule from uncontrollable necrosis to
neurotrophin-reversible apoptosis may provide a
promising new strategy for preventing serious dam-
age in stroke (Fig. 3). However, the complete clar-
ification of mechanisms underlying potent neuro-
protective actions of ProTa in cerebral and retinal
ischemia should wait for the identification of the

Ann. N.Y. Acad. Sci. 1194 (2010) 20-26 © 2010 New York Academy of Sciences.

specific receptor. From this point of view, the in-
volvement of unknown mechanisms independent
of Gj/o-coupled receptors may not be excluded at
present. Regarding clinical issues, it is evident that
recombinant ProTa itself has unique and potent
therapeutic potentials against acute stroke.
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Stress-induced non-vesicular release of prothymosin-«
initiated by an interaction with S100A13, and its
blockade by caspase-3 cleavage

H Matsunaga'? and H Ueda*'

The nuclear protein prothymosin-a (ProT«), which lacks a signal peptide sequence, is released from neurons and astrocytes on
ischemic stress and exerts a unique form of neuroprotection through an anti-necrotic mechanism. Ischemic stress-induced
ProTx release is initiated by a nuclear release, followed by extracellular release in a non-vesicular manner, in C6 glioma cells.
These processes are caused by ATP loss and elevated Ca®*, respectively. S100A13, a Ca? * -binding protein, was identified to
be a major protein co-released with ProTa in an immunoprecipitation assay. The Ca® * -dependent interaction between ProTx and
S100A13 was found to require the C-terminal peptide sequences of both proteins. In C6 glioma cells expressing a A88-98 mutant
of S100A13, serum deprivation caused the release of S100A13 mutant, but not of ProTa. When cells were administered
apoptogenic compounds, ProT« was cleaved by caspase-3 to generate a C-terminal peptide-deficient fragment, which lacks the
nuclear localization signal (NLS). However, there was no extracellular release of ProTa. All these results suggest that necrosis-
inducing stress induces an extacellular release of ProT« in a non-vesicular manner, whereas apoptosis-inducing stress does

not, owing to the loss of its interaction with S100A13, a cargo molecule for extracellular release.
Cell Death and Differentiation (2010) 17, 1760-1772; doi:10.1038/cdd.2010.52; published online 14 May 2010

Prothymosin-« (ProTa), a nuclear protein, is widely distributed
throughout the body and has various intracellular functions in
determining life and death.? ProTa bearing a conventional
nuclear localization signal (NLS) is largely localized in the
nucleus, and has important functions in the regulation of cell
differentiation and proliferation.'™® When a cell is subjected to
apoptotic stimuli, on the other hand, ProTe« is released from
the nucleus to the cytosol in which it inhibits apoptosome
formation.* Thus, ProTa is supposed to have a proliferative
function in the nucleus under normal conditions, and a self-
defensive function in the cytosol under apoptotic conditions.

We have recently identified ProTa as a unique anti-neuronal
necrosis factor in the conditioned medium (CM) of cortical
neurons,® and discovered its potent neuroprotective functions
in cerebral and retinal ischemia.®” This protein is extracellu-
larly released on starving or ischemic stress, and inhibits
necrosis by inducing the membrane translocation of glucose
transporters, which are endocytosed under ischemic condi-
tions, resulting in an acceleration of necrosis owing to energy
crisis.> On the basis of pharmacological analyses, ProTa-
induced translocation of glucose transporters is mediated by
stimulation of a putative Gy,-coupled receptor, phospholipase
C, and protein kinase C (PKC) B,. This fact indicates that
ProTa has another self-defensive function as an extracellular
signal under conditions inducing necrosis.

However, little is known of the mechanisms underlying
extracellular ProTa release. Of importance are the facts that
the majority of ProT« content in the nucleus is extracellularly
released on stress, before membrane disruption,5 and that
ProTa lacks a signal peptide sequence, which is required
for sorting to the endoplasmic reticulum (ER)-Golgi system
before exocytosis. Therefore, ProTa release seems to
proceed in a non-classical or non-vesicular manner under
ischemic stress conditions. Here, we report the ischemia-
induced nuclear release of ProTe, followed by its interaction
with S100A13, a cargo molecule for extracellular release. We
also discuss the mechanism underlying the lack of extra-
cellular ProTa release under apoptotic conditions.

Results

Serum-deprivation stress-induced non-classical release
of ProTa. ProTa is exclusively localized in the nuclei of
various cells, including neurons.'® Starvation stress caused
by serum deprivation induced a disappearance of ProTe from
neurons and astrocytes, as early as 3h after the start of
primary culture (Figure 1a). Recently, we discovered the
release of this protein into the CM of cultured cortical neurons
under serum-free starving conditions causing necrosis.®
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Figure 1 Serum-deprivation stress induced the brefeldin-A-insensitive non-classical extracellular release of ProTe. (a) Altered distribution of ProTa in cortical neurons and
astrocytes. Cells were fixed for immunocytochemistry 3h after serum-deprivation stress, indicated as serum (—). Arrowheads denote the nuclei of cells showing ProTo
release. (b) ProTa release in cortical neurons and astrocytes induced by serum (—) stress. ProTe, a highly acidic protein, was purified from 5 x 10° cells and their CM usinga
phenol extraction procedure, and visualized with Coomassie brilliant blue. Data represent the means + S.E.M. of five independent experiments [*P=0.01, versus the
corresponding serum ( + ) treatment]. (c) Characterization of brefeldin A-insensitive non-classical extracellular release of ProTe. Brefeldin A (BFA; 8 ug/ml) was added to the
culture of cortical neurons and astrocytes 12h before serum deprivation. CM samples (n= 5) were used for the purification of ProTe. (d) Realtime imaging of serum-
deprivation stress-induced ProTa. release. ProTa-EGFP stably expressed in C6 glioma cells was released on serum-deprivation stress. (e) Serum-deprivation stress-induced
ProTu release in a BFA-insensitive manner. CM samples from C6 glioma cells culture were collected at 90 min after serum-deprivation stress (90 min). Scale bars represent

20 um. Re: recombinant rat ProTa

As shown in Figure 1b, when serum-derivation stress was
given to neurons or astrocytes, the amounts of ProTo in both
cell types markedly decreased at 3h. On the other hand, the
ProTa levels in the CM of both cell types in the presence of

serum were negligible. However, the serum-deprivation
stress caused a significant extracellular release of ProTa
from both cell types. Brefeldin A, a blocker of protein
transport from the ER to the Golgi apparatus, did not affect

Cell Death and Differentiation
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ProTa release (Figure 1c), suggesting that the manner of
release differs from conventional vesicular release.
Extracellular release of ProTa was also observed in a rat
astroglial C6 glioma cell line after serum deprivation. In C6
glioma cells expressing ProTa-EGFP, the serum-deprivation
stress-induced decrease of fluorescence in nuclei started as
early as 20min after serum deprivation, and complete
disappearance was observed at 80min, although a small
population of cells (below 5%) still retained fluorescence
(Figure 1d). However, no significant fluorescence signal was
observed in the cytosol at these time points, suggesting that
stress-induced nuclear export of ProTa is a rate-limiting step
in the non-classical extracellular release of ProTa. As seen
with primary neurons and astrocytes, brefeldin A did not
affect the serum-deprivation stress-induced release of native
ProTu« release from C6 glioma cells (Figure 1e).

ATP-dependent nuclear localization of ProTa. We have
earlier reported that serum-free starvation stress causes a
rapid decrease in cellular ATP levels, leading to necrosis and
extracellular ProTa release from the nucleus.®> As shown in
Figure 2a, the addition of 2-deoxy-D-glucose (2-DG) to
cultured C6 glioma cells in serum-containing medium
caused a rapid decrease in ATP levels. When the
subcellular localization of ProTa was examined (Figure 2b),
the addition of 2-DG to cells without serum-starvation stress
decreased the number of cells showing nuclear localization
of ProTa, and increased the number showing cytosol
localization. However, no significant extracellular ProTa
release was observed. On the other hand, serum-
deprivation treatment decreased the number of cells
showing nuclear localization and increased the number
showing extracellular release. Thus, these results suggest
that the loss of cellular ATP induces the transport of ProTa
from the nucleus to cytosol, but is not sufficient to cause
extracellular release of ProTa from the cytosol.

We studied the machinery underlying nucleus-to-cytosol
export. When Alexa Fluor488-labeled ProTa and Alexa
Fluor568-bovine serum albumin (BSA) were co-injected into
the cytosols of C6 glioma cells, Alexa Fluor488-ProTa was
rapidly localized to the nucleus, within 10 min, whereas Alexa
Fluor568-BSA remained in the cytosol (Figure 2c, upper left 4
panels). Treatment of cells with 2-DG abolished the nuclear
localization of Alexa Fluor488-ProTe and redistributed it
throughout the cell (Figure 2c, upper middle 4 panels). This
re-distribution was completely reversed by co-injection of ATP
(Figure 2c, upper right 4 panels). On the other hand, serum
deprivation caused a re-distribution of ProTe from nucleus to
cytosol, but did not result in extracellular release in the
presence of amlexanox, which inhibits the release of proteins
lacking a signal peptide sequence®'' (Figure 2c, lower
panels). Similarly, co-injection of ATP reversed the nucleus-
to-cytosol export. Thus, it is evident that nuclear localization of
ProTa is closely related to the cellular ATP level.

Importin « has an important function in the nuclear
localization of proteins possessing an NLS. For the sustained
localization of such proteins, importin « should be released
into the cytosol for repeated use. The GTP-bound form of
Ran, a small GTP-binding protein, is known to execute this
importin recycling process.'? Therefore, the loss of cellular
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ATP is expected to impair the nuclear localization of ProTa
owing to difficulty maintaining the GTP-bound state of Ran.
Indeed, the nuclear localization of ProTa-EGFP was clearly
impaired by injection of anti-importin « IgG into C6 glioma cells
(Figure 2d). However, the nuclear levels of ProTa were not
affected by leptomycin B, an inhibitor of the nuclear export
receptor CRM1 (data not shown). When wheat germ
agglutinin, an inhibitor of the nuclear pore complex, was
injected into the nuclei of C6 glioma cells, ProTa was
redistributed throughout the cells (Figure 2e). All of these
findings suggest that ProTa is localized in the nucleus through
an ATP-dependent importin-NLS mechanism,'® and that
nucleus-to-cytosol export owing to loss of ATP occurs through
passive diffusion.

Stress-induced extracellular co-release of ProTa with
S100A13. When the CM from serum-deprived C6 glioma
cells was immunoprecipitated with anti-ProTa 1gG, two
significant protein bands were stained by CBB (Figure 3a).
The upper band was identified as ProTa by immunoblot using
an acidic protein transfer procedure.’ The lower band, at
approximately 10kDa, was identified by matrix-assisted
laser desorption/ionization-time of flight (MALDI-TOF) (five
peptides, 57.1% coverage) followed by MS/MS sequence-
tag analysis using the NCBI protein database, as S100A13,
a member of the Ca2*-binding S100 family.'s""7
Immunoblotting also confirmed that this protein is identical
to S100A13.

As shown in Figure 3b, naturally occurring ProTa is
localized within nuclei, whereas S100A13 is evenly distributed
throughout cells. When cultured cells were deprived of serum,
both ProTa and S100A13 were completely lost from cells
at the time point of 3h. The cellular loss of S100A13 and
ProTa was also blocked by amlexanox, a potent inhibitor of
S100A13.51"18 Quantitative immunoblot analysis confirmed
that amlexanox abolished the serum-deprivation stress-
induced extracellular release of ProTe (Figure 3c).

Protein—protein interaction between ProTa and
S100A13. The interaction between ProTa and S100A13
was characterized by use of various deletion mutants of both
proteins. In this study, GST-tagged ProTa and Strep-tagll-
S100A13 were used (Figure 4a). The addition of Strep-tagll-
S100A13 to GST-ProTa immobilized on the sensor tip of a
quartz crystal microbalance (QCM) decreased the quartz
oscillation, as quantified by the oscillation unit (OU: AF in
Hz), which represents the degree of interaction between the
two proteins, as reported earlier.'® The interaction between
proteins was enhanced in the presence of Ca®*, but not in
the presence of Mg?* or Cu?*, and this enhancement was
Ca?* dependent in the range 0.1-200uM (Table f1;
Figure 4b). As the Ca2*-dependent interaction was further
enhanced by the addition of Cu?* (Table 1), which has
substantial binding affinity for S100A13, we used the addition
of both Ca®?* and Cu?* (100 M and 100 nM, respectively) to
determine the best ionic conditions for the interaction
between GST-ProTa and Strep-tagll-S100A13. From the
kinetic analysis,'® the saturated OU,.x for the interaction
of Strep-tagll-S100A13 with immobilized GST-ProTa
(430fmol) was 201.44 +3.53 OU, which corresponds to
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Figure2 Mechanism underlying the nuclear transport of ProT. (a) Decrease in intracellular ATP levels induced by serum-deprivation stress. Time courses of intracellular
ATP levels were measured in ProTa-EGFP stably expressing C6 glioma cells subjected to serum-deprivation stress or treated with 2-DG (10 uM, with serum). (b) Altered
distribution of ProTa-EGFP by serum () or 2-DG treatments (3 h). Distribution of ProT«-EGFP was measured after fixation of C6 glioma cells and visualization of nuclei with
Hoechst 33342. Data represent the means + S.E.M. of 4-6 independent experiments. (c) ATP-induced recovery of nuclear import of ProTz after 2-DG treatment or serum ()
stress in the presence of amlexanox (100 uM). Alexa Fluor488-ProTa and Alexa Fluor568-BSA, with or without ATP (3mM in a needle), were co-injected into cytoplasm.
(d) Nuclear import of ProTe: mediated by importin «. Importin «, a nuclear transport receptor, binds to classical NLS-containing proteins and links them to the nuclear pore
complex. Re-distribution of ProT«-EGFP after cytosolic co-injection of anti-importin « 1gG (0.1 ug/ml in a needle) and Alexa Fluor568-BSA. (e) Passive diffusion of ProTx as a

nuclear export mechanism. Injection of wheat germ agglutinin (WGA, 2.0 mg/ml in a needle) into the nucleus induced a re-distribution of ProTx throughout the cell. Scale bars
represent 20 um

435.63 =+ 7.63fmol. Therefore, it is evident that ProTe and Among these proteins, S100A13 has a unique C-terminal
S100A13 interact at a ratio of 1:1. 11-amino-acid sequence (RKEKVLAIRKK), which contains

The C-terminal domains of several types of S100 family as many as six basic amino acids. In the QCM analysis,
proteins are reported to interact with various target proteins. '® Strep-tagll-S100A13 lacking this C-terminus (amino-acids
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88-98) showed no significant interaction with ProTa
(Figure 4c). On the other hand, in the experiments using
immobilized Strep-tagll-S100A13, the C-terminal deletion
mutants ProTa (A79-112) and ProTa (A102-112) showed
decreased potency for interaction (association rate constant:
k.), whereas the N-terminal deletion mutants ProTa (A1-68)
and ProTa (A1-86) did not (Figure 4d). As the C-terminal
peptide ProTa (amino-acids 102-112; TKKQKKTDEDD), but
not its reverse peptide (DDEDTKKQKKT), inhibited the
interaction between GST-ProTa and Strep-tagll-S100A13
(Figure 4e), the C-terminal sequence appears to have a
crucial function in this interaction. On the contrary, the
N-terminal region is presumed to have an unidentified
regulatory function in this interaction.

Interaction between ProTa and S100A13 is required for
the extracellular release of ProTa. To confirm that the
stress-induced extracellular release of ProTa depends on the
ProTa—S100A13 interaction, we established C6 glioma cells
stably expressing Strep-tagll-S100A13 A88-98, which lacks
affinity for ProTe. In the immunocytochemical study, serum-
deprivation stress caused an extracellular release of both
ProTa and Strep-tagll-S100A13 full-length mutant from C6
glioma cells (Figure 5a, left panels, and 5b). However, with
the Strep-tagll-S100A13 A88-98 mutant, serum-deprivation
stress caused the release of the mutant protein, but not
ProTa (Figure 5a, right panels, and 5b). This finding suggests
that the C-terminal basic residue-rich domain of S100A13 is
required for the interaction with ProTe in living cells, and that
S100A13 has a function as a cargo molecule involved in the
extracellular export of ProTa. To identify the intracellular
locales of interaction between ProTe and S100A13, we
performed Strep-tagll pull-down assay using nuclear and
cytosolic fractions from C6 glioma cells stably expressing
Strep-tagll-S100A13 (Figure 5c). In the absence of stress,
there was no interaction between Strep-tagll-S100A13 and
ProTa in either nuclear or cytosol fraction. Under the serum-
deprivation stress, however, a significant interaction was
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observed in the cytosol fraction, but not in the nuclear one.
The level of co-precipitated ProTe in the cytosol was
decreased in a time-dependent manner in the range
between 1 and 3h, possibly because of the loss of
cytosolic ProTa by extracellular release of both proteins. To
evaluate the ProTe—S100A13 interaction in living cells, we
performed fluorescence resonance energy transfer (FRET)
analysis. However, the representative FRET analysis using a
pair of CFP and YFP was not successful, because the
YFP-fused ProTa showed an abnormal distribution. Instead,
we attempted to assess the interaction between ProTo-
EGFP and DsRed2-S100A13 in the presence of amlexanox,
which has no direct effect on their interaction (Table 1). In
addition, we performed using phenol red-free DMEM, which
does not decrease the survival activity of C6 glioma cells
under serum-deprivation condition (Supplementary Figure
S1). In the cell population, FRET analysis in the presence of
amlexanox, the serum-deprivation stress-induced interaction
between ProTa and S100A13 (Figure 5d), and ProTa and
S100A13 were redistributed throughout the cell (Figure 5g).
To calculate the FRET efficiency, we performed acceptor
photo-bleaching. When the acceptor (DsRed2-S100A13)
was earlier bleached, serum-deprivation stress did not
cause elevation of FRET ratio; however, ProTa and
S100A13 were also redistributed throughout the cell (Figure
5d and g). Next, we performed the single cell FRET analysis
in the absence of amlexanox. As shown in Supplementary
Figure S2a, the FRET ratio in the cytosol was rapidly
increased at 80 min after serum deprivation, whereas then
gradually decreased, possibly because of the extracellular
release of ProTa—S100A13 complex. In accord with this
observation, the fluorescence intensity derived from donor
ProTa-EGFP decreased at 80 min, whereas the one derived
from acceptor DsRed2-S100A13 transiently increased
(Supplementary Figure S2b). These results strongly
suggest that the interaction between ProTa-EGFP and
DsRed2-S100A13 occurs in the cytosol. As shown in
Figure 5e, the serum-deprivation stress-induced interaction
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Figure 4 Biochemical interaction between GST-ProT« and Strep-tagll-S100A13, evaluated by QCM. (a) ProTe and S100A13 mutant constructs. (b) The interaction
between GST-ProTa and Strep-tagll-S100A13 occurs in a Ca®* concentration-dependent manner. The time course of the interaction in the presence of various
concentrations of Ca®* (0-200 uM) was measured. (c) Loss of interaction between S100A13 lacking the C-terminal region (A88-98) and ProTe. (d) Loss of inter-
action between GST-ProT« deletion mutants lacking C-terminal regions and Strep-tagll-S100A13. Data represent the means + S.E.M. of five independent experiments
(*P<0.05, versus full length). (e) Interference by ProTa C-terminal forward peptide (amino-acids 102-112). Arrowheads represent the application points of Strep-tagll-
S100A13 mutants

Table 1 The association rate constant (k,) and dissociation constant (Kp) value of Strep-tagli-S100A13 for GST-ProTa in the QCM assay

Mg?* (M) Ca?* (uM) Cu?* (uM) Amlexanox (100 xM) k, (10%/M/s) Ko (1078 M)
A 0 0 0 - 1.98+0.28 21.19£3.43
B 100 0 0 - 1.83%0.31 27.66 % 6.52
(o} 0 100 0 — 10.03+0.14** 6.98+ 0.09**
D 0 0 100 — 3.40£0.52 13.62+3.03
E 500 100 0 - 7.01+0.21 5.72+0.17
F 500 100 0.1 - 9.46 + 0.23* 3.20+0.68*
G 500 100 0 # 6.84 +0.06 5.89+0.18
H 500 100 0.1 + 9.88+ +0.43" 4.38+0.20*

The interaction between ProTx and S100A13 was in a Ca®*-dependent manner. The interaction was analyzed by both GST-ProTx and Strep-tagll-S100A13. GST-
ProTz was immobilized on the anti-GST antibody-coated sensor chip, hence orientation of ProTx (host sample) was fixed. The k, and Kp values were obtained by the
analysis using cumulative application of Strep-tagll-S100A13 (guest sample). Cu* potentiated the Ca2*-dependent interaction between GST-ProT« and Strep-tagl!-
S100A13. Amlexanox did not affect this interaction. Each experiment was analyzed in interaction buffer. The data shown are mean + S.E.M. of 3-5 independent
experiments. *P<0.05 and **P<0.01 versus corresponding control (A and E)
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between ProTo and S100A13 was abolished by the C-terminal
(102-112) peptide of ProTa, but not by the reverse peptide. The

treatment with C-terminal

Serum (-) + Amlexanox

peptide inhibited the serum-

deprivation-induced extracellular release of ProTe, but not
S100A13, whereas the reverse peptide did not inhibit the
extracellular release of either protein (Figure 5h, upper 6 panels).
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Ca’* influx is involved in the extracellular release of
ProTa based on the interaction with S100A13. In the
FRET analysis (Figure 5f), the serum-deprivation stress-
induced interaction between ProTa and S100A13 was
abolished when the cells were treated with EGTA or
BAPTA-AM, extracellular and intracellular Ca2*-chelating
agents, respectively. The serum-deprivation-induced loss of
these proteins was also abolished by EGTA or BAPTA-AM
(Figure 5h, lower 4 panels).

Caspase-catalyzed cleavage of ProT« inhibits the stress-
induced extracellular release. When C6 glioma cell culture
was carried out in various concentrations of serum,
significant depletion of ProTe was observed in the absence
of serum, but not in the presence of 2 or 10% serum
(Figure 6a, upper 6 panels, and 6b). When staurosporine,
tunicamycin, and etoposide, which are known to induce
apoptosis, were added to 2% serum medium, ProTa was
redistributed throughout the cell (Figure 6a, middle 6 panels).
However, these apoptogenic compounds did not cause any
significant extracellular release of ProTe, but led to the
production of large amounts of a smaller ProTa fragment
(Figure 6b). These re-distribution and fragmentation of ProT«
were in a caspase-3 inhibitor zDEVD-fmk-reversible manner
(Figure 6a, lower 6 panels and 6b). On the other hand,
these compounds did not affect intracellular ATP levels
(Supplementary Figure S3).

When rat ProTa was treated with active caspase-3, a
13kDa protein band was time dependently generated in a
zDEVD-fmk-reversible manner (Figure 6c¢). This finding is
consistent with reports that human ProTe has three over-
lapping caspase-3 cleavage sites, 94DDED97, 95DEDD98,
and 97DDVD101,2*?" immediately upstream of the NLS
moiety in its C-terminus, and that this fragment lacks an NLS
moiety KKQK, which is present in rat ProTa at amino-acid
positions 103-106. To identify the cleavage sites of rat ProTa
by active caspase-3, we performed MALDI-TOF analysis. As
shown in Figure 6e, MALDI-TOF analysis revealed that the
molecular mass of purified ProTe in naive C6 glioma cells was
12259.99, which corresponds to N-terminal serine acetylated
full-length size (Ac2-112), whereas ProTu-like molecule in
apoptogenic staurosporine-treated cells was 10480.39 or
10596.43, which corresponds to C-terminal truncated ProTo
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Ac2-97 or Ac2-98, respectively. Tunicamycin or etoposide
treatments also showed similar results (data not shown).
Next, we tried to characterize the cleavage region of
recombinant rat ProTa (rrProTa) by caspase-3 by use of
peptide mass fingerprinting analysis. In this experiment,
rrProTa was incubated with or without active rat caspase-3,
followed by a separation with SDS-PAGE, in-gel digestion of
protein bands with trypsin and MALDI-TOF analysis
(Figure 6f). In the absence of incubation of active rat
capase-3 (blue peaks), two peaks with molecular mass of
1131.15 and 1479.66 were identified as a.a.22-31 and
a.a.91-103 peptides, respectively. However, in its presence
(black peaks), there were new peaks with 792.47 and 907.41,
corresponding to a.a.91-97 and a.a.91-98 peptides, respec-
tively, but the peak with 1479.66 disappeared. Furthermore,
the digestion of synthetic rat ProTa C-terminal 93-112
polypeptide by caspase-3 produced two peaks with molecular
mass of 1678.88 and 1794.01, which correspond to a.a.99—
112 and a.a.98-112 peptides, respectively (Figure 6g). All
these results indicate that rat ProTa has the two over-lapping
cleavage sites by caspase-3 (Figure 6d). Accordingly, ProTa
likely loses its NLS moiety under apoptotic conditions. This
view is supported by the finding that immunoreactive ProTa is
no longer localized in the nucleus after treatment of cells with
apoptogenic compounds (Figure 6a). On the basis of the
finding that the ProTa fragment was not released from cells,
this C-terminal region appears to be essential for the
extracellular release of ProTe.

Discussion

The nuclear protein ProTa currently attracts the interest of
investigators in terms of life and death decisions in various cell
types. In the nucleus, this protein epigenetically stimulates cell
proliferation by binding to histones,?? p300 histone acetyl-
transferase,”® and CREB-binding protein.?* ProTx also
enhances estrogen receptor transcriptional activity by binding
to its repressor,2° and binds to Keap1 to release Nrf2, which in
turn upregulates various kinds of anti-oxidant enzymes
important for survival.?® Under the apoptotic conditions, it
inhibits apoptosome formation.* Most recently, we discovered
this protein as an anti-necrosis factor in the CM of cultured
cortical neurons under serum-free starving conditions causing

agure 5 S100A13 is a cargo molecule mediating extracellular ProTe release. (a) S100A13 A88-98 mutant as a dominant-negative regulator of ProTa release.
Distributions of ProTe and Strep-tagll-S100A13 mutants in cultured C6 glioma cells with or without serum. (b) Loss of interaction of the Strep-tagll-S100A13 A88-98 mutant
with ProTa in living cells. Cells and CM from C6 glioma cells stably expressing Strep-tagll-S100A13 mutants with or without serum (3 h) were harvested and a Strep-tagll pull-
down assay was performed. Re: recombinant rat proteins. (c) The interaction of the Strep-tagll-S100A13 with ProTe: occurs in cytosol, but not nucleus. Nucleus (N) and cytosol
(C) from C6 glioma cells stably expressing Strep-tagll-S100A13 mutants with or without serum (3 h) were prepared and a Strep-tagl| pull-down assay was performed. (d—f)
Imaging of the ProTa-S100A13 interaction in living cells. Time-course of FRET images after serum-deprivation stress in phenol red-free DMEM. DsRed2-S100A13 was
transiently expressed in C6 glioma cells stably expressing ProTa-EGFP. The FRET ratio represents the emission ratio of 590/520 nm. (d) Serum-deprivation stress-induced
increase in the FRET emission ratio. Cell population images of FRET were measured in the presence of amlexanox (100 uM). Serum-deprivation stress caused an increase in
the emission ratio from approximately 90 min. When the acceptor (DsRed2-S100A13) was earlier bleached, serum-deprivation stress did not increase the emission ratio. In
cells expressing EGFP instead of ProTa-EGFP, FRET did not occur after serum deprivation. (€) Inhibition of FRET by the ProTa C-terminal peptide. Cellular delivery of a
C-terminal peptide (amino-acids 102-112; forward peptide) of ProTo abolished increase of FRET emission ratio and decreased basal level, whereas no change was observed
with the reverse peptide. () Inhibition of FRET by Ca®* chelating. Cytosolic and extracellular Ca? * -chelating agents, BAPTA-AM, and EGTA, respectively, inhibited FRET
after serum deprivation. A decrease in the basal level of the emission ratio was observed approximately 70 min after the stress, suggesting that nuclear ProTa-EGFP is
redistributed into the cytosol, but does not interact with S100A13 in the absence of Ca®*. BAPTA-AM and EGTA were used at 1 uM and 1 mM, respectively. (g) Subcellular
distribution of ProTo-EGFP and DsRed2-S100A13. The images were collected 180 min after serum deprivation after FRET analysis. (h) Inhibition of extracellular release of
ProTa-EGFP and DsRed2-S100A13. The images were collected 180 min after serum-deprivation stress. Scale bars represent 20 um
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Figure 6 Apoptotic stress induces re-distribution of ProTe.. (a) Altered distribution of ProTe in C6 glioma cells. Cells were subjected to serum-reduced (2%) or serum-
deprivation stress for 3h. Cells were treated with staurosporine, tunicamycin, or etoposide for 3h in the presence or absence of zDEVD-fmk (10 zM). All apoptogenic
compounds were used at 1 uM in 2% serum-containing medium. Scale bars represent 20 um. (b) Cleavage, but not release of ProTo by apoptogenic compounds treatment.
STS, staurosporine; TU, tunicamycin; ETO, etoposide. (c) Rat ProT as a caspase-3 substrate. Recombinant (Re) rat ProTe (1 ug) was incubated with 10 xg/ml recombinant
active caspase-3 in the presence or absence of 10 uM zDEVD-fmk for 1 h at 37°C. Recombinant rat ProTe A102-112 mutant was used as a marker of ProTe fragment lacking
the C-terminal region. (d) Cleavage sites of rat ProT« by active caspase-3. (e-g) Identification of cleavage sites of rat ProTa by active caspase-3 by use of MALDI-TOF
analysis. (e) Generation of two truncated types of ProTa by apoptogenic compound treatment. Peaks of intracellular native ProTa and cleaved ProTa by staurosporine
treatment were shown as blue and black, respectively. The molecular mass of 12259.99 represents N-terminal serine acetylated full-length size (Ac2-112). The molecular
mass of 10480.39 or 10596.43, which corresponds to C-terminal truncated ProTea Ac2-97 or Ac2-98, respectively. (f) Characterization of cleavage of ProTa by caspase-3 by
peptide mass fingerprinting. Recombinant rat ProTa was incubated with or without active rat caspase-3, followed by a separation with SDS-PAGE, in-gel digestion of protein
bands with trypsin and MALDI-TOF analysis. In the absence of incubation of active rat capase-3 (blue peaks), two peaks with molecular mass of 1131.15 and 1479.66 were
identified as a.a.22-31 and a.a.91-103 peptides, respectively. However, in its presence (black peaks), there were new peaks with 792.47 and 907.41, corresponding to
2.2.91-97 and a.a.91-98 peptides, respectively, but the peak with 1479.66 disappeared. (g) Cleavage of rat ProTa C-terminal regions by active caspase-3. Blue peak with
molecular mass of 2397.04 represents synthetic rat ProTa C-terminal 93-112 polypeptide. The digestion of C-terminal polypeptide by caspase-3 produced two peaks with
molecular mass of 1678.88 and 1794.01, which correspond to a.a.99-112 and a.a.98-112 peptides, respectively

necrosis.® Extracellular ProTo completely inhibits neuronal
necrosis, but causes apoptosis in a different manner in
cultured neurons.?’~2° However, after stroke, endogenous

neurotrophins, such as brain-derived neurotrophic factor
(BDNF) or erythropoietin, have been found to inhibit the
apoptosis induced by exogenously administered ProTo.® In
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the retinal ischemia model, the ischemic stress depletes
ProTo from the retinal cells, and the intravitreous pretreat-
ments with anti-ProT« IgG or antisense oligodeoxynucleotide
against ProTo deteriorated the ischemic damage.” Therefore,
it is evident that ProTa is extracellularly released from nuclei
on ischemic stress, and that it exerts endogenous neuro-
protective functions.

Polypeptide secretion has largely been defined as a
process of exocytosis through the fusion of vesicles contain-
ing bioactive substances to the plasma membrane. In the
representative vesicular secretion pathway, polypeptides that
possess a signal peptide sequence in their N-terminal region
are sorted to the ER-Golgi system to be processed by
exocytosis.*®®' However, several polypeptides possess
extracellular functions despite lacking a signal sequence.
The extracellular release of such polypeptides has to proceed
through ER-Golgi-independent or non-vesicular (so-called
non-classical) routes. It should be noted that these poly-
peptides showing non-classical extracellular release in
general have significant functions in the life and death
decisions of cells, as seen in the cases with angiogenic
growth factors, inflammatory cytokines, extracellular matrix
growth factors, viral proteins, and parasite surface pro-
teins.3233 Unlike vesicular release, this type of release
is caused by non-physiological stressful stimuli, which may
cause rapid cell death. A series of pioneering studies by
Maciag and his coworkers led to the hypothesis that S100A13
has key functions in the so-called non-classical extracellular
release.® S100A13 has two EF-hand Ca?* -binding motifs and
belongs to a member of the S100 family.’>~'7 It has been
reported that S100A13 is involved in the non-classical
extracellular release of target molecules containing fibroblast
growth factor-1 (FGF-1) and interleukin-1¢.5~"1:19:3435 | this
study, we successfully showed that ProT« is another example
of stress-induced non-vesicular extracellular release, using
S100A13, a cargo molecule. Furthermore, we revealed that
the C-terminal regions of ProTa and S100A13 are essential for
their interaction, which precedes extracellular release of both
proteins, and that caspase-3 cleaves off C-terminal regions
of ProTa. Thus, the non-vesicular extracellular release of
ProTe has a unique feature that it is does not occur under
the condition of apoptosis.

The unique point in this study is observed in the fact that
ProTa is strictly localized in the nucleus in neurons,
astrocytes, and C6 glioma cells. The mechanism underlying
ischemic stress-induced extracellular release of ProTe. com-
prises a two-tier export system: from the nucleus to the
cytosol, and from the cytosol to outside the cell. As mentioned
above, the nuclear export of ProT« is attributed to ischemia-
induced ATP loss, which impairs the importin-NLS mecha-
nism. As this nuclear export was not affected by leptomycin B,
the serum-deprivation stress-induced drastic decrease in
nuclear levels of ProTu is likely to be due to passive diffusion.
Interestingly, once ProTu is exported from the nucleus, it is
disappeared without remaining in the cytosol. In other words,
nuclear export is the rate-limiting step for non-vesicular and
extracellular release of ProTa.

The stress-induced extracellular release of ProTa
was impaired by the addition of cytosolic or extracellular Ca®* -
chelating agents. The interaction between ProTa and
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S100A13 was Ca®* concentration dependent in the range
0.1-200 M, which corresponds to the cellular levels between
resting and stimulated conditions. The Ca®* dependency
seems to be attributed to the facts that both S100A13 and
ProTe are Ca®*-binding proteins.'>™'7:% On the basis of
the observation that serum-deprivation stress causes
the activation of voltage-dependent N-type Ca®* channel,
which is involved in the non-classical release of FGF-1
and S100A13,%*35 ischemic stress-induced Ca2* influx may
underlie the non-vesicular ProT« release as the second step
after ATP loss-dependent nuclear release.

Neurons die by necrosis in the low density of culture under
the serum-starved condition, but their survival activity
increases as the cell density goes. We identified ProTa as
the important molecule, which is released in the CM of serum-
starved culture of neurons, and suppresses the necrosis
through a recovery of glucose transport and ATP supply.>=”
After longer culture with ProTa, however, we found that
neurons die by apoptosis through activation of caspase-3.° As
caspase-3 is known to cleave poly-[ADP-ribose] polymerase,
which consumes abundant ATP molecule for the restoration
from stress-induced damage of DNA,3® this machinery seems
to have some functions in suppression of rapid necrosis by
stress.?® As the concomitant addition of anti-apoptotic
neurotrphins with ProTa completely inhibits the cell death,
the physiological meaning of ProTa action would be specu-
lated as a conversion of uncontrollable cell death necrosis to
controllable apoptosis. Indeed, this speculation was con-
firmed by in vivo study, in which exogenous ProTa inhibited
both necrosis and apoptosis of retinal cells after ischemia, but
the further treatment with anti-BDNF antibody disclosed the
apoptosis induction by ProTa.”

It should be noted that ProTa in the cytosol inhibits
apoptosis through an inhibition of apoptosome formation in
non-neuronal Hela cells.* Furthermore, there is a report that
ProTa is released from the nuclei when the NLS is cleaved
off by caspase-3.2°2' This study clearly showed that the
C-terminal region of ProTe including NLS is cleaved in culture
by the apoptosis-induced compound, and in cell-free digestion
of recombinant ProT« by active caspase-3 (Figure 6d—g). As
ProTe. devoid of C-terminal region (a.a.98 or 99-112) is
conceived to lose the activity of interaction with S100A13
(Figure 4d), it will remain in the cytosol without extracellular
release. All these findings enable us to speculate that ProTa
extracellularly released on the necrosis condition inhibits
neuronal necrosis in an autocrine or paracrine manner,
whereas cytosolic ProTa redistributed from the nuclei on the
apoptotic condition may have an anti-apoptotic self-defensive
function.

It is well known that several endogenous molecules are
released in response to injury, infection, or other inflamma-
tory stimuli, and initiate inflammatory responses. These
molecules are so-called damage-associated molecular
patterns (DAMPs) and/or alarmins.3®4° Although DAMPs
have intranuclear and/or intracellular functions under normal
conditions, they have extracellular effects under pathological
conditions. High-mobility group box1 (HMGB1), a representative
DAMP molecule, has similar characteristics to ProTa.
HMGB1, a nuclear protein, is released by necrotic stress,
but not by apoptosis, as seen for ProTa. However, it causes
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