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Abstract

Background: Programmed cell death (PCD) plays essential roles in the regulation of survival and function of neural
stem cells (NSCs). Abnormal regulation of this process is associated with developmental and degenerative neuronal
disorders. However, the mechanisms underlying the PCD of NSCs remain largely unknown. Understanding the
mechanisms of PCD in NSCs is crucial for exploring therapeutic strategies for the treatment of neurodegenerative
diseases.

Result: We have previously reported that adult rat hippocampal neural stem (HCN) cells undergo autophagic cell
death (ACD) following insulin withdrawal without apoptotic signs despite their normal apoptotic capabilities. It is
unknown how interconnection between ACD and apoptosis is mediated in HCN cells. Valosin-containing protein
(VCP) is known to be essential for autophagosome maturation in mammalian cells. VCP is abundantly expressed in
HCN cells compared to hippocampal tissue and neurons. Pharmacological and genetic inhibition of VCP at basal
state in the presence of insulin modestly impaired autophagic flux, consistent with its known role in autophagosome
maturation. Of note, VCP inaction in insulin-deprived HCN cells significantly decreased ACD and down-regulated
autophagy initiation signals with robust induction of apoptosis. Overall autophagy level was also substantially reduced,
suggesting the novel roles of VCP at initial step of autophagy.

Conclusion: Taken together, these data demonstrate that VCP may play an essential role in the initiation of autophagy
and mediation of crosstalk between ACD and apoptosis in HCN cells when autophagy level is high upon insulin
withdrawal. This is the first report on the role of VCP in regulation of NSC cell death. Elucidating the mechanism by
which VCP regulates the crosstalk of ACD and apoptosis will contribute to understanding the molecular mechanism
of PCD in NSCs.
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Background

Programmed cell death (PCD) is a deliberate cellular sui-
cide process. Dysfunction of PCD is implicated in vari-
ous human diseases, including developmental and
neurodegenerative disorders, cancer and autoimmune
diseases [1]. PCD can be categorized by morphological
criteria [2]. Type I cell death, known as apoptosis, is
characterized by cell shrinkage, nuclear condensation,
membrane blebbing, mitochondria dysfunction, loss of
selectivity in membrane permeabilization, and nuclear
DNA fragmentation. Lastly, cells are rapidly eliminated
by phagocytosis [3]. Type II PCD refers to autophagic
cell death (ACD). Autophagy is a catabolic process that
disposes of various cytoplasmic components, including
protein aggregates and organelles [4]. The components
are sequestered by autophagosomes, which fuse with
lysosomes for degradation. This process usually oc-
curs in response to cellular stress to protect the cells.
However, prolonged autophagy can cause ACD [5].
Type III cell death, called necrosis, is best defined by
abnormal mitochondria morphology, swollen and rup-
tured cellular membrane, cell lysis and exposure of
intracellular content to the extracellular space. There-
fore, inflammatory reactions are frequently related with
necrosis [6].

Autophagy is the major degradation pathway for long-
lived proteins and damaged organelles for clearance or
recycling. Autophagosomes deliver cytoplasmic contents
to lysosome where autophagosomes become autolyso-
somes for degradation. Autophagy process takes place in
eukaryotic cells from yeast to mammals for cellular re-
modeling during development as well as starvation,
inflammatory reaction and cell death [7, 8]. Majority of
the studies on the physiological roles of autophagy sug-
gest that autophagy is a protective process by helping to
cope with cellular stress and maintain cellular homeosta-
sis. However, there are reports on the causative role of
autophagy in developmental cell death. Cell death of the
salivary glands during Drosophila development is medi-
ated by autophagy genes (Atg) in a caspase-dependent
or independent manner [9, 10]. Also, excessive auto-
phagy in response to stress or injury can cause ACD
[11, 12]. However, despite the emerging role of autophagy
in regulation of PCD, the underlying mechanisms are
poorly understood.

Previously we reported hippocampal neural stem
(HCN) cells undergo ACD upon insulin withdrawal [13].
Cell death induced by insulin depletion did not show
apoptotic signs. Instead autophagic markers were signifi-
cantly increased, whereas anti-apoptotic/anti-autophagic
proteins, Bcl-2 and Bcl-X;, were decreased. Importantly,
cell death rate was significantly decreased with knock-
down of Atg7 in insulin-deprived HCN cells. Of note,
high calpain activity switched the cell death mode from
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ACD to apoptosis [14]. Interestingly, activation of glycogen
synthase kinase-3p (GSK-3p), one of the key signaling mol-
ecules in regulation of neuronal apoptosis, also promoted
ACD, not apoptosis, in insulin-deprived HCN cells [15].
These data suggest that there is the unique intrinsic cell
death program that drives the cell death mode towards
ACD rather than apoptosis in HCN cells following insulin
withdrawal. Currently, HCN cell death induced by insulin
withdrawal is regarded as the most genuine model of
ACD in mammals [16].

Valosin-containing protein (VCP)/p97 is a ubiquitously
expressed protein belonging to the AAA+ (ATPases As-
sociated with diverse cellular Activities) protein family
with two ATPase domains, D1 and D2 [17]. Following
binding of the substrates to the N and C terminal do-
mains, VCP hydrolyses ATP on its ATPase domains.
Subsequently, VCP changes its complex formation with
distinct interacting proteins or cofactors to exert its
multicellular functions [18-25]. Previous studies have
reported that VCP is involved in multiple cellular pro-
cesses, including cell cycle regulation, Golgi biogenesis,
nuclear membrane formation, ubiquitin proteasome sys-
tem (UPS), apoptosis and the autophagosome matur-
ation [17, 26]. Cells with loss of VCP activity failed to
undergo autophagosome and lysosome fusion, thereby
prevented autophagosome maturation, suggesting the
positive regulation of autophagosome maturation by
VCP in mammalian cells [27-29]. Mutations in human
VCP is associated with the multisystem disease called
“inclusion body myopathy associated with Paget’s disease
of bone and frontotemporal dementia (IBMPFD)”, which
is featured with inclusion bodies in the brain or muscle
[28, 30]. Furthermore, depletion or ATPase-inactive mu-
tants of VCP induced apoptosis in several different types
of cells [31]. These previous studies prompted us to
examine the involvement of VCP in regulation of ACD
in HCN cells following insulin withdrawal.

In this study, we report the different actions of VCP
depending on the autophagy level. Inactivation of VCP
at basal state in the presence of insulin led to mild im-
pairment of autophagy, indicating involvement in autop-
hagosome maturation, as previous reported by others.
On the other hand, pharmacological and genetic inhib-
ition of VCP in insulin-deprived HCN cells undergoing
high level of autophagy decreased autophagy initiation
signaling and reduced ACD, concomitant with robust in-
duction of apoptosis. These results suggest a novel role
of VCP in mediation of autophagy, implicating VCP at
the early stage of autophagy as well as the late matur-
ation step depending on the autophagy level. Our study,
for the first time, reveals the critical role of VCP in
crosstalk between ACD and apoptosis, indicating VCP
as a distinct regulator in survival and death of neural
stem cells (NSCs).
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Results

VCP is highly expressed in HCN cells and degraded by
autophagy following insulin withdrawal

Since VCP has not been studied in NSCs before, first,
we examined the expression level of VCP in HCN cells.
VCP was highly expressed in HCN stem cells in vitro,
compared to the total hippocampal tissue derived from
8-week-old rat and embryonic hippocampal primary
neurons after 9 days in vitro (Fig. 1a). To further exam-
ine whether VCP is abundantly expressed in HCN cells
than hippocampal neurons in vivo, we performed immu-
nohistochemical analysis in 8-week-old rat brain tissue,
since HCN cells were derived from the adult rat hippo-
campus of the same age [13]. VCP was highly expressed
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in the NSCs in the subgranular zone (SGZ) of the den-
tate gyrus, as revealed by co-localization with glia fibril-
lary acidic protein (GFAP), a NSC maker in SGZ [32].
VCP was also expressed in the granule neurons of the
DG in adult hippocampus, when microtubule-associated
protein 2 (MAP2) was used as a neuronal marker [33]
(Fig. 1b). The time course analysis of VCP protein and
mRNA expression levels was performed following insu-
lin withdrawal. From here, we denote the insulin-
containing and insulin-depleted culture conditions as
I(+) and I(-), respectively. Consistent with our prior
studies [13—15], high level of autophagy was induced in
I(-) (Fig. 1c). Autophagy induction was verified by an in-
crease in the level of type II of microtubule-associated
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Fig. 1 VVCP is highly expressed in HCN cells and degraded through autophagy following insulin withdrawal. a VCP was abundantly expressed in
HCN cells compared with hippocampal tissue prepared from 8-week-old rat and embryonic primary hippocampal neurons (9 days in vitro). b VCP
was particularly localized in hippocampal neural stem cells in vivo, as indicated by arrowheads. GFAP and MAP2 were used as NSC and neuronal
markers, respectively. Scale bar, 20 um. ¢ VCP protein level was significantly decreased at 48 h following insulin withdrawal. Quantitative analysis
of VCP levels was normalized to (-actin. Quantitative data are represented at the mean + SD (n = 3). Statistical significance was determined with
an One-way ANOVA test by Tukey's multiple comparison test. *p < 0.05. d VCP expression levels were decreased in ex vivo organotypic hippocampal
slice culture following insulin withdrawal for 24 h. Arrow indicates the VCP-expressing HCN cells in I(+) condition, while arrowheads show the loss of
VCP expression in I(-) condition. Scale bar, 20 um. e Expression levels of VCP mRNA were not changed by insulin withdrawal. Quantitative data are
represented at the mean + SD (n = 3). n.s. not significant. f Degradation of VCP was prevented by Bafilomycin A1 treatment (BafA1, 30 nM for 3 h
before harvest) following 48 h insulin withdrawal
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protein 1 light chain 3 (LC3-II), since this is the most re-
liable biochemical marker of autophagy [34—-36]. VCP
protein level was decreased 48 h following insulin with-
drawal (Fig. 1c). To further confirm the decrease of VCP
protein level following insulin withdrawal in ex vivo
HCN culture, we measured VCP levels in organotypic
hippocampal slice culture prepared from 8-week-old rat
with vimentin as a NSC marker [37, 38]. VCP expression
level was highly enriched in vimentin-immunoreactive
stem cells in the SGZ in the presence of insulin, but its
level significantly decreased in insulin-deprived slices
(Fig. 1d). These results with organotypic slice cultures
were well accordant with the data obtained from HCN
cell culture, demonstrating the decrease of VCP protein
level following insulin withdrawal in ex vivo and in vitro
conditions. Despite the decrease of VCP protein levels in
HCN cells and hippocampal slices, the levels of VCP
mRNA expression were not changed by insulin with-
drawal in HCN cells (Fig. 1e). These data suggest that
VCP may be subject to post-translational regulation. To
test whether VCP itself is a substrate for autophagic deg-
radation or proteasome in insulin-deprived HCN cells,
autophagic flux inhibitor, Bafilomycin Al (BafAl) was
treated following insulin withdrawal [39]. Interestingly,
BafA1l (30 nM for 3 h) significantly prevented VCP deg-
radation suggesting that autophagy may be responsible
for degradation of VCP in insulin-deprived HCN cells
(Fig. 1f).

Pharmacological and genetic inactivation of VCP switched
ACD to apoptosis in insulin-deprived HCN cells

VCP is known as a positive regulator in autophagosome
maturation. To test whether VCP ATPase activity is re-
quired for ACD in HCN cells, HCN cells were treated
with VCP ATPase activity inhibitor, N°, N*-dibenzylqui-
nazoline-2,4-diamine (DBeQ) [40], in insulin-depleted
media and cell death was measured. We tested a wide
range of DBeQ concentrations both in I (+) and I (-)
HCN cells and chose 0.5 pM concentration of DBeQ,
based on marginal effect on cell death in I (+) but sig-
nificant increase of cell death in I (-) HCN cells (Fig. 2a).
Hereafter, this concentration of DBeQ has been used
throughout this study. Since cell death in I(-) HCN cells
was boosted by DBeQ, we wondered if this increase was
due to the continuance of the default ACD or switch to
different mode of PCD. To determine whether ACD was
affected by DBeQ in I(-) HCN cells, the different kinds
of PCD inhibitors were treated (Fig. 2b). Consistent with
the absence of apoptotic indices, Z-VAD-FMK failed to
reduce cell death in I(-) HCN cells (data not shown),
which was well documented in our prior studies [13-15].
However, interestingly, Z-VAD-FMK significantly de-
creased cell death in DBeQ-treated I(-) HCN cells (Fig. 2b),
suggesting that apoptosis was induced by VCP inhibition
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in I (-) HCN cells, which otherwise underwent genuine
ACD. Staurosporine (STS), a common apoptosis inducer,
was used as a positive control of apoptosis in I(+) HCN
cells. STS-induced cell death was efficiently prevented by
a broad-spectrum caspase inhibitor, Z-VAD-FMK (Fig. 2b).
Also, necrostatin-1, a widely used necroptosis inhibitor
[41], did not change cell death rate in DBeQ-treated I(-)
HCN cells. This pharmacological inhibitor study suggests
that VCP inhibition triggered a switch of cell death mode
from ACD to apoptosis in I(-) HCN cells. Further analyses
were performed to demonstrate the induction of apoptosis
following VCP inhibition in I (-) HCN cells. Cleaved, ac-
tive form of caspase 3 and chromatin condensation was
observed in DBeQ-treated I(-) HCN cells (Fig. 2¢, d). A
marked increase in Annexin V positive staining indicating
the derangement of phosphatidylserine distribution during
apoptosis was also observed in DBeQ-treated I(-) HCN
cells (Fig. 2e). Taken together, these data show that in-
hibition of VCP switches ACD to apoptosis in insulin-
deprived HCN cells.

To further test whether genetic suppression of VCP
expression also switches ACD to apoptosis, VCP-
targeting small interfering RNA (siRNA) was transfected
in HCN cells following the presented experimental
scheme (Fig. 3a—b). In support of the results obtained
with DBeQ treatment, knockdown of VCP did not alter
cell death rate in I(+) condition, but significantly en-
hanced cell death in I(-) HCN cells (Fig. 3c). Augmented
cell death in I(-) HCN cells by VCP knockdown was
substantially diminished by Z-VAD-FMK (Fig. 3c) and
accompanied by caspase-3 activation (Fig. 3d). Collect-
ively, these data indicate that genetic knockdown of VCP
expression induced a switch of PCD mode from ACD to
apoptosis in I(-) HCN cells in a similar fashion as
pharmacologic inhibition of VCP. However, it should be
noted that VCP depletion or inactivation did not induce
apoptosis at basal state in I(+) HCN cells, which is in
sharp contrast with the previous studies reported in
yeast, Caenorhabditis. elegans, HeLa, and several other
mammalian cells [31, 42—-49].

To exclude the possibility that DBeQ induces apop-
tosis independent of inhibiting VCP, we treated VCP-
suppressed I(-) HCN cells with DBeQ. Unlike the eleva-
tion of cell death in NT siRNA-treated HCN cells, DBeQ
failed to increase cell death in I(-) HCN cells depleted of
VCP (Fig. 3e). These data suggest that DBeQ-induced
apoptosis in I(-) condition was VCP-dependent. Also, to
test whether inhibition of VCP by DBeQ was due to
perturbation of non-autophagy related functions of VCP
independently of autophagy, we stably knocked down
Atg7 in HCN cells before DBeQ treatment. HCN cells
were transduced with the lentivirus expressing Atg7-
targeting shRNA and subject to puromycin selection.
Atg7 knockdown significantly decreased ACD in I(-)
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Fig. 2 Pharmacological inhibition of VCP switched ACD to apoptosis in insulin-deprived HCN cells. a A VCP inhibitor, DBeQ (0.5 uM) markedly
increased cell death following insulin withdrawal for 24 h, but without significant effect on I(+) HCN cells. Quantitative data were determined
using One-way ANOVA followed by Tukey's multiple comparison test. *p < 0.05, **p < 0.01, ***p < 0.001. n.s, not significant. b Z-VAD-FMK
significantly prevented cell death induced by DBeQ in I(-). Staurosporine (STS, T uM for 12 h) was treated in I(+) HCN cells as a positive control for
apoptosis induction. However, addition of necrostatin-1 (10 uM) up to 48 h did not decrease cell death in DBeQ-treated I(-) HCN cells. Quantitative data
are represented as the mean + SD by One-way ANOVA using Tukey's multiple comparison test (n = 3). **p < 0.01, ***p < 0.001. n.s,, not significant.

c Caspase 3 was activated in DBeQ-treated I(-) HCN cells. d Nuclear condensation was observed by Hoechst staining, as indicated by arrow. Nuclear
condensation was detected in DBeQ-treated I(-) HCN cells, but prevented by Z-VAD-FMK. Scale bar is 20 um. e Apoptosis induction was confirmed by
Annexin-V staining and FACS analysis for detection of the exposure of phosphatidylserine
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HCN cells, consistent with our previous studies [14, 15].
Of particular interest, DBeQ failed to increase cell death
in I(-) HCN cells depleted of Atg7, nor did Z-VAD-FMK
affect cell death (Fig. 3f). These data strongly demon-
strate that ACD is a prerequisite to DBeQ-induced
switch to apoptosis in HCN cells and DBeQ-induced
apoptosis proceeds following yet-to-be-discovered mech-
anism for interaction between ACD and apoptosis, but
is not non-specific cytotoxic event.

VCP inactivation reduced autophagy flux in insulin-deprived
HCN cells

Our findings that loss of VCP activity switched ACD to
apoptosis suggest that VCP is required for the progress
of ACD in I(-) HCN cells. However, it is not known
whether VCP functions at the autophagosome matur-
ation step, as in other studies [27-29], or plays new roles
in the autophagy of HCN cells upon insulin withdrawal.
To elucidate what role VCP may play in the progression
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of autophagy in HCN cells, we depleted VCP function
by siRNA or using the same chemical inhibition ap-
proach of VCP activity and examined the autophagy flux
rate. VCP inactivation by DBeQ or siRNA knockdown in
I(+) HCN cells led to a modest increase in LC3-II level
(Fig. 4a—b). On the other hand, DBeQ treatment or VCP
siRNA knockdown in I(-) HCN cells substantially de-
creased LC3-II levels (Fig. 4c—d). When autophagy flux
was blocked by addition of BafAl, there was a marked
increase in the amount of LC3-II and they reached the
same level between BafAl control and BafA1/DBeQ or
BafA1/VCP siRNA in I(+) HCN cells (Fig. 4a—b). In the
case of I(-) HCN cells, BafAl also increased LC3-II
levels. However, interestingly, BafAl-induced accumula-
tion of LC3-II was significantly less in BafA1/DBeQ or
BafA1/VCP siRNA than BafAl control in I(-) HCN cells
(Fig. 4c—d).

An increase in LC3-II level may indicate increased
formation of autophagosomes with high autophagy flux.
Yet, impairment of autophagy flux due to blocking of
autophagosome-lysosome fusion and failure of autopha-
gosome maturation can also lead to an increase in LC3-
II. Therefore, mild increase following DBeQ-treatment
or VCP depletion in I(+) HCN cells can be due to either
increase or impairment in autophagy flux. If an increase
of LC3-II observed in VCP-depleted HCN cells in I(+)
was due to high rate of autophagy flux, BafAl treatment
would lead to higher amount of LC3-II than BafAl I(+)
control cells. However, the amount of LC3-II was the
same, suggesting that the overall autophagy flux rate
remained the same regardless of VCP inactivation during
the basal autophagy in I(+). Therefore, this modest in-
crease in LC3-II by VCP depletion can be interpreted
due to partial inhibition of autophagosome maturation
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(See figure on previous page.)

Fig. 4 VCP inhibition reduced autophagic flux in insulin-deprived HCN cells. a-b DBeQ treatment (a) or VCP knockdown (b) induced a moderate
increase in LC3-Il'in I(+) HCN cells. Blocking of autophagy using BafA1 gave rise to a significant increase of LC3-Il with the same levels between
BafA1 alone and BafA1/DBeQ or BafA1/VCP knockdown cells in I(+). Quantitative LC3-Il levels were determined as the mean £+ SD by One-way
ANOVA followed by Tukey's multiple comparison test (n = 3). **p < 0.01, **p < 0.001. n.s, not significant. ¢-d DBeQ treatment (c) or VCP knockdown
(d) led to a decrease in LC3-l in I(-) HCN cells. Blocking of autophagy using BafA1 gave rise to a significant increase of LC3-ll, but the amount of
accumulated LC3-Il in BafA1/DBeQ or BafA1/VCP knockdown cells was significantly less than BafA1 alone in I(-). Quantitative LC3-Il levels were
determined as the mean + SD by One-way ANOVA followed by Tukey's multiple comparison test (n = 3). **p < 0.01, ***p < 0.001. n.s,, not significant.

e mRNA expression level of LC3 did not show different changes by VCP inactivation in | (-). Quantitative LC3 mRNA expression levels are represented
as the mean + SD (n = 3). Quantitative data was determined by Student's t-test. *p < 0.05. n.s, not significant

with the yield of the same amount of LC3-II accumula-
tion following full inhibition of autophagy flux by BafAl.
On the other hand, complete blocking of autophagy flux
by BafAl disclosed considerably smaller amount of LC3-
II in VCP depleted I(-) HCN cells than I(-) control, indi-
cating reduced rate of autophagy flux. Therefore, a de-
crease in LC3-II by DBeQ or VCP siRNA before BafAl
treatment imply the similar decrease of autophagy flux
rate in I(-) HCN cells. Quantitative analysis of LC3
mRNA level did not show significant change by VCP
inactivation (Fig. 4e). Taken together, these data demon-
strate that VCP positively regulates autophagosome mat-
uration at basal autophagy in I(+), as reported by others.
In contrast, VCP regulates overall autophagy flux rate
in insulin-deprived HCN cells when autophagy activity
is high.

Modest changes in the level of LC3-II may not be
detected due to saturation of Western blotting signals.
To further validate different roles of VCP for autophagy
between I(+) and I(-) conditions, next, we adopted
monomeric RFP-GFP tandem fluorescent LC3 (mRFP-
GFP-LC3) and measured autophagy flux. Co-existence
of GFP and REFP signals in autophagosomes before mat-
uration and RFP signals in autolysosomes after matur-
ation are based on the acid-sensitive quenching of EGFP
protein. DBeQ treatment in I(+) increased the percent-
age of yellow puncta, but without significant increase in
the total puncta number, suggesting attenuation of
autophagosome maturation by DBeQ in I(+) HCN cells.
On the other hand, LC3 puncta formation was strikingly
increased in I(-) HCN cells and this increase was greatly
reduced by DBeQ. However, the percentages of yellow
puncta remained similar between I(-) and I(-)/DBeQ
conditions, indicating that DBeQ inhibited autophagy
induction rather than maturation step in I(-) HCN cells

(Fig. 5).

VCP is required for autophagy initiation signaling in
insulin-deprived HCN cells

Based on our results indicating the reduced autophagy
level by VCP inactivation in I(-) HCN cells, we postulated
that VCP may regulate autophagy initiation signaling in
HCN cells following insulin withdrawal. Our previous

DAPI GFP-LC3 RFP-LC3 Merge

I(+)/
DBeQ

I(-)
I(-)y/
DBeQ
B 401
© *kk
°
c
a
P 301 *kk
ut
5 * —
v 201 l
[
Qo
£
2
- 104
© s
s 47% 31%
= oL135% °| [36%
Insulin: + + - -
DBeQ (uM): O 0.5 0 0.5

Fig. 5 Differential regulation of autophagy flux by VCP in I(+) and
I(-) HCN cells. a mRFP-GFP-LC3 was used for autopahgic flux assay.
DBeQ treatment in I(+) led to an increase in the percentage of
yellow puncta with no marked increase in the number of the total
LC3 puncta, suggesting impairment of autophagosome maturation.
DBeQ treatment in I(-) greatly reduced the number of the total LC3
puncta, but the percentage of yellow puncta remained similar
between I(-) and I(-)/DBeQ conditions. Scale bar, 10 um. b Quantitative
red and yellow puncta numbers were determined as the mean + SD
by One-way ANOVA followed by Tukey's multiple comparison test
(n=16-35). Black and yellow asterisks indicate the comparison of the
total and yellow puncta, respectively. *p < 0.05, **p < 0.01, ***p < 0.001
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study by Ha et al. demonstrated that glycogen synthase
kinase 3B (GSK-3p) induced ACD in HCN cells following
insulin withdrawal [15]. Both pharmacological and genetic
inactivation of GSK-3f significantly decreased ACD, while
activation of GSK-3f increased autophagic flux and
caused more cell death without inducing apoptosis follow-
ing insulin withdrawal. This report uncovered GSK-3f as
one of the critical upstream signaling kinases for ACD in
I(-) HCN cells. GSK-3f activation, as revealed by a de-
crease in the inhibitory phosphorylation of serine nine fol-
lowing insulin withdrawal, was significantly prevented by
both pharmacological and genetic inactivation of VCP
(Fig. 6a—b). Mammalian target of rapamycin (mTOR) is
known for a nutrient sensor and negative regulator of au-
tophagy [50]. mTOR activation in relation to autophagy
suppression is reflected by various phosphorylation sites
including serine 2448 in response to insulin or nutrient
stimulation [51, 52]. S2448 of mTOR was dephosphory-
lated in I(-) HCN cells. However, its phosphorylation level
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was rescued by VCP inaction surprisingly even in the
absence of insulin (Fig. 6a—b). In our previous report, we
demonstrated that calpain 2 was degraded by UPS in I(-)
HCN cells, but conditions leading to calpain accumulation
and high calpain activity utterly switched the default ACD
to apoptosis in I(-) HCN cells [14]. In accordance with the
induction of apoptosis in VCP-inactivated I(-) HCN cells,
calpain 2 level was also restored to much higher level than
I(-) (Fig. 6a). Knockdown of VCP in I(+) induced mild
changes in the phosphorylation level of mTOR (data not
shown). Compared with dramatic recovery of mTOR
phosphorylation by VCP knockdown in I(-), these data in-
dicate that deficit in autophagy induction in I(-) HCN cells
depleted of VCP is like a direct result of VCP inactivation
specifically in I(-) condition.

Double FYVE-domain-containing protein 1 (DFCP1) in-
teracts with phosphatidylinositol 3-phosphate (PtdIns(3)p),
which is required for the early step of autophagosome
formation. Therefore, DFCP1 is regarded as an autophagy
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initiation marker [53]. A transient transfection of DFCP1-
GFP construct gave the high number of DFCP1 puncta in
I(-) HCN cells, compared with the negligible number in
I(+). However, DBeQ treatment strongly suppressed the
formation of DFCP1 puncta, again suggesting that VCP
activity is required for autophagy initiation in I (-) HCN
cells (Fig. 6¢). This novel role of VCP in autophagy initi-
ation has not been reported before. Taken together, these
data suggest that VCP contributes to the maturation of
autophagosomes to autolysosomes at basal autophagy
process under I(+) condition. However, when autophagy
flux is intensified upon insulin withdrawal, VCP is critic-
ally involved in the initiation stage of autophagy, as well
exemplified in insulin-deprived HCN cells, which under-
goes high autophagy level and cell death.

Discussion

In this report, we demonstrate that VCP is a key regulator
of autophagy initiation signaling and a mediator of cross-
talk between ACD and apoptosis in insulin-deprived HCN
cells. The analysis of the phenotypes of VCP inhibition or
knockdown revealed two important observations regard-
ing autophagy process and cell death. First, VCP inactiva-
tion did not alter autophagy induction under normal
condition when insulin was provided. Rather VCP was re-
quired for autophagosome maturation. On the other hand,
VCP inhibition or depletion down-regulated autophagy
induction signals in I(-) HCN cells. Second, our results in-
dicate that ACD is the dominant mode of PCD in insulin-
deprived HCN cells, but apoptosis can be an alternative
route to cell death when autophagy level is subdued by
VCP inhibition or depletion. However, unlike other stud-
ies, VCP inactivation itself, does not induce apoptosis in
HCN cells under normal culture condition. Our data sug-
gest that regulation of switch between ACD and apoptosis
by VCP constitutes a unique regulatory module of cell
death program when HCN cells are doomed to die follow-
ing insulin withdrawal.

Our previous study revealed that calpain 2 inhibition
and GSK-3f activation promoted ACD following insulin
withdrawal HCN cells [14, 15]. In accordance with in-
hibition of ACD upon VCP inactivation in I(-) condition,
there was significant increase in calpain 2 and inactive
form of GSK-3f. GSK-3p and calpain 2 are anticipated
as potential functional or physical interacting candidates
of VCP in HCN cells.

We propose the following model for distinct roles of
VCP under different cellular stress conditions (Fig. 7). In
I(+) cells, VCP ensures the maturation of autophago-
somes and blocking of VCP activity impairs the late
stage of autophagy flux at basal autophagy. When cells
are encountered with high autophagy level following in-
sulin withdrawal, depletion of VCP activity affects the
early stage of autophagy flux and diminishes the autoph-
agy initiating signals. Of note, our novel discovery also
indicates another function of VCP in association with
crosstalk between autophagy and apoptosis, as the in-
action of VCP dramatically decreased autophagy initi-
ation while the mode of cell death switched to apoptosis
in insulin-deprived HCN cells. Further studies should
clarify how VCP moves from a late stage to an early stage
of autophagy under condition of insulin withdrawal. An-
other important direction of future research will be to
understand how VCP affects the decision of cell death
mode between ACD and apoptosis, and the molecular de-
tails regulating this VCP activity during ACD.

Autophagy and apoptosis plays an essential role in
development and survival of NSCs. Basal autophagy is
essential to protect cells against stress conditions by
degrading damaged organelles and proteins. However,
excessive autophagy can cause ACD. The abnormal
regulation of autophagy, such as too little autophagy or
too much autophagy and ACD, plays an important role
in aging and neurodegenerative diseases [54—58]. The
efforts of understanding the molecular mechanisms of
ACD have continued in recent years. Knowledge on the
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molecular mechanisms of ACD and its interconnection
with apoptosis will contribute to the strategic design
aimed at protecting NSCs from degenerative conditions
and cell death. High expression level of VCP in HCN
cells in vivo and in vitro and its interesting role in regu-
lation of autophagy and PCD of HCN cells warranties
further detailed study on the role of VCP in the function
of NSCs to understand the sophisticated molecular
mechanisms of PCD in NSCs.

Methods

Antibodies and reagents

The following antibodies and reagents were used:
VCP antibody was purchased from Cell signaling
Technology (Danvers, MA, USA) or Abcam (Cambridge,
United Kingdom). B-actin, calpain2, GSK-3f (59), mTOR
(S2448) and cleaved caspase-3 antibodies were purchased
from Cell Signaling Technology; LC3B antibody from
Sigma-Aldrich (St. Louis, MO, USA); MAP2 antibody
from Abcam; GFAP and Vimentin antibodies from
Millipore (Billerica, MA, USA). DBeQ, staurosporine,
lactacystin and BafAl were purchased from Sigma-Al-
drich, Z-VAD-FMK from R&D Systems (Minneapolis,
MN, USA), necrostatin-1 from Enzo Life Sciences (Farm-
ingdale, NY, USA). They were diluted in dimethyl sulfox-
ide at appropriate concentrations.

Cell culture
HCN cells were grown as described previously by Chung
et al (2015) [14].

Plasmids, siRNA and transfection

HCN cells were seeded a cell density of 1.5 x 10° cells/
mL. HCN cells were suspended in 100 pl of Nucleofec-
tor Kit solution and were transfected with siRNA spe-
cific for rat VCP (Dharmacon, Lafayette, CO, USA) by
using a Nucleofector Kit (Lonza, Basel, Switzerland) ac-
cording to the manufacturer’s instructions with minor
modification. After the nucleofection, the cells were in-
cubated for 1 day and re-seeded in plates according to
the experimental designs. pMXs-puro GFP-DFCP1 for
mouse was purchased from Addgene (Cambridge, MA,
USA). pMXs-puro GFP-DFCP1 and mRFP-GFP-LC3 con-
structs were transfected by Lipofectamine 2000 (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer’s in-
structions. Transfection was performed in culture medium
without penicillin/streptomycin for 4 h. After, HCN
cells were incubated with culture medium.

Cell death assay

Cell death was measured in a 96-well plate at a cell
density of 1 x 10° cells/mL. HCN cells were stained with
diluted Hoechst 33342 (Invitrogen, Carlsbad, CA, USA)
and propidium iodide (PI; Sigma-Aldrich) (1 % volume
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of media in the well, final 1/2000 and 1/1000 dilution)
for 20 min at 37 °C. Cell counting was performed under
a fluorescence microscope and was analyzed using Pix-
cavator IA.

Western blotting

HCN cells were harvested and lysed in radioimmuno-
precipitation assay buffer (RIPA buffer, Sigma-Aldrich)
with 1x protease cocktail inhibitors (Thermo Scientific,
Waltham, MA, USA) and 1x phosphatase cocktail in-
hibitors (Thermo Scientific)) 1 mM dithiothreitol and
1 mM phenylmethylsulfonyl fluoride for 30 min on ice.
After centrifugation (16,100 x g, 10 min), protein con-
centrations were measured using the BCA protein assay
reagent (Thermo Scientific). Proteins were loaded into
the gel and electrotransfered to polyvinylidene difluoride
(PVDF) membrane with a semi-dry electrophoretic trans-
fer cell (Bio-Rad, Richmond, CA). Membranes were
blocked for 1 h at room temperature in a blocking solu-
tion consisting of 5 % nonfat dry milk, 0.1 % Tween 20,
and Tris-buffered saline (TBST). The membranes were
then incubated overnight with the primary antibodies di-
luted in the blocking solution and washed three times for
10 min. The membranes were incubated for 1 h at room
temperature with peroxidase-conjugated secondary anti-
bodies diluted in blocking solution. After washing, protein
expression was detected by using a chemiluminescence
detection kit (Thermo Scientific).

Immunohistochemistry

All procedures for the care and use of laboratory animals
were approved by the Institutional Animal Care and Use
Committee (IACUC) at Daegu Gyeongbuk Institute of
Science and Technology (DGIST). The 8-week-old rats
were perfused with 1x PBS and 4 % PFA. After dissec-
tion, the post-fixation was performed with 4 % PFA for
12 h. The brain was immersed in 30 % sucrose in PBS at
4 °C until it sank. The brain was embedded in OCT
compound and frozen on dry ice. The brain was cut into
40 pm serial fee-floating coronal sections. The brain sec-
tions were washed with 1x PBS three times for 10 min.
Blocking was performed for 1 h into 5 % normal donkey
serum (NDS) (Jackson ImmunoResearch Laboratories
Inc., West Grove, PA, USA) with 1 % BSA and 0.3 %
Triton X-100. The brain sections were incubated with
primary antibody diluted in 5 % NDS and 0.3 % Triton
X-100 for 18 h at 4 °C. After washing with 1x PBS, the
brain sections were incubated with secondary antibody
diluted in 5 % NDS and 0.3 % Triton X-100 for 2 h at
room temperature in dark. Hoechst 33342 (Invitrogen)
(1/10000 dilution) was stained for 10 min at room
temperature. After washing, the brain sections were
mounted on slide glass. The imaging was processed under
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laser scanning microscopes 700 (Zeiss, Oberkochen,
Germany).

Quantitative reverse transcription polymerase chain
reaction (qRT-PCR)

Total RNA was isolated using the ImProm-II Reverse
Transcriptase kit (Promega, Madison, WI, USA) and
c¢DNA was synthesized. qRT-PCR was performed with
the CFX96 Real-Time System (Bio-Rad) and TOPreal™
qPCR 2x PreMIX (SYBR Green with low ROX) (Enzy-
nomics, Daejeon, Republic of Korea). p-actin was used
as the reference gene for normalization. Primers used
for VCP, LC3 and B-actin were as follows: VCP forward,
5'- AGAGCAACCTTCGTAAAGCC-3/, and reverse, 5'-
AACAACTGAGACACGATGCG-3"; LC3 forward 5'- A
GTGGAAGATGTCCGGCTCA-3’, and reverse, 5'- GC
TTCTCACCCTTGTATCGCT-3'; PB-actin forward, 5'-
GTCCACCCGCGAGTACAACCTT-3’, and reverse, 5'-
TTGCACATGCCGGAGCCGTT-3".

Annexin V staining and flow cytometry analysis

Cells were trypsinized and harvested in phosphate-
buffered saline (PBS). Centrifuged cells were washed in
PBS and re-suspended with 100 pl of 1x Annexin V
binding buffer (10 mM HEPES, pH 7.4), 140 mM NaCl,
2.5 mM CaCl,). For labeling, Annexin V-FITC (BD Bio-
sciences, San Jose, CA, USA) was added and incubated
for 15 min at room temperature. After the incubation,
400 pl of Annexin V binding buffer was added to dilute
the sample. Samples were kept in ice, protected from
light, and used for the analysis within an hour. Analysis
was taken by flow cytometry using the Accuri C6 Flow
Cytometer System (BD Biosciences) according to the
manufacturer’s instructions.

Embryonic primary hippocampal neuronal culture
Pregnant rats were purchased from Koatech (Namyangju-
si, Gyeonggi-Do, Republic of Korea) and primary rat hip-
pocampal neurons were prepared and cultured from rat
embryos at day 17 (E-17). In brief, E-17 hippocampi were
dissected and dissociated in a serum-free environment,
and maintained in a serum-containing medium. Medium
consists of Neurobasal medium (Gibco) supplemented
with 100 U/ml penicillin (HyClone, Logan, UT, USA),
100 pg/ml streptomycin (HyClone), 2 mM L-glutamine
(Sigma-Aldrich), and 2 % B27 supplement (Gibco). Three
to four days after plating, medium was changed by
one-third of the volume per well with fresh medium,
which contained cytosine B-D-arabinofuranoside (Sigma-
Aldrich) to a final concentration of 2 pM. The culture
continued for up to 2 to 3 weeks until used for the experi-
ment with change of medium by one-third of the volume
every 3—4 days.
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Hippocampus slice culture

Organotypic hippocampal slices were prepared accord-
ing to the method described by Simoni and Yu [59]
slight modifications due to experimental designs. Adult
female Sprague Dawley rats (7-8 weeks of age from
Koatech) were decapitated following all institutional and
ethical regulations regarding animal handling. Brains
were rapidly removed and placed into a ice-cold slicing
medium composed of 0.02 mM HEPES in Earle’s Bal-
anced Salt Solution (EBSS; Welgene, Republic of Korea).
Hippocampi were dissected out in fresh chilled slicing
medium. Extracted hippocampi were then placed on the
Teflon stage of a manual tissue slice chopper (Leica,
Wetzlar, Germany) for coronal sectioning at 350 pm.
Four hippocampal slices were seeded onto each Millicell
culture plate insert (Millipore) in 6-well plates. After
a 2-day stabilization period, hippocampal slices were
deprived of insulin for 48 h prior to further experi-
mental use.

Statistical analysis

All data from at least three independent experiments
were analyzed as mean + standard deviation (SD). Statis-
tical significance was determined by the unpaired Stu-
dent’s t-test or one-way analysis of variance (ANOVA)
by Tukeys multiple comparison tests using Graphpad
Prism (GraphPad Software, San Diego, CA, USA).

Conclusions

We demonstrate that VCP plays a new role by inducing
autophagy initiation in insulin-deprived HCN cells. Of
particular interest, VCP inactivation in insulin-deprived
HCN cells swithces the mode of PCD from ACD to
apoptosis. Our study will contribute to understanding
the novel roles of VCP in regulation of autophagy and
its interaction with apoptosis in the NSCs.
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