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Apoptosis and survival pathways are intimately connected
signal transduction cascades that determine the fate of
cells suffering from insults such as DNA damage, oxidative
stress, intracellular Ca?* overload, mild excitotoxicity, accu-
mulation of unfolded or misfolded proteins in the endo-
plasmic reticulum (ER), and many others, or induced to
autoelimination by extracellular signals. The apoptotic path-
ways, respectively, intrinsic or extrinsic, are executed through
molecular signals travelling inside the cells. If the initial
studies considered the nucleus, and specifically DNA, as both
primary sensor and executioner of apoptosis, active roles
of other intracellular organelles have been pointed out in
the last two decades, identifying plasma membrane as the
initiator of the extrinsic pathway and mitochondria as the
pivot of the intrinsic pathway. In apoptosing cells, the outer
membrane of mitochondria is permeabilized by the proapo-
ptotic members of the Bcl-2 family, promoting the release of
proapoptotic factors such as the primary and secondary acti-
vators of caspases (cytochrome ¢ and SMAC/diablo, resp.).
Stress signals, typically inducing the intrinsic apoptotic path-
way, must be perceived by the damaged cells and translated
into signals that promote mitochondria permeabilization,
after which caspases are activated. This implies that other
organelles participate in apoptotic signaling upstream to
mitochondria involvement, acting as sensors of damage or
signal transducers. Recently, a key role of the endoplasmic
reticulum (ER) is emerging, consisting of the ability of
amplifying or dampening the apoptotic signal prior to
mitochondria involvement, through the establishment of
active Ca?* fluxes that control the physical and functional
interaction between mitochondria and ER. Also lysosomes
participate to the intrinsic apoptotic signaling, and their

dialogs with mitochondria have been described. Other
important examples of organelles cross-talk in apoptosis
include nucleus-mitochondria exchange of proteins such as
p53, which is main controller of the cell response to DNA
damage. To date, the role of organelles other than mito-
chondria in perceiving and signaling cell damage, and the
interrelation of the organelles during apoptotic signaling, are
still poorly explored matters.

In this special issue dedicated to Organelle Cross-talk in
Apoptotic and Survival Pathways, original research papers
and review articles are collected with the aim of giving an
impulse to this promising field of research on apoptosis and
stimulating discussion between interdisciplinary readers.

The paper written by Y.-B. Ouyang and R. G. Gif-
fard describes ER-mitochondria cross-talk during cerebral
ischemia. The authors precisely describe the chaperone
machineries at both the ER and mitochondrion. Moreover,
they contribute the new view that the chaperones organise
not only the regulation of Ca?* signaling between these two
organelles and control bioenergetics, cell survival, but also
cell death decision.

In the paper entitled “Mitochondrial dynamics: functional
link with apoptosis”, written by H. Otera and K. Mihara,
the readers are introduced to “intrinsic” apoptotic pathway
in the context of regulation and physiologic significance of
mitochondrial fusion and fission. The authors of this review
underline also that the ER-mitochondria contact is involved
in the regulation of mitochondrial energy, lipid metabolism,
calcium signaling, and even in mitochondrial fission.

An important issue arising is the cross-talk of apoptosis
with autophagy, a stress response pathway controlled by key
intracellular regulators such as m-TOR, induced by insults or



conditions ranging from nutrient depletion, protein malfold-
ing, or cell ageing. The paper written by H. Rikiishi focusing
on the recent advances regarding autophagy in cancer and
the techniques currently available to manipulate autophagy.
The author of this paper provides a complete overview
of the literature on molecular mechanism of autophagy
and its cross-talk with apoptosis. Additionally, the author
indicates the technical problems in the study of autophagy
and suggest that new methods need to be developed to
ensure progress in this area of investigation. Moreover, they
highlight that the multifaceted nature of autophagy and its
diverse cross-talk with other biological processes must be
carefully considered when the autophagic system is targeted
for anticancer benefits.

The paper entitled “Effects of cisplatin in neuroblastoma
rat cells: damage to cellular organelles” written by G. Santin
et al. provides the practical analysis of organelle cross-talk
during cell death. The authors indicate that B50 neuro-
blastoma cells treated with cisplatin undergo apoptosis
through organelles injury, and not only as a consequent of
DNA damage, but also that cisplatin does not induce any
autophagic process as alternative response to the treatment.

In conclusion, the studies collected in this issue effectively
contribute to the general problem of organelles as target of
cell damage versus transducer of the apoptotic signal.

Lina Ghibelli
Alina Grzanka

International Journal of Cell Biology
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Although glycogen synthase kinase-3 beta (GSK-3/3) was originally named for its ability to phosphorylate glycogen synthase and
regulate glucose metabolism, this multifunctional kinase is presently known to be a key regulator of a wide range of cellular
functions. GSK-3f is involved in modulating a variety of functions including cell signaling, growth metabolism, and various
transcription factors that determine the survival or death of the organism. Secondary to the role of GSK-38 in various diseases
including Alzheimer’s disease, inflammation, diabetes, and cancer, small molecule inhibitors of GSK-3f are gaining significant
attention. This paper is primarily focused on addressing the bifunctional or conflicting roles of GSK-3f in both the promotion of
cell survival and of apoptosis. GSK-3p has emerged as an important molecular target for drug development.

1. Introduction

Glycogen synthase kinase-3 is a ubiquitously expressed
protein kinase that exists in two isoforms, a and 8. Originally
identified based on its role in glycogen biosynthesis based on
its inactivating phosphorylation of glycogen synthase, it has
since been found to regulate a myriad of functions through
Wnt and other signaling pathways [1]. The two isoforms
are strongly conserved within their kinase domain but differ
greatly at the C-terminus, while the « isoform additionally
contains a glycine-rich N-terminus extension [2]. Our paper
will focus on the  isoform due to its more established
role in cell survival and viability. Glycogen synthase kinase-
3 beta (GSK-3p) is involved in the regulation of a wide
range of cellular functions including differentiation, growth,
proliferation motility, cell cycle progression, embryonic
development, apoptosis, and insulin response [1-8]. It has
emerged as an important regulator of neuronal, endothelial,
hepatocyte, fibroblast, and astrocyte cell death in response to
various stimuli [6, 7, 9].

GSK-3p is comprised of 12 exons in humans and 11
exons in mice with the ATG start codon located within

exon 1 and the TAG stop codon found in the terminal
exon. The gene product is a 46 kDa protein consisting of
433 amino acids in the human and 420 amino acids in the
mouse. Figure 1 shows the overall structure of GSK-3p. It
is similar to other Ser/Thr kinases [10, 11]. The N-terminal
domain is comprised of the first 135 residues and forms a
7-strand f-barrel motif. A small linker region connects the
N-terminal domain to the central a-helical domain formed
by residues 139 through 342. The ATP-binding site lies
at the interface of the N-terminal and a-helical domains.
Residues 343 through 433 form the C-terminal domain,
which is outside of the classical Ser/Thr kinase core fold.
These residues form a helix/loop domain that interacts with
the core a-helical domain. The N-terminal amino acids 78
through 92 are necessary for association with p53 (Figure 1).
The activity of GSK-3p can be reduced by phosphorylation at
Ser-9. Several kinases are able to mediate this modification,
including p70S6 kinase, p90RSK, PKC, and Akt [12, 13]. In
opposition to the inhibitory phosphorylation of GSK-3p at
Ser-9, phosphorylation of GSK-3f at Tyr-216 by ZAKI or
Fyn increases its enzyme activity [14] (Figure 2).



Basic domain

NHZS’ _-Y’wCOOH

P53 association

FiGurek 1: Glycogen synthase kinase-3 (GSK-3p) structure. GSK-
3 is a 433 residue protein consisting of 3 distinct structural
domains. The N-terminal domain (yellow) consists of the first
134 residues and forms a 7-strand f-barrel. A short linker from
the N-terminal domain, residues 135—-151 connect the N-terminal
domain to the a-helical domain (magenta). The a-helical domain
is composed of residues 152-342. Sandwiched between the N-
terminal and a-helical domain is the ATP-binding site. The C-
terminal domain consists of residues 343-433 (blue). A strand
diagram of GSK-3f. Phosphorylation of Ser-9 inactivates the
enzyme, while phosphorylation of Tyr-216 activates. The p53
association region and basic domain region are both located in
the N-terminal domain. Image was made using PyMol Molecular
Graphics Software version 1.3 with the PDB structure 1UVS5.

Dysregulation of GSK-3 expression leads to many
pathological conditions, including diabetes (or insulin resis-
tance), neuronal dysfunction, Alzheimer’s disease [15-18],
schizophrenia [19], Dopamine-associated behaviors [20],
bipolar disorders [21], Parkinson’s disease [22], and cancer.
Of special interest is the involvement of GSK-3f in cancer
with data supporting a role as a tumor suppressor and tumor
promoter, a discrepancy that at least in part depends on
both cell type and signaling environment. For example, GSK-
3/ has been shown to inhibit androgen receptor-stimulated
cell growth in prostate cancer, thus acting as a tumor
suppressor [23]. In contrast, GSK-3p is highly expressed in
colorectal cancer [24, 25] and has been shown to participate
in nuclear factor-kB (NF-xB) mediated cell survival in
pancreatic cancer [26], thus behaving as a tumor promoter.
Moreover, the kinase has dual functions in the regulation of
cell survival, where it can either activate or inhibit apoptosis
[3, 27], further complicating its involvement in cancer. This
paper will focus on how GSK-3p can both activate as well as
protect from apoptosis with a focus on oncology.

Regulation of f-catenin levels is a critical step in Wnt
signaling. 8-Catenin is phosphorylated by GSK-3f and then
degraded through the ubiquitin-proteasome system [28—
30]. Inhibition of GSK-3p activity leads to stabilization and
accumulation of f-catenin in the cytosol, which is shuttled
into the nucleus and regulates gene expression (Figure 2).
GSK-3p is also involved in cell cycle regulation through the
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phosphorylation of cyclin D1, which results in the rapid
proteolytic turnover of cyclin D1 protein [1, 31] (Figure 2).
Direct overexpression of wild-type GSK-3f is known to
induce apoptosis in various cell types in culture, and specific
inhibitors of GSK-3p are able to stop this apoptotic signaling
[6, 7, 9, 32]. The detailed molecular mechanism of GSK-
3p’s proapoptotic effect is as yet unknown, but it involves
regulation of metabolic and signaling proteins, transcription
factors, and gene expression [4, 33].

GSK-3f is required for proper development [4] and
is ubiquitously expressed in the animal kingdom. GSK-3p
protein was originally isolated from skeletal muscle, but
though widely expressed, the protein is most abundant in
brain tissue, especially neurons. The high level of expression
in brain tissue is likely due to its vital role in neuronal
signaling. In neuronal cells, GSK-3p is required for dendrite
extension and synapse formation in newborns.

2. Regulation of Apoptosis by GSK-3

GSK-3p has been shown to induce apoptosis in a wide
variety of conditions including DNA damage [34], hypoxia
[35], endoplasmic reticulum stress [36], and Huntington’s
disease-associated polyglutamine toxicity [37]. In cell culture
studies, apoptosis was either attenuated or fully abrogated
by inhibiting GSK-3f in primary neurons [38], HT-22 cells
[39], PC12 cells [40], and human SH-SY5Y neuroblastoma
cells [36, 41].

GSK-3f promotes apoptosis by inhibiting prosurvival
transcription factors, such as CREB and heat shock factor-1
[42], and facilitating proapoptotic transcription factors such
as p53 [34]. A list of some alternative conditions where GSK-
3p facilitates apoptosis is given in Table 1. A large number
of proteins have been shown to interact with the tumor
suppressor transcription factor p53 to regulate its actions
(43, 44], which has been implicated in the proapoptotic
actions of GSK-3 in several studies. Following DNA dam-
age, the normally short-lived p53 protein is stabilized and
modified by a complex array of posttranslational modifi-
cations, such as phosphorylation, acetylation, methylation,
ubiquitination, sumoylation, glycosylation, and neddylation.
One of these regulatory proteins is GSK-3, which forms a
complex with nuclear p53 to promote p53-induced apoptosis
[34, 45, 46]. GSK-3f binds directly to p53, and the C-
terminal region of p53 is necessary for this interaction [45].
GSK-3f was shown to directly phosphorylate p53 at Ser-
33 [47] and to mediate p53 phosphorylation at Ser-315
and Ser-376 [48, 49]. GSK-3 also promotes p53-mediated
transcription of specific genes and regulates the intracellular
localization of p53 [45, 46, 49]. In addition to GSK-3f
regulating p53, GSK-3 is also regulated by p53. The activity
of GSK-38 is increased by a phosphorylation-independent
mechanism of direct binding of p53 to GSK-3p [34]. Nuclear
localization of GSK-3f may also be regulated by binding of
activated p53 [50].

In addition to direct interaction, GSK-3f5 can regulate
p53 levels through the phosphorylation of the p53-specific
E3 ubiquitin ligase MDM2 [69]. Regulation of p53 by MDM?2
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TasLE 1: Conditions where GSK-3 facilitates apoptosis.

System or stimulus Mechanism

Inhibits the phosphorylation of AKT and ERK pathways and through the dephosphorylation of

C(2) Ceramide-associated damage

GSK-3f [51]. GSK-3f inhibitors have been shown to inhibit apoptosis through inhibiting

dephosphorylation of AKT and GSK-3f [52].

While specific apoptotic studies have not been performed, LPS has been shown to stabilize

LPS-mediated endotoxic shock

apoptotic signal-regulating kinase-1 (ASK-1), a serine-threonine kinase associated with
stress-induced apoptosis [53].

Immune system

Regulates in apoptosis of activated T-Cells [54].

HIV-mediated neuronal damage Inhibits NF-«B [55-57].

Neurodegenerative
disease-related toxicity and

oxidative stress
neuroprotection [9, 38].

Neuronal or oligodendrocyte injury or toxicity (including prion peptide) is associated with
increased activity of GSK-3f3[51, 58—64].
Negative regulators of GSK-3p are associated with increased survival factors [51, 58—64] and

ER stress

ER stress can lead to dephosphorylation of pGSK-3/(S9), leading to stress-induced apoptosis
through activated caspase-3 [12-14, 26, 28].

Hypoxia/ischemia

Activates mitochondrial death pathway [35, 65-68].

zak1 Fyn Ca**

K Tyr-21
serg Active (G

Cell cycle

Proteasomal degradation

signaling pat

PKA/PKG, 05k
Inactive

Ser-9
(1 Tyr-216

Accumulation

FIGURE 2: Regulation of GSK-3f. GSK-3p is a multifunctional kinase that has a role in various signaling pathways that regulate cell fate.
ZAK1 or Fyn can phosphorylate Tyr-216 which increases the GSK-3p activity. GSK-3f can phosphorylate downstream targets like 8-catenin
and degrade it through the ubiquitin-proteasome system. Akt and PKC on the other hand can attenuate GSK-3f enzymatic activity by
phosphorylating Ser-9. Inhibition of GSK-3p activity therefore leads to stabilization and accumulation of S-catenin in the cytosol, which
is shuttled into the nucleus where it functions to regulate gene expression. GSK-3f is also involved in cell cycle regulation through the
phosphorylation of cyclin D1, which results in the rapid proteolytic turnover of cyclin D1 protein.

is multifaceted. In the classical model, N-terminal phospho-
rylation of p53 at Ser-15 (mouse Ser-18) and Ser-20 (mouse
Ser-23) inhibits the interaction with MDM2 and thereby
prevents MDM2-mediated ubiquitination and the resulting
proteasomal degradation of p53 [44] (Figure 3). Stabilized
p53 then enters a complex regulatory network to induce

DNA binding and transcriptional activation of p53 target
genes, in part through the recruitment of coactivators and
corepressors. This determines the specific cellular response,
which can include survival, growth arrest, DNA repair, or
apoptosis [44]. Inhibition of GSK-3 in hippocampal neu-
rons protected it from radiation-induced apoptosis [9, 70].
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Ficure 3: GSK-3f’s role in apoptosis signaling. The above
schematic shows the role of activated GSK-3f and its role in
regulating apoptosis. Active GSK-3 inhibits MDM2 regulation of
P53, leading to DNA repair and growth arrest, and in some cases the
activation of the caspase cascade through Bax to promote apoptosis.
Active GSK-3p also positively regulates NFxB by activating IKK,
IxB, and p65, leading to the inhibition of TNF-mediated apoptosis.
These actions inhibit the initiation of apoptosis through the TNF
signaling cascade.

Similar protection from GSK-3f inhibition has been seen
in primary neurons [38]. The mechanism of protection
from radiation-induced apoptosis in these cells involves
subcellular localization and interaction of GSK-3f, p53,
and MDM2. GSK-3f inhibition blocks radiation-induced
accumulation of p53 by upregulating levels of MDM?2
that subsequently result in decreased radiation-dependent
apoptosis [71]. In addition to abrogation of radiation-
induced p53 phosphorylation, accumulation, and nuclear
translocation, GSK-3p inhibition results in the accumulation
of MDM2 and sequestration of GSK-3, p53, and MDM2 in
the cytoplasm where p53 cannot act on its target genes [71].
The role of attenuated p53 function in the prosurvival effects
of the GSK-3 inhibitors, has also been previously described
(34, 46, 70, 72, 73].

In regulation of the apoptotic response, mammalian cells
employ multiple prosurvival proteins from the Bcl-2 family
(Bcl-2, Bcl-Xy, Bcl-w, Mcll, and Al) that antagonize the
proapoptotic function of Bax and Bak [34, 74]. Bax and Bak
localize to the mitochondrial outer membrane and trigger
death signals leading to cytochrome c release to the cytosol
[74, 75]. Apoptosis requires a group of effector caspases
to dismantle the cells. Cytochrome ¢ activates caspase-9,
which subsequently activates caspase-3 [76]. The activation
of caspase-3 is an essential step leading to cleavage of the
DNA repair enzyme, poly (ADP-ribose) polymerase (PARP),
resulting in genomic DNA fragmentation. Bax protein levels
and cleavage (activation) of caspase-3 were increased due
to radiation and were abrogated by GSK-3f inhibitors [77]
(Figure 3). GSK-3f3 was also found to be associated with

International Journal of Cell Biology

mitochondrial apoptotic signaling. Inhibition of GSK-3f
prevented mitochondrial release of cytochrome ¢, which is
known to activate caspase-3 and initiate apoptosis [34].
Phosphatidylinositol 3-kinase (PI3-kinase) and its down-
stream effector, the protein-serine/threonine kinase Akt, a
negative regulator of GSK-3f, play an important role in
preventing apoptosis by blocking activation of the caspase
cascade [78].

3. Survival-Promoting Effects of GSK-3f

GSK-3p is involved in multiple signaling pathways and has
many phosphorylation targets. It should therefore not be
surprising that GSK-3f has both pro- and antiapoptotic
roles. The overall effect of GSK-3 on cell survival varies
depending on cell type, transformation status, and the
specific signaling pathway being activated. For example,
despite evidence for a substantial proapoptotic role of GSK-
3B, it is the inhibition of GSK-3f that promotes apoptosis
and decreases viability in neuroblastoma cells [79]. Several
examples of pro-survival roles of GSK-38 not mentioned
here are summarized in Table 2 [80-84].

Additionally, while GSK-3p has been typically identified
as an activator of p53-mediated apoptosis [34], conflicting
reports suggest an inhibitory effect of GSK-3 signaling on
p53 activation. Inhibition of GSK-3f blocks activation of
MDM2 by reducing Ser-254 phosphorylation. This prevents
p53 degradation and promotes apoptosis despite the induc-
tion of p53 ubiquitination. Similarly, ionizing radiation was
found to induce an inactivating phosphorylation at Ser-9 of
GSK-3p, corresponding to hypophosphorylation of MDM?2
and accumulation of p53 [69]. In contrast to its proapoptotic
effects, this data suggests that GSK-3f inhibits apoptosis
under basal conditions through MDM2-dependent degra-
dation of p53. Overexpression of f-catenin, a downstream
signaling factor negatively regulated by GSK-3f, was found
to increase basal p53 levels by blocking both MDM2-
dependent and independent degradation in neuroblastoma
cells [85], providing additional supporting evidence for an
inhibitory effect of GSK-38 on p53-mediated apoptosis.
Interestingly, a negative feedback loop exists between f-
catenin and p53; while -catenin upregulates p53 levels, the
activation of p53 results in degradation of f8-catenin through
GSK-3f [86]. While the majority of publications suggest a
proapoptotic role for GSK-38 in p53 signaling, it is clear
that more comprehensive studies are needed in order to fully
understand the p53-GSK-3 relationship.

GSK-3 is specifically required for hepatocyte survival in
normal embryos, and GSK-3f knockout mice are embry-
onically lethal between E13.15-14.5. Hepatocyte apoptosis
in GSK-3 knockout mice and mouse embryonic fibrob-
lasts results only after exposure to tumor necrosis factor
(TNF), while inhibition of GSK-3f in wild-type cells with
lithium increases TNF sensitivity. GSK-3f loss in these cells
has a detrimental effect on the action of NF-xB, which
protects against TNF-induced apoptosis [88]. Other studies
have shown that GSK-3f directly promotes NF-«B stability
and activation through both the degradation of p105 and
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TasLE 2: Other pro survival roles of GSK-3p.

System Mechanism

ER stress

Glioblastoma differentiation
Death receptor complex
Chemotherapy

Oncogenic activation
Glucose metabolism

Reduces expression of the proapoptotic transcription factor CHOP/GADD153 [87].
Promotes self-renewal through interaction with Bmil [81].

Inhibits apoptotic signaling and caspase activation [83].

Targeted by death-inducing drugs suggesting an inhibitory role [84].

Inhibits apoptotic activation by c-myc [82].

Prevents apoptosis through mitochondrial stabilization [82].

activation of the p65 subunit, suggesting a likely mech-
anism for lithium-induced TNF hypersensitivity [89, 90]
(Figure 3). The role of GSK-3f on NF-xB activation may also
be mediated indirectly through inhibition of f-catenin, as
cancer cells with high f-catenin levels are especially sensitive
to TNF-induced death [91].

Despite the abundance of evidence implicating GSK-
33 in protection from TNF-mediated apoptosis, a few
conflicting reports further complicate our understanding
of the pathway. A more recent study claims that GSK-3
inhibition does indeed reduce NF-xB activity but does not
result in TNF-mediated apoptosis, potentially due to the
activation of pro-survival genes through Wnt signaling [92].
Similarly, TNF sensitization by lithium in multiple sarcoma
cell lines was found to be independent of both GSK-3p
and NF-xB [93] while GSK-3f inhibition in prostate cancer
and HEK cells actually increased NF-xB activity despite
promoting TNF-induced apoptosis [94].

The specifics of apoptosis regulation by GSK-3f remain
both ambiguous and complex, requiring further research in
order to determine the mechanisms of action responsible for
differential control of cell survival. In addition to variations
in cell signaling and proliferation status, the effect of
GSK-3p on apoptosis may depend on cellular localization.
Only cytosolic GSK-3f was found to inhibit TNF-mediated
apoptosis [80] while apoptosis enhances nuclear localization
[95], suggesting a potential localization-based mechanism
for differential apoptotic regulation. Insufficient data is
available to explain the contradictory effects proposed for
GSK-3f on p53-mediated apoptosis, and a more detailed
study is required in order to determine the reasons for these
observed differences, but differential localization of p53,
MDM2, and GSK-3f may help define the regulatory role of
GSK-3p in various systems.

4. Positive Regulators of GSK-3f

Several molecules are known to potentiate the downstream
effects of GSK-3f (Table 3). Positive regulators of GSK-3p
are often utilized for enhancing the proapoptotic effects
of GSK-35 in the context of chemotherapy for cancer
treatment (reviewed in [96]). These regulators typically
operate through an indirect mechanism, actually serving as
inhibitors for upstream negative regulators. For example,
GSK-3p activity is increased upon inhibition of PI3-Kinase
with wortmannin or LY294002 [97-99]. Many GSK-3f reg-
ulators act to inhibit Akt by blocking its activation or kinase

activity. The kinase inhibitor staurosporine and the COX-2
inhibitor Celecoxib block the activating phosphorylation of
Akt by PDK [100-104]. Additionally, curcumin dephospho-
rylates Akt to prevent its downstream inactivation of GSK-3p
[102], as does the histone deacetylase inhibitor Trichostatin
A, in a PP1-dependent manner [105]. Akt/protein kinase B
signaling inhibitor-2 (API-2) appears to suppress both Akt
activation and kinase activity independent of any upstream
inhibitor effects [106].

Alternative GSK-3f regulators have less defined and
more indirect mechanisms. The mTOR inhibitor rapamycin
has been shown to activate GSK-3f with some studies
suggesting a potential influence of the mTOR pathway on
GSK-3p regulation through phosphorylation by s6 kinase
[107, 108]. Other molecules target the ability of GSK-3
to degrade cyclin DI. Vitamin A derived retinoids and
multiple differentiation-inducing factors (DIFs) enhance
GSK-3p activation and kinase activity [109-112] as a means
for cyclin D inhibition to promote cell cycle arrest and
differentiation.

5. Inhibitors of GSK-3f

While a potential therapeutic role of GSK-3p inhibitors has
been suggested for some time, they have gained significant
interest as a clinical tool over the past decade. GSK-3f
inhibitors are currently being utilized for the treatment of
various diseases including Alzheimer’s disease [113, 114] and
other neurodegenerative diseases [18], diabetes, inflamma-
tory disorders [115], radiation damage, and cancer [116].
Various pharmaceutical companies have these inhibitors in
clinical trials [116]. A classical example of a nonspecific
GSK-3p inhibitor is lithium [21], which has been shown
to inhibit GSK-3f with an ICsy of approximately 2mM in
an uncompetitive manner with respect to peptide substrate.
Lithium was found to inhibit GSK-3f in a competitive
manner by binding directly to magnesium-binding sites of
the enzyme [117], thus providing evidence for a molecular
mechanism for enzyme inactivation by lithium ions. Four
distinct regions of GSK-3§ have been targeted for inhibi-
tion: the Mg?* ATP-binding active site, a separate Mg?*-
binding site, the substrate-binding groove, and the scaffold-
binding region [33, 118]. Several inhibitors compete with
Mg?* and/or ATP to occupy its binding site. However, the
specificity of these inhibitors towards GSK-3f relative to
other kinases varies significantly (Table 4). Structural studies
have further elucidated molecular mechanisms for substrate
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TaBLE 3: List of known positive regulators of GSK-3.
Activator Activation Mode of activation Notes
potency
Celecoxib ICso =3.5uM  Inhibits PDK phosphorylation of Akt~ COX-2 inhibitor [100].
Staurosporine ICso =0.22uM  Inhibits PDK phosphorylation of Akt ﬁ%rierfé;mllgze] inhibitor (including PKA/PKC)
Trichostatin A Unknown Induces Akt dephosphorylation HDAC inhibitor acts through PP1 [105].
Curcumin Unknown Akt dephosphorylation Direct target not known [102].
Akt/protein kinase B Unknown Suppresses Akt kinase activity and Does not affect upstream Akt activators [106]
signaling inhibitor-2 (API-2) activation P ’
Wortmannin ICs0 = 5nM Inhibits PI3-Kinase Indirect effect on GSK-3f [97, 98].
1£Y294002 ICso = 1.4uM Inhibits PI3-Kinase Likely affects ATP binding to kinase [98, 99].
Rapamycin Unknown Potentially inhibits S6K1 ?11(1;70 I;O%a]thway can also inhibit GSK3
Differentiation-inducing Enhances GSK-3f kinase activity and Reduces mhl.blto.ry phosphorylatllon and
Unknown o enhances activating phosphorylation
factors (DIFs) promotes nuclear localization (111, 112]
o Reduces inhibitory phosphorylation of ~Promotes GSK-3$-dependent cyclin D1
Retinoids Unknown GSK-3f8 degradation [80, 109].
TABLE 4: Selected list of known GSK-34 inhibitors.
Inhibitor Inhibition potency Mode of inhibition =~ Notes
Beryllium ICsp=6mM Mg competitor Also inhibits cdc2
Lithium Ki =2mM Mg competitor
Anilino maleimides (SB216763, SB415286) K;=10-30nM  ATP competitor Does not inhibit a range of other kinases

Arylpyrazolopyridazines

(e., 6-aryl pyrazole [3,4-b] pyridine 4) ICso = 0.8-150 1M ATP competitor Also inhibits CDK2
Bisindole maleimides (e.g., Ro 31-8220, GF 109203x) ICsp =5-170nM  ATP competitor Also inhibits PKC
Indirubins (6-bromoindirubin-3’-oxime, aka BIO) IG5 =5-50nM  ATP competitor Also inhibits CDKs
Paullones (alsterpaullone) ICs0 =4-80nM  ATP competitor Also inhibits CDKs
Pseudosubstrate peptide Ki=0.7mM  Substrate competitor Specific

selection and GSK3-f inhibition [119-125]. Beryllium was
shown to compete with both ATP and Mg?*, while lithium
competed only with Mg?* [126].

The small molecule inhibitors of GSK-3 SB-216763 and
SB-415286 are structurally distinct maleimides that inhibit
GSK-3a/p in vitro, with Kis of 9nM and 31 nM, respectively,
in an ATP competitive manner [127]. Hymenialdisine [128]
and paullones [129] also inhibit GSK-3f in an ATP com-
petitive manner. Indirubins inhibit GSK-3f in an ATP com-
petitive manner with a ICsy of 50-100 nM [130-132]. Small
molecule inhibitors like TZDZ8 that are thiadiazolidinones
inhibit GSK-38 with a ICsy of 2uM in a noncompetitive
manner [133, 134]. The other type of GSK-3f inhibitors
is represented by cell-permeable, phosphorylated substrate-
competitive peptides which interact with the phospho-
recognition motif comprising R96, R180, and K205 to
prevent substrate access to the active site. There are also
GSK-3B-inhibiting peptides that contain GSK-3f interacting
domains, block the interaction between Axin and GSK-3,
and prevent -catenin phosphorylation [135]. In the recent
decade small molecule inhibitors of GSK-3p are emerging as
a promising drug for treatments against neurodegenerative
diseases, radiation damage, Alzheimer’s disease, diabetes,
and cancer [116].

6. Exploiting the GSK-3 Conundrum

GSK-3f signaling is a complex process influenced not
only by cellular type and transformation status, but by
environmental and cellular conditions. Survival signals have
been mainly determined by studies involving GSK-3f inhi-
bition, through gene silencing or pharmacologic inhibition.
The resulting inhibition of apoptosis is complex, and requires
further elucidation. However several studies suggest that the
effects may at least in part be mediated by the effect of GSK-
33 on NF-«B levels. In addition, it is clear that subcellular
localization is important, as only cytosolic GSK-3 seems to
be able to mediate the survival signals.

Notably, the role in promotion of apoptosis by GSK-
3f has been more clearly delineated. It performs this task
by both facilitating proapoptotic signals while inhibiting
anti-apoptotic molecules. This signal interplay occurs mostly
at the level of the mitochondria, and combined with
the association with primarily nuclear GSK-3p, suggests a
downstream role of GSK-3 in modulation.

So how do we exploit these paradoxical roles of GSK-
3B? In healthy cells, the shift to pro-survival modes is
important for cell survival under conditions of cellular
stress. In these cases, the upstream signals seem to override
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the mitochondrial-based apoptotic machinery to allow the
cells to escape potentially lethal damage. There have been
attempts to exploit these pro-survival roles in neurode-
generative diseases, which are typified by high apoptosis
rates. Reduction of disease-associated apoptosis by GSK-3
modulating agents can restore balance to off-kilter apoptotic
machinery, resulting in decreased cellular turnover and the
resultant protection of the at-risk neuronal population. In
addition to diabetes, and neurodegenerative disorders, we
believe that GSK-3/ inhibition may play a promising role in
patients receiving irradiation.

While radiation dose-escalation has been important
for the treatment of multiple cranial tumors (e.g., brain
metastases, primary gliomas) and benign disorders (e.g.,
vestibular schwannoma, meningioma), the treatment is
limited by the effects of irradiation on healthy surrounding
neurons. It has been demonstrated that GSK-3f inhibition
can protect hippocampal neurons (in primary culture and
murine pups) from irradiation-induced damage [9, 70].
Thotala et al. demonstrated improved survival of intestinal
crypt cells and increased latency to murine Gl-related death
from irradiation [77]. This report suggested that GSK-
3 inhibitors could reduce deleterious consequences of
intestinal irradiation and possibly improve patient quality of
life measures. It would be worthwhile to explore their utility
in syngenic murine models of neural cancer, murine tumor
xenografts, as well as human clinical trials of patients in
the setting of re-irradiation (e.g., recurrent glioma). Reports
of radiation protection have also been demonstrated with
small molecular inhibitors of GSK-3f in the gastrointestinal
system.

In cancer, however, the apoptotic machinery is often
defective allowing cells to undergo unregulated proliferation.
In this case, negative regulation of GSK-3f can serve to tip
the balance in favor of apoptosis. Dickey et al. demonstrated
the ability of GSK-3p inhibition to effectively enhance cell
death of neuroblastoma cells in vitro and in a murine
xenograft model [79]. Similar findings have been demon-
strated in glioma [81, 82]. The interplay between GSK-3p
regulation and other cell death stimuli is being carefully
studied across a wide variety of cancer types, and there is
promising data suggesting a strong role for this form of ther-
apy in the near future. The bifunctional role of GSK-3f as a
facilitator of apoptosis and a mediator of pro-survival signals
has important implications in both the generation of novel
therapies and the understanding of complex disease states.

The use of both positive and negative regulators of GSK-
33 offers exciting treatment possibilities for a multitude of
diseases. The complexity of the GSK-3f network requires
careful examination, however, when considering modulating
its function in a clinical setting. More studies are required
to clearly understand the effects of regulating GSK-3f
on the multiple signaling pathways involved in growth,
development, and metabolism. The effect of GSK-3/5 on cell
survival and apoptosis appears to be context dependent,
and the required mode of action will likely depend on the
specific pathway, cell type, and disease being targeted. While
the vast network of GSK-3f offers a treatment option for
multiple diseases, it also requires careful consideration of all

the factors involved in order to prepare against potential side
effects.
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It is commonly believed that sustained elevations in the mitochondrial matrix Ca®" concentration are a major feature of the
intracellular cascade of lethal events during cerebral ischemia. The physical association between the endoplasmic reticulum (ER)
and mitochondria, known as the mitochondria-associated ER membrane (MAM), enables highly efficient transmission of Ca?*
from the ER to mitochondria under both physiological and pathological conditions. Molecular chaperones are well known for their
protective effects during cerebral ischemia. It has been demonstrated recently that many molecular chaperones coexist with MAM
and regulate the MAM and thus Ca** concentration inside mitochondria. Here, we review recent research on cerebral ischemia
and MAM, with a focus on molecular chaperones and ER-mitochondrial calcium transfer.

1. Introduction

Stroke is one of the leading causes of death worldwide and
a major cause of long-term disability [1]. Although many
clinical trials have been completed in stroke patients, none
of these have demonstrated protective efficacy except for
thrombolysis [2, 3]. Suggested reasons for this failure include
the complex interplay among multiple pathways (for review
see [4-6]) including excitotoxicity, mitochondrial dysfunc-
tion, acidotoxicity, ionic imbalance, oxidative stress, and
inflammation, which can all lead to cell death and irreversible
tissue injury.

A generally accepted cell death pathway after cerebral
ischemia is mitochondrial permeability transition (MPT)
pore opening (Figure 1(a)). Ischemia leads to energy depri-
vation and loss of ion homeostasis. As the cells are unable
to maintain a negative membrane potential, they depolarize,
leading to the opening of voltage-gated calcium channels and
release of excitatory amino acids into the extracellular space
[7]. This cascade of events leads to a massive entry of calcium
and this increase in free cytosolic calcium is transmitted to
the matrix of mitochondria by Ca?* channels and exchangers
located on the inner mitochondrial membrane. Recently ER

stress was found to be one of the effects of excitotoxicity, that
is, exposure to toxic levels of excitatory neurotransmitters,
with release of Ca?* from the ER via both ryanodine
receptors and IP3R, with release from inositol trisphosphate
receptors (IP3Rs) leading to mitochondrial Ca>* overload
and activation of apoptosis [8]. Excessive increases in matrix
Ca?" alter the permeability of mitochondria and finally
open the MPT pore [9], causing the release of cytochrome
¢ [10] and other proapoptotic factors into the cytoplasm.
The released cytochrome c activates caspase-3, one of the
executioner caspases to initiate cell death. Excessive accu-
mulation of calcium in mitochondria is a key factor in the
final outcome of the cascade leading to neural cell death
(Figure 1(a)) [11].

Mitochondria can accumulate large amounts of calcium
through a Ca?*-selective channel known as the mitochon-
drial Ca?* uniporter (MCU) [12, 13]. However, MCU has
a relatively low Ca®" affinity [14]. It is interesting that in
response to cytosolic Ca?* transients not exceeding con-
centrations of 1-3 uM, mitochondrial Ca?" concentrations
rise almost simultaneously to values above 10uM [15].
The existence of close contact points between the ER and
mitochondria (the mitochondria-associated ER membrane,
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FiGure 1: (a) Diagram of cerebral ischemia-induced cell death
signaling cascade. (b) Chaperone machinery controls ER-mito-
chondria Ca?* crosstalk at the MAM. Under normal, resting
conditions, SIGIR chaperone forms a complex with GRP78 at the
ER. Under stress such as ischemia, SIGIR dissociates from GRP78
and associates with IP3R3 at the MAM, and GRP78 translocates
from ER to IMM. ER-mitochondria Ca?' transfer controls cell
survival or death decision. Cyt c: cytochrome ¢; ER: endoplasmic
reticulum; GRP75: glucose-regulated protein 75; GRP78: glucose-
regulated protein 78 kDa; IMM: inner mitochondrial membrane;
IP3R: inositol trisphosphate receptor; MCU: mitochondrial Ca?"
uniporter; Mito: mitochondria; MPTP: mitochondrial permeability
transition pore; OMM: outer mitochondrial membrane; SIGIR:
sigma-1 receptor; VDAC: voltage-dependent anion channel.

MAM) is thought to provide a selective direct pathway for
calcium from the ER to mitochondria. Upon cell stimulation,
the release of high concentrations of Ca?" at MAM leads to
the formation of microdomains of high Ca** concentration
that is crucial for efficient Ca?* uptake by mitochondria
(16, 17].

Molecular chaperones are a functionally related group of
proteins that assist protein folding in cells and protect cells
from injury after cerebral ischemia or other stress. It has
been demonstrated recently that MAM coexists with many
molecular chaperones [18]. The relationship between molec-
ular chaperones and ER-mitochondrial calcium transfer after
cerebral ischemia is an emerging research area and is the
focus of this mini review.

2. Cerebral Ischemic Models

Animal models of ischemic stroke are used to study the
basic pathophysiological processes and potential therapeutic
interventions in this disease; the extension of knowledge
gained from these animal models will lead to improvement
of medical treatment for human ischemic stroke in the
future. Focal cerebral ischemia by middle cerebral artery
occlusion (MCAO) in rats or mice is the rodent model most
immediately relevant to human stroke. Using this method,
transient ischemia is achieved by inserting a suture into the
left middle cerebral artery, temporarily blocking blood flow
to the middle cerebral artery territory, and removing the
suture to allow reperfusion after a duration of minutes to
hours depending on the specific study [9, 19, 20].

International Journal of Cell Biology

Glucose deprivation (GD) and combined oxygen-glucose
deprivation (OGD) are common in vitro models of brain
ischemia. Either cell cultures or slice cultures are subjected to
medium lacking glucose, and in the case of OGD, also placed
in a chamber with very low oxygen levels for a fixed period
of time [19, 21-26], followed by restoration of oxygen and
glucose to the medium to imitate reperfusion.

3. Molecular Chaperones

Molecular chaperones were originally defined as a function-
ally related group of proteins that assist protein folding in
bacterial, plant, and animal cells. The heat shock proteins
of the 70kDa molecular weight family (HSP70), includ-
ing HSP72 (cytosol), GRP75/mortalin (mitochondria), and
GRP78/BIP (endoplasmic reticulum; ER), are highly evo-
lutionarily conserved and have been extensively studied.
Studies, including those from our laboratory, show that all
three of these HSP70 family members are protective in both
in vivo and in vitro models of stroke [19, 27-32]. It has been
a long-standing observation, as documented for HSP72 [33-
35] and GRP75 [36], that cells destined to die fail to produce
heat shock proteins, while cells that survive make new heat
shock proteins. We recently identified translational arrest of
GRP78 due to microRNA181 in focal cerebral ischemia in the
mouse [19]. Although Grp78 mRNA was induced following
MCAO both in the core and outside the infarcted area,
GRP78 protein was only induced in the penumbra, not
within the area of infarction.

Recently a more complex, integrating role of these pro-
teins has been recognized, that of stabilizing intracellular
morphological and functional networks through protein-
protein interactions with numerous client proteins [37-39].
This chaperoning network concept is increasingly accepted
as a basic regulatory mechanism in diverse cellular functions
[39, 40]. These networks allow the cell to change phenotype
by releasing client proteins from chaperones allowing them
to be activated, or in some cases released and degraded. These
functional adjustments are rapid, do not require protein
synthesis, and facilitate calibrated and integrated adaptation
to changing conditions.

In addition to the new concept of the chaperone network,
each individual chaperone has been found to have addi-
tional functions beyond that of functioning as a molecular
chaperone. For example, GRP78 is traditionally considered
to be a major endoplasmic reticulum chaperone as well as
a master regulator of the unfolded protein response. Due
to recent findings that significant amounts of GRP78 are
present on the surface of cancer cells, it has emerged as
an important regulator of tumor cell viability signaling,
and cell surface GRP78 is now being used for therapeutic
targeting [41]. In addition to GRP78, the ER calcium-
binding protein calreticulin has also been shown to traffic
to the plasma membrane and be involved in regulation of
cell death [42, 43]. GRP78 plays a critical role in physiologic
and pathologic stress [44], including developmental and
neurological disorders [45]. As a multifunctional receptor on
the cell surface [46], GRP78 may be associated with the AKT
and ERK signaling pathways [47]. Because of its multiple
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locations and functions, GRP78 may play a central role in the
chaperone network. HSP72 also protects brain by regulating
distinct pathways of apoptosis and inflammation which both
contribute to outcome after cerebral ischemia (for review
see [48]). Other ER proteins also participate in cell death
regulation, and function outside the ER.

4. The Mitochondria-Associated
ER Membrane (MAM)

Although the association of endoplasmic reticulum (ER)
with mitochondria was first observed in the 1960s by several
independent groups [49, 50], morphological evidence for
the physical association or interaction between the ER
and mitochondria first emerged in the early 1990s. Such
contact has since been observed in mitochondria in many
types of cell [51, 52]. Structural and functional interactions
of mitochondria with the ER have been demonstrated
for rat brain [53]. The close contacts through which ER
communicates with mitochondria are referred to as MAM
[54]. The distance between the ER and the outer mito-
chondrial membrane (OMM) was originally estimated to
be approximately 100 nm [51, 52]. However, a more recent
study using electron tomography showed that the minimum
distance is even less, 10 nm at the smooth ER and 25 nm at
the rough ER [55]. Actually the spacing between the ER and
mitochondria changes with different cell physiological and
pathological conditions [56, 57] and artificial modification
of this contact can lead to ER stress [55].

Numerous proteins have recently been proposed to
participate in the interaction and communication between
the mitochondria and the ER, highlighting the emerging role
of this region in bioenergetics, cell survival, and cell death
[58, 59]. One important structure is the IP3R on the ER and
the voltage-dependent anion channel (VDAC) on the OMM
which are now thought to be physically coupled through the
chaperone Grp75/mortalin (Figure 1(b)) [60]. The sigma-
1 receptor (SIGIR) chaperone is enriched in the MAM
fraction [61-64] and recruits GRP78. In addition, other
Ca’"-binding ER resident chaperones have been found in the
MAM fraction, for example, calnexin (CNX), calreticulin,
and ERp44 [65-67]. The multifunctional cytosolic sorting
protein PACS-2 is another protein that has been found in
the MAM fraction [68]. This fraction can also contain ade-
nine nucleotide translocase (ANT) and cyclophylin D, the
components of mitochondrial contact sites with similar
composition to the mitochondrial permeability transition
pore (MPTP). Such close apposition of the MPTP to the
ER can sensitize mitochondria to Ca®* signals [69]. Recently,
the mitochondrial GTPase mitofusin 2 has been shown
to be enriched in MAM as well as localized on the ER,
where it interacts with mitofusins on mitochondria to form
interorganellar bridges [70].

MAM can be isolated from tissues and cells to investigate
the mechanisms and functions involved [60, 71]. Wieckowski
et al. provided detailed protocols in 2009 in Nature Protocols
[71]. Briefly the procedure consists of two steps: a crude
mitochondrial fraction is isolated from tissue or cells by
differential centrifugation, and the crude mitochondria are

fractionated to the pure mitochondria and MAM fraction by
Percoll density gradient.

5. Ca’* Signaling at the MAM during Apoptosis

It is commonly accepted that the main structure responsible
for ER-mitochondrial calcium transfer at the MAM is com-
posed of the IP3R on the ER, VDAC on the OMM and MCU
on the IMM (Figure 1(b)). Ca®" released upon activation of
the IP3R at the ER is taken up into mitochondria via VDAC
and then MCU [72, 73].

A major function of MAM is the control of Ca?* signaling
between ER and mitochondria, a central topic of major inter-
est both in normal physiology and pathophysiology. This
second messenger has been proposed to have multiple roles
in modulating intracellular events including bioenergetics
and autophagy. Constitutive calcium release via the IP3R was
found to be essential for maintaining normal bioenergetics
and suppressing autophagy in conditions of ready nutrient
availability [74]. In contrast during ER stress, Ca’" increase
seems to be required for triggering autophagy [75], though
calcium-independent routes to induce autophagy involving
interaction of IP3R with Beclin have also been reported
[76], and lack of Ca?* release via the IP3R can also induce
autophagy [74]. Thus the role of calcium is complex, and
induction of autophagy reflects combined input from Ca?*
dependent and independent pathways (see recent review
[77]). Under prolonged ER stress conditions, as happens in
the ischemic core after cerebral ischemia, a slow but sustained
increase in mitochondrial matrix free [Ca?*] can occur,
which can reach a critical threshold to trigger the opening
of MPTP and initiate the apoptotic cascade (Figure 1(a)).
Some studies indicate that the induction of apoptosis by ER
stress has a mandatory mitochondrial component, further
highlighting the intimate connection between these two
organelles [78].

The ER can play an important role in regulating apop-
tosis by adjusting the load of Ca?" imposed upon the mito-
chondrion. Previous studies have shown that the reduction
in the Ca** amount that can be released from ER to mito-
chondria decreases the probability of Ca?*-dependent apop-
tosis. On the other hand, conditions that increase ER Ca**
storage have the opposite effect on Ca?"-dependent apoptosis
[79-82]. It has been demonstrated that overexpression of the
antiapoptotic protein BCL2 can influence the distribution
of Ca?* within the ER/mitochondrial complex. Knockout of
the proapoptotic proteins BAX and BAK reduced the resting
concentration of ER Ca?" decreasing the uptake of Ca?" by
mitochondria after Ca* release from the ER [81]. The active
form of the antiapoptotic protein AKT results in reduced
ER Ca?" release, and diminished cellular sensitivity to Ca**-
mediated apoptotic stimuli [79, 82]. Antiapoptotic proteins
BCL2 and AKT affect ER calcium homeostasis by differential
mechanisms: BCL2 overexpression increases the Ca’" leak
from the ER, while AKT hyperactivation induces a decrease
in ER Ca?" release, probably through phosphorylation of the
IP3R [58, 80].
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6. Molecular Chaperones Regulate MAM

Some important chaperones are enriched in MAM and may
play a key role in regulating Ca?* signaling between ER and
mitochondria. It was found that the mitochondrial chap-
erone GRP75 regulates IP3R-mediated mitochondrial Ca**
signaling [60]. It was demonstrated that isoform 1 of VDAC
is physically linked to the ER Ca?"-release channel IP3R
through GRP75, highlighting chaperone-mediated confor-
mational coupling between the IP3R and the mitochondrial

Ca?* uptake machinery (Figure 1(b)). We have found that
overexpression of GRP75 improved mitochondrial function
after in vivo and in vitro cerebral ischemia [31, 83].

ER protein SIGIR, implicated in neuroprotection, car-
cinogenesis, and neuroplasticity, is a Ca?'-sensitive and
ligand-operated receptor chaperone at the MAM [62]. Nor-
mally, SIGIR forms a complex at the MAM with another ER
chaperone GRP78/BiP (Figure 1(b)). Upon ER Ca?" deple-
tion or after ligand stimulation, SIGIR can dissociate from
GRP78 and begin to chaperone conformationally unstable
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IP3R (Figure 1(b)) to enhance Ca’" signaling from the ER
into mitochondria to increase the production of ATP in the
cell through the tricarboxylic acid cycle in the mitochondria
[74]. If stimulated by high concentrations of agonists or
impacted by extreme ER stress, SIG1Rs translocate from the
MAM to the plasma membrane to bind various ion channels,
receptors, or kinases [63, 84-86]. An increase of SIGIR in
cells counteracts ER stress, whereas decreased levels enhance
apoptosis.

Recent evidence [41] indicates that GRP78, like SIGIR,
may emerge as a novel interorganelle signaling modulator. As
a multifunctional receptor on the cell surface after stress [46],
GRP78 may be associated with many signaling pathways
[47]. However, until now there has been no detailed research
on the importance of GRP78 in MAM except as a binding
partner of SIGIR (Figure 1(b)). GRP78 has been found to be
one of the VDAC interactors (Table 1 in [60]) together with
GRP75, although the authors of the paper never discuss it in
the text [60]. We recently found that overexpressing GRP78
preserves respiratory activity and mitochondrial membrane
potential, reduces free radical production, reduces mito-
chondria Ca®* overload, and increases Ca** uptake capacity
in isolated mitochondria after stress [22]. In order to follow
GRP78 directly in response to ischemia-like stress, we created
a fusion protein consisting of green fluorescent protein
(eGFP) fused between the GRP78 N-terminal 18 amino
acid ER signal peptide and the remainder of GRP78. We
found that eGFP-GRP78 retargets to mitochondria within
a short period of GD by fluorescence and immunoelectron
microscopy (IEM) as well as Western blotting (Figure 2).
The mitochondrial location of GRP78 is mainly on the inner
membrane of mitochondria by IEM (Figure 2(c)). A prior
report in 9L tumor cells has demonstrated relocalization
of GRP78 to mitochondria after induction of ER stress by
thapsigargin [87]. As in the case of translocation to the
cell surface, cytoplasm, and nucleus after stress [41], the
molecular mechanism underlying GRP78 translocation to
mitochondria has not yet been elucidated.

The mitochondrial Ca?* uniporter is the primary influx
pathway for Ca’" into respiring mitochondria, and hence is
a key regulator of mitochondrial Ca?*. Although the uni-
porter’s biophysical properties have been studied extensively,
its molecular composition remained elusive for more than 50
years. A very recent report has identified a 40-kDa protein
which fulfills the requirements for being the long sought
mitochondrial calcium uniporter [72]. Overexpression of
MCU alone in one report did not give rise to a marked
gain of Ca?" uptake in HelLa cells indicating that additional
components or chaperones may be limiting in some set-
tings [88], though other investigators did observe increased
Ca?" with overexpression [72]. The MCU is thought to
function as part of a complex including at least MICU1
[89]. Considering the fact that overexpressing GRP78 not
only reduces mitochondria Ca?" overload in intact cells, but
also increases Ca?* uptake capacity in isolated mitochondria
[22], it is possible that translocated GRP78 interacts with
the uniporter in some way on the IMM and regulates the
mitochondrial Ca?*. Future validation of the hypothesis
depends on further development of molecular approaches

to confirm this property of MCU and its relationship with
GRP78.

In summary these findings together support a new
emerging picture: chaperone machineries at both the ER and
mitochondrion orchestrate the regulation of Ca®* signaling
between these two organelles and control bioenergetics, cell
survival, and cell death decisions. In the brain, ER calcium
release has been found to directly contribute to excitotoxicity,
a neuronal death mechanism important both in acute and
chronic neurodegenerative diseases. Better understanding
the roles of chaperones and Ca?* handling in vivo should in
the future provide new therapeutic strategies to protect brain
cells during ischemia.
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Mitochondria participate in a variety of physiologic processes, such as ATP production, lipid metabolism, iron-sulfur cluster
biogenesis, and calcium buffering. The morphology of mitochondria changes dynamically due to their frequent fusion and division
in response to cellular conditions, and these dynamics are an important constituent of apoptosis. The discovery of large GTPase
family proteins that regulate mitochondrial dynamics, together with novel insights into the role of mitochondrial fusion and fission
in apoptosis, has provided important clues to understanding the molecular mechanisms of cellular apoptosis. In this paper, we
briefly summarize current knowledge of the role of mitochondrial dynamics in apoptosis and cell pathophysiology in mammalian

cells.

1. Introduction

Apoptosis, also called programmed cell death, is a crucial
physiologic process in the development and homeostasis of
multicellular organisms [1]. Perturbation of this vital process
leads to a range of diseases, such as ischemia, cancer, neuro-
degeneration, and autoimmunity [2]. The mitochondrial
outer membrane (MOM) serves to coordinate mitochondrial
function with extra mitochondrial signaling and participates
in the regulation of mitochondrial homeostasis. Mitochon-
dria have a central role in the initiation of apoptosis trig-
gered by intrinsic death signals such as DNA damage (the
mitochondrial pathway) by releasing cytochrome ¢ and other
apoptogenic factors stored in the intermembrane space
(IMS) into the cytoplasm [3, 4]. Cytochrome ¢ complexed
with Apaf-1 activates caspase 9, which leads to the activation
of downstream caspases [5].

Mitochondrial morphology changes dynamically by con-
tinuous fission and fusion to form small units or intercon-
nected mitochondrial networks, and the balance of these
dynamic changes is essential for counteracting deleterious
mitochondrial processes. Mitochondrial fusion allows for
complementation of damaged mitochondrial DNA and other
contents (e.g., lipids, proteins, or metabolites) with the com-
ponents of healthy mitochondria, thus maintaining normal

mitochondrial activity. Mitochondrial fission, on the other
hand, plays an important role in the quality control of mito-
chondria, facilitating the removal of damaged mitochondria
to maintain cellular homeostasis [6—-10]. Compromise of this
quality control system induces cell death, which results in
various degenerative disorders [9]. Mitochondrial fission is
also essential for the distribution of mitochondria in res-
ponse to the local demand for ATP or calcium buffering [10].
In addition to these fundamental roles, the dynamic mor-
phologic changes of mitochondria are closely associated with
the initial process of apoptosis. The rate of fission increases
markedly when cells become committed to apoptosis; apop-
totic stimuli such as DNA injury, UV radiation, endoplasmic
reticulum (ER) stress, oxygen radicals, or cytokine with-
drawal trigger extensive mitochondrial fission accompanied
by cristae disorganization and permeabilization of the mito-
chondrial outer membrane (MOMP), which in turn induces
the release of IMS-stored proapoptotic factors, such as cyto-
chrome ¢, to trigger the apoptosis program [11-15]. Al-
though modulation of mitochondrial fusion and fission
machineries is considered to influence the apoptotic response
of the cells, it remains controversial whether fission is abso-
lutely required for the progression of apoptosis. Nonetheless,
perturbations of the mitochondrial dynamics cause cellular
dysfunction, particularly of highly polarized cells such as



neurons, and neuronal synaptic loss and cell death in neu-
rodegenerative disorders (e.g., Alzheimer’s disease, Parkin-
son’s disease, and Huntington’s disease), although the func-
tional relation between the morphologic alterations and
apoptosis is still insufficiently understood [16].

2. Regulation and Physiologic Significance of
Mitochondrial Fusion and Fission

Three types of high-molecular-weight GTPase proteins reg-
ulate mitochondrial fusion and fission in mammals [10].
Outer membrane fusion involves two mitofusin proteins
(Mfnl and Mfn2; Fzol in yeast) located on the mitochon-
drial outer membrane (MOM) [17, 18]. An IMS-localized
GTPase, OPA1 (Mgml in yeast), functions as a hetero-oligo-
meric complex of the larger size Opal (L-Opal) and the
smaller size Opal (S-Opal) in fusion and cristae organiza-
tion of the inner membrane (MIM) [19, 20]. The cytoplas-
mic dynamin-related GTPase protein Drpl (Dnml in yeast)
translocates to the foci of future mitochondrial fission sites
and mediates mitochondrial fission [21-23]. Mitochondrial
fission factor (Mff), and mitochondrial dynamics (Mid) 51/
mitochondrial elongation factor 1 (MIEF1), and the variant
Mid49 were recently reported to function as Drp1 receptors
on the MOM [10, 24-27], although detailed mechanisms of
Mff and MiD/MIEF1 proteins and their relation in Drpl-
dependent mitochondrial fission remain to be clarified. The
function of the mammalian homolog of yeast Fis1, which is
thought to regulate mitochondrial fission as in yeast remains
controversial [10, 24, 25].

Mutations in the mitochondrial fusion factors Mfn2 and
OPAL result in neurodegenerative disorders, such as Char-
cot-Marie-Tooth Neuropathy 2a and Dominant Optic Atro-
phy I, respectively [16, 19, 20]. Mitochondrial fusion factor
knockout (KO) mice are lethal before embryonic day 12.5
(E12.5 for Mfn1 KO) or embryonic day 11.5 (E11.5 for Mfn2
KO), suggesting that both Mfn isoforms are essential for
embryonic development in mammals [17]. Cells lacking
both Mfn1 and Mfn2 exhibit severe cellular defects, includ-
ing poor cell growth, heterogeneity of inner membrane po-
tential, and decreased respiration, indicating that mitochon-
drial fusion has an essential role in maintaining functional
mitochondria. Depletion of Mfn2 in neurons in mice leads
to highly specific degeneration of Purkinje neurons [17].
The mitochondria in these mutant cells are fragmented and
fail to distribute to the long and branched neurites, indi-
cating that fusion also plays an important role in mito-
chondrial distribution in polarized cells. Depletion of both
Mifn isoforms in skeletal muscle results in muscle atrophy
[28]. Homozygous mutation of OPAl in mice leads to
embryonic lethality by E13.5 in mice, while heterozygous
mutation causes a slow onset of degeneration in the optic
nerves [29]. Pancreatic beta-cell-specific OPA1 KO mice have
compromised glucose-stimulated insulin secretion and ATP
production due to a defect in respiratory complex 1V, sug-
gesting that the function of OPA1 in the maintenance of the
respiratory chain is physiologically relevant to beta cells [30].

The dynamin-related GTPase Drpl localizes mainly in
the cytoplasm and plays a central role in mitochondrial
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fission in mammals. It is composed of an N-terminal GTPase
domain thought to provide mechanical force, a dynamin-
like middle domain, a connecting domain (“B” in Figure 1),
and a C-terminal GTPase effector domain (GED) (Figure 1).
Compared with mitochondrial fusion, however, the in vivo
function of Drpl-dependent mitochondrial fission is poorly
understood. During mitochondrial fission, Drpl existing as
small oligomers in the cytoplasm assembles into larger oligo-
meric structures at the mitochondrial fission sites depending
on GTP binding and then severs the mitochondrial mem-
brane by GTP hydrolysis. A heterozygous, dominant-nega-
tive mutation of the Drpl gene (A395D in the middle
domain) was identified in a newborn girl with severe pleio-
trophic defects, including abnormal brain development and
optic atrophy, who died at 37 days of age (Figure 1) [31].
To elucidate the detailed physiologic roles of mitochondrial
fission in vivo, we and another group generated tissue-
specific Drp1 KO mice [32, 33]. Drp1 KO mice die at around
E12.5 with developmental abnormalities, particularly in the
forebrain. Neuron-specific Drpl KO mice are born, but die
within a day of birth due to neurodegeneration, although
Drpl is dispensable for the viability of mouse embryonic
fibroblast (MEF) cells. In primary cultured neural Drpl KO
cells, enlarged mitochondrial clumps are sparsely distributed
in the neurites and the synaptic structures are lost. These
findings suggest that the Drpl-deficiency causes the abnor-
mal distribution of fused and aggregated mitochondria in
polarized cells and these spatiotemporal defects might inhibit
the ATP supply and Ca’" signaling, eventually preventing
synapse formation. Similarly, Drpl-dependent mitochon-
drial fission is essential for immune synapse formation in T-
cell receptor signaling [34]. A missense mutation in mouse
Drp1 in the middle domain, which is essential for oligomer-
ization (Python mice; C452F mutation), leads to cardiomy-
opathy [35]. The physiologic relevance of Drpl in other
tissues that might underlie various human diseases remains
to be elucidated.

Drpl activity is regulated by various posttranslational
modifications and changes in these modifications are related
to several disorders (Figure 1). In the early mitotic phase,
Ser616 in human Drpl is specifically phosphorylated by the
Cdk1/cyclinB complex, which promotes mitochondrial fis-
sion to facilitate stochastic distribution of the mitochondria
to daughter cells [36]. Under oxidative stress conditions, pro-
tein kinase Cé mediates phosphorylation of Ser579 in human
Drpl isoform 3 (Ser616 in the human Drpl isoform 1),
leading to mitochondrial fission and impaired mitochondrial
function, which contributes to hypertension-induced brain
injury [37]. Phosphorylation at Ser637 in the GED domain
of human Drpl by cAMP-dependent protein kinase (PKA)
stimulates Drpl GTPase activity and releases Drpl from
the mitochondria by inhibiting oligomeric assembly on the
membrane to promote mitochondrial network extension and
cell viability [38]. This reaction is reversed by calcineurin-
mediated dephosphorylation [39, 40]. Polyglutamine expan-
sions in huntingtin protein, the cause of Huntington’s dis-
ease, superactivate calcineurin through enhanced calcium
levels, and increase mitochondrial recruitment of Drpl,
leading to apoptosis due to mitochondrial fission, cristae
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FIGUre 1: Domain structure of Drpl and schematic view of the regulation of Drpl by posttranslational modifications. Drpl activity is
regulated by various posttranslational modifications and changes in these modifications are related to several disorders. Under oxidative
stress, protein kinase C§ (PKC§) phosphorylates Drpl at Ser616 in the GED domain. Drpl is recruited to mitochondria and stimulates
mitochondrial fission, leading to apoptosis in hypertension-induced brain. Cyclic-AMP-dependent protein kinase (PKA) phosphorylates
Drpl at Ser637 in the GED domain. This reaction releases Drp1 from mitochondria to the cytosol, leading to mitochondrial elongation and
suppression of apoptosis vulnerability of the cells. Calcineurin dephosphorylates Drp1 at Ser637 and promotes mitochondrial fragmentation
and cell vulnerability to apoptosis. Polyglutamine expansion in huntingtin protein activates calcineurin and increases mitochondrial frag-
mentation and cell vulnerability to apoptosis. f-Amyloid protein increases S-nitrosylation of Drp1 at Cys644 in the GED domain to trigger
mitochondrial fission by activating GTPase, thereby causing synaptic loss. All amino acid numbering is based on the human Drp1 splice

variant 1 sequence.

disintegration, and cytochrome c release (Figures 1 and 3)
[41]. Further, mutant huntingtin protein directly binds Drp1
and increases its GTPase activity, leading to mitochondrial
fragmentation and defects in anterograde and retrograde
mitochondrial transport and neuronal cell death [42, 43]. 3-
Amyloid protein, a key mediator of Alzheimer’s disease, is
reported to induce S-nitrosylation of Drpl at Cys644 in the
GED domain to trigger mitochondrial fission by activating
GTPase and thereby causing synaptic loss (Figure 1) [44],
although this model has been challenged [45]. Thus, mito-
chondrial morphologic balance shift toward fission makes
cells susceptible to apoptosis and vice versa (Figure 1).

3. Regulation of Mitochondrial Apoptosis by
Bcl-2 Family Proteins

Mitochondria play a central role in apoptotic initiation by
providing proapoptotic factors that are involved in caspase
activation, and chromosome condensation and fragmenta-
tion [15]. Multiple cellular pathways trigger apoptosis [46]:
an extrinsic pathway that is initiated by the binding of a death
ligands to the plasma-membrane-localized receptor, result-
ing in the rapid activation of caspases in the cytoplasm and

an intrinsic (mitochondrial) pathway where mitochondria
play a central role governed by pro- and antiapoptotic Bcl-2
family proteins. The extrinsic pathway does not directly
involve the mitochondria, and activation of the initiator
caspase (caspase-8) is mediated by the death-inducing sig-
naling complex [47]. Conversely, the intrinsic pathway is
initiated by the release of cytochrome c from the IMS accom-
panied by MOMP and cristae disorganization, which acti-
vates procaspase-9 through Apaf-1 [3, 4, 15]. Although the
extrinsic and intrinsic pathways have long been considered
independent from each other, evidence that caspase-8 also
activates the intrinsic pathway has led to a more complex
view of apoptosis in which crosstalk exists between the two
pathways [48, 49].

The Bcl-2 family proteins regulate the MOM integrity
and contribute to the release of proapoptotic factors from the
IMS to the cytoplasm by MOMP [50, 51]. Irrespective of the
precise mechanism, the antiapoptotic members of the Bcl-2
family tend to stabilize the barrier function of the MOM,
whereas proapoptotic Bcl-2 family proteins such as Bax or
Bak tend to antagonize such function and permeabilize the
MOM. Upon apoptotic stimuli, caspase-8 activated by the
death-inducing signaling complex cleaves the proapoptotic
BH3-only protein Bid to the active truncated form (tBid).



The activated tBid is then recruited to the cardiolipin-rich
region on the MOM by MTCH2, a half-type carrier super-
family protein [52]. tBid either interacts with antiapoptotic
Bcl-2 family proteins such as Bcl-2 or Bcl-XL to inhibit their
antiapoptotic functions [48, 49, 53], or triggers targeting
and oligomerization of cytoplasmic Bax into the MOM and
Opal-dependent cristae disorganization, leading to the re-
lease of IMS-stored proapoptotic factors such as cytochrome
¢ [54]. Bak, in contrast to Bax, is constitutively localized in
the MOM associating with voltage-dependent anion channel
2 (VDAC2) as an inactive form in the ~400-kDa complex,
and tBid activates Bak by releasing it from the complex,
leading to MOMP [55-58]. Bcl-XL interacts with Bax on the
mitochondrial surface and retrotranslocates it to the cytosol,
thereby preventing Bax-induced MOMP in healthy cells
[59]. As discussed below, mitochondrial membrane dynam-
ics have an important role in the regulation of MOMP and
apoptosis.

4. The Role of Mitochondrial
Fission in Apoptosis

It is generally accepted that the mitochondrial network
collapses into small spherical structures in response to apop-
totic stimuli, and that proapoptotic and antiapoptotic Bcl-2
family member proteins play important roles in regulating
mitochondrial morphology [15]. During apoptosis, cytosolic
Bax is recruited to the MOM and colocalizes with Drpl
and Mfn2 at mitochondrial sites where fission subsequently
occurs [60]. Bak, which initially localizes uniformly on the
MOM, also coalesces into discrete foci at mitochondrial fis-
sion sites during apoptosis. tBid-triggered Bax/Bak activation
correlates with a reduction in mitochondrial fusion, possibly
through the inhibition of Mfn2 and eventually leads to mito-
chondrial fragmentation [61, 62]. Upon Bax activation, Drpl
stably associates with the MOM through Bax/Bak-dependent
SUMO modifications of Drpl [63]. This mitochondrial
fragmentation is caspase independent and occurs concomi-
tantly with MOMP, cristae disorganization, and subsequent
cytochrome ¢ release (Figure 2) [64, 65]. Increased mito-
chondrial fission in apoptotic cells apparently parallels the
release of cytochrome ¢, and inhibition of fission by Drpl-
RNA interference (RNAI) delays the release of cytochrome c,
suggesting that the release of cytochrome ¢ from the IMS is
intimately involved in mitochondrial fission [65]. Consistent
with these data, Mff depletion by RNAI results in extensive
mitochondrial elongation, delayed cytochrome c release, and
retardation of apoptosis [24, 66]. Similarly, MEFs from
Drp1-KO mice exhibit a delay in cytochrome c release, cas-
pase activation and nuclear DNA fragmentation [32, 33].
Notably, mitochondria with network structures that are
subtly different from the structures observed prior to cyto-
chrome c release are frequently detected in Drpl KO cells
after the release of cytochrome ¢ and seem to undergo frag-
mentation in the advanced stage of apoptosis, suggesting
that Drpl-independent mitochondrial fragmentation likely
occurs late after the release of cytochrome ¢ [32]. This sug-
gests that Drpl-independent fission might participate in
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FIGURE 2: Relation between mitochondrial structural changes and
the release of IMS-stored apoptogenic factors. During apoptosis in
wild-type cells, mitochondrial fragmentation normally occurs con-
comitantly with MOMP, cristae disorganization, and subsequent
release of the IMS-stored apoptogenic factors (e.g., cytochrome c,
smac/DIABLO, HtrA2/omi). Mitochondrial fission facilitates these
reactions (State I). In contrast, elongated but cristae-disrupted
mitochondria (i.e., Drpl- and OPAl-double RNAi cells; Drpl-
KO and OPA1 RNAI cells) exhibit a significant delay only in the
cytochrome c release in response to apoptotic stimuli, because of
the absence of mitochondrial fragmentation. Of note, however,
MOM targeting and oligomeric assembly of Bax and the release of
the IMS-soluble Smac/DIABLO normally proceed (State II). State
II: presumed MOM permeabilized state in the absence of both
cristae disorganization and mitochondrial fragmentation. MOMP:
mitochondrial outer membrane permeabilization.

mitochondrial fission during apoptosis; for example, Dro-
sophila PMI and its human homolog TMEM11 of MIM, both
of which regulate mitochondrial morphology in a manner
independent of Drpl and Mfn [67]. Taken together, these
findings indicate that the delay in cytochrome c release in
these cells is relatively modest, suggesting that the Drp1-Mff
system is dispensable, but facilitates the normal progression
of apoptosis [32, 33]. Conversely, the inhibition of mito-
chondrial fragmentation by the activation of fusion-related
proteins, such as Mfn1, Mfn2, or Opal antagonizes apoptosis
progression.

A pharmacologic inhibitor of Drpl-GTPase, mdivi-1,
inhibits tBid-dependent cytochrome ¢ release from isolated
mitochondria that are incapable of undergoing fission in
vitro. These findings suggest either that mdivi-1 inhibits
other Drpl functions than mediating mitochondrial fission
or that it inhibits molecules other than Drpl that regulate
cytochrome c release [68]. Martinou and coworkers recently
demonstrated that Drpl promotes the formation of a non-
bilayer hemifission intermediate in which the activated and
oligomerized Bax forms a hole, leading to MOMP [69].

Therefore, although mitochondrial fragmentation is in-
deed associated with apoptosis, excessive mitochondrial frag-
mentation can occur in a variety of conditions independently
of apoptosis processes, such as that occurring upon exposure
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to carbonyl cyanide m-chlorophenyl hydrazone (CCCP),
uncoupling agents that disrupt the electrochemical potential
of the MIM [70]. Thus, how Drp1 contributes to apoptosis is
an important issue for future studies.

5. Cristae Remodeling and Apoptosis

Opal, localizing in the inner membrane as a hetero-oligo-
meric complex of large and small size forms, regulates MIM
fusion and is necessary for maintenance of the cristae junc-
tions independently of mitochondrial fusion. The majority
of cytochrome c is confined within the cristae folds and the
complete release and mobilization of cytochrome ¢ in the
IMS require cristae remodeling or cristae-junction opening
[71]. Opal depletion by RNAi leads to fragmented mito-
chondria with disrupted cristae structures and an increase
in the sensitivity to the apoptotic stimuli [65, 72, 73]. Fur-
ther, during early apoptosis, the Opal hetero-oligomer is dis-
rupted, the cristae widen, and cytochrome c is released into
the IMS. Of note, we demonstrated that Opal RNAi HelLa
cells have disrupted cristae and efficient sensitivity to apop-
tosis, based on the cytochrome c release. In contrast, Opal/
Drpl or Opal/Mff double-RNAi cells have elongated but
cristae-disrupted mitochondria, and exhibit a significant
delay in the cytochrome ¢ release in response to apoptotic
stimuli (State II in Figure 2) [24]. Importantly, however,
mitochondrial targeting of Bax and the release of the IMS-
soluble Smac/DIABLO proceeded with the same kinetics as
in the control cells. Similarly, in Drpl KO MEFs or Drpl
RNAIi Hela cells, Bax/Bak-mediated MOMP occurs inde-
pendently of Drpl and is separable from cytochrome c re-
lease. These results suggest that cristae disorganization and
mitochondrial fission as well as MOMP (State I in Figure 2)
are essentially required for efficient cytochrome ¢ release and
each can limit the initial apoptosis progression. In contrast to
these observations, detailed analysis with transmission elec-
tron microscopy and three-dimensional electron microscope
tomography revealed that neither cristae reorganization nor
cristae-junction opening is required for the complete release
of cytochrome ¢ [74]. Thus, the requirement of Opal-
dependent cristae remodeling for cytochrome c¢ release re-
mains to be reconciled.

6. Mitochondrial Morphologic Responses in
Cell Survival

Many lines of evidence indicate that the efficiency of oxi-
dative phosphorylation by the mitochondrial electron trans-
port chain is affected by the degree of mitochondrial connec-
tivity; a highly connected mitochondrial network correlates
with increased ATP production efficiency. Mitochondria
hyperfuse and form a highly interconnected network when
cells are exposed to modest levels of stress (e.g., UV irra-
diation, actinomycin D treatment), named stress-induced
mitochondrial hyperfusion (SIMH) [75]. SIMH depends on
Minl, Opal, and the MIM protein SLP-2, and delays the
activation of Bax and MOMP similar to the beneficial effect
of mitofusin overexpression. This seems to be a counterstress

action of the cells that is necessary for survival by increased
mitochondrial ATP production. Under nutrient starvation,
mitochondrial fission is repressed in response to PKA-
dependent Drpl phosphorylation of Drpl Ser637 due to
increased cAMP levels (Figure 1), resulting in elongation of
the mitochondria with a higher density of cristae and a
capacity for efficient ATP production. This response protects
mitochondria from autophagosomal degradation and sus-
tains cell viability [76, 77]. Taken together, enhanced fusion
in the mitochondrial fusion/fission balance promotes cell
survival. Alternatively, dysfunctional or damaged mitochon-
dria are selectively eliminated by autophagic degradation
(termed mitophagy): the process essential for maintaining
mitochondrial quality and cell function. For example, accu-
mulation of a causal gene product of Parkinson’s disease,
PTEN-induced mitochondrial protein kinase 1 (PINKI) on
depolarized mitochondria facilitates recruitment of cyto-
plasmic Parkin, an E3 ubiquitin ligase, to mitochondria to
initiate mitophagy [78-80]. The Parkin-PINK1 system thus
monitors damaged mitochondria, and dysfunction of this
mechanism is a possible cause of inflammation or Parkin-
son’s disease [81-86]. As it is thought that mitochondrial
fission is related to the progression of mitophagy, inhibition
of mitochondrial fission by the dominant negative mutant of
Drpl1 or specific inhibitor of Drp1-GTPase mdivi-1 compro-
mises Parkin-PINK1-dependent mitophagy [83]. Together,
mitochondrial fusion and fission are more likely to be in-
volved in mitochondrial quality control in healthy cells. A
recent report demonstrated that the A-kinase anchoring pro-
tein 1 (AKAP1) localized on the MOM is involved in this
reaction. Thus, the PKA/AKAP1 complex-calcineurin system
regulates mitochondrial morphology and cell viability by
controlling the translocation of Drpl to the mitochondria
(Figure 1) [87].

7. Communication between the Mitochondria
and ER in Apoptosis

In yeast, the ER mitochondria encounter structure (ERMES
comprising cytosolic Mdm12, mitochondrial Mdm10,
Mdm34, and Geml, and ER membrane protein Mmm1),
identified by synthetic biology and biochemical approaches
[88-90], are involved in phospholipid transport. A similar
structure is expected to exist in mammalian cells; a mam-
malian homolog of yeast Gem1, MIRO, is detected in the
proximity of the ER-mitochondria [90]. Ca*" is a key regu-
lator of not only cell survival but also cell death in response
to various apoptotic stimuli (Figure 3). The mitochondria
and ER have close contacts that are physiologically important
for the transfer of Ca®*, lipids, and metabolites, and there-
fore, for the regulation of mitochondrial metabolism and
other complex cellular processes including apoptosis. Mfn2
and its regulator Trichoplein/mitostatin localizing on the
mitochondria-associated ER membranes (MAM) is in-
volved in tethering mitochondria and ER through hetero-
or homotypic interactions with mitochondrial Mfnl and
Mfn2, thereby regulating Ca®" transfer from the ER to the
mitochondria [91, 92]. Interactions between the mitochon-
dria and ER are also supported by the finding that the ER
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can elicit mitochondrial apoptosis. ER targeting of Bik, a
BH3-only member of the Bcl-2 family, induces Ca®* release
from the ER and its concomitant uptake by the mitochon-
dria, which in turn induces Drp1 recruitment to the mito-
chondria and their fragmentation and cristae remodeling
(Figure 3) [93]. Mammalian mitochondrial Fis1 is an ortho-
log of yeast Fisl thought to be involved in recruitment of
Drpl to the mitochondria as in yeast [94]. Although recent
experiments revealed that Fisl is not necessary for Drpl-
dependent mitochondrial fission in mammals [10, 24, 25],
it might have another important role. In this context, over-
expression of hFis1 (for human Fis1) induces mitochondrial
fragmentation concomitant with Bax/Bak-dependent release
of cytochrome c into the cytosol [95]. Of note, hFis1 does not
directly activate Bax and Bak, but induces ER Ca**-depend-
ent mitochondrial dysfunction, leading to mitochondrial
apoptosis [96]. Interestingly, Iwasawa et al. recently dem-

onstrated that hFisl localized to the MAM transmits an
apoptosis signal from the ER to mitochondria by interacting
with Bap31 at the ER to form a platform for the recruitment
of the initiator procaspase-8. Apoptotic signals induce cleav-
age of Bap31 into p20Bap31, which causes the rapid trans-
mission of ER calcium to the mitochondria through inositol
triphosphate receptors at the ER-mitochondria junction
[97]. Ca®" influx into the mitochondria stimulates Drpl-
dependent mitochondrial fission and cytochrome c¢ release.
Thus, the hFis1-Bap31 complex, bridging the mitochondria
and ER, functions as a platform to activate the initiator pro-
caspase in apoptosis signaling (Figure 3). Recently Green
and collaborators provided evidence that contacts between
mitochondria and other organelles such as ER are involved in
regulation of the levels of sphingolipid metabolites that are
required for Bax/Bak activation [98]. Distinct from the
substrate or ion transfer function of the ER-mitochondria
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contact, Friedman et al. [99] recently demonstrated that
mitochondrial fission occurs at contact regions between
the mitochondria and the ER. At the contacts, the ER wraps
around the mitochondria to form constrictions, where Drp1
and MIf accumulate and facilitate mitochondrial fission.
Interestingly, ER-localized Mfn2 which was shown to be
involved in tethering mitochondria and ER [91] is not in-
volved in this reaction [99].

8. Conclusions

Although key proteins regulating mammalian mitochondrial
dynamics have been identified during the past decade,
molecular mechanisms, their coordination, and physiologic
functions in distinct tissues are poorly understood, especially
in fission reaction: the mechanism of recruitment of Drp1 to
fission foci, functional relation between Mff and Mid pro-
teins in the Drpl recruitment, and regulation of the foci
assembly and disassembly. Furthermore, involvement of Fisl
in the regulation of mitochondrial dynamics and its phys-
iologic function remain to be investigated. It is generally
agreed, but not completely admitted, that mitochondrial
fission/fusion dynamics are related to apoptosis and a bal-
ance sift toward fission enhances apoptotic susceptibility of
essentially all types of cells. Accumulating evidence, however,
suggest that Bax/Bak-dependent MOMP and cytochrome ¢
mobilization within IMS after cristae disintegration are es-
sential for cytochrome c release and Drpl facilitates these
processes. The mechanisms coordinating these reactions and
the effect of Bcl-2 family proteins on mitochondrial fission
and fusion machineries remain to be analyzed at the mol-
ecular level. Recent studies have revealed that the ER-mito-
chondria contacts (MAM structures) are involved in the reg-
ulation of mitochondrial energy, lipid metabolism, calcium
signaling, and even in mitochondrial fission. Identification
of additional structural components, regulation of assembly
of these structures, and relation between various complexes
will reveal novel aspects of cell physiology regulation through
communication between mitochondria and ER.

In conclusion, mitochondrial fusion and fission mach-
ineries have crucial function in regulating cell physiology,
and investigation of the relation between mitochondrial
dynamics and their physiologic function will provide exciting
breakthrough in cell biology and various disorders.
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For several decades, apoptosis has taken center stage as the principal mechanism of programmed cell death (type I cell death)
in mammalian tissues. Autophagic cell death (type II) is characterized by the massive accumulation of autophagic vacuoles in the
cytoplasm of cells. The autophagic process is activated as an adaptive response to a variety of extracellular and intracellular stresses,
including nutrient deprivation, hormonal or therapeutic treatment, pathogenic infection, aggregated and misfolded proteins, and
damaged organelles. Increasing evidence indicates that autophagy is associated with a number of pathological processes, including
cancer. The regulation of autophagy in cancer cells is complex since it can enhance cancer cell survival in response to certain
stresses, while it can also act to suppress the initiation of cancer growth. This paper focused on recent advances regarding autophagy
in cancer and the techniques currently available to manipulate autophagy.

1. Introduction

Current cancer therapies are based on the surgical removal
of solid tumor masses, usually combined with a series of
chemical (chemotherapy) or physical (radiotherapy) treat-
ments; however, chemotherapy has reached a plateau of
efficacy as a treatment modality with the emergence of
resistant tumors. Despite the wide variety of mechanisms,
most new drugs are thought to ultimately induce apoptosis
of tumor cells through mitochondrial and/or death-receptor
pathways, although these pathways are often defective in
cancer. More recently, other mechanisms of cell death have
emerged as potential novel mechanisms for cancer therapies
to induce cell death.

Macroautophagy (hereafter referred to autophagy) is a
eukaryotic, evolutionarily conserved homeostatic process in
which organelles and bulk proteins are turned over by lysoso-
mal activity [1]. Autophagy and apoptosis may be intercon-
nected and even simultaneously regulated by the same trigger
in tumor cells. In periods of metabolic stress, autophagy
provides ATP and other macromolecules as energy sources
to enable cell survival; however, if the intensity or duration of
metabolic stress is excessive, cells may progress to autophagic

programmed cell death, which is distinct from apoptosis [2].
In contrast, whether autophagy contributes to the antitumor
effect of chemotherapeutic drugs or to drug resistance is
largely unknown. In addition, there is no current consensus
on how to manipulate autophagy to improve clinical out-
comes. This paper describes the role of autophagy with a
particular focus on the roles of cytoplasmic organelles and
presents newly recognized approaches to pharmacologically
exploit these mechanisms for improved antitumor outcomes.

2. Autophagy Networks

2.1. Degradation System. Eukaryotic cells respond to changes
in their environment and the intracellular milieu by alter-
ing their anabolic and catabolic pathways. As one of the
responses, living organisms from yeast to humans are capable
of eating parts of themselves in order to survive. The so-
called autophagy is a self-degradative process which ensures
the regular turnover of cellular components by sequester-
ing damaged organelles and misfolded proteins, targeting
them for lysosomal degradation [3]. While the ubiquitin-
proteasomal system is generally used for the degradation of



short-lived proteins, autophagy degrades and recycles long-
lived proteins and organelles. After its discovery, autophagy
was considered a kind of disposal mechanism aimed at
recycling of cellular components [4], but now autophagy is
implicated in more diverse physiological processes such as
development, proliferation, remodeling, aging, tumor sup-
pression, neurodegeneration, antigen presentation, innate
immunity, regulation of organismal lifespan, and cell death
[5]. In most of these situations, autophagy has both ben-
eficial and harmful effects on cell functions. One aspect of
this complexity probably reflects the dual role of autophagy,
which is both cell-protective and -destructive. Autophagy can
be a survival response in situations of stress, allowing the
elimination of toxic metabolites, intracellular pathogens, and
damaged proteins and organelles and providing energy and
amino acids necessary for vital functions during metabolic
stress; however, in some sense the induction of excessive
autophagy can lead to cell death. In addition, autophagy
provides signals for removal of apoptotic cells and genomic
stability [6]. Hence, autophagy can be generally considered
as a cell protector against various types of injuries or
continuous cellular wear and tear and is expected to play a
protective role in diverse types of cellular stress. Paradoxi-
cally, autophagy can also lead to a form of nonapoptotic cell
death, which is called type II programmed cell death [7].
Thus, autophagy could either promote cell death or protect
cells from diverse types of injuries depending on the cellular
and environmental context.

2.2. Signaling System. The serine/threonine kinase, mam-
malian target of rapamycin (mTOR), is a major negative reg-
ulator of autophagy. The phosphoinositide 3-kinase- (PI3K-)
activated serine/threonine kinase Akt phosphorylates the
mTOR repressor TSC2 (tuberous sclerosis complex 2), thus
leading to activation of mTOR and subsequent blockade of
expression and function of autophagy-inducing Atg proteins.
In addition to Akt, one of the main mTOR regulators is
AMP-activated protein kinase (AMPK), a principal energy-
sensing intracellular enzyme activated in various cellular and
environmental stress conditions. In response to increases in
AMP/ATP ratio, AMPK preserves energy by switching off
ATP-requiring processes, while switching on ATP-generating
catabolic pathways. AMPK maintains energy homeostasis by
inducing autophagy and blocking protein synthesis and cell
proliferation mainly through phosphorylation of its down-
stream target Raptor and consequent inhibition of mTOR.
In addition to a major role of the AMPK/mTOR pathway
in regulation of intracellular and whole body metabolism,
recent findings point to its potential involvement in con-
trolling proliferation, survival, and death of cancer cells
[8]. Namely, pharmacological activation or overexpression
of AMPK in a variety of cancer cell types caused an mTOR
inhibition-associated cell cycle arrest and apoptotic death
both in vitro and in vivo [9]. On the other hand, AMPK
activity in certain conditions protected normal and cancer
cells from metabolic stress and/or chemotherapy-induced
apoptosis [10]. Autophagic digestion of intracellular proteins
triggered by mTOR-downregulation in tumor cells seems to
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play an important role both in AMPK-mediated cytotoxicity
and cytoprotection [11, 12], the final outcome possibly
depending on the nature of the cytotoxic stimulus. The
physiological role of autophagy in the mammalian system
has been shown in several in vivo animal models. Disruption
of the autophagic process leads to failure of cavitation during
embryogenesis or accumulation of abnormal organelles such
as mitochondria or endoplasmic reticulum (ER) in adult
tissues [13, 14]. In addition to the physiological roles, dys-
regulated autophagy has been suggested to play pathogenetic
roles in a variety of disease processes, particularly when
cellular stress is increased, which is probably because of the
accumulation of damaged molecules and organelles. It has
been suggested that the role of autophagy in degenerative
changes is associated with ageing or diverse degenerative
disorders [15].

3. Programmed Cell Death

The term programmed cell death refers to controlled or
regulated forms of cell death associated with a series of
biochemical and morphological changes. Programmed cell
death is an evolutionarily conserved process to decide cell
fate, which has therefore been drawing increasing attention
in cancer treatment. Programmed cell death can be divided
into several categories: type I (apoptosis), type II (autophagic
cell death), and others (necrosis, senescence, and mitotic
catastrophe).

3.1. Type I Programmed Cell Death. In type I, the typical
morphology of apoptosis is largely the end result of caspase-
mediated destruction of the cellular structure [16]. There
are two core pathways inducing apoptosis: the extrinsic and
intrinsic pathways. The extrinsic pathway is triggered by
the Fas death receptor (DR), which is mainly dependent
on the initiation of the combination between FasL and
Fas. The intrinsic pathway is another process leading to
apoptosis, in which mitochondria play a central role. When
cells sense extracellular stimuli or intracellular signals,
the outer mitochondrial membrane becomes permeable,
releasing cytochrome c. The ER, lysosomes, and the trans-
Golgi-network also play important roles [17]. Each organelle
possesses sensors that detect specific alterations, locally
activate signal transduction pathways, and emit signals that
ensure interorganellar cross-talk. It is often assumed that
apoptosis is initiated if the damage is too severe to be
repaired, or if the time-scale for complete repair is too long.

3.2. Type 1I Programmed Cell Death. Autophagy has been
associated with a particular mode of cell death that is charac-
terized by the appearance of double- or multiple-membrane
cytoplasmic vesicles engulfing bulk cytoplasm and/or cyto-
plasmic organelles such as mitochondria and ER; however,
many studies failed to demonstrate a causal link between
autophagy and cell death. Autophagy is probably not an
executor of cell death per se, but it is a required process in
certain settings in combination with other prodeath signals.
Cells undergoing autophagic cell death were engulfed by
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human macrophages as well as vital cells [18]. To distinguish
it from apoptosis (type I cell death), this has been termed
autophagic or type II cell death [19]. The machineries for
apoptosis, autophagy, and necrosis (type III cell death) are
interconnected and somehow coordinated between the two.
For example, the elimination of damaged mitochondria
by autophagy would prevent the release of proapoptotic
substances from mitochondria, thus preventing apoptosis.
In the absence of such clean up, the release of molecules
like cytochrome ¢ and apoptosis-inducing factor (AIF) from
damaged mitochondria would lead to apoptosis and in the
case of extreme damage and ATP depletion, to necrotic cell
death.

4. Autophagy in Cancer

There is an accumulation of evidence that highlights the
important function of autophagy in cancer. Although it is
still controversial as to whether autophagy kills cancer cells
or sustains their survival under stressful conditions, more
reports provide data to support that autophagy promotes
cancer cell survival after chemotherapy or radiation therapy
[20]. The high rate of autophagy observed in undifferentiated
colon cancer cells is compatible with the expression of
Beclin 1 and PTEN (phosphatase and tensin homolog) in
these cells. Cancer cells are frequently exposed to inherent
metabolic stress owing to hypoxia and lack of nutrient
supplies. Hypoxia-inducible factor 1o (HIF-1a), a key tran-
scription factor encoding a plethora of genes responsible
for altered metabolism, angiogenesis, invasion, metastasis,
or therapy-resistance in hypoxic tumors [21], is a positive
regulator of autophagy. Small-interfering-RNA- (siRNA-)
mediated depletion of Atg proteins sensitizes cancer cells to
radio- and chemotherapy, and the autophagy inhibitors 3-
methyladenine (3-MA) and bafilomycin A1 cause radiosensi-
tization of malignant glioma cells [20]. Thus, cancer was one
of the first diseases genetically linked to impaired autophagy.

The tumor-suppressive role of autophagy was first
shown in mice heterozygous for the Beclin 1 autophagy
protein. These mice (beclin 1*~) showed reduced autophagy
and increased cellular proliferation, which translated into
increased incidence of spontaneous malignancies, such as
lymphomas, lung, and liver cancers [22]. Incidentally, beclin
17~ mutant mice died early in embryonic development.
Liang et al. reported beclin 1 as a potential tumor suppressor
gene, the expression of which is frequently decreased in
human breast epithelial carcinoma cell lines and tissue com-
pared to the higher level in normal tissue [23]. Low expres-
sion of Beclin 1 in 115 node-positive colon cancer specimens
was associated with a significantly worse 5-year overall
survival (47% versus 67%) [24]. The PI3K/Akt/mTOR axis
plays a decisive role in the negative regulation of autophagy,
and the constitutive activation of this pathway has been
implicated in many human cancers [25]. Autophagy is
thought to mediate Sqstm1/p62 elimination and to suppress
tumorigenesis; however, defective autophagy allows overex-
pression of p62 that promotes tumorigenesis. The sustained
p62 overexpression in tumor cells with defective autophagy

appears to dysregulate NF-«B signaling, and altered NF-«B
regulation resulting from p62 overexpression is proposed
to be a primary mechanism for enhancing tumorigenesis
[26]. Persistent DNA damage induced by the increased
levels of reactive oxygen species (ROS), which are associated
with the accumulated mutant proteins and dysfunctional
mitochondria found in autophagy-deficient tissues, is also
proposed as a causative link between autophagy inhibition
and enhanced tumor formation [27]. Thus, the inability
of autophagy-defective tumor cells to eliminate p62 con-
tributes to oxidative stress and likely to DNA damage. These
observations suggest that autophagy is important for tumor
suppression.

Ultimately, autophagy in cancer has different effects in
different ways in different cancer cell lines at different stages
of tumorigenesis and progression. The early stages of tumor
development require cancer cells to undergo a higher level of
protein synthesis than protein degradation for the tumor to
grow. Thus, autophagy probably functions to prevent cancer
initially, but once a tumor develops, the cancer cells utilize
autophagy for their own cytoprotection. Elucidating this
complex physiological process is crucial for development of
anticancer therapies with maximum efficacy and minimum
drug resistance.

5. Cross-Talk between Apoptosis
and Autophagy in Cancer

Expanding our knowledge of the molecular cross-talk among
pathways that regulate tumor cell death is crucial in guiding
the successful design of future anticancer therapeutics. In
particular, apoptosis and autophagy can act as partners to
induce cell death in a coordinated or cooperative fashion.
Autophagy proteins can also play a role in cellular events
that occur during apoptosis. For example, Atg5 may be an
independent key player in both apoptosis and autophagy.
The low levels of Atg5 cleavage product may have significant
effects on apoptosis, but not the intact Atg5 that participates
in autophagy [28]. Bcl-2 phosphorylation may not only be
a mechanism for regulating apoptosis and a mechanism for
regulating autophagy, but perhaps also a mechanism for
regulating the switch between the two pathways [29]. JNK
(c-Jun NH,-terminal kinase) is able to trigger autophagy by
targeting Bcl-2/Bcl-xL proteins and abrogating their binding
to Beclin 1. Recently, Beclin 1 has been shown to be among
the substrates of death-associated protein kinase (DAPK), a
proapoptotic serine/threonine kinase, and its phosphoryla-
tion reduces its binding to the Bcl-2 family members, thus
suggesting a possible mechanism by which DAPK may also
induce autophagy [30]. A complex role in the regulation
of autophagy is played by p53, one of the most important
tumor suppressor proteins. In fact, p53 regulates autophagy
both in a positive and in a negative fashion, depending on
its subcellular localization [31]. p53 and DRAM (damage-
regulated autophagy modulator) can induce accumulation
of autophagosomes. In addition, p53 affects autophagy by
modulating signaling through the mTOR nutrient-sensing
kinase which controls autophagy at the initiation stage [32].



Inhibition of autophagy leads in most cases to an increase
susceptibility to apoptotic stimuli. Moreover, a growing
number of proteins that play a negative regulatory role
in both events have been identified [33]. Autophagy and
apoptosis may be triggered by common upstream signals.
Recent reports have shown that Akt inhibits apoptosis by
phosphorylation of the Bcl-2 protein family member, Bad,
allowing for cell survival. In addition, activation of the
PI3K/Akt/mTOR pathway can cause inhibitory effects of Akt
on apoptosis and mTOR on autophagy and enhance survival
capacity in neoplastic cells [34].

In addition, several Atg proteins, including Atg5 and
Beclin 1 (Atg6), can be cleaved by calpain or caspases that are
activated during apoptosis [35]. Caspase-dependent cleavage
of Beclin 1 occurred in HeLa cells treated with a death recep-
tor ligand [36]. Chemotherapy-induced apoptosis suppresses
autophagy at the execution stage following cytochrome ¢
release, at least in part through caspase 8-mediated cleavage
of Beclin 1 at Asp'*® and Asp!*® [37]. Caspase 3 cleaved
Beclin 1 at Asp'* in apoptosis induced by Bax overexpression
[38]. Caspase-9 can also cleave Beclin 1, thereby destroying
its proautophagic activity [39]. Moreover, the C-terminal
fragment of Beclin 1 that results from this cleavage acquires a
new function, which can amplify mitochondrion-mediated
apoptosis. These findings provide important insights into
the molecular cross-talk between autophagy and apopto-
sis. Apoptosis can begin with autophagy, which can end
with apoptosis. Some links between the two types of
cell death are indicated via mitochondria. Induction of
mitochondrial membrane permeabilization at a low level,
below the threshold required for induction of apoptosis,
results in sequestering damaged mitochondria in autophagic
vacuoles. When mitochondrial membrane permeabilization
is sufficiently high to sustain the active execution of cell
death, apoptosis is induced [40]. Therefore, it is likely that
induction of apoptotic or autophagic cell death may depend
on the level of mitochondrial membrane permeabilization.

6. ER and Autophagy

ER is an essential intracellular organelle providing apparatus
for synthesizing nascent proteins as well as their further
modification and correct folding, such as the formation of
N-linked glycans and disulphide bonds. Disruption of any of
these processes, such as with glucose depletion that prevents
the proper glycosylation of proteins or with alterations in
calcium homeostasis such that calcium-dependent chaper-
ones cannot function properly, leads to the accumulation
of misfolded proteins that triggers ER stress. ER stress has
been implicated in different stages of tumor development.
The ER has by now been established as an essential site
for the regulation of apoptotic pathways and has recently
been recognized as an important component of autophagic
signaling. ER stress appears to signal autophagy by pathways
that all depend on elF2a (eukaryotic initiation factor 2a).
How elF2a regulates autophagy is presently unknown, but
the induction of Atgl2 expression via ATF4 (activating
transcription factor 4) is likely to participate in this process.
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In cancer cells, when the amount of unfolded or misfolded
proteins exceeds the capacity of the proteasome-mediated
degradation system, autophagy is triggered to remove these
proteins.

Bcl-2 has been mainly studied in the context of cell death,
but it is also known to carry out other functions in dif-
ferent cellular processes, such as cell cycle progression, glu-
cose homeostasis, transcriptional repression by p53, and
autophagy. Beclin 1 has been identified as a novel BH3- (Bcl-
2-homology-3-) only protein. Beclin 1 induces autophagy by
promoting autophagosome formation when in complex with
hVps34 (vacuolar protein sorting 34)/class III PI3K. Beclin
1-Bcl-2 (Bcl-xL) complexes normally inhibit autophagy,
which points to organelle-specific regulation of autophagy
[41]. Beclin 1 binding with Bcl-2 has been suggested to
interfere with the ability of Beclin 1 to form a complex with
hVps34/PI3K, thus resulting in a loss of Beclin 1-associated
PI3K autophagy-inducing activity. The interaction between
Beclin 1 and Bcl-2 is abolished when key residues within the
BH3 domain of Beclin 1 or the BH3-binding groove of Bcl-
2 are mutated. ER-localized Bcl-2, but not mitochondria-
localized Bcl-2, has been shown to be important for the
inhibition of autophagy [42]. The ER functions to synthesize
proteins that store high intracellular calcium that can activate
calcium-dependent chaperone proteins that assist in protein
folding. The autophagy inhibition by Bcl-2 is evident only
when Bcl-2 resides in the ER, where it has been suggested to
regulate cellular Ca>* homeostasis. Ca’" regulates autophagy
via a signaling pathway involving AMPK and mTOR, and
ER-located Bcl-2 effectively inhibits this pathway. ER-located
Bcl-2 inhibits autophagy induced by Ca?" mobilizing agents
by regulating the Ca** homeostasis in a Beclin 1-independent
manner [43].

7. Golgi and Autophagy

Eukaryotic cells possess an internal endomembrane system
that compartmentalizes the cell for various different cellular
functions. The main components of this membrane system
are the ER, Golgi complex, vesicles, plasma membrane,
vacuole/lysosome, and nuclear envelope. Autophagy dis-
plays unique membrane dynamics, distinct from classical
membrane trafficking. The Golgi complex is required for
double-membrane cytoplasm to vacuole targeting vesicle
and autophagosome formation. A number of Rab GTPases
which regulate secretory and endocytic membrane traf-
fic have been shown to play either critical or accessory
roles in autophagy. Rab33B, a member of the Rab small
GTPase family, which was originally described as a Golgi-
resident protein involved in Golgi-to-ER transport [44],
directly interacts with an autophagosome precursor marker,
Atgl6L, in a GTP-dependent manner, and the activation
and inactivation of Rab33B modulate autophagy. Based on
these results, the possible role of the interaction between
Rab33B and Atgl6L was suggested in autophagosome
formation [45]. The autophagosomes are not formed by
Golgi-derived vesicles/membranes alone because single-
membrane structures, the so-called isolation membranes,
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and autophagosome membranes are composed of mem-
branes derived from rough ER. ER and Golgi complex-
derived vesicles could be delivered to the lysosome/vacuole
by a pathway that is different from canonical autophagy.
Under certain conditions, these two organelles might not
require sequestration by a double membrane for delivery and
subsequent degradation. Furthermore, it has been reported
that one of the Atg proteins, Atg9, a membrane protein
with unknown function, shuttled between the trans-Golgi
network and late endosomes. Bax-interacting factor 1 (Bif-
1) binds the proapoptotic Bcl-2 family protein Bax. Bif-1
overexpression promotes Bax activation and apoptosis. Bif-1
also regulates the fission of Golgi membranes and the traf-
ficking of Atg9 from the Golgi complex to autophagosomes
during starvation [46]. Therefore, isolation membranes and
autophagosome membranes may be made up of membranes
from several different sources, including the Golgi; however,
there is little evidence that the Golgi complex contributes
directly to the formation of the autophagic membrane.

8. Mitochondria and Autophagy

Mitochondria are key players in several cancer cellular func-
tions, including growth, division, energy metabolism, and
apoptosis, and play a central role in cell survival and death.
Mitochondria also play an important role in the formation of
autophagosome and its subsequent docking and fusion with
lysosome and could contribute to the increased autophagy
and autophagic flux in metastatic cancer. The ability of
tumor mitochondria to increase autophagy may help cancer
cells to fulfill high anabolic needs during rapid growth;
however, mitochondrial functions (such as respiration) can
block autophagic cell death [47]. Autophagy often occurs
when the mitochondria fail to maintain ATP levels, during
starvation, or when the mitochondria are damaged. A
process known as mitophagy selectively eliminates the dam-
aged mitochondria. Furthermore, blocking mitochondria-
mediated apoptosis through the elimination of mouse Bax
and Bak (Bakl) expression promotes autophagy-induced
cell death. Arsenic-trioxide- (As;Os-) induced cell death
in human malignant glioma cell lines was accompanied
by involvement of an autophagy-specific marker, LC3,
and damage to mitochondrial membrane integrity. Arsenic
trioxide induces the mitochondrial localization of the pro-
cell-death Bcl-2 family member BNIP3 (Bcl-2/adenovirus
E1B 19-kDa protein-interacting protein 3), which deter-
mines the on/off state of the mitochondrial permeability
transition (MPT) pore [48]. The reciprocal relationship
between mitochondrial metabolism and the activity of the
rapamycin-sensitive pathway has been described before [49].
Mitochondria dysfunction leads to inhibition of mTOR,
and inactivation of p70S6K (ribosomal protein S6 kinase)
results in dephosphorylation of Bad, potentially leading to
increased interaction between Bad and Bcl-xL or Bcl-2, to
mitochondrial damage and cell death [50]. In addition, the
promotion of MPT also contributed to increased autophagy.
These results suggested that mitochondria from a highly
metastatic breast cancer cell line can promote homeostatic

autophagy of cancer by opening low-conductance MPT
pores. The activation of autophagy by tumor mitochondria
was reduced by cyclosporine A, which is an inhibitor that
blocks the low-conductance state of MPT pores [47]. ROS
could be the mediator leading to the loss of mitochondria
membrane potential, possibly by triggering the opening of
the MPT pore that subsequently leads to cell death. ROS were
recently shown to activate starvation-induced autophagy,
antibacterial autophagy, and autophagic cell death. Short-
chain fatty acids were shown to induce ROS production,
which led to AMPK activation and consequential mTOR
inhibition [51]. Current findings implicate ROS in the regu-
lation of autophagy through distinct mechanisms, depending
on the cell type and stimulation conditions; conversely,
autophagy can also suppress ROS production.

9. Experimental Manipulation of Autophagy

For a better understanding of the regulation of autophagy,
many studies have used chemical modulators of autophagy:
inhibitors and inducers. The different modulators are an
important tool in studying the functions of autophagy,
although it is difficult to define the mechanism closely.
Appropriate modification of autophagy, that is, inhibi-
tion of cytoprotective autophagy or promotion of cyto-
killing autophagy could mitigate the cytotoxicity caused by
anticancer therapy in tumor cells.

9.1. ProAutophagics (Table 1)

9.1.1. Beclin 1. The mechanism by which a small molecule
Bcl-2/Bcl-xL antagonist ABT-737 can potentiate autophagy
may be related to its ability to competitively disrupt the
binding of Bcl-2/Bcl-xL to the autophagic protein Beclin 1
(Atg6) [52]. Treatment with fenretinide (RT-101), a synthetic
derivative of retinoic acid, resulted in an increase in Beclin
1 expression, the conversion to the form LC3-II form,
and its shift from diffuse to punctate staining and finally
an increase in lysosomes/autophagosomes [53]. In addi-
tion, HIF-1a is required for fenretinide-induced protective
autophagy under hypoxia. The inositol 1,4,5-trisphosphate
receptor (IPsR) antagonist xestospongin B induces autophagy
by disrupting a molecular complex formed by IPsR and
Beclin 1. Xestospongin B-induced autophagy was inhibited
by overexpression of the IP3R ligand-binding domain, which
co-immunoprecipitated with Beclin 1 [54]. Autophagy can
be generally induced via several distinct pathways, such as
inhibition of mTOR or activation of Beclin 1. Okadaic acid, a
protein phosphatase 2A inhibitor, increased both the mTOR
and Beclin 1 pathways simultaneously, which suggests that
autophagy in okadaic acid-treated neurons is induced mainly
via the Beclin 1 pathway, and less so via mTOR inhibition
[55].

9.1.2. DNA Damage. Exogenous environmental agents such
as ultraviolet (UV) and ionizing radiation, genotoxic chem-
icals, and endogenous byproducts of metabolism, including
ROS, can cause alterations in DNA structure (DNA damage).
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TABLE 1: Proautophagics.

Class (target) Compounds Autophagic mechanisms Reference
ABT-737 Disruption of Bcl-2/Bcl-xL binding to Beclin 1 [52]
Bedlin 1 Fenretinide Increase in Beclin 1 expression [53]
Xestospongin B Disruption of the complex formed by IP;R and Beclin 1 [54]
Okadaic acid Increase in Beclin 1 pathways [55]
uv p53 activation
DNA damage ROS PTEN upregulation [56]
Camptothecin mTOR suppression
A23187 GRP78 induction
Thapsigargin Increase of Ca®" in cytosol 57]
ER stressors Tunicamycin PERK/elF2« pathway (58]
Brefeldin A Induction of GRP78 and GRP94 (59]
Bortezomib Unfolded protein response
Sorafenib Inhibition of mTOR signaling
Farnesyltransferase Manumycin A
;amesy FTI-276 Akt downregulation and mTOR phosphorylation [60]
inhibitors .
Lonafarnib
. . Brefeldin A Interruption of trafficking of N-linked glycoproteins [61]
Golgi-associated agents Paclitaxel Fragmentation of Golgi apparatus [62]
SAHA Downregulation of Akt and mTOR activity {gﬂ
HDAC inhibitors Valproic acid Increase in mitochondrial ROS [65]
FK228 Nuclear translocation of ATF [66]
. . Selenite Degradation of mitochondrial proteins [7]
Mitochondrial agents Resveratrol Inhibition of mitochondrial function [67]
Rapamycin mTORCI inhibition [68]
Berberine Akt suppression and p38 MAPK upregulation [69]
mTOR inhibitors Torinl Inhibition of mMTORCI1 and mTORC2 [70]
Ku-0063794 Dephosphorylation of mTORCI substrate 4E-BP1 [71]
PMO02734 DAPK activation [72]
Bacteria Ubiquitin-p62-NDP52 pathway [73]
Pathogens HSV-1 PKR and elF2« activation [74]
Proteasome inhibitors MG-132 ER stress induced by misfolded proteins [75]
Glidobactin A Catalytic subunits of 20S proteasome [76]

DNA damage induces autophagy, but its role in the DNA
damage response is still unclear. Recent reports using the
DNA-damaging agents, camptothecin, etoposide (VP-16),
tomozolomide, and p-anilioaniline (p-aminodiphenylamine),
demonstrate that cells, in addition to initiating cell cycle
arrest, also initiate autophagy. p53 is a central regulator of
apoptosis induced by DNA damage. Interestingly, p53 is
a bidirectional regulator of autophagy. p53 activation also
leads to upregulation of the PTEN, an inhibitor of the
PI3K/Akt signaling pathway, and TSC2, at the transcriptional
level, which may contribute to the long-term suppression of
mTOR [56].

9.1.3. ER Stressors. Autophagy was induced by chemicals,
such as A23187, tunicamycin, thapsigargin, and brefeldin A
that cause ER stress [57]. The calcium ionophore A23187
induced the expression of BiP/GRP78 protein, which is an
ER stress marker protein. GRP78, through maintenance of
ER structure and homeostasis, facilitates autophagy. Dis-
turbances in normal ER processes lead to an evolutionarily
conserved cell stress response, referred to as the unfolded

protein response (UPR). Tunicamycin, an inhibitor of N-
glycosylation, is a potent stimulator of ER stress. The link
between tunicamycin-induced ER stress and autophagy was
the PERK/elF2«a pathway. Thapsigargin, an inhibitor of the
ER calcium transporters, generates Ca’'-store depletion
within the ER and simultaneously increases the Ca®* level
in the cytosol. Brefeldin A (an inhibitor of vesicle transport
between the ER and Golgi) can increase the expression
of both glucose-regulated proteins GRP78 and 94, which
disrupt some functions of the ER. The inhibition of the
26S proteasome by the dipeptide boronic acid bortezomib
(velcade) leads to the accumulation of misfolded proteins,
resulting in ER stress followed by a coordinated cellular
UPR response [58]. Induction of autophagy by bortezomib
is dependent on the proteasomal stabilisation of ATF4 and
upregulation of LC3B by ATF4. Sorafenib (nexavar), a potent
multikinase inhibitor, inhibited phosphorylation of Stat3
and expression of cyclins, D and E, and exerted significant
antitumor activity through inhibition of mTOR signaling. In
addition, sorafenib induced autophagy in human hepatocel-
lular carcinoma cells through mechanisms that involved ER
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stress and was independent of the MEK1/2-ERK1/2 pathway
[59].

9.1.4. Farnesyltransferase Inhibitors. Farnesylation is a post-
translational modification of proteins in which farnesyl-
transferase catalyzes the attachment of the isoprenoid group
from farnesyl pyrophosphate to a cysteine residue at the
C-terminus of proteins. The farnesyltransferase inhibitors
manumycin A, FTI-276, and lonafarnib (sarasar) induced
autophagy in human cancer cell lines [60]. Treatment with
a combination of oridonin and manumycin A (a natural
product of Streptomyces parvulus) downregulated phospho-
rylation of Akt, downstream of PI3K. Oridonin triggers
apoptosis of cancer cells and is partially effective through
mitochondrial depolarization. Lonafarnib decreased phos-
phorylation of mTOR and S6 kinase, which is downstream
of mTOR, in a dose-dependent manner. FTI-276 is a CAAX
peptidomimetic of the carboxyl terminal of Ras proteins.
FTI-276 was identified as a highly selective suppressor of
Ras-dependent oncogenicity, and FTI-276 inhibited Akt
phosphorylation.

9.1.5. Golgi-Associated Agents. Brefeldin A inhibits the acti-
vation and membrane-binding properties of most ADP-
ribosylation factors and causes the redistribution of Golgi
proteins into the ER. Brefeldin A leads to dramatic changes in
the structure of the Golgi apparatus causing the conversion
of the staked cisternae into vesicular/cisternal remnants.
Brefeldin A even when acting alone, increases the volume
fraction of autophagic vacuoles. The destabilization of the
Golgi apparatus by brefeldin A interrupts the intracellular
trafficking of N-linked glycoproteins along the secretory
pathway [61]. Treatment of cells with paclitaxel (taxol)
results in polymerization of microtubules. After incubation
with paclitaxel, the Golgi apparatus is fragmented and is
conspicuously present in areas of the cytoplasm enriched
in microtubules. Paclitaxel treatment could lead to the
formation of acidic vesicular organelles, the induction of
Atg5, Beclin 1, and LC3 expressions, and an increase in
punctate fluorescent signals in A549 cells pretransfected with
GFP-tagged LC3 [62].

9.1.6. HDAC Inhibitors. Histone acetylation is mediated by
histone acetyltransferases and deacetylases (HDACs), which
influence chromatin dynamics, protein turnover, and the
DNA damage response. The HDAC inhibitor SAHA (sub-
eroylanilide hydroxamic acid, vorinostat) can induce both
caspase-dependent apoptosis and caspase-independent auto-
phagic cell death, so it has clear therapeutic implications
[63]. SAHA induced autophagy through downregulation of
Akt/mTOR signaling and induction of the ER stress response.
Moreover, SAHA treatment upregulated expression of Beclin
1 and Atg7 and promoted formation of the Atg5-Atgl2 con-
jugate [64]. Valproic acid was identified as a potent selective
histone deacetylase inhibitor, which induces autophagy in
glioma cells. Valproic acid is capable of producing elevated
levels of mitochondrial ROS in glioma cells. ROS production
results in autophagosome development and autolysosomal

degradation [65]. FK228 (romidepsin) is a unique cyclic
peptide and is among the most potent inhibitors of both
Class I and II HDACs. FK228 converted LC3-I to LC3-II
and induced localization of LC3 to autophagosomes. FK228-
mediated autophagy in rhabdomyosarcoma cells coincided
with nuclear translocation of AIF, while knockdown of AIF
abrogated autophagy following FK228 exposure [66].

9.1.7. Mitochondrial Agents. An essential trace element,
selenite, is preferentially cytotoxic to various human glioma
cells over normal astrocytes via autophagic cell death.
Before selenite-induced cell death in glioma cells, disruption
of the mitochondrial cristae, loss of mitochondrial mem-
brane potential, and subsequent entrapment of disorganized
mitochondria within autophagosomes or autophagolyso-
somes, along with degradation of mitochondrial proteins,
were noted, showing that selenite induces autophagy in
which mitochondria serve as the main target [7]. The
phytoalexin resveratrol (trans-3,5,4'-trihydroxystilbene), a
defensive substance produced by plants in response to
infection by pathogenic microorganisms, displays a wide
range of biological effects in mammalian cells. Resveratrol
induced autophagy through any of numerous mechanisms
that involve activation of mitochondria, downregulation of
cell survival proteins, inhibition of cell survival kinases, and
survival transcription factors [67].

9.1.8. mTOR Inhibitors. Rapamycin (sirolimus) and its ana-
logues (such as CCI-779, RADOOI, and AP23573) inhibit
mTOR (mTORCI), the kinase that normally suppresses
both apoptosis and autophagy. Rapamycin activates the
autophagic process, and silencing of mTOR with siRNA
increases the inhibitory effect of rapamycin on tumor cell
viability by stimulating autophagy [68]. Berberine, a small
molecule derived from Coptidis rhizome, can induce both
autophagy and apoptosis in hepatocellular carcinoma cells.
Berberine may also induce autophagic cell death in HepG2
and MHCC97-L cells through activation of Beclin 1 and
inhibition of the mTOR-signaling pathway by suppressing
the activity of Akt and upregulating p38 MAPK signaling
[69]. Treatment with torinl significantly enhanced lysosomal
accumulation of mTOR and Raptor. Torinl inhibits mMTOR
by directly competing with ATP for binding to the kinase
domain. Thus, torinl inhibits both mTORC1 and mTORC2
[70]. The small molecule Ku-0063794, which inhibits both
mTORC1 and mTORC2 with an ICsy, induced a much
greater dephosphorylation of the mTORCI1 substrate 4E-
BP1 (eukaryotic initiation factor 4E-binding protein 1) than
rapamycin [71]. PM02734 (elisidepsin) causes cell death by a
complex mechanism that involves increased autophagosome
content, due for the most part to impairment of autophagic
flux, inhibition of the Akt/mTOR pathway, and activation
of DAPK. This unique mechanism of action justifies the
continued development of this agent for the treatment of
lung cancer [72].

9.1.9. Pathogens. Autophagy has recently emerged as an im-
portant mechanism for controlling intracellular pathogens.



A variety of different bacteria, including Mycobacte-
ria, Salmonella, Shigella, and Listeria, are recognized by
autophagy, yet the specific signals that mediate recognition of
intracellular pathogens by the autophagy machinery have not
been defined thus far. It is currently thought that ubiquitin
associated with intracellular pathogens promotes targeted
autophagosome formation and pathogen destruction. In
addition, p62 and NDP52 mediate different pathways of
selective autophagy for Shigella and Listeria and provide
novel insight into the mechanisms by which adaptor proteins
target bacteria to autophagy [73]. Infection with Herpes
simplex virus type I (HSV-1) provoked autophagy under con-
ditions that inhibited viral gene expression. The induction
of autophagy occurs very early after infection with HSV-
I, and de novo protein synthesis is not required for the
response [74]. Autophagy can be induced by the presence of
foreign DNA within cells. The interferon-inducible, dsRNA-
dependent protein kinase R (PKR) plays an important role
in innate immunity against viral infections. PKR activation
leads to phosphorylation of elF2a and a subsequent shut-
down of host and viral protein synthesis and viral replication.
PKR and elF2«a phosphorylation regulate another funda-
mental cellular process, the lysosomal degradation pathway
of autophagy.

9.1.10. Proteasome Inhibitors. The ubiquitin-proteasome
system and lysosome-dependent autophagy are two major
intracellular pathways for protein degradation. The ubiq-
uitin-proteasome pathway is a novel therapeutic target for
cancer treatment. Inhibition of proteasome function leads
to the accumulation of polyubiquitinated proteins and likely
causes the accumulation of misfolded proteins in the ER
due to the blockage of ER-associated degradation. Thus,
proteasome inhibitors activate autophagy via ER stress.
Proteasome inhibitors have been potent anticancer agents
for various cancers. Proteasome inhibitor MG-132 increased
the protein expression of LC3-I and -II in a time-dependent
manner. 3-MA significantly abolished the formation of
LC3* autophagic vacuoles and the expression of LC3-II,
but not LC3-I, induced by MG-132 [75]. A new class of
proteasome inhibitors such as glidobactin A treatment also
induced autophagy as judged by the presence of the lipidated
form of LC3 and autophagosomes [76]. The eukaryotic 20S
proteasome contains three catalytic subunits (81, 82, and 35)
conferring caspase-like, trypsin-like, and chymotrypsin-like
proteolytic activities, respectively. Glidobactin A blocked the
chymotrypsin-like activity irreversibly at low concentrations,
whereas the trypsin-like activity was less sensitive and the
caspase-like activity was not inhibited at the concentrations
tested (up to 20 uM).

9.2. AntiAutophagics (Table 2)

9.2.1. Atg Proteins. The regulation of the autophagic and
apoptotic response has been shown to require components
that are involved in both processes. Caspases, a family of
cystinyl aspartate-requiring proteases, play a central role
in apoptosis, a well-studied pathway of programmed cell
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death. Calpain is a calcium-dependent intracellular cysteine
protease that plays a crucial role in the regulation of cell
spreading, cell migration, programmed cell death, and cell
cycle progression. The majority of human Atg proteins can
be cleaved by caspases and calpains, which are activated
in some apoptotic paradigms [77]. For example, Atg3 is
cleaved by caspase-3, -6, and -8, while Atg9, Atg7, and Atg4
homologues can be cleaved by caspase-3. Beclin 1 (Atg6) is
a substrate of caspase-3 with two cleavage sites at positions
124 and 149, respectively. Cleavage of Beclin 1 was also seen
in apoptosis of HeLa cells induced by staurosporine and
TRAIL. The cleavage of Beclin 1 resulted in abrogation of
the interaction between Bcl-2 with Beclin 1, which could
be blocked by z-VAD-fmk. Atg5 is a gene product required
for the formation of autophagosomes. Calpains-1 and -
2 activation and Atg5 cleavage are general phenomena in
apoptotic cells. Truncated Atg5 translocated from the cytosol
to mitochondria, associated with the antiapoptotic molecule
Bcl-xL, and triggered cytochrome c¢ release and caspase
activation. Caspase cleavage of autophagy-related proteins
can affect the autophagic process.

9.2.2. Autophagosome Formation. Verteporfin (visudyne) is
a benzoporphyrin derivative used in photodynamic ther-
apy, and verteporfin inhibited drug- and starvation-induced
autophagic degradation and the sequestration of cytoplasmic
materials into autophagosomes [78]. Verteporfin inhibited
autophagy stimulated by serum starvation, a physiological
stimulus, and by rapamycin, the chemical inhibitor of
mTORCI. Verteporfin binds to the membrane of expanding
phagophores or to a factor involved in phagophore expansion
and prevents expanding phagophores from adopting their
characteristic cup shape, so they are unable to capture
cytoplasmic cargo and only form empty single-membrane
vesicles. 3-Methyladenine (3-MA), as an autophagy inhibitor,
was first discovered via screening of purine-related sub-
stances using isolated hepatocytes from starved rats. 3-MA,
which interferes with the formation of autophagosomes
in mammalian cells via inhibition of the class III PI3K
activity that controls the autophagic pathway [79], has been
widely used in studies on autophagy. 3-MA has a dual
role in modulation of autophagy; although it is capable of
suppressing autophagy induced by starvation, its prolonged
treatment in full medium induces autophagy. Under specific
treatment conditions, 3-MA acts similar to rapamycin,
a well-established autophagy inducer via suppression of
mTOR function.

9.2.3. Bcl-2 Family. Apoptosis and autophagy are both
closely regulated biological processes that play a central role
in tissue homeostasis, development, and disease. The anti-
apoptotic protein Bcl-2 functions not only as an antiapop-
totic protein but also as an anti-autophagy protein via its
inhibitory interaction with Beclin 1 [80]. Beclin 1 functions
in the lysosomal degradation pathway of autophagy and
induces autophagic cell death in cancer cells. Bcl-2/Bcl-xL can
bind Beclin 1 and inhibit Beclin 1-dependent autophagic cell
death in cancer cells. The BH3 domain of Beclin 1 also binds
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TaBLE 2: Antiautophagics.
Class (target) Compounds Antiautophagic mechanisms Reference
. Calpain-1, -2 . . .

Atg proteins Caspase-3, -6, -8 Defect in autophagic process and apoptotic enhancement [77]
Autophagosome Verteporfin Inhibition of autophagic degradation [78]
formation 3-Methyladenine Inhibition of class IIT PI3K activity [79]
Bcl-2 family Bcl-2/Bcl-xL Inhibitory interaction with Beclin 1 Ei(l)}
Beclin 1 Metformin Decrease in Beclin 1 expression and AMPK activation [81]
Chemokines CCL2 Survivin upregulation [82]
Golei-associated agents Monensin Dilatation of Golgi apparatus [83]
& 8 Nocodazole Disconnection of Golgi stacks and dispersal into fragments [84]
Heat shock proteins Geldanamycin Promotion of Beclin 1 degradation [85]
P PES Impairment of the autophagy-lysosome system [86]
Bafilomycin Al Prevention of fusion of autophagosomes with lysosomes [87]
Lysosomal function Lucanthone Lysosomal membrane permeabilization [88]
Chloroquine Blocking of lysosyme acidification [89]
Beclin 1 Potentiation of apoptotic death, autophagosome degradation [90]
Small regulatory RNAs ~ Lamp-2 Impairment of autolysosome formation [91]
mi-30a Beclin 1 translational suppression [92]

to the BH3 binding groove of Bcl-xL. When the BH3 binding
groove of Bcl-xL is mutated, the interaction between Bcl-
xL and Beclin 1 is disrupted. Furthermore, the interaction
between Beclin 1 and Bcl-xL can be inhibited by ABT737 at
low doses, which stimulates autophagy without inducing cell
apoptosis. A novel Bcl-xL inhibitor, Z36, efficiently induces
autophagic cell death in HeLa cells. Z36 can competitively
inhibit the interaction between Bcl-xL and Beclin 1 in vitro,
and thus it is likely that Z36 induces autophagy by blocking
the interaction between Bcl-xL/Bcl-2 and Beclin 1 [41]. Bcl-
2 phosphorylation resulted in increased dissociation of the
Bcl-2-Beclin 1 complex and increased Beclin 1-dependent
autophagy. The activation of JNK upregulated Beclin 1
expression and mediated Bcl-2 phosphorylation, thereby
promoting cellular survival.

9.2.4. Beclin 1. Metformin, a widely used antidiabetic agent,
should potentially induce autophagy as an activator of
AMPK and an inhibitor of mTOR. Metformin’s action
is mainly mediated by AMPK activation. 2-Deoxyglucose
(2DG) is an inhibitor of glucose metabolism, since it
inhibits hexokinase, the first rate-limiting enzyme of gly-
colysis. Treatment with 2DG leads to intracellular ATP
depletion and induces autophagy in prostate cancer cells.
Metformin inhibits 2DG-induced autophagy, reduces Beclin
1 expression, and triggers a switch from a survival process
to cell death [81], suggesting that, depending on cell type,
activation of AMPK is not automatically associated with the
induction of autophagy.

9.2.5. Chemokines. The CC chemokine, CCL2 (MCP-1), is
one of the most frequently observed chemokines in the
microenvironment of tumors. CCL2 has been demonstrated
to play a significant role in prostate cancer neoplasia and
invasion. CCL2 protects prostate cancer PC3 cells from

autophagic death via the PI3K/Akt/survivin pathway and
showed survivin to be a critical molecule in this survival
mechanism [82]. CCL2 stimulation of PC3 cells, upon serum
deprivation, results in Akt hyperphosphorylation of the two
key regulatory sites (Ser’”? and Thr3%®) required for its full
activation. Survivin is a 16.5-kDa protein that belongs to the
inhibitor of apoptosis protein (IAP) family that functions
in mitotic progression and antagonizes caspases, thereby
inhibiting apoptosis. Survivin is highly expressed in cancer
tissues and its high level of expression is associated with
poor prognosis and survival in many cancer types. CCL2-
mediated survivin upregulation was shown to be PI3K/Akt-
dependent; inhibition of this pathway not only abrogated
survivin expression but also dramatically reduced cell sur-
vival. Strong evidence for interaction between survivin and
LC3 was detected by co-immunoprecipitation experiments
[82]. As LC3 plays an important role in the formation and
expansion of autophagosomal membranes, the survivin-LC3
interaction could inhibit this process, which is then reflected
in changes in LC3 localization as observed when starved cells
are treated with CCL2.

9.2.6. Golgi-Associated Agents. Chemical inhibition of auto-
phagy by incubations with monensin (coban) significantly
increases the extent of apoptosis, which takes place via the
mitochondrial pathway, and shortens the time in which
the apoptotic markers are detectable. Monensin causes an
accumulation of early forms of autophagic vacuoles and
blocks the swelling of lysosomes seen in the presence of
methylamine. Incubation with monensin at higher concen-
trations (10 and 100 uM) resulted in severe mitochondrial
damage and marked dilatation of the Golgi apparatus and
rough ER cisternae [83]. Interruption of microtubules with
microtubule destabilizing nocodazole impairs the conversion
of LC3-I to LC3-II but does not block the degradation
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of LC3-II-associated autophagosomes. Strong inhibition of
autophagic vacuole accumulation was found in nocodazole-
arrested pseudoprometaphase cells. The loss of microtubules
induced by nocodazole treatment results in the disconnection
of Golgi stacks and dispersal into 70—100 smaller fragments
[84].

9.2.7. Heat Shock Proteins. Heat shock protein 90 (Hsp90)
forms a protein complex to maintain the stability of its
client proteins. Disruption of this protein complex with
specific Hsp90 inhibitors leads to proteolytic degradation
of the client proteins, usually through the ubiquitin-
proteasome pathway. Hsp90 forms a complex with Beclin
1 through an evolutionarily conserved domain to maintain
the stability of Beclin 1. Geldanamycin, an Hsp90 inhibitor,
effectively promoted proteasomal degradation of Beclin 1
in a concentration-dependent and time-dependent manner
[85]. A small molecule called 2-phenylethynesulfonamide
(synonym, also called pifithrin-y, PES) interacts selectively
with Hsp70 and leads to a disruption of the association
between Hsp70 and several of its cochaperones and substrate
proteins. PES was identified as a novel Hsp70 inhibitor. PES-
mediated inhibition of Hsp70 family proteins in tumor cells
results in impairment of the autophagy-lysosome system.
PES impaired the mitochondrial localization of p53 [86].
The p14/p194RF tumor suppressor gene is frequently mutated
in human cancer. ARF (alternative reading frame) has been
shown to localize to mitochondria and to induce autophagy.
Treatment of cells with PES blocks the trafficking of ARF to
mitochondria.

9.2.8. Lysosomal Function. Bafilomycin Al is in the pleco-
macrolide subclass of macrolide antibiotics, and a highly
specific inhibitor of V-ATPase, whereas other types (F-
type, P-type, Ca?*, and K') of ATPases are not affected
by this antibiotic. The anticancer effect of bafilomycin Al
is well known and is attributed mainly to the inhibition
of autophagy by preventing the fusion of autophagosomes
with dysfunctional lysosomes, consequently triggering apop-
tosis [87]. Lucanthone (miracil D) has been extensively
used as an antischistome agent. The drug also blocks
topoisomerase II activity and has been reported to inhibit
AP (apurinic/apyrimidinic) endonuclease, an important
enzyme in DNA base excision repair. Lucanthone inhibits
autophagy, caused by induction of lysosomal membrane
permeabilization. Lucanthone is a novel autophagic inhibitor
that induces apoptosis via cathepsin D accumulation. In
addition, lucanthone enhanced the anticancer activity of the
histone deacetylase inhibitor vorinostat [88]. Lucanthone is
currently being investigated as a sensitizer to chemotherapy
and radiation due to its ability to interfere with DNA repair.
Chloroquine (avloclor) is a well-known 4-aminoquinoline
class drug that is widely used for prophylaxis treatment
against malaria. Pharmacologically, chloroquine is a weak
base and is trapped in acidic organelles like lysosomes,
resulting in increased vacuolar pH6.0. Chloroquine and its
analog hydroxychloroquine (plaquenil) are the only clinically
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relevant autophagy inhibitors that block lysosyme acidifi-
cation and degradation of autophagosomes [89]. Chloro-
quine, through its lysosomotropic properties, as well as its
autophagy inhibition ability, may be a promising agent to
be used in combination with chemotherapeutic agents to
improve clinical results.

9.2.9. Small Regulatory RNAs. Small regulatory RNAs have
become a specific and powerful tool to turn off the expression
of target genes. Their actions include the suppression of
overexpressed oncogenes, retarding cell division by inter-
fering with cyclins and related genes or enhancing apop-
tosis by inhibiting anti-apoptotic genes. Paclitaxel, which
stabilizes microtubules and causes apoptosis, offers both
symptomatic and survival benefits for lung adenocarci-
noma. Both autophagy and apoptosis are induced in cancer
cells during the course of paclitaxel treatment. Paclitaxel
treatment could lead to the formation of acidic vesicular
organelles and the induction of Atg5, Beclin 1, and LC3
expression. Paclitaxel-mediated apoptotic cell death was
further potentiated by pretreatment with Beclin I siRNA
[90]. Lysosomal-associated membrane protein 2 (Lamp-2)
is a ubiquitous lysosomal membrane protein that is highly
expressed in normal human pancreatic tissue and is required
for the proper fusion of lysosomes with autophagosomes
in the late stage of the autophagic process. Silencing with
a specific Lamp-2 siRNA abolished immunofluorescence
particles for Lamp-2, confirming depletion of Lamp-2
protein. LC3-positive immunofluorescence puncta signifi-
cantly increased in Lamp-2-silenced cells, suggesting that
Lamp-2 depletion correlated with the accumulation of
autophagosomes and a relative paucity of autolysosomes in
pancreatic acinar cells. Lamp-2 depletion causes a “traffic
jam” that culminates in the accumulation of autophago-
somes [91]. MicroRNAs (miRNAs) are a class of endoge-
nous, 22-24 nucleotide RNA molecules with the ability
to induce mRNA degradation, translational repression, or
both, via pairing with partially complementary sites in
the 3’ UTR of the targeted genes. miRNAs can control
the expression of autophagic genes, thereby modulating
autophagic activity. Indeed, inhibition of the expression by
beclin 1 miR-30a leads to suppression of autophagic activity
[92].

10. Technical Errors in Autophagy Study

One of the technical problems in the study of autophagy
is the lack of convenient and reliable methods to detect
it. Uncertainty in the confirmation of the fully functional
autophagic process could be one of the causes of confusion
related to the role of autophagy in cell death. These
types of confusion and difficulties are more pronounced
in animal experiments that are critical in the study of
cancers. LC3 is now widely used to monitor autophagy.
One approach is to detect LC3 conversion (LC3-I to LC3-
II) by immunoblot analysis because the amount of LC3-
II is clearly correlated with the number of autophago-
somes. Despite a higher molecular weight than LC3-I,



International Journal of Cell Biology

LC3-II migrates more rapidly in SDS-PAGE compared to
LC3-1, likely due to its higher hydrophobicity associated
with the phosphatidylethanolamine group. However, LC3-
II itself is degraded by autophagy, making interpretation of
LC3 immunoblotting results problematic. Furthermore, the
amount of LC3 at a certain time point does not indicate
autophagic flux. Monitoring of the natural autophagic
substrate p62 (also called sequestosome 1) has been widely
used to assess autophagic flux. The degradation of GFP-
LC3 was clearly less sensitive for inducers and activators of
autophagy than GFP-p62 [93]. A reduction in the abundance
of p62 due to its sequestration into autophagosomes, which
results from the direct molecular interaction between LC3
and the LC3 interacting motifs (LIR) of p62, a 22-amino-
acid acidic peptide motif, is interpreted as a sign of increased
autophagy [94]; however, endogenous p62 is not produced
at a constant level because some cellular stress conditions
lead to induction of p62 at the transcriptional level, meaning
that the level of p62 proteins is not solely determined by
its turnover. Earlier autophagy studies relied on cell staining
and fluorescent microscopy. In particular, the overexpression
of GFP-LC3, in which GFP (green fluorescent protein)
is expressed as a fusion protein at the amino terminus
of LC3, was widely used to measure autophagy. These
studies are limited, however, by several issues as follows:
incorporation into protein that aggregates independent of
autophagy, induction of autophagy by transfection proce-
dures, sensitivity of GFP-LC3 to acid pH, and cessation of
fluorescence [95]. GFP is more resistant than LC3 in response
to lysosomal degradation. When analyzing autophagic flux
based on GFP-LC3 degradation, the accumulation of free
GFP and GFP-LC3-1II in the absence and presence of a lyso-
somal inhibitor should be compared. These may represent
a serious problem in experiments testing the autophagic
process.

Many compounds to regulate autophagy are limited by
the uncertainty as to whether they specifically target one step
of the autophagy process. It is of interest to compare relative
drug effects obtained under different settings, including
conditions, time points, and concentrations. The compound
3-MA has been touted as an autophagy inhibitor but requires
mM concentrations to inhibit class III PI3Ks involved
in autophagy. 3-MA not only arrests autophagy but also
prevents apoptosis by inhibiting the release of cytochrome
¢ and cathepsin B. Rapamycin, commonly applied to induce
autophagy, enhanced autophagy under full medium but had
a surprising inhibitory effect under nutrient deprivation
conditions. Bafilomycin Al is also commonly employed
to suppress autophagic flux due to its inhibition of the
vacuolar type H*-ATPase (V-ATPase), blocking acidification
of lysosomes and endosomes. However, long-term treatment
(>4h) of cells with bafilomycin Al also interferes with the
trafficking of proteosomes, endosomes, and other cellular
processes [96]. Therefore, a need exists for chemicals that
target specific components of the autophagy machinery for
use as research tools, to address questions about autophagy
mechanisms and investigate the role of autophagy in
cancers.
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11. Concluding Remarks

In this paper, the molecular players and mechanisms asso-
ciated with autophagy have been described. Although
autophagy is an important mechanism used by tumor cells
to tolerate metabolic stress and is involved in nearly all stages
of tumorigenesis and tumor progression, the issue of whether
autophagy is aimed primarily at cell survival or at cell death
is likely to remain a subject of debate for some time. As
autophagy is a dynamic process that is difficult to measure
and quantify, new techniques for assessing autophagy need to
be developed to ensure progress in this area of investigation.
The multifaceted nature of autophagy and its diverse cross-
talk with other biological processes must be carefully consid-
ered when the autophagic system is targeted for anticancer
benefit.
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Cisplatin (cisPt) is a chemotherapy agent used as a treatment for several types of cancer. The main cytotoxic effect of cisplatin
is generally accepted to be DNA damage. Recently, the mechanism by which cisPt generates the cascade of events involved in the
apoptotic process has been demonstrated. In particular it has been shown that some organelles are cisPt target and are involved
in cell death. This paper aims to describe the morphological and functional changes of the Golgi apparatus and lysosomes during
apoptosis induced in neuronal rat cells (B50) by cisplatin. The results obtained show that the cellular organelles are the target of

cisPt, so their damage can induce cell death.

1. Introduction

From many years, cisplatin (cisPt) was used in chemotherapy
of different cancers because of its apoptotic effects. It
binds DNA-generating adduct cisPt/DNA that provokes the
distortion of double helix blocking the transcription and
the replication processes [1]. We reported that, in B50
neuroblastoma rat cells, cisPt induces cytotoxic cell death
mediated by activation of death receptor-mediated apoptotic
signaling mechanisms as well as mitochondrial pathways
[2, 3]. Nevertheless, organelles damage cisPt induced is today
not so well elucidated. The cytotoxic action of this drug can
be initiated by cytoplasmic events thus determining organelle
damage. Yu et al. [4] demonstrated, in fact, that cisplatin
initiates apoptosis from the cytoplasm and suggested that
nuclear events may not be critical for the initiation of
cisplatin-induced cytotoxicity, at least, not in immortalized
mouse kidney proximal tubule epithelial (TKPTS) cells [4].
Apoptosis is a genetically controlled cell death program
consisting of several essential steps that are critical check-
points, as well as nonessential steps depending on the cell
type, context, or pathophysiological stimuli [5]. Moreover,
the intricate network of relationships and communication

(i.e., crosstalk in which multiple organelles emit signals and
receive responses) occurs between all the cellular organelles.
During apoptosis, the cytoskeleton undergoes disassembly,
bringing with him the different organelles, such as the Golgi
vesicles, which in apoptosis following the reorganization of
microtubules [6-8] wasting a clear spatial organization in the
cell [9, 10]. Mitochondria and endoplasmic reticulum are,
respectively, involved in intrinsic apoptotic pathway and in
the pathway mediated by caspase 12 [11].

We have demonstrated that in B50 neuronal rat cells
cisplatin induces apoptosis, morphological and functional
modification of cytoskeleton, mitochondria [12], and endo-
plasmic reticulum [2], yet. In this work we applied histo-
chemical techniques in confocal microscopy and electron
microscopy to the analyses of changes of Golgi apparatus and
lysosomes in B50 cells after treatment with cisPt.

2. Material and Methods

2.1. Cells and Treatments. B50 neuroblastoma rat cells
(Istituto Zooprofilattico Sperimentale della Lombardia e
del’Emilia Romagna, cat. n. BS TCL 115) were cultured in



“75 cm?” flasks in Dulbecco’s minimal essential medium sup-
plemented with “10%” fetal bovine serum, “1%” glutamine,
“100 U” penicillin, and streptomycin (Celbio) in a “5% CO,”
humidified atmosphere. “24h” before experiments, cells
were seeded on glass coverslips for fluorescence microscopy,
or grown in “75 cm?” plastic flasks for electron microscopy
analysis.

Cells are submitted to a continued exposure to cisPt
(Teva Pharma) “40 uM” for “48 h” at “37°C”. This concentra-
tion was chosen considering our in vivo experimental design
(i.e., a single injection of “5 pug/g” b. w. in “10-day-old” rats);
this dose corresponds to the dose most commonly used in
chemotherapy [13, 14]. For immunocytochemical analysis,
after the treatments, the samples grown on coverslips were
fixed with “4%” formalin and postfixed with “70%” ethanol
for “30 min” each, at “—20°C.”

2.2. Double Immunocytochemical Detection of Golgi Proteins
and Cytoskeletal Components. Cells were incubated with a
solution of anti-Golgi proteins (autoimmune serum rec-
ognizing the Golgi proteins, a kind gift of the IRCCS
San Matteo, Pavia, Italy) diluted “1:400” in PBS and
another primary antibody: Alexa 594-Phalloidin (Molecular
Probes, Invitrogen) diluted “1:40” in PBS. After “60 min”
at room temperature, coverslips were incubated with the
secondary antibody: Alexa 488-conjugated anti-human anti-
body (Molecular Probes, Invitrogen) diluted “1:200” in PBS
for Golgi protein for “1 h.” Sections were counterstained for
DNA with “0.1 ug/mL” Hoechst “33258,” washed with PBS,
and mounted in a drop of Mowiol (Calbiochem), for con-
focal microscopy analysis. Three independent experiments
were carried out.

2.3. Double Immunocytochemical Detection of Golgi Proteins
and Endoplasmic Reticulum. Cells were incubated with a
solution of anti-Golgi proteins (autoimmune serum recog-
nizing the Golgi proteins, a kind gift of the IRCCS San
Matteo, Pavia, Italy) diluted “1:400” in PBS and another
primary antibody: antireticulum proteins (Abcam) diluted
“1:100” in PBS. After “60 min” at room temperature, cov-
erslips were incubated with the secondary antibodies: Alexa
488-conjugated anti-human antibody (Molecular Probes,
Invitrogen) diluted “1:200” in PBS for Golgi protein and
Alexa-594-coniugated anti-rabbit antibody for reticulum
proteins for “1h” Sections were counterstained for DNA
with “0.1 yg/mL” Hoechst “33258,” washed with PBS and
mounted in a drop of Mowiol (Calbiochem), for confocal
microscopy analysis. Three independent experiments were
carried out.

2.4. Golgi Apparatus and Endoplasmic Reticulum Morpho-
logical Features at Transmission Electron Microscopy (TEM).
For TEM analysis, the cells grown in “75cm?” plastic
flasks for electron microscopy harvested by mild trypsiniza-
tion (“0.25%” trypsin in PBS containing “0.05%” EDTA),
immediately fixed with “2%” glutaraldehyde in the culture
medium (“1h” at “4°C”) and postfixed in “1% OsO4” in
PBS for “1h” at room temperature. The cell pellets were
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embedded in “2%” agar, thoroughly rinsed with Sorensen
buffer (“pH 7.2”) and dehydrated in ethanol. Finally, the
pellets were embedded in Epon resin and polymerized at
“60°C” for “24h.” Ultrathin sections were stained with
uranyl acetate and lead citrate and observed under a Zeiss
EM900 transmission electron microscope.

2.5. Double Immunocytochemical Detection of Lysosomes
Proteins and Mitochondria. Cells were incubated with a
solution of antilysosomes proteins (autoimmune serum
recognizing the lysosome proteins, a kind gift of the IRCCS
San Matteo, Pavia, Italy) diluted “1:500” in PBS and another
primary antibody: mitochondrial anti-HSP70 (Molecular
Probes, Invitrogen) diluted “1:50” in PBS. After “60 min”
at room temperature, coverslips were incubated with the
secondary antibody: Alexa 594-conjugated anti-human anti-
body (Molecular Probes, Invitrogen) diluted “1:200” in PBS
for lysosome proteins and Alexa 488-coniugated anti-mouse
for HSP70 for “I h.” Sections were counterstained for DNA
with “0.1 ug/mL” Hoechst “33258”, washed with PBS, and
mounted in a drop of Mowiol (Calbiochem), for confocal
microscopy analysis. Three independent experiments were
carried out. Confocal microscope software was used to
obtain bar charts of colocalization; eight fields of cells were
considered to count number of lysosomes per cells, both in
control and in treated sample, and the graphic was done with
excel program.

2.6. Confocal Fluorescence Microscopy. For confocal laser
scanning microscopy, Leica TCS-SP system (Leica, Heidel-
berg, Germany) mounted on a Leica DMIRBE-inverted
microscope was used. For fluorescence excitation, an Ar/UV
laser at “364 nm” was used for Hoechst “33258”, an Ar/Vis
laser at “488 nm” was used for FITC, and an He/Ne laser
at “543nm” was used for Alexa 594. Spaced (“0.5um”)
optical sections were recorded using a “63x” oil immersion
objective. Images were collected in the “1024 x 1024 pixel”
format, stored on a magnetic mass memory and processed
by Leica confocal software.

3. Results

Our experiments revealed that cisPt treatment entails an
organellar degradation and a reorganization in the cyto-
plasm. In particular, Golgi apparatus, endoplasmic reticu-
lum, and lysosomes are the main target of the drug.

Figure 1 shows the Golgi apparatus (green fluorescence)
in control cells (a) and in 48 h cisPt-treated cells (b); in
control cells, Golgi exhibits its typical shape “ribbon like,”
with flattened cisternae, according to its function as a
proteins sorter. It mostly has a perinuclear localization in
the cytoplasm with a progressive decreased concentration
towards the periphery of the cell. In cisPt treated cells, a
strong production of vesicles is visible, accompanied by a
spatial redistribution and dense masses. After treatment, the
tubulin cytoskeleton (red fluorescence) shows morphological
changes, too. Soldani et al. [15] demonstrated that the
morphological alterations of the Golgi apparatus may be
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FIGURE 1: Double immunolabeling of Golgi apparatus (green fluorescence) and a-tubulin (red fluorescence) in B50 control cells (a) and in
48 h cisPt-treated cells (b). In (b), arrow indicates an apoptotic cell. DNA is counterstained with Hoechst 33258 (blue fluorescence). Bar:

20 pm.

(@) ('

(a) (®) (c)

(c")

FIGURE 2: Double immunolabeling of Golgi apparatus (green fluorescence) and endoplasmic reticulum (red fluorescence) in B50 control
cells (a, b, and ¢) and in 48 h cisPt-treated cells (a’, b’, and ¢’). In (c) and (¢’), DNA is counterstained with Hoechst 33258 (blue fluorescence).

Bar: 20 ym.

related to structural changes in cytoskeletal apparatus [15];
in the treated cells, in fact, it can be observed that the
vesiculation of this organelle is localized mainly at the
periphery of the cell (arrow).

It is well known that the endoplasmic reticulum and
Golgi apparatus are closely linked in terms of both orga-
nizational and functional point of view in the process
of synthesis and posttranslational maturation of proteins

through an intense vesicular traffic. In Figure 2, the double
immunoexpression of Golgi apparatus and endoplasmic
reticulum is shown both in control cells (a, b, and ¢) and
in treated cells (a’, b’, and ¢’). In the first condition, Golgi
apparatus maintains the perinuclear location (a) as it is
above described in Figure 1, and endoplasmic reticulum is
homogeneously arranged in the whole cytoplasm (b), where
it is main concentrated near the nucleus. In the second



International Journal of Cell Biology

(®)

FiGure 3: Cellular morphology at TEM in B50 control cells (a and b) and in 48 h cisPt-treated cells (a’ and b"). In (a and a’), asterisks
indicatesendoplasmic reticulum; in (a’), stars indicate damaged mitochondria. In (b and b"), arrows indicate Golgi apparatus. Bar: 6 ym.

condition, Golgi apparatus undergoes a strong disruption
losing the typical semilunar shape (a’), while endoplasmic
reticulum is less thickened and quite disrupted, too (b").

Figure 3 depicts the ultrastructural morphology of B50
control (a and b) and treated (a’ and b’) cells at TEM. In
(a) it is visible a cellular area with the intact endoplasmic
reticulum (asterisks) properly distributed in the cytoplasm,
but after treatment (a’) it results heavily dilated (asterisks).
In (a’) it is also appreciable the mitochondrial damage (stars)
cisPt induced [12]. In (b) Golgi apparatus in physiological
condition is shown (arrow), but after treatment (b") it results
suffering, because it loses the regular shape of cisternae which
becomes in some case dilated and in other more thickened
(arrows).

Lysosomes are cisPt target, too. In Figure 4 the double
immunolabeling of lysosomes (red fluorescence) and mito-
chondria (green fluorescence) is reported, compared to a
control situation (a), where lysosomes are numerous, and
mitochondria presents their typical cytoplasmic distribution,
after cisPt injury (b) cells show a decrease of lysosomes
number (c: from 83 + 20.44 to 50.5 *= 6.99; a reduction
of about 30%) and mitochondria form dense perinuclear
masses (b: triangle). Moreover, it has to be noted that
lysosomal and mitochondrial expressions do not colocalized

in treated cells (see bar charts of colocalization b’ and b”’ for
the selected point of noncolocalization asterisk in b).

4. Discussion

It is generally accepted that the damage induced upon
binding of cisPt with the DNA may inhibit transcription
and/or DNA replication mechanisms [16]. The process of
cisplatin-induced apoptosis is complex and involves multiple
pathways [2, 12], and in literature several studies demon-
strate that apoptosis induced by cisPt can also be DNA injury
independent [17]. Nevertheless, in cisPt-induced cell death
mitochondrial are considered perhaps a more important
target than nuclear DNA damage [18], due to hydrolyzed
cisPt that generates a positively charged metabolite which
preferentially accumulates within the negatively charged
mitochondria. Thus, the sensitivity of cells to cisplatin
appears to correlate with both the density of mitochondria
[19] and the mitochondrial membrane potential [20]. We
have already demonstrated that cisPt targets, in addition
to DNA, included the cytoskeleton (actin and tubulin) and
mitochondria [12]. Recent data have shown that cisPt is able
to induce cell death in different cell lines and that this implies
the involvement of cytoplasmic organelles [11]. In addition,
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F1GURrk 4: Double immunolabeling of lysosomes (red fluorescence) and mitochondria (green fluorescence) in B50 control cells (a) and in
48 h cisPt-treated cells (b). DNA is counterstained with Hoechst 33258 (blue fluorescence). Bar: 20 ym. In (c), bar chart of lysosomes number
per cells (average). In b, triangle represents dense mitochondrial masses, asterisk represents the selected point of noncolocalization. In (b,
b""), bar charts of colocalization, the (b") bar chart is for red fluorescence, the (b"’) is for green fluorescence.



Nakagomi et al. [21] have identified the fragmentation
of the Golgi apparatus during apoptosis as a marker of
some neurodegenerative diseases [21]. The results obtained
have allowed us to demonstrate the onset of organelles
alterations after cisPt treatment in B50 neuroblastoma rat
cells. In particular, we focused on Golgi apparatus and
endoplasmic reticulum injury, organelles that make up the
digestive vacuole of the cell [7]. Both of them have been
called “stress sensor” as it has been shown that proteins on
their membranes are able to trigger the caspase cascade by
activating caspase-12 [2, 6, 8]. Our obtained results, both
in confocal microscopy and in TEM, indicate that these
organelles undergo strong rearrangement due to the 48h
cisPt treatment and that these alterations are linked to the
reorganization of cytoskeletal tubulin. This evidence suggests
that the whole process is also on the base of the generation of
apoptotic bodies, designed for the ultimate phagocytosis.

The effect of cisPt has been also evident in lysosomes that
become smaller and less numerous in treated cells. Because
lysosomes are involved also in autophagy mechanisms,
we applied a double immunolabeling of lysosomes and
mitochondria in order to analyze if there was a colocalization
between the two respective fluorescence. The absence of this
colocalization after 48 h treatment indicates that cisPt does
not induce any autophagic process as alternative response
to the treatment. So, we can conclude that immunocyto-
chemical techniques and the TEM are useful to demonstrate
that B50 neuroblastoma cells undergo apoptosis through
organelles injury, and not only as a consequent of DNA
damage.
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