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Abstract

The number of papers about decavanadate has doubled
in the past decade. In the present review, new insights
into decavanadate biochemistry, cell biology, and antidi-
abetic and antitumor activities are described. Decameric
vanadate species (Vi) clearly differs from monomeric
vanadate (V1), and affects differently calcium pumps,
and structure and function of myosin and actin. Only
decavanadate inhibits calcium accumulation by calcium
pump ATPase, and strongly inhibits actomyosin ATPase
activity (ICso = 1.4 pmol/L, V), whereas no such ef-
fects are detected with Vi up to 150 pmol/L; prevents
actin polymerization (ICso of 68 pmol/L, whereas no ef-
fects detected with up to 2 mmol/L Vi); and interacts
with actin in a way that induces cysteine oxidation and
vanadate reduction to vanadyl. Moreover, /n vivo de-
cavanadate toxicity studies have revealed that acute
exposure to polyoxovanadate induces different changes
in antioxidant enzymes and oxidative stress param-
eters, in comparison with vanadate. /n vitro studies
have clearly demonstrated that mitochondrial oxygen
consumption is strongly affected by decavanadate (ICso,
0.1 umol/L); perhaps the most relevant biological ef-
fect. Finally, decavanadate (100 umol/L) increases rat
adipocyte glucose accumulation more potently than
several vanadium complexes. Preliminary studies sug-
gest that decavanadate does not have similar effects
in human adipocytes. Although decavanadate can be a

(4 9
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useful biochemical tool, further studies must be carried
out before it can be confirmed that decavanadate and
its complexes can be used as anticancer or antidiabetic
agents.

© 2011 Baishideng. All rights reserved.

Key words: Decavanadate; Vanadate; Calcium pump;
Myosin; Actin; Actin polymerization; Insulin mimetic;
Antidiabetic agent; Antitumor agent

Peer reviewers: Emanuel E Strehler, PhD, Professor, Depart-
ment of Biochemistry and Molecular Biology, Mayo Clinic Col-
lege of Medicine, 200 First Street SW, Rochester, MN 55905,
United States; Beth S Lee, PhD, Associate Professor, Physiology
and Cell Biology, The Ohio State University, 1645 Neil Avenue,
304 Hamilton Hall, Columbus, OH 43017, United States

Aureliano M. Recent perspectives into biochemistry of decavana-
date. World J Biol Chem 2011; 2(10): 215-225 Available from:
URL: http://www.wjgnet.com/1949-8454/full/v2/i10/215.htm
DOI: http://dx.doi.org/10.4331/wjbc.v2.110.215

INTRODUCTION

The number of articles about vanadium in the past
decade (2001-2010) has doubled in comparison to the
previous one (1991-2000), from 1149 to 2616, of which,
74 (48 in the previous decade) are about decavanadate. A
relevant contribution towards our understanding of the
effects of vanadium in the environment, biochemistry,
biology and health was published in 1998". 1In the past
decade, at least five reviews on different aspects of vana-
dium have been published, covering chemistry, chemical
engineering, biochemistry, biology, pharmacology and
medicine®”
in this transitional metal in several scientific areas. How-
ever, there have been few studies about decavanadate
and only seven iz vivo studies have been published in
the past decade”". These in vivo studies have demon-

, which is a testimony to the recent interest

October 26, 2011 | Volume 2 | Issue 10 |



Aureliano M. Decavanadate biochemistry

strated that decavanadate in animals induces different
changes in vanadium accumulation, lipid peroxidation
and antioxidant enzyme activity than those observed for
monomeric vanadate, and consequently it can also con-
tribute to the effects described for vanadium. Therefore,
the different changes in oxidative stress markers and
lipid peroxidation, among others, can be attributed to
decavanadate” . In several kinetic studies, following de-
cavanadate administration, nuclear magnetic resonance
(NMR) and UV/Vis spectroscopy have been used to
correlate the vanadate species with the observed biologi-
cal effects”™.

Decavanadate is well known to interact with several
proteins and to have many biological activities, mainly
in vitro, as recently reviewed™*"”. The first enzyme report-
ed to be inhibited by decavanadate was muscle adenylate
kinase!"”. Other enzymes included hexokinase, phos-
phofructokinase and inositol phosphate metabolism en-
zymes' ™', In the past decade, it has been demonstrated
in our laboratory that decavanadate interacts with calcium
ATPase, myosin and actin, suggesting that it can affect
several biological processes, such as muscle contraction
and its regulation, actin polymerization, and calcium
291 \We believe that in many studies using
vanadate, decavanadate species will form, and therefore

homeostasis

they will contribute eventually to the described biological
effects"™". Decavanadate can be more or less effective
than the corresponding simple oxovanadates' .,

Since it was discovered that ATP from Sigma con-
tained vanadium™, vanadium has been used as a tool to
understand several biochemical processes'
vanadate, is actually accepted as a potent inhibitor of
protein tyrosine phosphatase (PTP), a key enzyme in the
insulin signaling pathway. PTP is described as one the
main targets of vanadate as an insulin mimicking agent,

promoting an increase in glucose uptake in several types
23]

415
I Moreover,

of cells'

In the present review, we describe recent insights into
the effects of decavanadate on muscle proteins, such as
myosin, actin and calcium pump, as well as its toxicologi-
cal effects /n vivo and, more recently, its antidiabetic and
anticancer effects. Some comparisons will be made with
the vanadyl cation, the tetravalent form of vanadium,
which, although in the majority intracellularly, is not
the main focus of this review, and the reader is referred
627, Although we present new data about the
interaction of vanadate, decavanadate and vanadyl with
actin, the main purpose is to highlight recent insights into
decavanadate biochemistry, which are not usually taken in
account in biological studies of vanadium.

elsewhere

COMPLEX CHEMISTRY OF VANADIUM:
CAN WE BE CERTAIN ABOUT WHICH
VANADIUM SPECIES ARE INDUCING THE
BIOLOGICAL EFFECTS?

Can the complex chemistry of vanadium explain the

(49
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Figure 1 Schematic structure of V1o (V1002"). Va, Vb and Vc represent the
three different types of vanadium atoms described in the text.

diversity of its biological effects? Even in 2011, many
studies using vanadium cleatly misunderstand its chem-
istry, which leads to wrong conclusions and research
directions in an attempt to clarify the biological role of
vanadium. The complexity of vanadium chemistry in
aqueous solutions includes: (1) several oxidation states;
(2) chemical similarity of vanadate and vanadium (V)
with phosphate; (3) ability to form vanadate oligomers,
such as decavanadate; (4) capacity to form complexes
with many molecules of biological interest such as ATP,
ribose, glutathione and amino acids, through different co-
ordinating atoms such as oxygen, nitrogen and sulfur; (5)
ability of having several geometric configurations, some
mimicking enzyme substrate transition state analogs; (6)
low solubility in aqueous solutions of some vanadium
complexes of biological interest; and (7) low stability of
many vanadium complexes used as insulin mimetics or
anticancer agents under physiological conditions and at
37 oC [3,5,(\,14,15,18,28]'

Vanadate [vanadium (V)] generates a variety of differ-
ent oxovanadates, depending on pH, concentration and
specific conditions”””. The simple vanadate colorless so-
lution contains several metavanadate species (VO3), de-
pending on vanadium concentration, such as monomeric
vanadate [V1, orthovanadate species (VO4")] dimeric
vanadate (V2), tetrameric vanadate (V) and pentameric
vanadate (Vs)', If, after preparation of a stock vanadate
solution (for instance 10 mmol/L), acidification occurs,
the instantaneous appearance of a yellow color indi-
cates the formation of decavanadate, even if the overall
pH value of the solution is not acidic, that is, does not
change significantly!*"”. Therefore, when using vanadate
solutions in chemical, biochemical or biological stud-
ies, even at physiological pH values, it is critical to avoid
acidification steps, unless decavanadate species ate desit-
able!"*". Decavanadate, with a formula of VieOas""™
has a unique structure, with dimensions of 8.3 A, 7.7 A
and 5.4 A (Figure 1). By 'V NMR spectroscopy, three

October 26, 2011 | Volume 2 | Issue 10 |



different types of vanadium atoms can be distinguished
(Va, Vb and Vc; Figure 1), whereas by UV/Vis spectros-
copy, specific absorption at 360 and 400 nm, attributed to
decavanadate species, can be detected, which is respon-
sible for the typical yellow or bright orange of vanadium
solutions """, Tn spite of this knowledge, many studies
still misinterpret the chemistry of vanadium in solution
particularly, and do not recognize that, if the vanadate
solution turns yellow, this is due to the formation of
decameric vanadate speciesm’ls‘. Similarly, if the solution
turns blue, this means that all the decameric vanadate has
decomposed to the monomeric form of vanadate (colos-
less), followed by vanadium reduction to the vanadyl spe-
cies that confers the blue color on the solution. Eventu-
ally, the observation of a green color during this process
is due to the mixture of vanadyl (blue) and decavanadate
(vellow) species.

Once formed even at neutral pH, decavanadate can
be removed by two procedures; the most convenient
method is to heat or boil the solution”". Alternatively,
the solution can be aged. Depending on the pH, the
decavanadate will ultimately convert to the colorless
metavanadates or orthovanadates. As described above,
it is important to recognize that generally a yellow color
of these vanadate solutions reflects the fact that some
decavanadate is present in the solution, and should be
removed by heating if this species is not desired™™. >'V
NMR spectroscopy can be used to monitor the specia-
tion of oxovanadates in biological systems and experi-
ments can be designed to evaluate specific interactions
of the different vanadate oligomers with compounds in
the biological system” !, Decavanadate stability can be
followed by UV /Vis spectroscopy, even for pmol/L con-
centrations, due to absorption in the ultraviolet region
that confers the yellow color observed for decavanadate
solutions™.

Conversely, the lack of stability of some vanadium
complexes used as antidiabetic or anticancer agents
can contribute to misinterpretation about the role of
vanadium in biology, namely its putative application as
a therapeutic agent. In fact, in the majority of studies
published describing the effects of vanadium complexes
on biological systems, the authors have not taken into
account the stability of vanadium complexes, which are
often incubated with cells during long periods of time,
and particularly at 37 'C, which decreases vanadium
complex stability. In fact, even vanadium complexes such
as bis-maltolato-oxovanadium (IV) (BMOV), which is
known for its insulin mimetic effects, decompose and are
oxidized, even at 25 ‘C"". By combining several spectro-
scopic techniques, it is possible to analyze the stability of
the vanadium compounds and to confirm which species
are truly present in the medium at the time they are pro-
moting the observed effects, and even after inducing the
effects. Therefore, without a clear demonstration that the
vanadium species are present in the medium, and that the
vanadium complexes or species have not decomposed, it
can be only speculated that the observed effects are due

K
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to the vanadium compound that has been added to the
medium.

DECAVANADATE INTERACTIONS WITH
CALCIUM PUMP FROM SARCOPLASMIC
RETICULUM

Sarco/endoplasmic reticulum calcium ATPase, a mem-
ber of the E1E2 or P-type ATPase family, is present in
two main conformations, E1 and E2, during the process
of calcium translocation. It has been established that
the E1 state is prevalent in the presence of Ca’'and the
E2 state in the absence of Ca’ ™. Moreover, E1 can be
phosphorylated by ATP but not by inorganic phosphate,
whereas E2 can be phosphorylated by inorganic phos-
phate but not by ATP. The catalytic site of sarcoplasmic
reticulum (SR) Ca’’-ATPase contains an aspartyl residue
that is phosphorylated by ATP during the catalytic cycle,
forming an acyl phosphate anhydride™. In the E1 con-
formation, the protein captures Ca”* from the cytoplasm
and is phosphorylated by ATP to form E1-P(Ca), which
then changes its conformation to E2-P with a concomi-
tant loss of affinity for the Ca”", releasing it into the lu-
men. Subsequently, the enzyme phosphorylated in the
conformation E2 suffers hydrolysis, then E2 turns into
E1, and the cycle is again initiated™.

Vanadate is well known as a specific inhibitor of the
SR Ca’"-ATPase™ ™). Several kinetic studies have sug-
gested that vanadate inhibits SR-ATPase by forming a
transition state analog of the phosphorylated intermedi-
ate, blocking the E2 conformation of the protein®. De-
cavanadate also interacts with the SR calcium pumpm, at
a distinct site from the phosphorylation site. Decavana-
date can also interact with other protein conformations
such as E1, E1-P and E2-P, contrary to monomeric
vanadate, as described by *'V-NMR spectroscopy” .
Only decavanadate, and not vanadate, is able to inhibit
calcium accumulation coupled with ATP hydrolysis in
SR vesicles, as well as proton ejection by the (SR) Ca”'-
ATPascP>**.

SR calcium pump has proven to be an excellent
model to study toxicology effects of oxovanadates and
vanadium complexes on E1E2-ATPases, such as the
E1E2-Na", K"-ATPase and Ca’"-ATPase, once they are
involved in essential ion homeostasis, such as Ca”" ho-
meostasis, therefore regulating several processes in mus-
cle and non-muscle cells. The calcium pump from SR has
previously been shown to address metals toxicity, once
it was found to be inhibited by oxovanadates, such as
decavanadate and tetrameric vanadate, vanadium citrate
complexes and BMOYV, among others””"™*. Moreover,
several conditions of calcium accumulation coupled or
not coupled with ATP hydrolysis, can be addressed using
vesicles from SR calcium ATPase and the effects of sev-
eral oxovanadatates evaluated (Figure 2). The measure-
ments of Ca’" accumulation by the SR calcium pump can
be performed when the calcium uptake is coupled with
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Figure 2 Modes of calcium translocation by SR calcium pump as affected
by different vanadate oligomers. Vi: Monomeric vanadate; Vs: Tetrameric
vanadate; V+o: Decameric vanadate. Only V1o, and not V1, was shown to inhibit
calcium uptake in conditions 1 and 3, that is, when ATPase activity is coupled to
calcium transport. V1 only inhibits the ATPase in condition 2, where the calcium
gradient is destroyed by oxalate or phosphate.

ATP hydrolysis, therefore mimicking physiological con-
ditions (Figure 2, condition 1, coupled uptake). At this
condition, where a gradient of calcium modulated the
calcium pump activity, only decameric vanadate (Vio) in-
hibits the calcium pump (Figure 2). In another condition,
after filling the vesicles with calcium, when the efflux of
calcium is coupled to ATP synthesis, it is observed that
only decavanadate inhibits this process, whereas mmol/L
concentrations of Vi have no effect (Figure 2, condition
3, active efflux). In another different experimental condi-
tion, it is observed that, when the gradient of calcium is
destroyed, meaning using phosphate or oxalate to reduce
the calcium concentration inside the vesicles to almost
zero, and the ATPase activity is at a maximum and we
see mainly calcium uptake, calcium ATPase is inhibited
by both Vio and Vi1 solutions (Figure 2, condition 2, un-

coupled calcium uptake) (1932358

DECAVANADATE INTERACTIONS WITH
SKELETAL MUSCLE MYOSIN

The mechanism of myosin ATPase inhibition by the mo-
nomeric vanadate species has been relatively well charac-
terized; little has been reported about the inhibition of the
process of muscle contraction by decavanadate. Whereas,
monomeric vanadate (HVO4”), mimics the transition state
for y-phosphate hydrolysis, at the active site™] blocking
myosin in a power-stroke state, by mimicking the ADP.
Pi intermediate state, the decavanadate mode of action
implies a binding site different from the ATP binding
site. In fact, recent kinetic studies have shown that, unlike
vanadate, decameric species were able to inhibit strongly
the myosin or myosin subfragment-1 (S1) actin-stimulated
ATPase activity with an ICso of 6.11 £ 0.74 and 1.36 *
0.14 pmol/L V1o for myosin and S1 (myosin subfrag-
ment S1, respectively, whereas no inhibitory effects were
detected for vanadate up to 150 umol/ LPP2 A detailed
kinetic analysis, revealed that decavanadate inhibition is
non-competitive, yielding an inhibition constant Ki = 0.27
+0.05 mmol /L%,

Another feature that distinguished the inhibition of
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the actomyosin complex by vanadate and decavanadate
is the interaction of actin with myosin. Myosin-ADP-V1
complex is destabilized by F-actin, inducing the release
of the products, whereas myosin-MgATP-Vo is not.
Therefore, only decavanadate prevents the release of the
products during ATP hydrolysis by the actomyosin com-
plexm’m, inhibiting the stimulation of the myosin ATPase
activity by actin. Apparently, decavanadate (VioO2s"),
induces the formation of the intermediate myosin-
MgATP-Vio complex blocking the contractile cycle, most
probably in the pre-hydrolysis state”™”", Although many
aspects of the interaction of decavanadate with the pro-
cess of ATP hydrolysis by the actomyosin complex is not
completely understood, we infer that different oxovana-
dates are able to populate different conformational states
of the myosin ATPase cycle depending on their oligo-
merization state. It is proposed that decavanadate inhibits
myosin ATP hydrolysis, as well as F-actin stimulation of
the release of the products, blocking ATP hydrolysis by
the actomyosin complex, probably in the pre-hydrolysis
state or before the interaction between actin and myosin,
as shown schematically (Figure 3).

The walker A motif (corresponding to the P-loop in
myosin) of ATP-binding cassette ATPases, is an anion-
binding domain that can bind decavanadate with high
affinity"™”. With myosin, decavanadate interacts with the
phosphate-binding domains, in the vicinity of the nomi-
nated “back-door” binding site, interfering with move-
ments associated with ATP hydrolysis by the actomyosin
complex, therefore, by forming the intermediate myosin-
MgATP-decavanadate complex™**, The interaction
of myosin with vanadate and decavanadate have mainly
been described 7 vitro using skeletal muscle myosin (type
II myosin), whereas studies with non-muscle myosins,
with cells or muscle fibers, using decavanadate have been
scarce or non-existent. Some studies have reported the

effects of vanadate in muscle fibers"***".

DECAVANADATE INTERACTIONS WITH
SKELETAL MUSCLE ACTIN

To the best of our knowledge, before the past decade,
only three studies were performed to investigate the in-
teraction of vanadium with actin®””. Vanadate has been
shown to increase actin-actin interactions similarly to
phosphate™ and it also induces distinct effects on actin
polymerization rather than phosphate™. Another study
has analyzed vanadyl [vanadium (IV)] interaction with the
monomeric actin, G-actin, revealing the presence of one
strong vanadium binding site™!,

Contrary to myosin, not much information is avail-

able at the molecular level about decavanadate interac-
tion with actin. The first study to describe the interaction
between decavanadate and actin has suggested that actin,
under certain experimental conditions, stabilizes the
decomposition of decavanadate by increasing the half-
life from 5 to 27 h, wheteas no effects are detected upon
myosin®’. Moreover, it has been reported that decavana-
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Figure 4 F-actin cysteine redox state, after 20 min exposure to deca-
vanadate. Titration of cysteine was performed with 0.1 mmol/L 5,5"-ditiobis-(2-
nitrobenzoic acid) and 2 umol/L actin in 2 mmol/L Tris (pH 7.5), and 0.2 mmol/L
CaClz. The increase in absorbance at 412 nm was continuously recorded over
10 min; To measure total cysteines the samples were treated afterwards with
1% SDS, and the absorbance was measured, over 15-30 min, until a steady
value was reached. Titration with decavanadate produced a dose-dependent
decrease in F-actin total cysteines, while Cys-374 (also named "fast cysteine")
is reduced. The results shown are the average of triplicate experiments.
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date inhibits the rate of G-actin (monomeric form of
actin) polymerization into F-actin (polymerized form
of actin), with an ICso of 17 pmol/ L™ suggesting that
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it affects cytoskeleton structures responsible for many
biologically significant processes. It has recently been
reported that the interactions of decavanadate with actin
induce protein cysteine oxidation and vanadate reduc-
tion™,

It has been observed that only Vio solution, but not
vanadate, is able to oxidize F-actin Cys-374 (also named
"fast Cys") and one of the protein core cysteine residues
(Figure 4), whereas for G-actin, only the latter effect
. As described using NMR spectroscopy,
ATP protects the actin from interaction with decavana-
date, and prevents cysteine oxidation™ . Tt has been
demonstrated that decavanadate interactions with actin
are of particular interest once it was observed that only
Vio species are able to promote protein cysteine oxida-
tion. However, does actin cysteine oxidation imply de-
cavanadate reduction to vanadyl? In fact, decavanadate
interaction with both G- and F-actin results in con-
comitant reduction of vanadate to vanadyl [vanadium
at oxidation state (IV)]***. Typical EPR vanadium (IV)
signals can be detected upon decavanadate incubation
with actin, whereas the presence of ATP in the medium
once again prevents decavanadate reduction to vanadyl,
as recently described™. EPR titration of vanadyl with
G-actin shows that vanadyl binds to actin with a Ka of

is observed™

October 26, 2011 | Volume 2 | Issue 10 |



Aureliano M. Decavanadate biochemistry

Table 1 Decavanadate /n vivo studies in 2001-2010

Tissue Effects Administration mode Exposition time Ref.

H Antioxidant enzymes ip 1,7d Z

H/K/L Histological effects ip 1,7d 1

L Vanadium accumulation iv 12,24 h,7d ©l
Antioxidant enzymes

H/B Vanadium accumulation iv 1,6,12h 1]

H Lipid peroxidation iv 1,6,12h i
Antioxidant enzymes

H Vanadium accumulation iv 1,7d o

Antioxidant enzymes

'Comparison between vanadium (decavanadate, vanadate) and cadmium (5 mmol/L) administration. H: Heart; K:

Kidney; L: Liver; B: Blood.

9.0 - —m VvOSO4

—&— Decavanadate

8.0

k (x 10°/s)

2.0 | | | |
0 50 100 150 200

Vanadium (umol/L)

Figure 5 Exchange of bound ¢-ATP of G-actin with ATP. Actin monomers
(5 umol/L) were incubated for 20 min with 0-200 umol/L decavanadate, in
2 mmol/L Tris-HCI (pH 7.5), 0.2 mmol/L CaClz. The nucleotide exchange was
monitored by the fluorescence decrease (Aex = 350 nm; Aem = 410 nm),
as ¢-ATP was replaced by ATP. Data are plotted as mean + SD. The results
shown are the average of triplicate experiments.

7.48 £ 1.11 umol/L for G-actin and 43.05 £ 5.34 ymol/
L for F-actin, with stoichiometry of approximately one
and four vanadyl (VO?") cations bound per G- or F-actin
molecule, respectivelylszj. As described above for deca-
vanadate, ATP prevents the interaction between vanadyl
and actin, and therefore the observation of vanadyl EPR
signals[szl. Both vanadyl and decavanadate interact with
actin, but it has been shown that they induce different
effects on protein structure and function, such as on my-
osin ATPase activity stimulated by F-actin, and actin po-
lymerization, whereas decavanadate induces more potent
effects on these two processes[23’52’53]. The effects of both
vanadium species on actin structure have been com-
pated, such as in protein intrinsic fluorescence, ATP ex-
change rate, and protein hydrophobicity®***., Tt has been
observed that decavanadate induces a more pronounced
effect on the rate of ATP exchange rate, denoting a more
open active site binding cleft (Figure 5). Decavanadate
and vanadyl (up to 200 umol/L total vanadium) both in-
creased g-ATP exchange rate (k = 6.5 X 10°/s and 4.47
X 107/s, respectively, in comparison with the controls:
k = 3.0 x 10°/9)"! which clearly supportts structural
alterations to the actin ATP binding site.
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TOXICOLOGY OF DECAVANADATE:
IN VIVO AND IN VITRO STUDIES

In vivo studies of decavanadate administration have been
performed since 1999, to understand the contribution
of decameric vanadate species to vanadate toxicological
effects”™. Several experimental conditions have been
used: (1) mode of decavanadate administration (intra-
peritoneal and intravenous); (2) fish species [Halobatrachus
didactylus (H. didactylns)- Lusitanian toadfish - and Sparus
anrata - gilthead seabream]|; (3) vanadate concentration
(1 and 5 mmol/L); (4) tissues (cardiac, hepatic, renal and
blood); (5) subcellular fractions (cytosol, mitochondria,
red blood cells and blood plasma); and (6) exposure time
(1, 6, 12 and 24 h, and 2 and 7 d) (Table 1). A vanadate
solution, not containing decameric vanadate species, was
always administered for comparison. Following iz vive
administration of decavanadate and vanadate solutions,

several parameters were analyzed, such us: (1) vanadium
subcellular distribution™”""; (2) histological changes in
cardiac, hepatic and renal tissues'™; (3) effects on SR
Ca” -pump!”; (4) lipid peroxidation; and (5) antioxidants
enzyme activity and several oxidative stress markers
in the heart”™""! and liver™. It has been demonstrated
that antioxidant stress markers, lipid peroxidation and
vanadium subcellular distribution are dependent on the
natutre of the oxovanadates present in the administration
fluid"". These studies have shown that, upon decavana-
date administration, many effects are found that are not
observed with vanadate, and conversely, many effects of
vanadate are not observed with decavanadate.

Among several differences described, superoxide
anion radical (O2") production in mitochondria shows a
dramatic difference upon decavanadate administration
in comparison to vanadate?. O2” production decreased
by 35% in decavanadate-treated fish, whereas vanadate
administration increased the O2” production by 45%'"?. Tt
should be noted that fish are very good models and ad-
equate for these studies, because the physiological animal
temperature (20-22 °C) prevents decavanadate decompo-
sition, and therefore, the effects can be seen. Therefore,
pronounced increase of reactive oxygen species (ROS)
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occurs in cardiac mitochondria following intravenous
vanadate exposure, whereas decavanadate administration
seems to prevent this effect. In H. didactylus, decavanadate
(5 mmol/L, intraperitoneal) also induces a decrease in
cardiac mitochondrial catalase activity (-60%) after 7 d.
Taken together, these studies demonstrate that decavana-
date exerts marked 77 vivo effects, with reactivity different
from that obtained with simple vanadate.

Some of the above iz vivo studies have demonstrated
that following decavanadate administration, the mi-
tochondrial fraction tends to accumulate motre vana-
dium™"". Moreover, decavanadate has specific effects on
mitochondtial antioxidant enzyme activities"”"". Once
again, these results confirmed that decavanadate behaves
differently from vanadate. However, further studies will
be required to clarify the importance of decavanadate for
the biological effects of vanadium. We hope that others
research groups will follow this direction.

During the studies described above, it has been ob-
served that mitochondria accumulate vanadium, par-
ticularly when decavanadate is administrated. To explore
further this association between mitochondtia and deca-
vanadate, studies were performed 7z vitro. In both hepatic
and cardiac mitochondria, decavanadate inhibits mito-
chondrial respiration and induces mitochondrial mem-
brane depolatization to a larger extent than monometric
vanadate®™. For instance, decavanadate concentration as
low as 100 nmol/L, inhibits 50% of oxygen consump-
tion in mitochondria, while a 100-fold higher concentra-
tion of V1 (10 umol/L) is needed to induce the same ef-
fect. Moreovet, decavanadate also induces mitochondrial
depolatization (ICs0 = 0.5 pmol/L) much more strongly
than vanadate (ICso = 50 umol/L). These studies support
the possibility that mitochondria are a potential cellular
target for decavanadate! "7, Besides these mitochondri-
al effects of decavanadate (Table 2), in the past decade,
several studies have shown that decavanadate has specific
targets and many biological activities™ "',

It was previously suggested that decameric vanadate
species may eventually occur intracellularly in the cyto-
sol, which is not acidic, upon acidification promoted by
a chemical reaction or by an ionic pumpﬁ(ﬂ. However,
based on vanadate chemistry, interconversion can occur
in acidic compartments such as endosomes and lyso-
somes' . Therefore, the compartmentalization of differ-
ent pH-containing domains in the cell favors the forma-
tion of decameric vanadate speciesm. After formation,
decavanadate binds to specific protein binding sites, thus
inducing different cellular responses from those of the
other vanadate species (Figure 6). Therefore, a role of
decameric vanadate species in biological chemistry is sug-
gestedlS’M’lSJ.

Another potentially interesting feature of the effects
of vanadate and decavanadate within cells is while the cy-
tosol is at neutral pH, the membrane-bound intracellular
compartments of the endocytic and sectretory pathways
are acidic. Therefore, the mode of entry into the cell
plays a role in whether decavanadate is formed from mo-
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nomeric vanadate (V1). This further suggests that differ-
ent cellular compartments might be differentially exposed
to decavanadate. Although, the compartmentalization of
vanadate species in cells is a subject still to be clarified, it
has been proposed that Vio can be formed in acidic com-
partments in cells treated with vanadate, and ultimately is
extruded into the medium. This confirms the possibility
that Vio forms intracellularlym. Once outside the cells,
decavanadate can cross membranes through specific an-
ionic channels (Figure 6).

RECENT INSIGHTS INTO DECAVANADATE
BIOLOGICAL AND BIOMEDICAL
APPLICATIONS: INSULIN MIMETIC AND
ANTITUMOR AGENT

Although many researchers remain skeptical whether
decavanadate has a physiological role, in the past decade,
several contributions have demonstrated that decavana-
date induces relevant biological activities, which may
eventually have a relevant impact in medicine (Table 2). By
2011, several studies about new decavanadate complexes,
as well other polyoxometalates, have been published, and
the potential medical applications are increasing, namely
as insulin mimetic agents, inhibitors of aggregation of
amyloid B-peptides associated with Alzheimer’s disease,
and as antitumor agents™*'>*""!,

It is estimated that, by 2025, about 300 million people
will have diabetes mellitus. Diabetic patients are also sub-
ject to other pathologies such as nephropathy, and arterial
and neurodegenerative diseases. Vanadium, is well known
to have insulin like or insulin-enhancing effects in several
animal model systems”**Y, These effects are probably
induced through the inhibition of PTPs, as described
above. However, vanadium may also, eventually, take ac-
tion through ROS generation, and it is well known that
transitional elements, such as vanadium, promote Fenton-
like reactions. These actions could explain, at least in part,
the antitumor effects of vanadium'®. As an antidiabetic
agent, vanadium has been described to act through an in-
sulin-dependent or -independent pathway[zg’&“], although
the mechanisms of action are still to be clarified.

Select polyoxometalates have been found to have
insulin-enhancing propertiesm, and recently, we have re-
ported that the effect of decavanadate on glucose uptake
in rat adipocytes was sixfold greater than the control level,
and was more effective than BMOV and other vanadium
complexesm. However, preliminary studies in human
adipocytes (unpublished data) have shown that the ef-
fects desctibed in rat adipocytes cannot be extrapolated to
humans, after no similar effects were detected on glucose
accumulation™. Several studies using decavanadate com-
plexes have promoted the use of polyoxometalates as a
tool for the understanding of many biological processes,
including as antidiabetic and antitumor agentslS’H’w’ﬁ"(’(”.
Medical applications of vanadium have been promoted
in studies focusing on the structure-activity relationship
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Table 2 Decavanadate /n7 vitro studies in 2001-2010

Protein/effect Vanadate species Yr Ref.

DNA-binding protein Vio 2002 ™
Methemoglobin reductase Vio 2003 el
inhibition

Actomyosin ATPase inhibition Vio 2004 ™
Muscle contraction regulation Vio 2004
ATP sensitive cation -channel Vio 2004 b2
TRPM4 cation channels Vio 2004 b
G-Actin polymerization inhibitor Vio, Va 2006 B2
RNA triphosphatase Vio 2006 b
P2X receptor antagonist Vio 2006 2
Insulin mimetics Viocompounds 2007 (e
Back-door binding to myosin Vio 2007 B
Porin (VDC) modulator Vo 2007 e
Mitochondrial membrane V1o, Vi 2007 1541
depolarization

Mitochondrial oxygen consumption Vi, V1 2007 =
Extracellular matrix mineralization V1o, V1 2008 771
Cardiomyocytes necrotic cell death Vi, V1 2008 oy
Gelatine-mixtures Vio 2008 )
Adipocytes glucose accumulation Vio 2009 =
Actin oxidation and vanadyl Vio 2009 2
formation

Anticancer activity Vi compounds 2009 ¥
ATPase activity in synaptic Vio 2009
membranes

Membrane models interaction Vio 2009 Y
DNA cleavage Vio 2010 ™
Actin structure and function Vo 2010 2
Anticancer activity Vi compounds 2010 =

TRPM4: Transient receptor potential cation channel subfamily M member 4.

of antidiabetic vanadium complexes, and vanadium com-
pounds as antitumor drugs, to make vanadium available
and safe for clinical use.

As described above, the 7 vivo studies of decavana-
date administration in fish models took into account that
decavanadate is sufficiently stable, and therefore the bio-
logical effects can be revealed. In studies with other ani-
mal models, and at different physiological temperatures,
decavanadate stability will be different. In fact, it has been
verified i vivo that decavanadate, at room temperature, has
a half-life in serum of 15 h"\. Moreover, in kinetic i vitro
studies, performed at 25 C or 37 ‘C (mitochondria stud-
ies) the half-life was 12 and 3 h, respectively” ™, The ki-
netic studies were always performed using a reaction time
much less than the stability of decavanadate, between
10 to 30 min, to ensure that the biological effects were
7533 "Therefore, the stability
of the vanadate species is a very important factor in the
biological effects of decavanadate. However, as described
above, in the majority of the vanadium studies, the stabil-
ity of the vanadate species or the vanadium complexes

mainly due to decavanadate

was not taken in account. In these studies, we can only
speculate that the observed effects might have been
due to the vanadium compound. Even for vanadium
complexes, which are known to induce several insulin
mimetic effects, it was verified that other species can be
formed, even with other vanadium oxidation states than

the original oneP. Therefore, besides the factors de-
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Figure 6 Scheme of proposed decavanadate (V1) cellular targets. Vio
uptake through anionic channels (AC). Decavanadate might interact with mem-
brane proteins. V1o formation upon intracellular vanadium acidification in cyto-
sol, but most probably in acidic organelles. Reduction of monomeric vanadate
(V1) by antioxidant agents. Binding of V1o to target proteins; it is proposed that
Vo accumulates in subcellular organelles, such as mitochondria, affecting its
function. Decavanadate also targets the contractile system, and its regulation,
as well as calcium homeostasis (adapted from™).

scribed for vanadium complex chemistry, we may add the
importance of certifying the stability of the vanadium
complexes or species before attempting to attribute to
them a certain biological activity or effect.

CONCLUSION

These studies have revealed the biological chemistry of
decavanadate; a vanadate oligomer that eventually occurs
in the cytoplasm more often than expected. Specific de-
cavanadate interactions have been clearly demonstrated

for myosin, calcium pump and actin, which are major
proteins in muscle contraction and its regulation. Of par-
ticular interest are the Vio myosin back-door inhibition
and the reduction of decavanadate by actin, although
both processes still require to be clarified completely.
Moreover, decavanadate inhibits strongly mitochondria,
and therefore, cellular bioenergetics. In rat adipocytes,
decavanadate can be a more potent insulin mimetic agent
than BMOV, but preliminary results have shown a lack
of effect in human adipocytes. It is proposed that the
biological effects of vanadium may be explained, at least
in part, by the capacity of decavanadate to induce many
biological effects, some with medical applications.

In the present decade, we expect that important ques-
tions will be answered. (1) Will we be able to characterize
the first X-ray structures of decavanadate-actin and deca-
vanadate-myosin complexes? (2) Will we understand the
role of decavanadate in the several steps of the process
of actin polymerization/depolymerization? (3) Will we
be able to understand the contribution of decavanadate
as an insulin mimetic and anticancer agent? and (4) Will
we be able to observe decavanadate formation in differ-
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ent subcellular domains? These and others questions will

require continuous development of new techniques and

approaches to explore the vanadium effects in biology

and their medical applications.
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Abstract

Accumulation of unfolded proteins in the endoplasmic
reticulum (ER) results in ER stress, which subsequently
activates the unfolded protein response that induces a
transcriptional program to alleviate the stress. Another
cellular process that is activated during ER stress is au-
tophagy, a mechanism of enclosing intracellular compo-
nents in a double-membrane autophagosome, and then
delivering it to the lysosome for degradation. Here, we
discuss the role of autophagy in cellular response to
ER stress, the signaling pathways linking ER stress to
autophagy, and the possible implication of modulating
autophagy in treatment of diseases such as cancer.
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INTRODUCTION

The endoplasmic reticulum (ER) is an organelle that has
essential roles in multiple cellular processes, including
intracellular calcium homeostasis, protein secretion and
lipid biosynthesis; all of which are required for cell sur-
vival and normal cellular functions. Normal ER functions
are required for correct folding of newly synthesized pro-
teins and their post-translational modifications, such as
glycosylation and disulfide bond formation". ER stress
occurs in response to a variety of stimuli, various physi-
ological and pathological conditions that can cause the
accumulation of unfolded and misfolded proteins in the
ER. Consequently, unfolded protein response (UPR) is
triggered to resolve the ensuing stress by activating intra-
cellular signal transduction pathways. In eukaryotic cells,
UPR is mediated by three ER membrane-associated pro-
teins, namely, inositol requiring enzyme (IRE)l1q, PKR-
like eukaryotic initiation factor (elF)2q kinase (PERK),
and activating transcription factor (ATF)6. These ER
membrane-associated proteins are inhibited under basal
conditions by their association with the chaperone pro-
tein Grp78/Bip, but are activated when released from
Grp78 during ER stress”. These proteins induce signal-
transduction events that can alleviate the accumulation of
misfolded proteins in the ER by enhancing the protein
folding capacity of the ER, by inhibiting new protein
synthesis, or by accelerating the degradation of proteins.
However, if the function of ER cannot be re-established,
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extensive or sustained ER stress will eventually induce
cell death through activating apoptosis. The phosphoryla-
tion of eIlF2q at Ser51 by PERK during ER stress down-
regulates efficient translation of most mRNAs, thereby
inhibiting protein synthesis. Under these stressful condi-
tions, only selected mRNAs such as ATF4, are translated.
ATF4 induces expression of genes involved in restoring
ER homeostasis'™”. ATFG6 is transported to the Golgi
in response to ER stress, where it is cleaved by Golgi-
resident proteases S1P (site 1 protease) and S2P (site 2
protease). The cleaved ATF6 N-terminal fragment mi-
grates to the nucleus to activate the transcription of UPR
target genesw. Under conditions of ER stress, IRE1 pro-
cesses X-Box binding protein (XBP)1 mRNA to generate
mature XBP1 mRNA. Spliced XBP1 mRNA encodes a
transcription activator that drives transcription of genes
such as ER chaperones, whose products directly partici-
pate in ER protein folding. XBP1 also regulates a subset
of UPR genes that promotes ER-associated degradation
of misfolded proteins and ER biogenesis[s]. In addition to
activation of the UPR by the pathways mentioned above,
ER-stress leads to a release of Ca’* from the ER into the
cytosol, which, in turn, can activate signaling pathways
involved in apoptosis and autophagy.

Autophagy is a lysosomal pathway responsible for
the degradation of long-lived proteins, cellular macro-
molecules and subcellular organelles. Autophagy process
involves the formation of double-membrane autophagic
vacuoles, known as autophagosomes, which transport cy-
toplasmic cargo to the lysosome for degradation. Autoph-
agy is induced during starvation in both yeast and higher
eukaryotes as a way of breaking down macromolecules to
recycle their componentsm. Autophagy is also involved
in removing damaged or excess organelles. Autophagic
activity is controlled by a set of evolutionarily conserved
autophagy-related proteins (Atg proteins). The initial
nucleation and assembly of the primary autophagosomal
membrane requires a kinase complex that consists of
class Il phosphatidylinositol 3-kinase (PI3K), p150 my-
ristylated protein kinase, and beclin 1. Further elongation
of the isolation membrane is mediated by two ubiquitin-
like conjugation systems, Atgl2-5 and microtubule-asso-
ciated protein 1A/1B-light chain3 (LC3) systems. Atg12 is
activated by Atg7 and transferred to Atgl0, and is finally
conjugated to Atg5, forming the irreversible Atgl2-Atg5
conjugate”. The conversion of LC3 results from the free
form (LC3- 1), which is transformed to a lipid-conjugated
membrane-bound form (LC3-1I). Accumulation of LC3-
II and its localization to vesicular structures are com-
monly used as markers of autophagy.

Baseline levels of autophagy contribute to mainte-
nance of cellular homeostasis through elimination of
old or damaged organelles, as well as the turnover of
long-lived proteins. Autophagy is frequently activated in
response to adverse stress, and has been shown to be in-
volved in many physiological and pathological processes.
In starvation conditions, enhanced autophagy provides
stressed cells with metabolic intermediates to meet their
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bioenergetic demands"”. Moreover, autophagy can be dra-
matically augmented as a protective and survival mecha-
nism in response to numerous conditions of extracellular
or intracellular stress, including hypoxia, radiotherapy and
Chemotherapym. On the other hand, autophagy does not
always promote cell survival; it can be a mechanism of
cell death under certain circumstances. For example, un-
der experimental conditions in which apoptotic pathways
are blocked, or in response to treatments that specifically
trigger caspase-independent autophagy, autophagy can
play a pro-death role, causing autophagic cell death!""",
Increasing evidence has indicated that ER stress is also
a potent trigger of autophagy; another mechanism for
removing unfolded proteins that cannot be eliminated by
ubiquitin/proteasome system, thus mitigating ER stress
and protecting against cell death. It has been reported that
ER stress leads to upregulation of the transcription of
genes related to autophagy induction, including ATGS,
ATG14 and Vacuolar hydrolases aminopeptidasel (APET) 1,
In mammalian cells, ER stress has been shown to facili-
tate the formation of autophagosomes, and induction of
autophagy allows removal of toxic misfolded proteins
1517 Another func-
tion of autophagy during ER stress is degradation of the
damaged ER itself. However, autophagy induced by the
same chemicals may not confer protection in normal non-

to favor survival of the stressed cells

transformed cells. For example, the autophagy induced
by chemicals, such as A23187, tunicamycin, thapsigargin
and brefeldin A protects against cell death in colon and
prostate cancer cells, but contributes to cell death in nor-
mal cells". ER-stress-induced autophagy is important
for cleating polyubiquitinated protein aggregates and for
reducing cellular vacuolization in HCT116 colon cancer
cells and DU145 prostate cancer cells, thus mitigating ER
stress and protecting against cell death. In contrast, au-
tophagy induced by the same chemicals does not confer
protection in a normal human colon cell line and in the
non-transformed murine embryonic fibroblasts (MEFs)
but rather contributes to cell death. Thus, the impact of
autophagy on cell survival during ER stress is probably
contingent on the status of the cells, which could be ex-
plored for tumor-specific therapy.

There is also evidence that autophagy is invoked as a
means of killing cells when ER stress is implacableﬂs’m.
The signaling pathways responsible for autophagy induc-
tion and its cellular consequences appear to vary with
cell types and the stimuli. A better understanding of the
signaling pathways controlling autophagy and cellular fate
in response to ER stress will hopefully open new possi-
bilities for the treatment of the numerous diseases associ-
ated with ER stress.

CYTOPROTECTIVE AUTOPHAGY
INDUCED BY ER STRESS

Initiation of autophagy has been shown to exert protec-

tive effects in yeast and mammalian cells in response to
ER stress. When the amount of unfolded or misfolded
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proteins exceeds the capacity of the proteasome-mediat-
ed degradation system, autophagy is triggered to remove
these proteins. The observations in yeast show that ER-
stress-induced autophagy counterbalances ER expansion,
removes aggregated proteins from the ER, and plays a
cytoprotective role in the case of intense and persistent
stress”"?!!. Similarly, autophagy can also act as an ER-
associated degradation system in mammalian cells, and it
plays a fundamental role in preventing toxic accumulation
of disease-associated mutant proteins in the ER. A mu-
tant form of a type-1l transmembrane protein dysferlin,
a causative agent of human muscle dystrophy, has recent-
ly been shown to accumulate and form aggregates in the
ER and eventually lead to apoptotic cell death. Inhibition
of functional autophagy in Atg5-deficient MEFs further
stimulates the aggregation of mutant dysferlin, whereas
enhanced autophagy in the rapamycin (mTOR inhibitor)-
treated cells reduces accumulation of the mutant protein
in the ER™. Likewise, ER aggregates of mutant oul-
antitrypsin Z, which is associated with the development
of chronic liver injury and hepatocellular carcinoma, in-
duce autophagy-mediated removal of the aggregated pro-
teins''”. These studies did not directly assess the effect of
autophagy on cell survival, but as the protein aggregates
in the ER are the probable cause of cell death, autophagy
capable of degrading them is envisaged to be cytoprotec-
tive. Similatly, experimental models for diseases caused by
protein aggregates in the cytosol suggest that ER-stress-
induced autophagy enhances removal of aggregates and
enhances cell survival®. In addition, it has been shown
that ER itself is the major autophagosomal cargo during
ER stress, which suggests that the pro-survival effect of
autophagy in this model system could be due to increased
removal of unfolded proteinsm

Autophagy can be protective against ER stress in sev-
eral circumstances including cancer progression. Autoph-
agy protects colon and prostate cells from ER stress and
cell death induced by A23187, tunicamycin, thapsigargin
and brefeldin A", Treatment of neuroblastoma SK-N-
SH cells with ER stressors, tunicamycin and thapsigargin,
induces formation of autophagosomes, and Atg5-defi-
cient cells and 3-methyladenine (3-MA)-treated cells dem-
onstrate increased vulnerability to ER stress, as well as
more rapid activation of cascape-3, as compared with the
non-transfected and non-treated cells when subjected to
ER stress™. Upon exposure of Hela cells to HIV-1 Tat-
induced autophagy, suppression of autophagy by 3-MA
or knockdown of Atg5 significantly increases cell death,
indicating that autophagy protects against cell death dur-
ing ER stress™. These results indicate that autophagy
plays pivotal roles in protecting against cell death induced
by ER stress.

AUTOPHAGY AS A CELL DEATH
MECHANISM IN APOPTOSIS-DEFICIENT
CELLS DURING ER STRESS

ER stress can cause necrotic cell death in bak” bax” cells
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that are defective in apoptosis, and ER-stress-induced
necrosis has been known to be associated with autopha-
gym’m. Autophagy can be induced to similar levels in the
wild-type and bak’ bax'" cells in response to ER stress,
but the resulting outcome of this response appears to be
different. Inhibition of autophagy by 3-MA or by silenc-
ing of Atg5 using shRNA significantly enhances the vi-
ability of bak” bax’" cells when ER stress is present, indi-
cating that autophagy can enhance cell death in the bak”
bax” cells. In contrast, 3-MA enhances ER-stress-induced
cell death in apoptosis-competent wild-type cells"”.
These findings suggest that autophagy may have opposite
effects in determining cell fate in response to ER stress in
apoptosis-competent cells in which autophagy serves as a
survival mechanism, and in apoptosis-deficient cells that
utilize autophagy as a means to promote non-apoptotic
cell death. This may be because, in the ER-stressed cells
in which excessive stress fails to induce apoptosis, the
stress status keeps escalating to a point where autophagy
is massively induced, leading to subsequent cellular dam-
age and necrosis. Therefore, autophagy may act as a
death mechanism that substitutes for deficient apoptosis
under ER stress vz crosstalk with necrosis.

Autophagy can play differential role in cancer and
non-transformed cells. For instance, disturbing ER ho-
meostasis and/or functions by certain chemicals can
elicit autophagy in primary colon cells, and suppression
of autophagy by 3-MA reduces cell death. Nevertheless,
3-MA or depletion of beclinl in colon carcinoma cells
sensitizes tumor cells to the same treatments. In addition,
suppression of autophagy induced by the same chemi-
cals in the immortalized but non-transformed MEFs by
deletion of Atg5 also reduces cell death, indicating that
non-transformed cells may be especially sensitive to ER-
stress-induced autophagy“sJ. These observations suggest
that autophagy can contribute to ER-stress-induced cell
death in different scenarios, which may be dependent on
cellular status under given stimulation. The differential
role of autophagy in promoting survival of cancer cells
or death of non-transformed cells might be related to the
level at which ER stress is compensated.

SIGNALING PATHWAYS INVOLVED IN
AUTOPHAGY DURING ER STRESS

Although autophagy is known to be associated with
ER stress, the precise molecular mechanisms by which
autophagy is activated under ER stress is not yet fully
clucidated. PERK, IRE1 and increased [Ca’']i have been
implicated as mediators of ER-stress-induced autophagy
in mammalian cells, as depicted in Figure 1.

elF2q is phosphorylated in response to various stress-
es, including starvation, viral infection and ER stress. The
relationship between autophagy and elF2¢ phosphoryla-
tion has been shown during starvation-induced autophagy

in Saccharomyces cerevisiae and during starvation- and virus-
infection-induced autophagy in mammalian cells””, Thus,
it is possible that various stressful conditions that activate
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Figure 1 Hypothetical signaling pathways involved in endoplasmic re-
ticulum stress-induced autophagy. ER: Endoplasmic reticulum; Bcl-2: B-cell
lymphoma/leukemia 2; IRE1: Inositol requiring enzyme 1; eEF: Eukaryotic elon-
gation factor; elF: Eukaryotic initiation factor; JNK: c-Jun N-terminal kinase.

elF2q kinases, including ER stress, may have an ability
to induce autophagy in mammalian cells. Consistent with
this hypothesis, the PERK-elF2q signaling pathway has
been reported to link ER stress to autophagy. A novel
mutant form of a type-1II transmembrane protein dys-
ferlin aggregates and accumulates in the ER and induces
elF20 phosphorylation and LC3 conversion. Inhibition
of autophagy by depletion of Atg5 inhibits degradation
of mutant dysferlin. Furthermore, dephosphorylation of
elF2q also stimulates aggregation of mutant dysferlin in
the ER, suggesting that ER-stress-induced elF2a0 phos-
phorylation may regulate autolysosome formation. Rapa-
mycin, which induces elF2q, phosphorylation-mediated
LLC3 conversion, inhibits mutant dysferlin aggregation
in the ER™. These results indicate that mutant dysferlin
aggregated on the ER membrane stimulates autophago-
some formation wia activating ER-stress-induced eIF2q
phosphorylation.

Kouroku ¢ a/*” have reported that ER stress caused
by ectopic expression of polyQ72 upregulates Atgl2
expression and induces autophagy, as demonstrated by
an increase in conversion of LC3-1 to LC3-1I and an
increase in LC3-postive vesicles in mouse embryonic
carcinoma cells and MEFs. The polyQ72-induced LC3
conversion is inhibited in cells containing the eIF2q, A/A
mutation and dominant negative-PERK, strongly sug-
gesting that the PERIK/eIF2q, pathway, an ER stress re-
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sponse signal, plays an essential role in polyQ72-induced
Atg12 upregulation and LC3 conversion. However, the
molecular mechanism by which elF2q, phosphorylation
regulates LC3 conversion remains unclear. Atgl2, a com-
ponent of Atg5-Atgl2-Atgl6 complex, as well as CHOP
mRNA, ate selectively upregulated by polyQ72 via elF2q,
phosphorylation. Thus, one possible explanation is that
the elF2q, phosphorylation-dependent selective transla-
tion of transcription factors increases the expression of
Atgl2, resulting in the formation of Atg5-Atgl2-Atgl6
complex, followed by conversion of T.C3- 1 to LC3-11*,

Contradictory to the above, some studies have shown
that IRE1 is crucial for autophagosome formation and
LC3-1I conversion after treatment with ER stressors.
Imaizumi and co-workers have suggested that IRE1,
rather than PERK, links UPR to autophagy™. Using
MEFs deficient in IREla or ATF6 and embryonic stem
cells deficient in PERK, they have demonstrated that
accumulation of LC3-positive vesicles triggered by tu-
nicamycin or thapsigargin fully depends on IRE1, but
not PERK or ATF6. Thapsigargin-induced accumulation
of LC3-positive vesicles is also completely inhibited in
MEFs deficient in tumor necrosis factor receptor-associ-
ated factor (TRAF)-2, a cytosolic adaptor molecule that
links active IRE1 to the activation of c-Jun N-terminal
kinase (JNK). Additionally, a pharmacological inhibitor
of JNK, SP600125, effectively inhibits the LC3 transloca-
tion in this model system, suggesting that IRE1-TRAF2-
JNK pathway is essential for induction of autophagy in
MEFs challenged with ER stressors. Yorimitsu ez al™
have reported that the Irel-Hacl signaling pathway is re-
quired for induction of autophagy. They have examined
autophagy under ER stress conditions in the absence of
Irel or Hacl, and have found that, in both /D" and
hac1D'"” cells, ER-stress-induced autophagy was blocked.
Starvation-induced autophagy was not affected in these
cells. These observations suggest that under ER stress,
the Ire-Hacl signaling pathway is involved in autophagy
induction; probably through the UPR.

The release of Ca”" can activate various kinases and
proteases that are possibly involved in the autophagy
pathway. Thapsigargin increases [Ca’’Jc and induces au-
tophagy, as measured by LC3 translocation, electron mi-
croscopy and degradation rate of long-lived proteins, and
this is effectively inhibited by Ca®" chelators™. The same
study has further demonstrated that Ca*"-mediated au-
tophagy is dependent on the calmodulin-dependent pro-
tein kinase kinase-B/AMP-activated protein kinase path-
way that ultimately leads to the inhibition of mTORCI,
as demonstrated by decreased phosphorylation of the
mTORCT substrate p70S6K1.

Eukaryotic elongation factor (eEF)-2 is a 93-kDa mo-
nomeric guanine nucleotide-binding protein and is an es-
sential mediator of the ribosomal elongation step during
mRNA translation. eEF-2 promotes the GTP-dependent
translocation of the nascent protein chain from the A-site
to the P-site of the ribosome, and is an essential regula-
tory factor for protein synthesis. The phosphorylation
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of eEF-2 on Thr56 by eEF-2 kinase is known to inhibit
its translational function, by reducing its affinity for ri-
bosomes™. Tt is known that eIF2¢, phosphorylation is
required for phosphorylation of eEF-2 during nutrient
starvation. eEF-2K is also required for activation of au-
tophagy caused by various stresses, including ER stress’
nutrient depletion®™, and Akt inhibition™, suggesting
that phosphorylation of eEF-2 serves as an integrator of
various cell stresses for autophagy signaling. However,
PERK and the phosphorylation of elF2q, are dispens-
able for eEF-2 phosphorylation during ER stress, indi-
cating that eEF-2 phosphorylation can be triggered by
multiple signaling pathways, including the PERI/eIF2a
pathway. The phosphorylation of eEF-2 by tunicamycin
or thapsigargin treatment is significantly inhibited in the
presence of the Ca’" chelator BAPTA-AM, indicating
that activation of eEF-2 kinase relies on Ca”* flux dur-
ing ER stress. Thus, phosphorylation of eEF-2 may be
a common mediator of autophagy during starvation or
ER stress. These results suggest that eEI-2 kinase plays
an important regulatory role in mediating autophagy in
response to multiple stress stimuli, and can be activated
in an elF2q-dependent or -independent manner.

B-cell lymphoma/leukemia 2 (Bcl-2) is an anti-apop-
totic protein located at mitochondrial, ER and nuclear
membranes, and to a lesser extent in the cytoplasm. Ac-
cumulating evidence suggests that Bcl-2 can inhibit or ac-
tivate autophagy, depending on different model systems.
The opposite effects of Bcl-2 on autophagy may be at-
tributed to its post-translational modifications or differ-
ent subcellular localizations. Inhibition of autophagy by
Bcl-2 is shown by the fact that it blocks autophagosome
accumulation induced by starvation, vitamin D analog
EB1089, ATP and Xestospogin B"***. At least two
mechanisms have been proposed for Bcl-2-mediated in-
hibition of autophagy: a direct interaction with beclin 1;
and regulation of ER Ca”" stores, possibly #i its binding
to IP3R™. Beclin 1 is a Bcl-2-interacting protein that
promotes autophagosome formation when in complex
with class I PI3K and p150 myristylated kinase. Bcl-2
has been suggested to function as an autophagy brake by
inhibiting the formation of this autophagy-promoting
protein complex. ER-localized Bcl-2 lowers the steady-
state level of Ca”" in the ER and thereby reduces stimu-
lus-induced Ca”" fluxes from the ER. Thus, it may inhibit
Ca”"-dependent autophagy by reducing the increase in
[Ca®"]c. This hypothesis is supported by data showing
that ER-localized Bcl-2 effectively inhibits autophagy
induced by Ca’" mobilizing agents that depend on ER
Ca”" stores (EB1089and ATP)". Bcl-2 at the ER may
depend on beclinl binding to decrease the amount of
Ca”" released from the ER following agonist stimulation.
Alternatively, ER-targeted Bcl-2 may be able to inhibit
autophagy by other means, depending on the signaling
pathway involved in autophagy induction.

CONCLUSION

Autophagy is important for the clearance of unfolded/
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misfolded proteins and for relief of ER stress induced by
various stresses. The current studies, as discussed above,
encourage the development of autophagy-promoting
therapies for diseases associated with protein aggregates
in the ER or cytosol. It is known that activation of ER
stress and autophagy is associated with dealing with
amyloid f-peptide accumulation in the brain; the major
cause of Alzheimer’s disease. In cancer cells, autophagy
helps to alleviate ER stress, and inhibits cell death. If this
proves to be the case, combination therapies with ER
stressors and autophagy inhibitors may also be useful in
cancer therapy. The direct link between ER stress and
autophagy has been reported for less than 1 year. Thus,
many burning questions concerning the signaling path-
ways linking ER stress to autophagy, the mechanisms by
which ER is selected as autophagic cargo, the crosstalk
between ER-stress-induced autophagy and cell death
pathways (apoptosis and necrosis), and the impact of
autophagy in diseases associated with ER stress, remain
largely unanswered. Future research will hopefully clarify
these issues and pave the way for pharmacological exploi-
tation of the signaling pathways involved in crosstalk be-
tween autophagy and apoptosis or necrosis. As the roles
of autophagy can ecither be pro-survival or pro-death
depending on context, it is conceivable that manipulating
autophagy would have an impact on therapeutic outcome
of wvarious diseases. For instance, if autophagy activation
contributes to resistance of cancer cells to certain thera-
pies, use of autophagy inhibitors could be beneficial; in
contrast, if induction of autophagy facilitates cell killing
by cancer therapeutics, co-treatment with autophagy ac-
tivators could reinforce the therapy. How to exploit au-
tophagy as a therapeutic intervention remains an area of
extensive investigation.
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Abstract

Autophagy, the pathway whereby cell components
are degraded by lysosomes, is involved in the cell re-
sponse to environmental stresses, such as nutrient
deprivation, hypoxia or exposition to chemotherapeutic
agents. Under these conditions, which are reminiscent
of certain phases of tumor development, autophagy
either promotes cell survival or induces cell death.
This strengthens the possibility that autophagy could
be an important target in cancer therapy, as has been
proposed. Here, we describe the regulation of survival
and death by autophagy and apoptosis, especially in
cultured breast cancer cells. In particular, we discuss
whether autophagy represents an apoptosis-indepen-
dent process and/or if they share common pathways.
We believe that understanding in detail the molecular
mechanisms that underlie the relationships between
autophagy and apoptosis in breast cancer cells could
improve the available treatments for this disease.

© 2011 Baishideng. All rights reserved.
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AUTOPHAGY

Autophagy is the process whereby organelles and other
cell components are degraded by lysosomes. There are
various types of autophagy, including macroautophagy,
microautophagy and chaperone-mediated autophagy'".
Macroautophagy, hereafter called autophagy, is the most
important form of autophagy and involves the formation
of double-membrane vacuoles, named autophagosomes,
containing cytosol and organelles. Autophagosomes then
fuse with endosomes and lysosomes to form autolyso-
somes (Figure 1), which undergo a gradual acidification, by
a proton pump, and degradation, by hydrolytic enzymes,
A Autophagosome formation is a com-
plex mechanism in which different autophagy-related (Atg)
proteins participate, including Beclin 1 and LLC3 (Atg6 and

Atg8 in yeast, respectively), and which also requires the
1,

of their content

cell cytoskeleton™>"., Autophagy occurs at basal levels in
almost all cells, and its main function is the degradation
of cell components, including long-lived proteins, protein
aggregates and organelles produced in excess, aged, dam-
aged and potentially dangerous or no longer needed™.

Under starvation conditions, autophagy provides the cells
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with molecules (amino acids, fatty acids, monosaccharides
and nucleotides) that can be used for biosynthetic put-
poses. Some of these molecules can also be utilized as en-
ergy sources and the ensuing biosyntheses require energy.
Therefore, it appears logical that part of them can be used
to produce this energy, as has been postulated by many
authors” ", However, direct experimental proof for a role
of autophagy in restoring the energy levels in the cell is
still missing, probably because of the difficulties detived
from the fact that this energy would be immediately used
by the cells recovering from stress. Autophagy has also
an important role in normal development, differentiation,
and tissue remodeling in multicellular organisms, as well as
in their adaptation to several stresses”™”' !

Regarding cancer, which is the general subject of this
Topic Highlight, a tumor suppressor role for autophagy
has been also proposed, removing injured mitochondria
that could increase the production of reactive oxygen spe-
cies (ROS) and the number of mutations in cancer cells™.

Role of autophagy in survival and death of tumor cells
in response to environmental stress

In the previous decade, several reports have suggested a
role for autophagy in cell survival at different stages of
tumor development and in the tumor cell response to
anticancer therapy[4’11’12], and this role of autophagy has
become a major research topic. Under stress conditions,
like deprivation of growth factors or nutrients, hypoxia or
exposition to chemotherapeutic agents, cells induce au-
tophagy to provide biosynthetic precursors and, perhaps
also (but see above), energy, or to eliminate injured cell
components, thus preventing cell death”"™" Therefore,
autophagy may allow cancer cells to survive under nutri-
ent and oxygen-poor conditions, reminiscent of certain
microenvironments in pootly vascularized tumors' . Au-
tophagy can also contribute to cell survival by removing
injured targets of ROS and proteins carrying mutations
that could lead to an irreversible stage conducive to cell
death!”. Under the aggressive stress conditions experi-
enced by tumor cells, their autophagy levels are higher
than normal and, therefore, disruption of this increased
autophagy by therapeutic manipulations will make difficult
the adaptation of these cells to extreme environments,
and contribute to cancer therapy. However, chemical in-
hibitors of autophagy also prevent the death of cancer
cells induced by a variety of agents[m. This opposite role
of autophagy as an executioner of cell death"™*" and,
thus, playing a role as a tumor suppressor! ", could prob-
ably be explained by a persistent degradation of compo-
nents essential for cell survival®™'. Therefore, it appears
that, in addition to its conventional role in cell survival,
autophagy can be also a death-promoter, in particular
when the stimulus is too intense, when autophagy is ex-
tensive, or under conditions of inhibition of apoptosis.
The level of autophagy that represents the point of no
return leading to cell death has not been clearly defined
and should be determined experimentally in each specific
system. However, some authors have considered that a
situation in which the total area of autophagic vacuoles
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is equal or greater than that of the remaining cytoplasm
would irreversibly lead to cell death™?,

In all these cases, the conventional inhibitors of au-
tophagy and the concentrations used by most authors to
block or promote survival of cancer cells under i vitro
conditions™"*"***! were the following: 3-methyladenine
(5-10 mmol/L), chloroquine (10 pmol/L) and bafilomy-
cin A1 (0.1 umol/L). To the best of our knowledge, these
chemicals have not yet been used for clinical treatment
of cancer, except for chloroquine, which has been used
in patients with glioblastoma multiforme. Thus, in these
antitumoral clinical trials, chloroquine, or its lower toxicity
analog hydroxychloroquine, have been used (150 mg/d,
for 12 mo) as autophagy inhibitors in combination with
proapoptotic drugs, increasing, in this way, twofold the
median sutrvival of these patients[zsfzs‘.

In summary, autophagy may either promote or inhibit
survival in tumor cells, and the threshold to decide be-
tween both opposite processes will depend on the extent
of the cell degradation producedm, as well as on many
other factors, such as the genetic context of the cell and
the nature and intensity of the stimulus needed to reduce
cell survival™”.

Autophagy in the context of cell death
In recent decades, studies in the field of cell death have
focused on understanding the molecular mechanisms of
apoptosis (often called programmed cell death, and now
also referred to as cell death type 1). Apoptosis is the
form of cell death in which a group of cysteinyl aspartate-
specific proteases, called caspases, become activated to
cleave different proteins (and the caspases themselves) that
ultimately produce loss of cell function, and cell death. In
apoptosis, initiator caspases (2, 8, 9 and 10) activate ex-
ecutioner caspases (3, 6 and 7, of which, caspase-3 is the
major and most widespread effector of the process)[31’32].
The essential feature of apoptosis, which makes it differ-
ent from classical necrosis, is that it is a self-directed cell
destruction process through caspase activation. Hundreds
of caspase substrates have been described”™ and different
biochemical and morphological changes in the nucleus and
cytoplasm (e.g. cell contraction, membrane blebbing, exter-
nalization of phosphatidylserine, chromatin condensation
into one or more masses, DNA fragmentation, limited
proteolysis of certain substrates, and heterophagic elimina-
tion of apoptotic bodies by neighboring cells) have been
used to identify apoptotic cells"™*. Two well-established
molecular pathways (extrinsic and intrinsic) activate cas-
pases and trigger apoptosis. The first is the death-receptor-
mediated pathway, which is activated by ligands that bind
to specific receptors on the plasma membrane, such as the
tumor necrosis factor receptor 1 and Fas. The other is the
mitochondrial pathway, which takes place through permea-
bilization of these organelles, followed by the release of
apoptotic molecules such as cytochrome ¢ (which triggers
the formation of larger complexes called apoptosomes),
apoptosis-inducing factor (AIF), or endonuclease G,
In addition to canonical apoptosis and necrosis, di-
verse experimental evidence has shown that cells can die
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through alternative pathwaysm. Thus, there is a form of
cell death, whose main feature is the appearance of abun-
dant autophagic vacuoles in the cytoplasm of dying cells,
known as autophagic or type II cell death, and several
of its characteristics, based mainly on morphological cri-
teria, have been described in recent yearslzo]. Type II cell
death would occur because of persistent autophagy with
excessive degradation of cell components essential for
survival®™*'!, and it is usually accompanied by inhibition
of the phosphatidylinositol 3-kinase/protein kinase B/
mammalian target of rapamycin (PI3kinase/Akt/mTOR)
signaling pathway”™*, which is the main regulator of
autophagy, and by increased levels of LC3-1I", a protein
that is recruited to autophagosomes and that, under cer-
tain conditions, can be used as a reliable marker for au-
tophagy[39’4u]. However, different studies have found that
some of the apoptotic cell death features cited above are
also associated with an increased autophagy“s’zgj. There-
fore, the question is raised as to whether or not apoptosis
and autophagy represent two independent processes.

In this regard, different reports indicate that au-
tophagy can act independently of the apoptotic signaling
pathways. Thus, because preservation of most cytoplas-
mic organelles is among the classic hallmarks of apopto-
sis, autophagic cell death, which comprises an extensive
sequestration and degradation of mitochondria, endo-
plasmic reticulum (ER) and other cell components, has
been considered by some authors as a different category
of cell death on its own!"*. In addition, other evidence
supports that extensive autophagy may be a caspase-
independent form of cell death. For example, blockage
of caspase activity prevents Bax-induced poly (ADP
ribose) polymerase and DNA cleavage, but not cytosolic
vacuolation and non-apoptotic cell death™. In the same
lines of evidence, it has been shown that death-associated
protein kinase proteins positively regulate membrane
blebbing and autophagy, but apparently not nuclear
fragmentation, and that these events occur in a caspase-
independent manner™”

However, it is also quite clear that autophagy can
also coexist and crosstalk with apoptosis. Indeed, several
molecules that regulate apoptosis are among the dif-
ferent targets of the PI3-kinase/Akt/mTOR signaling
pathway™* and proteins, such as Beclin 1, phosphatase
and tensin homolog, apoptosis-specific protein, and the
product of the steroid-inducible gene E93 can establish
interconnections between autophagy and apoptosis”*.
Therefore, different evidence appears to indicate that
apoptosis and extensive autophagy represent two forms
of cell death with independent, but also with common
pathways (Figure 2). However, the molecular details of
these latter relationships remain poorly known.

MOLECULAR MECHANISMS OF
AUTOPHAGY AND APOPTOSIS IN
BREAST CANCER CELLS

As mentioned above, autophagy can promote or inhibit
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Figure 1 Morphology of autophagic vacuoles. Typical autophagic vacuoles
from 3T3 mouse fibroblasts incubated in a nutrient-poor medium containing
cytoplasmic material at early (Avi) and late (Avd) degradation stages. Mit: Mito-
chondria; N: Nucleus.

Stimuli Cell death
inducing / \
cell death
[ Non self-directed [ Self-directed |
Regulation Cas/\
pase Autophal
of cell death ati phagy
activation signaling
process pathways
Degradation of Necrosis ApopMagy
cellular structures features features features
and cell death (Necrosis) Type I cell death Type I cell death

Figure 2 Main forms of cell death. Autophagy is located in the proper context
in relation to classical necrosis and apoptosis. Crossing arrows indicate the ex-
istence of common links for apoptosis and autophagy. The entire process of cell
death has been divided into three phases: stimulation, regulation and degrada-
tion. Note the absence of a regulation phase in necrosis.

tumor survival depending on many factors, such as the
specific cell type with the set of mutations that it car-
ries, the stage of tumor development, and the stimulus
that induces autophagy plus the extent of the resulting
autophagy. Therefore, being aware of the heterogeneity
in the survival/death response, which makes it difficult
to generalize the different observations, and to limit the
problem, we update the data on this topic in breast cancer
cells. We have chosen these cells because of the growing
number of recent studies on the role of autophagy in sur-
vival and death, compared to other experimental models.

Role of autophagy in survival and death of breast cancer
cells in response to environmental stress

Studies on autophagy in breast cancer cells, mainly in
MCF-7 cells, indicate that, in chemotherapeutic treat-
ments, induction of autophagy plays a protective role in
the resistance to apoptosis induced by anticancer drugs,
such as the inhibitor of DNA topoisomerase I camptoth-
ecin®™!, epirubicin[47], which intercalates DNA strands, dif-
ferent ligands that stimulate the antiestrogen binding site
(AEBS), including tamoxifen""”, or 4-hydroxytamoxifen,
an active metabolite of tamoxifen that binds to the es-
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Table 1 Agents inducing anticancer mechanisms in cultured

breast cancer cells

Agent Model Anticancer Citation

mechanism

Camptothecin MCE-7 Apoptosis t EE]

Epirubicin MCE-7 Apoptosis &

Tamoxifen MCF-7 Apoptosis 1 22

4-hydroxytamoxifen MCF-7, T-47D  Apoptosis t E23Y

Lucanthone MDA-MB-231  Apoptosis t, =)
autophagy |

Chloroquine Breast cancer Apoptosis t, =
carcinoma' autophagy |

Photodynamic therapy MCE-7 Autophagy t 5

Tunicamycin MCE-7 Autophagy 1 &

! .
Ex vivo model.

5

trogen receptor o *1 Consistent with this idea, treat-
ment of estrogen-receptor-positive breast cancer cells
with the antiestrogen tamoxifen, combined with histone
deacetylase inhibition, maintains a subpopulation of cells
with an elevated autophagy and a remarkable resistance
to apoptosis. These apoptosis-resistant cells only become
apoptotic after inhibition of autophagylszj. Also, and in
the same line of evidence, the anticancer properties of
lucanthone have been recently related to its ability to
induce apoptosis and inhibit autophagy in breast cancer
P Further indications for a promoting effect on
breast malignant cell development by autophagy are pro-
vided by recent reports showing that the tumor suppres-
sor BRCAT1 (breast cancer type 1 susceptibility) negatively
regulates autophagy in MDA-MB-231"" and in MCF-7""
breast cancer cells. Thus, it could be that mutations in the
BRCAT gene or reduced expression of the encoded pro-
tein facilitate tumor development by preventing apoptosis
through autophagy activation. Nevertheless, a death-pro-
moting effect has also been reported for autophagy; for
example, in MCF-7 cells subjected to oxidative damage
by photodynamic therapy[y’J or in MCF-7 cells overex-
pressing Bcl-2 in the presence of the antineoplastic fac-
tor brevinin-2R"”. Table 1 shows the specific anticancer
effects on apoptosis and/or autophagy of various agents
tested under 7z vitro conditions in breast cancer cells.

In conclusion, in breast cancer cell lines, autophagy
mainly facilitates their survival and adaptation to adverse
environments, whereas apoptosis has the opposite effect,
and the final outcome, in terms of survival or death of
the cells, will depend on many factors. Therefore, it ap-
pears that, at least in breast cancer cells, both apoptosis
induction and autophagy inhibition have positive thera-
peutic implications depending on context.

cell lines

Functional links of autophagy and apoptosis in cultured
breast cancer cells

In breast cancer MCF-7 cells, camptothecin induces both
apoptosis, demonstrated by deficient (sub-G1) DNA
content and by chromatin condensation, and autophagy,
demonstrated by increased levels of Beclin 1 and autopha-
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gosomes[ss]. Also, in various breast cancer cells, sterol
accumulation promoted by binding of various ligands,
such as tamoxifen, to microsomal AEBS, induces both
apoptosis and autophagy***. However, other treatments
have opposite effects in both processes (Table 1). For ex-
ample, in MDA-MB-231 breast cancer cells, lucanthone
induces apoptosis and inhibits autophagyl%]. This experi-
mental evidence suggests the existence of common links
between apoptosis and autophagy in breast cancer cells.
However, the door to the molecular mechanisms that link
apoptosis and autophagy in breast cancer cells has only
recently begun to open, and current knowledge is dis-
cussed below.

Thus, different proteins that belong to the mito-
chondrial pathway of apoptosis have also been shown to
crosstalk with Atg proteins and to regulate autophagy in
cultured breast cancer cells. For example, in MCF-7 cells,
which lack caspase-3, expression of an ectopic caspase-3
reduces the enhanced autophagy produced by tunica-
mycin (an inductor of ER stress) or/and by radiation”™.
This effect is accompanied by a decrease in the levels of
phosphorylated eukaryotic initiation factor 2a, which
at the same time increases protein synthesis”". There-
fore, caspase-3 may be a switch between type I and 1I
cell death!™™. In these same cells, activation of another
apoptosis promoter, protein Bid, also affects apoptosis
and autophagy in opposite directions, because it not only
stimulates apoptosis but also reduces autophagy by inhi-
bition of Beclin 1°. In contrast, and also in MCF-7 cells,
the antiapoptotic protein Bcl-2 regulates both processes
in the same direction, because it negatively regulates the
levels of three Atg proteins (Beclin 1, Atgb and LC3-1I),
thus inhibiting autophagy'®’. Recently, a gene network
signaling model has also indicated a central role for Bcl-2
and Beclin 1 in the apoptotic and autophagic responses to
endocrine therapies in breast cancer cells, and has identi-
fied nuclear factor kB, interferon regulatory factor-1, and
the X-box binding protein-1 as new key proteins that
regulate Bcl-2 and Beclin 1 in these responsesm

Unlike the apoptotic regulation of autophagy in breast
cancer cells, a possible control of apoptosis by autophagy
remains to be investigated in detail. However, it is known
in other cell types that the PI3-kinase/Akt/mTOR signal-
ing pathway, which has an inhibitory effect on autophagy,
can interact with proteins that regulate apoptosis'™*’.
Moreover, it has been speculated that the selective remov-
al of damaged mitochondria generating ROS by autoph-
agy (mitophagy) could inhibit the mitochondrial pathway
of apoptosis[ﬁ’(ﬁ’é
can establish a link between apoptosis and autophagy,
because they are released from lysosomes into the cyto-
sol in response to death stimuli, and induce apoptosis™.
More specifically, it has been described in other cell lines
that cathepsin D activates the proapoptotic protein Bax,
which triggers the release of AIF from mitochondria®,
and that papain-like lysosomal cathepsins are able to
cleave the proapoptotic protein Bid"”. Also in MCF-7
breast cancer cells, papain-like cysteine cathepsins, proba-

I, Furthermore, lysosomal cathepsins
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Figure 3 Model of regulation of autophagy and apoptosis in breast cancer
cells. Different molecules described to act as a link between apoptosis and au-
tophagy are shown (see text for details). Ellipses indicate classical regulators of
apoptosis. Moreover, organelles, such as mitochondria, endoplasmic reticulum
and lysosomes, appear to be involved in this regulation. Arrow-headed lines
and bar-headed lines indicate activation and inhibition, respectively, of their cor-
responding targets.

bly including cathepsin B®", activate Bid, which promotes
apoptosis and reduces autophagy. A further example of
a lysosomal cathepsin regulating apoptosis is provided by
MDA-MB-231 breast cancer cells, in which lucanthone
inhibits autophagy, probably by affecting lysosomal acidi-
fication, and induces a cathepsin-D-mediated apoptosis.
This apoptosis probably occurs by lysosomal membrane
permeabilization, subsequently releasing cathepsin D into
the cytosol, which cleaves caspases[zs’53].

In addition to mitochondria and lysosomes, the ER
has also been shown to be involved in the regulation of
autophagy and apoptosis. Thus, in MCF-7 cells, the ER
transmembrane protein kinase-like ER kinase (PERK)
increases autophagy and reduces the fraction of cells that
survive radiation and/or a treatment with tunicamycin,
and this PERK-controlled autophagy can be inhibited by
caspase—f}lsqj.

Thus, the above-mentioned examples support a mo-
lecular link between autophagy and apoptosis. In con-
trast, in breast adenocarcinoma MCF-7 cells overexpress-
ing Bcl-2, the antineoplastic factor brevinin-2R leads to
mitochondrial dysfunction (demonstrated by a reduction
in mitochondrial membrane potential and in cellular ATP
levels, and by an increase of ROS levels), autophagosome
formation and cell death. These effects occur without
involving apoptotic effectors (such as caspase activation
and the mitochondrial release of the AIF or of endo-
nuclease G)°". Thus, it appears that autophagic cell death
can also occur independently of apoptosis. All these mo-
lecular mechanisms are summarized in Figure 3.

Although this Topic Highlight is focused on breast
cancer cells 7z vitro, and limited information is available
vivo, we briefly summarize the most relevant information
available under these last conditions. In a breast tumor
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xenograft model, Bcl-2 reduces autophagy by inhibition

. . 68
of Beclin 1, as it also occurs 7 vitrd™

. Moreover, samples
from patients with breast ductal carcinoma and their cor-
responding mouse xenografts, show an increase in many
autophagic markers, and this autophagy is necessary for
the ex vivo survival of all these samples, as shown with

50 umol/L chloroqume

in agreement with the survival function for autophagy

. This observation is again

observed zn vitro. Interestingly, as we discussed above,
the use of chloroquine in clinical trials has increased the
survival of glioblastoma patlents ¥ Therefore, all these
data support that inhibition of autophagy offers a poten-
tial therapy in breast cancer.

In summary, several lines of evidence undet # vitro
conditions indicate that, in breast cancer cells, although
apoptosis and autophagy can coexist as independent
pathways, they are also interconnected processes. Mo-
lecular links are represented by classic apoptosis-regulator
proteins (caspase-3, Bid and Bcl-2), which inhibit autoph-
agy by acting on Atg proteins. Upstream of these regula-
tors of apoptosis are cytosol-released lysosomal cathep-
sins, which induce apoptosis by activating proapoptotic
proteins. In addition, new candidates to interact with
these proteins that link apoptosis and autophagy are now
emerging, as illustrated by the above-mentioned studies
with a gene network signaling model, and elucidation of
their specific function could contribute to understand
further this complex mechanism.

CONCLUSION

Autophagy is a physiological process of lysosomal deg-
radation that, in response to environmental stresses, may

either promote cell survival or death depending on many
factors. In addition to canonical apoptosis (type I cell
death) and necrosis, extensive autophagy represents an
alternative form of cell death (type II). In breast cancer
cells, autophagy and apoptosis share some common pro-
teins from their signaling routes. Thus, classical regulators
of apoptosis, such as Bid, Bcl-2 and caspases, appear to
crosstalk with Atg proteins and, in consequence, regu-
late autophagy. Moreover, lysosomal cathepsins provide
an important link between both processes, by acting
on target proteins of the apoptotic signaling pathways.
However, autophagy in breast cancer cells can also be an
apoptosis-independent process. Therefore, the relation-
ships between autophagy and apoptosis are quite com-
plex, but we predict that a better understanding of the
underlying molecular mechanisms could contribute in the
near future to anticancer therapy.
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determine whether it should be published or not. During peer review,
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put peer reviewers’ names and affiliations along with the article they
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mization of the benefits of authors: Since WJBC is an open-access
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read, free of charge, high-quality, peer-reviewed articles from WJBC
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communication between authors and peers as well as public reading;
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(4) Maximization of the benefits of employees: It is an iron law that a
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on strengthening our team cultivation and construction so that every
employee, in an open, fair and transparent environment, could con-
tribute their wisdom to edit and publish high-quality articles, thereby
realizing the maximization of the personal benefits of editorial board
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members, authors and readers, and yielding the greatest social and
economic benefits.

Aims and scope

The major task of WJBC'is to rapidly report the most recent devel-
opments in the research by the close collaboration of biologists and
chemists in atea of biochemistry and molecular biology, including:
general biochemistry, pathobiochemistry, molecular and cellular
biology, molecular medicine, experimental methodologies and the
diagnosis, therapy, and monitoring of human disease.
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The columns in the issues of WJBC will include: (1) Editorial: To
introduce and comment on major advances and developments in the
field; (2) Frontier: To review representative achievements, comment
on the state of current research, and propose directions for future re-
search; (3) Topic Highlight: This column consists of three formats, in-
cluding (A) 10 invited review articles on a hot topic, (B) a commentary
on common issues of this hot topic, and (C) a commentary on the 10
individual articles; (4) Obsetrvation: To update the development of old
and new questions, highlight unsolved problems, and provide strate-
gies on how to solve the questions; (5) Guidelines for Basic Research:
To provide guidelines for basic research; (6) Guidelines for Clinical
Practice: To provide guidelines for clinical diagnosis and treatment;
(7) Review: To review systemically progress and unresolved problems
in the field, comment on the state of current research, and make sug-
gestions for future work; (8) Original Articles: To report innovative
and original findings in biochemistry and molecular biology; (9) Brief
Articles: To briefly report the novel and innovative findings in bio-
chemistry and molecular biology; (10) Case Report: To report a rare
or typical case; (11) Letters to the Editor: To discuss and make reply to
the contributions published in IJBC, or to introduce and comment
on a controversial issue of general interest; (12) Book Reviews: To
introduce and comment on quality monographs of biochemistry and
molecular biology; and (13) Guidelines: To introduce Consensuses and
Guidelines reached by international and national academic authorities
wortldwide on the research in biochemistry and molecular biology.
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Biostatistical editing

Statistical review is performed after peer review. We invite an expert
in Biomedical Statistics from to evaluate the statistical method used in

October 26, 2011 | Volume 2 | Issue 10 |



Instructions to authors

the paper, including #test (group or paired comparisons), chi-squared
test, Ridit, probit, logit, regression (lineat, curvilinear, or stepwise),
correlation, analysis of variance, analysis of covariance, e#. The re-
viewing points include: (1) Statistical methods should be described
when they are used to verify the results; (2) Whether the statistical
techniques are suitable or correct; (3) Only homogeneous data can be
averaged. Standard deviations are preferred to standard errors. Give
the number of observations and subjects (7). Losses in observations,
such as drop-outs from the study should be reported; (4) Values such
as ED50, LD50, IC50 should have their 95% confidence limits cal-
culated and compared by weighted probit analysis (Bliss and Finney);
and (5) The word ‘significantly’ should be replaced by its synonyms (if
it indicates extent) or the P value (if it indicates statistical significance).

Conflict-of-interest statement

In the interests of transparency and to help reviewers assess any poten-
tial bias, WJBC requires authors of all papers to declare any compet-
ing commercial, personal, political, intellectual, or religious interests
in trelation to the submitted work. Referees are also asked to indi-
cate any potential conflict they might have reviewing a particular
paper. Before submitting, authors are suggested to read “Uniform
Requirements for Manuscripts Submitted to Biomedical Journals:
Ethical Considerations in the Conduct and Reporting of Research:
Conflicts of Interest” from International Committee of Medical
Journal Editors ICMJE), which is available at: http://wwwicmje.
org/cthical_4conflicts.html.

Sample wording: [Name of individual| has received fees for serv-
ing as a speaker, a consultant and an advisory board member for [names
of organizations], and has received tesearch funding from [names of
organization|. [Name of individual] is an employee of [name of or-
ganization|. [Name of individual] owns stocks and shares in [name of
organization]. [Name of individual] owns patent [patent identification
and brief description].

Statement of informed consent

Manuscripts should contain a statement to the effect that all human
studies have been reviewed by the appropriate ethics committee
or it should be stated cleatly in the text that all persons gave their
informed consent prior to their inclusion in the study. Details that
might disclose the identity of the subjects under study should be
omitted. Authors should also draw attention to the Code of Ethics
of the World Medical Association (Declaration of Helsinki, 1964,
as revised in 2004).

Statement of human and animal rights
When reporting the results from experiments, authors should follow
the highest standards and the trial should conform to Good Clini-
cal Practice (for example, US Food and Drug Administration Good
Clinical Practice in FDA-Regulated Clinical Trials; UK Medicines
Research Council Guidelines for Good Clinical Practice in Clinical
Trials) and/or the Wotld Medical Association Declaration of Hel-
sinki. Generally, we suggest authors follow the lead investigator’s na-
tional standard. If doubt exists whether the research was conducted
in accordance with the above standards, the authors must explain the
rationale for their approach and demonstrate that the institutional
review body explicitly approved the doubtful aspects of the study.
Before submitting, authors should make their study approved by
the relevant research ethics committee or institutional review board.
If human participants were involved, manusctipts must be accompa-
nied by a statement that the experiments were undertaken with the
understanding and appropriate informed consent of each. Any per-
sonal item or information will not be published without explicit con-
sents from the involved patients. If experimental animals were used,
the materials and methods (experimental procedures) section must
clearly indicate that appropriate measures were taken to minimize
pain or discomfort, and details of animal care should be provided.

SUBMISSION OF MANUSCRIPTS
Manuscripts should be typed in 1.5 line spacing and 12 pt. Book
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Antiqua with ample margins. Number all pages consecutively, and
start each of the following sections on a new page: Title Page, Ab-
stract, Introduction, Materials and Methods, Results, Discussion,
Acknowledgements, References, Tables, Figures, and Figure Leg-
ends. Neither the editors nor the publisher are responsible for the
opinions expressed by contributors. Manuscripts formally accepted
for publication become the permanent property of Baishideng
Publishing Group Co., Limited, and may not be reproduced by any
means, in whole or in part, without the written permission of both
the authors and the publisher. We reserve the right to copy-edit and
put onto our website accepted manuscripts. Authors should follow
the relevant guidelines for the care and use of laboratory animals
of their institution or national animal welfare committee. For the
sake of transpatrency in regard to the performance and reporting of
clinical trials, we endorse the policy of the ICMJE to refuse to pub-
lish papers on clinical trial results if the trial was not recorded in a
publicly-accessible registry at its outset. The only register now avail-
able, to our knowledge, is http://www.clinicaltrials.gov sponsotred
by the United States National Library of Medicine and we encour-
age all potential contributors to register with it. However, in the case
that other registers become available you will be duly notified. A
letter of recommendation from each authot’s organization should
be provided with the contributed atticle to ensure the privacy and
secrecy of research is protected.

Authors should retain one copy of the text, tables, photographs
and illustrations because rejected manuscripts will not be returned
to the author(s) and the editors will not be responsible for loss or
damage to photographs and illustrations sustained during mailing,

Online submissions

Manuscripts should be submitted through the Online Submission
System at: http:/ /www.wjgnet.com/1949-8454office. Authors are
highly recommended to consult the ONLINE INSTRUCTIONS
TO AUTHORS (http://www.wignet.com/1949-8454/¢_info_
20100316155305.htm) before attempting to submit online. For
assistance, authors encountetring problems with the Online Submi-
ssion System may send an email describing the problem to wjbc@
wjgnet.com, or by telephone: +86-10-85381892. If you submit your
manuscript online, do not make a postal contribution. Repeated
online submission for the same manusctipt is strictly prohibited.

MANUSCRIPT PREPARATION

All contributions should be written in English. All articles must be
submitted using word-processing software. All submissions must
be typed in 1.5 line spacing and 12 pt. Book Antiqua with ample
margins. Style should conform to our house format. Required in-
formation for each of the manuscript sections is as follows:

Title page
Title: Title should be less than 12 words.

Running title: A short running title of less than 6 words should
be provided.

Authorship: Authorship credit should be in accordance with the
standard proposed by ICMJE, based on (1) substantial contribu-
tions to conception and design, acquisition of data, or analysis and
interpretation of data; (2) drafting the article or revising it critically
for important intellectual content; and (3) final approval of the ver-
sion to be published. Authors should meet conditions 1, 2, and 3.

Institution: Author names should be given first, then the complete
name of institution, city, province and postcode. For example, Xu-
Chen Zhang, 1Li-Xin Mei, Department of Pathology, Chengde
Medical College, Chengde 067000, Hebei Province, China. One au-
thor may be represented from two institutions, for example, George
Sgourakis, Department of General, Visceral, and Transplantation
Surgery, Essen 45122, Germany; George Sgourakis, 2nd Surgical
Department, Korgialenio-Benakio Red Cross Hospital, Athens
15451, Greece
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Author contributions: The format of this section should be:
Author contributions: Wang CL and Liang L. contributed equally
to this work; Wang CL, Liang L, Fu JF, Zou CC, Hong F and Wu
XM designed the research; Wang CL, Zou CC, Hong F and Wu
XM performed the research; Xue JZ and Lu JR contributed new
reagents/analytic tools; Wang CL, Liang L. and Fu JF analyzed the
data; and Wang CL, Liang L and Fu JF wrote the paper.

Supportive foundations: The complete name and number of
supportive foundations should be provided, e.g. Supported by Na-
tional Natural Science Foundation of China, No. 30224801

Correspondence to: Only one corresponding address should be
provided. Author names should be given first, then author title, af-
filiation, the complete name of institution, city, postcode, province,
country, and email. All the letters in the email should be in lower
case. A space interval should be inserted between country name and
email address. For example, Montgomery Bissell, MD, Professor of
Medicine, Chief, Liver Center, Gastroenterology Division, Universi-
ty of California, Box 0538, San Francisco, CA 94143, United States.
montgomery.bissell@ucsf.edu

Telephone and fax: Telephone and fax should consist of +,
country number, district number and telephone or fax number, e.g

Telephone: +86-10-85381892 Fax: +86-10-85381893

Peer reviewers: All articles received are subject to peer review.
Normally, three experts ate invited for each article. Decision for
acceptance is made only when at least two experts recommend
an article for publication. Reviewers for accepted manuscripts are
acknowledged in each manuscript, and reviewers of articles which
were not accepted will be acknowledged at the end of each issue.
To ensure the quality of the articles published in WJBC, review-
ers of accepted manuscripts will be announced by publishing the
name, title/position and institution of the reviewer in the footnote
accompanying the printed article. For example, reviewers: Professor
Jing-Yuan Fang, Shanghai Institute of Digestive Disease, Shang-
hai, Affiliated Renji Hospital, Medical Faculty, Shanghai Jiaotong
University, Shanghai, China; Professor Xin-Wei Han, Department
of Radiology, The First Affiliated Hospital, Zhengzhou University,
Zhengzhou, Henan Province, China; and Professor Anren Kuang,
Department of Nuclear Medicine, Huaxi Hospital, Sichuan Univer-
sity, Chengdu, Sichuan Province, China.

Abstract

There are unstructured abstracts (no more than 256 words) and
structured abstracts (no more than 480). The specific requirements
for structured abstracts ate as follows:

An informative, structured abstracts of no more than 480 words
should accompany each manuscript. Abstracts for original contribu-
tions should be structured into the following sections. AIM (no more
than 20 words): Only the purpose should be included. Please write
the aim as the form of “To investigate/study/...; MATERIALS
AND METHODS (no more than 140 words); RESULTS (no more
than 294 words): You should present P values where appropriate and
must provide relevant data to illustrate how they were obtained, e.g.
6.92  3.86 »s 3.61 £ 1.67, P < 0.001; CONCLUSION (no mote
than 26 words).

Key words
Please list 5-10 key words, selected mainly from Index Medicus,
which reflect the content of the study.

Text

For articles of these sections, original articles and brief articles, the
main text should be structured into the following sections: INTRO-
DUCTION, MATERIALS AND METHODS, RESULTS and DIS-
CUSSION, and should include appropriate Figures and Tables. Data
should be presented in the main text or in Figures and Tables, but not
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in both. The main text format of these sections, editorial, topic high-
light, case teport, letters to the editors, can be found at: http:/ /www.
wjgnet.com/1949-8454/¢_info_20100316160646.htm.

Illustrations

Figures should be numbered as 1, 2, 3, e«., and mentioned cleatly
in the main text. Provide a brief title for each figure on a sepa-
rate page. Detailed legends should not be provided under the
figures. This part should be added into the text where the figures
are applicable. Figures should be either Photoshop or Illustra-
tor files (in tiff, eps, jpeg formats) at high-resolution. Examples
can be found at: http://www.wjgnet.com/1007-9327/13/4520.
pdf; http://www.wjgnet.com/1007-9327/13/4554.pdf; http://
www.wijgnet.com/1007-9327/13/4891.pdf; http://www.
wignet.com/1007-9327/13/4986.pdf; http://www.wjgnet.
com/1007-9327/13/4498.pdf. Keeping all elements compiled is
necessaty in line-art image. Scale bats should be used rather than
magnification factors, with the length of the bar defined in the leg-
end rather than on the bar itself. File names should identify the fig-
ure and panel. Avoid layering type directly over shaded or textured
areas. Please use uniform legends for the same subjects. For ex-
ample: Figure 1 Pathological changes in atrophic gastritis after treat-
ment. A: .; B .5 Gy Dr g Er L Bl Ge Lt Tt s our principle
to publish high resolution-figures for the printed and E-versions.

Tables

Three-line tables should be numbered 1, 2, 3, ¢#., and mentioned
clearly in the main text. Provide a brief title for each table. Detailed
legends should not be included under tables, but rather added into
the text where applicable. The information should complement,
but not duplicate the text. Use one horizontal line under the title, a
second under column heads, and a third below the Table, above any
footnotes. Vertical and italic lines should be omitted.

Notes in tables and illustrations

Data that are not statistically significant should not be noted. *P <
0.05, P < 0.01 should be noted (P > 0.05 should not be noted). If
there are other series of P values, ‘P < 0.05 and “P < 0.01 are used.
A third series of P values can be expressed as ‘P < 0.05 and P < 0.01.
Other notes in tables or under illustrations should be expressed as
'E, °F, ’F; or sometimes as other symbols with a superscript (Arabic
numerals) in the upper left corner. In a multi-curve illustration, each
curve should be labeled with @, o, m, 0, A, /\, ez., in a certain se-
quence.
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