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AKT as Locus of Fragility in Robust Cancer System
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Abstract Metastatic cancer is a complex positive feedback loop system. Such as system has a tendency to acquire
extreme robustness. Signaling pathways controlling that robustness can fail completely if an essential element from the
signaling is removed. That element is a locus of fragility. Targeting that locus represents the best way to target the cancer
robustness. This prospect presents another locus of fragility in signaling complex system network, controlling the cell cycle
progression through the PI3K/AKT/mTOR/RAN pathway and cell migration and angiogenesis through the VEGF/PI3K/
AKT/NO/ICAM-1 pathway. The locus of fragility of these pathways is AKT, which is regulated by a balance of catalase/
H>O, or by AKT inhibitor. Tiny and trivial perturbations such as change in redox state in the cells by antioxidant enzyme
catalase, scavenging H,O, signaling molecule, regulates robust signaling molecule AKT, abolishing its phosporilation and
inducing cascading failure of robust signaling pathways for cell growth, proliferation, migration, and angiogenesis. An
anticancer effect of the antioxidant is achieved through the AKT locus, by abolishing signals from growth factors VEGF,
HGF, HIF-1o and H,O,. Previously reported locus of fragility nitric oxide (NO) and locus AKT are close in the complex
signaling interactome network, but they regulate distinct signaling modules. Simultaneously targeted loci represents new
principles in cancer robustness chemotherapy by blocking cell proliferation, migration, angiogenesis and inducing rather

slow then fast apoptosis leading to slow eradication of cancer. J. Cell. Biochem. 104: 2071-2077, 2008.
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A cancer is a complex and a very robust
system [Radisavljevic, 2004a]. A cancer cells
acquire great robustness during the metastatic
progression. Cellular signal transduction net-
work are robust system [Barkai and Leibler,
1997]. Signaling mechanisms which regulate
cancer phenotype are crucial for controlling
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robustness. Locus of fragility is the best way to
target robustness [Radisavljevic, 2004al].

COMPLEXITY AND ROBUSTNESS OF
CANCER CELL SYSTEM

Robustness is maintenance of the functional
system characteristics despite fluctuations of its
component parts and it is achieved through
internal complexity of the system [Carlson and
Doyle, 2002]. Statistical physics define robust-
ness as an error tolerant system or a system
insensitive to large variations. Even failure of
components can be tolerated if they are regu-
lated by redundancy feedback in the complex
system [Carlson and Doyle, 1999, 2002]. High
optimized tolerance (HOT) theory from statis-
tical physics is the conceptual framework to
study fundamental aspects of complexity [Carl-
son and Doyle, 1999, 2002]. The HOT system
has high performance, high structural internal
complexity with high densities of the inter-
action, simple robust external behavior and
reliability, with the risk to potentially cascading
failure initiated by possibly quite small trivial
perturbations [Carlson and Doyle, 1999, 2002;
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Zhou et al.,, 2002]. HOT theory postulated
that system which acquires robustness against
a common perturbation tends to be extremely
fragile to some unexpected, tiny (trivial)
perturbation [Carlson and Doyle, 1999, 2002;
Csete and Doyle, 2002]. HOT power law
presents complex system as robust, yet fragile
[Carlson and Doyle, 1999, 2002]. In complex
systems feedback control is both a powerful and
dangerous for creating robustness to external
disturbances and internal component varia-
tions [Csete and Doyle, 2002].

Robustness of cancer systems are built from a
protein—protein or gene—gene interaction with
positive feedback, that leads to creation of the
system with extreme robustness. If essential
component of the signaling system is targeted,
system can be disabled by cascading failure
initiated by tiny (trivial) perturbations. This
essential component of the system represents
locus of fragility in the cancer robust system
[Radisavljevie, 2004a]. Locus of fragility in the
breast cancer robust system was recently
introduced as a first experimental confirmation
of the HOT power law complex system, which if
targeted by small perturbations induced failure
of all signaling interconnecting pathways in
the robust system [Radisavljevic, 2004a]. This
prospect has tendency to use HOT theory as an
excellent mathematical model to explain cancer
cellular functional complexity and robustness
and to present another locus of fragility in the
complex cancer signaling system as AKT. If
AKT locus is targeted by a small perturbation of
redox state or by AKT inhibition, a cell cycle
arrest, an abolishment of cell migration and
angiogenesis occur, the components extremely
important in the metastatic cancer progression.

ROBUSTNESS AND FRAGILITY
OF SIGNALING PATHWAYS

Cell cycle progression, cell migration and
angiogenesis are main component of the cancer
metastatic progression [Radisavljevic, 2004al.
These cellular processes are regulated by com-
plex robust signaling network [Radisavljevic
et al., 2000; Radisavljevic, 2003, 2004a,b; Rad-
isavljevic and Gonzalez-Flecha, 2003, 2004], but
they are extremely fragile to tiny (trivial)
perturbation if locus of fragility is targeted
and disrupted in that system inducing failure of
cancer robustness [Radisavljevic, 2004a]. The
locus of fragility of the robust breast cancer

system was recently introduced as a basic
concept how to target cancer robustness
[Radisavljevic, 2004a]. When locus of fragility
was targeted by trivial perturbation (suppres-
sion of signaling molecule nitric oxide-NO)
inhibiting NOS enzyme, failure of cell cycle
progression occurs, abolishment of cell migra-
tion and angiogenesis and induction of slow
apoptosis of cancer cells occur through the NO/
ROCK/FOXO03a signaling pathway [Radisavl-
jevic, 2003, 2004a]. This is new approach for
robust metastatic cancer chemotherapy. In this
prospect another locus of fragility is presented
which is protein kinase B (PKB), known also as
AKT molecule.

A feedback control of the complex system
function is the most critical for establishing
robustness. Once activated signaling processes
in the metastatic cancer, get more powerful with
magnificent amplification of the signals and
signaling get very robust without negative
feedback loop with speedy cumulative pattern.
Furthermore, creation of the positive feedback
loop occurs. The system responds in the
same direction as stimulation and the positive
signals create extreme robustness of the cancer
through the amplified gene transcriptions and
protein translation of the components inside of
signaling pathways. The positive feedback
loop system have tendency to acquire extreme
robustness such as in the metastatic cancer.
Targeting locus of fragility can bring robustness
under control.

Cell cycle progression is driven by the PISK/
AKT/mTOR/RAN pathway [Radisavljevic and
Gonzalez-Flecha, 2004]. On the other hand, cell
migration and angiogenesis by the VEGF/PI3K/
AKT/NO/ICAM-1 pathway [Radisavljevic et al.,
2000]. The robustness of these signaling path-
ways was abolished by catalase, an antioxidant
enzyme that scavenges H;0,, or by AKT in-
hibitor wortmannin, which prevents phosphori-
lation of AKT ser 473 (Fig. 1). The balance of
the catalase/H;0; is super class regulator, or
master regulator of the phosphorylated AKT, an
active form of protein kinase B (AKT), which is
critical for the signaling integrity of the path-
ways in the cell migration, the angiogenesis
and the cell proliferation. The AKT ser 473 phos-
phorylation induced by transfection of the
constitutively active myr-AKT (mA) (pLNCX-
HA-myr-AKT) or induced by the system glucose/
glucose oxidase/catalase (S) generated signal-
ing molecule H,O5 [Radisavljevic et al., 2000;
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Fig. 1. AKT locus of fragility in robust cancer signaling. The cell
growth and the cell proliferation are controlled via the PI3K/AKT/
mTOR/RAN pathway, and the angiogenesis is controlled through
the VEGF/PI3K/AKT/NO/ICAMT pathway. The locus of fragility
in these signaling systems is the AKT. The trivial perturbation
such as change in redox state by an antioxidant enzyme catalase
300 nM (C), or AKT-inhibitor wortmannin 100 nM (W) abolished
phosphorylation and activation of AKT and induced failure of the
robust signaling pathways (Western blot of the A549 cancer cell
line from ATCC; 100 mg of total cell lysate was resolved by 8%
SDS—polyacrylamide gel electrophoresis). Vector pLNCX (V),
constitutively active myr-AKT-HA (mA), control non treated (N),
growth factor (G) VEGF;45 100 ng/ml, catalase/glucose oxidase
system generated H,O, powerful signaling molecule (S) (glucose
oxidase 20 mU/ml with catalase 300 nM in medium), phosphory-
lated AKT ser-473 (P*AKT) (polyclonal antibodies from Cell
Signaling, Beverly, MA). Activating signals are growth factors such
as: HGF, VEGF, HIF-1a, and the H,O, of activating range.

Radisavljevic and Gonzalez-Flecha, 2004],
was abolished by catalase (C) (myr-AKT plus
catalase-mAC, or glucose/glucose oxidase/
catalase system plus catalase-SC), and also by
AKT inhibitor wortmannin (W), indicating that
signals cannot go through without active AKT.
This confirms that AKT is the locus of fragility,
and that, the balance of the catalase/H505 is
master regulator of the active AKT (Fig. 1). An
enzymatic model consisting of glucose/glucose
oxidase and catalase together, that allows the
controlled generation of Hs0y mimics the
oxidative burst induced in physiological con-
dition, where Hy05 signaling molecule freely
diffuses from the medium into the cell inducing
AKT phosphorilation and activating the cell
proliferation [Radisavljevic and Gonzalez-
Flecha, 2004]. H,O4 signaling molecule from
that system alone was able to induce AKT
phosphorylation and addition of catalase
was able to abolish that phosphorylation. If
only glucose/glucose oxidase or HyO0; was
used, activation of apoptotic pathway occurs
[Radisavljevic and Gonzalez-Flecha, 2003]. For
activation of the cell proliferation pathways

H,05isrequired above physiological, but bellow
apoptotic concentration [Radisavljevic and
Gonzalez-Flecha, 2003]. Upper physiological
range of the HyOy activates the key signaling
molecule AKT [Radisavljevic and Gonzalez-
Flecha, 2003, 2004].

Recently was reported [Semenza, 2003] that
hypoxia inducible factor alpha 1 (HIF-1o) is a
master regulator of clusters of genes in the
cancer, but appears that, with this prospect,
antioxidant enzyme catalase and HyO, signal-
ing molecule are super master regulators of
HIF-10, that regulate active form of AKT
together with its specific inhibitor wortmannin,
and because HIF-1lo signaling is regulated
through the AKT [Lee et al., 2008] indicating
that AKT is master regulator of these clusters
of genes in the chain reaction manner from
catalase/H,05 balance to the AKT. The experi-
mental facts in this prospect also challenge
the paradigm that antitumorigenic effect of
antioxidants is dependent on the HIF-1 [Gao
et al., 2007], but HIF-1a is regulated by AKT
[Lee et al., 2008], indicating that an anticancer
effect of the antioxidant is achieved through
AKT locus not through the HIF-1a. The
super regulator of phosphorylated AKT is
the catalase/H,O, balance system or AKT
inhibitor wortmannin. AKT represents locus of
fragility in the cancer robust signaling system.
In solid tumors such as medulloblastoma AKT
pathway regulates survival of a cancer stem
cells residing in the perivascular niche after
radiation [Hambardzumyan et al., 2008]. Also,
recently was reported that the fatty acid
synthase (FASN) gene is up-regulated in vari-
ous types of cancers by HIF1 released during
hypoxia and that reactive oxygen species (ROS)
like H505 activates AKT. The conclusion in that
report was made that the FASN represents an
attractive target for anticancer therapy [Furuta
et al., 2008]. But, here I am presenting AKT as
essential locus of fragility for targeting cancer
robustness by trivial perturbation such as redox
state using antioxidant enzyme catalase or AKT
inhibitor, in very simplistic, trivial but very
effective way.

AKT Is Locus of Fragility in Cell Proliferation

Activation of the serine/threonine protein
kinase AKT/PKB by phosphorylation mediates
activation of the signaling pathways leading
toward cell growth and cell proliferation
through the PISK/AKT/mTOR/RAN pathway
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[Radisavljevic and Gonzalez-Flecha, 2004]. Cell
growth, an increase in cell mass is a result of an
enhanced synthesis of proteins [Tapon et al.,
2001] and is mediated by AKT and the mamma-
lian target of rapamycin (mTOR) [Schmelzle
and Hall, 2000; Scheidenhelm et al., 2005;
Krishnan et al.,, 2006]. On the other hand,
cell proliferation (cell cycle progression)
resulting in cell division and increase in cell
number is controlled also by AKT and mTOR
[Radisavljevic and Gonzalez-Flecha, 2004]. Cell
proliferation requires cell growth, however,
these two processes are distinct but they are
mediated by the same signaling molecules AKT/
mTOR. The growth factors, such as an epider-
mal growth factor (EGF), a vascular endothelial
growth factor (VEGF), HIF-1a, and angiotensin
IT induce H50; production and AKT phosphor-
ylation in ovarian cancer cell proliferation [Gao
et al., 2002, 2004; Liu et al., 2006] and prostate
cancer cells proliferation [Uemura et al., 2008].
The growth factors initiated their activity
through ROS burst, a Hy05 signaling molecule,
which activates AKT signaling [Radisavljevic
and Gonzalez-Flecha, 2004; Liu et al., 2006;
Uemura et al., 2008]. Also, the active AKT
promotes the cell growth in acute myeloid
leukemia (AML) [Tazzari et al., 2004], and in a
chronic myeloid leukemia (CML) [Van Etten,
2007] and contribute to genesis of sarcoma
[Sodhi et al., 2004].

Nucleocytoplasmic trafficking and spindle
pole assembly are critical steps in the control
of cell proliferation [Percipalle et al., 1999].
These processes are regulated by active AKT
and ROS such as H505 and has enormousrole in
mediating this process [Radisavljevic and Gon-
zalez-Flecha, 2004]. The RAN, a small guanine
nucleotide triphosphatase (GTPase) is required
for nucleocytoplasmatic transport and for the
induction of spindle assembly [Smith et al,,
2002] as well as post-mitotic nuclear assembly
[Dasso, 2001]. The RAN regulates nuclear
import and export processes through nuclear
the pore complexes and importin-alpha, inside
of imporin alpha—beta complex [Gruss et al.,,
2001] and NuMA, which regulates the balance
of microtubule-motor activities during spindle
assembly [Wilde et al., 2001], both are regulated
by Hy0; signaling molecule and antioxidant
enzyme catalase [Radisavljevic and Gonzalez-
Flecha, 2003, 2004] through the AKT locus.

Antioxidant enzyme -catalase is present
mainly in the peroxisomes of the cell. Catalase

is a tetrameric protein with four identical
subunits of 527 amino acid (60 kDa), heme
group and NADPH molecule [Chelikani et al.,
2003]. The catalase reaction utilizes hydrogen
peroxide (H2O3) as both an electron donor and
an electron acceptor [Chelikani et al., 2003].
Catalase acts catalytically to remove H505 by
forming H,O and O, if the concentration of HyO,
is high. At alow HoO; concentration in presence
of a hydrogen donor such as ethanol, methanol,
phenol, catalase acts peroxidically by removing
H,0, and oxidizing its substrate (peroxidatic
reaction). Active site of catalase, a catalytic
domain is conserved domain located in the
hydrophobic core of protein in the length of
30-50 A [Chelikani et al., 2003]. A number of
highly conserved residues are situated in the
main catalytic channel including the essential
histidine, valine and aspartate (His128, Val169,
and Aspl81) situated 4, 8, and 12 A from a
heme. The His128 is essential for catalysis and
the importance of Vall69 in constricting the
narrowest, hydrophobic portion of the channel.
In the main channel Glul81 is negatively
charged and the heme is positively charged.
The potential between these two charges on the
electrical dipoles of water in the channel and
active site represent main force for puling H,O»
into channel for degradation [Chelikani et al.,
2003].

Cell proliferation is regulated through the
PIBK/AKT/mTOR/RAN pathway [Radisavljevic
and Gonzalez-Flecha, 2004], and HyOg initiated
this signaling process by phosphorilating AKT
ser-473 site, but catalase eliminating H50,,
abolished phosphorilation of AKT and all sig-
naling pathway and cell proliferation failed
(Fig. 1). The RAN cargo macromolecule is up-
regulated in cell cycle progression, but all
process is abolished by targeting AKT with
antioxidant enzyme catalase which removes
H;0; and prevents AKT activation. The AKT
represent locus of fragility of this robust sell
proliferation signaling pathway.

AKT Is Locus of Fragility in Cell Migration
and Angiogenesis

A phosphorylated and an activated AKT/PKB
has crucial role in mediating cell migration
and angiogenesis [Radisavljevic et al., 2000].
A VEGF activates AKT in signaling cascade
leading to the cell migration in cancer angio-
genesis [Radisavljevic, 2004a]. The VEGF is
a key angiogenic molecule in many types of
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human metastatic cancers [Shi et al., 2001].
Hypoxia is a key regulatory factor in cancer
growth [Harris, 2002]. Hypoxia helps cancer
cells undergo genetic and adaptive changes that
allow them to survive and even proliferate in
the hypoxic environment. These processes
contribute to the malignant phenotype and to
aggressive tumor behavior [Harris et al., 2002].
In tumor area distant from microvessels where
hypoxia is present, HIF-1a is present in high
concentration. In hypoxia the HIF-1a trans-
locates to the nucleus and dimerizes with HIF-
1B to form HIF1. The HIF1 binds to regulatory
regions of target genes such as the VEGF
[Mazure et al., 1996] and hepatocyte growth
factors (HGF) up-regulating their expression
[Trusolino and Comoglio, 2002]. The HGF and
hypoxia activate synergistically c-met elevating
cancer cell motility and invasion [Steeg, 2003;
Pennacchietti et al., 2003]. This makes HIF'1 the
master regulator of oxygen homeostasis to
meet cell and tissue requirements in a situation
of oxygen deficiency [Wang et al., 1995]. In
the presence of oxygen (normoxia), HIF-1a is
hydroxylated at Pro-564 and Pro-402 by prolyl
hydroxylase, an enzyme which covalently modi-
fies HIF-1a and converting it to a hydroxylated
form and bound to the tumor suppressor Von
Hippel-Lindau (VHL) protein, ubiquitylated
and degraded in the proteasome [Masson et al.,
2001]. HIF-1a is overexpressed in colon, breast,
gastric, lung, skin, ovarian, pancreatic, renal,
and prostate cancer and associated with cell
proliferation [Harris, 2002]. Hypoxia driven
generation of VEGF [Mazure et al., 1996] up-
regulates intracellular adhesion molecule-1
(ICAM1) synergistically with L-arginine, a sub-
strate for the nitric oxide synthase (NOS)
through the phosphorylated AKT ser 473
[Radisavljevic et al., 2000]. The AKT specific
inhibitor wortmannin abolished cell migration
induced by the VEGF and nitric oxide through
the ICAM1, an effector signaling molecule in
cell migration and angiogenesis by inactivating
the VEGF/PISK/AKT/NO/ICAM-1 signaling
pathway. The AKT is locus of fragility in this
robust signaling system, which can be targeted
either by catalase or by PISK/AKT inhibitor
(Fig. 1).

CONCLUDING REMARKS

Metastatic cancer is a complex system with
a positive feedback loop. Such a system has

tendency to acquire extreme robustness, and
negative feedback loop is a very difficult to
establish. Targeting locus of fragility in that
extreme robustness can induce system failure.
Signaling mechanisms which control cancer
responses are crucial for the controlling robust-
ness. Identification of locus of fragility in cancer
represents basic mechanism to target robust-
ness. Complex cellular signaling system gets
robust by activation of interacting signaling
pathways. Each gene and protein participates
as a single component in signaling pathways in
building robustness. When signal transduction
is activated it integrates all components in
very complex and robust system. The positive
feedback loops in the metastatic cancer are
creating an extreme robustness. The main
dilemma in Oncology is how to approach that
robustness. The AKT represents a locus of
fragility in robust signaling pathways, which
regulates the cell proliferation, the cell migra-
tion and the angiogenesis, if targeted by the
antioxidant enzyme catalase, a trivial pertur-
bation of the redox state (reductive/oxidative
reaction) occurs, and all signaling and robust-
ness fail. Anti-cancer effect of the antioxidant
is achieved by dephosphorylation of the AKT
signaling locus. Previously reported locus of
fragility NOS if simultaneously targeted
with AKT locus great effect can be achieved in
treatment of malignant metastatic diseases.
This new principle of simultaneous approach
can abolish malignant cell robustness, by block-
ing cell migration, angiogenesis, cell cycle
progression and inducing slow apoptosis and
initiating cascading failure of robustness of the
cancer. These two loci of fragility represent
experimental confirmation of the HOT power
law system, which is robust, but fragile.
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