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Abstract

Many transcription factors play a key role in cellular differentiation and the delineation of cell
phenotype. Transcription factors are regulated by phosphorylation, ubiquitination,
acetylation/deacetylation and interactions between two or more proteins controlling multiple
signaling pathways. These pathways regulate different physiological processes and pathological
events, such as cancer and other diseases. The Forkhead box O (FOXO) is one subfamily of the
fork head transcription factor family with important roles in cell fate decisions and this subfamily is
also suggested to play a pivotal functional role as a tumor suppressor in a wide range of cancers.
During apoptosis, FOXOs are involved in mitochondria-dependent and —independent processes
triggering the expression of death receptor ligands like Fas ligand, TNF apoptosis ligand and Bcl-X,
bNIP3, Bim from Bcl-2 family members. Different types of growth factors like insulin play a vital
role in the regulation of FOXOs. The most important pathway interacting with FOXO in different
types of cancers is the PI3K/AKT pathway. Some other important pathways such as the
Ras-MEK-ERK, IKK and AMPK pathways are also associated with FOXOs in tumorigenesis.
Therapeutically targeting the FOXO signaling pathway(s) could lead to the discovery and
development of efficacious agents against some cancers, but this requires an enhanced
understanding and knowledge of FOXO transcription factors and their regulation and functioning.
This review focused on the current understanding of cell biology of FOXO transcription factors
which relates to their potential role as targets for the treatment and prevention of human cancers.
We also discuss drugs which are currently being used for cancer treatment along with their target
pathways and also point out some potential drawbacks of those drugs, which further signifies the
need for development of new drug strategies in the field of cancer treatment.
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Introduction

Cancer is one of the major causes of morbidity in
modern human populations. The leading cause of
mortality in advanced communities has been
cardiovascular diseases, but improved treatment of
cardiovascular diseases is leading to an increased
lifespan of the population. The prevalence of many
diseases, including cancers, is age related so with the
increase in average lifespan of populations, the
occurrence, impact and burden of cancer is also

increasing. Many human cancers are caused by the
dysregulated activity of transcription factors.
Transcription factors, also known as sequence specific
DNA binding peptides, are polypeptides which bind
to specific DNA sequences and regulate, (negatively
and positively) the rate of transcription of genetic and
cellular information from DNA to mRNA and
ultimately lead to the altered expression of the index
proteins. Transcription factors work in large

http://www.ijbs.com



Int. J. Biol. Sci. 2017, Vol. 13

816

complexes which are being more and more
recognized for their heterogeneity and exquisite
functional variability. Thus the roles and functions of
transcription factors are commonly dysregulated in
pathologies of human cancer which render them
potential therapeutic targets [1, 2].

The remarkable molecular diversity of
transcription  factors as drivers of cellular
transformation warrants the pursuit of them as
therapeutic targets for drug discovery for prevention
and modulation of the oncogenic processes
underlying human cancers. Agents targeting
transcription factors, for example, for proteolysis of
their derived proteins, are among the few current
curative strategies in cancer therapeutics [3].

One such class of transcription factors that may
serve as a target for the modulation of cancer is the
Forkhead box transcription factors (FOXO) family.
FOXO proteins are growth factor and stress regulated
transcription factors. FOXO proteins normally reside
in the nucleus of quiescent or growth factor deprived
cells where they act as regulators of gene
transcription; in the presence of cell growth factors,
FOXO proteins are relocalized to the cytosol and
eventually subjected to degradation via the
ubiquitin-proteasome pathway. In the absence of the
cellular survival drive of growth factors, FOXO
proteins translocate to the nucleus and upregulate a
series of target genes, thereby promoting cell cycle
arrest, stress resistance, and apoptosis [4]. This brief
description points to the potential role of FOXO
proteins in the regulation of expression of the
adherent genes related to cancer and as a potential
targets for the prevention and treatment of cancer.

FOXOs are involved and implicated in a broad
range of cellular functions, including cellular
differentiation, apoptosis, cell proliferation, DNA
damage and repair and as mediators of oxidative
stress [5, 6]. These are cellular properties, critical to
the cell biology of cancer. Compelling evidence
implicates dysregulation of the functioning of FOXO
proteins with cancer progression and tumorigenesis
[7, 8]. The intriguing cell biology of FOXO arises from
their cellular location and translocation. Whereas
most common regulators of transcription, for
example, the extracellular signal-regulated kinase
(ERK) are located in the cytoplasm and stimulation of
cells through growth factor receptors results in target
kinase phosphorylation and nuclear translocation,
FOXO proteins are present in the nucleus and growth
factor pathways promote the nuclear exclusion and
translocation of phosphorylated FOXO to the
cytoplasm where they are subjected to degradation
[9].

The designation of FOXOs arose from the

discovery of the Drosophila forkhead gene. The
founding member and namesake of the FOX family is
the fork head transcription factor in Drosophila, the
mutation in which results in defective head
involution. The forkhead box (FOX) family of genes
have a conserved forkhead domain (the “forkhead
box”) described as a “winged helix” as a result of the
butterfly-like appearance on X-ray crystallography
and nuclear magnetic resonance. The forkhead
domain in FoxO proteins consists of three a-helices,
three PB-sheets, and two loops that are referred to as
the wings [10, 11].

Of the mammalian forkhead transcription factors
in the O class, FoxO1l, FoxO3, FoxO4, and FoxO6
proteins play a significant role in normal cellular
functioning as well as during progressive disease. The
most recently cloned member is FoxO6 and
progressive interest in FoxO1, FoxO3, and FoxO4 has
shown that these transcription factors can promote
cell proliferation as well as cell death [11]. The
superfamily of forkhead contains a highly conserved
DNA FOX domain. The FOXO transcription factors
control tumor suppression pathways. FOXO6 mRNA
is predominantly present in the adult and developing
brain, and it also plays a key role in nervous system
[12]. Majority of target genes activation or repression
is regulated by the conserved FOX domain which is a
100 amino acid DNA binding domain of FOXO
protein. Transcriptional functions and FOXO
localization at the subcellular level are controlled by
classic, post-translational modifications, including
ubiquitination, phosphorylation and acetylation [12].
The FOXO1/FKHR, FOXO4/AFX and
FOXO3/FKHRL1 genes were also detected during
choromosomal translocation events in human tumors.
This initial research suggested the important role of
FOXO transcription factors in tumor development
and progression [13, 14]. Individually FOXO1 mRNA
is highly expressed in adipose tissue, FOXO4 mRNA
is mostly found in the heart and FOXO3 mRNA is
abundant in brain [15]. During development and
carcinogenesis, the protein kinase B (AKT) pathway
plays a prominent role in cell growth and cell
survival. AKT is activated by AKT kinase PDK1/2,
downstream target kinase of phospholipid kinase
phosphatidylinositol 3-kinase (PI3K) and in the case
of mammals it exists as three isoforms which are
encoded by separate loci. Targeted deletion of all
isoforms of AKT inactivates tissue functions [16]
although only AKT2 and 3 isoforms are amplified in
human cancer. FOXOs are key signaling proteins in
growth factor signaling and are pathway positioned
downstream of AKT. Growth-factor initiated
kinase-mediated = phosphorylation of  FOXOs
promotes their interaction with the 14-3-3 protein,
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leading to export from the nucleus to the cytoplasm;
this provides an example of the phenomena of nuclear
exclusion in cell biology. FOXOs are also regulated by
ubiqutin proteasome pathways.

These FOXO regulatory pathways are triggered
by the PI3K/AKT pathway which mediates cellular
functions of proliferation and cell growth [17]. The
balance between degradation of FOXOs and nuclear
exclusion could be related to signal intensity which is
responsible for the nuclear export [18]. While AKT
phosphorylates FOXO1, 3, 4 on three sites and leads to
their cytoplasmic translocation, AKT phosphorylates
FOXO6 on only two residues. Phosphorylation of
these two residues on FOXO6 not only inactivates
FOXO6 but also prevents its export from nucleus to
cytoplasm [19]. In addition to AKT, there are other
negative regulators of FOXOs, such as DYRKIA
(dual-specificity tyrosine-phosphorylation-regulated
kinase 1A), CK1 (casein kinase 1), SGK (serum and
glucocorticoid-regulated kinase), IxB kinase (IKK)
and the ubiquitous MAP kinase, ERK [20]. Other
kinases, which regulate FOXOs are JNK (c-Jun
N-terminal kinase) and MST1 (Mammalian Ste20-like
kinase) which act under conditions of elevated
oxidative stress. JNK and MST1 phosphorylate
FOXO4 under cellular stress conditions and promote
its movement from cytoplasm to the nucleus where it
regulates gene transcription. AMPK (AMP-activated
protein kinase) phosphorylates and activates FOXOs
under conditions of nutrient stress and triggers the
expression of genes which play an important role in
stress resistance and energy metabolism [21]. FOXOs
and their role in the different type of diseases are
summarized in Table 1.

FOXOs have been considered to be tumor
suppressors due to their pro-apoptotic and
anti-proliferative actions. Although its activity and
expression are unaltered in different cancers, recent
studies have revealed new and unexpected functions
of FOXOs in the promotion of cancer and in
modulating responses to cancer treatment. In this

Table 1. Types of FOXO and their involvement in various diseases

review we address the prospects of targeting FOXOs
in regulating cancer and the underlying mechanisms
involved.

Role of the ROS-FOXO Axis in Cancer

Role of FOXO in oxidative stress and
oxidation-triggered apoptosis

Apoptotic genes are not only related to cell
killing but also play an essential role in replication
and transcription. Cellular apoptosis is an essential
process in tissue and organ development and it can
also be involved in disease processes related to
diabetes mellitus (DM), neurodegenerative diseases
and cardiovascular injury [37]. However, most
importantly, by regulating apoptotic pathways,
cellular signaling pathways and transcription factors
control unregulated cell proliferation and tumor
growth [38].

Apoptotic cell death is a self-generated process
involving both early and late events. Microglias have
a phosphatidylserine receptor (PSR) which is
expressed during oxidative stress. Membrane
phosphatidylserine (PS) binds to these receptors and
directs microglia to target phagocytosis of cells [39,
40] which is an early event in cell apoptosis [41-43].
This blockage of PSRs working in microglia inhibits
microglial  activation [44, 45] leading to
externalization of PS residues in cells at the time of
oxidative stress. This externalization of PS leads to
anoxia [46] and reactive oxygen species (ROS)
exposure [47]. Some agents that form ROS, such as
6-hydroxydopamine [48], are involved in late events
during the apoptotic process including fragmentation
of genomic DNA [49]. Enzymes which mediate
fragmentation and degradation of DNA are called
endonucleases, and they consist of the acidic and
cationic independent endonucleases (DNase II), 97
kDa magnesium—dependent endonucleases and
cyclophilins.

Types of FOXOs Pathological Problems Key roles of FOXOs

References

FoxOB3a, FOXO  Cancer

Transcriptional Activity of FOXOBa required to avert chronic myelogenous leukemia and B-chronic [22,23]

proteins lymphocytic leukemia

FOXO proteins are involved in cell cycle regulation and proliferation process [24, 25]

Lack of functional FOXO proteins lead to prostate, breast and thymic tumors [26-30]
FOXO1, Alzheimer's disease and ~ FOXO protein translational activity prevention decreased the cell loss during neurodegeneration ~ [31,56]
FOXOBa aging and oxidative stress

Amyloid caused phosphorylation of FOXO3a and FOXO1 [32]

B-catenin had ability to modulate transcriptional activity of FOXO [33]
FOXO1, Diabetes mellitus FOXO3a and FOXO1 linked with increased mortality and increased HbAlc [34]
FOXO3a FOXO3a and FOXO1 associated with high risk of Stroke and diabetes [35]

In several animal model of diabetes, FOXO3a activity loss may lead to disease complications [36]
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The initiation of apoptosis within cells by FOXO
proteins engages pathways associated with oxidative
stress. Oxidative stress occurs when ROS are released
into the cellular environment. Mutations of
mitochondrial DNA and the generation of oxygen free
radicals leads to tissue toxicity at the organ level and
it underpins the aging process [37]. ROS include
multiple chemical entities, for example, superoxide
free radicals, singlet oxygen, hydrogen peroxide,
peroxynitrite and nitric oxide [49]. During normal
physiological conditions, these reactive species are
formed at low levels and are scavenged by
endogenous antioxidants such as glutathione
peroxidase, superoxide dismutase and a diverse array
of small molecules (like vitamin B3, D3, C, E,) and
catalase [50, 51]. Forkhead transcription factors like
FOXO1 and FOXO3a commonly present during
oxidative stress cause apoptotic cell injury [52, 53].
Under other kinds of oxidative stresses, FOXO3a and
the MAP kinase, JNK, lead to modification of
apoptotic ligands, which activate a cell death pathway
mediated by Fas protein [54] causing the
pro-apoptotic action of p53 [55]. When FOXO activity
is compromised throughout the oxidative stress
process then it becomes advantageous for cell
survival. For example, protein or gene knockdown of
FOXO3a or FOXO1l can reduce ischemia-induced
infarct size in brain to some extent [56], intervene to
shield metabotropic glutamate receptors in periods of
vascular injury [57], increase neuronal survival or
pancreatic [P-cell with the assistance of NAD*
precursors throughout oxidative stress [58] and give
trophic factor protection with neurotrophins and
erythropoietin (EPO) [59,60]. Thus, FOXO proteins
come to the fore as a potential target to control tumor
growth, not only by engaging with pro-apoptotic
pathways, but also by blocking cell cycle progression.

Interaction between ROS and FOXO and its
contribution to cancer

Hyper activation of the PI3K/AKT pathway is a
characteristic of many different cancers and is often
seen together with the absence of tumor suppressor
gene phosphatase and tensin homolog (PTEN) [61].
Therefore, FOXO proteins could be considered as
tumor suppressors, as inactivation of FOXO proteins
is an early event in the tumorigenic process. In
support of this proposal, mice lacking FOXO1, FOXO3
and FOXO4 developed lymphoproliferative diseases
and hemangiomas, which are circumstances linked
with new neoplasms. It is worth mentioning that
hemangiomas are a characteristic of Cowden’s
syndrome where the tumor suppressor gene PTEN is
found inactivated because of mutation [62, 63]. In cells
which are not transformed, ROS are formed at normal

levels due to basal levels of cell metabolism and at
these lower levels ROS are successfully inactivated by
the effective cellular antioxidant defense mechanisms.
ROS are also generated during active growth
factor-receptor signaling [64]. As compared to
untransformed cells, most cancer cells generate high
levels of ROS indicating an increased metabolic rate,
which confers a permanent state of increased
oxidative pressure [65]. As ROS production remains
persistently elevated, the cancer progresses in
association with genomic instability, a high amount of
DNA damage and decreased mismatch repair [66].
Additionally, the disturbed redox conditions lead to
the formation of signaling components necessary for
cell survival and proliferation and reduced
involvement of FOXO3a [67]. Compatible with a role
for ROS at the time of tumorigenesis, Ras-transformed
fibroblasts exhibit pronounced ROS [68] and
superoxide overproduction producing oxidase Mox1
which is sufficient to change immortalized NIH3T3
fibroblasts [69]. So, continuous oxidative stress can
bestow a survival and growth benefit to cancer cells
by triggering signaling pathways that encourage
cellular proliferation and transformation [70]. Along
with this, the induction of a number of proapoptotic
FOXO  stimulated genes, including  B-cell
lymphoma-2-interacting mediator of cell death (Bim)
and B-cell lymphoma 6 as a response against
hydrogen peroxide, can be inactivated by either
expressing the dominant-negative mutant or
inhibition of endogenous FOXO3a [70,71]. Cancer
cells have developed mechanisms that potentially
break the nexus between ROS aggregation and
Bim-induced apoptosis by FOXO. Colorectal
carcinoma cells are linked to ERK mediated
suppression of Bim which is achieved by FOXO3a
degradation by ERK [72].

The oxidative stress defense response is induced
through FOXO-dependent manganese-dependent
superoxide dismutase (MnSOD) induction, and
catalase and GADD45 activity in nonmalignant cells.
Relevant to the role of FOXO proteins in decreasing
ROS levels, FOXO1, FOXO3 and FOXO4
triple-knockout mice hematopoietic stem cells
showed evidence of increased intracellular ROS levels
[73]. When the PI3K/AKT pathway is activated
during tumorigenesis, it down regulates the ability of
FOXO to detoxify ROS, leading to an increase in
intracellular ROS and augmented cancer progression.
However, increased cellular ROS levels could also
trigger kinases activated by stress, as well as JNK
which amplify the FOXO protein transcriptional
activation potential [74]. Collectively, these findings
indicate that there is a tightly synchronized feedback
loop between FOXO proteins and ROS. FOXO
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modulates the transcription of genes involved in
redox regulation, while ROS regulates the activity of
FOXO factors.

Role of FOXO in Cell Cycle Arrest

There are many studies which have investigated
the tumor suppressor activity of FOXOs to control the
expression of genes implicated in cell death (FasL,
Bim, Trail) and cell cycle arrest (CDKN1A/p21,
p27KIP1). FOXO4 and FOXO3a can mediate cell cycle
arrest in murine myoblastic cell lines by processes
involving modulation of growth arrest and expression
of new protein 45 formed by the DNA damage
process [75]. Control of the cell cycle by transcription
factor E2F-1 enhanced the expression of FOXO3a and
FOXO1 leading ultimately to cell cycle arrest [76].
Importantly, the loss of FOXO3a expression in
conjunction with the oncogene c-myc, nuclear
factor-xB (NF-xB) and p27, leads to cell cycle initiation
and alteration of malignant mouse cells and
oncogenic activation. Some data indicated that the
FOXO proteins made use of the pb53 upstream
regulator p19 (Arf) by the oncogene myc to obstruct
lymphoma progression and cell cycle induction [77].

Role of Insulin/Growth Factors In the
Regulation of FOXO

AKT/FOXO is a canonical downstream target
of growth factor receptor signaling

The serine/threonine protein kinase AKT,
targets FOXOs as a direct substrate. AKT is a
ubiquitous mediator of cellular signaling pathways
initiated by insulin and many growth factors in a wide
variety of cell types [Fig.1 and Fig.2]. Growth factor or
more specifically insulin initiated activation of their
cognate protein tyrosine kinase receptors often
stimulates the recruitment and activation of PI3K,
which further activates serine/threonine kinases,
including SGK and AKT protein kinase family
members [78]. The conservation of the
PI3BK/AKT/SGK pathway from worms to mammals
supports the contention that this pathway is
important in multicellular organisms. Preliminary
genetic research in worms revealed that the FOXOs
are very important downstream targets of the
PI3K/AKT pathway in the context of longevity and
development [79]. Our previous studies also
demonstrated that insulin growth factor-1 (IGF-1) is
capable of inducing the phosphorylation of FOXO3a
(FKHRL1) in PC12 cells and Uveal Melanoma cells by
activating the PI3K/AKT kinase pathway [65, 66, 80,
81]. Recently, we also described the involvement of
the PI3K/AKT/FOXO3a pathway in the IGF-1
induced protective action in RGC-5 retinal cells

against cell death caused by the anti-arrythmic drug,
amiodarone [82]. Another study performed on PC12
cells showed the protective effect of venlafaxine
against cell death caused by corticosterone, by
involvement of PI3K/AKT/FOXO3a signaling
pathway [83]. FOXO1l, FOXO4 and FOXO3 are
phosphorylated through AKT at three regulatory sites
-Thr32, Ser315 and Ser253. These specific regulatory
sites, being consensus sequences for AKT
phosphorylation, are conserved from C. elegans to
mammals [84]. SGK and AKT phosphorylate a
combination of sites present in FOXOs [85]; SGK
preferentially phosphorylates Ser315 and AKT
mediates the phosphorylation of Ser253 whereas
Thr32 is phosphorylated by both the kinases. IGF-I
[86], interleukin 3 [87], insulin [88], nerve growth
factor [89], erythropoietin [90] and epidermal growth
factor [91] are the growth factors which
phosphorylate all three FOXO regulatory sites. This
indicates that FOXO transcription factors integrate a
wide range of phosphorylation pathways by external
stimuli utilizing all three conserved residues which
are phosphorylated by SGK and AKT. Thus, by the
phosphorylation of these three residues, SGK and
AKT integrate FOXO transcription factor responses
from a broad range of external stimuli. The selective
phosphorylation of residues of FOXO by several
protein kinases may permit FOXOs to selectively react
to various closely associated stimuli, like IGF-I and
insulin [92]. Other sites on FOXOs are targeted by
growth factor and insulin signaling pathways,
including the residues Ser322 and Ser325 in FOXO1
which are also phosphorylated by growth factor
stimulation [93]. The phosphorylation of residues
Ser322 and Ser325 in FOXO1 is ‘primed” by Ser329
phosphorylation and is also mediated by CK1 [93].
Phosphorylation of Ser329 can also occur by the dual
tyrosine (Y) which is controlled by kinase 1 (DYRK1)
[94]. Collectively, all these phosphorylation processes
are involved in the control and regulation of the
subcellular localization of FOXO which is the most
important determinant of its role in cell biology.

Correlation of FOXO and other pathways in
cancer

The PI3K/AKT pathway promotes cell survival
by phosphorylating and thus inhibiting the action of
multiple signaling proteins like FOXO transcription
factors [95]. Multiple studies supported the oncogenic
role of the PI3K/AKT pathway in cancer cells
including gain-of-function of tyrosine kinases by PI3K
or RAS by mutations in encoded genes or mutations
of PTEN leading to loss of FOXOs functions [96]. In
cancers, FOXOs mostly remain in the inactive
phosphorylated state in the cytosol thus maintaining
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normal cellular proliferation and survival. This
conclusion has been supported by a number of studies
which show that pre-B lymphocyte transformation
with BCR-ABL requires the PI3K/AKT pathway and
concurrent repression of FOXO3-induced apoptosis is
also required [97]. In the same manner for transfected
Ba/F3 cells, the activity of FLT3-ITD, a mutant
receptor which is a common resident of acute myeloid
leukemia, resulted in the activation of PI3K/AKT
pathway with consequent inactivation of FOXO3 and
phosphorylation. As a result, FLT3-ITD reduced
FOXOB3-induced p27KP1  (CDKNI1B) and Bim
(BCL2L11) expression, which assists in maintaining
cell survival and proliferation [98]. The PI3K pathway
is also dysregulated and activated in breast, thyroid
and cervical cancer. FOXOL1 is reactivated in a breast
cancer cell line due to targeted depletion of PI3K with
the help of siRNA and the activation of FOXO1, 3 and
4 lead to apoptosis and cell cycle arrest [99]. FOXO1
when reactivated in cervical cancer cells treated with
the PI3K inhibitor, LY294002, promotes an
anti-proliferative and pro-apoptotic response which is
similar to the down regulated effects mentioned
above [100]. In a murine lung cancer model, when
PI3K is inhibited, it promotes the activation of FOXOs
and reactivates p27KIP1  expression [101]. Other
available agents which inhibit the PI3K pathway
restore FOXO activity and thus induce apoptosis and

Insulin/growth factor
absent

cell cycle arrest. When the PI3K/AKT pathway in
thyroid cancer cells is blocked by non-steroidal,
anti-inflammatory drugs, such as sulindac sulfide,
FOXO3 is activated which triggers the expression of
growth arrest and DNA-damage-inducible protein 45
o, Bim and p27KP1 [102]. In B lymphocytes, FOXO1 is
expressed at a high level, but its expression is reduced
in Hodgkin’s lymphomas. The FOXO1 repression in
these cells could be ascribed to different mechanisms,
including constitutive activation of ERK and AKT and
when FOXO1 is reintroduced then cell proliferation is
reduced but apoptosis increased [103].

The MAPK, ERK, phosphorylates FOXO3 on
specific residues including Ser294, Ser425 and Ser344
which are notably different from the AKT target sites;
ERK-mediated FOXO3 phosphorylation leads to an
interaction with the MDM2 (E3-ubiquitin ligase) [104].
MDM?2 polyubiquitinates FOXO3 rendering it a
substrate for proteasomes and proteolysis. In human
breast cancer tissue, a correlation between FOXO3
and MDM2 expression was observed and a high
tumor rate was associated with FOXO3- negative and
MDM2-positive tissues, showing the pathological
importance of this relationship [104]. ERK and AKT
were shown to control FOXO3 in glioblastomas [105].
FOXO3 depletion could thus partially result in
ERK-mediated tumorigenesis.

BIM, FasL, MnSOD, P27, GADD45

I 11

Cell death

Stress
resistance

Cell cycle
arrest

Figure 1. Insulin and growth factor control the complete regulation of FOXO within the cells. The lack of insulin/growth factor results in the localization of FOXO

in the nucleus and triggers the process of cell cycle arrest and cell death.
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Insulin/growth factor

Cellular
proliferation

Nucleus

Cell sensitive to
stress

Cell survival

Figure 2. In the presence of insulin/growth factor, all the growth factor binds with the receptor and activates the PI3K/AKT/SGK pathway. AKT and SGK
phosphorylates the FOXO at different sites, and upon phosphorylation, it binds with 14-3-3 protein. The binding of 14-3-3 protein with phosphoryated FOXO helps

FOXO translocate form nucleus to cytoplasm.

The IKK/NF- « B pathway was first recognized
for its role in inflammation and the innate immune
response. This pathway has more recently been
recognized as a signaling pathway associated with the
development of different types of cancers. IKKa and 8
directly = target FOXO3 by inducing the
phosphorylation of the Ser644 residue which starts its
degradation through proteasomes and triggers
nuclear exclusion [106]. FOXO3 is often restricted to
the cytoplasm in acute myeloid leukemia (AML)
because of phosphorylation by active IKK, but not by
AKT. As a result, IKK stimulates proliferation and cell
survival and FOXO favors tumorigenesis [107].

A very important member of the IKK family,
IKKe, is also proficient in the phosphorylation of
FOXO3 on Ser644 residue, thereby blocking
apoptosis. The phosphorylation of FOXO3 on the
Ser644 residue is associated with IKKe expression in
human lung cancer [108]. These results implied that
the regulation of FOXO3 by various IKK family
members might be a key mechanism in promoting
tumorigenesis.

Role of Micro-RNA:s in the regulation of FOXO
in cancer

Micro-RNAs (miRs) regulate FOXO levels in
cancers. Some micro-RNAs including miR-183,

miR-182 and miR-96 act as regulators of FOXO
expression in various cancer types. Recent studies in
breast cancer suggested that miR-96 overexpression
leads to proliferation of tumor cells by targeting
FOXO3 and FOXO1 in bladder cancer [109, 110]. The
microRNA miR-182 is up-regulated and targets
FOXO3 in melanoma cells and MITF, leading to
enhanced invasion characteristics [111]. As well as in
the MCF7 human breast cancer cell line, miR-27a
along with miR-182 and miR-96 targeted FOXO1 and
enhanced tumor cell growth [112]; in classical
Hodgkin’s lymphoma, FOXO1 is down-regulated, in
part through the mutual action of miR-182, miR-183
and miR-96 [103]. In endometrial cancer, micro-RNAs,
including miR-182, miR-183 and miR-96
down-regulate FOXO1, which guides cancer cell
survival and proliferation [113]. Based on studies in
cell lines, there are many other micro-RNAs which
down-regulate FOXO1 and support cancer cell
proliferation and cell survival for example, miR-135b
in osteosarcoma cells [114], miR-370 in prostate cancer
[115], miR-411 in lung cancer [116] and miR-1269 in
hepatocellular carcinoma [117].

FOXOs and the regulation of angiogenesis

Angiogenesis is a process which involves the
growth of new capillaries from pre-existing blood
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vessels. Angiogenesis plays a key role in the growth of
solid tumors by providing the vasculature and
perfusion required for tissue expansion [118]. The
mechanism of angiogenesis involves stimulation of
endothelial cells by angiogenic factors (e.g., vascular
endothelial growth factor (VEGF)) to promote their
migration, proliferation, invasion and tube formation
[119]. FOXOs are involved in these processes as both
pro- and anti-angiogenic factors. The main supporting
evidence for the pro-angiogenic function of FOXO1
arises from embryonic development studies. Foxol~-
mice died at E11.5 due to impaired vascular
development of embryos and yolk sacs. In mature
endothelial cells, FOXOs promote the expression of
proangiogenic genes like vascular cell adhesion
molecule-1 (VCAM-1) which are regulated by VEGF
[120]. Additionally, Angiopoietin-1 inactivated
FOXO1, and in endothelial cells FOXOL1 triggered the
genes which are especially involved in vascular
remodeling, destabilization of blood vessel integrity
and apoptosis. In a murine hind limb ischemia model,
FOXO3/- mice had a higher capillary density 14 days
after induction of ischemia compared to wild type
mice. This study suggested that FOXO3 regulates
vessel formation in the postnatal stage [121]. The role
of FOXOs has been studied in tumor angiogenesis.
Analysis of two hundred and seventy two clinical
samples from patients with gastric cancer showed that
FOXO1 is constitutively phosphorylated and
inactivated in 85 per cent of tumors. Phosphorylation
of FOXOL1 increases HIF-1 and VEGF levels and
promotes angiogenesis in the cancer tissue. These
reports suggested that FOXO1 inactivation promotes
angiogenesis in gastric cancer [122].

Crosstalk between FOXO and p53

FOXO3 interacts with the tumor suppressor p53
at different levels showing a signal transduction
crosstalk between FOXO3 and p53. This crosstalk is a
physical interaction [122, 123] because FOXO3 can
stabilize p53 [124] or activate it indirectly via the
up-regulation of p19ARF (CDKN2A), an upstream
regulator of p53 [125]. Also, in fibroblasts, p53 binds
to a site in the second intron of FOXO3 to induce its
expression during DNA damage. In these cells,
FOXO3 is not essential for p53-mediated cell cycle
arrest, possibly because of damage by other factors or
other FOXO isoforms. FOXO3 is required, at least
partially, for p53-induced apoptosis. Furthermore,
FOXO3 loss does not increase the rate of tumor
development in p53 deficient mice but affects the
tumor spectrum, since tumors that do not often
appear in pbd37/- mice (adenocarcinomas and
angiolipomas) developed when both p53 and FOXO3
were deleted [126].

FOXO Mutations in Cancer

Somatic alterations in FOXO genes, along with
chromosomal translocations and somatic point
mutations, have been observed in few tumor cases.
FOXO fusion proteins act as oncogenes. The first
altered FOXO1 forkhead domain gene was seen in
alveolar rhabdomyosarcoma (ARMS) a domain of
forkhead gene that attaches to PAX3 resultinginanat
(2,13) translocation. Forkhead was the gene named in
rhabdomyosarcoma (FKHR) and later named FOXO1
[127]. A blending between FOXO1 and PAX7 was also
described previously [t (1,13) translocation] [13].
These two blended proteins hold an integral PAX
DNA-binding domain (DBD) attached to the
branched domain of forkhead box and the
transactivation domain of FOXO1 [127, 13]. Many
models have been used to recognize the oncogenic
mechanism of cell transformation by the fusion
protein of PAX3-FOXO1l. shRNA targeting of
PAX3-FOXO1, showed that this fusion protein is
crucial for proliferation and transformation of the
ARMS cells. However, even though the fusion protein
helps in oncogenesis, it is not a strong oncogene and a
high expression level is required to support
tumorigenesis [128].

PAX3- FOXO1 complexes alone are not sufficient
to induce tumors, but additional genetic lesions are
needed as revealed through studies performed on
transduced cells, transgenic or knock-in mice [129].
For illustration, conditional knock-in PAX3-FOXO1
mice did not develop tumors unless there was also
anchorage restricted inactivation of p53 or CDKN2A
pathway. The interruption of these two pathways had
previously been observed in human ARMS and seems
to work with FOXO fusion proteins to encourage
tumorigenesis [130, 131].

Due to the existence of an unbroken PAX DBD,
these chimeric proteins have the ability to
transactivate genes from PAX-binding sites, but their
transcriptional activity is higher when compared to
PAX7 proteins or wild-type PAX3 [132]. The
improved activity of this fusion protein could clarify
tumorigenesis, at least in part, by disturbed
transcription of target genes. For example,
PAX3-FOXO1 up-regulated N-Myc, and this guides
the fusion protein to transform cells [13,129]. BCL-XL,
a type of anti-apoptotic factor, is also up-regulated via
a PAX3-FOXO1 mechanism, and is very important for
survival of ARMS cells [128, 131]. However many of
the genes identified in these studies still need to be
validated. The reduction in one FOXOL1 allele because
of chromosomal translocation was also predicted to
add to tumorigenesis. However, haplo insufficiency
of FOXO1 does not speed up tumor expansion in mice
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with PAX3-FOXO1 expressed in mortally dividing
muscle cells [131].

FOXO4 and FOXO3 were next recognized in
fusion proteins along with MLL (mixed lineage
leukemia, encoded by the KMT2A gene) in acute
leukemia [t(X;11) and t(6;11) translocations,
respectively]. The C-terminal part of FOXO is present
in both PAX3/7- FOXO1l fusion proteins and
transactivation domain of MLL-FOXO3/4 proteins
[133, 134]. MLL translocations are associated with
acute myeloid leukemia (AML) and acute
lymphoblastic leukemia (ALL). Many other branches
of MLL in fusion proteins have been identified. It was
hypothesized that shortened MLL contributed to
leukemogenesis regardless of the fusion branch as
explained with mice expressing the MLL-LacZ fusion
protein, which lead to hematological tumors.
However, the breach could either provide a
transactivation domain to MLL or alleviate the
shortened MLL protein [135].

Activation of the PI3K/AKT signaling pathway,
leads to decreased activity of FOXO and decreased
levels of FOXO target genes like catalase and MnSOD
[136]. Both MnSOD and catalase belong to a huge,
miscellaneous family of antioxidant enzymes. As
discussed earlier, cellular ROS levels can be
modulated by PI3K/AKT/FOXO downstream of the
insulin receptor. Up-regulation of MnSOD by
increased FOXO expression resulted in a decrease in
cellular ROS [136] and an increase in ROS improved
FOXO transcriptional activity, and thus behaved as a
feedback mechanism. Small GTPase Ral is activated
by increased ROS, which resulted in phosphorylation
of the stress kinase JNK. Activated JNK resulted in
phosphorylation of the T451 and T447 sites of FOXO4.
These specific phosphorylations are necessary for
FOXO4 transcriptional activity as revealed by
mutational analysis. HO» treatment increased FOXO
transcriptional activity and initiated the activation
and transportation of FOXO4 from the cytoplasm to
the nucleus. T447/451 phosphorylation by FOXO4
can mediate transcription of catalase and MnSOD,
which leads to a decrease in ROS levels. Thus,
establishment of FOXO4 by oxidative stress is an
element of a negative feedback loop to decrease the
levels of oxidative stress within the cell, by avoiding
damage to DNA, proteins and lipids [137]. The
homeostatic mechanism to manage ROS levels is
controlled by signaling pathways that can have both
positive (Ras/Ral/ JNK) and negative (PI3K/AKT)
effects on FOXO. Growth factors, including insulin,
have the capacity to regulate both pathways
concurrently. Cells maintain a basal level of AKT
activity in the presence of serum and H>O» treatment,
even at fairly low concentrations and can activate

Ral/JNK signaling which results in the activation of
FOXO. Thus, AKT action is fairly low, for example, as
matched to insulin-induced AKT activity, the
Ral/JNK signaling pathway acts in a conflicting
manner. TNFa increases FOXO transcriptional
activity in Al4 cells and this occurs with a marked
activation of JNK and weak activation of PKB. If AKT
activity dominates the JNK activity, this will result in
relocation of FOXO to the cytosol. Additionally,
PKB-mediated phosphorylation of FOXO also leads to
ubiquitin attachment and degradation of FOXO
protein [138]. The effects of acetylation and
deacetylation on FOXO transcriptional activity are
conflicting. During periods of low oxidative stress,
FOXOs are at first activated by JNK-mediated
phosphorylation, but later or at higher concentrations
FOXOs are inactivated by acetylation and/or
ubiquitination. Deacetylation of FOXO by Sir2 can
thus extend the FOXO action induced by HxO»
treatment in array to ensure full activation of the
antioxidant targets of FOXO [137].

Current Anti-Cancer Drugs Impacting
FOXO Functions and Signaling Pathways

FOXO transcription factors and proteins are
involved in cell death and survival and multiple
signal transduction pathways which are essential for
cell proliferation, angiogenesis and tumor suppressor
gene functions. These roles are dysregulated in
human cancers rendering FOXOs as potential targets
for the treatment of cancers. Some anticancer agents
like lapatinib, imatinib and paclitaxel, gefitinib,
epirubicin, cisplatin, doxorubicin and different
endocrine agents modulate the FOXO3a-FOXM1
transcriptional axis (Fig. 3). Lapatinib, imatinib and
gefitinib, known as “tinibs” were developed and
introduced as specific tyrosine kinase (TK) inhibitors.
Tinibs act by binding and competing with ATP on the
catalytic domain of tyrosine kinases and ultimately
block the autophosphorylation of receptor-tyrosine
kinases and downstream signaling. Tinibs block a
small number of different TKs and their clinical action
might arise from these multiple targets [139]. An array
of new drugs are biologicals including monoclonal
antibodies (“mabs”) such as trastuzumab, which is
directed against the ERBB2 receptor extracellular
domain and interferes with the PI3K-AKT
-FOXO3a-FOXM1 axis signaling. Paclitaxel is a drug,
which is mostly used to treat pancreatic, breast,
ovarian, lung, and other cancers [140]. Paclitaxel
interferes with microtubule assembly and triggers
JNK, which among other actions leads to the
accumulation of FOXO3a. Cisplatin, also used for the
treatment of cancer, binds to DNA, leading to
production of platinum-DNA adducts and ultimately

http://www.ijbs.com



Int. J. Biol. Sci. 2017, Vol. 13

824

inducing apoptosis [141]. Epirubicin and doxorubicin,
anthracycline antibiotics, intercalate with DNA and
cause DNA damage and cell death. Epirubicin,
doxorubicin and cisplatin down-regulate FOXM1
expression. Doxorubicin causes nuclear translocation
of FOXO3a by inducing the phosphorylation of p38
MAP kinase in a manner analogous to other drugs
used for the inhibition of  PI3K-AKT
-FOXO3a-FOXM1 pathways for the treatment of
cancer as shown in Fig. 3.

Perspectives and Conclusion

Cancer is a major cause of human morbidity and
mortality. Extensive research over several decades has
revealed that the dysregulated cellular processes in
cancer cover a wide spectrum of cellular signaling and
cell biology. There have been some major advances in
the treatment of a few cancers, but many remain
particularly difficult to understand and treat. There is
a clear need to discover and develop new agents and
new delivery modalities for the treatment of a broad
range of cancers. Novel drugs addressing target(s)
should be efficacious with limited side effects and a
low propensity for the development of resistance. The
PIBK/PTEN, AKT and FOXO3a networks are
hormone and growth factor regulated pathways that
are dysregulated in cancer and thus represent an
opportunity for the development of new drugs.

As a tumor suppressor gene, we propose in this

review that activation of FOXO promotes cell cycle
arrest and cancer cell apoptosis, which is beneficial for
the treatment of cancer. Activation of FOXOs is
constantly associated with resistance to stress and
lifespan extension [142]. However, emerging data
have challenged the inhibitory role of FOXOs in
cancer growth. FOXOs may also enhance the
proliferation, survival and invasion of cancer cells
[143, 144]. These findings indicate the complicated
functions of FOXOs in the process of carcinogenesis.
Hence, further studies are needed to identify the
specific and contextual roles of FOXOs in specific
tumors. FOXO transcription factors include FOXO1,
FOXO3a, FOXO4 and FOXO6. Whether the target
genes for these factors are different or similar is still
not well understood. FOXO transcription factors may
play different, even opposite functions under
different conditions [145]. Therefore, more work
should be carried out to investigate the relationship
between different isoforms of FOXOs, their roles,
function and regulation and specific cancers.
Activating FOXOs is viewed as a promising strategy
for blocking the development of cancer. However,
currently, there are no compounds available which
target FOXOs directly and hinder the progress of
cancer. Notably, as FOXOs are implicated in multiple
physiological processes, chronic activation or
inhibition of FOXOs might cause intolerable side
effects, such as effects on glucose metabolism.

[ Growth Factor }

*Gefitinib VI!
*Lapatinib I
*Imatinib J' XL-147
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Figure 3. Current important anticancer drugs, their therapeutic targets and interactions with FOXO3a pathways.
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In this review, we have addressed FOXOs,
FOXO proteins and their roles in different pathways
involved in cancer. FOXOs are intimately involved in
the very cellular processes which are dysregulated in
cancer. Interfering with the role of FOXOs has the
potential to block the neoplastic progression and
metastasis. In the regulation of cell death and
survival, there are several pathways which are
involved in apoptosis and also in cancer. So, more
research and enhanced knowledge of these pathways
and their aberrant status in cancers may provide
targets that could be used for the development of
novel agents for the treatment of human cancers.
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