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Parkinson is the second most common neurodegenerative disorder that has affected
about 6 million people worldwide. The complications of this disorder increase the disability
and decrease the QoL of the patient and get worsened as the disease progresses. The therapies
available till date have only managed to relieve the suffering along with ample of adverse
events they cause. None of the therapy has served to completely cure the disease by targeting
its root cause. Being a neurodegenerative disorder, preventing the neurodegeneration and
regeneration of neurons might serve to cease the disease progression. Autophagy is a marvelous
cleaning mechanism of the body whose impairment is reported to cause accumulation of toxic,
misfolded proteins leading to death of neurons. A large number of genes transcription factors
and proteins are important players of autophagy which interplay together and cause efficient
removal of misfolded, aggregated, toxic proteins to prevent neuronal death. Therefore, these
transcription factors may serve as potential targets to trigger autophagy, and thereby prevent
neurodegeneration and promote neuroprotection. FoxO6 is known to be one of the important
transcription factors in regulating autophagy and hence the aim of the current review is to
present a novel strategy for treating PD by triggering autophagy which is in-turn by targeting
the concerned genes and transcription factors with a special emphasis on FoxO.
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Parkinson’s disease (PD) is the second
most common neurodegenerative disorder affecting
more than 2% of people over the age of 50. There
are more than 6 million cases of PD worldwide'.
Over the past few years the prevalence of PD
has been continuously increasing and is a major
contributor to the global disease burden. The exact
cause of the disorder is not known but it is assumed
to be due to both environmental influences and
genetic predisposition?. Patients affected with PD
suffer from motor and non-motor troubles which

critically affect their quality of life (QOL). The
motor symptoms of PD are usually encapsulated
by ‘TRAP’ meaning, Tremor, Rigidity, Akinesia
and Posture instability®. Nonmotor symptoms of
PD include Dysautonomia, and Neuropsychiatric,
Sleep and Sensory complications. As per the
Pathological hallmark of PD, loss or degeneration
of dopaminergic neurons in the substantia nigra
along with deposition of Lewy bodies in the
neurons are known to be the pathological reasons®*.
Though Parkinson is known since 18thcentury,
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curative treatment for the disorder still remains
elusive. Although levodopa is considered as the
gold standard, its use is associated with motor
complications like wearing off, dyskinesia,
and on-off phenomenon® At the same time, the
adverse effects of all the current anti-Parkinson
drugs are inevitable® and hence there is a strong
need of novel therapies for PD. The limited
regeneration power of the CNS represents a major
challenge for the development of new therapeutic
strategies efficacious to promote its functional
repair. Among the novel approaches, one of the
approaches recently emphasized is Regeneration
of Neurons which may be possible by modulation
of transcription factors.

Transcription factors are modular proteins
with distinct functions contained within de?ned
domains, such as DNA-binding and transactivation
of transcription’. The forkhead box subfamily
“0”, foxo, is one of the larger family of forkhead
genes that encode a class of winged helix-turn-
helix proteins which act as transcription factors
that control homeostasis in response to external
influences including variation in growth factor
availability and various®. Foxo proteins were
first identified at chromosomal translocation
in rhabdomyosarcomas and acute myeloid
leukemias®'°.

The FoxO class of transcription factors
consists of four members: FoxOl1, 3a, 4 and 6. The
alternative names for these genes used in earlier
studies were forkhead in rhabdomyosarcoma
(FKHR i.e FoxOl), FKHR like 1(FKHRL1
i.eFoxO3a) and Acute-lymphocyticleukaemia-1
fused gene from chromosome X (AFX or MIIt7
i.e.FoxO4)". FoxOl, 3a and 4 are ubiquitously
expressed, but between different cell types or
organs, the expression level of these FoxOs can
differ considerably. For example, FoxO1 is highly
expressed in adipose tissue, whereas FoxO4 is
highly expressed in muscle and FoxO3a in liver'%.
FoxO6 expression appears restricted to brain".

Recently, variations in the foxO1 gene
among others, have been implicated in PD. As a
part of a widening investigation of the genetic basis
of PD, the potential role of foxo in PD has become
of interest'.

Parkinsonism

Parkinson’s Disease is the second

most common progressive neurodegenerative

disorder resulting from a pathophysiologic loss
or degeneration of dopaminergic neurons in the
substantia nigra of the midbrain and development
of neuronal Lewy Bodies. Parkinson’s disease
was first medically described as a neurological
syndrome by James Parkinson in 1817'5 written
in an essay named ‘An Essay on Shaking Palsy’'S.
Worldwide incidence estimates of Parkinson
disease range from 5 to >35 new cases per 100,000
individual’s year analysis rare before 50 years of
age, but the incidence increases 5—10-fold from
the sixth to the ninth decade of life. The global
prevalence, conservatively estimated at 0.3%
overall, likewise increases sharply with age to
>3% in those >80 years of age'’. One main feature
of PD is evidence of Lewy bodies which are
eosinophilic, cytoplasmic inclusions of fibrillar,
misfolded proteins consisting of a-synuclein,
parkin, synphilin, neurofilaments and synaptic
vesicle proteins. Protein homeostasis is crucial
to sustain cellular health and viability in neurons.
Therefore, overexpression of a-synuclein inhibits
the normal function of inner-mitochondrial
membrane-anchored respiratory chain complexes
in whole brain of PD patients, but mostly in
nigrostriatal neurons. Increased levels of reactive
oxygen species (ROS) might be another cause
of neuronal death!® in midbrain and brainstem,
olfactory tubercle, cerebral cortex, and elements of
the peripheral nervous system. Currently, diagnosis
of Parkinson disease is based on clinical features
from history and examination, and as the disease
progresses it is based on the patient’s response
to dopamine agents and development of motor
fluctuations.
Therapies: From Beginning Till Date

Medical therapies are the mainstay to
fight the symptomatic suffering from PD where
both pharmacological and non-pharmacological
approaches are currently being applied by the
neurologists. Since PD is characterized by
multiple disabling symptoms, its best management
would be possible by using multi-disciplinary
approaches, each one targeting different disability.
The first well-established treatment of PD
was treating the Parkinsonian tremor by using
belladonna alkaloids'. Although they cannot
replace pharmacological therapies, the non-
pharmacological therapies like physical exercise,
speech therapy have known to improve QOL of
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the patients®. In-spite of the fact that Levodopa
is considered as the gold standard for PD, due to
its motor complications, it is prescribed only if
the other dopaminergic treatments fail to serve
the purpose?'. However, it is sometimes given
as the first-line treatment in older patients as
a mono-therapy or in combination with other
agents due to its high efficacy and good safety®.
The dopamine agonists comprising of ergoline
and non-ergoline derivatives are mostly advised
at the start of the treatment and among two non-
ergoline drugs are preferred since they are more
efficacious and safer than the ergolines. Mono
amino oxidase (MAO-B) inhibitors and catechol
ortho methyl transferase (COMT) inhibitors which
act by inhibiting dopamine metabolization are other
type of agents known for their safety and efficacy
and prescribed either singly or as an adjuvant to
levodopa or dopamine agonists. But still there
are side effects to be considered like tolcapone
leads to hepatotoxicity”. Apart from dopamine,
other neurotransmitters also are potential targets
in treating PD. Amantadine, for instance, possibly
works by antagonizing N-methyl-D-aspartic acid
receptors. However, the role is not clear but despite
its unclear mechanism of action, it is recommended
for therapy of motor symptoms in young patients
and appears to be useful in decreasing levodopa-
induced dyskinesias.

The other therapeutic approaches include
pump therapy and surgery. Besides its efficacy
in motor symptoms, the Levodopa/carbidopa
intestinal gel (LCIG) pump is also known to
ameliorate non-motor symptoms and QOL
of the patient”. Apomorphine pump therapy
also shows good efficacy for treating motor
symptoms in PD. It is characterized by attaining
apomorphine plasmatic maximum in less than
10 minutes after subcutaneous application?. In
recent years, Deep Brain Stimulation (DBS) has
emerged as an efficacious therapy for relieving
different neurological symptoms using current
pulses in different target areas. It was approved
in 2002as an adjunctive therapy in reducing
motor fluctuation in advanced Parkinson disease.
The globus pallidus intern and the subthalamic
nucleus are accepted targets for this procedure,
with similar improvements in motor function
and similar adverse events. The response to
deep brain stimulation is equal to the best

response of levodopa, but more effective than
medical therapy in improving “on” time without
troublesome dyskinesias. Deep brain stimulation
typically improves levodopa responsive symptoms
(e.g., tremor, bradykinesia, rigidity) and on—off
fluctuations and dyskinesias whereas impairments
in gait, balance and speech are less likely to
improve. Patients should be considered for deep
brain stimulation only if adequate trials of multiple
medications (e.g., levodopa—carbidopa, dopamine
agonists, monoamine oxidase B inhibitors and
amantadine) have been unsuccessful®?¢.In spite of
aforementioned therapies available, none of them
is known to cure PD and hence novel approaches
targeting the major pathophysiologic mechanisms
is a strongly felt need.
Impaired Autophagy in Parkinson

As mentioned earlier, PD being the second
most common neurodegenerative disease with a
prevalence of 6 million cases which is predicted to
increase up to 9 million people worldwide by 2030.
Parkinson is said to have a sporadic sub-type since
mutation in one of these familial genes (ATP13A2,
DJ1, LRRK2, PARK2, PINK1, PLA2G6, SNCA,
SYNJ1, UCHLI and VPS35) is found in only
5-10% of the cases?’. This serious disorder is
characterized by various risk factors like ageing,
environmental pollutants, genetic abnormalities,
pesticides, metals, rural living, inflammation, head
trauma, smoking and alcohol. The pathological
hallmarks of PD involve dopaminergic neuronal
degeneration in substantia nigra pars compacta,
presence of Lewy bodies which are accumulated
by a-Synuclein and some cytoplasmic inclusions
and it is evidenced that a synuclein pathology and
abnormal gene expression are a result of genetic
alterations that are reported to be associated.

PARK 1 and 4 genes specifically encode
140 amino acid protein a-synuclein which is
predominantly present in presynaptic nerve
endings. This protein is involved in various
physiological functions such as coupling with lipid
rafts which is required for synaptic localization,
regulation of presynaptic vesicular pool with
emphasis on dopaminergic storage®, and regulation
of lipid metabolism. Due to abnormal mutation in
PARKI and 4 there is overexpression of a synuclein
and formation of Lewis bodies which deposit in
form of filaments, fibrils and aggregates leading
to defective cellular trafficking which needs to be
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cleaned. Ultimately impaired proteostasis causes
altered chaperone mediated autophagy, dopamine
mediated toxicity, enhanced sensitivity to oxidative
stress and finally neuronal death®. PARK2 gene
encodes parkin, a RING-finger domain moiety
and functioning as an E3 ubiquitin ligase. Parkin
interacts with E2, E3, UCHL-1, UCHL-8, SCF
like complex, HSP70 and CHIP thereby showing
an important role in Ubiquitin proteasome system,
mutation of which is thought to be reported into
improper ubiquitination of targeted protein for
the proteasomal degradation and thus neurotoxic
accumulation which will enhance oxidative stress
and cause neuronal death®3!,

PARKS is confined to encode a highly
copious deubiquitinating enzyme UCH-L1 and
responsible for hydrolyzing polymeric ubiquitin
chains and also plays a key role in dimerization
dependent ubiquitination proteasomal ligase action.
Hence it possesses both ubiquitin ligase activity
as well as hydrolase activity. UCH-L1 acts upon
polyubiquitinated proteins to recycle and produce
free ubiquitin molecule after their proteasomal
degradation. Mutation in hydrolytic activity of
UCH-L1 impairs ubiquitin proteasomal system
by reducing the availability of free ubiquitin
to ubiquitinate the targets and thus potentially
accumulate proteins like a-synuclein. Also,
even if ubiquitinated, there may be a chance of
ubiquitinated protein accumulation since the
deubiquitinating action is compromised. And
both of these i.e abnormal protein targets and
deubiquitinated proteins may induce neuronal cell
death®>. PARK6 encodes 81 amino acid protein
PINK1 which phosphorylates mitochondrial
proteins in relation to cellular stress to prevent
mitochondrial dysfunction but inability to
phosphorylate proteins leads to mitochondrial
dysfunction®. Also, PINKI is an important
player of mitophagy and its mutation can hence
impair this essential cleaning process confined to
removal of damaged mitochondria.DJ-1, can both
sense oxidative stress and also has an antioxidant
potential. It can be a direct scavenger by deletion
of hydrogen peroxide and it offers protection
against endoplasmic reticulum stress. DJ-1 possess
chaperone and protease activity**. Mutation of this
DJ-1 is reported in Parkinson which can disturb the
normal functions performed by it.

Mitochondrial dysfunction due to

complex-I inactivation, increased a-synuclein,
nitrosative stress and the latter increases hydrogen
peroxide, ROS, Fe3+ production which causes
mitochondrial dependent apoptosis ***. Increased
NOS, ROS cause S-nitrosylation of parkin through
its RING domain which inhibit E3 ligase and thus
impair parkins ubiquitin ligase activity thereby
causing accumulation of proteins and neuronal
death’”. ROS also cause oxidation of dopamine
and increased cytosolic DA leading cytotoxicity?®.
This overall molecular alteration pathway leads
to degeneration of dopaminergic neuron as well
as other catecholamine imbalance which finally
propagate to Parkinson’s. Since all the essential
players of autophagy like PINK1, Parkin, Ubiquitin
Proteasome System are impaired in Parkinson, the
neurons are unable to get efficiently cleaned from
the aggregated proteins, cytoplasmic inclusions and
damaged organelles due to which the condition gets
more worsened.
Triggering Autophagy: Novel Strategy in
Ameliorating PD

Autophagy is essential for neuronal
homeostasis, and its dysfunction has been directly
linked to Parkinson’s. Impairment in the induction
of autophagy may result in an autophagic flux
defect resulting in misfolded protein aggregation.
It has been described that alterations in the
lysosomal function, such as reduced lysosomal
acidification or decreased activity of lysosomal
hydrolases, also underlie the failure of autophagic
clearance (observed as increased autophagosome
accumulation). Defective lysosomal proteolysis
may represent a basis for pathogenic protein
accumulations and neuronal cell death in PD¥.
Autophagy also has the ability to decrease the
accumulation of toxic, aggregate-prone proteins
that cause neurodegeneration.
Transcription Factor: FOX0O6

Transcription factors are modular proteins
that regulate gene expression by turning them on
and off such that they are rightly expressed in the
cells at the right time and in right amount. By
regulating the gene expression, they regulate cell
growth, cell proliferation and cell death. Amongst
the 2600 transcription factors identified in human
genome, FOX family is one of the emerging types
of transcription factor family that is believed to
play an important role in normal physiology and
cellular maintenance and hence may serve as
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an important target in many neurodegenerative
diseases, cardiomyopathy, diabetes, immunity
and wound healing. The forkhead gene was
randomly identified in mutagenesis study of
drosophila melanogaster*' absence of which was
found to result in the characteristic “forked head”
appearance of gut which looks like spiked head
structure®’. Till now the number of fox genes in
varied organisms is not known but it was estimated
to be 170 genes from 14 different species. To
differentiate them as per the species, mammalian
genome contains 44, Drosophila 11, Caenorhabditis
elegans 15, and Xenopus 45 genes® In humans,
about 19 sub-classes of the Fox family have been
identified which are ‘Fork head Box’ A to S. The
standard nomenclature concerned to fox family
involves Fox (forkhead box) as a unified symbol for
all members being forkhead helix transcriptional
factors. Subclasses are denoted by letter Like
FoxA and within each subgroup’s proteins are
denoted by a number like FoxA 1, where A denotes
subgroup and 1 denotes protein. For human all the
letters are capitalized like FOXOA1 and in mouse
only first letter of gene is capitalized (Foxol)*.
The structural feature of fox protein indicates the
presence of 110 amino acid and DNA-binding
domain (Forkhead domain), corrugated into 3a
helics and a flanking domain of two large ‘winged
helix’ for interaction with*. Despite versatility of
this distinctive fox protein their functions have
not been fully explored.As there are complex
mechanisms involved in the regulation of these
proteins, Fox serves contrary role in different
parts of body. Members of the Forkhead box-O
class of transcription factors are the mammalian
orthologue of DAF-16.% Caenorhabditis elegans
and drosophila melanogaster have one homologue
Daf-16 and dFoxO respectively. In Humans, these
orthologues are FOXO1, FOX03, FOX04 and
FOXO6 which are described in Table no. 1
Transcriptional Regulation

Whenever there are stimuli either for
incitement or clampdown the transcription factors
are triggered and come into action, they must
remain intact to the DNA in nucleus with the
transcriptional machinery. In humans there are
four distinguishing FoxO members i.e. FOXO1
(FKHR), FOXO3 (FKHRL1), FOX04 (AFX)
and FOXO06. The degree of homology is very
high between these four members and possess

four discriminate functional elements: Winged
helix DNA binding domain (DBD), Nuclear
localization Sequence (NLS), Nuclear Export
Sequence (NES) and C- terminal transactivation
domain. These domains are highly conserved,
FoxO3 is significantly larger with 673 amino acids,
FoxO1 comprising of 655, FoxO4 is having 505
amino acids and FoxO6 consisting of 559 amino
acid sequence. Human FOXO protein are known
to be regulated by Phosphatidylinositol 3-kinase/
Protein Kinase B (AKT)Y. FoxO6, an essential
member of the family lacks third conserved
PKB Phosphorylation site which is involved in
nuclear export of gene and thus residing mostly in
nucleus®®. There are various sites present within
these transcriptional factors for Phosphorylation,
Acetylation and ubiquitination which regulate post-
translational modification as shown in fig.1.
Phosphorylation

PI3K/Akt signal transduction involves
phosphorylation of various FoxO proteins. Ak
phosphorylates FoxO at three conservative
regulatory sites which leads to protein exclusion
into the cytoplasm ultimately causing inhibition
of target transcriptional gene activity'®’. FoxO6
is exceptional, since only two sites out of 3
are phosphorylated by Akt which is devoid of
Nucleocytoplasmic shuttling and its activity is
independent of nucleus Exclusion. Various sites of
phosphorylation are, for FoxO1, Thr24, Ser256 and
Ser319, for FoxO3 Thr32, Ser253 and Ser315, for
FoxO4 (Thr28, Ser193 and Ser258) and for FoxO6
Thr26 and Ser 184 (Franke et al., 1997). These
various phosphorylation sites lead to sequestration
of FoxO to cytoplasm through modulators such as
protein kinase B (Akt), Serine/Threonine-protein
kinase 1 (SGK1), Casein kinase 1(CK1). Further,
post phosphorylation chaperone protein 14-3-3 acts
to translocation from nucleus to cytoplasm*®. Dual
specifity tyrosine-phosphorylation-regulated kinase
1A (DYRK1), Cyclin dependent kinase 1 (CDK
1) results in cytoplasmic accrual. Additionally,
inhibitor of nuclear factor kappa-B kinase subunit
beta (IKK?) promotes nuclear exclusion and
thus stops transcriptional activity, Contrastingly,
AMP-Activated protein kinase (AMPK)enhances
nuclear translocation by action of Sirtl, a histone
deacetylase’!, c-Jun-N-terminal kinases (JNKs)
(Pines 1994) and mammalian Ste20-like kinase
(Mstl) (Hu MC et al., 2004) promote and augment
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the transcriptional activity.
Acetylation

Like Phosphorylation, Acetylation also
promote suppression as well as augmentation
and this activity is regulated by Histone acetyl
transferase and Histone deacetylase. FoxO
can bind to this enzyme protein which leads to
modification. CREB Binding protein (CBP) and
p300 are two such types of HAT’s which are
requisite for foxO transcriptional activity > through
acetylation. Several lysine acetylation sites are,
for Fox1 K222, K245, K248, K262, K274 and
K294 which maintain its sensitivity towards Akt
phosphorylation, FoxO3 lysine sites K242, K259,
K262, K271, K569 and K290 are acetylated under
stress stimuli*!, FoxO4 gets deacetylated by HAT’s
(K186,K189,K408 and K233) and FoxO6 atK173,
K176, K190, K202 and K229%. Deacetylation
generally favors DNA binding activity and elevates
transcriptional activity of target genes, whereas
acetylation of foxO itself is known to lessen the
transcriptional activity. There are evidences where
stress induced acetylation boosts transcriptional
activity®, this is because of complex phenomenon
involved in regulation of these protein with
respect to acetylation and deacetylation which is
unexplored but it is reasserted that phosphorylation
and acetylation work conjointly to synchronize
FoxO protein.
Methylation

Another post-transcriptional modification
involves methylation of arginine and lysine residues
at conserved sites of FoxO. Protein arginine
methyl transferase PRMT1 methylate foxO at
Arg248 and Arg250 which leads to impediment
of Akt initiated phosphorylation and thus enhance
nuclear localization®’. Recent affirmation shows
that several histone methyltransferase methylate
FoxO3 at lysine 270 which leads to decreased DNA
binding affinity and termination of transcriptional
activity.
Ubiquitination

Whenever there are stimuli for Akt
phosphorylation, FoxO is translocated from
nucleus to cytoplasm. In fig. 2 it shows that
other proteins Phosphorylated FoxO is then
ubiquitinated for proteasomal degradation either
by Mono-ubiquitination or Poly-ubiquitination.
Here skp2 (S-phase kinase -associated protein 2),
MDM2 (Mouse double minute 2 homolog)**, CHIP

(carboxy terminus of Hsc70 interacting protein)®

promotes proteasomal degradation. In case of
monoubiquitylation this process is exactly opposite
to that described above i.e nuclear localization
increases through monoubiquitination thus
increasing foxo transcriptional activity. Here binate
effects of MDM2 oncogene have also appeared to
be a point of interest because monoubiquitnation
by MDM2 under oxidative stress pumps the
nuclear pool of FoxO and empowers transcriptional
activity®®. Herpes-virus-associated ubiquitin-
specific protease, (HAUSP), also known as USP7is
a deubiquitinating enzyme exhibiting antagonistic
action on FoxO monoubiquitination®'.
PI3K/AKT Pathway

Foxo regulates PI3K/AKT mTOR
pathway which is involved in cell cycle progression
which is shown in fig.3 % When cell senses the
presence of Insulin , insulin growth factor (IGF),
Epidermal Growth Factor (EGF), they bind to the
respective receptors and lead to phosphorylation
of FOXO.

Insulin and IGF activate Insulin Receptor
Substrate (IRS) and further PI3K and this activated
PI3K converts PIP2 to PIP3 which finally
activates Akt. PI3K is antagonized by PTEN.
The activated akt phosphorylates foxo at all its
3 different sites of phosphorylation due to which
negative charge is induced into its DNA binding
domain and due to the negative charged induced,
it cannot perform its transcription activities of
targeted genes, therefore does not stay at the
nuclear region since transcription requires basic
charge on the DBD Also, due to the presence of
negative charge, it cannot re-enter into the nucleus
until it is dephosphorylated again®. FoxO1 also
get phosphorylated by CDK2 which reduces
transcriptional activity of targeted genes and also
defeat PTEN-induced activation of FoxOl. In
addition to the PI3K/AKT pathway, EGF also
phosphorylates FoxO through MAPK signaling
pathway which involves activation of ERK 1 and
254,

Talking about its activation and nuclear
translocation, it has been discovered that protein
phosphatases are responsible for dephosphorylation
of FoxO at AKT/SGK sites. But till date, only
PP2A is the only one phosphatase that has
been characterized to bind FoxO3%. In case of
genetic damage, there occurs CHK1/2 mediated
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spleen, lymph node.

Expressed in

rhabdomyosarcoma)

FKHRLI,

(Zhou et al.,
2007)

5435.2-3.
36q21
17p11

Fkhr2,

FOXO3a

autophagy

liver and thymus

Foxo3a

(FKHR-Like
protein 1)

AFX

(Salih et al.,
2012)

Cellular

Nuclei of cells
in the mucosa

in GIT

Xql3.1

afx1,

FOX0O4

apoptosis

Afxh,

(Acute leukemia

fusion gene
located in

foxo4,

MIIt7

(Golson and

Memory

Restricted
to brain

1p34.1

Foxo6

chromosome
X), AFX1
FOXO06

FOXO0O6

Kaestner 2016)

consolidation

translocation of FoxO to the nucleus. In addition
to this, oxidative stress causes JNK dependent
phosphorylation through MST1 activation, Beta-
catenin interaction or direct phosphorylation
of FoxO leading to its nuclear translocation.
CREB Binding Protein and P300 are histone
acetyl transferases which acetylate foxo thereby
decreasing its transcriptional activity®. On the
other hand, its deacetylation by histone deacetylase
like SIRT1 boosts its transcriptional activity®’.
Protein Arginine Methyl Transferase (PRMT)
1 and 2 is known to methylate foxo at arginine.
But interestingly, it is known that methylation
at arginine causes nuclear translocation and
hence increases its transcription activity. This is
because methylation of arginine compromises akt
dependent phosphorylation.

The foxo which is inactivated due to
phosphorylation and acetylation is subjected to
proteasomal degradation. Therefore, the foxo
present in the cytoplasm is targeted by chaperone
14-3-3 for its autophagic removal from the cell.
Further, the SKP2 E3 ligase is responsible for
the polyubiquitination of foxo after which the
ubiquitinated foxo is carried for proteasomal
degradation.

Target Genes

As FOXO are the transcriptional
regulators, their activation or inhibition leads to
expression of certain genes as elaborated in table
no. 2
FoxO6

FoxO6 is not only restricted to brain it is
also expressed in peripheral tissue including liver,
intestine, lung, kidney, muscle and adipose tissue®.
In brain it is highly expressed in hippocampus,
cerebellum, cortex. In adult murine brain’s
hippocampus, it is detected in region of dentate
gyrus, CAl, CA2 and CA3. In mouse brain it
is expressed in a different spatial and temporal
manner®. As CAl and CA3 region is involved
in learning and memory of adult mice FoxO6
expression thus serves an important role in
memory linking”. For learning, FoxO6 is activated
whenever there is an actual learning task which
activates promoter of genes involved in synapse
formation’.

Talking about its similarity to its sibling
members, FoxO6 is 34% homologous to Foxol,
38% homologous to FoxO3, and 36% to FoxO4 for
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the amino acid length that they are made of. Since
FoxO6 is deficient of PKB phosphorylation motif,
as discussed earlier, its transcriptional activity
regulation is independent of shuttling to cytosol
and solely depends on FoxO6-DNA interaction'.
Two factors i.e. first Ser184 might imply gatekeeper
hypothesis and regulates DNA binding while
another Thr26 senses growth factor mediated

transcriptional regulation. Since it is involved in
many important processes of cell biology through
its transcriptional activity, FoxO6 is one of the
important regulators of oxidative stress and cell
proliferation
Foxo in Ameliorating PD

Foxo6 is one of those FOX family
members which is discovered to be highly
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implicated in brain. This is evidenced by the
findings of Foxo6 transcript in trigeminal ganglion
and in areas around fourth ventricle. To a lesser
extent, it was also reported in striatal field of
neopallial cortex®. It was also eminently expressed
in cortical plate of developing hippocampus and
striatum’ . Since it is highly implicated in brain
as shown in fig.4 and since there are evidences of
Foxo6 being associated with different mechanisms
of neuronal regulation and maintenance, there
are certain mechanisms through which FOXO is
hypothesized to ameliorate PD.
Autophagy

As emphasized continuously, efficient
cleaning of every cell by removal of abnormal and
damaged moieties is very essential to render it fit
and healthy for its survival. It is very well known
that neurodegenerative disorders occur due to stress
and pollutants characterized by both deficiency

in biogenesis of new and healthy proteins and
inefficiency in the disposal of expired proteins.
The hallmark of PD very well established is the
a synuclein pathology combined with damaged
organelle accumulation thereby enhancing
neuronal stress. Therefore, one of the urgent needs
of this abnormality is cleaning of proteins carried
out by UPS and ALP and of organelles done by
ALP. As mentioned above, FOXO6 is known to
transcript Autophagy Related genes like LC3b,
Gabarapl1, PI3K, ULK2, Atg121, Beclinl, Bnip3,
Atg4 and 5 suggesting a role of FoxO in triggering
autophagy. Mitochondria is one of the important
cell organelles which if damaged, needs to be
removed otherwise leads to more production of
ROS thereby worsening the condition. FOXO,
an emerging transcription factor is known to
be involved in inducing mitophagy and general
autophagy by transcripting genes known to play
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Fig. 3. PI3/AKT Pathway
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these mechanisms. Parkinson is known to be
associated with mutation of two important players
of mitophagy i.e. PINK1 and parkin thereby
indicating impairment of mitophagy in PD. And as
emphcized in this review, that FOXO transcripts
Atgs, ALP can balance the impaired mitophagy
leading to removal of dysfunctional mitochondria
along with degradation of a synuclein aggregates
and products. Therefore, autophagy can be a
potential target of FOXO6 to ameliorate PD.
Neuroprotection

FOXO is also reported to be involved
in synapse activity dependent NMDA receptor
signaling in neurons. This leads to PI3K/Akt
activation which shows neuroprotective action.
P53 is one of the important modulators of cell cycle
arrest. It is known to activate cyclin dependent
kinases by causing their transcription and these
kinases like, CIP/WAF1, CDKNI1A, Bax are
involved in apoptosis™. USP7 is another essential
molecule that has a role in Ubiquitin Proteosome
system. USP7 is known to deubiquitinate Mdm?2
rendering it free for action. This Mdm2 is a selective
autophagic receptor whose substrate is p53. FoxO6
is known to upregulate USP7 thereby mediating
Mdm?2 assisted pS3 proteosomal degradation™ .
Therefore, there is decrease in apoptosis and hence
FoxO6 is thought to play a role in Neuroprotection.
Reduced IGF and Insulin is shown to increase life
span in C. elegans”, Drosophila’™ and Rodents
through inhibition of apoptosis via SIRT1 action

which potentiates cell survival. This occurs through
suppression of FoxO and p53 interaction by
SIRT”. Salih et al have shown FoxO6 to enhance
the expression of Trp53 and hence increasing p53
signaling in the hippocampus. This p53 mediated
signals are thought to help in synapse formation
and memory but the pathway/mechanism involved
is burrowed and needs to be digged in to state the
explanation with confidence and this will in-turn be
possible by extensive study. But this still provides
a hope FoxO6 involvement in synapse formation
and hence Neuronal Development.

Cell Proliferation

FOXO6 involvement is seen in tumor
progression specially in gastric cancer. Therefore,
it might play a role in cell proliferation by c-myc
expression and may be expected to cause neuronal
regeneration.

Also, FOXO6 has an interaction with
MEF2A which is known to be associated with
neuronal survival and maturation by controlling
pre and post synapse formation. It is also
known to be involved in dendritogenesis and
neurogenesis. Neuronal stem cells are evidenced
to be differentiated and matured in the presence
of MEF2A (Giannakou ME and Partridge L
2004). Foxo6 may be involved in transactivating
several genes that may be required for memory
consolidation via MEF2A interaction. But, in
contrast, Foxo6 and MEF2A can also show
opposing effects (Salih et al., 2012). Foxo is
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also thought to promote cell survival along with
SIRT. Since the above-mentioned evidences
and mechanisms indicate the role of FoxO6 in
Neuroprotection and Neuronal Development,
FOXO6 can be a novel target to ameliorate
Parkinson.

CONCLUSION

Parkinson’s Disorder, being second most
common neurodegenerative disorder significantly
deteriorates the QoL of the affected patients and
causes severe suffering. The treatment available,
as known, has numerous side effects. Also, it
fails to meet the requirement of eliminating or
fighting the actual cause of the neurodegeneration.
Therefore, focusing on the increased affectability
of population by the disorder it is high time now to
bring out an effective treatment that will actually act
to cease the neurodegeneration. Since, autophagy
is one of the major impairments in Parkinson,
triggering autophagy may serve to dispose-off the
degraded, misfolded protein aggregates thereby
reducing death of neurons. FoxO6 is an astounding
molecule that is reported to trigger the transcription
of various genes and proteins responsible for
autophagy. Hence it might serve as an effective
novel target to cure the disorder.
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