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Abstract

Neurodegenerative disorders lead to disability and death in a significant proportion of the world's
population. However, many disorders of the nervous system remain with limited effective
treatments. Kinase pathways in the nervous system that involve phosphoinositide 3-kinase (Pl 3-
K), protein kinase B (Akt), and the mammalian target of rapamycin (mTOR) offer exciting
prospects for the understanding of neurodegenerative pathways and the development of new
avenues of treatment. Pl 3-K, Akt, and mTOR pathways are vita cellular components that
determine cell fate during acute and chronic disorders, such as Huntington’ s disease, Alzheimer’s
disease, Parkinson’s disease, epilepsy, stroke, and trauma. Y et, the elaborate relationship among
these kinases and the variable control of apoptosis and autophagy can lead to unanticipated
biological and clinical outcomes. Crucial for the successful trandation of Pl 3-K, Akt, and mTOR
into robust and safe clinical strategies will be the further elucidation of the complex roles that
these kinase pathways hold in the nervous system.
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Cellular Kinase Pathways of PI 3-K, Akt, and mTOR

Although numerous kinase pathways control and regulate cellular function, the kinase
pathways of phosphoinositide 3-kinase (Pl 3-K), protein kinase B (Akt), and the mammalian
target of rapamycin (MTOR) play asignificant role in the onset and progression of
neurodegenerative disorders. Pl 3-K represents afamily of lipid kinases that phosphorylate
the 3’-hydroxyl group of phosphatidylinositide and phosphoinositides. Based on their
structure and substrate specificity, the Pl 3-K family is grouped into three classes,
designated asclasses I1-111 [1, 2]. Class | Pl 3-K consists of two subunits, aregulatory
subunit (p85a., p85p, and p85y) and a p110 catalytic subunit (p110a., p110p, p110y, and
p1108). Class |1 consists of only apl110 catalytic subunit. In contrast, class 11 consists of
vacuolar protein-sorting defective 34 (Vps34) catalytic subunit. Class| Pl 3-K
phosphorylates phosphoinositide (PI), phosphatidylinositide 3-phosphate (PI-3-P), and
phosphatidylinositide (3,4)-bisphosphate (PI-3, 4-P»), producing PI-3-P, PI-3, 4-P,, and
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phosphatidylinositide (3,4,5)-triphosphate (PI-3, 4, 5-P3) respectively. Class 1l PI 3-K
phosphorylates Pl and PI-3-P, resulting in the production of PI-3-P and PI-3, 4-P,. Class| 1|
Pl 3-K only functions through PI to produce PI-3-P.

The kinases of PI-3K are vital in the signaling pathways leading to the activation of protein
kinase B (PKB, also termed Akt) and mTOR. Akt is considered to be a primary component
in avariety of pathways to promote cell survival and prevent cell injury [3]. In mammals,
three family members of Akt have been identified, which are termed PKBa or Aktl, PKBp
or Akt2, and PKBy or Akt3 [3-5]. Akt belongs to the cAM P-dependent kinase/protein
kinase G/protein kinase C superfamily of protein kinases and consists of three functional
domains. The N-terminal pleckstrin homology (PH) domain provides binding sites for
membrane phospholipids, which isinvolved in the recruitment of Akt to the plasma
membrane. The catalytic domain of Akt has specificity for serine or threonine residues of
several Akt substrates. The C-terminal hydrophobic motif functions to provide a docking
site for the activation of kinases.

MTOR, aso known as mechanistic target of rapamycin and FK506-binding protein 12-
rapamycin complex-associated protein 1 (FRAPL), belongsto the Pl 3-K related kinase
family and can be activated through the Pl 3-K and Akt signaling pathways to control cell
growth and proliferation [6, 7]. mTOR is a 289-kDa serine/threonine protein kinase that can
oversee transcription, cytoskeleton organization, cell growth, and cell survival. In response
to growth factors, nutrients, mitogens, and hormones, mTOR is activated through
phosphorylation of its specific residues [8]. Serine?*8 is atarget of Akt and p70 ribosomal
S6 kinase (p70S6K), threonine?*46 is a target of AMP activated protein kinase (AMPK) and
p70S6K , and serine?*8l js a site that is rapamycin insensitive and an autocatalytic site of
mTOR [9-11]. In addition, dual phosphorylation on serine?!59 and threonine?164 enhances
mTOR activity and promotes autophosphorylation on serine2481 [12].

MTOR signaling is dependent upon the protein complexes mTOR Complex 1 (mTORCL) or
MTOR Complex 2 (mTORC?2) that each contain mTOR [13, 14] (Figure 1). mTORC1 and
mMTORC2 have been identified based on their components and their sensitivity to rapamycin
[15]. Rapamycin is a macrolide antibiotic from Streptomyces hygroscopicus that specifically
inhibit mTOR activation [16, 17]. mTORCL1 is more sensitive to the inhibitory effect of
rapamycin than mTORC2 [18]. Rapamycin inhibits mTORCL1 through the binding to
immunophilin FK-506-binding protein 12 (FKBP12) [19] that attaches to FKBP12 -
rapamycin-binding domain (FRB) at the C-terminal of mTOR to prevent the
phosphorylation of mTOR [20]. Prolonged exposure of rapamycin also resultsin the
inhibition of MTORC2 that may involve disrupting the assembly and the integrity of
mTORC2 [18].

MTORC1 contains the mTOR protein that functions as the catal ytic multiple domain protein
of the complex. The carboxy-terminal kinase domain contains a conserved sequence with
homology to the catalytic domain of the PI 3-K family [21]. Raptor is another component of
MTORCL1 that functions to recruit mTOR substrates to the mTORC1 complex and bindsto
the N-terminal HEAT (for Huntingtin, Elongation factor 3, A subunit of protein
phosphatase-2A, and TOR1) of mTOR [22]. The proline rich Akt substrate 40 kDa
(PRASAOQ) is part of the mTORC1 complex that can competitively inhibit the binding of
MTORCL1 to Raptor [23, 24]. Mammalian lethal with Sec13 protein 8 (mLST8), also a
component of mMTORC1, interacts with the kinase domain of mMTOR and promotes the
stabilization of the association between Raptor and mTOR [25]. Another inhibitor protein of
mTORC1 is DEP-domain-containing mTOR-interacting protein (Deptor). Deptor bindsto
the FAT domain of mTOR (for FKBP associated protein, Ataxia-telengiectasia, and
Transactivation/transformation domain-associated protein) and negatively regulates the
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activity of mTORC1 [26]. mTORC1 plays akey rolein the regulation of protein trandation.
The best two characterized downstream targets of mMTORC1 are p70S6K and eukaryotic
initiation factor 4E (el FAE)-binding protein 1 (4EBPL) (Table 1). These proteins are two
critical components that regulate tranglation initiation. The phosphorylation of p70S6K
promotes mMRNA biogenesis, translation of ribosomal proteins, and cell growth [27, 28]. The
phosphorylation of 4EBPL results in its inactivation. Hypophosphorylated 4EBP1 is active
and binds competitively with eukaryotic translation initiation factor 4 gamma (el F4G) to
eukaryotic trandation initiation factor 4 epsilon (el F4E) that regulate translation initiation by
interacting with the 5"-mRNA cap structure. The phosphorylation of 4EBP1 by mTORC1
resultsin its dissociation from el FAE allowing el FAG to interact with el F4E and promote
protein tranglation [29, 30].

In contrast to mTORCL that contains the protein Raptor, mTORC?2 has the rapamycin-
insensitive companion of mTOR known as Rictor [6, 31]. mTORC2 shares several
components with mTORC1 that include mTOR, mLST8, and Deptor. Yet, nMTORC2 aso
contains mammalian stress-activated protein kinase interacting protein (mSIN1) and protein
observed with Rictor-1 (Protor-1) that are not associated with mTORC1. The regulatory
functions of mTORC2 consist of cytoskeleton organization [32], modulation of cell cycle
progression [33], and control of cell survival [34]. The primary downstream targets of
MTORC?2 are Akt, protein kinase C apha (PKCa), and glucocorticoid-induced protein
kinase 1 (SGK1). mTORC2 promotes cell survival through the activation of Akt and uses
PKCa for cytoskeleton remodeling [35]. In addition, mTORC2 phosphorylates and activates
SGK1 [36], amember of the protein kinase A/protein kinase G/protein kinase C (AGC)
family of protein kinases, and is activated by growth factors to control ion transport and
growth [37]. P-Rex1 and P-Rex2, and Rho GTPases are also targets of mTORC2 [38].
mMTORC?2 controls cell migration through activating Rac guanine exchange factors P-Rex1
and P-Rex2 and uses Rho signaling during cell - to — cell contact [39].

Cellular Signaling in the Pl 3-K/Akt/mTOR Cascade

The cdllular signaling pathways of Pl 3-K, Akt, and mTOR are tightly linked and sometimes
are targeted for drug discovery as a combined system [40] (Figure 1). Activation of Aktis
dependent upon Pl 3-K [41, 42]. Receptor tyrosine kinase (RTK) and the G protein-coupled
receptor (CPCR) are required for Pl 3-K activation. Growth factors or cytokines can
stimulate the recruitment of Pl 3-K to the plasma membrane [3] (Figure 1). Following
activation, Pl 3-K phosphorylates membrane lipids and mediates the transition of Akt from
the cytosol to the plasma membrane by promoting the binding of Akt to PI-3, 4-P, and PI-3,
4, 5-P3 through its plectrin homology (PH) domain. As aresult, Akt is subsequently
phosphorylated on the residues of serine*’3 and threonine3%8 by phosphoinositide dependent
kinase (PDK) PDK1 and PDK2 (Table 1). PDK 1 is responsible for phosphorylating Akt at
threonine3%8 [43]. PDK 1 contains a C-terminal PH domain through which PI-3, 4, 5-P5 can
recruit PDK1 to the cell membrane and bind to the C-terminal HM domain of Akt. PDK1
cannot directly phosphorylate Akt on serine*’3, but is important to note that phosphorylation
of Akt on serine?’3 is necessary for the full activation of Akt. In thisregard, PDK2 like
kinases, such asintergrin-linked kinase, DNA dependent protein kinase, PKCp, and
mTORC2, have been identified to promote Akt phosphorylation on serine*’3 [44].

The PI 3-K and Akt pathways can be modulated by a variety of cell signals [4549] (Figure
1). The phosphatase and tensin homolog deleted from chromosome 10 (PTEN), which
specifically dephosphorylates PI-3, 4-P, and PI-3, 4, 5-P3 at the D3 position can block PI 3-
K signaling and subsequent Akt activation (Table 1). The src homology 2 (SH2) domain-
containing inositol phosphatase (SHIP) isan inositol 5 phosphatase that dephosphorylates
inositides and phosphoinositides on the 5”-position [1]. As aresult, PI-3 and 4-P3 are
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transformed into PI-3, 4-P, that is less potent than PI-3, 4-P5 to recruit Akt. Both SHIP1 and
SHIP2 can negatively regulate the activity of Akt. The SH2 domains containing protein-
tyrosine phosphatases SHP1 and SHP2 can also regulate the activity of Pl 3-K and Akt.
SHP1 associates with the p85 subunit of Pl 3-K to negatively regulate the activation of Pl 3-
K. SHP2 can be necessary for agents that promote cell differentiation to lead to the
activation of Pl 3-K and Akt [50]. Other cell pathways also determine Akt activity.
Carboxyl-terminal modulator protein (CTMP) binds specifically to the carboxyl-terminal
regulatory domain of Aktl at the plasma membrane to prevent Aktl from phosphorylation.
In contrast, the T cell leukemia/lymphoma 1 (TCL 1) protein bindsto the PH domain of Akt
to enhance Akt activity. A 90 kDa heat shock protein (Hsp90) that is involved in modulating
oxidative stressin cells[51] also can enhance Akt activity through the inhibition of
inhibiting protein phosphatase 2A (PP2A).

Akt isapotent stimulator of mTORCL in response to growth factors and several Akt
mediated pathways can lead to the activation of mTORC1 [15]. Tuberous sclerosis complex
(TSC) 1 (hamartin)/TSC2 (tuberin) complex, a negative regulator of mMTORC1, is one of the
targets of Akt for the regulation of mMTORC1 activity (Figure 1). TSC2 functionsas a
GTPase-activating protein (GAP) converting a small G protein Ras homologue enriched in
brain (Rheb-GTP) to the inactive GDP-bound form (Rheb-GDP) [52]. Once active, Rheb-
GTP can directly interact with Raptor to activate mTORC1 and al so regulate the binding of
4EBP1 to mTORCL [53]. Akt phosphorylates TSC2 on multiple sites that leads to the
destabilization of TSC2 and disruption of its interaction with TSC1. The phosphorylation of
TSC2 on the residues of serine?3?, serine®8l, and threoninel62 can increase its binding to
the anchor protein 14-3-3 and lead to the cellular sequestration by 14-3-3, disruption of the
TSCL/TSC2 complex, and subsequent activation of Rheb and mTORC1 [54].

Akt also can activate mTORCL through I-kappaB kinase (IKK), a downstream target of Akt
that can regulate cell surviva (Table 1). Within IKK, IKKa and IKK are catalytic subunits
of IKK that possess serine/threonine kinase activity [55]. IKKy isaregulatory unit that is
essential for IKK function. Akt has been shown to promote the activation of mTORC1
through IKKa,, since knockdown of IKKa inhibits mTOR activation in Akt-active cells
during inactivation of the negative Pl 3-K regulator phosphatase and tensin homolog
(PTEN) [56]. IKKa regulates mTOR activity by associating with Raptor that is Akt
dependent [56]. In addition, IKK can phosphorylate TSC1 on serine®®7 and serine®l1
leading to the suppression of TSC1, disruption of TSCL/TSC2 complex, and the activation
of mMTORC1 [57].

Asan Akt proline-rich substrate and a component of mMTORC1, PRASAQ is another target of
Akt to regulate the activation of mMTORCL (Figure 1). PRASA40 can be phosphorylated on
several residues including serine!®3, serine?12, serine??1, and threonine?#6 [58, 59]. The
serine sites are targets of mTOR. The residue of threonine?*S is the phosphorylation target of
Akt. The phosphorylation of PRASA0 leadsto its dissociation with Raptor [60] and
promotes the binding of PRAS40 to the cytoplasmic docking protein 14-3-3 [61, 62] (Table
1). This process removes PRASA0 from interacting with Raptor and facilitates the activation
of MTORC1 [24].

Modulation of Cell Demise by PI 3-K, Akt, and mTOR Signaling

Apoptosis and autophagy are pathways of programmed cell death (PCD) that can impact the
course of neurodegenerative disorders [63—65]. Y et, it should be noted that these pathways
serve multiple functions. Apoptosis and autophagy can assist with tissue remodeling and
regeneration during development and cell injury. Autophagy also can serveto repair and
remove non-functioning organelles of acell [66]. Asaresult, these pathways serve as
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important targets when considering therapeutic strategies that involve PI 3-K, Akt, and
MTOR signaling. Apoptosis can lead to cell death in neurodegenerative disorders. Apoptotic
DNA degradation and caspase 3 in neurons has been reported in the postmortem nigra of
Parkinson’ s disease (PD) patients, suggesting that apoptosis results in neuronal loss [67].
Apoptotic DNA fragmentation [68] and caspase activation also has been observed [69] in
the brains of patients with Alzheimer’ s disease (AD). Autophagy aso has been suggested as
amodulator of disease in the nervous system. During periods of oxidative stress, autophagy
can lead to cell death in cerebral astrocytes[70], in cortical neurons[71], and in spinal cord
motor neurons [72]. Autophagic can mediate cell death in purkinje neurons[73] and in
sympathetic neurons [74]. However, activation of autophagy may sometimes offer
cytoprotection during other neurodegenerative disorders [75, 76]. Autophagy has been
associated with the processing of the protein a-synuclein in Parkinson’s disease. Activation
of autophagy may be necessary to protect against neuronal cell loss and a-synuclein toxicity
in Parkinson’ s disease [75]. The pathways of autophagy and apoptosis also may function in
concert. Methamphatamine leads to cell death not only through apoptosis, but also through
autophagy by inhibiting the disassociation of the Bcl-2/Beclin 1 complex [77]. Bcl-2/Bcl-x
isan “anti-apoptotic” protein that blocks autophagy through its inhibitory interaction with
Beclin 1 [78]. Autophagy and apoptosis also may have opposing or independent roles. Some
studies report that progression of apoptosis may conversely require the inhibition of
autophagy [79] or apoptotic neuronal cell may be independent of the progression of
autophagy [80].

Apoptosisis considered as a crucial process for tissue remodeling during devel opment and
recognized as a central pathway that can lead to cell demisein avariety of tissues[81].
Apoptosisisthe result of a series of biochemical and morphological aterationsthat consist
of two distinct components that involve genomic DNA degradation and the loss of plasma
membrane lipid asymmetry [64]. The loss of asymmetry of membrane phosphatidylserine
(PS) distribution is an early reversible feature of apoptosis. In contrast, the cleavage of
genomic DNA into fragmentsis atypical event that can occur once a cell has been
committed to die. Both membrane PS exposure and genomic DNA degradation are
considered to be the outcomes of a series of activation of nucleases and proteases that occurs
late during apoptosis [82, 83].

Modulation of apoptosis can be controlled through Pl 3-K, Akt, and mTOR. The Pl 3-K/Akt
pathway can prevent apoptosis and increase survival for multiple cell types that include
endothelia cells, cardiac cells, neuronal cells, and inflammatory cells[1]. In addition, Akt is
amajor survival factor that blocks apoptosis progression. The downstream targets of the Akt
pathway include BAD, caspase 9, the forkhead transcription factor FoxO3a (FHKRL1), and
glycogen synthase kinase-3p (GSK-3p) [84] (Table 1). Akt can phosphorylate FoxO3a,
GSK-3b, BAD and caspase 9 to block apoptosis and alter cell longevity pathways[82, 85—
87]. Akt preferentially phosphorylates the residue of serine?>3 of FoxO3aresulting in its
export from the nucleus to the cytoplasm and blocking FoxO3a from activating apoptotic
genes. Akt also can phosphorylate GSK-3p at serine® and inactivate this enzyme, thus
preventing GSK-3p from initiating an apoptotic pathway. Phosphorylation of Bad at
serinel36 by Akt can result in the inactivation of Bad and prevent neuronal apoptosis [88,
89]. In contrast, loss of Akt activity prevents mTOR signaling.

MTOR uses Akt to protect endothelia cells against apoptosis[90] and to block forkhead
transcription factors, such as FoxO3a[90, 91]. Inflammatory cells also can undergo
apoptotic injury during oxidative stress if deprived of Akt and mTOR activation [92, 93].
Apoptotic cell death in dopaminergic heurons can be blocked during application of agents
that increase Akt and mTOR activity [94]. Akt aso functions to modulate apoptosis with
MTOR through the inhibition of PRASA0 [95, 96]. Phosphorylation of PRASA0 by Akt can

Future Neurol. Author manuscript; available in PMC 2012 November 07.



a1 ewRrMS DRI ewRreMS

a1 rewRerMS

Chong et al.

Page 6

block the activity of this substrate, lead to its dissociation from mTORC1 to allow mTOR
activation, and prevent apoptotic cell injury [97].

MTOR also regulates apoptotic cell death through downstream signaling pathways such as
p70S6K and BAD [8, 15, 98]. For example, phosphorylation of BAD leadsto the
dissociation of this protein from the “anti-apoptotic” protein Bcl-2/Bcl-x; and increases
BAD binding to the cytoplasmic docking protein 14-3-3. Activation of p70S6K promotes
the phosphorylation of BAD in astrocytes to limit apoptotic cell injury [98]. The activation
of mMTOR and p70S6K may also decrease apoptosis through pathways that can increase
“anti-apoptotic” Bcl-2/Bcl-x expression [98]. In addition, insulin prevents apoptosisin rat
retinal neuronal cells against serum deprivation through the activation of mTOR and
p70S6K [99]. Over-expression of wild type p70S6K or of arapamycin resistant form of the
kinase enhances the cytoprotective effect of insulin. In contrast, over-expression of a
dominant-negative mutant of p70S6K results in the loss of the ability of insulin to protect
neurons [99]. Other growth factors similar to insulin, such as erythropoietin (EPO) [100],
have been reported to be dependent upon mTOR activation for cytoprotection against
apoptosis [93, 101, 102].

Y et, activation of mTOR signaling pathways may not always prevent apoptosis. During
Alzheimer’s disease, post-mitotic neurons that attempt to enter the cell cycle do not
replicate, but can result in apoptotic cell death [103, 104]. In studies with amyloid oligomer
exposure, neurons can be prevented from entering the cell cycle during the inhibition of
mMTOR and thus be protected from apoptosis [105]. In addition, during cancer progression,
therapeutic strategies may seek to prevent Pl 3-K, Akt, or mTOR activity. Prevention of Pl
3-K and Akt activation can block medulloblastoma growth [106], reduce colorectal cancer
growth [107], enhance radiosensitivity in tumors [108], and limit gynecological
malignancies [109].

In contrast to apoptosis in which there is an early preservation of organelles and collapse of
the cytoskel eton, during autophagy thereis an early destruction of organelles and the
preservation of cytoskeleton structures [110]. Under most circumstances, autophagy alows
cells to recycle cytoplasmic components and remove defective organelles for tissue
remodeling. Autophagy consists of three different categories known as microautophagy,
macroautophagy, and chaperone-mediated autophagy [110-112]. Macroautophagy involves
the degradation of cytoplasmic material and the sequestration of the cytoplasmic protein and
organelles into autophagosomes. Autophagosomes fuse with lysosomes for degradation and
reuse for future cellular processes [113]. Microautophagy is the sequestration of cytoplasmic
components by invagination of the lysosomal membrane. Vesicles subsequently formed are
transferred to the lumen of the lysosomes for digestion. In chaperone mediated autophagy,
the cytoplasmic component is delivered by cytosolic chaperones to the receptors on the
lysosomal membranes for translocation across lysosoma membranes into the lumen.

Inhibition of PI 3-K, Akt, or mTOR can lead to autophagy (Figure 1). Application of the
agent erufosine that blocks Akt activity leadsto cell death through autophagy in oral
squamous carcinoma cell lines[114]. Inhibition of Akt in ovarian cancer also leadsto
autophagic cell death [115]. In contrast, over-expression of Akt that also increases mTOR
activity prevents autophagy in anon-small cell lung carcinoma cell line [116]. Activation of
the Pl 3-K/Akt/mTOR axis also has been shown to shift cell death away from autophagy
[117]. In regards to neuroprotection, mTOR activation can prevent oxidative stress mediated
autophagy in dopamine neurons [94]. Y et, chronic disease, such as during Alzheimer’s
disease, may benefit from inhibition of mTOR to allow the progression of autophagy [76].
The degree of mTOR activation may be a significant variable in cases such as this. During
the early phases of autophagy, mTOR activity can be inhibited [118]. However, re-activation
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of mMTOR appears to be required to continue with autophagy as long as elevated levels of
MTOR activity do not lead to the eventual blockade of autophagy [118]. This modulation of
mTOR with autophagy may be a conserved response in multiple cell systemsthat is
governed by nutrient availability [119].

mMTOR appears to modul ate autophagy through the regulation of autophagic genes (Table 1).
MTOR can phosphorylate the mammalian homol ogue of autophagy related gene 13 (Atg13)
and the mammalian Atgl homologue ULK1 and ULK2 to prevent the progression of
autophagy [120]. The focal adhesion kinase family interacting protein of 200 kDa (FI P200)
has been identified as a ULK binding protein. FIP200 and Atgl3 are critical for the stability
and activation of ULK 1. Mammalian Atg13 bindsto ULK1/2 and FIP200 to activate ULKs
and facilitate the phosphorylation of FIP200 by ULKs[120]. Asaresult, it is suggested that
MTOR activation prevents autophagy in mammalian cells through inhibiting the activity of
ULK-Atg13-FIP200 complex by phosphorylating Atgl3 and ULKSs.

The PI 3-K/Akt/mTOR Pathway in Neurological Disorders

Huntington’s disease

Huntington’ s disease (HD) is an autosomal dominant neurodegenerative disease
characterized by the degeneration of striatal GABAergic projecting neurons leading to
involuntary movements and cognitive impairment. HD is believed to be the result of
intracellular aggregates of huntingtin protein mutations that produce abnormally expanded
polyglutamine in the N-terminal region of the Auntingtin gene. The intracellular aggregates
form in neurons and lead to neuronal degeneration. Autophagy is considered important in
this disorder since this cellular mechanism is responsible for the clearing of aggregate-prone
proteins [121] (Figure 2). Asaresult, inhibition of mTOR signaling that can promote
autophagy may represent a potential therapeutic strategy for HD. Blockade of mTOR
activity with the agent rapamycin has been demonstrated to enhance the autophagic
clearance of proteins with long polyglutamines and a polyalanine-expanded protein [122],
attenuate huntingtin accumulation and cell death in cell models of HD, and protect against
neurodegeneration in afly model of HD [123]. In addition to rapamycin, some small
molecular enhancers of rapamycin promote autophagy with both mTOR dependent and
independent mechanisms in mammalian cells and can enhance the clearance of a mutant
huntingtin fragment in HD cell models to protect against a mutant huntingtin fragment
toxicity in Drosophila[124]. The rapamycin analog CCI-779 also improves behavioral
performance and decreases aggregate formation in a mouse model of HD [123]. However, in
some experimental models of HD, inhibition of mTOR signaling that involves mTORC1
alone does not affect autophagy or huntingtin accumulation. In contrast, the combined
inhibition of MTORC1 and mTORC?2 is required for autophagy and reductions in huntingtin
accumulation, suggesting that multiple components of the mTOR pathway may modulate
the pathology observed in HD [125]. As evidence for this, other studies show that decreased
activity of p70S6K protects against early decline in motor performance with beneficial
effects on muscle, but mutant huntingtin levels in the brain are not affected [126].
Neuroprotection in the mTOR pathway aso may require growth arrest and DNA damage
protein 34 (GADD34). GADD34 |eads to the dephosphorylation of TSC2 and induction of
autophagy in cell models of HD with increased cell survival during GADD34 over-
expression [127].

Alzheimer’s disease

Some studies suggest that pathways associated with Pl 3-K, Akt, and mTOR may foster
memory formation [128]. Inhibition of mTOR activity has been shown to impair memory
consolidation [129]. However, the degree of activity for the Pl 3-K, Akt, and mTOR
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pathways that may be necessary to be therapeutic in disorders such as AD has not been
determined (Figure 2). An increase in phosphorylated level of Akt substrates, such as
mMTOR, GSK-3B, and tau protein have been observed in AD, to indicate that these substrates
may promote AD progression [130]. p70S6K activation also has been associated with
hyperphosphorylated tau formation and potential neurofibrillary accumulation in AD
patients [131]. Furthermore, mTOR inhibition that is associated with autophagy in murine
models of AD improves memory and reduces amyloid (AB) levels[76].

Other investigations support the premise that activation of mTOR to some degree is
necessary to prevent pathology during AD. A decrease in mTOR activity in peripheral
lymphocytes appears to correlate with the progression of AD [132]. Loss of mTOR
signaling has been shown to impair long-term potentiation and synaptic plasticity in models
of AD [133]. In addition, Ap istoxic to cells[93, 134] and can block the activation of
MTOR and p70S6K in neuroblastoma cells and in lymphocytes of patients with AD [135].

Y et, activation of mTOR and p70S6K has been shown to prevent cell death during Ap
exposure in microglia[93]. These inflammatory cells are necessary for Ap sequestration to
prevent toxicity of AP exposure. Other work also suggests that blockade of mTOR activity
may lead to neuronal atrophy in AD. This has been attributed to the insufficiency of
retinoblastoma tumor suppressor (RB1) inducible Coiled-Coil 1 (RB1CC1) that has been
observed in the brains of AD patients. In these patients, RB1CC1 appears to be necessary for
neurite growth and to maintain mTOR signaling, but the reduced expression of RB1CC1
leads to reduced mTOR activity, neuronal apoptosis, and neuronal atrophy [136].

disease

PD isamovement disorder characterized by resting tremor, rigidity, and bradykinesia due to
the degeneration of dopaminergic neurons in the substantia nigra. Decreased mTOR activity
may lead to neurodegeneration during PD (Figure 2). The stress response protein REDD1
(RTP801) is up-regulated in dopaminergic neuronsin PD patients [137] and can modulate
the activity of mTOR. REDD1 is an inhibitor of mTORCL activity [138] and is highly
expressed in several cellular models of PD such as treatment with 6-hydroxydopamine (6-
OHDA), MPTP, and rotenone [137]. REDD1 isregarded as a potential contributor to
neuronaldegeneration in PD, since gene silencing of REDD1 is neuroprotective against 6-
OHDA [139]. REDD1 has been demonstrated to cause neuronal death by dephosphorylating
and inactivating Akt that subsequently leads to the loss of mTOR signaling. Other factors
involving mTOR may also contribute to neurodegeneration in PD. mTOR activation may be
required to prevent cell death during oxidative stress in dopaminergic neurons, since
inhibition of MTOR activity can result in autophagic neuronal death during oxidative stress
[94]. Loss of mTOR activity and the chronic activation of the mTOR pathway 4EBP1 by
leucine-rich repeat kinase 2 (LRRK?2), a site for dominant mutations PD, is believed to alter
protein translation and lead to the loss of dopaminergic neurons [140]. Y et, activation of
4EBP1 can suppress pathol ogic experimental phenotypes of PD including degeneration of
dopaminergic neurons in Drosophila[141].

Similar to other neurodegenerative disorders with the Pl 3-K/Akt/mTOR pathways,
excessive activation may lead to disability in PD patients. Treatment with derivatives a
dopamine, such as L-DOPA, lead to dopamine D1 receptor-mediated activation of mTORC1
resulting in dyskinesia[142]. Other studies suggest that mTOR inactivation and promotion
of autophagy may preserve dopaminergic neurons. In models of PD, treatment with
rapamycin preserves neuronal survival that is believed to be dependent upon Akt activation,
but is not associated with mTOR signaling [139]. Activation of autophagy also may be
required to protect against a-synuclein toxicity in PD [75]. During the inhibition of mTOR
and the promotion of autophagy, the accumulation of toxic a-synuclein in transgenic miceis
reduced and neurodegeneration is decreased [143].
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Epilepsy is achronic neurological disorder characterized by recurrent seizures. The mTOR
signaling pathway has been reported as an underlying mechanism in tuberous sclerosis (TS),
adisorder in which epilepsy occurs in over 80% of patients [144]. Mutations of TSC1 and
TSC2 that lead to hyperactive mTOR result in a high incidence of epilepsy in experimental
models [145]. Early inhibition of mTOR signaling with rapamycin in animal models of TS
can prevent astrogliosis, neuronal disorganization, and seizures, suggesting that the aberrant
MTOR activation interferes with normal brain function and leads to epilepsy [146] (Figure
2). mTOR activation has also been linked to acquired epilepsy. Inhibition of MTOR activity
during kainate-induced epilepsy decreases neuronal cell death, neurogenesis, mossy fiber
sprouting, and the development of spontaneous epilepsy [147]. Chronic hippocampal
infusion of rapamycin also limits mossy fiber sprouting in arat pilocarpine model of
temporal lobe epilepsy [148].

Acute Central Nervous System Injury

Recent studies suggest that the Pl 3-K/Akt/mTOR pathway may regulate acute nervous
system injury and subseguent neurodegeneration. In amodel of neonatal hypoxia-ischemia,
the promotion of autophagy through mTOR inhibition increased neuronal protection. Y et,
prevention of neuronal cell death also required the activation of the Pl 3-K and Akt
pathways, suggesting that under some circumstances neuronal protection may require
inhibition of MTOR to foster autophagy in conjunction with increased activity of the Pl 3-K/
Akt axis[149]. Other studies also suggest that mTOR inhibition resultsin increased
neuronal and vascular survival. Inhibition of PTEN (phosphatase and tensin homolog
deleted on chromosome 10) has been demonstrated to lead to increased cerebral infarction
that was associated with increased mTOR phosphorylation and activation [150]. In acanine
model of subarachnoid hemorrhage, inhibition of MTOR signaling prevents cerebral
vasospasm and preserves endothelial cell function [151]. Inhibition of mMTOR and p70S6K
activity also improves functional recovery in closed head injury models[152] (Figure 2).
Rapamycin treatment that inhibits mTOR has been shown to promote autophagy, inhibit
mTOR-mediated inflammation, reduce neural tissue damage, and limit locomotor
impairment following spinal cord injury [153].

However, therole of the Pl 3-K/Akt/mTOR pathway can be variable and may require
activation to promote neuronal survival. Treatments that increased the expression of Raptor
were associated with neuroprotection during hypoxiain invertebrate models of stroke [154].
In middle cerebral artery rat stroke models, agents that increase activity of Akt, mTOR, and
p70S6K serve to reduce stroke size [155]. mTOR activity isalso required in primary
cerebral microglia[92] and in neurons [6] to prevent apoptotic cell death during oxygen-
glucose deprivation. Activation of mTOR is also necessary for the cytokine EPO to prevent
microglial cell death during ischemic insults[102]. Following spinal cord injury, improved
spinal cord plasticity through exercise may require an increase in mTOR expression and
increased p70S6K activity [156]. Axonal regeneration in the nervous system may require
MTOR activation in conjunction with signal transducers and activators of transcription
(STAT) pathways[157]. During loss of PTEN or TSC1 that allow for increased mTOR
activity, axonal regeneration isincreased in adult retinal ganglion cells and in corticospinal
neurons after optic nerveinjury and spinal cord injury respectively [158, 159]. In addition,
ATP administration can significantly increase Akt/mTOR/p70S6K signaling that is
accompanied by improved locomotor function following spinal cord injury [160]. Studies
with bisperoxovanadium that can enhance the activities of Akt and mTOR have shown to
reduce motor neuron death, increase tissue sparing, and reduce cavity formation after spina
cord injury in rats [161].
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Pl 3-K, Akt, and mTOR signaling offer exciting prospects to target neurodegenerative
pathways for the devel opment of new therapeutic avenues for disorders of the central
nervous system. The Pl 3-K/Akt/mTOR cascade is a vital component for determination of
cell fatein avariety of acute and chronic disorders that can include HD, AD, PD, epilepsy,
stroke, and trauma. Onset and progression of these neurodegenerative disorders can be the
conseguence of PCD pathways involving apoptosis and autophagy that can be modulated by
Pl 3-K, Akt, and mTOR signaling.

Currently, the United States Food and Drug Administration has approved several rapamycin
(sirolimus) and rapamycin derivative compounds (“rapalogs’) for the treatment of renal
cancer (everolimus, temsirolimus), allograft rejection (everolimus, sirolimus), subependymal
giant cell astrocytoma associated with tuberous sclerosis (everolimus), neuroendocrine
pancreatic tumors (everolimus), and prevention of vascular re-stenosis (sirolimus,
zotarolimus, umirolimus) [6, 31]. Preclinical work suggests that modulation of the Pl 3-K,
Akt, mTOR axis can increase radiosensitivity against tumor cell growth and the vascular
supply of tumors [108]. Early clinical trials using everolimus for the treatment of advanced
neuroendocrine tumors suggest that progression free survival can beimproved [162]. Agents
that can regulate the Pl 3-K, Akt, mTOR axis are al'so under investigation in early phase
trials to treat hematological malignanciesin children and adults [163, 164]. In addition,
agents that can target different Akt classes with the alkyl-lysophospholipids and small
molecule inhibitors of Akt aswell as combined targeting of mMTORC1 and mTORC2 with or
without PI 3-K inhibition, and strategies that focus upon PDK1 and el F4E are under
consideration for disordersthat can involve the central nervous system, breast,
hematological tumors, and solid tumors.

Y et, for the effective trandation of these cellular targetsinto robust clinical entities directed
against neurodegenerative disorders over the next 5 to 10 years, a number of questions that
have arisen from current investigations need to be addressed. For example, what conditions
in the nervous system allow apoptosis and autophagy to work in concert or remain as
independent pathways? Exposure to oxidative stress in neurons results in apoptotic cell
death that can be averted through Pl 3-K and Akt pathways, but the targeting of autophagic
pathways in primary neurons during oxidative stress may yield limited benefits[80],
suggesting that in some cases neurodegenerative pathways may proceed only through one
specific PCD pathway. In contrast, other experimental models suggest that apoptosis may
directly control and block the onset and progression of autophagy [79]. More complexities
arise when one examines whether PCD pathways such as autophagy are beneficial or
detrimental during neurodegenerative disorders. Autophagy can lead to cell death in cerebral
astrocytes [70], in cortical neurons [71], and in spinal cord motor neurons [72] during
oxidant stress. As aresult, autophagy should be averted in these conditions. On the flip side,
autophagy pathways may be necessary with inhibition of mTOR signaling to clear mutant
huntingtin in HD [124] and to improve cognition and limit A levelsin AD [76].

Are these variable outcomes with the pathways of PCD intimately tied to the complex
relationship among Pl 3-K, Akt, and mTOR? Increased phosphorylated substrates of Akt,
MTOR, GSK-3p, and tau protein have been linked to the progression of AD progression
[130]. Loss of mTOR activity that allows for the induction of autophagy in experimental
models of AD has been shown to improve memory and reduce AP levels[76]. However,
other work suggests that the degree and duration of the presence of the Pl 3-K/Akt/mTOR
cascade may be avital factor for cell protection. Inhibition of mMTOR can impair long-term
potentiation and synaptic plasticity in models of AD [133] and activation of mTOR
signaling can block inflammatory cell death during AP exposure [93]. Y et, excessive
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activation of mTOR may lead to dyskinesiain PD patients [142]. Evidence that supports the
need for afine biological control of pathways such as mTOR also can be found in other
systems of the body. Acute activation of MTOR can prevent cardiac cell death [165], but
long-term mTOR expression and activity can result in vascular injury [166]. To successfully
move forward into the clinical realm for neurodegenerative disorders with PI 3-K, Akt, and
MTOR, future studies over the next several years must continue to elucidate the complex
roles that these kinase pathways hold in the nervous system and during the PCD pathways of
apoptosis and autophagy.
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Executive Summary
Pl 3-K

»  Phosphatidylinositide 3-kinase (Pl 3-K) isafamily of lipid kinases that
phosphorylate the 3’-hydroxy! group of phosphatidylinositide and
phosphoinositides. Pl 3-K phosphorylates membrane lipids to play akey rolein
Akt activation.

Akt

« Activation of protein kinase B (Akt) is dependent upon Pl 3-K that can
phosphorylate membrane lipids and foster the transition of Akt from the cytosol
to the plasma membrane to facilitate Akt phosphorylation at serine?’3 and
threonine308 by phosphoinositide dependent kinase (PDK) 1 and PDK 2
respectively.

mTOR

+ Mammalian target of rapamycin (mTOR), a 289 kDa, serine/threonine protein
kinase, belongsto Pl 3-K related kinase family and can be activated through Pl
3-K and Akt signaling pathway. mTOR functions through two complexes,
MTORC1 and mTORC2, that are composed of mTOR and its regul atory
proteins.

+  mTORCI contains mTOR, regulatory-associated protein of mTOR (Raptor),
proline rich Akt substrate 40 kDa (PRA $40), mammalian |lethal with Sec13
protein 8 (ML ST8), and DEP-domain-containing mT OR-interacting protein
(Deptor). mTORCL is sensitive to rapamycin and plays akey rolein protein
synthesis.

mMTORC2 contains MmTOR, mLST8, Deptor, rapamycin-insensitive companion
of mTOR (Rictor), mammalian stress-activated protein kinase interacting
protein (MSIN1), and protein observed with Rictor-1 (Protor-1). mTORC2 is
more resistance to rapamycin and primarily functions to regulate cytoskel eton
organization.

Huntington’s disease (HD)

» Inhibition of MTOR signaling by rapamycin can promotes the clearance of
mutant huntingtin aggregates.

Alzheimer’s disease (AD)

»  Phosphorylated Akt, mTOR and GSK-3p areincreased in AD, suggesting a
potential link for these kinases with the progression of AD.

+  mTOR with increased phosphorylation of p70S6K promotes Tau
phosphorylation in neurons during AD.

«  mTOR may prevent neuronal atrophy and block p-amyloid induced
neurotoxicity.

Parkinson’s disease (PD)
» Increased Akt and mTOR signaling protects dopaminergic neuronsin PD.

e  Oxidative stress induced mTOR inhibition is associated with dopaminergic
degeneration.
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Figure 1. The Pl 3-K/Akt/mTOR signaling cascade

Growth factors can activate mTOR signaling through phosphoinositide 3 kinase (Pl 3-K)
and Akt mediated pathways. Growth factors can stimulate Pl 3-K activation and promote the
production of phosphatidylinositide (3,4)-biphosphate (PI-3, 4-P,) and phosphatidylinositide
(3,4,5)-triphosphate (PI-3, 4, 5-P3) resulting in the recruitment of Akt to the plasma
membrane and subsequent activation by phosphoinositide dependent kinase 1 (PDK1) and
PDK 2. Akt activity can be inhibited by several entities that include the phosphatase and
tensin homolog deleted from chromosome 10 (PTEN) (specifically dephosphorylates PI-3,
4, 5-P, and PI-3, 4, 5-P5 at the D3 position), SH2 domain-containing inositol phosphatase
(SHIP), and carboxyl-terminal modulator protein (CTMP). In contrast, Akt can be activated
by T cell leukemia/lymphoma 1(TCL 1) and 90 kDa heat shock protein (Hsp90) which can
inhibit protein phosphatase 2A (PP2A). Once active, Akt can result in the activation of
mTORCL through a series of signaling pathway. Akt functions as a key upstream kinase that
mediates the phosphorylation of TSC2, resulting in the destabilization of TSC2 and
disruption of its interaction with TSC1. Akt also may activate mTORCL through |-kappaB
kinase (IKK). IKKa regulates mTORCL activity through associating with Raptor and IKK
can physically interact with and phosphorylate TSC1 resulting in the suppression of TSC1
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and the activation of mTORCL. In addition, Akt can directly phosphorylate proline rich Akt
substrate 40 kDa (PRA S40) and reduce its binding to regulatory associated protein of mTOR
(Raptor) and release mTORC1 from the suppression by PRAS40. Upon activation,
mTORCL1 phosphorylates its two major downstream targets p70 ribosome S6 kinase
(p70S6K) and eukaryotic initiation factor 4E-binding protein 1 (4EBP1) to promote protein
synthesis, increase cell survival, and prevent autophagy. This can be reversed by rapamycin.
MTORC2 activation also can occur through mTORC1. Activation of p70S6K resultsin the
phosphorylation of Rictor and downregulation of mTORC2 activity. However, TSCL/TSC2
can activate mTORC2 but inhibit mMTORC1. mTORC2 regul ates actin skeleton organization,
apoptosis, cell survival, and ion transport through Akt, protein kinase C apha (PKCa), and
serum- and glucocorticoid-induced protein kinase 1 (SGK1).
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Figure 2. Neurodegener ative diseases in the Pl 3-K/Akt/mTOR axis

Phosphoinositide 3 kinase (Pl 3-K)/Akt mediated mTOR activity isinvolved in pathogenesis
of neurodegenerative diseases. Inhibition of mTOR by rapamycin can lead to autophagy
under some conditions in neurodegenerative disorders. Autophagy may promote the
clearance of aggregate prone proteins, such as huntingtin, a-synuclein, and beta-amyloid
(Ap) that contribute to the development of Huntington’s disease (HD), Parkinson’s disease
(PD), and Alzheimer’ s disease (AD) respectively. Activation of the downstream target of
MTOR, p70 ribosome S6 kinase (p70S6K), through phosphorylation (p) prevents the
induction of apoptosis and limits AP toxicity and ischemic neuronal injury. Y et, activation
of p70S6K can promote the phosphorylation of Tau protein possibly contributing to
neurofibrillary tangles. Neuronal atrophy in AD has been attributed to the insufficiency of
retinoblastoma tumor suppressor (RB1) inducible Coiled-Coil 1 (RB1CC1), which functions
to activate mTOR. Activation of mTOR prevents neurodegeneration of dopaminergic
neurons during oxidative stressin models of PD. The stress response protein REDD1
expressed during PD inhibits the activation of mTOR. In some scenarios, activation of
MTOR may also lead to dyskinesias. Inhibition of mTOR signaling through rapamycin may
reduce the occurrence of epilepsy and improve functional recovery following traumatic
brain injury (TBI).
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Table 1

Components and Biological Functions of the Pl 3-K/Akt/mTOR Signaling Pathway

Components  Biological Function
Pl 3-K Phosphorylates the 3”-hydroxyl group of membrane, phosphatidylinositide and phosphoinositides resulting in the recruitment
of PDK1 and Akt to the cell membrane
PTEN Dephosphorylates phosphotidylinositide phosphates and inhibits the activity of PI 3-K
SHIP Dephosphorylates inositides and phosphoinositides and inhibits the activity of Pl 3-K
CTMP Binds to the C-terminal of Akt and prevents the phosphorylation of Akt
TCL1 Binds to the PH domain of Akt to increase Akt activity
PP2A Dephosphorylates and inhibits Akt
PDK1/2 Phosphorylates Akt on threoning®® and sering?3
Akt Promotes cell growth and proliferation, phosphorylates TSC2 to inhibit the TSCL/2 complex leading to mTORCL activation,
and functions as downstream target of mTORC2
IKK Akt activates IKK. IKKa associates with Raptor to increase the activity of mTORCL1. IKK also phosphorylates TSC1 leading
to mTORC1 activation
p70S6K mTORC1 phosphorylates and activates p70S6K to regulate protein synthesis, phosphorylates Rictor to regulate mTORC?2,
phosphorylates BAD, and increases the expression of Bcl-2/Bcl-x,
4EBP1 mTORCL1 phosphorylates and inactivates 4EBP1 to regul ate trand ation initiation
PKCa mTORC2 activates PKCa to regulate cytoskel eton organization
BAD Akt phosphorylates BAD leading to its dissociation from Bcl-2/Bcl-x, and the inhibition of apoptosis
FoxO3a Akt phosphorylates FoxO3a leading to its cytoplasmic retention with 14-3-3 protein and the inhibition of apoptosis
GSK-3B Akt phosphorylates and inactivates GSK-3p to inhibit apoptosis
PRAS40 Akt phosphorylates PRASA0 leading to its dissociation with Raptor and activation of mTORC1
ULK1 mTOR phosphorylates and inactivates ULK 1 to inhibit autophagy
Atgl3 mTOR phosphorylates and inactivates Atg13 to inhibit autophagy

Note: Atgl3: Autophagy related gene 13; CTMP: carboxyl-terminal modulator protein; 4EBP1: eukaryotic initiation factor 4E-binding protein 1;
GSK-3B: glycogen synthase kinase-B; IKK: kB kinase; mTOR: mammalian target of rapamycin; p70S6K: p70 ribosomal S6 kinase; PRAS40:
proline-rich Akt substrate 40 kDa; PTEN: the phosphatase and tensin homolog deleted from chromosome 10; Raptor: regul atory-associated protein
of mTOR; mMTORCL/2: mTOR complex 1/2; PDK: phosphoinositide dependent kinase; Pl 3-K: phosphoinositide 3 — kinase; PK Ca.: protein kinase
alpha; PP2A: protein phosphatase 2A; Rictor: rapamycin-insensitive companion of mTOR; SHIP: SH2 domain-containing inositol phosphatase;
TCL1: T cell leukemia/lymphoma 1; TSC1/2: tuberous sclerosis complex1/2; ULK1: UNC-51 like kinase 1.
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