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The amyloid-beta (AB) peptide is the derivative of amyloid
precursor protein (APP) generated through sequential
proteolytic processing by B- and +vy-secretases. Excessive
accumulation of AR, the main constituent of amyloid
plaques, has been implicated in the etiology of Alzheimer
disease (AD). It was found recently that the impairments of
neurogenesis in brain were associated with the pathogenesis
of AD. Furthermore recent findings implicated that APP could
function to influence proliferation of neural progenitor cells
(NPC) and might regulate transcriptional activity of various
genes. Studies demonstrated that influence of neurogenesis
by APP is conferred differently via its two separate domains,
soluble secreted APPs (sAPPs, mainly sAPPa) and APP
intracellular domain (AICD). The sAPPa was shown to be
neuroprotective and important to neurogenesis, whereas AICD
was found to negatively modulate neurogenesis. Furthermore,
it was demonstrated recently that microRNA could function
to regulate APP expression, APP processing, AR accumulation
and subsequently influence neurotoxicity and neurogenesis
related to APP, which was implicated to AD pathogenesis,
especially for sporadic AD. Based on data accumulated,
secretase balances were proposed. These secretase balances
could influence the downstream balance related to regulation
of neurogenesis by AICD and sAPPa as well as balance related
to influence of neuron viability by AB and sAPPa. Disruption of
these secretase balances could be culprits to AD onset.

Neurodegenerative diseases such as Alzheimer disease (AD) are
characterized by the progressive loss of neurons which are region-
specific in the brain. Accumulative evidences support the amyloid
hypothesis for AD pathogenesis that amyloid-beta (AB), derived
from amyloid precursor protein (APP), plays a crucial initial role
that triggers a complex pathological cascade which leads to the
neurodegenerative conditions observed in the disorder.! Recently,
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the presence of adult neurogenesis has been demonstrated, which
impact our understanding of physiology and pathology of brain
significantly. Furthermore, it was also demonstrated recently that
APP could play a role in influencing neurogenesis via its two sep-
arate domains, the soluble secreted APPs (sAPPs, mainly sAPPa)
and the APP intracellular domain (AICD). The sAPPa was
shown to protect neuron cells and promote neurogenesis, whereas
AICD was found to negatively modulate neurogenesis. Therefore,
questions were raised on whether APP could contribute to AD
pathogenesis via influence of adult neurogenesis by APP process-
ing fragments, besides via AB-induced toxicity. Furthermore
it was demonstrated recently that microRNA (miRNAs)
could function to regulate APP expression, APP processing,
AP accumulation and subsequently lead to altered A toxicity
or influence neurogenesis, which was implicated to AD patho-
genesis, especially for sporadic AD. Therefore dysregulation of
miRNAs could be the causes for alteration of APP expression and
APP processing, leading to subsequent changes in neuron viabil-
ity and neurogenesis, which could be implicated to AD. Based on
data accumulated so far, secretase balances related to APP pro-
cessing were proposed. These secretase balances could influence
the downstream balances related to AICD-induced inhibition of
neurogenesis, sSAPPa-induced neuroprotection and promotion of
neurogenesis as well as AB-induced neurotoxicity. Disruption of
these secretase balances could disrupt downstream balances and
finally contribute to AD. This review highlights and discusses
recent new findings focusing on roles of APP in neurogenesis,
which would be significant to pathogenesis and therapeutic appli-
cations of AD and even other neurodegenerative diseases.

Etiology of AD Related to APP

AD is the most common form of senile dementia that affects
more than 30 million individuals worldwide. It is a degenera-
tive neurological disorder characterized by gradual memory loss,
cognitive impairments and deterioration of language skills.? The
disorder is characterized by neuropathological hallmarks which
include the development of neuritic plaques constituting cores of
aggregated AP derived from the APP and neurofibrillary tangles
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(NFT) composed of abnormally hyperphosphorylated tau (7)
proteins.®® Such features indicative of AD are further accompa-
nied by gliosis, synaptic loss and neuronal death.® Although age
and environmental factors might increase the risk of the disorder,
significant genetic background is implicated in AD. Based on
symptomatology, the rare autosomal dominant inherited forms
of early-onset AD has been linked with mutations in APP (APP),
presenilin 1 (PSENI) and presenilin 2 (PSEN2) genes.”® In con-
trast, the sporadic late-onset form accounting for the majority of
all AD cases has been consistently associated with the presence
of the apolipoprotein E (APOE) €4 allele” Other susceptibil-
ity genetic factors include a2-macroglobulin, the dihydrolipoyl
succinyltransferase, which is a component of a-ketoglutarate
dehydrogenase, the K-variant of butyryl-cholinesterase and mul-

tiple mitochondrial genes.'*!?

Epidemiological studies also dem-
onstrated several tentative associations which can be linked to
a decreased reserve capacity of the brain, previous head injury
and cardiovascular disease.”? To date, the cause of both forms of
AD is not well established as a conclusive molecular mechanism
remains obscure.

However, a major pathogenic mechanism widely accepted
to be relevant for the etiology of AD is the “amyloid cascade
hypothesis.” Previous studies had implicated that aggregated AR
proteins could induce neurotoxicity via increased reactive oxy-
gen species (ROS). The detailed mechanisms on APP induced
ROS production and related to neurodegeneration in AD could
be found in recent published review papers in references 14 and
15. On the other hand, dysregulation of intracellular calcium is
significantly involved in the toxicity of APP related to patho-
¢ Tt has been known that
aggregated AP proteins could induce calcium influx into neurons

genesis of neurodegeneration in AD.

and increase intracellular calcium concentration.”" Furthermore
presenilins, y-secretases responsible for APP cleavage, was found
to be involved in the regulation of intracellular calcium stores.”®
The detailed informations related to APP, presenilins, calcium
and AD onset could be found in some well written recent reviews
in reference 19. Therefore the aggregated AP proteins could con-
tribute to neurodegeneration via increased ROS and dysregulated
intracellular calcium as converging steps for “amyloid cascade
hypothesis” related to pathogenesis of AD.

Furthermore, recent findings implicated that the APP induced

neurotoxicity was tau-dependent.?*-%¢

Tau protein is known for its
role in the stabilization of microtubules, which is important for
the generation and maintenance of neurite.?** In AD, tau loses
its microtubule-binding and stabilizing function and form neu-
rofibrillary tangles leading to the degeneration of neurons, which
was implicated to AD pathogenesis.”* It was reported that tau
inhibits transport of APP into axons and dendrites, causing its
accumulation in the cell body.?® Furthermore recent new studies
provided strong evidence for tau-dependent AR toxicity.” They
found that tau, which was known to be axonal protein, has a den-
dritic function in postsynaptic targeting of Fyn, the Src kinase.
One of Fyn substrates is the NMDA receptor (NR). Missorting
of tau in transgenic mice expressing truncated tau or absence of
tau in tau knockout mice both disturb postsynaptic targeting of
Fyn. Hereby alleviated NR-mediated excitotoxicity and abrogated
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AP toxicity. A model was proposed that Fyn localized to the
postsynapse in a tau-dependent manner and phosphorylated the
NR subunit NR2b at Y1472. This phosphorylation promotes
the interaction of NRs with PSD-95, a scaffolding protein. The
interaction enhances the stability of NRs within the postsynaptic
density and facilitates NRs to excitotoxic downstream signaling,
which could be the downstream pathway of AR induced toxic-
ity. Hence, decrease of tau level or targeting of tau-dependent
toxic mechanisms, such as the Fyn-mediated interaction of NRs
and PSD-95, could be suitable strategies for therapy of AD and
related disorders.

Molecular Structure of APP

Human APP belongs to a highly conserved family of type 1
transmembrane glycoproteins which constitutes APP and the
mammalian homologs APLP-1 and APLP-2, both homologs
lacking the AR sequence.”’** The evolutionary conservation of
APP gene family also extends to invertebrate species with its
orthologs APPL in Drosophila and APL-1 in Caenorbabditis
elegans respectively.’3? These proteins all share several conserved
motifs within the large extracellular domain and a short cyto-
plasmic region which exhibits the highest sequence homology.*
The human APP gene contains 18 exons spanning more than
170 kbp.>* The region encoding the AR sequence comprises part
of exons 16 and 17 and is composed of 40 to 43 amino acid resi-
dues that extend from the ectodomain into the transmembrane
domain of this protein (Fig. 1). The presence of multiple distinct
domains located within the extracellular portion includes a sig-
nal peptide (SP), a heparin-binding/growth-factor-like domain 1
(HPBD1), a copper-binding domain (CuBD), a zinc-binding
domain (ZnBD), a Kunitz-type protease inhibitor domain
(KPI), a second heparin-binding domain 2 (HPBD2), a random
coil region (RC) and the AP sequence (Fig. 1). The remaining
region consists of the cytoplasmic tail of APP, including AICD.
Several isoforms of APP that arises from alternative splicing have
been identified and the most common forms differ mainly by
the absence (APP-695) or presence (alternatively spliced APP-751
and APP-770) of a KPI domain.?>3¢

Trafficking and Proteolytic Processing of APP

APP can undergo amyloidogenic or non-amyloidogenic process-
ing via cleavage by different secretases.’” The amyloidogenic pro-
cessing of APP, cleaved initially by B-secretase, produces a long
soluble secreted form of APP (sAPPB) and a carboxy-terminal
fragment (CTF99) containing the AR sequence and AICD. In
the brain, B-site APP cleaving enzyme (BACE1) has been found
to be the major B-secretase.®® In the alternative non-amyloido-
genic pathway, APP could also be proteolytically processed by a
presenilin-containing a-secretase complex, which cleaves at a site
within AR sequence and consequently abrogates AP formation.”’
The non-amyloidogenic cleavage releases a carboxy-terminal
fragment (CTF83) and another soluble fragment (sAPPa) which,
in contrast to AR, may be neuroprotective.”*! Both CTF99
and CTF83 fragments are then sequentially cleaved within the
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Figure 1. Schematic diagram of APP consisting of a large extracellular domain, a hydrophobic transmembrane domain and a short cytoplasmic car-
boxyl terminus. The protein is proteolytically processed by different secretases via amyloidgenic and non-amyloidgenic proceeding pathways which
either releases the AR peptide (cleaved by B- and y-secretase) or precludes AR formation (cleaved by a-secretase).

transmembrane domain by +y-secretase to generate AICD and
AB or p3 respectively.** Elevated B-secretase levels were found
to induce the increase of CTF99 and AP generation as well as
the decrease of CTF83 and AICD generation in vitro. On the
contrary, elevated levels of a-secretase was found to induce an
increase in AICD levels.®® Therefore a-secretase and (B-secretase
cleavage of APP might influence subsequent AICD release dif-
ferently. The details of amyloidogenic and non-amyloidogenic
processing of APP are illustrated in (Fig. 2).

Potential Neuronal Functions of APP

While AB is central to AD pathogenesis, the evolutionary con-
servation of APP and the presence of APP isoforms lacking A
sequence indicates that amyloidogenesis is unlikely the main
physiological function of this protein family.* Recent accumu-
lative evidence demonstrated that APP is important for neuron
generation, neuron differentiation and neural migration. In
nematode Caenorbabditis elegans, loss of APL-1 by genetic inac-
tivation resulted in postnatal lethality due to abnormalities in
multiple developmental processes such as molting defects. This
phenotype could be successfully rescued by expressing the extra-
cellular domain of APL-1 in neurons.” Furthermore APP was
found to be important in Drosophila melanogaster, as deletion
of the APPL gene leads to behavioral defects in phototaxis that
could be partially rescued by human APP.“ Interestingly, highly
elevated APPL levels were observed in regenerating neurons of a
Drosophila brain injury model.”” In contrast, lack of this stress
response in APPL mutant flies increased mortality.*® As an upreg-
ulation of APPL correlated with an increase in neurite arboriza-
tion, a potential role in axonal outgrowth after traumatic brain
damage was attributed to APP.# Another study showed that
APPL overexpression promoted synapse differentiation, while
APPL mutants resulted in decreased synaptic bouton numbers at
the neuromuscular junction in Drosophila.*®
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APP is also ubiquitously expressed in mammalian cells and
was found to have complicated physiological roles in cell adhe-
sion, neuronal differentiation, neuronal migration, neurite out-

61 The immunoreactivity of

growth and synapse formation.
APP was found to increase after brain injury of mice, which cor-
related well with traumatic brain injury.®* APP knockout mice
showed reductions in weight, deficits in balance and strength,
impairments in behavior and long-term potentiation.”® The
evidence from other APP knockout in vivo animal model sys-
tems demonstrated potential roles of APP in neuron generation,
differentiation as well as neural migration.®

Taken together, these findings corroborate a potential cru-
cial role for APP as part of a complex mechanism involved in
a wide variety of neuronal functions, including normal neural
development or response to traumatic brain injuries. Cumulative
evidence suggests that the soluble sAPPa is neuroprotective and
is associated with growth factor-like functions, while the inter-
action of AICD with a myriad of proteins links it with diverse
processes such as axonal transport and transcriptional regulation.
The different neuronal roles of various APP fragments will be

further discussed in details below.

Role of sAPP« in the Positive Regulation
of Neurogenesis

The physiological functions of sAPPa have been implicated in
the enhancement of synaptogenesis, neurite outgrowth, cell sur-
vival and cell adhesion.”"%” In separate reports, sSAPPa has been
observed to exert proliferative effects on NPC isolated from
the embryonic brains’®® In 2005, Caille et al. first acquired
evidence suggesting the in vivo role of sAPPa in adult neuro-
genesis.”® The authors found that sAPPa binds prominently
to cells of the subventricular zone (SVZ), one of the two adult
central nervous system sites harboring NPC that are capable of

regeneration in the adult brain’® Their findings suggested that
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Figure 2. APP processing procedure and cleavage products. The non-amyloidogenic APP processing pathway (right) involves proteolytic cleavages
by a- and y-secretases resulting in the generation of sAPPa and carboxyl terminal fragments including P3, CTF83 and AICD. The alternative amyloido-
genic APP processing pathway (left) involves proteolytic cleavages by B- and y-secretases resulting in the generation of SAPPB and carboxyl terminal
fragments including AB, CTF99 and and AICD. AR peptides could oligomerize and fibrillize leading to AD pathology. sAPPa could function to promote
neurogenesis and survival, while AICD could have effects to inhibit neurogenesis possibly via forming complex with Fe65 and leading to transcrip-

sAPPa were likely to participate in the EGF-induced prolifera-
tion of type A cells, although sAPPa alone fails to induce prolif-
eration of these cells.”® The authors also observed that infusion
of SAPP« into the lateral ventricle of mice led to an increase in
number of progenitor cells.® Conversely, blocking sAPPa secre-
tion by a-secretase inhibitor or downregulating APP synthesis
by antisense oligonucleotide against APP decreases the prolif-
eration of EGF responsive cells, which leads to a reduction of
the pool of progenitors.’® Their results also showed that sAPPa
activity may be delivered in an autocrine/paracrine manner.”
The crystal structure analysis at 1.8 A resolution of APP further
demonstrated that its cysteine-rich N-terminal heparin-binding
domain is similar to other cysteine-rich growth factors, which
is conceived to be responsible for its function to stimulate neu-
rite outgrowth.®® These growth-promoting properties of sAPPs
and its structural similarities with cysteine-rich growth factors
suggest that sAPPs may function as a growth factor in vivo.®
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It was reported that these growth-promoting properties of sSAPPa
are possibly mediated by the ability of sAPPa to downregulate
CDKS5 and inhibit tau hyperphosphorylation.®* Early in vitro
studies have also demonstrated that sAPPa protects cultured
neurons against hypoglycemia damage and glutamate neurotox-
icity through the activation of potassium channels, which in turn
mediates the ability of sAPPa to inhibit calcium influx and thus
modulates neuronal excitability.®”’

Taken together, these results suggest that sSAPPa might function
as specific growth factors or as a mediator for adult NPC prolifera-
tion. However, to date, no sAPPa receptors have been identified
yet and the signaling pathways triggered have not been thor-
oughly investigated. To this extent, it is of interest to note that two
in vitro studies have reported a stimulation of MAP kinase activity
by sAPPa and it would thus be of importance to dissect this signal-
ing pathway triggered by sAPPa in detail.”*”* Intriguingly, sSAPPa
levels were shown to decrease in the cerebrospinal fluid (CSF) of
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Figure 3. Schematic diagram for influence of neurogenesis by sAPPa and AICD. The a-secretases cleavage of APP could release sAPPa into extracel-
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positively regulate neurogenesis. On the contrary, y-secretases cleavage of APP could release AICD into cytoplasm, which could complex with Fe65
and enter nucleus. The AICD and Fe65 complex might function to transcriptionally regulate gene expressions related to neurogenesis, including miR-

NAs genes. Finally AICD will function to inhibit neuronal differentiation via so far unknown mechanisms, hereby negatively regulate neurogenesis.

AD individuals, while infusion of sAPPa into the brain increased
synaptic density and improved memory retention.”” Therefore,
these findings raised the possibility that sAPPa may contribute
to neurogenesis in adult brain and sAPPa might be used for AD
patients clinically, while decrease of sSAPPa levels in brain may be
an indispensable precondition for AD pathogenesis.

Role of AICD in the Negative Modulation
of Neurogenesis

AICD was termed by analogy to NICD (Notch intracellular

domain) formed by the regulated intramembrane proteolysis
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(RIP) of another type I transmembrane glycoprotein Notch. Both
AICD and NICD were produced via cleavage of APP or Notch by
the same y-secretase complex respectively. Extracellular binding
of Notch to its ligand is one of the mechanisms responsible for
this regulation of cleavage, stimulating release of NICD in cells.”
The NICD translocates into the nucleus and leads to a series of
downstream signaling cascades.”* Although multiple proteins
have been reported to interact with AICD including Fe65 that
may be necessary for AICD-dependent signaling, no functional
ligands for APP have been characterized so far.”> Recently Ma
et al. discovered that transient axonal glycoprotein 1 (TAGI),
a neural cell adhesion molecule of the F3 family, acts as an
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extracellular binding partner for APP through the immunoglobu-
lin (Ig) and fibronectin repeat (FNIII) domains of TAGL.”> The
authors found that TAG1 and APP co-expressed in NPC in the
neurogenic niche of the ventricular zone in developing mouse
brains.”” It was also found that the extracellular interaction
between APP and TAGI was essential for initiating the release
of AICD, which could be abrogated by the presence of specific
~y-secretase inhibitors.”” It was further confirmed in knockout in
vivo studies that the interaction between TAGI and APP nega-
tively modulates neurogenesis through release of AICD and trig-
gers a Fe65-dependent molecular event.”” These findings provided
valuable insights that APP could function as a transmembrane
receptor protein which negatively mediates neurogenesis through
recognition of its specific cell surface-associated ligands.”

However, the detailed mechanism by which AICD suppresses
neurogenesis still remains to be elucidated. Several questions
regarding TAGI1-APP signaling pathway including its potential
contributory roles in adult brain development and AD pathogen-
esis also remain unanswered. What physiological functions does
this signaling pathway eventually mediate? As yet, few imme-
diate downstream target genes have been identified for AICD
and Fe65. Based on the resemblance of molecular structure and
processing procedure between Notch and APP as well as known
knowledge of the Notch cascade, it would be tempting to spec-
ulate that the AICD generated by <y-secretase cleavage may be
capable of inducing an intracellular signaling pathway via modu-
lation of gene expression after interaction with its adaptor protein
Fe65. The interaction between AICD and Fe65 may promote the
translocation of AICD directly to the nucleus or may initiate a
Fe65-mediated nuclear signal independently of AICD transloca-
tion. However, the hypothesis that AICD could function to mod-
ulate transcriptional activity in cells appears highly controversial
so far. Although numerous studies have suggested that AICD
can regulate expression of various endogenous genes including
KAII, GSK-3b, APP and neprilysin, other groups were unable to
replicate these findings.”*”” Therefore it would thus be necessary
to delineate the downstream components of the TAG1-APP sig-
naling cascade to clarify the precise mechanisms of negatively
modulation of neurogenesis through this pathway. Knowledge of
these mechanisms would be important in the context of AD as
abnormal processing of APP may also result in aberrant AICD
levels, which may be linked to abnormal intracellular signaling
and thus consequently lead to AD pathogenesis.

To this extend, it is interesting to note that several recent stud-
ies have reported AICD-expressing transgenic mice recapitulate
such AD-like pathological features as activation of GSK-33, phos-
phorylation and aggregation of tau, memory deficits and aberrant
neural activity and seizure susceptibility.”””? Interestingly, these
AD characteristic lesions are observed with negligible changes
in APP metabolism or AP generation, demonstrating that AICD
itself was capable of inducing the deleterious effects.”® The authors
showed that overexpressed AICD impairs adult neurogenesis in
transgenic mice through induction of neuroinflammation, which
could be prevented by treatment with anti-inflammatory drugs
that supports the potential of these drugs as prophylactic thera-
peutic agents.”** However although inflammation may play a
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pivotal role in impaired neurogenesis in AICD transgene mice,
abnormally expressed AICD may also confer its deleterious
effects via stimulation of GSK-3f3 activity and alteration of the
activity of wnt signaling pathway, which has been shown to per-
turb neurogenesis in mice and in AD patients.®** This hypoth-
esis ties in with previous studies suggesting that AICD is capable
of regulating the expression of various endogenous genes includ-
ing GSK-3b.”” In contrast, other groups were unable to replicate
these findings.”*%
TAGI-APP signaling pathway related to regulation of neurogen-

Therefore a conclusive understanding of the

esis by AICD would be necessary as it may offer unique oppor-
tunities for pharmacological intervention of AD in the future.
The influence of neurogenesis by APP fragments was illustrated
in Figure 3. The potential pathogenesis of AD related to APP is
summarized and illustrated in Figures 4 and 5.

miRNAs, APP, Neurogenesis and AD

miRNAs are small non-coding RNA molecules that regulate
gene expression by binding to the 3'UTR of their target mRNAs
for repression of target gene expression by translation inhibition
or mRNA degradation.® It was known that miRNAs are abun-
dantly expressed in the central nervous system and they have
essential functional roles in brain development and neuronal

specification.®*-

8 However dysfunctions or aberrant signaling of
the miRNA pathway was demonstrated to result in neurodegen-
erative diseases.®** Recent accumulating evidence implicated the
dysregulation of miRNAs expression in AD.¥% It was reported
that there was an upregulation of miR-9, miR-125b and miR-128
in hippocampus of AD affected postmortem brain samples.”
Their findings also implicated that ROS might contribute to AD
via pathways mediated by miRNAs. The alterations of miRNA
expression profiles between AD and control brain samples have
also been reported by other research groups.®”* Importantly, all
reports consistently demonstrated the consecutive upregulation
of miR-125b and downregulation of miR-9 and miR-210 in AD
brains. This is suggestive of important roles of these miRNAs, as
miR-125b and miR-9 have also been implicated in neurodegenera-
tive diseases such as Down Syndrome and Huntington disease.’*%
Furthermore miRNA dysregulation has also been observed in CSF
of AD patients, suggesting that specific miRNAs may be used as
putative biomarkers for neurodegenerative diseases.*’

Studies also demonstrated that miRNAs can regulate APP
expression, APP processing and AR accumulations.”**¢ It was
found that miRNAs hsa-mir-106a and hsa-mir-520c could bind
to their predicted target sequences in the APP 3'UTR and nega-
tively regulate APP expression.”® Another recent study showed that
miR-101 is a negative regulator of APP expression and could affect
the accumulation of AP, suggesting a possible role for miR-101
in neuropathological conditions.” Furthermore miRNAs belong-
ing to the miR-20a family (miR-20a, miR-17-5p and miR-106b)
was found to regulate APP expression in vitro and at the endog-
enous level in neuronal cell lines.” In this study a tight correla-
tion between these miRNAs and APP was found during brain
development and in differentiating neurons. Such possibility is
further corroborated by the observation that a significant decrease
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dysruption of intracellular calcium. The y-secretases, presenilins, can function as ER calcium leak channels, which could aggravate the increased
intracellular calcium due to AR accumulation. The ROS and dysregulation of intracellular calcium could contribute to neuron demise. On the other

hand, the a-secretases cleavage of APP could lead to sAPPa formation. The sAPPa can function on secreted cell itself or nearby cells via autocrine or
paracrine mechanisms. The sAPPa can promote neurogenesis via so far unknown mechanisms. Furthermore the sAPPa can function to promote neu-
rons survival, which could counter against neuron demise induced by A accumulation. The y-secretase cleavage of APP can produce AICD fragments.
The AICD can bind with Fe65 and form complex, which can enter nucleus and function to negatively regulate neurogenesis via unknown mechanisms.
Pathological factors which disruption the balance between positive regulation of neurogenesis by sAPPa and negative regulation of neurogenesis by

AICD will lead to decreased neurogenesis, increased neuron demise and cooperate with AR plaque induced toxicity to contribute to AD.

in miR-106b expression was found in sporadic AD patients.”” On
the other hand, two miRNAs (miR-298 and miR-328) was found
to regulate BACE mRNA translation, while BACE was responsible
for APP processing and AP production.”® These findings impli-
cated the interesting internal link among miRNA, neurogenesis,
APP and AD, which deserve extensive studies in the future.

Alteration of Neurogenesis in AD
Several studies have suggested that the rate of neurogenesis in both
SVZ and dentate gyrus (DG) declines with age, raising the pos-

sibility that reduced or misregulated neurogenesis may account,
to a certain extent, for the cognitive deterioration in the elderly
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or contribute to learning and memory deficits in individuals with
ADJ71% Indeed, in vitro experiments have shown that excessive
accumulation of A affected the function of cultured human cor-
tical NPC by suppressing their proliferation and neuronal differ-
entiation and ultimately inducing apoptosis.”®" The deteriorative
effect of AR on neurogenesis has also been demonstrated in in
vivo AD mouse models that have either been genetically mutated
or intra-ventricularly infused with A to cause neuritic plaque
accumulation.'””'* These mice displayed impairments in neuro-
nal generation from NPC in DG as well as reduced capacity of
differentiation and survival of newly generated neurons.!10>106
In support of these observations, it was revealed that a significant
decrease in proliferation of progenitor cells was found in aged
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Figure 5. Flow chart summarization of potential pathogenesis of AD related to APP. The altered APP processing could contribute to AR accumulation,
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could also facilitate neurodegeneration. The AR accumulation could lead to AR senile plaques and induce calcium flux via a tau protein-dependent
manner. The dysregulated intracellular calcium and increased ROS level finally contribute to neurodegeneration. Hereby the decreased neurogenesis

and AD brain.'”” Recently, a study reported that levels of stem
cell factor (SCF), a hematopoietic growth factor that supports
neurogenesis in brain, was downregulated in plasma and CSF of
patients with early onset AD.'8 It was also reported in studies on
mice harboring FAD-linked mutant APP that the proliferation
of newly formed cells and neuronal differentiation were reduced
in the SGL of the DG and in the SVZ in their mouse mod-

M09 Tn these transgenic mice, the mice exhibited increased

els
B-secretase activity, resulting in elevated levels of CTF, AP and
sAPP, concomitantly with lower levels of sSAPPa. Therefore the
alterations of the ratio of these APP fragments may also contrib-
ute to decreased neurogenesis in AD. !0

However, conflicting results have been achieved on whether
the decline of neurogenesis happens at the early or late stages
of ADM*!" 1j et al. examined the extent of cell proliferation in

subgranule layer (SGL) of DG in FAD-linked APPswe/PSIAE9
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mice (expressing human mutant APP plus a deletion of exon 9
of presenilin 1) at ages 6 and 9 months."? Although both time
points were post-amyloid deposition, significant reduction in cell
proliferation was only observed in latter group, suggesting that
alterations in neurogenesis are likely a function of age-specific
neuropathology.'? This finding was supported by another simi-
lar study from Taniuchi et al. that the number of proliferating
and newly differentiating neurons in SGL decreased significantly
in 9-month-old FAD-linked APPswe/PSIAE9 mice but not in
5-month-old mice.!” However, a recent study by Demars et
al. examined the fate of NPC in both SGL and SVZ of young
APPswe/PS1AE9 transgenic mice.""* They showed that prolif-
eration and differentiation of NPC were severely impaired early
in mice at 2 months age, preceding onset of amyloid deposition
and memory impairments.'* Furthermore, a dramatic increase
in steady-state levels of AR and tau hyperphosphorylation in
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neurogenic niches was shown."* Therefore, these results suggest
that NPC are affected early in AD in both neurogenic areas of
adult brain and may contribute to deficits in hippocampus- and
olfaction-dependent memory in AD.

On the contrary other reports demonstrated increased neu-
rogenesis in the context of AD.'5!8 A recent report showed
that transgenic mice expressing three or more FAD-linked APP
mutations showed an upregulation of cell proliferation and neu-
ronal differentiation in hippocampus and SVZ." In a different
study, Jin et al. found an increase in numbers of newly prolif-
erating cells in the SGL and SVZ in FAD-linked transgenic
mice expressing human APP isoforms APP695, APP751 and
APP770 with (V717F, K670N, M671L) mutations."®' Lopez-
Toledana et al. also demonstrated an increase in proliferation
of hippocampal cells and their neuronal differentiation in APP

mice models similar to Jin.!8

Furthermore one report on post-
mortem study of senile AD brain showed increased levels of
cells with proliferative and immature neuron markers."”” On the
contrary, another study on presenile AD brains demonstrated
that the increased proliferation of cells in DG were non-neuro-
nal, which could not reflect an increase in neurogenesis in AD
brains.!?

In summary, conflicting results were observed in seemingly
similar AD mice models. However, as APP metabolites, includ-
ing sAPPa, CTF, AICD and A, may have unique roles that
modulate neurogenesis differently, the complexities may result
from the numerous FAD-linked variables that could influence
APP metabolism in cells. Although it still remains to be firmly
established whether impairments of neurogenesis contribute to
the pathogenesis of AD, findings on molecular links between
neurogenesis and AD so far implicates the disorders of neurogen-

esis to be an integral part of AD pathology.
Neurogenesis as a Therapeutic Strategy for AD

Currently, ongoing clinical trials are directed towards evaluat-
ing therapeutic approaches to stall the progression of AD by
preventing neurons from further degeneration and providing
symptom relief.'*"'** Unfortunately, strategies aimed to arrest
the degenerative process may fall short of cognitive recovery as
they still leave the brain marred with defective neural synapses
and neuronal loss. The understanding of stem cell biology and
discovery of neurogenesis in adult brain thus hold the promise
on the regeneration of damaged neural tissue and restoration of
neuronal circuits essential for cerebral function. In the develop-
ing brain, most stem cells and microenvironments are spatially
shifting and are temporally transient, as the cellular and molecu-
lar programs of neurogenesis and morphogenesis are “assembled
and disassembled.”* In contrast, the adult brain restricts such
proliferative potential of NPC to special selective microenviron-
ments.'” These specialized domains are restricted to the SVZ of
the lateral ventricle and the DG subgranular zone of the hip-
pocampus, retaining developmental potential throughout life
span.'”® Therefore the adult CNS may be amenable to repair
and this provide the basis for new strategies for AD therapy: to
stimulate endogenous NPC or stem cells of the adult brain and
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to transplant adule-derived NPC or stem cells into brains of AD
patients.'’? While the potential of stem cell regeneration in the
adult brain is vast, its delivery to target areas of the brain poses a
challenge. Systemic injection provides a non-invasive strategy but
direct delivery of NPC to the brain faces the challenge of how to
distribute cells throughout the brain as AD is characterized by
a diffuse pattern of degeneration. Furthermore, as the progres-
sion of AD is not uniformly distributed, the affected regions of
degenerating and degenerated neural circuits present challenges
for integration of injected NPC.

On the other hand, although the appropriate delivery of exog-
enous NPC to restricted regions of the affected brain remains a
challenge, ongoing neurogenesis by endogenous NPC provides
an exciting avenue that has the potential to resolve cognitive
deficits in individuals with AD. Endogenous stem cells exist in
low abundance in the adult brain, but could be stimulated to
induce proliferation under appropriate conditions.'?* To this aim,
a potential therapeutic approach is the delivery of growth fac-
tors to brain to promote neurogenesis. Basic scientific analyses
and human trials indicated that constituents of microenviron-
ments within the brain determine the potential of neurogenesis,
differentiation of NPC and magnitude of the NPC pool.!0315-127
Multiple analyses have been documented that DG neurogenesis
is regulated by FGF-2, IGF-1 and VEGE.!?%104128-131 Eqr example,
FGEF-2 enhanced DG neurogenesis in both neonatal and adult
brain and intra-cerebroventricular (ICV) infusions of FGF-2
upregulated DG neurogenesis in aged brain.' Likewise, IGF-1
increased DG neurogenesis in adult and aged brain following
ICV administration of IGF-1.13 VEGF can promote DG neu-
rogenesis in both intact and injured adult brain following ICV
administration.”** Recently, a report has also demonstrated that
fetal NPC transplantation reduced memory deficits and amyloid
plaque deposition in a mouse AD model, transgenic overexpres-
sion of K670N or M671L APP mutation. In addition, the mice
model showed significant improvement in cognition after NPC
transplantation.'®

While NPC are currently being investigated as potential
therapies for neurodegenerative diseases like AD, concerns have
also been raised over the safety of this experimental therapeutic
approach. This includes the possibility of tumor formation from
transplanted NPC in human brain. A report on a human brain
tumor from NPC complicating NPC therapy suggests that NPC
may also be involved in gliomagenesis and this finding provides
an example of a donor-derived human brain tumor.’*® Therefore,
further researches are urgently required to assess the safety of
these therapies.

Potential Secretase Balances and Implications to AD

It was known that sAPPa could protect neurons and promote
neurogenesis, while sAPPa could be produced via a-secretase
cleavage. Furthermore the a-secretase cleavage of APP could
abrogate AR proteins production. On the other hand, B-secretase
and y-secretase cleavage of APP could lead to AB proteins forma-
tion, which should be deleterious and could contribute to neu-
rodegeneration in AD. Furthermore the y-secretase cleavage of
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and be even related to AD. So far miRNAs for a- and y-secretase have not been identified. Studies on them should be interesting in the future.

APP could lead to AICD formation, which could be a prohibiting
factor to neurogenesis. Therefore it seemed that secretase balance
between a-secretase and [B-secretase as well as balance between
a-secretase and y-secretase exists, which was important to patho-
genesis of AD. The balance between a-secretase and -secretase
will determine the AB proteins and sAPPa formation and neu-
rons viability. The disruption of this secretase balance will lead
to increased AP formation, decrease sSAPPa and increased neu-
rons demise. The balance between a-secretase and <y-secretase
will influence neurogenesis in brain. Such secretase balance could
affect the downstream balance between AICD induced inhibi-
tion of neurogenesis and sAPPa induced promotion of neuro-
genesis. The consequence of disruption of the secretase balance
between a-secretase and +y-secretase will lead to decreased neu-
rogenesis in brain. Finally the disturbance of these secretase bal-
ances would lead to disruption of balance between neurogenesis
and neuon demise and contribute to AD. These secretase bal-
ances and relationship to AD was summarized and illustrated in
(Fig. 6). Therefore factors leading to imbalance of these secretase
balances might be culprits of AD onset, especially for sporadic
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AD. Based on above-mentioned analysis, it can also be concluded
that the activity of a-secretase was a key factor related to AD
onset. Therefore factors to downregulation of a-secretase activ-
ity should be paid more attentions, as they might be the original
underlying cause for AD, especially sporadic AD. On the other
hand, factors to control [B-secretase and <y-secretase, such as
miRNAs, should also be paid attention. As dysfunction of these
controlling factors might lead to enhancement of activities of
B-secretase and y-secretase, which will overwhelm the activity of
a-secretase and contribute to AD.

Future Prospects and Directions

The secreted sAPPo has been demonstrated to promote neuro-
genesis, which could be a factor to prohibit AD onset. However,
so far it is unclear how sAPPa functions to influence neurogen-
esis. A possibility could be that the sAPPs might bind with its
specific receptor on the cell membrane and exert downstream
effects. Another possibility could be that sSAPPo might act as
a modulating protein that regulates the signal transduction of
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another signal pathway, which is crucial to neurogenesis and
neuron cell survival. In this context, sSAPPa might function as
a modulator to influence the binding affinity between ligands
and receptors. However the third possibility that sAPPa could
penetrate through cell membrane and confer it effects in the
cytoplasma still cannot be completely excluded. One practical
way to solve these questions is to utilize LC-MS-MS to identify
sAPPa interacting proteomics. Progresses within this aspect in
the future should help to further understand the detailed mecha-
nism of sAPPa induced neurogenesis and anti-apoptosis effects.
This will also help to develop better therapeutic strategies for AD.

On the other spectrum, further studies on the detailed molec-
ular events of TAG1-APP signaling pathway in cells should also
be vital to understanding the influence of neurogenesis by APP.
Currently, it is of great interest urgent to decipher how AICD
functions to negatively regulate neurogenesis following the acti-
vation of the TAGI-APP pathway. It can be hypothesized that
the AICD-Fe65 complex might act as transcription factors,
transcription co-activators or transcription co-repressors to regu-
late various gene expressions. Another possibility could be that
AICD might inhibit neurogenesis via interaction with key players

of other signal pathways, which are vital to neurogenesis. The
LC-MS-MS analysis to search for AICD interacting partners in
cells should also help to provide interesting information for the
answers to these questions.

Recently, it has been demonstrated that the dysregulation of
miRNAs was linked to AD pathogenesis. The dysregulation of
miRNAs could also influence APP expression level, APP process-
ing and even AP accumulations in cells. Therefore, identifying
miRNAs that could function to regulate the expression of APP
as well as miRNAs which could regulate expressions of BACE
(B-secretase) and presenilins (y-secretase), should be significant
to AD pathogenesis in the near future especially for sporadic
AD. Future progress on miRNAs to control the expressions of
APD, secretase for APP cleavage or factors related to TAGI-APP
signaling pathway should be significant to AD pathogenesis and
therapy.
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