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Abstract: Amyloid -protein (A ) plays a pivotal role in Alzheimer’s disease (AD). Therapeutic strategies inhibiting A

aggregation and promoting extracellular A  removal are currently advocated. Here, we review recent literature on intra-

cellular A ,  especially intranuclear A , and its associated molecules. We also discuss alternative therapeutic strategies to 

inhibit intracellular A -related pathogenesis. 
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GENERAL BACKGROUND 

 Alzheimer’s disease (AD) is a progressive neurodegen-
erative disease associated with memory loss and various im-
pairments of cognitive function, and is the most common 
form of dementia in elderly people. At present, many clinical 
trials of treatment for AD patients are under study, but suffi-
cient therapies for symptomatic cognitive dysfunction and 
fundamental disease progression are not yet established [1]. 
Here, we propose a new therapeutic strategy for AD based 
on our recent findings. Pathologically, there are two major 
hallmarks in AD, neurofibrillary tangles (NFTs) and senile 
plaques (SPs). NFTs are composed of hyperphosphorylated 
tau, and SPs are composed of amyloid -protein (A ) depos-
its that are associated with glial and neuritic responses. Nu-
merous reports suggest that A  aggregation is an upstream 
event in the pathological mechanism of AD [2]. A  ending at 
42 (A 42) is the major form of A  found in deposits [3]. A
is normally generated from cleavage of amyloid precursor 
protein (APP) by - and -secretases in the endoplasmic re-
ticulum (ER) and trans-Golgi network [4,5]. Abnormal in-
creases in extracellular water-soluble A 42 [6] and oli-
gomeric A 42 [7] are thought to cause neurodegeneration 
through multiple pathways including apoptosis [8]. These 
facts have been supported by i) an increase in A 42 produc-
tion by early onset familial AD (FAD)-related mutations in 
presenilin (PS) 1, PS2 and APP genes [9-12]; ii) the fact that 
A -degrading enzyme gene polymorphisms, such as those 
within the gene encoding insulin degrading enzyme (IDE), 
may account for AD pathology [13]; and iii) therapeutic ef-
fects of anti-A  antibodies on AD [14,15]. Therefore, clear-
ance of extracellular A  deposits and inhibition of extracel- 
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lular A  neurotoxicity are considered to be major treatment 
strategies for AD [16,17]. Degradation of extracellular A
by some endopeptidases, such as IDE, neprilysin (NEP), 
plasmin, and tissue plasminogen activator (tPA), should thus 
be enhanced. Fibrillization inhibitors and A  immunization 
are also being trialed as possible AD therapies [1]. However, 
a recent trial of A  immunization, which was interrupted 
because of meningoencephalitis, has shown only slight effi-
cacy in slowing AD progression [18]. It is therefore conceiv-
able that neuronal degeneration processes in AD are more 
complicated and an alternative A 42-related pathogenesis 
exists. Ever since we reported an apparent linkage between 
intracellular A 42 and apoptosis in the brains of transgenic 
AD mice [19] and AD patients [20,21], we have been focus-
ing on intracellular A 42. Intracellular A 42 has also been 
suggested to activate intrinsic apoptotic pathways through 
mitochondrial damage [22] and ER stress [23]. However, we 
recently reported a neurodegeneration pathway occurring 
through activation of the p53 promoter by intranuclear A 42
[24]. We also recently identified a novel intracellular A -
chaperone protein, the A -related death inducing protein 
(AB-DIP) [25]. In the present article, we focus on our 
knowledge of the biological significance of intracellular 
A 42 and its chaperone proteins, and therapeutic strategies 
to inhibit apoptosis-inducing pathogenenic pathways in AD. 

ABNORMAL A 42 LOCALIZATION IN THE CYTO-

SOL AND THE NUCLEUS OF NEURONS 

 As A  is normally generated in ER/Golgi, and then rap-
idly secreted to the extracellular space, positive immu-
nostaining with anti-A  antibodies is not normally found in 
neurons. However, it was recently noted that anti-A 42 end-
specific antibodies stain lots of neurons in AD [20,26,27] 
and Down syndrome (DS) brains [28,29]. Further rigorous 
immunocytochemical studies revealed that intracellular A 42 
is present in multivesicular bodies, and is associated with 
synaptic pathology in AD brain [30,31]. Moreover, an im-
proved immunostaining method with autoclave pretreatment 
revealed A 42 accumulation in the cytosol, and even in the 
nucleus in AD and mutant APP-transgenic mice neurons 
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[24]. However, the kinetics of intraneuronal A 42 in AD 
brain is not fully understood. 

 Recently, Bückig et al. [32] showed that A 42 overpro-
duced in ER was exported to the cytosol, where it formed 
aggresome-like structures in cultured cells. Since A 42 is 
selectively overproduced by various FAD-related gene muta-
tions [2], increased production of A 42 is an important 
pathogenic factor not only for fostering formation of ex-
tracellular A  oligomers but also for promoting cytosolic 
A 42 accumulation. As there have been no reports demon-
strating A  fibrils in AD neurons by immuno-electron mi-
croscopy, it is likely that A 42 accumulating in the cytosol 
forms soluble monomeric or oligomeric structures. We pre-
viously reported that apoptosis-inducing agents such as oxi-
dative stress-inducing H2O2 caused a selective increase in the 
levels of A 42 in primary cultured neurons [33]. Further-
more, we demonstrated the sequential re-localization of 
A 42 from the cytosol to the nucleus in primary neurons 
following H2O2 treatment [24]. However, the nucleus is an 
unusual compartment for A 42 to reside, and mechanisms of 
A 42 transport from the cytosol to the nucleus are still un-
clear. AB-DIP interacts with A , is involved in apoptosis, 
and has a nuclear targeting sequence [25] (Fig. (1)). A  can 
bind either the N-terminal glutamine-rich region or the C-
terminal D1 and D2 conserved regions of AB-DIP (Fig. (1)), 
and the A -AB-DIP complex was shown to clearly mediate 
intracellular A 42 neurotoxicity [25]. Thus, AB-DIP may 

partly regulate translocation of A 42 from the cytosol to the 
nucleus. These data strongly imply that A 42 may funda-
mentally be an intracellular protein that regulates, at least in 

part, some signal transduction in the nucleus. 

INTRANUCLEAR A 42 CAUSES NEURONAL DEATH 

THROUGH P53 ACTIVATION

 What roles does A 42 molecule play in the nucleus, and 
how does it contribute to neuronal death in AD? Although it 
has been suggested that APP C-terminal intracellular domain 
(AICD) associated with FE65 and Tip60 may regulate gene 
transcription [34,35], A  itself has not been considered to be 
a transcription factor. However, A  theoretically forms a -
hairpin shape followed by a helix-turn-helix (HTH) motif 
[36], an essential motif in the DNA-binding domain of heat 
shock transcription factors (HSF) [37]. The p53 promoter is 
thought to be one of the targets of nuclear A 42, because it 
may be linked to the induction of neuronal apoptosis in AD 
and DS [38,39], and the p53 promoter contains heat shock 
elements (HSE) [40]. Moreover, Zhang et al. [41] reported 
that p53 was an important mediator of intracellular A 42 
neurotoxicity. Based on these observations, we investigated 
interactions between A 42 and the p53 promoter, and found 
that A 42 directly bound the p53 promoter, and activated it 
in vitro [24] (Fig. (2)). In addition, we reported that binding 
of A 42 to AB-DIP was crucial for the induction of intracel-
lular A 42-related apoptosis [25]. Accordingly, we suggest a 

Fig. (1). Amino acid sequence and domain architecture of AB-DIP protein [24]. 

The Caspase Activation and Recruitment Domain (CARD, amino acids 6-48) is highlighted in green. There is a caspase cleavage site

(LEKD) underlined in blue. Glutamine residues in the glutamine rich region (GRR) are highlighted in orange. The bipartite nuclear targeting 

sequence (234-250) is highlighted in red, and underlined. There are two unique motifs, a cell attachment sequence (RGD) and a potential 

RGD binding motif (DDM), both of which are underlined in green. The two conserved domains, D1 (523-581) and D2 (690-743) at the car-

boxy terminal end are boxed within a red line. Note that A  binds either GRR or D1/D2 domains. 
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novel pathway for neuronal apoptosis related to intranuclear 
A 42 in AD. As shown in Fig. (3), cumulative age-associated 
oxidative stress or A 42 overproduction due to genetic or 
environmental backgrounds (e.g., homocysteic acid [42]) 
induces cytosolic A 42 accumulation. Although aberrant 
accumulation of A 42 in the cytosol may independently in-
duce mitochondrial or synaptic damage (see the following 
section), the putatively active form of AB-DIP, p62, may 
promote translocation of A 42 to the nucleus resulting in 
overexpression of p53 mRNA and neuronal apoptosis in AD 
brain. Supporting our hypothesis, prominent accumulations 
of nuclear A 42 and p53 were observed in degenerating neu-
rons, which were apparently TUNEL positive, in AD and 
mutant APP-transgenic mouse brains [24]. Thus, nuclear 
translocation of A 42 accompanied by AB-DIP may be one 
of the critical steps in A 42-related p53-dependent apopto-
sis. Indeed, AB-DIP depletion by siRNA, which may inhibit 
A 42 translocation to the nucleus, clearly counteracted in-
tracellular as well as extracellular A 42-related apoptosis 
[25]. 

 Recently, Esposito et al. [43] have shown that i) FAD-
related mutant APP, which generates more A 42, counter-
acts the anti-apoptotic function of wild type APP; ii) intra-
cellular A 42 primes proapototic pathways including the 
p53-dependent pathway; but iii) extracellular A 42 does not 
show such effects. Thus, it is possible that A 42 accumulat-
ing in the cytosol exerts effects on multiple proapoptotic 
pathways besides just direct activation of p53 mRNA ex-
pression. 

OTHER MOLECULES RELATED TO INTRACEL-

LULAR A 42 PATHOGENESIS

 Other important targets of intracellular A  neurotoxicity 
in AD are the mitochondria [22], ER [23] and synapses 
[30,44]. Mitochondria are essential for energy production 
(i.e., ATP) through oxidative phosphorylation, and are also 
involved in the regulation of intracellular Ca

2+
 homeostasis. 

In addition, mitochondria play key roles in controlling apop-
tosis. Mitochondrial dysfunction results in overproduction of 
reactive oxygen species (ROS) and release of cytochrome c,

A

B

Fig. (2). Luciferase assays and gel-mobility shift assays of A 42 and the p53 promoter [23]. 

(A) Construct for luciferase assay. The p53 promoter contains heat shock elements (HSE). Gel-mobility shift assay (right panel) showing 

dose-dependent binding of A 42 to p53 promoter oligonucleotides. (B) Luciferase assay showing significant promoter activation by cytoso-

lic A 42 expression. Cytosolic A 40 has a lesser effect. Addition of tetracycline (TC, 1.0 g/ml) to inhibit A  expression counteracts p53 

promoter activation. 
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which binds Apaf-1 and in turn activates caspase-9 [45]. 
Thus, cytosolic A 42 may directly damage mitochondria. 
Interestingly, more recent reports suggest that A  interacts 
with the A -binding alcohol dehydrogenase (ABAD) in mi-
tochondria [46], and that this interaction induces ROS gen-
eration, impairment of mitochondrial membrane potential, a 
decrease in ATP, and release of cytochrome c resulting in 
caspase-3 activation and apoptosis [47]. Since AB-DIP con-
tains a caspase-9 cleavage site [25], apoptosis mediated by 
AB-DIP may also be linked to mitochondrial dysfunction. 

 The ER regulates not only protein synthesis, folding, and 
trafficking but also cellular responses to stress and intracellu-
lar Ca

2+
 levels. Disruptions of Ca

2+
 homeostasis, protein gly-

cosylation or gene mutations cause accumulation of unfolded 
proteins in the ER, resulting in ER stress [48]. ER stress ac-
tivates the unfolded protein response (UPR) pathway, which 
induces ER-localized chaperones and promotes protein deg-
radation. When ER stress is prolonged, caspase-4 in humans 
and caspase-12 in mice are activated, leading to apoptosis. 
ER stress-mediated apoptosis might play an important role in 
AD pathogenesis; FAD-linked PS1 gene mutations [49] and 
aberrantly spliced isoforms of PS2 [50] may affect the ER 
stress response, enhancing neuronal vulnerability to ER 
stress-related apoptosis. On the other hand, accumulation of 
A 42 in the ER might directly promote ER stress responses 
and apoptosis. An ER stress-inducible membrane protein 
Herp binds PS and enhances PS-mediated A  generation 
[51], indicating the importance of ER stress in exacerbating 
the vicious cycle of intracellular A  pathogenesis. Extracel-
lular A 42 also activates caspase-12 [52] and caspase-4 [53], 
in mouse and human respectively, indicating ER stress. 
Therefore, the ER is a major target of both intracellular and 
extracellular A  neurotoxicity. 

 In addition, the synapse is an interesting site related to 
intracellular A  pathogenesis. Findings that A 42 accumu-
lates in synapses in AD brains [30,31] and in triple trans-
genic mouse (3x-Tg) [54] brains, might indicate a pathologi-
cal role for A  at this stage, but molecular mechanisms of 
synaptic damage remain to be elucidated. As extracellular 
A  oligomers also induce synaptic dysfunction [55] through 
affecting calcium homeostasis [56], synapses may be dam-
aged by both intracellular and extracellular A .

THERAPEUTIC STRATEGIES TO INHIBIT PATHO-
LOGICAL MECHANISMS MEDIATED BY INTRA-

CELLULAR A 42 AND P53-DEPENDENT NEU-

RONAL APOPTOSIS 

 Altogether, evidence suggests that intracellular A 42 may 
affect four major targets the ER, mitochondria, the synapse, 
and the nucleus to cause neuronal damage/apoptosis (Fig. 
(3)). Based on the theory of intracellular A 42-related patho-
genesis, appropriate therapeutic strategies are i) inhibition of 
A  production, ii) inhibition of cytosolic A 42 accumula-
tion, iii) inhibition of AB-DIP function to prevent A 42 
translocation to the nucleus, and iv) inhibition of p53 apop-
totic function. First, inhibitors of - or -secretases to attenu-
ate A  generation are currently under development [1,2]. 
Second, lowering cytosolic A 42 levels may be the preferred 
strategy. For this, two manipulations are rational, i.e., inhibi-
tion of A 42 accumulation and enhancement of A 42 deg-
radation. Since A 42 accumulation may be triggered by age-
related oxidative stress, some anti-oxidant drugs may fun-
damentally be useful. To date, little attention has been de-
voted to drugs enhancing intracellular A 42 degradation. 
Interestingly, recent reports showed that i) 3x-Tg mice re-
vealed remarkable AD-specific pathology including early 

Fig. (3). Scheme of intraneuronal pathogenesis of A 42. 

Overproduction of A 42 or aberrant folding of A 42 induces ER stress, and transfer of A 42 into the cytosol. A 42 accumulating in the 

cytosol damages mitochondria interacting with ABAD, and induces apoptosis. Simultaneously, some of the accumulated A 42 damages the 

synapse, or is transferred to the nucleus by AB-DIP inducing p53 mRNA overexpression and apoptosis. Reduction of cytosolic A 42 levels 

may thus protect neurons from severe apoptosis in AD. 
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intraneuronal A  accumulation [54]; ii) anti-A  antibody 
therapy inhibited even intraneuronal accumulation [57]; and 
iii) such immunotherapy rescued early cognitive deficits 
[58]. Thus, anti-A  immunotherapies may be effective in 
part, but their mechanisms of action remain obscure. On the 
other hand, as cytosolic A 42 can be degraded by the protea-
some [59], which may be affected in AD [60,61], drugs en-
hancing proteasome activity could also be used as therapeu-
tic candidates. More recently, it has also been reported that 
IDE degrades cytosolic A 42 [62], indicating that drugs that 
activate IDE might also be useful. We are currently investi-
gating drugs that accelerate cytosolic A 42 degradation sys-
tems, and these could represent additional potential therapeu-
tic candidates. Such novel drugs may ultimately inhibit mi-
tochondrial and synaptic damage as well as p53-dependent 
neuronal apoptosis. The third strategy is to inhibit AB-DIP 
function, so that nuclear translocation of A 42 and induction 
of intranuclear A 42-related apoptosis can be attenuated. We 
are screening drugs that inhibit AB-DIP-related apoptosis. 
As caspase-9 cleaves AB-DIP to produce the active form, 
inhibition of caspase-9 might inhibit AB-DIP function. Fi-
nally, inhibition of p53 function could be the fourth strategy. 
Some inhibitors of p53 actually suppress production of Bax, 
a p53 target protein and were shown to protect dopaminergic 
neurons from MPTP-induced apoptosis in mice [63]. Such 
drugs may also inhibit intracellular A 42-related p53-
dependent neurodegeneration in AD. 

 At present, the majority of the Alzheimer researchers are 
developing anti-A  treatments to inhibit A  aggregation, 
neurotoxicity, and deposition in the extracellular space. Al-
though inhibition of A  generation, using treatments such as 

-/ -secretase inhibitors and anti-A  immunotherapy, may 
attenuate intracellular A  accumulation, more specific and 
safer anti-intracellular A  treatments should also be devel-
oped. Indeed, serious adverse effects such as meningoen-
cephalitis by A  vaccination should be prevented [64]. We 
are also developing a novel oral vaccine using an adeno-
associated virus vector and A  cDNA to reduce the risk of 
encephalitis [65]. 

CONCLUSION 

 Many recent reports suggest a variety of pathogenic 
mechanisms for intracellular A 42, but the central patho-
genesis in AD is still under debate. However, it is plausible 
that lowering intraneuronal A 42 accumulation may be 
beneficial by inhibiting neuronal damage and apoptosis. Re-
cently, we have demonstrated a novel neurodegeneration 
pathway occurring through nuclear translocation of A 42
leading to p53-mediated apoptosis, and involving the puta-
tive nuclear targeting chaperone protein, AB-DIP. Drugs that 
inhibit this novel process might represent an alternative 
strategy to attenuate intracellular A 42-related neurodegen-
eration in AD. 

ABBREVIATIONS 

A  = Amyloid -protein 

AD = Alzheimer’s disease 

NFTs = Neurofibrillary tangles 

SPs = Senile plaques 

A 42 = A  ending at 42 

APP = Amyloid precursor protein 

ER = Endoplasmic reticulum 

IDE = Insulin degrading enzyme 

FAD = Familial AD 

PS = Presenilin 

AB-DIP = A -related death inducing protein 

AICD = APP C-terminal intracellular domain 

HTH = Helix-turn-helix 

HSF = Heat shock transcription factor 

ROS = Reactive oxygen species 

ABAD = A -binding alcohol dehydrogenase 

UPR = Unfolded protein response 
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