
Fax +41 61 306 12 34
E-Mail karger@karger.ch
www.karger.com

 Review 

 Neurodegenerative Dis 2012;9:68–80 

 DOI: 10.1159/000329999 

 Role of p53 in Neurodegenerative 
Diseases 

 J. Robert Chang    a     Mohammad Ghafouri    b     Ruma Mukerjee    a     Asen Bagashev    a     

Tinatin Chabrashvili    a     Bassel E. Sawaya    a  

  a    Molecular Studies of Neurodegenerative Diseases Laboratory, Department of Neurology, Temple University 

School of Medicine,  Philadelphia, Pa. , USA;  b    Conseil Scolaire de District du Centre-Sud-Ouest Ontario, 

     Toronto, Ont. , Canada 

 Introduction 

 Known as a ‘guardian of the genome’, p53 protein 
plays a crucial role in coordinating cellular responses to 
genotoxic stress  [1, 2] . p53 mediates tumor suppression 
by a variety of mechanisms, including cell cycle arrest, 
apoptosis, and cellular senescence  [3] . p53 expression 
and activity are tightly regulated, such that p53 protein 
product is either rapidly degraded or exists in a latent 
form in unstressed cells. However, the steady-state levels 
and transcriptional activity of p53 increase dramatically 
in cells that sustain various types of stress. Due to its 
great importance in cellular functions, the expression of 
p53 is regulated at multiple levels, including transcrip-
tional, post-transcriptional, pre-translational, and post-
translational  [4] . Further, both p53 activation and regu-
lation involve complex posttranslational modifications. 
Upon proper translational modifications, p53 activity 
includes signal transduction, transcriptional activation, 
and transcriptional regulation. Its role in transcription-
al activation is especially intriguing in that p53 induces 
proapoptotic gene expressions, both in the mitochon-
dria as well as the nucleus. A growing number of studies 
are demonstrating the importance of mitochondrial 
integrity and function in neurodegenerative diseases 
 [5–8] .
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 Abstract 
  Background:  p53 plays an important role in many areas of 

cellular physiology and biology, ranging from cellular devel-

opment and differentiation to cell cycle arrest and apoptosis. 

Many of its functions are attributed to its role in assuring 

proper cellular division. However, since the establishment of 

its role in cell cycle arrest, damage repair, and apoptosis (thus 

also establishing its importance in cancer development), nu-

merous reports have demonstrated additional functions of 

p53 in various cells. In particular, p53 appears to have impor-

tant functions as it relates to neurodegeneration and synap-

tic plasticity.  Objective:  In this review, we will address p53 

functions as it relates to various neurodegenerative diseases, 

mainly its implications in the development of HIV-associated 

neurocognitive disorders.  Conclusion:  p53 plays a pivotal 

role in the development of neurodegenerative diseases 

through its interaction with cellular factors, viral factors, 

and/or small RNAs that have the ability to promote the de-

velopment of these diseases. Hence, inhibition of p53 may 

present an ideal target to restore neuronal functions. 
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  Generally, p53 constitutively expression is kept at low 
levels through proteasomal degradation. To date, MDM2 
(murine double minute 2)-mediated poly-ubiquitination 
and degradation of p53 protein has best been character-
ized, although several other E3 ubiquitin ligases – such as 
MDMX, Pirh2 (p53-induced RING-H2 domain protein), 
and COP1 (constitutively photomorphogenic 1) – also in-
duce p53 degradation  [9] . Additionally, an F-box protein, 
JFK (Just one F-box and Kelch domain-containing pro-
tein), targets p53 for degradation through the SCF (Skp, 
Cullin, F-box containing complex)-dependent pathway 
 [10] . Interestingly, Skp2 (S-phase kinase-associated pro-
tein 2), another F-box protein that interacts with the SCF 
complex, targets p300, thereby inhibiting p53 acetylation 
 [11]  and transcriptional activity  [12] . Overall, in the ab-
sence of any cellular damage, p53 activity is tightly con-
trolled through many different mechanisms. Further, the 
continued expression and degradation of p53 assures its 
role as a surveillance factor for detecting/transducing 
cellular stress or injury.

  Upon encountering cellular damage, p53 becomes sta-
bilized through various pathways. For example, recent 
studies have shown that p53 is deubiquitinated by USP10 
(ubiquitin specific peptidase 10), thereby rescuing p53 
from proteasomal degradation  [13] . Also, when DNA is 
damaged, ATM (ataxia telangiectasia mutated) phos-
phorylates MDM2  [14] . Such phosphorylation is thought 
to inhibit MDM2 interaction with p53 as well as inhibit-
ing MDM2 oligomerization  [15] . ATM also phosphory-
lates p53 at ser15, thereby further stabilizing and activat-
ing p53  [16] . Subsequent nuclear translocation of p53 
leads to transcriptional enhancement of numerous genes, 
including p53 itself. Therefore, release of p53 from the 
proteasomal degradation pathway further enhances its 
own expression. In contrast to E3 ligases, p53 stability/
activity is positively affected by transducers/responders 
of cellular injury, and it is this activation that may affect 
the role of p53 in neurons.

  Functional Role in Neurons 

 One likely paradigm that explains neuronal deregula-
tion consists of continued low-grade neuronal stress/in-
jury, such as oxidative stress  [17, 18] , that leads to mito-
chondrial dysfunction  [19–23] . Continued mitochondrial 
dysfunction would, in turn, affect numerous cellular pro-
cesses – such as axonal transport, synaptic plasticity, and 
membrane potential – and eventually lead to death  [24–
26] . Regardless, the key events (mitochondrial dysfunc-

tion and apoptosis) in neuronal deficit appear to be medi-
ated by p53, as shown in the following sections.

  In neurodegenerative diseases, like HIV-associated 
neurocognitive disorders (HAND), Alzheimer’s disease 
(AD), Parkinson disease (PD), and ischemic stroke, the 
manifestation of clinical symptoms results from the pro-
cess of gradual neural degeneration and ultimately death 
of a specific population of neurons. In many types of 
post-mitotic neurons, p53 may mediate apoptosis result-
ing from many types of insults, including DNA damage, 
hypoxia, starvation (withdrawal of trophic support), hy-
poglycemia, oxidative stress, and viral infection  [27] . Re-
cently, many studies on neurodegenerative disease have 
suggested that p53 is a player in neuropathogenesis, and 
have reported neuronal cell death associated with en-
hanced levels of p53  [28–30] . Dopaminergic neurons of 
the substantia nigra pars compacta are mostly affected in 
PD, and dopaminergic death may involve oxidative stress, 
inducing in turn DNA damage and p53 activation  [31] . 
Evidence of DNA fragmentation and chromatin conden-
sation in melanized cells of the substantia nigra of PD 
patients compared to controls favors the involvement of 
apoptosis in the neuropathogenesis of PD  [32, 33] . In-
creased levels of the p53-dependent proteins Bax (Bcl-2 
associated X protein) and caspase-3 have also been re-
ported in the PD nigral dopaminergic neurons  [22] . The 
aggregation of neurotoxic amyloid protein in the brain is 
believed to be the cause of AD and associated neuronal 
death linked to oxidative stress  [34] . The increase in the 
level of p53 has been detected in the brain tissue of AD 
patients  [35]  and in the brain of transgenic mice over-
expressing amyloid  � 1–42  [36] .

  Posttranslational modification of p53 plays a promi-
nent role in its activity in that, whereas poly-ubiquination 
leads to proteasomal degradation, acetylation seems to be 
required for some of its functions. In fact, p53 can be 
modified by poly- and mono-ubiquination, acetylation, 
sumoylation, phosphorylation, glycosylation, methyla-
tion and neddylation  [37] . Undoubtedly, different combi-
nations of posttranslational modifications would have 
differing affects on p53 function. As such, in neurons, Lee 
et al.  [38]  showed that phosphorylation of serine residues 
located at positions 15, 33, and 36 within p53 leads to 
transcriptional induction of genes involved in apoptosis.

  Interestingly, in numerous neurodegenerative diseas-
es, p53 activation often corresponds with the induction 
of the apoptotic machinery, including the induction of 
both mitochondrial and nuclear gene expressions. How-
ever, an additional function for p53 in neurons is illus-
trated by recent studies demonstrating p53 playing a sig-
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nificant role in neuronal maturation and function. It ap-
pears that the key event in determining whether p53 
transcriptionally induce the apoptotic pathway or neurite 
extension is governed by its acetylation. Namely, Gaub et 
al.  [39]  showed that the acetylation of p53 by CBP (CREB-
binding protein)/p300 allows transcriptional induction 
of genes required for neurite outgrowth. Interestingly, 
previous studies showed p53 acetylation at Lys320 leads 
to neurite outgrowth and axonal regeneration while 
Lys373 acetylation leads to apoptosis  [40, 41] . The group 
also demonstrated P/CAF (P300/CBP-associated factor) 
as the functional enzyme in acetylating p53 at Lys320. 
Upon acetylating p53 at Lys320, they found upregulation 
of Corona1, Rab13 (Ras-related protein), and Gap43 
(growth associated protein 43), all of which are genes 
thought to be important for neurite outgrowth. Tedeschi 
et al.  [42]  also showed that p53-induced cGMP-depen-
dent protein kinase type I (cGKI) expression overcomes 
growth cone collapse and retraction mediated by Sema3A. 
Others attribute p53 to mediating NGF-mediated ampli-
fication of Wnt signaling that also leads to neurite out-
growth  [43] , and may further explain how NGF functions 
as a survival factor for neurons. Together, these findings 
show the importance of p53 in neurite outgrowth and 
maintenance. Considering the pro-survival (neuronal 
maturation and axonal maintenance) versus the apoptot-
ic functions of p53, it is intriguing to speculate on the 
possible mechanism(s) of how neurons mobilize p53 
upon injury or stress caused by intrinsic and extrinsic 
factors.

  Away from cell death, p53 deregulation can have pos-
sible sub-lethal effects on neurons, such as synaptic plas-
ticity and neuronal communications  [44] . This p53 func-
tion is common to most neurodegenerative diseases. To 
our knowledge, besides cell death and neuronal commu-
nication, no other common pathogenic theme/hallmark 
among these diseases (HIV-1, AD, HD, PD) can be ac-
counted for by p53 ( fig. 1 ).

  In the following sections, we will discuss involvement 
of p53 in several degenerative diseases with a focus upon 
its role in the development of HAND.

  Role of p53 in HAND Development 

 Prior to the introduction of highly active antiretrovi-
ral therapy (HAART), 30% of the HIV-1 infected patients 
in the United States rapidly developed HAND accompa-
nied by tremendous neuronal deficit  [45–47] . HAND are 
characterized by cognitive decline, behavioral changes, 

and motor dysfunction  [48] . As reflected in the clinical 
symptoms, the neurodegeneration is prominent in the 
basal ganglia, though other regions of the CNS are also 
affected  [49] . The neuropathology is further character-
ized by HIV-1 encephalitis with a variable degree of peri-
vascular inflammation  [50] . The cellular and molecular 
mechanisms leading to the development of HAND re-
main unclear. However, several reports point to the in-
volvement of cellular (cytokines, chemokines) and viral 
(Tat, gp120, Vpr, Nef) proteins in this phenomenon. In 
addition, numerous reports have described that neuronal 
deregulation and HAND development are p53-depen-
dent  [26, 51–54] , most likely due to the increased tran-
scription of proapoptotic genes both in the nucleus and 
the mitochondria  [23]  along with p53-mediated inhibi-
tion of pro-survival gene expression  [24] .

  However, considering that the prevalence of HAND 
continues to increase, even during the HAART era, it ap-
pears that neuronal deregulation increases and neuronal 
loss no longer plays a major role in HAND development.

  Although not within the focus of this review, compel-
ling neuropathological data have described that the 
HAND disease process occurs with an ongoing virus 
presence, and that despite therapy HAND remain very 

  Fig. 1.  Brain areas affected by neurodegenerative diseases. Sche-
matic representation (coronal section through caudal parts of the 
ventral lateral nucleus, massa intermedia, and basilar pons) of the 
brain areas that are initially damaged by various neurodegenera-
tive diseases. The names of the affected areas are marked (X). 
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prevalent  [55] . In addition, several of the minor cognitive 
motor disorder cases have latent infection – given the suc-
cess of the therapy, it is probable such cases remain be-
cause there are more latent cases  [55–57] . On the other 
hand, in a recent study, Dr. K. Collins’s team described 
that HIV-1 infects multipotent hematopoietic stem and 
progenitor cells. These cells allow the virus to hide and to 
be reactivated and re-infect additional cells, even in the 
HAART era  [58] . The presence of latent HIV-1 reservoirs 
in CD4+ T cells and in the monocyte-macrophage lin-
eage can clarify the persistence of HIV-1 and the preva-
lence of HAND  [59–65] . It is not clear what the role of p53 
is or how it contributes to this phenomenon.

  Concerning less neuronal loss, one possible explana-
tion was described by Garden et al.  [52]  where they dem-
onstrated that wild-type p53 is required both in HIV-1-
infected microglia to produce neurotoxic factors (includ-
ing viral proteins) as well as in neurons for mediating 
neurodegeneration. Further, p53 was shown to be up-
regulated in the brain tissues of HIV-infected patients 
with neurological disorders. For example, DNA damage, 
which is one of the main activators of p53, has been de-
tected in the brains of HAND patients  [66] , and an in-
crease in the expression of both p53 and growth hormone 
receptor was observed in brain tissue from HIV-infected 
patients compared with controls. Furthermore, immuno-
histochemical studies have shown an accumulation of 
p53 in the nuclei of neurons within the cerebral cortex of 
HAND patients; the number of neurons with detectable 
levels of nuclear p53 was higher in AIDS patients with 
HAND than in the cases without HAND or HIV-nega-
tive subjects  [52] . The same study revealed an accumula-
tion of p53 in the nuclei of cortical astrocytes and microg-
lia from HAND patients. Western blotting of cortical tis-
sue lysates confirmed the increase in p53 levels in 
HIV-infected patients with neurological disorders  [67] . 
In addition, cortical neurons lacking p53 are resistant to 
death mediated by HIV-1 proteins  [68] .

  Examination of brain tissues from HIV-infected pa-
tients shows that p53-dependent proteins, such as Bax, 
are upregulated in microglia and macrophages in the ce-
rebral cortex and basal ganglia of HIV-infected patients 
with encephalitis when compared to patients without en-
cephalitis and/or HIV-negative subjects  [69] . Although 
all the cells in the CNS express receptors or co-receptors 
of HIV-1 and can theoretically be infected, HIV-1 main-
ly productively infects perivascular macrophages and 
resident microglia with the formation and release of viral 
particles and ultimately the death of infected cells  [70] . 
The restricted infection of astrocytes has also been re-

ported. This type of infection may result in viral latency 
and the release of a small number of viruses upon simula-
tion by cytokines  [71] . Even though traces of HIV-1 DNA 
and RNA have been detected in neurons, there is little 
evidence of productive infection in neurons  [72–74] . The 
absence of considerable neuronal infection suggests that 
the neurodegeneration results from injuries caused by the 
indirect effect of HIV-1 infection in the CNS. HIV-1-in-
fected cells in the CNS release HIV-1-associated neuro-
toxic proteins, such as gp120, Tat, Nef, and Vpr, which 
participate in the HAND development  [75–80] .

  In support of this observation, p53 was shown to func-
tionally and physically interact with several HIV-1 viral 
proteins for the benefit of the virus. For example, p53 in-
teraction with HIV-1 reverse transcriptase provides the 
viral protein with 3 �  to 5 �  proof reading function during 
viral replication  [81, 82] . Our lab showed that Vpr inter-
acts with p53 to modulate viral gene transcription  [83, 
84] . We also demonstrated that Tat interacts with p53, 
which in turn interacts with cdk9 (which forms the 
p-TEFb, positive transcription elongation factor b, com-
plex with cyclin T1) to phosphorylate the C-terminal do-
main of RNA polymerase II, thereby facilitating viral 
transcription  [85] . In support of p53’s role in HIV replica-
tion, Pauls et al.  [86]  showed that silencing p53 inhibits 
HIV-1 replication. Furthermore, inhibition of cdk9 with 
9-aminoacridine also inhibits HIV-1 replication  [87] . All 
these data point to the involvement of p53 in HIV-1 gene 
expression and replication, a phenomenon that may lead 
to the development of HAND.

  In this regard, activation of p53 in the neuropathogen-
esis of HAND might be caused by direct consequences of 
HIV infection of the CNS and viral proteins like Env 
(gp120), Tat, Vpr, and Nef influencing the activity of p53 
while contributing to the process of neurodegeneration 
 [68, 88–90] . As displayed in  figure 2 , p53 can be activated 
by viral proteins following several distinct pathways. In 
addition to these identified and published pathways, we 
recently found that gp120, Tat, and Vpr proteins trigger 
activation of p53 through upregulation of miR-34a in 
neurons [unpubl. data]. Our data corroborate with pub-
lished results regarding the relation between upregula-
tion of miR-34a and p53 activation  [91–93] .

  It is noteworthy that the neuropathic hallmark of HIV-
1 encephalitis is the formation of multinucleated giant 
cells, or syncytia, formed by the fusion of HIV-1-infected 
and non-infected cells in the brain, which involves mac-
rophages and microglial cells  [70] . The interaction be-
tween cells expressing CD4+ and HIV co-receptors 
(CXCR4 and CCR5) and infected cells expressing viral 
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envelope glycoprotein at their surface, result in cell fusion 
and syncytia formation  [89] . The formation of syncytia 
leads to cytopathic effects, including apoptotic pathway 
activation. It has been shown that an in vitro model re-
garding the regulation of the mitochondrial pathway of 
apoptosis in syncytia by p53 is supported by in vivo evi-
dence of the implication of phosphorylated p53, and its 
target genes Bax and Puma, in the induction of apoptosis 
in syncytial cells  [90] . Therefore, p53 is a likely mediator 
in the syncytial cell death pathway in the CNS. In an in 
vitro model of HAND, the addition of soluble gp120 (at 
200 p M  concentration) to a mixed cerebrocortical culture 
containing mice neurons, astrocytes and microglia led to 
a strong activation of p53  [89] . In mixed cerebrocortical 
cultures from p53-deficient mice exposed to gp120, neu-
rons were resistant to gp120-induced apoptosis  [52] , sug-
gesting that the p53 pathway is activated in neuronal in-
jury inflicted by gp120.

  The analysis of brain tissue of HIV-infected patients 
with severe dementia shows that p53 is activated in both 
neuronal and non-neuronal cells  [52]  and gp120 treat-
ment causes the activation of p53-mediated apoptotic 
pathway and caspase-3 upregulation in both neurons and 
microglia  [94] . These observations suggest that gp120 

neurotoxicity could be mediated via direct interaction 
with neurons and indirectly via stimulation of microglia 
to release neurotoxic factors  [95] . Additionally, neuronal 
p53 expression due to neurotoxic factors (viral and host 
factors released by infected cells) is required for neuronal 
injury. It has been reported that in a murine neuron/mi-
croglia co-culture, the addition of gp120 caused apopto-
sis when both cells were derived from mice expressing 
p53. p53–/– cells were resistant to apoptosis regardless 
of microglial phenotype, and p53-expressing neurons 
required p53+/+ microglia to undergo gp120-induced 
apoptosis  [52] . These results show that in addition to its 
role in intrinsic apoptotic pathway, p53 may participate 
in the proapoptotic tuning of cellular networks in the 
CNS.

  Other evidence supporting the involvement of p53 in 
the development of HAND came from studies on murine 
models of HAND and the examination of viral proteins’ 
role in the activation of p53. Notably, it has been shown 
that in transgenic mice expressing HIV-1 gp120 protein, 
the neurotoxicity, dendritic damage, and apoptosis are 
mediated by caspase activation, suggesting that p53 is in-
volved in caspase activity  [94] . Another study showed 
that in severe combined immunodeficient mice grafted 
with HIV-1 ADA -infected monocyte-derived human mac-
rophages, there is an upregulation of glucose synthase ki-
nase 3- �  (GSK 3- � ), a kinase activating and phosphory-
lating p53  [96, 97] .

  Additionally, evidence from in vitro studies suggests 
that HIV-1 protein Tat also participates in p53-mediated 
neuronal injury  [88] . Activation of p53 was detected in 
neuronal culture treated with supernatants from HIV-1 
Tat-transfected monocytoid cells (Tat supernatant); p53 
overexpression can be prevented by prior treatment with 
growth hormones  [98] . Other studies have shown that in 
astrocytes and neuronal cell lines, the intracellular ex-
pression of Tat causes cell cycle arrest via the interaction 
of Tat with several cell cycle regulators, including p53 and 
p63  [46] . Although it appears neurons and astrocytes do 
not harbor HIV-1 infection, it has been reported that Tat 
can be taken up by neurons and astrocytes  [99] . There-
fore, it is possible that productively infected cells release 
Tat, which is then internalized by neurons and astrocytes. 
Internalized Tat would consequently prevent p53 ubiqui-
tination and subsequent degradation resulting in p53 ac-
cumulation and activation  [100] . However, it is also pos-
sible that p53 activation by Tat is a secondary affect that 
arises from Tat’s neurotoxicity.

  In addition to the viral infection of the CNS, indirect 
consequences of the infection also contribute to the neu-

  Fig. 2.  p53 activation pathways. Schematic representation of the 
pathways activated by HIV-1 viral proteins to induce p53 levels. 
Small non-coding RNAs such as miR-34a are also involved in 
these pathways in neuronal cells. It is unclear whether Nef protein 
is also using miRNAs to regulate p53 levels. 
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rodegeneration. The immune profiles within the CNS 
suggest an immune activation involving mediators pro-
duced by activated macrophages, microglia, and astro-
cytes  [101] . The increase in the production of neurotoxic 
substances – including cytokines such as TNF- � , inter-
leukin (IL-1), chemokines (such as MCP-1 and excitatory 
amino acids in the brain) – are other components of the 
neurodegeneration in HAND  [102–105] . Beside its direct 
neurotoxic effect, TNF- �  promotes the over-simulation 
of neuronal excitatory amino acids receptors, which in 
turn results in mitochondrial dysfunction and the accu-
mulation of reactive oxygen species in the cerebrospinal 
fluid. The elevated level of cytokines, chemokines, excit-
atory amino acids, and nitric oxide in the brain lead to 
excitotoxicity and oxidative stress that, in turn, activate 
the p53-mediated pathway to apoptosis  [106–108] . How-
ever, AIDS neuropathogenesis is a lengthy process and 
might involve sub-lethal neuronal injury resulting in 
synapse retraction and loss, dendritic pruning, and neu-
ral dysfunction  [106] . Further, neuronal dysfunction can 
also involve chronic oxidative stress that could cause 
sub-lethal DNA damage and activate p53, which in turn 
induces caspases in axons and dendrites under extensive 
simulation by excitatory neurotransmitters, a phenom-
enon that could result in synaptic cell death and den-
dritic thinning  [100] . Other byproducts of the HIV-in-
duced immune activation, such as kainic acid and quino-
linic acid, are known to inflict morphological damage to 
neurons and induce p53 expression in neurons  [109, 110] .

  Lastly, we showed that Tat induces neurite retraction 
that is p53 mediated  [88] . Furthermore, Tat-induced neu-
rite retraction also required p73 and suggests that p53, 
together with p73, may play a role in maintaining neuro-
nal plasticity. The notion that HIV-1 viral proteins affect 
neuronal plasticity was demonstrated by other groups. 
Kitayama et al.  [22]  showed that Vpr inhibits axonal out-
growth by causing mitochondrial dysfunction in the 
absence of noticeable apoptosis. Singh et al.  [111]  also 
showed that while the neurotoxic affect of Tat is indepen-
dent of p38MAPK, gp120 induces neurite degeneration 
through p38MAPK activation. Also, Chauhan et al.  [17, 
112]  reported that Tat inhibits axonal transport. Interest-
ingly, they also showed that the amount of Tat required 
to inhibit neuronal function was remarkably less than the 
concentration required to induce LTR transactivation 
 [112] . Considering that p53 also has a role in affecting mi-
tochondrial function  [113] , as well as interacting with 
p38MAPK  [114] , it would be interesting to see if p53 also 
plays a role in Vpr- and gp120-mediated neurodegenera-
tion.

  Finally, p53 is also implicated in other aspects of HIV-
1 pathogenesis. For instance, development of non-Hodg-
kin’s lymphoma in AIDS is associated with the suppres-
sion of p53  [115] . When present, only mutant forms of p53 
were found associated with the lymphoma  [116] . Like-
wise, AIDS-associated development of Kaposi’s sarcoma 
is linked to the suppression of p53 transcriptional activ-
ity by LANA (latency-associated nuclear antigen), a viral 
protein that is highly expressed during latency  [117] . 
Considering that LANA has high immunoreactivity, the 
development of Kaposi’s sarcoma probably occurs when 
the host immune functions are sufficiently deficient to 
clear LANA-expressing cells. In such a scenario, cells la-
tently infected with KSHV will suppress p53 activity and 
promote cell survival and oncogenesis. In agreement 
with p53 suppression being required for KSHV-associat-
ed lymphomas in HIV-1 positive patients, Sarek et al. 
 [118]  demonstrated that p53 reactivation induced by dis-
rupting the p53-MDM2-LANA interaction leads to apop-
tosis.

  Involvement of p53 in AD 

 AD is accompanied by neurodegeneration and neuro-
nal loss in the frontal cortex, leading to cognitive impair-
ment and dementia  [89] . Several factors are thought to 
trigger neurodegeneration in AD, including cytoplasmic 
accumulation of  � -amyloid proteins  [119, 120]  that may 
be responsible for inducing endoplasmic reticulum stress 
and cytoplasmic accumulation of phosphorylated Tau 
proteins that oligomerize to disrupt the cytoskeletal net-
work  [121, 122] . Further, the vast majority of familiar AD 
cases consist of mutated presenilin-1 and/or presenilin-2 
 [123] .

  Regardless of how neuronal injury is triggered, p53 is 
highly elevated in AD  [124, 125] . The elevation and acti-
vation of p53 correlates well with the extent of mitochon-
drial and other dysfunctions. Namely, a decrease in Bcl-2 
with increased Bax expression was noted in human neu-
rons treated with  � -amyloid peptides  [126]  and Alzhei-
mer’s brains  [127, 128] . In the case of Bcl-2, p53-associat-
ed miR-34a  [91, 129]  targets Bcl-2 transcripts for degrada-
tion  [130] . This observation corroborates our results ob-
tained with HIV-1-Vpr-treated neurons. We were able to 
reverse this phenomenon by using anti-miR-34a, where 
we observed the translocation of Bax protein back to the 
cytoplasm (data not shown).

  Furthermore, p53 directly interacts with proapoptotic 
factors such as Bax and Bak (Bcl-2-antagonist/killer 1) to 
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permeabilize mitochondrial membranes  [131–134]  and, 
together with Drp1 (dynamin-related protein 1), mito-
chondrial fragmentation  [135–137] . Interestingly, Sheri-
dan et al.  [138]  reported that mitochondrial fragmenta-
tion can be induced by Bax/Bak without causing cyto-
chrome c release; thus, it may be possible to sustain 
mitochondrial dysfunction without triggering apoptosis. 
Regardless, mitochondrial fragmentation is associated 
with decreased oxidative metabolic capacity (as mea-
sured by succinid dehydrogenase activity) at the synapse 
 [139, 140] . Therefore, it appears that p53 induces/exacer-
bates mitochondrial dysfunction by upregulating Bax in 
AD.

  Neuronal dysfunctions reported in AD are also attrib-
utable to mitochondrial dysfunction. These include syn-
aptic aberrations  [141–143] , decreased glucose metabo-
lism  [144] , and defective axonal transport  [145, 146] , and 
particularly mitochondrial mislocalization  [147] . Inter-
estingly, few of the above neuronal dysfunctions also in-
volve p53. For example, Di Giovanni et al.  [40, 148]  dem-
onstrated the need for p53 in neurite outgrowth and axo-
nal regeneration  [36]  that is dependent on CBP/p300 
acetylation of Lys 320. p53 is also required for suppressing 
tumor development through the inhibition of glycolysis 
 [149–152] .

  Lastly, p53 appears to mediate apoptosis in primary 
human neurons expressing A � 1–42  [153] . Microglial 
apoptosis is also mediated by p53 in AD  [154] . Interest-
ingly, a conformational isoform of p53 has been identified 
to be associated with AD  [155] , suggesting that p53 is ei-
ther mutated or misfolded in AD.

  Involvement of p53 in PD 

 In PD, pathology involves neurodegeneration and loss 
of dopaminergic neurons in the substantia nigra ( fig. 1 ). 
It initially starts as a movement disorder that progresses 
into cognitive and language impairment and eventually 
dementia. As with HAND and AD, elevation of p53 is 
also seen in PD  [31, 156] . p53-mediated neuronal death is 
observed in both cellular  [157]  and animal  [158]  models 
of PD. 

  Several genes play a role in suppressing p53 expression 
and/or transcriptional activity. Surprisingly, three of 
these genes are associated with autosomal recessive juve-
nile PD. Namely, loss of parkin function leads to an in-
crease in p53 mRNA levels and transcriptional activity 
while overexpression of parkin inhibits 6-hydroxydopa-
mine mediated neurotoxicity  [159] . Further, Ring1 do-

main of parkin binds p53 promoter and suppresses its 
transcriptional activity  [159] . Similarly, mutations in 
DJ-1 are also associated with early-onset juvenile PD 
 [160] , while wild-type DJ-1 is also capable of inhibiting 
p53 transcriptional activity  [161]  and suppressing Bax ex-
pression.

  Pink1 (PTEN-induced putative kinase 1) mutation 
also causes early-onset PD  [162] . Functionally, Pink1, to-
gether with parkin, induces damaged mitochondria to 
undergo autophagy or mitophagy  [163, 164] . p53-induced 
genes, Puma and Bax, also mediate mitophagy  [165] , like-
ly by directly disrupting mitochondrial membrane po-
tential. Therefore, it may be possible that, upon p53 acti-
vation, increased Puma/Bax expression damages mito-
chondria that would signal mitophagy. In the absence of 
functional Pink1, damaged mitochondria would accu-
mulate, thereby further aggravating the cells towards 
apoptosis. Considering that the loss of Pink1 function 
also causes mitophagy while promoting mitochondrial 
fission  [166] , it appears that Pink1 may have a role in mi-
tochondrial quality control. Furthermore, these studies 
illustrate the importance of proper mitochondrial func-
tion and turnover in PD and demonstrate how p53 may 
be a key mediator affecting mitochondrial physiology in 
neurodegenerative diseases.

  Other genes associated with PD also affect p53 func-
tion. Namely, Syphilin-1, a binding partner for  � -synu-
clein, inhibits p53 transcriptional activity, particularly 
caspase-3 expression  [167] . It has been suggested that  � -
synuclein may also have a role in inhibiting p53 activation 
and transcriptional activity  [168] . Considering that the 
loss of  � -synuclein function is associated with PD, and 
mutant  � -synuclein expression serves as a murine model 
of PD, down-modulating neuronal p53 activity may be 
therapeutic in PD.

  Involvement of p53 in Huntington’s Disease 

 Huntington’s disease is a familiar genetic disorder with 
mutations in the gene Huntingtin (HTT)  [169] . The dis-
ease mainly attacks the spiny neurons in the caudate and 
the putamen  [170–175] , though the substantia nigra and 
the cortex, among others, are affected by the insertion of 
trinucleotide repeats (C-A-G) at the 5 � -end of the gene 
 [176, 177] . Wild-type HTT consists of  ! 35 glutamine re-
peats  [178] . With increased numbers of glutamine repeats, 
the disease severity increases as it pertains to the age of 
onset and the severity of the symptoms  [179] . Due to its 
localization to vesicles within the dendrites and cell body 
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of neurons, HTT is thought to play a prominent role in 
vesicle transport  [180]  as well as mitochondrial transport 
as evidenced by mHTT antagonizing mitochondrial 
movement  [181] , perhaps by forming aggregates that im-
pede mitochondrial movement along microtubules  [182] . 
Additionally, mHTT appears to inhibit mitochondrial 
complex II consisting mainly of succinic dehydrogenase, 
as evidenced by significantly impaired complex II in post-
mortem Huntington’s disease brains  [183, 184] , while mi-
tochondria from cells expressing mHTT demonstrate dys-
function, including decreased membrane potential  [185] . 
Choo et al.  [186]  also demonstrated increased susceptibil-
ity to calcium-induced membrane permeability and cyto-
chrome c release in mitochondria exposed to mHTT.

  Apparently, p53 also plays a role in mediating mHTT-
induced mitochondrial pathogenesis in Huntington’s 
disease. First, p53 is elevated in the brains of Hunting-
ton’s disease patients  [187] , while susceptibility of spiny 
neurons to mHTT-mediated injury was directly corre-
lated to p53 elevation and indirectly correlated to the en-
dogenous levels of Bcl-2  [188] . mHTT was also found to 
interact with p53 in the inclusion body, both biochemi-
cally  [189]  and genetically  [190] . In fact, considering the 
possibility that DNA damage precedes mHTT aggrega-
tion  [191]  and reports showing p53 upregulates HTT ex-
pression  [192] , p53 seems to be intimately partnered with 
mHTT to insult neurons. The notion that mHTT can 
lead to increased p53 transcriptional activity further 
suggest how, in Huntington’s disease, neuronal injury 
and mitochondrial dysfunction are exacerbated by p53.

  Conclusion 

 In this review, we established the relation between p53 
protein and neurodegenerative diseases. We also showed 
that p53 functionally interacts with cellular or viral fac-

tors and that this interaction leads to mitochondrial de-
regulation and activation of the caspase pathway, which 
could promote cell dysfunction and death. These obser-
vations render p53 an ideal target for the development of 
therapeutic approaches that could prevent the devel-
opment of neuronal deregulation. In this regard, devel-
opment/design of small molecules/non-coding RNA 
(e.g. miRNAs) capable of modulating the role of p53 
are now being evaluated in cancer clinical trials and to 
a certain extent in neurodegenerative diseases (www.
clinicaltrials.gov). The development and efficacy of these 
molecules will help in therapeutic interventions and may 
improve the life quality of patients with neurocognitive 
disorders.

  Further, regulation of p53 may also depend on the cel-
lular microenvironment, and eventually acts to promote 
cell death or survival depending on the cell type, gene 
expression profile, protein activity, and the type of stress 
stimuli, among other criteria such as aging. In this re-
gard, and according to UNAIDS, over 50% of HIV-1 pa-
tients are or expected to be over 50 years old in the com-
ing year or two. Therefore, it is important to design a p53 
inhibitor(s) to prevent the complications that could arise 
from the development of neurocognitive disorders. In ad-
dition to neurodegenerative diseases, p53 is also impli-
cated in other apoptosis-related diseases, such as cancer, 
atherosclerosis, and ischemia, which are increasingly rec-
ognized to be correlated with aging  [193] . Therefore, a 
therapeutic intervention to inhibit p53 intervention in 
the development of neurocognitive disorders is highly 
and urgently recommended.

  Acknowledgement 

 This work was supported by NIH grants (R01-NS059327 and  
R01-MH093331) awarded to B.E.S. and R.M. 

 References 

  1 Lane DP: p53, guardian of the genome. Na-
ture 1992;   358:   15–16. 

  2 Levine AJ: p53, the cellular gatekeeper for 
growth and division. Cell 1997;   88:   323–331.  

  3 Vogelstein B, Lane D, Levine AJ: Surfing the 
p53 network. Nature 2000;   408:   307–310. 

  4 Kruse JP, Gu W: SnapShot: p53 posttransla-
tional modifications. Cell 2008;   133:   930–30.
e1. 

  5 Campbell GR, Mahad DJ: Mitochondrial 
changes associated with demyelination: con-

sequences for axonal integrity. Mitochondri-
on 2011, E-pub ahead of print. 

  6 Koh H, Chung J: PINK1 and Parkin to con-
trol mitochondria remodeling. Anat Cell 
Biol 2010;   43:   179–184. 

  7 Medikayala S, Piteo B, Zhao X, Edwards JG: 
Chronically elevated glucose compromises 
myocardial mitochondrial DNA integrity by 
alteration of mitochondrial topoisomerase 
function. Am J Physiol Cell Physiol 2011;  
 300:C338–C348. 

  8 Darshi M, Mendiola VL, Mackey MR, Mur-
phy AN, Koller A, Perkins GA, Ellisman 
MH, Taylor SS: ChChd3, an inner mitochon-
drial membrane protein, is essential for 
maintaining crista integrity and mitochon-
drial function. J Biol Chem 2011;   286:   2918–
2932. 

  9 Wang L, He G, Zhang P, Wang X, Jiang M, Yu 
L: Interplay between MDM2, MDMX, Pirh2 
and COP1: the negative regulators of p53. 
Mol Biol Rep 2011;   38:   229–236. 



 Chang   /Ghafouri   /Mukerjee   /Bagashev   /
Chabrashvili   /Sawaya    

Neurodegenerative Dis 2012;9:68–80 76

 10 Sun L, Shi L, Li W, Yu W, Liang J, Zhang H, 
Yang X, Wang Y, Li R, Yao X, et al: JFK, a 
Kelch domain-containing F-box protein, 
links the SCF complex to p53 regulation. 
Proc Natl Acad Sci USA 2009;   106:   10195–
10200. 

 11 Gu W, Roeder RG: Activation of p53 se-
quence-specific DNA binding by acetylation 
of the p53 C-terminal domain. Cell 1997;   90:  
 595–606. 

 12 Kitagawa M, Lee SH, McCormick F: Skp2 
suppresses p53-dependent apoptosis by in-
hibiting p300. Mol Cell 2008;   29:   217–231. 

 13 Yuan J, Luo K, Zhang L, Cheville JC, Lou Z: 
USP10 regulates p53 localization and stabil-
ity by deubiquitinating p53. Cell 2010;   140:  
 384–396. 

 14 Khosravi R, Maya R, Gottlieb T, Oren M, 
Shiloh Y, Shkedy D: Rapid ATM-dependent 
phosphorylation of MDM2 precedes p53 ac-
cumulation in response to DNA damage. 
Proc Natl Acad Sci USA 1999;   96:   14973–
14977. 

 15 Cheng Q, Chen L, Li Z, Lane WS, Chen J: 
ATM activates p53 by regulating MDM2 
oligomerization and E3 processivity. EMBO 
J 2009;   28:   3857–3867. 

 16 Shieh SY, Ikeda M, Taya Y, Prives C: DNA 
damage-induced phosphorylation of p53 al-
leviates inhibition by MDM2. Cell 1997;   91:  
 325–334. 

 17 Turchan J, Pocernich CB, Gairola C, Chau-
han A, Schifitto G, Butterfield DA, Buch S, 
Narayan O, Sinai A, Geiger J, et al: Oxidative 
stress in HIV demented patients and protec-
tion ex vivo with novel antioxidants. Neurol-
ogy 2003;   60:   307–314. 

 18 Kruman II, Nath A, Mattson MP: HIV-1 pro-
tein Tat induces apoptosis of hippocampal 
neurons by a mechanism involving caspase 
activation, calcium overload, and oxidative 
stress. Exp Neurol 1998;   154:   276–288. 

 19 Perry SW, Norman JP, Litzburg A, Zhang D, 
Dewhurst S, Gelbard HA: HIV-1 transacti-
vator of transcription protein induces mito-
chondrial hyperpolarization and synaptic 
stress leading to apoptosis. J Immunol 2005;  
 174:   4333–4344. 

 20 Norman JP, Perry SW, Kasischke KA, Volsky 
DJ, Gelbard HA: HIV-1 trans activator of 
transcription protein elicits mitochondrial 
hyperpolarization and respiratory deficit, 
with dysregulation of complex IV and nico-
tinamide adenine dinucleotide homeostasis 
in cortical neurons. J Immunol 2007;   178:  
 869–876. 

 21 Zhu Y, Antony JM, Martinez JA, Glerum 
DM, Brussee V, Hoke A, Zochodne D, Power 
C: Didanosine causes sensory neuropathy in 
an HIV/AIDS animal model: impaired mito-
chondrial and neurotrophic factor gene ex-
pression. Brain 2007;   130:   2011–2023. 

 22 Kitayama H, Miura Y, Ando Y, Hoshino S, 
Ishizaka Y, Koyanagi Y: Human immunode-
ficiency virus type 1 Vpr inhibits axonal out-
growth through induction of mitochondrial 
dysfunction. J Virol 2008;   82:   2528–2542. 

 23 Norman JP, Perry SW, Reynolds HM, Kie-
bala M, De Mesy Bentley KL, Trejo M, Volsky 
DJ, Maggirwar SB, et al: HIV-1 Tat activates 
neuronal ryanodine receptors with rapid in-
duction of the unfolded protein response and 
mitochondrial hyperpolarization. PLoS One 
2008;   3:e3731. 

 24 Tun C, Guo W, Nguyen H, Yun B, Libby RT, 
Morrison RS, Garden GA: Activation of the 
extrinsic caspase pathway in cultured corti-
cal neurons requires p53-mediated down-
regulation of the X-linked inhibitor of apop-
tosis protein to induce apoptosis. J Neuro-
chem 2007;   102:   1206–1219. 

 25 Badley AD, Roumier T, Lum JJ, Kroemer G: 
Mitochondrion-mediated apoptosis in HIV-
1 infection. Trends Pharmacol Sci 2003;   24:  
 298–305. 

 26 Castedo M, Perfettini JL, Andreau K, Roumi-
er T, Piacentini M, Kroemer G: Mitochon-
drial apoptosis induced by the HIV-1 enve-
lope. Ann N Y Acad Sci 2003;   1010:   19–28. 

 27 Culmsee C, Mattson MP: p53 in neuronal 
apoptosis. Biochem Biophys Res Commun 
2005;   331:   761–777. 

 28 Proctor CJ, Gray DA: GSK3 and p53 – is there 
a link in Alzheimer’s disease? Mol Neurode-
gener 2010;   5:   7. 

 29 Eun B, Cho B, Moon Y, Kim SY, Kim K, Kim 
H, Sun W: Induction of neuronal apoptosis 
by expression of Hes6 via p53-dependent 
pathway. Brain Res 2010;   1313:   1–8. 

 30 Jayadev S, Yun B, Nguyen H, Yokoo H, Mor-
rison RS, Garden GA: The glial response to 
CNS HIV infection includes p53 activation 
and increased expression of p53 target genes. 
J Neuroimmune Pharmacol 2007;   2:   359–370. 

 31 Nair VD, McNaught KS, González-Maeso J, 
Sealfon SC, Olanow CW: p53 mediates non-
transcriptional cell death in dopaminergic 
cells in response to proteasome inhibition. J 
Biol Chem 2006;   281:   39550–39560. 

 32 Tatton NA: Increased caspase 3 and Bax im-
munoreactivity accompany nuclear GAPDH 
translocation and neuronal apoptosis in Par-
kinson’s disease. Exp Neurol 2000;   166:   29–
43. 

 33 Hartmann A, Hirsch EC: Parkinson’s dis-
ease. The apoptosis hypothesis revisited. 
Adv Neurol 2001;   86:   143–153. 

 34 Pappolla MA, Chyan YJ, Poeggeler B, Bozner 
P, Ghiso J, LeDoux SP, Wilson GL: Alzheim-
er beta protein mediated oxidative damage of 
mitochondrial DNA: prevention by melato-
nin. J Pineal Res 1999;   27:   226–229. 

 35 Sajan FD, Martiniuk F, Marcus DL, Frey WH 
2nd, Hite R, Bordayo EZ, Freedman ML: 
Apoptotic gene expression in Alzheimer’s 
disease hippocampal tissue. Am J Alzhei-
mers Dis Other Demen 2007;   22:   319–328. 

 36 Ohyagi Y, Asahara H, Chui DH, Tsuruta Y, 
Sakae N, Miyoshi K, Yamada T, Kikuchi H, 
Taniwaki T, Murai H, et al: Intracellular 
Abeta42 activates p53 promoter: a pathway 
to neurodegeneration in Alzheimer’s dis-
ease. FASEB J 2005;   19:   255–257. 

 37 Hollstein M, Hainaut P: Massively regulated 
genes: the example of TP53. J Pathol 2010;  
 220:   164–173. 

 38 Lee JH, Kim HS, Lee SJ, Kim KT: Stabiliza-
tion and activation of p53 induced by Cdk5 
contributes to neuronal cell death. J Cell Sci 
2007;   120:   2259–2271. 

 39 Gaub P, Tedeschi A, Puttagunta R, Nguyen 
T, Schmandke A, Di Giovanni S: HDAC in-
hibition promotes neuronal outgrowth and 
counteracts growth cone collapse through 
CBP/p300 and P/CAF-dependent p53 acety-
lation. Cell Death Differ 2010;   17:   1392–
1408. 

 40 Di Giovanni S, Knights CD, Rao M, Yakovlev 
A, Beers J, Catania J, Avantaggiati ML, Faden 
AI: The tumor suppressor protein p53 is re-
quired for neurite outgrowth and axon re-
generation. EMBO J 2006;   25:   4084–4096. 

 41 Knights CD, Catania J, Di Giovanni S, Mu-
ratoglu S, Perez R, Swartzbeck A, Quong AA, 
Zhang X, Beerman T, Pestell RG, et al: Dis-
tinct p53 acetylation cassettes differentially 
influence gene-expression patterns and cell 
fate. J Cell Biol 2006;   173:   533–544. 

 42 Tedeschi A, Nguyen T, Steele SU, Feil S, Nau-
mann U, Feil R, Di Giovanni S: The tumor 
suppressor p53 transcriptionally regulates 
cGKI expression during neuronal matura-
tion and is required for cGMP-dependent 
growth cone collapse. J Neurosci 2009;   29:  
 15155–15160. 

 43 Brynczka C, Merrick BA: The p53 transcrip-
tional target gene wnt7b contributes to NGF-
inducible neurite outgrowth in neuronal 
PC12 cells. Differentiation 2008;   76:   795–808. 

 44 Gilman CP, Chan SL, Guo Z, Zhu X, Greig N, 
Mattson MP: p53 is present in synapses 
where it mediates mitochondrial dysfunc-
tion and synaptic degeneration in response 
to DNA damage, and oxidative and excito-
toxic insults. Neuromolecular Med 2003;   3:  
 159–172. 

 45 Kraft-Terry SD, Stothert AR, Buch S, Gen-
delman HE: HIV-1 neuroimmunity in the 
era of antiretroviral therapy. Neurobiol Dis 
2010;   37:   542–548. 

 46 Williams R, Yao H, Peng F, Yang Y, Bethel-
Brown C, Buch S: Cooperative induction of 
CXCL10 involves NADPH oxidase: implica-
tions for HIV dementia. Glia 2010;   58:   611–
621. 

 47 Price RW, Epstein LG, Becker JT, Cinque P, 
Gisslen M, Pulliam L, McArthur JC: Bio-
markers of HIV-1 CNS infection and injury. 
Neurology 2007;   69:   1781–1788. 

 48 Bandaru VV, McArthur JC, Sacktor N, Cut-
ler RG, Knapp EL, Mattson MP, Haughey NJ: 
Associative and predictive biomarkers of de-
mentia in HIV-1-infected patients. Neurol-
ogy 2007;   68:   1481–1487. 

 49 Bruce-Keller AJ, Chauhan A, Dimayuga FO, 
Gee J, Keller JN, Nath A: Synaptic transport 
of human immunodeficiency virus-Tat pro-
tein causes neurotoxicity and gliosis in rat 
brain. J Neurosci 2003;   23:   8417–8422. 



 Role of p53 in Neurodegenerative 
Diseases  

Neurodegenerative Dis 2012;9:68–80 77

 50 Wüthrich C, Kesari S, Kim WK, Williams K, 
Gelman R, Elmeric D, De Girolami U, Joseph 
JT, Hedley-Whyte T, Koralnik IJ: Character-
ization of lymphocytic infiltrates in progres-
sive multifocal leuko-encephalopathy: co-lo-
calization of CD8[+] T cells with JCV-infect-
ed glial cells. J Neurovirol 2006;   12:   116–128. 

 51 Zhou BY, He JJ: Proliferation inhibition of 
astrocytes, neurons, and non-glial cells by 
intracellularly expressed human immuno-
deficiency virus type 1 [HIV-1] Tat protein. 
Neurosci Lett 2004;   359:   155–158. 

 52 Garden GA, Guo W, Jayadev S, Tun C, Bal-
caitis S, Choi J, Montine TJ, Möller T, Mor-
rison RS: HIV associated neurodegeneration 
requires p53 in neurons and microglia. 
FASEB J 2004;   18:   1141–1143. 

 53 Nardacci R, Antinori A, Larocca LM, Arena 
V, Amendola A, Perfettini JL, Kroemer G, 
Piacentini M: Characterization of cell death 
pathways in human immunodeficiency vi-
rus-associated encephalitis. Am J Pathol 
2005;   167:   695–704. 

 54 Jones GJ, Barsby NL, Cohen EA, Holden J, 
Harris K, Dickie P, Jhamandas J, Power C: 
HIV-1 Vpr causes neuronal apoptosis and in 
vivo neurodegeneration. J Neurosci 2007;   27:  
 3703–3711. 

 55 Vivithanaporn P, Heo G, Gamble J, Krentz 
HB, Hoke A, Gill MJ, Power C: Neurologic 
disease burden in treated HIV/AIDS predicts 
survival: a population-based study. Neurol-
ogy 2010;   75:   1150–1158. 

 56 Everall I, Vaida F, Khanlou N, Lazzaretto D, 
Achim C, Letendre S, Moore D, Ellis R, 
Cherner M, Gelman B, Morgello S, Singer E, 
Grant I, Masliah E; National NeuroAIDS 
Tissue Consortium (NNTC): Cliniconeuro-
pathologic correlates of human immunode-
ficiency virus in the era of antiretroviral 
therapy. J Neurovirol 2009;   15:   360–370. 

 57 Han Y, Siliciano RF: Keeping quiet: micro-
RNAs in HIV-1 latency. Nat Med 2007;   3:  
 1138–1140. 

 58 Carter CC, McNamara LA, Onafuwa-Nuga 
A, Shackleton M, Riddell J 4th, Bixby D, 
Savona MR, Morrison SJ, Collins KL: HIV-1 
utilizes the CXCR4 chemokine receptor to 
infect multipotent hematopoietic stem and 
progenitor cells. Cell Host Microbe 2011;   9:  
 223–234. 

 59 Redel L, Le douce V, Cherrier T, Marban C, 
Janossy A, Aunis D, Van Lint C, Rohr O, 
Schwartz C: HIV-1 regulation of latency in 
the monocyte-macrophage lineage and in 
CD4+ T lymphocytes. J Leuko Biol 2010;   87:  
 4575–4588. 

 60 Bailey JR, Sedaghat AR, Kieffer T, Brennan T, 
Lee PK, Wind-Rotolo M, Haggerty CM, Ka-
mireddi AR, Liu Y, Lee J, Persaud D, Gallant 
JE, Cofrancesco J Jr, Quinn TC, Wilke CO, 
Ray SC, Siliciano JD, Nettles RE, Sili ciano RF: 
Residual human immunodeficiency virus 
type 1 viremia in some patients on antiretro-
viral therapy is dominated by a small number 
of invariant clones rarely found in circulating 
CD4 +  T cells. J Virol 2006;   80:   6441–6457. 

 61 Keele, BF, Tazi, L, Gartner S, Liu Y, Burgon 
TB, Estes JD, Thacker TC, Crandall KA, 
McArthur JC, Burton GF: Characterization 
of the follicular dendritic cell reservoir of hu-
man immunodeficiency virus type 1. J Virol 
2008;   82:   5548–5561. 

 62 Zhu T, Muthui D, Holte S, Nickle D, Feng F, 
Brodie S, Hwangbo Y, Mullins JI, Corey L: 
Evidence for human immunodeficiency vi-
rus type 1 replication in vivo in CD14(+) 
monocytes and its potential role as a source 
of virus in patients on highly active antiret-
roviral therapy. J Virol 2002;   76:   707–716. 

 63 Alexaki A, Liu Y, Wigdahl B: Cellular reser-
voirs of HIV-1 and their role in viral persis-
tence Curr. HIV Res 2008;   6:   388–400. 

 64 Alexaki A, Wigdahl B: HIV-1 infection of 
bone marrow hematopoietic progenitor cells 
and their role in trafficking and viral dis-
semination PLoS Pathog 2008;   4:e1000215. 

 65 Coleman CM, Wu L: HIV interactions with 
monocytes and dendritic cells: viral latency 
and reservoirs. Retrovirology 2009;   6:   51. 

 66 Wiley CA, Achim CL, Hammond R, Love S, 
Masliah E, Radhakrishnan L, Sanders V, 
Wang G: Damage and repair of DNA in HIV 
encephalitis. J Neuropathol Exp Neurol 
2000;   59:   955–965. 

 67 Ferri KF, Jacotot E, Blanco J, Esté JA, Zamza-
mi N, Susin SA, Xie Z, Brothers G, Reed JC, 
Penninger JM, et al: Apoptosis control in 
syncytia induced by the HIV type 1-envelope 
glycoprotein complex: role of mitochondria 
and caspases. J Exp Med 2000;   192:   1081–
1092. 

 68 Ferri KF, Jacotot E, Geuskens M, Kroemer G: 
Apoptosis and karyogamy in syncytia in-
duced by the HIV-1-envelope glycoprotein 
complex. Cell Death Differ 2000;   7:   1137–
1139. 

 69 Krajewski S, James HJ, Ross J, Blumberg BM, 
Epstein LG, Gendelman HE, Gummuluru S, 
Dewhurst S, Sharer LR, Reed JC, et al: Ex-
pression of pro- and anti-apoptosis gene 
products in brains from paediatric patients 
with HIV-1 encephalitis. Neuropathol Appl 
Neurobiol 1997;   23:   242–253. 

 70 Kaul M: HIV-1 associated dementia: update 
on pathological mechanisms and therapeu-
tic approaches. Curr Opin Neurol 2009;   22:  
 315–320. 

 71 Wang T, Gong N, Liu J, Kadiu I, Kraft-Terry 
SD, Schlautman JD, Ciborowski P, Volsky 
DJ, Gendelman HE: HIV-1-infected astro-
cytes and the microglial proteome. J Neuro-
immune Pharmacol 2008;   3:   173–186. 

 72 An SF, Groves M, Giometto B, Beckett AA, 
Scaravilli F: Detection and localisation of 
HIV-1 DNA and RNA in fixed adult AIDS 
brain by polymerase chain reaction/in situ 
hybridization technique. Acta Neuropathol 
1999;   98:   481–487. 

 73 Trillo-Pazos G, Diamanturos A, Rislove L, 
Menza T, Chao W, Belem P, Sadiq S, Morg-
ello S, Sharer L, Volsky DJ: Detection of HIV-
1 DNA in microglia/macrophages, astro-
cytes and neurons isolated from brain tissue 
with HIV-1 encephalitis by laser capture mi-
crodissection. Brain Pathol 2003;   13:   144–
154. 

 74 Torres-Muñoz J, Stockton P, Tacoronte N, 
Roberts B, Maronpot RR, Petito CK: Detec-
tion of HIV-1 gene sequences in hippocam-
pal neurons isolated from postmortem AIDS 
brains by laser capture microdissection. J 
Neuropathol Exp Neurol 2001;   60:   885–892. 

 75 Deshmane SL, Mukerjee R, Fan S, Sawaya 
BE: High-performance capillary electropho-
resis for determining HIV-1 Tat protein in 
neurons. PLoS One 2011;   6:e16148. 

 76 Ensoli B, Barillari G, Salahuddin SZ, Gallo 
RC, Wong-Staal F: Tat protein of HIV-1 stim-
ulates growth of cells derived from Kaposi’s 
sarcoma lesions of AIDS patients. Nature 
1990;   345:   84–86. 

 77 Kalyanaraman VS, Pal R, Gallo RC, Sarngad-
haran MG: A unique human immunodefi-
ciency virus culture secreting soluble gp160. 
AIDS Res Hum Retroviruses 1988;   4:   319–
329. 

 78 Pandey RC, Datta D, Mukerjee R, Srinivasan 
A, Mahalingam S, Sawaya BE: HIV-1 Vpr: a 
closer look at the multifunctional protein 
from the structural perspective. Curr HIV 
Res 2009;   7:   114–128. 

 79 van de Bovenkamp M, Nottet HS, Pereira CF: 
Interactions of human immunodeficiency 
virus-1 proteins with neurons: possible role 
in the development of human immunodefi-
ciency virus-1-associated dementia. Eur J 
Clin Invest 2002;   32:   619–627. 

 80 Raymond AD, Campbell-Sims TC, Khan M, 
Lang M, Huang MB, Bond VC, Powell MD: 
HIV Type 1 Nef is released from infected cells 
in CD45(+) microvesicles and is present in the 
plasma of HIV-infected individuals. AIDS 
Res Hum Retroviruses 2011;   27:   167–178. 

 81 Bakhanashvili M, Novitsky E, Lilling G, Ra-
hav G: p53 in cytoplasm may enhance the ac-
curacy of DNA synthesis by human immu-
nodeficiency virus type 1 reverse transcrip-
tase. Oncogene 2004;   23:   6890–6899. 

 82 Bakhanashvili M: p53 enhances the fidelity 
of DNA synthesis by human immunodefi-
ciency virus type 1 reverse transcriptase. 
Oncogene 2001;   20:   7635–7644. 

 83 Sawaya BE, Khalili K, Mercer WE, Denisova 
L, Amini S: Cooperative actions of HIV-1 
Vpr and p53 modulate viral gene transcrip-
tion. J Biol Chem 1998;   273:   20052–20057. 

 84 Amini S, Khalili K, Sawaya BE: Effect of 
HIV-1 Vpr on cell cycle regulators. DNA Cell 
Biol 2004;   23:   249–260. 

 85 Claudio PP, Cui J, Ghafouri M, Mariano C, 
White MK, Safak M, Sheffield JB, Giordano 
A, Khalili K, Amini S et al: Cdk9 phosphory-
lates p53 on serine 392 independently of 
CKII. J Cell Physiol 2006;   208:   602–612. 



 Chang   /Ghafouri   /Mukerjee   /Bagashev   /
Chabrashvili   /Sawaya    

Neurodegenerative Dis 2012;9:68–80 78

 86 Pauls E, Senserrich J, Clotet B, Esté JA: Inhi-
bition of HIV-1 replication by RNA interfer-
ence of p53 expression. J Leukoc Biol 2006;  
 80:   659–667. 

 87 Guendel I, Carpio L, Easley R, Van Duyne R, 
Coley W, Agbottah E, Dowd C, Kashanchi F, 
Kehn-Hall K: 9-Aminoacridine inhibition of 
HIV-1 Tat dependent transcription. Virol J 
2009;   6:   114. 

 88 Mukerjee R, Deshmane SL, Fan S, Del Valle 
L, White MK, Khalili K, Amini S, Sawaya BE: 
Involvement of the p53 and p73 transcription 
factors in neuroAIDS. Cell Cycle 2008;   7:  
 2682–2690. 

 89 Perfettini JL, Castedo M, Roumier T, An-
dreau K, Nardacci R, Piacentini M, Kroemer 
G: Mechanisms of apoptosis induction by the 
HIV-1 envelope. Cell Death Differ 2005;  
 12(suppl 1):916–923. 

 90 Greenway AL, McPhee DA, Allen K, John-
stone R, Holloway G, Mills J, Azad A, Sanko-
vich S, Lambert P: Human immunodeficien-
cy virus type 1 Nef binds to tumor suppressor 
p53 and protects cells against p53-mediated 
apoptosis. J Virol 2002;   76:   2692–2702. 

 91 Raver-Shapira N, Marciano E, Meiri E, Spec-
tor Y, Rosenfeld N, Moskovits N, Bentwich 
Z, Oren M: Transcriptional activation of 
miR-34a contributes to p53-mediated apop-
tosis. Mol Cell 2007;   26:   731–743. 

 92 Tarasov V, Jung P, Verdoodt B, Lodygin D, 
Epanchintsev A, Menssen A, Meister G, Her-
meking H: Differential regulation of mi-
croRNAs by p53 revealed by massively paral-
lel sequencing: miR-34a is a p53 target that 
induces apoptosis and G1-arrest. Cell Cycle 
2007;   6:   1586–1593. 

 93 Aranha MM, Santos DM, Xavier JM, Low 
WC, Steer CJ, Solá S, Rodrigues CM: Apop-
tosis-associated microRNAs are modulated 
in mouse, rat and human neural differentia-
tion. BMC Genomics 2010;   11:   514. 

 94 Garden GA, Budd SL, Tsai E, Hanson L, Kaul 
M, D’Emilia DM, Friedlander RM, Yuan J, 
Masliah E, Lipton SA: Caspase cascades in 
human immunodeficiency virus-associated 
neurodegeneration. J Neurosci 2002;   22:  
 4015–4024. 

 95 Kaul M, Lipton SA: Chemokines and activat-
ed macrophages in HIV gp120-induced neu-
ronal apoptosis. Proc Natl Acad Sci USA 
1999;   96:   8212–8216. 

 96 Dou H, Birusingh K, Faraci J, Gorantla S, Po-
luektova LY, Maggirwar SB, Dewhurst S, Gel-
bard HA, Gendelman HE: Neuroprotective 
activities of sodium valproate in a murine 
model of human immunodeficiency virus-1 
encephalitis. J Neurosci 2003;   23:   9162–9170. 

 97 Watcharasit P, Bijur GN, Song L, Zhu J, Chen 
X, Jope RS: Glycogen synthase kinase-3beta 
[GSK3beta] binds to and promotes the actions 
of p53. J Biol Chem 2003;   278:   48872–48879. 

 98 Silva C, Zhang K, Tsutsui S, Holden JK, Gill 
MJ, Power C: Growth hormone prevents hu-
man immunodeficiency virus-induced neu-
ronal p53 expression. Ann Neurol 2003;   54:  
 605–614. 

  99 Ma M, Nath A: Molecular determinants for 
cellular uptake of Tat protein of human im-
munodeficiency virus type 1 in brain cells. 
J Virol 1997;   71:   2495–2499. 

 100 Garden GA, Morrison RS: The multiple 
roles of p53 in the pathogenesis of HIV as-
sociated dementia. Biochem Biophys Res 
Commun 2005;   331:   799–809. 

 101 Tyor WR, Glass JD, Griffin JW, Becker PS, 
McArthur JC, Bezman L, Griffin DE: Cyto-
kine expression in the brain during the ac-
quired immunodeficiency syndrome. Ann 
Neurol 1992;   31:   349–360. 

 102 Gonzalez-Scarano F, Martin-Garcia J: The 
neuropathogenesis of AIDS. Nat Rev Im-
munol 2005;   5:   69–81. 

 103 Li Z, Ji G, Neugebauer V: Mitochondrial re-
active oxygen species are activated by 
mGluR5 through IP3 and activate ERK and 
PKA to increase excitability of amygdala 
neurons and pain behavior. J Neurosci 
2011;   31:   1114–1127. 

 104 Nakamura T, Lipton SA: Preventing Ca 2+ -
mediated nitrosative stress in neurodegen-
erative diseases: possible pharmacological 
strategies. Cell Calcium 2010;   47:   190–197. 

 105 Stanika RI, Winters CA, Pivovarova NB, 
Andrews SB: Differential NMDA receptor-
dependent calcium loading and mitochon-
drial dysfunction in CA1 vs CA3 hippo-
campal neurons. Neurobiol Dis 2010;   37:  
 403–411. 

 106 Morrison RS, Kinoshita Y, Johnson MD, 
Guo W, Garden GA: p53-dependent cell 
death signaling in neurons. Neurochem 
Res 2003;   28:   15–27. 

 107 Evstratova AA, Mironova EV, Dvoretskova 
EA, Antonov SM: Apoptosis and the recep-
tor specificity of its mechanisms during the 
neurotoxic action of glutamate. Neurosci 
Behav Physiol 2009;   39:   353–362. 

 108 Concannon CG, Ward MW, Bonner HP, 
Kuroki K, Tuffy LP, Bonner CT, Woods I, 
Engel T, Henshall DC, Prehn JH: NMDA 
receptor-mediated excitotoxic neuronal 
apoptosis in vitro and in vivo occurs in an 
ER stress and PUMA independent manner. 
J Neurochem 2008;   105:   891–903. 

 109 Sakhi S, Sun N, Wing LL, Mehta P, 
Schreiber SS: Nuclear accumulation of p53 
protein following kainic acid-induced sei-
zures. Neuroreport 1996;   7:   493–496. 

 110 Nakai M, Qin Z, Wang Y, Chase TN: 
NMDA and non-NMDA receptor-stimu-
lated IkappaB-alpha degradation: differen-
tial effects of the caspase-3 inhibitor DEVD.
CHO, ethanol and free radical scavenger 
OPC-14117. Brain Res 2000;   859:   207–216. 

 111 Singh IN, El-Hage N, Campbell ME, Lutz 
SE, Knapp PE, Nath A, Hauser KF: Differ-
ential involvement of p38 and JNK MAP ki-
nases in HIV-1 Tat and gp120-induced 
apoptosis and neurite degeneration in stria-
tal neurons. Neuroscience 2005;   135:   781–
790. 

 112 Chauhan A, Turchan J, Pocernich C, Bruce-
Keller A, Roth S, Butterfield DA, Major EO, 
Nath A: Intracellular human immunodefi-
ciency virus Tat expression in astrocytes 
promotes astrocyte survival but induces 
potent neurotoxicity at distant sites via axo-
nal transport. J Biol Chem 2003;   278:   13512–
13519. 

 113 Galluzzi L, Morselli E, Kepp O, Vitale I, 
Pinti M, Kroemer G: Mitochondrial liai-
sons of p53. Antioxid Redox Signal 2011;   15:  
 1691–1714. 

 114 Cuadrado A, Lafarga V, Cheung PC, Dola-
do I, Llanos S, Cohen P, Nebreda AR: A new 
p38 MAP kinase-regulated transcriptional 
coactivator that stimulates p53-dependent 
apoptosis. EMBO J 2007;   26:   2115–2126. 

 115 Ballerini P, Gaidano G, Gong J, Tassi V, Sa-
glio G, Knowles DM, Dalla-Favera R: Mo-
lecular pathogenesis of HIV-associated 
lymphomas. AIDS Res Hum Retroviruses 
1992;   8:   731–735. 

 116 Said JW, Barrera R, Shintaku IP, Nakamura 
H, Koeffler HP: Immunohistochemical 
analysis of p53 expression in malignant 
lymphomas. Am J Pathol 1992;   141:   1343–
1348. 

 117 Friborg J Jr, Kong W, Hottiger MO, Nabel 
GJ: p53 inhibition by the LANA protein of 
KSHV protects against cell death. Nature 
1999;   402:   889–894. 

 118 Sarek G, Kurki S, Enbäck J, Iotzova G, Haas 
J, Laakkonen P, Laiho M, Ojala PM: Reacti-
vation of the p53 pathway as a treatment 
modality for KSHV-induced lymphomas. J 
Clin Invest 2007;   117:   1019–1028. 

 119 Baloyannis SJ: Mitochondrial alterations in 
Alzheimer’s disease. J Alzheimers Dis 2006;  
 9:   119–126. 

 120 Pereira C, Ferreiro E, Cardoso SM, de 
Oliveira CR: Cell degeneration induced by 
amyloid-beta peptides: implications for 
Alzheimer’s disease. J Mol Neurosci 2004;  
 23:   97–104. 

 121 Seyb KI, Ansar S, Bean J, Michaelis ML: be-
ta-Amyloid and endoplasmic reticulum 
stress responses in primary neurons: effects 
of drugs that interact with the cytoskeleton. 
J Mol Neurosci 2006;   28:   111–123. 

 122 Zheng WH, Bastianetto S, Mennicken F, 
Ma W, Kar S: Amyloid beta peptide induces 
tau phosphorylation and loss of cholinergic 
neurons in rat primary septal cultures. 
Neuroscience 2002;   115:   201–211. 

 123 Batelli S, Albani D, Prato F, Polito L, Fran-
ceschi M, Gavazzi A, Forloni G: Early-onset 
Alzheimer disease in an Italian family with 
presenilin-1 double mutation E318G and 
G394V. Alzheimer Dis Assoc Disord 2008;  
 22:   184–187. 

 124 Kitamura Y, Shimohama S, Kamoshima W, 
Matsuoka Y, Nomura Y, Taniguchi T: 
Changes of p53 in the brains of patients 
with Alzheimer’s disease. Biochem Biophys 
Res Commun 1997;   232:   418–421. 



 Role of p53 in Neurodegenerative 
Diseases  

Neurodegenerative Dis 2012;9:68–80 79

 125 Chung YH, Shin C, Kim MJ, Lee B, Park 
KH, Cha CI: Immunocytochemical study 
on the distribution of p53 in the hippocam-
pus and cerebellum of the aged rat. Brain 
Res 2000;   885:   137–141. 

 126 Paradis E, Douillard H, Koutroumanis M, 
Goodyer C, LeBlanc A: Amyloid beta pep-
tide of Alzheimer’s disease downregulates 
Bcl-2 and upregulates bax expression in hu-
man neurons. J Neurosci 1996;   16:   7533–
7539. 

 127 Su JH, Deng G, Cotman CW: Bax protein 
expression is increased in Alzheimer’s 
brain: correlations with DNA damage, Bcl-
2 expression, and brain pathology. J Neuro-
pathol Exp Neurol 1997;   56:   86–93. 

 128 MacGibbon GA, Lawlor PA, Sirimanne ES, 
Walton MR, Connor B, Young D, Williams 
C, Gluckman P, Faull RL, Hughes P, et al: 
Bax expression in mammalian neurons un-
dergoing apoptosis, and in Alzheimer’s dis-
ease hippocampus. Brain Res 1997;   750:  
 223–234. 

 129 Chang TC, Wentzel EA, Kent OA, Ramach-
andran K, Mullendore M, Lee KH, Feldma-
nn G, Yamakuchi M, Ferlito M, Lowenstein 
CJ, et al: Transactivation of miR-34a by p53 
broadly influences gene expression and 
promotes apoptosis. Mol Cell 2007;   26:   745–
752. 

 130 Ji Q, Hao X, Zhang M, Tang W, Yang M, Li 
L, Xiang D, Desano JT, Bommer GT, Fan D, 
et al: MicroRNA miR-34 inhibits human 
pancreatic cancer tumor-initiating cells. 
PLoS One 2009;   4:e6816. 

 131 Mihara M, Erster S, Zaika A, Petrenko O, 
Chittenden T, Pancoska P, Moll UM: p53 
has a direct apoptogenic role at the mito-
chondria. Mol Cell 2003;   11:   577–590. 

 132 Chipuk JE, Kuwana T, Bouchier-Hayes L, 
Droin NM, Newmeyer DD, Schuler M, 
Green DR: Direct activation of Bax by p53 
mediates mitochondrial membrane perme-
abilization and apoptosis. Science 2004;  
 303:   1010–1014. 

 133 Leu JI, Dumont P, Hafey M, Murphy ME, 
George DL: Mitochondrial p53 activates 
Bak and causes disruption of a Bak-Mcl1 
complex. Nat Cell Biol 2004;   6:   443–450. 

 134 Pastorino JG, Chen ST, Tafani M, Snyder 
JW, Farber JL: The overexpression of Bax 
produces cell death upon induction of the 
mitochondrial permeability transition. J 
Biol Chem 1998;   273:   7770–7775. 

 135 Arnoult D, Rismanchi N, Grodet A, Rob-
erts RG, Seeburg DP, Estaquier J, Sheng M, 
Blackstone C: Bax/Bak-dependent release 
of DDP/TIMM8a promotes Drp1-mediated 
mitochondrial fission and mitoptosis dur-
ing programmed cell death. Curr Biol 2005;  
 15:   2112–2118. 

 136 Leinninger GM, Backus C, Sastry AM, Yi 
YB, Wang CW, Feldman EL: Mitochondria 
in DRG neurons undergo hyperglycemic 
mediated injury through Bim, Bax and the 
fission protein Drp1. Neurobiol Dis 2006;  
 23:   11–22. 

 137 Cho DH, Nakamura T, Fang J, Cieplak P, 
Godzik A, Gu Z, Lipton SA: S-nitrosylation 
of Drp1 mediates beta-amyloid-related mi-
tochondrial fission and neuronal injury. 
Science 2009;   324:   102–105. 

 138 Sheridan C, Delivani P, Cullen SP, Martin 
SJ: Bax- or Bak-induced mitochondrial fis-
sion can be uncoupled from cytochrome C 
release. Mol Cell 2008;   31:   570–585. 

 139 Bertoni-Freddari C, Fattoretti P, Paoloni R, 
Caselli U, Meier-Ruge W: Impaired dynam-
ic morphology of cerebellar mitochondria 
in physiological aging and Alzheimer’s dis-
ease. Ann N Y Acad Sci 1997;   826:   479–482. 

 140 Bertoni-Freddari C, Fattoretti P, Casoli T, 
Di Stefano G, Balietti M, Giorgetti B, Per-
retta G: Neuronal apoptosis in Alzheimer’s 
disease: the role of age-related mitochon-
drial metabolic competence. Ann N Y Acad 
Sci 2009;   1171:   18–24. 

 141 Reisine TD, Yamamura HI, Bird ED, Spokes 
E, Enna SJ: Pre- and postsynaptic neuro-
chemical alterations in Alzheimer’s dis-
ease. Brain Res 1978;   159:   477–481. 

 142 Ferrer I, Aymami A, Rovira A, Grau Veci-
ana JM: Growth of abnormal neurites in 
atypical Alzheimer’s disease: a study with 
the Golgi method. Acta Neuropathol 1983;  
 59:   167–170. 

 143 Mash DC, Flynn DD, Potter LT: Loss of M2 
muscarine receptors in the cerebral cortex 
in Alzheimer’s disease and experimental 
cholinergic denervation. Science 1985;   228:  
 1115–1117. 

 144 Meyer M, Koeppe RA, Frey KA, Foster NL, 
Kuhl DE: Positron emission tomography 
measures of benzodiazepine binding in 
Alzheimer’s disease. Arch Neurol 1995;   52:  
 314–317. 

 145 Ebneth A, Godemann R, Stamer K, Illen-
berger S, Trinczek B, Mandelkow E: Over-
expression of tau protein inhibits kinesin-
dependent trafficking of vesicles, mito-
chondria, and endoplasmic reticulum: 
implications for Alzheimer’s disease. J Cell 
Biol 1998;   143:   777–794. 

 146 Pigino G, Morfini G, Pelsman A, Mattson 
MP, Brady ST, Busciglio J: Alzheimer’s pre-
senilin 1 mutations impair kinesin-based 
axonal transport. J Neurosci 2003;   23:  
 4499–4508. 

 147 Iijima-Ando K, Hearn SA, Shenton C, Gatt 
A, Zhao L, Iijima K: Mitochondrial mislo-
calization underlies Abeta42-induced neu-
ronal dysfunction in a  Drosophila  model of 
Alzheimer’s disease. PLoS One 2009;  
 4:e8310. 

 148 Tedeschi A, Nguyen T, Puttagunta R, Gaub 
P, Di Giovanni S: A p53-CBP/p300 tran-
scription module is required for GAP-43 
expression, axon outgrowth, and regenera-
tion. Cell Death Differ 2009;   16:   543–554. 

 149 Bensaad K, Tsuruta A, Selak MA, Vidal 
MN, Nakano K, Bartrons R, Gottlieb E, 
Vousden KH: TIGAR, a p53-inducible reg-
ulator of glycolysis and apoptosis. Cell 
2006;   126:   107–120. 

 150 Schwartzenberg-Bar-Yoseph F, Armoni M, 
Karnieli E: The tumor suppressor p53 
down-regulates glucose transporters 
GLUT1 and GLUT4 gene expression. Can-
cer Res 2004;   64:   2627–2633. 

 151 Bensaad K, Vousden KH: p53: new roles in 
metabolism. Trends Cell Biol 2007;   17:   286–
291. 

 152 Cheung EC, Vousden KH: The role of p53 
in glucose metabolism. Curr Opin Cell Biol 
2010;   22:   186–191. 

 153 Zhang Y, McLaughlin R, Goodyer C, Le-
Blanc A: Selective cytotoxicity of intracel-
lular amyloid beta peptide1–42 through 
p53 and Bax in cultured primary human 
neurons. J Cell Biol 2002;   156:   519–529. 

 154 Davenport CM, Sevastou IG, Hooper C, Po-
cock JM: Inhibiting p53 pathways in mi-
croglia attenuates microglial-evoked neu-
rotoxicity following exposure to Alzheimer 
peptides. J Neurochem 2010;   112:   552–563. 

 155 Lanni C, Racchi M, Mazzini G, Ranzenigo 
A, Polotti R, Sinforiani E, Olivari L, Bar-
cikowska M, Styczynska M, Kuznicki J et al: 
Conformationally altered p53: a novel 
Alzheimer’s disease marker? Mol Psychia-
try 2008;   13:   641–647. 

 156 Mogi M, Kondo T, Mizuno Y, Nagatsu T: 
p53 protein, interferon-gamma, and NF-
kappaB levels are elevated in the parkinso-
nian brain. Neurosci Lett 2007;   414:   94–97. 

 157 Lee SJ, Kim DC, Choi BH, Ha H, Kim KT: 
Regulation of p53 by activated protein ki-
nase C-delta during nitric oxide-induced 
dopaminergic cell death. J Biol Chem 2006;  
 281:   2215–2224. 

 158 Martin LJ, Pan Y, Price AC, Sterling W, Co-
peland NG, Jenkins NA, Price DL, Lee MK: 
Parkinson’s disease alpha-synuclein trans-
genic mice develop neuronal mitochondri-
al degeneration and cell death. J Neurosci 
2006;   26:   41–50. 

 159 da Costa CA, Sunyach C, Giaime E, West A, 
Corti O, Brice A, Safe S, Abou-Sleiman PM, 
Wood NW, Takahashi H, et al: Transcrip-
tional repression of p53 by parkin and im-
pairment by mutations associated with au-
tosomal recessive juvenile Parkinson’s dis-
ease. Nat Cell Biol 2009;   11:   1370–1375. 

 160 Bonifati V, Rizzu P, van Baren MJ, Schaap 
O, Breedveld GJ, Krieger E, Dekker MC, 
Squitieri F, Ibanez P, Joosse M, et al: Muta-
tions in the DJ-1 gene associated with auto-
somal recessive early-onset parkinsonism. 
Science 2003;   299:   256–259. 

 161 Fan J, Ren H, Jia N, Fei E, Zhou T, Jiang P, 
Wu M, Wang G: DJ-1 decreases Bax expres-
sion through repressing p53 transcriptional 
activity. J Biol Chem 2008;   283:   4022–4030. 

 162 Hatano Y, Li Y, Sato K, Asakawa S, Yama-
mura Y, Tomiyama H, Yoshino H, Asahina 
M, Kobayashi S, Hassin-Baer S, et al: Novel 
PINK1 mutations in early-onset parkin-
sonism. Ann Neurol 2004;   56:   424–427. 



 Chang   /Ghafouri   /Mukerjee   /Bagashev   /
Chabrashvili   /Sawaya    

Neurodegenerative Dis 2012;9:68–80 80

 163 Geisler S, Holmström KM, Skujat D, Fiesel 
FC, Rothfuss OC, Kahle PJ, Springer W: 
PINK1/Parkin-mediated mitophagy is de-
pendent on VDAC1 and p62/SQSTM1. Nat 
Cell Biol 2010;   12:   119–131. 

 164 Vives-Bauza C, Zhou C, Huang Y, Cui M, 
de Vries RL, Kim J, May J, Tocilescu MA, 
Liu W, Ko HS, et al: PINK1-dependent re-
cruitment of Parkin to mitochondria in mi-
tophagy. Proc Natl Acad Sci USA 2010;   107:  
 378–383. 

 165 Yee KS, Wilkinson S, James J, Ryan KM, 
Vousden KH: PUMA- and Bax-induced au-
tophagy contributes to apoptosis. Cell 
Death Differ 2009;   16:   1135–1145. 

 166 Dagda RK, Cherra SJ 3rd, Kulich SM, Tan-
don A, Park D, Chu CT: Loss of PINK1 
function promotes mitophagy through ef-
fects on oxidative stress and mitochondrial 
fission. J Biol Chem 2009;   284:   13843–13855. 

 167 Giaime E, Sunyach C, Herrant M, Grosso S, 
Auberger P, McLean PJ, Checler F, da Costa 
CA: Caspase-3-derived C-terminal prod-
uct of synphilin-1 displays antiapoptotic 
function via modulation of the p53-depen-
dent cell death pathway. J Biol Chem 2006;  
 281:   11515–11522. 

 168 Alves Da Costa C, Paitel E, Vincent B, Che-
cler F: Alpha-synuclein lowers p53-depen-
dent apoptotic response of neuronal cells: 
abolishment by 6-hydroxydopamine and 
implication for Parkinson’s disease. J Biol 
Chem 2002;   277:   50980–50984. 

 169 Zuccato C, Valenza M, Cattaneo E: Molec-
ular mechanisms and potential therapeuti-
cal targets in Huntington’s disease. Physiol 
Rev 2010;   90:   905–981. 

 170 Ross CA, Shoulson I: Huntington disease: 
pathogenesis, biomarkers, and approaches 
to experimental therapeutics. Parkinson-
ism Relat Disord 2009;   15(suppl 3):S135–
S138. 

 171 C Gutekunst C, Norflus F, Hersch S: The 
neuropathology of Huntington’s disease; in 
Bates G, Harper P, Jones L (eds): Hunting-
ton’s Disease. New York, Oxford University 
Press, 2002, pp 251–275. 

 172 Rubinsztein DC: Molecular biology of 
Huntington’s disease [HD] and HD-like 
disorders; in Pulst S (ed): Genetics of Move-
ment Disorders. Waltham, Academic Press, 
2003, pp 365–377. 

 173 Macdonald V, Halliday GM: Pyramidal cell 
loss in motor cortices in Huntington’s dis-
ease. Neurobiol Dis 2002;   10:   378–386. 

 174 Macdonald V, Halliday GM, Trent RJ, Mc-
Cusker EA: Significant loss of pyramidal 
neurons in the angular gyrus of patients 
with Huntington’s disease. Neuropathol 
Appl Neurobiol 1997;   23:   492–495. 

 175 Walker FO: Huntington’s disease. Lancet 
2007;   369:   218–228. 

 176 Wheeler VC, Gutekunst CA, Vrbanac V, 
Lebel LA, Schilling G, Hersch S, Friedland-
er RM, Gusella JF, Vonsattel JP, Borchelt 
DR, et al: Early phenotypes that presage 
late-onset neurodegenerative disease allow 
testing of modifiers in Hdh CAG knock-in 
mice. Hum Mol Genet 2002;   11:   633–640. 

 177 Nasir J, Goldberg YP, Hayden MR: Hun-
tington disease: new insights into the rela-
tionship between CAG expansion and dis-
ease. Hum Mol Genet 1996;   5(Spec 
No):1431–1435. 

 178 Legleiter J, Mitchell E, Lotz GP, Sapp E, Ng 
C, DiFiglia M, Thompson LM, Muchowski 
PJ: Mutant huntingtin fragments form 
oligomers in a polyglutamine length-de-
pendent manner in vitro and in vivo. J Biol 
Chem 2010;   285:   14777–14790. 

 179 Markianos M, Panas M, Kalfakis N, Vassi-
lopoulos D: Low plasma total cholesterol in 
patients with Huntington’s disease and 
first-degree relatives. Mol Genet Metab 
2008;   93:   341–346. 

 180 DiFiglia M, Sapp E, Chase K, Schwarz C, 
Meloni A, Young C, Martin E, Vonsattel JP, 
Carraway R, Reeves SA, et al: Huntingtin is 
a cytoplasmic protein associated with vesi-
cles in human and rat brain neurons. Neu-
ron 1995;   14:   1075–1081. 

 181 Trushina E, Dyer RB, Badger JD 2nd, Ure 
D, Eide L, Tran DD, Vrieze BT, Legendre-
Guillemin V, McPherson PS, Mandavilli 
BS, et al: Mutant huntingtin impairs axonal 
trafficking in mammalian neurons in vivo 
and in vitro. Mol Cell Biol 2004;   24:   8195–
8209. 

 182 Chang DT, Rintoul GL, Pandipati S, Reyn-
olds IJ: Mutant huntingtin aggregates im-
pair mitochondrial movement and traf-
ficking in cortical neurons. Neurobiol Dis 
2006;   22:   388–400. 

 183 Gu M, Gash MT, Mann VM, Javoy-Agid F, 
Cooper JM, Schapira AH: Mitochondrial 
defect in Huntington’s disease caudate nu-
cleus. Ann Neurol 1996;   39:   385–389. 

 184 Tabrizi SJ, Cleeter MW, Xuereb J, Taanman 
JW, Cooper JM, Schapira AH: Biochemical 
abnormalities and excitotoxicity in Hun-
tington’s disease brain. Ann Neurol 1999;  
 45:   25–32. 

 185 Panov AV, Gutekunst CA, Leavitt BR, 
Hayden MR, Burke JR, Strittmatter WJ, 
Greenamyre JT: Early mitochondrial calci-
um defects in Huntington’s disease are a di-
rect effect of polyglutamines. Nat Neurosci 
2002;   5:   731–736. 

 186 Choo YS, Johnson GV, MacDonald M, De-
tloff PJ, Lesort M: Mutant huntingtin di-
rectly increases susceptibility of mitochon-
dria to the calcium-induced permeability 
transition and cytochrome c release. Hum 
Mol Genet 2004;   13:   1407–1420. 

 187 Bae BI, Xu H, Igarashi S, Fujimuro M, 
Agrawal N, Taya Y, Hayward SD, Moran 
TH, Montell C, Ross CA, et al: p53 mediates 
cellular dysfunction and behavioral abnor-
malities in Huntington’s disease. Neuron 
2005;   47:   29–41. 

 188 Liang ZQ, Wang XX, Wang Y, Chuang DM, 
DiFiglia M, Chase TN, Qin ZH: Suscepti-
bility of striatal neurons to excitotoxic in-
jury correlates with basal levels of Bcl-2 and 
the induction of p53 and c-Myc immunore-
activity. Neurobiol Dis 2005;   20:   562–573. 

 189 Steffan JS, Kazantsev A, Spasic-Boskovic O, 
Greenwald M, Zhu YZ, Gohler H, Wanker 
EE, Bates GP, Housman DE, Thompson 
LM: The Huntington’s disease protein in-
teracts with p53 and CREB-binding protein 
and represses transcription. Proc Natl Acad 
Sci USA 2000;   97:   6763–6768. 

 190 Ryan AB, Zeitlin SO, Scrable H: Genetic in-
teraction between expanded murine Hdh 
alleles and p53 reveal deleterious effects of 
p53 on Huntington’s disease pathogenesis. 
Neurobiol Dis 2006;   24:   419–427. 

 191 Illuzzi J, Yerkes S, Parekh-Olmedo H, 
Kmiec EB: DNA breakage and induction of 
DNA damage response proteins precede 
the appearance of visible mutant hunting-
tin aggregates. J Neurosci Res 2009;   87:   733–
747. 

 192 Feng Z, Jin S, Zupnick A, Hoh J, de Stanchi-
na E, Lowe S, Prives C, Levine AJ: p53 tu-
mor suppressor protein regulates the levels 
of huntingtin gene expression. Oncogene 
2006;   25:   1–7. 

 193 Ovbiagele B, Nath A: Increasing incidence 
of ischemic stroke in patients with HIV in-
fection. Neurology 2011;   76:   444–450. 

  


