Int J Clin Exp Pathol 2011;4(3):215-229
www.ijcep.com /IJCEP1102006

Review Article
Nuclear transport, oxidative stress, and neurodegeneration

Vivek P. Patelt, Charleen T. Chu?. 2

1Center for Neuroscience at the University of Pittsburgh; 2Department of Pathology, Division of Neuropathology, Uni-
versity of Pittsburgh School of Medicine, Pittsburgh, PA, USA.

Received February 22, 2011; accepted February 27, 2011; Epub February 28, 2011; published March 31, 2011

Abstract: Trafficking of transcription factors between the cytoplasm and the nucleus is an essential aspect of signal
transduction, which is particularly challenging in neurons due to their highly polarized structure. Disruption in the
subcellular localization of many proteins, including transcription factors, is observed in affected neurons of human
neurodegenerative diseases. In these diseases, there is also growing evidence supporting alterations in nuclear
transport as potential mechanisms underlying the observed mislocalization of proteins. Oxidative stress, which plays
a key pathogenic role in these diseases, has also been associated with significant alterations in nuclear transport.
After providing an overview of the major nuclear import and export pathways and discussing the impact of oxidative
injury on nuclear trafficking of proteins, this review synthesizes emerging evidence for altered nuclear transport as a
possible mechanism in the pathogenesis of neurodegenerative diseases. Potential strategies to overcome such defi-
cits are also discussed.
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1. Introduction

Neurons, with their highly polarized biology, face
unique challenges in intracellular trafficking of
signaling proteins. In response to both physiol-
ogic and pathologic stimuli, signals need to trav-
erse dendrites or axon to affect transcriptional
responses in the nucleus-the efficient regula-
tion of which is crucial for neuronal plasticity
and survival [1]. Specifically, bidirectional traf-
ficking of proteins such as transcription factors
between the cytoplasm and the nucleus is a
crucial aspect of signal transduction essential
for the proper regulation of transcription.

Disruption of efficient nucleocytoplasmic trans-
port can significantly impair neuronal function
and lead to neurodegeneration. This review will
focus on emerging evidence that suggests al-
tered nuclear transport as a possible mecha-
nism involved in the pathogenesis of neurode-
generative disorders and briefly discuss poten-
tial strategies to overcome such deficits. A dis-
cussion of the current evidence in the literature
of altered nuclear transport in response to oxi-

dative stress, which is thought to play a signifi-
cant role in the pathogenesis of many neurode-
generative diseases, is also provided.

2. Nucleocytoplasmic transport

2.1 Overview of the classical nuclear protein
import and export cycle

The transport of macromolecules across the
nuclear membrane has been extensively stud-
ied [2-6]. Nuclear transport of proteins occurs
through channels in the nuclear envelope
formed by nuclear pore complexes (NPCs).
NPCs are large supramolecular assemblies
composed of multiple copies of approximately
30 proteins called nucleoporins [3, 7, 8]. Small
proteins (< 40 kDa) do not require active trans-
port and can passively equilibrate across the
nuclear envelope. However, larger proteins re-
quire carrier proteins of the evolutionarily con-
served karyopherin-B family, such as importins
(for nuclear import) and exportins (for nuclear
export), for active transport into and out of the
nucleus [3]. Cargo proteins containing a nuclear



Nuclear transport, oxidative stress, and neurodegeneration

Cytoplasm

Importin-g

Importin-
cargo binding
Importin-a =———  |mportin-a

NLS

s cargo
cargo
cargo release by
GTP hydrolysis
NES
RanGAP cargo

NES
cargo

Import
e —

Nucleus
Importin-8 Importin-g
i R TP
Importin-a cargo release
by RanGTP
NLS
cargo 7~ {mpextin-g
7
1

RanGTP

cargo binding
—
NES

cargo NES
cargo

Figure 1. Simplified model of classical nuclear import and nuclear export. Import through the nuclear pore complex of
cargo containing a classical NLS occurs via importin-a / importin- heterodimer. Nuclear export of cargo containing a
NES occurs with the help of exportins. As noted in the diagram, the gradient of RanGTP and RanGDP across the nu-
cleus is an essential component of this process. See text for details. NE = nuclear envelope, NLS = nuclear localiza-

tion signal, NES = nuclear export signal. Adapted from [120].

localization signal (NLS) are targeted for nuclear
import. There are different types of NLSs, but
the best characterized is the classical NLS,
which is composed of one or two stretches of
positively-charged amino acids [9]. Cargo pro-
teins bearing a classical NLS interact with im-
portin-B through the adaptor protein importin-a
(Figure 1). The interaction between importin-
and the nucleoporins making up the NPC facili-
tates the translocation of the cargo-importin
complex into the nucleoplasm. In the nucleus,
RanGTP (small G protein Ran bound to GTP)
binds to importin- to induce the dissociation of
the complex, releasing the cargo protein.
RanGTP-bound importin-B, or importin-a in com-
plex with RanGTP and the exportin CAS (cellular
apoptosis susceptibility protein), are then recy-
cled back to the cytoplasm where they are re-
leased upon GTP hydrolysis catalyzed by Ran
GTPase activating protein (RanGAP).
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Protein export from the nucleus is mediated by
exportins (e.g. exportin 1 / Crm1) that complex
with RanGTP and cargo containing a nuclear
export signal (NES). Cargo release to the cyto-
plasm occurs upon GTP hydrolysis with the help
of RanGAP (Figure 1). RanGDP is recycled back
to the nucleus with the help of the carrier, nu-
clear transport factor-2 (NTF2). The nucleotide
state of Ran is regulated by two factors - Ran-
GAP and Ran guanine nucleotide-exchange fac-
tor (RanGEF). These Ran regulators are highly
compartmentalized (RanGAP in the cytoplasm
and RanGEF to the nucleus) - resulting in
RanGTP being concentrated in the nucleus.
This gradient is essential in establishing the
directionality of the transport process. In addi-
tion to the classic pathway, evidence of alterna-
tive nuclear transport pathways, such as those
independent of Ran and importins, have re-
cently emerged in the field [3, 10].
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2.2 Additional roles of nuclear transport factors
in neurons

While most studies of nuclear import have util-
ized non-neuronal cells, the vast cellular dis-
tances separating axon terminals from the nu-
cleus of neurons pose additional challenges for
transduction of target-derived signals that clas-
sically promote neuron survival. Indeed, recent
evidence is beginning to highlight new roles for
many nuclear transport factors in overcoming
the spatiotemporal challenges of neurons. Early
work in Aplysia neurons showed that NLS-
targeted proteins injected into distal growth
cones were retrogradely transported along the
axon into the nucleus with the help of the micro-
tubule network [11, 12]. Interestingly, Hanz et
al. found importin-a protein constitutively asso-
ciated with the motor protein dynein (involved in
retrograde trafficking along microtubules) in the
axons of peripheral neurons [13]. In response to
a nerve lesion, importin-B protein levels in-
crease by local translation of axonal MRNA,
leading to the formation of an importin-a/
importin-B/dynein complex that traffics cargo
retrogradely. Furthermore, Ran and its associ-
ated effectors have been shown to regulate the
formation of importin signaling complexes [14].
In response to lesion, axonal RanBP1 (Ran-
binding protein 1) protein levels increase from
local translation of mMRNA and axonal RanGAP is
recruited, which leads to GTP hydrolysis and the
dissociation of axonal Ran from importins. This
allows the newly synthesized importin- to form
a complex with importin-a and dynein. This com-
plex provides the lesioned neuron an efficient
way of transmitting retrograde injury signals
from distal neurites to the nucleus. Although
NLS proteins are targeted to this complex, pro-
teins lacking classical NLS sequences, such as
ERK1/2 can also utilize importins in a vimentin-
dependent manner for retrograde transport in
lesioned nerves [15]. Importins have also been
recently implicated in regulating neuronal differ-
entiation [16], axon guidance [17], and long-
term synaptic plasticity [18].

3. Effects of oxidative stress on nuclear trans-
port

3.1 Oxidant signaling
The subcellular localization of proteins, such as

transcription factors, is a key mechanism in
regulating transcription under both basal and
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stimulus-induced conditions. Many signals, such
as phosphorylation / dephosphorylation, acety-
lation / deacetylation, and oxidative modifica-
tion, can alter the cytoplasmic to nuclear ratios
of proteins - often by regulating interactions
with cytoplasmic anchors and masking or expos-
ing nuclear import and export signals [3, 19-24].
Nuclear factor (erythroid-derived 2)-like 2 (Nrf2)
protein provides an excellent example of a pro-
tein whose subcellular localization is regulated
by such modifications [24]. Under basal condi-
tions, Nrf2 is sequestered in the cytoplasm by
its association with Keapl and is targeted for
proteasomal degradation. However, exposure to
reactive oxygen species (ROS) or electrophiles
leads to oxidation/modification of sulfhydryl
groups in Keapl as well as post-translational
modification of Nrf2 (via activated protein
kinases, PKC and MAPK) - ultimately causing
dissociation of Nrf2 from the Keapl inhibitory
complex and allowing it to translocate into the
nucleus [25-29]. Interestingly, other stimuli that
alter activation of protein kinases, such as se-
rum deprivation, have also been shown to affect
the subcellular distribution of Nrf2 [30]. Nrf2 is
just one such example of a protein whose sub-
cellular localization is regulated by numerous
mechanisms.

The signaling events that occur upon exposure
to ROS have been well studied [31-34]. Such
signaling is essential to activating cellular de-
fense mechanisms to protect against oxidative
injury. Examples of proteins involved in ROS
signaling include Nrf2, NF-kB, p53, FOXO,
ERK1/2, and JNK - which either directly or indi-
rectly regulate gene transcription [21, 34].
Such signaling is especially important in the
brain as it is particularly prone to oxidative dam-
age due to its high level of aerobic respiration
(~20% of the resting total body oxygen) com-
bined with lower levels/activities of antioxi-
dants, such as glutathione, superoxide dismuta-
ses (SOD), catalase, and vitamin E [35-38]. In
addition, elevated levels of iron in regions such
as the substantia nigra can contribute to the
production of the highly reactive hydroxyl radical
(OH) via Fenton chemistry [39, 40]. Dopamine
can undergo autoxidation to form ROS and
quinones/semiquinones, each of which can
derivatize proteins [36, 41]. Mitochondria also
play a major role in producing cellular ROS and
hence impairment in mitochondrial respiratory
chain function, such as decreased complex |
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activity as observed in PD patient brains, can
further increase ROS production [42, 43].

3.2 Nuclear transport alterations in response to
oxidative stress

The oxidative stress hypothesis proposes an
imbalance in cellular levels of ROS, which due
to severe or prolonged exposures overwhelms
the cellular capacity to elicit an antioxidant re-
sponse - leading to cellular damage and ulti-
mately cell death. In addition to oxidative modi-
fication to proteins and lipids, damage to DNA
and subsequent impairment in expression of
genes may also contribute to cellular degenera-
tion. Interestingly, impaired function of tran-
scription factors can affect the success of anti-
oxidant responses to stress. There is increasing
evidence in the literature of disruption in vari-
ous mechanisms of nuclear transport in re-
sponse to oxidative stressors in various models
[44-52]. Given the important role of nuclear
transport of signaling proteins on the regulation
of gene expression, alterations in this process
can have significant consequences for the cell.
The following sections discuss some key find-
ings concerning the effects of oxidative stress
on nuclear transport. Although the models util-
ized by these studies are non-neuronal, the find-
ings are very consistent across the various mod-
els and research groups - suggesting that they
are likely to be relevant to neuron cell biology as
well.

3.2.1 Effects on nuclear import

As previously discussed, proteins over 40 KDa
are actively transported through the nuclear
pore complex across the nuclear envelope.
Hence, the nuclear envelope is an essential
barrier separating the nuclear compartment
from the cytoplasmic compartment. In response
to a high-degree of oxidative stress induced by
diethyl maleate (DEM) (5mM, 4hrs) or hydrogen
peroxide (H202) (20mM, 1hr), there is a break-
down of the nuclear envelope in Hela cells as
indicated by increased levels of B-galactosidase
(normally restricted to the cytoplasm) in the
nucleus and access of lamin B immunoglobulins
to the nuclear lamina in cells treated with digi-
tonin, which permeabilizes the plasma mem-
brane but not the nuclear membrane [44]. The
changes in nuclear membrane integrity ob-
served at these high doses of oxidative stress-
ors may be a consequence of cell death. None-
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theless, lower concentrations of these agents
have been shown to impair nuclear transport
without affecting the structural integrity of the
nuclear envelope [47, 50-52]. Earlier studies
looking at the effects of oxidative stress on nu-
clear transport showed significant alterations in
classical nuclear import. In S. cerevisiase, acute
treatments with H20> (2mM, 10min) and DEM
(2mM, 2hrs) led to the inhibition of nuclear im-
port of NLS-GFP [45]. This study also found that
the small GTPase Gsplp / Ran, a key player in
classical import/export cycle, redistributed to
the cytoplasm - suggesting perturbation of the
Ran gradient as a mechanism explaining im-
paired classical import. Pierce and coworkers
showed in semi-permeabilized aortic smooth
muscle cells that H202 concentration as low as
100upM (1hr) led to impaired import of the fluo-
rescent import substrate BODIPY-BSA-NLS, also
increasing the levels of Ran in the cytoplasm
[46]. This study utilized an in vitro import assay
that takes advantage of the ability of the deter-
gent digitonin to permeabilize membranes rich
in cholesterol (e.g. plasma membrane) while
leaving other membranes (e.g. nuclear mem-
brane) intact [53, 54]. The nuclear envelope
remains in a state competent for studying nu-
clear import of exogenously added substrates
under various experimental conditions. Pierce
and coworkers found that treatment of the nu-
clear import cocktail with H202 but not the per-
meabilized cells themselves led to the nuclear
import defect - suggesting the involvement of
soluble cytosolic factor(s). The group provides
evidence that activation of extracellular signal-
regulated kinase-2 (ERK2) in response to H202
is involved in inhibiting nuclear import in this
model system.

Subsequently, Kodiha et al. carried out a de-
tailed study on the effects of H202> on nuclear
transport factors [47]. Utilizing HelLa cells, they
found significant reduction in nuclear distribu-
tion of NLS-GFP but not of GFP, which is small
enough to passively enter, at H202 doses that
do not affect the integrity of the nuclear enve-
lope (assessed by localization of GFP-3-gal and
inability of lamin B immunoglobulin to access
the nuclear lamina). Interestingly, as opposed to
the study by Pierce and coworkers, treatment
with an inhibitor of MEK/ERK1/2 signaling
(PD98059) did not reverse the nuclear import
inhibition. Kodiha et al. also report various al-
terations in Ran: (1) increased in the cytoplasm,
consistent with other reports, (2) increased deg-
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radation, (3) reduced efficiency in recycling
back to the nucleus, and (4) reduced ratio of
RanGTP to RanGDP. The authors also report
alterations in other soluble nuclear transport
factors: (1) decreased levels of importin-f in the
cytoplasm and at the nuclear periphery, (2) relo-
cation of Nup153, an important component of
the NPC that regulates functions such as nu-
clear pore basket formation, (3) reduced dock-
ing of importin-o/importin-B/cargo complex at
the nuclear envelope, and (4) increased degra-
dation of importin-f and Nup153. These effects
are somewhat selective as the subcellular local-
ization of Hsc70 and lamin B and the proteoly-
sis of nucleoporin p62 are not altered. Given
the important roles of these transport factors in
nuclear transport, such alterations are expected
to have significant consequences for nuclear
transport of cargo in stressed cells. Miyamoto et
al. also showed that Hela cells treated with
H202 (200M, 30min) show increased importin-o
in the nucleus [48]. This group showed that in-
troducing exogenous recombinant importin-a,
but not importin-B, in stressed cells partially
reduced the nuclear import defect of NLS-GFP.
They also found a breakdown of the Ran gradi-
ent across the nucleus. The results of this study
suggest that impaired nuclear export of importin
- leads to its retention in the nucleus. In addi-
tion to using H202 as an oxidative stressor, a
few studies have also utilized DEM to induce
oxidative stress. DEM reduces glutathione lev-
els, leading to an increase in ROS levels [55,
56]. HelLa cells treated with DEM exhibited a
significant impairment in nuclear import of NLS-
GFP and GR-GFP at DEM concentrations (2mM,
4hrs) that did not affect the structural integrity
of the nuclear envelope [50]. Interestingly, no
breakdown in the Ran gradient was observed at
this concentration of DEM, however at higher
doses (bmM) a gradient collapse was observed.
The authors found that importin-a and CAS lev-
els were increased in the nucleus along with
Nup153, Nup88, and Nup50. An increase in
large complex formation of importin-o/Nup153/
Nup88 in response to stress is suggested as a
mechanism that leads to their increased local-
ization in the nucleus. Depletion of cytoplasmic
importin-a would reduce the efficacy of importin
-dependent nuclear import.

3.2.2 Effects on nuclear export

Given the significance of the Ran gradient
across the nucleus for the import/export cycle
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and the importance of nucleoporins, such as
Nup153, in maintaining the integrity of the NPC,
alterations in their levels or localizations may
have significant consequences for nuclear ex-
port as well. Crampton et al. carried out a de-
tailed study on the effects of DEM (2mM, 4hrs)
on nuclear export in HelLa cells [52]. Using a
NES-tagged substrate, the authors found that
DEM caused its increased levels in the nucleus.
Nup358, involved in Crmi1-dependent nuclear
export, was found to be reduced at the nuclear
envelope whereas Crm1 and other nucleoporins
involved in nuclear export (e.g. Nup214 and
Nup62) were increased at the nuclear mem-
brane. Oxidative stress also caused altered in-
teractions between Crml1 and various nucleo-
porins and also between Ran and Crm1. Fur-
thermore, the exit of Crm1 out of the nucleus
was reduced in response to stress. In all, these
results strongly suggest a significant alteration
of nuclear export in DEM-stressed Hela cells.

3.2.3 Possible mechanisms involved in nuclear
transport defects

The specific mechanisms involved in the various
alterations in levels and localization of nuclear
transport factors still remain to be determined.
A few studies have tried to address this issue. A
key finding in some studies seems to be the
collapse of the Ran-GTP gradient across the
nucleus in response to oxidative stress, at least
under high, acute toxicity paradigms. Work from
Yasuda et al. have suggested that a decrease in
the cellular ATP levels in response to H20o-
stress in Hela cells causes a collapse of the
Ran gradient [49]. ATP-depleting agents were
able to reproduce this effect and introduction of
exogenous ATP in stressed cells was able to
restore the Ran gradient. Furthermore, as sug-
gested by Pierce and coworkers in their study of
aortic smooth muscle cells stressed with H202,
a recent study by the Stochaj group examined
the signaling events that impact classical nu-
clear import [51]. Utilizing DEM as their model
of oxidative injury, they found that inhibition of
MEK/ERK1/2 signaling (PD98059) reduced the
impairment in nuclear import. Furthermore, they
also found that stress-induced changes in the
level and localization of some transport factors,
importin-a and various nucleoporins, were sen-
sitive to alterations in MEK and/or PI3K signal-
ing cascades. However, their earlier paper sug-
gested that MEK signaling is not involved in the
inhibition of nuclear import seen with H>02 [47].
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Hence, the role of these signaling cascades in
explaining the nuclear import defects in other
model systems is unclear.

Alterations in post-translational modifications of
various nuclear transport factors have also
been reported [51, 52]. In response to DEM-
induced oxidative stress, an increased phos-
phorylation of importin-&, CAS, Nup88, and
Nup153 as well as increased O-glycosylation of
Nup153 was observed [51]. Furthermore, simi-
lar stress caused increased phosphorylation of
Nup98, Nup62, and Nup214 as well as in-
creased O-glycosylation of Nup62 and Nup214
[52]. The consequences of such modifications
are unknown; however it is possible that they
can affect protein stability and/or interactions
with key proteins - leading to their altered lev-
els, localization or function.

4. Neurodegeneration and nuclear transport

4.1 Oxidative stress and altered gene expres-
sion in neurodegeneration

Neurodegenerative disorders, such as Parkin-
son’s disease (PD), Alzheimer’s disease (AD),
Huntington’s disease (HD), and amyotrophic
lateral sclerosis (ALS) are associated with spe-
cific alterations in gene expression in affected
neurons [57-59]. A common change among the
various disorders includes an up-regulation of
genes involved in cellular stress responses,
such as oxidative stress, which may reflect com-
pensatory changes that nevertheless fail to res-
cue the neurons in the long run. Analysis of post
-mortem brains of various neurodegenerative
disorders shows a significant amount of oxida-
tive damage. There are increases in markers of
lipid oxidation, such as malondialdehyde and 4-
hydroxy-2-nonenal, compared to age-matched
controls [60-65]. In addition, there is an in-
crease in oxidative damage of proteins, such as
carbonyl modifications as well as cross-linking
and fragmentation [62-67]. Oxidative damage to
DNA is also observed in degenerating brains as
evidenced by an increase in 8-oxodeoxyguanine
levels in nuclear and mitochondrial DNA com-
pared to age-matched controls [62-65, 68-70].

Evidence of the primary role of oxidative stress
in the pathogenesis of many neurodegenerative
diseases also comes from genetic and environ-
mental models [63-65]. For example, in the
case of PD, mutations or deficiency of proteins
such as a-synuclein, Parkin, PINK1, DJ-1, and
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LRRK2, have been shown to increase suscepti-
bility of cells to oxidative stress-mediated cell
death [71-73]. Parkinsonian toxins such as, 6-
hydroxydopamine (60HDA), 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine  (MPTP), rotenone,
and paraquat, are extensively utilized models of
PD involving mitochondrial dysfunction, genera-
tion of ROS and neuronal cell death [74].

4.2 Altered subcellular localization of proteins
in neurodegeneration

As previously mentioned, a key mechanism in
the regulation of many transcription factors is
their subcellular distribution. Activated tran-
scription factors undergo nuclear translocation
where they can regulate gene expression. Im-
pairments in the subcellular distribution of sig-
naling proteins, including transcription factors,
are documented in neurodegenerative diseases
[75]. Examples of proteins that show such al-
terations in their subcellular localization include
Nuclear factor-kappa B (NF-kB), ERK1/2, acti-
vating transcription factor 2 (ATF2), TAR DNA
binding protein 43 (TDP-43), p53, sma/mothers
against decapentaplegic (Smad), E2 promoter
binding factor 1 (E2F1), Nrf2, and cyclic AMP
response element-binding protein (CREB) [75].
Specifically, analysis of post-mortem brains
show increased cytoplasmic ATF2 levels in AD
[786], cytoplasmic aggregates of pCREB and lack
of nuclear pCREB in PD [77], reduced nuclear
localization of Nrf2 in AD [78], and increased
cytoplasmic:nuclear ratios of TDP-43 in fronto-
temporal lobar degeneration (FTLD) and ALS
[79]. Other and more detailed examples of pro-
tein mislocalization observed in human neu-
rodegenerative disease tissues were previously
reviewed [75].

There are likely to be numerous mechanisms
that could explain the altered subcellular distri-
butions of proteins in degenerating neurons. A
key mechanism for which there is increasing
evidence is impairment in nucleocytoplasmic
transport. The role of NPCs and nuclear trans-
port has been investigated in a number of hu-
man diseases, such as neoplasms, viral infec-
tions, primary biliary cirrhosis, and triple A syn-
drome [80, 81]. Recently, their role in the patho-
genesis of neurodegenerative disorders has
begun to be elucidated. Aging, an independent
risk factor for many neurodegenerative disor-
ders, has also been associated with impair-
ments in nuclear transport [82-85]. What fol-
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lows below is a discussion of the current evi-
dence in the literature that suggests an altera-
tion in nuclear transport as a potential common
mechanism of neuronal degeneration in neu-
rodegenerative disorders.

4.2.1 Parkinson’s Disease (PD)

Toxin models have been instrumental in under-
standing the pathologic mechanisms that are
involved in neuronal degeneration seen in PD. 6
-hydroxydopamine (60HDA) is an analog of cate-
cholamine neurotransmitters that is widely used
to model PD-relevant oxidative stress. 60HDA is
taken up into cells by dopamine and norepi-
nephrine reuptake transporters where it demon-
strates an early autoxidation phase of ROS pro-
duction and also elicits a delayed phase of mito-
chondrial ROS production [86]. Although used
as an exogenous neurotoxin, 60HDA can be
formed from dopamine oxidation in vivo, with
elevated body fluid levels in patients treated
with L-Dopa [87, 88].

Altered subcellular localization of pCREB and
pERK1/2 has been observed in dopaminergic
neurons of the substantia nigra in PD brains
[77, 89]. Previous work from our lab has shown
that 60HDA also causes abnormal cytoplasmic
accumulations of pERK1/2 in cultured cells
[90], accompanied by decreased nuclear levels
of GFP-ERK2 [91]. As discussed above, MEK/
ERK1/2 signaling may contribute to oxidative
impairment of nuclear import in non-neuronal
models. As ERK1/2 activation contributes to
cell death in the 60HDA as well as MPP+ mod-
els [93, 94], the potential effects of ERK1/2 on
nuclear trafficking remain to be determined in
these contexts.

There are also decreases in the nuclear to cyto-
plasmic ratios of pCREB in response to 60HDA-
induced oxidative stress in SH-SY5Y cells, a hu-
man neuroblastoma-derived dopaminergic cell
line, and in primary midbrain neurons [77].
CREB-regulated gene transcription, which is
important for axon growth and neuronal sur-
vival, was also repressed in 60HDA treated
cells. Impaired gene transcription in response to
60HDA-stress was reversed by cAMP treatment,
which bypasses the requirement for nuclear
import [92]. This suggests that impairment in
nucleocytoplasmic trafficking of CREB could
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result in the impaired gene expression that is
observed in 60HDA-stressed cells.

4.2.2 Alzheimer’s Disease (AD)

Early ultrastructural studies comparing normal
and AD brains revealed significant nuclear
changes in both tangle-bearing and nearby neu-
rons lacking paired helical filaments. These in-
clude irregularities in the nuclear membrane
and aggregation of nuclear pores [95, 96].
These studies suggest that the interface be-
tween the cytoplasm and the nucleus is altered
in AD. A recent study by Sheffield et al. further
examined in detail the effects on NPC in neu-
rons with and without tangles in control and AD
cases [97]. In both CA1 and CA4 hippocampal
neurons of AD patients, there was a significant
increase in nuclear irregularity compared to
control as assessed by nucleoporin p62 stain-
ing. Furthermore, although not statistically sig-
nificant, the irregularity was more frequently
observed in tangle-bearing neurons. These
changes were not associated with markers of
apoptosis (active caspase-3 and TUNEL), sug-
gesting that this effect is not a result of the
apoptotic process. Interestingly, the authors
also found that NTF2, a key transport factor for
nucleocytoplasmic trafficking, accumulated in
the cytoplasm of some hippocampal neurons
(regardless of the presence of tangles) in AD
cases but not in control cases. This finding sug-
gests a possible impairment in nucleocytoplas-
mic trafficking in affected neurons of AD.

Zhu and colleagues examined the localization of
importin-al in AD cases and found that it local-
ized to Hirano bodies, which are rod-shaped
inclusions that contain actin and actin-
associated proteins, and not in neurofibrilary
tangles or amyloid-B plaques in hippocampal
CA1 neurons, compared to the diffuse cytoplas-
mic localization of importin-a1 in age-matched
controls [98]. Interestingly, the authors did not
find importin-al localization in Lewy bodies of
PD or Pick bodies in Pick disease, suggesting
some specificity of this effect to AD. Importin-a
is a key player in nucleocytoplasmic transport
and the mislocalization of this protein, which is
also observed upon oxidative injury as previ-
ously discussed, can have significant conse-
quences for cell survival. The Jordan-Sciutto lab
examined Nrf2 nuclear localization in AD versus
PD cases, finding that hippocampal neurons in
AD show cytoplasmic Nrf2 accumulation with
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loss of nuclear staining, which was not seen in
the hippocampus or midbrain of PD cases [78].

4.2.3 Amyotrophic Lateral Sclerosis (ALS)

Recently, there has been a substantial amount
of evidence that suggests alterations in nuclear
transport as one of the key mechanisms in-
volved in neuronal degeneration in ALS. Kusaka
and coworkers have carried out a couple of de-
tailed studies examining nuclear membrane
integrity and localization of nuclear transport
factors in ALS [99, 100]. In a common trans-
genic mouse model of ALS (G93A mutation in
superoxide dismutase 1 (SOD1)), the authors
observed decreased immunoreactivity for im-
portin-a and importin-3 in the nucleus and an
increase in the cytoplasm for a subset of ante-
rior horn cells compared to control mice [100].
Strong reactivity was also observed for Lewy
body-like hyaline inclusions (LBHIs). Histone H1,
which exhibits importin-B-dependent nuclear
transport, also showed increased cytoplasmic
levels in affected neurons. It was observed that
with disease progression, importin-3 levels be-
gan to accumulate in the cytoplasm, while de-
creasing in the nucleus of the anterior horn
cells. Importantly, these findings were not asso-
ciated with the apoptotic process as assessed
by caspase-3 staining. These results suggest
alterations in nuclear transport in affected neu-
rons.

The localization of beta-catenin, which exhibits
importin-B-independent nuclear transport, was
also examined in this study [100]. The results
showed increased levels in the cytoplasm and
decreased levels in the nucleus in affected an-
terior horn cells compared to control. Hence, in
addition to effects on importins, it is possible
that abnormal function of NPCs also account for
the mislocalization of other proteins observed in
degenerating neurons. Kusaka and coworkers
examined NPCs in degenerating neurons of ALS
[99], analyzing nuclear integrity by staining for
nucleoporin p62. In contrast to control cells,
which showed smooth nuclear contours, ante-
rior horn cells of the transgenic mice showed
irregular, tortuous nuclear contours with ruffled
edges. With disease progression, the percent-
age of cells showing irregular nuclear contours
increased. This effect was seen even in pre-
symptomatic stages and was not associated
with apoptosis. Furthermore, analysis of both
familial (fALS) and sporadic ALS (sALS) patient
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cases showed irregular nuclear contours as
well. The affected neurons in sALS also lacked
importin-B immunoreactivity in the nucleus,
which is consistent with the results seen in the
mouse model of ALS [100]. These data from
mice model of ALS as well as post-mortem brain
show significant alterations in the nuclear trans-
port machinery and hence strongly suggests
impaired nuclear transport as an important
mechanism in anterior horn cell degeneration.

Mutations in the fused in sarcoma (FUS) gene
are associated with familial ALS. FUS undergoes
nucleocytoplasmic shuttling and regulates func-
tions such as transcription and mRNA splicing
[101]. Interestingly, some of the fALS-
associated mutations in FUS are localized to the
c-terminal NLS [102, 103]. Recent studies have
shown that these mutations are sufficient to
impair the nuclear localization of FUS and there-
fore explain its increased levels in the cyto-
plasm where it is recruited into stress granules,
which are thought to play a key role in disease
pathogenesis [102, 103]. The degree of impair-
ment in nuclear import was also found to corre-
late with the age of disease onset [102]. These
studies provide evidence of a specific protein
whose impaired nuclear transport has signifi-
cant consequences for cell survival and disease
pathogenesis.

4.2.4 Huntington’s (HD) and other Polygluta-
mine Diseases

The Huntingtin (Htt) protein has been shown to
be important for functions such as transcription
and intracellular transport [104]. Since one of
the hallmarks of HD, as well as other polygluta-
mine diseases, is increased levels of the poly-
glutamine-expanded proteins in the nucleus,
alterations in transcription is thought to be a
key factor in the toxicity of these mutant pro-
teins. How levels of mutant Htt increase in the
nucleus are still unknown although a number of
studies have suggested possible mechanisms
[105]. One such possibility includes reduction in
the nuclear export of Htt. Li and coworkers
showed that polyglutamine expansion of N-
terminal Htt fragments reduces its interaction
with a nuclear pore protein, Tpr, which is in-
volved in its nuclear export [106]. Polyglutamine
expansion of other proteins, such as ataxin-3
and ataxin-7 (which are linked to spinocerebel-
lar ataxias type 3 and 7, respectively), have
been shown to reduce their rate of nuclear ex-
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port, hence explaining in part their increased
nuclear localizations [107, 108]. Furthermore,
live-cell imaging studies examining dynamics of
polyglutamine-expanded proteins, including vari-
ous ataxins and Htt, show that these proteins
have reduced dynamics - suggesting that they
may also have reduced rates of nucleocytoplas-
mic transport [107, 108].

The Htt protein contains many HEAT repeat do-
mains, which are also found in importin-3 and
are essential for binding to FG-repeat nucleo-
porins [109, 110]. Hence, it has been sug-
gested that Htt may also function as a nuclear
transport factor. Recent work form Kennedy and
coworkers has shown that Htt promotes the
synaptic-to-nuclear transport of NF-kB and that
polyglutamine expansion of Htt impairs this
function [111]. Whether Htt truly functions like
importin-B by carrying other NLS-containing
cargo from the synapse to the nucleus is yet to
be determined. In addition, cell culture and
transgenic mice models of polyglutamine-
expanded Htt show distortions in the nuclear
envelope as well as an increase in the cluster-
ing of nuclear pores [112, 113]. Deformed nu-
clear envelopes have also been observed in a
cellular model of spinocerebellar ataxia type 1
and 3 [114, 115]. Although these structural
changes are interesting, whether or not they
cause functional consequences for nuclear
transport is not known.

In Dentatorubral-pallidoluysian atrophy (DRPLA),
which results from polyglutamine-expansion of
atrophin-1, abnormal phosphorylation of the
nuclear membrane has been noted in dentate
nucleus neurons, as determined by increased
staining with anti-phosphoserine antibody
[116]. Analysis of affected cerebellar granule
cells showed nuclear membrane indentations
amongst other changes in nuclear morphology
[117]. Given that alterations in the nuclear
membrane morphology are seen in many of the
polyglutamine diseases, it is possible that al-
tered NPC function and nuclear transport may
be a common mechanism of neuronal degen-
eration resulting from the toxicity of polygluta-
mine-expanded proteins.

4.2.5 Other neurodegenerative disorders
There are examples of altered nuclear transport

in other neurodegenerative diseases as well. In
Friedreich’s ataxia (FRDA), an impaired nuclear
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translocation of Nrf2 in response to oxidative
stimulus was seen in cultured fibroblasts from
patients with FRDA compared to control fibro-
blasts [118]. Reduced expression of Nrf2-
targeted genes, which are important for the an-
tioxidant defense of cells, was also observed.
An immortalized neuronal cell culture model of
FRDA recapitulated these findings [118]. In
FTLD as well as ALS, the cytoplasmic localiza-
tion of TDP-43 is thought to play a key role in
neuronal degeneration. Rogelj and coworkers
first showed that knockdown of importin-31 or
CAS resulted in cytoplasmic accumulation of
TDP-43 in various cell lines and primary neu-
ronal cultures [119]. Interestingly, they found
reduced levels of CAS and also importin-a2 in
brains of patients with TDP-43-positive FTLD.
These results suggest that perhaps impaired
nuclear import may result in increased levels of
TDP-43 in the cytoplasm of affected neurons in
FTLD.

5. Concluding remarks

Examination of data from both human tissue
and disease model studies relating to several
neurodegenerative diseases shows a common
theme implicating alterations in nucleocytoplas-
mic transport (Figure 2). Much of the evidence
presented comes from static analysis of degen-
erating neurons. To elucidate the specific
mechanisms involved in such impairments re-
quires extensive study in model systems, and
likely require kinetic studies as well as molecu-
lar manipulations. Oxidative stress has been
shown to significantly alter nucleocytoplasmic
transport in a variety of non-neuronal model
systems (Figure 2), but it is unknown whether
such mechanisms are also observed in neu-
rons, which are quite susceptible to oxidative
stress. Hence, examining nucleocytoplasmic
transport in well-designed oxidative models of
neuronal injury is a very exciting avenue for fu-
ture studies in the field of neurodegeneration.

In many of the cases, particularly acute toxicity
models, the observed nucleocytoplasmic traf-
ficking impairment appears to arise from global
mechanisms that likely affect the transport of
many different types of cargo. These include
breakdown of the Ran gradient or bioenergetic
depletion. Such indications may suggest target-
ing nuclear transport in general as a possible
therapeutic strategy. There are, however, nu-
merous contraindications to such an approach,
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Figure 2. Summary of the major findings of alterations in nuclear transport in models of oxidative stress and in neu-
rodegenerative diseases. (1) Increased cytoplasmic distribution of Ran is a common finding in many of the studies of
oxidative injury, however nothing is known about its distribution in affected neurons of neurodegenerative diseases.
Other changes in Ran are also observed in oxidative stress models (see text). (2) Nucleoporins, which make up the
NPC, also show changes in response to oxidative injury such as mislocalization, altered levels, and post-translational
modifications. Some evidence of post-translational modification of nuclear envelope proteins exists in DRPLA, how-
ever nothing is known in other neurodegenerative diseases. (3) Nuclear transport factors, such as importins and
exportins, show significant changes in their distributions, levels, and interactions in response to oxidative stress.
Some evidence of the same is also found in various neurodegenerative diseases, such as AD, ALS, and FTLD. (4)
Overt damage to the nuclear envelope is observed at high concentrations of oxidative stressors, which likely is an end
-stage effect of cell death. However, interesting structural changes (e.g. irregular contours) in the nuclear envelope
have been observed in many neurodegenerative diseases. The functional consequences of such changes are not
known. NPC = nuclear pore complex, AD = Alzheimer’s disease, ALS = Amyotrophic lateral sclerosis, HD = Hunting-
ton’s disease, FTLD = Frontotemporal lobar degeneration, DRPLA = Dentatorubral-pallidoluysian atrophy.

at least in the context of neurodegenerative
diseases. First, there are not many agents that
can selectively target the NPCs and nuclear
transport on a more general level [80]. Further-
more, altering the global nuclear transport proc-
ess would have too many nonspecific effects
given how common this process is for cellular
function. It would most likely result in cellular
toxicity. Therefore, such agents may be more
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suited for cancer therapeutics and for other
disorders where there is abnormal cellular
growth.

A better strategy for neurodegenerative disor-
ders might be to target specific proteins whose
mislocalization is associated with neuronal de-
generation. For example, degenerating substan-
tia nigra neurons in PD showed preserved Nrf2
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nuclear localization [78] but decreased nuclear
localization of factors involved in trophic signal-
ing [77, 90], suggesting selective alterations in
the nuclear transport of subsets of transcription
factor. Targeting the activation and/or subcellu-
lar localization of specific pathways would mini-
mize potential toxicity resulting from nonselec-
tive effects of modulating global nuclear trans-
port. For diseases where key proteins are mislo-
calized, such as pCREB in PD, TDP-43 in ALS
and FTLD, and Nrf2 in AD and FRDA, targeting
their localization to the correct subcellular com-
partment could help delay or even reverse neu-
ronal degeneration. For diseases where mutant
proteins have a toxic gain of function, such as
the polyglutamine-expanded proteins in the nu-
cleus, perhaps preventing their accumulation in
these compartments is the strategy of choice.
Pharmacological agents for the above-
mentioned strategies are limited, however, and
therefore future studies are needed to focus on
the development of agents that can specifically
accomplish these goals.
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