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Abstract

The glucose regulated protein 78 (GRP78), also known as BiP, is the endoplasmatic reticulum (ER) homologue
of HSP70, which plays a dual role in the ER by controlling protein folding, in order to prevent aggregation, and
by regulating the signaling of the unfolded protein response (UPR). Most neurodegenerative disorders including
Parkinson’s, Alzheimer’s diseases and progressive retinal degeneration are characterized by activation of the
UPR and modified expression of GRP78. The expression levels and activity of GRP78 are altered with age raising
the question of whether the lack of GRP78 could be a predisposing factor for many neurodegenerative disorders
associated with age including PD, Alzheimer and Age-related macular degeneration. Attempts to induce or upregulate
GRP78 in animal models of neurodegeneration have recently been made with the help of pharmacological BiP
protein Inducer X (BIX) and GRP78 cDNA delivery via adeno-associated virus (AAV) vectors. The results of these
studies validate GRP78 as a new therapeutic target for treatments of forebrain ischemia, Parkinson disease and
retinal degeneration. These data, together with the results from age-related studies, highlight the importance for
developing drugs to induce elevation of endogenous GRP78 in order to increase cellular survival and extend

functional longevity.
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Introduction

Neurodegeneration refers to the processes whereby damaged
neuronal cells deteriorate and eventually die. Most neurodegenerative
disorders including Parkinson’s, Alzheimer’s diseases and progressive
retinal degeneration (RD) are characterized by activation of the
Unfolded Protein Response (UPR) and the accumulation of the
intracellular or extracellular aggregations of misfolded proteins or
mutated gene products [1-6]. Glucose regulated protein 78 (GRP78),
also known as BiP, is a key mediator of the UPR. Accumulation of
unfolded proteins within the ER leads to dissociation of GRP78 from
three “stress sensor” proteins, including Activating Transcription
Factor 6 (ATF6), Inositol Requiring protein 1 (IRE1) and PKR-like
Endoplasmic Reticulum Kinase (PERK), thereby inducing their
activation. Once activated, the UPR can proceed through two phases:
pro-survival (early) and pro-apoptotic UPR (late). If the original stress
isnotresolved, apoptotic responses are activated involving a subsequent
crosstalk between the ER and mitochondria leading to apoptosis [7,8].
For this reason, ER stress is considered to be a common mediator of
apoptosis in neurodegenerative disorders.

Apoptosis is known to be a common feature of degenerative
neurons. Activation of apoptotic pathways leads to accelerated neuronal
loss and to the progression of disease symptoms [9-12]. Therefore,
identification of mechanisms that either promote or prevent neuronal
apoptosis may provide a new therapeutic approach for averting and/or
treating neurodegenerative disorders.

Structure and Function of GRP78/BiP

GRP78 is the ER homologue of HSP70 proteins and contains
a KDEL ER-retention signal, as well as a conserved ATPase domain
and a peptide-binding domain [13]. It plays a dual role in the ER,
functioning as a resident chaperone regulating protein folding and
preventing aggregation while also regulating signaling within the UPR.

As a chaperone, GRP78 recognizes and binds hydrophobic residues in
the unfolded regions of proteins [14].

GRP78 belongs to the large ER chaperone network along with
other molecular chaperones including GRP94, PDI, ERp72, GRP170/
ORP150, CaBPl (calcium binding protein), cyclophilin B and
SDF2-L1, which processes unfolded protein substrates [15]. GRP78
doesn’t localize exclusively to the ER and under specific circumstances,
such as development of drug resistance and cell transformation, it
has been shown to re-locate to the cell membrane [16]. In addition
GRP78 has recently been shown to exist as a splice variant (GRP78va)
that is specific to cancer cells and which lacks the N-terminal ER
localization sequence. It has been shown that the GRP78va localizes to
the cytoplasm, where it can potentially interact with many other client
proteins [17]. Finally GRP78 has been reported to translocate to the
mitochondria [18], where it can potentially regulate mitochondrial
functions such as energy balance and help maintain mitochondrial
homoeostasis, especially under conditions of ER stress [17].
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GRP78/BiP in Parkinson’s Disease and Retinal Degen-
eration

A growing body of evidence now indicates that the level and
localization of GRP78 is altered in different models of Parkinson’s
disease (PD). For example, in a rabbit model of PD it has been
demonstrated that GRP78 translocates from the ER to the nucleus and
cytosol in response to treatment with 400 nm of MPP*. This treatment
also leads to a marked reduction in TH-positive cells in the substantia
nigra pars compacta (SNc) [19]. Similarly, in the SH-SY5Y cell model,
treatment with MPP* leads to a down-regulation of GRP78 mRNA
[20], while treatment of the same cells with 6-OHDA has the opposite
effect [20,21].

Retinitis pigmentosa (RP) is considered to be a progressive
neurodegenerative disorder [22]. As already mentioned, there have
been reports of GRP78 perturbations in animal models of RD. For
example, in the RP mouse model affected by expression of mutant
rhodopsins we have demonstrated an increase in both GRP78 mRNA
and protein [5,6,23]. Recently in a mouse model of light-induced RD it
has been revealed that the induction of GRP78 mRNA is divided into
two phases: early UPR and late UPR [4]. This suggests that the early
UPR signaling can suppress ER stress and restore ER homeostasis, but
that prolonged ER stress may be so severe that the UPR cannot restore
ER homeostasis, thus instead leading to apoptotic cell death [4]. In rd1
mice carrying a nonsense mutation in the gene coding for the f subunit
ofthe rod photoreceptor-specific cGMP phosphodiesterase 6 (PDE6-p),
expression of the GRP78 protein was shown to be modulated in a time-
dependent manner and peak GRP78 induction corresponded with its
localization to the outer or inner layer of the photoreceptors [24].

GRP78/BiP and Aging

As a consequence of aging, the balance between the protective and
pro-apoptotic signaling in the UPR shifts. The protective, pro-survival
arm of the UPR is thus significantly reduced, while the pro-apoptotic
arm becomes more prominent with age [25-27]. Such changes are
accompanied by structural alteration in the ER. One such change is
seen in the rough ER, where young neurons are characterized by highly
ordered parallel cisternae which become gradually more dispersed
with age [28]. The age-related declines in important UPR chaperones,
enzymes and the changes in the ER structure significantly affect the
ability of the ER to maintain proper protein folding and ultimately
control ER homeostasis. This age-related breakdown in ER function
is believe to occur at least in part due to the impairment of key ER
resident chaperones and enzymes such as BiP, PDI, calnexin and
GRPY4, through oxidative “wear” during the aging process [29].

In old (20-24 months) mice a 20% decrease in BiP ATPase activity,
as compared to young (3-5 month) mice, has been demonstrated and
is consistent with a 2-fold increase in the carbonylation of GRP78.
This observation supports the hypothesis that the loss of ER chaperone
activity to oxidative damage is in turn responsible for the decline of
tissue function that occurs in normal aging and in age-related diseases
[29]. In another study by Erickson et al. a marked decline of up to 73%
in GRP78 mRNA is described in old (900 day-old) vs. young (21day-
old) Sprague-Dawley rats suggesting that the loss of GRP78 activity
and the associated (age-related) physiological declines occur at both
the protein and transcript levels [30].

Examination of the existing literature highlights the fact that both
the expression levels and activity of molecular chaperones as well
as the ER structure are modified with age and raises the question of

whether the loss of GRP78 function could be a predisposing factor
for many neurodegenerative disorders associated with age including
PD, Alzheimer, Age-related macular degeneration and other forms
of RD. This opens up a possible future, in which pharmacological
manipulation of GRP78 in elderly patients could result in a slowdown
of aging and it’s associated neurocognitive declines, and an extension
of functional life span through the elimination of neurodegenerative
diseases.

Therapeutic Modulation of GRP78/BiP in Animal
Models of Neurodegenerative Disorders

Thereis along history of attempts to validate GRP78 as a therapeutic
target for the treatment of neurodegenerative diseases. In the MPTP
mouse model of PD it has been demonstrated that administration of
2-deoxy-D-glucose (2-DG; a nonmetabolizable analogue of glucose)
leads to reduction in the damage to dopaminergic neurons in the SN
and improvement of behavioral outcomes [31]. The 2-DG treatment
has been found to suppress oxidative stress, preserve mitochondrial
function, and attenuate cell death in cultured dopaminergic cells
exposed to the complex I inhibitor rotenone or Fe** [31]. Interestingly,
the mechanism by which 2-DG acts as a therapeutic agent in
dopaminergic cells has been found to be associated with induction of
GRP78, suggesting the involvement of this cytoprotective protein in
the neuroprotective actions of 2-DG.

Recently, the application of a selective inducer of BiP, BiP
Inducer X (BIX), was tested in animals [4,32-34]. It was shown that
in gerbils with global transient forebrain ischemia BIX significantly
induced GRP78 expression. Furthermore pretreatment with BIX via
intracerebraventricular injection at 10 or 40 mg protected from cell
death and significantly reduced the number of TUNEL-positive cells
in the hippocampus. This study also demonstrated that BIX could be
used to prevent a wide spectrum of neuronal damage associated with
apoptosis and pointed to GRP78 as a potentially potent therapeutic
target for pharmacological manipulation of neuronal cell damage in
the brain. A subsequent study by the same group [32] demonstrated
that intracerebroventrical injection of 20 ug of BIX administered at
either 5 min or 3 h post- middle cerebral artery occlusion (MCAO)
reduced both infarct volume and brain swelling. Additionally, BIX
was also demonstrated to have anti-apoptotic and neuroprotective
effects against acute ischemic neuronal damage [32]. The same study
however showed that BIX injection at 6 h post-occlusion did not have
a protective effect, suggesting a limited, early window for therapeutic
intervention via GRP78-inducing drugs.

The BIX molecule was also recently tested in mouse models of
RD [4,34]. In the RD mouse model induced by intravitreal injection
of tunicamycin or NMDA, intravitreal injection of BIX (5 nmol) was
demonstrated to significantly induce GRP78 expression, and was found
to reduce both retinal cell death and CHOP protein expression in
retinal ganglia cells. The same group [4] later proposed that treatment
with the ER stress inhibitor BIX, also results in the induction of GRP78
mRNA, and a reduction of both pro-apoptotic CHOP expression and
photoreceptor cell death in the mouse model of light-induced RD.
This indicates that excessive ER stress may induce photoreceptor cell
death in light-exposed retina via activation of the CHOP-dependent
apoptotic pathway and also implies that ER stress may play a pivotal
role in light-induced retinal damage [4].

Attempts to find regulators of ER stress have been ongoing and
recently methoxyflavones, a family of flavonoids, have been revealed to
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have a strong protective effect against enhanced ER stress [35]. It has
been demonstrated that pre-treatment with tangeretin in MPTP-treated
mice enhanced the expression of GRP78 in the SNc¢ and protected
dopaminergic neurons against MPTP; a neurotoxin that induces both
oxidative and ER stress. These results suggest that methoxyflavones
could be used as regulators of ER stress thus further identifying this
cellular process as a therapeutic target for the treatment of a wide range
of associated pathologies including PD and RD [35].

In the past we have also made attempts to validate GRP78s’
potential as a therapeutic target for the prevention of neuronal cell
death. We first demonstrated that the visual function of degenerative
photoreceptors could be restored by over-expression of GRP78 in RD
photoreceptors [36].

Initially we found that rats with autosomal dominant RP (ADRP)
arising from the P23H mutation in rhodopsin experienced UPR
activation during RD progression. This mutation is known to cause
misfolding of opsin and decreased association of 11-cis retinal, leading
to an aberrant visual cycle and retinal degeneration. This process is
accompanied by UPR activation and up-regulation of all three branches
of UPR signaling. We observed that the level of the 50 kDa cleavage
product of pATF6 is nearly 2.7-fold higher in ADRP rats as compared to
wild-type animals. Another ER stress marker, peIF2a, was also elevated
by 50% in transgenic retinas, suggesting persistent PERK signaling in
the retinas of postnatal day P30 rats. This observed activation of the
PERK and ATF6 pathways might in turn be responsible for the 26%
elevation in pro-apoptotic CHOP protein levels resulting in a 4-fold
increase of cleaved caspase-7. Additionally we also found splicing of
the XBP1 mRNA in transgenic retinas.

Interestingly, we have shown that GRP78 over-expression
reprograms the UPR in the transgenic retina. The over-expression of
GRP78 was achieved by subretinal injection of adeno-associated viral
(AAV) vectors encoding the human GRP78 cDNA. We determined
that elevating levels of GRP78 in photoreceptors could be therapeutic
for ADRP. This led us to hypothesize that elevating levels of GRP78
could restore vision in P23H-3 RHO transgenic rats. Our hypothesis
was based on the assumption that GRP78 was responsible for the
primary chaperone activity in our model and that its overexpression
would potentially promote the correct folding of opsin, alleviate ER
stress signaling, and ultimately prevent apoptosis of photoreceptors
in the ADRP rat model. Our subsequent experiments found that
GRP78 overexpression did indeed alleviate ER stress and reduced
signaling from both the ATF6 and PERK branches of the UPR. Most
importantly, overexpression prevented ER stress-induced apoptosis in
ADRP photoreceptors. We also demonstrated that moderate elevation
of GRP78 preserved the function of P23H RHO photoreceptors for
up to 3 months with subsequent trials showing retinal structure and
function preservation for up to 9 months post-treatment.

Findings from the studies with BIX in MCOA mice and GRP78-
overexpression in degenerative P23H RHO photoreceptors encouraged
us to test GRP78 as a therapeutic target in the rat model of PD [37].
PD has been induced by direct injection of AAV vector encoding
human a-synuclein (a-syn) cDNA into the rat SNc. This model has
become widely accepted due to its mimicking of human PD features
such as robust overexpression of a-syn in the nigrostriatal pathway and
dystrophy of dopaminergic neurons.

Thus, we have investigated the involvement of ER stress signaling in
the degeneration of nigral DA cells caused by a-syn-induced pathology
and have demonstrated that overexpression of GRP78 diminished

a-syn cytotoxicity by reprogramming ER stress signaling pathways
and eliminating apoptosis. First, we found that the mechanism of
a-syn neurotoxicity in nigral DA neurons was associated with an
activation of the ER stress response. This increase in a-syn correlated
with an increase in markers for two of the three pathways in the UPR
at 4 weeks post-injection when a-syn expression reached maximum
levels but significant neurodegeneration had not yet occurred. We
observed a 23% elevation of pelf2a protein levels, a nine-fold induction
in ATF4 (PERK pathway), and a greater than two-fold elevation of
cleaved pATF6 protein levels (ATF6 pathway). These increases were
also accompanied by a three-fold elevation of pro-apoptotic CHOP
protein that is known to be a downstream marker of the ATF6 and
PERK pathways. Elevation of this protein is known to directly promote
apoptosis [38] and is thus perhaps responsible for DA cell death.

After demonstrating the involvement of the UPR in DA neuron
degeneration, we next found that AAV delivery of GRP78 cDNA leads
to a significant reduction in the a-syn-induced loss of TH-positive
neurons in the SNc. This effect was also seen as a reduction of striatal
DA loss, and amelioration of behavioral deficits in the amphetamine
induced rotation test at 8 and 16 weeks post-injection. In addition,
we have found that AAV-mediated overexpression of GRP78 reduced
the levels of both cleaved pATF6 and ATF4 proteins by 42% and 41%,
respectively and significantly attenuated the levels of CHOP protein at 4
and 8 weeks post AAV injection (by 42% and 46% respectively). Finally
we were also able to demonstrate that while a-syn over-expression
alone in SH-SY5Y cells leads to the elevation of nucleosome release
mediated by DNA fragmentation, a telltale sign of apoptosis, GRP78
over-expression with a-syn was able to reduce this effect.

Concluding Remarks

GRP78 is a key protein in ER stress signaling, whose expression is
modulated in degenerative cells depending on their stage of ER stress
and UPR. Expression of GRP78 has been demonstrated to decrease
with age raising the question of whether the lack of GRP78 could be
a predisposing factor for most degenerative disorders associated with
age. BIX has been shown to selectively induce the GRP78 mRNA and
to modulate the ER stress response in cells, thus promoting the survival
of neuronal cells undergoing degeneration associated with activation
of the UPR. This has further implied that augmentation of GRP78 is a
feasible therapeutic approach for the treatment of neurodegeneration.
This hypothesis is supported by the fact that sustained over-expression
of human GRP78 (via AAV vectors) in neuronal cells reprograms the
UPR by halting ATF6 and PERK signaling and significantly reduces
the level of pro-apoptotic CHOP protein, thus leading to a reduction
of apoptosis. The presented studies highlight the importance of
controlling UPR signaling as a means for curtailing the progression
of neurodegenerative disorders associated with ER stress. These
same studies also validate GRP78 as a prospective new and key
therapeutic target for future treatment of a potentially wide spectrum
of neurodegenerative diseases.

Funding Sources

These studies were supported by NIH RO1EY020905, Foundation Fighting
Blindness and Michael J. Fox Foundation (Target Validation 2011 Program).

References

1. Muchowski PJ, Wacker JL (2005) Modulation of neurodegeneration by
molecular chaperones. Nat Rev Neurosci 6: 11-22.

2. Hoozemans JJ, van Haastert ES, Nijholt DA, Rozemuller AJ, Scheper W (2012)
Activation of the unfolded protein response is an early event in Alzheimer’s and
Parkinson’s disease. Neurodegener Dis 10: 212-215.

J Genet Syndr Gene Ther
ISSN: 2157-7412 JGSGT, an open access journal

Volume 4 + Issue 2 + 1000128


http://www.ncbi.nlm.nih.gov/pubmed/15611723
http://www.ncbi.nlm.nih.gov/pubmed/15611723
http://www.ncbi.nlm.nih.gov/pubmed/22302012
http://www.ncbi.nlm.nih.gov/pubmed/22302012
http://www.ncbi.nlm.nih.gov/pubmed/22302012

Citation: Gorbatyuk MS, Gorbatyuk OS (2013) The Molecular Chaperone GRP78/BiP as a Therapeutic Target for Neurodegenerative Disorders: A
Mini Review. J Genet Syndr Gene Ther 4: 128. doi:10.4172/2157-7412.1000128

Page 4 of 4

Hoozemans JJ, van Haastert ES, Eikelenboom P, de Vos RA, Rozemuller JM,
et al. (2007) Activation of the unfolded protein response in Parkinson’s disease.
Biochem Biophys Res Commun 354: 707-711.

Nakanishi T, Shimazawa M, Sugitani S, Kudo T, Imai S, et al. (2012) Role of
endoplasmic reticulum stress in light-induced photoreceptor degeneration in
mice. J Neurochem.

Kunte MM, Choudhury S, Manheim JF, Shinde VM, Miura M, et al. (2012)
ER stress is involved in T17M rhodopsin-induced retinal degeneration. Invest
Ophthalmol Vis Sci 53: 3792-3800.

Shinde VM, Sizova OS, Lin JH, LaVail MM, Gorbatyuk MS (2012) ER stress in
retinal degeneration in S334ter Rho rats. PLoS One 7: €33266.

. Szegezdi E, Macdonald DC, Ni Chonghaile T, Gupta S, Samali A (2009) Bcl-2
family on guard at the ER. Am J Physiol Cell Physiol 296: C941-953.

Rutkowski DT, Kaufman RJ (2004) A trip to the ER: coping with stress. Trends
Cell Biol 14: 20-28.

. Trifunovic D, Sahaboglu A, Kaur J, Mencl S, Zrenner E, et al. (2012)
Neuroprotective strategies for the treatment of inherited photoreceptor
degeneration. Curr Mol Med 12: 598-612.

10. Alberio T, Lopiano L, Fasano M (2012) Cellular models to investigate
biochemical pathways in Parkinson’s disease. FEBS J 279: 1146-1155.

11. Fasano M, Alberio T, Lopiano L (2008) Peripheral biomarkers of Parkinson’s
disease as early reporters of central neurodegeneration. Biomark Med 2: 465-
478.

12. Stefani IC, Wright D, Polizzi KM, Kontoravdi C (2012) The role of ER stress-
induced apoptosis in neurodegeneration. Curr Alzheimer Res 9: 373-387.

13. Minamino T, Komuro |, Kitakaze M (2010) Endoplasmic reticulum stress as a
therapeutic target in cardiovascular disease. Circ Res 107: 1071-1082.

14. Hendershot L, Wei J, Gaut J, Melnick J, Aviel S, et al. (1996) Inhibition of
immunoglobulin folding and secretion by dominant negative BiP ATPase
mutants. Proc Natl Acad Sci U S A 93: 5269-5274.

15. Ni M, Lee AS (2007) ER chaperones in mammalian development and human
diseases. FEBS Lett 581: 3641-3651.

16. Delpino A, Castelli M (2002) The 78 kDa glucose-regulated protein (GRP78/
BIP) is expressed on the cell membrane, is released into cell culture medium
and is also present in human peripheral circulation. Biosci Rep 22: 407-420.

17.Ni M, Zhang Y, Lee AS (2011) Beyond the endoplasmic reticulum: atypical
GRP78 in cell viability, signalling and therapeutic targeting. Biochem J 434:
181-188.

18.Sun FC, Wei S, Li CW, Chang YS, Chao CC, et al. (2006) Localization of
GRP78 to mitochondria under the unfolded protein response. Biochem J 396:
31-39.

19. Ghribi O, Herman MM, Pramoonjago P, Savory J (2003) MPP+ induces the
endoplasmic reticulum stress response in rabbit brain involving activation of
the ATF-6 and NF-kappaB signaling pathways. J Neuropathol Exp Neurol 62:
1144-1153.

20. Holtz WA, O’'Malley KL (2003) Parkinsonian mimetics induce aspects of
unfolded protein response in death of dopaminergic neurons. J Biol Chem 278:
19367-19377.

21. Chen G, Bower KA, Ma C, Fang S, Thiele CJ, et al. (2004) Glycogen synthase
kinase 3beta (GSK3beta) mediates 6-hydroxydopamine-induced neuronal
death. FASEB J 18: 1162-1164.

22. Chan F, Bradley A, Wensel TG, Wilson JH (2004) Knock-in human rhodopsin-
GFP fusions as mouse models for human disease and targets for gene therapy.
Proc Natl Acad Sci U S A 101: 9109-9114.

23. Kroeger H, Messah C, Ahern K, Gee J, Joseph V, et al. (2012) Induction
of endoplasmic reticulum stress genes, BiP and chop, in genetic and
environmental models of retinal degeneration. Invest Ophthalmol Vis Sci 53:
7590-7599.

24.

25.

26.

27

28.

29.

3

o

31.

32.

33

34.

35.

36.

3

J

38

Yang LP, Wu LM, Guo XJ, Tso MO (2007) Activation of endoplasmic reticulum
stress in degenerating photoreceptors of the rd1 mouse. Invest Ophthalmol Vis
Sci 48: 5191-5198.

Paz Gavilan M, Vela J, Castafio A, Ramos B, del Rio JC, et al. (2006) Cellular
environment facilitates protein accumulation in aged rat hippocampus.
Neurobiol Aging 27: 973-982.

Hussain SG, Ramaiah KV (2007) Reduced elF2alpha phosphorylation and
increased proapoptotic proteins in aging. Biochem Biophys Res Commun 355:
365-370.

.Naidoo N, Zhu J, Zhu Y, Fenik P, Lian J, et al. (2011) Endoplasmic reticulum

stress in wake-active neurons progresses with aging. Aging Cell 10: 640-649.

Hinds JW, McNelly NA (1978) Dispersion of cisternae of rough endoplasmic
reticulum in aging CNS neurons: a strictly linear trend. Am J Anat 152: 433-439.

Nuss JE, Choksi KB, DeFord JH, Papaconstantinou J (2008) Decreased
enzyme activities of chaperones PDI and BiP in aged mouse livers. Biochem
Biophys Res Commun 365: 355-361.

. Erickson RR, Dunning LM, Holtzman JL (2006) The effect of aging on the

chaperone concentrations in the hepatic, endoplasmic reticulum of male rats:
the possible role of protein misfolding due to the loss of chaperones in the
decline in physiological function seen with age. J Gerontol A Biol Sci Med Sci
61: 435-443.

Duan W, Mattson MP (1999) Dietary restriction and 2-deoxyglucose
administration improve behavioral outcome and reduce degeneration of
dopaminergic neurons in models of Parkinson’s disease. J Neurosci Res 57:
195-206.

Oida Y, Hamanaka J, Hyakkoku K, Shimazawa M, Kudo T, et al. (2010) Post-
treatment of a BiP inducer prevents cell death after middle cerebral artery
occlusion in mice. Neurosci Lett 484: 43-46.

. Shimazawa M, Inokuchi Y, Okuno T, Nakajima Y, Sakaguchi G, et al. (2008)

Reduced retinal function in amyloid precursor protein-over-expressing
transgenic mice via attenuating glutamate-N-methyl-d-aspartate receptor
signaling. J Neurochem 107: 279-290.

Inokuchi Y, Nakajima Y, Shimazawa M, Kurita T, Kubo M, et al. (2009) Effect
of an inducer of BiP, a molecular chaperone, on endoplasmic reticulum (ER)
stress-induced retinal cell death. Invest Ophthalmol Vis Sci 50: 334-344.

Takano K, Tabata Y, Kitao Y, Murakami R, Suzuki H, et al. (2007)
Methoxyflavones protect cells against endoplasmic reticulum stress and
neurotoxin. Am J Physiol Cell Physiol 292: C353-361.

Gorbatyuk MS, Gorbatyuk OS, LaVail MM, Lin JH, Hauswirth WW, et al. (2012)
Functional rescue of P23H rhodopsin photoreceptors by gene delivery. Adv
Exp Med Biol 723: 191-197.

. Gorbatyuk MS, Shabashvili A, Chen W, Meyers C, Sullivan LF, et al. (2012)

Glucose regulated protein 78 diminishes a-synuclein neurotoxicity in a rat
model of Parkinson disease. Mol Ther 20: 1327-1337.

. Szegezdi E, Logue SE, Gorman AM, Samali A (2006) Mediators of endoplasmic

reticulum stress-induced apoptosis. EMBO Rep 7: 880-885.

J Genet Syndr Gene Ther
ISSN: 2157-7412 JGSGT, an open access journal

Volume 4 + Issue 2 + 1000128


http://www.ncbi.nlm.nih.gov/pubmed/17254549
http://www.ncbi.nlm.nih.gov/pubmed/17254549
http://www.ncbi.nlm.nih.gov/pubmed/17254549
http://www.ncbi.nlm.nih.gov/pubmed/23216380
http://www.ncbi.nlm.nih.gov/pubmed/23216380
http://www.ncbi.nlm.nih.gov/pubmed/23216380
http://www.ncbi.nlm.nih.gov/pubmed/22589437
http://www.ncbi.nlm.nih.gov/pubmed/22589437
http://www.ncbi.nlm.nih.gov/pubmed/22589437
http://www.ncbi.nlm.nih.gov/pubmed/22432009
http://www.ncbi.nlm.nih.gov/pubmed/22432009
http://www.ncbi.nlm.nih.gov/pubmed/19279228
http://www.ncbi.nlm.nih.gov/pubmed/19279228
http://www.ncbi.nlm.nih.gov/pubmed/14729177
http://www.ncbi.nlm.nih.gov/pubmed/14729177
http://www.ncbi.nlm.nih.gov/pubmed/22515977
http://www.ncbi.nlm.nih.gov/pubmed/22515977
http://www.ncbi.nlm.nih.gov/pubmed/22515977
http://www.ncbi.nlm.nih.gov/pubmed/22314200
http://www.ncbi.nlm.nih.gov/pubmed/22314200
http://www.ncbi.nlm.nih.gov/pubmed/20477424
http://www.ncbi.nlm.nih.gov/pubmed/20477424
http://www.ncbi.nlm.nih.gov/pubmed/20477424
http://www.ncbi.nlm.nih.gov/pubmed/22299619
http://www.ncbi.nlm.nih.gov/pubmed/22299619
http://www.ncbi.nlm.nih.gov/pubmed/21030724
http://www.ncbi.nlm.nih.gov/pubmed/21030724
http://www.ncbi.nlm.nih.gov/pubmed/8643565
http://www.ncbi.nlm.nih.gov/pubmed/8643565
http://www.ncbi.nlm.nih.gov/pubmed/8643565
http://www.ncbi.nlm.nih.gov/pubmed/17481612
http://www.ncbi.nlm.nih.gov/pubmed/17481612
http://www.ncbi.nlm.nih.gov/pubmed/12516782
http://www.ncbi.nlm.nih.gov/pubmed/12516782
http://www.ncbi.nlm.nih.gov/pubmed/12516782
http://www.ncbi.nlm.nih.gov/pubmed/21309747
http://www.ncbi.nlm.nih.gov/pubmed/21309747
http://www.ncbi.nlm.nih.gov/pubmed/21309747
http://www.ncbi.nlm.nih.gov/pubmed/16433633
http://www.ncbi.nlm.nih.gov/pubmed/16433633
http://www.ncbi.nlm.nih.gov/pubmed/16433633
http://www.ncbi.nlm.nih.gov/pubmed/14656072
http://www.ncbi.nlm.nih.gov/pubmed/14656072
http://www.ncbi.nlm.nih.gov/pubmed/14656072
http://www.ncbi.nlm.nih.gov/pubmed/14656072
http://www.ncbi.nlm.nih.gov/pubmed/12598533
http://www.ncbi.nlm.nih.gov/pubmed/12598533
http://www.ncbi.nlm.nih.gov/pubmed/12598533
http://www.ncbi.nlm.nih.gov/pubmed/15132987
http://www.ncbi.nlm.nih.gov/pubmed/15132987
http://www.ncbi.nlm.nih.gov/pubmed/15132987
http://www.ncbi.nlm.nih.gov/pubmed/15184660
http://www.ncbi.nlm.nih.gov/pubmed/15184660
http://www.ncbi.nlm.nih.gov/pubmed/15184660
http://www.ncbi.nlm.nih.gov/pubmed/23074209
http://www.ncbi.nlm.nih.gov/pubmed/23074209
http://www.ncbi.nlm.nih.gov/pubmed/23074209
http://www.ncbi.nlm.nih.gov/pubmed/23074209
http://www.ncbi.nlm.nih.gov/pubmed/17962473
http://www.ncbi.nlm.nih.gov/pubmed/17962473
http://www.ncbi.nlm.nih.gov/pubmed/17962473
http://www.ncbi.nlm.nih.gov/pubmed/15964666
http://www.ncbi.nlm.nih.gov/pubmed/15964666
http://www.ncbi.nlm.nih.gov/pubmed/15964666
http://www.ncbi.nlm.nih.gov/pubmed/17300747
http://www.ncbi.nlm.nih.gov/pubmed/17300747
http://www.ncbi.nlm.nih.gov/pubmed/17300747
http://www.ncbi.nlm.nih.gov/pubmed/21388495
http://www.ncbi.nlm.nih.gov/pubmed/21388495
http://www.ncbi.nlm.nih.gov/pubmed/209686
http://www.ncbi.nlm.nih.gov/pubmed/209686
http://www.ncbi.nlm.nih.gov/pubmed/17996725
http://www.ncbi.nlm.nih.gov/pubmed/17996725
http://www.ncbi.nlm.nih.gov/pubmed/17996725
http://www.ncbi.nlm.nih.gov/pubmed/16720739
http://www.ncbi.nlm.nih.gov/pubmed/16720739
http://www.ncbi.nlm.nih.gov/pubmed/16720739
http://www.ncbi.nlm.nih.gov/pubmed/16720739
http://www.ncbi.nlm.nih.gov/pubmed/16720739
http://www.ncbi.nlm.nih.gov/pubmed/10398297
http://www.ncbi.nlm.nih.gov/pubmed/10398297
http://www.ncbi.nlm.nih.gov/pubmed/10398297
http://www.ncbi.nlm.nih.gov/pubmed/10398297
http://www.ncbi.nlm.nih.gov/pubmed/20709152
http://www.ncbi.nlm.nih.gov/pubmed/20709152
http://www.ncbi.nlm.nih.gov/pubmed/20709152
http://www.ncbi.nlm.nih.gov/pubmed/18691390
http://www.ncbi.nlm.nih.gov/pubmed/18691390
http://www.ncbi.nlm.nih.gov/pubmed/18691390
http://www.ncbi.nlm.nih.gov/pubmed/18691390
http://www.ncbi.nlm.nih.gov/pubmed/18757512
http://www.ncbi.nlm.nih.gov/pubmed/18757512
http://www.ncbi.nlm.nih.gov/pubmed/18757512
http://www.ncbi.nlm.nih.gov/pubmed/16971492
http://www.ncbi.nlm.nih.gov/pubmed/16971492
http://www.ncbi.nlm.nih.gov/pubmed/16971492
http://www.ncbi.nlm.nih.gov/pubmed/22183333
http://www.ncbi.nlm.nih.gov/pubmed/22183333
http://www.ncbi.nlm.nih.gov/pubmed/22183333
http://www.ncbi.nlm.nih.gov/pubmed/22434142
http://www.ncbi.nlm.nih.gov/pubmed/22434142
http://www.ncbi.nlm.nih.gov/pubmed/22434142
http://www.ncbi.nlm.nih.gov/pubmed/16953201
http://www.ncbi.nlm.nih.gov/pubmed/16953201

	Title
	Corresponding author
	Abstract
	Keywords
	Introduction
	Structure and Function of GRP78/BiP 
	GRP78/BiP in Parkinson’s Disease and Retinal Degeneration 
	GRP78/BiP and Aging 
	Therapeutic Modulation of GRP78/BiP in Animal Models of Neurodegenerative Disorders 
	Concluding Remarks 
	Funding Sources 
	References 



