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Abstract

GRP78/BiP is a major endoplasmic reticulum (ER) chaperone protein critical for protein quality control of the
ER, as well as controlling the activation of the ER-transmembrane signaling molecules. Through creation of
mouse models targeting the Grp78 allele, the function of GRP78 in development and disease has been investi-
gated. These led to the discovery that GRP78 function is obligatory for early embryonic development. However,
in adult animals, GRP78 is preferably required for cancer cell survival under pathologic conditions such as
tumor progression and drug resistance. The discovery of surface localization of GRP78 in cancer cells reveals
potential novel function, interaction with cell-surface receptors, and possible therapeutic implications. Mouse
models also reveal that GRP78 controls maturation and secretion of neuronal factors for proper neural migration

and offers neuroprotection. Antioxid. Redox Signal. 11, 2307-2316.

Introduction

HE ENDOPLASMIC RETICULUM (ER) is a cellular organelle

in which secretory and membrane proteins are synthe-
sized and modified. The ER also functions as an intracellular
calcium store. The accumulation of unfolded proteins in the
lumen of the ER induces a series of adaptive responses, which
are collectively termed the unfolded protein response (UPR)
(60). A number of pathologic conditions lead to acute ER
stress and activate the UPR, such as nutrient deprivation,
disruption of calcium homeostasis, viral infection, and secre-
tory protein mutations (60). The UPR is also actively involved
in physiologic conditions, such as plasma cell differentiation
and pancreatic f-cell function and survival (72). Evidence is
accumulating that GRP78 plays important roles in cancer
progression, malignancy, drug resistance, and neurologic
disorders. This review highlights the recent advances in the
study of the role of GRP78 in these emerging areas, with
therapeutic implications.

GRP78 as a Master Regulator
of the Unfolded Protein Response

ER chaperones are essential for the normal function of the
ER (48). One of the best-characterized ER chaperones is the
78-kDa glucose-regulated protein (GRP78), which is also re-
ferred to as BiP or HSPA5. GRP78 is involved in many cellular
processes, including translocating the newly synthesized

polypeptides across the ER membrane, facilitating the folding
and assembly of proteins, targeting misfolded proteins for ER-
associated degradation (ERAD), regulating calcium homeo-
stasis, and serving as an ER stress sensor (22, 30, 33). GRP78 is
a master regulator for ER stress because of its role as a major
ER chaperone with antiapoptotic properties, as well as its
ability to control the activation of UPR signaling (30). The
interaction of GRP78 with the UPR-induced signaling and
apoptotic pathways is summarized in Fig. 1.

Upon ER stress, GRP78 is released from ER transmembrane
signal transducers, including PKR-like ER kinase (PERK),
inositol-requiring enzyme 1 (IRE1), and activating transcrip-
tion factor 6 (ATF6), leading to the activation of these UPR
signaling pathways (30). After the disassociation from GRP78,
PERK dimerizes to promote its autophosphorylation and ac-
tivation (60). Activated PERK phosphorylates the eukaryotic
translation-initiation factor 2o« (elF2x) to attenuate the rate of
general translation initiation and prevent further protein
synthesis (20, 64). However, phosphorylated elF2« can selec-
tively increase the translation of mRNAs containing inhibi-
tory upstream open reading frames (uORFs) in their 5
untranslated region. The best-studied phosphorylated-elF2o—
dependent translation is activating transcription factor 4
(ATF4) (19, 37). Release from GRP78 allows ATF6 to translo-
cate from ER to Golgi where it is cleaved. The cleaved form of
ATF6 migrates into the nucleus and acts as an active tran-
scription factor to upregulate proteins that augment ER

Department of Biochemistry and Molecular Biology, University of Southern California Keck School of Medicine, USC/Norris Compre-

hensive Cancer Center, Los Angeles, California.

2307



2308

& S1p/S2p ¥ i

Cleaved
ATF6 ¥

| { |

caspases
. -
~

WANG ET AL.

FIG. 1. GRP78 regulates ER stress—
signaling pathways leading to UPR survival
and apoptosis responses. In nonstressed

cells, the ER-transmembrane signaling mol-
ecules (ATF6, IRE1, and PERK) and ER-
& associated caspases (murine caspase-12/
human caspase 4) are maintained in an in-
U Cleaved  active state through binding to GRP78. After
C12/C4  gRr stress, such as protein misfolding, GRP78
is titrated away, and the survival pathways
* are activated to block further damage.
However, when the stress is too severe, ap-
optotic responses are triggered, which even-
tually lead to cell death.
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folding capacity, like ER chaperones such as GRP78 and
GRPY4, and folding enzymes, such as PDI (21, 36, 73, 76).

Activated IRE1 has endoribonuclease activity and splices a
26-base intron from the mRNA encoding the X-box binding
protein 1 (XBP-1) (75). XBP-1 is a transcriptional factor with
target genes including DnaJ, p58, ERdj4, EDEM, and PDI, all
involved in protein folding and ERAD (5, 29). Thus, the UPR
progresses through transient attenuation of translational and
transcriptional induction of ER chaperones, folding enzymes,
and proteins involved in ERAD to alleviate protein aggrega-
tion in the ER as an adaptive response.

However, under severe and prolonged ER stress, the UPR
activates unique pathways that lead to cell death through
apoptosis (72). Upon ER stress, the proapoptotic BH3 protein
BAX/BAK in the ER membrane undergoes conformational
change and permits Ca®* efflux to the cytosol, which activates
m-calpain and subsequently cleaves and activates procaspase
12 and leads to the activation of the caspase cascade (46, 56, 61,
78). CHOP, one of the UPR downstream effectors, inhibits
B-cell leukemia/lymphoma 2 (Bcl-2), activates growth arrest
and DNA damage-inducible gene 34 (GADD34) and ER
oxidoreductin 1 (ERO1), and thus promotes apoptosis (39, 40).
However, the role of CHOP in cell death and survival may be
context dependent because GADD34 upregulation by CHOP
results in feedback inhibition of elF2x phosphorylation. This
could lead to recovery of translation, which may be beneficial;
conversely, when translation persists under ER-stress condi-
tions, build up of abnormal proteins may further erode the ER
folding capacity, leading to cell death.

Activated IRE1 binds to c-Jun—N-terminal inhibitory kinase
(JIK) and recruits TRAF2, which leads to the activation of
apoptosis signal-regulating kinase 1 and c-Jun amino terminal
kinase (ASK1/JNK) and also the release of the procaspase 12
from the ER (49, 74). ER stress also activates the proapoptotic
p53-upregulated modulator of apoptosis (PUMA) and
NOXA, leading to BAX and BAK activation and apoptosis
(34). Furthermore, by monitoring the activation and mainte-
nance of representative UPR pathways in cells treated with
low concentrations of chemical ER stress inducers in tissue-
culture systems, it was discovered that survival during mild
stress is attained through intrinsic instabilities of mRNA and
proteins that promote apoptosis, and compared with those
that facilitate protein folding and adaptation, such as GRP78

APOPTOSIS

(59). The balance between survival and apoptosis pathways in
the UPR is presented and summarized in Fig. 2.

Autophagy is a catabolic process for the degradation
and recycling of cytosolic, long-lived, or aggregated proteins
and excess or defective organelles. ER stress induces autop-
hagy and promotes cell survival by enabling the use of in-
tracellular resources under starvation conditions (50). GRP78,
as a critical component of the ER, is required for ER integrity
and ER stress-induced autophagy. In cells in which GRP78
is knocked down by small interfering RNA (siRNA), the
ER structure is disrupted, and autophagosome formation
under both ER-stress and nutrient-starvation conditions is
suppressed (35).

GRP78 is essential for embryonic development

Despite extensive investigation of GRP78 function in reg-
ulating the UPR by using tissue-culture systems, important
questions pertaining to the physiological function of GRP78 in
the context of a whole organism remain to be addressed. To
investigate directly the function of GRP78 in vivo, mouse
models deficient in GRP78 through gene targeting have been
created (38) (Fig. 3A). In the heterozygous Grp78 mice, the
level of GRP78 in adult tissues is reduced by about half in
adult tissues (Fig. 3B).

Strikingly, homozygous knockout mice of GRP78 demon-
strate lethality by embryonic day 3.5, with much-reduced
proliferation rate of embryonic cells and massive apoptotic
death of the inner cell mass (38). In contrast, the heterozygous
Grp78+/— mice are viable and phenotypically normal (38).
The Grp78+/— mouse model serves as a valuable resource to
examine the effect of partial reduction of GRP78, mimicking
potential therapeutic-intervention outcome, on progression of
human diseases.

Role of GRP78 in human cancers

The metabolic environment of tumors is often acidic, hyp-
oxic, and nutrient deprived, having reduced amounts of both
amino acids and glucose. This can be due to both poor vas-
cularization and rapid growth of tumor cells, and the intrinsic
property of cancer cells with elevated glucose metabolism and
higher glycosylation rates. When cells undergo glucose or
oxygen deprivation, they activate the UPR. Recent evidence
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showed that the microenvironment of tumor cells resembles
physiologic ER stress, and the UPR is often turned on for cell
survival (27). In the case of cancer, mutations resulting from
tumorigenesis often inactivate the proapoptotic pathways,
thereby suppressing elimination of the cancerous cells. This,
coupled with the activation of the prosurvival UPR path-
ways, offers an advantage for cancer progression (Fig. 4).
Because of its antiapoptotic property, induction of GRP78
has been reported as a prosurvival factor for cells undergoing

ER stress. As discussed in previous reviews (14, 31, 33), it has
been well documented that GRP78 is highly elevated in a
variety of cancer cell lines, solid tumors, and human cancer
biopsies, associating with malignancy and metastasis. The el-
evation of GRP78 transcription under various stress conditions
suggests the involvement of GRP78 in enhanced cell survival.
GRP78 has been shown directly to interact with apoptotic
pathway intermediates, to block caspase activation, and
eventually to lead to apoptosis inhibition and increased cell
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FIG. 3.

(A) Schematic drawing of the Grp78 WT and genetically modified alleles. The creation of genetically altered Grp78

mice has been described (38). The loxP sites are indicated by black arrows. Excision of exons 5 through 7, which are flanked by
the loxP sites, will disrupt the critical ATPase and peptide-binding domains of GRP78 required for its chaperone function.
The location and expected size of PCR products for the WT, floxed, and knockout alleles are indicated. (B) Whole-cell lysate
from pooled livers of three WT Grp78 (+/+) and three heterozygous (+/—) littermates were subjected to Western blot with
anti-KDEL (that recognized the KDEL C-terminal motif of both GRP78 and GRP94) and anti—f-actin. Quantitation of multiple
Western blots with the GRP78 level normalized against $-actin as the loading control is shown below. The 50% reduction of
GRP78 level in the Grp7 8/~ mice is statistically significant (*p value <0.05 by two-sided ¢ test).
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FIG. 4. Inactivation of proapoptotic pathways and acti-
vation of prosurvival pathways contribute to cancer cell
survival. Cancer cells are subjected to ER stress because of
intrinsic factors such as high glucose metabolic rate and ex-
trinsic factors such as nutrient and oxygen deprivation in the
tumor microenvironment. This leads to the induction of the
GRPs, and, coupled with mutations as a result of tumori-
genesis that often inactivate the proapoptotic pathways,
shifts the balance to the prosurvival branches of the UPR.

survival (15, 54, 58). As tumor progression requires prolifera-
tion as well as inhibition of tumor cell death, the inherent an-
tiapoptotic properties of GRP78 indicate a potential role in
cancer progression. GRP78 also is required for ER integrity
and stress-induced autophagy, which may be important for
cancer cell survival (35). In support of this, the expression
level of GRP78 is markedly higher in primary tumors com-
pared with that in benign tissues. This has been documented in
various cancers, including breast cancer (12, 17, 32), hepato-
cellular carcinoma (66), lung cancer (68), and prostate cancer
(7, 53).

Tumor resistance to therapy is a major challenge in cancer
treatment. Thus, discovering predictive factors for chemore-
sistance is crucial for screening and improving adjuvant
therapies for cancer patients to avoid unnecessary side effects
to treatments, which may turn out to be ineffective or un-
necessary. Emerging evidence is suggesting that GRP78 levels
may be exploited as a prognostic as well as a diagnostic
marker for chemoresponsiveness. The GRP78 expression level
was reported to be such a novel predictor of breast cancer
patient’s responsiveness to doxorubicin (Adriamycin)-based
chemotherapy (32). By performing a retrospective cohort
study of 127 stage 2 and 3 breast cancer patients treated with
doxorubicin-based chemotherapy, tumor specimens of the
patients were analyzed for GRP78 expression against the
respective drug-resistance status, designated by the time to
recurrence (TTR). They found that ~65% of the subjects ex-
pressed high levels of GRP78, which was in concert with
previous breast cancer studies (12), and revealed a significant
association between GRP78 expression level and resistance to
doxorubicin-based chemotherapy.

In prostate cancer, it has been proposed that because of its
antiapoptotic and prosurvival properties, GRP78 may be in-
volved in the resistance of prostate cancer cells to chemo-
therapy or castration resistance (53). In support of this notion,
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GRP78 expression is upregulated during the transition from
localized prostate cancer to metastatic castration resistance
based on in vitro evidence and patient cohort studies. In es-
tablished cell-line models, GRP78 expression is elevated in
both castration resistant LNCaP-derived cell line, C42B, and
androgen-deprived LNCaP cells compared with LNCaP cells
grown in androgen-rich media (53).

Corresponding with the development of castration resis-
tance, a high level of GRP78 expression in prostate tumors is
associated with greater relative risk or recurrence and overall
survival. It was shown that prostate cancer patients with
strong GRP78 immunoreactivity in the primary tumor have a
higher risk for clinical recurrence and death compared with
those with weak GRP78 expression (7). GRP78 protein ex-
pression is significantly higher in malignant prostate cancer
tissue than in benign prostatic tissue. The expression intensity
is also significantly associated with patient survival and
clinical recurrence, demonstrating that GRP78 expression
levels may provide prognostic information in tumors (7, 53).
This suggests that GRP78 may be a potential target for mo-
lecular therapy.

Mechanism for GRP78 in promoting
cancer progression

Whereas xenograft studies demonstrated that GRP78 is
required for tumor initiation and progression (25), the path-
ophysiologic role of GRP78 in tumor development is directly
elucidated in a recent mouse model (11). As mentioned ear-
lier, homozygous knockout of Grp78 in mouse leads to em-
bryonic lethality by E3.5 (38); nonetheless, the viable and
fertile heterozygotes allow direct investigation into the in vivo
function of GRP78. Without affecting mouse growth, organ
development, and antibody production, Grp78 heterozy-
gosity strikingly prolongs the latency and retards the pro-
gression of the oncogene-induced mammary tumors in the
well-established MMTVPyVT mouse model (18).

The underlying mechanisms for dependence on GRP78 on
tumor growth were further dissected into three aspects. First,
inhibition of tumor cell proliferation by Grp78 heterozygosity
supports that GRP78 is critical for cell growth. This could be
due to the ER chaperone function of GRP78 in growth-factor
secretion or the maturation of growth-factor receptors or both.
GRP78 was recently discovered to be expressed on the cell
surface of tumor cells, where it acts to enhance AKT signaling,
leading to cell survival and proliferation (43). Second,
consistent with the observation in the in vitro cell-culture
systems (58), GRP78 protects the tumor cells from apoptosis,
as tumor cells from the heterozygous mice showed enhanced
TUNEL staining and upregulation of CHOP (11). Third, an-
giogenesis is required for the growth and survival of solid
tumors (13). Grp78 heterozygosity remarkably reduces vas-
culature in tumors, but not in normal organ and tissues,
suggesting that tumor angiogenesis preferably depends on
GRP78. It would be interesting to determine whether these
same mechanisms are used in other cancer models.

Prostate cancer is the most common malignancy in men
and the second leading cause of male cancer-related deaths in
the Western world. Since its establishment in 2004, the PTEN
conditional knockout mouse model that mimics genetic al-
terations that are found in human prostate cancer has become
the gold standard for studying prostate cancer progression
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(70). GRP78/BiP has recently emerged as a novel biomarker
for aggressive prostate cancer (7, 53). Recently, it was reported
that homozygous deletion of Grp78 specifically in mouse
prostate epithelium suppresses prostate tumorigenesis with-
out affecting postnatal prostate development and growth (16).
Mouse prostates with double conditional knockout of GRP78
and PTEN exhibit normal histology and cytology, in contrast
to the invasive adenocarcinoma in mouse prostates with Pten
inactivation. AKT activation in Pten-null prostate epithelium
is inhibited by Grp78 homozygous deletion, corresponding to
suppression of AKT phosphorylation by GRP78 knockdown
in the prostate cancer cell line. Thus, inactivation of GRP78
may represent a novel approach to stop prostate cancer and
potentially other cancers resulting from the loss of PTEN
tumor suppression or activation of the oncogenic AKT or
both. Nonetheless, how GRP78 downregulates oncogenic
AKT signaling remains to be elucidated.

Role of GRP78 in drug resistance

Mounting evidence has shown that the highly elevated
expression level of GRP78 is correlated with cancer malig-
nancy, metastasis, and drug resistance in a variety of cancers,
including breast cancer, prostate cancer, lung cancer, and
glioma (14, 15, 31, 33). Although the development of drug
resistance in cancer is likely to be complex and involves
multiple mechanisms, the induction of the protective arm of
the UPR, such as GRP78 induction in the tumor microenvi-
ronment, can be a major contributing factor (Fig. 5).

This model predicts that when the tumor experiences ER
stress, GRP78 will be induced, leading to resistance. Con-
sistent with this, in a human breast cancer model, treatment
with the antivascular agent, combretastatin A4P, or the anti-
angiogenic agent, contortrostatin, leads to high levels of
GRP78 protein in viable tumor tissues surviving the drug
treatment, particularly in necrotic borders, which are most
chemoresistant (10). The same study also revealed that sup-
pression of GRP78 sensitizes human breast cancer cells to
etoposide-induced apoptosis, as was observed in bladder
cancer cells (58).

Glioma is among the deadliest form of cancer known to be
highly chemoresistant. GRP78 is significantly upregulated in
malignant glioma specimens and human malignant glioma
cell lines compared with a low expression level in normal
adult brain (54). Interestingly, among the glioma cell lines,
cells with the fastest proliferation rate show the highest levels
of GRP78 overexpression and are dependent on GRP78 for
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proliferation in vitro. Whereas overexpression of GRP78 con-
fers higher resistance to the chemotherapeutic agent temo-
zolomide, knockdown of GRP78 sensitizes glioma cells to
temozolomide-, 5-fluorouracil-, and CPT-11-induced apo-
ptosis (54).

One key target for cancer therapy is the tumor vasculature,
which plays essential roles in tumor growth and survival. In
extending the studies on glioma resistance, it was discovered
that GRP78 is highly elevated not only in the glioma cells, but
also in the vasculature derived from human glioma speci-
mens, both in situ in tissue and in vitro in primary cell cultures
compared with normal brain tissues and blood vessels (69).
Primary cultures of human brain endothelial cells derived
from blood vessels of malignant glioma tissues (TuBECs)
show strong resistance to chemotherapeutic agents such as
CPT-11, etoposide, and temozolomide. However, this resis-
tance is blunted when GRP78 expression is suppressed by
siRNA or chemical inhibition of its enzyme activity. A pre-
vious xenograft study showed that combination therapy with
drugs targeting GRP78 with conventional agents enhanced
drug efficacy with no deleterious effect on the mice (51). These
new studies further revealed that drugs targeting GRP78 will
suppress both the tumor and tumor-vasculature development.

The mechanisms for the resistance observed in cells with an
elevated GRP78 level may be complex; however, some pos-
sible explanations exist. GRP78 is the major ER chaperone
with multiple cytoprotective functions, including binding of
ER-Ca*", alleviating malfolded protein aggregation in the ER,
blocking the activation of ER-associated proapoptotic factors
such as BIK and caspase-7, and its requirement for stress-
induced autophagy (14, 35, 58). These prosurvival properties
may explain the contribution of GRP78 to drug resistance in
cancer treatment.

Role of cell-surface GRP78 in cancer therapy

GRP78 is a stress protein that belongs to the HSP70 su-
perfamily. Most of GRP78 has been found in the ER because of
the retrieval capacity through the KDEL-retention motif.
However, recently it was discovered that a small fraction of
the GRP78 cellular pool can escape the ER-retention machin-
ery and localize to the cell surface. Low surface expression of
GRP78 on several cell types, including vascular endothe-
lium, has been reported (3, 4, 8, 9). Global profiling of the cell-
surface proteome of tumor cells has disclosed a relative
abundance of heat-shock chaperones and glucose-regulated
proteins, including GRP78 (65). Thus, as proof-of-principle
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that cell-surface GRP78 in tumors can mediate cancer-specific
therapy (Fig. 6), surface GRP78 expression in prostate and
breast cancer cells and xenograft models enables tumor tar-
geting by circulating ligands (2).

In another study, a taxol-conjugated cell-penetrating pep-
tidic GRP78 ligand was demonstrated to be able to target and
kill specifically cancer cells through recognizing surface
GRP78 in those cells (26).

In another example, surface GRP78 mediated the anti-
angiogenic and proapoptotic activity of rK5 through high-
affinity binding interaction of rK5 with GRP78 exposed on the
surface of stimulated endothelial cells and on hypoxic and
cytotoxic stressed tumor cells (8).

GRP78 can form a complex with other proteins on the cell
surface and play an important role in signaling transduction.
Several GRP78-binding partners have been identified re-
cently. Cell-surface GRP78 was shown to be essential for o5-
macroglobulin-induced signal transduction through binding
low-density lipoprotein receptor-related protein (LRP) (44).
In addition, silencing of GRP78 gene expression attenuated o-
macroglobulin-induced signal transduction, indicating a no-
vel receptor function for cell-surface GRP78 (45). Cell-surface
GRP78 may be involved in the promotion of survival and me-
tastasis of prostate cancer by activation of a,-macroglobulin
as a receptor. Other cell-surface proteins, like Cripto, a mul-
tifunctional cell-surface protein that is a key to vertebrate
embryogenesis and human tumor progression, was bound to
cell-surface GRP78 (63). The complex of Cripto and GRP78
can enhance tumor growth via inhibition of TGF-f signaling.
Therefore, cell-surface GRP78 provides a target with signifi-
cant therapeutic potential by affecting primarily cancer cells
but not normal tissue counterparts. Most recently, it was dis-
covered that GRP78 associates with GPI-anchored T-cadherin
on the surface of vascular endothelial cells, providing a novel
mechanism by which GRP78 can influence endothelial cell
survival as a cell-surface signaling receptor rather that an in-
tracellular chaperone (52). Furthermore, serum from a cancer
patient led to the discovery of a new 82-kDa tumor-specific
variant of GRP78 that can be a target for antibody-based
therapy (57). The epitope is an O-linked carbohydrate moiety
and is specific for malignant cells, which may account for
shielding this form of GRP78 from immune surveillance and
immune response. This interesting finding provides a new
approach to targeting tumor cells specifically through the cell-
surface GRP78 variant.

Cancer Cell

PCD-inducing
sequence

Cell Death

VW,

FIG. 6. Cell-surface GRP78 is a potential mediator for
cancer cell-specific therapy. Preferential expression of
GRP78 on the surface of cancer cells provides a mechanism
for cancer-specific targeting, with peptides directly and
specifically binding to cell-surface GRP78 and transducing
proapoptotic agents.

peptide
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Role of GRP78 in neurologic disorders

A common feature of the neurodegenerative diseases is the
accumulation and aggregation of misfolded proteins, which
can elicit ER stress (55). This leads to the notion that ER stress
and the UPR may be involved in neurodegenerative diseases
such as Alzheimer’s disease and Parkinson’s disease (23, 47).
However, direct proof of this principle is still emerging. A
new spontaneous recessive mutant mouse model, woozy
mouse, provided such a link between ER dysfunction and
neurodegeneration (77). In the homozygous woozy mutant
mouse, adult-onset ataxia and progressive Purkinje cell de-
generation develop(77). Genetic mapping identified that the
woozy mutant is caused by disruption of the gene encoding
SIL1/BAP (BiP-associated protein), a nucleotide exchange
factor for GRP78 (6, 77). Both GRP78 and SIL1 are expressed
ubiquitously in adult tissues. In the woozy mutant mice,
Purkinje cells located in the anterior lobules of the cerebellum
(lobule I to VII) undergo degeneration by age 4 months.
However, in caudal lobule IX and lobule X, Purkinje cells and
the other types of neuronal cells remain alive after 1 year old
(77). Two ER-stress markers, GRP78 and CHOP, are upre-
gulated in the Purkinje cells of lobule I to VIII (77), suggest-
ing that the UPR was activated in the absence of SIL1.
Abnormal protein accumulations were detected by both
electron and confocal microscopy. Although these observa-
tions indicate that protein aggregates could lead to neuronal
cell death, it remains to be resolved whether the absence of
SIL1 affects other targets in addition to GRP78, and could
other nucleotide-exchange factors for GRP78 compensate for
the absence of SIL, such that GRP78 function may only be
partially impaired in the SIL1-deficient mice? The nonlethal
phenotype of the SIL1-deficient mouse strongly suggests that
other cofactors exist for GRP78, at least during early em-
bryogenesis, because complete loss of GRP78 function in the
GRP78-deficient mice results in embryonic lethality by day 3.5
(38). Furthermore, it was recently reported that GRP170 also
can function as the nucleotide-exchange factor for GRP78 (71).
Creation of GRP78-specific knockout in Purkinje cells will
address these issues.

In humans, mutations in SIL1 also are nonlethal but cause
Marinesco-Sjogren syndrome, an autosomal recessive multi-
system disorder characterized mainly by cerebellar ataxia
with cataract, myopathy, and mental retardation (1, 62). In
contrast with the woozy mouse model, in which only Purkinje
cells located in lobules I through VIII are affected, myocytes
and lens cells also degenerate in patients with Marinesco—
Sjogren syndrome (1, 62). Explanations for this discrepancy
include that human cells lack other compensatory mecha-
nisms, are more sensitive to the disruption of ER homeostasis
(1), or that other cofactors such as GRP170 can also function as
the nucleotide exchange factor for GRP78 (71).

GRP78 has been intensively studied as the master regulator
of ER stress in vitro; however, the physiologic and pathologic
role of GRP78 in neuron development and neurologic disor-
ders has not been established, partially because of the em-
bryonic lethality of the GRP78 homozygous knockout mice
(38). This was solved recently by the creation of a knockin
mouse model expressing a mutant form of GRP78 with de-
letion of the ER-retrieval sequence KDEL by homologous re-
combination. With this mouse model, in which a low residual
level of GRP78 is found in the ER, it is possible to examine the
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effects of defective ER protein quality control without com-
pletely eliminating the function of GRP78. The homozygous
GRP78 mutant neonates die soon after birth because of re-
spiratory failure caused by impaired secretion of pulmonary
surfactant by alveolar type II epithelial cells (41). The mutant
mice display disordered layer formation in the cerebral cortex
and cerebellum, a neurologic phenotype of reeler mutant-like
malformation (42). Besides that, the whole-brain size and the
protein level of reelin, which is secreted by Cajal-Retzius (CR)
cells, are remarkably reduced. The maturation and secretion
of reelin in CR cells and other factors related to neural mi-
gration may be enhanced by GRP78 (42). Collectively these
results imply that the mutant form of GRP78 and aberrant ER
protein quality control may cause various neurologic disor-
ders. Furthermore, reelin and its mRNA are significantly re-
duced in patients with schizophrenia (24), and epigenetic
aberration of the human reelin gene is associated with psy-
chiatric disorders (67). This indicates that GRP78 and ER
protein quality control also may be involved in schizophrenia
and psychiatric disorders. Considering the potential impor-
tant roles of GRP78 in neuronal development and disorders, a
deeper understanding of the pathologic role of GRP78 in
neurologic disorders and neurodegenerative diseases war-
rants further investigation through transgenic or tissue- or
cell-type-specific knockout mouse models. Most recently, it
was reported that a small molecule, BIX, that preferentially
induces GRP78 and slight induction of GRP94 and calreticulin
can protect neurons from ER stress (28). Thus, a translational
potential exists for GRP78 induction as therapy against neu-
rodegenerative diseases and other neurologic disorders.
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Abbreviations Used

ATF6 = activating transcription factor 6
elF20 = eukaryotic translation initiation factor 2o
ER = endoplasmic reticulum
ERAD = ER-associated degradation
GADD34 = growth arrest and DNA damage-inducible
gene 34

GRP78 = 78-kDa glucose-regulated protein
IRE1 = inositol-requiring enzyme 1
PERK = PKR-like ER kinase
UPR = unfolded protein response
XBP-1 = X-box binding protein 1




