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Abstract. The endoplasmic reticulum (ER) is the principal 
organelle responsible for the synthesis, initial post-translational 
modification, folding, export and secretion of proteins. It is 
also responsible for the maintenance of cellular homeostasis. 
In response to cellular stress conditions including glucose 
deprivation, hypoxia and changes in calcium homeostasis, 
ER stress machinery is activated and triggers the unfolded 
protein response, resulting in the restoration of homeostasis 
or activation of cell death. Glucose‑regulated protein 78 
(GRP78), a molecular chaperone, may be induced by ER 
stress at the transcriptional and translational level. A number 
of studies have demonstrated that GRP78 serves an important 
role in tumor cell proliferation, metastasis, angiogenesis and 
drug‑resistance. The present review systematically describes 
the association between GRP78 expression and gastric cancer 
pathogenesis, and emphasizes that GRP78 is a novel diagnostic 
and therapeutic biomarker of gastric cancer.
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1. Introduction

Gastric cancer (GC) ranks fourth in incidence and second as a 
cause of mortality among all types of cancer worldwide (despite 

the decreased incidence in certain regions) (1). Surgical resec-
tion, chemotherapy and radiation remain the most common 
therapeutic modalities. Surgical resection is currently the only 
curative treatment for early‑stage GC. However, the majority 
of patients are diagnosed at advanced disease stages or relapse 
following curative surgical treatment (1).

Despite advances in the detection, surgical resection 
and adjuvant therapy for GC, the 5‑year survival rates of 
these patients remain <30% (2). The aggressive nature of 
human GC is associated with a variety of intracellular events 
including activation of various oncogenes, inactivation of 
tumor suppressor genes and abnormal expression of growth 
factors and their receptors (3,4). These perturbations result in 
a marked growth advantage for GC cells. Thus, to improve the 
low survival outcomes and assist in earlier diagnosis of patients 
with GC, identification and validation of new prognostic 
and therapeutic tumor markers is urgently required. These 
improved biomarkers may in turn provide new approaches for 
the early detection and effective treatment of GC.

2. Endoplasmic reticulum (ER) stress and the unfolded 
protein response (UPR)

The ER is an organelle responsible for the synthesis, initial 
post‑translational modification, folding, export and secretion 
of proteins (5). Disturbances in the ER environment by cellular 
stress conditions, including nutrient deprivation, alterations in 
glycosylation status, hypoxia, pH changes, poor vascularization, 
changes in calcium homeostasis and treatment with a variety 
of agents, may lead to ER stress and subsequent accumulation 
of unfolded or misfolded proteins in the ER (6,7). To over-
come perturbations in ER function and ER stress to improve 
survival, the ER has evolved specific signaling pathways, which 
are collectively termed the UPR (8). The UPR is initiated 
in concerted action through the signaling of three proto-
typical ER‑localized stress sensors: RNA‑dependent protein 
kinase-like ER kinase (PERK), activating transcription factor 6 
(ATF6) and inositol‑requiring enzyme 1 (IRE1) (6,9,10). Upon 
ER stress, ER‑resident chaperones [e.g., glucose‑regulated 
protein (GRP) 78] bind to misfolded proteins, activating IRE1, 
ATF6 and PERK. PERK is also activated by dimerization and 
autophosphorylation, subsequently phosphorylates eukaryotic 
initiation factor 2α (eIF2α). Phosphorylated eIF2α inhibits 
protein synthesis and activates the transcription of ATF4, 
inducing the transcription of its downstream genes (11‑13). 
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IRE1 assists in protein folding and degradation, and produces 
a spliced form of X box‑binding protein‑1 due to its RNase 
activity. ATF6 translocates from the ER to the Golgi apparatus 
where it is cleaved by protease activity, forming active nuclear 
ATF6, a regulator of gene expression (14). Collectively, ER stress 
is alleviated by the downstream effects of the UPR. However, 
if ER stress is severe or prolonged, distinct death signals 
may be transduced during the UPR, leading to cellular apop-
tosis (15,16). These signals include CCAAT/enhancer‑binding 
protein homologous protein (CHOP) transcription factor, p53 
unregulated modulator of apoptosis (PUMA), c‑Jun N‑terminal 
kinase (JNK), nicotinamide adenine dinucleotide phosphate 
oxidase activator (NOXA), B‑cell lymphoma 2 (Bcl‑2)‑like 11 
and Bcl‑2 homology (BH) 3‑only proteins and caspases (16‑22).

3. ER stress and tumors

Tumor cells proliferate continuously and require effective 
high-energy-producing systems due to their high proliferation 
characteristics compared with non‑tumorigenic cells. Solid 
tumors typically grow faster than their blood supply is able to 
nurture, creating specific growth conditions characterized by 
hypoxia, glucose deprivation and lactic acidosis, which trigger 
ER stress (23). The interactions between cancerous cells and 
this tumor microenvironment during the course of multistep 
tumorigenesis are reported to serve a critical role in the modu-
lation of tumor growth, metabolism and metastasis (24‑26).

ER stress has a dual effect on tumors. First, it has an adap-
tive effect, enhancing tumor growth. ER stress may restore 
homeostasis and make the adjacent environment hospitable 
for tumor survival, growth and expansion (27). Baird et al (28) 
demonstrated that the UPR was induced and promoted the 
neoplastic transformation of Helicobacter-infected gastric 
mucosa in the milieu of Helicobacter‑induced chronic inflam-
mation and mucous metaplasia. Pike et al (29) revealed that 
under severely hypoxia conditions, ATF4 transcriptionally 
upregulated unc-51-like autophagy-activating kinase 1 (ULK1), 
which is required for autophagy contributing to human breast 
cancer cell survival. Hypoxia also induces breast cancer cell 
migration via the PERK/ATF4/lysosome‑associated membrane 
protein 3 (LAMP3) signaling pathway (30). On the other hand, 
ER stress contributes cytotoxic effects, inducing apoptosis. 
Signal transducer and activator of transcription 6 (STAT6) 
silencing elicited ER stress-mediated apoptosis in lung cancer 
cells through CHOP induction, alteration of BH3 protein 
expression and reactive oxygen species (ROS) production (31). 
Resveratrol (3,5,4'‑trihydroxy‑trans‑stilbene) exerted its cyto-
toxic role in cancer cells exposed to palmitate, a saturated fatty 
acid, triggering a lipid‑mediated cell death, which is promoted 
by ER stress through a CHOP‑mediated apoptotic process (32). 
Lactacystin (LAC) treatment increases the expression of 
protein disulfide‑isomerase (PDI), GRP78, CHOP, cleaved 
caspase‑4 and cleaved caspase‑3 induced by cisplatin in HeLa 
cells, suggesting that LAC may enhance cisplatin cytotoxicity 
by increasing ER stress‑associated apoptosis (33).

4. GRP78 and its signaling pathway

GRP78, also known as the immunoglobulin heavy 
chain-binding protein, and other GRPs are ER chaperones 

which belong to the heat‑shock protein family (34,35). In 
the late 1970s, upon rapid depletion of glucose from the 
culture medium of chick embryo fibroblasts, the amount of an 
unknown protein with a molecular mass of 78 kDa was identi-
fied to be significantly increased and was subsequently termed 
GRP78 (36). GRP78 was also revealed to be present in the 
plasma membrane, cytoplasm, mitochondria, nucleus and the 
cellular secretions of tumor cells (37). The GRP78 promoter 
region contains a highly conserved region (consisting of 
CCAAT‑like sequences flanked by GC‑rich motifs) termed 
the cis-acting endoplasmic reticulum stress-response 
element (ERSE), reportedly required for transcriptional 
activation in response to ER stress (38). The promoter 
also contains other important motifs including a cyclic 
adenosine 3',5'-monophosphate response element (CRE) and 
12‑O‑tetradecanoylphorbol‑13‑acetate (TPA) DNA‑response 
element (TRE) motif (39,40). As an ER stress‑associated 
protein, GRP78 is involved in protein folding and assembly, 
proteasomal degradation of misfolded proteins, ER Ca2+ 
binding and cell survival during damaging conditions (41).

Under non-stress conditions, GRP78 binds to three UPR 
sensors (PERK, IRE1 and ATF6) rendering them inactive. 
In response to ER stress, GRP78 preferentially associates 
with the unfolded proteins instead of the typical sensors (42), 
following which the UPR becomes activated. The UPR 
sensors are important as they elicit damage control pathways 
synergistically, partially due to the activation by ATFs (ATF4 
and ATF6). Nuclear form ATFs act on the ERSE, increasing 
the expression of GRP78. Overexpression of GRP78 is 
hypothesized to be redistributed to the cell surface by means 
of vesicle transport (43). It recognizes extracellular ligands 
including α2-macroglobulin, kringle 5, prostate apoptosis 
response‑4 (Par‑4), major histocompatibility complex I 
(MHC‑I) and T‑cadherin, transducing corresponding signals. 
Ligands binding to the N-terminal domain of GRP78 induce 
a proproliferative and antiapoptotic response, whereas binding 
to the C-terminal domain inhibits cell proliferation and trig-
gers apoptosis (44). This biological effect is associated with the 
activation of the phosphoinositide 3‑kinase/protein kinase B 
(PI3K/Akt) and mitogen‑activated protein kinase (MAPK) 
signaling pathways (45,46). The activation of the MAPK 
signaling pathways leads to a rapid induction of GRP78 (47), 
presenting GRP78-associated signal transduction in the form 
of a feedback loop (Fig. 1) (48).

5. GRP78 and gastric cancer

Numerous studies on GRP78 have been focused on tumor 
development and progression. Overexpression of GRP78 has 
been identified in a variety of tumors including digestive, 
urinary, cerebral, mammary and respiratory system tumors. 
In general, GRP78 expression is positively associated with 
tumor malignancy. For example, GRP78 expression increased 
with the progression from early to advanced colorectal 
cancer stages (49). Furthermore, a significant association 
was identified between GRP78 expression and response 
to chemotherapy (49). Guan et al (50) reported that GRP78 
and melanoma differentiation‑associated gene‑9 (MDA‑9) 
were expressed in lymph node metastases at increased levels. 
Furthermore, exosomes from serum samples of patients with 
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metastatic melanoma contained increased levels of MDA‑9 and 
GRP78 compared with patients without metastases, indicating 
the potential of MDA‑9 and GRP78 as biomarkers for the early 
detection of metastasis. Caspases cause poly (ADP‑ribose) 
polymerase (PARP) cleavage and inactivation during apop-
tosis. Jiang et al (51) demonstrated that knockdown of GRP78 
by small interfering (si)RNA enhanced PARP cleavage in 
human pancreatic cancer cell lines. Conversely, induction of 
GRP78 on the cell surface by doxorubicin and tunicamycin 
has been previously associated with CHOP/growth arrest‑ and 
DNA damage‑inducible gene 153 (GADD153) upregulation 
and increased apoptosis in triple-negative breast cancer tumor 
cells (52). Overexpression of GRP78 is associated with early 
clinical stage and improved survival in patients with neuro-
blastoma (53). The following subsections systematically and 
comprehensively summarize the studies which have elucidated 
the role of GRP78 in GC.

GRP78 expression and its clinical characteristics in GC. 
Numerous studies have identified that GRP78 is detected in 

the sera of patients with GC along with its autoantibody (54), 
and it is significantly upregulated in GC cells as well as in 
surgical specimens of gastric tumors (55‑58). Other studies 
have demonstrated that GRP78 is positively associated 
with tumor size, depth of invasion, poor differentiation, 
tumor-node-metastasis stage, lymphatic and venous invasion, 
lymph node metastasis, short time to recurrence and 
chemoresistance, although it is not associated with sex or 
age (55‑58). In the light of this evidence, GRP78 is considered 
an objective and effective marker for predicting the aggressive 
behavior and poor prognosis of patients with GC.

GRP78, cell proliferation and apoptosis in GC. In a gastric 
tumor, cancer cells are able to adapt to a variety of ER stressors 
by inducing GRP78, which promotes cancer cell proliferation 
and inhibits apoptosis. For example, in flow cytometry analysis, 
it had previously been revealed that the downregulation of 
GRP78 markedly inhibited the proliferation of GC cells at the 
G1 phase, whereas GRP78 overexpression promoted cell cycle 
progression (55). These results suggest that GRP78 promotes 

Figure 1. Signaling pathway of GRP78. Upon ER stress, GRP78 separates from UPR sensors (PERK, IRE1 and ATF6) and preferentially associates with 
unfolded proteins, upon which UPR is activated. These sensors elicit damage control pathways synergistically, activated partially by ATFs (ATF4 and ATF6). 
The nuclear form ATFs subsequently act on ERSE, increasing the expression of GRP78. Overexpressed GRP78 may be redistributed to the cell surface by 
means of vesicle transport, recognizing extracellular ligands and activating PI3K/AKT and MAPK signaling pathways. The activation of PI3K/AKT and 
MAPK signaling pathways may also lead to the rapid induction of GRP78. GRP, glucose‑regulated protein; ER, endoplasmic reticulum; UPR, unfolded 
protein response; PERK, protein kinase‑like ER kinase; IRE1, inositol‑requiring enzyme 1; ATF, activating transcription factor; ERSE, endoplasmic reticulum 
stress‑response element; PI3 K, phosphoinositide 3‑kinase; AKT, protein kinase B; MAPK, mitogen‑activated protein kinase; MHC, major histocompatibility 
complex; Par‑4, prostate apoptosis response‑4.
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GC cell proliferation. Under hypoxia stress, a protein kinase 
Cε/Raf‑1/MAPK‑extracellular‑signal‑regulated kinase 
(ERK) kinase (MEK)/ERK/activator protein 1 (AP1) 
signaling cascade induced GRP78 expression in human GC 
cells by acting on a TPA‑response element‑like element of the 
GRP78 promoter (47). In the presence of the MEK inhibitor 
U0126, activation of caspase-3 and cleavage of its substrate 
PARP by the ER stress inducer tunicamycin or thapsigargin 
was enhanced in GC cells, although overexpression of Bcl‑2 
inhibited this apoptosis (59). Therefore, Zhang et al (59) 
concluded that the inhibition of MEK blocked the ER 
stress-mediated upregulation of GRP78 and enhanced 
ER stress-induced apoptosis through a caspase- and 
mitochondria‑mediated mechanism. This activation of the 
MEK/ERK signaling pathway by ER stress is hypothesized 
to be necessary for the induction of GRP78, which protects 
GC cells against apoptosis (59).

Conversely, if the stress exceeds the threshold that GC cells 
can afford, apoptosis may be initiated. For instance, following 
treatment with 10 µg/ml tunicamycin for 24 h, GRP78 and 
CHOP were upregulated whereas Bcl‑2 was downregulated in 
the GC cell line BGC823, ultimately leading to apoptosis (60). 
Vitamin E succinate (RRR-α‑tocopheryl succinate; VES) 
causes cytological changes typical of apoptosis by increasing 
ER dilation and cytosolic Ca2+ concentration. Upon treatment 
with VES at a concentration of 20 µg/ml, GRP78 was demon-
strated to be transcriptionally and translationally induced 
in a time‑dependent manner while the induction of CHOP, 
caspase‑4 and JNK were observed (61). Huang et al (62) addi-
tionally revealed that, in response to α-tocopheryl succinate 
(α‑TOS), induction of GRP78 and CHOP and activation of 
caspase‑4 were also observed which are cytological changes 
typical of apoptosis.

GRP78 variants and promoter polymorphisms in GC. 
Rauschert et al (63) isolated a human monoclonal IgM antibody, 
SAM‑6, from a patient with GC. The antibody was revealed to 
bind a previously unknown variant of GRP78 with a molecular 
mass of 82 kDa, a variant eventually known as GRP78SAM‑6. 
The epitope is an O‑linked carbohydrate moiety which is only 
expressed on malignant cell membranes. This variant qualifies 
as a target for immune surveillance and antibody responses, 

making it an ideal target for novel therapeutic approaches of 
patients with GC. Winder et al (64) have additionally reported 
that patients with GC with the combined GRP78 rs391957 C/T 
and T/T genotype exhibit an increased risk of tumor recurrence 
and mortality than those with C/C. These data suggest that 
GRP78 rs391957 polymorphism may be capable of predicting 
clinical outcomes in patients with localized GC (64).

GRP78 and GC cell invasion and metastasis. Previous studies 
have identified that the expression of GRP78 has a clear asso-
ciation with the invasion and metastasis of GC cells (55,65). 
Zhang et al (65) revealed that overexpression of GRP78, 
induced by the transcription factor specificity protein 1 (Sp1), 
increased lymph node metastasis in patients with GC. Knocking 
down GRP78 expression inhibited GC cell invasion in vitro and 
cellular proliferation and metastasis in a xenograft nude mouse 
model. Yang et al (55) similarly reported that GRP78 expres-
sion was increased in tumors from GC patients with deep tumor 
infiltration and lymph node metastasis compared with tumors 
from patients without these features. These results suggest that 
GRP78 may promote invasion and metastasis of GC cells and 
that the dysregulated expression of GRP78 may contribute to 
the development and progression of GC.

GRP78 and chemoresistance of GC cells. Over the last decades, 
standard multimodal treatment strategies have failed to cure a 
large proportion of patients with GC, particularly those with 
advanced and metastatic disease, ultimately contributing to 
poor survival rates (1). Certain investigators have suggested 
that this is possibly due to a chemoresistance phenomenon 
occurring during treatment (66). For example, an adenosine 
5'-triphosphate tumor chemosensitivity assay has demonstrated 
that increased GRP78 expression is associated with the chemo-
resistance of GC cells to chemotherapeutic agents, whereas 
negative GRP78 expression was associated with increased 
sensitivity to drugs and regimens (56). However, the underlying 
molecular mechanisms of this observed outcome remain to be 
further clarified and are urgently required for more effective 
clinical intervention and improved patient management.

Celecoxib, a non‑steroidal anti‑inflammatory drug, induces 
apoptosis in cancer cells. In human GC cells, overexpression of 
GRP78 induced by celecoxib partially suppresses the induction 

Table I. Anti‑GRP78 drugs and their effects and molecular mechanisms in GC.

Anti‑GRP78 drug Effect Mechanism

GMBP1 Resensitizes GC MDR cells to Downregulates GRP78 and
 chemotherapeutic agents MDR1 expression
Versipelostatin Inhibits tumor growth of GC cell Inhibits transcription from
  the promoter of GRP78
GRP78BP A targeted protein to guide drugs Selectively recognizes
 to GC cells and binds to GC cells
GRP78‑tk/GCV A suicide gene when administrated The HSV‑tk gene may be controlled
 with the prodrug GCV by GRP78 promoter

GRP, glucose‑regulated protein; GC, gastric cancer; MDR, multidrug resistance; BP, binding protein; tk, thymidine kinase; GCV, ganciclovir; 
HSV, herpes simplex virus.
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of CHOP and protects cancer cells from celecoxib‑induced 
apoptosis (67). Additionally, suppression of GRP78 expression 
by siRNA markedly stimulates the expression of CHOP and 
cellular apoptosis in the presence of celecoxib. These results 
suggest that upregulation of ER chaperones by celecoxib 
decreases the potential antitumor activity of celecoxib.

GRP78, diagnosis and targeted therapy of GC. Since no 
specific symptoms have been characterized in patients with 
early GC, there is a lack of convenient means of census 
screening, consequently contributing to the currently low 
detection rate of patients with early GC. Radiation or 
chemotherapy of patients with GC is often accompanied by 
enormous biocytotoxicity and side effects, often resulting 
in poor patient outcomes. Molecular targeting therapy has 
been proposed to eradicate tumors through the targeting of 
specific tumor markers. Uncovering reliable biomarkers of 
GC associated with tumorigenesis and progression is crucial 
for effective diagnosis and successful treatment, leading 
to improved therapeutic outcomes and patient quality of 
life (68,69). Interestingly, the radioactive intensity measured in 
animals with GC xenografts administered with GRP78‑binding 
peptide-guided 111In‑labeled micelles is statistically increased 
compared with animals administered with 111In‑labeled 
micelles alone (70). These results suggest that GRP78 is an 
effective probing target in the application of nuclear imaging 
for GC diagnosis. Kang et al (71) identified that GC multidrug 
resistance (MDR) cell‑specific binding peptide GMBP1 may 
specifically bind to GRP78 on the surface of GC MDR cells, 
resensitizing GC MDR cells to a variety of chemotherapeutic 
agents by downregulating GRP78 expression and inhibiting 
MDR1 expression. These results provide new insight into the 
management of MDR in GC cells.

Furthermore, versipelostatin (VST), a novel macrocy-
clic compound, may inhibit transcription from the GRP78 
promoter. VST alone and in combination with cisplatin 
significantly inhibits tumor growth of GC cell MKN74 xeno-
grafts compared with untreated controls (72). Cheng et al (73) 
designed a GRP78‑binding peptide which may selectively 
recognize and bind to GC MKN45 cells in vitro. Additionally, 
the overexpression of GRP78 has been used as a targeted 
protein to guide drugs to GC cells, leading to a more effective 
treatment for GC xenografts (73). This study demonstrated 
that a GRP78-mediated drug targeting system may deliver 
chemotherapeutic drugs with increased targeting precision to 
GC cells, leading to minimized side effects in patients during 
chemotherapy (73).

Finally, the thymidine kinase gene of herpes simplex virus 
(HSV‑tk) is a suicide gene when administrated with the prodrug 
ganciclovir (GCV). HSV‑tk may phosphorylate GCV to become 
GCV triphosphate which is incorporated into cellular DNA, 
resulting in termination of DNA synthesis and cell death (74). 
In an experimental system, the HSV‑tk gene may be controlled 
by the GRP78 promoter or the long terminal repeat (LTR) 
promoter. Under stress conditions in a fast‑growing solid tumor, 
the LTR promoter was suppressed and thus unable to sustain 
the foreign gene expression (75); however, the stress‑inducible 
protein GRP78 was markedly induced (76). This constitutes an 
ideal gene therapy system to selectively kill tumor cells without 
affecting normal tissues. Azatian et al (77) have demonstrated 

that, compared with LTR‑tk/GCV, GRP78‑tk/GCV treatment 
resulted in complete tumor elimination in GC cells with no p53 
mutations in vitro and in vivo (Table I).

6. Conclusions and perspective

The ER stress‑associated protein GRP78 is overexpressed 
in GC and promotes proliferation and inhibition of apop-
tosis of GC cells. GRP78 may serve a critical role in GC 
cell invasion and metastasis as well as the development of 
chemotherapeutic resistance. Clinically, GRP78 expres-
sion has a clear association with the prognosis of patients 
with GC. As a biomarker of GC, GRP78 may improve the 
efficiency of early diagnosis for patients with GC. As a 
therapeutic target, GRP78-targeting therapy may improve 
therapeutic outcomes and quality of life in patients with GC. 
However, the causal role of GRP78 in GC pathogenesis and 
eventual translation into the clinic warrants further study, 
particularly the aspects of the underlying molecular mecha-
nisms of action. Other functions of GRP78 in GC, including 
angiogenesis, should also be explored in depth. Further 
understanding of the roles of GRP78 in GC may provide 
physicians broader prospects for the effective treatment of 
GC patients.
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