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Gastric cancer (GO), a leading cause of cancer-related mortal-
ity, remains a significant challenge despite recent therapeutic
advancements. In this study, we explore the potential of tar-
geting cell surface glucose-regulated protein 94 (GRP94) with
antibodies as a novel therapeutic approach for GC. Our com-
prehensive analysis of GRP94 expression across various cancer
types, with a specific focus on GC, revealed a substantial over-
expression of GRP94, highlighting its potential as a promising
target. Through in vitro and in vivo efficacy assessments, as
well as toxicological analyses, we found that K101.1, a fully
human monoclonal antibody designed to specifically target cell
surface GRP94, effectively inhibits GC growth and angiogen-
esis without causing in vivo toxicity. Furthermore, our findings
indicate that K101.1 promotes the intemalization and concur-
rent downregulation of cell surface GRP94 on GC cells. In
conclusion, our study suggests that cell surface GRP94 may be
a potential therapeutic target in GC, and that antibody-based
targeting of cell surface GRP94 may be an effective strategy for
inhibiting GRP94-mediated GC growth and angiogenesis. [BMB
Reports 2024; 57(4): 188-193]

INTRODUCTION

Gastric cancer (GC) is a significant global health concern, rank-
ing as the fifth most frequently diagnosed cancer and the
fourth leading cause of cancer-related mortality worldwide
(1). Despite considerable progress in cancer biology and the-
rapeutic approaches, GC management remains difficult. Cur-
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rent treatment strategies encompass multifaceted interventions
tailored to consider critical factors such as disease stage, over-
all patient health, and individualized therapy plans. Standard
care includes surgical tumor excision and adjuvant chemo-
therapy regimens with drugs including capecitabine, oxalipla-
tin, paclitaxel, irinotecan, and 5-fluorouracil (5-FU) (2, 3). How-
ever, these treatments frequently cause debilitating adverse
effects, severely affecting patients’ quality of life. Moreover,
the prognosis for individuals with advanced GC remains poor,
with a median survival period of less than a year (4, 5).

Conventional chemotherapeutic agents often face limitations,
including side effects, cancer recurrence, and drug resistance.
Therefore, the development of novel therapeutic agents is
necessary to enhance the clinical outcome of cancer patients
(6). In recent decades, therapeutic monoclonal antibodies (mAbs)
have gained interest due to their precision in targeting specific
molecular markers. Several mAbs, including trastuzumab (anti-
human epidermal growth factor 2 [HER2]), ramucirumab (anti-
vascular endothelial growth factor receptor 2), and nivolumab
(anti-programmed death-1), have received approval from the
US Food and Drug Administration (FDA) for GC treatment
(7-9). The primary first-line treatment for advanced HER2-posi-
tive GC involves trastuzumab and chemotherapy. However,
this treatment has only improved overall survival (OS) by 2.7
months, from 11.1 to 13.8 months. Importantly, it is most ef-
fective in 15-20% of GC patients with HER2 overexpression
(7). Ramucirumab has been shown to improve OS by 1.4 months
compared to the placebo group (3.8 months), with a median of
5.2 months (8). Additionally, the FDA has approved nivolu-
mab for combination therapy with chemotherapy, which in-
creases OS by 3.3 months compared to chemotherapy alone
(14.4 vs. 11.1 months) (9).

Despite efforts to develop targeted therapies, the molecular
heterogeneity of GC cells has hindered their application in
clinical trials. The complexity of GC extends beyond clinical
challenges, encompassing profound morphological and mole-
cular diversity arising from genomic and epigenetic alterations.
This heterogeneity causes an increase in drug resistance and
highly aggressive cell subpopulations within the tumor micro-
environment, diminishing the efficacy of current treatments
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(10, 11). Given these formidable challenges, there is an urgent
need to explore novel therapeutic strategies. This involves
studying the intricate molecular aspects of GC, identifying pro-
mising therapeutic targets, and developing precise and effec-
tive treatment modalities.

One promising target is glucose-regulated protein 94 (GRP94),
a member of the heat shock protein 90 (HSP90) family (12).
Under normal conditions, GRP94 is predominantly expressed
in the endoplasmic reticulum (ER) in response to ER stress,
stabilizing protein folding of misfolded polypeptides as a mole-
cular chaperone (13). However, it is well-known that cancer
cells exhibit the overexpression of GRP94. Elevated GRP94
levels are hallmarks of several types of cancers including colo-
rectal and lung cancers, correlating with advanced disease stages
and poor prognosis (14-16). Interestingly, cancer cells also in-
crease the levels of cell surface GRP94, forming stable com-
plexes with critical membrane proteins such as HER2, uroki-
nase receptor, and estrogen receptor-alpha36 in plasma mem-
branes. These complexes play an essential role in cancer pro-
gression and metastasis (17-19). In our previous study, we re-
ported that GRP94 overexpression in colorectal cancer (CRC)
is closely associated with an increase in microvessel density
(MVD) (15). Furthermore, using a novel fully human mAb spec-
ifically targeting GRP94 that we have developed, we eluci-
dated that antibody-based targeting of GRP94 is effective in
reducing tumor growth and angiogenesis through internali-
zation and concomitant downregulation of cell surface GRP94
on endothelial cell surfaces (15). These results also provide
evidence revealing the potential role of GRP94 during cancer
progression and metastasis.

This study aimed to explore the role of cell surface GRP94
as a potential molecular target in GC and to assess the suita-
bility of targeting cell surface GRP94 for potential therapeutic
applications. Our research employed histopathological and
bioinformatics analyses to understand the significance of GRP94
expression in GC. Furthermore, we assessed the efficacy,
toxicity profile, and mode of action of a novel anti-GRP94
human mAb developed for this purpose. The primary focus of
our investigation was to evaluate the antibody’s capability to
inhibit GC cell growth and angiogenesis. Therefore, we suggest
that cell surface GRP94 could be a potential therapeutic target
in GC for antibody therapy, emphasizing the potential of anti-
body-based targeting.

RESULTS

Comprehensive assessment reveals a significant increase in
the expression of GRP94 in GC

To comprehensively assess GRP94 expression across various
cancer types, we analyzed immunohistochemistry (IHC) results
and categorized GRP94 expression scores from tumor tissue
microarrays (TMAs). Our analysis revealed strong expression
(score 4) in CRC, liver cancer (LC), and GC, whereas bone and
bladder cancers exhibited minimal expression (score 1) (Fig.
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Fig. 1. Analysis of GRP94 expression levels across different cancer
types. (A) IHC staining was employed to assess GRP94 expression
in tumor tissues of various cancer types. Representative images
were categorized based on the IHC score for each cancer type
(200x magnification). (B) The dot plot graph illustrates the conver-
sion of IHC images for each cancer type into IHC scores, which
encompass both intensity and the proportion of GRP94 expression
levels. (C) Flow cytometry analysis of GRP94 expression in LC (upper)
and GC (lower) cell lines. Cells were stained with (red) or with-
out (black) anti-GRP94 polyclonal antibodies. (D) Examination of
GRP94 mRNA levels in 413 GC tissues (light gray) and 35 normal
gastric tissues (white) samples using Cancer Genome Atlas (TCGA)
Stomach Adenocarcinoma (STAD) RNA-seq data (ICGC Database
Release 28). Statistical analysis was performed using a two-tailed
Student’s t-test. ***P < 0.001.

1A, B). These findings are consistent with our previous re-
search, which had already confirmed GRP94 overexpression
in CRC tissues compared to normal mucosa (15).

Building on this foundation, we expanded our investigation
to include cell surface GRP94 in GC and LC cells that had the
highest IHC scores, excluding CRC. Using flow cytometry with
a commercially available anti-GRP94 polyclonal antibody, we
confirmed the presence of distinct GRP94 expression in all
tested human GC (MKN45, AGS, NCI-N87, KATO Ill) and LC
(Hep G2, Huh-7, SK-Hep-1) cell lines (Fig. 1C0).

To elucidate the clinical relevance of GRP94 in GC, we also
evaluated GRP94 mRNA expression levels in GC patients.
Specifically, this analysis was based on the TCGA gastric adeno-
carcinoma (STAD) RNA-seq data obtained from the Interna-
tional Cancer Genome Consortium (ICGC) database (release 28).
As shown in Fig. 1D, a clear distinction in gene expression
was evident between normal gastric tissues and GC tissues,
with GRP94 expression being notably higher in cancer tissues.
Taken together, these results indicate a close association be-
tween GRP94 expression and GC, suggesting its role in GC
pathogenesis.

K101.1 promotes internalization and downregulates cell
surface GRP94 expression in GC cells

In our previous study, we developed a phage display-derived
anti-GRP94 human mAb called K101.1, which specifically in-
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hibits angiogenesis mediated by cell surface GRP94 (15). To
assess the specific binding of K101.1 to cell surface GRP94 on
GC cells, we performed flow cytometry experiments, where
K101.1 was preincubated in the presence or absence of
rhGRP94. The results indicated a substantial decrease in
K101.1 binding to the cell surface of GC cells when prein-
cubated with rhGRP94, suggesting the specific binding of
K101.1 to cell surface GRP94 on GC cells (Supplementary Fig.
1). To evaluate the impact of K101.1 on GC cell growth in
vitro, NCI-N87 cells were cultured in the presence of control
immunoglobulin G (IgG) and K101.1, and the cell growth was
measured. The results showed a significant reduction in the
growth of NCI-N87 cells in the presence of K101.1 (Fig. 2A).

To understand the mode of action of K101.1 on GC cells,
we investigated the internalization process induced by K101.1
in NCI-N87 cells. We treated the cells with FabFluor-conju-
gated K101.1 to observe its potential mechanism. The inter-
nalization of K101.1 was monitored over time, and the results
demonstrated that K101.1 facilitated internalization, whereas
the control 1gG did not exhibit such effects (Fig. 2B, C).

Next, to examine whether K101.1 can modulate the expres-
sion of GRP94 on the cell surface, we conducted flow cyto-
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Fig. 2. Effect of K101.1 and evaluation of K101.1-induced internali-
zation and downregulation of cell surface GRP94 on NCI-N87 cells.
(A) NCI-N87 GC cells were seeded into a 96-well culture plate
and treated with control 1gG (black) and K101.1 (red) for 60 h.
Cell viability was assessed by measuring absorbance at 450 nm.
(B) Real-time tracking of antibody internalization in NCI-N87 cells
treated with FabFluor-pH red-labeled antibodies using the Incucyte
SX1 live cell imaging system. Representative images of antibody
internalization at 12 h are displayed. Scale bar = 400 um. (C) Mo-
nitoring of the internalization kinetics of FabFluor-pH red-labeled
control 1gG (black) and K101.1 (red) antibodies over a 12 h period.
(D) Flow cytometry was performed to evaluate the downregulation
of cell surface GRP94 by K101.1. PFA-fixed or unfixed NCI-N87
cells treated with (red) or without (black) K101.1 for 4 h were
stained with fluorescent-labeled anti-GRP94 polyclonal antibody, and
flow cytometry analysis was performed. (E) Quantification of the
time-dependent decrease in cell surface GRP94 on NCI-N87 cells
over time in the presence of control 1gG (black) or K101.1 (red)
as determined using cell ELISA with an anti-GRP94 polyclonal anti-
body. Data were subjected to statistical analysis using a two-tailed
Student’s t-test. ***P < 0.001.
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metry analysis and compared the levels of GRP94 expression
on paraformaldehyde (PFA)-fixed and unfixed NCI-N87 cells,
both in the presence and absence of K101.1. Before K101.1
treatment, PFA-fixed NCI-N87 cells were used to monitor cell
surface GRP94 under native conditions. Our results clearly de-
monstrated that K101.1 significantly reduced the levels of cell
surface GRP94 on NCI-N87 cells, while exhibiting no impact
on PFA-fixed NCI-N87 cells (Fig. 2D).

To further validate the mechanism of action of K101.1 in
NCI-N87 cells, we measured GRP94 expression on the cell
surface individually after treatment with control 1gG or K101.1,
using cell enzyme-linked immunosorbent assay (ELISA) with a
commercially available anti-GRP94 polyclonal antibody. The
results showed that over time, K101.1 reduced GRP94 expres-
sion on the surface of NCI-N87 cells by 44%, whereas control
IgG had no such effect (Fig. 2E). Overall, these findings suggest
that K101.1 effectively targets cell surface GRP94 in GC cells,
promoting the internalization and downregulation of GRP94
expression.

K101.1 effectively inhibits the growth of GC without causing
significant in vivo toxicity in a mouse xenograft model

To assess the efficacy of K101.1 in vivo, we used a mouse xeno-
graft model established by subcutaneously injecting NCI-N87
cells. The mice were treated twice a week for three weeks with
phosphate-buffered saline (PBS) and 10 mg/kg K101.1 through
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Fig. 3. Efficacy and toxicological evaluation of K101.1 in a mouse
xenograft model. (A) Schematic representation of the drug treatment
protocols used in NCI-N87 GC xenograft animal models. (B) NCI-
N87 tumor xenograft mouse models received either monotherapy
with K101.1 (red) or 5-FU (gray). The mice were randomly divided
into groups (n = 14) and administered intravenous injections of
PBS and 10 mg/kg of K101.1, as well as intraperitoneal injections
of 40 mg/kg of 5-FU twice a week for three weeks. Tumor volumes
were monitored in the MOCK, 5-FU, and K101.1 treatment groups
until day 23. P-values were calculated using two-way ANOVA with
Bonferroni’s multiple comparison test. *P < 0.05, ***P < 0.001.
(C) Regular recording of the total body weights of mice treated with
5-FU (gray), or K101.1 (red) was conducted twice weekly. (D) Bio-
chemical analyses of GPT, TBIL, GOT, BUN, and CRE concentrations
in blood samples collected on day 23 after treatment, providing
insight into potential liver and kidney toxicity.
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intravenous injections, as well as with 40 mg/kg 5-FU, which
was administered intraperitoneally (Fig. 3A). Here, we con-
firmed that negative controls, including intravenous injection
of control 1gG and intraperitoneal injection of PBS and 0.1%
DMSO in PBS, had no impact on tumor growth rate in the
previously established NCI-N87 xenograft model (data not
shown). The results demonstrated a significant reduction in
tumor growth upon K101.1 treatment compared to the control
group (Fig. 3B), suggesting the potential effectiveness of anti-
body-based targeting of GRP94 in suppressing GC growth.

In addition to evaluating the anti-tumor efficacy, we also
monitored the potential toxicity of K101.1 in mice by asses-
sing liver and kidney functions and tracking changes in body
weight. Throughout the period of drug administration period,
we observed no significant changes in body weight. In addi-
tion, indicators of liver function, including glutamic pyruvic
transaminase (GPT), total bilirubin (TBIL), and glutamic oxalo-
acetic transaminase (GOT), and kidney function, such as blood
urea nitrogen (BUN) and creatinine (CRE), did not show any
noticeable toxic effects compared to the controls (Fig. 3C, D).
These results suggest that K101.1 does not induce severe
toxicity in vivo.

K101.1 suppresses tumor angiogenesis and promotes
apoptosis in GC

To analyze the effect of K101.1 on tumor angiogenesis and
apoptosis in GC, we performed in vivo fluorescence IHC using
NCI-N87 GC tissue samples obtained from each treatment
group. MVD was quantified using CD31, a reliable endothelial
marker. A significant reduction in MVD was observed in the
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Fig. 4. IHC analysis of microvessel density (MVD) and apoptosis
in tumor tissue. (A) MVD and apoptosis in tissues obtained from
each group were determined using IHC with anti-CD31 antibody
(red) and TUNEL staining (green), respectively. The fluorescent
images were acquired using confocal microscopy. DAPI staining (blue)
was used to detect nuclear morphology. Scale bar = 100 pum. (B)
CD31 positivity per field in 5 samples for each group, expressed
as a graph bar. (O) TUNEL positivity per field in 5 samples for
each group, expressed as a graph bar. All values represent the
mean + SEM of quadruplicate measurements from two independent
experiments. Data were analyzed using a two-tailed Student’s t-test.
**P < 0.01, ***P < 0.001. DAPI, 4’,6-diamidino-2-phenylindole,
dihydrochloride.
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K101.1-treated group compared to the control group (Fig. 4A,
B). The 5-FU-treated group served as a positive control. This
observation demonstrates that K101.1 strongly inhibits the for-
mation of new blood vessels in GC, which is a crucial process
in tumor growth.

Simultaneously, we observed a significant increase in apop-
tosis in the K101.1-treated group, which was comparable to
the 5-FU-treated group. This effect was confirmed through the
terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) assay, indicating that K101.1 plays a role in promo-
ting apoptosis in GC tissues (Fig. 4C). Collectively, these re-
sults demonstrate that K101.1 effectively inhibits GC growth
by suppressing angiogenesis and promoting apoptosis.

DISCUSSION

In the field of cancer research, several studies have demon-
strated a significant correlation between GRP94 overexpres-
sion and poor prognostic outcomes in various types of cancer,
including GC (14-16, 20, 21). Additional investigations have
also explored the functional role of GRP94 in tumor progres-
sion and metastasis, using diverse modulators such as siRNA
and chemical inhibitors (22, 23). However, the specific role of
cell surface GRP94 in GCs has not been clearly understood.
Therefore, targeting cell surface GRP94 with a mAb could
provide valuable insights into its role in GC. In the present
study, we propose, for the first time, that cell surface GRP94
may be a potential therapeutic target in GC, and that anti-
body-based targeting of cell surface GRP94 holds promise as
an effective strategy for modulating GRP94-overexpressing GC.

GC is a highly heterogeneous disease associated with high
morbidity and mortality rates. The molecular diversity inherent
in GC presents a significant obstacle to achieving favorable
clinical outcomes through existing therapeutic strategies (10, 11).
Therefore, there is an urgent need to identify a precise thera-
peutic target for a comprehensive understanding of GC patho-
genesis and the subsequent development of targeted interven-
tions. In this study, we propose the cell surface GRP94 as a
potential therapeutic target in GC. Our hypothesis is supported
by multiple lines of evidence. Initially, our IHC analysis of a
TMA revealed a significant upregulation of GRP94 protein in
GC compared to various other cancer types. Subsequently, to
further explore the clinical relevance of GRP94 in GC, we
examined mRNA expression levels using data from the ICGC.
The analysis revealed higher GRP94 mRNA levels in GC
tissues compared to normal gastric tissues. Furthermore, a
study by Zheng et al. established a strong correlation between
GRP94 expression and key aspects of GC, including onset,
growth, invasion, metastasis, and poor prognosis (24). Lastly,
our investigation demonstrated that the GRP94-targeting anti-
body, K101.1, effectively reduced GC growth and angiogene-
sis without inducing in vivo toxicity.

This investigation builds upon our prior study, which iden-
tified the role of K101.1 in inhibiting tumor growth and angio-

BMB Reports

191



Antibody-based targeting of GRP94 in gastric cancer
Hyun Jung Kim, et al.

genesis by targeting cell surface GRP94 in CRC (15). Previ-
ously, we utilized phage display technology for biopanning to
isolate single-chain variable fragment (scFv) clones specific to
rhGRP94 from a human synthetic scFv library. Following DNA
sequencing, four scFv clones with distinct complementarity-
determining region sequences were converted to IgGs. Among
them, we selected one IgG clone, K101.1, which exhibited a
high production yield (> 200 mg/L) and strong affinity (approxi-
mately 2.12 nM) to rhGRP94. Through several in vitro studies,
we found that K101.1 inhibits angiogenesis by inducing rapid
internalization and concomitant downregulation of cell surface
GRP94 on human umbilical vein endothelial cells (HUVECs).
Additionally, in the HCT116 CRC xenograft model, K101.1
suppressed GRP94-mediated tumor growth and angiogenesis
in CRC tissues without causing significant toxicity (15). Shifting
our focus to GC, which is characterized by significant GRP94
upregulation, we sought to evaluate the therapeutic potential
of K101.1. In vitro experiments using NCI-N87 cells treated
with K101.1 revealed a significant reduction in cell growth. In
our xenograft model using the NCI-N87 GC cell line, the
K101.1-treated groups exhibited significant inhibition of tumor
growth, comparable to the effects of the conventional chemo-
therapeutic agent 5-FU. Moreover, we observed a significant
reduction in MVD in tumor tissue, indicating K101.1’s ability
to inhibit tumor angiogenesis, which is an essential mechan-
ism of tumorigenesis. Additionally, K101.1 induced cell death
in tumor tissue, suggesting its potential to suppress cancer
growth. These findings suggest that antibody-based targeting of
cell surface GRP94 using K101.1 may effectively suppress
tumor growth and angiogenesis in GRP94-expressing GCs.
This implication broadens the horizons of GRP94-targeted
therapies and offers potential for cancer treatments.

In the pursuit of developing effective therapeutic antibodies,
the internalization of the specific antibody-antigen complex is
a crucial mechanism for therapeutic efficacy (25). The sub-
sequent downregulation and degradation of target molecules
on the cell surface through internalization can significantly
influence tumor growth by disrupting interactions with various
signaling molecules associated with the target molecule (26).
Trastuzumab, a well-established internalizing antibody, effecti-
vely reduces HER2 expression in breast cancer cells, thereby
inhibiting downstream oncogenic pathways (27). The results of
our study, including antibody internalization assays and flow
cytometry analyses, indicate that the specific binding of K101.1
induces time-dependent internalization of cell surfface GRP94
in NCI-N87 human GC cells, leading to the subsequent down-
regulation of GRP94 expression on the cell surface. Addi-
tionally, our flow cytometry and cell-based ELISA analyses con-
firmed the specific reduction of GRP94 surface expression in
GC cells by K101.1. This mode of action suggests that K101.1
may effectively inhibit cell surface GRP94-mediated cell sig-
naling in GC cells, which is closely associated with GC pro-
gression and metastasis. Furthermore, we observed a signifi-
cant reduction in GC cell growth induced by K101.1. These
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results lead us to speculate that K101.1’s anti-tumor activity
may be, at least in part, attributed to its direct inhibition of GC
cell growth through internalization and concomitant downre-
gulation of cell surface GRP94 on GC cells. However, we
cannot exclude the possibility that this anti-tumor activity may
also arise from the impact of GRP94-mediated angiogenesis,
achieved through the downregulation of cell surface GRP94
on endothelial cells in GC. This possibility is supported by our
previously published findings, which indicate that K101.1 in-
hibits angiogenesis by inducing internalization and simultane-
ous downregulation of cell surface GRP94 in HUVECs. The
K101.1-induced decrease in cell surface GRP94 expression of
HUVECs, which leads to the disruption of tube formation,
supports the notion that K101.1 suppresses GRP94-mediated
angiogenesis. Moreover, our immunoblot analysis demonstrated
that K101.1 did not affect the phosphorylation of protein ki-
nase B (also known as Akt) and extracellular signal-regulated
kinase in HUVECs, crucial downstream signaling molecules
involved in VEGF-induced angiogenesis. These observations
suggest that the antiangiogenic effect of K101.1 is independent
of VEGF signaling, but is rather related to the GRP94-mediated
pathway. Consequently, K101.1 specifically inhibited HUVECs
tube formation in vitro through internalization-dependent down-
regulation of cell surfface GRP94 on HUVECs, reduced MVD,
and eventually decreased tumor growth in HCT116 CRC
xenograft models (15). Consistent with our previous report, we
observed a significant reduction in MVD in the tumor tissue of
K101.1-treated NCI-N87 xenograft models. Overall, our findings
support the potential of antibody-based targeting of cell sur-
face GRP94 in GC, highlighting the importance of inhibiting
cell surface GRP94-mediated signaling pathways involved in
tumor angiogenesis and apoptosis.

In conclusion, our study utilizing K101.1, an internalizing
antibody that specifically targets cell surface GRP94 in GC
cells, provides several lines of evidence to support the role of
cell surface GRP94 as a potential therapeutic target in GC for
antibody therapy. Furthermore, antibody-based targeting of cell
surface GRP94 may effectively inhibit tumor growth and
angiogenesis in GC. While our findings represent a significant
advancement in GC therapeutics, further studies are needed to
confirm these observations. In the near future, we plan to
expand our investigations to identify the downstream signaling
pathway of GRP94, in which K101.1 is involved in anti-angio-
genesis. Additionally, we aim to comprehensively assess the
safety and efficacy of K101.1 for the successful treatment of
human GC patients.

MATERIALS AND METHODS

Materials and methods are available in the supplemental ma-
terial.
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