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Abstract Molecular targeted therapy has become an emerging promising strategy in cancer treatment,

and screening the agents targeting at cancer cell specific targets is very desirable for cancer treatment.

Our previous study firstly found that a secretory peroxidase of class III derived from foxtail millet bran

(FMBP) exhibited excellent targeting anti-colorectal cancer (CRC) activity in vivo and in vitro, whereas

its underlying target remains unclear. The highlight of present study focuses on the finding that cell sur-

face glucose-regulated protein 78 (csGRP78) abnormally located on CRC is positively correlated with the

anti-CRC effects of FMBP, indicating it serves as a potential target of FMBP against CRC. Further, we

demonstrated that the combination of FMBP with the nucleotide binding domain (NBD) of csGRP78

interfered with the downstream activation of signal transducer and activator of transcription 3 (STAT3)

in CRC cells, thus promoting the intracellular accumulation of reactive oxygen species (ROS) and cell

grown inhibition. These phenomena were further confirmed in nude mice tumor model. Collectively,

our study highlights csGRP78 acts as an underlying target of FMBP against CRC, uncovering the clinical

potential of FMBP as a targeted agent for CRC in the future.
lucose-regulated protein 78; CDKs, cyclin-dependent kinases; CRC, colorectal cancer; CETSA, cellular thermal

n; CAC, colitis-associated carcinogenesis; DCFH-DA, dichloro-dihydro-fluorescein diacetate; ER, endoplasmic

receptor; FMBP, peroxidase derived from foxtail millet bran; FDA, U.S. Food and Drug Administration; GRP78,

oxylin & eosin; ISM, isthmin; MPs, membrane proteins; NBD, the nucleotide binding domain of csGRP78; PD-

xygen species; rGRP78, recombinant GRP78; STAT3, signal transducer and activator of transcription 3; SPF,

ding domain of csGRP78; TRAIL, tumor necrosis factor-related apoptosis-inducing ligand.
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1. Introduction

Colorectal cancer (CRC) ranks the world’s second most deadly
cancer with almost 9.6 million deaths annually1. Currently, CRC
is commonly treated by tumor resection, as well as chemotherapy
and radiotherapy, which have been proven to be limited due to
their non-cancer cell specific mode of action, resulting in insuf-
ficient drug concentrations in tumors, severe adverse effects and
the appearance of drug-resistant tumor cells2. Emerging evidence
suggests that the molecular targeted agents with high specificity
and less toxicity have been demonstrated promising outcomes in
cancer treatment3, mainly including small molecules, monoclonal
antibodies, and immunotherapeutic cancer vaccines. Small mole-
cule inhibitors that have been approved by the U.S. Food and Drug
Administration (FDA), such as ribociclib, gefitinib and rucaparib,
can target cyclin-dependent kinases (CDKs), epidermal growth
factor receptor (EGFR), and poly ADP ribose polymerase (PARP),
respectively, to intervene cell-cycle checkpoint, restrict cancer cell
growth, and trigger cell apoptosis, leading to the blockage of
cancer progression4e6. However, monoclonal antibodies (mAbs)
specifically target antigens or membrane-bound proteins to
directly exert their anti-tumor effect by interrupting the in-
teractions between receptors and ligands. For example, nivolu-
mab, a fully human immunoglobulin G4 PD-1 immune checkpoint
inhibitor antibody, reverses immune suppression, releases T cell
activation and promotes antitumor immunity via selectively
blocking PD-17. These studies indicate that the finding of tumor
specific targets plays an important role in the development of anti-
tumor targeted drugs. Therefore, screening novel specific targets
for tumor targeted therapy is very meaningful.

Glucose-regulated protein (GRP78)/BIP is a major chaperone
in the endoplasmic reticulum (ER) of normal organs, while in
tumor cells, except for locating in ER, GRP78 is discovered in
other cellular locations including the cell surface, cytosol, mito-
chondria, and the nucleus8. Importantly, GRP78 abnormally lo-
cates on surface of many cancer cells, such as lung, breast, colon,
and liver cancers, but rare expression in normal cells and in vivo
offers the opportunity for tumor-specific therapy and drug de-
livery without harming the normal organs. Especially, accumu-
lation of evidence has demonstrated that csGRP78 promotes the
aggressiveness of cancer disease, and has been discovered its
prospect as a target of anticancer drug9,10. As a cell surface
signaling receptor, multiple ligands of csGRP78 trigger various
downstream cell signaling pathways to regulate proliferation,
survival, and apoptosis of cancer11. Arap et al.12 developed two
targeted phage peptides with predicted binding motifs for GRP78,
and found that the peptides were able to specifically bind
csGRP78 to suppress tumor growth. MAb159, a high affinity
csGRP78 specific mouse monoclonal IgG antibody, induced the
intrinsic and extrinsic apoptosis pathway in CRC by triggering
endocytosis and degradation of csGRP7813. Furthermore,
csGRP78 can also specifically bind to Kringle53,14, Par-415, and
purified GBP-SubA16, which further drives apoptosis of cancer
cells. Our previous studies revealed that the expression of
csGRP78 on CRC membrane was positively correlated with its
degree of malignancy17, and we found that a reconstructed protein
containing GRP78 binding peptide and mung bean trypsin in-
hibitor displayed significant anti-CRC effects both in vitro and
in vivo18, indicating csGRP78 serves as a potential target for CRC
treatment.

In our previous studies, a novel 35 kDa secretory peroxidase
of class III (FMBP) extracted from foxtail millet bran displayed
prominent anti-CRC effects in vitro and in vivo19e21, including
restraining the proliferation, inducing cell apoptosis and inhib-
iting cell migration in CRC cells. Importantly, it had no signif-
icant effect in normal colonic epithelial cells, suggesting its
specificity for CRC cells. However, the molecular target of
FMBP against CRC remains unclear. According to our present
findings, there is a direct interaction between FMBP and
csGRP78, and interestingly, the expression level of csGRP78 in
CRC cell surface is positively correlated with the anti-CRC ef-
fect of FMBP. Further, FMBP suppresses the activation of its
downstream signal transducer and activator of transcription 3
(STAT3) by selectively binding to csGRP78 in CRC cells, fol-
lowed by the intracellular accumulation of ROS, finally resulting
in the blockade of CRC development. These results reveal that
csGRP78 serves as a potential target of FMBP against CRC.
Importantly, FMBP has the clinical potential to be developed as a
targeted agent for CRC.
2. Materials and methods

2.1. Chemical reagents and antibodies

Foxtail millet bran was supplied from Tian-xia-gu Co., Ltd.
(Taiyuan, China). SP Sepharose XL ion exchange resin was pur-
chased from GE Healthcare (Uppsala, Sweden). RPMI-1640 me-
dium, F-12 medium, DMEM medium and fetal bovine serum
(FBS) were obtained from GIBCO (Grand Island, NY, USA).
PenicillineStreptomycineGentamycin Mixed Solution, polybrene
and puromycin were obtained from Solarbio (Beijing Solarbio
Science & Technology Co., Ltd.). BCA protein assay kit, reactive
oxygen species assay kit and calcium phosphate cell transfection
kit were provided by Beyotime Institute of Biotechnology (Hai-
men, China). 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetra-
zolium bromide (MTT) and dimethyl sulfoxide (DMSO) were
obtained from Sigma (St. Louis, MO, USA). Annexin V-APC/7-
AAD Apoptosis Detection Kit and Membrane, Nuclear and
Cytoplasmic Protein Extraction Kit were obtained from KeyGEN
BioTECH Co., Ltd. (Nanjing, China). Long-arm Biotin Labeling
Kit was obtained from Elabscience Biotechnology Co., Ltd.
(Wuhan, China). TRAIL was purchased from R&D Systems
(Abingdon, UK). Avidin-agarose beads were purchased from
Biomag Biotechnology Co., Ltd. (Wuxi, China). Garcinone D was
purchased from Shanghai Yuanye Bio-Technology Co., Ltd.
(Shanghai, China). The antibody for GRP78 and Protein A/G
PLUS-Agarose were obtained from SantaCruz Biotechnology, Inc.
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(Santa Cruz, CA). Antibody for STAT3 was purchased from
Sangon Biotech Co., Ltd. (Shanghai, China). Antibody for
p-STAT3 (phosphor Y705) was purchased from Abcam Trading
Co., Ltd. (Shanghai, China). Antibody for GAPDH was purchased
from Boster Biological Technology Co., Ltd. Polyfect� was ob-
tained from Qiagen (Hilden, Germany).

2.2. Cell culture

Human colon carcinoma cell lines DLD1, HCT-116, HT-29 and
LS174-T were purchased by the Cell Bank of Type Culture
Collection of the Chinese Academy of Sciences (CAS, Shanghai,
China), and human colon epithelial cell line FHC was purchased
from the American Type Culture Collection (ATCC, USA). DLD1
and HT-29 cells were grown in RPMI-1640 medium supplemented
with 10% (v/v) heat-inactivated fetal calf serum, 2 mmol/L
glutamine, 100 units/mL penicillin, and 100 mg/mL streptomycin
(Sigma; St. Louis, MO, USA) at 37 �C in a 5% CO2 humidified
atmosphere. HCT-116 and FHC cells were grown in F12 medium.
LS174-T cells were grown in DMEM medium.

2.3. Preparation of FMBP and its biotinylation

Purification of FMBP was performed according to our previous
described method19. Foxtail millet bran was soaked in deionized
0.02 mol/L Tris-HCl buffer for 24 h, and then the supernatant was
precipitated with 80% saturated ammonium sulfate at 4 �C for
30 min, followed by purification with SP cation-exchange column.
The eluted fraction of 100 mmol/L NaCl was collected and
incubated for 20 min at 80 �C and showed a single band on SDS-
PAGE, named FMBP.

FMBP was treated with Long-arm Biotin Labeling Kit
(Elabscience Biotechnology Co., Ltd.) according to the manu-
facturer’s instructions, and then the Bio-FMBP was obtained.
Briefly, 1 mg of FMBP was dissolved in 0.5 mL label buffer and
added into ultrafiltration tube. After centrifuged 12,000 � g for
10 min, appropriate NH2-Reactive Biotin and labeling buffer were
added to the filtration tube with gently blowing blending. The
mixture was incubated in darkness at 37 �C for 30 min, followed
by centrifugation at 12,000 � g for 10 min, and then washed twice
with labeling buffer. The ultrafiltration tube was inverted in a new
EP tube and centrifugated at 6000 � g for 10 min. The biotin-
labeled FMBP solution was collected and kept at 4 �C.

2.4. Cell survival assay

Cell survival assay was performed using MTT method. Briefly,
DLD1 and HCT-116 cells pre-incubated with 4 mg/mL anti-GRP78
antibody for 1 h, LS174-T cells pre-treated with 100 ng/mLTRAIL
for 180 or 240 min, LS174-T cells transiently transfected with
different plasmids (GFP, GFP-GRP78, or GFP-GRP78-N500) were
treated with 3 mmol/L FMBP for 48 h, respectively. Next, culture
supernatants were removed, followed by incubation for 4 h at 37 �C
in darkness with medium containing 5 mg/mL MTT. Then, the
medium was removed and 150 mL dimethyl sulfoxide (DMSO) was
added. The absorbance at 570 nm was detected and the data were
expressed as the mean percentage of absorbance in treated vs.
control. The value of the control was set at 100%. Cell survival rate
was calculated with Eq. (1):

Cell survival rate (%)Z OD570 (treated) /OD570 (control)� 100 (1)
2.5. Colony-formation assay

Colony-formation assay was carried out as our previously
described with some modifications22. DLD1 and HCT-116 cells
were pre-treated with anti-GRP78 antibody for 1 h, followed by
treatment with 3 mmol/L of FMBP for 5 days. Cell colonies were
fixed for 20 min with 6% glutaraldehyde, and then stained with
0.1% crystal violet. Cell colony-formation ability was observed by
stereoscopic microscope. Finally, these cells stained by crystal
violet was dissolved with 150 mL of 1% SDS, and the absorbance
at 570 nm was detected.

2.6. Identification of target protein of FMBP

Identification of target protein of FMBP was based on pull-down
technology coupled with MALDI-TOF/TOF analysis. Bio-FMBP
or PBS was incubated for 2 h at 4 �C with Avidin-agarose beads.
Then, immobilized beads were washed for 3 times with PBS and
kept at 4 �C before use. DLD1 cells were seeded into 100 mm
culture dish at a density of 1 � 106 cells and grown in a humid-
ified incubator with 5% CO2 at 37 �C for 24 h. Cells were
collected and the membrane proteins (MPs) were extracted using a
commercial kit. MPs were extracted according to the manufac-
turer’s instructions, after which MPs were divided into two ali-
quots: one was incubated with Bio-FMBP binding Avidin-agarose
beads overnight at 4 �C, and the other was used as negative control
incubated with Biotin binding Avidin-agarose beads in the same
way. The precipitate was mixed with SDS-PAGE loading buffer
and boiled for 10 min. The samples were loaded and separated on
10% SDS-polyacrylamide gel (PAGE), followed by silver staining
(Beyotime, China) according to the manufacturer’s instructions.
Then, the different band was cut from SDS-PAGE and sent to
Shanghai Applied Protein Technology Co., Ltd. (China) for pro-
tein identification by matrix-assisted laser desorption/ionization
time-of-flight/time-of-flight (MALDI-TOF/TOF, Applied Bio-
systems, USA), followed by analysis of Uniprot Database.

2.7. Biolayer interferometry assay

The binding affinity between FMBP and GRP78 was determined
by biolayer interferometry technology using the OctetRED system
(ForteBio). Purified FMBP was biotinylated by Long-arm Biotin
Labeling Kit (Elabscience Biotechnology Co., Ltd.) following the
manufacturer’s protocol. Bio-FMBP (2 mg/mL) was then incu-
bated with super-streptavidin biosensors in binding buffer
(20 mmol/L HEPES pH 7.4, 150 mmol/L NaCl) and washed three
times in binding buffer. Recombinant GRP78 was serially diluted
by binding buffer, and the association/dissociation of
FMBP:GRP78 was monitored by OctetRED for 10 min at 25 �C.
Data were analyzed using Octet Data Analysis Software 7.0
(ForteBio).

2.8. Immunofluorescence assay

Immunofluorescence assay was performed according to previous
described method with some modifications23. HT29, DLD1, and
HCT-116 cells were seeded into 24-well slides overnight, followed
by treatment with 3 mmol/L Bio-FMBP for 4 h. After washing
with PBS for two times, these cells were incubated with a final
concentration of 1.5 mmol/L cross-linker DTSSP (Thermo Sci-
entific) solution for 30 min at room temperature, and crosslinking
reaction was stopped after 15 min by 20 mmol/L Tris-HCl buffer
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reaction (PH 7.5), respectively. Cells were fixed in 4% para-
formaldehyde in PBS for 30 min, and then blocked in 10% goat
serum for 1 h, followed by incubation with anti-GRP78 primary
antibody and the corresponding secondary antibody. Nuclei was
stained using ProLong� Gold Antifade Mountant with DAPI
(Thermo Scientific). After washing with PBS for three times, the
slides were mounted in gelvatol for confocal immunofluorescence
analysis.

2.9. Cellular thermal shift assay (CETSA)

CETSA was performed according to previous described method
with some modifications24. DLD1 cells were seeded into 60 mm
culture dish at a density of 1 � 106 cells and grown in a humid-
ified incubator with 5% CO2 at 37 �C overnight. Cells were
collected and the membrane proteins (MPs) were extracted ac-
cording to the method described in Section 2.5, and then the MPs
were divided into two equal parts, with one incubated with FMBP
(20 mmol/L) and the other as control (PBS). After incubation for
10 min at room temperature, the mixture was heated individually
for 3 min at different temperatures (45e80 �C) followed by
cooling for 3 min at room temperature. Then, the levels of
csGRP78 were analyzed by Western blot assay.

2.10. Competitive inhibition assay

DLD1 cells were collected and the membrane proteins (MPs) were
extracted according to the manufacturer’s instructions. Next, the
MPs were incubated for 4 h with different concentration of FMBP
(0, 20, 40, or 60 mmol/L), respectively, followed by co-incubation
overnight with Bio-FMBP binding Avidin-agarose beads. The
beads were mixed with SDS-PAGE loading buffer and boiled for
10 min. The samples were loaded and separated on 10% SDS-
PAGE, followed by Western blot analysis.

2.11. Cell surface translocation of GRP78 induced by TRAIL

Cell surface proteins were analyzed using flow cytometry as
previously described25. To analyze the expression level of
csGRP78 on LS174-T cell membrane, LS174-T cells were
seeded in 60 mm cell culture dish, and then treated with TRAIL
for 180 or 240 min. The cells were collected after being digested
with trypsin. After washed with pre-cooled PBS for three times,
the cells were incubated with anti-GRP78 primary antibody for
2 h at room temperature, followed by incubation for 30 min at
4 �C in the dark with appropriate volume of FITC-conjugated
secondary antibody. As controls, cells were incubated with the
secondary IgG alone. After wrapped in foil to avoid light, the
cells were added into flow tube for analysis on EPICS XL flow
cytometry.

2.12. Measurement of reactive oxygen species (ROS) generation

The intracellular level of ROS was analyzed by flow cytometry as
described previously22. Briefly, DLD1 and HCT-116 cells or
LS174-T cells were seeded in 60 mm cell culture dish and cultured
overnight at 37 �C with 5% CO2. DLD1 and HCT-116 cells were
pretreated with 4 mg/mL anti-GRP78 antibody for 1 h, and LS174-T
cells were transfected with plasmids (GFP, GFP-GRP78 or GFP-
GRP78-N500) for 24 h, after which they were treated by 3 mmol/L
FMBP for 48 h, respectively. Then, the cells werewashed twicewith
PBS and stained for 30 min with 10 mmol/L DCFH-DA at 37 �C in
the dark. ROS generation was determined by formation of fluores-
cent dichlorofluorescein (DCF). Cells were collected and the fluo-
rescence intensities were measured by flow cytometry.

2.13. Transient transfection assay and screening LS174-T cell
line of stably overexpressed GFP-GRP78-N500

Transient transfection assay was performed with polyfect trans-
fection reagent (Qiagen)26. Briefly, LS174-T cells were cultured in
6-well dish at a density of 4 � 105 cells in a 37 �C, 5% CO2

incubator overnight. Plasmid DNA (GFP, GFP-GRP78, GFP-
GRP78-N500) was first dissolved in 1/10 of the final cell culture
volume of DMEM, free of serum and antibiotics. Then followed
by incubation with appropriate transfection reagent for 10 min at
room temperature, it was added to the cells in culture. After 6 h,
the medium was changed to DMEM, supplemented with 10% FBS
and antibiotics. The commercially available reagent Polyfect�
was used for transfection according to the manufacturer’s in-
structions. Parallel experimental cell lysates were collected for
Western blot analysis to confirm the overexpression of plasmids in
all experiments.

For lentiviral packaging, the packaging plasmid psPAX.2, the
envelope plasmid pMD2.G and the plvx-AcGFP-puro vector or
plvx-AcGFP-GRP78-N500-puro vector were triply transfected into
HEK-293T cells. After transfection, the supernatant fraction con-
taining lentiviral particles was harvested at 48 and 72 h, respec-
tively. LS174-T cells were infected in the presence of 8 mg/mL
polybrene. Medium containing puromycin was added every 2 or 3
days to screen the GFP-GRP78-N500 stably expressed cell lines
(LS174-T/GFP-GRP78-N500 or LS174-T/GFP) until the unin-
fected cells were almost completely removed.

2.14. Cell apoptosis assay

Cells apoptosis ratio was detected by flow cytometry (BD
Bioscience, San Jose, CA, USA). DLD1 and HCT-116 cells were
pre-treated with anti-GRP78 antibody for 1 h, followed by treat-
ment with 3 mmol/L of FMBP for 48 h, while LS174-T cells were
treated according to the method described in Section 2.11. Then,
cells were digested by trypsin, and washed twice with PBS, fol-
lowed by stained by Annexin-V and propidium iodide (PI), while
LS174-T cells transfected by different plasmids were stained with
Annexin V-APC and 7-AAD. Finally, cell apoptosis ratio was
detected by flow cytometry.

2.15. Western blot analysis

As mentioned above, DLD1 cells were treated as the methods
described in Sections 2.9 and 2.10, while LS174-T cells were
treated as the methods described in Sections 2.11 and 2.12. Cells
were collected and the membrane proteins (MPs) were extracted
according to the manufacturer’s instructions. The equivalent
amount of protein (80 mg) in each sample were separated by
electrophoresis in 10% SDS-PAGE and transferred to the poly-
vinylidene fluoride (PVDF) membranes for probing with anti-
bodies. After washing with Tris-buffered saline/Tween-20 buffer,
membranes were blocked by 5% skimmed milk for 1 h at room
temperature, followed by incubation with primary antibodies
against GRP78, GFP, STAT3, p-STAT3 and the corresponding
secondary antibodies. Then, bands were detected using enhanced
chemiluminescence regents in a dark room.
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2.16. Co-immunoprecipitation (Co-IP) assay

Co-IP assay was performed as our previously described27. Briefly,
DLD1 cells were harvested and homogenized in radio-
immunoprecipitation assay (RIPA) lysis buffer (Beyotime, China)
containing a protease inhibitor cocktail. A final volume (1 mL) of
whole-cell lysates (WCLs, 500 mg protein) were pre-cleared by
incubation with 1.0 mg control IgG corresponding to the host
species of the anti-STAT3 primary antibody together with 20 mL
of Protein A/G PLUS-Agarose (Santa Cruz, CA, USA) for 2 h at
4 �C, followed by centrifugation at 500 � g at 4 �C for 5 min. The
supernatant was subjected to immunoprecipitation by adding 2 mg
of immunoprecipitation anti-STAT3/IgG antibody, and incubated
overnight at 4 �C, followed by incubation with Protein A/G PLUS-
Agarose for 2 h. After washing 4 times with cell lysis buffer, the
beads were boiled in 2 � SDS loading buffer, and the supernatants
were resolved by SDS-PAGE and subjected to Western blot
analysis.

2.17. In vivo studies

BALB/c male nude mice (5-week-old) were purchased from Na-
tional Institutes for Food and Drug Control and were housed in a
Specific Pathogen Free (SPF) facility of China Institute for Radi-
ation Protection under the normal laboratory conditions. All animal
experiments were carried out following procedures approved by
the Institutional Animal Care and Use Committee of China Insti-
tute for radiation protection. The named Institutional Review
Board or Ethics Committee specifically approved this study.

LS174-TGFP-GRP78-N500 or LS174-TGFP cells (2.5 � 106) in
0.2 mL PBS were injected subcutaneously into the left oxter of
each nude mouse. Solid tumors in all injected nude mice were
apparent after two weeks. Next, mice were randomly divided into
four groups (10 mice each group), including GFP group,
GFP þ FMBP group, GFP-GRP78-N500 group, and GFP-GRP78-
N500þFMBP group. Mice in FMBP groups received an intra-
peritoneal injection administration of 100 mg FMBP/kg body
weight every three days, and the control mice (GFP or GFP-
GRP78-N500) were treated with PBS instead. Tumor diameters
were serially measured using an electronic caliper, and tumor
volumes were calculated using Eq. (2),28:

Tumor volume (cm3) Z 0.5 Tumor length (cm) � Tumor
width2 (cm2) (2)

On the 21st day of FMBP treatment, all mice were sacrificed.
Tumors were excised, weighted and fixed for further immuno-
histochemistry analysis.

2.18. Histopathology and immunohistochemistry assays

The main organs and tumors of all nude mice were fixed with 4%
buffered formalin and embedded in paraffin. Next, these fixed
organs were stained using hematoxylin and eosin (H&E) to
observe histological features. Meantime, immunohistochemistry
examinations for GRP78, Ki67, p-STAT3 and activated-caspase3
of sections obtained from 10% paraffin-embedded tissues were
carried out as previously described19. Subsequently, these stained
sections were visualized and photographed under inverted mi-
croscope (200 � magnification). The IHC data were quantified by
Image J software.
2.19. Statistical analysis

Data were presented as means � standard deviation (SD) calcu-
lated over three independent experiments performed in triplicate.
Origin Pro 8 software was used to create the artwork. For Western
blot results, protein bands were visualized using Image J gelana-
lyzer software. Multiple comparisons were analyzed by one-way
factorial analysis of variance (ANOVA) and different letter in-
dicates significant differences (*P < 0.05). The data were statis-
tically analyzed using Student’s t-test by SPSS 18.0 software, with
P < 0.01 considered highly significant differences between two
groups (**P < 0.01, ***P < 0.001).
3. Results

3.1. csGRP78 is a specific interaction protein binding with
FMBP

Immunofluorescence analysis indicated that FMBP mainly
located on the surface of CRC cell membrane, rather than enter
cells (Supporting Information Fig. S1). Next, a biotin-tagged
FMBP probe (Bio-FMBP) was used to pull down the CRC
cell surface target of FMBP, and biotinylated label had no effect
on the anti-CRC activity of FMBP (Supporting Information
Fig. S2). Pull-down assay coupled with sliver staining showed
that compared to control group, one different protein band was
observed between 70 and 90 kDa in the pull-down group with
Bio-FMBP beads (Fig. 1A). Next, a different band was identi-
fied as glucose regulatory protein 78 (GRP78) by MALDI TOF/
TOF analysis coupled with Uniprot Database (Fig. 1B and C).
Therefore, we speculate that csGRP78 may be the specific
interaction protein binding with FMBP on CRC cell membrane.
Subsequently, the interaction of FMBP with GRP78 in vitro was
further confirmed by biolayer interferometry analysis using
purified FMBP and recombinant GRP78 (rGRP78). As shown in
Fig. 1D, FMBP bound to rGRP78, and the binding was
moderately strong with a binding coefficient of 1.024 � 10�7,
which indicates that there is a direct interaction between FMBP
and GRP78. Cellular thermal shift assay (CETSA) is based on
the biophysical principle of ligand-induced thermal stabilization
of target proteins, which prominently monitors drug binding to
target proteins in cells and tissue samples24. The studies showed
that some compounds could perturb protein function and in-
crease the protein stability via forming a ligand-protein com-
plex29,30. Hence, we attempted to investigate whether csGRP78
binding to FMBP could increase its stability in DLD1 cells by
CETSA assay. As expected, FMBP treatment efficiently pro-
tected csGRP78 protein from temperature-dependent degrada-
tion (Fig. 1E), indicating that the stability of GRP78 in DLD1
cells was enhanced by binding to FMBP. Next, the interaction of
FMBP with GRP78 in vivo was further verified by competitive
inhibition assay. DLD1 cell membrane lysates with Bio-FMBP
beads in the presence or absence of an excess amount of
FMBP were incubated for competitive binding, and then Bio-
FMBP beads was used to pull-down csGRP78 from DLD1
cells membrane lysate. As shown in Fig. 1F, csGRP78 was
obviously pulled down by Bio-FMBP beads, which were
detected by Western blotting, and an excess amount of FMBP
effectively blocked the binding of GRP78 to Bio-FMBP beads.
These results indicate that csGRP78 is a receptor that FMBP
directly binds to CRC cell membrane.



Figure 1 csGRP78 is a specific interaction protein binding with FMBP. (A) Identification of FMBP interaction proteins using pull-down tech-

nology. DLD1 cell membrane proteins were incubatedwith Bio-FMBP beads or control beads, and then the proteins bound to the beads were resolved

by SDS/PAGE, followed by silver staining. (B) Identification target protein in uniport database by MALDI-TOF-MS. (C) The second mass spec-

trogram of GRP78. (D) Biolayer Interferometry analysis of interactions between GRP78 and FMBP. (E) FMBP treatment (20 mmol/L) increases the

thermal stability of GRP78 in DLD1 cells was measured by the temperature-dependent cellular thermal shift assay (CETSA) (n Z 3). (F) FMBP

specifically binds to GRP78. Bio-FMBP beads were incubated with DLD1 cell membrane protein lysate in the absence or presence of FMBP for the

competitive binding, and then the proteins bound to the beads were detected byWestern blot assay (nZ 3). Data are shown as the mean� SD (nZ 3)

and analyzed by Student’s t-test. *P < 0.05, **P < 0.01, ***P < 0.001.
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3.2. csGRP78 expression is positively correlated with FMBP
against CRC

To confirm the expression level of csGRP78 on the membrane
surface of different CRC cell lines, the Western blot assay was
carried out. As shown in Fig. 2A, the expression level of csGRP78
was the highest in DLD1 cells, followed by HCT-116 cells,
HT29 cells, and LS174-T cells, and the lowest in FHC cells.
Through the immunofluorescence co-localization assay, it was
confirmed that FMBP and csGRP78 exhibited an obvious co-
localization on the cell membranes of HT29, DLD1 and HCT-
116 (Fig. 2B). Further, to examine whether the anti-CRC effect
of FMBP is related to the expression of csGRP78, cell viability
ratios of DLD1, HT29, HCT-116, LS174-T and FHC cell lines



Figure 2 Anti-CRC effect of FMBP is positively correlated with the expression of csGRP78. (A) Immunoblotting of csGRP78 in normal colon

epithelial cells (FHC) and in the indicated colon cancer cell lines. Data represented as the mean � SD (n Z 3); *P < 0.05, **P < 0.01. (B)

Immunofluorescence of HT-29 (above), DLD1 (middle) and HCT-116 (below) cells exposed to 3 mmol/L Bio-FMBP for 4 h, and then observed

under confocal microscopy. Red, FMBP; Green, csGRP78. Scale bar: 6 mm. (C) Cell viability assay of the same cell lines as in (A) treated with the

indicated concentrations of FMBP for 48 h. Data represented as the mean � SD (n Z 3). Significant differences between the two columns were

indicated by different letters, *P < 0.05.
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were measured with different concentrations of FMBP treatment
by MTT assay. As presented in Fig. 2C, DLD1, HCT-116, and
HT29 cells with a high expression of csGRP78 show a lower cell
survival rate compared to that of LS174-T and FHC cells with a
low expression of csGRP78, and the IC50 values were shown in
Supporting Information Table S1, suggesting that the anti-CRC
effect of FMBP is probably correlated positively with the
expression of csGRP78 in different CRC cells.

3.3. Blocking csGRP78 of CRC almost nullified the anti-CRC
activities of FMBP

As shown in Fig. 2A and Supporting Information Fig. S3, the
expression level of csGRP78 was higher in DLD1 and HCT-
116 cells. Therefore, to confirm the key role of csGRP78 in the
anti-CRC activity of FMBP, the effects of FMBP on cell viability
rate, cell clone ability, cell apoptosis and ROS level of CRC cells
were measured through blocking csGRP78 with anti-GRP78
antibody. The results show that blocking csGRP78 with anti-
GRP78 antibody reversed the inhibitory effect on cell prolifera-
tion and colony ability induced by FMBP (Fig. 3AeC). Moreover,
as shown in Fig. 3D and E, after blocking csGRP78 with anti-
GRP78 antibody, the pro-apoptotic effect of DLD1 cell induced
by FMBP also showed a significant reduction. Previously, we
observed that FMBP inhibited cell proliferation by producing ROS
excessive accumulation in CRC cells22. Therefore, effect of
FMBP on intracellular ROS level was measured through blocking
csGRP78 with anti-GRP78 antibody by flow cytometry analysis.
As expected, after blocking csGRP78, the intracellular accumu-
lation of ROS induced by FMBP exhibited a significant decline
(Fig. 3F and G). These results indicate that blocking csGRP78
with anti-GRP78 antibody in HCT-116 and DLD1 cells signifi-
cantly impairs the anti-CRC activities of FMBP, suggesting that
csGRP78 in CRC is crucial for the anti-CRC effects of FMBP.



Figure 3 Reversal effects of blocking csGRP78 on FMBP against CRC. (A) Effect of blocking csGRP78 on cell survival inhibition induced by

FMBP. Cell viability radios of DLD1 and HCT-116 were determined by the MTT assay. (B) and (C) Effect of blocking csGRP78 on the ability of

cell colony formation induced by FMBP. Cell colony-formation ability stained by crystal violet was observed by stereoscopic microscope, and cell

viability ratio was measured. (D)e(G) Effects of blocking csGRP78 on FMBP-induced cell apoptosis and ROS level were analyzed by flow

cytometry. All data are shown as the mean � SD (n Z 3) and analyzed by Student’s t-test. **P < 0.01 compared with FMBP treatment.
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3.4. Enhanced csGRP78 in CRC promotes the anti-CRC effect
of FMBP

Tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) is
known to selectively induce apoptosis only in cancer cells. The
study has shown that TRAIL treatment for short time intervals can
induce the translocation of GRP78 from the ER to the cell sur-
face15. As shown in Fig. 2A, the expression level of csGRP78 was
lower in LS174-T cells. Hence, TRAIL treatment was used to
improve the expression level of csGRP78 on LS174-T cell surface.
As shown in Fig. 4A and B, the level of csGRP78 in LS174-T
shows a drastic increase with TRAIL treatment, and its level is
the highest with TRAIL treatment for 240 min. Further, the effect of
TRAIL on csGRP78 expression in LS174-T cells was quantitatively
analyzed by flow cytometry. FACS analysis was performed on
which were not chemically fixed in order to allow the detection of
csGRP78, indicating a significant increase in csGRP78 upon
treatment with TRAIL (Fig. 4C and D). As expected, after pre-
treated with TRAIL for 180 or 240 min, the effect of FMBP on the
survival of LS174-T cells was markedly decreased compared to
with only FMBP treatment (Fig. 4E), and the apoptosis rate notably
was significantly increased (Fig. 4F and G).
Overexpression of GRP78 can activate the re-localization of
GRP78 from endoplasmic reticulum (ER) to plasma membrane31.
To further elucidate the relationship between levels of csGRP78 in
CRC cells and anti-CRC effect of FMBP, the cell survival rate,
apoptosis rate, and ROS level were detected with FMBP treatment
in LS174-T cells transfected by GFP-GRP78. As observed in
Fig. 5A and Supporting Information Fig. S4, csGRP78 was suc-
cessfully overexpressed in LS174-T cells transfected with GFP-
GRP78. As expected, the sensitivity of FMBP on LS174-T cells
overexpressed with GFP-GRP78 was significantly increased,
characterized by the reduced cell survival rate (Fig. 5B), the
enhanced cell apoptosis rate (Fig. 5C and D) and ROS accumu-
lation level (Fig. 5E and F), compared to those of LS174-T cells
transfected with GFP. These results indicate that the sensitivity of
FMBP to CRC cells is mainly attributed to the expression level of
csGRP78 of CRC.

3.5. The nucleotide binding domain of GRP78 is responsible for
the binding of FMBP

According to the 3D structure of human GRP7832,33, GRP78 is
composed of two domains: one is nucleotide binding domain



Figure 4 Enhanced csGRP78 induced by TRAIL promotes the anti-CRC sensitivity of FMBP. (A) and (B) Effect of TRAIL treatment on the

expression level of csGRP78 in LS174-T cells was measured by Western blot assay. Quantitative analysis was performed by Image J software. (C)

and (D) The expression of csGRP78 was analyzed by flow cytometry in LS174-T cells treated with TRAIL for 180 or 240 min. (E) Effect of

FMBP treatment on cell growth in LS174-T cells pre-treated with TRAIL for various time intervals. (F) and (G) Pro-apoptotic effect of FMBP

was analyzed by flow cytometry in LS174-T cells pre-treated with TRAIL for 240 min. All Data are shown as the mean � SD (n Z 3) and

analyzed by Student’s t-test. *P < 0.05, **P < 0.01. n.s., not significant.
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(NBD) from Val31 to Gly407 capturing and hydrolyzing ATP,
and the other is substrate-binding domain (SBD) from Thr423 to
Leu654 binding a GRP78-targeting polypeptides, as shown in
Fig. 6A. Many studies have demonstrated that the binding of
ATP to the NBD of GRP78 induces conformational changes of
its SBD, and thus triggers the anti-apoptotic activity of
GRP7834,35. In this regard, the NBD of GRP78 is necessary for
its anti-apoptotic function. Recent study showed that the resi-
dues (Asp400 to Asp500) of GRP78 were responsible for
translocation of GRP78 from ER to plasma membrane36. Hence,
to investigate whether FMBP interfered the anti-apoptotic
function of GRP78 by binding to the NBD of GRP78, the
truncated body of GFP-GRP78-N500 was constructed (Fig. 6A).
Subsequently, LS174-T cells were transfected with GFP, GFP-
GRP78-N500, respectively. As shown in Fig. 6B and Supporting
Information Fig. S4, the results of Western blot and immuno-
fluorescence analysis showed that the N500 truncated body of
GRP78 was successfully overexpressed on the membrane sur-
face of LS174-T cells. Interestingly, in LS174-T cells with
overexpressed GFP-GRP78-N500, the sensitivity of LS174-T
cells to FMBP was markedly increased, characterized by the
reduction of the cell survival rate and the increase of cell
apoptosis rate (Fig. 6CeE). Similarly, ROS accumulation
induced by FMBP was enhanced in LS174-T cells transfected
with GFP-GRP78-N500 (Fig. 6F and G). These findings indicate
FMBP disturbs the anti-apoptotic activity of csGRP78 to exhibit
the anti-CRC effects through directly binding to the NBD of
csGRP78.



Figure 5 Overexpression csGRP78 promotes the anti-CRC effects of FMBP. (A) The expression of csGRP78 was analyzed in LS174-T cells

transfected with GFP or GFP-GRP78 by Western blot assay. (B) Effect of FMBP treatment on cell viability rate in LS174-T cells transfected with

GFP or GFP-GRP78 was determined by MTT assay. (C) and (D) The pro-apoptotic effect of FMBP on LS174-T cells transfected with GFP or

GFP-GRP78 was analyzed by flow cytometry. (E) and (F) ROS level induced by FMBP in LS174-T cells transfected with GFP or GFP-GRP78

was analyzed by flow cytometry. All data are shown as the mean � SD (n Z 3) and analyzed by Student’s t-test. **P < 0.01, ***P < 0.001 vs.

GFP þ FMBP group. n.s., not significant.
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3.6. FMBP induces STAT3 inactivation by combining with
csGRP78 of CRC

Potential effects of FMBP on CRC progression by binding to
csGRP78 prompted us to explore the downstream effectors of
csGRP78. Our previous studies found that FMBP could signifi-
cantly decrease STAT3 phosphorylation to exhibit anti-CRC ac-
tivity20. Therefore, we speculate that STAT3 may be a downstream
signal factor that FMBP exerts anti-CRC activity through binding to
csGRP78 (Fig. 7A). Subsequently, co-immunoprecipitation (Co-IP)
assay further verified that there is an interaction between csGRP78
and STAT3 in DLD1 cells (Fig. 7B). Interestingly, the inhibitory
effect of FMBP on STAT3 phosphorylation was drastically
neutralized by blocking GRP78 with anti-GRP78 antibody in DLD1
cells (Fig. 7C and D), indicating the binding of FMBP with
csGRP78 may interfere with the phosphorylation of STAT3. To
prove this hypothesis, the effects of FMBP on STAT3 and p-STAT3
were measured in LS174-T cells transfected with GFP-GRP78/
GFP-GRP78-500. Expectedly, as presented in Fig. 7E and F,
overexpressed GRP78/GRP78-500 aggravated the reduction of p-
STAT3 and STAT3 levels. Further, the anti-CRC effects induced by
FMBP, including the decrease of STAT3, p-STAT3 levels and cell
viability radio, the increase of ROS level, was abolished by the
activator of STAT3 (Garcinone D) (Fig. 7GeJ). Accordingly, these



Figure 6 FMBP exerts anti-CRC effect by binding to the NBD of csGRP78. (A) Schematic drawing of human GRP78 functional domains and

their amino acid spans. (B) The level of GFP-GRP78-N500 on cell surface in LS174-T cells transfected with GFP-GRP78-N500 was analyzed by

Western blot assay. (C) Effect of FMBP treatment on the growth in LS174-T cells transfected with GFP-GRP78-N500 was determined by MTT

assay. (D, E) The pro-apoptotic effect of FMBP on LS174-T cells transfected with GFP-GRP78-N500 was analyzed by flow cytometry. (F, G)

Effects of FMBP on ROS accumulation in LS174-T cells transfected with GFP-GRP78-N500 was analyzed by flow cytometry. Data are shown as

the mean � SD (n Z 3) and analyzed by Student’s t-test. ***P < 0.001 compared with GFP þ FMBP group. n.s., not significant.
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findings indicate the STAT3 is a mediator that FMBP induces the
anti-CRC effects through binding to csGRP78.

3.7. csGRP78 is essential for FMBP against CRC growth in
xenografted nude mice

To determine csGRP78 plays a key role in the antagonistic effects
of FMBP on CRC in vivo, the xenografted nude mice model was
constructed with LS174-TGFP cells and LS174-TGFP-GRP78-N500

cells, respectively, followed by intraperitoneal treatment with
FMBP (Fig. 8A). The result show that in tumor tissue of mice with
highly expressed GFP-GRP78-N500 (Fig. 8B), the tumor volumes
and weight in mice showed a significant reduction with FMBP
administration, but had little effect on tumor grown with overex-
pressed GFP (Fig. 8CeF). Next, the expression levels of GRP78,
Ki67, p-STAT3 and activated-caspase3 in tumor issue were



Figure 7 FMBP induces STAT3 inactivation via combining with csGRP78 of CRC. (A) Diagram illustrating the molecular target of FMBP

against CRC and its signal pathway. (B) The interaction of csGRP78 and STAT3 was determined by coimmunoprecipitation assay. (C, D)

Blocking csGRP78 with anti-GRP78 antibody reversed the inhibitory effects of STAT3 and p-STAT3 induced by FMBP in DLD1 cells. Data are

shown as the mean � SD (n Z 3) and analyzed by Student’s t-test. **P < 0.01, ***P < 0.001. (E) and (F) Effects of FMBP on levels of STAT3

and p-STAT3 in LS174-T cells overexpressed with GFP-GRP78 or GFP-GRP78-N500. Data are shown as the mean � SD (n Z 3) and analyzed

by Student’s t-test. **P < 0.01. (G, H) Effects of FMBP on the levels of STAT3 and p-STAT3 in DLD1 cells treated with Garcinone D. Data are

shown as the mean � SD (nZ 3) and analyzed by Student’s t-test. **P< 0.01. (I) ROS level was measured in DLD1 cells co-treated with 3 mmol/

L FMBP and 5 mmol/L Garcinone D. Data are shown as the mean � SD (n Z 3) and analyzed by Student’s t-test. **P < 0.01, ***P < 0.001. (J)

Cell viability rate was measured in DLD1 cells co-treated with 3 mmol/L FMBP and 5 mmol/L Garcinone D by MTT assay. Data are shown as the

mean � SD (n Z 3) and analyzed by Student’s t-test. **P < 0.01.
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examined by immunohistochemistry assays. As expected, FMBP
significantly reduced the level of p-STAT3 and Ki67 only in tumor
tissue of overexpressed GRP78-N500, and increased the level of
activated-caspase3 (Fig. 9), which were consistent with the data
from the in vitro experiments. H&E-stained sections show that
FMBP treatment had no effect on the main organs (heart, liver,
spleen, lung, kidney and pancreas) of the nude mice (Supporting
Information Fig. S5). These results suggest that GRP78 is essen-
tial for the targeted anti-CRC effect induced by FMBP in vivo.

4. Discussion

Our previous study firstly found that a 35 kDa secretory peroxi-
dase (FMBP) exacted from millet bran displayed prominent anti-
CRC activities in vitro and in nude mice19. Recently, the
characteristics and effectiveness of FMBP in clinical application
were evaluated by classical colitis-associated carcinogenesis
(CAC) mice model which mimicked the inflamed colon and
carcinogenesis conditions in humans. As expected, FMBP
significantly restrained the growth of colonic neoplasms in CAC
mice model, and effectively recovered intestinal length and body
weight, prolonged the survival rate of CAC mice21, fully indi-
cating that FMBP has potential clinical application in the treat-
ment of CRC. Interestingly, in these previous studies, we observed
that FMBP had little effect on the growth of normal colonic
epithelial cells and mice while inhibiting CRC tumor, suggesting
that it has a good specificity for CRC. Therefore, it is very
important to identify the specific molecular target of FMBP
against CRC, contributing to develop it as a promising targeted
drug for CRC in the future.



Figure 8 csGRP78 is essential for FMBP against CRC growth in xenografted nude mice. (A) Establishment of xenografted nude mice model

with stably overexpressed GFP or GFP-GRP78-N500 of LS174-T cells. (B) The expression level of GFP-GRP78-N500 in tumor tissues was

analyzed by Western blot assay. (C) Representative tumor samples were exhibited in different groups (n Z 6). (D) Representative images of mice

at the sacrifice in the GFP, GFP þ FMBP, GFP-GRP78-N500 and GFP-GRP78-N500þFMBP groups. Mice were sacrificed on the 35th day and

tumors were excised (n Z 6). (E) Tumor weight was calculated in each group (n Z 6); **P < 0.01 vs. GFP-GRP78-N500 group. (F) Tumor

volume of different groups (n Z 6); **P < 0.01 compared with GFP-GRP78-N500 group. Data are shown as the mean � SD and analyzed by

Student’s t-test. **P < 0.01. n.s., not significant.
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Our present results found that FMBP did not enter the cells, but
located on the cell membrane (Fig. S1), speculating that FMBP
may exert a targeted effect on CRC through interacting with the
receptor on the surface of CRC cells. Many studies have shown
that cell surface receptors overexpressed in cancer cells, and
especially those expressed only on tumor cells but not on normal
cells, play important roles in cancer targeted therapy and diag-
nosis37,38. Hence, Bio-FMBP was used to pull down the cell
surface target of FMBP. Subsequent MALDI TOF/TOF analysis
and CETSA assay results show that csGRP78 located on the
surface of CRC was a specific interaction protein with FMBP
(Fig. 1). Encouragingly, csGRP78 frequently located abnormally
on the surface of many tumor cells (colon cancer, prostate, and
breast cancer, etc.), but not in normal cell surface, which can
promote tumor progress10,39,40, and open up an exciting oppor-
tunity of tumor specific targeting function33. Hence, csGRP78
becomes a promising cancer cell-specific biomarker and an
attractive therapeutic target for cancer. Emerging evidence has
shown that some molecules, such as human IgM monoclonal
antibody PAT-SM6 and isthmin (ISM), can bind to csGRP78 to
activate the apoptotic pathways as attractive novel agents against
cancer31,41. Our present results found that the anti-CRC sensitivity



Figure 9 The expression levels of GRP78, p-STAT3, Ki67 and actived-caspase3 in tumor tissues were analyzed by IHC staining. Quantitative

analysis was carried out by image J software. Scale bar: 100 mm. Data are shown as the mean � SD (n Z 6); **P < 0.01.
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of FMBP was positively correlated with the expression levels of
csGRP78 in CRC (Figs. 2 and 8). Specifically, blocking csGRP78
attenuated the anti-CRC effects induced by FMBP, including cell
viability and colony formation ability, the levels of cell apoptosis
and ROS production (Fig. 3), while the overexpression of
csGRP78 showed an opposite trend (Figs. 4 and 5), suggesting
csGRP78 is the specific target of FMBP against CRC.

Previous studies have revealed that specifically intervening the
ATPase function of GRP78 could effectively inactivate GRP78 in
cancer. Hence, the ATPase catalytic activity was necessary for the
anti-apoptotic function of GRP78 through preventing caspase
activation42. For example, some compounds, such as EGCG,
honokiol and aspirin, increase the chemotoxic sensibility toward
cancer cells by directly binding to GRP78-NBD to inhibit the
ATPase activity43e45. Excitedly, in our current study, the subse-
quent anti-tumor activity assay demonstrated that in CRC LS174-
T cells, overexpressed GRP78-N500 truncation (including NBD
and membrane translocation sequences) could significantly in-
crease the chemotoxic sensitivity of FMBP to LS174-T cells,
accompanied by the elevation of ROS production and the
apoptosis rate, as well as the reduction of cell viability radio
(Fig. 6), which implies that FMBP combines to the NBD domain
of csGRP78 to exhibit anti-CRC effects. As a receptor on the
surface of tumor cells, csGRP78 can interact with a variety of
signaling molecules to trigger STAT3, RAS/MAPK and PI3-
kinase/AKT/mTOR downstream signaling cascades, promoting
cellular proliferation and survival33,46. Binding of ATP to the
NBD of GRP78 allosterically accelerates polypeptide binding and
release via inducing conformational changes of SBD34. Therefore,
we speculate that the binding of csGRP78-NBD to FMBP may
interfere with its anti-apoptotic function by restraining the ATPase
activity, blocking the downstream signaling pathways associated
with apoptosis, thus leading to apoptosis of CRC cells.
STAT3 plays a vital role in cell survival and tumorigenesis47.
Our previous study found that FMBP induced the accumulation of
intracellular ROS to inhibit the activation of STAT3, leading to the
inhibition of CRC cell proliferation20,22. Interestingly, GRP78 was
highly expressed in tumors, accompanied by the elevated STAT3
phosphorylation, and the STAT3 signaling pathway activated by
GRP78, a well-known signaling pathway involved in the pro-
gression of multiple tumors, such as breast cancer, cervical cancer
and colon cancer20,48,49. Consistently, our present results also
showed that the expression of csGRP78 was positively correlated
with the expression of p-STAT3 and STAT3 in CRC cells (Fig. 7).
Intriguingly, blocking csGRP78 drastically neutralized the inhib-
itory effect of FMBP on p-STAT3 and STAT3 in DLD1 cells,
while which exhibited a contrary tendency in LS174-T cells
overexpressed with GFP-GRP78 or GFP-GRP78-N500
(Fig. 7CeF). Therefore, we speculate that STAT3, as a down-
stream effector of csGRP78, may be involved in the anti-CRC
effect of FMBP. Further, we found that an anti-STAT3 antibody
presented cross-immunoprecipitation with csGRP78 (Fig. 7B),
which means that there is an interaction between csGRP78 and
STAT3 in CRC cells. This is inconsistent with the previous study
showing that STAT3 was not associated with GRP78 in breast
cancer50, indicating that the activation pathway of STAT3 induced
by csGRP78 may be different in different cancer cells. Consid-
ering that STAT3 is located in the cytoplasm51, csGRP78 has no
classical transmembrane domain52; rather preferentially exists as a
peripheral protein binding to other cell surface proteins on the
plasma membrane of stressed cancer cells. We speculate that
csGRP78 may activate STAT3 phosphorylation by recruiting
STAT3 and other transmembrane proteins to form a complex in
CRC cells, which can be interfered by FMBP, thus results in the
inactivation of STAT3. More studies are needed to further define
this possibility. There is evidence showing that STAT3 and ROS in



Figure 10 Diagram illustrating the molecular mechanism of FMBP against CRC. csGRP78 is often abnormally expressed on cell surface of

CRC. FMBP restrains the activation of STAT3 through directly binding to the NBD of csGRP78 on CRC cell surface, and promotes the excessive

accumulation of downstream ROS, resulting in blockage of CRC development. Fortunately, due to almost no expression of csGRP78 on the

surface of normal colon epithelial cells, and thus, FMBP had no effect on the growth of normal cells. Consistently, these phenomena have been

confirmed in vivo. Hence, csGRP78 serves as an underlying target for FMBP against CRC.
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tumor cells are regulated by each other, which forms a cycle to
maintain the homeostasis of tumor cells53,54. In this regard, we
speculate that the accumulation of ROS induced by FMBP is
realized by the binding to csGRP78 to inactivate STAT3. As ex-
pected, the deduction was confirmed with the activator of STAT3
(Garcinone D). As shown in Fig. 7I, compared to only FMBP
treatment, Garcinone D and FMBP co-treatment dramatically
reduced the ROS accumulation and cell viability rate in CRC
cells. Hence, these results indicate STAT3 is the mediator of ROS
elevation induced by FMBP via csGRP78.

5. Conclusions

Our research demonstrated that csGRP78, which abnormally ex-
presses on CRC cell surface but not on normal cell surface, is an
underlying target for FMBP to exert specific anti-CRC effect
in vitro and in vivo. Specifically, in CRC cells, FMBP restrains the
activation of STAT3 signal pathway through directly binding to
the NBD of csGRP78, and promotes the excessive accumulation
of downstream ROS, resulting in blocking the development of
CRC. Fortunately, due to almost no expression of csGRP78 on the
surface of normal colon cells, and thus, FMBP had no effect on the
growth of normal cells. Consistently, these phenomena have been
confirmed in vivo (Fig. 10). Collectively, our data will hopefully
support FMBP has the potential to be developed as a targeted drug
for the treatment of CRC in the future.
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