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This study aimed to explore the role of GRP78-mediated endoplasmic reticulum stress (ERS) in the synergistic inhibition of
colorectal cancer by epigallocatechin-3-gallate (EGCG) and irinotecan (IRI). Findings showed that EGCG alone or in combi-
nation with irinotecan can significantly promote intracellular GRP78 protein expression, reduce mitochondrial membrane
potential and intracellular ROS in RKO and HCT 116 cells, and induce cell apoptosis. In addition, glucose regulatory protein
78 kDa (GRP78) is significantly over-expressed in both colorectal cancer (CRC) tumor specimens and mouse xenografts. The
inhibition of GRP78 by small interfering RNA led to the decrease of the sensitivity of CRC cells to the drug combination, while the
overexpression of it by plasmid significantly increased the apoptosis of cells after the drug combination. The experimental results
in the mouse xenografts model showed that the combination of EGCG and irinotecan could inhibit the growth of subcutaneous
tumors of HCT116 cells better than the two drugs alone. EGCG can induce GRP78-mediated endoplasmic reticulum stress and
enhance the chemo-sensitivity of colorectal cancer cells when coadministered with irinotecan.

1. Introduction

Colorectal cancer (CRC) is one of the top three malignant
tumors in the world in terms of morbidity and mortality. The
most common of these are adenocarcinomas, including colon
adenocarcinoma (COAD) and rectum adenocarcinoma
(READ), which account for 95% to 98% of all colorectal
cancer cases. According to the statistics of GLOBOCAN
provided by the International Agency for Research on Cancer
of the World Health Organization in 2020, the number of new
cases of CRC exceeded 1.9 million, accounting for 10% of the

total number of cases, and the number of new deaths
exceeded 935,000, accounting for 9.4% of the total number of
cases, ranking 3rd and 2nd respectively [1]. In recent years,
the incidence and mortality of colorectal cancer in China have
maintained an increasing trend. According to the 2018 China
Cancer Statistics Report, the incidence and mortality of co-
lorectal cancer in China rank third and fifth among all
malignant tumors, respectively. China has become the
country with the largest number of new cases and death cases
of CRC every year all over the world, which has seriously
affected and threatened the health of the Chinese [2].
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Although early screening and surgery are the primary
means of prevention and treatment of colorectal cancer,
chemotherapy remains a necessary systemic treatment for
metastatic and recurrent CRC. Currently, the main che-
motherapy drugs for CRC include fluorouracil, irinotecan,
oxaliplatin, capecitabine, trefloxuridine, and raltitrexed.
Irinotecan, a semi-synthetic camptothecin derivative, is
a specific inhibitor of DNA topoisomerase I. Irinotecan and
its active metabolite SN-38 can block DNA replication by
binding to topoisomerase I-DNA complex, causing DNA
double-strand break and apoptosis. However, the chemo-
therapy resistance and dose-limiting toxicity of irinotecan
restrict its clinical application, such as drug resistance in
patients with advanced non-small cell lung cancer (NSCLC)
associated with ATP binding cassette subfamily G member 2
(ABCG2), breast cancer drug resistance induced by regu-
lation of cell cycle and DNA repair activity [3], delayed-onset
diarrhea and neutropenia [4]. Therefore, new and safe
strategies are needed to improve the efficacy of irinotecan,
increase drug sensitivity, and reduce toxic side effects.

Green tea is one of the most popular beverages. Epi-
demiological surveys have shown that drinking a large
amount of green tea can reduce the risk of many chronic
diseases, such as diabetes, cardiovascular disease, and var-
ious cancers [5]. The health benefits of green tea are mainly
attributed to its main bioactive component catechin, in
which EGCG is the most abundant component [6]. EGCG
has strong antioxidant and free radical scavenging abilities
due to the existence of multiple phenolic hydroxyl groups in
its structure [7]. In recent decades, the anti-tumor activity of
EGCQG has gradually attracted the attention of scientists [8],
especially its application in the prevention and treatment of
gastrointestinal tumors such as gastric cancer and colorectal
cancer. EGCG and other polyphenols have attracted ex-
tensive attention due to their low side effects and wide
availability [9].

In previous studies, we found that EGCG enhanced
irinotecan-induced DNA damage and autophagy in CRC
cells [10]. It has been previously reported that endoplasmic
reticulum stress might regulate the repair of DNA damage.
The ERS inhibitor taurodeoxycholic acid (TUDCA) sup-
pressed the DNA damage marker y-H2AX of the late
porcine embryo [11], and ERS inducers (tunicamycin and
glucose deprivation) led to the selective degradation of DNA
repair protein RADS5I, thereby inhibiting the DNA double-
strand break repair of lung cancer cell [12]]. Due to the rapid
proliferation of cancer cells and their easy exposure to a low-
nutrient, low-vascularization and hypoxic environment,
endoplasmic reticulum stress-related proteins, such as
GRP78, activating transcription factor 6 (activating tran-
scription factor 6, ATF6), inositol-requiring enzyme 1
(IRE1), protein kinase RNA-like endoplasmic reticulum
kinase (protein kinase RNA-like ER kinase, PERK) are
overexpressed in many types of tumors. In response to early
endoplasmic reticulum stress, cells initiate the UPR, which
promotes protein folding and degrades unfolded proteins as
an adaptive survival pathway [13]. Under ER stress, GRP78
dissociates from the luminal region of three ER sensors
(IRE1, PERK, and ATF6). Three ER-localized UPR
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transmembrane signal transducers detect the accumulation
of unfolded proteins that initiate restoration and mainte-
nance of endoplasmic reticulum homeostasis. However, if
the endoplasmic reticulum is stressed for a long time and the
unfolded protein fails to form a protein in the correct
conformation, the UPR switches to the apoptotic pathway
and induces apoptosis [14]. Studies have shown that EGCG
can selectively induce disturbance of Ca®* homeostasis in
mesothelioma cells and promote endoplasmic reticulum
stress [15], thereby triggering apoptosis and even
necrosis [16].

In this study, we confirmed that EGCG alone or in
combination with irinotecan could up-regulate the GRP78,
activate ERS of colorectal cancer cells, reduce intracellular
reactive oxygen species and mitochondrial membrane po-
tential, and induce apoptosis. At the same time, the mouse
xenograft experiment also confirmed the synergistic effect of
EGCG and irinotecan on ERS and tumor cell apoptosis.

2. Materials and Methods

2.1. Materials. RKO cells were purchased from Procell
(Wuhan, China), and HCT116 cells were purchased from
NuoHe Bio-Tech (Chengdu, China). All the cell lines used
have been authenticated, and mycoplasma testing has been
carried out. EGCG, irinotecan, and JC-1 were purchased
from CSN pharm (Shanghai, China), Bradford protein
concentration assay kit (detergent-compatible type), and
reactive oxygen species detection kit were purchased from
Beyotime (Shanghai, China). GAPDH, ACTIN, Bax, Bcl-2,
PARP, GRP78, Ki67, and cleaved-caspase3 antibodies were
purchased from Proteintech (Wuhan, China). The GRP78
overexpression plasmid was designed by Genechem
(Shanghai, China), and the GRP78 siRNA was provided by
Tsingke (Beijing, China). Lipofectamine™ 2000 Transfection
Reagent was purchased from Invitrogen (California, USA).
Trizol reagent and HiScript® III reverse transcription kit was
purchased from Vazyme (Nanjing, China). FastQuant RT
Kit (With gDNase) reverse transcription kit was purchased
from Tiangen (Beijing, China), and TB Green Premix Ex Taq
IT (Tli RNaseH Plus) was purchased from Takara (Dalian,
China). Annexin V-FITC apoptosis assay kit was purchased
from Absin (Shanghai, China). SABC (mouse IgG)-POD kit
was provided by Solarbio (Beijing, China).

2.2. Cell Culture. The method mainly refers to the book
“Human Cell Culture Protocols” by Philippeos et al. [17].
Briefly, cells were taken out of the liquid nitrogen and
thawed at 37°C, then centrifuged at 1000 rpm for 3 minutes.
After being added with 1640 medium containing 10% serum,
cells were cultured in a Forma Series II Water Jacket CO,
Incubator (Thermo Fisher Scientific Instruments, Ohio,
USA) at 37°C in a 5% CO, atmosphere.

2.3. Mitochondrial Membrane Potential Detection. The drug-
treated cells in the 12-well plate were washed three times
with pre-cooled PBS. 10 ug/mL of JC-1 (5, 5, 6, 6'-Tetra-
chloro-1, 1', 3, 3'-tetraethyl-imidacarbocyanine iodide)
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solution was added and incubated at 37°C for 20 min in the
dark. Cells were washed twice with PBS to detect the red and
green fluorescence by BD FACS flow cytometer (BD Bio-
sciences, New Jersey, USA) or BD Accuri C6 flow cytometer
(BD Biosciences, New Jersey, USA).

2.4. ROS Analysis. The intracellular ROS production was
detected by the DCFH-DA method according to the man-
ufacturer’s instructions. Briefly, 2’, 7'-Dichlorofluorescin
Diacetate (DCFH-DA) was diluted with 1640 serum-free
medium (1:1000) and added to the culture plate, then in-
cubated at 37°C for 20 minutes. Followed by washing three
times with PBS and trypsinization, the cells were collected in
Eppendorf tubes. The green fluorescence was detected by
flow cytometry (BD Biosciences, New Jersey, USA).

2.5. Transient Transfection of GRP78. When the cell con-
fluence reaches 70-90%, the following operations are per-
formed. Taking a 12-well plate as an example, 2uL of
GRP78-expressing plasmid DNA or control plasmid DNA
(400 ng/pL) mixed with 25uL serum-free medium, and
stand still for 5min at room temperature. Meanwhile, 2 uL
lipo2000 and 25 yL serum-free medium were mixed too. The
two solutions were mixed and added to the cell culture for
another 24 hours. The transfection efficiency was de-
termined by qPCR and western blot. For siRNA transfection,
mixed 1uL siGRP78/control siNC (20 pM), or 1uL of
lipo2000 with 25uL of serum-free medium, respectively.
Other operations are the same as above.

2.6. RNA Extraction and Real-Time PCR. The RNA was
extracted from the transfected cells in the 6-well plate
according to the Trizol method [18], and the total cell RNA
was reverse transcribed into ¢cDNA according to the kit
instructions. Using cDNA as a template and GAPDH as an
internal reference gene, qPCR amplification was performed
according to the gene amplification instructions to detect the
expression of the GRP78 gene. Briefly, the primer sequences,
template cDNA, TB Green Mix, and RNase-free water in
Table 1 were mixed to form an amplification system. The
annealing temperature was 60°C for PCR amplification, and
the 272" method was used for relative gene quantitative
analysis.

2.7. Western Blot. After the drug-treated cells or animal
tissues were lysed, the total cell protein was extracted, and
the protein concentration was determined according to the
Bradford method. Prepare 3% separating gel and 10%
stacking gel according to the manufacturer’s instructions,
and use a microinjector to sample 30ug of protein for
electrophoresis. The gel was taken out and transferred to an
NC membrane, blocked with 0.05% TBST containing 5%
skim milk for 1 h at room temperature, primary antibody (1 :
1000) was added, and incubated overnight at 4°C. After
incubation with HRP-labeledanti-mouse or rabbit second-
ary antibody (1:5000) for 1h at room temperature, the

TABLE 1: Sequences of the primers used in the real-time PCR.

Gene Primer sequence (5'-3')
GRP78 5'- CATCACGCCGTCCTATGTCG-3'
5'- CGTCAAAGACCGTGTTCTCG-3'
! !
GAPDH 5'-ATTTGGTCGTATTGGGCG-3

5'-CATGTAGTTGAGGTCAATGA-3'

photograph was obtained by Universal Hood II Gel Imaging
System (Bio-Rad Instruments, California, USA).

2.8. Cell Apoptosis Detection. The apoptosis was detected by
Annexin V-FITC&PI double-staining, and the cells treated
with drugs in a 12-well plate were operated according to the
kit instructions. Briefly, the medium and trypsin digested
cells were collected simultaneously and the supernatant was
centrifuged. After the cells were washed with PBS and
collected by centrifugation, the mixture of Annexin V-FITC
and PI staining solution was added and kept from light for
15 minutes at room temperature. The green and red fluo-
rescence were detected by BD FACS flow cytometry (BD
Biosciences, New Jersey, USA).

2.9. Immunohistochemical Assay. The tumor tissue fixed
with 10% formaldehyde for more than 48 h was taken out,
washed with water, and slightly trimmed. After gradient
alcohol dehydration, xylene transparency, and paraffin
embedding, the tissue in the embedding block was cut into
4-5um thick slices with a tissue slicer. According to the
instructions of the THC kit, the expression of ki67, GRP78,
and Cleaved-caspase3 in tissues was detected by the immune
and enzymatic reaction principle of “tissue antigen-GRP78
mouse primary antibody-biotin labeled secondary antibody-
streptavidin coupled peroxidase-substrate DAB”. The pho-
tograph was obtained by DM2500 fluorescence microscope
(Leica Microsystem, Wetzlar, Germany).

2.10. Detection of Cell Surface GRP78 by ELISA. The cells
were inoculated in a 96-well plate, and after being treated
with drugs for a fixed time, the cells were washed twice with
PBS. Cells were fixed in 4% formaldehyde (PBS dilution) for
10 minutes, after washing 3 times with wash buffer (PBS
containing 0.5mM CaCl,, 1 mM MgCl,, and 0.1% Triton)
the cells were blocked with 3% BSA (diluted in wash buffer)
for 30 minutes. Cells were incubated with GRP78 antibody
(1:500 dilutions in wash buffer containing 1% BSA) for
2 hours at room temperature and washed three times. Cells
were incubated with 3, 3/, 5, 5'- tetramethylbenzidine (TMP)
substrate for 10 minutes followed by reading in an iMark
microplate reader (Bio-Rad Laboratories, California, USA)
at 620 nm.

2.11. Tumor Formation Assay. Female nude mice (Balb/c;
6 weeks old; weight 18 +1g) were purchased from Beijing
Charles River. The concentration of HCT116 cells in the
logarithmic phase was adjusted to 2.5x10’/mL, and the
200 uL cell suspension was inoculated subcutaneously on the



right dorsal side of the mouse. When the average tumor
volume reached 100 mm®, animals were randomized into 4
groups (5 mice for each group), control (Control, normal
saline, 1 time per day, ip), irinotecan (IRI, 4 mg/kg irino-
tecan, 2 times per week, ip), EGCG (EGCG, 5 mg/kg, 1 time
per day, ip), and irinotecan in combination with EGCG
(IRI + EGCGQG). The mental state and health condition of the
nude mice were observed daily and weighed once a week.
The long (a/mm) and short diameter (b/mm) of the tumor
were measured with a vernier caliper. According to the
formula of tumor volume (V/mm?): V =a x b*/2, the tumor
volume was calculated. After continuous administration for
four weeks, tumor tissues were harvested. One part of tumor
tissues were stored at —80°C for qPCR and WB detection,
and the other part was immersed in 10% formaldehyde for
fixation and underwent IHC detection.

2.12. Data Analysis and Statistics. The data detected by flow
cytometry were analyzed by FlowJo software, and the Av-
erage Optical Density of IHC results was calculated by
Image] software. GraphPad Prism 7.0 was used for statistical
analysis and diagram drawing. All experiments were re-
peated three times. The one-way analysis of variance
(ANOVA) and multiple comparisons were used for statis-
tical comparison between groups. The difference was con-
sidered significant if P <0.05.

3. Results

3.1. EGCG Alone or in Combination with Irinotecan Aggra-
vates Mitochondrial Dysfunction in CRC. In the early stage of
apoptosis, mitochondrial membrane potential (MMP) will
collapse. JC-1 would exhibit different fluorescence in-
tensities due to different concentrations, and its degree of
aggregation could reflect the surface potential of the mi-
tochondrial membrane. Therefore, when the change of JC-1
from red fluorescence (J-aggregates) to green fluorescence
(Monomer) was observed, it indicated that MMP was de-
creased and mitochondrial depolarization might induce
early apoptosis [19]. As shown in Figure 1, JC-1 staining and
flow cytometry results showed that EGCG increased the
proportion of depolarized mitochondria from 3.18%
(Control) to 14.2% (IRI 0.5 uM + EGCG 20 yuM) and 28.7%
(IRI 0.5uM + EGCG 50 yuM) in RKO cells when exposed to
irinotecan for 24 hours. While the proportion rose up
dramatically from 4.23% (Control) to 47.3% (IRI
0.5uM+EGCG 20uM) and 61.7% (IRI 0.5uM +EGCG
50 uM) on HCT116 cells. Overall, these results indicated that
EGCG could significantly reduce the mitochondrial mem-
brane potential of irinotecan-pretreated colorectal
cancer cells.

3.2. EGCG Alone and in Combination with Irinotecan Promote
CRC Apoptosis. Flow cytometry analysis of apoptosis
showed that EGCG significantly increased the apoptosis of
RKO and HCT116 colorectal cancer cells, and exerted
a synergistic effect with irinotecan. EGCG significantly
inhibited the expression of anti-apoptotic protein Bcl-2, but
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had little effect on the pro-apoptotic protein BAX, thus
increasing the ratio of Bax to Bcl-2. In addition, cleavage of
PARP increased with EGCG concentration and treatment
time (Figure 2). These results demonstrated that EGCG
promoted irinotecan apoptosis induction in a dose and time-
dependent manner.

3.3. EGCG Alone and in Combination with Irinotecan Inhibit
ROS Production in CRC. Dichloro-dihydro-fluorescein
diacetate (DCFH-DA), a non-fluorescent precursor of
DCEF, can be used as a probe for intracellular oxidative stress.
DCFH-DA is extremely sensitive to changes in the in-
tracellular redox state. Cytolactonase breaks down
DCFH-DA at the diester bond and produces a relatively
polar and cell membrane-impermeable product, H,DCF.
This non-fluorescent molecule accumulates in the cells and
is subsequently oxidized by the intracellular oxidant to
produce the highly fluorescent product DCF, whereupon the
redox state of the cells can be detected by detecting the
changes in fluorescence [20]. The results in Figure 3 sug-
gested that RKO and HCT116 cells had high endogenous
ROS levels, while irinotecan or EGCG significantly reduced
intracellular ROS concentrations. When the two drugs were
combined, the scavenging effect on ROS was more signifi-
cant and showed an EGCG dose-dependent manner. To-
gether, these results provide important insights into that
EGCG, either alone or in combination with irinotecan, could
significantly inhibit ROS in CRC cells.

3.4. EGCG Mediates the Constitutive UPR of Colorectal Cancer
Cells into Endoplasmic Reticulum Stress to Promote Apoptosis
by Inducing the Accumulation of GRP78. EGCG can induce
endoplasmic reticulum stress in mesothelioma cells through
the GRP78/ATF4/CHOP axis [21]. In addition to up-
regulation in cancer cells, GRP78 may also translocate
from the endoplasmic reticulum to the cell membrane,
where it mediates the transmission of extracellular signals as
a membrane receptor, for example, as a receptor for a2-
macroglobulin [22] or as a receptor/cofactor for GPI anchor
signaling protein Cripto [23]. Therefore, the event of
membrane translocation of GRP78 may serve as a potential
therapeutic target for tumors. Cell surface enzyme-linked
immunosorbent assay (ELISA) is developed based on early
enzyme immunochemistry (EIH) and ELISA. It is a simple,
rapid, and highly sensitive method for detecting cell surface
molecules [24]. As shown in Figure 4, both colorectal cancer
cell lines exhibited a certain degree of constitutive GRP78
expression, and irinotecan inhibited the expression of
GRP78 in RKO cells. Compared with the irinotecan alone
group, the combination of EGCG promoted intracellular
GRP78 expression in RKO and HCT116 cells. HCT116 cell
surface ELISA results showed that, compared with the iri-
notecan group, the content of cell surface GRP78 was de-
creased by nearly two-thirds in either the group with or
without EGCG, indicating that EGCG could inhibit GRP78
membrane translocation induced by irinotecan. Therefore,
we speculate that EGCG can promote the transformation of
constitutive UPR of colorectal cancer cells into endoplasmic
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FIGURE 1: Effects of EGCG on MMP of irinotecan pretreated RKO and HCT116 cells. JC-1 staining was used to detect the conversion of RKO
(a) and HCT116 (b) cells from red aggregates to green monomers, and the data were fitted with FlowJo software. (c, d) Statistical charts.
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FiGure 4: Effects of EGCG on GRP78 in RKO and HCT116 cells pretreated with irinotecan. GRP78 protein was detected by western blot (a),
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reticulum stress by increasing the accumulation of in-
tracellular GRP78 and inhibiting its cell membrane
translocation.

The GRP78 gene and protein expression in both cells was
manipulated by transfection of the siRNA or overexpression
plasmid of the GRP78 gene (Figures 5(a) and 5(b)). GRP78 is
the main molecular chaperone of the endoplasmic reticulum
and also the central sensor of cell stress. In some tumor cells,
EGCG can regulate cell endoplasmic reticulum stress and
apoptosis by targeting GRP78 [25, 26]. By knocking down or
overexpressing GRP78 and flow cytometry analysis of ap-
optosis, we found that up-regulation of GRP78 by EGCG
combined with irinotecan was an important cause of apo-
ptosis. Knocking down GRP78 by siRNA alone had little
effect on the apoptosis of RKO cells, but it significantly
inhibited the apoptosis of HCT116 cells. Meanwhile, when
EGCG and irinotecan were combined, the knock-down
effect of GRP78 on apoptosis was not significant. How-
ever, when cells were transfected with GRP78 over-
expression plasmid, apoptosis was also significantly
increased (Table 1). The synergistic induction of irinotecan
with EGCG on DNA damage in colorectal cancer cells is
consistent with the results [9]. The promotion of GRP78 by
EGCG is also the possible reason that the increase of cell ERS

leads to the inhibition of DNA damage repair and eventually
leads to apoptosis. Taken together, EGCG mediates the
transition from constitutive UPR to pro-apoptotic endo-
plasmic reticulum stress in colorectal cancer cells by in-
ducing GRP78 accumulation.

3.5. EGCG Alone or in Combination with Irinotecan Inhibits
the Growth of Xenografts in Mice. Two weeks after in-
oculation with HCT116 cells, Balb/c nude mice with an
average tumor volume of 100 mm® were started on dosing.
During the treatment period, the overall state of the mice
was good, and no significant adverse reactions were ob-
served. Monitoring results showed no significant decrease in
body weight among the dosing groups except for a signifi-
cant decrease in the control group compared to the initial
dosing (Figure 6(a)). In terms of appearance and mor-
phology, the tumor mass in the control group was the
largest, followed by the irinotecan group and EGCG group
with no significant difference, and the combination group
was the smallest (Figure 6(b)). The results of tumor mass
measurement showed that compared with the control group,
the masses of the other three groups were significantly re-
duced, and the combined group was the most significant. In
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FiGure 5: Effects of EGCG combined with irinotecan on GRP78-mediated ER stress and apoptosis in RKO and HCTI116 cells. GRP78
mRNA and protein expression in RKO and HCT116 cells were detected by qPCR and WB after transfection of GRP78 overexpression
plasmid (a) or siRNA (b) 24 h. Annexin V-FITC and PI double staining method was employed to determine the effect of GRP78 on drug
combination-treated cell apoptosis, and Flow]Jo software was used to fit the data (c, d). siG-siGRP78, siGAPDH-positive control, siNC-
negative siRNA control, pNC-vector control, pGRP78-GRP78 overexpression plasmid. *P<0.05, **P<0.01, ***P<0.005, and

****P <0.001; ns: not significant (vs corresponding NC group).

addition, the combined doses were significantly less massive
than the irinotecan or EGCG monotherapy groups
(Figure 6(c)). The transverse section of the subcutaneous
tumor in mice was gray and fish-like, and the boundary
between the tumor and the surrounding tissues was clear.
Tumor IHC results showed a significant decrease in the
expression of cell proliferation marker Ki67 in the combi-
nation group, and a significant increase in GRP78 compared
with irinotecan alone. The apoptotic marker cleaved-
caspase3 was also significantly higher in the combination
group than in the EGCG monotherapy group (Figure 6(d)).

As shown in the in vitro experiments, these results indicated
that EGCG also exerted a synergistic effect with irinotecan in
inhibiting the growth of CRC in xenograft tumor
model mice.

4. Discussion

Time-dependent resistance to chemotherapy and radio-
therapy, as well as treatment interruption due to side effects,
are major problems in cancer treatment. Therefore, the
development of new strategies, including the combination of
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traditional therapies and bioactive dietary compounds, has
aroused scientists’ great interest in recent years. These new
cancer treatment strategies have been demonstrated to exert
additional or synergistic effects when combined with che-
motherapy or radiotherapy and to minimize treatment-
induced toxicity. In the previous studies, we demon-
strated through cell proliferation, migration, and invasion
that EGCG and irinotecan, a clinical chemotherapy drug for
colorectal cancer, can exploit the synergistic anti-tumor
effect on cells [10].

During respiratory oxidation, mitochondria can produce
proton gradient differences on both sides of the mito-
chondrial membrane, which is the basis for the formation of
mitochondrial membrane potential. As reported, under
some external causes, cells will suffer from serious depletion

of mitochondrial membrane potential, thus inducing apo-
ptosis [27]. The cells treated with 50 uM EGCG for 0.5-24
hours in human glioblastoma cells [28], or 50-100 uM
EGCG for 72hours in epidermoid carcinoma and breast
adenocarcinoma cells both observed a decrease in mito-
chondrial membrane potential [29]. Our results also con-
firmed that EGCG can reduce MMP and induce
depolarization through a mitochondrial-dependent path-
way, leading to increased apoptosis (Figures 1 and 2).
Animal experiments confirmed that EGCG and irinotecan
could exert a synergistic effect against subcutaneous tumors
of colorectal cancer, and the tumor inhibition rate was
higher with the combination of EGCG and irinotecan than
with a single drug. Compared with the control group, the
mice in the medication group did not lose significantly. IHC
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results showed that the expression levels of Cleaved-caspase3
were significantly increased in the combination group, while
the expression of Ki67 was significantly decreased (Figure 6).

In cancer cells, reactive oxygen species are mainly
produced by the high-speed metabolism of mitochondria,
endoplasmic reticulum, and cell membrane. The increase of
ROS in cancer cells may be related to a variety of mecha-
nisms, such as the inactivation of tumor suppressor genes,
activation of oncogenes, hypermetabolism, and mitochon-
drial dysfunction [30]. Due to abnormal regulation of redox
homeostasis and possible stress adaptation, cancer cells can
tolerate high levels of endogenous oxidative stress in vivo
and in vitro. The cells’ ability to actively produce and ac-
cumulate a large amount of ROS prevents them from suf-
fering from the harmful effects of oxidative stress. Moreover,
they may increase the stress adaptation ability of tumor cell
populations by applying selective pressure, which may also
be one of the reasons leading to tumor heterogeneity [31].
Different from the results obtained in some tumor cell
experiments that EGCG functions as a pro-oxidant to in-
crease the intracellular ROS concentration [32, 33], we have
found that the constitutive ROS level in colorectal cancer
cells is high, and EGCG can scavenge intracellular reactive
oxygen species (Figure 3). Abnormal ROS may be a feature
of cancer cells, while the ROS at high concentrations might
be an indicator of drug resistance. It has been reported that
gefitinib resistance is related to mitochondrial dysfunction
and increased cellular ROS in lung cancer cells [34].
Therefore, it is speculated that EGCG may reduce the re-
sistance of colorectal cancer cells to irinotecan by down-
regulating cell ROS levels, but further research is required.

The endoplasmic reticulum is a dynamic tubular net-
work responsible for the biosynthesis, folding, and trans-
portation of protein, maintaining calcium homeostasis, and
regulating many other cellular physiological processes. The
extremely sensitive ER will lead to ERS and UPR activation
due to blocked protein folding and maturation. Many en-
doplasmic reticulum members, such as GRP78, protein
disulphide isomerase (PDI), calnexin, and calreticulin, play
important roles in protein folding and preventing protein
aggregation [35]. The interference of EGCG on UPR signal
has been described in different studies. In non-cancer mouse
retinal pigment epithelial cells, EGCG has been found to
down-regulate the GRP78 and UPR signals [15]. However,
UPR in cancer cells is usually different, in mouse liver cancer
EGCG shows pro-apoptotic activity related to ERS induction
[36]. The cell membrane surface GRP78 can be used as an
extracellular receptor that binds to ligands such as alpha-2-
macroglobulin(a2M) and T-cadherin, and activates signal-
ing pathways related to cell survival, proliferation, or apo-
ptosis [37]. By detecting the expression of GRP78 protein in
colorectal cancer cells intracellularly and on the membrane
surface, we found that EGCG could convert cellular con-
stitutive UPR into endoplasmic reticulum stress and induce
apoptosis by promoting the intracellular accumulation of
GRP78 and reducing membrane content (Figures 4, 5(c),
and 5(d)), which is consistent with the result of Simona [21].
Accidently, the combination of EGCG and irinotecan did
not significantly inhibit apoptosis when GRP78 was knocked
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down with siRNA, but when it was overexpressed, the
combination caused apoptosis that was exacerbated (Fig-
ure 5). We hypothesized that the GRP78 which was knocked
down by siRNA and induced by coadministration was offset.
However, the GRP78 overexpression was additive with the
up-regulation by the coadministration of two drugs.

GRP78 is highly expressed in lung cancer [38], breast
cancer [39], and prostate cancer [40], and has also been
reported in colorectal cancer. As a major regulator of en-
doplasmic reticulum stress, GRP78 may be closely related to
tumor glycolysis and tumor microenvironment. Some
scholars believe that GRP78 may be an important link in
tumor metabolic reprogramming and immune escape.
Therefore, GRP78 is regarded as a potential drug target for
cancer intervention [41]. Nizar et al. [42] performed im-
munohistochemical analysis on normal colon tissue and
moderately differentiated (stage II), poorly differentiated
(stage III), and metastatic colon cancer tissue to lung (stage
IV). They found that the GRP78 immunoreactivity score
(IRS) was 3, 26, 38, and 40, respectively, and the positive
rates of tumor tissue were 78%, 89%, and 100%, respectively.
Besides, the cleaved XBP1 mRNA was also higher expressed
than that of normal tissue, indicating that UPR was con-
stitutively activated in colon cancer tissue. In addition, in-
hibition of GRP78 in the CRC cell line increases the
sensitivity to the DNA-targeted chemotherapeutic drugs,
cisplatin and 5- fluorouracil. Michael et al. [43] collected 396
samples of CRC patients and detected the expression of
GRP78 on tissue microarrays using IHC microarray tech-
nology. The results showed that the expression of GRP78 in
the tumor was significantly higher than that in adjacent
tissues (P < 0.0001), and was related to the degree of invasion
(P =0.029) and stage (P = 0.032). The increase in 5-year
overall survival was associated with high expression of
GRP78 (P =0.036). In vitro experiments showed that in-
hibition of GRP78 reduced the apoptosis of p53 wild-type
CRC cells induced by 5-FU. Therefore, although GRP78 is
highly expressed in some tumor tissues, in vitro experiments
have shown that the interference of GRP78 has different
effects on tumor cells. Whether GRP78 plays a role in pro-
survival or death may depend on the state of cells. When cells
were under stress from unfolded proteins, GRP78 conju-
gated with these proteins to prevent misfolding, thus playing
a role in promoting cell survival [44]. However, under the
stress of unfolded proteins, the membrane translocation of
GRP78 might make it become a pro-apoptotic membrane
receptor [45]. When liver cancer cells are treated with
insulin-like growth factor-I (IGF-I), GRP78 redistributes
from the endoplasmic reticulum (ER) to the cell surface and
promotes its physical interaction with IGF-IR. The in-
hibition of cellular GRP78 membrane translocation by
EGCG may be related to its interference with the physical
interaction between IGF-I and GRP78 [46]. Consistent with
the in vitro results, EGCG promoted the expression of
GRP78 in the tumor tissue of HCT116 xenografts mice and
eventually induced tumor cell apoptosis (Figure 6).

The relationship between ROS and endoplasmic re-
ticulum stress (ERS) has been reported before, and ROS may
be the cause or the result of ERS [47, 48]. However, it has also
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been reported that damage to molecular chaperones and
proteasomal degradation pathways by certain factors may
reduce intracellular ROS during ER stress, such as denatured
heme globin aggregates [49], Deletion of the stress-inducible
gene ERV29 necessary for ER-associated degradation
(ERAD) [50]. The way in which EGCG exerts its antioxidant
effect may involve the oxidation of its own phenolic group,
and the activation of the transcription factor Nrf2. EGCG
can also produce mitochondrial uncoupling, and slight
uncoupling can attenuate mitochondrial ROS production
[51]. The ER is highly sensitive to stress factors that alter
cellular energy levels, calcium homeostasis, or redox state
[52], and changes in redox homeostasis may be the main
cause of EGCG-induced ER stress in CRC cells.

In conclusion, in the present study, we demonstrate the
role of GRP78-mediated endoplasmic reticulum stress in the
synergistic inhibition of colorectal cancer by Epi-
gallocatechin-3-gallate and irinotecan. EGCG increases the
intracellular accumulation of GRP78 and inhibits its cell
membrane translocation, promotes the conversion of con-
stitutive UPR to endoplasmic reticulum stress in colorectal
cancer cells, and induces apoptosis. We identify that the
bioactive substance EGCG has a good synergistic anti-
colorectal cancer effect, and the combination of it with
clinical chemotherapy drugs may be a new strategy to en-
hance anti-tumor efficacy and minimize drug side effects.
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