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Curcumin inhibits the cancer-associated fibroblast-derived
chemoresistance of gastric cancer through the
suppression of the JAK/STAT3 signaling pathway
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Abstract. The present study aimed to investigate whether
the Janus-activated kinase (JAK)/signal transducer and
activator of transcription 3 (STAT3) signaling pathway is a
critical mechanism underlying the cancer-associated fibroblast
(CAF)-induced chemoresistance of gastric cancer (GC). In
addition, the present study tried to suggest a natural product
to compromise the effects of CAF on the chemoresistance
of GC. The results of cell proliferation assay revealed that
the conditioned medium (CM) collected from CAFs further
increased resistance to 5-fluorouracil (5-FU) in GC cell lines.
Secretome analysis revealed that the levels of several secreted
proteins, including C-C motif chemokine ligand 2, C-X-C motif
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chemokine ligand 1, interleukin (IL)-6 and IL-8, were increased
in the CM from CAFs co-cultured with cancer cells compared
to CM from cancer cells. Western blot analysis revealed that
CAFs activated the JAK/STATS3 signaling pathway in cancer
cells. The experimental models revealed that curcumin
abrogated the CAF-mediated activation of the JAK/STAT3
signaling pathway in GC cells. In vivo data revealed the syner-
gistic effects of curcumin with 5-FU treatment in xenograft GC
tumors. These data strongly suggest that the suppression of the
JAK/STATS3 signaling pathway counteracts the CAF-induced
chemoresistance of GC cells. It is suggested that curcumin may
be a suitable natural product which may be used to overcome
chemoresistance by inhibiting the CAF-induced activation of
the JAK/STAT3 signaling pathway in GC.

Introduction

Gastric cancer (GC) is one of the most common malignant
tumors worldwide (1). Although the current mortality rate of
GC has decreased, unresectable GC remains intractable (2).
Guidelines for GC indicate that the primary treatment option
for advanced-stage GC is palliative chemotherapy (3,4);
however, the majority of patients develop resistance, as the
mean survival rate for these patients is ~1 year. Several agents
targeting the molecules expressed in GC cells have been
used to enhance the therapeutic efficacy of chemotherapy in
GC. However, apart from HER2 or VEGFR?2 inhibitors, the
majority of drugs did do not lead to an improved survival.
Comprehensive molecular analysis has revealed that a high
proportion of non-cancerous stroma within the primary tumor
of GC leads to a poor prognosis and an unsatisfactory response
to chemotherapy (5,6).

Cancer-associated fibroblasts (CAFs) are one of the
major components of GC stromal areas. Previous studies
have demonstrated that CAFs enhance the resistance of
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GC to chemotherapy (7,8). However, the exact mechanisms
involved in CAF-induced resistance to therapy have not yet
been described, and inhibitors to suppress the effect of CAF
have not yet been applied in clinical settings, at least to the
best of our knowledge. CAFs can produce various cytokines
and growth factors, which can activate intracellular signaling
pathways in cancer cells (9,10). It has been described that the
Janus-activated kinase (JAK)/signal transducer and activator
of transcription 3 (STAT3) axis may be the primary signal
transduction pathway activated by CAF-produced cytokines
and chemokines (11). Moreover, it plays a crucial role in
enhancing resistance to cancer therapy (12). Taken together,
the JAK/STAT3 pathway may be considered a promising target
which may be used to combat the CAF-induced resistance of
GC to chemotherapy.

The JAK/STAT3 signaling pathway is an attractive target
for cancer treatment as it can promote the proliferation, survival
and migration of cancer cells (13). Although the US Food and
Drug Administration (FDA) approved the JAK1/2 inhibitor,
ruxolitinib, for hematopoietic neoplasms, the benefit of JAK-
or STAT3-specific inhibitors has not been reported in clinical
trials for solid malignancies (14). Moreover, the JAK/SATA3
pathway has a variety of biological functions in normal cells
and tissues; therefore, blocking this pathway requires a proper
appreciation of the possible side-effects associated with its
inhibition (12,15,16).

Recent studies have reported that phytochemicals, such
as flavonoids or polyphenols in medicinal and edible plants
have antioxidant, anti-inflammatory and anticancer properties.
Among the numerous phytochemicals, curcumin (diferuloyl-
methane), a polyphenol compound derived from the roots
of Curcuma longa, is a biologically active compound of the
Indian spice, turmeric. This compound has been shown to
possess biological activities, such as antioxidant, antimicro-
bial, anti-inflammatory and anticancer activities (17-20). In
a previous study, curcumin was found to exert a potent anti-
tumor effect in human uterine leiomyosarcoma SKN cells via
the inhibition of the activity of the AKT/mTOR pathway (21).
Furthermore, another study reported that curcumin blocked
the initial carcinogenic process in colorectal cancer animal
models induced by azoxymethane (22).

In a previous study, curcumin was shown to inhibit the
STAT3 signaling pathway by binding to the JAK activation
loop in a time-and concentration-dependent manner (23).
However, the suppressive effects of curcumin on the develop-
ment of chemotherapeutic resistance in GC have not yet been
evaluated, at least to the best of our knowledge. Thus, the
present study aimed to determine whether curcumin can effec-
tively suppress the CAF-mediated resistance to 5-fluorouracil
(5-FU) in GC cells.

Materials and methods

Cells and cell culture. The GC cell lines, MKN1 (KCLB
no. 80101), MKN74 (KCLB no. 80104) and SNU668, (KCLB
no. 00668) were purchased from the Korean Cell Line Bank.
The cells were cultured in RPMI-1640 medium (HyClone;
Cytiva) supplemented with 10% fetal bovine serum (FBS;
HyClone; Cytiva), 1% penicillin-streptomycin (Gibco; Thermo
Fisher Scientific, Inc.) and 1% amphotericin B (SEARCH BIO

Inc.). The cells were incubated at 37°C in a humidified atmo-
sphere containing 5% CO,. CAFs were isolated from fresh
GC patient specimens as described in a previous study by the
authors (24). For co-cultures, CAFs were seeded into the upper
chambers of 6-well Transwells and GC cell lines were seeded
into the bottom of six-well tissue culture dishes. DMEM/high
glucose medium (HyClone; Cytiva; supplemented with 5%
FBS) was added to both the upper and bottom chambers,
allowing interaction between the two cell types.

Reagents. The STAT3 inhibitor (WP1066; cat. no. 573097) and
5-FU (cat. no. F6627) were purchased from MilliporeSigma.
Recombinant human C-C motif chemokine ligand 2 (CCL2;
cat. no. 279-MC-050), C-X-C motif chemokine ligand (CXCL)1
(cat. no. 275-GR-010) and CXCLS8 (cat. no. 208-IL-050) were
purchased from R&D Systems, Inc., and recombinant human
interleukin (IL)-6 (cat. no. PHC0064) was purchased from
Gibco; Thermo Fisher Scientific, Inc.

Western blot analysis. Cells were washed with phosphate-buff-
ered saline (PBS) and lysed in boiling sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
sample buffer [62.5 mM Tris (pH 6.8), 1% SDS, 10% glycerol
and 5% PB-mercaptoethanol]. The lysates were scraped on a
plate with a pipette and boiled for 5 min at 100°C. Protein
concentrations were determined using the reducing agent
compatible/detergent compatible RC/DC protein assay
(Bio-Rad Laboratories, Inc.). Equal amounts (30 pg) of protein
from each sample were resolved by SDS-PAGE and transferred
onto a polyvinylidene difluoride membrane (MilliporeSigma).
The immunoblots were blocked by incubation in 5% skim
milk, 25 mM Tris (hydroxymethyl) aminomethane-HCI
(pH 8.0), 150 mM NaCl, and 0.1% Tween®-20 for 1 h at
25°C. The membranes were incubated overnight at 4°C with
the following primary antibodies: Anti-STAT3 (1:1,000
dilution; cat. no. 9139), anti-phosphorylated (p-) STAT3
(1:1,000; cat. no. 9145), anti-AKT (1:1,000; cat. no. 9272),
anti-p-AKT (1:1,000; cat. no. 4060), anti-mTOR (1:1,000; cat.
no. 2972), anti-p-mTOR (1:1,000; cat. no. 2971S), anti-cleaved
PARP (1:1,000; cat. no. 9542; Cell Signaling Technology),
anti-cleaved caspase-3 (1:1,000; cat. no. 9664) (all from Cell
Signaling Technology, Inc.), anti-Bcl-2 (1:1,000; cat. no. sc-509;
Santa Cruz Biotechnology, Inc.), anti-survivin (1:500; cat.
no. ADI-AAP-275; Enzo Life Sciences, Inc.) anti-f-actin
(1:5,000; cat. no. sc-47778; Santa Cruz Biotechnology,
Inc.). The membranes were then washed three times with
Tris-buffered saline with Tween-20 (TBST), followed by
their corresponding horseradish peroxidase-conjugated
secondary antibodies (1:5,000; cat. no. 115-545-146; Jackson
ImmunoResearch Laboratories, Inc.) for 1 h at room tempera-
ture. Protein detection was performed using an enhanced
chemiluminescence kit (AbClon, Inc.). The pixel volumes
were evaluated using ImageJ software (version 1.52; National
Institutes of Health), and the results were normalized to the
corresponding blots.

Cell viability assay. The cells were seeded at 1x10* cells per
well in 96-well plates, and cell proliferation was measured
using a highly sensitive water-soluble tetrazolium salt-based
viability assay kit (DoGen Bio). After seeding the cells, 10 ul
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EZ-Cytox solution were added per well, and the cells were
incubated for 1 h at 37°C. The absorbance was measured at
450 nm using a Tecan microplate reader (Infinite F50; Tecan
Group, Ltd.). All experiments were performed in triplicate.
To evaluate the effects of curcumin on cell viability, the cells
were treated with various concentrations (0.2, 1.0, 5.0, 25, 125,
625 and 3,125 uM) of 5-FU for 72 h. The To ICs, values were
calculated as follows: The inhibitor concentration against the
percent activity is plotted [(I)-activity % graph]. Using the
linear (y=mx + n) or parabolic (y=ax2 + bx + c) equation on
this graph for y=50 value x point yields the ICy, value.

Secretome and transcriptome analysis. Secretome analysis
was performed using the Proteome Profiler Human Cytokine
Array kit (R&D Systems Inc.) to identify upregulated secre-
tory factors in the culture supernatants of MKN1, MKN74
and SNU668S cells co-cultured with CAFs as compared with
MKN1, MKN74, and SNU668 cells cultured without CAFs.
Conditioned medium (CM) from the MKN1, MKN74, and
SNUG668 cell cultures was collected after 48 h in serum-free
medium and incubated with arrays containing 36 human cyto-
kine-specific antibodies at 4°C for 24 h. After the membranes
were treated with a luminescence reagent, X-ray films were
developed to identify the pixel volume of the spots related
to the quantity of each secreted protein. The pixel volumes
were evaluated using ImagelJ software (version 1.52; National
Institutes of Health), and the results were normalized to the
corresponding spots. Using RNeasy (Qiagen, Inc.), RNA
was extracted from the MKN1, MKN74 and SNU668 cells
cultured alone or together with CAFs. The RNA quality was
assessed using a 2100 Bioanalyzer (Agilent Technologies, Inc.)
and cDNA was synthesized using the GeneChip WT (Whole
Transcript) Amplification kit (Thermo Fisher Scientific, Inc.).
Labeled target DNA (~5.5 pug) was hybridized to Affymetrix
GeneChip Human Gene 2.0 ST Arrays (Thermo Fisher
Scientific, Inc.). Array data processing and analysis were
performed using Affymetrix GeneChip Command Console
Software (6.0+ version; Thermo Fisher Scientific, Inc.). Gene
set enrichment analysis (GSEA) was used to identify upregu-
lated pathways in MKN74 and SNUG66S cells co-cultured with
CAFs relative to MKN74 and SNU668 cells alone. Pathway
categories were obtained from the Molecular Signatures
Database (MSigDB, https://software.broadinstitute.org). The
cut-off value for statistical significance used in GSEA was a
false discovery rate (FDR) of 25%. To reduce the likelihood of
false-positive results, the present study used an FDR value of
5% as the cut-off level for enriched gene sets.

Patient samples. Of the patients diagnosed with GC who
were treated with neoadjuvant chemotherapy/chemoradio-
therapy following surgery at the Shanghai Cancer Center,
Shanghai, China from July, 2019 to October, 2020, surgically
resected paraffin-embedded tissues from 50 patients were
collected. Normal tissue collected from adjacent tumor area
in patients. The use of these specimens was approved by the
Institutional Review Board of Shanghai Cancer Center (IRB
no. 050432-4-1911D). Informed consent was obtained from
all the participants. The combined regimens based on 5-FU
were administered for neoadjuvant chemotherapy from two
to six cycles, and 7 patients were additionally treated with

radiation at 4,500 cGy. Following chemotherapy or chemora-
diation therapy, all patients were curatively resected by total or
subtotal gastrectomy with proper lymph node dissection.

All hematoxylin and eosin (H&E)-stained sections were
reviewed by an experienced pathologist (LW) to confirm the
GC cancer proportion and to be assigned a grade of respon-
siveness to chemotherapy in the primary GC tissues according
to the grading system suggested by the national comprehensive
cancer network (25).

Immunohistochemistry (IHC). Formalin-fixed
paraffin-embedded xenograft and primary GC tumors were
sectioned, affixed onto microscopic slides, deparaffinized with
xylene, hydrated using a diluted alcohol series, and immersed
in 0.3% H,0, in methanol to quench endogenous peroxidase
activity. The sections were treated with citrate buffer (10 mM,
pH 6.0) for antigen retrieval. To reduce non-specific staining,
each section was treated with 20% aqua block (Abcam) in
TBST for 30 min. The sections were incubated overnight at
4°C with the primary rabbit monoclonal anti-cleaved caspase-3
antibody (1:100; cat. no. 9664, Cell Signaling Technology,
Inc.) for xenograft tumors and the primary rabbit monoclonal
anti-p-STAT3 antibody (1:100; cat. no. 9145, Cell Signaling
Technology, Inc.) for human GC primary tumors in antibody
diluent solution (GBI Labs). The following day, the sections
were incubated with polyclonal anti-rabbit secondary antibody
(1:100; cat. no. AbC-5003; AbClon, Inc.) for 60 min at room
temperature. The chromogen used was 3,3'-diaminobenzidine
(Thermo Fisher Scientific, Inc.), and the sections were counter-
stained with Harris hematoxylin (cat. no. S3309, Dako; Agilent
Technologies, Inc.) at room temperature for 5 min. For cleaved
caspase-3 immunohistochemical analysis of the harvested
tumor tissue, the images were captured using an Olympus
BX53 microscope with an Olympus DP73 camera (Olympus
Corporation) at x200 magnification. In the images, the areas
of entire tumors and brown-stained lesions were quantified by
densitometry using Imagel software (version 1.52; National
Institutes of Health). The percentage of apoptotic cells
was calculated as the ratio of stained area to the total area.
Differences in apoptotic marker expression among the treat-
ment groups were analyzed using the Mann-Whitney U test.

Analysis of gene expression dataset for GC. To investigate
the association of STAT3-related genes and the tumor stroma
with outcomes of patients with GC, GC mRNA profile
data were downloaded from the publicly available GEO
database (GSE62254) with 300 GC patient samples and
clinical information and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway analyzed using GSEA methods.
The GSE62254 dataset was generated based on the GPL570
platform (Affymetrix Human Genome U133 Plus 2.0). To
infer the proportion of stromal fibroblasts in GC tissues, the
Estimation of Stromal and Immune cells in MAliganant tumor
tissues (ESTIMATE) algorithm on the transcriptome data was
used. In addition, to annotate gene sets related to the STAT3
signaling pathway, MSigDB we used, and the STAT3 pathway
was one of the C2 gene sets representing canonical pathways
from pathway resources. A total of eight genes (MAPK3,TYK?2,
JAKI, MTOR, MAPI, STAT3, JAK3 and JAK2) were included
in the STAT3 pathway, and patients were classified into the
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high and low STAT3 pathway expression groups using the
median expression of the eight genes as the cut-off value. The
correlations of the STAT3 pathway gene set with the stromal
score and several cytokine- or chemokine-related genes were
evaluated using Pearson's correlation analysis. Kaplan-Meier
analysis and log-rank tests were used to investigate the survival
difference between the high and low mean expression of actin
alpha 2 (ACTA2), a marker of activated fibroblasts, and STAT3
genes.

Flow cytometric analysis. The MKNI1, MKN74 and SNU668
cells were seeded in a six-well plate and treated with 5-FU
(100 uM), CAF co-culture and curcumin (20 gM) for 72 h.
The cells were stained with fluorescein isothiocyanate
(FITC)-conjugated Annexin V and propidium iodide (PI).
FITC Annexin V and PI double-positive cells were detected
using a FACSCanto II flow cytometer (BD Biosciences).

Animal model experiment. Animal care and handling
procedures were performed in accordance with the Ajou
University School of Medicine Institutional Animal Care and
Use Committee guidelines, and all animal experiments were
approved by the Animal Research Committee of the institution.
The animal model was established using six- to eight-week-old
male athymic nude mice (Orient Bio, Inc.) weighing 16-18 g.
For the experiments, four 4 groups of mice were used with 6
mice in each group. The mice in all groups were intraperi-
toneally injected with 1x10® SNU668 cells with 1x10® CAFs.
The groups were as follows: Group 1, untreated mice; group 2,
mice treated with curcumin alone; group 3, mice treated with
5-FU alone; and group 4, mice treated 5-FU with curcumin. To
establish xenograft tumors, the cells were suspended in 50 pl
Matrigel mixed with PBS. In total, 1x10° tumor cells (SNU668)
with 5x10° fibroblasts were subcutaneously implanted into the
flanks of BALB/c-nu nude mice (Orient Bio, Inc.). To inves-
tigate the effects of 5-FU and curcumin on tumor formation
in the mice, at 7 or 10 days following cell transplantation, the
mice were treated intraperitoneally with 5-FU (25 ug/g body
weight) and curcumin (100 pg/g body weight) three times a
week for 3 weeks. Tumor volume and body weight were moni-
tored throughout the study period. In all experiments, tumor
dimensions were measured using calipers, and the tumor
volume was calculated using the following formula: Tumor
volume (mm?)=(a x b®)/2, where a=length in mm, and b=width
in mm. The method of euthanasia used for the mice was CO,
asphyxiation followed by cervical dislocation (CO, was intro-
duced into the chamber at a rate of 30-70% of the chamber
volume per min to minimize distress). After euthanizing the
mice, all tumors were harvested for tumor weight measure-
ment and THC staining.

Statistical analysis. All experiments were performed inde-
pendently in triplicate. The results are presented as the
mean + standard error (SE). To compare means of continuous
variables between the two groups, datasets were analyzed using
an unpaired or paired t-test for normally distributed data or a
Mann-Whitney U test or Wilcoxon test for non-normal data. A
one-way analysis of variance (ANOVA), followed by Tukey's
post hoc test, was used to compare means across three or more
groups. The Chi-squared test was used to determine whether

there was an association between two or more categorical vari-
ables. Statistical analyses were performed using IBM SPSS
statistics (version 21 for Mac OS X; IBM, Inc.) and GraphPad
Prism (version 6.0, for Mac OS X; GraphPad Software, Inc.)
software. The bioinformatics data using the public dataset
were analyzed using the R package. Values of P<0.05, P<0.01
or P<0.001 were considered to indicate statistically significant
or highly statistically significant differences, respectively.

Results

CAFs induce chemoresistance to 5-FU in GC cell lines.
To initially evaluate the paracrine effects of CAFs on the
resistance of GC cell lines to chemotherapy, first, CM was
isolated from CAFs (CAF-CM), which was added to the
MKNI1, MKN74 and SNUG668 cells treated with 5-FU. The
MKN1, MKN74 and SNU668 cells stimulated with CAF-CM
exhibited a greater resistance (higher ICy,) to 5-FU than those
cultured in normal medium, as revealed by a cell viability
test (Fig. 1A). In addition, a Transwell co-culture system was
used to investigate the CAF-induced changes in apoptotic
markers, including the expression of PARP and caspase-3. It
was found that co-culture with CAFs markedly decreased the
expression of cleaved PARP and caspase-3 in the 5-FU-treated
MKNI1, MKN74 and SNU668 cells (Fig. 1B). In addition, it
was found that the 5-FU-induced apoptotic morphologies,
including cellular shrinkage and the formation of apoptotic
bodies, as well as the reduction in live (attached) cell numbers
were markedly attenuated in the cancer cells co-cultured with
CAFs. When treated with 5-FU, while the majority of the
GC cells were killed or scattered, the CAF-co-cultured GC
cells displayed a normal morphology (Fig. 1C). These results
suggest that CAFs confer the resistance to 5-FU of GC cell
lines through the suppression of apoptosis.

CAFs activate the JAK2/STAT3 signal transduction pathway
in GC cell lines. To identify CAF-specific secreted molecules
and CAF-induced gene expression in GC cells, secretome
analysis for CM and transcriptome analysis of GC cells
co-cultured with CAFs were performed. It was hypothesized
that increased proteins in the CM of GC cells co-cultured
with CAFs, compared to the CM of GC cells cultured without
CAFs, would be the main ligands to stimulate GC cells. Thus,
the levels of secreted proteins in CM between GC and GC
co-culture with CAFs were compared (Fig. 2A). In most pairs,
the intensity of CCL2, CXCLI, IL-6 and IL-8 in the CM from
GC cells co-cultured with CAFs was higher than that in the
GC cells not cultured with CAFs (Fig. 2A). Subsequently,
under the same conditions as the secretome analysis, tran-
scriptome analysis was performed using mRNA extracted
from the harvested GC cells. The results revealed that mRNA
extracted through GSEA was positively associated with
IL-6/JAK/STATS3 signaling (Fig. 2A; MKN-74 cell enrichment
score, 1.83; nominal P<0.001, FDR Q=0.001, FWER P=0.006;
SNUG668 cell enrichment score, 1.45; nominal P<0.01, FDR
Q=0.01, FWER P=0.145).

The genes encoding the secreted proteins were functionally
annotated according to the KEGG pathway map (https:/www.
genome.jp/kegg/). CCL2, CXCLI, IL-6 and CXCLS8 are
involved in cytokine-chemokine receptor interactions and
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Figure 1. CAF-induced resistance to 5-FU in GC cells. (A) GC cells were co-cultured with fibroblast culture-conditioned media and treated with 5-FU and
the ICs, value was determined. (B) Western blot analysis showing the expression levels of the indicated proteins following 5-FU treatment with and without
co-culture with CAFs in various GC cell lines. (C) Representative photomicrograph demonstrating the morphological changes in GC cells following 5-FU
treatment for 72 h co-culture with or without CAFs. 5-FU, 5-fluorouracil; CAF, cancer-associated fibroblast; GC, gastric cancer. Scale bar, 200 ym.

chemokine signaling pathways, including the JAK/STAT?3
signaling pathway (Fig. 2B).

In addition, using western blot analysis, it was confirmed
that JAK?2, STAT?3, Bcl-2 and survivin were associated with
the JAK/STAT3 signal transduction pathway. Likewise, the
GC cell lines co-cultured with CAFs exhibited increased
phosphorylation levels of JAK2 (STAT3 upstream protein),
Bcl-2 and survivin (STAT3 downstream proteins) (Fig. 2C).
To confirm the CAF-induced chemoresistance of GC cell
lines treated with 5-FU, western blot analysis was performed
for the GC cell lines co-cultured with CAFs. The GC cell
lines co-cultured with co-culture CAFs exhibited increased
p-STAT3 levels when treated with 5-FU. However, another
pathway was not altered when the cells were co-cultured with
CAFs (Fig. 2D). Through this process, it was expected that the
co-culture of GC cells and CAFs would affect the intercellular
signaling pathway in GC cells, particularly the JAK2/STAT3
signaling pathway.

Upregulation of p-STAT3 is associated with the non-respon-
siveness of human primary GC tumors treated with
neoadjuvant therapy. Primary GC tumors, which were
harvested from the Shanghai Cancer Center cohort treated
with neoadjuvant chemotherapy, were divided into the
response (grade I/II) and non-response (grade I11/IV) groups.
These groups were selected according to the pathological
responsiveness of the surgical specimens following neoad-
juvant chemotherapy (Fig. 3A), and THC for p-STAT3 was
measured from O to 80% according to the proportion of cells

with positive staining (Fig. 3B, images). The mean proportion
of p-STAT3 expression did not markedly differ between the
two groups. However, when the expression of p-STAT3 was
determined to be positive when the proportion of positive cells
was =3%, the positive expression of p-STAT3 was significantly
associated with a high proportion of poor responsiveness
(P=0.048; Fig. 3B, table).

The high expression of the STAT3 pathway gene set is significantly
associated with a high stromal gene score and a poor prognosis
of patients with GC. A cohort containing 299 GC patients with
available transcriptome data (GSE62254) and clinical informa-
tion from a previously published report was analyzed (26). All
patients included in this dataset were diagnosed with advanced
GC with T2 and greater depth of invasion, and 90.3% were stage I1
or higher (Fig. 3C). According to the ESTIMATE algorithm, the
infiltration of stromal cells into tumor tissue was estimated. A
‘stromal score’ was generated to reflect the presence of fibrotic
stromal cells in tumor tissues using the 141 genes proposed (27).
In the same dataset, a ‘STAT3_PATHWAY_GENES’ was calcu-
lated using eight genes generated from the MSigDB database.
To investigate the correlation between the ‘stromal score’ and
‘STAT3_PATHWAY_GENES’, Pearson's correlation analysis
was used and a positive correlation was revealed (r=0.29,
P<0.001). In addition, the correlation between the genes encoding
the suggested proteins and ‘STAT3_PATHWAY_GENES’ was
evaluated. The expression of CCL2, CXCLI, IL-6 and CXCLS8
positively correlated with ‘STAT3_PATHWAY_GENES’ in the
GSE62254 dataset (Fig. 3D).
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Figure 2. Identification of the JAK2/STAT3 axis as a specific communicator between CAFs and GC cells. (A) Schematic diagram of secretome analysis of
conditioned media and transcriptome and western blot analysis for MKNI cells, MKN74 cells and SNU668 cells. IL-6, IL-8 and CCL2 were secreted at higher
levels in co-cultured with CAFs relative to MKN74 cells and SNU668 cells cultured alone. These factors were all associated with the JAK/STAT3 signal
transduction pathway. Gene set enrichment analysis revealed that the IL-6/JAK/STAT3 signaling-related genes were enriched in MKN74 cells and SNU668
cells co-cultured with CAFs (MKN-74 cell enrichment score, 1.83, nominal P<0.001, FDR Q=0.001, FWER P=0.006; SNU668 cell enrichment score, 1.456;
nominal P<0.01, FDR Q=0.01, FWER P=0.145). (B) KEGG pathway analysis expressed increased genes between no co-culture and co-culture with CAFs in
MKNT1 cells, MKN74 cells and SNU668 cells. (C) Western blot analysis showing the expression levels of the indicated proteins after co-culture with CAFs in
MKNT1 cells, MKN74 cells and SNU668 cells. (D) Western blot analysis showing the expression levels of the indicated proteins following 5-FU treatment with
or without co-culture with CAFs in MKNI1 cells, MKN74 cells and SNU668 cells. 5-FU, 5-fluorouracil; CAF, cancer-associated fibroblast; GC, gastric cancer;
CCL2, C-C motif chemokine ligand 2; KEGG, Kyoto Encyclopedia of Gene and Genomes; IL-6, interleukin-6; IL-8, interleukin-8; JAK, Janus-activated
kinase; STAT3, signal transducer and activator of transcription 3.

In the same cohort, the present study also aimed to identify ~ patients using the Kaplan-Meier curve with the log-rank test.
the prognostic role of the simultaneous expression of ACTA2,a  Patients with GC with high mean expression of ACTA2 and
marker of fibroblasts, and STAT3 genes in the outcomes of GC ~ STAT3 exhibited a significantly worse prognosis compared
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Figure 3. Expression of STAT3 and p-STAT3 in human primary GC tissues. (A) Flow diagram presenting the study scheme using human primary tumors of
GC patients who were treated with neoadjuvant chemotherapy/chemoradiation following as curative resection. (B) The proportion of p-STAT3-positive cancer
cells in immunohistochemistry for primary GC tumors according to the responsiveness for neoadjuvant therapy. Representative image (magnification, x200)
for p-STAT staining and table showing the association between clinicopathological factors and the responsiveness to neoadjuvant therapy. These data were
analyzed using the Chi-squared test. (C) Flow diagram presenting the study scheme using the public transcriptome dataset (GES62254) for human primary
samples. (D) The correlation between STAT3 pathway gene set and stromal gene score, CCL2, CXCLI, IL-6, and CXCLS8 expression in GSE62254 dataset.
(E) Survival differences according to the expression of STAT3 pathway gene set in the GSE62254 dataset. CCL2, C-C motif chemokine ligand 2; GC, gastric
cancer; IL-6, interleukin-6; STAT3, signal transducer and activator of transcription 3.

to patients with a low expression (P<0.0001) and a worse
disease-free survival (P<0.0001) (Fig. 3E). These human GC
data may suggest that the accumulation of a fibrotic stroma,
including CAFs is significantly associated with STAT3
activation, and CAF-secreted proteins, such as CCL2 and
CXCLI1 enhance the STAT3 signaling pathway in GC tissues.
The activation of STAT3 in the GC stroma leads to resistance
to treatments, and thus this may be a good target for GC
treatment.

Curcumin inactivates the CAF-induced activation of the
JAK2/STATS signal transduction pathway in GC cell lines. It
was hypothesized that CAFs may participate in the development

of drug resistance through the activation of the JAK2/STAT3
pathway. Thus, the effects of curcumin on the tendency of
CAFs to lead to chemoresistance and the phosphorylation of
JAK?2/STATS3 in GC cell lines were investigated. First, the
toxicity of curcumin on cancer cells was evaluated, and the
results revealed that the effects of curcumin at <20 #M on cell
viability of GC cell lines were minimal (Fig. S1). Moreover,
curcumin at <20 yM significantly decreased the CAF-induced
phosphorylation of JAK/STAT?3 in GC cells in a concentra-
tion-dependent manner (Fig. 4A). Curcumin also affected
the expression of Bcl-2 and survivin, which are downstream
of the STAT3 pathway in GC cell lines (Fig. 4A). However,
curcumin treatment did not decrease the phosphorylation of
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Figure 4. Curcumin inhibits the CAF-induced chemoresistance of GC through the suppression of the JAK/STAT3 signaling pathway. (A) Western blot
analysis showing the expression of indicated proteins following co-culture with CAFs and with/without curcumin in MKN1, MKN74 and SNU668 cells.
(B) Western blot analysis showing the expression of indicated proteins following co-culture with CAFs and with/without curcumin under 5-FU treatment.
(C) Relative viability of MKN74 and SNU668 cells co-cultured with fibroblast culture-conditioned media and treated with 5-FU and curcumin. (D) Western
blot analysis showing changes in the expression of apoptotic markers, such as cleaved PARP, at 72 h following 5-FU and curcumin treatment of GC cells with
or without co-culture with CAFs. (E) Flow cytometry with Annexin V/PI double-staining showing that 5-FU treatment with curcumin significantly increased
the number of Annexin V+/PI+ cells. Data are presented as the mean values. "P<0.05 and “"P<0.01. 5-FU, 5-fluorouracil; CAF, cancer-associated fibroblast;
JAK, Janus-activated kinase; STAT3, signal transducer and activator of transcription 3.

mTOR and AKT (Fig. S2). Following treatment with 5-FU, the
CAF-induced phosphorylation of JAK2/STAT3 was compro-
mised by curcumin treatment in GC cell lines (Fig. 4B).

It was demonstrated that the four types of cytokines (CCL2,
CXCLI, IL-6 and IL-8) from the KEGG pathway analysis
affected the JAK2/STAT3 signaling pathway in GC cells.
Western blot analysis revealed that the levels of p-JAK2/STAT3
increased following treatment with the four cytokines in GC
cell lines; however, the expression of mTOR/AKT was not
altered. Curcumin decreased the JAK2/STAT3 phosphoryla-
tion levels, similar to treatment following co-culture with
CAFs (Fig. S3A). These results indicate that CAF-derived
cytokines (CCL2, CXCL1, IL-6 and IL-8) can stimulate the
activation of the JAK2/STATS3 signaling pathway in GC cell
lines and may cause the resistance of GC cell lines to 5-FU.
To confirm the primary role of CAF-induced STAT3 activa-
tion on chemoresistance, CAF-stimulated GC cells were

treated with STAT3 specific inhibitor. The STAT3 inhibitor
downregulated the CAF-induced phosphorylation of STAT3
in a concentration-dependent manner (Fig. S3B). The cell
viability assay revealed that the resistance to 5-FU increased
by CAF-CM was reduced by the STAT3 inhibitor (Fig S3C).
Those findings indicated that the curcumin-induced inhibi-
tion of phosphorylation of STAT3 could cause the synergistic
effect of 5-FU in CAF-stimulated GC cells.

To determine the effects of curcumin on the CAF-induced
chemoresistance of GC cell lines, the present study then
whether curcumin added to the CAF-CM decreased resistance
compared to the cells cultured with CAF-CM and treated
only with 5-FU using cell viability assay. The CM from CAF
cultures was added to the MKN1, MKN74, and SNU668
cells treated with 5-FU. The cell viability assay revealed
that co-treatment with CAF-CM decreased the cytotoxicity
of 5-FU. However, treatment with curcumin significantly
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Figure 5. GC xenograft tumor growth inhibition by combination treatment with Curcumin and 5-FU. (A) Mice growing subcutaneous tumors were randomized
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decreased the viability of the GC cell lines (Fig. 4C). These
data strongly suggest that curcumin treatment increased the
sensitivity of CAFs to 5-FU in GC cell lines. Moreover, to
determine the mechanisms through which curcumin affects
the resistance of GC cells treated with 5-FU to apoptosis, the
GC cells co-cultured with CAFs were treated with curcumin
and 5-FU. The induction of apoptosis was confirmed through
cleaved PARP and caspase-3 expression in the GC cell lines.
The results revealed that the increased levels of cleaved PARP
and caspase-3 upon 5-FU treatment were suppressed by CAF
co-culture, and then restored by curcumin treatment (Fig. 4D).
Furthermore, under the same conditions, the changes in the
proportion of Annexin V and PI double-positive MKN74 and
SNU668 cells was monitored using FACS analysis (P<0.05;
Fig. 4E). These results suggest that CAFs confer the resistance
of GC cell lines to 5-FU through the inhibition of apoptosis,
and that curcumin attenuates the chemoresistance of GC cell
lines through the JAK2/STAT?3 signaling pathway.

Combined treatment with curcumin and 5-FU inhibits
CAF-induced tumor growth in the xenograft model of
human GC. To investigate whether curcumin contributes to
suppressed tumorigenesis in a mouse model, a GC cell line
and patient-derived primary CAFs were established using
a previously described method (23). In previous research,

the authors investigated the in vivo effect of fibroblasts on
resistance to 5-FU in GC cell line xenografts (8), which were
established using only GC cell lines (1x10° cells each) or mixed
with CAFs (1x10%). Tumor volume in xenografts mixed with
CAFs suppressed the effects of 5-FU. Therefore, the present
study investigated whether combination treatment (curcumin
and 5-FU) suppressed the growth of GC cell line-derived
xenografts (1x10° cells each) mixed with CAFs (5x10°). Six
mice were used in each group. The results demonstrated that
combined treatment suppressed the tumor volume of the xeno-
grafts mixed with CAFs (Fig. 5A). The mean weight of the
extracted tumors from the mice injected with GC cells mixed
with CAFs and subjected to combination treatment (curcumin
and 5-FU) was significantly lower than that of the single
treatment and control (DMSO). By contrast, the combination
treatment was not significantly different from that of the 5-FU
treatment alone (Fig. 5B). The diameter of the tumor was
10.75 by 10.47 and the maximum tumor volume in a single
treatment group was 589.21 mm? according to the calculation
method. THC revealed that the addition of curcumin to the
5-FU treatment of CAF-mixed tumors upregulated the expres-
sion of cleaved caspase-3 compared to the vehicle treatment
group (Fig. 5C). During treatment, all mice survived and there
was no difference in mouse body weight among the treatment
groups (Fig. S4). Overall, the in vivo experiments revealed
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that curcumin treatment increased the sensitivity of xenograft
tumors containing CAFs to 5-FU through increased apoptosis
without any other side-effects observed in the mice.

Discussion

In the present study, it was found that CAF-produced cyto-
kines, such as IL-6 and IL-8, and chemokines, such as CCL2
enhanced resistance to chemotherapy through the activation
of the JAK2/STAT3 axis in GC cells. It was also confirmed
that the CAF-activated JAK2/STAT3 axis was efficiently
inhibited by the natural product, curcumin. Finally, the present
study examined whether curcumin could restore resistance
to chemotherapy in the in vitro and in vivo experimental
models (Fig. 5D).

In a previous study by the authors, it was demonstrated
that IL-6 usually originates from CAFs in GC tissues and is
consequently involved in resistance to chemotherapy through
the activation of the JAK/STATS3 signaling pathway in GC
cells (8). In addition, it was found that the IL-6 receptor
inhibitor exerted a negative effect on CAF-induced resistance
in GC experimental models (8). However, CAFs may be a
source of other secreted proteins, such as IL-8 or CCL2,
which can enhance the JAK/STAT3 pathway (28,29). Thus,
the inhibition of the common JAK/STAT3 pathway would be
more ideal for reducing the effect of CAFs on GC cells than
the IL-6R inhibitor. In the present study, secretome analysis
revealed that the levels of IL-6, IL-8 and CCL2 were increased
in CAF-co-cultured CM compared to the CM of cancer cells
cultured alone. In addition, transcriptome analysis with gene
function analysis revealed that the upregulated genes in
CAFs co-cultured with GC cells positively correlated with
the JAK/STAT3 subset, and this result was validated using
western blot analysis. It was hypothesized that CAF-derived
molecules may be candidates for activating the JAK/STAT3
signal transduction pathway in GC cells involved in resistance
to chemotherapy.

STAT proteins are involved in the regulation of essential
signal transduction pathways that control proliferation,differen-
tiation and cell homeostasis (13,30,31). The receptors activated
by ligand-binding can phosphorylate specific tyrosine residues
of STAT proteins through activation of members of the Janus
family of protein tyrosine kinases (JAKSs). Of the seven STAT
subtypes, STAT3 has been suggested as a critical mediator in
maintaining the aggressive phenotype in many cancer cells
through its retained activity (32). Moreover, previous studies
have reported that the increased phosphorylation of STAT3 is
associated with a poor response to chemoradiation, and the
inhibition of STAT3 sensitizes cancer cells to 5-FU treatment
through the downregulation of STAT3-dependent proteins,
such as cyclin D or survivin (33-36). These previous results
support the findings of the present study, demonstrating that
CAF-induced STAT3 activation promotes resistance to chemo-
therapy in GCs. Therefore, the suppression of JAK/STAT3
signaling activated by CAFs may be an effective therapeutic
strategy to overcome fibrotic stroma-induced resistance to
chemotherapy.

Over the past several decades, various strategies have
been tested to target STAT3 for the development of potential
anticancer drugs. These include small molecules that target

different domains of STAT3 and decoy oligonucleotides.
The structural analysis of STAT3 has generated several
chemicals, such as OPB-31121 or C188-9, targeting the
SH2 domain of STAT3, and these have yielded promising
results in experimental studies (37,38). However, OPB-31121
in phase I clinical trials for hepatocellular carcinoma only
yielded a minimal response, while poor pharmacokinetic
properties and severe peripheral nerve toxicity were
observed (39). In addition, a number of other chemical drugs
targeting STAT3 often exert adverse effects, such as fatigue,
infection and diarrhea, which may be related to the physi-
ological function of STAT3 in non-cancerous tissues; thus,
few drugs targeting STAT3 have currently been approved
for use in clinical settings (40). Curcumin, a natural product
derived from turmeric used as a dietary spice and coloring
agent, has a negative effect on the binding of JAK protein
to cytokine receptors, thereby blocking the phosphorylation
and activation of STAT3 (22). It was first tested in an experi-
mental model of lung cancer, demonstrating an inhibitory
effect on STAT3 phosphorylation in a time-and concentra-
tion-dependent manner (22). In addition, curcumin inhibits
IL-6 induced STAT3 phosphorylation in myeloma cells (41).
While the drug metabolites generated from synthetic drug
sources can create a variety of adverse side-effects, drugs
formed from natural sources, such as curcumin, may have
limited side-effects. In the present study, low concentrations
of curcumin, which was not toxic to GC cells, effectively
suppressed CAF-induced JAK/STAT3 activation, as well
as STAT3-dependent proteins, such as Bcl-2 and survivin.
Moreover, additional low-dose curcumin had a positive
effect on chemotherapy-induced apoptosis in experimental
models. These results suggest that low-dose curcumin treat-
ment or a turmeric-based diet during chemotherapy in GC
patients may be an effective strategy which may be used to
improve the response.

In the present study, in the animal experiments, although
additional curcumin treatment significantly reduced tumor
growth compared to the control, it did not exhibit a signifi-
cant difference from the 5-FU treatment alone. In fact, the
limitation of curcumin is its low bioavailability and short time
for metabolization as a natural product. Therefore, different
curcumin analogs have been synthesized to increase their
stability. FLLL32 has two hydrogens of curcumin replaced
with a spiro-cyclohexyl ring and methyl groups, which
can improve its stability (42). Several previous reports have
described that FLLL32 potently reduced tumor growth of
xenografts in bone and breast cancers (43,44). Therefore,
curcumin analogs more effectively improve the response to
chemotherapy in GC models, including CAFs, compared to
curcumin, in future studies.

In conclusion, the present study demonstrated that
CAFs enhanced resistance to chemotherapy in GC through
the activation of the JAK2/STAT3 signaling pathway.
Curcumin, a natural product derived from turmeric, effec-
tively reduced CAF-induced STAT3 activation in GC cells
and subsequently enhanced the effects of chemotherapy in
GC models. The combination of curcumin and conventional
chemotherapy may thus be a promising strategy with which
to overcome resistance to chemotherapy in GC with profuse
fibroblasts.
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