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Epigallocatechin-3-gallate hinders metabolic coupling to
suppress colorectal cancer malignancy through targeting
aerobic glycolysis in cancer-associated fibroblasts
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Abstract. In recent times, researchers working on tumor
metabolism have paid increasing attention to the tumor micro-
environment. Emerging evidence has confirmed that epigenetic
modifications of cancer-associated fibroblasts (CAFs) alters the
characteristics of glucose metabolism to achieve a symbiotic
relationship with the cancer cells. Epigallocatechin-3-gallate
(EGCQG) exerts anti-tumor effects via a variety of mechanisms,
although the underlying mechanism that accounts for the
effects of EGCG on glucose metabolic alterations of CAFs have
yet to be elucidated. In the present study, through co-culture
with colorectal cancer (CRC) cells, human intestinal fibro-
blasts were transformed into CAFs, and exhibited enhanced
aerobic glycolysis. Induced CAFs were able to enhance the
proliferation, migration and invasion of CRC cells in vitro.
EGCQG treatment led to direct inhibition of the proliferation
and migration of CRC cells; furthermore, EGCG treatment
of CAFs suppressed their tumor-promoting capabilities by
inhibiting their glycolytic activity. Blocking the lactic acid
efflux of CAFs with a monocarboxylate transporter 4 (MCT4)
inhibitor or through silencing MCT4 could also suppress their
tumor-promoting capabilities, indicating that lactate fulfills an
important role in the metabolic coupling that occurs between
CAFs and cancer cells. Taken together, the results of the
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present study showed that EGCG targeting of the metabolism
of tumor stromal cells provided a safe and effective strategy of
anti-cancer therapy.

Introduction

Colorectal cancer (CRC), one of the most common and aggres-
sive human malignancies, causes numerous cancer-associated
deaths worldwide annually (1,2). The shift to aerobic glyco-
lytic metabolism in cancer cells has been widely studied
and updated in the well-known ‘hallmarks of cancer’, as
described by Hanahan and Weinberg (3). However, the current
view is that research on cancer metabolism should not be
restricted to cancer cells (4). The tumor microenvironment
(TME) is composed of several cell types that are allocated
the constant supplies of nutrients required for tumor survival
and progression (5). Emerging evidence has confirmed that
cancer-associated fibroblasts (CAFs) undergo epigenetic modi-
fications in molecules associated with glucose metabolism to
achieve a symbiotic relationship with cancer cells (6-8). CAFs
with enhanced glycolytic features subsequently secrete high
amounts of pyruvate and lactate, which are in turn used by
cancer cells as new sources of energy (9). This new concept is
referred to as the ‘reverse Warburg effect’, and this indicates
a potential therapeutic strategy for cancer (6,10-12). Recently,
chip-based 3D co-culture technology has been applied to
simulate the characteristics of the metabolic coupling and
‘reverse Warburg effect” between CRC cells and fibroblasts
in vitro (13).

Green tea is a popular beverage worldwide, and it has
long been described to possess several health benefits (14).
As a safe and the most powerful ingredient in green tea (15),
epigallocatechin-3-gallate (EGCG) possesses high chemo-
preventative properties, and has been proposed as a possible
chemotherapeutic treatment against numerous types of cancer,
including hepatocellular carcinoma (16), CRC (17), breast
cancer (18) and B lymphoma (19). It has been concluded that it
is safe for humans to take the amounts equivalent to the EGCG
content in 8-16 cups of green tea once a day for 4 weeks (20).
To date, various mechanisms have been proposed to explain
the cancer-preventative effects of EGCG, including the
upregulation of tumor suppressor genes such as p53 (21), and
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the modulation of cell signaling pathways, such as nuclear
factor-xB (22) and JAK/STAT3 (23). More recently, EGCG
has been shown to inhibit cell growth and induce apoptosis
through targeting the enhanced aerobic glycolytic pathway
via directly inhibiting phosphofructokinase (PFK) activity in
cancer cells (18,24).

However, to the best of our knowledge, there are no
previous studies assessing the effects of EGCG on glucose
metabolic alterations involving CAFs in the TME. The aim of
the present study was to investigate the hypothesis that EGCG
may intervene in the metabolic coupling between CAFs and
CRC cells through inhibiting aerobic glycolytic activity in
CAFs, thereby suppressing the malignancy of CRC cells
in vitro. The findings obtained highlight a novel anti-tumor
strategy of EGCG, in which it targets the glucose metabolism
of stromal cells in the TME, providing further insights into
elucidating the underlying mechanism of metabolic coupling
between CRC cells and stromal cells.

Materials and methods

Cell culture and reagents. Human colorectal carcinoma
cell lines HCT-116 (CCL-247) and HT-29 (HTB-38) were
purchased from ATCC and cultured in McCoy's SA (Thermo
Fisher Scientific, Inc.) supplemented with 10% FBS (Thermo
Fisher Scientific, Inc.) and a 1% penicillin-streptomycin
solution (Thermo Fisher Scientific, Inc.). Human intestinal
fibroblasts (HIFs) were obtained from ScienCell Research
Laboratories, Inc. (cat. no. 2920) and cultured in complete
fibroblast medium (cat. no. 2301; ScienCell Research
Laboratories). Cells were cultured at 37°C in a humidified
incubator with 5% CO, and normal oxygen saturation,
and were used for experiments during the exponential
growth phase under mycoplasma-free conditions. All cell
lines used in the present study were authenticated by
short tandem repeat profiling by the companies they were
purchased from, were aliquoted and frozen in liquid nitrogen
immediately upon receipt, and used for the present experi-
ments within 6 months of thawing. EGCG was purchased
from Funakoshi Co., Ltd. (cat. no. E-5737) and bindarit
(2-methyl-2-[(1-[phenylmethyl]-1H-indazol-3yl)methoxy]
propanoic acid) was supplied by MedChemExpress.

Cell co-culture and conditioned medium (CM) collection. To
induce CAFs, HIFs were co-cultured with HCT-116 or HT-29
cells at a ratio of 1:3 using Falcon® Permeable supports for
six-well plates with 0.4-ym pores (cat. no. 353090; Corning,
Inc.) in an indirect contact manner for 3 days, sharing the same
media; DMEM high glucose (4.5 g/1), pyruvate (110 mg/I)
(cat. no. 11995065; Thermo Fisher Scientific, Inc.) supple-
mented with 10% FBS. Subsequently, the cancer cells were
discarded from the co-culture system, and the medium was
replaced with fresh serum-free DMEM for the monoculture of
induced CAFs. After a further 48 h of culture, the supernatant
was collected, centrifuged (500 x g at room temperature for
20 min), and filtered using a 0.2-um filter to remove the cell
debris. For EGCG or bindarit treatment, different concentra-
tions (as described in results section) of reagents were added
to fresh DMEM supplemented with 10% FBS to induce CAFs
for a further 24 h after discarding the cancer cells, and before

further replacement of new medium to generate CM. To
generate HIF-CM, HIFs were cultured without cancer cells, and
the same procedure as that described above was employed. For
CAF-siRNA-MCT4-CM and CAF-siRNA-NC-CM, induced
CAFs were first transfected with monocarboxylate transporter
(MCT)4 siRNA or Select Negative Control #1 siRNA respec-
tively, and the remaining steps in the procedure were the same
as those described above. All CM obtained from the above
groups was stored at -80°C. For the further treatments of cancer
cells in the subsequent experiments, CM was warmed to room
temperature and added to fresh medium at a ratio of 1:1.

Immunofluorescence staining. Cells were seeded in the
Nunc Lab-Tek II Chamber Slide system (cat. no. 154526PK;
Thermo Fisher Scientific, Inc.) until they had adhered,
washed twice with PBS, and fixed with 4% paraformalde-
hyde (cat. no. 163-20145; Fujifilm) at 4°C for 30 min. After
permeabilization with 0.1% Triton X-100 (cat. no. HFH10;
Thermo Fisher Scientific, Inc.) for 5 min at room tempera-
ture, all slides were incubated with 3% bovine serum
albumin (BSA) diluted from a MACS BSA stock solution
(cat. no. 130-091-376; Miltenyi Biotec) in PBS for 60 min at
room temperature. Subsequently, the slides were incubated
with an anti-o smooth muscle actin (a-SMA) antibody (dilu-
tion, 1:300; cat. no. no. ab7817; Abcam) or anti-fibroblast
activation protein (anti-FAP) (1:100; cat. no. ab207178,
Abcam) at 4°C overnight. The following day, the slides were
washed three times with PBS and incubated with Alexa Fluor
488-conjugated goat anti-rabbit IgG (H+L) cross-adsorbed
secondary antibody (1:500; cat. no. A-11008, Thermo Fisher
Scientific, Inc.) for FAP or Alexa Fluor 594-conjugated goat
anti-mouse IgG (H+L) cross-adsorbed secondary antibody
(1:500; cat. no. A-11005, Thermo Fisher Scientific, Inc.) for
a-SMA for 1 h at 37°C in the dark. After three washes with
PBS protected from light, ProLong™ Gold Antifade Mount
with DAPI (cat. no. P36931; Thermo Fisher Scientific, Inc.)
was used to stain the nuclei for 10 min in the dark. Finally,
the slides were observed and imaged under a fluorescence
microscope (magnification, x100; BZ-X700; Keyence
Corporation). For negative controls, the primary antibody
was replaced with BSA.

Cell proliferation assay. HCT-116 or HT-29 cells were seeded
at a density of 1x10* cells/well into 96-well plates until they had
adhered to the plates. After washing with PBS, the indicated
CM was added to each group for 48 h of culture. Subsequently,
the medium for each group was replaced with fresh medium
containing 10% (v/v) Cell Counting Kit-8 (CCK-8) solu-
tion (Dojindo Molecular Technologies, Inc.), the plates were
cultured for a further 2 h, and the extent of cell proliferation
was analyzed by measuring the absorbance values at 450 nm
with a microplate reader (SpectraMax i3; Molecular Devices,
LLC), in accordance with the manufacturer's instructions. To
examine the direct effects of EGCG on cancer cells and the
cytotoxicity of EGCG on normal cells, HCT-116 and HT-29
cells and HIFs were seeded at a density of 5x10° cells/well
into 96-well plates and treated with different concentrations
of EGCG. The proliferative status of the cells was observed
every 24 h between days 1 and 3 using CCK-8 solution, as
described above.
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Wound healing assay. For wound healing assays, HCT-116
or HT-29 cells were seeded at a density of 7x10° cells/well
into six-well plates and incubated overnight to form a 90%
confluent monolayer. Subsequently, a 200-u1 pipette tip was
used to scratch a wound through the entire center of each well.
After washing with PBS, the cells in each group were cultured
with EGCG, bindarit or the indicated CM in the absence of
FBS for 36 h. The areas of the wounds were observed, and
images were captured using a light microscope (magnifica-
tion, x40; DP22-CU; Olympus Corporation) at 0 and 36 h
after scratching. The cell migration rates were calculated
using ImageJ v1.46r software (National Institutes of Health)
according to the following equation: Relative migration
rate=[width (0 h)-width (36 h)l/width (0 h) x100%.

Migration and invasion assay. A 24-well Transwell system
with 8.0-pum pores (Corning, Inc.) was used for the migration
and invasion assays. Serum-starved cancer cells at a density
of 7x10*/well were seeded into the upper chamber in a
100 ul volume suspension. After cell attachment, the culture
medium was changed to the indicated CM for each group.
The final FBS concentration was 5% in the upper chambers
and 10% in the lower chambers. After a subsequent period
of incubation (36 h for migration assay; 60 h for invasion
assay), the upper chambers were fixed with 100% methanol
(cat. no. 131-01826; Fujifilm) for 20 min and then stained with
1% crystal violet (cat. no. 031-04852; Fujifilm) for a further
20 min at room temperature, and non-migrated cells were
removed using cotton swabs. Subsequently, images were
captured, and the number of remaining cells were calculated
and quantified in 5 random fields of view under a light
microscopic (magnification, x100) equipped with a digital
camera (Olympus Corporation). For the invasion assays, the
upper chambers of the Transwell system were coated with
Matrigel™ (0.5 mg/ml dilatated in DMEM; Corning, Inc.)
overnight at 37°C.

Reverse transcription-quantitative (RT-q)PCR. Total RNA
was extracted using an RNeasy Mini kit (Qiagen GmbH,
Hilden, Germany), and its concentration was measured using
a spectrophotometer (NanoDrop™ 2000; Thermo Fisher
Scientific, Inc.) according to the manufacturer's instructions.
Subsequently, 2.5 ug RNA was reverse-transcribed into
c¢DNA in a total reaction system of 50 pl using an Applied
Biosystems™ High-Capacity cDNA Reverse Transcription
kit (Thermo Fisher Scientific, Inc.) in accordance with
the manufacturer's instructions. Subsequently, an Applied
Biosystems StepOnePlus Real-Time PCR system (Thermo
Fisher Scientific, Inc.) was used to perform TagMan qPCR
using the following thermocycling conditions: Initial denatur-
ation at 95°C for 3 min; 40 cycles of denaturation (95°C for
30 sec), annealing (58°C for 30 sec) and extension (72°C for
45 sec); and final extension at 72°C for 10 min. The following
TagMan gene expression assays were used: ACTA2 (assay
ID, Hs00426835_gl) FAP (assay ID, Hs00990791_ml),
interleukin-6 (/L-6) (assay ID, Hs00985639_m1), PFK (assay
ID, Hs00737347_m1), and SLCI16A3 (MCT4) (assay ID,
Hs00358829_m1). A GAPDH assay (assay 1D, 4326317E,;
Thermo Fisher Scientific, Inc.) was used as the internal control
to normalize the raw data. The 2444 method (25) was used for

data analysis, and the results are presented as the fold changes
in the relative mRNA expression for each experimental group
compared with that in the control group.

MCT4 silencing through siRNA transfection. Induced
CAFs were transfected with 10 pmol/ml SLC16A3 (MCT4)
siRNA (cat. no. 4390824; assay ID: s17417; Thermo Fisher
Scientific, Inc.) or Select Negative Control #1 siRNA
(cat. no. 4390843; Thermo Fisher Scientific, Inc.) with 3 ul/ml
Invitrogen™ Lipofectamine RNAiMax Transfection Reagent
(cat. no. 13778075; Thermo Fisher Scientific Inc.) for 12 h
according to the manufacturer's instructions. The efficiency of
gene silencing was verified through performing RT-qPCR and
western blotting.

Lactate assay. The supernatant was collected using the same
method as that used for CM after culturing the indicated
cells for 6, 12 or 24 h. A lactate assay kit (cat. no. MAKO064;
Sigma-Aldrich) was used to detect the concentration of
lactate in the supernatant. Briefly, supernatants and standard
samples were diluted with lactate assay buffer according to
the manufacturer's instructions and added to a 96-well plate.
After a 30 min incubation with 50 pl master reaction mix
at room temperature, the absorbance values at 570 nm were
measured with a microplate reader, and the lactate concentra-
tions of samples were calculated according to a standard curve
constructed using standard samples. The relative secretion of
lactate was normalized to the cell number.

Western blot analysis. Freshly prepared RIPA lysis buffer
(Thermo Fisher Scientific, Inc.) containing 1% protease
inhibitor cocktail (cat. no. P8849; Sigma-Aldrich) and
1% phosphatase inhibitor cocktail 3 (cat. no. P0044;
Sigma-Aldrich) was used to extract the total protein, and
the protein concentration was measured using a BCA
kit (Thermo Fisher Scientific, Inc.). Equal amounts of
protein (10 ug) were separated by SDS-PAGE (10% gels)
and transferred to PVDF membranes with 0.45-ym pores
(Sigma-Aldrich; Merck KGaA). After washing with Tris
Buffered Saline with Tween-20 (TBST) (cat. no. 9997; Cell
Signaling Technology, Inc.) for 10 min at room temperature,
5% skimmed milk was used as the blocking solution to
incubate the membranes under gentle shaking for 90 min at
room temperature. The membranes were washed with TBST
4 times (10 min each) and then incubated with anti-a-SMA
antibody (dilution, 1:2,000; cat. no. ab7817, Abcam),
anti-FAP (1:3,000; cat. no. ab28244; Abcam), anti-PFK
(1:20,000; cat. no. ab204131; Abcam), anti-MCT4 (1:2,000;
cat. no. 22787-1-AP; ProteinTech Group, Inc.) or anti--actin
(1:2,000; cat. no. 4970; Cell Signaling Technology, Inc.) as
the primary antibodies overnight at 4°C. The following day,
after washing with TBST 4 times (10 min each), anti-rabbit
IgG, HRP-linked (1:3,000; cat. no. 7074; Cell Signaling
Technology, Inc.) and anti-mouse IgG, HRP-linked (1:3,000;
cat. no. 7076; Cell Signaling Technology, Inc.) were used
as the secondary antibodies, according to the species of
the primary antibodies, to incubate the membranes for
1 h at room temperature. Protein signals were visualized
using ECL Prime Western Blotting Detection Reagents
(cat. no. RPN2232; Cytiva).
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Statistical analysis. All data are presented as the mean + stan-
dard deviation of at least three biological repeats. GraphPad
Prism v7.0 software (GraphPad Software, Inc.) and ImageJ
vl.46r software were used for the statistical analysis and
construction of the graphs. An unpaired Student's t-test or a
Mann-Whitney U test were used for comparisons between two
groups. Differences between multiple groups were analyzed
using an ANOVA followed by a Tukey's post hoc test. P<0.05
(two-sided) was considered to indicate a statistically significant
difference.

Results

Fibroblasts co-cultured with tumor cells exhibit a CAF
phenotype with enhanced features of aerobic glycolysis.
After co-culture with the HCT-116 and HT-29 CRC cell
lines, HIFs exhibited higher gene expression levels of
the CAF markers ACTA2, FAP and IL-6 (Fig. 1A). The
western blotting results showed that the expression levels
of a-SMA and FAP, the two most widely used markers
for the identification of CAFs, were upregulated in HIFs
after co-culture (Fig. 1B). Moreover, the results from the
immunofluorescence staining experiments confirmed the
upregulation of a-SMA and FAP, and a narrower, longer
and spindle-shaped morphology of the cells was observed
in the induced CAFs, which was similar to that commonly
exhibited in activated fibroblasts; one of the characteristic
features in CAFs (Fig. 1C). Taken together, these results
confirmed the transformation of the HIFs into a CAF
phenotype. Lactate assays revealed that the extracel-
lular lactate excretion of CAFs was higher compared
with that of HIFs after 12 and 24 h of culture (Fig. 1D).
Correspondingly, the pH value of the medium was lower in
CAFs after 24 h of culture (Fig. 1E). RT-qPCR and western
blotting experiments demonstrated that the expression of
PFK, a critical rate-limiting enzyme of glycolysis, and
MCT4, an important lactate efflux transporter on the cell
membrane, were significantly upregulated in the CAFs
(Fig. 1F-H). These findings demonstrated the enhanced
aerobic glycolytic metabolism of the CAFs.

CAFs promote the malignant behavior of CRC cells in vitro.
To examine the effects of CAFs on the cancerous proper-
ties of the CRC cells, CM was collected from the CAFs to
treat the cancer cells. Subsequently, CCK-8 proliferation
assays demonstrated that CAFs were able to support cell
proliferation of the HCT-116 and HT-29 cells compared
with HIFs (Fig. 2A). Furthermore, compared with HIFs,
CAFs significantly promoted the migration and invasion of
HCT-116 and HT-29 cells, as shown in the wound healing
assays (Fig. 2B and C) and Transwell migration and invasion
assays (Fig. 2D).

EGCG directly inhibits the proliferation and migration of
CRC cells in vitro. To examine the direct effects of EGCG
on tumor cells, 25, 50 or 100 M EGCG was used to treat the
HCT-116 and HT-29 cells. Proliferation assays demonstrated
that EGCG could inhibit the proliferation of the CRC cells in
a dose-dependent manner (Fig. 3A). The wound healing assay
experiments indicated that treatment with EGCG elicited

a direct suppressive effect on the migration of HCT-116 and
HT-29 cells (Fig. 3B).

EGCG treatment suppresses the tumor-promoting capabilities
of CAFs. Subsequently, the effects of EGCG on the malig-
nancy-promoting abilities of CAFs were investigated. EGCG at
concentrations of 0, 25, 50 and 100 #M was used to treat CAFs
for 24 h. After washing with PBS, EGCG-pretreated CAFs
were cultured in serum-free fresh DMEM for a further 48 h to
generate CM. Subsequently, CM from these EGCG-pretreated
CAFs was collected for the further treatment of HCT-116
and HT-29 cells. Proliferation assays demonstrated that after
pretreatment with EGCG, the capability of CAFs to stimulate
cancer cell proliferation was decreased (Fig. 3C).

The direct effects of EGCG on the survival ability of
HIFs was also investigated. However, treatment with EGCG
at concentrations up to 100 uM for 24 h did not produce any
significant effects on the proliferation of HIFs (Fig. 3D).
Therefore, it was concluded that the safe EGCG treatment
conditions for CAFs were administration of a concentration of
50 M and a time of 24 h. As shown in Fig. 3E-H, the ability of
CAFs to promote the migration and invasion of HCT-116 and
HT-29 cells was also suppressed following EGCG treatment
in this condition.

EGCG treatment inhibits the aerobic glycolytic activity of
CAFs. Previous studies have shown that EGCG is able to
inhibit aerobic glycolysis in tumor cells (14,15), and therefore
it was possible to speculate that EGCG may exert an equiva-
lent effect in CAFs. EGCG treatment decreased the lactate
production of CAFs (Fig. 4A), as well as the expression of
PFK and MCT4 (Fig. 4B-D), which indicated that the aerobic
glycolytic activity of CAFs was inhibited following treatment
with EGCG.

Lactate supplied by CAFs exerts an important role in
tumor-stroma metabolic coupling. To further explore the
metabolic coupling between CAFs and cancer cells, bindarit
(an MCT4 inhibitor) was used to block the lactate supply from
the CAFs. Bindarit treatment decreased the lactate concen-
tration in CM after 6 h of culture of the CAFs (Fig. 4E).
Although bindarit pretreatment of CAFs did not reveal any
obvious effects on cancer cell proliferation (data not shown),
the ability of CAFs to promote the migration and invasion
of HCT-116 and HT-29 cells was reduced following bindarit
treatment (Fig. 4F and G). Furthermore, the direct effects
of bindarit on CRC cells were also examined. As shown in
Fig. SIA and B, treatment with 100 #M bindarit did not reveal
any significant effects on the proliferation and migration of
HCT-116 and HT-29 cells. Furthermore, siRNA experiments
were performed to silence MCT4 expression in the CAFs to
confirm its important role in the metabolic coupling process.
The RT-qPCR and western blotting results confirmed the
efficiency of MCT4 silencing in CAFs (Fig. SA and B). As
observed with the bindarit treatment, the tumor-promoting
effects of CAFs were reduced following MCT4 silencing
(Fig. 5C-E). Taken together, the findings in the present study
demonstrated that EGCG exerted an anti-tumor role in
impeding metabolic coupling between the CAFs and CRC
cells (Fig. 5F).
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Figure 1. Fibroblasts co-cultured with tumor cells exhibit a CAF phenotype with enhanced aerobic glycolysis. (A) After co-culture with HCT-116 or
HT-29 CRC cells, the gene expression levels of CAF markers were detected in HIFs by RT-qPCR analysis. (B) The expression levels of a-SMA and FAP
of HIFs and CAFs were measured by western blot analysis. (C) Immunofluorescence staining results, showing the expression levels of a-SMA and FAP in
HIFs and CAFs (scale bar, 50 ym). (D) Extracellular lactate excretion rates of HIFs and CAFs were evaluated according to the lactate concentration of CM
in lactate assays. (E) Typical images and pH values of CM in HIF and CAF groups. Gene expression levels of (F) PFK and (G) MCT4 were detected in HIFs
and CAFs by RT-qPCR analysis. (H) Western blotting results also confirmed the overexpression of PFK and MCT4 in CAFs compared with HIFs. “P<0.01.
a-SMA, a-smooth muscle actin; ACTA2, actin a-2; FAP, fibroblast activation protein; HIF, human intestinal fibroblast; CAFs, cancer-associated fibroblasts;
CM, conditioned medium; RT-qPCR, reverse transcription-quantitative PCR; PFK, phosphofructokinase; MCT4, monocarboxylate transporter 4.
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Discussion

In the present study, it was demonstrated that CAFs showed
enhanced aerobic glycolytic activity, and were able to promote
CRC progression through lactate secretion compared with
normal fibroblasts. Both EGCG treatment and MCT4 inhibi-
tion were shown to reduce the aerobic glycolytic activity of
CAFs, thereby impeding their metabolic coupling with CRC
cells and reducing their promoting effects on tumor progres-
sion. The therapeutic application of EGCG for targeting
glucose metabolism in stromal cells in the TME was therefore
been shown to be a safe and effective strategy as an alternative
means of anti-cancer therapy.

As an important stromal cell type in the TME, CAFs
are able to promote tumor progression through various
direct or indirect effects, including paracrine secretion of

cytokines (26,27). Recent research on metabolic hetero-
geneity has shifted its focus from cancer cells to the
reprogramming of tumor-stroma metabolic coupling, which
results from the profound crosstalk between CAFs and
cancer cells (4,5,9,12,28). This new paradigm has been
termed ‘two-compartment tumor metabolism’ and the
‘reverse Warburg effect’ (6,12,29-33), and its existence has
been confirmed in lung cancer (34), pancreatic cancer (35),
oral squamous cell carcinoma (36,37), breast cancer (7,38),
prostate cancer (39) and nasopharyngeal cancer (40). In
terms of the specific details, CAFs undergo metabolic
reprogramming, which manifests itself as enhanced aerobic
glycolysis. High amounts of lactic acid secreted by CAFs
with an upregulated expression of MCT4 as an energy
substrate are absorbed by cancer cells, and these participate
in the metabolic alteration of cancer cells, thereby enhancing
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Figure 3. Continued.
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EGCG directly suppressed the proliferation of HCT-116 and HT-29 cells after 1-3 days of culture. (B) Wound healing (scale bar, 400 m) indicated the direct
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N.S., not significant.

tumor malignancy. In the present study, the western blot-
ting results showed that the expression levels of a-SMA
and FAP, the two most widely used markers for identifying
CAFs (41,42), were upregulated in HIFs after co-culture.
Moreover, the results from the immunofluorescence staining
experiments confirmed the upregulation of a-SMA and FAP,
and a narrower, longer and spindle-shaped morphology of
the cells was observed in the induced CAFs that was similar
to that commonly exhibited in activated fibroblasts, as one
of their characteristic features in CAFs (43). The current
consensus is that CAFs are a stromal cell population with
cell-of-origin, phenotypic and functional heterogeneity (43).
Although the exact method of identifying CAFs is still
controversial, it is generally hypothesized that CAFs are
derived from activated myofibroblasts in the TME. The
typical spindle-shaped morphology changes compared with
quiescent fibroblasts, and the upregulation of several specific
CAF markers that are widely used, such as a-SMA, FAP

and IL-6, can be used to identify CAFs (41-43). Recently,
co-culture with cancer cells has become a way to obtain
and study CAFs in vitro (44,45). Thus, it was concluded that
HIFs transformed into a CAF phenotype. The induced CAFs
exhibited an enhanced rate of aerobic glycolysis, which was
characterized by upregulation of the glycolytic rate-limiting
enzyme PFK and lactate transporter MCT4, as well as
increased lactate production. Moreover, CM from CAFs had
a marked ability to promote the malignancy of CRC cells
in vitro.

EGCQ is a safe natural substance, and its direct anti-tumor
properties have been extensively studied (15,20,46). Consistent
with a previous study (17), the results of the present study also
revealed that EGCG was able to directly inhibit the prolifera-
tion and migration of CRC cells. Moreover, it has been shown
for the first time, to the best of our knowledge, that treatment
with EGCG at a concentration of 50 #M (an assured safe dose)
for 24 h led to a reduction in the aerobic glycolytic capacity of
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CAFs. Specifically, PFK and MCT4 were downregulated, and
the efflux of lactic acid was reduced upon administering this
dose of EGCG. Interestingly, EGCG-treated CAFs exhibited
a reduced ability to promote CRC malignancy. These findings
have expanded the concept of the anti-tumor mechanism of
EGCQG, suggesting that it may be used as a safe anti-cancer
adjuvant targeting the TME.

According to the ‘two-compartment’ metabolic coupling
hypothesis, MCT4 is upregulated in CAFs and contributes
to the excretion of lactic acid, while MCT]1 is overexpressed
in cancer to increase lactate uptake. Through this lactic acid
shuttle from CAFs to cancer, lactate becomes an energy
source for further utilization by cancer cells (6,9,28,47,48).
From this perspective, targeting of the MCT family and use
of MCT1/MCT4 inhibitors to disrupt the ‘lactic acid shuttle’
for the ‘reverse Warburg effect’ has become an anti-tumor
strategy (8,10). In fact, silencing of MCT4 in CAFs weakens
their ability to secrete lactic acid and its subsequent promoting
effect on the invasion of breast cancer (49). Futagi et al (50)
demonstrated that bindarit acts as the first potent and
highly selective inhibitor of human MCT4, with a K, value
of 30.2+1.4 uM. In the present study, bindarit was used at a
concentration of 100 M, which is sufficient for the inhibition
of MCT4. Indeed, using various or more specific inhibitors
of MCT4 may more convincingly confirm this conclusion.
However, novel selective MCT4 inhibitors remain to be identi-
fied/designed. Thus, siRNA technology was also to specifically
silence MCT4 in CAFs in the present study to provide more
experimental support for the conclusion drawn. Similar to the
experiments with EGCG, using an MCT4 inhibitor or silencing
MCTH4 expression also weakened the tumor-promoting effects
of CAF. These experiments further confirmed that the suppres-
sive effects of EGCG on CAFs may be attributed to blocking
aerobic glycolysis.

Although novel findings have been presented in the present
study, further work is required. Firstly, the lack of further
evidence demonstrating transformation of HIFs into a CAF-like
phenotype is a limitation of the present study. Secondly, for
silencing MCT4, siRNA technology was used, the absence

of shRNA experiments is another limitation of this study.
Additionally, the detailed mechanism through which lactic
acid stimulated tumor progression is still not fully understood.
The absorbed lactic acid could serve as the main source of
carbon in tumors and enter the tricarboxylic acid cycle (51).
It could also directly promote the epithelial-mesenchymal
transition and the expression of angiogenesis-associated
genes in cancer (52). Therefore, in the context of nutrient
metabolism, lactate should be studied further as a signaling
molecule. Furthermore, another study demonstrated that CAFs
were able to directly transfer mitochondria to tumor cells in
order to enhance their oxyphosphate phosphorylation (38).
This phenomenon may explain why the MCT4 inhibitor did
not affect the proliferation of cancer cells. Metabolic heteroge-
neity in the TME and the dynamics of metabolic coupling both
require further investigation.

In conclusion, the present study revealed the metabolic
coupling of cancer cells and CAFs in CRC, with the resultant
effects on tumor progression. Knowledge of the anti-tumor
mechanism of EGCG has also been expanded through
targeting of the glycolysis of CAFs in the TME. Collectively,
the findings of the present study should prove to be valuable
for further clarifying tumor-stroma metabolic coupling and
proposing novel therapeutic strategies.
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