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Stromal-epithelial lactate shuttle induced by tumor-derived
interleukin-1f promotes cell proliferation
in oral squamous cell carcinoma
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Abstract. Stromal-epithelial lactate shuttle is an essential
process to support fast-growing tumor cells, however, the under-
lying mechanism remains ambiguous. Interleukin-1§ (IL-1p),
which is a key node gene in both stromal and epithelial cells
of oral squamous cell carcinoma (OSCC), may participate in
this metabolic reprogramming. In the present study, anaerobic
glycolysis of cancer-associated fibroblasts (CAFs) was
evaluated and the role of IL-1f in regulating stromal-epithelial
lactate shuttle was determined. A co-culture system of primary
fibroblasts and OSCC cell lines (CAL27, UMI or SCC25)
was created to investigate the stromal-epithelial interaction.
a-smooth muscle actin (a-SMA) expression of fibroblasts,
IL-1pB expression and cell proliferation of OSCC cells, and
a series of glycolytic genes were measured. Recombinant
IL-1p treatment and IL-1f3 knockdown in UMI cells were also
used to evaluate the effect of IL-1B. Expression of a-SMA,
glucose transporter 1, hexokinase 2, lactic dehydrogenase
and mono-carboxylate transporter (MCT) 4 were signifi-
cantly overexpressed in activated fibroblasts, while IL-1f and
MCT1 were upregulated in OSCC cells, indicating enhanced
glycolysis in cells of the tumor stroma and a lactate shuttle
to the tumor cells. Furthermore, exogenous IL-1f induced
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fibroblasts to present similar expression profiles as that in the
co-culture system. Silencing of IL-1p significantly abrogated
the regulatory effect of UMI cells on stromal glycolysis.
Additionally, carboxy-fluorescein succinimidyl ester cell
tracing indicated that OSCC cell proliferation was accelerated
during co-cultivation with fibroblasts. These results indicate
that tumor-derived IL-1f enhanced stromal glycolysis and
induced one-way lactate flow from the tumor mesenchyme to
transformed epithelium, which promotes OSCC proliferation.

Introduction

Rapidly growing tumors have large energy demands, but the
insufficient nascent vasculature fails to provide sufficient nutri-
tion and metabolic substrates for malignant progression. Thus,
cancer cells induce adjacent activated fibroblasts to increase
lactate production via the glycolysis pathway. Subsequently, the
cancer cells use metabolic intermediates release from fibroblasts
to 'fuel' tumor growth (1,2). This reciprocal metabolic repro-
gramming between cancer cells and the surrounding stroma
has been widely recognized as a 'reverse Warburg effect' (3).
As the most common metabolic intermediate of glycolysis,
lactate is transported via unidirectional mono-carboxylate
transporters (MCTs). This 'lactate shuttle' was first reported
between astroglial cells and neurons through MCT1 and MCT2
transporters, respectively (4,5). In the tumor microenvironment
(TME), MCTs control the lactate exchange between glycolytic
and oxidative cancer cells, and between stromal and epithelial
cells (5). In the past decade, research has revealed a one-way flow
of lactate shuttling from tumor mesenchyme to epithelium (6).
This lactate fluxion has essential roles not in adjusting intracel-
lular acid-base balance (7,8), and also providing metabolic fuel
for cancer cells.

Oral squamous cell carcinoma (OSCC) is the most common
oral malignancy with poor 5-year survival rate (9). Components
of the tumor stroma, particularly cancer-associated fibro-
blasts (CAFs), may be partially responsible for the unfavorable
therapeutic results and poor prognosis of OSCC. This raises
the questions, is the 'reverse Warburg effect' involved in OSCC
progression? Does the stromal-epithelial lactate shuttle 'fuel'
oral cancer growth? In our previous study, bioinformatics
network construction identified interleukin-1p (IL-1p) as
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one of the key node genes in the TME during oral carcino-
genesis (10). Is this tumor derived-IL-1f3 a major contributing
factor for the lactate flux to cancer cells?

In this study, it was aimed to investigate the function of
cancer cell-derived IL-1f on reciprocal metabolic reprogram-
ming between the epithelium and mesenchyme. Thus, a
co-culture system was created using OSCC cells and separated
fibroblasts from patients or healthy volunteers, and the results
revealed that interactions between stromal and epithelial cells
upregulated IL-1f expression in tumor cells, which enhanced
glycolysis and lactate release in CAFs, which subsequently
resulted in accelerated malignant cell proliferation.

Materials and methods

Cell lines. UM1, SCC25 and CAL27 human OSCC cell lines
and normal oral keratinocyte (NOK) were used in this study.
SCC25 and CAL27 were purchased from American Type
Culture Collection (Manassas, VA, USA). OSCC cell line
UMI1 and NOK were provided by Professor J. Silvio Gutkind
(University of California, San Diego, CA, USA). UM1, SCC25
and CAL27 were maintained in Dulbecco's modified Eagle's
medium (DMEM; Gibco; Thermo Fisher Scientific, Inc.,
Waltham, MA, USA) containing 10% fetal bovine serum (FBS;
Gibco; Thermo Fisher Scientific, Inc.). NOK cells were main-
tained in Keratinocyte-SFM (Gibco; Thermo Fisher Scientific,
Inc.). Cells were incubated at 37°C in 5% CO,. This study
was approved by the Ethical Review Committee of Guanghua
School of Stomatology, Hospital of Stomatology, Institute of
Stomatological Research, Sun Yat-sen University (Guangzhou,
China; approval no. ERC-2012-15). All procedures performed
in studies involving human participants were in accordance with
the ethical standards of the institutional and/or national research
committee and with the 1964 Helsinki declaration and its later
amendments or comparable ethical standards. And all partici-
pants provided written informed consent to take part in the study.

Sample selection and primary cell culture. Fibroblasts sepa-
rated from patients with OSCC, patients with oral leukoplakia
and healthy volunteers, were termed CAFs (n=8), Dysplasia-fs
(n=8) and normal fibroblasts (NFs; n=10), respectively.
All samples were obtained from Department of Oral and
Maxillofacial Surgery, Guanghua School of Stomatology, Sun
Yat-sen University between February 2014 and September
2015. All patients provided written informed consent to
participate in this study. Samples were cautiously washed with
phosphate-buffered saline and then digested with 0.2% neutral
protease Dispase II (Roche Diagnostics GmbH, Mannheim,
Germany) overnight at 4°C. The stromal layer was carefully
split from the epithelial layer and shredded into tiny frag-
ments. The fragments were digested with 0.25% trypsin-EDTA
(Gibco; Thermo Fisher Scientific, Inc.) at 37°C for 1 min.
Following neutralization, centrifugation (at 120 x g for 5 min)
and re-suspension at room temperature (RT), fragments were
seeded into flasks and incubated in primary culture medium
(DMEM containing penicillin, streptomycin and 20% FBS)
at 37°C for ~14 days. Subsequently, the fibroblasts were
sub-cultured and purified according to the 'adherent time lag'
between fibroblasts and epithelial cells. Fibroblasts between
passage 4 and 10 (P4-P10) were used.
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Co-culture system and fibroblasts activation. OSCC cells and
fibroblasts were seeded onto the insert or the bottom well of
co-culture Transwell inserts (Corning Incorporated, Corning,
NY, USA), respectively, and independently cultured until the
cells adhered. The co-culture durations are slightly different
between the experiments, and the specific time has been noted
in each figure. Once adhered, the insert was placed back into
the well for co-culture.

Immunofluorescence (IF) staining. Cells were fixed with
pre-cooled 100% methanol for 20 min at -20°C, following perme-
abilizing [using 0.1% Tween-20 and 1% bovine serum albumin
(BSA; Beyotime Biotechnology, Shanghai, China)] for 10 min at
RT and antigen blocking for 30 min ar RT, cells were successively
incubated with mouse monoclonal anti-a-smooth muscle actin
(a-SMA; cat. no. ab7817; Abcam, Cambridge, MA, USA; diluted
1:200) at 4°C overnight, secondary antibody H&L DyLight® 488
(cat.no. ab96875; Abcam; diluted 1:200) at RT for 1 h, and 100 ng/
ml DAPI (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) at
RT for 5 min. Images were acquired with a confocal microscope
(Carl Zeiss AG, Oberkochen, Germany).

Glucose uptake and lactate assays. The conditioned media (CM)
was harvested and stored at -80°C. Glucose and lactate content
were measured with a glucose assay kit (Applygen Technologies,
Inc., Beijing, China) and lactate assay kit (Nanjing KeyGen
Biotech, Co., Ltd., Nanjing, China), respectively, according to
the manufacturers' protocols. Absorbance values of test groups
were normalized against protein concentrations (n=3).

IL-1B ELISA assay. CM from NOK and OSCC cell lines was
harvested after 48 h incubation. IL-1p was measured with
ELISA kit (cat. no. SEA563Hu; Cloud-Clone Corp., Katy, TX,
USA) according to the manufacturer's protocol. The values
were normalized to the cell count (n=3).

Reverse transcription-quantitative polymerase chain reaction
(RT-gPCR). Total RNA was extracted using TRIzol reagent
(Thermo Fisher Scientific, Inc.) and then reverse transcribed
using qScript cDNA synthesis kit (Roche Diagnostics GmbH).
All of the primers were produced by Takara Biotechnology
Co., Ltd. (Dalian, China; Table I). gPCR was performed
using the the LightCycler® 480 SYBR-Green I Master and the
LightCycler® 480 instrument (Roche Diagnostics GmbH). PCR
was carried out at 95°C (10 min) and 45 cycles at 95°C (10 sec),
65°C (15 sec) and 72°C (15 sec). Each step was performed
according to the manufacturers' protocols. The amounts of target
genes were normalized to GAPDH using 2"42% calculations (11).

Western blotting. Cells were harvested and lysed in radioimmuno-
precipitation assay buffer and measured with bicinchoninic acid
protein assay kit (both from Sigma-Aldrich: Merck KGaA). Then
samples (30 mg/lane) were separated by 10% SDS-PAGE and
transferred to a polyvinylidene difluoride membrane. Following
antigen blocking in 5% nonfat milk for 1 hatRT, the membrane was
incubated with primary antibodies overnight at 4°C. The following
primary antibodies were used: Rabbit monoclonal anti-a-tubulin
(cat. no. 2125; diluted 1:1,000), anti-GAPDH (cat. no. 2118;
diluted 1:1,000), anti-hexokinase 2 (HK2) (cat. no. 2867,
diluted 1:1,000), anti-lactate dehydrogenase (LDHA; cat. no. 3582;
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Table I. Primer nucleotide sequences.

Primer nucleotide Product

Gene sequences (5' to 3") size (bp)

GAPDH F: GCACCGTCAAGGCTGAGAAC 138
R: TGGTGAAGACGCCAGTGGA

GLUT1 F: GCCTGAAGTCGCACAGTGAATAA 145
R: GCTCATTGGGCCCATACAAAG

HK2 F: CTCAACCATGACCAAGTGCAGAA 97
R: CCTTGCGGAACCGCTTAGAG

PFKM F: GCCAGTCTAATTGCCGTTCC 212
R: TACCAACTCGAACCACAGCC

PKM2 F: CCACTTGCAATTATTTGAGGAA 148
R: GTGAGCAGACCTGCCAGACT

LDHA  F: ATCTTGACCTACGTGGCTTGGA 180
R: CCATACAGGCACACTGGAATCTC

MCTI1 F: TTATCCTGCCACACCAGCAG 352
R: TGCTGTCACACACAGACACA

MCT4 F: ATTGGCCTGGTGCTGCTGATG 243
R: CGAGTCTGCAGGAGGCTTGTG

IL-1B F: TCGCCAGTGAAATGATGGCTTA 197

R: GTCCATGGCCACAACAACTGA

GLUTI, glucose transporter 1; HK2, hexokinase 2; PFKM, phos-
phofructokinase, muscle; PKM2, pyruvate kinase M2; LDHA,
lactate dehydrogenase; MCT, mono-carboxylate transporter; IL-1f,
interleukin-1f; F, forward; R, reverse.

diluted 1:1,000) and anti-IL-1f (cat. no. 12703; diluted 1:1,000)
all from Cell Signaling Technology, Inc. (Danvers, MA, USA);
mouse monoclonal anti-MCT1 (cat. no. sc-365501; diluted 1:200)
and rabbit polyclonal anti-MCT4 (cat. no. sc-50329; diluted 1:400)
from Santa Cruz Biotechnology, Inc. (Dallas, TX, USA); mouse
monoclonal anti-glucose transporter 1 (GLUT1) (cat. no. 202921,
diluted 1:250) from R&D Systems, Inc. (Minneapolis, MN, USA).
The membrane was then washed three times with TBS-Tween,
and incubated with secondary antibodies goat anti-rabbit
IgG (cat. no. 7074; diluted 1:2,000) or horse anti-mouse IgG
(cat. no. 7076; diluted 1:2,000) both from Cell Signaling
Technology, Inc. for 1 h at RT, according to the source of primary
antibodies. The immune-reactive bands were visualized with an
enhanced chemiluminescence system (EMD Millipore, Billerica,
MA, USA). Band intensities were semi-quantitated using ImageJ
software (National Institutes of Health).

Small interfering RNA (siRNA)-mediated downregulation of
IL-15. TL-1P siRNA (si-IL-1p3) was designed by and purchased
from Invitrogen (Thermo Fisher Scientific, Inc.). Cells were
transfected with siRNA pool (including the following sequences:
IL-1B8-siRNA1 forward, 5'-GCUCGCCAGUGAA
AUGAUGGCUUAU-3" and reverse, 5'-AUAAGCCAUCAUU
UCACUGGCGAGC-3"; IL-1B-siRNA2 forward, 5'-GGAUGA
CUUGUUCUUUGAAGCUGAU-3' and reverse 5'-AUCAGC
UUCAAAGAACAAGUCAUCC-3'; IL-13-siRNA3 forward,
5'-GGAUAUAACUGACUUCACCAUGCAA-3' and reverse
5'-UUGCAUGGUGAAGUCAGUUAUAUCC-3") or Stealth
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RNAI® negative control (cat. no. 12935200) by Lipofectamine®
RNAiIMAX reagent (Invitrogen; Thermo Fisher Scientific, Inc.).
UMI cells (1x10%/ml) were cultured in 6-well plates with
DMEM containing 10% FBS for 24 h and maintained in a 37°C
incubator under a humidified atmosphere containing 5% CO,
(until the density of the transfected cells reached 30-80%). The
siRNA or negative control were transfected into the cells using
Lipofectamine® RNAIMAX at 10 nM according to the manu-
facturer's instructions. The transfection efficiency was confirmed
by RT-qPCR and western blot analysis (data not shown).

Proliferation assay with carboxy-fluorescein succinimidyl ester
(CFSE). On the basis that CFSE cell fluorescence progressively
decreases as cells divide, UM cell proliferation was determined
using CFSE. Cells were re-suspended in 1 uM CellTrace™
CFSE staining solution (Invitrogen; Thermo Fisher Scientific,
Inc.), and incubated at 37°C for 20 min, protected from light.
Then 5 times the original staining volume of complete culture
medium was added to the cells and the mixture as incubated
at 37°C for a further 5 min to terminate the staining reaction.
Following three washes with culture media, UMI1 cells were
co-cultured with fibroblasts for 72 h or cultured alone as the
control. UM cells were detached from the plates and fixed with
4% paraformaldehyde at 24 h intervals at RT. Subsequently, the
CFSE fluorescence was detected by flow cytometry (Beckman
Coulter, Inc., Brea, CA, USA) with an excitation light of 488 nm.
Results were expressed as a proliferation index (mean level of
cell divisions frequency), using ModFit V3.0 software (Verity
Software House, Topsham, ME, USA).

Statistical analysis. Data are presented as the mean + stan-
dard deviation from at least three independent experiments.
Statistical analysis of the data was performed by Student's
t-test, one-way ANOVA using SPSS 17.0 software (SPSS, Inc.,
Chicago, IL, USA). P<0.05 (two-tailed) was considered to
indicate a statistically significant difference.

Results

Glycolysis is increased in activated fibroblasts from patients
with oral carcinogenesis. To investigate the biological char-
acteristic of fibroblasts isolated from oral premalignant and
malignant lesions, IF staining for a-SMA was performed.
A marked increase in a-SMA expression was observed in
Dysplasia-fs and CAFs, compared with negative/low expres-
sion in NFs (Fig. 1A). These results indicated that fibroblasts
were activated during oral carcinogenesis. Additionally,
glucose and lactate assay kits were used to measure the
levels of fibroblasts glycolysis. Glucose utilization and lactate
production were increased significantly in CAFs compared
with NFs (Fig. 1B).

Enhanced stromal glycolysis is cancer cell-dependent. To
evaluate the association between stromal glycolysis and oral
cancer cells, NFs and UMI1 cells were co-cultured using
a Transwell insert for 48 h, and then a-SMA staining was
performed on the fibroblasts. As shown in Fig. 2A, fibroblasts
were activated following cultivation with oral cancer cells and
a-SMA expression of co-cultured fibroblasts was increased
compared with fibroblasts without co-cultivation.
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Figure 1. Glycolysis increases activation of fibroblasts in oral carcinogenesis. (A) Immunofluorescence staining of a-smooth muscle actin (green) in NFs,
Dysplasia-fs and CAFs from transforming oral tissues. Nuclei were counterstained with DAPI (blue). Magnification, x400. (B) Residual glucose (left) and
lactate production (right) in conditioned media of fibroblasts. Supernatants were harvested at 6, 12,24 and 48 h. The data are presented as the mean + standard
deviation of triplicate experiments. ‘P<0.05. NFs, normal fibroblasts; Dysplasia-fs, oral leukoplakia fibroblasts; CAFs, cancer-associated fibroblasts.

Activated fibroblasts were harvested after 48 h co-culture
with CAL27, UM1 and SCC25 for subsequent analysis of
glycolysis-associated gene expression. RT-qPCR and western
blot results (Fig. 2B and C) showed that GLUT1, HK2, LDHA
and MCT4 expression was increased in activated fibroblasts
compared with fibroblasts cultured alone. Among these genes,
GLUTI1 was significantly upregulated with the highest fold
change of mRNA level. Taken together, these data indicated
that OSCC-activated fibroblasts displayed enhanced glycolysis,
accompanied by an increase the expression of glycolysis associ-
ated genes. In our previous study, IL-1f was identified as a key
node gene in OSCC progression, and elevated IL-1p expression
was parallel with oral carcinogenesis (10). Thus, does IL-1$
participate in stromal glycolysis induced by oral cancer cells?

IL-1B secretion from oral cancer cells is increased by
activated fibroblasts. IL-1 mRNA expression was signifi-
cantly increased in OSCC cell lines, compared with NOK
cells (Fig. 3A). ELISA results demonstrated that UM1
and SCC25 cells secreted more IL-1p than NOK cells, and
particularly that IL-1f secretion of UM1 was nearly twice that
of NOK (Fig. 3B). However, CAL27 cells exhibited elevated
IL-1p expression at the mRNA level only, with no significant
alteration in IL-1{ secretion detected by ELISA. Furthermore,
when OSCC cells were co-cultured with fibroblasts (NFs), all
the OSCC cell lines in our experiment expressed increasing
IL-1B in a time-dependent manner, moreover, and UM1 cell

was the most sensitive to the stimulation of fibroblasts (Fig. 4).
Accordingly, the UM1 cell line was selected for subsequent
IL-1p siRNA transfection experiments.

Enhanced stromal glycolysis in OSCC may be
IL-13-dependent. To determine the effect of IL-1§ on tumor
metabolism, IL-1f3 antagonists (IL-1Ra) was used to neutralize
secreted IL-1f in the supernatant, and IL-1p3 siRNA was used
to knock down endogenous IL-1f in OSCC cells, whereas
exogenous recombinant human IL-1f3 was used to promote
IL-1B-induced effects. OSCC cells and fibroblasts were
treated with human recombination IL-1p (20 ng/ml) alone
or both IL-1f (20 ng/ml) and IL-1Ra (20 mg/ml). CM were
harvested at 6, 12, 24 and 48 h. No significant change in
glucose consumption and lactate production was identified in
OSCC cell lines following treatment. However, NFs and CAFs
exhibited significantly increased glucose consumption after
24 h of IL-1p treatment, and lactate accumulation increased
was after IL-1f treatment for 24 h in NFs and 48 h in CAFs.
However, IL-1Ra significantly attenuated the IL-1pB-induced
effects on glucose consumption and lactate production in
fibroblasts (Fig. SA). Fibroblasts were harvested after IL-1f
treatment for 48 h, and RT-qPCR assay was performed to
investigate the expression of glycolysis-associated genes. As
shown in Fig. 5B, GLUT1 and HK?2 expression was signifi-
cantly increased in the IL-1{ treated group of NFs and CAFs.
MCTs changed synergistically, with decreased expression of
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Figure 2. Oral cancer cells enhanced glycolysis of fibroblasts. (A) a-smooth muscle actin (green) staining in NFs cultured alone and NFs co-cultured with
UMI cells. Magnification, x50. Fibroblasts (NFs and CAFs) were co-cultured with oral squamous cell carcinoma cell lines (CAL27, UM1 and SCC25)
respectively, for 48 h before harvest. (B) Reverse transcription-quantitative polymerase chain reaction analysis for the expression of a series of glycolytic
genes in fibroblasts. Columns present the mean + SD of triplicate determinations. (C) Western blot analysis of GLUT1, HK2, LDHA and MCT4 in NFs and
CAFs. Densitometry was used to determine target gene/GAPDH ratios. Data are presented as the mean + SD of three independent experiments. "P<0.05 and
“P<0.01 vs. cells cultured alone. SD, standard deviation; NF, normal fibroblasts; CAFs, cancer-associated fibroblasts; GLUTI, glucose transporter 1; HK2,
hexokinase 2; PFK, phosphofructokinase; PKM2, pyruvate kinase M2; LDHA, lactate dehydrogenase; MCT, mono-carboxylate transporter.

MCT1 and increased expression of MCT4, compared with ~ UMI cells were transfected with si-IL-1p, GLUT1, LDHA and
untreated controls, respectively (Fig. 5B). However, when = MCT4 expression significantly decreased, compared with the
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Figure 4. Fibroblasts stimulate IL-18 expression in OSCC cells. OSCC cell lines (CAL27, UM1 and SCC25) were continuously co-cultured with NFs for
two passages (P1 and P2). (A) Reverse transcription-quantitative polymerase chain reaction and (B) western blot analysis of IL-1f expression in OSCC cells
co-cultured with NFs. Densitometry was used to determine IL-1f/tubulin ratios. Columns represent the mean + standard deviation of triplicate determinations.
“P<0.05 and “P<0.01. OSCC, oral squamous cell carcinoma; IL-1, interleukin-1p.

negative control siRNA group, (Fig. 5C). Collectively, these
observations indicated that IL-1p stimulates glycolysis of
activated oral fibroblasts.

Fibroblasts promote lactate uptake and proliferation of
OSCC. The aforementioned findings demonstrated that oral

cancer cells enhanced stromal glycolysis in the activated
fibroblasts by secreting increased IL-1f, which resulted
in MCT4 (a lactate excretion transporter) upregulation in
fibroblasts. To further investigate the lactate destination
and OSCC response to this, the lactate uptake transporter
MCT1 expression and cell proliferation of OSCC cells in the
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Figure 5. Tumor-derived IL-1f induces stromal glycolysis. (A) NFs and CAFs were treated with 20 ng/ml IL-1f alone or 20 ng/ml IL-1f3 + 20 mg/ml IL-1Ra
for 48 h. CM were harvested at 6, 12, 24 and 48 h for residual glucose and lactate consumption analysis using glucose and lactate assay kits, respectively.
(B) NFs and CAFs treated with 20 ng/ml IL-1f3 were collected for reverse transcription-quantitative polymerase chain reaction assays. Columns represent
the mean + standard deviation of three independent experiments. "P<0.035, “P<0.01 and ““P<0.001. (C) NFs and UMI cells transfected with 10 nM nc or
10 nM si-IL1B were co-cultured for 48 h. NFs were then harvested for western blot analysis of GLUT1, HK2, LDHA and MCT4. Densitometry was used to
determine target gene/GAPDH ratios. “P<0.05 vs. UMI-nc group. IL-1B, interleukin-13; NFs, normal fibroblasts; CAFs, cancer-associated fibroblasts; IL-1Ra,
interleukin-1 receptor antagonist; GLUTI, glucose transporter 1; HK2, hexokinase 2; LDHA, lactate dehydrogenase; MCT, mono-carboxylate transporter;
siRNA, small interfering RNA; nc, negative control siRNA; si-IL1B, IL-13 siRNA.

co-culture system was examined. In UM1 and SCC25 cells,
MCT]1 protein expression increased in a time-dependent
manner, and in CAL27 cells there was significant upregula-
tion of MCT1 in the first passage of cultivation (Fig. 6A-C).
UMI cells were pre-stained with CFSE dye (which is equally
distributed to two daughter cells during mitosis), and then
co-cultured with NFs to detect the effect of stromal-epithelial
lactate shuttle on OSCC cell proliferation. As shown in
Fig. 6D, the proliferation index of UMI cells in the co-culture
group was significantly higher than that in UMI cells cultured

alone after 48 and 72 h (Fig. 6D). The above data suggest that
lactate shuttle from activated oral fibroblasts to oral cancer
cells promotes cancer cell proliferation.

Discussion

Increasing evidence has highlighted the importance of reciprocal
metabolic reprogramming and lactate shuttling in epithelial
malignancies. However, the stromal-epithelial lactate shuttle
and the underlying mechanisms during oral carcinogenesis still
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remain elusive. CAFs, also known as activated fibroblasts, are
the biggest population of cancer stromal cells and differ from
NFs in many respects, particularly epigenetics (12). For example,
CAFs usually present with a caveolin-1 (cav-1) loss (13) and
express active markers such as a-SMA, stromal cell derived
factor-1 (14) and fibroblast activation protein (15). Gene expres-
sion analysis demonstrated that the activated fibroblasts, CAFs,
secrete a large amount of proteins and enzymes that disrupt the
extracellular matrix, recruit immunocytes, and promote angio-
genesis and metastasis (16). The findings of the current study
demonstrated that fibroblasts from different stages of OSCC
progression, NFs, Dysplasia-fs and CAFs, displayed increased
a-SMA expression, which suggested that the fibroblasts were
activated during oral carcinogenesis. Additionally, these
fibroblasts also exhibited increased glucose uptake and lactate
accumulation in their supernatant, which indicated that glycol-
ysis was enhanced fibroblasts from the TME. The increase in
glycolysis in fibroblasts had been demonstrated in various solid

human tumors (17). Pavlides et al (17), Bonuccelli et al (18)
and Pavlides et al (19) reported that glycolytic enzymes were
unregulated in CAFs with cav-1 loss, and they proposed that
hydrogen peroxide secreted by cancer cells induced oxidative
stress, mitophagy and aerobic glycolysis in CAFs.

It has been previously reported that cancer cells utilize
fibroblast-produced intermediate products, such as lactate,
ketone and glutamine, as nutrient substances (20). In human
prostate cancer, tracing experiments explicitly demonstrated
the lactate flows from fibroblasts to cancer cells in a common
co-culture system. This metabolic symbiosis phenomenon was
an important supplement to the Warburg effect, termed the
'reverse Warburg effect', which indicates that there must be a
reciprocal metabolic influence between CAFs and cancer cells.
In the current study, co-culture with OSCC cells significantly
enhanced glycolytic gene expression in fibroblasts.

Our recent study identified IL-1f as a key node gene during
oral carcinogenesis, both in epithelium and sub-mucosal



fibroblasts. Notably, the IL-1f expression in epithelium
increased gradually as oral malignancy progressed (10).
Inversely, saliva exosome analysis of patients with OSCC
revealed that secretory IL-1f significantly decreased following
surgical treatment (21). OSCC cells were further confirmed
as the source of intercellular IL-1f. In the current study, it
was confirmed that IL-1f expression and secretion were
upregulated in OSCC cell lines (UMI1, SCC25 and CAL27).
In the co-culture system, activated fibroblasts stimulated
IL-1p expression in OSCC cells. Since the co-culture system
imitated the epithelial-stromal interaction in vivo, it is deduced
that activated fibroblasts participate in promoting IL-1p
production in premalignant and malignant oral epithelium,
and this substantial tumor-derived IL-13 may be a vital signal
mediating epithelium-mesenchyme dialogue.

The results of the present study demonstrated that IL-13
expression in OSCC, activation of fibroblasts and aerobic
glycolysis in fibroblasts were simultaneously enhanced during
malignant progression of oral cancer cells. Does tumor-derived
IL-1p enhance stromal glycolysis and induce lactate shuttle
to the cancer cells? Further experiments demonstrated that
exogenous IL-1B-treated NFs consumed more glucose and
release more lactate into the supernatant. At the same time,
the expression of glycolysis and lactate emission-associated
genes, such as GLUT1, HK2, LDHA and MCT4, was increased
in the IL-1p-treated NFs. Conversely, IL-Ra significantly
abrogated the IL-1B-induced glycolysis. Knockdown using
si-IL-1f in UMI cells effectively blocked the regulatory
effect of OSCC on stromal glycolysis. For OSCC cells in the
co-culture system, the lactate uptake transporter, MCT1 was
correspondingly overexpressed. These differentially expressed
genes pointed to the reverse Warburg effect, because GLUT1
is the predominant facilitative glucose transporter in human
cells, and overexpression of GLUT1 usually predicts increased
glucose uptake (22,23). HK2 is a key rate-limiting enzyme in
glycolysis, and LDHA catalyzes the conversion of pyruvate, a
glycolysis mediator-production, into lactate (24,25). MCT1/4
are vital lactate transporters involved in acid-base balance, and
promoting glucose metabolism in tumor tissues (26). MCT4,
usually expressed in glycolytic cells, is especially enriched
in cells of high oxygen consumption, while MCT1 is rather
ubiquitous (5).

MCT4 overexpression in CAFs and MCT1 overexpres-
sion in transformed epithelium are regarded as independent
indicators of poor outcomes in human carcinoma (27). The
intercellular coordination of MCT1/4 expression in fibroblasts
and cancer cells strongly indicate a unidirectional lactate
shuttle, from stromal cells to the cancer cells (6,28,29). Thus,
fibroblasts directly feed neighboring cancer cells via lactate. In
this study, MCT4 in fibroblasts and MCT1 in OSCC cells were
upregulated by the stromal-epithelial co-culture, suggesting
that lactate may be transported to the oxidative cancer cells.
Additionally, the proliferation of OSCC cells was accelerated
following co-cultivation with the fibroblasts. All these find-
ings support the regulatory function of IL-1f in the reverse
Warburg effect and lactate reuse by cancer cells.

However, the underlying mechanism of IL-1f3-modulated
metabolic reprogramming remains ambiguous. Preliminarily
results demonstrated that hypoxia inducible factor-1a. (HIF-1ar)
may be partially responsible (data not shown), as IL-1f directly
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promoted HIF-1a expression in fibroblasts, which is a regula-
tory transcription factor of various metabolic genes (30). Other
potential mechanism have also been reported, including that
IL-1p induces accumulation of reactive oxygen species (12,31),
and that IL-1f directly activates caspases in mitochondria (32),
resulting in TCA cycle inhibition and promotes fibroblasts
to utilize glucose through an inefficient method, anaerobic
glycolysis.

In conclusion, the results of the present study identified a
regulatory loop between fibroblasts and oral cancer cells by
which cancer cells activate fibroblasts and fibroblasts promote
IL-1p expression in OSCC. In turn, this tumor-derived IL-13
induces lactate emission from fibroblasts to feed cancer cells as
'fuel'. The findings provide novel insight into the role of IL-1{3
and lactate shuttle in oral cancer, and provide new therapeutic
targets for future OSCC treatment.
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