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The most common cancers of the aerodigestive tract (ADT) are non-small cell lung cancer
(NSCLC) and head and neck squamous cell carcinoma (HNSCC). The tumor stroma plays
an important role in ADT cancer development and progression, and contributes to the
metabolic heterogeneity of tumors. Cancer-associated fibroblasts (CAFs) are the most
abundant cell type in the tumor stroma of ADT cancers and exert pro-tumorigenic
functions. Metabolically, glycolytic CAFs support the energy needs of oxidative
(OXPHOS) carcinoma cells. Upregulation of the monocarboxylate transporter 4 (MCT4)
and downregulation of isocitrate dehydrogenase 3a (IDH3a) are markers of glycolysis in
CAFs, and upregulation of the monocarboxylate transporter 1 (MCT1) and the translocase
of the outer mitochondrial membrane 20 (TOMM20) are markers of OXPHOS in carcinoma
cells. It is unknown if glycolytic metabolism in CAFs is a driver of ADT cancer
aggressiveness. In this study, co-cultures in vitro and co-injections in mice of ADT
carcinoma cells with fibroblasts were used as experimental models to study the effects
of fibroblasts on metabolic compartmentalization, oxidative stress, carcinoma cell
proliferation and apoptosis, and overall tumor growth. Glycolytic metabolism in
fibroblasts was modulated using the HIF-1a inhibitor BAY 87-2243, the antioxidant N-
acetyl cysteine, and genetic depletion of MCT4. We found that ADT human tumors
express markers of metabolic compartmentalization and that co-culture models of ADT
cancers recapitulate human metabolic compartmentalization, have high levels of oxidative
stress, and promote carcinoma cell proliferation and survival. In these models, BAY 87-
2243 rescues IDH3a expression and NAC reduces MCT4 expression in fibroblasts, and
these treatments decrease ADT carcinoma cell proliferation and increase cell death.
Genetic depletion of fibroblast MCT4 decreases proliferation and survival of ADT
carcinoma cells in co-culture. Moreover, co-injection of ADT carcinoma cells with
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fibroblasts lacking MCT4 reduces tumor growth and decreases the expression of markers
of metabol ic compartmenta l izat ion in tumors. In conclusion, metabol ic
compartmentalization with high expression of MCT4 in CAFs drives aggressiveness in
ADT cancers.
Keywords: aerodigestive tract cancer, non-small cell lung cancer, head and neck squamous cell carcinoma,
cancer-associated fibroblast (CAF), metabolic compartmentalization, monocarboxylate transporter 4 (MCT4),
tumor metabolism, glycolysis
INTRODUCTION

Lung and head and neck cancers are the second and seventh
leading cancers worldwide, respectively (1). Non-small cell lung
cancer (NSCLC) comprises 85% of all lung cancer cases (2) and
head and neck squamous cell carcinoma (HNSCC) accounts for
over 90% of head and neck cancers (3). There are no curative
therapies for these aerodigestive tract (ADT) cancers when
metastatic, and patients frequently develop treatment resistance
and cancer relapse. Moreover, NSCLC is the leading cause of
cancer-related deaths worldwide (1). The overall survival rate for
NSCLC is still very poor, around 20% at 5 years. The survival of
HNSCC is better, around 65% at 5 years, however it has not
improved in the last decade (4, 5). Therefore, further
characterization of the drivers of aggressiveness in ADT
cancers is needed to find novel treatment strategies and
improve patient outcomes.

The metabolic interactions between carcinoma cells and
stromal cells have a major influence in the development and
progression of many human malignancies. Cancer-associated
fibroblasts (CAFs) are a predominant stromal cell type that can
account for more than 50% of the cells in ADT tumors (6, 7).
Carcinoma cells metabolically reprogram CAFs in order to
derive nutrients and sustain their growth and proliferation (8,
9). Metabolically reprogrammed CAFs adopt a glycolytic
phenotype with secretion of high energy metabolites, such as
lactate, which are used by carcinoma cells to fuel the tricarboxylic
acid (TCA) cycle and obtain energy through oxidative
phosphorylation (OXPHOS) (9–11). The metabolic symbiosis
between highly glycolytic CAFs and oxidative carcinoma cells is
known as two-compartment tumor metabolism (12). This
metabolic compartmentalization exists in many human cancers
(13–25), yet remains to be investigated in detail in ADT cancers.

Two main drivers of glycolytic reprogramming in CAFs are
oxidative stress and stabilization of the hypoxia inducible factor
1-alpha (HIF-1a), which is a master regulator of glycolysis (9,
26). Reactive oxygen species (ROS) and HIF-1a drive the
expression of the glucose transporter 1 (GLUT1) and the
monocarboxylate transporter 4 (MCT4) which are two key rate
limiting steps of glycolysis (27–30). GLUT1 mediates the uptake
of glucose into cells and MCT4 mediates the extrusion of lactate,
the end-product of glycolysis, to the extracellular media. MCT4
is an established marker of glycolysis in CAFs and is found
upregulated in the stroma of many human cancers (14, 15, 18–
20, 31). In fact, elevated stromal MCT4 has been associated with
decreased overall survival in HNSCC (32), however this
2

relationship has not yet been established in NSCLC. Moreover,
whether MCT4 expression in CAFs is a key metabolic
determinant of ADT cancer malignancy remains to be
elucidated. Another marker of glycolytic reprogramming in
CAFs is downregulation of the TCA cycle enzyme isocitrate
dehydrogenase 3-alpha (IDH3a) (33). IDH3a downregulation
induces HIF-1a stabilization and glycolysis in CAFs and
promotes melanoma and colorectal cancer tumor growth (33).
Moreover, HIF-1a has been shown to induce the mitochondrial
isoform of the phosphoenolpyruvate carboxykinase (PEPCK-M)
(34, 35), an enzyme that generates phosphoenolpyruvate from
oxaloacetate and is involved in the metabolic adaptations to
nutritional stress. Specifically, PEPCK-M coordinates the ability
of carcinoma cells to alternatively uptake and utilize glucose,
glutamine or lactate for production of energy or generation of
biomass when availability of their primary metabolic source is
limited (34, 36–38). The expression of IDH3a and PEPCK-M
have not yet been studied in fibroblasts in ADT cancers.

In the carcinoma cell compartment, markers of OXPHOS
metabolism are upregulation of the monocarboxylate transporter
1 (MCT1), the main importer of lactate into cells, and the
translocase of the outer mitochondrial membrane 20
(TOMM20), a component of the receptor complex that
imports mitochondrial proteins synthesized in the cytosol.
MCT1 and TOMM20 are found highly expressed in many
human cancers, including ADT cancers, and predict for
aggressive disease and poor prognosis (17, 19, 39–48). The
presence of glycolytic fibroblasts has been shown to upregulate
these two OXPHOS markers in experimental models of HNSCC
(49–52). This effect has not yet been investigated in NSCLC.
Moreover, the influence of glycolytic CAFs on carcinoma cell
aggressiveness and tumor growth has been poorly characterized
in ADT cancers. In this study, we have determined that the
presence of fibroblasts drives metabolic compartmentalization
and carcinoma cell aggressiveness in ADT cancer experimental
models, and that altering fibroblast glycolytic metabolism
reduces ADT tumor growth.
MATERIALS AND METHODS

Patient Samples
20 lung adenocarcinoma (LUAD) and 11 squamous cell
carcinoma (LUSC) paraffin-embedded tumor samples from
patients diagnosed between 2013 and 2016 were obtained from
the Department of Pathology at Thomas Jefferson University.
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Immunohistochemistry
Immunohistochemistry staining was performed on human lung
cancer samples andmouse xenografts as previously described (51).
Briefly, antigen retrieval was performed in 10 mM citrate buffer,
pH 6.0, for 10 minutes using a pressure cooker. Sections were
blocked with 3% hydrogen peroxide for 15 minutes and blocked
for endogenous biotin (Avidin-biotin kit, Biocare Medical AB972
L). Then, sections were incubated with 10% goat serum followed
by primary antibody incubation. Human samples were blocked for
30 minutes at room temperature and incubated with the primary
antibody overnight at 4°C; mouse xenografts were blocked
overnight at 4°C and incubated with the primary antibody for 1
hour at room temperature. The primary antibodies used were anti-
MCT4 (19-mer peptide sequence CSPDQKDTEGGPKEEESPV-
cooh affinity purified rabbit antibody, YenZym, YZ4718; H-90,
Santa Cruz sc-50329), anti-mCherry (Aviva Systems Biology,
OAAF04756), anti-MCT1 (19-mer peptide sequence
CSPDQKDTEGGPKEEESPV-cooh affinity purified rabbit
antibody; YenZym), anti-TOMM20 (F-10, Santa Cruz sc-17764),
anti-IDH3a (A-10, Santa Cruz, sc-398021), anti-GLUT1
(Millipore, 07-1401), and anti-PCK2 (or PEPCK-M, Abcam,
ab70359). The biotinylated secondary antibodies used were goat
anti-rabbit (Vector Laboratories, BA-1000) and goat anti-mouse
IgGs (Vector Laboratories, BA-9200), followed by incubation with
an avidin-horseradish peroxidase (HRP) complex (Vecstain Elite
ABC kit, Vector PK-6100). Antibody reactivity was detected using
liquid DAB substrate chromagen (Dako K346711-2). For staining
with mouse-TOMM20 antibody on mouse tissue, the Vector
M.O.M. Basic kit (Vector Laboratories, BMK-2202) was used.
Counterstaining of nuclei was performed with Tacha’s
hematoxylin (Biocare Medical, NM-HEM M) staining. Images
were taken with an Olympus DP22 camera system attached to
the microscope.

Cell Culture
The human NSCLC cell lines A549, HCC827, NCI-H226, NCI-
H520, NCI-H23, and NCI-H1299, and the human HNSCC cell
lines SCC9 and SCC25 were purchased from ATCC. Regarding
the genetic background of these cell lines, A549 and H23 have
G12S and G12C KRAS mutations, respectively. HCC827 has an
E746-A750 deletion in EGFR and a V218 deletion in TP53. H520
has a G438A mutation in TP53. H226 has no reported genetic
alterations in RAS, TP53 or EGFR. H1299 is TP53 null and has a
Q16K mutation in NRAS. SCC9 and SCC25 have a V274-G285
deletion and R209Kfs*6 mutation, respectively, in TP53. Human
skin fibroblasts immortalized with human telomerase reverse
transcriptase catalytic domain (BJ1) were purchased from
Clontech, and clones were generated with green fluorescent
protein (GFP) and red fluorescent protein (RFP). The C56BL/6
mouse head and neck squamous carcinoma cell lines MOC1 and
MOC2 were a kind gift from Dr. Ravindra Uppaluri. A549 cells
were cultured in F-12K medium (ATCC 30-2004). HCC827,
H226, H520 and H23 cells were cultured in RPMI-1640 (ATCC
30-2001). SCC9 and SCC25 were cultured in DMEM:F12-K (1:1)
(ATCC 30-2006) with 400 ng/mL of hydrocortisone (Sigma,
H0888). NCI-H1299 and BJ1 were cultured in DMEM (Gibco
10566016). MOC1 and MOC2 were cultured in IMDM:F-12K
Frontiers in Oncology | www.frontiersin.org 3
(2:1) with 5 µg/mL of epidermal growth factor (Gibco, PHG0311),
400 ng/mL of hydrocortisone, 5 µg/mL of insulin (Sigma, I0516),
and 1%Amphotericin B (Gibco, 15290018). All cells were kept in a
37°C and 5% CO2 humidified incubator. Culture mediums
contained 100 units/ml penicillin, and 100 units/ml
streptomycin (PenStrep, Corning, 30-002-CI) and 10% heat-
inactivated fetal bovine serum (HI-FBS, Gibco, 161407-071),
except for MOC1 and MOC2 cell lines containing 5% HI-FBS.

Co-Culture System
Fibroblasts and carcinoma cells were co-cultured in 12-well plates
or 10 cm dishes, as specified. A549 were co-cultured with BJ1 or
MEFs at a 5:1 fibroblast to carcinoma cell ratio. HCC827, H226,
H520, H23, SCC9 and SCC25 were co-cultured with BJ1 at a 3:1
fibroblast to carcinoma cell ratio. The total number of cells seeded
per well was 1 x 105, and per dish was 12 x 105. As controls,
monocultures of BJ1 and carcinoma cells were plated with the
same total number of cells. Cells were seeded in DMEM with 10%
HI-FBS and PenStrep. The following day, culture media was
changed to DMEM with 10% Nu-serum (a low protein
alternative to FBS; BD Biosciences, #355100) containing
PenStrep. Cells were maintained in this media for 3 days.

Mouse Embryonic Fibroblast Isolation
MEFs were isolated from genetically engineered C57BL/6 mice
lacking MCT4 (MCT4-knock out) and their wild-type control
(WT) (kind gift from Dr. Nancy Philp), as previously described
(51). Briefly, pregnant female mice were euthanized at E14.5 by
CO2 inhalation. Under sterile conditions, embryos were
extracted, separated from the placenta and placed into a new
dish with PBS for individual manipulation. Head, arms, and legs
were cut off, and internal red tissue (heart and liver) was
removed. The remaining embryo was minced and transferred
into a tube containing 0.25% trypsin-EDTA. Cell suspension was
incubated for 10 minutes at 37°C, and then MEF culture media
(DMEM 10% FBS) was added to the tube. Cell suspension was let
undisturbed for 5 minutes to allow large fragments to precipitate
and supernatant was transferred to 10 cm Petri dishes. Media
was refreshed once MEFs were seen attached to the plate. MEFs
were maintained in DMEM 10% FBS Pen Strep for no longer
than ten passages.
MCT4 Downregulation in BJ1
Sg RNA lentiviral expression clones targeting SLC16A3
(HCP253996-LvSG02), Sg RNA lentiviral control for
pCRISPR-LvSG02 (CCPCTR01-LvSG02), and Cas9 nuclease
lentiviral expression clone 1 (CP-LvC9NU-01) were purchased
from GeneCopoeia. Lentiviral vectors contain mCherry as a
reporter maker. Lentiviruses were prepared according to the
manufacturer’s protocols. Virus-containing media were
centrifuged, filtered (0.45 µM polyethersulfone (PES) low
protein filter) and stored in 1 mL aliquots at −80°C. BJ1-
fibroblasts (120,000 cells/well) were plated in 12-well dishes in
growth media. After 24 hours, the media was removed and
replaced with 250 µl DMEM with 5% FBS, 150 µl of virus-
containing media and 5 µg/ml polybrene. 24 hours post-
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transduction, media containing virus was removed and replaced
with DMEM with 10% FCS. After infection, fibroblasts stably
downregulated for MCT4 were selected with puromycin for
5 days.

Cell Treatments
Co-cultures and single cultures were incubated with Nu-serum
DMEM containing 10 mM of N-acetylcysteine (NAC) (Sigma,
A7250), 5 µM BAY 87-2243 (Xcessbio, M60127) or no treatment
control during the last 24 or 48 hours, as specified, before cell
collection for immunofluorescence and flow cytometry analyses.
NAC-containing media was refreshed every 24 hours.

Immunofluorescence
Immunofluorescence (IF) staining was performed on cells after 4
days of culture in 12-well plates, as previously described (51).
Briefly, cells were fixed with methanol, or fixed with 2%
paraformaldehyde followed by methanol permeabilization, and
then blocked with PBS containing 1% BSA and 0.1% Tween-20.
Primary antibodies used were anti-MCT4 (19-mer peptide
sequence CSPDQKDTEGGPKEEESPV-cooh affinity purified
rabbit antibody, YenZym, YZ4718), anti-IDH3a (A-10, Santa
Cruz, sc-398021), anti-TOMM20 (F-10, Santa Cruz, sc-17764),
anti-PCK2 (or PEPCK-M, Abcam, ab70359), anti-Cytokeratin
K8/18 (Fitzgerald, 20R-CP004). Secondary antibodies used were
fluorochrome-conjugated anti-rabbit Alexa 568 (Invitrogen,
A11036), anti-mouse Alexa 568 (Invitrogen, A11031), and
anti-guinea pig Alexa 488 (Invitrogen, A11073). Cells were
counter-stained with DAPI (Molecular Probes, D3571) and
slides were mounted with Prolong Gold anti-fade Reagent
(Molecular Probes, P36934). Images were acquired with a 40x
oil objective in a Nikon A1 confocal system. Staining intensity
was quantified with Image J splitting the image into RGB
channels. The channel with the staining of interest was used to
quantify the intensity of the staining in the regions of interest.
Intensity was normalized by the number of nuclei in the region
of interest.

Proliferation Assessment
After 3 days of culture in 10 cm dishes cells were incubated with
10 µM EdU (Click-iT® EdU Flow Cytometry Assay kits;
Invitrogen, C10636) in DMEM 10% Nu-serum for 1 hour.
After that, cells were harvested and washed with 1% BSA in
PBS. Following the Click-it® EdU protocol, cells were fixed,
permeabilized and incubated with the Pacific Blue™ picolyl
azide compound to detect EdU staining. Lastly, 1 x 106 cells
were stained with FxCycle™ Far Red Stain (Invitrogen, F10348).
In flow cytometry analysis, nascent DNA synthesis (EdU
incorporation) was detected with a Pacific Blue signal detector,
and ploidy assessment (FxCycle staining) was detected with an
APC signal detector. GFP-tagged BJ1 or GFP-tagged A549 were
detected with a FITC signal detector. Analysis was performed
with the FlowJo software.

Apoptosis and Cell Death Assessment
After 4 days of culture in 12-well plates, cell death was quantified
through propidium iodide or DAPI staining, and apoptosis was
Frontiers in Oncology | www.frontiersin.org 4
quantified through Annexin-V staining assessed by flow
cytometry. Culture media and cells were collected, centrifuged,
and re-suspended in 250 µl of Annexin-V binding buffer
containing 8 µl/ml of Annexin-V-APC conjugate (BD
Biosciences, 550474) and either 1 µl/ml of propidium iodide
(SeraCare, KPL 71-04-01) or 0.1 µl/ml of DAPI. Cells were
incubated at room temperature for 10 minutes in the dark.
Then, cells were analyzed by flow cytometry using either a PE
Texas Red signal detector (to detect propidium iodide) or a DAPI
signal detector, and an APC signal detector (to detect AnnV). A
GFP signal detector (for BJ1-GFP cells) or RFP signal detector
(for BJ1-sgCTRL/sgMCT4 mCherry) was used to distinguish
colored fibroblasts from uncolored carcinoma cells in co-culture.
Analysis was performed with the FlowJo software.

Reactive Oxygen Species Determination
After 4 days in culture in 12-well plates, cells were incubated with
5 µM CellROX™ Deep Red reagent (Invitrogen, C10422) in
DMEM 10% HI-FBS for 30 minutes at 37°C. CellROX is a cell-
permeable dye that is non-fluorescent in a reduced state. When
in contact with intracellular ROS, it gets oxidized emitting
fluorescence at absorption/emission maxima of 644-665 nm.
Following incubation, cells were harvested and CellROX
fluorescence was detected by flow cytometry using an APC
signal detector. Either a GFP signal detector (for BJ1-GFP
cells) or an RFP signal detector (for BJ1-sgCTRL/sgMCT4
mCherry) was used to distinguish between colored fibroblasts
and uncolored carcinoma cells in co-culture. Analysis was
performed with the FlowJo software.

H2O2 Levels Determination
After 4 days in culture in 12-well plates, cells were incubated with
Pentafluorobenzenesulfonyl fluorescein (PFBF; Cayman
Chemical, 10005983) in DMEM 10% Hi-FBS for 1 hour at 37°C.
PFBF is a fluorescent probe that functions by a non-oxidative
mechanism. PFBF fluoresces upon specific perhydrolysis by
hydrogen peroxide at excitation/emission maxima of 485-530
nm. Following incubation, cells were harvested and PFBF
fluorescence was detected by flow cytometry using a FITC signal
detector. An RFP signal detector (for BJ1-RFP and BJ1-sgCTRL/
sgMCT4 mCherry) was used to distinguish between colored
fibroblasts and uncolored carcinoma cells in co-culture. Analysis
was performed with the FlowJo software.

Animal Studies
The Institutional Animal Care and Use Committee (IACUC)
approved all animal protocols, and experiments were
performed following the National Institutes of Health
guidelines. Male nude mice (NCI Athymic NCr-nu/nu,
Charles River) and WT and MCT4-KO C57BL/6 mice
(obtained from Dr. Nancy Philp’s lab) were maintained in a
pathogen-free environment/barrier facility at the Sidney
Kimmel Cancer Center at Thomas Jefferson University.
Mouse xenografts were generated by co-injecting human
carcinoma cells and fibroblasts resuspended in 100 µl of
sterile PBS bilaterally into the flanks of male nude mice.
Cell numbers injected were: 2 x 106 HCC827 and 2 x 106
June 2022 | Volume 12 | Article 906494
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BJ1-sgCTRL or BJ1-sgMCT4; 106 HCC827 and 106 WT or
MCT4-KO MEF; 106 H520 or SCC25 and 106 BJ1-sgCTRL or
BJ1-sgMCT4. Syngeneic tumors were generated by co-injecting
mouse carcinoma cells and WT or MCT4-KO MEFs
resuspended in 100 µl of sterile PBS bilaterally into the flanks
of WT and MCT4-KO C57BL/6 female mice, respectively. Cell
numbers injected were: 7 x 105 MOC1 and 106 WT or MCT4-
KO MEF; 105 MOC2 and 2 x 105 WT or MCT4-KO MEF.
Tumors were collected at different time points depending on
the model (specified in the figure legends) and tumor size and
weight were determined. For all experiments, tumor volume
(mm3) was estimated using the formula V = (X2Y)/2, where V is
the volume of the tumor, X is the length of the short axis, and Y
is the length of the long axis.

IHC Quantification
For MCT4, MCT1 and GLUT1 in mouse xenografts, the
ImmunoMembrane computer-assisted pathology program
was used to assess strength of membranous staining in
carcinoma cells. ImmunoMembrane is a previously described
and publicly available algorithm to detect and quantify cell
surface markers stained by IHC; it was originally described for
quantification of surface staining in breast cancer (53). Light
photomicrographs were taken of representative areas from
each tumor and uploaded into ImmunoMembrane at 20x
or 40x magnificat ion. ImmunoMembrane processes
photomicrographs and distinguishes between “strong and
complete” staining, labeled in red, or “weak and incomplete”
staining, labeled in green, depending on the intensity and
pattern of membranous staining. ImageJ was used to quantify
the area labeled in red by ImmunoMembrane corresponding to
the strong and complete staining. In ImageJ, images were split
into RGB channels. The red labeling from ImmunoMembrane
shows in the green channel on ImageJ. The “threshold” tool was
used to select the areas of red labeling. The threshold value was
maintained across all images for comparison. The “measure”
tool was used to calculate the area of red labeling in pixels from
the full image. Only images with high cancer/stromal ratios
(>70% cancer area) were used for analysis. Quantitative analysis
of TOMM20 immunohistochemistry in mouse xenografts was
performed using Aperio software (Leica Biosystems, Buffalo
Grove, IL). Briefly, tissue sections were scanned on a
ScanScopeXT under 320 magnification with an average scan
time of 120 seconds (compression quality 70). Images were
analyzed using the Color Deconvolution and Colocalization
Aperio Image Analysis tool. Areas of staining were color
separated from hematoxylin counter-stained areas and the
intensity of the staining was measured on a continuous scale.
Five representative areas of tumor cells were selected for each
sample (4 tumors per group) and the percent strong (3+)
staining was quantified.

Statistical Analyses
Statistical significance was examined using two-sample equal
variance (homoscedastic) two-tailed Student’s t-test. Differences
were considered statistically significant at p<0.05.
Frontiers in Oncology | www.frontiersin.org 5
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Human NSCLC Expresses Markers of
Metabolic Compartmentalization
Primary tumor tissue samples from 20 LUAD and 11 LUSC
patients were stained by IHC for several metabolic markers.
Areas of adjacent normal lung tissue within the same sample
were used for comparison. IHC staining in LUAD samples was
visually scored by three independent researchers, including one
trained pathologist, and staining in LUSC samples was quantified
by a trained pathologist using the Aperio digital pathology
software. Representative images for each staining are presented
in Figure 1 and the scoring results are shown in Supplementary
Table 1 (for LUAD) and Supplementary Figure 1 (for LUSC).
MCT4 showed a membranous staining pattern and was found
expressed in the CAF-rich stroma in both LUAD (Figure 1A and
Supplementary Table 1) and LUSC (Figure 1B and
Supplementary Figure 1A), whereas no MCT4 staining was
detected in the fibroblasts from the adjacent normal lung tissue
(Figures 1A, B, Supplementary Table 1, and Supplementary
Figure 1A). MCT1 also showed a membranous staining pattern
and was found expressed in carcinoma cells in LUSC (Figure 1D
and Supplementary Figure 1B) but not in LUAD (Figure 1C
and Supplementary Table 1). Also, MCT1 expression was
absent in normal lung tissue (Figures 1C, D, Supplementary
Table 1, and Supplementary Figure 1B). TOMM20 showed a
mitochondrial staining pattern, and it was found expressed in
carcinoma cells both in LUAD (Figure 1E and Supplementary
Table 1) and in LUSC (Figure 1F and Supplementary
Figure 1C), whereas absent in normal lung tissue (Figures 1E,
F, Supplementary Table 1 and Supplementary Figure 1C).
Finally, we analyzed the prognostic value of MCT4, MCT1 and
TOMM20 expression in LUAD, LUSC and HNSCC from TGCA
datasets (Supplementary Figures 1D–L). In summary, NSCLC
presents markers of metabolic compartmentalization with
upregulated MCT4 in the stromal compartment and
upregulated MCT1 and TOMM20 in carcinoma cells. These
metabolic markers are also found expressed following the same
pattern in HNSCC (19), showing that at least a subset of ADT
cancers have metabolic compartmentalization.

Co-Culture Systems Reproduce Human
Metabolic Compartmentalization
In order to reproduce metabolic compartmentalization in
experimental models in vitro, we co-cultured human NSCLC
and HNSCC cell lines with the human fibroblast cell line BJ1.
Immunofluorescent staining and confocal imaging were
performed to determine whether co-culturing conditions
could upregulate the expression of markers of metabolic
compartmentalization in carcinoma cells and fibroblasts, in
comparison to their respective monocultures. Co-cultures of
BJ1 fibroblasts with the NSCLC carcinoma cell lines HCC827,
H226, H23 and H1299 significantly upregulated the expression
of MCT4 in BJ1, compared to BJ1 in monoculture (Figures 2A,
B; Supplementary Figures 2A, B). Co-cultures of BJ1 with the
NSCLC carcinoma cell lines A549 and H520 showed a trend
June 2022 | Volume 12 | Article 906494
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towards MCT4 upregulation in BJ1, however the differences were
not statistically significant (Supplementary Figures 2C, D).
Similarly to NSCLC, BJ1 co-cultured with the HNSCC
carcinoma cell lines SCC9 and SCC25 also upregulated MCT4
expression, compared to BJ1 in monoculture (Figures 2C, D).
MCT4 expression in all carcinoma cell lines either in
monoculture or co-culture was heterogeneous and no
significant changes in MCT4 levels were observed (data not
shown). In NSCLC, BJ1 co-cultured with A549 and HCC827
downregulated the expression of IDH3a, another marker of
glycolysis in CAFs, compared to BJ1 in monoculture
(Figures 2E, F), whereas no significant changes in IDH3a in
carcinoma cells were observed (data not shown). We also
assessed the expression of IDH3a in the stroma of human
NSCLC patient samples. IHC staining revealed that IDH3a
was mainly expressed in lung carcinoma cells, whereas it was
absent in the CAF-rich stroma in NSCLC (Supplementary
Figure 2E). Additionally, transwell co-cultures of BJ1 with
carcinoma cells, where cells are not in direct contact, and
cultures of BJ1 with conditioned media from NSCLC or
HNSCC co-cultures were performed to study markers of
glycolytic metabolism in BJ1 by western blot. BJ1 increased
MCT4 expression in transwell co-culture with A549, H520 and
SCC25 (Supplementary Figures 2F–H), and decreased IDH3a
expression in transwell co-culture with SCC9 and SCC25
Frontiers in Oncology | www.frontiersin.org 6
(Supplementary Figure 2I), all compared to BJ1 in
monoculture. Moreover, culturing BJ1 with conditioned
medias from various co-cultures was sufficient to induce
downregulation of IDH3a, upregulation of MCT4, and
upregulation of LDH-V, another HIF1a-driven glycolytic
enzyme, compared to untreated BJ1 (Supplementary
Figure 2J). Co-culture of NSCLC carcinoma cell lines A549
and HCC827 with BJ1 increased the expression of TOMM20 in
both carcinoma cells lines (Figures 2G–J), compared to their
respective monocultures. Conversely, TOMM20 expression was
decreased in BJ1 in co-culture with both carcinoma cell lines
compared to BJ1 in monoculture (data not shown). The HNSCC
cell line SCC9 also significantly upregulated TOMM20
expression in the presence of BJ1, compared to its
monoculture (Figures 2K, L), and SCC25 showed a trend
towards increased TOMM20 expression in co-culture, however
it did not reach statistical significance (Supplementary
Figures 2K, L). Transwell co-culture of A549 and SCC25 with
BJ1 also increased TOMM20 expression in both carcinoma cell
lines, compared to their monocultures (Supplementary
Figures 2M, N). Altogether, our data shows that co-culture
models of ADT carcinoma cells with fibroblasts upregulate
markers of metabolic compartmentalization as seen in human
tumors, proving evidence of their validity to study the
metabolism of these diseases in vitro.
A B

C D

E F

FIGURE 1 | Expression of markers of metabolic compartmentalization in non-small cell lung cancer (NSCLC). Lung adenocarcinoma (LUAD) and lung squamous cell
carcinoma (LUSC) patient samples were stained for MCT4, MCT1 and TOMM20 by immunohistochemistry. For each marker, representative images were taken from
tumor tissue and adjacent normal lung tissue within the same sample. (A, B) MCT4 expression in the tumor stroma of LUAD (A) and LUSC (B) and their corresponding
adjacent normal lung. (C, D) MCT1 expression in carcinoma cells in LUAD (C) and LUSC (D) and their corresponding adjacent normal lung. (E, F) TOMM20 expression
in carcinoma cells in LUAD (E) and LUSC (F) and their corresponding adjacent normal lung. Images were taken at 20X. (S, stroma; C, carcinoma cells).
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FIGURE 2 | Expression of markers of metabolic compartmentalization in co-cultures of ADT carcinoma cells and fibroblasts. Human ADT carcinoma cell lines A549,
HCC827, H226, H23, SCC9 and SCC25 were co-cultured with BJ1 fibroblasts for 4 days. Monocultures of carcinoma cells and BJ1 fibroblasts were maintained in
parallel as controls. (A–D) Confocal imaging of MCT4 in monocultures of BJ1 and in co-cultures of BJ1 with the NSCLC cells HCC827, H226 and H23 (A) and
HNSCC cells SCC9 and SCC25 (C), and their respective quantification of MCT4 staining in BJ1 (B, D). (E, F). Confocal imaging of IDH3a in monocultures of BJ1
and in co-cultures of BJ1 with A549 and HCC827 (E), and quantification of IDH3a staining in BJ1 (F). (G–L) Confocal imaging of TOMM20 in monocultures and co-
cultures of A549 (G), HCC827 (I), and SCC9 (K) with BJ1, and quantification of TOMM20 staining in A549 (H), HCC827 (J) and SCC9 (L). Confocal microscopy
images were acquired at the 40X magnification, with 1.5x zoom in panel (E). For all images, MCT4, IDH3a and TOMM20 staining are shown in red, carcinoma cells
are shown in green (K8/18 staining), and nuclei are shown in blue (DAPI). For all markers, red staining was quantified using ImageJ. Student’s t-test was used for
statistical analyses (*p<0.05). (a.u., arbitrary units. Scale bar = 50 mm).
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PEPCK-M Is Upregulated in
Glycolytic Fibroblasts
PEPCK-M is a master regulator of central carbon metabolism (34,
36–38). We aimed to determine whether PEPCK-M could be
involved in the glycolytic reprogramming of fibroblasts in
response to carcinoma cells. BJ1 fibroblasts showed upregulation
of PEPCK-M when co-cultured with A549 (Figures 3A, B;
Supplementary Figure 3A) and SCC25 (Figures 3C, D;
Supplementary Figure 3B) carcinoma cells, compared to BJ1 in
monoculture. Moreover, conditioned media from various co-
cultures was also capable to increase the expression of PEPCK-
M in BJ1 fibroblasts (Supplementary Figure 3C). MCT4 is a rate-
limiting step of glycolysis, and its downregulation causes a
reduction in glycolytic flux (30). To determine whether PEPCK-
M expression was modulated by glycolysis in fibroblasts, we
assessed PEPCK-M expression in WT and MCT4-KO MEFs.
There was decreased expression of PEPCK-M in MCT4-KO
MEFs compared to WT MEF in monoculture (Figures 3E, F;
Supplementary Figure 3D). Moreover, MCT4-KO MEF co-
cultured with A549 (Figures 3G, H), SCC9 (Figures 3I, J) and
SCC25 (Figures 3K, L) carcinoma cells were unable to upregulate
PEPCK-M expression to similar levels as those observed in
co-cultured WT MEFs. Additionally, we saw that PEPCK-M
was upregulated in BJ1 fibroblasts exposed to cigarette smoke
(Supplementary Figure 3E), a condition that has been previously
described to induce glycolysis and MCT4 in fibroblasts (51). We
also assessed the expression of PEPCK-M in NSCLC patient
samples and observed that PEPCK-M is highly expressed both
in lung carcinoma cells and in stromal cells in NSCLC
(Supplementary Figure 3F). Altogether, our data shows that
PEPCK-M is upregulated in glycolytic fibroblasts in co-culture
and in human NSCLC, and that its expression is modulated
by MCT4.

Co-Culture Conditions Increase Features
of Aggressiveness in Carcinoma Cells
We next sought to determine whether co-cultures of carcinoma
cells and fibroblasts, conditions that alter metabolism in both cell
compartments, could promote carcinoma cell aggressiveness.
Increased proliferation, decreased cell death, oxidative stress,
enhanced migratory capabilities, and stemness are some
hallmarks of carcinoma cell aggressiveness. Flow cytometry
assessment of EdU incorporation and DNA ploidy revealed
that NSCLC carcinoma cells had increased proliferation
rates in the presence of fibroblasts. Co-culture conditions
increased the percentage of A549 (Figures 4A, B) and
HCC827 (Figures 4C, D) cells incorporating EdU, compared
to monocultures of carcinoma cells, indicating an increase in the
number of carcinoma cells undergoing nascent DNA synthesis (S
phase). Flow cytometry assessment of PI staining showed that
co-culture conditions led to decreased carcinoma cell death in
A549 (Figure 4E), SCC9 (Figure 4F) and SCC25 (Figure 4G)
cells, compared to monocultures of carcinoma cells. Oxidative
stress levels in co-cultures were assessed by flow cytometric
analysis of the CellROX reporter and the PFBF probe. The
CellROX reporter quantifies unspecific intracellular ROS, and
Frontiers in Oncology | www.frontiersin.org 8
the PFBF probe specifically measures the levels of hydrogen
peroxide (H2O2), the principal ROS involved in signaling due to
its high permeability across cell membranes and ability to diffuse.
Co-culture conditions increased the levels of ROS in both A549
(Figure 4H) and HCC827 (Figure 4I) cells. However, only A549
cells (Figure 4J), but not HCC827 (Figure 4K), had significantly
augmented levels of H2O2 upon co-culture. In fibroblasts, ROS
levels were increased in BJ1 co-cultured with A549 (Figure 4L),
but not with HCC827 (Figure 4M). Inversely, H2O2 levels did
not increase in BJ1 co-cultured with A549 cells (Figure 4N), but
they did so in BJ1 co-cultured with HCC827 (Figure 4O). The
migratory abilities of carcinoma cells were assessed with a
transwell assay. A549 (Supplementary Figures 4A, B),
but not HCC827 (Supplementary Figure 4C) nor SCC25
(Supplementary Figure 4D), showed increased migration
through the transwell membrane pores in response to BJ1,
compared to normal growth media. Markers of stemness in
carcinoma cells in co-cultures versus monocultures were also
assessed, however no differences were seen (data not shown).
Altogether, our results demonstrate that co-culture conditions
increase some features of carcinoma cell aggressiveness with
increased proliferation and oxidative stress and decreased
cell death.

BAY 87-2243 Partially Rescues the CAF
Phenotype and Induces Carcinoma
Cell Apoptosis
Given that HIF-1a is a main driver of the glycolytic and catabolic
state with secretion of monocarboxylates in CAFs (9), we next
aimed to assess whether HIF-1a inhibition with the drug BAY
87-2243 could have an impact on the metabolism of fibroblasts
and carcinoma cell aggressiveness in ADT co-cultures. We
treated co-cultures of A549 or HCC827 and BJ1 fibroblasts
with BAY 87-2243 and assessed IDH3a and MCT4 expression
by confocal imaging. BAY 87-2243 increased IDH3a expression
in BJ1 fibroblasts in co-culture with A549 (Figures 5A, B) and
HCC827 (Figures 5C, D), compared to untreated co-cultures.
However, BAY 87-2243 was not able to downregulate MCT4
expression in BJ1 in co-culture (Figures 5E–H). Treatment with
BAY 87-2243 resulted in increased carcinoma cell apoptosis and
death in A549 (Figures 5I, J) and HCC827 (Figures 5K, L) in co-
culture with BJ1, compared to untreated co-cultures. In
summary, our data demonstrate that targeting HIF-1a with
BAY 87-2243 has effects on both fibroblasts and carcinoma
cells in co-culture. In fibroblasts it upregulates IDH3a
expression, partially reverting the CAF phenotype, and in
carcinoma cells it decreases apoptosis and cell death, a
hallmark of carcinoma cell aggressiveness.

Downregulation of Fibroblast MCT4
Reduces Features of Carcinoma Cell
Aggressiveness
As we observed that co-culture conditions increase oxidative
stress, which is an inducer of glycolysis and MCT4 in CAFs (9,
54), we next aimed to target ROS and assess its effects on
fibroblast metabolism and carcinoma cell aggressiveness in
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ADT co-cultures. N-acetylcysteine (NAC) is a potent antioxidant
that has been shown to have anti-cancer effects in numerous
preclinical models (55–58). Therefore, we treated co-cultures of
A549 or HCC827 and BJ1 fibroblasts with NAC to assess its
effects on oxidative stress, MCT4 expression and carcinoma cell
proliferation and apoptosis. NAC treatment decreased levels of
Frontiers in Oncology | www.frontiersin.org 9
H2O2 in A549 (Supplementary Figure 5A) and HCC827
(Supplementary Figure 5B) carcinoma cells and in BJ1
fibroblasts in co-culture (Supplementary Figures 5C, D),
compared to untreated controls. Cisplatin treatment was used
as a positive control for induction of H2O2 in these co-cultures
(Supplementary Figures 5A–D). NAC reduced the expression
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FIGURE 3 | PEPCK-M expression in glycolytic fibroblasts. BJ1 and WT or MCT4-KO MEF were co-cultured with ADT carcinoma cells. Monocultures of BJ1 and
MEF were maintained in parallel as controls. (A–D) Confocal imaging of PEPCK-M in monocultures and in co-cultures of BJ1 with A549 (A) and SCC25 (C), and
their respective quantification of PEPCK-M staining in BJ1 (B, D). (E, F) Confocal imaging of PEPCK-M in monocultures of WT and MCT4-KO MEF (E) and
quantification of PEPCK-M staining (F). (G–L) Confocal imaging of PEPCK-M in WT and MCT4-KO MEF in co-culture with A549 (G), SCC9 (I) and SCC25 (K), and
their respective quantification of PEPCK-M staining in MEF (H, J, L). Confocal microscopy images were acquired at the 40X magnification. For all images, PEPCK-M
staining is shown in red, carcinoma cells are shown in green (K8/18 staining), and nuclei are shown in blue (DAPI). PEPCK-M staining was quantified using ImageJ.
Student’s t-test was used for statistical analyses (*p<0.05). (a.u., arbitrary units. Scale bar = 50 mm).
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FIGURE 4 | Effects of fibroblasts on ADT carcinoma cell aggressiveness. Human ADT carcinoma cells were monocultured or co-cultured with GFP-tagged BJ1 and
proliferation, cell death and oxidative stress levels were assessed by flow cytometry. (A, C) Percentage of A549 (A) and HCC827 (C) in the DNA synthesis phase,
measured by 5-ethynyl-2’-deoxyuridine (EdU) incorporation. (B, D) Representative flow cytometry plots showing percentage of A549 (B) and HCC827 (D) in each
phase of the cell cycle, and gating strategy for EdU (Pacific Blue) and FxCycle (APC) staining. (E–G) Percentage of cell death as measured by propidium iodide (PI)
staining in A549 (E), SCC9 (F) and SCC25 (G). (H, I) Reactive oxygen species (ROS) levels, as measured by the CellROX probe, in A549 (H) and HCC827 (I). (J,
K) Hydrogen peroxide (H2O2) levels, as measured by the PFBF probe, in A549 (J) and HCC827 (K). (L, M) ROS levels in BJ1 in monoculture or in co-culture with
A549 (L) and HCC827 (M). (N, O) H2O2 levels in BJ1 in monoculture or in co-culture with A549 (N) and HCC827 (O). Student’s t-test was used for statistical
analyses (* p<0.05). (a.u., arbitrary units). ns, not significant.
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FIGURE 5 | Effects of HIF-1a inhibition on fibroblast metabolism and carcinoma cell aggressiveness. Co-cultures of ADT carcinoma cells and BJ1 were treated with
the HIF-1a inhibitor BAY 87-2243 or vehicle control for 48 hours. (A–D) Confocal imaging of IDH3a in co-cultures of BJ1 with A549 (A) and HCC827 (C) treated or
untreated with BAY 87-2243, and their respective quantification of IDH3a staining in BJ1 (B, D). (E–H) Confocal imaging of MCT4 in co-cultures of BJ1 with A549
(E) and HCC827 (G) treated or untreated with BAY 87-2243, and their respective quantification of MCT4 staining in BJ1 fibroblasts (F, H). Confocal microscopy
images were acquired at the 40X magnification, with 1.5x zoom in panels (A, C). For all images, IDH3a and MCT4 staining are shown in red, carcinoma cells are
shown in green (K8/18 staining), and nuclei are shown in blue (DAPI). IDH3a and MCT4 staining were quantified using ImageJ. (I–L) Flow cytometry assessment of
percentage of carcinoma cells undergoing apoptosis (AnnV staining) and cell death (PI staining) in co-cultured A549 (I, J) and HCC827 (K, L) untreated or treated
with BAY 87-2243 with representative flow cytometry plots showing gating strategy for AnnV (APC) and PI (PE) staining. Student’s t-test was used for statistical
analyses (*p<0.05). (a.u., arbitrary units. Scale bar = 50 mm).
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of MCT4 in BJ1 fibroblasts in co-culture with A549 (Figures 6A,
B), HCC827 (Figures 6C, D) and H520 (Supplementary
Figure 5E), compared to untreated co-cultures. NAC
treatment decreased EdU incorporation (or S phase) in A549
cells in co-culture (Figures 6E, F), but not in HCC827 cells
(Supplementary Figure 5F), compared to untreated co-cultures.
Moreover, NAC treatment induced apoptosis and cell death rates
in co-cultured A549 (Figures 6G, H) and HCC827 (Figures 6I,
J), compared to untreated co-cultures. These data demonstrate
that disrupting the REDOX state of the co-cultures with an
antioxidant has effects both in fibroblasts, by lowering MCT4,
and in carcinoma cells, by reducing proliferation and inducing
apoptosis and cell death.

We next aimed to determine whether MCT4 downregulation
in co-cultured fibroblasts could exert effects on carcinoma cell
aggressiveness. To test that, we co-cultured A549 and HCC827
cells with BJ1 fibroblasts genetically manipulated to downregulate
MCT4 (BJ1-sgMCT4) and their control counterparts (BJ1-
sgCTRL). Confocal imaging showed that BJ1-sgMCT4 had
significant downregulation of MCT4, compared to BJ1-sgCTRL,
in co-culture with A549 and HCC827 (Supplementary
Figures 5G, H). Apoptosis and cell death assessment revealed
that A549 (Figure 6K; Supplementary Figure 5I), HCC827
(Figure 6L; Supplementary Figure 5J) and H520 (Figure 6M;
Supplementary Figure 5K) cells co-cultured with BJ1-sgMCT4
had increased rates of apoptosis and cell death, compared to co-
cultures with BJ1-sgCTRL. Moreover, proliferation was assessed in
co-cultures of A549 cells with eitherWTMEF orMCT4-KOMEF.
WT MEF, but not MCT4-KO MEF, induced proliferation in co-
cultured A549 cells, compared to A549 cells in monoculture, as
seen by an increase in the percentage of A549 cells incorporating
EdU (Figure 6N). Altogether, our data demonstrate that fibroblast
MCT4 is a driver of carcinoma cell aggressiveness, and that the
detrimental effect of NAC on carcinoma cells may be partially
mediated by the downregulation of MCT4 in fibroblasts.

Downregulation of Stromal MCT4 Reduces
Tumor Growth in Vivo
We have shown that ADT human cancers have high levels of
MCT4 in the CAF-rich stromal compartment (Figures 1A, B)
(19). Also, in in vitro co-cultures we have demonstrated that
fibroblast MCT4 is a driver of ADT carcinoma cell
aggressiveness (Figures 6K–N). Therefore, we next aimed to
investigate the effects of fibroblast MCT4 in ADT tumor growth
in vivo. Four different mouse xenografts models were generated
by co-injecting human NSCLC and HNSCC carcinoma cell lines
with BJ1-sgCTRL and BJ1-sgMCT4, or with WT MEF and
MCT4-KO MEF, into the flanks of nude mice. In NSCLC, co-
injection of HCC827 with BJ1-sgMCT4 decreased tumor growth
starting at 2 weeks post-injection, compared to co-injection with
BJ1-sgCTRL (Supplementary Figure 6A). Tumors generated
from the co-injection of HCC827 with BJ1-sgMCT4 had 50%
less volume (Figure 7A) and had 60% less weight (Figure 7B)
than tumors generated by co-injection with BJ1-sgCTRL.
Interestingly, HCC827+BJ1-sgMCT4 tumors had reduced
infiltrative stroma than HCC827+BJ1-sgCTRL tumors
Frontiers in Oncology | www.frontiersin.org 12
(Supplementary Figures 6B, C). Generally, co-injection of
carcinoma cells with fibroblasts generates tumors with
increased stromal infiltrate, compared to homotypic injection
of carcinoma cells alone. Therefore, we analyzed whether there
was any difference in the time fibroblasts persist in the tumors
after injection between BJ1-sgCTRL and BJ1-sgMCT4 that could
explain the difference in the amount of infiltrative stroma. We
performed IVIS imaging on days 3 and 7 post-co-injection to
detect the mCherry-labeled BJ1-sgCTRL and BJ1-sgMCT4
fibroblasts. On day 3 there were already fewer BJ1-sgMCT4
fibroblasts, compared to BJ1-sgCTRL, in the tumors
(Supplementary Figures 6D, E). This difference was even
more pronounced on day 7 where there were almost no BJ1-
sgMCT4 fibroblasts present in the tumors (Supplementary
Figures 6F, G). Additionally, we stained the tumors for
mCherry and MCT4 to detect any remaining injected BJ1
fibroblasts in the tumor and assess their MCT4 expression.
mCherry staining revealed the presence of the originally
injected BJ1-sgCTRL in the tumors in higher numbers than
BJ1-sgMCT4 (Figure 7C, upper panel). Both BJ1-sgCTRL and
BJ1-sgMCT4 fibroblasts were found sparsely within the cancer
areas, however BJ1-sgCTRL, but not BJ1-sgMCT4, were also
found forming a rim of cells at the edge of carcinoma cell nests
(Figures 7C, D, upper panel). These BJ1-sgCTRL adjacent to
carcinoma cells expressed high levels of MCT4 (Figures 7C, D,
lower panel). MCT4 was equally expressed in the infiltrated
mouse stroma in both groups. HCC827 were also co-injected
with either WT or MCT4-KOMEF and, similarly to the previous
model, tumors generated from the co-injection of HCC827 with
MCT4-KO MEF were 50% smaller (Figure 7E) and of 40% less
weight (Figure 7F). In another NSCLC model, co-injection of
H520 with BJ1-sgMCT4 had a poorer engraftment rate,
compared to co-injection with BJ1-sgCTRL (Supplementary
Figure 6H). Only one tumor grew in the H520+BJ1-sgMCT4
group, and it was of considerably smaller size and weight than
any of the tumors grown in the H520+BJ1-sgCTRL group
(Figures 7G, H). In HNSCC, co-injection of SCC25 with BJ1-
sgMCT4 also impaired tumor growth, compared to co-injection
with BJ1-sgCTRL (Figures 7I, J). Finally, we used two syngeneic
models of HNSCC, MOC1 and MOC2, which were co-injected
with either WT or MCT4-KO MEF into the flanks of WT or
MCT4-KO C57BL/6 mice, respectively. In both MOC1
(Figures 7K, L) and MOC2 (Figures 7M, N) models, co-
injection of MOC cells with MCT4-KO MEF into MCT4-KO
mice generated smaller tumors by volume and weight than their
WT counterparts. Altogether, these data demonstrate that MCT4
expression in the stroma is a driver of tumor growth in
ADT cancers.

Downregulation of Fibroblast MCT4
Changes Tumor Metabolism
Next, we determined whether expression of MCT4 in fibroblasts
influences carcinoma cell metabolism in vivo. To assess this, we
stained the xenografts generated from the co-injections of
HCC827 with either BJ1-sgCTRL or BJ1-sgMCT4 for the
metabolic markers MCT4, GLUT1, MCT1 and TOMM20. The
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FIGURE 6 | Effects of ROS neutralization and MCT4 downregulation on fibroblast metabolism and ADT carcinoma cell aggressiveness. Co-cultures of ADT carcinoma
cells with BJ1 were treated with N-acetyl cysteine (NAC) for 24 hours for proliferation assessments, and for 48 hours for confocal imaging and apoptosis assessment.
(A–D) Confocal imaging of MCT4 in co-cultures of BJ1 with A549 (A) and HCC827 (C) treated or untreated with NAC, and respective quantification of MCT4 staining in
BJ1 (B, D). Confocal microscopy images were acquired at the 40X magnification. For all images, MCT4 staining is shown in red, carcinoma cells are shown in green
(K8/18 staining), and nuclei are shown in blue (DAPI). MCT4 staining was quantified using ImageJ. (E, F) Flow cytometry quantification of percentage of A549 cells in the
DNA synthesis phase, measured by 5-ethynyl-2’-deoxyuridine (EdU) incorporation (E), and gating strategy for EdU (Pacific Blue) and FxCycle (APC) staining (F). (G–J)
Flow cytometry assessment of percentage of carcinoma cells undergoing apoptosis (AnnV staining) and cell death (PI staining) in co-cultured A549 (G, H) and HCC827
(I, J) cells untreated or treated with NAC with representative flow cytometry plots showing gating strategy for AnnV (APC) and PI (PE) staining. (K–M) ADT carcinoma
cells were co-cultured with mCherry-tagged BJ1 with downregulated MCT4 expression (BJ1-sgMCT4) or their control counterparts (BJ1-sgCTRL) and apoptosis
(AnnV staining) and cell death (DAPI staining) was assessed in A549 (K), HCC827 (L) and H520 (M) by flow cytometry. (N) GFP-tagged A549 were monocultured
or co-cultured with WT or MCT4-KO MEFs and proliferation rates in A549 were assessed by flow cytometric analysis of EdU incorporation. Student’s t-test was
used for statistical analyses (*p<0.05). (a.u., arbitrary units. Scale bar = 50 mm). ns, not significant.
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FIGURE 7 | Effects of fibroblast MCT4 on tumor growth. (A–J) Tumor xenografts were generated by co-injecting human ADT carcinoma cells with fibroblasts
expressing or lacking MCT4 into nude mice. (A) Tumor volume and (B) tumor weight of HCC827 + BJ1-sgCTRL/sgMCT4 xenografts harvested at 2.5 weeks
post-implantation. (C, D) Immunohistochemical assessment of mCherry (to detect BJ1) and MCT4 expression in HCC827 + BJ1-sgCTRL/sgMCT4 tumors, and
image acquisition at 40x (C) and 60x (D). In panel (D) the area of carcinoma cells, mouse stroma, and injected mCherry-expressing BJ1 (*) are marked. (E) Tumor
volume and (F) tumor weight of HCC827 + WT/MCT4-KO MEF xenografts harvested at 4 weeks post-implantation. (G) Tumor volume and (H) tumor weight of H520
+ BJ1-sgCTRL/sgMCT4 xenografts harvested at 2 months post-implantation. (I) Tumor volume and (J) tumor weight of SCC25 + BJ1-sgCTRL/sgMCT4 xenografts
harvested at 6 weeks post-implantation. (K–N) Syngeneic tumors were generated by co-injecting C57BL/6 carcinoma cells with WT or MCT4-KO MEFs into WT or
MCT4-KO C57BL/6 mice. (K) Tumor volume and (L) tumor weight of MOC1 + WT/MCT4-KO MEF tumors harvested at 7 weeks post-implantation. (M) Tumor
volume and (N) tumor weight of MOC2 + WT/MCT4-KO MEF tumors harvested at 3 weeks post-implantation. Student’s t-test was used for statistical analyses
(*p<0.05). (a.u., arbitrary units).
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membranous staining pattern of MCT4, GLUT1 and MCT1 was
quantified by ImmunoMembrane and the mitochondrial
staining pattern of TOMM20 was quantified by Aperio in
carcinoma cell areas. Representative areas of staining and
Frontiers in Oncology | www.frontiersin.org 15
quantification are shown. MCT4 was abundantly expressed in
HCC827, as seen human NSCLC, however its membrane
expression in was decreased in co-injections of HCC827 with
BJ1-sgMCT4, compared to BJ1-sgCTRL (Figures 8A–C,
A CB

D FE

G IH

J K

FIGURE 8 | Effects of fibroblast MCT4 on tumor metabolism. The metabolic markers MCT4, GLUT1, MCT1 and TOMM20 were assessed by immunohistochemical
staining in tumor xenografts generated from the co-injection of HCC827 with BJ1-sgCTRL or BJ1-sgMCT4. Representative IHC images of MCT4 (A), GLUT1 (D),
MCT1 (G) and TOMM20 (J) staining. Membranous staining of MCT4 (B, C), GLUT1 (E, F) and MCT1 (H, I) in HCC827 cells was identified with the ImmunoMembrane
software and quantified with ImageJ. The ImmunoMembrane software detects and labels strong membranous staining in red and weak staining in green. Only staining
labeled in red was quantified by ImageJ as the area in pixels of the total image covered by the red labeling. Mitochondrial staining of TOMM20 on HCC827 cells was
quantified by Aperio (K). Representative images for each group are shown. All IHC images were acquired at 40X, except for MCT4 quantification in panel (B) that is
20X. Student’s t-test was used for statistical analyses (*p<0.05).
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Supplementary Figure 7A). GLUT1, the main glucose importer
in the plasma membrane and rate limiting step of glycolysis, was
not as highly expressed as MCT4 in HCC827, however its
expression was also decreased in HCC827 co-injected with
BJ1-sgMCT4 (Figures 8D–F; Supplementary Figure 7B).
MCT1 was found scarcely expressed in HCC827, similarly to
human LUAD where MCT1 expression is low (Figure 1C). Co-
injections of HCC827 with BJ1-sgMCT4 had lower expression of
MCT1 in carcinoma cells than co-injections with BJ1-sgCTRL
(Figures 8G–I; Supplementary Figure 7C). TOMM20 was
highly expressed in HCC827, as seen in carcinoma cells in
human NSCLC (Figure 1E), and its expression was decreased
in HCC827 co-injected with BJ1-sgMCT4 (Figures 8J, K).
Additionally, MCT4, MCT1 and GLUT1 expression were
assessed in xenografts generated from the co-injections of
HCC827 with either WT or MCT4-KO MEF. Consistently
with the previous model, MCT4, MCT1 and GLUT1 were
decreased in HCC827 cells co-injected with MCT4-KO MEF,
compared to WT MEF (Supplementary Figure 7D). In
conclusion, MCT4 expression in fibroblasts can modulate
metabolism in carcinoma cells in co-injection models of
ADT cancers.

Inhibition of OXPHOS Decreases
Carcinoma Cell Aggressiveness in
Co-Culture and Co-Injection Models
We have shown that co-cultures and co-injections of ADT
carcinoma cells with MCT4-expressing fibroblasts increase
aggressiveness and mitochondrial metabolism in carcinoma
cells and overall tumor growth. Therefore, we sought to
determine whether increased OXPHOS in carcinoma cells was
a mechanism by which fibroblast MCT4 drives carcinoma cell
malignancy. To assess this, we used the OXPHOS inhibitors
metformin and phenformin, which target the complex I of the
mitochondrial respiratory chain. HCC827 cells in monoculture
and in co-culture with BJ1 fibroblasts were treated with
metformin. We observed that HCC827 in co-culture, which
have increased mitochondrial metabolism compared to the
monoculture (Figures 2G, H), were more sensitive to
OXPHOS inhibition than HCC827 in monoculture, as seen by
a reduction in the MitoTracker staining, which labels
mitochondrial membrane potential (Supplementary
Figure 8A), and an increase in apoptosis and cell death rates
(Supplementary Figure 8B). Mice co-injected with HCC827 and
BJ1-sgCTRL or BJ1-sgMCT4 were treated with oral metformin
to assess whether co-injections with BJ1-sgCTRL fibroblasts,
which have higher mitochondrial metabolism in the carcinoma
compartment (Figures 8G–K), were also more sensitive to
OXPHOS inhibition. Although it did not reach statistical
significance, co-injections of HCC827 with BJ1-sgCTRL treated
with metformin had a greater reduction in tumor growth than
co-injections with BJ1-sgMCT4 (Supplementary Figure 8C).
We performed the same experiment using phenformin, which is
a more potent OXPHOS inhibitor than metformin. In this case,
phenformin did significantly reduce tumor growth in HCC827
+BJ1-sgCTRL co-injections, whereas it did not in HCC827
Frontiers in Oncology | www.frontiersin.org 16
+sgMCT4 co-injections (Supplementary Figure 8D).
Consistently, phenformin treatment in vitro increased
carcinoma cell apoptosis and cell death in HCC827 co-cultured
with BJ1-sgCTRL, compared to co-culture with BJ1-sgMCT4
(Supplementary Figure 8E). Finally, we assessed the effects of
metformin treatment on carcinoma cell metabolism in tumors in
vivo. Prior to sacrifice, mice were injected with 2-NBDG, a
fluorescent glucose analogue that cannot be metabolized
through the first step of glycolysis, to measure glucose uptake
in the carcinoma cell compartment. 2-NBDG was assessed in
EPCAM-stained carcinoma cells by flow cytometry. HCC827
+BJ1-sgCTRL tumors treated with metformin showed increased
glucose uptake in HCC827 compared to untreated tumors,
consistent with a compensatory increase in glycolysis due to
OXPHOS inhibition by metformin (Supplementary Figure 8F).
HCC827+BJ1-sgMCT4 tumors at baseline had increased glucose
uptake in HCC827 cells compared to HCC827+BJ1-sgCTRL
tumors (Supplementary Figure 8F), consistently with the
previously observed decreased mitochondrial profile of
HCC827+BJ1-sgMCT4 tumors (Figures 8G–K). Metformin
treatment also increased glucose uptake in HCC827 co-injected
with BJ1-sgMCT4, however to a lesser extent than in BJ1-
sgCTRL co-injections (Supplementary Figure 8F). Lastly, we
determined MCT1 expression in HCC827+BJ1-sgCTRL tumors
treated with metformin, to assess mitochondrial metabolism in
carcinoma cells. Metformin decreased MCT1 expression in
HCC827 cells, suggesting a reduction in mitochondrial
metabolism due to OXPHOS inhibition by metformin
(Supplementary Figures 8G, H). Altogether, these data
suggest that the presence of MCT4-expressing fibroblasts
induces mitochondrial metabolism in carcinoma cells,
rendering them more susceptible to OXPHOS inhibition.
DISCUSSION

Tumors rely on the crosstalk between their different components
in order to grow and disseminate. Our work contributes to the
understanding of the metabolic interactions taking place between
carcinoma cells and stromal CAFs in ADT cancers. Here, we
have demonstrated that metabolic compartmentalization exists
in NSCLC, as it had been previously described in HNSCC by our
group (19). We have observed that the CAF-rich stromal
compartment expresses high levels of MCT4 and low levels of
IDH3a, markers of glycolysis, and that NSCLC carcinoma cells
express high levels of the mitochondrial metabolism markers
MCT1 and TOMM20. Moreover, we have begun to discern the
mechanisms that drive this metabolic profile in ADT cancers. In
co-culture models that recapitulate human metabolic
compartmentalization, we have demonstrated that the presence
of glycolytic CAFs promotes OXPHOS metabolism and ADT
carcinoma cell aggressiveness, including increased proliferation
and decreased apoptosis. Moreover, we have begun to define
PEPCK-M as a possible marker of glycolytic reprogramming in
fibroblasts. Also, in these ADT cancer models of tumor
metabolic compartmentalization, we have demonstrated that
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targeting fibroblast metabolism may be an effective anti-tumor
strategy. Pharmacological inhibition of HIF-1a and ROS, two
main drivers of glycolysis in CAFs, partially revert the glycolytic
phenotype by rescuing IDH3a and downregulating MCT4
expression in fibroblasts and reduce aggressiveness of ADT
carcinoma cells. Finally, we have demonstrated that fibroblast
MCT4 is a driver of carcinoma cell aggressiveness and tumor
growth, and that it promotes mitochondrial metabolism in the
carcinoma compartment, rendering tumors more susceptible to
OXPHOS inhibitors.

Metabolic reprogramming of the tumor microenvironment
and its role in supporting cancer growth is a promising research
area for the development of novel anti-cancer agents. In 2009,
Pavlides et al. proposed a new framework of cancer metabolism
that took into consideration the role of the tumor stroma (59). In
this model, reprogrammed CAFs adopt a glycolytic phenotype,
upregulate MCT4 and secrete high energy metabolites such as
lactate to the extracellular space, providing a nutrient-rich
microenvironment to carcinoma cells. In turn, carcinoma cells
upregulate the mitochondrial metabolism markers MCT1 and
TOMM20, and use CAF-derived metabolites to obtain energy via
OXPHOS (9–11). This metabolic cooperation, known as
metabolic compartmentalization or symbiosis, has been
confirmed in many human cancers, including HNSCC, and is
associated with aggressive disease (13–25). Here, we show that
markers of metabolic compartmentalization also exist in human
NSCLC in a similar pattern as previously found in HNSCC (19).
To our knowledge, this is the first study reporting that MCT4 is
upregulated in the stroma of NSCLC, compared to the stroma of
normal lung tissue. Consistent with previous reports, we also
observed an increased expression of MCT1 in LUSC carcinoma
cells, compared to normal pneumocytes, but not in LUAD (45,
60, 61). Even though in our cohort we found no MCT1
expression in LUAD samples, MCT1 has been found expressed
at low levels in carcinoma cells in some LUAD patients (60). In
fact, increased MCT1 expression has been associated with worse
prognosis and poor survival both in LUSC and LUAD (44, 46, 60,
62, 63). Importantly, ours is the first study evaluating the
expression of TOMM20 in human NSCLC and reporting that
this marker of mitochondrial mass and OXPHOS is highly
expressed in NSCLC compared to normal lung tissue. It is
worth noting that in human HNSCC, MCT1 and TOMM20
are found highly expressed in the proliferative carcinoma cells
(Ki-67 positive) of the leading edge which are the ones adjacent
to the glycolytic tumor stroma expressing high MCT4 (19). Here,
we did not assess carcinoma cell proliferation in human samples.
However, this is the first instance where the combined expression
of these three indicators of metabolic compartmentalization is
studied in NSCLC, demonstrating the existence of high glycolysis
in the stromal compartment and OXPHOS metabolism in the
carcinoma compartment.

CAFs, the main stromal cell type in ADT cancers, have pro-
tumorigenic functions. Several studies have shown
that reprogrammed CAFs enhance ADT carcinoma cell
proliferation, invasion, metastasis, stemness and resistance to
treatment in co-culture, conditioned media, and co-injection
Frontiers in Oncology | www.frontiersin.org 17
models (6, 64). Not surprisingly, the presence of CAFs is
associated with advanced disease and poor survival in human
ADT cancers (65–68). Consistent with others, we have shown
that co-culturing ADT carcinoma cells with fibroblasts promote
features of carcinoma cell aggressiveness, namely increased
proliferation and decreased apoptosis (Figure 9A). Metabolic
symbiosis with transfer of metabolites between carcinoma cells
and CAFs via MCTs is an example of intercellular
communication that promotes carcinoma cell progression (8,
55). Our co-culture models revealed drivers of metabolic
symbiosis, with upregulation of MCT4 expression in BJ1
fibroblasts, and upregulation of TOMM20 in ADT carcinoma
cells (Figure 9A). We also observed a downregulation of the
TCA cycle enzyme IDH3a in co-cultured BJ1 (Figure 9A),
which has been shown to induce glycolytic reprogramming in
CAFs by stabilizing HIF-1a (33), the main regulator of
glycolysis. Moreover, we observed for the first time that co-
cultured BJ1 increased the expression of PEPCK-M (Figure 9A),
a mitochondrial enzyme that regulates the metabolic adaptations
in response to nutrient stress conditions in carcinoma cells (34,
36–38). One study has reported that PEPCK activity promotes
glucose utilization and degradation to lactate in carcinoma cells,
especially under glutamine restriction (36). Another study has
shown that fibroblasts under glutamine deprivation upregulate
the transcription factor ATF4 (69), which is an activator of
PEPCK-M (70). Altogether, the data from the current study and
others suggests that PEPCK-M is involved in the glycolytic
reprogramming of CAFs. Interestingly, we found that in
conditions that promote glycolysis in fibroblasts, namely high
MCT4 expression and exposure to CSE (30, 51), PEPCK-M
expression was upregulated. These results suggest that MCT4
and PEPCK-M are part of the same cluster of metabolic
pathways, including glycolysis, that are reprogrammed upon
co-culturing of fibroblasts with carcinoma cells. Glycolysis may
regulate PEPCK-M expression and further studies will determine
whether PEPCK-M can also modulate MCT4 expression and if it
is necessary for the metabolic reprogramming of fibroblasts.
Additionally, we confirmed that IDH3a is not expressed and
that PEPCK-M is highly expressed in the tumor stroma of
human NSCLC, and further studies will determine whether
loss of IDH3a and/or high PEPCK-M may be used as
glycolytic markers of CAFs and whether they could have any
predictive value in ADT cancers. It is also worth noting that
other studies using various carcinoma and fibroblast cell lines,
including the ones used in our studies, have also demonstrated
that the presence of fibroblasts promotes metabolic symbiosis in
ADT cancers (13, 49, 50, 52, 71–75), indicating that metabolic
compartmentalization may occur independently of the genetic
background of carcinoma cells and the origin of fibroblasts.

Targeting the metabolism of the tumor stroma can potentially
lead to a metabolic collapse in carcinoma cells. Here we have used
two pharmacological strategies to modulate glycolysis in
fibroblasts (Figures 9A, B). As previously mentioned, HIF-1a is
a main driver of glycolysis as it transcriptionally activates many
genes in the glycolytic pathway (9, 28, 29, 33). The HIF-1a
inhibitor BAY 87-2243 upregulated the expression of IDH3a in
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BJ1 fibroblasts in co-culture with ADT carcinoma cells
(Figure 9B), suggesting us that high HIF-1a expression keeps
IDH3a expression at low levels to maintain the glycolytic
phenotype in co-cultured fibroblasts. Further research will be
needed to determine the existence of this feedback loop between
HIF-1a and IDH3a. BAY 87-2243, however, did not change the
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expression of MCT4 in co-cultured BJ1 fibroblasts, even though
MCT4 is transcriptionally activated by HIF-1a (29). This suggests
that upregulation of MCT4 in co-cultured BJ1 fibroblasts may also
be driven by other factors independently of HIF-1a activation, for
example by ROS which has also been described to induceMCT4 in
fibroblasts (9, 13, 22, 23, 51). Consistently, the antioxidant NAC
A

B

FIGURE 9 | Metabolic compartmentalization in ADT cancers and interventions to modulate fibroblast metabolism and carcinoma cell aggressiveness. (A) We have
demonstrated that both in patients and in experimental models of ADT cancers, CAFs are glycolytic, whereas carcinoma cells are mitochondria-rich and have
OXPHOS metabolism. We have shown that CAFs have increased levels of ROS. ROS are a mean of communication between metabolic compartments and known
inducers of HIF-1a stabilization in CAFs. HIF-1a drives glycolysis and transcriptionally regulates MCT4 and PEPCK-M. We have shown that CAFs have upregulation
of MCT4 and PEPCK-M, and that PEPCK-M expression may also be regulated by MCT4. MCT4 is located in the plasma membrane and is the main exporter of
glycolysis-derived lactate. Loss of IDH3a is also a driver of HIF-1a stabilization. We have shown that CAFs have downregulation of IDH3a expression and that
elevated levels of HIF-1a may in turn maintain the low expression of IDH3a. Both upregulation of MCT4 and loss of IDH3a are markers of glycolysis in CAFs, and we
define PEPCK-M as another possible marker of glycolytic reprogramming in CAFs. We have demonstrated that CAF glycolytic reprogramming can be targeted using
a HIF-1a inhibitor (BAY 87-2243) and an antioxidant (NAC). In the carcinoma cell compartment, we have demonstrated that the presence of glycolytic CAFs induces
ROS, MCT1 and TOMM20 expression and drives carcinoma cell aggressiveness, as seen by decreased cell death and increased proliferation, and tumor growth. In
bold are the elements studied in our report. Black arrows indicate previously described pathways. Green arrows indicate the novel findings reported here. Red
inhibitor arrows indicate NAC and BAY 87-2243 targets. (B) We have modulated CAF glycolytic metabolism and ADT carcinoma cell aggressiveness by means of
pharmacological and genetic interventions. The HIF-1a inhibitor BAY 87-2243 rescued IDH3a expression in CAFs and induced carcinoma cell apoptosis. The
antioxidant NAC reduced ROS levels and MCT4 expression in CAFs, and in carcinoma cells it reduced ROS levels, induced apoptosis and decreased proliferation.
Genetic knock-down (KD) or knock-out (KO) of MCT4 in CAFs increased apoptosis and decreased proliferation in carcinoma cells, and reduced growth and the
expression of MCT1, TOMM20, MCT4 and GLUT1 in tumors. Yellow boxes indicate effects in vitro. Red boxes indicate effects in vivo. CAF, Cancer-associated
fibroblast; ROS, reactive oxygen species; HIF-1a, hypoxia inducible factor 1 alpha; MCT4, monocarboxylate transporter 4; IDH3a, isocitrate dehydrogenase 3 alpha;
PEPCK-M, mitochondrial phosphoenolpyruvate carboxykinase; NAC, N-acetyl cysteine; MCT1, monocarboxylate transporter 1; TOMM20, translocase of the outer
mitochondrial membrane 20. Created with BioRender.com.
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decreased overall ROS levels in co-cultures of ADT carcinoma
cells and BJ1 fibroblasts and decreased MCT4 expression
specifically in BJ1 fibroblasts (Figure 9B). Similarly, NAC has
been shown to decrease MCT4 in fibroblasts in co-culture with
keratinocytes, breast and ovarian carcinoma cells, as well as in
breast cancer patients (27, 76–78). HIF-1a has been shown to be
necessary for the tumor-promoting effects of CAFs in NSCLC
(79), and ROS are important signaling molecules that sustain, in
part, the metabolic symbiosis between CAFs and carcinoma cells
(58). Treatment with either BAY 87-2243 or NAC induced
apoptosis and decreased proliferation in co-cultured ADT
carcinoma cells (Figure 9B). To the best of our knowledge, we
are the first to show that BAY 87-2243 and NAC can modulate
glycolysis in fibroblasts and features of aggressiveness in
carcinoma cells in models of ADT tumors. Further studies will
be needed to determine whether this detrimental effect of BAY 87-
2243 and NAC on carcinoma cell aggressiveness is at least partially
mediated by the inhibition of glycolytic metabolism in fibroblasts.

Numerous elements support the importance of stromal
MCT4 in ADT cancer progression. Elevated stromal MCT4 has
been associated with decreased overall survival in HNSCC
patients (32). In preclinical models, cigarette smoke, the main
causing agent of ADT cancers, has been shown to induce
glycolysis, MCT4 expression and lactate secretion in fibroblasts,
and that these reprogrammed fibroblasts drive HNSCC tumor
growth in an MCT4 dependent manner (51). Similarly, in a
chemical carcinogenesis model using 4-nitroquinoline 1-oxide
(4NQO), which mimics cigarette smoking, mice lacking MCT4
developed less invasive lesions in the tongue (80). The current
study provides the first evidence that MCT4 expression in the
stroma, and potentially in fibroblasts, is a key metabolic
determinant of ADT cancer aggressiveness. We have shown
that ADT carcinoma cells co-cultured with MCT4-knockdown
(KD) BJ1 fibroblasts (BJ1-sgMCT4) and MCT4-KO MEFs have
increased apoptotic rates and decreased proliferation compared
to co-cultures with MCT4-expressing fibroblasts (BJ1-sgCTRL
and WT-MEF) (Figure 9B). In various xenograft models, co-
injections of ADT carcinoma cells with BJ1-sgMCT4 or MCT4-
KO MEFs had a lower engraftment rate and generated smaller
tumors than control co-injections (Figure 9B). Moreover, in two
syngeneic models, co-injection of ADT carcinoma cells with
MCT4-KO MEFs into MCT4-KO mice, where all the stromal
infiltrate in tumors was MCT4-KO, generated smaller tumors
than co-injection with WT MEFs in a WT background
(Figure 9B). Interestingly, tumors generated from the co-
injection of HCC827 with BJ1-sgCTRL fibroblasts had more
stromal infiltrate, compared to BJ1-sgMCT4 co-injections
(Figure 9B). Moreover, BJ1-sgCTRL fibroblasts persisted in
tumors longer than BJ1-sgMCT4 fibroblasts and were enriched
in the regions adjacent to carcinoma cell nests. The presence of
an abundant stromal infiltrate could be promoting tumor growth
and explain at least in part the differences in tumor growth
between BJ1-sgCTRL and BJ1-sgMCT4 co-injections, as it is well
established that the presence of fibroblasts enhances ADT cancer
aggressiveness (6, 64–68). Changes in the tumor metabolism of
different compartments are another possible mechanism to
Frontiers in Oncology | www.frontiersin.org 19
explain the differences in tumor growth. Co-injections of
HCC827 with MCT4-KD and MCT4-KO fibroblasts had
decreased expression of MCT4, GLUT1, MCT1 and TOMM20
in carcinoma cells (Figure 9B). MCT4, GLUT1 and MCT1
expression in carcinoma cells are prognostic biomarkers in
ADT cancers (19, 39, 63, 81–86). TOMM20 has not been
described as a prognostic biomarker in ADT cancers, however
it is in other cancers (17, 47, 48). As previously mentioned,
MCT1 and TOMM20 are drivers of OXPHOS in carcinoma cells
used to define metabolic compartmentalization. Conversely,
GLUT1 and MCT4 are markers of glucose uptake and
glycolysis. It is worth noting that even though we have shown
s t r ong e v i d en c e o f a s t r oma l - c an c e r me t a bo l i c
compartmentalization in human ADT tumors, we recognize
that this is not the only metabolic profile found in these
metabolically heterogeneous malignancies. Glycolytic
carcinoma cells also exist in ADT cancers. However, markers
of glycolysis are found on hypoxic carcinoma cells further away
from the vasculature in ADT tumors, while markers of OXPHOS
are found in well oxygenated carcinoma cells close to the stroma
and blood vessels (84, 87, 88). Altogether, the data presented here
support that ADT tumors are metabolically heterogeneous, and
this promotes cancer aggressiveness. Moreover, it defines for the
first time that fibroblast MCT4 is a contributor of carcinoma cell
aggressiveness and a potential drug target in ADT cancers.

While there is still some disagreement on the predominant
metabolism in ADT cancers, detailed studies in human subjects
and in preclinical models demonstrate that NSCLC carcinoma
cells rely on mitochondrial metabolism for proliferation and
utilize lactate, rather than glucose, to fuel the TCA cycle (89–93).
Moreover, experimental models show that lactate drives
OXPHOS in ADT carcinoma cells, and that in turn lactate
fuels their mitochondrial metabolism and promotes their
growth (13, 49, 94–98). Altogether, this provides further
evidence of the existence of a compartmentalized metabolism
with high OXPHOS metabolism in ADT carcinoma cells.
Consistent with this reliance on mitochondrial metabolism,
here we have shown that tumors generated from the co-
injection of HCC827 carcinoma cells and BJ1-sgCTRL
fibroblasts, which had higher mitochondrial metabolism and
less glucose dependence in the carcinoma compartment, were
more susceptible to OXPHOS inhibition by metformin and
phenformin, than tumors from co-injections with BJ1-
sgMCT4. Moreover, in response to this OXPHOS inhibition,
HCC827 carcinoma cells downregulated MCT1 expression and
increased the uptake of glucose in vivo. Similarly, in co-culture
conditions that promote metabolic compartmentalization,
HCC827 carcinoma cells were more susceptible to OXPHOS
inhibition by metformin and phenformin. Previous studies from
our group had demonstrated that metformin affects carcinoma
cell metabolism and inhibits tumor growth in HNSCC (74).
Another study has shown that enhancing glycolysis in fibroblasts
makes HNSCC carcinoma cells more sensitive to metformin
(49). Altogether, the results from the current study and others
suggest that metabolic compartmentalization with high MCT4
expression in CAFs and high mitochondrial metabolism in
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carcinoma cells renders carcinoma cells more susceptible to
OXPHOS inhibition and reduces ADT tumor growth. Further
studies will be needed to determine whether inhibition of
OXPHOS in carcinoma cells decreases the ability to use
stromal-derived mitochondrial substrates leading to the
uncoupling of the metabolic symbiosis between carcinoma cells
and CAFs, and whether this is a mechanism by which metformin
and phenformin are able to decrease tumor growth in
ADT cancers.
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