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a Targetable Signaling Loop Implicated in Head
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Abstract

Despite aggressive therapies, head and neck squamous cell
carcinoma (HNSCC) is associated with a less than 50% 5-year
survival rate. Late-stage HNSCC frequently consists of up to 80%
cancer-associated fibroblasts (CAF). We previously reported that
CAF-secreted HGF facilitates HNSCC progression; however, very
little is known about the role of CAFs in HNSCC metabolism.
Here, we demonstrate that CAF-secreted HGF increases extracel-
lular lactate levels in HNSCC via upregulation of glycolysis.
CAF-secreted HGF induced basic FGF (bFGF) secretion from
HNSCC. CAFs were more efficient than HNSCC in using lactate
as a carbon source. HNSCC-secreted bFGF increased mitochon-

Introduction

Head and neck squamous cell carcinoma (HNSCC) is the fifth
most common cancer globally and represents more than 90% of
all head and neck cancers. Despite current scientific and thera-
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drial oxidative phosphorylation and HGF secretion from CAFs.
Combined inhibition of c-Met and FGFR significantly inhibited
CAF-induced HNSCC growth in vitro and in vivo (P < 0.001). Our
cumulative findings underscore reciprocal signaling between CAF
and HNSCC involving bFGF and HGF. This contributes to met-
abolic symbiosis and a targetable therapeutic axis involving c-Met
and FGFR.

Significance: HNSCC cancer cells and CAFs have a metabolic
relationship where CAFs secrete HGF to induce a glycolytic switch
in HNSCC cells and HNSCC cells secrete bFGF to promote lactate
consumption by CAFs. Cancer Res; 78(14); 3769-82. ©2018 AACR.

peutic advancements, there has been no significant improvement
in HNSCC patient survival over the past four decades (1). Con-
ventional treatment options, including surgical resection with
radiotherapy and/or chemotherapy, are associated with a low
5-year survival. Treatment failure with tumor recurrence is com-
mon among patients with HNSCC (2). The poor therapeutic
responses underscore the need for an improved understanding
of the tumor biology.

Over the past few decades, there has been a growing interest in
the tumor microenvironment and its role in tumor progression
and response to therapy. In addition to cancer cells, a tumor
comprises many stromal components, which include tumor-
infiltrating immune cells, endothelial cells, neuronal cells, lym-
phatic cells, cancer-associated fibroblasts (CAF), and the extra-
cellular matrix (3). In HNSCC, the surrounding stroma contains
an abundance of CAFs. Previous studies have reported that CAFs
secrete HGF (4, 5). Furthermore, CAF-secreted HGF binds and
activates c-Met tyrosine kinase receptor on HNSCC cells triggering
proliferation, invasion, and migration (5). HNSCC likely mod-
ulates the microenvironment CAFs by secreting basic FGF (bFGF).
Several cancer types secreted bFGF, including HNSCC (6). Secret-
ed bFGF binds to FGFR expressed on the cell surface of several cell
types and regulates proliferation and migration (7). FGFR inhi-
bition reduces HNSCC growth stimulated by human foreskin
fibroblasts (8). Although the autocrine regulation of bFGF is
documented, little is known about the paracrine regulation of
bFGF between HNSCC and CAFs. Furthermore, the role of CAFs in
HNSCC metabolism has not been elucidated.
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Unlike normal cells, malignant cells often display increased
glycolysis, even in the presence of oxygen, a phenomenon known
as the Warburg effect. The metabolic reprogramming of cancer
cells leads to the extensive use of glucose for their growth and
survival (9). Cells use two major pathways to produce ATP:
glycolysis and mitochondrial respiration through oxidative phos-
phorylation (OXPHOS). The glycolytic pathway involves a series
of reactions that converts glucose to pyruvate, resulting in ATP,
NADH, and hydrogen ions. Pyruvate can have three fates: con-
version to lactate, conversion of acetyl-CoA, or conversion to
alanine (10). In the conversion of pyruvate to lactate, NADH and
hydrogen ions are consumed by LDH5. Lactate and hydrogen ions
are pumped out of the cell by several mechanisms to maintain
homeostasis of the intracellular pH. The release of protons out of
the cell results in extracellular acidification. Pyruvate is also
converted to acetyl-CoA by pyruvate dehydrogenase to enter the
mitochondria and undergo OXPHOS. In many nontransformed
differentiated cells, such as neurons and fibroblasts, OXPHOS
produces most of the cellular ATP. In contrast, cancer cells heavily
depend on glycolysis for ATP production. This is supported by the
fact that HNSCC has increased lactate levels, which correlates with
reduced survival (11). The mechanisms whereby HNSCC tumors
survive highly acidic conditions remain unknown; yet, elucida-
tion would provide potential therapeutic targets. In addition,
comprehensive studies elucidating cross-talk between HNSCC
and the surrounding CAFs are lacking. We hypothesized that
CAF-secreted HGF regulates HNSCC metabolism and HNSCC-
secreted bFGF and lactate regulate CAF proliferation and mito-
chondrial OXPHOS. Our data elucidate a dynamic reciprocal
signaling between HNSCC and CAFs. Finally, building on
this mechanistic insight, we demonstrate the efficacy of simulta-
neous inhibition of c-Met and FGFR as a therapeutic approach
for HNSCC.

Materials and Methods

Cell culture

Patient samples were collected under the auspices of the Bios-
pecimen Repository Core at the University of Kansas Cancer
Center (Kansas City, KS) with written informed consent from
patients, using protocols approved by the Human Subjects Com-
mittee at the University of Kansas Medical Center, in accordance
with the U.S. Common Rule (45 CFR 46). CAFs were isolated from
HNSCC patient samples by dissecting the sample into <2-mm
components, and allowing the sample to adhere to 10-cm culture
dish. CAFs are characterized by their expression of o-smooth
muscle actin, and lack of expression of cytokeratin-14, as we
demonstrate in our previous publication (5). CAFs were cultured
for less than 12 passages to ensure biologic similarity to the origi-
nal specimen. Well-characterized HNSCC cell lines UM-SCC-1,
HN5, and OSC-19 (gifts from Dr. Thomas E. Carey, University of
Michigan, Ann Arbor, MI; Dr. Jeffrey N. Myers, MD Anderson
Cancer Center, Houston, TX; and Dr. Jennifer R. Grandis, Uni-
versity of Pittsburgh, Pittsburgh, PA, respectively, obtained in
2013-2014) all authenticated in 2017 by STR profiling (Univer-
sity of Arizona Genetics Core, Tucson, AZ), and confirmed to be
negative of Mycoplasma using PCR Mycoplasma Test Kit (MD
Biosciences), were used in this study (12). HNSCC cells and pri-
mary CAF lines were cultured and maintained in DMEM supple-
mented with 10% FBS in a humidified 37°C incubator with 5%
CO,. In all experiments, results obtained from primary patient
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lines were confirmed using at least two different patient samples.
Conditioned media were collected from a 95% confluent flask of
either cancer cells or fibroblasts for a period of 24 hours for cancer
cells and 72 hours for fibroblasts with serum-free DMEM.

Reagents

Growth factors, bFGF (#F0291) and HGF (#H5791), were
obtained through Sigma Aldrich. PF-02341066 (crizotinib) was
obtained from Active Biochem and AZD-4547 was obtained from
Chemietek.

Primary antibodies used are as follows: HKII (#2867), phos-
pho-p44/42 MAPK (#4370), bFGF (#3196), and TFAM (#8076)
were obtained from Cell Signaling Technology; MCT1 (NBP1-
59656) was obtained from Novus Biologicals; FGFR1 (E10580),
FGFR2 (E10570), and FGFR3 (E10230) were obtained from
Spring Bioscience; FGFR4 was obtained from R&D Systems.
B-Tubulin (T0198) was obtained from Sigma Aldrich. B-Actin
(#sc-1616) was obtained from Santa Cruz Biotechnology. Sec-
ondary anti-rabbit IgG Dylight 680 (#35568), anti-rabbit IgG
Dylight 488 (#35553), and anti-mouse IgG Dylight 800 (#35521)
were from Thermo Fisher Scientific.

Primer sequences used are as follows: bFGF (F: CTGTACTGC-
AAAAACGGG; R: AAAGTATAGCTTTCTGCC), ¢-MET (F: CATG-
CCGACAAGTGCAGTA; R: TCTTGCCATCATTGTCCAAC), HGF
(F: ATCAGACACCACACCGGCACAAAT; R: GAAATAGGGCAA-
TAATCCCAAGGAA), HKII (F: CAAAGTGACAGTGGGTGIGG;
R: GCCAGGTCCITCACTGTCTC), PFK-1 (F: GGCTACTGT-
GGCTACCTGGC; R: GCATGGAGTACAGGGAAACC), PGC-1a.
(F: CCGCACGCACCGAAATTCTC; R: GCCITCTGCCTGTGCCT-
CTC), TIGAR (F: CGGAATTCAGAACAGTITTTCCCAAGGATC-
TCC; R: CGGAATTCAACCTTAGCGAGTTTCAGTCAGTCC), and
B-actin (F: AGGGGCCGGACTCGTCATACT; R: GGCGGCA-
CCACCATGTACCCT) were all obtained from Thermo Fisher
Scientific.

Measurement of glycolysis and OXPHOS in HNSCC and CAFs

Extracellular acidification and oxygen consumption rates
(ECAR and OCR, respectively) were measured using the XF24
extracellular flux analyzer (Seahorse Bioscience). To assess the
effects of conditioned media or growth factors, cells were cultured
in serum-free media for 24 hours and then exposed to condi-
tioned media or growth factor, with or without inhibitors as
applicable, for 48 hours. Cells were washed with unbuffered
DMEM and equilibrated with 700 UL of prewarmed unbuffered
DMEM containing 1 mmol/L sodium pyruvate at 37°C for 30
minutes. Seahorse reagent concentrations are as follows: oligo-
mycin, 1 pmol/L (Sigma, O4876); 2-deoxyglucose, 100 mmol/L
(Sigma, D6134); glucose, 910 umol/L (Sigma, G5400); rotenone,
1 umol/L (Sigma, R8875); FCCP, 0.3 pmol/L (Sigma, C2920); all
flux analyses were normalized to protein content (assessed by
Bradford assay) within individual wells.

Immunoblotting

Whole-cell lysates were prepared using RIPA lysis buffer with a
mixture of protease and phosphatase inhibitors (Minitab,
Thermo Fisher Scientific) on ice. Equal amount of proteins were
separated through a 10% SDS-PAGE. Blots were blocked with
Odyssey blocking buffer, incubated with primary antibody over-
nightat 4°C, and dylight-conjugated secondary antibody for 1 to 2
hours. Protein bands were detected using the LI-COR odyssey
protein imaging system. Immunoblots for data presented were
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analyzed from at least three experimental repeats. Densitometric
analyses were performed with Image] (v1.50i).

Immunofluorescence

HNSCC and CAFs were plated in 8-well chamber slides (1 x
10* cells/well; in combination group, 5 x 10 cells of each cell
type were plated to maintain consistent cell number) under
serum-free conditions for 48 hours. Methanol (70%) was used
to fix cells, and subsequently, cells were treated with permeabi-
lization buffer [Triton X-100 (0.5%) in PBS]. Two percent BSA in
PBS solution was used to block cells. Cells were incubated in
primary antibody overnight (1:100 concentration at 4°C).
Dylight-conjugated antibody was used to detect primary antibo-
dies. Slides were mounted with a coverslip in VECTASHIELD
mounting media, and images were captured on Nikon Eclipse
TE2000 inverted microscope with a photometrics coolsnap HQ2
camera. Fluorescence intensity was quantified using Metamorph
software v. 7.8.0.0.

RNA analysis

RNA was extracted from harvested cells using TRIzol reagent
(Thermo Fisher Scientific) following the manufacturer's instruc-
tions. RNA was subjected to DNase digestion prior to cDNA
preparation using the SuperScript First-Strand Synthesis System
(Invitrogen). PCR products were resolved on agarose gel and
imaged. Agarose gel images of RT-PCR data presented were
analyzed from at least three experimental repeats. Densitometric
analyses were performed with Image]J (v1.50i).

Proliferation and migration assays

To assess CAF proliferation, 2 x 10> cells were plated in a
96-well plate in 10% FBS containing DMEM. The media were
then replaced with serum-free DMEM, HNSCC conditioned
media, or recombinant bFGF, with or without inhibitors
(AZD-4547 or rotenone) for 72 hours. Nuclear content across
treatment groups was assessed using the CyQUANT Assay Kit
(Thermo Fisher Scientific) per the manufacturer's instructions.
Fold change in CAF proliferation relative to the vehicle control
was determined.

To determine whether dual inhibition of c-Met and FGFR
mitigates CAF-induced HNSCC proliferation in admixed cultures
(2 x 10* cells of each cell type per 6-well plate), UM-SCC-1 cells
were stained with carboxyfluorescein diacetate succinimidyl ester
(CFSE) (Thermo Fisher Scientific) per the manufacturer instruc-
tions and extensively washed to remove unbound dye. Cells were
treated in duplicate with vehicle control (DMSO), AZD-4547
(2 umol/L), PF-02341066 (1 pmol/L), or a combination of both
inhibitors in serum-free DMEM. After 72 hours, cells were trypsi-
nized, washed, fixed in 70% ethanol, and suspended in 100 uL of
PBS. CFSE-stained UM-SCC-1 cells were analyzed by flow cyto-
metry at 488 nm. Data are presented as fold change in cell number
relative to the vehicle control.

To assess the effect of UM-SCC-1 on CAF migration, CAF
cells were seeded in duplicate transwell inserts (2 x 10 cells/
insert) with a pore size of 8 um (Thermo Fisher Scientific) in
serum-free media. The inserts were placed in the holding-well
containing vehicle control (DMSO), UM-SCC-1-CM with or
without AZD-4547 (2 umol/L) for 24 hours. The number of cells
that migrated through the transwell chamber was counted in 4
fields after hematoxylin and eosin (H&E) staining using the Hema
3 Kit (Thermo Fisher Scientific) by a blinded observer. Cells were
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plated in parallel along with the corresponding treatment in
96-well plates to assess cell viability using the CyQUANT Kit
(Thermo Fisher Scientific). The number of cells that migrated
through the insert was normalized to the cell viability. Fold
change in CAF migration in treatment arms relative to the vehicle
control was determined.

For single carbon source assessment, Biolog phenotype micro-
array (Biolog) was used following the manufacturer's instruc-
tions. A question was raised for glutamine and palmitate alone,
and these were not included on the Biolog plate. To assess these,
we plated cells (1 x 10* cells/well) in Hank's Balanced Salt
Solution (HBSS) with either glucose (Thermo Fisher Scientific)
alone, glutamine (Sigma-Aldrich) alone, or palmitate (Sigma-
Aldrich) conjugated to BSA (Thermo Fisher Scientific) to dissolve
palmitate (BSA as a control was also applied in glucose and
glutamine groups) and assessed proliferation over the same time
period (72 hours). Results were normalized to glucose.

siRNA

Cells were transfected with either pooled c-Met siRNA
(100 nmol/L; #sc-29397, pooled of three transcripts, Santa
Cruz Biotechnology, Inc.) or control siRNA (100 nmol/L;
Santa Cruz proprietary control sequence based upon ref. 13; Santa
Cruz Biotechnology, Inc.) using Lipofectamine-2000 (Invitrogen)
for 4 hours.

Lactate assessment

Lactate concentration in conditioned media assessed was using
L-lactate Assay Kit (Eton Bioscience), per the manufacturer's
instructions. Cells were plated (3 x 10° cells/dish in a 60-mm
dish) in various conditions for 48 hours following 24-hour serum
starvation.

ELISA

Human HGF (#RAB0212) and bFGF (#RAB0182) ELISA Kits
were obtained from Sigma-Aldrich. Cytokine levels were assessed
in duplicate wells, per the manufacturer's instructions. Cells were
plated (3 x 10° cells/dish in a 60-mm dish) in various conditions
for 48 hours following 24-hour serum starvation.

In vivo studies

All in vivo protocols were approved by the KUMC Institu-
tional Animal Care and Use Committee. To assess the in vivo
efficacy of targeting c-Met and FGFR, 100 puL of admixed
HNSCC (UM-SCC-1, 1 x 10° cells) and CAFs (0.5 x 10° cells)
in serum-free DMEM were inoculated into the right flank of
athymic nude-Foxnlnu mice. Mice were treated with vehicle
control (saline with 1% Tween-80), AZD-4547 (15 mg/kg/day),
PF-02341066 (15 mg/kg/day), or a combination of AZD-4547
and PF-02341066 via oral gavage, every day 5 days/week for 2
weeks. Tumor diameters were measured in two perpendicular
dimensions using a Vernier caliper, and the volume was cal-
culated as described previously (14), briefly (tumor volume =
long dimension x short dimension? x 0.52).

Statistical analysis

Data are reported as the mean + SEM. For in vitro experiments,
data were analyzed using Mann-Whitney test for comparison
between two groups and Kruskal-Wallis test for comparison of
multiple groups. For in vivo study, one-way ANOVA test was
employed to assess the level of significance in tumor volumes
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between treatment arms. Statistical analyses were performed
using GraphPad Prism 6 Version 6.03. Statistical significance was
claimed at 95% confidence level (P < 0.05).

Results

HNSCC demonstrates higher glycolytic potential than CAFs

Previously, we reported CAF-conditioned media (CM) regulate
HNSCC proliferation, migration, and invasion (5). HNSCC
tumors are highly glycolytic and increased glycolysis is associated
with tumor progression and metastasis. To elucidate the meta-
bolic preferences of HNSCC and CAFs, we assessed the ECAR and
the OCR to determine glycolytic capacity (Fig. 1A) and mitochon-
drial OXPHOS (Fig. 1B). Compared with CAFs, HNSCC cells
demonstrated a significantly higher glycolytic capacity than CAFs
(P < 0.0001). In contrast, the maximal respiration of CAFs was
significantly higher than HNSCC (P < 0.0001). To further char-
acterize preferential carbon sources for energy by HNSCC and
CAFs, we tested cell proliferation in the presence of a single carbon
source. CAFs demonstrate significantly greater growth (P =
0.0022) in the presence of lactate as a sole carbon source com-
pared with HNSCC (Fig. 1C). An additional finding was that
HNSCCs utilize fructose more efficiently than CAFs, which may
be a consequence of the increased glycolysis in HNSCC; however,
this finding was not followed in this study. As palmitate and
glutamine alone were not included in the Biolog assay plate, we
also tested the growth of HNSCC and CAFs exposed to these
carbon sources in HBSS and observed no significant differences
between HNSCC and CAFs in growth rates to palmitate or
glutamine alone (Supplementary Fig. S1A). This single cartbon
source assay suggests CAFs use lactate more efficiently than
HNSCC cells.

CAF-secreted HGF regulates HNSCC glycolysis through c-Met

We previously reported that paracrine activation c-Met by CAF-
secreted HGF is a contributing event to HNSCC progression (4, 5).
In addition, c-Met has been linked to glycolysis as c-Met inhibi-
tion reduces intracellular NADPH in nasopharyngeal carcinoma
cell lines by downregulating TP53-induced glycolysis and apo-
ptosis regulator (TIGAR; ref. 15). NADPH is generated when
glucose 6-phosphate is oxidized to ribose 5-phosphate in the
pentose phosphate pathway, and through the malic enzyme
conversion of malate to pyruvate (16). Importantly, NADPH
production correlates with glucose uptake (17). These studies led
us to question the role of CAF-secreted HGF in regulating HNSCC
glycolysis. Of note, HGF is secreted in the microenvironment by
CAFs, not HNSCC, and is readily detectable in CAF-CM (Supple-
mentary Fig. S1B; ref. 4). We found CAF-CM to significantly
increase the glycolytic capacity of HNSCC [HN5 (P = 0.0003)
and UM-SCC-1 (P = 0.0006); Fig. 1D and E|.

In order to further elucidate the role of HGF in inducing
HNSCC glycolysis, HNSCC cells were stimulated with recombi-
nant HGF, with or without c-Met inhibition using PF-02341066
(1 umol/L). HGF-induced HNSCC glycolysis was inhibited in
the presence of PF-02341066 (Fig. 1F and G). Inhibition of
HGF-induced ECAR and glycolytic capacity by PF-02341066
demonstrates that glycolysis in HNSCC is regulated by c-Met. To
confirm the increased ECAR was a result of glycolysis and not
by some other biological pathway, we directly assessed lactate
after HGF stimulation of HNSCC cells. We observed HGF to
enhance lactate production (Supplementary Fig. S1C). In order

3772 Cancer Res; 78(14) July 15, 2018

to rule out off-target effects of PF-02341066, HNSCC cells were
transfected with c-Met siRNA. c-Met knockdown significantly
reduced the ability of HGF (P = 0.0004) and CAF-CM (P <
0.0001) to increase the glycolytic capacity of HNSCC cells
(Fig. 1H and I). Met is activated through both ligand, HGF,
and ligand-independent means, such as with IGF1 or EGFRvVIII
(18, 19). PF-02341066 inhibition of c-Met even without
HGF applied demonstrates a pronounced decrease in glycolytic
capacity (Fig. 1F and G). C-MET silencing with siRNA also
demonstrates a decrease in glycolytic capacity (Fig. 1H and I),
alongside a decrease in HKII and PFK-1, regardless of HGF sti-
mulation (Supplementary Fig. S1D). As HGF is not secreted by
HNSCC, these data support a role for ligand-independent acti-
vation of Met in HNSCC glycolysis. Addition of HGF as a ligand
further promotes glycolysis.

c-Met regulates HNSCC glycolysis through hexokinase-II

Hexokinase-IT and phosphofructokinase are key rate-limiting
enzymes in the glycolytic cascade. Hexokinase-II is highly
upregulated in the early stage of tumorigenesis in several
cancers including HNSCC (20). Hexokinase-II levels in
HNSCC were induced by CAF-CM (Fig. 2A and B; Supplemen-
tary Fig. S2A). Furthermore, c-Met inhibition by PF-02341066
mitigated CAF-CM-induced hexokinase-II levels (P = 0.0364;
Fig. 2A and B). Knockdown of c-Met with siRNA mitigated
CAF-CM or HGF-induced hexokinase-II and phosphofructo-
kinase mRNA levels in HNSCC. These results suggest CAF-
secreted HGF induces key enzymes in the glycolytic pathway of
HNSCC.

Excessive glycolysis is associated with overexpression of the
lactate transporter MCT1, which is the best characterized trans-
porter of the MCT family (21). MCT1 is overexpressed in
HNSCC (11). We hypothesized CAFs enhance MCT1 levels in
HNSCC, facilitating lactate secretion from HNSCC. We
observed a significant increase in MCT1 levels in cocultured
HNSCC and CAFs as assessed by total fluorescent intensity of
the coculture [HN5 (P = 0.0010) and UM-SCC-1 (P =
0.0008); Fig. 2C-F]. In addition, CAF-CM increased MCT1
protein levels in HNSCC (Supplementary Fig. S2A). To evaluate
the role of c-Met in regulating MCT1 levels, we stimulated
HNSCC with HGF and with c-Met inhibitor PF-02341066.
Treatment with PF-02341066 mitigated HGF-mediated induc-
tion of MCT1 levels in HNSCC (Fig. 2G and H). Furthermore,
PF-02341066 treatment decreased HGF-induced lactate secre-
tion from HNSCC [HN5 (P = 0.0087) and UM-SCC-1 (P =
0.0125); Fig. 2I and J]. In addition, CAF-CM increased HNSCC
lactate secretion, and knockdown of MCT1 mitigated this
secretion (Supplementary Fig. S2B). These data demonstrate
that CAFs regulate HNSCC glycolysis by HGF induction of key
glycolytic enzymes and lactate efflux through MCT1.

CAF-secreted HGF regulates bFGF secretion from HNSCC

FGFRs are expressed in myofibroblasts from both normal oral
mucosa and HNSCC (22). However, aberrant FGFR signaling
plays an important role in the tumor progression (23). A previous
report demonstrated bFGF is essential for autocrine and paracrine
activation of FGFR (24). We demonstrate the expression of bFGF
in HNSCC cell lines and secretion of bFGF in HNSCC-CM
(Supplementary Fig. S3A and S3B); furthermore, we observe
strong expression of FGFR throughout patient-derived CAFs
(Supplementary Fig. S3C).
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Figure 1.

CAFs regulate HNSCC glycolysis through c-Met. A, Glycolytic capacity of HNSCC (HN5, UM-SCC-1, OSC19) and three patient-derived CAF lines assessed by
Seahorse flux analyzer. Graph represents cumulative results from three independent experiments. Combined graph represents mean of all three HNSCC lines
and all three CAF lines. B, Maximal respiration of HNSCC (HN5, UM-SCC-1, OSC19) and three patient-derived CAF lines assessed by Seahorse flux analyzer.
Graph represents cumulative results from three independent experiments. Combined graph represents mean of all three HNSCC lines and all three CAF lines.
C, Differential growth of CAFs versus HNSCC in single carbon sources over 72 hours. Data represent cumulative results from four CAF lines and three HNSCC cell lines.
D, Cumulative results of glycolytic capacity of HN5 exposed to two CAF-CMs. E, Cumulative results of glycolytic capacity of UM-SCC-1 exposed to two CAF-CMs.
All error bars, 4+ SEM. F, HN5 treated with recombinant HGF (30 ng/mL) and/or c-MET inhibitor, PF-02341066 (1 umol/L). ECAR normalized to protein content per
well. Cumulative results of glycolytic capacity graphed across treatment arms. G, UM-SCC-1 treated with recombinant HGF (30 ng/mL) and/or c-MET inhibitor, PF-
02341066 (1umol/L). ECAR normalized to protein content per well. Cumulative results of glycolytic capacity graphed across treatment arms. H, UM-SCC-1treated with
recombinant HGF (30 ng/mL) and either control siRNA (CTRL) or c-MET siRNA. ECAR normalized to protein content per well. Cumulative results of glycolytic capacity
graphed across treatment arms. I, UM-SCC-1 treated with CAF-CM and either control siRNA (CTRL) or c-MET siRNA. ECAR normalized to protein content per well.
Cumulative results of glycolytic capacity graphed across treatment arms.
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Figure 2.

CAF-secreted HGF regulates HNSCC glycolytic enzymes and lactate production. A and B, Representative immunoblot of hexokinase-Il (HXK-II) protein levels
of HN5 treated with CAF-CM and/or c-MET inhibitor, PF-02341066 (1 umol/L). B-Tubulin served as loading control. Cumulative densitometric analysis of
hexokinase-Il/B-tubulin normalized to vehicle control-treated lane. C and D, Representative immunofluorescent image (magnification, x200) of MCT1 (green) on
HN5, CAFs, or coculture of HN5 and CAFs. Number of cells kept constant between wells. MCT1 levels were assessed as total fluorescent intensity and cumulative
results. E and F, Representative immunofluorescent image (magnification, x200) of MCT1 (green) on UM-SCC-1, CAFs, or coculture. Number of cells kept
constant between wells. MCT1 levels were assessed as total fluorescent intensity and cumulative results. G, Representative immunoblot of MCT1 protein levels
expressed in HN5 with treatment of recombinant HGF (30 ng/mL) and/or PF-02341066 (1 umol/L). B-Tubulin served as loading control. H, Representative
immunoblot of MCT1 protein levels expressed in UM-SCC-1 with treatment of recombinant HGF (30 ng/mL) and/or PF-02341066 (1 umol/L). B-Tubulin served as
loading control. I, Lactate secretion as assessed by enzymatic based absorbance assay of HN5 treated with HGF (30 ng/mL) and/or PF-02341066 (1 umol/L).
Data represent cumulative normalized to vehicle control-treated cells. J, Lactate secretion as assessed by enzymatic based absorbance assay of HN5 treated with
HGF (30 ng/mL) and/or PF-02341066 (1 umol/L). Data represent cumulative results normalized to vehicle control-treated cells. Error bars, + SEM.
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c-Met regulates bFGF expression in HNSCC. A and B, Representative PCR product of bFGF mRNA in UM-SCC-1 treated with CAF-CM for the indicated time points.
B-Actin served as loading control. Graph depicts cumulative densitometric results of three independent experiments of bFGF/B-actin normalized to vehicle
control-treated cells at each time point. C, Graph depicts ELISA protein assessment of bFGF secreted from HN5 exposed to three different CAF-CMs.
Cumulative data from three independent experiments are normalized to vehicle-treated cells at each time point. D, Graph depicts ELISA protein assessment
of bFGF secreted from UM-SCC-1 exposed to either HGF (30 ng/mL) and/or c-MET inhibitor, PF-02341066 (1 umol/L). Cumulative data from three independent
experiments are normalized to vehicle-treated cells. E and F, Representative PCR product of c-MET, bFGF, or B-actin (as loading control) mRNA in UM-SCC-1
exposed to CAF-CM with either control siRNA (CTRL) or c-Met siRNA. Cumulative results from three independent experiments of bFGF/B-actin normalized

to CTRL siRNA, vehicle-treated UM-SCC-1. Error bars, 4+ SEM.

We questioned the interplay of CAF-secreted HGF in stimulat-
ing bFGF from HNSCC. CAF-CM induced bFGF mRNA expression
and protein secretion (Fig. 3A-C). Inhibition of c-Met by either
PF-02341066 or siRNA significantly reduced HGF-induced or
CAF-CM-induced bFGF secretion from HNSCC (P = 0.006;
Fig. 3D-F; Supplementary Fig. S3D). Taken together, these data
demonstrate CAF-secreted HGF regulates bFGF expression and
secretion in HNSCC through c-Met.

www.aacrjournals.org

HNSCC-secreted bFGF stimulates OXPHOS, proliferation, and
migration in CAFs

Under physiologic conditions, normal cells use OXPHOS to
produce cellular energy. In contrast, cancer cells rely heavily on
glycolysis to produce energy and promote tumor progression.
Recent studies demonstrate metabolic reprograming in CAFs
promotes tumor progression (25). For example, highly glycolytic
lung tumors reprogram their stromal cells to survive even in low
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Figure 4.

HNSCC regulates CAFs through bFGF induction of OXPHOS. A, HNSCC-CM (UM-SCC-1)-enhanced CAF migration is attenuated by AZD-4547 (2 umol/L).
Migration assessed using transwell assay. Data represent cumulative results from three independent experiments and are normalized to cell viability. B, HNSCC-CM
(UM-SCC-T)-enhanced CAF invasion is attenuated by AZD-4547 (2 umol/L). Invasion assessed using transwell assay. Data represent cumulative results from
three independent experiments and are normalized to cell viability. Error bars, + SEM. €, HNSCC-CM-enhanced CAF proliferation is attenuated by AZD-4547
(2 umol/L). Three CAF lines were treated with UM-SCC-1-CM and/or AZD-4547. Graphs depict three independent experiments for each cell line. D, HNSCC-induced
CAF proliferation is dependent on OXPHOS. Proliferation of CAFs in the presence of bFGF (100 ng/mL) and/or rotenone (5 umol/L). Graph depicts
cumulative results of three experiments plated in triplicate; error bars, + SEM. E, CAFs were treated with HN5-CM or UM-SCC-1-CM and/or FGFR inhibitor,
AZD-4547 (2 umol/L). Data normalized to protein content per well. Graph depicts fold change in maximum respiration normalized to basal media control cells.
F, Representative PCR product of PGC-lo. and TIGAR from two patient-derived CAF lines treated with bFGF (100 ng/mL); B-actin served as loading control.
G, Representative immunoblot of TFAM from two patient-derived CAF lines treated with bFGF (100 ng/mL). B-Actin served as loading control.
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glucose conditions (26). Recently, FGFR was shown to activate
mitochondrial pyruvate dehydrogenase kinase-1 (PDK1) and
regulate the metabolic activity of cancer cells (27). Based upon
this, we hypothesized HNSCC-secreted bFGF mediates and
alters CAF metabolism. In support of this, we observed
HNSCC-CM to increase CAF migration, invasion and prolifera-
tion in an FGFR-dependent manner (Fig. 4A-C). In order to
determine whether mitochondrial OXPHOS was necessary for
CAF proliferation, we treated CAFs with increasing doses of
rotenone, a mitochondrial complex I inhibitor to determine the
ICs value. We then used half the ICs, to inhibit mitochondrial
OXPHOS without inducing cell cytotoxicity over 72 hours.
Our data demonstrate that rotenone treatment significantly atten-
uated bFGF induction of CAF proliferation (P < 0.0001; Fig. 4D).
This indicates the regulation of OXPHOS in CAFs is necessary to
obtain the proliferation phenotype. We assessed OXPHOS in
CAFs treated with HNSCC-CM with or without pan-FGFR inhib-
itor, AZD-4547. HNSCC-CM increases maximal respiration in
CAFs, which is mitigated by AZD-4547 [HN5-CM (P < 0.0001)
and UM-SCC-1 (P = 0.002); Fig. 4E|. These results suggest
HNSCC-secreted bFGF plays an important role in the regulation
of OXPHOS in CAFs.

Expression of TIGAR promotes mitochondrial OXPHOS
in breast carcinoma cells through the utilization of lactate and
glutamate (28). In addition, TIGAR hydrolyses fructose-
2,6-bisphosphate and fructose-1,6-bisphosphate decreasing
their levels and consequently reducing glycolysis (15). We
tested the effect of bFGF on TIGAR mRNA levels in two
patient-derived CAF lines. Our data demonstrate that bFGF
induced the expression of TIGAR in both CAF lines (Fig. 4F). In
addition, FGF signaling has previously been associated with
activation of peroxisome proliferator-activated receptor y coac-
tivator-1a (PGC-10; ref. 29). PGC-10. is a well-known regulator
of mitochondrial OXPHOS (30-32). In CAFs, bFGF induced
PGC-1a expression (Fig. 4F). PGC-1o enhances the transcrip-
tion of transcription factor A, mitochondrial (TFAM), an
important transcription factor in mitochondrial biogenesis
and OXPHOS (31, 32). bFGF induces the expression of TFAM
in CAFs (Fig. 4G). These data indicate that bFGF attenuates
CAF glycolysis through increased transcription of TIGAR
and stimulates CAF OXPHOS by inducing the expression of
PGC-1a and TFAM.

These results demonstrate HNSCC-secreted bFGF regulates
CAF OXPHOS, proliferation, migration, and invasion. More-
over, FGFR inhibition did not return CAF proliferation and
migration to baseline levels, indicating a role for other HNSCC-
secreted factors. Nonetheless, these data support HNSCC-
secreted bFGF as a key factor responsible for the induction of
CAF mitochondrial OXPHOS, proliferation, and migration.
This finding is particularly important as invasive CAFs may
lead the metastatic cascade (33).

HNSCC-secreted bFGF regulates HGF secretion from CAFs
Because HNSCC induces CAF HGF secretion (5), we assessed
whether CAF-secreted HGF was a consequence of HNSCC-secret-
ed bFGF. We demonstrate FGFR inhibition significantly reduces
HNSCC-CM-induced HGF expression and secretion from CAFs
[CAF-1 (P = 0.021), CAF-2 (P = 0.029), and CAF-3 (P =
0.020); Fig. 5A-C]. With this observation, we wanted to further
delineate the mechanism of bFGF regulating HGF. Activation of
FGFR triggers phosphorylation and signaling through p44/42

www.aacrjournals.org
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MAPK. We found HNSCC-CM significantly induced phosphory-
lation of p44/42 MAPK in CAFs, which was attenuated by
FGFR inhibition (P = 0.033; Fig. 5D and E). Moreover, p44/42
MAPK inhibition with U0126 decreased HGF expression in
CAFs (Fig. 5F). Taken together, these results suggest that
HNSCC-secreted bFGF induces p44/42 MAPK phosphorylation,
which in turn regulates HGF production in CAFs.

Combined inhibition of c-Met and FGFR inhibits
CAF-facilitated HNSCC proliferation in vitro and xenograft
growth in vivo

With this reciprocal symbiosis, we sought to determine
the effect of combinatorial c-Met and FGFR inhibition in
HNSCC-CAF models. HNSCC rapidly proliferates in the pres-
ence of CAFs, with a 2-fold increase observed (Fig. 6A). Using
combined treatment with c¢-Met inhibitor PF-02341066 and
FGFR inhibitor AZD-4547, HNSCC proliferation induced by
CAFs was significantly decreased compared with either single
agent alone (P < 0.0001; Fig. 6A). In cocultured cells, the
reciprocal activation of c-Met on HNSCC and FGFR on CAFs
further induces signaling, resulting in increased tumor glycol-
ysis and growth. Combined inhibition of both receptors in
admixed cultures interferes with the reciprocal signaling
between the two cell types. Thus, the combination treatment
group reduced HNSCC proliferation below CAF-induced levels.
We assessed the combinatorial effect by Bliss analysis and
found the combination of PF-02341066 and AZD-4547 to be
additive in nature (Supplementary Fig. S4A). The combined
inhibition of both cell populations potentiates the effect of
targeting cell population alone and demonstrates the thera-
peutic relevance of combination therapy in vitro.

We previously observed CAF and HNSCC xenograft tumors
grow at a faster rate than HNSCC alone (5). Thus, we sought
to determine the antitumor efficacy of combined inhibition of c-
Met and FGFR in an admixed HNSCC-CAF model. HNSCC
(UM-SCC-1) cells admixed with CAFs (2:1 ratio) were injected
subcutaneously in the flank of athymic nude-Foxnlnu mice.
Established tumor-bearing mice were treated orally every day
with vehicle control, PF-02341066 (15 mg/kg every day),
AZD-4547 (15 mg/kg every day), or the combination of PF-
02341066 and AZD-4547 (15 mg each/kg every day) for 5 days
a week. Combined treatment with PF-02341066 and AZD-4547
demonstrated significant reduction in tumor volume compared
with treatment with either agent alone (P < 0.001; Fig. 6B).
Moreover, the reduction in tumor weight on combined treatment
was significantly decreased compared with either PF-02341066
(P = 0.035) or AZD-4547 (P = 0.048) treatment alone (Fig. 6C
and D). No significant differences were observed in HNSCC-only
xenografts (Supplementary Fig. S4B). Taken together, our data
suggest that combined inhibition of FGFR and c-Met has greater
antitumor effects than either agent alone.

Discussion

In spite of recent advances in cancer treatment, current thera-
pies for HNSCC are associated with poor survival and high
morbidity. Innovative therapeutic strategies are needed for
improved treatment of this disease. Despite a long-known recog-
nition that the enhanced proliferation of cancer cells is associated
with altered energy metabolism, no therapeutics are clinically
available for patients with HNSCC that target metabolism. In

Cancer Res; 78(14) July 15, 2018
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Figure 5.

HNSCC cells regulate HGF levels in CAFs via FGFR and MAPK. A and B, Representative PCR product of HGF and B-actin (used as loading control) in CAFs
treated with UM-SCC-1-CM and/or FGFR inhibitor, AZD-4547 (2 umol/L). Graph depicts cumulative results of three independent experiments. C, ELISA

protein assessment of HGF secreted from three CAF lines treated with UM-SCC-1-CM and/or AZD4547 (2 umol/L). Graph depicts cumulative results from three
independent experiments normalized to vehicle control-treated CAF. D and E, Representative immunoblot of phospho-p44/42 MAPK and B-tubulin (used as
loading control) in CAFs treated with UM-SCC-1-CM and/or AZD4547 (2 umol/L). Graph depicts cumulative results from three independent experiments of
phospho-p44/42 MAPK/B-tubulin normalized to vehicle control-treated CAFs. F, Representative PCR product of HGF and B-actin (used as loading control)

of CAF treated with either bFGF (100 ng/mL) and/or p44/42 MAPK inhibitor, U0126 (10 umol/L).
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addition, the underlying biology explaining a mechanism for
dysregulated metabolism is poorly understood. We find in this
study that CAFs promote HNSCC glycolysis and act as a cellular
compartment to sequester and use the resultant lactate. This
creates a metabolic symbiosis where both cell types feed off each
other to enhance proliferation, migration, and progression of this
disease (Fig. 7).

A large portion of late-stage HNSCC tumors consists of CAFs.
An increased ratio of CAFs to HNSCC correlates with increased
tumor volume (34). In addition, migrating HNSCC-derived CAFs
lead the invasive front in the metastatic process (33). Reciprocal
signaling between the tumor and stroma has been reported in
several cancers to facilitate tumor growth, invasion and resistance
to therapy. Even though great strides have been made in under-
standing cancer cell metabolism, there exists a large gap in the
knowledge pertaining to metabolic symbiosis between the tumor
and cells in the microenvironment.

www.aacrjournals.org

P=0.048
—
P=0.035

"

Vehicle control @ @9 9o
azoassr O @ Q0

PF-02341066 0 @ @ @ ®

AZD-4547+PF-02341066 ® © © & »

+
+

Previously, we reported that CAFs enhance HNSCC growth and
metastasis (4, 5). Furthermore, we and others reported that c-Met
and its ligand HGF are overexpressed in various cancer types
including HNSCC (4, 35). Although we could not detect HGF
secretion from HNSCC cell lines (Supplementary Fig. S2A), we
reported that paracrine activation of c-Met by CAF-secreted HGF
facilitates HNSCC progression (4). Very little is known about
the regulation of HGF in CAFs and its impact on HNSCC
metabolism.

HNSCC tumors are highly glycolytic and are routinely diag-
nosed using '®F-fluorodeoxyglucose PET ('®F-FDG-PET) imaging.
18E.FDG uptake in HNSCC tumors correlates with high lactate
levels, poor prognosis, and reduced survival (36). In addition to
glycolysis, glutaminolysis also produces lactate in cancer cells.
However, it has been demonstrated that glucose, not glutamine,
is the dominant energy source in a panel of 15 HNSCC cell
lines (37).
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Schematic representation of tumor-stroma metabolic symbiosis. HNSCC-secreted bFGF increases p44/42 MAPK phosphorylation, which induces secretion

of HGF from CAFs, which bind to the c-Met receptor on HNSCC cells inducing secretion of bFGF from HNSCC cells. Furthermore, HGF regulates the
expression of hexokinase-Il (HXK-II) and increases cellular glycolysis. Lactic acid produced through glycolysis is transported out of the cells by monocarboxyl
transporter 1 (MCT1). The lactic acid is used by CAFs as a source of energy through OXPHOS. OXPHOS in CAFs is induced by agonization of FGFR by bFGF.
This induces increased expression of PGC-1o. and TFAM, which increase OXPHOS. In addition, bFGF induces the expression of TIGAR (p53-inducible
regulator of glycolysis and apoptosis), which downregulates glycolysis and increases OXPHOS. All in all, CAFs and HNSCC metabolically couple to facilitate

tumor progression, and targeting this symbiosis inhibits tumor growth.

Lactate produced as a byproduct of glycolysis is actively
transported out of the cell by MCT1, a bidirectional lactate
transporter that is overexpressed in several tumors (38). MCT'1
inhibition decreases lactate efflux, proliferation, cell biomass,
migration, and invasion in breast cancer cells (39). A high level
of stromal MCT1 is a negative prognostic factor in non-small
cell lung cancer (40). Our data demonstrate an increase in
MCT1 levels in admixed cultures of HNSCC and CAFs. C-Met
inhibition reduced MCT1 levels and lactate production in
HNSCC cells. This corroborates reports that link MET signaling
intermediates MAPK and STAT3 with MCT1 (41, 42).

Expression of FGFR and its ligands has been reported in
various cancers, including HNSCC (43). FGFR plays a pivotal
role in tumorigenesis by regulating a multitude of processes,
including cell survival, proliferation, metastasis, and angiogen-
esis (44). FGFR has been linked to metabolic alterations as
FGFR knockout mice demonstrate altered metabolism, and
FGFR1 directly regulates mitochondrial respiration through
indication of PGC-1a (45, 46). Our data demonstrate that
bFGF stimulation of CAFs induces the expression of PGC-1a
and its downstream target TFAM. TFAM is a stimulatory com-
ponent of the transcriptional complex that regulates the expres-
sion of all 13 proteins encoded by mitochondrial DNA that
function as essential subunits of respiratory complexes I, III, IV,
and V (47). In addition, we demonstrate increased transcrip-
tion of TIGAR in CAFs. TIGAR hydrolyses fructose-2,6-bispho-
sphate and fructose-1,6-bisphosphate, decreasing their levels
and consequently reducing glycolysis in nasopharyngeal car-
cinoma (15). In addition, TIGAR promotes mitochondrial
OXPHOS in breast carcinoma cells through the utilization of
lactate and glutamate (28). Increased expression of TIGAR,
PGC-10a, and TFAM on bFGF stimulation in CAFs indicates
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the mechanism by which CAFs undergo metabolic reprogram-
ming to enhance OXPHOS.

In this work, we demonstrate that c-Met inactivation alters
HNSCC metabolism alongside a mitigation of CAF-stimulated
bFGF protein secretion from HNSCC. Activation of multiple
signaling pathways occurs downstream of HGF/c-Met. These
include p44/42 MAPK (p44/42 MAPK) and PI3K/Akt (48). Fur-
thermore, FGFR inhibition reduced both HNSCC and stromal
compartments in xenograft models (8). Our data corroborate and
extend previous reports demonstrating bFGF-mediated FGFR
activation triggers downstream p44/42 MAPK signaling, a well-
known regulator of cell proliferation (49). Indeed, FGFR mediates
proliferation of CAFs on stimulation with HNSCC conditioned
media. Inhibition of mitochondrial OXPHOS using half the ICs,
dose of rotenone attenuated bFGF-induced CAF proliferation
without significant cytotoxicity. Mitochondrial OXPHOS has
been reported to be important for proliferation in other cell types
(50, 51). In addition to regulating cell proliferation, our data
demonstrate that HNSCC cells regulate HGF secretion from CAFs
via FGFR. This finding is in agreement with previous reports
demonstrating regulation of HGF secretion by bFGF in mesen-
chymal cells (52), and in murine cells (53). Together, these
findings support our hypothesis of a dynamic reciprocal interac-
tion between HNSCC and CAFs that facilitates HNSCC tumor
metabolism and progression through c-Met/FGFR signaling as
shown in Fig. 7.

Clinically relevant small-molecule c-Met inhibitor PF-
02341066 (crizotinib) effectively reduces HNSCC growth in vitro
and in vivo and circumvents acquired resistance to molecular
targeted therapy (54). PF-02341066 is a competitive ATP inhib-
itor that induces apoptosis and inhibits cell proliferation, angio-
genesis, migration, and invasion in multiple preclinical cancer
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models. Furthermore, PF-02341066 potentiates the effects of
radiation and chemotherapeutic agents. Here, we have shown
that c-Met inhibition with PF-02341066 reduced glycolysis and
bFGF expression in HNSCC. AZD-4547 is a clinically relevant
small-molecule pyrazoloamide derivative, pan-FGFR tyrosine
kinase inhibitor (55). AZD-4547 has been reported to inhibit
progression of numerous cancers, and we demonstrate that FGFR
inhibition with AZD-4547 reduces OXPHOS, proliferation,
migration, and HGF expression in CAFs.

Based on our mechanistic insights, we tested the antitumor
efficacy of FGFR inhibitor AZD-4547 in combination with c-Met
inhibitor PF-02341066 both in vitro and in vivo and show, for the
first time, that the combination treatment significantly inhibited
HNSCC growth in vitro and in vivo. Our cumulative findings
underscore the therapeutic potential of combinatorial treatment
with PF-02341066 and AZD-4547 in HNSCC.
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