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The Warburg effect is a predominant metabolic pathway in cancer cells characterized by enhanced glucose uptake and its con-
version to L-lactate and is associated with upregulated expression of HIF-1a and activation of the EGFR-MEK-ERK, Wnt-p-cate-
nin, and PI3K-AKT signaling pathways. (R,R')-4’-methoxy-1-naphthylfenoterol ((R,R’)-MNF) significantly reduces proliferation,
survival, and motility of PANC-1 pancreatic cancer cells through inhibition of the GPR55 receptor. We examined (R,R’)-MNF’s
effect on glycolysis in PANC-1 cells and tumors. Global NMR metabolomics was used to elucidate differences in the metabo-
lome between untreated and (R,R)-MNF-treated cells. LC/MS analysis was used to quantify intracellular concentrations of -
hydroxybutyrate, carnitine, and L-lactate. Changes in target protein expression were determined by Western blot analysis. Data
was also obtained from mouse PANC-1 tumor xenografts after administration of (R,R’)-MNF. Metabolomics data indicate that
(R,R")-MNF altered fatty acid metabolism, energy metabolism, and amino acid metabolism and increased intracellular concen-
trations of p-hydroxybutyrate and carnitine while reducing L-lactate content. The cellular content of phosphoinositide-
dependent kinase-1 and hexokinase 2 was reduced consistent with diminished PI3K-AKT signaling and glucose metabolism.
The presence of the GLUT8 transporter was established and found to be attenuated by (R,R)-MNF. Mice treated with (R,R))-
MNF had significant accumulation of L-lactate in tumor tissue relative to vehicle-treated mice, together with reduced levels of
the selective L-lactate transporter MCT4. Lower intratumoral levels of EGFR, pyruvate kinase M2, B-catenin, hexokinase 2, and
p-glycoprotein were also observed. The data suggest that (R,R)-MNF reduces glycolysis in PANC-1 cells and tumors through
reduced expression and function at multiple controlling sites in the glycolytic pathway.

Introduction

Aerobic glycolysis, the “Warburg effect,” is a predominant meta-
bolic pathway in cancer cells characterized by enhanced glucose
uptake and its conversion to 1-lactate."” This pathway is a multi-
component system and includes glucose transporter (GLUT)-
facilitated cellular uptake of glucose, conversion of glucose to
glucose-6-phosphate via hexokinase (HK), formation of pyruvate

from phosphoenolpyruvate catalyzed by pyruvate kinase M2
(PKM2), conversion of pyruvate to L-lactate by lactate dehydroge-
nase A (LDHA), and the export of 1-lactate by the MCT4 isoform
of the monocarboxylate transporter family.” Some of the meta-
bolic intermediates of glycolysis include those implicated in the
pentose phosphate pathway and processes leading to the biosyn-
thesis of hexosamine, glycerol-3-phosphate, and serine/glycine.”
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What’s new?

GPR55 receptor antagonist

Aerobic glycolysis is a multi-component system that serves as the primary means of energy generation in cancer cells. As one
of several interrelated processes associated with tumorigenesis, it is a key target in cancer therapy. A promising inhibitor is
(R,R)-4-methoxynaphthylfenoterol, or (R,R")-MNF, which targets the pro-oncogenic G protein-coupled receptor GPR55. This
study shows that (R,R))-MNF effectively reduces glycolysis in both human PANC-1 pancreatic cancer cells and a murine xeno-
graft model. The inhibitor attenuated the expression and function of multiple factors in the glycolytic pathway. In mice, (R,R)-
MNF resulted in decreased MCT4 expression and lactic acid accumulation in tumors.

Recent studies of metabolic reprogramming indicate that
the “Warburg effect” is only one aspect of several interrelated
processes associated with tumorigenesis.>* This integrated sys-
tem includes interaction between tumors and their microenvir-
onments via transporter and symporter proteins such as MCT1
and MCT4, the Na"-HCO; cotransporter NBCnl, carbonic
anhydrases, and the Na*/H™" exchanger. Metabolic reprogram-
ming is also associated with increased expression and stabiliza-
tion of hypoxia-inducible factors (HIF), primarily HIF-1a, and
enhanced intracellular signaling through the EGFR-MEK-ERK,
Wnt-B-catenin, and PI3K-3-phosphoinositide-dependent pro-
tein kinase-1 (PDK1)-AKT pathways.>’

Because metabolic reprogramming is a central component
of tumor growth, metastasis, and immunoresistance, blunting
its effects is a key therapeutic objective.*> One approach is
targeting specific facets of the glycolytic process using inhibi-
tors such as 2-deoxyglucose, lonidamine, and 3-bromopyru-
vate.>® The combination of glycolytic inhibitors with other
treatment modalities has increased the effectiveness of cis-
platin in ovarian cancer cells® and photodynamic therapy in
breast cancer cells.” However, the interrelationships and
redundancies involved in metabolic reprogramming require
the targeting of multiple aspects of the glycolytic process,
exemplified by the use of 2-deoxyglucose and the mitochon-
drial respiration inhibitor metformin.®

(R,R)-4'-Methoxy-1-naphthylfenoterol ((R,R)-MNF) is a
bi-functional anticancer agent that inhibits the G protein-
coupled receptor GPR55 and activates the {3,-adrenergic
receptor (B,-AR).” GPR55 is a cannabinoid receptor-like G
protein-coupled receptor that has pro-oncogenic properties
and whose expression correlates with tumor aggressiveness in
a number of tumors including pancreatic, breast and glioblas-
toma.'”'> We have recently demonstrated that in human-
derived PANC-1 pancreatic cancer cells (RR’)-MNF-medi-
ated GPR55 inhibition results in (1) an attenuation of intra-
cellular signaling through the EGFR-MEK-ERK, Wnt-B-
catenin and PI3K-AKT pathways; (2) lower nuclear concen-
trations of HIF-la and the phospho-active forms of PKM2
(pSer37-PKM2) and B-catenin (pTyr333-B-catenin); and (3)
reduced expression of 3-catenin, PKM2, HIF-1a, EGFR, and
transporters associated with multidrug resistance."> Similar
effects were observed with the human-derived breast cancer
MDA-MB-231 and glioblastoma U87MG cell lines.”” The
data suggest that (R,R')-MNF may be useful in the alleviation

of metabolic reprogramming through attenuation of the
expression and function of proteins involved in the glycolytic
process. In the current study, we incubated PANC-1 cells
with (RR')-MNF and identified resulting changes in meta-
bolic patterns and protein expression using non-targeted and
targeted metabolomics and Western blot analysis. In addi-
tion, changes in select target proteins and metabolites were
determined in plasma and tumor tissue samples obtained
from (R,R')-MNF-treated and control mice bearing PANC-1-
derived tumor xenografts.

Materials and Methods

Materials

(RR)-MNF was synthesized as previously described.'* Lac-
tate (purity >98%), 3-hydroxybutyrate (purity >98%), carni-
tine (purity >98%), p-aminohippuric acid (purity >98%),
human recombinant insulin (dry powder), methanol (HPLC
grade), acetonitrile (HPLC grade), and formic acid were
obtained from Sigma-Aldrich (St. Louis, MO). Dulbecco’s
modified Eagle’s medium (DMEM), RPMI-1640 medium,
Eagle’s Minimum Essential Medium (EMEM), trypsin solu-
tion, phosphate-buffered saline (PBS), fetal bovine serum
(FBS), 100X solutions of sodium pyruvate (100 mM), r-glu-
tamine (200 mM), and penicillin/streptomycin (a mixture of
10,000 units/mL) were obtained from Quality Biological (Gai-
thersburg, MD).

Cell culture

PANC-1 pancreatic tumor, MDA-MB-231 and MCF-7 breast
cancer, and rat-derived C6 glioblastoma cell lines were pur-
chased from ATCC (Manassas, VA). Upon receipt, cells were
expanded for a few passages to enable the generation of new
frozen stocks. Cells were resuscitated as needed and used for
fewer than 6 months after resuscitation (no >10 passages).
ATCC performs thorough cell line authentication utilizing
short tandem repeat (STR) profiling.

PANC-1 and C6 cells were maintained in DMEM with L-
glutamine supplemented with 10% FBS and 1% penicillin/
streptomycin. MDA-MB-231 cells were maintained in RPMI-
1640 supplemented with 10% FBS and 1% penicillin/strepto-
mycin and MCF-7 cells were maintained in EMEM with -
glutamine supplemented with 10% FBS and 0.01 mgml '
human recombinant insulin. Cells were maintained in a con-
trolled environment (37°C under humidified 5% CO, in air),
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and the medium was replaced every 2-3 days. Prior to
experiments, cells were seeded on 100 X 20 mm tissue cul-
ture plates and grown to ~70% confluency unless stated
otherwise.

Cell treatment

In the first series of experiments, the original media was
replaced with media containing vehicle (0.01% DMSO) or
(R,R')-MNF (0.01, 0.10, 0.50, and 1.00 uM) for 24 hr. The
medium was removed, and cells were collected and processed
for immunoblot analysis. In a second series of experiments,
PANC-1 cells were treated with vehicle (0.01% DMSQO) or
(R,R')-MNF (0.50 and 1.00 uM) for 24 hr after which cells
were washed, and then collected and processed for NMR or
LC/MS analysis. In the last series of experiments, MDA-MB-
231 and MCEF-7 cells were treated with vehicle (0.01%
DMSO) or (RR')-MNF (1.00 pM) for 24 hr and processed
for LC/MS analysis. All experiments were repeated three
times on three separate days, unless stated otherwise.

Glucose consumption and lactate production in C6 cells

To assess glucose consumption and lactate production, C6 cells
were seeded in 48-well plates at 18 X 10> cells/well and after
24 hr, the culture medium was removed and replaced with
serum-free medium containing (R,R')-MNF (0.02 or 0.20 pM)
or vehicle (DMSO, 0.1%) for 48 hr. Glucose and 1-lactate con-
centrations in the incubation media were periodically moni-
tored using the Liquick Cor-Glucose and Liquick Cor-Lactate
Diagnostic Kits (Cormay, Lublin, Poland). Measurements were
carried out according to the manufacturer’s protocols. In a
separate series of experiments, C6 cells were pre-treated for 30
min with the highly selective 2-AR inhibitor ICI-118,551
(0.10 uM) in serum-free media and then incubated with
(R,R')-MNF (0.02 or 020 puM) for 48 hr. In addition, cells
were pretreated for 30 min with (RR)-MNF in serum-free
media and then stimulated with the GPR55 agonist O-1620
(5.00 uM) for 48 hr. Both the glucose and lactate concentra-
tions in the incubation media were determined.

PANC-1 tumor xenograft in mice

Female Balb/c nude mice (aged between 6 and 8 weeks,
weight 18 and 20 g) were purchased from HFK Bioscience
Co., Ltd. (Beijing, China) and maintained under pathogen-
free conditions with a 12-hr light/12-hr dark cycle. Animals
had free access to drinking water and were fed ad libitum
with normal chow. Each mouse was inoculated subcutane-
ously at the right flank region with PANC-1 cells (5 X 10°)
in 0.1 ml of PBS for tumor development. All animals were
weighed and the tumor volumes measured in two dimensions
using a caliper, and the volume expressed in mm® using the
formula: V=05 a X b* where a and b are the long and
short diameters of the tumor, respectively. The treatments
were started at Day 8 when the mean tumor size reached
164 mm?, at which time the mice were assigned into two
groups (n =10) using randomized block design based on
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their tumor volumes. Mice received an i.p. injection of either
vehicle (20% hydroxypropyl-B-cyclodextrin) or 10 mg/kg
(R,R")-MNF once daily for 16 days adjusted to 25 mg/kg for
the last 5 days. The dosing volume was adjusted according to
weight (10 pL/g). At the end of the study, plasma samples
were obtained and the animals were euthanized by cervical
extension and the tumors collected, weighed, divided into
three portions and snap frozen. All protocols were approved
by the Animal Care and Use Committee at CrownBio (AN-
1407-009-164), which are based on “the Guide for the Care
and Use of Laboratory Animals” (NRC 2011).

Western blot analysis

Cells and frozen tumor tissues were lysed in radioimmunopre-
cipitation buffer containing EGTA and EDTA (Boston Bio-
Products, Ashland, MA) supplemented with protease inhibitor
cocktail (Sigma-Aldrich) and phosphatase inhibitor cocktail sets
I and II (Calbiochem, San Diego, CA). Protein concentration
in clarified lysates was determined using the bicinchoninic acid
reagent (Thermo Fisher Scientific, Waltham, MA). Proteins (20
ng/well) were separated on 4-12% precast gels (Invitrogen,
Carlsbad, CA) using SDS-polyacrylamide gel electrophoresis
under reducing conditions and then electrophoretically trans-
ferred onto polyvinylidene fluoride membrane (Invitrogen).
Western blots were performed according to standard methods,
which involved a blocking step in Tris-buffered saline/0.1%
Tween-20 (TBS-T) supplemented with 5% non-fat milk and
incubation with primary antibodies of interest. All antibodies
were detected with horseradish peroxidase-conjugated second-
ary antibodies (Santa Cruz Biotechnology, Dallas, TX) and
visualized by enhanced chemiluminescence (ECL Plus, GE
Healthcare, Piscataway, NJ). Quantification of the protein
bands was performed by volume densitometry using Image]
software (National Institutes of Health, Bethesda, MD) and fol-
lowed by normalization to B-actin. The primary antibodies
used in this study were raised against EGFR (sc-03), MCT4
(sc-50329), GLUTS8 (sc-30108), and B-catenin (sc-7199) (Santa
Cruz Biotechnology); PKM2 (ab38237) and B-actin (ab6276)
(Abcam, Cambridge, MA); HK2 (cat. #2867) and PDK1 (cat.
#3062S) (Cell Signaling Technology, Beverly, MA). The anti-
bodies were used at the dilution recommended by the
manufacturers.

NMR data collection and analysis

One-dimensional (1D) "H NMR data collection and analysis
were performed as described previously.">'® Briefly, six bio-
logical replicates per class were prepared for NMR analysis
by dissolving lyophilized cell extracts in 600 pL of 50 mM
phosphate buffer (pH 7.2, uncorrected) in 99.8% D,0O (Cam-
bridge Isotope Laboratories, Tewksbury, MA) with 50 pM of
3-(tetramethysilane)propionic acid-2,2,3,3-d, (TMSP). NMR
spectra were recorded at 298 K on a Bruker Avance III-HD
700 MHz spectrometer equipped with a 5 mm inverse
quadruple-resonance (‘H, >C, N, *'P) cryoprobe with
cooled 'H and '>C channels and a z-axis gradient. A
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SampleJet automated sample changer with Bruker ICON-
NMR software was used to automate the NMR data collec-
tion. 1D '"H spectra were collected using excitation sculpting
to remove the solvent signal and avoid any need for baseline
corrections.'” A total of 16k data points with a spectral width
of 5,482.5 Hz, 8 dummy scans, and 256 scans were used to
obtain each spectrum.

The 1D '"H NMR spectra were processed and analyzed
using our MVAPACK metabolomics toolkit (http://bionmr.
unl.edu/mvapack.php).'® The 1D 'H NMR spectra were
Fourier-transformed and phased prior to normalization using
phase scatter correction.'® Residual solvent peaks and noise
regions were removed and the spectra were referenced to
TMSP at 0.0 ppm. The spectra were then binned using an
intelligent adaptive binning algorithm® or aligned with the
Icoshift algorithm.*' Data was scaled using the Pareto
method prior to principal component analysis (PCA) or
orthogonal projections to latent structures (OPLS) analysis.
Binned data was used for the PCA model, whereas full spec-
tral data was utilized for the OPLS models.

The validated OPLS models enabled the generation of
back-scaled loadings plots to identify spectral features (NMR
peaks) that primarily contribute to the observed group sepa-
ration. The relative peak intensities in these “pseudospectra”
highlight the magnitude of the metabolite’s contribution to
the group separation in the OPLS scores plot. Similarly, the
relative sign of the peak indicates if the metabolite’s concen-
tration increases (negative) or decreases (positive) due to
(RR)-MNF treatment. All non-overlapping 'H NMR peaks
identified by the back-scaled loading plots as a major contrib-
utor to group separation in the OPLS scores plot were
assigned to a metabolite using the Chenomx NMR suite 7.0
(Chenomx Inc., Edmonton, Alberta, Canada). 'H NMR peaks
with significant overlap and multiple metabolite assignments
were excluded from further analyses.

Identified metabolites in the 1D 'H NMR spectra were
submitted to the Human Metabolome Database (HMDB) for
HMDB ID retrieval. The IDs of the metabolites were subse-
quently entered into the MetPA webserver for metabolic
pathway analysis (http://metpa.metabolomics.ca/MetPA/faces/
Home.jsp).> The Homo sapiens pathway library was selected
for analysis and all compounds in the pathways were used.

Statistical analysis

OPLS model results were validated using CV-ANOVA signif-
icance testing.23 Fractions of explained variation (Rg( and R%,)
were computed during the OPLS model training. The OPLS
models were also internally cross-validated using sevenfold
Monte Carlo cross-validation to compute Q° values.”*** The
R? (degree of fit) and Q? (predictive ability) metrics were also
calculated for the PCA model. Ellipses in the PCA and OPLS
scores plot were generated with our PCA/PLS-DA utilities®®
implemented in MVAPACK'®; and correspond to the 95%
confidence limits from a normal distribution for each group.

GPR55 receptor antagonist

Statistical comparisons between treated and control groups
were performed using paired Student’s t-tests. For the set of
metabolites identified to be statistically different between
untreated and (R,R')-MNF-treated PANC-1 cells based on
the Student’s t-test p-values, the Benjamini-Hochberg method
was then applied to the ¢ test p-values to control for false
positives®” in the multiple comparisons. Data are expressed
as relative fold change * standard deviation. p Values <0.05
were considered significant.

Results

Global cellular metabolomics in PANC-1 cells

A global NMR metabolomics study was undertaken to eluci-
date differences in the metabolome between untreated and
(R,R)-MNF-treated PANC-1 cells. Two-dimensional (2D)
PCA scores plot was generated from the data and a statistically
significant separation (p<2.5 X 10~ °) between the untreated
(open circles) and the (RR')-MNF-treated groups (gray and
filled circles) is clearly apparent in the PCA scores plot (Fig.
1a). There is no overlap in the ellipses, which corresponds to
the 95% confidence intervals for a normal distribution, for
each group and the relative PCA separation between the
untreated and (RR’)-MNF-treated groups is dose-dependent
(Fig. 1a). The PCA model yielded R* and Q* values of 0.7598
and 0.5381, respectively, which are consistent with a reliable
model.”® The results indicate that treatment of PANC-1 cells
with (R,R')-MNF produces a statistically significant and dose-
dependent change in the cellular metabolome.

Two OPLS models were also generated from the NMR
dataset to identify the metabolites primarily contributing to
the group separation in the PCA scores plot. The OPLS mod-
els were generated from a comparison between the untreated
PANC-1 cells with either the 0.5 pM (R,R')-MNF or 1 uM
(R.R')-MNF treatment (Supporting Information Figs. Sla and
S1c). Both OPLS models indicated a clear separation between
treated and untreated PANC-1 cells. The quality of the OPLS-
DA models was evaluated on the basis of cross-validation by a
Monte Carlo leave-n-out procedure®** and CV-ANOVA.*
The OPLS model based on the 0.5 uM (R,R’)-MNF treatment
yielded an R*> of 0.9976, a Q* of 0.9357 and CV-ANOVA
(p=10.03). Similarly, the OPLS model based on the 1 uM
MNF treatment yielded an R* of 0.9949, a Q* of 0.9182 and
CV-ANOVA (p=0.05). These results indicate that the two
OPLS models are valid. Importantly, a comparison only
between the two (R,R')-MNF treatment groups indicates a
complete lack of statistical significance. A separation was not
observed in a PCA scores plot and the CV-ANOVA p values
for an OPLS model was above 0.05 (data not shown). This
indicates that the same set of metabolites was affected regard-
less of the (R,R')-MNF dose.

Back-scaled loading plots (Supporting Information Figs.
S1b and S1d) generated from the OPLS-DA model were used
to identify the 1D 'H NMR peaks that contribute to the class
separation in the scores plot (see “Materials and Methods”
section for details) and relative metabolite concentration

Int. J. Cancer: 141, 2131-2142 (2017) © 2017 UICC
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Figure 1. Metabolomics analysis on the effect of (R,R)-MNF in PANC-1

cells. (a) PCA scores resulting from modeling of the 1D *H NMR data

matrix from untreated PANC-1 cells (open symbols) and PANC-1 cells treated with 0.5 uM (R,R)-MNF (gray symbols) or 1 uM (R,R')-MNF
(black symbols). A statistically significant degree of separation is observed between treated and untreated groups. The ellipses correspond
to 95% confidence intervals for a normal distribution. Each principal component is labeled with the corresponding R? and Q? values. (b)
Bar graph of 1D *H NMR peak intensities (relative metabolite concentrations) resulting from the analysis of PANC-1 cellular extracts after a
1 hr incubation with 0.5 uM (hatched bars) or 1 puM (filled bars) of (R,R')-MNF versus untreated cells (open bars). Metabolites were identi-
fied from the back-scaled loadings plots as the major contributors to the group separations in the OPLS models (Figs. S1a-S1d).

Benjamini-Hochberg corrected student’s t-test p-values from pairwise comparisons are indicated. An asterisk indicates significance between
the control and 1 uM of (R,R)-MNF while an asterisk with underlying bar indicates significance between the control and both treated
groups. () Metabolic pathway analysis of the identified metabolites found in the 1D *H NMR spectra of the PANC-1 extracts after 1 hr incu-
bation with 0.5 pM or 1 puM of (R,R)-MNF. Each circle represents a matched pathway and is colored according to its p values from the path-
way enrichment analysis. Statistically significant pathways (p < 0.05) are labeled with their common name. (d and e) Targeted
metabolomics on the effect of 1 uM (R,R’)-MNF on intracellular concentrations of carnitine, L-lactate, and 3-hydroxybutyrate in PANC-1 cells

(d) as well as MCF-7 and MDA-MD-321 breast tumor cells (€). *p <0.05; **p <0.01; ***p <0.001.

changes were plotted (Fig. 1b). Statistically significant con-
centration changes were identified for branched-chain amino
acids (BCAAs), B-hydroxybutyrate, 1-lactate, alanine, leucine,
lysine, creatine, carnitine, and glycerol/glycine. The identified
metabolites were subjected to metabolic pathway analysis
using the MetPA webserver.”> MetPA uses pathway enrich-
ment to identify relevant metabolic pathways that may be
perturbed in the study. A total of 27 pathways were identified
with eight reaching significance (p <0.05) (Fig. 1¢). In each
of the significant pathways, two or more metabolite “hits”

Int. J. Cancer: 141, 2131-2142 (2017) © 2017 UICC

were found in the input metabolite list. The relevant identi-
fied pathways are, therefore, dependent on the input list and
may not completely cover all of the perturbed pathways in
the metabolome of the (R,R')-MNF-treated and untreated
PANC-1 cells. Aminoacyl-tRNA biosynthesis, valine, leucine,
and isoleucine biosynthesis/degradation, glycine, serine, and
threonine metabolism, propanoate metabolism, alterations in
the glycerophospholipid metabolism and lysine degradation
were found to be relevant in PANC-1 cells after treatment
with (R,R')-MNF (Fig. 1c).
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Figure 2. (R,R’)-MNF reduces expression of glycolytic regulators in PANC-1 cells and in PANC-1 xenograft tumors. (a) PANC-1 cells were incu-
bated with the indicated concentrations of (R,R)-MNF (0-1 puM) for 24 hr, after which cell lysates were prepared and immunoblotted with
specific primary antibodies raised against GLUT8, PDK1, HK2, and B-actin, the latter serving as loading control. A representative experiment
is depicted and full-length immunoblots are found in the Supporting Information. (b) Relative fold changes for GLUT8, PDK1, and HK2 were
normalized to those of control cells and represented as bars + SD (n = 3 independent experiments). (c and d) Plasma and tumor concentra-
tion of -lactate (c) and ketone bodies (d) in a PANC-1 tumor xenograft model in nude mice after treatment with vehicle (Veh., n=10) or
(R,R)-MNF (10 mg kg%, n=10) for 21 days. (e and ) PANC-1 tumor lysates were prepared and immunoblotted with the indicated primary
antibodies, with B-actin serving as loading control. (g) Relative expression values for EGFR, PKM2, B-catenin, MCT4, and HK2 proteins in
tumors excised from vehicle and (R,R’)-MNF-treated mice. *p <0.05; **p <0.01; ***p <0.001.

Targeted metabolomics

In the next series of experiments, we developed a LC-MS
method to quantify intracellular concentrations of carnitine,
L-lactate, and B-hydroxybutyrate (Supporting Information,
LC/MS Analysis, Figs. Sle and S1g), as the results from the
global NMR metabolomics study had identified these
compounds as being significantly affected by (R,R')-MNF.
(RR)-MNF treatment produced significant increases in the
intracellular concentration of carnitine (127 *=3%) and B-
hydroxybutyrate (125 % 4%), while significantly reducing L-
lactate level (50 = 9%) relative to Control (Fig. 1d). Similar

results were obtained after (R,R)-MNF treatment of MCF-7
and MDA-MB-321 breast cancer cells (Fig. 1e).

Immunoblot analysis of PANC-1 cells

The data from the metabolomics studies indicate that (R,R')-
MNP affects metabolic reprogramming in PANC-1 cells. The
ability of (R,R')-MNF to reduce PKM2 protein levels in these
cells" led us to investigate its impact on the expression of
two other key proteins involved in the glycolytic pathway,
GLUTS8 and HK2 (Fig. 2a). Treatment of PANC-1 cells with
(R,R")-MNF for 24 hr led to a dose-dependent reduction in

Int. J. Cancer: 141, 2131-2142 (2017) © 2017 UICC



Bernier et al.

O Veh.
m 20 nM (RR")-MNF
4 200 nM (R,R)-MNF

2137

C  00-
- A kK
2 dekk
B = =
4004 .
£
¢ 4 ] I 1
h b b
Kot bl F
2 bl b 4]
200 K b kot
i o ]
521 kA %
kol bt ot
1 ] b <1
kol ] K
(] K b b
K <] -
k<l kot <l

d  1500- ia

|

1
T,
2
T

o
TR
A5

Lactate levels (mg/dL)
%
3

%
X
7

R
R
5%

o

(RR)-MNF20 - + - -+ - -+ -
(R,R’)-MINF 200 == = W o (o
 [o] - - = + + + = e

o1602 - - - - - = S

Figure 3. (R,R)-MNF inhibits glucose uptake and lactate production in C6 glioma cells. Serum-depleted rat C6 glioma cells were incubated
with (R,R')-MNF (0.02 and 0.2 uM) or vehicle (0.1% DMSO) for 48 hr. At the indicated times, glucose (panel a) and lactate (panel b) levels
were measured in the spent media. Effects of different concentrations of (R,R')-MNF versus control were statistically evaluated at the 48 hr
time-point using one-way ANOVA and Tukey’s post-hoc test. ***p < 0.001. In a second series of experiments, C6 cells were pretreated with
100 nM of ICl 118,551 (selective 2-AR inhibitor) followed by the addition of MNF for 48 hr. Moreover, (R,R)-MNF-pretreated cells were
incubated with 5 pM 0-1602 (GPR55 activator) for 48 hr. Glucose (panel ¢) and lactate (panel d) levels present in the spent media were
measured. Bars represent mean = SEM. Different letters denote statistically significant differences among treatments based on one-way

ANOVA followed by Tukey’s post-hoc test at p <0.05.

the cellular content of both proteins (Fig. 2b). Moreover, the
significant reduction in PDK1 protein levels in (R,R)-MNF-
treated PANC-1 cells (Fig. 3b) likely contributed to the
diminished accumulation of phospho-active forms of AKT
(p-Ser473) and P-catenin (p-Tyr333) that was previously
reported.””  Representative full-length immunoblots for
GLUTS, HK2, and PDKI are presented in Supporting Infor-
mation (Fig. S2a). Previous studies of (R,R')-MNF in PANC-
1 cells demonstrated a significant reduction in the levels of p-
glycoprotein (P-gp) and breast cancer resistance protein
(BCRP) with a concomitant increase in sensitivity to doxoru-
bicin and gemcitabine cytotoxicity.'> In this study, tumor tis-
sues obtained from (R,R')-MNF-treated mice displayed a
significantly lower accumulation of P-gp and reduced BCRP
levels (Figs. S2b and S2c).

Impact of (R,R)-MNF on PANC-1 tumor xenografts in nude
mice

In the PANC-1 xenograft study, the initial (R,R')-MNF dose
of 10 mg/kg was escalated to 25 mg/kg on Day 16 of a 21-
day study. The dosing regimen did not affect tumor growth
as determined by the tumor volumes at termination: 735 =
69 mm> versus 802 *39 mm? for Control and (R R')-MNF-
treated groups, respectively. As part of the study protocol,
tumor tissues and plasma samples were collected and
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analyzed for r-lactate and ketone bodies. At the conclusion of
the study, the plasma concentration of r-lactate in the (R,R')-
MNF-treated mice was significantly lower compared with
vehicle-treated animals, 3.25 + 0.83 mM and 5.56 = 0.83 mM,
respectively (p<0.001), while the 1-lactate levels were
increased in tumor tissues obtained from the (R,R')-MNE-
treated cohort relative to Control, 39.1 = 3.2 mM and 30.7 *
3.1 mM, respectively (p <0.001) (Fig. 2c). Treatment with
(R,R')-MNF resulted in a significant increase in the concen-
tration of ketone bodies in the plasma, 0.59 = 0.08 mM and
0.33=0.11 mM, for (RR')-MNF-treated and Control mice,
respectively (p <0.001), and tumor tissues, 1.02 *0.13 mM
and 0.56 = 0.18 mM, respectively (p<0.001) (Fig. 2d).
Immunoblot analysis performed on tumor protein extracts
indicated a significant downregulation in the total levels of
EGFR, PKM2, B-catenin, MCT4, and HK2 (Figs. 2e-2h), as
well as P-gp but not BCRP (Supporting Information Figs.
S2b and S2¢).

Glucose uptake studies in C6 cells

The anticancer effect of (R,R')-MNF observed in studies with
rat C6 glioma cells and xenograft C6 tumor models”*® sug-
gests that (R.R')-MNF treatment may also affect glycolysis in
these tumors. Therefore, glucose uptake and r-lactate export

were assessed in the spent medium of C6 cells over a 48-hr
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incubation period with (R,R')-MNF. Treatment of C6 cells
with (R,R')-MNF (0.02 and 0.2 pM) maintained the amount
of glucose in the media relative to control (Fig. 3a) while sig-
nificantly decreasing the 1-lactate concentration (Fig. 3b,
p<0.001 for both metabolites). No significant differences
were observed between the effects produced by the two
(R,R")-MNF concentrations.

Because (R,R')-MNF is a potent 3,-AR agonist,9 we inves-
tigated whether pretreatment with the ,-AR inhibitor ICI-
118,551 blunts (R,R')-MNF responsiveness in C6 cells. The
results indicated that ICI-118,551 had no inhibitory effect
(Fig. 3¢). In contrast, stimulation of C6 cells with the GPR55
agonist O-1602 elicited significant increases in glucose con-
sumption (less glucose remained in the culture media) and
lactate secretion, which were blocked by pretreatment with
(R.R')-MNF (Fig. 3d).

Discussion

In our previous study, we demonstrated that the incubation of
PANC-1 cells with (R,R')-MNF significantly attenuates PI3K-
AKT and EGFR-MEK-ERK signaling, reducing nuclear trans-
location of HIF-law and pTyr333-B-catenin, with subsequent
decreases in the expression of EGFR, HIF-1a, B-catenin, and
multidrug resistance proteins.'> We also demonstrated that the
incubation of PANC-1 cells with GPR55 inhibitors reduces the
cellular levels of PKM2 and the nuclear translocation of
pSer37-PKM2."> PKM2 catalyzes the conversion of phospho-
enolpyruvate into pyruvate and is one of the rate limiting
enzymes in glucose metabolism.> It also plays a key role in
metabolic reprogramming, as ERK-dependent phosphorylation
of PKM2 and nuclear translocation of pSer37-PKM2 have
been shown to promote the Warburg effect and is associated
with increased glycolytic flux, oncogene transactivation, epige-
netic changes, and expression of proteins associated with the
glycolytic pathway.’®* It is interesting to note that in the
PANC-1 tumor tissues obtained from animals treated with
(R,R)-MNF, there was clear reduction in the levels of the
PKM2, EGFR, and [-catenin proteins relative to control-
treated animals (Fig. 2¢) as was the content in P-gp (Fig. S2¢).
This suggests that in the tumor tissues, treatment with (R,R')-
MNF reduces nuclear pSer37-PKM2 levels and that this effect
plays a role in the attenuation of glycolytic flux.

In the current study, we expanded the investigation into
the effect of (R,R')-MNF on the expression of proteins associ-
ated with glycolysis (Fig. 4a). We first determined that there
was a dose-dependent decrease in the expression of PDKI, a
key component of the PI3K-AKT pathway,” which is com-
patible with the previously observed reduction in the levels of
pSer473-AKT, the phospho-active form of AKT." Second,
we determined that (R,R')-MNF attenuated HK2 protein lev-
els, which is consistent with the link between the PI3K-AKT-
PKM?2 activation and HK2 expression.*® HK2 plays a key
role in glycolysis,** and elevated expression of HK2 and
PKM?2 are associated with an unfavorable clinical outcome
and upregulated lactate production in pancreatic tumors.””

GPR55 receptor antagonist

We next employed a metabolomics approach to determine
if the reduction in the expression and activation of PKM?2
and HK2 affected glycolysis in PANC-1 cells (Fig. 4b). Untar-
geted metabolomics is an approach designed to identify
disease-specific metabolic profiles and treatment-induced
changes in these profiles, and to explore biochemical net-
works.”® This approach has previously been employed to
study drug-induced effects in pancreatic tumor models.”*
In the current study, incubation of PANC-1 cells with (R.R')-
MNF led to the up-regulation of BCAAs, B-hydroxybutyrate,
alanine, leucine, lysine, creatine, carnitine, and glycerol/gly-
cine, while causing a significant reduction in r-lactate. Incu-
bation with (R,R’)-MNF produced similar effects on the
intracellular concentrations of B-hydroxybutyrate, carnitine,
and 1-lactate in MCF-7 and MDA-MB-231 breast cancer cell
lines, indicating that the effect was not specific to PANC-1
cells.

The ~50% reduction in intracellular 1-lactate concentra-
tion and enhanced glycerol/glycine signal are consistent with
the (R,R)-MNF-associated attenuation of PKM2 levels and
activity. Decreased PKM2 expression would result in an accu-
mulation of phosphoenolpyruvate and its upstream precursor
2-phosphoglycerate. Since 2-phosphoglycerate is in equilib-
rium with 3-phosphoglycerate via the action of the reversible
enzyme phosphoglycerate mutase, 3-phosphoglycerate con-
centrations will also increase. Indeed, the relationship
between decreased PKM2 enzymatic activity and accumula-
tion of 3-phosphoglycerate has been previously demon-
strated.”® In cancer cells, the glycolytic intermediate 3-
phosphoglycerate enters the serine/glycine synthetic pathway
to sustain anabolism®® although serine metabolism rather
than glycine appears to support nucleotide synthesis and
tumor growth.*""** Thus, the enhanced glycerol/glycine signal
observed in (R,R')-MNEF-treated PANC-1 cells is consistent
with increased 3-phosphoglycerate levels due to defective
PKM2. In addition, the accumulation of 3-phosphoglycerate
may also produce changes in product-substrate equilibria for
two upstream enzymes, phosphoglycerate kinase and glyceral-
dehyde phosphate dehydrogenase, resulting in increased lev-
els of glyceraldehyde-3-phosphate. In turn, this metabolite is
reversibly isomerized to the glycolytic intermediate, dihy-
droxyacetone phosphate, which is converted to glycerol-3-
phosphate and dephosphorylated to glycerol by the recently
identified mammalian glycerol-3-phosphate phosphatase (Fig.
4b).® Thus, we surmise that the reduced intracellular con-
centrations of L-lactate and increased signals associated with
glycerol/glycine following incubation with (R,R')-MNF repre-
sent a significant disruption of the glycolytic process within
PANC-1 cells. However, the possibility exists that the (R,R')-
MNF-induced increase in the glycerol/glycine signal may also
originate from alterations in glycerophospholipid metabolism,
one of the pathways identified in the metabolic pathway anal-
ysis of the metabolomics data, or by the increased biosynthe-
sis of carnitine, as discussed below.
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Figure 4. (a) Schematic diagram of the signaling proteins involved in tumorigenesis that are inhibited by (R,R)-MNF. (b) Global untargeted
metabolomics analysis revealed a signature consistent with impairment in cancer glycolytic metabolism.

At the end of the PANC-1 xenograft arm of the study, the
plasma concentrations of r-lactate were ~40% lower in ani-
mals receiving (R,R')-MNF than control mice, consistent with
an attenuation of glycolysis similar to that observed in
PANC-1 cells in culture. Decreased expression of PKM2 and
HK2 in tumor tissues of (R,R')-MNF-treated animals also
supports this assumption. However, the intra-tumoral con-
centrations of r-lactate were ~30% greater in (R,R')-MNF-
treated animals compared to vehicle-treated mice. One expla-
nation for this difference is the depletion in MCT4

Int. J. Cancer: 141, 2131-2142 (2017) © 2017 UICC

transporter that was observed in tumor tissues after 21 days
of exposure to (R,R')-MNF but not in cell extracts after a 24
hr incubation. MCT4 is a member of the monocarboxylate
transporter family encoded by the SLCI6A family of genes
and is the primary r-lactate exporter in glycolytic cancer
cells.**™*® Increased MCT4 expression is associated with a
poor prognosis in pancreatic cancer’’ and inhibition of
MCT4 expression and activity decreases pancreatic cell
growth and viability and limits tumor growth.***”* Since
the MCT4-encoded gene SLCI6A3 is activated by HIF-
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1,**® the (R,R')-MNF-mediated decrease in MCT4 expres-
sion is consistent with the attenuation in the expression and
nuclear translocation of HIF-law in PANC-1 cells produced
by GPR55 antagonists, including (R,R’ )-MNE."?

Compared to plasma 1-lactate levels, those found in tumor
tissues were significantly elevated by ~12-fold and ~5-fold in
(R.R')-MNF-treated and control mice, respectively. Another
member of the monocarboxylate transporter family, MCT1,
mediates the intracellular import of i-lactate.*> Since MCT1
expression is neither affected by HIF-la nor upregulated in
glycolytic tumors,* it is unlikely that treatment with (R.R')-
MNF would decrease MCT1 expression and/or function.
Thus, it appears that both the relative rate of glycolysis and
i-lactate export are negatively affected by (RR')-MNF treat-
ment while 1-lactate import remains relatively unchanged.

In addition to r-lactate export, MCT4 also plays a role in
the cellular export of ketone bodies (e.g., B-hydroxybutyrate)
while their import is mediated by MCT1.*> Thus, the significant
accumulation of B-hydroxybutyrate in serum-cultured PANC-1,
MCEF-7, and MDA-MB-231 cells may also reflect an (RR')-
MNF-associated decrease in MCT4 expression without a signifi-
cant effect on MCT1 expression and/or activity. Consistent with
the cell-based studies and immunoblotting data of tumor tissues
that showed significant reduction in MCT4 levels, (R,R')-MNF-
treated mice exhibited a significant increase (~180%) in plasma
and intratumoral concentrations of 3-hydroxybutyrate relative
to control animals. For both groups of mice, the accumulation
of B-hydroxybutyrate in tumor tissues was greater than in
plasma, which concur with previously reported data in mice
bearing a $2-013-derived pancreatic tumor® and the observa-
tion that ketone bodies are not metabolized in the human-
derived Capanl pancreatic cancer cell line.*

Incubation with (R,R)-MNF also resulted in intracellular
accumulation of carnitine in PANC-1, MCF-7, and MDA-MB-
231 cells. Carnitine is generated from e-N-trimethyllysine that
is released from lysosomal or proteasomal degradation of pro-
teins containing trimethyllysine residues.*’ Posttranslationally
modified histones, such as H3K4me3, are potential sources of
e-N-trimethyllysine. Activation of the PI3K/AKT signaling
pathway has been associated with increased H3K4me3 marks in
breast cancer tumors and cell lines, and correlates with poor
clinical outcome in breast, kidney, and colon cancers.” In addi-
tion, pSer37-PKM2 directly binds to histone H3 and phosphor-
ylates it at threonine 11, which is required for histone H3
acetylation at lysine 9 and the subsequent expression of cyclin
D1 and cMyc, cell proliferation, and tumorigenesis.”’ We have
previously demonstrated that GPR55 inhibitors reduce PI3K/
AKT signaling, impair nuclear translocation of pSer37-PKM2,
and attenuate the expression of cyclin D1."> Here, we observed
a decrease in PKM2 levels in PANC-1 tumor tissues of (R,R')-
MNF-treated mice. One can hypothesize that (RR')-MNF
increases the existing pool of e-N-trimethyllysine-containing
histones for proteolysis, thereby increasing the amount of e-N-
trimethyllysine available for carnitine biosynthesis. The increase
in carnitine biosynthesis is consistent with the enhanced

GPR55 receptor antagonist

glycerol/glycine signal observed in the (RR')-MNF-treated
PANC-1 cells as glycine is formed during this process (Fig. 4b).

The data from this study demonstrate that incubation of
PANC-1 cells with (RR)-MNF attenuates the expression of
the facilitative glucose and fructose transporter protein
known as GLUTS8 (SLC2A8). This intracellular hexose trans-
porter is primarily localized to endoplasmic reticulum and
lysosomes, although translocation to cellular membranes has
been observed.”>>* Increased expression of GLUTS in endo-
metrial adenocarcinoma relative to healthy tissue has been
associated with tumor progression.”> To our knowledge, our
study is the first one that identified GLUT8 in a pancreatic
cancer cell line and observed a treatment-associated decrease
in its expression. Earlier studies have suggested a connection
between AKT signaling and expression of Slc2a transcripts
encoding facilitative transporter proteins.”>>* Whether the
(R,R')-MNF-mediated attenuation of the PI3K-AKT signaling
pathway accounts for the downregulation of GLUT8 will be
examined in future studies. A novel glucose metabolism
involving a hexose-6-phosphate dehydrogenase located within
the endoplasmic reticulum has recently been identified in
multiple cancer cell lines.”> Since GLUTS is localized to the
endoplasmic reticulum, it may play a role in this process
through active hexose transport. The impact of GPR55 inhi-
bition—with (R,R’)-MNF or other molecules—in this process
and on overall metabolic reprogramming through decreased
GLUTS protein expression will be reported elsewhere.

Previous studies in mice bearing tumors derived from C6
glioblastoma cells® and from US87MG glioblastoma cells’
demonstrated that the administration of (R,R')-MNF produ-
ces a significant reduction in tumor growth and that the data
obtained in in vitro studies predicted in vivo activity. Thus,
the failure of the current tumor xenograft study to affect
PANC-1 tumor growth was unexpected. One potential expla-
nation for this result is suggested by our recent studies of the
anti-tumor activity of (R,R')-MNF in C6 glioblastoma cells,
which express functional GPR55 and 2-AR.” The data from
the study indicate that the bitopic effects of (R,R')-MNF—
GPR55 inhibition and B2-AR activation—work concurrently
to disrupt pro-oncogenic signaling. Previous studies with
PANC-1 cells have demonstrated that in these cells, 32-AR
activation results in increased cellular growth.”® Thus, the
B2-AR agonist properties of (R,R')-MNF may cancel the
compound’s anti-tumor effects associated with GPR55. We
have tested this hypothesis using the bitopic (R,S')-MNF, a
diastereoisomer of (R,R')-MNF that has different 3-AR selec-
tivity and signaling.'>*>® The administration of (R,S')-MNF
to mice bearing a PANC-1 xenograft produced a >70% inhi-
bition in tumor growth (data not shown). The data from the
(R,S')-MNF study will be reported elsewhere.

While the lack of an inhibitory effect on tumor growth
was disappointing, the analysis of the plasma and tumor tis-
sue samples indicated that the administration of (R,R’)-MNF
led to reduced glycolysis in the PANC-1 tumor. Since 32-AR
activation and GPR55 receptor inhibition may produce
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antagonistic effects on PANC-1 tumor growth, we used the
C6 model to shed some light on the relative effect of these
activities on glycolysis. The data demonstrate that incubation
of C6 cells with (RR')-MNF decreased glucose consumption
with a concomitant reduction in r-lactate release in the incu-
bation media, indicating lower intracellular consumption of
glucose and conversion to L-lactate. The data from the C6
studies also support a key role for the GPR55 antagonistic
properties of (R,R')-MNF toward glycolysis.

Two of the key observations from this study, the
decreased expression of MCT4 and concomitant accumula-
tion of L-lactate in tumor tissues of (R,R')-MNF-treated ani-
mals, suggest a new research direction for (R,R')-MNF and
other GPR55 inhibitors. High levels of 1-lactate have been
correlated with tumor aggressiveness and poor prognosis*’
and increase in intracellular accumulation of 1-lactate via
MCT4 inhibition is associated with cytosolic acidification,
inhibition of glycolysis, and cell death.***” In addition,
MCT4 is a key component of the “intercellular lactate
shuttle” between glycolytic and oxidative cancer cells and in
the crosstalk between cancer and endothelial and stromal
cells.*” Thus, the indirect inactivation of MCT4 by GPR55
inhibitors may be a new approach to the attenuation of these
pathways that play a central role in tumorigenesis, growth,
and metastasis. It is noteworthy that MCT4-mediated export
of L-lactate into the tumor microenvironment plays a role in

45485657 and contributes to the poor
56,57

immunosuppression
response observed in pancreatic cancer immunotherapy.
The pre- and co-administration of (R,R')-MNF may increase
the effectiveness of immunotherapy and this possibility is
currently under investigation.
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