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Abstract

Cancer cells use alternate energetic pathways; however, cancer stem cell (CSC) metabolic
energetic pathways are unknown. The purpose of this study was to define the metabolic
characteristics of head and neck cancer at different points of its pathogenesis with a focus on its
CSC compartment. UPLC-MS/MS-profiling and GC-MS-validation studies of human head and
neck cancer tissue, saliva, and plasma were used in conjunction with /n vitroand in vivo models to
carry out this investigation. We identified metabolite biomarker panels that distinguish head and
neck cancer from healthy controls, and confirmed involvement of glutamate and glutaminolysis.
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Glutaminase, which catalyzes glutamate formation from glutamine, and aldehyde dehydrogenase
(ALDH), a stemness marker, were highly expressed in primary and metastatic head and neck
cancer tissues, tumorspheres, and CSC versus controls. Exogenous glutamine induced stemness
via glutaminase, whereas inhibiting glutaminase suppressed stemness /n vitro and tumorigenesis /n
vivo. Head and neck CSC (CD44M/ALDHM) exhibited higher glutaminase, glutamate, and sphere
levels than CD44!°/ALDH'® cells. Glutaminase drove transcriptional and translational ALDH
expression, and glutamine directed even CD44!%/ALDH!© cells toward stemness. Glutaminolysis
regulates tumorigenesis and CSC metabolism via ALDH. These findings indicate that glutamate is
an important marker of cancer metabolism whose regulation via glutaminase works in concert with
ALDH to mediate cancer stemness. Future analyses of glutaminolytic-ALDH driven mechanisms
underlying tumorigenic transitions may help in the development of targeted therapies for head and
neck cancer and its CSC compartment.
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INTRODUCTION

A hallmark of cancer cells is an ability to shift to alternate energetic pathways. Cancer stem
cells are thought to contribute to cancer development and progression; however, their
metabolic energetic pathways are not known. Two major metabolic pathways by which
mammalian cells obtain energy are lactate fermentation and aerobic respiration. Cancer cells
shift from aerobic respiration (TCA cycle) to lactic acid fermentation (glucose to pyruvate to
lactate) for energy production: the Warburg Effect.12 Cancer cells can also shift to alternate
energy sources, including shifting from glycolysis or lactic acid fermentation to
glutaminolysis.3-® Glutaminolysis, or the conversion of glutamine to lactate via glutamate,
a-ketoglutarate, and the TCA cycle, complements glucose metabolism/the Warburg effect
by providing high-energy cofactors.® In fact, glutaminolysis dependence may supersede that
of glucose-dependence for the synthesis of certain metabolic components. Glutaminolysis
leads to a glutamine addiction in some cancer cell systems, and the oncogene Myc can
coordinate the expression of genes necessary for glutamine catabolism.3 Thus, cancer cells
adapt to alternate energy sources depending on their genetic profile and substrate
availability.>” These unique cancer cell properties underscore the important concept that
targeting one metabolic pathway may not be sufficient. Furthermore, resistance emerges in
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aggressive cancers, enabling them to elude targeted therapies.8 This resistance profile may
include an altered metabolic signature®-12 Thus, knowing how regulators of metabolism are
altered during carcinogenesis, including stemness, is important for developing novel
therapies.

Cancer stem cells (CSCs) contribute to cancer development and progression, yet their
metabolic energetic pathways are not completely known.13 The fact that many stem cells
rely heavily on anaerobic glycolysis suggests that these bioenergetic pathways may be
central to CSC properties.1* Indeed, knowledge about the processes that govern CSC
metabolism and energetics is emerging.”-15-21

Smoking, alcohol consumption, and HPV are risk factors for head and neck cancer. Like
other cancers, evidence suggests that CSCs play a role in the tumorigenicity of these
malignancies. Oral squamous cell carcinoma, the most common malignant oral neoplasm,
accounts for 90% of all oral malignancies and has a poor 5-year survival rate that has not
changed in decades, underscoring the need to identify novel therapeutic targets.?2
Understanding processes that govern tumorigenesis of CSC may contribute to identifying
new avenues for therapeutics.

In addition to the expressed genome and proteome, scientists can now study a substantial
component of the tumor metabolome. Such an analysis can provide an in-depth
understanding of how metabolic pathways are involved in the pathogenesis of cancer. Mass
spectrometry and NMR-based metabolomics offer a novel platform for the development of
marker panels that are characteristic of disease phenotypes or cellular processes that are
readily measured in biofluids and tissues. Metabolomic profiling yields a signature set of
functional metabolites of disease phenotypes. Using NMR-based metabolomic profiling of
human primary and metastatic head and neck squamous cell carcinoma (HNSCC) tissue
specimens, we previously determined that elevated glutamate was a distinctive feature of
primary and metastatic HNSCC.23 Elevated levels of glutamate suggested that HNSCC
depends on highly active glutaminolysis for carbons that contribute to anaplerosis of the
TCA cycle. Indeed, others have shown that glutamine addiction/glutamate metabolism is
important in multiple cancer types, including HNSCC.3:24-27 Glutamic acid is a nonessential
amino acid whose carboxylate anions and salts are known as glutamates. Glutamate, a key
compound in cellular metabolism, is generated from glutamine by the enzyme glutaminase,
whereas glutamine is synthesized by the enzyme glutamine synthetase from glutamate and
ammonia. Glutaminolysis is a series of biochemical reactions in which the amino acid
glutamine is degraded to glutamate, aspartate, CO», pyruvate, lactate, alanine, and citrate.
The purpose of our study was to define the metabolic characteristics of HNSCC at different
points of its pathogenesis with a focus on its CSC compartment.

MATERIALS AND METHODS

Ethical Review Board

This study was conducted under Ethical Review Board approved protocols, including those
reviewed by the University of Michigan and affiliates of ProteoGenex.
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Tissue Sample Collection and Histopathological Evaluation

Frozen HNSCC tissue specimens were obtained from ProteoGenex (ProteoGenex Inc.,
Culver City, CA, USA). Inclusion criteria consisted of histological confirmation of HNSCC,
and tissue specimens were histologically confirmed to contain over 90% tumor tissue prior
to analysis. Confounding variables included age, sex, race/ethnicity, tumor site, cancer stage,
and grade. All tissues were snap-frozen in liquid nitrogen immediately after surgery and
preserved in =80 °C. In total, 103 tissue samples (normal, tumor, and metastatic) originating
from the tongue, oral cavity, lip, larynx, and lymph-nodes of 47 HNSCC patients (41 males
and 6 females with an age range of 39-88 years and mean age of 58.1 + 5.7 years) were
investigated in the present study. Among these tissues, matched normal, tumor, and
metastatic tissues were obtained from 19 patients, matched normal and tumor tissues were
obtained from 18 patients, and metastatic only tissues were obtained from 10 patients. The
patients’ information (race, ethnicity, gender, and age), clinical diagnosis, TNM [extent of
tumor (T), extent of spread to lymph nodes (N), and the presence of distant metastasis (M)]
staging, and tumor grade, established by histopathological evaluation, are included in Table
1 and Supporting Information; Tables S1, S3, S6, and S7.

Saliva Sample Collection

Subjects were instructed to refrain from eating, drinking, smoking, and oral hygiene for a
minimum of 2 h before saliva collection. All saliva was collected in the AM hours to control
for circadian variation in salivary gland function. There was no exclusion on the basis of age,
sex, and ethnicity. Subjects were instructed to rinse out with warm water and avoid use of
mouthwashes or fluoride rinses. After saliva collection, the volumes of all saliva samples
were determined gravimetrically on an analytical balance, assuming a specific gravity of 1.0.
Saliva samples were aliquoted and stored at —80 °C. In total, 75 saliva samples from 55
HNSCC patients (mean age 61.0 + 13.0 years) and 18 saliva samples from healthy controls
(mean age 55.1 + 5.7 years) were obtained from the UM Head and Neck SPORE and
ProteoGenex for the metabolomic profiling and validation studies. Whole saliva samples
were processed by centrifugation and then aliquoted and stored at —80 °C until analyzed.
Clinical information for the patients is summarized in Table 1 and Supporting Information;
Tables S2 and S4.

Plasma Sample Collection

Blood samples were collected into EDTA vacutainer tubes and immediately mixed gently
after blood collection. Plasma was separated from the entire blood by centrifugation at
1500g for 10 min at 4 °C. Plasma samples were aliquoted in 2.0 mL cryovials and stored at
-80 °C. In total, 14 plasma samples from 7 HNSCC patients and 7 plasma samples from
healthy controls (mean age 52.4 + 8.25) were obtained from ProteoGenex for validation
studies (Table 1 and Supporting Information; Table S5).

Metabolomic Profiling

Sample Preparation: Samples were sent to Metabolon, Inc. (Durham, NC) for metabolomic
profiling studies. Briefly, samples were prepared using the automated MicroLab STAR
system from the Hamilton Company (Reno, NV). A recovery standard was added prior to
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the first step in the extraction process for Quality Control (QC) purposes. To remove protein,
dissociate small molecules bound to protein or trapped in the precipitated protein matrix,
and to recover chemically diverse metabolites, proteins were precipitated with methanol
under vigorous shaking for 2 min (Glen Mills GenoGrinder 2000) followed by
centrifugation. The resulting extract was divided into five fractions: one for analysis by
Ultrahigh Performance Liquid Chromatography-Tandem Mass Spectroscopy (UPLC-
MS/MS) with positive ion mode electrospray ionization, one for analysis by UPLC-MS/MS
with negative ion mode electrospray ionization, one for analysis by UPLC-MS/MS polar
platform (negative ionization), one for analysis by Gas Chromatography—Mass Spectroscopy
(GC-MS), and one sample was reserved for backup. Samples were placed briefly on a
TurboVap (Zymark) to remove the organic solvent. For LC, the samples were stored
overnight under nitrogen before preparation for analysis. For GC, each sample was dried
under vacuum overnight before preparation for analysis. For a complete description of
quality assurance and quality control measures please review Supporting Information reports
(tissue and saliva); Report S1.

Validation of Glutamate and Glutamine by GC-MS: The levels of glutamate and
glutamine were assessed in tissues, cell lines, saliva, and plasma samples using isotype
dilution GC-MS as described previously.28 In brief, frozen tissues, saliva, plasma, or cell
lysate pellets were homogenized in methanol after spiking with labeled internal standards
(aP-glutamic acid and *-glutamine) and extracted overnight at 4 °C, with constant shaking.
The extraction was carried out using a 1:1 molar ratio of water/chloroform at room
temperature. The aqueous methanolic layer was collected and dried completely. The dried
methanolic extract was azeotroped twice by adding 100 gL of dimethylformamide, mixed by
vortexing, and dried using a Speed Vac for 30 min. One hundred microliters of
dimethylformamide and A-methyl-A-fert-butylmethylsilyltri-fluoroacetamide + 1% fert
butyl-dimethylchlorosilane were then added to the dried sample, capped, and incubated at
60 °C for 1 h. Selective ion monitoring was used for quantification. The amount of
glutamate and glutamine were calculated by measuring the peak area of the native glutamate
(mlz=432) and glutamine (/m/z = 431) to that corresponding to spiked isotope-labeled
glutamate (/2= 437) and glutamine (/m/z = 436), respectively. The levels of glutamate and
glutamine were normalized to the tissue weight.

Cedll Linesand Culture: The human HNSCC cell lines were as follows: UM-SCC-17B
(supraglottis/soft tissue-neck) and UM-SCC-14A (floor of mouth; both provided by Thomas
Carey, University of Michigan, Ann Arbor, M1);2? HSC-3 (tongue; provided by Randall
Kramer, University of California, San Francisco, CA);3? OSCC-3 (tongue; provided by
Mark Lingen, University of Chicago, Chicago, IL). HNSCC cell line authentication and
origin were provided by their sources. HNSCC cells were maintained in Dulbecco’s
modified Eagle’s medium containing 10% fetal bovine serum, 1% penicillin, and 1%
streptomycin. Primary human oral keratinocytes (ScienCell, Carlsbad, CA) were maintained
in oral keratinocyte medium (OKM) (ScienCell, Carlshad, CA).

Immunohistochemical Staining: Standard immunohistochemical analyses were used to
evaluate glutaminase expression in normal and tumor tissue sections using a glutaminase
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primary antibody (AP8809b, Abgent, San Diego, CA). Staining intensities [1 (weak), 2
(moderate), and 3 (strong)] for glutaminase were graded and analyzed in a blinded manner
by a pathologist. Low expression was defined as intensity 1, and high expression was
defined as intensity 2 or 3.

Immunoblot Analysis: To evaluate the protein expression levels of glutaminase and
ALDHL1, standard Western blot analyses were performed using an antiglutaminase primary
antibody (ab607709, Abcam, San Francisco, CA) or an ALDH1 primary antibody (61195,
BD Transduction, Franklin Lakes, NJ). g-Actin (SC-1615, Santa Cruz Biotechnology)
served as a loading control.

Tumor spheres and Control Adherent HNSCC Cells: HNSCC sphere assays, designated
tumorspheres, were used to assess stemness, a property thought to contribute to metastatic
potential. HNSCC tumorspheres (UM-SCC-14A) were prepared as previously reported.3! In
other experiments, cells were treated with either glutamine (10-30 pg/mL) (49419, Sigma-
Aldrich, St. Louis, MO) or 6-diazo-5-oxo-L-norleucine (DON; 1 mM) (D2141, Sigma-
Aldrich, St. Louis, MO) and cultured under adherent or suspension conditions for 72 h.

Development of Stable Glutaminase Suppression in HNSCC Cell Lines: UM-SCC-14A
cells were transduced with glutaminase-shRNA (SC-105592-V, Santa Cruz Biotecnology,
Santa Cruz, CA) or scrambled-shRNA (SC-108080; Santa Cruz Biotechnology) lentiviral
particles in 0.5 mL of serum-free media, and then selected in 10 gg/mL puromycin
(sc-108071; Santa Cruz Biotechnology, Santa Cruz, CA) for an additional 10 days.
Surviving cell colonies were picked and propagated before testing for glutaminase
expression using Western blot analysis.

Oral Cancer Mouse Model: To validate the significance of glutaminolysis/glutaminase in
regulating tumorsphere formation or stemness and tumorigenesis /in7 vivo, an oral cancer
mouse model was used. All protocols were approved by the UM University Committee on
Use and Care of Animals. HNSCC cells grown as tumorspheres or under control adherent
conditions were prepared as described above and used in the mouse model as described
previously.3132 For these experiments, 3-week old male mice (NCr-nu/nu strain, NCI,
Frederick, MD) were purchased and used for all experimental protocols. In another set of
experiments, HNSCC cells (1 x 108 cells/0.05) that exhibited stably suppressed levels of
glutaminase (described in detail above) and control transduced cells (1 x 108 cells/0.05)
were also tested in the mouse model.

| solation of AL DHN CD44" and AL DH'® CD44'© HNSCC Cellsand Flow

Cytometry: The ALDEFLUOR assay kit (01700, StemCell, Vancouver, British Columbia,
Canada) was used to isolate the ALDHN CD44M and ALDH!® CD44!° HNSCC cells
according to the manufacturer’s instructions. Briefly, HNSCC cells (UM-SCC-14A) were
trypsinized and washed with PBS, and then the Aldefluor substrate was added to 1 x 10°
cells/mL suspended in Aldefluor assay buffer and incubated at 37 °C for 45 min. For each
sample, 5 yL of diethylaminobenzaldehyde (DEAB), a specific ALDH inhibitor, was added
to 0.5 mL of Aldefluor-stained cells as a negative control. Cells were costained with an APC
antihuman CD44 antibody (559942, BD Pharmingen, San Diego, CA). The expression of
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CD44 and ALDH was analyzed by flow cytometry using a FACS Aria Cell Sorter (BD
Biosciences, San Jose, CA).

For tumorsphere assays, ALDHN CD44N and ALDH!® CD44° cells, derived from FACS,
were plated on poly-HEMA coated plates at a density of 5000 viable cells/well.
Tumorsphere growth was observed under a microscope after 10 days.

Quantitative PCR: Total RNA was isolated from cells and tissue samples using the RNeasy
mini, RNA isolation kit (74104, Qiagen, Vaencia, CA) according to manufacturer’s
instructions. The cDNA was synthesized using total RNA, oligo-dt, primers, and reverse
transcriptase (4331182, Applied Biosystems, city). Real-time qPCR was performed with
gene-specific primers (Glutaminase, ALDH1A1, or c-myc; Supporting Information; Table
S8) and the SYBR Green PCR Master Mix (4369016, Qiagen, Vaencia, CA) using a thermal
cycler (Applied Biosystems 7700, Foster city, CA). The gene of interest was normalized
against the reference gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The
expression level of each gene was calculated using the 2724Ct method.

Statistical Analyses and Data Management Systems

Metabalic Profiling and Validation: Following log transformation and imputation of
missing values, with the minimum observed value for each compound, ANOVA contrasts
(tissues) and Welch’s two-sample ztest (saliva) were used to identify metabolites that
differed significantly between experimental groups (< 0.05 and 0.05 < p< 0.10). Analysis
by two-way ANOVA with repeated measures identified features exhibiting the main effects
of the group experimental parameter. An estimate of the false discovery rate (g-value) is
calculated to take into account the multiple comparisons that normally occur in
metabolomic-based studies. Q-values are provided for further evaluation of metabolomic
trends within the data set; a typical g-value cutoff used with metabolomic data sets is g<
0.05 (a potential for 5% false observations). However, where metabolites move in a
consistent direction across a pathway, a lower g-value threshold may be used. Refer to the
Supporting Information for general definitions, further descriptions of false discovery rate,
and other statistical tests and analyses or classification and clustering systems used for data
management, including the Random Forest Classification, Hierarchical Clustering, and
Principal Component Analysis (Supporting Information (tissue and saliva); Report S1.

For all other analyses and functional studies, values were expressed as means + SD.

Intergroup differences were determined using ANOVA and a Tukey—Kramer HSD posthoc
test. Statistical significance was defined as p< 0.05. For the /n vivo studies, independent ¢
tests with unequal variances were used. All experiments were repeated at least three times.

Metabolomic Profiling Reveals Significant Numbers of Altered Metabolites in Matched
Primary and Metastatic HNSCC and Normal Adjacent Control Tissues

Global metabolic profiling of 19 (= 57) matched pairs of primary and metastatic HNSCC
tissues and normal adjacent control tissues revealed that 405 (p < 0.05) metabolites were
statistically different in multiple comparisons out of 569 named features (Supporting
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Information; Report S1, (tissue)). When comparing primary HNSCC to control tissues, 301
metabolites were elevated and 84 were downregulated or a total of 385 metabolites were
altered (p < 0.05). When comparing metastatic HNSCC to control tissues, 288 metabolites
were elevated and 95 were downregulated or a total of 383 metabolites were altered (o <
0.05). When comparing metastatic to primary HNSCC tissues, 22 metabolites were elevated
and 41 were downregulated or a total of 63 metabolites were altered (p < 0.05) (Supporting
Information (tissue); Reports S2 and S3, and Supporting Information; Figure S1 (tissue)).

Metabolomic Profiling Reveals Significant Numbers of Altered Metabolites in HNSCC
Saliva Compared to Healthy Controls

Global metabolic profiling of 60 HNSCC (n7=47) and normal (n = 13) saliva samples
revealed that 234 (p < 0.05) metabolites were statistically different in comparisons out of
481 named biochemicals (Supporting Information; Report S1, (saliva)). Of these, 120 were
upregulated and 114 were downregulated (p < 0.05). (Supporting Information; Reports S4
and S5 (saliva)) and Supporting Information; Figure S1 (saliva)).

Principal Component Analyses of Metabolic Variables Show Separation of HNSCC Tumors
from Normal Tissues and by Grade, and Separation of HNSCC from Normal Saliva

Using principal component analysis (PCA) to transform the large number of metabolic
variables into a smaller number of orthogonal variables in order to analyze variation between
groups and to provide a high-level overview of the data set, we found that samples derived
from normal adjacent tissue showed good separation from tumor samples (Figure 1A).
Primary and metastatic tumor samples formed an overlapping population in the PCA (Figure
1A). When analyzed by tumor grade, tumor samples again formed overlapping populations;
however, low-grade tumors appeared to pull away from high-grade tumors on the PCA
(Figure 1B). Nevertheless, a larger sample size is needed to examine this further. In the
hierarchical clustering analysis (HCA), control samples tended to cluster separately from the
tumor samples (Figure 1C). Tumor samples tended to form subclusters with their matched
tumor pair rather than by tumor status (primary or metastatic), indicating subtle differences
in metabolism in the individual tumors.

PCA of saliva metabolites derived from normal and HNSCC samples tended to form
partially overlapping populations, with HNSCC samples showing a wider spread across the
PCA (Figure 1D). In hierarchical clustering, control and HNSCC saliva samples tended to
cluster by disease status (data not shown).

Random Forest Analyses of Metabolic Variables for HNSCC Tumor Tissue and Saliva Yield
a High Predictive Accuracy

Random forest analyses (RFA) showed good efficiency at separating control, primary, and
metastatic samples, with a predictive accuracy of 67% (Figure 2A). Random chance would
be expected to yield a predictive accuracy of 33% in this analysis. The top 30 metabolites for
predicting control, primary, and metastatic groups included metabolites related to lipid
metabolism (caprate, docosatrienoate, CDP-choline, adrenate), the urea cycle (pro-hydroxy-
pro, putrescine, N-acetylglutamate), inflammation or niacin biosynthesis (kynurenine), and
glutaminolysis/glutamate metabolism (glutamate) (Figure 2A). RFA of saliva was very
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effective at separating normal controls from HNSCC samples, with a predictive accuracy of
100% (a 50% predictive accuracy would be expected by random chance) (Figure 2B). The
top 30 metabolites for predicting groups included biochemicals related to xenobiotics
(benzamide, levulinate, dihydroferulic acid, 5-hydroxymethylfurfural, benzoate),
carbohydrates (3-phosphoglycerate, an isobar of fructose/glucose 1,6-diphosphate or myo-
inositol 1,4 or 1,3-diphosphate, glucose-6-phosphate, and maltose), lipids (maleate,
caproate, heptanoate, carnitine), nucleotides (2°,3"-cGMP, 3’-AMP, allantoin), and
energetics/glutaminolysis/TCA metabolism (a-ketoglutarate).

Validation Studies Confirm Highly Active Glutaminolysis in Primary and Metastatic HNSCC
Tissues and Cells, Marked by High Glutamate Levels, Low Glutamine Levels, and High
Glutaminase Expression

Given our previous NMR-based metabolomic studies of HNSCC cells and tissues, 2333 and
the current data underscoring the important role of altered energetics in HNSCC tissues and
saliva, we performed additional experiments to validate the role of glutaminolysis in
HNSCC tumorigenesis. For these studies, we examined additional sets of HNSCC tissues
and found that glutamate was differentially elevated in primary and metastatic HNSCC
tissues compared to normal adjacent tissues (Figure 3A). Glutamine, the precursor to
glutamate, was lowest in the metastatic tissues, suggesting an active level of glutaminolysis
in metastatic tissues (Figure 3B). Parallel to changes in HNSCC tissues, studies of
unmatched saliva and plasma samples from patients with HNSCC showed that glutamate
levels were also significantly elevated in samples derived from HNSCC patients compared to
healthy controls (Figure 3C and D).

The enzyme glutaminase catalyzes the formation of glutamate from glutamine; therefore,
glutaminase expression was also examined in these HNSCC tissues. Immunohistochemical
staining analyses revealed that glutaminase expression was high in primary and metastatic
HNSCC tissues compared to normal tissues (Figure 3E). These findings support that
glutaminase and glutaminolysis are important markers for the transition to tumorigenesis
and to a more aggressive metastatic phenotype in HNSCC.

At the cellular level, HNSCC cells also exhibited significantly higher levels of glutaminase
expression compared to normal human oral keratinocytes (Figure 3F). Corresponding
validation studies confirmed that these HNSCC cells had higher metabolic levels of
glutamate than primary human oral keratinocytes (Figure 3G). In summary, these validation
studies showed that primary and metastatic HNSCC tissues and HNSCC cells exhibit highly
active glutaminolysis marked by high glutamate levels, low glutamine levels, and high
glutaminase expression. These data support the concept that as keratinocytes undergo
transformative events toward a tumorigenic and metastatic phenotype, their metabolism
becomes progressively more dependent on glutaminolysis.

Glutaminolysis Regulates HNSCC Stemness Properties

Cancer stemness is thought to contribute to tumorigenesis, and it may contribute to
aggressive or metastatic tumor potential.13 To test the hypothesis that glutaminolysis
promotes cancer stemness, glutaminase expression and glutamate levels were examined in
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the context of sphere assays. HNSCC spheres, designated tumorspheres, showed elevated
levels of glutaminase expression compared to their counterpart adherent controls (Figure
4A). Metabolic validation studies revealed that these HNSCC tumorspheres exhibited
elevated levels of glutamate, compared to adherent controls (Figure 4B). Using an oral
cancer floor-of-mouth xenograft model, we found that mouse tumors derived from these
tumorsphere cells exhibited a larger mean tumor volume and incidence and higher increases
in the levels of glutamate compared to those derived from adherent control cells (Figure 4C
and D). Exogenous addition of glutamine promoted tumorsphere formation and coincident
glutaminase expression, whereas depriving cells of glutamine suppressed tumorsphere
formation (Figure 4E and F).

Inhibiting Glutaminolysis Abrogates HNSCC Stemness Properties in Vitro and
Tumorigenesis in Vivo

Chemically inhibiting glutaminase activity with 6-diazo-5-oxo-L-norleucine (DON), a
glutamine antagonist, led to suppression of tumorsphere formation and decreased glutamate
levels in HNSCC cells /n vitro (Figure 5A and B). Similarly, stably suppressing glutaminase
expression in these cells with lentiviral ShRNA also abrogated HNSCC tumorsphere
formation and glutamate levels in HNSCC cells /in vitro (Figure 5C and D). Mouse tumors
derived from HNSCC cells stably transduced with glutaminase shRNA exhibited
significantly decreased tumor volumes. Consistently, metabolic validation studies confirmed
decreased levels of glutamate levels in these tumors (Figure 5E and F).

HNSCC CSC (CD44N/ALDHN) and Their ALDH Expression Are Regulated by
Glutaminolysis

HNSCC cancer stem cells (CSCs) have been defined by high expression of the stem cell
surface markers CD44 and aldehyde dehydrogenase (ALDH).34:35 Using flow cytometry to
isolate HNSCC CSCs (CD44"/ALDHN), we determined that these cells express high levels
of glutaminase expression, and metabolic validation studies showed that they also exhibited
high levels of glutamate compared to control cells (CD44!°/ALDH!®) (Figure 6A—C). These
HNSCC CSC (CD44"/ALDHN) also exhibited a greater potential for tumorsphere
formation (Figure 6D). Glutamine enrichment drove even CD44!9/ALDH!® HNSCC cells
toward stemness. CD44!9/ALDH'® cells cultured in glutamine-enriched media formed more
tumorspheres and exhibited higher ALDH expression compared to cells cultured in
nonenriched media (Figure 6E and F). Suppressing glutaminase expression in HNSCC cells
resulted in transcriptional and translational suppression of ALDH expression (Figure 6G and
H). Consistently, we noted that chemical inhibition of glutaminase inhibits CD44 expression
(Supporting Information; Figure S3). Thus, glutaminolysis regulates HNSCC and HNSCC
CSC metabolic energetic pathways via ALDH.

In human HNSCC tissues, glutaminase RNA expression levels increased, as did those of
ALDH expression (Figure 61 and J). Taken in aggregate, these data indicate that
glutaminolytic metabolic pathways regulate the expression of the CSC marker ALDH.
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DISCUSSION

Compared to other “-omes” (genome/proteome/transcriptome), the metabolome is relatively
small (~3,200 compounds), highly conserved, and highly defined. Metabolomic data sets are
more computationally approachable, more amenable to interpretation, and more precise in
characterization. The metabolome can be integrated into systems biology or with other -
omics data sets. Since detection of metabolites is less complex than proteomic/genomic
alternatives and routinely used in clinical settings, target metabolites identified in association
with primary or metastatic HNSCC could be used as prognostic markers, for identification
of disease progression, staging, and treatment monitoring in a clinical setting.

Overall, the results from this global metabolomic study comparing control adjacent, primary
and metastatic tumor samples and saliva samples from control or tumor-bearing subjects
differed in a number of metabolic readouts, including changes in metabolites related to
energetics, lipid metabolism, inflammation, markers of oxidative stress, and xenobiotics. In
PCA, tumor samples (primary and metastatic) formed an overlapping population that was
well-separated from control samples. The overall changes in metabolites in saliva and tissue
matrices showed good correlation, suggesting altered biochemicals may be useful prognostic
biomarkers of disease.

Glutaminolysis and its associated metabolites, including glutamate, have diagnostic potential
for HNSCC. Our data have identified a highly accurate (100% predictive accuracy) signature
metabolome of 30 metabolites that distinguishes normal saliva from HNSCC-derived saliva.
Our data have also identified a signature metabolome of 30 metabolites that distinguishes
normal tissues from primary and metastatic HNSCC tissues. The glutaminolytic pathway
and its component metabolites ranked among these signature metabolites that distinguished
normal from disease states across both tissues and saliva samples. Previously, using NMR
spectroscopy combined with PCA plus partial least-squares discriminant analyses, we
similarly found that glutamate and other metabolites showed a clear distinction between
tumors and normal tissues.23 Others have also shown that glutamate is an important
metabolite in tumorigenesis, including HNSCC, and resonances from glutamate, taurine,
choline, lactic acid, and lipids were found to have diagnostic potential for HNSCC; however,
our data reveal the mechanistic significance of glutaminolysis in tumorigenesis and its
regulatory role in modulating stemness.25:27

Our earlier metabolomic analyses of HNSCC cells showed that several metabolites,
including glutamate and those involved with glycolysis, are important in distinguishing
HNSCC cells from normal oral keratinocytes.33 Specifically, unsupervised PCA performed
on NMR data of HNSCC cell lines revealed a clear separation between HNSCC cells and
normal human oral keratinocytes. HNSCC cells exhibited significantly altered levels of
lactate, acetate, aspartate, isoleucine, taurine, tyrosine, NAD™, valine, creatine, /myo-inositol,
alanine, glutamine, uridine diphosphate coupled sugars, glutathione, adenosine mono-/
diphosphate, phenylalanine, glycine, fumarate, glycerophosphocholine, phosphocholine,
arachidonic acid, lysophosphatidylcholine, and sphingomyelin. These altered metabolites
clearly revealed dysregulation of multiple metabolic events, including aerobic glycolysis
(Warburg effect), oxidative phosphorylation (Pasteur’s effect), energy metabolism, TCA
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cycle anaplerotic flux, hexosamine pathway, osmoregulatory, and antioxidant mechanisms. It
is noteworthy that an increased glutamate/glutamine ratio was observed in HNSCC cells,
suggesting altered regulation of glutaminolysis during cell proliferation. Interestingly, mass
spectrometry/liquid chromatography analyses of HNSCC cell lines by another group
indicated that glucose rather than glutamine is the dominant energy source required for
proliferation and survival of HNSCC cells.36 Thus, these studies suggest that both glycolysis
and glutaminolysis are important energy determinants in HNSCC; however, glucose
metabolism may be more important for survival and proliferation, whereas glutamine/
glutamate metabolism may be critical for subsequent aggressive transitions, such as
acquiring stemness properties and metastatic potential. Also, although analyses of cellular
metabolism in a cell culture setting are helpful, the complex metabolism of tissues, which
incorporate rich multicellular and extracellular matrix interactions, provides a more holistic
overview of the overall metabolic processes that define tumorigenesis.

Metabolomic analyses of biofluids from head and neck cancer or oral cancer patients have
also demonstrated the ability to discriminate between cancer patients and normal controls
using NMR or mass spectroscopy-based approaches. Analysis of blood samples from 15 oral
cancer patients using NMR spectroscopy combined with a multivariate chemometric
analysis successfully discriminated between serum samples from cancer patients and from a
control group.3” NMR-based metabolomics of plasma from patients with oral SCC (OSCC)
or oral leukoplakia, and healthy controls, also successfully differentiated OSCC patients
from oral leukoplakia patients and controls.38 Gas chromatography—-mass spectrometry-
based serum analyses recently identified glutamic acid, lactic acid, and aspartic acid as
potential biomarkers for the efficacy of induction chemotherapy in OSCC.3° Mass
spectrometry-based metabolomic approaches have similarly been useful in distinguishing
oral cancer from other cancers, healthy controls, or patients with periodontal disease using
saliva or other biofluid analyses.#041 The current data expand these findings and underscore
the strength of saliva and plasma in accurately discriminating between health and HNSCC
with a 100% level of accuracy in the case of saliva. Thus, combined saliva- and biofluid-
based metabolomic studies have identified a variety of useful discriminating metabolite
biomarkers, including those involved in energetics, such as glutamate. Differences in the
metabolite biomarkers identified and their levels may reflect differences in the NMR or mass
spectroscopy methods used, statistical analyses employed, or heterogeneity of the samples.

Multiple mechanisms have been ascribed to aldehyde dehydrogenases (ALDHS) in
promoting cancer metabolism, cancer chemoresistance, and CSC survival. ALDHSs are a
family of enzymes that help detoxify a variety of aldehydes, including those in drugs,
xenobiotics, and intracellular components, such as alcohol. ALDH can assist with the
biosynthesis of retinoic acid, which is thought to be important in determining cell fate,
cancer cell signaling, and gene expression. ALDHSs are also thought to play a role as
antioxidants via their NADPH recycling function. In terms of chemoresistance, ALDHSs are
capable of direct enzymatic inactivation of alkylating agents, such as
cyclophosphamide.#243 ALDHs can also confer resistance to other chemotherapeutic drugs,
such as cisplatin and doxorubicin, although the mechanisms have not been fully
delineated.*445 Other evidence reveals that ALDH is often coexpressed with antioxidant
factors.*6 For a more comprehensive discussion about the role of ALDH in promoting
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cancer cell processes, the reader is directed to a recent review on this subject.4” Thus, ALDH
seems to functionally promote multiple cancer cell processes via direct drug inactivation,
promoting oxidative stress resistance, and mediating retinoic acid signaling mechanisms that
favor cell survival and other tumorigenic processes. The current study has identified a new
mechanism whereby ALDH can influence CSC properties. Specifically, this study has
identified a novel relationship between the stemness marker ALDH and glutamate/
glutaminase/glutaminolysis. The current data indicate a causal relationship between
glutamate/glutaminase and ALDH levels. It is known that the active site of the ALDH
enzyme requires priming by glutamate to catalyze the oxidation of aldehydes to carboxylic
acids. Thus, it may be that glutaminase, by upregulating glutamate levels, regulates the
priming of ALDH activity and ultimately ALDH levels. In aggregate, these findings indicate
that stemness energetics are regulated, in part, by glutaminolysis, which regulates ALDH
levels/functionality.

Driving these elevated levels of glutaminolysis and ALDH in tumorigenesis may be
mutations in the tumor promoter c-Myc or ALDH itself. c-Myc mutations can lead to
increased expression of glutamate transporters that results in elevated glutamate in tumor
cells.3 Also, deficiency in glutamine but not glucose induces MY C-dependent apoptosis in
human cancer cells.8 Thus, Myc-mediated elevated glutamate levels may in turn drive the
increase in ALDH levels that promote HNSCC stemness. Our data support this premise as
the basis for the current findings, since c-Myc levels were elevated in tandem with
glutaminase and ALDH levels in the human HNSCC tissue samples (Figure 61 and J and
Supporting Information; Figure S2). Alternatively, mutations or polymorphisms in ALDH
genes, several of which have been described, could confer a hyper-responsiveness to
glutamate levels that then drive the stemness phenotype.49:50 For example, the glutamate to
lysine single nucleotide polymorphism (Glu504Lys) was reported to have decreased activity
of the ALDH enzyme and caused much higher blood levels of acetaldehyde; in a meta-
analysis this showed an increased risk for cancer, especially esophageal cancer.>°

CONCLUSIONS

In summary, the results from this global metabolomic study of tissues, saliva, plasma, and
cell and animal models of HNSCC led to the discovery of a number of important metabolic
readouts. The data helped identify biomarker panels with high predictive accuracy. Profiling
and validation studies further fueled cell and animal model experiments that uncovered the
mechanistic role of the glutaminolytic—aldehyde dehydrogenase relationship in regulating
cancer cell stemness. This discovery helped unite two facets of cancer biology that
heretofore were not well understood, namely cancer cell metabolic energetics and their
relationship to cancer stemness, especially as relates to the well-known cancer stem cell
marker ALDH. Future analyses of glutaminolytic-ALDH driven mechanisms underlying
tumorigenic transitions may help in the development of targeted therapies for HNSCC and
its CSC compartment.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Metabolomic profiling of altered metabolites in matched primary and metastatic HNSCC

and normal adjacent control tissues, and saliva samples. (A) PCA score plot showing

differential grouping among normal, primary, and metatastic tissues and (B) by tumor grade.
(C) HCA of normal, primary, and metastatic tissues. (D) PCA score plot showing differential

grouping among normal and HNSCC saliva samples.
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Figure 2.

RFA of metabolic variables for HNSCC tumor tissue and saliva yield a high predictive
accuracy. (A) RFA of metabolic variables for normal, primary, and metastatic tumor tissue;
(B) RFA of metabolic variables for normal and HNSCC saliva samples showing the top 30

metabolites.
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Figure 3.
Validation studies in HNSCC revealed highly active glutaminolysis in primary and

metastatic HNSCC tissues and cells, marked by high glutamate levels, low glutamine levels,
and high glutaminase expression. (A and B) Box plots showing the levels of glutamate and
glutamine in metastatic HNSCC (Mets; 7= 26), primary HNSCC (7= 26), and normal
control (= 24) tissues based on isotope dilution GC-MS. (C and D) Box plots showing the
levels of salivary glutamate in HNSCC patients (cancer; /7= 10) and normal healthy controls
(control; n=8), and (D) plasma glutamate levels in HNSCC patients (cancer; 7= 7) and
normal healthy controls (control; 7= 7) based on isotope dilution GC-MS. Intergroup
differences were determined by Kruskal-Wallis tests for three-way comparisons between
groups. Statistical significance was defined as *p < 0.05. (E) (left) Representative normal
control, primary HNSCC, or metastatic HNSCC tissue sections immunostained with
antibodies against glutaminase; (right) percentage of tissue specimens expressing
glutaminase determined by immunohistochemical staining. Staining intensity was graded as
High or Low. McNemar’s test was used to compare the two proportions with significant
differences set at *p < 0.05. (F) Immunoblots show glutaminase levels in keratinocytes and
HNSCC cells. S-Actin served as a loading control. (G) Glutamate levels in keratinocytes
(Kera 1 and 2) and HNSCC cells (HSC-3, UM-SCC-14A, OSCC-3, and UM-SCC-17B),
based on isotope dilution GC-MS.
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Figure 4.
HNSCC stemness properties are defined by elevated glutamate and glutaminase expression

in vitro and /n vivo and regulated by glutaminolysis. (A) (left) Phase contrast images; (right)
levels of glutamate in HNSCC cells (UM-SCC-14A) cultured under adherent or suspension
conditions for 3 days. (B) Immunoblots showing the levels of glutaminase expression in
HNSCC cells (UM-SCC-14A) cultured under adherent or suspension conditions for the
indicated time points. S-Actin served as a loading control. (C) Representative images of
tumors dissected from mice 6 weeks after injection with HNSCC cells cultured under
adherent or tumorsphere conditions (7= 6/8 adherent and 77 = 9/9 tumorsphere developed
tumors). (D) Bar/box plot showing levels of glutamate in mouse tumor tissues derived from
adherent HNSCC cells and tumorspheres, based on isotope dilution GC-MS. Intergroup
differences were determined by Kruskal-Wallis tests for two-way comparisons between
groups. Statistical significance was defined as *p < 0.05. (E) (left) Phase contrast images;
(right) graph showing fold tumorsphere induction (total area) of UM-SCC-14A cells
cultured in the presence or absence of glutamine (30 pg/mL) under suspension conditions in
glutamine free media for the indicated time points. (F) Immunoblots showing the levels of
glutaminase expression in HNSCC cells cultured in the presence or absence of glutamine, as
indicated under suspension conditions in glutamine free media for 72 h. g-Actin served as a
loading control. Scale bars represent 50 gm. (Photograph courtesy of Pachiyappan
Kamarajan, copyright 2016.)
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Figureb.
Glutaminase suppression inhibits HNSCC tumorsphere formation /n vitro and tumorigenesis

in vivovia glutaminase. (A) (left) Phase contrast images; (right) graph showing fold
tumorsphere inhibition (total area). (B) Levels of glutamate in UM-SCC-14A cells cultured
in the presence or absence of the glutaminase inhibitor (DON) under adherent or suspension
conditions for 3 days, based on isotope dilution GC-MS. (C) (left) Phase-contrast images;
(right) graph showing fold tumorsphere inhibition (total area) of cells stably transduced with
control scrambled-shRNA or glutaminase-shRNA and then cultured under adherent or
suspension conditions (tumorsphere) for 3 days. (inset) Immunoblots showing the levels of
glutaminase expression in cells transduced with control ShRNA or glutaminase-shRNA. 5
Actin served as a loading control. (D) Levels of glutamate in cells stably transduced with
control shRNA or glutaminase-shRNA and then cultured under adherent or suspension
conditions (tumor-spheres) for 3 days. (E) Images show the dissected tumors. (F) Levels of
glutamate in mouse tumors derived from mice injected with UM-SCC-14A cells that were
transduced with control shRNA or glutaminase-shRNA and grown under adherent
conditions (/7= 4/4 control ShRNA,; 1= 4/4 glutaminase shRNA). Scale bars represent 50
um. (Photograph courtesy of Pachiyappan Kamarajan, copyright 2016.)
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Figure 6.
HNSCC cancer stem cells (CD44"M/ALDHM) and ALDH expression are regulated by

glutaminolysis. (A) Representative FACS-based sorting of ALDHN CD44Mi and ALDH!°
CD44 fractions from UM-SCC-14A cells stained with the Aldefluor reagent. The
nonviable cells were excluded using 7-aminoactinomycin D (P1 = viable cells). The ALDH
inhibitor A A-diethylaminobenzaldehyde was used as a negative control. ALDH" and
ALDH!° fractions were gated against CD44 to select ALDHNCD44N (P7 = 1.4%) and
ALDH!'°CD44° (P6 = 1.9%) cells. (B) Immunoblots showing the levels of glutaminase
expression in ALDHNCD44N and ALDH!°CD44'° cells. g-Actin served as a loading
control. (C) Graph showing the levels of glutamate in ALDHMNCD44N and ALDH!°CD44!°
cells. (D) (left) Phase contrast images; (right) graph showing the number of tumorspheres
formed in ALDHNCDA44N and ALDH!°CD44!° cells cultured under suspension conditions
for 10 days. (E) (left), Phase contrast images; (right) graph showing the number of
tumorspheres formed in ALDHMCD44N and ALDH!°CD441 cells cultured in the presence
or absence of glutamine (30 g/mL) under suspension conditions for 10 days. (F)
Immunoblots showing the levels of ALDH1AL in ALDH!'°CD44!° cells cultured in the
presence and absence of glutamine (30 xg/mL) under suspension conditions for 10 days. -
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Actin served as a loading control. (G) Graphs showing the levels of glutaminase and
ALDHIAI mRNA in cells transduced with control shRNA or glutaminase-shRNA. (H)
Immunoblots showing the levels of ALDH1A1 and glutaminase expression in cells
transduced with control shRNA or glutaminase-shRNA and then cultured under adherent or
suspension conditions (tumorspheres) for 3 days. Graphs showing the levels of (1)
glutaminase and (J) ALDH1A1 mRNA in metastatic HNSCC (Mets; n= 24), primary
HNSCC (n=24), and normal adjacent (n= 24) tissues measured by gPCR. Scale bars
represent 50 xm. (Photograph courtesy of Pachiyappan Kamarajan, copyright 2016.)
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Table 1

Demographic and Clinical Characteristics of Healthy and HNSCC Patients

Page 25

Tissues Saliva Plasma
Number of samples 103 75 14
Male 41 57 10
Female 6 18 4
Age 39-88 34-84 40-63

Race/Ethnicity

Primary disease site

Caucasian/European/American/White

tongue, oral cavity, lip, larynx,
hypopharynx, lymp node

Caucasian/European/American/White

tongue, oral cavity, lip, larynx,
hypopharynx, oropharynx,
nasopharynx
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Caucasian/European/American/White

oral cavity, mouth floor mucosa,
mandible
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