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Abstract

Oral squamous cell carcinoma (OSCC) is the most common head and neck malignancy. The oncometabolites
have been studied in OSCC, but the mechanism of metabolic reprogramming remains unclear. To identify the
potential metabolic markers to distinguish malignant oral squamous cell carcinoma (OSCC) tissue from adjacent
healthy tissue and study the mechanism of metabolic reprogramming in OSCC. We compared the metabolites
between cancerous and paracancerous tissues of OSCC patients by "HNMR analysis. We established OSCC derived
cell lines and analyzed their difference of RNA expression by RNA sequencing. We investigated the metabolism

of y-aminobutyrate in OSCC derived cells by real time PCR and western blotting. Our data revealed that much
more y-aminobutyrate was produced in cancerous tissues of OSCC patients. The investigation based on OSCC
derived cells showed that the increase of y-aminobutyrate was promoted by the synthesis of glutamate beyond
the mitochondria. In OSCC cancerous tissue derived cells, the glutamate was catalyzed to glutamine by glutamine
synthetase (GLUL), and then the generated glutamine was metabolized to glutamate by glutaminase (GLS). Finally,
the glutamate produced by glutamate-glutamine-glutamate cycle was converted to y-aminobutyrate by glutamate
decarboxylase 2 (GAD2). Our study is not only benefit for understanding the pathological mechanisms of OSCC,
but also has application prospects for the diagnosis of OSCC.
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Introduction

Oral squamous cell carcinoma (OSCC) is the most com-
mon head and neck malignancy, and its incidence has
been increasing in several countries [1]. OSCC develops
in the oral cavity and oropharynx and can occur due to
many etiological factors [2]. Potentially malignant dis-
orders transforming into OSCC includes leukoplakia,
proliferative verrucous leukoplakia, erythroleukoplakia,
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erythroplakia, oral submucous fibrosis and oral lichen
planus [2]. Gene mutations may cause cancer develop-
ment in the pharynx and oral cavity; however, no spe-
cific gene has been identified in OSCCs [3]. Up-to-date,
several molecular markers of prognosis have been stud-
ied in OSCC, but none entered in the clinical setting [4].
Because they are overexpressed in OSCC relative to nor-
mal mucosa, cytokeratins (CKs) are possibilities for diag-
nostic markers of OSCC [5]. The expression of CK5/14
and vimentin correlated with a poor prognosis of oral
cancer patients [6]. The immunohistochemical detec-
tion of CK5/14 and ki-67 was normally performed for the
examination of OSCC [7].
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Increasing evidence reveals that metabolomics tech-
niques, including nuclear magnetic resonance (NMR)
spectroscopy and mass spectrometry (MS), can be
used to explore the oncometabolites in OSCC. Plasma,
serum, saliva, urine, tissue, derivative cell lines, and ani-
mal models have been used in OSCC metabolomics
research. Shigeyama et al. analyzed volatile organic com-
pound and found that 20 volatile metabolites in saliva
of OSCC patients were significantly reduced compared
with healthy people, suggesting that these metabolites
may be involved in the pathogenesis of OSCC and should
be considered as potential biomarkers [8]. The analysis
based on the differential markers between OSCC and
oral non neoplastic bone disease showed that nonanoic
acid, glucose, galactose and cysteine cystine were poten-
tial plasma biomarkers [9]. Another study employing bio-
fluids other than saliva found that the level of valine in
OSCC patients decreased, while the abundance of cho-
line and acetone increased [10]. The metabolic alterations
involved in OSCC pathogenesis have also been assessed
in OSCC-derivative cell lines, animal models and tis-
sues, showing that the metabolic signatures about glyco-
lytic metabolic pathways [11], fatty acid metabolism [12]
and other metabolic pathways [13] were characterized in
OScCcC.

However, the metabolic alterations, especially the
mechanism of metabolic reprogramming [14], are not
clearly elucidated in OSCC. To study the metabolic repro-
gramming characters of OSCC, we compared the metab-
olites between cancerous and paracancerous tissues
of OSCC patients by "THNMR analysis. We established
OSCC derived cell lines and preliminarily evaluated the
metabolic reprogramming of y-aminobutyrate in OSCC.
Our study is not only benefit for understanding the path-
ological mechanisms of OSCC, but also has application
prospects for the diagnosis of OSCC.

Materials and methods

Patient eligibility

This study included 4 oral squamous cell carcinoma
(OSCC) patients (patient ID: #21-3801, #21-5479, #21-
6812 and #21-7123, each in Stage I/II) treated at The
First Hospital of Jiaxing. Patients meeting all the follow-
ing requirements were eligible for enrollment: (i) a diag-
nosis of OSCC confirmed by histology, (ii) no treatment
before diagnosis, and (iii) provision of voluntary written
informed consent. Human specimens included tumor tis-
sue and adjacent normal tissue (beyond tumor margins)
for analysis of the expression of the CK-5 and Ki-67. This
study was carried out in accordance with the current
guidelines of Medical Ethics Committee at the Medical
Center of Lishui University (LSUMC-21-053).
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Cell lines establishing

The tumor and non-tumorous adjacent tissues were col-
lected from one OSCC patient (#21-3801) who received
surgical treatment at The First Hospital of Jiaxing and
individually dissected into smaller fragments. The frag-
ments from tumor or non-tumorous adjacent tissues
were then seeded onto 10 cm plate and cultured in Dul-
becco’s Modified Eagle’s Medium (DMEM) (Hyclone,
SH30019.01, logan, UT) with 10% Fetal Bovine Serum
(FBS). After the cells that migrated from the tissue block
were connected into pieces, fibroblasts were manually
scraped off under microscope. The left epithelial cells
were cultured and passaged for three generations. The
expanded cells were then applied to establish single cell
clones by limiting dilution with 96 well plate.

H&E staining

H&E staining was performed as previously described
[15]. Briefly, 10-um-thick cryosections were first incu-
bated in Haematoxylin A solution for 3 min. After wash-
ing with water three times, the sections were rinsed
in a concentrated HCI solution diluted with 70% etha-
nol for one minute and washed again with water three
times. Then, the sections were incubated in 1% ammonia
water for 1 min, washed for 3 times, stained with Eosin-
Y solution for 8-10 s, dehydrated in a series of ethanol
and xylene and mounted with neutral balsam. Olympus
microscope (Olympus, DP72) was applied for images
acquiring.

Immunohistochemistry

Immunohistochemistry (IHC) was performed as previ-
ously described [16]. Briefly, the sample was fixed in 4%
PFA at 4 °C for 1 h and washed 3 times with PBS. Then,
the tissue was placed overnight in a 30% sucrose/PBS
solution at 4 ° C. Afterwards, the samples were embed-
ded in OCT compound (Sakura) and sliced. Seal the
sections with PBSST (0.1% Triton X-100/2.5% normal
donkey serum/PBS) at room temperature for 30 min, and
then incubate them overnight with primary antibodies at
4 °C. Wash with PBS three times and incubate with the
second antibody at room temperature for 30 min. Wash
the slices three times with PBS and install them with
media containing DAPL

Plasmids and siRNAs

Human tagged ORF clone for GLUL (#RC204161),
ALDH2 (#RC200505), BLVRA (#RC203243) and FBP1
(#RC204461), and human siRNA oligo duplex for
GLUL (#SR301833), ALDH2 (#SR319314), BLVRA
(#SR300442), FBP1 (#SR301541), GLS(#SR301829) and
GAD2(#SR301713) were purchased from OriGene Tech-
nologies. To make overexpression cells, GLUL, ALDH2,
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BLVRA or FBP1 cDNA plasmids were transfected into
indicated cells and selected by Neomycin.

"H-NMR measurements

The tissue samples were thawed and meshed at room
temperature and centrifuged at 8000 rpm for 5 min. 150
puL of supernatant was added to 800 pL of methanol,
mixed by vigorous vortex, and then centrifuged at 14
000 g for 10 min. The supernatant was concentrated by
SpeedVac system at 35 C. The residue was redissolved
in 450 pL of distilled water, 50.0 uL of phosphate buf-
fer solution (pH 7.4), and 50.0 puL of TSP (0.5 mg/ml).
After centrifugation with 12 000 rpm for 10 min, 500 pl
supernatant was transferred to the 5 mm NMR tube and
stored at 4 ‘C for analysis. 'H-NMR data of samples were
collected on Bruker Avance II-600 MHz spectrometer
(Germany), and the methods were consistent with those
reported in literatures [17]. Topspin 2.1 (Bruker, Bio-
spin, GmbH, Rheinstetten, Germany) was used for phase
adjustment and baseline correction of each 1H NMR
spectrum, and the TSP chemical shift was calibrated to
0.00 ppm. The processed 'H NMR spectra were inte-
grated into Matlab-R2012b software (Mathworks, Natick,
MA, USA) to cover the entire spectrum from 0 to 10.0
ppm. For eliminating the influence of peaks of water and
methanol, the data of 3.36 to 3.37 and 4.5 to 5.5 ppm
region were deleted.

RNA extraction and quantitative real-time PCR

RNA extraction and quantitative Real-time PCR were
performed as previously described [18]. Firstly, use
TRIzol ° The reagent (Invitrogen; Thermo Fisher Scien-
tific, Inc.) isolated total RNA from the corresponding
cell samples. Reverse transcription of RNA into cDNA
using PrimeScript RT kit (Takara Biotechnology Co.,
Ltd.). Using cDNA as a template, SYBR Premix Ex Taq ™
II. PCR forward primer (10 g M), Polymerase chain reac-
tion reverse primer (10 p M) Using ROX reference dye
and sterile distilled water as raw materials, PCR amplifi-
cation was performed under the following conditions: 95
°C pre denaturation for 10 min; 40 cycles of denaturation
at 95°C for 10's, at 60°C for 20 s.

RNA sequencing and data analysis

RNA sequencing and data analysis were performed as
previously described [15]. Briefly, RNAs from CA-13
and PA-35 cells were used for RNA-seq. Total RNA was
extracted using the TRIzol reagent (Invitrogen) and iden-
tified Agilent 2100 bioanalyzer (Thermo Fisher Scientific,
Waltham, MA, USA). Subsequently, rRNA was removed
from the identified RNA using the Ribo Zero Magnetic
Kit (Epicentre). After constructing the RNA library
using the Epi™ mini long RNA-seq kit, the Illumina
NovaSeq 6000 instrument was used for sequencing. The
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sequencing data was first analyzed for significance and
false discovery rate (FDR), and then the DESeq2 algo-
rithm is applied to filter differentially expressed genes.

Metabolites measurement
Metabolites from indicated cells were measured by colo-
rimetric assay sit for glutamine (#E-BC-K853-M, Elab-
science Technologies, Inc.) and GAB (#E-BC-K852-M,
Elabscience Technologies, Inc.) following the instruc-
tion of the manufacturers. Briefly, the culture medium of
cells was removed and washed with PBS (0.01 M, pH 7.4),
and then collected by trypsin treatment. Cells were then
resuspended in 2-5 mL PBS (0.01 M, pH 7.4) for test by
ELx800 Enzyme marker (Shanghai Ranger Apparatus
Co.,Ltd.).

The production of metabolites was quantified by
BioTek Gen5™ at wavelength 640 nm (GAB) or 450 nm
(Glutamine).

Western blotting

Cells were harvested and applicated in the isolation of
enriched mitochondrial proteins (MITOISO2 kit, Sigma-
Aldrich). The mitochondrial fraction and remained pro-
teins were individually dissolved in lysis buffer containing
Complete Protease Inhibitor Cocktail (Roche) and sub-
jected to SDS-PAGE. Cellular proteins were transferred
onto a nitrocellulose membrane (Millipore) for anti-
GLUL (#GT1055, Thermo Fisher Scientific.; dilution
1:1000), anti-GLS (#701,965, Thermo Fisher Scientific,;
dilution 1:1000), anti-GAD1 (#ab237998, Abcam.; dilu-
tion 1:2000), anti-GAD2 (#CSB-PA11159BORb, CUSA
Biotechnology.; dilution 1:500) or anti-GAPDH (#9484,
Abcam.; dilution 1:5000) antibodies. After washing, the
membranes were incubated with secondary antibod-
ies. The reaction was revealed using an ECL chemilu-
minescence kit (Amersham Biosciences) with Eastman
Kodak Co. hyperfilm and quantified by Multi Gauge soft-
ware (Fujifilm Life Sciences). Data are presented as the
mean=SD, based on at least three independent repeats.

Statistics
All data were determined from 5 independent experi-
ments and are presented as mean values+SD. Differences
between groups were analyzed using a Student’s t-test.
The differences were deemed statistically significant at
P<0.05.

Results

Identification of metabolites for the OSCC patients

To investigate the metabolic characteristics of oral squa-
mous cell carcinoma (OSCC), we compared the metabo-
lites in the cancerous and paracancerous tissues (Fig. 1) of
4 patients with OSCC. The 'HNMR analysis showed that
the density of metabolites was varied among different
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Fig. 1 Pathological examination of OSCC patients. The masses of patients with oral squamous cell carcinoma removed surgically were sent for pathologi-
cal examination. Representative images showed the detection of H&E and immunohistochemistry (Ki67 and CK5). Scale bar, 20 um

tissues detecting by relative chemical shift between 0 and
10 ppm. While some metabolites were highly expressed
in cancerous tissues (Fig. 2A and Supplementary Fig. 1C),
others showed much lower expression or were hardly
detectable (Supplementary Fig. 1A), indicating that the
procedure of metabolic reprogramming had been acti-
vated in cancer tissue. In particular, the 'HNMR spec-
trum showed that the metabolites with relative chemical
shifts between 3.04 and 3.08 ppm was promoted in can-
cer tissues (Fig. 2B). Through literature review [17] and
comparison of standard product library, the substance
with three consecutive peaks in the 'THNMR spectrum
was identified as y-aminobutyrate (GAB).

Transcriptional profiling of OSCC patient derived cells

To validate the features of high GAB yield in the sam-
ples of cancer tissue, we established a series of cell lines
from cancerous or paracancerous tissues of one OSCC
patient (Fig. 3A). The production of GAB was evaluated
in cancer tissue derived CA-13 cells and paracancerous
tissue derived PA-35 cells. In consistent with the clinical
samples, much more endogenous GABs were detected
in CA-13 cells than in PA-35cells (Fig. 3B), suggesting
that the metabolism of GAB was differently regulated
between cancerous and paracancerous tissues.

To better understand the regulation mechanism of
GAB metabolism, we next employed RNA sequencing
to examine the RNA expression of cancer tissue derived
CA-13 cells and paracancerous tissue derived PA-35
cells. Comparing with PA-35 cells, RNA-Seq revealed
that CA-13 cells had a total of 234 genes with significant
differential expression, including 115 up-regulated genes
and 119 down regulated genes (Fig. 3C and D, Data file
1). Among these differential genes, some were involved
into neutrophil mediated immune function, and some

were associated with extracellular matrix organization or
external encapsulating structure organization (Supple-
mentary Fig. 2).

Involvement of GLUL into GAB metabolism of OSCC

GAB was a metabolite of glutamate [19, 20] and much
more endogenous GAB were contained in cancer tissue
derived CA-13 cells than in paracancer tissue derived
PA-35cells (Fig. 3B). Thus, to further figure out the criti-
cal genes involved into GAB metabolism of OSCC, we
checked the KEGG enrich genes list (Data file 2) and
focused on the candidate genes related to amino acid
metabolism. Several genes relating to alanine, aspartate,
glutamate, histidine, tryptophan, porphyrin, arginine,
and proline metabolism were next tested for their influ-
ence on GAB production. The siRNA oligos for GLUL,
ALDH2, BLVRA or FBP1 were introduced into cancer
tissue derived CA-13 cells (Supplementary Fig. 3A). The
results showed that the quantities of GAB were hardly
changed between ALDH2, BLVRA or FBP1 knocking
down CA-13 cells and their control cells (Fig. 4A). How-
ever, the GAB level in GLUL siRNA transfecting CA-13
cells was significantly inhibited (Fig. 4A). Moreover, the
overexpression of GLUL in PA-35 cells promoted the
yields of GAB, which were not varied with the increase
of ALDH2, BLVRA or FBP1 (Fig. 4B and Supplementary
Fig. 3B). These data demonstrated that GLUL, rather than
ALDH2, BLVRA or FBP1, was involved into the metabo-
lism of GAB in OSCC cells.

GLUL, encoded glutamine synthetase, is an enzyme
that converts glutamate and ammonia to glutamine [21].
We measured the quantities of glutamine in CA-13 and
PA-35 cells and found that they are no apparent distinc-
tion (Fig. 4C), indicating that the GLUL-converted-gluta-
mine was consumed by other pathway. The metabolism
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Fig. 2 Analysis of metabolites in cancer and paracancerous tissues of OSCC patients. (A) The metabolites in cancer and paracancerous tissues of 4 OSCC
patients (#21-3801, #21-5479, #21-6812 and #21-7123) were analyzed by "H-NMR. (B) The signal in the range of 2.9-3.2 ppm was selected to export the
original data. The layout was toggled as merged (a) or multiple displayed (b). The arrows show the sites of metabolite with density variation in cancer and

paracancerous tissues

of glutamine in cancer are overall highly heterogeneous
that varies with a range of parameters, including the tis-
sue of origin of a cancer, the genetic aberrations which
drive it, the tumor microenvironment, and possibly diet
and host metabolism [22]. Since the glutaminase (GLS),
which catalyze glutamine to glutamate, was listed in
KEGG enrich up-regulated genes (Data file 2), we com-
pared the RNA level of GLS between CA-13 and PA-35
cells. The results confirmed that the expression of GLS
was remarkably induced in CA-13 cells (Supplementary
Fig. 3C), suggesting that the glutamine produced from
GLUL catalyzing was consumed by GLS mediated gluta-
mine to glutamate conversion.

The alternative GAB metabolism in OSCC

In CA-13 cell, glutamate was converted to glutamine by
GLUL, and then the generated glutamine was metabo-
lized to glutamate by GLS. This glutamate-glutamine-
glutamate cycle suggests that GAB, as the product of
glutamate, may have alternative metabolic pathways in
OSCC cells. Warburg effect suggest that defects in mito-
chondrial respiration may be the underlying cause of can-
cer [23], we thus speculate that the alternative metabolic
pathway of GAB in OSCC is associated with the regula-
tion of mitochondrial proteins. The enriched mitochon-
drial proteins were isolated and detected for the protein
expression of GLUL, GLS and several genes related to
GAB metabolism. Our results showed that GLUL and
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GLS were mainly up-regulated at non-mitochondrial
sites in CA-13 cells, comparing with PA-35 cells. These
data demonstrate that in CA-13 cells, the glutamate-glu-
tamine-glutamate cycle occurs outside the mitochondria.

Then we ask how the glutamate produced by the glu-
tamate-glutamine-glutamate cycle is converted into GAB
in the alternative metabolic pathway of GAB. Since two
types of glutamate decarboxylase (GAD) were listed in
234 candidate genes (Data file 1), we measured the spatial
expression of GAD1 and GAD?2 in PA-35 or CA-13 cells.
Compared with PA-35 cells, the expression of GAD1 in
mitochondria of CA-13 cells was slightly inhibited, while
that of GAD2 in non-mitochondrial sites was promoted
(Fig. 4D), proving that the glutamate produced by the
glutamate-glutamine-glutamate cycle was consumed by
GAD?2 in CA-13 cells. Moreover, we introduced GLS and
GAD?2 siRNA oligos into PA-35 or CA-13 cells and found
that the blockage of GLS and GAD2 were both able to
inhibit the production of GAB in CA-13 cells instead of
PA-35 cells (Fig. 4E and F). Together, these data reveal
that in OSCC, GAB was produced from an alternative
pathway of glutamate metabolism mediated by GLUL,
GLS and GAD?2 (Fig. 5).

Discussion

The molecular pathogenesis of OSCC is very complex,
which is the result of several interdependent molecular
mechanisms, involving not only changes in the expres-
sion of certain genes and proteins, but also the altered
production of metabolites in metabolic processes. The
biomarker research of OSCC tissue samples mainly

Mitochondria
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focuses on identifying potential metabolic markers to
distinguish malignant tumor tissue from adjacent healthy
tissue [24]. Albeit the use of metabolomics in investiga-
tions aiming to identify novel OSCC biomarkers is still at
an initial stage, the validation of individual and/or mul-
tiple groups of metabolites is strongly encouraged. Here,
we reported that the production of GAB was elevated
in OSCC cancer tissue and cancer tissue derived cells,
indicating that the hyper-productivity of GAB could be
one of the metabolic signatures of OSCC. Further veri-
fication and confirmation on more clinical samples are
needed to determine whether the production of GAB
alone can be used as a metabolic biomarker. However, the
amount of GAB can be possibly developed as the diag-
nostic supplement biomarker for OSCC in addition to
immunohistochemical examination on the expression of
OSCC-associated proteins. Considering that histopatho-
logical evaluation is not sufficient to correctly define a
healthy margin, metabolic markers may help ensure com-
plete tumor removal, since unexpected local recurrence
may occur due to cancer-associated genetic or epigenetic
alterations in microscopically “normal epithelial cells”
[25]. In this regard, GAB can also be developed to distin-
guish the healthy margin before surgery. We can confirm
the surgical boundary by comparing the production of
GAB in samples from different areas around the tumor
lesion of OSCC patients using effective metabolites col-
lection tool.

The increase in GAB production can be attributed to
the active metabolism of glutamate, but the glutamate
here comes from GLUL-catalyzed glutamine. Cancer

/}/ 'GAD1
Y 4 Glu > GAB > TCA cycle
i {/ Normal pathway
|
|
|
\ |
‘\j{.\t\ ”’
Q®
Q GAD2
\»\Q: GluGLUE Gln GLS: Glu » GAB

Alternative pathway

Fig. 5 The diagram of GAB metabolism. Normally, the glutamate is catalyzed by GAD1 to GAB and then metabolized into TCA cycle in mitochondria. In
OSCC cells, the glutamate is transpoted out of mitochondria and metabolized to GAB according the alternative pathway
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cells are damaged in mitochondrial respiratory func-
tion, which leads to their preferentially glycolysis through
Warburg effect even under sufficient oxygen [26]. Based
on Warburg effect in cancer cells, we speculate that there
is an alternative pathway for GAB metabolism in OSCC
beyond mitochondria. Normally, glutamate is metabo-
lized to GAB, and GAB is converted to succinic acid and
enters the tricarboxylic acid (TCA) cycle [27]. In cancer
cells, the TCA cycle is inhibited, and the GAD1-catalysed
GAB inside mitochondria is accumulated, owing to the
reprogramming of glucose metabolism. The blockage
of glutamate-GAB metabolic pathway is fed back to the
metabolism of glutamate. Thus, the glutamate is trans-
ported out of mitochondria to generate GAB in an alter-
native way (Fig. 5).

GAB, the biochemical form of y-aminobutyric acid
(GABA), participates in shaping physiological processes,
including the immune response of T cells [20], modulat-
ing synaptic transmission, promoting neuronal develop-
ment and relaxation, and preventing sleeplessness and
depression [28]. Notably, plants might shift the cyclic
flux from the TCA cycle to an alternative noncyclic
pathway via GABA shunt under specific physiological
conditions [29]. Although the mitochondria retain all
required enzymes for an intact TCA cycle, our findings
suggest that in OSCC, when the TCA cycle on mitochon-
dria fails to proceed, glutamate metabolism switch to an
alternative pathway. Whether this shift occurs actively or
passively, its purpose is to adapt to the needs of environ-
mental changes during the development of OSCC.

The alternative metabolism of GAB reflects the meta-
bolic reprogramming of GAB in OSCC. Metabolic
reprogramming is one of the important mechanisms for
the occurrence and development of malignant tumors.
Intervention of metabolic reprogramming is expected to
become a new strategy for cancer prevention and treat-
ment [14]. Although the metabolomics of OSCC has
been carried out, most investigations were based on sali-
vary or biofluid samples to identify panels of markers to
discriminate OSCC from healthy controls, especially in
early-stage tumors to improve early detection and prog-
nosis. The special investigation for the mechanism of
metabolic reprogramming of OSCC are still absent.

The amino acid glutamate is a major metabolic hub in
many organisms [30]. Although we have made a prelimi-
nary study on the alternative mechanism of glutamate
metabolism to GAB, there are still many questions to be
answered. For example, what proteins or biomolecules
are critical for transporting glutamate from mitochon-
dria? Is there glutamate shuttle phenomenon between
mitochondria and cytoplasm? Which signaling pathways
are involved in the alternative mechanism of GLUT-reg-
ulated GAB metabolism? Further clarification will not
only help to understand the mechanism of metabolic
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reprogramming in OSCC, but also play a positive role in
the diagnosis and treatment of OSCC.
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