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Abstract

High-resolution magic-angle spinning (HR-MAS) proton NMR spectroscopy is used to explore
the metabolic signatures of head and neck squamous cell carcinoma (HNSCC) which included
matched normal adjacent tissue (NAT) and tumor originating from tongue, lip, larynx and oral
cavity, and associated lymph-node metastatic (LN-Met) tissues. A total of 43 tissues (18 NAT, 18
Tumor and 7 LN-Met) from twenty-two HNSCC patients were analyzed. Principal Component
Analysis of NMR data showed a clear classification between NAT and tumor tissues, however,
LN-Met tissues were classified among tumor. A partial least squares discriminant analysis model
generated from NMR metabolic profiles was used to differentiate normal from tumor samples (Q?
> 0.80, Receiver Operator Characteristic area under the curve > 0. 86, using 7-fold cross
validation). HNSCC and LN-Met tissues showed elevated levels of lactate, amino acids including
leucine, isoleucine, valine, alanine, glutamine, glutamate, aspartate, glycine, phenylalanine and
tyrosine, choline containing compounds, creatine, taurine, glutathione and decreased levels of
triglycerides. These elevated metabolites were associated with highly active glycolysis, increased
amino acids influx (anaplerosis) into the TCA cycle, altered energy metabolism, membrane
choline phospholipid metabolism, and oxidative and osmotic defense mechanisms. Moreover,
decreased levels of triglycerides may indicate lipolysis followed by B-oxidation of fatty acids that
may exist to deliver bioenergy for rapid tumor cell proliferation and growth.
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INTRODUCTION

Head and neck squamous cell carcinoma (HNSCC) represents a group of biologically
similar cancer originating from various sites of the upper aerodigestive tract including lip,
oral cavity, tongue, larynx, nasal cavity, paranasal sinuses and pharynx. Tobacco and
alcohol consumption are the most important risk factors for head and neck cancers.!
HNSCC accounts for approximately 3% of all human malignancies and is the fifth most
common form of cancer worldwide.2 In the United States, the estimated number of newly
diagnosed HNSCC cases are 78,800 and 15,800 deaths in 2011.2 HNSCC is diagnosed
based on physical examination, endoscopy, x-ray, computed tomography?, magnetic
resonance imaging, and blood and urine tests. Nevertheless, definitive diagnosis relies on
histopathological examination of tissue biopsies, according to the World Health
Organization classification of tumors. Management of advanced HNSCC consists of
multimodality treatment comprising a combination of surgery, chemotherapy, and external
beam radiation.3=> The disease prognosis significantly depends on the stage of the disease
and site of the primary tumor, however, the survival rate of patients who have these solid
aggressive tumors remains poor.® Moreover, the development of distant metastases, and
therapy-resistant local and regional recurrences in these disease triggers high mortality rate.
Despite better understanding of HNSCC tumor biology and targeted therapies, the efficacy
of chemotherapy in HNSCC remains low and disease resistance is a major concern.8: 7 To
understand the tumor metabolism in head and neck cancer, most of the studies have been
carried out on in-vitro culture of HNSCC cancer cells! 8 9 and also on HNSCC tumor
tissues in-vivo.1%: 11 |n contrast, global analysis of human HNSCC tissues using a
metabolomics approach provides a plethora of information which is highly useful in
understanding the altered metabolism and in parallel, the altered metabolic biomarkers may
potentially be useful for the early detection of HNSCC.

Nuclear magnetic resonance (NMR) spectroscopy and mass spectrometry (MS) are the two
main analytical techniques highly suitable for metabolomics applications which exhibit
different analytical strengths and weaknesses, and give complementary information.12 With
well-defined NMR protocols!3, it is possible to explore the metabolic profiling of biological
fluids, tissue and cell extracts. NMR of tissue extracts has been employed to study the
metabolic information of several types of cancer including breast4 13, prostatel6,

brainl”- 18 lungl® and colon cancer?C. On the other hand, high-resolution magic-angle
spinning (HR-MAS) NMR spectroscopy can be used for simultaneous detection of lipids as
well as aqueous metabolites of intact tissues (without destruction) or cells?! with a spectral
resolution comparable to that of solution NMR spectroscopy; at the same time, MAS NMR
technique maintain tissue integrity which can be further used for histopathological studies.
Owing to its closer and realistic insights, the application of the HR-MAS technique has been
increasing over the years for the analysis of intact tissues, predominantly in cancer
research.2! Most of the MAS NMR research studies focused on the discovery of potential
metabolic biomarkers for different cancers representing brain??: 23, prostate?4: 25,

breast?®: 27, lung?8: 29, cervical3® 31, colorectal®?, hepatic33, renal34 35 and gastric cancer.36
Multivariate statistical analyses on NMR spectral data of biological samples have been
widely used to map the variations in global metabolic profiles and also to generate statistical
models for improving adjunct diagnosis and/or prognosis. Due to technical ease of HR-MAS
and vast diagnostic capabilities, recently, MAS NMR has been proposed for real-time
diagnostics to monitor surgical patients.3’

With reference to metabolic biomarker of HNSCC, the studies reported to date are based
on IH NMR of serum38, MAS NMR of tissues®?, and MS of urine®? and saliva.#! These
metabolomics studies are useful; however they focused only on oral squamous cell
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carcinoma, which is only one component of HNSCC. In this respect, the present study
focused on the HR-MAS NMR metabolomic analysis of matched normal adjacent tissues
(NAT) and tumor tissues representing classes of HNSCC which involved oral cavity,
tongue, lip and larynx. In addition, HNSCC related lymph-node metastatic (LN-Met) tissues
are also investigated in this study. We believe that this thorough HR-MAS NMR metabolic
profiling study in combination with multivariate statistical analysis provides metabolic
differentiation, which renders a more complete understanding of the biochemical insights of
HNSCC. Further, this study provides metabolic information which may have significant
importance in defining metabolic biomarkers of malignancy as a potential diagnostic/
prognostic value.

EXPERIMENTAL SECTION

Tissue sample collection and histopathological evaluation

Frozen HNSCC tissue specimens were obtained from ProteoGenex (ProteoGenex Inc.,
Culver City, CA, USA). A total of twenty-two HNSCC patients (16 males and 6 females
with an age range of 39 — 88 years and mean age of 62.5 + 11.6 years) were included in the
present study. The patients’ information, clinical diagnosis, TNM [extent of the tumor (T),
the extent of spread to the lymph nodes (N), and the presence of distant metastasis (M)]
staging system of world health organization and tumor grade established by
histopathological evaluation are included in Table 1.

All tissues were snap-frozen in liquid nitrogen immediately after surgery and preserved at
—80°C. In total, forty-three tissues (18 NAT, 18 tumor and 7 LN-Met) originated from
tongue, oral cavity, lip, larynx and lymph-node of twenty-two HNSCC patients (Table 1)
were investigated in the present study. Among these tissues, matched NAT and tumor
tissues were obtained from 15 patients (No. 1-15); matched NAT, tumor and LN-Met
tissues were taken from 3 patients (No. 16-18) and only LN-Met tissues were obtained from
4 patients (N0.19-22).

High-Resolution MAS 1H NMR

Each tissue sample (15-25 mg wet weight) was partially dissected from each specimen,
rinsed with deuterium oxide (D,0) (Sigma Aldrich) and inserted into a 4 mm zirconia MAS
rotor (40 pL capacity) followed by the addition of ~10 pL D,O, with excess fluid removed
when assembling the Kel-F plastic cap. The total sample preparation time for each sample
was < 5 min. All the NMR experiments on tissue samples were carried out on a Varian
Inova 600 MHz NMR spectrometer equipped with gHX nano-probehead (Varian Inc.). All
the 1H HR-MAS spectra were acquired at 298 K. The spinning rate of the rotor was
regulated by MAS controller (Varian Inc.) and also verified by measuring frequency
separation between spinning side bands from 1H spectra with an accuracy of 1.0 Hz. Two
sets of IH NMR spectra were acquired with a spinning rate of 2.6 kHz using a standard one-
dimensional (1D) spectrum and a 1D Carr-Purcell-Meiboom-Gill (CPMG) spin-echo pulse
sequence: m/2-(t-n-t),-acquisition-recycle delay. In both experiments, a spectral width of 8.5
KHz was used and water signal was pre-saturated using a weak continuous radio-frequency?
irradiation on water resonance during the recycle delay. The free induction decay (FID) of
CPMG spin-echo spectra were acquired into 32K data points during 1.98 s acquisition time
with a 3 s recycle delay; 256 transients were coadded. T filtering was obtained with an echo
time of 100 ps (t) repeated 320 times, resulting in an effective echo time of 64 ms (2nr).
The total acquisition time for each sample was <30 min. The acquired data were processed
using TOPSPIN 2.1 software (Bruker BioSpin, Karlsruhe, Germany). The FIDs were
multiplied by an exponential window function with a line broadening factor of 0.3 Hz prior
to Fourier transformation and the frequency domain spectra were manually phase and
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baseline corrected. The proton chemical shifts were referenced to CH3 signal of lactate at
1.33 ppm.

For chemical shift assignment of tissue metabolites, a two-dimensional (2D) H-1H total
correlation spectroscopy (TOCSY) was performed on one of the tumor tissue samples.
TOCSY spectra were acquired in the phase-sensitive mode using time proportional phase
incrementation (TPPI) with MLEV17 spin-lock corresponding to mixing time of 80 ms. 2D
TOCSY spectra were the resultant of 256 t; increments, co-addition of 16 scans each
containing 2048 data points within 8.5 KHz spectral width, and a recycle delay of 1.5 s. The
resulting data were zero filled to a 2048 x 1024 matrix and Fourier transformed along both
dimensions after multiplying the data by a squared sine-bell window function shifted by =/2.

Multivariate Statistical Analysis

Before subjecting CPMG NMR spectra into multivariate statistical analysis, the chemical
shift region of 0.7 — 8.5 ppm was converted to ASCII-files and the spectral regions of
residual water 4.4-5.0 ppm and regions where spinning side bands appear (5.5 - 6.7 ppm)
were excluded from the analysis. Spectral regions were normalized by the sum of all
intensities over the entire sub-spectrum, and principal component analysis (PCA) and partial
least square discriminant analysis (PLS-DA) were performed with mean-centered scaling
(The Unscrambler V10.1, CAMO, Oslo, Norway). In the case of PLS-DA analysis, LN-Met
tissues were included among the tumor group and analysis was carried out between NAT
and tumor groups. The results were depicted by means of principal component scores plots
(each point represents an individual sample), and loading plots in which metabolite peaks
were shown as positive and negative signals to indicate differential changes of metabolites.
The quality of the model was described by the cross-validation parameter R? and Q?,
representing the explained variance and the predictive capability of the model, respectively.

Relative Quantification and Statistical Analysis

Relative intensities of peaks from lipids and all the detected metabolites were determined
using a selective non-overlapping signal of each metabolite from normalized spectra and
results were represented as mean + standard error of mean (mean + SEM). Univariate
statistical analysis was performed using the statistical software SPSS 11.5 (Statistical
Package for Social Science, SPSS Inc.). Statistical significance of the metabolites between
NAT, tumor and LN-Met tissues were analyzed by Mann-Whitney U-test and P values
<0.05 were considered statistically significant.

Histopathological evaluation of HR-MAS NMR analyzed tissues

RESULTS

Following HR-MAS NMR analysis, tissue samples were immediately transferred from the
MAS rotor to a fresh vial containing 10% formalin for histopathological processing. 5 um
section was cut from paraffin-embedded tissues and placed on histology slide, and stained
with hematoxylin and eosin (H&E) using a standard protocol and evaluated by a pathologist.

HR-MAS H NMR Spectroscopy

1H MAS NMR analysis was performed on HNSCC derived tissues (N=43) consisting of 18
NAT, 18 tumor and 7 LN-Met tissues. In these samples, three patients (Table 1, patient
numbers: 16, 17 and 18) contain matched NAT, tumor and LN-Met tissues. Among 43 tissue
specimens, 3 tissues were not considered for further analysis for which histopathological
diagnosis couldn’t be evaluated due to the unavailability of epithelial tissue. To assess the
metabolic stability of the tissues during an NMR experiment, two sequential 1H CPMG
NMR spectra were acquired from two samples at 298 K with a time gap of 30 min between
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the data collection. No significant difference was detected in the metabolic pattern within 1
hr duration of NMR measurement, which is in agreement with previous observations for oral
cancer32 and other types of tissues.2?: 42: 43 Therefore, these results suggest that the tissues
used in the present study were metabolically stable during NMR measurements at 298 K.

Representative TH CPMG NMR spectra of matched NAT and tumor tissues of oral cavity,
tongue, lip and larynx are shown in Figure 1 and H&E photomicrograph of the
corresponding post-NMR tissue is also shown alongside of each NMR spectrum. 1H CPMG
NMR spectra of matched NAT, tumor and LN-Met tissues from the same patient (No 18,
Table 1) are shown in Figure 2 along with its H&E photomicrograph. NMR spectra of all the
tissues showed intense signals of triglycerides (TG) which were not completely suppressed
by the CPMG pulse sequence even at an effective echo time of 64 ms. In addition to signals
from TG, some aqueous metabolites were also detected in all the NMR spectra except in one
of the NAT sample (No 18), in which only TG signals (Figure 2a) were detected. The 1H
chemical shift of metabolites (Table S1, Supporting Information) were assigned based on the
combination of previously published data of metabolites**, comparing with 1H spectra of
authentic standards (Figure S1 and S2, Supporting Information) and 2D 1H-1H TOCSY
spectrum. The metabolites detected were branched chain amino acids (BCAA) such as
leucine (Leu), isoleucine (lle) and valine (Val), alanine (Ala), lysine (Lys), glutamate (Glu),
glutamine (GIn), aspartate (Asp), glycine (Gly), phenylalanine (Phe), tyrosine (Tyr),
histidine (His), glutathione (GSH), choline-containing compounds (ChoCC) (choline,
phosphocholine and glycerophosphocholine), lactate (Lac), acetate (Ac), creatine (Cre) and
taurine (Tau).

Visual comparison of NMR spectra showed variable degrees of TG and aqueous
metabolites; in general, most of the NAT samples showed higher levels of TG compared to
tumor and LN-Met tissues (Figs.1 and 2). Though the NAT tissues investigated in this study
were derived from different regions of head and neck, their 1TH NMR spectra are found to be
identical (Figs.1 and 2). Similarly, IH NMR spectra of tumor tissues are also found to be
identical, but were different from that of NAT samples (Figs.1 and 2). The average NMR
spectrum (obtained from all normalized spectra) of all NAT, tumor and LN-Met tissues are
shown in Figure S3 (in the Supporting Information).

Multivariate Statistical Analysis

To better understand the relationship of NMR metabolic pattern between NAT, tumor and
LN-Met tissues, multivariate statistical analysis (PCA and PLS-DA) were performed. Figure
3 shows three-dimensional (3D) PCA score and PC1 loading plots of HR-MAS 1H CPMG
spectra of 40 tissues. In PCA score plot shown in Fig. 3A, the principal components PC1,
PC2 and PC3 explained 86%, 6% and 2% variations in the spectra, respectively. A clear
separation between NAT and tumor tissues was observed along PC1 and moreover LN-Met
tissues were grouped among tumor tissues. Two samples each from tumor (indicated by red
color arrows in Fig. 3A) and LN-Met (indicated by blue color arrows in Fig. 3A) tissues are
grouped among NAT samples in Fig. 3A as they were diagnosed as poorly differentiated
squamous cell carcinoma. Tissue samples from different tissue origins, namely head and
neck, within NAT and tumor were indistinguishable, also separation due to tumor stage was
not observed. PC1 loadings (Fig.3B) revealed lower levels of TG (positive values) and
higher levels of amino acids, ChoCC, Lac, Ac, Cre and Tau in tumor and LN-Met tissues as
compared to NAT.

3D PLS-DA score and loading plots of HR-MAS 1H CPMG spectra of 40 tissues are
included in Figure 3. PLS-DA score plot was characterized by R? = 0.91 and Q2 = 0.82. This
higher Q2 value indicated good predictive capabilities of the model. The PLS-DA loading
plots indicated all the detected metabolites contributing to the separation between the
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groups. Receiver operator characteristic curve generated from predicted Y-values (Figure 4)
showed an area under the curve of 0.867.

Relative Quantification of Metabolites and Statistical Analysis

Relative intensities of metabolites were calculated separately for NAT, tumor and LN-Met
tissues using total area normalized spectra and presented as mean + SEM. A selective non-
overlapping resonance from each metabolite was used to calculate relative intensities:
BCAA (0.93 - 1.07 ppm), Ala (1.45 - 1.51 ppm), Ac (1.91 - 1.93 ppm), Glu (2.31 - 2.40
ppm), Gln (2.42 — 2.49 ppm), GSH (2.51 — 2.61 ppm), Asp (2.62 — 2.72 ppm), Cre (3.02 -
3.07 ppm), Tau (3.39 — 3.47 ppm), Gly (3.55 — 3.57 ppm), Phe (7.30 — 7.46 ppm), and Tyr
(6.85 — 6.92 ppm) were used. Since the triplet CH, signal of Tau (at 3.26 ppm) is
overlapping with that of ChoCC, it is not possible to directly measure the intensity of peaks
originating from ChoCC (Fig. 1). Therefore, to obtain the intensity of peaks from ChoCC,
the intensity of another CH,, triplet signal of Tau (3.39 — 3.47 ppm) was subtracted from the
total intensity of all peaks in the chemical shift region of 3.16 — 3.31 ppm. Similarly, the
CH> (4.12 ppm) signal of Lac was also overlapping with CH, (4.08 ppm) of TG; therefore
Lac concentration was measured by subtracting the spectral region (4.04 — 4.15 ppm) with
CH, (4.23 - 4.37 ppm) of TG. To calculate the total concentration of lipids -CO-CH, signal
(2.20 — 2.29 ppm) was used.

Figure 5 shows bar plots of mean + SEM and statistical significance (Mann-Whitney) of
each metabolite from NAT, tumor and LN-Met tissues. It was observed that the TG levels
were significantly decreased (P < 0.001) in both tumor and LN-Met as compared to NAT
whereas all other detected metabolites were significantly increased (P <0.001 for all) in
tumor compared to NAT. In case of LN-Met tissues, metabolites such as Tau, ChoCC,
BCAA, Ala, Glu, Asp, Cre, Gly were significantly increased (P < 0.05) as compared to
NAT. A comparison of signal intensities measured from tumor and LN-Met samples (Fig. 5)
suggests that there is no significant difference in metabolites identified from these two types
of tissues.

Histopathological assessment of tissues after NMR experiments

After MAS NMR experiments, histopathological (H & E) assessments were performed for
all the tissue samples. The standard TNM classification, grade and stage of tumor are
presented in Table 1. Representative photomicrographs of matched NAT and the
corresponding tumor tissues of oral cavity, tongue, lip and larynx are shown alongside of
each NMR spectrum in Figure 1, and matched NAT, tumor and LN-Met tissue from a single
patient (Table 1, No.18) are shown in Figure 2. All the NAT demonstrate parakeratinized
stratified squamous epithelium and underlying fibrovascular connective tissue. Tumor and
LN-Met tissues represent squamous cell carcinoma with neoplastic cells demonstrating
varying degrees of epithelial differentiation invade the adjacent connective tissue
predominantly as nests, sheets or single cells. Prominent keratin production in the form of
keratin pearls was observed in case No.2 and 18, a lymphoid aggregate associated with
tumor cells was observed in No. 16 (metastatic tissue) and prominent comedo necrosis was
observed in case No.21.

DISCUSSION

The HR-MAS NMR has becoming an important tool for investigating the metabolism
involved in the malignant transformation. Particularly, the ability of MAS NMR in
differentiating metabolic phenotypes of normal and tumor tissues within a few minutes of
experimental duration make the technique amenable for clinical diagnostics/prognostics of
cancer. Over the years, the technical capabilities of MAS NMR have been explored in

J Proteome Res. Author manuscript; available in PMC 2012 November 4.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Somashekar et al.

Page 7

understanding biochemical insights and differentiating many cancer types. More recently,
Kinross et al3” proposed MAS NMR for real-time diagnostics to monitor surgical patients.
In the present study, HR-NMR based metabolic profiling was undertaken to understand the
biochemical insights of tumor biology and also to delineate the candidate biomarkers of
HNSCC. To the best of our knowledge this is the first comprehensive MAS NMR study of
HNSCC involving tissues from oral cavity, lip, tongue and larynx. We believe that the
dysregulation of metabolites investigated using TH MAS NMR combined with multivariate
statistical analysis could serve as an adjunct tool for clinical differentiation of HNSCC
tissues and further understanding of HNSCC metabolism.

The present study clearly showed alterations in TG levels and several other aqueous
metabolites in tumor as compared to NAT, also LN-Met tissues showed similar changes as
observed in tumor. In addition, HR-MAS spectra of tissues from various sites of head and
neck cancer (oral cavity, lip, tongue and larynx) were indistinguishable within their NAT
and tumor tissues. This result demonstrates that this group of tissues adopt identical
metabolism during their malignant transformation. Our results also suggest that HR-MAS
experiments can differentiate the metabotypes of NAT, tumor and LN-Met tissues with a
high AUC value (0.867). In this respect, HR-MAS NMR can be used as an adjunct tool for
differentiation of HNSCC from normal tissues along with gold standard histopathological
analysis; nevertheless MAS NMR is still finding its day to stand as a full-fledged tool in
clinical diagnosis. Further, the observed perturbations in TG and metabolites and the related
metabolism provide further understanding of HNSCC tumor biology.

Highly Active Glycolysis

Our HR-MAS results show increased levels of lactate, alanine and glycine in tumor and LN-
Met as compared to NAT. Lactate is an end product of glycolysis which shows elevation
during tissue hypoxia and ischemia.*> Elevated lactate levels have been observed in wide
variety of tumors and therefore lactate has been considered as a universal biomarker of
malignancy. Most tumors have the ability to break down glucose by glycolysis at a vastly
higher rate than in normal tissues, even in the presence of high oxygen, the phenomenon
known as Warburg effect.#® Interestingly, in the present study, glucose, the precursor in
glycolysis is not detected in any of the head and neck and lymph node metastatic tissues.
However, it has been shown in HNSCC that glucose entry into the cell is facilitated by
GLUT1- and GLUT3-mediated glucose transporters and is involved in the increased glucose
metabolism.#’ On the other hand, elevated glycine could be attributed to increased activity
of 3-phosphoglycerate dehydrogenase, which catalyzes the formation of the glycine for de
novo purine and pyrimidine biosynthesis. Also, glycine is a precursor of sarcosine (N-
methyl glycine), which was shown to be a potential metabolic biomarker for aggressive
prostate cancer.*8 Elevated glycine has also been reported in a MAS NMR study of human
colorectal cancer32, which is consistent with the increased activity of 3-phosphoglycerate
dehydrogenase observed in human colon carcinoma and rat sarcoma.*® Elevated level of
alanine, which is also another important end product of glycolysis/glutaminolysis, was found
in HNSCC and metastatic tissues and it has been found to be a major source of energy in
tumor proliferation and growth. Recent studies reported that the change in lactate and
alanine can act as an important parameter for monitoring tumor aggressiveness in prostate
cancer® and prognosis for lung cancer.51 We believe that monitoring the changes of these
two metabolites could also be used as in-vivo diagnostic/prognostic marker in HNSCC.
Taken together, the observed increase in the levels of lactate, alanine and glycine suggests
that glycolytic pathway is highly active in HNSCC similar to other tumor types.
Furthermore, the creatine level in tumor and LN-Met tissues was elevated which can be
attributed to the alteration in energy metabolism. A significant down-regulation of creatine
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kinase reported in oral squamous cell carcinoma®? further supports our observation of
elevated level of creatine.

Amino Acids Metabolism

Our HR-MAS results showed increased levels of glutamine, glutamate, aspartate and alanine
in tumor and LN-Met tissues, which suggest that in addition to glucose, HNSCC cells could
also depend on glutaminolysis for carbon and nitrogen source. Elevated levels of glutamine
and glutamate were also reported by a MAS NMR study of hepatocellular carcinoma.33
These observations indicate that glutaminolysis allows cancer cells to maintain a sufficient
anaplerotic flux (entry of substrate other than acteylCoA into the tricarboxylic acid cycle)
that produce glutamate and o-ketoglutarate molecules to use as a source of carbon for the
tricarboxylic acid cycle. Also, it has been shown using NMR experiments that glutamine is a
major anaplerotic precursor in proliferating glioma cells in both rats®3 and humans.5*
However, a recent report on in-vitro culture of HNSCC cell lines shows that only glucose
(not glutamine) is the dominant energy source required for proliferation and growth®®,
therefore the exact role of glutaminolysis is unclear in HNSCC.

Elevated BCAA, phenylalanine, tyrosine and taurine were observed both in tumor and LN-
Met tissues, and also observed in other tumor types. The BCAA were involved in
anaplerosis during tumor cell proliferation and growth. It has been demonstrated that tumor
cells increase the oxidation of BCAA increases in the host,%: 57 which may be a
contributing factor of cancer cachexia. Similarly, phenylalaine and tyrosine could also be
involved in anaplerosis, which enters the tricarboxylic acid cycle by converting into
fumarate. By and large, it appears that the physiological state of HNSCC involves a large
influx of amino acids into the tricarboxylic acid cycle. Taurine is an osmoprotectant and its
increased level was observed in the present study and also reported from studies on other
tumors.3%: 32 Taurine was suggested as a biomarker of apoptosis in glial tumors®® and also
for cancer therapy due to its antioxidant and antiangiogenic properties®®. Owing to multitude
functions of taurine, its exact role in HNSCC is not clear. Nevertheless, elevated taurine
could be attributed to an endogenous defense mechanism against tumor proliferation.

Lipid metabolism

In the present study, MAS NMR results clearly showed decreased levels of TG in tumor and
LN-Met tissues compared to NAT. The decreased TG levels were also reported in MAS
NMR studies of colorectal®? and oral cancer.3® The correlation between TG metabolism and
cancer is unclear; however, it could be hypothesized that the lipolysis of TG into fatty acids
may occur in tumor cells, a factor which leads to cancer-associated cachexia.®? Further, the
fatty acids may undergo p-oxidation into acetyl-CoA. In addition to abnormally high rate of
glycolysis (Warburg effect)*6, tumor cells also show increased fatty acid metabolism®?, in
which oxidation of a fatty acid may exist to deliver bioenergy for rapid tumor cells
proliferation and growth. Therefore, the lower lipid levels particularly triglycerides and fatty
acids in HNSCC tissues could be associated with increased demand of lipids for membrane
biosynthesis of tumor cells leading to a higher utilization rate of lipids. Taken together,
HNSCC may be associated with the alteration of lipid metabolism facilitated by lipolysis of
triglycerides and concomitant fatty acid oxidation.

Membrane Choline phospholipid metabolism

ChoCC were also found elevated in tumor and LN-Met tissues. These important molecules
are precursors of cell membrane have been found elevated in most of the MAS NMR studies
of various tumors types and the increase in these metabolites reflect the cell death (apoptosis
and necrosis) and proliferation. The increase in ChoCC has been associated with progressive
alteration of membrane choline phospholipid metabolism during malignant
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transformation.®2 It has been reported that the activity of phosphatidylcholine-specific
phospholipase C (PLC) and phospholipase D (PLD), the enzymes responsible for the
degradation of phosphatidylcholine was higher in human mammary epithelial and epithelial
ovarian carcinoma cell lines.52 63 These findings suggest that both biosynthetic and
catabolic pathways of the phosphatidylcholine cycle contribute to the accumulation of
ChoCC in tumor tissues. Due to a strong association of these phospholipases (choline
kinase, PLC, PLD) in malignant transformation of most of the human cancers, these
enzymes may provide molecular targets for anticancer chemotherapies.®4 The alteration in
the levels of ChoCC compounds were detected in-vivo in breast cancer patients using
quantitative MRS techniques and used for the diagnosis/prognosis of breast cancer.5®> We
believe that measurement of ChoCC in HNSCC patients by quantitative MRS could act as
important biomarkers for the diagnosis /prognosis of HNSCC.

Oxidative Stress

In the present study, HR-MAS measurements also showed elevated GSH levels in tumor and
LN-Met tissues compared to NAT. The tripeptide, GSH is a ubiquitous intra- and
extracellular protective antioxidant against oxidative/nitrosative stress, which plays a vital
role against pro-inflammatory processes.® The antioxidant GSH has been shown to be
critical in protecting airspace epithelium from oxidative/free radical mediated injury and
inflammation®8, and also in cancer.87 Several studies suggest that cancer cells undergo
increased oxidative stress associated with malignant transformation, alterations in metabolic
activity, and increased generation of reactive oxygen species.58 The increased oxidative
stress in cancer cells could likely to cause the elevated expression of antioxidant enzymes
such as glutathione peroxidase, glutathione reductase and glutathione-S-transferase. The
elevated expression of GSH, glutathione peroxidase and glutatione reductase were reported
in the tissues of oral squamous cell carcinoma®® 70 and other various human cancer such as
colorectal, breast, ovarian and brain tumor.8 In contrast, the decreased levels of GSH and
these antioxidant enzymes were observed in plasma’®-72 of oral cancer patients. Therefore,
the elevated GSH levels could be attributed enhanced antioxidant mechanism in HNSCC
tissues. Furthermore, the enhanced antioxidant events in tumor tissues make them less
susceptible to oxidative stress, which may be an added advantage to tumor cells for a
selective growth. Taken together, the observed higher GSH levels in the present study could
be helpful in further understanding of oxidative stress mechanism in HNSCC biology.

CONCLUSION

The present HR-MAS NMR study clearly differentiated metabolic phenotypes of HNSCC
and NAT, and LN-Met tissues showed metabolic pattern similar to that of HNSCC tissues.
Both HNSCC and LN-Met tissues are highlighted by the increased levels of branched chain
amino acids, lactate, alanine, glutamine, glutamate, glutathione, aspartate, creatine, choline
containing compounds, taurine, phenylalanine and tyrosine, and decreased levels of
triglycerides. Tumor tissues from various anatomical sites (tongue, lip, oral cavity and
larynx) of head and neck displayed a similar metabolic state which suggests that these
groups of HNSCC tissues follow similar metabolism during malignant transformation and
growth. The results revealed multiple metabolic alterations in tumor tissues which include
highly active glycolysis, increased influx of amino acids (anaplerosis) into the tricarboxylic
acid cycle, membrane choline phospholipid metabolism, oxidative and osmotic stress
mechanisms. Moreover, decreased levels of TG may indicate lipolysis of TG and
concomitant B-oxidation of fatty acids which may exist to deliver bioenergy for rapid tumor
cells proliferation and growth. The present metabolomics study also demonstrated that HR-
MAS NMR based metabolic profiling coupled with multivariate statistical analysis can be
used as a diagnostic tool (in conjunction with histopathology) for differentiating HNSCC

J Proteome Res. Author manuscript; available in PMC 2012 November 4.
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from NAT. We believe that monitoring the significant metabolites noted in the present study
could potentially be used as a non-invasive diagnostic/prognostic marker in HNSCC using
in-vivo MRS studies.
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Figure 1.

Representative 600 MHz H HR-MAS CPMG NMR spectra (area normalized) of matched
NAT and HNSCC tissues from various anatomical sites of head and neck involving oral
cavity, tongue, lip and larynx of four different patients. The vertical scales of all the spectra
were kept the same and the chemical shift region from 5.2 — 6.5 ppm (spinning side bands)
is not shown in all the spectra. The intensity of peak in the chemical shift region 6.7 — 8.5
ppm was increased equally in all spectra to show the low-abundant taurine and
phenylalanine. The triglyceride signals were indicated as ‘“TG’. The corresponding H&E
photomicrographs of post HR-MAS NMR tissues are shown alongside of each 1H CPMG
spectrum. All the NAT are composed of parakeratinized stratified squamous epithelium and
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underlying fibrovascular connective tissue. However, tumor tissues were composed of
squamous cell carcinomas with neoplastic cells demonstrating varying degrees of epithelial
differentiation invade the adjacent connective tissue predominantly as nests, sheets or single
cells.
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Figure 2.

Representative 600 MHz 1H CPMG NMR spectra (area normalized) of (A) NAT, (B)
Tumor and (C) LN-Met tissues taken from a single patient. The intensity of peaks in the
chemical shift region 6.7 — 8.5 ppm was increased equally in all spectra to show the low-
abundant taurine and phenylalanine. The corresponding H&E photomicrographs of post HR-
MAS NMR tissues are shown alongside of each 1H CPMG spectrum.
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Figure 3.

(A) Unsupervised PCA and the corresponding (B) PC1 loadings, (C) PLS-DA and the
corresponding (D) PC1 loadings of a total of 40 tissues generated from 15 NAT, 18 Tumor
and 7 LN-Met tissues. It can be seen that primarily PC1 was responsible for the separation
between NAT and tumor tissues; however, LN-Met tissues overlap with tumors. In PCA
score plot, the tumor and metastatic tissues which were overlapping with that of NAT
(indicated by red and blue arrows) are diagnosed as poorly differentiated squamous cell
carcinoma. In the case of PLS-DA score plot (B), LN-Met tissues are indicated in different
colors despite the analysis was carried out by considering LN-Met tissues as tumor.

J Proteome Res. Author manuscript; available in PMC 2012 November 4.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Somashekar et al.

Figure 4.
ROC generated from predicted Y-values of PLS-DA. AUC of 0.876 represents a good

predictability of PLS-DA model in differentiating NAT and tumor tissues.
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Figure 5.

Relative intensities (mean £ SEM) of triglycerides and metabolites obtained from
normalized CPMG NMR spectra along with univariate statistical analysis (Mann-Whitney).
* P <0.001: NAT Vs Tumor; # P < 0.05: NAT Vs LN-Met; ## P < 0.01: NAT Vs LN-Met.
There is no significant difference in the level of metabolites identified from tumor and LN-
Met samples.
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