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Introduction

Normal oral mucosa is highly organized and contains three 
morphologically distinct compartments. These include: (1) an 

Here, we interrogated head and neck cancer (HNSCC) specimens (n = 12) to examine if different metabolic compartments 
(oxidative vs. glycolytic) co-exist in human tumors. A large panel of well-established biomarkers was employed to 
determine the metabolic state of proliferative cancer cells. Interestingly, cell proliferation in cancer cells, as marked 
by Ki-67 immunostaining, was strictly correlated with oxidative mitochondrial metabolism (oXpHoS) and the 
uptake of mitochondrial fuels, as detected via MCt1 expression (p < 0.001). More specifically, three metabolic tumor 
compartments were delineated: (1) proliferative and mitochondrial-rich cancer cells (Ki-67+/toMM20+/CoX+/MCt1+); 
(2) non-proliferative and mitochondrial-poor cancer cells (Ki-67−/toMM20−/CoX−/MCt1−); and (3) non-proliferative and 
mitochondrial-poor stromal cells (Ki-67−/toMM20−/CoX−/MCt1−). In addition, high oxidative stress (MCt4+) was very 
specific for cancer tissues. thus, we next evaluated the prognostic value of MCt4 in a second independent patient cohort 
(n = 40). Most importantly, oxidative stress (MCt4+) in non-proliferating epithelial cancer cells predicted poor clinical 
outcome (tumor recurrence; p < 0.0001; log-rank test), and was functionally associated with FDG-pet avidity (p < 0.04). 
Similarly, oxidative stress (MCt4+) in tumor stromal cells was specifically associated with higher tumor stage (p < 0.03), 
and was a highly specific marker for cancer-associated fibroblasts (p < 0.001). We propose that oxidative stress is a key 
hallmark of tumor tissues that drives high-energy metabolism in adjacent proliferating mitochondrial-rich cancer cells, via 
the paracrine transfer of mitochondrial fuels (such as L-lactate and ketone bodies). New antioxidants and MCt4 inhibitors 
should be developed to metabolically target “three-compartment tumor metabolism” in head and neck cancers. It is 
remarkable that two “non-proliferating” populations of cells (Ki-67−/MCt4+) within the tumor can actually determine 
clinical outcome, likely by providing high-energy mitochondrial “fuels” for proliferative cancer cells to burn. Finally, we 
also show that in normal mucosal tissue, the basal epithelial “stem cell” layer is hyper-proliferative (Ki-67+), mitochondrial-
rich (toMM20+/CoX+) and is metabolically programmed to use mitochondrial fuels (MCt1+), such as ketone bodies and 
L-lactate. thus, oxidative mitochondrial metabolism (oXpHoS) is a common feature of both (1) normal stem cells and 
(2) proliferating cancer cells. As such, we should consider metabolically treating cancer patients with mitochondrial 
inhibitors (such as Metformin), and/or with a combination of MCt1 and MCt4 inhibitors, to target “metabolic symbiosis.”
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underlying connective tissue layer; (2) a middle or basal layer of 
proliferating stem cells; and (3) an upper layer of differentiating 
squamous epithelia. Here, we investigated if this organization 
also represents a form of metabolic compartmentation, using a 
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in situ tumor mitochondrial metabolic studies have been per-
formed to our knowledge. High tumor lactate concentrations 
in HNSCC are associated with subsequent nodal and distant 
metastases.18,19 Most HNSCC cells generate significantly higher 
levels of lactate compared with normal human oral keratinocytes 
(NHOK), although several cell lines generate significantly lower 
lactate levels than NHOKs.20 It has been postulated that the 
cells with decreased lactate levels have high lactate uptake via 
monocarboxylate transporters (MCTs), and this allows them to 
generate large amounts of ATP via OXPHOS.20 The majority of 
HNSCC cell lines in homotypic culture were glycolytic and had 
decreased mitochondrial activity with a reduction in mitochon-
drial membrane potential.21 When deprived of glucose, these cell 
lines showed a substantial increase in early and late apoptosis. 
However, when the cells were supplemented with excess pyruvate, 
some of the effects were reversed, which suggests that OXPHOS 
is important to support HSNCC cell proliferation in the pres-
ence of a catabolite-rich microenvironment.21 In summary, recent 
studies suggest that metabolic heterogeneity and metabolic cou-
pling occur in HNSCC.

The goal of this study was to evaluate mitochondrial and gly-
colytic metabolism in HNSCC tumor compartments. Normal 
squamous mucosa (NM) is compartmentalized, with the basal 
layer having high proliferative rates, while the well-differentiated 
epithelial cells have low proliferative rates. This compartmen-
talization is frequently observed in HNSCC, where poorly dif-
ferentiated highly proliferative carcinoma cells coexist with well 
differentiated-low proliferative carcinoma cells.

We used a panel of biomarkers to assess metabolic compart-
mentation in HNSCC primary tumors (Table 1). Mitochondrial 
metabolism was determined by studying cytochrome C oxidase 
(COX) activity, expression of TOMM20 and MCT1. COX is 
the terminal enzyme in the mitochondrial electron transport 
chain required for oxidative phosphorylation to generate ATP.9 
COX activity is a surrogate marker for mitochondrial respira-
tion or OXPHOS metabolism.22-25 Low COX activity is the 
gold standard to diagnose human myopathies and neurologic 
diseases due to mitochondrial dysfunction.26-29 TOMM20 is a 
protein found in the outer mitochondrial membrane, which rec-
ognizes and sorts precursor proteins in the cytosol (i.e., trans-
locase) that are crucial to the biogenesis of mitochondria.30,31 
TOMM20 expression correlates with mitochondrial mass and 
OXPHOS metabolism.32 Monocarboxylate transporters are a 
family of membrane proteins (MCT) that demonstrate proton-
linked passive symport of lactate, pyruvate and ketone bodies 

panel of metabolic biomarkers. We also interrogated a series of 
head and neck squamous cell carcinomas (HNSCC) to examine 
similarities and differences in metabolic organization between 
normal mucosa and cancer mucosa.

Tumorigenesis in head and neck squamous cell carcinoma 
(HNSCC) is known to be driven by signaling pathways such 
as EGFR, p53, p16, IGFR, cyclin D1, HPV-E6-E7, PI3K-AKT-
mTOR, NFkB and HIF-1α.1 There is great interest in character-
izing the links between signaling pathways and metabolism, but 
very little is known about the role of metabolism in tumorigen-
esis, treatment failure and recurrence risk in HNSCC.

Cancer cells have high bioenergetic requirements needed to 
maintain cell growth. Glycolysis with generation of lactate and 
reduced mitochondrial oxidative phosphorylation metabolism 
(OXPHOS) is commonly found in carcinoma cells in culture.2-5 
OXPHOS generates more ATP per molecule of glucose than gly-
colysis with lactate generation and hence it is unclear why some 
cells would use a metabolically inefficient pathway. It has been 
hypothesized that glycolysis may confer a growth and survival 
advantage, although the mechanism is unknown.2,6,7 It should be 
noted that there is great heterogeneity in cancer metabolism, and 
differences in metabolism are observed depending on experimen-
tal conditions and particularly if homotypic culture experiments 
are performed, compared with co-culture experiments or in situ 
tumor analyses.7-10

More recently, a two-compartment view of tumor metabo-
lism has been proposed using Paget’s “seed and soil hypothesis” 
that may explain intra and inter-tumoral metabolic heterogene-
ity. Cancer cells require a rich, metabolically permissive micro-
environment to promote tumor growth and metastasis.10-12 In 
this metabolic model, carcinoma cells secrete hydrogen peroxide 
to induce oxidative stress in tumor fibroblasts or stromal cells.13 
These fibroblasts then increase their production of reactive oxida-
tive species (ROS), which induces aerobic glycolysis and autoph-
agy and results in increased levels of intermediate catabolites such 
as lactate, glutamine and ketone bodies.10 The fibroblasts release 
these catabolites into the tumor microenvironment, stimulating 
mitochondrial biogenesis and OXPHOS in carcinoma cells.14-16 
Metabolic coupling with glycolysis in some cells and OXPHOS 
metabolism in other epithelial cancer cells promotes proliferation 
and resistance to apoptosis.17

Most studies on HNSCC cell metabolism suggest that these 
carcinoma cells are glycolytic with high L-lactate generation. 
These metabolic studies have been performed with either homo-
typic cell culture experiments or whole section analyses, but no 

Table 1. Metabolic biomarkers used for identifying cell proliferation, mitochondrial metabolism and oxidative stress

Biomarker Status of metabolic function

Ki-67 Cell proliferation

toMM20 Mitochondrial mass and oxidative mitochondrial metabolism (oXpHoS)

CoX oxidative mitochondrial metabolism (oXpHoS)

MCt1 Uptake of mitochondrial fuels (L-lactate and ketone bodies)

MCt4 oxidative stress, hypoxia, glycolysis and/or mitochondrial dysfunction; production and export of mitochondrial fuels (L-lactate and 
ketone bodies)

LDHB Glycolysis
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dermis has the highest staining for TOMM20 (Fig. 1, right upper 
panel). To confirm that the TOMM20 staining pattern was 
staining functionally active mitochondria, we next performed the 
COX assay. The COX assay is a direct measure of mitochondrial 
complex IV activity in situ and is performed directly on unfixed 
frozen tissue sections. COX staining is cytoplasmic, with a dif-
fuse pattern. The COX staining pattern is very similar to that of 
TOMM20 and similar cell populations to those that stain for 

into and out of cells.33 MCT1 is ubiquitously expressed 
in multiple cell types and cancer cell lines.6,33,34 It is 
upregulated and expressed most prominently in cells 
with increased mitochondrial OXPHOS, such as heart 
and red muscle, suggesting an important role in lac-
tic acid and ketone body oxidation.33,35 MCT4 is the 
main transporter of lactate out of cells, it also exports 
ketone bodies out of cells and is a marker of oxidative 
stress.33,36-38 The expression of MCT4 is upregulated 
by HIF-1α, which is the main glycolytic transcrip-
tion factor induced by oxidative stress and hypoxia.38,39 
Oxidative stress and hypoxia are known markers for 
aggressive behavior in a variety of tumors, but few bio-
markers have been identified.40-45 Lactate dehydroge-
nase-B (LDHB) is an isoform of LDH and a marker 
of glycolysis.46,47

Results

Here, we used a panel of biomarkers to assess meta-
bolic compartmentation in HNSCC primary tumors 
(Table 1).

Baseline characteristics of the cross-sectional group 
and retrospective cohort. Average age at the time of 
diagnosis for the cross-sectional group of 12 subjects 
was 63.3 y (range 50–81-y-old), and in the retrospec-
tive cohort of 42 subjects, 60.7 y (range 36–83-y-old). 
Three patients had oral cavity primary lesions, seven 
had oropharyngeal, one had hypopharyngeal, and one 
had laryngeal primary lesions in the cross-sectional 
group, while as all patients had oral cavity primary 
lesions in the retrospective cohort. Ten subjects in the 
cross-sectional group had clinical and radiologic stage 
IV disease, with nine having N2 disease, and 21 sub-
jects in the retrospective cohort had stage IV disease. 
Two patients in the cross-sectional group had clinical 
and radiologic stage III disease, with one having N1 
nodal disease, and nine subjects in the retrospective 
cohort had stage III disease. Nine of these subjects had 
primary surgical resection, and the remaining three 
were treated with chemo-radiotherapy. Remaining clin-
ical and pathologic factors are detailed in Table 2.

The normal basal stem cell layer is associated with 
high L-lactate and ketone body uptake and mitochon-
drial metabolism: MCT1 is a highly selective basal 
stem cell marker. Mitochondrial metabolism and the 
status of uptake of lactate and ketone bodies in nor-
mal mucosa were evaluated. Adjacent sections were 
used to assess proliferation, mitochondrial OXPHOS and lactate 
uptake. The basal layer has the highest proliferation rate on the 
basis of Ki-67 staining (Fig. 1, left upper panel). TOMM20 is 
a mitochondrial transport protein whose expression correlates 
with mitochondrial respiration. TOMM20 exhibits cytoplas-
mic staining, with a granular pattern. We considered positive all 
cells in which the majority of the cytoplasm demonstrated strong 
granular staining. The bottom third of epithelia adjacent to the 

Figure 1. Distribution of proliferative and mitochondrial biomarkers in normal 
mucosa. Normal mucosal tissue was subjected to staining (brown color) with a va-
riety of metabolic markers. Note that the basal “stem cell” layer is highly enriched 
in markers of proliferation (Ki-67), oxidative mitochondrial metabolism (toMM20 
and CoX) and L-lactate/ketone body utilization (MCt1). Based on these studies, 
MCt1 is a highly selective marker of the basal stem cell layer. S, underlying con-
nective tissue layer; B, basal stem cell layer; e, differentiating squamous epithelial 
layer. original magnification: 20× (Ki-67 and CoX); 40× (toMM20 and MCt1).

Figure 2. MCt1 is a specific marker for basal stem cells, and co-distributes with 
markers of proliferation (Ki-67) and mitochondrial metabolism (toMM20 and 
CoX). As in Figure 1, except that selected areas are shown at a higher magnifica-
tion to better appreciate the staining of the basal stem cell layer. An arrow points 
at MCt1 staining, which is a specific marker for basal stem cells.
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High OXPHOS metabolism and evidence of lactate and 
ketone body import is present in highly proliferative epithelial 
cancer cell populations. Adjacent sections were used to assess 
proliferation, mitochondrial OXPHOS and glycolysis within 
similar populations of tumor and stromal cells. Initially, samples 
were stained for Ki-67 to identify carcinoma cells, with relatively 
high and low proliferation rates.

In well-differentiated HNSCC, nests of well-differentiated 
carcinoma cells were surrounded by a rim of basaloid, less differ-
entiated carcinoma cells (Fig. 3). These less differentiated carci-
noma cells are described as the tumor leading edge and are found 
adjacent to the reactive stroma, which is primarily composed of 
fibroblasts and inflammatory cells. In well-differentiated tumors, 
Ki-67 showed a low proliferative index in the well-differentiated 
carcinoma cells in contrast with the poorly differentiated carci-
noma cells of the leading edge, which showed the highest Ki-67 
reactivity and were located at the stromal-epithelial interface.

TOMM20, show strong COX activity and are found in the lower 
third of the epidermis (Fig. 1, left lower panel). MCT1 expres-
sion correlates with lactate and ketone body uptake and utiliza-
tion for OXPHOS metabolism. The basal layer, which is where 
squamous epithelia stem cells and highly proliferative cells are 
located, has high membrane MCT1 staining (Fig. 1, right lower 
panel). In fact, MCT1 gave the most specific staining pattern for 
the basal layer when compared with TOMM20 and COX his-
tochemical activity. After this characterization of mitochondrial 
metabolism in normal mucosa, we next set out to characterize it 
in HNSCC mucosa.

Thus, we conclude that the highly proliferative basal stem cell 
layer of normal mucosa is mitochondrial-rich and is specialized 
for the use of mitochondrial fuels, such as L-lactate and ketone 
bodies. As such, MCT1 may be a novel stem cell marker. Higher 
power views are also shown (Fig. 2) to better appreciate staining 
in the basal stem cell layer.

Table 2. Baseline characteristics and adjuvant treatments

Demographics/features Cross-sectional group (n = 12) Retrospective cohort (n = 42)

Sex m 10/f 2 m 27/f 15

Mean age (yr) 63.3 (50–81) 60.7 (42–84)

tobacco use 11 (8*) 30 (12*)

Alcohol use 7 (4*) 27(20*)

Mean followup (mo) 8.6 (1–9.3) 45 (2.8–94.9)

Subsite

Larynx 1

oropharynx 7

Hypopharynx 1

Oral cavity 3 42

oral tongue 3 28

Buccal 1

Lip 1

FoM 9

RMt 3

Differentiation

Well-moderate 8 40

poor 4 2

Prognostic factors (+) (−) ND (+) (−) ND

pNI 3 5 4 16 24 2

LVI 3 5 4 14 26 4

eCS† 4 5 3 3 9 8

p16 5 5 2 1 27 14

Surgical margins 1 7 4 1** 41

Adjuvant treatment (+) (−) ND (+) (−) ND

primary surgery 9 3 0 42 0 0

XRt 8 4 0 29 8 5

Systemic Rx 6 6 0 21 15 6

Baseline characteristics including demographics, tumor subsites, pathologic factors and adjuvant treatments are described, for the cross-sectional 
group and retrospective cohort. †eCS is determined only for node-positive subjects in the retrospective cohort, n = 20. ND, not determined; *,previous 
tobacco or alcohol use, but have quit for over 3 y; **, initially margins were positive but underwent re-resection to negative margins 1 wk later.
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Based on this analysis, the cellular distribution of proliferative 
markers (Ki-67) strictly correlated with mitochondrial markers 
(TOMM20, COX and MCT1), indicating that the proliferative 
population of epithelial cancer cells must use oxidative mitochon-
drial metabolism (OXPHOS). This is analogous to our findings 

Poorly differentiated HNSCC is composed of less 
differentiated carcinoma cells with enlarged and hyper-
chromatic nuclei with high N/C ratio and no keratin 
production arranged in irregular cords, small nests or 
individual cells (Fig. 4). The Ki-67 staining pattern in 
these poorly differentiated tumors showed a more uni-
form distribution, as compared with the stratification 
revealed by the Ki-67 pattern in the well-differentiated 
tumors.

We next focused our attention on TOMM20, whose 
expression correlates with mitochondrial respiration 
(Fig. 5, left panels). We were interested in evaluating 
the mitochondrial status of the different carcinoma cell 
populations and stromal cells. In well-differentiated 
tumors, TOMM20 expression was highest in the rap-
idly proliferating population of carcinoma cells of the 
leading edge in all samples examined, while the well 
differentiated carcinoma component showed low or 
absent reactivity. In the poorly differentiated tumors, 
expression of TOMM20 was uniform and strongly 
positive within all the carcinoma cells. In all 12 samples 
examined, TOMM20 expression was strongest in carci-
noma cells, as compared with the adjacent stromal cell 
population.

To confirm that the TOMM20 staining pattern 
was staining functionally active mitochondria, we 
performed the COX assay (cytochrome C oxidase), 
which is a direct measure of mitochondrial complex 
IV activity. The highest COX activity was detected in 
carcinoma cells (Fig. 6), as compared with the adja-
cent stromal cells. Furthermore, in well-differentiated 
HNSCC samples, the highest mitochondrial activ-
ity was detected in the carcinoma cells of the leading 
edge, adjacent to the stroma, with the more differenti-
ated carcinoma cells having lower activity. High-grade 
HNSCC showed strong COX activity in all of the car-
cinoma cells, similar to TOMM20.

Based on the TOMM20 staining pattern and COX 
activity assay, we wanted to study MCT1 expression, 
which correlates with lactate and ketone body uptake 
and utilization for OXPHOS metabolism. In positive 
cells, MCT1 exhibits a strong, circumferential com-
plete membranous staining. We considered positive 
all cells in which the above pattern was present. In low 
grade HNSCC, the strongest MCT1 staining was in 
the highly proliferative, poorly differentiated carcinoma 
cell population, while the more differentiated carcinoma 
cell population of the tumors had low or absent staining 
(Fig. 5, right panels). In high-grade tumors, expression 
of MCT1 again showed a uniform and strongly positive 
distribution within the majority of the carcinoma cells. However, 
MCT1 expression was not detected in the stromal compartment 
(Fig. 7). In summary, the pattern of reactivity for MCT1 was 
similar to that of Ki-67, TOMM20 and COX. The IHC data for 
mitochondrial metabolism markers are summarized in Table 3.

Figure 3. Morphology and proliferation in well-differentiated HNSCC tumor tissue: 
H&e and Ki-67 immunostaining. Note that carcinoma cells are more differentiated 
in the center of clusters or nests, with occasional keratin pearls. the carcinoma 
cells in the periphery of the nests stain strongly for Ki-67, which is absent in the 
center of the nests. original magnification: 20× and 40×, as indicated.

Figure 4. Morphology and proliferation in poorly differentiated HNSCC tumor tis-
sue: H&e and Ki-67 immunostaining. Note that carcinoma cells form small clusters 
or nests without differentiation or keratin pearls. the carcinoma cells in the nests 
diffusely stain strongly for Ki-67. Note also that the tumor stroma is negative for 
Ki-67 staining. original magnification: 20× and 40×, as indicated.
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staining was very low or absent in CAFs and normal 
fibroblasts (NFs), and no differences were appreciated 
(data not shown).

We were also interested in evaluating glycolysis and 
oxidative stress in the highly proliferative carcinoma 
cell compartment and in carcinoma cells with low pro-
liferation rates. Hence, we evaluated the expression of 
two proteins associated with glycolytic energy produc-
tion and oxidative stress, MCT4 and LDH-B. MCT4 
expression is also a marker of lactate and ketone body 
export out of cells. Strong MCT4 immunoreactivity 
was found in the majority of well-differentiated car-
cinoma cells and CAFs (Figs. 8 and 9). In contrast, 
MCT4 staining in normal fibroblasts was absent in all 
samples that contained adjacent normal stromal areas. 
The strongest LDH-B expression was found in CAFs, 
while there was low to absent expression in the carci-
noma cells (Fig. 10).

Retrospective analysis of MCT4 in OSCC. To fur-
ther evaluate the relationship of MCT4 expression in 
CAFs, as compared with NFs, we expanded our cohort 
to include 42 additional OSCC subjects. Forty out of 
the 42 subjects had evaluable normal mucosa as well 
as cancer mucosa. MCT4 staining was performed in 
these additional samples, and the expression of MCT4 
in CAFs and NFs was scored. In all 40 evaluable addi-
tional samples, MCT4 expression in NFs was minimal 
or absent (Fig. 11), while 26 of the 40 subjects had posi-
tive MCT4 expression in CAFs (Table 4).

Fifty percent of patients had stage IV disease 
(21/42), 11 patients had stage III, six patients had stage 
II, and four patients had stage I (Table 5). One patient 
had a negative frozen margin, which was positive on 
final path and underwent re-resection to negative final 
margins. The mean duration of follow-up was 31 mo 
(Table 2). High stromal MCT4 (> 30% stromal cells 
staining for MCT4) was associated with higher stage 
disease (p = 0.034) (Table 7). More specifically, stage 
III or IV disease was present in 22 out of 26 subjects 
with high stromal MCT4 expression, while only eight 
out of 16 subjects with low MCT4 expression had stage 
III or IV disease (Table 5). The majority of tumors had 
high stromal MCT4 and low epithelial MCT4 (26 out 
of 42 tumors had high stromal MCT4 and 26 out of 42 
had low epithelial MCT4).

Clinical outcomes were assessed according to MCT4 
epithelial staining as well. A statistically significant decrease in 
disease-free survival (DFS) was identified, with a large MCT4-
positive carcinoma compartment (> 25% carcinoma cells 
staining for MCT4) in univariable and multivariable analysis  
(Table 6). Kaplan-Meier analysis is shown in Figure 12 (p < 
0.0001; log-rank test), illustrating a clear association with lower 
disease-free survival, which is indicative of high tumor recur-
rence. Perineural invasion (PNI) correlated with a large MCT4-
positive carcinoma compartment (Table 7). Finally, the SUV 
reported on 18FDG PET/CT was assessed with respect to MCT4 

with the basal stem cell layer in normal mucosal tissue, and is 
consistent with the “cancer stem cell hypothesis.”

Cancer-associated fibroblasts (CAFs) highly express MCT4, 
a specific marker of oxidative stress, glycolytic metabolism 
and L-lactate/ketone body export. Fibroblasts located in can-
cer mucosa, which are in close proximity to carcinoma cells, are 
here defined as cancer-associated fibroblasts (CAFs). CAFs were 
relatively negative for TOMM20 expression and COX activity, as 
compared with the highly proliferative carcinoma cells, in all 12 
samples, and CAFs were negative for MCT1 (Figs. 3–7). Ki-67 

Figure 5. toMM20 and MCt1 immunostaining in well-differentiated and poorly 
differentiated HNSCC specimens. In well-differentiated, note that carcinoma cells 
in the periphery of nests have high toMM20 staining (brown), while well differen-
tiated cells in the center of nests have low toMM20 staining. In poorly differenti-
ated, note that carcinoma cells in the nests strongly stain for toMM20 (brown). 
Virtually identical results were obtained for MCt1, as well. Note also that the tumor 
stroma is negative for both toMM20 and MCt1-staining. original magnification: 
20×, as indicated.

Figure 6. CoX mitochondrial activity staining in well-differentiated and poorly dif-
ferentiated HNSCC specimens. In well-differentiated, note that carcinoma cells in 
the periphery of nests have high CoX activity (brown), while as differentiated cells 
in the center of nests have low CoX activity. In poorly differentiated, note that car-
cinoma cells in the nests diffusely stain strongly for CoX. Note also that the tumor 
stroma is negative CoX staining. original magnification: 40×, as indicated.
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compartment. Interestingly, MCT4+ staining was specific for 
tumor tissue and was not detected in normal mucosa. Thus, oxi-
dative stress appears to be a specific marker of carcinogenesis and 
correlates with high PET avidity and poor clinical outcome.

This study set out to characterize metabolism in normal 
mucosa and HNSCC mucosa in situ. Normal mucosa has the 
basal layer, where normal epithelial stem cells are located, is highly 
proliferative and non-differentiated. The basal layer gives rise to 
cells in the remainder of the epithelium. The basal layer of squa-
mous epithelium shares features with squamous cell carcinoma 
cells, and it is now believed that squamous cell carcinomas of the 
head and neck derive from the basal layer.48-51 Normal mucosa 
provides us an opportunity to identify stem cells topographically. 
We have discovered that MCT1, a marker of lactate and ketone 
body uptake, stains exclusively the basal layer in the normal 
mucosa that has high OXPHOS metabolism. HNSCC have car-
cinoma cells that appear similar to normal basal layer cells mor-
phologically. We have discovered that these basal-like carcinoma 
cells also have the metabolic features of normal basal layer cells 
with high MCT1 expression, high OXPHOS and low glycolysis. 

expression, and a large MCT4-positive carcinoma 
compartment correlated with greater SUV (Table 7). 
However, pathologic and nodal staging, as well as 
lymphovascular invasion (LVI), did not correlate with 
the percentage of epithelial cells staining for MCT4 
(Table 6).

As MCT4 is a tumor-specific marker of oxidative 
stress, glycolysis and hypoxia in non-proliferating epi-
thelial cancer cells and tumor stromal cells, our data 
directly show how non-proliferating cells that are 
undergoing oxidative stress can metabolically contrib-
ute to tumor growth and poor clinical outcome.

Discussion

Here, we present new evidence that both normal mucosa 
and head and neck cancers are divided into three sepa-
rate metabolic compartments (Figs. 13 and 14). Based 
on our biomarker analysis, in the normal basal stem cell 
layer, the proliferative stem cells (Ki-67+) are mitochondrial-rich 
(TOMM20+/COX+) and are specialized to use L-lactate and 
ketone bodies as high-energy mitochondrial fuels (MCT1+). 
Similarly, in head and neck cancers, we detected a population of 
highly proliferative epithelial cancer cells that were rich in mito-
chondria and used mitochondrial fuels (TOMM20+/COX+/
MCT1+). These proliferating cells were surrounded by non-
proliferating tumor cells (epithelial and stromal) (Ki-67−), which 
were mitochondrial-deficient (TOMM20−/COX−/MCT1−), 
and were undergoing oxidative stress and glycolysis (MCT4+). 
Remarkably, this population of non-proliferating cells (MCT4+) 
had a striking effect on both tumor stage and clinical outcome. 
Thus, we postulate that the population of non-proliferating 
tumor cells may determine clinical outcome via a simple energy-
transfer mechanism (“a lactate/ketone shuttle”), which we have 
termed three-compartment tumor metabolism (Fig. 14). In this 
model, non-proliferating tumor cells (stromal and epithelial) 
fuel the growth of proliferating tumor cells, via a form of meta-
bolic symbiosis. As such, two catabolic non-proliferating com-
partments may fuel the expansion of the anabolic proliferative 

Table 3. Markers of mitochondrial metabolism in HNSCC: epithelial vs. stromal compartments

 Morphologic compartment Total COX† TOMM20† MCT1†

Low/absent High Low/absent High Low/absent High

Leading edge/poorly differentiated carcinoma cells

High proliferation: Ki-67(+)

12 0 12 0 12 2 10

Well-differentiated carcinoma cells

Low proliferation:Ki-67(−)

8 8 0 8 0 8 0

CAFs 12 12 0 12 0 12 0

NFs 9 9 0  9 0  9 0

Staining for markers of proliferation (Ki-67) and mitochondrial metabolism (CoX, toMM20 and MCt1) was performed on the samples from subjects in 
the cross-sectional group. Staining was assessed in two types of carcinoma cells: the leading edge/poorly differentiated carcinoma cells (12 samples 
were evaluable) and in the well differentiated carcinoma cells (8 samples were evaluable). Staining was also assessed in two types of fibroblasts: 
cancer-associated fibroblasts (CAFs) (12 samples were evaluable) and normal fibroblasts (NFs) (9 samples were evaluable). †Fisher’s exact test for com-
parison of CoX, toMM20 and MCt1 expression in leading edge/poorly differentiated carcinoma cells vs. well differentiated carcinoma cells, p < 0.001 
for all three comparisons.

Figure 7. Higher power views of MCt1 immunostaining in HNSCC specimens. As 
in Figure 5, except higher power view are shown to better appreciate the plasma 
membrane staining of MCt1+ tumor cells. Also, note that MCt1 staining is absent 
from the the tumor stroma and cancer-associated fibroblasts. original magnifica-
tion: 40×, as indicated.
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tumors have a large glycolytic carcinoma cell compartment as 
measured by MCT4 expression and are associated with a statisti-
cally significantly decrease in DFS. It may be that these tumors 
are more aggressive, because they generate oxidative stress, lactate 
and ketone bodies to fuel mitochondrial metabolism (OXPHOS) 
in adjacent proliferating epithelial cancer cells with high MCT1 
expression. MCT4 distinguishes normal fibroblasts (NFs) from 
CAFs, since MCT4 expression is absent in NFs, while it is high 
in CAFs in the majority of samples. Metabolic compartmental-
ization found here in HNSCC has been also described in breast, 
colon, ovarian and prostate cancers.12,13,53-58

OXPHOS as measured by COX activity and TOMM20 stain-
ing was present in the poorly differentiated compartment in all 
samples studied. These carcinoma cells with high OXPHOS had 
high proliferation rates and were prominent at the leading edge 
of the tumor in proximity to the stroma. It has been shown in 
lung cancer that high mitochondrial metabolism is necessary for 
cancer cell proliferation.59 The more rapidly proliferating, poorly 
differentiated stem-cell like cancer cells are frequently the origin 
of metastasis.60 Thus, high OXPHOS may be a marker for cells 
with metastatic potential and may be required for proliferation 
in HNSCC.

MCT1 is an importer of L-lactate and ketone bodies into 
cells, and high expression of MCT1 induces high OXPHOS 
and low glycolytic states.6,61,62 We show here that MCT1 is the 
best marker of the basal stem cell layer of normal mucosa, and 
its expression correlates with high TOMM20 expression and 
COX activity in normal and cancer mucosa. Therefore, MCT1 
is a possible metabolic therapeutic target in HNSCC, since our 
study shows increased expression in the most rapidly prolifer-
ating and metabolically active HNSCC cells. It is known that 
MCT1 expression is associated with poor outcomes in breast 
and gastric cancers.63 Theoretically, inhibiting L-lactate and 
ketone body uptake by using MCT1 inhibitors could drasti-
cally reduce the supply of mitochondrial fuels to the most pro-
liferative cell population(s), thereby diminishing OXPHOS and 

This study links, for the first time in HNSCC, stemness with 
lactate and ketone body uptake and mitochondrial metabolism. 
The current results are consistent with a previous study show-
ing that high lactate and ketone body levels in the microenviron-
ment and uptake by carcinoma cells generates a stem-like gene 
expression signature in breast carcinomas.52 Studies show that 
many non-transformed, rapidly proliferating cells have similar 
metabolic needs to those of cancer cells, and it is hypothesized 
that cancer cells revert to a metabolic phenotype reminiscent of 
rapidly dividing cells.2,4 Our current study validates the idea that 
rapidly dividing HNSCC carcinoma cells share a mitochondrial 
metabolic phenotype (OXPHOS) with normal basal layer epi-
thelial stem cells.

HNSCCs frequently have well differentiated epithelial and 
stromal cell compartments that have high MCT4 staining with 
low OXPHOS, high glycolysis, lactate and ketone body release 
out of cells and levels of oxidative stress (Fig. 14). MCT4 stain-
ing was found to be specific to the cancer tissues and absent 
from normal adjacent tissues. A significant subset of HNSCC 

Figure 8. MCt4 epithelial immunostaining in HNSCC tumor tissue. 
three different tumor regions or metabolic compartments are as indi-
cated: (1) is the tumor stroma; (2) represents the proliferating cancer cell 
compartment; and (3) is the non-proliferating cancer cell compartment. 
Note that MCt4 staining is primarily localized to the tumor stroma (red 
arrows) and the non-proliferating epithelial cancer cell compartment 
(black arrow). Note also that the non-proliferating MCt4+ cancer cells 
appear enlarged or hypertrophic, which is consistent with a senescent 
phenotype. original magnification: 40×, as indicated.

Figure 9. MCt4 stromal immunostaining in HNSCC tumor tissue. Note 
that the stromal cells separating nests of proliferating carcinoma cells 
have the highest MCt4 expression (brown). original magnification: 40×, 
as indicated.

Table 4. MCt4 staining in normal fibroblasts (NFs) and cancer-associat-
ed fibroblasts (CAFs) in HNSCC

NFs† CAFs†

Low MCT4 staining 40 14

High MCT4 staining 0 26

Total cases 40 40

Staining for the lactate exporter and glycolytic marker MCt4 was per-
formed on 40 samples from subjects in the retrospective cohort where 
morphologically normal mucosa was assessable. MCt4 staining was 
assessed in cancer-associated fibroblasts (CAFs) and normal fibroblasts 
(NFs). †Fisher’s exact test for comparison of MCt4 expression in CAF vs. 
NF, p < 0.001.
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tissues in proximity are at high risk of transformation in HNSCC 
due to epithelial dysplasia and its progression, although not due 
to direct invasion by carcinoma cells from the original tumor.83-86 
The field effect may be explained in part by the increased expres-
sion of MCT4 in stromal cells induced by proliferating epithelial 
cancer cells. This is consistent with observations in breast and 
ovarian cancer, where epithelial cancer cells have the ability to 
upregulate MCT4 expression in stromal cells at a distance, and 
high stromal MCT4 expression is associated with a poor prog-
nosis.53,54,72 Conversely, it is possible that high stromal MCT4 
expression promotes transformation of non-cancerous epithelia. 
High carbonic anhydrase IX (CA IX) expression in the stroma, 
which is a marker of oxidative stress and glycolytic metabolism, 
is associated with a poor prognosis in HNSCC.87,88 It is well 
established that HNSCC progresses through dysplasic stages and 

ATP generation required for accelerated tumor 
growth and cell division. This would metaboli-
cally uncouple the highly proliferative cancer 
cells from less proliferative epithelial cancer and 
stromal cells, by forcing the highly proliferative 
cancer cells to rely on glycolysis as their primary 
source of ATP generation.34,64 One potent MCT1 
inhibitor, α-cyano-4-hydroxycinnamate (CHC), 
has anticancer effects in vitro and in vivo.6,65 In 
vivo studies in mice showed that CHC signifi-
cantly reduced tumor burden with minimal toxic 
effects.6 Another MCT1 inhibitor, AZD-3965, is 
currently undergoing clinical trials and could be a 
therapeutic agent in HNSCC.66 Studies to deter-
mine if other metabolic modulators are effective 
therapies for HNSCC also need to be performed. 
Metformin, which is a known mitochondrial 
OXPHOS inhibitor, is effective for both the prevention and 
treatment of HNSCC in vitro and in vivo.67

There is a lack of clinically useful prognostic and predic-
tive molecular markers in most HNSCC.68 Our study shows 
that a large glycolytic carcinoma compartment with MCT4 
expression is associated with shorter disease-free survival in 
OSCC and is functionally associated with high 18FDG-PET 
SUV. MCT4 is a marker of glycolysis, lactate and ketone 
body release and oxidative stress.38,69,70 The antioxidant 
N-acetyl cysteine (NAC) has been shown to decrease MCT4 
expression and modulate metabolism.53,54,71,72 Also, multiple 
medications have been shown to increase OXPHOS metab-
olism in vitro, such as carnitine, α-lipoic acid, vitamin C, 
riboflavin and B complex vitamins.73 By increasing mito-
chondrial function in stromal cells and low proliferative epi-
thelial cancer cells or decreasing the catabolite transfer, we 
may be able to disrupt metabolic coupling and induce tumor 
regression. Metabolic modulators should be investigated as 
potential therapies in HNSCC.

Altered metabolism is not only recognized as a hallmark 
of cancer cells and a possible therapy target, but FDG-PET 
scanning is an important diagnostic application.8 18Fluoro-2 
deoxy-glucose (FDG) is the radiotracer used in PET scans, 
since 2 deoxy-glucose is a competitive inhibitor of the rate-
limiting glycolysis enzyme hexokinase.74 FDG within cells can-
not be metabolized and emits radiation.75 FDG-PET-CT scans 
are almost always positive for HNSCC, and this has been con-
sidered evidence that this tumor type is glycolytic.76,77 Here, we 
suggest that FDG-PET avidity in HNSCC is due to the MCT4+ 
non-proliferative carcinoma cells and CAFs. Higher SUV, which 
may require the presence of several metabolic compartments in 
HNSCC, is associated with advanced T stage and worse clini-
cal outcome.78-82 We show, as expected, that tumors with an 
expanded glycolytic carcinoma compartment have the highest 
FDG-PET avidity in HNSCC.

We have found that MCT4 expression is absent in the stroma 
in non-cancerous regions, and that in approximately 70% of 
cases, its expression increases in the tumor stroma. “Field cancer-
ization” or “the field effect” describes the fact that non-cancerous 

Figure 10. LDHB stromal immunostaining in HNSCC tumor tissue. Note that the stromal 
cells separating nests of proliferating carcinoma cells have the highest LDHB expression 
of all the cells in the sample (brown). original magnification: 40×, as indicated.

Figure 11. MCt4 immunostaining distinguishes tumor tissue from normal 
adjacent tissue. Note that MCt4 preferentially stains cancer-associated 
fibroblasts (CAFs) and not normal fibroblasts (NFs), allowing one to distin-
guish tumor tissue from normal tissue, even at low-magnification. original 
magnification: 2×, as indicated. N, normal tissue; t, tumor tissue.
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cells and normal fibroblasts. Finally, high MCT4 expression is 
associated with higher tumor stage, PET avidity and poor clinical 
outcome. So, it is remarkable that the non-proliferating popula-
tion of cells in the tumor actually determine clinical outcome.

Materials and Methods

Subjects. The protocol was approved by the Institutional Review 
Board at Thomas Jefferson University. Twelve subjects with a 
diagnosis of oral, oropharyngeal, hypopharyngeal or laryngeal 
HNSCC were enrolled in a cross-sectional study to evaluate 
metabolism in situ in surgical samples. Tumor samples were col-
lected at the time of staging panendoscopy or definitive surgery 
and processed as described below.

Additionally, a retrospective chart and pathological review of 
subjects with a diagnosis of primary oral HNSCC (OSCC) between 
2002 and 2010 was also performed. Immunohistochemical 
staining in this group was performed for MCT4. All included 
patients had no previous treatment and underwent primary treat-
ment with surgical resection to negative margins. A total of 42 
patients were included in the study. Patient data included age, 
sex, social history, tumor site, TNM stage, tumor morphology, 

step-wise genetic changes,89 but perhaps stromal oxidative stress 
and metabolism also modulate cancer progression.

Finally, advocates of the traditional Warburg effect have 
argued that aerobic glycolysis is required for the efficient pro-
liferation of epithelial cancer cells, because it would shift a sig-
nificant amount of metabolic precursors toward the generation 
of “biomass” to create new cancer cells.3,66 However, little or no 
experimental data has been presented to validate this hypothesis 
in vivo.7,90 Here, we show that “Warburg” cancer cells (MCT4+) 
are clearly non-proliferative (Ki-67−) and are mitochondrial-defi-
cient (COX−/TOMM20−). Thus, aerobic glycolysis is not being 
used in vivo to “fuel” the proliferation of epithelial cancer cells. 
As a consequence, our data do not support the Warburg “bio-
mass” and proliferation argument.

In summary, we show for the first time that metabolic com-
partmentalization exists in HNSCC mucosa, with highly pro-
liferative epithelial cancer cells having high mitochondrial 
metabolism and lactate and ketone body uptake, while other 
non-proliferating carcinoma cells and CAFs have low mitochon-
drial metabolism, with high lactate and ketone body generation 
and high oxidative stress. This metabolic compartmentalization 
of HNSCC shares similarities with that of normal mucosa and 
likely drives proliferation via OXPHOS metabolism. We also 
show that MCT4 is a marker oxidative stress in non-proliferating 
cancer cells and CAFs, but it is absent in proliferating cancer 

Table 5. Staging, recurrence and death in retrospective HNSCC cohort

Pathologic stage (TNM) Recurrence MCT4 epith. MCT4 stromal (CAF) MCT4 stroma (NF)

Stage Total N0 N1 N2 N3 LR Dist. Death Low High Low High Low High

I 6 6 1 0 0 6 (1/0) 0 (0/0) 5 (1/0) 1 (0/0) 6 0

II 6 6 3 0 1 2 (0/0) 4 (3/1) 3 (2/0) 3 (1/1) 6 0

III 9 3 6 2 0 1 7 (1/1) 2 (1/0) 2 (1/1) 7 (1/0) 9 0

IV 21 7 0 14 0 7 2 7 11 (3/2) 10 (6/5) 6 (3/2) 15 (6/5) 19 0

Total 42 22 6 14 0 13 2 9 26 (5/3) 16 (10/6) 16 (7/3) 26 (8/6) 40* 0

Number of subjects who had loco-regional (LR) and distant (Dist.) recurrences as well as death are shown according to stage, nodal involvement and 
MCt4 staining in epithelial, CAF and NF compartments. In parenthesis are on the left side number of subjects who relapsed and on the right side are 
number of subjects who died. *Normal stroma was assessable in 40 subjects. NF, normal fibroblasts; CAF, cancer-associated fibroblasts.

Table 7. Correlation of clinical and pathologic variables with MCt4 
expression

Pathologic staging Spearman correlation 
coefficient

p value

p Stage: MCt4 epithelial 0.209 0.18

p Stage: MCt4 stromal 0.328 0.034

N Stage: MCt4 epithelial 0.143 0.37

N Stage: MCt4 stromal 0.135 0.39

PNI and LVI p value (FE)

pNI: MCt4 epithelial 0.018

pNI: MCt4 stromal 0.259

LVI: MCt4 epithelial 0.328

LVI: MCt4 stromal 0.177

SUV on PET/CT p value (WMW)

SUV > 10: MCt4 epithelial 0.038

Spearman correlation coefficients of epithelial and stromal MCt4 ex-
pression and staging, perineural invasion (pNI), lymphovascular invasion 
(LVI) and standard unit volume (SUV) on 18FDG-pet are shown.

Table 6. Correlation of epithelial MCt4 staining with disease-free 
survival

Disease-free survival  
(univariable analysis)

Hazard ratio 
(95%CI)

p value

MCt4 epithelial (high vs. low) 6.56 (2.32, 18.57) < 0.001

Disease-free survival  
(multivariable analysis)

Hazard ratio 
(95%CI)

p value

MCt4 epithelial (high vs. low) 10.36 (2.56, 41.95) 0.001

Age at surgery 1.05 (0.996, 1.096) 0.07

Gender (M vs. F) 1.77 (0.49, 6.36) 0.38

pathologic stage (1,2 vs. 3,4) 1.41 (0.23, 8.53) 0.71

Nodal stage: N0 vs. N+ 3.62 (0.75, 17.48) 0.11

Univariable and multivariable models for overall survival were per-
formed with epithelial MCt4 staining, age, gender, pathologic stage and 
nodal stage. N0, pathologically negative neck dissection; N+, pathologi-
cally positive neck dissection.
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solution consisted of 10 mg cytochrome C, 10 mg 3,3'-diami-
nobenzidine tetrahydrochloride hydrate and 2 mg catalase (all 
components from Sigma-Aldrich) dissolved in 10 ml of 25 mM 
sodium phosphate buffer. The solution was filtered after prep-
aration and the pH was adjusted to 7.2–7.4 with 1 N NaOH. 
Sections were counterstained with hematoxylin.

Statistical analysis. Data was analyzed using SAS 9.3. Fisher’s 
exact test was used for assessment of association between MCT4 
expression and pathologic variables including lymphovascular 

pre-operative imaging results, adjuvant treatment, length of fol-
low up, recurrence and mortality. Patients were staged according 
to the American Joint Committee on Cancer (AJCC) guidelines. 
All patients underwent surgical resection of the primary lesion 
and neck dissection based on the clinical and radiologic findings. 
Postoperative treatment was based on the recommendation of 
the multidisciplinary tumor board, and adjuvant external beam 
radiotherapy and systemic therapy was used accordingly.

Sample processing. The first group of 12 samples was pro-
cessed within 6 h of collection. Tumor samples were collected and 
snap frozen in OCT compound in liquid nitrogen and stored at 
-80°C. The remaining tumor was fixed in 10% formalin and par-
affin embedded (FFPE) for hematoxylin and eosin (H&E) and 
immunohistochemistry staining (IHC).

The second group consisted of 42 subjects, for which archived 
FFPE tumor blocks were available. Sections of these blocks were 
used for H&E and IHC.

Paraffin immunohistochemistry. Five micron paraffin sec-
tions were prepared and stained with antibodies to Ki-67, 
TOMM20, MCT1, MCT4 and LDH-B. Ki-67 was from Abcam; 
MCT1 and MCT4 antibodies were the kind gift of Nancy J. 
Philp and have been described in detail;91 MCT4 was also pur-
chased from Santa Cruz Biotechnology; TOMM20 (F-10) 
was from Santa Cruz Biotechnology; LDHB was from Sigma-
Aldrich. Briefly, sections were dewaxed, rehydrated through 
graded ethanols, and antigen retrieval was performed in 10 mM 
citrate buffer, pH 6.0, for 10 min using a pressure cooker. The 
sections were cooled, blocked with 3% hydrogen peroxide and 
then for endogenous biotin using the DakoCytomation Biotin 
BlocKing Sytem (Dako). Sections were next incubated with 10% 
goat serum for 30 min, followed by primary antibodies overnight 
at 4°C. Primary antibody binding was detected with a biotinyl-
ated species-specific secondary antibody (Vector Labs) followed 
by a streptavidin-horseradish peroxidase conjugate (Dako). 
Immunoreactivity was revealed with 3,3'-diaminobenzidine 
(Dako). Sections were counterstained with hematoxylin.

Epithelial and stromal staining patterns were studied and 
quantified independently. All tumor on a slide and its dominant 
staining pattern were considered when determining the percent 
of immune-positive carcinoma and stromal cells in a sample. The 
same pathologist scored all samples. An empirically derived scal-
ing system was created based on evident staining patterns in the 
samples. An MCT4 epithelial staining score of low or high was 
given if < 25% or equal or greater than 25% of carcinoma cells 
stained positive for MCT4. An MCT4 stromal staining score of 
low or high was given if < 30% or equal or greater than 30% of 
stromal cells stained positive for MCT4.

TOMM20, LDH-B staining as well as Ki-67 staining was 
also performed.

Cytochrome C oxidase (COX)/complex IV activity stain-
ing. Cryostat sections (8 μm) were prepared from HNSCC tis-
sue samples that had been stored at -80°C until use. For the COX 
activity staining, frozen sections were brought to room tempera-
ture, washed for 5 min with 25 mM sodium phosphate buffer, 
pH 7.4 and then incubated for 1.5 and 2 h at 37°C with the 
COX incubation mixture as previously described.92-94 The COX 

Figure 12. epithelial MCt4 is a negative prognostic marker in HNSCC: 
Kaplan-Meier analysis and disease-free survival (DFS). Kaplan-Meier 
survival curves are shown for the 40 subjects analyzed. Note that higher 
levels of epithelial MCt4 expression are significantly associated with 
lower DFS (higher tumor recurrence; p = 0.0001; log-rank test).

Figure 13. three-compartment metabolism in normal mucosa. Note 
that in normal mucosa, three morphological and metabolic compart-
ments can be distinguished. the basal stem cell layer is hyper-prolifera-
tive (Ki-67+), mitochondrial-rich (toMM20+/CoX+) and uses mitochon-
drial fuels (MCt1+). In contrast, the underlying connective tissue and 
the differentiated epithelial cells are non-proliferative and mitochondri-
al-poor. Importantly, all three compartments are MCt4-negative.
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(LVI) or perineural invasion (PNI). Spearman’s rank-order 
correlation was used for association of the MCT4 staining 
scores with each other and with the nodal and pathologic 
staging variables. Wilcoxon-Mann-Whitney test was used for 
association of MCT4 and maximum standard uptake value 
(SUV) on 18Fluoro-2-Deoxy-Glucose (18FDG) PET/CT. The 
distribution of disease-free survival (DFS) was estimated using 
the Kaplan-Meier method and groups were compared using 
the log-rank test. Cox proportional hazards regression was 
used to calculate adjusted estimates of differences in DFS. 
For all DFS analysis, an event is defined as a recurrence or 
a death. A p value < 0.05 was considered statistically sig-
nificant. Subjects who were lost to follow-up are considered  
censored.
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