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Abstract: Despite dramatic progress in cancer diagnosis and treatment, the five-year survival rate
of oral squamous cell carcinoma (OSCC) is still only about 50%. Thus, the need for elucidating the
molecular mechanisms underlying OSCC is urgent. We previously identified the peroxidasin gene
(PXDN) as one of several novel genes associated with OSCC. Although the PXDN protein is known to
act as a tumor-promoting factor associated with the Warburg effect, its function and role in OSCC are
poorly understood. In this study, we investigated the expression, function, and relationship with the
Warburg effect of PXDN in OSCC. In immunohistochemical analysis of OSCC specimens, we observed
that elevated PXDN expression correlated with lymph node metastasis and a diffuse invasion pattern.
High PXDN expression was confirmed as an independent predictor of poor prognosis by multivariate
analysis. The PXDN expression level correlated positively with that of pyruvate kinase (PKM2) and
heme oxygenase-1 (HMOX1) and with lactate and ATP production. No relationship between PXDN
expression and mitochondrial activation was observed, and PXDN expression correlated inversely
with reactive oxygen species (ROS) production. These results suggest that PXDN might be a tumor
progression factor causing a Warburg-like effect in OSCC.

Keywords: oral cancer; PXDN; nodal metastasis; invasion; prognosis

1. Introduction

Oral squamous cell carcinoma (OSCC) is a highly aggressive tumor, with 355,000 new cases and
177,000 deaths worldwide predicted in 2018 [1]. The main risk factors for OSCC include tobacco,
alcohol, and betel quid use, human papillomavirus and candida infection, vitamin/mineral deficiencies,
and immunosuppression [2]. Despite remarkable advances in the treatment of OSCC and increases
in our understanding of its molecular biology, five-year survival rates over the past three decades
have remained at approximately 50% [3]. Therefore, further elucidation of the molecular mechanisms
underlying OSCC is needed.

We previously identified several candidate genes involved in the progression of OSCC using cDNA
microarray [4]. Among the overexpressed candidate genes is the extracellular matrix (ECM) protein
peroxidasin (PXDN). This protein belongs to a family of heme-containing peroxidases that catalyze the
production of reactive oxygen species (ROS), including hydrogen peroxide [5,6]. Overexpression of
PXDN is found in malignant glioma [7], metastatic melanoma [8], esophageal cancer [9], and bladder
cancer [10]. In ovarian cancer, PXDN is associated with poor prognosis and promotes cell proliferation,
invasion, and migration through activation of the phosphoinositide 3-kinase (PI3K)/Akt pathway [11].
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Co-expression of PXDN and heme oxigenase-1 (HO-1) promotes the proliferation and invasion of
cancer cells [12]. Thus, PXDN may possess tumor-promoting activities.

Cancer cells suppress mitochondrial activity, shift glucose metabolism to primarily glycolysis,
and produce lactate and adenosine triphosphate (ATP) even in the presence of sufficient oxygen.
These alterations in metabolism, known as the Warburg effect, are believed to induce the generation of
ROS and promote cancer progression [13]. Under aerobic conditions, normal cells produce ATP from
glucose-derived pyruvate by mitochondrial oxidative phosphorylation, while the primary source of
ATP in cancer cells is aerobic glycolysis [14]. A recent report suggests that PXDN promotes prostate
cancer cell tumorigenicity and viability by eliminating ROS to suppress oxidative stress and apoptosis
via the Warburg effect [6]. Pyruvate kinase (PK), a glycolytic enzyme that catalyzes the last step
in glycolysis, is present in mammals in four PK isoforms: PKL, PKR, PKM1, and PKM2. PKM2 is
normally downregulated in response to ROS [15]. The transition from PKM1 to PKM2 expression
is observed in many cancer cells [16]. The Warburg effect increases PKM2 expression and promotes
lactate production under hypoxic conditions, promoting tumor growth [17].

We previously observed that in OSCC, PKM2 overexpression is associated with cell growth,
invasion, and the inhibition of apoptosis via the Warburg effect [18]. PKM2 activation status may be
an indicator of tumor-promoting PXDN function. However, little is known about the function of PXDN
in OSCC. The purpose of this study is to investigate the expression and function of PXDN in OSCC
and to clarify its relationship with the Warburg effect.

2. Results

2.1. PXDN Expression in OSCC Specimens

Tissue samples from 111 OSCC patients were immunohistochemically stained for PXDN expression.
Subsites of primary OSCC included the tongue (49 patients), lower gingiva (29 patients), upper gingiva
(15 patients), oral floor (8 patients), buccal mucosa (6 patients), and hard palate (4 patients).
T classification of these tumors was T1 (n = 15), T2 (n = 53), T3 (n = 27), or T4 (n = 16). Patient
clinical stages were as follows: stage I, 15 patients; stage II, 40 patients; stage III, 35 patients; and stage
IV, 21 patients. Thirty-seven patients had pathology-confirmed nodal metastasis. Immunostaining
for PXDN was negative or extremely weak in the adjacent noncancerous oral mucosa (Figure 1A),
while cytoplasmic expression of PXDN was detected in 42 of 111 OSCC samples (37.8%) (Figure 1B).
As shown in Table 1, high PXDN expression was significantly associated with the presence of lymph
node metastasis (p = 0.0065). PXDN immunoreactivity was observed in 28.4% of non-metastatic cases,
whereas 56.8% of metastatic cancers expressed PXDN. In addition, PXDN expression in OSCC was
a significant influence on the mode of invasion based on the pattern of invasion (POI) (p = 0.0307) [19-21].
PXDN expression was observed in 24.4% of patients (10/41) with a nonaggressive invasion pattern
(Figure 1C) and in 45.7% of patients (32/70) with a diffuse invasion pattern (Figure 1D). No significant
relationship was found between PXDN expression and other clinicopathological parameters.

Table 1. Relationship between PXDN expression and clinicopathological parameters.

PXDN Expression

Parameters - — p Value *
Negative (%) Positive (%)
Male 40 (65.6) 21 (34.4)
Gender
Female 29 (58) 21 (42) 0.4376
<65 26 (65) 14 (35)
Age
>65 43 (60.6) 28 (39.4) 0.6877
Tongue 29(59.2) 20 (40.8)
Site

Other 40 (64.5) 22 (35.3) 0.6938
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Table 1. Cont.

PXDN Expression
Parameters : - p Value *
Negative (%) Positive (%)
Well 34 (58.6) 24 (41.4)
Histological differentiation
Moderately, Poorly 35 (66) 18 (34) 0.4405
T1-T2 40 (58.8) 28 (41.2)
T classification
T3-T4 29 (67.4) 14 (32.6) 0.4242
I-11 40 (58.8) 28 (41.2)
Clinical stage
I-1v 29 (67.4) 14 (32.6) 0.4242
Negative 53 (71.6) 21 (28.4)
Nodal metastasis .
Positive 16 (43.2) 21 (56.8) 0.0065
Nonaggressive pattern 31 (75.6) 10 (24.4)
POI
Diffuse invasion pattern 38 (54.3) 32 (45.7) 0.0277

30f12

Relationship between expression of PXDN and each factor was calculated by Fisher’s exact test. T classification and
clinical stage were classified according to the tumor, node, metastasis (TNM) classification. Pattern of invasion
(POI) was divided into nonaggressive pattern (POI 1-3) and diffuse invasion pattern (POI 4-5). * p value < 0.05 was

regarded as statistically significant.

Figure 1. Immunostaining of peroxidasin (PXDN) in non-neoplastic oral mucosa (A) and oral squamous

cell carcinoma (OSCC) (B). PXDN was more highly expressed in the diffuse invasion pattern (D) than

in the nonaggressive invasion pattern (C) (p = 0.0307). Scale bar 100 pum.

2.2. PXDN mRNA Expression in OSCC Specimens

We next confirmed gene expression of PXDN in OSCC samples (n = 46). PCR analysis of PXDN
gene expression showed that PXDN expression levels were higher in OSCC samples than in normal
mucosa (p < 0.0001) (Figure 2A). Significantly higher PXDN expression was observed in patients with
lymph node metastasis (1 = 22) than in those without (n = 24) (p = 0.0023) (Figure 2B). Furthermore,
the level of PXDN gene expression was higher in cases with a diffuse infiltration pattern than in those
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without (n = 30) (p = 0.0017) (Figure 2C). No significant relationship was observed between PXDN
expression and other parameters.

2.3. Associations between PXDN Expression and Prognosis in OSCC

During the follow-up period, 26 of the 111 patients experienced a local or metastatic recurrence
of cancer. Disease-free survival (DFS) curves constructed using the Kaplan—-Meier method showed
that patients with PXDN expression had a significantly shorter time to relapse than did those without
(p = 0.0013) (Figure 3A). However, PXDN expression was not significantly associated with overall
survival (OS) in patients with OSCC (Figure 3B). Table 2 shows the results of univariate and multivariate
survival analysis using the Cox proportional hazards model. In univariate analysis, nodal metastasis
(p = 0.0007), diffuse invasion pattern (p = 0.0307), and PXDN expression level (p = 0.0018) were
associated with a poor outcome in OSCC patients. Of these parameters, nodal metastasis (p = 0.0342)
and PXDN overexpression (p = 0.0214) remained independent predictors of worse prognosis in OSCC
after multivariate analysis.

A B
Nodal metastasis

81 P < 0.0001 81 _P=0002

T T
Q g4
g 6- _'- g 6 i'_
R R
g 4 E 4 .
m B X [y ° —h—

g_- o T LI L ..:. n --.I-Il
o 21 oa" H o 2] Soeo® "
x _"'T:Tl"— L 4 ee0®

0 T T 0 — T

Normal mucosa 0scc Negative Positive
c
Pattern of invasion

8- P =0.0017
g
% 6 .'-
o
g 4 . "f.“'

—_— =

D]t T
[¢] 24 ..c.: Tl
o . Emm

(-]

Nonaggressive Diffuse

Figure 2. Expression of PXDN mRNA in OSCC samples. PXDN expression in OSCC was elevated as
compared to normal oral mucosa (p < 0.0001) (A) and significantly positively associated with nodal
metastasis (p = 0.0023) (B) and pattern of invasion (POI) (p = 0.0017) (C).

Table 2. Univariate and multivariate analysis of disease-free survival.

Univariate Analysis Multivariate Analysis
Parameters
HR 95% CI p Value HR 95% CI p Value
M 1.00
Gender
F 11734 0.5367-2.5634  0.6851
<65 1.00
Age
>65 11734 0.8296-3.9450 0.1341
Tongue 29 (59.2) 1.00
Site
Other 1.0041 0.4589-2.2311  0.9917
Well 1.00
Histology

Mod, Por 1.8282 0.8324-4.2970  0.1345
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Table 2. Cont.

Univariate Analysis Multivariate Analysis
Parameters
HR 95% CI p Value HR 95% CI p Value
T1-T2 1.00
T factor
T3-T4 1.1916 0.5330-2.5817  0.6608
I-1I 1.00
Clinical stage
m-1v 1.8837  0.8571-4.4289 0.1163
Negative 1.00 1.00
Nodal Metastasis ._
Positive 3.8307 1.7584-8.7592  0.0007 2.5907  1.0710-6.7677  0.0342
Nonaggressive pattern 1.00 1.00
POI
Diffuse invasion pattern ~ 2.6793 1.0898-8.0350  0.030 1.4048  0.4892-4.6331  0.5393
Negative 1.00 1.00
PXDN expression
Positive 3.4853 1.5873-8.1899  0.0018 2.5971  1.1499-6.2578  0.0214

Univariate and multivariate analysis was calculated by means of Cox proportional hazard model. HR and 95% CI
mean hazard ratio and 95% confidence intervals, respectively.
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Figure 3. Disease-free survival (DFS) (A) and overall survival (OS) (B) of OSCC patients.
2.4. Relevance of Expression Levels of PXDN and HMOX1 or PKM2 in OSCC

PXDN has been reported to promote cancer invasion when co-expressed with HO-1 [12].
We examined the expression levels of PXDN, HMOX1 (HO-1 gene), and PKM2 in OSCC.
HMOX1 (p < 0.0001) (Figure 4A) and PKM?2 (p < 0.0001) (Figure 4B) were highly expressed in OSCC
tissues as compared to normal mucosa. The expression level of PXDN in OSCC was significantly
associated with that of HMOX1 (p < 0.0001) (Figure 4C) and PKM2 (p = 0.0248) (Figure 4D).

2.5. Comparison of PXDN Expression and Production of Lactate, ATP, and ROS in OSCC and Normal Mucosa

Since lactic acid and ATP are produced under aerobic conditions by the Warburg effect [13], we next
measured their levels in OSCC. Although mitochondrial activation did not differ significantly between
OSCC and normal mucosa (Figure 5A), the production of lactic acid (p < 0.0001) (Figure 5B) and ATP
(p = 0.00426) (Figure 5C) was higher in OSCC tissues than in normal oral mucosa. No statistically
significant difference was observed in ROS production between OSCC and normal mucosa (Figure 5D).

2.6. Relationship between PXDN Expression and Production of Lactate, ATP, and ROS in OSCC Specimens

Finally, we analyzed the relationship between PXDN expression and lactate, ATP, and ROS
production in OSCC. PXDN expression did not correlate with mitochondrial activation (Figure 6A) but
did correlate with the production of lactate (p = 0.013) (Figure 6B) and ATP (p = 0.0099) (Figure 6C).
An inverse relationship was observed between PXDN expression and ROS production (p = 0.0414)
(Figure 6D). Together, these results suggest that PXDN might promote OSCC by affecting cancer
cell metabolism.
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Figure 4. Expression levels of heme oxigenase-1 (HMOX1) (p < 0.0001) (A) and pyruvate kinase M2 (PKM2)
(p < 0.0001) (B) were significantly higher in OSCC than in normal mucosa. In OSCC, the expression
level of PXDN correlated positively with that of PKM2 (p = 0.0248) (C) and HMOX11 (p < 0.0001)
(D) Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA was used as the internal control.
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Figure 5. Differences in PXDN expression and lactate, ATP, and reactive oxygen species (ROS)
production between OSCC and normal mucosa. No significant difference was found in the activation

status of mitochondria (A) or reactive oxygen species (ROS) production (D) between OSCC and normal
mucosa. The production of lactic acid (p < 0.0001) (B) and adenosine triphosphate (ATP) (p = 0.0426)
(C) in OSCC was higher in OSCC than in non-neoplastic oral mucosa.
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Figure 6. Relationship between expression of PXDN and factors related to Warburg effect in OSCC.
Although a significant association between PXDN expression and mitochondprial activation in OSCC
was not indicted (A), lactate (p = 0.013) (B) and ATP production (p = 0.0099) (C) correlated strongly
with PXDN expression levels in OSCC. The expression level of PXDN in OSCC correlated inversely
with ROS production (p = 0.0414) (D).

3. Discussion

In the present study, we observed that PXDN expression was associated with lymph node
metastasis, invasion pattern, and poor prognosis in OSCC.

The results of this study are consistent with a previous report that PXDN is involved in the
Warburg-like effect [6]. The Warburg effect on cancer cells is believed to promote cancer invasion and
metastasis and is one of the 10 hallmarks of cancer [13,18,22]. However, the Warburg effect that occurs
in the early stage of carcinogenesis has been reported to act as a tumor suppressor [23]. Cancer cells
were observed to increase the Warburg effect in cancer-associated fibroblasts by increasing oxidative
stress and autophagy and using the generated lactate and pyruvate for ATP production in mitochondria
(reverse Warburg effect) [24]. Whether the Warburg effect directly promotes tumor progression or is
a secondary change caused by carcinogenesis is unclear.

The conversion of PKM1 to PKM2 is found in many malignancies [16]. We previously reported that
PKM2 is overexpressed in OSCC compared to normal oral mucosa as a result of a Warburg-like effect and
is involved in tumor progression, hypoxia induction, cell growth, and invasion and is associated with
the Ki-67 labeling index [18]. In addition, the Warburg effect increases PKM2 expression and promotes
lactate production [17]. The expression levels of PXDN and PKM2 correlated significantly in this study.
Mitochondrial activity is suppressed by the Warburg effect in cancer cells, resulting in accelerated
lactate production by aerobic glycolysis [13,14]. Accordingly, we observed that elevated lactate and
ATP production in OSCC correlated with PXDN expression. However, mitochondrial activation was
not associated with PXDN expression. Although mitochondrial dysfunction is thought to decrease
ATP production and promote cancer progression, poor-quality mitochondria accumulate in cancer
cells [25]. Despite the fact that only two molecules of ATP are produced during glycolysis as
compared to 36 molecules during mitochondrial oxidative phosphorylation, the rate of ATP synthesis
is overwhelmingly faster in glycolysis [14]. Indeed, in an extracellular glucose-rich environment,
cancer cells overproduce ATP via glycolysis-dependent metabolism [23]. Furthermore, a recent study
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showed that mitochondrial hypofunction is not essential for the occurrence of the Warburg effect [26].
However, distinguishing between normal and aberrant mitochondrial function is difficult, and the
experiments investigating mitochondria in the present study were not successful. The detailed role of
mitochondpria in the action of PXDN in cancer requires further study.

The Warburg effect can cause a decrease in intracellular ROS [13,27,28]. Our present study shows
that PXDN expression correlated significantly with low ROS production levels in OSCC specimens.
ROS play conflicting roles in cancer, exhibiting tumor-promoting or -suppressive activities depending
on the conditions [29]. Because the ROS produced by defective mitochondria promote cancer initiation
and progression, decreasing oxidative stress was considered a potential means of preventing and
treating cancer [30,31]. However, large multicenter clinical trials and animal studies have shown that
the administration of antioxidants unexpectedly increases the incidence of cancer [32,33]. Recent reports
suggest that excessive ROS accumulation in tumor cells suppresses cancer progression by inducing
growth arrest and cell death; further, cancer cells with ROS levels normalized by antioxidants gave rise
to distant metastasis in murine melanoma models [34,35]. Further, moderate ROS levels are reported
to accelerate proliferative signaling, while higher levels induce cancer cell death [13]. PXDN may
contribute to cancer progression by adjusting the production of ROS to low concentrations.

Stromal invasion by cancer cells requires the following steps: (1) loosening of tumor cell—cell
adhesion, (2) degradation and destruction of the ECM, (3) action on the ECM proteins of tumor cells,
(4) increased tumor cell motility and migration [22,36]. The mode of invasion in OSCC remains
uncertain. As a uniform measure, studies of cancer invasion classify invasion patterns using the POI
system [19]. Under this system, POI 4 and 5 designate a diffuse invasion pattern, which is associated
with lymph node metastasis and poor prognosis [19-21]. Our results are consistent with this finding,
with univariate analysis showing that patients with tumors of POI 4 and 5 had a poor prognosis.

PXDN is a cell-surface peroxidase associated with the ECM [6]. In cancer cells, interaction
between PXDN and HO-1 promotes invasion by attenuating expression of the ECM proteins fibronectin
and laminin [12]. Here, we observed that PXDN expression correlated with a diffuse invasion
pattern, nodal metastasis, and HMOX1 expression levels in OSCC specimens. Induction of the
epithelial-mesenchymal transition (EMT) by factors such as Snail plays a pivotal role in cancer
invasion and metastasis [36]. High expression of PXDN has been confirmed in prostate cancer cells
overexpressing Snail [37]. However, PXDN is reported to be negatively regulated by Snail activation
during the EMT in cervical cancer cells [38]. Further study is required to determine the mechanism of
PXDN action during the EMT in cancer cells. Further studies are also needed to determine the role of
the interaction between PXDN and HO-1, reported to have antioxidant activity [39], on the Warburg
effect and ROS production.

Together, our results indicate that PXDN acts as a tumor-promoting factor in OSCC. Therefore,
PXDN might be a new predictive marker for OSCC progression. However, a full understanding of the
role of PXDN in OSCC and its mechanism of action requires further in vivo and in vitro study.

4. Materials and Methods

4.1. Surgical Specimens

This study was performed according to the ethical standards presented in the Declaration of
Helsinki and was approved by the Medical Ethics Committee of Nara Medical University (approval
number, 719, 19 August 2013). Primary OSCC specimens (1 = 111) were collected from 111 patients
(61 males, 50 females) aged 44-89 years (mean, 68.3 years) at Nara Medical University Hospital,
Kashihara, Japan. The formalin-fixed and paraffin-embedded specimens from all 111 patients were
analyzed immunohistochemically; in addition, samples of OSCC tissue from 46 patients (28 males
and 18 females; age range, 48-81 years (mean, 65.9 years)) was frozen, and samples of nontumor
oral mucosa were retrieved from 10 patients (6 males and 4 females; age range, 32-56 years (mean,
45.2 years)). The fresh-frozen samples were used for gene expression analysis and enzyme-linked
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immunosorbent assay (ELISA). None of the patients had undergone radiotherapy or chemotherapy
before surgical resection. The tumor stage and the histological grade of OSCC were classified according
to the Union for International Cancer Control (UICC) TNM system, 8th edition, and the World Health
Organization criteria, respectively. The POI was classified based on previous reports, as follows:
Pattern 1, pushing tumor border with smooth edges; Pattern 2, code-like, finger-shaped, or bundle of
tumor growth; Pattern 3, invasive tumor nests consisting of 15 or more cells; Pattern 4, small invasive
tumor nests with less than 15 cells; Pattern 5, tumor satellites >1 mm away from the main tumor [20].
The patterns were further classified as nonaggressive (POI 1-3) or diffuse invasive (POI 4-5) [19,21].
The follow-up period was 101-2499 days (mean, 1571 days; median, 1701 days).

4.2. Immunohistochemistry

Consecutive 3 pm sections were cut from each block, and immunohistochemical analysis was
performed by using the EnVision+ Dual Link System (Dako, Carpinteria, CA, USA). Antigen retrieval
was performed by microwave treatment (95 °C) in citrate buffer (pH 6.0) for 45 min. Anti-PXDN antibody
(Santa Cruz Biotechnology, Santa Cruz, CA, USA) diluted to 0.5 ug/mL was used as the primary
antibody. After 2 h of incubation at room temperature, the sections were incubated with a secondary
antibody for 30 min. The specimens were color-developed with diaminobenzidine (DAB) solution
(Dako) and counterstained with Mayer’s hematoxylin (Sigma-Aldrich, St. Louis, MO, USA).

4.3. Evaluation of Immunohistochemistry

Immunostaining was scored according to the percentage of immunopositive cells [15], as follows:
Score 0, 0%; 1, 1-10%; 2, 11-35%; 3, 36-70%; and 4, 71-100%. Intensity scores were defined according
to the immunostaining strength: 0, negative; 1, weak; 2, intermediate; and 3, strong. The total score
was calculated as the sum of the proportional and intensity scores (range, 0-7). Immunoreactivity
was classified into four categories according to the total score: Grade 0, total score of 0; Grade 1,
total score of 2—4; Grade 2, total score of 5-6; and Grade 3, total score of 7. Tissue samples with grade 2
or 3 immunoreactivity were regarded as having high PXDN expression. Each specimen was scored
in five distinct areas at 200X magnification, and the resultant five scores were averaged and rounded to
the nearest whole number.

4.4. Quantitative Gene Expression Analysis

Total RNA was extracted using the RNeasy FFPE Kit (Qiagen, Venlo, The Netherlands), and 1 pg
of total RNA was converted to cDNA with the ReverTra Ace qRT kit (Toyobo, Osaka, Japan).
Quantitative reverse transcription-polymerase chain reaction (qQRT-PCR) was performed using the
StepOne Plus Real-Time PCR System (Applied Biosystems, Waltham, MA, USA) with the relative
standard curve quantification method. TagMan Gene Expression Assays of PXDN, PKM2, HMOX1,
and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were purchased from Applied Biosystems.
All PCR experiments were carried out in triplicate.

4.5. ELISA and Measurement of ATP and ROS Production

Protein was extracted using M-PER mammalian protein extraction reagent (Thermo Fisher
Scientific, Rockford, IL, USA). Human Cytochrome C ELISA Kit (Abcam, Cambridge, Cambridgeshire,
UK) was used to quantify the mitochondrial activity. The production of lactate, ATP, and ROS was
determined using the Lactate Assay Kit-WST (Dojindo, Kumamoto, Japan), ATP Assay Kit (Abnova),
and Lipid Peroxidation (MDA) Assay Kit (Biovision), respectively.

4.6. Statistical Analysis

Statistical analyses were performed using Fisher’s exact test, Student’s t-test, Welch’s t-test,
and the Mann-Whitney U-test. The DFS and OS were analyzed using the Kaplan-Meier method
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and compared between groups using the log-rank test. Univariate and multivariate analyses were
carried out using the Cox proportional hazards model (described as a hazard ratio with 95% confidence
intervals (95% CI), together with the p value). All of the tests were two-sided, and p < 0.05 was
considered statistically significant.

Author Contributions: Conceptualization, T.S.; methodology, T.S., M.K.-S., and H.S,; statistics, T.S. and M.K.-S,;
writing: original draft preparation, T.S.; review and editing of the manuscript, T.K.; project administration, T.K.
All authors have read and approved the published version of the manuscript.

Funding: This work was supported in part by JSPS KAKENHI Grant Number 16K20602, 17K11621, and 18K09796.

Conflicts of Interest: We declare that we have no financial support or relationships that could pose a conflict of
interest in the content of the submitted manuscript.

Abbreviations

DFS Disease-free survival

ELISA Enzyme-linked immunosorbent assay
HO-1  Heme oxigenase-1

OSCC  Oral squamous cell carcinoma

PK Pyruvate kinase

POI Pattern of invasion

PXDN Peroxidasin

ROS Reactive oxygen species

References

1.  Bray, E; Ferlay, J.; Soerjomataram, I.; Siegel, R.L.; Torre, L.A.; Jemal, A. Global cancer statistics 2018:
GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer
J. Clin. 2018, 68, 394-424. [CrossRef]

2. Chi, A.C; Day, T.A.; Neville, BW. Oral cavity and oropharyngeal squamous cell carcinoma—an update.
CA Cancer . Clin. 2015, 65, 401-421. [CrossRef]

3. Shimomura, H.; Sasahira, T.; Nakashima, C.; Kurihara-Shimomura, M.; Kirita, T. Non-SMC condensin 1
complex subunit H (NCAPH) is associated with lymphangiogenesis and drug resistance in oral squamous
cell carcinoma. J. Clin. Med. 2019, 9, 72. [CrossRef]

4. Sasahira, T.; Kurihara, M.; Nishiguchi, Y.; Fujiwara, R.; Kirita, T.; Kuniyasu, H. NEDD 4 binding protein
2-like 1 promotes cancer cell invasion in oral squamous cell carcinoma. Virchows Arch. 2016, 469, 163-172.
[CrossRef]

5. Péterfi, Z.; Toth, Z.E.; Kovacs, H.A,; Lazar, E.; Sum, A.; Donké, A.; Sirokmany, G.; Shah, A.M.; Geiszt, M.
Peroxidasin-like protein: A novel peroxidase homologue in the human heart. Cardiovasc. Res. 2014, 101,
393-399. [CrossRef]

6. Dougan, J.; Hawsawi, O.; Burton, L.J.; Edwards, G.; Jones, K.; Zou, J.; Nagappan, P.; Wang, G.; Zhang, Q.;
Danabher, A.; et al. Proteomics-Metabolomics combined approach identifies peroxidasin as a protector against
metabolic and oxidative stress in prostate cancer. Int. J. Mol. Sci. 2019, 20, 3046. [CrossRef]

7. Liu, Y.; Carson-Walter, E.B.; Cooper, A.; Winans, B.N.; Johnson, M.D.; Walter, K.A. Vascular gene expression
patterns are conserved in primary and metastatic brain tumors. J. Neuro-Oncol. 2010, 99, 13-24. [CrossRef]

8. Jayachandran, A.; Prithviraj, P; Lo, PH.; Walkiewicz, M.; Anaka, M.; Woods, B.L.; Tan, B.; Behren, A.;
Cebon, J.; McKeown, S.J. Identifying and targeting determinants of melanoma cellular invasion. Oncotarget
2016, 7, 41186—41202. [CrossRef]

9. Cai, X,; Yang, X,; Jin, C.; Li, L.; Cui, Q.; Guo, Y.; Dong, Y.; Yang, X.; Guo, L.; Zhang, M. Identification and
verification of differentially expressed microRNAs and their target genes for the diagnosis of esophageal
cancer. Oncol. Lett. 2018, 16, 3642-3650. [CrossRef]

10. Di, Y.;Chen, D.; Yu, W,; Yan, L. Bladder cancer stage-associated hub genes revealed by WGCNA co-expression
network analysis. Hereditas 2019, 156, 7. [CrossRef]

11.  Zheng, Y.Z.; Liang, L. High expression of PXDN is associated with poor prognosis and promotes proliferation,
invasion as well as migration in ovarian cancer. Ann. Diagn. Pathol. 2018, 34, 161-165. [CrossRef] [PubMed]


http://dx.doi.org/10.3322/caac.21492
http://dx.doi.org/10.3322/caac.21293
http://dx.doi.org/10.3390/jcm9010072
http://dx.doi.org/10.1007/s00428-016-1955-4
http://dx.doi.org/10.1093/cvr/cvt256
http://dx.doi.org/10.3390/ijms20123046
http://dx.doi.org/10.1007/s11060-009-0105-0
http://dx.doi.org/10.18632/oncotarget.9227
http://dx.doi.org/10.3892/ol.2018.9066
http://dx.doi.org/10.1186/s41065-019-0083-y
http://dx.doi.org/10.1016/j.anndiagpath.2018.03.002
http://www.ncbi.nlm.nih.gov/pubmed/29661721

Int. ]. Mol. Sci. 2020, 21, 5416 11 0f12

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Tauber, S.; Jais, A.; Jeitler, M.; Haider, S.; Husa, J.; Lindroos, J.; Knofler, M.; Mayerhofer, M.; Pehamberger, H.;
Wagner, O,; et al. Transcriptome analysis of human cancer reveals a functional role of heme oxygenase-1
in tumor cell adhesion. Mol. Cancer 2010, 9, 200. [CrossRef] [PubMed]

Lebelo, M.T.; Joubert, A.M.; Visagie, M.H. Warburg effect and its role in tumourigenesis. Arch. Pharm. Res.
2019, 42, 833-847. [CrossRef] [PubMed]

Pfeiffer, T.; Schuster, S.; Bonhoeffer, S. Cooperation and competition in the evolution of ATP-producing
pathways. Science 2001, 292, 504-507. [CrossRef]

Anastasiou, D.; Poulogiannis, G.; Asara, ].M.; Boxer, M.B,; Jiang, ].K.; Shen, M.; Bellinger, G.; Sasaki, A.T,;
Locasale, ].W.; Auld, D.S,; et al. Inhibition of pyruvate kinase M2 by reactive oxygen species contributes to
cellular antioxidant responses. Science 2011, 334, 1278-1283. [CrossRef]

Dayton, T.L.; Jacks, T.; Vander Heiden, M.G. PKM2, cancer metabolism, and the road ahead. EMBO Rep.
2016, 17,1721-1730. [CrossRef]

Denko, N.C. Hypoxia, HIF1 and glucose metabolism in the solid tumour. Nat. Rev. Cancer 2008, 8, 705-713.
[CrossRef]

Kurihara-Shimomura, M.; Sasahira, T, Nakashima, C.; Kuniyasu, H.; Shimomura, H.; Kirita, T.
The multifarious functions of pyruvate kinase M2 in oral cancer cells. Int. ]. Mol. Sci. 2018, 19, 2907.
[CrossRef]

Li, Y;; Bai, S.; Carroll, W.; Dayan, D.; Dort, ].C.; Heller, K.; Jour, G.; Lau, H.; Penner, C.; Prystowsky, M.; et al.
Validation of the risk model: High-risk classification and tumor pattern of invasion predict outcome for
patients with low-stage oral cavity squamous cell carcinoma. Head Neck Pathol. 2013, 7, 211-223. [CrossRef]
Heerema, M.G.; Melchers, L.].; Roodenburg, J.L.; Schuuring, E.; de Bock, G.H.; van der Vegt, B. Reproducibility
and prognostic value of pattern of invasion scoring in low-stage oral squamous cell carcinoma. Histopathology
2016, 68, 388-397. [CrossRef]

Chatterjee, D.; Bansal, V.; Malik, V,; Bhagat, R.; Punia, R.S.; Handa, U.; Gupta, A.; Dass, A. Tumor budding
and worse pattern of invasion can predict nodal metastasis in oral cancers and associated with poor survival
in early-stage tumors. Ear Nose Throat J. 2019, 98, E112-E119. [CrossRef] [PubMed]

Hanahan, D.; Weinberg, R.A. Hallmarks of cancer: The next generation. Cell 2011, 144, 646-674. [CrossRef]
[PubMed]

Kon, S.; Ishibashi, K.; Katoh, H.; Kitamoto, S.; Shirai, T.; Tanaka, S.; Kajita, M.; Ishikawa, S.; Yamauchi, H.;
Yako, Y.; et al. Cell competition with normal epithelial cells promotes apical extrusion of transformed cells
through metabolic changes. Nat. Cell Biol. 2017, 19, 530-541. [CrossRef] [PubMed]

Pavlides, S.; Whitaker-Menezes, D.; Castello-Cros, R.; Flomenberg, N.; Witkiewicz, A.K.; Frank, P.G;
Casimiro, M.C.; Wang, C.; Fortina, P.; Addya, S.; et al. The reverse Warburg effect: Aerobic glycolysis
in cancer associated fibroblasts and the tumor stroma. Cell Cycle 2009, 8, 3984-4001. [CrossRef] [PubMed]
Mathupala, S.P.; Ko, Y.H.; Pedersen, P.L. The pivotal roles of mitochondria in cancer: Warburg and beyond
and encouraging prospects for effective therapies. Biochim. Biophys. Acta 2010, 1797, 1225-1230. [CrossRef]
Vander Heiden, M.G.; Cantley, L.C.; Thompson, C.B. Understanding the Warburg effect: The metabolic
requirements of cell proliferation. Science 2009, 324, 1029-1033. [CrossRef]

El Sayed, S.M.; Mahmoud, A.A.; El Sawy, S.A.; Abdelaal, E.A.; Fouad, A.M.; Yousif, R.S.; Hashim, M.S.;
Hemdan, S.B.; Kadry, Z.M.; Abdelmoaty, M.A.; et al. Warburg effect increases steady-state ROS condition in
cancer cells through decreasing their antioxidant capacities (anticancer effects of 3-bromopyruvate through
antagonizing Warburg effect). Med. Hypotheses 2013, 81, 866-870. [CrossRef]

Mandai, M.; Amano, Y.; Yamaguchi, K.; Matsumura, N.; Baba, T.; Konishi, I. Ovarian clear cell carcinoma
meets metabolism; HNF-1p3 confers survival benefits through the Warburg effect and ROS reduction.
Oncotarget 2015, 6, 30704-30714. [CrossRef]

Sabharwal, S.S.; Schumacker, P.T. Mitochondrial ROS in cancer: Initiators, amplifiers or an Achilles’ heel?
Nat. Rev. Cancer 2014, 14, 709-721. [CrossRef]

Gao, P; Zhang, H.; Dinavahi, R.; Li, F; Xiang, Y.; Raman, V.; Bhujwalla, Z.M.; Felsher, D.W.; Cheng, L.;
Pevsner, |.; et al. HIF-dependent antitumorigenic effect of antioxidants in vivo. Cancer Cell 2007, 12, 230-238.
[CrossRef]

Harris, L.S.; Brugge, ].S. Cancer: The enemy of my enemy is my friend. Nature 2015, 527, 170-171. [CrossRef]


http://dx.doi.org/10.1186/1476-4598-9-200
http://www.ncbi.nlm.nih.gov/pubmed/20667089
http://dx.doi.org/10.1007/s12272-019-01185-2
http://www.ncbi.nlm.nih.gov/pubmed/31473944
http://dx.doi.org/10.1126/science.1058079
http://dx.doi.org/10.1126/science.1211485
http://dx.doi.org/10.15252/embr.201643300
http://dx.doi.org/10.1038/nrc2468
http://dx.doi.org/10.3390/ijms19102907
http://dx.doi.org/10.1007/s12105-012-0412-1
http://dx.doi.org/10.1111/his.12754
http://dx.doi.org/10.1177/0145561319848669
http://www.ncbi.nlm.nih.gov/pubmed/31072197
http://dx.doi.org/10.1016/j.cell.2011.02.013
http://www.ncbi.nlm.nih.gov/pubmed/21376230
http://dx.doi.org/10.1038/ncb3509
http://www.ncbi.nlm.nih.gov/pubmed/28414314
http://dx.doi.org/10.4161/cc.8.23.10238
http://www.ncbi.nlm.nih.gov/pubmed/19923890
http://dx.doi.org/10.1016/j.bbabio.2010.03.025
http://dx.doi.org/10.1126/science.1160809
http://dx.doi.org/10.1016/j.mehy.2013.08.024
http://dx.doi.org/10.18632/oncotarget.5228
http://dx.doi.org/10.1038/nrc3803
http://dx.doi.org/10.1016/j.ccr.2007.08.004
http://dx.doi.org/10.1038/nature15644

Int. ]. Mol. Sci. 2020, 21, 5416 12 0of 12

32.

33.

34.

35.

36.

37.

38.

39.

Klein, E.A.; Thompson, LM, Jr.; Tangen, C.M.; Crowley, J.].; Lucia, M.S.; Goodman, PJ.; Minasian, L.M.;
Ford, L.G.; Parnes, H.L.; Gaziano, ].M.; et al. Vitamin E and the risk of prostate cancer: The Selenium and
Vitamin E Cancer Prevention Trial (SELECT). JAMA 2011, 306, 1549-1556. [CrossRef]

Chandel, N.S.; Tuveson, D.A. The promise and perils of antioxidants for cancer patients. New Engl. ]. Med.
2014, 371, 177-178. [CrossRef]

Le Gal, K,; Ibrahim, M.X.; Wiel, C.; Sayin, V.I.; Akula, M.K,; Karlsson, C.; Dalin, M.G.; Akyiirek, L.M.;
Lindahl, P; Nilsson, J.; et al. Antioxidants can increase melanoma metastasis in mice. Sci. Transl. Med. 2015,
7,308re8. [CrossRef]

Piskounova, E.; Agathocleous, M.; Murphy, M.M.; Hu, Z.; Huddlestun, S.E.; Zhao, Z.; Leitch, AM,;
Johnson, T.M.; DeBerardinis, R.J.; Morrison, S.J. Oxidative stress inhibits distant metastasis by human
melanoma cells. Nature 2015, 527, 186-191. [CrossRef]

Sasahira, T.; Kirita, T. Hallmarks of cancer-related newly prognostic factors of oral squamous cell carcinoma.
Int. J. Mol. Sci. 2018, 19, 2413. [CrossRef]

Barnett, P.; Arnold, R.S.; Mezencev, R.; Chung, L.W.; Zayzafoon, M.; Odero-Marah, V. Snail-mediated
regulation of reactive oxygen species in ARCaP human prostate cancer cells. Biochem. Biophys. Res. Commun.
2011, 404, 34-39. [CrossRef]

Sitole, B.N.; Mavri-Damelin, D. Peroxidasin is regulated by the epithelial-mesenchymal transition master
transcription factor Snail. Gene 2018, 646, 195-202. [CrossRef]

Chen, L.; Zhong, J.L. MicroRNA and heme oxygenase-1 in allergic disease. Int. Immunopharmacol. 2020,
80, 106132. [CrossRef]

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1001/jama.2011.1437
http://dx.doi.org/10.1056/NEJMcibr1405701
http://dx.doi.org/10.1126/scitranslmed.aad3740
http://dx.doi.org/10.1038/nature15726
http://dx.doi.org/10.3390/ijms19082413
http://dx.doi.org/10.1016/j.bbrc.2010.11.044
http://dx.doi.org/10.1016/j.gene.2018.01.011
http://dx.doi.org/10.1016/j.intimp.2019.106132
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	PXDN Expression in OSCC Specimens 
	PXDN mRNA Expression in OSCC Specimens 
	Associations between PXDN Expression and Prognosis in OSCC 
	Relevance of Expression Levels of PXDN and HMOX1 or PKM2 in OSCC 
	Comparison of PXDN Expression and Production of Lactate, ATP, and ROS in OSCC and Normal Mucosa 
	Relationship between PXDN Expression and Production of Lactate, ATP, and ROS in OSCC Specimens 

	Discussion 
	Materials and Methods 
	Surgical Specimens 
	Immunohistochemistry 
	Evaluation of Immunohistochemistry 
	Quantitative Gene Expression Analysis 
	ELISA and Measurement of ATP and ROS Production 
	Statistical Analysis 

	References

