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Abstract

Purpose Thiamine-dependent enzymes (TDEs) linking
glycolysis with the tricarboxylic acid cycle (TCA) pyruvate
dehydrogenase (PDH), of the pentose phosphate pathway
transketolases (TKTs), the TCA alpha-ketoglutarate dey-
drogenase (KGDH)/2-oxoglutarate dehydrogenase (OGDH)
complex, and the amino acid catabolism branched-chain
alpha-ketoacid dehydrogenase (BCKDH) complex are
crucial factors for tumor metabolism. The expression of
these enzymes has not been analyzed for carcinogenesis of
oral squamous cell carcinoma (OSCC) with special focus
on new targeted metabolic therapies as yet.

Methods TDEs PDH, KGDH (OGDH), and BCKDH
were analyzed in normal oral mucosa (n = 14), oral pre-
cursor lesions (simple hyperplasia, n = 21; squamous
intraepithelial neoplasia, SIN I-III, » = 35), and OSCC
specimen (n = 46) by immunohistochemistry and western
blot (WB) analysis in OSCC tumor cell lines.

Results  Although the total numbers of PDH and KGDH
(OGDH) positive samples decreased in OSCC, both
enzymes were significantly overexpressed in the carcino-
genesis of OSCC compared with normal tissue. BCKDH
has been demonstrated to be significantly overexpressed in
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the carcinogenesis of OSCC. Specificity of the antibodies
was confirmed by WB analysis.

Conclusions This is the first study showing increased
expression of TDEs in OSCC. Metabolic targeting of
TDEs (including TKTs) by antagonistic compounds like
oxythiamine or oxybenfothiamine may be a useful strategy
to sensitize cancer cells to common OSCC cancer
therapies.

Keywords Oral squamous cell carcinoma -
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Abbreviations

SIN Squamous intraepithelial neoplasia
OSCC Oral squamous cell carcinoma
PDH Pyruvate dehydrogenase

PPP Pentose phosphate pathway

TKT Transketolase

TCA Tricarboxylic acid cycle

KGDH Ketoglutarate dehydrogenase
OGDH 2-oxoglutarate deydrogenase
BCKDH Branched-chain alpha-ketoacid dehydrogenase
TCA Tricarboxylic acid cycle
Introduction

Oral squamous cell carcinomas (OSCCs) and other tumor
entities show different cancer metabolism properties com-
pared with normal cells [1, 2]. It has been postulated that
several pathways of carcinogenesis are associated with
metabolic phases of transformation in tumor cells, which
can be regarded as an integrated metabolic ecosystem [1, 3,
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4]. Our recent studies in OSCCs demonstrated glycolysis,
glutaminolysis, and mitochondrial oxidative phosphoryla-
tion (OXPHOS) to play major roles in tumor metabolism
[1, 4-6]. Moreover, the pentose phosphate pathway (PPP)
[7] is a crucial factor for survival of OSCC tumor cells [8,
9]. Intriguingly, the study conducted by Caneba et al. [10]
demonstrated that actually a higher mitochondrial activity
measured by higher pyruvate uptake and oxygen con-
sumption is related to increased ovarian cancer invasive-
ness. Therefore, OXPHOS [5, 6] is clearly related to cancer
cell proliferation and progression as currently suggested by
our data [1].

Thiamine (vitamin Bl)-dependent enzymes (TDEs)
linking glycolysis with the tricarboxylic acid cycle (TCA)
pyruvate dehydrogenase (PDH), of the PPP transketolase
(TKT), the TCA alpha-ketoglutarate deydrogenase
(KGDH)/2-oxoglutarate deydrogenase (OGDH) complex,
and the amino acid catabolism branched-chain alpha-ke-
toacid dehydrogenase (BCKDH) complex are important
enzymes for proliferative, anabolic, and survival purposes
in tumor cells [11].

TKT, PDH, and KGDH (OGDH) are all important in
carbohydrate metabolism. TKT is a cytosolic enzyme and
is regarded as a key player in the PPP, a major route for the
biosynthesis of nucleotides [8, 9]. Moreover, TKT-like 1
isoform TKTL1 has been shown to be responsible for
generation of glutathione as an antioxidant of tumor cells
(production of nicotinamide adenine dinucleotide phos-
phate, NADPH) linking the PPP with glutaminolysis and
fatty acid synthesis [4, 12, 13].

PDH and KGDH (OGDH) are located in the mito-
chondria as essential parts of biochemical pathways that
result in the generation of electron donors like nicoti-
namide adenine dinucleotide (NADH) and in the following
to adenosine triphosphate (ATP). PDH links glycolysis to
the TCA, while the reaction catalyzed by KGDH (OGDH)
is a rate-limiting step in the TCA [11].

Valine, isoleucine, and leucine are essential branched
chain amino acids (BCAAs). The metabolism of BCAAs
involves transamination to succinyl-CoA (from valine and
isoleucine) and acetyl-CoA (from leucine) that enter the
TCA cycle [11, 14, 15]. BCKDH complex is located in the
mitochondria [11, 14] and can serve as precursors for
amino acid and protein synthesis as well as an energy
source in cancer cells [11, 14, 16].

All in all, thiamine-dependent reactions of tumor cells
link energy production of tumor cells with upregulation of
their endogenous antioxidant capacity through accumula-
tion of lactate (TKTL1, [12]), the redox couples glu-
tathione/glutathione disulfide (TKTL1, [12]), NAD/NADH
(PDH, KGDH), and NADP/NADPH (TKTLI1, [12]),
respectively [17-19]. These molecules constitute an intra-
cellular redox buffer network that effectively scavenges

reactive oxygen species (ROS) and free radicals preventing
tumor cells from apoptosis.

Oral squamous cell carcinoma (OSCC) development is
regarded as multistep carcinogenetic process mediated by
several genetic alterations [20]. In this process, OSCC
arises from a single transformed cell with a subsequent
development through morphologically and clinically
detectable precancerous stages [21]. Analysis of the
mechanistic basis may harbor the availability of molecular
tools to selectively and experimentally manipulate this
multistep process. From these results, clinical oncologists
expect subsequent implications for diagnosis and therapy
of precursor lesions as well as OSCC.

Our recent studies [1, 4] demonstrated glycolysis,
mitochondrial OXPHOS, and glutaminolysis as important
cancer metabolism pathways for oral carcinogenesis.
However, analysis of thiamine-dependent enzymes within
the network of these pathways as indication for ‘metabolic
therapies’ [22] in OSCC has not been reported yet.
Therefore, the aim of this work was to investigate the
relationship between TDEs PDH, KGDH (OGDH), and
BCKDH with a multistep carcinogenesis of OSCC.

Materials and methods
Patients and tumor specimen

The records of healthy individuals (normal oral mucosal
tissues, n = 14), patients with oral precursor lesions
(simple hyperplasia, n = 21; squamous intraepithelial
neoplasia SIN I, n =5; SIN II, n = 9; SIN III, severe
dysplasia, n = 10; SIN III, carcinoma in situ, n = 11), and
patients with invasive OSCC (n = 46, Table 1) were ret-
rospectively assessed from January 2009 to November
2014. The diagnosis of normal oral mucosal tissues, pre-
cursor lesions, and invasive squamous cell carcinoma was
confirmed by the Department of Pathology, University
Hospital Tuebingen. The material was archival formalin-
fixed, paraffin-embedded tissue from routine histopatho-
logical work-ups. The material has been stored with per-
mission of the local ethics committee of the University
Hospital Tuebingen (approval number: 562-2013B0O2),
after informed consent obtained from the patients prior to
surgical resection. Tumor blocks of paraffin-embedded
tissue were selected by experienced pathologists, based on
routine H&E stained sections. Sections from all available
tissues underwent histopathological assessment, blinded to
the prior histopathology report. Serial tissue sections (2 pm
thickness) were cut from formalin-fixed paraffin-embedded
(FFPE) blocks on a microtome and mounted from warm
water onto adhesive microscope slides. First, we assessed
H&E stained sections from each tissue section to
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Table 1 Clinicopathological characteristics of 46 patients with
OSCC

Characteristics Number of patients
total n = 46

Gender

Male 26

Female 20
Histological grading

Gl 6

G2 29

G3 10

G4 1
Depth of invasion

pT1 12

pT2 11

pT3 7

pT4 16
Cervical lymph node metastasis

pNO 29

pNI1 4

pN2 11

pN3 2
UICC stage

UICC I

UICC II

UICC 1II

UICC IV 24
Distant metastasis

Yes 2

No 44
Site distribution of OSCC

Tongue 12

Floor of the mouth 20

Palate 6

Buccal mucosa

Alveolar ridge 7

differentiate between normal tissue, precursor lesions,
tumor cell areas, stromal areas, and infiltrating immune
cells. Oral precursor lesions were classified according to
WHO criteria [21]. Tumor staging was performed accord-
ing to the 7™ edition of the TNM staging system by the
UICC/AJCC of 2010 [23]. Grading of OSCC was defined
according to WHO criteria [24].

Staining procedure and quantification
of immunohistochemistry

We stained for PDH (Novus Biologicals, Cambridge, UK,

rabbit pAb, NBP2-20024, E1 subunit, dilution 1:250),
KGDH/OGDH (Thermo Fisher Scientific, IL, USA, rabbit
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pAb, PAS-28195, dilution 1:250), and BCKDH (antibod-
ies-online Inc., Atlanta, USA, rabbit pAb, ABIN1496838,
E1 subunit, dilution 1:250) in tissue sections. Staining was
performed on serial sections of 2 pm thickness, which were
deparaffinized in xylene and ethanol and rehydrated in
water. Heat-induced epitope retrieval (HIER) was per-
formed with either citrate buffer pH 6.0 (Dako, Hamburg,
Germany) or EDTA buffer pH 9.0. Endogenous peroxidase
activity was quenched with 0.3 % hydrogen peroxide.
Endogenous biotin activity was blocked using the avidin/
biotin blocking kit (Vector Laboratories, Burlingame, CA,
USA). After incubation with the primary or rabbit control
antibody (BD Pharmingen, Heidelberg, Germany [1]), the
Dako LSAB2 peroxidase System (Dako, Hamburg) was
used. Slides were subsequently incubated for 3—-5 min in
DAB (3,3'-diaminobenzidine, Biogenex) counterstained
with hemalaun and mounted with Glycergel (Dako).

Five representative high power fields (1 HPF =
0.237 mm?, original magnification: x200-fold) were ana-
lyzed for PDH, KGDH (OGDH), and BCKDH expression in
normal tissue, oral precursor lesions, tumor tissue and
averaged, respectively. The extent of the staining, defined as
the percentage of positive staining areas of tumor cells in
relation to the whole tissue area, was semi-quantitatively
scored on a scale of 0-3 as the following: 0, <10 %; 1,
10-30 %; 2, 30-60 %; 3, >60 %. The intensities of the
signals were scored as 14, 2+, and 34. Then, a combined
score (0-9) for each specimen was calculated by multiplying
the values of these two categories [25]. Cases were classified
as negative, 0 points, positive, 1-9 points. Two observers
blinded to the diagnosis performed scoring on identical
sections marked by circling with a water-resistant pencil and
finally with diamond-tipped pencil on the opposite side of
the microscopic slide. Pictures were analyzed using a Canon
camera (Krefeld, Germany). The photographed images were
imported into the Microsoft Office Picture Manager.

Cell culture, Western blot and densitometric
quantification

BICR3 and BICR56 OSCC cell lines [26, 27] were cultured
in DMEM F-12 medium (Invitrogen, Belgium) containing
10 % fetal calf serum (Sigma-Aldrich, Germany), 1 %
fungicide, and penicillin/streptomycin (Biochrom, Ger-
many) at 37 °C and 5 % CO,.

PDH, KGDH (OGDH), and BCKDH antibody speci-
ficity was confirmed by western blot analysis in BICR3,
BICR56 cell lines. Protein extraction from OSCC cell lines
BICR3 and BICR56 was performed as described previ-
ously [28]. Normal human oral keratinocyte protein lysate
(HOK cell lysate) was purchased by ScienCell (Carlsbad,
CA, USA) as control. The membranes were analyzed by
immunoblotting using the same antibodies as used for IHC
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(above) PDH (dilution: 1:1000), KGDH/OGDH (dilution:
1:1000), BCKDH (dilution: 1:1000), or IgG control anti-
bodies (BD Pharmingen, Heidelberg), and mAb GAPDH
(Abcam, Cambridge, UK, dilution: 1:5000) overnight at
4 °C. Binding of the primary antibodies was detected with
peroxidase-conjugated goat anti-mouse or goat anti-rabbit
secondary antibody (Santa Cruz Biotechnology, CA, USA)
and visualized by the enhanced chemiluminescence
method (GE Healthcare, Freiburg, Germany).

Quantification of western blot bands was carried out
using an automated densitometric quantification digitizing
system (UN-SCAN-IT Gel software, version 6.1, Silk
Scientific, Inc., Utah, USA) [29].

Statistical analysis

Statistical analysis was performed with MedCalc Software,
Version 15.2.2 (Mariakerke, Belgium). Data were analyzed
using the non-parametric Mann—Whitney U test or Krus-
kal-Wallis test when more than 2 groups were compared.
All p values presented were 2-sided and p < 0.05 was
considered statistically significant.

Results

Expression of PDH, KGDH (OGDH), and BCKDH
in normal mucosa, oral precursor lesions and OSCC

PDH (Figs. 1, 2) expression was found in all tissue types,
normal oral mucosa (n = 14/14, 100 %), oral precursor
lesions (simple hyperplasia, n = 21/21, 100 %; squamous
intraepithelial neoplasia, SIN I-III, n = 25/35, 71 %), and
OSCC specimen (n = 34/46, 74 %). In comparison with
normal tissue/hyperplasia, a significantly increased
expression of PDH was observed in SIN III lesions (CIS)
and invasive OSCC. In comparison with SIN I, SIN II, and
SIN 1II lesions (severe dysplasia), no significantly PDH
expression was observed in OSCC. PDH expression was
significantly increased in OSCC compared with SIN I-III
lesions (p = 0.0008, Fig. 2).

KGDH (OGDH) (Figs. 3, 4) expression was found in all
tissue types, normal oral mucosa (n = 14/14, 100 %), oral
precursor lesions (simple hyperplasia, n = 21/21, 100 %;
squamous intraepithelial neoplasia, SIN I-III, n = 26/35,
74 %), and OSCC specimen (n = 33/46, 72 %). In com-
parison to normal tissue, hyperplasia, and SIN II lesions, a
significantly increased expression of KGDH was observed
in invasive OSCC. KGDH expression was significantly
increased in OSCC compared with SIN I-III lesions
(p = 0.0001, Fig. 4).

Branched-chain alpha-ketoacid dehydrogenase (BCKDH)
(Figs. 5, 6) expression was found in all tissue types, normal

Fig. 1 Immunohistochemical staining of PDH in OSCC. Immuno-
histochemical staining shows representative images of PDH in N.T.
(a) SIN (b), and OSCC (c¢). Brown chromogen color (3,3'-
Diaminobenzidine) indicates positive staining, and the blue color
shows the nuclear counterstaining by hematoxylin. The square box
demonstrates the area of interest (original magnification: x 100-fold,
left panel) which is also shown in larger magnification (x400-fold,
right panel). PDH pyruvate dehydrogenase; SIN squamous intraep-
ithelial neoplasia; N.T., normal tissue

oral mucosa (n = 14/14, 100 %), oral precursor lesions
(simple hyperplasia, n = 20/21, 95 %; squamous intraep-
ithelial neoplasia, SIN I-III, n = 34/35, 97 %), and OSCC
specimen (n = 46/46, 100 %). In comparison with normal
tissue/hyperplasia, a significantly increased expression of
BCKDH was observed in SIN III lesions (severe dysplasia
and CIS), and invasive OSCC. BCKDH expression was
significantly increased in OSCC compared with SIN I-III
lesions (p = 0.0393, Fig. 6).

PDH, KGDH (OGDH), and BCKDH antibody
specificity is confirmed by western blot analysis

Western Blot analysis of PDH, KGDH (OGDH), and
BCKDH in BICR3 and BICR56 OSCC cell lines confirmed
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Fig. 2 Immunohistochemical analysis of PDH in normal oral
mucosal tissue, oral precursor lesions—hyperplasia, SIN, and inva-
sive OSCC. In comparison with normal tissue/hyperplasia, a signif-
icantly increased expression of PDH is observed in SIN III lesions
(CIS) and invasive OSCC (p < 0.05, Kruskal-Wallis Test; a and b).
In comparison with SIN I, SIN II, and SIN III lesions, no significantly
difference of PDH expression is observed in OSCC. PDH expression
is significantly increased in OSCC compared with SIN I-IIT
(p = 0.0008, Mann—Whitney U test). Analysis refers to averaged
scores. Red line indicates PDH expression results during carcinogen-
esis. Gray lines show 95 % confidence intervals. The triangles
indicate negative samples. Analysis of significant statistically differ-
ent single values is indicated in the table below (b). SIN III is
subdivided into severe dysplasia and carcinoma in situ (CIS). PDH,
pyruvate dehydrogenase; SIN squamous intraepithelial neoplasia;
N.T., normal tissue

immunohistochemical staining specificity of antibodies
used in immunohistochemistry (Fig. 7).

Discussion

In vitro and in vivo studies regarding the function of TDEs
TKT (including TKTL1 [12, 30]), KGDH (OGDH), and
BCKDH [31, 32] have been associated with proliferation,
anabolic, and prosurvival effects in tumor cells (reviewed in
[11]). This is in concordance with our results showing
increased expression of KGDH (OGDH) and BCKDH in the
carcinogenesis of OSCC. However, the total numbers of
KGDH positive samples decreased in OSCC, which could be
indicative for a decrease of OXPHOS in some tumors leading

@ Springer

Fig. 3 Immunohistochemical staining of KGDH (OGDH) in OSCC.
Immunohistochemical staining shows representative images of
KGDH in N.T. (a), SIN (b), and OSCC (c¢). Brown chromogen color
(3,3’-Diaminobenzidine) indicates positive staining, and the blue
color shows the nuclear counterstaining by hematoxylin. The square
box demonstrates the area of interest (original magnification:
x 100-fold, left panel), which is also shown in larger magnification
(x400-fold, right panel). KGDH ketoglutarate dehydrogenase;
OGDH 2-oxoglutarate dehydrogenase; SIN squamous intraepithelial
neoplasia; N.T., normal tissue

to the more malignant aggressive metabolic Warburg phe-
notype [33]. The same phenomenon has been analyzed for
PDH expression. Concerning head and neck squamous cell
carcinomas (HNSCC) [34, 35] inhibition of PDH activity in
cancer cells has been shown to contribute to the Warburg
phenotype with subsequent poor outcome of HNSCC
patients [34]. Nevertheless, as currently demonstrated in our
study cohort [1], glycolysis and the PPP are concurrent
upregulated with OXPHOS in OSCC samples. These meta-
bolic pathways lead to the upregulation of the endogenous
antioxidant capacity through production of lactate (e.g. by
lactate dehydrogenase 5, LDHS and TKTL1, [12]), the redox
couples glutathione/glutathione disulfide [12], NAD/NADH
(TCA) and NADP/NADPH (PPP), respectively, protecting
tumor cells from apoptosis by increased reactive oxygen
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Fig. 4 Immunohistochemical analysis of KGDH (OGDH) in normal
oral mucosal tissue, oral precursor lesions—hyperplasia, SIN, and
invasive OSCC. In comparison to normal tissue/hyperplasia and SIN
II lesions, a significantly (p < 0.05, Kruskal-Wallis Test; a and
b) increased expression of KGDH is observed in invasive OSCC.
KGDH expression is significantly increased in OSCC compared with
SIN I-II (p = 0.0001, Mann—Whitney U test). Analysis refers to
averaged scores. Red line indicates KGDH expression results during
carcinogenesis. Gray lines show 95 % confidence intervals. The
triangles indicate negative samples. Analysis of significant statisti-
cally different single values is indicated in the table below (b). KGDH
is subdivided into severe dysplasia (sev. dysplasia) and carcinoma
in situ (CIS). KGDH, ketoglutarate dehydrogenase; OGDH, 2-oxog-
lutarate deydrogenase; SIN squamous intraepithelial neoplasia; N.T.,
normal tissue

species (ROS) [17]. Therefore, elevated TCA activity (e.g.
for energy generation by OXPHOS [6] or anaplerosis of fatty
acids/amino acids [5, 10]) indicated by PDH and KGDH
(OGDH) expression may not lead automatically to increased
apoptosis in ‘natural occurring’ (not therapeutic manipu-
lated) cancer cells due to several regulatory mechanisms
counteracting ROS [1]. This in concordance with the results
published by Koukourakis et al. [36], who demonstrated a
high PDH expression with Hypoxia-inducible factor 1-alpha
(HIF1-0)/LDHS upregulation showing increased angiogenic
activity of tumors. Concurrent PDH and HIF1/LDHS
upregulation could occur due to genetic events that allow a
switch on the entire cellular metabolism. Such tumors with
intensively upregulated aerobic and anaerobic metabolic
potential were linked with poor postoperative outcome in
lung cancer patients [36]. However, in our study cohort, we

Fig. 5 Immunohistochemical staining of BCKDH in OSCC.
Immunohistochemical staining shows representative images of
BCKDH in N.T. (a), SIN (b), and OSCC (¢). Brown chromogen
color (3,3'-Diaminobenzidine) indicates positive staining, and the
blue color shows the nuclear counterstaining by hematoxylin. The
square box demonstrates the area of interest (original magnification:
x 100-fold, left panel) which is also shown in larger magnification
(x400-fold, right panel). BCKDH branched-chain alpha-ketoacid
dehydrogenase; SIN squamous intraepithelial neoplasia; N.T., normal
tissue

have no prognostic data demonstrating the outcome of
KGDH (OGDH) or PDH positive/negative samples with a
hypoxic phenotype (e.g. LDHS) but most of our studied
tumors and precancerous lesions stained positive for both
metabolic markers [1]. The prognostic impact of predomi-
nant hypoxic samples (PDH/KGDH (OGDH) negative,
LDHS positive) compared with tumors showing both meta-
bolic phenotypes (PDH/KGDH (OGDH) positive, LDH5
positive) has to be evaluated.

To the best of our knowledge, no clinical data are
available analysing the outcome of cancer patients with
increased or decreased expression of KGDH (OGDH) and/
or BCKDH in tumors. Though, in hypermetabolic states
like cancer diseases, the release of BCAAs provides a pool
of amino acids for oxidative energy and for the synthesis of
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Fig. 6 Immunohistochemical analysis of BCKDH in normal oral
mucosal tissue, oral precursor lesions—hyperplasia, SIN, and inva-
sive OSCC. In comparison with normal tissue/hyperplasia, a signif-
icantly increased expression of BCKDH is observed in SIN III lesions
(severe dysplasia and CIS), and invasive OSCC (p < 0.05, Kruskal—
Wallis Test; a and b). BCKDH expression is significantly increased in
OSCC compared with SIN I-IIT (p = 0.0393, Mann—Whitney U test).
Analysis refers to averaged scores. Red line indicates BCKDH
expression results during carcinogenesis. Gray lines show 95 %
confidence intervals. The triangles indicate negative samples. Anal-
ysis of significant statistically different single values is indicated in
the table below (b). SIN III is subdivided into severe dysplasia and
carcinoma in situ (CIS). BCKDH branched-chain alpha-ketoacid
dehydrogenase; SIN squamous intraepithelial neoplasia; N.T., normal
tissue

proteins [11, 31]. Hence, analysis of BCKDH and KGDH
(OGDH) expression may have prognostic impact of tumor
patients and should be performed in further studies.

In the presence of thiamine pyrophosphate (TPP), the E1
subunits of PDH, KGDH (OGDH), and BCKDH perform
decarboxylation steps [11, 37-39]. Therefore, we prefer-
entially used antibodies detecting the E1 subunits in our
analyses for the description of potential therapeutic targets
of antagonistic compounds like oxythiamine [40-42] or
oxybenfothiamine.

PDH inactivation is regulated by phosphorylation
(p-PDH) whereas PDH is activated by PDH phosphatase
[43]. Therefore, although different expression patterns in
normal tissue and in the carcinogenesis of OSCC have been
analyzed in this study detecting the E1 subunit (PDH,
BCKDH), PDH activation status can be finally determined
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using p-PDH antibodies, which are difficult in the handling
of immunohistochemical staining. Intriguingly, Hamabe
et al. [43] recently demonstrated that patients in advanced
stage colorectal cancer showing activated PDH (p-PDH
negative) with concurrent upregulated hexokinase-2 (HK-
2) in the tumor tissue have a worse prognosis making PDH
inactivation attractive for cancer therapy. These data are in
concordance with our observation and the data of Kouk-
ourakis et al. [36] that a glycolytic phenotype (HK-2, [1]) is
upregulated in parallel to increased aerobic metabolic
potential (PDH expression) within the same tumor but
contradicts the results by Wigfield et al. [34] in HNSCC
patients. Moreover, OXPHOS [5] measured by expression
of PDH and KGDH (OGDH) in our study has been
demonstrated to be upregulated in proliferating human
breast cancer cells compared with non-proliferating (qui-
escent) tumor cells [32]. Altogether, these facts demon-
strate that upregulated aerobic metabolic potential [5, 6, 10,
44] indicated by PDH and KGDH (OGDH) expression is
even crucial for tumor development. This hypothesis is
further supported that ROS generation by OXPHOS may
promote epithelial-mesenchymal transition (EMT) and
further metastasis as well as cancer invasion [10, 45].

TDEs (TKTL1 [46], PDH, and BCKDH) may increase
the generation of acetyl-CoA, which is crucial for de-novo
fatty-acid biosynthesis in proliferating tumor cells [13].
Therefore, targeting TDEs in cancer may decrease lipid
synthesis, resistance to oxidative stress, and resistance to
energy stress [13].

This is the first study showing TDEs in the carcino-
genesis of OSCC. We analyzed increased/strong expres-
sion of PDH, KGDH (OGDH), and BCKDH in the
multistep carcinogenesis of OSCC indicating thiamine as
an important co-factor for cancer metabolism-related
pathways in intermediary metabolism [11]. Western Blot
analysis of PDH, KGDH (OGDH), and BCKDH confirmed
staining specificity of antibodies used in immunohisto-
chemistry. The clonal selection model and cancer stem cell
hypothesis are commonly utilized to explain tumor
heterogeneity and inherent differences of tumor-regener-
ating capacity [47]. The clonal selection model of multistep
carcinogenesis implies that a random solitary cell under-
goes malignant transformation, accumulates multiple
mutations and subsequently acquires a survival advantage
[48, 49]. Our results of significant upregulation of PDH,
KGDH (OGDH), and BCKDH in precursor lesions suggest
that a molecular ‘survival of the fittesf scenario involving
TDEs (including the TCA) plays out in the carcinogenesis
of OSCC, making this model the better fit. Therefore,
TDEs (TKTL1, PDH, KGDH, BCKDH) may contribute to
the concept of competing the PPP [7, 41] and targeted anti-
mitochondrial therapies leading consequently to apoptosis
in tumor cells [5, 19, 38, 44, 50-52].
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Fig. 7 Western blot analysis in normal tissue, BICR3 and BICR56
OSCC cell lines. Western Blot of KGDH (OGDH), BCKDH, and
PDH in BICR3 and BICR56 OSCC cell lines confirms immunohis-
tochemical staining specificity of antibodies (left panel, a). Western
blot analysis shows increased KGDH (OGDH) (~ 118 kDa), BCKDH
(~46 kDa), and PDH (~38 kDa) expression compared to normal
tissue. GAPDH (loading control) is shown as a band of approximately

OSCC is an aggressive tumor with low response to
chemotherapy and basic resistance to most standard of care
anticancer drugs [53, 54]. Therefore, the effectiveness of
cytostatic chemotherapy (cisplatin, 5-FU) and radiation
therapy with subsequent apoptosis in OSCC tumor cells
might be enhanced by ROS generation [19, 52]. Accumu-
lation of thiamine has been found to be increased in cancer
cells when treated with chemotherapeutic drugs, such as
5-fluorouracil (5-FU) [55] but the mechanism is unknown.
Patients who were treated with 5-FU were associated with
a thiamine-deficient state [56]. Moreover, hypoxic stress
(e.g. indicated by TKTL1 or LDHS5 expression) may
increase thiamine uptake by the thiamine transporter
SLC19A3 in a tumor cells [57]. Independent of hypoxia,
pyruvate accumulation [58] and TKTL1 expression [30]
may lead to HIF1-a stabilization. Therefore, thiamine
uptake and metabolism of tumor cells might also be
enhanced in OSCC. In vitro and in vivo studies must show
whether 5-FU or hypoxic conditions increase thiamine
antagonist uptake like oxythiamine or oxybenfothiamine in
OSCC cancer cells. However, during a clinical trial using
thiamine antagonists, patients have to be observed for the
development of Wernicke’s encephalopathy while therapy
[11].

It has been shown that thiamine or thiamine derivates
(e.g. benfothiamine, reviewed in [11]) may stimulate TKT
and BCKDH activity. In the literature, conflicting results
are available for the development of cancer by thiamine as

35 kDa. Densitometric quantification (b) of western blot protein
bands (pixel total) is given in the right panel (b). KGDH,
ketoglutarate dehydrogenase; OGDH, 2-oxoglutarate deydrogenase;
BCKDH, branched-chain alpha-ketoacid dehydrogenase; PDH, pyru-
vate dehydrogenase; GAPDH, glycerinaldehyd-3-phosphat-dehydro-
genase; NHOK, normal human oral keratinocytes

a supplement in a western diet. Likewise, a western diet is
characterized in part by excess thiamine supplementation
and may be a factor for increased cancer incidence com-
pared with other countries (e.g. Asia, Afrika) [59]. On the
other hand, patients with severe malnutrition have exhib-
ited osteosarcoma, and submandibular gland cysts that
were cured without recurrence after thiamine supplemen-
tation, suggesting a role of thiamine deficiency in tumor
development [60]. However, the study conducted by Kabat
etal. [61] in 2008 did not reveal a relationship of vitamin B
intake (including thiamine) with cancer incidence of the
breast, endometrial, ovarian, colorectal, and lung cancer in
women. At present, it is hypothetical whether thiamine
supplementation impacts the metabolic phenotype of can-
cer cells [11].

Conclusions

This is the first study showing increased expression of
TDEs PDH, KGDH (OGDH), and BCKDH in OSCC.
Metabolic targeting of thiamin-depending enzymes (in-
cluding TKTL1) by antagonistic compounds like oxythi-
amine or oxybenfothiamine may be a useful strategy to
sensitize cancer cells to common OSCC cancer therapies.
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