
 

 
 

Department of Pediatrics and Adolescent Medicine, University Center 

Ulm, Head of the Department Prof. Dr. Klaus-Michael Debatin 

 

 

 

 

Increased expression of LDHA mRNA and increased 

cytoplasmic to nuclear ratio of LDHA protein predicts 

poor prognosis in neuroblastoma 

 

 

 

 

 

 

 

Dissertation submitted in partial fulfilment of the requirements for the degree 

“Doctor medicinae” (Dr. med.) of the Medical Faculty of Ulm University 

 

 

 

Lisa Christner 

born in Reutlingen 

2018



 

I 
 

 

Present dean     Prof. Dr. med. Thomas Wirth 

First reviewer    Prof. Dr. med. Christian Beltinger 

Second reviewer    Prof. Dr. med. Thomas F.E. Barth 

Date of graduation    6. August 2020 

 



 

II 
 

Parts of this work have previously been published in the following publication: 

 

Dorneburg C, Fischer M, Barth, Thomas F E, Mueller-Klieser W, Hero B, Gecht J, 

Carter DR, Preter K de, Mayer B, Christner L, Speleman F, Marshall GM, Debatin 

K, Beltinger C: LDHA in Neuroblastoma Is Associated with Poor Outcome and Its 

Depletion Decreases Neuroblastoma Growth Independent of Aerobic Glycolysis. 

Clinical Cancer Research (2018) 

 

 



Table of contents 

III 
 

Table of contents 
 

   List of abbreviations……………………………………………………………..V 

1 Introduction ............................................................................................... 1 

1.1 Neuroblastoma ........................................................................................... 1 

1.2 The Warburg effect..................................................................................... 4 

1.2.1 Glucose transporter 1 (GLUT1) .......................................................... 6 

1.2.2 Pyruvate kinase type M2 (PKM2) ....................................................... 7 

1.2.3 Pyruvate dehydrogenase (PDH) ......................................................... 8 

1.2.4 Pyruvate dehydrogenase kinase 1 (PDK1) ......................................... 8 

1.2.5 Lactate dehydrogenase A (LDHA) ...................................................... 9 

1.3 Cancer metabolism - MYCN and HIF-1α in neuroblastoma ..................... 10 

1.4 Preliminary work and aim of the project ................................................... 11 

2 Materials and methods ............................................................................ 13 

3 Results .................................................................................................... 32 

3.1 Warburg enzymes are expressed in NB cell lines irrespective of MYCN 

levels ........................................................................................................ 32 

3.1.1 NB cell lines express GLUT1, PKM2, PDK1 and LDHA irrespective of 

MYCN ............................................................................................... 32 

3.1.2 Acute activation of MYCN alters the expression of the Warburg 

enzymes ........................................................................................... 36 

3.2 The core Warburg enzyme LDHA is expressed in patient NB, where it 

correlates with known risk factors ............................................................ 38 

3.2.1 In patient NB LDHA expression is correlated with tumor 

aggressiveness ................................................................................. 38 

3.2.2 Increased cytoplasmic and decreased nuclear expression of LDHA 

protein is associated with increased aggressiveness of NB ............. 42 

3.2.3 Induced differentiation of neuroblastoma cell lines SK-N-BE(2)-C and 

SH-SY5Y has no impact on intracellular LDHA distribution .............. 49 



Table of contents 

IV 
 

4 Discussion ............................................................................................... 52 

4.1 Warburg enzymes are expressed in NB cell lines .................................... 53 

4.2 Warburg enzymes are expressed in NB cell lines irrespective of MYCN 

levels ........................................................................................................ 56 

4.3 The core Warburg enzyme LDHA is expressed in primary human NB is 

associated with poor prognosis ................................................................ 58 

5 Summary ................................................................................................. 60 

6 References .............................................................................................. 61 

Appendix………………………………………………………………………………….72 

Acknowledgements ……………………………………………………………………..75 

Curriculum vitae………………………………………………………………………….76 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



List of abbreviations 

V 
 

List of abbreviations 

°C   degree centigrade 

µM   micromolar 

4-OHT 4-hydroxytamoxifen 

Ab   antibody 

ALK   anaplastic lymphoma receptor tyrosine kinase 

APS   ammonium persulfate 

ATRA all-trans-retinoic acid 

ATRX   alpha thalassemia/mental retardation syndrome X-linked 

BCA bicinchoninic acid 

BIRC5 baculoviral inhibitor of apoptosis repeat-containing 5 

bp base pairs 

BRC-ABL breakpoint cluster region of Abelson murine leukemia viral 

oncogene (Philadelphia chromosome) 

BSA bovine serum albumin 

cDNA complementary deoxyribonucleic acid 

CO2 carbon dioxide 

CoA coenzyme A 

Ct cycle threshold 

CI confidence intervall 

DAPI 4’, 6-diamidino-2-phenylindole 

DCA dichloroacetate 

ddH2O double-distilled water 

DEPC diethylpyrocarbonate 

DLAT dihydrolipoamid transacetylase 

DLD dihydrolipoamid dehydrogenase 

DMEM dulbecco’s Modified Eagle Medium 

DMSO dimethylsulfoxide 

DOC sodium deoxycholate 

ds double-stranded 

DTT dithiothreitol 

ECL enhanced chemiluminescence 

EDTA ethylenediaminetetraacetic acid 

EGF epidermal growth factor 



List of abbreviations 

VI 
 

EMEM eagle minimum essential medium 

EPO erythropoietin 

FCS fetal calf serum 

FGF fibroblast growth factor 

FGFR1 fibroblast growth factor receptor 1 

Fw forward primer 

FX11 3-dihydroxy-6-methyl-7-(phenylmethyl)-4-propylnaphthalene-

1-carboxylic acid 

GLUT1 glucose transporter 1 

h hour(s) 

H&E hematoxylin and eosin 

HIF-1α hypoxia-inducible factor 1α 

HNSCC head and neck squamous cell carcinoma 

HPRT1  human Hypoxanthin- Phosphoribosyl-Transferase 1 

HRP horseradish peroxidase 

HVA homovanilic acid 

IgG immunoglobulin G 

123I-mIBG  Iodine 123 - metaiodobenzylguanidine scintigraphy 

INPC International Neuroblastoma Pathology Classification 

INRG International Neuroblastoma Risk Group  

LDH lactate dehydrogenase 

LDHA lactate dehydrogenase A 

min minute(s) 

mM millimolar 

MM multiple myeloma 

mRNA messenger ribonucleic acid 

MRI magnetic resonance imaging 

MYCN v-myc avian myelocytomatosis viral oncogene neuroblastoma 

derived homologue 

MYCN-ER MYCN fused to mutated estrogen receptor  

n.s. not significant 

NADH nicotinamide adenine dinucleotide 

NADPH nicotinamide adenine dinucleotide phosphate 

NB neuroblastoma 



List of abbreviations 

VII 
 

NGS normal goat serum 

NSE neuron-specific enolase 

ODC1 ornithine decarboxylase 1 

PAGE   polyacrylamide gel electrophoresis 

PBS phosphate buffered saline 

PCR polymerase chain reaction 

PDH pyruvate dehydrogenase 

PDK1 pyruvate dehydrogenase kinase isoenzyme 1 

Pen/ Strep penicillin/ streptomycin 

PEP phosphoenolpyruvate 

PFA paraformaldehyde 

PKM2 pyruvate kinase type M2 

qRT-PCR quantitative real-time polymerase chain reaction 

RAG2 recombination-activating gene 2 

rb rabbit 

Rev reverse primer 

RNA  ribonucleic acid 

ROS reactive oxygen species 

RT   room temperature 

SEM   standard error of the mean 

s.c. subcutaneous 

SDS   sodium dodecyl sulfate  

TCA tricarboxylic acid cycle 

TEMED  tetramethylethylendiamin 

TERT   telomerase reverse transcriptase 

Tris  tris(-hydroxymethyl-)aminomethan 

VHL von Hippel-Lindau 

VMA vanillylmandelic acid 

 

 

 

 

 



Introduction 

1 
 

1 Introduction 

 

1.1 Neuroblastoma 

Neuroblastoma (NB) is a pediatric tumor affecting 130 children per year in Germany 

[33, 5]. With a proportion of 7% of all pediatric cancers and a prevalence of one per 

5600 live births, it is the most common solid extracranial tumor diagnosed during 

childhood [33, 17]. In 90% cases the disease is diagnosed in the first six years of 

life and causes 15% of childhood cancer mortality [33, 54].  

Based on the enormous heterogeneity, the course of the disease can vary from 

complete spontaneous regression to relapse and therapy resistance. Despite 

intense research efforts long-term survival of children with high-risk NB is still less 

than 40% [5, 53, 54].  

Neuroblastoma origin is thought to be traced back on aberrations in 

sympathoadrenal precursor cells of the neural crest during early development. Thus, 

tumor occurrence anywhere in the peripheral sympathetic nervous system is 

possible. Among locations like cervical, thoracic, abdominal and pelvic ganglia, the 

tumor arises most frequently in the adrenal medulla [17]. Due to this, clinical 

symptoms are very different, unspecific or even absent. In many cases 

neuroblastoma are diagnosed by accident. Beside sporadic occurrence by genetic 

and chromosomal aberrations, infrequent cases of familial predisposition are 

described for 1-2% [15].  

Tumor diagnosis is a complex process of precise analysis. Among detailed physical 

examination including basic imaging by ultrasound and chest X-ray, determination 

of a specific tumor marker set is essential. Therefore serous parameters like neuron-

specific enolase (NSE) and lactate dehydrogenase (LDH) as well as urinary 

accumulation of vanillylmandelic (VMA) and homovanilic acids (HVA) are detected 

[81]. Gold standard methods like initial imaging studies with magnetic resonance 

imaging (MRI) and Iodine 123 (I123) metaiodobenzylguanidine (123I-mIBG) 

scintigraphy provide information concerning surgical resectability, metastatic spread 

and tumor localization, that are crucial for tumor staging [81].  

Neuroblastoma have been classified according to International neuroblastoma 

staging system (INSS) mainly considering tumor expansion and extend of surgical 

resectability. Four stages are defined after initial operation - Stage 1-3, stage 4 with 
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distant metastases and stage 4S, a special tumor type occurring in 5% of the 

patients, characterized by very early onset and a unique kind of metastasizing 

primarily to liver, skin and bone marrow. Of note, these infants have excellent 

prognosis with an overall survival probability of 86% to 92%. That is because the 

tumor has the ability to spontaneously regress with little or no therapeutic 

intervention [17, 53, 60, 40].  

In the last years another staging system has been established, which is the 

International Neuroblastoma Risk group staging system (INRGSS). Tumors are 

categorized preoperatively according to initial imaging – stages are defined as L1 

and L2 as tumors are localized with or without image-defined risk factors (e.g. 

invasion, infiltration, encasing), as stage M if any distant metastasizing exists or as 

stage MS comparable with stage 4S (INSS) [57, 81]. In Germany neuroblastoma 

staging includes both systems – the preoperative and the postoperative [81]. 

Referring to metastasizing, about half of the patients, especially older children, show 

metastatic dissemination at diagnosis mainly to regional lymph nodes (30%), cortical 

bone (55%), bone marrow (70%) and liver (30%) [17, 53]. 

Prognosis is mainly defined by the stage of disease and patient’s age. Especially, 

in higher stage disease older patients (> 18 months) show worse prognosis 

compared to younger children [81]. 

Besides stage and age as most important clinical variables for predicting patient’s 

outcome, diverse biological and molecular features have been identified over the 

last years to further stratify risk groups. Intraoperative biopsies provide further 

information about tumor histopathology and molecular abnormalities. 

Neuroblastoma histology is determined by the Shimada classification and classified 

by the International Neuroblastoma Pathology Classification System (INPC) for 

peripheral neuroblastic tumors. Thereby tumors are categorized into the following 

four histological groups based upon Schwannian stroma content: (1) neuroblastoma 

(stroma-poor), (2) ganglioneuroblastoma-intermixed (stroma-rich), (3) 

ganglioneuroblastoma-nodular (composite, stroma-rich/ stroma-dominant/ stroma-

poor) and (4) ganglioneuroma (stroma-dominant). According to this, NBs are 

classified as undifferentiated, poorly differentiated and differentiating tumors. Of 

note, proliferation is highest in immature tumors [81, 79].  

Molecular aberrations in neuroblastoma are very heterogeneous and their analysis 

finally complete neuroblastoma risk profiles. Unfavorable NB are characterized by 
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loss of genetic material (in particular allelic deletions of 1p36 or 11q) [2] or gain of 

genetic material (in particular amplification of MYCN (v-myc avian myelocytomatosis 

viral oncogene neuroblastoma derived homologa) and unbalanced 17q gain) [71, 

1]. Of note, unbalanced 17q gain leads to overexpression of the BIRC5 gene, which 

encodes for an anti-apoptotic protein called Survivin [1]. Patients harboring any of 

these “copy number variations” usually have advanced stages and show worse 

outcome, even with aggressive therapy.  

Recently, Fischer et. al found telomerase to be active in high-risk NB, caused by 

genetic alterations nearby TERT (telomerase reverse transcription gene) or 

associated with MYCN-amplification, as MYCN functions as its transcription factor. 

However, also in neuroblastoma without MYCN amplification or TERT 

rearrangements, elevated TERT levels predict poor outcome independently of 

tumor stage or MYCN amplification [63]. 

Intensive genome-wide association studies identified further mutations. Anaplastic 

lymphoma kinase (ALK) and alpha thalassemia/ mental retardation syndrome X-

linked (ATRX) are described as driver mutations for neuroblastoma. Activating point 

mutations in the ALK gene appear in 50% of familial NBs and in 8-10% of sporadic 

NBs, its determination belongs to standard protocols. Various studies in the last 

years demonstrated that mutated ALK cooperates with MYCN in malignant 

transformation, leading to ultra-high-risk NBs with a distinctly malignant phenotype 

and poor prognosis [4, 39, 75, 76]. ALKF1174L is the most active mutation, defined by 

the exchange of phenylalanin to leucin [4, 15, 39, 76]. ALK inhibitors, i.e. crizotinib 

or LDK-378 are part of anticancer treatment for patients with refractory or relapsed 

disease [14]. ATRX mutations are associated with patient’s age and have so far not 

been identified in MYCN-amplified tumors [18]. Additionally, activating mutations in 

RAS-MAPK pathway were found in neuroblastoma [18, 28].  

In the end neuroblastoma therapy strategies are drawn in dependence of tumor risk 

stratification. Categorization in low, intermediate or high risk tumors is assessed 

prior to stage (INSS or INRGSS), age, MYCN amplification status and chromosome 

1p copy number [81].  
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1.2 The Warburg effect 

 

In cells of healthy tissue oxidative glucose metabolism is the default way of ATP 

production. It starts with converting glucose to pyruvate (glycolysis). Among 

normoxic conditions pyruvate is further metabolized in the mitochondria via oxidative 

decarboxylation to acetyl coenzyme A (CoA) by pyruvate dehydrogenase (PDH). 

Finally, acetyl-CoA is oxidized to CO2 by passing through the TCA cycle (synonymic 

with Krebs cycle or citric acid cycle). Simultaneously, NAD+ (nicotinamide adenine 

dinucleotide) is reduced to NADH (nicotinamide adenine dinucleotide-hydrogen). 

These reducing equivalents are entirely oxidized to generate ATP (adenosine 

triphosphate) by a reaction called oxidative phosphorylation (OXPHOS system). 

Complete catabolism of glucose via the TCA cycle and oxidative phosphorylation is 

the physiological way for proliferating cells to generate ATP as well as to supply 

building blocks for biomolecules. It is only under oxygen deprivation, that pyruvate 

is not introduced to the TCA cycle, but rather converted to lactate [89]. 

What distinguishes cancer cell metabolism from normal tissue is a phenomenon, 

which was first described in 1920 by Otto Warburg and is therefore called the 

Warburg effect. He found that cancer cells prefer the conversion of glucose to 

lactate regardless of oxygen availability (aerobic glycolysis) [91]. 

Otto Warburg speculated, that tumor cells have dysfunctional or decreased 

mitochondria and hence are disabled to execute oxidative phosphorylation [91]. 

However, recent evidence suggests that even though oncogenic mutations affecting 

mitochondrial genes are reported to exist in a limited range of cancers, in most 

cancer cells mitochondrial function is not impaired [48, 58].  

The conversion of glucose to lactate generates only two ATP per molecule of 

glucose. In contrast, complete oxidation of glucose through oxidative 

phosphorylation generates up to 36 ATPs. This shows, that energy production 

through glycolysis is highly ineffective [38]. Inefficient ATP production is problematic 

for cells with nutrient withdrawal. However, it is known, that cancer cells, compared 

to differentiated cells, are independent of growth factors, mainly through the 

activation of oncogenes or the loss of tumor suppressors. This cancer-specific 

feature enables a continual uptake of nutrients, particularly of glucose [23, 88]. 

Enhanced glycolytic flux, observed in proliferating cells, including tumor cells, 

indeed supplies ATP and increases lactate production [64]. In healthy tissue high 
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intracellular ATP levels severely inhibit glycolysis in a feedback loop by allosterically 

blocking the glycolytic enzyme phosphofructokinase (PFK)-1. However, cancer cells 

express the isoenzyme PFK-2, leading to the formation of fructose-2,6-bisphophate, 

which functions as an activator for PFK-1. Accordingly, the glycolysis pathway can 

be maintained despite high ATP levels [16]. The production of lactate allows 

regeneration of NAD+, a crucial cofactor making glycolysis self-sufficient [50]. 

Excessive lactate is exported to sustain intracellular pH, to acidify the tumor matrix, 

to protect tumor cells from mitochondria-mediated apoptosis, to allow the high 

excess of macromolecules in order to create biomass and to adapt the tumor cells 

to hypoxic conditions [8, 30]. Recently published studies reveal lactic acid 

accumulation to correlate with tumor size, stage and metastases [35, 83, 90]. In 

particular, lactate has immunosuppressive effects leading to tumor progression [9].  

In order to preserve high proliferation rates, cancer cells need important metabolites, 

such as nucleotides, amino acids and lipids. Glycolytic intermediates are diverted to 

macromolecule precursors like glucose 6-phosphate, which is shunted into the 

pentose-phosphate pathway for nucleotide synthesis. Citrate synthesized in the 

TCA is excreted to the cytosol, where it reforms acetyl-CoA for fatty acid production 

[88, 85]. In this context NADPH is a relevant player. It is derived from glutaminolysis 

and the pentose-phosphate-shuttle to contribute to lipogenesis and, importantly, has 

anti-oxidative effects [88, 38]. Additionally, glutamine replenishes the TCA cycle 

(anaplerosis) and thus provides precursors to generate most of the non-essential 

amino acids by transamination [24]. 

Aerobic glycolysis in cancers is primarily regulated through the interaction of four 

enzymes: (1) Glucose transporter 1 (GLUT1), which is responsible for enhanced 

glucose uptake; (2) pyruvate dehydrogenase kinase isoenzyme 1 (PDK1), which 

blocks the oxidative phosphorylation via inhibition of pyruvate dehydrogenase 

(PDH); (3) pyruvate kinase M2 (PKM2) and (4) lactate dehydrogenase A (LDHA) - 

the key molecules of the Warburg effect. Figure 1 gives an overview of the metabolic 

setting in the Warburg pathway. 
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Figure 1: Key molecules involved in the Warburg effect.  
Cells take up glucose by the transmembrane transporter GLUT1. Intracellular glucose is metabolized 
to phosphoenolpyruvate (PEP) and finally irreversibly converted to pyruvate, catalyzed by PKM2. In 
the mitochondria PDH metabolizes pyruvate to acetyl-CoA, which enters the TCA, followed by 
oxidative phosphorylation to generate ATP. PDH is modulated by phosphorylation (P), which is 
mediated by PDK and leads to inhibition of the enzyme. If PDH is blocked, pyruvate is shunted away 
from mitochondria and converted into lactate by LDHA, to provide energy and precursors for biomass 
production. GLUT1 = glucose transporter 1; PKM2 = pyruvate kinase type M2; PDK1 = pyruvate 
dehydrogenase kinase isoenzyme 1; PDH = pyruvate dehydrogenase; LDHA = lactate 
dehydrogenase A; TCA = tricarboxylic acid cycle, ATP = adenosine triphosphate. (Based on [88]) 

 

1.2.1 Glucose transporter 1 (GLUT1) 

Glucose transporters are transmembrane proteins. They are responsible for the 

passive uptake of glucose along the membrane’s concentration gradient [38] (Figure 

1). 14 different isoforms have been identified in mammalian cells. Each isotype 

executes specific functions. GLUT1, encoded by the SLC2A1 gene, is widely 

distributed in fetal tissue as well as in erythrocytes and endothelial cells. It is also 

abundantly expressed in a variety of cancer types [96]. Enhanced activity of GLUT1 

has been shown to correlate with poor prognosis and tumor growth. Among other 

mechanisms, upregulation of GLUT1 is apparently mediated by HIF-1 and MYCN 

[85, 84, 67]. Recently, increased GLUT1 expression has been found in high-risk and 
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in high-grade undifferentiated neuroblastoma [68]. Although a few GLUT1 inhibitors, 

such as phloretin, have been shown to successfully inhibit tumor growth in 

xenografts [59, 85], they are so far not undergoing clinical trials in patients. 

 

1.2.2 Pyruvate kinase type M2 (PKM2) 

Pyruvate kinases are a family consisting of four isoenzymes, namely L, R, M1 and 

M2. The kinases are specifically expressed depending on metabolic patterns of the 

tissue. They dephosphorylate phosphoenolpyruvate into pyruvate yielding one 

molecule of ATP and therefore account for glycolytic energy production. Though this 

reaction is irreversible, pyruvate kinases act as gatekeeper enzymes [38] (Figure 

1). 

The two isoforms PKM1 and PKM2 are both encoded by the PKM2 gene. Pyruvate 

kinase type M2 arises from alternative splicing, resulting in the inclusion of exon 10 

and the exclusion of exon 9 [56]. In highly proliferating cells, including fibroblasts, 

embryonic tissue, adult stem cells and, above all, in cancer cells PKM2 is prevailing 

[19, 55]. Interestingly, tumor cells mainly feature the dimeric form of PKM2, which is 

nearly inactive compared to the tetrameric form [55]. However, slowing down 

enzyme activity like this promotes accumulation and channeling of upstream 

phosphometabolites into biosynthetic pathways to generate nucleotides and amino 

acids [56]. Activity of PKM2 is mostly influenced by high glucose consumption, which 

causes acetylation and degradation of the enzyme [52]. During low glucose 

availability, PKM2 is highly active to preserve cancer cells from apoptosis. As 

against in glucose excess inactive PKM2 allows tumor proliferation by accumulation 

of metabolic intermediates [52]. 

A study performed in 2008 demonstrated that PKM2 plays a significant role in 

promoting the Warburg effect and in tumor development. The association of PKM2 

with glucose usage, excessive lactate production and reduced oxygen consumption 

supports its relevance as a gatekeeper in cancer metabolism [19]. 

Transcription of PKM2 gene is controlled by HIF-1α [51]. The cytosolic enzyme itself 

is capable of translocating into the nucleus to directly stimulate HIF-1α 

transactivation [95]. This leads to an upregulation of PKM2 in a feed-forward 

mechanism and subsequent to coactivation of GLUT1, PDK1, and LDHA as HIF-1α 

target genes [95, 51]. This implies, that PKM2 is on the one hand necessary to 

autoregulate PKM2 expression and on the other hand promotes aerobic glycolysis 
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by intensifying the expression of other glucose-metabolizing enzymes. Of note, 

knockdown of PKM2 inhibits the proliferation of neuroblastoma cells [97]. 

 

1.2.3 Pyruvate dehydrogenase (PDH) 

Pyruvate dehydrogenase is a multienzyme complex (PDHC) located in the 

mitochondrial matrix composing the connection between glycolysis and the TCA 

cycle. The complex consists of the following three enzymes (E1-E3): pyruvate 

dehydrogenase (PDH), dehydrolipoamide acetyltransferase (DLAT) and 

dehydrolipoamide dehydrogenase (DLD). It catalyzes the oxidative decarboxylation 

of pyruvate into acetyl-CoA, which enters the TCA cycle and carries out 

mitochondrial respiration [3, 38] (Figure 1). Enzymatic activity is adjusted by 

phosphorylation and dephosphorylation of the PDH-E1α-subunit. PDK1, 

responsible for phosphorylation, inactivates PDH (see 1.3.4), whereas PDP 

(pyruvate dehydrogenase phosphatase) enhances enzyme turnover by 

dephosphorylation [38, 3, 69] (Figure 1). Furthermore, PDH is allosterically 

suppressed when reaction products like acetyl-CoA, NADH and ATP accumulate.  

Inversely, the enzyme is augmented in the presence of pyruvate, NAD+ and CoA 

[37]. The specific role of PDH in human neuroblastoma is poorly investigated to 

date. 

 

1.2.4 Pyruvate dehydrogenase kinase 1 (PDK1) 

Pyruvate dehydrogenase kinase 1 (PDK1) belongs to a group of four isoenzymes 

of serine kinases which have been identified in the mammalian mitochondria. PDK 

isoforms show a tissue-specific expression pattern, at which PDK1 is especially 

found in the heart, pancreas, liver and skeletal muscles [49, 65, 69].  

PDK1 functions as an inhibitor of the PDH complex by phosphorylating PDH-E1α-

subunit at three sites (Ser232, Ser293, Ser300). Consequently, pyruvate is shunted 

away from mitochondria [69, 49] (Figure 1). This step is antagonized by the action 

of PDP, which is responsible for keeping PDH in its dephosphorylated active form, 

thus maintaining the conversion of pyruvate to acetyl-CoA [49, 69, 65].   

The enzymatic activity of PDK1 is modulated by different intermediates. PDH 

products such as acetyl-CoA and NADH stimulate PDK1 in a feedback loop. 

Substrates such as pyruvate, CoA and NAD+ suppress the kinase [65, 37]. 
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In human cancers, PDK1 is under control of diverse oncogenic tyrosine kinases. 

Thus, PDK1 is activated by tyrosine phosphorylation, independent of the availability 

of metabolites and therefore contributes to the Warburg effect [42]. In addition, the 

enzyme is upregulated under hypoxia, in line with being a HIF-1α dependent target 

gene. Reversely, enhanced expression of PDK1 further activates HIF-1α to enhance 

cancer malignancy [47, 62]. Highly active PDK1 accounts for elevated lactate levels 

as well as for decreased oxyradicals produced in mitochondria under hypoxia. 

Together, this leads to increased tumor aggressiveness [93]. 

Inhibition of PDK1 in head and neck squamous cell carcinoma (HNSCC) is 

associated with reduced tumor growth, benign phenotype and improved overall 

survival [93]. Another study performed in multiple myeloma (MM) indicates induction 

of ROS (reactive oxygen species) and apoptosis under dichloracetate (DCA) 

treatment, which acts as a PDK inhibitor [31]. Furthermore, DCA is reported to 

decrease both in vitro and in vivo proliferation of different tumor cell lines derived 

from non-small-cell lung carcinoma, glioblastoma and breast cancer [6]. In gastric 

cancer, PDK1 was identified as prognostic marker and thereby represents a 

potential therapeutic target [44]. So far, no studies have been published about PDK1 

in neuroblastoma.  

 

1.2.5 Lactate dehydrogenase A (LDHA) 

There are five active isoenzymes of lactate dehydrogenase related to different 

human tissues. Lactate dehydrogenase as a tetrameric enzyme consists of an A 

and B subunit encoded by the two corresponding genes Ldh-A and Ldh-B. LDHA is 

primarily expressed in the skeletal muscles. Preferably, it catalyzes the conversion 

of pyruvate to lactate, whereby NAD+ is restored for maintaining glycolysis (Figure 

1). Conversely, the LDHB isoform, predominant in heart muscle, principally 

promotes the reverse reaction. However, both isoforms are able to catalyze both 

reactions, the production of lactate and the reverse reaction [87]. In contrast to 

LDHB, which is equally expressed in normal and tumorigenic cells, LDHA levels are 

elevated in human cancers contributing to maintain the enhance of glycolytic 

phenotype [38, 36]. 

Oncogenic drivers like MYC, MYCN and HIF-1α have been shown to 

transcriptionally and translationally control LDHA alone or in a combined way [67].  
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Furthermore LDHA itself has been described to take place in several steps of tumor 

development. [50, 29, 85]. Diverse knockdown attempts by RNA interference or by 

small molecules, like for example FX11 (3-dihydroxy-6-methyl-7-(phenylmethyl)-4-

propylnaphthalene-1-carboxylic acid), indicated a reduction in tumor cell 

proliferation, ATP exhaustion, increased apoptosis and induction of oxidative stress. 

Several studies have reported, that targeted inhibition of LDHA in different cancer 

types like glioblastoma, breast and prostate cancer as well as pediatric 

osteosarcoma suppresses tumor progress and leads to differentiation and death of 

cancer cells [22, 34, 94, 32]. 

A study performed in primary neuroblastoma showed remarkably increased LDHA 

mRNA levels especially in those tumors harboring MYCN-amplification. In addition, 

LDHA knockdown in the MYCN-amplified NB cell lines Kelly and LAN-5 led to 

decreased proliferation in vitro and to diminished tumorigenicity in vivo [67]. 

Conversely, other studies in neuroblastoma showed no correlation between MYCN-

amplification status and LDHA expression levels [82]. 

 

 

1.3 Cancer metabolism - MYCN and HIF-1α in neuroblastoma 

 

The most common genetic aberration and a strong indicator for worse prognosis in 

sporadic NB is the amplification of MYCN, detected in 20-25% of all cases [11, 53, 

77]. MYCN was first described by Schwab et al. in 1983 and encodes a protein with 

a basic helix-loop-helix (bHLH) domain that physiologically plays a crucial role in the 

development of the nervous system [77, 67, 53]. Amplified MYCN gene drives 

malignancy of neuroblastoma through cooperation with other tumorigenic pathways 

[17]. To date there is a total of three genes described encoding for the transcription 

factors MYC, MYCL and MYCN. In various cancers MYC genes affect processes 

like tumor cell proliferation, angiogenesis, metastasis and inhibition of differentiation 

[21]. In neuroblastoma cell lines and primary tumors lacking MYCN amplification, 

MYC is often highly expressed [10, 92]. These observations provide evidence that 

either both, MYC and MYCN, mutually repress each other in an auto-regulatory loop 

or that alterations of either gene suffices to elicit NB. 

Hypoxia is observed in many aggressive solid tumors [80]. In MYCN-amplified NB 

it is known, that lack of oxygen further aggravates malignant tumor phenotype. This 
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hypoxic conditions modulate the gene expression profile in advanced stage NB cell 

lines and primary tumors by activating hypoxia inducible factor (HIF)-1α and HIF-2α 

[67]. Both proteins share several target genes involved in key aspects of cancer 

biology including angiogenesis, metabolism, invasion, metastasis and apoptosis. 

HIF-1α mainly influences glycolysis and epigenetic pathways, whereas HIF-2α 

impacts on the expression of Oct4 (transcription factor in embryonic stem cells) and 

erythropoietin [78, 67]. NB cell lines with amplified MYCN express HIF-1α as the 

dominant form [67]. Under oxygen availability HIF-1α is degraded by the tumor 

suppressor von Hippel-Lindau (VHL) protein, whereas under oxygen deprivation it 

is stabilized and further activated [72]. MYCN amplification in neuroblastoma cell 

lines is associated with HIF-1α expression and both cooperatively regulate the key 

molecules of the Warburg pathway (delineated in 1.3). Thus, the expression of 

GLUT1, PDK1 and LDHA is selectively induced. Along this line, knock-down of 

MYCN in MYCN-amplified NB cell line LAN-5 led to down-regulation of these 

glycolytic molecules [67]. Studies in diverse cancers showed that PKM2, another 

glycolytic enzyme, plays an essential role in maintaining the Warburg effect by 

activating HIF-1α in a feed-forward mechanism [25]. In addition, expression of PDK1 

is directly influenced by HIF-1α itself [47].  

Taken together, collaborative effects of MYCN and HIF-1α switch tumor metabolism 

from TCA cycle and oxidative phosphorylation to a higher rate of aerobic glycolysis. 

 

 

1.4 Preliminary work and aim of the project 

 

At the beginning of this study little was known about the Warburg effect in 

neuroblastoma in general, especially about the relation between MYCN copy 

number and glycolytic gene expression. It was unknown which consequences the 

glycolytic phenotype causes in neuroblastoma. A few enzyme-specific projects in 

NB have been published in the last years. GLUT-1 has been described to be 

increasingly expressed in high-risk and high-grade NB and knockdowns of PKM2 

and LDHA have been shown to inhibit NB proliferation [68, 97, 67]. 

A preceding project of our group showed, that MYCN and BIRC5, which are often 

concomitantly expressed in high risk neuroblastoma, cooperate in inducing aerobic 

glycolysis in a Rat fibroblast cell model system [41]. Cells were retrovirally 
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transduced with both (SN cells) or one (S or N cells) of the oncogenes. LDHA and 

HIF1-α expression was analyzed on protein and on mRNA levels and 

immunohistochemistry was performed in xenograft models. We observed, that 

LDHA as well as HIF1-α, both key players of the Warburg effect, were stronger 

expressed and homogeneously distributed in N and SN tumors [41]. Based on these 

data we aimed to delineate the role of LDHA in NB. We wanted to investigate the 

expression profile of the different key molecules of the Warburg effect in a group of 

several MYCN-amplified and non-amplified neuroblastoma cell lines as well as in 

primary tumors.  

In particular we wanted to know whether the expression levels of LDHA have 

prognostic role in human neuroblastoma. 
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2 Materials and methods 

 

2.1 Materials 

 

2.1.1 Laboratory equipment 

Item Company 

-20°C freezer Liebherr, Biberach, Germany 

37°C incubator Heraeus, Hanau, Germany 

4°C refrigerator Liebherr, Biberach, Germany 

-80°C deep freezer Heraeus, Hanau, Germany 

Centrifuge/ Varifuge 3.OR Heraeus, Hanau, Germany 

Desk centrifuge Eppendorf, Hamburg, Germany 

Keyence microscope BZ-9000 Keyence, Osaka, Japan 

Light microscope (40x-400x) Carl Zeiss, Jena, germany 

LightCycler PCR 2.0 machine Roche, Basel, Switzerland 

NanoDrop 2000 Thermo Scientific, Braunschweig, Germany 

Neubauer chamber Carl Roth GmbH & Co, Karlsruhe, Germany 

PBS Dulbecco’s w/o Ca2+/Mg2+ Biochrom KG, Berlin, Germany 

Pipet-Boy/ AccuJet Brand, Wertheim, Germany 

Pipets 2, 10, 20, 100, 200 µl Eppendorf, Hamburg, Germany 

PTC-200 DNA Engine MJ Research, St.Bruno, QC, Canada 

Superfrost microscope slides Thermo Scientific, Braunschweig, Germany 

Superspeed centrifuge/ RC-5 Thermo Scientific, Braunschweig, Germany 

Thermomixer Eppendorf, Hamburg, Germany 
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2.1.2 Cell culture 

Item Company 

B27®- supplement (50x) Thermo Scientific, Braunschweig, Germany 

DMEM Gibco Invitrogen, Karlsruhe, Germany 

DMEM/F12 Gibco Invitrogen, Karlsruhe, Germany 

EGF 
Milteny Biotech, Bergisch-Gladbach, 
Germany 

EMEM Gibco Invitrogen, Karlsruhe, Germany 

FCS Gibco Invitrogen, Karlsruhe, Germany 

FGF 
Milteny Biotech, Bergisch-Gladbach, 
Germany 

Ham's F12 Gibco Invitrogen, Karlsruhe, Germany 

Heparin Ratiopharm, Ulm, Germany 

L-glutamine Gibco Invitrogen, Karlsruhe, Germany 

LIF Merck Millipore, Billerica, MA, USA 

NEAA Gibco Invitrogen, Karlsruhe, Germany 

Penicillin/ streptomycin Gibco Invitrogen, Karlsruhe, Germany 

Rat tail collagen BD Biosciences, Heidelberg, Germany 

RPMI 1640 medium Gibco Invitrogen, Karlsruhe, Germany 

 

2.1.3 Chemicals and drugs 

Item Company 

25% high concentration matrigelTM BD Biosciences, Heidelberg, Germany 

4-Hydroxytamoxifen Sigma-Aldrich, Munich, Germany 

ATRA Sigma-Aldrich, Munich, Germany 

Bromphenol blue Sigma-Aldrich, Munich, Germany 

Complete Roche Protease Inhibitor Roche, Basel, Switzerland 

DOC Sigma-Aldrich, Munich, Germany 

DTT Sigma-Aldrich, Munich, Germany 
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Igepal (NP 40) Sigma-Aldrich, Munich, Germany 

Ketanest 25mg/ml Pfizer, Berlin, Germany 

Milk powder 5% Carl Roth GmbH & Co, Karlsruhe, Germany 

Rompun 20mg/ml Bayer, Leverkusen, Germany 

SDS Thermo Scientific, Braunschweig, Germany 

Triton X-100 Sigma-Aldrich, Munich, Germany 

Tween 20 Sigma-Aldrich, Munich, Germany 

β-Mercaptoethanol Serva, Heidelberg, Germany 

 

2.1.4 Plasticware 

Item Company   

24 multiwell tissue culture plates Sarstedt, Nümbrecht, Germany 

Collagen-coated cell culture flasks Sarstedt, Nümbrecht, Germany 

Collagen-coated cell culture flasks Sarstedt, Nümbrecht, Germany 

Conical tube polypropylene 15 ml Sarstedt, Nümbrecht, Germany 

Conical tube polypropylene 50 ml Sarstedt, Nümbrecht, Germany 

Disposable tubes (0.5, 1.5, 2 ml) Eppendorf, Hamburg, Germany 

Non adhesive culture dishes Sarstedt, Nümbrecht, Germany 

Pipette tips Sarstedt, Nümbrecht, Germany 

Tissue culture flasks Sarstedt, Nümbrecht, Germany 
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2.1.5 Quantitative reverse transcription PCR 

Item Company 

DEPC Sigma-Aldrich, Munich, Germany 

DNase I Life Technologies, Darmstadt, Germany 

dNTPs Life Technologies, Darmstadt, Germany 

LightCycler Fast Start DNA Master 
SYBR Green I Kit 

Roche, Basel, Switzerland 

LightCycler PCR 2.0 machine Roche, Basel, Switzerland 

PTC-200 DNA Engine MJ Research, St.Bruno, QC, Canada 

Random hexamers Life Technologies, Darmstadt, Germany 

Superscript III First-Strand 
Synthesis System 

Life Technologies, Darmstadt, Germany 

TRIzol Reagent Life Technologies, Darmstadt, Germany 

 

2.1.6 Western Blot 

Item Company 

Acrylamide mix  Sigma-Aldrich, Munich, Germany 

APS Thermo Scientific, Braunschweig, Germany 

Bovine serum albumine Serva, Heidelberg, Germany 

ECL Hyperfilms 
Amersham, GE Healthcare, Freiburg, 
Germany 

ECL western blotting reagent 
Amersham, GE Healthcare, Freiburg, 
Germany 

Full range rainbow moleular weight 
marker 

Amersham, GE Healthcare, Freiburg, 
Germany 

Pierce BCA protein determination 
Kit 

Thermo Scientific, Braunschweig, Germany 

PowerPac™ HC Power Supply 
BioRad Laboratories GmbH, Munich, 
Germany 

TEMED Thermo Scientific, Braunschweig, Germany 

Trans-Blot® SD Demi-Dry Transfer 
Cell System 

BioRad Laboratories GmbH, Munich, 
Germany 

Vertical gel electrophoresis system Peqlab, Erlangen, Germany 
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2.1.7 Histology 

Item Company 

Avidin/biotin blocking system DAKO, Hamburg, Germany 

Biotin-SP-conjugated affini-Pure 
goat anti-rabbit antibody 

Dianova, Hamburg, Germany 

BSA Serva, Heidelberg, Germany 

DAPI Life Technologies, Darmstadt, Germany 

Diff-Quik staining set MICROPTIC, Barcelona, Spain 

Donkey-anti-rabbit labeled with 
Alexa Fluor 488 

Life Technologies, Darmstadt, Germany 

Eosin Y Sigma-Aldrich, Munich, Germany 

Faramount aquaeuos mounting 
medium 

DAKO, Hamburg, Germany 

Flourescent mounting medium DAKO, Hamburg, Germany 

Gill's no.2 hematoxylin Sigma-Aldrich, Munich, Germany 

Meyer's hematoxylin Sigma-Aldrich, Munich, Germany 

Monoclonal rabbit anti-human 
LDHA/C antibody 

Cell Signalling, Denver, MA, USA 

NeoMount non aqueous mounting 
medium 

Merck Millipore, Billerica, MA, USA 

Normal goat serum Sigma-Aldrich, Munich, Germany 

REAL detection system DAKO, Hamburg, Germany 

Streptavidin-alkaline-phosphatase Dianova, Hamburg, Germany 

 

2.1.8 Software 

Item Company 

LightCycler software version 4.1 Roche, Basel, Switzerland 

GraphPad Prism 6 GraphPad Software, San Diego, CA, USA 

Keyence hybrid cell count software 
BZ-H2C 

Keyence, Osaka, Japan 

Rstudio Rstudio Software, Boston, MA, USA 
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2.2 Methods 

 

2.2.1 Cell lines 

 

The human neuroblastoma cell lines IMR-32, LAN-5, Kelly, SH-EP and SH-SY5Y 

were acquired from DMSZ (Deutsche Sammlung von Mikroorganismen und 

Zellkulturen, Braunschweig, Germany). SK-N-AS, SK-N-SH and SK-N-BE(2)-C 

were purchased from ATCC (American Type Culture Collection, LGC Standard, 

Wesel, Germany). U-NB1 cells are a primary low passage neuroblastoma cell line, 

established from a 4-year-old patient with a MYCN-non-amplified abdominal tumor 

without deletion of 1p36, which is described in [73]. U-NB2 cells were established in 

our lab from an undifferentiated, retroperitoneal located, MYCN-amplified and 1p36- 

deleted tumor of a 6-year-old patient after 3 cycles of chemotherapy [26]. 

SH-EP, Kelly and U-NB1 cells were cultured in RPMI 1640 medium (Gibco), which 

was completed with 10% FCS (Gibco), 2mM L-glutamine (Gibco) and 100U/ml 

Pen/Strep (Gibco). U-NB1 cells were grown in collagen-coated cell culture flasks 

(50µg/ml type 1 rat tail collagen, Sarstedt), which were coated with collagen I for 1h 

and washed twice with phosphate-buffered saline solution (PBS, without Ca2+, Mg2+; 

Biochrom). SK-N-AS cells were cultured in Dulbecco’s minimum essential medium 

(DMEM, Gibco) supplemented with 10% FCS, 2mM L-glutamine and 100 U/ml 

Pen/Strep, SK-N-SH cells in Eagle’s Minimum Essential Medium (EMEM, Gibco) 

with 10% FCS and 100U/ml Pen/Strep, and SH-SY5Y cells in DMEM supplemented 

with 20% FCS, 2mM L-glutamine and 100U/ml Pen/Strep. SK-N-BE(2)-C cells were 

cultivated in a 1:1 mixture of EMEM and Ham’s F12 (Gibco), with 10% FCS, 100U/ml 

Pen/Strep, 2mM L-glutamine and 1x non-essential amino acids (NEAA, Gibco). 

IMR-32 and Lan-5 cells were cultured in RPMI 1640 with 20% FCS, 2mM L-

glutamine, NEAA and 100U/ml Pen/Strep. U-NB2 cells were grown in non-adhesive 

culture dishes in a special tumor sphere medium, which is composed of serum-free 

DMEM/F12 medium (Gibco) supplemented with 2mM L-glutamine, 100U/ml 

Pen/Strep, 10I.U./ml heparin (Ratiopharm), 20ng/ml of LIF (Merck Millipore), 1xB27 

(50x, Thermo Scientific), 20ng/ml of basic fibroblast growth factor (FGF) and 

20ng/ml of epithelial growth factor (EGF) (Miltenyi Biotech). The growth factors FGF 

and EGF were added twice a week. Every cell line was cultivated in humid 
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conditions with 5% CO2 at 37°C. The identity of the used cell lines was confirmed 

by short-tandem-repeat profiling in our laboratory. 

 

2.2.2 Buffer solutions 

 

PBS (1x, unsterile, pH 7.4) 

 NaCl     137mM 

 KCl     2.7mM 

 Na2HPO4    10mM 

 KH2PO4    1.8mM 

 

PBST (wash buffer) 

 PBS     1x 

 Tween 20    0.1% 

 

TBS (Tris-Buffered Saline, 1x, pH 7.5) 

 Tris-Cl     50mM 

 NaCl     150mM 

 

TBST (wash buffer) 

 TBS     1x 

 Triton X-100    0.025% 

 

RIPA Lysis Buffer 

 Tris (pH 8)    50mM 

 NaCl     150mM 

 Igepal (NP 40)   1% 

 SDS     0.1% 

 Sodium deoxycholate  1% 

 EDTA (pH 8)    1mM 

 2mM DTT (dithiothreitol) 

 75µl/ml Complete Roche Protease Inhibitor (Roche) 

 Dissolved in water according to manufacturer’s manual 
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Laemmli Lysis Buffer 

Glycerol    10% 

Urea     6M 

Tris-HCl (pH 6.8)   62.5mM 

 SDS     2% 

 Bromphenol blue   0.00125% 

β-Mercaptoethanol   5% 

 

Laemmli Loading Buffer (1x) 

 Tris-HCl (pH 6.8)   62.5mM 

 Glycerol    10% 

 SDS     2% 

 Bromphenol blue   0.0025% 

 β-Mercaptoethanol   5% 

 

Running Buffer (5x) 

 Tris     25mM 

 Glycine    0.25mM 

 SDS     0.1% 

 

Blotting Buffer 

 Tris     48mM 

Glycine    39mM 

SDS     10% 

Methanol    20% 

 

Blocking Buffer 

Milk powder 5% (low fat, Carl Roth GmbH) in PBST. 

 

Trisodium Citrate Buffer (pH 6) 

 Trisodium citrate dehydrate 10mM 

 Tween 20    0.05% 
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2.2.3 Reverse transcription PCR 

 

RNA isolation and cDNA synthesis 

RNA was isolated from cultivated NB cells by TRIzol Reagent (Life Technologies) 

according to manufacturer’s protocol. Quality and quantity was evaluated using 

NanoDrop 2000 (Thermo Scientific). Isolated RNA was treated with DNase I (Life 

Technologies). cDNA was synthesized using 1μg of RNA, 1µl random hexamers 

(Life Technologies), 1µl dNTPs and the SuperScript III First-Strand Synthesis 

System (Life Technologies) according to manufacturer’s manuals. For incubation 

steps the PTC-200 DNA Engine (MJ Research) was used.  

 

qRT-PCR 

Quantitative real-time PCR was performed using LightCycler Fast Start DNA Master 

SYBR Green I Kit (Roche) and the LightCycler 2.0 PCR machine (Roche). 

Sequences of used primer pairs are shown in Table 1. Annealing temperature was 

adjusted to each primer pair separately. cDNA samples were diluted 1:5 with DEPC- 

treated H2O.  

 

PCR mixture was prepared as follows: 

H2O     4.7µl 

 MgCl2     0.8µl 

 LightCycler mix   1µl 

  forward primer (5mM)  0.5µl 

  reverse primer (5mM)  0.5µl 

  cDNA (1:5)    2.5µl 

 

PCR conditions were as follows: 

Denaturation:  95°C, 10min, 1 cycle 

Amplification: 40 cyles 

Denaturation: 95°C, 10sec 

 Annealing:  58°C, 10sec 

 Extension:  72°C, 10sec 

Melting curve: 1 cycle 

 95°C, 0sec 
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 60°C, 15sec 

 95°C, 0sec 0.05°C/sec 

Cooling:  1 cycle 

 40°C, 0sec 

 

Data was analysed using the LightCycler® software version 4.1. (Roche). Relative 

mRNA expression was calculated by 2-Ct method [74]. The mRNA level of genes 

investigated was normalized to the mRNA expression of human ACTIN respectively. 

 

Table 1: Overview of primer pairs used for PCR analysis.  

(fw= forward primer, rev= reverse primer, bp= base pairs) 

Gene Sequence Annealing 

temperature 

(°C) 

Amplicon 

size 

(bp) 

LDHA fw 5‘-GTTTCCACCATGATTAAGGGTCT-3‘ 

rev 5‘-ACATGCACAACCTCCACCTA-3‘ 

 

60 

 

251 

GLUT1 fw 5‘-CTGGCATCAACGCTGTCTTCTATTACTCCAC-3‘ 

rev 5‘-GGCCACGATGCTCAGATAGGACATCCAG-3‘ 

 

60 

 

259 

PKM2 fw 5‘-TCTGTGCTACTCAGATGCTGG-3‘ 

rev 5‘-CTGTGGGGTCGCTGGTAATG-3‘ 

 

58 

 

255 

PDK1 fw 5‘-GGAGGTCTCAACACGAGG-3‘ 

rev 5‘-CGCTGGGTAATGAGGATTTG-3‘ 

 

58 

 

125 

ACTIN fw 5‘-TCACCCTGAAGTACCCCATC-3‘ 

rev 5‘-TAGCACAGCCTGGATAGCAA-3‘ 

 

58 

 

227 

ODC1 Fw 5’GCCCGCTGTGTTTTTGACAT-3‘ 

Rev 5’ACGCCGGTGATCTCTTCAAA-3‘ 

 

60 

 

119 
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2.2.4 Western Blot Analysis 

 

Protein isolation and measurement of concentration 

Protein of NB cell lines was isolated using RIPA lysis buffer (components shown in 

2.2). Cells were harvested, cell pellets were washed twice with PBS, briefly frozen 

in liquid nitrogen and suspended in double volume (1:2) of RIPA lysis buffer. The 

suspension was incubated for 15min on ice, further centrifuged at 13000 x g and 

4°C for 15min. The supernatant was transferred into a new tube and protein 

concentration was measured using the Pierce BCA protein determination kit 

(Thermo Scientific) according to manufacturer’s manual. 40µg of protein were 

subjected to Western Blot analysis. 

 

SDS Page and Western Blot 

Resolving and stacking gels for SDS-polyacrylamide gel electrophoresis (SDS-

PAGE) were prepared as follows: 

Table 2. Solutions for 12% resolving and 5% stacking gel for SDS-PAGE 

Resolving gel Volume (ml) for 25ml 

H2O 8.2 

30 % acrylamide mix  10.0 

1.5 M Tris (pH 8.8) 6.3 

10 % SDS 0.25 

10 % APS 0.25 

TEMED 0.01 

Stacking gel Volume (ml) for 10ml 

H2O 6.8 

30 % acrylamide mix 1.7 

1 M Tris (6.8) 1.25 

10 % SDS 0.1 

10 % APS 0.1 

TEMED 0.01 
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Before the samples were loaded, 40µg of protein were mixed with 5µl of 6x Laemmli 

loading buffer (components shown in 2.2), filled up with hypotonic buffer to a final 

volume of 30µl and heated at 95°C for 5min. As marker for protein size 6µl of full 

range rainbow molecular weight marker (Amersham, GE Healthcare), was loaded 

separately. Gel ran by a vertical gel electrophoresis system (Peqlab) with 1x running 

buffer (components shown in 2.2) at 30mA for 20min and then at 50mA for another 

2– 4h (PowerPacTM HC Power Supply, BioRad Laboratories GmbH). Subsequently, 

gels were blotted with 1mA/cm2 for 1h onto HybondECL nitrocellulose membranes 

(Amersham, GE Healthcare) using the Trans-Blot® SD Semi-Dry Transfer Cell 

system (BioRad Laboratories GmbH). The membranes were washed 3 x 5min with 

PBST and blocked with blocking buffer (components shown in 2.2) for about 1h at 

RT with agitation. Afterwards membranes were washed once with PBST and the 

primary antibody in respective dilutions (Table 3) in 1% BSA/0.1% Azide in PBS, 

was added and incubated over night at 4°C and agitation. Before secondary 

antibody was added the membranes were washed 3 x with PBST for 15min. 

Secondary antibody, chosen according to host species of primary antibody, was 

diluted in PBST with 5% Milk Powder and the membranes were treated for 1h at RT 

with agitation. Primary and Secondary antibodies are listed in Table 3 below. For 

detection of antibodies’ chemiluminescence ECL western blotting reagent 

(Amersham, GE Healthcare) and ECL Hyperfilms (Amersham, GE Healthcare) were 

used. 
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Table 3: Antibodies used for Western Blotting 

Primary antibody Dilution Host species 

anti-human-MYCN (cat. WH0004613M1, Sigma-Aldrich) 1:7000 Mouse 

anti-human-Survivin (cat.  AF886, R&D Systems, MN, USA) 1:1000 Rabbit 

anti-human/rat-LDHA/C (cat.  3558, Cell Signaling) 1:1000 Rabbit 

anti-human-LDHA (cat.  SAB110050, Sigma-Aldrich) 1:5000 Rabbit 

anti-human/rat-β-Actin (cat.  A5441, Sigma-Aldrich) 1:10000 Mouse 

anti-GLUT1 (cat.  NB110-39113, Novus Biologicals, 

Cambridge, UK) 

1:8000 Rabbit 

anti-PKM2 (cat.  3198S, Cell Signaling) 1:1000 Rabbit 

anti-PDK1 (cat.  NBP1-95527, Novus Biologicals, 

Cambridge, UK) 

1:1000 Rabbit 

Secondary antibody   

Anti-rabbit IgG-HRP (cat.  sc-2004, Santa Cruz 

Biotechnology, Santa Cruz, CA, USA) 

1:5000 Goat 

Anti-mouse IgG-HRP (cat.  sc-2005, Santa Cruz 

Biotechnology) 

1:10000 Goat 

 

 

2.2.5 MYCN-ER translocation 

 

To determine the influence of MYCN translocation on the expression of enzymes 

involved in the Warburg pathway, we used SH-EP cells expressing MYCN-ER [5]. 

The cells were cultured in RPMI 1640 medium (Gibco), completed with 10% FCS 

(Gibco), 2mM L-glutamine (Gibco), 100U/ml Pen/Strep (Gibco) and supplemented 

either with or without 300nM 4-Hydroxytamoxifen (4-OHT, Sigma-Aldrich). Efficacy 

of MYCN–translocation, thus activation was evaluated by measuring the mRNA 

expression of ornithine decarboxylase 1 (ODC1) by quantitative RT-PCR. ACTIN 

was applied as internal control. RT-PCR was performed using LightCycler Fast Start 

DNA Master SYBR Green I Kit (Roche) and the LightCycler 2.0 PCR machine 
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(Roche). Analysis was performed using the LightCycler® software version 4.1. 

(Roche). Relative mRNA expression was calculated by the 2-∆∆Ct method and was 

normalized to mRNA expression of the human housekeeping gene ACTIN. Primer 

sequences are shown in Table 1. 

 

 

2.2.6 Subcutaneous NB xenografts 

 

For subcutaneous (s.c.) transplantation, immunodeficient RAG2 (recombination-

activating gene 2)-/- common gamma chain (truncated common cytokine receptor γ 

chain) -/- (RAG2-/-/ γC-/-) male and female mice (6-8 weeks old, bred in the 

Tierforschungszentrum of Ulm University) were used. The animals were housed in 

sterile isolators under pathogen-free conditions and were fed ad libitum with sterile 

water and food pellets. Mice handling was performed under aseptic conditions. NB 

cell lines LAN-5, SK-N-AS and SK-N-BE(2)-C were chosen for injection into male or 

female mice. They were engrafted with LAN-5 (n=3, female), SK-N-BE(2)-C (n=3, 

female)  and SK-N-AS (n=2, male) cell lines.  A total of 5x105 viable cells per mouse 

were prepared in 25% high concentration matrigelTM (BD Biosciences) dissolved in 

DMEM/F12 (Gibco). Mice were anaesthetized by intramuscular injection of a mixture 

of Rompun 20mg/ml (Bayer) and Ketanest 25mg/ml (Pfizer). Subsequently, 50µl of 

the NB cell suspension was injected subcutaneously into the left flank. The animals 

were monitored at regular intervals by palpation for the appearance of tumors and 

for evidence of morbidity. When tumors became palpable, tumor size was measured 

using a caliper. Mice were sacrificed when tumors reached 1.5cm in diameter or 

when tumors penetrated the skin. All experiments were done according to state and 

institutional regulation for care and protection of research animals. 
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2.2.7 Glucose, lactate and ATP measurements in vivo 

 

Tumor samples were shock-frozen after extraction and analyzed for glucose, lactate 

and ATP content by induced metabolic bioluminescence imaging as described 

previously [90]. The analyses were performed by Prof. Wolfgang Mueller-Klieser 

(Institute of Physiology and Pathophysiology, University of Mainz). Briefly, cryostat 

sections of shock-frozen tissue specimens were immersed into an enzyme solution. 

Defined steps of temperature increase melted the tissue sections and induced 

enzymatic reactions leading to emission of light. The light reaction was registered 

with a microscope (Axiophot, Zeiss, Germany) and an ultrasensitive video system 

(Ancor, UK). Finally, the local metabolite level was calculated in micromoles per 

gram (µmol/g) of tissue. 

 

 

2.2.8 Immunohistochemistry of LAN-5, SK-N-AS und SK-N-BE(2)-C tumor  

tissue samples 

 

Xenotransplanted NB tumor tissue specimens were formalin-fixed for 2h and 

paraffin-embedded. Tissue samples were prepared as 3µm thick slices and were 

deparaffinized and rehydrated prior to hematoxylin/ eosin (H&E) staining by 

incubating the slides three times in xylol for 5 minutes, 2 x 5 minutes in 100% 

ethanol, 5 minutes in 95% ethanol, 5 minutes in 70% ethanol and finally in double 

destilled water (ddH2O). H&E staining was performed according to standard 

protocols by the Institute for Pathology of the University Medical Center Ulm. Briefly, 

the tumor tissue samples were stained for 4 minutes in Gill’s no.2 hematoxylin 

(Sigma-Aldrich). To develop the blue staining, slides were rinsed in running tap 

water for 3 minutes. Slides were transferred into 95% ethanol, followed by staining 

with Eosin Y (Sigma-Aldrich) for 50 seconds. For dehydration, samples were 

washed once with 95% ethanol, incubated 3 x 1 minute in 100% ethanol, 3 x 3 

minutes in xylol and finally mounted in Neo-mount® non-aqueous mounting medium 

(Merck Millipore). LDHA staining of the samples was performed as described in 

2.10. 
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2.2.9 Hematoxylin and eosin stain of human primary neuroblastoma tissue 

samples 

 

Tissue samples of human primary tumors were provided by the Neuroblastoma 

Tumor Bank in Cologne and the Pediatric Tumor Registry Kiel. The tissue slices 

were 3µm thick, formalin-fixed and paraffin-embedded. H&E staining was performed 

according to standard protocols by the Institute for Pathology of the University 

Medical Center Ulm, as described above. 

 

 

2.2.10 Immunohistochemical staining of LDHA in tumor tissue samples 

 

LDHA is a cytoplasmatically localized protein, which is highly expressed in several 

cancer cells. Human adenocarcinoma of the prostate was used as a positive control 

and to establish the staining. The tissue slices were 3µm thick, formalin-fixed and 

paraffin-embedded. The specimens were deparaffinized and rehydrated by 

immersing the slides four times in xylol for 3 minutes, 2 x 3 minutes in 100% ethanol, 

2 x 3 minutes in 95% ethanol, 2 x 3 minutes in 70% ethanol and finally 2 x 3 minutes 

in ddH2O. For antigen retrieval the samples were heated in 10mM trisodium citrate 

buffer (components shown in 2.2) in a domestic microwave at 300W for 20 minutes 

and cooled to RT for another 20 minutes. Afterwards superficially located 

immunglobulins were blocked with 10% normal goat serum (Sigma-Aldrich) and 1% 

BSA (bovine serum albumin, Serva) in TBS (components shown in 2.2) for 1h at 

RT. To block endogenous avidin and biotin activity the samples were treated with 

avidin/biotin blocking system (DAKO) according to manufacturer’s protocol. 

Samples were incubated with avidin-solution for 10 minutes at RT, washed once 

with TBS and incubated with biotin-solution for 10 minutes at RT and again rinsed 

once with TBS. Primary antibody, monoclonal rabbit anti-human LDHA/C (Cell 

Signaling), was diluted 1:200 in 1% BSA/TBS and incubated over night at 4°C. After 

washing the slides 3 x 3 minutes with 0.025% Triton X-100/TBS, secondary 

antibody, a biotin-SP-conjugated affini-Pure goat anti-rabbit antibody (Dianova), 

diluted 1:500 in 1 %BSA/TBS, was added for 1h at RT. Subsequently, the tissue 

specimens were rinsed 3 x 3 minutes with 0.025% Triton X-100/TBS, treated with 
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streptavidin-alkaline-phosphatase (Dianova), at a dilution of 1:500 in TBS, for 

30 minutes at RT and washed 3 x 5 minutes with TBS. For detection, the REAL 

detection system (DAKO) was used according to manufacturer’s manual. Briefly, a 

mixture of alkaline phosphatase substrate buffer containing levamisol and three 

different chromogens, was added to the slides for 15 – 20 minutes. After washing 

the samples once with ddH2O, nuclei were counterstained by Meyer’s hematoxylin 

(Sigma-Aldrich) for 30 seconds. For blueing, the slides were rinsed with running tab 

water for 10 minutes and finally mounted with faramount aquaeous mounting 

medium (DAKO). Slides were analyzed by microscopy using Keyence microscope 

BZ-9000 (Keyence) and Keyence BZ software. 

 

 

2.2.11 Analysis of LDHA-positive area in immunohistochemically stained 

tissue samples 

 

Slides of NB tumors were scanned by Keyence microscope BZ-9000 (Keyence) and 

analyzed for LDHA positive area by Keyence hybrid cell count software BZ-H2C and 

BZ-H2AE. Briefly, whole tumor area was measured and percentage of LDHA 

positive area was calculated as shown in Figure 2. 
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Figure 2. LDHA positive area was measured by hybrid cell count. Whole tumor area (blue) and 
LDHA positive area (green) were measured as µm2. LDHA = lactate dehydrogenase A. 

 

 

2.2.12 Differentiation of SH-SY5Y and SK-N-BE(2)-C cells 

 

For differentiation 2.5x104 of SK-N-BE(2)-C and SH-SY5Y cells were seeded onto 

collagen-coated cover slips in 24-well-plates for immunocytological analysis and 

Diff-Quik staining (see 2.10.1). 2x105 SK-N-BE(2)-C and SH-SY5Y were seeded in 

collagen-coated cell culture flasks for investigation of LDHA mRNA expression by 

quantitative RT-PCR and protein level by Western Blot Analysis as described in 2.3 

and 2.4. NB cells were treated with 5µM ATRA (all-trans-retinoid-acid, Sigma-

Aldrich) in medium supplemented with 2% (SK-N-BE(2)-C) or 5% (SH-SY5Y) FCS 

over a time period of 8 days, control cells were treated with 0.015% DMSO and cell 

line-specific medium (as described in 2.1). 

 

Diff-Quik stain 

Cover slips were stained with Diff-Quik staining set (MICROPTIC) according to 

manufacturer’s manual. Briefly, to fix the cells, cover slips, sitting in 24-well-plates, 

were covered 5 times for 1sec. with Diff-Quick Fix (Fast green in Methanol). 

Followed by staining steps with Diff-Quik I (Eosin Y) and Diff-Quick II (Thiazine Dye) 
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5 times for 1sec. Slides were finally covered with Neo-Mount® mounting medium 

(Merck Millipore). 

 

Immunocytology 

To microscopically investigate cytoplasmic and nuclear distribution of LDHA in 

differentiated compared to non-differentiated cells NB cells were fixed at 6 and 8 

days of differentiation with 4% formaldehyde in PBS for 5min at RT. Samples were 

washed once with PBS, fixed again with 95% ethanol and 5% glacial acid for 10min 

at -20°C and washed 3x5min with PBS. Subsequently, cells were permeabilized 

with 0.3% Triton-X for 10min and washed 5x5min with PBS. Immunoglobins were 

blocked with 0.5% BSA (Serva) and 10% NGS in PBS for 30min. Afterwards primary 

antibody, rabbit-anti-human-LDHA/C (Cell Signaling) was diluted 1:200 in PBS with 

1% NGS and 0.5% BSA and samples were incubated over night at 4°C and 

agitation. After another wash step of 5x5min in PBS, secondary antibody, donkey-

anti-rabbit labeled with Alexa Fluor 488 (Life Technologies), diluted 1:400 in PBS 

with 1% NGS and 0.5% BSA, was added and samples were incubated 1h in the 

dark at RT and agitation. Samples were washed 3x5min with PBS and incubated 

for nuclear staining with DAPI (Life Technologies), diluted 1:5000 in PBS, for 5min 

at RT. Cover slips were washed twice and finally mounted with fluorescent mounting 

medium (DAKO). Stained cells were analyzed by microscopy using Keyence 

microscope BZ-9000 (Keyence) and Keyence BZ software. 

 

 

2.2.13 Statistical analysis 

 

Median, SEM and confidence intervals were calculated and plotted using GraphPad 

Prism 6 (GraphPad Software) and RStudio (RStudio Software). For determination 

of significance, the data was statistically analyzed using Student’s unpaired t-test 

and Fisher’s exact test for count data. P < 0.05 was considered to be significant. *P 

< 0.05; **P < 0.01; ***P < 0.001; ns: not significant. 
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3 Results 

In this study we investigated the expression of key regulator molecules of the 

Warburg effect in NB with emphasis on the role of LDHA in this malignancy. 

 

3.1 Warburg enzymes are expressed in NB cell lines irrespective 

of MYCN levels 

 

3.1.1 NB cell lines express GLUT1, PKM2, PDK1 and LDHA irrespective of 

MYCN 

 

Since there is no comprehensive study available about the Warburg effect in NB, 

we decided to first test different NB cell lines, both MYCN-amplified and non-

amplified, for the expression of the key molecules contributing to the Warburg 

phenotype. To this end, we chose Kelly, LAN-5, IMR-32 and SK-N-BE(2)-C cells, as 

each of them shows high MYCN amplification and SH-EP, SK-N-AS, SK-N-SH and 

SH-SY5Y, as they are not MYCN-amplified. In addition, we examined U-NB1 and 

U-NB2, two primary low-passage cell lines established in our laboratory. U-NB1 

cells were isolated from a MYCN-non-amplified NB of a four year old child and U-

NB2 cells were derived from a child at 6 years of age with a MYCN-amplified high 

risk tumor, after three cycles of chemotherapy [73].  

First, we examined the expression of each of the Warburg key actors on the mRNA 

level: GLUT1 mRNA was expressed in each cell line. Conspicuously, LAN-5 cells 

showed above-average expression (Figure 3). PKM2 mRNA was present in all cell 

lines investigated, however, it was expressed at higher levels in MYCN-amplified 

LAN-5, IMR-32 and SK-N-BE(2)-C cells and in non-amplified SK-N-AS cells, highest 

in U-NB1 cells (Figure 3). PDK1 mRNA was expressed at rather low levels, except 

in LAN-5 cells, where distinctive levels of the enzyme were measured (Figure 3). 

As shown in the same figure, both MYCN-amplified cell lines LAN-5 and U-NB2 and 

MYCN-non-amplified cell lines SH-EP and U-NB1 showed enhanced LDHA mRNA 

expression, compared to the other cell lines. Surprisingly, SK-N-BE(2)-C cells 

apparently lack LDHA mRNA as well as PDK1 mRNA expression. 
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Figure 3. mRNA of GLUT1, PKM2, PDK1 and LDHA are expressed in human neuroblastoma 
cell lines independently of MYCN amplification status. Different MYCN-amplified (red) and non-
MYCN-amplified (blue) human neuroblastoma cell lines were analyzed by qRT-PCR. GLUT1, PKM2, 

PDK1 and LDHA expression was measured relative to ACTIN and calculated by the 2-Ct method. 
The experiments were performed in duplicates and repeated once, with similar results. Medians are 
shown. GLUT1 = glucose transporter 1; PKM2 = pyruvate kinase type M2; PDK1 = pyruvate 
dehydrogenase kinase isoenzyme 1; LDHA = lactate dehydrogenase A; mRNA = messenger 
ribonucleic acid; MYCN = v-myc avian myelocytomatosis viral oncogene neuroblastoma derived 
homolog, qRT-PCR = quantitative real-time polymerase chain reaction. 

 
To confirm these observations, protein levels of the enzymes were analyzed by 

Western Blot. The protein expression of GLUT1, PKM2, PDK1 and LDHA was 

comparable to that detected on the mRNA level. Of note, the MYCN-non-amplified 

primary cell line U-NB1 seemingly expresses higher amounts of GLUT1, PKM2, 

PDK1 and LDHA protein than MYCN-amplified U-NB2 primary cell line (Figure 4).  
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Figure 4. GLUT1, PKM2, PDK1 and LDHA protein is expressed in NB cell lines and primary 
cell cultures, with no association to MYCN amplification. Western Blot analysis of the Warburg 
enzymes is shown. ACTIN is depicted as loading control. The experiments were repeated twice with 
similar results. GLUT1 = glucose transporter 1; PKM2 = pyruvate kinase type M2; PDK1 = pyruvate 
dehydrogenase kinase isoenzyme 1; LDHA = lactate dehydrogenase A; MYCN = v-myc avian 
myelocytomatosis viral oncogene neuroblastoma derived homolog; NB = neuroblastoma. 

 
To investigate LDHA expression in vivo, LAN-5, SK-N-AS and SK-N-BE(2)-C cells 

were subcutaneously transplanted into immunodeficient mice. Formalin-fixed and 

paraffin-embedded tumor tissue samples were subjected to immunohistochemical 

staining for LDHA. As expected, LDHA was highly expressed in LAN-5 tumors and 

also in SK-N-AS tumors, whereas tumors derived from SK-N-BE(2)-C cells were 

completely devoid of LDHA protein (Figure 5) [27]. 
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Figure 5. LDHA is highly expressed in the cytoplasm of xenografted tumors derived from 
LAN5 and SK-N-AS cells, but is not expressed in SK-N-BE(2)-C cell tumors. NB cell lines were 
injected subcutaneously into RAG2-/-/ common γ-chain-/- mice. Mice were sacrificed and tumors 
were formalin-fixed, paraffin-embedded and subjected to immunohistochemical staining of human 
LDHA. Stained LAN5 (upper panel), SK-N-AS (middle panel) and SK-N-BE(2)-C (lower panel) cell 
tumors. Bars equal 100 µm and 50 µm (insets). LDHA = lactate dehydrogenase A; mRNA = 
messenger ribonucleic acid; NB = neuroblastoma. (Previously published in [27]) 
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Taken together, these data show that all NB cell lines investigated express the key 

enzymes of the Warburg effect, albeit at different levels. Interestingly, there was no 

clear evidence for an association of expression with MYCN status. Of note, mRNA 

of all enzymes is highly expressed in the MYCN-amplified LAN-5 cells compared to 

the other cell lines. Intriguingly, expression of LDHA, a major enzyme of aerobic 

glycolysis, is nearly absent both on the mRNA and protein levels in vitro and in vivo 

in the paradigmatic MYCN-amplified cell line SK-N-BE(2)-C. The same was evident 

for PDK. 

 

3.1.2 Acute activation of MYCN alters the expression of the Warburg 

enzymes 

 

To investigate the influence of acute MYCN activation on the expression of the 

Warburg genes GLUT1, PKM2, PDK1 and LDHA, we used the MYCN-non-amplified 

SH-EP cells. In these cells human MYCN cDNA is fused to the alpha-domain of the 

estrogen receptor (MYCN-ER). This leads to sequestration of the MYCN-ER 

construct in the cytoplasm [86]. Treatment with 4-hydroxytamoxifen (4-OHT) 

induces the nuclear translocation of MYCN-ER and thus leads to a conditional 

activation of MYCN. To determine, whether MYCN was effectively activated by 

MYCN-ER translocation, transcriptional activation of the MYCN target gene 

ornithine decarboxylase (ODC1) was analyzed using qRT-PCR. ODC1 was 

markedly induced in SH-EP-MYCN-ER cells during tamoxifen treatment (Figure 6A). 

This shows, that MYCN was successfully activated upon translocation of MYCN-

ER. In addition, we investigated whether mRNA expression of GLUT1, PKM2, PDK1 

and LDHA was altered by MYCN activation. In tamoxifen treated cells mRNA levels 

of GLUT1 and LDHA significantly increased in MYCN activated cells, whereas the 

expression of PDK1 showed an increasing trend. Interestingly, PKM2, as the 

gatekeeper of the glycolytic pathway, decreased when MYCN was activated (Figure 

6B). Next, we verified the enzyme expression on protein level. There was no clear 

difference of GLUT1, PKM2, PDK1 and LDHA expression detectable in the cells 

upon MYCN activation (Figure 6B). 

Taken together, these data demonstrate, that acute activation of MYCN results in 

increased GLUT1, LDHA and PDK1 mRNA expression and in reduced PKM2 mRNA 

expression. However, no change is evident on the protein level. 
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Figure 6. Activation of MYCN in neuroblastoma cells affects expression of the Warburg 
enzymes.  
(A) ODC1 induction indicates MYCN activation. SH-EP-MYCN-ER cells were treated either with 
the vehicle (-) or with tamoxifen (+) for 24h. Using qRT-PCR the amount of ODC1 mRNA relative to 
ACTIN was determined in duplicates. Results represent three independent experiments, calculated 

by 2-Ct method. Statistical analysis was performed with unpaired two-tailed student’s t-test. ** p< 
0.01. (B) mRNA of GLUT1 and LDHA is significantly higher expressed during MYCN activation 
whereas protein levels of all enzymes are not influenced. SH-EP-MYCN-ER cells were treated 
as indicated in (A). Quantitative RT-PCR of the genes GLUT1, PKM2, PDK1 and LDHA was 
performed. mRNA expression of tamoxifen treated SH-EP-MYCN-ER cells was calculated relative 

to untreated SH-EP-MYCN-ER cells using 2-Ct method. ACTIN was used as housekeeping gene. 
Means of 3 independent experiments, performed in duplicates, are shown. P values were determined 
using unpaired two-tailed student’s t-test; * p<0.05, ** p< 0.01, *** p<0.001, n.s., not significant. 
Western Blot analysis of SH-EP-MYCN-ER cells was performed after 24 h of tamoxifen or vehicle 
treatment. ACTIN was used as a loading control. One representative Western Blot of each enzyme 
is shown. GLUT1 = glucose transporter 1; PKM2 = pyruvate kinase type M2; PDK1 = pyruvate 
dehydrogenase kinase isoenzyme 1; LDHA = lactate dehydrogenase A; mRNA = messenger 
ribonucleic acid; MYCN = v-myc avian myelocytomatosis viral oncogene neuroblastoma derived 
homolog; ODC1 = ornithine decarboxylase 1; qRT-PCR = quantitative real-time polymerase chain 
reaction. (Parts published in [27]) 
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3.2 The core Warburg enzyme LDHA is expressed in patient NB, 

where it correlates with known risk factors 

 

3.2.1 In patient NB LDHA expression is correlated with tumor aggressiveness 

 

Next, we extended our investigation into clinically relevant patient tumors. We 

decided to analyze primary tumor samples for LDHA expression by 

immunohistochemical staining.  

A panel of 112 tumors from initial diagnosis was provided by the Neuroblastoma 

Tumor Bank in Cologne and the Pediatric Tumor Registry Kiel. The tumors were 

categorized according to International Neuroblastoma Risk Group Criteria (INRG) 

[53]. The panel comprised tumors of the following risk groups: low risk (n=32), 

medium risk (n=12), MYCN-non-amplified high risk (n=33) and MYCN-amplified 

high risk (n=35). Furthermore, the panel contained tumors of stage 1-3 (n=45), 

analyzed as one group, and of stage 4 (n=59). Stage 4S tumors (n=8) were 

excluded. Most of the tumors arose from adrenal glands (n=70) or from sympathetic 

ganglia in the abdomen (n=30), whereas only a few were located thoracically (n=8), 

cervically (n=2) or in the pelvis (n=2). Histology was determined using the INPC 

classification scheme. The cohort consisted of differentiating (n=7), poorly 

differentiated (n=83) and undifferentiated (n=7) NB. There were some 

ganglioneuroblastoma (n=8) and some tumors with unknown INPC status (n=7), 

which were consequently not included in the analysis. Patient’s age at diagnosis 

was categorized as younger than 18 months (n=47) or older (n=65).  

The tumors were delivered as formalin-fixed and paraffin-embedded slides. 

Immunohistochemical staining of LDHA was first established on abundantly 

available adenocarcinoma of the prostate.  

The human NB samples showed marked heterogeneity and exhibited a multifaceted 

pattern of LDHA expression (Figure 7). 
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Figure 7. LDHA expression pattern is heterogeneous in patient neuroblastoma. 
Immunohistochemical staining for LDHA was carried out on 112 primary tumors. Representative 
tumors of focal expression (upper panel), homogeneous expression (middle panel) and almost 
absent expression (lower panels) are shown. Shown are merged photographs. Bars equal 2mm. 
LDHA = lactate dehydrogenase A. 
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As described above, the majority of the tumors arose in the adrenal gland. Since it 

is known, that cells of the adrenal cortex and brown adipocytes strongly express 

LDHA, they were chosen as internal positive control to define staining intensity 

(Figure 8). 

Figure 8

 

Figure 8. The positive internal controls brown adipose tissue and the adrenal cortex strongly 
express LDHA. As brown adipocytes (left image) and the adrenal cortex (right image) show intensive 
LDHA expression and were often present in the tumor section, they were chosen as comparative 
tissue to appreciate staining intensity of the tumor (internal control). Scale bars correspond to 100µm. 
LDHA = lactate dehydrogenase A. 

 
We quantified LDHA expression microscopically using the Keyence BZ-H2AE 

software (Osaka, Japan). LDHA-positive area was measured in every sample 

separately, compared to whole tumor area and analysed in view of the common risk 

factors – MYCN-amplification, stage, risk group and age. 

We found, that LDHA expression was more pronounced in tumors with MYCN-

amplification compared to non-amplified (Figure 9A). Metastatic NB (stage 4) 

showed higher LDHA positivity compared to non-metastatic tumors (stages 1-3) 

Figure 9B). Moreover, high risk tumors were significantly more LDHA-positive than 
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low or medium risk tumors (Figure 9C). Finally, tumors of patients older than 18 

months expressed more LDHA protein than those of younger patients (Figure 9D). 

Taken together, this analysis confirms that LDHA expression in patient NB 

correlates with the risk factors MYCN-amplification, stage of disease and childrens’ 

age. 

 

 

 

 

Figure 9. High-risk NB patient tumors show increased numbers of LDHA positive cells. 
Microscopical measurement of LDHA-positive area in immunohistochemically stained tumor tissue 
by Keyence BZ-H2AE software. LDHA expression is increased in (A) MYCN-amplified tumors (p 
value 0.008), (B) tumors of stage 4 (p value 0.001), (C) INRG high-risk tumors (p value <0.0001) 
and (D) tumors of older children (p value 0.015). Bar graphs present means +/- SEM. Statistical 
analysis was performed using unpaired two-tailed student’s t-test; * p<0.05, ** p< 0.01, *** p<0.001, 
n.s., not significant. LDHA = lactate dehydrogenase A; MYCN = v-myc avian myelocytomatosis viral 
oncogene neuroblastoma derived homolog, INRG = international neuroblastoma risk group. SEM = 
standard error of the mean; NB = neuroblastoma. (According to [27]) 
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3.2.2 Increased cytoplasmic and decreased nuclear expression of LDHA 

protein is associated with increased aggressiveness of NB 

 

A more detailed microscopic analysis revealed, that LDHA in the NB investigated is 

distributed in clusters and within three distinct intracellular compartments: neuropil, 

cytoplasm and nucleus.  

For a quantitative assessment, the percentage of cytoplasmic-positive and nuclear-

positive cells was determined in each tumor sample separately in cooperation with 

Prof. T. Barth, Institute of Pathology of the University Medical Center Ulm. Tumors 

were categorized into three groups of < 5%, 5-40% or > 40% cytoplasmic- and 

nuclear-positive cells, respectively. These categories were compared with the 

known NB risk factors MYCN-amplification, INSS stage, INRG risk group, INPC 

histology and patient’s age. Confidence intervals (CI) were calculated and are 

shown in Table 4 (Appendix).  

We found, that the majority of NB expresses LDHA in a focal, i.e. clustered way, 

whereas only few tumors show homogeneous distribution of LDHA across the tumor 

area (Figure 10 A-C). Statistical analysis showed, that focal distribution is 

significantly more common in stage 4 and high risk tumors, in poorly differentiated 

tumors and in tumors of older children (Appendix, Table 6).  

Thus, focal expression of LDHA is associated with aggressiveness of NB. 
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Figure 10. The majority of human neuroblastoma expresses LDHA focally. LDHA 
immunohistochemical staining of neuroblastoma tumors was performed. Microscopic analysis 
identified a homogeneous (A) or focal (B) appearance of LDHA expression.  Scale bars correspond 
to 2mm (A) and 500µm. (C) Most of the tumors show focal expression. Bar graph show the 
quantification results. Focal expression was detected in 83 of 112 tumors (74%), homogeneous 
expression in 29 of 112 (26%) (p= 0.00002283). Statistical analysis was performed with Fisher’s 
exact test. *** p< 0.001. LDHA = lactate dehydrogenase A. 
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Interestingly, most of the NB express LDHA in the neuropil (Figure 11). 

Neuroblastoma reference pathologists define neuropil as processes (dendrites and 

axons) of the intracellular compartment, compared to cytoplasma located in the cell 

body. Expression of LDHA in the neuropil was stronger in stage 4 NB, independent 

of MYCN copy number and age, and non-uniform in regard to differentiation and risk 

group (data not shown). 

 
 

 

 

 

 

 

 

 

Figure 11. Human NB show LDHA expression in the neuropil. Stained tumor samples were 
microscopically investigated for LDHA-negative (A) or LDHA-positive neuropil (B). Scale bars equal 
100 µm. (C) Most of the NB express LDHA in neuropil. Bar graph show the quantification results. 
In 91 of 112 tumors (82%) neuropil was positive, 21 of 112 the tumors (18%) were negative (p= 
0.00000001897). Statistical analysis was performed with Fisher’s exact test *** p< 0.001. LDHA = 
lactate dehydrogenase A; NB = neuroblastoma. 
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Cytoplasmic expression of LDHA was observed in 76 of the 112 tumors (Figure 

12A). In MYCN-amplified NB cytoplasmic LDHA expression was more pronounced 

(30/32 tumors, 95%, CI 79-99%) compared to NB with non-amplified MYCN (44/77 

tumors, CI 45-68%). Along this line, MYCN-amplified NB contained more cells with 

cytoplasmic LDHA than did non-amplified tumors (Figure 12B) [27]. Furthermore, 

tumors of advanced stage 4 exhibited more cells with LDHA-positive cytoplasm 

(43/59 tumors, CI 60-84%) in contrast to low stage tumors (29/45 tumors, CI 49-

78%), (Figure 12B) [27]. In addition, high-risk tumors usually had higher levels of 

LDHA-positive cytoplasm (51/68 tumors, CI 63-85%) compared to medium (8/12 

tumors, CI 35-90%) and low risk tumors (18/32 tumors, CI 38-74%) (Figure 12B) 

[27]. Similarly, in undifferentiated (7/7 tumors, CI 59-100%) and in poorly 

differentiated NB (75/83 tumors, CI 58-78%) cytoplasmic LDHA expression was 

more pronounced than in differentiated NB (4/7 tumors, CI 18-90%) (Figure 12B).  

Thus, cytoplasmic expression of LDHA was more pronounced in NB with MYCN-

amplification, metastatic disease, high-risk and undifferentiated NB and in older 

patients (Figure 12, Table 4) [27]. 
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Figure 12. Increased cytoplasmic expression of LDHA protein is associated with increased 
aggressiveness of NB. Neuroblastoma patient samples from initial diagnosis (n=112) were 
formalin-fixed, paraffin-embedded and stained for LDHA by immunohistochemistry. (A) NB with 
LDHA located in the cytoplasm. A representative image of a tumor section with LDHA-positive 
cytoplasm is shown. Bars equal 100µm. (B) MYCN-amplified advanced stage, high-risk and 
undifferentiated NB exhibit pronounced cytoplasmic LDHA expression. LDHA-stained MYCN-
amplified and non-amplified tumor samples of different stages, risk groups and histology according 
to INPC were microscopically examined. The percentage of cells with LDHA-positive cytoplasm was 
determined for each tumor sample. LDHA = lactate dehydrogenase A; MYCN = v-myc avian 
myelocytomatosis viral oncogene neuroblastoma derived homolog; NB = neuroblastoma; INPC = 
international neuroblastoma pathology classification. (According to [27]) 
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Nuclear expression of LDHA was found in 48 of the 112 tumors investigated (Figure 

13A). In contrast to cytoplasmic expression, nuclear positivity was more frequent in 

non-amplified tumors (37/77 tumors, CI 37-60%), whereas the majority of amplified 

tumors showed less nuclear positive cells (9/32 tumors, CI 14-47%), (Figure 13B). 

Additionally, differentiated NB exhibit more nuclear positive cells (5/7 tumors, CI 29-

96%) than poorly (33/83 tumors, CI 27-49%) and undifferentiated NB (1/7 tumors, 

CI 0-58%) (Figure 13B) [27]. No clear distinction in tumors of the different stages, 

risk groups and age groups was found (Figure 13B, Table 4).  

In summary, nuclear expression of LDHA was more pronounced in non-amplified 

tumors and differentiated NB (Figure 13, Table 4) [27]. 

Taken together, the results of the immunohistochemical analysis demonstrated, that 

enhanced cytoplasmic and decreased nuclear as well as focal expression of LDHA 

are associated with the known poor prognosis parameters MYCN-amplification, 

stage of disease, risk group and undifferentiated histology in NB [27]. 
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Figure 13. Decreased nuclear expression of LDHA protein is associated with increased 
aggressiveness of NB. Neuroblastoma patient samples from initial diagnosis (n=112) were 
formalin-fixed, paraffin-embedded and stained for LDHA by immunohistochemistry. (A) Human NB 
with nuclear LDHA expression. Representative tumor sample with nuclear LDHA (n= 48) is shown. 
Bars equal 100 µm. (B) MYCN-non-amplified and differentiated NB rather show enhanced 
nuclear LDHA expression. LDHA-stained MYCN-amplified and non-amplified tumor samples of 
different stages, risk groups and histology according to INPC were examined. The percentage of 
cells with LDHA-positive nuclei was determined for each tumor sample. LDHA = lactate 
dehydrogenase A; MYCN = v-myc avian myelocytomatosis viral oncogene neuroblastoma derived 
homolog; NB = neuroblastoma; INPC = international neuroblastoma pathology classification. 
(According to [27]) 
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3.2.3 Induced differentiation of neuroblastoma cell lines SK-N-BE(2)-C and 

SH-SY5Y has no impact on intracellular LDHA distribution 

 

Based on the results of the immunohistochemical analysis, revealing that 

differentiated patient NB show nuclear expression of LDHA, while undifferentiated 

NB express cytoplasmic LDHA, we decided to analyze LDHA expression upon 

further differentiation of NB cells. To this end, we chose SK-N-BE(2)-C as a cell line 

expressing minimal levels of LDHA (described in 3.1.) and SH-SY5Y as a cell line 

expressing moderate levels of LDHA. Both cell lines show differentiation-specific 

morphological alterations upon treatment with 5µM ATRA (all-trans-retinoic acid) 

from six to eight days (Figure 14A).  

Relative mRNA expression of LDHA in differentiated and non-differentiated cells 

was analyzed by qRT-PCR. SK-N-BE(2)-C cells exhibited slightly enhanced LDHA 

expression compared to control cells after eight days of differentiation (Figure 14B). 

In SH-SY5Y LDHA was markedly reduced after six days, but re-increased after eight 

days equal to LDHA expression in DMSO-treated control cells (Figure 14B). 

Interestingly, in both differentiated cell lines LDHA expression progressively 

increased from day six up to day eight.  

Complementarily, LDHA protein was evaluated by Western Blotting. No clear 

differences between differentiated and parental SK-N-BE(2)-C and SH-SY5Y cells 

were detected, neither after six nor after eight days of differentiation (Figure 14B). 
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Figure 14. Forced differentiation of NB cells does not effect LDHA mRNA and protein 
expression. 
(A) SK-N-BE(2)-C and SH-SY5Y cells differentiate under ATRA treatment. Cells were seeded on 
collagen-coated cover slips, treated with 5µM ATRA or DMSO (control) for six days and were stained 
using eosinophilic (xanthene dye) and basophilic (thiazine dye) staining. Bars correspond to 100µm. 
(B) Differentiated NB cell lines show alterations in LDHA mRNA expression, with no changes 
in protein levels. RNA was isolated from cells after 6 and 8 days of differentiation. The amount of 
specific mRNA was determined in duplicates using qRT-PCR. Expression was normalized to the 

LDHA expression of DMSO treated control cells using the 2-Ct method. Data present the means +/- 
standard deviation of two independent experiments. LDHA protein expression was detected using 
Western Blot from lysates of SK-N-BE(2)-C and SH-SY5Y cells after 6 and 8 days of differentiation. 
One representative blot is shown. Samples were probed for ACTIN as a loading control. LDHA = 
lactate dehydrogenase A; NB = neuroblastoma; qRT-PCR = quantitative real-time polymerase chain 
reaction; mRNA = messenger ribonucleic acid; ATRA = all-trans-retinoic acid; DMSO = 
dimethylsulfoxid. 
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Immunocytological staining was performed to determine changes in nuclear and 

cytoplasmic distribution of LDHA. LDHA was not detectable in SK-N-BE(2)-C cells, 

independent of maturation status (Figure 15A) and in line with the results presented 

in Figure 3. This shows that even forced differentiation cannot induce LDHA 

expression in these cells. In SH-SY5Y c ells, which express LDHA, the distribution 

of LDHA did not change upon forced differentiation with ATRA (Figure 15B). 

 

 
Figure 15. Forced differentiation with ATRA does not alter expression and localization of 
LDHA in SK-N-BE(2)-C or SH-SY5Y cells. NB cells were fixed at 6 and 8 days of differentiation and 
subsequently stained for LDHA (green). Nuclei were visualized with DAPI (blue). Pictures were taken 
at identical microscopic adjustment i.e. light exposure time. Scale bars correspond to 100 µm. (A) 
SK-N-BE(2)-C lack LDHA expression even after forced differentiation. (B) SH-SY5Y cells 
express LDHA in the cytoplasm in both, their undifferentiated and differentiated states. LDHA 
= lactate dehydrogenase A; NB = neuroblastoma; ATRA = all-trans-retinoic acid; DAPI = 4’, 6-

diamidino-2-phenylindole. 
 

 

Taken together, unlike in patient NB, where decreased cytoplasmic and increased 

nuclear compartmentalization of LDHA correlates with decreased aggressiveness 

of NB, such a correlation was not evident upon forced differentiation of SK-N-BE(2)-

C and SH-SY5Y cells. 
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4 Discussion 

 

Cancer cells and normal cells differ fundamentally in their metabolic behavior. A 

higher rate of glucose consumption, excessive lactate fermentation and low 

mitochondrial respiratory activity, even under ample oxygen levels, characterize the 

metabolic switch phenomenon in cancer cells (aerobic glycolysis), conceptualized 

as the Warburg effect. Aerobic glycolysis as metabolic alteration is accepted as one 

of the hallmark of cancers. It is well known, that common oncogenes such as MYC, 

which are predominant in several cancers, are master regulators of cancer 

metabolism and precisely affect the enzymes involved in aerobic glycolysis - 

GLUT1, PKM2, PDK1 and LDHA. For MYCN, which is predominant in high risk 

neuroblastoma, similar effects are notional but so far not evidenced. 

Preliminary experiments by others in our laboratory figured out a correlation 

between MYCN, the predominant oncogene occurring in aggressive neuroblastoma 

and LDHA, a key player in the Warburg pathway. LDHA was significantly higher 

expressed in MYCN-transformed Rat-1-fibroblasts compared to MYCN-negative 

control cells [41]. As it is known, that MYCN-amplification causes highly aggressive 

neuroblastoma, it is unclear whether the malignant phenotype is due to enhanced 

aerobic glycolysis. In this study we have shown for the first time, that the glycolytic 

gene set, comprising GLUT1, PKM2, PDK1 and LDHA, is highly expressed in the 

most common neuroblastoma cell lines and that the expression level is independent 

of the MYCN amplification status. Unexpectedly, we found, that LDHA has to be 

dispensable for the Warburg effect in some NB cell lines. 

LDHA protein expression in a representative panel of patient’s neuroblastoma 

correlates with the most common risk factors in patient neuroblastoma. 
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4.1 Warburg enzymes are expressed in NB cell lines  

 

Since little information exists on the Warburg effect in neuroblastoma, we examined 

the expression levels of the key molecules GLUT1, PKM2, PDK1 and LDHA in the 

most common neuroblastoma cell lines and their relation to MYCN amplification 

status. A set of NB cell lines was chosen, including cell lines with amplified MYCN 

and MYCN non-amplified cell lines, complemented by two primary cell lines. To 

obtain an overview of the expression profiles, key regulators of the Warburg 

pathway were investigated on the transcriptional and protein levels.  

The following paragraphs will give a more detailed reflection of the expression of 

each enzyme. 

 

GLUT1 

The characteristic glucose transporter located in tumor cells, GLUT1, maintains 

glucose uptake for a continual glycolytic flux [38]. In neuroblastoma MYCN and 

HIF1-α are supposed to enhance GLUT1 expression, as described in other cancers 

with MYC and HIF1-α [85, 84]. In line with these findings we found, that GLUT1 is 

expressed in each cell line investigated and that higher expression occurs in the 

MYCN-amplified cell lines. Actually, the highly proliferating cell line LAN-5 showed 

high amounts of GLUT1. However, all other MYCN-amplified cell line expressed 

GLUT1 comparable to the non-amplified cell lines. This suggests that, higher 

GLUT1 expression is apparent not invariably caused by MYCN amplification, but 

rather by other yet unknown mechanisms. 

 

PKM2 

PKM2, the cancer-specific glycolytic gatekeeper enzyme catalyzes the irreversible 

final step of glycolysis, which is the reaction to produce pyruvate and therefore to 

provide the substrate for LDHA. Its function is regulated by the cell’s glucose content 

– limited glucose supply activates PKM2 and enhances lactic acid production 

whereas excessive supply of glucose degrades PKM2 leading to congestion of 

glycolytic upstream metabolites thus promoting proliferation and tumor growth [19]. 

Its expression in neuroblastoma and possible association with MYCN was unknown. 

We supposed and found every NB cell line to express the cancer specific isoform of 

pyruvate kinases. The majority of the cell lines investigated showed high mRNA and 
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protein levels of PKM2 independently of MYCN status. PKM2 is able to induce HIF1-

α following nuclear translocation. HIF1-α in turn induces GLUT1, PDK1 and LDHA 

[51, 95]. Due to this previous knowledge one would expect, that cell lines with higher 

PKM2 expression would express higher levels of GLUT1, PDK1 and LDHA. 

However, in this study we could not detect a clear linkage. Possibly, under non-

hypoxic cell culture conditions PKM2 induces HIF1-α but HIF1-α is not stabilized 

[67, 72]. So, activation of GLUT1, PDK1 and LDHA fails. To clarify the regulation of 

PKM2 in NB cells under non-hypoxic and hypoxic, HIF1-α stabilizing conditions, 

additional experiments are needed. 

 

PDK1 

PDK1 inhibits the OXPHOS-system by blocking PDH as its essential player. 

Pyruvate alternatively is shifted to lactate production. In cancer cells activation of 

PDK1 is described as being oncogene-mediated, i.e.in lung cancer by FGFR1 or in 

breast cancer by BCR-ABL [42]. PDK itself activates HIF1-α and therefore enhances 

GLUT1 and LDHA [62, 47]. Studies about PDK1 in neuroblastoma have not been 

published. We asked, whether there is an oncogene-mediated upregulation in the 

MYCN-amplified cell lines. The cell lines in our study express PDK1 at low levels 

irrespective of MYCN, except the SK-N-BE(2)-C cells, which show minimal mRNA 

levels and non-detectable PDK1 protein. Since this cell line additionally showed low 

LDHA levels, we expect a low glycolytic phenotype and a higher OXPHOS-activity, 

which remains to be shown. Under the cell culture conditions employed a.e. without 

nutrient restriction, these cells are apparently independent of glycolysis. 

 

LDHA 

LDHA is the most studied enzyme associated with the Warburg effect. For 

neuroblastoma it was published that LDHA knockdown in the NB cell lines Kelly and 

LAN-5 suppresses proliferation [67]. Additionally, it was published, that MYCN 

amplification status and LDHA expression levels show no correlation [82]. Here we 

confirm, that LDHA plays a role in NB and is highly expressed both in MYCN non-

amplified and MYCN-amplified cell lines with no appreciable differences. 

Surprisingly however, SK-N-BE(2)-C completely lacks LDHA expression, while 

other glycolytic enzymes are proportionally expressed. It is known, that individuals 

with mutations in the LDHA gene have no glycolysis under normoxic conditions [61]. 
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Thus, it was probed, whether the patient from whom the SK-N-BE(2)-C cells were 

extracted, harbours this kind of molecular aberration. However, sequencing 

revealed, that the LDHA gene in SK-N-BE(2)-C cells is not mutated (data not 

shown).  

To gain further metabolic information, glucose metabolism was examined in vivo in 

xenografts of LAN-5, SK-N-AS and SK-N-BE(2)-C. Glucose, lactate and ATP 

content was measured in the xenografted NB cell tumors by metabolic 

bioluminescence imaging. Surprisingly, levels of both glucose, as the starter 

molecule, and lactate, as final the product of aerobic glycolysis, were similar in all 

tumor transplants investigated. Thus, influx of glucose, complete glycolysis, as well 

as efflux of lactate efficiently functions in NB cell lines, like SK-N-BE(2)-C cells, that 

lack LDHA (data not shown) [27]. These findings confirm data of Rellinger et. al, and 

extended them into the in vivo setting [70]. We conclude that either little LDHA is 

sufficient to maintain a glycolytic phenotype in SK-N-BE(2)-C cells or that LDHA is 

mutated or inhibited by epigenetic mechanisms (i.e. DNA-methylation) or by post-

translational modifications (phosphorylation or acetylation). Possibly, however 

LDHB in SK-N-BE(2)-C is activated instead [27]. Some non-malignant cells e.g. 

heart tissue or erythroid cells are described as LDHA-negative, but LDHB positive 

[87]. LDHB is available in every cell, normally it catalyzes the reverse reaction 

(lactate to pyruvate), but dependent on the availability of substrates it switches to 

catalyze the forward reaction (pyruvate to lactate). We did not test SK-N-BE(2)-C 

cells for elevated LDHB levels in this study. However, in case of increased LDHB 

expression in cancer cells, LDHA does not appear to be a promising target for 

cancer therapy.  

 

Moreover, the fact, that obiviously aerobic glycolysis functions without the activity of 

LDHA, led us to the question whether LDHA is redundant for the Warburg effect. In 

2016 Boudreau et. al. published, that pancreatic cancer cells are resistant to LDHA 

inhibition. They described that LDHA inhibition was only effective when combined 

with simultaneous inhibition of OXPHOS [7]. In glioblastoma LDHA inhibition was 

more effective in cells with mutations of TCA enzymes. Taken together, we show in 

this study, that the Warburg effect may not depend on LDHA expression. 
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4.2 Warburg enzymes are expressed in NB cell lines irrespective 

of MYCN levels 

 

Previous findings of others in our laboratory showed, that cells of a MYCN-amplified 

genotype display a glycolytic phenotype in a rat fibroblast cell model compared to 

non-amplified control cells [41]. 

It has been shown in a limited number of NB cell lines that MYCN amplification is 

associated with HIF-1a and that both cooperatively induce expression of glycolytic 

enzymes. Additionally, knock-down of MYCN in MYCN-amplified NB cell lines has 

been shown to down-regulate glycolytic molecules [67]. Taken together, there 

appears to be an association between MYCN-amplified genotype and aerobic 

glycolysis by yet unknown molecular mechanisms. 

Our apparently contrasting results could be explained by the fact, that in MYCN 

single-copy tumors MYC is often overexpressed, which also upregulates glycolytic 

enzymes [10, 92]. Along this line, MYC and MYCN belong to the same family of 

oncogenes [43, 21]. 

It has to be considered, that the regulation of metabolic pathways is less dependent 

on expression levels but rather on the activity of involved enzymes or the presence 

of molecules regulating their activity, for example by allosteric reactions. 

Furthermore, cells exposed to serum might use other pathways to generate the 

molecules required for maintaining enhanced proliferation. Experiments during 

withdrawal of glucose, glutamine or oxygen may give additional insight into the 

metabolic variability of the cells.  

To investigate MYCN in the same microenvironment, we chose the well-established 

cell model SHEP-MYCN-ER. Using this model, the immediate consequences of 

MYCN activation on the expression profile of glycolytic enzymes. As GLUT1, PDK1 

and LDHA are described as target genes of MYCN and HIF1-α, respectively, we 

hypothesized increased expression upon MYCN activation in this experiment. Our 

results, in part, confirmed this hypothesis. mRNA levels of GLUT1 and LDHA 

significantly increased in MYCN-activated cells, while PDK1 mRNA expression 

tended to increase. Interestingly, PKM2, the gatekeeper of the glycolytic pathway, 

decreased when MYCN was turned on. Although PKM2 is a direct target of HIF1-α 

[48, 25], its regulation is also subjected to the cells’ glucose availability. High glucose 

levels cause degradation of the enzyme, as described above. Since our cells were 
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cultured in high-glucose medium, PKM2 levels may have been low despite MYCN 

activation. Alternatively, the induction of HIF1-α by MYCN may have been 

counteracted by degradation of HIF1-α via the VHL protein, induced under oxygen-

rich or normoxic conditions [72]. Hypoxia is a common feature in solid tumors. 

Possibly, revision of the experiments in a hypoxic setting or in vivo would mirror 

these predictions. Under hypoxia one would expect high levels of HIF1-α due to 

stabilization and activation, followed by an increase of all glycolytic enzymes [72, 

25, 25]. Theoretically, the activation of PKM2 could further promote the elevation of 

HIF1-α levels in an feed-forward mechanism [25]. However, we could not verify 

these findings on protein levels. The protein expression of all glycolytic enzymes 

was unchanged in the test compared to the control cells. Along this line, it should 

be considered, that differences on the transcriptional and translational levels of the 

same gene are commonly caused by yet unknown post-translational modifications. 

In summary, we could not confirm a positive relation between MYCN amplification 

and glycolytic gene expression. These results provide evidence that success or 

failure of therapy targeted against glycolytic key regulators would be independent of 

MYCN status in neuroblastoma. 
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4.3 The core Warburg enzyme LDHA is expressed in primary 

human NB is associated with poor prognosis 

 

In a detailed immunohistochemical examination of a comprehensive tumor cohort 

of patient neuroblastoma we investigated LDHA as a novel prognostic marker. The 

expression level of LDHA clearly correlates with the established NB risk factors. 

LDHA expression is more pronounced in NB with amplified MYCN, stage 4, poor 

differentiation, high risk and in NB of older children [27].  

Statistical evaluation of our immunohistochemical data was performed by Dr. 

Barbara Hero (Department of Oncology, University Children’s Hospital Köln). 

Univariate Cox regression revealed, that tumors containing many cells with LDHA-

positive cytoplasm are associated with decreased overall patient survival (data not 

shown) [27]. Detailed microscopical investigation revealed focal rather than 

homogeneous expression of LDHA in the majority of NB. Focal expression was 

more pronounced in aggressive NB. We hypothesize that this kind of distribution is 

caused by differences in tumor vascularization. Reduced vascularization induces 

tumor hypoxia and overexpression of HIF1-α consequently contributes to enhanced 

LDHA expression [72, 78]. Of note, tumor areas with clusters of immature, poorly 

differentiated tumor cells were strongly positive for LDHA, whereas tumor areas of 

predominantly mature cells showed weaker and homogeneous LDHA expression 

(Appendix, Table 6). Recently published data indicate, that inhibition of HIF1-α and 

of aerobic glycolysis results in differentiation of NB cell lines [20]. Furthermore, it 

has been shown that the expression of typical differentiation genes is downregulated 

in hypoxic areas of human neuroblastoma xenografts [45]. In line with these results, 

we could demonstrate, that undifferentiated patient NB express higher levels of 

LDHA, hence inferring a more glycolytic phenotype. Dedifferentiated tumors based 

on hypoxic conditions are known to be more aggressive [46]. What remains unclear 

is whether the activity of the Warburg effect, respectively the expression level of 

LDHA is responsible for the dedifferentiation, or whether it is due to vascularization-

caused hypoxia. 

Glycolysis takes place in the cytoplasm and LDHA in its functional form therefore is 

located in the cytoplasm. As we supposed a glycolytic phenotype in NB we 

hypothesized a distinct cytoplasmic LDHA expression. Cytoplasm of MYCN-
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amplified, Stage 4, undifferentiated and high risk tumors was more LDHA positive, 

than cytoplasm of non-amplified, low stage, differentiated and low or medium risk 

group tumors suggesting that intensity of cytoplasmic LDHA expression correlates 

with poor prognosis. We found, that 82% of NB strongly express LDHA in neuropil. 

Neuropil is defined as a dense network of unmyelinated axons, glial cell processes 

(mature Schwann cells) and dendrites [66]. According to the current opinion among 

neuroblastoma reference pathologists, neuropil is defined as intracellular process 

and thus part of to the cytoplasmic compartment of NB cells. 

In differentiated tumors LDHA protein was also found in the nucleus. Nuclear 

localization of LDH has been described previously, however its role is yet unknown 

[13]. We speculate, that this represents nuclear sequestration of the enzyme, so that 

it is no longer available for aerobic glycolysis, resulting in a better prognosis for the 

patient. Alternatively, metabolic enzymes are localized in different cell 

compartments can exert disparate functions. Recently published work shows 

nuclear LDHA to participate in histone deacetylation, suggesting a role of LDHA in 

the regulation of gene expression [12]. We differentiated NB cell lines in vitro to 

answer the question whether LDHA is sequestrated in the nucleus when cells are 

forced into differentiation. However, no nuclear LDHA could be detected in 

differentiated SK-N-BE(2)-C or SH-SY5Y cells. This suggests, that the differentiated 

phenotype is associated with, but does not cause, nuclear sequestration. Thus, yet 

unknown mechanisms causing nuclear sequestration of LDHA must exist. 

Taken together, the results of our immunohistochemical analysis deliver insight into 

the distribution of LDHA in neuroblastoma. We showed, that a detailed 

microscopical inspection of neuroblastoma tissue stained for LDHA may help in 

assessing the tumors aggressiveness in addition to consider the other risk factors. 

Focal and intense cytoplasmic LDHA positivity typifies increased aggressiveness, 

whereas homogeneous and nuclear LDHA represent decreased tumor 

aggressiveness [27]. 

Besides, the prognostic aspect, our study provides insight into LDHA as a target for 

anti-cancer therapy. Targeting solely LDHA by small molecules might not block 

enzyme function, because functional LDHB might be upregulated instead, as other 

mechanisms of redundancy may exist. Interrupting the LDH heterodimer appears to 

be a more promising approach. 
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5 Summary 

 

Neuroblastoma (NB) is the most common extracranial tumor diagnosed during 

infancy and childhood. Despite forced research efforts survival of children with high 

risk disease is still less than 40%. Unfavorable NB are characterized by genetic 

aberrations. The most common is amplification of MYCN (v-myc avian 

myelocytomatosis viral oncogene neuroblastoma derived homolog). Revealing 

metabolism in cancer cells has been the aim of exhaustive research over the past 

years. Aerobic glycolysis or the Warburg effect, first described in the 1920’s, has 

been identified as major metabolic pathway in solid tumors. Diverse oncogenes and 

HIF1-α (Hypoxia-inducible factor 1 α) are master regulators of the Warburg pathway 

by inducing its key molecules GLUT1 (glucose transporter 1), PDK1 (pyruvate 

dehydrogenase kinase isoenzyme 1), PKM2 (pyruvate kinase type M2) and LDHA 

(lactate dehydrogenase A) directly or in cooperation. In this study we provide an 

insight into the role of the Warburg effect in NB. 

By investigating the Warburg enzymes in a sample of different MYCN-amplified and 

non-amplified NB cell lines, we showed that the cells have a glycolytic phenotype. 

Enzymes were expressed with diverse intensity. LDHA was shown to be apparently 

dispensable for the Warburg effect in neuroblastoma cell lines, as aerobic glycolysis 

was maintained in vitro and in vivo in neuroblastoma cells, lacking LDHA. In this 

work we could not draw a direct correlation between MYCN status and the 

expression levels of the different Warburg molecules. In comparison to MYC (v-myc 

avian myelocytomatosis viral oncogene), MYCN is maybe associated but apparently 

does not directly influence expression levels of glycolytic enzymes.  

Immunohistochemical examination of LDHA expression in primary NB clearly 

indicated a relation of the common NB risk factors for bad prognosis (amplified 

MYCN, advanced tumor stage, worse differentiation status, high risk group and 

older age) and the intensity of LDHA expression. LDHA expression quantity and 

compartmental localization offers a new indicator for neuroblastoma 

aggressiveness. 
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Appendix 

 

Table 4: Cytoplasmic LDHA expression in patient NB 

 
Cytoplasmic 

 

 
positive cells 

 
< 5% positive 

cells 

 
5-40% positive 

cells 
 

 
>40 % positive 

cells 

 Number 
of 

tumors 

CI 
(%) 

Number 
of 

tumors 

CI 
(%) 

Number 
of 

tumors 

CI 
(%) 

Number 
of 

tumors 

CI 
(%) 

MYCN 
Non-amplified 

 
Amplified 

 

 

44/77 
 

45-68  40/77 40-64  32/77 31-53  5/77 2-15  

30/32 79-99  7/32 9-40  11/32 19-53  14/32 26-62  

INSS  
1-3 
4 
4S 

 

29/45 49-78  22/45 34-64  18/45 26-56  5/45 4-24  

43/59 60-84  22/59 25-51  25/59 30-56  12/59 11-33  

5/8 25-92  3/8 9-76  3/8 6-61  2/8 3-56  

Risk 
Low 
Medium 
High 

 

18/32 38-74  17/32 35-71  14/32 26-62  1/32 0-16  

8/12 35-90  7/12 28-85  4/12 10-65  1/12 0-39  

51/68 63-85  23/68 23-46  28/68 29-54  17/68 15-37  

INPC 
Differentiating 
Poorly 
differentiated 
Undifferentiated 

 

4/7 18-90  5/7 29-96  1/7 0-58  1/7 0-58  

75/83 
 

58-78  35/83 31-54  35/83 31-45  13/83 9-25  

7/7 59-
100  

1/7 0-58  3/7 10-82  3/7 10-82  

Hughes Grading 
1 
2 
3 

 

        

18/25 51-88  10/25 21-61  13/25 31-72  2/25 1-24  

51/75 56-78  33/75 33-56  27/75 25-50  0/75 12-31  

Age 
< 18 mon 
≥i18 mon 

 

33/47 55-83  18/47 25-47  20/47 28-58  9/47 9-33  

4/65 55-79  29/65 32-57  26/65 28-53  10/65 8-26  

 

CI, confidence intervall 
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Table 5: Nuclear LDHA expression in patient NB 

 
Nuclear 

 

 
positive cells 

 
< 5% positive 

cells 
 

 
5-40% positive 

cells 
 

 
>40 % positive 

cells 

 Number 
of 

tumors 

CI 
(%) 

Number 
of 

tumors 

CI 
(%) 

Number 
of 

tumors 

CI 
(%) 

Number 
of 

tumors 

CI 
(%) 

MYCN 
Non-amplified 

 
Amplified 

 

 

37/77 
 

37-60 51/77 55-77 24/77 21-43 2/77 0-9 

9/32 14-47 27/32 68-98 5/32 5-33 0/32 0-11 

INSS  
1-3 
4 
4S 

 

20/45 30-60 31/45 53-82 13/45 16-44 1/45 0-12 

26/59 31-58 41/59 56-80 17/59 18-42 1/59 0-9 

2/8 3-65 7/8 47-
100 

1/8 0-53 0/8 0-37 

Risk 
Low 
Medium 
High 

 

16/32 32-68 20/32 44-79 11/32 19-53 1/32 0-16 

4/12 10-65 11/12 62-
100 

1/12 0-39 0/12 0-27 

28/68 29-5 46/68 55-79 21/68 20-43 1/68 0-8 

INPC 
Differentiating 
Poorly 
differentiated 
Undifferentiated 

 

5/7 29-96 2/7 4-71 3/7 10-82 2/7 4-71 

33/83 
 

27-49 61/83 63-83 22/83 17-37 0/83 0-4 

1/7 0-58 7/7 59-
100 

0/7 0-41 0/7 0-41 

Hughes Grading 
1 
2 
3 

 

        

15/25 39-79 14/25 35-76 10/25 21-61 1/25 0-20 

24/75 22-44 59/75 68-87 16/75 13-32 0/75 0-5 

Age 
< 18 mon 
≥i18 mon 

 

28/47 44-73 36/47 62-88 10/47 11-36 1/47 0-11 

36/65 43-68 43/65 53-77 21/65 16-35 1/65 0-8 

 

CI, confidence intervall 
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Table 6: Focal LDHA expression in patient NB 

 
Category  

 
Total 

(n) 

 
Focal 

distribution 
(n) 

 
Focal 

distribution  
(%) 

 
Homo- 

geneous 
distribution 

(n) 

 
Homo- 

geneous 
distribution 

(%) 

 
Fisher's 
exact test 
(p value)  

MYCN 
amplified 
non-amplified 

 

32 23 71,9 9 28,1 0.05031 

77 59 76,6 18 23,4 0.0001159 

INSS 
1-3 
4 
4S 

 

45 30 66 15 33 0.07015 

59 45 76,3 14 23,7 0.001104 

      

Risk 
High 
Medium 
Low 

 

68 55 80,9 13 19,1 0.00001839 

12 5 41,7 7 58,3 0.7317 

32 23 71,9 9 28,1 0.05031 

INPC 
Differentiated 
Poorly 
Differentiated 
Undifferentiated 

 

7 5 71,4 2 28,6 0.6424 

83 
 

61 73,5 22 26,5 0.0004016 

7 5 71,4 2 28,6 0.6424 

Age 
< 18 mon 
≥ 18 mon 

 

47 34 72,3 13 27,7 0.01221 

65 49 75,4 16 24,6 0.0007027 
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