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ZUSAMMENFASSUNG 

 

Die Entstehung von Prostatatumoren wird von weitreichenden Veränderungen der 

DNA-Methylierungs- und assoziierter Genexpressionsmuster begleitet. Zur 

Identifizierung tumor- und tumorsubklassenspezifischer Variationen der DNA-

Methylierungsmuster habe ich methylierte DNA-Regionen von 53 Normal- und 51 

Tumorproben über Immunopräzipitationen angereichert und mit dem SOLiD-System 

sequenziert (MeDIP-Seq). Dabei konnte ich signifikante Hypermethylierungen in 

Homöobox-, Tumorsuppressor- und Onkogenen, G-Protein-gekoppelten Rezeptoren, 

sowie in microRNA-Regionen feststellen. Hypomethylierungen betrafen hingegen 

vor allem repetitive extragenische Bereiche. Neben den in Prostatatumoren bereits 

als hypermethyliert beschriebenen Regionen wie GSTP1 oder RARB habe ich 

hunderte weitere tumorspezifische Marker identifiziert und konnte mehr als 80 von 

ihnen unter Verwendung eines bisulfitspezifischen Massenspektrometrieansatzes 

validieren.  

Für drei Marker habe ich in DNA, die ich aus Patientenurin isoliert habe, quantitative 

methylierungsspezifische PCRs durchgeführt und konnte so das Potential dieses 

nichtinvasiven Ansatzes für die Prostatakrebsdiagnose aufzeigen. 

Die Integration von Gen- und microRNA-Expressionsdaten mit den 

Methylierungsdaten zeigte eine Abhängigkeit der Genexpression von DNA-

Methylierungen insbesondere bei stark exprimierten Genen auf. Durch Luziferase-

Methylierungsexperimente konnte ich eine methylierungsabhängige 

Herabregulierung der Expressionen von DUOX1, miR23/24/27 und miR26a 

bestätigen.  

Bei etwa 50% aller Prostatatumore läßt sich eine Fusion der androgenregulierten 

transmembrane protease, serine 2 (TMPRSS2) und dem Onkogen v-ets 

erythroblastosis virus E26 oncogene homolog (ERG) nachweisen, die eine vermehrte 

Expression von ERG zur Folge hat. Vergleiche der Methylierungsmuster der 

TMPRSS2:ERG-fusionspositiven und -negativen Tumore zeigten eine deutlich 

ausgeprägtere differentielle Methylierung in letzteren (ĂMethylatorñ-Phänotyp), 

während fusionspositive Tumore einen weniger stark veränderten 

Methylierungsphänotyp aufwiesen.  

In weiterführenden Analysen konnte ich zeigen, daß enhancer of zeste homolog 2 

(EZH2) ï eine Histonmethyltransferase und Bindeglied zwischen 
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Histonmodifikationen und DNA-Methylierung ïin fusionsnegativen Proben 

signifikant stärker exprimiert vorliegt. Dies wird von einer genomischen 

Hypermethylierung der miR26a-Region begleitet, die zu einer verminderten 

Expression der EZH2-regulatorischen miR26a führt. Eine 5-Aza-2`-desoxycytidin-

Behandlung fusionsnegativer PC3-Zellen führte zur Wiederherstellung der miR26a-

Expression und damit zu einer Suppression von EZH2.  

Basierend auf diesen Daten konnte ich ein Modell der Entstehung von 

fusionsnegativen und ïpositiven Tumoren ableiten: Bei Tumoren mit dem 

TMPRSS2:ERG-Fusionsgen führt die Überexpression des ERG-Onkogens zu einer 

direkten Aktivierung der Transkription von EZH2 und weiteren Onkogenen. Bei 

fusionsnegativen Tumoren hingegen führt die genomische Methylierung der miR26a 

Region und die damiteinhergehende verminderte Expression von miR26a zu einer 

noch stärker ausgeprägten Überexpression von EZH2. Dieser sehr starke Anstieg von 

EZH2 führt zu extensiven Veränderungen der DNA-Methylierungs- und 

Genexpressionsmuster in dieser Tumorsubgruppe.  

Die in dieser Arbeit aufgezeigten Mechanismen haben weitreichende Konsequenzen 

für eine personalisierte Therapie von Patienten mit Prostatatumoren: Aufgrund des 

Pathomechanismus bieten sich bei fusionsgenpositiven Tumoren PARP1-Inhibitoren 

an, wohingegen Patienten ohne TMPRSS2:ERG-Genfusion von EZH2-Inhibitoren 

wie 3-deazaneplanocin A profitieren würden.  
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ABSTRACT 

 

Prostate tumourigenesis is accompanied by extensive alterations in the DNA 

methylation patterns with presumably severe effects on gene expression. To identify 

tumour- and tumour subgroup- specific alterations in the DNA methylation pattern I 

applied an immunoprecipitation-based enrichment approach for methylated DNA 

regions followed by SOLiD sequencing (MeDIP-Seq) on 51 tumour and 53 normal 

prostate samples. I discovered significant hypermethylations in homeobox genes, 

tumour suppressor and oncogenes, G protein coupled receptors, as well as in 

microRNA regions; hypomethylations mainly occurred in repetitive extragenic 

regions. Beside regions that are already described as hypermethylated in prostate 

cancer like GSTP1 and RARB I extracted hundreds of promising tumour specific 

markers and could validate more than 80 of them using bisulphite mass spectrometry 

analyses. Furthermore, I could show the diagnostic potential of three of the markers 

for the non-invasive detection of prostate cancer in urinary DNA by a quantitative 

methylation specific PCR approach. 

Integration of gene and miRNA expression data with the methylation data revealed a 

dependency of gene expression from DNA methylation mainly in highly expressed 

genes. Using luciferase methylation assays I could prove methylation dependent 

downregulation of DUOX1, miR23/24/27 and miR26a.  

Approximately 50% of all prostate tumours show a fusion of the androgen regulated 

transmembrane protease, serine 2 (TMPRSS2) and the v-ets erythroblastosis virus 

E26 oncogene homolog (ERG) oncogene resulting in an increased expression of 

ERG. Comparisons of the DNA methylation patterns of TMPRSS2:ERG fusion 

positive and fusion negative tumours revealed pronounced differential methylations 

in the latter (ómethylatorô phenotype) while fusion positive samples exhibited a less 

altered methylation phenotype.  

In further analyses, I could show that enhancer of zeste homolog 2 (EZH2) ï a 

histone methyltransferase linking histone modifications to DNA methylations ï was 

significantly higher expressed in fusion negative samples. This went along with a 

hypermethylation of the miR26a genomic region leading to a decreased expression of 

the EZH2 regulating miR26a. Treatment of fusion negative PC3 cells with 5-aza-2ô-

deoxycytidine could re-establish miR26a expression with subsequent EZH2 

suppression.  
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Based on these data, I deduced a model for the development of prostate cancer in 

fusion positive and fusion negative patients: In tumours bearing the TMPRSS2:ERG 

fusion gene the increased expression of ERG results in a direct activation of the 

transcription of EZH2 and further oncogenes, while in fusion negative tumours the 

genomic methylation and suppression of miR26a causes an even more pronounced 

upregulation of EZH2. This strong increase of EZH2 leads to extensive changes in 

the DNA methylation and gene expression patterns. 

The elucidated pathways can be exploited in personalised prostate cancer therapies: 

Based on the pathomechanism of fusion positive tumours PARP1 inhibitors could be 

used in this class, while patients without a TMPRSS2:ERG gene fusion might benefit 

from EZH2 inhibitors like 3-deazaneplanocin A.  
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1   INTRODUCTION  

 

1.1   The hallmarks of cancer according to the Hanahan-Weinberg tumour model 

 

Tumours are formed in a multistep process that involves the shutdown or circumvention of 

several cellular control mechanisms. According to the 2011ôs revision of the Hanahan-

Weinberg tumour model (HANAHAN  2011) genome instability and mutation as well as 

tumour-promoting inflammation lead to the emergence of several hallmarks (Table 1) that 

allow tumour growth, survival, invasion of surrounding tissue and formation of distant 

metastases. Genomic instability and mutations can be induced by a breakdown of the DNA 

repair machinery or protective mechanisms as well as excessive alterations in the DNA 

methylation pattern rendering the genome susceptible for further aberrations.  

 

Table 1: Hallmarks of cancer according to Hanahan et al. (HANAHAN  2011).  

Cancer hallmark Examples of involved pathways 

Sustain proliferative signalling Activation of MAPK, AKT1 signalling 
 Loss of RAS, PTEN 
  
Evade growth suppression RB and TP53 suppression 
  
Resistance to cell death Loss of TP53 
 Anti-apoptotic signalling (BCL2) 
 Survival factors (IGF1/2) 
  
Replicative immortality Telomerase activation 
  
Reprogramming of energy 
metabolism 

Increased glycolysis and lactic acid fermentation 

  
Angiogenesis VEGF-A and TSP1 imbalance 
  
Inflammatory signalling Recruitment of immune cells and peritumoural inflammation 
  

Evade immune destruction Secretion of TGF-b 
  
Invasion and metastasis Loss of E-cadherin 
 EMT 

 

Through ligand independent, constitutive activation of mitogen activated protein kinase 

(MAPK) or AKT1 signalling or the disruption of attenuating mechanisms like loss of rat 

sarcoma (RAS)-GTPase or phosphatase and tensin homolog (PTEN) activity cells can 

sustain proliferative signalling. Additionally, tumour cells have to evade growth 

suppressors. Retinoblastoma (RB) and tumour protein p53 (TP53) are the central control 

nodes that are shut down in a majority of tumours. RB signalling transduces growth 

inhibitory signals from outside, while TP53 integrates signals from inside the cell leading 
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to an arrest of cell proliferation or to apoptosis, the programmed cell death. In normal cells, 

imbalances in signalling as mentioned before, excessive DNA damage through 

hyperproliferation or exogenous noxae can induce an apoptotic caspase cascade that finally 

leads to cell disassembly and its consumption by neighbour cells or phagocytes. This 

induction of apoptosis is controlled by pro-apoptotic (BCL2 associated X protein (BAX), 

BCL2 binding component 3 (BBC3) and BCL2 antagonist/killer 1 (BAK1)) and anti-

apoptotic proteins (B-cell/CLL lymphoma 2 (BCL2) and its relatives) (CHOWDHURY 2006). 

Tumour cells acquire resistance to cell death by loss of TP53, increase in anti-apoptotic 

BCL2/BCL2L1 (BCL2 like 1) or survival factor signalling (insulin like growth factor 1/2 

(IGF1/2) or interleukin 3 (IL3)) or the downregulation of pro-apoptotic factors.  

In non-disease state cells stop proliferation and enter senescence after a certain number of 

replication cycles caused by the shortening of telomeres ï whose function is the protection 

of the DNA from end-to-end fusions ï in each replication. Tumour cells evade this 

protective mechanism and gain replicative immortality  by re-activation of the enzyme 

telomerase or by recombination based telomere maintenance mechanisms. Excessive 

telomere shortening prior to re-activation might even foster tumour growth by destabilising 

the genome leading to a massive acquisition of mutations.  

Fast replication like in tumour or embryonic development requires large amounts of 

anabolic precursors. These are mainly derived from reprogramming the energy 

metabolism from oxidative phosphorylation (citric acid cycle) to glycolysis followed by 

lactic acid fermentation (Warburg effect). The increased glycolysis allows the use of 

glycolytic intermediates for biosynthesis.  

The growing neoplasia needs to be supported by the formation of neovasculature 

(angiogenesis). In tumours, the imbalance of proangiogenic vascular endothelial growth 

factor A (VEGF-A), responsible for embryonic blood vessel growth that also can be 

induced by hypoxia and oncogene signalling, and thrombospondin 1 (TSP1), a suppressor 

of angiogenesis, leads to an activation of the angiogenic switch resulting in formation of 

aberrant blood vessels. This can be supported by inflammatory cell signalling: Innate 

immune cells like macrophages, neutrophils, mast cells or myeloid progenitor cells can 

infiltrate the lesion and assemble at tumour margins creating a peritumoural inflammation. 

These cells can supply tumour promoting molecules like growth factors, survival factors, 

angiogenic factors, enzymes for the modification of the extracellular matrix facilitating 

invasion into surrounding tissue, and they can produce reactive oxygen species leading to 

increased mutations. Due to the downregulation of apoptosis, necrosis is the only way to 
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eliminate excessively aberrated cells in tumours. This controlled destruction leads to the 

release of proinflammatory signals further fostering inflammation. Thus, some tumours 

tolerate a certain degree of necrosis to recruit tumour supportive inflammatory cells.  

On the other hand, tumour cells have to find ways to evade immune destruction by 

cytotoxic T lymphocytes and natural killer cells e.g. by secreting immunosuppressive 

transforming growth factor beta (TGF-b) or recruitment of regulatory T cells.  

In tumour development, cells gain the ability to invade surrounding tissue and 

metastasise: Excessive angiogenesis and degradation of the extracellular matrix facilitates 

local invasion and the transit to blood and lymphatic vessels. The process is controlled by 

the epithelial to mesenchymal transition (EMT) programme, characterised by a loss of E-

cadherin, a cell to cell adhesion molecule, and other cell-extracellular matrix (ECM) 

adhesion molecules. Adhesion molecules of the embryonic development programme on the 

other hand are upregulated. EMT results in a loss of adherens junctions, the conversion 

from an epithelial to a more fibroblastic morphology, the secretion of matrix degrading 

enzymes, an increased motility and resistance to apoptosis. Disseminated tumour cells 

form micrometastases in distant tissues that can grow into metastases after adaptation to 

the new environment (colonisation). 

Altogether, tumour formation is a process requiring the shutdown of several cellular 

control mechanisms and a complex interplay between the tumour and its 

microenvironment.  

 

1.2   Epidemiology of prostate cancer 

 

Prostate cancer (PCa) accounts for more than 900,000 new cases and 250,000 deaths per 

year (2008) and is the second most common cancer among men worldwide (JEMAL 2011). 

Three quarters of cases occur in patients older than 65. With 2.5 deaths per 100,000 

inhabitants Eastern Asia has the lowest mortality rate while in the Caribbean 26.3 per 

100,000 inhabitants die of PCa. Additionally, strong interethnic differences even within 

one country can be observed with the highest mortality and most aggressive forms of PCa 

in people of African origin, who have a 1.7-1.8 fold increased risk compared to the white 

population, and the lowest risk in Asians with a 50% reduced mortality (PARKIN  2005, 

SHIBATA  1997). Nevertheless, survival after treatment with access to equal health care is 

comparable between the ethnicities (CULLEN 2011). The major part of the differences is 

likely to result from different allelic distributions of genes of the sexual hormone signalling 
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and metabolism pathways with a moderately elevated PCa risk between the populations 

containing polymorphisms in the androgen receptor (AR) or steroid 5a-reductase 

(SRD5A2) gene ï an enzyme converting testosterone into its active form 

dihydrotestosterone (DHT) (SHIBATA  1997). These polymorphisms cause different 

activities of the enzymes leading to variable PCa risks.  

Another factor influencing PCa incidence is the personal lifestyle: A soy or fruit based diet 

containing phytoestrogens like the isoflavone genistein has been shown to be beneficial for 

preventing prostate tumour formation (HORI 2011, SONODA 2004) by interfering with 

androgen and apoptotic signalling (BYLUND  2003, DE SOUZA 2010, PIHLAJAMAA  2011). 

Furthermore, there is evidence that soy isoflavones can even revert DNA hypermethylation 

in esophageal squamous cell carcinoma and prostate cancer cells by inhibition of the 

maintenance methyltransferase DNMT1 (FANG 2005). Further positive effects are 

described for cessation of smoking (PLASKON 2003) and physical exercise (LIU 2011b).  

 

1.3   Anatomy of the prostate 

 

The prostate is a walnut-sized exocrine gland surrounding the urethra posterior of the 

bladder. It has a ductal architecture and consists of several branches. The ducts are formed 

by a luminal secretory and a basal cell layer. The prostate secretes prostatic fluid 

containing prostate specific antigen (PSA), zinc and prostatic acid phosphatase liquefying 

the ejaculate and allowing a longer survival of the spermatozoa in the vaginal environment 

(CHRISTENSSON 1990). The prostate can be subdivided into four zones (Figure 1). 

The transitional zone (TZ) is situated in the midgland laterally of the proximal urethra. 

Most cases of benign prostate hyperplasia (BPH) and around 20% of all PCa arise from 

this zone. The cone-shaped central zone (CZ) surrounds the ejaculatory ducts and gives 

rise to 1-5% of PCas. The largest part of the prostate is formed by the peripheral zone 
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Figure 1. Lateral view of the prostate 

zones. PZ=Peripheral zone, CZ=Central 

zone, TZ=Transitional zone, 

AFMS=Anterior fibromuscular stroma, 

SV=Seminal vesicle.  
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surrounding the distal urethra and CZ. More than 70% of prostate tumours develop in this 

zone. The anterior part of the prostate is formed by muscles and fibrous tissue (anterior 

fibro-muscular stroma (AFMS)) (HAMMERICH 2008). 

 

1.4   Development of prostate cancer: current model 

 

An individual genetic background predisposes each patient differently towards 

inflammation or carcinogenic environmental agents. As described in the Hanahan-

Weinberg cancer model inflammation is one of the initiating events of tumour formation 

(HANAHAN  2011). In PCa development it can be followed by the formation of epithelial 

confined prostatic intraepithelial neoplasias (PINs) (ANDREOIU 2010), lesions preceding 

PCa (BOSTWICK 2012, CAZARES 2011, MONTIRONI 2007). The majority of PINs develop in 

the peripheral zone ï the cradle of most PCas. Low grade PINs (LGPINs) are characterised 

by secretory cells with enlarged heterogeneous nuclei and moderately increased chromatin 

content. High grade PINs (HGPINs) have large uniform nuclei with increased chromatin 

content and prominent nucleoli. Additionally, the basal cell layer might be disrupted. At 

these sites, stromal invasion, a first sign of PCa, might occur. HGPINs are found in more 

than 80% of cancerous prostatectomy specimens and are often directly adjacent to the 

tumour. Like PCa, HGPINs can be multifocal. Interestingly, HGPINs show similar 

chromosomal aberrations as PCa, like chromosome 8q-amplifications (QIAN  1995). 

Additionally, extensive shortening of telomeres and increased activity of telomerase can be 

observed in some HGPINs (KOENEMAN 1998). There are as well some epigenetic features 

common in HGPINs and PCa, e.g. GSTP1 is hypermethylated in a large proportion of 

HGPINs (GOESSL 2001). In patients with HGPINs, PCa arises within 5-10 years but can be 

suppressed by hormone deprivation therapy (BOSTWICK 2012), revealing the androgen 

dependent nature of PINs.  

Androgen action is mediated by the intracellular androgen receptor (AR) (TRAPMAN 1997). 

After entering the prostate cells, testosterone is converted to its active form 

dihydrotestosterone (DHT) by steroid 5Ŭ-reductase (SRD5A). DHT binds to the inactive 

AR causing dissociation of chaperones and subsequent transfer of the AR into the nucleus. 

The active AR dimerises and binds to the androgen response elements (AREs) of its target 

genes where it interacts with transcription inducing factors causing differentiation and 

proliferation. AR signalling is important for normal prostate cell growth and differentiation, 
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in tumour cells excessive AR signalling prevents apoptosis and results in excessive cell 

proliferation. 

Early PCa is androgen sensitive; it relies on the activation of the AR through androgens. 

Blocking of this signalling through therapeutic approaches (inhibition of testosterone 

production by orchiectomy, anti-androgenic hormone therapy) in most cases leads to a 

regression of the tumour, but after 12-18 months aggressive, androgen insensitive 

(hormone refractory) PCa may reoccur. Recurrence is caused by alterations in a variety of 

pathways (DUTT 2009): AR might become extremely sensitive to small amounts of 

androgens, either due to point mutations in the ligand binding domain, to an amplification 

of this domain, or due to an increased 5a-reductase activity resulting in an increased 

amount of the active DHT. The latter is often observed in people of African origin. 

Sensitivity might additionally increase by increased expression of co-activators. The AR 

pathway also might get activated by highly expressed growth factors like IGF, receptor 

tyrosine kinases or interleukine 6. Due to lost specificity of the AR also non-androgenic 

steroids and even anti-androgenic therapeutics can activate AR signalling. Finally, AR 

signalling can be bypassed by activation of anti-apoptotic BCL2 expression, oncogenes or 

inactivation of tumour suppressors (DUTT 2009).  

A large proportion (60-90%) of patients harbours a multifocal prostate cancer that in most 

cases is presumed to have arisen from independent lesions while in highly aggressive 

cancers the multifocality also might originate from a single lesion through intraglandular 

dissemination (ANDREOIU 2010). While tumours from the TZ are mostly well 

differentiated and confined to the TZ, those originating from the PZ show less 

differentiation and are likely to infiltrate surrounding tissue even at smaller sizes. 

Nevertheless, serum prostate specific antigen (PSA) values, a common marker of PCa, are 

higher in TZ tumours thus allowing earlier diagnosis but further impeding prognosis. 

Notwithstanding its multifocality, it has been shown that metastases forming circulating 

tumour cells mostly originate from a single focus that can be as small as 0.2mm (SCHMIDT 

2006).   

Although PCa becomes aggressive only in a small percentage of cases, a 1994 autopsy 

study showed that more than 60% of people older than 60 years who died of other reasons 

harboured a mostly clinically unobtrusive tumour (SAKR 1994, SOOS 2005). Despite of its 

high prevalence, the clinical management of PCa is limited by the low specificity and 

sensitivity of the existing diagnostic and prognostic tools and the lack of effective systemic 

therapeutic strategies.  
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1.5   Diagnosis of prostate cancer 

 

Digital rectal examination (DRE) is the prevailing means of PCa diagnosis. The major 

drawbacks of this technique are the low acceptance in the population and the need for an 

experienced urologist to find small lesions. DRE can be complemented by transrectal 

ultrasonography (TRUS) and serum PSA level measurement. PSA level is a good tool to 

develop a first suspicion. PSA is a product of the kallikrein 3 (KLK3) gene and was first 

purified in 1979 by Wang et al. (WANG 1979). It liquefies the seminal fluid by proteolytic 

cleavage of gel forming seminal proteins like seminogelin-1 (CHRISTENSSON 1990). PSA 

levels are increased in prostate tumours (CATALONA  1991, STAMEY  1987) and can be used 

to predict individual rescreening intervals if serum concentration is less than 1ng/ml 

(DAMBER 2008). However, this tool is not fine enough to differentiate between highly 

aggressive and mild forms of PCa and also bears a high false positive rate (ECKERSBERGER 

2009, KILPELAINEN 2010, SHARIAT 2011). Elevated PSA levels do not need to result from 

a malignant transformation of the prostate but can also arise from inflammation, benign 

prostate hyperplasia (BPH) (SHARIAT  2011) or precedent TRUS (OESTERLING 1991). 

Additionally there are a lot of patients with low PSA harbouring a tumour that could be 

overseen by PSA screening alone using the current threshold of 4ng/ml. Thompson et al. 

have performed receiver operating characteristics (ROC) analyses and derived a sensitity 

of 20.5% and a specificity of 93.8% for this threshold (THOMPSON 2005). And even with 

lower thresholds many tumours are missed: For example, in 6.6% of men with PSA levels 

Ò0.5ng/ml a prostate tumour was detected (THOMPSON 2004, TOSOIAN 2010). 

Differentiation between free and complexed PSA bound to serum proteins like a2-

macroglobulin improved the predictive value of PSA. A low ratio of free to total PSA 

indicates a higher probability of PCa (SHARIAT 2011).   

After a suspicious finding, transrectal core biopsies are taken, extracting up to 10-14 cores 

from the prostate. This massive intervention can cause side effects like urinary-tract 

infection or sepsis (DAMBER 2008).  

The prostate biopsies are graded according to the Gleason score (DELAHUNT 2012, 

GLEASON 1992). For that, the predominant and the second most common pattern of 

aberrant prostate cells are evaluated using a low magnification (40-100x). In the refined 

version of 1992 Gleason suggested five grades with up to three subgrades for classification 

(Figure 2) (GLEASON 1992). The patterns correlate with survival in follow up studies. 

Total Gleason scores (pattern 1 + pattern 2) of below 7 show a good and above 7 a bad 
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Figure 2. Histologic patterns of prostate cancers of different grades accoding to 

Gleason. Picture taken from Gleason (GLEASON 1992). 

prognosis. Gleason score 7 can be subdivided into 3+4 and 4+3, where 4+3 has a worse 

prognosis. The exact reproducibility of the scores among trained urological pathologists 

lies within the range of 70% (DELAHUNT 2012). Scoring has been discussed and modified 

in 2005 resulting in the MG (modified Gleason) grading. 

 

1.6   TNM classification of malignant tumours 

 

Currently, PCa is classified following the 7
th
 edition of the American Joint Committee on 

Cancerôs (AJCC) tumour-node-metastasis (TNM) system of 2010 (EDGE 2010) (Table 2). 

In brief, this system describes the primary tumour extend (T), spreading to the lymph 

nodes (N) and whether distant metastases have been formed (M). T1 tumours are neither 

palpable nor detectable by imaging but can be found in biopsies. T2 prostate tumours are 

large enough for being found by DRE or TRUS and are confined within the prostate. T3 

tumours break through the prostate ócapsuleô and can invade the seminal vesicles. Tumours 

invading other organs like the pelvic wall or rectum are staged T4. If regional (pelvic) 

lymph nodes are affected the N classifier is 1, otherwise it is 0 (not affected) or X (not 

assessed). Distant metastases are described by M=1, if no metastases can be found M is 0. 

There are several subclassifications for the T, N and M groups, together with Gleason 

score and PSA value allowing a more precise description of the tumour and its prognosis 

(CHENG 2012).  
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Table 2: TNM classification according to the American Joint Committee on Cancer (EDGE 2010).  

Tumour stage 

TX Primary tumour not assessed     
T0 No primary tumour      
T1 Inapparent tumour, not palpable or visible    
 T1a Incidental histologic finding in 5% or less of resected tissue 

 T1b 
Incidental histologic finding in more than 5% of resected 
tissue 

 T1c  Identified by needle biopsy    
T2 Prostate confined tumours     
 T2a Ò50% of one lobe affected    
 T2b >50% of one lobe affected    
 T2c Both lobes affected     
T3 Tumour extends through prostate capsule    
 T3a Extracapsular extension    
 T3b Invasion of seminal vesicles    
T4 Invasion of adjacent structures other than seminal vesicles  

Lymph node stage 

NX Regional lymph nodes not assessed    
N0 No regional lymph node metastasis    
N1 Regional lymph node metastasis    

Distant metastasis stage 

M0 No distant metastasis     
M1 Distant metastasis      
 M1a Lymph nodes     
 M1b Bone      
 M1c Other sites     

 

 

1.7   Management of prostate cancer 

 

The clinical course of PCa is heterogeneous, spanning from indolent tumours requiring no 

therapy during lifetime to highly aggressive metastatic diseases (DAMBER 2008). 

Diagnosed at an early stage PCa is a curable disease. Nevertheless, because of its yet 

mainly unpredictable outcome PCa is overtreated mainly in elderly patients impairing their 

lives severely (DASKIVICH  2011). Patients with distant metastases show a poor prognosis 

with average survival rates of 24-48 months while for other patients no definite prognosis 

can be made. Patients with regional lymph node metastases show an average survival of 8 

years. Furthermore, localised PCa can be grouped into risk groups of re-occurrence after 

treatment (D'AMICO 1998).  

Prostate cancer can be treated by radical prostatectomy (RPE), radiation and hormone 

deprivation therapy and combinations of them (HEIDENREICH 2010), each showing severe 

side-effects: RPE often leads to erectile dysfunction and urinary incontinence, radiotherapy 

might show gastrointestinal and genito-urinary toxic effects and also might lead to 

incontinence and erectile dysfunction (DAMBER 2008). Hormonal therapies can be 

subdivided into hormonal castration, deprivation of androgens and estrogene therapy with 
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distinct effects like loss of libido, gynaecomastia, cognitive decline and other toxic effects. 

M1 patients are mostly treated with palliative hormone therapy (chemical castration) to 

slow down tumour growth. After treatment with a combination of RPE, pelvic 

lymphadenectomy and adjuvant hormonal therapy the average survival of patients with 

regional lymph node metastases can be extended to more than 10 years (KROEPFL 2006). 

Nevertheless, a review of the European Randomised Study of Screening for Prostate 

Cancer (ERSPC) states that out of 48 men who underwent a treatment only one would 

have died of PCa without therapy (SCHRODER 2009), making watchful waiting a good 

alternative to treatment as it shows the same efficiency in patients with short life 

expectancy (HEIDENREICH 2010).  

This illustrates the great demand for molecular markers to distinguish between aggressive 

and mild forms and to increase specificity. Additionally, an increased sensitivity might 

lead to an earlier detection of PCa, thus giving a larger time frame for ówatchful waitingô, 

allows a better prediction of tumour outcome, and eventually reduces unnecessary surgery.  

 

1.8   Genomic alterations in prostate cancer 

 

Familial aggregations of PCa imply a genetic cause, and indeed, a few germline risk 

mutations, i.e. mutations in parental germ cells that eventually can be found in every cell of 

the offspring, have been already discovered (DAMBER 2008). These include mutations in 

the genes Rap guanine nucleotide exchange factor 4, ribonuclease L, macrophage 

scavenger receptor 1, checkpoint kinase 2, capping protein muscle Z-line beta, vitamin D 

receptor, and paraoxonase 1. Nevertheless, only few PCa patients carry these mutations.  

On the other hand, the occurrence of somatic, i.e. acquired non-germ line, protein altering 

mutations in prostate tumours (0.33/Mb) is significantly lower than in other cancers like 

breast (~1/Mb) or lung cancer (3.8/Mb) and lies within the lowest range of cancer 

mutations (BERGER 2011, KAN 2010). Thus, recurrent somatic mutations are rare. 

Nevertheless, a recently discovered mutation of the speckle-type POZ protein gene (SPOP) 

is described for 6-15% of PCa cases (BARBIERI 2012). 

More common than somatic mutations are chromosomal anomalies like amplifications 

(chromosome 8q), deletions (chromosome 8p), inversions and translocations (QIAN  1995, 

TAYLOR 2010). Haplo-insufficiency of the tumour suppressor PTEN can be found in ~60% 

of all PCa and ~20-25% of all HGPIN (SIRCAR 2009, YOSHIMOTO 2006) and results in 

reduced repression of anti-apoptotic and proliferative AKT signalling (TESTA 2001).  



INTRODUCTION  

 25 

Another well known somatic alteration is the gene fusion between the androgen regulated 

transmembrane protease serine 2 (TMPRSS2) and gene members of the oncogenic E-

twenty six (ETS) family like ETS variant 1 and 4 (ETV1, ETV4), SRF accessory protein 1 

(ELK4) or v-ets erythroblastosis virus E26 oncogene homolog (ERG) found in 

approximately 50% of all prostate tumours and detectable in HGPIN lesions, suggesting an 

early occurrence of these fusions (BRAUN 2011, RUBIN 2011). During recent years also 

other ï but rare ï androgen responsive 5ô fusion partners of ETS genes have been 

identified, like for example solute carrier family 45 member 3 (SLC45A3), homocysteine-

inducible endoplasmic reticulum stress-inducible ubiquitin-like domain member 1 

(HERPUD1), and N-myc downstream regulated 1 (NDRG1) (MEHRA 2007, PERNER 2006, 

RUBIN 2011, TOMLINS 2005) (Figure 3). Androgen induced expression of ERG directly 

results in increased expression of several oncogenic target genes like MYC (SUN 2008), 

genes of the WNT-signalling pathway (MOCHMANN 2011) and the EZH2 histone 

methyltransferase (KUNDERFRANCO 2010).  

Recent models for the generation of the gene fusions (HAFFNER 2010, LIN 2009) describe 

that androgen signalling leads to recruitment of topoisomerase 2b to transcribed genes, 

where it induces DNA double-strand breaks (DSB) to facilitate transcription. These DSBs 

are highly recombinogenic since they are often found within Alu repetitive elements (LIU 

2007). During DSB repair the 3Mb interstitial region between TMPRSS2 and ERG (or 

other ETS genes) might get homozygously or hemizygously deleted (in 60% of all fusion 

cases) or translocated resulting in gene fusions (BARRY 2007, HERMANS 2006, LIU 2007, 

PERNER 2006). Patients with a deletion type of TMPRSS2:ERG fusion may additionally 

suffer from loss of the genes of the interstitial region like high mobility group nucleosome 

binding domain 1 (HMGN1) (PERNER 2006). Several breakpoints in TMPRSS2 and ERG 

have been discovered so far involving, for example, the second or third intron of ERG and 

the first to fourth intron of TMPRSS2.  

Figure 3. Common gene rearrangements involving members of the E-twenty six (ETS) gene family 

(modified from Rubin et al. (RUBIN  2011)). The percentages denote the estimated frequencies of the 

respective fusion class. The boxed numbers depict the exons involved in the fusions. 
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Clinically, TMPRSS2:ERG gene fusions are associated with severe forms of PCa in 

minimally treated population-based cohorts (DEMICHELIS 2007, RUBIN 2011). The 

overexpression of ERG is thought to be sufficient for the initiation of PIN lesions and 

seems to increase the invasive potential (KLEZOVITCH 2008). Nevertheless, ETS gene 

fusions alone are assumed to be only supportive and not causal for cancer formation 

(RUBIN 2011). Interestingly, the fusion state of different independently evolved foci can be 

heterogeneous while the intrafocal fusion state is homogeneous. This further indicates 

fusion events occuring early in PCa development (BARRY 2007). Thus, fusion positive and 

fusion negative tumours requiring different treatments may develop within one prostate. 

Overall, TMPRSS2:ERG is a promising marker for prostate cancer detection and 

monitoring of treatment success, since fusion gene products can easily be determined in 

blood or urine (LAXMAN  2006) and are ï similar to other fusion genes ï tumour unique 

drug targets.  

Detection of recurrent gene fusions in half of all prostate cancer cases helped to elucidate 

the pathomechanisms underlying PCa development in this tumour subgroup. Nevertheless, 

for fusion negative samples these mechanisms are less clear. Given the low frequency of 

somatic mutations and the fact that recurrent mutations are rare (BARBIERI 2012, KRAWITZ 

2010, TIMMERMANN  2010), epigenetic causes might be dominating in tumour development 

(COOLEN 2010, YEGNASUBRAMANIAN 2008).  

 

1.9   Epigenetics: Histone modifications and DNA methylation 

 

The term óepigeneticsô describes mechanisms causing heritable changes in phenotype that 

are not reflected by changes in the underlying DNA sequence. The two dominating 

mechanisms are histone modifications (JENUWEIN 2001) and DNA methylations (BIRD 

1986). During histone modifications several amino acids in the histone tails can be 

covalently modified by methylation, acetylation, phosphorylation (JENUWEIN 2001), 

sumoylation (SHIIO 2003) and ubiquitination (JASON 2002). The resulting óhistone codeô 

influences chromatin condensation leading to an altered access for the transcription 

machinery.  
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DNA methylation on the other hand mainly occurs in CpG-dinucleotides at the 5`-carbon 

of the cytosine. In human embryonic stem cells also non-CpG cytosine methylations are 

common (LISTER 2009b). Methylation of CpG-dinucleotides is mediated by DNA-

methyltransferases (DNMTs) (JAENISCH 2003). DNMTs are mainly active during 

embryonic development and DNA replication: Shortly after fertilisation the parental 

methylation patterns are removed. Following implantation, the de-novo DNA 

methyltransferases DNMT3A and DNMT3B re-establish the DNA methylation pattern 

(OKANO 1999). During replication the DNA gets hemimethylated. The maintenance DNA-

methyltransferase DNMT1 (LEI 1996) recognises these hemimethylated sites and 

methylates the unmethylated strand (LEONHARDT 1992).  

The enzymatic transfer of the methyl group to the cytosine was characterised by Smith et 

al. in 1992 (SMITH  1992): In a nucleophilic attack at the C6 of the cytosine the DNA 

methyltransferase allows the addition of a methyl group of S-adenosyl-methionine (SAM) 

(reacting to S-adenosyl-homocystein) at the activated C5 forming a dihydro-

methylcytosine intermediate. Finally, the enzyme is eliminated from the complex and the 

double bond between C5 and C6 of the methyl-cytosine is regenerated (Figure 4). 

 

CpG methylation has a critical function during development ï knock outs of the DNMTs 

result in embryonic death (LI 1992), and mutations in DNMTs can cause severe syndromes 

(immunodeficiency, centromere instability and facial anomalies (ICF) syndrome, e.g.) 

(JAENISCH 2003). The central role of DNA methylation in cell homeostasis and 

development is further illustrated by the fact that, although methylated CpGs are prone to 

oxidative desamination resulting in transitional mutations, more than 80% of the CpGs in 

the human genome are methylated. This methylation spares high CpG content areas, called 

CpG-islands or Birdôs islands, mainly found in genic or gene promoter regions (BIRD 1986, 
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Figure 4. Molecular mechanism of cytosine methylation by DNA methyltransferases. The methylgroup 

donor S-adenosyl-methionine (AdoMet) is converted to S-adenosyl-homocystein (AdoHcy). The 

intermediate enzyme complex is shown in brackets. The enzyme is eliminated from the complex forming 5-

methyl-cytosine. Figure modified from Smith et al. (SMITH  1992). 
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CROSS 1995). According to an early definition, CpG islands have a minimum length of 

200bp, a G+C content of >50% and an observed/expected CpG content of at least 0.6 

(GARDINER-GARDEN 1987) in contrast to a genome-wide CpG content of 0.2 

(observed/expected). Methylation of these islands and adjacent regions (CpG island 

shores) can be part of normal differentiation but is also repeatedly found in cancer (see 

below) and is thought to suppress gene expression. Methylated CpGs can be recognised by 

methyl-CpG-binding proteins that in turn recruit histone deacetylases which leads to a 

condensation of the chromatin and repression of the methylated genomic area. Mutations 

in these binding proteins can bring up severe phenotypes like the Rett syndrome caused by 

a mutation in the X-chromosomal methyl CpG binding protein 2 (MECP2) gene (AMIR 

1999). 

Recently, an additional DNA modification and its epigenetic implications have been 

discovered ï 5-hydroxymethylation of cytosines (5-hmC) (PASTOR 2011). 5-hmCs are 

formed by oxidation of 5-methylcytosines and potentially constitute a preliminary step in 

active DNA-demethylation (TAHILIANI  2009).  

 

1.10   DNA methylation and tumourigenesis 

 

In general, cancer epigenomes are characterised by genome-wide hypomethylation and 

hypermethylation of distinct CpG rich promoter sites as well as CpG island shores 

(EHRLICH 1982, FEINBERG 1983, FLATAU  1983, IRIZARRY 2009). Hypermethylation can 

promote tumour progression by causing repression of tumour suppressor and apoptotic 

genes, reactivation of embryonic developmental genes or inflicting changes in miRNA 

expression or promoter usage (EGGER 2004, FEINBERG 2006, JONES 2002). DNA 

hypomethylation on the other hand can support increased recombination at repetitive 

elements and reactivation of endogenous retroelements (WALSH 1998). Furthermore, due 

to aberrant DNA methylation imprinting information might get lost (NELSON 2009). It is 

noteworthy that during cancer development many developmental and differentiation 

inducing genes that are responsible for differential tissue development in normal tissue 

become aberrantly methylated (IRIZARRY 2009). 

Several genes are described to be hypermethylated in a large variety of tumours: 

adenomatous polyposis coli (APC) (HILTUNEN 1997) in human colorectal carcinoma, RB in 

retinoblastoma (GREGER 1989), cyclin-dependent kinase inhibitor 2A (CDKN2A) in lung 

cancer (OTTERSON 1995), apoptotic genes like BCL2 and pyrin domain and caspase 
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recruitment domain containing (PYCARD) in PCa (CARVALHO), DNA repair genes like 

mutL homolog 1 (MLH1) in colorectal carcinoma (HERMAN 1998) or breast cancer 1 

(BRCA1) in breast cancer (DOBROVIC 1997), and genes controlling cell metabolism like 

runt-related transcription factor 3 (RUNX3) in esophageal squamous cell carcinoma 

(LONG 2007).  

DNA hypomethylation, on the other hand, is mainly described to occur in satellite DNA of 

centromeric regions, Alu regions and long interspersed elements (LINE)-1 (EHRLICH 

2009). It is thought that demethylation of these elements as well as demethylation of 

retrotransposons might lead to chromosomal instability, increased recombination events or 

copy number variations (HOWARD 2008, RODRIGUEZ 2006, WALSH 1998). Less common is 

gene promoter hypomethylation resulting in increased transcription: It is described for the 

growth promoting genes related RAS viral oncogene homolog (RRAS), serpin peptidase 

inhibitor clade B member 5 (SERPINB5), S100 calcium binding protein A1 (S100A1), 

melanoma antigen family (MAGE), and insulin like growth factor 2 (IGF2) (SHARMA  

2009). 

 

1.11   DNA methylation in PCa 

 

Aberrant DNA methylation is proposed to be one of the earliest events in prostate 

tumourigenesis (FEINBERG 1983, GAMA -SOSA 1983, SCHULZ 2009, YEGNASUBRAMANIAN 

2008); the most prominent one being a hypermethylation of glutathione S-transferase pi 1 

(GSTP1) exon 1 (LEE 1994, NAKAYAMA  2003). An assay for measuring the DNA 

methylation level of GSTP1 is already included in clinical trials (HOPKINS 2007, LEE 

1994). Other genes with changes in promoter methylation in some cases of PCa are 

summarised in the review of Li and Okino (LI 2004) and include multi drug resistance 

protein 1 (MDR1), O-6-methylguanine-DNA methyltransferase (MGMT), Ras association 

domain family member 1 (RASSF1), retinoic acid receptor B (RARB), adenomatous 

polyposis coli (APC), androgen receptor (AR), cyclin-dependent kinase inhibitor 2A 

(CDKN2A), cadherin 1 (CDH1), and cluster of differentiation 44 (CD44). However, they 

show a wide range of methylation states over the studies performed and further analyses 

are required. 

It has been suggested that during PCa progression hypermethylations are induced by the 

action of enhancer of zeste homolog 2 (EZH2), a polycomb group protein (KARANIKOLAS  

2010, YU 2007, YU 2010). EZH2 is responsible for silencing of homeobox genes through 
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H3K27-methylation during tissue development (CAO 2002, HOBERT 1996, HOFFMANN 

2007, KUZMICHEV 2004, PIRROTTA 1998). The consecutive hypermethylation of these 

target genes links histone modifications to DNA methylations (VIRE 2006). EZH2 

overexpression is associated with invasiveness and high malignancy of several tumours 

including PCa (ALAJEZ 2010, KARANIKOLAS  2010, SCHLESINGER 2007, VAN LEENDERS 

2007, VARAMBALLY  2002, YANG 2009, YU 2007, YU 2010).  

Unlike DNA hypermethylations, which occur early in PCa development, DNA 

hypomethylations seem to arise in late tumour phases mainly in metastatic stages. 

Yegnasubramanian et al. proposed a model in which the necessity to maintain promoter 

hypermethylation in tumour suppressor genes of tumour cells might lead to an overall 

demethylation of other regions that causes heterogeneity between the hypomethylation 

patterns of different metastases in a single patient while the hypermethylated regions are 

more uniform (YEGNASUBRAMANIAN 2004, YEGNASUBRAMANIAN 2008). 

 

1.12   Mi croRNAs 

 

DNA methylation can inflict changes on the expression of genes but as well on short 

regulatory transcripts called microRNAs (miRNAs). This adds another level of cellular 

regulation and opens additional pathways for tumour formation.  

Processed miRNAs are small (17-25nt) highly abundant single stranded RNAs that can 

regulate gene expression posttranscriptionally (BARTEL 2004, CAZARES 2011, LEE 2009). 

MiRNA genes are arranged in clusters or as single genes and are transcribed by RNA 

polymerase II. Primary transcripts of miRNA genes (pri-miRNA) are cleaved by nuclear 

Drosha RNase III endonuclease to a ~70nt stem loop intermediate (pre-miRNA). An 

alternative mechanism involves the usage of regular splicing machinery by miRNAs found 

in introns of genes. The pre-miRNA is transported to the cytoplasm where it is further 

processed by Dicer producing an imperfectly double stranded miRNA duplex. One strand 

is called the miRNA*, the other one the miRNA. One of the strands is loaded into the RNA 

induced silencing complex (RISC) containing Argonaute family proteins. Pairing of the 5ô-

end of the miRNA portion of the RISC with complementary sequences for example in the 

3ôUTR of target mRNAs leads to either degradation of the mRNA (highly specific pairing) 

or translational repression (imperfect pairing).  
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1.13   MiRNAs and methylation in cancer  

 

Aberrant expression of miRNAs with functions in cancer pathways is a common feature of 

tumour development. For example, tumour suppressive miR15a and miR16-1 target anti-

apoptotic BCL2 and are downregulated or deleted in chronic lymphatic leukaemia (CLL) 

as well as in PCa (BONCI 2008, CIMMINO  2005), while oncogenic androgen regulated 

miR125b suppresses pro-apoptotic BAK1 and is found to be upregulated in PCa (SHI 2007). 

MiR21 is upregulated in almost all kinds of cancers (LEE 2009) and targets the tumour 

suppressor Ras homolog B (RHOB) (LIU 2011a).  

MiRNA expression can be regulated by DNA methylation (HAN 2007): For example, DNA 

hypermethylation causes downregulation of miR124a in colon cancer cell lines (LUJAMBIO 

2007) and of miR145 in prostate cancer (SUH 2011). 

Interestingly, on the other side, miRNA expression can also influence DNA methylation 

levels, e.g. miR29 targets DNMT3A and 3B (FABBRI 2007). MiR26a regulates EZH2 

expression and has been described to be deregulated in nasopharyngeal carcinoma (ALAJEZ 

2010, LU 2011), breast cancer (ZHANG 2011a) as well as in a murine lymphoma model 

(SANDER 2008). As mentioned above, the polycomb group protein EZH2 is often found 

upregulated in PCa (HOFFMANN 2007) and its target genes have been shown to become 

subsequently methylated and silenced by DNA methyltransferases (YU 2007, YU 2010). 

Thus, EZH2 links aberrant miR26a expression to DNA and histone methylation.  

 

1.14   Technologies for high throughput DNA  methylation analysis 

 

Since previous studies mainly concentrated on assessing the methylation state of a few 

preselected regions or used small patient cohorts (FEBER 2011, HILL  2010, KIM  2011) there 

is a great demand for a comprehensive genome-wide analysis of DNA methylation in a 

large patient cohort since DNA methylation promises to be a valuable marker for prostate 

cancer early detection and diagnosis. 

 

1.14.1   Multiparallel Sequencing 

 

The emergence of multiparallel sequencing (MPS) systems like the óSequencing by 

Oligonucleotide Ligation and Detectionô (SOLiD)-system of Applied Biosystems/Lifetech 

or Illuminaôs Genome Analyzer has created the possibility of genome-wide DNA 
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methylation analyses without any preselection of regions and allows the elucidation of yet 

unknown mechanisms and markers. The main idea of the MPS technologies is the fixation 

of millions to billions of short DNA fragments on a solid phase and their multiparallel read 

out using fluorescence labelled nucleotides/oligonucleotides (Figure 5).  

For MPS, genomic DNA is sheared and universal sequencing adapters are ligated to the 

ends of the fragments. The resulting library is amplified using standard PCR. In Illuminaôs 

Genome Analyzer, the amplified library is applied to a flow cell containing fixed 

oligonucleotides complementary to the universal adapters of the library. During several 

rounds of PCR monoclonal clusters are generated from each fragment of the library. These 

clusters can be visualised (sequenced) by sequential annealing of the four fluorescence 

labelled nucleotides. 

In SOLiD sequencing, the amplified library is mixed with more than one billion magnetic 

beads. In a water-in-oil emulsion PCR (ePCR) the library is amplified and thereby fixed to 

the beads in a way that each bead carries more than 30,000 monoclonal fragments. In a 

consecutive step these beads are enriched while beads without amplicons are depleted. Up 

to 700 million (SOLiD version 4) of the enriched beads are loaded onto a sequencing slide 

(DAHL 2010). Sequencing is performed by the sequential ligation of oligonucleotides. 

These MPS systems now have a throughput of >100Gb/run that allows for example the 

resequencing of the human genome with 30x coverage on one machine in one week.  

Figure 5. Workflow of MPS library preparation and sequencing. Genomic DNA is sheared, the ends are 

repaired and sequencing adaptors are ligated. In a PCR step the sequencing library is amplified. Following 

this, the library is either directly fixed to a flow cell through bridge PCR (cluster generation; Illumina) or to 

paramagnetic beads in an emulsion PCR reaction (SOLiD). Paramagnetic beads are subsequently deposited 

on a flow cell. The sequences of the monoclonal clusters or beads are read out during a polymerase 

(Illumina) or ligase (SOLiD) based second strand synthesis using fluorescence labelled nucleotides. 
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1.14.2   DNA methylation analyses 

 

DNA methylation analysis methods can be divided into direct and indirect methods 

(BOERNO 2010). The direct methods allow the assessment of the actual methylation state of 

every single CpG while the indirect methods interrogate the methylation state of whole 

regions instead of single CpGs and include an enrichment step.  

The gold standard for DNA methylation analysis is the direct whole genome bisulphite 

sequencing (BS-Seq), because it provides digital information (methylated or unmethylated) 

for every single CpG (LISTER 2009a). The underlying principle of this technology is the 

selective conversion of unmethylated cytosine into uracil by sodium bisulphite (sodium 

hydrogensulphite) while methylated cytosines are unaffected (CLARK 1994) (Figure 6). 

This procedure conserves the epigenetic methylation information by converting it into a 

genetic alteration that is accessible by sequencing. The ratio of óCGô to óTGô reads at a 

former óCGô position directly mirrors the amount of methylated to unmethylated cytosines 

at this position.  

Because of the high resolution, whole genome BS-Seq is very time consuming and 

expensive and so far unsuitable for large sample cohorts. Additionally, the reduced 

complexity of the genome through the conversion (in most regions three instead of four 

bases) leads to difficulties in mapping and demands high bioinformatics skills. That is 

aggravated by partly incomplete conversion of unmethylated cytosines mainly in high GC 

content areas.  

There are other methods published that restrict the size of the investigated genome that has 

to be sequenced and later on mapped. One example is reduced representation bisulphite 

sequencing (RRBS) (MEISSNER 2005) that involves an enzymatic digest of the DNA prior 

Figure 6. Molecular mechanism of bisulphite conversion of unmethylated cytosines. In a first step 

hydrogen sulphite is added to the C5-C6 double bond under acidic conditions forming 5,6-dihydrocytosine-6-

sulphonate. Then, the product is hydrolytically desaminated giving rise to 5,6-dihydrouracil-6-sulphonate. In 

methylated cytosines the deamination reaction is two orders of magnitude slower than in unmethylated 

cytosines due to the electron donating methyl group at C5, leaving 5-methylcytosines nearly unaffected by 

BS-conversion. Under alcalic conditions the hydrogensulphite group is eliminated to form uracil 

(desulphonation reaction) that can be distinguished from cytosine in sequencing, mass spectrometry analysis 

or by a base specific restriction digest. Image taken from Hayatsu et al. (HAYATSU 2008). 
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to BS conversion to enrich high CpG areas. Further technologies are the PCR amplification 

and pyrosequencing of regions of interest following BS conversion (TOST 2007) or 

analyses of PCR fragments by mass spectrometry. The bisulphite specific padlock probe 

(BSPP) method of Ball et al. (BALL  2009) is another promising approach: Several 

thousand probes are designed to target every single CpG in a region of interest. Those 

probes are hybridised to the BS converted DNA in a horseshoe-like manner to finally 

amplify the targeted region and read out its methylation state. Nevertheless, all these 

technologies go hand in hand with loss of potentially important information. The methods 

have been reviewed in detail by Boerno et al. (BOERNO 2010).  

For an almost unbiased cost effective high throughput screening, indirect 

immunoprecipitation methods like MeDIP-Seq (methylated DNA immunoprecipitation 

sequencing) or MBD-Seq (methyl CpG binding protein domain sequencing) are the 

methods of choice (KESHET 2006, LI 2010, WEBER 2005). After shearing of the DNA, 

methylated fragments are enriched using either an anti-5-meC antibody (MeDIP) or 

domains of the methyl CpG binding protein (MBD). The resulting DNA fraction ideally 

contains only methylated regions that ï after sequencing ï can be mapped to their genomic 

position. The resolution of these techniques is limited by the fragment size, thus no 

individual CpG read-out can be obtained. Another problem is that they are slightly biased 

towards high CpG content regions (LI 2010). Algorithms addressing this bias have been 

developed by Chavez et al. and Down et al. (CHAVEZ 2010, DOWN 2008). 

Nevertheless, these technologies are very useful for screening large sample cohorts for 

interesting regions that later on may be BS sequenced to elucidate the actual methylation 

state of every single CpG. 

With 3
rd

 generation nanopore sequencing it might become possible to directly read out the 

methylation state of every cytosine without precedent BS conversion (WALLACE  2010). 

The principle of these technologies is a nanopore through which single DNA molecules are 

passed. During the passage the individual nucleotides induce different alterations in 

electric current that can be measured and directly converted into the underlying base 

sequence. Interestingly, methylated and hydroxymethylated cytosines show a different 

profile than unmodified cytosines and thus can be directly assessed.  
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1.15   The óInteressengemeinschaftô Prostate Cancer (IGP) 

 

The IGP has been a BMBF funded consortium 

of urologists, pathologists, scientists, and 

representatives of the industry (Figure 7). One 

of the main goals was the identification and 

validation of markers for detection of early stage 

PCa in patient tissue, serum and urine. To 

achieve this, proteome, transcriptome, 

epigenome, miRNA, and genome data (including mutational analyses and copy number 

alterations) of more than one hundred prostate samples was generated exploiting novel 

sequencing and chip technologies. Furthermore, the integration of these various data levels 

should help to elucidate the molecular mechanisms underlying PCa formation and develop 

optimal therapeutic strategies for treatment. Our part of the work consisted of the 

acquisition of epigenome data and its integration with transcriptome and miRNA 

expression. Another scope was the identification and validation of epigenetic biomarkers.   

 

1.16   Research Outline 

 

In this work I present the results of a high throughput whole genome DNA methylation 

screen involving 51 tumour and 53 normal prostate samples. To identify tumour and 

tumour subgroup specific epigenetic alterations I used an immunoprecipitation-based 

enrichment approach for methylated DNA regions followed by SOLiD sequencing 

(MeDIP-Seq) (DOWN 2008, FEBER 2011, KESHET 2006, WEBER 2005). Therefor, I 

established the MeDIP-Seq protocol for the Applied Biosystems (Life) SOLiD sequencing 

system. I extracted hundreds of differentially methylated regions with the potential to serve 

as novel biomarkers for PCa detection. I performed small scale studies to evaluate the 

potential of these markers in additional patient cohorts. Furthermore, I integrated the 

MeDIP-Seq data with gene and miRNA expression data to gain further insight into the 

pathomechanisms of prostate cancer development.  

Figure 7. The logo of the IGP consortium.  
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2   METHODS 

2.1   Routinely used laboratory materials and methods 

Table 3: Buffers used for standard laboratory methods. 

50x TAE 10x PBS (pH7.4) TE (pH8) Proteinase K buffer (pH8) 

242g Tris 1.4M NaCl 10mM Tris  100mM NaCl 

57.1ml glacial acetic acid 34mM KCl 1mM EDTA 10mM Tris-Cl 

18.6g EDTA 0.1M Na2HPO4  25mM EDTA 

ad 1l: bidestilled water 18mM KH2PO4  0.5% SDS 

 

Table 4: Equipment and consumables used for standard laboratory methods. 

Article Catalog Number Distributor 

Benchtop centrifuge 5424 5424 000.410 Eppendorf 
Centrifuge 5804 5805 000.017 Eppendorf 
Centrifuge 5810R 5811 000.010 Eppendorf 
Eppendorf Research 10µl  Eppendorf 
Eppendorf Research 1ml  Eppendorf 
Eppendorf Research 20µl  Eppendorf 
Eppendorf Research 200µl  Eppendorf 
Expression 1640 XL Scanner E1640XL-GA Epson 
Gel imaging System Alpha Imager  Biozym 
Mini Protean 165-8001 Biorad 
Nanodrop ND-1000 and ND-2000 Thermo Scientific 
pH meter Toledo MP220 Z311286DK-1EA Mettler 
Pipetman 2µl  Gilson 
PMR-30 Shaker 583-205 Grant-bio 
Power supply unit EV202 55-EV202 Peqlab 
Power supply unit PowerPac Basic 164-5050 Biorad 
Rocky Shaker  Frobel Laborgeräte 
Scales EMB200-2 KERN 
Tumbler  self-made 

Acrylamide /Bis solution 37.5:1 (30%) 161-0154 Biorad 
Adenosine-5´-triphosphate P0756L New England Biolabs 
Agarose Standard 3810.2 Roth 
Ammonium acetate 1.011.161.000 Merck 
Ammoniumpersulfat (APS) 2300-25GM Merck 
Buffer QG Solubilization and Binding Buffer (with 
pH indicator) 

19063 Qiagen 

DNA LoBind Tubes 0,5ml 30.108.035 Eppendorf 
DNA LoBind Tubes 1,5ml 30.108.051 Eppendorf 
dNTP Set BIO-39025 Bioline 
EDTA Dinatriumsalz Dihydrat (Titrierkomplex III) X986.2 Roth 
Eppendorf Tips 30.077.024 epTIPS Filter 
Ethanol vergällt  1.009.742.511 VWR 
GenElute-LPA 56575-1ml Sigma 
GeneRuler 100bp DNA Ladder SMO249 Fermentas 
GeneRuler 1kb DNA Ladder SMO319 Fermentas 
H2O bidest  self-made 
H2O millipore  self-made 
HotStarTaq DNA Polymerase  203205 Qiagen 
Isopropyl alcohol 19782-500ML Sigma 
Low Molecular Weight DNA Ladder 250µg N3233L New England Biolabs 
MgCl2 solution (50mM) BIO-37026 Bioline 
MinElute PCR Purification Kit  28006 Qiagen 
Nuclease-free water AM9938 Ambion 
Orange DNA Loading Dye Solution (6x) R0631 Fermentas 



METHODS 

 38 

Article Catalog Number Distributor 

PCR SoftStrips 0.2ml 710990 Biozym 
PCR strips 30.124.359 Eppendorf 
PCR strips 732-0545 VWR 
PCR-05-C 0.5ml thin wall, clear, flat cap 732-0675 VWR 
Pfu DNA Polymerase (recombinant) 2,5u/µl  EP0502 Fermentas 
Phase lock Gel Tube Heavy 2ml 2302830 5Prime 
Phase lock Gel Tube Light 2ml 2302820 5Prime 
Phenol/Chloroform/Isoamylalcohol; 25/24/1 A0889.0100 Applichem 
Platinum Taq DNA Polymerase 10966-034 Invitrogen 
Polypropylene tubes (15ml) 430052 Corning 
Polypropylene tubes (50ml) 430829 Corning 
Proteinase K, recombinant, PCR Grade  3115852004 Roche 
QIAquick Gel Extraction Kit 28706 Qiagen 
QIAquick PCR Purification Kit 28106 Qiagen 
Quant-iT dsDNA HS Assay Kit Q32851 Invitrogen 
Qubit assay tubes Q32856 Invitrogen 
SafeLock tubes (0.5ml) 0030 121.023 Eppendorf 
SafeLock tubes (1.5ml) 0030 120.086 Eppendorf 
SafeLock tubes (2ml) 0030 120.094 Eppendorf 
Serological Pipettes (10ml) 4488 Costar 
Serological Pipettes (25ml) 4489 Costar 
Sodium acetate S2889 Sigma 
Taq DNA Polymerase, Recombinant  10342-020 Invitrogen 
TEMED (Tetramethylethylendiamin) 15524-010 Invitrogen 
TipOne RPT Filter Tips 10µl XL (sterile) S1180-3810 STARLAB 
TipOne RPT Tips 10µl XL S1160-3800 STARLAB 
TipOne RPT Tips 10µl XL, Refill S1160-3700 STARLAB 
TipOne RPT Tips 200µl,konisch, Refill S1161-1700 STARLAB 
TipOne RPT Tips 200µl, konisch S1161-1800 STARLAB 
TipOne XL RPT 10x96 Tips, 1250µl S1161-1820 STARLAB 
TipOne XL RPT 10x96 Tips, 1250µl, Refill S1161-1720 STARLAB 
Tween 20, 100ml 4974.01 Applichem 
Water Molecular Biology grade, Nuclease and 
Protease free 

W4502 Sigma 

  

2.1.1   PCR for amplification of standard fragments 

 

For amplification of standard fragments (e.g. for colony PCR) the following protocol was 

applied for 50µl total reaction volume: 5µl of 10x PCR buffer (650mM Tris-HCl, 166mM 

(NH4)2SO4, 31mM MgCl2, 0,1% (v/v) Tween 20, pH8.8), 1µl dNTPs (2.5mM each), 2µl of 

primermix (5mM each), 1µl of Taq polymerase (1U/µl), and nuclease free water (NFW) 

were mixed on ice with 10-100ng of DNA or a picked bacterial colony and thermal cycling 

was performed (initial denaturation: 5ô 95ÁC; 40cycles of 30s 95ÁC, 30s annealing 

(T=(Melting temperature primer 1 + melting temperature primer 2)/2-2°C)), elongation at 

72°C for 1min/1kb; 5ô 72ÁC; forever 4°C). Fragments were analysed on agarose gels.  
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2.1.2   Phenol/chloroform/isoamylalcohol extraction of DNA and ethanol precipitation 

 

Prior to use, phase lock gel (PLG)-tubes (Table 4) were centrifuged at 12,000g for 30s to 

pellet the gel. The samples containing cell lysate were transferred to the PLG Heavy tube 

and mixed with the same volume of phenol/chloroform/isoamylalcohol (25/24/1) without 

vortexing followed by a centrifugation step at 12,000g. The supernatant was mixed with 

the same volume of chloroform and centrifugation was repeated. Optionally, another 

volume of chloroform can be added followed by an additional centrifugation step. The 

supernatant was subjected to ethanol/ammonium acetate precipitation. Therefor, 3-10µl of 

linear polyacrylamide (LPA) were added to the sample. For a typical volume of 200µl of 

DNA solution 50µl (0.25 volumes) of a 10M ammonium acetate solution were added to 

obtain a concentration of 2M. 500µl (2.5 times the initial volume) of -20°C cold 100% 

ethanol (EtOH) were added (final concentration 66%) and the mixture was incubated for at 

least 30min at -20°C followed by 30min centrifugation at >20,000g (Eppendorf 

centrifuges). The pellet was washed with 500µl 95% EtOH and centrifuged for 20min at 

>20,000g. Washing and centrifugation might be repeated. The supernatant was discarded 

and the pellet was dried for 15min at RT to evaporate any residual EtOH. The pellet was 

resuspended in elution buffer (EB) from Qiagenôs Qiaquick PCR purification kit.  

 

2.1.3   DNA purification using Qiagen MinElute/PCR purification kits  

 

DNA was mixed with 5 volumes of buffer PB from Qiagenôs Qiaquick PCR purification 

kit/MinElute kit (Table 4). The pH value was adjusted using 3M sodium acetate until the 

indicator turns yellow. The mixture was transferred to Qiagenôs Qiaquick MinElute/PCR 

purification kit columns and centrifuged for 30s at maximum speed. The flow-through was 

reloaded onto the column, centrifuged again and then discarded. Two rounds of washing 

with 500µl of PE buffer were performed. The flow-through was discarded; the columns 

were centrifuged for 30s at maximum speed and then transferred into a novel 2ml 

collection tube. The columns were centrifuged for 5min at maximum speed and transferred 

to 1.5ml DNA LoBind tubes. To ensure the evaporation of all remaining ethanol, the 

columns were incubated at 56°C with open lids for 5min. After addition of an appropriate 

volume of EB buffer the columns were incubated for 5min at room temperature to allow 

the complete elution of bound DNA and centrifuged for 1min at 12,000rpm. The DNA was 

stored at -20°C.  
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2.1.4   DNA fragment purification from agarose gels using Qiagenôs GelExtraction kit  

 

DNA fragments of the desired size were cut out from an agarose gel using a nuclease free 

scalpel on a UV table and transferred into a DNA LoBind tube. The gel slice was weighed, 

3 volumes of buffer QG were added and the gel was solubilised by incubation on a thermal 

shaker. 1 volume of isopropanol was added and the mixture was transferred to Qiagen 

Qiaquick MinElute or Qiaquick PCR purification columns. Washing and elution were 

performed according to the standard Qiaquick PCR purification/MinElute kit protocol 

described above. 

 

2.1.5   DNA fragment purification from polyacrylamide gels 

 

For one gel (6%) (using the Bio-Rad Casting station with 1mm spacer) 4.16ml of water, 

1.4ml 5xTBE, 1.4ml of 30% acrylamide/bis solution (37.5:1), 49µl APS and 2,45µl of 

TEMED were combined on ice and quickly filled into the prepared casting station. The gel 

was run in 1xTBE buffer using the MiniProtean Chamber and the PowerPac Basic (130V, 

~0.5h). DNA fragments of the desired size were cut out and isolated from the gel using the 

crush and soak method (http://genepath.med.harvard.edu/~cepko/protocol/mike/D5.html): 

The polyacrylamide slice was crushed in a 1.5ml tube using a melted pipette tip as pestle 

and incubated overnight at 37°C in Crush and Soak Solution (500 mM ammonium acetate, 

1% SDS, 0.1 mM EDTA). The next day, the tube was centrifuged for 10min at 14,000rpm, 

the supernatant was recovered and the pellet was mixed again with additional 500µl of 

Crush and Soak solution. After centrifugation, the recovered supernatants were combined 

and DNA was recovered by ethanol/ammonium acetate precipitation (see section 2.1.2). 
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2.1.6   Cell culture 

 

Table 5: Cell lines and additional equipment and consumables used for cell culture. 

Article Catalog Number Distributor 

CaCO-2 cell line HTB-37 ATCC 

DU145 cell line HTB-81 ATCC 

LNCaP cell line CRL-1740 ATCC 

PC-3 cell line CRL-1435 ATCC 

RWPE-1 cell line CRL-11609 ATCC 

SW480 cell line CCL-228 ATCC 

SW620 cell line CCL-227 ATCC 

VCaP cell line CRL-2876 ATCC 

10ml Serological Pipettes 4488 Costar 

25ml Serological Pipettes 4489 Costar 

Cytoperm 2 Incubator 390-2430 Heraeus Instruments 

Neubauer cell counting chamber T728.1 Carl Roth GmbH 

Pipetaid 61881 Drummond 

Water bath WNB7 84198998 Memmert 

Bad Stabil 100 mL 1-60953 NeoLab 

cell culture dishes ū 60x15mm 93060 TPP 

cell culture flask 75ml 90076 TPP 

cell culture plates 12well 92412 TPP 

cell culture plates 6well 92406 TPP 

DMEM (Medium)  F0415 Biochrom AG 

DMSO D8418-100ml Sigma 

Fetal bovine serum (FCS) S01155.Lot611FF Biochrom AG 

Fetal bovine serum (FCS) S0113.Lot0338T Biochrom AG 

FuGENE 6 Transfection Reagent 11815091001 Roche 

HiPerfect Transfection Reagent 301704 Qiagen 

L-Glutamine (Gln) K0283 Biochrom AG 

Lipofectamine 2000 11668019 Invitrogen 

Lipofectamine RNAiMAX  13778150 Invitrogen 

MEM (Medium)  F0325 Biochrom AG 

PBS (- Ca, - Mg)  L1825 Biochrom AG 

Penicillin/Streptomycin  A2213 Biochrom AG 

Trypsin/EDTA L2143 Biochrom AG 

 

2.1.6.1   Thawing and seeding of cells 

 

For culturing cells from a frozen stock, the frozen cells were slowly thawed and small 

amounts of freshly prepared growth medium were added stepwise. Cells were scraped off 

the frozen block and transferred into 5ml of medium until all cells of the stock were in 

solution. The suspension was topped with additional growth medium up to a volume of 

10ml. Cells were centrifuged for 5min at 600rpm and the DMSO containing supernatant 

was discarded. Cells were resuspended in 7ml of medium containing additional fetal 

bovine serum (FCS) (e.g. for HEK293T cells: DMEM + 1% glutamine (Gln) + 1% 

Penicillin/Streptomycin + 20% FCS) following cell supplierôs instructions and cultured in 

a T25 flask until reaching confluence (incubator settings: 37°C, 5% CO2, 93% rH). After 

splitting they were grown in standard cell culture medium (e.g. for HEK cells: DMEM + 

1% glutamine + 1% Penicillin/Streptomycin + 10% FCS) (Table 5).  
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2.1.6.2   Splitting cells 

 

Before reaching confluence cells were split to allow continuous growth. Therefor, growth 

medium was aspirated and cells were washed with 10ml prewarmed PBS (37°C). After 

aspiration of PBS they were incubated with 1ml trypsin for several minutes at 37°C. Cell 

culture flasks should not be hit to avoid cell clumping. Cells were collected in 12ml growth 

medium supplemented with all necessary nutrients and diluted 1:3 ï 1:4 in medium. 12ml 

of the diluted cells were seeded into a T75 cell culture flask.  

 

2.1.6.3   Counting cells 

 

After trypsinisation cells were collected in fresh cell culture medium. Three aliquots of 

10µl were counted using a Neubauer cell counting chamber.  

 

2.1.6.4   Isolation of genomic DNA from cultured human cells 

 

T75 flasks of cultured human cells were washed with 10ml PBS and incubated with 1ml 

trypsin. Cells were collected with 10ml medium containing FCS to inactivate trypsin and 

centrifuged for 5min at 800rpm (~100g) to obtain a cell pellet.  

10µl of proteinase K were freshly added to 2ml of proteinase K buffer (Table 3) and the 

pellet was incubated for 12h at 50°C in 300µl of this mixture. Nucleic acids were separated 

from the amino acids by phenol/chloroform/isoamylalcohol extraction and precipitated 

using ethanol and ammonium acetate. The resulting pellet was eluted in 70µl EB buffer 

and incubated with 1µl RNase for 60min at 37°C. The RNase digest was followed by 

phenol/chloroform/isoamylalcohol extraction and ethanol/ammonium acetate precipitation 

to yield purified genomic DNA.  

 

2.1.7   RNA preparation techniques 

 

Table 6: Additional consumables used for RNA isolation. 

Article Catalog Number Distributor 

AllPrep DNA/RNA/Protein Mini Kit 80004 Qiagen 

RNase ZAP AM9780 Ambion 

RNase-free DNase set  79254 Qiagen 

RNeasy MinElute Cleanup Kit  74204 Qiagen 

TRIzol  15596-018 Invitrogen 
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Pipettes, workplace and gloves were treated with RNase inhibitors (RNaseZap) and 

experiments were performed on ice unless stated otherwise.   

 

2.1.7.1   Isolation of RNA from cultured human cells using the RNeasy MinElute 

Cleanup Kit 

 

For RNA isolation from a T75 flask of human cells, the growth medium was aspirated and 

the cells were washed with 10ml ice cold PBS. 7.5ml of Trizol (1ml/10cm
2
) were added to 

each flask (Table 6). Cells were scraped off using a rubber policeman, transferred to a 

50ml tube and kept on ice. Additional 7.5ml of Trizol were added and cells were 

homogenised by pipetting them up and down several times followed by 5min incubation at 

RT. 0.2 volumes of chloroform were added (here: 3ml), mixed by inverting the tube 4 

times and incubated for another 2-3min at RT. Phases were separated by a 30min 

centrifugation step at 4000g at 4°C. The upper phase containing the RNA was transferred 

to a new tube containing 7.5ml isopropanol and 1µl LPA.  

For RNA precipitation, the tube was incubated for 30min at -80°C and centrifuged for 

45min at 5000g at 4°C. After discard of the supernatant the pellet was washed with 15ml 

of ice cold 75% ethanol and centrifuged at <7.500g at 4°C for 5min. The pellet was dried 

and dissolved in RNase free water. DNase digestion was performed by 10min incubation at 

RT: Up to 87.5µl of RNA solution were mixed with 10µl Buffer RRD and 2.5µl DNaseI 

stock solution (RNeasy MinElute Cleanup Kit)  (Table 6) and RNase free water was added 

to 100µl. After DNase digest, the solution was mixed with 100µl chloroform and RNA was 

extracted using Phase Lock Gel tubes (Heavy) followed by a sodium acetate/EtOH 

precipitation. 1µl of LPA, 1/10
th
 volume of 3M sodium acetate and 2 volumes of 100% ice 

cold EtOH were added (Table 4), the mixture was incubated for 40min at -80°C and 

subsequently centrifuged for 30min at 4°C (>20,000g). The pellet was washed on ice with 

70% EtOH, dried and resuspended in 30µl RNase free water. The purified RNA was 

aliquoted and stored at -80°C.  

 

2.1.7.2   Isolation of RNA from tissue using the Allprep DNA/RNA/Protein Mini Kit  

 

For isolation of the RNA fraction from tumour tissue, the AllPrep DNA/RNA/Protein Mini 

Kit was used and RNA was prepared following the manufacturerôs instructions (Table 6). 

In brief, up to 30mg frozen tissue were disrupted and homogenised in Buffer RLT. Cell 



METHODS 

 44 

debris was pelleted by a 3min centrifugation step and the supernatant was transferred to an 

AllPrep DNA spin column and centrifuged. The DNA could later on be eluted from the 

column while the flow-through contained the RNA. 72/100
th
 volumes of ethanol (100%) 

were added to the flow-through and transferred to an RNeasy spin column and centrifuged. 

The flow-through contains the protein and small RNA fraction that can be purified later on. 

The RNA on the column was treated with DNase: The column was washed with 350µl 

Buffer RW1 and 10µl DNaseI stock solution were mixed with 70µl Buffer RDD, added to 

the column and incubated for 15min at RT. After digestion one washing step with 350µl 

Buffer RW1 and two washings with 500µl Buffer RPE were performed. The column was 

dried by centrifugation and the RNA was eluted with 30-50µl RNase free water. The RNA 

was aliquoted and stored at -80°C. 

 

2.1.7.3   Preparation of small RNAs for Small RNA Expression Kit (SREK) 

 
Table 7: Additional consumables used for Small RNA expression kit library preparation.  

Article Catalog Number Distributor 

Small RNA Expression Kit (SREK) 4399434b Applied Biosystems 

 

For preparation of the small RNA fraction the flow-through of the Allprep RNeasy spin 

column containing the protein- and small RNA fraction (see section 2.1.7.2) was mixed 

with Buffer APP and centrifuged for 10min to precipitate the protein-fraction. 1 volume of 

100% EtOH was added to the supernatant and the mixture was transferred to an RNeasy 

MinElute (Qiagen) spin column. The RNA was bound to the column by centrifugation and 

washed with 500µl Buffer RPE, followed by a washing step with 500µl 80% EtOH. The 

small RNA fraction was eluted into a new 1.5ml tube using 14µl of RNase free water and 

was used for Small RNA library preparation (SREK) after analysis on the Agilent 

Bioanalyzer.  

 

2.1.8   cDNA synthesis 

 

Table 8: Additional consumables used for cDNA synthesis. 

Article Catalog Number Distributor 

Recombinant RNasin Ribonuclease. Inhibitor N2511 Promega 

RNaseH, 2U/µl 18021-014 Invitrogen 

Superscript III, reverse transcriptase 18080-044 Invitrogen 

 

For first strand cDNA synthesis, 300ng of RNA, 250ng random hexamer primers (5ô-

NNNNNN-wobbles-3ô; no of PTO bonds: 2; Position of PTO bonds (5ô-3ô): 4-6), 1µl 
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10mM dNTPs, and RNase free water were incubated in a 13µl reaction at 65°C for 5min 

and cooled immediately on ice.  

4µl first strand buffer (5x), 1µl DTT (0,1M), 1µl RNasin (40 U/µl) and 1µl SuperScript 

III -reverse transcriptase were added and the following programme was run on a thermal 

cycler: 5ô 25ÁC, 60ô 50ÁC, 15ô 70ÁC. Consecutively, an RNase H digest of the RNA was 

performed by adding 1µl of RNase H (2U/µl) followed by 20min incubation at 37°C and a 

20min inactivation step at 65°C. 

 

2.1.9   Second strand synthesis 

 

Table 9: Additional consumables used for second strand synthesis. 

Article Catalog Number Distributor 

Klenow DNA Polymerase I M021S New England Biolabs 

Superscript III,Double-Stranded cDNA Synthesis 11917-010 Invitrogen 

 

For second strand synthesis 10µl of single stranded cDNA were mixed with 1µl random 

hexamers (100µM), 3µl dNTPs (40mM), 6µl Klenow fragment (5U/µl), 5µl NEB2 buffer, 

and 25µl NFW. Incubation was performed for 2h at 16°C and double stranded cDNA was 

purified using MinElute columns.  

 

2.1.10   Sodium bisulphite conversion of DNA 

 

Table 10: Additional consumables used for sodium bisulphite conversion. 

Article Catalog Number Distributor 

Epitect Bisulfite Kit  59104 Qiagen 

EZ DNA Methylation Gold Kit D5005 Zymo 

 

Through treatment with sodium bisulphite (BS), unmethylated cytosines are converted into 

uracil while methylated cytosines remain unaltered. This leads to a conversion of the 

epigenetic methylation mark into a genetic feature that is stable through PCR amplification 

and can be assessed by Sanger and multiple parallel sequencing technologies, as well as by 

base specific restriction digest or mass spectrometry. For bisulphite conversion the EpiTect 

Bisulfite Kit (Qiagen) and EZ-DNA Methylation Gold kit (Zymo) were routinely used. 
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2.1.10.1   EpiTect Bisulfite Kit (Qiagen) 

 

The kit can be used for the BS conversion of 1ng-2µg of DNA. According to the protocol 

800µl of water were added to one tube of bisulphite mix (sufficient for 8 reactions). In a 

200µl PCR tube 20µl of DNA were mixed with 85µl of prepared BS mix and added with 

35µl of DNA-Protect buffer from the kit. To convert the DNA the following thermal cycler 

protocol was used: 1. Denaturation: 99°C/5min; 2. Incubation 60°C/25min; 3. Denaturation 

99°C/5min; 4. Incubation 60°C/85min; 5. Denaturation 99°C/5min; 6. Incubation 

60°C/175min; 7. Hold 20°C. After cycling, the converted DNA was transferred to a new 

1.5ml tube and 560µl Buffer BL containing 10µg/ml carrier RNA were added and 

transferred to an EpiTect Spin column. The columns were centrifuged for 1min at 

>14,000g and the flow-through was discarded. The columns were washed by adding 500µl 

BW buffer and centrifuged for 1min at >14,000g. The flow-through was discarded. The 

DNA was desulphonated by adding 500µl buffer BD followed by 15min incubation at 

room temperature (closed column lids). The columns were washed twice with 500µl BW 

buffer, transferred to a new 2ml tube and again centrifuged for 5min at >14,000g to get rid 

of any residual wash buffer. The columns were transferred to a new 1.5ml tube and the 

DNA was eluted from the column with at least 20µl EB buffer.  

 

2.1.10.2   EZ-DNA Methylation Gold kit (Zymo)  

 

The kit can be used for conversion of 500pg-2µg of DNA (200-500ng optimal). CT 

conversion reagent and M-Wash buffer were prepared according to the manufacturerôs 

protocol. 130µl of the conversion reagent and 20µl of DNA were incubated in a thermal 

cycler for 10min at 98°C, 2.5h at 64°C and up to 20h at 4°C. The product and 600µl M-

Binding buffer were added to a Zymo-Spin IC Column and centrifuged at >10,000g for 

30s. The flow-through was discarded and the column was washed with 100µl of M-Wash 

buffer. After washing the DNA was desulphonated by 20min incubation with 200µl M-

Desulphonation buffer at RT and washed twice with 200µl M-Wash buffer. The DNA was 

eluted with 10-20µl M-Elution buffer. 
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2.1.10.3   PCR for validating BS conversion success of genomic DNA 

 

Table 11: Primers used for validation of BS conversion. 

Name Sequence Purpose 

HLA-A_FW TGGGTTTTTAGAGAAGTTAATTAGTG 
Validation of BS conversion success 

HLA-A_RV CCAAATCTAAATCAAAACCAAAAC  

 

To control for the success of bisulphite conversions the primers HLA-A_FW and HLA-

A_RV were used in the following PCR to yield an amplicon of 162bp: 

5µl 10xPCR buffer, 4µl dNTPs (2.5mM each), 2µl MgCl2 (50mM), 1µl HLA-A_FW 

(10µM), 1µl HLA-A_RV (10µM), 50ng DNA, 1µl Platinum Taq and NFW ad 50µl were 

mixed and PCR was performed under the following conditions: 95°C 10min; 40 cycles: 

95°C 30s, 57°C 1min, 72°C 30s; 72°C 5min; 4°C forever. Fragments were subsequently 

analysed on a 2% agarose gel.  

 

2.1.11   Real time quantitative PCR (qPCR)  

 

Table 12: Additional equipment and consumables used for qPCR. 

Article Catalog Number Distributor 

7900 HT Fast Real Time PCR System 4329001 Applied Biosystems 

EvaGreen 31000 Biotium 

Gotaq qPCR Mastermix (2x) A6002 Promega 

Maxima SYBR Green/Rox qPCR Master Mix 
(2x) 1000 Rxn 

K0222 Fermentas 

MicroAmp Optical 384-Well Reaction Plate 4309849 Applied Biosystems 

MicroAmp Optical 96-Well Reaction Plate 4306737 Applied Biosystems  

MicroAmp Optical Adhesive Covers  4311971 Applied Biosystems 

SYBR Green PCR Master Mix 4309155 Applied Biosystems 

 

Real time qPCR is a method for quantitation of DNA amplicons or cDNA. Like in standard 

PCR a DNA region is exponentially amplified by successive cycles of denaturation, primer 

annealing, and DNA elongation. SYBR Green or EvaGreen bind to the emerging double 

stranded DNA resulting in a fluorescence signal (ZIPPER 2004). The cycle number at which 

the signal intensity passes a predefined threshold (e.g. the inflexion point of the sigmoidal 

fluorescence curve) is called Ct value. The Ct value is inversely correlated to the 

logarithmic amount of input DNA. 

 

2.1.11.1   Primer design for real time qPCR 

 

Primers for real time qPCR were designed using the Primer3 software 

(http://frodo.wi.mit.edu/) with the following restrictions: primer size 20-22nt; melting 
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temperature 63-65°C, GC content 40-60%, maximal PolyX-sites 2-3, length of amplicon 

70-120bp. For cDNA quantification the amplicon should span an exon-exon junction to 

exclude background genomic DNA signal.  

 

2.1.11.2   qPCR using 2xqPCR mix (AB/Invitrogen) 

 

Real time qPCRs were performed in triplicates in a 384 well plate. Each well contained 5µl 

PCR mix, 3.5µl DNA (at least 5ng genomic DNA) and 1.5µl primer mix (5mM each). An 

initial incubation of 95°C for 10min is required to activate the polymerase, followed by 40 

cycles of a two step cycle programme (95°C denaturation for 15s + 60°C anneal and 

extend for 1min) on the Applied Biosystems 7500 real time PCR cycler. A subsequent 

dissociation step was used to assess the purity of the PCR amplicon. Ct values were 

extracted and the median was calculated for each triplicate and was used for further 

calculations (e.g. determining library concentrations, enrichment, gene expression, 

methylation values). 

 

2.1.11.3   qPCR using EvaGreen 

 

For cost efficient large scale real time PCRs 1/10
th
 volume of 10x Platinum Buffer, 1/200

th
 

volume of dNTPs (10mM each), 1/100
th
 volume of primermix (50µM each), 3/100

th 

volume of MgCl2 (50mM), 1/200
th
 volume of 100x EvaGreen (Biotium) and 1/200

th
 

volume of Platinum Taq polymerase (Invitrogen) were mixed with template DNA and 

filled with NFW. SYBRGreen could not be used as it inhibited PCR amplification. 

Standard real time cycling was applied.  

 

2.1.11.4   MicroRNA specific TaqMan assays 

 

Table 13: Additional consumables used for TaqMan assays. 

Article Catalog Number Distributor 

miR26a TaqMan MicroRNA Assay RT/TM405 4427975ID000405 Applied Biosystems 

RNU44 TaqMan MicroRNA Assay RT/TM001094 4427975ID001094 Applied Biosystems 

TaqMan RNA Reverse Transcription Kit 4366596 Applied Biosystems 

TaqMan Universal PCR Master Mix, no Amperase UNG 4324018 Applied Biosystems 

 

To quantify miR26a and RNU44 (control) expression in RNA isolated from various cell 

lines TaqMan MicroRNA Assays (Applied Biosystems) were used. The assay consists of a 

reverse transcription step with miR26a or RNU44 specific primers followed by the 
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quantification step on the Applied Biosystems RealTime PCR system. This step involves 

Taq mediated cleavage of FAM labelled miR26a or RNU44 specific probes specifically 

hybridised to the target cDNA. TaqMan probes rely on the quenching of the fluorescence 

of a dye (like FAM) that is covalently bound to the 5ô-end of the probe by a nonfluorescent 

dye bound to the 3ô-end through Fºrster resonance energy transfer (FRET). 5ô-3ô-

exonuclease activity of the polymerase leads to digestion of the probe during strand 

elongation and thus to release of the fluorescent dye from the quencherôs vicinity resulting 

in increased fluorescence.  

To generate cDNA, for each assay 0.15µl 100mM dNTPs, 1µl MultiScribe Reverse 

Transcriptase (50U/µl), 1.5µl 10x Reverse Transcription Buffer, 0.19µl RNase Inhibitor 

(20U/µl), and 4.16µl NFW were mixed on ice and 5µl of total RNA (1-10ng) were added. 

After addition of 3µl target specific RT primermix (5x) the mixture was incubated on ice 

for 5min followed by thermal cycling: 30min 16°C; 30min 42°C; 5min 85°C; hold at 4°C. 

Quantification of the targets was performed in triplicates. For every qPCR reaction 0.5µl 

TaqMan MicroRNA Assay (target specific, 20x), 0.67 µl cDNA, 5µl TaqMan 2x Universal 

PCR Master Mix No AmpErase UNG, and 3.83µl NFW were mixed and standard two step 

thermocycling was performed on the Applied Biosystems 7900HT fast real time PCR 

system in 9600 emulation mode: 10min 95°C activation; 40 cycles of 15sec 95°C, 1min 

60°C.  

Relative concentrations were determined using the DDCt method comparing Ct values of 

miR26a and RNU44 in treated and untreated cells.  

 

2.1.12   Whole genome amplification with  GenomePlex WGA kits  

 

Table 14: Additional consumables for whole genome amplification. 

Article Catalog Number Distributor 

GenomePlex Complete Whole Genome 
Amplification (WGA) Kit  WGA2 

WGA2-50RXN Sigma 

GenomePlex  WGA Reamplification Kit  WGA3 WGA3-50RXN Sigma 

 

For whole genome amplification of small DNA amounts WGA2 and WGA3 kits (Sigma-

Aldrich) were used. Genomic DNA (>10ng) was fragmented, a library was generated that 

was subsequently amplified to yield 5-10µg of ~400bp DNA.  

For fragmentation, the DNA was diluted to 1ng/µl and 1µl of 10x fragmentation buffer 

was added to 10µl of diluted DNA sample followed by incubation at 95°C for exactly 

4min. After fragmentation the DNA was kept on ice. 2µl of Library Preparation buffer and 
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1µl of Library Stabilization Solution were added to each sample, incubated for 2min at 

95°C and cooled on ice. 1µl of Library Preparation Enzyme was added and the following 

incubation programme was performed in a thermal cycler: 16°C for 20min; 24°C for 

20min; 37°C for 20min; 75°C for 5min; 4°C hold.  

The resulting library was amplified within three days by adding 7.5µl of 10x Amplification 

Master Mix, 47.5µl of NFW and 5µl of WGA DNA Polymerase to the library. 14 cycles of 

amplification were performed on a thermal cycler using the following protocol: Initial 

denaturation 95°C for 3min; 14 cycles of 94°C for 15s, and 65°C for 5min. 

After amplification the GenomePlex library was purified using Qiagenôs PCR purification 

kit and could be reamplified using the WGA3 kit to obtain more DNA.  

Therefor, 10µl of 1ng/µl preamplified GenomePlex library were supplied with 49.5µl 

NFW, 7.5µl of 10x Amplification Master Mix, 3.0µl of 10mM dNTP mix and 5.0µl of 

WGA DNA Polymerase. The reaction was incubated in a thermal cycler using the 

following protocol followed by a cleanup of the products: Initial Denaturation 95°C for 

3min; Cycling programme (14 cycles): Denaturation 94°C for 15s, Anneal/Extend 65°C 

for 5min. 

2.2   Statistical analyses 

Statistical analyses were conducted using Microsoft Excel 2003 and R (version 2.9.2) 

(R_DEVELOPMENT_CORE_TEAM 2009). 

 

2.3   Analyses of DNA methylation patterns in prostate tissues 

 

2.3.1   Biological samples 

 

Prostate tissue samples were obtained from the University Medical Centre Hamburg- 

Eppendorf. Approval for the study was obtained from the local ethics committee and all 

patients agreed to provide additional tissue sampling for scientific purposes. Tissue 

samples from 51 prostate cancer and 53 normal prostate tissues were included 

(Supplementary Table 1). None of the patients had been treated with neo-adjuvant radio-, 

cytotoxic, or endocrine therapy. To confirm the presence of tumour, all punches were 

sectioned, and tumour cell content was determined in every 10
th
 section. Only sections 

containing at least 70% tumour cells were included in the study. Normal prostate tissue 

samples were obtained from 53 patients who underwent radical prostatectomy for prostate 
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cancer. Only sections containing exclusively normal tissue material with epithelial cell 

content between 20 and 40% were included in the study. For Laser Capture 

Microdissection (LCM, Zeiss, Germany) of epithelial cells, 16µm tissue sections were 

mounted on special LCM slides and briefly stained with hematoxilin and eosin to facilitate 

localization of epithelial cells. Epithelial cells were collected by LCM from 10 tissue 

sections each. DNA was isolated using the DNA mini kit (Qiagen) according to the 

manufacturerôs instructions. The TMPRSS2:ERG fusion status was determined with RT-

PCR following protocols from Jhavar et al. (JHAVAR  2008) and Mertz et al. (MERTZ 2007).  

 

2.3.2   Methylation profilin g by MeDIP-Seq 

 

Table 15: Additional equipment and consumables used in MeDIP-Seq. 

Article CatalogNumber Distributor 

Agilent 2100 Bioanalyser  G2938C Agilent Technologies 

Blue metal plate adaptor  Applied Biosystems 

Covaris S2 System 4392718 Applied Biosystems 

Dynal MPC Magnetic Particle Concentrator (Magnetic Rack) 120.20D Invitrogen 

FugeOne PC-100 STARLAB 

GeneAmp PCR System 9700 (96 well) N8050200+4314443 Applied Biosystems 

heated water bath: Julabo F26  Julabo 

IKA ULTRA TURRAX Tube Drive 4400335 Applied Biosystems 

Incubator: Heraeus Function Line  Heraeus Instruments 

Repeater Xstream 22460811 Eppendorf 

Serological Pipettes (10ml) 4488 Costar 

Serological Pipettes (25ml) 4489 Costar 

SOLiD System 2.0 4392719 Applied Biosystems 

SOLiD version 3  Applied Biosystems 

SOLiD version 3 HiDRA  Lifetech 

SOLiD version 3 plus  Lifetech 

SOLiD version 4  Lifetech 

Thermomixer Compact 5350 000.013 Eppendorf 

Vortex Genie 2 SI-0256 Scientific Industries 

5-Methylcytidine antibody purified  BI-MECY-1000 Eurogentec 

Agencourt AMPure 60ml Kit 000130 Agencourt 

Agencourt AMPure 60ml Kit A29152 Beckman Coulter 

Agencourt AMPure XP 60ml Kit A63881 Beckman Coulter 

Agilent Dna 7500 Kit 5067-1506 Agilent 

Butanol 4389770 Applied Biosystems 

Combitips Plus (10ml) 22496123 Eppendorf 

Combitips Plus (5ml) 22496107 Eppendorf 

Covaris micro TUBE with AFA fiber and snap cap 520045 Covaris 

DNA polymerase I (10U/µl) M0209L NEB 

Dynabeads M280 sheep anti-mouse IgG paramagnetic beads 
(Invitrogen)  

112-01D Invitrogen 

Dynabeads M280-Streptavidin  SKU112-05D Invitrogen 

End-Repair Mix (Low Concentration) Y914-LC-L Enzymatics 

ePCR tubes 15ml (IKA) 4400401 Applied Biosystems 

GenElute-LPA 56575-1ml Sigma 

High Fidelity Platinum Taq Polymerase 11305-029 Invitrogen 

Mineral oil  M5904 Sigma 

Phenol/Chloroform/Isoamylalcohol; 25:24:1 A0889.0100 Applichem 

Polypropylene wide mouth jars, 15ml 2118-9050 Nalgene 

Proteinase K, recombinant, PCR Grade  3115852004 Roche 

Reagent reservoir R9259 Sigma  
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Article CatalogNumber Distributor 

SOLiD Bead Deposition Kit 4387895 Applied Biosystems 

SOLiD Bead Deposition Kit 4387895 Applied Biosystems 

SOLiD Bead Enrichment Kit 4387894 Applied Biosystems 

SOLiD Buffer Kit 4387918 Applied Biosystems 

SOLiD DH10B Fragment Library Controls  4391889 Applied Biosystems 

SOLiD EZ Bead Emulsifier E80 4452722 Applied Biosystems 

SOLiD Fragment Library Oligo Kit 4401151 Applied Biosystems 

SOLiD Light Source 4388441 Applied Biosystems 

SOLiD Opti Fragment Library Sequencing Master Mix 35 4442218 Applied Biosystems 

SOLiD ToP Fragment Barcoded Sequencing MM50 4452697 Applied Biosystems 

SOLiD ToP Instrument Buffer Kit 4452688 Applied Biosystems 

SOLiD ToP Sequencing Kit - Barcode Tag 4449308 Applied Biosystems 

SOLiD ToP Sequencing Kit, MM50 4449388 Applied Biosystems 

SOLiD XD Bead Enrichment Kit 4453663 Applied Biosystems 

SOLiD XD Slide & Deposition Kit v2 4456997 Applied Biosystems 

SOLiD Opti Fragment Library Sequencing Kit 5 bp Barcode Set 4442261 Applied Biosystems 

T4 DNA Ligase rapid (600U/µl) L-6030-HC-L Enzymatics 

 

Table 16: Oligonucleotides used in MeDIP-Seq. 

Name Sequence Purpose 

Multiplex P1 Adaptor A 5'-ATCACCGACTGCCCATAGAGAGGTT-3' Adaptor 1 part 1 for BC Libraries 

Multiplex P1 Adaptor B 5'-CCTCTCTATGGGCAGTCGGTGAT-3' Adaptor 1 part 2 for BC Libraries 

Multiplex P2 Adaptor  
BC 001 A 

5'-CGCCTTGGCCGTACAGCAGCCTCTTACACAGAGAA 
TGAGGAACCCGGGGCAGTT-3' 

Adaptor 2 part 1 for BC libs BC001 

Multiplex P2 Adaptor  
BC 001 B 

5'-CTGCCCCGGGTTCCTCATTCTCTGTGTAAGAGGCT 
GCTGTACGGCCAAGGCG-3' 

Adaptor 2 part 2 for BC libs BC001 

Multiplex P2 Adaptor  
BC 002 A 

5'-CGCCTTGGCCGTACAGCAGACCACTCCCTAGAGAA 
TGAGGAACCCGGGGCAGTT-3' 

Adaptor 2 part 1 for BC libs BC002 

Multiplex P2 Adaptor  
BC 002 B 

5'-CTGCCCCGGGTTCCTCATTCTCTAGGGAGTGGT 
CTGCTGTACGGCCAAGGCG-3' 

Adaptor 2 part 2 for BC libs BC002 

Multiplex P2 Adaptor  
BC 003 A 

5'-CGCCTTGGCCGTACAGCAGTATAACCTATAGAGAA 
TGAGGAACCCGGGGCAGTT-3' 

Adaptor 2 part 1 for BC libs BC003 

Multiplex P2 Adaptor  
BC 003 B 

5'-CTGCCCCGGGTTCCTCATTCTCTATAGGTTATACTG 
CTGTACGGCCAAGGCG-3' 

Adaptor 2 part 2 for BC libs BC003 

Multiplex P2 Adaptor  
BC 004 A 

5'-CGCCTTGGCCGTACAGCAGGACCGCATCCAGA 
GAATGAGGAACCCGGGGCAGTT-3' 

Adaptor 2 part 1 for BC libs BC004 

Multiplex P2 Adaptor  
BC 004 B 

5'-CTGCCCCGGGTTCCTCATTCTCTGGATGCG 
GTCCTGCTGTACGGCCAAGGCG-3' 

Adaptor 2 part 2 for BC libs BC004 

Multiplex P2 Adaptor  
BC 005 A 

5'-CGCCTTGGCCGTACAGCAGCTTACACCACAGA 
GAATGAGGAACCCGGGGCAGTT-3' 

Adaptor 2 part 1 for BC libs BC005 

Multiplex P2 Adaptor  
BC 005 B 

5'-CTGCCCCGGGTTCCTCATTCTCTGTGGTG 
TAAGCTGCTGTACGGCCAAGGCG-3' 

Adaptor 2 part 2 for BC libs BC005 

Multiplex P2 Adaptor  
BC 006 A 

5'-CGCCTTGGCCGTACAGCAGTGTCCCTCGCAGA 
GAATGAGGAACCCGGGGCAGTT-3' 

Adaptor 2 part 1 for BC libs BC006 

Multiplex P2 Adaptor  
BC 006 B 

5'-CTGCCCCGGGTTCCTCATTCTCTGCGAGGGACAC 
TGCTGTACGGCCAAGGCG-3' 

Adaptor 2 part 2 for BC libs BC006 

Multiplex P2 Adaptor  
BC 007 A 

5'-CGCCTTGGCCGTACAGCAGGGCATAACCCAGA 
GAATGAGGAACCCGGGGCAGTT-3' 

Adaptor 2 part 1 for BC libs BC007 

Multiplex P2 Adaptor  
BC 007 B 

5'-CTGCCCCGGGTTCCTCATTCTCTGGGTTATGCCC 
TGCTGTACGGCCAAGGCG-3' 

Adaptor 2 part 2 for BC libs BC007 

Multiplex P2 Adaptor  
BC 008 A 

5'-CGCCTTGGCCGTACAGCAGATCCTCGCTCAGAGAA 
TGAGGAACCCGGGGCAGTT-3' 

Adaptor 2 part 1 for BC libs BC008 

Multiplex P2 Adaptor  
BC 008 B 

5'-CTGCCCCGGGTTCCTCATTCTCTGAGCGAGGATC 
TGCTGTACGGCCAAGGCG-3' 

Adaptor 2 part 2 for BC libs BC008 

4994_F (BRD1) 5-GGGAATATAAGGAGCGCACA-3 Positive Control for MeDIP enrichment 

4994_R (BRD1) 5-TCGGTTAAAACGGTCAGGTC-3 Positive Control for MeDIP enrichment 

8804_F (COQ3) 5-CGAGGCGTGAGTTATTCCTG-3 Negative Control for MeDIP enrichment 

8804_R (COQ3) 5-CTCTTGTGGCTGAGCTCCTT-3 Negative Control for MeDIP enrichment 

Multiplex PCR Primer 1 
5ô-CCACTACGCCTCCGCTTTCCTCTCTATGGGCAGTC 

GGTGAT-3ô 
Amplification of barcoded libraries 

Multiplex PCR Primer 2 5ô-CTGCCCCGGGTTCCTCATTCT -3ô Amplification of barcoded libraries 

Library-PCR-Primer1 5ô-CCACTACGCCTCCGCTTTCCTCTCTAT-3ô Quantification of amplified libraries 

Library-PCR-Primer2 5ô-CTGCCCCGGGTTCCTCATTCT-3ô Quantification of amplified libraries 
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For genome-wide analyses of the DNA methylation patterns in prostate samples and cell 

line DNA a modified MeDIP protocol was integrated into the fragment library preparation 

protocol for the SOLiD MPS system (Figure 8). Briefly, genomic DNA was fragmented, 

end repaired and barcoded sequencing adapters were ligated. The library was subjected to 

MeDIP enrichment, PCR amplified and coupled to sequencing beads via emulsion PCR. 

The beads were sequenced on a SOLiD 3+ system.  

 

2.3.2.1   Library preparation  

 

2.5µg of genomic DNA in 100µl EB were fragmented to 100 to 200bp using the Covaris 

S2 system (10% duty cycle, Intensity 5, 200 cycles/burst, 7 cycles à 1min). Column 

purification was performed and DNA was eluted in 50µl EB while shearing was confirmed 

by gel electrophoresis. Purified DNA was subjected to end repair using Enzymatics End 

Repair Mix: The final volume was 25/19x the DNA volume. For example, 45µl of DNA 

were mixed with 5.9µl dNTPs (1mM; 1/10
th
 of final volume), 5.9µl 10x End Repair buffer 

and 2.4µl End Repair Mix (1/25
th
 of final volume) and incubated 30min at RT followed by 

an enzyme inactivation step for 20min at 75°C and Qiagen purification with elution in 50µl 

EB. Barcoded sequencing adaptors were ligated in a 30fold excess in a total reaction 

Figure 8. MeDIP-Seq protocol. 
Genomic DNA of 51 tumour and 53 normal prostate samples was 

sheared to a size of 100-200bp using the Covaris S2 system and end 

repaired. Barcoded SOLiD sequencing adapters were ligated and 

DNA was heat denaturated. Single stranded DNA was enriched for 

methylated fragments using an anti-5-meC-antibody coupled to 

paramagnetic beads. Enrichment controls were performed. Enriched 

libraries were amplified in a library PCR reaction and quantified using 

qPCR. Equal molarities of each barcoded library were pooled into 

pools of eight different libraries that were subsequently bound to 

sequencing beads in an emulsion PCR reaction. Beads with bound 

DNA were enriched and loaded onto a SOLiD sequencing slide in a 

density of up to 500 million beads/slide. Sequencing was performed 

with 35bp+5bp sequencing chemistry on a SOLiD v3+ machine.  
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volume of 140µl. The amount (X in µl) of a 50µM adaptor stock was calculated using the 

following formula:  

 

X= DNA in [µg] * 1,000,000/660 [g/(mol*bp)] * 30 /50[µmol/l] *  1/length in [bp]  

(30x excess, 50µM adaptors; length~200bp) 

 

45µl of DNA were mixed with X µl MP adaptor 1, X µl MP Barcode Adaptor, 70µl 

2xRapid Ligation Buffer, 0.7µl T4 Ligase (600U/µl, Enzymatics) and added to 140µl with 

water. The reaction was incubated for 1h at RT and purified using AMPURE XP beads: 

252µl of Ampure Beads were added and vortexed for 30s. After 5min of incubation at RT 

the supernatant was discarded using a magnetic rack. The beads were washed twice with 

70% EtOH. After washing the bead were collected with the magnetic rack and the pellet 

was dried until all the ethanol evaporated. The DNA was eluted from the beads using 60µl 

of EB. 10µl of the library were kept for input DNA library analysis.  

To close the nicks at the 3ô-ends of the DNA resulting from the ligation of 

unphosphorylated adaptors to the 5ô phosphorylated DNA, 48µl of the library were mixed 

with 4.5µl water, 6µl NEB2 buffer, 0.5µl dNTPs (40mM) and 1µl DNA polymerase I 

(10U/µl; NEB) and incubated for 15min at RT. Nick translated libraries were purified 

using 1.8 volumes AMPURE XP beads (108µl), washed twice with EtOH and eluted in 

102µl EB. Then, a modified MeDIP protocol was applied to enrich methylated library 

fragments.  

 

2.3.2.2   MeDIP enrichment 

 

Briefly, 20µl of Dynabeads M280 sheep anti-mouse IgG paramagnetic beads (Invitrogen) 

were washed three times with 700µl PBS/0.5% BSA using a magnetic rack. After the last 

washing step beads were resuspended in 250µl PBS/0.5% BSA and 5µl of anti-5-methyl 

cytosine antibody (Eurogentec) were coupled to the beads by an overnight incubation at 

4°C. After incubation the beads were washed twice with 1ml PBS/0.5%BSA, once with 

1ml immunoprecipitation (IP) buffer (10mM Sodium phosphate buffer pH7/140mM 

NaCl/0.25%Triton X100) and were resuspended in 30µl of 1x IP buffer at 4°C. 

Meanwhile, 100µl of nick translated library were denaturated by 10min incubation at 95°C 

followed by an immediate cooling on ice. Denatured DNA and 100µl of 2x IP buffer 

(20mM sodium phosphate buffer pH7/280mM NaCl/0.5%Triton X100) were added to the 

prepared beads and incubated for 4h on a rotator at 4°C. After incubation, the beads were 
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washed three times with 1x IP buffer at 4°C using a magnetic rack. After the last washing 

step and removal of the IP puffer beads were pelleted by 3min centrifugation at 960g at 

4°C. Any residual IP Puffer was removed. DNA was eluted with 210µl elution buffer 

(50mM Tris-HCl; pH 7.5; 10mM EDTA; 1% SDS) and 15min incubation at 65°C with 

continuous shaking. Beads were pelleted by 5min centrifugation at >10,000g at room 

temperature. 200µl of the solution containing the DNA were transferred to a new tube, 

200µl TE buffer and 4µl proteinase K (20µg/µl) were added. Proteinase digest was 

performed for 2h at 55°C. Enriched methylated fragments were purified by 

phenol/chloroform/isoamylalcohol extraction using 5Prime Phase Lock Gel tubes (heavy) 

followed by ethanol/ammoniumacetate precipitation. The pellet was resuspended in 30µl 

EB and 2µl were used for real time qPCR enrichment analysis of methylated and 

unmethylated regions: To each 2µl library before and after MeDIP enrichment 19.5µl of 

qPCR mastermix (15µl SYBRGreen Mix (2x; Invitrogen) + 4.5µl H2O) were added and 

3.25µl were distributed into 6 wells of a qPCR plate. 1.75µl of primermix (2.14µM each 

forward and reverse: 8804 and 4994) were added according to the following loading 

scheme and a standard two step real time qPCR (10min 95°C, 40 cycles: 15s 95°C, 1min 

60°C) with melting curve analysis was performed. Enrichment factors (FE) were calculated 

according to the DDCt method using the median of the Ct values of each triplicate: 

 

FE = 2 
- ((4994out-8804out)-(4994in-8804in)) 

 

2.3.2.3   PCR for library amplification  

 

Following successful MeDIP enrichments a first test amplification to find the optimal cycle 

number was performed using serial dilutions of the output libraries (1:2, 1:4, 1:8, and 

1:16). For each library a mastermix was created containing 0.9µl of each primer MP-PCR-

P1 (50µM) and MP-PCR-P2 (50µM), 4.5µl 10x Platinum PCR buffer, 1.35µl MgCl2 

(50mM), 26.82µl NFW, 0.45µl dNTPs (40mM), 0.9µl Platinum Taq Polymerase (5U/µl, 

Invitrogen) and 0.18µl Pfu Polymerase (2.5U/µl, Fermentas). 8µl of the mastermix were 

mixed with 2µl DNA of each dilution step. PCR was performed on a thermal cycler using 

the following temperature protocol: 5min 95°C, 17 rounds of (15s 95°C, 15s 62°C, 1min 

70°C), 5min 70°C, and forever 4°C.  

For input DNA libraries, a 20min nick translation step (72°C) was introduced prior to PCR 

cycling and only 10 rounds of PCR were performed. 
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Amplicons were checked on an agarose gel and the optimal cycle number was calculated 

(n = 17 - dilution step with minimal visible band) and used for the final amplification of 

the libraries: 1µl of each primer MP-PCR-P1 and MP-PCR-P2 (50µM) were mixed with 

5µl 10x Platinum PCR buffer, 1.5µl MgCl2 (50mM), 29.8µl NFW, 0.5µl dNTPs (40mM), 

1µl Platinum Polymerase (5U/µl, Invitrogen), 0.2µl Pfu (2.5U/µl, Fermentas) and 10µl of 

output DNA library. Platinum Taq can be substituted by HIFI Platinum Taq polymerase 

(0.5Õl + 0.5Õl NFW; Invitrogen). Amplicons were purified with Qiagenôs MinElute 

columns and eluted in 30µl EB. A 2% agarose gel was used for size selection of the library 

band (190-290bp, containing 103bp adaptor sequence). DNA was extracted from the gel 

using the Qiagen Gel Extraction Kit in combination with MinElute columns. Libraries 

were eluted with 15µl EB and quantified by real time qPCR using library PCR primers 

PCR-P1 and PCR-P2, thus only successfully amplified library was measured: 

Dilutions of a prequantified SOLiD fragment library control (DH10B) were used to create 

the standard curve (100pg/µl, 10pg/µl, 1pg/µl, and 0.1pg/µl). Sample DNA was diluted 

1:100 and 1µl was added to 1.5µl of primermix (5µM each), 2.5µl NFW, and 5µl 

2xSYBRGreen mix. Triplicates were prepared for each sample. qPCR was performed 

using the following cycling protocol followed by melting curve analysis: 10min 95°C, 25 

cycles of 15s 95°C and 1min 60°C.  

The standard curve was created by using log2(amount of standard library) as ordinate and 

Ct values as abscissa. Library concentrations (c in pg/µl) were calculated using the slope m 

and the intercept k of the linear standard curve according to the following formula:  

 

c[pg/µl] = 100* 2
(m * Ct library + k) 

 

Samples were diluted to 100pg/µl using 1x Low TE buffer (ABI) and qPCR was repeated. 

Identical amounts of up to 8 barcoded libraries were pooled. 
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2.3.2.4   Templated bead preparation for SOLiD sequencing 

 

2.3.2.4.1   Emulsion PCR  

 

Libraries were fixed to sequencing beads by emulsion PCR following the templated bead 

preparation protocol for SOLiD V3. During emulsion PCR microdroplets of an aqueous 

phase were created in an oil phase. Libraries were highly diluted in a way that every 

droplet contains maximally one DNA fragment. Furthermore, paramagnetic beads carrying 

single stranded adaptor 1 (P1 beads) were added. Statistically, in about 10-15% of the 

microdroplets one DNA molecule, one bead and amplification mix were present. During 

emulsion PCR (ePCR) the DNA molecules were amplified involving the bead coupled P1-

adaptor as primer and thus were fixed to the bead surface. In subsequent enrichment beads 

without an amplicon were depleted. Microdroplets containing more than one type of 

library molecule yield polyclonal beads resulting in multifluorescence signal for the 

respective bead that cannot be analysed. For each pool of 8 samples ~ 4-5 ePCRs were 

needed to fill a full slide with up to 600 million beads. The oil phase was prepared by 

combining 1.8ml of Emulsion Stabilizer 1 and 400µl of Emulsion Stabilizer 2 with 

approximately 37.8ml mineral oil followed by vigorous vortexing. During degassing 

(>20min) of the oil, the aqueous phase and the SOLiD P1 beads were prepared. In a 

Nalgene wide-mouth jar 5µl of 100pg/µl library, 560µl 10x PCR buffer, 784µl dNTP mix 

(100mM), 140µl MgCl2 (1M), 22.4µl ePCR Primer 1 (10µM), 3µM ePCR Primer 2 

(500µM), 3295µl NFW, 600µl AmpliTaq Gold Polymerase (5U/µl) were mixed on ice.  

P1 beads were suspended in 200µl Bead Block solution using a magnetic rack and 

sonicated with the Bead Block Declump programme on the Covaris S2 System (Cycle1 for 

5s: duty cycle 1%, intensity 5, 50 cycles/burst; Cycle2 for 1min: duty cycle 5%, intensity 

5, 100 cycles/burst). Following declumping, the supernatant was discarded (magnetic rack) 

and P1 beads were resuspended in 200µl 1x TEX buffer.  

9ml of the degassed oil phase were transferred to a SOLiD ePCR tube on the ULTRA-

TURRAX device (IKA). P1 beads were again sonicated with Covalent Declump 1 and 

160µl of the beads were added to the aqueous phase. Using the Xstream pipettor (Dial 

Setting: Pip, Speed (aspirate UP): scale 5 (mid-range), Speed (dispense DOWN): scale 1 

(slowest), Total volume: 5.60 ml) with a 10ml Combitip Plus tip the aqueous phase was 

aspirated and the ULTRA-TURRAX tube drive was started. The sample was dispensed 

into the oil phase through the center hole. After 5min of emulsifying the emulsion was 
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dispensed into a 96 well plate using cut 5ml Combitips Plus (Eppendorf) and sealed with 

optical adhesive covers.  

The ePCR was performed on the GeneAmp PCR System 9700 (AB) with 60 cycles of 

amplification: 5min 95°C; 60 cycles of 15s 93°C, 30s 62°C, 75s 72°C; final extension 

7min 72°C; 4°C forever (ramp speed: 9600, reaction volume: 50µl). In case the emulsion 

was broken in more than 3 wells after cycling (visible aqueous phase at the bottom of the 

wells) the ePCR has to be repeated. The emulsion was collected from the wells by 2min 

centrifugation at 550g using the SOLiD Emulsion Collection Tray. 10ml of isobutanol 

were added to the emulsion, mixed by vigorous pipetting and transferred to a new 50ml 

tube. The remaining beads were gathered with additional 6ml of isobutanol. To separate 

the beads from the oil phase the tube was centrifuged for 5min at 2000g. The liquid phase 

was discarded and the beads were dried upside down for 5 min. 600µL of 1x Bead Wash 

Buffer were used to resuspend the beads. Beads were transferred to a new 1.5ml LoBind 

tube and the 50ml tube was washed with additional 600µl of Bead Wash Buffer that were 

also transferred to the 1.5ml tube. Beads were collected by 1min centrifugation at 

minimum 14,000g. The oil phase was removed at the meniscus, and then the rest of the 

supernatant was removed with a new pipette tip. The pellet was resuspended in 150µl of 1x 

Bead Wash Buffer and transferred to a new 1.5ml tube. The original tube was rinsed with 

150µl 1x Bead Wash Buffer that was also transferred to the new tube. 1ml of Bead Wash 

Buffer were added followed by a 1min centrifugation step at mininum 14,000g. The 

supernatant was discarded and beads were resuspended in 200µl TEX buffer. Using a 

magnetic rack, TEX buffer was discarded and beads were resuspended in 200µl TEX 

buffer.  

After sonication with Covalent Declump 1, a 1:10 dilution of beads was quantitated by 

nanodrop (cell culture settings). An absorption value of 1 at 600nm equals 1 billion 

undiluted beads. These beads still contain about 80-90% beads without any amplicon. 

Thus, successfully loaded P1 beads have to be enriched.  

 

2.3.2.4.2   Bead enrichment 

 

650µl of Enrichment Beads were pelleted by 5min centrifugation at minimum 14,000g and 

washed twice with 900µl of 1x Bind & Wash Buffer. After the last centrifugation, 

Enrichment Beads were resuspended in 350µl Bind & Wash Buffer and 3.5µ of 1mM 

Enrichment Oligo were added and rotated at RT for 30min. Enrichment Beads were 
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collected by 5min centrifugation, washed twice with 900µl TEX buffer and resuspended in 

150µl Low Salt Binding Buffer. 

The templated P1 beads were prepared for enrichment by suspending them in 300µl of 

denaturing buffer solution (Denaturing Buffer + 10% denaturant, freshly prepared). After 

1min incubation beads were collected with the magnetic rack and the denaturing step was 

repeated. Beads were washed twice with 300µl TEX Buffer, resuspended in 150µl TEX 

Buffer, and then transferred to a new 0.5-mL LoBind tube. Beads were declumped using 

the Covaris S2 with Declump 1. Then, the prepared enrichment beads were mixed with the 

templated beads and sonicated using the Covalent Declump 3 programme (3 cycles: 5s: 

duty cycle 2%, intensity 6, 100 cycles/burst, 30s: 5% duty cycle, intensity 9, 100 

cycles/burst). The declumped bead mixture was incubated for 15min in a water bath at 

61°C. Every 5 minutes the beads were vortexed and pulse-spinned. After the incubation 

beads were cooled on ice for 2min. To separate P2 beads with hybridised P1 beads from 

unloaded P1 beads 600µl freshly prepared 60% glycerol were added to a new 1.5ml 

LoBind tube and the beadmixture was carefully loaded on top of the glycerol followed by 

3min centrifugation at minimum 14,000g. The top layer containing the P1 beads was 

transferred to the bottom of a new 2ml tube containing 1ml TEX buffer. Clean the pipette 

tip with some TEX buffer (óNo bead is left behindô). An additional 1ml of TEX was added 

to the tube and centrifuged for 1min at minimum 14,000g. If the beads were pelleted the 

supernatant was removed and beads were resuspended in 400µl of TEX. If the beads were 

not pelleted half of the volume was transferred to a new 2ml tube, 500µl TEX were added 

to each tube and centrifugation was repeated. Using 200µl of TEX each, enriched beads 

were resuspended and pooled.  

To separate enriched P1 beads from the enrichment beads, beads were pelleted by 1min 

centrifugation, supernatant was discarded and 400µl freshly prepared denaturing buffer 

solution was incubated with the beads for 1min. Beads were collected with a magnetic rack 

and the supernatant was discarded. This step was repeated until the supernatant was clear 

and all white P2 beads were removed and the P1 beads were washed twice with 400µl 

TEX.  Beads were resuspended in 200µl TEX and transferred to a new 1.5ml LoBind tube. 

The original tube was rinsed with additional 200µl TEX. Beads were declumped with 

Covalent Declump 1 and the supernatant was substituted by fresh 400µl TEX. Using TEX 

and a magnetic rack the beads were washed until the supernatant was clear. Finally, the 

beads were resuspended in 400µl TEX.  
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2.3.4.2.3   Bead deposition 

 

To attach the enriched beads to the surface of a SOLiD sequencing slide, a bead linker was 

attached to the ends of the bead coupled DNA. The beads were therefor declumped with 

Covalent Declump 3 and the supernatant was removed using a magnetic rack. Beads were 

washed with 100µl Terminal Transferase solution (11% 10x Terminal Transferase Buffer 

and 11% 10x Cobalt Chloride in NFW) and resuspended in 178µl Terminal Transferase 

solution. 20µl of 1mM bead linker in Low TE buffer were added and beads were sonicated 

with Covalent Declump 3. 2µl of Terminal Transferase (20U/µl) were added and the 

reaction was rotated for 2h at 37°C. Then, the beads were washed with 400µl TEX buffer, 

resuspended in 400µl TEX buffer, declumped with Covalent Declump 1 and quantified 

using Nanodrop.  

To achieve an approximate bead load of 500 million per slide, up to 700 million beads 

have to be deposited. Therefor, the appropriate number of beads was transferred to a 1.5ml 

LoBind tube. TEX was discarded and beads were washed three times with 400µl 

deposition buffer. Beads were resuspended in the volume of deposition buffer indicated on 

the SOLiD Deposition Chamber (each chamber was individually sized). 

The SOLiD Deposition Chamber was assembled with a slide carrier and a SOLiD 

sequencing slide and incubated at 37°C. Meanwhile, the beads were sonicated twice using 

the Covalent Declump 3 programme.  Immediately after sonication the beads were 

transferred to the Deposition Chamber and the portholes were sealed with adhesive tape. 

The Deposition Chamber was incubated at 37°C for 2h.  

 

2.3.2.5   SOLiD sequencing 

 

A multiplex run was configured on the SOLiD 3+ machine assigning all barcodes to the 

respective libraries and the sequencing chemistry was inserted into the machine: for 

barcode sequencing the SOLiD Opti Fragment Library Sequencing Kit - 5bp Barcode set 

and the SOLiD Opti Fragment Library Sequencing Kit 35 or version 2 chemistry adapted 

for version 3 were used according to the manufacturerôs instructions. The camera was 

focused manually and the run was started. Sequencing of the slides including the barcode 

took about 5-7 days per slide yielding about 400-500 million reads of 35bp. 
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2.3.3   Alignment and data table 

 

Alignment of sequencing reads was conducted by Axel Fischer. Total reads (raw output, 

RO) were aligned to the 2009 assembly of the human genome (GRCh37/HG19). 

Alignment was performed in colour space allowing a correction for single colour 

sequencing errors. Using Applied Biosystem's Bioscope Alignment module in seed and 

extend mode the first 25bp of the reads were taken as seeds allowing 2 mismatches and a 

mismatch penalty score of -2 for extension (Ą mapped output, MO). From the MO, reads 

aligning to more than one genomic region were excluded (Ą uniquely mapped output, 

UMO). The UMO reads were elongated to 200bp in a strand-oriented manner. Redundant 

reads and reads with no CpGs in the elongated sequence were excluded from further 

analyses. Primary sequencing data (read sequence files *.csfasta and read quality files 

*.qual) and secondary analysis data (bed files) for all prostate cancers are available under 

the GEO accession number GSE35342. Bed files contain only extended, 0-CpG and 

duplicate depleted reads. Next, the HG19 reference genome was split into adjacent 500bp 

bins and the number of reads per bin was counted. Reads were assigned to a bin when their 

centre was located within the bin. For sample-wise normalisation, binwise read counts 

were related to the total read count of each sample yielding a reads per million (rpm) value.  

A table was generated containing all genomic bins (6,191,344 rows) and the rpm values of 

all samples (104 columns). This table was used as a basis for all further analyses and was 

added with several descriptive values for each bin (see section 2.3.4) as further columns. 

Each genomic region could be conveniently addressed by an unique bin index (row 

number).  

 

2.3.4   Annotations 

 

Additional information of the following data bases was annotated to the 500bp bins for 

functional and topographical analyses: CpG-island (cpgIslandExt) and repeat masker data 

(rmsk) were extracted from the UCSC database version GRCh37/HG19. Bins containing at 

least one base of an annotated CGI were annotated as óCGIô and the ±2kb surrounding bins 

as CGI-shore. 

Genic, exonic and transcription start sites were used from Biomart Ensembl59, microRNA 

regions from miRBASE v16, homeobox genes from Holland et al. 2007 (HOLLAND  2007). 

The cancer gene census list was obtained from http://www.sanger.ac.uk/genetics 
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/CGP/Census. The list of G-protein coupled receptors was downloaded from 

http://www.iuphar-db.org. Regions of ±2kb around a TSS were annotated as ópromoter 

regionô. Conserved regions were annotated as follows: The nucleotide-wise conservation 

scores of a set of 46 species were extracted from UCSC (HG19: 

http://hgdownload.cse.ucsc.edu/goldenPath/hg19/phyloP46way/) and the sums of these 

scores for 100bp sized consecutive bins were calculated. The highest scoring 1% quantile 

consisting of 281,450 100bp bins was assigned to 176,060 different genomic 500bp bins 

that were annotated as óconservedô.  

 

2.3.5   Detection of methylated regions 

 

Statistical analyses were conducted using R (version 2.9.2) assuming a binomial 

distribution of reads as null hypothesis. Probability values for the mean tumour and mean 

normal read counts of each bin to appear solely by chance were assigned to each region: 

 

P(bin) = dbinom(RCB, RC, PROB) 

RC = mean total read count for specific tissue (tumour = 14,876,320; normal = 14,584,031) 

RCB = mean tissue specific read count in this very bin (rounded) 

PROB = probability for each read to map to this bin = 1/6,191,344 (total bin count) 

  

Bins with p-values <0.05 in tumour or normal were called ósignificantly methylatedô and 

were used for principal component analyses.  

To detect differences in the number of methylated bins between the tissue subgroups the 

calculations were repeated sample-wise using the sampleôs rpm values instead of mean 

values. Bins with p-values <0.001 were called ósignificantly methylatedô in this sample. 

Counts of significant bins were compared between normal, tumour, FUS+ and FUS- 

samples using T-test (two sided, unpaired).  

 

2.3.6   Detection of differentially methylated regions (DMRs) 

 

Significance of differences in rpm values (resembling methylation) between tissue 

subgroups (normal (n=54) vs. tumour (n=51), TMPRSS2:ERG fusion positive (n=17) vs. 

negative tumours (n=20)) was calculated for each bin using the nonparametric two-tailed 

Mann-Whitney test (MW) in R: 
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pMW_tum/norm = wilcox.test(x[tumor],x[normal])[[3]] 

pMW_FUS+/FUS- = wilcox.test(x[FUS+],x[FUS-])[[3]]  

 

Mann-Whitney p-values (pMW) were corrected for multiple testing using the Benjamini-

Hochberg (BH) approach (BENJAMINI 1995). Bins with adjusted p-values (pBH) of <0.05 

were called ósignificantly differentially methylatedô.  

 

pBH = p.adjust(array of pMW-values, method=ñBHò) 

 

2.3.7   Principal component analyses (PCA) and hierarchical clustering 

 

Principal component analyses (PCAs) can be used to get an overview of differences 

inherent in the samples. It reduces a variety of descriptive markers (in this case methylated 

bins) to those explaining the largest variance in the samples. Pairs of these principal 

components allow a two-dimensional separation of the analysed samples and elucidate the 

internal data structure like underlying sample groups or batch effects. PCAs were 

conducted with the prcomp-function in R using all bins significantly methylated in normal 

or tumour samples.  

Hierarchical clustering on the other hand uses a small set of markers as input and groups 

samples with a similar pattern using all these markers. A hierarchy is established that can 

be visualised as dendrogram or heatmap. Hierarchical clusterings were performed with the 

heatmap.2-function included in the R package ógplotsô using the Euclidian distances and 

the agglomerative algorithms ócompleteô and ówardô or alternatively with the óheatmapô 

function using the standard parameters.  

 

2.3.8   Enrichment analyses 

 

For each feature analysed (e.g. hypermethylation in TSS bins) the number of respective 

bins was counted for the average patient (tumour, normal, FUS+, and FUS-) and odds 

ratios were calculated. 

          feature in group 1  /  feature in group2 

OR =   no feature in group 1 / no feature in group2 

 

                                                         hypermeth. TSStumour / hypermeth. TSSnormal 

e.g.   ORhypermethylation in TSS in tumour  =   not hypermeth. TSStumour / not hypermethylated TSSnormal 
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For calculation of odds ratios and confidence intervals the following R function was used:  

 

structure(fisher.test(data.frame(c(feature1,feature2),c(notfeat1,notfeat2)))) 

 

2.3.9   Bisulphite mass spectrometry (BS-MS) with Sequenom EpiTYPER-Assay  

 

For validation of the MeDIP-Seq results the Sequenom EpiTYPER-Assay (RADPOUR 

2008) was used. It allows the determination of the methylation state of several CpG groups 

within DNA amplicons of up to 600bp with an accuracy of 5% and a resolution of up to 

one CpG.  

 

2.3.9.1   BS-MS protocol 

 

One microgram of DNA (patient sample DNA, cell line DNA, and in vitro methylated 

DNA) was bisulphite converted using the Epitect Bisulfite Conversion kit (Qiagen) and 

subsequently amplified with specific primer pairs carrying a T7-promoter that were 

designed using the Epidesigner tool (www.epidesigner.com) with standard criteria 

(amplicon length: 400-600bp). Amplification conditions used were as follows: 1µl of BS 

converted DNA was mixed with 0.5µl 10x HotStar buffer, 0.1µl dNTPs (10mM), 0.1µl 

Figure 9. Schematics of BS conversion of methylated 

and unmethylated DNA and the BS-MS approach. 

Treatment of DNA with sodium bisulfite (BS) results 

in conversion of unmethylated cytosines into uracils 

and to partial denaturation of the DNA due to the 

introduced mismatches. During PCR amplification a 

T7 RNA polymerase is introduced. In vitro 

transcription generates the material for subsequent 

RNA cleavage and MALDI-TOF analysis of the 

reverse strand. Drawing modified from Sequenom 

AG.  

CGATCGATCG

Me

Me

Methylated

CGATU GATCG

Me

Me

CGATTAATCG

CGATCGATCG

TTAGC

CTAGC

CTAGC

CGATCGATCG

Unmethylated

UGATU GATUG

TGATTAATCA

CAATCGATTG

TTAGT

CTAAC

CTAAC

BS treatment

PCR

T7 in vitro

transcription

Base specific

RNA cleavage

MALDI-TOF

CGATCGATCG

Me

Me

CGATCGATCG

Me

Me

Methylated

CGATU GATCG

Me

Me

CGATTAATCG

CGATCGATCG

TTAGC

CTAGC

CTAGC

CGATCGATCG

Unmethylated

UGATU GATUG

TGATTAATCA

CAATCGATTG

TTAGT

CTAAC

CTAAC

CGATCGATCG

Unmethylated

UGATU GATUG

TGATTAATCA

CAATCGATTG

TTAGT

CTAAC

CTAAC

BS treatment

PCR

T7 in vitro

transcription

Base specific

RNA cleavage

MALDI-TOF

BS treatment

PCR

T7 in vitro

transcription

Base specific

RNA cleavage

MALDI-TOF



METHODS 

 65 

primer mix (10µM each), 0.04µl HotStar Taq (5U/µl, Qiagen) and filled to 5µl with NFW. 

The reaction was incubated in a PCR cycler: 95°C 15min; 45 cycles of 94°C 30s, 

annealing temperature 30s,  72°C 1min; 72°C 5min, 4°C forever. Annealing temperatures 

were determined using gradient PCR with bisulphite converted cell line DNA prior to 

amplification of patientôs DNA.  

In vitro transcription and subsequent steps were performed in Heidelberg by Rainer Claus 

or at the Sequenom Facility in Hamburg. The transcripts were cleaved and analysed using 

MALDI -TOF mass spectrometry on a MassARRAY Analyser 4. The ratio of adenosine 

and guanosine determined for every CpG group mirrors the ratio of methylated and 

unmethylated cytosine at this specific site (Figure 9). 

The BS-MS was performed three times:  

 

1. BS-MS 1: Validation of MeDIP-Seq results of 48 heterogeneous genomic regions 

(Table 17) in six patient samples: three tumour (IGP28, IGP33, IGP41) and three 

normal (IGP122, IGP178, IGP179). The regions covered the GSTP1 DMR, 

hypermethylated regions in developmental gene (n=8) and other promoters (n=6), 

hypermethylated regions outside of promoters (n=8), hypomethylated promoter 

(n=5) and non-promoter regions (n=8), differentially methylated miRNA associated 

regions (n=5), and regions with few reads or no significant difference between 

tumour and normal patients (n=8). 

 

Table 17: Primers used to amplify BS converted DNA regions for BS-MS analysis 1. Column headings 

denote the primer name, the position of the amplicon in a TSS associated region, the genomic region 

containing the BS-MS target region, the size of amplified target region and the number of CpGs in amplified 

target region, the number of CpGs assayable by BS-MS, and the core sequence of the primers. To the 5ô-end 

of each forward primer the sequence aggaagagag was added, and to the 5ô-end of each reverse primer the 

sequence cagtaatacgactcactatagggagaaggct was added. 

 Amplicon Name 
Promoter 

region 
Genomic location Size CpG 

CpG 
covere

d 
Sequence (5'-3') 

SEQ1_1_GSTP1_FW 
GSTP1 

chr11:67351401-
67352100 

556 37 32 
GGGGGTTTAGGGGATTTAGGA 

SEQ1_1_GSTP1_RV CTCCTTCCAACTCTAACCCTAATCT 

SEQ1_2_Olfactory 
Receptor_FW 

PACSIN3 
chr11: 47208401-

47209100 
498 25 24 

TTTTTTTGGTTTTTAAGGTTTAGGG 

SEQ1_2_Olfactory 
Receptor_RV 

TTTCAAAAACTTACCCAAAATTTCC 

SEQ1_3_Type1_FW 
SIX6 

chr14:60973901-
60974600 

528 25 20 
GGTTTGTATAGATTTGGTAAATTAGAAGG 

SEQ1_3_Type1_RV AACAAAAAAATACTTTCCTCCCCTA 

SEQ1_4_Type1_FW 
ZNF154 

chr19:58219901-
58220600 

510 42 30 
GGTTATTTTAGTTTTTTTGAGGTGTG 

SEQ1_4_Type1_RV TTCCCTACAAAAAACAACTTTCC 

SEQ1_5_Type1_FW 
FALSE 

chr3:62353401-
62354100 

485 27 21 
TGTGATATGTTTGGGGTTATTAGGT 

SEQ1_5_Type1_RV ACATATTCCTCTAAATCCCAATCTC 

SEQ1_6_Type1_FW 
SCAND3 

chr6:28556901-
28557600 

515 24 21 
TGTTTTTATTATAGGAATTGGGTTTTT 

SEQ1_6_Type1_RV AACAATTACTCCTTCTTCAACAACAA 

SEQ1_7_Type1_FW 
ELAVL2 

chr9:23823901-
23824600 

464 20 18 
TTTTAGAGGATGGGTATAATAAATAGGG 

SEQ1_7_Type1_RV AAATAACAAAATAACAATACCCACCA 
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 Amplicon Name 
Promoter 

region 
Genomic location Size CpG 

CpG 
covere

d 
Sequence (5'-3') 

SEQ1_8_Type10_FW 
NLRP8 

chr19:56458901-
56459600 

533 11 8 
TTTAGGTGATGGGTATGGTGTTAGT 

SEQ1_8_Type10_RV TTACTTACCTCTTCCCCAAAAAAAA 

SEQ1_9_Type10_FW TNFRSF10
C 

chr8:22939901-
22940600 

498 7 6 
ATTAGTGAATTTTGGGTTTTTTTTG 

SEQ1_9_Type10_RV AACAATTCTAACTTTATCCCAACCA 

SEQ1_10_Type11_FW 
FALSE 

chr11:9090401-
9091100 

497 8 7 
TTTGTAAGGAGGTTTTAAGGGGTAG 

SEQ1_10_Type11_RV CATCAAAAAATTTAAACTATTCTCCAAA 

SEQ1_11_Type11_FW 
FALSE 

chr16:3015901-
3016600 

462 21 20 
TTAGGTTTAGGTTAGGGGTTATTGG 

SEQ1_11_Type11_RV ACAAACACAAAACCTTAAAAACCAC 

SEQ1_12_Type2_FW 
ALX4 

chr11:44332901-
44333600 

517 26 20 
GGTTTTTATTGGGTATGGAGTGG 

SEQ1_12_Type2_RV CTCTACTCAAACTAATCCCTCCACC 

SEQ1_13_Type2_FW 
TBX3 

chr12:115123401-
115124100 

503 17 10 
TTAGAGAAAGATAGATTGAAAGGGAAA 

SEQ1_13_Type2_RV CCCACAATTCTTAATTCTAAAAACC 

SEQ1_14_Type2_FW 
BMP4 

chr14:54422401-
54423100 

539 42 31 
AAATAAGAGAAGTTTTTGGTAGGGG 

SEQ1_14_Type2_RV AACCTAAAAAACCAAAAAAAACC 

SEQ1_15_Type2_FW 
GREM1 

chr15:33008901-
33009600 

600 20 19 
TTGGTTTGGTTTTGTTTTTTTAGTTA 

SEQ1_15_Type2_RV AAAAATTCTTTCAACCCAAATACC 

SEQ1_16_Type2_FW 
ONECUT1 

chr15:53083401-
53084100 

560 34 34 
AAGTAAATTTATAGTTTGAGTTTGGTTTA 

SEQ1_16_Type2_RV ATTACTCCCAAAACCCTCCTACTAA 

SEQ1_17_Type2_FW 
FOXC2 

chr16:86599401-
86600100 

526 25 16 
GTTTGTTAGAGGGAATTTTTATTTGG 

SEQ1_17_Type2_RV TCCCAAAAACCTTATAAATAACAATAAT 

SEQ1_18_Type2_FW 
COL18A1 

chr21:46823901-
46824600 

538 18 17 
TTGAGGTAGGTAGGGATGATGTTAG 

SEQ1_18_Type2_RV CCTCCCAAATAAAAACCCTATTTCT 

SEQ1_19_Type2_FW 
PHOX2B 

chr4:41748901-
41749600 

501 30 29 
TGGGGTTAGGTTAAAAGTATTTGAG 

SEQ1_19_Type2_RV CCCAACTCAAAAAACTAAAAAAAATC 

SEQ1_20_Type3_FW 
FALSE 

chr12:65219901-
65220600 

504 19 18 
TTTTGAGTTGGGTTTTAGGTTTTTA 

SEQ1_20_Type3_RV ACCAACTAACCCCTACTAAATTTCAC 

SEQ1_21_Type3_FW 
FALSE 

chr19:17245901-
17246600 

511 21 18 
TTAGAAGTGGGATTGTTAGATTTAGTGA 

SEQ1_21_Type3_RV CATACATAAAAACTACTCCCAAACCC 

SEQ1_22_Type3_FW 
FALSE 

chr19:48983901-
48984600 

447 26 19 
GGGAGATGAGGTTTTAGGGTAAATA 

SEQ1_22_Type3_RV TCTCAACAAATCCTTTTAACTCCTC 

SEQ1_23_Type3_FW 
FALSE 

chr6:108439901-
108440600 

436 19 15 
GATTTGGTAGAGGTAGAAGAGAGGTT 

SEQ1_23_Type3_RV AAAACAATTTAAAAAAACCCTTCTCA 

SEQ1_24_Type3_FW 
CAV2 

chr7:116140401-
116141100 

567 16 14 
TGTTTTTGGTTATTTTTTTGGTTTT 

SEQ1_24_Type3_RV TAAAACAACCCCTCCACACTACTAC 

SEQ1_25_Type3_FW 
FALSE 

chr7:157360901-
157361600 

512 17 15 
GTTGTTTGTTGTGTTTTTGTTGG 

SEQ1_25_Type3_RV CACAAACCTCAAATCTAAAACTCCC 

SEQ1_26_Type3_FW 
FALSE 

chr9:37030401-
37031100 

436 12 8 
GGGTTTTATTTTGATTTATAGTGATG 

SEQ1_26_Type3_RV CATACTAACAACATCCCTAATCTTTCC 

SEQ1_27_Type3_FW 
FALSE 

chr9:77114401-
77115100 

437 19 14 
TTTGGGTAATTGGAGAGTAGAGAATTT 

SEQ1_27_Type3_RV TTTCTCAAAATAAACATAAAAACCA 

SEQ1_28_Type4_FW 
FALSE 

chr1:159409401-
159410100 

521 5 4 
TTTTATTGGGATTATGTGATTTTTATG 

SEQ1_28_Type4_RV ACAATCAACCCAATACTACAAACCC 

SEQ1_29_Type4_FW 
FALSE 

chr16:7222901-
7223600 

426 6 5 
GATATTTGTTGTGGATGGTGGTATT 

SEQ1_29_Type4_RV AAACAATTAACTACAAAACTAAAATTTACC 

SEQ1_30_Type4_FW 
FALSE 

chr18:37892901-
37893600 

450 10 7 
TAATTGTTTTGTGGAAATTAAGAAA 

SEQ1_30_Type4_RV TTTTAACAAAATCTACAATAATACCCAA 

SEQ1_31_Type4_FW 
FALSE 

chr20:56236901-
56237600 

583 23 22 
GGGTTTGAGTTTTTAGTAGGTAGGG 

SEQ1_31_Type4_RV ACACTTTATACATCTATACCACCCTCAA 

SEQ1_32_Type4_FW 
FALSE 

chr5:85072901-
85073600 

450 5 3 
TTTATAGGTTAGGGATTAGGGAATTG 

SEQ1_32_Type4_RV AAACAACACAAATAAAACAACCTAA 

SEQ1_33_Type4_FW 
FALSE 

chr8:32020901-
32021600 

402 4 4 
TTTTTTATTAGTAGTTTTGGAAAGAGAG 

SEQ1_33_Type4_RV AACATCATCAAAATTTAAAACCACA 

SEQ1_34_Type4_FW 
FALSE 

chr8:4609901-
4610600 

444 5 4 
AATGATTTTTTTTGGTTTTGTTGTG 

SEQ1_34_Type4_RV AAAACTCAAAATTAAAACTCTATACCCAA 

SEQ1_35_Type4_FW 
FALSE 

chrX:151073401-
151074100 

482 12 9 
TTTTGATAGGGTTTTTGGATTTAGG 

SEQ1_35_Type4_RV TATAACCCACCCCAATTAAACATAA 

SEQ1_36_Type5_FW 
SFRS5 

chr14:70235401-
70236100 

503 12 11 
TTTTATAGGTGGAGTATTTTTGAGGAA 

SEQ1_36_Type5_RV AACCCTAAAACATAAAACAAACTAAATC 

SEQ1_37_Type5_FW 
EEF2 

chr19:3982901-
3983600 

434 25 23 
GGGTTTTAGTTGTAGTTTTAGTAGGG 

SEQ1_37_Type5_RV ACCAAATATATAACTCCTATCCCCC 
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 Amplicon Name 
Promoter 

region 
Genomic location Size CpG 

CpG 
covere

d 
Sequence (5'-3') 

SEQ1_38_Type5_FW 
KLK4 

chr19:51411401-
51412100 

491 29 23 
GGAGTTAGATGGTGGAGGTTAGTTT 

SEQ1_38_Type5_RV ACCCTATATATCTCTATCTCCCCCTT 

SEQ1_39_Type5_FW 
ZNF649 

chr19:52405901-
52406600 

518 10 6 
TTTTTAGTTAAGAATTGTTTGAGAATGA 

SEQ1_39_Type5_RV TCAAATATACCCACATAATAAAACCAAC 

SEQ1_40_Type5_FW 5S-RNA, 
AC022910.2 

chr8:3557901-
3558600 

559 12 11 
GTTTTTTGGTGAGTTTTGATTGTTT 

SEQ1_40_Type5_RV ACCATACCACCCTAAATACACCTAATC 

SEQ1_41_Type6_FW 
miR 9-1 

chr1:156389901-
156390600 

505 36 25 
GGTATTAGAAATTTTTTGGGTTTGG 

SEQ1_41_Type6_RV AAAATCTCTCTCCTCCTCTTATATCCT 

SEQ1_42_Type6_FW 
miR 34b 

chr11:111385401-
111386100 

416 24 18 
GGTAGGGGTTGGTATTAATTTGG 

SEQ1_42_Type6_RV CCATTACAATTTCTCCTAAAAAAAACTC 

SEQ1_43_Type6_FW 
miR 184 

chr15:79501901-
79502600 

432 16 14 
TTTGAATAAGTAAAGTGGAGATTTTATTG 

SEQ1_43_Type6_RV ACCAAAACAAAATAAAAAAACACAA 

SEQ1_44_Type6_FW 
miR 9-2 

chr5:87963401-
87964100 

464 16 14 
TTGAAAGAAGGAGAAAAGGGTTATT 

SEQ1_44_Type6_RV AAACAATAACAAAATACCTTCCATC 

SEQ1_45_Type6_FW 
miR 23b 

chr9:97846401-
97847100 

423 16 14 
AGGAATTATGTGTGTTAGGAAAGGG 

SEQ1_45_Type6_RV AAAAAACAAACTTACAACCCCTAAA 

SEQ1_46_Type7_FW snoU13, 
AL157818 

chr13:95861401-
95862100 

492 4 4 
TTTAGAATGGTTTTATTTGTGGTGG 

SEQ1_46_Type7_RV AAAACCCCCTTAACTAAACCTAAAA 

SEQ1_47_Type8_FW 
SFXN4 

chr10:120925901-
120926600 

526 10 9 
GAGTTTAGGATTGGGGGATTTAGTA 

SEQ1_47_Type8_RV ACAATCCAAAATAAAAAAACAAACC 

SEQ1_48_Type9_FW 
MRPL44 

chr2:224822401-
224823100 

438 6 3 
TTTTTATGGTTTTGTATATATGGGTTT 

SEQ1_48_Type9_RV TCCTCCTATATACTTTAAATCATCTCTAA 

 

2. BS-MS 2: Comparison of methylation values of 38 differentially methylated 

regions (Table 18) in microdissected and macrodissected tissue of two additional 

patients (macro- and microdissected tumour and adjacent benign tissue). 

Additionally, the consistency of methylation values was analysed in one tumour 

sample (IGP33) already analysed in BS-MS 1.  

 

Table 18: Primers used to amplify BS converted DNA regions for BS-MS analysis 2. Column headings 

denote the primer name, the position of the amplicon in a TSS associated region, the genomic region 

containing the BS-MS target region, the size of amplified target region and the number of CpGs in amplified 

target region, the number of CpGs assayable by BS-MS, and the core sequence of the primers. To the 5ô-end 

of each forward primer the sequence aggaagagag was added, and to the 5ô-end of each reverse primer the 

sequence cagtaatacgactcactatagggagaaggct was added. 

Amplicon Name 
Promoter 

region 
Genomic 
location 

Size CpG 
CpG 

covered 
Sequence (5'-3') 

SQ00001_SEQ2_FW 
TMEM51 

chr1:15480901-
15481600 

460 30 26 
GGTTTTAGAGGGGAAAGTTTTTTA 

SQ00001_SEQ2_RV TTTCTTCATCTATAAAACTAACATAACAAC 

SQ00010_SEQ2_FW 
AL132857.1 

chr14:36991901-
36992600 

484 34 29 
TTGGAGGGAGAGAAAGGAGTTTTTT 

SQ00010_SEQ2_RV AAACATCTATATCTCCAAACTTATCCAAA 

SQ00011_SEQ2_FW 
SIX6 

chr14:60973901-
60974600 

528 25 20 
GGTTTGTATAGATTTGGTAAATTAGAAGG 

SQ00011_SEQ2_RV AACAAAAAAATACTTTCCTCCCCTA 

SQ00012_SEQ2_FW 
ANXA2 

chr15:60690901-
60691600 

481 16 7 
TTTTTTTTATGATTGTTGGGGTGT 

SQ00012_SEQ2_RV TCACATACAACAAATAAATATCTACCTACA 

SQ00013_SEQ2_FW 
KRT23 

chr17:39093401-
39094100 

551 12 11 
TGGTTTGGAATTAGAAAGGTTAGAA 

SQ00013_SEQ2_RV AAAACAAAATCTCAAATCCCAAAAT 

SQ00014_SEQ2_FW 
TMEM91 

chr19:41882401-
41883100 

437 36 21 
TTTGGAAGGTTTTTAAGTTTTTTG 

SQ00014_SEQ2_RV AAACTACAATTCTCCAAAAATTCCC 

SQ00015_SEQ2_FW AOX1, 
AC080164.1 

chr2:201450401-
201451100 

475 39 26 
AAAGTAATGTTTTAGGATTTATAATGTTTG 

SQ00015_SEQ2_RV ACAAAAACTCCTCTCTACCCC 

SQ00016_SEQ2_FW 
ARL4C 

chr2:235404401-
235405100 

592 47 35 
AAGGGTATTAGTTGTTATTTTTGGG 

SQ00016_SEQ2_RV ACTCCTTAAATCACCAATCCTACAT 

SQ00018_SEQ2_FW 
SLC2A2 

chr3:170745901-
170746600 

518 30 27 
TTGTTAGTGATATGATATTTTGTAGGAA 

SQ00018_SEQ2_RV AAACTAACTTCACCACAACCAAAAA 
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Amplicon Name 
Promoter 

region 
Genomic 
location 

Size CpG 
CpG 

covered 
Sequence (5'-3') 

SQ00019_SEQ2_FW 
GHSR 

chr3:172165401-
172166100 

509 38 29 
GGTTTGTTTGTGGTTTTGGTTTT 

SQ00019_SEQ2_RV TCTTCCTCTACATACCCCTAAACCT 

SQ00002_SEQ2_FW 
MPPED2 

chr11:30605401-
30606100 

475 26 17 
GGGATTTTGGAATTTGTTTGTTT 

SQ00002_SEQ2_RV TATATATAATTCATAAAACACCCCC 

SQ00021_SEQ2_FW 
AC092502.2 

chr3:62353401-
62354100 

527 29 22 
GTTTATTTTGGGGTTTTTTGGG 

SQ00021_SEQ2_RV TCACCAAACTTAATAAAACAAAAATTC 

SQ00022_SEQ2_FW 
DDIT4L 

chr4:101111901-
101112600 

493 17 14 
GATTTGTGTATTTTTTTGTTTTGGG 

SQ00022_SEQ2_RV CAAAAATCCTCCCAACAAAACTC 

SQ00023_SEQ2_FW 
KIT 

chr4:55522901-
55523600 

417 18 16 
AAGGATTTATTATGAGATTGTGGGT 

SQ00023_SEQ2_RV CAAACCTATTAAAAACTCCTAACACC 

SQ00024_SEQ2_FW 
AC095061.1 

chr4:61527401-
61528100 

513 5 5 
TGATATGGTTTGGTTGTGTTTTTAT 

SQ00024_SEQ2_RV TTCCTAACCACTACACCTAATCACC 

SQ00025_SEQ2_FW 
PDGFRB 

chr5:149535401-
149536100 

400 14 12 
GTTATTTTGGGGGAAAGGTTGTAG 

SQ00025_SEQ2_RV AACCACAAAAATAATCAAAATCTCC 

SQ00027_SEQ2_FW SEMA5A, 
SNORD123 

chr5:9546401-
9547100 

551 35 26 
TTGAGTATTTAGTAAGGTTTAAGGATTTTG 

SQ00027_SEQ2_RV CTAACTTTTAAAAACTCCCTCCCC 

SQ00028_SEQ2_FW HIST1H1A, 
HIST1H1PS

2 

chr6:26017401-
26018100 

432 22 18 
GTGGTTTTTTTGAGTTTTTTAGATGT 

SQ00028_SEQ2_RV CACCATATCTAAAACAATACCTCCC 

SQ00029_SEQ2_FW 
HIST1H4F 

chr6:26240401-
26241100 

497 35 30 
TTTTTTTTAAGGTAATAGTGTAGGGGA 

SQ00029_SEQ2_RV AAATAAAACTCAACCACCAAAACC 

SQ00003_SEQ2_FW 
WIT1, WT1 

chr11:32458901-
32459600 

523 16 12 
GGTTGTAGGGAATTTTTTTTATTTTT 

SQ00003_SEQ2_RV TCACTACCAATTACCCTAAAAACCC 

SQ00030_SEQ2_FW 
ZSCAN12 

chr6:28366901-
28367600 

452 24 21 
AATTTGAAGTGAGGAAGGTTTAGGA 

SQ00030_SEQ2_RV ACCTTTATAAATCACTTTTAATAAATTCC 

SQ00031_SEQ2_FW 
ZSCAN12 

chr6:28367401-
28368100 

516 31 26 
GGAATTTATTAAAAGTGATTTATAAAGGT 

SQ00031_SEQ2_RV AATTTTCTAACATATAATCATACATCAACA 

SQ00032_SEQ2_FW 
SCAND3 

chr6:28556901-
28557600 

515 24 21 
TGTTTTTATTATAGGAATTGGGTTTTT 

SQ00032_SEQ2_RV AACAATTACTCCTTCTTCAACAACAA 

SQ00033_SEQ2_FW HLA-J, 
HCG4P3 

chr6:29974401-
29975100 

453 38 29 
GGAGATTTTGGTTTTAATTGAAGATG 

SQ00033_SEQ2_RV CCCACTCCATAAAATATTTCAACAC 

SQ00034_SEQ2_FW 
HMGCLL1 

chr6:55443901-
55444600 

493 21 19 
GGTGTATTGGTTGTGAGGATTAGAG 

SQ00034_SEQ2_RV AACTATCTTTTCCTTTTCATTAAACTATTA 

SQ00035_SEQ2_FW DST, 
BEND6 

chr6:56818401-
56819100 

493 23 19 
GGAAAGAGAATTTTTTTTGATTTTGA 

SQ00035_SEQ2_RV CAATCTCCCAAATTTAAATAACCAC 

SQ00036_SEQ2_FW 
AC069281.2 

chr7:100106901-
100107600 

408 11 10 
GTTTTGTGGATTAGGAATTTAGGGT 

SQ00036_SEQ2_RV ATTACAAACATAAACCACCACACCT 

SQ00037_SEQ2_FW 
CAV2 

chr7:116140401-
116141100 

441 23 21 
TTTGGGATAAGAGGAGAGTAGGGGGTA 

SQ00037_SEQ2_RV AACCAAAAATTCTTAACCAAATTCC 

SQ00038_SEQ2_FW 
AC084864.2 

chr7:129424901-
129425600 

527 16 13 
AGTTTTGAGGATTAGGTTTTAGGGT 

SQ00038_SEQ2_RV AACATTCTCATCCAAAAAAAACACA 

SQ00039_SEQ2_FW 
FALSE 

chr7:157481401-
157482100 

460 41 33 
GTTTGTTAGAATTTTTTTGTGGTA 

SQ00039_SEQ2_RV AAAAAACTAAAAACTCTTCCTTTCACC 

SQ00004_SEQ2_FW 
DTX4 

chr11:58940401-
58941100 

596 29 23 
AGGAAGTTTGGGGATAGTTTTTTTT 

SQ00004_SEQ2_RV TAATTTTACAAACCCAACTTCAACC 

SQ00040_SEQ2_FW 
CHN2 

chr7:29185401-
29186100 

489 21 18 
AAAAGTTTTTAGTATTAATAGGGGAGAAA 

SQ00040_SEQ2_RV CACTTCACAAAAAACTACTTCCACC 

SQ00041_SEQ2_FW 
NKX2-6 

chr8:23563901-
23564600 

392 27 25 
GGGTTGTATAGTAAGGATTTTATTTTTAAT 

SQ00041_SEQ2_RV CAAACAAACCCAAACTCTAAAACAAAC 

SQ00005_SEQ2_FW 
CHRM1 

chr11:62690901-
62691600 

527 37 32 
AATTGAGATTTAGAGAGGGGGTTTA 

SQ00005_SEQ2_RV CCCAAACTTAACTAACTCACCCTTA 

SQ00006_SEQ2_FW 
CHST11 

chr12:104851901
-104852600 

541 35 31 
TATTGTAGTTTTGGAGGAAATTTTGG 

SQ00006_SEQ2_RV AAAAACAAAAATAAAAAACACCAACC 

SQ00007_SEQ2_FW AL160397.2, 
AL160397.1 

chr13:47530401-
47531100 

573 3 1 
AGAATAGTTTTAGGTTTATAGTAAATTGAG 

SQ00007_SEQ2_RV AAAAACAACTAAAATACCTTCCAAT 

SQ00008_SEQ2_FW 
SALL2 

chr14:22004401-
22005100 

459 12 11 
TGGGGGTTTTTAAGTTTAAGTTTGT 

SQ00008_SEQ2_RV ACTCTCAATTCAACCCAACAATAAA 

SQ00009_SEQ2_FW 
COCH 

chr14:31344401-
31345100 

500 24 22 
TATTTGTTTTTTTTATGGTAGGGGG 

SQ00009_SEQ2_RV TAAAAAATACTTAACCCTCATTCCT 
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3. BS-MS 3: Analysis of methylation values in three promising prostate tumour 

marker regions (TAC1, PTPRN2, GHSR) in 94 prostate samples (+ in vitro 

methylated and unmethylated SW480-DNA) and analysis of two regions (TMP1, 

TMP2) distinguishing TMPRSS2:ERG fusion positive and negative samples in 46 

tumour samples and fully methylated and fully unmethylated SW480 DNA (Table 

19).  

 

Table 19: Primers used to amplify BS converted DNA regions for BS-MS analysis 3. Column headings 

denote the primer name, the position of the amplicon in a TSS associated region, the genomic region 

containing the BS-MS target region, the size of amplified target region and the number of CpGs in amplified 

target region, the number of CpGs assayable by BS-MS, and the core sequence of the primers. To the 5ô-end 

of each forward primer the sequence aggaagagag was added, and to the 5ô-end of each reverse primer the 

sequence cagtaatacgactcactatagggagaaggct was added. 
Amplicon 
Name 

Promoter 
region 

Genomic 
location 

Size CpG 
CpG 

covered 
Sequence (5'-3') 

SEQ3_3_FW 
TAC1 

chr7:97360901-
97361600 

514 35 28 
GGTGTTGAGTTTTTTTGGTTTTTT 

SEQ3_3_RV AATACCTACAATTATTTAACCATCCTAA 

SEQ2_19_FW 
GHSR 

chr3:172165401-
172166100 

509 38 29 
GGTTTGTTTGTGGTTTTGGTTTT 

SEQ2_19_RV TCTTCCTCTACATACCCCTAAACCT 

SEQ2_39_FW 
FALSE 

chr7:157481401-
157482100 

460 41 33 
GTTTGTTAGAATTTTTTTGTGGTA 

SEQ2_39_RV AAAAAACTAAAAACTCTTCCTTTCACC 

TMP1_FW 
FALSE 

chr1:149032901-
149033600 

384 13 6 
TTAATGAAGGGATTTGAATTGTGTTATT 

TMP1_RV TCATCCCCAATAATATTTCCTATTCTA 

TMP2_FW 
FALSE 

chr16:46413901-
46414600 

294 12 5 
GAATGGAATGGAATGGAATTATTTT 

TMP2_RV AATTTCCTTTACTTCCCTTTAATAATCA 

 

2.3.9.2   BS-MS data analyses 

 

For correlation analysis of BS-MS and MeDIP-Seq values the mean BS-MS value of a 

region was multiplied with the number of CpGs (seqval) in the respective region and 

compared to the respective MeDIP-Seq values (rpm) of that region. Spearman correlation 

coefficients were calculated using the following function in R:  

 

cor.test(seqval, rpm, method=òspearmanò) 

  

Analysis of the tissue preparation methods was performed by CpG unit-wise comparison of 

matched micro- and macrodissected tissues.  

BS-MS values were subjected to unsupervised hierarchical cluster analyses using the 

heatmap function in R.  

CpG-wise methylation plots were used for selecting single CpG units suitable for urinary 

DNA methylation analysis with qPCR.  
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2.3.10   Determination of copy number alterations 

 

Experiments were conducted by the group of Holger Sültmann. Data analyses was 

performed by Maria Fälth and Axel Fischer. Therefor, DNA from 41 tumor samples was 

hybridised on Affymetrix Genome-Wide SNP Arrays 6.0. The raw data was preprocessed 

and copy number alterations (CNAs) were estimated with CRMA v2 (BENGTSSON 2009). 

The median of all tumor samples was used as reference sample.  

 

2.3.11   Gene expression analyses  

 

2.3.11.1   Data generation 

 

Gene expression values of the prostate samples were generated at the DKFZ in Heidelberg 

by the group of Holger Sültmann and primary data analyses and normalisation was 

performed by Maria Fälth. In brief, the Affymetrix GeneChip Whole Transcript Sense 

Target Labeling Assay was used to generate amplified and labeled sense DNA. 1µg of total 

RNA were initially used for rRNA reduction. Following manufactor's instructions, cDNA 

was hybridised to the Affymetrix 1.0 Human Exon ST arrays. The raw data files were 

preprocessed and normalised using Affymetrix powertools. The Affymetrix data was 

MIAMI -compliant submitted to GEO database (NCBI, GEO, GSE29079).  

 

2.3.11.2   Data analysis 

 

For analyses of differential expression nonparametric two-tailed Mann-Whitney tests with 

subsequent correction of the p-values for multiple testing (Benjamini-Hochberg approach 

(BENJAMINI 1995)) were applied. For correlation analyses only samples with gene 

expression and methylation data were considered (gene expression data: nnormal=48, 

ntumor=47, nFUS+=17, nFUS-=20). The expression values of each gene in a subset of samples 

(normal and tumour samples, or normal and FUS+ samples, or normal and FUS- samples) 

were compared with the methylation values of these samples in all TSS associated bins of 

all respective gene transcripts (Ensembl59) using nonparametric Spearman correlation, 

yielding rho correlation values and significance p-values for each test. P-values were 

corrected for multiple testing using the Benjamini-Hochberg approach (BENJAMINI 1995), 

and bins with pBH-values <0.05 were called ósignificantly correlatedô. For analyses of 
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homeobox and EZH2 target genes the genes described by Holland et al. (HOLLAND  2007) 

and Yu et al. (YU 2007) were used, respectively.  

For enrichment analyses of functional terms the óDatabase for Annotation, Visualization 

and Integrated Discoveryô software (DAVID, http://david.abcc.ncifcrf.gov) was used. 

Gene sets were analysed using the standard parameters and significantly enriched 

functional terms were extracted.  

 

2.3.12   miRNA expression analyses  

 

2.3.12.1   Data generation 

 

Total RNA including miRNAs was extracted from tissue sections and quantitative real 

time PCR amplification of miRNAs were performed by Jan-Christoph Brase et al. using 

low-density TaqMan arrays v2.0 and the TaqMan MicroRNA Reverse Transcription Kit 

and TaqMan MicroRNA Assays (Applied Biosystems) (BRASE 2011).  

 

2.3.12.2   Data analysis 

 

Differential expression was assessed using the Mann-Whitney approach with subsequent 

correction of p-values (Benjamini-Hochberg correction (BENJAMINI 1995)). MiRNAs with 

pBH<0.05 were called differentially expressed.  

Spearman correlation analyses of expression values and MeDIP values of all bins in an 

area of ±2kb around the miRNA genes were performed in several patient subgroups 

(nnormal=48, ntumor=51, nFUS+=17, nFUS-=20). Correlations with Benjamini-Hochberg 

corrected p-values of <0.05 were called ósignificantô.  

Correlations of miRNA expression data and gene expression data were determined 

similarly (nnormal=48, ntumor=47, nFUS+=17, nFUS-=20).  
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2.3.13   Experiments in prostate cancer cell lines 

 
Table 20: Additional cell lines and consumables used for experiments with prostate cell lines. 

Article Catalog Number Distributor 

DU145 cell line HTB-81 ATCC 

LNCaP cell line CRL-1740 ATCC 

PC-3 cell line CRL-1435 ATCC 

RWPE-1 cell line CRL-11609 ATCC 

VCaP cell line CRL-2876 ATCC 

5-aza-2`-deoxycytidine  A3656 Sigma 

ERG custom siRNAs: CGACAUCCUUCUCUCACA 
duplexes with UU overhang 

 Thermo Scientific 

miRIDIAN mimic human hsa-miR-26a  C-300499 Thermo Scientific 

OnTarget Plus siRNA control pool D-001810-10 Thermo Scientific 

OnTarget Plus SMARTpool human EZH2 L-004218 Thermo Scientific 

 
Table 21: Primers used for qPCR quantification of cell line cDNA. 

Name Sequence Purpose 

EZH2_FW  TGTGGATACTCCTCCAAGGAA 
EZH2 expression analysis 

EZH2_RV GAGGAGCCGTCCTTTTTCA 

ERG_FW  AAGTAGCCGCCTTGCAAAT 
ERG expression analysis 

ERG_RV  CAGCTGGAGTTGGAGCTGT 

GAPDH_FW  GCTCTCTGCTCCTCCTGTTC 
GAPDH expression analysis (control) 

GAPDH_RV GCGGCCGGGTCCGTTGGCTC 

TBP_FW  CGGCTGTTTAACTTCGCTTC 
TBP expression analysis (control) 

TBP_RV  CACACGCCAAGAAACAGTGA 

 

VCaP, LNCaP, PC-3, DU145 and RWPE-1 cells were obtained from ATCC (American 

Type Culture Collection). All cells were maintained and propagated according to the 

recommendations of ATCC. DNA and RNA were isolated following standard protocols.  

 

2.3.13.1   Knock down of EZH2 in DU145 cells and transfection of DU145 cells with 

miR26a mimics 

 

Knock down of EZH2 in DU145 cells and transfection of DU145 cells with miR26a 

mimics were performed by Behnam Sayanjali: 200,000 DU145 cells were seeded into each 

well of a 6well plate and grown to 70% confluency in MEM supplemented with 1% L-

glutamine, 10% FCS and penicillin/streptomycin. Before transfection, the medium was 

changed to antibiotics free medium. 100pmol of the RNA (non-targeting OnTarget Plus 

siRNA control pool, EZH2-siRNA: OnTarget Plus SMARTpool human EZH2, or miR26a 

mimics: miRIDIAN mimic human hsa-miR-26a (Dharmacon), respectively) in 250µl 

MEM and 250µl of MEM containing 5µl Lipofectamine 2000 were mixed, incubated at 

RT for 20min and carefully pipetted to the cells. After 72h of incubation DNA and RNA 

were isolated and subjected to further analyses. Expressions of EZH2 and TBP were 

assessed by real time qPCR.  
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2.3.13.2   Knock down of ERG in VCaP cells 

 

ERG knock down experiments were performed by Mark Laible. For the knock down of 

ERG, VCaP cells were transfected with 50nM of OnTarget Plus siRNA control pool or 

ERG custom siRNA (SUN 2008) (CGACAUCCUUCUCUCACA duplexes with UU 

overhang) (both from Dharmacon) using Lipofectamine RNAiMAX (Invitrogen) as 

recommended by the supplier. Cells were harvested for DNA and RNA extraction 96h 

after transfection. Expressions of EZH2, ERG and TBP, as well as miR26a expression were 

assessed by real time qPCR.  

DNA of two VCaP ERG knock down experiments and VCaP untransfected and non-

targeting control cells that was obtained from Mark Laible (DKFZ) was subjected to 

MeDIP-Seq analysis. Sequencing was performed on a full slide with SOLiD version 4. 

Mapping and filtering of reads was performed as described above. Reads were assigned to 

500bp non-overlapping genomic bins and for each bin a sample-wise MeDIP-Seq value 

(rpm value) was calculated. Assuming a binomial distribution of reads as null hypothesis, 

significantly methylated regions were identified. Bins with p-values below 0.001 in both 

the control experiments or in both the ERG knock down experiments were called 

ósignificantly methylatedô. Log2(ratios) of the MeDIP-Seq values of each ERG knock down 

to each control experiment were calculated and significantly methylated bins with values 

of <(-0.5) or >0.5 were called ósignificantly differentially methylatedô.  

 

2.3.13.3   5-aza-2`-deoxycytidine treatment of PC-3 cells 

 

5-aza-2`-deoxycytidine (Sigma) experiments were performed by Mark Laible. PC-3 cells 

were incubated for 96h with 0.5mM, 2 mM or a corresponding amount of DMSO (vehicle 

control). The medium was changed every 24h. Cells were then harvested for DNA and 

RNA extraction. 
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2.3.14   In vitro methylation and luciferase reporter assay 

 

Table 22: Additional equipment, consumables and cell lines used for in vitro methylation and luciferase 

reporter assays. 

Article Catalog Number Distributor 

HEK293T cells CRL-11268 ATCC 

GloMax Multi Detection System E7031 Promega 

Neubauer cell counting chamber T728.1 Carl Roth GmbH 

Water bath WNB7 84198998 Memmert 

96-Well Clear-Bottom Plates, Tissue culture 
treated; White 

07-200-566 Fischer Scientific 

Ampicillin 5g A6140 Sigma 

ApaL1 restriction enzyme R0507S New England Biolabs 

BglII restriction enzyme R0144S New England Biolabs 

CpG Methyltransferase (M.SssI) M0226S New England Biolabs 

Dual-Luciferase Reporter Assay System /100 
assays 

E1910 Promega 

EndoFree Plasmid Maxi Kit (10) 12362 Qiagen 

HindIII restriction enzyme R0104S New England Biolabs 

LB agar  self-made 

LB broth  self-made 

pGl3 basic vector (Firefly) E1751 Promega 

Polyethyleneimine   

pRL-TK vector (Renilla) E2241 Promega 

QIAprep Spin Miniprep Kit (250) 27106 Qiagen 

Quick Ligation Kit M2200S New England Biolabs 

Quick T4 DNA Ligase M2200S New England Biolabs 

T4 DNA Ligase M0202T New England Biolabs 

T4 DNA Ligase rapid (600U/µl) L-6030-HC-L Enzymatics 

 

Table 23: Oligonucleotides used for the luciferase methylation assay. 

Name Sequence Purpose 

miR26a_FW TTTAAGCTTGGGTGACAGGAGAGGAGACA 
Amplification of miR26a region 

miR26a_RV TTTAGATCTTGGTCATTGAGGGGAAAAAG 

DUOX1_short_FW TTTAGATCTGCACCGACGGAACATCTCTA Amplification of DUOX1 promoter 
region DUOX1_short_RV TTTAAGCTTCTCTCGTCCGGTGCCTCT 

miR23b_long_FW TTTAGATCTTGCTTATGAAAACCATTTCTGTG 
Amplification of long miR23b region 

miR23b_long_RV TTTAAGCTTCAGCCAGAGCACCTGAGAG 

miR23b_short_FW TTTAGATCTCAGCATCTTCGATCCTGTCC 
Amplification of short miR23b region 

miR23b_short_RV TTTAAGCTTCAGCCAGAGCACCTGAGAG 

miR26meth_check_FW GGGAAGATGTGGTGTTAATTTTT Sanger Sequencing of BS converted 
miR26a construct miR26meth_check_RV ATAATCCAACAACTCCCTTTTAATC 

 

Luciferase reporter assays were developed to assess the effect of methylation of a miRNA 

associated region on gene expression. Target regions (miR23b, miR26a, DUOX) containing 

BglII and HindIII restriction sites were amplified from PC3 cell line DNA. 

For each reaction 5µl of 10x PCR Buffer, 2µl of 10mM dNTPs, 2µl of Taq polymerase, 

1.25µl of primer mix (10µM each), 1µl PC3 DNA, 0.2µl Pfu polymerase (2.5U/µl), and 

38.55µl of NFW were mixed. Amplification conditions were as follows: 2min 95ºC; 40 

cycles of 15s 95ºC, 30s Tm, 1.15min 72°C; 5min 72°C; forever 4°C.  

Amplicons were purified with Qiagenôs PCR purification kit, eluted in 30µl EB and 

digested with BglII and HindIII (NEB) restriction enzymes: 20µl of DNA, 3µl NEB2 

buffer, 0.5µl HindIII, 1µl BglII, and 5.5µl NFW were mixed and incubated for 1h at 37°C. 
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Digested amplicons were purified by gel electrophoresis and extracted from the gel with 

Qiagenôs gel extraction kit using MinElute columns and 20Õl EB for elution. 

Fragments were ligated into the BglII/HindIII digested pGL3_basic vector (Promega) in 

5fold excess, thus, for each nanogram of vector 5*insert size/vector size of insert were 

used. In 20µl total reaction volume the appropriate amount of insert and NFW, 10µl of 2x 

Quick Ligation Buffer (NEB), and 1.5µl of T4 ligase (3U/µl; NEB) were used and 

incubated for 1h at RT. Ligated vectors were purified with MinElute columns and eluted in 

30µl EB.  

Six nanograms of plasmid (max. 10µl) were used to transform 30µl of chemocompetent E. 

coli DH5a cells for massive plasmid amplification by 30min incubation on ice followed by 

a 45s heat shock and immediate suspension in 800µl LB buffer. After 1h of incubation at 

37°C cells were pelleted by 5min centrifugation at 5,000rpm and the pellet was streaked on 

a LB agar plate containing ampicillin (50µg/ml) and incubated overnight at 37°C. The next 

day colony PCRs were performed using 1µl of 10x PCR buffer, 0.4µl dNTPs (10mM), 

0.4µl Taq polymerase, 0.25 primer mix (10µM each), and 7.95µl NFW and some scratched 

cells of the colony. Colonies showing the target were incubated overnight at 37°C in 3ml 

LB/amp medium and the next day plasmids were isolated using the Qiagen MiniPrep kit 

and a restriction with HindIII/BglII was performed to validate the plasmid.  

To obtain unmethylated DNA the plasmids were cloned into the DNA methylase negative 

E. coli GM2929 strain: 20µl of chemocompetent cells were incubated for 30min on ice 

with 1µl isolated plasmid and heat shocked for 45s at 42°C. After 1h incubation at 37°C in 

800µl LB, 20µl of the medium was streaked on LB/amp plates and incubated overnight at 

37°C. Colony PCRs were performed and plasmids were prepared of the successfully 

amplifying colonies using Qiagen MiniPrep kit. Restriction digest was performed of the 

isolated plasmids to check for the right insert size. 100ml of LB/amp were inoculated with 

successfully transformed colonies and incubated overnight at 37°C. Cells were pelleted 

and plasmids were isolated using the EndoFree Plasmid Maxi kit (Qiagen). One microgram 

of isolated plasmids was subjected to in vitro DNA methylation with SssI-CpG-

Methyltransferase (NEB) following the manufacturerôs instruction: up to 5Õl of DNA were 

mixed with 5µl NEB2 buffer, 2µl SAM (1600µM), 1µl SssI-CpG-Methyltransferase and 

NFW to yield 50µl, and incubated 1h at 37°C. The enzyme was deactivated by 20min 

incubation at 65°C.  

Methylated DNA was purified with MinElute columns and eluted in 30µl EB. Methylation 

was confirmed by methylation sensitive restriction enzyme digest (ApaL1, NEB). MiR26a 






































































































































































































































































