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Abstract

microRNAs (miRNAs) are small non-coding RNAs that are crucial regulators of
carcinogenesis. In this thesis, the deregulation of miRNAs in prostate cancer was
investigated. miRNA microarray profiling was performed in fresh frozen prostate cancer and
matched normal adjacent tissues. Differentially expressed miRNAs were subsequently
validated by real-time quantitative PCR (RT-qPCR). Fifteen miRNAs differentially regulated
in prostate cancer in comparison with normal tissue. Expression of 5 miRNAs was correlated
with the pathological stage and the Gleason score.

The diagnostic potential was calculated by receiver operating characteristic curves
and logistic regression. Two miRNAs alone correctly classified 84% of malignant and non-
malignant samples.

The prognostic value of the miRNAs in prostate cancer specimens after radical
prostatectomy was calculated by a Kaplan-Meier analysis and a multivariate Cox regression
analysis. miR-96 expression was associated with biochemical relapse, which is defined as an
increased value of prostate-specific antigen after surgery and which is indicative of prostate
cancer recurrence. The prognostic value of miR-96 was validated with an independent
sample set. The multivariate Cox regression analysis confirmed that miR-96 expression is an
independent marker of biochemical relapse.

To further identify miRNAs concurrent with a biochemical relapse, miRNA profiling
was performed in formalin-fixed, paraffin-embedded tissues from biochemical relapse
patients. The deregulation of miR-10b and miR-222 in patients experiencing an early
biochemical relapse was validated by RT-qPCR.

Based on the profiling studies and the important role of miR-96 as a prognostic
marker, miR-96 function was investigated. miR-96 overexpression increased proliferation
and impaired apoptosis of LNCaP prostate cancer cells upon induction by camptothecin. In-
silico target prediction identified putative apoptosis-related target genes, among them
FOXO1 and ITPR1. The direct binding of miR-96 to the FOX0O1 3 UTR was shown by a
reporter gene assay and resulted in a downregulation of the FOXO1 transcript and protein.
The binding of miR-96 to the ITPR1 3’ UTR was only shown for the second predicted binding
site. miR-96 expression was inversely correlated with FOXO1 protein expression in prostate
cancer and matched normal adjacent tissue.

A second miRNA, miR-133b, was functionally characterized in this thesis. A
collaborating group has previously identified miR-133b as a regulator of extrinsic apoptosis.
In this thesis, miR-133b is shown to be downregulated in prostate cancer and an
overexpression of miR-133b in PC3 prostate cancer cells is described to impair proliferation.
Microarray profiling revealed that an abundance of genes was downregulated upon miR-
133b transfection. The downregulation of GSTP1, FAIM, CAV1 and VEGFC was verified on




transcript and protein levels. The direct binding of miR-133b to the CAV1 3’ UTR was not
detected in a reporter gene assay, suggesting an indirect regulation. miR-133b and FAIM
transcript expression were inversely correlated, whereas all other target genes were not
correlated with miR-133b expression. Therefore the regulation of these genes by miR-133b
might be superimposed by other regulatory mechanisms in prostate cancer.

This thesis provides evidence of the miRNA deregulation in prostate cancer and that
differential miRNAs are useful diagnostic and prognostic indicators. Furthermore, the
regulatory roles of miR-96 and miR-133b in apoptosis and proliferation in prostate cancer
cells are established for the first time in this cancer entity. These roles provide new insights

into prostate cancer carcinogenesis.




Zusammenfassung
miRNAs sind kurze nicht-protein-kodierende RNAs und wichtige Regulatoren der

Karzinogenese. In dieser Arbeit wurde die miRNA-Expression im Prostatakarzinom
untersucht. Mit einem Microarray wurde ein miRNA-Profil in gepaartem Prostata- und
angrenzendem Normalgewebe erstellt und mittels RT-qPCR validiert. 15 miRNAs waren im
Prostatakarzinom unterschiedlich exprimiert. Die Expression von 5 miRNAs korrelierte mit
dem histologischen Differenzierungsgrad nach Gleason und dem pathologischen
Tumorstadium.

Das diagnostische Potential aller miRNAs wurde mit Hilfe von ,Receiver Operating
Characteristics* Kurven und logistischer Regression berechnet. Schon die Kombination
zweier miRNAs konnte 84% aller malignen und nicht-malignen Proben richtig klassifizieren.

Die Expression der miR-96 war in der Kaplan-Meier-Analyse mit einem
biochemischen Rezidiv, definiert als Wiederanstieg des prostataspezifischen Antigens nach
radikaler Prostatektomie, assoziiert. Der prognostische Wert dieser miRNA wurde in einer
unabhangigen Kohorte validiert. Multivariate Cox Regressionsanalysen bestatigten, dass die
Expression der miR-96 ein unabhangiger Marker flr ein biochemisches Rezidiv ist.

Um weitere miRNAs zu identifizieren, die mit einem biochemischen Rezidiv assoziiert
sind, wurde ein miRNA-Profil aus formalin-fixierten, paraffin-eingebetteten Gewebeblécken
von Patienten mit einem biochemischen Rezidiv erstellt. Die Deregulation der miR-10b und
miR-222 in Patienten mit einem friihen Rezidiv wurde in der RT-qPCR bestatigt.

Auf Grund der Assoziation der miR-96 mit einem biochemischen Rezidiv wurde die
Funktion der miR-96 im Prostatakarzinom untersucht. Induzierte miR-96-Uberexpression in
LNCaP-Zellen erhdohte deren Proliferation und inhibierte die Apoptose in Camptothecin-
behandelten Zellen. Durch in-silico Pradiktion wurden mdgliche Apoptose-assoziierte
Zielgene identifiziert, unter ihnen FOXO1 und ITPR1. Im Reportergenassay wurde eine
direkte Bindung zwischen der miR-96 und der FOXO1 3’-UTR bewiesen, welche mit einer
verminderten FOXO1 Transkript- und Proteinexpression einherging. Die Expression miR-96
war invers mit der FOXO1-Protein-Expression im Prostatakarzinomgewebe korreliert. Eine
Bindung der miR-96 an die ITPR1 3-UTR konnte nur fir die zweite Bindungsstelle
nachgewiesen werden.

Weiterhin wurde die Funktion der miR-133b im Prostatakarzinom untersucht. Eine
Studie unserer Projektpartner hatte die regulatorische Funktion der miR-133b wahrend der
extrinsischen Apoptose untersucht. In dieser Arbeit wurde eine verminderte Expression der
miR-133b im Prostatakarzinom nachgewiesen. Die Uberexpression dieser miRNA in PC3-
Zellen inhibierte die Proliferation. In einem Microarray war eine Vielzahl von Genen in miR-
133b Uberexprimierenden PC3-Zellen vermindert exprimiert. Die verminderte Expression von
GSTP1, FAIM, FASN, CAV1 und VEGFC wurde auf Transkript- und Proteinebene verifiziert.

v



Jedoch konnte keine direkte Bindung der miR-133b an die CAV1 3’-UTR nachgewiesen
werden, was auf ein indirekte Regulation hindeutet. Die Expression der miR-133b und FAIM
korrelierte invers in Prostatageweben. Andere Zielgene waren nicht invers mit der miRNA
korreliert, vermutlich weil die Regulation der miR-133b durch andere Regulationsmechanism
Uberdeckt wird.

Diese Arbeit beweist, dass das Prostatakarzinom durch ein verandertes miRNA-
Expressionsmuster charakterisiert werden kann und dass miRNAs als diagnostische oder
prognostische Marker geeignet sind. Zudem wurde zum ersten Mal eine funktionelle
Bedeutung der miR-96 und miR-133b im Prostatakarzinom nachgewiesen. Damit vermittelt

diese Arbeit neue Einblicke in die Karzinogenese des Prostatakarzinoms.
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MiRNAs and prostate cancer: Identification, functional characterization and
their potential use in medical practice 1. Introduction

1. Introduction

1.1 microRNAs
microRNAs (miRNAs) are short non-protein-coding RNAs that are approximately 22

nt in length. The best-characterized function of miRNAs is posttranscriptional regulation of
gene expression via 3’ UTR binding of an mRNA (Bartel, 2004). miRNAs belong to the class
of small RNAs, which are non-coding RNAs with a length of less than 300 nt. Small nucleolar
RNAs (snoRNAs), small nuclear RNAs (snRNAs), short interfering RNAs (siRNAs) and PIWI-
interacting RNAs (piRNAs) also comprise this class. Until recently, small RNAs were
regarded as evolutionary trash. Their regulatory functions in gene expression and pivotal
roles in physiological as well as pathological processes revealed them to be vital

components of the genome (Kutter and Svoboda, 2008).

1.1.1 History of microRNAs
In 1993 Lee et al. (Lee et al., 1993) discovered that the gene lin-4 is transcribed into a

22 nt long RNA that inhibits lin-14 by RNA interference in the nematode Caenorhabditis
elegans. The authors concluded that /in-4 may belong to a class of small, regulatory non-
translated RNA, albeit for years there was no evidence for other lin-4-like RNAs in C.elegans
or other organisms. The identification of a second miRNA, let-7 in C. elegans, Drosophilia
and humans was identified in 2000 (Reinhart et al., 2000) along with the discovery of
additional 22 nt RNAs in 2001 (Lagos-Quintana et al., 2001; Lau et al., 2001; Lee and
Ambros, 2001), prompted their characterization as microRNAs. Computational approaches
predicted the existence of approximately 1000 miRNAs in the human genome (Berezikov et
al., 2005). In 2006, miRBase was established to provide a database of miRNA sequences
and organize nomenclature (Griffiths-Jones et al., 2006). One thousand and thirty-seven

human miRNA were annotated at miRBase in March 2011.

1.1.2 microRNA genomic location and biogenesis
Several miRNAs are located in distinct regions far from protein-coding genes (Lee

and Ambros, 2001). These miRNA genes are expressed from their own promoters. In
contrast, approximately 40% of miRNAs are located in introns of protein-coding genes,
primarily in the same orientation as its host genes (Rodriguez et al., 2004). Those miRNAs
are frequently controlled by the same promoter region and are co-expressed with their host
genes. Furthermore, while some miRNA genes are located far from other miRNA loci, others
are located proximal to each other and are thought to be described in clusters (Altuvia et al.,
2005). miRBase defines a cluster as a group of miRNAs that are located within 10 kb of each
other. Clustered miRNAs are transcribed as polycystronic RNAs by polymerase I, while
other miRNAs are transcribed as monocystronic miRNAs. The transcribed sequences are a

few hundred to a few thousand nt in length, termed preliminary miRNAs (pri-miRNAs) (Figure

1



MiRNAs and prostate cancer: Identification, functional characterization and
their potential use in medical practice 1. Introduction

1). Pri-miRNAs harbor a 7-methyl guanosine cap and a poly(A)-tail at their 3’ end, a structure
typical of RNAs transcribed by polymerase Il (Lee et al.,, 2004). The mature miRNAs are
located within characteristic stem-loop structures

In the nucleus, the pri-miRNA is further processed by DROSHA (Lee et al., 2003).
DROSHA is an RNAse lll class Il enzyme. These enzymes typically harbor tandem RNAse Il
domains and one dsRBD. The pri-miRNA is cleaved to form the preliminary microRNA of
approximately 60 to 80 nt in length. The pre-miRNA harbors a 5’-phosphate and a 2 nt 3’-
overhang, which is typical after RNAse lll cleavage. Additionally, DGCRS is a crucial cofactor
for successful cleavage of the pri-miRNA by DROSHA (Han et al., 2004).

The pre-miRNA is translocated to the cytoplasm by XPOS5, which requires RAN-GTP
as cofactor (Yi et al., 2003). In the cytoplasm, a second RNAse lll class Il enzyme, DICER,
further processes the pre-miRNA (Lee et al., 2002). DICER yields imperfect 22 bp miRNA
duplex with 2-nt-long 3’-overhangs. This duplex is composed of the mature miRNA strand
and its antisense strand and it is unwound by helicases directly after processing. The mature
miRNA is then incorporated into the miRNA-induced silencing complex (miRISC) (Hutvagner
and Zamore, 2002). This RNA-protein complex harbors primarily argonaute proteins (AGO1-
4) and facilitates gene silencing via binding to 3° UTR sequences, which are complementary
to the miRNA sequence. AGO2 is the only argonaute protein with an RNAse H-like domain,

which facilitates endonucleolytic cleavage (Meister et al., 2004).
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Figure 1: Schematic representation of miRNA biogenesis

A schematic representation of miRNA biogenesis. (1) miRNA genes are transcribed by RNA
polymerase Il as primary miRNAs (primiRNAs) of >500 up to several thousand nt. (2) The pri-miRNA
is cleaved by the DROSHA-DGCRS8 complex into the precursor miRNA (pre-miRNA) (3) The pre-
miRNA is exported from the nucleus into the cytoplasm by XPO5 and the RAN-GTP system. (4) In the
cytoplasm, the pre-miRNA is further cleaved by DICER to form the mature miRNA (5) The guiding
strand of this mature miRNA duplex is incorporated into the miRISC. The passenger strand (miRNA*)
is usually degraded. (6) The miRISC is a ribonucleotide complex that is primarly composed of
argonaute proteins and the miRNA guiding strand as its major components. (7) The miRNA binds to
regions in the 3° UTR of an mRNA, which guides the miRISC complex to its target. The figure is
adopted from Schaefer et al. (Schaefer et al., 2010b).

1.1.3 Mechanisms of miRNA mediated gene silencing
The primary function of miRNAs is posttranscriptional gene regulation, which is

mediated by binding to complementary sequences in the target mRNA 3’ UTR. Strikingly,
perfect complementarity is the primary mechanism in plants, but infrequently occurs in
vertebrates. In vertebrates, miRNAs rather exhibit complementarity to the 3' UTR in the
“seed region”, which is composed of nucleotides 2-8 of the 5’-end, but lack complementarity
to the mRNA in the central regions (Doench and Sharp, 2004). The 3’-region of the miRNA
exhibits again good complementarity to the mRNA thereby providing the necessary stability
for the miRNA:mRNA interaction. The importance of complementarity at the 3’-end is
dependent on the structure of the seed sequence (Brennecke et al., 2005). The degree of
repression is also dependent on the number of miRNA binding sites in the 3’ UTR (Doench et
al., 2003). Because AGO2 cleavage of the mRNA, which is part of the major RNAI
mechanism, requires perfect complementarity of the miRNA:mRNA duplex (Meister et al.,
2004), mRNA degradation is not the primary mechanism of miRNA-mediated gene silencing.

AGO2 is nevertheless the primary miRISC component that facilitates miRNA-mediated

3



MiRNAs and prostate cancer: Identification, functional characterization and
their potential use in medical practice 1. Introduction

translational inhibition (Schmitter et al., 2006), although AGO1, AGO3 and AGO4 at least
partially impact efficiency of repression (Pillai et al., 2004).

The miRISC/mRNA complex is enriched in cytoplasmic foci, termed processing
bodies (p-bodies) (Liu et al., 2005). P-bodies may either serve as storage compartments
and/or places for eventual mMRNA decay. P-bodies not only contain untranslated mRNAs but
also depend on RNA for their integrity (Teixeira et al., 2005). Further ribosome drop-off may
be a mandatory step for localization to the p-bodies (Brengues et al., 2005).

The mechanisms by which miRNAs posttranscriptionally regulate have been well
discussed and several models have been proposed (Figure 2).

1. miRNAs inhibit protein translation initiation

Transfection of luciferase reporters harbouring binding sites for endogenous let-7
resulted in a gradient shift of polysome profiles that strongly indicated an initiation
inhibition (Pillai et al., 2005). The process was dependent on the m’G cap and the
poly(A) tail, which indicates an EIF4E inhibition (Humphreys et al., 2005). Initiation
inhibition results in a rapid drop-off of ribosomes and subsequent storage of the
mMiRNA:mRNA duplex to p-bodies (Pillai et al., 2005).

2. miRNAs inhibit translation enlongation or termination

C. elegans, lin-14 has been shown to remain assembled with polysomes despite their
translational repression (Olsen and Ambros, 1999). This observation has been
affirmed in mammalian cells (Petersen et al., 2006). The results suggest a premature
ribosome drop-off or failed processing and indicated that translational repression
occurred while mMRNAs were associated with polysomes.

3. Polypeptide chain proteolysis

A third model has been proposed in which the miRNA interaction results in
proteolysis of the nascent polypeptide chain (Olsen and Ambros, 1999). However,
experiments failed to support this hypothesis (Petersen et al., 2006).

4. miRNA binding induces deadenylation and subsequent mRNA decay

In addition to the proposed translational inhibition of miRNAs, they have also been
shown to downregulate mRNAs of predicted target genes (Lim et al., 2005). The
CCR4:CNOT1 deadenylase complex and TNRC6A have been identified as key
mediators of miRNA-dependent RNA decay (Behm-Ansmant et al., 2006). Whether

this process occurs inside or outside of p-bodies remains to be elucidated.
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Figure 2: Overview of miRNA-mediated repression of protein translation (Pillai et al., 2007).
1.2 Prostate cancer

1.2.1 Clinical definition, etiology and pathobiology
Prostate cancer is the leading malignancy in man in Germany with more than 60.000

annual incidences (26% of total cancer incidents) (2010). However, only 10% of all cancer-
related deaths are due to prostate carcinoma. Prostate cancer is a disease that primarily
affects elderly men at an average age of 69 years at first diagnosis. Age is the most
prevalent risk factor of a prostate malignancy. Additionally, a positive family anamnesis
increases the risk of prostate cancer. The presence of prostate cancer in first-grade relatives
also increases risk by 2- to 3-fold (Hemminki and Czene, 2002). Several susceptible loci for
familial prostate cancer, as well as polymorphisms, have been identified, but the
predominantly mutated in familial carcinomas has not been identified (Nwosu et al., 2001).
Other risk factors in prostate cancer include diet, inflammation or sex hormone levels (Patel
and Klein, 2009).

Various benign lesions of the prostate exist. Prostate benign hyperplasia (BPH) and
prostatic intraepithelial neoplasia (PIN) are the predominant types of benign lesions. BPH
primarily occurs in the transitional zone (Guess, 2001) and is a benign hyperplasia of
epithelial as well as stromal tissue (Roehrborn, 2008). BPH is generally not regarded as a
precursor lesion of prostate cancer because it arises from a different part of the prostate
despite sharing common genetic signatures (Alcaraz et al., 2009). PIN is the other important
benign prostatic lesion (Bostwick and Brawer, 1987; McNeal, 1969; McNeal and Bostwick,

1986). PIN is characterized by anaplastic and proliferative cells that line ducts and acini of
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the prostate (Bostwick and Brawer, 1987). PIN is regarded as a precursor of malignant
carcinomas (Epstein, 2009).

Sixty-eight percent of prostate cancers arise from the peripheral zone of the prostate,
whereas 24% arise from the transitional zone (McNeal et al.,, 1988). Acinar prostate
carcinoma is the most common histological form (Zhou, 2007), and is primarily multifocal.
Other subtypes are found in 5 to 10% of prostate cancer patients and include ductal
adenocarcinoma, atrophic carcinoma, pseudohyperplastic carcinoma, foamy gland
carcinoma, mucinous carcinoma, signet-ring carcinoma, small cell carcinoma, sarcomatoid
carcinoma, urothelial carcinoma, squamous cell carcinoma and basaloid carcinoma (Zhou,
2007).

The Gleason grading is the most common grading system for prostate cancer.
Gleason grading sorts cancers on the basis of their gland architecture. While Gleason grade
1 glands are well defined and separated, gland structure is gradually lost with increasing
grade, wherein epithelial cells become less differentiated, form cribriform patterns or are
poorly formed. The primary and secondary Gleason grades (1 to 5), which correspond to the
most common and second most common observed pattern, respectively, are combined to
form the Gleason score (Epstein et al., 2005). In certain tumors, a tertiary pattern can be
observed. After radical prostatectomy, the primary and secondary grade form the Gleason

score, and the tertiary is commented (Epstein et al., 2005).

Figure 3: Gleason grading (Epstein et al., 2005)
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Additionally, prostate cancers are staged according to the TNM nomenclature (Sobin,
2002). T is the abbreviation for the tumor and describes the tumor size. T1 tumors are
clinically non-significant, T2 tumors are still organ confined, T3 tumors penetrate the
extracellular capsule and infiltrate the seminal vesicles and T4 tumors infiltrate structures
other than the seminal vesicles. N and M describe the processes of metastasis, that dictate

the involvement of regional lymph nodes or the occurrence of distant metastases.

1.2.2 Prostate cancer diagnosis
The most important diagnostic marker of prostate cancer is the prostate specific

antigen (PSA, KLK3), which was discovered in the late 1980s (Stamey et al., 1987). In the
early 1990s, multicenter studies led to the introduction of PSA as a diagnostic marker
(Catalona et al., 1994) In Germany, the PSA test is not included in nation-wide cancer
screening programs. The utility of the PSA test as a screening approach is still under
discussion (Diamandis, 2010). A recent european, randomized, multicenter study revealed a
relative PSA-screening-mediated reduction of mortality by 20%, which was accompanied by
a high risk of over diagnosis (Schroder et al., 2009), whereas a similar US study did not find
significant mortality differences (Andriole et al., 2009). PSA is a prostate specific marker and
is elevated not only on prostate cancer but also in BPH (Guess, 2001). Reliable diagnosis is
elusive, especially in patients with low PSA levels (4-10 ug/l). Therefore, needle biopsies of
patients with elevated PSA levels are collected from prostate zones susceptible to cancer
and are histologically characterized (Zhou, 2007). PSA diagnosis can be improved by
additional markers, such as %free PSA, PSA density, proPSA, PCA3 and multivariate
models as nomograms or artificial neuronal networks (Stephan et al., 2009; Tosoian and
Loeb, 2010). However, the models lack accuracy and may be improved by the introduction of

novel molecular markers.

1.2.3 Prostate cancer prognosis
Prostate cancer is a relatively benign malignancy that exhibits a 5-year survival rates

of 83-94% (2010). However, approximately 15 to 30% of patients experience a biochemical
relapse after a curative treatment of radical prostatectomy or radiation therapy (Amling et al.,
2000; Han et al., 2003; Pound et al., 1999). A biochemical relapse is defined as detectable
PSA levels after radical prostatectomy or a rise in PSA after a period of non-detectable PSA
(Simmons et al., 2007). Risk stratification models or probability tables have been established,
which predict biochemical recurrence or clinical failure. For example the risk stratification
model by D’Amico et al. (D'Amico et al., 1998) uses the Gleason score, pre-operative PSA
and pathological stage. The most predominant probability table is the Partin table (Partin et
al., 1997). Patient clustering remains a disadvantage of these models, as the broad risk

groups harbour patients with extensively heterogenic disease characteristics. Therefore,
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nomograms have been developed, which enhance the prediction accuracy. Nomograms
allow for the use of continuous weighted variables. A commonly used nomogram by
Stephenson et al. (Stephenson et al., 2006) employs 6 covariates (clinical stage, PSA value,
primary and secondary Gleason grades, number of positive and negative cores) and allows
the prediction of the recurrence probability for up to 10 years. The c-indices for the internal
and external calibrations were 0.76 and 0.79, respectively, indicative of sufficient but not
ideal accuracy. Independent external validation studies not only confirmed accuracy but also
reported a tendency to overestimate recurrence risk for predictions made 3 or more years
after surgery (Isbarn et al., 2009). Taken together, the clinical prediction models remain
inaccurate. Therefore, identifying novel accurate prognostic markers of prostate cancer is

crucial.

1.2.4 Prostate cancer therapy
Patients with localized prostate cancer face several therapy options, such as radical

prostatectomy, active surveillance, watchful waiting, radio- or brachytherapy (Singh et al.,
2010) In Germany, treatment protocols follow the guidelines of the German Association of
Urology (DGU) (2009). Radical prostatectomy is the treatment of choice for patients with
localized prostate carcinomas independent of risk group. Radical prostatectomy allows for an
accurate pathological staging of the tumor, which permits for a more accurate prognosis.
Because of the high rate of over-treatment, active surveillance is an alternative option for
patients with low grade and non-symptomatic prostate cancers and locally advanced prostate
cancers. Active surveillance must be distinguished from watchful waiting. While watchful
waiting employs waiting for clinical symptoms to occur, active surveillance aims to modify the
therapy with changing tumor biology. Other treatment options for localized prostate cancers,
such as brachytherapy and radiotherapy are less frequent and their selection is highly
dependent from the tumor characteristics.

Hormone therapy is the most common second line therapy option for recurrent
prostate cancer. However, biochemically relapsed patients who did not exhibit any lymph
node metastases, are better candidates for radiotherapy or watchful waiting. Patients with
metastases generally receive hormone therapy. Hormonal ablation can be achieved either by
castration (orchiectomy, LHRH analogues, gonadotropin-releasing hormone analogues) or
by antiandrogens, such as bicalutamide. Although androgen-ablation can prolong
progression-free survival, it is not curative and results in the development of castration-
resistant prostate cancer (CRPC). Well-defined therapies are not available for CRPC, but
palliative chemotherapy with doxetacel or a change in the hormone ablation strategy are

available. Moreover, numerous studies using novel drugs and drug combinations are on-

going.
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1.2.5 Prostate cancer biology
Prostate cancer is a heterogeneous disease that lacks causative genes associated

with prostate carcinogenesis. A recent genetic study of prostate cancer integrated copy
number alterations, mutations and transcriptome data to identify modified loci in prostate
cancer (Taylor et al., 2010). Metastatic tumors displayed the largest number of chromosomal
alterations, whereas primary tumors displayed patterns from diploid genomes to frequent
genomic alterations comparable to metastatic tumors. The most frequent genomic alterations
in prostate cancer are 8q gains with a 20 to 40% prevalence and 8p loss with a 30 to 50%
prevalence (Kim et al., 2007; Lapointe et al., 2007). Chromosome 8 harbours the tumor
suppressor NKX3-1 on 8p21 and the oncogene MYC on 8qg24.1. Other genomic alterations
include the TMPRSS2-ERG gene fusion (50%) (Perner et al., 2006), PTEN deletion at
10923.31, TP53 deletion at 17p31.1 and a frequent but metastatic tumor restricted AR
amplification at Xq12 (Taylor et al., 2010).

The androgen receptor (AR) is one of the major intracellular regulators in prostate
carcinogenesis. The AR regulates organogenesis and the initiation and progression of
prostate cancer. Because of its crucial functions in prostate cancer, AR is the main therapy
target in advanced cancers (1.2.4). The AR is a nuclear receptor that is activated upon 5a-

dihydrotestosterone (5 « -DHT) binding (Shen and Abate-Shen, 2010). 5 « -DHT is produced
by SRD5A2, a testosterone reductase (Wilson, 1996). Upon ligand binding, the AR regulates

the transcription of a multitude of genes, which are primarily involved in cell growth and
survival (Gelmann, 2002). PSA is one of the transcriptional targets of the AR (Riegman et al.,
1991). AR activity is dependent on a multitude of cofactors, including heatshock proteins
(Marivoet et al., 1992) and forkhead transcription factors (Yang et al., 2005). Androgen
deprivation in prostate cancer cells results in apoptosis and G1 arrest (Heisler et al., 1997;
Watson et al., 2005). Paracrine signals have been shown as necessary for androgen-
deprived cells to undergo apoptosis, highlighting the importance of the stromal
microenvironment (Gao et al., 2006). Unfortunately, cells under continuous androgen-
ablation develop resistance mechanisms (Watson et al., 2005), a progress that is inevitable
in advanced prostate cancers therapy. Prostate cancer progression always involves the
activation of the AR. Several AR-activating mechanisms have been proposed (Feldman and
Feldman, 2001). AR mutations can lead to a chronically activated state or to AR activation by
non-androgenic steroid-hormones or androgen receptor antagonists (Taplin et al., 1995).
Further hypersensitivity of the AR, either by amplification (Visakorpi et al., 1995), increased
AR sensitivity and stability (Gregory et al., 2001b) or de novo androgen synthesis (Locke et
al., 2008) has been described. Changes in corepressor or coactivator expression have also

been implicated in the development of CRPC (Gregory et al., 2001a).
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The PI3K/AKT signalling cascade is also frequently dysregulated in prostate cancer
(Shen and Abate-Shen, 2010). PI3K is activated in cells upon growth factor receptor
activation. PI3K converts PtdIns(4,5)P, to PtdIns(3,4,5)P3, resulting in the phosphorylation of
AKT that subsequently activates or inhibits genes that are regulators of apoptosis, such as
BAD (del Peso et al., 1997) and FOXO1 (Brunet et al., 1999), and cell cycle transition as
CDKN1B (Collado et al., 2000). AKT signaling is hyperactivated in approximately 30 to 50%
of prostate cancers (Morgan et al., 2009). In the majority of cases, this hyperactivity is due to
loss of PTEN but can also occur because of AKT or PI3K hypersensitivity (Boormans et al.,
2008; Lee et al.,, 2010). AKT activation is critical for disease recurrence, wherein 90% of
patients with PTEN loss and hyperactivated AKT experienced a biochemical relapse.
However, 88% of patients with wildtype PTEN did not relapse (Bedolla et al., 2007). Mouse
models have corroborated the role of PTEN in metastasis (Ding et al., 2011; Wang et al.,
2003).

In this thesis, the regulation of FOXO1 by miRNAs was studied. FOXO1 is a member
of the forkhead box transcription factors. Members of the forkhead box transcription factor
family have a conserved “forkhead” or “winged helix” DNA-binding domain (Kaufmann and
Knochel, 1996). Members of the forkhead box transcription factor class O bind to the
consensus motif 5'-TTGTTTAC-3' (Birkenkamp and Coffer, 2003). Other members of this
class include FOXO3a and FOXO4. FOXO1 suppresses tumors via a transcriptional
regulation of crucial cell cycle and apoptosis regulators, such as CDKN1B (Machida et al.,
2003), NOLC1 (Kops et al., 2002), BAX (Kim et al., 2005) and TRAIL (Modur et al., 2002).
Akt-mediated FOXO1 phosphorylation results in the translocalisation of phosphorylated
FOXO1 to the cytoplasm (Rena et al., 1999). FOXO1 activity is further regulated by AKT-
independent mechanisms, such as acetylation and deacetylation (Jung-Hynes et al., 2009;
Motta et al., 2004) and ubiquitilation (Matsuzaki et al., 2003).

AR and AKT signalling are interwoven at different stages. AKT can regulate AR
expression in androgen-dependent and androgen—independent cell lines (Ha et al., 2011).
PTEN also inhibits AR activity by AKT-independent mechanisms (Wu et al., 2006b).
Especially FOXO1 exemplifies a strong link between AKT and AR signalling. FOXO1 inhibits
both ligand-mediated transcriptional activation of the AR (Fan et al., 2007) and ligand-
independent activation of AR (Liu et al., 2008b). Concurrently, the ligand-bound AR can
upregulate IGF1R expression thereby enhancing phosphorylation of FOXO1 (Fan et al.,
2007). Subsequently, FOXO1 transcriptional activity can be inhibited by androgens via
interaction with the AR (Li et al., 2003).
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1.3 miRNA regulation in cancer
Since the discovery of miRNAs at the beginning of the decade, their regulation has

been involved in a multitude of physiological and pathological processes. miRNAs were first
reported to be dysregulated in cancer in 2002, when Calin et al. (Calin et al., 2002) described
a deletion at 13q14 in chronic lymphocytic leukemia. The locus harbors the miR-15/miR-16
cluster, which not only is downregulated in these tumors but also regulates BCL2 expression.
Early studies suggested a predominant downregulation of miRNAs (Lu et al., 2005; Michael
et al., 2003). This hypothesis was supported by the observation that DICER expression can
be downregulated in cancer (Karube et al., 2005). However, further studies revealed both up-
and downregulation of miRNA in all solid tumors and leukemias. Interestingly, while some
mMiRNAs seem to have a tissue-specific function and are only expressed in specific cancers,
others are universally over- or underexpressed in cancer. For example, miR-21 has been
shown to be upregulated in almost all solid tumor types, including prostate, breast, lung,
pancreas, stomach, colon and glioblastoma (Chan et al., 2005; lorio et al., 2005; Volinia et
al., 2006).

1.3.1 miRNA profiling and their utilization as molecular markers
The frequent deregulation of miRNAs in cancer makes them attractive new markers

for cancer detection and monitoring. miRNAs can either serve as diagnostic, prognostic or
predictive markers or can monitor therapy success. Studies have suggested that miRNAs
can help to differentiate cancer from normal tissue, discriminate different tumors subtypes,
characterize poorly differentiated tumors and identify tumors of unknown origin (Cowland et
al., 2007).

The stability of miRNAs, even in degraded material, provides an advantage in using
them over other markers. Studies have shown that miRNAs can be stably expressed in
degraded total RNA samples from human tissues (Jung et al., 2010), and they remain
detectable in archived formalin-fixed, paraffin-embedded tissue (Glud et al., 2009; Hasemeier
et al., 2008; Hui et al., 2009; Siebolts et al., 2009; Szafranska et al., 2008; Zhang et al.,
2008). miRNA measurements in body fluids, such as blood or urine, will become more crucial
for diagnostic purposes. (Boeri et al., 2011; Lodes et al., 2009; Mitchell et al., 2008; Yaman
Agaoglu et al.,, 2011). miRNAs are present in body fluids as free miRNAs in exosomes
(Michael et al., 2010), associated with AGO2 proteins (Arroyo et al., 2011) or in circulating
tumor cells (Zhou et al., 2010). In prostate cancer, miR-21 and miR-141 may serve as non-
invasive markers (Mitchell et al., 2008; Yaman Agaoglu et al., 2011; Zhang et al., 2011).

The current prognostic models that rely primarily on clinical parameters remain
inaccurate, as described in 1.2.3. miRNA incorporation into models based on clinical markers

may improve the accuracy of the existing models. A more accurate prognosis helps to avoid
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over-treatment of patients because treatment will be given to only the responsive patients,
whereas the others, who gain no clinical benefit, will negate the suffering caused by severe
toxic side-effects. Early studies have shown that miRNAs are associated with tumor
aggressiveness (Lin et al., 2008), perineural invasion (Prueitt et al., 2008) and androgen-
dependence (Leite et al., 2009; Lin et al., 2008; Porkka et al., 2007).

Before this thesis was conducted several groups had performed miRNA profiling in
prostate cancer. Ozen et al. (Ozen et al., 2008) identified exclusively downregulated
miRNAs, whereas 3 other studies observed both up- and downregulated patterns (Ambs et
al., 2008; Porkka et al., 2007; Volinia et al., 2006). However, the results of these studies
were highly contradictory.

The Venn diagram (Figure 5) highlights the lack of concordantly up- or downregulated
mMiRNAs identified by these studies and 17 out of 105 detected miRNAs were even described
to be regulated in inverse directions. The discrepancies of these early studies may be
explained by differences in tissue selection, RNA and the detection platforms used. The

results highlighted the need for accurate profiling in prostate cancers.

Upregulated miRNAs Downregulated miRNAs
A B A B
14 & 28 16 L 3
0 0
1 2 4 2
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Figure 4: miRNA deregulation in prostate cancer

A Venn diagram of the upregulated and downregulated miRNAs in prostate cancer as investigated in 3
independent profiling studies. (A) Ambs et al. (Ambs et al., 2008) investigated 329 miRNAs in total. (B)
Volinia et al. (Volinia et al., 2006) investigated 228 miRNAs in total. (C) Porkka et al. (Porkka et al.,
2007) investigated 319 miRNAs in total. The figure adopted was adopted from Schaefer et al.
(Schaefer et al., 2010a).
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1.3.2 Regulation of miRNA expression
Changes in miRNA expression in cancer can be due to a plethora of intracellular

changes during carcinogenesis, the most relevant of which are summarized in table 1.

miRNA genes are susceptible to mutations and are frequently located at fragile sites,
minimal regions of loss of heterozygosity, and at minimal regions of amplification in cancer
(Calin et al., 2004). Additionally, specific single nucleotide polymorphisms have been
associated with cancer risk (Gao et al., 2011). As mentioned above, miRNA gene loci can be
intergenic, intronic or exonic. Intronic and exonic miRNAs are coexpressed with their host
genes, wherein both genes play a vital role in carcinogenesis. The combined expression of
miR-106/miR-25 cluster and its host gene, MCM7, in mice induces malignant transformation
(Poliseno et al., 2010).

Mutations or polymorphisms in miRNA genes or target genes can result in qualitative
changes in miRNA regulation because of altered miRNA target binding or de novo targeting
of genes by a miRNA.

miRNA expression is not exclusively controlled by genomic variations in cancer.
Epigenetic modifications play important roles in regulating miRNAs in cancer, such as the
hypermethylation of promotors or histone modifications. Several miRNAs, such as miR-34a
(Lodygin et al., 2008), miR-101 (Varambally et al., 2008), miR-126 (Saito et al., 2009), miR-
145 (Zaman et al., 2010) and miR-193b (Rauhala et al., 2010) are silenced by CpG
methylation in prostate cancer. Changes in the trimethylation status of the histone 3 tail at
lysines 4 or 27 correspond to expression changes of several miRNA genes (Ke et al., 2009).
Additionally, binding of the VDR to the MCM7 promoter induces rapid changes in histone 4
lysine 9 acetylation and in the subsequent transcription of the miR-106b/miR-25 cluster
(Thorne et al., 2010).

miRNA expression can also be dysregulated by aberrantly expressed transcription
factors. In prostate cancer, this has been shown for miR-101, which is transcriptionally
regulated by HIF1B (Cao et al., 2010), and for miR-34a/c (Rokhlin et al., 2008) and miR-145
(Chen et al., 2010a), which are both controlled by tumor suppressor TP53. Most important,
several miRNAs are regulated by the AR.

miRNAs are subjected to several post-transcriptional processing steps. In cancer, pri-
miRNA levels do not correlate with mature miRNA levels, indicative of dysfunctional
processing in these samples (Thomson et al., 2006). DICER is downregulated in lung cancer
(Karube et al., 2005) but overexpressed in prostate cancer and ovarian serous carcinoma
(Chiosea et al., 2006; Flavin et al., 2008). In breast cancer, alternative splicing and the use of
an alternative promoter can alter DICER translation efficiency (Irvin-Wilson and Chaudhuri,
2005). In several mouse models, DICER functions as a haploinsufficient tumor suppressor
(Kumar et al., 2009). DROSHA, the second RNAse Il enzyme that processes miRNA
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transcripts, and XPO5 are upregulated in certain cancers (Catto et al., 2009; Sand et al.,
2010). An inactivating mutation in XPO5 in cancer cells resulted in an accumulation of pri-
mMiRNAs in the nucleus (Melo et al., 2010). Recent studies have focused on RNA-binding
proteins that may influence not only miRNA processing but also the binding of the miRISC
complex to its target (Kedde et al., 2007; Trabucchi et al., 2009).

Table 1: Potential mechanisms for altered microRNA expression and activity in cancer
(adapted according to Cowland et al. (Cowland et al., 2007))

Mechanism of dysregulation Effect

1. Genome alterations Increased or decreased miRNA
Deletion, amplification, translocation

2. Mutation/polymorphism of the Increased or decreased miRNA

miRNA gene
Altered binding of miRNA

3. Mutation/polymorphism of the miRNA Altered binding of miRNA

binding site in the target mMRNA gene

4. Mutation of a non-target mMRNA gene Possible binding of miRNA to non-target
mRNA

5. Mutation in the biogenesis apparatus Impaired processing of mMiRNA

Upregulation of DROSHA
Downregulation of DICER

6. Epigenetic mechanisms Decreased miRNA formation
Methylation of miRNA gene promoter
Histone modifications

1.3.3 Function of miRNAs in carcinogenesis
miRNAs regulate all hallmarks of cancer, including apoptosis, insensitivity to anti-

growth signals and self-sufficient growth signalling, tissue invasion and metastasis, sustained
angiogenesis and limitless replicative potential (Hanahan and Weinberg, 2011) (Figure 5).
mMiRNAs can act as tumor suppressors as well as oncogenes depending on their target. The
miRNA regulatory machinery is highly complex, wherein one miRNA can target hundreds of
mRNAs, and one mRNA can be targeted by multiple miRNAs. Currently, only a fraction of
mMiRNA targets have been experimentally characterized. Because miRNAs take on hundreds
of targets concurrently, they are attractive targets for cancer therapy. By knocking-down or
re-establishing the expression of one miRNA, one might be able to target a plethora of
genes. The complexity of the miRNA regulatory networks may also account for their
observed tissue-specific functions, wherein different target combinations may lead to inverse
functions. For example, miR-184, which is overexpressed in squamous cell carcinoma,
inhibits apoptosis and increases cell proliferation (Wong et al., 2009), whereas its presence

neuroblastoma yields inverse effects (Tivnan et al., 2010).
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Normal = Proliferation, invasion, angiogenesis
cell = Cell death, apoptosis

Deregulated miRNA formation

*Oncogenic miRNA +Tumor suppressor miRNA

Deregulated protein formation

+Tumor suppressor protein $Oncogenic protein

Cancer + Proliferation, invasion, angiogenesis
cell * Cell death, apoptosis

Figure 5: miRNAs regulate all hallmarks of cancer (Schaefer et al., 2010a)

Even though the functional relevance of miRNA genes in prostate cancer has only
been studied in recent years, they have been shown to clearly regulate all critical steps of
prostate cancer carcinogenesis. A multitude of miRNAs have been described in the context
of prostate carcinogenesis, the best of which are summarized in table 2.

The impact of miRNAs on androgen-independent growth in prostate cancer is well
studied. Several groups have performed expression profiling on androgen-dependent and
androgen-independent cell lines and have identified a subset of differentially expressed
mMiRNAs in these cells. To identify miRNAs that play a role in androgen-signalling, miRNA
profiling has been performed in androgen-dependent and androgen-independent cell lines
(DeVere White et al., 2009; Lin et al., 2008; Sun et al., 2009; Xu et al., 2010). Some of the
miRNAs that have been identified, have been studies more extensively in subsequent
studies and have been proven to be critical regulators of androgen-independent growth. miR-
125b stimulates androgen-independent growth in androgen-dependent prostate cancer cells
and concordantly regulates apoptosis by inhibiting the pro-apoptotic BAK1 (DeVere White et
al., 2009; Shi et al., 2007; Shi et al., 2010b).

miR-221 and miR-222, which are strongly upregulated in androgen-independent cells
induce androgen-independent growth and lower the response of the PSA-promoter to 5a-
DHT treatment (Sun et al., 2009). Recently, the function of the miR-221/miR-222 cluster has
received a considerable attention in prostate cancer lately. The expression of this miRNA
cluster not only is dependent on androgen status but also is regulated by concordant binding
of C-JUN and NFKB to its promoter (Galardi et al., 2011) or by thrombin (Hu et al., 2009a) or
genistein treatment (Chen et al., 2011). Both miRNAs primarily function in cell cycle transition
(Galardi et al., 2007) by inhibiting CDKN1B (Galardi et al., 2007; Hu et al., 2009a; Mercatelli
et al., 2008) and promoting the tumor growth of prostate cancer xenografts in mice
(Mercatelli et al., 2008).
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miR-21, an universal oncogene that has important regulatory functions in various
tumors, has also garnered considerable attention in prostate cancer, wherein it regulates
apoptosis and invasiveness by targeting PTEN and AKT, (Yang et al., 2010), PDCD4 (Lu et
al., 2008; Shi et al., 2010a), BMPRII (Qin et al., 2009) and MARCKS (Li et al., 2009b). miR-
21 mediates resistance to the chemotherapeutic docetaxel: thus, it is a potential predictive
marker for successful therapy or a target structure for a combined treatment with docetaxel
(Shi et al., 2010a). miR-21 expression can be regulated in prostate cancer by the not only AR
(Ribas and Lupold, 2010) but also the IFN via STAT3 and NFKB (Yang et al., 2010).

miR-16, the miR-34 cluster and miR-205 are the best-described tumorsuppressive
miRNAs in prostate carcinogenesis. miR-16, the first-described dysregulated miRNA in
cancer, inhibits growth of xenografts in mice by regulating various cell cycle genes, such as
CDK1/2 and CCND1 (Bonci et al., 2008; Takeshita et al., 2010). Because, the miR-34 cluster
sensitizes cells to docetaxel and paclitaxel, it serves as a potential predictive marker for
therapy outcome or as a novel target for a combined chemo- and RNAi-therapy (Kojima et
al., 2010; Rokhlin et al., 2008). miR-205 has been well described in the epithelial-
mesenchymal transition of prostate cancer: thus it may serve as an interesting target
structure for metastatic cancer therapy (Gandellini et al., 2009). Additionally, it mediates the
resistance to docetaxel (Bhatnagar et al., 2010; Gandellini et al., 2009).

The current prostate cancer studies have shown that miRNAs regulate critical steps in
tumorigenesis: thus, they become attractive targets for novel therapies either alone or in

combination with chemotherapeutical agents.
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Table 2: The function of miRNAs in prostate cancer

miRNA Regulation Function Target References
genes
miR-16 Reduces growth of bone CCND1 (Bonci et al., 2008;
metastases in a prostate WNT3A Takeshita et al.,
xenograft model; BCL2 2010)
malignant transformation
of benign prostate cells
miR-21 IFN recruits Stat3 and  Resitance to docetaxel, PDCD4 (Li et al., 2009b; Lu
NFKB to the miR-21 apoptosis, invasiveness, PTEN et al., 2008; Qin et
promoter, regulated by enhanced tumor growth in  AKT al., 2009; Ribas
AR xenografts MARCKS and Lupold, 2010;
BMPRII Shi et al., 2010a;
Yang et al., 2010)
miR-34a/ Hypermethylation of Mediate resistance to SIRT1 (Josson et al.,
miR-34c promoter, regulated by  doxorubicin and BCL2 2008; Kojima et al.,
p53, downregulated paclitaxel, inhibits cancer 2010; Liu et al.,
upon radiation cell stemness 2011; Lodygin et
al., 2008; Rokhlin
et al., 2008;
Sarveswaran et al.,
2010)
miR-125b Regulated by AR Androgen-independent Bak1 (DeVere White et
growth, P53 al., 2009; Shi et al.,
growth of xenografts in PUMA 2007; Shi et al.,
intact and castrated nude 2010b; Takayama
mice etal., 2011)
miR-205 Hypermethylation of Mediates resistance to BCL2 (Bhatnagar et al.,
promoter docetaxel, epithelial- E2F6 2010; Gandellini et
mesenchymal transition PKCE al., 2009)
miR-221/ c-Jun and NFKB form Cell cycle transition, CDKN1B (Chen et al., 2011;
miR-222 transcriptional promote growth in ARH1 Galardi et al.,

complex,

thrombin and genistein
treatment upregulate
expression

xenografts

2007; Galardi et
al., 2011; Hu et al.,
2009a; Mercatelli
et al., 2008)
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1.3.4 miRNAs as putative therapeutics
The discovery of the roles of miRNAs in carcinogenesis has propelled miRNAs to

become focal targets for novel therapeutic approaches, and efforts have been made in
recent years to develop miRNA-based therapeutics. Generally, the discussed approaches

can be included into one of the following groups (Table 3):

1. Inhibition of an oncogenic miRNA

Treating cells with the antisense strand of the mIiRNA, termed anti-miRNA
oligonucleotides (AMOs), is the most direct approach to target the function of an
oncogenic miRNA, (Esau, 2008). The feasibility of this approach has been discussed
in several studies to date. To improve the effect of AMOs, multitarget AMOs
(mtAMOs) that target multiple miRNAs concurrently, have been developed. This
technique improves the effect on prostate cancer cells as compared with single
AMOs (Wang, 2011). miRNA sponges offer a second approach to improve therapy
with antisense oligonucleotides (Ebert et al., 2007). miRNA sponges are expressed
from transgenes and harbor multiple complementary binding sites for a single
oncogenic miRNA. Binding of the miRNA to the sponge relieves the repression of its
target genes. miRNA erasers, long tandem repeats of antisense miRNAs, employ a
similar approach (Sayed et al., 2008). Inhibition of an oncogenic miRNA can also be
accomplished by small molecules. Recently, several small molecules that either
inhibit miRNAs directly or inhibit components of the miRNA processing pathway have
been identified (Chintharlapalli et al., 2009; Watashi et al., 2010).

2. Restoration of a tumorsuppressive miRNA

The restoration of a tumorsuppressive miRNA results in an inhibition of a set of
oncogenic mMRNAs. Oligonucleotides that directly mimic a tumorsuppressive miRNA
may restore miRNA function or inhibit an oncogenic mRNA. Designing artificial
mMiRNAs to target the 3’ UTR of oncogenic mRNAs on the basis of currently known
target-binding algorithms has resulted in a marked inhibition of this oncogene (De
Guire et al., 2010). Hairpin-oligodesoxynucleotides have also been shown to bind and
inhibit oncogenic mMRNAs (Hofmann et al., 2009).

3. Epigenetic modulation of miRNA expression

Epigenetic silencing is an important mechanism by which miRNA genes are silenced
during carcinogenesis. Therefore, interaction with the epigenetic machinery to re-
express miRNAs is an attractive approach. Combination therapy with histone
deacetylase and methyltransferase inhibitors upregulates epigenetically silenced
mMiRNA levels (Saito et al, 2009). Hydroxamic acid HDACi LAQ824 treatment
upreguated 22 miRNAs and downregulated 5 miRNAs (Scott et al., 2006).
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4,

Improvement of existing therapies

Recent therapeutic strategies not only have focused on the regulation of miRNA
function but also have tried to improve existing therapies. For example, glioma cells
can be sensitized to treatment with 5-fluoroacyl if it is simultaneously delivered to
cells with miR-21 (Ren et al., 2010). Cells can also be sensitized to doxorubicin if they
are cotransfected with TP53 and a synthetic p21-targeting miRNA (ldogawa et al.,
2009). Moreover, miR-521 can sensitize cancer cells to radiation (Josson et al.,
2008). The specificity of viral-based treatments can be enhanced by introducing
mMiRNA binding sites to the viral genome, thereby viral replication is prevented in all
cells but the target cells. The introduction of miR-145 and miR-143 binding sites
downstream of the herpes simplex virus ICP4 gene restricts oncolytic activity to
prostate cancer cells where expression of this miRNA is lost (Lee et al., 2009a). A
similar approach has been administered to improve the specificity of an oncolytic
virus in liver cancer (Cawood et al., 2009). Four binding sites of the liver-specific miR-
122 were introduced downstream of the EA1 binding cassette in a cytotoxic liver

adenovirus.
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Table 3: Approaches to therapeutically target miRNA function

Approach Description References
A) Inhibition of an oncogenic miRNA
Anti-miRNA Targeting the function of a single miRNA with an

oligonucleotides
Multi-targeting anti-
miRNA oligonucleotides

antisense oligodesoxyribonucleotide

Targeting the function of multiple miRNAs with a single
antisense oligodeoxyribonucleotide

Targeting the function of a single miRNA by a transgene

Sponges that carries multiple binding sites for the miRNA
Targeting the function of a single miRNA by transfection
Erasers of a double stranded oligonucleotide with long tandem

repeats of the antisense sequence

Targeting the function of a single miRNA or components

Small Molecules of miRNA processing by small molecules

(Esau, 2008)

(Wang, 2011)

(Ebert et al.,
2007)

(Sayed et al.,
2008)

(Chintharlapalli
et al., 2009;
Watashi et al.,
2010)

B) Inhibition of an oncogenic mMRNA/ Restoration of miRNA function

Design of artificial Designing novel miRNAs to target 3' UTRs of oncogenic  (De Guire et

miRNAs mRNAs al., 2010)

Design of hairpin-loop Designing short DNA sequences to target binding sites of (Hofmann et

oligodeoxynucleotides known miRNA inhibition al., 2009)
(Kota et al.,

Delivery by viral Reexpression of miRNAs through viral vector-mediated 2009; Nair,

expression vectors delivery 2008; Wang et
al., 2011)

C) Epigenetic modulation of miRNA expression

Combined treatment with

m:::xgrggzzrs ?:Saend Reexpression of epigenetically silenced miRNAs (2%?;5; etal,

inhibitors

Treatment with . . . . :

) . . Reexpression of epigenetically silenced miRNAs or (Scott et al.,
hydroxamic acid HDAC inhibition of aberrantly expressed miRNAs 2006)

LAQ824

D) Improvement of existing therapies

Sensitizing cells to Overexpression of miR-106b or miR-521 to sensitize
radiation cells to radiation

Sensitizing cells to
chemotherapeuticals

miRNA overexpression can sensitize cells to treatment
with chemotherapeutical (5-Fluoroacyl or doxorubicin)

Introduction of miRNA binding sites downstream of viral
reproduction genes can restrict their activity to cancer
cells

Improving specificity of
viral treatment

(Josson et al.,
2008)
(Idogawa et
al., 2009; Ren
etal., 2010)
(Cawood et
al., 2009; Lee
et al., 2009a)

Although extensive resources have been invested for the development of miRNA-

based therapies, the delivery of the oligonucleotides to the target cells remains an obstacle.

Efforts into developing new formulations of transfection agents have been undertaken in vitro
(Akinc et al., 2008; Chen et al., 2010b; Liu et al., 2010; Rahbek et al., 2010). Furthermore,

although viral-mediated delivery of miRNA genes to the tumor is investigated for cancer

therapy (Kota et al., 2009; Nair, 2008; Wang et al., 2011), it prompts serious concern that

needs to be resolved (Tenoever, 2009).

Successful in vivo studies exist for a few miRNAs in selected cancers, including the
oncogenes miR-182 (Huynh et al., 2010), miR-10b (Ma et al., 2010) and let-7 (Trang et al.,
2010) and the tumorsuppressors miR-16 (Takeshita et al., 2010) and miR-26a (Kota et al.,
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2009). The studies showed that systemic treatment, primarily through tail vein injection, is a
suitable approach to deliver miRNAs to primary tumors and metastases; moreover, miRNA
treatment was shown to result in a tumor regression. The treatment was well tolerated by
animals likely because the targeted miRNAs are inversely expressed in the surrounding

normal tissues.
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1.4 Thesis aims
miRNAs are highly versatile molecules that have revolutionized our understanding of

gene regulation in recent years. Their deregulation in cancer allows for their potential use in
a plethora of clinical applications. Studies have shown that miRNA profiling is superior to
mMRNA profiling in detecting tumors.

At the inception of this thesis, miRNA deregulation in prostate cancer had been
inadequately described. Therefore, the first aim of this thesis was to establish a miRNA
profile in fresh frozen prostate cancer specimens compared with normal adjacent tissue.

Dysregulated miRNAs were identified by microarray profiling and were validated
subsequently by RT-gPCR. Identified miRNAs were statistically analyzed to investigate their
potential as diagnostic and prognostic markers.

The degree of miRNA deregulation in biochemical relapse patients was determined in
formalin-fixed, paraffin-embedded tissue. Those miRNAs may represent ideal biomarkers for

identifying aggressive tumors either after radical prostatectomy or in fine-needle biopsies.

The second part of the thesis focuses on the functional characterization of selected
mMiRNAs in prostate cancer. The identification of dysregulated miRNAs provided a solid basis
for the subsequent functional investigation of their expression. To investigate the functional
relevance of miRNAs, in silico target predictions were performed.

In subsequent steps, analysis was concentrated on the functional impact of miR-96.
The oncogenic effects of miR-96 were assessed by transfection experiments in prostate
cancer cell lines. The in-silico predicted targets were experimentally validated by reporter
gene assays and with monitoring of the transcript and protein expression in prostate cancer
cells.

miR-133b was the second miRNA to be characterized in prostate cancer. miR-133b
was identified by our collaborators as a regulator of death receptor-mediated apoptosis. The
observed downregulation of miR-133b in other cancer entities (Bandres et al., 2006; Guo et
al., 2009; Ichimi et al., 2009; Navon et al., 2009; Wong et al., 2008b) prompted us to assess
miR-133b expression levels in prostate cancer and to validate its functional impact in
prostate cancer cell lines, although it was not identified in the initial profiling study.

To affirm the biological significance of the identified miR-96 and miR-133b regulatory
mechanisms in prostate cancer, their transcript and protein levels in human prostate cancer
specimens were correlated with the expression levels of their target genes.

Taken together, this thesis elucidates the mechanisms governing the deregulation of
miRNA expression in prostate cancer and demonstrates that miR-96 and miR-133b can

significantly affect carcinogenesis in prostate cancer.
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2.1 Material

2.1.1 Equipment

2100 Bioanalyzer

2301 Macrodrive 1 Power Supply
ABI 7900

Agagel Mini

Antares 48 Laminar Flow Box
CB 210 Incubator

Coolpix 990

DM 2000 microscope

DNA Microarray laser scanner
Ecom 6122

FACSCalibur

FACScan

Fluoro-S Multiimager
Fluoroskan Ascent
Fluoroskan Ascent FL

HT 11l photometer

Leitz DMRBE fluorescence microscope
Leitz Fuovert Microscope

LightCycler 480

Mini Power Pack P20
Mitrras LB 940
NanoDrop ND-1000
RM 2125 microtome

TissuelLyser
UNO Thermoblock
XCell SurelLock

2.1.2 Consumables

24-Multiwell Insert System

Biocoat Tumor Invasion System 24 Well
Biocoat FluoroBlock

Falcon cell cultureware (T25 and T75 flask, 96-,
24- and 6- well plates)

Immobilon-P*® transfer membranes (0.45 um)
Lab-Tek Chamberslides

Primaria cell culture ware (T25, T75 flask,
96-, 24-, 6-well plates)

White 96-well plates, flat bottom; untreated
White 96-well RT-gPCR plates

2.1.3 Chemicals, reagents and kits

RNA and DNA extraction

Agilent Technologies GmbH, Bdblingen, Germany

LKB Bromma

Applied Biosystems, Darmstadt, Germany
Biometra, Goettingen, Germany

Cotech Vertrieb GmbH, Berlin, Germany
Binder, Tuttlingen. Germany

Nikon GmbH, Disseldorf, Germany

Leica Mikrosysteme Vertrieb GmbH, Wetzlar,
Germany

Agilent Technologies, Béblingen, Germany
Eppendorf AG, Hamburg, Germany

BD Biosystems, Heidelberg, Germany

BD Biosystems, Heidelberg, Germany
BioRad, Miinchen, Germany

Thermo Lab Systems, Langenselbold, Germany
Thermo Lab Systems, Langenselbold, Germany

Anthos Labtech Instruments GmbH, Wals-
Siezenheim, Austria

Leica Mikrosysteme Vertrieb GmbH, Wetzlar,
Germany

Leica Mikrosysteme Vertrieb GmbH, Wetzlar,
Germany

Roche Applied Sciences, Mannheim, Germany
Biometra, Goettingen, Germany

Berthold Technologies, Bad Wildbad, Germany
NanoDrop, Wilmington, DE, USA

Leica Mikrosysteme Vertrieb GmbH, Wetzlar,
Germany

Qiagen, Hilden, Germany

Biometra, Goettingen, Germany

Invitrogen, Darmstadt, Germany

BD Biosystems, Heidelberg, Germany
BD Biosystems, Heidelberg, Germany

BD Biosystems, Heidelberg, Germany
Millipore Corporation, Billerica, MA, USA
Nunc, Roskilde, Denmark

BD Biosystems, Heidelberg, Germany
Nunc, Roskilde, Denmark
Roche Applied Sciences, Mannheim, Germany

miRNAeasy Mini Kit

QIlAprep Spin Mini Prep Kit

QiaQuick Gel Extraction Kit

RecoverAll Total Nucleid Acid Isolation Kit

Qiagen, Hilden, Germany
Qiagen, Hilden, Germany
Qiagen, Hilden, Germany
Ambion, Austin, TX, USA
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PCR

2X TagMan Fast Universal PCR Master Mix,
No AmpErase UNG

2X TagMan Universal Mastermix Il, no UNG
2X TagMan Universal PCR Master Mix,

No AmpErase UNG

AmpliTaq Gold Polymerase

Fast SYBR Green Master Mix

PCR Supermix High Fidelity

Platinum Pfx DNA Polymerase

TagMan MicroRNA reverse transcription kit
Transcriptor First Strand cDNA Synthesis Kit
Universal Probes Master

Profiling

Applied Biosystems, Darmstadt Germany
Applied Biosystems, Darmstadt, Germany

Applied Biosystems, Darmstadt, Germany
Invitrogen, Darmstadt, Germany

Applied Biosystems, Darmstadt, Germany
Invitrogen, Darmstadt, Germany

Invitrogen, Darmstadt, Germany

Applied Biosystems, Darmstadt, Germany
Roche Applied Sciences, Mannheim, Germany
Roche Applied Sciences, Mannheim, Germany

8-plex 15K miRNA microarrays

(AMADID 016436)

Megaplex Primer Pool, Human Pools Set v3.0
TagMan Array Human MicroRNA A+B Cards
v3.0

Whole human genome 44k microarrays
(AMADID-014850)

Kits for Tissue Culture

Agilent Technologies, Boblingen, Germany
Applied Biosystems, Darmstadt Germany

Applied Biosystems, Darmstadt Germany

Agilent Technologies, Boblingen, Germany

ApoTarget Annexin-V FITC apoptosis kit
Cell Proliferation Kit Il (XTT)

Light Luciferase and B-Galactosidase
Reportergene Assay

Enzymes

Invitrogen, Darmstadt, Germany
Roche Applied Sciences, Mannheim, Germany Dual

Applied Biosystems, Darmstadt, Germany

Calf Intestine Alkaline Phosphatase
DNAse

Nael

RNAse A

Sacl

Spel

T4 DNA Ligase

Molecular Weight Markers

GE Healthcare, Minchen, Germany

Qiagen, Hilden, Germany

New England Biolabs, Frankfurt am Main, Germany
Qiagen, Hilden, Germany

New England Biolabs, Frankfurt am Main, Germany
New England Biolabs, Frankfurt am Main, Germany
New England Biolabs, Frankfurt am Main, Germany

Full-Range Rainbow Molecular Weight Marker
HiMark Pre-stained High Molecular Weight
Protein Standard

MagicMark XP Western Protein Standard
Molecular Weight Marker X

Molecular Weight Marker XIV

Transfection Reagents

GE Healthcare, Minchen, Germany

Invitrogen, Darmstadt, Germany
Invitrogen, Darmstadt, Germany
Roche Applied Sciences, Mannheim, Germany
Roche Applied Sciences, Mannheim, Germany

siPort NeoFX
FuGene HD

Ambion, Austin, TX, USA
Roche Applied Sciences, Mannheim, Germany
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Chemicals and others

3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl

tetrazolium bromid (MTT) Sigma Aldrich, Miinchen, Germany

4-12% Tris-Glycine gel Invitrogen, Darmstadt, Germany

Acrylamide Bis (37.5:1) 40% solution Serva, Heidelberg, Germany

Advanced ECL GE Healthcare, Minchen, Germany
Ammonium peroxydilsulfate Merck KgH, Darmstadt, Germany

Ampicilline, ready made solution Sigma Aldrich, Minchen, Germany

Antibody diluent Sigma Aldrich, Minchen, Germany

Aquatex mounting medium Merck KgH, Darmstadt, Germany
Bisbenzimide Sigma Aldrich, Minchen, Germany
Camptothecin Sigma Aldrich, Minchen, Germany
Chloroform Sigma Aldrich, Minchen, Germany

DMSO Sigma Aldrich, Minchen, Germany

ECL Pierce, Bonn, Germany

Eosin solution, 1% Waldeck GmbH und Co. Kg., Munster, Germany
Ethanol, absolute J.T. Baker, Deventer, Holland

Ethidiumbromid Sigma Aldrich, Minchen, Germany

Eukitt mounting medium Sigma Aldrich, Minchen, Germany
Fluorescence mounting medium Dako Deutschland GmbH, Hamburg, Germany
Formaldehyde, 4% solution Herbeta Arzneimittel, Berlin, Germany
Kanamycine, 100x Invitrogen, Darmstadt, Germany

Lovostatin Biozol Diagnostika Vertrieb GmbH, Eching, Germany
LSAB system test Dako Deutschland GmbH, Hamburg, Germany
Mayer’s hemalaun solution Hollborn und Séhne, Leipzig, Germany
Protein Assay BioRad, Minchen, Germany

Protein standard (Bovine serum albumin) Sigma Aldrich, Minchen, Germany

R1881 Perkin Elmer, Waltham, MA, USA

TEMED Sigma Aldrich, Minchen, Germany

Ultrapure X-Gal Invitrogen, Darmstadt, Germany

Xylol Sigma Aldrich, Minchen, Germany

2.1.4 Buffers, solutions and cell culture media
PBS Buffer

TBE Buffer (Agarose gel electrophoresis)

90 mM Tris base Sigma Aldrich, Miinchen, Germany
90 mM Boric acid Pharmacia Biotech, Uppsala, Sweden
2mM EDTA Sigma Aldrich, Minchen, Germany
pH=38

Loading Buffer (DNA electrophoresis)

20% Ficoll 400 Sigma Aldrich, Minchen, Germany
01 M Na,EDTA, pH 8 Pharmacia Biotech, Uppsala, Sweden
1% SDS Sigma Aldrich, Minchen, Germany
0.25% Bromo phenolblue Sigma Aldrich, Minchen, Germany
0.25% Xylene cyanol Serva, Heidelberg, Germany

t-TBS

10 mM Tris base Sigma Aldrich, Miinchen, Germany
100 mM NaCl Merck KgH, Darmstadt, Germany
0.1% Tween 20 Serva, Heidelberg, Germany
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Laemmli Buffer

2.5 mM Tris base Sigma Aldrich, Miinchen, Germany
19.2 mM Glycine Sigma Aldrich, Germany

0.01% SDS Serva, Heidelberg, Germany

pH 8.3 t0 8.8

Anode Buffer |

25 mM Tris base Sigma Aldrich, Miinchen, Germany
20% Methanol J.T. Baker, Deventer, Holland
Anode Buffer Il

300 mM Tris base Sigma Aldrich, Miinchen, Germany
20% Methanol J.T. Baker, Deventer, Holland
Cathode Buffer

25 mM Tris base Sigma Aldrich, Miinchen, Germany
40 mM 6-aminocaproic acid Sigma Aldrich, Miinchen, Germany

Sample Buffer (2X, SDS-PAGE)

0.125 M Tris base

20% Glycerine

2% SDS

0.01% bromo phenolblue
1% DTT

RIPA buffer

Sigma Aldrich, Miinchen, Germany
Merck KgH, Darmstadt, Germany
Serva, Heidelberg, Germany
Sigma Aldrich, Miinchen, Germany
Sigma Aldrich, Miinchen, Germany

150 mM NaCl Merck KgH, Darmstadt, Germany
1% NP-40 Sigma Aldrich, Minchen, Germany
0.5% sodium deoxycholate Serva, Heidelberg, Germany

0.1% SDS Serva, Heidelberg, Germany

50 mM Tris base Sigma Aldrich, Minchen, Germany
10 mM PMSF Serva, Heidelberg, Germany

1 mg/ml Aprotinin Sigma Aldrich, Minchen, Germany
10 mg/mi Soybean Trypsine Inhibitor MP biomedicals, Solo; OH, USA
0.5M EDTA Sigma Aldrich, Minchen, Germany
Stripping buffer

1x Laemmli Buffer

20% Methanol J.T. Baker, Deventer, Holland

Pl-staining solution

20 pg/ml Propidiume iodide
200 pg/mi RNAse A
0.1% Triton X-100

Calcein staining solution

Sigma Aldrich, Miinchen, Germany
Qiagen, Hilden, Germany
Serva, Heidelberg, Germany

4 mg/ml

Calcein (Invitrogen, Darmstadt, Germany) in HBSS

Growth media for LNCaP, DU-145 and PC-3 cell lines:

500 ml RPMI 1640
10% FCS
1x Penicillin/Streptomycin

Invitrogen, Darmstadt, Germany
PAA, Pasching, Austria
PAA, Pasching, Austria
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Growth media for BPH-1 cell line:

500 ml RPMI 1640 Invitrogen, Darmstadt, Germanny

20% FCS PAA, Pasching, Austria

20 ng/mi DHT Sigma Aldrich, Minchen, Germany

5 pg/ml Transferrin Roche Applied Sciences, Mannheim, Germany
5 ng/pl Natriumselenit Sigma Aldrich, Minchen, Germany

5 ng/pl Insulin Sigma Aldrich, Minchen, Germany

Synchronisation Medium

500 ml RPMI 1640 w/o phenol red Invitrogen, Darmstadt Germany
0.25% charcoal FCS PAA, Pasching, Austria
1 x Penicillin/Streptomycin PAA, Pasching, Austria

Medium for androgen treatment

500 ml RPMI 1640 w/o phenolred Invitrogen, Darmstadt, Germany
10% charcoal FCS PAA, Pasching, Austria
1x Penicillin/Streptomycin PAA, Pasching, Austria

2.1.6 Oligonucleotides
Primers were designed using Primer3

(http://biotools.umassmed.edu/bioapps/primer3_www.cgi) or  OligoPerfect Designer
(http://tools.invitrogen.com/content.cfm?pageid=9716) and purchased from TIB Molbiol
(Berlin, Germany). Universal probe library (UPL) probes were purchased from Roche Applied
Sciences (Mannheim, Germany). Primer/probe sets were designed at the Roche Applied
Sciences Homepage (http://www.roche-applied-science.com/sis/rtpcr/upl/ezhome.html).

TagMan MicroRNA Arrays containing primers for reverse transcription, RT-qPCR
primers and TagMan probes were purchased from Applied Biosystems (Darmstadt,
Germany).

For detection of FAIM, FASN, GSTP1 and GAPDH expression, commercially

available mRNA-specific QuantiTect Primer Assays (Qiagen, Hilden, Germany) were used.
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Table 4: Primers

L Probe , , Product
Name Application Sequence 5’ > 3 size (nt)
PCR 274
Cavi_3UTRBDTf (o GACTAGTTTCTGCCTTCTCATGATCCA
Cav1_3UTR_BD1 r zi;mg) GGCCGGCGATGAAGCCCAGAAGTGAGC
Cavi_3UTR_BD2_f zi;mg) GACTAGTGCTCACTTCTGGGCTTCATC 306
Cav1_3UTR_BD2 r zﬁimm) GGCCGGCATTTTACAGCCCCTCCTTGG

PCR 222

Cav1_3UTR_BD3_f GACTAGTTCCTGGTGCCAATTTCAAGT

(Cloning)
Cavi_3UTR_BD3_r 2i;mg) GGCCGGCCAGCCAATAAAGCGATGGTT
Cav1_3UTR_f 5§i;mg) GACTAGTTCCTGGTGCCAATTTCAAGT 1822
Cavi_3UTR_r Zﬁimm) GGCCGGCTTGTGCAGGCTTGTAACCTT
FOXO1_bd1_f PCR GACTAGTCTTTCGTCAGACTTGGCAGC 301
- = (Cloning)
FOXO1_bd1 _r 2i;mg) GGAGCTCAAGACATGAGGCCCATCACA
FOXO1_bd2_f gi;mg) GACTAGTATCATCCTCATTTTGGGGC 201
FOXO1_bd2._r zi;mg) GGAGCTCTAATGAACAAATGGGGGCTC
ITPR1_bd1_f Egi;mg) GACTAGTCTGATTCACCCACGAAGGTT 200
ITPR1_bd1_r PCR GGAGCTCTGCAAATCAGGTGCTTTCTG
- = (Cloning)
ITPR1_bd2._f zi;mg) GACTAGTTTGTAGCTCCCGAGTGTCCT 175
ITPR1_bd2_r zi;mg) GGAGCTCCGAGAAACAGCATCACCAGA
SYBR 232
FOXO1 SYBR f  green AAGAGCGTGCCCTACTTCAA
gPCR
SYBR
FOXO1 SYBR r  green GGCTTCGGCTCTTAGCAAAT
gPCR
SYBR 241
TUBA1B_SYBR f  green CCAGATGCCAAGTGACAAGA
gPCR
SYBR
TUBA1B_SYBR r  green GATCTCCTTGCCAATGGTGT
gPCR
UPL 123
Cav1 UPLGPCR o TTCCTTCCTCAGTTCCCTTAAA
Cav1 UPL gPCR GGGAACGGTGTAGAGATGTCC
FOXO1_UPL_f UPL gPCR #ff AAGGGTGACAGCAACAGCTC 86
FOXO1_UPL_r UPL gPCR TTCTGGCACACGAATGAACTTG
ITPR1-realtime-f  UPL qPCR ;;L AGTGACCGAGTGTTCCATGA 91
ITPR1-realtime-r  UPL qPCR AGCGACAGAAAAAGGAGTGC
TUBAIB_UPL f  UPL qPCR ;g}' CCTTCGCCTCCTAATCCCTA 87
TUBA1B UPL r  UPL gPCR AGCAGGCATTGCCAATCT

Underlined sequences present introduced recognition sites for restriction enzymes.
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Table 5: TagMan miRNA Assays

miRNA Mature miRNA Sequence

miR-10b UACCCUGUAGAACCGAAUUUGUG
miR-16 UAGCAGCACGUAAAUAUUGGCG
miR-31 AGGCAAGAUGCUGGCAUAGCU
miR-96 UUUGGCACUAGCACAUUUUUGCU
miR-125b UCCCUGAGACCCUAACUUGUGA
miR-130b CAGUGCAAUGAUGAAAGGGCAU
miR-133b UUUGGUCCCCUUCAACCAGCUA
miR-145 GUCCAGUUUUCCCAGGAAUCCCU
miR-149 UCUGGCUCCGUGUCUUCAcCUCCC
miR-181b AACAUUCAUUGCUGUCGGUGGGU
miR-182 UUUGGCAAUGGUAGAACUCACACU
miR-182* UGGUUCUAGACUUGCCAACUA
miR-183 UAUGGCACUGGUAGAAUUCACU
miR-184 UGGACGGAGAACUGAUAAGGGU
miR-205 UCCUUCAUUCCACCGGAGUCUG
miR-221 AGCUACAUUGUCUGCUGGGUUUC
miR-222 AGCUACAUCUGGCUACUGGGU
miR-375 UUUGUUCGUUCGGCUCGCGUGA
RNU6B CGCAAGGAUGACACGCAAAUUCGUGAAGCGUUCCAUAUUUUU
730 UGGUAUUGCCAUUGCUUCACUGUUGGCUUUGACCAGGGUAUGAU

CUCUUAAUCUUCUCUCUGAGCUG

2.1.8 Expression vectors and synthetic microRNAs

Synthetic microRNAs:
Synthetic pre-miR miRNA precursors and anti-miR miRNA inhibitors for transfecting

into mammalian cells, were purchased from Applied Biosystems for the following miRNAs

Table 6: Synthetic miRNA precursors and inhibitors

miRNA StemLoop Sequence 5 > 3’

MiR-96 UGGCCGAUUUUGGCACUAGCACAUUUUUGCUUGUGUCUCUCCGCUCUGAGCAAU
CAUGU GCAGUGCCAAUAUGGGAAA
CCUCAGAAGAAAGAUGCCCCCUGCUCUGGCUGGUCAAACGGAACCAAGUCCGUC

miR-133b UUCCUGAGAGGUUUGGUCCCCUUCAACCAGCUACAGCAGGGCUGGCAAUGCCCA
GUCCUUGGAGA
CCAGAGGUUGUAACGUUGUCUAUAUAUACCCUGUAGAACCGAAUUUGUGUGGUA

miR-10b UCCGU
AUAGUCACAGAUUCGAUUCUAGGGGAAUAUAUGGUCGAUGCAAAAACUUCA

miR-21 UGUCGGGUAGCUUAUCAGACUGAUGUUGACUGUUGAAUCUCAUGGCAACACCAG
UCGAU GGGCUGUCUGACA

MiR-16 GUCAGCAGUGCCUUAGCAGCACGUAAAUAUUGGCGUUAAGAUUCUAAAAUUAUCU
CCAG UAUUAACUGUGCUGCUGAAGUAAGGUUGAC

miR-NC#1  N/A
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Expression Vectors:

Table 7: Expression vectors

Expression vector

Description

Supplier

pMiR Report
Luciferase Vector

Encodes for firefly
luciferase controlled by
a CMV promotor.
Selection by ampicillin
or puromycin resitance

Ambion, Austin, TX,
USA

pMiR Report B-gal
control Plasmid

Encodes for firefly
luciferase controlled by
a CMV promotor.
Selection by ampicillin
or puromycin resitance

Ambion, Austin, TX,
USA

pCR 2.1-TOPO

Linearized vector with
single 3’-Thymidine
overhangs and
covalently bound
topoisomerase |

Invitrogen, Darmstadt,
Germany

pCR-Blunt II-TOPO

Linearized vector with
covalently bound
topoisomerase |

pCR™-Blunt lI-

TOPO
3519 bp

Invitrogen, Darmstadt,
Germany

pCMV miR

Vector for miRNA
expression controlled
by CMV promotor.
Selection by neomycin
or kanamycin
resistance. GFP
reporter for monitoring
of transfectione
efficiency

‘“o‘/Kanl

™

pCMV-MIR
Vector

Origene, Rockville,
MD, USA

Expression plasmid for
human microRNA miR-
133b

Encoding for pri-miR-
133b under control of a
CMV promotor

Origene, Rockville,
MD, USA

30




MiRNAs and prostate cancer: Identification, functional characterization and
their potential use in medical practice 2. Material and methods

2.1.7 Antibodies

Table 8: Antibodies and dilutions

. . . Dilution Dilution .
Antibody Host species  Clonality Westernblot Immu_nhlsto- Supplier
chemistry
Cell Signaling
Anti-VEGFC Rabbit IgG Polyclonal 1:1000 Technologies,
Danvers, MA, USA
Bethyl Laboratories
Anti-ITPR1 Rabbit IgG Polyclonal 1:1000 Inc., Montgomery, TX,
USA
Monoclonal Cell Signaling
Anti-FOXO1 Rabbit IgG clone CZQHA 1:50 Technologies,
Danvers, MA, USA
Anti-FOXO' RabbitlgG  Polyclonal 1:1000 Sigma Aldrich,
Minchen, Germany
Anti-Faim-s RabbitigG  Polyclonal 1:3000 AntibodyBen,
Barcelona, Spain
Cell Signaling
Anti-Akt Rabbit IgG Polyclonal 1:1000 Technologies,
Danvers, MA, USA
Cell Signaling
Anti-pAkt Rabbit IgG Polyclonal 1:1000 Technologies,
Danvers, MA, USA
Monoclonal Cell Signaling
Anti-GSTP1 Mouse IgG clone 3F2 ’ 1:1000 Technologies,
Danvers, MA, USA
Anti-ACTB Mouse IgG  Monoclonal  1:2000 Sigma Aldrich,
Minchen, Germany
Anti-mouse, . Dako Deutschland
HRP-conjugated Rabbit IgG polyclonal 1:2500 gmbH, Hamburg,
ermany
Anti-rabbit Dako Deutschland
HRP-coni ’t d Goat IgG polyclonal 1:2500 GmbH, Hamburg,
jugate
Germany

2.1.5 Bacteria
DHb5a (Invitrogen, Darmstadt, Germany) or TOP10 (Invitrogen, Darmstadt, Germany)

chemically competent bacterial strains were used for plasmid DNA transformation and
amplification. Bacterial cultures were grown in suspension cultures in LB media (Sigma
Aldrich, Minchen, Germany), supplemented with either 1x kanamycin or 1x ampicillin, or on
LB-agar plates (Sigma Aldrich, Minchen, Germany). Cryostocks were generated from

transformed clones using LB with 15% glycerol and stored at -80° C.

2.1.5 Cell lines
For the in vitro studies, the following prostate cancer cell lines were used: LNCaP, PC3 and

DU-145. Additionally BPH-1 was used as a benign prostate cell line. All cell lines were
purchased from the American Type Culture Collection (ATCC) or the German Collection of
Microorganisms and Cell Cultures (DSMZ). The cells were cultivated at 37°C and 5% CO in
a humidified atmosphere. Cryostocks were generated using full growth media with 10%

DMSO and were stored in liquid nitrogen. Cell lines are periodically monitored for
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mycoplasmic contamination by RT-qPCR according to van Kuppeveld (van Kuppeveld,
1994). Additionally, the identity of prostate cancer cells was verified by the German Prostate

Cancer Consortium in 2009.
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2.2 Methods

2.2.1 Tissue
All tissues were collected after radical prostatectomy between 2001 and 2008 at

Charité — University Hospital, Berlin, Germany. The study was approved by the ethical board
of the hospital. The following clinical and pathological information was gathered from all
patients: age, pre-operative prostate specific antigene (PSA), tumor classification according
to the UICC 2002 TNM system (Sobin, 2002), tumor grading according to Gleason (Epstein
et al., 2005), follow-up time after surgery, and the PSA concentration during follow up. A
biochemical relapse was defined as the first time point after radical prostatectomy where the
PSA value was above 0.1 ug/l followed by at least one subsequent rising PSA-value. Only

patients with a non-detectable PSA after surgery were considered for prognostic evaluation.

2.2.1.1 Fresh frozen tissue
Fresh prostate tissue was sampled directly after gland removal. One full frontal

section, which suspiciously resembled a tumor, was snap frozen in liquid nitrogen. Diagnostic
Hematoxylin—Eosin (H/E) staining was performed to verify tumor content and to distinguish
areas of benign and malignant tissue. Regions of interest were punch-biopsied with a 1 mm
tissue microarray needle and histologically analyzed to verify a tumor content of at least
90%.

2.2.1.2 Formalin-fixed, paraffin-embedded tissue
Prostate tissue was routinely formalin-fixed promptly after surgery and subsequently

paraffin-embedded. H/E staining was performed to identify malignant and benign areas.
Areas of interest were punch-biopsied with a 1 mm tissue microarray needle. Tumor content

was histologically reconfirmed to verify a tumor content of at least 90%.

2.2.1.3 Tissue Microarray
Formalin-fixed, paraffin-embedded tissue (FFPE) blocks as described above, were

used to construct tissue microarrays. H/E staining was performed to identify malignant and
benign areas. Areas of interest were punch-biopsied with a 1.5 mm tissue microarray needle
and transferred to the recipient block. Each tumor was represented by one representative
core. Normal tissues from the colon, pancreas, kidney and 2 prostates along with connective

tissue were used as controls.

33



MiRNAs and prostate cancer: Identification, functional characterization and
their potential use in medical practice 2. Material and methods

2.2.2 Molecular biology
2.2.2.1 RNA extraction

RNA extraction from fresh prostate tissue and prostate cancer cell lines
The RNA was extracted from fresh frozen tissues and prostate cancer cells with the

miRNeasy Mini Kit.

Approximately 1 x 10° cells were harvested and lysed in 700 pl Qiazol. Tissue cores
were assimilated in 700 pl Qiazol and lysed using a TissueLyser. RNA was extracted by
phenol-chloroform extraction and centrifugation at 4°C for 15 min at 12,000 g. The aqueous
phase was purified using a spin-column according to the manufacturer's recommendations.
RNA was eluted in 40 ul H,O.

Extraction of total RNA from formalin-fixed, paraffin-embedded tissue
Total RNA was extracted from FFPE was using the Recover All Total Nucleic Acid

Extraction Kit.

FFPE tissue was minced with a scalpel and deparaffinized in Xylol for 3 min at 50°C.
Tissue was washed with absolute ethanol, dissolved in digestion buffer and homogenized
using a TissuelLyser. Proteins were denaturated by incubation with 4 pl Protease for 15 min
at 50°C and 15 min at 80°C. After protease digestions, samples were demodified in 5 M
NH4CI for 5 min at 95°C to extract miRNA that remained integrated in protein complexes
(Oberli et al.,, 2008). RNA samples were purified using spin-columns according to the

manufacturer’'s recommendations and were extracted using 30-50 pl H,O.

Quantification and qualification of RNA samples
The total RNA quantity was assessed by measuring the absorbance of the solution at

260 nm with a NanoDrop ND 1000 spectrometer. A260/230 and A260/280 ratios were
calculated to estimate the contamination of organic compounds and proteins. Samples with
ratios below 1.8 were excluded from subsequent analysis

To further investigate the quality of the RNA, electropherogram analysis was
performed using a 2100 Bioanalyzer and the RNA integrity number (RIN) was calculated for
each sample as a measure of RNA degradation in the sample. Only fresh frozen samples
with RIN values above 6 were included into the analysis. For FFPE tissue, RIN values below
6 were accepted because previous studies have shown that miRNAs are stable in degraded
samples (Jung et al., 2010) and could be reliably detected in FFPE tissue (Glud et al., 2009;
Hasemeier et al., 2008; Hui et al., 2009; Siebolts et al., 2009; Szafranska et al., 2008; Zhang
et al., 2008).
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2.2.2.2 Plasmid isolation
Plasmids were isolated from overnight cultures was performed using the QIAprep

Spin Miniprep Kit according to the manufacturer’s recommendations. Briefly, 2 ml of bacterial
overnight cultures were centrifuges for 3 min at 6,800 g and the bacterial pellet was
resuspended in 250 ul buffer P1. Subsequently. 250 pl buffer P2 was added and suspension
were mixed by inverting the tube. To stop lysis, 350 ul buffer N3 was added and the solution
was centrifuged for 10 min at 12,000 g. The supernatant was purified using a spin-column

according to the manufacturer’'s recommendations, and DNA was eluted in 40 ul H,O.

2.2.2.3 miRNA Microarray analysis

miRNA microarray
All reaction steps were carried out as described in the miRNA Microarray System

Protocol Version 1.0, April 2007. One hundred nanograms of total RNA was
dephosphorylated with Calf Intestine Alkaline Phosphatase, denaturated with DMSO and
used as an RNA acceptor in a T4 RNA ligase-mediated reaction, wherein the RNA donor
3',5’-cytidine bisphosphate had a single Cy3 label attached to the 3’-phosphate of the
nucleotide (Cy3-pCp). The labeling reaction was performed at 16°C for 2 h, column purified,
dessicated and resuspended in blocking and hybridization buffers. Labeled samples were
prepared according to the Agilent Microarray Chamber Kit instructions. After hybridization for
20 h at 55°C, microarrays were washed, scanned, and processed according to the
manufacturer’s instructions. After scanning at 5 uyM resolution with a DNA Microarray laser,
the scanner features were extracted with an image analysis tool version A.9.5.3 using default
protocols and settings (Agilent Technologies, Boblingen, Germany). Data analysis was
performed using the Rosetta Resolver System Version 7.0 (Rosetta Biosoftware, Seattle,
WA, USA). Intensity experiments were created with the Intensity Experiment Manager from
Resolver by combining all hybridizations derived from either malignant or non-malignant
samples. In silico ratio profiles and ratio experiments were generated by the Ratio
Experiment Wizard after selecting either malignant or non-malignant samples patient-
dereived samples or by combining malignant and non-malignant intensity experiments.

A two-sample Student t-test was used to validate intensity profiles, whereas a one-
sample t test was applied to the ratio experiments composed of individual patients.
Regulated reporters were identified by a three-step statistical analyses. First, a two-sample t-
test was applied to all intensity profiles. Next, the intensity of prostate cancer and matched
normal adjacent tissue were combined in two intensity experiments and compared according
for presence or absence of data points. After in silico generation of the ratio experiments
corresponding to individual sample pairs, a one-sample t-test was applied to all ratio
experiments. The intersection of results that passed the intensity profiles two-sample t-test,

the intensity experiments present-absent criterion “present in either”, and the ratio
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experiments one-sample t-test comprised 78 reporters for all 24 sample pairs. Further
procedures included a Principal Component Analysis (PCA) and cluster analysis on features
or reporter levels with the 2D Matrix Wizard from Resolver with an agglomerative algorithm
using average link as heuristic criteria and Manhattan distance as the metric similarity

measure for both intensity profiles and ratio experiments.

Whole genome mRNA array
Microarray experiments were performed as dual-color hybridizations. To compensate

for dye-specific effects, a dye-reversal color-swap was applied. RNA was labeled with the
Quick Amp Labeling Kit (Agilent Technologies). Briefly, mMRNA was reverse transcribed and
amplified using an oligo-dT-T7-promoter primer, and the resulting cDNA was labeled with
dyes. One and twenty-five hundredths micrograms of each labeled cDNA was fragmented
and subsequently hybridized to whole human genome 44k microarrays (AMADID-014850)
according to the supplier’s protocol (Agilent Technologies). Data files were further analyzed
with the Rosetta Resolver Biosoftware, Build 7.2 (Rosetta Biosoftware, Seattle, WA, USA). A
1.5-fold change in the expression cut-off for ratio experiments was applied together with an
anticorrelation of ratio profiles, which rendered the microarray analysis highly significant (P-

value > 0.01), robust and reproducible.

2.2.2.4 TagMan low density miRNA array
Multiplex RT-qPCR was performed using the TagMan Array Human MicroRNA A+B

Cards v3.0 according the manufacturer’s instructions. A pool of 10 RNA samples was
prepared for each relapse group using 400 ng RNA per sample. Five hundred and seventeen
naograms of pooled RNA was reverse transcribed using the Megaplex reverse transcription
primers A or B from the Megaplex Primer Pool, Human Pools Set v3.0 and the TagMan
MicroRNA reverse transcription kit according to the manufacturer's recommendations. RT-
gPCR was performed on the ABI 7900 machine for 40 cycles. Expression was normalized to
RNUG6B, which is provided as an endogenous control on the arrays. Cq values above 32
were indicative of no expression according to the manufacturer’s recommendations. miRNAs
that exhibited a 1.5-fold increase or decrease between the groups were regarded as

significantly dysregulated.

2.2.2.5 Real time quantitative PCR

Relative quantification of miRNA expression
TagMan miRNA RT-gPCR was performed using miRNA-specific primer-probe mixes

according to the manufacturer’'s recommendations.
Six and sixty-seven hundreths nanograms of total RNA were reverse transcribed

using miRNA-specific stem-looped primers, 10 nmol dNTP mix, 2.6 U RNase inhibitor, 33.5
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U MultiScribe RT enzyme and 1 x RT buffer. Controls were included for each run to assess

precision of the RT-reaction (SD=0.24; 1.11% intra-run precision).

Table 9: Cycling protocol for reverse transcription of miRNAs.

Step Time T[°C]
Annealing 30 min 16
Elongation 30 min 42
Inactivation 5 min 80

o0 4

RT-gPCR was performed on the Light Cycler 480 Instrument with Software version
1.3.0 in white 96-well PCR-plates. For relative quantification of miRNAs, 1 ul cDNA was
amplified using the TagMan Universal PCR Master Mix, No AmpErase UNG and 0.5 pl

miRNA-specific primer/probe-mix in a total volume of 10 pl.

Table 10: Cycling protocol for relative quantification of miRNAs.

Step Time T [°C] Cycles
Activation 10 min 95
Denaturation 15 sec 95 45
Annealing/Elongation 60 sec 95
Cooling 1 sec 40

Samples were measured in ftriplicate and a no-template control and 2 interplate
controls were included in each PCR run. To minimize the analytical variation, paired
malignant and non-malignant samples were always analyzed on the same PCR plate. The
analytical accuracy of the PCR measurements was characterized by the intra-run precision
for all miRNAs.

Table 11: Intra-run precision of miRNA quantitative real-time RT-PCR measurements

miRNA Mean Cq *SD Analytical Efficiency
(N=5) precision (%)
Hsa-miR-16 27.54 0.1 0.39 1.83
Hsa-miR-10b 29.94 0.16 0.54 1.99
Hsa-miR-31 30.41 0.09 0.30 1.83
Hsa-miR-96 24.61 0.09 0.37 1.83
Hsa-miR-125b 28.51 0.08 0.28 1.83
Hsa-miR-133b 24.39 0.1 0.45 1.94
Hsa-miR-145 25.98 0.18 0.69 1.83
Hsa-miR-149 28.97 0.07 0.24 1.83
Hsa-miR-181b 30.60 0.08 0.26 1.83
Hsa-miR-182 30.10 0.1 0.36 1.83
Hsa-miR-182* 25.72 0.16 0.62 1.83
Hsa-miR-183 25.53 0.14 0.55 1.83
Hsa-miR-184 27.56 0.1 0.40 1.83
Hsa-miR-205 28.67 0.10 0.35 1.83
Hsa-miR-221 29.51 0.21 0.71 1.83
Hsa-miR-222 28.26 0.07 0.25 1.83
Hsa-miR-375 27.00 0.09 0.33 1.83
RNU6B 32.30 0.17 0.53 1.83
RNU44 21.35 0.04 0.19 1.87
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Expression data from fresh frozen tissue were normalized to miR-130b, and
expression data from FFPE were normalized to the geometric mean of miR-130b and
RNU44.

Relative quantification of mRNA expression
Total RNA was reverse transcribed using the Transcriptor First Strand cDNA

Synthesis Kit. One microgram of total RNA was reverse transcribed using 1 U Transcriptor
Reverse Transcriptase, 1 nM dNTP mix, 2.5 yM anchored oligo(dT)s primer and 60 uM

random hexamer primer.

Table 12: Cycling protocol for reverse transcription of total RNA

Step Time T [°C]
Annealing 10 min 25
Elongation 30 min 55
Inactivation 5 min 85

o0 4

mMmRNA expression was normalized to expression of TUBA or GAPDH.

mRNA quantification using SYBR green
For relative quantification of transcripts, 1 yl cDNA was amplified using the Fast

SYBR Green Master Mix and 0.25 uM transcript-specific primers. A melting curve was
included to verify the specificity of the reaction. Primers were designed using Primer3, or pre-

designed Quantitect RT-qPCR assays were used.

Table 13: Cycling protocol for relative quantification of mMRNAs using SYBR Green.

Step Time T [°C] Cycles
Activation 10 min 95
Denaturation 30 sec 95 40
Annealing/Elongation 30 sec 60

mRNA quantification using UPL probes
For relative quantification of mRNA, 1 ul cDNA was amplified using a 1x Universal

Probes Master, 0.1 yM UPL probe and 0.25 uM transcript-specific primers.

Table 14: Cycling protocol for relative quantification of mMRNAs using UPL probes.

Step Time T [°C] Cycles
Activation 10 min 95
Denaturation 10 sec 95
Annealing 20 sec 60 45
Elongation 1 sec 72
Cooling 1 sec 40

mMRNA expression was normalized to TUBA expression. Data normalization was

performed as described above.
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Normalization of RT-qPCR data
miRNA and mRNA expression levels were normalized to the indicated reference

genes. Further expression was normalized to the efficiency of the reaction as estimated by a
dilution series, and interplate variance was normalized by using 2 standards, which were
represented on each plate. The normalization strategy is based on the 22 method and
was performed using Genex (http://multid.se/).

Following formulas were used for normalization:

log(l+ E
Efficiency: Cpe - o = Cpe 2B+ E) (1)
log?2
L 1<
Interplate normalization: Cpriaenom = Cp — — 2 Cpic (2)

Normalization of the gene of interest (GOI) to reference gene:

1 n
Cpaor,nom = Cpcor — — Y Cpra (3)
n &
Normalization of tumor to normal tissue:  RatioT / N = 2~ F(Tumer)+Cp(Normal) (4)

2.2.2.6 Amplification of 3’ UTR sequences by PCR
Primers for PCR were designed using Primer3 or OligoPerfect. Restriction sites for

the required endonucleases were added upstream. Additionally one guanine was added at
the 5’-end to increase the probability for the Taqg polymerase to produce 3’-end adenosine
overhangs, which are crucial for TOPO-TA cloning. Primer specificity was assessed using
Primer-BLAST (http://www.ncbi.nlm.nih.gov/tools/primer-blast/).

For amplification of partial 3° UTR sequences, 250 to 500 ug cDNA or genomic DNA
from various prostate cancer cell lines were amplified using 1x AmpliTaq Gold buffer, 0.63 U

AmpliTaq gold polymerase, 2 mM MgCl,, 0.8 mM dNTP and 0.2 uM gene specific primers.

Table 15: Cycling protocol for relative quantification of mMRNAs using SYBR Green.

Step Time T [°C] Cycles
Activation 5 min 95
Denaturation 15 sec 95
Annealing 15 sec 57-60 35
Elongation 15-20 sec 72
Final elongation 7 72

For amplification of whole 3° UTR sequences above 1000 bp, a proofreading
polymerase was used. Sequences at the 3° UTR were amplified from 100 ug PC3 genomic
DNA using 1 U Platinum Pfx DNA polymerase, 0.3 mM dNTP, 0.3 uM sequence-specific
primers and 1 mM Mg SO,.
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Table 16: Cycling protocol for relative quantification of mMRNAs using SYBR Green.

Step Time T [°C] Cycles
Activation 5 min 94
Denaturation 15 sec 94
Annealing 15 sec 55 35
Elongation 210 sec 72

2.2.2.7 Bacterial PCR
Bacterial PCR was performed to identify positive clones. A PCR mastermix was

prepared from 1x AmpliTag Gold buffer, 0.63 U AmpliTag Gold polymerase, 0.8 mM dNTPs

and 0.2 uM sequence-specific primers.

Table 17: Cycling protocol for relative quantification of mMRNAs using SYBR Green.

Step Time T [°C] Cycles
Activation 5 min 95
Denaturation 15 sec 95
Annealing 15 sec 57-60 35
Elongation 15-20 sec 72
Final elongation 7 72

2.2.2.8 Agarose gel electrophoresis
DNA fragments were separated on agarose gels to confirm, the specificity and

performance of the PCR reaction or to separate fragments after endonuclease digestion.
Depending on the length of the expected fragments, 1% to 2% agarose was dissolved
in TBE buffer by heating and supplemented with 50 pg/ml ethidium bromide. The TBE
running buffer was additionally supplemented with 50 ug/ml ethidium bromide. DNA samples
were mixed with 1x loading buffer and 10 to 25 pl samples were pipetted into each well.
Fragments were separated at constant voltage of 120 V for 30 to 60 min. Gels were analyzed
on the Fluoro-S Multilmager using the Quantity-One software. Each gel was exposed for 20

SecC.

2.2.2.9 Construction of luciferase reporter vectors
All 3" UTR sequences were first cloned into the pCR2.1-TOPO vector, using Tag-

amplified sequences with A-overhangs or the pCR-Blunt II-TOPO vector, using Platinum pfx
DNA polymerase amplified sequences with blunt ends. Inserts were used in 5-fold molar

excess to the vector.
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Cloning reaction

1-4 pl amplified 3’ UTR sequence
1l salt solution
1l pCR 2.1-TOPO vector or PCR-Blunt II-TOPO vector

add water to 6 pl

The cloning reaction was incubated at RT for 10 min. Two microliters of the cloning
reaction was added to the bacterial suspension. Bacteria were incubated on ice for 15 min
and were heat-shocked for 30 s at 42°C. Suspensions were supplemented with 250 ul S.0.C
media and were shaken gently for 1 h at 37°C. Twenty to fifty microliters of the suspensions
were plated onto LB-agar. Twenty microliters of S.0.C media was added, and plates were
incubated overnight at 37°C. pCR2.1-TOPO-transformed bacteria were plated onto LB-agar
plates containing 40 y g/ul X-Gal for blue-white selection. pCR-Blunt II-TOPO-transformed
bacteria were plated onto conventional LB-agar plates. Plates were supplemented with either
ampicillin or kanamycin.

White colonies were picked and suspended in LB media containing ampicillin or
kanamycin. Cultures were shaken gently at 37°C overnight. Positive clones were identified
by bacterial PCR, and plasmids were isolated. The correct insert sequence was verified by
sequencing (Eurofins MWG Operon, Ebersberg, Germany).

Correct inserts were excised from the pCR2.1-TOPO vector or pCR-Blunt II-TOPO

vectors.

Restriction reaction:

2 ug Plasmid-DNA/pMiR Report

2.5 ul Buffer 4

1l BSA (100x solution, 1:4 diluted)
1l Spel

1l Sacl or Nael

Water to 25 pl

Restriction digests with Spel and Sacl were performed overnight at RT. Restriction
digests with Spel and Nael were performed for 1 h at 37°C. Enzymes were inactivated at
80°C for 20 min.

Restriction digestion reactions were resolved on a 1% agarose gel, excised from the
gel and purified using the QIAquick Gel Extraction kit according to the manufacturer’s

recommendations. All fragments were extracted in 30 pl water.
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Inserts were ligated with the pMiR Report Luciferase Expression Vector using 5-fold

molar excess of the insert.

Ligation
6 yul  restricted insert
2 ul  restricted pMiR Report Luciferase Vector
1yl 10x T4-DNA ligase buffer
1ul  T4-DNA ligase

The ligation was performed for 1h at RT and the enzyme was inactivated for 10 min at
37°C.
DH5 « cells were thawed on ice, and 2 ul ligation products were added to the cells. The
suspensions were incubated for 30 min on ice and heat-shocked for 20 s at 42°C. Nine
hundred and fifty microliters of S.0.C media was added and cells were incubated at 37°C
and gentle shaking for 1 hour. One hundred microliters of the suspension was plated onto
LB-agar plates supplemented with ampicillin and incubated overnight at 37°C.

The clones were picked and suspended in LB media containing ampicillin or
kanamycin. Positive clones were identified by bacterial PCR. The suspensions were shaken

gently at 37°C overnight. The plasmids were isolated as described above.

2.2.3 Cell Biology
2.2.3.2 Transient transfection with synthetic pre-miRNAs and antisense
inhibitors

Prostate cancer cells were grown to a density of 70 to 90% and seeded into
appropriate tissue culture plates. The cells were transfected with 10 nM pre-miR microRNA
precursors, anti-miR microRNA inhibitors or a pre-miR negative control #1 using the siPort
NeoFX Transfection Agent (Table 15). siPORT was diluted in Opti-MEM and was incubated
10 min at RT. The miRNA precursors and miRNA inhibitors were diluted in Opti-MEM. The
transfection agent was mixed with RNA and incubated for an additional 10 min at RT. The
transfection complexes were added drop-wise to the cell cultures. The cells were allowed to

rest for 24 h prior to subsequent assays.

Table 18: Amount of miRNA and transfection agent in different tissue culture plates

Tissue culture miRNA (10 pM) siPort [ul] Final volume in

plate [ml] Opti-MEM [ul]
96-well 0.10r0.3 0.5 20
6-well 250r7.5 5 200
Chamberslides 1.5 1 50

The transfection efficiency was monitored by RT-qPCR and a transfection with FAM-
labeled miRNA precursors. The cells were seeded into chamberslides, transfected with 5, 10,
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20 or 30 nM FAM-labeled pre-miR NC#1 as described above, and allowed to rest for 24 h.
The cultures were washed in PBS and fixed for 20 min at RT in 4% formaldehyde. The nuclei
were stained for 5 min in 4 pg/ml bisbenzimide. The slides were covered in fluorescence

mounting medium, and positive cells were counted under a fluorescence microscope.

2.2.3.4 MTT and XTT assays for metabolic activity detection
The growth of pre-miR-96-transfected prostate cancer cells was assessed by

metabolic conversion of 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide (MTT)
or sodium 3-[1-(phenylaminocarbonyl)- 3,4-tetrazolium]-bis (4-methoxy-6-nitro benzene
sulfonic acid hydrate (XTT). The cells were grown to 80% confluence, seeded into 96-well
plates at a final concentration of 6 x 10° cells/well (LNCaP) or 2 x 10° cells/well (PC3) and
transfected as described above. The cells were serum starved for 24 h. Cultures were
incubated in 5 mg/ml MTT for 4 h and lysed in 10% SDS in 0.01 M HCI. Lysates were
incubated at 37°C overnight, and formazan salt absorbance was measured at 550 nm.
Alternatively, cells were cultured in XTT for 4 h at 37°C, and formazan salt absorbance was
measured at 450 nm. Each reaction was performed in triplicate, and results are shown as the

average of 3 independent assays.

2.2.3.5 Detection of apoptotic cells by flow cytometry
Apoptotic cells were detected using the ApoTarget Annexin-V FITC Apoptosis Kit.

The cells were stained with Annexin-V FITC and propidium iodide (Pl), which distinguishes
the following fractions in prostate cancer cultures:

(1) Viable cells (Annexin V FITC/PI),

(2) Early apoptotic cells (Annexin V FITC*/PI")

(3) Late apoptotic cells (Annexin V FITC'/PI*)

(4) Necrotic cells (Annexin V FITC/PI"),

Prostate cancer cells were seeded into 6-well plates at a final concentration of 1.6 x
10° cells/well and transfected as described above. Apoptosis was induced with 10 pM
camptothecin (CPT) for 24 h. The cells were harvested, diluted in an Annexin-V FITC buffer
containing Annexin-V FITC and propidium iodide. The cells were incubated for 15 min at RT,
and apoptotic cells were detected by flow cytometry. The cells were excited using a 488 nm
Argon laser. The Annexin V-FITC channel (bandpass: 530/30 nm) and Pl channels
(bandpass: 585/42 nm) were plotted against each other, allowing for the separation of the
above-mentioned cell fractions. The plots were separated into 4 quadrants and the percent of
cells per quadrant was calculated. Each reaction was performed in triplicate, and the results

are shown as the average of 3 independent assays.
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2.2.3.6 Detection of cell cycle progression by flow cytometry
The fraction of cells in each cell cycle stage was analyzed by staining DNA content

with PI. The cells were seeded into 6-well plates at a final concentration of 1.6 x 10° cells/well
and transfected as described above. The cells were serum-starved for 48 hrs and fixed in
70% ice-cold ethanol. Fixed cells were stored at 4°C for at least 16 h. The cells were stained
in Pl-staining solution for 30 min at RT and were analyzed by flow cytometry. The cells were
excited using a 488 nm Argon laser. A histogram of the Pl channel (bandpass: 585/42 nm)
was drawn, and the area of each peak was calculated, corresponding to cells in G1, S and
G2/M. The number of cells in each peak was represented as the percentage of total cell
number. Each reaction was performed in triplicate, and the results are shown as the average

of 3 independent assays.

2.2.3.7 Wound-healing Assay
To determine the rate of cell motility in miRNA-transfected prostate cancer cells, cells

were seeded into 6-well plates and transfected as described above. The cells were grown to
confluence and scratched with a 1000-ul pipette tip. Remigration into the wound was
observed by life cell imaging for 24 h (1 picture every 10 min). The percentage of open area
was determined with the TScratch software (Geback et al., 2009) at 0, 5, 10, 15 and 20 hrs.
All values were normalized to the percentage of open area at 0 h. In each culture, 2
randomly chosen points of the scratch were measured. The data are represented as average

of 3 independent assays.

2.2.3.8 Luciferase reporter gene assay
LNCaP cells were grown to 80% confluency and seeded into 6-well plates at a final

density of 2 x 10° cells per well. The cultures were cotransfected with 10 nM pre-miRNAs,
miRNA inhibitors or pre-miR NC#1, 500 ng pMiR Report vector and a B-Galactosidase
control vector. After 48 h hours, cells were detached with a scraper, and total protein was
extracted in 80 pl lysis buffer. The extracts were centrifuged at the maximum force for 2 min.
Supernatant was transferred to a new tubes, and processed immediately or stored at -80°C.
Firefly luciferase and (3-galactosidase activities in the extracts were detected using
the Dual-Light Combined Reporter Gene Assay System according to the manufacturer’s
recommendations. A Galacton-Plus substrate was diluted 1:1000 in Buffer B. Assays were
performed in white microtiter plates. Two to ten microliters of protein and 25 pl Buffer A was
added to each well. 100 ul Galacton-Plus substrate was injected automatically per well and
luciferase signal was measured with one sec delay for one sec. The plates were incubated at
RT for 1 h. One hundred microliters of Accelerator Il was automatically injected, and the B-

galactosidase signal was measured for one sec with a one sec delay. The luciferase activity
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in each well was normalized to 3 -galactosidase activity. Each reaction was performed in

duplicate, and the results are shown as the average of 3 independent assays.

2.2.3.9 R1881 treatment of androgen-dependent prostate cancer cells
LNCaP cells were grown to 70 to 90% confluency and were passaged 1:3 into T75

tissue flask in synchronization media and incubated for 5 days. On the fifth day, cells were
passaged 1:2 into T75 flasks and cultivated for 24 hrs in media supplemented with 10%
charcoal-filtered FCS. On the sixth day, the cells were treated with 10 and 0.1 nM
methytrienolone (R1881) or vehicle control for 72 hrs. The cells were harvested for RNA
extraction, and miRNA expression levels were analyzed by RT-qPCR. The data are

represented as the average of 3 independent assays.

2.2.4 Biochemistry

2.2.4.1 Protein extraction
Cells were seeded into 6-well plates at a final concentration of 2 x 10° cells per well

and were transfected with pre-miRNAs as described above. Protein was extracted 72 hrs
post transfection. The cells were trypsinized, washed twice in PBS and centrifuged at 300g
for 3 min. The pellets were resuspended in 150 pl RIPA buffer per 5 x 10° cells. The cells
were lysed for 1 hr on ice and centrifuged for 20 min at 4°C and 15000 g. The supernatants

were collected and stored at -80°C.

2.2.4.2 Measurement of total protein after Bradford
Total protein was measured using the Bradford assay (Bradford, 1976). Proteins were

diluted 1:5 to 1:10 in NaCl and mixed with Coomassie Blue in 500 pl microcuvettes. The
reaction was performed for 5 min at RT and the extinction was measured at 595 nm. Two
BSA dilutions (0.4 and 0.8 pg/ul) were included in each assay to calculate total protein

concentration.

2.2.4.3 SDS-PAGE
SDS-PAGE was performed according to Laemmli (Laemmli, 1970). Protein solutions

were resolved on 10% or 12.5% SDS-polyacrylamide gels or 4-12.5% gradient gels. The
proteins were diluted in 1x loading puffer and denaturated for 5 min at 95°C. Twenty to
twenty-five micrograms of protein were injected in each well. The gels were run in Laemmli
buffer at 15 mA constant current until they passed the stacking gel and subsequently at 30

mA constant current. The gradient gels were run at 120 V constant voltage.

2.2.4.4 Western blotting and immunostaining
The proteins were transferred from SDS-polyacrylamide gels to polyvinyldifluoride

membranes, with a 0.45 ym pore size, by semi-dry western blotting to. The membranes were
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equilibrated for 1 min in methanol, 2 x 10 min in H,O and for 10 min in anode buffer I.
Polyacrylamid gels were equilibrated 10 min in cathode buffer. Polyacrylamide gel and
membrane were positioned between filter papers in a Hoefer chamber, and the proteins were
transferred for 1 h at 45 mA constant voltage.

To inhibit non-specific antibody binding, the membran was blocked for 1 h at RT, or
over night at 4°C, in 2% non-fat milk in t-TBS. The membrane was probed with a primary
antibody at appropriate concentrations (Table 4). The membrane was washed 3 times in t-
TBS and probed with a secondary antibody at appropriate concentrations (Table 4). The
membranes were washed 3 times for 10 min in t-TBS. Antibody staining was developed
visualized using an ECL solution. The membrane were incubated for 5 min at RT in ECL and
developed for up to 5 min using a Fluoro-S Multilmager, shooting one picture per min. To
determine the relative concentration of stained protein, staining intensity was measured
using Imaged 1.43r (http://rsb.info.nih.gov/ij). The background staining was substracted.
Each band was marked and intensity peaks were determined. The area under the peak was
calculated. Each peak area was normalized to the area of ACTB staining of the
corresponding sample.

The membrane was stripped after detection and subsequently probed with an anti-
ACTB antibody. Therefore, they were preincubated for 30 min in t-TBS and incubated for 30
min at RT in stripping buffer. The membrane was washed 3 times for 10 min in t-TBS and

blocked and immunostained as described above.

2.2.4.5 Inmunhistochemistry
Immunohistochemistry was performed on a tissue microarray. Two micrometer slides

were cut from the paraffin block using a microtome and were bedded onto microscopic glass
slides.

The tissue was deparaffinized 3 times for 10 min in Xylol and then washed 3 times in
100% EtOH, 1 time in 96%, 1 time in 80%, 1 time in 70% and one time in H,O. The slides
were stored in TBS until necessary.

The proteins were demasked in citrate buffer in a pressure cooker for 5 min and
washed 10 min in TBS. The slides were incubated for 10 min in a protein-blocking solution
and probed for 1 h at RT with a primary antibody at appropriate concentrations (Table 4).
The slides were washed in H,O and t-TBS and probed with biotinylated linker antibodies for
20 min at RT, washed in TBS and probed with streptavidin-conjugated secondary antibody
for 20 min. The slides were stained with Fast Red for 5 to 20 min. The staining was
monitored under a microscope until the desired staining intensities were attained. For nuclear
counterstaining, the, slides were incubated for 1 min and 15 sec in hemalaun and incubated
in H,O for 4 min. The slides were developed under running warm water until the desired

intensity was reached. The slides were covered using the Aquatex mounting medium.
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2.2.4.6 Haematoxylin/Eosin staining
Tissue Microarray slides were cut and deparaffinized as described above. Slides

were incubated for 5-10 min in hemalaun, and staining was developed in running warm
water. The slides were washed in dH,O and stained for 2 to 5 min with eosin. The slides
were washed with tap water and H,O. The slides were dipped in 70, 80, 96 and 100%
alcohol in secession and twice in Xylol. Finally, they were incubated in Xylol for 5 min.

Afterwards, the slides were covered in eucit mounting medium.

2.2.5 Statistical Analysis
Statistical analysis of RT-gPCR data were performed with SPSS version 17.0 (SPSS

Inc., Chicago, IL), GraphPad Prism version 5.01 (GraphPad Software Inc., La Jolla, CA), and
MedCalc version 10.3.2 (MedCalc Software, Mariakerke, Belgium) software. Kolmogorov-
Smirnof normality test, Wilcoxon test with combined Monte-Carlo analysis of 10000 random
samples, Mann-Whitney U test, and Spearman rank correlation coefficients were used. All
tests were performed two-tailed, and p-values <0.05 were considered statistically significant.

Receiver operating characteristics (ROC) curves with combined bootstrap analysis of
10,000 random samples were calculated to determine the potential of genes of interest to
discriminate between malignant and non-malignant samples. Binary logistic regression with
subsequent cross validation was performed to identify the best discriminating combinations
of miRNAs and to calculate overall correct classifications.

For disease progression analyses, the Kaplan-Meier approach (log-rank test) and
Cox proportional hazard regression analysis were used.

Sample size determinations were performed using GraphPad Statmate version 2.0
and MedCalc software on the basis of a two-sided alpha error of 5% and a power of 80%.
Considering a proportional difference of approximately 0.40 in Kaplan-Meier curves as
observed in patients after radical prostatectomy depending on the main risk factors, Gleason
score and tumour stage, about 25 subjects in each group have to be investigated. We
decided to study at least 70 patients in the follow-up study to obtain a power of at least 80%,
because the sample size between the groups of tumor recurrence or no recurrence could not

be predicted.

47



MiRNAs and prostate cancer: Identification, functional characterization and
their potential use in medical practice 3. Results

3. Results

3.1 miRNA profiling in prostate cancer
miRNAs are commonly dysregulated in human malignancies. Investigations of the

suitability of miRNAs as molecular markers for cancer detection have shown that miRNA
profiling might outperform mRNA profiling as a molecular marker for cancer diagnosis and
prognosis (Lu et al, 2005). Based on these encouraging results regarding the use of
miRNAs as tumor markers, global changes in miRNA expression were studied in prostate
cancer to identify dysregulated miRNAs in prostate cancer and to explore their potential use

as diagnostic and prognostic markers.

3.1.1 Patients and tumor characteristics
miRNA profiling was performed in a set of 76 matched fresh-frozen prostate cancer

and normal adjacent tissues. Expression of one miRNA (miR-96) was subsequently validated
in an independent sample set of 79 patients. Tumor characteristics and clinical data did not

differ between both clinical subsets (Table 19).

Table 19: Patients and tumour characteristics

Characteristic Patient set 1 (N =76) Patient set 2 (N =79) p-value
N (%) N (%)
Age, years Median 63 62 0.55
Range 49-74 43 -70
Pre-operative
PSA, pg/l Median 6.7 8.0
Range 0.92-41.90 0.58 - 34.90 0.16
T stage pT2a 2 (3) 8 (10)
pT2b 11 (15) 11 (14) 0.36
pT2c 32 (42) 35 (44)
pT3a 24 (32) 19 (24)
pT3b 7(9) 6 (8)
N stage pNO/Nx 74 (97) 79 (100)
pN1 2(3) 0 0.46
M stage MO/Mx 76 (100) 79 (100)
M1 0 0 0.75
Surgical margins RO 46 (60) 54 (56)
R1 27 (36) 34 (44) 0.51
Rx 3(3) 0
Gleason score 5 1(1) 7(9)
6 31 (41) 20 (25) 0.10
7 30 (40) 34 (43)
8 9(12) 11 (14)
9 5(7) , 7(9)
Follow-up, months Median 50° 50
Range 1-93 1-99 0.37
Biochemical recurrence 12 (16) 14 (18) 0.91
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3.1.2 miRNA microarray expression analysis
To identify dysregulated miRNAs, miRNA microarray expression analysis for 470

human miRNAs and 64 viral miRNAs from Sanger Base v9.1 was performed in a subset of
24 matched tumor and normal adjacent tissue samples. Seventy-eight candidate reporters
were dysregulated in this sample set and were evaluated with principal component analysis
and hierarchical 2D clustering using the similarity measure Pearson correlation and the
heuristic criteria average link.

Principal component analysis revealed that the samples clustered according to their
malignancy, but groups we not clearly separated from each other, wherein 4 malignant
samples were assigned to the normal group and 1 malignant sample was assigned to the
malignant group (Figure 6A). Hierarchical cluster analysis confirmed this observation as the

hierarchical tree of intensity profiles shows misalignment of the same 5 samples (Figure 6B).

Principal Component2 Principal Component 1

Figure 6: Unsupervised analysis of miRNA regulation in prostate cancer specimens

miRNA microarray analysis of 470 miRNAs was performed in 24 matched malignant and normal
adjacent tissues. A) 78 dysregulated reporters were used for principal component analysis of
malignant (pink) and normal samples (green). B) Unsupervised hierarchical cluster analysis.
Hierarchical trees of intensity profiles (left) and reporters (top) and heatmap are displayed. Z-score
was cropped to -3 to 3. Green squares encode for a downregulation, red squares for an upregulation.

In a second analysis step, all reporters that detected the same miRNAs were
combined into a single value. A 1.5-fold difference between malignant and normal adjacent
tissue was set as the cut-off for the inclusion, and expression was required to be detectable
in both tumor and matched normal tissue. Ten miRNAs were identified with greater than 1.5-
fold difference, of which 4 were downregulated and 6 were upregulated (Table 20).
Furthermore, 5 candidates that satisfied the inclusion criteria in at least 12 of the 24 sample

pairs were identified.
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Table 20: miRNAs differentially expressed in malignant to matched non-malignant tissue
samples of prostate cancer

microRNA Fold Change p-value
Overexpressed
1 hsa-miR-375' 1.52 0.01
2 hsa-miR-130b’ 1.54 <0.001
3 hsa-miR-182" 1.74 <0.001
4 hsa-miR-96" 1.75 <0.001
5 hsa-miR-634° 2.01 0.18
6 hsa-miR-183' 2.24 0.01
7 hsa-miR-182*" 2.69 <0.01
8 hsa-miR-524* 3.45 0.13
Underexpressed
1 hsa-miR-31" -1.85 0.05
2 hsa-miR-149° -1.73 <0.01
3 hsa-miR-181b” -1.72 <0.001
4 hsa-miR-368~ -1.62 <0.01
5 hsa-miR-221" -1.59 <0.01
6 hsa-miR-222" -1.59 <0.01
7 hsa-miR-205' -2.58 <0.01

! passed inclusion criteria in 24/24 pairs, * passed inclusion criteria in > 12/24 pairs.

3.1.3. Identification of suitable endogenous control genes for miRNA
expression analysis

The importance of miRNA regulation in human cancers has only been established
during the last decade. Due to the infancy of miRNA expression analysis, some analytical
pitfalls have not been properly addressed so far. In real-time PCR, the most common
approach to studying gene expression is the relative quantification of the target gene, where
expression of the gene of interest is normalized to an endogenous control gene (Bustin et al.,
2009). The use of suitable reference genes for RT-gPCR can have a major effect on the
reliability of profiling results. It is therefore important to validate the expression stability for
each tissue and application prior to use (Dheda et al., 2005).

Recent studies have established several criteria that should be fulfilled by a reference
gene (Bustin and Nolan, 2004; Peltier and Latham, 2008; Radonic et al., 2004;
Vandesompele et al., 2002):

A) The gene has to be stably expressed among disease groups

B) The range of expression should be similar to those of the target gene in order to

measure both genes in a single dilution

C) The reference gene should be of similar length as the target gene to guarantee

similar efficiencies during isolation and reverse transcription

For miRNA expression analysis in prostate, cancer no general accepted reference
genes exist, as is highlighted by a literature research in PubMed. In 16 articles that included
the performance of miRNA expression analysis in prostate cancer specimen through

September 2009, the most commonly used reference gene was RNUGB (Ambs et al., 2008;
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Jiang et al., 2005; Noonan et al., 2009; Prueitt et al., 2008). Other studies have used RNU43
(Leite et al., 2009), the combination of RNU6B/RNU43 (Ozen et al., 2008; Spahn et al.,
2010), the combination of RNU6B/miR-16 (Josson et al., 2008), RNU6B/RPP30 (Gandellini
et al., 2009), or let-7/miR-16 (Mattie et al., 2006). Even larger transcripts, such as GAPDH
(Place et al., 2008; Rokhlin et al., 2008) and TBP (Porkka et al., 2007), were used; however,
the use of mMRNAs as reference genes for miRNA expression studies has several
disadvantages as described above. Three studies provide some information justifying the
selection of the reference gene, but none were statistically sound (Jiang et al., 2005; Josson
et al., 2008; Mattie et al., 2006).

Based on our miRNA microarray profiling data and the literature, we choose to
analyze the stability of 4 putative reference genes, namely miR-16, miR-130b, Z30 and
RNUGB. To obtain an overview of their expression levels and variability in prostate cancer
and normal adjacent tissue, we prepared 2 pools that represented prostate cancer and
normal adjacent tissue. For each pool, we used total RNA from 12 patients at the same
concentration and volume to obtain a final concentration of 250 ng/ul. The expression of
each gene was measured in these pools using RT-qPCR.

All genes were well detectable with RT-qPCR (Figure 7). miR-16 had the highest
expression with Cq values below 22, while the other 3 putative reference genes had a
distinctly lower expressions, though the Cq values were still below 30. One major criterion
for a suitable reference gene is stable expression between the study groups. Therefore, a
threshold of 1.5-fold difference was set as an inclusion criterion. This relatively high threshold
was chosen to minimize the risk of type Il errors. As Z30 did not meet this criterion, it was
excluded from further analysis. Although RNUGB barely passed the selection criterion with a

fold change of 1.48, it was included in more detailed analyses.
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Figure 7: Expression of putative reference genes in pooled RNA samples corresponding to
malignant and normal adjacent tissue.

Expression of reference gene candidates measured in RNA pools obtained from matched non-
malignant (PN) and malignant (PC) prostate cancer tissue specimens. The first 2 columns of every
gene represent the expression value as the mean Cg-values + SD (n=3; blank, non-malignant tissue;
light grey, malignant tissue) relative to the left y-axis scale. The third column (medium grey) represents
the median fold change between pools from non-malignant and malignant tissue related to the right y-
axis scale. The line at 1.5 represents the arbitrary threshold of the allowed differential expression
between groups.

Expression of the remaining 3 putative reference genes was measured in all 76
matched prostate cancer and normal adjacent tissues. Cq values for each gene were
normalized to the RT-qPCR efficiency and interplate calibrators for subsequent analysis.
Expression of the 3 candidate genes did not correlate with pathological stage or Gleason

score, indicating a stable expression in the tumor tissue (Table 21).

Table 21: Correlation of the expression of putative reference genes with tumor stage and
Gleason score.

pT stage Gleason score
Gene name rs p-value rs p-value
Hsa-miR-16 -0.01 0.95 -0.18 0.1
Hsa-miR-130b -0.05 0.67 -0.15 0.19
RNU6B -0.05 0.67 0.07 0.51
Geometric mean -0.07 0.57 0.02 0.86

(hsa-miR-130b/RNUGB)

The expression of miR-130b and RNU6b was not significantly different between
malignant and normal adjacent tissue, while miR-16 had a significantly lower expression in
tumor tissue in comparison to matched normal tissue (Wilcoxon signed rank test; p<0.001;

Figure 8). miR-16 was therefore excluded from further statistical evaluation of expression
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stability. Due to the large number of samples as well as the high significance, both type | and

type Il errors could be excluded with great certainty.
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Figure 8: Expression of candidate reference genes in matched malignant and normal adjacent
prostate tissue.

Expression of reference gene candidates in matched non-malignant and malignant sample pairs from
76 prostate cancer tissue specimens. Left y-axis: Expression values are given as Cq values, which
were corrected for assay efficiency and 2 interplate controls. Boxes (blank: non-malignant tissue; grey:
malignant tissue) represent lower and upper quartiles with the median represented as a horizontal line
and the mean as a cross. The whiskers represent the range of expression. Right y-axis: The columns
(dark grey) represent the median fold change between the malignant and non-malignant tissue
samples. *** p < 0.001; Wilcoxon signed rank test.

Although miR-130b and RNUGB expression was not statistically different between
prostate tissue and normal adjacent tissue, this finding does not prove that both genes are
equally expressed among the groups. Therefore, an equivalence test according to Haller et
al. (Haller et al., 2004) was performed for miR-130b, RNU6B and the geometric mean of
both. The maximal allowed difference was set at 0.26, which represents a 1.2-fold change.
While miR-130b and the geometric mean were equal between malignant and matched
normal tissue, RNU6B was not.

Not only equivalence between groups, but also overall stability of expression across
all samples is a major criterion for a suitable reference gene. The variability of expression is
a measurement of stability. Therefore, variance of miR-130b and RNU6EB expression and the
geometric mean was compared. Variance of RNU6B expression was significantly higher than
the variance of miR-130b (Levene’s test; p < 0.001), while variance of miR-130b expression

and the geometric mean did not differ significantly (Levene’s test; p=0.52).
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We further calculated stability measurements using either the GeNorm or the
Normfinder algorithm (Andersen et al., 2004; Vandesompele et al., 2002). GeNorm
calculates the stability value (M-value) and repeatedly excludes the candidate with the
highest stability value until the 2 most stably expressed genes remain. Stability values below
1.5 were defined as a critical limit. GeNorm identified miR-130b and the geometric mean as
the most stable reference genes with an M-value of 0.47 (Figure 9).

Normfinder calculates a stability value, termed variability, for each gene. It estimates
the single most stable gene and the best combination of 2 genes. In contrast to GeNorm this
program can account for group differences. Normfinder identified miR-130b as the single
most stable reference gene, with a variability of 0.08. The geometric mean of hsa-miR-130b
and RNUG6B had an even lower stability of 0.03, accounting for an increased stability by using

the geometric mean.

A) 0.8 B) 0.091
064 0.07
S % 0.05-
T 0.4 %
=
= 0.034
0.2
0.01
0.0 . ' : :
& o & & o &
0§ ‘@‘:\ Q‘e o$ & Q‘é
S} < &) '
& &

Figure 9: Stability of candidate reference genes

Stability analyses of selected candidate reference genes. A) Stability value M of candidate reference
genes calculated using GeNorm. B) Variability of candidate reference genes calculated using
Normfinder. Highly stable expression of genes is indicated by a low M value in GeNorm and a low
variability value in Normfinder.

Based on the statistical analysis of miR-130b and the geometric mean of miR-130b
and RNUG6B, expression was equivalent and stable in prostate cancer and normal tissue.
RNUGB expression displayed a large intragroup variability and was therefore less suited as a
reference gene. Based on these observations miR-130b was chosen as reference gene for

all subsequent expression studies.

3.1.4 Validation of differentially expressed miRNAs using RT-qPCR
The expression of the dysregulated miRNAs, which were identified based on

microarray analysis, and 4 additional miRNAs (hsa-miR-125b, hsa-miR-145, hsa-miR-184,
hsa-miR-373), which were identified by literature research (Huang et al., 2008; Lin et al.,
2008; Molnar et al., 2008; Ozen et al., 2008; Porkka et al., 2007; Yang et al., 2009), was

validated by RT-qPCR in 76 matched prostate cancer tissues and normal adjacent tissues,
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including the 24 pairs that were used for microarray profiling. To determine if the TagMan
RT-gPCR assay provided the necessary sensitivity to detect the miRNA transcripts,
expression of each miRNA was measured in 2 pools representing malignant and normal
adjacent tissue. Four miRNAs were excluded as the Cqg-values were >35 in both pooled
samples (hsa-miR-368, miR-373, hsa-miR-634, and hsa-miR-524). Expression of the
remaining miRNAs was measured in each of the 76 tissue pairs.

Expression analysis of 76 matched prostate cancer tissues and normal adjacent
tissue identified 15 significantly dysregulated miRNAs in prostate cancer (Figure 10), of
whom 10 miRNAs were downregulated and 5 miRNAs were upregulated. Each miRNA

showed only a moderate expression change, ranging from -3.69- to 1.50-fold.
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Figure 10: Differentially regulated miRNAs in prostate cancer.

The expression of 15 miRNAs was measured in 76 matched prostate cancer and normal adjacent
tissues by RT-gPCR. miRNA expression was normalized to the expression of miR-130b, interplate
controls and efficiency. Fold change was calculated for each tissue pair. Data are shown as the
median fold change (+interquartile range).
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We correlated the expression of each miRNA with each other and identified a strong
correlation between miR-96, miR-182, miR-182*, miR-183 and miR-375 (Figure 11). miR-96,
miR-182 and miR-183 are located on chromosome 7 and are transcribed as a single
polycistronic cluster. MiR-375 is an intergenic monocystronic miRNA located on chromosome
2. miR-221 and miR-222 were also highly correlated with each other. Both genes are located

in close proximity on chromosome X and are also transcribed as polycistronic pri-miRNA.
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Figure 11: Correlation heatmap of miRNA expression in prostate cancer
Correlation of miRNAs was calculated by Spearman correlation.

3.1.5 Clinical relevance of miRNA expression

3.1.5.1 Association of miRNAs with clinico-pathological data
To determine whether miRNAs are further dysregulated during prostate cancer

progression, miRNA expression was correlated with the Gleason score, and pathological
stage. The expression of miR-31, miR-96 and miR-205 moderately correlated with Gleason

score, while miR-125b, miR-205 and miR-222 expression correlated with pathological stage
(Table 22).
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Table 22: Spearman rank correlation coefficients between the differentially expressed miRNAs
in prostate cancer tissue samples and the Gleason score and pathological tumor stage

hsa-miR Gleason score Pathological stage
rs p-value rs p-value

hsa-miR-16 -0.03 0.82 -0.02 0.87
hsa-miR-31 -0.28 0.02 -0.16 0.17
hsa-miR-96 0.27 0.02 0.02 0.85
hsa-miR-125b 0.03 0.82 -0.27 0.02
hsa-miR-145 -0.12 0.30 -0.01 0.39
hsa-miR-149 0.02 0.88 -0.06 0.63
hsa-miR-181b -0.04 0.75 -0.01 0.94
hsa-miR-182 0.17 0.14 0.18 0.1
hsa-miR-182* 0.19 0.1 0.02 0.85
hsa-miR-183 0.21 0.07 0.19 0.09
hsa-miR-183 -0.06 0.62 -0.13 0.27
hsa-miR-205 -0.24 0.03 -0.27 0.02
hsa-miR-221 -0.11 0.35 -0.17 0.15
hsa-miR-222 -0.19 0.09 -0.23 0.04
hsa-miR-375 0.12 0.28 0.13 0.28

3.1.5.2 miRNAs as diagnostic markers for prostate cancer detection
In order to elucidate the putative diagnostic properties of miRNA expression, receiver

operating characteristic (ROC) curves were calculated for single miRNAs and the
combination of all miRNAs. To improve the robustness of the statistical analysis, ROC
analysis was combined with bootstrapping of 10,000 random repeats as an internal
validation. Logistic regression was internally validated by cross-validation.

Using the majority of miRNAs, the analysis was able to discriminate tumor from
normal adjacent tissue, with 11 miRNAs having AUC’s greater 0.7. miR-205 was identified as
the most suitable miRNA for discrimination of tumor tissue from normal adjacent tissue, with
an overall correct classification of 72% of the samples. To further improve discriminative
potential, miRNA expression was analyzed by logistic regression, and the prediction for each
patient was forwarded to ROC analysis. We either included all miRNAs into the predictor or
identified the minimal number of miRNAs necessary by forward likelihood elimination (entry:
p = 0.1; elimination: p = 0.05).

Combining each of the miRNAs into a single predictor enhanced the AUC to 0.86,
with an overall correct classification of 82%, yet this did not provide a significant advantage
over discrimination by miR-205 alone (p = 0.29). Forward likelihood elimination identified a 6-
miRNA predictor, which had an AUC of 0.88 and an overall correct classification of 80%.
Additionally, we combined the best discriminating upregulated miRNA, miR-205, with the
best discriminating downregulated miRNA, miR-183, into a single predictor. This predictor

showed a trend for improved discrimination in comparison to miR-205 alone (p = 0.06).
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Table 23: Performance of miRNAs to discriminate between malignant and non-malignant tissue
samples from prostate cancer

miRNA AUC 95% Cl of AUC Overall correct
classification (%)
hsa-miR-375 0.59* 0.51-0.69 53
hsa-miR-16 0.64* 0.55-0.73 59
hsa-miR-182* 0.66* 0.57-0.74 58
hsa-miR-125b 0.67*** 0.58-0.75 59
hsa-miR-182 0.70*** 0.62-0.79 61
hsa-miR-184 0.72*** 0.64-0.8 61
hsa-miR-96 0.72*** 0.64-0.8 67
hsa-miR-181b 0.73*** 0.65-0.81 65
hsa-miR-149 0.74*** 0.66-0.82 65
hsa-miR-221 0.75*** 0.66-0.82 66
hsa-miR-31 0.76*** 0.68-0.83 63
hsa-miR-183 0.77*** 0.69-0.84 68
hsa-miR-145 0.78*** 0.7-0.85 71
hsa-miR-222 0.78*** 0.7-0.85 68
hsa-miR-205 0.82*** 0.76-0.89 72
Combinations
All miRNAs 0.86*** 0.79-0.91 82
hsa-miR-96, -149, -181b, -182, 205, - 0.88*** 0.82-0.93 80
375
hsa-miR-205 + hsa-miR-183 0.88*** 0.81-0.92 84

*p < 0.05, **p < 0.01, *™* p < 0.001
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Figure 12: Performance of selected miRNAs and miRNA combinations to discriminate tumor
and normal prostate tissue.

ROC analysis was performed from the expression of I) miR-205 or combinations of either II) all
miRNAs or only Ill) miR-205 and miR-183 as obtained by logistic regression. To render the analysis
more robust to statistical errors, we performed bootstrapping with 10,000 random repeats.
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3.1.5.3 miRNAs as prognostic markers for prostate cancer biochemical
recurrence

Accurate prognosis of prostate cancer recurrence after radical prostatectomy is still a
major challenge. To date, prostate cancer is categorized into risk groups by using clinical and
pathological parameters, such as the TNM stage, Gleason score, pre-operative PSA value
and surgical margins. Additionally, patients are monitored periodically for increases in PSA.
The introduction of molecular markers might improve prognosis so as to provide patients with
more aggressive cancers with timely follow-up and more intensive treatment. Therefore,
mMiRNA expression was analyzed for predictive significance in prostate cancer.

Follow-up data of the PSA concentration was available for 75 out of the 76 clinically
characterized prostate cancer patients (Table 19). These patients were included to analysis
of disease recurrence. Median follow-up was 50 months (1-93). The time of recurrence was
defined as described in the material and methods section.

Performance of miRNAs as prognostic markers was analyzed by univariate Kaplan-
Meier analysis as well as univariate Cox regression of dichotomized variables. Each miRNA
was dichotomized according to their median expression in tumor tissue.

Recurrence-free survival was significantly reduced in patients with a high Gleason
score or advanced pathological stage (Table 24, Figure 8A+B), while there was no reduction
of recurrence-free survival in patients with high pre-operative PSA values, increased age or
positive surgical margins (Table 24). Only miR-96 showed a significant association with

biochemical relapse (Table 24, Figure 13).
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Table 24: Univariate Cox proportional hazard analysis of clinico-pathologic parameters and
differentially expressed miRNAs in prostate cancer patients with regard to the recurrence-free
interval after radical prostatectomy

Variable HR (95% CI) p-value
Age 1.79 (0.56-5.74) 0.31
PSA prior surgery 0.7 (0.22-2.20) 0.54
Tumour stage 6.53 (1.41-30.3) 0.01
Gleason score 3.61 (1.54-8.47) 0.01
Surgical margins 1.88 (0.57-6.22) 0.29
hsa-miR-16 1.42 (0.43-4.73) 0.56
hsa-miR-31 0.37 (0.1-1.38) 0.12
hsa-miR-96 3.7 (0.99-13.9) 0.04
hsa-miR-125b 0.9 (0.28-2.88) 0.85
hsa-miR-145 0.74 (0.23-2.34) 0.61
hsa-miR-149 0.68 (0.22-2.15) 0.51
hsa-miR-181b 1.51 (0.47-4.83) 0.48
hsa-miR-182 2.47 (0.73-8.35) 0.13
hsa-miR-182* 1.6 (0.5-5.11) 0.42
hsa-miR-183 2.98 (0.8-11.0) 0.09
hsa-miR-184 0.61 (0.19-1.94) 0.40
hsa-miR-205 0.37 (0.1-1.4) 0.13
hsa-miR-221 0.93 (0.3-2.89) 0.90
hsa-miR-222 0.69 (0.22-2.17) 0.52
hsa-miR-375 0.74 (0.23-2.33) 0.60
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Figure 13: Kaplan-Meier analysis of recurrence free survival

Recurrence-free survival in relation to A) pathological stage, B) Gleason score, and C) miR-96
expression. The time of recurrence was defined as the first post-operative PSA value >0.1 ug/l PSA as
confirmed by at least one subsequent rising value after the patients had reached an undetectable PSA
level (detection limit <0.04 ug/l after surgery).

To validate whether the association of miR-96 with biochemical relapse is robust,
expression was measured in a second independent set of 79 prostate cancer tissue
specimens. In the validation cohort, significant association of miR-96 expression with
biochemical relapse was confirmed. For all subsequent statistical analyses, we combined
both patient subsets.

Clinico-pathological parameters (Gleason score, pathological stage, surgical margins
and pre-operative PSA) as well as dichotomized miR-96 expression of all 155 prostate
cancer specimens were forwarded to multivariate COX regression analysis.

In the full model, Gleason score, pathological stage and miR-96 were independent
variables (Table 25). Interestingly, miR-96 had the highest hazard ratio of each of the
parameters. Using forward and backward elimination approaches (entry: p = 0.1; elimination:
p = 0.05), a reduced model was identified. The reduced model contained the variables for

Gleason score and miR-96, which both were highly independent from each other.
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Table 25: Cox regression model

Model Covariate B HR 95% ClI p-value

Full model miR-96 1.28 3.58 1.19-10.78 0.02
Gleason score 0.99 2.69 1.45-4.98 <0.001
Pathological stage 1.23 3.41 1.10-10.57 0.03
Surgical margins 0.40 1.48 0.57-3.86 0.42
Pre-operative PSA 0.09 1.10 0.48-2.49 0.83

Reduced model miR-96 1.48 4.38 1.57-12.22 0.01
Gleason score 1.27 3.55 1.98-6.36 <0.0001

To evaluate the goodness of the estimated prediction models, Chi? test of the -2 log
likelihood (-2LL) was performed.

As shown in table 26, -2LL was significantly improved by addition of each parameter
to the full model. The reduced prediction model was significantly improved by adding both
variables to the model; however, interestingly, adding the Gleason score or miR-96 to the
model or adding miR-96 to a model that already contains Gleason score significantly

improved the -2LL.

Table 26: Goodness of prediction models

Model Covariate 2LL Chi’ p-value
Full model none 214.97
+ miR-96, Gleason score, 174.40 44 .39 <0.0001

pathological stage,
surgical margins, pre-
operative PSA value

Reduced model none 220.14
+Gleason score 196.53 22.70 <0.0001
+miR-96 190.32 6.22 0.013
+Gleason score, miR-96 190.32 29.45 <0.0001

To further verify the predictive power of our model, we compared the predicted
survival curves with the observed survival curves. The survival curves were not significantly

different from each other, confirming the good performance of this model (Figure 14).
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Figure 14: Comparison of the observed and expected biochemical recurrence

The observed biochemical recurrence of patients with high/low miR-96 expression was displayed as a
Kaplan-Meier Plot (blue and green line). Additionally, the expected biochemical recurrence was
predicted by miR-96 and plotted (light blue and green line).

As a final verification step, the c-index was calculated. The c-index determines the
probability that the prediction model predicts the survival time for each patient in the correct

order, The c-index was 0.85, confirming the high accuracy of this model.

3.1.5.4 miRNAs in formalin-fixed, paraffin-embedded prostate cancer tissue for
risk stratification after radical prostatectomy

The exploration of miRNA expression in fresh-frozen prostate cancer tissue
established that miRNAs may be suitable markers for both diagnostic as well as prognostic
monitoring. Based on these observations, the hypothesis was established that miRNA
expression may also differentiate patients experiencing an early biochemical relapse after
radical prostatectomy from those patients with a long relapse-free interval or no biochemical
relapse. Measurement of those patients was performed using FFPE tissue, which is routinely
archived for each patient. miRNAs are remarkably stable in highly degraded tissue (Jung et
al., 2010) and studies in FFPE tissue pinpoint to the stable expression of miRNAs in these
tissues (Glud et al.,, 2009; Hasemeier et al., 2008; Hui et al., 2009; Siebolts et al., 2009;
Szafranska et al., 2008; Zhang et al., 2008).

We profiled miRNA expression in patients with biochemical relapse using a multiplex
mMiRNA RT-qPCR Arrays in a 384-well format. This approach provides higher sensitivity and
accuracy for miRNA analysis in comparison to microarray profiling (Mees et al., 2009).
Prostate cancer patients were divided into 3 groups (Table 27):

A) Patients with an early biochemical relapse (<1 year after radical prostatectomy)

B) Patients with a late biochemical relapse (1-5 years after radical prostatectomy)

C) Patients with no biochemical relapse

Table 27: Patient and tumor characteristics for prostate cancer relapse patients

Relapse < 1 year Relapse >1 - 4 No Relapse within 3 years
N =24 o N =12
=23
Median N (%) Median N (%) Median N (%)
(range) (range) (range)
Age (yrs) 61 62 65.5
gely (51-71) (49-73) (55-72)
Pre-operative 8.9 ?604_ 6.5
PSA (ng/ml) (0.8-25.0) 41' 9) (3.7-25.8)
Pathological
tumor stage
pT2a 1(4%)
pT2b 3 (13%) 4 (17%) 1(8%)
pT2c 5(21%) 5 (22%) 4 (33%)
pT3a 12 11 (48%) 5 (42%)
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pT3b (50%) 2 (9%) 2 (17%)
4 (17%)
gleason Score 3 (13%) 1 (4%) 3 (25%)
7 13 12 (52%) 5 (42%)
8 (54%) 4 (17%) 3 (25%)
o 4 (26%) 1 (8%)
10 7 (29%)
1 (4%)
Surgigal
margins
RO (153%) 12 (52%) 7 (58%)
o, o,
R1 o (36%) 11 (48%) 5 (42%)
PSA-freo 4.57 25.5 51.9
(month) (1-12) (14-50) (37-65)

For the initial screening step, 3 RNA pools were prepared corresponding to the
groups of early, late and no relapse patients. Each pool was prepared from 10 RNA samples
using the same quantity of total-RNA from each patient sample. Multiplex miRNA RT-qPCR
was performed in a 384-well format using 2 different card versions. The combination of these
cards allowed the quantification of 762 miRNAs per sample.

One hundred ninety-eight of the seven hundred sixty-two miRNAs showed a
detectable signal (< 32 Cq) in at least one pool. Differential expression was assumed, if the
fold-change in comparison to the no relapse pool was 21.5 in at least one pool. According to
this definition, 63 mMiRNAs were differentially expressed, of which 35 miRNAs were
upregulated and 28 miRNAs were downregulated. The most highly dysregulated miRNAs are

summarized in table 28.
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Table 28: Top dysregulated miRNA in relapsing prostate cancer

miRNA No Relapse Late relapse Early relapse
hsa-miR-23a NE (89.44) (646.34)
hsa-miR-449a NE (22.25) (247.59)
hsa-miR-449b NE (68.46) (207.79)
hsa-miR-200a 1.00 1.12 2.53
hsa-miR-1233 1.00 2.23 2.36
hsa-miR-10b 1.00 2.53 1.90
hsa-miR-1825 1.00 1.11 1.84
hsa-miR-186 1.00 0.64 0.67
hsa-miR-1275 1.00 1.08 0.65
hsa-miR-532-5p 1.00 0.99 0.64
hsa-miR-193b 1.00 1.10 0.64
hsa-miR-886-3p 1.00 1.13 0.60
hsa-miR-664 1.00 1.29 0.58
hsa-miR-196b 1.00 0.45 0.58
hsa-miR-1274B 1.00 1.19 0.57
hsa-miR-720 1.00 1.19 0.51
hsa-miR-146b-5p 1.00 0.83 0.49
hsa-miR-222 1.00 0.85 0.44
hsa-miR-31 1.00 0.91 0.43
hsa-miR-127-5p 1.00 0.27 NE

NE = not expressed

The 63 dysregulated miRNAs are located at 67 chromosomal locations, with 4
miRNAs having 2 genomic loci. Twenty-eight of the sixty-three miRNAs are located in an
intron of a protein-coding gene, 2 miRNAs are located in an intron and exon of a protein-
coding gene and one miRNA has an exonic location. The 32 remaining miRNA loci are
intergenic. The group of dysregulated miRNAs was also analyzed for clustered miRNAs. A
cluster is defined by a group of miRNAs that are located less than 10 kB from each other. We
identified members of 6 different miRNA clusters, of whom 4 clusters had a concordant
expression (miR-200a/miR-429; miR-518b/miR-519-3p; miR-449a/miR-449b; miR-221/miR-
222).

The initial screen showed that multiplex RT-qPCR is a valid approach for identifying
dysregulated miRNAs from FFPE tissue. To further verify the specificity and sensitivity of the
assay, 2 miRNAs (miR-10b and miR-222) were chosen for validation in 46 samples. For the
validation patients were divided into patients a biochemical relapse within less than 1 year
and patients with a biochemical relapse after at least 2 years or no biochemical relapse. miR-
10b and miR-222 were chosen because they were highly expressed in the patients, were
more than 2-fold different in expression in at least one pool and have been shown to be
associated with biochemical relapse in other cancers (Greither et al., 2010; Li et al., 2010c;
Ma et al., 2007; Sasayama et al., 2009; Veerla et al., 2009).

miR-10b was 1.67-fold higher expressed in patients with early biochemical relapse in

comparison to patients with late or no biochemical relapse (Mann-Whitney; p < 0.05, Figure
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15A). miR-222 expression was not significantly different between the groups; however, there
was a trend for reduced expression in early relapse patients with an 1.21-fold lower
expression (Figure 15B).

To enhance the discriminative power between the groups, the expression ratio of
miR-222/miR-10b was calculated (Figure 15C). The ratio was 1.69-fold lower in patients with

early biochemical relapse in comparison to patients with late or no biochemical relapse.
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Figure 15: miRNA expression in prostate cancer patients with biochemical relapse.

Scatter dotplot of A) miR-10b and B) miR-222 expression and C) the expression ratio of miR-222/miR-
10b. miRNA expression was measured by TagMan RT-gPCR. Expression was normalized to the
geometric mean of miR-130b and RNU44, interplate controls and RT-qPCR efficiency. Lines represent
the median expression. * p < 0.05, Mann-Whitney test.

miR-10b did not correlate with clinico-pathological parameters, but miR-222 was

significantly correlated with histological grade (Gleason score) (Table 29).

Table 29: Spearman correlation of predictive miRNA markers with clinico-pathological data

miR-10b miR-222

I's p-value rs p-value
Gleason score 0.24 0.1 -0.31 0.04
Pathological stage 0.17 0.28 -0.22 0.16
Surgical margins -0.02 0.92 0.17 0.27
Preoperative PSA 0.14 0.37 -0.08 0.91

*p<0.05
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To analyze the power of each miRNA to discriminate patients with an early
biochemical relapse, ROC analysis and logistic regression was performed. miR-10b
expression and the expression ratio of both miRNAs were good discriminators of early
relapsing patients, with an AUC of 0.72 and 0.70, respectively (Figure 16). In contrast, miR-
222 was a worse discriminator (AUC: 0.56; p = 0.15). However, comparison of the ROC
curves revealed no significant improvement of discrimination for miR-222/miR-10b over miR-
222. Only comparison of the ROC curves of miR-222 and the ratio showed a borderline

significance (p = 0.07).
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Figure 16: Ability of selected miRNAs and miRNA combinations to discriminate early relapse
patients from no-relapse or late relapsing patients

ROC analysis was performed on the miRNA expression of I) miR-222 or Il) Ratio or I1l) miR-10b.

We then performed Kaplan-Meier analysis and multivariate Cox regression to
determine, which miRNAs were significantly associated with biochemical relapse. miR-10b,
miR-222, miR-222/miR-10b ratio and the preoperative PSA were dichotomized according to
the median. The Gleason score was trichotomized into a group of 6, 7, and above 7.
Pathological stage was dichotomized so that all samples with pT2 were grouped as well as
all samples with pT3.

Kaplan-Meier analysis revealed a significant association of miR-10b expression with
biochemical relapse (log rank test, p = 0.023; Figure 17A), while miR-222 was not
significantly associated with biochemical relapse (Figure 17B). Surprisingly, none of the
clinico-pathological variables were significantly associated with biochemical relapse (data not
shown). In a multivariate Cox regression model, only miR-10b was an independent variable
and remained the only variable in the model using forward and backward elimination
methods (Table 30).
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Figure 17: Kaplan-Meier analysis of recurrence-free survival

Recurrence-free survival in relation to dichotomized A) miR-10b expression, B) miR-222 expression,
and C) miR-222/miR-10b in tumor tissue relative to expression in normal adjacent tissue. The time of
recurrence was defined as the first post-operative PSA value >0.1 ug/l PSA confirmed by at least one
subsequent rising value after the patients had reached an undetectable PSA level (detection limit
<0.04 ugl/l) after surgery.

Table 30: Cox regression of dysregulated miRNAs and clinic-pathological variables

Method Variable B HR 95% CI p-value
Inclusion miR-10b 0.76 2.14 1.02-4.51 0.04
Gleason score -0.22 0.80 0.37-1-72 0.57
Pathological stage -0.11 0.90 0.40-1.99 0.79
Surgical margins 0.07 1.07 0.50-2-28 0.86
Pre-operative PSA 0.25 1.28 0.64-2-58 0.0.48
Forward LR miR-10b 0.74 2.10 1.06-4.17 0.03
E;c"‘”a’d miR-10b 0.74 2.10 1.06-4.17 0.03

3.2 Functional relevance of miRNAs in prostate cancer

3.2.1 In silico target prediction for prostate cancer-related miRNAs
miRNAs posttranscriptionally inhibit gene expression by binding to complementary

binding sites in the 3° UTR of protein-coding transcripts, resulting either in translational
inhibition or degradation of the mRNA. While one miRNA can bind to hundreds of mRNAs,
one mRNA can be targeted by a multitude of miRNAs. In silico target prediction is therefore a
mandatory tool to identify putative binding sites. To date, various algorithms exist to predict
miRNA binding sites. Each of them use different criteria to predict binding sites and therefore
have different advantages and disadvantages. Most algorithms account for perfect
complementarily of the seed sequence, evolutionary conservation and free energy of the
mMiRNA:mRNA duplex. Proximity of different binding sites of the same miRNA can also be a
criterion for identification of biologically significant binding sites. The most commonly used

miRNA target prediction algorithms are TargetScan, picTar and miRanda. Each has a more

68



MiRNAs and prostate cancer: Identification, functional characterization and
their potential use in medical practice 3. Results

stringent algorithm in comparison to other prediction algorithms. In this thesis, targets for
each of the differentially regulated miRNAs were predicted using miRecords
(http://mirecords.umn.edu/miRecords). miRecords combines the target prediction of 11
algorithms. To further narrow the results, we applied the following criteria for a putative target
gene:
A) A target gene had to be concordantly identified by miRanda, picTar and
TargetScan
B) A target gene had to be predicted by at least 2 other prediction algorithms
In-silico target prediction was performed for each miRNA that was differentially
regulated in prostate cancer in comparison to normal adjacent tissue (Figure 18). The
median number of predicted target genes was 84 (0-337) per miRNA. In silico target
prediction was also performed for miRNAs dysregulated in the biochemical relapse patients.

Targets were identified for 36 of the 68 miRNAs and ranged from 3 to 347 targets per gene.
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Figure 18: Overview of predicted target genes for miRNAs differentially expressed in prostate
cancer

miRNA targets were predicted using miRecords. A prediction was accepted as valid if it was identified
simultaneously by TargetScan, miRanda and picTar and at least 2 other algorithms.

The results from the in silico target prediction were used for further in silico
approaches to explore miRNA function and as decision criteria for experimental target
predictions for 2 selected miRNAs (see 3.2.4 and 3.2.5).
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3.2.2 miRNAs in cancer progression
miR-10b and miR-222 were identified to discriminate patients with early relapsing

tumors. The expression of these miRNAs in more aggressive tumors in comparison to non-
aggressive tumors raises the possibility that these miRNAs play a functional role in tumor
progression.

To explore the potential functional role of miR-10b and miR-222 in prostate cancer, in
silico analysis was performed on the basis of the predicted targets. The predicted miR-10b
and miR-222 targets analyzed by Gene Ontology term clustering by DAVID
(http://david.abcc.ncifcrf.gov/home.jsp) and pathway analysis was performed using reactome
skypainter (http://www.reactome.org/cgi-bin/skypainter2).

Reactome skypainter analysis of the 58 potential miR-222 target genes revealed an
over-representation of regulators of protein stability and TRKA signalling (CDKN1B and
RALA). The over-representation of TRKA signalling is in accordance with previous reports of
miR-222 function in prostate cancer, because the regulation of CDKN1B by miR-222 is well
established.

Pathway analysis for the 55 predicted target genes of miR-10b revealed an
overrepresentation of genes involved in transcriptional regulation (TBX5, NFAT5, HOXA1,
KLF13 and others). Gene ontology analysis and subsequent clustering by DAVID confirmed
transcription to be the most relevant biological term in the set of target gene predictions.

Previous studies suggest a role for miR-10b in metastasis (Chai et al., 2010; Ma et
al., 2007; Ma et al, 2010; Tian et al., 2010). Therefore, the impact of miR-10b
overexpression on cell motility and proliferation was studied in LNCaP and DU-145 cells.

Overexpression of miR-10b in DU-145 prostate cancer cells increased cell migration
in the wound-healing assay in comparison to the control cells (p<0.05; Two-way ANOVA;
Figure 19A). Cotransfection with anti-miR-10b abolished the activating effect of miR-10b,
while transfection of the antisense strand alone had no effect on cell migration. However,
ectopic overexpression of miR-10b did not effect cell proliferation in serum-starved LNCaP
cells over 3 days (Figure 19B). The results suggest that miR-10b mainly participates in tumor
progression and metastasis, in accordance with the overexpression observed in prostate
cancer patients with aggressive early relapsing tumors. Re-analyzing the target gene list
revealed several putative target genes that may mediate miR-10b-dependent cell motility
(TBX5, EPHA4, NFACS, ACTG1, NRP2, HOXA1, ELAL3).
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Figure 19: miR-10b induces cell motility in DU-145 prostate cancer cells

Cells were transfected with 10 nM pre-miR-10b, anti-miR-10b, pre-miR-NC #1 or a combination of pre-
miR-10b and anti-miR-10b. A) DU-145 cells were transfected and grown to 100% density. The
monolayer was scratched with a pipette tip and remigration to the wound was analyzed for 15 hrs by
live cell imaging. Pictures were captured every 10 min. The percentage of open area was determined
every 5 hrs using TScratch software. B) The effect on cell proliferation of LNCaP cells was measured
by MTT assay over 3 days. Data are presented as the mean values from 3 independent assays (+SD).
*p < 0.05, Two-way ANOVA.

3.2.3 Androgen-dependent regulation of miRNA expression
Androgen-dependence is one of the major characteristics of prostate cancer cell

growth. Androgen depletion is the prevalent therapy option for recurrent prostate cancers.
Yet, patients inevitably develop CRPC, which is not curable so far. Due to the major
importance of androgens in prostate cancer, the expression of 17 prostate cancer-associated
miRNAs was analyzed in the androgen-dependent LNCaP cell line after treatment with the
synthetic androgen R1881. Prostate cancer cells were synchronized in RPMI w/o phenolred
and 0.25% charcoal-FCS and were subsequently treated with 0.1 or 10 nM R1881 for 72 hrs.

Expression of the majority of miRNAs was not regulated by R1881. Only 4 miRNAs
(miR-10b, miR-149, miR-221 and miR-222) were significantly downregulated by androgen
treatment (Figure 20). miR-221 expression was most prominently dysregulated, having a
1.49-fold and 3-fold downregulation after treatment with 0.1 nM and 10 nM R1881,

respectively. These results suggest a role of this miRNA in prostate cell proliferation.
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Figure 20: Androgen-dependent expression of miRNAs in LNCaP cells

LNCaP cells were synchronized in RPMI media w/o phenolred and 0.25% charcoal FCS) for 5 days.
Cultures were then treated with 0.1 nM or 10 nM R1881 for 3 days in RPMI w/o phenolred and 10%
charcoal-FCS. miRNA expression was measured by RT-qPCR. Expression was normalized to
efficiency, interplate controls and miR-130b. Data are represented as the mean (+SD) of 3
independent assays. *p < 0.05, **p < 0.01, ***p < 0.001, One-Way ANOVA.

3.2.4 miR-96: an oncogenic miRNA in prostate cancer
miR-96 expression was upregulated in prostate cancer tissue in comparison to

normal adjacent tissue, and high expression of this miRNA is associated with biochemical
relapse (see 3.1). The upregulation of miR-96 in prostate cancer tissue raises the question
as to whether this miRNA may have oncogenic properties in prostate cancer. To address the
functional relevance of miR-96, the LNCaP prostate cancer cell line was transfected with
synthetic miRNA precursors or antisense inhibitor oligonucleotides to either transiently
amplify or inhibit miR-96 expression. This cell line was chosen because of its low

endogenous miR-96 expression and low aggressiveness (Figure 21).
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Figure 21: Expression of miR-96 in prostate cancer cell lines

miR-96 expression was measured by TagMan RT-qPCR. Data are shown as mean arbitrary
expression units (£SD).

3.3.4.1 Regulation of apoptosis by miR-96
Cancer cells are characterized by self-sufficiency in growth signalling and resistance

to anti-growth signals (Hanahan and Weinberg, 2011). Therefore, the influence of miR-96 on
prostate cancer cell growth was studied by the metabolic conversion of XTT as indicator of
an increased growth rate.

Serum starved LNCaP cells, which were transfected with 10 nM synthetic pre-miR-96
showed enhanced proliferative activity in comparison to non-transfected cell lines or cells
transfected with a scrambled control (Figure 22). The growth promoting effect could be
partially inhibited by cotransfecting the cells with the pre-miR-96 and the antisense inhibitor.

Transfection with only the antisense inhibitor did not affect cell growth.
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Figure 22: Metabolic conversion of XTT in miR-96 overexpressing LNCaP cells

LNCaP cells were transfected with 10 nM pre-miR-96, anti-miR-96, pre-miR-NC #1 or a combination
of pre-miR-96 and anti-miR-96. The effect on cell proliferation during serum starvation was measured
by the XTT assay over 3 days. The data are shown as the mean (+SD) of 3 independent assays. *p <
0.05, Two-way ANOVA.

To analyze whether the elevated metabolic activity of LNCaP cells was due to faster
cell cycle transition upon transfection with pre-miR-96, we analyzed the DNA content of
LNCaP cells by flow cytometry.

Cell cycle analysis showed that the majority of LNCaP cells were in the G1 phase
upon serum starvation (71.00% to 76.65% of total) and only a small fraction of cells were
synthesizing DNA (4.79% to 5.32%) or were in G2/M phase (18.56% to 23.69%, Figure 23).
However, the cell cycle transition in cells transfected with pre-miR-96 was not significantly
different than in non-transfected cells. These results indicate that the enhanced metabolic
activity of the LNCaP cells was not due to an increase of mitotic cells after transfection with

pre-miR-96.
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Figure 23: Cell cycle analysis of LNCaP cells transfected with miR-96

LNCaP cells were transfected with 10 nM pre-miR-96, anti-miR-96, pre-miR-NC #1 or a combination
of pre-miR-96 and anti-miR-96. 24 hrs after transfection, cells were serum starved for an additonal 24
hrs. Cells were fixed in 70% ethanol and stained in Pl-staining solution. DNA content was measured
by flow cytometry. Data are shown as the mean (+SD) of 3 independent assays.

Because the enhanced metabolic activity could not be explained by a faster cell cycle
transition, the effect of miR-96 expression on apoptosis was measured. Apoptosis was
induced by treatment with 10 yM CPT subsequent to transfection with the synthetic
oligonucleotides. CPT induces DNA damage, resulting in activation of intrinsic apoptotic
pathways (Glynn et al., 1992). Cells were stained with Annexin-V FITC and PI. Annexin-V
FITC binds to phosphatidylserine residues that are transported to the cell surface during
early apoptosis. Pl is a marker for membrane integrity, as it cannot cross the membrane of
intact cells to bind DNA.

Flow cytometric analysis of Annexin-V FITC/PI stained cells showed, that 10 yM CPT
successfully induced apoptosis in LNCaP cells, with 13.17% early apoptotic cells and 5.55%
late apoptotic cells in the control culture (Figure 24). Transient transfection with pre-miR-96
reduced the fraction of early apoptotic cells by 46% and the fraction of late apoptotic cells by
15%. To determine whether inhibition of apoptosis was miR-96-specific, 2 miRNAs were
included as control. miR-21 is a known oncogene in prostate cancer and has been shown to
inhibit apoptosis in prostate cancer cells (Li et al., 2009b; Shi et al., 2010a; Yang et al.,
2010). LNCaP cells transiently expressing pre-miR-21 showed a similar apoptotic phenotype
to the pre-miR-96 transfected cells. As a negative control, we used miR-16, for which no anti-
apoptotic function has been described in prostate cancer. Transfection with pre-miR-16 did

not affect the fraction of apoptotic cells.
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Figure 24: Analysis of apoptosis in miR-96 overexpressing cells LNCaP cells by Annexin-V
FITC staining

LNCaP cells were transfected with 10 nM pre-miR-96, anti-miR-96, pre-miR-NC #1 or a combination
of pre-miR-96 and anti-miR-96. 24 hrs after transfection cells were treated with 10 uM CPT for 24 hrs.
Cells were stained with Annexin V-FITC and PI. A) Example of density blot, B) Early and late apoptotic
cells, C) Vital cells, and D) Necrotic cells. Fluorescence intensity was measured by flow cytometry.
The data are shown as the mean (+SD) of 3 independent assays. *p < 0.05, Two-way ANOVA with
Bonferroni posttest.

These experiments established a role for miR-96 in apoptotic signalling in prostate
cancer. To determine whether miR-96 may yet induce other carcinogenic pathways in
prostate cancer, a wound-healing assay was performed in DU-145 cells. LNCaP cells could
not be used for this assay due to their very low migrative properties.

DU-145 cells have a migrative phenotype and were able to remigrate up to 60% of
the initial wound in 20 hrs (Figure 25). Transfection with pre-miR-96 did not affect in DU-145

cells had no effect on cell migration in comparison to transfection with a scrambled control.
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Likewise, transfection with the antisense inhibitor did not alter the migrative phenotype in

these cells.
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Figure 25: Migration of miR-96 overexpressing DU-145 cells

Du-145 cells were transfected with 10 nM pre-miR-96, anti-miR-96, pre-miR-NC #1 or a combination
of pre-miR-96 and anti-miR-96 and grown to 100% density. The monolayer was scratched with a
pipette tip, and remigration to the wound was analyzed for 20 hrs by live cell imaging. Images were
captured every 10 min. Percentage of open area was determined every 5 hours using TScratch
software.

3.2.4.2 miR-96 as an effector of apoptosis-related genes

Identification of predicted target genes that regulate apoptosis
Studies of miR-96 function in prostate cancer cells have established an exclusive role

of this miRNA in apoptosis. However, the genes targeted by miR-96 that mediate the anti-
apoptotic function of this miRNA are unknown. In silico target-prediction was performed for
miR-96, as described in 3.3.1. The set of predicted targets was analyzed with regard to their
GO terms in order to identify apoptosis-related genes.

Twenty-one of the two hundred and nine predicted miR-96 targets had an apoptosis-
related GO term (Table 31). Having identified 21 putative apoptosis-related miR-96 target
genes, we performed literature search to determine the role of this genes in prostate cancer.
We further analyzed the number of miR-96 binding sites in the 3° UTR of target genes and
determined evolutionary conservation of the binding sites across species: these are 2
important criteria to determine miRNA-mediated gene regulation. FOXO1 was identified as
an interesting target for miR-96-mediated regulation. FOXO1 is a transcription factor that

regulates the expression of apoptosis-promoting genes, such as BCL2L11 (Stahl et al.,
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2002), BAX (Kim et al., 2005) and TRAIL (Modur et al., 2002). FOXO1 activity is regulated by
PI3K/AKT signalling. Upon activation by a growth signal, AKT phosphorylates FOXO1,
resulting in relocation of this transcription factor to the cytoplasm (Rena et al., 1999). In
prostate cancer, FOXO1 has also been shown to interact with the androgen-receptor and to
inhibit its function in a ligand-dependent and-independent fashion (Fan et al., 2007; Liu et al.,
2008b). In addition, the androgen-receptor can inhibit the function of FOXO1 (Li et al., 2003).
In retinoblastoma cells, FOXO1 expression and transcriptional activity have been linked to
CPT-mediated apoptosis (Han and Wei, 2011).

Table 31: Predicted miR-96 target genes with a known function in apoptosis

Accession No. Gene Symbol Count GO Term

NM_004985 KRAS 6 Negative regulation of neuron apoptosis

NM_005400 PRKCE 6 Induction of apoptosis

NM_002015 FOXO1 6 Anti-apoptosis

NM 002959 SORT1 6 Inducti(_)n of apoptosig by extracellular signals, negative
- regulation of apoptosis

NM_000945 PPP3R1 6 Activation of pro-apoptotic gene products

NM_002222 ITPR1 6 Cell death

NM_020796 SEMAGA 5 Apoptosis

NM_033285 TP53INP1 5 Induction of apoptosis

NM_052876 BTBD14B 5 Induction of apoptosis

NM_080872 UNC5D 5 Apoptosis

NM 144704 AIFM3 5 Activa_tion of caspase activity by cytochrome C, apoptosis,
- induction of apoptosis

NM 145735 ARHGEF7 5 quptosis, indu_ction of apoptqsis by extracellular signals,
- positive regulation of apoptosis

NM_000248 MITF 5 Negative regulation of apoptosis

NM_002576 PAK1 5 Apoptosis

NM_002752 MAPK9 5 Induction of apoptosis in response to chemical stimulus

NM_004379 CREB1 5 Regulation of apoptosis

NM_005802 TOPORS 5 Apoptosis

NM_006908 RAC1 5 Induction of apoptosis by extracellular signals

NM_014762 DHCR24 5 :Qttii\;ia;);/)optosis, apoptosis, negative regulation of caspase

NM_015313 ARHGEF12 5 Apoptosis, induction of apoptosis by extracellular signals

NM_173475 DCUN1D3 5 Positive regulation of apoptosis

Inhibition of FOXO1 expression by miR-96
The link of FOXO1 to prostate cancer makes this gene an interesting target for miR-

96 regulation. To identify putative binding sites in the 3° UTR, we used TargetScan5.1.
TargetScan5.1 uses a stringent algorithm, which is mainly based on complementarity of the
seed sequence, conservation of the seed sequence and conserved complementary sides at
the 3’ end (Lewis et al., 2005). The FOXO1 3’ UTR harbors two 8-mer miR-96 binding sites
at position 264-270 and position 2139-2145. While the first binding site is highly conserved,
the second miRNA binding site is not. To experimentally verify that miR-96 is able to bind to
the predicted binding site, we constructed a luciferase reporter plasmid. A 200 bp sequence

flanking the predicted miR-96 binding site 1 and a 300 bp sequence flanking the miR-96
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binding site 2 were cloned into the pMiR Report vector downstream of the firefly luciferase
gene. LNCaP cells were transfected with those reporter genes plus synthetic
oligonucleotides for miR-96.

Cotransfection of the pMiR report construct containing miR-96 binding site 1 with pre-
miR-96 led to a 40% reduction in luciferase activity as compared to the control transfected
cells, while cotransfection of the plasmid with either the antisense inhibitor or a scrambled
control did not result in a significant change in luciferase activity (Figure 26). Although the
second predicted miR-96 binding site in the FOXO1 3’ UTR is only partially conserved,
cotransfection of the luciferase report vector and pre-miR-96 also reduced luciferase activity
by 42%, while the scrambled control and the antisense inhibitor did not affect luciferase
activity. In both cases, cotransfection of pre-miR-96 and the antisense inhibitor only slightly

relieved the inhibition of luciferase activity.
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Figure 26: miR-96 binds to the predicted miR-96 binding sites in the FOXO 3’ UTR

LNCaP cells were transfected with 10 nM pre-miR-96, anti-miR-96, pre-miR-NC #1 or a combination
of pre-miR-96 and anti-miR-96 as well as 500 ng 3-galactosidase reporter control plasmid and 500 ng
pMiR reporter plasmid containing FOXO1 3’ UTR binding site 1 or 2. Protein was extracted after 48
hrs. Luciferase activity was normalized to 3-Galactosidase activity. * p < 0.05, **p < 0.01, One-way
ANOVA.

Inhibition of luciferase activity by miR-96 is a proof for a mechanistical binding of the
miR-96 to the predicted sites with the FOX0O1 3’ UTR sequences. To further explore, whether
this binding results in a significant downregulation of FOXO1 in prostate cancer, LNCaP and
BPH-1 cell lines were transfected with pre-miR-96, anti-miR-96 or scrambled control and

FOXO1 mRNA or protein expression was analyzed.
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Transient transfection of LNCaP cells with pre-miR-96 resulted in a 440% higher
expression of the mature miR-96 transcript after 24 hrs (Figure 27A). Concordantly, the cells
ectopically overexpressing miR-96 had a 2-fold reduction of FOXO1 mRNA expression in
comparison to the control cells (Figure 27B). Overexpression of either the antisense inhibitor
or the scrambled control did not affect on FOXO1 mRNA expression. Cotransfection of the
miR-96 precursor and the inhibitor did not diminish mature miR-96 expression and did not
affect miR-96-mediated FOXO1 inhibition. In addition, a 1.4-fold reduction of FOXO1 protein
expression in BPH-1 cells upon transfection with the miR-96 precursor was observed (Figure
27C).
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Figure 27: Overexpression of miR-96 significantly reduces FOXO1 transcript and protein

LNCaP cells were transfected with 10 nM pre-miR-96, anti-miR-96, pre-miR-NC #1 or combination of
pre-miR-96 and anti-miR-96. RNA was harvested 72 hrs after transfection. A) miR-96 and B) FOXO1
expression was measured by RT-qPCR. Data are shown as mean (+SD) of 3 independent assays.
Protein was extracted 72 hrs after transfection. C) FOXO1 protein expression was visualized by
western blotting and relative protein quantity was determined by densitometry. ** p < 0.01, *** p <
0.001, One-way ANOVA.
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FOXO1 is a member of the PI3K/AKT signalling pathway and is phosphorylated by
growth factor-induced AKT activation. To determine if miR-96 expression may also target
AKT signalling further upstream, we measured the expression of activated and total AKT
kinase in miR-96 overexpressing cells.

When miR-96 was ectopically overexpressed in BPH-1 cells, total AKT expression
and pAkt expression was not different in comparison to control cells (Figure 28A+B). Only

transfection with the scrambled control seemed to non-specifically upregulate pAKT levels.
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Figure 28: AKT expression in miR-96 overexpressing cells

BPH-1 cells were transfected with 10 nM pre-miR-96, anti-miR-96, pre-miR-NC #1 or a combination of
pre-miR-96 and anti-miR-96. Protein was harvested 72 hrs after transfection. A) AKT or B) pAKT
protein expression was determined by western blotting and the relative protein quantity was
determined by densitometry.

Inhibition of ITPR by miR-96
ITPR1 is another potential miR-96 target gene. ITPR1 is a receptor for inositol 1,4,5-

triphosphate (IP3) and is located on the endoplasmatic reticulum. Upon an extrinsic apoptotic
signal, IP3 binds to its receptor and triggers a release of calcium into the cytoplasm. The
massive increase in calcium concentration mediates release of cytochrome c¢ from
mitochondria (Mendes et al., 2005; Szalai et al., 1999). Cytochrome c, in turn, blocks the
negative feedback of calcium on the receptor, resulting in sustained calcium release and
subsequent activation of downstream apoptotic signalling (Boehning et al., 2003). ITPR1 is
also phosphorylated and inactivated by AKT (Khan et al., 2006).

The ITPR1 3’ UTR contains 2 predicted miR-96 binding sites at positions 209-215 (8-

mer) and 481-487 (7mer-1A). Only the first binding site shows a high level of conservation.
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Sequences of 200 to 300 bp containing the predicted binding sites were cloned into the pMiR
reporter vector. LNCaP cells were cotransfected with the luciferase reporters and the miR-96
precursor.

Cotransfection of miR-96 with the ITPR1 predicted that the binding site 1 luciferase
reporter did not alter activity of the luciferase activity compared to the control cells (Figure
29A). In addition, transfection with the antisense inhibitor and the scrambled control did not
alter luciferase activity. Although the second predicted binding site is only partially conserved
among species, cotransfection of the pre-miR-96 and the ITPR1 predicted binding site
reporter resulted in a moderate inhibition of luciferase activity by 19% (One-way ANOVA, p <
0.05; Figure 29B). However, the significance of this miR-96-dependent effect on only one of

the 2 predicted binding sites to ITPR1 expression in vivo is doubtful.
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Figure 29: Binding of miR-96 to predicted binding sites in the ITPR1 3’ UTR

LNCaP cells were transfected with 10 nM pre-miR-96, anti-miR-96, pre-miR-NC #1 or a combination
of pre-miR-96 and anti-miR-96 with 500 ng B-galactosidase control plasmid and 500 ng pMiR Report
plasmid for ITPR1 3’ UTR A) binding site 1 or B) binding site 2. Protein was extracted after 48 hrs.
Luciferase activity was normalized to 3-Galactosidase activity. * p < 0.05, One-way ANOVA.

LNCaP cells were transfected with the miR-96 precursor, the antisense inhibitor or
the scrambled control, and ITPR1 mRNA and protein expression was measured 72 hrs post
transfection.

Overexpression of miR-96 in prostate cancer cells did not show significantly altered

ITPR1 mRNA expression (Figure 30A). However, ITPR1 protein expression was 1.5-fold
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reduced (Figure 30B). In conclusion, ITPR1 seems to be only moderately influenced by miR-
96
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Figure 30: Effects of miR-96 overexpression in LNCaP cells on ITPR1 mRNA and protein levels

LNCaP cells were transfected with 10 nM pre-miR-96, anti-miR-96, pre-miR-NC #1 or a combination
of pre-miR-96 and anti-miR-96. A) RNA was harvested 72 hrs after transfection. ITPR1 expression
was measured by RT-gPCR and normalized to effiency and TUBA expression. B) ITPR1 protein
expression was visualized by western blotting and relative protein quantity was determined by
densitometry.

Correlation of FOX0O1 and miR-96 expressiom in prostate cancer tissue
The in vitro results suggest a role of miR-96 in anti-apoptotic signalling through

regulation of FOXO1 expression. To investigate whether the herein proposed regulation of
FOXO1 by miR-96 plays a significant role in vivo, FOXO1 mRNA and protein expression was
determined in 69 prostate cancer and normal adjacent tissues and was correlated with miR-
96 expression.

FOXO1 mRNA had a median downregulation of 1.2-fold in prostate cancer tissue in
comparison to normal adjacent tissue (Wilcoxon signed rank test; p < 0.001), with 71% of all
patients having lower expression in the tumor tissue (Figure 31A). The miR-96 T/N ratio with
the FOXO1 T/N ratio was not significantly correlated (rs=0.02; p=0.89; Figure 31B).
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Figure 31: FOXO1 mRNA expression in prostate cancer

A) miR-96 expression and FOXO1 mRNA expression were measured by RT-gPCR in 69 matched
prostate cancer and normal adjacent tissue. All data were normalized to efficiency and interplate
controls. FOXO1 expression was normalized to TUBA expression and miR-96 expression was
normalized to miR-130b expression. Data are represented by the median expression (+interquartile
range). FOXO1 expression is displayed on the left y-axis, miR-96 expression on the right y-axis. B)
Linear regression of the tumor to normal expression ratio of FOXO1 mRNA and miR-96. ***p < 0.001;
Wilcoxon signed rank test.

FOXO1 expression was not significantly correlation with the clinico-pathological data
(Table 32).

Table 32: Correlation of FOXO1 expression with clinico-pathological factors in prostate cancer

rs p-value
Gleason score 0.002 0.99
Pathological stage -0.14 0.27
Pre-operative PSA 0.17 0.17
Surgical margins 0.09 0.44
Age -0.01 0.94

To demonstrate the relationship of FOXO1 mRNA expression in tumor tissue to the
biochemical relapse, FOXO1 was dichotomized according to the median expression, and
Kaplan-Meier analysis was performed.

Low FOXO1 expression was associated with biochemical relapse in prostate cancer
(p = 0.04, log rank test; Figure 32). Yet, in a multivariate survival model containing the
variables miR-96, Gleason score and FOXO1, FOXO1 expression was not significantly

independent from the remaining variables (Table 33).
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Figure 32: Kaplan-Meier analysis of recurrence-free survival

Recurrence-free survival in relation to dichotomized FOXO1 expression in tumor tissue relative to
expression in normal adjacent tissue (thin line: low low fold change; thick line: high fold change). The
time of recurrence was defined as the first post-operative PSA value >0.1 ug/l PSA confirmed by at
least one subsequent rising value after the patients had reached an undetectable PSA level (detection
limit <0.04 ug/l) after surgery.

Table 33: Multivariate Cox regression

Covariate B HR 95% CI p-value
FOXO1 -1.38 0.25 0.05-1.21 0.08
miR-96 1.87 6.48 1.09-38.59 0.04
Gleason score 1.14 3.11 1.16-8.34 0.02

To measure FOXO1 protein expression, we constructed a tissue microarray (TMA)
containing tissue cores from 69 prostate cancer patients. Each core had a diameter of 1.5
mm. FOXO1 expression was determined with immunochemistry in the normal and tumor
ducts of each patient.

FOXO1 expression was strictly restricted to epithelial cells with a predominant
localization in the nucleus of normal tissue and a shift to cytoplasmatic localization in the
tumor cells (Figure 33B+C). FOXO1 was expressed in 60% of the normal prostate epithelial
cells, but only in 30% of the malignant cells, and expression was significantly reduced in
tumor tissue in comparison to normal adjacent tissue (McNemar test; p<0.01, Figure 33D). In
36 of the patients on the TMA, FOXO1 expression as well as miR-96 expression was

available. miR-96 expression was dichotomized according to the median. There was a
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significant inverse relation of miR-96 expression and FOXO1 protein expression (McNemar
test; p = 0.02, Figure 33E).
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Figure 33: FOXO1 protein expression in prostate cancer

A) Haematoxilin-eosin (H/E) staining was performed to identify tumor ducts B)-C) FOXO1 expression
was detected by immunohistochemistry on a tissue microarray containing tissue cores from 69
prostate cancer patients. Each core had a diameter of 1.5 mm. D) FOXO1 expression was defined as
present (1) or absent (2). E) FOXO1 expression in tumor tissue was correlated with miR-96
expression. miR-96 expression was dichotomized according to the median expression. Significant
associations were determined by the McNemar test of categorical data.

3.2.5 miR-133b is a negative regulator of prostate cancer carcinogenesis

3.2.5.1 Expression of miR-133b in prostate cancer
miR-133b initially was thought to be exclusively expressed in skeletal muscle;

however, recent studies suggest broader expression in various tissues. miR-133b is
downregulated in various cancer types, including head and neck, oral, bladder, non-small cell
lung and esophageal cancer (Bandres et al., 2006; Guo et al., 2009; Hu et al., 2010a; Ichimi
et al., 2009; Navon et al., 2009; Tran et al., 2007; Wong et al., 2008a; Wong et al., 2008b).
Functional studies of lung cancer and esophageal squamous cell carcinoma suggest that
integrity through BCL2L2 and FSCN1

(Crawford et al., 2009; Kano et al., 2010). Investigation of miR-133b expression in prostate

miR-133b regulates mitochondrial membrane
cancer was an interdisciplinary project. Our collaborators have recently identified miR-133b
to regulate DR-mediated apoptosis in HelLa cells and have validated several apoptosis-
related genes to be regulated by miRNAs (Patron Arcila, 2010). The apoptosis-related
function of miR-133b as well as the downregulation of miR-133b expression in bladder
cancer led us to study this miRNA in prostate cancer carcinogenesis. Re-analysis of the

miRNA microarray data of the prostate cancer specimen (4.1) identified a previously
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unnoticed downregulation of miR-133b in the 24 matched prostate cancer samples (FCH: -
2.6). The downregulation was not detected by our previous analysis because the miRNA
expression data did not pass t-test on intensity profile level. We validated the downregulation
in a set of 69 prostate cancer and matched normal adjacent tissues (for clinico-pathological
and tumor characteristics refer to table 19).

The mean expression of miR-133b was reduced 1.70-fold in prostate cancer tissue in
comparison to normal adjacent tissue (Wilcoxon signed rank test; p < 0.01). 75% of the
patients had a lower expression in the tumor tissue. Expression of miR-133b was not
significantly correlated with the Gleason score (rs=-0.20; p = 0.10) and pathological stage
(rs=-0.16;p=0.18).

To analyze the discriminative power of the miRNA in prostate cancer, ROC analysis
and univariate logistic regression was performed. miR-133b expression was a good
discriminator of tumor and normal adjacent tissue with an AUC of 0.73 (p < 0.001) and an
overall correct classification of 68% (HR=0.94: 95% CI = 0.91-0.98; p < 0.01).
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Figure 34: Expression of miR-133b in prostate cancer and normal adjacent tissue

A) miR-133b expression was measured by RT-qPCR in 69 matched prostate cancer and normal
adjacent tissues. All data were normalized to efficiency, interplate control and miR-130b expression.
Data are represented as a scatter dot plot. Lines indicate mean expression. ***p < 0.001, Wilcoxon
signed rank test. B) ROC analysis of miR-133b. Dotted line indicates an AUC of 0.5.

To predict whether the downregulation of miR-133b predicts biochemical relapse in
prostate cancer, miR-133b T/N expression ratio was dichotomized by the median expression

and forwarded to Kaplan-Meier analysis.
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Patients with a low T/N expression ratio had a significantly higher risk of biochemical

relapse (log rank test; p < 0.05; Figure 35).
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Figure 35: Kaplan-Meier analysis of recurrence-free survival

Recurrence free survival in relation to the miR-133b T/N expression ratio. The time of recurrence was
defined as the first post-operative PSA value >0.1 ug/l PSA confirmed by at least one subsequent
increase after the patients had reached an undetectable PSA level (detection limit <0.04 ug/l) after
surgery.

3.2.5.2 Functional relevance of miR-133b in prostate cancer
Our collaborators have determined that miR-133b regulates DR-mediated apoptosis

in HelLa cells. To investigate whether miR-133b also induces phenotypical changes in
prostate cancer cell lines, we determined the metabolic activity of PC3 prostate cancer cells
under serum starvation after transient transfection with the miR-133b precursor and
inhibitors.

miR-133b significantly reduced metabolic activity in serum-starved PC3 cells over 3
days in comparison to non-transfected control, while the antisense inhibitor did not affect

PC3 cell proliferation (Figure 36).
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Figure 36: Metabolic conversion of XTT in miR-133b overexpressing PC3 cells

PC3 cells were transfected with 10 nM pre-miR-133b, anti-miR-133b, pre-miR-NC #1 or a combination
of pre-miR-133b and anti-miR-133b. The effect on cell proliferation under serum starvation was
measured by XTT assay over 3 days. All data are shown as mean (+SD) of 3 independent assays. *p
< 0.05, Two-way ANOVA.

3.2.5.3 Regulation of gene expression by miR-133b
The in vitro results suggest that miR-133b can induce phenotypical changes in

prostate cancer and can regulate tumorigenesis in the prostate. Our collaborators have
previously identified FAIM and GSTP1 as direct targets of miR-133b in HelLa cells (Patron
Arcila, 2010). To investigate whether these genes may also be regulated in prostate cancer,
we analyzed mRNA and protein expression in miR-133b overexpressing PC3 cells.

Ectopic overexpression of pre-miR-133b resulted in a strong reduction of FAIM and
GSTP1 mRNA in comparison to the scrambled control (Figure 37). The protein expression of
both targets was also significantly reduced in comparison to cells transfected with the
scrambled control. The inhibitory effects of miR-133b were abolished by cotransfection with

the antisense inhibitor.
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Figure 37: The effect of miR-133b overexpression on GSTP1 and Faims in PC3 prostate cancer
cells

PC3 cells were transfected with 10 nM pre-miR-133b, pre-miR-NC #1, anti-miR-NC#1 or anti-miR-
133b. RNA and protein were harvested 24 hrs after transfection. A) FAIM mRNA expression was
measured by RT-gPCR. Expression was normalized to GAPDH expression. FAIM protein expression
was detected by westernblotting and quantified by densitometry relative to B-Actin expression. B)
GSTP1 mRNA expression was measured b RT-gPCR. Expression was normalized to GAPDH.
GSTP1 protein expression was detected by westernblotting and quantified by densitometry relative to
B-Actin expression.

GSTP1 and FAIM are directly targeted in prostate cancer, yet miR-133b may target a
different set of genes in prostate cancer as miRNA-mediated regulation has been shown to
be tissue specific. Therefore, global changes in gene expression in miR-133b overexpressing
PC3 cells were monitored using a whole genome array in order to identify all prostate
cancer-related target genes. PC3 miRNA microarrays were performed in the lab of our
collaborators. In total, 754 genes displayed reduced expression in miR-133b overexpressing
PC3 cells, highlighting the variety of changes that can be induced by one miRNA either by
direct binding or secondary off-target effects. Although a plethora of mMRNA was regulated by
miR-133b, the fold changes were moderate with the greatest downregulation being
approximately 4-fold and a median fold change of 1.92 across all significantly reduced
genes. Two hundred and two of the seven hundred fifty-four genes were predicted targets of

miR-133b. Therefore a direct interaction may be assumed. GSTP1 and FAIM were both
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downregulated. To investigate whether the downregulated genes are participating in specific
carcinogenic pathways, we performed Gene ontology analysis and clustering of GO terms by
DAVID (http://david.abcc.ncifcrf.gov/home.jsp) and pathway analysis by reactome skypainter
(http://lwww.reactome.org/cgi-bin/skypainter2). The clusters most highly enriched in the
DAVID analysis suggested a role of miR-133b target genes in cytoskeletal organization, cell
motility and cell cycle. Reactome skypainter identified, VEGF signalling as well as mitosis to
be most overrepresented biological pathways in our set of genes.

The in silico analysis suggested that VEGF signalling is the central pathway regulated
by miR-133b. The microarray data demonstrated downregulation of VEGFC in miR-133b
overexpressing cells (FCH: -2.41), and it was predicted as a direct target for miR-133b by 3
independent algorithms. VEGF protein expression was 2.2-fold reduced in prostate cancer

cells overexpressing miR-133b in comparison to control cells (Figure 38).
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Figure 38: VEGFC expression is reduced in miR-133b overexpressing PC3 prostate cancer
cella

PC3 cells were transfected with 10 nM pre-miR-133b, anti-miR-133b, pre-miR-NC #1 or a combination
of pre-miR-133b and anti-miR-133b. Protein was harvested 72 hrs after transfection. VEGFC protein
expression was determined by western blotting and the relative protein quantity was determined by
densitometry relative to B-Actin expression.

Analysis of the microarray results identified other members of the VEGFC signalling
pathway in the list of miR-133b-regulated genes. Of these genes, CAV1 was strongly
reduced and was therefore more closely investigated. A regulatory positive feedback loop
between VEGF and CAV1 has been shown in prostate cancer (Li et al., 2009a; Tahir et al.,
2009). To confirm the downregulation of CAV1 by miR-133b, mRNA and protein expression

was measured in pre-miR-133b-transfected PC3 cells.
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CAV1 mRNA expression was 2.02-fold reduced in PC3 cells transfected with pre-
miR-133b (Figure 39A). Concordantly, CAV1 protein was 2.48-fold downregulated in the
miR-133b overexpressing cells (Figure 39B). These results indicate that miR-133b may be a

direct target of miR-133b regulated inhibition.
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Figure 39: CAV1 expression is downregulated in miR-133b overexpressing PC3 cells

PC3 cells were transfected with 10 nM pre-miR-133b, pre-miR-NC #1, anti-miR-NC#1 or anti-miR-
133b. RNA and protein were harvested 24 hrs after transfection. A) CAV1 mRNA expression was
measured b RT-gPCR. Expression was normalized to GAPDH expression. B) CAV1 protein
expression was detected by westernblotting and quantified by densitometry relative to B-Actin
expression.

In silico target analysis predicted CAV1 as a miR-133b target (predicted by
TargetScan, miRanda and PITA). TargetScan identified 2 poorly conserved binding sites at
positions 735-741 (7mer-m8) and 888-894 (7mer-1A) in the CAV1 3’ UTR. Additionally, Pita
identified another binding site at position 54 in the 3’ UTR. Luciferase reporter genes were
constructed containing each of the 3 predicted binding sites and the complete CAV1 3’ UTR.

Although CAV1 expression was markedly downregulated in prostate cancer cells
upon miR-96 transfection, the luciferase reporter gene assays were not able to establish a
direct interaction of the miRNA with the predicted binding sites in the CAV1 3’ UTR (Figure
40). These results suggest that the regulation of CAV1 by miR-133b is indirect and is not
directly mediated by binding of the miRNA to the CAV1 3’ UTR
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Figure 40: Binding of miR-133b to predicted binding sites in the CAV1 3’ UTR

PC3 cells were transfected with 10 nM pre-miR-133b, anti-miR-133b, pre-miR-NC #1 or a combination
of pre-miR-133b and anti-miR-133b with 500 ng B-galactosidase control plasmid and 500 ng pMiR
Report plasmid containing CAV1 3' UTR A) binding site 1, B) binding site 2, C) binding site 3, and D)
complete 3' UTR. Protein was extracted after 48 hrs. Luciferase activity was normalized to 8-
galactosidase activity. Data are shown as the mean (+SD) of 3 independent assays.
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3.2.5.4 Correlation of the expression of miR-133b and target genes in prostate
cancer tissue

The results described above have shown that miR-133b regulates a plethora of genes
upon overexpression in PC3 cells. Yet, the question remains, whether these interactions
have biological significance in human prostate carcinogenesis. Therefore GSTP1 and FAIM
MRNA expression was measured in 69 prostate cancer and normal adjacent tissues and was
correlated with miR-133b expression. In addition, we measured the expression of FASN.
FASN was strongly downregulated in the microarray of miR-133b overexpressing HelLa cells
(Patron Arcila, 2010). However, no binding sites for miR-133b were identified, suggesting
that FASN is indirectly mediated by miR-133b. Studies in prostate cancer suggest that the
downregulation of FASN by miR-133b may be regulated via CAV1 (Di Vizio et al., 2007; Di
Vizio et al., 2008).

Although the in vitro results also suggested an upregulation of the 3 genes in prostate
cancer tissue, where miR-133 expression is markedly reduced, these genes showed variable
expression patterns in prostate cancer (Figure 41). Expression of GSTP1 was significantly
downregulated in prostate cancer tissue in comparison to normal adjacent tissue (Wilcoxon
signed rank test; p < 0.001). In contrast, FASN expression was strongly increased in the
prostate cancer tissues in comparison to the matched normal tissue (Wilcoxon signed rank
test; p < 0.001). Although FAIM appeared to be slightly higher expressed in prostate cancer

in comparison to normal adjacent tissue, this was not statistically significant.
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Figure 41: Expression of putative miR-133b regulated genes in prostate cancer specimen

Expression of A) FASN, B) GSTP1, and C) FAIM was measured by RT-qPCR in matched prostate
cancer and normal adjacent tissue. Gene expression was measured in 20 samples. Expression was
normalized to interplate controls, efficiency and TUBA expression. Lines represent median expression.
***p < 0.001, Wilcoxon signed rank test.
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To assess whether miR-133b regulates these genes, which have been established as
targets, in vivo, miR-133b and mRNA expression levels were correlated with each other.

Although FAIM expression was not significantly upregulated in prostate cancer tissue,
its expression was inversely correlated with miR-133b. FASN expression was also inversely
correlated with miR-133b expression. GSTP1 expression was not significantly correlated with
miR-133b expression in prostate cancer cells. CAV1 expression was studied previously in
our lab (Steiner et al., unpublished data). Interestingly, although CAV1 expression was not
overexpressed in the prostate cancer tissue, thereby not suggesting a regulation by miR-

133b in vivo, miR-133b and CAV1 showed a strong unexpected positive correlation.

Table 34: Correlation of mMRNA expression with miR-133b expression in prostate cancer

Gen Symbol Rs p-value
FAIM -0.38 0.05
CAV1 0.80 <0.001
FASN -0.37 0.002
GSTP1 0.35 0.14

Taken together, the in vitro and in vivo results suggest an important regulatory
function of miR-133b in prostate cancer. However, discrepancies between the in vitro and in
vivo results demonstrate the importance of validating the biological significance of in vitro

data.
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4. Discussion
miRNAs were discovered approximately 10 years ago and since have received a

great deal of attention as novel, highly versatile regulators of physiological and pathological
cellular processes .In cancer, miRNAs control major breakpoints in carcinogenesis.
Therefore, in recent years, miRNAs have been moved to the center of attention in cancer
research. miRNA may be useful in a broad range of clinical applications, such as cancer
diagnosis and prognosis as well as cancer therapy. This thesis focussed on the
dysregulation of miRNAs in prostate cancer. miRNA profiling is a relatively new techniques
and some experimental pitfalls still exist. To render the analysis more robust, suitable
reference genes were identified prior to the profiling experiment. Using microarray analysis
and RT-gPCR analysis, a set of miRNAs was identified to be regulated in prostate cancer
tissue in comparison to normal adjacent tissue. These miRNAs were statistically analyzed in
order to identify novel diagnostic markers. Furthermore, the profiling study provided a solid
basis for subsequent functional characterization. Functional studies mainly focused on miR-
96 and miR-133b, which were identified as important regulators of carcinogenesis in prostate

cancer.

4.1 miRNA profiling

4.1.1 Identification of suitable reference genes
Expression profiling with RT-qPCR has become the method of choice for the

identification of miRNA dysregulation in physiological and pathological processes. Yet, the
reliability of these results is highly dependent on utilization of suitable reference genes, as it
has been shown that the use of improper reference genes can significantly bias results
(Dheda et al., 2005; Ohl et al., 2005). When this thesis was started, no reference genes were
experimentally proven to be suitable for normalization of miRNA expression in prostate
cancer. Therefore, in order to avoid erroneous expression results due to an incorrect
normalization approach, the suitability of 4 candidate reference genes was studied. In the
majority of miRNA profiling studies in prostate cancer, small RNAs have been used for
normalization. These were regarded to be suitable, due to their comparable length. Studies
have also used longer mRNAs, such as GAPDH, TBP and RPP30, as reference genes
(Gandellini et al., 2009; Place et al., 2008; Porkka et al., 2007; Rokhlin et al., 2008).
However, whether these RNAs can be used as reference genes for miRNA profiling studies
is doubtful, as mRNAs have different extraction efficiencies, are degraded more easily and
have to be reverse transcribed by other techniques, thereby increasing technical errors
(Peltier and Latham, 2008). GAPDH is also a non-suitable reference gene in prostate cancer
mRNA profiling (Ohl et al., 2005) and even is even differentially regulated in advanced

prostate cancer (Rondinelli et al., 1997).
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The expression stability of Z30, miR-16, RNU6B and miR-130b was studied. Z30 was
excluded, as it was dysregulated in pooled tissue samples. The remaining 3 genes were
measured in 76 matched prostate cancer and normal adjacent tissues.

miR-16 expression was significantly downregulated in tumor tissues in comparison to
the matched controls and was therefore excluded from subsequent statistics. Although miR-
16 has been used as a reference gene in previous studies (Josson et al., 2008; Mattie et al.,
2006) and expression was reported to be stable between LNCaP and PC3 cells, our
observation that miR-16 is regulated in prostate cancer is supported by other studies (Bonci
et al., 2008; Hao et al., 2011; Porkka et al., 2007). If miR-16 were used as a reference gene,
reduced miRNA expression would be underestimated, while increased miRNA expression
would be overestimated Thus, from the data presented here, it has to be concluded that miR-
16 is an inappropriate reference gene.

The remaining genes miR-130b and RNUG6B were both not significantly dysregulated
in prostate cancer. Nevertheless, assuming an allowed fold-change of 1.2, RNUG6B
expression was not equivalent in tumor and normal tissue. RNUGB is the most commonly
used reference gene in prostate cancer studies. RNUGB is reported to be stably expressed in
prostate cancer cell lines and across treatment groups (Jiang et al., 2005; Josson et al.,
2008). Although both studies show that RNUGB is expressed in comparable levels, they do
not provide statistical proof of its stability. Furthermore, to date, there is no evidence that
RNUGB is indeed stably expressed in tissue. miR-130b, in contrast, was equivalently
expressed in prostate cancer tissue and normal adjacent tissue when assuming an allowed
fold change of 1.2. The variance of RNUGB expression was also significantly higher than that
of miR-130b, and RNU6B was the least stable gene tested by GeNorm and Normfinder,
whereas miR-130b was the most stable single gene. Therefore, we concluded that
normalization to miR-130b is more reliable than normalization to RNU6B, especially when
differences between cancer and normal adjacent tissue are small.

Previous studies regarding reference genes suggest that normalization to at least 2
reference genes is superior to normalization to one (Vandesompele et al., 2002). Therefore,
we calculated the geometric mean of RNU6B and miR-130b. The variance of the geometric
mean was also significantly lower than that of RNU6B, and it was identified by GeNorm and
Normfinder to be most stable.

GeNorm and Normfinder are the most commonly used algorithms to determine the
stability of genes for normalization. However, the results obtained by these 2 algorithms in
this study are limited. Both algorithms acquire input of at least 3 independent, non-regulated
genes, albeit 5 to 10 are recommended (Andersen et al., 2004). In this study, only 2 genes
were unregulated. The geometric mean was added to the study group, yet the geometric

mean was not independent of miR-130b and RNU6B and may therefore bias the results
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(Vandesompele et al., 2002). In spite of these limitations, the GeNorm and Normfinder
results support our hypothesis that miR-130b and the geometric mean are suitable reference
genes. The small number of investigated genes is clearly a limitation, but was due to
limitation available material. In contrast, the sample number was comparably high (N=76),
thereby providing strong statistical evidence that miR-130b is indeed stably expressed in
prostate cancer. A high arbitrary threshold was used in the first part of the study
(measurement in pooled tissue), which minimizes the risk of type | and type Il errors as far as
possible.

These results are only applicable to RT-qPCR expression profiling as the data are
solely based on measurements using this platform. Using miRNA microarray profiling
performed, an overexpression of miR-130b was observed, which could not be detected by
RT-gPCR. This discrepancy may be due to different detection platforms and technical as well
as experimental errors as well as the use of only a small subset of samples for the
microarray.

Although reference genes are the most common approach for normalization of RT-
gPCR data, other methods have been suggested that do not rely on previously defined
reference genes. Based on the assumption that a set of miRNAs is unregulated across all
study groups, these miRNAs, called invariants, are defined for each experiment separately
(Pradervand et al., 2009). Other normalization strategies, such as quantile normalization and
variance stabilizing normalization exist (Meyer et al., 2010), which were adapted from mRNA
profiling experiments (Bolstad et al., 2003). There is no consensus as to which method is
superior (Pradervand et al., 2009).

In conclusion, this work demonstrates that miR-130b and RNUG6B are suitable

reference genes for miRNA RT-qPCR analysis of fresh frozen prostate cancer tissue.

4.1.2 Identification of dysregulated miRNAs in prostate cancer
In this thesis, miRNA deregulation in prostate cancer was studied, and the

dysregulated miRNAs were analyzed to determine their diagnostic and prognostic potential.
Dysregulation of miRNA expression in human prostate cancer has been inadequately
described when this thesis was started. Conflicting results obtained from 4 forgoing studies
(Ambs et al., 2008; Ozen et al., 2008; Porkka et al., 2007; Volinia et al., 2006) clearly indicate
that reliable profiling in prostate cancer is mandatory. We therefore performed miRNA
microarray profiling of 470 human miRNAs in 24 matched prostate cancer and normal
adjacent tissues and validated the results in 76 matched tissue pairs by RT-qPCR.
Concordance between both platforms was generally good, except for one miRNA, miR-130b,
which appeared to be downregulated by microarray profiling, but was subsequently identified

to be highly stable expressed and to be a suitable reference gene for RT-qPCR data.
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To date, 6 other miRNA profiling studies in prostate cancer have been performed
using more than 10 samples per study beside this study (Ambs et al., 2008; Ozen et al.,
2008; Porkka et al., 2007; Spahn et al., 2010; Tong et al., 2009; Volinia et al., 2006).
Although a discrepancy in the identification of miRNAs differentially regulated exists in these
studies, a subset of commonly identified miRNAs was determined. The majority of these
miRNAs, were also shown to be dysregulated in this thesis. The expression of miR-145 was
shown to be downregulated in 6 studies (Ambs et al., 2008; Ozen et al., 2008; Porkka et al.,
2007; Szczyrba et al., 2010; Tong et al., 2009), miR-221 in 5 studies (Ambs et al., 2008;
Porkka et al., 2007; Spahn et al., 2010; Tong et al., 2009), miR-125b in 4 studies (Ozen et
al., 2008; Porkka et al., 2007; Spahn et al., 2010), miR-16 (Porkka et al., 2007; Spahn et al.,
2010) and miR-222 (Porkka et al., 2007; Tong et al., 2009) in 3 studies. The concordance of
identified upregulated miRNAs was less pronounced. We have identified the miR-96 cluster
as upregulated in prostate carcinoma. miR-182 was concordantly identified by Ambs et al.
(Ambs et al., 2008), and the upregulation of miR-375 was also identified by 2 other studies
(Szczyrba et al., 2010; Wach et al., 2011).

Despite the good concordance to other studies, some of the miRNAs that were
identified to be dysregulated in this thesis were inversely expressed in other studies (miR-16,
miR-31, miR-181b and miR-184) (Ambs et al., 2008; Volinia et al., 2006). However, there are
some important differences in study design, which might account for these discrepancies.
First of all, none of these miRNAs were validated with RT-qPCR and the results rely only on
high-throughput data. The study by Volinia et al. (Volinia et al., 2006) was conducted using a
microarray that partially detected miRNA precursors that may have biased the results.
Differences in study design were also found in the sample preparation. While matched
samples of tumor and normal tissue from the same prostate were used in this study, the 2
other studies used normal tissue from healthy donors as a control. Given the small changes
in miRNA expression in the prostate, the intraindividual variability may significantly bias the
results.

The expression of the members of 2 miRNA clusters, miR-96/miR-182/miR-183 and
miR-221/miR-222, was highly correlated with each other. The good correlation of both
clusters supports the validity of this study. Nevertheless, we failed to identify both members
of the miR-143/miR-145 cluster. miR-143 and miR-145 are located in close proximity on
chromosome 5. Whereas miR-145 was clearly downregulated, miR-143 was not studied by
RT-qPCR. However, reanalysis of the microarray data revealed a moderate downregulation
of miR-143. Because it did not pass the t-test on intensity level and ratio profile level, it was
excluded from further analysis.

The deregulation of the herein identified miRNAs has also been observed in other

cancer entities. For example, miR-145, miR-205, miR-221 and miR-222, were also found to
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be downregulated in triple-negative breast cancers (Radojicic et al., 2011). However, studies
of other cancers have not always supported the results presented in this thesis, particularly
for miR-375, which is downregulated in the sputum of lung cancer patients, gastric cancer
and head and neck squamous cell carcinomas (Ding et al., 2010; Hui et al., 2010;
Tsukamoto et al., 2010; Yu et al., 2010a). Although miR-375 is upregulated in breast cancer
by ESR1 in a positive feedback loop and its inhibition impairs proliferation (de Souza Rocha
Simonini et al., 2010), the same miRNA inhibits proliferation via JAK2 regulation in gastric
cancer (Ding et al., 2010). These observations point to the tissue-specific expression and
function of miRNAs in different tissues and cancer entities, making it necessary to investigate
the miRNA expression each cancer type. Reasons for these discrepancies might be found in
the highly complex regulatory networks that are controlled by miRNAs, as mentioned before.
Thus in each tissue, one miRNA may target a different set of genes, resulting in a tissue-
specific phenotype.

Our analysis demonstrates that miRNAs are useful diagnostic discriminators of
prostate cancer tissues. Even a single miRNA (miR-205) was able to correctly classify 72%
of all patients and the combination of miR-205 and miR-183 improved the overall correct
classification to 84%. These results are supported by the findings that miRNA profiling is
superior to mMRNA profiling in the identification of poorly differentiated tumors (Lu et al., 2005)
and highlight the potential of miRNAs as diagnostic markers. Therefore, the miRNAs that well
discriminate prostate tumor from the normal adjacent tissue might be useful markers for the
detection of tumors of unknown origin. Because the measurement of miRNAs in tissue for
diagnostic purposes is limited, non-invasive measurement of molecular markers will be of
critical importance in the future. Accordingly, miRNA expression has recently been studied in
the plasma and sera of prostate cancer patients (Brase et al., 2011; Lodes et al., 2009;
Mitchell et al., 2008; Moltzahn et al., 2011; Yaman Agaoglu et al., 2011; Zhang et al., 2011).
Specifically, miR-141 has been concordantly identified to be of diagnostic value, although
this miRNA is not relevantly dyregulated in prostate cancer tissue. Of the dysregulated in
prostate tissue that were identified in this thesis, only miR-221 was detected in plasma
(Yaman Agaoglu et al., 2011), suggesting that the other miRNAs might not be released from
prostate tumor cells, at least not in detectable levels. The mechanism of how miRNAs are
released from cancer cells has not been investigated thoroughly, but it has been shown that
miRNAs are associated with exosomes (Duijvesz et al., 2010; Michael et al., 2010) and
argonaute (Arroyo et al., 2011) proteins in the blood of cancer patients.

This thesis has shown the upregulation of miR-96, miR-183 and miR-182* for the first
time. Together with miR-182, these miRNAs are transcribed as a single polycistronic pri-
miRNA on chromosome 7. The upregulation of these miRNAs in prostate cancer and their

correlation with tumor aggressiveness have been confirmed by microarray and ISH analysis

100



MiRNAs and prostate cancer: Identification, functional characterization and
their potential use in medical practice 4. Discussion

(Navon et al., 2009; Yin et al., 2010). In addition, miR-96 expression is upregulated in several
other cancers, including colon cancer, hepatocellular carcinoma, WNT-associated
medulloblastomas, breast cancer, lymphomas, land cancers found in the liver, ovary, testes
and lung (Gokhale et al., 2010; Lin et al., 2010; Navon et al., 2009; Sarver et al., 2009; Sato
et al., 2011). Only in mantle cell lymphoma and pancreatic cancer, miR-96 has been
described to be downregulated (Pal et al., 2007; Yu et al.,, 2010b). miR-96 and miR-183
expression was also correlated with the Gleason score. miR-96 seems to be of special
interest as molecular marker in prostate cancer, because uni- and multivariate survival
analyses have established the association of miR-96 expression and biochemical
recurrence. We have validated this association in a second, independent samples set. Using
Cox regression, we identified a survival model comprising the Gleason score and miR-96
that significantly improves the recurrence-free prediction of prostate cancer patients after
radical prostatectomy. The Kleinbaum approach of graphically comparing observed and
expected survival and the c-index approach underscores the validity of this model. Typically,
models with c-indices greater than 0.8 are regarded as useful prognostic clinical tools
(Harrell, 2001). The diagnostic and prognostic role of miR-96 in cancer has also been studied
by several other groups. In urothelial carcinoma patients, miR-96 is highly elevated in urine,
and the combination of cytology and miR-96 expression improves the overall correct
classification to 79% (Yamada et al., 2011). In colon cancer, miR-96 is elevated in stage IV
tumors as compared with to stage Il tumors (Sarver et al., 2009) and miR-96 is associated
with recurrence in hepatocellular carcinoma (Sato et al., 2011).

In this thesis, miRNA profiing was performed according to the “Reporting
Recommendations for Tumor Marker Prognostic Studies” (McShane et al., 2005).
Nevertheless, some study limitations need to be discussed. The number of patients with
biochemical recurrence is relatively small, although the proportion corresponds to the failure
rates generally observed (Guillonneau et al., 2003; Lein et al., 2006). The prognostic value of
Gleason score and pathological stage were reproduced, indicating the representativeness of
this study cohort. Furthermore, the prognostic impact of elevated miR-96 expression was
verified in a second independent sample set. Therefore, the risk of type Il errors can be
neglected with good certainty. Due to the high significance of dysregulated miRNAs in
prostate tumor tissue, risk | errors can also be excluded. This study was also clearly limited

by its retrospective nature; however, all measurements were performed in a blinded manner.

4.1.3 Identification of dysregulated miRNA in prostate cancer relapse
In this thesis, the dysregulation of 15 miRNAs was established by miRNA profiling in

fresh frozen prostate cancer and normal adjacent tissue and miR-96 was identified as a
suitable prognostic marker. In a second step, we performed a proof-of-principle study to

identify dysregulated miRNAs in patients with biochemical relapse in FFPE tissue.
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FFPE tissue is routinely archived from all prostatectomized patients and is therefore
the ideal sample for the detection of prognostic markers. mRNA expression profiling fails to
be reliable in FFPE tissues due to their high level of degradation in these tissue samples
(Bresters et al., 1994; Macabeo-Ong et al., 2002). In contrast, miRNAs are considerably
more stable, which is likely due to their small size and their incorporation into large
ribonucleoprotein complexes (Glud et al., 2009; Hasemeier et al., 2008; Hui et al., 2009;
Siebolts et al., 2009; Szafranska et al., 2008; Zhang et al., 2008); therefore, they represent
promising detection markers in FFPE tissue.

Using pooled RNA from patients with (i) early biochemical relapse (< 1 year), (ii) late
biochemical relapse (1 to 5 years) and (iii) no biochemical relapse (> 5 years), we were able
to show that a set of mMiRNAs is differentially expressed between the study groups.

In prostate cancer relapse patients, 68 miRNAs were identified to be dysregulated
between the groups. Of these a subset of 13 miRNAs (miR-10b, miR-30d, miR-31, miR-
133b, miR-135a, miR-143, miR-151-3p, miR-200a, miR-221, miR-222, miR-375, miR-429,
and miR-516-3p) have been previously described to be dysregulated in tumor progression or
metastasis. (Avissar et al., 2009; Bandres et al., 2006; Clape et al., 2009; Corbetta et al.,
2010; Dyrskjot et al., 2009; Foekens et al., 2008; Gramantieri et al., 2008; Hu et al., 2009b;
Hu et al., 2010b; Hu et al., 2011; Hu et al., 2010c; Li et al., 2010a; Ma et al., 2007; Ma et al.,
2010; Mathe et al.,, 2009; Nam et al., 2008; Navarro et al., 2009; Pons et al., 2009;
Sasayama et al., 2009; Slaby et al.,, 2007; Spahn et al., 2010; Valastyan et al., 2009a;
Valastyan et al., 2009b; Veerla et al., 2009; Visone et al., 2009; Wang et al., 2009; Yao et al.,
2010; Yu et al., 2010a). Additionally, a subset of 6 miRNAs have been previously described
to be dysregulated in prostate cancer as compared with normal tissue (miR-31, miR-133b,
miR-143, miR-221, miR-222 and miR-375) (Ambs et al., 2008; Porkka et al., 2007; Spahn et
al., 2010; Szczyrba et al., 2010; Tong et al., 2009; Wach et al., 2011). Therefore, the
dysregulation of these miRNAs may be highly interesting in terms of biochemical relapse and
thus requires further investigation.

Because these results are based only on the measurement of 3 pools from 10
samples each, the risk of type | and Il errors is high. Therefore, the expression of 2 miRNAs
was validated in 59 samples. The measurement in these samples confirmed the upregulation
of miR-10b and revealed a slightly lower expression of miR-222 in patients with early
relapse. These results support the hypothesis that miRNAs can predict biochemical relapse.
Statistical analyses were performed to assess whether both miRNAs can separate patients
with early biochemical relapse from those with no relapse. As expected, miR-222 did not well
differentiate the patients. However, miR-10b and the miR-222/miR-10b expression ratio were

good discriminators with an overall correct classification up to 68%. In addition, the miR-
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222/miR-10b ratio was inversely correlated with the Gleason score, further highlighting the
association of this miRNAs with tumor aggressiveness.

This is the first study to describe miR-10b dysregulation in prostate cancer relapse.
miR-10b has been previously described in relation to tumor progression and metastases in
several different tumors. This miRNA has been reported to be overexpressed in metastatic
breast cancer (Ma et al., 2007; Ma et al., 2010), is further associated with high-grade gliomas
(Sasayama et al., 2009) and is highly expressed in hepatocellular carcinoma (Ladeiro et al.,
2008). miR-10b is also part of a 7 miRNA signature that predicts gastric cancer survival (Li et
al., 2010c). A comparison of primary and metastatic tumors from the breast, bladder, lung
and colon revealed miR-10b to be overexpressed in bladder transitional cell carcinomas
(Baffa et al., 2009).

The expression ratio of miR-221/222 was reported to be negatively associated with
poor survival in ovarian cancer (Wurz et al., 2010), and high miR-222 expression was
reported to be associated with poor survival in pancreatic cancer (Greither et al., 2010) and
invasive tumors in urothelial carcinomas (Veerla et al., 2009). Because the results are based
solely on miRNA expression from 3 pools that contain the RNA from 10 patients each, this
study has to be seen as a proof-of-principle. Nevertheless, the validation of 2 miRNAs, miR-
10b and miR-222, confirms that miRNA dysregulation occurs in patients with highly
aggressive cancers and that miRNAs can correctly classify samples according to the time of
recurrence. To provide a thorough overview of miRNA dysregulation in biochemical relapse
patients, it is necessary to repeat the profiling in a larger sample set and subsequently
validate the results by RT-gPCR.

4.2 Functional relevance of miRNAs in prostate cancer

4.2.1 In-silico target prediction
The identification of dysregulated prostate cancer miRNAs is important for more than

just the identification of novel diagnostic and prognostic markers; these miRNAs may also
control essential checkpoints involved in prostate carcinogenesis. Therefore, they may help
to elucidate the mechanisms of tumor initiation and progression, which may eventually
provide a basis for novel therapeutic strategies.

miRNAs exert their effects mainly via regulation of mRNA decay and protein
translation by binding to complementary sequences in the target mMRNA 3’ UTR. Because
one miRNA can target hundreds of mRNAs, bioinformatic in silico analysis has emerged as
an important miRNA binding sites identification tool. We have performed in silico target
analysis for all identified miRNAs using miRecords. miRecords combines 11 algorithms
including Diana, Microinspector, MiRanda, Mirtarget2, Mitarget, Nbmirtar, picTar, Pita,

RNA22, RNAHybrid and TargetScan. To further confine the list of putative targets, we only
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regarded a prediction as valid if MiRanda, picTar and TargetScan and any 2 other algorithms
concordantly identified the gene. miRanda, picTar and TargetScan were choosen because
they are the most commonly used target prediction algorithms and are more stringent in their
selection criteria in comparison with others. The TargetScan algorithm combines
thermodynamic-based modelling of RNA interactions with the identification of conserved
binding sites (Lewis et al., 2003). PicTar also searches for Watson-Crick base pairing of the
seed sequence, calculates the free energy of the mIRNA:mRNA duplex and takes
conservation into consideration. Additionally, picTar accounts for the synergistic effects of
multiple binding sites for the same miRNA or several miRNAs in the 3’ UTR (Krek et al.,
2005). miRanda also identifies perfect seed-complementarity, calculates the free energy of
mMiRNA:mRNA duplex and accounts for evolutionary conservation (Enright et al., 2003). We
identified a mean of 84 targets per gene. This high number of putative targets per miRNA
pinpoints a dynamic and versatile process.

Other groups have already described a subset of the herein identified miRNAs to be
functionally relevant in prostate cancer. Specifically, the functional relevance of miR-16, miR-
125b, miR-205 and miR-221/-222 as discussed in the introduction (1.3.3), in addition to other
mMiRNAs has been functionally characterized in prostate cancer.

miR-145 expression is related to tumor recurrence (Leite et al., 2011) and miR-145
downregulation occurs due to the hypermethylation of the promotor region as well as
transcriptional regulation of TP53 (Suh et al., 2011; Zaman et al., 2011). Functionally, miR-
145 has been related to the regulation of apoptosis and cell cycle via regulation of TNFSF10
(Zaman et al., 2011), as well as invasion via FCSN1 (Fuse et al., 2011) and SWAP70
(Chiyomaru et al., 2011).

miR-31 overexpression in PC3 prostate cancer cell lines inhibited proliferation, an
effect that was only observed in TP53 negative cells (Creighton et al., 2010) and promoted
apoptosis induced by docetaxel and cisplatin via inhibition of BCL2L2 and E2F6 (Bhatnagar
etal., 2010).

4.2.2 miRNA regulation by androgens
Androgen-regulation is an important mechanism of prostate cancer cell growth.

Therefore, the androgen-dependence of all dysregulated miRNAs found in this thesis was
investigated in cell culture experiments. We have identified 4 miRNAs that were
downregulated with elevated concentrations of the synthetic androgen R1881.

Androgen regulation of miR-149 was shown for the first time in prostate cancer. To
date, this miRNA has not been functionally characterized in prostate cancer or in other
cancer, but its dysregulation by androgens clearly suggests a functional relevance in prostate

cancer.
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miR-10b was also, for the first time, described in the context of androgen-
dependence. This thesis is the first to describe a deregulation and functional role of this
mMiRNA in prostate cancer. We discuss the functionality of this miRNA in more detail below.

Furthermore, miR-221/-222 were identified to be downregulated in androgen-
dependent cell lines upon androgen-treatment in comparison to cells under androgen-
ablation, an observation that has been supported by another study that investigated the role
of these miRNAs in androgen-independent prostate cancer growth (Sun et al., 2009).
Although miR-221 and miR-222 has been frequently described to be downregulated,
experimental evidence suggested an oncogenic role of this cluster in prostate cancer.
Therefore, the biological relevance of this miRNA cluster in prostate cancer remains

questionable.

4.2.3 Combination of computational and experimental methods to confirm the
function of miR-10b in prostate cancer recurrence

In-silico target analysis was performed for all dysregulated miRNAs from prostate
cancer relapse patients, and we identified targets of 36 miRNAs. Analysis was further
narrowed to the characterization of miR-10b, which is upregulated in biochemical relapse.
The function of miR-10b has been mainly studied in breast cancer. In vitro, it has been
shown to promote migration and invasion in breast, esophageal and peripheral nerve sheath
cancer cell lines (Chai et al., 2010; Ma et al., 2007; Tian et al., 2010). In addition, in vivo
studies have highlighted the importance of miR-10b in metastasis. While mice treated
systemically with antagomiR-10b developed less metastasis than their non-treated
counterparts (Ma et al., 2010), miR-10b overexpression, in otherwise non-metastatic breast
cancer bearing mice, initiated tumor cell invasion and metastasis (Li et al., 2010a). Several
10b targets have been identified, which further indicate a central role of miR-10b in migration
and invasion. miR-10b directly targets HOXD10 (Debernardi et al., 2007; Ma et al., 2007; Ma
et al., 2010; Sasayama et al., 2009). Deregulation of this transcription factor results in the
subsequent regulation of important prometastatic genes, including RHOA, RHOC and
PLAUR (Bourguignon et al., 2010). Additionally, miR-10b targets KLF4 (Tian et al., 2010)
and activates Ras-signalling (Chai et al., 2010). The regulation of miR-10b expression has
also been studied. One important miR-10b regulator is the TWIST1 transcription factor
(Bourguignon et al., 2010). Furthermore, it has been suggested that and BRMS1 containing
SIN3:HDAC complex regulated the miR-10b promoter (Edmonds et al., 2009). To determine
the function of miR-10b, pathway and Gene ontology term analysis were performed using the
list of putative targets. Transcriptional regulation was identified as an overrepresented
process in the set of target genes, which supports the previous experimental results. The

results in this thesis have proven that miR-10b promotes prostate cancer cell migration and

105



MiRNAs and prostate cancer: Identification, functional characterization and
their potential use in medical practice 4. Discussion

suggest a role for this miRNAs in invasion and metastasis, which is in concordance with the

previous results in breast cancer.

4.2.4 The regulation of apoptosis by miR-96 and FOXO1 in prostate cancer
Prostate cancer miRNA profiling revealed an upregulation of the miR-96 cluster.

Interestingly, miR-96 not only correlated with the Gleason score but also associated with
biochemical relapse. Based on these profiling results, the functional role of miR-96 in
prostate carcinogenesis was investigated.

miR-96 expression has been first described exclusively in the retina where it controls
the circadian rhythm via ADCY6 (Loscher et al., 2007; Xu et al., 2007b). However, recent
studies report a broader expression pattern. The miR-96 cluster appears to be an important
regulator of inner ear development, and the loss of this cluster or mutations of its seed region
inhibits the differentiation of hair cells and the cochlea, resulting in progressive hearing loss
(Kuhn et al., 2011; Lewis et al., 2009; Li et al., 2010b; Mencia et al., 2009; Sacheli et al.,
2009; Weston et al., 2011). miR-96 cluster overexpression has also been associated with
cancer (Gokhale et al., 2010; Lin et al., 2010; Navon et al., 2009; Sarver et al., 2009; Sato et
al., 2011).

The results in this thesis show that the overexpression of miR-96 in LNCaP prostate
cancer cells results in increased proliferation under serum starvation. Furthermore, we
provided evidence to demonstrate that the increased proliferation could be explained by
impaired chemosensitivity to CPT-mediated intrinsic apoptosis, but not by enhanced cell
cycle transition.

Thus far, a few studies have also investigated the miR-96 cancer function and these
reports mainly confirm an oncogenic role for this miRNA. In breast cancer, miR-96 regulates
proliferation and anchorage-independent growth and modulates the transition of cells from
the G1 to the S-phase (Lin et al., 2010). In endometrial carcinoma, the cell cycle effect has
been confirmed, and its impairment of apoptosis has been described (Myatt et al., 2010). An
effect of miR-96 on cell cycle and cell motility has not been observed, suggesting tissue-
specific functions for this miRNA. In pancreatic cancer, miR-96 has been described to have
tumorsuppressive properties by downregulating KRAS, thereby impairing cancer cell
invasion, migration and tumor growth in vivo (Yu et al., 2010b), further supporting the
hypothesis that miRNA function can differ in different tissues.

Having revealed that miR-96 inhibits apoptosis in prostate cancer, putative miR-96
targets mediating this effect were identified. In silico target prediction revealed 209 putative
miR-96 targets of which 21 were associated with apoptosis. The first putative target, which
was experimentally validated here, is FOXO1.

FOXO1 is known to be a downstream mediator of CPT-triggered apoptosis (Han and

Wei, 2011; Huang et al., 2006; Zeng et al., 2009), which makes it an ideal candidate because
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of the observation that miR-96 inhibits CPT-triggered apoptosis. FOXO1 is a transcription
factor whose activity is regulated by the AKT kinase signalling pathway. Upon
phosphorylation by AKT, FOXO1 is translocated to the cytoplasm (Rena et al., 1999).
FOXO1 activity is regulated by posttranslational mechanisms such as CDK1 phosphorylation
(Liu et al., 2008a), acetylation/deacetylation (Motta et al., 2004) and ubiquitination (Matsuzaki
et al., 2003). In a nonphosphorylated state, FOXO1 transcriptionally regulates the expression
of genes involved in cell cycle, including CDKN1B (Machida et al., 2003) and RBL2 (Kops et
al., 2002), and proapoptotic genes such as BAX (Kim et al., 2005) and TRAIL (Modur et al.,
2002). In prostate cancer, FOXO1 has been shown to promote apoptosis (Huang et al.,
2004; Liu et al., 2008a; Modur et al., 2002; Zhang et al., 2010) and to inhibit the androgenic
and androgen-independent AR activation. FOXO1 interacts with the N- and C-terminus of the
AR and impairs ligand-induced subcellular compartmentalization (Fan et al., 2007; Ma et al.,
2009; Yanase and Fan, 2009). For AR inhibition by FOXO1, the forkhead domain and the C-
terminal activation domain are required (Ma et al.,, 2009). Furthermore, the activity of
cofactors, such as HDAC3 (Liu et al., 2008b) and MYBBP1A, is necessary (Ma et al., 2009).
The interaction of AR with FOXO1 also inhibits FOXO1 transcriptional activity and results in
impaired apoptosis and cell cycle arrest (Li et al., 2003). Androgens can also regulate
FOXO1 transcriptional activation, and hence its apoptotic function, by the induction of
FOXO1 cleavage (Huang et al., 2004).

FOXO1 is silenced in prostate cancer by several mechanisms. As previously
mentioned, FOXO1 activity is inhibited due to hyperactive AKT signalling, which occurs in up
to 50% of prostate cancers and is mostly a result of PTEN deletion (Morgan et al., 2009).
Furthermore, the FOXO1 locus at 13q14 can also be deleted in prostate cancer patients
(Dong et al., 2006). This study confirms that miR-96 can also downregulate FOXO1 at the
transcript and protein levels by binding to 2 sites in its 3’ UTR, thereby presenting an
alternative mechanism for FOXO1 prostate cancer inactivation. The regulation of FOXO1 by
miR-96 has been confirmed in breast cancer and in endometrial carcinomas (Guttilla and
White, 2009; Myatt et al., 2010).

FOXO3A, another member of the forkhead box O family of transcription factors, is
also regulated by miR-96 in breast cancer, which results in the subsequent downregulation of
CDKN1A and CDKN1B (Lin et al., 2010). In conclusion, these data support the hypothesis
that miR-96-mediated regulation of apoptosis is dependent on its regulation of forkhead
transcription factors.

To confirm that the FOXO1 inhibition by miR-96 is relevant in prostate cancer in vivo,
miR-96 expression was correlated with FOXO1 transcript and protein expression levels in
matched primary prostate cancer and normal adjacent tissues. While no correlation was

observed with FOXO1 mRNA expression, FOXO1 protein and miR-96 expression were
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inversely correlated with each other. These data suggest a mainly translational inhibition,
although mRNA degradation was observed in vitro. The observed degradation might occur
due to the high overexpression of miR-96 in vitro, which is much higher than the moderate
upregulation observed in prostate cancer tissue.

FOXO1 protein expression in the tissue microarray was only detected in epithelial
tissue, and localization of FOXO1 was predominantly in the nucleus in normal tissue, while in
the majority of cancer ducts it was located in the cytoplasm. This observation confirms the
results from a previous study (Li et al., 2007). In addition, an association of a low FOXO1 T/N
ratio with biochemical relapse in prostate cancer was observed. Yet, in a multivariate model
including the Gleason score and miR-96, FOXO1 was not an independent marker of
biochemical relapse. Cytoplasmic, phosphorylated FOXO1 has been previously associated
with biochemical relapse (Li et al., 2007).

In this thesis, a second putative miR-96 target, which may be involved in miR-96
regulated apoptosis, was investigated. The inositol 1,4,5 triphosphate receptor 1 (ITPR1) is a
receptor located on the endoplasmatic reticulum (Taylor and Tovey, 2010). The inositol 1,4,5
triphosphate receptor family consists of 3 members (ITPR1, ITPR2 and ITPR2), which all
seem to have at least partially different functions (Diaz and Bourguignon, 2000; Leite et al.,
2003; Mendes et al., 2005). Upon IP3 activation, ITPR1 releases Ca® to the cytoplasm. This
increased cytoplasmic Ca?" concentration induces the opening of mitochondrial permeability
transition pores and results in cytochrome c release (Szalai et al., 1999). Cytochrome c binds
to ITPR1, resulting in sustained calcium release (Boehning et al., 2003). ITPR is cleaved
during apoptosis by CASP3, which results in a permanent cytoplasmic calcium increase
(Diaz and Bourguignon, 2000; Hirota et al., 1999; Nakayama et al., 2004). Other factors can
also mediate ITPR1 activity. PKA, PP1 and PP2A are components of an ITPR1 signalling
complex, and PKA phosphorylation of ITPR1 increases channel activity (DeSouza et al.,
2002). The anti-apoptotic regulator BCL2 competes with ITPR1 for PP1 binding, thus
reducing IP3 mediated calcium signalling (Xu et al., 2007a). BCL2L2 also interacts with the
C-terminus of ITPR1, and this binding is antagonized by BAX and BID (White et al., 2005). In
addition, AKT and the CDK1/CCNB1 complex can phosphorylate ITPR1, thereby either
inhibiting or activating its function (Khan et al., 2006; Malathi et al., 2005). Six independent
algorithms have predicted miR-96 to bind to the ITPR1 3’ UTR. Two miR-96 binding sites
were identified in the 3° UTR and subsequently cloned into a luciferase vector. In a luciferase
assay, only a moderate inhibition of the nonconserved binding site was observed, which was
accompanied by a small reduction in protein levels with no degradation of messenger RNA.
Therefore, the significance of the binding remains questionable.

The characterization of miR-96 identified a novel inhibitor of apoptosis in prostate

cancer. The anti-apoptotic function of miR-96 is in part explained by its inhibition of FOXO1.
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However, miR-96 also targets an abundance of other mMRNAs. To identify these targets, high-
throughput profiling, especially of proteins with altered expression, may be a useful

technique.

4.2.5 Characterization of miR-133b in prostate cancer
The investigation of miR-133b function in prostate cancer was collaborative project.

Our collaborators investigated the role of this miRNA in DR-mediated apoptosis (Patron
Arcila, 2010) and have shown that miR-133b significantly enhances extrinsic apoptosis
triggered by TNFa or FASL.

Thus far, miR-133b has been almost exclusively described in the context of miR
signatures from tumor samples or cancer cell lines where it is generally downregulated and
its potential as predictive and diagnostic marker has been investigated (Bandres et al., 2006;
Guo et al., 2009; Hu et al., 2010a; Ichimi et al., 2009; Navon et al., 2009; Tran et al., 2007;
Wong et al., 2008a; Wong et al., 2008b). Based on the observation that miR-133b regulates
extrinsic apoptosis and is downregulated in several other cancers its expression and function
was studied in prostate cancer.

miR-133b expression is reduced in the majority of prostate cancers as compared
with normal adjacent tissue. Importantly, patients with a low amount of miR-133b tend to
experience biochemical relapse more frequently. Transfection of the PC3 prostate cancer
cell line with a synthetic miR-133b mimic resulted in the sequence-specific impairment of
proliferative capacity, suggesting a functional relevance of the reduced miR-133b expression
in cancerous prostate cells.

The apoptotic response upon transfection of miR-133b was the consequence of
global changes in transcript and protein expression in HelLa cells (Patron Arcila, 2010). In
this model, several genes have been identified as direct miRNA targets, including FAIM and
GSTP1 (Patron Arcila, 2010).

In this thesis, FAIM and GSTP1 downregulation was confirmed in prostate cancer cell
lines. FAIM was first identified as an antagonist of FAS-mediated apoptosis in B-cells
(Schneider et al., 1999). Because it does not share sequence homology with other FAS
apoptosis modulators, its mechanism of action remains largely unelucidated. Two isoforms of
FAIM exist: the long form, which is predominantly expressed in neuron, and the short
isoform, which has a much broader expression spectrum (Segura et al., 2007). Previously, a
role for FAIM in TNFa- and FASL-mediated apoptosis upstream of CASP3 and CASPS8 as
well as neurite outgrowth by NFKB activation have been revealed (Segura et al., 2007; Sole
et al., 2004). Furthermore, FAIM-negative thymocytes are more sensitive to FAS-mediated
apoptosis and display an increased CASP8 and CASP9 activation, and FAIM regulates AKT
activation and NUR77 ubiquitination (Huo ef al., 2010). Another mechanism by which FAIM
can mediate apoptosis is by CFLAR regulation (Huo et al., 2009). FAIM expression displayed
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a trend towards a slightly lower expression in human prostate cancer tissue in this study.
Moreover, a strong inverse correlation was observed between miR-133b and FAIM transcript
expression, thus supporting our view that miR-133b can inhibit FAIM in prostate cancer.

GSTP1 is a phase Il detoxifying enzyme (Townsend and Tew, 2003). The pi class
glutathione-s-transferase enzymes have been shown to directly participate in MAP kinase
signalling via interaction with JNK1 and ASK1 and to regulate TNFa via TRAF2 signalling
inhibition (Wu et al., 2006a). To investigate the importance of miR-133b regulated GSTP1
expression in prostate cancer, we correlated the expression of GSTP1 mRNA and miR-133b
expression in prostate cancer specimens. miR-133b downregulation did not result in a
measurable enrichment of GSTP1 in prostate cancer. In contrast, prostate tumors displayed
lower levels of GSTP1 than normal adjacent tissue, with no significant correlation to miR-
133b expression. Although GSTP1 has frequently been observed as an oncogene in other
cancers, the observed downregulation of GSTP1 in the prostate is in accordance with
previous reports (Lee et al., 1994). Silencing of the GSTP1 promoter by hypermethylation
seems to be a concurrent epigenetic prostate cancer alteration (Lee et al., 1994; Santourlidis
et al., 1999). Moreover, GSTP1 promoter methylation is an early event in prostate cancer
carcinogenesis that even occurs in high grade PIN with high frequency (Brooks et al., 1998).
Thus far, the functionality of GSTP1 hypermethylation has not been extensively studied.
GSTP1 reexpression in LNCaP cells did not affect growth in vitro or in vivo (Lin et al., 2001);
however, with regards to its role in detoxification and its oxidative stress response response,
it is hypothesized that GSTP1 silencing might lower the protection of the cells from cancer-
inducing agents (Meiers et al., 2007). This well-established epigenetic process most likely
superimposes the effect of GSTP1 inhibition by miR-133b at least in prostate cancer;
however, the role of miR-133b regulation cancers overexpressing GSTP1 cancers requires
further investigation.

To investigate prostate cancer-specific miR-133b gene regulation, mRNA profiling in
PC3 prostate cancer cells that ectopically overexpress miR-133b and subsequent pathway
analysis was performed. The profiling and subsequent in silico analysis revealed that
components of the VEGF signalling pathway were overrepresented in the list of dysregulated
genes. VEGFs are cytokines that control blood and lymphatic vessel formation. There are 7
family members, including VEGFA, VEGFB, VEGFC, VEGFD, VEGFE, VEGFF and PGF
(Yamazaki and Morita, 2006). VEGFs bind to their cognate cell surface receptors (VEGFR-1
and VEGFR-2) and activate downstream signalling transducers such as AKT and MAP
kinases, thereby controlling growth, motility and angiogenesis (Epstein, 2007). VEGFC is
upregulated in prostate cancer patients and associates with lymph node metastasis
(Jennbacken et al., 2005) and controls lymphangiogenesis (Wong et al., 2005). Orthotopic

and subcutaneous PC3 tumors that overexpress VEGFC are larger than control tumors,
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metastasize to lymph nodes, show a highly angiogenic morphology and have a higher blood
capillaries density (Tuomela et al., 2009). In this study, VEGFC was identified to be
downregulated by miR-133b in PC3 prostate cancer cells at the transcript and protein level.

One of the miR-133b regulated genes that were associated with VEGF signalling is
CAV1. VEGF and CAV1 are upregulated by each other in a positive autoregulatory feedback
loop (Li et al, 2009a), and CAV1 is required for basal and VEGF-triggered VEGFR2
phosphorylation (Tahir et al., 2009). Secreted CAV1 is taken up by endothelial cells via
caveolae and induces angiogenic activity (Tahir et al., 2008). Concordantly, CAV1 positive
tumors have higher microvessel densities (Yang et al., 2007). In nude mice, CAV1 secreted
from CAV1-positive LNCaP tumors can increase the growth of CAV1 negative tumors in the
contralateral flank (Bartz et al., 2008). CAV1 knockout in TRAMP mice does not influence the
primary tumor size but significantly impairs the metastatic potential (Li et al., 2001; Williams
et al., 2005). In a conditional mouse model, CAV1 overexpression increases hyperplasia and
renders cells insensitive to castration-induced prostatic regression (Watanabe et al., 2009).
The influence of CAV1 expression on androgen-sensitivity has been confirmed by several
studies (Lu et al., 2001; Nasu et al., 1998; Tahir et al., 2001). Additionally, an anti-apoptotic
CAV1 function has been described in prostate cancer, thus providing a possible link to miR-
133b function (Li et al., 2001). CAV1 inhibits apoptosis by inhibiting PP1 and PP2A, which
results in elevated AKT activity and phosphorylation of antiapoptotic genes, such as FOX0O1,
GSK3 and MDM2 (Li et al., 2003). In neural invasion, TGFB1 mediates CAV1 secretion to
the tumor microenvironment in a paracrine anti-apoptotic loop that results in impaired tumor
cell apoptosis (Ayala et al., 2006). CAV1 was one of the most prominently downregulated
genes in miR-133b overexpressing PC3 prostate cancer cells, and its downregulation was
confirmed at the protein level in this study. Three putative binding sites were identified by in
silico target analysis. However, in a luciferase assay, miR-133b binding to these binding sites
or to the complete 3° UTR was not observed. Therefore, miR-133b does not seem to directly
mediate CAV1 expression. Hence, CAV1 may be indirectly regulated by miR-133b via
VEGFC. In future studies, investigation of the direct binding of miR-133b to the VEGFC 3’
UTR will be essential.

CAV1 is located on chromosome 7 in a region that is frequently deleted in castration-
resistant prostate cancer (Nupponen et al., 1998). CAV1 overexpression mainly occurs in
high grade and metastatic prostate cancer and is associated with recurrence (Di Vizio et al.,
2008; Gould et al., 2010; Karam et al., 2007; Satoh et al., 2003; Tahir et al., 2001; Yang et
al.,, 1999). High serum CAV1 levels also serve as a prognostic marker for recurrence
(Langeberg et al., 2010; Tahir et al., 2006). The assumed CAV1 upregulation has been
challenged by other studies, which reported a downregulation of CAV1 that most likely

occurred by promotor hypermethylation (Bachmann et al., 2008; Cui et al., 2001; Engelman
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et al., 1998) and described its tumorsuppressive function (Chen et al., 2009). In our lab,
CAV1 mRNA downregulation of has also been observed, which clearly questions the
oncogenic function of CAV1 in prostate cancer (Steiner et al., unpublished data).
Surprisingly, miR-133b and CAV1 were highly correlated with each other, which contradict
the in vitro results that show CAV1 downregulation in miR-133b overexpressing cells. Thus,
the mechanisms by which miR-133b and CAV1 are functionally connected in prostate cancer
remains to be elucidated so far.

Another putative miR-133b target gene, which caught our attention due to its
downregulation at the mRNA and protein level in TNFa-induced and miR-133b transfected
HelLa cells, is FASN but no direct interaction with miR-133b could be shown (Patron Arcila,
2010). FASN catalyses the synthesis of palmitate from acetyl-CoA, and is not expressed in
human tissues except for in liver and adipose tissues but is increased in a variety of cancers
including prostate cancer (Prowatke et al., 2007; Shah et al., 2006). FASN overexpression
protects LNCaP and iPrE cells from intrinsic apoptosis but not extrinsic apoptosis, mediates
growth and colony formation of iPrE cells (Migita et al., 2009), and has been shown to
regulate c-Met, thereby leading to enhanced apoptosis in diffuse large B-cell lymphoma
(Uddin et al., 2010). FASN colocalizes with CAV1 in prostate cancer in a process that is
controlled by SRC, AKT and EGFR signaling (Di Vizio et al., 2008). CAV1 expression is
mandatory for FASN overexpression in the tumor and CAV1-negative tumors are smaller in
size and do not metastasize (Di Vizio et al., 2007). In this thesis, we have proven that FASN
and miR-133b expression is inversely correlated in cancer, which suggests that FASN
expression is under the control of miR-133b. However, no miR-133b binding site was
identified in the FASN 3’ UTR. To date we cannot present conclusive evidence of whether
correlation of FASN and miR-133b expression is due to miR-133b binding to a previously
unidentified site or whether a secondary mechanism is responsible. It is possible that mir-
133b regulates upstream FASN modulators, thereby also enhancing FASN expression.
FASN prostate cancer expression is androgen-regulated via the SREBP transcription factor
(Lee et al., 2009b). This transcriptional activation is under the control of ERBB2 and EGFR,
and their signals are mediated by the PI3K-Akt and MAPK signalling pathways, respectively
(Kumar-Sinha et al., 2003; Menendez and Lupu, 2007).

In conclusion, the results presented here show that miR-133b is downregulated in
prostate cancer and also serves as a tumorsuppressor by targeting a variety of genes either
directly or indirectly. However, some of the observed in vitro regulations do not reflect what is
found in human prostate cancer tissue, because they are most likely superimposed by other

upstream regulatory mechanisms.
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5. Conclusion and outlook
Recently, miRNAs have gained attention in translational cancer research, and they

are promising new cancer markers and may be useful for the identification of the origin of
poorly differentiated tumors, for diagnosis and prognosis or for the prediction of disease and
therapy outcome. This thesis investigated the deregulation of miRNAs in prostate cancer.
The description of miRNA regulation in previous studies has been insufficient and the results
have been conflicting. The reasons for these discrepancies can be explained mainly by the
differences in study design and the analytical problems of the early studies. To render our
analysis more robust, we first investigated the expression of putative target genes. All of the
preceding studies used reference genes without prior analysis of their stability. Here, miR-
130b was identified as a highly stable reference gene for miRNA expression studies by RT-
gPCR.

Altogether, 15 miRNAs were found to be dysregulated in prostate cancer. The
differently expressed miRNAs were analyzed according to their diagnostic and prognostic
value. The combination of only 2 miRNAs was able to correctly classify up to 84% of samples
correctly. With regards to miRNA diagnostic markers, their measurement in blood and urine
will become more important, and the herein identified miRNAs may help to identify tumors of
unknown origin.

This thesis is the first to investigate the role of miR-96 in prostate cancer, which has
been associated with biochemical relapse. A Cox regression model was established, which
included the variables miR-96 and Gleason Score. The c-index of the model was 0.85, which
underscores its good prognostic properties. miR-96 may therefore be an interesting new
molecule, which may improve the sensitivity of the existing clinical prognosis models .

miRNA manipulation in prostate cancer may help to control prostate cancer in its
early and advanced stages. In particular, the development of novel therapies is a crucial task
for castration-resistant prostate cancer. However, miRNA-regulated pathways in prostate
carcinogenesis are now only partially understood. Functional analysis revealed that miR-96
impairs apoptosis via FOXO1 regulation. The thesis is the first study that demonstrated that
miR-96 presents as a novel oncogenic molecule in prostate cancer. In silico analysis has
predicted a set of other potential miR-96 targets. To investigate, which other proapoptotic
genes are involved in miR-96 regulated apoptosis, high-throughput methods such as mRNA
profiling and especially protein expression analysis (e.g. the pSilac method) should be used.

miR-133b, which is downregulated in prostate cancer, was also investigated for the
first time in prostate cancer. In an earlier study of our collaborators, miR-133b was
investigated as a proapoptotic molecule in HelLa cells. In this thesis, its tumorsuppressive

function was shown in prostate cancer and several oncogenic targets were identified.
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The results presented in this thesis identify both miR-96 and miR-133b as attractive
new targets for prostate cancer therapy. The overexpression or knockout of these miRNAs
may impair tumor growth and sensitize tumors to chemo- or radiotherapy. However, the
usefulness of miR-96 or miR-133b targeting therapies needs to be further investigated in in
vivo models. The development of miRNA-based therapies is still in its infancy, but some
mouse models have demonstrated that systemic treatment with antagomiRs or miRNA
mimics can result in tumor regression, which is generally well tolerated by the animals.

In conclusion, this thesis is one of the first to provide solid evidence of the
deregulation of miRNAs in prostate cancer, and it is the first to describe the functional role of
miR-96 and miR-133b in this cancer type. Therefore, this thesis is a basis for the future

development of miRNA-based diagnostic and prognostic markers and novel therapies.
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