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Abstract

Cancer is a complex disease, caused by the accumulation of genetic alterations in
normal cells. The consequence of these genetic alterations is the disruption of
normal cell number homeostasis and uncontrolled cell proliferation.
Understanding the molecular mechanisms behind tumorigenesis is essential to
identify aggressive and possibly lethal form of the disease as well as to plan
effective cancer therapeutic strategies.

Urinary bladder cancer is the most common malignancy of the urinary tract.
Most of the tumors arise from the epithelium lining the inside of the urinary
bladder (urothelial carcinomas). Squamous cell carcinomas represent fewer than
5% of bladder cancer cases. About 75% of the cases are superficial at diagnosis
and the remaining 25% of cases show muscle invasion. Bladder cancer is a
heterogeneous disease that is characterized by different genetic alterations, leading
to diverse pathways of cancer development and progression. Many of these genetic
alterations consist of region-specific gains and losses of DNA copy number.
Regions of DNA copy number gain or amplification commonly harbor oncogenes,
whereas deleted regions harbor tumor suppressor genes.

In this study, array-comparative genomic hybridization (aCGH) was performed
in bladder cancer clinical samples and cell line models, revealing a common
amplification at chromosomal region 1p21-22. The minimal region of the
amplification was mapped to a region of approximately one Mb in size, containing
11 known genes. The highest amplification was found in the SCaBER squamous
cell carcinoma cell line. Four genes, TMED5, DR1, RPL5 and EVI5, showed
significant overexpression in the SCaBER cell line compared to all other samples
tested. DR1 was found to be the most significantly overexpressed in the SCaBER
cell line. According to published clinical sample cohorts, DR1 is also overexpressed
in superficial and infiltrating bladder cancers.

Prostate cancer (PC) is the second most commonly diagnosed cancer among
males worldwide and the most frequently diagnosed malignancy in developed
countries. The heterogeneity of histologic and clinical features of PC is well known,



but the mechanisms underlying the heterogeneity are not understood. Deeper
understanding of the molecular mechanisms of PC tumorigenesis is needed to
discover more specific biomarkers of aggressive form of the disease.

Recently, there has been increasing attention on the role of microRNAs (miRNAs)
in cancer development. Several expression-profiling studies have provided evidence
of aberrant expression of miRNAs in prostate cancer and have highlighted the
potential use of specific miRNA expression signatures as prognostic or predictive
markers.

Similarly to other solid tumors, it is at present unclear whether prostate cancer is
organized hierarchically into populations of cells with different proliferative
potentials, as cancer stem cell (CSC) model suggests. Several studies have used flow
cytometry-based approaches to isolate putative prostate stem cells. Here, genome-
wide miRNA expression analysis was performed on patient-derived, stem-like cells
(SC), transit-amplifying cells and committed basal (CB) cells. These cell populations
were enriched from briefly cultured primary prostate epithelial cells. Each cell
subpopulation showed a distinct miRNA expression profile, regardless of its
pathologic status. MiR-548c-3p was found to be overexpressed approximately
fivefold in SCs, compared with CBs. Functional studies of miR-548c-3p
overexpression in CBs showed increased dedifferentiation to a more stem-like
phenotype. MiR-548c-3p was also found to be significantly upregulated in CRPC-
derived epithelial cells compared with BPH-derived epithelial cells, suggesting that
this miRNA is a functional biomarker for PC aggressiveness.

To identify novel, differentially expressed miRNAs, the expression data obtained
from recent deep-sequencing experiments on pools of clinical specimens were
analyzed. miR-1247-5p, miR-1249, miR-1269a, miR1271-5p, miR-1290, miR-1291
and miR-1299 showed differential expression in malignant samples compared to
benign samples and were selected for validation by qRT-PCR.

Significant up-regulation of miR-1247-5p was found in castration-resistant
prostate cancer (CRPC) compared to non-malignant prostate. The expression of
miR-1247-5p was subsequently studied in PC cell lines where an up-regulation of
this miRNA was observed in the androgen-independent PC-3 line. According to on-
line target prediction tools MYCBP2 (myc-binding protein 2) is a high-scoring
potential target of miR-1247-5p. The down-regulation of MYCBP2 at both mRNA
and protein levels was demonstrated by the overexpression of miR-1247-5p in PC-



3 and LNCaP models. Next, MYCBP2 was confirmed as a target of miR-1247-5p
using luciferase reporter assay.

Several high-throughput sequencing studies in human cancers have recently led
to the discovery of additional groups of non-coding RNAs. Next to miRNAs, the
most abundant non-coding RNAs in prostate cancer cell lines were found to be
fragments derived from tRNAs, termed tRNA-derived RNA fragments (tRFs).
The characteristic and abundant expression of the fragments, as well as their
precise sequence, indicate that these molecules are not random products of tRNA
degradation. However, the precise role of tRFs is unclear. In this study, the
expression of tRFs in normal adjacent prostate and different stages of PC was
analyzed by RNA-sequencing. A total of 598 unique tRFs were identified, many of
which appear to be deregulated in cancer samples compared to controls. Most of
the identified tRFs are derived from the 5’ and 3’ end of mature cytosolic tRNAs,
but tRFs produced from pre-tRNA trailers and leaders were also found, as were
tRFs from mitochondrial tRNAs. The 5’-derived tRFs comprised the most
abundant class of tRFs and represented the major class among upregulated tRFs,
whereas 3’-derived tRFs types were dominant among downregulated tRFs in PC.
The expression of three tRFs (tRF-544, tRF-315 and tRF-562) was validated in PC
using qRT-PCR. Interestingly, the normalized expression ratio of tRF-315 and
tRF-544, derived from tRNALys and tRNAPhe respectively, emerged as a good
indicator of progression-free survival and as a candidate prognostic marker.

In conclusion, a novel amplification, which may harbour important oncogenes,
was identified in bladder cancer. In addition, several differentially expressed non-
coding RNAs were discovered in prostate cancer. These RNAs may be important
drivers of prostate tumorigenesis and putative biomarkers of aggressive form of
the disease.



Tiivistelmä

Syöpä on monimutkainen sairaus, jonka aiheuttavat normaaliin soluun kertyvät
geneettiset muutokset. Tällaiset geneettiset muutokset häiritsevät normaalien solujen
homeostaasia ja johtavat hallitsemattomaan solujen lisääntymiseen. Näiden
muutosten tunteminen on tärkeää, jotta voitaisiin kehittää entistä tehokkaampia
syövän hoitomuotoja ja diagnostisia menetelmiä tappavan tautimuodon
tunnistamiseksi.

Virtsarakon syöpä on yleisin virtsateiden maligniteetti. Useimmat virtsarakon
syövät syntyvät välimuotoisesta epiteelistä (uroteliaaliset karsinoomat). Alle 5 %
virtsarakon syöpätapauksista on levyepiteeliperäisiä. Virtsarakon syöpä on
heterogeeninen sairaus, jolle ovat ominaisia erilaiset geneettiset muutokset, jotka
johtavat eri polkuja syövän kehittymiseen ja etenemiseen. Monet näistä geneettisistä
muutoksista vaikuttavat geenien kopiolukumäärään johtaen onkogeenien
monistumaan ja kasvurajoitegeenien häviämään.

Tässä tutkimuksessa käytettiin sirupohjaista, vertailevaa genomista
hybridisaatiomenetelmää (aCGH) geenikopiolukumäärän analysoimiseksi kliinisissä
rakkosyöpänäytteissä sekä solulinjoissa. Yhdeksi uudeksi monistuma-alueeksi
tunnistettiin kromosomialue 1p21-22. Työssä kartoitettiin ko. aluetta tarkemmin ja
osoitettiin, että ns. minimaalinen monistuma-alue käsitti yhden miljoonan emäsparin
DNA-jakson sisältäen yhteensä 11 tunnettua geeniä. Korkein monistuma-aste löytyi
SCaBER-levyepiteelisyöpäsolulinjasta. Näistä neljä geeniä, TMED5, DR1, RPL5 ja
EVI5, yli-ilmeni SCaBER-solulinjassa, DR1 kaikkein eniten. Julkisten tietokantojen
perusteella DR1 yli-ilmenee myös kliinisissä näytteissä, jotka edustavat yleistä
virtsarakkosyövän histologista tyyppiä.

Eturauhassyöpä on miesten toiseksi yleisin diagnosoitu syöpä maailmassa ja yleisin
kehittyneissä maissa. Taudin histologisen ja kliinisen käyttäytymisen
monimuotoisuuden taustalla olevia mekanismeja tunnetaan huonosti.
Eturauhassyövän molekyylitason mekanismien tunteminen mahdollistaisi uusien
taudin aggressiivisuutta kuvastavien biomarkkerien löytämisen.



Viime aikoina on yhä enemmän kiinnitetty huomiota mikroRNA:iden (miRNA)
merkitykseen syövän kehittymisessä. Useat tutkimukset ovat osoittaneet, että
miRNA-ilmentymistasot ovat muuntuneita eturauhassyövässä. Onkin mahdollista,
että niitä voitaisiin käyttää ennusteellisina biomarkkereina.

Kuten muissa syövissä, on epäselvää, koostuuko eturauhassyöpä eri
solupopulaatioista, joilla on erilainen jakaantumiskyky, kuten syövän
kantasolumallit ennustavat. Useissa tutkimuksissa on käytetty virtaussytometriaa
eturauhasen kantasolujen eristämiseen. Tässä tutkimuksessa tehtiin
genominlaajuinen miRNA-ilmentymisen analyysi potilaista peräisin olevista
kantasolun kaltaisista soluista (SC), välivaiheen soluista ja sitoutuneista (CB)
soluista. Jokainen solualapopulaatio poikkesi toisistaan miRNA-
ilmentymisprofiililtaan riippumatta siitä, oliko kyseessä syöpänäyte vai ei. MiR-
548c-3p:n havaittiin yli-ilmentyvän noin viisinkertaisesti SC-soluissa verrattuna
CB-soluihin. Toiminnallisissa tutkimuksissa miR-548c-3p:n yli-ilmentyminen CB-
soluissa vähensi erilaistumista kohti kantasoluilmiasua. MiR-548c-3p oli myös
merkittävästi yli-ilmentynyt kastraatioresistentistä eturauhassyövästä (CRPC)
eristetyissä soluissa verrattuna eturauhasen hyvänlaatuisesta liikakasvusta (BPH)
eristettyihin epiteelisoluihin. Tämä viitaa siihen, että miR-548c-3p voisi olla
eturauhassyövän aggressiivisuuden biomarkkeri.

Tunnistaaksemme uusia, eri tavoin ilmentyviä miRNA:ita, syväsekvensoimme
joukon kliinisiä eturauhassyöpänäytteitä. MiR-1247-5p, miR-1249, miR-1269a,
miR1271-5p, miR-1290, miR-1291 ja miR-1299 ilmentyivät eri lailla syövässä ja
normaalissa eturauhasessa. Niinpä näitä tutkittiin laajemmassa materiaalissa qRT-
PCR-menetelmällä. MiR-1247-5p ilmentyi merkittävästi enemmän CRPC-
näytteissä verrattuna ei-maligniin eturauhaseen. Ennusteohjelmien perusteella
miR-1247-5p:n yksi kohdegeeni voisi olla MYCBP2 (myc:iä sitova proteiini 2).
miR-1247-5p:n yli-ilmentyminen PC-3- ja LNCaP-syöpäsolulinjoissa johti
MYCBP2:n ilmentymisen laskuun sekä mRNA- että proteiinitasolla.
Lusiferaasireportterikoe vahvisti, että MYCBP2 on miR-1247-5p:n kohde.

Useissa uuden sukupolven sekvensointitutkimuksissa on syövissä löydetty uusia
ryhmiä ei-koodaavia RNA:ita. Eturauhassyöpäsolulinjoissa miRNA:iden jälkeen
toiseksi yleisin ryhmä ei-koodaavia RNA:ita ovat tRNA:ista peräisin olevat
fragmentit (tRFs). Niiden ominaisuudet, runsas ilmentyminen ja tarkka sekvenssi
viittaavat siihen, että nämä molekyylit eivät ole satunnaisia tuotteita tRNA:n
hajoamisesta. tRF:ien tarkka rooli on kuitenkin edelleen epäselvä. Tässä



tutkimuksessa tRF:ien ilmentymistä analysoitiin potilaan kudosnäytteistä.
Tutkimuksessa tunnistettiin yhteensä 598 erilaista tRF:ää, jotka näyttivät ilmentyvän
eri lailla syövässä kuin normaalissa kudoksessa. Suurin osa tunnistetuista tRF:ista on
peräisin kypsän sytosolisen tRNA:n 5’-ja 3'-päistä, mutta myös muita fragmentteja
löytyi. 5'-päästä peräisin olevat tRF:t olivat eniten yli-ilmentyneitä ja 3’-päästä peräsin
olevat ali-ilmentyneitä syövässä. Kolmen tRF:n ilmentymiserot varmennettiin qRT-
PCR:llä.  Normalisoitu tRNALys:stä ja tRNAPhe:stä peräisin olevien tRF-315:n ja tRF-
544:n ilmentyvyyssuhde ennusti hyvin taudin etenemistä.

Yhteenvetona tutkimuksessa löydettiin uusi monistuma-alue, jossa saattaa sijaita
rakkosyövän kehityksen kannalta tärkeitä onkogeenejä. Lisäksi tunnistettiin useita
eturauhassyövässä poikkeavasti ilmentyviä ns. ei-koodaavia RNA:ita. Nämä saattavat
olla mekanistisesti tärkeitä eturauhassyövän kehityksen kannalta ja mahdollisia
syövän aggressiivisuuden markkereita.
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1 Introduction

Prostate cancer and urinary bladder cancer are the most common urological
malignancies in developed countries.

Urinary bladder cancer is the fourth most common cancer in men and it is
approximately three times more common in males than in females (Jemal et  al.,
2011). The majority of bladder cancer cases (75%) are non-muscle invasive
(NMIBC) at diagnosis. NMIBC is treated by trans-urethral resection of the tumor
(TUR-T), followed by chemotherapy or intravesical immunotherapy. The
remaining 25% of the cases present at diagnosis with muscle invasive bladder
cancer (MIBC). If the tumor is still confined to the bladder, these patients are
primarily treated with radical cystectomy. However, 50% of these cases will
progress to metastatic disease (Babjuk et  al., 2011; Sawhney et al., 2006).
Progression from minimally invasive to deeply invasive cancer is concurrent with
the acquisition of genomic alterations, which increase the malignant potential of
cancer cells. Bladder cancer is a heterogeneous disease with a unique natural history
characterized by a highly variable clinical course. The clinical heterogeneity
suggests an underlying heterogeneity of genetic alterations leading to different
pathways of cancer development and progression (Wolff, 2007). Many of the
genetic alterations found in bladder cancer consist of region-specific gain or loss
of DNA copy number, which can lead to the identification of key genes involved.
Various approaches have been extensively used to study urothelial carcinoma and
identify altered genes, including cytogenetics, fluorescence in situ hybridization
(FISH), comparative genomic hybridization (CGH), loss of heterozygosity (LOH)
and, more recently, array-CGH (aCGH) (Hoglund, 2012).

Prostate cancer (PC) is the most frequently diagnosed cancer among males in
developed countries (Jemal et al., 2011). Although surgery and/or radiation therapy
are effective treatments for early-stage disease, 30-40% of cases will progress to
advanced disease. For advanced disease, androgen deprivation is initially highly
efficient, but patients will eventually develop castration-resistant prostate cancer
(CRPC), which remains incurable (Scher and Sawyers, 2005). There has recently
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been increasing interest on the role of non-coding RNAs in the molecular
mechanisms of cancer development. Non-coding RNAs are a class of small RNA
molecules that are not translated into proteins and are involved in the regulation of
many cellular processes (Esteller, 2011). MicroRNAs (miRNAs) function in the
negative regulation of gene expression. Overexpressed miRNAs may act as
oncogenes as they can repress tumor suppressor genes or apoptosis-related genes
and in a similar fashion, downregulated miRNAs may function as tumor-
suppressors, downregulating the expression of oncogenes or proliferation-related
genes (Zhang et al., 2007). However, clinical translation of miRNAs as biomarkers
and/or therapeutic targets remains limited, likely due to the heterogeneity and
discrepancies in PC miRNA expression profiles (Coppola et al., 2010).

Several high-throughput sequencing studies in human cancers have recently led to
the discovery of additional groups of non-coding RNAs. Next to miRNAs, the most
abundant non-coding RNAs in prostate cancer cell lines were found to be fragments
derived from tRNAs, termed tRNA-derived RNA fragments (tRFs) (Lee et al., 2009).
The characteristic and abundant expression of the fragments, as well as their precise
sequence, indicate that these molecules are not random products of tRNA
degradation. The precise role of tRFs is unclear.

The cancer stem cell (CSC) model is based on the hypothesis that cells within a
tumor are organized hierarchically into clonally derived populations with different
proliferative potentials. In this model, the cancer stem cell population is
characterized by the ability to self-renew and to generate the diverse populations that
constitute the tumor (Jordan et al., 2006; Reya et al., 2001).

It has previously been shown that cells with stem-like phenotype can be isolated
from prostate cancer tissues, using cell-surface markers. These putative prostate
cancer stem cells (SCs) can be distinguished from cells with more limited
proliferative capacity, termed transit amplifying cells (TACs), as well as from basal
cells committed to differentiation, termed committed basal cells (CBCs) (Collins et
al., 2005; Richardson et al., 2004).
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2 Review of the Literature

2.1 Molecular mechanisms of cancer development

2.1.1 The biology of cancer

Cancer is a common disease, with 14.1 million new cases and 8.2 million deaths
reported worldwide in 2012 (Torre et al., 2015). In recent years, cancer mortality
incidence has decreased significantly in more developed countries, but the number
of cancer diagnoses is predicted to increase steadily in the future, due to the growth
and aging of the population and an increasing prevalence of cancer risk factors
(Torre et al., 2015).

In physiological conditions, the cells of the human body divide in a controlled
manner, usually in response to specific mitogenic growth signals. Almost every
tissue appears to contain a pool of adult stem cells, also referred to as somatic stem
cells (SSCs) or tissue-specific stem cells. These cells are undifferentiated and divide
at a controlled rate to renew themselves and to further differentiate into tissue-
specific cells, guaranteeing tissue homeostasis and regeneration. The somatic stem
cells represent only a portion of the total number of cells within a tissue, whereas
most of the cells are partly or fully differentiated and characterized by a limited
replicative potential (Biteau et al., 2011; Hombach-Klonisch et al., 2008).

In cancer cells, the control of cell division is disrupted, leading to a typical cancer
phenotype, characterized by abnormal proliferation, growth signal independence,
apoptosis evasion, sustained angiogenesis, invasion and destruction of adjacent
tissue and, eventually, the spreading of cancer cells to other parts of the body via
blood or lymphatic vessels (metastasis) (Hanahan and Weinberg, 2011).

Cancer is a genetic disease, in which the abnormal control of cell proliferation is
caused by the accumulation of mutation events in the genome and consequently
changes in gene expression. Mutations can arise spontaneously, due to the intrinsic
infidelity of the DNA replication machinery. Mutations can also be caused by
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environmental exposure to physical or chemical agents termed mutagens (somatic
mutations) and, in some cases, can be directly inherited (germ-line mutations),
leading to an increased risk of developing the disease (genetic predisposition or
susceptibility) (Stratton et  al., 2009). However, the current knowledge of the
mechanistic base of somatic mutations in human cancers is limited. In a recent key
study, a new algorithm was developed to extract mutational signatures from
catalogues of somatic mutations. Almost five million somatic substitutions and small
insertions/deletions were compiled from a catalogue of over seven thousand
primary cancers, showing a highly variable prevalence of somatic mutations between
and within cancer classes. This variability is likely attributable to differences in the
duration of the cellular lineage between the zygote and the development of the
cancer.

Moreover, most individual cancer genomes were found to exhibit more than one
mutational signature and variable combinations of signatures were observed. Some
signatures contributed few events to most cancers, whereas others contributed a
large number of events to only a few cancer types. Certain signatures were also found
to be associated with the age at cancer diagnosis and with known mutagenic
exposures, revealing high degree of complexity and diversity of mutational processes
underlying the development of cancer (Alexandrov et al., 2013). In another landmark
study, the lifetime risk of cancer of a specific tissue was found to be significantly and
positively correlated with the average number of divisions taking place in the adult
stem cell pool of that specific tissue (Tomasetti and Vogelstein, 2015). The
correlation was stronger than any other environmental or inheritable factor, leading
to the conclusion that stochastic effects of DNA replication in adult stem cells play
a major role in the accumulation of genetic alterations in the genome. Once the
cancer has arisen, the acquired mutations are inherited by daughter cells after each
replicative event. The genetic changes responsible for increasing the fitness of cancer
cells are positively selected in a process defined as somatic evolution (Crespi and
Summers, 2005).

2.1.2 Tumor suppressors and oncogenes

Two categories of genes, termed tumor suppressors and oncogenes are targets of
many of the mutation events responsible for cancer initiation. These genes can be
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further classified based on the specific function of the encoded proteins. Gatekeeper
genes are directly responsible for maintaining the control of cell cycle and thus the
balance of cell number in a renewing cell population, by regulating cell division
and apoptosis (Kinzler and Vogelstein, 1997; Pearson and Van der Luijt, 1998).
Caretaker genes are not responsible for controlling cell growth directly, but have
the fundamental function of maintaining genomic integrity and stability through
effective repair of DNA damage (Levitt and Hickson, 2002). Mutations in
caretaker genes usually lead to an accelerated mutation rate and consequently
higher risk of cancer initiation. Landscaper genes do not exert their function in the
cancer tissue itself, but are active in the surrounding stroma. Mutations in
landscapers induce dysregulation of stromal cells, which in turn can promote
cancerous growth of the adjacent tissue (Bissell and Radisky, 2001; Michor et al.,
2004).

Tumor suppressor genes encode proteins responsible for inhibiting and/or
controlling cell proliferation. As the main effect of a tumor suppressor is
inhibitory, one copy of the gene is generally sufficient to guarantee the
functionality of the protein, therefore, these genes are recessive, and two
mutational events that affect both alleles are required to inactivate them (i.e., the
two-hit hypothesis) (Knudson, 1971).

An example of a gatekeeper and one of the first tumor suppressor genes to be
identified is RB1 (retinoblastoma), discovered in the malignant tumor of the retina
(Cavenee et al., 1983; Friend et al., 1986; Knudson, 1971). RB1 is dysfunctional in
many human tumors (Murphree and Benedict, 1984) and inherited mutations in
one of the alleles of the gene confer cancer susceptibility (Kleinerman et al., 2005).
The protein encoded by RB1, termed pRb, prevents the E2F transcription factors
from activating the genes responsible for the initiation of S-phase in the cell cycle,
thereby preventing DNA replication and cell division (Dyson, 1998; Leone et al.,
1998; Nevins, 1998).

 An example of a caretaker gene is the tumor suppressor ATM, identified in the
autosomal recessive disorder ataxia telangiectasia (Savitsky et al., 1995). The gene
encodes a serine/threonine kinase involved in the response to double strand
breaks in DNA (Shiloh, 2003). ATM phosphorylates and consequently activates
key proteins responsible for DNA repair (Kastan and Lim, 2000). ATM mutations
are associated with higher risk of several types of cancer (Angele et al., 2003; Gumy-
Pause et al., 2004; Thorstenson et al., 2003). The TP53 tumor suppressor gene can
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be considered both a gatekeeper and caretaker, because of the multiple roles of its
protein product (Oren and Rotter, 1999). TP53 encodes a protein named p53, which
can be activated by multiple stress factors, including DNA damage-induced cellular
stress. p53 subsequently binds specific sequences in the DNA, repressing or
activating its target genes (Levine, 1997; Vogelstein et  al., 2000; Vousden and Lu,
2002). As a caretaker, p53 triggers the apoptotic response, eliminating cells with
potentially harmful genetic alterations (Fritsche et al., 1993). For this essential
function, TP53 has been defined as “the guardian of the genome” (Lane, 1992). As
a gatekeeper, p53 induces cell cycle arrest at the G1/S transition phase in response
to stress. This arrest can become permanent, resulting in cellular senescence
(Hofseth et al., 2004; Levine, 1997). The mutation or inactivation of TP53 are
common features in tumorigenesis and have been described in most human cancers
(Hollstein et al., 1991; Levine et al., 1991).

Oncogenes encode proteins that are, in general, responsible for cell growth. In
physiological conditions, they function by promoting cell division and replication to
guarantee tissue renewal. If mutated, these genes can become abnormally activated
and acquire the ability to induce uncontrolled proliferation and cancer (Croce, 2008).
Mutations or alterations in oncogenes are dominant. A single event, affecting only
one of the alleles, is enough to alter the functionality of the gene. Currently, there is
not yet a single accepted standard of oncogene classification, as the products of
oncogenes can exert different roles in promoting cell growth. Typical categories of
oncogene products are growth factors and their receptors, signal transducers,
transcription factors and apoptosis regulators. The Ras proteins, encoded by three
ubiquitously expressed oncogenes (HRAS, KRAS and NRAS), represent an example
of signal transducers that are very frequently mutated in human cancers (Lowy and
Willumsen, 1993). It is estimated that 20% of all human tumors harbor mutations in
one of the three RAS genes (Bos, 1989). RAS proteins belong to a class of small
GTPases that can respond to extra-cellular signals, such as growth factors (Campbell
et al., 1998). Growth factors bind growth-factor receptors, usually tyrosine-kinases,
which in turn recruit guanine nucleotide exchange factors (GEFs), which are
responsible for exchanging the RAS-bound GDP with GTP (Reuther and Der,
2000). GTP-bound RAS becomes activated and binds effector enzymes, which
phosphorylate and activate mitogen-activated protein kinases (MAPKs). In turn,
MAPKs regulate transcription factors controlling cell proliferation and survival. RAS
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mutations constitutively activate the GTPase function, inducing uncontrolled
proliferation (Leevers et al., 1994; Marais et al., 1995; Pruitt and Der, 2001).

ERBB2 is one of the most extensively studied oncogenes in human cancer and
encodes a member of the family of epidermal growth factor receptors (EGFRs)
(Stern, 2000). The binding of the growth factor to the receptor (ERBB2) induces
its tyrosine-kinase activity, resulting in the activation of mitogenic signaling
pathways, such as the MAP kinase and PI3K/AKT pathways (Rubin and Yarden,
2001). The overexpression of the ERBB2 gene has been found in several human
cancers and occurs in approximately 18 to 20% of breast cancer cases (Owens et
al., 2004; Slamon et al., 1987).

MYC (also known as CMYC) is a well-studied example of an oncogene and
encodes a transcription factor. Interestingly, mutations in the coding sequence of
the gene are rarely found in cancer and were discovered only in Burkitt´s
lymphoma (Bhatia et al., 1994). Mutations that affect MYC are usually associated
with chromosomal translocations leading to increased gene expression (Dalla-
Favera et al., 1982). MYC is overexpressed in approximately 50% of human
cancers. The most common alteration responsible for the overexpression of the
gene is locus amplification (Vita and Henriksson, 2006). The higher dosage of
MYC protein induces cell proliferation by upregulating cyclins and ribosomal
RNAs and by down-regulating pro-apoptotic proteins (Schmidt, 1999).

The founding member of the BCL-2 gene family was the first anti-apoptotic
oncogene to be discovered (Tsujimoto et  al., 1985). BCL-2 genes encode both
proapoptotic and antiapoptotic protein members. The altered expression of the
anti-apoptotic members is observed in many human cancers and leads to effective
inhibition of cell death, induced by growth factor deprivation, hypoxia or oxidative
stress, increasing the proliferative potential of the cells (Yip and Reed, 2008).
Several mechanisms can deregulate the expression of BCL-2 genes, including gene
structure or copy number alteration and the loss of endogenous microRNAs
(miRNAs) that downregulate BCL-2 (Cimmino et al., 2005).

2.1.3 Chromosomal alterations in cancer

Aberrant gene function in tumor suppressors and oncogenes can result from
different types of genetic alterations, including point mutations, polymorphisms,
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copy number and genome structure alterations, and epigenetic changes. The
mechanisms responsible for altered gene function vary between different human
tumors and often between tumors originating from the same tissues.  Moreover, the
prevalence of somatic mutations can differ greatly across tumor types (Albertson et
al., 2003). The genetic heterogeneity of cancer represents one of the most challenging
aspects in the design of effective therapeutic strategies.

Point mutations are changes in the DNA sequence that affect only one or a few
nucleotides and include substitutions of one nucleotide for another and insertions
or deletions of small parts of DNA. Genome structure alterations are large-scale
mutations in the chromosomal structure and include amplifications, deletions,
translocations and inversions. Chromosomal amplifications lead to multiple copies
of a certain region of the genome, affecting the dosage of the genes included within
the region.  As an example, the overexpression of the oncogene ERBB2 is often
caused by the amplification of its coding region (Starczynski et al., 2012).

Chromosomal deletions lead to loss of a certain region of the genome and
consequently the genes encoded within it. Typically, the deletion of the functional
allele in carriers of a mutated version of tumor suppressor genes is a common event
in cancer and is referred to as loss of heterozygosity (LOH). Examples of frequently
deleted tumor suppressors in cancer are PTEN (Li et al., 1997), TP53 (Baker et al.,
1990), BRCA1 and BRCA2 (Nagai et al., 1994).

Chromosomal translocations and inversions change the physical orientation and
order of genes harbored in the affected regions, often leading to the juxtaposition of
previously separated genetic region and potentially forming new functional entities,
termed fusion genes.

The first fusion gene discovered in cancer was described in chronic myelogenous
leukemia and involves a reciprocal translocation of chromosome 9 and 22
(Philadelphia chromosome), leading to the generation of the oncogenic fusion gene
BCR-ABL. ABL encodes a mitogen-activated tyrosine-kinase, which becomes
constitutively active due to the fusion, driving proliferation (Clarkson et al., 2003).

Advances in DNA sequencing technologies have enabled the study of genome-
wide genetic changes in cancer samples. In a recently published study, in which next-
generation sequencing (NGS) technologies were used to investigate chromosomal
alterations in cancer, a new phenomenon was discovered. Specifically, it was found
that tens to hundreds of genomic rearrangements likely occur in a single, catastrophic
cellular event (Stephens et  al., 2011). The phenomenon is termed chromothripsis
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(chromosome shuttering) and gives rise to an alternative view of tumorigenesis, in
which several cancer-triggering mutations may be acquired at the same time. This
process is in contrast to the above-mentioned paradigm of gradual accumulation
of genetic changes, with profound implications in cancer diagnosis and treatment.

Chromothripsis was identified in a chronic lymphocytic leukemia patient,
presenting 42 genomic rearrangements, all involving only the long arm of
chromosome 4. The subsequent analysis of high-resolution copy number profiles
of 746 cancer cell lines revealed complex rearrangements limited to single
chromosomes or a few chromosomes in at least 2-3% of all cancers (Stephens et
al., 2011). The features of chromothripsis suggest that the chromosome(s) or
chromosomal region(s) involved shatter into tens or hundreds of fragments in a
single event, likely when they are condensed for mitotic cell division, and are
subsequently reassembled incorrectly by the DNA-repair machinery. The
observation that the copy number state of the affected chromosome(s) varies only
between just one and two copies enforces the hypothesis that these rearrangements
are not acquired gradually. Currently, the mechanism(s) responsible for
chromothripsis remain unknown, but three possibilities are proposed. Pulses of
ionizing radiation could strike chromosomes affecting only specific regions while
they are condensed. Alternatively, chromothripsis could be the result of telomere
dysfunction, which is already known to promote chromosomal abnormalities, such
as end-to-end chromosome fusions and anaphase bridges (Titen and Golic, 2008).
Anaphase bridges appear to be involved in the formation of micronuclei
containing fragmented DNA (Crasta et al., 2012; Pampalona et al., 2010). Finally,
chromosomes might be shattered as a result of aborted programmed cell-death
(apoptosis) (Tubio and Estivill, 2011).

2.1.4 Non-coding RNAs

The human genome contains approximately 20-25.000 coding genes, defined as
DNA sequences that can be transcribed and subsequently translated into proteins.
This number represents only a small fraction (approximately 2%) of the total
DNA. The remaining 98% of the genome does not encode proteins but contains
a large number of genes that are transcribed into non-coding RNAs (Alexander et
al., 2010; Bertone et  al., 2004; Eddy, 2001; ENCODE Project Consortium et  al.,
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2007). Non-coding RNAs are RNA molecules that exert their function directly,
without translation into proteins. Some non-coding genes are transcribed into RNA
molecules with very important and basic biological functions, such as ribosomal
RNAs (rRNAs) and transfer RNAs (tRNAs). rRNAs are essential structural RNAs
that, combined with proteins, form the ribosomes. Ribosomes are large molecular
machines that provide the site for protein synthesis. tRNAs are the adaptor
molecules that physically link the sequence in the coding messenger RNAs (mRNAs)
to the growing polypeptide during protein synthesis, therefore directly translate the
language of nucleic acid triplets (codons), into amino acids.

Recently, the rapid evolution of RNA microarrays and RNA deep sequencing
technologies have revealed thousands of non-coding RNA molecules (ncRNAs) that
can be grouped into two major categories, based on the length of their transcripts.
Small ncRNAs are less than 200 bp long, whereas long ncRNAs (lncRNAs) are
longer than 200 bp.

These molecules have emerged as a very important part of cell physiology as their
function is related to not only housekeeping but also to gene regulation at both pre-
and post-transcriptional level. It is currently clear whether ncRNAs are key factors
in maintaining proper cellular function, therefore, increasing effort has been invested
to investigate their role in human diseases, including cancer (Esteller, 2011).

2.1.4.1 microRNAs

The most frequently studied and better-characterized small ncRNAs are
microRNAs (miRNAs). It is currently estimated that the human genome contains
approximately 2500 different mature miRNAs, according to the latest version
(release 21, June 2014) of miRBase, an electronic miRNA database (Kozomara and
Griffiths-Jones, 2014).

The first miRNA was discovered in 1993 in C. elegans as a small RNA molecule,
named lin-4, capable of regulating the nematode development, by negatively
regulating the expression of the coding gene lin-14 (Lee et al., 1993).

miRNAs are 20-23 nucleotides long, endogenous, single-stranded, small ncRNAs
that regulate gene expression at the post-transcriptional level by targeting mRNAs.
In most cases, the interaction between the miRNA and the target gene(s) results in
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a negative regulation, therefore, the net effect is a reduction in the level of the
protein(s) encoded by the target mRNA(s) (Bartel, 2004).

miRNAs are transcribed from their coding genes by either RNA polymerase II
or RNA polymerase III (Borchert et al., 2006; Lee et al., 2004). The direct transcript
of a miRNA gene is referred to as pri-miRNA. As for protein-coding genes, the
expression of a given miRNA can be controlled by transcription factors,
introducing several layers of gene expression control (O'Donnell et al., 2005). The
pri-miRNA is a double-stranded 60-70 nucleotide precursor with a hairpin
structure. The pri-miRNA is post-transcriptionally edited by adenosine deaminases
acting on RNA (ADARs). ADARs are responsible for modifying adenosine (A)
into inosine (I) and therefore changing the final sequence of the miRNA from the
original coding sequence (Blow et  al., 2006). pri-miRNAs are processed by the
nuclear microprocessor complex, which consists of the RNAase enzyme Drosha
and the protein DGCR8, also known as Pasha (partner of Drosha). The processor
endonucleolytically cleaves the 5`and 3`terminals of the hairpin to form a pre-
miRNA, which is subsequently exported to the cytoplasm by Exportin-5 (Denli et
al., 2004; Yi et al., 2003). The pre-miRNA is processed by the RISC (RNA-induced
silencing complex) loading complex (RLC), a multiprotein complex composed of
the RNAase Dicer, Tar RNA binding protein (TRBP), protein activator of PKR
(PACT) and Argonaute-2 (Ago2). The RLC cleaves the pre-miRNA into a single-
stranded mature miRNA, which subsequently remains associated with Ago
proteins to form the active RISC (Fig. 1). RISC is responsible for the gene silencing
effect of miRNAs by directing the binding of the miRNA to a miRNA response
element (MRE) in the target gene(s) (Gregory et al., 2005). In most case, the binding
relies on the complementarity of the sequence of the miRNA with the 3´-UTR
region of the mRNA, although binding to different regions of mRNAs has also
been described (Hausser and Zavolan, 2014). The degree of complementarity of
the binding has been shown to influence the nature of the inactivation of the target
mRNA(s). A perfect complementarity results in cleavage of the target gene(s) by
Ago proteins (Yekta et al., 2004), whereas near-perfect complementarity leads to
interference with mRNA translation. In animals, miRNAs are in most cases
perfectly complementary to their targets only in a small region, termed the seed
region (nucleotides 2-7 in the 5´-end of the miRNA). However, miRNAs are not
perfectly complementary in the other portions of the sequence, resulting in
imperfect binding (Brennecke et  al., 2005; Saxena et  al., 2003). Recent studies
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suggest the presence of several mechanisms of mRNA inactivation by miRNAs in
animals, although the precise dynamics of the involved molecular events are not
clearly understood. In C. elegans, lin-4 reduces the level of the protein encoded by lin-
14 without affecting the expression level of the corresponding mRNA (Seggerson et
al., 2002). Experimental evidence shows that in this case, the inactivation is achieved
after the initiation of translation, via premature dissociation of the ribosomes from
the nascent polypeptide chain (Petersen et  al., 2006). Conflicting results in other
studies indicate that miRNAs inhibit the translation of mRNAs during the initiation
phase, by interfering with the mRNA cap structure and/or with the function of the
cap-binding complex eIF4F (Mathonnet et al., 2007). Moreover, miRNAs can direct
their targets to the cellular 5-to-3 mRNA decay pathway, where mRNAs are first
deadenylated by the CAF1–CCR4–NOT deadenylase complex, and then decapped
by the decapping enzyme DCP2. These events eventually lead to mRNA degradation
and therefore affect the expression levels of the target mRNAs (Behm-Ansmant et
al., 2006; Eulalio et al., 2009) (Fig. 1).
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Figure 1. miRNA biogenesis and mechanism(s) of action in animals. miRNAs are in most cases
perfectly complementary to their targets only in a small region, termed the seed region.
Recent studies suggest the presence of several mechanisms of mRNA inactivation,
although the precise dynamics of the involved molecular events are not clearly understood
(modified from Lin and Gregory, 2015).

Bioinformatics tools that examine the complementarity of miRNA sequences
with the 3´- UTR regions of mRNAs have predicted that each miRNA can
recognize hundreds of different mRNA targets (Rajewsky, 2006). Indeed,
proteomic studies have confirmed the effect of a single miRNA on hundreds of
targets (Baek et al., 2008). In addition, the 3'-UTR of a given mRNA may contain
binding sites for various miRNAs. Moreover, miRNAs can function as both gene
expression switches, dramatically decreasing the levels of proteins encoded by the
target mRNAs, and fine-tuners, inducing moderate gene expression changes
(Mukherji et  al., 2011). Therefore, gene expression regulation by miRNAs
represents a complex network, affecting nearly every function of the cell biology.
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Recent advances in microarray technologies provided valuable tools for large
profiling studies in cancer biology, revealing that miRNAs are aberrantly expressed
in tumor samples compared to controls and initiating a large effort to characterize
the function of dysregulated miRNAs in cancer. Moreover, it has been shown that
human miRNA genes are frequently located in chromosomal fragile sites, which are
associated with cancer (Calin et al., 2004). In principle, a down-regulated miRNA that
targets a proto-oncogene can be considered a tumor-suppressor miRNA and an
overexpressed miRNA that targets a tumor suppressor gene can effectively function
as an oncogene (oncomiR) (Zhang et al., 2007). In addition, miRNA expression
signatures have been proven to clearly cluster solid tumors, based on their tissue of
origin, highlighting the possible role of miRNAs as cancer biomarkers (Calin and
Croce, 2006).

The first evidence of direct miRNA involvement in cancer was discovered in
chronic lymphocytic leukemia (CLL). Hemizygous and/or homozygous deletions of
the chromosomal region 13q14 occur in more than half of CLL cases and constitute
the most frequent chromosomal abnormality in CLL (Mertens et  al., 2009). Two
tumor suppressor miRNA genes, encoding miR-15a and miR-16-1 were found
within the deleted region and allelic loss was clearly correlated with the down-
regulation of miR-15a and miR-16-1 expression (Calin et al., 2002). Further studies
demonstrated that miR-15a and miR-16-1 expression is inversely correlated with
BCL-2 expression in CLL and that both miRNAs negatively regulate Bcl2 at the
post-transcriptional level, reducing its anti-apoptotic activity (Cimmino et al., 2005).
Among the most extensively investigated tumor suppressor miRNAs are the
members of the let-7 family. The let-7 miRNA was first identified in C. elegans, in
which a mutation in let-7 gene was found to cause a lack of terminal differentiation
and over-proliferation (Reinhart et al., 2000). Currently, 10 mature members of the
let-7 family have been identified in humans (Roush and Slack, 2008) and are
frequently downregulated or deleted in several human malignancies (Wang et  al.,
2012). Let-7 is known to directly and negatively regulate the expression of the Ras
proteins (H-Ras, K-Ras and N-Ras) (Johnson et al., 2005), as well as that of the
oncogenic protein high-mobility group A (HMGA2) (Mayr et al., 2007). HMGA2
regulates gene expression by altering the structure of chromatin or by direct protein-
protein interactions with transcription factors (Sgarra et al., 2004). Moreover, it has
been shown that let-7 directly regulates Myc expression by binding to its 3′ UTR. An
interesting example of oncomiR is miR-155 which is upregulated in several
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hematopoietic malignancies (Eis et al., 2005) as well as in breast (Iorio et al., 2005),
lung (Yanaihara et al., 2006) and pancreatic cancer (Greither et al., 2010). The gene
encoding miR-155 was first identified as a common proviral DNA insertion site in
lymphomas induced by the avian leucosis virus (Tam et al., 1997).

Currently, more than 100 genes, including crucial tumor suppressors, are
confirmed to be targeted by miR-155. Among these target genes, two have been
identified in breast cancer, including the negative regulator of cytokine signal
transduction SOCS1 (suppressor of cytokine signaling 1) (Jiang et al., 2010) and the
pro-apoptotic transcription factor FOXO3a (Forkhead box O3) (Kong et al.,
2010). In pancreatic cancer, the proapoptotic stress-induced p53 target gene and
p53 modulator TP53INP1 (tumor protein 53-induced nuclear protein 1) has been
determined to be a miR-155 target gene (Gironella et al., 2007).

The miR-17-92 cluster, also known as oncomir-1, is one of the most potent
oncogenic miRNAs in human cancers (He et  al., 2005). This cluster was initially
identified due to its genomic amplification and elevated expression in multiple
hematopoietic malignancies, including diffuse large B-cell lymphomas (DLBCLs),
mantle cell lymphomas and Burkitt’s lymphomas (Ota et  al., 2004). The pri-miR
transcript derived from the miR-17-92 gene contains six tandem stem-loop hairpin
structures that can generate six different mature miRNAs, miR-17, miR-18a, miR-
19a, miR-20a, miR-19b-1 and miR-92-1 (Tanzer and Stadler, 2004). Each of these
miRNAs can affect the expression of hundreds of coding genes, with the net result
of promoting proliferation, inhibiting differentiation, increasing angiogenesis and
sustaining cell survival. Recent studies of the miR-17-92 cluster have led to the
conclusion that its biological functions are mediated by the downregulation of a
large number of mRNAs, the precise set of which varies with cell type and context.
Known targets of miR-17-92 include the negative regulator of Akt/PKB signaling
and tumor suppressor PTEN (phosphatase and tensin homologue), the tumor
suppressive transcription factor E2F1 and the cyclin dependent kinase inhibitor
CDKN1A (p21), which is a negative regulator of the G1-S checkpoint cell cycle
progression (Olive et al., 2010).

Although, as mentioned above, individual miRNAs can effectively function as
tumor suppressors or oncogenes, several studies have revealed that miRNA
expression can be globally altered in some cancers. Global miRNA dysregulation
has been associated with the aberrant expression of previously mentioned key
components of miRNA processing machinery, such as Drosha and Dicer,
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suggesting that disrupted miRNA biogenesis might have a causative role in
tumorigenesis (Lin and Gregory, 2015).

After the first report of miRNA expression in serum in 2008 (Chim et al., 2008),
there has been increasing attention on miRNA detection in the blood circulatory
system. Several studies have provided evidence of differential expression of
circulating miRNAs in malignancies compared to healthy controls (Ma et al., 2012).
The stability of miRNAs, combined with increasing specificity and sensitivity of
detection techniques, make them appealing putative cancer biomarkers for diagnosis
and prognosis, confirming the importance of miRNA expression and functional
studies in cancer research.

2.1.4.2 tRNA fragments

Transfer RNAs (tRNAs) are ubiquitous in all living organisms. Mature cytosolic
tRNAs are 75-80-nt non-coding RNAs characterized by a typical secondary structure
usually referred to as a cloverleaf. This structure consists of three hairpin loops and
a terminal helical stem. The three loops are termed D-, T- and anticodon loops. The
anticodon loop contains the triplets that are complementary to the codons in the
mRNAs. Codon degeneracy in the genetic code means that up to five different
tRNAs, each carrying a different anticodon sequence, can translate all the codons
for a single amino acid (i.e., tRNA isoacceptors).

tRNA molecules are first synthesized as precursor pre-tRNAs, which contain a 5`-
leader and a 3´-trailer. The leader is removed by endoribonuclease P (RNase P) and
the trailer sequence is trimmed by endonuclease Z (RNase Z, encoded by ELAC2).
The tRNA is subsequently prepared to accept the amino acid by the addition of a
3´terminal trinucleotide (5`-CCA-3`). This step is performed by the CCA-adding
tRNA nucleoidyl transferase, TRNT1 (Goodenbour and Pan, 2006; Kirchner and
Ignatova, 2015).
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Figure 2. Proposed mechanisms of biogenesis and cellular functions of tRNA halves and tRFs
(modified from Martens-Uzunova et al., 2013).

Recently, several studies based on next-generation sequencing technologies
(NGS) have investigated the small-RNA fraction in various organisms (Kawaji et
al., 2008; Yeung et al., 2009). Interestingly, a significant number of sequences were
found to derive from mature or precursor tRNAs, representing a series of tRNA-
derived fragments of different sizes. The abundance of these small RNA species
and ubiquitous expression gave rise to the question whether the fragments are
primarily random tRNA degradation products or true biological entities with
specific functions.
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Since the discovery of the fragments, several different terminologies have been
used to define them, although there is currently no accepted standard nomenclature.
tRNA fragments can, however, be distinguished based on their length and are
classified in two major groups: tRNA halves and tRNA-derived RNA fragments or
tRFs.

tRNA halves are also termed tiRNA (stress-induced small RNAs) and are
fragments derived from the cleavage of full length, mature tRNA at the anticodon
loop. This cleavage generates 3´ and 5´ fragments, each corresponding to half of the
original tRNA. The length of the tRNA halves ranges from 30 to 35 nt (Thompson
and Parker, 2009).

tRNA fragments were described already in the 1990s in E. coli as being generated
in response to T4 bacteriophage infection (Levitz et al., 1990). Several studies have
subsequently shown that tRNA halves are produced as the result of a conserved
response to stress in eukaryotes. In the ciliate Tetrahymena thermophila (Lee and Collins,
2005) and in the filamentous fungus Aspergillus fumigatus (Jochl et al., 2008) the
anticodon loop cleavage of tRNA molecules has been observed in response to amino
acid starvation. In addition, Saccharomyces cerevisiae contains a small RNA population
consisting primarily of tRNA halves, and their levels are most pronounced during
oxidative stress conditions (Thompson et al., 2008). In this yeast, tRNA cleavage was
proven to be unrelated to the degradation of unprocessed or mismodified tRNAs,
given that the level of fragments was constant in strains that are defective for tRNA
processing.  A similar increase in tRNA halves was found in Arabidopsis thaliana and
in HeLa cells in response to oxidative stress. Heat-shock, hypoxia and hypothermia
were also shown to trigger both the increased cleavage of tRNA and the elevated
production of tRNA halves in mammalian cells (Fu et al., 2009). Moreover, the levels
of full-length tRNAs do not significantly decline as a result of the generation of
tRNA halves (Lee and Collins, 2005; Thompson et al., 2008). The cleavage of tRNA
is catalyzed in mammals by the site-specific nuclease angiogenin and recent reports
have demonstrated that angiogenin-induced tRNA halves promote stress-granule
formation and translational repression. As a result, tRNA halves can directly inhibit
protein synthesis (Emara et al., 2010; Ivanov et al., 2011; Sobala and Hutvagner, 2013;
Yamasaki et al., 2009) (Fig. 2).

In a recent sequencing study performed on prostate cancer cell lines, the second
most abundant class of small RNAs after miRNAs was found to be tRFs, which are
derived from precise processing at the 5` or 3` end of mature or precursor tRNAs



34

(Lee et al., 2009). tFRs are smaller than tRNA halves, ranging in size from 17 to 26
nt. tRFs can be further divided to form three categories based on the region of the
tRNA they are derived from. Specifically, tRF-5s are derived from the 5` end of
the mature full tRNA and were found to be the most abundant, whereas tRF-3s
are derived from the 3´ end of the full mature tRNA and include the 5`-CCA-3`
acceptor sequence at their 3´ end. Finally, tRF-1s are derived from the 3´ trailer of
the precursor tRNA which extends beyond the 3´ end of the respective mature
tRNA form.

The characteristic and abundant expression of specific fragments and their
precise sequence indicate that they are not random products of tRNA degradation.
Moreover, a specific fragment named tRF-1001, which was found to be one of the
most abundantly expressed, was shown to increase proliferation in the human
colorectal carcinoma cell line HCT116. This fragment is generated in the
cytoplasm from pre-tRNA by the nuclease RNase Z, encoded by ELAC2, which
was previously shown to be a prostate cancer susceptibility gene.

In a second high-throughput sequencing study performed on HeLa cells, the
most abundant RNA reads were found to match sequences from known tRNAs,
with a preferred sequence length of 19 nt (Cole et al., 2009). To quantitatively
evaluate how many of the matching fragments could be considered putative
specific products (i.e., rather than the result of random degradation) a simple
processing score (Sp) was defined as the number of reads matching a certain RNA
region divided by the length of the matching region. Interestingly, tRNA reads
showed the highest mean Sp of all the non-coding RNA. In the same study, the
generation of tRFs derived from tRNAGln was shown to be dependent on the
ribonuclease Dicer (Fig. 2).

A Dicer-dependent small tRNA fragment was also described in mouse
embryonic stem cells (Babiarz et al., 2008) and tRFs were found to be associated
with Ago proteins in several reports. The function of tRFs is currently unknown.
However, the evidence of Dicer-dependent processing and their association with
Ago proteins suggest that tRFs could target mRNAs in a manner similar to
miRNAs and could play a role in the regulation of gene expression.

One of the first reports of tRF involvement in gene silencing was a small ncRNA
sequencing study of the HIV-1-infected human monocyte cell line U1 and the
human T-cell line MT4 (Yeung et  al., 2009). HIV-1 uses the human tRNALys,
tRNAPro and tRNATrp as primers for the initiation of reverse transcription and viral
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DNA synthesis. In this study, a highly abundant 18-nt tRF, termed PBSncRNA, was
found to originate from the double-stranded hybrid formed by the tRNALys and the
primer binding site (PBS) of HIV. The hybrid is processed in vitro by Dicer and can
associate with Ago2, triggering gene silencing as a mechanism of viral defense against
the host. Moreover, knock-down of PBSncRNA with a synthetic antagomir
increased the replication potential of HIV in infected cells.

More recently, a tRF cloned from human mature B-cells and termed CU1276 was
found to possess the functional characteristics of a miRNA, including Dicer-
dependent generation, association with Ago proteins and the ability to down-regulate
mRNA transcripts in a sequence-specific manner (Maute et al., 2013). CU1276 is
expressed in normal B-cells, but it appears to be down-regulated in B-cell lymphoma.
In this study, CU1276 was shown to target replication protein A1 (RPA1), which
plays an essential role in several cellular processes in DNA metabolism, including
replication, recombination and DNA repair. Consequently, the expression of this
tRNA-derived miRNA in lymphoma suppresses proliferation and modulates the
molecular response to DNA damage.

These results suggest an important role of tRFs in cell biology and their potential
association with cancer.

2.2 Cancer stem cells

2.2.1 Cancer stem cell model in hematopoietic and solid tumors

The cancer stem cell model is based on the hypothesis that cancer growth is driven
by a specific subpopulation of tumor cells, defined as cancer stem cells (CSCs). The
CSC model therefore implies that a tumor, like a normal tissue, is composed of a
heterogeneous group of cells and organized hierarchically into clonally derived
populations with different proliferative potentials. Tumor growth and propagation
depends on a pool of stem-like cells at the apex of the hierarchy, with these cells
being characterized by an ability to self-renew and to generate the diverse cells that
constitute the tumor (Jordan et al., 2006; Reya et al., 2001).

In contrast, the clonal evolution model of cancer is based on the hypothesis that
most cancer cells within a tumor are highly tumorigenic, but are characterized by
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different genetic and epigenetic features. In this context, clones that possess a
growth advantage will be somatically selected and will continue to drive tumor
proliferation (Shackleton et al., 2009). CSCs can also be selected based on their
growth advantage in a particular environment, thus, the CSC model does not
exclude the possibility of clonal evolution of a tumor (Barabe et al., 2007; Marotta
and Polyak, 2009).

Inconsistencies in nomenclature in the field have generated confusion over the
concept of tumor-initiating cells and CSCs. The two terms have been used
interchangeably, although the cell of origin of a cancer is distinct from a cancer
stem cell. The cell of origin is defined as the normal cell type from which a tumor
arises following oncogenic transformation, whereas CSCs represent the cellular
subpopulation that sustains malignant growth within the tumor. The cell of origin,
the mutations acquired, and/or the differentiation potential of the cancer cells may
determine whether a cancer follows the CSC model (Visvader, 2011) (Fig. 3).

Figure 3. Models of tumor cell proliferation. The clonal evolution model of cancer is based on the
hypothesis that most cancer cells within a tumor are highly tumorigenic, but are
characterized by different genetic and epigenetic features. The cancer stem cell (CSC)
model implies that a tumor is composed of a heterogeneous group of cells and is organized
hierarchically into clonally derived populations with different proliferative potentials (modified
from Wang and Dick, 2005).
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CSCs are practically defined using specific functional assays. The most common
method involves the xenotransplantation of populations of primary cancer cells,
sorted by flow cytometry, into immunodeficient mice. In this scenario, the CSC
model predicts that only a subpopulation of cells within the primary tumor possesses
the capacity to initiate new tumor formation in vivo. This population is therefore
defined as the CSC pool. CSCs can be purified from the bulk tumor and can be
enriched by serial xenotransplantation. The clonal model instead predicts that tumor-
initiating activity will be found in every cell fraction derived from the primary tumor
(Dick, 2003; Wang and Dick, 2005). The implications of the two models for the
development of therapeutic approaches in cancer treatment are profound. In the
clonal evolution model, it is essential to eliminate the bulk of cancer cell population
to achieve therapeutic efficacy, whereas in the CSC model, targeting the stem cells is
essential to prevent disease relapse (Al-Hajj et al., 2004).

The existence of cancer stem cells was first proven in acute myeloid leukemia
(AML). Transplantation experiments of primary AML cells into severe combined
immune-deficient (SCID) and non-obese diabetic/SCID (NOD/SCID) mice
showed that only a rare subpopulation of cells, derived from the primary tumor and
comprising 0.01 to 1% of the total population, was capable of initiating new growth
in vivo. These cells were termed SCID leukemia-initiating cells (SL-ICs) and can be
effectively separated from the tumor bulk based on their surface markers. SL-ICs are
the only CD34+ CD38- cells in AML and are referred to as leukemia stem cells (LSCs)
(Bonnet and Dick, 1997; Lapidot et  al., 1994). In this case LSCs show similar
phenotype as the normal hematopoietic stem cells (HSCs), with the difference that
they are CD90- and CD117-, whereas HSCs are CD90+ and CD117+ (Blair et  al.,
1997; Blair and Sutherland, 2000). HSCs and LSCs share certain common molecular
features. Recent studies have demonstrated that the Polycomb group (PcG) gene Bmi-1
is required for self-renewal of both cell types (Guzman et al., 2001; Lessard and
Sauvageau, 2003), but LSCs express the active form of NF-κB, responsible for
antiapoptotic activity (Guzman et al., 2001).

Similar approaches were subsequently applied to identify subpopulations with
cancer stem-cell properties in solid tumors. In breast cancer, a minor CD44+ CD24-

/low Lineage- cell population was shown to give rise to tumors that could be serially
transplanted in NOD/SCID mice, whereas cells with alternative phonotype were
not tumorigenic (Al-Hajj et al., 2003). The CD133+ subpopulation in brain tumors
(Singh et al., 2004) and colon cancer (O'Brien et al., 2007; Ricci-Vitiani et al., 2007),
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the CD90+ subpopulation in hepatocellular carcinoma (HCC) (Yang et  al., 2008)
and the CD44+ CD24+ ESA+ subpopulation in pancreatic cancer (Li et al., 2007)
showed similar properties.

2.2.2 Therapeutic implications of cancer stem cells

The CSC model still has many limitations despite the supporting evidence, and
many questions remain to be answered to validate the role of CSCs in the molecular
mechanisms of cancer initiation and progression.

The cellular origin of CSCs is still undetermined. These cells do not necessarily
originate from normal stem cells, but may arise from progenitor cells or even more
differentiated cells that have subsequently acquired self-renewal capacity through
mutation (Bu and Cao, 2012). The percentage of CSCs contained in tumors appears
to be highly variable. Although the relative proportion of CSCs might be determined
by the particular characteristics of the individual tumor, CSC fractions from solid
malignancies remain highly impure populations, reflecting technical differences in
the sample preparation (Kern and Shibata, 2007; Visvader and Lindeman, 2008).
Rather than representing exclusive features of actual primary self-renewing cells, the
markers used for CSC isolation could reflect the ability of certain cells to survive
purification procedures or alternatively to initiate tumor growth in the mouse
environment (Marotta and Polyak, 2009). The mouse injection assay used for CSC
identification may have serious limitations due to the transplantation of human
cancer cells into a specific site in the host (Kelly et al., 2007; Kennedy et al., 2007).
Moreover, as transplanted cells originally existed in a complex microenvironment
that is not accurately modeled by the assay, a lack of important accessory cells may
affect the tumorigenic capacity of transplanted cells from solid tumors (Hill, 2006).
Furthermore, the characterization and identification of CSCs in a specific tumor may
be limited by the intrinsic genetic instability of most cancers, which is responsible
for continuous cell diversification (Nguyen et al., 2012).

Nevertheless, recent studies have provided evidence supporting potential
application of therapeutic strategies based on targeted CSCs eradication.

The case of leukemia represents a well-studied example. A fundamental problem
in treating leukemia derives from LSC resistance to conventional chemotherapy.
Human AML stem cells transplanted in immunodeficient mice have been reported
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to engraft within the osteoblast-rich area of the bone marrow and to enter a
quiescent state, an event that is responsible for the acquired resistance to
chemotherapy (Guan et al., 2003; Ishikawa et al., 2007). The specific targeting of the
apoptosis and proliferation regulator promyelocytic leukemia protein (PML) tumor
suppressor in CML was shown to disrupt the maintenance of the quiescent LSCs by
sensitizing them to pro-apoptotic stimuli (Ito et al., 2008). Moreover, the naturally
occurring parthenolide (PTL), a sesquiterpene lactone found as the major active
component in Feverfew (Tanacetum parthenium), was reported to selectively ablate
primitive AML leukemia cells without affecting normal stem and progenitor cells
(Guzman et al., 2005).

Strategies directed at eradicating CSCs have been investigated in solid tumors as
well. Studies in human glioblastoma showed that CD133+, stem-like, tumor-initiating
precursors in glioblastoma multiforme (GBM) are more resistant to irradiation, both
in vivo and in vitro, than CD133- cells. This effect is mediated through the preferential
activation of the DNA damage checkpoint response and an increase in DNA repair
capacity (Bao et al., 2006). Bone morphogenetic proteins (BMPs), particularly BMP4,
were shown to trigger a significant reduction in GBM cells. BMP4 exposure of GBM
cells depleted the CD133+ cell fraction and transient in vitro exposure of CD133+

cells to BMP4 reduced their capacity to initiate new tumors in transplanted mice
(Piccirillo et al., 2006). Therapeutic resistance of CSCs has also been reported in
breast cancer, in which chemotherapy was shown to selectively enrich for self-
renewing CD44+ CD24-/low breast cancer cells.  The results showed that 74% of
tumor cells from chemotherapy-treated patients were CD44+ CD24-/low compared
to only 9% of cells in untreated patients (Yu et  al., 2007). The same study also
demonstrated let-7 miRNA downregulation in self-renewing cells and infection with
a let-7-lentivirus led to reductions in (i) proliferation, (ii) mammosphere formation,
(iii) the proportion of undifferentiated cells in vitro, and (iv) tumor formation and
metastasis in transplanted NOD/SCID mice.
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2.3 Bladder cancer

2.3.1 Bladder cancer pathology and risk factors

Urinary bladder cancer is the most common malignancy of the urinary tract, with
an estimated 386.000 new cases and 150.000 deaths worldwide (Jemal et al., 2011).
Bladder cancer is the fourth most common cancer in men in Western countries
and is approximately 3 times more common in males than in females. An average
of 90 to 95% of malignant bladder tumors arise from the urothelium (i.e., the
epithelium lining the inside of the urinary bladder) and are thus termed urothelial
carcinomas. The remaining 5-10% of cases include adenocarcinoma, squamous cell
carcinoma and other rare histological types (Reuter, 2006). Squamous cell
carcinoma (SCC) of the bladder represents less than 5% of bladder cancer cases
and is usually diagnosed in patients who suffered spinal cord injury (SCI) and who
have a history of a prolonged use of indwelling catheters (Navon et  al., 1997).
Inflammation caused by chronic urinary tract irritation, either from bacterial
infections or bladder calculi is reported as the main cause of SCC (Shokeir, 2004).
SCC represents 59% of bladder cancer cases in countries with endemic bilharziasis,
an infectious disease affecting agricultural communities and caused by the parasite
Schistosoma haematobium, with the highest number of cases reported in Egypt
(Mostafa et al., 1999).

Tobacco smoke is the most important environmental risk factor for bladder
cancer (Stewart et  al., 2008; van der Meijden, 1998). Occupational exposure to
aromatic amines, typically found in industrial aniline dyes, has also been correlated
with an increased risk of developing bladder cancer (Golka et al., 2004), as have
arsenic and chloride contamination in drinking water (Chiou et al., 2001; Villanueva
et al., 2003). However, only a fraction of cases exposed to a known carcinogen will
eventually develop bladder cancer, suggesting a role for genetic variation as a
contributing factor in determining risk. Recent genome-wide association studies
have been performed and considered at least one thousand cases and one thousand
controls, with hundreds of thousands of single-nucleotide polymorphisms (SNPs)
being examined for association with the disease (Chung and Chanock, 2011).
Polymorphisms in two carcinogen-detoxifying genes, N-acetyltransferase 2
(NAT2) and glutathione S-transferase-μ1 (GSTM1) were found to confer
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increased bladder cancer risk. SNPs associated with moderate risk of bladder cancer
were discovered for several candidate genes, including MYC, TP63, prostate stem
cell antigen (PSCA), telomerase reverse transcriptase (TERT)–CLPTM1-like
(CLPTM1L), fibroblast growth factor receptor 3 (FGFR3), transforming, acidic
coiled-coil containing protein 3 (TACC3), NAT2, chromobox homologue 6 (CBX6),
apolipoprotein B mRNA-editing enzyme catalytic polypeptide-like 3A
(APOBEC3A), cyclin E1 (CCNE1) and UDP glucuronosyltransferase 1 family,
polypeptide A complex locus(UGT1A) (Dudek et al., 2013).

The majority of bladder cancer cases (75%) are non-muscle invasive (NMIBC) at
diagnosis. NMIBC is treated by trans-urethral resection of the tumor (TUR-T),
followed by perioperative intravescical chemotherapy instillation. In patients with
high risk of progression or recurrence, intravescical immunotherapy is used, which
consists of the serial administration of Bacillus Calmette-Guérin (BCG). BCG is an
attenuated mycobacterium that triggers an intense local immune activation in the
bladder. It has been shown that BCG provides significantly better prophylaxis of
tumor recurrence over TUR alone in high-risk superficial urothelial carcinoma
(Cookson and Sarosdy, 1992; Shelley et al., 2001). However, some patients are still at
risk of recurrence and progression to muscle-invasive bladder cancer (MIBC) (van
den Bosch and Alfred Witjes, 2011).

The remaining 25% of cases present at diagnosis with MIBC (TNM stage T2 or
higher), and are primarily treated with radical cystectomy if the tumor is still confined
to the bladder. However, 50% of these cases will progress to metastatic disease
(Sawhney et al., 2006).

2.3.2 Chromosomal alterations in bladder cancer

Bladder cancer is a heterogeneous disease with a unique natural history
characterized by a highly variable clinical course. Patients with superficial and
invasive tumors can have remarkably different 5-year survival rates (Lee and Droller,
2000). Therefore, clinical parameters of the disease, including tumor grade and
shape, location, and presence of carcinoma in situ (Cis) are of limited value as
prognostic markers (Holmang et al., 1995). The clinical heterogeneity suggests an
underlying heterogeneity of genetic alterations leading to different pathways of
cancer development and progression. Although there is no established specific
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chromosomal alteration for bladder cancer, several studies have revealed
considerable variability in the degree of alteration at the chromosomal level (Wolff,
2007). The spectrum of alterations can also vary depending on the grade of
differentiation and the tumor stage, with low-stage, low-grade tumors generally
showing fewer aberrations than more aggressive tumors (Fadl-Elmula, 2005;
Sandberg, 2002). This result suggests that bladder cancer progression may in fact
be driven by the accumulation of chromosomal changes and a better
understanding of the molecular mechanisms that lead to tumor formation and
progression is therefore needed to identify more aggressive tumors and improve
survival rates.

Many of the genetic alterations found in bladder cancer consist of region-specific
gains or losses of DNA copy number, which can lead to the identification of the
key genes involved. Regions of DNA copy number gain or amplification
commonly harbor oncogenes, whereas deleted regions harbor tumor suppressor
genes. Various approaches have been used extensively to study urothelial
carcinoma and identify altered genes, including cytogenetics, fluorescence in situ
hybridization (FISH), comparative genomic hybridization (CGH), loss of
heterozygosity (LOH) and, more recently, array-comparative genomic
hybridization (aCGH). CGH produces a map of DNA sequence copy number as
a function of chromosomal location throughout the entire genome. Differentially
labeled sample DNA and reference DNA sequences are co-hybridized to normal
chromosome spreads and regions of gain or loss of DNA sequences (e.g.,
deletions, duplications, or amplifications), considered to be changes in the ratio of
the intensities of the two fluorochromes (Weiss et al., 1999). The resolution of
conventional CGH was limited to regions on the order of 3 Mb (Lichter et al.,
2000), and it was not possible to resolve regional single-copy DNA gains or losses.
The further development of aCGH allowed high-resolution copy number analyses.
In aCGH, the metaphase chromosomes are replaced by cloned DNA fragments
of approximately 100–200 kb of which the exact chromosomal location is known
(Oostlander et al., 2004). The resolution becomes limited only by the physical size
of the clones used in the array (Pinkel et al., 1998; Veltman et al., 2002), facilitating
the identification of single-copy changes.

As has been shown by conventional cytogenetic studies, one of the most
common features of early bladder cancer is the loss of the entire chromosome 9
or portions of it (Sandberg, 1992). Deletions at chromosome 9 are found in more
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than half of all bladder tumors (Fadl-Elmula, 2005). Monosomy and deletion of 10q
have also been described using cytogenetics (Smeets et al., 1987) and FISH (Wang et
al., 1994). LOH and mapping studies on both arms of the chromosome 9 have
provided a list of candidate tumor suppressor genes, that are likely involved in the
initiation of tumorigenesis. These genes include CDKN2B and CDKN2A at 9p21,
which encode the negative regulators of cell cycle p15 and p16 (Packenham et  al.,
1995; Williamson et al., 1995); PTCH and TSC1 at 9q22 and 9q34, respectively
(Aboulkassim et al., 2003; Habuchi et al., 1995); and DBC1 at 9q32 (Habuchi et al.,
1998). LOH studies have also lead to the identification of other known and candidate
tumor suppressors at 17p (TP53) (Sidransky et al., 1991; Williamson et al., 1994), 10q
(PTEN) (Aveyard et al., 1999; Cairns et al., 1998) and 13q (RB1) (Cairns et al., 1991).
Aberrations of chromosome 9 are observed in superficial papillary non-invasive
tumors (Ta), but in only a small subset of invasive bladder neoplasms. In contrast,
carcinoma in situ (Tis) and invasive tumors are characterized by loss-of-function
mutations of TP53, RB1 and PTEN (Cordon-Cardo, 2008).

Many CGH studies of bladder cancer have been published (Kallioniemi et al., 1995;
Richter et al., 1997; Richter et al., 1998; Simon et al., 1998; Voorter et al., 1995; Zhao
et al., 1999), leading to the identification of non-random genomic regions of DNA
amplification and loss. The identified regions include the overrepresentation of 1q,
3p, 3q, 5p, 6p, 8q and 10p, as well as common amplifications at 1q22-24, 3p24-25,
6p22, 8p12, 8q21-22, 10p12-14, 12q15-21, 13q31-33, Xp11-12 and Xq21-22.
Moreover, a high-level of amplification was identified at 17q21 and was associated
with the oncogene ERBB2 (Hovey et al., 1998). The amplification at 11q13 was
associated with CCND1 (Bringuier et al., 1996). The frequent losses of chromosome
9 and 10q regions were also validated in these studies and frequent loss of 8p, 5q
and 4q were described. One of the major general findings is that T1 tumors show a
larger number of genomic alterations than Ta tumors. Several other genomic changes
have been identified by more recent aCGH studies. For example, recurrent
homozygous deletions were detected at 8q23.1, 9p21.3, 9q33, 10q23 and11p13. The
previously identified gene CDKN2 was confirmed as an affected gene in 9p21, DBC1
was confirmed as an affected gene in 9q33 and PTEN in 10q23. TRAF6 and RAG1
were associated with 11p13. In addition, several high level amplifications were
identified and associated with target genes at regions 6p22 (E2F3), 8p12 (FGFR1),
8q22.2 (CMYC) 11q13 (CCND1, EMS1, INT2) and 19q13 (CCNE1) (Blaveri et al.,
2005; Hurst et al., 2004; Veltman et al., 2003).
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Taken together, chromosomal alteration studies in bladder cancer show an
increased number of aberrations in higher-grade tumors and more aggressive
tumors. The association between the genomic profile and the behavior of the
tumors has recently been investigated, with the purpose of identifying possible
prognostic markers. The loss of 9p21 region has been shown to correlate with the
response to BCG treatment (Cai et al., 2010) and an association with disease
prognosis was found for loss of the chromosome region 8p23 and concomitant
LOH at 9p and 14q (Eguchi et al., 2010; Tzai et  al., 2003). In the search for
prognostic markers, other approaches have shown the importance of the whole
genomic profile and the total number of changes, as opposed to single
chromosomal alterations (Blaveri et  al., 2005). Moreover, genomic instability in
itself, measured by number of metaphase bridges and centrosomes, has been
proven an informative marker (Jin et al., 2007; Yamamoto et al., 2004).

Although significant associations have been revealed, large cohort validation
studies are lacking and more research is needed to investigate the association
between genetic changes and the development and progression of the disease.

2.4 Prostate cancer

2.4.1 Prostate cancer pathology and clinical characteristics

Prostate cancer (PC) is the second most commonly diagnosed cancer worldwide
and the most frequently diagnosed malignancy in men in developed countries
(Torre et al., 2015). The incidence of PC varies widely internationally, primarily
because of substantial differences in diagnosis practices and the adoption of
prostate-specific antigen (PSA) testing. PC rates have been continuously increasing
in Europe since the adoption of PSA screening (Center et al., 2012).

Histologically, the prostate epithelium can be divided into two distinct cellular
layers, termed the basal layer and luminal layer. The luminal layer consists of
differentiated, secretory cells, whereas the basal layer consists of low cuboidal
epithelium and columnar mucus-secreting cells, separating the luminal cells from
the basal membrane. Rare neuroendocrine cells are also found, primarily within
the basal layer (van Leenders and Schalken, 2003). PC presents a strikingly luminal
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phenotype and is therefore referred to as an adenocarcinoma (Okada et  al., 1992).
Pathologists often base the diagnosis of cancer on the absence of basal cells markers
(Parsons et al., 2001), although recent studies in a murine model have suggested the
possible involvement of both luminal and basal cells in tumor initiation (Goldstein
et al., 2010; Lawson et  al., 2010; Wang et al., 2009). This result suggests either that
prostate cancer arises from a luminal cell or that the oncogenic transformation of a
basal progenitor results in rapid differentiation of luminal progeny.

Prostatic intraepithelial neoplasia (PIN) is a neoplastic lesion of the epithelium
lining the prostatic ducts and acini (Kastendieck, 1980; McNeal and Bostwick, 1986).
PIN is classified as low-grade and high-grade based on the cytological characteristics
of the secretory cells (Montironi et al., 2007). Based on co-localization and
phenotypic and molecular genetic similarities, high-grade PIN (HGPIN) is
considered the likely precursor of prostatic carcinoma (Bhatia-Gaur et  al., 1999;
Bostwick et al., 2004; Montironi et al., 2000; Qian et al., 1995); however, HGPIN is
not exclusively associated with cancer and several benign disorders present with
HGPIN lesions (Bostwick and Qian, 2004). Recent studies have highlighted the
possible role of regenerative lesions, acquired as a consequence of chronic prostatic
inflammation, as another possible early stage of prostate carcinogenesis (De Marzo
et al., 2007). Histologically, these lesions usually contain either acute or chronic
inflammatory infiltrates and are associated with atrophic epithelium or focal
epithelial atrophy, showing increased epithelial cell proliferation. The lesions are
referred to as proliferative inflammatory atrophy (PIA) (De Marzo et al., 1999). The
hypothesis of chronic inflammation caused by inflammatory oxidants as a risk factor
for prostate cancer development is supported by epidemiological data, showing
significantly lower incidence and mortality rates in Southeast and East Asia than in
Europe and the United States (Center et al., 2012), suggesting environmental  effects.
Although the cause of prostatic inflammation remains unclear, a link between
incidence and the consumption of red meat and animal fats has recently been shown
(Michaud et al., 2001; Sinha et al., 2009).

PC is a heterogeneous disease, which presents with histologic and anatomic
variability (Arora et al., 2004), as well as remarkably different clinical evolution,
ranging from indolent disease to rapidly invasive and metastatic carcinoma (De
Marzo et al., 2004). The presence of multiple foci of PIN and/or adenocarcinoma is
a common finding in a single prostate gland (Djavan et al., 1999; Miller and Cygan,
1994; Villers et  al., 1992). Therefore, the Gleason grading system is the most
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commonly used classification for histologic grading of prostate malignancies. The
system is based on the microscopic evaluation of the glandular architecture. The
tissue specimens are given an overall Gleason score, which is based on the sum of
primary and secondary grades, representing the two most commonly observed
histologic patterns. Each pattern is defined numerically from 1 to 5, indicating the
most to least differentiated cellular features, respectively (Epstein, 2010; Mellinger
et al., 1967). A highly available and minimally invasive blood test for prostate-
specific antigen (PSA) is commonly used for the early detection and treatment
response monitoring. PSA is a kallikrein-related serine protease that is
physiologically involved in the liquefaction of seminal fluid (Lilja, 1985). Prostate
cancer can induce up to a 105-fold increase in PSA levels in the circulatory system
compared to basal levels. This increase is believed to result from the disruption of
prostate architecture in prostate tumors, such as disruption of the basement
membrane and a loss of the basal cell layer (Lilja et al., 2008). However, increased
levels of PSA can also result from benign conditions, such as benign prostatic
hyperplasia (Nadler et al., 1995) and clinically localized, low Gleason grade cancers.
This type of prostate cancer may not require intervention, due to its indolent nature
(Wolf et al., 2010). Moreover, recently published data from the European
Randomized Study of Screening for Prostate Cancer (ERSPC) indicate that the
increased rate of diagnosis of indolent tumors is potentially responsible for
overtreatment and adverse effects associated with treatment options (Schroder et
al., 2009).

Men that present with elevated blood PSA levels or abnormal prostate after
clinical evaluation typically undergo prostate biopsy screening and histological
evaluation. Treatment options are normally based on the clinical stage and
histological grade of prostate cancer. Active surveillance is a viable option for low-
risk, localized disease. Though radical prostatectomy and radiation therapy
represent effective treatments for localized, early stage disease, 30-40% of cases
will progress to advanced, metastatic disease (Shore, 2014).

PC is highly dependent on androgen hormones (Huggins and Hodges, 2002).
The most abundant androgen hormone in males is testosterone, which is primarily
synthesized by the testes. Once testosterone enters prostate cells, it is converted
into the more potent 5α-dihydrotestosterone (DHT), which binds with high
affinity to the androgen receptor (AR) in the cytoplasm. AR is consequently
translocated in the nucleus, where it binds androgen response elements (AREs) at
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the promoter region of target genes, inducing their transcription and resulting in an
overall response of cell growth and survival (Heinlein and Chang, 2004). The role of
androgens and AR is essential in both normal prostate development (Imperato-
McGinley et  al., 1985; Yeh et al., 2002) and prostate cancer development and
progression (Heinlein and Chang, 2004). For these reasons, androgen deprivation
therapy (AD) is initially highly effective in advanced cases (Ryan and Tindall, 2011;
Scher et al., 2004). During the early phase of AD, rapid apoptosis and regression are
observed in the tumor; however, most patients will ultimately develop castration-
resistant prostate cancer (CRPC). CRPC remains incurable and represents one of the
major clinical challenges for disease treatment (Agus et al., 1999; Hotte and Saad,
2010; Scher and Sawyers, 2005). Another major challenge is the absence of reliable
prognostic information, necessary to readily distinguish indolent from aggressive
cases in patients with low Gleason grade biopsies.

Therefore, a deeper understanding of the molecular mechanisms of prostate cancer
tumorigenesis is required for the discovery more specific biomarkers and the
development of improved therapeutic strategies.

2.4.2 Molecular biology of prostate cancer

The heterogeneity of the histologic and anatomic features of PC, as well as its
variable clinical evolution, reflect the fact that there is no clear model of common,
defined genetic events that lead to PC development (Tomlins et al., 2006b). However,
susceptibility studies suggest a strong genetic component and extensive effort has
led to the identification of several genetic and genomic alterations (both inherited
and somatic), involved in PC tumorigenesis (Table 1).

2.4.2.1 Prostate cancer susceptibility

Family history is among the strongest epidemiological risk factors for PC, with
relative risk increasing markedly when the number of affected individuals in a family
cluster increases and when the age of the affected individuals decreases (Carter et al.,
1992; Steinberg et al., 1990). Moreover, monozygotic twins have a fourfold increased
concordance rate of prostate cancer compared with dizygotic twins (Carter et al.,
1992). A landmark cohort study using the combined data from 44,788 pairs of twins
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listed in Swedish, Danish and Finnish twin registries, estimated that 42% of all
prostate cancer risk might be explained by inheritable factors (Lichtenstein et al.,
2000). A more recent cohort study, performed using novel statistical models and
data from the largest twin study of cancer in the world (Nordic Twin Study of
Cancer, NorTwinCan), and including 143,467 pairs of twins, revealed an even
higher estimate of 57% of prostate cancer heritability (Hjelmborg et al., 2014).

Strong candidate familial PC susceptibility genes, identified by linkage and
mutation screenings, include ELAC2 (elaC ribonuclease Z 2) (Tavtigian et  al.,
2001), RNASEL (2′-5′-oligoadenylate-dependent ribonuclease L) (Carpten et  al.,
2002), MSR1 (macrophage scavenger receptor 1) (Xu et  al., 2002), HOXB13
(homeobox protein Hox-B13) (Xu et al., 2013), and the breast cancer susceptibility
gene BRCA2 in early-onset cases (Edwards et al., 2003). However, mutations in
these candidate genes are rare and no single susceptibility locus is alone responsible
for a large portion of familial prostate cancers.

With the advent of modern genomic tools, the field of cancer susceptibility has
greatly expanded and genome-wide association studies (GWAS) have recently been
performed to assay hundreds of thousands of common single nucleotide
polymorphisms (SNPs). The 1000 Genomes Project, which aimed at building a
resource to help explain the genetic contribution to human disease, has sequenced
the genomes of 1,092 individuals from 14 populations and revealed an estimated
4 million SNPs with a minor allele frequency of ≥5% per-individual (1000
Genomes Project Consortium et al., 2012). To date, published prostate cancer
GWAS have identified 100 prostate cancer risk SNPs, accounting for∼33% of the
familial risk of prostate cancer in populations of European ancestry (Al Olama et
al., 2014). The SNPs are primarily located in regions not previously associated with
prostate cancer risk. Despite some evidence of disease-associated SNPs in coding
regions of known genes, the majority of these SNPs are in intronic or intergenic
non-coding regions and the molecular mechanism for their function remains
unknown (Eeles et al., 2014; Freedman et al., 2011).
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2.4.2.2 Candidate genes involved in prostate cancer tumorigenesis and progression.

One of the most commonly reported events in PC is the down-regulation of the
π-class glutathione S-transferase gene (GSTP1), which is an important
multifunctional detoxifying enzyme, that belongs to the glutathione S-transferase
family (Lee et al., 1994). GSTP1 inactivates electrophilic carcinogens by conjugation
with glutathione (Toffoli et al., 1992). The regulatory sequence near the GSTP1 gene
is commonly inactivated by hypermethylation during the early stages of prostatic
carcinogenesis (Brooks et al., 1998; Jeronimo et al., 2004). The hypermethylation is
not detected in benign prostatic epithelium (Jeronimo et al., 2001). Reduced
expression of GSTP1 is also described in PIN (Nakayama et al., 2004), whereas PIA
lesions generally show high GSTP1 expression. GSTP1 promoter methylation has
been shown in some cells within PIA regions, suggesting a possible increased chance
of progression to high-grade PIN and/or adenocarcinoma (Nakayama et al., 2003),
and supporting the hypothesis that inflammation might play an important role in PC
initiation. Although the mechanism responsible for the observed hypermethylation
is not well understood, the loss of GSTP1 expression likely increases vulnerability to
oxidant carcinogens (Nelson et al., 2001).

The phosphatase and tensin homolog (PTEN) gene is a tumor suppressor
identified by mapping of the chromosomal region 10q23, which is frequently deleted
in PC (Li et al., 1997). In early studies, LOH analysis performed on tumor samples
revealed 35-49% of PC cases harboring PTEN hemizygous deletions (Feilotter et al.,
1998; Muller et al., 2000). Later analysis of PTEN status by FISH, confirmed the high
frequency of deletions (Yoshimoto et  al., 2007). HGPIN samples were found to
exhibit lower frequency of PTEN deletion (20%) than primary tumors (Bismar et al.,
2011; Yoshimoto et al., 2006a), whereas advanced prostate cancer samples showed
higher frequency of both hemizygous and homozygous deletions (Yoshimoto et al.,
2007). Moreover, point mutations and promoter methylation have also been
reported to affect PTEN gene expression and function (Taylor et al., 2010; Whang et
al., 1998). The deletion or functional inactivation of PTEN is correlated with poor
clinical prognosis, with hemizygous deletions being associated with an increased risk
of PC and earlier biochemical relapse after radical prostatectomy; moreover,
homozygous deletions of PTEN are strongly linked to metastasis and androgen-
independent progression (Bismar et al., 2011; Sircar et al., 2009; Squire, 2009). The
protein encoded by PTEN is a phosphatase that targets phosphatidylinositol-3,4,5-
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trisphosphate (PIP3), thereby antagonizing the PI3K/AKT signaling pathway.
PI3Ks are a family of intracellular lipid kinases responsible for the phosphorylation
of phosphatidylinositol-4,5-bisphosphate (PIP2) to generate the lipid second
messenger PIP3. PIP3 transduces the signal by activating the serine-threonine
kinase AKT, resulting in increased cell survival and proliferation (Chalhoub and
Baker, 2009).

Another common event observed in early prostate carcinogenesis is the loss of
specific regions of chromosome 8p, an event that is observed in 80% of prostate
tumors (Chang et al., 1994). LOH at chromosome region 8p21 has been reported
in 90% of PC cases and in 60% of PIN (Emmert-Buck et al., 1995; Vocke et al.,
1996).

The NK3 transcription factor related locus 1 (NKX3.1) homeobox gene maps
within the critical region of 8p21 loss (He et al., 1997) and is an important regulator
of normal prostate development and prostate tumorigenesis (Bhatia-Gaur et  al.,
1999). Although LOH at 8p21 progressively increases in frequency with cancer
grade, as the remaining NKX3.1 allele is not mutated, it does not act as a classic
tumor suppressor gene (Ornstein et al., 2001). In addition, independently of 8p21
LOH, it has been shown that NKX3.1 can be regulated epigenetically, through
promoter methylation (Asatiani et al., 2005).
Analyses of NKX3.1 function in engineered mice have shown that its inactivation
results in a defective response to oxidative damage (Ouyang et  al., 2005). NKX3.1
expression in human prostate cancer cell lines affects DNA damage response and
cell survival after DNA damage, enhancing colony formation and having a minimal
effect on apoptosis (Bowen and Gelmann, 2010). These results suggest that NKX3.1
represents a haploinsufficient tumor suppressor gene that acts as a gatekeeper for
prostate cancer initiation (Gelmann, 2003).
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Gene Function Alteration
GSTP1 Detoxification Hyper methylation
PTEN Tumor suppressor, PI3K/AKT

pathway antagonist
Deletion, mutation, promoter
methylation

NKX3.1 Oxidative damage response Deletion, promoter methylation
AR Cell growth and survival Mutation, amplification,

alternative splicing
ERG, ETV1, ETV4, ETV5 Transcription factors,

proliferation, differentiation,
apoptosis and transformation

Gene fusion, primarily with
TMPRSS2

MYC Transcription factor, proliferation Overexpression
EZH2 AR coactivator Overexpression
SKIL TGF-beta pathway inhibitor Gene fusion with TMPRSS2
HES6 Transcription cofactor Gene fusion with DOT1L
FOXA1 Transcription factor, cell cycle

progression
Mutation

SPOP Transcriptional repression Mutation
HOXB13 Transcription factor Mutation
MLL2, UTX, ASXL1

AURKA
MYCN
MED12

Histone and chromatin
modification
Serine/threonine kinase
Transcription factor
Transcription regulation

Mutation

Overexpression, amplification
Overexpression, amplification
Mutation

Table 1. Candidate genes involved in prostate tumorigenesis and progression, their functions and
genetic alterations.

The androgen receptor (AR) gene is one of the most frequently altered genes in
CRPC. Several AR somatic mutations have been reported. Although differing results
have been published (Marcelli et al., 2000; Tilley et al., 1996), it is generally accepted
that somatic AR mutations are very rare in untreated, localized PC, but are detected
at a high frequency in castration-resistant and metastatic tumors (Gottlieb et al., 2004;
Linja and Visakorpi, 2004). The majority of AR mutations are point mutations,
which result in single amino acid substitution. Most of the mutations are localized in
the ligand-binding domain (LBD) of AR. Frequently, these mutations enable anti-



52

androgens to function as AR agonists (Gaddipati et al., 1994; Taplin et al., 1999)
and/or allow AR activation by the adrenal androgens dehydroepiandrosterone
(DHEA) and androstenediol (Suzuki et al., 1993; Taplin et al., 1995).

Several mechanisms have also been shown to cause increased activity of AR in
CRPC, resulting in signaling activity retention even upon androgen deprivation.
The amplification of AR was found in approximately one-third of castration-
resistant carcinomas, leading to increased expression of the protein (Koivisto et al.,
1997; Linja et al., 2001; Visakorpi et al., 1995a). Recent evidence also suggests that
androgen levels in androgen-deprived patients are sufficiently high to activate
overexpressed AR. Sufficient levels are achieved by intratumoral in-situ synthesis
(Montgomery et  al., 2008), residual androgen production from the adrenal gland
(Zhu and Garcia, 2013) and decreased expression levels of the androgen
inactivating enzymes CYP3A4, CYP3A5 and CYP3A7 (Mitsiades et al., 2012).
Moreover, alternative splicing of the AR gene was shown to generate ligand-
independent, constitutively active AR variants (Hu et  al., 2009; Hu et  al., 2012).
However, these AR alterations are almost exclusively found in metastatic, CRPC,
indicating that they likely do not play a role in prostate progression, but rather arise
as a mechanism of resistance during treatment (Barbieri et al., 2013).

The most common genetic alteration in prostate tumors is the TMPRSS2:ERG
gene fusion, present in approximately 20% of HGPIN lesions and 50% of
localized prostate cancer (Clark et al., 2008; Mehra et al., 2007b; Mosquera et al.,
2008). Earlier studies reported ERG as the most commonly overexpressed
oncogene in prostate cancer, present in approximately 72% of cases (Petrovics et
al., 2005). It was subsequently discovered that the mechanism responsible for this
overexpression is the recurrent genomic rearrangement between the first exon(s)
of TMPRSS2 and the ERG oncogene (Tomlins et al., 2005). ERG is a member of
the ETS family of DNA-binding transcription factors that can function as both
transcriptional activators and repressors and play a crucial role in many cellular
processes, including proliferation, differentiation, apoptosis, metastasis and
transformation (Hollenhorst et  al., 2011). ERG overexpression is found in both
early and late-stage prostate cancer (Soller et al., 2006). More recent analyses have
reported ERG overexpression, detected by immunohistochemistry, in a much
higher percentage of PIN cases, suggesting that the gene fusion is an early event
in prostate tumorigenesis (Park et al., 2010). TMPRSS2 (androgen-regulated trans-
membrane protease, serine 2), encodes a serine protease that is secreted by prostate
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epithelial cells in response to androgens (Afar et al., 2001). Both TMPRSS2 and ERG
are located at the chromosomal region 21q22 and are approximately 3 Mb apart. In
most cases, the fusion is the result of a deletion of the DNA sequence separating the
genes, but more complex rearrangements, such as translocations, have also been
described (Mehra et al., 2007a; Tu et  al., 2007; Yoshimoto et al., 2006b). Different
DNA breakage points are possible, generating over 20 different variants of
TMPRSS2:ERG fusions. The most common variant is the products of
recombination between exon 1 or 2 of TMPRSS2 and exon 4 of ERG (Clark et al.,
2007). The fusion attaches the prostate-specific TMPRSS2 promoter to the ERG
open reading frame and is responsible for the androgen-induced up-regulation of
ERG expression (Tomlins et al., 2005).

Other members of the ETS family of transcription factors were also found to be
involved in fusions with TMPRSS2 (TMPRSS2:ETS), although less commonly.
These other members include ETV1 (Hermans et al., 2008b; Tomlins et al., 2005),
ETV4 (Tomlins et al., 2006a) and ETV5 (Helgeson et al., 2008). The different ETS
gene fusions seem mutually exclusive in prostate cancer, but different fusion events
can be found within the same tumor in multifocal disease (Mehra et al., 2007a; Rubin
et al., 2011). ERG is predominantly fused to TMPRSS2, but ETV1, ETV4, and
ETV5 can have several fusion partners that are located on different chromosomes
(Hermans et al., 2008a; Hermans et al., 2008b).

The role of ERG dysregulation in prostate cancer is not well understood. ERG
overexpression in vivo in a mouse model results in the development of PIN lesions
but not invasive cancer (Klezovitch et al., 2008). Recent ChIP-seq studies have
shown an overlap between AR-binding and ERG-binding genomic regions,
revealing that ERG can disrupts AR signaling by inhibiting AR expression and
activity at gene-specific loci. This result suggests that ERG activity could inhibit AR-
induced prostatic differentiation and induction of cellular de-differentiation via the
activation of the H3K27 methyltransferase polycomb gene EZH2 (Boyer et al., 2006;
Yu et al., 2010). However, EZH2 was also found to be significantly upregulated in
metastatic prostate cancer (Varambally et al., 2002) and recent studies suggest that
the oncogenic function of EZH2 in CRPC is independent of its role as a
transcriptional repressor, involving instead its ability to act as a co-activator for
critical transcription factors, including the AR itself (Xu et al., 2012). Moreover, the
prognostic significance of the TMPRSS2:ERG fusion remains controversial and
discrepant results have been published. It was previously shown that patients with
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higher expression levels of ERG presented slower progression rates than patients
with tumors without ERG overexpression (Petrovics et al., 2005). In contrast, later
investigations reported a significant correlation between the TMPRSS2:ERG
fusion and poor clinical outcome (Attard et al., 2008; Demichelis et al., 2007; Nam
et al., 2007), although this finding was not confirmed in subsequent studies
(FitzGerald et al., 2008; Gopalan et al., 2009; Saramaki et al., 2008).

Another common alteration in prostate cancer is the somatic amplification of
the chromosomal region 8q24. This event has been reported most commonly in
advanced tumors and the genomic region is known to harbor the oncogene MYC.
Gains of the whole chromosome 8 seem more common in early-stage disease,
whereas the specific amplification of 8q24 is found more frequently in advanced
cases (Jenkins et al., 1997; Nupponen et al., 1998; Sun et al., 2007; Van Den Berg et
al., 1995; Visakorpi et al., 1995b). However, in more recent studies, MYC mRNA
was found to be significantly overexpressed in primary prostate tumors compared
to normal prostate or prostatic benign hyperplasia (BPH) samples (Lapointe et al.,
2004; Tomlins et al., 2007; Yu et al., 2004). In the absence of gene amplification,
immunohistochemically detected MYC protein expression was confirmed to be
elevated in cases of both primary adenocarcinoma and HGPIN compared to
normal prostate epithelium (Gurel et  al., 2008). At a functional level, MYC
overexpression was reported to induce rapid formation of PIN, followed by
invasive adenocarcinoma in a mouse model (Ellwood-Yen et  al., 2003), and to
immortalize normal human prostate epithelial cells (Gil et al., 2005). Taken
together, these findings suggest that MYC overexpression plays an important role
in prostate tumorigenesis.

The gain at 8q24 may not be directly responsible for MYC upregulation and
other genes in the same region may explain the significance of the chromosomal
alteration (Koh et al., 2010). The EIF3S3 (eIF3-p40) gene encodes p40, a subunit
of the translation initiation factor eIF3 and located at 8q23 and was found to be
highly expressed in both breast and prostate cancer cell lines harboring the
amplification at 8q23–q24 (Nupponen et al., 2000; Savinainen et al., 2006).
Moreover, RAD21 (double-strand-break repair protein rad21) and KIAA0196
were shown to be overexpressed in clinical prostate carcinomas and to be amplified
in 30-40% of xenografts and hormone-refractory tumors, suggesting that these
genes may contribute to the effects of the common 8q23-24 amplification (Porkka
et al., 2004). In addition, several genome-wide association studies have shown that
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the 8q24 region contains several loci linked to increased prostate cancer risk (Al
Olama et al., 2009; Amundadottir et al., 2006; Yeager et al., 2007). Although the risk
alleles all cluster within a region which does not seem to contain known annotated
genes or miRNAs (Pomerantz et al., 2009), it was recently shown that multiple
enhancer elements are present within this region (Jia et al., 2009; Sotelo et al., 2010);
these enhancers may in turn alter MYC expression. Despite the current level of
understanding, the exact mechanisms responsible for MYC overexpression in
prostate cancer remain unclear.

Recent advances in next-generation sequencing (NGS) technologies have
significantly increased the sensitivity and scalability of DNA sequencing, allowing
the complete sequencing of entire genomes (whole-genome sequencing, WGS), the
sequencing of the coding regions of the genome (whole-exome sequencing, WES)
and/or the sequencing of the total RNA content/transcriptome (RNA-sequencing,
RNAseq) in a reasonably cost-effective and reliable manner. Moreover, other
variations of the technique, such as reduced representation bisulfite sequencing
(RRBS) and chromatin immunoprecipitation sequencing (ChIPSeq), are used to
study epigenetic features of a genome (methylation and DNA-associated protein
binding sites, respectively). These recently developed technologies have generated
an unprecedented amount of data, allowing improved understanding of the genetic
basis of the clinical variability of prostate cancer, through the discovery of rarer
genetic alterations. These discoveries provide a major step towards the establishment
of patient-specific, personalized treatment paradigm (Yadav et al., 2015).

Recently performed NGS studies have validated the previously described ETS
transcription factor fusion rearrangements, which occur in approximately 50% of
PC cases (Berger et al., 2011). These experiments have also led to the discovery of
rare SLC45A3-BRAF (solute carrier family 45, member 3-v-raf murine sarcoma viral
oncogene homolog B1) and ESRP1-RAF1 (epithelial splicing regulatory protein-1-
v-raf-1 murine leukemia viral oncogene homolog-1) gene fusions. The expression of
SLC45A3-BRAF or ESRP1-RAF1 in prostate cells was found to induce a tumor
phenotype that was sensitive to RAF and mitogen-activated protein kinase kinase
(MAP2K1) inhibitors. These data highlight the importance of RAF family gene
rearrangements in prostate cancer and suggesting that RAF and MEK inhibitors may
be useful treatment options for a subset of tumors (Palanisamy et al., 2010).

Moreover, using transcriptome sequencing, a novel TMPRSS2-SKIL fusion gene
was recently identified in 1.1% of prostate cancer samples and 3.7% of cell lines and
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xenografts, (Annala et al., 2015). The fusion was shown to cause the overexpression
of SKIL, which encodes a Ski protein responsible for TGF-beta pathway inhibition
via interaction with SMAD proteins (Stroschein et al., 1999). Another rare fusion
event in prostate cancer has recently been reported using deep sequencing and
involves the histone H3K79 methyltransferase DOT1L and HES6. The DOT1L-
HES6 fusion gene was found to induce HES6 overexpression, which was shown
to promote androgen-independent growth in vitro (Annala et  al., 2014). These
results are consistent with another study reporting HES6 up-regulation in
aggressive human prostate cancer and increased castration-resistant tumor growth
in the absence of AR ligand binding, with HES6 enhancing the transcriptional
activity of AR (Ramos-Montoya et al., 2014).

Novel recurrent mutations were recently identified in multiple genes using WES,
including the Forkhead transcription factor gene FOXA1, which is known to
promote cell cycle progression in castration-resistant prostate cancer. Also
identified was MED12, which encodes a subunit of the mediator complex and the
Cyclin-dependent kinase 8 (CDK8) sub-complex. This latter complex regulates
basal and stimulus-specific transcriptional programs. In addition, recurrent
mutations were found in SPOP (speckle-type POZ protein), and these alterations
were mutually exclusive with ERG rearrangements, suggesting that SPOP mutation
and ETS fusions may represent early and divergent driver events in prostate
carcinogenesis (Barbieri et al., 2012).

A rare but recurrent mutation (G84E) was discovered by targeted sequencing in
the homeobox transcription factor gene HOXB13 and was found to be associated
with a significantly increased risk of hereditary prostate cancer (Ewing et al., 2012).

Recurrent mutations in multiple chromatin- and histone-modifying genes were
discovered by WES in CRPC. These genes include the H3K4-specific histone
methyltransferase MLL2, the above-mentioned FOXA1, UTX (also known as
KDM6A) and ASXL1, both known to interact with AR (Grasso et al., 2012).

Significant overexpression and gene amplification of the serine/threonine
protein kinase AURKA (aurora kinase A) and the transcription factor N-myc
(MYCN)  were also discovered by RNASeq in the rarer and more aggressive
neuroendocrine prostate cancer (NEPC), which more commonly arises after
hormonal therapy for prostate adenocarcinoma (Beltran et al., 2011).
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2.4.3 miRNAs in prostate cancer

Several studies have recently reported aberrant expression of miRNAs in clinical
specimens of prostate cancer, using microarray technology and bead-based flow
cytometry. However, the results of these analyses are often controversial and
conflicting for several possible reasons, including sample quality, integrity and
number; the RNA collection methods; the choice of the healthy reference tissue;
contaminating cells; and the specificity of the expression platform used (Coppola et
al., 2010). One of the first large-scale, bead-based, flow cytometric miRNA
expression profiles of cancer tissue reported a general downregulation of miRNAs
in tumors compared to normal tissues (Lu et  al., 2005). However, more recent
microarray studies showed an overall up-regulation of miRNAs in cancer, including
prostate cancer (Ambs et al., 2008; Volinia et al., 2006). Different results were also
reported by other groups, who observed a widespread tendency of miRNA down-
regulation in prostate cancer (Ozen et al., 2008; Porkka et al., 2007). Taken together,
these results indicate that insufficient evidence has been collected for a conclusive
miRNA expression profile of prostate cancer.

Nonetheless, several specific miRNAs have been individually studied and
confirmed to be functionally involved in prostate cancer tumorigenesis (Table 2).

The let-7 miRNA family, encoded by the let-7 gene, was reported to be significantly
downregulated in human PC (Nadiminty et  al., 2012) and includes ten highly
conserved mature miRNAs (let-7a, let-7b, let-7c, let-7d, let-7e, let-7f, let-7g, let-7i
and miR-98) (Roush and Slack, 2008). Although the role of let-7 is not fully
understood, several studies have shown that let-7 function as tumor suppressor
miRNAs by targeting oncogenes involved in inflammation, cell proliferation, the
epithelial to mesenchymal transition (EMT) and cell cycle regulation. In particular,
let-7 can downregulate high mobility group (HMG) HMGA1 and HMGA2 (Rahman
et al., 2009), which are chromatin-associated non-histone proteins and have been
implicated in differentiation, neoplastic transformation and EMT (Hillion et al., 2009;
Reeves et al., 2001; Zhu et al., 2013). Other targets of let-7 are the cell cycle regulating
factor cyclin D2 (CCND2) (Dong et al., 2010), the oncogenic transcription factor c-
Myc (Sampson et al., 2007), the major regulator of inflammation and prostate cancer
progression interleukin-6 (IL6) (Nguyen et  al., 2014; Sung et al., 2013) and the
oncogenes NRAS, KRAS and HRAS (Johnson et al., 2005). Let-7 can also indirectly
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regulate AR, by suppressing its transcriptional activator c-Myc (Nadiminty et al.,
2012).

Other well studied miRNAs with tumor suppressive functions in prostate cancer
include miR-145, miR-203, miR-205, miR34a, miR-15a/miR-16-1, and miR-101
and miR-193b.

miR-145 has been reported to be downregulated in PC (Suh et al., 2011) and to
target the actin bundling protein Fascin Homolog 1 (FSCN1), which is involved
in cell motility and adhesion during tumorigenesis and metastasis (Fuse et al., 2011).
It has also been shown that miR-145 targets OCT4, SOX2 and KLF4, which are
involved in cellular dedifferentiation and pluripotency (Huang et al., 2012).

miR-34a was shown to be downregulated in CD44+ prostate cancer cells, which
are putative cancer stem cells (CSCs) (prostate cancer stem cells are reviewed
below). MiR-34a overexpression was found to significantly inhibit prostate cancer
metastasis and extend survival in vivo in mouse model (Liu et al., 2011). miR-34a
was also shown to target AR (Kong et al., 2012), c-Myc (Yamamura et al., 2012), the
cell-cycle regulatory gene CDK6 (Lodygin et al., 2008) and the anti-apoptotic gene
SIRT1 (Yamakuchi et al., 2008).

miR-15a and miR-16-1 belong to the same cluster at 13q14 and their expression
is often downregulated in PC, due to 13q14 deletion (Hyytinen et al., 1999; Porkka
et al., 2011). A recent study demonstrated that the level of miR-15a/16-1 is
inversely correlated with the expression of the anti-apoptotic gene BCL-2,
wingless-type 3A (WNT3A) and cyclin-D1 (CCND1), the latter two of which are
involved in proliferation. The restoration of miR-15a and 16-1 was reported to
arrest cell growth and induce apoptosis in vivo (Bonci et al., 2008). Moreover, miR-
15a and miR-16-1 were observed to be downregulated in fibroblasts surrounding
the prostate tumors, resulting in increased tumor growth and progression. The
mechanism underlying this effect was determined to be reduced post-
transcriptional repression of FGF-2 and its receptor FGFR1, which function in
both stromal and tumor cells to enhance cancer cell survival, proliferation and
migration (Musumeci et al., 2011).

miR-101 was recently described to be inversely correlated with the expression of
polycomb gene EZH2, which is involved in prostate cancer progression, as
described above (Varambally et al., 2002). The expression of EZH2 in prostate
cancer cell lines was shown to be inhibited by miR-101. Conversely, miR-101
expression was shown to decrease in human prostate tumors during cancer
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progression, a result that was consistent with the observed increase in EZH2
expression. In the same study, the loss of one or both miR-101 encoding loci was
observed in 38% of clinically localized prostate cancer cells and 67% of metastatic
disease cells (Varambally et al., 2008).

miR-203 expression has been reported to be specifically downregulated in bone
metastatic PC. In addition, the re-expression of miR-203 in bone metastatic PC cell
lines was reported to suppress metastasis by reducing migration and invasion and
inducing a reverse mesenchymal-to-epithelial transition (MET). In the same study,
miR-203 was shown to target the cell cycle regulator survivin/BIRC5, the bone-
specific transcriptional regulators RUNX2 and DLX5, the transcriptional repressors
of E-cadherin ZEB2, involved in EMT, and the central mediator of TGF-β signaling
SMAD4 (Saini et al., 2011).

miR-205, similarly to miR-203, is involved in PC progression via the targeting of
EMT genes. Significantly lower miR-205 expression levels were found in cancer than
in normal prostate cell lines and in tumors than in matched normal prostate tissues.
miR-205 re-expression in prostate cancer cells was shown to induce cell
rearrangements consistent with a mesenchymal-to-epithelial transition (Gandellini et
al., 2009). Several putative targets have been described for miR-205, including the
epidermal growth factor receptor family member ERBB3, the transcription factors
E2F5 and E2F1, the serine/threonine kinase PRKCE (PKCε) (Gandellini et al.,
2009), BCL2 (Verdoodt et al., 2013) and ZEB1 (Tucci et al., 2012).
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miRNA Alteration Targets
let-7 Downregulated HMGA1, HMGA2, MYC,

NRAS, KRAS, HRAS, AR
miR-145 Downregulated FSCN1, OCT4, SOX2, KLF4
miR-34a Downregulated AR, MYC, CDK6, SIRT1
miR-15a/16-1 Deleted BCL-2, WNT3A, CCND1
miR-101 Deleted EZH2
miR-203 Downregulated BIRC5, RUNX2, DLX5,

ZEB2, SMAD4
miR-205 Downregulated ERBB3, E2F5, E2F1,

PRKCE, BCL2, ZEB1
miR-193b Hyper-methylated/Downregulated CCND1
miR-21 Upregulated PDCD4, BCL-2, MARCKS
miR-125b Upregulated TP53, BBC3, BAK1
miR-221/miR-222 Upregulated p27Kip1, ARHI
miR-148a Upregulated CAND1, MSK1
miR-32 Upregulated BTG2

Table 2. miRNAs functionally involved in prostate cancer and their target genes.

In a screening aimed at identifying epigenetically regulated miRNAs in prostate
cancer, miR-193b was described to be significantly downregulated in cancer
specimens compared to BPH controls. Moreover, a CpG island located
approximately 1 kb upstream of the mature miR-193b locus was found to be
densely methylated in the 22Rv1 prostate cancer cell line. Forced miR-193b re-
expression was shown to significantly reduce both proliferation rate and the ability
of 22Rv1 cells to grow anchorage-independently in a soft agar assay. The same
pattern of methylation was found in tumor samples, although not as dense as in
22Rv1 cells, and this pattern was absent in BPH controls. This result suggests that
miR-193b function as a tumor suppressive miRNA and is targeted by epigenetic
silencing in prostate cancer (Rauhala et al., 2010). In a recently published study,
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miR-193b was shown to target cyclin D1 (CCND1) in prostate cancer cell lines
(Kaukoniemi et al., 2015).

Well studied oncogenic miRNAs (oncomiRs) in prostate cancer include miR-21,
miR-125b, miR-221/miR-222, miR148a and miR-32.

Recent studies suggest that miR-21 is regulated by AR and its expression level was
found to be elevated in PC. Functional studies showed that miR-21 overexpression
was sufficient to rescue androgen-dependent LNCaP cells from androgen-ablated
growth arrest and to drive androgen-independent growth. Moreover, elevated miR-
21 expression was found to be sufficient to drive androgen-dependent tumor growth
in a castrate environment and to induce androgen-independence in vivo (Ribas et al.,
2009; Ribas and Lupold, 2010). Serum levels of miR-21 were reported to be elevated
in CRPC patients and to correlate with serum PSA levels, indicating the possible
application of miR-21 as a marker for advanced disease (Zhang et al., 2011). miR-21
has also been reported to be activated by adaptor-related protein complex 1 (AP-1)
(Fujita et al., 2008) and STAT-3 (Iliopoulos et al., 2010), both of which are associated
with advanced prostate cancer and metastasis (Abdulghani et al., 2008; Kajanne et al.,
2009). miR-21 has been shown to target several tumor suppressor genes, including
(i) programmed cell death 4 (PDCD4) and maspin, both of which have been
implicated in invasion and metastasis (Zhu et al., 2008); (ii) PTEN (Meng et al., 2007);
(iii) BCL-2 (Shi et  al., 2010); (iv) and myristoylated alanine-rich protein kinase c
substrate (MARCKS), which is involved in increased cell mobility and invasiveness
(Li et al., 2009).

miR-125b is also an AR-induced miRNA and has been described to be
overexpressed in prostate cancer cell lines and in prostate tumors compared with
benign prostate epithelial lines and benign prostatic tissues, respectively. Moreover,
miR-125b was shown to promote xenograft cell proliferation in vivo and to target the
pro-apoptotic mediators TP53, BBC3 (Puma) and BAK1 (Nadiminty et al., 2012; Shi
et al., 2007; Shi et al., 2011).

miR-221 and miR-222 belong to the same cluster and have been shown to be
upregulated in androgen-independent PC-3 cells. These miRNAs target p27Kip1,  a
cell cycle inhibitor and tumor suppressor (Galardi et al., 2007; le Sage et al., 2007),
and ARHI, a tumor suppressor that negatively regulates proliferation (Chen et al.,
2011).

miR-148a was found to be overexpressed in advanced PC compared to primary
tumors (Walter et  al., 2013) and to increase proliferation in an in vitro model by
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targeting the ubiquitin ligase cullin-associated and neddylation-dissociated 1
(CAND1), which is involved in cell cycle regulation and proliferation (Murata et
al., 2010). However, another study reported lower miR-148a expression levels in
PC3 and DU145 hormone-refractory prostate cancer cells in comparison to
normal prostate epithelial cells and LNCaP cells. Transfection with miR-148a was
also found to inhibit cell growth, migration and invasion. miR-148a was also found
to increase PC-3 sensitivity to the anti-cancer drug paclitaxel by targeting of
mitogen- and stress-activated kinase 1 (MSK1)(Fujita et al., 2010). These disparate
results indicate the debated role of this miRNA in prostate cancer.

In a recent study, miR-32 was shown to be androgen-regulated and to be highly
expressed in CRPC compared to BPH controls. The B-cell translocation gene 2
(BTG2), which is involved in several cellular processes, including cell cycle control
and apoptosis, was identified as a miR-32 target (Jalava et al., 2012).

Increasing evidence has confirmed the aberrant expression of miRNAs in
prostate cancer and has highlighted their functionality in prostate tumorigenesis.
However, inconsistencies in miRNA expression in clinical specimens and the
complex regulatory mechanisms between miRNAs and their multiple target genes
necessitate further clarification of their role and potential use as biomarkers and
therapeutic targets.

2.4.4 Prostate cancer stem cells

Similarly to other solid tumors, it is unclear whether prostate cancer is organized
hierarchically into clonally derived populations of cells with different proliferative
potentials, as posited by the CSC model.

As CSCs may originate from oncogenic transformation of normal prostate
epithelial stem cells, several studies have focused on the identification of normal
epithelial stem cells within prostate tissue. As mentioned above, the prostatic
epithelium consists of multiple cell types, including basal, luminal and more rare
neuroendocrine cells. These distinct populations can be classified based on their
morphological appearance, location and expression of specific markers. Basal cells
are characterized by low/negative AR expression and exclusively express p63, a
homologue of the p53 tumor suppressor. Basal cells also express cytokeratins
(CKs) CK5 and CK14, but not CK8 or CK18. Luminal cells, in contrast, express
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high level of AR, CK8 and CK18, but do not express CK5 or CK14. Moreover, an
intermediate cell type characterized by properties of both luminal and basal cells has
been described and reported to express CKs of both basal and luminal cells (CK5,
14, 8, and 18). These intermediate cells have been proposed to represent the transient
amplifying cell population (Signoretti et al., 2000; Signoretti and Loda, 2007; Uzgare
et al., 2004; Wang et al., 2001).

The first line of evidence suggesting the presence of a stem population in the
prostate was obtained by castration and testosterone replacement experiments.
Following androgen ablation, 90% of the luminal cells, but only a small percentage
of basal cells, undergo apoptosis. The prostate epithelium can be regenerated upon
androgen restoration and the process can be repeated for many cycles, suggesting
that stem cells are able to survive castration and are likely within the basal
compartment (English et al., 1987; Evans and Chandler, 1987). Consequently, a
hierarchical model was proposed for the prostatic epithelium; specifically, a stem cell
in the basal layer generates another stem cell and a multipotent progenitor cell by
asymmetric division. The progenitor cell is often referred to as a transient amplifying
cell and will differentiate into either an exocrine or neuroendocrine cell (Bonkhoff et
al., 1994; Bonkhoff and Remberger, 1996; Isaacs and Coffey, 1989).

The primary approach for the prospective identification of prostate stem cells has
been the use of cell-surface markers for the isolation of cell population via flow
cytometry and the subsequent analysis of their prostate tissue reconstitution ability
in mouse renal grafts (Cunha and Lung, 1978; Xin et al., 2003). Using this assay,
several laboratories have enriched populations with stemness properties from the
mouse prostate, including Sca-1+ (Burger et al., 2005), Lin- Sca-1+ CD49f+ (Lawson
et al., 2007) and Lin- Sca-1+ CD133+ CD44+ CD117+ cells (Leong et al., 2008).
However, it is not clear whether these populations are exclusively basal and
translation from the mouse model to human tissue is often inadequate. The existence
of luminal stem cells has also recently been reported. A p63–/– prostate containing
luminal and neuroendocrine, but not basal cells, was successfully generated from
p63–/– urogenital sinus (UGS), when grafted into adult male nude mice (Kurita et al.,
2004). p63 had been previously described as a marker of basal cells and p63 null mice
do not form a functional prostate (Signoretti et al., 2000). The results of the grafting
study indicate that basal cells are not essential for prostatic regeneration and suggest
the presence of stem cells in the luminal compartment. Moreover, in another study,
genetic lineage marking of progenitor cells, followed by analysis of progeny
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differentiation in vivo, led to the identification of a rare luminal population, termed
CARNs (Castration-resistant Nkx3.1-expressing cells), that exhibited stem cell
properties (Wang et al., 2009),. In this study, the cells were marked using a
genetically engineered mouse line, in which the activity of an inducible Cre
recombinase was controlled by the endogenous Nkx3.1 promoter. CARNs were
the only cells that expressed Nkx3.1 upon castration and their progeny were found
in both luminal and basal compartments, following androgen-mediated prostate
regeneration. Single-cell transplantation of CARNs was also shown to induce
prostatic duct formation in renal grafts, which generated all three prostate epithelial
cell types. These experiments indicate that CARNs are multipotent (Wang et  al.,
2009).

Several studies have also used flow cytometry-based approaches to isolate
putative prostate stem cells from human tissues. In particular, a subpopulation of
basal cells, representing approximately 1% of the total basal cell population and
expressing high levels of α2β1-integrin was shown to possess a fourfold greater
ability to form colonies in vitro than the total basal population and a greater
potential to regenerate a fully differentiated prostate epithelium in vivo (Collins et
al., 2001). It was subsequently reported that further enrichment of prostate stem
cells could be achieved by isolating α2β1hi/CD133+ cells, which possess a high in
vitro proliferative potential and can reconstitute prostatic-like acini in
immunocompromised male nude mice (Richardson et al., 2004). In another report,
the surface markers Trop2 and CD49f were used to enrich for basal cells that were
able to efficiently form spheres in vitro, as well as regenerate prostatic tubules in vivo
(Goldstein et al., 2008).

In a key study aimed at identifying prostate cancer stem cells, α2β1hi/CD133+

cells were assayed to establish whether they are also present in prostate tumors and
distinct from the bulk population of cancer cells. CD44+/α2β1hi/CD133+ cells,
comprising less than 0.1% of the tumor mass, were found to possess self-renewal
and high proliferative potential in colony-forming assay and to differentiate into
luminal cells in culture (Collins et al., 2005). Subsequently, other studies
investigated prostate cancer stem cells in prostate cancer cell lines and identified
CD44+/α2β1hi/CD133+ cells in the DU145 line (Wei et al., 2007), as well as
CD44+/CD24- cells in the LNCaP line (Hurt et al., 2008). CD44+/α2β1hi cells from
human LAPC9 xenografts have also been identified as candidate prostate CSCs
(Patrawala et al., 2007).
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Despite our level of understanding, controversy remains with respect to both
identification and definition of prostate cancer stem cells. Most importantly, tumor
initiation has not been demonstrated in xenotransplantation experiments of cell
populations derived from primary prostate tumors and the specificity of the cell-
surface markers remains unclear. As previously mentioned, CSC nomenclature in the
literature is often non-specific, with the concepts of CSC and tumor-initiating cells
(TICs) often used interchangeably (Wang and Shen, 2011). More studies are
necessary to clearly identify prostate CSC population(s) and to clarify the cellular
origin of the disease.
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3 Aims of the study

The aims of this study were to characterize a newly discovered chromosomal
alteration in bladder cancer and to identify and investigate the role of novel non-
coding RNAs in the molecular mechanisms of prostate cancer tumorigenesis. More
specifically, the aims of each original communication are as follows:

I. To characterize the recurrent amplification at chromosomal region 1p21-22
in bladder cancer.

II. To obtain a miRNA expression profile in prostate epithelial subpopulations
enriched from patient-derived clinical specimens.

III. To validate the expression and study the function of newly identified
differentially expressed miRNAs in prostate cancer.

IV. To identify differentially expressed tRNA-derived fragments (tRFs) in clinical
samples of prostate cancer.
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4 Materials and methods

4.1 Cell lines and clinical samples (I, II, III, IV)

In study I, the bladder cancer cell lines UM-UC-3, TCCSUP, RT4, T24, HT-1376,
J82, SCaBER, 5637, HT-1197 and SW780 were obtained from the American Type
Culture Collection (ATCC, Rockville, MD, USA) and cultured according to the
recommended conditions.

Freshly frozen samples from seven bladder cancer tissues were used for this study.
The samples were obtained from Tampere University Hospital and include five
urothelial carcinomas, one lymphoepithelial carcinoma and one undifferentiated
carcinoma. DNA was extracted using DNAzol reagent (Molecular Research Center,
Inc. Cincinnati, OH), according to the manufacturer’s protocol. The use of the
clinical samples was approved by the ethical committee of the Tampere University
Hospital.

In study II, prostate biopsy cores were obtained immediately following radical
prostatectomy. The site selected for biopsy was based on MRI and ultrasound
reports, and any palpable lesions. BPH tissue was obtained from transurethral
resection of prostate (TURP) chips. After confirming the pathological status,
cultures were established and stem cells (SCs), transient amplifying cells (TAs), and
committed basal cells (CBs) were selected as described previously (Collins et al.,
2005). Patient prostate tissue samples were obtained after written consent and full
ethical approval. All the experiments were performed on cultures at passage 2. Flow
cytometry was performed as previously described (Rane et al., 2014). The details of
antibodies used for FACS are as follows: CD49f (eBioscience: 11–0495–80, 1:200
for 20 min RT) and CD49b (Serotec: MCA743F, 1:200 for 20 min RT).

In study III, the prostate cancer cell lines PC3, DU145, LNCaP, 22Rv1, and VCaP
were obtained from the American Type Culture Collection (ATCC, Rockville, MD)
and cultured according to the recommended conditions. HT-1080 cells were a kind
gift from Olli Lohi, Tampere Center for Child Health Research. Two sets of clinical
samples were used for miRNA expression analysis and were both obtained from
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Tampere University Hospital (TAUH). The first set included 54 freshly frozen
samples of 5 benign prostate hyperplasia (BPH) samples and 28 untreated primary
prostate tumors obtained via radical prostatectomy specimens. In addition, 7 BPH
and 14 CRPC tumors were obtained from transurethral resection of the prostate
(TURP). The second set included 81 hormonally untreated, freshly frozen PC
prostatectomy samples. The samples were confirmed to contain a minimum of
70% cancerous or hyperplastic cells by hematoxylin-eosin staining. The mean age
at diagnosis for the second set of samples was 62.1 years (range: 47.4–71.8) and
the mean PSA at diagnosis was 11.8 (range: 3.15–51.5). The use of clinical material
was approved by the ethical committee of the Tampere University Hospital.
Written informed consent was obtained from the subjects donating the samples.

In study IV, the sequencing was performed on 10 libraries that were generated
as previously described (Martens-Uzunova et  al., 2015). Briefly, each library was
constructed from an RNA pool prepared from four individual patient samples with
similar pathological or genetic characteristics (Hendriksen et al., 2006). RNA was
isolated from several tissue types, including normal adjacent prostate tissue (NAP),
prostate tumors with different Gleason score (6, 7, 8) (PCa6, PCa7, PCa8) and
metastatic lymph nodes (LN_PCa), all obtained by radical prostatectomy. RNA
was also isolated from benign prostate hyperplasia tissue (BPH) obtained by
cystoprostatectomy and castration resistant prostate tumors obtained by trans-
urethral resection of the prostate (TURP_PCa) (Martens-Uzunova et al., 2015).
NAP and BPH samples were used as controls. The clinical parameters of each
group are summarized in Table 1 in IV. PC groups with Gleason score 6 were
divided into cured and recurrent disease groups or into groups with or without the
TMPRSS2-ERG fusion or ETV abnormalities. Sample materials were obtained
from the tissue banks of the Erasmus University Medical Center, Rotterdam, The
Netherlands (Erasmus MC, Rotterdam, The Netherlands) and Tampere University
Hospital (TAUH, Tampere, Finland). The collection and use of patient material
was performed according to the national laws concerning ethical requirements and
approved by the Erasmus MC Medical Ethics Committee according to the Medical
Research Involving Human Subjects Act (MEC-2004- 261), and the Ethical
Committee of the Tampere University Hospital. The samples were snap-frozen
and stored in liquid nitrogen. The Gleason score and percentage of cancer cells
were evaluated independently by two pathologists. Only samples with more than
70% tumor cells were used for sequencing library preparation. All the samples that
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were used for the control prostate pool contained 0% of tumor cells. Total RNA
was extracted using RNABee reagent (Campro Scientific, GmbH, Berlin, Germany)
according to the manufacturer´s protocol.

qRT-PCR validation was performed in two separate cohorts. The first cohort
(cohort 1) consisted of 65 samples obtained from Erasmus MC, including 48 PC
samples and 17 NAP controls. The samples were collected, handled and evaluated
as mentioned in the previous paragraph. The second cohort (cohort 2) consisted of
104 hormonally untreated primary prostate tumors from radical prostatectomy
specimens obtained from Tampere University Hospital. The samples were
confirmed to contain a minimum of 70% cancerous or hyperplastic cells by
hematoxylin/eosin staining. A pathologist performed the histological evaluation and
Gleason grading for the second set based on hematoxylin/eosin stained slides.
Follow-up data were available for 74 of these samples. The use of clinical material
was approved by the ethical committee of the Tampere University Hospital. Written
informed consent was obtained from the subjects donating the samples. TRI-reagent
(Molecular Research Center Inc., Cincinnati, OH, USA) was used to collect total
RNA from the freshly frozen clinical samples, according to the manufacturer’s
instructions. To account for technical variations, the NAP samples from cohort 1
were used as a control in qRT-PCR validation for cohort 2 and were analyzed and
normalized independently and separately for each cohort.

4.2 Array comparative genomic hybridization (I)

16K cDNA microarrays were obtained from the Finnish Microarray DNA Centre
(http://www.btk.fi/microarray-and-sequencing/) (Turku Centre for Biotechnology,
University of Turku and Åbo Akademi University, Turku, Finland). The poly-L-
lysine coated slides contain approximately 16000 annotated clones, in duplicate, from
sequence verified I.M.A.G.E. Consortium cDNA library. Comparative genomic
hybridization to microarray (aCGH) was performed as described previously
(Saramaki et al., 2006). Briefly, using a BioPrime Labeling Kit (Invitrogen), 2 to 10
μg RsaI-digested (Fermentas UAB, Vilnius, Lithuania) DNA was labeled with Cy5-
dCTP, and normal male reference DNA was labeled with Cy3-dCTP (Amersham
Biosciences UK Ltd., LittleChalfont, United Kingdom). The sample and reference
DNAs were cohybridized overnight at +65°C, under cover slips, to microarray
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slides, in a final volume of 38.5 μl of hybridization mix (3.4×SSC, 0.3% SDS,
1.3×Denhardt’s (Sigma-Aldrich, St. Louis, MO), and 0.5×DIG Blocking Buffer
(Roche Diagnostics, Mannheim, Germany)). After stringent washes, the slides
were scanned with a ScanArray4000 confocal laser scanner (Perkin Elmer, Boston,
MA). The signal volumes were quantified using the QuantArray software program
(Packard Bioscience, Bio- Chip Technology LCC, Billerica, MA). The data were
analyzed using the cluster along chromosomes (CLAC) algorithm, as previously
described and visualized using CGH-Miner software (Wang et al., 2005).

4.3 Fluorescence in situ hybridization (I)

Human genome PAC/BAC clones were purchased from Invitrogen™
Corporation. The list of clones is shown in Table 1 in I and the indicated
chromosome positions are were determined according to the UCSC (University of
California Santa Cruz) Genome Browser, February 2009 assembly (GRCh37/h19).
The clones were labeled with digoxigenin-dUTP (Roche Diagnostics) or Alexa
Fluor®-dUTP (Invitrogen™) by nick-translation. A pericentromeric probe for
chromosome 1 labeled with FITC-dUTP was obtained from Roche. The
metaphase slides from the bladder cancer cell lines were prepared using standard
techniques. The slides were denatured in 70% formamide/2xSSC at 70°C for 2
min and dehydrated in an ascending ethanol series. Hybridization was performed
over night at 37°C. After stringent washes, the slides were stained with
antidigoxigenin-rhodamine (Roche Diagnostics) for the digoxigenin-labeled
probes and embedded in an antifade solution (Vectashied, Vector Laboratories,
Burlingame, CA, USA) containing 4,6-diamidino-2-phenylindole (DAPI) as a
counter stain. The stained slides were analyzed on an epifluorescence microscope
(Olympus) and the acquired images were processed using Image-Pro® image-
processing software (Media Cybernetics). A total of 50 nuclei were considered for
statistical analysis of the FISH signals in each experiment. An amplification was
defined as a locus-specific probe/centromere ratio >2. In each experiment the
hybridization efficiency of the locus-specific and centromeric probes was evaluated
using the 5637 bladder cancer cell line as a triploid control.
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4.4 Microarrays (I, II)

4.4.1 Gene expression microarray (I)

Total RNA from bladder cancer cell lines was collected and extracted using TRIzol
reagent (Invitrogen, Carlsbad, CA, USA), according to the manufacturer’s protocol.
The samples were subsequently amplified and hybridized using the Agilent whole
genome oligo microarray platform (Agilent Technologies, Palo Alto, CA, USA) and
Xpress Ref ™ Human Universal Reference Total RNA (SuperArray Bioscience
Corporation) was used as a reference. The resulting data files from Agilent Feature
Extraction Software (version 9.5.1.1) were imported into the Agilent GeneSpring
GX software (version 11.0) for further analysis. A fold-change cutoff of 2 was used
to determine differential gene expression.

4.4.2 miRNA microarray (II)

Total RNA was extracted using miRVana kit (Life Technology, Paisley, UK). The
microarray was performed using an Agilent V3 miRNA microarray (Agilent
Technologies Inc., Santa Clara, USA). The array data were processed using Agilent
Feature extraction software. The raw data were mapped to the latest human genome
release and zero or negative intensities were replaced with the lowest positive
intensity values. The data were quantile normalized and RMA summarized. For each
comparison, p values were determined using Student’s two-tailed t-test and the
Wilcoxon rank sum test. The microarray data are deposited at Gene Expression
Omnibus (GEO) (accession number: GSE59156).

4.5 Cell transfections (II, III)

In study II, the cells were transfected with a 50 nM miScript miRNA mimic for
miR-548c-3p (Qiagen GmbH, Hilden, Germany) and appropriate controls (Qiagen
GmbH, Hilden, Germany) using Oligofectamine (Life Technology, Paisley, UK).
The transfected cells were washed with phosphate-buffered saline (PBS) twice after
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8 hours to minimize the cellular toxicity of transfection reagents. All the analyses
were performed 72 hours after transfection.

In study III, the cells were transfected with 20 nM or 100 nM of human miRVana
TM microRNA mimic for miR-1247–5p or a negative control (Thermo Fisher
Scientific/Ambion, Waltham, MA). The INTERFERinTM transfection reagent
(Polyplus-transfection, Illkirch, France) was used according to the manufacturer’s
instructions.

4.6 Real time, quantitative PCR (I, II, III, IV)

In study I, total RNA from bladder cancer cell lines, extracted as described
above, was reverse transcribed using random hexamer primers and AMV reverse
transcriptase (Thermo Scientific). Quantitative Real Time PCR was performed
using Maxima SYBR Green/ROX qPCR Master Mix (Thermo Scientific) and a
BioRad CFX96 ™ Real-Time PCR Detection System. Each sample was run in
duplicate and the expression values were normalized against those of TATA-
binding protein (TBP). The primer sequences are shown in Table 2 in I.

In study II, total RNA was extracted using miRVana kit (Life Technology,
Paisley, UK). miRNA expression was assessed either using miRNA TaqMan
probes (Life Technology, Paisley, UK) or miScript primer assays (Qiagen GmbH,
Hilden, Germany).

qRT-PCR for mRNA analysis was performed using TaqMan probes (Life
Technology, Paisley, UK): LCN2: Hs01008571_m1, CEACAM6:
Hs03645554_m1, NF-kß1: Hs00765730_m1, WNT5A: Hs00998537_m1, RPLP0:
Hs99999902_m1, ID2: Hs04187239_m1, PROM1: Hs01009250_m1, and SOX2:
Hs01053049_s1.

In study III, TaqMan® microRNA assays (Thermo Fisher Scientific, Waltham,
MA) were used to study the expression of selected miRNAs, according to the
manufacturer’s protocol. The analysis was performed on CFX96 qPCR equipment
(Bio-Rad Laboratories, Hercules, CA), and the raw expression data were
normalized against RNU6B. The expression analysis of MYCBP2 and SOX9 was
performed using Maxima TM SYBR Green/ROX qPCR Master Mix (Thermo
Fisher Scientific, Waltham, MA) on the same equipment. Specific primers for
MYCBP2 and SOX9 were designed based on the Internet database Primer Bank:
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MYCBP2_for 5´-GGGGACGGATTCTACCCAG-3´ and MYCBP2_rev 5´-
ATTGAGCGCAGCGGTATAAAT-3´; SOX9_for 5´-
AGCGAACGCACATCAAGAC-3´ and SOX9_rev 5´-
CTGTAGGCGATCTGTTGGGG-3´. The raw expression data were normalized
against TBP (TBP_for 5´-GAATATAATCCCAAGCGGTTTG-3´ and TBP_rev
5´-ACTTCACATCACAGCTCCCC-3´).

In study IV, total RNA extracted from clinical samples was reverse transcribed
using an Exiqon miRCURY Universal cDNA Synthesis kit for first strand cDNA
synthesis. This step adds a poly-A tail to RNA templates and the cDNA strand is
subsequently synthesized using a poly-T primer. The provided UniSp6 spike-in RNA
was added to the reverse transcription reaction to control for the quality of RNA
isolation and efficiency of the reaction. A calibrator sample was also included for the
analysis of the results. The amplification was performed using Exiqon miRCURY
LNATM SYBR® Green Master Mix and specific LNATM primers were designed by
Exiqon for each of the tRNA fragments. The names of the fragments with the target
sequences are shown in Table 2 in IV. The plates were run on an Applied Biosystems
ABI 7900 thermocycler (Thermo Fisher Scientific, Waltham, MA, USA) and on Bio-
Rad CFX96 Real Time System (Bio-Rad Laboratories, Hercules, CA, USA). The data
were analyzed using the ΔΔCT method and the expression of each tRF was
normalized against the small nucleolar RNA SNORD38B (Reference gene primer
set 2039, Exiqon, Vedbaek, Denmark). The statistical significance of qPCR
expression data was assessed using the Mann-Whitney U test. The log-rank test was
used to compare progression-free survival distributions of the tumor samples. P-
values lower than 0.05 were considered statistically significant. The statistical analysis
was performed using GraphPad Prism (GraphPad Software, La Jolla CA, USA,
www.graphpad.com).

4.7 Western blot (III)

Total proteins were extracted from cell lines using RIPA lysis buffer and separated
by sodium dodecyl sulfate–polyacrylamide gel electrophoresis using a 4%
polyacrylamide gel. The proteins were subsequently wet-transferred to WhatmanTM

nitrocellulose membranes (GE Healthcare, Little Chalfont, UK). The membranes
were incubated for 2 hr with a rabbit polyclonal antibody against MYCBP2 (ab86078,



74

Abcam, Cambridge, UK), a rabbit polyclonal against SOX9 (ab26414, Abcam,
Cambridge, UK), a mouse monoclonal against vinculin as a loading control for
MYCBP2 (ab18058, Abcam, Cambridge, UK) and a mouse monoclonal against
pan actin as a loading control for SOX9 (NeoMarkers, Freont, CA). After washing,
the membranes were incubated with secondary antibodies (anti-rabbit IgG-
horseradish peroxidase-conjugated and anti-mouse IgG-horseradish peroxidase-
conjugated (Dako, Glostrup, Denmark)) and the protein bands were visualized
using Luminol reagent (Santa Cruz Biotechnology, Santa Cruz, CA). The optical
density of the protein bands was quantified using ImageJ, image processing and
analysis software (http://imagej.nih.gov/ij/). The values for the MYCBP2 bands
were normalized against vinculin, and the values for the SOX9 bands were
normalized against pan-actin. Each experiment was performed in duplicate.

4.8 Luciferase assay (III)

The luciferase assay was performed using SwitchGear Genomics GoClone
reporter constructs that were co-transfected with a LightSwitch miRNA mimic and
non-targeting control (SwitchGear Genomics, Menlo Park, CA), according to the
manufacturer’s instructions. Briefly, HT-1080 human fibrosarcoma cells were
seeded overnight to yield 90% confluence in a 96-well plate. The cells were
subsequently co-transfected using the DharmaFECT Duo transfection reagent
(Thermo Fisher Scientific, Waltham, MA) with 30 ng/ml of individual GoClone
reporter vectors (3´-UTR sequence for MYCBP2; 3´-UTR for ACTB (beta-actin);
random 3 0 -UTR; empty vector control) and 100 nM of the miR-1247–5p mimic
or non-targeting control,. Each transfection was repeated for a total of eight
replicates per sample. The next day, 100ml of the LightSwitch Assay Solution was
added to each well of co-transfected cells and the luciferase signal was measured
on a Wallac EnVision TM 2104 multilabel plate reader luminometer (Perkin Elmer,
Waltham, MA), using the settings described in the protocol. The difference in
luciferase signal intensity for miR-1247–5p transfected cells was calculated for each
construct versus the non-targeting control. Data from housekeeping, random and
empty constructs were used to control for non-UTR-specific treatment effects.
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4.9 Cell irradiation and clonogenic recovery assay (II)

The cells were irradiated using a RS2000 X-Ray Biological Irradiator, which
contains a Comet MXR-165 X-Ray Source (Rad-Source Technologies Inc., Suwanee,
GA, USA). A dose of 2, 5 or 10 Gy was administered. The cells were stained with
Trypan Blue stain (Sigma-Aldrich, Dorset, England). The live cells were counted
using a Neubauer’s hemocytometer. Clonogenic recovery assays were performed as
previously described (Rane et al., 2014).

4.10 Sequencing of tRNA fragments (IV)

RNA pools were outsourced for library construction and sequencing to BGI
(Beijing Genomics Institute, Beijing, China). Briefly, total RNA samples were size-
separated on denaturing polyacrylamide gel. RNA fragments in the size range of 15-
35 nt were recovered from the gel and used for the preparation of sequencing
libraries. The libraries were sequenced by Illumina deep sequencing. The tRNA
database used to map the reads was constructed from the Genomic tRNA Database
(http://gtrnadb.ucsc.edu/) as previously described (Hoogstrate et al., 2015; Martens-
Uzunova et  al., 2015). Shortly, tRNA genes with identical sequences were merged
into single entries. Intronic sequences in tRNAs were removed, to allow mapping of
tRFs derived from mature, spliced tRNAs. Genomic tRNAs in the database were
modified by extending the 3’-ends with a single “CCA” sequence. Sequencing reads
were mapped to tRNA database using CLC-Bio Genomics Workbench (Aarhus,
Denmark). Subsequently, tRFs were predicted using the FlaiMapper program and a
tRF database was constructed (Hoogstrate et al., 2015).

The clinical parameters of the samples are listed in Table 1 in IV. The final read
counts used for the expression analysis were generated by mapping the sequencing
reads to the tRF database. tRFs derived from 5’-pre-tRNA leaders (5’U-tRFs) and
3’-pre-tRNA trailers (3’U-tRFs) were identified by mapping the sequencing reads to
a tRNA reference database in which the genomic sequence of each tRNA gene was
extended by 50 bp on both sides. The length, position and type of tRF were
calculated from the sum of the read counts of the following groups: NAP, PCa6_cur,
PCa6_nofusion, PCa6_TERG, PCa6_recur, PCa7_recur, PCa8_recur, TURP_PCa,
and LN_PCa. To identify differentially expressed tRFs, read counts were normalized
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as “parts per million” and Kal’s Z-test on the observed proportions, followed by
Bonferroni correction was subsequently performed. The determined adjusted p-
values that were lower than 0.05 were considered significant.

4.11 Statistical analysis (I, II, III, IV)

The following tests were used to determine statistical significance of the results.
In study II, all the data are representative of three or more experiments. The errors
are the standard deviation (SD) of the mean. The significance was determined
using Student’s two-tailed t-test. In study III, significant differences of the qRT-
PCR results were evaluated using the Mann–Whitney U-test using GraphPad
Prism statistics software (GraphPad Software Inc., La Jolla, CA). Student’s t-test
was used to evaluate the statistical significance of the luciferase assay. Spearman’s
rank correlation was used to compare reference genes for qRT-PCR normalization.
The statistical tests for studies I and IV are described above in the respective
methods section.
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5 Results

5.1 Mapping of the chromosomal amplification at 1p21-22 in
bladder cancer (I)

In this study, aCGH was performed on seven bladder cancer clinical samples,
obtained from Tampere University Hospital and on six bladder cancer cell lines (HT-
1197, 5637, RT4, T24, SW780 and SCaBER). The clinical specimens included five
urothelial carcinomas of the bladder, one lymphoepithelial carcinoma and one
undifferentiated carcinoma. The CLAC-analysis of the aCGH data (Wang et al.,
2005) showed a region of increased copy number at chromosome region 1p21-22,
comprising a total of 2 Mb. The chromosomal alteration was present in five out of
the seven clinical samples and in all the listed cell lines, except for HT-1197. An
example of CLAC consensus plot for one of the samples (cell line 5637) is shown in
Fig. 4.

As described above in the review of the literature, many of the genetic alterations
found in bladder cancer consist of region-specific gains or losses of DNA copy
number, which allows the identification of the position of key genes (Hoglund,
2012). Regions of DNA copy number gain or amplification commonly harbor
oncogenes, whereas deleted regions harbor tumor suppressor genes. Therefore, we
performed a series of fluorescence in situ hybridization (FISH) experiments to
identify the minimal region of amplification at chromosome 1p21-22 and the genes
harbored within the region. The bladder cancer cell lines SCaBER, HT-1376, UM-
UC-3, TCCSUP, RT4, J82, T24 and 5637 were assayed with human PAC/BAC
clones, spanning a region of approximately 6 Mb at 1p21-22.

Most of the cell lines did not show significant chromosomal changes in the region,
except HT-1376 and SCaBER (Table 1 in I). The urothelial carcinoma cell line HT-
1376 showed a copy number gain in a region of approximately 5 Mb, whereas the
squamous cell carcinoma cell line SCaBER showed a chromosomal amplification
between chromosome positions 92,940,318 and 93,828,148, which represents the
minimal amplified region (Table 1 and Fig. 2 in I). The UCSC (University of
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California Santa Cruz) Genome Browser database, Feb. 2009 assembly
(GRCh37/hg19), was queried for known human coding genes harbored between
92,940,318 and 93,828,148. A total of 11 genes are located within the amplicon
and nine are known protein-coding genes (Table 3 in I).

To verify whether the gene amplification is associated with overexpression of
the genes located within the amplicon, gene expression microarray was performed
using the same bladder cancer cell lines. Interestingly, SCaBER squamous cell
carcinoma cells, which harbor the high-level amplification, were also the only cells
to show significant overexpression of four of the nine coding genes, namely,
EVI5, RPL5, TMED5 and DR1 (Fig. 2 in I).

The expression of these genes was validated using qRT-PCR and the results of
the gene expression microarray were confirmed, with the SCaBER cells showing
the highest expression levels (Fig. 3 in I). Next, the OncomineTM online database
(http://www.oncomine.org) was queried to assess the expression of the four
selected genes in published clinical sample datasets of bladder cancer vs. normal
controls. Statistically significant (P<0.0001) upregulation of DR1 was found in
clinical samples of both superficial and infiltrating bladder cancer, compared to
normal bladder tissue, and TMED5 showed significant upregulation in superficial
bladder cancer compared to normal. Neither RPL5 nor EVI5 showed changes in
the same dataset (Sanchez-Carbayo et al., 2006) (Fig. 4 in I).

5.2 Expression profile of miRNA in primary prostate cancer
stem cells (II)

In this study, miRNA expression profiles were generated from prostate epithelial
subpopulations, enriched from patient-derived specimens. As mentioned above in
the review of the literature, considerable discrepancy and heterogeneity is present
in previous reports investigating differential expression of miRNAs in prostate
cancer (Coppola et al., 2010). One of the major characteristics of miRNAs is their
marked tissue specificity and involvement in organ development (Lee et al., 2005;
Lu et al., 2005; Sempere et al., 2004). One of the reasons for these inconsistencies
may be that each cell-type has specific miRNA expression patterns, which are
subject to changes in relation to the cellular differentiation status. Therefore, cell-
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type specific and differentiation-specific signatures might contribute to the
significant variations in the published data on miRNA expression.

As previously described, it has been shown that cells with stem-like phenotypes
can be isolated from prostate cancer tissues based on cell-surface markers. In
particular, it has been reported that CD44+/α2β1hi/CD133+ cells, comprising less
than 0.1% of the tumor mass, possess self-renewal and high proliferative potential
in colony-forming assay and can differentiate to luminal cells in culture. These
putative prostate cancer stem cells (SCs) can be distinguished from cells with more
limited proliferative capacity, termed transit amplifying cells (TACs), and are
characterized by a CD44+/α2β1hi/CD133- phenotype. A third cell population
includes basal cells committed to differentiation, and are therefore termed
committed basal cells (CBCs), characterized by the phenotype CD44+/α2β1low

(Collins et al., 2001; Collins et al., 2005; Richardson et al., 2004).
To isolate the different subpopulations from clinical specimens, prostate epithelial

cells derived from 5 BPH samples, 5 treatment-naïve primary tumors (PCa), 3 CRPC
cases and 1 primary prostate epithelial cell (PrEC) sample, were briefly cultured and
separated based on the above-mentioned surface markers. A miRNA microarray was
performed on each cell subtype from each sample. The microarray data were
validated by examining the expression of 11 randomly selected miRNAs, using qRT-
PCR. Principal component analysis (PCA) performed on the microarray data,
revealed a distinct miRNA expression profile in each subpopulation, regardless of
the pathological status (Fig. 1a in II). Notably, the magnitude and extent of
differential miRNA expression in the samples was found to be significantly higher
in SCs compared to CBCs, than in PCa compared to BPH, or CRPC compared to
BPH. These results suggest that the differentiation status of prostate epithelial cells
is the primary determinant of miRNA expression profile (Fig.1b in II). PCA is a
mathematical algorithm that simplifies complex data sets by reducing the
dimensionality of the data while retaining most of the original variation. This process
is accomplished by identifying new variables, termed principal components, that
account for as much of the variance in the original variables as possible, while
remaining mutually uncorrelated and orthogonal. In this way, each sample can be
represented by relatively few metrics, making it possible to visualize similarities and
differences in a plot (Ringner, 2008).

In addition to subpopulation-specific miRNA expression, a prostate epithelial SC
signature was found to be conserved in BPH, PCa and CRPC samples, suggesting
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that miRNAs may regulate SC properties, regardless of pathological status. A
significant 60% overlap of miRNA expression was also found between SCs and
previously published expression data of unfractionated CRPC samples.
Interestingly, PCa-cancer stemlike cell (CSC) and CRPC-CSC signatures were
identified and effectively distinguished from normal SC signatures (Table 1 in II).
Moreover, conserved prostate SC miRNA signatures were found to share an
miRNA expression pattern with human embryonic SCs (hESCs) (Leonardo et al.,
2012).

To validate the relevance of the obtained expression profiles, the role of one
selected differentially expressed miRNA (miR-548-3p) was further investigated.
miR-548-3p was found to be significantly overexpressed in SCs compared with
CBCs and its overexpression has been previously associated with poor survival of
PC patients (Taylor et al., 2010) (Fig. 1c in II). The functional effects of miR-548-
3p overexpression were evaluated in CBCs, transfected with miR-548-3p
precursor. Dedifferentiation to a stem-like phenotype was observed, with a
significant increase in colony-formation (Fig. 1d in II) and increased expression of
the prostate epithelial stem cell proteins CD49b (integrin β2) and CD49f (integrin
β6) (Fig.1 e in II). Moreover, significantly increased expression of the SC-specific
genes NFKB (Birnie et al., 2008), ID2 (Lasorella et  al., 2014), PROM1 (CD133)
(Richardson et al., 2004) and SOX2 (Rybak and Tang, 2013) was observed, with a
concomitant reduction of the CBC-specific genes CEACAM6, WNT5A and
LCN2 (Rane et al., 2014). In addition, higher live cell count was obtained in miR-
548-3p overexpressing CBCs after exposure to 5-Gy radiation (Fig. 1f in II).

Gene ontology analysis (GO) of potential miR-548-3p targets, predicted using
the miRWalk algorithm (available at http://www.umm.uni-
heidelberg.de/apps/zmf/mirwalk/), was performed, and the results suggested that
miR-548c-3p might be involved in SC maintenance and cell cycle regulation.

Lastly, miR-548-3p was found to be significantly upregulated in uncultured
CRPC-derived epithelial cells compared to BPH-derived epithelial cells (Fig. 1g in
II).

In a recent independent study, the over-expression of miR-548c-3p was shown
to decrease doxorubicin-induced DNA damage in a cervical cancer cell line
(Srikantan et  al., 2011) and miR-548-3p serum levels were also described to be
significantly higher in CRPC patients compared to low-risk PC patients (Nguyen
et al., 2013).
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Taken together, these results indicate that miR-548c-3p is a putative diagnostic and
prognostic candidate marker for improving CRPC patient management. Clinical
validation in a larger patient cohort is now necessary to establish the prognostic
and/or therapeutic relevance of this miRNA. Moreover, this study provides a
foundation towards understanding of key miRNA expression changes during
prostate epithelial differentiation. The overlap between the miRNA expression
patterns of hESCs, prostate epithelial SCs, and unfractionated CRPCs indicates that
embryonic signaling machinery is activated in the terminal stages of PC. More studies
are needed to clarify the role of prostate cancer stem cells in the development and
progression of the disease.

5.3 Overexpression of miR-1247 in prostate cancer (III)

In recent studies, the Agilent microarray platform was used to profile the
expression of miRNAs in clinical samples of primary PC and CRPC (Jalava et  al.,
2012; Martens-Uzunova et al., 2012). However, the arrays contained probes for only
723 miRNAs. To identify recently discovered, differentially expressed miRNAs, that
are not included in the mentioned arrays, the expression data obtained from recent
deep-sequencing experiments were analyzed. RNA-sequencing was performed on a
total of eleven pools of clinical specimens, each pool containing four samples from
control or malignant prostate tissue (Martens-Uzunova et al., 2015). miR-1247-5p,
miR-1249, miR-1269a, miR1271-5p, miR-1290, miR-1291 and miR-1299 showed
differential expression in malignant samples compared to controls and were selected
for validation by qRT-PCR in two sets of clinical specimens, described above in the
Materials and Methods.

When performing qRT-PCR experiments, variation in the amount of starting
material, sample preparation and RNA extraction, as well as in reverse transcription
efficiency, can introduce errors. Therefore, technical variations between the
reactions must be corrected. This is usually achieved by normalizing the raw
expression values to an endogenous control gene. The endogenous control needs to
be accurately validated and its expression is required to be relatively constant and
abundant in the particular sample set used in the experiment (Carlsson et al., 2010;
Peltier and Latham, 2008). However, uncertainty remains over the selection of
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appropriate reference genes for miRNA expression studies. The current
convention is to normalize to small-nucleolar RNAs (commonly RNU6B, RNU44,
RNU24 or RNU48), which are ≈70-nt non-coding RNAs involved in site-specific
nucleotide modification of ribosomal RNAs as well as pre-mRNA splicing (Kiss,
2002). Recent evidence suggests that snoRNAs are dysregulated in cancer and
therefore might not be suitable as references for the normalization of expression
analyses that compare cancer to normal tissue (Mourtada-Maarabouni et al., 2009).
Moreover, the expression of some of these snoRNAs has also recently been
correlated with tumor pathology and prognosis, suggesting that their use as
reference genes can introduce a bias (Gee et al., 2011). In this study, the four
mentioned, commonly used reference genes were assessed in the specific sample
sets used for miRNA expression analysis. The qRT-PCR expression data for five
control miRNAs (miR-17-5p, 32-5p, 96-5p, 141-5p and 182-5p) normalized with
the four RNUs, were compared with previously generated, published microarray
data (Jalava et al., 2012; Martens-Uzunova et al., 2012) and RNA deep-sequencing
of individual samples (Ylipaa et  al., 2015), for the same miRNAs. The
normalization of qRT-PCR using RNU6B generated consistent results between all
three compared platforms (Fig. S1 and S2 in III). Moreover, the expression of
RNU44, RNU24 and RNU48 was subsequently studied in the same sample set,
using RNU6B as a reference gene. All three snoRNAs showed significant
differential expression in cancer samples compared to controls. In particular, in
our sample sets, all these snoRNAs were upregulated in cancer cases, confirming
RNU6B as the most stably expressed reference gene in our sample cohort (Fig.S3
in III). In the above-mentioned miRNA expression microarray studies, the clinical
samples obtained by radical prostatectomy and those obtained by trans-urethral
resection of the prostate (TURP) showed different overall miRNA expression
patterns (Jalava et al., 2012; Martens-Uzunova et al., 2012). Therefore, the two types
of samples were also analyzed separately in the present study and miRNA
expression was compared only between cancer and control samples within the
same type.

The expression of the selected miRNAs (miR-1247–5p, miR-1249, miR-1269a,
miR-1271–5p, miR-1290, miR-1291, and miR-1299) was first studied using qRT-
PCR in the first sample set (Fig. 1A and Fig. S4 in III). miR-1247-5p showed the
highest differential expression and was significantly upregulated in CRPC samples
compared to benign prostatic hyperplasia (BPH) (Fig. 1A and in III and Fig. 4). In
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the second sample set, consisting of 81 primary PCs obtained by radical
prostatectomy, miR-1247-5p did not show an association with the Gleason score,
the pathological stage of the disease (Fig. 1B in III), or the prognosis (data not
shown). To further assess the significance of the differential expression of miR-1247,
qRT-PCR was performed on the prostate cancer cell lines PC-3, DU145, LNCaP,
22Rv1, and VCaP. Interestingly, miR-1247-5p showed highest expression in the
androgen-independent PC-3 cells (Fig. 2A in III). This finding, together with the
significant overexpression in CRPC samples, suggest that miR-1247-5p alteration
might have a role during the advanced stages of the disease. Of the other studied
miRNA candidates, miR-1290 showed a slight reduction in expression in PC
samples, compared to BPH, although no significant difference was found in CRPC
samples compared to BPH (Fig.S4D in III).

To identify putative target genes for miR-1247-5p in prostate cancer, online tools
for target prediction (TargetScan 6.2 (http://www.targetscan.org) and miRanda
(http://microrna.org)) were queried. In both queries, MYCBP2 was identified as
highest-scoring putative target. MYCBP2 encodes a very large 510 kDa E3-ubiquitin
ligase, also known as protein associated with myc (PAM). MYCBP2 was originally
identified as a protein that interacts directly with the transcriptional activating
domain of the transcription factor Myc (Guo et al., 1998). However, there is no
strong evidence that MYCBP2 protein is functionally associated with MYC. The
expression of MYCBP2 was studied in the first panel of clinical samples and was
found to be significantly down-regulated in CRPC compared to BPH controls,
showing an inverse correlation with miR-1247-5p expression in the same samples
(Fig. 2B in III and Fig. 4). An inverse correlation of MYCBP2 and miR-1247-5p
expression was also found in the prostate cancer cell lines PC3, DU145, LNCaP,
22Rv1, and VCaP (Fig. 2A in III). To further investigate the effect of miR-1247-5p
on MYCBP2 expression, cell line models of miR-1247-5p overexpression were
generated by transiently transfecting PC-3 and LNCaP cells with miR-1247
precursor and control. LNCaP and PC-3 cells were selected due to their intrinsically
high and low levels of miR-1247-5p, respectively, as shown in Fig. 2A in III. The
overexpression of miR-1257-5p upon transient transfection of precursor was
confirmed by qRT-PCR with a scrambled RNA sequence used as a control. In both
models, a significant reduction in MYCBP2 mRNA levels was observed in miR-
1247-5p-overexpressing cells (Fig. 3A and B in III). Moreover, PC-3 cells were
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assayed for MYCBP2 protein expression levels by western blotting and the down-
regulation of MYCBP2 was confirmed (Fig. 3C in III and Fig. 4).

Figure 4. qRT-PCR analysis miR-1247-5p and MYCBP2 expression in clinical samples of castration-
resistant prostate cancer (CRPC) and benign prostatic hyperplasia (BPH) controls, both
obtained by trans-urethral resection of the prostate (TURP). Western blotting of protein from
the androgen-independent prostate cancer cell line PC-3 showing MYCBP2 protein
downregulation upon miR-1247-5p transient overexpression.
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Lastly, to investigate the interaction between miR-1247–5p and the putative target
MYCBP2, a luciferase reporter assay was performed in HT-1080 human
fibrosarcoma cells co-transfected with (i) a construct vector expressing the 3´-UTR
of the MYCBP2 transcript downstream of the luciferase gene and (ii) a miR-1247–
5p mimic or negative control, as described in the Materials and Methods. Vectors
expressing the 3´-UTR of the housekeeping gene ACTB (beta-actin) or random
sequences were used to control for non-specific interactions of the miR-1247–5p
mimic. A significant reduction in the luciferase signal was observed in cells co-
transfected with the MYCBP2 3´-UTR vector and the miR-1247–5p mimic
compared to controls (Fig. 3D in III), suggesting that MYCBP2 is indeed targeted
by miR-1247-5p in prostate cancer.

Interestingly, miR-1247-5p was recently reported to downregulate the expression
of the transcription factor SOX9 in isolated human chondrocytes, via non-canonical
binding at the coding region of the SOX9 gene, instead of the 3´-UTR. Moreover,
miR-1247-5p itself was also shown to be down-regulated by SOX9 in a negative
feedback loop (Martinez-Sanchez and Murphy, 2013).

However, SOX9 elevation in the prostate has been shown to promote proliferation
and to cooperate with PTEN loss to induce tumor formation (Thomsen et al., 2010)
and prostate cancer invasion (Wang et al., 2008). In addition, dysregulation of a
SOX9-dependent pathway, due to SOX9 hyperactivation, has recently been shown
to induce senescence bypass and tumor invasion in prostate cancer (Wang et al.,
2013). Therefore, to test whether miR-1247-5p overexpression affects SOX9 levels
in prostate cancer, SOX9 expression was studied in PC-3 and LNCaP cells that
transiently overexpress miR-1247-5p. Although a slight, non-significant reduction
was found in SOX9 mRNA levels, western blotting performed in PC-3 cells showed
no changes at the protein level upon miR-1247-5p overexpression, suggesting that
SOX9 is not the primary target of miR-1247-5p in prostate cancer (Fig.S5 in III).
More studies will be needed to investigate possible interaction between SOX9 and
miR-1247-5p in prostate cancer.
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5.4 Expression of tRNA-derived fragments (tRFs) in prostate
cancer (IV)

In this study, the composition and expression of tRFs was analyzed in an
extended cohort of clinical prostate cancer samples, including normal adjacent
prostate (NAP) and benign prostatic hyperplasia (BPH) controls, by deep
sequencing. The cohort was previously described in study III (Martens-Uzunova
et al., 2015) and the clinical parameters of the samples are listed in Table 1 in IV.

The deep sequencing revealed tRFs derived from all 21 cytosolic tRNA isotypes,
including selenocystein. A heatmap representing the variable relative abundances
of the detected tRFs per isotype is shown in Fig. 1A in IV. The most abundant
fragments were found to derive from tRNAAla and tRNALys. Moreover, variable
amounts of tRFs were found to be generated from 15 out of 20 mitochondrial
tRNAs (Fig.1A in IV). To reliably quantify the expression of tRFs, the RNA-
sequencing reads require precise assignment of the exact position on the precursor
transcript, a process that is hampered by the lack of proper annotation. To
correctly determine the boundaries of tRFs in this dataset, the computational
algorithm Fragment Location Annotation and Identification Mapper (FlaiMapper)
was applied. The algorithm allows the extraction and annotation of the locations
of tRFs by peak detection using the start and end position densities, followed by
filtering and a reconstruction process (Hoogstrate et al., 2015). The results of the
FlaiMapper detection were subsequently filtered to merge identical sequences
deriving from multiple precursor tRNAs into single entries (Supplementaty Fig. 2
in IV). A total of 598 unique cytosolic tRFs were identified with this method,
whereas mitochondrial tRFs were excluded from further analysis due to
unreliability in the automated prediction (Supplementary Fig.3). Most of the 598
tRFs were found to be between 15 and 23 nucleotides in length, with 40%  being
19 nucleotides long (Fig. 1B in IV).

To further study their characteristics, the start and end position frequencies on
the precursor tRNAs were analyzed (Fig. 1D and E in IV). In concordance with a
recent report on tRF expression in prostate cancer cell lines (Lee et al., 2009), most
of the tRFs were found to originate from the 5´- and 3´- ends of the precursor
tRNAs (Fig. 1C), when defined as follows:
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1. 5´-derived tRFs, when the 3’-end nucleotide is at position ≤40 on the
precursor tRNA sequence

2. 3´-derived tRFs, when the first 5’-nucleotide is at position ≥30 on the
precursor tRNA sequence

However, based on the start and end position peaks, five different types of tRFs
could be classified (Fig. 1F in IV):

1. 5e-tRFs, with start position in the first nucleotide of the 5’-end of the tRNA
2. D-tRFs, with a start position between nucleotides 12-23 and overlapping the

D-loop
3. A-tRFs, with a start position between nucleotides 31-39 and overlapping the

anticodon loop
4. V-tRFs, with a start position between nucleotides 45-49 and overlapping the

variable loop
5. 3e-tRFs, with a start position between nucleotides 50-60 and overlapping

the T loop

The number of unique fragments for each of the five types, generated from all the
precursor tRNAs, appeared to be comparable (fragment uniqueness), whereas the
relative abundance in the sample set showed a notable 75% of the total being of 5e-
tRF type (Fig. 1G in IV).

Moreover, tRFs deriving from 5´-pre-tRNA leaders (5´U-tRFs) and 3´-pre-tRNA
trailer (3´U-tRFs) were also detected (Supplementary Fig.4 in IV), although at lower
expression levels than other types (data not shown).

As described in the review of the literature, several studies have recently provided
evidence of aberrant expression of tRFs in cancer (Martens-Uzunova et al., 2012;
Maute et al., 2013). To investigate whether tRFs are dysregulated in the analyzed
samples, the expression levels of the detected fragments were compared between
cancer samples and non-malignant controls. The overall expression levels of small
non-coding RNAs (including tRFs, miRNAs and snoRNAs) was compared between
NAP and BPH libraries (Supplementary Fig. 5 in IV). Interestingly, tRFs showed
low correlation between the two sample groups, with increased expression in the
BPH library, whereas the other sncRNAs showed similar expression levels. The
result suggests that tRFs might be specifically overexpressed in BPH; these samples
were therefore excluded from further analysis, and NAP samples were used as
control.
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A total of 110 tRFs were found to be differentially expressed in cancer compared
to controls (Fig. 2 in IV). The number of differentially expressed tRFs was variable
in samples with different stages of PC and 12 fragments were commonly
differentially expressed in recurrent PC samples with Gleason scores 6, 7 and 8.
Moreover, most of the up-regulated tRFs were found to belong to the 5e-tRF type,
whereas most of the down-regulated tRFs were found to belong to the 3e-tRF
type, suggesting they might exert different functions (Fig. 3 A-D in IV).

Six tRFs were selected for further validation. All were found to be commonly
differentially expressed in recurrent PC with Gleason scores of 6, 7 and 8.
According to the deep-sequencing data, four fragments were up-regulated and two
were down-regulated in cancer compared to NAP, (Fig. 3 H-J, Table 2 and
Supplementary Table 5 in IV).

The validation was performed by qRT-PCR in two distinct clinical sample
cohorts obtained from the Erasmus Medical Center, Rotterdam, The Netherlands
(cohort 1) and from Tampere University Hospital (cohort 2). A detailed overview
of the cohorts is described above in the Materials and Methods.

tRF-544 (derived from tRNAPheGAA) was confirmed to be significantly down-
regulated in recurrent PC samples compared to both NAP controls and cured PC
samples in cohort 1. In cohort 2, down-regulation was observed in PC samples
with Gleason scores higher than 7 and in PC samples with more advanced
pathological stage, suggesting a possible association between the aberrant
expression and more aggressive or late-stage disease (Fig 4A in IV). The differential
expression of tRF-544 was also confirmed in a recently published independent
deep-sequencing study (Fig. 5) performed on a sub-set of the PC samples from
Tampere University Hospital (Ylipaa et al., 2015). tRF-315 (derived from
tRNALysCTT) was significantly upregulated in PC in cohort 2 compared to NAP
controls, and the difference in expression remained significant when the NAP
controls were compared to any subgroup of PC samples (Fig. 4A in IV).

tRF-562 (derived from tRNAGlyTCC) was significantly down-regulated in
recurrent PC sample compared to NAP in cohort 1 and in advanced stage PC
samples compared to NAP in cohort 2 (Fig. 4A in IV).
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Figure 5. Expression of tRF-544 in a second independent deep-sequencing study performed on a
subset of PC samples from Tampere University Hospital (Ylipaa et al., 2015).

As tRF-544 and tRF-315 showed opposing expression patterns in more advanced
tumor samples, the ratio tRF-315/tRF-544 was calculated for both cohorts. The
results showed statistically significant differences, clearly distinguishing high- from
low-grade PC samples, cured from recurrent cases and higher from lower
pathological stage. Moreover, a higher expression ratio was significantly associated
with poorer progression-free survival and a shorter time to disease relapse (Fig. 4B
and C in IV), suggesting that the tRF-315/tRF-544 ratio might represent a candidate
biomarker for disease progression.
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6 Discussion

6.1 1p21-22 amplification in bladder cancer

In study I, a recurrent amplification at chromosome region 1p21-22 was
characterized, using bladder cancer cell line models. The amplification was first
identified in clinical samples of urothelial carcinoma and fine-mapped in a total of 8
bladder cancer cell lines. No high level amplification was identified in any of the cell
line models of urothelial carcinoma, whereas it was present in the SCaBER
squamous cell carcinoma cell line, spanning a minimum amplified region of
approximately 1 Mb. This evidence suggests that the locus 1p21-22 may be altered
in a subset of cancer cases. The amplified region is known to harbor several protein
coding genes, four of which (DR1, EVI5, TMED5 and RPL5) showed high
expression levels in the SCaBER line compared to all the other models tested,
indicating that the chromosomal alteration might be responsible for the aberrant
expression.

Interestingly, OncomineTM database interrogation also showed DR1, EVI5,
TMED5 and RPL5 to be significantly coamplified in brain (George et al., 2007;
Kotliarov et al., 2006; Northcott et al., 2009), colon (Kurashina et al., 2008) and lung
cancer (Ramos et al., 2009) as well as  melanoma (Maser et al., 2007). These results
indicate that the amplification of 1p21-22 could be an alteration involved in the
tumorigenesis of several cancers. Moreover, a recent genome-wide association study
conducted by the International Multiple Sclerosis Genetic Consortium (IMSGC)
identified a number of putative multiple sclerosis (MS) susceptibility variants at
position 1p22. Twenty-one SNPs positively associated with MS were located at the
GFI-EVI5-RPL5-FAM69A locus (Alcina et al., 2010).

In addition, based on the highest expression level obtained from the gene
expression microarray and qRT-PCR validation, DR1 was the most relevant
amplification target in bladder cancer among the examined genes.

DR1 is also known as NC2beta and has been shown to bind DRAP1 to repress
RNA polymerase II gene transcription (Mermelstein et al., 1996). Despite targeting
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the general transcription machinery, only a subset of mRNAs have been shown to
respond to DR1/DRAP1 inhibition (Geisberg et al., 2001) and an opposite,
transcription inducing effect, of DR1/DRAP1 has also been shown for some
mRNAs, suggesting a specific regulatory effect (Cang and Prelich, 2002).

Further studies are necessary to assess the functional significance of DR1
amplification and overexpression in bladder cancer.

6.2 non-coding RNAs in prostate cancer

In studies II, III and IV, expression analysis of non-coding RNAs was performed
in both cell line models and clinical samples of prostate cancer. As described above,
non-coding RNAs have recently emerged as a very important component of the cell
physiology, given that their function is related to not only housekeeping but also
gene expression regulation.

Study II represents the first comprehensive overview of miRNA expression
changes during prostate epithelial differentiation obtained by miRNA microarray
analysis in sorted epithelial subpopulations from patient-derived material. The main
finding of the study is the identification of distinct expression profiles in each of the
subpopulations studied, regardless of the pathologic status. Specifically, a greater
extent and higher magnitude of differential expression was observed in stem cells
(SC) versus committed basal cells (CB) than in cancer versus benign controls. This
result suggests that the differentiation state of prostate epithelial cells plays a relevant
role in the modulation of miRNA expression and provides a possible explanation
for the heterogeneous and often contradicting data on miRNA expression profiles
of unfractionated prostate tumors. Moreover, the analysis of prostate epithelial
subpopulations has provided several novel prostate cancer stem cell-specific (PC-
CSC) and CRPC stem-cell specific (CRPC-CSC) miRNA candidates. In addition, an
overlap between the miRNA expression patterns of human embryonic stem cells
(hESCs), prostate epithelial SCs and unfractionated CRPCs was revealed, indicating
that embryonic signaling machinery is activated in the terminal stages of PC.

MiR-548c-3p emerged as a relevant PC-CSC miRNA that is significantly
overexpressed in CRPC samples. In a recent independent study, miR-548c-3p
overexpression was shown to decrease doxorubicin-induced DNA damage in a
cervical cancer cell line (Srikantan et al., 2011) and miR-548-3p serum levels were
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also described to be significantly higher in CRPC patients than in low-risk PC
patients (Nguyen et al., 2013).

The results of the functional studies performed on miR-548c-3p indicate this
miRNA is a putative diagnostic and prognostic candidate for improving CRPC
patient management. Clinical validation in a larger patient cohort is now necessary
to establish the prognostic and/or therapeutic relevance of this miRNA and more
studies are necessary in the future to clarify the role of prostate cancer stem cells in
the development and progression of the disease.

A recent RNA-sequencing study performed on clinical samples of malignant
prostate cancers and non-malignant controls (Martens-Uzunova et al., 2015) revealed
the aberrant expression of several previously unstudied miRNAs in prostate cancer
as well as non-coding RNAs derived from tRNAs, termed tRNA-derived RNA
fragments (i.e., tRFs).

The expression of selected miRNA candidates was validated in study III using
qRT-PCR in cell line models and prostate cancer clinical samples. Overall, the newly
identified miRNAs showed a relatively low expression level in the samples tested
and most of them did not present significantly aberrant expression in cancer samples
compared to controls. miR-1247-5p was selected for further analysis as the only
miRNA with significantly higher expression levels in advanced stages of the disease.
The qRT-PCR validation confirmed significant overexpression of miR-1247-5p in
CRPC clinical samples and in the androgen-independent cell line PC-3.

In contrast with our findings in prostate cancer, a recent in situ hybridization
expression profile of miR-1247 using a pancreatic cancer tissue microarray, showed
miR-1247 down-regulation in cancer tissues compared to matched benign controls.
High levels of miR-1247 expression were also correlated with higher overall and
recurrence free survival in pancreatic cancer patients. Neuropilin1 (NRP1) and
Neuropilin2 (NRP2) were identified as direct targets of miR-1247 in pancreatic
cancer (Shi et al., 2014).

MiR-1247 has also been earlier described to be aberrantly hypermethylated and
down-regulated in colorectal cancer and to suppress cell growth and migration (Yan
et al., 2011). Epigenetic silencing of miR-1247 has also been found in hepatocellular
carcinoma (Anwar et al., 2013). These results indicate the uncertain role for miR-
1247 in different cancer types and the need for further investigations.

MYCBP2 was identified in study II as a target of miR-1247-5p in prostate cancer.
This protein has been previously described to be highly expressed in peripheral and
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central neurons (Yang et al., 2002), where it has been shown to regulate neuronal
outgrowth and synaptogenesis by regulating the cAMP (Scholich et al., 2001), Smad4
(McCabe et al., 2004), mTOR (Han et al., 2008) and p38 MAPK-signaling pathways
(Nakata et al., 2005). Although the role of MYCBP2 in cancer is currently unknown,
recent data revealed the existence of a novel biological phenomenon in tumors
termed cancer-related axonogenesis and neurogenesis (Ayala et  al., 2008). In
experiments performed in prostate cancer, nerve density was shown to be increased
in cancer and in preneoplastic areas of the prostate compared to non-malignant
areas, confirming that cancer cells can induce neurite outgrowth. Further studies are
necessary to investigate the potential role of both miR-1247-5p and MYCBP2 in
prostate cancer.

As described above, recent advancements in NGS technologies have led to the
discovery of nearly ubiquitous RNA fragments of different sizes that are derived
from mature or precursors tRNAs (tRFs). The abundance of these small RNA
species and their specific expression profiles gave rise to the question of whether the
fragments are primarily random tRNA degradation products or true biological
entities with specific functions.

Study IV provides a comprehensive analysis of tRF composition and expression
in PC clinical samples with different clinic-pathological characteristics. The novelty
of the study is represented by the generation of a PC tRF database. The proper
annotation of the tRF sequences was achieved using the fragment detection
algorithm FlaiMapper, and the data were subsequently filtered to merge identical
sequences deriving from multiple precursor tRNAs into single entries. After this
correction, a total of 598 unique fragments were identified, 110 of which showed
aberrant expression in cancer versus control. Moreover, the majority of identified
tRF fragments originated from the 5´ or 3´ends of the mature tRNAs, in
concordance with a previous report on tRF expression in prostate cancer cell lines
(Lee et al., 2009).

   The results generated in the study IV dataset demonstrated that 32 of 36 5’-tRFs
that were previously described by Lee et al. were detectable in the clinical samples
used in study IV. This confirmatory result further supports the hypothesis that tRFs
in prostate cancer are discrete biological entities produced by defined molecular
mechanisms.

 Moreover, a prevalence of 5`-tRFs was observed within tRFs that are up-regulated
in prostate cancer samples, whereas 3´-tRFs are more prevalent within tRFs that are
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down-regulated in prostate cancer, suggesting different molecular mechanisms for
different tRF types and different roles in tumorigenesis.

Recently, 5’-tRFs were found to inhibit the translation of reporter genes in vitro and
in vivo. The effect does not require complementary target sites in the reporter
sequence but does require a universally conserved “GG” dinucleotide in the tRF
(Sobala and Hutvagner, 2013), which is a common feature of ~75% of the
upregulated 5´-tRFs described in study IV.

Selected differentially expressed tRFs were also validated by qRT-PCR in two
independent cohorts of clinical samples of prostate cancer, using custom designed
primers. Three fragments, namely tRF-544 (derived from tRNAPheGAA), tRF-315
(derived from tRNALysCTT) and tRF-562 (derived from tRNAGlyCTT) were
confirmed to be significantly deregulated in cancer samples versus NAP controls.
Interstingly, tRF-544 was consistently downregulated in samples obtained from
patients with recurrent disease, whereas tRF-315 was consistently upregulated in the
same cases. The normalized expression ratio of these two fragments significantly and
consistently distinguished cancer samples, based on Gleason score, pathological
stage, recurrence and progression-free survival.

In conclusion, these results highlight the potential role of tRFs as biomarkers for
prostate cancer diagnosis and prognosis. However, the specific role of tRFs remains
unclear and more studies will be needed in the future to clarify their function in both
physiologic and pathologic conditions.
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7 Conclusions

The primary findings and conclusions of the study are as following:

I. The minimal region of the 1p21-22 amplification was fine-mapped to
approximately 1 Mb and was found to harbor 11 known human genes. The
highest level of amplification was observed in the SCaBER cell line model
of squamous cell carcinoma of the bladder. Four genes, TMED5, DR1,
RPL5 and EVI5, showed significant overexpression in the SCaBER cell line
compared to all the other samples tested. Moreover, the Oncomine database
analysis confirmed the statistically significant upregulation of DR1 in a set
of superficial and infiltrating bladder cancer samples compared to normal
bladder, suggesting DR1 as a putative selected gene in the amplification.

II. The analysis of the genome-wide miRNA microarray of prostate cancer
epithelial subpopulations demonstrated that each subpopulation shows a
distinct miRNA expression profile, regardless of its pathologic status. The
miRNA miR-548c-3p was found to be overexpressed approximately fivefold
in prostate epithelial stem cells compared with CBs and its overexpression
has been associated with poor survival of PC patients. Functional studies of
miR-5498c-3p overexpression in CB cells resulted in dedifferentiation to a
more stem-like phenotype. Moreover, miR-548c-3p was found to be
significantly upregulated in CRPC-derived epithelial cells compared with
BPH-derived epithelial cells. Together, the results demonstrate the
importance of miR-548c-3p as a diagnostic and prognostic candidate
biomarker to improve CRPC management.

III.  Recently published deep-sequencing projects identified several putatively
differentially expressed miRNAs in prostate cancer. Using prostate cancer
clinical samples obtained from Tampere University Hospital, a significant
upregulation of the miRNA miR-1247-5p was validated in CRPC samples
compared to benign controls. The expression of miR-1247-5p was
subsequently studied in prostate cancer cell line models showing significant
upregulation in the androgen-insensitive, bone metastasis-derived PC-3 cells
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compared to all other cell lines. Online analysis of target prediction
programs for miR-1247 revealed the MYCBP2 (myc-binding protein 2)
transcript to be a high-score potential target. Functional in vitro studies were
performed on prostate cancer cell lines, confirming the down-regulation of
MYCBP2 at the mRNA and protein level. In addition, an interaction
between miR-1247-5p and the 3´-UTR of MYCBP2 was shown using a
luciferase assay. Moreover, MYCBP2 down-regulation was found in clinical
samples of CRPC. MYCBP2 was confirmed as target gene for miR-1247-5p
in prostate cancer.

IV. A total of 598 unique tRFs were identified in clinical samples of prostate
cancer, 110 of which were found to be deregulated in PC when compared
to NAP controls. Most of the detected tRFs were found to derive from the
5’ and 3’ ends of the precursor tRNAs. The 5`- tRFs were found to be the
most abundant type of tRFs and represented the majority of the upregulated
tRFs; the 3’-tRFs were dominant among the downregulated tRFs. The
aberrant expression of three tRFs in PC was further validated using qRT-
PCR. The ratio of the two fragments derived from tRNALysCTT and
tRNAPheGAA emerged as a good indicator of progression-free survival and as
a candidate prognostic marker.
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Abstract

Background: The aim of the study was to characterize a recurrent amplification at chromosomal region 1p21-22 in
bladder cancer.

Methods: ArrayCGH (aCGH) was performed to identify DNA copy number variations in 7 clinical samples and 6
bladder cancer cell lines. FISH was used to map the amplicon at 1p21-22 in the cell lines. Gene expression microarrays
and qRT-PCR were used to study the expression of putative target genes in the region.

Results: aCGH identified an amplification at 1p21-22 in 10/13 (77%) samples. The minimal region of the amplification
was mapped to a region of about 1 Mb in size, containing a total of 11 known genes. The highest amplification was
found in SCaBER squamous cell carcinoma cell line. Four genes, TMED5, DR1, RPL5 and EVI5, showed significant
overexpression in the SCaBER cell line compared to all the other samples tested. Oncomine database analysis revealed
upregulation of DR1 in superficial and infiltrating bladder cancer samples, compared to normal bladder.

Conclusions: In conclusions, we have identified and mapped chromosomal amplification at 1p21-22 in bladder cancer
as well as studied the expression of the genes in the region. DR1 was found to be significantly overexpressed in the
SCaBER, which is a model of squamous cell carcinoma. However, the overexpression was found also in a published
clinical sample cohort of superficial and infiltrating bladder cancers. Further studies with more clinical material are
needed to investigate the role of the amplification at 1p21-22.

Keywords: Gene amplification, Bladder cancer, DR1, aCGH
Background
Bladder cancer is the fourth most common cancer in men
in developed countries and the second most common ma-
lignancy of the urinary tract [1]. The majority of bladder
cancer cases arise from the urothelium, the epithelium
lining the inside of the bladder and these cases are thus
called urothelial carcinomas. Squamous cell carcinoma of
the urinary bladder is a rarer malignant neoplasm and it
accounts for 3–5% of bladder cancer in Western popula-
tions [2].
Several studies have investigated the chromosomal alter-

ations associated with development and progression of
bladder cancer. Different methods to detect copy number
changes, such as classical cytogenetics, interphase fluores-
cence in situ hybridization (FISH), Southern blot analysis,
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1Prostate Cancer Research Center, Institute of Biosciences and Medical
Technology - BioMediTech, University of Tampere and Tampere University
Hospital, Tampere, Finland
Full list of author information is available at the end of the article

© 2014 Scaravilli et al.; licensee BioMed Centra
Commons Attribution License (http://creativec
reproduction in any medium, provided the or
Dedication waiver (http://creativecommons.or
unless otherwise stated.
quantitative polymerase chain reaction (PCR)-based assays
and comparative genomic hybridization (CGH) have been
used [3].
Several CGH studies providing information about typ-

ical losses, gains and amplifications in bladder cancer have
been published [4-8]. However, the resolution of conven-
tional CGH is generally limited to regions greater than
10 Mb. The development of array-based technologies for
CGH [9,10] led to > 10-fold increase of the resolution and
consequently to the analysis of copy number alterations at
single gene level. A few array-CGH (aCGH) genome-wide
studies have been performed on both clinical bladder
cancers [11,12] as well as cell lines [13]. They have
highlighted copy-number alterations in smaller scale, with
high accuracy of localization. Some of these genetic
changes have been associated with known oncogenes or
tumor suppressor genes. Loss of genetic material on
chromosome 9 is one of the most frequent alteration in
TCC, with 9p and 9q, often both, lost entirely or in part
l Ltd. This is an Open Access article distributed under the terms of the Creative
ommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and
iginal work is properly credited. The Creative Commons Public Domain
g/publicdomain/zero/1.0/) applies to the data made available in this article,
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Table 1 FISH mapping of 1p21-22 amplicon

Clones Chromosome location Cell lines

SCaBER HT-1376 UM-UC-3 TCCSUP RT4 J82 T24 5637

RP11-82E1 91,116,728–91,294,152 3/4 (0.9) 3/3 (1.00)

RP5-865 M20 92,068,692–92,181,253 2/4 (0.54) 10/6 (1,53) 3/4 (0.86) 4/4 (0.98) 3/3 (1.00) 3/3 (1.17) 3/3 (1.00)

RP4-621B10 92,517,154–92,659,879 2/4 (0.54) 10/6 (1.89) 3/4 (0.86) 4/4 (1.00) 3/3 (1.00) 3/3 (1.12) 3/3 (1.00)

RP5-1014C4 92,854,755–93,007,879 7/4 (2.02) 11/6 (1.91) 4/4 (1.02) 3/3 (1.00)

RP11-977E2 93,042,494–93,249,510 8/4 (2.35) 10/6 (1.65) 3/4 (0.75) 3/4 (0.73) 4/4 (0.93) 3/3 (0.86) 4/3 (1.24) 3/3 (1.00)

RP5-976O13 93,529,940–93,632,330 10/4 (3.07) 10/6 (1.64) 3/4 (0.78) 3/3 (1.06) 3/3 (1.00)

RP4-713B5 93,760,493–93,865,044 11/4 (3.02) 10/6 (1.83) 3/3 (1.00)

RP11-272P3 94,980,681–95,180,686 3/4 (0.99) 11/6 (1.91) 3/3 (1.00)

RP11-146P11 95,983,612–96,156,674 4/4 (1.04) 10/6 (1.85) 4/4 (1.05) 3/4 (0.82) 4/4 (1.05) 3/3 (0.93) 3/3 (1.00)

RP11-122C9 97,095,507–97,282,884 3/4 (1.07) 10/6 (1.91) 3/3 (1.00)

The first value represents the median of signals from the locus-specific probe indicated under ‘clones’; the second value represents the median number of signal
from the chromosome 1 centromeric probe. The ratio between the two values is bracketed. SCaBER cell line shows a high level amplification between the
positions 92,854,755 and 93,865,044 (GRCh37/h19), whereas HT-1376 cell line shows a copy-number gain.
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[14,15]. Candidate target genes include CDKN2A [16],
DBCCR1 [17], and TSC1 [18]. Deletion of 10q has been
associated with PTEN locus [19,20], 13q with RB1 [21]
and 17p with TP53 [22]. Common DNA amplifications
contain known or candidate oncogenes as well, including
cyclin D1 (CCND1) at 11q13 [23,24], ERBB2 at 17q21
[25,26], E2F3 at 6p22 [27,28], MDM2 at 12q14 [29], and
MYC at 8q24 [30]. Recurrent amplifications have also
been found at 1q, 3p, 3q, 8p, 8q, and 12q [5,6,8]. Further-
more, activating mutations of oncogenes HRAS [31] and
FGFR3 [32] seem to be common. Gain-of-function muta-
tions affecting RAS and FGFR3 and loss-of-function muta-
tion affecting RB, PTEN and TP53 have also been
associated with the pathological stage and/or outcome of
bladder cancer [33,34].
In this study, we report the characterization of a com-

mon amplification at chromosomal region 1p21-22. The
amplicon was identified by aCGH analysis of clinical
specimens obtained from bladder cancer patients and in
bladder cancer cell lines.

Methods
Clinical samples
Freshly frozen samples from 7 bladder cancer tissues
were used for this study. The samples were obtained
from Tampere University Hospital and include five
urothelial carcinomas, one lymphoepithelial carcinoma
Table 2 PCR primers

Gene Forward primer

DR1 TGCAAGAGTGTAAAAAGTAGCATT

EVI5 AGCAGAGTGATGAGGCCAGT

RPL5 TGGAAGAAGATGAAGATGCTTAC

TMED5 TCACACCTTCCCTCGATAGC

TBP GAATATAATCCCAAGCGGTTTG
and one undifferentiated carcinoma. DNA was extracted
using DNAzol reagent (Molecular Research Center, Inc.
Cincinnati, OH), according to manufacturer’s protocol.
The use of the clinical samples was approved by the eth-
ical committee of the Tampere University Hospital.

Cell lines
The bladder cancer cell lines UM-UC-3, TCCSUP, RT4,
T24, HT-1376, J82, SCaBER, 5637, HT-1197 and SW780
were obtained from the American Type Culture Collec-
tion (ATCC, Rockville, MD, USA) and cultured according
to the recommended conditions.

Array comparative genomic hybridization
16 K cDNA microarray-slides were obtained from
the Finnish Microarray DNA Centre (http://www.btk.fi/
microarray-and-sequencing/) (Turku Centre for Biotech-
nology, University of Turku and Åbo Akademi University,
Turku, Finland). The poly-L-lysine coated slides contain ap-
proximately 16000 annotated clones from sequence verified
I.M.A.G.E. Consortium cDNA library in duplicate. Com-
parative genomic hybridization to microarray (aCGH) was
done as described previously [35]. Briefly, 2 to 10 μg RsaI-
digested (Fermentas UAB, Vilnius, Lithuania) DNA was
labeled with Cy5-dCTP, and normal male reference DNA
with Cy3-dCTP (Amersham Biosciences UK Ltd., Little
Chalfont, United Kingdom), using a BioPrime Labeling Kit
Reverse primer

TGCTGCATTTGAAGCCATT

CTTCACTCAGTCGGGCTTG

GACGACATACCTCTTCTTTTTAACTTC

AAGGTTTTGCCTTCTGGAGAG

ACTTCACATCACAGCTCCCC

http://www.btk.fi/microarray-and-sequencing/
http://www.btk.fi/microarray-and-sequencing/


Figure 1 Fluorescence in situ hybridization. (a) HT-1376 cell line nuclei hybridized with the BAC clone RP11-122C9 showing copy number gain
(RED: RP11-122C9, GREEN: pericentromeric chr.1), and (b) nuclei of SCaBER squamous cell carcinoma cell line model hybridized with the PAC
clone RP4-713B5, showing a high level amplification (colors as in a).
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(Invitrogen). The sample and reference DNAs were co-
hybridized overnight at +65°C, under cover slips, to micro-
array slides, in a final volume of 38.5 μl of hybridization
mix containing 3.4 × SSC, 0.3% SDS, 1.3 ×Denhardt’s
(Sigma-Aldrich, St. Louis, MO), and 0.5 ×DIG Blocking
Buffer (Roche Diagnostics, Mannheim, Germany). After
stringent washes, the slides were scanned with ScanAr-
ray4000 confocal laser scanner (Perkin Elmer, Boston, MA).
Signal volumes were quantified using the QuantArray soft-
ware program (Packard Bioscience, Bio- Chip Technology
LCC, Billerica, MA). Data were analyzed using the cluster
along chromosomes (CLAC) algorithm, as previously de-
scribed and visualized using the software CGH-Miner [36].

Fluorescence in situ hybridization
Human genome PAC/BAC clones were purchased from
Invitrogen™ Corporation. The list of clones is shown in
Table 1 and the chromosome positions are indicated
according to UCSC (University of California Santa Cruz)
Genome Browser, February 2009 assembly (GRCh37/h19).
The clones were labeled with digoxigenin-dUTP (Roche
Diagnostics) or Alexa Fluor®-dUTP (Invitrogen™) by nick
Table 3 Known human genes at chromosome 1 position 92,9

NAME DESCRIPTION

GFI1 Growth factor independent 1 transcription repressor (GFI1

EVI5 Ecotropic viral integration site 5 (EVI5)

RPL5 Ribosomal protein L5 (RPL5)

SNORD21 Small nucleolar RNA, C/D box 21 (SNORD21), small nucleo

SNORA66 Small nucleolar RNA, H/ACA box 66 (SNORA66), small nuc

FAM69A Family with sequence similarity 69, member A (FAM69A)

MTF2 Metal response element binding transcription factor 2 (MT

TMED5 Transmembrane emp24 protein transport domain contain

CCDC18 Coiled-coil domain containing 18 (CCDC18)

LOC100131564 Uncharacterized LOC100131564 (LOC100131564), non-cod

DR1 Down-regulator of transcription 1, TBP-binding (negative c
translation. A pericentromeric probe for chromosome 1
labeled with FITC-dUTP was obtained from Roche. The
metaphase slides from the bladder cancer cell lines were
prepared using standard techniques. The slides were dena-
tured in 70% formamide/2xSSC at 70°C for 2 min and
dehydrated in an ascending ethanol series. Hybridization
was performed over night at 37°C. After stringent washes,
the slides were stained with antidigoxigenin-rhodamine
(Roche Diagnostics) for the digoxigenin-labeled probes
and embedded in an antifade solution (Vectashied, Vector
Laboratories, Burlingame, CA, USA) containing 4,6-dia-
midino-2-phenylindole (DAPI) as counter stain. Stained
slides were analyzed on an epifluorescence microscope
(Olympus) and acquired images were processed using
Image-Pro® image-processing software (Media Cybernet-
ics). A total of 50 nuclei were considered for statistical
analysis of the FISH signals in each experiment. An ampli-
fication was defined as a locus-specific probe/centromere
ratio >2. In each experiment the hybridization efficiency
of the locus-specific and centromeric probes was evalu-
ated using 5637 bladder cancer cell line as a triploid
control.
40,318 - 93,828,148 (GRCh37/h19)

LOCATION GENOMIC SIZE (bp)

) chr1:92,940,318 – 92,952,433 12116

chr1:92,974,253 – 93,257,961 283709

chr1:93,297,594 – 93,307,481 9887

lar RNA chr1:93,302,846 – 93,302,940 95

leolar RNA chr1:93,306,276 – 93,306,408 133

chr1:93,307,717 – 93,427,079 128794

F2) chr1:93,544,792 – 93,604,638 59847

ing 5 (TMED5) chr1:93,615,299 – 93,646,246 30948

chr1:93,646,281 – 93,744,287 98007

ing RNA chr1:93,775,666 – 93,811,368 35703

ofactor 2) (DR1) chr1:93,811,478 – 93,828,148 16671



Figure 2 (See legend on next page.)
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Figure 2 Fine mapping the region of amplification. Chromosome 1 ideogram showing the region of amplification according to aCGH
(above), the FISH scoring data on SCaBER cell lines indicating the minimal region of amplicon (in gray), and (below) an expression heatmap of
the genes at chromosome 1, position 92,940,318 – 93,828,148 (red: overexpression, blue: underexpression), showing significant relative
overexpression of TMED5, DR1, EVI5 and RPL5 in the SCaBER cell line.
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RNA extraction and gene expression microarray
Total RNA from bladder cancer cell lines was collected
and extracted using TRIzol reagent (Invitrogen, Carlsbad,
CA, USA), according to the manufacturer’s protocol. The
samples were then amplified and hybridized using the
Agilent whole genome oligo microarray platform (Agilent
Technologies, Palo Alto, CA, USA) and Xpress Ref ™
Human Universal Reference Total RNA (SuperArray Bio-
science Corporation) was used as a reference. The result-
ing data files from Agilent Feature Extraction Software
(version 9.5.1.1) were imported into the Agilent Gene-
Spring GX software (version 11.0) for further analysis. A
fold-change cutoff of 2 was used to determine differential
gene expression.

Real time quantitative polymerase chain reaction
(qRT-PCR)
Total RNA from bladder cancer cell lines, extracted as
described above, was reverse transcribed using random
hexamere primers and AMV reverse transcriptase
(Thermo Scientific). Quantitative Real Time PCR was
performed using Maxima SYBR Green/ROX qPCR Mas-
ter Mix (Thermo Scientific) and a BioRad CFX96 ™ Real-
Time PCR Detection System. Each sample was run in
duplicate and expression values were normalized against
TATA-binding protein (TBP). The primer sequences are
shown in Table 2.
Results
Identification of the common amplicon at 1p21-22
The CLAC-analysis of the aCGH data from clinical sam-
ples and bladder cancer cell lines showed a region of in-
creased copy number at chromosome 1p21-22 in 5 of 7
total clinical samples as well as in bladder cancer cell lines,
5637, RT4, T24, SW780 and SCaBER (data not shown).
According to aCGH, the common region of gain com-
prised of 2 Mb.

Fine mapping of the 1p21-22 region
The region 1p21-22 was studied in bladder cancer cell
lines by FISH analysis on interphase nuclei (Figure 1).
All cell lines showed increased copy number of 1p21-22
region, and SCaBER cells where the only one which
showed high-level amplification of the region (Figure 1b).
We extensively analyzed cell lines with the PAC/BAC
clones spanning a total of 6 Mb and were able to identify a
minimal region of amplification between the chromosome
positions 92,940,318 and 93,828,148 (Table 2). Ac-
cording to UCSC Genes Feb. 2009 GRCh37/hg19, a
total of 11 human genes are located within the ampli-
con. Nine of them are known protein-coding genes
(Table 3).

Microarray and qRT-PCR validation
The analysis of gene expression by microarray showed
significant overexpression of 4 genes, namely DR1, EVI5,
RPL5 and TMED5 only in the SCaBER, which harbors
the highest level of amplification of the region (Figure 2).
The results were validated by qRT-PCR and confirmed
the overexpression of the genes in SCaBER, as compared
to all the other cell lines (Figure 3). In addition, Onco-
mine database analysis for DR1 expression in bladder
cancer revealed a statistically significant (P < 0.0001) up-
regulation of the gene in clinical samples of both super-
ficial and infiltrating bladder cancer, when compared to
normal bladder [37] (Figure 4). TMED5 showed signifi-
cant upregulation in superficial bladder cancer, when
compared to normal, whereas RPL5 and EVI5 did not
show significant changes of expression levels in the same
dataset.

Discussion
In this study, aCGH technology was utilized to identify
new regions of amplifications in bladder cancer. Recurrent
amplification was found in chromosomal locus 1p21-22.
Subsequently, the locus was fine-mapped and character-
ized in the bladder cancer cell lines. Of the cell lines SCa-
BER showed the highest amplification of the region, thus
it was used for mapping the amplicon. Fine mapping with
the SCaBER model, the region was defined to ~1 Mb of
size, containing 11 genes.
cDNA microarray and qRT-PCR analyses were used to

measure the expression of these genes in bladder cancer
cell lines. DR1, EVI5, RPL5, and TMED5 showed overex-
pression in SCaBER compared to the other cell lines.
DR1 was found to be the most significantly overex-
pressed of the examined genes. Since SCaBER is a squa-
mous cell carcinoma cell line, we wished to interrogate
whether DR1 is overexpressed also in the urothelial
carcinoma. We utilized Oncomine database of clinical
samples, which showed overexpression of DR1 also in
superficial and infiltrating bladder cancer.
DR1 is also known as NC2beta and has been shown to

bind DRAP1 to repress RNA polymerase II gene tran-
scription [38]. Despite targeting the general transcription



Figure 3 qRT-PCR validation of microarray expression data. DR1 (a), EVI5 (b), RPL5 (c) and TMED5 (d), showing the highest level of
expression in the SCaBER model, when compared to the other cell lines tested. The expression values of the genes were normalized against TBP.
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machinery, only a subset of mRNAs has been shown to
respond to the DR1/DRAP1 inhibition [39] and the op-
posite transcription inducing effect of DR1/DRAP1 has
also been shown for some mRNAs, suggesting the possi-
bility of a specific regulatory effect [40].
According to Oncomine database DR1, EVI5, TMED5

and RPL5 are co-amplified also in brain [41-43], colon
[44], lung cancer [45] and melanoma [46], indicating that
Figure 4 DR1 expression in bladder cancer according to Oncomine. S
found in superficial (a) and infiltrating (b) bladder cancer, when compared
Sanchez-Carbayo study (Sanchez-Carbayo et al., 2006).
amplification of 1p21-22 may be a recurrent alteration in
several different types of cancers.

Conclusions
We have identified and mapped a common chromo-
somal amplification at 1p21-22 in bladder cancer. Squa-
mous cell carcinoma cell line SCaBER, which had the
highest level of amplification of the region, showed
tatistically significant (p < 0.0001) upregulation of DR1 expression was
to normal bladder. A total of 157 samples were used in the
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overexpression of DR1. In a published data set, DR1 was
also overexpressed in clinical samples of superficial and
infiltrating bladder cancers, suggesting that DR1 is a pu-
tative target for the amplification. Further studies are
needed to assess the role of the amplification at 1p21-22
in bladder cancer.
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Abstract

MicroRNA (miRNA) expression profiles were generated from prostate epithelial sub-
populations enriched from patient-derived benign prostatic hyperplasia (n = 5), Gleason
7 treatment-naive prostate cancer (PCa) (n = 5), and castration-resistant PCa (CRPC)
(n = 3). Microarray expression was validated in an independent patient cohort (n = 10).
Principal component analysis showed that miRNA expression is clustered by epithelial
cell phenotype, regardless of pathologic status. We also discovered concordance between
the miRNA expression profiles of unfractionated epithelial cells from CRPCs, human
embryonic stem cells (SCs), and prostate epithelial SCs (both benign and malignant).
MiR-548c-3p was chosen as a candidate miRNA from this group to explore its usefulness
as a CRPC biomarker and/or therapeutic target. Overexpression of miR-548c-3p was
confirmed in SCs (fivefold, p < 0.05) and in unfractionated CRPCs (1.8-fold, p < 0.05).
Enforced overexpression of miR-548c-3p in differentiated cells induced stemlike prop-
erties ( p < 0.01) and radioresistance ( p < 0.01). Reanalyses of published studies further
revealed that miR-548c-3p is significantly overexpressed in CRPC ( p < 0.05) and is
associated with poor recurrence-free survival ( p < 0.05), suggesting that miR-548c-
3p is a functional biomarker for PCa aggressiveness. Our results validate the prognostic
and therapeutic relevance of miRNAs for PCa management while demonstrating that
resolving cell-type and differentiation-specific differences is essential to obtain clinically
relevant miRNA expression profiles.
Patient summary: We report microRNA (miRNA) expression profiles of epithelial cell
fractions from the human prostate, including stem cells. miR-548c-3p was revealed as a
functional biomarker for prostate cancer progression. The evaluation of miR-548c-3p in a
larger patient cohort should yield information on its clinical usefulness.

# 2014 European Association of Urology. Published by Elsevier B.V. All rights reserved.
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The identification of improved biomarkers and treatment

strategies for castration-resistant prostate cancer (CRPC)

remains a priority in prostate cancer (PCa) research. Since

their discovery, microRNAs (miRNAs) have shown promise
http://dx.doi.org/10.1016/j.eururo.2014.09.005
0302-2838/# 2014 European Association of Urology. Published by Elsevier
in both fields [1]. Indeed, miRNA-focused research has

yielded >2000 patents and several clinical trials for cancer

management [2]; however, clinical translation of miRNA as

a PCa biomarker and/or as a novel therapeutic target
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remains more limited. This situation is perhaps because of

the considerable heterogeneity and discrepancies in PCa

miRNA expression profiles [1,3]. Most miRNA expression

patterns are cell type–specific, but they also change with

cellular differentiation status, even in cancer [4]. We set out

to investigate whether the failure to resolve cell type–

specific and differentiation-specific differences has contrib-

uted to the significant variations in published PCa miRNA

profiles.

We have previously shown that a CD133+a2b1
hi

subpopulation enriched from benign and cancerous

prostate tissue expresses high levels of CD44 and exhibits

stem cell (SC) properties [5,6]. Genome-wide miRNA

expression analysis was performed on patient-derived

stemlike cells (SC-CD133+a2b1
hi), transit-amplifying cells

(TA-CD133�a2b1
hi), and committed basal (CB) cells

(CB-CD133�a2b1
lo) enriched from briefly cultured primary

prostate epithelial cells (Fig. 1a, Supplement, Supplemen-

tary Table 1) [5,6]. The validity of miRNA expression data

was confirmed by examining the expression patterns of

11 randomly selected miRNAs using quantitative reverse

transcription polymerase chain reaction analysis (Supple-

mentary Fig. 1). Subsequent principal component analysis

clearly demonstrated that each subpopulation, regardless

of its pathologic status, had a distinct miRNA expression

profile (Fig. 1a). The magnitude and the extent of

differential miRNA expression in SCs compared with CB

cells were also significantly higher than in benign prostatic

hyperplasia (BPH) versus PCa or in BPH versus CRPC,

indicating that the differentiation stage of a prostate

epithelial cell is the primary determinant of its miRNA

expression profile.

Further examination of the miRNA expression profiles

led to the following interpretations. First, a prostate

epithelial SC signature is conserved in BPH, PCa, and CRPC

(Supplementary Table 2), suggesting that miRNAs may

primarily regulate core SC properties (self-renewal, pro-

longed proliferation, and differentiation capability), which

are common for the SC phenotype regardless of its

pathologic status. Second, conserved prostate SC miRNA

signatures share their miRNA expression pattern with

human embryonic SCs (hESCs) [7], for example, higher

expression of miR-302/372 families and suppression of the

let-7 family (Table 1). Third, there is an overlap of

approximately 60% between the miRNA expression profiles

of SCs and those of previously published unfractionated

CRPCs [8] (Fig. 1b). Several of these shared miRNAs

potentially regulate key SC and cancer-associated proteins;

for example, miRNAs potentially regulating c-MYC, KLF4,

NANOG, and EZH2 are all suppressed in SCs and CRPCs.

Fourth, it is possible to distinguish between PCa–cancer

stemlike cell (CSC), CRPC-CSC, and normal SC signatures, as

well as signatures from their respective differentiated

progeny (Table 1). Fifth, composite PCa and CRPC miRNA

signatures identified in this paper contain several previ-

ously known onco-miRs and tumour suppressor miRNAs

(eg, miR-629 and miR-203) (Supplementary Table 3).

Our miRNA expression analysis of patient-derived

prostate epithelial subpopulations has therefore identified
several novel PCa-CSC–specific and CRPC-CSC–specific

miRNA candidates. The analyses also identified previously

well-established miRNAs associated with PCa (eg, consis-

tent suppression of miR-299–5p, which is downregulated

in metastatic cell lines compared with normal prostate

epithelial cells) [9], CRPC (eg, miR-521, whose inhibition

in LNCaP cells enabled acquisition of a radioresistant

phenotype) [10], and CSCs (eg, miR-708, whose suppres-

sion allows upregulation of CD44 and Akt in prostrate

xenograft–derived cells) [11]. These correlations also

imply that the hESC maintenance program is partly

conserved in adult human prostate epithelial SCs at the

miRNA level, which is in turn hijacked by the malignant

cells in CRPCs.

To illustrate the relevance of our data set, we decided to

investigate the role of miR-548c-3p during prostate

epithelial differentiation and carcinogenesis (based on

criteria described in Supplementary Fig. 2). This miRNA is

overexpressed approximately fivefold in prostate epithelial

SCs compared with CBCs (Supplementary Fig. 3), and its

overexpression has been associated with poor survival of

PCa patients [12] ( p = 0.0389, log-rank test) (Fig. 1c).

Overexpression of miR-548c-3p in CB cells (Supplementary

Fig. 3) resulted in dedifferentiation to a more stemlike

phenotype as (1) the colony-forming efficiency increased by

approximately 75%, which is a commonly used indicator for

SC self-renewal (Fig. 1d); (2) expression of the prostate

epithelial stem/progenitor cell proteins CD49b (integrin b2)

and CD49f (integrin b6) increased by 50–80% (Fig. 1e); (3)

there was an increase in mRNA expression of multiple

SC-specific genes with a concomitant reduction in CB cell–

specific genes (Supplementary Fig. 3); and (4) CB cells

became radioresistant, as an increase in live cell count of

approximately 25% was noted 48 h after exposure to 5-Gy

radiation (Fig. 1f).

Analyses of potential miR-548c-3p targets (Supplemen-

tary Fig. 4), together with our functional data, implicate

miR-548c-3p in SC maintenance and cell cycle regulation.

An independent study has shown that over-expression of

miR-548c-3p decreased doxorubicin-induced DNA damage

in cervical cancer cell line (HeLa cells through inhibition of

topoisomerase (DNA) II alpha 170kDa (TOP2A) [13]. A

reduction in DNA damage, an increase in cell proliferation,

and the acquisition of stemlike properties have all been

reported in CRPCs. We indeed found miR-548c-3p to be

significantly upregulated in uncultured CRPC-derived

epithelial cells compared with BPH-derived epithelial cells

(Fig. 1g), which eliminated the possibility of cell culture

artifact. Others have further demonstrated that serum

obtained from CRPC patients contained 2.8-fold higher miR-

548c-3p levels compared with serum derived from low-risk

PCa patients [14]. These results attest to the importance of

miR-548c-3p as a strong diagnostic and prognostic candi-

date to improve CRPC patient management. Clinical

validation in a larger patient cohort is now necessary to

establish therapeutic relevance.

The molecular programs that drive epithelial SC lineage

commitment toward a differentiated phenotype (in an

adult human prostate) remain unexplained. This analysis
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Fig. 1 – Cell subtype, rather than pathologic status, is a primary determinant of microRNA (miRNA) expression. (a) A schematic of human prostate
epithelial hierarchy (left) showing a stemlike cell with a basal phenotype subsequently differentiating into luminal cells by way of committed basal
(CB) cells. The subpopulations were enriched from normal human prostate epithelial cells, benign prostatic hyperplasia (BPH), and cancers (high
Gleason grade, treatment-naive prostate cancer [PCa], and castration-resistant PCa [CRPC]). Principal component analysis was performed on miRNA
microarray profiles of cultured stem cells (SCs) and CB cells at passage 2 (right). (b) Comparison of miRNA expression profiles for unfractionated CRPC
tissue (vs BPH) [8] and prostate SC (vs CB). (c) Kaplan-Meier curve for PCa patient survival with differential miR-548c-3p expression using Taylor et al.
[12]. (d) Colony-forming efficiency of miR-548c-3p transfected CB cells (n = 3 for BPH, n = 3 for PCa; each sample in triplicate). (e) Fluorescence-
activated cell sorting analysis for CD49b (integrin b2) and CD49f (integrin b6) expression performed on CB cells transfected with either control or
miR-548c-3p for 3 d (n = 3 for BPH, n = 3 for PCa; each sample in triplicate). (f) Live cell count of miR-548c-3p transfected CB cells 48 h after exposure
to 5-Gy radiation (n = 3 for BPH, n = 3 for PCa; each sample in triplicate). (g) Quantitative reverse transcription polymerase chain reaction analysis for
miR-548c-3p expression in epithelial cells enriched from freshly disaggregated uncultured BPH tissue (n = 3), PCa Gleason grade 7 tissue (n = 5), and
CRPC tissue (n = 3). Each sample was assessed in triplicate. Data are expressed as mean plus or minus standard deviation. * p < 0.05 (student t test);
** p < 0.01 (student t test); *** p < 0.001 (student t test).
BPH = benign prostatic hyperplasia; CFE = colony-forming efficiency; CRPC = castration-resistant prostate cancer; miRNA = microRNA; PCa = prostate
cancer; PREC = prostate epithelial cell.
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Table 1 – MicroRNA signatures of conserved stem cells, prostate
cancer stemlike cells, and castration-resistant prostate cancer
stemlike cells

SC signature Specific PCa
CSC signature

Specific CRPC
CSC signature

Upregulated Upregulated Upregulated

miR-548c-3p miR-323-3p miR-143

miR-484 miR-411* miR-362-5p

miR-302 family miR-33a* miR-214*

miR-371 family miR-532-3p let-7i*

Downregulated miR-181a-2* miR-542-5p

miR-99a/100 miR-1271 miR-1913

miR-143 miR-487b miR-136

miR-145 Downregulated miR-545

miR-10 family miR-302c miR-516a-5p

miR-8 family miR-1181 Downregulated

miR-17-92 family miR-519c-3p miR-125b-2*

let-7 family miR-574-5p miR-708

CRPC = castration-resistant prostate cancer; CSC = cancer stemlike cell;

PCa = prostate cancer; SC = stem cell.
* Indicates the non-predominant product of a specific miRNA locus.

E U R O P E A N U R O L O G Y 6 7 ( 2 0 1 5 ) 7 – 1 010
provides the first comprehensive input toward enabling an

understanding of key miRNA expression changes during

prostate epithelial differentiation. The overlap between

the miRNA expression patterns of hESCs, prostate epithelial

SCs, and unfractionated CRPCs clearly illustrates that

embryonic signalling machinery is activated in the terminal

stages of PCa.

In conclusion, our investigation identifies the failure to

resolve cell subtype–specific miRNA expression differences

as one of the reasons behind previously observed hetero-

geneous miRNA expression profiles of unfractionated

prostate tumours. The data also provide novel and clinically

relevant miRNA-based therapeutic candidates, including

miR-548c-3p, for the management of CRPCs and CSCs.

Further integration of this miRNA data set with mRNA data

obtained from similarly fractioned subpopulations from

PCa and CRPC should now enable the resolution of

multidimensional transcriptional interrelationships in hu-

man prostate epithelium.
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MiR-1247-5p is Overexpressed in Castration Resistant
Prostate Cancer and Targets MYCBP2

Mauro Scaravilli,1 Kati P. Porkka,1 Anniina Brofeldt,1 Matti Annala,1 Teuvo LJ. Tammela,2

Guido W. Jenster,3 Matti Nykter,1 and Tapio Visakorpi1*
1Prostate Cancer Research Center, Institute of Biosciences and Medical Technology—BioMediTech and Fimlab

Laboratories, University of Tampere and Tampere University Hospital, Tampere, Finland
2Department of Urology, School of Medicine, University of Tampere and Tampere University Hospital,

Tampere, Finland
3Department of Urology, Josephine Nefkens Institute, Erasmus University Medical Center, Rotterdam,

The Netherlands

BACKGROUND. Recently, there has been increasing attention on the role of microRNAs
(miRNAs) in cancer development. Several expression profiling studies have provided
evidence of aberrant expression of miRNAs in prostate cancer and have highlighted the
potential use of specific miRNA expression signatures as prognostic or predictive markers.
Here we report an expression analysis of miR-1247–5p, miR-1249, miR-1269a, miR-1271–5p,
miR-1290, miR-1291, and miR-1299.
METHODS. qRT-PCR was performed to validate the differential expression of miRNAs in
clinical samples, and the effect of miR-1247–5p was studied in prostate cancer cell lines
transiently transfected with a miR-1247–5p mimic. The expression of miR-1247–5p’s putative
target MYCBP2 was evaluated by qRT-PCR and Western blotting, and the interaction of the
miRNAwith the target gene was assessed using a luciferase assay.
RESULTS. We found a significant up-regulation of miR-1247–5p in castration-resistant
prostate cancer (CRPC) samples compared to non-malignant prostate. The expression of miR-
1247–5p was subsequently studied in prostate cancer (PC) cell lines where an up-regulation
of miR-1247–5p was observed in the androgen-independent PC-3 model. Target prediction
analysis for miR-1247–5p performed online revealed that MYCBP2 (myc-binding protein 2)
was a high-scoring potential target. Functional studies in vitro performed using PC-3 and
LNCaP models confirmed the down-regulation of MYCBP2 at the mRNA and protein levels,
and a luciferase assay showed interaction between the miRNA and target gene.
CONCLUSION. miR-1247–5p is overexpressed in CRPC and targets MYCBP2. Prostate
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INTRODUCTION

Prostate cancer (PC) is the most frequently
diagnosed cancer among males in developed coun-
tries [1]. Despite the fact that surgery and/or
radiation therapy are effective treatments for early
stage disease, 30–40% of cases will progress to
advanced disease. For advanced disease, androgen-
deprivation is initially highly efficient, but patients
will eventually develop castration-resistant prostate
cancer (CRPC), which remains incurable [2–4].
Therefore, a deeper understanding of the mecha-
nisms responsible for disease progression is needed
to develop more effective therapeutic strategies.
MicroRNAs (miRNAs) are short, single-stranded
RNA molecules that are not translated into pro-
teins [5] but function in the regulation of gene
expression by repressing target mRNAs. Together
with Ago proteins, mature miRNAs form a complex
called RISC (RNA-induced silencing complex) and
bind complementary sequences usually located in
the 30-UTR region of target mRNAs, causing their
degradation or translational inhibition [6–8]. One
miRNA can potentially have an effect on the
expression of a large number of target genes [9]. It
is currently estimated that 30% of the human
coding genes are regulated by miRNAs [10].

Several expression profiling studies have provided
evidence on the differential expression of miRNAs in
prostate cancer [11–16] and have investigated the role
of individual miRNAs in the molecular mechanisms
of disease progression [17]. Aberrant expression of
miRNAs in prostate cancer is driven by different
mechanisms, including chromosomal alterations, epi-
genetic changes, androgen receptor (AR) signaling,
and transcription regulation. [18–22]. Dysregulation
of miRNA expression leads to alterations in key
cellular processes responsible for apoptosis, cell cycle
regulation, cell proliferation and migration, with an
overall effect of enhancing cell survival and tumor
progression and invasion [17]. Thus, miRNAs effec-
tively function as oncogenes or tumor suppressors
depending on the overall effect on cell growth [23].
Moreover, because of the differential expression
between normal and malignant tissues and the rela-
tively high stability in severe conditions, miRNAs
represent attractive candidates for the discovery of
new diagnostic and prognostic markers [24–26].
Despite the considerable evidence of differential
expression in cancer, the limiting step for a thorough
understanding of the molecular function of miRNAs
is the identification of downstream target genes [27].

We have previously used the Agilent microarray
platform for the expression profiling of PC and
CRPC [14,19]. However, those arrays contained probes

for only 723 miRNAs and lacked probes for more
recently discovered miRNAs. Thus, we utilized the
data from a deep-sequencing of eleven pools, each
containing four samples of normal or malignant
prostates (Martens-Uzunova ES, Jenster G et al., sub-
mitted). Based on those data, we selected miR-1247–5p,
miR-1249, miR-1269a, miR-1271–5p, miR-1290, miR-
1291, and miR-1299, which showed differential expres-
sion between malignant and non-malignant prostates,
for expression profiling with qRT-PCR. We found that
miR-1247–5p was overexpressed in CRPC and vali-
dated MYCBP2 as one target gene for the miRNA in
prostate cancer cell lines.

MATERIALS AND METHODS

Cell Culture and miRNA Transfection

The prostate cancer cell lines PC3, DU145, LNCaP,
22Rv1, and VCaP were obtained from the American
Type Culture Collection (ATCC, Rockville, MD) and
cultured according to the recommended conditions.
HT-1080 cells were a kind gift from Olli Lohi, Tampere
Center for Child Health Research.

The cells were transfected with 20 nM or 100nM
of human miRVanaTM microRNA mimic for
miR-1247–5p or negative control (Thermo Fisher Scien-
tific/Ambion, Waltham, MA). The INTERFERinTM

transfection reagent (Polyplus-transfection, Illkirch,
France) was used according to themanufacturer’s
instructions.

Clinical Material

Two sets of clinical samples were used for miRNA
expression analysis and were both obtained from
Tampere University Hospital (TAUH). The first set
included 54 freshly frozen samples of 5 benign prostate
hyperplasia (BPH) and 28 untreated primary prostate
tumors obtained from radical prostatectomy specimens
as well as 7 BPH and 14 CRPC tumors obtained from
transurethral resection of the prostate (TURP). The
second set included 81 hormonally untreated, freshly
frozen PC prostatectomy samples. The samples were
confirmed to contain a minimum of 70% cancerous or
hyperplastic cells by hematoxylin-eosin staining. The
mean age at diagnosis for the second set of samples
was 62.1 years (range: 47.4–71.8) and the mean PSA at
diagnosis was 11.8 (range: 3.15–51.5). The use of clinical
material was approved by the ethical committee of the
Tampere University Hospital. Written informed con-
sent was obtained from the subjects donating the
samples.

TRI-reagent (Molecular Research Center Inc.,
Cincinnati, OH) was used to collect total RNA from
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the freshly frozen clinical samples and cell lines,
according to the manufacturer’s instructions.

qRT-PCR

aqMan1 microRNA assays (Thermo Fisher Scien-
tific, Waltham, MA) were used to study the expression
of selected miRNAs, according to the manufacturer’s
protocol. The analysis was performed on CFX96
qPCR equipment (Bio-Rad Laboratories, Hercules,
CA), and the raw expression data were normalized
against RNU6B.

Expression analysis of MYCBP2 and SOX9 was
performed using MaximaTM SYBR Green/ROX qPCR
Master Mix (Thermo Fisher Scientific, Waltham, MA)
on the same equipment. Specific primers for
MYCBP2 and SOX9 were designed based on the
internet database Primer Bank: MYCBP2_for
50-GGGGACGGATTCTACCCAG-30 and MYCBP2_rev
50-ATTGAGCGCAGCGGTATAAAT-30; SOX9_for 50-
AGCGAACGCACATCAAGAC-30 and SOX9_rev
50-CTGTAGGCGATCTGTTGGGG-30. The raw expres-
sion data were normalized against TBP (TBP for
50-GAATATAATCCCAAGCGGTTTG-30 and TBP rev
50-ACTTCACATCACAGCTCCCC-30).

Western Blot

Total proteins were extracted from cell lines using
RIPA lysis buffer and separated by sodium dodecyl
sulfate–polyacrylamide gel electrophoresis using a 4%
polyacrylamide gel. The proteins were subsequently
wet-transferred to WhatmanTM nitrocellulose mem-
branes (GE Healthcare, Little Chalfont, UK). The
membranes were incubated for 2 hr with a rabbit
polyclonal antibody against MYCBP2 (ab86078,
Abcam, Cambridge, UK), a rabbit polyclonal against
SOX9 (ab26414, Abcam, Cambridge, UK), a mouse
monoclonal against vinculin as a loading control for
MYCBP2 (ab18058, Abcam, Cambridge, UK) and a
mouse monoclonal against pan actin as a loading
control for SOX9 (NeoMarkers, Freont, CA). After
washing, the membranes were incubated with secon-
dary antibodies (anti-rabbit IgG-horseradish peroxi-
dase-conjugated and anti-mouse IgG-horseradish
peroxidase-conjugated (Dako, Glostrup, Denmark)),
and the protein bands were visualized using the
Luminol reagent (Santa Cruz Biotechnology, Santa
Cruz, CA). The density of the protein bands was
quantified using ImageJ, image processing and analy-
sis software (http://imagej.nih.gov/ij/). The values
for the MYCBP2 bands were normalized against
vinculin, and the values for the SOX9 bands were
normalized against pan actin. Each experiment was
performed in duplicate.

Luciferase Assay

A luciferase assay was performed using Switch-
Gear Genomics GoClone reporter constructs co-trans-
fected with a LightSwitch miRNA mimic and non-
targeting control (SwitchGear Genomics, Menlo Park,
CA) according to the manufacturer’s instructions. In
brief, HT-1080 human fibrosarcoma cells were seeded
overnight to yield 90% confluence in a 96-well plate.
The cells were subsequently co-transfected with
30 ng/ml of individual GoClone reporter vectors (30-
UTR sequence for MYCBP2; 30-UTR for ACTB (beta-
actin); random 30-UTR; empty vector control) and
100 nM of the miR-1247–5p mimic or non-targeting
control, using the DharmaFECT Duo transfection
reagent (Thermo Fisher Scientific, Waltham, MA).
Each transfection was repeated for a total of 8
replicates per sample. The next day, 100ml of the
LightSwitch Assay Solution was added to each well of
co-transfected cells and the luciferase signal was
measured on a Wallac EnVisionTM 2104 multilabel
plate reader luminometer (Perkin Elmer, Waltham,
MA), according to protocol settings. The difference in
luciferase signal intensity for miR-1247–5p transfected
cells was calculated for each construct versus the non-
targeting control. Data from housekeeping, random
and empty constructs were used to control for non-
UTR-specific treatment effects.

Statistics

Significant differences of the qRT-PCR results were
evaluated by Mann–Whitney U-test using GraphPad
Prism statistics software (GraphPad Software Inc.,
La Jolla, CA). Student’s t-test was used to evaluate
the statistical significance of the luciferase assay.
Spearman’s rank correlation was used to compare
reference genes for qRT-PCR normalization.

RESULTS

Normalization of miRNA Expression

To reliably normalize qRT-PCR expression values for
miRNAs in clinical material, four commonly used
reference genes (RNU6B,RNU44, RNU24, and RNU48)
were assessed. We compared qRT-PCR expression data
of five miRNAs, miR-17–5p, 32–5p, 96–5p, 141–5p and
182–5p normalized with these different RNUs, with
our previously generated microarray [19] and unpub-
lished small RNA deep-sequencing of individual sam-
ple data (Figs. S1 and S2). The normalization of qRT-
PCR with RNU6B revealed data that was the most
similar to that of microarray hybridization and deep-
sequencing. Subsequently, we analyzed the individual
expression of RNU44, RNU24, and RNU48 in the same
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set of samples, using RNU6B as a reference gene.
Consistent with a previously published study [28], we
found significant up-regulation of RNU44, 24 and 48 in
cancer compared with the normal samples, confirming
RNU6B as the most stably expressed reference gene in
our sample cohort (Fig. S3).

miRNA Expression Analysis

The expression of seven miRNAs, miR-1247–5p,
miR-1249, miR-1269a, miR-1271–5p, miR-1290, miR-
1291, and miR-1299, was first analyzed using qRT-
PCR in the first sample set (Fig. 1A and Fig. S4). Most
notably, miR-1247–5p was significantly up-regulated
in CRPC samples compared to BPH. In the second
sample set, consisting of 81 PCs obtained by radical
prostatectomy, miR-1247–5p did not show an associa-
tion with Gleason score, pathological stage of the
disease (Fig. 1B), or prognosis (data not shown). Next,
the expression of miR-1247–5p was measured in PC
cell lines PC-3, DU145, LNCaP, 22Rv1, and VCaP and
was found to be highly expressed in the androgen-
independent PC-3 cells (Fig. 2A). miR-1290 showed a
slight reduction in PC compared to BPH, but there
was no difference in CRPC compared to BPH. The
other miRNAs that were measured showed no signifi-
cant differential expression between any of the groups
(Fig. S4).

MYCBP2 is a Target of miR-1247–5p in Prostate
Cancer Cell Lines

To identify putative target genes for miR-1247–5p,
we queried the online target prediction programs

TargetScan 6.2 (www.targetscan.org) and miRanda
(www.micorrna.org). Both online tools identified
MYCBP2 (myc-binding protein 2) as a highest-scoring
potential target gene, based on the sequence comple-
mentarity of miR-1247–5p with the 30-UTR of the
gene. Thus, we measured the expression of MYCBP2
in the clinical samples and found it to be down-
regulated in CRPC samples compared with BPH
(Fig. 2B). In the prostate cancer cell lines, there was an
inverse correlation between miR-1247–5p and
MYCBP2 (Fig. 2A). Next, we studied the effect of miR-
1247–5p on MYCBP2 mRNA levels in prostate cancer
by transiently transfecting PC-3 and LNCaP cells
(intrinsically expressing high and low levels of miR-
1247–5p, respectively) with 100 nM miR-1247–5p
mimic or negative control. First, overexpression of the
miRNA was confirmed by qRT-PCR (Fig. 3A and B).
We found a significant reduction in MYCBP2 mRNA
levels in miR-1247–5p-transfected cells (Fig. 3A and
B). MYCBP2 expression was studied at a protein level
in PC-3 cells transiently transfected with 100 nM miR-
1247–5p mimic or negative control, confirming the
down-regulation in cells overexpressing miR-1247–5p
(Fig. 3C).

A recent study has reported that miR-1247–5p
downregulates the expression of the transcription
factor SOX-9 in isolated human chondrocytes by non-
canonical binding to the coding region of the gene
and is downregulated by SOX-9 in a negative feed-
back loop [29]. Dysregulation of the SOX9-dependent
pathway has been recently shown to induce senes-
cence bypass and tumor invasion in prostate can-
cer [30]. In addition, it was recently reported that the
expression of SOX-9 is induced in DU145 cells

Fig. 1. Expression of miR-1247–5p (qRT-PCR) in clinical samples. (A) Set 1 consisting of 54 freshly frozen samples of 5 benign prostate
hyperplasia (BPH) and 28 untreated primary prostate tumors (PC) obtained by radical prostatectomy and 7 BPH and 14 castration-
resistant prostate cancer (CRPC) obtained by transurethral resection of the prostate. (B) Set 2 consisting of 81 hormonally untreated,
freshly frozen PC prostatectomy samples. Graphs represent relative expression values, normalized against reference gene. (*P< 0.05).
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Fig. 2. (A) Expression of miR-1247–5p and MYCBP2 in prostate cancer cell lines (relative expression values normalized against reference
genes). (B) Expression of MYCBP2 in clinical samples of TURP-BPH versus TURP-CRPC. Graph represents relative expression values
normalized against TBP (*P< 0.05).

Fig. 3. qRT-PCR expression data for miR-1247–5p and MYCBP2 in LNCaP (A) and PC-3 (B) cells, both transiently transfected with
100 nM miR-1247–5p mimic vs. negative control. Graphs represent relative expression values, normalized against reference gene.
(*P< 0.05, **P< 0.01). (C) Western blot for MYCBP2 in PC-3 cells transiently transfected with 20 nM miR-1247–5p mimic versus negative
control. Values shown represent mean of two replicate experiments for MYCBP2 protein intensity, normalized against loading control
(Vinculin)� S.D. (D) Absorbance values of Luciferase signal in HT-1080 cells cotransfected with 100 nM miR-1247–5p mimic versus
negative control and 30 ng/ml MYCBP2 30-UTR vector. Empty vector, ACTB 30-UTR vector and random-sequence vector were used in the
same conditions to control for non-UTR-specific cotransfection effects. Graph represents mean of 8 replicates� S.D. (***P< 0.001).
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stimulated with Hepatocyte Growth Factor (HGF)
and contributes to phenotypic stem-like cell induc-
tion [31]. Thus, we decided to assess SOX9 expression
in miR-1247–5p transiently transfected PC-3 and
LNCaP cells. We found a non-significant reduction in
the level of SOX9 mRNA, but no reduction was found
at the protein level upon miR-1247–5p overexpression
(Fig. S5).

To investigate the interaction between miR-1247–5p
and putative target MYCBP2, a luciferase reporter
assay was performed in HT-1080 cells co-transfected
with a construct vector expressing the 30-UTR of
MYCBP2 downstream of the luciferase gene and a
miR-1247–5p mimic or negative control. Vectors
expressing the 30-UTR of the housekeeping gene ACTB
(beta-actin) or random sequences were used to control
for non-specific interactions of the miR-1247–5p mimic.
A significant reduction in the luciferase signal was
observed in cells co-transfected with the MYCBP2 30-
UTR vector and the miR-1247–5p mimic compared to
controls (Fig. 3D).

DISCUSSION

Accumulating evidence links altered miRNA
expression patterns to prostate cancer tumorigenesis
and tumor progression. Here, we studied the expres-
sion of 7 miRNAs in prostate cancer with qRT-PCR.
The miRNAs were selected based on our deep-
sequencing of pools of clinical samples of normal and
malignant prostates (Martens-Uzunova ES, Jenster G,
et al., submitted). Although most of the miRNAs
showed an overall low expression level in qRT-PCR
experiments, we discovered that miR-1247–5p was
the most significantly differentially expressed and up-
regulated miRNA in CRPC. We have recently per-
formed small RNA deep sequencing of individual
clinical samples belonging to the first sample set used
here in the qRT-PCR (manuscript in preparation).
That set of data also shows that miR-1247–5p is up-
regulated in CRPC.

In a recent study, the expression profile of miR-
1247–5p was investigated in pancreatic cancer, reveal-
ing downregulation in cancer compared to normal
tissues. Neuropilin 1 (NRP1) and neuropilin 2 (NRP2)
were also shown to be targets of miR-1247–5p by
Western blotting and luciferase reporter assays [32].
Another study validated SOX9 as a target of miR-
1247–5p in human chondrocytes [29]. However, our
data suggest that SOX9 is not the primary target of
miR-1247–5p in prostate cancer, although a slight
reduction in SOX9 mRNA was seen in miR-1247–5p
transfected cells. Instead, we showed interaction
between miR-1247–5p and the 30-UTR of MYCBP2
and confirmed downregulation at both the mRNA

and protein levels in prostate cancer cell lines tran-
siently overexpressing miR-1247–5p. Therefore, the
data suggest that miR-1247–5p might target different
genes depending on the cell context.

We studied the effects of transient downregulation
of miR-1247–5p in the same cell lines, using miR-
1247–5p inhibitors, but we did not find significant
expression changes in miR-1247–5p upon inhibition
(data not shown), making the results of transient
downregulation inconclusive.

MYCBP2 encodes a very large 510 kDa E3-ubiqui-
tin ligase, also known as protein associated with myc
(PAM). It was originally identified as a protein that
interacts directly with the transcriptional activating
domain of the transcription factor Myc [33]. However,
there is no strong evidence that MYCBP2 is function-
ally associated with MYC. MYCBP2 is highly
expressed in peripheral and central neurons [34],
where it has been shown to be responsible for
regulating neuronal outgrowth and synaptogenesis
by regulating the cAMP [35], Smad4 [36], mTOR [37],
and p38 MAPK-signaling pathways [38]. However,
the role of MYCBP2 in cancer is currently unknown.
Interestingly, recent data revealed the existence of a
novel biological phenomenon in tumors called cancer-
related axonogenesis and neurogenesis [39]. Nerve
density is increased in cancer and in preneoplastic
areas of the prostate compared to non-malignant areas
confirming that cancer cells induce neurite out-
growth.

In conclusion, we have shown that miR-1247–5p is
overexpressed in CRPC and targets MYCBP2. Further
studies on the functional role of miR-1247–5p/MYCBP2
in the emergence of castration-resistant prostate cancer
are now warranted.
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ABSTRACT 
Prostate cancer (PCa) is the most common cancer among men in developed countries. Although its genetic 
background is thoroughly investigated, rather little is known about the role of small non-coding RNAs 
(sncRNA) in this disease. tRNA-derived fragments (tRFs) represent a new class of sncRNAs, which are 
present in a broad range of species and have been reported to play a role in several cellular processes. Here, 
we analyzed the expression of tRFs in fresh frozen patient samples derived from normal adjacent prostate and 
different stages of PCa by RNA-sequencing. We identified 598 unique tRFs, many of which are deregulated in 
cancer samples when compared to normal adjacent tissue. Most of the identified tRFs are derived from the 5’ 
and 3’ end of mature cytosolic tRNAs, but we also found tRFs produced from other parts of tRNAs, including 
pre-tRNA trailers and leaders, as well as tRFs from mitochondrial tRNAs. The 5’-derived tRFs comprise the 
most abundant class of tRFs in general and represent the major class among upregulated tRFs. 3’-derived tRFs 
types are dominant among downregulated tRFs in PCa. We validated the expression of three tRFs using 
qPCR. The ratio of tRFs derived from tRNALysCTT and tRNAPheGAA emerged as a good indicator of 
progression-free survival and a candidate prognostic marker. This study provides a systematic catalogue of 
tRFs and their dysregulation in PCa and can serve as the basis for further research on the biomarker potential 
and functional role of tRFs in this disease. 
 
INTRODUCTION 

Prostate cancer (PCa) is the second most common cancer in men worldwide [1]. The treatment of PCa is 
hampered by the lack of reliable markers for disease outcome prediction leading to incorrect patient 
stratification, overtreatment and consequent side effects from prostatectomy and radiation therapy [2]. A 
better understanding of the molecular mechanisms behind the onset and progression of PCa is needed in order 
to discover better markers and develop new therapeutic strategies. The role of small non-coding RNAs 
(sncRNAs) other than microRNAs (miRNAs) in PCa is poorly understood. The rapid progress and popularity 
of high throughput sequencing led to the discovery of a novel class of sncRNAs derived from tRNAs and 
named tRNA-derived fragments (tRFs) [3-5]. tRFs are present across all domains of life [6-8]. While initially 
considered random degradation products of tRNA turnover, their abundance and ubiquitous expression 
suggest that tRFs are actual biological entities [6, 7]. 
tRFs are generated by endonucleases such as ribonuclease T2 (Rny1p) in yeast and angiogenin or dicer 1 in 
human. Based on size, they can be divided into two groups. The first group consists of tRFs with a size of 30 
to 35 nt, which are generally referred to as tRNA halves or stress-induced tRFs. tRNA halves are produced by 
endonucleolytic cleavage at the anticodon loop of the full-length tRNA. The second group consists of tRFs 
with a size of about 20 nt and can be further divided into 5’- and 3’-derived tRFs, originating from the 5´- and 
3´-parts of mature tRNAs, respectively [4, 9, 10]. The small RNAs derived from the 5’-leader and 3’-trailer 
sequences of the precursor tRNAs (pre-tRNAs) are also classified as tRFs [5, 11, 12]. 
Expression of tRFs is detected in different cancer cell lines, including the PCa cell lines LNCaP and C4-2 [4, 
5, 13-15]. In a previous study, we reported the discovery and differential expression of tRFs in clinical 
samples of PCa [16]. This suggests that tRFs might play an important role in the pathogenesis of cancer. The 
mechanism behind the function of tRFs appears to be diverse. Several reports demonstrate that tRF levels are 
elevated by cellular stress conditions and particularly under oxidative stress such as hypoxia [10, 13, 15, 17]. 
tRFs are also involved in post-transcriptional regulation of gene expression via direct inhibition of protein 
synthesis by displacing the eIF4G translation initiation factor from mRNA [18-20]. Moreover, a 3´-derived 
tRF identified in B-cell lymphoma cells possesses the functional characteristics of a guide RNA that 
suppresses proliferation and modulates response to DNA damage in a miRNA-fashion [21]. It has also been 
shown that tRFs can compete for the binding sites of the RNA-binding protein YBX1, which is involved in 
the stabilization of oncogenic transcripts suppressing cell growth and invasion [15]. In this way, tRFs 
antagonize the activity of YBX1 and act as tumor suppressors. Taken together, these findings strongly suggest 
a functional role of tRFs in tumorigenesis. 
Very recently, it was proposed that although tRFs are defined biological entities, their composition and 
abundance in the transcriptome is dependent on gender, tissue, disease and even disease subtype [22].This 
suggests that tRFs can be explored as novel sensitive biomarkers of disease. Yet, studies providing systematic 
insight into the composition and expression of the tRF transcriptome throughout various disease stages are 
still missing. Here, we analyze tRF expression in an extended cohort of clinical samples representing 
progressing stages of PCa. We construct a database of tRFs expressed across PCa samples and identify the 



most differentially expressed tRFs. Finally, we perform a qPCR quantification in two cohorts of clinical 
samples to validate the differential expression of selected tRFs. 
 
 
 
RESULTS 

Inventory of tRFs expressed in PCa 
In order to obtain a global overview of the tRF repertoire in PCa, we analyzed tRFs across normal adjacent 
prostate (NAP), benign-prostate hyperplasia (BPH), PCa from radical prostatectomies, trans-urethral resected 
tissue from castration resistant PCa (TURP_PCa), and lymph node metastasis (LN_PCa) using next-
generation RNA sequencing (Table 1). All 21 cytosolic tRNA isotypes (including selenocystein tRNAs) were 
found to produce tRFs in variable amounts (Figure 1A). tRNAAla and tRNALys showed the highest numbers of 
mapped tRFs, while the least tRFs were produced from tRNAIle and tRNAAsp. The raw sum of tRFs weakly 
correlated with the number of tRNA genes per isotype or anticodon, as well as with the percentage of codon 
usage (Supplementary Figure 1; codon usage from http://gtrnadb.ucsc.edu/Hsapi19/Hsapi19-summary-
codon.html). tRFs derived from 15 out of 20 mitochondrial tRNAs (mtRNAs) were also detected (Figure 1A). 
We could not detect tRFs corresponding to the mitochondrial tRNA isotypes mtRNAGln, mtRNAGlu, 
mtRNALys, mtRNATrp and mtRNAVal. With the exception of mtRNAPhe, most mtRNA isotypes had a lower 
number of mapped tRFs, compared to cytosolic tRNAs. The read count of mtRNAPhe in the NAP group was 
83 fold higher than the average of all other mtRNA read counts. 
In order to quantify the expression of tRFs we assembled a PCa tRF-database. The read-coverage of mature 
cytoplasmic tRNAs across all groups was analyzed using the fragment detection algorithm FlaiMapper [25]. 
Initially, 1175 tRFs were identified and mapped to 386 unique cytosolic tRNAs [23]. However, since tRNA 
sequences are highly conserved within tRNA isotypes, some tRFs were mapped to more than one unique 
tRNA (Supplementary Figure 2) and the total read-count in the initial mapping was equally divided across 
them. Upon further examination, we noticed that this causes underrepresentation of sequence counts for tRFs 
that had identical sequence but could be mapped to multiple tRNA isotypes. Therefore, tRFs with identical 
sequences were merged into single entries, even if they could be derived from different tRNAs, and their 
corresponding reads were summed. After this correction, a total of 598 unique tRFs were identified 
(Supplementary Table 1). Multiple fragmentation patterns, in combination with low read-count, caused low 
reliability in the automated prediction of tRFs derived from mtRNAs (Supplementary Figure 3). Therefore, 
these tRFs were omitted from further analysis. 
Based on their size, tRNA-derived fragments can be generally separated into two major categories: tRNA 
halves, with size of 30-35 nt and small tRNA fragments (tRFs), with a size of approximately 20 nt. In our 
dataset, small tRFs were predominant and their sizes ranged from 15 to 23 nt (Figure 1B). The most abundant 
tRFs, however, were between 18 to 21 nt, while 40% of tRFs were 19 nt long (Figure 1B). A group of longer 
tRFs, with sizes between 25 and 29 nt, was also identified. 
In addition to tRFs derived from mature tRNAs, we were also able to detect fragments corresponding to the 
5’-pre-tRNA leader (5’U-tRFs) and 3’-pre-tRNA trailer (3’U-tRFs) sequences of various tRNAs 
(Supplementary Table 2). The length of 5’U-tRFs and 3’U-tRFs varied between 15 and 25 nt. Most 5’U-tRFs 
were 17 nt long and most 3’U-tRFs were 18 nt long (Supplementary Figure 4A). Interestingly, more than 54% 
of 3’U-tRFs and 30% of 5’U-tRFs were derived from sequences right next to or 1 nt off the mature tRNA 
sequence (Supplementary Figure 4B-C), suggesting that they are produced during the normal processing of 
pre-tRNA. Both 5’U-tRFs and 3’U-tRFs showed overall low expression values (data not shown), with the 
exception of tRF-1001/cand45. This fragment was previously detected in PCa cell lines, as well as in human 
colon carcinoma and human embryonic kidney cells [5, 11]. In our libraries tRF-1001/cand45 showed read 
counts from 40 000 in the NAP and PCa (average) groups to 110 000 in the LN_PCa group. 
 
tRFs derived from the 5’-end are dominant in PCa 

The majority of tRFs identified in our samples originate from the 5´- and the 3´-end of tRNAs (Figure 1C). 
This is in concordance with previous studies collectively reporting on the existence of short tRFs derived from 
the 5´- and the 3´-end of mature tRNAs [5, 26, 27]. To analyze the relative abundance of each tRF class in our 
dataset we examined the start and end positions of all unique tRFs on their precursor tRNAs. All the 



fragments with a 3’-end nucleotide at position ≤40 on the mature tRNA sequence were considered as 5´-
derived, whereas all fragments with the first 5’-nucleotide at position ≥30 on the mature tRNA sequence were 
considered as 3´-derived. Based on fragment uniqueness, we found comparable rates of tRF types, i.e. 51.7% 
corresponded to 5´-derived tRFs and 44.2% to 3´-derived tRFs. Nevertheless, when relative fragment 
abundance was taken into account a strong bias towards the 5´-derived (84.7%) vs. the 3’-derived tRFs was 
observed. 
To get a more precise overview of the localization of tRFs, we also analyzed their start- and end- position 
frequencies. Interestingly, more than 26% of all unique tRFs, which in the terms of abundance account for 
over 80% of all tRFs, were found to start at position 1 on the mature tRNA sequence (Figure 1D-E). Most of 
these tRFs have the end at position 19 on the mature tRNA. Based on the peaks generated by the start 
positions of all unique fragments (Figure 1D), we observed that the tRF pool constitutes of several distinct 
classes (note the peak appearing before 20 nt, another at around 40 nt and another before 60 nt of the mature 
tRNA). While categorizing tRFs into 5´- or 3´-derived tRFs is very common, we found that at least 5 different 
classes are present across our samples. Therefore, we classified tRFs into (i) 5e-tRFs with a start position in 
the first nucleotide of the 5’-end of the tRNA (“e” stands for “end”); (ii) D-tRFs with a start position between 
nucleotides 12-23 and overlapping the D-loop of the precursor-tRNA; (iii) A-tRFs starting between 
nucleotides 31-39 and overlapping with the anticodon loop; (iv) V-tRFs with a start between nucleotides 45-
49 and overlapping the variable loop; and finally, (v) 3e-tRFs starting between nucleotides 50-60 and 
overlapping the T loop (Figure 1F). While 5e-tRFs represent the most abundant class of tRFs (approximately 
75%), other classes of tRFs appear to have very similar expression (<10% abundance) compared to each other 
(Figure 1G). Interestingly, similar tRF types have been detected in the lower eukaryote Tetrahymena 
thermophile, suggesting the existence of an evolutionary conserved tRNA processing mechanism [28]. 
Moreover, the position of these peaks was found to overlap with all tRNA loops, indicating that 
endonucleolytic cleavage occurs in the single-stranded loop regions of tRNAs.  
 
Several tRFs are deregulated in PCa 
To investigate whether tRF production is dysregulated in PCa we compared the expression levels of tRFs in 
normal tissue and in samples from different clinical stages representing progressing disease (Table 1). While 
the expression levels of other types of sncRNAs correlated well between the two libraries representing non-
malignant tissue, i.e. NAP and BPH (Pearson r=0.89, P-value <0.0001; median fold-change -0.002), tRFs 
showed lower correlation and very high one-directional deviation towards increased expression in the BPH 
library (Pearson r=0.81; P-value <0.0001; median fold-change -0.758; Supplementary Figure 5). These results 
indicate that tRFs, as opposed to other sncRNAs, might be differentially expressed in benign prostate 
hyperplasia. This difference can be explained by the different anatomical origin of the BPH and NAP/PCa 
samples. While, BPH occurs exclusively in the transition zone of the prostate, prostate tumors are 
predominantly localized in the peripheral zone. Both zones are characterized by distinct expression profiles 
indicating differential regulation of a large number of genes [29]. For this reason BPH was excluded as a 
control sample from further analyses. 
We found several tRFs to be significantly differentially expressed in PCa when compared to NAP (Kal’s Z-
test with Bonferroni correction, p-value < 0.05) (Figure 2 and Supplementary table 3-4). The number of 
differentially expressed tRFs varied slightly between the stages of PCa, with a minimum of 27 differentially 
expressed tRFs in PCa6_recur group and a maximum of 61 differentially expressed tRFs in the LN_PCa group 
(Figure 2, Supplementary Table 4). We identified 12 tRFs to be commonly differentially expressed between 
recurrent PCa groups with Gleason grade 6, 7, or 8 (Supplementary Table 5). Of these, 5 were upregulated, 6 
downregulated and 1 was downregulated in PCa6 group but upregulated in PCa7 and PCa8 groups 
(Supplementary Table 5). This result indicates that a small subset of differentially expressed tRFs can be 
found across increasing grades of PCa. 
In summary, we found 110 differentially expressed tRFs across our dataset, out of which 72 were upregulated, 
24 downregulated and 13 that were upregulated in one but downregulated in other group. 
 
tRFs deregulated in PCa belong to distinct classes 
It has been proposed that 5´- but not 3´-derived tRFs, play a role in stress granule assembly or inhibition of 
protein synthesis in vitro [19, 30]. On the other hand, some 3´-derived tRFs are able to repress their mRNA 
targets in a miRNA-like fashion and may exert tumor suppressive functions [21, 31]. Interestingly, our results 



indicate that the deregulation of 5’-derived tRFs differs from that of 3’-derived tRFs (Figure 2). In order to 
study which tRF types are present among the downregulated and upregulated tRFs in PCa we compared the 
percentage of different tRF types among our groups of upregulated and downregulated tRFs (Figure 3A-D). 
We noticed major differences in the abundance of tRF types in both lists. Most of the upregulated tRFs were 
5e-tRFs (50%) and most downregulated were 3e-tRFs (50%). We selected tRFs originating from 6 different 
tRNAs for further analysis and qPCR validation. All of them were commonly differentially regulated in 
recurrent PCa groups with Gleason grade 6, 7, or 8 (Supplementary Table 5). Out of these, 4 tRFs, three 5e-
tRFs and one D-tRF, were upregulated in PCa (Figure 3E-H), and 2, both belonging to 3e-tRF class, were 
downregulated (Figure 3I-J). 
 
Specific tRF signatures can serve as prognostic marker of recurrent prostate cancer 

The expression levels of tRFs selected for validation by qPCR were studied in a cohort of clinical samples 
obtained from Erasmus MC, Rotterdam (cohort 1) and a cohort of samples from Tampere University Hospital, 
Tampere (cohort 2). The NAP samples were identical for both cohorts and were processed independently in 
cohort 1 and cohort 2 to account for technical differences in sample treatment. Using custom designed 
primers, we could detect three tRFs (Figure 4A-C). tRF-544 (derived from tRNAPheGAA) was significantly 
downregulated in the recurrent PCa compared to NAP or cured PCa in cohort 1 (Figure 4A). In cohort 2, tRF-
544 was downregulated in PCa with Gleason score higher than 7 or in PCa with pathological stage 3 
suggesting association with aggressive or late stage disease. The differential expression of this tRF was also 
confirmed in a second deep-sequencing analysis of a sub-set of PCa samples from Tampere University 
Hospital (unpublished data). tRF-315 (derived from tRNALysCTT) was significantly upregulated in all PCa 
groups of cohort 2 (Figure 4B). We could not detect statistically significant difference in the expression of 
tRF-315 in the smaller cohort 1. Nevertheless, there was a clear trend of tRF-315 upregulation in the PCa 
samples. tRF-562 (derived from tRNAGlyTCC) was significantly downregulated in PCa recurrent vs. NAP group 
in the cohort 1 and in the PCa pT3 vs. NAP group in the cohort 2 (Figure 4C). 
Interestingly, tRF-544 was consistently downregulated in samples from patients that developed recurrent 
disease compared to samples from patients that were cured by radical prostatectomy in both cohorts. 
Furthermore, tRF-544 expression was lower in high- (Gleason score ≥7) compared to low-grade (Gleason 
score <7) tumors (Figure 4A). Vice versa, tRF-315 demonstrated a clear trend of upregulation in recurrent 
disease and its expression was higher in high-grade tumors (Figure 4B). Therefore, we reasoned that the 
expression of these two tRFs might be prognostic for aggressive tumor growth and disease recurrence after 
radical prostatectomy. We took advantage of the opposing expression patterns of these two tRFs and 
calculated the expression ratio tRF-315/tRF-544 for both cohorts (Figure 4D). The tRF-315/tRF-544 ratio 
showed significant differences, clearly distinguishing high from low grade PCa and cured from recurrent 
disease. Moreover, high expression ratio was significantly associated with poorer progression-free survival 
and shorter period to disease relapse (Figure 4E), suggesting that the tRF-315/tRF-544 ratio might represent a 
helpful clinical biomarker of disease progression. 
 
DISCUSSION 
The technical progress in sequencing technologies and the rapid increase in the number of studies on sncRNA 
led to the discoveries of novel small RNA classes including tRFs. Since their initial identification, tRFs have 
been described in a plethora of species and knowledge about their function in the cell is starting to 
accumulate. Although several studies describe expression of tRFs in human cell lines, their actual repertoire in 
human tissues remains largely unknown [5, 15, 16, 22]. 
Here, we studied the composition and expression of tRFs in clinical PCa samples representing progressing 
disease stages. We found that all cytosolic tRNAs produced tRFs in the size range of 18-21 nt, representing 
the small class of tRFs. The longer tRNA halves were not as common, which is a consequence of the size 
selection (~15-35 nt) applied for the isolation of sncRNAs fraction in our study. We found a significant but 
weak correlation between the expression of tRFs per tRNA and the codon usage of tRNAs, suggesting that 
although tRF expression is dependent on the expression levels of their precursors, most likely additional 
mechanisms control tRF levels in the cell. 
The accurate quantification of fragments derived from small RNAs in RNA sequencing data requires a precise 
annotation of the exact position of the fragment on its precursor transcript. To predict the locations of tRFs 
and quantify their expression we used the program FlaiMapper [25]. We identified 598 unique tRFs derived 



from mature tRNAs. Based on the part of mature tRNA from which fragments originate, we could distinguish 
5 different tRF classes. Out of these, the 5e-tRFs class was the most abundant of all and contained the highest 
number of unique tRFs. This finding is in agreement with other reports showing higher abundance of 5’-end 
derived tRFs [4, 5, 22, 32-34]. Given the role of 5’-derived tRFs in the inhibition of proteosynthesis and their 
role in the assembly of stress granules, a type of stress-induced cytoplasmatic foci with high concentration of 
untranslated mRNPs [10, 19, 30], it would be interesting to test their potential to inhibit translation and induce 
the assembly of stress granules in vitro in PCa cell lines using the set of upregulated 5’-derived tRFs identified 
in our study. The importance of tRFs in stress granule assembly becomes even more intriguing thanks to the 
latest indications that stress granules might play an important role in cancer via the negative regulation of 
mTORC1-hyperactivation-induced apoptosis [35]. This suggests that upregulation of tRFs might be indirectly 
linked with the suppression of apoptosis in cancer cells. 
Our discovery cohort included patient-derived PCa samples with different clinico-pathological characteristics. 
The major difference in tRF expression (at least 110 unique differentially expressed tRFs) was observed 
between NAP and PCa tissue indicating that global upregulation of tRF production is associated with 
malignant transformation. Interestingly, 5e-tRFs were the predominant class upregulated in PCa. Recently, 5’-
tRFs were found to induce translational inhibition in siRNA-independent way [36]. It was shown that the 
repressing activity of 5’-derived tRFs was dependent on the presence of a conserved “GG” dinucleotide at 
their 3’-end, which is a common feature of ~75% of the upregulated 5e-tRFs described in this study. 
Comparing our data set with an external tRF data set of PCa cell lines generated by Lee et al. [5] 
demonstrated that all tRFs originating from 3’-pre-tRNA trailers and 32 out of 36 5’-tRFs described by Lee et 
al. were detected in our study. This suggests that tRFs in prostate (cancer) tissue and cell lines are common 
and discrete biological entities produced by defined molecular mechanisms. For 3’-derived tRFs we found a 
small overlap of only 6 out of 77 tRFs. A possible reason for that could be that 3’-derived tRFs represent a 
class of tRFs with a less stable expression. On the other hand, our results demonstrate that most of the 
downregulated tRFs are 3e-tRFs, which might be a general feature of PCa and PCa cell lines. If that is the 
case, the limited overlap of 3’-derived tRFs between both data sets might be caused by the less reliable 
detection of low expressed transcripts. Downregulation of 3’-derived tRFs might be an important event at the 
onset of cancer [21]. For example, the expression of the 3´-derived tRF CU1276 in B-cell lymphoma cells 
suppresses proliferation and modulates the response to DNA damage [21]. Future investigations should 
address the extent of gene regulation in PCa affected by the downregulation of 3’-derived tRFs. 
Due to high conservation of tRNAs we were unable to identify specific sequences that would serve as a 
recognition site of tRNA nucleases that discriminate and preferably cleave particular tRNAs. Recently, it was 
proposed that certain tRNAs switch from canonical to alternative folding and the ability to do so might cause 
the specific upregulation of their tRFs. For example, besides the canonical cloverleaf structure, tRNAIle has the 
potential to form a long hairpin [37]. tRNAAsp also adopts an alternative folding in order to bind to the Alu 
element insertion in the 3’ UTR of the mRNA of its own aminoacyl-tRNA synthethase [38]. Since nucleotide 
modifications are known to affect hybridization, it is tempting to speculate to what extend they affect the 
alternative folding of tRNAs [39]. 
Finally, Q-PCR analysis of tRFs differentially expressed in different grade PCa demonstrated that the 
expression ratio tRF-544, derived from tRNAPheGAA and tRF-315 derived from tRNALysCTT effectively 
discriminates high from low grade prostate tumors and cured from recurrent disease. This establishes tRFs as 
novel candidate biomarkers for the early detection of recurrent aggressive PCa. 
In conclusion, our study provides a comprehensive catalogue of tRFs expressed in various stages of PCa and 
provides leads for the further investigation of biological role and marker potential of these novel RNA entities 
in prostate cancer. 
 
MATERIALS AND METHODS 
Sample cohorts and processing 
The discovery set used in this study consists of 10 sequencing libraries generated as previously described [23]. 
Briefly, each library was constructed from an RNA pool prepared from four individual patient samples with 
similar pathological or genetic characteristics [24]. Different groups represent: normal adjacent prostate tissue 
(NAP), prostate tumors with Gleason score 6, 7, or 8 (PCa6, PCa7, PCa8), metastatic lymph nodes (LN_PCa), 
all obtained by radical prostatectomy; benign prostate hyperplasia tissue (BPH) obtained by 
cystoprostatectomy; and castration resistant prostate tumors obtained by trans-urethral resection of the prostate 



(TURP_PCa) [23]. NAP and BPH samples were used as controls. The clinical parameters of each group are 
summarized in the Table 1. PCa groups with Gleason score 6 were divided into cured and recurrent disease 
groups or into groups with or without TMPRSS2-ERG fusion or ETV abnormalities. Sample material was 
obtained from the tissue banks of the Erasmus University Medical Center, Rotterdam, The Netherlands 
(Erasmus MC, Rotterdam, The Netherlands) and Tampere University Hospital (TAUH, Tampere, Finland). 
Collection and use of patient material was performed according to the national legislations concerning ethical 
requirements and approved by the Erasmus MC Medical Ethics Committee according to the Medical Research 
Involving Human Subjects Act (MEC-2004- 261), and the Ethical Committee of the Tampere University 
Hospital. Samples were snap frozen and stored in liquid nitrogen. Gleason score and the percentage of cancer 
cells were evaluated from the histological sections by two pathologists. Only samples with more than 70% of 
tumor cells were used for sequencing library preparation. All samples that were used for the normal prostate 
pool contained 0% of tumor cells. Total RNA was extracted using RNABee reagent (Campro Scientific, 
GmbH, Berlin, Germany) according to the manufacturer´s protocol. 
 
qPCR validation was performed in two separate cohorts. (clinical parameters available in Supplementary 
Tables 6-7). The first cohort (cohort 1) consists of 65 samples obtained from Erasmus MC. The samples were 
collected, handled and evaluated as mentioned in the previous paragraph. The second cohort (cohort 2) 
consists of 104 hormonally untreated primary prostate tumors from radical prostatectomy specimens obtained 
from Tampere University Hospital. The samples were confirmed to contain a minimum of 70% cancerous or 
hyperplastic cells by hematoxylin/eosin staining. Histological evaluation and Gleason grading for the second 
set were performed by a pathologist based on hematoxylin/eosin stained slides. Follow-up data was available 
for 74 of these samples. The use of clinical material was approved by the ethical committee of the Tampere 
University Hospital. Written informed consent was obtained from the subjects donating the samples. TRI-
reagent (Molecular Research Center Inc., Cincinnati, OH, USA) was used to collect total RNA from the 
freshly frozen clinical samples, according to the manufacturer’s instructions. 
 
RNA sequencing and expression analysis 
RNA pools were outsourced for library construction and sequencing to BGI (Beijing Genomics Institute, 
Beijing, China). Shortly, total RNA samples were size-separated on denaturing polyacrylamide gel. RNA in 
the size range of 15-35 nt was recovered from the gel and used for the preparation of sequencing libraries. The 
libraries were sequenced by Illumina deep sequencing. The tRNA database used to map the reads was 
constructed from the Genomic tRNA Database (http://gtrnadb.ucsc.edu/) as previously described [23, 25]. 
Shortly, tRNA genes with identical sequences were merged into single entries. Intronic sequences in tRNAs 
were removed, to allow mapping of tRFs derived from mature, spliced tRNAs. Genomic tRNAs in the 
database were modified by extending the 3’-ends with a single “CCA” sequence. Sequencing reads were 
mapped to tRNA database using CLC-Bio Genomics Workbench (Aarhus, Denmark). Subsequently, tRFs 
were predicted using the FlaiMapper program and a tRF database was constructed [25]. The final read counts 
used for expression analysis were generated by mapping the sequencing reads to the tRF database. tRFs 
derived from 5’-pre-tRNA leaders (5’U-tRFs) and 3’-pre-tRNA trailers (3’U-tRFs) were identified by 
mapping the sequencing reads to a tRNA reference database in which the genomic sequence of each tRNA 
gene was extended by 50 bp on both sides. The length, position and type of tRF were calculated from the sum 
of the read counts of the following groups: NAP, PCa6_cur, PCa6_nofusion, PCa6_TERG, PCa6_recur, 
PCa7_recur, PCa8_recur, TURP_PCa, and LN_PCa. To identify differentially expressed tRFs, read counts 
were normalized as “parts per million” and Kal’s Z-test on proportions followed by Bonferroni correction was 
subsequently performed. The generated adjusted p-values lower than 0.05 were considered significant. 
 
Quantitative real-time PCR and statistics 
Total RNA extracted from clinical samples was reverse transcribed using miRCURY Universal cDNA 
Synthesis kit (Exiqon, Vedbaek, Denmark). The provided UniSp6 spike-in RNA was added to the reverse 
transcription reaction to control for the efficiency of the reaction. The amplification was performed using 
miRCURY LNATM SYBR® Green Master Mix (Exiqon, Vedbaek, Denmark) and specific custom LNATM 
primers (Exiqon, Vedbaek, Denmark) were used for each tRF. The names of tRFs with their sequences are 
shown in Table 2. Quantitative real-time PCR (qPCR) was performed on an Applied Biosystems ABI 7900 



thermocycler (Applied Biosystems, Waltham, Massachusetts, USA) for the cohort 1 and on Bio-Rad CFX96 
Real Time System (Bio-Rad Laboratories, Hercules, California, USA) for the cohort 2. Data were analyzed 
using the ΔΔCT method and the expression of each tRF was normalized against the small nucleolar RNA 
SNORD38B (Reference gene primer set 2039, Exiqon, Vedbaek, Denmark). Statistical significance of qPCR 
expression data was assessed using Mann-Whitney U test. The log-rank test was used to compare progression-
free survival distributions of the tumor samples. P-values lower than 0.05 were considered statistically 
significant. Statistical analysis was performed using GraphPad Prism version 6.0g for Mac OS X (GraphPad 
Software, La Jolla California USA, www.graphpad.com”). 
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TABLES  
Table 1: Clinical parameters of the samples used for the RNA-sequencing 

 

* patients were considered cured if there was no biochemical relapse or detection of metastasis after radical 
prostatectomy 
† Gleason score of the primary tumor 
 
Group abbreviations: NAP - normal adjacent prostate; BPH - benign prostatic hyperplasia; PCa - organ-
confined prostate cancer; cur/recur - cured/recurrent after radical prostatectomy; PCa6_nofusion-PCa Gleason 
score 3+3 with no TMPRSS2-ERG fusion or ETV abnormalities; PCa6_TERG- PCa33 with TMPRSS2-ERG 
fusion; TURP_PCa- trans-urethral resection of the prostate, castration resistant; LN_PCa- PCa metastasis 
from lymph nodes; FFPE- formalin-fixed paraffin-embedded 
  

 Number of 
patient 
samples 

per group 

TMPRSS2_ERG
fusion 

ETV1 
abnormalities 

% 
cancer 

Gleason 
score 

Status 
after radical 

prostatectomy* 

NAP 4 0 (0 %) 0 0 N/A N/A 
BPH 4 N/A N/A 0 N/A N/A 
PCa6_cur 4 4 (100 %) 0 70-90 3+3 cured 
PCa6_nofusion 4 0 (0 %) 0 70-90 3+3 recurrent
PCa6_TERG 4 4 (100 %) 0 80-90 3+3 recurrent 
PCa6_recur 4 4 (100 %) 0 80-90 3+3 recurrent 
PCa7_recur 4 2 (50 %) 1 (fusion) 80-100 4+3 recurrent 
PCa8_recur 3 1 (25 %) 1 (overexp) 90-100 4+4(5) recurrent 
TURP_PCa 
(castration 
resistant) 

4 1 (25 %) 1 (fusion) 90-100 (3+4) to 
(5+4) 

recurrent 

LN_PCa 4 3 (75 %) 1 (fusion) 100 4+4(5)† N/A 



Table 2: tRFs selected for validation by qPCR 

tRF ID tRNA isotype Anticodon Sequence 5’- 3’ 
tRF-544 Phe GAA TCCCTGGTTCGATCCCGGGTTTCGGC 
tRF-159 Arg CCT ATGGATAAGGCATTGGCCT 
tRF-368 Arg TCT GGCTCCGTGGCGCAATGGA 
tRF-562 Gly TCC TCGATTCCCGGCCAACGC 
tRF-542 Glu CTC TCCCTGGTGGTCTAGTGGTTAG 
tRF-315 Lys CTT CCCGGCTAGCTCAGTCGGTAGAGCATGG
  



FIGURE LEGENDS 

Figure 1: tRF types in prostate cancer. (A) Heatmap showing the total read counts mapped to individual 
tRNA isotypes in three study groups: NAP-normal adjacent prostate; PCa- prostate cancer group (consisting 
of 6 different sample pools, the average value is shown); LN-PCa lymph node metastasis. The color and its 
corresponding value in log10 scale are depicted on the right. (B) tRF length as based on the read abundance 
and uniqueness. (C) Graph depicting the locations of mapped tRFs on the sequences of mature tRNAs. Full-
length tRNA sequences are aligned to the middle using the anticodon position. tRFs mapped to these tRNAs 
are depicted as grey bars which relative abundance per particular tRNA is reflected by the color intensity 
(light grey – low abundance, black – high abundance). tRNAs with only one mapped tRF are clustered at the 
top, tRNAs with two mapped tRFs in the middle and tRNAs with multiple mapped tRFs are at the bottom. (D-
E) Start (red line) and end (green line) positions of tRFs on the mature tRNA sequence. Relative abundance of 
each tRF type based on the uniqueness (D) or abundance (E) is shown. Approximate locations of 5 tRF classes 
are indicated above tRF start peaks (D). (F) An illustration of various tRF classes and their approximate 
location on the secondary structure of tRNA. (G) Ratio of each tRF class in our dataset as based on the 
uniqueness (% of unique independent reads) or abundance (% of total number of reads).  

Figure 2: Differentially expressed tRFs in prostate cancer. Normalized read count values of each tRF in 
the normal healthy prostate versus various stages of prostate cancer are plotted. The baseline value for tRFs 
that are not expressed is 1. Full lines represent 4-fold change borderlines. Colored points represent 
significantly changed tRFs (Kal’s Z-test on proportions, Bonferroni corrected p-values, p<0.05) and were 
further discriminated into 5’-derived (magenta) and 3’-derived (green) tRFs. tRFs with the 3’-nucleotide at a 
position ≤40 on the precursor tRNA sequence were considered as 5´-derived and tRFs with the start nucleotide 
at a position ≥30 on the precursor tRNA sequence were considered as 3´-derived. tRFs that could not fall into 
any of these two categories are shown in blue. Positions of tRF-310, tRF-315, and tRF-389 are indicated as an 
example of three differentially expressed tRFs. The graph at the bottom right corner summarizes the total 
number of differentially expressed tRFs per group. tRFs with ≥4-fold differential expression are indicated 
with dark red (upregulated) or dark green (downregulated) color.   

Figure 3: Frequency of tRF types among differentially expressed tRFs. (A-D) Start (red line) and end 
(green line) positions of tRFs on the mature tRNA sequence and the quantification of each tRF type for 72 
upregulated (A-B) and 24 downregulated (C-D) tRFs.  (E-J) Graphs showing the exact positions of 6 selected 
tRFs on their tRNAs precursors. Their mean read counts in PCa (dark color) or NAP (light color) are 
indicated. Upregulated and donwregulated tRFs are depicted in blue and red, respectively. Expression of other 
tRFs from the same tRNA are indicated in grey. 

Figure 4: qPCR validation of tRF-544, tRF-315, and tRF-562. (A-C) RNA expression of tRF-544 (A), 
tRF-315 (B), and tRF-562 (C) in cohorts of clinical samples obtained from Erasmus MC (cohort 1) and 
Tampere University Hospital (cohort 2). The red line indicates mean. (D) Ratio of tRF-315 (derived from 
tRNALysCTT) to tRF-544 (derived from tRNAPheGAA). (E) Progression-free survival curves of the tRF-
315/tRF544 ratios. Legend: NAP-normal adjacent prostate, PCa-prostate cancer, PCa cur/recur- PCa 
cured/reccurent, PCa Gl <7/>7- PCa with Gleason score <7/>7, PCa pT2/pT3-PCa pathological stage 2/3, *P-
value ≤0.05, ** P-value ≤0.01, ***P-value ≤0.001. 
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Supplementary Figures 

Supplementary Figure 1: Correlation of tRF levels with their estimated precursor levels. Scatter 

plots depicting the relationship between the expression of tRFs and their precursors. Correlation between 

the percentage of tRF read counts and the number of tRNA genes per isotype (A), anticodon (B) or codon 

usage (C). Spearman correlation coefficient (r) is indicated in the graph. All correlations were significant 

(P-value <0.05). Due to the high sequence similarities between tRNAs, several reads mapped to multiple 

tRNA loci and thus were omitted from the analysis (percentage of tRFs mapped to multiple loci in figure: 

A=2 %, B=21 %, C=2 %). 



Supplementary Figure 2: Sequence alignments of three tRF examples (tRF-61, tRF-118, and tRF-

402) that mapped to different tRNA loci. The tRF location is highlighted in red. Nucleotide positions 

that are dissimilar between tRNA sequences are highlighted in blue. 



Supplementary Figure 3: Fragments derived from mitochondrial tRNAs. Graphs showing the 

coverage of tRF nucleotides projected on mature mtRNA for each study group, reveal the complicated 

fragmentation pattern of mitochondrial tRNAs. The x-axis shows the sequence of the mtRNA (in the 5' to 

3' direction)  to which tRFs were mapped. The experimental groups are shown with different colors. 

Legend: gr1-NAP; gr3-PCa6_cur; gr4-PCa6_recur; gr5-PCa7_recur; gr6-PCa8_recur; gr10-

PCa6_nofusion; gr11-PCa6_TERG 
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Supplementary Figure 4: U-tRF types in prostate cancer. The size distribution and location of 5’-pre-

tRNA leaders (5’U-tRFs) and 3’-pre-tRNA trailers (3’U-tRFs) was analyzed.  (A) U-tRF length as based 

on the uniqueness. (B-C) Start (red line) and end (green line) positions of 5’U-tRFs (B) and 3’U-tRFs (C) 

on the 5’-leaders and 3’-trailers of pre-tRNAs. The values on X-axis represent number of nucleotides 

from the start or end of mature tRNA sequence. 
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Supplementary Figure 5: tRF expression is affected in BPH. Scatter plots of log2-transformed 

normalized values of tRFs (A) and other sncRNAs (B) including miRNAs, snoRNA and sdRNA, in NAP 

vs BPH group. The red line indicates no change in the expression between NAP and BPH.  
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