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ABSTRACT
Small non-coding RNAs, including microRNAs (miRNAs) and piwi-interacting RNAs
(piRNAs), play an important role in gene expression regulation and are involved in
many biological and pathological processes. Study of small RNA expression and
function in cancer cells could contribute to greater understanding of how small RNAs
are involved in cancer development. The main goal of this thesis work was to
investigate the expression and functions of these small RNAs in adrenocortical
carcinoma (ACC) and testicular germ cell tumors (TGCTs).
In Paper I, we identified a set of miRNAs that could distinguish ACC from its
normal and benign counterparts. miR-483-3p, miR-483-5p, miR-21 and miR-210
expressions were higher, while miR-195 and miR-497 were lower in ACC. Suppression
of miR-483-3p and over-expression of miR-195 or miR-497 reduces cell proliferation
and increases apoptosis in ACC cells. The protein expression of PUMA, a target of
miR-483-3p, is down-regulated in ACC and inversely correlated with the increased
expression of miR-483-3p. Additionally, increased expressions of miR-503, miR-1202,
and miR-1275 are associated with short overall survival of ACC patients.
In Paper II, we evaluated the expression levels of core components of miRNA
biogenesis in ACC. We observed significant increased expressions of TARBP2,
DICER and DROSHA in ACC as compared to benign tumors or adrenal cortices.
Higher TARBP2 mRNA is a strong predictor for the discrimination of ACC from the
non-carcinoma cases. Suppression of TARBP2 decreases cell proliferation and
increases apoptosis in ACC cells. We also demonstrate that copy number gain of
TARBP2 gene and its regulation by miR-195 and miR-497 could contribute to TARBP2
overexpression in ACC.
In Paper III, we identified a set of deregulated miRNAs (including reduced
expression of miR-506~514 cluster and increased expressions of miR-21 and miR-223)
in TGCT. Overexpression of miR-514a-3p, a member of miR-506~514 cluster, inhibits
cell proliferation and induces apoptosis in TGCT cell lines. The apoptotic effect of
miR-514a-3p is mediated through direct regulation of PEG3. Silencing of PEG3 or
overexpression of miR-514a-3p leads to reduced nuclear accumulation of p50 and NFκB reporter activity, suggesting that miR-514a-3p and PEG3 play a role in NF-κB
pathway. Importantly, high expression of PEG3 and nuclear p50 were found in a large
proportion of TGCT samples.
In Paper IV, we show that global piRNA expression is down-regulated in both
human and mouse TGCTs compared to normal testes. Using high-throughput
sequencing approaches, we demonstrate that most piRNA precursor transcripts were
present and transcriptionally active in TGCTs. Our RNA sequencing data indicate that
the piRNA biogenesis factors MOV10L1, DDX4, MAEL, PIWIL3, and TDRD6 were
significantly down-regulated in TGCTs, suggesting loss of piRNA expression in TGCT
is likely due to impaired processing of piRNA precursors.
Overall, this thesis work describes the biological and clinical role of small RNAs
and deregulation of their processing factors in both human ACC and TGCTs.
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1 INTRODUCTION
After the discovery of double helix structure of DNA by Francis Crick and James Watson in
1953 (Watson and Crick, 1953), DNA has been considered as the protein coding units of the
genome and plays central role in most of the regulatory molecular pathways. When the
Human Genome Project was established in 1990, the main purpose of the project was to
map the disease-related genes and identify new genes. However, when the Human Genome
Project finalized in 2003, the big surprise came up with the numbers of protein coding
sequences in human genome. A total of 22,287 gene loci was identified, which correspond
to only ~1.2 % of the human genome (International Human Genome Sequencing
Consortium, 2004). Following efforts with advanced sequencing techniques showed that the
majority of the human genome is apparently transcribed to generate non-coding RNAs
(ncRNAs) (Carninci et al., 2005; Kapranov et al., 2007; Mattick and Makunin, 2006). The
ncRNAs, which represent more than ~90 % of human genome (Bertone et al., 2004), has
changed our understanding of the regulatory network of protein coding genes and diseases.
ncRNAs are classified into two groups: (i) small ncRNAs (~18-200 nt) includes small
interfering RNAs (siRNAs), vault RNAs (vtRNAs), small nuclear RNAs (snRNAs), small
nucleolar RNAs (snoRNAs), microRNAs (miRNAs) and piwi-interacting RNAs (piRNAs)
(Girard et al., 2006; Hamilton and Baulcombe, 1999; Kickhoefer et al., 1993; Lee and
Ambros, 2001), and (ii) long ncRNAs (lncRNAs) (>200 nt-100 kb), such as Xist (Brown et
al., 1992).
My thesis work was mainly focusing on the role of miRNAs and piRNAs in tumor
development and progression. In the following sections, I will describe the biogenesis and
functions of these two types of sRNAs.
1.1

SMALL RNAS

Organisms use a variety of mechanisms to regulate gene expression in order to sustain
cellular functions correctly at either transcriptional level or post-transcriptional level. In this
thesis, the main focus is on the gene regulation by sRNAs involved in the RNA interference
(RNAi) pathways.
In 1998, Andrew Fire and Craig Mello described the RNAi phenomenon in C. elegans, in
which dsRNA can specifically silence the expression of its homologues gene (Fire et al.,
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1998). Later, the RNAi mechanism was investigated in other organisms. Phillip D. Zamore
and co-workers showed that long dsRNA was processed to 21-23 nt RNAs, which further
cleaved the targeted mRNA in Drosophila melanogaster (Zamore et al., 2000). These 21-23
nt sRNAs are processed by the activity of the Dicer RNase-III enzyme, which are named as
small interfering RNAs (siRNAs) (Elbashir et al., 2001). Besides siRNAs, miRNAs and
piRNAs are the other two important RNAi effectors in mammals.
1.1.1 microRNAs
1.1.1.1 Discovery of miRNAs
miRNAs are single-stranded ncRNAs, which are 18-23 nt in length. They are generated
from endogenous hairpin-shaped RNA transcripts by the activity of RNase-III, called Dicer
(Hutvagner et al., 2001). The first discovery of miRNA was shown by the characterization
of lin-4 in C. elegans (Lee et al., 1993). Lin-4 was first called as small temporal RNA at that
time because of its expression in the developmental timing of C. elegans (Lee et al., 1993).
It was shown that Lin-4 could block the translation of lin-14 mRNA by binding to its 3’
UTR (Arasu et al., 1991; Wightman et al., 1993). Subsequently, studies in let-7 showed the
wide conservation of these tiny RNAs among other species including human (Pasquinelli et
al., 2000). Since this pioneering finding, all the sRNAs sharing similar maturation process
has been termed as miRNAs. miRNAs are mainly a conserved class of small ncRNAs that
regulate more than 60 % of human protein coding genes (Friedman et al., 2009) and
participate in a variety of biological processes including development, differentiation, antiviral defense and tumorigenesis (Bartel, 2004).
1.1.1.2 Biogenesis and mechanism of action
Most of the human miRNA genes have multiple isoforms resulting from the multiple
genomic locations mostly due to duplications. For example, human let-7 family has 12
genomic locations. It has been shown that the diversity of the isoforms, which belong to the
same miRNA family, comes from variations at 3’ end of isoforms. Given that 3’ end of
miRNAs have role in target binding; this diversity increases the range of targeted mRNA
repertoire (Ventura et al., 2008). Typically, majority of the miRNAs are located within the
introns or exons of protein-coding or non-coding genes: 40% of miRNAs are derived from
the introns of ncRNAs and 10% from the exons of non-coding genes, while almost 40% are
from the intronic regions of protein-coding genes (Kim et al., 2009). Some miRNAs are
clustered and transcribed from a single polycistronic transcriptional unit (Altuvia et al.,
2005).
2

miRNA Transcription and maturation
miRNA biogenesis is classified into two distinct mechanisms: canonical and non-canonical
pathways. In the canonical pathway, majority of miRNA genes are transcribed by RNA
polymerase II, although minority of miRNA genes are transcribed by RNA polymerase III
(Borchert et al., 2006), to generate several kilobases long primary transcripts (Lee et al.,
2004b). These primary transcripts (pri-miRNA) are further processed to ~75 nt long hairpinshaped precursor transcripts (pre-miRNA) by the activity of Drosha RNase-III type enzyme
and its co-factor DGCR8 in the nucleus (Han et al., 2004; Lee et al., 2002). Pre-miRNAs are
then exported to cytoplasm by exportin 5 (Lund et al., 2004). In the cytoplasm, pre-miRNAs
are further processed to ~22 nt asymmetric miRNA duplex by the activity of Dicer and its
co-factors TARBP2 and PACT (Chendrimada et al., 2005; Hutvagner et al., 2001; Lee et al.,
2006b). Following the generation of miRNA duplex, the duplex is loaded into the miRNAinduced-silencing complex (miRISC), in which the core components of this complex is
composed of Argonaute (AGO) proteins (Filipowicz et al., 2005). After loading into
miRISC, one strand of the duplex is eliminated depending on the thermodynamic stability of
the 5’ ends of the RNA duplex (Khvorova et al., 2003). The miRNA biogenesis is depicted
in Figure 1.
Two types of non-canonical pathways are involved in miRNA processing: (i) miRNA genes
residing within short introns (~75 nt) can bypass Drosha processing, in which the hairpinshaped pre-miRNAs are generated by splicing. These type of miRNAs are called mirtrons
(Berezikov et al., 2007), and (ii) Pre-miRNAs, bypass Dicer processing, are directly loaded
into miRISC and miRNA maturation is mediated by the activity of AGO proteins, which
produce intermediate products that are further processed by exonucleases (Cheloufi et al.,
2010).
In addition to these proposed non-canonical pathways, editing of pri-miRNAs by the RNA
editing enzyme, called ADAR, also contributes to the diversity of miRNAs. ADAR
catalyzes the conversion of adenosine (A) to inosine (I) on the pri-miRNA sequences, which
in turn leads to the alteration of further processing and the sequence of mature miRNAs
(Blow et al., 2006).
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Figure 1. Canonical miRNA biogenesis and mechanisms of miRNA-mediated
posttranscriptional gene silencing.
miRNA genes are transcribed by RNAPII and hairpin-shaped pri-miRNAs are
processed to pre-miRNAs (~75 nt) by the activity of Drosha/DGCR8 complex. The
pre-miRNAs are transferred to cytoplasm by the aid of Exp5, followed by
Dicer/TARBP cleavage to produce miRNA duplexes. miRNA duplexes are loaded
into RISC and one strand is retained and silence its target through multiple
mechanisms.

miRNA mechanism of action: target recognition and regulation
Mature miRNAs, which are loaded into miRISC, mediate the target recognition through the
complementarity between target mRNAs and miRNAs. In plants, the target sequences are
commonly perfect or near-perfect with the miRNAs (Jones-Rhoades et al., 2006). However,
in metazoan, miRNAs commonly recognize their targets via imperfect base-pairing
interactions (Farh et al., 2005; Lewis et al., 2003; Stark et al., 2005). This target recognition
is depending on the perfect base-pairing between the 5’ end “seed sequence” (nucleotides 27) of miRNAs and 3’ UTR of target mRNA (Brennecke et al., 2005). Besides the seed
sequences, 3’ end of miRNAs can also enhance the target recognition or compensate for
mismatches. These regions are so-called “3’-supplementary sites” and “3’-compensatory
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sites” (Bartel, 2009). In addition, another unique class of miRNA target sequences, which
do not have perfect seed sequence pairing and 3’-supplementary sites, have 11–12
contiguous pairing with miRNA at nucleotide position 4–15 (Shin et al., 2010). Besides
3’UTR, miRNAs can also repress target mRNAs through binding to 5’ UTR of mRNAs
(Lytle et al., 2007).
miRNAs regulate post-transcriptional gene silencing through multiple mechanisms, as
depicted in Figure 1. A brief description of each mechanism is given below:
mRNA deadenylation and turnover
This mechanism is mediated by removal of poly (A) tail of mRNAs through recruitment of
the CCR4-NOT deadenylation complex, and further degraded by 3'

5' exonucleases

(Parker and Song, 2004).
Blocking of translation initiation
Translation initiation of most eurkaryotic mRNAs requires an eIF3-eIF4G-eIF4E
interaction, which recruits the 40S ribosomal subunits to the 5’ ends of capped mRNAs.
miRISC recruits GW182 proteins that interfere with the binding of eIF4E to the cap
(Rehwinkel et al., 2005). Alternatively, Ago2 has a m7G-cap recognition motif, which can
compete with eIF4E for the recognition of m7G-cap and inhibit the translation initiation
(Kiriakidou et al., 2007).
Blocking of translation elongation
This mechanism was proposed based on the observations that repressed mRNAs are
associated with actively translating polysomes (Olsen and Ambros, 1999; Petersen et al.,
2006; Seggerson et al., 2002), which suggest that, at least partly, miRNAs do not block
translation initiation. The mechanism of bocking post-initiation of translation could result
from a high rate of ribosome drop-off during translation elongation (Petersen et al., 2006) or
proteolytic cleavage of nascent polypeptides (Nottrott et al., 2006).
1.1.1.3 Approaches for miRNA target identification and validation
Identification of miRNA targets is crucial for understanding the functions of miRNAs. In
general, there are two common approaches, i.e. bioinformatics and experimental, for the
identification and validation of miRNA targets.
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Bioinformatics approaches
Due to imperfect base-pairing of miRNAs to their targets and the large numbers of target
mRNAs for a particular miRNA, miRNA target identification is challenging and laborious.
Therefore, computational approaches are widely used for this purpose. There are several
miRNA target prediction tools available, for instance, TargetScan (Lewis et al., 2003),
Pictar (Krek et al., 2005), miRanda (Betel et al., 2008), RNA22, Diana-microT, and PITA
(Kertesz et al., 2007). These programs are based on different algorithms, such as basepairings between the seed of miRNA and mRNA target sequences, conservation among
species and thermodynamic stability of the miRNA-mRNA interaction. Some of these
programs consider experimentally validated pairing between miRNAs and target mRNAs
into account, such as TargetScan (Lewis et al., 2003). Several of the common miRNA
target prediction tools are listed in Table 1.
Table 1. miRNA target prediction tools [modified from (Yue et al., 2009)]
Name of Program
TargetScan
Pictar
miRanda
RNA22
Diana-microT
PITA

Species availability
Mammals, worms, flies
Worms, vertabrates,
flies
Human, mice, rat
All
Human
Human, mice, flies,
worms

Website
http://www.targetscan.org/
http://pictar.mdc-berlin.de/
http://www.microrna.org/microrna/
releaseNotes.do
http://cbcsrv.watson.ibm.com/rna22.html
http://diana.cslab.ece.ntua.gr/
http://genie.weizmann.ac.il/pubs/m
ir07/mir07_browse.html

Experimental approaches
The most widely used technique for miRNA target identification is CLIP (Crosslinking
immunoprecipitation)-based methods, in which mRNAs bound to miRNA machinery are
isolated using Ago2 co-immunoprecipitation followed by target identification using cDNA
microarray or high-throughput sequencing (Figure 2). There are two widely used CLIP
techniques, i.e. HITS-CLIP (High-throughput sequencing of RNAs isolated by
crosslinking

immunoprecipitation)

and

PAR-CLIP

(Photoactivable-ribonucleoside

enhanced crosslinking and immunoprecipitation). HITS-CLIP was invented in 2009 (Chi
et al., 2009). In this technique, Ago2 protein is crosslinked to the RNAs by using UV
irradiation, followed by RNase treatment and immunoprecipitation. The mRNAs bound to
Ago2 is then purified for RNA sequencing. The advantage of this technique is capable to
define specific miRNA-mRNA binding sites within the miRISC. Although HITS-CLIP is
a powerful technique, bioinformatic analysis of the data is laborious and the use of short
6

wavelength (254 nm) for crosslinking is not efficient. Therefore, PAR-CLIP was
developed to overcome the limitations of the HITS-CLIP (Hafner et al., 2010). This
technique is based on the incorporation of photoreactive ribonucleoside analogs [e.g. 4thiouridine (4SU)] into the RNA transcripts by living cells, followed by UV crosslinking of
RNAs to the Ago2 protein at 365 nm. The advantages of this method are to enhance UV
crosslinking at higher wavelength and to map the precise footprints of miRNA-mRNA
interactions based on the T > C transition at the crosslinking sites.
Besides CLIP-based methods, other high-throughput techniques have been adopted based
on the fact that miRNA can cause mRNA cleavage or translational repression. The global
changes in mRNA or protein levels are measured in the presence or absence of miRNA of
interest by microarray or proteomics approaches. Although microarray analysis of mRNAs
upon modulation of specific miRNA expression is straightforward, this method has a
limitation in detecting mRNAs, which are subjected to translational repression rather than
cleavage. In order to identify these targets, a method called pulsed SILAC (stable isotope
labeling with amino acids in cell culture) was developed (Vinther et al., 2006). In this
method, different isotopically labeled amino acids are added into the culture medium of
cells with and without expressing miRNA of interest. After the nascent amino acids are
labeled with either “heavy” or “medium-heavy”, proteins are analyzed with mass
spectrometry. The changes in the miRNA targets are determined by the ratio of heavy and
medium heavy isotopes. This technique has been used for the identification of miRNA
targets in different cancer types (Kaller et al., 2011; Lossner et al., 2011).
For the validation of miRNA targets, the most widely used technique is luciferase reporter
assay (Figure 2). In this technique, the complete or partial 3’UTR of mRNA target
containing the miRNA binding site(s) is cloned into the downstream of firefly luciferase
gene. The plasmid is then transfected into the cells with or without miRNA of interest. If
the candidate target mRNA is a bona fide miRNA target, the firefly luciferase activity is
expected to decrease in the cells expressing miRNA of interest. Another method for
validation of miRNA target is the purification of Ago2-RNA complex by
immunoprecipation followed by RT-qPCR for the candidate target mRNA (Figure 2).
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Figure 2. Outlines of the methods used for miRNA targets identification and
validation.

1.1.2 Piwi-interacting RNAs
1.1.2.1 Discovery of piRNAs
piRNAs are a class of small RNAs range from 25 to 35 nt in length and possess 2’-Omethyl modification at their 3’ termini, associated with PIWI family proteins and mainly
expressed in male gonads in animals (Aravin et al., 2006; Girard et al., 2006; Grivna et al.,
2006; Watanabe et al., 2006). Although their functions are not fully understood as
compare to the other RNAi effectors such as miRNAs, one of the well-characterized
functions is to suppress transposable elements (Brennecke et al., 2007; Hartig et al., 2007).
The first report of piRNAs comes from the study in D. melanogaster. In 2001, it was
shown that the repetitive gene, Suppressor of Stellate, generated sense and antisense small
RNAs, which in turn led to the silencing of Stellate repeat sequences in D. melanogaster
(Aravin et al., 2001). Small RNA cloning studies revealed the existence of these repeatderived small RNAs (Aravin et al., 2003), which was termed repeat-associated small
interfering RNAs (rasiRNA). In 2006, Phillip D. Zamore and co-workers showed that
these rasiRNAs are associated with D. melanogaster Piwi proteins, piwi and aubergine, to
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silence repeat elements; unlike siRNAs, they are processed from single-stranded
transcripts and do not require Dicer activity (Vagin et al., 2006). After this breakthrough,
this class of piwi-associated small RNAs was also found in other organisms and in nonrepeat genomic regions (Aravin et al., 2006; Girard et al., 2006; Grivna et al., 2006).
Owing to their distinct associated proteins, their genomic locations and their distinct
processing mechanisms as compared to siRNAs, these small RNAs are called piwiinteracting RNAs (piRNAs) rather than rasiRNAs.
1.1.2.2 Biogenesis and mechanism of action
Argonaute proteins are composed of two subfamily proteins: AGO family and PIWI family
(Peters and Meister, 2007). The AGO family proteins are ubiquitously expressed in all
tissues and associates with miRNAs and siRNAs. On the other hand, the PIWI family
proteins are mainly expressed in germline cells and associates with piRNAs (Cox et al.,
1998).
piRNA classification and transcription
piRNAs are classified into two major subgroups according to their cells of origin, genomic
locations, processing mechanisms, and functions. The first group is pre-pachytene piRNAs,
which are mainly expressed in the early cells of spermatogenesis (e.g. gonocytes) until the
phase of meiotic prophase I (Li et al., 2013). Pre-pachytene piRNAs are mainly derived
from repeat sequences, and associate with MILI and MIWI2 proteins (Aravin et al., 2006). It
has also been shown that some pre-pachytene piRNAs are originated from protein coding
genes (Li et al., 2013). The second group of piRNAs is pachytene piRNAs, which are
expressed from the pachytene spermatocytes to the round spermatids and associates with
MILI and MIWI proteins (Grivna et al., 2006; Li et al., 2013). Majority of these piRNAs are
originated from intergenic regions of the genome, although small portion maps to repeat
sequences (Lau et al., 2006; Li et al., 2013). Pachytene piRNAs are derived from large
genomic clusters that range from 2 to 200 kb. These clusters are typically called piRNA
clusters. However, due to the presence of 5’ caps, the binding of H3K4me3 mark on the
upstream of the pachytene piRNA clusters and their transcription by RNA polymerase II,
these clusters are renamed as piRNA loci, which is considered as transcriptional units (Li et
al., 2013). Recently, a specific transcription factor, A-MYB, has been identified for the
transcription of pachytene piRNA loci (Li et al., 2013). The cells of origin and the associated
proteins for piRNA subgroups are depicted in Figure 3.

9

MIWI2

MIWI

proSg

PL
Sg

L
Early Spc

Z

Puberty

PGC

Birth

MILI
D

P
Late Spc

Pre-pachytene piRNAs

Seminoma,
nonseminoma,
teratoma

MI and MII

RS

ES

Sperm

pachytene!piRNAs!

Spermatocytic
Seminoma

Figure 3. Cells of origin and associated proteins of piwi-interacting RNAs.

Biogenesis of piRNAs
The piRNA biogenesis described in this chapter is referring to mice, due to the limited
characterization of piRNA biogenesis in human. There are two major piRNA processing
pathways: primary processing and “ping-pong” cycle (Figure 4).
Primary processing
During the primary processing, long single-stranded piRNA primary transcripts are
generated and transferred to cytoplasm by an unknown mechanism. The primary transcripts
are first processed into short transcripts, which are known as piRNA intermediates, by the
activity of endonuclease called MitoPLD or Zucchini in D. melanogaster (Ipsaro et al.,
2012; Nishimasu et al., 2012). These intermediate products are then loaded into PIWI
proteins, and are subjected to 3’ terminus trimming by the exonuclease called TDRKH to
generate the mature length of piRNAs (Saxe et al., 2013). After the generation of mature
piRNAs, piRNA sequences are 2’-O-methylated at their 3’ termini by the activity of HEN1
(Kirino and Mourelatos, 2007; Saito et al., 2007).
“Ping-Pong” cycle
In this mechanism, the newly synthesized MILI-bound primary piRNAs initiates the
secondary piRNA maturation by targeting the antisense of secondary piRNA precursor
transcripts (Kim et al., 2009). MILI-bound primary piRNAs cleaves the antisense targets at
their 10th nucleotide position relative to primary piRNAs (Brennecke et al., 2007). Once
10

MIWI2 is loaded with secondary piRNAs, it is imported into nucleus to silence transposons
(Kuramochi-Miyagawa et al., 2008). Meanwhile, the MIWI2-bound secondary piRNAs
cleaves the sense transcripts to initiate their loading to MILI protein. The “ping-pong” cycle
is only observed in pre-pachytene piRNA maturation.
Other key factors in piRNA biogenesis
Tudor domain proteins, TDRDs, are very crucial for the piRNA maturation pathways. It has
been reported that they bind to symmetrically dimethylated arginine sites (sDMA) of PIWI
proteins through their Tudor domains, and function as scaffolds for the interaction of other
factors during piRNA maturation (Pandey et al., 2013; Shoji et al., 2009; Vasileva et al.,
2009; Wang et al., 2009). In addition to TDRDs, two RNA helicases are involved in piRNA
maturation. MOV10L1 binds to piRNA primary transcripts and facilitates their trimming by
unwinding the secondary structures (Vourekas et al., 2015), and DDX4 is required for the
loading of secondary piRNAs to the MIWI2 (Kuramochi-Miyagawa et al., 2010).
piRNAs loci
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Figure 4. Schematic illustration of primary and secondary “ping-pong”
biogenesis of piRNAs
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Mechanisms of action
piRNAs bind to PIWI proteins to form piRNA-induced silencing complex (piRISC). The
major function of this complex is to silence transposons. However, accumulating evidences
show that this complex mediates silencing of protein coding genes.
Transposon silencing
Transposable elements were first identified in maize by Barbara McClintock in 1950 (Mc,
1950). In her pioneering study, she examined the short arm of chromosome 9 in maize and
identified a locus, called Ds, which has a high frequency of rearrangements. The main
cause of these rearrangements was the transposition of Ds to the neighboring genes, which
in turn led to the loss of these genes. Transposable elements are movable elements, which
cause genomic instability. Therefore, it is highly crucial for the germ cells to sustain
genome integrity and pass on the correct genetic information to the next generation. Fetal
pre-pachytene piRNAs are required for this purpose in germ cells, in which MIWI2associated piRNAs silence transposons through de novo methylation of their promoters
(Carmell et al., 2007; Kuramochi-Miyagawa et al., 2008). Another mechanism for the
epigenetic silencing of transposons is the direct methylation of histone 3 lysine 9
(H3K9me3) at the targeted transposon loci to enable heterochromatin formation by the aid
of HP1a (Le Thomas et al., 2013; Sienski et al., 2012). In addition to de novo DNA
methylation and heterochromatin formation on transposon loci, piRISC directly cleaves
the RNA of transposons. This mechanism occurs at two different stages of
spermatogenesis. In the male embryonic germ cells, MIWI2 and MILI bound piRNAs
cleaves the transposons and supplement the secondary piRNA production or “ping-pong”
cycle (De Fazio et al., 2011). In the postnatal germ cells, MIWI bound piRNAs cleaves
transposons that functions without piRNA amplification (Reuter et al., 2011).
Silencing of protein coding genes
Besides transposon silencing, piRISC can modulate the methylation of differentially
methylated region (DMR) of mouse imprinted gene Rasgrf1 (Watanabe et al., 2011).
Recently, pachytene piRNAs can eliminate sets of mRNAs in the late spermatids by
recruiting the CAF1 deadenylase complex to the 3’ UTR of selective target mRNAs for
mRNA deadenylation and decay, which is similar to the miRNA-mediated mechanism (Gou
et al., 2014).
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1.2
1.2.1

MIRNAS IN CANCER
Mechanisms of miRNA deregulation

Since the discovery of miRNAs, deregulated expressions of miRNAs have been reported in
many diseases, including cancer. One of the mechanisms contributing to miRNA
deregulation is the dysfunctional miRNA biogenesis factors. In several human cancers,
deregulated expressions of miRNA machinery have been reported. For instance, ~60 % of
ovarian cancer patients show decreased expressions of Dicer and Drosha mRNAs and low
expression of Dicer is correlated with advanced tumor stage (Merritt et al., 2008).
Importantly, mutations of miRNA processing genes have been observed in human cancers,
e.g. TARBP2 and Exportin-5 in microsatellite unstable colon tumors (Melo et al., 2010;
Melo et al., 2009), Dicer1 in pleuropulmonary blastomas (Hill et al., 2009) and Drosha in
Wilm’s tumors (Torrezan et al., 2014). In addition, conditional deletion of Dicer1 led to
enhanced tumor development by altering the miRNA expression profile in mouse model
(Kumar et al., 2007).
Another mechanism underlying deregulated miRNA expression is owing to transcriptional
deregulation of miRNA genes. An example is the increased expression of oncogenic miR17~92 cluster by c-MYC (O'Donnell et al., 2005). Besides c-MYC, p53 and HIF
transcription factors are known to regulate the transcription of a number of miRNA genes
(Bommer et al., 2007; Giannakakis et al., 2008; He et al., 2007). Epigenetic changes, such as
DNA methylation and histone modifications, can also affect the transcription of miRNA
genes in cancer, e.g. hypermethylation of miR-337, miR-432, and miR-371 in ovarian cancer
(Zhang et al., 2008) and epigenetic silencing of miR-15a, miR-16 and miR-29b by histone
deacetylases in chronic lymphocytic leukemia (CLL) (Sampath et al., 2012).
Another main contributor of miRNA deregulation in cancer is the copy number
abnormalities of miRNA genes. One classical example is the deletion of miR-16 and miR15a at 13q14 in CLL patients, in which ~60 % of the patients had deletions of these miRNA
genes (Calin et al., 2002).
In addition, mutations present within the miRNA genes and RNA editing of the pri-or premiRNA transcripts can affect their processing (Calin et al., 2005; Yang et al., 2006).
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1.2.2 Functional roles of miRNAs in cancer
Cancer is a multistep complex disease, which is characterized by multiple hallmark traits, as
proposed by Hanahan and Weinberg (Hanahan and Weinberg, 2011). These traits include
sustaining proliferative signaling, evading growth suppressors, resisting cell death, enabling
replicative immortality, induction of angiogenesis, tissue invasion and metastasis,
deregulated cellular metabolism, tumor-promoting inflammation, genome instability and
avoid immune destructions. Crosstalk between cancer cells and tumor microenvironment is
necessary to orchestrate all these hallmarks. It is now clear that miRNAs are involved in all
hallmarks of the cancer phenotypes. miRNAs can function as oncogenic or tumor
suppressive miRNAs depending on cellular context.
1.2.2.1 Oncogenic miRNAs
The first identified oncogenic miRNAs belong to miR-17~92 cluster. As described in
previous section, amplified activity of c-MYC led to the increased expression of this cluster
(O'Donnell et al., 2005). Several studies have revealed the contribution of the deregulation
of miR-17~92 in cancer through multiple pathways, such as metastasis (Huang et al., 2012)
and senescence (Hong et al., 2010). Interestingly, inhibition of this cluster in cervical cancer
led to the elevated oncogenic activity of E2F1, which implies its tumor suppressive activity
depending on cellular context (O'Donnell et al., 2005).
Another well-studied oncogenic miRNA is miR-21. This miRNA is highly expressed in
breast cancer (Iorio et al., 2005; Si et al., 2007) lung cancer (Seike et al., 2009),
glioblastoma (Chan et al., 2005), adrenocortical tumors and testicular germ cell tumors
(Papers I and III). Functionally, miR-21 is known to regulate multiple tumor suppressor
genes, such as PDCD4, PTEN and TPM1 (Yao et al., 2011; Zhang et al., 2010; Zhu et al.,
2007).
miR-155 is processed from the ncRNA BIC (B-cell Integration cluster), which is highly
expressed in activated B and T cells and in monocytes/macrophages. This miRNA plays an
important role in hematopoiesis and its increased expression is observed in hematological
malignancies (Eis et al., 2005). In addition, high levels of miR-155 is also found in solid
tumors, such as breast cancer, prostate cancer, gastric cancer, colon cancer, and lung cancer
(Iorio et al., 2005; Volinia et al., 2006; Xie et al., 2010). miR-155 regulates multiple targets
involved in different cancer phenotypes, such as TP53INP1 in apoptosis (Gironella et al.,
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2007; Ovcharenko et al., 2007), VHL in angiogenesis (Kong et al., 2014), ELK3 in hypoxia
(Robertson et al., 2014).
1.2.2.2 Tumor suppressor miRNAs
The first characterized tumor suppressor miRNAs were miR-16 and miR-15a in B-cell CLL.
These miRNAs were significantly down-regulated in ~60 % of CLL patients owing to the
deletion of 13q14 region where these miRNAs resides (Calin et al., 2002; Calin et al., 2004).
Deletion of this locus and decreased expression of these miRNAs have also been reported in
other cancer types, such as lung cancer (Bandi et al., 2009) and prostate cancer (Porkka et
al., 2011). miR-15a/16 inhibit cell proliferation and tumor growth through targeting CCND1
and CCNE1 (Bandi et al., 2009; Bonci et al., 2008), and promote apoptosis by targeting the
anti-apoptotic factor BCL2 (Cimmino et al., 2005).
Other examples include let-7 and miR-34. Loss of let-7 expression leads to increased
expression of RAS oncogene that promotes cell growth in lung cancer (Johnson et al., 2005).
miR-34 family is the target of tumor suppressive transcription factor p53. Down-regulation
of p53 can lead to the decreased expression of miR-34 family (Corney et al., 2010). miR34a/c has been shown to suppress cell migration through targeting Fos-related antigen 1
(Fra-1) oncogene (Yang et al., 2013), and increase apoptosis by targeting SIRT1 in colon
cancer (Yamakuchi et al., 2008).
1.2.2.3 Deregulation of miRNAs in adrenocortical tumors
Several differentially expressed miRNAs have been identified between malignant and
benign adrenocortical tumors. miR-483-3p and miR-483-5p are consistently overexpressed
in adrenocortical carcinoma (ACC) (Ozata et al., 2011; Patterson et al., 2011; Soon et al.,
2009). miR-483 resides within the intron of insulin-like growth factor 2 (IGF2), which is
overexpressed in ~80 % of ACC. miR-483-3p suppresses apoptosis through direct regulation
of the pro-apoptotic PUMA. Besides miR-483, miR-210 (a hypoxia-associated miRNA and
induced by HIF1a), miR-503 and miR-21 are commonly overexpressed in ACC (Ozata et al.,
2011; Tombol et al., 2009). It has been shown that under hypoxic condition, the expression
of miR-210 is induced by HIF1a, which in turn leads to the suppression of MNT that
antagonizes the oncogenic function of MYC (Zhang et al., 2009). Overexpression of miR503 is correlated with short overall survival. However, the molecular pathways, which are
affected by miR-503 and miR-21, have yet to be identified in the pathogenesis of ACC.
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On the other hand, decreased expressions of miR-195 and miR-497 have been consistently
reported in several studies (Chabre et al., 2013; Ozata et al., 2011; Soon et al., 2009). miR497 and miR-195 belong to the same miRNA cluster, which is located in the chromosomal
region 17p13.1 that is commonly deleted in ACC (Pinto et al., 2005). Overexpression of
miR-195 or miR-497 suppresses cell proliferation and induces cell death in ACC cells (Ozata
et al., 2011). Interestingly, miR-195 and miR-497 regulates TARBP2 and Dicer in ACC
(Caramuta et al., 2013).
1.2.2.4 Deregulation of miRNAs in testicular germ cell tumors
A growing number of differentially expressed miRNAs have been identified in testicular
germ cell tumors (TGCTs). One of the first characterized oncogenic miRNAs in TGCTs was
the miR-372~373 cluster. It has been revealed that miR-372 and miR-373 enhance
tumorigenic growth by direct repression of the tumor suppressor LATS2 mRNA (Voorhoeve
et al., 2006). miR-372 and miR-373 are also involved in inducing oncogenic stress, which
allows cells to become malignant (Gillis et al., 2007). Elevated expressions of miR-302,
miR-21 and miR-155 have also been reported in TGCTs (Gillis et al., 2007) Paper III).
However, the functional roles of these miRNAs have yet to be identified in the pathogenesis
of TGCT.
miR-199a expression is decreased in TGCT,

and its putative oncogenic target v-maf

musculoaponeurotic fibrosarcoma oncogene family protein B (MAFB) has been identified in
TGCTs (Gu et al., 2013). In addition, expression of miR-506~514 family is reduced in
TGCT, and decreased expression of miR-514a-3p, a member of this cluster, leads to
activation of NF-kappa B pathway and suppression of apoptosis through paternally
expressed gene 3 (PEG3) (Paper III).
1.3

BIOLOGICAL ROLES OF PIRNAS

1.3.1

Sex determination by piRNAs

In silkworm, male phenotype is determined by the presence of two Z chromosomes, whereas
female phenotype is established by having Z and W chromosomes. Sex determining region
of W chromosome expresses a piRNA precursor, which is processed into sex determining
piRNA, called fem piRNA. This piRNA specifically recognizes the masculinization (Masc)
mRNA and degrade the transcript, suggesting its role in sex determination (Kiuchi et al.,
2014).
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1.3.2

mRNA elimination in elongating spermatids

During late spermatogenesis, majority of the mRNAs are eliminated in the elongating
spermatids, so mature sperms retain only few mRNAs. It has been recently shown that the
elimination of these mRNAs in the elongating spermatids requires the activity of MIWIbound piRNAs, which recruits CAF1 deadenylase complex for their further turnover (Gou
et al., 2014).
1.3.3

Maternal mRNA decay during maternal-to-zygotic transition

During maternal-to-zygotic transition, majority of the maternal mRNAs are degraded and
replaced by zygotic mRNAs. It has been shown that, in Drosophila Melanogaster, piRNAs
mediate the elimination of maternal nanos mRNAs during this transition (Rouget et al.,
2010). The degradation of nanos mRNA by piRISC is mediated by a similar mechanism
described above.
1.3.4

piRNAs in cancer

The functions of piRNAs and PIWI proteins have started to emerge in human cancers.
Deregulated expression of PIWI proteins has been reported in several human tumors,
including human seminoma (Qiao et al., 2002), breast, liver, gastric and cervical cancers
(Suzuki et al., 2012). Increased expression of HIWI is correlated with invasion in cervical
cancer (Liu et al., 2010), and poor prognosis in glioma patients (Sun et al., 2011).
Additionally, overexpression of HILI in mouse fibroblast cell line leads to the activation of
STAT3 and suppression of apoptosis (Lee et al., 2006a).
Besides the expressions of PIWI proteins, deregulated expressions of piRNAs have been
reported in human cancers, such as breast cancer (Hashim et al., 2014), bladder cancer (Chu
et al., 2015), multiple myeloma (Yan et al., 2015), endometrial cancer (Ravo et al., 2015)
and gastric cancer (Cheng et al., 2012). The functional role of specific piRNAs in human
cancer is poorly understood. Until date, only piR-823 is known to regulate de novo DNA
methylation and angiogenesis in multiple myeloma (Yan et al., 2015).
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2 AIMS OF THE STUDY
The overall aim of this thesis work was to examine the role of small RNAs (miRNAs and
piRNAs) and their machinery in adrenocortical carcinoma (ACC) and testicular germ cell
tumors (TGCT). The specific aim of each study was as follows:

•

Identify differentially expressed miRNAs that distinguish ACC from benign and
normal adrenal cortex, and delineate the role of these deregulated miRNAs in the
pathogenesis of ACC (Paper I).

•

Evaluate the expressions of miRNA processing factors and their role in the
development of ACC (Paper II).

•

Characterize miRNA expression profile of TGCT using deep sequencing, and
determine the functional role of miR-514a-3p in the pathogenesis of TGCT (Paper
III).

•

Determine piRNA expressions in TGCT, and elucidate the mechanism behind global
piRNA deregulation in the testicular germ cell tumorigenesis (Paper IV).
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3 MATERIALS AND METHODS
3.1

PATIENT MATERIALS

In this thesis, two types of human cancers were included: adrenocortical carcinoma and
testicular germ cell tumors. All the tumor materials and their normal counterparts had been
verified by histopathological examination.
3.1.1

Adrenocortical carcinoma (Papers I and II)

Adrenocortical tumors emerge from the cortex of adrenal gland. The benign counterparts
represent incidentally detected (commonly known as incidentaloma) or hormonally overproducing, i.e. aldosterone-producing (aldosteronoma) and cortisol-producing (Cushing),
adrenocortical adenoma (ACA). While ACA represents the majority of this tumor type, the
malignant counterpart, adrenocortical carcinoma (ACC), occurs rarely with an annual
incidence of 2 cases/million and is mainly represented in 40-50 years old adults (Fassnacht
et al., 2011). The prognosis of ACC is poor, and the distinction between ACC and ACA is
challenging and mainly relied on histopathological evaluations and Weiss score
classification (Weiss et al., 1989). Furthermore, biomarkers for early detection of ACC have
yet to be identified.
In total, 73 frozen primary sporadic adrenocortical tumors from 72 patients and 10
histopathologically verified normal adrenal cortical samples were included in our studies.
The normal adrenal cortices were obtained from 10 patients undergoing nephrectomy for
other reasons at the Karolinska University Hospital.
3.1.2

Testicular germ cell tumors (Papers III and IV)

Testicular germ cell tumors (TGCTs) are the neoplastic counterparts of male germ cells,
mainly occurring in 20 to 34 years of age. The incidence of TGCTs has been increased over
the last decade with yearly rate of 5.5 cases/100000 (Mannuel et al., 2012). Based on
chromosomal constitutions [i.e. the number of copies of i(12p) (van Echten et al., 1995)],
epidemiology [i.e. the age at the diagnosis and the risk of cryptorchidism (Ogunbiyi et al.,
1996)], and genomic imprinting [i.e. signatures of promoter hypermethylation (Koul et al.,
2002)], TGCTs are classified into two major subgroups: seminomas and non-seminomas
(Oosterhuis and Looijenga, 2005). TGCTs are originated from intratubular germ cell
neoplasia unclassified (IGCNU) as a result of series tumorigenic events (Mostofi et al.,
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1987). IGCNU is derived from gonocytes, which lose the ability to differentiate into
spermatogonia and subsequently acquires the invasive potential to transform into seminoma
and nonseminoma at the time of hormonal changes during puberty (Rajpert-De Meyts,
2006).
A total of 15 frozen tumors from 14 patients and 5 histopathologically verified normal testes
(NT) were obtained from the Cooperative Human Tissue Network (NIH-funded biobank). In
addition to frozen samples, tissue microarray (TMA) slides comprising of 114 TGCTs, 8
non-TGC tumors, and 28 non-tumor testicular tissues were kindly provided by Dr. John P.
Higgins at the Department of Pathology, Stanford University School of Medicine.
3.2

ESTABLISHED CANCER CELL LINES

The NCI-H295R adrenocortical carcinoma cell line (Papers I and II) was purchased from
the American Type Culture Collection (ATCC; LGC Standards, Middlesex, UK). Two
human TGCT cell lines were used in Papers III and IV. The 2102Ep nonseminoma cell line
was provided by Dr. Peter Andrews (Department of Biomedical Science, The University of
Sheffield, United Kingdom) and the TCam-2 seminoma cell line was given by Dr. Leendert
H.J. Looijenga (Department of Pathology, Erasmus MC-University Medical Center
Rotterdam, Netherlands).
3.3

SMALL RNA EXPRESSION AND DETECTION (PAPERS I, III AND IV)

Two different high-throughput techniques were used to characterize global miRNA and
piRNA expression profiles in this thesis. Microarray was used for the evaluation of global
miRNA expression in ACC samples (Paper I). sRNA sequencing approach was used to
characterize global miRNA and piRNA expression profiles of TGCT samples (Papers III
and IV).
3.3.1 Microarray (Paper I)
Agilent’s human miRNA microarray (miRBase release 14; Agilent, Santa Clara, CA, USA)
was used to evaluate the expression profile of 903 human miRNA sequences of 22 ACC, 26
ACA and 4 normal adrenal cortices. The main advantage of this microarray platform is to
enable the detection of mature miRNA sequences with a very low amount of RNA without
amplification. However, this method is restricted by the detection of annotated miRNAs on
the chip. In this technique, RNA is labeled at their 3’ termini with fluorophore-labelled
cytosine (pCp-Cy3) by using T4 RNA ligase. The attached cytosine (C) nucleotide at the 3’
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termini of miRNAs complements with the additional guanosine (G) at the 5’-end of the
hybridization sequence in the probe. The G-C interaction, the length and the hairpin
structure of the 5’ termini of the probe provide similar melting temperature for almost all
mature miRNA sequences. The probe design is depicted in Figure 5.

Figure 5. An illustration of the Agilent’s miRNA microarray probe design [modified
from (Wang et al., 2007)].

3.3.2

sRNA sequencing (Papers III and IV)

sRNA sequencing enables to characterize expression of all small RNAs. It has several
advantages over other high-throughput techniques, such as miRNA microarray. First of all,
it allows discovering of novel small RNAs and sequence variations, such as isomiRs.
Another main advantage is to analyze any small RNAs without prior information of
secondary structure. Moreover, sRNA-seq enables to detect very low abundant sRNA
species in the sample cohort.
In Paper III, we characterized global miRNA expression profiles of 9 TGCTs and 2 NT
samples using Solexa high-throughput sequencing platform. The detailed method is
provided in Paper III. In brief, 1-1.5 ug of total RNA was run on 12 % polyacrylamide gel
electrophoresis (PAGE) to perform size selection (18-35 nt). Purified sRNAs were ligated to
the adenylated 3’-adapter followed by second round of PAGE. Afterwards, 5’-adaptor was
ligated to sRNAs followed by gel purification. Complementary DNA synthesis, followed by
~15 cycles of PCR amplification was performed.
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In Paper IV, we applied Illumina TrueSeq small RNA cloning protocol to characterize
global piRNA expression in 8 TGCTs, 2 TGCT cell lines and 5 NT samples. The
experimental procedure is described in Paper IV, and illustrated in Figure 6. Briefly, 1-2 ug
total RNA was run on 15 % PAGE and 18-32 nt sRNA were purified. Before proceeding
with 3’-adapter ligation, half of the sRNAs were enriched with piRNAs over other species
using 200 mM sodium periodate due to their 2´-O-methylated 3’ termini. After oxidation
step, sRNAs were ligated to 3’-adaptor using truncated T4 RNA ligase (cat # K227Q; NEB)
and purified by 15 % PAGE. Purified sRNAs were ligated to 5’-adaptor, followed by cDNA
synthesis. As a final step cDNA was PCR amplified with 15 cycles. Prepared small RNA
libraries were sequenced on HiSeq 2000.
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3.3.3

TaqMan miRNA assay (Papers I and III)

TaqMan miRNA assay is based on a target-specific stem-loop reverse transcription primer
to quantify the mature miRNA sequence of interest in the sample cohort. This primer
recognizes the mature miRNA of interest, and extends its 3’-end to generate a cDNA
template for further usage in standard TaqMan-based qRT-PCR. The unique characteristic
of this primer is to enable the only recognition of the mature miRNA sequence, rather than
the primary and precursor miRNAs. In Paper I, TaqMan miRNA assays were used to detect
the expressions of miR-483-3p/5p, miR-195, miR-497, miR-503, miR-1202, miR-1275, miR572, miR-1915, and miR-638 in ACC samples. In Paper III, the expressions of miR-506,
miR-510, miR-514a-3p, miR-513C, miR-513B, miR-513a-5p, miR-507, miR-508-5p, miR-21,
and miR-223 were quantified by qRT-PCR in TGCT samples.
3.3.4

Radioactive labeling of 5’ termini of sRNAs (Paper IV)

One way to determine the size of small RNAs is by radioactive labeling small RNAs,
followed by gel separation. In Paper IV, we compared small RNAs corresponding to the
size of piRNAs (~30 nt) in TGCT cell lines and adult testes from human and mouse. In
brief, size selection (18-32 nt) from total RNA was performed by 15% PAGE. 5’-end
phosphates of isolated sRNAs were removed by the activity of Antarctic phosphates. After
removal of phosphates, 5’-end of sRNAs were labeled with radioactive ATP ([γ-32P]ATP)
using T4 polynucleotide kinase (NEB), followed by gel separation on 15 % PAGE and
detection by phosphor-imager.
3.4

IN VITRO TRANSFECTION

Transfection is a method by which nucleic acids are transferred into cells. During
transfection, the uptake of nucleic acid materials are delivered into the cells through opening
transient pores on the surface of the cell membrane. There are two main transfection
methods widely used in molecular biology: chemical-based transfection and non-chemical
transfection.
Chemical-based methods mainly utilize the liposomal particles for the inclusion of nucleic
acids into the cells. These liposomes typically pack nucleic acids and fuses with the cellular
membrane. Another particle used in chemical-based transfection is polymers. Cationic
polymers can bind to nucleic acids through their negative charges and cells take up these
complexes via endocytosis.
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The most popular technique of non-chemical methods is the electroporation. In this
technique, cells are exposed to short pulses of intense electrical power, which in turn leads to
generation of holes on the surface of cellular membrane and nucleic acids are then
transferred into the cells. The main advantage of the electroporation is making cells, which
are difficult to transfect, suitable for transfection. In this thesis work, both chemical-based
transfection and non-chemical transfection methods were used to deliver nucleic acids into
the cells (Papers I-III).
3.4.1 Transfection of miRNA mimics and inhibitors
miRNA mimics are double-stranded, chemically modified RNA molecules that imitate the
desired sequence of miRNA of interest. Upon transfection, like endogenous miRNAs, one of
the strands (representing the mature miRNA of interest) is loaded into RISC and exerts its
miRNA activity. On the other hand, miRNA inhibitors are chemically modified (2’-Omethoxy or 2’-O-methoxy-ethyl group), single-stranded RNA molecules that typically bind
to and inhibit the function of endogenous miRNA of interest. Negative control sequences are
used for the transfection experiments. These sequences are non-targeting random sequences
that have no target in the cells.
In Paper I, the NCI-H295R ACC cell line was transfected with pre-miRs (miR-195 or miR497), anti-miRs (miR-483-3p or miR-483-5p) and their respective negative controls for the
functional studies using Nucleofector Technology (Amaxa Biosystems, Gaithersburg, MD).
In Paper II, the NCI-H295R ACC cell line was transfected with pre-miRs (miR-195 or miR497) and their respective negative controls for the target validation study using Nucleofector
Technology.
In Paper III, TCam-2 and 2102Ep TGCT cell lines were transfected with mirVana miRNA
mimics (miR-514a-3p or miR-510) and their respective negative controls for the functional
studies as well as target validation studies using siPORT NeoFX transfection reagent (Life
Technologies).
3.4.2 Transfection of plasmid DNA
Plasmids are small, circular DNA molecules, which have the capability to replicate
themselves independently. In molecular biology, plasmids are used as expression vectors for
the manipulation of DNA sequence of interest and enable to multiply and express them in
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the targeted cells. In Paper III, different types of expression vectors were used: (i) pCMV6PEG3 was used to express PEG3 protein for rescue experiment, (ii) short-hairpin RNA
(shRNA) vectors were used to silence PEG3 in TGCT cell lines, (iii) Luciferase reporter
containing the NFkB binding site upstream of the luciferase gene was used to measure the
NFkB activity, and (iv) pmirGLO luciferase reporter, which has multiple miR-514a-3p
target sites at the 3’-end of the firefly luciferase genes, was used to validate the direct
interaction between the miRNA and its target. The luciferase vector also expressed Renilla
luciferase that was used for the normalization purpose. The transfections mentioned above
were performed using Lipofectamine 2000 (Life Technologies).
3.5

MEASUREMENT OF CELL VIABILITY AND APOPTOSIS (PAPERS I-III)

Two main hallmarks of cancer are the elevated cell proliferation rate and resistant to cell
death. In Paper I, we investigated the contribution of increased expressions of miR-4833p/5p and decreased expressions of miR-195 and miR-497 on cell proliferation and apoptosis
using the NCI-H295R cells. In Paper II, we evaluated the effect of TARBP2 inhibition on
cell proliferation and apoptosis in the NCI-H295R cells. In Paper III, the effect of the loss
of miR-514a-3p on cell growth and apoptosis in TGCT cell lines was investigated. In
addition, we examined the anti-apoptotic role of PEG3 in the pathogenesis of TGCTs.
3.5.1

WST-1 cell proliferation assay

This assay is a non-radioactive method for the detection of metabolic activity of viable cells.
WST-1 is a tetrazolium salt (4-[3-(4-iodophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio]-1,3benzenedisulfonate), which is cleaved to formazan by the activity of mitochondrial
dehyrogenases in metabolically active cells. Therefore, the amount of formazan dye formed
directly correlates with the number of metabolically active cells. There are other tetrazolium
salt-based assays, such as MTT. The cleavage product of MTT is not soluble in the culture
medium, solvent, such as isopropanol or dimethyl sulfoxide (DMSO), is needed to dissolve
the formazan; however the solvents can be toxic to the cells. Therefore, no additional
solubilization step in the WST-1 assay makes it advantageous over other methods.
3.5.2

Apoptosis assays

For the quantification of apoptosis, we applied two different approaches: caspase-3
calorimetric assay (Papers I-III) and detection of the poly (ADP-ribose) polymerase
(PARP) cleavage product (Paper III). The main executioner of the cell death is the
caspase family of proteases. Caspase-3 is an important effector of apoptosis, which cleaves
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PARP from the amino acid sequence DEVD (Asp-Glu-Val-Asp). The caspase-3
calorimetric assay is based on the spectrometric detection of the amount of chromophore
p-nitroaniline (pNA) cleaved from DEVD-pNA by the activity of caspase-3. As
aforementioned, active caspase-3 cleaves the full length of PARP (116 kDa) to 89 kDa
during apoptosis. The cleaved PARP products can be identified by western blotting using a
specific antibody. In Paper III, the apoptotic effect of miR-514a-3p and PEG3 regulation
was evaluated in TGCT cell lines by immunoblotting of cleaved PARP.
3.6

MIRNA TARGET VALIDATION

In this thesis, three different methods had been applied for miRNA target validations,
which are described below:
3.6.1 Western blot analysis
Western blot is a common molecular biology technique for detection and quantification of
specific protein expression. First of all, protein lysates are separated using gel
electrophoresis according to their molecular weight. The proteins are transferred to either
nitrocellulose or PVDF membrane and incubated with specific antibodies targeting protein
of interest. After intensive washing to remove the unbound antibodies, secondary antibody is
added and followed by the detection. In Paper II, the predicted targets of miR-195 and miR497 (TARBP2 and DICER) were validated by evaluating the protein expression levels of the
target genes upon over-expressing these miRNAs. In Paper III, PEG3 protein expression
level was measured upon over-expression of miR-514a-3p, as the target verification for miR514a-3p.
3.6.2 Ago2 co-IP and analysis of Ago2-associated mRNAs
This technique relies on the assumption of the physical interaction between the miRNAs
and their mRNA targets within the RNA induced silencing complex (RISC). mRNAs
bound to RISC was isolated by performing Ago2 co-immunoprecipitation (co-IP) and the
enrichment of the predicted targets was measured by RT-qPCR. In Paper II, Ago2 co-IP
was performed after overexpressing miR-195 and miR-497 in ACC cell line, followed by
RNA isolation and RT-qPCR for TARBP2 and DICER. In Paper III, the same approach
was used to validate the target of miR-514a-3p (PEG3) in TGCT cell lines.
3.6.3 Luciferase reporter assay
Luciferase reporter assay is widely used technique to validate mRNA targets of miRNAs.
The principle behind this method is based on inserting the miRNA binding sites into the 3’26

UTR of the luciferase gene. Generally, two constructs are prepared: first bears the putative
miRNA binding sites and the second one bears the mutated miRNA binding sites, which is
used to determine the specificity of the miRNA::mRNA interaction.
In Paper III, we utilized this technique to verify the mRNA target (PEG3) of miR-514a-3p
in TGCT cell line. The wild-type and mutated miR-514a-3p binding sites were inserted into
the pmirGLO Dual-Luciferase miRNA Target Expression Vector (Promega Corporation,
Madison, WI). This Dual vector contains both the firefly luciferase gene that is used
primarily for the detection of miRNA regulation, and renilla luciferase gene that is used as a
control for normalization purpose. Signals from the activities of firefly and renilla
luciferases were detected 24 hours after co-transfection of reporter construct and miR-514a3p mimic/miR-NC in TGCT cell line.
3.7
3.7.1

OTHER HIGH-THROUGHPUT SEQUENCING TECHNIQUES (PAPER IV)
Strand-specific RNA sequencing

RNA sequencing is a powerful technique to measure the transcriptome of a given sample.
The most widely used RNA-seq techniques mainly rely on the enrichment of poly(A) tails.
However, this approach excludes the RNAs without poly(A) tails, such as Argonaute
cleavage products, intermediate precursor piRNA transcripts, and some long non-coding
RNAs; therefore it does not provide complete view of transcriptome. Another biggest
obstacle for RNA sequencing is the overwhelming fraction of ribosomal RNAs (rRNAs). In
human transcriptome, ~70 % of the RNAs are composed of rRNAs, which hampers the
complete sequencing of other transcripts (Armour et al., 2009). In addition, several genes
share the same loci with strand specificity, thus gathering strand information is very crucial
for the correct measurement of the transcriptome.
In Paper IV, we applied strand-specific RNA sequencing approach (Zhang et al., 2012), to
measure the transcriptome of 8 TGCTs, 2 TGCT cell lines and 6 NT samples. The method is
illustrated in Figure 7. In brief, rRNAs were depleted from the total RNA using The RiboZero Gold rRNA Removal Kit (Epicentre, Biotechnologies, Madison, WI, USA). After
removing the rRNAs, RNAs were fractionated and first strand of cDNA synthesis was
performed using random hexamers. Then, dUTP was incorporated to the cDNA during the
second strand synthesis. End-repair of newly synthesized cDNA was performed, followed
by A-tailing. After addition of A to the 3’-end, Illumina’s Y-shaped adapters were ligated.
Subsequently, dUTP incorporated into the second strand of cDNA was degraded using the
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uracil-DNA glycosylase (UDG) to preserve strand information, which is followed by ~10
cycles of PCR amplification.
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Figure 7. Schematic illustration of strand-specific RNA sequencing method.
Modified from (Zhang et al., 2012).
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3.7.2

Global run-on sequencing (GRO-seq)

GRO-seq technique enables to quantify the abundance of nascent transcripts, which are
transcriptionally engaged to RNA polymerases. The main advantage of this technique is to
sequence all the nascent transcripts regardless of their further turnover.
In Paper IV, we quantified the transcriptionally engaged RNA polymerase densities in two
TGCT cell lines using GRO-seq, as previously described (Core et al., 2008) with some
modifications. In brief, crude nuclear lysate was prepared. To isolate nascent transcripts,
biotin-labelled nucleosides were added to the nuclear run-on reaction, which enabled to label
the nascent transcripts over other species for further enrichment with streptavidin beads.
After extracting nascent RNAs, these transcripts were fragmented and enriched with
streptavidin-coated magnetic beads (Dynabeads® MyOne™ Streptavidin T1; Life
Technologies). After enrichment of the biotin-labelled RNAs, end repair was performed by
incubating the RNA with Tobacco acid pyrophosphatase (TAP) (Epicentre), followed by T4
polynucleotide kinase (T4 PNK) (NEB) and T4 PNK in the presence of 100 mM ATP
sequentially. End-repaired RNA was first ligated to TruSeq small-RNA 3’ adaptor and
another round of streptavidin bead purification was performed. Then, TruSeq small-RNA 5’
adaptor ligation was performed followed by third round of streptavidin bead purification.
The workflow of GRO-seq is illustrated in Figure 8.
3.7.3

Chromatin immunoprecipitation sequencing (ChIP-seq)

Chromatin immunoprecipitation is a widely used technique to study DNA-protein
interactions. In this technique, DNA is crosslinked to proteins by exposing living cells to
formaldehyde. After lysing the cells, DNA is fragmented to smaller pieces (~200 nt) and the
protein of interest is pulled down with specific antibody. The protein-bound DNA molecules
can be analyzed by microarray platform or high-throughput sequencing.
In Paper IV, we performed ChIP-seq for the analysis of RNAPII and H3K4me3 occupancy
in two TGCT cell lines.
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3.8

BIOINFORMATIC ANALYSIS

For the analysis of microarray (Paper I), the scanned images were processed using Feature
Extract Software 10.7.3.2.1 (Agilent). Values of intensities were median centered using
Cluster 3.0 (de Hoon et al., 2004). Hierarchical clustering was generated and visualized with
Treeview v1.60.
For the analysis sRNA-seq in Paper III, reads mapping to the annotated RNAs besides
miRNAs (e.g. rRNAs, tRNAs, sn/snoRNAs, repeat sequences) were removed. The
remaining reads were then aligned to mature miRNA sequences using CLC Genomic
Workbench (www.clcbio.com) up to two mismatches for the quantification of reads
aligning to each miRNA sequences. For the identification of novel miRNA sequences, the
remaining sequences that did not align to miRNAs were mapped to human genome (hg19)
using Bowtie 1.0.0. The aligned reads with less than five genomic locations (to avoid
potential repeat sequences) were extended to 100 bases for predicting the secondary
structures using RNAfold (Vienna RNA Package version 1.8.5; http://rna.tbi.univie.ac.at/).
For the sRNA-seq analysis in Paper IV, a sRNA-seq pipeline (piPipes) was used, as
described previously (Han et al., 2015). In brief, barcode separation with no-mismatches
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and adaptor trimming was performed. Then all the reads were excluded from rRNA
sequences and the remaining sequences were mapped to miRNA hairpin sequences to
measure the abundance of 3’- and 5’- end species of mature miRNAs. Further, reads,
which did not align to rRNAs and miRNAs, were mapped to human genome (hg19) and
different genomic features were assigned (genes, mobile elements, piRNA clusters).
For the RNA-seq analysis (Paper IV), the RSEM v1.2.7 pipeline was used to detect the
abundance of transcripts and normalized reads were reported in transcript per million
(tpm). For differential expression analysis of transcripts, DESeq pipeline was used.
The piPipes pipeline was also used for GRO-seq analysis (Paper IV). For the ChIP-seq
analysis (Paper IV), the obtained sequencing reads were mapped to human genome
(hg19) and all reads were normalized to the total genome mapping reads. To eliminate
background signals, reads from input was subtracted from the ChIP-seq read and
significant peaks were determined using macs 1.4 peak calling algorithm.
3.9

STATISTICAL ANALYSIS

All statistical analyses were performed using Microsoft Office Excel, Statistica 8.0 (StatSoft
Inc., Tulsa, OK, USA) or Prism 6 (GraphPad, software), unless otherwise stated. In Paper I,
we

applied

Significance

Analysis

of

Microarrays

(SAM)

(http://statweb.stanford.edu/~tibs/SAM/) and Prediction Analysis of Microarrays (PAM)
(http://statweb.stanford.edu/~tibs/PAM/) to determine the significantly differential expressed
miRNAs between sample cohorts. In Papers I and II, the association between mRNA or
miRNA expression and clinical outcome was determined using Kaplan-Meier plots. In
Papers I-III, Student’s paired t-test was used to analyze the differences between two
transfection conditions. In Paper III, significantly differential expressed miRNAs were
obtained by using X2 test and further analyzed by SAM. In Paper IV, piRNA abundance
was calculated by normalizing to miRNA hairpin reads and further reported as in ppm
(parts per million uniquely mapped reads).
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4 RESULTS AND DISCUSSION
4.1

The role of microRNA deregulation in the pathogenesis of adrenocortical
carcinoma (Paper I)

In this study, we performed miRNA microarray on 22 adrenocortical carcinoma (ACC), 16
adrenocortical adenoma (ACA) and 4 normal adrenal cortices. The results revealed distinct
miRNA expression signatures between ACC and ACA or normal adrenal cortices. Using
SAM, we identified that miR-483-3p, miR-483-5p, miR-195 and miR-497 were significantly
deregulated in ACC as compared to non-carcinoma samples, which were further confirmed
in an extended cohort of samples using RT-qPCR. Decreased expression of miR-195/497
has been reported in peritoneal carcinoma (Flavin et al., 2009), male breast cancer (Lehmann
et al., 2010), and ACC (Soon et al., 2009). Their close genomic locations (17p13) and highly
correlated expressions strongly suggests that these two miRNAs could be in the same cluster
and regulated by common transcription factor(s), and they may have a similar function in the
development of ACC. The genomic locus where miR-195/497 resides is commonly deleted
in ACC cases (Kjellman et al., 1996), which may explain the reason behind the loss of these
two miRNAs in ACC.
We also demonstrated the increased expressions of miR-483-3p/5p in adult ACC samples as
compared to non-carcinoma cases. Increased expression of miR-483-3p was observed in
childhood adrenocortical tumors (Doghman et al., 2010) and reported as a malignancy
marker for adult adrenocortical tumors (Patterson et al., 2011; Soon et al., 2009). Although
deregulated expressions of these miRNAs have been reported in ACC and other cancer
types, the functional roles of these miRNAs in ACC has not been investigated. Here, we
showed that inhibition of the expressions of miR-483-3p/5p and over-expressions of miR195/497 significantly reduced cell proliferation in the NCI-H295R ACC cell line. In
addition, we also observed that overexpression of miR-195/497 and inhibition of miR-4833p, but not miR-483-5p, led to a significant increase in apoptosis. During our study,
BBC3/PUMA was found to be the target of miR-483-3p in hepatocellular carcinoma
(Veronese et al., 2010). We therefore measured the protein expression of PUMA in our
sample cohort. The expression of miR-483-3p was significantly inversely correlated with the
protein expression of PUMA in majority of the ACC cases, which suggests that miR-483-3p
could regulate PUMA mRNA in ACC.
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We also identified a miRNA signature associated with survival of ACC patients. Among
others, high expressions of miR-503, miR-1202, and miR-1275 are significantly associated
with short survival.
The main findings of this paper are summarized as follows:
•

The expressions of miR-483-3p/5p are increased, whereas the expressions of miR195/497 are decreased in ACC cases as compared to non-carcinoma cases.

•

Increased expressions of miR-483-3p/5p and decreased expressions of miR-195/497
promote cell proliferation in ACC cell line.

•

miR-483-3p, but not miR-483-5p, suppresses apoptosis in ACC cell line

•

A significant inverse correlation between the expression of miR-483-3p and PUMA
in the clinical samples reveals that PUMA might be the direct target of miR-483-3p
in the pathogenesis of ACC.

•

High expressions of miR-503, miR-1202, and miR-1275 are significantly correlated
with short survival of ACC patients.

4.2

Clinical and functional impact of TARBP2 over-expression in adrenocortical
carcinoma (Paper II)

One of the mechanisms of miRNA deregulation is the dysfunctional miRNA biogenesis
factors. Alterations of miRNA machinery and their roles in cancer development have been
observed in several cancer types (Merritt et al., 2008; Yan et al., 2012). However, the
expression profile of miRNA machinery proteins has not been investigated in the
pathogenesis of adrenocortical tumors.
In this study, we characterized the expressions of the core components of the miRNA
biogenesis in 30 ACC, 43 ACA and 9 normal adrenal cortices, using RT-qPCR and western
blotting approaches. Our findings demonstrated significant over-expressions of TARBP2,
DICER and DROSHA at both RNA and protein levels. Concordant with our findings,
increased expression of these machinery proteins have been reported in other cancer types,
such as prostate cancer (Chiosea et al., 2006). On the contrary, decreased expressions of
these components have also been observed in lung cancer (Karube et al., 2005) and ovarian
cancer (Merritt et al., 2008). Together, these findings suggest the possible dual role of the
miRNA machinery proteins in cancer development depending on the cellular context. Since
TARBP2 showed the strongest over-expression in ACC using RT-qPCR and western
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blotting, we further evaluated the protein expression of TARBP2 in 17 ACC and 17 ACA
cases by immunohistochemistry. Concordant with the results obtained by RT-qPCR and
western blotting, majority of the ACC cases showed strong TARBP2 cytoplasmic staining.
It is noteworthy that we observed nuclear staining of TARPB2 in the majority of ACC and
ACA cases. The finding is in parallel with the findings showing nuclear localization of
RNAi components (DICER, TARBP2, AGO1 and AGO2) in human cells (Ahlenstiel et al.,
2012; Kim et al., 2006), suggesting the nuclear function of TARBP2.
It has been an obstacle for the discrimination of ACC from ACA. Although mRNA profiling
studies have revealed that ~80 % of the ACC cases show over-expression of IGF2 or
decreased expression of H19 (Gao et al., 2002; Giordano et al., 2003; Laurell et al., 2009),
the diagnosis of ACC remains yet challenging. Therefore, we evaluated the predictive values
of IGF2, H19, TARPB2, DICER, and DROSHA for ACC. Kaplan-Meier analysis revealed
that TARBP2 was highly predictive for those patients without metastases at the time of
diagnosis. The predictive value of TARBP2 was as strong and accurate as the predictive
values of IGF2 and H19.
We further investigated the functional role of the increased expression of TARBP2 in NCIH295R ACC cell line. Inhibition of TARBP2 resulted in significant decrease in cell
proliferation and increase in apoptosis. Parallel with the finding showing the tumorigenic
capacity of TARBP2 in mouse xenograft (Lee et al., 2004a), increased expression and the
possible oncogenic function of TARBP2 in ACC cells suggests that TARBP2 might be used
as a novel therapeutic target in ACC.
We previously showed loss of miR-195 and miR-497 in ACC samples as compared to noncarcinoma samples (Paper I). Here, we further showed that miR-195/497 directly regulates
TARBP2 expression in ACC cells. This finding suggests the loss of these miRNAs may be,
at least partially, responsible for the overexpression of TARBP2 in ACC.
In summary, the main findings of this paper are:
•

TARBP2 is frequently over-expressed in ACC cases as compared to non-carcinoma
cases.

•

mRNA level of TARBP2 is an accurate predictor for the discrimination ACC cases
from non-carcinoma cases.
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•

Inhibition of TARBP2 reveals its oncogenic function through suppression of cell
viability and induction of apoptosis.

•

The mechanism behind the over-expression of TARBP2 is most likely due to the
loss of miR-195/497, which directly regulates TARBP2 in ACC cells.

4.3

Loss of miR-514a-3p regulation of PEG3 activates NF-kappa B pathway in
human testicular germ cell tumors (Paper III)

Although deregulated miRNAs have been observed in testicular germ cell tumors (TGCT),
the role of miRNAs in this tumor type is not fully understood. In this study, we performed
high-throughput sRNA sequencing of 9 TGCTs and 2 NT samples to comprehensively
characterize miRNA expression profiling for better understanding of miRNA deregulation
and its impact on the development of TGCT.
To identify deregulated miRNAs in TGCT samples, we compared the relative incidence
frequencies of each miRNAs between TGCT and NT samples using X2 test. Further we
applied SAM (Significance Analysis of Microarray) for the identification of the most
significantly over-expressed and under-expressed miRNAs in TGCT. The obtained 128
differentially expressed miRNAs were then subject to clustering analysis, which grouped
NT samples separately from the TGCT samples.
Our miRNA profiling data revealed that miR-506~514 cluster was significantly downregulated, whereas miR-21 and miR-223 were significantly up-regulated in TGCTs as
compared to NT samples. We further validated the findings in a larger sample cohort using
RT-qPCR approach. We and others have revealed overexpression of miR-21 in several other
tumor types, including ACC (Paper I), breast cancer (Iorio et al., 2005), glioblastoma (Chan
et al., 2005), and lung cancer (Volinia et al., 2006). Its oncogenic activity has also been
clearly shown through the regulation of several tumor suppressive genes, such as TPM1
(Zhu et al., 2007) and PTEN (Qi et al., 2009). Taken together, these findings suggest that
miR-21 is one of the common oncogenes in human cancers. miR-223 is overexpressed in
several other cancer types and targets the tumor suppressor gene FBXW7 (Kumar et al.,
2014). The oncogenic function of miR-223 through the regulation of FBXW7 has yet to be
investigated in the tumorigenesis of testicular germ cells. Besides these two miRNAs, the
major finding of this study was the loss of miR-506~514 cluster in TGCTs. Deregulation of
this cluster has also been reported in other cancer types. Its down-regulation has been shown
in ovarian carcinoma. On the other hand, in melanoma, it promotes melanoma development
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and progression (Streicher et al., 2012). These findings clearly reveal its dual function
depending on the cellular context. Decreased expression of this cluster has been previously
reported in TGCT samples (Novotny et al., 2012), however the sample size was very
limited, and the functional role of this cluster behind testicular germ cell tumorigenesis has
not been investigated. Hence we conducted functional studies to characterize its function
and target in the pathogenesis of TGCT.
We showed that ectopic expression of miR-514a-3p and miR-510 led to significant decrease
in cell proliferation and significant increase in apoptosis in TGCT cell lines. Due to more
obvious functional effect by miR-514a-3p, we further characterized its target. First we
applied bioinformatics tools to predict its target. Among others, PEG3 was predicted as one
of the top candidate proposed by several miRNA target prediction tools. We showed that
PEG3 was significantly over-expressed at the protein level in our sample cohort. We further
validated that PEG3 is a direct bona fide target of miR-514a-3p, using western blot analysis,
quantification analysis of Ago2 Co-IP RNA and luciferase reporter assay.
Since PEG3 was overexpressed in TGCT samples and shown to play either pro-apoptotic
(Jiang et al., 2010) or anti-apoptotic (Relaix et al., 1998) function depending on cellular
context, we investigated its possible anti-apoptotic function in the pathogenesis of TGCT.
Silencing of PEG3 using shRNAs led to a significant increase in caspase-3 activity and
cleaved PARP. It has been shown that PEG3 protects cells from apoptosis by activating the
NF-κB pathway (Relaix et al., 1998), we therefore evaluated the effect of PEG3 and miR-

514a-3p on NF-κB activation. Silencing of PEG3 and overexpression of miR-514a-3p led to
the reduction of proteolysis of p105 to p50. So far, only a single study has reported the
involvement of PEG3 in NF-κB pathway (Relaix et al., 1998), hence our findings provide
additional support for the involvement of PEG3 in NF-κB pathway. In addition, activation of
NF-κB pathway has been shown in several other cancer types, but not in TGCT. These

findings reveal the first evidence of the involvement of NF-κB in the pathogenesis of
TGCTs.
For the clinical significance of our finding, we evaluated both PEG3 and p50 expressions in
a larger sample cohort using tissue microarray slides, which comprised of 114 TGCTs, 8
non-TGCTs and 28 non-tumor testicular tissues. We found that majority of the TGCT cases
strongly stained with PEG3 and p50 as compared to non-TGCTs and non-tumor testicular
tissues.
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In summary, the main findings of this paper are:
•

miR-506~514 cluster is lost in TGCT samples as compared to NT.

•

miR-514a-3p induces apoptosis through the direct regulation of PEG3.

•

miR-514a-3p and PEG3 play a role in NF-κB pathway in TGCT.

•

Higher expression of PEG3 and nuclear p50 are found in the majority of TGCT
samples.

4.4

Loss of piRNAs and piRNA biogenesis factors in human testicular germ cell
tumors (Paper IV)

Although several miRNA profiling and functional studies have contributed to our
understanding of the etiology of the human testicular germ cell tumors, the expression
profile of another class of small RNAs, piwi-interacting RNAs (piRNAs), has not been
investigated in TGCT. Here we characterized piRNA expression profiles of 8 human
TGCTs, 2 human TGCT cell lines, 5 human normal testes, 3 mouse TGCTs and 1 mouse
testis using small RNA sequencing approach.
Owing to their distinct biogenesis, mature piRNA sequences have 2´-O-methyl modified 3’
termini (Cenik and Zamore, 2011), uridine enrichment at their 1st nucleotide position (Lau et
al., 2006), and overlapping 10th nucleotide position with each other (Aravin et al., 2007).
Therefore, we performed oxidation before the library preparation for the enrichment of
piRNAs over other RNA species.
Our sRNA data showed that global piRNA expression was down-regulated in both human
and mouse TGCT samples as compared to normal testes. We also analyzed the two
hallmarks of mature piRNA sequences (i.e. uridine preference at the 1st nucleotide position
and 5’ to 5’ overlap at 10th nucleotide position). We showed that ~60 % and ~90 % of the
piRNA reads from human and mouse normal testes, respectively, began with uridine at their
1st nucleotide position. The majority of the piRNA reads from human and mouse testes
revealed 5´ to 5´ overlap at the 10th nucleotide position. On the contrary these two typical
features of mature piRNA were almost completely abolished in both human and mouse
TGCT samples. These findings strongly suggest two important notions: First, enrichment of
these two mature piRNA hallmarks in normal testicular samples indicates that the reads
included into the analysis were bona fide piRNA sequences. Second, the abrogation of these
hallmarks in TGCT samples strongly suggested defective biogenesis of piRNAs in TGCT.
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To further examine the mechanism of piRNA loss in TGCT, we quantified the expressions
of precursor piRNA transcripts using global run-on sequencing (GRO-seq) and RNA
sequencing (RNA-seq) approaches. The nascent transcripts, which were obtained from
GRO-seq and map to piRNA clusters, were not depleted as compared to sRNA-seq data.
Concordantly, RNA-seq data showed unchanged steady-state levels of the abundance of
precursor piRNA transcripts between TGCT samples and NT samples.
Loss of mature piRNA sequences, but not the piRNA precursor transcripts, and the
abrogation of the typical hallmarks of mature piRNA sequences in TGCT samples prompted
us to investigate the expression of piRNA biogenesis factors. We quantified the abundance
of 15 factors (PIWIL1, PIWIL2, PIWIL3, PIWIL4, PLD6, DDX4, MOV10L1, MAEL,
HENMT1, TDRD1, TDRD12, TDRD5, TDRD6, TDRD3, TDRKH) enrolling in piRNA
maturation process based on the RNA sequencing data. The results revealed that MOV10L1
(padj < 0.001), DDX4 (padj = 0.002), PIWIL3 (padj = 0.036), MAEL (padj = 0.036), and
TDRD6 (padj = 0.007) were significantly down-regulated in TGCTs. Taken together, our
data strongly suggests the loss of piRNAs is due to impaired piRNA biogenesis in TGCT.
In summary, the main findings of this paper are:
•

Global piRNA expression is down-regulated in human and mouse TGCTs as
compared to normal testes.

•

Two hallmarks of mature piRNA sequence are abolished in TGCT samples.

•

The abundance of piRNA precursor transcripts is unchanged between TGCT and
NT.

•

Down-regulation of several piRNA biogenesis factors in TGCTs suggests that
impaired piRNA biogenesis is most likely the main cause of piRNA depletion in
TGCT.
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5 CONCLUDING REMARKS
Since the first discovery of small RNAs, accumulating evidence supports the role of these
tiny regulatory RNAs in tumor development and progression. Although numerous studies
demonstrate deregulation of miRNAs in many different cancer types, the functional roles of
miRNAs have yet to be continuously investigated in specific cellular context. Besides
miRNAs, piRNAs have not been investigated intensively in human cancer. Therefore, the
aims of this thesis work were to characterize the expression patterns and the functional roles
of miRNAs and piRNAs in human adrenocortical tumors and testicular germ cell tumors.
The general findings are summarized below:

•

Deregulation of specific miRNAs is important in different type of human cancers,
e.g. miR-483-3p/5p and miR195/497 in adrenocortical carcinoma, and miR-506~514
cluster in testicular germ cell tumors (Papers I and III).

•

Deregulated miRNAs can function as an oncogene (e.g. miR-483-3p/5p) or a tumor
suppressor (miR-195/-497 and miR-506~514 cluster) in cancer (Papers I and III).

•

miRNAs might have a prognostic value in human cancers, such as the expression
patterns of several miRNAs associated with poor prognosis in ACC patients (Paper
I)

•

Impaired miRNA/piRNA biogenesis are common in human cancers (Papers II and
IV)

•

TARBP2 plays an oncogenic function in ACC (Paper II).

•

TARBP2 is a strong predictor for discrimination of ACC cases from non-carcinoma
cases, suggesting its potential value in clinical diagnosis (Paper II).

•

piRNAs are down-regulated in both human and mouse TGCTs (Paper IV).
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