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Abstract

Abstract

MicroRNAs are small (20-23nt in length), non-coding and highly conserved molecules, which
are involved in several regulatory processes like cell growth, proliferation, differentiation,
immune response and apoptosis, and play important roles in several diseases, including
cancers like lymphoma. Germinal center (GC) derived B-cell lymphomas, including Burkitt
lymphoma (BL), diffuse large B-cell lymphoma (DLBCL) and follicular lymphoma (FL), are
the most frequent malignant lymphomas. Although clear distinctions on histologic and genetic
grounds exist, there are also a large number of cases with intermediate features, not
unequivocally attributable to one of these entities. The ICGC-MMML-Seq Consortium aims
at fully characterizing a total of 250 GC derived B-cell lymphomas. Here we generated
miRNA profiles from 56 patient samples including BL, DLBCL and FL using Illumina
technology. Over the past decade, many studies have attempted to distinguish lymphoma
subtypes using miRNAs profiling. However, available data is preliminary, as published
profiles are not derived from large sample collections and also originate mostly from PCR-
based approaches and microarrays. Yet, only sequencing-based approaches allow for an
unbiased analysis and the discovery of novel miRNAs and small RNA classes. Our initial
differential expression analyses comparing BL against non-BL showed eight miRNAs to be
differentially expressed. In addition, we analyzed miRNA deregulation between non-BL
subtypes including FL. and DLBCL and also compared each of them separately to BL. A
signature of 87, 98 and 108 miRNAs was obtained that differentiated FL from DLBCL, BL
from DLBCL and BL from FL, respectively. Mutational analysis identified 17 mutations in
12 patients corresponding to eight distinct miRNAs. Among eight mutated miRNAs, miR-142
with a total of seven different mutations in six patients was the most frequently mutated
miRNA. Among predicted novel miRNAs, we successfully validated four candidates by
Northern Blot experiments and we then tried to uncover their function in lymphomagenesis
by performing further functional studies.

In addition, our data gave insight into the role of IncRNAs in GCB-lymphomas. We found the
differential expression as well as differential methylation pattern of the IncRNA AP000251 in
GCB-lymphoma subtypes. To investigate which miRNA-target pairs are more likely to
display regulation in lymphoma, we performed AGO2-PAR-CLIP in four lymphoma (Raji,
NAMALWA, SU-DHL-4 and SU-DHL-6) cell lines. We identified putative miRNA-targets

\



Abstract

from each PAR-CLIP library which might represent a helpful tool to find potential therapeutic

targets and prognostic markers in lymphoma.

Zusammenfassung

MicroRNAs sind kurze (20-23 Nukleotide lange), nicht-kodierende und hoch konservierte
Molekiile, die an vielen regulatorischen Prozessen wie z.B. Zellwachstum, Proliferation,
Differenzierung, Immunantwort und Apoptose beteiligt sind. Dariiber hinaus spielen sie eine
wichtige Rolle in zahlreichen Krankheiten, u.a. in verschiedenen Krebsarten wie z.B.
Lymphomen.

Keimzentrums-B-Zell-Lymphome, zu denen Burkitt-Lymphome (BL), diffus grof3zellige B-
Zell-Lymphome (DLBCL) und follikuldre Lymphome (FL) zdhlen, stellen die haufigsten
aggressiven Lymphome dar. Und auch wenn prinzipiell eindeutige histologische und
genetische Unterscheidungskriterien beschrieben wurden, existieren in der tiglichen Praxis
doch zahlreiche Fille mit intermedidrem Phénotyp, die sich nicht eindeutig in eine der o.g.
Kategorien einordnen lassen.

Das ICGC-MMML-Seq Konsortium hat sich die vollstindige Charakterisierung von 250
Keimzentrums-B-Zell-Lymphomen zum Ziel gesetzt. Im Rahmen dieser Arbeit wurden
miRNA Profile von 56 Patientenproben (zusammengesetzt aus BL, DLBCL und FL) mit
[llumina Technology sequenziert.

In den letzten zehn Jahren haben verschiedene Studien versucht, die Lymphomsubtypen an
Hand von miRNA Profilen zu unterscheiden. Die in diesem Rahmen generierten Daten sind
jedoch insoweit nur als vorldufig zu betrachten, da sie zum einen nicht aus groflen
Patientenkollektiven rekrutiert wurden und zum anderen auf PCR-basierenden Methoden
zuriickgehen. Nur eine auf den neuen Sequenziertechniken beruhende Herangehensweise
erlaubt jedoch die unverzerrte Analyse und die Moglichkeit, sowohl neue miRNAs als auch
neue Klassen kleiner RNAs zu entdecken.

Im ersten Schritt wurden Burkitt-Lymphome mit nicht-Burkitt-Lymphome verglichen, dort
zeigte sich die differentielle Expression von acht miRNAs. Zusitzlich wurde die miRNA
Deregulation zwischen FL und DLBCL sowie auch jeweils individuell gegen BL analysiert.
So konnten Expressionssignaturen beschrieben werden, die FL. von DLBCL (87 miRNAs),
BL von DLBCL (98 miRNAs) und BL von FL (108 miRNAs) unterscheiden.

In der Mutationsanalyse basierend auf 12 Patientendatensitzen wurden 17 Mutationen, die
acht verschiedene miRNAs betrafen, gefunden. Am héufigsten war miRNA-142 mit

insgesamt sieben Mutationen in sechs Patienten betroffen.

VI



Abstract

Unter allen bioinformatisch vorhergesagten neuen miRNAs konnten vier Kandidaten durch
Northern Blot Experimente validiert werden. AnschlieBend wurde damit begonnen, deren
Rolle in der Lymphomentstehung durch funktionelle Studien ndher zu charakterisieren.
Dariiber hinaus gewéhrend die Sequenzierdaten Einblicke in die Rolle von langen nicht-
kodierenden RNAs (IncRNAs). So konnte z.B. ein differentielles Methylierungs- und
Expressionsmuster der IncRNA AP000251 beschrieben werden.

Um zu klidren, welche miRNA-mRNA Regulationspaare eine relevante Aufgabe in
Lymphomen  iibernehmen, wurden = AGO2-PAR-CLIP  Experimente in  vier
Lymphomzelllinien (Raji, NAMALWA, SU-DHL-4, SU-DHL-6) durchgefiihrt. Die
identifizierten mRNAs, die eine validierte Regulation durch miRNAs zeigen, kdnnen nun als
Ausgangspunkt dienen, um mogliche therapeutisch nutzbare Strukturen sowie prognostische

Marker in Lymphomen zu beschreiben.
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1 Introduction

1.1 Lymphoma

Lymphomas represent a heterogeneous group of malignancies which are characterized by
neoplastic transformation of lymphocytes at different stages of lymphocyte development. Due
to the heterogeneity of lymphomas many efforts have been made to classify lymphomas. The
first systematic attempts to define distinct subtypes of lymphoma stem from the 1930s. Since
then, sequential revisions in lymphoma classification schemes have been proposed with
parallel developments taking place in genetics and molecular biology that improved our
understanding of the molecular underpinnings and their assumed cells of origin (Sheehan and
Rappaport 1970). The latest accepted definition of distinct subtypes of lymphoma is from the
World Health Organization (WHO) classification, published in 2008 (Swerdlow, Campo et al.
2008) with the most recent update being released in 2008 (Vardiman, Thiele et al. 2009).
According to the WHO classification system, lymphomas comprise more than 50 distinct
subtypes (Swerdlow, Campo et al. 2008). This classification is based on the cell type of
origin, histology, immunophenotype, clinical characteristics and genetic aberrations.
Traditionally, Hodgkin lymphoma and non-Hodgkin lymphoma (NHL) are considered as the
two main types of lymphoma, which account for 10% and 90% of all cases, respectively.
They have distinct histological, immunophenotype and genetic features, different molecular
pathogenesis, sites of primary manifestation of disease, distinct sites of primary manifestation,

etc (Swerdlow, Campo et al. 2008).

1.1.1 Non-Hodgkin lymphoma (NHL)

NHL represents an etiologically and clinically heterogeneous group of lymphoid malignancies
with around 50 entities recognized in the most recent WHO classification (Campo, Swerdlow
et al. 2011). NHLs consist of three distinct lymphocyte types, B, T and NK cells; however
most of them are of B-cell origin. B-cell NHLs arise at different stages of B-cell development

and account for 85% of NHLs worldwide and 4% of all newly diagnosed cancers each year
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1 Introduction

(Muller, Thorst et al. 2005, Alexander, Mink et al. 2007). The incidence of histopathologic
subtypes of NHLs is highly age-dependent. Burkitt lymphoma and diffuse large B-cell
(DLBCL) are the most common subtypes in children and young adults. Small lymphocytic
and follicular lymphomas (FL) are most common in patients over the age of 60. The majority
of NHLs occur in patients between 60 and 70 years old with slight male-to-female
predominance. The most common types of NHL are diffuse large B-cell lymphoma (DLBCL)
and follicular lymphoma (FL), which together account for around 60% of all NHLs
(Anderson, Armitage et al. 1998, Muller, Thorst et al. 2005, Swerdlow, Campo et al. 2008).

1.1.1.1 Diffuse large B-cell lymphoma (DLBCL)

The term DLBCL is applied to a group of clinically aggressive lymphomas that collectively
represent 25% to 35% of all NHLs (Cultrera and Dalia 2012). DLBCL is composed of
multiple clinical subtypes and morphologic patterns. Individual entities of DLBCL have
similar clinical behavior, as well as similar treatment regimens. DLBCLs without specific
clinical or pathologic features fall into the biologically heterogeneous category of diffuse
large B-cell lymphoma, not otherwise specified (DLBCL-NOS). The median age of DLBCL-
NOS is between 6th and 7th decade with a slight male predominance (Armitage and
Weisenburger 1998, Said 2013). The other entities are T- cell/histiocyte rich large B-cell
lymphoma, DLBCL associated with chronic inflammation, Epstein-Barr virus (EBV)+
DLBCL of the elderly, lymphomatoid granulomatosis, primary mediastinal large B-cell
lymphoma, intravascular large B-cell lymphoma, primary cutaneous DLBCL, leg type, ALK+
large B-cell lymphoma, plasmablastic lymphoma, and primary effusion lymphoma (1997,
Jaffe and Pittaluga 2011) some subtypes of DLBCL-NOS were categorized into one of three
accepted variants, i.e., activated B-cell-like, germinal center B-cell-like and primary
mediastinal large B-cell lymphomas; these types show differences in genetic alterations,
molecular signaling pathways and clinical outcomes. Because gene expression profiling is not
practical in routine use for DLBCL phenotypic classification, alternative techniques such as
immunohistochemistry-based methods are required, though their accuracy is currently not

very good (Carbone, Gloghini et al. 2014).

1.1.1.1.1 Clinical aspects
In general, DLBCL is a fast growing and aggressive form of NHL. DLBCLs usually arise as

de novo malignancies, but in some cases they also present as a transformation of a previously
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1 Introduction

existing indolent lymphoma. All indolent lymphomas such as follicular lymphoma (FL),
chronic lymphocytic leukemia (CLL) and marginal zone B cell lymphoma carry the risk of
transformation, but the transformation is best investigated in FL (Bastion, Sebban et al. 1997,
Montoto, Davies et al. 2007).

In some cases lymphomas initially occur in extra nodal sites such as the bone marrow, lung,
kidneys and liver and usually present at an early stage of disease, but sometimes extranodal
site involvement can also occur in primary nodal lymphoma; patients are then more likely to
present with stage II disease (Lopez-Guillermo, Colomo et al. 2005).

The international prognostic index (IPI) is a commonly used tool to classify patients into risk
groups using prognostic factors such as age, high serum lactate dehydrogenase (LDH), Ann
Arbor stage II-1V, poor overall performance status, patient’s performance status greater than 1
based on the eastern cooperative oncology group (ECOGQG) criteria and more than one extra-

nodal site (1993, Ferreri, Blay et al. 2003).

1.1.1.1.2 Treatment
In 1976, cyclophosphamide, doxorubicin, vincristine and prednisolone (CHOP) was first

described as the standard treatment for patients with DLBCLs. Since the early 2000s CHOP
was improved by the addition of the CD20 monoclonal antibody rituximab (R-CHOP) and

established as the current standard of care (Habermann, Weller et al. 2006).

1.1.1.1.3 Immunophenotype and genetics
In DLBCL tumor cells, typically one or more B-cell-associated markers are expressed such as

CD19, CD20, CD22 and CD79a and approximately in 5-10% of de novo DLBCL CDS5
(usually a T-cell-associated antigen), as a marker of T cells, is coexpressed (Falini, Pileri et al.
1990, Pileri, Ascani et al. 2000). Recent gene expression profiling analysis has confirmed at
least three major distinct subgroups of DLBCL: GC-like DLBCL, non-GC-like DLBCL and
type 3 or intermediate. Germinal center B-cell- like (GCB) DLBCLs present with the
expression pattern of normal GC B-cells (GC signature genes) while activated B-cell-like
(ABC) DLBCLs express gene characteristic of in vitro activated peripheral blood B-cells
(activated B-cell signature genes) and some genes of plasma cell origin, suggesting a post
germinal center origin. Type 3 does not express high levels of either GCB or ABC gene sets

(Schneider, Pasqualucci et al. 2011).
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Molecular cytogenetic studies of de novo DLBCLs have identified chromosomal
translocations including C-MYC, BCL2 and BCL6 (Pileri, Ascani et al. 2000, Akyurek, Uner
et al. 2012, Ott, Rosenwald et al. 2013), the latter being the most common translocation
detected in 20 to 40% of all DLBCLs (Lo Coco, Ye et al. 1994). BCL2 translocations and
MYC rearrangements occur in 20-30% and 10% of DLBCL cases, respectively (Weiss,
Warnke et al. 1987, Min, Xia et al. 2005). GCB-DLBCL and non-GCB-DLBCL carry distinct
chromosomal aberrations. For instance, the t(14; 18)(q32; q21) translocation involving the
BCL2 gene and amplification of c-rel locus is strongly associated with GCB-DLBCL. On the
other hand, high expression of nuclear factor kB (NF-kB) target genes has been detected in
non-GCB-DLBCL (but not in GC-like DLBCL). The same is true for trisomy 3, gain of
18921-g22, loss of 6q21-22 and deletion of the INK4A-ARF locus on chromosome 9 (Bea,
Zettl et al. 2005, Lenz, Wright et al. 2008). Somatic hypermutation (SHM) of the
immunoglobulin genes that are activated by activation-induced cytidine deaminase (AID) is
related to non-GCB-DLBCL. Ongoing SHM is only observed in GCB-DLBCL, not in ABC-
DLBCL, but the total amount of SHM is higher in ABC-DLBCL (Lossos, Alizadeh et al.
2000). In general, ABC-DLBCL has a poor prognosis compared to GCB-DLBCL (Alizadeh,
Eisen et al. 2000).

1.1.1.2 Follicular lymphoma (FL)

FL is the most commonly occurring form of indolent B-cell NHL, and it comprises about 20-
25% of all lymphomas. FLs arise following the malignant transformation of cells derived
from germinal follicles of peripheral lymphoid tissues. These cells are called centrocytes
(small cells) and centroblasts (large cells). There is much heterogeneity within the FL
category. WHO divided FLs into 3 separate grades, defined by the presence and number of
centroblasts within neoplastic follicles. In grades 1-2 the proportion of small cells is
predominant. Clinically, they have an indolent course and are considered 'low grade', whereas
grade 3 FLs show a high proportion of large cells and exhibit more aggressive clinical

behaviour (Wahlin, Yri et al. 2012)

1.1.1.2.1 Clinical aspects
Peripheral lymphadenopathy is a common clinical presentation of FL. However, so-called B

symptoms, such as fever, night sweats, and weight loss, are rarer in FL patients. Bone marrow

involvement has been reported in 50 to 60 % of patients (Salles 2007). FL lymphoma is an
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age-related disease which mostly occurs in the sixth decade of life. The majority of cases are
diagnosed with advanced disease (stage 3 or 4), which present a poorer prognosis compared
to stage 1 or 2 disease. Large (>5cm) peripheral lymph nodes, two or more extra-nodal sites
of disease and extensive bone marrow involvement are also associated with poor outcome.
Elevated serum LDH, ESR and B -macroglobulin as well as anaemia and hypo-albuminaemia
(O'Brien, Easterbrook et al. 1991) are negative predictors of outcome while a higher
peripheral lymphocyte count is a predictor of increased survival (Siddiqui, Ristow et al.
2006). Four different clinical prognostic indices (IPI, ILI, FLIPI, and FLIPI2), have been
developed to classify FLs; however, risk-adapted treatment is not yet available (Oken, Creech

et al. 1982, Federico, Bellei et al. 2009).

Table 1.1 clinical prognostic features in FL. Comparison of clinical prognostic indices in FL (Oken, Creech et
al. 1982, Federico, Bellei et al. 2009)

Subtype group | IPI ILI FLIPI FLIPI-2
Prognostic Age > 60 Age > 60 Age >60 Age > 60
Factors Stage 3to4 Sex Male Stage 3to4 B2M >ULN
LDH(iu) >ULN | LDH(iu) >ULN LDH(iu) >ULN Hb(g/dl) <12
Extranodal >2 Extranodal >2 Hb(g/dl) <12 LN sites >6
LN sites =5
Study type Retrospective single-center | Retrospective multi- center | Retrospective multi-center Retrospective multi-center

1.1.1.2.2 Immunophenotype and genetics
Immunohistological and molecular analyses indicate that follicular lymphomas showing

atypical immunophenotypes and molecular profiles also exist (Marafioti, Copie-Bergman et
al. 2013). Immunodiagnostic features of FL include CD10, BCL-6 and BCL-2 expression
(DeWolf, Lange et al. 1981, Jacob, Kelsoe et al. 1991). Around 85% of FL cases carry the
translocation t (14; 18) (q32; g21), which leads to the over-expression of the anti-apoptotic
BCL2 protein. Many of the remaining cases have translocations between 3q27 (involving the
BCL6 oncogene) and immunoglobulin gene loci (Otsuki, Yano et al. 1995). For the first time,
in 1986, one study showed the presence of SHM in FL (Cleary, Meeker et al. 1986). SHM is
responsible for the high intraclonal diversity of FLs (Carlotti, Wrench et al. 2009).
Additionally, malignant clonal expansion occurring after the initiation of SHM demonstrates

that FL is a GCB cell origin malignancy (Pasqualucci, Trifonov et al. 2011).
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1.1.1.3 Burkitt lymphoma (BL)

BL is a highly aggressive lymphoma with an extremely high proliferation rate and rapid death
in the absence of treatment (Nomura et al., 2008). This, in adults relatively uncommon, type
of lymphoma was first described by Denis Burkitt as a sarcoma involving the jaws in African

children (Boerma, Siebert et al. 2009).

1.1.1.3.1 Clinical aspects
In the WHO classification, BLs comprise three clinical variants; endemic, sporadic and

immunodeficiency-associated BL. Endemic BL refers to those cases affecting children,
usually 47 years old, in the geographic areas of endemic malaria falciparum in Africa. This
type involves the bones of the jaw and other facial bones, as well as kidneys, gastrointestinal
tract, ovaries, breast and other extranodal sites (Campo, Swerdlow et al. 2011). All endemic
cases are characterized by Epstein-Barr virus (EBV) infection (Kelly, Stylianou et al. 2013).
Sporadic BL occurs worldwide and typically in industrialized countries. It account for 1-2%
of all lymphomas (1%—-2% in adults, up to 40% of lymphoma in children in U.S.A and
Western Europe). The average age at disease onset in children is 5-10 years and in adults is 30
years of age (Blum, Lozanski et al. 2004). The abdominal organs and lymph nodes are the
most common sites of involvement. An EBV infection of neoplastic cells can be detected in
15%-30% of sporadic BL cases (Burmeister, Schwartz et al. 2005).
Immunodeficiency-associated BL is most commonly seen in HIV-positive patients and less
frequently in allograft recipients. BL accounts for 30%—-40% of NHL in HIV positive patients.
BL can be the initially presenting symptom of HIV infection in these patients (Gong, Stenzel
et al. 2003, Xicoy, Ribera et al. 2003). EBV infection is seen in up to 40% of
immunodeficiency-related BL cases.

Most subtypes of BLs respond well to therapy; the mainstay of treatment is intensive
combination chemotherapy regimens such as CODOX-M/IVAC or hyper-CVAD (Thomas,
Cortes et al. 1999, Mead, Sydes et al. 2002). Poor prognostic indicators, especially in
children, are bone marrow and central nervous system involvement, unresected tumor larger

than 10 cm in diameter and high LDH serum levels (Raphael, Gentilhomme et al. 1991).

1.1.1.3.2 Morphology and Immunophenotype
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From a morphological point of view, the 2008 WHO classification describes two subtypes,
i.e. BL with plasmacytoid differentiation and atypical BL/Burkitt-like lymphoma (Campo,
Swerdlow et al. 2011).

1.1.1.3.3 Pathogenesis
A defining feature of BL is MYC translocations resulting in the overexpression of the gene. In

80% of BL cases the translocation partner for C-MYC is the IgH locus forming t (8:14)
(q24:932) and in the remaining 20%, it is the kappa or lambda light chain leading to
formation of the t (2; 8) or t (8; 22), respectively. The other common lymphoma-associated
translocations such as BCL-2 or BCL-6 translocation have so far not been detected in BLs.
Although MYC translocation is a hallmark of BLs, it is not restricted to BLs. Additionally,
around 10% of patients do not carry MYC translocations. While BLs implicate a high-level
expression of MYC, the normal proliferating tissues, i.e., the normal germinal center B cells
even with high division rates have very low levels of MYC expression. The proto-oncogene
MYC is required for selection in the germinal center and cyclic re-entry. The other genetic
event which has been shown in one third of BL cases is TP53 gene mutations, occurring in

immunocompetent and immunosuppressed patients (Ferry 2006).

1.2 Non-coding RNAs

The term non-coding RNAs (ncRNAs) is commonly used for a group of RNAs that does not
encode for a protein. NcRNAs are involved in multiple biological processes including
tumorigenesis. According to their length, ncRNAs are divided into two categories. Transcripts
that are shorter than 200 nucleotides are considered as small ncRNAs and greater than 200
nucleotides as long ncRNAs (IncRNAs). Small ncRNAs include small interfering RNAs
(siRNA), small nucleolar RNAs (snoRNA), small nuclear RNAs (snRNA), piwi-interacting
RNA (piRNA), and miRNAs (miRNA) (Gutschner and Diederichs 2012).

15



1 Introduction
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Figure 1.1 The RNA family and different types of non-coding RNAs (ncRNAs).

1.2.1 MiRNA

MiRNAs are a family of endogenous small RNAs (21-23 nucleotides in length) that were first
discovered in 1993, when lin-4 gene, crucial for nematode Caenorhabditis elegans
development, was found to not encode for a protein, but still negatively regulating lin-14
expression (Lee, Feinbaum et al. 1993). The second important miRNA, Let 7, was discovered
in 2000 again in C. elegans. The identification of these two miRNAs stimulated an explosion
in the field of genetics. Over the past decade, hundreds of miRNAs have been identified in
vertebrates, flies, worms, plants and viruses. The miRNA sequence repository database
miRBase, currently shows in 24,521 entries in its 2013 release (Kozomara and Griffiths-Jones
2011).

MiRNAs have emerged as crucial factors in basic biological processes such as growth,
invasion, angiogenesis, proliferation, and differentiation via the posttranscriptional regulation
of (as an estimation) more than one third of all human protein coding genes (Bartel 2004).
MiRNA genes are dispersed through the human genome, covering 1 to 3% of the entire
genome.

These genes can be classified as intergenic and intronic. Although miRNA genes are scattered
in both intron or intergenic regions, most miRNA genes are found in intronic regions

(Negrini, Nicoloso et al. 2009).
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1.2.1.1 MiRNA biogenesis

Transcription is one of the most important regulatory steps in the biosynthesis of miRNAs.
Although transcription of a miRNA gene is mediated by RNA polymerases II and III, most
mammalian miRNAs are transcribed by RNA polymerase II (pol II), which produces a
primary miRNA (pri-miRNA) transcript. Primary miRNAs consist of multiple stem
loop/hairpin structures, 5’ cap and a 3’ poly-A-tail, being subsequently processed into more
than one functional miRNA. Pri-miRNAs are cleaved by Drosha (nuclearRNase III) and Di
George Syndrome critical region gene 8 (DGCRS8) to form hairpin structures of about 60 to
100 nucleotides in the nucleus called miRNA precursor or pre-miRNAs. The pre-miRNAs are
recognised by Exportin 5 and transported in a Ran-GTP dependent manner to the cytoplasm.
In the cytosol, pre-miRNAs are processed by RNase III enzyme Dicer to form double
stranded miRNAs: miRNA* duplex of about 15 to 22 nucleotides. The two miRNA strands
are then separated by helicase enzyme into mature miRNA and passenger miRNA (miRNA¥*).
The mature strand associates with an Argonaute (AGO) protein within the RNA-induced
silencing complex (RISC) where it can bind to its target mRNAs. The miRNA strand, which
gets incorporated into RISC, is called guide strand, while the opposite strand is known as
passenger strand (the star (*)-strand), which is degraded.

However, recent deep sequencing data has revealed that some miRNAs* are not degraded and
can play a functional role (Suzuki, Arase et al. 2011). Beside this classic miRNA biogenesis
pathway, some alternative biogenesis pathways have recently been described. Mirtrons as
alternative precursors for miRNA biogenesis are short hairpin introns which can resemble and
mimic pre-miRNA hairpin structure. These mitrons bypass the Drosha processing step by
using a splicing mechanism (Berezikov, Chung et al. 2007).

Dicer-independent miRNAs represent another alternative pathway so that pre-miRNA can be
directly incorporated into the AGO complexes (Cheloufi, Dos Santos et al. 2010).
Additionally, mature miRNA variants termed isomiRs can be generated by some post-
transcriptional regulation processes. These isoforms are commonly reported in deep-
sequencing studies, however their biological function still remains unclear (Cheloufi, Dos

Santos et al. 2010).
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Figure 1.2 MiRNA biogenesis. Schematic representation of the known biogenic pathway of miRNA processing
and maturation (Castellano and Stebbing 2013)

1.2.1.2 MiRNA function

The mechanism involved in miRNA-induced gene inhibition mainly depends on the level of
complementarity between the miRNA and the mRNA targets leading to the inhibition of
protein synthesis or accelerated mRNA degradation. Other factors include thermodynamic
stability of miRNA and target interaction, target site accessibility and conservation of target
sequences. Each miRNA can regulate up to several hundred target genes and each target gene
may also be regulated by many different miRNAs (Bartel 2004, Lewis, Burge et al. 2005).
Functional studies showed that miRNAs interact with their target mRNA via a highly
conserved sequence called seed sequence. This seed sequence contains nucleotides 2 to 7 at
the 5° end; pairing to its specific target leads to translational repression or degradation of the
target mRNA (Lewis, Shih et al. 2003, Eulalio, Huntzinger et al. 2008).

The process of translation can be divided into three steps, i.e., initiation, elongation and
termination. Several studied show that miRNAs can trigger gene silencing at any of these

steps (Filipowicz, Bhattacharyya et al. 2008).
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Figure 1.3 Mechanism of miRNA actions. Possible mechanisms of the miRNA-mediated post-transcriptional
gene repression in animal cells (Filipowicz, Bhattacharyya et al. 2008)

MiRNAs are key regulators of multiple processes in higher eukaryotes. From an evolutionary
point of view, most miRNAs are conserved and have similar functions. Both miRNAs, lin-4
and let-7, which were first discovered in C. elegans, have key roles in developmental timing.
Multiple studies have demonstrated that several miRNAs are involved in a wide range of
biological processes such as cell cycle control, homeostasis, hypoxia, circadian rhythm,
neurogenesis, insulin secretion, aging, immune responses and viral replication (Bartel 2004).
MiRNA expression profiles have shown that deregulation of miRNAs leads to the
development of cancer and other types of disease, including diabetes, cardiovascular diseases,
neurodegenerative diseases and autoimmune disorders (Kent and Mendell 2006, Bryant,

Lutherborrow et al. 2009).

1.2.1.3 MiRNAs and cancer

Profiling studies have also revealed that several miRNAs exhibit oncogenic properties. The
first report suggesting a potential involvement of miRNAs in cancer described miR-15a and
miR-16, which were found to be located at chromosomal region 13ql4, a genomic region
which is deleted in most cases of chronic lymphocytic leukemia (CLL) resulting in the loss of
expression of both miR-15 and miR-16 (Calin, Dumitru et al. 2002).

A few years later the same group discovered that 52.5% of human miRNAs genes are located

at cancer-associated genomic regions or in fragile sites suggesting that miRNAs have crucial
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roles in human cancer pathogenesis (Calin, Sevignani et al. 2004). In a subsequent study,
Zhang et a. demonstrated that a high proportion of genomic loci containing miRNA genes
exhibit DNA copy number variations (CNVs) (Zhang, Huang et al. 2006). After these initial
studies, many reports showed different miRNA expression in a variety of cancer types,
including solid tumors and hematological malignancies (Lu, Getz et al. 2005, Calin and Croce

2006).

1.2.1.4 Role of miRNAs in B-cell NHL

MiRNAs are important elements in various steps of B-cell development; as a consequence,
miRNA dysregulation of multiple genetic mechanisms leads to the activation of several
oncogenic pathways, including the reprogramming of B-cells.  Expression profiling
studies have suggested that specific miRNAs can be used to characterize different subtypes of
B-cell lymphomas (Malumbres, Sarosiek et al. 2009). MiR-155 has been identified as one of
the main oncomirs in solid tumors and hematological malignancies. Furthermore, miR-155 is
one of the first described oncogenic miRNAs in B-cell lymphoma. This miRNA was initially
identified as a non-coding RNA termed bic (Rodriguez, Vigorito et al. 2007). Physiologically,
miR-155 is highly expressed during B-cell activation upon the germinal center reaction and
has a central role in antibody class switching and plasma cell formation, both processes are
thus impaired through miR-155 deficiency (Rodriguez, Vigorito et al. 2007, Thai, Calado et
al. 2007). The oncogenic role of miR-155 in lymphomagenesis is still under investigation, but
recently one study showed that miR-155 can repress SH2-domain containing inositol-5-
phosphatase 1 (SHIP-1), which has crucial functions during normal B-cell development
(O'Connell, Chaudhuri et al. 2009). Additionally, SHIP-1 plays a vital role as the phosphatase
which negatively regulates the AKT pathway. Overexpression of mir-155 results in activation
of AKT and subsequently induced B-cell proliferation (Havelange, Garzon et al. 2009). More
evidence for a role of miR-155 in lymphomagenesis has been obtained from experiments with
mice transplanted with miR-155 which display extensive myeloproliferation leading to B-cell
malignancies. In addition to SHIP-1, other miR-155 targets such as C/EBPS, PU.1 and CSFR
were also validated (O'Connell, Chaudhuri et al. 2009). The second most common oncogenic
miRNA cluster which represents an important player in lymphomagenesis is the miR-17-92
cluster, consisting of six miRNAs (miR17, miR-18a, miR-19b, miR-20a, miR-19b, miR-92).
MiR-17-92 polycistron is located in the 13q31-32 region which is commonly amplified in B-
cell lymphomas. Olive et al. showed that over-expression of miR-17-92 in lymphocytes of the

E(mu) MYC mouse model of B-cell lymphoma leads to accelerated tumor development
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(Olive, Jiang et al. 2010). Although deletion of the whole miR-17-92 cluster leads to
lymphoma development, several individual members of this miRNA cluster have also been
shown to play a critical role in tumor progression. In addition, some miRNAs, such as miR-
15a and miR-16 may function as tumor suppressors in B-cell lymphoma (Cimmino, Calin et

al. 2005).

1.2.1.5 MiRNAs in DLBCL

MiRNA profiling of DLBCLs showed distinct expression patterns of miRNAs compared to
other NHLs such as BL, CLL and FL (Zhang, Jima et al. 2009, Robertus, Kluiver et al. 2010).
MiR-150, miR-17-5p, miR-145, and miR-328 are upregulated in DLBCL compared to healthy
lymph node samples and FL (Roehle, Hoefig et al. 2008). In addition, ABC-DLBCL and
GCB DLBCL subtypes, which have different genetic aberrations and clinical outcomes, can
be distinguished not only by gene expression profiles, but also by distinct miRNA expression
profiles. In particular, GCB DLBCL shows a significant miR-17-92 cluster up regulation,
compared to ABC-DLBCL and B-cell controls. MiR-155 is one of several miRNAs that has
been identified to be significantly overexpressed in DLBCL especially in ABC-DLBCL
(Kluiver, Haralambieva et al. 2006). Bone morphogenetic protein (BMP)-responsive
transcriptional factor SMADS is directly targeted by miR-155 so that miR-155 overexpressing
DLBCLs are less sensitive to growth inhibitory effects of bothTGF-B1 and BMPs. The
expression of specific miRNAs such as miR-18a, miR-21, miR-155, miR-181 and miR-222 can
be useful for survival prediction in patients with DLBCL treated with (R-) CHOP (Li, Kim et
al. 2009).

1.2.1.6 MiRNAs in FL

FLs are characterized by upregulated expression of miR-20a/b and miR-194 which can target
proliferation inhibitors such as CDKNIA and SOCS2, respectively (Wang, Corrigan-
Cummins et al. 2012). Several miRNAs such as miR-155, miR-210, miR-106a, miR-149, and
miR-139, are overexpressed in both FL and DLBCL compared to normal B-cells. A
significant proportion of FL cases transform to aggressive DLBCL with poor outcome, this
group has been identified with different miRNA expression signatures from de novo DLBCL
cases. Furthermore, six miRNAs (miR-223, 217, 222, 221, let-7i, 7b) were found to be
expressed differentially in transformed DLBCL and normal DLBCL. All of these data suggest
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that miRNAs can be considered as prognostic and diagnostic markers in lymphomas (Lawrie,

Chi et al. 2009).

1.2.1.7 MiRNAs in BL

BL as a highly aggressive NHL is characterized by a high level of proliferation of tumor cells.
Not only are their protein-coding gene expression profiles different from DLBCL, but BL
tumor cells also display an miRNA signature distinct from DLBCLs. BLs express low levels
of miR-155 in comparison to normal B-cells. Recently, a signature of 38 miRNAs containing
MY C-regulated and NF-kB pathway-associated miRNAs was published, which differentiated
BL from DLBCL (Lenze, Leoncini et al. 2011). Sporadic subtype (sBL), Epstein Barr virus
(EBV)-associated endemic subtype (eBL) and an HIV-associated subtype are three different
subtypes of BL that be found with uniform biological aspect despite differences in their
location of occurrence. MiRNA profiles demonstrate that sSBL and eBL vary marginally only
by six differentially expressed miRNA (Dave, Fu et al. 2006, Zhang, Nie et al. 2008). Most
BL tumors show translocation of the MYC gene on chromosome 8q24 to an immunoglobulin
gene on chromosomes 14932, 22q11 or 2pl2, leading to dysregulation of the MYC gene.
Studies have shown that MYC induces expression of the miR-17-92 cluster in BL cases. In
addition, MYC has been shown to be affected by miRNAs, miR-17-5p and miR-20a, two
members of MiR-17-92 clusters that can regulate MYC by targeting E2F1 (O'Donnell,
Wentzel et al. 2005).

Table 1.2 miRNA expression signatures of the most common NHLs (L Lim, Emilia et al. 2013)

Disease Subtype Upregulated miRNAs Downregulated mRNAs
DLBCL ABC and GCB miR-150,miR-17-5p-miR-145, mir328, -
ABC vs GCB mirl55,miR-21,miR-221,miR-17-92 -
cluster -

miR-146a, miR-146-b, miR-21, mirl55, | -
miR-500, miR-22, miR-363, miR-574,
miR-17, miR-19b, miR-20a, miR-29a, | -

GCB miR-92a, miR-106a, miR-720, miR-1260, | -
Central nervous system miR-1280
Testicular miR-17-92 cluster

miR-17

Transformed from FL miR-127, miR-223, miR-217, miR-222,
let-7i, let-7b

FL miR-9, miR-301, miR-9*, miR-338, miR- | miR-17, miR-30a, miR-33a,
213, miR-193a, miR-193b, miR-345, | miR-106b, miR-141, mir202,
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miR-513b, miR-574, miR-54, miR-663, | miR-205, miR-222, mir301b,
miR-1287, miR-1295, miR-1471 miR-431, mir570

BL eBL and sBL vs DLBCL | miR-371, miR-185, miR-93, miR-326, | miR-221, miR-155, miR-146a,
miR-497, miR-26a, miR-339, miR-485, | mir26b, mir23a, mir30d, miR-
miR-9, miR-193a, mird48, miR-429, | 107, miR-103, miR-222, miR-
miR-324, miR-340, mir105, miR-124 26a, miR-30a, miR-142, miR-
23b, miR-342, miR-29b, miR-
34b

1.2.1.8 MiRNA detection

One of the best approaches to investigate the roles of miRNAs in cancers is to profile the
mature miRNAs in specific tissue types of various cancers (Wark, Lee et al. 2008). Due to the
short length of mature miRNAs, sequence similarities of miRNAs in the same sequence
family and the fact that miRNAs only represent a small fraction (~0.01%) of the total RNA of
a cell, miRNA detection faces several major technical challenges. Considerable effort was
thus made to develop new approaches to miRNA profiling. Traditional strategies for detection
of miRNA include Northern blotting, microarrays, and quantitative RT-PCR (qRT-PCR) with
their relative strengths and weaknesses. Sequencing technologies have overcome previous
technical limitations and provide promising methods for miRNA profiling. In 2006,
appearance of next-generation sequencing (NGS) technology revolutionized the field of
genomics. This method also has its advantages and disadvantages, the advantages include
providing information about all RNA classes and the possibility of discovering novel
miRNAs or other types of small RNAs, since there is no need to have prior sequence
information. The disadvantage of NGS is the size of the data output, which is large and
complex and therefore needs extensive bioinformatic analysis (Bernardo et al. 2012). Today,
several NGS methods are available, including the Roche GS-FLX 454 Genome Sequencer
(originally 454 sequencing), the Illumina HiSeq (originally Solexa technology), the ABI
SOLiD analyzer, Polonator G.007 and the Helicos HeliScope platforms. Of these five
platforms, the Illumina/Solexa HiSeq is currently the most widely used system (Zhang,

Chiodini et al. 2011).

1.2.2 Long non-coding RNAs (LncRNAs)

LncRNAs (also referred to as lincRNA, for long intergenic ncRNA) are a large and
heterogeneous group of RNA molecules with more than 200nts in length displaying different
23



1 Introduction

molecular and cellular functions. According to the large-scale sequencing of full-length
cDNA libraries, more than 3,300 human IncRNAs have so far been identified (Okazaki,
Furuno et al. 2002, Guttman, Amit et al. 2009).

1.2.2.1 LncRNAs biogenesis

From the biogenesis point of view, IncRNAs exhibit a complicated biogenesis. Similar to the
short-ncRNA, most IncRNAs are transcribed by RNA polymerase II (RNAP II), but some of
them are also transcribed by RNAP III. Most IncRNAs (similar to protein-coding RNAs) are
spliced, 5'-capped and polyadenylated. In addition, a majority of IncRNAs have proximal
promoter and secondary RNA structures. LncRNAs originate from intronic, exonic,
intergenic, intragenic, promoter regions, 3' and 5'UTRs. Additionally, most IncRNAs are
transcribed from opposite strands of known protein-coding strands (sense) which are then
called natural antisense transcripts (NATSs), and recently were found to be generated from
pseudogenes. NATs are subdivided into two groups: cis-NATs and trans-NATs, based on

their function in cis or trans (Nie, Wu et al. 2012).

1.2.2.2 LncRNA function

Although cellular functions of many newly discovered IncRNAs still need to be clarified,
it has been shown that a large proportion of IncRNAs play regulatory roles, including
chromatin modification, genomic rearrangement, cell cycle regulation, genetic imprinting,
transcription, splicing, mRNA decay and translation. Generally, IncRNAs regulate gene
expression aspects in three steps: epigenetic, transcriptional and post-transcriptional (Clark

and Blackshaw 2014).

1.2.2.3 The role of IncRNAs in cancer

Several studies have shown that the expression of IncRNAs is associated with
human diseases, including cancers; however, the regulatory mechanisms of how IncRNAs
contribute to cancer development are varied. The key role of IncRNAs is to interact with
chromatin-modifying complexes, resulting in epigenetic changes (Mattick, Taft et al. 2010,
Yang and Deng 2014). The IncRNAs ANRIL, XIST, HOTAIR and KCNQ1OT]1 are able to
reprogram the chromatin state in diverse cancers. Other IncRNAs like lincRNA-p21 are able

to regulate protein signaling pathways associated with carcinogenesis. Some IncRNAs play a
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role in RNA processing; the IncRNA MALATI1 acts as post-transcriptional regulator by
controlling alternative splicing of pre-mRNAs (Tripathi, Ellis et al. 2010). Overexpression of
MALATI leads to an increase in cell proliferation and migration in several cancers such as
lung and colorectal cancer (Schmidt, Spieker et al. 2011, Xu, Yang et al. 2011). Some cancer
cells recruit telomerases to achieve replicative immortality, IncRNA TERRA binds to
telomerase and inhibits its function; in vitro downregulation of this IncRNAs has been linked
to immortality of cancer cells by telomerase-mediated lengthening of telomeres (Redon,
Reichenbach et al. 2010). Other IncRNAs can function as decoys; the tumor suppressor gene
PTEN and its pseudogene PTENP1 are good examples of this mechanism. PTENP1 binds to
miRNAs which inhibit PTEN expression and regulate cell proliferation (Poliseno, Salmena et
al. 2010). Although knowledge about IncRNA functions in cancer has been growing, the
function of most IncRNAs in many cancer types still remains undefined (Cheetham, Gruhl et

al. 2013) (Figure 1.5).
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Figure 1.4 General mechanisms and examples of IncRNAs involved in cancer. LncRNAs act through a variety of
mechanisms such as remodelling of chromatin (A), transcriptional co-activation or -repression (B), protein inhibition (C), as
post-transcriptional modifiers (D) or decoy elements (E). Consequently, mis-expression of IncRNAs can lead to changed
expression profiles of various target genes involved in different aspects of cellular homeostasis (Cheetham, Gruhl et al.
2013).
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Compared to miRNAs, the number of known IncRNAs associated with blood cancers is much
smaller, suggesting that much effort is still needed to expand our knowledge of IncRNAs and

their roles in hematological malignancies, including lymphoma.

1.3 ICGC-MMML-Seq

The ICGC-MMML-Seq Consortium is the continuation of a long and outstanding tradition of
interdisciplinary, multicenter collaboration in the field of lymphoma research in Germany. It
is based on strongly interacting networks of reference pathologists, lymphoma scientists and
clinical trial groups. These groups have joined-up in the ICGC-MMML-Seq with
internationally renowned groups in the field of high-throughput sequencing and sequence
analysis.

The ICGC-MMML-Seq Consortium aims to analyze 250 GCB-lymphomas according to the
guidelines of the International Cancer Genome Consortium (ICGC). The core subtypes of
GCB-lymphoma to be analyzed are FL, DLBCL and BL. The selection of these tumor types
was based on their frequency, clinical relevance, socio-economic burden, the availability of
material and overlapping biologic/genetic features.

The analysis pipeline of the ICGC-MMML-Seq contains three pre-analysis workpackages
responsible for standardized sample acquisition through the clinical trial groups (WP1),
reference pathology (WP2) and preparation of analytes (WP3). A special WPN provides
samples from normal B-cells in order to address the germline problem inherent to B cells,
since they are subject to somatic mutations even under physiological conditions. Sequencing
covers genome (WP4), transcriptome (WP5), small RNAome (WP6) and DNA-methylome
(WP7). Stepwise analysis of sequence data will be performed in two workpackages (WP8 and

WP9), which will ensure integrative and comprehensive evaluation.
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Figure 1.5 Sample workflow of the ICGC MMML-Seq Consortium.
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1.4 Aim of the thesis

The use of NGS in small RNA profiling studies facilitates the identification of miRNA
expression in many physiological and pathological processes. MiRNA expression signatures
are deregulated in most human tumors and these aberrant miRNA expression patterns play
crucial roles in tumorigenesis.

Here, NGS has been applied to analyze up to 250 GCB-lymphomas according to guidelines of
ICGC-MMML-Seq. According to the WHO classification, there are two molecular subtypes
of DLBCL, namely germinal center-derived (GCB) and activated B-cell (ABC). According to
this definition, ABC cases do not directly derive from germinal center B-cells (lack of GC
features) but display relatively high number of somatic immunoglobulin mutations. This
identifies a clear relation of the ABC-type DLBCLs to s role of the GC in their pathogenesis.
The ICGC-MML-Seq consortium followed this idea and decided to include ABC patients in
its analysis of germinal center-related B-cell lymphomas. As my work is based on ICGC data,
I am also following the latter approach in my thesis.

This was the first time that NGS was employed for miRNA studies in GCB-lymphomas. The
aims of the study were first to investigate whether different GCB-lymphomas subtypes show
specific miRNA expression, and to apply this knowledge to identifying potential biomarkers
for distinguishing BL, FL and DLBCL. Deregulated miRNAs were identified by deep
sequencing and were validated subsequently by RT-qPCR.

The second aim was to identify and validate potential novel miRNAs which may have roles in
tumorigenesis of B-cell lymphomas.

The third aim was to characterize mRNA targeted by miRNAs in B-cell lymphoma cell lines
by using AGO2-PAR-CLIP and the last objective of this study was to investigate the function
of IncRNAs in lymphomas.
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2.1 Human suspension cell lines

Cell Line: RAJI

DSMZ no.: ACC 319

Species: human (Homo sapiens)

Cell type: Burkitt lymphoma

Origin: established from the left maxilla of a 12-year-old African boy with Burkitt lymphoma
in 1963; first continuous human hematopoietic cell line; classified as risk category 1
according to the German central commission for biological safety (ZKBS); cells are described

to carry t (8;14) leading to MYC-IGH@ (MY C-IGH) fusion gene

Cell line: SU-DHL4

DSMZ no.: ACC 495

Species: human (Homo sapiens)

Cell type: B-cell lymphoma

Origin: established from the peritoneal effusion of a 38-year-old man with B-NHL (diffuse
large cell, cleaved cell type; originally described as "diffuse histiocytic lymphoma") in 1975;
cell line carries EZH2 Y641S mutation; assigned to GCB-like lymphoma subtype (germinal

center B-cell)

Cell line: SU-DHL.-6

DSMZ no.: ACC 572

Species: human (Homo sapiens)
Cell type: B-cell lymphoma

Origin: established from the peritoneal effusion of a 43-year-old man with B-cell non-
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Hodgkin lymphoma (B-NHL), described at the time as diffuse, mixed small and large cell

type; cell line carries EZH2 Y641N mutation; assigned to GCB-like lymphoma subtype

(germinal center B-cell)

Cell line: NAMALWA
DSMZ no.: ACC 69
Species: human (Homo sapiens)

Cell type: Burkitt lymphoma

Origin: established from the tumor mass of an African child with Burkitt lymphoma; this

variant subline from the original NAMALWA (ACC 24) was described to be characterized by

differential expression of immunoglobulin and MYC genes and of some cell surface antigens

(see reference); cells were reported to harbor a retrovirus of simian origin, SMRV-H

2.2 Chemicals

2.2.1 General chemicals

Identifier

Company

Order number

1,4.dithio-DL-threitol (DTT)
2-Propanol for Analysis
Bis-Acrylamide 30% (19:1)
Agarose

Ammonium Persulfate
Bromphenol blue

BSA 10 mg/ml

Chloroform 99.4%

DMSO (Dimethyl sulfoxide)
EDTA (Ethylenediamine-tetraacetic acid)
Ethanol

Ethidium bromide Solution
Glycerine

Glycine

H;BO; (Boric acid)

HCI (Hydrochloric acid)
KCl (Potassium chloride)
KOH (Potassium hydroxide)
Magnesium (Mg;)

Methanol

Mg,Cl

Na,EDTA

Roth, Karlsruhe, Germany

Merck, Darmstadt, Germany
Bio-Rad, Miinchen, Germany
Biozym, Hessisch Odendorf, Germany
Sigma-Aldrich, St. Louis, MO, USA
Sigma-Aldrich, St. Louis, MO, USA
NEB, Frankfurt a. M., Germany
Merck, Darmstadt, Germany
Sigma-Aldrich, St. Louis, MO, USA
Sigma-Aldrich, St. Louis, MO, USA
Merck, Darmstadt, Germany
Sigma-Aldrich, St. Louis, MO, USA
Merck, Darmstadt, Germany

Merck, Darmstadt, Germany

Merck, Darmstadt, Germany

Merck, Darmstadt, Germany

Merck, Darmstadt, Germany

Merck, Darmstadt, Germany

Merck, Darmstadt, Germany

Merck, Darmstadt, Germany

Merck, Darmstadt, Germany

Sigma-Aldrich, St. Louis, MO, USA

6908.2
67-63-0
161-0154
840004
A-3678
115-39-9
B90015
67-66-3
D2650
60-00-4
1.00983.2511
E1510-10ML
1.04094.2500
1.04201.1000
1.00165.
1.09911.0001
1.04938.
105012
105815
1.06007.2500
1.05833.0250
E5134-500G
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Na,HPO, (di-Sodiumhydrogen-phosphat-Dihydrat)
NaCl (Sodium chloride)

NaF (Sodium fluoride)

NaH,PO, (Sodiumhydrogenphosphat Monohydrat
NaOH (Sodiumhydroxide)

SDS 20%

50 x TAE (Tris/Acetic Acid/EDTA) Buffer
TEMED (Tetramethylethylendiamin)

Tris

Tween 20

Urea

B-Mercaptoethanol

Merck, Darmstadt, Germany
Merck, Darmstadt, Germany
AppliChem, Darmstadt, Germany
Merck, Darmstadt, Germany
Merck, Darmstadt, Germany
Lifetechnologies, Germany
Bio-Rad, Miinchen, Germany
Merck, Darmstadt, Germany
Roth, Karlsruhe, Germany
Merck, Darmstadt, Germany
Merck, Darmstadt, Germany

Merck, Darmstadt, Germany

6580
1.06404.1000
A3904.0500
6346.1000
1.06498.100
AMO9820
161-0743
1.10732.0100
5429.3
8.22184.2500
66612
15433.0100

2.2.2 Specific chemicals

Identifier Company Order number
[y-P32] Adenosine 5'-triphosphate (ATP) Hartmann  Analytic, Braunschweig, FP-301
Germany

4-Thioruidine 25 mg
50 x Denhardt Solution

AccuPrime SuperMix I
Complete, EDTA-free Protease Inhibitor Cocktail Tablets

GlycoBlue 300 pl (15 mg/ml)

Isoamylalcohol

Phenol

Phenol acid

Quick Start Bradford Dye Reagent

Salmon Sperm DNA 1 ml (10 mg/ml)

SYBR Green PCR Master Mix

TagMan Uni. PCR Master Mix, No Amperase UNG
TRIzol Reagent

Sigma-Aldrich, St. Louis, MO, USA
AppliChem, Darmstadt, Germany
Invitrogen, Carlsbad, CA, USA

Roche Diagnostics, Mannheim, Germany

Ambion, Huntingdon, Cambridgeshire,
UK

Merck, Darmstadt, Germany

Merck, Darmstadt, Germany
Sigma-Aldrich, St. Louis, MO, USA
Bio-Rad, Miinchen, Germany

Invitrogen, Carlsbad, CA, USA

ABI, Carlsbad, CA, USA

ABI, Carlsbad, CA, USA

Invitrogen, Carlsbad, CA, USA

T4509
A3792.0050
12342-028
11244800

AMOI515

100979
100206
P4682-400ML
500-0205
15632-011
4309155
4324018
15596-018

2.3 Nucleic acids

2.3.1 Northern blot probes

Description Company Length Sequence

NB-miR-1 MWG, Ebersberg, Germany 24 nt AGATTCCTGTGCCCTCTGCCCTGG
NB-miR-2 MWG, Ebersberg, Germany 22 nt CATTCGCCAGCTCACAATGGCT
NB-miR-3 MWGQG, Ebersberg, Germany 22 nt CAGCCTCTGAGGATCCCAAGGT
NB-miR-4 MWG, Ebersberg, Germany 23 nt CCTGCGGAGCAGAGACCAGCCAA
NB-miR-5 MWG, Ebersberg, Germany 23 nt TCTCTCTCTCTGTGTCAGTGTGC
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NB-miR-6 MWG, Ebersberg, Germany 23 nt GCCTTGGAGGTAGACGGCCCTG
NB-miR-7 MWG, Ebersberg, Germany 23 nt AGCAGGTACCACAGCAACTGCTT
NB-miR-8 MWG, Ebersberg, Germany 20 nt CTGCCCGCTGCTGCTCTGTG

NB-miR-9 MWG, Ebersberg, Germany 22 nt TGAGGGAGGAGCCACAGGCCTG
NB-miR-10 MWG, Ebersberg, Germany 24 nt GGGAAGCTCTAGTGCCTGAGGAGG
NB-miR-11 MWG, Ebersberg, Germany 22 nt TAATCTGACTAGGTTTGCCTTG
NB-miR-12 MWG, Ebersberg, Germany 26 nt GACTGGGGAACAAGGGAGCAGGGGAC
NB-miR-13 MWG, Ebersberg, Germany 24 nt TGGCCGCCATGCTCAGGTCTTGCG
NB-miR-14 MWG, Ebersberg, Germany 23 nt GCTCGGCTCAGGCCCCAGCGCAG
NB-miR-15 MWG, Ebersberg, Germany 23 nt GGCTCGGGCCTGGGGCTCTCCGG
NB-miR-16 MWG, Ebersberg, Germany 25 nt GTCCAGACCCCGGGCTAGGCCCGGC
NB-miR-17 MWG, Ebersberg, Germany 23 nt CGAGACATCTCGGCCCGAATGCT
NB-miR-18 MWG, Ebersberg, Germany 28 nt AGGGTTGTAGTAGCCCGTAGGGGCCTAC
NB-miR-19 MWG, Ebersberg, Germany 28 nt AGTAGCCCGTAGGGGCCTACAACGTTGG
NB-miR-20 MWG, Ebersberg, Germany 28 nt TATTGCTAGGGCCCTGCAGTGA

2.3.2 Oligonucleotides

qRT-GAPDH-forward MWG, Ebersberg, Germany 24 nt ACCACTTTGTCAAGCTCATTTCCT
qRT-GAPDH-reverse MWG, Ebersberg, Germany 23 nt GTTGCTGTAGCCAAATTCGTTGT
LncRNA-AP000251-forward MWG, Ebersberg, Germany 23 nt GCAGTCGACGGGCTGATGAGCGA
LncRNA-AP000251-reverse MWG, Ebersberg, Germany 20 nt CAGGCGGCCGTGACTTTCAA
AP000251.2 gene specific

) MWG, Ebersberg, Germany 26 nt GAAAAGAGACCCAGAGTTGGGAGCGC
primer

2.3.3 Locked Nucleic Acid (LNA™) - Exiqon

Description Company Length Sequence
NB-miR-5 Exiqon, Denmark 18 nt TCTCTCTGTGTCAGTGTG
NB-miR-19 Exiqon, Denmark 18 nt TAGGGGCCTACAACGTTG

2.3.4 TagMan miRNA assays

Identifier Company Order number Assay ID Description

miR-10b ABI, Carlsbad, CA, USA 4427975 002218 TagMan Micro RNA Assay
miR-141 ABI, Carlsbad, CA, USA 4427975 000463 TagMan Micro RNA Assay
miR-142-5p ABI, Carlsbad, CA, USA 4427975 002248 TaqMan Micro RNA Assay
miR-143 ABI, Carlsbad, CA, USA 4427975 002249 TaqMan Micro RNA Assay
miR-146a ABJI, Carlsbad, CA, USA 4427975 000468 TagMan Micro RNA Assay
miR-150 ABI, Carlsbad, CA, USA 4427975 000473 TagMan Micro RNA Assay
miR-21 ABI, Carlsbad, CA, USA 4427975 000397 TagMan Micro RNA Assay
miR-22 ABI, Carlsbad, CA, USA 4427975 000398 TagMan Micro RNA Assay
miR-28 ABI, Carlsbad, CA, USA 4427975 000411 TagMan Micro RNA Assay
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miR-92a ABI, Carlsbad, CA, USA 4427975 000431 TaqMan Micro RNA Assay
miR-142-3p ABJ, Carlsbad, CA, USA 4427975 000464 TagMan Micro RNA Assay
RNU24 ABI, Carlsbad, CA, USA 4427975 001001 TagMan Micro RNA Assay
2.3.5 Other nucleic acids and nucleotides

Identifier Company Order number
Oligo dT Primers 100 pl (0.4 pg/pl) Qiagen, Hilden, Germany 79237
Hexanucleotide Primers H0268-1UN Sigma-Aldrich, St. Louis, MO, USA 067K6109
dATP, PCR Grade 100mM Qiagen, Hilden, Germany 1039397

dCTP, PCR Grade 100mM Qiagen, Hilden, Germany 1039396

dGTP, PCR Grade 100mM Qiagen, Hilden, Germany 1039395

dTTP, PCR Grade 100mM Qiagen, Hilden, Germany 1039394

2.3.6 Oligonucleotides for cloning of NB-miRNAs

(MWG, Ebersberg, Germany)

NB-miR-5-TopStrand oligo

5’-TGCTGGCACACTGACACAGAGAGAGAGAGTTTTGGCCATGACTGACTCTCTC TCTGTGTCAGTGTGC -3’
NB-miR-5-BottomStrand oligo
5’-CCTGGCACACTGACACAGAGAGAGAGTCAGTCATGGCCAAAACTCTCTCTCTCTGTGTCAGTGT GC C-3
NB-miR-19-TopStrand oligo
5’-TGCTGCCAACGTTGTAGGCCCCTACGGGCTACTGTTTTGGCCATGACTGACAGTAGCCCAGGGGCCTACA
ACGTTGG -3’

NB-miR-19-TopStrand oligo
5’-CCTGCCAACGTTGTAGGCCCCTGGGCTACTGTCAGTCATGGCCAAAACAGTAGCCCGTAGGGGCCTACAA
CGTTGG C-3°

2.4 Enzymes
Identifier Company Ordernumber
T4 Polynucleotide Kinase (10 U/ul) NEB, Frankfurt a. M., Germany MO0236L
RNA Ligase 2 (Rnl2 (1-249) K227Q) 1 pg/ul NEB, Frankfurt a. M., Germany MO0239L
SuperScriptlll Reverse Transcriptase 10,000 U (200

Invitrogen, Carlsbad, CA, USA 18080-044

Ull)

2.5 Culture media, buffers and dilutions

2.5.1 Media and additives for cell cultivation
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Identifier Company Ordernumber
Dulbecco' s Modified Eagle Medium 1x (DMEM) Gibco, Invitrogen, Carlsbad, CA, USA 21969-035
RPMI 1640 Gibco, Invitrogen, Carlsbad, CA, USA 32404-014
Penicillin 10,000 U/ml Gibco, Invitrogen, Carlsbad, CA, USA 15140-122
Streptomycin 10,000 pg/ml Gibco, Invitrogen, Carlsbad, CA, USA 15140-122
L-Glutamine 100 x Gibco, Invitrogen, Carlsbad, CA, USA 25030-024
Trypsin-EDTA 1 x PAA, Pasching, Austria L11-004
Dulbecco’s PBS without Ca & Mg 1 x PAA, Pasching, Austria H15-002

Fetal Bovine Serum (FBS) heat inactivated PAA, Pasching, Austria Al15-104
Geneticin G418 Gibco, Invitrogen, Carlsbad, CA, USA 10131035

2.5.2 PAR-CLIP buffers

1 M 4-Thiouridine stock solution
250 mg 4-thiouridine, 960.5 pl DMSO

NP40 lysis buffer
20 mM Tris-HCI (pH 7.5), 150 mM KCI, 2 mM EDTA, 1 mM NaF, 0.5% NP40, add fresh before use: 0.5 mM
DTT, 1 x complete EDTA-free protease inhibitor cocktail (Roche Diagnostics)

Citrate-phosphate buffer, pH 5.0
4.7 g Citric acid monohydrate, 9.2 g Na2HPO4.7 H20, H20to 1 L

IP-wash buffer
50 mM HEPES-KOH, pH.7.5, 300 mM KClI, 0.05 % (v/v) NP40 substitute, 649 ml H20, 0.5 mM DTT (add
fresh), complete EDTA-free 2 protease inhibitor cocktail (add fresh)

10 X Dephosphorylation buffer
50 mM Tris-HCI, pH 7.9, 100 mM NaCl, 10 mM MgCI2.6H20, 906.2 ml H20, 1 mM DTT (add fresh)

Phosphatase wash buffer
50 mM Tris-HCI, pH 7.5, 20 mM EGTA-NaOH, pH 7.5, NP40 substitute 0.5 % (v/v)
905 ml H20

Polynucleotide kinase (PNK) buffer without DTT
50 mM Tris-HCI, pH 7.5, 50 mM NaCl, 10 mM MgCI2.6H20, 923.3 ml H20

PNK buffer with DTT
50 mM Tris-HCI, pH 7.5, 50 mM NaCl, 10 mM MgCI2.6H20, 923.3 ml H20, 5 mM DTT (add fresh)

1 X SDS PAGE loading buffer
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50 mM Tris-HCI, pH 6.8, EDTA-NaOH, pH 8.0 Glycerol, SDS DTT bromophenol blue, H2O to 10 ml

1 X MOPS running buffer
Dilute 1:20 from commercially available 20 X buffer (Invitrogen)

Proteinase K storage buffer

20 mg / ml Proteinase K, 50 mM Tris-HCI, pH 8, 30 mM CaCl2- 2H20, 50 % Glycerol, H20 to 10 ml

2 X Proteinase K buffer
100 mM Tris-HCI, pH 7.5, 12.5 mM EDTA-NaOH, pH 8.0, 150 mM NaCl, SDS 2 % (v/v) H20

Acidic phenol/chloroform/IAA (25:24:1)
Mix 25 ml acidic phenol, 24 ml chloroform and 1 ml isoamyl alcohol (overlay with 0.1 M citrate buffer, pH 4.3
+0.2)

50% DMSO
Mix 1 ml DMSO with 1 ml H20

10 X RNA ligase buffer without ATP
0.5 M Tris-HCIl, pH 7.6, 0.1 M 2-mercaptoethanol, acetylated BSA 1 mg/ml, 3.43 ml H20

2 X Formamide loading dye
50 mM EDTA-NaOH, pH 8.0, 0.05 % (w/v) bromophenol blue formamide

10 X TBE
445 mM Tris base, 445 mM Boric acid, 10 mM EDTA-NaOH, pH 8.0, H20to 1 L

0.4 M NaCl
0.4 M NacCl, 433.3 ml H20

10 X RNA ligase buffer with ATP
0.5 M Tris-HCl, pH 7.6, 0.1 M MgCl2.6 H20, 0.1 M 2-Mercaptoethanol Acetylated BSA, 1 mg/ml ATP H20

150 mM KOH/20 mM Tris base
150 mM KOH, 20 mM Tris base H20, 950 ul H20

150 mM HCl
150 mM HCI, 987.6 pl H20

5 X DNA loading dye
50 mM EDTA-NaOH, pH 8.0, 0.2 % (w/v) bromophenol blue, 20 % (w/v) ficoll type 400, H20 to 10 ml
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3 M NaOAc (pH 5.2)
246.09 NaOAc, H20 to 1 L

2.5.3 Northern blot buffers

Sequa Gel 15%
10% Buffer, 3.33% Diluent, 1.66% Concentrate, 0.1% TEMED, 4% APS

10 X TBE Buffer (Tris-borate-EDTA)
890 mM Tris and 890 mM Boric acid, 20 mM Na2—EDTA (pH 8)

2 X Bromphenol blue-Sample Buffer
8 M Urea, 50 mM EDTA, a pinch of bromphenol blue

Hybridization Solution Denhardt Solution
5 x SSC, 20 mM Na2HPO4 (pH 7.2), 1 % SDS, 5 x add before hybridization: 1% Salmon Sperm DNA (10
mg/ml)

Labeling reaction of 22 nt oligonucleotide (20 uM), y-32P-ATP (150 to 3000 Ci/mmol), DNA probes 1 x T4
polynucleotide kinase (PNK) buffer, 2 U/ul T4 PNK

Wash solution I

100 ml 3M NaCl

20 ml IM NaHPO4 (pH7.2)
20 ml 20% SDS

0.08 ml 0.5M EDTA

260 ml d.H20

Wash solution II

6.67 ml 3M NaCl

10 ml IMNaHPO4 (pH 7.2)
0.04 ml 0.5 M EDTA
173.3ml dH20

2.5.4 Small RNA library preparation buffers

10 X TBE Buffer (Tris-borate-EDTA)
890mM Tris, 90 mM boric acid and 20 mM Na2EDTA (pH 8.0)
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2.5.5 Cultivation of Raji, SU-DHL4, SU-DHL-6 and Namalwa

1 x DMEM 500 ml, 1% (v/v) Penicillin 10,000 U/ml, 1% (v/v) Streptomycin 10,000 pg/ml, 1 % 200 mM Glutamine, 10%

FBS heat inactivated

2.5.6 Freezing medium for cryopreservation

90% culture medium and 10% DMSO

2.6 Kits, size markers and other materials

2.6.1 Kits

Kit Identifier Company Order number
TagMan MiRNA Reverse Transcription Kit ABI, Carlsbad, CA, USA 4366596
TruSeq Small RNA Sample Preparation Kit [llumina, San Diego, CA,USA RS-200-0012
TruSeq SR Cluster Kit v3-cBot-HS Illumina, San Diego, CA,USA GD-401-3001
TruSeq SBS Kit v3-HS [llumina, San Diego, CA,USA FC-401-3002
Corning®Costar®Spin-X® Sigma Aldrich, Hamburg, Germany =~ CLS8162
2.6.2 Identifier
Identifier Company Order number
1kb Plus DNA Ladder 250 pg (1 pg/pl) Invitrogen, Carlsbad, CA, USA 10787-018
Amersham Hybond-N+ Positively Charged Nylon Transfer GE Healthcare, Freiburg, RPN203B
Membrane Germany
Cryo freezing container 500 ml Nalgene, NY, USA 5100-0001
Culture Dish 150 x 25 mm Corning, Amsterdam, Netherlands 430597
Dynabeads Protein G 30 mg/ml Invitrogen, Carlsbad, CA, USA 100-03D
Extra Thick Blot Paper Bio-Rad, Miinchen, Germany 170-3965
GeneChip Human Genome U133 A 2.0 Affymetrix, Santa Clara, CA, 900471
USA
illustra MicroSpin G-25 Columns GE Healthcare, Freiburg, 27-5325-01
Germany
Microcentrifuge Tube 1.7ml prelubricated RNase/DNase  Corning, Amsterdam, Netherlands 3207

free

2.5.1. Hardware

Hardware

Company

7900 HT Fast Real-Time PCR System
Agilent 2100 Bioanalyzer Serial No. DE72905088
Centrifuge 5403

ABI, Carlsbad, CA, USA

Agilent Technologies, Boblingen, Germany

Eppendorf, Hamburg, Germany
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Centrifuge 5417R

FLA-7000 Phosphor Imager

Gene Amp PCR System 2700

HeroLab UVT 2035 UV lamp

Hybaid Hybridization Oven

LAS-3000 mini 2UV Transilluminator
Mastercycler gradient

Milli-Q Integral 15 Serial No. FODA 15851D
NanoDrop Spectrophotometer ND-1000
Thermomixer Comfort

Transfer Blot SD Semi-Dry Transfer Cell
Vortex2 Genie

HiSeq 2500

Eppendorf, Hamburg, Germany
Fuyjifilm, Diisseldorf, Germany
ABI, Carlsbad, CA, USA
HeroLab, Wiesloch, Germany
Biometra, Gottingen, Germany
Fujifilm, Diisseldorf, Germany
Eppendorf, Hamburg, Germany
Millipore, Billerica, MA, USA
PegLab, Erlangen, Germany
Eppendorf, Hamburg, Germany
Bio-Rad, Miinchen, Germany
Scientific Industries, NY, USA
[llumina, San Diego, CA,USA
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3.1 Cell Culture

3.1.1 Cultivation of human suspension cells

Four cell lines (SU-DHL-4, SU-DHL-6, Raji, Namalwa) were grown in DMEM (1 X
Dulbecco’s Modified Eagle Medium, Gibco Invitrogen) with 10% (v/v) FBS (PAA), 1% 200
mM L-glutamine (100 x, Gibco, Invitrogen) and 1% (v/v) 10,000 U/ml penicillin, 10,000
ug/ml streptomycin (Gibco, Invitrogen) until they reached a confluence of 90%. They were
cultivated at 37°C in humid and saturated atmosphere with 5% CO,. Cells were split 1:2 three
times a week. The determination of cell numbers was performed by using the ‘“Neubauer”

counting chamber and 5 x 10’ cells were used for further experimental analyses.

3.1.2 Cryopreservation of human cells

Cells were removed from the culture flask and pelleted for 5 min at 500 xg. Cells were
washed with PBS, and 1 x 10° cells/ ml were resuspended in 1 ml freezing medium and
transferred into cryotubes. The cryotubes were placed into a cryobox filled with isopropanol
and frozen at -80°C for at least 24 h. Subsequently, the cryotubes were placed into the gas
phase of liquid nitrogen. For recultivation of the cells, an aliquot was thawed in a water bath
at 37°C. The freezing medium was removed by pelletizing the cells at 500 x g for 5 min and

resuspending the cells into fresh medium.
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3.2 Methods of molecular biology

3.2.1 Competent E.coli by Hanahan method

E. coli strain DH5a was streaked onto an LB plate and was grown overnight at 37°C. Single
colonies were picked from the plate and incubated in 100 ml of SOB in a flask. E. coli strain
DH5a was grown with shaking at 37°C until OD 600 reached 0.4 to 0.6. Cells were incubated
on ice for 10 min, spun down at 2500 rpm for 10 min at 4°C, resuspended gently in 24 ml of
cold FSB and then kept on ice for 10-15 min, then spun again at 2500 rpm for 10 min at 4°C
and resuspended gently in 20 ml of cold FSB. Before freezing the cells, DMSO was added to
a final concentration of 7% and the cell suspension was kept on ice for 10 min. The cell
suspension was aliquoted into 100-200 pl batches, quickly frozen in liquid nitrogen and stored
at -80°C.

3.2.2 Transformation of chemically competent E. coli

3 ul of e.g. the LR reaction was added into 100ul of competent cells, mixed gently by ticking
against the tube and left on ice for 15-20 min. Then the sample was heat-shocked at 42°C for
1 min followed by 10 min recovery on ice. Afterwards, 400 pl of LB medium without
antibiotic was added to the transformed cells and incubated at 37°C for 60 min with gentle
shaking. The cells were plated onto LB agar plates containing appropriate selective antibiotics

and incubated overnight at 37°C.

3.2.3 DNA mini-prep

For purification of small amounts of DNA (Mini-prep), 5-Prime Fast plasmid kit was used.
According to the protocol, 3 ml LB-AMP-Medium (1 % (w/v) cultures were inoculated
overnight. The next day, bacteria were harvested at 13,000 rpm for 1 min. The resulting pellet
was lysed using solutions provided by the manufacturer (ICE-COLD Complete Lysis
Solution) and the lysate was incubated for 3 min at room temperature. Subsequently, the

lysate was applied to the spin column according to the manual.
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3.2.4 DNA Maxi-prep

Preparation of lates amounts of purer plasmid DNA was performed using QIAGEN Plasmid
Maxi Kitaccording to the manufacturer’s instructions. The DNA yield was then determined

using a spectrophotometer to measure absorbance at the wavelength of 260 nm.

3.2.5 RNA extraction (TRIzol reagent)

1 ml of TRIzol reagent was added to 1 x 10’ cells, which were resuspended by pipetting.
After this, 200 pl of chloroform was added to the mixture that was vortexed for 20 sec and
incubated for 2 to 3 min at room temperature. The mixture was then centrifuged for 15 min at
4°C and 12,000 xg. The upper phase was mixed with P: C: I (Phenol: chloroform: isoamyl
alcohol), vortexed and centrifuged again. 3 to 4 volumes of ethanol were added to the upper
phase; both were vortexed and incubated at -20°C for at least 2 h. The RNA was pelletized by
centrifugation for 15 min at 4°C and 12,000 x g. The ethanol supernatant was removed, and

the RNA was air-dried. Finally, the RNA was resuspended in 25 pl nuclease free water.

3.2.6 Concentration and purity determination of nucleic acids

The concentration of nucleic acids was determined using the NanoDrop spectrophotometer
measuring absorption at 260 nm. The ratio E260/E280 served as estimation for the purity of

nucleic acids. For pure solutions, a value above 1.8 was expected.

3.2.7 Polyacrylamide gel electrophoresis of RNA

50 pg of total RNA was mixed with 2 x bromophenol blue sample buffer and loaded onto a 15
x 17 cm, 15% polyacrylamide gel, together with a molecular weight scale consisting 1 fmol, 2
fmol, 4 fmol and 20 fmol of synthetic novel miRNAs. The gel was started with 10 W for 10
min and 30 W for 1 h in 1 x TBE buffer. Subsequently, the gel was stained with ethidium
bromide, and the RNA bands were detected using the FLA 7000 system (Fujifilm).
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3.3 Polymerase chain reaction (PCR)

3.3.1 Standard PCR

After cDNA synthesis, the PCR was used to amplify certain gene regions, using specific PCR
primers or as much gene regions as possible using random hexamer primers. The standard
PCR was used only as control PCR for first detection of Argonaute-associated genes. For
these PCRs, the AccuPrime Super Mix I was used. The mixture contains anti-Taq DNA
polymerase antibodies, thermostable AccuPrime protein, Mg2++, deoxyribonucleotide
triphosphates (ANTPs), and recombinant Taq DNA polymerase at concentrations sufficient to
allow amplification during PCR. The PCR reaction was performed in 25 pl containing ~ 10%
of cDNA mix (5 pl), 1 x AccuPrime Super Mix I, 0.25 uM of each PCR primer and H20. The
annealing temperature for gene specific primer was 55 to 58°C. For PCR, 0.33 uM random
hexamer primers and an annealing temperature of 20°C were applied. A standard PCR looked
like this: 94°C for 5 min, 94°C for 40 sec, 55°C for 40 sec, 68°C for 40 sec, repeating steps 2
to 4 for 29 times, and 68°C for 7 min. A standard PCR with hexamer primers looked like this:
94°C for 5 minutes, 94°C for 1 min, 20°C for 1 min and 25 sec, 68°C for 1 min, repeating
steps 2 to 4 for 29 times, and 68°C for 7 min (Gene Amp PCR System 2700, Applied

Biosystems).

3.3.2 Quantitative reverse transcription-real time-PCR (qRT-PCR)

For qRT-PCR, the SYBR Green PCR Master Mix (Applied Biosystems) was used. The
reaction was performed in 25 ul containing cDNA mix (1.5 pl), 1 x SYBR Green PCR master
mix, 10 uM of each PCR primer and H20. PCR cycling conditions were: 50°C for 2 min,
95°C for 10 min, 40 cycles of: 95°C for 30 sec, 58°C for 30 sec, 72°C for 30 sec and 72°C
for 7 min, hold at 4°C. Subsequently, the 7500HT Real-Time PCR System (Applied

Biosystems) was used.

3.3.3 TagMan miRNA assay

The TagMan miRNA Assays (Applied Biosystems) were used for detection of individual
miRNAs, using qrt-RT-PCR, and performed according to the manufacturers’ instructions (see
TagMan® MicroRNA Assays Protocol; Applied Biosystems). The reverse transcription of

miRNAs was modified and differed from the manufacturer’s instructions. 20 ng of total RNA
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was needed. The master mix for the cDNA synthesis contained 1 mM dNTPs, 3.3 U/ul
MultiScribe Reverse Transcriptase, 1 X Reverse Transcription buffer, 0.252 U/ul RNase
Inhibitor and 20% TagMan miRNA Primer. The next steps were performed according to the
TagMan® MicroRNA assay protocol (Applied Biosystems).

3.4 Methods for assessing novel miRNAs

3.4.1 Northern blot analysis of novel miRNAs

After gel electrophoresis, the separated RNA was transferred with 0.5 x TBE buffer to a
Hybond N+ membrane (GE Healthcare), using a Transfer Blot SD Semi-Dry Transfer Cell
(Bio-Rad). The blotting was performed with 300 mA for 2 h. After wards, the membrane was
dried and UV crosslinked at a wavelength of 366 nm for a few sec. EDC cross linking was
performed by adding 0.753 g EDC to 24 ml of 1-methylimidazole buffer. The membrane was
soaked in EDC solution and incubated at 60°C for 1 h. For blotting, the DNA probes were
labeled with ATP y - 32P. The labeling mix was incubated for 1 h at 37°C. 30 pl of 30 mM
EDTA (pH 8.0) was then added to the mix to stop the reaction. The labeled DNA probe was
purified using an equilibrated MicroSpin G-25 column. The remaining PNK (polynucleotide
kinase) was inactivated by incubation at 95°C for 1 min. For preparation of prehybridization
and hybridization solution, salmon sperm DNA was denatured at 100°C for 5 min before
adding to the hybridization solution. The hybridization solution was pre-warmed to 40°C to
50°C in a rotator. For prehybridization, 15 ml of hybridization solution was added to the
dried, UV and EDC cross-linked membrane, and incubated at 40°C to 50°C for 2 h under
permanent rotation. Subsequently, the hybridization solution was replaced by 15 ml fresh
hybridization solution, containing the labeled DNA probe followed by incubation at 40°C to
50°C overnight under permanent rotation. The next day, the hybridization solution was
removed, and the membrane was washed for 10 min with 100 ml washing buffer I, and then
again for 10 min with 100 ml washing buffer II at 50°C. The membrane was wrapped in cling
film and placed into a developer cassette with a white screen onto the membrane for 4 to 24 h.
Following, a picture was taken of the exposed screen using the FLA 7000 system (Fujifilm).
For stripping the DNA probes off the membrane, the membrane was washed for 5 min in
boiling water containing 1% SDS. Finally, the membrane was exposed on the screen for 3 h

again to check if the DNA probes disappeared.
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3.4.2 Knockdown of novel miRNASs

Raji and SU-DHL-4 cell lines were used for the downregulation of NB-miR-5 and NB-miR-19.
Downregulation was performed using miRCURY LNA™ miRNA Inhibitor that was obtained
from Exiqon. 2 x 10° cells of each cell line were pelleted via centrifugation at 90 x g for 10
min at room temperature. Raji and SU-DHL-4 cells were transfected with the Cell Line
Nucleofector® Kit V (Lonza), programs M-013 and M-13, respectively. Cells were
resuspended in 100 pl of room-temperature Nucleofector®Solution and then nucleofected by
using Amaxa Nucleofector II machine with a concentration of 30 nM of LNA oligonucleotide
following the manufacturer’s instructions. Cells were analyzed 24 h post nucleofection using

fluorescence microscopy.

3.4.3 Cloning of novel miRNAs

Novel miRNAs (NB-miR-5 and NB-miR-19) were cloned into pcDNA™6.2-GW/EmGFP-miR
using the BLOCK-iT™ Pol II miR RNAi Expression Vector Kits. Single-stranded DNA
oligos encoding the pre-miRNA of interest were designed according to manufacturer's
instructions.

The engineered pre-miRNA sequence structure is based on the murine miR-155 sequence. We
designed the ds-oligo encoding the engineered pre-miRNA according to the following
structural features: a four nucleotide, 5’overhang (TGCT) complementary to the vector
(required for directional cloning), a 5°G plus short 21 nucleotide antisense sequence (mature
miRNA), followed by a short spacer of 19 nucleotides to form the terminal loop and a short
sense target sequence with two nucleotides removed (A2) to create an internal loop. The pre-
miRNA sequence and adjacent miR-155 flanking regions are denoted as the pre-miRNA

expression cassette and are shown below (Figure 3.1)
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Figure 3.1 Cloning of novel miRNAs. The major steps necessary to produce a pcDNA6.2GW/miR or pcDNA
6.2-GW/EmGFP-miR expression clone using the BLOCKIT Pol I miR RNAi Expression Vector Kits

Once the engineered pre-miRNA expression cassette is introduced into the mammalian cells
for expression, the pre-miRNA forms an intramolecular stem loop structure similar to the
structure of endogenous pre-miRNA that is then processed by the endogenous Dicer enzyme
into a 22 nucleotide mature miRNA. In order to determine the optimal transfection conditions,

Raji (BL) and SU-DHL-4 (non-BL) were transfected with the destination vector.

3.4.3.1 Annealing the single-stranded oligos to generate ds-oligos

To generate a double-stranded oligos, the following annealing reaction was performed:
e 200 uM top strand oligo 5 pl

e 200 uM bottom strand oligo 5 pl

e 10 X oligo annealing Buffer 2 pl

e DNase/RNase-free water 8 pl

e total volume 20 pl
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The reaction mixture was incubated at 95°C for 4 min and subsequently cooled at room
temperature for 5-10 min. After spinning down the sample in a microcentrifuge for 5 sec, ds
oligo mixture was diluted 5,000-fold by performing serial 100-fold and 50-fold dilutions; the
first into DNase/RNase-free water and the second into 1X oligo annealing Buffer. Final

concentration was 10 nM.

3.4.3.2 Clone the ds oligo into pcDNA™6.2-GW/EmGFP miR

The following ligation reaction was set up for cloning the ds oligo into pcDNAT™6.2-
GW/EmGFP miR

e 5X Ligation Buffer 4 pl

o pcDNA™6.2-GW/+ EmGFP-miR (5 ng/ul), linearized 2 pl

e dsoligo (10 nM; 1:5,000 dilution) 4 pl

e DNase/RNase-Free water 9 pl

e T4 DNA Ligase (1 U/ul) 1 pl

e total volume 20 pl

After mixing the reaction, it was incubated for 5 min at room temperature

3.4.3.3 Transform One Shot® TOP10 Chemically Competent E. coli

2 ul of the ligation reaction was added to a vial of one Shot® TOP10 chemically competent E.
coli and mixed gently. The reaction tube was incubated on ice for 5 to 30 min. Cells were
heat-shocked for 30 sec at 42°C without shaking. Immediately afterwards, the tube was
transferred to ice. Next, 250 ul of room temperature S.0.C. medium was added to the cells
and incubated at 37°C for 1 h with shaking. 20-100 pl of bacterial culture was spread on a
pre-warmed LB agar plate containing 50 pg/ ml spectinomycin and incubated overnight at

37°C.

3.5 Sample preparation for sequencing

3.5.1 Processing of frozen tumor samples

Frozen material of each DLBCL, BL and FL was collected. Fresh frozen tissue specimen of

each single case was reviewed by means of histology and immunohistochemistry, employing
46



3 Methods

antibodies to determine its cellular composition (e.g. CD20, CD3, CD68, Ki-67). Frozen
tissue sections were directly used for RNA and DNA extraction.

Total RNA of each sample was extracted from the specimens by the AMBION mirVana Kit.
For cell lysis, the lysis/binding solution provided by AMBION, which stabilizes RNA and
inactivates RNase, was used. After clution of the total RNA with nuclease-free water, the
RNAs were stored at -80°C.

These steps were performed by the respective ICGC-MMML-Seq work package as specified

above.

3.5.2 Quality control of the extracted RNA

The quality of the total RNA was analyzed by the Agilent BioAnalyzer 2100. Visual
inspection of the BioAnalyzer profiles as well as consideration of the derived RIN values
were used to evaluate RNA quality. These steps were performed by the respective ICGC-
MMML-Seq work package as specified above.

3.5.3 MiRNA library preparation

Library preparation was performed using the TruSeq Small RNA Sample prep kit (Illumina,
San Diego, CA, USA) with 1 pg of total RNA serving as an input.

3.5.4 3'-adapter ligation for cDNA library preparation

As a first step, 3'-adapter was ligated using T4 RNA ligase 2-truncated. For each library, 1
pg of RNA and 3'-adaptor was incubated at 70°C for 2 min and placed immediately on ice.

Reagent Volume (ul)
RNA 3' Adapter (RA3) 1
1 pg Total RNA in Nuclease-free Water 5
Total volume 6

For 3'-ligation the following mix was prepared. 3'-ligation reaction was incubated on the pre-

heated thermal cycler at 28°C for 1 h.
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Reagent Volume (ul)
5 X HM Ligation Buffer (HML) 2
RNase Inhibitor 1
T4 RNA Ligase 2, truncated 1
Total volume 6

With the reaction tube remaining on the thermal cycler, 1 pl of stop solution (STP) was added

and the reaction incubated at 28°C for 15 min.

3.5.5 5'-adapter ligation for cDNA library preparation

In this step, the 5'-adapter is joined to the 3'-ligated RNA to enable the cDNA synthesis in the
next step. Before starting the reaction, the 5'-adapter was incubated on the pre-heated thermal
cycler at 70°C for 2 min and immediately placed on ice. Ligation of 5'-adapter was performed
using T4 RNA ligase 1 and ATP. The reaction tube was incubated on the pre-heated thermal
cycler at 28°C for 1 h and then placed on ice.

3.5.6 Reverse transcription and amplification

Reverse transcription followed by PCR was performed to create cDNA constructs based on
the small RNAs ligated to 3' and 5' adapters. According to this protocol, small fragments that
have adapter molecules on both ends were selectively enriched. First, RNA RT primer was
added to the 5' and 3' adapter-ligated RNA, then the reaction tube was incubated at 70°C for 2

min and placed immediately on ice.

Reagent Volume (ul)
5' and 3' adapter-ligated RNA 6
RNA RT Primer (RTP) 1
Total volume 7

After adding the primer, the following mixture was prepared for performing reverse

transcription.

Reagent Volume (ul)
5X First Strand Buffer 2

12.5 mM dNTP mix 0.5

100 mM DTT 1

RNase Inhibitor 1

Super Script II Reverse Transcriptase 1

Total volume per Sample 5.5

The reaction was incubated in the pre-heated thermal cycler at 50°C for 1 h and placed on ice.
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3.5.7 PCR amplification

Reagent Volume (ul)
Ultra-Pure Water 22.5

5X Phusion HF Buffer 10

RNA PCR Primer (RP1) 2

RNA PCR Primer Index (RPIX) 2

25 mM dNTP 0.5

Phusion DNA Polymerase 0.5

Total volume per Sample 37.5

For each reaction, only one of the 48 RNA PCR primer indices was used during the PCR step.

Index Sequence Index Sequence Index [ Sequence
RPI1 ATCACG RPI17 GTAGAG RPI33 | TCATTC

RPI2 CGATGT RPI18 GTCCGC RPI34 | TCCCGA
RPI3 TTAGGC RPI19 GTGAAA RPI35 | TCGAAG
RPI4 TGACCA RPI120 GTGGCC RPI36 | TCGGCA
RPI5 ACAGTG RPI21 GTTTCG RPI37 | GCCGCG
RPI6 GCCAAT RPI22 CGTACG RPI38 | GCCTTA
RPI7 CAGATC RPI123 GAGTGG RPI39 | GCTCCA
RPI8 ACTTGA RPI24 GGTAGC RPI40 | GGCACA
RPI9 GATCAG RPI25 CTAGCT RPI41 | GGCCTG
RPI10 | TAGCTT RPI126 CTAGCT RPI42 | TCTACC

RPI11 | GGCTAC RPI27 CTATAC RPI43 | TGAATG
RPI12 | CTTGTA RPI28 CTCAGA RPI44 | TGCCAT
RPI13 | AGTCAA RPI129 CTGCTG RPI45 | TGCTGG
RPI14 | AGTTCC RPI30 TAATCG RPI46 | TGGCGC
RPI15 | ATGTCA RPI31 TACAGC RPI47 | TTCGAA
RPI16 | CCGTCC RPI32 TATAAT RPI48 | TTCTCC

The reaction was run according to the following temperature program: 30 sec at 98°C,

15 cycles of: 10 sec at 98°C, 30 sec at 60°C, 15 sec at 72°C, 10 min at 72°C and hold at 4°C.

For checking the library before gel fractionation, each sample was run on a high sensitivity

DNA chip according to the manufacturer’s instructions.

3.5.8 Purification of cDNA constructs

50 pl of PCR reaction was mixed with 5X loading dye and loaded onto a 6% Novex®TBE gel

together with a 1 pl of High Resolution Ladder and 2 pl of Custom Ladder. Two wells were
loaded with 30 pl each of amplified cDNA. 6% PAGE Gel was run at 145 V for 60 min in 1X

TBE buffer.

Using a clean scalpel, bands corresponding to approximately the size of the adapter-ligated

constructs derived from the 22 nt and 30 nt small RNA fragments (between 145bp and 160 bp

of custom ladder) were cut out. The band of interest was placed into the 0.5 ml gel breaker
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tube. The tube was centrifuged at 14,000 rpm in a microcentrifuge for 2 min at room
temperature. After adding 300 pl of ultra-pure water to the gel pieces in the 2 ml tube, the
tube was incubated at 4°C overnight. Next day, eluate and gel pieces were passed through
Corning®Costar®Spin-X® tube filters (Sigma Aldrich). Precipitation was performed by the
addition of 2 ul of Glycogen (20 mg/ml; Invitrogen), 30 ul of 3 M NaOAc and 975 ul of
pre-chilled -15°C to -25°C 100% EtOH. After washing with 75% EtOH, the pellet was air
dried at 25°C and dissolved in 20 pl EB buffer (Qiagen).

3.5.9 Library validation

The purified PCR products were quantified by loading 1 pl of the suspended construct on
Agilent Technologies 2100 Bio analyzer using a DNA specific chip such as the DNA-1000 or
High Sensitivity DNA chip.

3.5.10 Denaturing the template DNA

For denaturation, the template DNA with 0.1 N NaOH to the final DNA concentration of 20-
pM, 10 pl of 2 nM template DNA added to the 10 pl of 0.1 N NaOH. The tube was first
vortexed briefly to mix the template solution and then centrifuged at 280 x g for 1 min.
Template solution was incubated at room temperature for 5 min. After the incubation time,

980 ul of pre-chilled HT1 (Hybridization Buffer) was added to the 20 ul of template solution.

3.5.11 cBot

To make a dilution of denatured DNA with pre-chilled HT1 to a total volume of 1,000 pl, the

denatured DNA was diluted to the desired concentration using the following example:

Final Concentration (pM) 6 7 10 12 15 18 20
20 pM denatured DNA(ul) | 300 350 500 600 750 900 1000
Pre-chilled HT1(ul) 700 650 500 400 250 100 0

120 pl of the 7 pM template DNA were dispensed into 0.2 ml eight-tube strips. After loading
the cBot reagent, the cBot machine was run for 4h and S.R.Amp-Lin/Block/Hyb.V8 program

was selected for loading the sample into the flowcell.
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3.5.12 Deep sequencing

High-throughput sequencing was performed on a Hiseq 2500 for 51 cycles plus 7 cycles to

read the indices.
3.6 PAR-CLIP

3.6.1 Thionucleoside labeling

Four lymphoma cell lines (SU-DHL4, SU-DHL6, Raji and NAMALWA) were grown in
DMEM with 10% FBS. For each cell line, 6 (75c¢m) flasks were used. Stock solution of 4-
thiouridine (4SU) (Sigma, T4509) was diluted in DMSO to 1M and kept at -20°C. For
labeling, 4SU was diluted in FBS and added to the cells to a final concentration of 100 pM.

4SU labeling was accomplished overnight.

3.6.2 Crosslinking, cell lysis and immunoprecipitation

After labeling, the medium was aspirated from the plates and the cells were crosslinked on ice
with 365nm UV-lamps (energy setting 1500 uJ x 100/cm?2). Cells were washed in cold PBS
and pelleted by centrifugation. For cell lysis, the cell pellets were resuspended in 3 cell pellet
volumes of NP40 lysis buffer and incubated on ice for 10 min. Cell lysates were cleared by
centrifugation at 13,000 x g for 15 min at 4°C; lysates were then cleared further by filtering
through a 5 pum membrane syringe filter. Cleared lysates were partially digested with
RNaseT1 (final concentration of 100 U/ul (Fermentas, 10,000 U/ul)) for 15 min at 22°C in a
water bath and then cooled on ice for 5 min. AGO2 protein complexes were
immunoprecipitated from filtered cell lysates using antibodies conjugated to magnetic protein
G dynabeads (Invitrogen). Anti-AGO2 antibody (C1.9E8.2, Millipore) was added to
dynabeads to a final concentration of 0.25 mg/ml. Lysates were incubated with antibody
coupled beads for 1 h at 4°C. In PAR-CLIP experiments, the ionic strength of wash buffer is
one of the important factors for the antibody-antigen interactions and it is variable based on
the target in the experiment, e.g., the anti-FLAG M2 antibody will bind its antigen in the
presence of 500 mM, NaCl, while the anti-AGO2 antibody should not be used with salt
concentrations higher than 300 mM NaCl (Hafner, Landthaler et al. 2010). In order to ensure
to not exceed the maximal salt concentration at which the antibody recognizes its antigen,
both IP wash buffer and High salt wash buffer were substituted by NP40-lysis buffer, and the

number of wash steps was reduced from three and five times to two and three times,
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respectively. Beads were washed two times with NP40-lysis buffer and treated with RNase T1
in one volume of NP40-lysis buffer at a final concentration of 50 U/ul for 15 min at 22°C.
The beads were immediately washed two times with NP40-lysis buffer and resuspended in
NEB buffer #3 containing 0.5 U/ul calf intestinal phosphatase (NEB). Dephosphorylation was
performed at 37°C in a thermomixer (Eppendorf) with shaking at 900 rpm for 1h. Beads were
then washed twice with NP-40 lysis buffer and then labeled with [¥-32P]-ATP (Hartmann
Analytic GmbH) in PNK buffer. Gamma-ATP was used at a final concentration of 0.1puCi/pl.
The labeling reaction was performed at 37°C with for 1 h. Regular ATP (Fermentas) was
added to a final concentration of 100 uM and the reaction was further incubated for 5 min.
The beads were washed 5 times with 800 pul PNK buffer without DTT and resuspended in 35
ul of 2 X SDS-PAGE loading buffer.

3.6.3 SDS-PAGE and electroelution of RNA

Beads in SDS loading buffer were boiled at 95°C for 5 min and the supernatant was loaded
onto an SDS gel (NuPAGE Novex 4-20% BT Gel, Invitrogen). Gels were exposed for 2-5
min onto a phosphorimaging screen and visualized on the FLA 7000 imager. The radioactive
band corresponding to AGO2 (97 KD) was cut out of the gel. AGO2-RNA complexes were
electroeluted from the gel using D-Tube Dyalyzer Kit MWCO 3.5kDa (Novagen) for 2 h at
100V in SDS running buffer (25mM Tris base, 192 mM glycine, 0.1% SDS). The
electroeluate (~750 pl) was combined with 2 X proteinase K buffer (200 mM Tris-HCI pH
7.5, 150 mM NaCl, 12.5 mM EDTA, 2% SDS) containing proteinase K (Roche,
03115879001) to yield a final concentration of 2 mg/ml. The reaction was incubated at 55°C
for 30 min. Immunoprecipitated RNA was recovered by phenolchloroform extraction and
ethanol precipitation, also using glycoblue (Ambion). The PAR-CLIP libraries were

sequenced on an [llumina Hiseq2500 using the 50 cycles single read protocol.

3.6.4 RNA seq-Data analysis

After sequencing and in order to trim adapter sequences and low quality ends, we applied the

cutadapt program (http://code.google.com/p/cutadapt/). Since very short reads were not

informative, all reads bellow 18 bases in length were removed. Next, all reads were aligned
against the reference sequence of the human genome 19 (hgl9). This identifies most of the

expressed transcripts of the sample with the read number as an approximation of the
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expression of each transcript. This step was performed using the short read aligner TopHat,
which is also aware of splice junctions that could be spanned by individual reads (Trapnell,
Pachter et al. 2009). Using a combination of the two programs HTSeq and edgeR, expression
values were counted, normalized appropriate to the library size and tested for differential

expression compared to the reference mock samples of the same cell line.
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4.1 MiRNA expression profiling of GC lymphoma subtypes

4.1.1 Global miRNA expression analysis by deep sequencing

Sequencing based technologies provide an unbiased approach for studying of small non-
coding RNAs such as miRNAs. To uncover global miRNAs expression as well as new
miRNAs in GCB samples, we performed a large-scale miRNA expression profiling analysis
by next generation sequencing on 56 samples, including 21 FL (18 grade 1/2, 1 grade
1/2/3A,1 grade 2/3A, 1grade 3A), 17 BL, 18 DLBCL (10 ABC, 8 GCB) specimens and five
normal germinal center B-cell samples, which were isolated from surgically extracted tonsils
and then purified by fluorescence-activated cell sorting (FACS) as being CD20+CD38+
(Supplement Table S. 1). Libraries were generated using [llumina TruSeq Small RNA Sample
Prep Kit. Bar-coded libraries were mixed, pooled in equimolar (10 nmol/l) amounts and
diluted to 6.5pmol/l for cluster formation on a single-flow cell lane.

In order to identify new classes of small-non coding RNAs, libraries were prepared with two
distinct sized fractions, the “classic” miRNA size fraction of 18-35 nucleotides and a larger
size fraction of 35-90 nucleotides, herein after referred to as small fragment and large
fragment, respectively. Small fragment sequencing data from the Illumina HiSeq 2500 was
processed and de-multiplexed using the CASAVAL1.6 software (Illumina) pipeline to generate
raw fastq reads.

To directly identify known miRNAs, the mapped reads were aligned to known miRNA
sequences in the miRNA database (miRBase v19), using BamUgtils from the NGSUtils-0.5.5
package ("multiple partial" option) (Breese and Liu 2013). The matched sequence reads were
derived from data sets, and remaining unmatched reads were used later for identifying novel

miRNAs. In the next step, we used the cutadapt program (http://code.google.com/p/cutadapt/)

to remove the ligated adapter sequences. Furthermore, we filtered out reads that aligned
against various other RNA species, including other non-coding small RNA species and RNA

degradation products using the data from University of Santa Cruz (UCSC) Genome Browser.
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After filtering and trimming of the reads for low quality and adaptors from the 56 classical
size-selected sequencing libraries, we obtained a total of 1,340,000,000 high confidence
single-end reads, equivalent to ~23,900,000 reads mapping to miRNAs per sample. For
sample comparison we required 5 million or more total miRNA sequence reads per library
and libraries with less than 5 million reads were resequenced.

Quality control checks on raw sequence data were carried out using the FastQC tool
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). As we expected, most of the
reads were located in ncRNA, intronic and intergenic regions, Quality analysis showed that

miRNAs typically constituted more than 50% of all non-coding RNAs (Figure 4.1.A).
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Figure 4.1 Quality analysis of miRNAs. (A) The left pie-chart represents percentages of the different RNA
classes found in samples, the right pie-charts represent the mapped read distributions of protein-coding genes
(CDS; orang), and intergenic regions (blue), interonic (red) and non-coding RNA (yellow). (B) Quality of all
micrna reads in mapped reads (in percent) after filtering and other pre-alignment processing steps such as
adapter clipping.

We identified the frequencies of reads by considering different classes of small RNAs or other

genomic regions and calculated the average frequencies, comparing all 56 tumor samples. The
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frequency of reads mapping to mature miRNAs ranged from 5 to 90% in the libraries and

gave an average of 41% (Figure 4.2). Size distribution analysis showed that the matched

sequences predominantly consisted of reads approximately 22-23nt in length. All of the high-

quality clean reads larger than 18 nucleotides were mapped to the human genome. Figure

4.2.C shows size distribution of four patient samples.
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Figure 4.2 Overview of mapped reads, miRNAs and frequencies of RNA classes. (A) Number of reads (x10%
mapped to the human genome (hgl9) for all samples. These include all RNA species (premature miRNA,
snoRNA, snRNA, miscRNA, rRNA, tRNA and mRNA). (B) Frequencies of reads mapped to annotated mature
miRNAs (in percent) for all samples using the miRNA database. (C) Size distribution (bp) shown for sequence
reads that matched known miRNAs. Examples of four individual libraries are given.
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4.1.2 MiRNA expression differences between BL and non-BL

We performed unsupervised hierarchical clustering for all 56 samples (Figure 4.3). Most of
the miRNAs showed very similar expression levels across subtypes of GCB lymphoma
samples, therefore they did not cluster apart. Next, we performed statistical analyses to clarify

differentially expressed miRNAs in the three GCB-lymphoma subtypes analyzed.
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Figure 4.3 MiRNA expression profile across all subtypes

The first step of the analysis was to identify a set of miRNA with significant differences in
expression level between BL and non-BL. After analysis, our result demonstrated eight
miRNAs differentially expressed between BL and non-BL (Table 4.1). Three miRNAs (miR-
548ac, miR-150 and miR-211) were expressed at a significantly higher level in non-BL than in
BL cases, while expression of miR-1275, miR-1258, and miR-1244-1/2/3 was reduced in non-
BL entities. Our analysis of these data for miR-150 is shown in Figure 4.4 and demonstrated
that miR-150 is highly expressed in non-BL cases compared to BL cases. Comparing DLBCL
and FL with one another (Figure 4.4) showed miR-150 strongly downregulated in DLBCL.
Further differentially expressed miRNAs include e.g. miR-211, miR-548ac and miR-1244-1/3.
Relatively little is known about those miRNAs and they represent novel de-regulated targets

in lymphomagenesis.
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Table 4.1 Top eight differentially expressed miRNAs in BL versus non-BL lymphomas. The list is ranked by p-
value. Negative fold changes represent miRNAs that are downregulated in non-BL samples and positive values
those which are upregulated compared to BL samples.

miRNA ID log2 fold change | p-value location hematologic
malignancy
miR-1275 -3.83 4.38e-05 chr6:33967749-33967828 not yet associated
miR-1258 -2.71 1.45e-04 chr2:180725563-180725635 not yet associated
miR-548ac 4.01 5.30e-04 chrl:117102646-117102733 not yet associated
miR-150 3.26 4.48e-04 chr19:50004042-50004125 Lymphoma, AML,
MLL, leukemia
miR-211 4.24 2.64e-05 chr15:31357235-31357344 not yet associated
miR-1244-2 -3.86 1.26e-05 chrl12:12264886-12264970 not yet associated
miR-1244-3 -3.8 2.02e-05 chr2:232578024-232578108 not yet associated
miR-1244-1 -4 6.47e-06 chr2:232578024-232578108 not yet associated
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Figure 4.4 Expression of miR-150 in FL, DLBCL and BL samples (in percent)

4.1.3 MiRNA expression differences between DLBCL and FL

In a second step of analysis, we assessed miRNA deregulation between non-BL subtypes
including FL and DLBCL and also compared each of them separately to BL (Supplement
Table S.2). For this purpose, we analyzed differential miRNA expression between DLBCL
and FL. Our data showed that 87 (p<<0.001) miRNAs were significantly dysregulated between
these two lymphoma subtypes. FL was characterized mostly via downregulation of miRNAs
(51 of 87 miRNAs). MiR-150 that was previously demonstrated to be differentially expressed
in FL and DLBCL (Roehle, Hoefig et al. 2008) was shown to be overexpressed in FL.
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Interestingly; we observed the overexpression of components of the miR-17-92 cluster (miR-
17, miR-18a and miR-20a) in DLBCL in comparison to FL. In addition, comparing FL to
non-tumoral samples showed three miRNAs of the miR-17-92 cluster (miR-17, miR-18a and
miR-92a) and two paralog components (miR-106a and miR-106b) were downregulated in FL.

4.1.4 MiRNA expression differences between DLBCL and BL

98 miRNAs were found to be differentially expressed (p<0.001) between BL and DLBCL.
Eight miRNAs (miR-146b, miR-221, miR-222, miR-30d, miR-26a-2, miR-339, miR-9 and
miR-193a) were previously reported to be dysregulated between BLs and DLBCLs (Lenze,
Leoncini et al. 2011). Among the others, miR-9 and miR-193 were identified to be
upregulated in DBCL vs. BL while Lenze et al. reported these two miRNAs as being
upregulated in BL. The other miRNAs that were previously reported included miR-573, miR-
17 and miR-92, miR-9, miR-26 and miR-374.

4.1.5 MiRNA expression differences between FL and BL

Based on a 2-fold or greater difference in mean values in FL samples compared to BL
(P<0.001), we found that 108 miRNAs were significantly differentially expressed in these two
subtypes, of which 65 miRNAs were downregulated and 42 miRNAs showed upregulation in
FL.

4.1.6 High expression of miR-143

The most strongly upregulated miRNA compared to non-tumoral samples was miR-143, in
germinal center or naive B-cells sample read counts for miR-143 accounted for 0.05% of all
sequenced reads, suggesting that miR-143 is hardly expressed in normal samples. Expression
of miR-143 in lymphoma samples is shown in Figure 4.5; miR-143 expression in tumoral

samples was up to 68% of all sequenced reads.
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mir—143 expression in Lymphoma patients
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Figure 4.5 miR-143 expression in three subtypes of GCB-lymphomas (in percent).

4.1.7 MiR-142 is recurrently mutated in its mature sequence in DLBCL as
well as FLL

We focused our attention on mutations present in either the transcriptome and/or the miRNA
datasets. First, we searched for those mutations which could be found on both DNA (whole
genome sequencing) as well as RNA levels (RNAseq, miRNAseq). In total, we identified 17
mutations in 12 patients (6 mutations in 5 DLBCL patients, 4 mutations in 3 FL patients, 7
mutations in 4 BL patients) corresponding to eight distinct miRNAs (miR-142, miR-612, miR-
3655, miR-4322, miR-4537, miR-4538, miR-4539 and miR-5195) (Table 4.2). In four cases,
the mutations were within the mature sequence (miR-142, miR-612, miR-4537 and miR-4538).
MiR-142 was the most frequently mutated miRNA with a total of seven different mutations in
six patients. Two of those mutations were located within the seed sequence. This corresponds
to a mutation frequency of 15,4% in non-BL; looking at the subgroups, this breaks up into
22,2% in DLBCL and 9,5% in FL. MiR-612 (only mutated in DLBCL; mutation frequency
5,6%), miR-4538 (BL, mutation frequency 5,9%) and miR-4537 (BL) showed one mutation
each in the mature sequence. In the case of the latter, a second BL patient carried three
additional mutations outside of the mature sequence. This corresponds to a mutation
frequency for miR-4537 of 11, 8% in BL patients. For four other miRNAs (miR-3655, miR-
4322, miR-4539, miR-5195) we could only detect mutations outside the mature regions and in

only one patient each.
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Table 4.2 List of miRNAs with mutations and location of mutations.

Name mature chr nt type pid diagnosis |[subtype M;;giq D::llt];;;q 2?111;?1: 13:111;1‘:
miR-142 n Chrl7 56408638 |G->A 4101316 Non-BL DLBCL 15,9% 6,3% 1760,59 0,67
miR-142 y Chr17 56408624 |C->T 4102009 Non-BL DLBCL 44,4% 56,8% 2203,64 3,46
miR-142 y Chrl7 56408616 |A->C 4112447 Non-BL FL 23,0% 77.,3% 2689,82 1,66
miR-142 n Chrl7 56408630 |C->T 4120193 Non-BL DLBCL 29,8% 15,6% 1711,43 2,29
miR-142 y Chrl7 56408620 JA->T 4160468 Non-BL FL 14,2% 0,0% 11968,60 0,69
miR-142 y Chr17 56408621 |A->G 4160468 Non-BL FL 14,4% 0,1% 11968,60 10,69
miR-142 y Chrl7 56408612 JA->T 4176133 Non-BL DLBCL 38,7% 11,7% 1060,39 1,54
miR-3655 |n Chrs 140027478 |A->G 4177376 Non-BL FL 18,4% 0,0% 0,06 0,77
miR-4322 |n Chr19 10341109 |C->T 4135099 Non-BL DLBCL 16,7% 100,0% 0,00 0,06
miR-4537 |n Chrl14 106325659 |G>A 4189998 BL BL 39,1% 22,2% 0,07 4,08
miR-4537 |n Chrl14 106325674 |C->G 4189998 BL BL 41,1% 9,1% 0,07 4,08
miR-4537 |n Chrl14 106325693 |C->G 4189998 BL BL 47,8% 100,0% 0,07 4,08
miR-4537 |y Chrl14 106325609 [G->A 4193278 BL BL 84,3% 100,0% 0,02 4,11
miR-4538 |y Chrl14 106324395 |C->T 4146289 BL BL 44.2% 0,0% 0,00 2,41
miR-4539 |n Chrl14 106323713 |C->G 4182393 BL BL 29,5% 16,7% 0,08 1,78
miR-5195 |n Chrl14 107259212 |C->G 4182393 BL BL 48,8% 90,9% 0,14 3,20
miR-612 y Chrll 65211962 |G->A 4135099 Non-BL DLBCL 21,1% 85,7% 0,06 0,13

Next, we examined for mutations which were seen exclusively on the RNA (and not the
DNA) level and which thus represent bona fide miRNA editing events. Starting with several
thousand candidate SNV (all SN'Vs sequenced in our miRNA data), we limited our search to
those SNVs in the seed regions (within nucleotides 2 to 7, which are important in conferring
binding-site specificity of the respective miRNAs to their target mRNAs) and excluded
known SNVs (dbSNP) as well as rare (below 10%) variants. The last 40 candidates were
manually evaluated (correct position of SN'Vs in sequence reads, sequencing quality of errors
etc.) and the list was thus narrowed down to seven SNVs (Table 4.3). Of the two changes
other than A-to-H (with H being A, C or T), the first one (chrl1: 93466874) was only found
in one sample while the second one being more common (chrl4: 77732582) and was
observed in all three subtypes. The five SNVs which represented A-to-H changes mapped to
five miRNAs (miR-1260b, miR-4772, miR-376al, miR-376a2 and miR-376¢), with the three
latter all belonging to the same genomic cluster. According to our data editing frequencies

ranged from 31-86%.
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Table 4.3 miRNA editing. The seven SNVs correspond to different miRNAs. Two of five SNVs show other than
A-to-H (with H being A, C or T) changes and the rest show A-to-H changes.

chrom | location miRNA type % alternative BL FL DLBCL
chr2 103048801 | miR-4772 A->C 31,0% 0 0 1
chrll | 93466874 miR-1304 T->C 68,4% 0 0 1
chrll | 96074619 miR-1260b | A->G 35,3% 0 3 0
chri4 | 101506074 | miR-376¢ A->G 45,2% 3 8 2
chrl4 | 101506460 | miR-376a2 | A->G 86,2% 11 7 5
chrl4 | 101507167 | miR-376al | A->G 86,2% 11 7 6
chrl4 | 77732582 miR-1260a | T->G 98,7% 9 12 6

4.1.8 Validation of NGS data using qRT-PCR

Validation of our NGS data was performed by real-time RT-PCR analysis.We selected a
subset of dysregulated miRNAs (miRs-10b, -141a, -142b, -143, -1464a, -150, -21,-22b-5p, -28,
and -92a). According to the NGS data, we prepared two lists of samples that showed the

minimum and maximum expression levels of each selected miRNAs (Table 4.4 & Table 4.5).

Table 4.4 Minimum expression of selected miRNA in the three subtypes of the GCB lymphoma.

miRNA BL patient BL DLBCL patient DLBCL | FL patient FL expr.
expr. expr.
miR-10a BL 4142267 [ 0.05 | DLBCL 4104893 2.56 FL 4160468 | 2.58
miR-141 BL 4133511 | 0.00 | DLBCL 4101316 0.00 FL 4158726 | 0.00
miR-142 BL 4146289 | 0.64 | DLBCL 4116738 0.50 FL 4158726 | 0.70
miR-143 BL 4142267 | 0.84 | DLBCL 4176133 3.11 FL 4113825 | 4.02
miR-146a | BL 4146289 | 0.02 | DLBCL 4131257 0.51 FL 4134005 | 0.29
miR-150 BL 4194218 | 0.02 | DLBCL 4134434 0.01 FL 4134005 | 0.29
miR-21 BL 4142267 | 0.60 | DLBCL 4166706 2.28 FL 4198542 | 0.99
miR-22 BL 4193278 | 0.05 DLBCL 4116738 0.05 FL 4158726 | 0.04
miR-28 BL 4142267 | 0.05 DLBCL 4134434 0.04 FL 4112447 | 0.05
miR-92a-1 | BL 4146289 | 0.09 | DLBCL 4157186 0.05 FL 4198542 | 0.11

Table 4.5 Maximum expression of selected miRNA in three different subtypes of the GCB lymphoma samples.

miRNA BL patient BL DLBCL patient DLBCL | FL patient FL expr.
expr. expr.

miR-10a BL 4177856 | 14.87 | DLBCL 4108101 14.50 FL 4158726 | 41.35
miR-141 BL 4120157 ] 0.56 | DLBCL 4115001 7.46 FL4177810 | 0.45
miR-142 BL 4130003 | 5.70 [ DLBCL 4166706 5.46 FL 4113825 [ 9.57
miR-143 BL 4146289 | 68.23 | DLBCL 4108101 16.11 FL 4158726 | 21.68
miR-146a | BL 4120157 | 19.26 | DLBCL 4134434 30.47 FL 4113825 | 14.65
miR-150 BL 4190495 | 0.25 DLBCL 4166706 1.20 FL 4159170 | 2.53
miR-21 BL 4120157 | 10.01 | DLBCL 4131257 19.16 FL 4177376 | 13.11
miR-22 BL 4130003 | 2.63 DLBCL 4131257 6.59 FL 4160468 | 3.79
miR-28 BL 4130003 | 2.45 DLBCL 4184094 1.65 FL 4134005 | 1.03
miR-92a-1 | BL 4133511 | 1.01 DLBCL 4163639 0.90 FL 4177376 | 3.05
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We applied the TagMan miRNA gRT-PCR assay (Applied Biosystems) utilizing 20ng of
RNA and specific RT primers for individual miRNAs. To confirm consistent relative
expression of each of these RNA species within individual samples, the Ct values for RNU24
(SNORD24 small nucleolar RNA, C/D box 24) were correlated across the ten GCB
lymphoma samples. With the exception of miR-28, which showed a somewhat inconsistent
expression pattern compared to NGS sequencing data, the other nine miRNAs (miRs-10b, -
141a, -142b, -143, -1464a, -150, -21, -22b-5p and -92a) fully confirmed the NGS sequencing

data (Figure 4.6).
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Figure 4.6 Validation of miRNA expression by quantitative Real-Time PCR. Represented are the comparisons
between DLBCL, BL and FL. Blue bar: results of qRT-PCR, red bar: results obtained by NGS.

4.2 Novel miRNAs

The aim of the Diisseldorf workpackage within the ICGC MMML-Seq framework was to
provide a comprehensive list of known small non-coding RNAs as well as novel miRNAs in
GCB lymphomas. Therefore we tried to identify novel miRNA amongst the unclassified
sequences in our libraries. We applied miRanalyzer for identification of novel miRNAs.
Miranalyzer is a web server and stand-alone tool for the analysis of high throughput
sequencing experiments (Hackenberg, Sturm et al. 2009). The fastq files were transformed
into a read count file, which is filtered to keep only sequences from 17 to 26 bases. These
reads were successively mapped to several databases in order to identify known miRNAs,
discard messenger RNA contaminations and select sequences for the miRNA prediction step.
Sequences that can be mapped to the reference genome, but cannot be assigned to any
annotations (unclassified sequences), were used to predict novel miRNAs. 283 putative novel

miRNAs were predicted by miRanalyzer (Supplement Table S. 3)

4.2.1 Experimental validation of novel miRNAs

To identify novel miRNAs in our libraries, the miRanalyzer output served as the starting point
for the validation. Since novel miRNAs are often of low expression and generally have a
sequence similar to known genomic repeats, we assumed that many of these predicted
miRNAs were either randomly derived from fragments of various RNAs or regulatory small
RNAs (Berezikov, Thuemmler et al. 2006). We addressed this issue by performing Northern
blot assay to further confirm the presence of bona fide miRNAs. Northern blot as a classic
low-throughput technique is the gold standard to validate the existence of computationally

predicted novel miRNAs. Northern blot experiments were carried out according to a well-
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established protocol (Landgraf, Rusu et al. 2007). Total RNA was derived from four
lymphoma cell lines (NAMALWA (BL), Raji (BL), SU-DHL-4, (DLBCL) and SU-DHL-6
(FL)). The 20 most promising candidates were selected to be checked by Northern blot (Table
4.6)

Table 4.6 Top 20 novel predicted miRNAs in GCB lymphomas.

NB-miRNA Genomic location Sequence

NB-miR-1 chr1:43914204-43914292(+) CCAGGGCAGAGGGCACAGGAATCT
NB-miR-2 chr20:43272717-43272813(+) GCAGGGCCGTCTACCTCCAAGGC
NB-miR-3 chr3:156878062-156878153(+) | ACCTTGGGATCCTCAGAGGCTG
NB-miR-4 chr8:27290881-27290962(+) TTGGCTGGTCTCTGCTCCGCAGG
NB-miR-5 chr10:50035510-50035603(+) GCACACTGACACAGAGAGAGAGA
NB-miR-6 chr20:43272714-43272812(-) CAGGGCCGTCTACCTCCAAGGC
NB-miR-7 chr10:75936514-75936605(+) AAGCAGTTGCTGTGGTACCTGCT
NB-miR-8 chr5:72143946-72144041(+) AGACGCTGGCGGCCGGGCTGCCA
NB-miR-9 chr1:43914204-43914292(+) CAGGCCTGTGGCTCCTCCCTCA
NB-miR-10 chr1:32410164-32410309(+) CCTCCTCAGGCACTAGAGCTTCCC
NB-miR-11 chr20:43272714-43272812(-) CAAGGCAAACCTAGTCAGATTA
NB-miR-12 chr2:219206629-219206714(+) | GTCCCCTGCTCCCTTGTTCCCCAGTC
NB-miR-13 chr17:73008757-73008842(+) CGCAAGACCTGAGCATGGCGGCCA
NB-miR-14 chr17:73008757-73008842(+) CTGCGCTGGGGCCTGAGCCGAGC
NB-miR-15 chrX:118533303-118533392(+) | CCGGAGAGCCCCAGGCCCGAGCC
NB-miR-16 chr11:64863680-64863778(+) GCCGGGCCTAGCCCGGGGTCTGGAC
NB-miR-17 chr15:45003719-45003814(+) AGCATTCGGGCCGAGATGTCTCG
NB-miR-18 chrM:3363-3463(-) GTAGGCCCCTACGGGCTACTACAACCCT
NB-miR-19 chrM:3363-3463(-) CCAACGTTGTAGGCCCCTACGGGCTACT
NB-miR-20 chr12:52453530-52453613(+) TCACTGCAGGGCCCTAGCAATA

The design of the probes was reverse complementary to the mature miRNA sequences (Table
4.7). Of the 20 candidates, four miRNAs (NB-miR-1, NB-miR-5, NB-miR-19 and NB-miR-20)

showed mature processed fragments in Northern blot analysis.

Table 4.7 Northern blot results of the top 20 novel predicted miRNAs in GCB lymphomas

NB-miRNA Probe sequence Result

NB-miR-1 AGATTCCTGTGCCCTCTGCCCTGG Positive
NB-miR-2 GCCTTGGAGGTAGACGGCCCTGC Negative
NB-miR-3 CAGCCTCTGAGGATCCCAAGGT Negative
NB-miR-4 CCTGCGGAGCAGAGACCAGCCAA Negative
NB-miR-5 TCTCTCTCTCTGTGTCAGTGTGC Positive
NB-miR-6 GCCTTGGAGGTAGACGGCCCTG Negative
NB-miR-7 AGCAGGTACCACAGCAACTGCTT Negative
NB-miR-8 TGGCAGCCCGGCCGCCAGCGTCT Negative
NB-miR-9 TGAGGGAGGAGCCACAGGCCTG Negative
NB-miR-10 GGGAAGCTCTAGTGCCTGAGGAGG Negative
NB-miR-11 TAATCTGACTAGGTTTGCCTTG Negative
NB-miR-12 GACTGGGGAACAAGGGAGCAGGGGAC Negative
NB-miR-13 TGGCCGCCATGCTCAGGTCTTGCG Negative
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NB-miR-14 GCTCGGCTCAGGCCCCAGCGCAG Negative
NB-miR-15 GGCTCGGGCCTGGGGCTCTCCGG Negative
NB-miR-16 GTCCAGACCCCGGGCTAGGCCCGGC Negative
NB-miR-17 CGAGACATCTCGGCCCGAATGCT Negative
NB-miR-18 AGGGTTGTAGTAGCCCGTAGGGGCCTAC Negative
NB-miR-19 AGTAGCCCGTAGGGGCCTACAACGTTGG Positive
NB-miR-20 TATTGCTAGGGCCCTGCAGTGA Positive

In order to quantify the intensity of the bands obtained, we designed RNA standard (Eurofins)
for validated novel miRNAs (NB-miR-1, NB-miR-5, NB-miR-19 and NB-miR-20). The first
novel miRNA (NB-miR-1) was detected only in the Raji cell line, the second novel miRNA

(NB-miR-5) was moderately expressed in SU-DHL-4 cell line and weakly expressed in
NAMALWA and Raji cell lines, the third and fourth novel miRNA (NB-miR-19/20) similarly
observed in Raji, and also respectively expressed in SU-DHL-4 and NAMALWA (Figure
4.7.A). The secondary structures of the potential miRNAs were predicted by RNAfold
(http://rna.tbi.univie.ac.at/cgi-bin/RNAfold.cgi) (Figure 4.7.B).
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Figure 4.7 Validation of novel miRNA candidates by Northern Blot. (A) Northern Blot experiments with probe
reverse complementary to candidate, 1/5/10/20: fmol size standard were used. Bands corresponding to mature
miRNA are indicated by arrows. (B) Predicted folding structure (hairpin) of pre-miRNAs of candidates. Intensity
of red shading correlates to the number of sequenced reads across a particular region across the pre-miRNA (the

darker, the more reads detected)

4.2.2 Overexpression of novel miRNAs

The induction of miRNA expression in mammalian cell system is the initial step in different
studies to identify miRNA function. Of the four novel miRNAs which we could successfully
validate by Northern blot assay, we subjected two novel miRNAs (NB-miR-5 and NB-miR-19)
to further functional analysis. Transient overexpression of novel miRNAs was achieved by
transfection of double-stranded RNA molecules that mimic the Dicer cleavage product. To
achieve that, NB-miR-5 and NB-miR-19 were cloned into pcDNA™6.2-GW/+ EmGFP-miR
(Invitrogen). pcDNA™6.2-GW/+= EmGFP-miR vectors are designed to accept engineered pre-
miRNA sequences. We set up the experiment with nucleofection using the Cell Line
Nucleofector® Kit V (Lonza) and used 1 pg per 12-well plate for each cell line. Transfection
efficiency was examined in two cell lines and found to be ~70%. In conclusion, we showed
that synthetic pre-miRs can be delivered efficiently into Raji and SU-DHL-4 cell lines using

nucleofection method. As negative control we employed empty destination vector.

4.2.3 Functionality tests of pre-miRs

To identify whether transfected pre-miRs can effectively increase intracellular levels of

specific miRNAs, we conducted a quantification assay using stem-loop RT followed by
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TagMan PCR analysis. For these experiments, we selected Raji and SU-DHL-4 cell lines and
transfected them with 1pg of destination vector. To optimize the time point after transfection
that provides the maximum expression of NB-miRNAs, mature miRNAs were assayed by
qRT-PCR 24h, 48h and 72h after transfection (Figure.3.10.). Relative miRNA expression
changes were calculated by using a critical threshold (C (t)) method, also known as pAACT
(Livak and Schmittgen 2001). Expression level of abundant small nuclear RNA (RNU24) was
used as a reference for normalization throughout the experiments. The highest expression of
novel miRNAs in both cell lines was achieved 24h after transfection. We detected
significantly increased levels of both NB-miRNAs (around 11-fold in Raji cell line and
around 20 -fold in SU-DHL-4 cell line) in the cells transfected with novel miRNAs compared

to the mock transfected cells (Figure 4.8).

30
ENB-miR-5

25 ENB-miR-19

Expression

Figure 4.8 Expression levels of NB-miRNA-5 and NB-miRNA-19. Representative time point qRT-PCR
experiment in the cells transfected with pre-NB-miRNAs. Raji and SU-DHL-4 were transfected with pre-NB-
miRNAs and qRT-PCR was performed 24h, 48h, 72h after transfection. Expression levels of NB-miRNA-5 and
NB-miRNA-19 in mock-transfected cells (only transfection reagent) were adjusted to 1 and used as a reference
to normalize miRNA expression changes in the cells transfected. Results are shown as normalized expression
mean values from three independent transfection experiments (n=3) £+ SD.

4.2.4 Knockdown of novel miRNAs

Since miRNA overexpression experiments are prone to a certain degree of false positive

results (Bracken, Gregory et al. 2008), we also applied miRNA silencing to the lymphoma

cell lines. The small size of miRNAs makes their detection problematic; therefore miRNAs

knockdown requires a highly specific and potent tool (Krutzfeldt, Poy et al. 2006). We

employed miRNA knockdown application, based on using Locked Nucleic Acid (LNA™)-

modified probes. Since LNA has high affinity for short RNA targets and a high mismatch
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discrimination ability, it is considered an effective tool for functional analysis of miRNAs
(You, Moreira et al. 2006). LNA probes for both novel miRNAs were designed by Exiqon.
Similar to the overexpression experiment, Raji and SU-DHL-4 were selected for anti-miR
transfection using the Cell Line Nucleofector® Kit V (Lonza). Usually, miRCURY LNA™
micRNA inhibitors display potent activity at final concentrations of 1-25 nM, but an extended
range of 1-100 nM may be appropriate for optimization purposes. We transfeced the cells
with different concentration (30 nm, 50 nm and 100 nm) and harvested the cells 24h after
transfection. Quantification analysis revealed that anti-novel miRNAs transfection
significantly reduced both NB-miRNAs levels compared to mock transfection (Figure 4.9)
confirming that 100nm of anti-novel miRNAs had best overall knockout efficiency. Different
concentrations of LNA in SU-DHL-4 cell line had little or no effect on NB-miR-19
expression; and we could not obtain knockdown of NB-miR-19 in SU-DHL-4. Even after

increasing incubation time to 48h and 72h we obtained similar result (results not shown).

A. B.
1.2 - ® NB-miR-5 L2 - *NB-miR-5
ENB-miR-19 aNB-miR-19
1 - 1
0.8 c 0.8 -
Z 06 - : 0.6 -
£ 0.4 - 0.4
0.2 - 0.2
0 - 0 -
mock 30nmol S50noml 100moml mock 30nmol S50noml 100noml
1.2 1 12
1 - 1 -
. 0.8 £ o8-
g Emock § Emock
g 0.6 - = NB.miR.S 3 0.6 5 NB-miR-5
£ 04 - ENB-miR-19 0.4 - ENB-miR-19
0.2 - 0.2 -
0 - 0 -
Raji SU-DHL-4

Figure 4.9 Different concentrations of LNA knockdown probes targeting NB-miRNAs. QRT-PCR was
performed to quantify changes in the miRNA expression levels after transfection with a different concentration
of LNA probes. Raji (A) and SU-DHL-4(B) were transfected with the indicated concentration of LNA probes
and qRT-PCR was performed 24h after transfection. Expression levels of NB-miRNA-5 and NB-miRNA-19 in
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mock-transfected cells (only transfection reagent) were adjusted to 1 and used as a reference to normalize
miRNA expression changes in the transfected cells. Results are shown as normalized expression mean values
from three independent transfection experiments (n=3) £ SD

4.2.5 RNA Seq-data of novel miRNAs

Since miRNAs regulate gene expression by translational repression and mRNA cleavage (Du
and Zamore 2007), the effect of an miRNA modulation should also be assayed at the mRNA
level. Therefore, after overexpression and knockdown of NB-miRNAs, we set out to perform
RNAs-Seq experiments to identify their regulated mRNAs. We performed overexpression and
knockdown experiment in Raji and SU-DHL-4 cell lines in triplicate. 24h after transfection
cells were collected and total RNA was extracted by using Trizol. Prior to preparation of
libraries, we verified increased and decreased of novel miRNAs expression by qRT-PCR.
RNAseq libraries were generated using the TruSeq RNA sample prep kit (Illumina, San
Diego, CA, USA), which generates libraries from 200 ng of total RNA. Each library was
barcoded, pooled and sequenced using Illumina HiSeq 2500. We chose single-end 100-bp
sequencing to maximize read depth and detection of small fold changes. Following mapping
of the sequencing reads to the reference genome with TopHat, a total of 241 dysregulated
genes were detected after knockdown and overexpression of NB-miR-5 in SU-DHL-4, as
result showed 208 and 34 genes were identified from overexpression and knockdown samples
respectively, which shared 34 genes in common (Table 4.8). We obtained fewer genes after
overexpression and knockdown of NB-miR-5 in Raji compared to SU-DHL-4.

Since we could not get knockdown of NB-miR-9 in SU-DHL-4, we obtained 2,188 different
expressed genes after overexpression of this miRNA in SU-DHL-4. Our data indicated
overexpression and knockdown of NB-miR-19 in Raji changed mRNA levels of 174 genes,
compared to mock (Table 4.9, Supplement Table S. 5).
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Table 4.8 List of shared target genes after overexpression and knockdown of NB-miR-5 in SU-DHL-4

list of overlapping target gene

ACAP2 GNAI13 PSMD8

AKAPI11 GRK6 RASSF2
ATM HELZ RFC3

BCL2L11 LPIN1 RPNI1
BRWDI1 MCM2 RUVBLI1
CDCA7 MCM5 FANCI
CLCN3 MCM7 FNBP4
CMTM6 MEF2A NME1

CYBA MGEAS5 PIK3AP1
EFHD2 MRPLI12 NIPBL

EP300 MYBL2 FAM214A

Table 4.9 Gene expression summary of both novel miRNAs overexpression and knockdown in Raji and SU-

DHL-4 cell lines. Knockdown of NB-miR-9 was not obtained.

Samples NB-miR-5-KD | NB-miR-5-OE NB-miR-19-KD NB-miR-19-OE
Total No. of genes in SU-DHL-4 34 208 - 2,188
Upregulated in SU-DHL4 18 95 - 1,335
Downregulated in SU-DHL-4 16 113 - 853

Total No. of genes in Raji 12 28 75 99
Upregulated in Raji 10 8 51 21
Downregulated in Raji 2 20 24 78

4.3 AGO2-PAR-CLIP

4.3.1 Photoactivatable nucleoside facilitates RNA-RBP crosslinking in
cultured cells

To uncover those mRNAs which are targeted by miRNAs in Argonaute-miRNA-mRNA
interactions, we performed pull-down experiments of AGO2 complexes after photoactivated
ribonucleoside-enhanced cross-linking followed by NGS sequencing of associated mRNAs
(PAR-CLIP) (Hafner, Landthaler et al. 2010) (Figure 4.10.A). For immunoprecipitations (IPs)
of endogenous AGO2 proteins, we utilized monoclonal anti-AGO2 antibody (C1.9ES8.2,
Millipore) to isolate AGO2-associated RNAs. PAR-CLIP experiments were performed in all
four lymphoma cell lines (NAMALWA, Raji, SU-DHL-4 and SU-DHL-6) and AGO2-
overexpressing HelLa cell line as positive control. Random or site-specific incorporation of
photoactivatable nucleoside analogs into RNA in vitro has been used to probe RBP (RNA-
binding protein) and RNP (ribonucleoprotein) -RNA interactions (Meisenheimer and Koch
1997, Kirino and Mourelatos 2008). Several of these photoactivatable nucleosides are readily
taken up by cells without apparent toxicity and they have been used for in vitro crosslinking
(Favre, Moreno et al. 1986). Here, we applied 4SU to cultured cells expressing the AGO2-
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protein, followed by UV 365 nm irradiation (Hafner, Landthaler et al. 2010). 4SU (Figure
4.10.B) is incorporated into nascent transcript subsequently resulting in thymidine to cytidine
(T-to-C) conversions at the cross-linked sites. The T-to-C conversions are used as markers to
identify RNAs truly associated with AGO2 from false positive RNAs (Hafner, Landthaler et
al. 2010, Spitzer, Hafner et al. 2014). The crosslinked RNA-protein complexes were isolated
by IP, and the covalently bound RNAs were partially digested with RNase T1 and
radiolabeled. After performing IPs, the bands that corresponded to the expected size of AGO2
were cut out (Figure 4.10.C).
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Figure 4.10 PAR-CLIP methodology. (A) Illustration of PAR-CLIP, 4SU-labeled transcripts were crosslinked to
AGO?2 and partially RNase-digested RNA-protein complexes were immunopurified and size-fractionated. RNA
molecules were recovered and converted into a cDNA library and deep sequenced. (B) Structure of 4-thiouridine
(4SU). (C) Phosphor images of SDS-gels that resolved 5’-32P-labeled RNA-AGO2 immunoprecipitates (IPs)
prepared from lysates from cells that were cultured in media in the presence of 4SU and crosslinked with UV
365 nm.
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Barcoded libraries from four cell lines were mixed and pooled in equimolar (10 nmol/L)
amounts and diluted to 7pmol/L for cluster formation on a single-flow cell lane. After
filtering and trimming of the reads for low quality and adaptors from the four sequencing
libraries, we obtained a total of 148,040,337 single-end reads (Table 4.10). Next, all
remaining reads were aligned against the human reference genome sequence hg 19 using
BWA allowing for two mismatches between a read sequence and the reference sequence. The
identification of target regions that are bound by the protein of interest is performed by a
hierarchical clustering algorithm implemented in our in-house pipeline. Each of the resulting
‘clusters’ of reads represents a target region of the protein. In this study, we got 21.397
clusters formed by four PAR-CLIP libraries (Supplement Table S. 4). To discard false-
positives, we applied filters to identify the most confident clusters, e.g. filtering for a T-to-C
conversion rate above 25% for each cluster and for at least 10 reads per cluster. Among four
libraries, the majorities of reads were achieved from non-BL cell lines (SU-DHL-4 and SU-
DHL-6) (Figure 4.11.A). Most of the reads were located in the CDS (coding DNA sequence)
and 3'UTR, only few reads were located in 5'UTR (Figure 4.11.B). In the Raji cell line, we
achieved reads neither in the 3' UTR nor in the 5' UTR region, but only in the CDS region.

Table 4.10 Summary of read alignment statistics for four cell lines (number of reads is shown in millions of
reads)

Cell line Number of reads after adaptor trimming | Number of aligned reads
Raji 10.37 M (7%) 1.31M (12.6%)
NAMALWA 16.25 M (10%) 1.32M (8.19%)
SU-DHL-4 17.01 M (12.6%) 1.14M (6.12%)
SU-DHL-6 18.66 M (11.6%) 1.38M (8.15%)
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Figure 4.11 AGO2-PAR-CLIP summary of four cell lines. (A) Number of clusters achieved after read alignment
and pile-up from each cell line. (B) Genomic location of PAR-CLIP isolated mRNAs and distribution of T-to-C
sites in transcript regions.
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After read alignment and pile-up we achieved 1962, 5937, 6302 and 7196 clusters from Raji,
NAMALWA, SU-DHL-4 and SU-DHL-6, respectively (Supplement Table S.5). Non-specific
bound clusters were excluded with following criteria: more than 10 reads per cluster and more
than 25% T-C mutation. After filtering non-specific clusters, 176, 713, 763 and 609 mRNA
clusters were detected in AGO2-PAR-CLIPs from Raji, NAMALWA, SU-DHL-4 and SU-
DHL-6, respectively (Figure 4.11.A). The AGO2-PAR-CLIP mRNAs from the two non-BL
cell lines exhibited six shared mRNAs (SH2B2, HERC2, SVEP1, SIPA1L3, CANTI, and
DHX33). Our data did not show any common target in the two BL cell lines. We also
captured nine targets (GSG2, SETD2, PHKB, MYBLI1, APC2, DHX30, GLB1, CDH23,
KIAA1274 and B2M) that were common in three out of the four cell lines. Only one target
(GSG2) was found in all four cell lines (Table 4.11).

Table 4.11 Top six expressed miRNA targets in non-BL cell lines. MiRNA targets that were found in three out
of four cell lines. Only GSG2 was found in all four libraries.

Common mRNA targets in non-BL cell lines Common mRNA target in three cell lines
SH2B2 GSG2
HERC?2 SETD2
SVEP1 PHKB
SIPA1L3 MYBLI1
CANT1 APC2
DHX33 DHX30
GLBI1
CDH23
KIAA1274
B2M
4.4 LncRNAs

4.4.1 Differentially expressed and methylated IncRNA AP000251

High-throughput RNA sequencing has promoted the study of IncRNAs. Recent transcriptomic
studies in mammals have revealed an abundance of long non-coding RNAs (IncRNAs) that
are interspersed with coding genes (Engstrom, Suzuki et al. 2006). We mapped all of the
sequenced reads derived from GCB lymphoma and from healthy controls against the largest
currently available IncRNA database. Searching for the IncRNAs showing the highest
differential methylation and expression between BL and non-BL patient samples, we

identified IncRNA AP000251 (Figure 4.12.A).
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Figure 4.12 Differentially expressed and methylated IncRNA AP000251. (A) Expression tracks are scaled to
RPM (read per million) 0.7. (B) Number of exons; LncRNA AP000251 spans 1.263 bp in the genome
(32,931,537 - 32,932,800) and consists of two exons (371 bp, 470 bp).

The IncRNA AP000251 lies downstream of TIAMI1 (T-cell lymphoma invasion and
metastasis 1) on chromosome 21. It spans 1.263 bp in the genome (32,931,537 - 32,932,800)
and consists of two exons (371 bp, 470 bp) (Figure 4.12.B). The function of IncRNA
AP000251 is currently unknown, but dysregulation in our tumor samples suggests that it has a
critical biological function. To assess its function, we performed overexpression as well as
knockdown experiments followed by qRT-PCR analysis to check for altered mRNA levels
following AP000251 RNA level changes. Next, we performed RNAseq experiments on
overexpressed and knockdown IncRNA AP000251 samples to identify those transcripts which
are regulated by this IncRNAs.

75



4 Result

4.4.2 LncRNA AP000251 validation

To assess the accuracy of next-generation sequencing data, we measured AP000251
expression patterns in lymphoma cell lines by qRT-PCR analysis. For this purpose, IncRNA
AP000251 expression was confirmed using qRT-PCR in the set consisting of BL, non-BL and
normal B cells. Two cell lines of each BL and non-BL subtypes were selected to compare
expression levels of IncRNA AP000251. To prevent false amplification of contaminated
genomic DNA, we designed primers spanning the exon-exon junction (Eurofins). GAPDH
(Glyceraldehyde-3-phosphate dehydrogenase) was used as internal control. QRT-PCR
analysis showed an expression pattern of IncRNA AP000251 in the cell lines similar to that

observed in NGS sequencing data (Figure 4.13).
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Figure 4.13 Expression levels of LncRNA AP000251 in lymphoma cell lines. LncRNA AP000251 RNA levels
were measured by qRT-PCR in four different lymphoma cell lines, higher delta Ct value shows lower
expression, GAPDH mRNA levels were used as an internal normalization control. Values represent the average
of three technical replicates.

4.4.3 Overexpression of IncRNA Ap000251

Based on the different expression of IncRNA AP000251 in BL and non-BL, we selected Raji
and SU-DHL-4 cell lines for the overexpression study. To make overexpression (OE)
constructs, PCR products were digested with Sall and Notl, purified, and subcloned into the
Gateway vector, pcDNA™6.2/EmGFP-Bsd/V5-DEST (Invitrogen). Because expression of
the IncRNA is not detectable by Western blot experiment, this vector is suitable as it contains
a separate transcriptional unit which allows high-level constitutive expression of Emerald
Green Fluorescent Protein (EmGFP) fused to the blasticidin resistance gene. This way,

judging transfection efficiency by fluorescence microscopy is easily achieved.
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Overexpression constructs were sequenced prior to transfection. As we already set up
electroporation-based transfection techniques for Raji and SU-DHL-4 cell line, destination
vector was transfected into Raji and SU-DHL-4 cells by using nucleofection kit. Empty vector
was used as negative control expression vector. According to the manufacturer’s protocol, 2 x
10° cells of each cell line were transfected with 2 ug plasmid DNA. We examined three
different time points post transfection to achieve a high level of efficiency. After 24, 48 and
72h, cells were analyzed for GFP expression by fluorescence microscopy. Cells were
harvested 24-72h post-transfection and cellular RNA was extracted and reverse transcribed to
cDNA. Next we applied qRT-PCR to measure expression of AP000251 at different time
points. We found the best time point with maximum expression of IncRNA AP000251in both
SU-DHL-4 and Raji cell lines was 24h after transfection (Figure 4.14).

A. B.
s - is
U = APUNST
25 = GAIDH
20

Fold change

Fold change

Figure 4.14 AP1000251 fold change 24h after AP000251 transfection in (A) Raji and (B) SU-DHLA4 cell lines.
Values represent average and bars represent standard deviations of three independent experiments. Fold changes
of AP000251 levels were calculated using 2**“" method. (OE; Overexpression). Data for the 48 hour time point
is not shown.

4.4.4 Knockdown of IncRNA AP000251

Short-hairpin RNA interference (shRNA)-encoding constructs directed against AP000251
were cloned into the pcDNA™6.2-GW/EmGFP-miR vector as previously described. Similar
to overexpression, Raji and SU-DHL-4 cell line were transfected with the constructs using
nucleofection. According to the GFP expression, we found the best time point for harvesting
the cells was 24h after transfection. In Raji cell line, qRT-PCR analysis revealed transfection
of three shRNAs significantly reduces endogenous levels of AP000251 relative to

nonsilencing control, suggesting that this IncRNA is susceptible to Dicer-mediated
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suppression (Figure 4.15.A). The expression of AP000251 in SU-DHL-4 cell line after
transfection of three shRNAs remained unchanged (Figure 4.15.B). We repeated this
experiment with a different concentration of shRNAs but were not able to achieve a

significant reduction of AP000251 in transfected cells compared to the control (Figure

4.15.0).
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Figure 4.15 AP1000251 fold changes 24h after transfection of three shRNAs in (A) Raji cell line, and (B) SU-
DHL-4 cell line. (C) SU-DHL-4 cell line was also transfected with different concentrations (2, 5 and 10 pg) of

three shRNAs against IncRNA AP000251.

4.4.5 AP000251 does not regulate TIAM gene expression

The IncRNA AP000251 lies downstream of TIAMI1 (T-cell lymphoma invasion and

metastasis 1) on chromosome 21. TIAMI is a metastasis-related gene of T-cell lymphoma
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that is also involved in the metastasis of a variety of other cancers and TIAM1/Rac signaling
affects cell migration, invasion and tumor metastasis (Ellenbroek, Iden et al. 2012). To assess
the function of IncRNA AP000251, we reasoned that AP000251 might act to regulate the
gene expression of its neighboring gene. To assess this hypothesis, we again used three
shRNAs directed against our IncRNA in order to identify the functional role following its
depletion. We selected Raji cells for this experiment because of the ease of functional
AP000251 knockdown and the detectable amounts of AP000251 and TIAM-1 in this cell line
(Figure 4.16.A). We measured the expression of AP000251 and TIAMI using qRT-PCR.
After reduction of AP000251 in Raji, qRT-PCR analysis exhibits no significant expression
change of TIAMI (Figure 4.16.B). Next we checked the expression of TIAMI after
overexpression of AP000251 in Raji, but similar to the knockdown experiment, could not

detect altered levels of TIAM1 (data not shown).
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Figure 4.16 AP000251 does not regulate TIAM gene expression. (A) RNA levels of AP000251 and TIAM in
normal B-cells and Raji cell line, were determined by Real-time RT-PCR and normalized to GAPDH levels.(B)
Expression of TIAM in Raji cell line did not show any significant change in transfected cells with shRNAs
against AP000251. Fold changes of AP000251 and TIAM levels were calculated using 2**“" method.

To directly determine whether TIAMI plays a role in expression and function of AP000251,
we reduced endogenous TIAM1 RNA levels in Raji cells using two different siRNAs. 24h
after transfection of siRNAs (50pmol), we harvested and examined AP000251 expression by
gRT-PCR. However, reduced TIAM1 levels did not affect AP000251 expression (Figure
4.17).
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Figure 4.17 Knockdown of TIAM gene. (A) RNA levels of AP000251 and TIAM in Raji cell line were
determined by qRT-PCR and normalized to GAPDH levels. Expression of AP000251 in Raji cell line did not
show any significant change in transfected cells with siRNAs against TIAM. Fold changes of AP000251 and
TIAM levels have been calculated using 2°*“* method.

4.4.6 RNAseq analysis of following level alterations of AP000251

Although IncRNAs constitute a large portion of the mammalian transcriptome, most of their
biological functions have remained elusive. In order to determine IncRNA AP000251
function, we decided to capture target genes correlated with altered AP000251 expression in
lymphoma cell lines. We assumed these target genes might offer clues to AP000251 function.
Therefore, we first performed knockdown and overexpression of AP000251 in lymphoma cell
lines, next sequenced replicate samples using the [llumina HiSeq system. Since we previously
failed to knockdown AP000251 in SU-DHL-4, we performed the knockdown experiment in
Raji and overexpression was performed in SU-DHL-4. Triplicate independent experiments
were set up for each cell line, 24h after transfection cells were collected and total RNA was
extracted using Trizol. We generated libraries again using the TruSeq RNA sample prep kit
(Illumina, San Diego, CA, USA). 200 ng of total RNA was used for library preparation.
Libraries were barcoded, pooled and sequenced using Illumina HiSeq 2500. We chose single-
end 100-bp sequencing to maximize read depth and detection of small fold changes. Using a
combination of the two programs HTSeq and edgeR, expression values were counted,
normalized according to the library size and tested for differential expression compared to the
reference mock samples (transfected with empty vector) of the same cell line. After
overexpression of AP000251 in SU-DHL-4, we observed 120 dysregulated genes compared

to mock samples, including 70 downregulated and 50 upregulated genes. In addition, the
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knockdown of our IncRNA in Raji resulted in 668 dysregulated genes, of which 230 were
downregulated and 438 upregulated (Supplement Table S. 6).

Table 4.12 List of top dysregulated genes after knockdown (Raji) and overexpression (SU-DHL-4) of IncRNA
AP00025.

SU-DHL-4 cell line Raji cell line

Gene Log2FC p-value Gene Log2FC p-value
ESPL1 1.346064 2.28E-06 HSPE1 1.663837 9.8E-35
CENPE 1.286474 2.51E-05 ATP5J2 1.425549 7.02E-27
HMMR 1.282953 3.22E-08 TYMS 1.270261 3.22E-21
CENPF 1.215119 0.000117 TOP2A 1.18483 7.98E-15
ASPM 1.174282 0.000101 PPIB 1.042085 1.28E-15
NCAPD2 1.155437 1.83E-05 NME1 1.001574 2.72E-11
MKI67 1.13374 0.000727 UQCRQ -1.0148 6.55E-08
E2F2 1.107877 1.35E-06 NCR3LG1 -1.03295 3.96E-14
BRD4 1.084665 4.38E-05 NCOR2 -1.06128 4.9E-12
FOXM1 1.059382 2.56E-06 SYNE2 -1.10225 1.01E-08
POLQ 1.048703 0.000116 SREBF1 -1.11664 1.13E-15
RBM3 -1.00491 7.24E-05 DOTIL -1.11795 3.49E-08
RPL37 -1.00972 0.003245 TXNIP -1.14556 4.48E-14
RPL27A -1.06396 0.0063 SRCAP -1.15507 0.001545
CD53 -1.08436 1.92E-06 FCRL3 -1.24273 7.56E-15
EVL -1.09967 3.47E-06 RNF213 -1.24946 2.18E-07
LIMD?2 -1.11688 5.74E-05 MOB3A -1.25244 4.85E-15
NCF1 -1.12396 6.54E-06 KMT2D -1.25323 5.49E-19
CDS2 -1.17388 0.000413 MYLIP -1.62058 1.11E-05
TMSB4X -1.24453 0.000447 DDIT4 -2.72851 6.41E-06
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5.1 MiRNA expression in GCB lymphoma

5.1.1 MiRNA expression differences between BL and non-BL

B-cell-NHLs are a group of lymphoproliferative malignancies that are characterized by
distinctive chromosomal abnormalities and aberrant gene expression patterns, which have
been identified to be relevant to their pathogenesis. Although clear distinctions on histologic
and genetic grounds exist, there are also a large number of cases with intermediate features,
not unequivocally attributable to one of these entities (Campo, Swerdlow et al. 2011). Some
studies have suggested that treatment for each NHL subtype should be different based on its
genetic and molecular characteristics (Macintyre, Willerford et al. 2000). Despite the
complexities of miRNAs function in tumorigensis, dysexpressed miRNAs have shown
significant potential as biomarkers for detection, diagnosis, classification and treatment of
cancer. Some studies have confirmed the diagnostic impact of miRNAs in human pathology
(Baffa, Fassan et al. 2009, Fassan, Croce et al. 2011). Their competency as biomarkers arises
from their widespread dysregulation and distinctive expression profiles. Furthermore,
miRNAs are more stable than mRNAs and permit analysis of samples with different sources
such as urine, blood, FFPE tissues (Fassan, Croce et al. 2011). Identification of miRNAs
differentially expressed among lymphoma subtypes might further advance our understanding
of lymphoma pathogenesis. MiRNA profiles of NHL subtypes have been determined in
several efforts either by microarray analysis (Lenze, Leoncini et al. 2011) or qRT-PCR
(Wang, Corrigan-Cummins et al. 2012). Although the data obtained with these methods are
reliable, the expression of a given miRNA cannot be quantified exactly in relation to the total
amount of miRNAs present in a sample and in addition, unknown miRNAs will not be
detected on either microarray or qRT-PCR analysis (Szczyrba, Loprich et al. 2010).

MiRNA expression of many cancer types is now well established (Croce 2008). However the
role of miRNAs in lymphoma lags behind (Lawrie 2007). Therefore we set out to perform a

comprehensive inquiry of miRNA expression in a unique sample collection of germinal center
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(GC) derived B-cell lymphomas including FL, DLBCL and BL. Total RNA samples for
cDNA library preparation were retrieved from ICGC-MMML-Seq. The ICGC-MMML-Seq
Consortium has aimed at fully characterizing a total of 250 GC-derived B-cell lymphoma
samples over a period of five years. Since this sequencing effort is ongoing, this thesis is
based on the analysis of the first 56 samples, for which full datasets (genome, transcriptome,
small RNAome, methylome) exist.

Unsupervised analysis by clustering miRNA profiles of all cases revealed no significant
distinction of DLBCL, BL and FL from each other and many miRNAs showed similar
expression levels across subtypes of GCB lymphoma. As unsupervised approaches are unable
to identify more subtle molecular differences, we applied statistical analyses to identify
differentially expressed miRNAs in GCB-lymphoma subtypes. In the first step we categorized
all samples into two main groups including BL and non-BLs.

In order to show that miRNAs are responsible for the difference between BL and non-BL, the
miRNA profiles of 17 BL were compared to 39 of non-BL (FL and DLBCL). Eight miRNAs
(miR-150, miR-211, miR-548ac, miR-1275, miR-1258 and miR-1244-1/2/3) were
differentially expressed between BL and other NHL samples. Of the miRNAs downregulated
in the BL cases, miR-150 downregulation has previously been reported in BL (Wang, Yang et
al. 2014). MiR-150 plays an important role in BL by targeting MY B, which has an essential
role in hematopoietic and lymphoid development and apoptosis (Xiao, Calado et al. 2007).
Re-expression of miR-150 reduced the proliferation of lymphoma cells, which suggests it to
be a promising novel strategy for tumor treatment (Wang, Yang et al. 2014). Furthermore,
miR-150 has also been found to have a role in the adaptive immune response (Zhong, Zhang
et al. 2012) and was shown to be upregulated in cutaneous marginal zone B-cell lymphomas
(Monsalvez, Montes-Moreno et al. 2013). Further dysregulated miRNAs include miR-211,
miR-548ac and miR-1244-1/3, which represent novel deregulated targets in
lymphomagenesis. Seven of these eight miRNAs have not been associated with hematologic
malignancies yet, which offers a unique starting point for future analysis. MiR-17-92 is
located at 13931.3; amplification of this region has been identified in several hematopoietic
malignancies including DLBCLs, FLs and BLs (Ota, Tagawa et al. 2004). The miR-17-92
cluster consists of six miRNAs (miR-17, miR-18a, miR-19a, miR-20a, miR-19b and miR-92a)
and two paralogs (the miR-106b-25 cluster and the miR-106a-363 cluster) (Petrocca,
Vecchione et al. 2008, Okada, Kohanbash et al. 2010).

Despite the significant role of miR-17-92 cluster, no study has previously evaluated its

diagnostic value in differentiating DLBCL from BL. Here we observed high expression of
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miR-17-92 in BL compared to DLBCL. Among the other miRNAs which were expressed
differentially in DLBCL and BL cases, we found the let-7 family highly expressed in
DLBCL. In addition, a total of 198 miRNAs (150 upregulated, 48 downregulated) were
deregulated in BL compared to non-tumoral samples. Among the downregulated miRNAs, we
found the let-7 family miRNAs (let-7d and let-7g) and miR-155 that are lost in different
neoplasia (Sampson, Rong et al. 2007) and BLs (Robertus, Kluiver et al. 2010) respectively.
Loss of miR-155 has been shown to increase levels of AID and to result in a higher frequency
of MYC translocations (Dorsett et al, 2008). Other MY C-regulated miRNAs that we found to
be upregulated in BL include miR-23 targeting glutaminase, miR-125b targeting IRF4 and
PRDM1/BLIMPI (Robertus, Kluiver et al. 2010). Finally, we observed upregulation of miR-
34b in BL which has been shown to control C-MYC expression in BL as the more common

aberrant control exercised by the immunoglobulin enhancer locus (Leucci, Cocco et al. 2008).

5.1.2 MiRNA expression differences between DLBCL and BL

We compared miRNA expression between DLBCL and BL samples. 98 miRNAs were
differentially expressed (p<0.001) between DLBCL and BL. Several studies have shown that
miR-155 expression can differentiate BL from DLBCL (Gibcus, Tan et al. 2009, Lenze,
Leoncini et al. 2011, Fassina, Marino et al. 2012). Lenze and coworkers, by microarray
profiling of patient samples, reported expression of 38 miRNAs containing MYC regulated
and nuclear factor-kB pathway-associated miRNAs differentially expressed between BL and
DLBCL (Lenze, Leoncini et al. 2011). Eight of these miRNAs were included in our list of 98
most discriminatory miRNAs (miR-146b, miR-221, miR-222, miR-30d, miR-26a-2, miR-339,
miR-9, miR-193). Recently Di Lisio and colleagues reported expression of 470 miRNAs in 43
DLBCL, and 28 BL cases as well as 15 controls (Di Lisio, Sanchez-Beato et al. 2012). In this
report, comparative microarray analysis data identified 19 miRNAs discriminating BL and
DLBCL. In comparison to our data, seven miRNAs were included in our list (miR-573, miR-
17, miR-92, miR-9, miR-26 and miR-374). MiR-26a was previously identified as being highly
expressed in DLBCL cases (Lenze, Leoncini et al. 2011); our data also confirmed

overexpression of miR-26a in DLBCL vs. BL.
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5.1.3 MiRNA expression differences between DLBC and FL

Next, we focussed on miRNAs that showed differential regulation in DLBCL and FL.
DLBCL can arise as de novo or through the transformation of other types of lymphomas, such
as FL. Although morphology as well the presence of follicular dendritic cells are essential in
the routine differentiation between these two entities, the morphological differentiation
between germinal center-derived DLBCL (GC-DLBCL) and high-grade (grade 3) FL can be
challenging. Therefore, differentiation between DLBCL and FL can be problematic and needs
new diagnostic tools. Expression profiling studies reported miRNAs might be useful tools in
differentiating DLBCL and FL. Recently, several miRNAs expression profiling reports
focused on DLBCL and FL (Roehle, Hoefig et al. 2008, Lawrie, Chi et al. 2009, Fassina,
Marino et al. 2012).

Despite the important role of miRNA in differentiating DLBCL and FL, no study has
previously assessed differentially expressed miRNA in these subtypes by using deep
sequencing technology. In this study, when comparing DLBCL to FL profiles, 87 miRNAs
were differentially expressed. FL was characterized mostly via downregulation of miRNAs
(51 of 87). Some of these miRNAs have already been found to play an important role in tumor
development. For instance, miR-150 that was previously demonstrated as being differentially
expressed in FLL. and DLBCL (Roehle, Hoefig et al. 2008, Lawrie, Chi et al. 2009), has been
reported to control B-cell development and is significantly upregulated in patients with CLL
(Fulci, Chiaretti et al. 2007, Zhou, He et al. 2010). Components of miR-17-92 cluster have
been previously reported as most dysregulated miRNAs in both DLBCL and FL (Roehle,
Hoefig et al. 2008, Lawrie, Chi et al. 2009). MY C oncogene has been reported to upregulate
the expression of miR-17-92 and is considered as a key regulator of miRNAs in DLBCL (Li,
Kim et al. 2009). After checking miR-17-92 cluster expression in DLBCL and FL, as we
expected, our data showed overexpression of three miR-17-92 miRNAs (miR-17, miR-18a,
miR-20a) in DLBCL in comparison to FL.

5.1.4 MiRNA expression differences between BL and FL

Here, for the first time, we report miRNA profiles comparing BL vs. FL. In a previous study,
the comparison of MYC-high BLs to all other MYC-low lymphomas (MCL, FL and CLL)
revealed 122 differentially expressed miRNAs, including 39 of 50 evaluable known targets of
MYC (Robertus, Kluiver et al. 2010). Based on a 2-fold or greater difference in mean values
in FL samples compared to BL (P<0.001), we found that 108 miRNAs were significantly
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differentially expressed in these two subtypes, of which 65 miRNAs were down-regulated and
42 miRNAs were upregulated in FL. Here, our data showed that expression of miR-9 in FL is
higher than in BL. Upregulation of miR-9 in FL was previously described in different studies
(Roehle, Hoefig et al. 2008, Di Lisio, Sanchez-Beato et al. 2012). MiR-9, which is activated
by MYC, has been shown to be involved in NF-kB pathway (Guo, Pu et al. 2009). Moreover,
miR-9, by targeting PRDM1/Blimp-1 complex, which is a crucial complex in lymphoma,
plays an important role in lymphomagenesis (Lawrie, Chi et al. 2009). Consistent with a
previous report (Robertus, Kluiver et al. 2010), we found high expression of the miR-17-92

cluster in BL compared to FL.

5.1.5 Overexpression of miR-143 in lymphoma

MiR-143 has been suggested to be a tumor suppressor and was down-regulated in many types
of cancer such as colorectal carcinoma (Michael, SM et al. 2003) and some lymphomas
(Akao, Nakagawa et al. 2007). However, a recent study examined expression of 464 miRNAs
in 80 DLBCL and 18 FL cases and showed that miR-143 was upregulated in DLBCL and FL
samples (Lawrie, Chi et al. 2009). In our study, we also showed that expression levels of miR-
143 were significantly upregulated in DLBCL, including ABC cases. MiR-143 as a nuclear
factor-kB (NF-KB) transactivational target promotes tumor cell invasion and metastasis
(Zhang, Liu et al. 2009). High expression of NF-kB target genes has been shown to be a
hallmark of ABC-DLBCL and was associated with a poor prognosis in these patients (Pavan,
Spina et al. 2008). Taken together, miR-143 might play an oncogenic role in B-cell
lymphoma.

To conclude, this study shows the set of differentially expressed miRNAs that increases the
range of potential diagnostic markers for lymphoma, especially when differential diagnosis of
BL, DLBCL and FL is required. Our data supports and extends previous studies showing
miRNAs as novel biomarkers to separate different subtypes of lymphoma. One explanation
for the differences between our data and previous data is that available data are preliminary,
as published profiles were not derived from large sample collections and also originate mostly

from PCR-based approaches and microarrays.

86



5 Discussion

5.1.6 Mutated MiR-142 is found in DLBCL as well as FLL

We identified 17 mutations in 12 patients corresponding to eight distinct miRNAs (miR-142,
miR-612, miR-3655, miR-4322, miR-4537, miR-4538, miR-4539 and miR-5195). Of these
eight mutated miRNAs, miR-142 with a total of seven different mutations in six patients, was
the most frequently mutated miRNA. Different studies indicated that miR-142 functions as a
tumor suppressor in many types of cancer, for instance by targeting CD133, ABCG2, and
Lgr5 in colon cancer cells (Shen, Zeng et al. 2013) or by targeting MLL-AF4 oncogene in
human acute lymphoblastic leukemia (Dou, Li et al. 2013). Furthermore, miR-142 has been
shown to function as a potential tumor suppressor in human osteosarcoma by targeting
HMGA1 (Xu, Wang et al. 2014). Kwanhian et al. reported a mutation in the seed sequence of
miR-142 in approximately 20% of DLBCL patients; in addition, their data suggest that the
mutations within miR-142 result in a loss of function that might contribute to cell growth
stimulation and induction of DLBCL (Kwanhian, Lenze et al. 2012). Our data therefore
confirms the mutation frequency in DLBCL and this is the first report showing similar
mutations also in FL.

Recently, much interest has been focused on RNA editing, increasing the possibility that
some of the sequence variations are actually RNA editing sites rather than hereditary SNPs.
We explored this possibility that mutations which were observed only on the RNA level
represent bona fide miRNA editing events.

RNA editing is a process in which members of the double-stranded-RNA (dsRNA) specific
ADAR (adenosine deaminase acting on RNA) family perform the hydrolytic deamination of
adenosine to inosine (A-to-I editing) (Polson, Crain et al. 1991). RNA editing is crucial for
the development and normal life of both invertebrates and vertebrates (Higuchi, Maas et al.
2000, Palladino, Keegan et al. 2000), but there is still a lack of comprehensive understanding
of the role of RNA editing. When an RNA molecule contains an inosine, any one of 3 bases
will be incorporated in the strand that is created by next generation sequencing: A, C or T
(Ilumina, personal communication), the most commonly sequenced change being A-to-G. In
this study, after excluding known SNVs (dbSNP) as well as rare (below 10%) variants, we
obtained seven SNVs. The five SNVs which represented A-to-H changes mapped to five
miRNAs (miR-160b, miR-4772, miR-376al, miR-376a2 and miR-376c). Although not yet in
lymphoma, the miR-376 family has previously been shown to be subject to miRNA editing in
different cancer types, resulting in an altered mRNA target profile (Mizuguchi, Mishima et al.
2011, Choudhury, Tay et al. 2012). The identification of edited RNA molecules, including
miRNAs, which play crucial roles in lymphomagenesis in a sequence-dependent manner, will
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increase our understanding of the role of A-to-I editing under normal conditions and the

consequent impact of its disruption in cancer.

5.2 Novel miRNAs in GCB lymphoma

One of the important advantages of small RNA sequencing (in comparison to array based-
approaches) is that it allows the bioinformatic prediction of novel miRNAs (Creighton, Reid
et al. 2009). Our data also supports this potential of next generation sequencing to uncover
novel miRNAs. After bioinformatic analysis, we found 283 predicted novel miRNAs. This is
a striking advance compared to recent array-based studies of lymphoma which could not
identify novel miRNAs (Lenze, Leoncini et al. 2011). To further validate our data, we
subjected 20 miRNA candidates to Northern blot analysis. Northern blot is one of the early
methods for the detection of single miRNA molecules. This technique has the advantage of
target detection without any need for chemical or enzymatic modification of the target
molecules (Wark, Lee et al. 2008). Furthermore, compared to other methods such as qRT-
PCR, this method is able to detect both pre-miRNAs and mature miRNAs. Among 20 novel
miRNA candidates, we successfully validated four of them. Those candidates not identified
by Northern blotting may be below detection threshold and have low-level expression,
therefore, only detectable by deep sequencing. In this case, Northern blot analysis may be not

sensitive enough to detect their expression.

5.2.1 Application of pre-miRs and anti-miRs for novel miRNAs

The Northern blot result provides experimental evidence to confirm that these four novel
miRNAs (NB-miR-1, NB-miR-5, NB-miR-19 and NB-miR-20) are bona fide novel miRNAs
expressed in lymphoma samples. Two novel miRNAs (NB-miR-5 and NB-miR-19), which
were detected in both BL and non-BL cell lines, were selected for further functional analysis.
To modulate miRNA activity, efficient and reliable approaches are required. Different
technological innovations have been developed to facilitate the understanding of miRNA
function. Overexpression and/or inhibition assays are the most often used approaches to
investigate miRNA effects on gene expression. Anti-miR mechanisms block the mature
miRNA and thus separate it from participating in the miRISC-associated inhibition of target
mRNAs. RNA molecules that mimic mature miRNA have been used to increase the

expression of specific miRNAs (Cheng, Byrom et al. 2005, Davis, Lollo et al. 2006,
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Borgdorff, Lleonart et al. 2010). Here, we assessed the potency of miRNA mimicking and
antisense oligonucleotides to increase and inhibit the activity of specific miRNAs in cell
culture, respectively.

Several things should be considered before using anti-mir and pre-mir, the first is to protect
synthetic anti-miRs and pre-miRs from cellular nucleases when applied to cell culture, the
second is to improve affinity for the target miRNA (in case of anti-miRs) or mRNA (in case
of pre-miRs) and enhanced RNase H or other enzyme activity that is involved in miRNA
function (Esau 2008). To enhance novel miRNAs, instead of using mimic miRNA, we cloned
pre-miRNAs into a destination vector. In order to improve affinity for the target miRNAs, we
applied LNA probes. The use of LNA probes for the knockdown of miRNA is particularly
effective because these probes have high affinity for their short RNA targets and allow the
discrimination of closely related miRNA sequences. Next, we performed qRT-PCR to
evaluate functionality of pre-miRs and anti-miRs in cell culture. MiRNA expression profiling
by qRT-PCR shows that transfection with pre-miRs significantly increased the expression of
both novel miRNAs in SU- DHL-4 and Raji cell lines. Except for NB-miR-19 in SU-DHL-4
cell line, we observed a significant reduction of both novel miRNAs levels in cells transfected
with LNA probes. It is worth nothing that, sometimes inhibition of miRNAs is achieved
without detectable miRNA degradation (Elmen, Lindow et al. 2008, Davis, Propp et al. 2009),
suggesting that qRT-PCR might not always be an appropriate method to measure inhibition.
Furthermore, in some cases, high affinity chemical modifications make the anti-miR:miRNA
complex stable and interfere with miRNA detection by gqRT-PCR (Davis, Propp et al. 2009).
However, compared to prior studies (Davis, Lollo et al. 2006, Ovcharenko, Kelnar et al. 2007,
Lennox and Behlke 2010), we confirmed that synthetic pre-miR and anti-miR are functional
methods to, respectively, increase or inhibit the activity of endogenous miRNAs in cultured

cells.

5.2.2 RNAseq data of novel miRNAs

Various methods have been suggested for miRNA target identification. Measurements of
mRNA expression by RNAseq method have revealed mRNAs with different expression in the
presence or absence of individual miRNAs. To identify novel miRNA targets we performed
RNAseq after overexpression and knockdown of both NB-miR-5 and NB-miR-19.

Overexpression and knockdown of both novel miRNAs caused upregulation and
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downregulation of a large number of genes involved in functions related to cell proliferation,
such as DNA replication, cell cycle and mitosis.

After knockdown and overexpression of NB-miR-5 in SU-DHL-4, we detected 242 genes, and
34 genes were found to be shared in both experiments. We identified protein kinase-related
genes in this group, including ATM, GRK6. ATM (ataxia telangiectasia mutated) gene
encodes serine-threonine kinase that belongs to the PI3/PI4-kinase family (Shiloh 2001). This
enzyme is an important cell cycle checkpoint kinase, playing a crucial role in signaling
pathways activated by DNA damage (Lowndes and Murguia 2000). Many studies showed
ATM has different targets; one of the important targets is p53 that participates in the ATM
regulation of the G1/S checkpoint activated by DNA damage. In mantle cell lymphoma
(MCL), a specific subtype of NHLs, ATM is an interesting target as a tumor suppressor gene
with pathogenic function (Camacho, Hernandez et al. 2002). In addition, ATM aberrations in
MCL are independent of p53 gene status; here we also observed no altered p53 gene
expression. The other protein kinase is GRK6; this gene encodes a member of the guanine
nucleotide-binding protein (G protein)-coupled receptor kinase and is known as one of the
CXCR4 expression regulators (Fong, Premont et al. 2002). CXCR4 plays a crucial role in the
segregation of dark and light zones in GCs (Allen, Ansel et al. 2004). In addition, CXCR4 has
been known as a coreceptor for HIV infection and as a key molecule for cancer metastasis
(Feng, Broder et al. 1996, Tsutsumi, Tanaka et al. 2007). Our data showed that
overexpression of NB-miR-5 in SU-DHL-4 activates maintenance complex component 2
(MCM2) genes, which prepare chromatin for DNA replication and as a result, progression of
the cell through the S-phase (Dimitrova, Todorov et al. 1999). Among the transcription
factors, cell division cycle-associated protein (CDCA7), which is known to participate in the
regulation of cell proliferation, was upregulated in response to NB-miR-5 overexpression in
both Raji and SU-DHL-4. This gene has been identified as a C-MYC target gene and is
frequently overexpressed in human cancers such as NHL (Osthus, Karim et al. 2005). After
determining a list of genes, the next step would be to map these genes to known
pathways/Gene Ontology terms and identify pathways which are overrepresented in a given

set of genes.

5.2.2.1 NB-miR-19 meets NF-KB and JAK/STAT pathway
Our data showed that overexpression of NB-miR-19 in SU-DHL-4 led to altered expression of

NF-KB members such as RelB, NF-kB1 and NF-kB2. Recently several studies implicated that

aberrant NF-KB activation is a hallmark of several lymphoid malignancies and is directly
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linked to advanced disease (Jost and Ruland 2007, Staudt 2010). Among NF-KB target genes,
we found overexpression of BCL-2 family members which previously had been shown in the
ABC-DLBCL subtype (Davis, Brown et al. 2001). We found 2.5-fold upregulation of
CARDI1, a membrane-associated guanylate kinase (MAGUK) family member, after NB-
miR19 overexpression. In ABC-DLBCL, survival of the malignant cells is dependent on
constitutive activation of the NF-KB signaling pathway. Lenz et al. showed that mutation of
CARDI11 in DLBCL resulted in constitutive NF-KB activation and enhanced NF-KB activity
upon antigen receptor stimulation (Lenz, Davis et al. 2008). Taken together, CARDI1
contributes to lymphomagenesis and can be considered as a target for DLBCL therapy. In
addition, our data connects expression of NB-miR-19 to the JAK/STAT (Janus associated
kinase-signal transducer and activator of transcription) signalling pathway. The JAK/STAT
pathway as an important intracellular signaling cascades consists of a variety of cytokines and
growth factors (Furqan, Mukhi et al. 2013). JAK/STAT pathways have also been identified to
be critical players in the pathogenesis of leukemia and lymphoma (Kopp, Ralfkiaer et al.
2013). We found all four cytoplasmic tyrosine kinases member of JAK family (JAKI, 2, 3
and Tyk2) were upregulated around 3-fold in overexpressed NB-miR-19 samples. JAK2 has
been shown to upregulate the expression of about 2,000 genes in cancer cells, including well-
defined oncogenes like MYC and NF-KB pathway genes, such as IRF4 and CD40
(Vainchenker and Constantinescu 2013). Interestingly, we found around 2-fold upregulation
of CD40 in SU-DHL-4 after NB-miR-19 overexpression. JAK2 mutations have been
identified in a significant number of myeloproliferative disorders, therefore the JAK2/STAT
signaling pathway is considered as a new druggable pathway (Levine, Pardanani et al. 2007).
JAK1 plays an exclusive role in lymphohematopoiesis; Flex et al. implicated several acquired
JAK1 missense mutations in adult lymphoblastic leukemia, which are associated with
advanced age and poor prognosis (Flex, Petrangeli et al. 2008). Furthermore overexpression
of NB-miR-19 increased more than 4-fold the expression of STATS that was previously
identified as a malefactor in the pathogenesis of lymphoma as well as several other cancers
(Kopp, Ralfkiaer et al. 2013).

In conclusion, these results revealed that NB-miR-19 might regulate the JAK/STAT pathway
but the specific role of NB-miR-19 in JAK/STAT signaling remains to be investigated and

needs further functional analysis.
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5.3 AGO2-PAR-CLIP reveals miRNA targets in lymphoma cell
lines

MiRNAs are small, highly conserved small RNA molecules that play important roles in post-
transcriptional gene regulation. MiRNAs are part of the RNA-induced silencing complex
(RISC) and guide this complex to specific miRNA recognition elements (MREs) on the
mRNA target molecules resulting in mRNA degradation and translational repression (Bartel
2009). Most of the MREs have been identified in 3'UTRs of protein coding genes
(Maragkakis, Alexiou et al. 2009). However some reports indicated that MREs can also be
located in CDSs of target genes (Tay, Zhang et al. 2008). For instance, miR-148 represses
specific splice variants of DNA methyltransferase 3b (Dnmt3b) by targeting sequences in
CDS region (Duursma, Kedde et al. 2008). Elcheva et al. showed that the coding region of
beta-transducin repeat containing protein 1 is regulated by miR-183 (Elcheva, Goswami et al.
2009).

The most often used approach to investigate miRNA targets has been to transfect cells with
pre-mir and/or anti-mir and measure resulting changes in mRNA or protein levels (Grimson,
Farh et al. 2007, Baek, Villen et al. 2008). This approach is challenging because results may
arise from changes in the levels of transcription factors that are targeted by the miRNA, rather
than being direct consequences of miRNA-mRNA interaction (Cloonan, Brown et al. 2008).
CLIP-based techniques such as PAR-CLIP allow for the direct identification and localization
of MREs. Hafner et al., using AGO2-PAR-CLIP, showed that miRNAs bind to target mRNAs
in approximately equal proportions on the 3'UTR as well as on the CDS (Hafner, Landthaler
et al. 2010). Hundreds of miRNAs function through one of the four human Argonaute
proteins (AGO) and mediate transcriptional inhibition of target mRNAs (Bartel 2009). The
four human AGO genes are co-expressed and bind to miRNAs irrespective of their sequence.
AGO?2, in contrast to the other members, retains an active RNase H domain and is thus able to
directly cleave target mRNAs with extensive complementarity to the bound miRNAs
(Hutvagner and Simard 2008). In order to capture miRNA targets and describe their location
within 3" UTRs and CDS in lymphoma cell lines, we performed AGO2 PAR-CLIP
experiments (Hafner, Landthaler et al. 2010, Spitzer, Hafner et al. 2014). Recently Farazi et
al. revealed potential therapeutic targets and prognostic markers in breast cancer using AGO2
PAR-CLIP (Farazi, Ten Hoeve et al. 2014). To compare miRNAs targets in non-BL and BL
subtypes, we cultured two cell lines of each subtypes in the presence of 100 pM 4SU. Among
four PAR-CLIP libraries, the Raji sample showed lowest reads. Six PAR-CLIP targets
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(SH2B2, HERC2, SVEPI, SIPA1L3, CANTI1, and DHX3) were identified in both non-BL
cell lines (SU-DH-4 & SU-DHL-6). SH2B2 (SH2B adaptor protein 2), also known as APS
(Adaptor protein containing PH and SH2 domains), is exclusively expressed in B cells and
tyrosine phosphorylated in response to BCR stimulation, suggesting its involvement in
immunoreceptor signaling (Yokouchi, Suzuki et al. 1997). HERC2 is considered as a novel
regulator of p53 signaling. Cubillos et al. demonstrated that HERC2 depletion reduces the
transcriptional activity of p53 without affecting its stability and suggested HERC2 that might
be associated with cancer in humans (Cubillos-Rojas, Amair-Pinedo et al. 2014). CANT1
(calcium activated nucleotidase 1) is an androgen-regulated protein, and is overexpressed in
prostate cancer, reduction of CANT1 expression reduces prostate cell proliferation (Patel,
Halling-Brown et al. 2013). Among the miRNA targets which were found in three cell lines,
we identified MYBL1, also known as A-MYB. This is a gene member of MYB transcription
factors family, including C-MYB and B-MYB. MYBL1 which was found in NAMALWA,
SU-DHL-4 and SU-DHL-6 PAR-CLIP libraries, has been shown to be involved in DLBCL,
BL and CLL pathogenesis (Golay, Luppi et al. 1996). The only target found in all four
libraries was GSG2 (germ cell associated 2), also known as Haspin, which has been indicated
as an important kinase involved in mitosis. Inhibition of Haspin has been proposed as a novel
approach in anti-mitotic cancer therapeutics (Dai, Sullivan et al. 2006).

Frequently, activated pathways in NHLs are regulated by miRNA-triggered gene-silencing, in
which AGO2, associated mRNAs could be silenced by any miRNA that is associated in the
same Argonaute complex. Therefore, it remains a great challenge to confirm all interactions
between miRNAs and their target-mRNAs in activated signaling pathways in lymphoma, in
order to get more insights into lymphomagenesis. Recently, several approaches have been
developed for elucidating of individual miRNA-mRNA interactions. For further analysis of
single transcripts that are altered in their expression, dual-luciferase reporter assays could be
performed to prove the connection between the overexpressed or inhibited miRNA and the
selected target-mRNA. Thus, distinct regulatory mechanisms potentially involved in GCB

lymphoma pathogenesis could be validated.

93



5 Discussion

5.4 LncRNA and GCB lymphomas

5.4.1 Differentially expressed and methylated IncRNA AP000251

LncRNAs have been characterized as transcripts of around 200 nucleotides in length without
protein coding capacities. Although IncRNAs were initially proposed to be transcriptional
noise, current studies have indicated that IncRNAs, like miRNAs, play important roles as
gene regulators through transcriptional, post-transcriptional and epigenetic mechanisms.
Dysregulation of IncRNA expression is involved in many human diseases and in some cases,
it has been observed as a primary feature of human cancers (Faghihi, Modarresi et al. 2008,
Gupta, Shah et al. 2010, Lai, Yang et al. 2012). For instance, upregulation of MALAT-1 in
bladder cancer triggers the Wnt pathway to promote epithelial mesenchymal transition
resulting in metastasis (Ying, Chen et al. 2012). It is worth noting that genome-wide
expression and functional significance of IncRNAs in NHLs still remains unresolved. High-
throughput RNA sequencing has promoted the study to discover previously uncharacterized
IncRNAs. In this study, we evaluated the IncRNA expression profile in the 56 GCB-
lymphoma samples by deep sequencing to reveal the potential role of IncRNAs in the
pathogenesis of NHLs. NGS sequencing data revealed a significantly differentially expressed
IncRNA AP000251 in BL and non-BL samples compared to the control. For further
validation of NGS results, qRT-PCR was performed to evaluate the expression patterns of
AP000251 in BL and non-BL lymphoma cell lines.

The qRT-PCR result is in agreement with the data from the NGS. We demonstrated for the
first time the differential expression of the IncRNA in GCB-lymphoma subtypes, suggesting
AP000251 as a biomarker to distinguish BL from non-BL cases. In addition to differential
expression of AP000251 in GCB subtypes, we also describe its differential methylation
pattern in normal B-cells as well as BL and non-BL. Methylation changes in CpG islands
(CGI) and CpG shores (low CpG density areas ~2 kb close to CGI) affect gene expression (Ji,
Ehrlich et al. 2010). In general, DNA methylation is associated with loss of gene expression
(Bird 1986). Several studies found that the expression of IncRNAs is regulated by epigenetic
mechanism such as DNA methylation (Lujambio, Portela et al. 2010, Stadtfeld, Apostolou et
al. 2010). Altered methylation patterns are thought to be an initial event in some cancers
(Lujambio, Portela et al. 2010) and tumor specific methylation patterns can be applied for the
detection and classification of cancer. Taken together, we assume that the overexpression of
AP000251 might be caused by hypomethylation of IncRNA AP000251, suggesting a potential
oncogenic role for AP000251.
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5.4.2 Overexpression and knockdown of AP000251 in lymphoma cell lines

In contrast to miRNAs or mRNAs, the functions of IncRNAs cannot be determind according
to their sequence or primary structure alone (Mercer, Dinger et al. 2009). Moreover, unlike
miRNAs, which exhibit strong conservation across diverse species, the lack of strong
conservation of IncRNAs compounds the difficulties (Kondrashov, Kiefmann et al. 2005). A
number of IncRNAs termed ncRNA-activating (ncRNA-a) regulate transcription of
neighbouring genes on the same chromosome by using a cis-mediated mechanism (Wang and
Chang 2011, Lai, Orom et al. 2013, Melo, Drost et al. 2013). This group of IncRNAs act close
to their site of synthesis in an RNA-dependent manner or by RNA-independent mechanisms.
In the first mechanism, they facilitate looping onto the promoter regions of their
transcriptional targets, while in the second mechanism they locally change the chromatin
status. TTAM1 (a Rac-specific GEF) was originally characterized by its ability to promote T-
cell lymphoma invasion and has been implicated to be overexpressed in some cancers such as
breast cancer (Ellenbroek, Iden et al. 2012). To assess the function of IncRNA AP000251, we
proposed AP000251 might regulate TIAMI1 gene expression which lies upstream of
AP000251 on chromosome 21. However, our qRT-PCR data showed no significant
differences in TIAMI expression upon knockdown or overexpression of AP000251. Although
a number of IncRNAs regulate transcription of neighbouring genes by the cis-acting
mechanism, many IncRNAs have also been proposed to regulate gene expression using a
trans-mechanism (Guttman, Amit et al. 2009, Hung, Wang et al. 2011). In order to capture
target genes which are regulated by AP000251, we first performed knockdown and forced
expression of AP000251 in a lymphoma cell line, next we sequenced replicate samples using

the Illumina HiSeq system.

5.4.3 Knockdown of IncRNA AP000251 in Raji cell line

We found 668 dysregulated genes upon AP000251 knockdown in our profiling experiments,
of which 230 genes and 438 genes have been shown to be downregulated and upregulated,
respectively. Among the downregulated genes, we found genes that are involved in cell cycle
regulation (CCNB1), mitosis (HMMR, BUB1B, TPX2 and KIF2C) (Hu, Wu et al. 2012) and
DNA modulation (TOP2A, HMGBI1) (Bjorck, Ek et al. 2005). CCNB1 forms a complex with
CDC2, which is a crucial complex in the G2/M phase of the cell cycle. Since CCNBI is a key
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regulator of the G2/M transition of the cell cycle, this together with the other genes that have
significant impact on survival and proliferation of cells (Bourne, Watson et al. 1996), might
indicate a role for AP000251 in the proliferation phase of cells.

AP000251 knockdown led to consistent level changes of PCNT (46,324,069-46,445,768) and
SOD (31,659,621- 31,668,930) which are both located on chromosome 21. This might
suggest a cis-acting regulatory role of AP000251 in lymphoma cell lines. PCNT (Pericentrin)
is expressed in acute myeloid leukemia (AML) and high levels of PCNT correlate with
aneuploidy and centrosome aberrations in AML patients. Importantly, the knockdown of
AP000251 was associated with increased transcription of MYC, suggesting that AP000251
operates to restrict the activity of MYC. Among the other overexpressed genes, we found
transcription factor TCF3 (E2A) that has been found mutated in BL cases and is involved in
PI3K signaling pathway. In addition to an association with BL, E2A/PI3K has essential
functions in B-cell fate and GC biology (Kwon, Hutter et al. 2008, Lin, Jhunjhunwala et al.
2010).

5.4.4 Overexpression of IncRNA AP000251 in SU-DHL-4 cell line

After overexpression of AP000251 in SU-DHL-4, 120 differentially expressed genes have
been defined. We observed reduction of some interesting genes (E2F2, TOP2A, FOXMI,
NUSAP1, BRCA1 and PLK1) upon overexpression of AP000251 in the SU-DHL-4 cell line.
E2F2 is an E2Fs family member which is involved in the regulation of genes that are essential
for proliferation, differentiation, development and apoptosis (Muller, Bracken et al. 2001).
While the other members of this family (E2F1 and E2F3) show a broad expression, E2F2
expression is restricted to the hematopoietic cell lineage (Li, Zhu et al. 2003). Rempel et al.
implicated a role for E2F2 activity in affecting MY C-induced oncogenesis (Rempel, Mori et
al. 2009). NUSAP1 is a nucleolar-spindle-associated protein that plays a role in spindle
microtubule organization (Raemaekers, Ribbeck et al. 2003). Previous reports have indicated
that high expression of NUSAP1is consistent with microtubule bundling and cell cycle arrest
at the G2/M checkpoint (Vanden Bosch, Raemaekers et al. 2010) and has been observed in
many cancers including prostate, melanoma, glioblastoma, and hepatocellular carcinoma
(Bogunovic, O'Neill et al. 2009, Satow, Shitashige et al. 2010). Breast cancer-associated gene
1 (BRCA1) is a specific tumor suppressor in breast and ovarian cancer (Miki, Swensen et al.
1994, Huen, Sy et al. 2010). It is worth noting that in this study we found downregulation of
both NUSAP1land BRCAlupon overexpression of AP000251.
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5 Discussion

One report indicated that NUSAP1 and BRCA1 are implicated in the same pathways of DNA
repair and centrosome duplication and NUSAP1 is able to control BRCA1 protein abundance
(Kotian, Banerjee et al. 2014). FOXM1 (forkhead box transcriptional factor) expression is
elevated in numerous types of human malignancies in liver, prostate, breast, colon, neural and
other tissues (Kalin, Wang et al. 2006, Wang, Park et al. 2011). FOXMI facilitates
development of cancers by transcriptional regulation of genes involved in cell proliferation
and promotes progression through G/S and G/M phases of the cell cycle (Wang, Chen et al.
2005). Finally, Polo-like kinase 1 (PLK1) plays a role in several aspects of the cell cycle
progression, especially in the G2/M phase (Lowery, Lim et al. 2005). It is not expressed in
most normal differentiated tissues; however, it is overexpressed in a wide variety of cancers
and its expression is often associated with poor outcome (Liu, Zhang et al. 2008). Liu et al.
showed overexpression of PLK1 in NHL patients and in addition there is a link between
overexpression and clinical feature in this disease (Liu, Zhang et al. 2008).

Taken together, most genes affected upon dysregulation of AP000251 are cell cycle
regulators; therefore it can be assumed that AP000251 might interfere with cell cycle
regulation. However, further studies are required to determine whether IncRNA AP000251

may serve as a new therapeutic target and/or diagnostic biomarker in NHLs.
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7 Abbreviations

Abbreviations
4SU 4-thiouridine
ABC Activated B-cell like
ADAR Adenosine deaminase acting on RNA
AGO Argonaute protein
AID Activation-induced cytidine deaminize
AML Acute myeloid leukemia
ATM Ataxia telangiectasia mutated
BL Burkitt lymphoma
BMP Bone morphogenetic protein
bp base pair
BRCA1 Breast cancer-associated gene 1
BSA bovine serum albumin
CANTI1 Calcium activated nucleotidase 1
CDCA7 Cell division cycle-associated protein
CGI CpG islands
CHOP Cyclophosphamide, doxorubicin, vincristine and prednisolone
CLIP Crosslinking immunoprecipitation
CLL Chronic lymphocytic leukemia
CNV Copy number variation
Ct Cycle threshold
DLBCL Diffuse large B-cell lymphoma
DNA Deoxyribonucleic acid
dNTP Deoxyribonucleotide triphosphate
dsRNA Double-stranded-RNA
eBL Associated endemic subtype
EBV Epstein Barr virus
ECOG Eastern Cooperative Oncology Group
FL Follicular lymphoma
FOXM1 Forkhead box transcriptional factor
GC Germinal center
GCB Germinal center B-cell like
HT1 Hybridization Buffer
ICGC International Cancer Genome Consortium
1P Immunoprecipitation
JAK/STAT Janus associated kinase-signal transducer and activator of transcription
KD Knockdown
kDa Kilodalton
LDH Lactate dehydrogenase
LncRNA Long noncoding RNA
MCL Mantle cell lymphoma
MCM2 Maintenance complex component 2
miRNA microRNA
miRNA* microRNA star
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MREs
mRNA
NATs
ncRNA
NF-KB
NGS
NHL

nt

OE

P:C:1
PAR-CLIP
PCNT
PCR
piRNA
PLK1
PNK
pri-miRNA
qRT-PCR
RBP
RISC
RNA
RNAIi
RNAP II
sBL

SDS
SHIP-1
SHM
shRNA
siRNA
snoRNA
snRNA
STP
TIAM1
UTR
uv
WHO
WP

miRNA recognition elements

Messenger ribonucleic acid

natural antisense transcripts

non-coding RNA

Nuclear factor kB

Next-generation sequencing

Non-Hodgkin lymphoma

Nucleotide

Overexpression
phenol:chloroform:isoamyl alcohol
Photoactivatable-Ribonucleoside-Enhanced Crosslinking and Immunoprecipitation
Pericentrin

Polymerase chain reaction

piwi-interacting RNA

Polo-like kinase 1

Polynucleotide kinase

primary miRNA

Quantitative reverse transcription-real time-PCR
RNA binding protein

RNA-induced silencing complex
Ribonucleic acid

RNA interference

RNA polymerase 11

Sporadic BL

Sodium dodecyl sulfate

SH2-domain containing inositol-5-phosphatase 1
Somatic hypermutation

Short-hairpin RNA interference

Small interfering RNA

Small nucleolar RNA

Small nuclear RNA

Stop solution

T-cell lymphoma invasion and metastasis 1
Untranslated region

Ultraviolet

World Health Organization

Work package
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