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Introduction 

1. B-cell lymphoma 

B-cell lymphomas are a group of malignancies with distinct genetic and clinical 

features. Most lymphoma subtypes are derived from B cells at the germinal center 

(GC) stage of development. These GC-B cell derived lymphomas include amongst 

others Burkitt lymphoma (BL), Hodgkin lymphoma (HL), follicular lymphoma (FL), and 

diffuse large B-cell lymphoma (DLBCL) [1-3]. Germinal centers (GC) are histological 

structures that are formed in lymph nodes when naive B-cells encounter antigens [4]. 

These so-called germinal center B-cells (GC-B) are divided into two distinct subtypes, 

i.e. centroblasts and centrocytes. Centroblasts are rapidly proliferating B cells located 

in the dark zone of the GC. These cells undergo somatic hypermutation (SHM) of the 

immunoglobulin (Ig) genes to enhance affinity of the B cell receptor (BCR) to the 

antigens. Centrocytes, located in the light zone of the GC, are GC-B cells selected 

based on expression of a high-affinity BCR [5]. Another process involved in B cell 

maturation is class switch recombination (CSR). CSR is an activation-induced 

cytidine deaminase (AID)-dependent recombination and deletion mechanism that 

juxtaposes a downstream Ig heavy chain segment to the rearranged segment, 

thereby switching the Ig isotype of a B cell [6,7]. B cells that produce high affinity BCR 

will be positively selected and mature into memory B cells and plasma cells, whereas 

B cells that do not produce functional or low affinity BCR will be eliminated by 

undergoing apoptosis. Both SHM and CSR are processes that can lead to 

accumulation of mutations and chromosomal breaks and allow GC-B cells to escape 

from apoptosis. This might explain the high incidence of lymphomas being derived 

from GC-B cells [2,8]. 

2. Burkitt lymphoma (BL) 

In 1958, Dennis Burkitt described 38 cases of childhood lymphoma in Uganda and 

that was the first report of a disease that was later referred to as Burkitt lymphoma 

(BL) [9]. BL is one of the fastest growing human tumors, with a cell doubling time of 

about 24 hours, that mainly affects children and young adults [10]. The WHO 

classification distinguishes three BL subtypes: endemic BL (eBL), sporadic BL (sBL), 

and immunodeficiency-related BL [3]. eBL includes all cases from Africa and most of 

them are associated with Epstein-Barr virus (EBV). The annual incidence of eBL is 

about 40-50 per million children aged 3-12 years, with a peak at the age of 6 [11,12]. 

Jaw, periorbital swellings, or abdominal involvement are the most common sites of 

presentation [13]. In sBL, association with EBV is less common with a frequency of 

10-20% [14]. The incidence of sBL is about 2 cases per million children and occurs 

more commonly in boys than in girls. The most common sites of sBL are abdomen 
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(60-80%), head, or neck [15]. The sBL makes up 1-2% of adult lymphomas and 30-40% 

of childhood non-Hodgkin lymphomas (NHLs) in Europe and north America [15]. 

Immunodeficiency-related BL has an annual incidence in the USA of about 22 per 

100,000 AIDS-affected individuals [14,16]. This subtype constitutes 24%-35% of all 

HIV-related NHLs [17] and the common sites of presentation are both extranodal and 

nodal [18]. 

BL treatment consists of intensive chemotherapy using a combination of 

cyclophosphamide, prednisolone, and vincristine. The survival rate of eBL is relatively 

low, with a cure rate of 30%-50% [14]. This is mainly caused by incomplete treatment 

in low income areas [19]. The cure rate of sBL is roughly 90% [20]. For 

advanced-stage HIV-positive BL, the 2-year overall survival is about 50% [21]. In a 

more recent study, the survival rate of progressive or relapsed BL was improved 

significantly by treating with rituximab followed by blood stem cell transplantation [22]. 

Although the majority of patients respond well, serious therapy-related side effects 

are observed, such as hematological toxic effects, mucositis, or severe infections [19].  

BL cells originate from germinal centers (GC)-B cells. Gene expression profiling of BL 

and normal B-cell subsets showed that the expression profile of BL cells most closely 

resemble that of centroblasts [14,23]. BL is characterized by monomorphic 

medium-sized cells, coarse chromatin nucleoli, and a high proliferation rate [24]. BL 

cells express the B-cell markers CD20 and CD79a. 

In 1975, a chromosomal translocation t(8;14)(q24;q32), involving MYC and the Ig 

heavy chain gene locus, was discovered in BL [25]. Based on this and many 

subsequent studies, translocation of MYC to the Ig heavy or one of the light gene 

regions is regarded as the hallmark of BL. Gene expression profiling may help to 

diagnose BL, especially for cases with a morphology resembling diffuse large B-cell 

lymphoma [26].  

As a result of the characteristic translocation, MYC is upregulated by juxtaposition of 

the Ig enhancer elements to the MYC gene. MYC is a transcription factor that binds to 

thousands of genomic loci and regulates expression of both protein coding and 

noncoding genes. As such, MYC is crucially involved in cellular processes such as 

cell proliferation, cell cycle, differentiation, and apoptosis [2]. Further support of the 

important role of MYC in the pathogenesis of BL was based on the development of 

B-cell malignancies in a mice model with ectopic MYC expression in the B-cell 

lineage. However the relative long latency period before lymphoma onset indicated 

that besides MYC overexpression, additional aberrations are required for a full 

malignant transformation of the B cells [27]. In other B-cell lymphoma subtypes, 

translocations involving the MYC locus are less common. More recently MYC was 

proved to be a general amplifier of actively transcribed genes [28]. In BL, MYC 
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regulated, next to an extensive set of protein coding genes, more than 50 miRNAs [29] 

and over 1,200 long noncoding RNA loci [30].  

3. Hodgkin lymphoma (HL) 

Hodgkin lymphoma (HL) was described as a unique entity by Thomas Hodgkin more 

than 180 years ago. Based on the morphology of the tumor cells and the composition 

of the cellular infiltrate, HL is classified into classical Hodgkin lymphoma (cHL), which 

accounts for about 95% cases, and nodular lymphocyte-predominant Hodgkin 

lymphoma (NLPHL), which accounts for about 5% cases. Both cHL and NLPHL are 

characterized by a relatively low abundance (often ≤1%) of tumor cells. In cHL, the 

tumor cells are referred to as Hodgkin and Reed-Sternberg (HRS) cells which are 

characterized as large mono- or multi-nucleated cells [31]. Based on the presence of 

hypermutated immunoglobulin genes, HRS cells are thought to be derived from 

germinal center B-cells. Nonetheless, they often lack the expression of common 

B-cell markers [32-34]. HL accounts for 15% to 25% of all lymphomas [35] with an 

incidence of about 3 cases per 100,000 people per year. It is most common in young 

adults and in adults aged over 50 years. The cure rate of HL is roughly 80-90% upon 

current treatment protocols which involve multi-agent chemotherapy with or without 

radiotherapy [36].  

4. MicroRNAs and long non-coding RNAs 

Multiple studies have shown that protein-coding genes only make up less than 2% of 

the human genome. However, a major part of the genome is actively transcribed and 

these are referred to as noncoding RNAs [37,38]. These noncoding RNAs are 

classified into several subtypes, including microRNAs (miRNAs) and long noncoding 

(lnc)RNAs. A rapidly increasing number of studies show the importance of noncoding 

RNAs in almost all biological processes. In recent years, both miRNAs and lncRNAs 

have been studied extensively. 

4.1 MicroRNAs  

4.1.1 Biogenesis 

MiRNAs are a group of 21-24nt noncoding RNAs that regulate gene expression at the 

post-transcriptional level [39]. The first miRNA, lin-4, was discovered more than 20 

years ago in Caenorhabditis elegans [40]. Until now more than 2,800 mature miRNAs 

have been identified in human [41]. Most microRNAs are transcribed from the genome 

as longer primary (pri-)miRNA transcripts. These pri-miRNAs are folded into 

hairpin-like structures that are processed by the microprocessor complex, into a 

60-110nt precursor (pre-)miRNA (Figure 1). This pre-miRNA is transported from the 
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nucleus to the cytoplasm by exportin-5, where the loop region is removed by DICER. 

The resulting double-stranded RNA molecule is loaded into the RNA-induced 

silencing complex (RISC), which contains among others one of the four Argonaute 

(AGO) proteins [42]. One of the two RNA strands is usually degraded while the other 

strand is retained in the RISC and guides the complex to its target transcripts. Binding 

of the miRNA-containing RISC to its target genes results in inhibition of translation or 

mRNA degradation [42]. 

 

Figure 1. A schematic representation of miRNA biogenesis. MiRNAs are transcribed as long 
primary (pri-)miRNA transcripts in the nucleus. Based on presence of a stem-loop like structure, the 
pri-miRNAs are processed by the Drosha-containing microprocessor complex to a precursor 
(pre-)miRNA. The pre-miRNA is transported to the cytoplasm by exportin-5 protein. In the cytoplasm, 
the loop is removed by the Dicer complex and one strand of the miRNA duplex becomes the mature 
miRNA and associates with Argonaute to form the miRNA-induced silencing complex (miRISC). The 
other strand is usually degraded. 
 
 

4.1.2 MiRNA target recognition 

Most miRNA binding sites are located in the 3’-untranslated regions (3’-UTR) of 

protein coding gene transcripts. Beside the 3’-UTR, miRNA binding sites can also be 

present in 5’-UTR and the coding regions of protein coding transcripts, but the impact 

of this type of interactions on gene regulation has not been well established yet [43]. 

Target recognition is based on limited homology of the miRNA sequence to the 

binding site region on the target transcript. In case of canonical binding, the binding 

sites of transcripts show a perfect complementarity to at least nt 2-7 of the miRNAs, 

which are defined as the seed sequence [44]. It is estimated that about 6-7% of the 

miRNA binding sites do not perfectly match to the miRNA seed sequences. Such sites 

contain bulges or single-nucleotide loops in the miRNA seed region and are 



Chapter 1   

16 
 

sometimes compensated by extensive 3’ end interactions of the miRNA. These 

miRNA-target gene interaction sites are classified as non-canonical binding sites 

[39,45,46].  

The target spectrum of miRNAs depends on their expression levels in a given cell 

type: low abundant miRNAs target mainly high-affinity canonical sites, whereas high 

abundant miRNAs may target both canonical and non-canonical binding sites [47]. 

Other factors that determine the miRNA binding efficiency are target site accessibility 

and secondary structure of the miRNA-mRNA duplex [48]. The efficiency of 

miRNA-mediated regulatory effects on its target genes is crucially dependent on the 

cellular context. All cell type specific target genes compete for binding with the miRNA. 

These competing targets do not only comprise transcripts from protein coding genes, 

but also include noncoding RNA transcripts with miRNA binding sites. Abundantly 

expressed transcripts with multiple high affinity binding sites can sequester miRNAs 

and prevent their binding to other cellular targets [42]. This process is referred to as 

competing endogenous (ce)RNA networks. Transcripts containing multiple binding 

sites for a specific miRNA are referred to as miRNA sponges. It has been shown that 

overexpression of such transcripts can protect other transcripts from being targeted 

by the miRNA [49,50]. 

By inhibiting translation or inducing transcript degradation, miRNAs regulate a wide 

range of cellular processes, including B-cell development, migration, adhesion, and 

immunoglobulin class-switching [51]. Pathways such as NF-kB, PI3K/AKT, and BCR 

signaling, as well as lymphoma-associated oncogenic regulators, are all subjected to 

miRNA regulation [52]. 

4.1.3 MiRNA target identification 

Several algorithms have been developed to predict miRNA target genes. Commonly 

used algorithms are TargetScan and MIRANDA [53,54]. Apart from complementarity 

between miRNA seed sequences and 3’-UTR of targets, factors such as sequence 

conservation and RNA accessibility are taken into consideration to predict miRNA 

target genes [55]. A disadvantage of all available prediction algorithms is that they do 

not consider co-expression of the miRNA and its target genes, and also do not take 

potential ceRNA networks into consideration. To circumvent these limitations, several 

experimental approaches to identify miRNA target genes have been developed. Many 

of these experimental approaches are based on pulldown of Argonaute proteins 

present in the RISC complex together with the miRNAs and their target gene 

transcripts. Analysis of the Argonaute-bound RNAs enables a global identification of 

the cell type specific miRNA targetome [56]. However, this does not allow to pinpoint 

specific miRNA-target interactions. Several modifications to this experimental 

approach have been developed to more directly link the target genes to specific 
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miRNAs [45,57]. A specific and direct interaction of a miRNA with a target transcript 

can be validated by luciferase reporter assays. Western blot analysis can be 

subsequently used to determine the effect of miRNA modulation at the protein level 

[58].  

4.2 Long non-coding RNA 

Long non-coding RNAs (lncRNAs) are a class of non-coding RNAs which are >200nt 

long and lack functional open reading frames (ORFs). Transcription and splicing of 

lncRNAs are similar to protein-coding genes, with similar promoter regions and 

histone marks, including H3K4me3, H3K4me4, and H3K36me3 [59]. In comparison to 

protein coding genes, lncRNAs are characterized by an on average lower number of 

exons, shorter exon length, and lower expression levels [60]. LncRNAs are often 

classified according to the location relative to protein coding genes, e.g. antisense, 

intergenic, or intragenic [61] (Figure 2). Most lncRNAs are poorly conserved, but may 

contain a small region with higher sequence conservation across species, such as 

XIST, MIAT, PVT1, and MALAT [59,62,63]. In general, lncRNAs have a more tissue- 

and species-specific expression pattern than protein coding transcripts [64]. 

The complexity of organisms is positively correlated with the size of the non-coding 

part of their genome but shows no correlation to the number of protein coding genes. 

This suggests that non-coding RNAs add to the complexity of organisms [65]. 

LncRNAs show regulatory functions at the epigenetic and transcriptional levels by 

acting as transcriptional regulators, transcriptional guides, or scaffolds for chromatin 

modification complex. Moreover, they are also important players at the 

post-transcriptional level by regulating mRNA splicing, interacting with miRNAs, as 

well as affecting stability and functionality of proteins [66] (Figure 3). Well established 

mechanisms of lncRNAs include: (i) modulation of the three dimensional chromatin 

structure (e.g. Firre) [67], (ii) scaffolding functions for proteins (e.g. MALAT1 and 

NEAT1) [68-70], (iii) transcriptional gene regulation via interaction with DNA and/or 

proteins including epigenetic regulators (e.g. HOTAIR) [71] and transcriptional 

(co)factors (e.g. lincRNA-p21 and GAS5) [72-74], and (iv) post-transcriptional 

regulation affecting the stability of mRNAs or proteins (e.g. PVT1 and GAS5) [75,76]. 

Up to date, LNCipedia identified 127,802 lncRNA transcripts in human [77], while just 

a small part of these lncRNAs have been functionally annotated [78]. There is an 

ongoing debate about the proportion of lncRNAs that is really functional [25]. 

Nonetheless, lncRNAs were shown to act in almost all biological processes, such as 

viability, growth, motility, immortality, signaling, and proliferation [79,80]. Recently, a 

genome-wide knockout screen revealed 51 lncRNAs with negative or positive effects 

on growth of human cancer cells [81]. 
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Figure 2. Genomic context of lncRNAs. Subclasses of lncRNAs are categorized based on their 
location and transcriptional direction relative to protein coding genes. Arrows indicate the transcription 
start sites. 

 

 
Figure 3. Functional summary of lncRNAs acting at the transcriptional or post-transcriptional 
level. A) LncRNAs can act as promoters or repressors of transcription in cis. LncRNAs may recruit 
transcriptional repressors or activators while being transcribed and thus regulate the expression of the 
nearby protein-coding gene. B) Similar mechanisms have also been described for lncRNAs acting on 
genes more distant from the lncRNA locus (regulation in trans). C) LncRNAs can act as scaffolds to 
recruit proteins that form a chromatin modifying complex. At the post-transcriptional level lncRNAs can 
D) influence alternative splicing, E) promote or inhibit translation or F) control RNA degradation by 
recruiting RNA decay regulators (i.e. Staufen). G) LncRNAs can also directly interact with miRNAs as 
miRNA sponge or H) indirectly as miRNA blocker. MBS = miRNA binding site. 

 
4.3 Interactions between lncRNAs and miRNAs 

There is strong evidence that lncRNAs interact with miRNAs. Upon binding miRNAs 

can influence functionality of lncRNAs, or vice versa, lncRNAs can influence 
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functionality of miRNAs. Binding of let-7 to LincRNA-p21 and HOTAIR resulted in 

decreased lncRNA levels in a HuR-dependent way [82-84]. Targeting of GAS5 

transcripts by miR-21 was shown by Argonaute-2 pull down experiments [85]. 

Targeting of MALAT1 by miR-9 resulted in degradation of MALAT1 transcripts [86]. 

Examples of lncRNAs acting as miRNA sponges include among others PTENP1 and 

GAPLINC. PTENP1 protects PTEN transcripts from degradation by sequestering 

miRNAs that regulate PTEN expression [87-89]. GAPLINC promoted proliferation of 

gastric cancer cells by acting as a sponge of miR-378 [90]. The relationship between 

H19 and let-7 is bi-directional: let-7 can trigger H19 degradation while H19 

antagonizes let-7 [84]. MiRNAs and lncRNAs can also indirectly affect each other. For 

example, some lncRNAs compete with miRNAs by masking the miRNA binding sites 

on other target transcripts. BACE1-antisense transcripts can bind to the open reading 

frame of the BACE1 transcript to prevent binding of miR-485-5p. This prevents 

miRNA-mediated downregulation of BACE1 [91]. 

5. Non-coding RNAs in B-cell lymphomas  

5.1 The role of miRNAs in B-cell lymphomas 

In the past decades, multiple studies showed deregulated expression of miRNAs in 

B-cell lymphoma. Differences in miRNA expression were not only observed between 

B-cell lymphomas and their normal counterparts but also between different subtypes 

of GC-B cell derived lymphomas, such as BL, DLBCL, FL and HL [92,93]. A group of 

24 miRNAs were differentially expressed in 32 cHL cases as compared to reactive 

lymphadenopathy [94]. In DLBCL cases, 63 miRNAs showed increased levels and 39 

miRNAs were decreased compared to normal centroblasts. Moreover, 6 miRNAs 

were significantly correlated with patient overall survival [95]. For several of these 

deregulated miRNAs, oncogenic or tumor suppressive roles involving apoptosis, cell 

cycle, and proliferation have been demonstrated [52,96-102].  

The well-known oncogenic miR-17~92 cluster encodes six miRNAs: miR-17, miR-18a, 

miR-19a, miR-20a, miR-19b-1, and miR-92-1 that are processed from one 

polycistronic transcript called C13orf25 [103]. The C13orf25 locus is amplified in 

several types of B-cell lymphomas and overexpression of mature miRNAs is a 

characteristic feature in multiple lymphoma subtypes [104]. Two members of this 

miRNA cluster, i.e. miR-19 and miR-92, activate the PI3K-AKT pathway by targeting 

tumor suppressors PTEN and BIM, which promotes lympho-proliferation and 

malignant transformation [52,103]. Depletion of miR-17~92 cluster inhibited tumor 

growth of a xenograft mantle cell lymphoma (MCL) mouse model, suggesting it could 

be a potential candidate for therapeutic target [105].  

MiR-155 is overexpressed in most subtypes of B-cell lymphoma [106]. We have 

previously shown that miR-155 and its host gene the B-cell integration cluster (BIC) 
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are highly expressed in HL, PMBL, and DLBCL [107]. Ectopic miR-155 expression in 

the B-lineage of mice (Eμ-miR-155 transgenic mice) induced proliferation of pre-B 

cells and development of high-grade lymphoma [108]. MiR-155 directly targets 

HDAC4, a repressor of BCL6, resulting in upregulation of survival- and 

proliferation-related genes [109].  

Expression of the oncogenic miR-21 is strongly increased in various B-cell lymphoma 

subtypes. DLBCL relevant target genes of miR-21 include the tumor suppressor 

genes, PTEN and PDCD4 [110,111]. Conditional overexpression of miR-21 in mice 

resulted in pre-B-cell like malignancies, which regressed completely upon repression 

of miR-21 [112]. MiR-21 was shown to be transcriptionally activated by the EBV 

protein EBNA2 and by NF-kB [113]. 

In most B-cell lymphomas, miR-150 is a tumor suppressor with a decreased 

expression level as compared to normal B-cells [114]. It directly targeted MYB, FOXP1 

and GAB1, which are transcription factors associated with tumor progression and the 

BCR signaling pathway [115]. MiR-150 also targeted AKT2, a member of oncogenic 

PI3K-AKT pathway, resulting in releasing of tumor suppressors, i.e. BIM and p53, 

from repression, in malignant lymphomas [114,116,117].                          

5.2 The role of miRNAs in Burkitt lymphoma 

To identify miRNAs relevant in BL tumorigenesis, several studies determined miRNAs 

that are deregulated in BL, and in addition focused on MYC-regulated miRNAs in 

various MYC models. MiRNAs differentially expressed between endemic BL and 

GC-B cells included amongst others miR-19b-3p, miR-26a-5p, miR-30b-5p, 

miR-92a-5p, and miR-27b-3p. These miRNAs were shown to target several BL 

relevant tumor suppressor genes [118]. A 38-miRNA signature could discriminate BL 

from DLBCL. Some of these miRNAs were shown to regulate or be regulated by two 

well-known oncogenic transcriptional regulators, NF-KB and MYC [119]. Another 

profiling study in BL cases compared to DLBCL and follicular lymphoma (FL) cases 

revealed 22 deregulated miRNAs with 13 of them being MYC-regulated [120]. We 

previously identified 39 MYC-regulated miRNAs that were differentially expressed 

between MYC high BL and other lymphoma samples with low MYC levels. Members 

of the miR-17~92 cluster were MYC-induced and suppressed chromatin regulatory 

genes and the apoptosis regulator Bim in BL [121], while known tumor suppressors, 

such as miR-150, were downregulated [29]. In the Eμ-MYC transgenic mouse model, 

the miR-17~92 cluster was shown to accelerate B-cell lymphomagenesis by 

deregulating tumor related pathways, i.e. PI3K and BCR signaling [122]. In contrast to 

other B-cell lymphomas, miR-155 levels were decreased in BL [108,123]. 

activation-induced cytidine deaminase (AID) was shown to be a relevant target as 

increased level of AID were required to promote the formation of the BL hallmark 
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MYC-IG translocations. Thus, repression of miR-155 may facilitate formation of the 

chromosomal translocation involving the MYC-IG gene loci, and this may contribute 

to the malignant transformation of BL precursor cells [124]. RNA immunoprecipitation 

of Argonaute-2 upon miR-155 inhibition in HL cells and ectopic expression of miR-155 

in BL revealed 54 miR-155 specific targets, including the tumor suppressor NIAM. 

Inhibition of NIAM copied the growth promoting effect of miR-155 in B-cell lymphoma 

[125]. 

A tumor suppressor role of miR-150 in BL was shown by decreased cell proliferation 

upon restoring miR-150 in BL cell lines [97]. We have shown that miR-150 is 

repressed by MYC and that the remaining miR-150 molecules may be sequestered 

by the MYC-induced endogenous miR-150 sponges, ZDHHC11 and ZDHHC11B. 

This most likely is a mechanisms used by BL cells to maintain elevated MYB levels 

and a high proliferation rate [98].  

MiR-28 is a germinal center B-cell specific miRNA whose expression is lost in 

numerous mature B-cell lymphomas, including BL. MiR-28 targets genes that are 

required for BCR signaling and play pivotal roles in B-cell biology by regulating 

proliferation and apoptosis. In BL, miR-28 dampens BCR signaling and impairs B-cell 

proliferation and survival. Ectopic expression of miR-28 in BL xenografts inhibited 

tumor growth indicating that miR-28 has tumor suppressor activity and might have 

therapeutic value in BL treatment [96]. 

5.3 The role of miRNAs in classical Hodgkin lymphoma 

In HL, multiple deregulated miRNAs have been identified with important roles in the 

pathogenesis being elucidated for a subset of them. A miRNA profiling of 250 

samples including HL and normal B-cell subsets revealed high expression of miR-16, 

miR-21, and miR-155 in cHL cells [126]. Gibcus et al. identified the miR-17-92 cluster, 

miR-16, miR-21, miR-24, and miR-155 as upregulated miRNAs in HL by microarray 

[127]. By comparing 49 cHL patients and 10 normal lymph nodes, a distinctive 

signature of 25 miRNAs was identified [128]. MiR-135a was upregulated in cHL and 

targeted JAK2, which resulted in reduced levels of the anti-apoptotic gene Bcl-xL [129]. 

A miRNA profiling in isolated HRS cells from 9 cHL tissue samples and normal B cells 

revealed 15 deregulated miRNAs [130]. Semra et al. identified 13 miRNAs with 

decreased and 11 miRNAs with increased expression in cHL tissues compared with 

normal tissues [94]. The highly abundant miR-17/106b miRNA seed family targeted 

CDKN1A and this resulted in decreased p21 protein levels, further enabled cell cycle 

progression of cHL [131]. MiR-9 expression was enhanced in HRS cells and targets 

the plasma cell differentiation gene PRDM1, which might explain the block in 

differentiation observed in HRS cells [132]. In addition, miR-9 targets cytokine 

production related genes HuR and DICER1. Inhibition of miR-9 in a xenograft model 
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of HL increased the levels of HuR and DICER1 and resulted in decreased tumor 

growth [133]. Hyper methylation of the miR-124a locus correlated with significantly 

reduced miR-124a expression and was associated with aggressive cHL disease [134]. 

5.4 LncRNAs in B-cell lymphoma 

LncRNA expression profiling studies in mature B-cell malignancies were mainly 

applied in cHL, DLBCL and CLL [135]. These studies have clearly shown that a 

substantial number of lncRNAs are deregulated and indicated distinct expression 

patterns in B-cell lymphomas. Analysis of RNAseq data revealed 2,632 multi-exonic 

lncRNAs in DLBCL cases, DLBCL cell lines, naïve B-cells, and GC-B cells. 

Expression of 88% of them was significantly correlated with at least one protein 

coding gene [136]. A group of 6 lncRNAs was identified to be associated with overall 

survival and prognosis in DLBCL patients [137]. More recently, a genome-wide 

screening covering 10,996 lncRNAs identified 230 cell growth related lncRNAs in CLL 

[138].  

A small number of lncRNAs implicated in tumorigenesis have been functionally 

annotated [135]. MALAT1 promotes proliferation and metastasis in many solid tumors 

and is involved in regulation of transcription and alternative splicing [139]. In 

hematologic malignancies including mantle cell lymphoma (MCL) and multiple 

myeloma (MM) MALAT1 expression is elevated. Knockdown of MALAT1 inhibited cell 

proliferation and caused cell cycle arrest in DLBCL, MCL, and MM [140-142]. MEG3 

and DLEU1/2 were depleted in hematological malignancies. MEG3 led to 

accumulation of p53 and downregulating of MDM2 which resulted in inhibition of cell 

proliferation [143,144]. DLEU1/2 enhanced the expression of the neighboring tumor 

suppressors, i.e. KPNA3, C13ORF1, and RFP2. Moreover, it encodes for the 

well-known tumor suppressor microRNAs, miR-15a/16 [145,146].  

GAS5 is a lncRNA that was first identified to be specifically expressed in 

growth-arrested cells [147]. Various characteristics of GAS5 are in line with its function 

in controlling cell growth: (1) GAS5 was shown to induce growth arrest in normal T 

lymphocytes [148,149]; (2) depletion of GAS5 blocked apoptosis in MCL and T-cell 

leukemia [150]; (3) GAS5 knockdown increased levels of CDK6, a protein involved in 

G1/S transition, which promoted cell cycle and proliferation [151,152]; (4) GAS5 

downregulates miR-21, a known onco-miRNA in B-cell lymphomas and miR-21 

targets GAS5, thus forming a reciprocal feedback loop [85,112]; (5) GAS5 

downregulates MYC at the transcriptional level via interaction with the transcription 

initiation factor 4E [153]. Altogether these studies showed that GAS5 is a potent tumor 

suppressor in B-cell lymphoma. 

LncRNA-p21 (~17 kb upstream of p21) was characterized as a p53-responsive 
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transcript, affecting different p53-mediated processes, inducing apoptosis, cell cycle 

arrest, and DNA repair [154]. Conditional knockdown of lincRNA-p21 in murine 

embryonic fibroblasts diminished p21 levels thereby causing checkpoint defects and 

increased proliferation [155]. Ectopic expression of lincRNA-p21 in a DLBCL cell line 

caused an increase in p21 and a G1 cell arrest [156].  

Besides these examples, many other annotated lncRNAs, e.g. HULC, HOTAIR, and 

LUNAR1 are shown to be involved in apoptosis, proliferation, or growth. Several 

studies, convincingly showed their involvement in the pathogenesis of B-cell 

lymphoma, but the picture is still far from complete [157-159].  

5.5 LncRNAs in Burkitt lymphoma 

Because BL is a B-cell lymphoma characterized by a high expression of MYC, the 

P493-6 B-cell model, which contains a conditional tetracycline-repressible MYC allele, 

has been used to study the role of MYC in defining the lncRNA landscape in BL. 

Using this B-cell model, 534 [160], 960 [161], and more than 1,200 [30] MYC-regulated 

lncRNAs have been identified. One of our previous reports demonstrated that both 

MYC-induced and MYC-repressed lncRNAs were significantly enriched for MYC 

binding sites, suggesting a direct regulation of these lncRNAs by MYC [30]. Analysis 

of BL samples and normal GC-B cells revealed 881 deregulated lncRNAs in BL. Of 

these lncRNAs, MINCR (MYC-induced noncoding RNA) is characterized as a 

differentially expressed lncRNA that modulates expression of 1,227 MYC-regulated 

genes. MINCR depletion caused a G0/G1 cell cycle arrest which impaired BL cell 

cycle progression [161]. In a more recent report, CRISPR interference (CRISPRi) was 

applied to explore the effect of MYC-regulated lncRNAs in P493-6 cells and the BL 

cell line RAMOS. As a result, 320 lncRNAs were shown to be essential for cell 

proliferation or survival [162]. Silencing of DLEU1 inhibited apoptosis and promoted 

cell proliferation of BL, which indicated DLEU1 may be a tumor suppressor for BL [163]. 

However, up to date, most of the deregulated lncRNAs in BL have not been functional 

annotated nor studied in detail. 

5.6 LncRNAs in classical Hodgkin lymphoma 

The studies focusing on lncRNA profiling in cHL are limited and very little is known 

about the functions of lncRNAs in cHL development. In a microarray profiling, we 

identified 475 lncRNAs differentially expressed between cHL and normal GC-B cells. 

A potential cis-regulatory role was observed for 107 of differentially expressed 

lncRNAs localizing within a 60-kb region from a protein coding gene. This study 

provided a strong rationale to investigate the role of differentially expressed lncRNAs 

in normal B-cell biology and in cHL cells [164,165]. More recently it was shown that 

lncRNA H19 was overexpressed in HL tissues and cell lines compared to reactive 
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hyperplasia of lymph nodes. In addition, H19 expression was negatively correlated 

with overall survival of HL patients. It was shown that increased levels of lncRNA H19 

promoted HL development by stimulating proliferation via activation of the AKT 

pathway [166]. Leucci et al. described targeting of MALAT1, one of the most abundant 

and conserved lncRNAs, by miR-9 in cHL. MiR-9 triggered degradation of MALAT1 in 

the nucleus in an AGO2-dependent way via two miR-9 binding sites [86]. One of the 

consistently observed susceptibility loci for cHL mapped at 8q24 near the MYC 

/lncRNA PVT1 locus and was shown to predict patient outcome in two independent 

cohorts [167]. 

Scope of the thesis 

Although it has become evident that noncoding RNAs can contribute to BL and HL 

pathogenesis by functioning as tumor suppressor or oncogenes, we know very little 

about their role for most of them. The aim of this thesis was to identify noncoding 

RNAs that have an effect on cell growth and explore the relevant functions of selected 

candidates in BL and HL. 

In chapter 2, we performed a high throughput miRNA overexpression screen in HL 

and identified 4 miRNAs that affected HL cell growth. The oncogenic role of 

miR-21-5p in HL was investigated in more detail. In chapter 3, we identified miRNAs 

differentially expressed between BL cells and normal GC-B cells and studied the 

underlying mechanism of miR-378a-3p in BL cell growth. In chapter 4, we identified 

18 BL cell growth-related miRNAs using a high throughput miRNA gain- and 

loss-of-function screen and further studied the role of miR-26b-5p in regulating BL cell 

growth. In chapter 5, we applied a similar high throughput screening approach to 

explore the role of 19 MYC-induced lncRNAs in BL cells. In chapter 6, we summarize 

our studies and discuss future perspectives. 
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Abstract  

Background/Aims: Classical Hodgkin lymphoma (cHL) is among the most frequent 

lymphoma subtypes. The tumor cells originate from crippled germinal center (GC)-B 

cells that escaped from apoptosis. MicroRNAs (miRNAs) play important roles in B-cell 

maturation and aberrant expression of miRNAs contributes to the pathogenesis of 

cHL. Our aim was to identify oncogenic miRNAs relevant for growth of cHL using a 

high-throughput screening approach. 

Methods: A lentiviral pool of 63 miRNA inhibition constructs was used to identify 

miRNAs essential to cell growth in three cHL cell lines in duplicate. As a negative 

control we also infected cHL cell lines with a lentiviral barcoded empty vector pool 

consisting of 222 constructs. The abundance of individual constructs was followed 

over time by a next generation sequencing approach. The effect on growth was 

confirmed using individual GFP competition assays and on apoptosis using 

Annexin-V staining. Our previously published Argonaute 2 (Ago2) 

immunoprecipitation (IP) data were used to identify target genes relevant for cell 

growth / apoptosis. Luciferase assays and western blotting were performed to confirm 

targeting by miRNAs. 

Results: Four miRNA inhibition constructs, i.e. miR-449a-5p, miR-625-5p, let-7f-2-3p 

and miR-21-5p, showed a significant decrease in abundance in at least 4 of 6 

infections. In contrast, none of the empty vector constructs showed a significant 

decrease in abundance in 3 or more of the 6 infections. The most abundantly 

expressed miRNA, i.e. miR-21-5p, showed significantly higher expression levels in 

cHL compared to GC-B cells. GFP competition assays confirmed the negative effect 

of miR-21-5p inhibition on HL cell growth. Annexin-V staining of cells infected with 

miR-21-5p inhibitor indicated a significant increase in apoptosis at day 7 and 9 after 

viral infection, consistent with the decrease in growth. Four miR-21-5p cell growth- 

and apoptosis-associated targets were AGO2-IP enriched in cHL cell lines and 

showed a significant decrease in expression in cHL cell lines in comparison to normal 

GC-B cells. For the two most abundantly expressed, i.e. BTG2 and PELI1, we 

confirmed targeting by miR-21-5p using luciferase assays and for PELI1 we also 

confirmed this at the protein level by western blotting. 

Conclusions: In conclusion, using a miRNA loss-of-function high-throughput screen 

we identified four miRNAs with oncogenic effects in cHL and validated the results for 

the in cHL abundantly expressed miR-21-5p. MiR-21-5p is upregulated in cHL 

compared to GC-B cells and protects cHL cells from apoptosis possibly via targeting 

BTG2 and PELI1. 

 

Key words: Classical Hodgkin lymphoma (cHL); High-throughput screen; miR-21-5p; 

apoptosis; BTG2; PELI1 
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Introduction 

Classical Hodgkin lymphoma (cHL) is a germinal center (GC) B-cell-derived 

lymphoma subtype accounting for 95% of all HL cases [1]. It is characterized by a 

minority of tumor cells – known as Hodgkin Reed-Sternberg (HRS) cells - mixed 

within an abundant background of reactive immune cells [2]. CHL is sub classified into 

four histological subtypes, i.e. nodular sclerosis, mixed cellularity, lymphocyte rich, 

and lymphocyte depleted cases, according to the morphology of the HRS cells and 

the composition of the cellular background [3].  

MiRNAs are short non-coding RNA molecules inhibiting gene expression at the 

post-transcriptional level [4]. Generally, a single miRNA can interact with multiple 

targets and vice versa [5]. MiRNAs are fundamental to the development of blood cells 

by regulating almost every stage of hematopoiesis [6]. In addition, miRNAs are 

important determinants of B-cell development and maturation [7,8]. Functional studies 

showed that aberrantly expressed miRNAs can act as oncogenes or tumor 

suppressor genes [9-12]. 

Several studies showed aberrant miRNA expression profiles in HL cell lines, total 

tissues and microdissected HRS cells compared to control cells and tissues [13-20] 

The primary miR-155 transcript, also known as BIC, was the first miRNA reported to 

have strongly enhanced expression levels in HL [21]. Although several targets of this 

oncogenic miRNA have been reported, the HL relevant target genes remain unknown. 

MiR-135a inhibition led to reduced Bcl-xL via targeting JAK2 [22]. Inhibition of the 

miR-17/106b seed family resulted in a G1-phase cell cycle arrest by releasing 

CDKN1A from miRNA-mediated inhibition [23]. HuR and Dicer were shown to be 

target genes of the oncogenic miR-9 and inhibition of miR-9 resulted in higher 

cytokine production levels [24]. Together these studies clearly showed that miRNAs 

are important in the pathogenesis of HL. 

In this study, we determined effects of miRNA inhibition on cHL cell growth using a 

high-throughput screen with a pool of miRNA inhibition constructs and a barcoded 

empty vector pool as a control. This resulted in the identification of miR-21-5p as a 

miRNA critical to cHL cell growth by inhibiting apoptosis. Insights into the potential 

mechanism of miR-21-5p were obtained by identifying target genes in our previously 

published Ago2-IP data [16]. 
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Results 

Identification of miRNAs that affect cHL cell growth 

A change in relative abundance of specific miRZIP constructs over time implicates 

that inhibition of the corresponding miRNA either supports or represses growth of cHL. 

For the empty vector screen, we expect no consistent changes over time. For miRZIP 

vectors targeting oncogenic miRNAs we expect a decrease in abundance over time, 

whereas for constructs targeting tumor suppressor miRNAs we expect an increase 

over time. To determine whether the abundance of a construct changed over time we 

calculated the slope per construct based on read count fold changes relative to the 

first measurement (day 5) (Figure 1 and Figure S3). The high-throughput screen 

using the barcoded empty vector pool as a control revealed for 12 out of the 214 

constructs with sufficient reads a change in relative abundance in the same direction 

in any 2 of the 6 infections (3 cHL cell lines infected in duplicate). None of the 

barcoded EV constructs showed a change in the same direction in 3 or more of the 6 

infections. Based on these results we set the minimal criterion for changes to 

consider as changed in the same direction in at least 4 out of 6 infections for the 

miRZIP constructs. For the miRZIP control constructs, we observed an increase of 

miRZIP-NT3 in 1 infection in KM-H2 and of NT1, NT4 and NT5 an increase in 

abundance in one of the two infections for two cell lines (note that for NT2 the read 

counts were too low). For the miRZIP constructs we observed for 12 and 6 a 

decrease and for 3 and 0 an increase in abundance in KM-H2; for 6 and 9 a decrease 

and for 2 and 1 an increase in L540; and for 5 and 3 a decrease and for 2 and 5 an 

increase in L428, for the 2 infections, respectively (Figure 1). Four miRZIP constructs 

were depleted in at least 4 of 6 infections done in the 3 cHL cell lines, i.e. 

miRZIP-449a-5p, miRZIP-625-5p, miRZIP-let-7f-2-3p and miRZIP-21-5p. None of the 

constructs were enriched over time in at least 4 of the 6 infections. In addition, 

miRZIP-106b-5p was decreased in 3 of the 6 infections and miRZIP-190-5p, 

miRZIP-142-3p and miRZIP-20a-5p were decreased in 2 of the 6 infections, but as 

we set our threshold to 4 we did not follow them up. 
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Figure 1. Schematic representation of the changes in relative abundance of the miRZIP 

constructs in cHL cell lines. The miRZIP constructs were sorted from low to high based on average 

reads per construct across all experiments. Slopes of fold changes calculated based on normalized 

read counts are shown for both infections in (A) KM-H2: the slopes varied between -0.211 and 0.055 in 

the first and between -0.199 and 0.045 in the second infection; (B) L540: Slopes varied between -0.522 

and 0.079 in the first infection and between -0.848 and 0.073 in the second infection; and (C) L428: 

slopes varied between -0.016 and 0.019 in the first infection and between -0.019 and 0.019 in the 

second infection. The dotted lines indicate the upper and lower boundaries as determined by an 

adapted Tukey interquartile (IQR) method. Black dots indicate miRZIP constructs that changed over 

time and arrows indicate miRZIP constructs that also changed consistently in at least 4 out of 6 

infections. 

MiR-21-5p acts as an oncogene in cHL 

We used our previously published small RNA sequencing data [16] to study the 

expression levels of the 4 miRNAs that were the top candidates from our miRZIP 
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screen, i.e. miRZIP-449a-5p, miRZIP-625-5p, miRZIP-let-7f-2-3p and miRZIP-21-5p. 

We observed the highest expression levels for miR-21-5p in the 3 cHL cell lines used 

in the screen (Figure 2A-C). The other 3 miRNAs showed approximately 100-fold 

lower expression levels in the cHL cell lines. Therefore, we selected miR-21-5p for 

our follow-up experiments. RT-qPCR revealed that the miR-21-5p levels were 

significantly increased in cHL cell lines compared to GC-B cells (Figure 2D). The two 

mixed cellularity cHL cell lines, KM-H2 and L1236, had somewhat lower levels as 

compared to 3 of the 4 nodular sclerosis cHL cell lines.  

Inhibition of miR-21-5p resulted in a significant decrease in the percentage of GFP+ 

cells over time in all three cHL cell lines, consistent with the screen (Figure 3A). The 

strongest effect was seen in KM-H2 cells, which also showed a significant decrease 

in construct abundance in both independent infections. To establish the cause of the 

decrease in GFP+ cells, miRZIP-21-5p infected cells were stained with the apoptosis 

marker Annexin-V. This revealed a significant increase in the percentage of apoptotic 

cells in all tested cHL cell lines at day 7 and 9 (Figure 3B and 3C). No effect was 

observed on the distribution of the cell cycle phases (data not shown). 

 

Figure 2. miR-21-5p is increased in cHL cell lines. Expression levels of the miRNAs identified in the 

high throughput screen in (A) KM-H2, (B) L540 and (C) L428 cHL cell lines (based on small RNA 

sequencing data). (D) qRT-PCR validation of miR-21-5p in cHL cell lines vs GC-B cells. Significant 

differences were determined by a Mann-Whitney test. *P <0.05. RPM: read counts per million.   
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Figure 3. Inhibition of miR-21-5p in cHL decreases cell growth and induces apoptosis. (A) GFP 

competition assay of miR-21-5p inhibitor (miRZIP-21-5p) and control miRZIP-NT1 infected cHL cell 

lines L428, L540 and KM-H2. MiRZIP-21-5p was stably transfected in cells using a lentiviral vector, 

which co-expresses GFP. The GFP percentage was measured triweekly for 22 days and the 

percentage at the first day of measurement (day 4) was set to 1. (B) Examples of the Annexin V flow 

cytometry graphs of the apoptosis test done at day 9 after inhibition of miR-21-5p in three cHL cell lines. 

(C) Overview of the percentages of Annexin V positive cells at day 7 (open circles) and day 9 (closed 

circles) of 2 independent experiments in three cHL cell lines. Asterisks indicate significant differences 

between miR-21-5p inhibitor and miRZIP-NT1. * P<0.05; **P <0.01; ***P<0.001. 
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Identification and validation of miR-21-5p target genes  

In our previously generated Ago2-RIP chip data of cHL cell lines [16], we identified 

1,294 unique protein coding genes (represented by 1,664 probes) that were Ago2-IP 

enriched in at least 2 of the 3 cHL cell lines that showed a prominent negative effect 

on cell growth upon miR-21 inhibition (Figure 4A). Within the 1,294 Ago2-IP enriched 

genes we identified 26 genes that were proven miR-21-5p targets and 13 Targetscan 

predicted miR-21-5p targets (of which 3 were in overlap with the proven, Table 1). 

This was a highly significant enrichment of miR-21-5p target genes in the Ago2-IP 

fraction compared to all miR-21-5p target genes present among all genes expressed 

in the cHL cell lines (Figure 4B). Gene ontology analysis revealed that 13 of these 36 

Ago2-IP enriched target genes had a function related to cell growth and apoptosis 

(Figure 4C and Table 1). Analysis of our previously published microarray data in 

GC-B cells and cHL cell lines [25], showed a significantly decreased gene expression 

level in cHL cell lines compared to GC-B cells for 4 genes i.e. BTG2 (B-cell 

translocation gene 2), PELI1 (E3 Ubiquitin-Protein Ligase Pellino Homolog 1), TIAM1 

(T-Cell Lymphoma Invasion And Metastasis 1) and SMAD7, whereas 1 gene, i.e. SKI, 

showed an increased expression in cHL (Figure 4D). The other 8 genes showed no 

differences in expression levels between cHL cell lines and GC-B cells. BTG2 and 

PELI1 expression levels were highest in GC-B cells and were considered as the most 

likely relevant targets for the observed phenotype.  

PELI1 and BTG2 are direct targets of miR-21-5p 

To confirm targeting of BTG2 and PELI1 by miR-21-5p we performed luciferase 

reporter assays using HEK293 cells. Co-transfection of the BTG2 and PELI1 3’-UTR 

containing luciferase reporter constructs with miR-21-5p revealed on average a 44% 

and 27% reduction in Renilla over Firefly ratio compared to control, respectively 

(Figure 5A). This confirmed targeting by miR-21-5p for both genes. In line with these 

findings, a significant increase in PELI1 protein levels was observed in miR-21 

inhibitor infected L540 and L428 cells as compared to control infected cells. For 

KM-H2 cells we did not observe a significant downregulation (Figure 5B). Despite 

testing several antibodies, we were not able to obtain reliable western blotting results 

for BTG2. 
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Figure 4. Identification of miR-21-5p target genes. (A) Ago2-IP enriched mRNA probes per cell line 

(FC of IP/T >2) and the 1,664 probes (1,294 genes) that are IP-enriched in at least 2 of the 3 cHL cell 

lines (indicated by a red triangle). (B) Comparison of the percentage of probes for predicted/proven 

target genes of miR-21-5p within all expressed and within Ago2-IP enriched in cHL. (C) 13/36 

proven/predicted miR-21-5p target genes were related to cell growth. Significant differences were 

determined by a Chi-squared test and are marked with asterisks. ***P<0.001. T: total cell lysate; 

Ago2-IP: Ago2 immune precipitated fraction. (D) Relative expression levels of 13 proven/predicted 

miR-21-5p target genes in GC-B cells and cHL cell lines. The order of genes is based on average 

relative expression in GC-B cells. CHL cell lines include KM-H2, L1236, L428, L540 and SUPHD1. 

Differences in expression levels were assessed using the non-parametric Mann-Whitney U test. 

*P<0.05.  
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Table 1. Ago2-IP enriched probes corresponding to predicted/proven miR-21-5p target 

genes in cHL cell lines 

Probe Name GeneSymbol Targetscan 

Proven 

targets 

Fold enrichment (FE) 

IP/Total 

Avg FE KM-H2 L428 L540 

A_23_P87879 CD69 √   40.4 5.2   22.8 

A_24_P373152 CFL2 √  27.7 12.3 26.7 22.3 

A_23_P46812 CPEB3 √  27.6 7.5 15.9 17.0 

A_23_P62901 BTG2  √ 10.7 22.3 14.4 15.8 

A_23_P49759 CCL1 √  5.2 18.3 16.2 13.2 

A_23_P95930 HMGA2  √ 15  8.6 11.8 

A_24_P358868 ZNF728 √  8.9 4.4 18.5 10.6 

A_23_P206018 TPM1  √  3.9 13.3 8.6 

A_23_P156310 SKP2 √  3.8 11.8 9.2 8.3 

A_33_P3691916 FAM13A √  1.7 4.4 18.4 8.1 

A_23_P410625 ZNF367 √  9.2 7.6 5.8 7.5 

A_33_P3233764 LATS1  √  4.8 10 7.4 

A_24_P44462 TPM1  √  2.6 10.1 6.4 

A_23_P411612 SPRYD4  √ 4.2 8.5 5.9 6.2 

A_23_P94095 ANKRD46  √ 5.3 7 6 6.1 

A_33_P3335966 TPM1  √  2.7 9.4 6.0 

A_24_P328492 SOCS5 √  6.2 4.2 7.2 5.9 

A_32_P183218 ZNF367 √   4.9 6.1 5.5 

A_32_P178945 YOD1 √  5.2 5.3  5.2 

A_32_P25737 CHIC1 √  7.2 2.5  4.9 

A_24_P46953 SGK3 √   2.4 7 4.7 

A_33_P3215093 CHIC1 √  5.7 2.8 3.8 4.1 

A_33_P3400547 MED21 √  3.3 4.3 3.4 3.7 

A_23_P325631 SKI √  4.4 2.8 3.7 3.6 

A_23_P217609 RPL36A √  2 2.7 5.7 3.5 

A_23_P93562 SESN1 √  1.8 2.8 5.2 3.3 

A_23_P83028 RECK √ √  4 2.5 3.3 

A_23_P339773 TPRG1L √  3.4 3.5 2.5 3.1 

A_23_P55518 SMAD7 √ √ 3 2.9 2.9 2.9 

A_32_P101689 FAM3C √  2 2.7 3.9 2.9 

A_33_P3320548 NUPL2 √  3.3 3 2 2.8 

A_23_P22350 GRAMD3 √  2.9 2.7  2.8 

A_24_P271363 CDS2  √ 4.2 2 1.6 2.6 

A_33_P3398862 RHOB  √  2.7 2.3 2.5 

A_33_P3316928 PELI1 √ √ 1.6 2.7 2.9 2.4 

A_23_P9823 MLXIP  √ 1.7 2.6 2.9 2.4 

A_33_P3423859 PPP1R3D √  2.1 3 2.2 2.4 

A_23_P32913 ARMC10 √  1.7 2.4 2.8 2.3 

A_33_P3213432 ARMC10 √  1.7 2.5 2.6 2.3 

A_33_P3381751 TIAM1  √ 2.2 -1.1 5.2 2.1 

A_23_P154894 CSTB √   2.3 2.2 1.6 2.0 

Genes related to cell growth or apoptosis are shown in bold. Expression values are 

log2 transformed, fold changes are absolute values. 
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Figure 5. BTG2 and PELI1 are direct miR-21-5p targets. (A) Luciferase reporter assays confirm 

targeting of miR-21-5p to the 3’-UTR of BTG2 and PELI1. Plotted are the normalized Renilla (R) over 

Firefly (F) luciferase ratios as detected in lysates of HEK293 cells transfected with psiCHECK-2 

constructs in combination with miR-21 precursor (miR-21) or control precursor (control). Shown is the 

mean with SD. Each luciferase experiment was performed six times divided over three independent 

experiments. Statistical analysis was performed using a one-tailed paired t-test **P<0.01. (B) PELI1 

protein levels increase upon miR-21-5p inhibition. Left panel shows representative examples of the 

western blot results of miRZIP-21-5p and control infected cHL cell lines. GAPDH was used as internal 

control and the PELI1 to GAPDH ratio in control-infected cells was set to 1. Right panel shows the 

summary of the quantification of the PELI1 level changes upon miR-21-5p inhibition. Each infection 

was performed in two independent experiments and each experiment was quantified by western blot 

2-3 times. Statistical analysis was performed using a one-tailed paired t-test *P<0.05. 
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Discussion 

In this study, we identified miRNAs that promote cHL cell growth using a miRNA 

inhibitor construct library in combination with a high throughput NGS approach. Four 

miRZIP constructs were depleted in at least 4 of 6 infections, whereas none of the 

miRZIP constructs was consistently increased. This bias towards constructs with 

decreased abundance is consistent with the selection of miRNAs being mostly known 

oncogenic miRNAs or miRNAs with high expression levels in cHL. We used a 

barcoded empty vector pool as a control and showed that constructs at most changed 

in the same direction in 2 of the 6 infections. We selected miR-21-5p for further 

studies based on its high expression and significantly increased levels in cHL 

compared to normal GC-B cells. Inhibition of miR-21-5p in a single construct infection 

experiment confirmed the effect on cell growth based on the significant reduction in 

GFP+ cells over time in all 3 cHL cell lines. This decrease in cell growth was at least in 

part caused by an increase in apoptosis.  

Constructs for seven of the top-10 miRNAs most abundantly expressed in cHL were 

included in the high-throughput screen, i.e. miR-21-5p, miR-92a-3p, miR-142-5p, 

miR-155-5p, miR-30e-5p, miR-27b-3p and miR-181a-5p. We observed an effect only 

for the miRZIP-21-5p construct and not for the other highly abundant miRNAs. The 

lack of a significant effect for these miRNAs might have been caused by our 

experimental set-up. As cHL cell lines have a relative high population doubling time, 

the follow-up of 3 weeks might not have been long enough to identify all constructs 

that induce cell growth related effects in cHL. On the other hand, the lack of an effect 

might also be the result of an incomplete inhibition of the miRNAs by the inhibitor 

constructs, especially for the highly abundant miRNAs. In a previous study we have 

shown that miR-24-3p inhibition resulted in a decrease in cell growth in L428 and 

KM-H2 and a significant decrease of cell growth was seen for miR-27a-3p inhibition in 

L540 [16]. In this study, miRZIP-24-3p was decreased only in 1 infection in KM-H2, 

whereas miRZIP-27a-3p had no effect in L540. Although we do not have a clear 

explanation for this discrepancy, it might be related to differences in data analysis and 

the approach to identify significant differences, which are more robust for individual 

GFP competition assays.  

Four miRNA inhibition constructs were depleted in at least 4 out of 6 infections in 

three cHL cell lines i.e. miR-449a-5p, miR-625-5p, let-7f-2-3p and miR-21-5p. Our 

previously published small RNA-seq indicated that for 3 of these miRNAs read counts 

were less than 500 indicating low expression in cHL [16]. The levels of miR-449a-5p 

and let-7f-2-3p were higher than the levels of their seed family members, i.e. 

miR-449b-5p and miR-449c-5p for miR-449a-5p and let-7a-3p, let-7b-3p, let-7f-1-3p, 

let-7e-3p and let-7a-2-3p for let-7f-2-3p (no miRNAs with the same seed for 

miR-625-5p). These seed family members could possibly also be inhibited by the 
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miRNA inhibitor constructs targeting miR-449a-5p and let-7f-2-3p, but based on their 

much lower expression levels it seems unlikely that this causes the observed effects 

on cell growth. In addition, miR-34 members also have the same seed as 

miR-449a-5p, but the 3-primed ends of the mature miRNAs are less homologous to 

miR-449a. Moreover, the miR-34a inhibitor construct that was also present in our 

library did not show any effects in the screen. Together, this makes it unlikely that the 

effect of the miR-449a inhibitor is caused by inhibition of members of the miR-34 

family. Analysis of the Ago2-IP data revealed 89, 37 and 27 predicted target genes for 

miR-625-5p, miR-449a-5p and let-7f-2-3p, respectively. For let-7f-2-3p, it was not a 

significant enrichment compared to all expressed genes. For the other 2 miRNAs, the 

potential target genes were significantly enriched in the IP fraction. The high 

abundance, differential expression and target gene enrichment in the Ago2-IP 

fraction together made miR-21-5p the most promising candidate oncogenic miRNA of 

the 4 that were identified in the screen.  

Of the final list of 13 miR-21 targets that were Ago2-IP enriched in cHL, mRNA levels 

of BTG2 and PELI1 were most abundant in normal GC-B cells and their levels 

decreased significantly in cHL. This made them attractive candidates for follow-up 

studies. Indeed, we confirmed binding of miR-21-5p to the 3’-UTR of both genes by 

luciferase reporter assays. For PELI1, we were able to further confirm this at the 

protein level by western blot for 2 out of 3 cHL cell lines tested. MiR-21 was 

previously shown to directly target the tumor suppressor gene BTG2 in HepG2 liver 

cancer cells [26] and following exposure to N-methyl-N-nitro-N'-nitrosoguanidine 

(MNNG) also in gastric cancer [27]. BTG2 is a known tumor suppressor in B-cell 

malignancies and acts as an important regulator of B-cell differentiation [28]. Targeting 

of PELI1 by miR-21 was shown in liver cells, and this interaction played a role in liver 

regeneration [29]. PELI1 is an E3 ubiquitin ligase that catalyzes the formation of Lys48 

(K48) and K63 ubiquitin chains, leading to proteasomal degradation or nonclassical 

degradation-independent modifications, respectively. PELI1-mediated K48 

ubiquitination of the NF-ĸB subunit c-Rel led to its degradation and negatively 

regulated T-cell activation [30]. A similar mechanism might apply to cHL, which is 

characterized by constitutive activation of NF-ĸB [31]. PELI1 was shown to promote 

lymphomagenesis by K63 ubiquitination of BCL6, which resulted in enhanced BCL6 

levels [32]. BCL6 protein expression is often negative in cHL [33], which is in line with 

low PELI1 and high miR-21-5p levels as observed in our study. PELI1 protein levels 

were low or undetectable in primary cHL tissues and low in cHL cell lines compared to 

Burkitt lymphoma and diffuse large B-cell lymphoma cell lines [34]. Two additional 

miR-21-5p targets also showed decreased expression in cHL as compared to GC-B 

cells, i.e. SMAD7 and TIAM1. MiR-21 was shown to target SMAD7 in endothelial cells 

[35] and in colorectal cancer cells [36]. SMAD7 protects B-lymphocytes from 

transforming growth factor (TGF)-beta induced growth inhibition and apoptosis [37]. 

TIAM1, a guanidine exchange factor of the Rac GTPase, is a validated target gene of 
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miR-21 in colon carcinoma cells [38]. No evidence has been reported of any effects of 

TIAM1 on pathogenesis of B cell lymphomas.  

An oncogenic role for miR-21-5p has been shown in many types of cancers e.g. 

breast cancer [39,40], non-small cell lung cancer [41] and nasopharyngeal carcinoma 

[42]. In diffuse large B-cell lymphoma (DLBCL), miR-21-5p directly targeted FOXO1 

and subsequently inhibited transcription of Bim, which led to downregulation of PTEN. 

This resulted in an activation of the PI3K/AKT/mTOR pathway, which further 

decreased FOXO1 expression [43]. However, FOXO1 was not enriched in the 

Ago2-IP fractions of cHL cell lines.  

In line with our finding that miR-21-5p levels were increased in cHL cell lines 

compared to sorted GC B-cells, others showed elevated miR-21-5p levels in cHL 

tissues and cell lines compared to reactive lymph nodes. Moreover, miR-21-5p 

expression was validated in primary HRS cells by in situ hybridization [18]. Although 

we observed lower levels of miR-21-5p in mixed cellularity compared to nodular 

sclerosis cHL cell lines, this was not supported by a previous study showing similar 

miR-21-5p levels in nodular sclerosis and mixed cellularity cell lines and cHL total 

tissues [18]. More recently, plasma miR-21-5p levels were identified as a potential 

circulating biomarker in cHL patients [44,45]. A moderate increase in apoptosis has 

been reported upon miR-21-5p inhibition in L428 cells. Pretreatment with miR-21-5p 

inhibitors sensitized L428 cells to doxorubicin treatment presumably due to a 

decreased BCL2/BAX and BCL2L1/BAX ratio caused by miR-21-5p inhibition [20].  

Overall, our findings further support the oncogenic properties of miR-21-5p and show 

its relevance for cHL growth. 

In summary, using an NGS-based high-throughput screen, we identified oncogenic 

effects on cHL cell growth for 4 miRNAs. One of these miRNAs, miR-21-5p, was 

upregulated in cHL compared to GC-B cells and protected cHL cells from apoptosis. 

Thirteen miR-21-5p target genes enriched in the Ago2-IP fraction had a function 

related to cell growth and apoptosis of which BTG2 and PELI1 were validated by 

luciferase reporter assay and PELI1 also by western blot. These two targets are likely 

to be relevant for the phenotype observed in cHL upon miR-21-5p inhibition. 

Materials and methods 

Culturing of cHL and HEK-293T cell lines 

CHL cell lines L540 (nodular sclerosis, T-cell derived), KM-H2 (mixed cellularity), 

L1236 (mixed cellularity) L428 and L591 (both nodular sclerosis) were cultured in 

RPMI-1640 medium (Lonza, Breda, The Netherlands), SUPHD1 (nodular sclerosis) in 

McCoys5A medium (Lonza) and HEK-293T (embryonic kidney) in DMEM (Lonza) at 
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37℃ in an atmosphere containing 5% CO2. Culture medium was supplemented with 

2mM ultraglutamine 1 (Lonza), 100U/ml penicillin/streptomycin and 5% (L428), 10% 

(KM-H2, L1236, L591, SUPHD1 and HEK-293T) or 20% (L540) fetal bovine serum 

(FBS) (Lonza). The origin of all cell lines was confirmed with STR DNA analysis. 

Routinely performed mycoplasma tests consistently showed that the cell lines were 

not contaminated. 

Preparation of miRNA inhibition (miRZIP) constructs pool 

We included a total of 63 constructs in the pool, these were partly selected based on 

being highly abundant or differentially expressed in cHL compared to GC B cells (n=17) 

[16], and partly included based on availability of constructs (n=41; 34 miRNAs with 

similar expression levels in cHL cell and GC-B cells, 1 miRNA with decreased 

expression and 6 miRNAs not expressed in cHL) (Table S1). In addition, 5 

non-targeting controls were included. The 63 miRZIP constructs were partly obtained 

from System Biosciences (SBI, Palo Alto, CA) and partly custom made. Custom 

constructs were generated by ligation of double stranded oligo’s antisense/sense to 

the miRNA of interest (Integrated DNA technologies, Coralville, Iowa, USA) into the 

EcoRI and BamHI restriction sites of the miRZIP™/pGreen-Puro Lentiviral-based 

miRNA inhibition/shRNA vector (SBI). The insert sequences of the custom constructs 

are shown in Table S2. In addition to the miRNA inhibition constructs the library also 

included 186 shRNA inserts targeting genes irrelevant for this project. All inserts were 

sequence verified by Sanger sequencing. A mix containing equal amounts of DNA of 

each construct was prepared and used for the generation of the lentiviral particles.  

Preparation of the barcoded empty vector pool 

The barcodes were designed using a fixed strategy with seven times a variable 

nucleotide triplet separated by a constant nucleotide doublet. The complementary 

oligo’s were hybridized and ligated into the BsrGI and BamHI restriction sites (located 

3’primed of the CMV-TurboGFP cassette) of the lentiviral PeGZ2 vector [46]. In total 

222 Sanger sequencing verified barcoded empty vectors were pooled and used for 

generation of lentiviral particles. 

Lentivirus production, infection and sorting 

Lentiviral particles were produced in HEK-293T cells by calcium phosphate 

precipitation transfection procedure as described previously [16]. CHL cells were 

transduced with virus in the presence of 4μg/ml polybrene. For the high throughput 

screens, 5-8 million cells were infected with a maximal infection percentage of 20%, 

aiming to infect at least 800,000 unique cells at the start of the experiment with a 

single construct. At day 5, day 13 and day 21 after infection a total of 5-10 million cells 
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were prepared for sorting, whereas the remainder of the cells (>2 million) was used to 

continue the culture. GFP+ cells were sorted on the MoFlo sorter using a 70-µm 

nozzle (BD Biosciences, San Jose, California, USA).  

After infection with the barcoded empty vector pool the GFP percentages varied 

between 12.2% and 18.2% in KM-H2, L540 and L428. After sorting, the percentages 

of GFP+ cells were all above 57.4% (Table S3). The GFP percentages obtained after 

infection with the lentiviral miRNA inhibition pool varied between 7.2% and 10.1% in 

KM-H2, L540 and L428. After sorting of GFP+ cells at indicated time points, the 

percentages were more than 60% for all samples (Table S4). The GFP-sorted cells 

were used for DNA isolation, polymerase chain reaction (PCR), restriction, 

purification and next generation sequencing (NGS) using the experimental workflow 

as illustrated in Figure S1A. A representative example of the GFP analysis before and 

after sorting is shown in Figure S1B.  

DNA isolation and amplification of the inserts 

Genomic DNA was isolated using a salt/chloroform extraction method. DNA 

concentration was measured with the NanoDropTM 1000 Spectrophotometer (Thermo 

Fisher Scientific Inc., Waltham, Massachusetts, USA) and the quality was checked on 

a 1% agarose gel. 

Triplicate PCRs were performed using ampliTaq DNA Polymerase kit (Thermo Fisher, 

Waltham, Massachusetts, USA) using 400ng genomic DNA as input. For EV-BC 

experiment, one universal forward primer (5’-TCTCGGCATGGACGAGCTG-3’) with a 

unique 9nt sample ID was used for each individual PCR in combination with one of 

the three different reverse primers i.e. BC-rev-L-TIIBC 

(5’-GGGGGATCGTCACTGGCC-3’) used for all L428 samples, BC-rev-L+1-TIIBC 

(5’-TGGGGGATCGTCACTGGCC-3’) used for all KM-H2 samples and 

BC-rev-L+2-TIIBC (5’-ATGGGGGATCGTCACTGGCC-3’) used for all L540 samples. 

A similar approach was used for the miRZIP experiments. A universal forward primer 

(5’- CTGGGAAATCACCATAAACG-3’) with a unique 8-9nt sample ID was used for 

each PCR in combination with the mzip-R+1bp 

(5’-CTAACCAGAGAGACCCAGTAG-3’) reverse primer for all L428 samples, the 

mzip-R+2bp (5’-TCTAACCAGAGAGACCCAGTAG-3’) reverse primer for all L540 

samples and with the mzip-R+3bp (5’-GTCTAACCAGAGAGACCCAGTAG-3’) 

reverse primer for all KM-H2 samples. An input of approximately 400ng of genomic 

DNA, equivalent of ~67,000 cells (assuming 6pg genomic DNA per cell), was used in 

each PCR. This corresponds to 40,000 or more single GFP+ cells per PCR for 

cultures with a purity of GFP+ cells after sorting of at least 60%. All amplifications 

were performed in triplicate in one run to reduce experimental variation. PCR 
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products were analyzed on 2% agarose gel and mixed at equal amounts depending 

on band intensities. An example of the PCR results is shown in Figure S1C. 

Next generation sequencing (NGS) 

PCR products were purified by DNA Clean & ConcentratorTM-5 (Zymo Research, 

Irvine, CA) following the manufacturer’s protocol. The PCR product mix of the miRNA 

inhibitor construct pool was restricted by AgsI enzyme (SibEnzyme, Academtown, 

Russia), which cuts in the loop sequence resulting in a shorter fragment for NGS. 

This step is incorporated to avoid sequencing problems that can occur with stem-loop 

sequences. Restricted PCR products were purified by DNA Clean & ConcentratorTM-5 

(Zymo Research). Ligation of adapters was done using the NEBNext Multiplex 

(#E7335) oligo’s for Illumina (New England biolabs, Ipswich, Massachusetts, USA) 

following the manufacturer’s protocol. Paired-end sequencing was performed using 

the MiSeq™ (Illumina, San Diego, CA). After NGS, the read counts were assigned to 

a sample using the sample ID followed by alignment to the insert sequences of all 

constructs in the pools. The alignment was performed using BWA (version 0.7.12; 

https://github.com/lh3/bwa) and processing of the results was done with SAM tools 

(version 1.3; http://www.htslib.org/) [47]. We aimed to obtain at least 40,000 reads per 

sample, which corresponded to the number of GFP+ cells used as input for the PCR 

amplification (see above). 

Quantitative reverse transcriptase polymerase chain reaction 

(qRT-PCR) 

MiR-21-5p expression levels were measured using the Taqman miRNA quantitative 

PCR assay (#000397, Thermo Fisher Scientific Inc.) as described previously [48]. 

Among five housekeeping genes tested (RNU6B, RNU24, RNU44, RNU48 and 

RNU49), we selected RNU44 (#001094) for normalization as this gene showed the 

most stable expression levels between GC-B cells and cHL cell lines. Cycle crossing 

point (Cp) values were determined with the Light Cycler 480 Software (Roche, 

Basel, Switzerland). Relative expression levels of miRNAs were determined by 

calculating 2-△Cp (△Cp=CpmiRNA-CpRNU44). 

GFP competition assay 

CHL cells were infected with miRZIP-21-5p or negative control miRZIP-NT1 lentivirus 

aiming at an infection percentage of 30-60%. The cells were cultured for 22 days after 

infection and the percentage of GFP+ cells were monitored triweekly by flow 

cytometry (BD Biosciences, San Jose, California, USA). The percentage of GFP 

positive cells at day 4 was set to 1. All GFP competition assays were performed 3 

times.  

https://github.com/lh3/bwa
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Apoptosis assay 

CHL cell lines were infected with miRZIP-21-5p or negative control miRZIP-NT1 cells 

at a 1:1 ratio (v/v). KM-H2 and L540 were GFP sorted on day 4 to >95% purity while 

L428 were >95% GFP+ without sorting. The percentage of apoptotic cells was 

determined at day 7 and day 9 post-infection. Cells were re-suspended at a 

concentration of 1×106 cells/ml in 100µl 1× calcium buffer (2.6µg/ml Hepes, 8.18µg/ml 

NaCl and 0.28µg/ml CaCl2). After staining with Annexin V-APC (BD Biosciences), 

cells were analyzed by flow cytometry (BD Biosciences). 

Prediction of target genes of miRNAs 

Targetscan release 7.0 (http://www.targetscan.org/) was used to generate a list of 

putative miR-21-5p target genes using cumulative weighted context++ scores of 

genes less than or equal to -0.3 [49]. This list was used to identify the miR-21-5p 

target genes consistently Ago2-IP enriched in at least 2 out of 3 cHL cell lines using 

our previously published Ago2-IP data in cHL cell lines [16]. 

Functional annotation analysis 

DAVID bioinformatics Resources 6.7 (https://david.ncifcrf.gov/) was used to 

functionally annotate genes based on GO category of biological process of 

GOTERM_BP_FAT.  

3’-UTR cloning to luciferase reporter vector, transfection and 

luciferase assay 

The miR-21 binding site regions were amplified using PELI1-Forward: 

5’-ACAACTGCCTATTGGTCCCAG-3’ with PELI1-Reverse: 

5’-TTCAGCACTGAGGATAGGTGAT-3’ and BTG2-Forward: 

5’-TATTGCCTTCCCAGACCTGC-3’ with BTG2-Reverse: 

5’-GGTGTACATTTGTCCATAAGCTGT-3’. Forward primers contained a 5’ XhoI site 

and reverse primers a 5’ NotI site all preceded by 6 random nucleotides to enable 

efficient digestion. PCR products were digested with XhoI and NotI (New England 

Biolabs) and cloned into the psi-CHECK-2 vector (Promega, Madison, WI, USA). One 

million HEK293 cells were transfected with the Amaxa nucleovector device (Lonza) 

using 2μg plasmid, Nucleovector kit V (Lonza) and either 1µM end concentration 

hsa-miR-21-5p pre-miR miRNA precursor (AM17100) or pre-miR miRNA precursor 

negative controls (AM17110 and AM17111, all Thermo Fischer Scientific Inc.). All 

transfections were performed six times divided over 3 independent experiments. Cell 

lysates were made 48 hours after transfection. For each transfection Renilla and 

Firefly luciferase activity was measured in duplicate using the Dual-Luciferase 

http://www.targetscan.org/
https://david.ncifcrf.gov/
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Reporter Assay System (Promega) according to the manufacturer's instructions. 

Renilla/Firefly luciferase ratios were calculated and compared to negative control (set 

to 100%).  

Western blotting 

Infected cells were harvested on day 9 either after sorting (KM-H2 and L540) or 

directly (L428). Cells were lysed in lysis buffer (#9803, Cell Signaling Technology, 

Danvers, Massachusetts, USA) supplemented with PMSF protease inhibitor. Lysates 

were kept on ice for 45 minutes and centrifuged at 14,000 rpm for 10 minutes at 4℃ 

and supernatant was collected. Protein concentration was measured using the BCA 

Protein Assay Kit (Thermo Fisher Scientific Inc.) following the manufacturer’s 

instructions. 25 µg protein was separated on a polyacrylamide gel and transferred to 

a nitrocellulose membrane. The membrane was incubated overnight at 4℃ with 

primary antibodies diluted in 5% milk in Tris-buffered saline with Tween-20 (TBST). 

Primary antibodies used were anti-PELI1 (ab199336, abcam Cambridge, UK) and 

GAPDH (clone 6C5, Novus Biologicals, Littleton, CO, USA). After secondary or 

secondary and tertiary antibody steps chemiluminescence was detected with Chemi 

Doc MP scanner and proteins were visualized and quantified with Image Lab 4.0.1 

software (BioRad Hercules, CA, USA). Each infection was performed in duplicate 

(independent experiments) and analyzed by western blot 2-3 times. 

Statistical analysis 

Total read counts per DNA sample of the barcoded EV infected cells varied between 

55,124 and 183,180 in KM-H2, between 79,069 and 278,249 in L540 and between 

42,761 and 217,973 in L428 (Table S3). For the miRZIP pool, total read counts per 

sample varied between 35,819 and 216,082 in KM-H2, between 33,272 and 192,478 

in L540 and between 50,638 and 197,295 in L428 (Table S4). For both the 

high-throughput screen of the miRZIP and barcoded empty vector constructs pools, 

the total read counts per sample were normalized to 40,000. Average read counts of 

the triplicate PCRs per sample were calculated and constructs with an average read 

count across all samples of less than 40 were excluded from further analysis. Two 

hundred and fourteen of the 222 barcoded empty vector constructs had an average 

normalized read count of 40 or more across all samples. The average normalized 

read counts of the miRZIP constructs are shown in Figure S2. Fifty-nine of the 63 

constructs had an average normalized read count of 40 or more across all samples. 

Ratios of the read counts at day 13 and day 21 relative to day 5 were determined for 

each independent infection. Per construct, the ratios minus 1 were plotted and the 

slope of the trend line that was forced to 0 was determined using a commercial 

software package (MATLAB 6.1, The MathWorks Inc., Natick, MA, 2000). An adapted 
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Tukey interquartile (IQR) method with a lower band cutoff of Q1-(1xIQR) and an 

upper band cutoff of Q3+(1xIQR) was applied to all the slopes to identify constructs 

that behaved as outliers in the population.  

Differences in miR-21-5p expression level between CHL cell lines and GC-B cells 

were tested using the non-parametric Mann-Whitney test (GraphPad Software Inc., 

San Diego, CA). Statistical analysis of GFP competition assays was performed as 

described previously [16]. Briefly, decrease in percentages of GFP+ cells over time 

was compared with the control miRZIP-NT1 using a mixed model with time and the 

interaction of time and miRNA inhibitor type as fixed effect and measurement repeat 

within miRNA inhibitor type as random effect in SPSS (22.0.0.0 version, IBM, Armonk, 

New York, USA). Changes in the normalized Renilla over Firefly luciferase ratios and 

quantification of the PELI1 western blot were analyzed using a paired t-test. P values 

<0.05 were considered statistically significant.  

This research was funded by: Graduate School of Medical Sciences (GSMS) of the 

University of Groningen.  

Disclosures: None declared.
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Supplementary Figures 

 

Figure S1. Overview of the high-throughput loss-of-function screening approach to identify 

miRNAs which affect cHL growth. (A) Schematic representation of the workflow. The double 

stranded DNA oligo’s were cloned into EcoRI and BamHI restriction sites of the lentiviral miRZIP vector. 

The lentiviral particles were used to infect the cHL cell lines. Genomic DNA was isolated from GFP
+
 

cells sorted at different time points. The inserts were amplified using barcoded primers, pooled based 

on band intensities and digested with AgsI and then subjected to next generation sequencing. (B) An 
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example of sorting results in KM-H2. GFP
+ 

cells were sorted at day 5, day 13 and day 21 from 

duplicate infections. (C) Agarose gel electrophoresis of the PCR products of miRZIP infected samples. 

Sizes of miRZIP PCR products range from 172 to 194bp. + indicates that genomic DNA was added to 

the PCR reaction, – indicates that no template was added to the PCR reaction (negative control) and M 

stands for the 100bp molecular weight DNA ladder.  

 

 

Figure S2. Normalized average read counts of all constructs present in the EV-BC and 

miRZIP/shRNA pools. (A) Distribution for the EV-BC pool. All constructs with at least on average 40 

reads are shown (214/222 constructs). (B) Distribution for the miRZIP/shRNA pool. Open circles are 

shRNA constructs and closed circles are miRZIP constructs. The lines represent the median. All 

constructs with at least on average 40 reads are shown (232/249 constructs). 
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Figure S3. Schematic representation of the changes in relative abundance of the barcoded 

empty vector (EV-BC) constructs in cHL cell lines. The EV-BC constructs were sorted from low to 

high based on average reads per construct. Slopes of fold changes calculated based on normalized 

read counts are shown for both infections in (A) KM-H2: slopes varied between -0.019 and 0.019 in the 

first and between -0.019 and 0.020 in the second infection; (B) L540: slopes varied between -0.036 

and 0.033 in the first infection and between -0.040 and 0.037 in the second infection; and (C) L428: 

slopes varied between -0.042 and 0.036 in the first infection and between -0.019 and 0.019 in the 

second infection. The dotted lines indicate the upper and lower boundaries as determined by an 

adapted Tukey interquartile (IQR) method (see methods). Black dots indicate EV-BC constructs whose 

abundance changed over time.  
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Supplementary Tables 

Table S1. Overview of the miRZIP constructs pool in high throughput screen 

No. miRZIP construct miRNA expression No. miRZIP construct 

miRNA 

expression 

1 miRZIP-21-5p Top 10 in cHL 33 miRZIP-100-5p Not different 

2 miRZIP-92a-3p Top 10 in cHL 34 miRZIP-106a-5p Not different 

3 miRZIP-142-5p Top 10 in cHL 35 miRZIP-106b-5p Not different 

4 miRZIP-155-5p Top 10 in cHL 36 miRZIP-125a-5p Not different 

5 miRZIP-30e-5p Top 10 in cHL 37 miRZIP-142-3p Not different 

6 miRZIP-27b-3p Top 10 in cHL 38 miRZIP-146a-5p Not different 

7 miRZIP-181a-5p Top 10 in cHL 39 miRZIP-146b-5p Not different 

8 miRZIP-9-5p Increased in cHL 40 miRZIP-182a-5p Not different 

9 miRZIP-23a-3p Increased in cHL 41 miRZIP-183-5p Not different 

10 miRZIP-24-3p Increased in cHL 42 miRZIP-190-5p Not different 

11 miRZIP-27a-3p Increased in cHL 43 miRZIP-205-5p Not different 

12 miRZIP-92b-3p Increased in cHL 44 miRZIP-301b Not different 

13 miRZIP-196a-5p Increased in cHL 45 miRZIP-320a-3p Not different 

14 miRZIP-345-5p Increased in cHL 46 miRZIP-324-3p Not different 

15 miRZIP-378a-3p Increased in cHL 47 miRZIP-330b-5p Not different 

16 miRZIP-615-3p Increased in cHL 48 miRZIP-449a-5p Not different 

17 miRZIP-625-5p Increased in cHL 49 miRZIP-4454 Not different 

18 miRZIP-150-5p Decreased in cHL 50 miRZIP-let-7b-5p Not different 

19 miRZIP-15a-5p Not different 51 miRZIP-let-7e-5p Not different 

20 miRZIP-16-5p Not different 52 miRZIP-let-7f-2-3p Not different 

21 miRZIP-17-5p Not different 53 miRZIP-144-3p Not expressed 

22 miRZIP-18a-5p Not different 54 miRZIP-431-3p Not expressed 

23 miRZIP-19a-3p Not different 55 miRZIP-494-3p Not expressed 

24 miRZIP-19b-1-3p Not different 56 miRZIP-500a-5p Not expressed 

25 miRZIP-20a-5p Not different 57 miRZIP-892b Not expressed 

26 miRZIP-21-3p Not different 58 miRZIP-4455 Not expressed 

27 miRZIP-23b-3p Not different 59 miRZIP-NT1 Negative control 

28 miRZIP-25-3p Not different 60 miRZIP-NT2 Negative control 

29 miRZIP-26a-5p Not different 61 miRZIP-NT3 Negative control 

30 miRZIP-29a-3p Not different 62 miRZIP-NT4 Negative control 

31 miRZIP-34a-5p Not different 63 miRZIP-NT5 Negative control 

32 miRZIP-99b-5p Not different    
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Table S2. Insert sequences of the custom miRZIP constructs in the pool 

miRZIP construct Sense sequence (5’-GATCC-Insert-TTTTTG-3’) Antisense sequence (5’-AATTCAAAAA-Insert-G-3’) 

miRZIP-21-3p GCAACACCGGTCGATGGACTATCTTCCTGTCAGACAGCCCATCGACTGGTGTTG CAACACCAGTCGATGGGCTGTCTGACAGGAAGATAGTCCATCGACCGGTGTTGC 

miRZIP-23b-3p GATCACATCGCCAGGGACTAACCTTCCTGTCAGGGTAATCCCTGGCAATGTGAT ATCACATTGCCAGGGATTACCCTGACAGGAAGGTTAGTCCCTGGCGATGTGATC 

miRZIP-27a-3p GTTCACAGCGGCTAAGTCCCACCTTCCTGTCAGGCGGAACTTAGCCACTGTGAA TTCACAGTGGCTAAGTTCCGCCTGACAGGAAGGTGGGACTTAGCCGCTGTGAAC 

miRZIP-92b-3p GTATTGCAATCGTCCCGGACTACCTTCCTGTCAGGGAGGCCGGGACGAGTGCAATA TATTGCACTCGTCCCGGCCTCCCTGACAGGAAGGTAGTCCGGGACGATTGCAATAC 

miRZIP-99b-5p GCACCCGTCGAACCGACCCTGAGCTTCCTGTCAGCGCAAGGTCGGTTCTACGGGTG CACCCGTAGAACCGACCTTGCGCTGACAGGAAGCTCAGGGTCGGTTCGACGGGTGC 

miRZIP-100-5p GAACCCGTGGATCCGAACCTGCGCTTCCTGTCAGCACAAGTTCGGATCTACGGGTT AACCCGTAGATCCGAACTTGTGCTGACAGGAAGCGCAGGTTCGGATCCACGGGTTC 

miRZIP-144-3p GTACAGTACAGATGATATAATCTTCCTGTCAGAGTACATCATCTATACTGTA TACAGTATAGATGATGTACTCTGACAGGAAGATTATATCATCTGTACTGTAC 

miRZIP-146b-5p GTGAGAACGGAATTCCATAGACTCTTCCTGTCAGAGCCTATGGAATTCAGTTCTCA TGAGAACTGAATTCCATAGGCTCTGACAGGAAGAGTCTATGGAATTCCGTTCTCAC 

miRZIP-150-5p GTCTCCCAGCCCTTGTACAAGCGCTTCCTGTCAGCACTGGTACAAGGGTTGGGAGA TCTCCCAACCCTTGTACCAGTGCTGACAGGAAGCGCTTGTACAAGGGCTGGGAGAC 

miRZIP-183-5p GTATGGCAATGGTAGAATCCAATCTTCCTGTCAGAGTGAATTCTACCAGTGCCATA TATGGCACTGGTAGAATTCACTCTGACAGGAAGATTGGATTCTACCATTGCCATAC 

miRZIP-190-5p GTGATATGCTTGATATATTAAGTCGCTTCCTGTCAGCAACCTAATATATCAAACATATCA TGATATGTTTGATATATTAGGTTGCTGACAGGAAGCGACTTAATATATCAAGCATATCAC 

miRZIP-205-5p GTCCTTCACTCCACCGGAATCCGCTTCCTGTCAGCAGACTCCGGTGGAATGAAGGA TCCTTCATTCCACCGGAGTCTGCTGACAGGAAGCGGATTCCGGTGGAGTGAAGGAC 

miRZIP-301b-3p GCAGTGCACTGATATTGTCCAATCCTTCCTGTCAGGCTTTGACAATATCATTGCACTG CAGTGCAATGATATTGTCAAAGCCTGACAGGAAGGATTGGACAATATCAGTGCACTGC 

miRZIP-324-3p GACTGCCCAAGGTGCTACTAGCTTCCTGTCAGCCAGCAGCACCTGGGGCAGT ACTGCCCCAGGTGCTGCTGGCTGACAGGAAGCTAGTAGCACCTTGGGCAGTC 

miRZIP-330b-5p GTCTCTGGACCTGTGTCTCAGACCTTCCTGTCAGGCCTAAGACACAGGCCCAGAGA TCTCTGGGCCTGTGTCTTAGGCCTGACAGGAAGGTCTGAGACACAGGTCCAGAGAC 

miRZIP-345-5p GGCTGACTACTAGTCCAGAGCCCCTTCCTGTCAGGAGCCCTGGACTAGGAGTCAGC GCTGACTCCTAGTCCAGGGCTCCTGACAGGAAGGGGCTCTGGACTAGTAGTCAGCC 

miRZIP-431-3p GCAGGTCGCCTTGCAGGGATTATCTTCCTGTCAGAGAAGCCCTGCAAGACGACCTG CAGGTCGTCTTGCAGGGCTTCTCTGACAGGAAGATAATCCCTGCAAGGCGACCTGC 

miRZIP-449a-5p GTGGCAGTATATTGTTAGATGATCTTCCTGTCAGACCAGCTAACAATACACTGCCA TGGCAGTGTATTGTTAGCTGGTCTGACAGGAAGATCATCTAACAATATACTGCCAC 

miRZIP-500a-5p GTAATCCTCGCTACCTGGGCGAAACTTCCTGTCAGTCTCACCCAGGTAGCAAGGATTA TAATCCTTGCTACCTGGGTGAGACTGACAGGAAGTTTCGCCCAGGTAGCGAGGATTAC 

miRZIP-615-3p GTCCGAGCATGGGTCTCCATCCTCTTCCTGTCAGAAGAGGGAGACCCAGGCTCGGA TCCGAGCCTGGGTCTCCCTCTTCTGACAGGAAGAGGATGGAGACCCATGCTCGGAC 

miRZIP-625-5p GAGGGGGACAGTTCTATCGTACCTTCCTGTCAGGGACTATAGAACTTTCCCCCT AGGGGGAAAGTTCTATAGTCCCTGACAGGAAGGTACGATAGAACTGTCCCCCTC 

miRZIP-892b-3p GCACTGGCCCCTTTCTGGATATACTTCCTGTCAGTCTACCCAGAAAGGAGCCAGTG CACTGGCTCCTTTCTGGGTAGACTGACAGGAAGTATATCCAGAAAGGGGCCAGTGC 

miRZIP-4454 GGGATCCGCGTCACGGAACAACTTCCTGTCAGTGGTGCCGTGACTCGGATCC GGATCCGAGTCACGGCACCACTGACAGGAAGTTGTTCCGTGACGCGGATCCC 

miRZIP-4455 GAGGGTGTATGTGCTTCTCTTCCTGTCAGAAAAACACACACACCCT AGGGTGTGTGTGTTTTTCTGACAGGAAGAGAAGCACATACACCCTC 

miRZIP-let7e-5p GTGAGGTAAGAGGTTGTACAGCTCTTCCTGTCAGAACTATACAACCTCCTACCTCA TGAGGTAGGAGGTTGTATAGTTCTGACAGGAAGAGCTGTACAACCTCTTACCTCAC 

miRZIP-let-7f-2-3P GCTATACAATCTACTGTCCTTATCTTCCTGTCAGAGAAAGACAGTAGACTGTATAG CTATACAGTCTACTGTCTTTCTCTGACAGGAAGATAAGGACAGTAGATTGTATAGC 

miRZIP-NT1 CAAGCTGACCCTGAAGTTCTTCAAGAGAGAACTTCAGGGTCAGCTTG CAAGCTGACCCTGAAGTTCTCTCTTGAAGAACTTCAGGGTCAGCTTG 

miRZIP-NT2 GCTAAGGTCAAGTCGCCCCCGATCTTCCTGTCAGAGCGAGGGCGACTTAACCTTAGG CCTAAGGTTAAGTCGCCCTCGCTCTGACAGGAAGATCGGGGGCGACTTGACCTTAGC 

miRZIP-NT3 GCAACAAGGTGAAGAGCACCCACCCCTTCCTGTCAGGAGTTGGTGCTCTTCATCTTGTTG CAACAAGATGAAGAGCACCAACTCCTGACAGGAAGGGGTGGGTGCTCTTCACCTTGTTGC 

miRZIP-NT4 GCTAAGGTTAAGTCGCCCTCGCTTTCAAGAGAAGCGAGGGCGACTTAACCTTAGG CCTAAGGTTAAGTCGCCCTCGCTTCTCTTGAAAGCGAGGGCGACTTAACCTTAGC 

miRZIP-NT5 GCAACAAGATGAAGAGCACCAACTCTTCAAGAGAGTTGTTCTACTTCTCGTGGTTGAG CTCAACCACGAGAAGTAGAACAACTCTCTTGAAGAGTTGGTGCTCTTCATCTTGTTGC 
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Table S3. An overview of the EV-BC pool infected samples before normalization  

KM-H2 1st GFP% 
Sorted 

cells 

Mapped read counts and percentage 

PCR 1 (%) PCR 2 (%) PCR 3 (%) 

D5 65.3% 2,000,000 116,841 (92.7%) 93,267 (92.4%) 135,002 (92.5%) 

D13 78.5% 2,000,000 157,463 (92.4%) 183,180 (92.4%) 149,366 (92.5%) 

D21 72.1% 2,000,000 160,855 (93.0%) 148,527 (93.0%) 176,961 (92.9%) 

KM-H2 

2nd 
GFP% 

Sorted 

cells 

Mapped read counts and percentage 

PCR 1 (%) PCR 2 (%) PCR 3 (%) 

D5 69.7% 2,000,000 55,124 (92.0%) 120,749 (92.9%) 140,012 (92.9%) 

D13 77.3% 2,000,000 160,190 (92.6%) 137,003 (92.7%) 123,926 (92.7%) 

D21 63.9% 2,000,000 81,761 (92.2%) 101,287 (92.8%) 89,748 (92.5%) 

L540 1st GFP% 
Sorted 

cells 

Mapped read counts and percentage 

PCR 1 (%) PCR 2 (%) PCR 3 (%) 

D5 77.3% 1,270,000 109,080 (92.3%) 120,355 (92.3%) 135,186 (92.4%) 

D13 60.1% 1,200,000 111,375 (92.5%) 121,134 (92.1%) 107,458 (92.4%) 

D21 90.8% 1,320,000 122,168 (92.2%) 89,641 (92.5%) 95,989 (91.8%) 

L540 2nd GFP% 
Sorted 

cells 

Mapped read counts and percentage 

PCR 1 (%) PCR 2 (%) PCR 3 (%) 

D5 77.9% 1,010,000 139,801 (92.7%) 92,307 (93.0%) 115,886 (91.8%) 

D13 57.4% 1,100,000 133,505 (92.2%) 278,249 (92.6%) 158,827 (92.4%) 

D21 90.9% 1,160,000 79,069 (92.0%) 128,486 (92.4%) 159,826 (92.3%) 

L428 1st GFP% 
Sorted 

cells 

Mapped read counts and percentage 

PCR 1 (%) PCR 2 (%) PCR 3 (%) 

D5 83.6% 1,300,000 195,864 (92.4%) 59,529 (92.5%) 77,294 (92.9%) 

D13 85.9% 1,300,000 57,553 (92.4%) 42,761 (92.8%) 80,383 (93.1%) 

D21 77.4% 1,150,000 55,336 (91.9%) 85,659 (92.8%) 57,249 (93.5%) 

L428 2nd GFP% 
Sorted 

cells 

Mapped read counts and percentage 

PCR 1 (%) PCR 2 (%) PCR 3 (%) 

D5 87.2% 1,300,000 100,314 (92.4%) 166,946 (93.1%) 132,859 (92.7%) 

D13 83.0% 1,300,000 217,973 (93.1%) 72,161 (93.0%) 80,173 (92.4%) 

D21 72.4% 1,100,000 208,992 (92.3%) 138,774 (92.0%) 180,581 (92.7%) 
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Table S4. An overview of the miRZIP pool infected samples before normalization  

KM-H2 1st GFP% 
Sorted 

cells 

Mapped read counts and percentage 

PCR 1 (%) PCR 2 (%) PCR 3 (%) 

D5 60.5% 1,460,000 61,693 (92.1%) 59,553 (92.0%) 78,131 (92.8%) 

D13 65.3% 1,500,000 109,879 (92.0%) 112,420 (91.9%) 149,119 (92.3%) 

D21 78.2% 1,700,000 44,537 (91.7%) 49,198 (91.9%) 63,269 (92.0%) 

KM-H2 

2nd 
GFP% 

Sorted 

cells 

Mapped read counts and percentage 

PCR 1 (%) PCR 2 (%) PCR 3 (%) 

D5 72.5% 1,500,000 41,723 (92.2%) 35,819 (91.8%) 51,558 (91.9%) 

D13 60.9% 1,500,000 216,082 (91.8%) 47,324 (92.7%) 87,926 (92.7%) 

D21 74.1% 1,660,000 106,071 (92.4%) 101,032 (92.3%) 68,881 (92.4%) 

L540 1st GFP% 
Sorted 

cells 

Mapped read counts and percentage 

PCR 1 (%) PCR 2 (%) PCR 3 (%) 

D5 81.6% 1,130,000 66,263 (93.0%) 55,346 (92.4%) 67,447 (92.6%) 

D13 61.9% 1,200,000 62,293 (91.5%) 46,964 (92.4%) 62,648 (92.5%) 

D21 91.5% 1,310,000 73,223 (92.6%) 133,582 (92.4%) 36,687 (92.1%) 

L540 2nd GFP% 
Sorted 

cells 

Mapped read counts and percentage 

PCR 1 (%) PCR 2 (%) PCR 3 (%) 

D5 79.2% 1,380,000 54,683 (92.7%) 33,272 (92.2%) 36,651 (91.9%) 

D13 66.9% 1,200,000 37,460 (91.4%) 50,030 (91.8%) 59,321 (92.3%) 

D21 92.9% 1,320,000 67,277 (92.1%) 192,478 (90.5%) 51,751 (92.1%) 

L428 1st GFP% 
Sorted 

cells 

Mapped read counts and percentage 

PCR 1 (%) PCR 2 (%) PCR 3 (%) 

D5 89.7% 1,300,000 83,930 (92.4%) 86,752 (92.7%) 77,874 (92.1%) 

D13 91.2% 1,300,000 75,433 (92.3%) 50,638 (92.5%) 73,552 (92.5%) 

D21 76.1% 1,300,000 98,908 (92.7%) 89,004 (92.4%) 95,505 (92.2%) 

L428 2nd GFP% 
Sorted 

cells 

Mapped read counts and percentage 

PCR 1 (%) PCR 2 (%) PCR 3 (%) 

D5 90.6% 1,300,000 85,798 (92.4%) 99,018 (92.5%) 76,480 (92.1%) 

D13 94.4% 1,300,000 197,295 (92.8%) 111,294 (92.3%) 151,994 (91.6%) 

D21 88.1% 1,080,000 105,527 (92.7%) 104,211 (92.4%) 92,298 (92.2%) 
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Abstract 

MicroRNAs (miRNAs) are small RNA molecules with important gene regulatory roles 

in normal and pathophysiological cellular processes. Burkitt lymphoma (BL) is a 

MYC-driven lymphoma of germinal center B (GC-B) cell origin. To gain further 

knowledge on the role of miRNAs in the pathogenesis of BL, we performed small RNA 

sequencing in BL cell lines and normal GC-B cells. This revealed 26 miRNAs with 

significantly different expression levels. For five miRNAs, the differential expression 

pattern was confirmed in BL cell lines and primary tissues compared to GC-B cells. 

MiR-378a-3p was upregulated in BL and its inhibition reduced the growth of multiple 

BL cell lines. RNA immunoprecipitation of Argonaute 2 followed by microarray 

analysis (Ago2-RIP-Chip) upon inhibition and ectopic overexpression of miR-378a-3p 

revealed 63 and 20 putative miR-378a-3p targets, respectively. Effective targeting by 

miR-378a-3p was confirmed by luciferase reporter assays for MNT, FOXP1, IRAK4, 

and lncRNA JPX, all of which have been implicated in proliferation and cancer. In 

summary, we identified miR-378a-3p as a miRNA with an oncogenic role in BL and 

identified four novel miR-378a-3p target genes, i.e. MNT, FOXP1, IRAK4, and JPX.  

Keywords: Burkitt lymphoma; miR-378a-3p; cell growth; microRNA 

Introduction 

Burkitt lymphoma (BL) is one of the fastest growing human tumors with a cell doubling 

time of about 24 hours. BL mainly affects children and young adults but can also occur 

at later age [1]. The tumor cells are derived from germinal center B (GC-B) cells and 

usually carry the hallmark translocation involving MYC and the immunoglobulin heavy 

or light chain loci which results in high expression of MYC [2, 3].  

MicroRNAs (miRNAs) are a class of short non-coding RNAs of about 22 nucleotides. 

They modulate gene expression at the post-transcriptional level by translational 

inhibition or by inducing mRNA degradation [4, 5]. MiRNAs regulate a wide range of 

cellular processes, including cell cycle, proliferation, and apoptosis and are important 

determinants of B-cell development and maturation [6]. A widespread deregulation of 

miRNA expression has been observed in all B-cell lymphoma subtypes [7]. 

We and others have identified distinct miRNA expression patterns in BL and 

demonstrated the central role of MYC in regulating miRNA levels [8-12]. Functional 

studies showed crucial roles for the miR-17~92 cluster, miR-28, miR-150, and 

miR-155 as either oncogenic or tumor suppressor miRNAs in the pathogenesis of BL 

[9, 13-19]. Still, the role of most of the deregulated miRNAs in BL remains to be 

explored. 
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In this study we carried out small RNA-sequencing in BL cell lines and normal GC-B 

cells and subsequently focused on downstream functional experiments for 

miR-378a-3p. We show for the first time that this miRNA is upregulated in BL and 

confirmed its regulation by MYC. Further analysis indicated that miR-378a-3p is 

essential for growth of BL cells. Genome wide target gene identification revealed four 

novel targets of miR-378a-3p, including MNT, FOXP1, IRAK4 and JPX, with known 

functions related to cell growth. 

Results 

MiRNA expression profiling in BL and GC-B cells 

An overview of the total number of reads and percentages of mapped reads per 

sample is given in Table S1. The top-10 most abundantly expressed miRNAs 

accounted for 73% of all reads in BL and for 71% in GC-B cells (total GC-B cells 

sorted based on a +IgD-CD38+ or IgD-CD138-CD3-CD10+ phenotype). Seven of the 

top-10 most abundantly expressed miRNAs were shared between BL and GC-B cells 

(Figure 1A). Twenty-six miRNAs were significantly differentially expressed between 

BL and GC-B cells, including eight miRNAs upregulated in BL and 18 downregulated 

(Figure 1B). qRT-PCR validation on the same set of samples confirmed differential 

expression for six out of eight selected miRNAs (Figure 1C and Figure S1). Of the six 

validated miRNAs, miR-378a-3p levels were increased in BL relative to GC-B cells, 

while expression levels of miR-28-5p, miR-155-5p, miR-363-3p, miR-221-3p, and 

miR-222-3p were decreased. Further expression analysis in primary BL tissue 

samples and GC-B cells confirmed the differential expression for five of the six 

miRNAs, excluding miR-221-3p (Figure 1D).  

MYC-induced miR-378a-3p controls BL cell growth 

We selected miR-378a-3p for further functional analysis, because it was the only 

significantly upregulated miRNA with a high expression level in BL. Previous studies 

demonstrated that miR-378a-3p is induced by MYC in human mammary epithelial 

cells [20]. We assessed the regulatory role of MYC in B cells using the P493-6 B-cell 

model that has a tetracycline-repressible MYC allele [21]. Our results showed that this 

miRNA is also induced by MYC in B cells (Figure 2A). 

To explore the role of miR-378a-3p in growth of BL cells, we inhibited miR-378a-3p 

using a lentiviral miRNA inhibition construct (mZip-378a-3p) in 4 BL cell lines and 

followed cell growth in a GFP competition assay. Compared to the negative control 

(mZip-SCR), a significant decrease in the number of GFP-positive cells was observed 

in three (ST486, CA46, and DG75) out of four BL cell lines (Figure 2B). No relation 

was observed between the reduction in the percentage of GFP+ cells and the level of 
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miR-378a-3p expression (Figure S2). Together, our data indicate that inhibition of 

miR-378a-3p is disadvantageous for BL cells, suggesting miR-378a-3p is 

indispensable for growth of BL cells. 

Overexpression of miR-378a in ST486 using a lentiviral miRNA overexpression 

construct (pCDH-378a) resulted in a ~47-fold increase in miR-378a-3p level. In a GFP 

competition assay miR-378a overexpression had no effects on cell growth, probably 

due to the already high endogenous levels (data not shown). 

 

Figure 1. Deregulated expression patterns of miRNAs in BL compared to GC-B cells. (A) 

Overview of the top-10 most abundantly expressed miRNAs in Burkitt lymphoma (BL) and normal 

germinal center B (GC-B) cells as determined by small RNA-sequencing. Asterisks indicate miRNAs 

present in both the top-10 of BL and GC-B cells. (B) Heatmap of miRNAs significantly differentially 

expressed between BL and GC-B cells. (C) qRT-PCR validation results for 6 of the 8 tested miRNAs 

with significantly differential expression between BL cell lines and GC-B cells. MiRNA expression levels 
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were normalized to RNU44. (D) The differential expression pattern was confirmed for 5 of the 6 tested 

miRNAs when BL tissues and GC-B cells were compared. MiRNA expression levels were normalized to 

RNU49. Significant differences were calculated using unpaired T-test. *P < 0.05, **P < 0.01, and ***P < 

0.001. 

 

Figure 2. MYC-induced miR-378a-3p is essential for BL cell growth. (A) Levels of MYC and 

miR-378a-3p in tetracycline treated (“-”, MYC-off) and non-treated (“+”, MYC-on) P493-6 B-cells. MYC 

levels were normalized to RPII. MiRNA levels were normalized to RNU44. (B) Green fluorescent protein 

(GFP) growth competition assay upon miR-378a-3p inhibition in 4 Burkitt lymphoma (BL) cell lines. The 

miR-378a inhibitor (mZip-378a-3p) and the scrambled control (mZip-SCR) were stably transduced in 

BL cells using a lentiviral vector, which co-expresses GFP. The GFP percentage was measured for 22 

days, and the GFP percentage at the first day of measurement (day 4) was set to 100%. All assays 

were performed in triplicate. Significant differences were calculated using a mixed model analysis. ***P 

< 0.001 and ****P < 0.0001. 

Identification of miR-378a-3p targets 

To identify miR-378a-3p target genes, we performed Ago2-RIP-Chip upon 

miR-378a-3p inhibition and overexpression in ST486 cells (Figure S3A and B). 

Efficient pulldown of Ago2-containing RISC and miRNAs was confirmed by qRT-PCR 

for miR-378a-3p and the unrelated highly expressed miR-181a-5p (Figure S3C and D) 

and by western blot for Ago2 protein (Figure S3E and S4). The number of Ago2-IP 

enriched probes was similar in all 4 conditions, ranging between 6.3%-9.8% of the 

consistently expressed probes (Table 1).  

A total of 22 probes corresponding to 20 genes showed a ≥ 2-fold increased 

IP-enrichment upon miR-378a overexpression compared to empty vector control 

infected cells (Figure 3A and Table 2). Nine of the 20 genes (45%) had at least one 

putative miR-378a-3p binding site (7mer-A1, 7mer-m8, or/and 8mer). Six of them i.e. 

MNT, HSPB1, IRAK4, CCNK, CDKN2A, and RNF34, had a gene ontology (GO) term 

related to cell growth, apoptosis, and/or cell cycle. Upon miR-378a-3p inhibition, 74 



Chapter 3   

70 
 

probes, corresponding to 63 genes showed a ≥ 2-fold decreased IP-enrichment 

compared to the negative control infected cells (Figure 3B and Table 3). Nineteen of 

these 63 genes (30%) contained at least one putative miR-378a-3p binding site, 

including CISH, BCR, TUBA1C, SMARCA4, and FOXP1 with a GO term related to 

cell growth, apoptosis, or cell cycle. One of the target genes, i.e. MYCBP, was 

identified with both experimental setups.  

Table 1. Number of genes in the miRNA targetome upon miR-378a-3p overexpression 

(pCDH) and inhibition (mZip) 

IP/T  

ratio 

pCDH (n=9,233)   mZip (n=8,944) 

EV 378a 378a/EV 
 

SCR mZip-378a-3p SCR/mZip-378a-3p 

≥ 2 611 586 20 
 

741 878 63 

≥ 4 117 117 2 
 

171 196 4 

≥ 8 25 18 0   53 34 0 

EV = pCDH-EV, 378a = pCDH-378a, SCR = mZip-SCR. 

 

Table 2. Identified targets of miR-378a-3p upon overexpression 

Gene Transcript ID 
IP/T ratio   miR-378a-3p binding site  Growth-related  

GO EV* 378a FC 
 

5'UTR CDS 3'UTR 

IRAK4 ENST00000613694 1.0 4.6 4.6 
  

8m 
 

yes 

CDKN2A ENST00000304494 1.0 4.0 4.0 
    

yes 

JPX ENST00000415215 1.5 5.8 3.9 
   

8m** 
 

PLGRKT ENST00000223864 1.0 3.0 3.0 
 

8m 
   

TMEM245 ENST00000374586 1.0 2.9 2.9 
   

7m8/8m 
 

TOMM6 ENST00000398884 1.5 4.1 2.7 
     

CDK1 ENST00000395284 1.0 2.6 2.6 
    

yes 

FAM117A ENST00000240364 1.4 3.6 2.6 
     

WDR83OS ENST00000596731 1.3 3.2 2.5 
 

7m8 
   

CCNK ENST00000389879 1.0 2.4 2.4 
  

8m 
 

yes 

MYCBP ENST00000397572 2.3 5.4 2.3 
   

7mA1 
 

RNF34 ENST00000392465 1.3 3.0 2.3 
    

yes 

UBC ENST00000339647 1.0 2.3 2.3 
    

yes 

POP4 ENST00000585603 1.0 2.3 2.3 
     

MNT ENST00000174618 1.2 2.7 2.3 
  

7m8 7mA1 yes 

HSPB1 ENST00000248553 1.8 3.9 2.2 
 

7mA1 
  

yes 

INAFM1 ENST00000552360 1.3 2.8 2.2 
     

PCNA ENST00000379160 1.0 2.1 2.1 
    

yes 

SP100 ENST00000264052 1.2 2.5 2.1 
     

RPP25L ENST00000297613 1.2 2.4 2.0 
     

*IP/T ratios in pCDH-EV (EV) were set to 1.0 in case the ratios were < 1.0.  

**The binding site in the noncoding RNA has been listed in the 3’-UTR column. 

7mA1 = 7mer-A1, 7m8 = 7mer-m8, 8m = 8mer, FC = fold change, and 378a = pCDH-378a, IP = 

Ago2-immunoprecipitation fraction, T = Total fraction. 
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Table 3. Identified targets of miR-378a-3p upon inhibition 

Gene Transcript ID 
IP/T ratio   miR-378a-3p binding site 

Growth-related  

GO 

mZip-378a-3p* SCR FC   5'UTR CDS 3'UTR 
 

DYNLRB1 ENST00000357156 1.0 6.4 6.4 
     

VPS18 ENST00000220509 8.5 43.4 5.1 
     

NAPA-AS1 ENST00000594367 1.2 5.2 4.3 
   

7mA1** 
 

C11orf95 ENST00000433688 1.0 4.2 4.2 
     

HOMEZ ENST00000357460 1.2 4.3 3.5 
     

TMEM79 ENST00000405535 1.7 5.7 3.4 
     

FOXP1 ENST00000493089 4.5 14.9 3.3 
  

7m8/8m 
 

yes 

PCIF1 ENST00000372409 1.0 3.2 3.2 
  

7m8 
  

ATP6V0C ENST00000330398 1.0 3.1 3.1 
     

CISH ENST00000348721 2.1 6.6 3.1 
   

8m yes 

lnc-FOXB1-8 lnc-FOXB1-8:1 1.0 3.3 3.1 
     

MT1B ENST00000334346 1.1 3.5 3.1 
    

yes 

lnc-EGLN1-1 lnc-EGLN1-1:6 1.0 2.9 2.9 
     

NELFA ENST00000382882 1.0 3.0 2.9 
     

BCR ENST00000305877 1.0 2.8 2.8 
  

7m8 7m8 yes 

MT1L ENST00000565768 1.2 3.2 2.8 
     

FAT3 ENST00000409404 1.0 2.7 2.7 
  

8m 7mA1 
 

TRAF3IP2-AS1 ENST00000525151 1.0 2.7 2.7 
     

C22orf39 ENST00000611555 1.0 2.6 2.6 
     

KRTCAP2 ENST00000295682 1.6 4.1 2.6 
     

LINC01122 ENST00000427421 11.2 29 2.6 
   

7mA1** 
 

ACTG1P20 ENSG00000241547 1.3 3.2 2.5 
     

lnc-KRTAP5-10-1 lnc-KRTAP5-10-1:1 1.5 3.5 2.4 
   

7m8** 
 

MT1E ENST00000306061 1.1 2.8 2.4 
    

yes 

NUDT19 ENST00000397061 1.0 2.5 2.4 
   

7mA1 
 

PRDX4 ENST00000379341 1.0 2.4 2.4 
    

yes 

TMEM258 ENST00000537328 1.1 2.6 2.4 
     

XLOC_l2_005952 TCONS_l2_00011050 6.6 15.6 2.4 
  

7m8 
  

BTG3 ENST00000629582 1.6 3.7 2.3 
    

yes 

EVI5L ENST00000270530 1.3 3.0 2.3 
     

LINC01534 ENST00000433232 1.0 2.3 2.3 
     

lnc-ADA-1 lnc-ADA-1:2 1.0 2.3 2.3 
     

lnc-ZNF431-4 lnc-ZNF431-4:1 1.1 2.6 2.3 
     

MT1A ENST00000290705 2.5 5.6 2.3 
    

yes 

CSRP2 ENST00000311083 2.7 5.9 2.2 
     

FYCO1 ENST00000296137 1.0 2.2 2.2 
   

7m8 
 

HYAL3 ENST00000336307 2.0 4.3 2.2 
     

KCNQ1 ENST00000632153 1.0 2.2 2.2 
     

lnc-RP11-158I9.5.1-2 TCONS_00019776 1.5 3.3 2.2 
     

PCNX ENST00000304743 3.8 8.3 2.2 
  

7mA1/8m 
  

PRSS36 ENST00000268281 1.4 2.8 2.2 
     

SMARCA4 ENST00000344626 1.0 2.2 2.2 
  

7m8 
 

yes 

TNRC6C ENST00000335749 8.5 18.3 2.2 
  

7m8 
  

TOLLIP ENST00000317204 1.3 2.8 2.2 
   

7mA1 
 

ARF4 ENST00000303436 1.0 2.1 2.1 
    

yes 

ATG4D ENST00000309469 1.4 2.8 2.1 
    

yes 

CSE1L ENST00000262982 1.2 2.5 2.1 
    

yes 

lnc-PCF11-1 lnc-PCF11-1:12 1.5 3.2 2.1 
     

MARS ENST00000262027 1.7 3.6 2.1 
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Gene Transcript ID 
IP/T ratio   miR-378a-3p binding site 

Growth-related  

GO 

mZip-378a-3p* SCR FC   5'UTR CDS 3'UTR 
 

NANS ENST00000210444 1.0 2.1 2.1 
     

ORMDL2 ENST00000243045 1.1 2.3 2.1 
     

PFKFB2 ENST00000367080 1.4 3.0 2.1 
  

7m8 7mA1 
 

PGM2L1 ENST00000298198 1.8 3.7 2.1 
     

PTPN23 ENST00000265562 1.5 3.1 2.1 
     

TSACC ENST00000368255 1.5 3.1 2.1 
     

TUBA1C ENST00000301072 1.1 2.4 2.1 
  

7mA1 
 

yes 

XLOC_l2_013031 TCONS_l2_00024809 6.5 13.7 2.1 
     

C15orf61 ENST00000342683 1.3 2.6 2.0 
   

8m 
 

LAT ENST00000360872 1.0 2.0 2.0 
     

LOC101929494 N/A 1.6 3.2 2.0 
     

MYCBP ENST00000397572 1.5 3.1 2.0 
   

7mA1 
 

NDRG4 ENST00000394279 1.1 2.2 2.0 
    

yes 

TUBE1 ENST00000368662 1.1 2.2 2.0 
    

yes 

*IP/T ratios in mZip-378a-3p were set to 1.0 if < 1.0.  

**Binding sites on noncoding RNAs have been listed in 3’-UTR column. 

7mA1 = 7mer-A1, 7m8 = 7mer-m8, 8m = 8mer, FC = fold change, SCR = mZip-SCR, and N/A = not 

available, IP = Ago2-immunoprecipitation fraction, T = Total fraction. 

Validation of miR-378a-3p targets by luciferase reporter assay  

For further analysis, we selected MYCBP that was identified in both approaches and 6 

candidates that had at least one 7mer-A1, 7mer-m8, or an 8mer and a GO term 

related to cell growth, apoptosis, or/and cell cycle (CISH, BCR, TUBA1C, FOXP1, 

MNT, and IRAK4). We also included the lncRNA JPX, as it showed a strong 

enrichment upon miR-378a-3p overexpression and contained an 8-mer seed binding 

site (Figure 3C). 

To confirm targeting of the 8 selected genes by miR-378a-3p, we carried out 

luciferase reporter assays for the 10 putative miR-378a-3p binding sites in ST486 and 

DG75. This revealed a strong reduction in the Renilla/Firefly ratio for four of the 

miR-378a-3p binding sites in four genes (IRAK4, FOXP1 (site 1), MNT, and JPX) 

(Figure S5). To further confirm specific binding by miR-378a-3p we generated 

constructs with mutations in these four miR-378a-3p binding sites. For IRAK4 (trend), 

FOXP1 and MNT (both significant) wildtype binding sites showed lower Renilla/Firefly 

ratios compared to the mutated binding sites (black bars in Figure 3D), indicating 

binding of endogenous miR-378a-3p to these sequences. Upon miR-378a-3p 

overexpression a significantly reduced Renilla/Firefly ratio was observed for the 

wildtype, but not to the mutated target sites confirming efficient and specific targeting 

(Figure 3D). Taking together, these results confirmed targeting of IRAK4, FOXP1, 

MNT, and the lncRNA JPX by miR-378a-3p. 
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Figure 3. Identification and validation of miR-378a-3p targets. MiR-378a-3p targets identified by 

Ago2-RIP-Chip upon (A) miR-378a overexpression relative to empty vector (EV) and (B) scrambled 

vector relative to miR-378a-3p inhibition (SCR/mZip-378a). Black bars in panels A and B indicate genes 

with miR-378a-3p seed binding sites. (C) Schematic representations of the 8 genes selected for 

luciferase reporter assay validation. Black boxes indicate positions of the open reading frames (ORF). 

Positions and types of miR-378a-3p binding sites are indicated relative to the ORF. * this binding site 

was not tested. (D) Luciferase reporter assay results upon co-transfection of ST486 and DG75 cells 

with the Psi-check-2 construct containing the wildtype (WT) or mutated (MUT) miR-378a-3p binding 

sites from the selected genes and either miR-378a-3p mimic or a negative control mimic. Significant 

differences were calculated using a paired t-test. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001. 
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 Discussion 

In this study, we identified 26 miRNAs differentially expressed in BL cell lines 

compared to GC-B cells. For five of the miRNAs, deregulated expression levels were 

confirmed in both BL cell lines and primary tissues. Among them, miR-378a-3p is 

MYC-induced, highly abundant (top-10 within BL) and overexpressed in BL compared 

to GC-B cells. Inhibition of miR-378a-3p showed a negative effect on BL cell growth. 

In a genome-wide Ago2-RIP-Chip analysis, 20 and 63 genes were identified as the 

potential targets of miR-378a-3p upon miR-378a-3p overexpression and inhibition, 

respectively. Four genes i.e. MNT, FOXP1, IRAK4, and the lncRNA JPX were 

confirmed as novel targets of miR-378a-3p in BL. 

Six of the 26 identified differentially expressed miRNAs were reported to be 

deregulated in BL by Oduor et al. in a previous study [8]. These six included 

miR-155-5p, miR-221-3p, miR-222-3p, and miR-28-5p which we have validated by 

qRT-PCR in BL cell lines and tissue samples. Nine additional miRNAs were proven to 

be differentially expressed in BL compared to other B-cell lymphomas [9-12, 20]. Thus, 

our small RNA sequencing data confirmed some of the previously identified 

deregulated miRNAs in BL. Moreover, we showed for the first time that miR-378a-3p 

is a MYC-induced and significantly upregulated miRNA in BL. Since the role of 

miR-378a-3p in BL was not studied before, we focused on this miRNA for further 

functional analysis. 

Inhibition of miR-378a-3p resulted in a strong reduction of BL cell growth, suggesting 

a possible oncogenic role of miR-378a-3p in BL. The effect on growth upon 

miR-378a-3p was most pronounced in ST486. DG75 and CA46 showed intermediate 

phenotypes while no significant effect was observed in Ramos. There was no obvious 

relation between endogenous miR-378a-3p levels and the decrease in the percentage 

of GFP+ cells upon miR-378a-3p inhibition. Given the complex interactions between 

miRNAs and target genes, i.e. multiple targets per miRNA and multiple miRNAs per 

target, the differences in the observed phenotypes might be related to endogenous 

levels of either other miRNAs or target genes. Previous studies have shown opposite 

roles of miR-378a-3p in different cancer types. MiR-378a-3p was reported to inhibit 

growth or promote apoptosis and thus act as a tumor suppressor in colorectal cancer, 

lung cancer, ovarian cancer, prostate cancer and rhabdomyosarcoma [22-26]. In 

contrast, and in line with our findings, miR-378a-3p was shown to promote 

proliferation and reduce apoptosis in gastric cancer, nasopharyngeal carcinoma, 

colorectal cancer, and acute myeloid leukemia [27-30]. 

Using an unbiased genome-wide experimental approach we identified 83 putative 

miR-378a-3p target genes. Luciferase reporter assays confirmed targeting of 4 out of 
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8 selected genes i.e. protein coding genes MNT, IRAK4, FOXP1, and the lncRNA 

JPX. 

Previous studies showed a dual role of MNT in tumorigenesis. On the one hand, MNT 

was reported as a facilitator of MYC-driven T-cell proliferation and survival [31]. In line 

with this, a study in Eμ-MYC mice showed that reduced MNT levels reduced 

tumorigenesis [32], suggesting that MNT is indispensable for MYC-driven 

oncogenesis. However, in most studies MNT acted as a tumor suppressor and was a 

functional antagonist of MYC by repressing its activities related to cell cycle, 

proliferation, and apoptosis [33, 34]. Loss of MNT in mouse embryonic fibroblasts 

(MEFs) phenocopied the effect of MYC overexpression [35-37]. These findings are in 

line with our results and suggest that high levels of miR-378a-3p could promote BL 

tumorigenesis by reducing MNT levels and thereby enabling MYC to execute its 

oncogenic effects in BL. 

IL-1 receptor–associated kinase 4 (IRAK4) plays an essential role in the Toll-like 

receptor (TLR) pathway [38,39], which mediates inflammatory signals in B cells and 

causes activation of NF-κB. The TLR pathway is hyperactive in mantle cell lymphoma 

(MCL) and diffuse large B-cell lymphoma (DLBCL), and activation of NF-κB promotes 

B-cell survival and proliferation [40-42]. Depletion of IRAK4 showed a negative effect 

on NF-κB activity and autocrine IL-6/IL-10 engagement of the JAK-STAT3 pathway, 

reducing survival of DLBCL cells [43,44]. Despite the pro-survival role of NF-κB in 

DLBCL, activation of NF-κB has been reported to be disadvantageous in MYC 

positive BL consistent with our data and supporting a role of miR-378a-3p-dependent 

repression of IRAK4 to limit activation of NF-κB [45,46]. 

FOXP1 as a member of the forkhead box (Fox) transcription factor family plays critical 

roles in organ development, cell division, survival, and metabolism in multiple tissues 

and in particular in the immune system [47,48]. It is a regulator of early B-cell 

development and is associated with expression of B-lineage genes [49]. FOXP1 

overexpression has been correlated with poor prognosis in follicular lymphoma (FL) 

and diffuse large B-cell lymphoma (DLBCL) [50-53], and reported to promote cell 

proliferation, cell cycle, and/or inhibit apoptosis of cervical cancer, myeloma, and 

glioma cells [54-56], indicating a pro-tumorigenic role. In contrast and more in line with 

our work, FOXP1 was described to have tumor suppressor like functions in lung and 

bladder cancer [57]. Interestingly FOXP1 expression is downregulated during the 

normal GC reaction and FOXP1 levels in BL are lower than in other B-cell lymphomas, 

comparable to GC-B cells [58,59]. Thus, the overexpression of miR-378a-3p may 

contribute to maintain low FOXP1 levels in BL. The potential relevance of low FOXP1 

is further supported by the finding that aberrant expression of FOXP1 cooperates with 

(constitutive) NF-κB activity [60] which might be disadvantageous for the survival of 

BL. 
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The long non-coding RNA JPX is an activator of XIST and acts as a molecular switch 

for X chromosome inactivation [61]. JPX was reported to act as an oncogene in 

ovarian cancer and non-small-cell lung cancer by promoting cell proliferation, invasion, 

and migration [62,63]. In hepatocellular carcinoma, JPX-dependent induction of XIST 

suppresses hepatocellular carcinoma progression by binding to the miR-155-5p 

oncomiR [64]. Current studies on JPX are limited and its potential role in BL remains 

unclear.  

In summary, we identified 26 differentially expressed miRNAs. We confirmed the 

differential and high expression of miR-378a-3p in BL and showed a significant 

negative effect of miR-378a inhibition on BL growth. The growth-promoting role might 

be related to regulation of one or multiple of the identified miR-378a-3p targets MNT, 

IRAK4, FOXP1, and JPX.  

Conclusions 

In conclusion, we identified 26 miRNAs differentially expressed between BL cells and 

GC-B cells and confirmed deregulated expression of 5 out of 8 miRNAs both in BL cell 

lines and tissue samples. For one of the differentially and highly abundant (top-10 in 

BL) miRNAs, miR-378a-3p, we showed a negative effect on BL cell growth upon 

inhibition and identified 4 novel target genes. By targeting these genes, i.e. IRAK4, 

MNT, FOXP1, and JPX, miR-378a may control BL cell growth.  

Materials and Methods  

BL cell lines, germinal center (GC) B cells, and BL patient material 

BL cell lines were purchased from ATCC (ST486 and Ramos) and DSMZ (CA46 and 

DG75). BL cells were cultured at 37°C under an atmosphere containing 5% CO2 in 

RPMI-1640 medium (Cambrex Biosciences, Walkersville, MD, USA) supplemented 

with 2nM ultra glutamine, 100U/ml penicillin, 0.1mg/ml streptomycin and 10% (CA46, 

DG75, and Ramos) or 20% (ST486) Fetal Bovine Serum (Sigma-Aldrich, Zwijndrecht, 

The Netherlands). P493-6 B-cells were cultured as described previously [65]. We 

routinely confirmed cell line identity using the PowerPlex® 16HS System (Promega, 

Leiden, The Netherlands) and absence of mycoplasma contamination.  

GC-B cells and frozen BL tissue sections were obtained previously as described in 

[9,65,66]. GC-B cells (defined as CD20+IgD-CD38+, n=6 or IgD-CD138-CD3-CD10+, 

n=1) were sorted from routinely removed tonsil specimens of children. Specifically, for 

small RNA seq experiments FACS sorted (CD20+IgD-CD38+, n=2) and MACS sorted 

(IgD-CD138-CD3-CD10+, n=1) GC-B cells were used as controls, while FACS sorted 

(CD20+IgD-CD38+, n=4) GC-B cells were used for qRT-PCR validation experiments. 
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Written permissions for the use of the tonsil tissues to isolate GC-B cells were 

obtained from the parents of the children. The procedures followed for the BL tissue 

samples were according to the guidelines of the medical ethics board of the University 

Medical Center Groningen.  

RNA isolation 

RNA was isolated using miRNeasy Mini or Micro kit (Qiagen, Hiden, Germany) 

according to the manufacturer’s instructions. RNA concentration was measured by a 

NanoDropTM 1000 Spectrophotometer (Thermo Fisher Scientific Inc., Waltham, USA) 

and integrity was evaluated on a 1% agarose gel.  

Small RNA library preparation and sequencing 

1-2 µg total RNA from 4 BL cell lines and 3 samples of GC-B cells was used to 

generate small RNA libraries using Truseq Small RNA Sample Preparation Kit and 

TruSeq small RNA indices (Illumina, San Diego, CA, USA). Sequencing was 

performed on an Illumina 2000 HiSeq platform. After removal of 3’- and 5’-adaptor 

sequences from the raw reads using the CLC Genomics Workbench (CLC bio, 

Cambridge, MA, USA), sequencing data were analyzed using miRDeep version 2.0 

(Max Delbrück Center for Molecular Medicine in the Helmholtz Association, 

https://www.mdc-berlin.de/8551903/en) [67] and annotated against miRbase version 

21 (http://www.mirbase.org) [68] allowing one nucleotide mismatch. Read counts of 

miRNAs with the same mature miRNA sequence were merged. Total read counts per 

sample were normalized to 1,000,000. For statistical analysis, we included all unique 

miRNAs with at least 50 read counts in all seven samples. Genesis software v1.7.6 

(Institute for Genomics and Bioinformatic Graz, Graz, Austria) was used to generate 

the heat map. The small RNA sequencing data were deposited in the Gene 

Expression Omnibus database (http://www.ncbi.nlm.nih.gov/geo; accession number 

GSE92616). 

qRT-PCR 

For validation of small RNA sequencing results, we selected differentially expressed 

miRNAs with expression log2 RPM > 8 in BL or GC-B cells. We selected the most 

optimal Taqman assay based on isoform abundance as observed in the small RNA 

sequencing data (Table S2). The miRNA expression levels were analyzed using 

Taqman miRNA quantitative PCR assays (Thermo Fisher Scientific Inc.) in a 

multiplexed fashion as described previously [69]. Cycle crossing point (Cp) values 

were determined with Light Cycler 480 software version 1.5.0 (Roche, Basel, 

Switzerland). Relative expression levels of miRNAs to house-keeping gene (RNU44 
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or RNU49) were determined by calculating 2−△Cp (△Cp = CpmiRNA-Cphouse-keeping gene). 

MYC transcript levels were analyzed as indicated previously [65]. 

Lentiviral constructs, transduction and GFP competition assay 

Lentiviral constructs to inhibit (mZip-378a-3p) or overexpress (pCDH-miR-378a) 

miR-378a-3p were purchased from System Biosciences (Palo Alto, CA, USA). A 

non-targeting mZip-scrambled (SCR) and an empty vector pCDH (EV) construct were 

used as negative controls. Lentiviral particles were produced in HEK-293T cells by 

calcium phosphate precipitation transfection using a third-generation packaging 

system as described previously [66]. Briefly, HEK-293T cells were seeded in 6-well 

plates and grown till ~80% confluence. A plasmid mix consisting of 15μl CaCl2 (2.5M), 

1μg pMSCV-VSV-G, 1μg pRSV.REV, 1μg pMDL-gPRRE, 2μg lentiviral vector, and 

150μl of 2xHBS was prepared to transfect the HEK-293T cells. Virus was harvested 

and filtered by a 0.45μm filter 48 hours after transfection. Virus was either used 

directly or stored at -80°C. 

For GFP competition assays, BL cell lines were infected with the mZip-378a-3p and 

the negative control mZip-SCR in three biological replicates per construct, aiming at 

an infection efficiency of 20% to 50% GFP+ cells on day 4. The percentage of GFP+ 

cells was monitored by flow cytometry (BD Biosciences, San Jose, CA, USA) three 

times per week for a total period of 22 days.  

Ago2-IP procedure 

Immunoprecipitation (IP) of the Ago2-containing RISC (Ago2-IP) procedure was done 

as described previously [70]. To identify miR-378a-3p target genes we applied 

Ago2-RIP-Chip on BL cells infected with lentiviral miR-378a-3p inhibition or 

overexpression constructs. For both constructs a parallel infection with appropriate 

control constructs (non-targeting or empty vector) was performed. We aimed at a high 

infection percentage and harvested the cells at day 5, either directly or after sorting to 

reach a GFP+ percentage > 95% for inhibition and > 85% for overexpression. For 

each AGO2-IP experiment we started with ~30 million cells. RNA was isolated from 

the Ago2-IP and total (T) fractions. Efficiency of the Ago2-IP procedure was confirmed 

by qRT-PCR for miR-378a-3p and miR-181a and by western blot for the Ago2 protein.  

Western blotting 

Infected cells were harvested and lysed in lysis buffer (#9803, Cell Signaling 

Technology, Danvers, Massachusetts, USA) supplemented with protease inhibitor. 

After centrifugation at 14,000 rpm for 10 minutes (4°C), supernatants were collected, 

and protein concentrations were measured using the BCA Protein Assay Kit (Thermo 

Fisher Scientific Inc.) according to the manufacturer’s protocol. 20 µg protein was 
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separated on a polyacrylamide gel and transferred to a nitrocellulose membrane, 

followed by incubation overnight at 4°C with primary antibodies diluted in 5% milk in 

Tris-buffered saline with Tween-20 (TBST) and anti-Ago2 (1000x diluted, 2E12-1C9, 

Abnova, Taipei, Taiwan). After incubation with the secondary antibody and ECL 

substrate (Thermo Fisher Scientific Inc.), chemiluminescence was detected with 

ChemiDoc MP Scanner and proteins were visualized and quantified with Image Lab 

4.0.1 software (BioRad Hercules, CA, USA).  

Microarray analysis 

About 50 ng RNA of both the total (T) and the IP fractions were labeled and hybridized 

on an Agilent gene expression microarray (AMADID no.: 072363, SurePrint G3 

Human Gene Exp v3 array kit, Agilent Technologies). The microarray contained 

58,341 probes against coding and noncoding transcripts. The procedure and data 

analysis were performed as previously described [65]. Briefly, after cRNA synthesis 

and amplification, labeling was done with Cyanine 3-CTP (Cy3) or Cyanine 5-CTP 

(Cy5) using the LowInput QuickAmp Labeling kit (catalog no.: 0006322867). Equal 

amounts of Cy3- or Cy5-labeled cRNA samples were mixed and hybridized on the 

microarray slide overnight. Raw data were quantile normalized without baseline 

transformation using GeneSpring GX 12.5 software (Agilent Technologies). Probes 

were selected for further analysis if they were flagged present in all samples, 

expressed in the 25th to 100th percentile in at least half of the total (T) fractions, and 

showed consistent expression in the duplicate measurements (< 2-fold change). The 

average signals of replicates were used to calculate the IP/T ratio and probes with a ≥ 

2-fold enrichment in the IP fraction as compared to total (T) fraction were considered 

as potential miRNA targets.  

For pCDH-378a transduced cells, we next assessed miR-378a-3p targets by 

identifying probes that were enriched at least ≥ 2-fold higher in miR-378a 

overexpressing cells as compared to empty vector (pCDH-EV). For mZip-378a-3p 

transduced cells we assessed miR-378a-3p targets by identifying probes with at least 

≥ 2-fold higher enrichment in mZip-SCR transduced cells as compared to 

mZip-378a-3p cells. Gene expression microarray data are deposited in the Gene 

Expression Omnibus database (http://www.ncbi.nlm.nih.gov/geo; accession number 

will follow soon). 

Identification of miR-378a-3p seed sites and gene ontology (GO) 

terms 

For all Ago2-RIP-Chip identified targets of miR-378a-3p, we used a Pearl script to 

search for 7mer-A1, 7mer-m8, and 8mer [71] miR-378a-3p seed sites in 5’-UTR, CDS, 

and 3’-UTR. Ensemble transcript isoforms were selected based on a refseq ID 
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conversion using Biomart (https://www.ensembl.org/biomart). For lncRNA transcripts 

without an Ensembl ID, we used the LNCipedia or a XLOC/TCONS (BROAD institute) 

transcript ID. The growth-related gene ontology (GO) terms (proliferation, cell cycle, 

and apoptosis) for selected genes were retrieved from the Ensembl database 

(https://www.ensembl.org/biomart). 

Cloning of miRNA binding sites and luciferase reporter assay 

We adapted the psi-Check-2 vector (Promega, Madison, WI, USA) to remove the 

predicted miR-378a-3p target site (7mer-A1) in the open reading frame of the Renilla 

luciferase gene. The binding site was mutated by changing two nucleotides in the 

seed region without affecting the amino acid sequence. This was accomplished by 

substituting the 460nt long fragment between the EcoRV and XhoI sites of the 

psi-Check-2 vector (Figure S6, Integrated DNA technologies, Leuven, Belgium). 

Effective Renilla luciferase production independent of miR-378a-3p levels was 

confirmed (data not shown) before cloning putative binding sites of target genes.  

Ten potential miRNA binding sites of 8 miR-378a-3p target genes were ordered as 

58-mer oligo duplexes (Integrated DNA technologies) and cloned into the XhoI and 

NotI restriction sites of the modified luciferase reporter vector (Table S3). For the 

binding sites with a positive result in the first luciferase reporter assay, mutant controls 

were generated by cloning oligo duplexes with mutations in 3 nucleotides in the seed 

region. The reporter vectors with miR-378a-3p wild type or mutated binding sites were 

co-transfected with 10 µM of either miR-378a pre-miRNA (Cat. NO.: AM17100, 

Ambion) or control oligos (Cat. NO.: AM17111, Ambion) to ST486 and DG75 cells 

using an Amaxa nucleofector device (program A23) and the Amaxa Cell Line 

Nucleofector Kit V (Cat NO.: VACA-1003) (Amaxa, Gaithersburg, MD). Cells were 

harvested 24h after transfection. Renilla and Firefly luciferase activity in cell lysates 

were measured using a Dual-Luciferase Reporter Assay System (Promega). Each 

experiment was measured in duplicate and results were averaged per experiment. 

For each construct the luciferase assay was performed in three independent 

biological replicates.  

Statistical analysis 

MiRNAs significantly differentially expressed in the small RNA-seq profiling were 

identified with a moderated T-test and Benjamini-Hochberg correction for multiple 

testing using the GeneSpring GX software (version 12.5, Agilent Technologies Santa 

Clara, CA, USA). For confirmation of differentially expressed miRNAs by qRT-PCR, 

we used the nonparametric MannWhitney U-test (GraphPad Software Inc., San Diego, 

CA). Statistical analysis of GFP competition assays was performed as described 

previously [66]. Briefly, the percentage of mZip-378a-3p infected cells at day 4 was set 
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to 100% and were compared to percentages in the control over time using a mixed 

model with time and the interaction of time and miRNA construct type as fixed effect 

and measurement repeat within miRNA construct type as random effect in SPSS 

(22.0.0.0 version, IBM, Armonk, New York, USA). For the luciferase reporter assay, 

significance was calculated based on the Renilla to Firefly (RL/FL) luciferase ratios 

between experimental samples and negative controls using paired t-test (GraphPad 

Software Inc.).  
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Supplementary Figures 

 

Figure S1. Results of qRT-PCR validation experiments of the differential expression patterns 

observed by small RNA-seq in BL cell lines relative to germinal center B cells. The decreased 

levels of miR-28-3p and miR-30a-5p in BL cell lines relative to GC-B cells could not be validated by 

qRT-PCR. miRNA levels were normalized to RNU44.  

 

Figure S2. MiR-378a-3p levels in BL and germinal center B cells based on small RNA-seq data. 
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BL cell lines (black bars) and germinal center B-cells (GC-B, white bars). RPM=reads per million. 

 

Figure S3. Validation of Ago2-IP procedure in ST486 cells upon inhibition and overexpression of 

miR-378a-3p. Infection efficiency for (A) miR-378a-3p inhibition and (B) overexpression constructs in 

ST486. Enrichment of (C) miR-378a-3p and (D) a randomly selected control miRNA, miR-181a-5p in 

the Ago2 immunoprecipitated (IP) fraction in comparison to the total (T) fraction. (E) Western blot 

results of Ago2 protein in T, flow through (FT), and IP samples using the anti-Ago2 antibody or the 

control anti-IgG antibody for immunoprecipitation. 
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Figure S4. Uncropped western blot results for Ago2 protein. WB results of total (T), flow through 

(FT), and Ago2-immunoprecipitation (IP) fractions for ST486 cells using the anti-Ago2 antibody or the 

control anti-IgG antibody upon miR-378a-3p inhibition (A) and overexpression (B) experiments (see 

also Figure S3E). Arrows indicate the AGO2 protein. For each IP experiment the total fraction is set to 

1. 
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Figure S5. Results of the luciferase reporter assays for 10 putative miR-378a-3p binding sites 

identified in 8 Ago-2 IP enriched genes. (A) results of ST486 and (B) DG75 cells. The 10 binding 

sites were cloned to the Psi-check-2 vector and co-transfected with miR-378a-3p mimics or negative 

control mimics to ST486 and DG75 BL cells. Binding of miR-378a-3p was confirmed for IRAK4, JPX, 

FOXP1-site1 and MNT in both cell lines. 

 

Figure S6. Sequence of the minigene used to generate a luciferase reporter vector without the 

putative miR-378a-3p binding site in the Renilla gene. The miR-378a seed sequence in shown in 

green, with the mutated nucleotides in red. 
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Supplementary Tables 

Table S1. Small RNA sequencing read summary 

Sample 
Total after trimming Mapping to Human genome Mapping to miRbase 21 

Reads Collapsed Reads Percentage Collapsed Reads Percentage Collapsed 

ST486 12,728,371 679,193 9,215,947 72.4% 477,577 7,951,451 62.5% 19,074 

CA46 17,810,149 193,500 15,429,749 86.6% 45,386 13,035,709 73.2% 17,595 

DG75 5,553,807 295,796 4,542,877 81.8% 192,986 3,267,634 58.8% 16,337 

Ramos 9,001,167 566,396 6,671,654 74.1% 390,175 4,040,003 44.9% 14,824 

GC-1 9,234,697 357,071 6,993,299 75.7% 176,567 5,541,436 60.0% 15,998 

GC-2 9,637,128 620,514 5,225,051 54.2% 389,723 2,534,968 26.3% 13,262 

GC-3 6,758,291 524,000 4,660,685 69.0% 284,438 3,563,084 52.7% 15,879 

Table S2. Taqman miRNA assays used for qRT-PCR validation 

No. miRNA Catalog No.                   Sequence 

1 miR-378a-3p 2243 5’-ACUGGACUUGGAGUCAGAAGG-3’ 

2 miR-28-5p 0411 5’-AAGGAGCUCACAGUCUAUUGAG-3’ 

3 miR-155-5p 2623 5’-UUAAUGCUAAUCGUGAUAGGGGU-3’ 

4 miR-363-3p 1271 5’-AAUUGCACGGUAUCCAUCUGUA-3’ 

5 miR-222-3p 2276 5’-AGCUACAUCUGGCUACUGGGU-3’ 

6 miR-221-3p 1134 5’-AGCUACAUUGUCUGCUGGGUUU-3’ 

7 miR-30a-5p 0417 5’-UGUAAACAUCCUCGACUGGAAG-3’ 

8 miR-28-3p 2446 5’-CACUAGAUUGUGAGCUCCUGGA-3’ 
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Table S3. Oligos for cloning miR-378a-3p binding sites from selected genes, wild type 

and with mutations in miR-378a-3p seed.  

NO. Gene Sense(S)/ Anti-sence(AS) 5' to 3' 

1 FOXP1 

FOXP1-site1-MBS-S TCGAGAAGGGCCCCTGTCCTTAGTGACAACAGCCAACCACAGTCCAGATTTTGACCAT 

FOXP1-site1-MBS-AS GGCCATGGTCAAAATCTGGACTGTGGTTGGCTGTTGTCACTAAGGACAGGGGCCCTTC 

FOXP1-site1-MBS-mut-S TCGAGAAGGGCCCCTGTCCTTAGTGACAACAGCCAACCACACTGCTGATTTTGACCAT 

FOXP1-site1-MBS-mut-AS GGCCATGGTCAAAATCAGCAGTGTGGTTGGCTGTTGTCACTAAGGACAGGGGCCCTTC 

FOXP1-site2-MBS-S TCGAGCAATGGAGCATACCAACAGCAACGAGAGTGACAGCAGTCCAGGCAGATCTCCT 

FOXP1-site2-MBS-AS GGCCAGGAGATCTGCCTGGACTGCTGTCACTCTCGTTGCTGTTGGTATGCTCCATTGC 

2 IRAK4 

IRAK4-MBS-S TCGAAATCTTGAACAAAGCTATATGCCACCTGACTCCTCAAGTCCAGAAAATAAAAGT  

IRAK4-MBS-AS GGCCACTTTTATTTTCTGGACTTGAGGAGTCAGGTGGCATATAGCTTTGTTCAAGATT 

IRAK4-MBS-mut-S TCGAAATCTTGAACAAAGCTATATGCCACCTGACTCCTCAACTGCTGAAAATAAAAGT  

IRAK4-MBS-mut-AS GGCCACTTTTATTTTCAGCAGTTGAGGAGTCAGGTGGCATATAGCTTTGTTCAAGATT 

3 JPX 

JPX-MBS-S TCGAGTTGCAAGGCGTCCGAAGTATGAGTCCACTAACAAAAGTCCAGAAACTCGCCAGT  

JPX-MBS-AS GGCCACTGGCGAGTTTCTGGACTTTTGTTAGTGGACTCATACTTCGGACGCCTTGCAAC  

JPX-MBS-mut-S TCGAGTTGCAAGGCGTCCGAAGTATGAGTCCACTAACAAAAGACGACAAACTCGCCAGT  

JPX-MBS-mut-AS GGCCACTGGCGAGTTTGTCGTCTTTTGTTAGTGGACTCATACTTCGGACGCCTTGCAAC 

4 MNT 

MNT-MBS-S TCGACATCGGGGGCCTGCAAATCTAGTGCCGAATGACTATGTCCAGATTGGTGACGAT 

MNT-MBS-AS GGCCATCGTCACCAATCTGGACATAGTCATTCGGCACTAGATTTGCAGGCCCCCGATG 

MNT-MBS-mut-S TCGACATCGGGGGCCTGCAAATCTAGTGCCGAATGACTATGACGACATTGGTGACGAT 

MNT-MBS-mut-AS GGCCATCGTCACCAATGTCGTCATAGTCATTCGGCACTAGATTTGCAGGCCCCCGATG 

5 BCR 

BCR-site1-MBS-S TCGAGGCCACCTGAGGGCGCCCCAAGCCAGTTCATCTCGGAGTCCAGGCCTGGCCCTG  

BCR-site1-MBS-AS GGCCCAGGGCCAGGCCTGGACTCCGAGATGAACTGGCTTGGGGCGCCCTCAGGTGGCC  

BCR-site2-MBS-S TCGAACCTCACCTCCAGCGAGGAGGACTTCTCCTCTGGCCAGTCCAGCCGCGTGTCCC 

BCR-site2-MBS-AS GGCCGGGACACGCGGCTGGACTGGCCAGAGGAGAAGTCCTCCTCGCTGGAGGTGAGGT 

6 CISH 
CISH-MBS-S TCGAGCGAGCCAACCCCACCTCTATGCCCTGAGCCCTGGTAGTCCAGAGACCCCAACT 

CISH-MBS-AS GGCCAGTTGGGGTCTCTGGACTACCAGGGCTCAGGGCATAGAGGTGGGGTTGGCTCGC 

7 MYCBP 
MYCBP-MBS-S TCGAGTGCCTCTTCTAGTCACAAGTTTGTTTTTGGAGGGGGTCCAGAAGATCATTCCC 

MYCBP-MBS-AS GGCCGGGAATGATCTTCTGGACCCCCTCCAAAAACAAACTTGTGACTAGAAGAGGCAC 

8 TUBA1C 
TUBA1C-MBS-S TCGACGTGAGTGCATCTCCATCCACGTTGGCCAGGCTGGTGTCCAGATTGGCAATGCC  

TUBA1C-MBS-AS GGCCGGCATTGCCAATCTGGACACCAGCCTGGCCAACGTGGATGGAGATGCACTCACG  

Green letters indicate miR-378a-3p binding sites and red letters indicate the mismatches 
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Abstract 

The expression of several microRNAs (miRNAs) is known to be changed in Burkitt 

lymphoma (BL), compared to its normal counterparts. Although for some miRNAs, a 

role in BL was demonstrated, for most of them, their function is unclear. In this study, 

we aimed to identify miRNAs that control BL cell growth. Two BL cell lines were 

infected with lentiviral pools containing either 58 miRNA inhibitors or 44 miRNA 

overexpression constructs. Eighteen constructs showed significant changes in 

abundance over time, indicating that they affected BL growth. The screening results 

were validated by individual green fluorescent protein (GFP) growth competition 

assays for fifteen of the eighteen constructs. For functional follow-up studies, we 

focused on miR-26b-5p, whose overexpression inhibited BL cell growth. Argonaute 2 

RNA immunoprecipitation (Ago2-IP) in two BL cell lines revealed 47 potential target 

genes of miR-26b-5p. Overlapping the list of putative targets with genes showing a 

growth repression phenotype in a genome-wide CRISPR/Cas9 knockout screen, 

revealed eight genes. The top-5 candidates included EZH2, COPS2, KPNA2, 

MRPL15, and NOL12. EZH2 is a known target of miR-26b-5p, with oncogenic 

properties in BL. The relevance of the latter four targets was confirmed using sgRNAs 

targeting these genes in individual GFP growth competition assays. Luciferase 

reporter assay confirmed binding of miR-26b-5p to the predicted target site for KPNA2, 

but not to the other genes. In summary, we identified 18 miRNAs that affected BL cell 

growth in a loss- or gain-of-function screening. A tumor suppressor role was confirmed 

for miR-26b-5p, and this effect could at least in part be attributed to KPNA2, a known 

regulator of OCT4, c-jun, and MYC. 

Keywords: Burkitt lymphoma; miR-26b-5p; microRNA; KPNA2 
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Introduction 

Burkitt lymphoma (BL) is a highly aggressive B-cell lymphoma that was first reported 

in 1958 in Uganda. Three main clinical variants of the Burkitt lymphoma are 

recognized, the endemic variant that is associated with the Epstein–Barr virus (EBV), 

the sporadic type, and the immunodeficiency-associated variant that is usually 

associated with HIV or occurs in post-transplant patients [1]. This malignancy mainly 

affects children and young adults and originates from germinal center (GC-) B cells 

[2–5]. The hallmark of BL is a chromosomal translocation involving MYC and the 

immunoglobulin heavy or light chain gene loci, which results in increased expression 

of MYC [6]. 

MicroRNAs (miRNAs) are a group of small, non-coding RNAs that regulate gene 

expression, mainly at the post-transcriptional level, through inhibition of translation or 

RNA degradation [7]. MiRNAs regulate almost all known cellular processes, including 

B-cell maturation and development, cell proliferation, cell cycle, and apoptosis [8]. 

MiRNA expression profiling showed distinct expression patterns in different subtypes 

of B-cell lymphomas [9]. Multiple miRNAs were deregulated in BL, as compared to the 

GC-B cells and other types of B-cell lymphomas [9–13]. We previously reported 65 

miRNAs that were differentially expressed between sporadic BL and normal GC-B 

cells, and identified several of these miRNAs as MYC-regulated [13]. Others have 

shown 49 miRNAs that were differentially expressed in endemic BL, as compared to 

normal GC-B cells [12]. Profiling of the three clinical BL variants in comparison to 

diffuse large B cell lymphoma (DLBCL), revealed highly similar miRNA profiles 

between the three BL variants with 38 miRNAs that differentiated BL from DLBCL [11]. 

Another, more extensive study revealed a total of 35 deregulated miRNAs in BL, 

compared to seven other types of non-Hodgkin lymphomas [9]. Comparison between 

BL, follicular lymphoma (FL), and DLBCL, revealed 22 miRNAs that could separate 

BL from the other two lymphoma subtypes [10]. Functional follow-up studies revealed 

that some of the differentially expressed miRNAs had oncogenic (miR-17~92 cluster) 

or tumor suppressor properties (miR-150-5p, miR-28-5p, and miR-26-5p) in BL [14–

18]. However, for most of the deregulated miRNAs, the target genes relevant for BL 

pathogenesis and the mode of action remain unknown. 

In this study, we identified 18 miRNAs involved in controlling BL cell growth in a 

high-throughput loss- and gain-of-function screen. We further studied the relevance of 

miR-26b-5p and its target genes. Overexpression of miR-26b-5p strongly decreased 

the growth of BL. Immunoprecipitation of the Ago2-containing RISC (Ago2-IP) and 

overlap with results of a genome-wide CRISPR/Cas9 screening, identified eight 

putative miR-26b-5p target genes whose knockdown resulted in impaired growth. 

Four candidates were confirmed as essential genes for BL cell growth and the 

predicted miR-26b-5p binding site was confirmed for KPNA2. 
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Results 

Validation of the Efficiency of the miRNA Inhibition and 

Overexpression Pools 

To verify the expression of the functional antisense miRNA strands of the miRZip 

inhibition constructs, we performed small RNA sequencing on the ST486 cells 

infected with the miRZip pool (including 55/60 miRZip constructs). This revealed that 

for 52 of the 55 constructs, the antisense miRZip-3p (functional) strand was detected 

at >150 reads per million (RPM) (range 165 to 33,411). For 48 of the 55 constructs, 

the miRZip-3p strand was more abundant than the miRZip-5p strand (Figure S1A). 

Thus, the vast majority of the miRNA inhibition constructs showed a predominant 

expression of the antisense strand with relatively high levels. 

The effectiveness of the constructs in the pCDH pool was validated by small RNA 

sequencing of pCDH pool-infected HEK-293T cells (including 39 pCDH constructs). 

HEK-293T cells were used to obtain a high infection percentage, which was not 

possible for the BL cell lines. Four of the 78 potential mature miRNAs derived from the 

39 miRNA overexpression constructs were not reported in the miRBase 

(http://www.mirbase.org) and were also not detected in the small RNA sequencing 

data. For 36 of the 39 constructs, we detected the most abundant strand at an RPM 

of >150 reads (range 190 to 40,834). For 19 constructs, miRNAs from the most 

abundantly expressed strand showed >2-fold increased levels in the pCDH 

pool-infected HEK-293T cells, as compared to the empty vector infected HEK-293T 

cells; four miRNAs showed a moderate increase between 1.5- to 2-fold; and seven 

showed a slight increase ranging from 1.0- to 1.5-fold. The remaining nine constructs 

showed no change or a slight decrease (Figure S1B). In total, 30 out of 39 (77%) 

miRNA overexpression constructs showed increased expression of the corresponding 

miRNAs in the HEK-293T cells. 

Thus, most constructs present in the miRNA inhibition and overexpression pools 

showed the expected expression pattern. As these data were generated from the cells 

infected with the lentiviral pools of 55 or 39 constructs, with each construct being 

present in a minority of the cells, we anticipated that the observed efficiencies were in 

fact an underestimation of the actual performance of the constructs. 

Identification of miRNAs Affecting the Growth of BL Cells 

To identify miRNAs relevant for BL cell growth, we conducted a screen with miRNA 

overexpression and inhibition libraries in the ST486 and DG75 cells (Figure 1A). The 

infection efficiencies achieved for the virus pools were ~10–15% at the starting point 

of the experiments (day 5 or 6), which corresponded to 0.75 to 1.13 million infected 
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(GFP+) cells. The GFP+ cell percentages in the sorted fractions were at least 45% for 

the pCDH infected cells and at least 75% for the miRZip infected cells (Figure S2A 

and S2C). Effective amplification of the barcode inserts was tested on agarose gel 

and the PCR products were pooled for next generation sequencing (NGS) (Figure 

S2B and S2D). Total read counts obtained by NGS ranged from about 30,000 to 

150,000 for miRZip samples and from about 20,000 to 100,000 for the pCDH samples 

(Figure S2E, Table S1 and S2). Average read numbers per PCR replicate of each 

construct were calculated and eleven constructs (5 of 60 miRZip constructs and 6 of 

46 pCDH constructs) with average reads <50 at the first time point, were excluded 

from the downstream analysis (Figure S2F and S2G). 
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Figure 1. Overview of the high-throughput screening and identification of miRNAs affecting the 

BL cell growth in the miRZip and pCDH pools. (A) Overview of the miRNA inhibition (miRZIP) and 

overexpression (pCDH) vectors and the workflow of the high-throughput screen. (B) miRZip and pCDH 
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constructs with significant changes in abundance over time in BL cell lines ST486 and DG75. Construct 

abundance was represented by the slope of the trend line calculated on the basis of the relative fold 

changes, for all time points relative to day 5 (miRZip) or 6 (pCDH). The X-axis and Y-axis represent the 

slopes of the trend lines of duplicate infections (negative values = decreased abundance, positive 

values = increased abundance). Dashed lines represent the cut-off for significant changes in 

abundance, calculated by an adapted interquartile (IQR) test. 

Abundance of the negative controls in both the miRZip and pCDH pools remained 

stable over time. In the miRZip pool, we identified ten miRNA inhibitors with 

consistently decreased abundance in duplicate infections in ST486 or DG75 (Figure 

1B). MiRZip-let-7f-2-3p, miRZip-190-5p, and miRZip-449a-5p showed a consistent 

decrease in abundance in both cell lines, while miRZip-9-5p, miRZip-106b-5p, 

miRZip-21-5p, miRZip-let-7e-5p, miRZip-494-3p, miRZip-30e-5p, and 

miRZip-378a-3p were depleted in one cell line. None of the miRZip constructs showed 

a consistent increase in abundance over time. 

In the pCDH pool, consistent decreases in abundance were observed for five 

constructs and consistent increases were observed for three constructs (Figure 1A 

and 1B). pCDH-miR-26a and pCDH-miR-26b were depleted in ST486, while 

pCDH-miR-34a, pCDH-miR-34c, and pCDH-miR-150 were depleted in DG75. 

Increased abundance was observed for pCDH-miR-155 and pCDH-miR-222 in ST486, 

and for pCDH-miR-151a in DG75. The effects of overexpression of miR-155, miR-150, 

miR-26a, and miR-26b on BL cell growth were in line with our previous findings 

[16,19]. In summary, we identified 13 miRNAs (10 from the miRNA inhibition and 3 

from the miRNA overexpression screen) that stimulate BL cell growth and 5 that 

repress BL cell growth (all from the overexpression screen). 

Selection of MiRNA Candidates for Functional Studies 

To validate the results of the high-throughput screen, GFP growth competition assays 

were performed using the 10 miRZip and 5 pCDH constructs, which showed a 

decrease in abundance in the screen. A decrease in the GFP+ cell population was 

observed for all constructs in both BL cell lines. Thus, constructs that were 

significantly depleted in only one of the two BL cells lines in the screens, affected 

growth in both cell lines, using individual GFP growth competition assays (Figure 2A 

and 2B). 

For further functional analysis, we selected miRNAs with a differential expression 

between the BL and the GC-B cells, based on small RNA sequencing data [20]. As a 

second criterion, we focused on miRNAs with a relative abundance of approximately 

1,000 RPM in the BL cell lines (for the miRZip constructs) or in the GC-B cells (for the 

pCDH constructs). This RPM criterion was based on the results of a high-throughput 

assessment of miRNA activity [21] (Figure 2C and 2D). These two criteria resulted in 

four miRNA candidates, i.e., miR-378a-3p from the miRZip pool and miR-150-5p, 
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miR-26a-5p, and miR-26b-5p from the pCDH pool. As we previously studied the 

function of miR-378a-3p [20] and miR-150-5p in BL [16], we decided to further focus 

on miR-26a-5p and miR-26b-5p, two seed members of the miR-26-5p family. 

 

Figure 2. Validation of screening results and selection of miRNAs for functional experiments. 

Green fluorescent protein (GFP) growth competition assay of individual (A) miRNA inhibition and (B) 

miRNA overexpression constructs in ST486 and DG75 cells. The GFP+ cell percentage was measured 

using flow cytometry for 22 days, and the percentage at the first day of measurement was set to 100%. 

* p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001, based on mixed-model analysis. (C) Small 

RNAseq-based expression levels of the miRNA candidates from the miRZip pool and the (D) pCDH 

pool. Shown are the average read counts of 4 BL cell lines (ST486, CA46, DG75, and Ramos) and the 

average of 3 GC-B cell samples. (E) Expression of miR-26a/b-5p in the BL tissue samples and the 

GC-B cells, and in (F) the P493-6 B-cells, with and without MYC expression relative to RNU49 by 

qRT-qPCR. ** p <0.01 (Mann-Whitney U-test). The lines represent the median of the miRNA levels. 

To confirm the decrease in miR-26a-5p and miR-26b-5p expression in BL cell lines 

compared to the GC-B cells, as observed by small RNA sequencing, we assessed the 

expression of these two miRNAs in primary BL tissues relative to the GC-B cells by 

qRT-PCR. Significantly decreased levels were observed for both miR-26a-5p and 

miR-26b-5p in the BL tissues (Figure 2E). We also confirmed the previously reported 

regulation of both miRNAs by MYC in the P493-6 B-cell [22]. Both miRNAs showed 

≥3-fold reduction in expression upon MYC induction (Figure 2F). Taken together, 
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miR-26a-5p and miR-26b-5p are MYC-repressed miRNAs with decreased expression 

in BL that upon overexpression repress BL cell growth. 

Identification of Targets of the miR-26-5p Family by Ago2-RIP-Chip 

To identify the target genes relevant for the observed effect of the two miR-26-5p 

family members on the BL cell growth, we carried out Ago2-RIP-Chip analysis in two 

BL cell lines. As both miR-26a-5p and miR-26b-5p share the same seed sequence 

and have a >90% overall sequence homology (Figure S3A), they are likely to target a 

highly similar set of genes. Therefore, we used the pCDH-miR-26b construct as being 

representative for both and used the pCDH-EV as a negative control (Figure S3B). 

The efficiency of the Ago2-IP procedure was confirmed by showing enrichment of the 

Ago2 protein and of miR-26-5p in the Ago2-IP fractions (Figure S3C and S3D, Figure 

S4). 

Analysis of the microarray data from the Ago2-IP (IP) and total (T) samples revealed 

12,286 and 9,206 consistently expressed probes in ST486 and DG75, respectively. In 

pCDH-miR-26b and pCDH-EV-infected ST486 and DG75 cells, 1277 to 1826 probes 

were IP-enriched with an IP/T ratio ≥2, i.e., 13.9%–15.2% of the consistently 

expressed probes (Table 1). Gene set enrichment analysis revealed a significant 

enrichment of two sets of predicted miR-26b-5p target genes in the Ago2-IP fractions 

of cells with miR-26b-5p overexpression (Figure 3A). These gene sets ranked as the 

first and second gene sets in both BL cell lines and further indicated a high efficiency 

of the Ago2-IP procedure. Furthermore, TargetScan-predicted miR-26b-5p targets 

were significantly enriched in the Ago2-IP fractions upon miR-26b overexpression, as 

compared to the Ago2-IP fractions of pCDH-EV in both BL cell lines (Figure 3B). 

Table 1. Number of Ago2-IP enriched genes in the miR-26 overexpressing and control 

BL cell lines, and the number of miR-26b-5p target genes in ST486 and DG75. 

IP/T 

Ratio 

ST486 (n = 12,286) DG75 (n = 9,206) 

pCDH-miR-26b EV pCDH-miR-26b/EV pCDH-miR-26b EV pCDH-miR-26b/EV 

≥2 1,587 1,524 94 1,236 1,140 59 

≥4 560 573 10 462 412 5 

≥8 169 205 0 141 143 0 
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Table 2. Overview of the Ago2-IP and Brunello results for the 47 miR-26b-5p targeting 

genes. 

Gene Transcript ID 

FC of IP/T 

Ratio 
 

Brunello Screen  

 

miR-26b-5p Binding Site 

** 

DG75 ST486 FC P-Value* CDS 3'UTR 

COPS2 ENST00000388901 5.1 4.0 
 

−13.9 4.97*10-86 
 

7mA1 7mA1 

EZH2 ENST00000320356 2.3 2.2 
 

−9.4 3.87*10-45 
 

7mA1 8m 

KPNA2 ENST00000330459 2.5 3.3 
 

−6.6 1.16*10-6 
  

8m 

MRPL15 ENST00000260102 2.2 2.7 
 

−6 5.03*10-43 
 

7mA1 
 

NOL12 ENST00000359114 2.2 2.1 
 

−5.6 2.67*10-47 
 

8m 7mA1 

EIF4E ENST00000505992 2.9 4.3 
 

−4.3 5.76*10-12 
   

TRAPPC4 ENST00000533632 2.1 2.3 
 

−3.7 1.0*10-8 
  

7mA1 

ALG1 ENST00000262374 2.3 2.5 
 

−3.2 0.042 
  

7m8 

FANCF ENST00000327470 3.4 2.6 
 

−2.4 3.52*10-4 
  

7mA1/8m 

B3GNT2 ENST00000301998 3.1 2.9 
 

−1.9 1 
 

8m 
 

MT2A ENST00000245185 3.4 2.4 
 

−1.7 0.045 
   

NXT1 ENST00000254998 2.3 2.3 
 

−1.5 1 
   

MT1B ENST00000334346 2.3 2.2 
 

−1.4 1 
   

MSMO1 ENST00000261507 2.3 2.5 
 

−1.4 1 
  

8m 

PPP1CC ENST00000335007 2.9 3.8 
 

−1.2 1 
 

7mA1 
 

MT1E ENST00000306061 2.2 2.7 
 

−1.2 1 
   

MPV17L2 ENST00000599612 2.6 2.5 
 

−1.2 1 
 

8m 
 

RHOQ ENST00000238738 2.8 2.5 
 

−1.2 1 
  

7mA1/7m8/8m 

TBC1D7 ENST00000379300 2.0 2.8 
 

−1.2 1 
 

8m 
 

TMEM156 ENST00000381938 3.0 2.8 
 

−1.1 1 
 

8m 7mA1 

REEP4 ENST00000306306 4.6 4.1 
 

−1.1 1 
  

7m8 

ASB10 ENST00000420175 2.1 3.4 
 

−1.1 1 
   

OSCP1 ENST00000235532 2.9 2.4 
 

-1 1 
   

H3F3C ENST00000340398 2.3 3.0 
 

-1 1 
   

PRMT3 ENST00000331079 2.1 2.7 
 

1 1 
 

7mA1 
 

ZDHHC6 ENST00000369405 4.2 3.9 
 

1 1 
  

8m 

DIABLO ENST00000650715 2.1 2.1 
 

1.1 1 
  

7mA1 

TXNDC17 ENST00000250101 2.5 2.1 
 

1.1 1 
 

7mA1 
 

MGST1 ENST00000396209 3.5 4.5 
 

1.1 1 
   

MSRB2 ENST00000376510 3.8 3.8 
 

1.2 1 
  

7mA1 

FRAT2 ENST00000371019 3.7 3.3 
 

1.2 1 
  

8m 

ADAM19 ENST00000257527 2.4 2.1 
 

1.3 1 
  

8m 

PRKCD ENST00000330452 4.2 3.1 
 

1.3 1 
  

8m 

ACBD5 ENST00000396271 3.3 2.5 
 

1.3 1 
  

7mA1/8m 

ZNF410 ENST00000555044 2.4 2.4 
 

1.3 1 
  

8m 

ACYP2 ENST00000394666 2.4 2.6 
 

1.4 1 
   

BID ENST00000317361 2.7 3.6 
 

1.6 1 
  

8m 

SLC25A36 ENST00000324194 2.3 2.3 
 

1.6 1 
   

CRADD ENST00000332896 2.0 2.4 
 

1.6 1 
  

8m 

POLR3G ENST00000369314 2.4 3.9 
 

1.7 1 
   

SAAL1 ENST00000524803 2.2 2.3 
 

1.7 0.984 
 

7mA1/8m 
 

TMEM206 ENST00000261455 3.0 4.2 
 

1.8 6.96 × 10−4 
   

LINC00847 ENST00000501855 2.8 2.9 
      

LOC100294145 N/A 2.2 2.1 
      

MT1L ENST00000565768 2.8 2.3 
      

XLOC_l2_008009 TCONS_l2_00014564 2.5 2.9 
      

lnc-C2orf81-2 lnc-C2orf81-2:1–2 2.3 2.2 
     

7m8/8m *** 

* Cut-off for the significantly depleted or enriched genes: adjusted p-value < 0.001. ** No miR-26b-5p 

binding sites were present in 5’-UTR. *** Binding sites in noncoding RNAs were listed in the 3’-UTR 

column. 7mA1 = 7mer-A1, 7m8 = 7mer-m8, 8m = 8mer, FC = fold change, and N/A = not available. 
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Figure 3. Identification of the miR-26b-5p target genes. (A) Enrichment plots of gene sets for the 

miR-26-5p targets. Pre-ranked gene set enrichment analysis was performed on average miR-26b IP/T, 

over empty vector (EV) IP/T fold-change values. (B) Comparison of the percentage of 

TargetScan-predicted targets of miR-26b-5p among the consistently expressed genes, and Ago2-IP 

enriched genes. (C) The overlap of the miR-26b-5p targets identified in ST486 and DG75, upon 

miR-26b overexpression. (D and E) IP/T ratios of the miR-26b-5p targets identified by Ago2-RIP-Chip 

upon miR-26b-5p overexpression, relative to EV in ST486 and DG75. The black dots indicate genes 

with predicted miR-26b-5p binding sites. (F and G) Fold changes in expression of the 47 genes in 

ST486 and DG75, upon miR-26b-5p overexpression, compared to the EV control. Same order of genes 

as in D and E. The 8 genes indicated in panels D to G are identified in the CRISPR/Cas9 screen shown 

in Figure 4A. 

Comparing the Ago2-IP-enriched target genes of pCDH-miR-26b infected cells to 

those of the pCDH-EV infected cells, revealed 94 genes with a >2-fold increased 

enrichment in ST486 and 59 in DG75, with an overlap of 47 (Figure 3C, Table 2). The 

identified targets included two proven miR-26b-5p targets, i.e., EZH2 and KPNA2, and 
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one proven miR-26a-5p target, i.e., PRKCD [23–27]. The majority of the genes 

identified in only one of the two cell lines showed a similar increased enrichment also 

in the other cell line, although it did not reach our 2-fold criterion. Thirty of the 47 

overlapping miR-26b-5p targets (64%) had at least one potential miR-26b-5p binding 

site (7mer-A1, 7mer-m8, or/and 8mer) (Figure 3D, 3E, and Table 2). Moreover, the 

vast majority of the 47 genes showed decreased expression levels upon miR-26b-5p 

overexpression (Figure 3F and 3G). In summary, using Ago2-RIP-Chip, we identified 

47 putative target genes of miR-26b-5p in the BL cell lines. 

COPS2, NOL12, MRPL15, and KPNA2 Are Potential Targets of 

miR-26b-5p and the Essential Genes for the BL Cells 

To aid selection of the relevant target genes for further analysis, we used data from 

our genome wide CRISPR/Cas9 dropout screen (in which each gene is targeted by 

four sgRNAs) in ST486 cells (Figure S5) [28]. Among the 47 potential targets of the 

miR-26b-5p common in both ST486 and DG75, 42 were included in the screen. The 

five genes that were not included in the screen are non-coding genes. Single guide 

RNAs targeting eight genes, including the two known miR-26b-5p targets, i.e., EZH2 

and KPNA2, showed a significant depletion in the dropout screen (Figure 4A). Of 

these eight, we selected the five genes with the strongest depletion (FC < −5.0) for 

further validation. As EZH2 proved to be an essential gene for BL cells and a 

previously reported target of miR-26b-5p [29], we focused on the remaining four 

genes, i.e., COPS2, NOL12, MRPL15, and KPNA2. 

The negative effect of the knockout of these four genes on BL cells was confirmed 

using CRISPR/Cas9-based GFP growth competition assays in ST486 and DG75 

(Figure 4B). Compared to the negative controls, significant decreases in the number 

of GFP+ cells were observed for all sgRNAs targeting the four selected genes, both in 

ST486 and DG75. This indicated that depletion of these genes is disadvantageous for 

BL cells, which was in line with the phenotype induced upon miR-26b-5p 

overexpression. 

To confirm targeting by miR-26b-5p, we performed luciferase reporter assays in 

ST486 for six predicted miR-26b-5p binding sites in these four genes (Figure 4C). A 

significant reduction in the Renilla over the Firefly (R/F) ratio upon miR-26b-5p 

overexpression was observed for the miR-26b-5p binding site in KPNA2 (Figure 4D) 

but not for the mutated site, suggesting a direct targeting of KPNA2 by miR-26b-5p. 

Moreover, the R/F ratio for the mutated miR-26b-5p binding site was increased, 

compared to the wildtype binding site in BL cells without miR-26b overexpression, 

indicating regulation by endogenous miR-26b-5p. A minor reduction in the R/F ratio 

was shown for one of the two predicted miR-26b-5p binding sites in COPS2, 
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indicating a possible regulation by miR-26b-5p. For the remaining two genes, binding 

of miR-26b-5p to the predicted binding sites could not be confirmed. 

 

Figure 4. Validation of miR-26b-5p target genes. (A) Scatter plot displaying the results of the 

Brunello screen in ST486 for the identified 42 consistent miR-26b-5p target genes relative to their 

enrichment in the Ago2-IP fraction. The gene names indicated in the figure were identified as targets of 

miR-26b-5p using Ago2-IP, and showed significant changes in abundance in the Brunello screen. (B) 

Green fluorescent protein (GFP) growth competition assay with sgRNAs targeting the selected 

miR-26b-5p target genes in ST486 and DG75 confirm their effects on cell growth. * p < 0.05 and **** p 

< 0.0001, based on mixed model analysis. BL cell lines were infected with sgRNAs in duplicates, 

except for MRPL15-sg2, which was infected once in ST486. (C) Schematic representations of the 

location of the predicted miR-26b-5p binding sites (mbs) for the four genes selected for validation by 

luciferase reporter assay. The black boxes indicate the position of the open reading frames (ORF). 

Positions and types of miR-26b-5p binding sites are indicated, relative to the ORF. (D) Luciferase 

reporter assay results upon co-transfection of the ST486 cells with the Psi-check-2 construct containing 

the wildtype (WT) or mutated (MUT) miR-26b-5p binding sites from the selected genes and either 

miR-26b-5p mimic or a negative control mimic. Significant differences were calculated using a paired 

t-test. * p <0.05, ** p <0.01. 

Discussion 

In this study, we identified 18 miRNAs that control BL cell growth, using a high 

throughput loss- and gain-of-function screening approach. We focused our functional 

follow-up experiments on miR-26a-5p and miR-26b-5p, both of which showed a 

negative effect on the BL cell growth upon overexpression. Knockdown of eight of the 
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miR-26b-5p target genes identified by Ago2-IP, also inhibited the BL cell growth in a 

genome wide CRISPR/Cas9 dropout screen. Targeting of KPNA2 by miR-26b-5p was 

subsequently confirmed by the luciferase reporter assay. 

In the loss-of-function screen (miRZip), ten miRNA inhibitor constructs showed a 

negative effect on the BL cell growth, while none of the constructs enhanced the BL 

cell growth. This imbalance might be explained by the selection of miRNAs included in 

this library. Most miRNAs were included based on previously reported oncogenic 

properties or enhanced expression in BL. The levels of five of the ten miRNAs, i.e., 

let-7f-2-3p, miR-190-5p, let-7e-5p, miR-449a-5p, and miR-494-3p were low in the BL 

cells, with an RPM <100 and based on a previous study, were less likely to be 

functionally relevant [21]. Nevertheless, we did confirm an effect on BL growth for 

these five miRNAs. For let-7e-5p, this might be explained by the presence of two other 

seed family members that showed a high expression in BL, i.e., let-7a-5p and let-7f-5p. 

Thus, our miRZIP constructs might not only inhibit a specific miRNA but also its 

closely related family members with highly similar sequences. For the four other low 

abundant miRNAs, the underlying explanation is less clear. However, three of them 

were previously indicated in B-cell lymphoma growth. A negative effect of inhibition of 

let-7f-2-3p and miR-449a-5p was observed in a high throughput screen in Hodgkin 

lymphoma [30]. MiR-494-3p was proposed to influence proliferation by inhibiting MYC 

expression in B-cell lines [17]. The other five candidates had expression levels that 

were considered to be more physiologically relevant. We recently studied 

miR-378a-3p and showed its involvement in BL growth [20]. An oncogenic role for 

miR-21-5p has been shown in many cancers and we reported its role on proliferation 

of the Hodgkin lymphoma [30]. In contrast to the potential oncogenic role of 

miR-30e-5p in our study, other seed family members have been reported to function 

as tumor suppressors in colorectal cancer, breast cancer, and non-small cell lung 

cancer [31–33]. An oncogenic role was shown for miR-106b-5p in non-small cell lung 

cancer, renal cell carcinoma, and glioma tumor [27,34,35]. Interestingly, miR-9-5p was 

shown to have both tumor suppressor and oncogenic properties in different cancers 

[36,37]. In HL, it was shown that miR-9-5p impaired tumor outgrowth in a xenograft 

model of HL [38]. 

In the miRNA overexpression library screen (pCDH), three constructs showed a 

positive effect on the BL cell growth and five constructs showed a negative effect. For 

one of the three overexpression constructs (pCDH-miR-155) with a positive effect on 

growth, we previously demonstrated that targeting of NIAM1 might at least in part 

explain the growth promoting effect of miR-155 in BL [19]. For miR-151a-3p, a growth 

stimulating effect was shown in nasopharyngeal carcinoma [39], while an oncogenic 

role was reported for miR-222-3p in diffuse large B-cell lymphoma, by promoting 

proliferation and inhibiting cell apoptosis [40]. Five constructs had a decreased 

abundance over time, i.e., pCDH-miR-26a, pCDH-miR-26b, pCDH-miR-150, 
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pCDH-miR-34a, and pCDH-miR-34c. In line with our results, the miR-34 family was 

shown to function as tumor suppressors in numerous cancer types [8]. However, the 

miR-34 family members were not expressed in the BL cell lines or normal GC-B cells, 

which raises the question how relevant these data are in the context of BL 

pathogenesis or GC B-cell functionality. The other three miRNAs, i.e., miR-150-5p, 

miR-26a-5p, and miR-26b-5p, were all expressed at moderate to high levels in GC-B 

cells (RPM > 1000) and have decreased expression in BL cell lines. The negative 

effect of miR-150-5p on BL cells was consistent with our previous study, in which we 

showed that targeting of ZDHHC11/B and MYB by miR-150 contributes to the 

observed phenotype [16]. The miR-26 family has emerged as a key tumor suppressor 

that is deregulated in many cancer types and plays a regulatory role in cell 

proliferation, cell cycle, and apoptosis in many types of cancer [41]. EZH2 is a proven 

target of miR-26a/b-5p and it was shown that MYC could enhance the EZH2 levels by 

repressing miR-26a/b-5p [42]. Moreover, EZH2 was also identified as an essential 

gene for BL in our CRISPR/Cas9 dropout screen. In addition, EZH2 was shown to 

promote MYC expression by inhibiting the MYC-targeting miR-494-3p, resulting in a 

positive feedback loop between MYC, miR-26a/b-5p, EZH2, and miR-494-3p, which 

ensured high MYC levels and proliferation of BL [17,42]. A recently published study 

also confirmed the interplay between MYC, miR-494-3p, and EZH2 in BL [43]. 

Ago2-IP was used to identify the target genes of miR-26b-5p. The top five identified 

miR-26b-5p target genes included the previously proven targets EZH2 and KPNA2, 

and in addition revealed COPS2, NOL12, and MRPL15 as potential targets. 

Luciferase reporter assays for the latter four genes confirmed binding of miR-26b-5p 

to the predicted target site of KPNA2. For the other three genes, actual binding of 

miR-26b-5p to the predicted binding sites could not be confirmed, although a mild 

effect was observed for COPS2. Nevertheless, we cannot rule out binding of 

miR-26b-5p to other parts of the transcripts lacking the canonical seed sequences. 

COPS2 and NOL12 were shown to accelerate cell cycle and promote cell proliferation 

in several types of tumors [44–46]. MRPL15 is a member of human mitochondrial 

ribosomal proteins (MRPs), which provide energy in the form of ATP for cell growth 

[47]. Although we show an effect of targeting of these three genes on BL growth, the 

relevance of these three genes as targets of miR-26b-5p in BL needs further 

investigation. 

KPNA2 is a member of the karyopherin family and was reported to be upregulated in 

many cancer types [48–51]. Moreover, KPNA2 was previously validated as a target of 

miR-26b-5p but was not yet studied in the context of BL [23,24,49]. The 

miR-26b-5p-induced KPNA2 knockdown inhibited epithelial ovarian carcinoma cell 

proliferation and metastasis probably via the KPNA2/OCT4 pathway suppression [23]. 

In gastric cancer, miR-26b-5p inhibited metastasis by regulating the KPNA2/c-jun 

pathway [49]. In ovarian carcinoma, KPNA2 promoted cell proliferation and G1/S cell 
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cycle transition through increased levels of MYC [52]. In glioma, knockdown of KPNA2 

decreased the levels of MYC and this was linked to decreased proliferation and 

invasion [53]. The above studies suggest that the miR-26b-5p-dependent regulation 

of KPNA2 might affect tumor cell growth via diverse mechanisms, including regulation 

of OCT4, c-jun, and MYC. Altogether, decreased miR-26b-5p levels might be relevant 

for BL pathogenesis, to ensure high levels of the two target genes, i.e., EZH2 and 

KPNA2, both of which support MYC activity. BL cells strongly depend on high MYC 

levels, and downregulation of MYC via the miR-26b-5p/KPNA2 and miR-26b-5p/EZH2 

axis could exert negative effect on BL cells. Together with the MYC-dependent 

repression of miR-26 that we confirmed in BL, this establishes a positive feedback 

loop that enforces high MYC levels and a high proliferation rate in BL cells. 

In summary, we identified in a loss- and gain-of-function screening, 18 miRNAs that 

control BL cell growth. These included miR-26a-5p and miR-26b-5p, which were both 

downregulated in BL, was repressed by MYC, and inhibited BL cell proliferation. Eight 

Ago2-IP-enriched miR-26b-5p targets were shown to be essential for the BL cell 

growth, and we confirmed KPNA2 as a relevant miR-26b-5p target in BL. In 

combination with the previously reported and validated target EZH2, we proposed that 

the MYC-dependent repression of miR-26b-5p is essential to induce high levels of 

both KPNA2 and EZH2, both of which support MYC-dependent growth of BL. 

Conclusions 

MicroRNAs are important regulators of the Burkitt lymphoma pathogenesis. Our 

high-throughput based miRNA loss- and gain-of-function screen identified 18 miRNAs 

that influence BL cell growth. Further analysis of the MYC-repressed miR-26b-5p 

confirmed its negative effect on BL cell growth and identified KPNA2 and EZH2 as 

miR-26b-5p targets that are essential genes in BL. Both KPNA2 and EZH2 are known 

to promote MYC expression. This suggests a feedback loop in BL, where miR-26b-5p 

is repressed by MYC to release its negative effect on KPNA2 and EZH2, and further 

promotes elevated MYC levels and a high proliferation rate. 

Materials and Methods 

Tissue Samples and Cell Lines 

GC-B cells were sorted from tonsil tissues, as described previously, and frozen BL 

tissue samples were obtained from the pathology files of the UMCG tissue bank 

[13,54]. The procedures were according to the guidelines of the medical ethics board 

of the University Medical Center Groningen. Written permissions for the use of the 

tonsil samples were obtained from the parents of the children [55]. 
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EBV-negative BL cell lines were obtained from American Type Culture Collection 

(ATCC, Manassas, VA, USA) (ST486 and Ramos), or German Collection of 

Microorganisms and Cell Culture (DSMZ, Braunschweig, Germany (DG75 and CA46). 

P493-6 cells were a kind gift from Prof. D. Eick (Helmholtz Center, Munich, Germany). 

All cells were cultured at 37 °C, under an atmosphere containing 5% CO2 in 

RPMI-1640 medium (Cambrex Biosciences, Walkersville, MD, USA), supplemented 

with 2 nM ultraglutamine, 100U/mL penicillin, 0.1mg/mL streptomycin, and 10% 

(DG75, CA46, Ramos, P493-6) or 20% (ST486) Fetal Bovine Serum (Sigma-Aldrich, 

Zwijndrecht, The Netherlands). We routinely confirmed cell line identity using the 

PowerPlex® 16HS System (Promega, Leiden, The Netherlands) and absence of 

mycoplasma contamination. 

Generation of the Construct Pools for miRNA Inhibition and 

Overexpression 

The miRNA inhibition library (miRZip pool) included 58 miRNA inhibition constructs 

and two negative control constructs. Thirty-four miRNAs were selected based on 

being MYC-induced, as identified in the P493-6 B cell model or on the basis of being 

upregulated in BL compared to (1) GC-B cells, (2) chronic lymphocytic leukemia (CLL), 

or (3) other B-cell lymphoma tissue samples (Table S3) [9–13]. The remaining 24 

miRNA inhibition constructs were included in the library, based on availability. The 

miRZipTM/pGreen-Puro Lentiviral-based miRNA inhibition/shRNA constructs were 

partly purchased from SBI (Palo Alto, CA, USA) and partly custom-made [55]. In 

addition to the miRNA inhibition constructs, the pool included 186 additional shRNA 

constructs against various coding or noncoding transcripts irrelevant to this project. 

The miRNA overexpression library (pCDH pool) included 44 miRNA overexpression 

constructs and one negative control construct. The miRNA precursor constructs 

encoded for 88 potential mature miRNAs, i.e., the 5p and the 3p strands. Five of the 

3p strands were not annotated in miRBase (http://www.mirbase.org). Of the 88 

potential mature miRNAs, 46 miRNAs derived from 35 constructs were identified as 

MYC-repressed miRNAs, in the P493-6 B-cell model, or showed decreased 

expression levels in BL, as compared to (1) GC-B cells, or (2) CLL, or (3) other B-cell 

lymphomas (Table S4) [9–13]. The remaining nine constructs were included, based on 

availability. The miRNA overexpression constructs were partly purchased from 

System Biosciences (SBI, Palo Alto, CA) and partly custom made. To avoid 

differences in efficiency of virus generation and infection, we designed all inserts with 

a similar size varying from 481 to 525bp, as described previously [56]. For 

pCDH-miR-19b-1 and pCDH-miR-27a, two copies of the stem-loop fragment were 

cloned into the vector, to reach a similar insert size as the other constructs. 
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Sequences of all inserts were verified by Sanger sequencing. For generation of 

lentiviral particles of miRNA inhibition and overexpression pools, equal amounts of 

miRZip or pCDH constructs were mixed respectively. 

Production of Lentiviral Particles 

Lentiviral particles for miRZip/pCDH pools or individual constructs were produced in 

HEK-293T cells, by calcium phosphate precipitation transfection, using a 

third-generation packaging system, as described previously [55]. In brief, the 

HEK-293T cells were seeded in 6-well plates and grown until ~80% confluence. A 

plasmid mix consisting of 15 μL CaCl2 (2.5M), 1 μg pMSCV-VSV-G, 1 μg pRSV.REV, 

1 μg pMDL-gPRRE, 2 μg lentiviral vectors (plasmid mix or plasmids with individual 

constructs), and 150 μL of 2x HBS was prepared to transfect the HEK-293T cells. 

Virus was harvested and filtered using a 0.45 μm filter, 48 h after transfection. Virus 

was either used directly or stored at –80 °C. 

Quality Control of miRNA Inhibition and Overexpression Pools 

To verify the presence of the functional antisense miRNA strand of the inhibition 

constructs, ST486 cells were infected with the miRZip pool (including 55/60 miRZip 

constructs). HEK-293T cells were infected with the pCDH pool (including 39/45 pCDH 

constructs) to monitor efficiency of the overexpression constructs, as the maximum 

percentage of the infected cells was relatively low for the pCDH vector in the BL cell 

lines. Total RNA was extracted from infected cells using the miRNeasy mini kit 

(Qiagen, Venlo, The Netherlands), following the manufacturer’s instructions. RNA 

concentration was measured with a NanoDropTM 1000 Spectrophotometer (Thermo 

Fisher Scientific Inc., Waltham, Massachusetts, USA) and RNA integrity was checked 

on a 1% agarose gel. Small RNA libraries were generated from about 1 μg RNA 

isolated from the miRZip pool-infected ST486, empty vector (pCDH-EV) and pCDH 

pool-infected HEK-293T cells, using the NEXTflex™ Small RNA Sequencing Kit v3 

(Bio Scientific, Austin TX, USA), as described previously [55]. Total read counts per 

condition were standardized to 1,000,000. 

For the miRZip pool infected ST486, reads were aligned to 5p or 3p strand of the 

insert sequences of the miRZip constructs. Expression of the appropriate strand of the 

miRZip constructs was determined by analyzing the abundance of the antisense 3p 

strand, relative to the 5p strand. For the pCDH pool, effectiveness of the 

overexpression constructs was estimated by the fold change in the expression of the 

more abundant miRNA strand in the pCDH pool-infected HEK-293T cells, as 

compared to empty vector-infected HEK-293T cells. 
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High Throughput Screen 

To achieve a good representation of all constructs, 7.5 million ST486 and DG75 cells 

were infected in duplicate with the miRZip or pCDH pools, aiming at 10%–15% 

infected GFP+ cells. This resulted in an average of at least ~3000 (miRZip) and 

~16,000 (pCDH) infected cells per construct, at the start of the experiment. At day 5 

(miRZip) or day 6 (pCDH) post infection, the cells were sorted using a MoFlo sorter 

with a 70 μm nozzle (BD Biosciences, Dan Jose, California, USA). For each infection, 

1 million sorted GFP+ cells were used for DNA isolation and at least 1 million of the 

sorted cells were kept in culture, until day 40, to ensure sufficient representation of 

each construct. For the miRZip screens, 1 million cells were collected at days 5, 7, 15, 

25, and 40 (DG75) or days 5, 9, 15, 25, and day 40 (ST486). For the pCDH screens, 1 

million cells were collected at days 6, 8, 15, 25, and 40 (DG75 and ST486). Cell 

pellets were stored in −20 °C for DNA isolation. 

DNA Isolation and Amplification of the Inserts 

Genomic DNA was isolated using a salt/chloroform extraction method and was 

measured by a NanoDropTM 1000 Spectrophotometer (Thermo Fisher Scientific Inc.). 

DNA quality was checked on a 1% agarose gel. Inserts of the constructs were 

amplified in duplicates (miRZip) or triplicates (pCDH), using ampliTtaq DNA 

Polymerase, following the instructions of the manufacturer (Thermo Fisher Scientific 

Inc.). For the miRZip samples, a universal forward primer 

5’-CTGGGAAATCACCATAAACG-3’ with a unique 8-9nt sample ID was used for each 

individual PCR reaction. The sequence of the reverse primer was 

5’-CTAACCAGAGAGACCCAGTAG-3’ for ST486 samples and 

5’-TCTAACCAGAGAGACCCAGTAG-3’ for DG75 samples. For the pCDH samples, 

the sequence of the universal forward primer was 5’-CTGGGAAATCACCATAAACG-3’, 

with a unique 8-9nt sample ID for each individual PCR reaction. The sequence of the 

reverse primers was 5’-CAAGCGGCTTCGGCCAGTAACGTT-3’ for the ST486 

samples and 5’-CCAAGCGGCTTCGGCCAGTAACGTT-3’ for the DG75 samples. 

Approximately 400 ng genomic DNA, equivalent to about 67,000 cells (~6pg DNA/cell), 

was used for each PCR reaction. This DNA input corresponded to at least 53,000 or 

27,000 GFP+ cells per PCR, for the miRZip (minimal purity 75%) and the pCDH 

(minimal purity 45%) samples, respectively. PCR products were checked on a 2% 

agarose gel and mixed equally, based on band intensities. 

Library Preparation, Next Generation Sequencing, and Data 

Analysis 

The PCR product mixes of the miRZip and pCDH pools were purified using the DNA 

Clean & ConcentratorTM-5 kit (Zymo Research, Irvine, CA, USA). For the miRZip 
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constructs, this was followed by digestion with AgsI (SibEnzyme, Academtown, 

Russia), which cuts within the loop sequence of the short hairpins, to prevent 

formation of unwanted hairpin-like structures during the sequencing reaction. 

Adaptors (NEBNext multiplex oligo’s for Illumina, #E7335 New England Biolabs, 

Ipswich, Massachusetts, USA) were ligated to the purified DNA fragments, followed 

by paired-end sequencing, using the MiSeqTM platform (Illumina, San Diego, CA, 

USA). The sequencing reads were assigned to the PCR samples, using the sample 

IDs and were aligned to the insert sequences of the constructs in the pools. 

Processing of the reads and alignment was done using SAM tools (version 1.3; 

http://www.htslib.org) and BWA (version 0.7.12; https://github.com/lh3/bwa), 

respectively. The total reads of the miRZip samples were normalized to 50,000 and 

the total reads of the pCDH samples were normalized to 20,000, based on the 

estimated number of cells present in each PCR reaction. 

Processing of the high-throughput screening data was performed, as described 

previously [57]. In brief, fold changes of reads per construct relative to day 5 (miRZip) 

or day 6 (pCDH) were determined for each independent infection, based on the 

average reads of replicate PCRs. For the constructs showing increased fold changes, 

the calculated fold changes were corrected by subtracting 1 from each value and for 

the constructs with decreased fold changes, the calculated fold changes were 

corrected by adding up 1. The adapted fold changes of all time points for a construct 

were plotted and the slope of the resulting trend line with the starting point forced to 0 

was determined using a commercial software package (MATLAB 6.1, The MathWorks 

Inc., Natick, MA, USA, 2000). An adapted Tukey interquartile (IQR) method with a 

lower band cutoff of Q1-(1xIQR) and an upper band cutoff of Q3+(1xIQR) was applied 

to all slopes, to identify the constructs with significantly altered abundance in the cell 

populations. Based on the adapted IQR method analysis, consistently increased or 

decreased abundance in two infections of at least one BL cell line was set as the 

minimal criterion of altered abundance for each construct. 

Green Fluorescent Protein (GFP) Growth Competition Assay 

To validate the results of the high-throughput screens, BL cell lines were infected by 

individual miRZip, pCDH, or CRISPR/Cas9 constructs, aiming at an infection 

efficiency of 20% to 50% GFP+ cells on day 4 or day 6. The percentage of GFP+ cells 

was monitored by flow cytometry (BD Biosciences, San Jose, CA, USA), for a period 

of 22 days. GFP+ percentages were normalized to the percentage of GFP+ cells at 

day 4 (miRZip) or day 6 (pCDH and CRISPR/Cas9). Statistical analysis of GFP 

competition assays was performed, as described previously [55]. In brief, decrease in 

percentages of GFP+ cells over time was compared with the controls, using a mixed 

model, with time and the interaction of time and construct types as fixed effects and 
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the measurement repeat within construct types as random effect in SPSS (22.0.0.0 

version, IBM, Armonk, New York, USA). 

MiRNA qRT-PCR 

The miRNeasy mini- or microkits (Qiagen) were used to isolate RNA, according to the 

manufacturer’s instructions. RNA concentrations were measured by a NanoDropTM 

1000 Spectrophotometer (Thermo Fisher Scientific Inc.) and RNA integrity was 

evaluated on a 1% agarose gel. Expression of miR-26a-5p and miR-26b-5p was 

analyzed using Taqman miRNA quantitative PCR assays (Thermo Fisher Scientific 

Inc.), in a multiplexed fashion, as described previously [58]. Taqman assays were 

designed to detect 5’-UUCAAGUAAUCCAGGAUAGGC-3’ (Cat no.: 00405) for 

miR-26a-5p and 5’-UUCAAGUAAUUCAGGAUAGGU-3’ (Cat no.: 00406) for 

miR-26b-5p. MiRNA expression levels were normalized to RNU49 (house-keeping 

gene). Cycle crossing point (Cp) values were determined with Light Cycler 480 

software version 1.5.0 (Roche, Basel, Switzerland). Relative expression levels of 

miRNAs were determined by calculating 2−∆Cp (∆Cp = CpmiRNA - CpRNU49). 

Ago2-RIP-Chip 

Six million ST486 or DG75 cells were infected with pCDH-miR-26b construct or 

pCDH-EV. Approximately 35 million cells were harvested either directly or after sorting, 

to reach a GFP+ percentage >80% for each condition on day 9 (ST486) or day 11 

(DG75), post infection. Immunoprecipitation (IP) of the Ago2-containing RISC was 

performed, as described previously [59]. For each condition, about 50 ng RNA of total 

(T) and Ago2-IP (IP) fractions were labeled and hybridized to a commercially available 

Agilent microarray (AMADID no.: 072363). Data analysis was performed as described 

previously [55]. In brief, the probes flagged as present in all total fractions of 

pCDH-miR-26b or pCDH-EV infected samples with expression levels in the 25th to 

100th percentile were included in the downstream analysis. IP/T ratios were 

calculated for all probes showing a consistent signal in the duplicate experiments. 

Probes with an IP/T ratio ≥2 were considered as potential miRNA targets and the 

probes showing ≥2-fold increase in the IP/T ratio of the miR-26b overexpressing cells, 

as compared to the IP/T ratio of empty vector (pCDH-EV) were considered to be 

potential miR-26b-5p targets. 

Prediction of MiRNA Binding Sites and Gene set Enrichment 

Analysis 

To identify putative targets of miR-26b-5p among the Ago2-IP enriched genes, we 

analyzed the presence of binding sites using TargetScan release 7.2 

(http://www.targetscan.org) [60] in genes enriched in the Ago2-IP and in genes 



Chapter 4   

114 
 

expressed in the total fraction. Significance of the enrichment in the Ago2-IP was 

determined using the goodness of fit chi-squared test. In addition, we used a Pearl 

script to identify the miR-26b-5p binding sites (7mer-A1, 7mer-m8, and 8mer) in the 

5’-UTR, CDS, and 3’-UTR of the experimentally identified targets of miR-26b-5p, 

based on the RefSeq transcripts. For transcripts without an Ensembl ID, i.e., lncRNA 

genes, we performed a manual search for potential miR-26b-5p binding sites, using 

the LNCipedia or TCONS-transcript ID. 

Gene set enrichment analysis on the ranked miR-26b-IP/T ratio over the EV-IP/T ratio 

values was performed for the 5223 gene sets (Sets H, C2, C3-miR and C6), from the 

Molecular Signatures Database V6.2 (http://software.broadinstitute.org/gsea/msigdb). 

The C3-miR gene sets included a miR-26a/b-5p set (TACTTGA_MIR26A_MIR26B) 

containing 301 predicted miR-26a/b-5p target genes. We also included a miR-26b-5p 

predicted target gene set including the top-500 TargetScan-predicted target genes 

ranked by the cumulative weighted context++ score). The overlap between the list of 

301 and 500 predicted miR-26b-5p target genes was 125 genes. 

Genome-Wide CRISPR/Cas9 Knockdown Screen for Essential 

Genes in BL 

To facilitate selection of candidate miR-26b-5p target genes relevant for BL cell growth, 

we used data from our genome-wide CRISPR/Cas9 knockout screen in the ST486 

cells, using the Brunello library (Addgene, #73179) in which each gene is targeted by 

four single guide (sg)RNAs [28]. In brief, 130 million ST486 cells were infected in 

duplicate to achieve ~30% infected cells and an average of 500x coverage per sgRNA 

in the library. The transduced cells were selected with puromycin (0.3 µg/mL) for four 

days, starting 24 h after transduction. After puromycin selection, at least 38 million 

cells (corresponding to 500× coverage of the library) were collected (T0) and the 

remaining cells were harvested after culture for 20 population doublings, maintaining 

the 500× coverage at each passage (T1). DNA was isolated and sgRNA inserts were 

amplified in 130 PCR reactions per sample (3 µg DNA per 50 µl reaction) using 

primers containing Illumina adaptors and sample-specific barcodes, as described 

previously [61]. Amplicons were mixed, based on band intensities, purified from gel 

and subjected to NGS on the Illumina X-Ten platform (BGI, Hong-Kong, China). 

Reads were aligned to the sgRNA constructs in the library and enumerated using a 

Python script [61]. To identify genes significantly depleted or enriched from the cell 

pool (padj < 0.001), the DeSeq2 algorithm was applied using the CRISPRAnalyzeR 

tool (http://crispr-analyzer.dkfz.de). For validation, the two most significantly depleted 

sgRNAs were ordered and cloned into the lentiCRISPR v2 vector with GFP 

co-expression, for the GFP growth competition assay (Table S5). The modified 

lentiCRISPR v2 vector was a kind gift from Ryan O’Connell of the University of Utah 

(Salt Lake City, Utah, USA). 
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Validation of MiR-26b-5p Binding to the Predicted Binding Sites 

MiR-26b-5p binding sites (wild type and mutated) of the four selected target genes 

(Table S6) were cloned between the Xhol and NotI restriction sites of the psi-Check-2 

vector (Promega, Madison, WI, USA) downstream of the Renilla luciferase reporter 

gene, driven by the SV40 promoter. This vector also contained the firefly luciferase 

gene expressed from the TK promoter, which was used for normalization. Luciferase 

reporter assay was performed, as described previously [30]. In briefl, the psi-Check-2 

vectors with WT or mutated miR-26b-5p binding sites were co-transfected with either 

10 µM pre-miR-26b (Cat. NO.: AM17100) or control oligos (Cat. NO.: AM17111) to 

ST486 cells, using an Amaxa nucleofector device (program A23) and the Amaxa Cell 

Line Nucleofector Kit V (Cat NO.: VACA-1003) (Amaxa, Gaithersburg, MD, USA). 

Cells were harvested 24 h after transfection. Renilla and firefly luciferase activities 

were measured in the cell lysate using a Dual-Luciferase Reporter Assay System 

(Promega). Each experimental condition was measured in duplicate and the results 

were averaged. For each construct, the luciferase assay was performed in three 

independent biological replicates. 
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Supplementary Figures 

 

Figure S1. Quality control of miRNA inhibition and overexpression pools. (A) Read counts of the 

sense (miRZip-5p) and antisense (miRZip-3p, functional strand) strands of the miRZip constructs in 

ST486 cells infected with the miRNA inhibition library (55/60 constructs). Cells were harvested on day 6 

post infection for RNA isolation and library preparation. Almost 16 million reads were generated. (B) 

Expression of mature miRNAs in HEK-293T cells transduced with the miRNA overexpression library 

(pCDH-pool, 39/45 constructs) compared to empty vector (pCDH-EV) transduced cells. Cells were 

harvested on day 6 post infection. Approximately 13 and 16 million reads were obtained from the 

pCDH-pool and pCDH-EV infected cells, respectively. RPM = reads per million. *P <0.05, ****P <0.0001 

(Paired t-test). 

 

Figure S2. Sorting of infected BL cells, agarose gel electrophoresis of the PCR products, and 

sequencing reads overview of miRZip and pCDH pools. GFP+ cells were sorted at day 5 for (A) 

miRZip pool infected samples and day 6 for (C) pCDH pool infected samples. (B) Sizes of miRZip PCR 
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products range from 172 to 194bp. (D) Sizes of pCDH PCR products range from 572 to 602bp. +, PCR 

reaction with genomic DNA; -, no template control; M, 25bp or 100bp molecular weight DNA ladder. (E) 

Total reads of 40 miRZip and 60 pCDH samples. Average read counts per construct in (F) miRZip and 

(G) pCDH samples on sorting day. Constructs with a minimum of 50 reads in both BL cell lines were 

used for further analysis. 

 

 

Figure S3. Ago2-IP experiment upon miR-26b-5p overexpression. (A) Sequences and alignment of 

miR-26a-5p and miR-26b-5p. The nucleotides in bold represent seed region. (B) Infection of ST486 and 

DG75 cells with miR-26b overexpression and negative control constructs. Cells were harvested at day 

9 (ST486) and day 11 (DG75) post infection. (C) Western blot of Ago2 protein in total (T), flow through 

(FT), and immunoprecipitated (IP) fractions after Ago2 or control IgG IP shows Ago2 enrichment in the 

Ago2-IP fraction but not in the IgG-IP control fraction. (D) Overexpression efficiency and enrichment of 

miR-26b-5p in the IP fraction. MiR-26b-5p levels were 16.8- and 17.9-fold upregulated in ST486 and 

DG75, respectively, indicating an effective overexpression. In line with the western blot, miRNA 

qRT-PCR showed strong enrichment of miR-26b-5p in the Ago2-IP fractions, further indicating effective 

pull down of the miRNA-containing Ago2-RISC complexes. 
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Figure S4. Uncropped western blot results of Total (T), flow through (FT), and 

Ago2-immunoprecipitation (IP) fractions for the anti-Ago2 or the control anti-IgG antibody for 

miR-26b overexpression and the negative control (pCDH-EV) in (A) ST486 and (B) DG75 (see 

also Figure S3C). Arrows indicate the AGO2 protein. The T and FT lanes contain an aspecific band at 

~60kDa and the IP lanes also contain bands for the heavy and light chain of the antibody used for IP. 

For each IP experiment the total fraction is set to 1. 
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Figure S5. Volcano plot visualizing the results of the Brunello screen in ST486. The gene names 

indicated in the figure were identified as targets of miR-26b-5p by the Ago2-IP that showed significant 

changes in abundance in the Brunello screen. 
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Supplementary Tables 

Table S1. An overview of the miRZip pool infected samples and NGS raw read counts. 

ST486 1st experiment GFP+ (%) 
Mapped read counts and percentage 

PCR 1 (%) PCR 2 (%) 

5 93   31,795 (92) 56,673 (92) 

9 93  108,732 (93)        101,591 (93) 

15 93 51,459 (92) 44,457 (92) 

25 92 58,474 (92) 70,032 (92) 

40 92 68,249 (92) 53,461 (92) 

ST486 2nd experiment  
 

5 92  107,316 (92) 75,083 (93) 

9 88 58,643 (93) 55,291 (92) 

15 90 55,313 (92) 42,473 (92) 

25 89 33,564 (91) 42,457 (92) 

40 89 72,573 (91) 54,945 (91) 

DG75 1st experiment 
  

5 83  157,866 (92)         125,162 (92) 

7 82 56,140 (92)    45,032 (93) 

15 79 79,209 (92)         119,128 (92) 

25 77 98,804 (92)         108,243 (92) 

40 75  106,658 (93)     58,098 (92) 

DG75 2nd experiment 
  

5 82  143,826 (93)       115,756 (92) 

7 82 78,086 (93) 59,933 (93) 

15 80 70,552 (92) 74,650 (93) 

25 78 45,146 (92) 56,168 (92) 

40 77 46,606 (92) 30,684 (92) 
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Table S2. An overview of the pCDH pool infected samples and NGS raw read counts. 

ST486 1st experiment GFP+ (%) 
Mapped read counts and percentage 

PCR 1 (%) PCR 2 (%) PCR 3 (%) 

6 63 71,329 (97) 65,326 (98) 70,674 (98) 

8 68 62,557 (98) 40,014 (98) 49,125 (96) 

15 56 57,815 (96) 76,006 (98) 60,922 (97) 

25 48 52,953 (98) 64,646 (99) 57,869 (98) 

40 47 89,435 (96) 93,227 (97) 72,239 (97) 

ST486 2nd experiment 
   

6 57 72,609 (97) 99,881 (98) 91,069 (97) 

8 62 99,923 (97) 91,916 (97) 83,151 (97) 

15 53 59,275 (94) 64,382 (94) 64,716 (98) 

25 45 75,033 (97) 77,715 (99) 66,511 (99) 

40 46 52,951 (99) 44,555 (97) 34,878 (99) 

DG75 1st experiment 
   

6 64 34,832 (98) 42,598 (98) 51,590 (98) 

8 73 35,737 (98) 38,406 (97) 35,330 (98) 

15 72 38,055 (98) 33,745 (95) 33,306 (98) 

25 66 47,685 (98) 50,028 (99) 42,360 (99) 

40 62 37,446 (99) 27,186 (99) 29,223 (95) 

DG75 2nd experiment 
   

6 62 34,044 (94) 39,928 (95) 39,546 (92) 

8 79 23,505 (97) 42,419 (87) 33,133 (98) 

15 78 22,791 (98) 31,935 (98) 25,679 (93) 

25 72 25,839 (96) 19,569 (70) 20,839 (79) 

40 69 23,144 (98) 22,828 (90) 23,210 (97) 
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Table S3. Overview of the 58 miRNAs included in the miRZip pool 

Construct 
Top 30 in  

BL [19] 

Increased in  

BL vs GC-B 

[19] 

MYC-induced  

in P493-6  

[12] 

Increased in 

BL vs CLL  

[12]  

Increased in  

eBL vs GC-B  

[11]  

Increased in  

BL vs DLBCL  

[10]  

Increased in  

BL vs DLBCL-FL  

[9] 

Increased in BL vs  

other lymphomas  

[8] 

Depleted 

 in screen 

miRZip-let-7b-5p          

miRZip-let-7e-5p         √ 

miRZip-let-7f-2-3p  √       √ 

miRZip-9-5p      √   √ 

miRZip-15a-5p          

miRZip-16-5p √         

miRZip-17-5p  √ √ √      

miRZip-18a-5p   √ √    √  

miRZip-19a-3p   √ √   √ √  

miRZip-19b-3p √  √  √   √  

miRZip-20a-5p √ √ √       

miRZip-21-3p     √     

miRZip-21-5p √        √ 

miRZip-23a-3p          

miRZip-23b-3p          

miRZip-24-3p          

miRZip-25-3p √         

miRZip-26a-5p √    √     

miRZip-27a-3p          

miRZip-27b-3p     √     

miRZip-29a-3p          

miRZip-30e-5p √        √ 

miRZip-34a-5p          

miRZip-92-3p √  √  √ √  √  

miRZip-99b-5p     √     

miRZip-100-5p          

miRZip-106a-5p   √ √      

miRZip-106b-5p       √  √ 

miRZip-125a-5p          

miRZip-142-3p          

miRZip-142-5p √         

miRZip-144-3p          

miRZip-146a-5p √         

miRZip-146b-5p     √     
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Construct 
Top 30 in  

BL [19] 

Increased in  

BL vs GC-B 

[19] 

MYC-induced  

in P493-6  

[12] 

Increased in 

BL vs CLL  

[12]  

Increased in  

eBL vs GC-B  

[11]  

Increased in  

BL vs DLBCL  

[10]  

Increased in  

BL vs DLBCL-FL  

[9] 

Increased in BL vs  

other lymphomas  

[8] 

Depleted 

 in screen 

miRZip-150-5p          

miRZip-155-5p          

miRZip-181a-5p √  √      √ 

miRZip-182-5p √ √   √     

miRZip-183-5p √ √   √ √    

miRZip-190a-5p  √       √ 

miRZip-196a-5p          

miRZip-205-5p          

miRZip-301b          

miRZip-320a  √        

miRZip-324-3p          

miRZip-330-5p  √        

miRZip-345-5p          

miRZip-378a-3p √ √  √      

miRZip-431-star          

miRZip-449a-5p         √ 

miRZip-494-3p    √     √ 

miRZip-500a-5p          

miRZip-615-3p      √    

miRZip-615-3p          

miRZip-625-5p  √        

miRZip-892b          

miRZip-4454  √        

miRZip-4455          
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Table S4. Overview of the 44 miRNA precursors included in the pCDH pool 

pCDH 

construct 
Strand 

Decreased in 

BL vs GC-B 

[19] 

MYC- 

Repressed  

[12] 

Decreased in  

BL vs CLL  

[12] 

Decreased in 

eBL vs GC-B  

[11] 

Decreased in 

BL vs DLBCL  

[10] 

Decreased in 

BL vs DLBCL-FL  

[9] 

Decreased in BL vs 

other lymphomas  

[8] 

Depleted/enriched 

 in screens 

let-7a 5p 

 

√ √ √ 

  

√ 

 
miR-9 

5p 

    

√ 

   3p 

    

√ 

   miR-10a 5p 

      

√ 

 miR-19b-1 
 

        
miR-21 

5p √ 

 

√ √ 

    3p √ 

       
miR-23a 

5p 

    

√ 

   3p 

 

√ √ 

     miR-24 3p 

 

√ √ 

     miR-26a 5p 

 

√ √ 

 

√ 

 

√ √ 

miR-26b 5p 

 

√ √ 

 

√ 

 

√ √ 

miR-27a 3p 

  

√ 

     miR-27b 3p 

  

√ 

     
miR-28 

5p √ 

 

√ √ 

    3p √ 

       miR-29a 3p 

 

√ √ √ 

  

√ 

 miR-29b 3p 

 

√ √ 

 

√ 

 

√ 

 
miR-29c 

5p 

     

√ 

  3p 

 

√ √ √ 

  

√ 

 
miR-30a 

5p √ 

 

√ 

 

√ 

   3p √ 

 

√ 

     miR-34a 5p 

 

√ √ 

    

√ 

miR-34b 
5p 

  

√ 

 

√ 

   3p 

    

√ 

   miR-34c 5p 

       

√ 

miR-101 3p 

 

√ √ 

     miR-106b 
 

        miR-125a 5p √ 

 

√ 

     miR-125b 5p 

 

√ √ 

 

√ 

   miR-141 3p √ 

 

√ 

     
miR-142 

5p 

  

√ 

 

√ 

   3p 

 

√ √ 

     miR-145 5p 

  

√ 
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pCDH 

construct 
Strand 

Decreased in 

BL vs GC-B 

[19] 

MYC- 

Repressed  

[12] 

Decreased in  

BL vs CLL  

[12] 

Decreased in 

eBL vs GC-B  

[11] 

Decreased in 

BL vs DLBCL  

[10] 

Decreased in 

BL vs DLBCL-FL  

[9] 

Decreased in BL vs 

other lymphomas  

[8] 

Depleted/enriched 

 in screens 

miR-146a 5p 

 

√ √ 

 

√ 

 

√ 

 miR‐148 3p 

 

√ √ 

     
miR-150 

5p √ √ √ 

  

√ √ √ 

3p √ 

    

√ 

 

√ 

miR-151a 
5p √ 

      

√ 

3p √ 

      

√ 

miR-155 5p √ √ √ √ √ √ √ √ 

miR-181a-2 
 

        miR-181b-2 
 

        miR-200a 
 

        miR-200c 3p √ 

 

√ 

     miR-205 
 

        
miR-221 

5p √ 

       3p √ 

 

√ √ √ √ 

  miR-222 3p √ √ √ √ √ 
  

√ 

miR-363 3p √ 

     

√ 

 miR-429 
 

        miR-449a 
 

        miR-451 

  

√ 

  

√ 

 

√ 

 miR-486 5p √ 

       miR-577                   
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Table S5. Sequences of the single guide RNAs. 

NO. sgRNA 
Sense (S)/ 

Anti-sense (AS) 
5' to 3' 

1 COPS2_sg1 
S CACCGGTGGTGGTAAAATGCACTTG 

AS AAACCAAGTGCATTTTACCACCACC 

2 COPS2_sg2 
S CACCGCCAGTTACATCAGTCGTGCC 

AS AAACGGCACGACTGATGTAACTGGC 

3 KPNA2_sg1 
S CACCGCGGATTATGTTGTCTATGGG 

AS AAACCCCATAGACAACATAATCCGC 

4 KPNA2_sg2 
S CACCGAAATGAACGAATTGGCATGG 

AS AAACCCATGCCAATTCGTTCATTTC 

5 MRPL15_sg1 
S CACCGAAGTTGGCCAGGCTCACACG 

AS AAACCGTGTGAGCCTGGCCAACTTC 

6 MRPL15_sg2 
S CACCGGTTAAGTCAATAGGTTGACT 

AS AAACAGTCAACCTATTGACTTAACC 

7 NOL12_sg1 
S CACCGGCTCGTTCTTAGCTTCGACG 

AS AAACCGTCGAAGCTAAGAACGAGCC 

8 NOL12_sg2 
S CACCGACCTGACAGGCTTCCACAAG 

AS AAACCTTGTGGAAGCCTGTCAGGTC 

9 NTCR1 
S CACCGACGGAGGCTAAGCGTCGCAA 

AS AAACTTGCGACGCTTAGCCTCCGTC 

10 NTCR2 
S CACCGATCGTTTCCGCTTAACGGCG 

AS AAACCGCCGTTAAGCGGAAACGATC 
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Table S6. Sequences of the miR-26b-5p binding sites from selected genes cloned in the reporter vector  

miR-26b-5p  

binding site (MBS) 

Sense(S)/  
5' to 3' 

Anti-sence (AS) 

COPS2_MBS1 

WT 
S TCGATTACCTGCAGAAATTCTCTCACAAATAACCTGCAATAACTTGAAATGCATACCC 

AS GGCCGGGTATGCATTTCAAGTTATTGCAGGTTATTTGTGAGAGAATTTCTGCAGGTAA 

MUT 
S TCGATTACCTGCAGAAATTCTCTCACAAATAACCTGCAATAAGTAGTAATGCATACCC 

AS GGCCGGGTATGCATTACTACTTATTGCAGGTTATTTGTGAGAGAATTTCTGCAGGTAA 

COPS2_MBS2 

WT 
S TCGACAAAAGCGGCATTAAGCAGTTTCCAAAAGGTTTTGGAACTTGAAGGTGAAAAAG 

AS GGCCCTTTTTCACCTTCAAGTTCCAAAACCTTTTGGAAACTGCTTAATGCCGCTTTTG 

MUT 
S TCGACAAAAGCGGCATTAAGCAGTTTCCAAAAGGTTTTGGAAGTAGTAGGTGAAAAAG 

AS GGCCCTTTTTCACCTACTACTTCCAAAACCTTTTGGAAACTGCTTAATGCCGCTTTTG 

KPNA2 

WT 
S TCGATGGTTTGTTACTGTAGCACTTTTTACACTGAAACTATACTTGAACAGTTCCAAC 

AS GGCCGTTGGAACTGTTCAAGTATAGTTTCAGTGTAAAAAGTGCTACAGTAACAAACCA 

MUT 
S TCGATGGTTTGTTACTGTAGCACTTTTTACACTGAAACTATAGTAGTACAGTTCCAAC 

AS GGCCGTTGGAACTGTACTACTATAGTTTCAGTGTAAAAAGTGCTACAGTAACAAACCA 

MRPL15 

WT 
S TCGAGGTACCTGGCGGATCCTGCCAAATTTCCTGAAGCACGACTTGAACTCGCCAGGA 

AS GGCCTCCTGGCGAGTTCAAGTCGTGCTTCAGGAAATTTGGCAGGATCCGCCAGGTACC 

MUT 
S TCGAGGTACCTGGCGGATCCTGCCAAATTTCCTGAAGCACGAGTAGTACTCGCCAGGA 

AS GGCCTCCTGGCGAGTACTACTCGTGCTTCAGGAAATTTGGCAGGATCCGCCAGGTACC 

NOL12_MBS1 

WT 
S TCGATAATCCCAGCTACTTGGGAGGCTGAGGTGGAAGAATCACTTGAACCCTGGAGGC 

AS GGCCGCCTCCAGGGTTCAAGTGATTCTTCCACCTCAGCCTCCCAAGTAGCTGGGATTA 

MUT 
S TCGATAATCCCAGCTACTTGGGAGGCTGAGGTGGAAGAATCAGTAGTACCCTGGAGGC 

AS GGCCGCCTCCAGGGTACTACTGATTCTTCCACCTCAGCCTCCCAAGTAGCTGGGATTA 

NOL12_MBS2 

WT 
S TCGAGAGCAGAGGAAGCTTCGGGAGGAGCGCCACCAGGAATACTTGAAGATGCTGGCA 

AS GGCCTGCCAGCATCTTCAAGTATTCCTGGTGGCGCTCCTCCCGAAGCTTCCTCTGCTC 

MUT 
S TCGAGAGCAGAGGAAGCTTCGGGAGGAGCGCCACCAGGAATAGTAGTAGATGCTGGCA 

AS GGCCTGCCAGCATCTACTACTATTCCTGGTGGCGCTCCTCCCGAAGCTTCCTCTGCTC 

Green letters indicate miR-26b-5p binding sites and red letters indicate the mismatches introduced in the mutants. 
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Abstract 

Burkitt lymphoma (BL) is an aggressive germinal center B (GC-B) cell derived 

lymphoma characterized by a translocation of MYC to the immunoglobulin heavy or 

light chain loci. MYC is a transcription factor with oncogenic properties and was 

shown to be amongst others a main regulator of long noncoding (lnc)RNAs. In this 

study, we aimed to identify lncRNAs that were MYC-induced and upregulated in BL 

compared to their normal counterparts and to lymphoma with low MYC expression. 

We explored their relevance for growth of BL cells using a semi-high 

throughput-based screening. Nineteen candidate lncRNA loci were selected based on 

differential expression in three MYC-related models. A lentiviral pool containing 38 

shRNAs targeting these candidate lncRNAs was used to infect 3 BL cell lines in 

duplicate and construct abundance was followed for a period of 40 days. A strong 

depletion of 3 shRNA constructs was observed, suggesting a role of the targeted 

lncRNAs in promoting BL cell growth. The screening results were confirmed by GFP 

growth competition assays using the same constructs. All three transcripts were 

located predominantly in the nucleus of BL cells, indicating a potential gene regulatory 

role. The effect of the lncRNA with the most profound effect, i.e. MAFG-AS1, was 

subsequently confirmed by additional shRNA constructs. Expression analysis of the 

up- and down-stream flanking genes did not show gene regulatory effects in cis. In 

conclusion, we identified 19 MYC-induced lncRNAs that were upregulated in BL 

compared to their normal counterparts with 3 of these having an effect on BL cell 

growth.  

 

Key words: Burkitt lymphoma (BL); long noncoding (lnc)RNA; high-throughput 

screen; MAFG-AS1; cell growth 

  



MYC-induced MAFG-AS1 regulates BL growth 

135 

 

Introduction 

Burkitt lymphoma (BL) is one of the fastest growing tumors in human with a doubling 

time of approximately 24 hours, which mainly affects children and young adults. It was 

first reported in Uganda by Dennis Burkitt in 1958 [1,2]. The tumor cells are derived 

from germinal center B (GC-B) cells and are characterized by a translocation of MYC 

to the immunoglobulin heavy or light chain loci resulting in an enhanced expression of 

MYC [3,4]. MYC is a transcription factor that binds to thousands of genomic loci, and 

acts as a general amplifier of expression of protein coding and noncoding genes [5]. 

As such, MYC is crucially involved in cellular processes such as cell proliferation, cell 

cycle, and apoptosis [6]. 

Long non-coding RNAs (lncRNAs) are a class of non-coding RNAs which are >200nt 

long and lack coding potential. They are characterized by an on average lower 

number of exons, shorter exon length, and lower expression levels in comparison to 

protein coding genes [7]. In general, lncRNAs have more tissue- and species-specific 

expression patterns than protein coding transcripts [8]. The complexity of organisms is 

positively correlated with the size of the non-coding part of their genome, but shows 

no correlation with the number of protein coding genes, suggesting that non-coding 

RNAs add to the complexity of organisms [9]. LncRNAs show regulatory functions at 

the epigenetic and transcriptional levels by acting as transcriptional regulators, 

transcriptional guides, or scaffolds for chromatin modification complexes. Moreover, at 

the post-transcriptional level they can play a role in regulating mRNA splicing, interact 

with miRNAs, as well as affect stability and function of proteins [10]. LNCipedia 

identified 127,802 lncRNA transcripts in human [11]. However, just a small proportion 

of the lncRNAs have been functionally annotated. Regulatory roles have been shown 

in a broad spectrum of biological processes, such as viability, growth, motility, 

immortality, signaling and proliferation [12-23].  

LncRNA profiling studies in mature B-cell malignancies revealed marked differences 

compared to the normal counterparts [24,25]. A number of these differentially 

expressed lncRNAs were shown to be associated with cell growth, overall survival 

and prognosis in diffuse large B-cell lymphoma and chronic lymphocytic leukemia 

(CLL) [26,27]. The P493-6 B-cell model, which contains a conditional 

tetracycline-repressible MYC allele, has been used to identify MYC-regulated 

lncRNAs [28-30]. Analysis of BL samples compared to normal GC-B cell samples has 

revealed more than 800 lncRNAs with a deregulated expression pattern in BL [29]. To 

date, a handful of lncRNAs, i.e. MINCR, BLUT, and DLEU1, were reported as 

important regulators in BL pathogenesis [29,31,32], however, for the vast majority of the 

deregulated lncRNAs no functional annotation have been established. 

In this study, we investigated a group of lncRNAs that were induced by MYC and 
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upregulated in BL. The effects of these lncRNAs on BL cell growth was explored using 

a loss-of-function screen. Validation of their effect on BL cell growth was confirmed for 

lncRNAs showing consistent effects in the screen. 

Results 

Identification of MYC-induced and upregulated lncRNAs in BL 

Microarray profiling of 6 BL cell lines (ST486, DG75, CA46, Ramos, Namalwa, and 

BL65) and 3 samples of GC-B cells revealed 10,091 lncRNA probes expressed in all 

BL cell lines or all GC-B cells samples with expression levels in the 10th to 100th 

percentile. Of these probes, 706 showed significantly differential expression levels, 

309 with increased and 397 with decreased expressions in BL cell lines compared to 

GC-B cells (Figure 1A). We previously identified 392 lncRNA probes with increased 

expression levels in primary BL cases as compared to CLL cases (characterized by a 

low MYC expression) and 358 MYC-induced lncRNA probes in P493-6 B-cells [33]. By 

overlapping these three data sets, we identified 44 probes with higher levels in BL cell 

lines compared to GC-B cells, higher levels in primary BL cases compared to CLL 

cases, and increased levels upon MYC induction in the P493-6 B-cell model (Figure 

1B). 

Re-evaluation of the specificity of the probes and annotation of the corresponding 

transcripts using BLAST indicated that 3 probes detected a protein coding but not a 

lncRNA transcript. In addition, 29 probes originating from 15 loci detected a lncRNA 

and in addition, were also highly homologous to a protein coding transcript. To 

determine whether these lncRNAs were expressed in BL, we performed qRT-PCR 

with primer sets specific for the lncRNAs and the homologous protein coding 

transcripts. This revealed expression of the lncRNA for 8 of the probes targeting 5 

lncRNA loci (Figure S1). Expression of the protein coding transcripts was observed for 

all loci (data not shown). The remaining 12 probes were specific for lncRNA 

transcripts and targeted in total 14 lncRNA loci. So, of the 44 differentially expressed 

probes, 20 probes representing 19 lncRNA loci were selected for further functional 

analyses (Table S3). Of the 20 probes, 9 detected unique lncRNA loci, 8 detected 4 

lncRNA loci with 2 probes for each, 2 detected in total 4 homologous lncRNA loci, and 

1 detected 2 loci.  
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Figure 1. Identification of differentially expressed and MYC induced lncRNAs in BL (A) 
Unsupervised hierarchical clustering of the 706 significantly differentially expressed lncRNA probes 
(FDR <0.05, FC ≥2-fold ) in BL cells as compared to GC-B cells and (B) the overlap of probes identified 
in (A) with MYC-induced probes in P493-6 B-cell and probes upregulated in BL versus CLL cases 
obtained from a previous study [33]. 

Validation of MYC-induced lncRNA candidates 

Based on genome-wide analysis of MYC binding sites using two published ChIP data 

sets [33-35], we assessed the presence of MYC binding sites within 20kb of TSS of the 

19 lncRNA loci. For 7 of the 19 lncRNA loci (37%) a MYC binding site was observed in 

at least one of the two data sets.  

To further validate regulation by MYC, we performed qRT-PCR using 14 lncRNA 

specific primer sets in tetracycline treated P493-6 B-cells with MYC-off, 4 and 24 

hours after MYC re-induction, and in MYC-on cells. With the exception of lnc-ZNF-107 

which showed low expression levels in P493-6 (data not shown), the remaining 

lncRNAs all showed increased expression in MYC-on compared to MYC-off status. 
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For most of the lncRNAs, expression levels showed a sharp increase already after 4 

hours of MYC re-induction, indicating that they are most likely direct targets of MYC 

(Figure 2).  

 
Figure 2. Validation of MYC-induced lncRNAs. Expression of 18 lncRNA loci was assessed in 
tetracycline treated P493-6 B cells with MYC-off, MYC-on, 4 and 24 hours after MYC re-induction. Note: 
The primer set of TCONS_I2_00007970 targets 4 homologous lncRNA loci. The primer set of 
TCONS_I2_00029735 targets 2 homologous lncRNA loci. 
 

Loss-of-function screen to identify lncRNAs affecting growth of BL 
cells 

Generation of lentiviral shRNA constructs was successful for 16 of the 19 lncRNA loci, 

with one to five independent shRNAs for each locus (totally 38 shRNAs). A lentiviral 

pool was produced using a mix of these shRNA constructs and control constructs to 

infect 3 BL cell lines in duplicate. After infection, successfully infected GFP+ cells were 

sorted and cultured for 4 weeks. Cells were harvested for DNA isolation and analysis 

by NGS at several timepoints (Figure 3A). Infection efficiencies of the lentiviral pool 

were ~10-15% in the duplicate infections of 3 BL cell lines and GFP+ cell percentages 

after sorting were at least 75% (range 75% to 92%) (Figure S2A). Effective 

amplification of the barcode inserts was tested on agarose gel (Figure S2B). Total 

read counts of the 60 samples after insert amplification, library preparation and NGS, 

ranged from about 30,000 to 110,000 in ST486, from 30,000 to 160,000 in DG75, and 

from 30,000 to 150,000 in CA46 (Figure S2C). After normalization and calculation of 

average read counts of PCR replicates, we observed a good representation of all 

constructs in the pool (Figure S2D). 
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To identify lncRNAs that affect BL cell growth, we determined changes in construct 

abundance over time. A significant decrease in abundance in at least 2 infections of 

one BL cell line was observed for 3 shRNAs, i.e. MAFG-AS1-sh2, 

TCONS_l2_00028770-sh1, and TCONS_l2_00007970-sh4 (Figure 3B), suggesting 

that loss of the corresponding lncRNAs had a negative effect on BL cell growth. The 

MAFG-AS1-sh2 construct was consistently depleted in both ST486 and CA46, while 

the abundance of TCONS_l2_00028770-sh1 and TCONS_l2_00007970-sh4 was 

decreased only in DG75 and ST486, respectively. The 3 constructs showed a similar 

pattern in the other cell lines albeit not significant (Figure 3B). No significant changes 

in abundance over time were observed for the other shRNA constructs or for the 

negative control constructs.  

 
Figure 3. Loss-of-function screen to identify lncRNAs affecting BL cell growth (A) Schematic 
representation of the high-throughput screening workflow. Double stranded oligos of sense/anti-sense 
(shRNA) against the lncRNAs were cloned into EcoRI and BamHI restriction sites of vector. The 
lentiviral particles were used to infect ST486, DG75, and CA46 cells. Genomic DNA was isolated from 
GFP+ cells at 5 time points as indicated. The inserts were amplified and subjected to next generation 
sequencing for identification of constructs with altered abundance. (B) Identification of lncRNA 
constructs with effect on BL cell growth. The X-axis and Y-axis represent the slopes of the trend lines of 
duplicate infections. Negative and positive values represent a decrease and an increase in abundance, 
respectively. Dashed lines indicate the significance threshold for duplo-infections. Three shRNA 
constructs which showed a significant effect in at least two infections of one BL cell line are highlighted 
in red. 
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Validation of selected lncRNAs affecting BL cell growth 

To validate the results of the high-throughput screen, GFP growth competition assays 

were performed for the 3 identified shRNA constructs. Compared to the negative 

controls, a significant depletion in GFP+ cells was observed for the 3 constructs in all 

three BL cell lines, consistent with the high-throughput screens (Figure 4A). 

To gain further insight into the potential role of the validated lncRNAs, we determined 

their subcellular localization in ST486 and DG75. Efficiency of the fractionation 

procedure was confirmed based on enrichment of SNHG4 and U3 in the nucleus and 

of RPPH1 in the cytoplasm fraction (Figure 4B). The three lncRNA transcripts showed 

a predominant nuclear localization in both cell lines, indicating a potential gene 

regulatory role. In line with the nuclear localization, we did not observe enrichment in 

AGO2 complexes (Figure 4C). This indicates that it is unlikely that these lncRNA 

transcripts interact with miRNAs. 

 

Figure 4. Validation of selected lncRNAs affecting BL cell growth and their cellular localizations 

in BL. (A) GFP growth competition assay for 3 shRNA constructs with altered abundance in high 

throughput screen. The GFP+ percentage was measured using flow cytometry for 22 days, and the 

percentage at the first measurement was set to 100%. Significant differences were calculated using a 

mixed model analysis. **P <0.01, ***P <0.001, and ****P <0.0001. (B) Relative expression of lncRNAs 

in nucleus and cytosol of BL cells. TCONS_l2_00007970 represents the lncRNAs originated from 4 

homologous loci. RPPH1, SNHG4, and U3 were used as controls with known cellular localizations. (C) 

Ago2-Immunoprecipitation (IP) to total (T) ratios of lncRNAs in 3 BL cell lines (unpublished data).  
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Further characterization of MAFG-AS1 in BL 

The overview of the three validated lncRNA loci is shown in Figures 5A, S3A and S3B. 

The shRNAs designed for TCONS_l2_00028770 and MAFG-AS1 both target unique 

lncRNA loci, whereas the shRNA designed for TCONS_l2_00007970 potentially 

targets multiple lncRNA transcripts originating from 4 highly homologous genomic loci 

(Figure S3B). Since knockdown of MAFG-AS1 showed the most prominent effect on 

growth in all cell lines, we chose this lncRNA for further follow-up.  

First, we designed two additional shRNAs and tested their effect on BL cell growth. 

One shRNA significantly decreased the growth of all three tested cell lines, while the 

other shRNA significantly decreased the growth of one of the tested cell lines (Figure 

5B). Next, we checked the MAFG-AS1 locus and noted two protein-coding genes in 

its vicinity, i.e. MAFG (118bp upstream) and PYCR1 (1,638bp downstream) (Figure 

5A). We assessed expression of these genes in the three data sets we used in the 

lncRNA candidates selecting. PYCR1 expression was significantly upregulated in BL 

cell lines compared to GC-B cells, upregulated in primary BL cases compared to CLL 

cases, and increased upon MYC induction in the P493-6 B-cell model (Figure 5C). 

The level of MAFG was increased in BL cell lines compared to GC-B cells, but not 

differentially expressed in the other two data sets. 

To further explore a potential cis-regulation by MAFG-AS1, expression of PYCR1 and 

MAFG was tested upon knockdown of MAFG-AS1 (Figure 5D). However, neither 

PYCR1 nor MAFG showed any consistent changes in expression upon MAFG-AS1 

knockdown. This indicates that the MAFG-AS1 transcript is not involved in the 

regulation of these genes. Interestingly, there are two MYC binding sites near (within 

10kb) the transcriptional start sites of MAFG-AS1, PYCR1 and MAFG (Figure 5A), 

suggesting that these three genes might all be direct targets of MYC. Thus, the 

enhanced expression of the MAFG-AS1 neighboring genes is most likely the result of 

regulation by MYC.  
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Figure 5. Characterization of MAFG-AS1 in BL. (A) Schematic overview of the MAFG-AS1 locus with 
the positions of probes and shRNAs (upper scheme) and neighboring genes (lower scheme). The 
probe shown in the red box was the MYC-induced probe that was upregulated in BL. The shRNA 
shown in the red box showed an effect on BL cell growth in the screen. ShRNAs in grey were used for 
validation. (B) GFP growth competition assay for additional shRNAs of MAFG-AS1. BL cells were 
transduced with individual constructs. (C) Expression of MAFG-AS1 and its neighboring genes in three 
data sets. (D) Expression of PYCR1 and MAFG upon MAFG-AS1 knockdown. Levels of genes were 
normalized to housekeeping gene TBP. Values for control NT2 were set to 1. **P <0.01, ***P <0.001, 
and ****P <0.0001, Unpaired t-test. 
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Discussion 

In this study, we aimed at the identification of MYC-induced lncRNAs that were 

upregulated in BL and exploring their potential role in the growth of BL cells. We 

profiled BL cell lines and normal GC-B cells, and combined the data with our 

previously published data sets from P493-6 B-cells and BL and CLL primary tissue 

samples [33]. This revealed 19 MYC-induced lncRNA loci that were upregulated in BL. 

Using a semi-high throughput loss-of-function screen, we identified 3 shRNA 

constructs showing a negative effect on BL cell growth. The effect on BL cell growth 

was subsequently confirmed by independent GFP growth competition assays. Further 

analysis of MAFG-AS1, revealed a nuclear localization, and no indication for 

cis-regulatory roles on the expression of its upstream and downstream flanking 

genes. 

To select lncRNA candidates for functional studies, we overlapped three data sets to 

identify lncRNAs that are MYC-induced and upregulated in BL. The number of probes 

with increased expression in all three data sets and representing true lncRNAs was 

relatively low with only 44 probes. The overlap between each of the three datasets 

was similar and ranged from 11 to 14%. The relatively low number of overlapping 

candidates might have been caused by differences in the three models. The BL cell 

lines originated from BL patients with different genders, ages, and presence of 

Epstein-Barr virus (EBV) in part of them. The P493-6 B-cell model, generated by 

introducing a conditional myc allele in immortalized normal peripheral B-cells, was 

helpful in the identification of MYC-induced lncRNAs, as shown by the confirmed early 

response to MYC induction for almost all candidates. However, a proportion of the 

lncRNAs expressed in P493-6 cells were not expressed in BL and vice versa. By 

including this model, some potentially interesting lncRNAs might have been missed. 

To circumvent these potential problems a more ideal model would be to generate a BL 

cell line with a conditional myc allele. The third data set was based on differential 

expression between primary MYC-low CLL and primary BL cases. This data set was 

included to ensure expression in primary BL cases and prevent selection of cell line 

specific lncRNAs. However, BL and CLL are two distinct disease entities and the 

observed differences in lncRNA expression were likely related not only to MYC levels. 

It was important to include BL primary cases, but it might have been better to compare 

those to purified GC-B cells or normal lymph nodes. Together, these considerations 

might explain the limited number of overlapping lncRNA loci. Future studies should be 

focused on the overlap between MYC-regulated candidates in BL cell lines and 

upregulated in BL tissue samples compared to controls to improve the candidate 

selection procedure. This will result in a more complete list of MYC-induced lncRNAs 

that might be relevant for BL pathogenesis. 



Chapter 5   

144 
 

The overlap between the three data sets revealed 44 probes that were MYC-induced 

and upregulated in BL. Although this number of candidates was reasonable, the 

resulting true lncRNA loci showing the expected expression pattern was much lower. 

In part, probes were not properly annotated and detected protein coding genes. 

Furthermore, 29 of them could target both lncRNAs and a homologous protein coding 

genes. For most of these, the levels of lncRNAs were much lower than those of 

protein coding genes. Thus, it is possible that the differential expression as observed 

by microarray might be related to the homologous protein coding genes instead of the 

lncRNAs. After qRT-PCR analysis this turned out to be the case for 10 of the 15 tested 

lncRNAs. Another difficulty was the fact that specific probes sometimes target many 

transcript variants from the same or even from different homologous lncRNA loci. For 

example, the probe CUST_9912_PI427622066 (Table S3) can target 4 lncRNA loci on 

different chromosomes that together contain 17 transcripts (Figure S3B). Altogether, 

this complicated the design of shRNAs specifically targeting the lncRNAs of interest 

and not the homologous protein coding genes. 

After validating expression of the lncRNAs, we designed and cloned a total of 38 

shRNAs corresponding to 16 lncRNA candidates. A clear phenotype was observed for 

3 constructs. However, efficiency of target transcript knockdown by shRNAs was not 

validated for individual constructs. Therefore, we cannot conclude that the 

corresponding lncRNAs that did not give a phenotype in the screen were indeed not 

essential for BL growth. One of the main challenges in studying lncRNAs is the lack of 

efficient loss-of-function approaches, especially for transcripts that are predominantly 

localized in the nucleus [36,37]. To improve the experimental setup, the CRISPR-Cas9 

system could be used as an alternative strategy. This could enable targeting of a 

specific lncRNA transcript and not transcripts derived from other highly homologous 

loci. Moreover, deleting lncRNA regions by CRISPR-Cas9 could be more effective as 

compared to shRNA constructs [38]. We have tried this approach for MAFG-AS1, 

however we were not able to efficiently delete the lncRNA region (data not shown). In 

a recent report by Raffeiner, CRISPR interference (CRISPRi) was applied to identify 

MYC-regulated lncRNAs that were essential for proliferation or survival of BL cells [39]. 

Interestingly, one of the 320 identified lncRNAs, the MYC-induced lncRNA SNHG17, 

was also included in our study but showed no obvious effect on growth of BL cells. 

This might have been caused by low efficiency of the shRNA and indicates that a 

more powerful approach is needed for future studies on the role of lncRNAs. 

Of the three shRNAs that emerged from our screens, the shRNA targeting MAFG-AS1 

showed the most profound effect on BL cell growth. MAFG-AS1 was shown to be 

upregulated and exert oncogenic functions by promoting cell proliferation, invasion, 

and/or inhibiting apoptosis by overexpression or/and knockdown in several types of 

cancers [40-44]. These studies showed that MAFG-AS1 acts as competing 

endogenous (ce)RNA in adenocarcinoma, colorectal cancer, breast carcinoma, 
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non-small-cell carcinoma, and hepatocellular carcinoma. However, we did not find any 

proof for a potential interaction between MAFG-AS1 and any miRNA in BL as 

MAFG-AS1 was not enriched in AGO2-IP pulldowns in BL cell lines. In hepatocellular 

carcinoma, MAFG-AS1, besides interacting with miR-6852, promoted proliferation, 

migration and invasion, which was at least partly achieved by activating the PI3K/AKT 

signaling pathway [40]. In lung adenocarcinoma and colorectal cancer cells 

MAFG-AS1 was mainly located in the cytoplasm [41,44], whereas we showed a 

predominant nuclear location in BL cells, suggesting a potential role in chromatin and 

transcription regulation. We did not find evidence for cis-regulatory effects of 

MAFG-AS1 but these effects may have been missed as shRNAs do not specifically 

knockdown transcripts at the site of transcription. Therefore, future studies should 

focus on potential cis and trans regulatory roles of this lncRNA. 

In summary, we identified 14 probes corresponding to 19 MYC-induced lncRNA loci 

and explored their effect on BL cell growth in a semi-high throughput loss-of-function 

screening. This resulted in the identification of 3 shRNAs that were essential for BL 

growth. We selected MAFG-AS1 and studied a potential cis-regulatory role. However, 

we did not establish its function in BL yet. At present, the approach for an effective 

loss-of-function screen for lncRNAs is suboptimal and needs to be improved to allow 

efficient screening of lncRNAs in future studies. 

Materials and methods 

Tissue samples and cell lines 

BL cell lines were cultured at 37°C under an atmosphere containing 5% CO2 in 

RPMI-1640 medium (Cambrex Biosciences, Walkersville, MD, USA) supplemented 

with 2nM ultra glutamine, 100U/ml penicillin, 0.1mg/ml streptomycin, and 10% (DG75, 

CA46, Ramos, and Namalwa) or 20% (ST486 and BL65) Fetal Bovine Serum 

(Sigma-Aldrich, Zwijndrecht, The Netherlands). P493-6 cells were cultured as 

described previously [33]. We routinely confirmed cell line identity using the 

PowerPlex® 16HS System (Promega, Leiden, The Netherlands) and tested for 

mycoplasma contamination using a PCR based assay [45]. 

Germinal center B (GC-B) cells were obtained previously as described in [33,46,47]. 

Written permissions for the use of the tonsil samples were obtained from the parents 

of the children. The procedures were according to the guidelines of the medical ethics 

board of the University Medical Center Groningen. 
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RNA isolation 

The miRNeasy Mini kit (Qiagen, Hiden, Germany) was used to isolate RNA according 

to the manufacturer’s instructions. The RNA concentration was measured by a 

NanoDropTM 1000 Spectrophotometer (Thermo Fisher Scientific Inc., Waltham, USA) 

and integrity was evaluated on a 1% agarose gel. 

LncRNA profiling in BL cells and GC-B cells 

The lncRNA expression profiles of BL cell lines (DG75, CA46, Ramos, Namalwa, 

ST486, and BL65) and three samples of GC-B cells were generated using a custom 

designed microarray (AMADID no.: 072363, Agilent Technologies, Santa Clara, CA, 

USA). This array contained 31,456 probes for lncRNAs and 27,186 probes for mRNAs. 

On average, three probes per lncRNA locus were included. 28,533 of the lncRNA 

probes were custom designed and the remainder of the probes for lncRNA and 

mRNAs were derived from AMADID no. 028004 (Agilent Technologies). According to 

the manufacturer’s protocol, 50 to 100ng total RNA from BL cell lines and samples of 

GC-B cells was labeled with Cyanine 3-CTP (Cy3) or Cyanine 5-CTP (Cy5) using the 

LowInput QuickAmp Labeling kit (Agilent Technologies). Equal amounts of Cy3- and 

Cy5-labeled samples were mixed and hybridized on the microarray slide. After 

washing, slides were scanned in Agilent DNA Microarray Scanner (Agilent 

Technologies). Data were extracted with Agilent Feature Extraction software v12 

(Agilent Technologies) and analyzed using Gene Spring XG 12.5 (Agilent 

Technologies) as described previously [33]. Briefly, probes were included for 

downstream analysis when they were flag present in all BL cell lines or in all GC-B cell 

samples and had expression levels in the 10th to 100th percentile. Significantly 

differentially expressed lncRNAs were identified using a moderated T-test and 

Benjamini-Hochberg multiple testing correction. Probes with a ≥2-fold change in 

expression and p-value <0.05 were used in further study. Genesis software v1.7.6 

(Institute for Genomics and Bioinformatics Graz, Graz, Austria) was used to generate 

the heat map. 

LncRNAs (1) differentially expressed between BL primary cases and CLL and (2) 

MYC-regulated in P493-6 B-cell model with a repressible MYC-allele were retrieved 

from our previous study [33]. The MYC-induced lncRNAs upregulated in BL were 

defined based on an overlap in the three models, i.e. upregulated in BL cell lines as 

compared to GC-B cells, more abundant in BL cases as compared to CLL, and 

MYC-induced in P493-6 B cells. 
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qRT-PCR 

First strand cDNA was synthesized with Superscript II reverse transcriptase according 

to the recommendations of the manufacturer (Life Technologies Europe BV, The 

Netherlands). The qRT-PCR reactions were performed on a LightCycler 480 system 

(Roche, Penzberg, Germany) in triplicate using SYBR Green Master Mix (Applied 

Biosystems). Cycle crossing point (Cp) values were determined with LightCycler 480 

software version 1.5.0 (Roche, Basel, Switzerland). Relative expression levels of 

lncRNAs to the house-keeping gene were determined by calculating 2−△Cp (△

Cp=CplncRNA/mRNA-Cphouse-keeping). Primer sequences are listed in Table S1. 

MYC binding site analysis 

To determine the distance between the transcription start site (TSS) of lncRNA 

candidates and center of MYC binding sites, two published datasets of MYC 

chromatin immunoprecipitation (ChIP) in BL cell lines and P493-6 B-cells  were 

re-analyzed using MACS software v1.4.2 [33-35]. 

High throughput screen 

One to five shRNA constructs were generated for the consistently MYC-induced 

lncRNAs that were upregulated in BL. In addition, three non-targeting shRNA 

constructs were included. All shRNAs were designed using the Invivogen siRNA 

wizard (https://www.invivogen.com/sirnawizard) and cloned into the EcoRI and BamHI 

restriction sites of pGreen-Puro Lentiviral vector (SBI). Sequences of the shRNAs are 

listed in Table S2 and were verified by Sanger sequencing of the resulting constructs. 

The pool of 41 constructs were mixed in equal amounts and used to produce lentiviral 

particles as described previously [47]. Briefly, HEK-293T cells were seeded in 6-well 

plates and grown till ~80% confluence. A plasmid mix consisting of 15μl CaCl2 (2.5M), 

1μg pMSCV-VSV-G, 1μg pRSV.REV, 1μg pMDL-gPRRE, 2μg mixed lentiviral vectors 

and 150μl of 2x HBS was prepared to transfect the HEK-293T cells. Virus was 

harvested and filtered by a 0.45μm filter 48 hours after transfection. Virus was either 

used directly or stored at -80°C. In addition to the above-mentioned constructs, the 

pool also included 208 other constructs that were irrelevant to this project. 

The lentiviral pool was used to infect ~7.5 million cells of three BL cell lines (ST486, 

CA46, and DG75) in duplicate with the presence of 4μg/ml polybrene, aiming at an 

infection percentage of ~10-15% cells. This yielded around 3,000 infected cells for 

each construct at the start of the experiment. At day 5, GFP+ cells were sorted using a 

MoFlo sorter with a 70μm nozzle (BD Biosciences, Dan Jose, California, USA). For 

each infection, one million GFP+ cells were collected for DNA isolation and at least 

one million GFP+ cells were kept in culture at each passage until day 40 to ensure 

https://www.invivogen.com/sirnawizard
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good representation of the infected cells in the culture. Cells were harvested for DNA 

isolation at day 7, 15, 25, and 40 for DG75 and at day 9, 15, 25, and day 40 after 

infection for ST486 and CA46. Cell pellets were stored in -20°C for DNA isolation. 

DNA isolation and polymerase chain reaction (PCR) 

Genomic DNA was isolated using a salt/chloroform extraction method and the 

concentrations were measured by a NanoDropTM 1000 Spectrophotometer (Thermo 

Fisher Scientific Inc.). DNA quality was checked on a 1% agarose gel.  

ShRNA inserts were amplified in duplicate using ampliTaq DNA Polymerase according 

to the manufacturer’s instructions (Thermo Fisher Scientific Inc.). The sequence of the 

universal forward primer was 5’-CTGGGAAATCACCATAAACG-3’ with a unique 

8-11nt sample ID for each individual PCR reaction. The sequences of the reverse 

primers were 5’-CTAACCAGAGAGACCCAGTAG-3’ for ST486 samples, 

5’-TCTAACCAGAGAGACCCAGTAG-3’ for DG75 samples, and 

5’-GTCTAACCAGAGAGACCCAGTAG-3’ for CA46 samples. Approximately 400ng 

genomic DNA, equivalent to about 67,000 cells (~6pg DNA/cell), was used as 

template for each PCR reaction. This corresponded to around 53,000 GFP+ cells for 

the samples with the lowest purity (i.e. 75% GFP+). The PCR products were checked 

on a 2% agarose gel and mixed in equal amounts based on band intensities. 

Library preparation, next generation sequencing, and data analysis 

The mixed PCR products were digested by Agsl (SibEnzyme, Academtown, Russia) 

which cuts in the loop sequence of the short hairpins to prevent formation of unwanted 

hairpin-like structures during the sequencing reaction. The DNA Clean & 

ConcentratorTM-5 kit (Zymo Research, Irvine, CA) was used to purify the mixed PCR 

products. Adaptor ligation was done using the NEBNext Multiplex (#E7335) oligos for 

Illumina (New England Biolabs, Ipswich, Massachusetts, USA). Paired-end 

sequencing was carried out using the MiSeqTM platform (Illumina, San Diego, CA, 

USA). The sample ID guided assignment of the reads to samples and alignment of 

insert sequences of the constructs was processed by SAM tools (version 1.3; 

http://www.htslib.org/) and BWA (version 0.7.12; https://github.com/lh3/bwa) 

respectively. 

Total reads were normalized to 50,000 and average read counts of the PCR 

duplicates were calculated per construct. Constructs with an average read count less 

than 50 in 2 of 3 BL cell lines on day 5 were excluded from downstream analysis. 

Identification of constructs with significant change over time was performed as 

described previously [9]. In brief, fold changes of read counts per construct relative to 

day 5 were determined for each independent infection. For constructs with a ratio 

above 1, the fold changes were corrected by subtracting 1 from each value and for 

http://www.htslib.org/
https://github.com/lh3/bwa
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constructs with a ratio below 1, fold changes were corrected by adding up 1. The 

slope of the resulting trend lines with the starting point forced to 0 of the adapted fold 

changes was determined using MATLAB 6.1 (The MathWorks Inc., Natick, MA, 2000). 

An adapted Tukey interquartile (IQR) method with a lower band cutoff of Q1-(1xIQR) 

and an upper band cutoff of Q3+(1xIQR) were applied to all slopes to identify 

constructs with an altered abundance in the cell populations. Constructs with a 

consistent increased or decreased abundance in at least 2 infections of a BL cell line 

were considered for follow-up. 

Green fluorescent protein (GFP) competition assay 

To validate the high throughput screening results, three BL cell lines (ST486, DG75, 

and CA46) were infected with individual shRNA construct and two negative controls, 

aiming at an efficiency of 20% to 50% GFP+ cells. The percentage of GFP+ cells was 

monitored tri-weekly by flow cytometry (BD Biosciences, San Jose, CA, USA). GFP+ 

percentages were normalized to the percentage of GFP+ cells at day 4. Statistical 

analysis of GFP growth competition assays was performed as described previously 

[3]. Briefly, decrease or increase in percentages of GFP+ cells over time was 

compared with the controls using a mixed model with time and the interaction of time 

and construct types as fixed effects and measurement repeat within construct type as 

random effect in SPSS (22.0.0.0 version, IBM, Armonk, New York, USA). 

Nuclear and cytoplasmic fractions 

Nuclear and cytoplasmic fractions were separated from ST486 and DG75 cells as 

described previous [28]. Briefly, 200 µL lysis buffer (140 mM NaCl, 1.5 mM MgCl2, 10 

mM Tris-HCl pH8.0, 1 mM DTT, 0.5% Nonidet P-40) was added to pellets of ∼8 million 

cells, followed by 5 minutes incubation on ice and centrifugation for 3 minutes at 4°C 

and 1000g. The supernatant was collected as the cytoplasmic fraction and the pellet 

containing the nuclei was washed twice with lysis buffer. Qiazol (1 ml; Qiagen, 

Germantown, MD, USA) was added to the ∼200 µL cytoplasmic fraction and to the 

nuclear pellet. 

 

 
  



Chapter 5   

150 
 

Supplementary Figures 

 
Figure S1. Expression of lncRNA candidates and the homologous protein coding genes in BL 
cell lines. Expression levels of 8 probes targeting lncRNAs and homologous protein coding genes 
were tested in 4 BL cell lines (ST486, DG75, CA46, and Ramos) using lncRNA- (right site) and 
mRNA-specific (left site) primer sets by qRT-PCR. Levels of genes were normalized to housekeeping 
gene TBP. The lines represent mean values. 
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Figure S2. Preparation of samples for sequencing and reads overview. (A) An example of GFP+ 
cells sorting at day 5 for miRZip pool infected cells. (B) Sizes of miRZip PCR products ranged from 172 
to 194bp. (C) Total reads of miRZip samples in 3 BL cell lines and (D) Average read counts per 
construct at baseline (day 5 post-infection, sorted cells).  
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Figure S3. LncRNA loci targeted by (A) TCONS_l2_00028770-sh1 and (B) 
TCONS_l2_00007970-sh4. The probes in red boxes are MYC-induced and upregulated in BL and the 
shRNAs in red boxes showed effect on BL cell growth.  
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Supplementary Tables 

Table S1. Primer sequences. 

NO. LncRNA/mRNA Primer  

1 lnc-MAFG-AS1 
F: 5'-CAATTCTGCCACGCCTCTTC-3' 

R: 5'-CGTCGGCCCCTGTATCTTTA-3' 

2 TCONS_00002142 
F: 5'-CCTAGTGCTGGGTTTGTTTGG-3' 

R: 5'-GAATGCCACTTCTGTTAATTCATGC-3' 

3 TCONS_l2_00025976-77 
F: 5'-GGCTGACTCTTGCTTGTGGT-3' 

R: 5'-GGCTGACTCTTGCTTGTGGT-3' 

4 lnc-SNHG15-1 
F: 5'-AGTGAGGAGTGGAGCTGAATTTG-3' 

R: 5'-AGAAGGGCAACAAGCGAGG-3' 

5 lnc-SNHG17 
F: 5'-TGGTCATTTGCCCCGATTGT-3' 

R: 5'-TCCTAACAGAAAGGACATGAAAGGA-3' 

6 TCONS_00019700 
F: 5'-CCGTCACCAGTTATCACACCA-3' 

R: 5'-GGTTTGGGGCTAGAGGTACAG-3' 

7 
TCONS_l2_00028461 TCONS_l2_00028463 
TCONS_l2_00028087 TCONS_l2_00028088 

TCONS_l2_00028086 

F: 5'-ACTGGGACGTAGTGACGGT-3' 

R: 5'-GACCCTGACCAGTGACACAA-3' 

8 lnc-ZNF-107 
F: 5'-GGTTGGCTGATCAAGATGACA-3' 

R: 5'-AAGACAGCTCTGCTGGGTTAT-3' 

9-10 
Locus 1: TCONS_l2_00029735  F: 5'-CACAGGGTGGATTGCCTCTAA-3' 

Locus 2: TCONS_l2_00029970 R: 5'-CCCCGTCTCCTATCAAGGC-3' 

11-14 

Locus 1 : 

F: 5'-AACAGTATGGCTCCAAAGGATGA-3' 

TCONS_l2_00007970 TCONS_l2_00008347 
TCONS_l2_00008348 TCONS_l2_00008343  

Locus 2 :  

TCONS_l2_00008291 TCONS_l2_00008293  
TCONS_l2_00008292  

Locus 3 : 

TCONS_l2_00017850 TCONS_l2_00017851 
TCONS_l2_00017852  TCONS_l2_00018290 
TCONS_l2_00018292 TCONS_l2_00018293 

TCONS_l2_00018294  TCONS_l2_00017848 
TCONS_l2_00017849  

R: 5'-CTGTGGTGGACATACACAAAGAGA-3' 

Locus 4 : 

TCONS_l2_00015489 

15 TCONS_l2_00013902 
F: 5'-GTTGTCACTACTAGAGAAGTCCCTG-3' 

R: 5'-TGAAGAACCAGAATCTGTCACTCAT-3' 

16 

TCONS_l2_00028770 
F: 5'-ACACTCAGCAGGGTTTTGGA-3' 

R: 5'-TGTGACTCACTCACCGTTCC-3' 

TCONS_l2_00028769 
F: 5'-ACTGGGTCTCAAACAATGGGG-3' 

R: 5'-CCATCCACCACGCCACA-3' 

17 TCONS_l2_00010222 
F: 5'-ATTGCTTCTTTCGGCATTTCCTG-3' 

R: 5'-AAGCCAACAGTACAGCCAGC-3' 

18 TCONS_l2_00005705 
F: 5'-AAATTGCACAGGATGGAAAAACACT-3' 

R: 5'-TCGCTCAACAGAACATAGGCA-3' 
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NO. LncRNA/mRNA Primer  

19 TCONS_l2_00026188 
F: 5'-GCTGGGCTGTTAGTTCCCTA-3' 

R: 5'-GCTCAGGCCAACTTTTCTCC-3' 

20 EBPL 
F: 5’-CTGAAGCATGGGCGCTGA-3' 

R: 5’-CAGCGCGTCGTAGCAGA-3' 

21 MTHFDL1 
F: 5’-CCGATGCAGACTCCTGAAACA-3' 

R: 5’-GAGGTCCTTTTGCCGAACAC-3' 

22 EFCAB3 
F: 5’- GAAGGAGTTGATGCCTCATTTGAC -3' 

R: 5’- AAACTTCTTCAGGCCCTCCATTA -3' 

23 EEF1E1 
F: 5’- CCAATGCGGGAGGTTCTTGT -3' 

R: 5’-TCCAGTAGCGACAACTCTGC-3' 

24 HSPD1 
F: 5’-CGATTTCTGCAAACGGAGACA -3' 

R: 5’-CCTCGATCAAACTTCATGCCTTC-3' 

25 MAFG 
F: 5’-CCTCTCCCGCGTCTTATTCC-3' 

R: 5’-TCTGATAGGAGGCAGCCCTT-3' 

26 PYCR1 
F: 5'-AAGATGGGACTTCCAAGGCG-3' 

R: 5'-CATGCAAGGCATGGATGGTG-3' 

27 RPPH1 
F: 5'-AGCTTGGAACAGACTCACGG-3' 

R: 5'-AATGGGCGGAGGAGAGTAGT-3' 

28 SNHG4 
F: 5'-AGTAGGGCATCCTTCACCCA-3' 

R: 5'-CCCTACCCCCATCTGAGCTAT-3' 

29 U3 SNORNA 
F: 5'-AACCCCGAGGAAGAGAGGTA-3' 

R: 5'-CACTCCCCAATACGGAGAGA-3' 

30 TBP 
F: 5'-GCCCGAAACGCCGAATAT-3' 

R: 5'-CCGTGGTTCGTGGCTCTCT-3' 
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Table S2. Oligos to generate lncRNA constructs for the high throughput screen and the validation experiments. 

Insert Sense (5'-GATCC-Insert-TTTTTG-3') Anti-sense (5'-AATTCAAAAA-Insert-G-3') 

TCONS_l2_00010222-sh1 GATTGCTTCTTTCGGCATTTCTTCAAGAGAGAAATGCCGAAAGAAGCAATC GATTGCTTCTTTCGGCATTTCTCTCTTGAAGAAATGCCGAAAGAAGCAATC 

TCONS_l2_00025977-sh1 GCCCACACTTAGATCAAAGATTCAAGAGATCTTTGATCTAAGTGTGGGC GCCCACACTTAGATCAAAGATCTCTTGAATCTTTGATCTAAGTGTGGGC 

TCONS_l2_00025977-sh2 TCACCATATTTCAATTCAAGAGATTGAAATATGGTGAGGATC GATCCTCACCATATTTCAATCTCTTGAATTGAAATATGGTGAGGATC 

TCONS_l2_00028769-sh1 GCCTGACTGGGTCTCAAACATTCAAGAGATGTTTGAGACCCAGTCAGGC GCCTGACTGGGTCTCAAACATCTCTTGAATGTTTGAGACCCAGTCAGGC 

TCONS_l2_00028769-sh2 ACACTGAGGACACTTGCTATGTTCAAGAGACATAGCAAGTGTCCTCAGTGT ACACTGAGGACACTTGCTATGTCTCTTGAACATAGCAAGTGTCCTCAGTGT 

TCONS_l2_00028769-sh3 GAGGGCTGTACATCTAAGTTTCAAGAGAACTTAGATGTACAGCCCTC GAGGGCTGTACATCTAAGTTCTCTTGAAACTTAGATGTACAGCCCTC 

TCONS_l2_00028770-sh1 ATTACAGTAAGTGTCACTAAATTCAAGAGATTTAGTGACACTTACTGTAAT ATTACAGTAAGTGTCACTAAATCTCTTGAATTTAGTGACACTTACTGTAAT 

TCONS_l2_00028770-sh2 GAACGGTGAGTGAGTCACATTTTCAAGAGAAATGTGACTCACTCACCGTTC GAACGGTGAGTGAGTCACATTTCTCTTGAAAATGTGACTCACTCACCGTTC 

TCONS_l2_00005705-sh1 GCTGACCCTAAATCTTGAAGATTCAAGAGATCTTCAAGATTTAGGGTCAGC GCTGACCCTAAATCTTGAAGATCTCTTGAATCTTCAAGATTTAGGGTCAGC 

TCONS_l2_00005705-sh2 GCAAATTTCCTCAGAAGCTGTTCAAGAGACAGCTTCTGAGGAAATTTGC GCAAATTTCCTCAGAAGCTGTCTCTTGAACAGCTTCTGAGGAAATTTGC 

TCONS_l2_00005705-sh3 ACCAATGTATGGCTTTCAACTTTCAAGAGAAGTTGAAAGCCATACATTGGT ACCAATGTATGGCTTTCAACTTCTCTTGAAAGTTGAAAGCCATACATTGGT 

TCONS_l2_00005705-sh4 GGAAGAAGAACAGTGATTATCTTCAAGAGAGATAATCACTGTTCTTCTTCC GGAAGAAGAACAGTGATTATCTCTCTTGAAGATAATCACTGTTCTTCTTCC 

TCONS_l2_00007970 -sh1 GGATGAAATTTCATTCTGATTTTCAAGAGAAATCAGAATGAAATTTCATCC GGATGAAATTTCATTCTGATTTCTCTTGAAAATCAGAATGAAATTTCATCC 

TCONS_l2_00007970 -sh2 GGCTGAAGACTATTCTCTTTGTTCAAGAGACAAAGAGAATAGTCTTCAGCC GGCTGAAGACTATTCTCTTTGTCTCTTGAACAAAGAGAATAGTCTTCAGCC 

TCONS_l2_00007970 -sh3 GTCCACCACAGTTACTTTATTTCAAGAGAATAAAGTAACTGTGGTGGAC GTCCACCACAGTTACTTTATTCTCTTGAAATAAAGTAACTGTGGTGGAC 

TCONS_l2_00007970 -sh4 GATGGGCAGTCTCGCTGTATTTCAAGAGAATACAGCGAGACTGCCCATC GATGGGCAGTCTCGCTGTATTCTCTTGAAATACAGCGAGACTGCCCATC 

TCONS_00019700-sh1 GTGATGAATTCCCTTTAGATTCAAGAGATCTAAAGGGAATTCATCAC GTGATGAATTCCCTTTAGATCTCTTGAATCTAAAGGGAATTCATCAC 

TCONS_00019700-sh2 GCTTGGAGACACTATATAATTCAAGAGATTATATAGTGTCTCCAAGC GCTTGGAGACACTATATAATCTCTTGAATTATATAGTGTCTCCAAGC 

TCONS_00019700-sh3 GCACCAACTGAGTAGGTAATTCAAGAGATTACCTACTCAGTTGGTGC GCACCAACTGAGTAGGTAATCTCTTGAATTACCTACTCAGTTGGTGC 

TCONS_00002142-sh1 GTTCTTATAGCCGTGAGATTTCAAGAGAATCTCACGGCTATAAGAAC GTTCTTATAGCCGTGAGATTCTCTTGAAATCTCACGGCTATAAGAAC 

TCONS_00002142-sh2 GCCTTAATGGGATGGAATATATTCAAGAGATATATTCCATCCCATTAAGGC GCCTTAATGGGATGGAATATATCTCTTGAATATATTCCATCCCATTAAGGC 

TCONS_00002142-sh3 GGCATGAATTAACAGAAGTTTCAAGAGAACTTCTGTTAATTCATGCC GGCATGAATTAACAGAAGTTCTCTTGAAACTTCTGTTAATTCATGCC 

TCONS_l2_00029735-sh1 GATTGACAACCGGTCTCATTTCAAGAGAATGAGACCGGTTGTCAATC GATTGACAACCGGTCTCATTCTCTTGAAATGAGACCGGTTGTCAATC 

TCONS_l2_00029735-sh2 GAAGGAGAGGGCTAGTTGTTTCAAGAGAACAACTAGCCCTCTCCTTC GAAGGAGAGGGCTAGTTGTTCTCTTGAAACAACTAGCCCTCTCCTTC 

TCONS_l2_00029735-sh3 GGATTCCAGGTTTAAGATATTCAAGAGATATCTTAAACCTGGAATCC GGATTCCAGGTTTAAGATATCTCTTGAATATCTTAAACCTGGAATCC 

TCONS_l2_00013902-sh1 GCCAAGTTGTCACTACTAGTTCAAGAGACTAGTAGTGACAACTTGGC GCCAAGTTGTCACTACTAGTCTCTTGAACTAGTAGTGACAACTTGGC 
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Insert Sense (5'-GATCC-Insert-TTTTTG-3') Anti-sense (5'-AATTCAAAAA-Insert-G-3') 

TCONS_l2_00013902-sh2 GATGAGTGACAGATTCTGGTTCAAGAGACCAGAATCTGTCACTCATC GATGAGTGACAGATTCTGGTCTCTTGAACCAGAATCTGTCACTCATC 

TCONS_l2_00013902-sh3 GACCTGAACTGCCTTATAGTTCAAGAGACTATAAGGCAGTTCAGGTC GACCTGAACTGCCTTATAGTCTCTTGAACTATAAGGCAGTTCAGGTC 

SNHG15-1-sh1 GACCTGAGAGAAGATACCTTTCAAGAGAAGGTATCTTCTCTCAGGTC GACCTGAGAGAAGATACCTTCTCTTGAAAGGTATCTTCTCTCAGGTC 

SNHG15-1-sh2 GGAAGGAGTCAGGAATTTCTTCAAGAGAGAAATTCCTGACTCCTTCC GGAAGGAGTCAGGAATTTCTCTCTTGAAGAAATTCCTGACTCCTTCC 

SNHG17-sh1 GCTGTGATCTGGATTAGCATTCAAGAGATGCTAATCCAGATCACAGC GCTGTGATCTGGATTAGCATCTCTTGAATGCTAATCCAGATCACAGC 

SNHG17-sh2 GTCCCGATCATTAACAGTGTTCAAGAGACACTGTTAATGATCGGGAC GTCCCGATCATTAACAGTGTCTCTTGAACACTGTTAATGATCGGGAC 

SNHG17-sh3 GGATTACTCTAGCTGGTCATTCAAGAGATGACCAGCTAGAGTAATCC GGATTACTCTAGCTGGTCATCTCTTGAATGACCAGCTAGAGTAATCC 

MAFG-AS1-sh1 CGTGTCTGGACTTTTTCAAGAGAAAAGTCCAGACACGGGATC GATCCCGTGTCTGGACTTTTCTCTTGAAAAAGTCCAGACACGGGATC 

MAFG-AS1-sh2 GAACCGCGAAAGGCTACTGTTTCAAGAGAACAGTAGCCTTTCGCGGTTC GAACCGCGAAAGGCTACTGTTCTCTTGAAACAGTAGCCTTTCGCGGTTC 

MAFG-AS1-sh3 GAGCCTGTCCTGCACAAGTATTCAAGAGATACTTGTGCAGGACAGGCTC GAGCCTGTCCTGCACAAGTATCTCTTGAATACTTGTGCAGGACAGGCTC 

MAFG-AS1-sh4 GCTCTGCACGAAGATCTCCTTTCAAGAGAAGGAGATCTTCGTGCAGAGC GCTCTGCACGAAGATCTCCTTCTCTTGAAAGGAGATCTTCGTGCAGAGC 

MAFG-AS1-sh5 GCAATTCCAACCAAGAAACTTTCAAGAGAAGTTTCTTGGTTGGAATTGC GCAATTCCAACCAAGAAACTTCTCTTGAAAGTTTCTTGGTTGGAATTGC 

MAFG-AS1-sh6 ACTGTACTGAGAGGGATACTTTCAAGAGAAGTATCCCTCTCAGTACAGT ACTGTACTGAGAGGGATACTTCTCTTGAAAGTATCCCTCTCAGTACAGT 

MAFG-AS1-sh7 ATCTCCACGACCGGCTTTAAGTTCAAGAGACTTAAAGCCGGTCGTGGAGAT ATCTCCACGACCGGCTTTAAGTCTCTTGAACTTAAAGCCGGTCGTGGAGAT 
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Table S3. Information of lncRNA candidates. 

NO. Probe Type 
lncRNA 
locus 

Targeted transcript 
lncRNA 

expression 
MYC- 

induced 
MYC 

binding site 
shRNA 

1 A_33_P3238543 lncRNA 1 TCONS_00025107 TCONS_00025525 (MAFG-AS1) 
 

yes yes 5 

2 CUST_2653_PI427622068 
lncRNA 2 TCONS_00002142 

 
yes no 3 

3 CUST_2655_PI427622068 

4 CUST_23659_PI427622068 lncRNA 3 TCONS_l2_00025976 TCONS_l2_00025977 
 

yes  2 

5 A_24_P506977 lncRNA 4 lnc-SNHG15-1 
 

yes yes 2 

6 A_24_P608302 lncRNA 5 lnc-SNHG17 
 

yes yes 3 

7 CUST_43008_PI427622066 lncRNA 6 TCONS_00019700 
 

yes yes 3 

8 A_33_P3371564 lncRNA 7 
TCONS_l2_00028461 TCONS_l2_00028463 TCONS_l2_00028087 

TCONS_l2_00028088 TCONS_l2_00028086  
yes no 0 

9 A_32_P57702 lncRNA 8 lnc-ZNF-107 
 

ND no 0 

10 CUST_27931_PI427622068 lncRNA 9-10 

Locus 1: 
TCONS_l2_00029735 

Locus 2: 
TCONS_l2_00029970 

 
yes no 3 

11 CUST_9912_PI427622066 lncRNA 11-14 

Locus 1 : 
TCONS_l2_00007970 TCONS_l2_00008347 TCONS_l2_00008348 

TCONS_l2_00008343 
Locus 2 : 

TCONS_l2_00008291 TCONS_l2_00008293  TCONS_l2_00008292 
Locus 3 : 

TCONS_l2_00017850 TCONS_l2_00017851 TCONS_l2_00017852  
TCONS_l2_00018290 TCONS_l2_00018292 TCONS_l2_00018293 

TCONS_l2_00018294  TCONS_l2_00017848 TCONS_l2_00017849 
Locus 4 : 

TCONS_l2_00015489 

 
yes no 4 

12 CUST_9909_PI427622066 lncRNA 14 TCONS_l2_00015489 
  

no 
 

13 CUST_7703_PI427622068 lncRNA/mRNA 15 TCONS_l2_00013902 / EEF1E1 yes yes yes 3 

14 CUST_34508_PI427622066 
lncRNA/mRNA 16 

TCONS_l2_00028769 TCONS_l2_00028768 TCONS_l2_00028767 
TCONS_l2_00028766 TCONS_l2_00029755 TCONS_l2_00028770 

TCONS_l2_00015553 / MTHFD1L 
yes yes no 5 

15 A_32_P135243 

16 A_23_P128554 
lncRNA/mRNA 17 TCONS_l2_00010222 TCONS_00024435 / EBPL yes yes yes 1 

17 CUST_53832_PI427622066 

18 A_32_P25273 
lncRNA/mRNA 18 TCONS_l2_00005705 / HSPD1 yes yes yes 4 

19 CUST_36683_PI427622068 
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NO. Probe Type 
lncRNA 
locus 

Targeted transcript 
lncRNA 

expression 
MYC- 

induced 
MYC 

binding site 
shRNA 

20 A_33_P3264042 lncRNA/mRNA 19 TCONS_l2_00026188 / EFCAB3 yes yes no 0 

21 CUST_5580_PI427622066 lncRNA/mRNA 20 TCONS_l2_00002830 TCONS_l2_00001921 / AHCY no 
 

 
 

22 CUST_20176_PI427622068 

lncRNA/mRNA 21 

TCONS_l2_00024184 

no 
 

 
 

23 A_33_P3313401 TCONS_l2_00015845 TCONS_l2_00024184 

24 A_24_P376556 TCONS_l2_00024184 

25 CUST_20174_PI427622068 TCONS_l2_00024184 / CYCS 

26 CUST_40371_PI427622068 
lncRNA/mRNA 22 TCONS_l2_00007785 TCONS_l2_00007786 / MAGOHB no 

 
 

 27 CUST_49386_PI427622066 

28 CUST_6844_PI427622068 
lncRNA/mRNA 23 TCONS_l2_00013708 / MRPL36 no 

 
 

 29 A_24_P371758 

30 CUST_30376_PI427622068 

lncRNA/mRNA 24 

TCONS_l2_00030241 TCONS_l2_00030240 / ETF1 

no 
 

 
 

31 CUST_30372_PI427622068 TCONS_l2_00030241 TCONS_l2_00030240 / ETF1 

32 CUST_30374_PI427622068 TCONS_l2_00030240 

33 CUST_30378_PI427622068 TCONS_l2_00030241 TCONS_l2_00030240 

34 CUST_36891_PI427622066 
lncRNA/mRNA 25 

TCONS_l2_00030465 
no 

 
 

 35 A_23_P47790 TCONS_l2_00030465 / METTL1 

36 CUST_10002_PI427622066 lncRNA/mRNA 26 TCONS_l2_00014935 / AHCY no 
 

 
 

37 CUST_31817_PI427622066 lncRNA/mRNA 27 
TCONS_l2_00028188 TCONS_l2_00028185 TCONS_l2_00028184 / 

ASNS 
no 

 
 

 

38 A_32_P204676 

lncRNA/mRNA 28 

TCONS_l2_00018301 / FABP5 

no 
 

 
 

39 A_24_P673063 TCONS_l2_00018301 

40 A_23_P59877 / FABP5 

41 A_23_P259692 lncRNA/mRNA 29 TCONS_l2_00001295 / PSAT1 no 
 

 
 

42 A_24_P25346 mRNA 30 CIRH1A no 
 

 
 

43 A_33_P3360942 mRNA 31 SCAMP1 no 
 

 
 

44 A_23_P47565 mRNA 32 LDHA no 
 

 
 

Note: The protein coding genes are in bold. 
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Summary 

Non-coding RNAs, including miRNAs and lncRNAs, have become a main research 

focus in the past two decades. A large number of aberrantly expressed miRNAs and 

lncRNAs were reported in types of B-cell lymphomas [1-5]. For part of these 

non-coding RNAs, oncogenic or tumor suppressor roles have been reported in the 

pathogenesis of B-cell lymphomas [1,6,7], while the underlying mechanisms for most 

of the noncoding RNAs in B-cell lymphomas have not been elucidated yet. In this 

thesis, the functions of noncoding RNAs were explored in two distinct subtypes of 

B-cell lymphoma, i.e. classical Hodgkin lymphoma (cHL) and Burkitt lymphoma (BL). 

BL is an aggressive germinal center B-cell (GC-B) derived B-cell lymphoma subtype, 

most common in children. Characteristic for BL is the MYC-Ig translocation, which 

leads to overexpression of the oncogenic transcription factor MYC [8-10]. Most cases 

of endemic BL originate from Africa and are associated with Epstein-Barr virus (EBV) 

[11,12], while in sporadic BL association with EBV is less common with a frequency of 

10-20% [13]. HL is a GC-B cell derived lymphoma subtype that is more common in 

young adults and in individuals above 60 years of age. In contrast to BL, no 

characteristic chromosomal aberrations have been detected in HL. About 30% of the 

HL cases in the western world are associated with presence of EBV in the tumor cells.  

In this thesis we aimed to (1) identify deregulated and MYC-regulated ncRNAs, (2) 

determine the effect of a subset of the ncRNAs on growth of lymphoma cell lines, and 

(3) explore the mechanisms of action of selected candidates on the pathogenesis of 

B-cell lymphomas. 

1 Expression of noncoding RNAs in BL 

a) MicroRNA profiling in BL and GC-B cells 

In Chapter 3 we profiled miRNA expression patterns in 4 BL cell lines and GC-B cells 

isolated from healthy donors using small RNA sequencing. A total of 366 miRNAs 

were detected in BL cell lines and/or GC-B cells. The top-10 most abundantly 

expressed miRNAs accounted for ~70% of all reads both in BL cells and in GC-B cells. 

The expression pattern of the most abundant miRNAs was similar in BL and GC-B 

cells, with 7 of the top-10 most abundantly expressed miRNAs being shared. 

Moderated T-test revealed 26 differentially expressed miRNAs, 18 with decreased 
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and 8 with increased levels in BL compared to GC-B cells. Of the 26 miRNAs, 6 highly 

expressed miRNAs were selected for validation using qRT-PCR and the aberrant 

expression pattern could be confirmed for 5 of them in both BL cell lines and primary 

BL tissues. For the in BL highly expressed miR-378a-3p, we confirmed that it was 

regulated by MYC in the P493-6 B-cell line model. 

b) Identification and prioritization of MYC-regulated lncRNAs 

In Chapter 5, we aimed to identify lncRNAs with a deregulated expression pattern by 

profiling 6 BL cell lines and 3 purified samples of GC-B cells using a custom designed 

microarray. We identified 706 significantly differentially expressed lncRNA probes, 309 

with increased and 397 with decreased expression in BL cell lines compared to GC-B 

cells. To focus on MYC-regulated lncRNAs, we overlapped these candidates with two 

of our previously published data sets. For follow-up we focused on consistently 

upregulated and MYC-regulated lncRNAs by overlapping the 309 probes with 

increased expression in BL cell lines with 392 lncRNA probes upregulated in BL 

primary cases compared to a MYC low chronic lymphocytic leukemia (CLL) and the 

358 MYC-induced lncRNA probes identified in the P493-6 cell line [14]. This overlap 

resulted in 44 probes with a MYC-induced and upregulated expression pattern. 

Re-evaluation of the specificity of the probes and annotation of the corresponding 

transcripts revealed (1) 3 probes corresponding to a protein coding transcript, (2) 29 

probes originating from 15 loci corresponding to a lncRNA and a highly homologous 

protein coding transcript, and (3) 12 probes from 14 loci specific for lncRNA transcripts. 

Further validation by qRT-PCR resulted in a candidate list including 20 probes 

representing 19 lncRNA loci that were MYC-induced and upregulated in BL. The 

MYC-induction of the lncRNAs was further validated in the P493-6 cell line and 18 of 

the 19 lncRNAs showed an early response to MYC induction. 

2  Noncoding RNA gain- and loss-of-function screens 

a) Design of lentiviral libraries for functional screen 

Based on published data and our own profiling data in BL (Chapter 3) and cHL [15], 

we selected 58 miRNAs with increased expression for a loss-of-function and 44 

miRNAs with decreased expression for a gain-of-function screening study to explore 

their roles in growth of BL and cHL. In the loss-of-function screen, the included 

candidates were mainly miRNAs with oncogenic properties, high expression, and/or 
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increased levels in BL and cHL as compared to their normal counterparts or other 

B-cell lymphomas [4,15-19]. In the gain-of-function screen, the selection criteria for 

miRNA candidates mainly included miRNAs with tumor suppressor roles and/or 

decreased levels in BL and/or cHL. 

To study the effect of MYC-induced lncRNAs with increased expression in BL cells, 38 

shRNAs for 16 of the 19 MYC-regulated lncRNAs (1-5 shRNAs per locus) were 

designed and subcloned into vector. The miRNA inhibition pool and the lncRNA 

shRNA pool were generated in the same vector (miRZip) and for the screening we 

made one pool containing all constructs, including some shRNA constructs relevant 

for other ongoing projects not related to the work presented in this thesis. For the 

gain-of-function screen, 44 miRNA precursors were subcloned into pCDH 

overexpression vector. B-cell lymphoma cells were infected with the lentiviral libraries 

aiming at a GFP percentage of 10 to 15%. Cells were harvested at multiple time 

points for a period of up to 40 days to isolate DNA for NGS-based analysis of 

construct abundances. Constructs with decreased or increased abundance over time 

relatively to day 5 or 6 were selected for follow-up experiments. 

b) Functional miRNA screen in cHL 

In Chapter 2, we identified miRNAs relevant for growth of 3 cHL cell lines, i.e. L540, 

L428, and KM-H2, in duplicate infections using the lentiviral pool of 63 miRNA inhibitor 

constructs (including 5 negative controls). As a control, we also infected cells with a 

lentiviral pool of 222 barcoded control constructs. Infected cells were harvested at day 

5, 13, and 21 after sorting GFP-positive cells at each time point. The control screen 

with the barcoded control constructs showed no consistent changes in abundance 

over time. Using an adapted IQR test significant changes in abundances were 

detected for 4 miRNA inhibitors (miRZip-21-5p, miRZip-449a-5p, miRZip-625-5p, and 

miRZip-let-7f-2-3p), indicating a positive effect of the respective miRNAs on cHL cell 

growth (Table 1). For one of the 4 miRNAs, miR-21-5p, an increased expression was 

observed in cHL compared to GC-B cells. The effect of miR-21-5p inhibition on cHL 

cell growth was confirmed by GFP growth competition assay and on apoptosis using 

Annexin-V staining. 
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Table 1. miRNA inhibitors with a significant change in abundance 

Construct 

Infections on cHL cell lines Infections on BL cell lines 

KM-H2 L540 L428 ST486 DG75 CA46 

1
st

 2
nd

 1
st

 2
nd

 1
st

 2
nd

 1
st

 2
nd

 1
st

 2
nd

 1
st

 2
nd

 

miRZIP-449a-5p - - - - - - - - - - - - 

miRZIP-let-7f-2-3P - - - -     - - - - - - 

miRZIP-21-5p - -   -   - -   - -     

miRZIP-let7e-5p   -   -       - - -   - 

miRZIP-106b-5p -     - -     - - -   - 

miRZIP-190-5p     - -     - - - -     

miRZIP-625-5p - - -   -   -   -       

miRZIP-378a-3p -   -           - -     

miRZIP-15a-5p     - -             - - 

miRZIP-142-3p -   -           -       

miRZIP-20a-5p -     -                 

miRZIP-18a-5p                 -   - - 

miRZIP-30e-5p             - -       - 

miRZIP-494-3p                 - - - - 

miRZIP-9-5p             - - -       

- indicates a significantly decreased abundance over time. MiRNA inhibitor constructs shown in bold showed a consistent 

effect in at least two infections of both cHL and BL 

c) Functional miRNA screen in BL 

In Chapter 4, we carried out both a gain-of-function and a loss-of-function screen to 

identify BL cell growth-related miRNAs in two BL cell lines, ST486 and DG75. Based 

on our experience in the cHL screen, we further optimized our screening protocol. 

Firstly, GFP positive cells were sorted only once on day 5 (miRNA inhibitors) or day 6 

(miRNA overexpression constructs) to avoid bias that might be introduced by 

differences in the sorting settings per day. This was important especially for the 

miRNA overexpression screen for which GFP intensities were relatively low. Secondly, 

the infected cell populations were cultured for a period up to 40 days, to enhance 

detection of miRNAs with milder or later effects on cell growth. By analyzing the 

changes in abundance of the constructs, we identified 10 miRNA inhibitor constructs 

(miRZip-let-7f-2-3p, miRZip-190-5p, miRZip-449a-5p, miRZip-9-5p, miRZip-106b-5p, 

miRZip-21-5p, miRZip-let-7e-5p, miRZip-494-3p, miRZip-30e-5p, and 

miRZip-378a-3p) that were significantly depleted in both independent infections of at 

least one of the two BL cell lines (Table 1). This implicated a negative effect on BL cell 

growth upon inhibition of these 10 miRNAs. None of miRNA inhibitor constructs 

showed a significant increase in abundance over time. 
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In the gain-of-function screen, the abundance of 5 overexpression constructs 

(pCDH-miR-26a, pCDH-miR-26b, pCDH-miR-34a, pCDH-miR-34c, and 

pCDH-miR-150) showed a significant depletion, while 3 constructs (pCDH-miR-155, 

pCDH-miR-222, and pCDH-miR-151a) showed a significant increase in abundance 

over time (Table 2). The effect observed for 4 miRNAs, i.e. miR-26a/b-5p, miR-150-5p, 

and miR-155-5p, on BL cell growth was consistent with previously published data and 

our own results [20-24]. GFP growth competition assay with individual constructs 

confirmed the results of the screens for 15 of the 18 constructs.  

For our functional follow-up study, we focused on miRNA candidates that were 

differentially expressed in BL and had an expression level of >1,000 RPM either in BL 

or GCB cells. This cut off was based on a previous publication showing that miRNAs 

with an expression level above 1,000 RPM are more likely to be expressed at 

functionally relevant levels [25]. This selection resulted in 4 miRNA candidates, i.e. 

miR-378a-3p from the miRNA inhibitor library and miR-150-5p, miR-26a-5p, and 

miR-26b-5p from the miRNA overexpression library. As the roles of miR-378a-3p 

(Chapter 3) and miR-150-5p in BL [21] were studied previously by us, we focused on 

miR-26a/b-5p for further functional studies. 

Table 2. miRNA overexpression constructs with a significant change in abundance 

Construct 

Infections on cHL cell lines Infections on BL cell lines 

KM-H2 L540 L428 ST486 DG75 CA46 

1
st

 2
nd

 1
st

 2
nd

 1
st

 2
nd

 1
st

 2
nd

 1
st

 2
nd

 1
st

 2
nd

 

pCDH-miR-146a - - + +                 

pCDH-miR-200a - - -   -               

pCDH-miR-200c - - - - - -             

pCDH-miR-30a     - -                 

pCDH-miR-449a - - - -                 

pCDH-miR-26a     -       - - -   - - 

pCDH-miR-26b             - -         

pCDH-miR-34a           -     - -     

pCDH-miR-34c                 - -     

pCDH-miR-150             -   - - - - 

pCDH-miR-9             -   -   - - 

pCDH-miR-19b-1 a)    + + +               

pCDH-miR-151a                 + +     

pCDH-miR-222             + +         

pCDH-miR-155             + +         

+ indicates a significantly increased abundance and - indicates a significantly decreased abundance over time 
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d) Comparison of miRNA screening results in HL and BL 

As HL and BL are both GC-B cell derived malignancies, it might be expected that 

there is a substantial overlap between the miRNAs that affect growth in both 

lymphomas. In the screen with miRNA inhibitor constructs, a consistent effect in at 

least two infections of both cHL and BL has been observed for 9 constructs (shown in 

bold in Table 1). Inhibition of miR-21-5p decreased growth of both cHL and BL cells in 

the screen. We selected miR-21-5p for follow-up in cHL but not for BL cells. 

MiR-21-5p was the most abundantly expressed and one of the significantly 

upregulated (3.4-fold) miRNAs in cHL [26]. In BL, miR-21-5p levels were also high, 

although lower as compared to the levels in GC-B cells. In a recent report, knockdown 

of miR-21-5p induced cell cycle arrest by affecting the PI3K/AKT signaling pathway in 

BL [22]. These findings are in line with the results of our screen in BL cells, indicating 

that miR-21-5p is also important in BL. Vice versa, we studied miR-378a-3p in BL, but 

not in cHL. MiR-378a-3p was highly expressed in both BL and cHL compared to GC-B 

cells. A negative effect upon inhibition was seen in 2 infections in BL and cHL cells. 

This suggests that miR-378a-3p may also be an essential regulator in cHL. However, 

the role of miR-378a-3p has not yet been studied in cHL. In addition, members of 

miR-17~92 cluster and its analogous miR-106b~25 cluster have been reported to be 

upregulated or highly expressed in HL and/or BL. They have been implicated in HL 

and BL pathogenesis and are associated with poor prognosis [27,28]. In line with the 

findings, we observed a decreased abundance for inhibitors of three members of the 

miR-17~92 / miR-106b~25 clusters (miR-106b-5p, miR-18a-5p and miR-20a-5p), 

further indicating their oncogenic roles in cHL and/or BL cells. The functional 

consequences of the other miRNAs affecting growth of both cHL and BL have not 

been elucidated. In future studies, it is worthwhile to explore the functions of these 

miRNAs in more detail. 

Comparison of the results of our gain-of-function screen in BL, with previous data of a 

similar screen in cHL [29] revealed no overlap (Table 2). Although the impact of 

specific miRNAs might be different in the two diseases, some differences in 

experimental setup could also have influenced the observed results. The infected BL 

cells were sorted only once on day 5 or day 6, while the infected cHL cells were sorted 

on each harvest day. In addition, the screen was conducted for 27 days in cHL and for 

40 days in BL, thus some later effects might have been missed in HL. Besides the 

functions of miR-26a/b-5p in BL that we presented in the thesis, the roles of miR-150 

and miR-155 in BL cell growth were validated previously by us [20,21]. The other 
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miRNAs identified in cHL and/or BL have not been studied in detail, so further work is 

needed to explore their mechanisms.   

e) LncRNA functional screen in BL 

In Chapter 5, 16 MYC-induced lncRNAs that were upregulated in BL cells were 

investigated in a loss-of-function screen. Briefly, 3 BL cell lines, i.e. ST486, DG75, and 

CA46, were infected in duplicate with the lentiviral pool containing among others the 

38 shRNA constructs targeting these lncRNAs, and infected cells were sorted at day 5 

and cultured over a period of 40 days. Analysis of construct abundance revealed a 

significant depletion of 3 shRNAs (MAFG-AS1-sh2, TCONS_l2_00028770-sh1, and 

TCONS_l2_00007970-sh4) in at least 2 infections of one BL cell line. Abundance of 

MAFG-AS1-sh2 decreased in both ST486 and CA46, while the abundance of 2 other 

shRNA constructs decreased in one of the 3 cell lines. The negative effect of 

knockdown of the lncRNAs was validated by GFP growth competition assay with 

individual shRNA constructs in 3 BL cell lines. Of the 3 constructs, MAFG-AS1-sh2 

showed the most profound effect on BL cell growth and 2 more shRNAs were 

designed to further confirm the effect of MAFG-AS1 knockdown on BL cell growth. 

f) Other genes in the loss-of-function screen 

The loss-of-function screens performed in cHL (Chapter 2) and BL (Chapter 4) cells 

included besides the above described constructs also 176 shRNA constructs targeting 

genes relevant for other projects. In cHL, the abundance of 9 of these shRNAs 

targeting 7 genes, i.e. BAP1 (2 constructs), EZH2 (2 constructs), HNRNPL, SETD2, 

MEF2C, FLJ42351, and REL (all with one construct per gene), were decreased in at 

least 4 out of 6 infections (Table 3). In BL cells, 14 shRNAs targeting 8 genes showed 

a decrease in abundance in both infections of at least two BL cell lines, i.e. EZH2, 

TCF3 (both with 3 constructs), BAP1, MYC (both with 2 constructs), HNRNPL, SETD2, 

MEF2C and WDR5 (each with one construct). For 7 out of these 8 genes a negative 

effect was observed also upon sgRNA-induced knockout in the Brunello screen in 

ST486 cells, further confirming their essential roles in BL. The overlap between cHL 

and BL was high with a shared negative effect on growth for shRNAs targeting 5 

genes, i.e. BAP1, EZH2, HNRNPL, SETD, and MEF2C. For 3 of these genes, i.e. 

MYC, EZH2 and REL, their relevance for BL and/or cHL has been reported previously 

[21,30-33]. The negative effect of MYC knockdown on BL was in line with previously 

reported oncogenic properties of MYC in B-cell lymphomas [21,30,32], but it has not 
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been reported as an important regulator of growth of cHL cells. The negative effect of 

inhibition of EZH2, a known oncogene in B-cell lymphoma, in both BL and cHL is 

consistent with previous studies [31,33]. Moreover, inhibition of EZH2 was indicated 

as a possible therapeutic strategy for the treatment of lymphomas [34,35]. REL, a 

subunit of NF-κB, is frequently overexpressed in HL and the 2p16.1 REL locus was 

identified as a susceptibility locus for cHL [36,37]. The functional relevance of REL on 

BL growth is unclear. A recent report showed that deletion of REL in BL cells resulted 

in loss of Bach2 expression, which is a tumor suppressor [38]. The transcription factor 

TCF3 promotes cell-cycle progression by trans-activating CCND3, and promotes 

survival of BL cells by intensifying B-cell receptor (BCR) signaling through the PI3K 

pathway [13,39]. In a GWAS analysis, TCF3 was identified as a susceptibility locus of 

HL [40]. In contrast to its growth promoting effects in BL, overexpression of TCF3 in 

cHL induced apoptosis and cell cycle arrest [41]. These opposite effects might be 

related to a different set of genes targeted by TCF3 in BL and HL. Overall, these data 

provide additional leads for further studies on essential genes in BL and cHL.  

Table 3. ShRNA constructs with a decreased abundance in BL and/or cHL cells.  

Gene Construct 

Infections on cHL cell lines Infections on BL cell lines 
Brunello screen 

in ST486 (FC) 
KM-H2 L540 L428 DG75 

  

CA46 ST486 

1st 2nd 1st 2nd 1st 2nd 1st 2nd 1st 2nd 1st 2nd 

EZH2 

sh2     - - - - - - - -   - 

-9.4 sh4     - - - - - - - - - - 

sh5             - - - - - - 

TCF3 

sh1             - - - - - - 

-4.3 sh2             - - - - -   

sh4             - - - - - - 

BAP1 
sh3 - - - - - - - - - - - - 

-8.2 
sh4 - - - - - - - - - - - - 

MYC 
sh1     - -     - - - - - - 

-11.1 
sh3             - - - - - - 

HNRNPL sh2 - - - - - - - - - - - - -3.4 

MYB sh2 -     -     - - -     - -8.4 

SETD2 sh3 - - - - - - - - -   - - -5.5 

WDR5 sh1                 - - - -  ns 

FLJ42351 sh2 -   - - - - - -   - -    Not included 

MEF2C sh1 - - - -     - - - - - -  ns 

REL sh1 - -   - - -     - - -    ns  

- indicates a significant decreased abundance; FC – fold change; ns = not significant 
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2 Studying noncoding RNA functions 

a) MiRNA target identification strategies 

The function of a miRNA depends on its cell type-specific target genes. Thus, to 

unravel the mechanism underlying the effect on growth of BL and cHL, it is essential 

to identify the relevant target genes. A commonly used approach is to pull down the 

RNA-induced silencing complex (RISC) and identify the transcripts that are bound to it. 

The most common protein used for the immunoprecipitation (IP) of the RISC complex 

is one of the Argonaute proteins. The Ago protein family consists of 4 members, of 

which Ago1 and Ago2 are highly expressed, while Ago3 and Ago4 are expressed at 

low levels in human [42]. In this thesis, we performed Ago2-RIP-Chip analysis to 

identify cell type-specific target genes of selected miRNAs in an unbiased way. 

Luciferase reporter assays and western blotting were used to confirm interactions of 

specific miRNAs and target genes. 

b) MiR-21-5p target identification in cHL 

In Chapter 2, we identified miR-21-5p as a miRNA that supports growth of cHL cells. 

To explore the functional mechanism, we identified potential miR-21-5p target genes 

based on our previously published Ago2-RIP-Chip data [15] from 3 cHL cell lines. In 

total, we identified 1,294 genes that were IP-enriched in at least 2 out of 3 cHL cell 

lines. Among these were 36 previously proven and/or TargetScan predicted targets of 

miR-21-5p. Gene Ontology analysis revealed a function related to cell growth or 

apoptosis for 13 of the Ago2-IP enriched targets. 4 of the 13 genes, i.e. BTG, PELI1, 

TIAM1, and SMAD7, had a decreased expression in cHL compared to GC-B cells. 

Thus, these 4 miR-21-5p targets were the most promising targets to explain the 

phenotype observed upon miR-21-5p inhibition. Based on the high expression of 

BTG2 and PELI1 in GC-B cells, these 2 genes were selected for further validation by 

luciferase reporter assays in HEK293-T cells. Targeting by miR-21-5p was confirmed 

in the reporter assays for both genes, but at the protein level this could only be 

confirmed for PELI1 and not for BTG2. 

c) MiR-378a-3p target identification in BL 

In Chapter 3, we identified miR-378a-3p target genes relevant for BL. Inhibition of 

miR-378a-3p significantly decreased cell growth for 3 out of 4 BL cell lines in GFP cell 
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growth competition assays. We followed multiple approaches to identify miR-378a 

target genes. Firstly, we tried to identify miR-378a-3p targets using available 

Ago2-RIP-Chip data from wild type BL cell lines. A total of 1,053 probes were 

IP-enriched in 3 BL cell lines, and 19 genes, including 2 known targets of 

miR-378a-3p, i.e. TOB2 and ZFP36L2, were relevant to cell growth, apoptosis, and 

cell cycle. However, we could not confirm targeting of these two genes by 

miR-378a-3p in BL cells. To further establish enrichment in the Ago2-IP fraction, we 

performed qRT-PCR on total and Ago2-IP fractions of BL cells infected with 

miR-378a-3p inhibition or overexpression constructs. This revealed no significant 

changes in Ago2-IP enrichment for the two known targets or any of the other 17 

growth related genes. Next, we used the same Ago2-IP samples for a genome wide 

microarray experiment, to identify BL relevant miR-378a-3p target genes in 

comparison to negative control infected cells. This revealed 63 genes with >2-fold 

increase in IP/T ratio in miR-378a-3p overexpressing BL cells and 21 genes 

with >2-fold decrease in IP/T ratio in cells infected with miR-378a-3p inhibitor as 

potential targets of miR-378a-3p. The overlap between the two approaches was 

limited to just one gene, i.e. MYCBP. This gene was not enriched in the Ago2-IP 

fractions of the wild type cells. Despite the limited overlap between the genes 

identified in the cells overexpressing miR-378a-3p or with miR-378a-3p inhibition, we 

selected 7 genes, including MYCBP, CISH, BCR, TUBA1C, FOXP1, MNT, and IRAK4, 

for further follow-up studies. These 7 genes were selected based on the enrichment in 

the IP fraction combined with presence of at least one miR-378a-3p binding site and a 

Gene Ontology term related to cell growth, apoptosis, or/and cell cycle. In addition, we 

also included the lncRNA JPX, as it showed a strong enrichment upon miR-378a-3p 

overexpression and contained an 8-mer seed binding site for miR-378a-3p. Luciferase 

reporter assays confirmed targeting of 4 genes, i.e. IRAK4, MNT, FOXP1, and JPX, by 

miR-378a-3p. Thus, these genes might in part explain the phenotype observed upon 

inhibition of miR-378a-3p in BL. Validation experiments to confirm the relevance of 

these genes are ongoing. 

d) MiR-26b-5p target identification in BL 

In Chapter 4, we identified 18 miRNAs that affected growth of BL cells and selected 

miR-26b-5p for a more in depth study. MiR-26b-5p was selected because it is a 

MYC-repressed miRNA with a significantly decreased expression in BL cell lines and 

primary BL tissues compared to GC-B cell controls. Ago2-RIP-Chip upon 

overexpression of miR-26b-5p in ST486 and DG75 revealed 94 and 59 genes with 
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a >2-fold increased IP/T ratio compared to empty vector infected cells, respectively. 

The overlap between the Ago2-IP enriched genes between the 2 cell lines was 

considerable with 47 genes in overlap. To efficiently prioritize miR-26b-5p target 

genes relevant for BL cell growth, we performed a genome-wide CRISPR/Cas9 

knockout screen for all protein-coding genes in ST486 cells. This Brunello library 

consisted of sgNRAs for ~20,000 genes with each gene being targeted by four single 

guide (sg)RNAs. Similarly with the principle of the high throughput screens for 

identification of cell growth-related miRNAs and lncRNAs, the changes in abundance 

of the sgRNA constructs were monitored over time. Of the 47 Ago2-IP enriched genes 

identified in both BL cell lines, 42 were protein coding genes and included in the 

Brunello library. Comparing the results of the Ago2-IP enriched genes with the genes 

affecting growth of BL based on the Brunello screen, revealed an overlap of 8 genes, 

including 2 known miR-26b-5p targets, i.e. EZH2 and KPNA2. So, these 8 genes 

might be targeted by miR-26b-5p and relevant for the observed phenotype. We 

selected 5 genes with the strongest depletion in the Brunello screen (FC < -5.0) for 

further validation. EZH2, ranked at the 2nd position, was not included as it has already 

been proven to be an essential gene for BL cells and a validated target of miR-26b-5p 

in BL [31]. For the 4 remaining genes, i.e. COPS2, NOL12, MRPL15, and KPNA2, a 

negative effect on cell growth was confirmed upon knockout of these 4 genes using 

CRISPR/Cas9 based GFP growth competition assays in ST486 and DG75. Luciferase 

reporter assays for 6 predicted target sites in these 4 genes confirmed targeting of 

miR-26b-5p only for KPNA2. This indicated that KPNA2 might be relevant for the 

phenotype observed for miR-26b-5p. Together with proven miR-26b-5p target EZH2 

and the by KPNA2 positively regulated genes MYC, OCT4 and C-jun a complex 

network is formed (Figure 1A). To confirm the network, the KPNA2, EZH2, and MYC 

protein levels were analyzed upon overexpression of miR-26b-5p in ST486 and DG75. 

Decreased protein levels were observed for all three genes, further supporting our 

findings in Chapter 4 (Figure 1B). 
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Figure 1. The MYC-miR-26b-5p-KPNA2/EZH2 network in BL. (A) Model of the effect of 

MYC-mediated suppression of miR-26b-5p expression in BL. (B) MiR-26b-5p levels upon 

overexpression in BL cell lines ST486 and DG75. (C) KPNA2, EZH2, and MYC protein levels upon 

miR-26b-5p overexpression. Protein levels were normalized to total protein loading.  

e) Functional study of MAFG-AS1 in BL 

In Chapter 5, the relevance of 3 selected MYC-regulated lncRNAs was confirmed by 

GFP growth competition assays in BL cell lines. All 3 lncRNA transcripts showed a 

predominant nuclear localization in BL cell lines, indicating a potential gene regulatory 

role at the transcriptional level. This is in line with our Ago2-RIP-Chip data, showing 

that none of these lncRNA transcripts showed enrichment in the Ago2-IP of BL cell 

lines. This suggests that they are less likely to interact with miRNAs. In contrast, two 

previous studies [43,44] indicated presence of MAFG-AS1 transcript in the cytoplasm 

of lung adenocarcinoma and colorectal cancer cells and showed interaction of this 

transcript with miRNAs, postulating a role as a competing endogenous (ce)RNA. 

Combined with our findings, this suggests different cell type-specific functions for this 

lncRNA. A cell type-specific role of lncRNAs has been shown previously for multiple 

MYC related lncRNA genes [45]. Among the 3 lncRNAs identified in Chapter 5, 

MAFG-AS1 showed the most profound effect on BL cell growth. So, we focused 

follow-up experiments on MAFG-AS1. We first assessed a possible cis-regulatory role 

of MAFG-AS1. Two of its neighboring genes, i.e. MAFG and PYCR1, were 

upregulated in BL cells compared to GC-B cells. However, knockdown of MAFG-AS1 

did not affect the expression of the 2 neighboring genes. Interestingly, by analyzing 2 

chromatin immunoprecipitation data sets from P493-6 and BL cell lines [14,46,47], 2 

MYC binding sites were observed within 10kb of the transcription start sites of 

MAFG-AS1, PYCR1 and MAFG, suggesting that the enhanced expression of the 

MAFG-AS1 neighboring genes, as well as MAFG-AS1, might be the result of 

regulation by MYC.  
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Future perspectives and discussion  

Up to date, a large number of ncRNAs with an aberrant expression pattern have been 

identified in cHL and BL. However, annotation of their function and their relevance for 

the pathogenesis of B-cell lymphomas remains largely unknown. Although we 

explored the mechanisms of some ncRNAs in BL and cHL, there is a need for more 

effective strategies to enable more effective follow-up studies. 

1. Genome-wide screens for noncoding RNAs 

a) microRNAs 

To explore the functions of miRNAs in cHL and BL, we performed gain- and 

loss-of-function screens to identify cell growth-related miRNAs. Even though we 

performed pilot experiments to optimize the setup of the approach, some drawbacks 

were still present and further improvements are needed. The first potential problem is 

the relatively small size of our libraries and the limited number of negative controls. 

For small libraries, the normalization or calculation of outliers is more strongly 

influenced by the number of constructs that have changes in abundance. The miRZip 

lentiviral pool for loss-of-function screen consisted of 249 constructs, including 5 

negative controls, and the pCDH lentiviral pool for gain-of-function screen consisted of 

44 miRNA overexpression constructs and only one negative control. Thus, it would be 

better to extend both libraries to all known miRNAs (currently miRBase v22 contains 

1,917 annotated miRNAs) and increase the number of controls in the pool.  

For the pCDH overexpression vector, the main problem we encountered was the 

suboptimal expression cassette for GFP. Although the EF1-alpha promoter is a strong 

promoter in B cells, the miRNA-IRES-GFP cassette driven by EF1-alpha induces 

relatively low GFP expression levels, resulting in weak GFP signals compared to 

non-infected cells. This might have resulted in variable sorting settings, resulting in 

variable inclusion, especially of the weak GFP positive cells, from sort to sort. Thus, 

for cells with low GFP signals, read counts may vary due to differences in sorting 

efficiency which might lead to false positive results and/or inconsistent changes over 

time. 

The gain- and loss-of-function screens could be improved by adding constructs with 

mutated seed sequences. Although most of the miRZip constructs showed high 
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expression of the functional strand as shown by the small RNA seq analysis, it 

remains unclear how efficient these antisense miRNAs are in the cell type of interest, 

especially for the highly abundant miRNAs. More powerful tools should be introduced 

for complete inhibition and effective overexpression of miRNAs.  

At present, CRISPR-Cas9-dependent systems for gain- and loss-of-function analysis 

are becoming available and might be more effective for screening studies in B-cell 

lymphoma [48,49]. CRISPR-Cas9 approaches result in genomic knock-out of miRNAs 

rather than blocking the mature miRNAs. This will be a more effective approach for 

loss-of-function screening than the miRZip vector, especially for highly abundant 

miRNAs. In addition, this also allows inclusion of multiple guides targeting the same 

miRNA locus and thus more reliable results. Recently, a sgRNA based loss-of-function 

screen that covered 1,594 annotated human miRNAs was performed to identify 

fitness-associated miRNAs in Hela cells and gastric carcinoma cells [50] Another 

recent report showed that CRISPR-Cas9 based miRNA knockdown robustly reduced 

the expression of miRNAs by up to 96% [51]. In addition, high specificity of the 

CRISPR-Cas9 system makes it possible to edit specific miRNAs without affecting 

their homologous family members. The feasibility of such global miRNA 

loss-of-function screens was shown in myeloid leukemia [52]. For gain-of-function 

screening, an endonuclease inactive variant of Cas9 (dCas9) coupled to 

transcriptional activators can be used as an alternative strategy to the pCDH-EF1 

overexpression vector [53]. Similarly, dCas9 coupled to transcriptional repressors 

could also serve as an alternative to inhibit miRNA expression [54]. 

b) Long noncoding RNAs 

In the lncRNA loss-of-function analysis, the first encountered problem was the rather 

limited number of MYC-induced lncRNA candidates we identified. The procedure of 

candidate selection could be further improved. As expression of lncRNAs can be 

highly specific in distinct cell types or disease states, it may be more optimal to base 

selection of candidates on BL cells only and not include non-germinal center B-cell 

derived models such as P493-6 B-cells and CLL cases. This will result in a more 

complete list of MYC-induced lncRNAs relevant for BL pathogenesis.  

In this thesis, the efficiency of shRNAs was not validated for individual constructs, so 

we cannot conclude that lncRNAs that did not give a phenotype in the screen were 

indeed not essential for BL growth. Thus, a challenge in studying lncRNAs is the lack 
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of efficient loss-of-function approaches, especially for transcripts that are 

predominantly localized in the nucleus [55,56]. As an alternative approach, a 

CRISPR-Cas9 system could also be used for functional study of lncRNAs. This 

approach may overcome the less effective knockout of nuclear-specific lncRNAs. 

Another factor that complicates high throughput screening of lncRNA loci is the 

complexity of their loci, the presence of overlapping or neighboring protein coding 

gene loci and shared promotor regions. As such, it may often not be clear which part 

of the lncRNA should be targeted by sgRNAs to obtain a functional lncRNA knockout. 

To overcome at least part of these issues, it may be worthwhile to apply 

CRISPR-dCas9 combined with transcriptional activators and repressors [57] [58]. 

Thus, CRISPR-based loss- and gain-of-function screens both are applicable for 

lncRNA study in a genome-wide scale. An alternative approach to study 

MYC-regulated lncRNAs could be focused on a CRISPR/Cas9-mediated screen 

designed to disrupt MYC binding sites (the E-box sequences) nearby the 

MYC-regulated lncRNAs. This could represent an alternative strategy to knockdown 

MYC-regulated lncRNAs and identify those relevant for BL cell growth. Subsequent 

gene expression analysis upon infection with sgRNAs disrupting the E-box motif also 

allows confirmation that the selected lncRNA indeed is a direct target of MYC. This 

approach can – when applied on a genome-wide scale – reveal MYC binding sites 

and target genes essential for BL cell growth. However, one has to bear in mind that 

proteins other than MYC can also bind to E-boxes and regulate gene expression. 

In this thesis, we mainly focused on the functions of ncRNAs on growth of B-cell 

lymphomas. However, ncRNAs may be involved in other processes essential for 

B-cell lymphoma which do not affect proliferation, but for example modulate the 

cross-talk with the microenvironment. Thus, screens with different readouts, e.g. 

based on other phenotypes or on membrane markers relevant for targeted therapy, 

could provide novel insight in the role of ncRNAs in other aspects of B-cell 

lymphomagenesis. 

2. Functional follow up for miRNA studies 

In this thesis, the roles of miR-21-5p, miR-378a-3p, and miR-26b-5p were studied in 

more detail in B-cell lymphomas. As a first strategy we identified miR-21-5p target 

genes using Ago2-RIP-Chip data from wild type cHL cell lines. This resulted in 

identification of two miR-21-5p target genes, BTG2 and PELI1, that are relevant to 

pathogenesis of cHL. However, this approach was not successful for the identification 
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of miR-378a-3p target genes. Therefore, we changed the strategy to screen for 

miR-378a-3p targets in BL cells upon miR-378a-3p overexpression and inhibition. It 

significantly improved the specificity of miRNA target screening and resulted in the 

identification of 4 novel targets of miR-378a-3p. As an alternative approach, we 

combined the Ago2-IP for the identification of miR-26b-5p targets with a 

CRISPR-Cas9 based dropout screen to directly identify target genes that are also 

relevant for the growth of BL cells.  

We validated targeting of genes by specific miRNAs using luciferase reporter assays 

and western blotting. Targeting of PTG2 and PELI1 by miR-21-5p was validated in 

cHL. In BL cells, IRAK4, MNT, and FOXP1, and lncRNA JPX were targeted by 

miR-378a-3p and KPNA2 was validated as a target gene of miR-26b-5p. However, for 

some other strong candidates selected based on Ago2-IP experiments, such as the 

putative miR-26b-5p targets COPS2, NOL12, and MRPL15, we could not confirm they 

were targeted by miR-26b-5p. It is possible that, apart from the canonical miRNA 

binding sites that we focused on, non-canonical miRNA binding sites may also be 

relevant, especially for the highly expressed miRNAs, such as miR-26b-5p and 

miR-378a-3p in BL. It has been shown that miRNAs in human and mice can 

extensively bind targets in a non-canonical fashion, i.e. their seed region comprises 

G:U and bulge combinations [59,60]. At present, this type of binding lacks sufficient 

attention in predicting algorithms and is therefore not easy to identify within a 

transcript of interest. In contrast to the Ago2-IP approach used in this thesis that does 

not provide direct information on miRNA – target gene interaction, other methods have 

been described that can provide such information, such as PAR-CLIP and HITS-CLIP 

[61,62]. Although more labor-intensive, these methods provide information on the 

target and the location of the binding site allowing for a more straightforward 

identification of miRNA – target gene interactions and also provides information of 

non-canonical miRNA binding sites.  

Another potential powerful tool might be to involve the general public to aid in the 

identification of canonical and non-canonical miRNA binding sites. The Unmask 

citizen science game (https://unmask.nl/), developed in collaboration with Games for 

Health, asks players to match nucleotides between a miRNA and a potential target, 

and by doing this they can score points depending on the quality of the binding site 

(Figure 2). Once massively played. this may lead to the identification of novel binding 

sites which can be tested for functionality. 

https://unmask.nl/)
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Figure 2. Schematic of the Unmask game. Four different shapes represent (A) adenine, (G) guanine, 

(C) cytosine, and (T) thymine. Higher scores are obtained when matching more nucleotides between 

RNA and miRNA sequences.  

3. Functional follow up for candidate long noncoding RNAs  

Specific follow-up strategies can be applied for lncRNAs depending on the subcellular 

localization. LncRNA transcripts that are specifically located in the cytoplasm are 

more likely to have regulatory roles at the post-transcriptional stage, for example by 

regulating transcript stability or by interacting with miRNAs. Nuclear lncRNAs are 

more likely to play a role in gene expression regulation at the transcriptional level in 

cis or trans, for example by interacting with histone modifying complexes, 

transcriptional regulators, or by binding to DNA. Transcriptome analysis upon 

overexpression or knockout of specific lncRNAs could help to identify trans-regulated 

genes on a genome wide scale. Cis-regulatory effects can be identified by targeted 

qRT-PCR experiments. It has been recognized that lncRNAs can affect gene 

expression in cis by the very act of transcription rather than the transcript itself. 

Therefore, to explore cis-regulatory roles, it is important to inhibit the process of 

transcription at the lncRNA locus rather than targeting the transcript itself. Thus, the 

shRNA-based techniques that we applied to study cis-regulation for MAFG-AS1 may 
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not be optimal and future studies should introduce more appropriate strategies such 

as CRISPR-CAS9 based based techniques. To identify the binding partners of the 

lncRNA (RNA, DNA and protein), lncRNA pulldown combined with (small) RNA-seg 

profiling, DNA-seq or LC-MS/MS can be applied [63]. Due to the more diverse 

functions of lncRNAs as compared to miRNAs, elucidating their functional 

mechanisms is more challenging. 

Concluding remarks 

In conclusion, we identified deregulated and MYC-regulated ncRNAs, and determined 

the effect of these ncRNAs on growth of cHL and BL cells using loss- and 

gain-of-function screens. For some of the most interesting candidates, functional 

follow-up studies were done to explore the mechanisms that were relevant to 

pathogenesis of B-cell lymphomas. Our findings add to the current knowledge about 

the role of ncRNAs in B-cell lymphomas. A main challenge in studying ncRNAs is to 

make the step from in vitro to in vivo studies, such as in patient-derived xenograft 

(PDX) mouse models [55,56], which have been established for B-cell lymphoma, 

including BL [57,58]. Xenograft mouse models, combined with transcript loss- and 

gain-of-function screens, might be interesting options to study more features of B-cell 

lymphomas such as aggressive behavior or transformation to high grade lymphomas. 

Such studies are important to establish the potential of targeting these ncRNA as 

therapeutic approaches. Another potential clinically relevant direction for ncRNAs 

might be to explore the value of their expression patterns as diagnostic and prognostic 

biomarkers in lymphoma [59-67]. In recent years, specific miRNAs and lncRNAs 

moved from bench to clinical trials and these might turn out to have clinical potential 

[64,65]. However, more work is needed to uncover the exciting world of ncRNA 

biology and their relevance in B-cell lymphomas. 
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NEDERLANDSE SAMENVATTING 

Sinds het begin van de 21 eeuw heeft het onderzoek naar niet-eiwit coderende RNA 

(ncRNA) moleculen, waaronder microRNAs (miRNAs) en lange niet coderende 

RNAs (lncRNAs) een vogelvlucht genomen. Naast expressie patronen en 

functionele karakterisering in normale cellen, zijn er voor een groot aantal miRNAs 

en lncRNAs afwijkende expressie patronen beschreven in B-cel lymfomen ten 

opzichte van normale B-cellen. Voor een beperkt aantal van deze ncRNAs is een 

oncogene of tumor suppressor rol beschreven in B-cel lymfomen. Echter, voor de 

meeste ncRNAs is de rol in de pathogenese van B-cel lymfomen nog niet 

bestudeerd.  

In dit proefschrift zijn de functies van ncRNAs bestudeerd in het Hodgkin lymfoom 

(HL) en het Burkitt lymfoom (BL). De tumorcellen van HL zijn ontstaan uit 

kiemcentrum B-cellen (GC B-cel). HL is goed te behandelen met chemo en 

radiotherapie en heeft over het algemeen een vrij indolent ziekteverloop. Dit lymfoom 

type komt met name voor bij jongvolwassenen en mensen boven de 60 jaar. De 

tumorcellen van BL zijn ook afkomstig van GC B-cellen. Het is een agressief 

lymfoom dat wordt gekenmerkt door een translocatie tussen MYC en een van de 

immunoglobuline genen, welke resulteert in hoge expressie van de transcriptiefactor 

MYC. In tegenstelling tot HL, komt BL juist vaak voor bij kinderen.  

Het doel van dit proefschrift was om meer inzicht te krijgen in de rol van ncRNAs in 

de pathogenese van HL en BL. Hierbij hebben we ons gericht op de rol van miRNAs 

in HL (hoofdstuk 2), en de rol van (MYC-gereguleerde) miRNAs en lncRNAs in BL 

(Hoofdstuk 3, 4 en 5). Voor HL, hebben we als start punt gekozen voor een inhibitie 

screen, welke werd gevolgd door functionele studies. Voor BL hebben we ons als 

eerste gericht op het aantonen van (MYC-gereguleerde) ncRNAs met een 

veranderde expressie ten opzichte van GC B-cellen. Vervolgens hebben we het 

effect bepaald van deze ncRNAs op de groei van BL en hebben we functionele 

studies gedaan om hun rol bij de pathogenese van BL te bepalen.  

In hoofdstuk 2 beschrijven we de resultaten voor de miRNA inhibitie screen in HL. 

We hebben een pool van 63 lentivirale inhibitie constructen gebruikt om miRNAs te 

identificeren die een effect hebben op de groei van HL cellijnen. Als negatieve 

controle hebben we ook een pool van 222 constructen met alleen een DNA-barcode 

als insert gebruikt. Alle constructen bevatten ook het GFP gen, wat het mogelijk 
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maakte om de geïnfecteerde cellen te sorteren op basis van GFP expressie. Cellen 

werden gesorteerd op dag 5, 13 en 21 na infectie. De screen met de DNA-barcode 

constructen liet zoals verwacht geen enkele consistente verandering zien voor de 

DNA-barcode constructen. In de miRNA inhibitie screen zagen we binnen de totale 

pool van constructen een relatieve afname van miRZip-21-5p, miRZip-449a-5p, 

miRZip-625-5p, en miRZip-let-7f-2-3p constructen in 4 van de 6 infecties over de tijd. 

Dit geeft aan dat de aanwezigheid van deze miRNAs belangrijk is voor de groei van 

HL-cellijnen. MiRNA-21-5p werd verder onderzocht omdat dit miRNA ook verhoogd 

tot expressie komt in HL-cellijnen ten opzichte van GC B-cellen. De resultaten van 

de screen konden worden gevalideerd in GFP-gebaseerde groei competitie 

experimenten. Daarnaast resulteerde inhibitie van miR-21 in een toename van het 

aantal Annexine V positieve cellen. Dit gaf aan dat dit miRNA van belang is voor de 

overleving van de tumorcellen. Om het onderliggende mechanisme van miR-21-5p 

verder op te helderen hebben we gebruik gemaakt van de Argonaute 2 (AGO2) 

immunoprecipitatie (IP) techniek. Met deze techniek worden alle miRNA-mRNA 

complexen in een cel geïsoleerd en worden de target genen in deze complexen 

geïdentificeerd. Op basis van AGO2-IP data van 3 HL-cellijnen, de functie van de 

genen en de aanwezigheid van bindingsplaatsen voor miR-21-5p werden mogelijke 

miR-21-5p target geselecteerd. Dit resulteerde in de identificatie van vier AGO2-IP 

verrijkte miR-21-5p target genen, die alle vier ook nog een verlaagde expressie lieten 

zien in cHL ten opzichte van GC-B cellen. Middels luciferase reporter analyses werd 

regulatie van BTG2 en PELI1 door miR-21-5p gevalideerd. Voor PELI1 konden we 

dit ook valideren op eiwit niveau. 

In Hoofdstuk 3 hebben we met behulp van ‘next generation sequencing’ (NGS) het 

miRNA expressie profiel bepaald in BL-cellijnen en GC B-cellen. In totaal werden 

366 miRNAs gedetecteerd waarbij 70% van alle reads afkomstig waren van de 

top-10 miRNAs met de hoogste expressie. Acht miRNAs hadden een significant 

hogere expressie en 18 hadden een significant lagere expressie in BL ten opzichte 

van GC B-cellen. Voor vijf van deze miRNAs werd de differentiële expressie 

gevalideerd in BL-cellijnen ten opzichte van weefsels. Verder werd voor een van 

deze vier miRNAs, namelijk miR-378a-3p, het effect op BL groei gevalideerd in een 

GFP competitie experiment en werd tevens aangetoond dat de expressie in BL werd 

gereguleerd door MYC. Vervolgens zijn AGO2-IP experimenten uitgevoerd met BL 

cellen met een verhoogde of verlaagde miR-378a-3p expressie. Dit resulteerde in de 

identificatie van 63 en 20 mogelijke target genen. Verdere analyse van vier van deze 

targets, IRAK4, MNT, FOXP1 en JPX, met luciferase reporter experimenten 
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bevestigde targeting door miR-378a-3p. Op basis van de reeds bekende functies 

van deze genen is het aannemelijk dat een of meerdere van deze targets het 

fenotype dat wordt waargenomen als miR-378a-3p wordt geremd in BL kan 

verklaren. 

In hoofdstuk 4 hebben we een miRNA overexpressie (pool van 44 constructen) en 

inhibitie (58 constructen) screen gedaan in BL-cellijnen. In de inhibitie screen waren 

de miRZip-let-7f-2-3p, miRZip-190-5p, miRZip-449a-5p, miRZip-9-5p, 

miRZip-106b-5p, miRZip-21-5p, miRZip-let-7e-5p, miRZip-494-3p, miRZip-30e-5p, 

en miRZip-378a-3p constructen significant verlaagd, terwijl geen enkel construct 

significant verhoogd was. In de overexpressie screen waren de pCDH-miR-26a, 

pCDH-miR-26b, pCDH-miR-34a, pCDH-miR-34c, en pCDH-miR-150 constructen 

significant verlaagd terwijl de pCDH-miR-155, pCDH-miR-222, en pCDH-miR-151a 

constructen significant verhoogd waren over de tijd. De effecten op de groei van 

BL-cellijnen kon worden gevalideerd voor 15 van de 18 constructen. De resultaten 

van pCDH-miR-26a, pCDH-miR-26b, pCDH-miR-34c, en pCDH-miR-150 

constructen waren een bevestiging van eerdere bevindingen door ons en andere 

onderzoekers. Op basis van expressie niveau werd de functionele rol van 

miR-26a/b-5p in BL verder onderzocht. Naast AGO2-IP in BL-cellen met normale en 

verhoogde miR-26b-5p expressie, hebben we voor de selectie van kandidaat genen 

ook gekeken naar de overlap met een genoom brede CRISPR-Cas9 ‘knockout’ 

screen in BL. Op deze manier konden we direct focussen op mogelijke miR-26b-5p 

target genen die bij inhibitie een vergelijkbaar fenotype laten zien als bij miR-26b-5p 

overexpressie. Dit resulteerde in de identificatie van het al eerder bewezen 

miR-26b-5p target gen EZH2 en vier additionele target genen. Verder validatie 

experimenten bevestigden de regulatie van KPNA2 door miR-26b maar niet voor de 

drie andere genen. Op basis van deze experimenten konden we concluderen dat het 

effect van miR-26b-5p op de groei van BL-cellen op zijn minste ten dele 

gemoduleerd werd door KPNA2. 

In Hoofdstuk 5 stond onderzoek naar MYC-geïnduceerde lncRNAs centraal. 

Hiervoor werden lncRNAs geïdentificeerd die verhoogd tot expressie kwamen in 

BL-cellijnen ten opzichte van GC B-cellen. Door de overlap te bepalen van deze 

dataset met de lncRNA datasets uit eerdere studies waarin we 1) lncRNAs hebben 

geïdentificeerd met verhoogde expressie in BL-tumoren ten opzichte van chronische 

lymfatische leukemie (CLL) tumorweefsel en 2) lncRNAs waarvoor we in het P493-6 

B-cel model hebben aangetoond dat ze door MYC worden geïnduceerd, werden in 
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totaal 44 lncRNAs gevonden met een door MYC-geïnduceerde verhoogde expressie 

in BL. Na evaluatie van de probe specificiteit en verdere bevestiging met behulp van 

RT-qPCR werd een finale kandidaat lijst van 19 MYC-geïnduceerde lncRNAs 

samengesteld voor verder onderzoek. Voor 18 van deze lncRNAs konden we 

regulatie door MYC bevestigen in het P493-6 B-cel model. Voor 16 van deze 18 

MYC-geïnduceerde lncRNA kandidaten konden we een of meerdere (1-5) lentivirale 

shRNA constructen maken (38 in totaal). Deze 38 constructen zijn gebruikt voor een 

inhibitie screen in BL-cellijnen. Drie shRNA constructen, te weten MAFG-AS1-sh2, 

TCONS_l2_00028770-sh1, en TCONS_l2_00007970-sh4, waren verlaagd over de 

tijd in beide infecties in tenminste 1 van de geteste cellijnen. Het effect kon voor alle 

drie de constructen worden bevestigd in onafhankelijke GFP-competitie 

experimenten. Op basis van het sterke fenotype is gekozen om verder onderzoek te 

beperken tot MAFG-AS1. De resultaten van de screen werden bevestigd met 2 

additionele shRNAs welke een vergelijkbaar effect op de groei van BL-cellijnen lieten 

zien. MAFG-AS1 transcripten waren verrijkt in de nucleus van BL-cellen wat 

suggereert dat ze mogelijk een effect hebben op de transcriptie van andere genen in 

cis of in trans. MAFG-AS1 bleek echter geen effect te hebben op de expressie van 

de nabijgelegen genen MAFG en PYCR1. Verdere experimenten zullen moeten 

uitwijzen of MAFG-AS1 andere genen in trans kan reguleren. 

Concluderend 

In dit proefschrift hebben we voor een aantal miRNAs aangetoond dat ze een 

belangrijke rol spelen bij het reguleren van de groei van HL of BL. Op basis van 

aanvullende functionele studies konden we voor een deel van de miRNAs de 

verantwoordelijke target genen identificeren. Voor de lncRNAs hebben we een 

aantal kandidaten geïdentificeerd, echter zijn er nog aanvullende studies nodig om 

de functionele mechanismen verder op te helderen. Hiermee dragen de bevindingen 

in dit proefschrift bij aan een beter begrip van de rol van ncRNAs in B-cel lymfomen. 

Vervolgstudies zouden zich onder andere moeten richten in het vertalen van deze in 

vitro studies naar in vivo studies. Dit is nodig om een verder inzicht te krijgen in de 

potentie van de hier geïdentificeerde ncRNAs voor eventuele klinische 

toepassingen. 
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中文概述 

自 21 世纪初以来，对包括小分子 RNA（miRNA）和长链非编码 RNA（lncRNA）

在内的非编码 RNA 的研究引起了生物研究领域的广泛关注。除了在正常细胞组织中的

表达和功能特征外，为数众多的 miRNA 和 lncRNA 在绝大部分肿瘤中也被发现有异常

表达的现象。在 B 细胞淋巴瘤中，目前仅对于极少数非编码 RNA 的致癌或抑癌作用进

行了相关的研究，但是对于大多数非编码 RNA 在 B 细胞淋巴瘤发病机理中的作用未有

深入的了解。 

本论文旨在探索非编码 RNA 在霍奇金淋巴瘤（HL）和伯基特淋巴瘤（BL）中的功

能。霍奇金淋巴瘤的肿瘤细胞起源于生发中心 B 细胞（GC-B 细胞），是最常见的恶性

肿瘤之一，通常具有相当顽固的疾病进程，但是化学疗法和放射疗法均对其有显著疗效。

这种淋巴瘤在年轻人和 60 岁以上的人群中尤为常见。伯基特淋巴瘤肿瘤细胞也起源于

GC-B 细胞。它是一种高度恶性的淋巴肿瘤，其特征是转录因子 MYC 基因与一种免疫

球蛋白基因之间易位，导致 MYC 的高度表达，从而影响成百上千下游基因的异常调控。

与霍奇金淋巴瘤不同，伯基特淋巴瘤主要在儿童中更为常见。 

本研究的目的是获得更多关于非编码 RNA 在霍奇金淋巴瘤和伯基特淋巴瘤中的作

用机制。在第二章中，我们研究了一组上调表达的 miRNA 在霍奇金淋巴瘤中的作用。

我们通过抑制其表达筛选了与霍奇金淋巴瘤细胞生长相关的 miRNA，然后对特定的

miRNA 进行功能研究。在第三、四和五章中，我们研究了异常表达的 miRNA 和 MYC

基因诱导的 lncRNA 在伯基特淋巴瘤中的功能。我们首先检测了 MYC 调控并且与 GC-B

细胞差异表达的非编码 RNA 群体。结合高通量测序，通过抑制表达或过表达，我们验

证了这些非编码 RNA 对伯基特淋巴瘤细胞生长的影响，并且对其中表型显著的非编码

RNA 的进行了基因调节机制的探究，以确定它们在伯基特淋巴瘤发病机理中的作用。 

在第二章中，我们通过抑制 miRNA 表达筛选了影响霍奇金淋巴瘤生长的 miRNA。

我们使用 63 个 miRNA 慢病毒抑制载体（包括 5 个阴性对照）构建的文库转染霍奇金

淋巴瘤细胞，通过细胞群体中载体丰度的变化来鉴定对细胞生长具有影响的 miRNA。

作为阴性对照，我们还同时使用了 222 个作为阴性对照的载体文库。所有构建的载体中

都包含 GFP 荧光报告基因，这使得可以根据 GFP 表达对感染的细胞进行分选。在感染

后第 5、13 和 21 天分选并收集转染细胞，通过 PCR 扩增载体的插入片断后进行测序
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和数据分析。如所期望的结果，在载体文库转染的细胞中，阴性对照文库中的 222 个载

体丰度没有呈现一致的显著变化。而在 63 个 miRNA 抑制载体文库转染的细胞中，我们

发现在 3 个细胞系的 6 个转染试验中，有 4 个 miRNA 抑制载体（miRZip-21-5p，

miRZip-449a-5p，miRZip-625-5p 和 miRZip-let-7f-2-3p）在细胞群体中的丰度显著降

低。这表明这些 miRNA 的存在对于霍奇金淋巴瘤细胞系的生长具有重要作用。筛选结

果又通过 GFP 生长竞争实验得到进一步验证。因为相对于 GC-B 细胞，miR-21-5p 在

霍奇金淋巴瘤细胞系中高度表达，所以我们深入研究了其在霍奇金淋巴瘤中的功能。在

细胞凋亡试验中，miR-21-5p 的抑制导致霍奇金淋巴瘤凋亡细胞数量增加，这表明该

miRNA 对于肿瘤细胞存活不可或缺。为了进一步阐明 miR-21-5p 的潜在机制，我们使

用了 Argonaute2 免疫沉淀技术（AGO2-IP）。由此可以分离细胞中的所有 miRNA-mRNA

复合物，并结合基因芯片鉴定这些复合物中的 miRNA 靶基因。基于来自 3 个霍奇金淋

巴瘤细胞系的 AGO2-IP 数据，我们筛选了对细胞生长凋亡和细胞周期相关的且具有

miR-21-5p 靶点的基因作为潜在的 miR-21-5p 调控基因。利用这个方法，我们筛选了 4

个 miR-21-5p 靶基因。相对于 GC-B 细胞，所有这些靶基因在霍奇金淋巴瘤中的表达均

有不同程度的降低。萤光素酶报告试验显示，BTG2 和 PELI1 的表达可以被 miR-21-5p

直接调控。其中对于 PELI1，我们还在蛋白质水平上对此进行了验证。 

在第三章中，我们使用下一代测序（NGS）技术对伯基特淋巴瘤细胞系和 GC-B 细

胞样本中的 miRNA 表达谱进行了分析。总共检测到 366 个 miRNA 表达，其中表达水

平最高的前 10 个 miRNA 占总表达量的近 70％。与 GC-B 细胞相比，伯基特淋巴瘤中

的 8 个 miRNA 上调表达，18 个则表达量显著降低。对于其中的 5 个 miRNA，其异常

表达在伯基特淋巴瘤的细胞系和肿瘤组织样本中均得到了验证。此外，对于其中 MYC

调控表达的 miR-378a-3p，GFP 生长竞争实验表明抑制其表达对伯基特淋巴瘤生长具

有不利的影响。然后对 miR-378a-3p 抑制表达和过表达的伯基特淋巴瘤细胞进行

AGO2-IP 实验。进而分别鉴定出 63 和 20 个可能的 miR-378a-3p 靶基因。萤光素酶报

告试验验证了其中 4 个 miR-378a-3p 的靶基因：IRAK4，MNT，FOXP1 和 JPX，从而

证实了 miR-378a-3p 对 4 个基因的直接调控。基于这些基因的已知功能，miR-378a-3p

在伯基特淋巴瘤中的功能可以得到进一步的阐释。 

在第四章中，我们在伯基特淋巴瘤细胞系中对 44 个 miRNA 和 58 个 miRNA 分别

进行了过表达和抑制表达。通过 NGS 测序追踪了 miRNA 载体在 40 天内的丰度变化，
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以此分析两个 miRNA 群体对伯基特淋巴瘤细胞生长的影响。在 miRNA 抑制表达筛选

试验中， miRZip-let-7f-2-3p ， miRZip-190-5p ， miRZip-449a-5p ， miRZip-9-5p ，

miRZip-106b-5p，miRZip-21-5p，miRZip-let-7e-5p，miRZip-494-3p，miRZip-30e-5p

和miRZip-378a-3p载体丰度显著降低。在miRNA过表达筛选试验中，pCDH-miR-26a，

pCDH-miR-26b，pCDH-miR-34a，pCDH-miR-34c 和 pCDH-miR-150 载体丰度显著降

低，而 pCDH-miR-155，pCDH-miR-222和 pCDH-miR-151a载体丰度随时间显著增加。

因此，我们共鉴定出 18 个对伯基特淋巴瘤细胞生长有影响的 miRNA。而对其中 15 个

对生长呈现不利影响的 miRNA 载体，我们利用 GFP 生长竞争实验分别进行了验证。与

此同时，pCDH-miR-26a，pCDH-miR-26b，pCDH-miR-34c 和 pCDH-miR-150 对伯基

特淋巴瘤细胞的作用也与我们和其他研究人员的先前发现的结果一致。根据表达水平，

我们进一步研究了 miR-26b-5p 在伯基特淋巴瘤中的作用机制。通过在两个伯基特淋巴

瘤细胞系中过表达 miR-26b-5p 和 AGO2-IP 实验，我们鉴定了 47 个 miR-26b-5p 的靶

基因。此外，我们还在伯基特淋巴瘤中进行了基于全基因组的CRISPR-Cas9基因敲除，

从而筛选出与细胞生长凋亡相关的候选基因。因为这些候选基因的敲除与被

miR-26b-5p 调控应表现出相似的表型，所以结合 AGO2-IP 实验数据，我们能够更直接

的筛选潜在的 miR-26b-5p 的靶基因。利用这种技术，我们筛选出包括先前已经证实的

miR-26b-5p 靶基因 EZH2 在内的 5 个靶基因。萤光素酶报告实验进一步的证实了

miR-26b-5p 对 KPNA2 表达的直接调控。而 KPNA2 的功能包括促进伯基特淋巴瘤中最

重要的 MYC 基因表达。基于这些结果，我们可以得出，miR-26b-5p 对伯基特淋巴瘤细

胞生长的影响受到 KPNA2 基因的调节。 

第五章，我们重点研究了伯基特淋巴瘤中 MYC 基因诱导的 lncRNA 对细胞的作用。

为此，我们首先鉴定了伯基特淋巴瘤细胞系中与 GC-B 细胞差异表达的 lncRNA。并且

我们先前研究了：1）伯基特淋巴瘤组织中相对于 MYC 基因低表达的慢性淋巴细胞白血

病（CLL）肿瘤组织表达上调的 lncRNA； 2） P493-6 B 细胞模型中由 MYC 诱导的

lncRNA。通过以上 3 组 lncRNA 数据的比对，总共发现了 44 个由 MYC 诱导并且在伯

基特淋巴瘤中上调表达的 lncRNA 探针。在评估探针的特异性并通过 RT-qPCR 进一步

确认后，确认了 19 个最终候选 lncRNA 用以进一步研究。对其中的 18 个 lncRNA，我

们在 P493-6 B 细胞模型中验证了 MYC 基因对其表达的促进作用。对于其中的 16 个

lncRNA，我们分别制备了 1-5 个 shRNA 慢病毒载体（总共 38 个）。利用这 38 个载体
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组成的文库转染伯基特淋巴瘤细胞系，通过抑制表达筛选对细胞生长有影响的 lncRNA。

在 被 转 染 的 3 个 细 胞 系 中 ， 3 个 shRNA 载 体 （ MAFG-AS1-sh2 ，

TCONS_l2_00028770-sh1 和 TCONS_l2_00007970-sh4）在细胞群体中的丰度均随时

间显著降低。且用 GFP 细胞生长竞争实验验证了 3 个载体对伯基特淋巴瘤细胞生长的

作用。基于表型强弱，我们选择 MAFG-AS1 进行了基因调控研究。另外设计的两个针

对 MAFG-AS1 的 shRNA 也同样证实了高通量试验的筛选结果。通过 RT-qPCR 分析细

胞核与细胞质样本，MAFG-AS1 转录本主要在伯基特淋巴瘤细胞核中富集，表明它可

能以顺式或反式调控的方式影响其他基因的转录水平。但是，我们发现 MAFG-AS1 对

附近基因 MAFG 和 PYCR1 的表达并没有影响。进一步的实验将研究 MAFG-AS1 是否

可以反式调控其他基因的转录水平。 

结论 

在本论文中，我们证明了许多非编码 RNA 在调节霍奇金淋巴瘤或伯基特淋巴瘤的

生长中起着重要作用。根据其功能，我们验证了与 B 细胞淋巴瘤生长相关的 miRNA 及

其靶标基因。虽然我们筛选了伯基特淋巴瘤中 MYC 基因诱导的 lncRNA，但是需要进

一步的研究来阐明其功能机制。 本论文的发现有助于更好地了解非编码 RNA 在 B 细胞

淋巴瘤中的作用。后续研究我们将致力于把这些体外研究的结果进行动物模型体内的研

究，用以进一步探索我们鉴定的非编码 RNA 的功能和在未来的临床应用中的潜力。 
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是您指引幼小的我走向知识的世界。李君老师，我和我的爱人非常荣幸能作为您的学生，
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特别感谢我的父母，爱人，儿子，和我所有的家人们。无论发生什么，你们都是我生活

的坚强后盾和奋斗的动力。祝你们一切都安好。 
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最后，我还要特别感谢中国留学基金委 China Scholarship Council (CSC)为我在荷兰
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