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Summary 
Neuroblastoma is a highly heterogeneous cancer of childhood. High-risk disease has a poor prognosis 

with survival rates below 50% and the majority of cured patients will experience treatment related late 

effects. Evidently, better therapy is needed for this group of patients. Increasing the knowledge of the 

molecular biology underlying neuroblastoma is essential to devise new treatment strategies for this 

disease.  

 

High-risk neuroblastomas are frequently MYCN-amplified and MYCN-amplification is correlated to 

enlarged nucleoli due to increased ribosome biogenesis. MYCN-amplification leads to overexpression 

of the MycN protein, which has been shown to upregulate the transcription of genes involved in 

ribosome biogenesis in neuroblastoma cells. Deregulated microRNA (miRNA)-expression patterns 

have emerged as a feature of MYCN-amplified and high-risk neuroblastoma. Also, in recent years, 

exosomes, have been shown to provide a way for secretion of miRNAs, but the exosomal miRNA-

content in neuroblastoma has not been characterized previously. 

 

We aimed at identifying novel aspects of the molecular biology underpinning high-risk 

neuroblastomas with an emphasis on MYCN, ribosomal RNA and miRNAs. In paper 1, we mined 

several publically available RNA expression datasets of neuroblastoma tumor tissue and found that 

high-stage and MYCN overexpressing neuroblastomas had increased expression levels of genes 

involved in ribosome biogenesis. We proceeded to investigate the effects of small molecular inhibitors 

of ribosome biogenesis (RNA polymerase I inhibitors), quarfloxin and CX-5461, in preclinical 

models. We found that these compounds were cytotoxic to MYCN-amplified neuroblastoma cells and 

led to p53 dependent apoptosis or cell cycle arrest. Both compounds caused DNA damage and reduced 

the protein levels of MycN. CX-5461 also repressed the growth of neuroblastoma xenografts 

established in nude mice. In paper 2, we characterized the tumor suppressor miRNA-193b in 

neuroblastoma and we found that this miRNA was expressed at a low level in primary tumors. 

Overexpression of miR-193b in neuroblastoma cell lines induced growth arrest and cell death through 

direct targeting of CCND1, MCL1 and MYCN. In paper 3, we investigated the miRNA-content of 

exosomes derived from two different MYCN-amplified neuroblastoma cell lines and discovered that 

exosomes contained a distinct profile of miRNAs predicted to regulate pathways important in cancer.  

 

In conclusion, the discoveries presented in this thesis, can hopefully lead to future novel therapies and 

biomarkers in high-risk neuroblastoma. 
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ALK Anaplastic Lymphoma Kinase 

ALL Acute Lymphoblastic Leukemia 

AML Acute Myeloid Leukemia 

ATM Ataxia Telangiectasia Mutated 

ATR Ataxia Telangiectasia And Rad3-Related Protein 

ATRX Alpha Thalassemia/Mental Retardation Syndrome X-linked 

BAK Bcl-2 homologous Antagonist Killer 

BAX Bcl-2-associated X protein 

Bcl-2 B-cell lymphoma 2 

BH3 Bcl-2 Homology Domain 3 

Bim Bcl-2 Interacting Mediator Of Cell Death 

BRCA1/2 Breast And Ovarian Cancer Susceptibility Protein 1/2 

CAMTA1 Calmodulin Binding Transcription Activator 1 

CASZ1 Castor Zinc Finger 1 

CCND1 Cyclin D 

CD Cluster of Differentiation 

CDC42 Cell Division Cycle 42 

CDK Cyclin-dependent Kinase 

CHD5 Chromodomain Helicase DNA Binding Protein 5 

Chk1/2 Checkpoint Kinase 1/2 

CLL Chronic Lymphocytic Leukemia 

CRKL CRK Like Proto-Oncogene, Adaptor Protein 

DGCR8 DiGeorge Syndrome Critical Region Gene 8 

DKK3 Dickkopf WNT Signaling Pathway Inhibitor 3 

DNA Deoxyribonucleic acid 

DUSP6 Dual Specificity Phosphatase 6 (MKP3; Mitogen-Activated Protein Kinase Phosphatase 3) 

E-Box Enhancer box 

ERK1/2 Extracellular Signal-Regulated Kinase 1/2 

ETS1 ETS Proto-Oncogene 1, Transcription Factor 

EZH2 Enhancer Of Zeste 2 Polycomb Repressive Complex 2 Subunit 

FBXW7 F-Box And WD Repeat Domain Containing 7 

Foxn1 Forkhead Box N1 (mouse) 

G-CSF Granulocyte-Colony Stimulating Factor 

GD2 Ganglioside GD2 
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HUVEC Human Umbilical Vein Endothelial Cells 

Huwe1 HECT, UBA And WWE Domain Containing E3 Ubiquitin Protein Ligase 1 

IDRFs Image Defined Risk Factors  
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MAPK Mitogen-activated protein kinase 

MAPK Mitogen-activated protein kinase 

Max Myc-associated factor X 

MCM7 Minichromosome Maintenance Complex Component 7 

MDM2 Mouse Double Minute 2 Homolog 
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NGFR Nerve Growth Factor Receptor (p75NTR) 
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p14ARF Protein p14 alternate reading frame 

p21 Protein p21 

p40 40-kDa protein complex 
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PLK1 Polo Like Kinase 1 
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1 Introduction 
Pediatric malignancies are rare and account for less than 1% of cancers, with approximately 150 new 

cases in Norway per year (1). Substantial progress with regards to the survival of pediatric cancer 

patients has been made over the last 5 decades and today 5-year survival rates exceeds 80% (2). In 

spite of this, cancer is the second leading cause of death for individuals below 14 years of age in 

industrialized countries, and in Europe more than 6000 children and adolescents will die from cancer 

each year (3). In recent years, there has been little or no improvement to the outcomes for difficult-to-

treat pediatric cancers with the worst prognosis, including acute myelogenous leukemia, high-risk 

neuroblastomas, sarcomas and some brain tumors (3, 4). In addition, a substantial proportion of 

childhood cancer survivors will experience various late effects from their cancer therapy in the months 

and years after completed treatment (5). For these reasons, novel treatments are needed, both to 

increase the cure rate of pediatric cancers and to increase the “quality of cure” by reducing the therapy 

related toxicities. 

 

The causes of childhood cancers are largely unknown, however exposure to high-dose radiation or 

prior chemotherapy, are accepted as strong external risk factors (6). Some cancer predisposition 

syndromes may cause malignant disease in childhood, such as Li-Fraumeni (germline TP53 

mutations) and familial retinoblastoma (germline RB1 mutations) (7). With the increased availability 

of high-throughput sequencing technologies in recent years, pathogenic germline mutations in cancer 

predisposition genes have been discovered in a significant proportion pediatric cancers, see section 

1.2.  

 

Childhood cancer differs from malignancies in adults in several ways. In contrast to pediatric cancers, 

specific risk factors are known for several cancers in adults (8). Furthermore, the majority (>90%) of 

adult cancers are carcinomas (i.e. arising from the epithelial linings of the body), while epithelial 

derived cancers constitute a minority of the cancers diagnosed in children (9). Cancer development in 

adults typically happens over several decades, whereas childhood cancers can have a very short 

latency period (9). This difference in latency is reflected by the findings of large-scale sequencing 

studies, which have shown that pediatric cancers have a much lower mutational burden as compared to 

adult neoplasms (8). 

 

The most common malignancy of childhood is leukemia, followed by various tumors of the central 

nervous system, see figure 1. Also, a large group of childhood cancers consists of embryonal tumors. 

These are tumors where the putative cell of origin partakes in normal development during 

embryogenesis and arise in tissues, which are non-self renewing in adults. In order to populate and 

generate the organs of the body, there is a requirement for tightly regulated phases of embryonal cell 
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division and subsequent exit from the cell cycle for terminal differentiation. Embryonal tumors are 

thought to arise from immature cells not exiting this proliferative phase and failing to undergo normal 

differentiation (10). Thus, these tumors can be looked upon as disorders of normal development.  

 

 
Figure 1. The frequency (%) of different childhood cancers of the 4563 children <15 years of age diagnosed with cancer in 

Norway 1985-2017 (11). The group “others” comprises retinoblastomas, liver tumors, gonadal tumors, trophoblastic tumors, 

germinal cell tumors, carcinomas, melanomas and other/unspecified tumors. 

 

1.1 Neuroblastoma 
Neuroblastoma is the most frequent cancer diagnosed in the first year of life, and is the most common 

extracranial solid tumor in children (12). It is an embryonal tumor arising from immature cells of the 

sympatho-adrenal lineage of the neural crest failing to undergo terminal differentiation and 

maintaining a proliferative phenotype (13). The developmental origin of neuroblastoma is reflected in 

the anatomical distributions of primary tumors, which can form anywhere along the sympathetic 

chains (figure 2). The most common site of primary tumors is the adrenal medulla (65%), but tumors 

can also occur in the sympathetic ganglia of the chest (20%), neck (5%), and pelvis (5%) (14). 
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Figure 2. The anatomical distribution of neuroblastic tumors (black and grey). Tumors are seen in the adrenal medulla and 

along the sympathetic chains. Edited from (15), with permission. 

 

Neuroblastoma accounts for about 7% of pediatric cancers and 15% of oncology deaths below the age 

of 15 (16). In spite of this disproportionate relationship between morbidity and mortality, a hallmark 

of neuroblastoma is its extreme heterogeneity. Tumors in low-risk patients have an excellent prognosis 

with survival rates approaching 100% (17). These patients can often be cured with minimal therapy. In 

fact, a subset of neuroblastomas have the remarkable capability of decreasing in size or disappearing 

completely without therapeutic intervention, even in presence of metastatic disease (18). 

Neuroblastoma has the highest rate of spontaneous regression of all cancers and a substantial 

proportion of low-risk neuroblastomas will spontaneously regress or differentiate into tumors with 

benign histopathological features (19). In the other end of the spectrum, high-risk neuroblastoma 

patients have a poor prognosis. Despite dose-intensive, multimodal treatment including major surgery, 

chemotherapy with autologous stem cell rescue, ionizing radiation, immunotherapy and treatment with 

differentiation inducing agents, the 5-year survival rate of high-risk neuroblastoma patients is below 

50% (17). Most of the high-risk patients will respond well to the initial therapy, but 50% will relapse 

with tumors refractory to the presently available therapy (20). Currently, there is no curative approach 

for patients with recurrent tumors, and today relapsed neuroblastoma is typically fatal. Also, a study 

has shown that approximately 95% of the patients who are cured of high-risk neuroblastoma 

experience therapy-related late effects with complications including hearing loss, endocrine 

dysfunction, infertility, musculoskeletal problems, cardiac and pulmonary problems and secondary 

neoplasms (21). The poor survival of high-risk patients and the high frequency of late-effects in those 

who are cured underscore the imminent need for better and less toxic treatment options for this patient 

group. 
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1.1.1 Histology and cellular distinctions 
Tumors of neuroblastic origin are classified by the International Neuroblastoma Pathology 

Classification (INPC) (22). This classification takes into account the degree of differentiation of the 

tumor cells (primitive neuroblasts, maturing neuroblasts, and ganglion cells) and the Schwann-type 

stromal cells (Schwannian-blasts and mature Schwann cells), and the distribution between these two 

cell types within the tumor. Tumors are classified as ganglioneuromas, ganglioneuroblastomas or 

neuroblastomas. The three phenotypes constitute a continuum where ganglioneuromas have a 

Schwannian-rich stroma with the most differentiated tumor cells, while neuroblastomas consists 

mainly of undifferentiated malignant cells and a Schwannian-poor stroma. The histological features 

are important for risk stratifying neuroblastomas (see section 1.1.2).  

 

Neuroblastoma cell lines have been shown to consist of three phenotypically distinct cell types, 

namely N-type (neuroblastic), S-type (non-neuronal, substrate adherent) and I-type (intermediate 

between N- and S-type), reviewed in (23). The cell types have distinct morphologies and patterns of 

growth. N-type cells typically have short neuritic extensions and adhere more strongly to other cells 

than to the substrate of the growth vessel. S-type cells are large flat cells without neurites. N-type and 

S-type cells have different biochemical markers. N-type cells express enzymes and receptors, which 

are present in developing neuroblasts and neurofilaments L, M and H. S-type cells have 

Schwannian/melanocytic phenotypes with absence of neuronal markers, and produce epidermal 

growth factor, fibronectin and intermediary filament vimentin. I-type cells have morphological and 

biochemical features of both cell types. N-type and S-type cells can transdifferentiate into each other.  

A recent study showed that most neuroblastomas contain two distinct tumor cell types with divergent 

gene expression profiles, termed adrenergic and mesenchymal (24). Studies of isogenic pairs of patient 

derived neuroblastoma cell lines showed that the adrenergic and mesenchymal differentiation states 

were due to distinct super-enhancer-associated transcription factor networks working within each cell 

type. This was also shown in subclones of the SK-N-SH neuroblastoma cell line; The N-type SH-

SY5Y and S-type SH-EP2 cell clones conformed to the adrenergic and mesenchymal cell types, 

respectively. Cells of the mesenchymal phenotype were inherently more resistant to chemotherapy in 

vitro as compared with adrenergic type cells and mesenchymal type cells were enriched in post-

treatment and relapsed tumors, showing a potential clinical relevance of these two differentiation 

states. 

 

1.1.2 Staging and risk stratification of neuroblastomas 
Neuroblastomas are staged according to the International Neuroblastoma Risk Group Staging System 

(INRGSS) (25, 26). This staging system takes into account various pre-treatment image defined risk 

factors (IDRFs; table 1), which correlate with the ability to achieve complete surgical resection of the 
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primary tumor. The IDRFs are in turn combined with the presence or absence of metastatic disease to 

assign patients to a specific INRG stage (table 2). INRG stage is finally combined with patient age, 

histological features of the tumor and specific molecular markers in order to place the patient in a 

specific risk group: low-risk, intermediate- or high-risk, see table 3 (26). 

 
Anatomical region Image Defined Risk Factor 

Neck Tumor encasing carotid and/or vertebral artery and/or internal jugular vein 

Tumor extending to base of skull 

Tumor compressing the trachea 

Cervico-thoracic junction 

 

Tumor encasing brachial plexus roots 

Tumor encasing subclavian vessels and/or vertebral and/or carotid artery 

Tumor compressing the trachea 

Thorax 

 

Tumor encasing the aorta and/or major branches 

Tumor compressing the trachea and/or principal bronchi 

Lower mediastinal tumor, infiltrating the costovertebral junctions between 

T9 and T12 

Thoraco-abdominal 

 

Tumor encasing the aorta and/or the vena cava 

Abdomen/pelvis 

 

Tumor infiltrating the porta hepatis and/or the hepatoduodenal ligament 

Tumor encasing branches of the superior mesenteric artery at the mesenteric 

root 

Tumor encasing the origin of the coeliac axis and/or of the superior 

mesenteric artery 

Tumor invading one or both renal pedicles 

Tumor encasing the aorta and/or vena cava 

Tumor encasing the iliac vessels 

Pelvic tumor crossing the sciatic notch 

Intraspinal infiltration whatever the location 

provided that 

More than 1/3 of the spinal canal in the axial plane is invaded and/or the 

perimedullary leptomeningeal spaces are not visible and/or the spinal cord 

signal is abnormal 

Infiltration of adjacent organs/structures Pericardium, diaphragm, kidney, liver, duodenal-pancreatic block and 

mesentery 

Ipsilateral tumor extension within two body 

compartments 

Neck-chest, chest-abdomen, abdomen-pelvis 

Conditions to be recorded but not considered IDRFs 

(various anatomical locations) 

 

Multifocal primary tumors 

Pleural effusion, with or without malignant cells 

Ascites, with or without malignant cells 

 

 

Table 1. IDRFs in neuroblastoma, adapted from (25). 
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INRG Stage Description 

L1 Localized tumor not involving vital structures defined by the list of image-defined risk factors and confined to one 

body compartment. 

L2 Locoregional tumor with presence of one or more image-defined risk factors. 

M Distant metastatic disease (except stage MS). 

MS Metastatic disease in children younger than 18 months with metastases confined to skin, liver and/or bone. 

 

Table 2. INRG stages, adapted from (25) 

 

INRG 

Stage 

Age 

(months) 

Histologic 

Category 

Grade of Tumor 

Differentiation 

MYCN 11q 

Aberration 

Ploidy Pretreatment 

Risk Group 

L1/L2  GN maturing; 

GN intermixed 

    A Very low 

L1  Any, except GN 

maturing or GN 

intermixed 

 NA   B Very low 

Amp   K High 

L2 < 18 Any, except GN 

maturing or GN 

intermixed 

 NA No  D Low 

Yes  G Intermediate 

≥ 18 GNB nodular; 

neuroblastoma 

Differentiating NA No  E Low 

Yes   

Poorly differentiated  

or undifferentiated 

NA   H Intermediate 

   Amp   N High 

M < 18   NA  Hyperdiploid F Low 

< 12   NA  Diploid I Intermediate 

12 to < 18   NA  Diploid J Intermediate 

< 18   Amp   O High 

≥ 18      P High 

MS <18   NA No  C Very low 

Yes  Q High 

Amp   R High 

 

Table 3. INRG risk groups, adapted from (26). 

 

1.1.3 Current treatment protocols 
Neuroblastoma is treated with different protocols according to the INRG risk group of the patient. 

Norwegian patients are included in clinical trials run by the International Society of Paediatric 

Oncology Europe Neuroblastoma (SIOPEN) group, see the following two sections. Also, over the last 

decade a number of smaller clinical trials aiming to identify novel treatments, including targeted 

therapy, in neuroblastoma have been initiated, some of which are reviewed in (27). 
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1.1.3.1 Low- and intermediate-risk  

Low-risk and intermediate-risk neuroblastoma patients are enrolled in the LINES protocol study 

(ClinicalTrials.gov identifier: NCT01728155). Patients with the lowest risk are typically observed 

with follow-up imaging studies due to high rates of spontaneous regression. Intermediate-risk patients 

will receive various combinations of chemotherapy, radiotherapy and 13-cis retinoic acid 

differentiation inducing treatment.  

 

1.1.3.2 High-risk neuroblastoma treatment 

High-risk neuroblastoma patients are currently being enrolled in the High-risk Neuroblastoma Study 

1.8 of SIOPEN (ClinicalTrials.gov identifier: NCT01704716). The high-risk protocol consists of three 

phases; induction, consolidation and maintenance (figure 3). The current induction treatment uses a 

rapid COJEC regimen. COJEC consists of chemotherapeutic agents cisplatin, vincristine, carboplatin, 

etoposide and cyclophosphamide. Patients receive supportive treatment with G-CSF to prevent febrile 

neutropenia. After induction, patients proceed to consolidation therapy beginning with surgical 

removal of remaining tumor tissue, followed by myeloablative chemotherapy (Busulfan and 

Melphalan; BuMel) with peripheral blood stem cell rescue and radiotherapy to the site of the primary 

tumor. At the end of consolidation therapy, patients will receive treatment for minimal residual disease 

(MRD) consisting of immunotherapy with anti-GD2 antibody (14.18/CHO) with or without the 

addition of Interleukin-2 (IL-2) and differentiation therapy with 13-cis retinoic acid. 

 

 
Figure 3. Overview of the timeline for the current high-risk neuroblastoma protocol (1.8) from SIOPEN. 

 

 

    Rapid 
COJEC 

Surgery 

Myeloablative 
chemotherapy 
(BuMel) with 
autologous stem 
cell rescue 

Radiation  
Immunotherapy 
(anti-GD2) 
Differentiation 
therapy (13-cis 
RA) w/wo IL-2 

Induction Consolidation   Maintenance 

 

∼3-4 months ∼1 month ∼4-5 months 
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1.2 Genetic aberrations in neuroblastoma 
In recent years, our understanding of the genetic underpinnings of pediatric cancer has greatly 

increased due to large genome wide studies of both tumor tissue and germline. Sequencing of 

constitutional DNA has revealed that 7-12% of pediatric cancer patients harbor pathogenic or probably 

pathogenic germline mutations in cancer susceptibility genes (28-31). Most of the germline variants 

are in genes related to DNA repair mechanisms. Somatic mutations are on average rare in childhood 

cancers when compared with adults. One study has shown that pediatric cancers on average had 14 

times less (coding SNVs and indels) per megabase (Mb) than tumors from adults (0.13 vs. 1.8 

mutations per Mb) (31). In spite of the general paucity of somatic mutations, large-scale sequencing 

efforts across different types of childhood cancer have identified clinically relevant subtypes, 

increased our knowledge of the drivers of these diseases, and have shown that up to 50% of pediatric 

cancers harbor genetic events that are potentially druggable (31, 32).   

 

Neuroblastomas generally have a low number of somatic mutations, with a median exonic mutation 

frequency of 0.60 per Mb (33). However, there are several well characterized recurrent genetic 

aberrations in neuroblastoma, many of which have well established correlations to prognosis. 

 

1.2.1 The MYCN oncogene 
Genomic amplification of the MYCN gene is a recurrent genetic abnormality in neuroblastoma and is 

associated with a poor outcome. Due to its clinical importance and central role in this thesis, this 

section is dedicated to MYCN. Thereafter follows descriptions of other recurrent genetic aberrations 

and genetic predisposition to neuroblastoma (section 1.2.2-1.2.6). 

 

1.2.1.1 Discovery 

The road to discovery of cellular proto-oncogenes was paved by pioneering work on avian sarcoma 

viruses (ASV), which cause tumors in chickens. In 1976 it was shown that the transforming gene in 

ASV (v-Src) shared homology with DNA present in normal avian cells (34). The homologous DNA in 

the normal cells was found to be the SRC (c-Src) gene, and the term proto-oncogene was coined to 

describe the normal cellular precursors of transforming viral oncogenes. The MYC (c-Myc) gene was 

found in 1982 as a cellular homolog to the viral myelocytomatosis gene (v-Myc) (35). MYCN was 

subsequently discovered in neuroblastoma cell lines by two different research groups in 1983 as 

amplified DNA with partial homology to MYC and v-Myc (36, 37).  
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1.2.1.2 Function 

The MYCN gene encodes the MycN protein and belongs to the MYC family of proto-oncogenes, 

which also consists of family members MYC and MYCL, encoding the c-Myc and L-Myc proteins, 

respectively (38). MycN, like the two other MYC family proteins is a transcription factor containing 

an N-terminal transactivation domain and C-terminal nuclear localization signal and basic-

region/helix-loop-helix/leucine-zipper (bHLHZip) motif. The bHLHZip is involved in protein 

dimerization and MycN forms a dimer complex with the protein Max (39). This heterodimer activates 

the transcription of target genes by binding to consensus E-Box sequences (5’-CANNTG-3’) in the 

promoter regions of a wide variety of genes (40). In addition to activating gene transcription, MycN 

can act as a direct transcriptional repressor in complex with transcription factors Miz-1 and SP-1 (41). 

MycN can also repress genes indirectly through upregulation of miRNAs, see section 1.4.1. The genes 

transcribed or repressed by MycN are crucial regulators of processes vital to cellular fate and survival, 

including differentiation, apoptosis, growth and proliferation (42), see also table 4.  

 

The Myc proteins are frequently overexpressed in cancer. When expressed at high levels in 

neuroblastoma, MycN leads to a global amplification of transcription through binding active 

regulatory elements at high affinity canonical E-boxes (5’-CACGTG-3’) in promoter regions and to 

low affinity non-canonical promoter and enhancer E-boxes (43). The ability to increase global 

transcription, was first shown for c-Myc, which also invades enhancers and promoters of actively 

transcribed genes when overexpressed (44).  
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Gene Function Regulation by MycN Mechanism Reference 

ABCC1 Drug efflux Upregulated Direct, promoter E-box 

(luciferase based assay, EMSA) 

(45) 

ALK RTK, proliferation Upregulated Direct, promoter E-box (ChIP) (46) 

DKK3 Inhibitor of Wnt signaling Downregulated Indirect, target of MycN activated 

miR-92a  

(47) 

DUSP6 Phosphatase targeting 

ERK 

Downregulated Direct by SIRT1/Sp-1/MycN 

complex at DUSP6 (MKP3) 

promoter (ChIP) 

(48) 

EZH2 Histone methylation, gene 

repression 

Upregulated Direct, promoter E-box (ChIP) (49) 

GLS2 Glutaminolysis Upregulated Direct, E-box in intron 1 (ChIP) (50) 

KLF4 Pluripotency signaling Upregulated Direct, promoter E-box (ChIP) (51) 

LIF Inhibitor of angiogenesis, 

pluripotency signaling.  

Contradictory; down- 

and upregulated 

Downregulation: Direct 

(luciferase based assay). 

Upregulation: Direct, promoter E-

box (ChIP) 

(51, 52) 

LIN28B Inhibitor of MYCN 

targeting Let7 miRNA  

family 

Upregulated Direct, promoter E-box (ChIP) (53) 

MDM2 Negative regulator of p53 Upregulated Direct, promoter E-box (ChIP) (54) 

MYCN Transcription factor Upregulated Direct, E-box in intron 1 (ChIP) (55) 

NGFR Neuronal differentiation, 

NGF signaling 

Downregulated Direct, recruitment of HDAC1 to 

Miz-1/Sp-1/MycN complex at 

NGFR promoter (ChIP) 

(41) 

NTRK1 Neuronal differentiation, 

NGF signaling 

Downregulated Direct, recruitment of HDAC1 to 

Miz-1/Sp-1/MycN complex at 

NTRK1 promoter (ChIP) 

(41) 

ODC1 Polyamine biosynthesis Upregulated Direct, promoter E-box (ChIP) (56) 

PLK1 Trigger of G2/M 

transition 

Upregulated Direct, promoter E-box (ChIP) (57) 

POU5F1 Pluripotency signaling Upregulated Direct, distal enhancer region E-

box (ChIP) 

(58) 

TERT Telomere maintenance Upregulated Direct, promoter E-box (ChIP) (59) 

TGM2 Neuronal differentiation Downregulated Direct, recruitment of HDAC1 to 

Sp-1/MycN complex at TGM2 

(TG2) promoter (ChIP) 

(60) 

TP53 Cell cycle arrest, 

apoptosis 

Upregulated Direct, promoter E-box (ChIP) (61) 

 

Table 4. A selection of genes regulated by MycN, their cellular function and proposed mechanism of regulation. 
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1.2.1.3 Regulation 

MYCN is subject to tight regulation at the transcriptional, translational and post-translational levels. 

MYCN expression is directly stimulated through the binding of the transcription factor Oct4 to the 

MYCN proximal promoter (58). E2F and SP1/SP3 transcription factors can also activate MYCN 

transcription through direct activation of the MYCN promoter (62, 63). Also, it has been shown that 

MYCN transcription is the subject of positive auto-regulation, by recruitment of MycN to E-Box 

motifs found in intron 1 of MYCN (55). TGFβ can repress the expression of MYCN in neuroblastoma 

through interaction with E2F binding sites (62). A recent study showed that the p53 family tumor 

suppressor TAp63 directly repressed MYCN transcription through binding exon 1 of MYCN (64).  

 

The MYCN mRNA can be stabilized through RNA-binding proteins recruited to AU-rich elements in 

the MYCN 3’UTR, including E3 ubiquitin ligase MDM2, p40 and HuD (65-67). MYCN transcripts are 

also subject to miRNA-mediated repression through direct interaction of specific miRNAs with the 

MYCN 3’UTR, including miR-34a, Let-7 and miR-101 (68). 

 

The stability of MycN is regulated by proteins affecting the phosphorylation status of amino acids 

threonine 58 (Thr58) and serine 62 (Ser62) in the MycN protein sequence. Both epitopes are present in 

c-Myc and are important for post-translational control of c-Myc protein stability as well (69). 

Phosphorylation of Ser62 stabilizes MycN and kinases implicated in phosphorylating this epitope 

include CDK1 and ERK1/2 (48, 70). Thr58 phosphorylation recruits the E3 ubiquitin ligase FBXW7, 

which ubiqutinates MycN, leading to proteasomal degradation (71). Thr58 phosphorylation is carried 

out by GSK3β and requires a priming phosphorylation of Ser62. MycN levels are also regulated by 

factors affecting of FBXW7 stability. One study showed that Plk1 destabilized FBXW7 through direct 

interaction and that pharmacological inhibition of Plk1 reduced the half-life of MycN by nearly 50% 

in MNA neuroblastoma cell lines Kelly and BE(2)-C (57). A similar effect on MycN half-life was 

found after depleting Aurora kinase A in MNA neuroblastoma cells (72). In this study, Aurora kinase 

A was shown to directly interact with both MycN and FBXW7, leading to an inhibition of FBXW7-

mediated proteolysis of MycN. In addition to FBXW7, the E3 ubiquitin ligase Huwe1 can also 

destabilize MycN through polyubiquitination thereby targeting it for degradation in the proteasome 

(73). 

 

1.2.1.4 Physiological expression and role in development 

MYCN expression is important during normal development, both to induce proliferation during 

organogenesis and to inhibit premature terminal differentiation. Mice with a targeted homozygous 

disruption of Mycn, die between 10.5 and 12.5 days of gestation, with defective development of 

several organs, including the heart and cranial and spinal ganglia (74). Most of these defects were 

consistent with a reduction of embryonal cell proliferation, and not the onset of differentiation.  In 



 

18 

another study, targeted Mycn knockout in mouse neuronal progenitor cells, led to a 2-fold shrinkage of 

brain mass and increased neuronal differentiation, underscoring the important role of MycN during the 

formation of nervous tissue (75). In humans, heterozygous loss-of-function MYCN variants in the 

germline results in Feingold syndrome 1, a developmental disorder characterized by microcephaly, 

dysmorphic facial features, atresias of the gastrointestinal tract, digital anomalies and learning 

disabilities (76). This syndrome also demonstrates the importance of MYCN during normal 

development. The physiological expression of MYCN is generally absent or very low in adult human 

tissues (42). A comparison of the expression of MYCN in various normal tissues and neuroblastoma is 

shown in figure 4. 

 

 

 
Figure 4. Expression (2log) of MYCN transcripts across various datasets of normal human tissues and 4 datasets with tumor 

tissue from human neuroblastomas. The graph was generated using the MegaSampler across datasets function in the R2: 

Genomics Analysis and Visualization Platform (r2.amc.nl) with the following normal datasets: N Various 504 (90 distinct 

tissue types), N embryogenesis 18 (normal human embryos, week 4-9 of development), N ES 6 (neuronal embryonic stem 

cell rosettes) N Adrenal gland 13 (human adrenal gland tissue), N Neural Crest 5 (human neural crest tissue 26-32 days post 

fertilization). The following neuroblastoma datasets were included: T Neuroblastoma 88 (Versteeg), T Neuroblastoma 51 

(Hiyama), T Neuroblastoma 30 (Lastowska) and T Neuroblastoma 34 (DeLattre), these data sets have expression data from 

88, 51, 30 and 34 tumors, respectively. 
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1.2.1.5 MYCN and neuroblastoma 

MYCN-amplification (MNA) is present in about 20% of neuroblastomas at diagnosis, and is likely the 

best described molecular biomarker for risk-stratification of patients (77, 78). When MNA occurs, the 

neuroblastoma cells contain more than the two copies of the MYCN gene normally present in a cell. 

On the cytogenetic level, MNA manifests as double minute chromosomes (DMs) or as homogenously 

staining intra-chromosomal regions (HSRs) (79). DMs appear as numerous chromatin bodies in a 

cytogenetic preparation, these bodies replicate and are therefore “double” in metaphase. HSRs are 

integrated into chromosomes and are identified in metaphase preparations after chromosomal banding 

and appear as diffusely staining regions. At the outset, it is thought that MYCN becomes amplified as 

DMs, and this genetic lesion can either persist or the DMs can become linearly integrated into 

chromosomes to form HSRs (80). It has previously been suggested that MNA is an intrinsic biological 

property of a subset of aggressive neuroblastomas and that tumors without amplification will rarely if 

ever develop this aberration (81). However, a recent study comparing the mutational landscape of 

primary and relapsed neuroblastomas, demonstrated a de novo amplification of the MYCN locus in one 

patient at relapse with a non-MNA primary tumor (82). 

 

Copy number of the MYCN gene in MNA neuroblastoma is typically 50 to 400 hundred copies per cell 

and this corresponds with high levels of MYCN transcripts and overexpression of the MycN protein 

(83). The capacity of MYCN to act as a bona fide oncogene has been demonstrated by its ability to 

induce neoplastic transformation of cultured mammalian cells grown in vitro (84, 85). Also, it has 

been shown that sympatho-adrenal restricted overexpression of the human MYCN gene (expressed 

from the tyrosine hydroxylase or dopamine-β-hydroxylase promoters), leads to spontaneous 

development of neuroblastomas in transgenic mice, demonstrating an in vivo functional role of MYCN 

in neuroblastoma tumorigenesis (86, 87). Transgenic zebrafish expressing human MYCN under the 

control of the dopamine-β-hydroxylase promoter also develop neuroblastomas (88). In addition, a 

recent study demonstrated that enforced overexpression of MycN led to transformation of primary 

mouse neural crest cells and induced neuroblastomas (89). These tumors showed an accurate 

morphological phenotype as compared with human neuroblastomas, and also demonstrated molecular 

aberrations commonly observed in MNA tumors, including 17q gain and 1p36 loss of heterozygosity 

(LOH). 
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1.2.1.6 Clinical impact of MYCN-amplification 

MNA categorizes patients as high-risk, regardless of INRG stage (see table 3). Since 1985 it has been 

clear that MNA leads to a poor prognosis and rapid tumor progression in neuroblastoma patients (77). 

The overall probability of survival for patients with MNA is substantially lower than those with non-

MNA tumors (figure 5). High MYCN levels also correlates with invasive and metastatic behavior (90).  

Also, aggressive neuroblastomas without MNA often have elevated expression levels of MYC 

signature genes, underscoring the central role of MYC signaling in high-risk neuroblastoma (91, 92). 

 

 
Figure 5. Kaplan Meier plot showing the overall survival of 493 neuroblastoma patients with (red; n=92) or without (green; 

n=401) MNA. The plot was generated using the Kaplan Meier by annotated parameter function (MYCN status) in R2: 

Genomics Analysis and Visualization Platform with the dataset ‘Tumor Neuroblastoma - SEQC - 498 - RPM - seqcnb1’. 

 

MNA is clearly a strong negative prognostic factor in neuroblastoma, however, a clinical report from 

2014 demonstrated that the prognosis of MNA patients is more heterogeneous than previously 

described (93). In this study of high-risk neuroblastoma patients treated at Memorial Sloan Kettering 

Hospital between 2000 and 2011, the authors describe a “striking dichotomy” in the outcomes of 

MNA patients after induction therapy. MNA neuroblastoma patients with a complete response (CR) or 

a very good partial response (VGPR) to the induction chemotherapy had event-free survival and 

overall survival rates comparable to non-MNA high-risk patients with CR/VGPR. In contrast to this, 

progression as a response to induction therapy happened exclusively in the MNA patient population, 

and early death from progressive disease (<366 days from diagnosis) was significantly more common 
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in MNA patients compared to the non-MNA group.  This study highlights the complexity of the 

MYCN in neuroblastoma at a clinical level, and the authors propose that elucidation of the molecular 

mechanisms underlying the divergent clinical outcomes amongst MNA patients will yield 

improvements in prognostication and potentially novel actionable drug targets. 

 

1.2.1.7 MYCN in other cancers 

In addition to neuroblastoma, genetic aberrations leading to overexpression of MYCN can be present in 

neuroendocrine tumors, such as neuroendocrine prostate cancer (94) and small cell lung cancer (95), 

in various embryonal tumors of childhood including medulloblastoma (96), retinoblastoma (97), 

Wilms’ tumor (98) and rhabdomyosarcoma (99) and other adult malignancies such as glioblastoma 

multiforme (100) and various leukemias (AML, ALL, CLL) (101-103).  

 

1.2.2 Chromosomal abnormalities 
Chromosomal aberrations are common in neuroblastoma. Tumors with whole chromosome gains, but  

without segmental changes have an excellent prognosis whereas high-risk tumors are characterized by 

the presence of segmental chromosomal aberrations (SCAs) (104).  

 

LOH at the 1p36 locus, is a frequent occurrence in neuroblastomas, and a strong predictor of poor 

prognosis. 1p36 LOH is reported in 20-40% of neuroblastoma patients, and is highly correlated with 

MNA (105). However, 1p36 LOH can occur in MYCN single copy tumors, and one study has shown 

that monoallelic loss of 1p36 is superior to MNA as a prognostic factor using multivariate analyses 

with the Cox proportional-hazards model (106). Due to its strong negative prognostic impact, it has 

been proposed that the 1p36 locus harbors one or more tumor suppressor genes, which are important 

in neuroblastoma pathogenesis. In fact, several genes have been identified within this genomic region, 

with tumor suppressive functions in neuroblastoma. The anti-neuroblastoma effects of these genes 

include repressing MYCN expression and inhibiting proliferation (miR-34a (107)), activation of 

apoptosis (KIF1B (108)) and inducing neuronal differentiation (CDC42 (109), CAMTA1 (110), 

CASZ1(111) and CHD5 (112)).  

 

Another frequent SCA in neuroblastoma is gain of the long arm of chromosome 17 (17q gain). The 

main mechanism for 17q gain is an unbalanced translocation with various different partner 

chromosomes, and gain of this genetic material is associated with advanced disease stage, MNA and 

1p36 deletion (113). It has been proposed that one or more oncogenes reside in 17q and that these 

contribute to neuroblastoma pathogenesis by an increased gene dosage effect (114).  

 

11q LOH occurs in 35-45% of neuroblastomas and is almost mutually exclusively with MNA (115). 

11q-deletion is associated with a poor outcome with regards to long-term survival, and one study has 
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demonstrated that the prognostic impact of this aberration approaches that of MNA, with 8-year 

overall survival <35% (116). The same study also showed that patients with 11q-deleted tumors are 

significantly older at diagnosis (42 vs. 21 months) and have longer median survival after diagnosis (40 

vs. 16 months) as compared with MNA. The underpinning of the aggressive phenotype associated 

with 11q-deleted tumors has not been identified, but haploinsufficiency has been proposed as a 

potential mechanism (115).  

 

In addition, other frequently occurring SCAs in neuroblastoma are losses of 3p, 4p and distal 6q and 

gains of 2p and 7q (117) 

 

1.2.3 Chromothripsis  
Whole genome sequencing of 87 neuroblastomas of all stages showed few recurrent amino-acid-

changing mutations, but revealed chromothripsis in 18% of high-stage neuroblastomas (118). 

Chromothripsis is a localized shredding of chromosomal material in a particular region followed by a 

random reassembly of the pieces. The regions affected by chromothripsis frequently involved genes 

important in neuroblastoma pathogenesis and was associated with MNA and loss of chromosome 1p.  

Furthermore, this study also demonstrated recurrent mutations in genes involved in neuritogenesis, 

including regulators of Rho/Rac-signaling such as ATRX and TIAM1 and genes that function in neural 

growth cones such as ODZ3.  

 

1.2.4 ALK 
Activating point mutations in the anaplastic lymphoma kinase (ALK) oncogene are somatically 

acquired in about 8% of neuroblastoma cases (119). There is a substantial spatiotemporal variation 

with regards to the presence of ALK mutations in neuroblastoma. ALK mutations can be present at a 

subclonal level at the time of diagnosis and show clonal expansion at tumor recurrence, and also de 

novo ALK mutations can emerge at relapse in patients initially diagnosed with wild type (wt) ALK 

disease (120). ALK encodes the receptor tyrosine kinase ALK and the majority of the mutations 

affecting ALK in neuroblastoma result in amino acid changes in the tyrosine kinase domain, causing 

constitutive activation of ALK signaling (121). Several of these mutations have been shown to be 

oncogenic through their capacity to transform primary cells when they are introduced (122). Targeting 

mutated ALK with ALK specific small molecule inhibitors is possible for some mutations and has 

shown efficacy in neuroblastoma and ALK inhibitors are currently being evaluated in clinical trials 

(123). The exact mechanism of how ALK exerts its oncogenic effects at the cellular level is not 

completely understood, but mutant ALK leads to the downstream activation of various signaling 

pathways including PI3K-AKT-mTOR and Ras-MAPK (124). ALK also stimulates the transcription 

of MYCN in neuroblastoma cell lines (125). 
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1.2.5 TERT, Ras-MAPK and TP53 
A study from 2015 conducting whole genome sequencing of 56 neuroblastomas from both low-risk 

and high-risk patients, showed recurrent genomic rearrangements affecting a chromosomal region at 

5p15.33 upstream of the telomerase reverse transcriptase (TERT) gene (126). These rearrangements 

were found exclusively in high-risk tumors without MNA or ATRX mutations. The genomic 

rearrangements led to the juxtaposition of TERT downstream of powerful enhancer elements and a 

subsequent massive transcriptional upregulation of TERT expression. High TERT levels allow tumor 

cells to avoid cellular senescence by maintaining telomere length, resulting in immortalization and 

endless replicative potential. The same study also found that telomere maintenance mechanisms were 

present in all high-risk neuroblastomas, also those without TERT rearrangements. In MNA tumors, 

MycN upregulated the expression of TERT through direct interaction with the TERT promoter. Also, 

in a subset of neuroblastomas which harbored loss-of-function ATRX mutations, lengthening of 

telomeres happened through alternative lengthening of telomeres (ALT) mechanisms.  

 

Relapsed neuroblastomas frequently contain mutations predicted to hyperactivate the Ras-MAPK 

pathway (127). A study which conducted whole-genome sequencing of 23 paired diagnostic and 

relapsed neuroblastomas showed that 18 (78%) of the relapsed tumors contained mutations predicted 

to activate Ras-MAPK signaling. In 11 (48%) primary tumors, the same Ras-MAPK pathway 

mutations as were present in the paired relapsed tumors, were detected. The frequency of Ras-MAPK 

mutations in primary tumors was much higher than what has been reported previously in 

neuroblastoma, leading the authors to hypothesize that Ras-MAPK mutations in a diagnostic sample 

can serve as marker of aggressive disease with a high risk of relapse.  

 

The tumor suppressor gene TP53 is the most frequently mutated gene in cancer and somatic mutations 

of this gene occur in at least 50% of human malignancies (128). TP53 mutations are rare in primary 

neuroblastomas (~3%) (40). However, changes in TP53 occur more frequently in relapsed 

neuroblastomas, one study showed that 15% of relapsed tumors had TP53 mutations and 49% had 

abnormalities in p53 pathway genes (129). Also, a study showed that neuroblastoma cell lines 

established from relapsed tumors frequently had aberrations in the p53-MDM2-p14ARF pathway (130). 

 

In a recent study, Ackermann et al. showed that neuroblastomas containing telomere-maintenance 

mechanisms (TERT gene rearrangements, MNA or ALTs) in addition to Ras-MAPK and/or p53 

pathway alterations, had an extremely poor prognosis with the lowest survival rates, underscoring the 

clinical importance of these molecular events in neuroblastoma (131). They performed whole genome 

sequencing on 416 untreated primary neuroblastomas and assessed telomere maintenance mechanisms 

in 208 of these tumors. Tumors lacking telomere-maintenance mechanisms had an excellent 

prognosis, irrespective of the presence of Ras-MAPK or p53 pathway mutations. The presence of 
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telomere maintenance without Ras-MAPK/p53 pathway mutations had a poor survival, but was 

considerably better than the tumors with telomere maintenance and Ras-MAPK/p53 pathway 

mutations. 

 

1.2.6 Genetic factors predisposing to neuroblastoma 
Most neuroblastoma cases are sporadic, however 1-2% are caused by germline mutations, which are 

inherited in an autosomal dominant fashion (132). Gain-of-function ALK variants, and loss-of-function 

mutations in the homeobox gene PHOX2B make up the majority of germline mutations in hereditary 

neuroblastomas, accounting for 75% and 10%, respectively (133). In recent years, genome-wide 

association studies (GWAS) have identified several neuroblastoma susceptibility alleles in candidate 

genes with modest effect sizes, which are associated with tumorigenesis and progression of sporadic 

neuroblastoma (134).  

 

1.3 Ribosome biogenesis 
Ribosomes are an essential part of the protein synthesizing machinery of the cell, facilitating the 

translation of mRNAs into proteins. The synthesis of ribosomal components, assembly and transport 

from the nucleolus to the cytoplasm (where protein synthesis takes place) is collectively termed 

ribosome biogenesis. Ribosome biogenesis requires the coordinated activity of three separate 

transcription machineries, namely RNA polymerases I, II and III. Ribosomes are generated in the 

nucleolus, which is the largest subnuclear structure. Human ribosomes consists of four ribosomal 

RNA (rRNA) molecules (5.8S rRNA, 28S rRNA, 5S rRNA and 18S rRNA) and over 70 different 

proteins, grouped into two subunits (40S and 60S) (135). The main enzymatic process of the ribosome 

is the peptidyl transferase reaction, which catalyzes the formation of peptide bonds between adjacent 

amino acids using amino acid-loaded tRNAs (aminoacyl-tRNAs) during the mRNA translation 

process. The active site of the peptidyl transferase activity is composed of rRNA (136).  

 

Figure 6 shows an overview of ribosome biogenesis. The synthesis of the majority of rRNA is 

mediated by RNA polymerase I (RNA pol I), a multiprotein ~590 kDa enzymatic complex consisting 

of 14 subunits (137). RNA pol I mediated transcription of rRNA occurs at ribosomal DNA (rDNA) 

repeats present in the nucleolus. The initial transcript produced by RNA Pol I is 47S pre-rRNA (pre-

rRNA), which is subsequently processed into 18S, 5.8S and 28S rRNAs (138). The final rRNA 

transcript, 5S rRNA, is synthesized by RNA pol III, and the mRNAs required for ribosomal proteins 

are produced by RNA pol II (139). The four rRNA transcripts bind different ribosomal proteins in the 

nucleolus, a process known as ribosome assembly, to form the pre-40S (containing 18S rRNA) and 

pre-60S (containing 5S, 5.8S and 28S rRNA) subunits. The pre-40S and pre-60S follow distinct export 
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routes, and are transported from the nucleolus into the nucleoplasm and subsequently to the 

cytoplasm, where the mature ribosome can form (140). 

 

 
Figure 6. An overview of ribosome biogenesis, see main text for details. From (141), with permission. 

 

The rate of ribosome biogenesis is tightly coupled to cellular growth. Withdrawal of nutrients, 

especially essential amino acids, leads to a rapid drop of RNA pol I mediated transcription (142). In 

order to maintain a high proliferative rate, ribosome biogenesis is frequently upregulated in cancers. 

Upregulated ribosome biogenesis results in increased nucleolar size in tumor cells, and the presence of 

enlarged nucleoli has been used as a histopathological marker for aggressive cancer for over a century 

(143). In neuroblastoma, the presence of prominent nucleoli correlates with an undifferentiated 

phenotype and MNA or c-Myc overexpression (144, 145). It has also been shown that Myc proteins 

upregulate ribosome biogenesis. c-Myc increases the RNA pol II mediated production of several 

ribosomal proteins, and also increases RNA pol I activity through direct interaction with rDNA 

promoter elements (146). MycN has also been shown to enhance the expression of several genes 

involved in ribosome biogenesis in neuroblastoma cells (147).  
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The disruption of ribosome biogenesis has been proposed as a target for novel cancer treatment (141). 

In recent years, two small molecular compounds, quarfloxin and CX-5461 have been characterized as 

direct and specific inhibitors of ribosome biogenesis (inhibitors of RNA pol I) and have gained 

attention due to their anti-cancer effects. 

 

1.3.1 Inhibitors of ribosome biogenesis: Quarfloxin and CX-5461 
The first characterization of the effects of quarfloxin (CX-3543) and CX-5461 in cancer cells were 

done by the same group (in 2009 and 2011, respectively) and both compounds were shown to inhibit 

RNA pol I mediated transcription (148, 149).  

 

 

 
Figure 7. Molecular structure of quarfloxin (left) and CX-5461 (right), available at https://pubchem.ncbi.nlm.nih.gov/. 

 

Quarfloxin was initially characterized due to its ability to stabilize a G-quadruplex structure in the 

MYC promoter (150). G-quadruplexes (G4s) are transient DNA secondary structures, which can form 

through non-Watson-Crick Hoogsteen base pairing in situations where DNA temporarily becomes 

single-stranded, for instance during replication and transcription (151). DNA sequences with the 

propensity to form G4s can be predicted from the pattern G≥3N1–7G≥3N1–7G≥3N1–7G≥3, where “G” is 

guanine and “N” is any nucleotide. Genome-wide computational predictions using this pattern have 

shown that potential G4 forming stretches of DNA are enriched in telomeres, promoter regions and in 

the first intron of genes (152). G4s are implicated in various biological processes. They are thought to 

act repressive on both transcription and DNA replication and stabilized G4s trigger genome instability 

and DNA damage (152). Telomeric G4s have been shown to reduce telomerase function (153), but are 

also likely important for telomerase recruitment to telomeres (154). Additionally, G4s can form in 

RNA, which are more thermodynamically stable than their DNA counterparts (155). 

 

Quarfloxin was shown to be concentrated in the nucleoli in A549 lung carcinoma cells treated with 

this compound in vitro (148). The same study demonstrated that quarfloxin reduced rRNA production. 

By stabilizing G4s in the rDNA, quarfloxin caused disruption between the G4 binding protein 

Nucleolin and G4s in the rDNA, an interaction absolutely required for rRNA synthesis.  
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CX-5461 was found to repress the production of rRNA through reducing the affinity of transcription 

factor Selective factor 1 (SL1) to the rDNA promoter (149). SL1 (consisting of TATA binding protein 

(TBP) and four TATA box-binding protein-associated factors (TAFs; TAFI41 TAFI48, TAFI63 and 

TAFI110 (156)) has the essential function to recruit RNA pol I to the start site of rRNA transcription 

mediated by the interaction between SL1 subunits TAFI63 and TAFI110 and RNA pol I subunit RRN3 

(157). CX-5461 has also been shown to be a G4 stabilizer (158). 

 

Both quarfloxin and CX-5461 have been shown to exert growth repressing effects in a wide variety of 

cancer cell lines and in several xenograft models. Quarfloxin was shown to reduce the viability of a 

large panel of cell lines grown in vitro, induced apoptosis in solid tumor cell lines and reduced tumor 

growth in a mouse xenograft model (148). CX-5461 had the same effect on cell viability and xenograft 

growth, and was also shown to induce pro-death autophagy and cellular senescence, but not apoptosis, 

in cell lines derived from adult solid tumors (149). Subsequent studies have shown that CX-5461 can 

induce apoptosis and activate p53 signaling in hematological cancers (159-161). The characterization 

studies of quarfloxin and CX-5461 concluded that these drugs did not result in DNA damage, using 

both the Ames’ and chromosome aberration genotoxicity assays (148, 149). Later reports have 

contradicted this showing that exposure to these agents induce DNA damage and DNA damage 

signaling (158, 162, 163), see discussion section 5.1.2. 

 

1.3.2 Other drugs targeting ribosome biogenesis 
In a drug screen assaying for compounds with the capacity to induce nucleolar disruption, Morgado-

Pallacin et al. showed that the acridine derivate CID-765471 suppressed the transcription of 47S-

rRNA, induced nucleolar disruption and a activated a p53 response in the absence of DNA damage 

(164). Peltonen et al. discovered the compound BMH-21 to be a non-genotoxic p53 activating DNA 

intercalator (165). Further studies by the same group showed that this chemical possessed inhibitory 

properties with regards to ribosome biogenesis and had a broad antitumorigenic activity in cancer cell 

lines and xenograft models (166). They identified that BMH-21 bound to GC-rich sequences in the 

rDNA and reduced RNA pol I mediated transcription both in vitro (using a RNA pol I in vitro 

transcription assay) and in vivo (using two different uridine incorporation assays and RT-qPCR of the 

5’-ETS of 47S-rRNA in cell lines).  

 

Classical chemotherapeutic drugs often exert their toxic effects on cancer cells by blocking DNA 

synthesis or causing DNA damage through distinct mechanisms. However, several of these drugs can 

inhibit ribosome biogenesis in addition to their proposed mechanism of action. Burger et al. 

demonstrated that chemotherapy agents cisplatin, oxaliplatin, doxorubicin, mitoxanthrone, 

actinomycin D and methotrexate all led to a strong RNA pol I inhibition (as judged by a decrease in 
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the levels of 47S-rRNA) and induced morphological changes in the nucleolar structure consistent with 

a disruption of ribosome biogenesis (167).  

 

In neuroblastoma cell lines, low doses of actinomycin D decreased proliferation and led to a 

preferential inhibition of RNA pol I mediated transcription (168). The drug also induced apoptosis and 

transcriptional repression of MYCN, both dependent on the presence of functional p53. Actinomycin D 

is extremely toxic to mammalian cells and blocks RNA synthesis through binding to DNA and 

interfering with RNA polymerase mediated RNA elongation (169). The compound shows a preference 

for binding to GC-rich DNA sequences and has been shown to repress oncogene expression through 

binding to promoter G4s (170). 

 

1.4 MicroRNAs 
MicroRNAs (miRNAs) are small (~22 nt) non-coding RNAs that play an important role in the post-

transcriptional regulation of gene expression (171). Frequently, miRNA loci are found in close 

proximity to each other and constitute a polycistronic transcription unit (171). The miRNAs of these 

clusters are typically transcribed in concert, but can be subjected to individual post-transcriptional 

regulation. MiRNAs are classified according to their location within the genome as intronic, exonic or 

intergenic, reviewed in (172). Intronic miRNAs are transcribed from sequence present in introns, 

exonic miRNAs from sequences within exons, and finally intergenic miRNAs are encoded by 

genomic regions between annotated genes. Intronic miRNAs can be transcribed from the same 

promoter as the host gene, but there are examples of intronic miRNAs that are under the control of 

distinct promoters. Exonic miRNAs are mainly thought to be co-transcribed with their gene of origin. 

Intergenic miRNAs are expressed independently from their own promoters as monocistrionic or 

polycistrionic primary-miRNAs (pri-miRNAs). 

 

The canonical pathway for the biogenesis of miRNAs begins with RNA pol II (or RNA pol III) 

mediated transcription of pri-miRNA molecules in the nucleus (173), see figure 8. Pri-miRNAs 

contain the miRNA sequence embedded within a local stem-loop structure flanked by single-stranded 

RNA (ssRNA) at the 5’ and 3’ sides, which are capped and polyadenylated, respectively (174). The 

stem-loop structure acts as a substrate for the Microprocessor complex consisting of the nuclear 

RNase III Drosha and essential cofactor DGCR8. The Microprocessor complex starts the maturation 

process of the miRNA by cleaving the pri-miRNA into a ~65 nucleotide small hairpin RNA structure 

containing a 5’-phosphate and a 2 nt 3’-overhang, denoted as a precursor miRNA (pre-miRNA) (174). 

Mirtrons constitute a group of intronic miRNAs which are matured independent of the Microprocessor 

complex. In these cases, an intron containing a miRNA sequence is processed by the splicing 

machinery to yield the pre-miRNA. The pre-miRNA is exported to the cytoplasm by a protein 
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complex consisting of the GTP-binding Ras-Related Nuclear Protein (Ran-GTP) and Exportin 5 (175). 

In the cytoplasm, the Ran-GTP is hydrolyzed to Ran-GDP resulting in the dismantling of the 

transportation complex, and release of the pre-miRNA. Here, the pre-miRNA is cleaved in close 

proximity to the terminal loop of the hairpin structure by RNaseIII Dicer producing a small RNA 

duplex (176). Dicer operates in complex with the transactivation-responsive RNA-binding protein 

(TRBP). The RNA duplex is loaded onto an argonaute (Ago) protein to form the pre-RNA-induced 

silencing complex (pre-RISC). In order to form the mature RISC, the RNA duplex is unwinded, 

yielding the mature miRNA guide strand and a passenger strand. The passenger strand is released and 

degraded, and the mature miRNA now provides specificity for target mRNAs in the mature RISC 

(176). The canonical mechanism of gene repression by mature miRNAs involves complimentary base 

pairing between the 3’UTR of a target mRNA and the seed sequence of the miRNA (in the mature 

RISC), consisting of the 5’ 2-8 nucleotides of the miRNA (177). The association of an mRNA with the 

RISC can then lead to mRNA degradation or translational repression, both resulting in a depletion of 

the protein encoded by the given mRNA.  

 

 
Figure 8. The canonical pathway for miRNA biogenesis, see main text for details. Adapted from (178), with permission.  
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1.4.1 MiRNAs in cancer and neuroblastoma 
The current version of the miRNA database miRBase (version 22) contains 1917 annotated human 

miRNA precursors, and 2654 mature miRNA sequences (179). The majority of human genes are 

subject to miRNA regulation and 60% of human protein coding genes are conserved targets of 

miRNAs (180). Therefore, it is not surprising that deregulated miRNA expression has been implicated 

in a wide range of diseases, including malignancies (181). Mechanistically, miRNAs may be classified 

as having tumor suppressive or oncogenic properties with regards to the development and the 

progression of cancer (182). MiRNAs negatively regulating genes known to drive pro-tumorigenic 

processes such as increased proliferation, angiogenesis and migration, are denoted as tumor 

suppressive. In contrast, miRNAs targeting genes involved in the negative regulation of the same 

processes are classified as oncogenic. However, a given miRNA is not necessarily purely oncogenic or 

tumor suppressive, and can in theory be both. The same miRNA can target both oncogenes and tumor 

suppressive genes and the function of miRNAs can have different effects depending on the cellular 

context (183). For example, miR-193b, which is the focus of paper 2 in this thesis, has been found to 

have both tumor suppressive and oncogenic properties in different cancer cell types (see section 1.4.2). 

The basis of miRNA deregulation in cancer can have various molecular etiologies, including 

amplification or deletion of miRNA genes, changes in the expression of key transcription factors 

controlling miRNA expression, epigenetic alterations and defects in the miRNA biogenesis pathway 

(184).  

 

In 2007, Chen and Stallings published the first miRNA expression profiling study in neuroblastoma, 

assaying 157 miRNAs in 35 primary neuroblastomas (185). This study showed that several miRNAs 

are differentially expressed between favorable and unfavorable tumors. Since this publication, a large 

amount of studies have addressed the role of miRNAs in neuroblastoma, and miRNAs have been 

implicated in various aspects of neuroblastoma pathogenesis, including differentiation, metastasis and 

chemoresistance, recently reviewed in (186). 

 

MycN has been shown to directly upregulate the transcription of several miRNAs. Fontana et al. 

showed that MycN upregulated the expression of the polycistrionic miR-17-92 cluster (miRNA cluster 

located on chromosome 13 and consisting of 6 individual miRNAs; mir-17, mir-18a, mir-19a, mir-

19b-1, mir-20a, mir-92a-1) by direct interaction with E-boxes in the miR-17-92 promoter in 

neuroblastoma cells (187). This study included a functional characterization of this miRNA cluster, 

showing that it had an oncogenic effect on neuroblastoma cells when overexpressed in vitro by 

increasing proliferation and the capability of clonogenic growth and inhibiting apoptosis (miR-17-5p). 

The miR-17-92 cluster also acted oncogenic in vivo by increasing the growth of xenografts in mice. 

They finally showed that miR-17-5p directly downregulated the expression the proteins p21 (inhibitor 

of cell cycle progression) and Bim (pro-apoptotic), thereby providing a mechanism for some of the 
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observed cellular effects. In a cohort of 95 untreated primary neuroblastoma tumor samples, Mestdagh 

et al. showed that high expression of the miR-17-92 cluster correlated with poor survival, thereby 

underscoring the importance of this miRNA cluster in neuroblastoma biology (188). In addition to the 

miR-17-92 cluster, MycN also upregulates the expression of the paralog clusters miR-106a-363 

(chromosome X; miRs 106a, 18b, 20b, 19b-2, 92a-2, 363) and miR-106b-25 (chromosome 7; miRs 

106b, 93, 25, host gene MCM7) through direct interaction with promoter E-boxes (189). MycN also 

increases expression of oncogenic miR-9 in neuroblastoma through direct interaction with the miR-9 

promoter, and this miRNA was shown to be 2.5 fold higher expressed in tumor tissue from MYCN-

amplified tumors compared to non-amplified (190). MycN can suppress neuronal differentiation in 

neuroblastoma through the upregulation of miRNAs. Loven et al. showed that inhibition of miR-17-92 

cluster members miR-18a and miR-19a resulted in growth retardation, neurite outgrowth and 

increased expression of neuronal sympathetic differentiation markers (189). Furthermore, they 

demonstrated that these miRNAs targeted and downregulated the expression of estrogen receptor-α 

(ESR1) in neuroblastoma cells and that overexpression of ESR1 led to an onset of neuronal 

differentiation. Finally, microarray data from neuroblastoma tumor samples showed that high 

expression of ESR1 was associated with a favorable outcome in patients. The same group later 

published a report showing that the miR-17-92 cluster selectively targeted several other members of 

the nuclear hormone (NHR) superfamily (191). This study found that high NHR gene expression 

scores in tumors had an inverse correlation with MNA (and MYC signaling) and were associated with 

increased survival in neuroblastoma patients. They further showed that MycN repressed the 

glucocorticoid receptor (GR; NHR family member) in vitro and in vivo through miR-17-92 miRNAs 

and that this correlated to an undifferentiated phenotype in patients and in TH-MYCN mice. Finally, 

MYCN inhibition and subsequent reactivation of GR signaling promoted neural differentiation, 

reduced proliferation and stimulated apoptosis. 

 

MycN also represses the expression of tumor suppressor miRNAs, and several studies show that 

MycN predominantly acts repressive with regards to the overall expression of miRNAs in MNA 

neuroblastoma cells, reviewed in (192). MYCN is also itself targeted by miRNAs as mentioned in 

section 1.2.2. 

 

1.4.2 MiR-193b 
Most reports on hsa-miR-193b-3p (miR-193b) demonstrate its downregulation in cancerous tissues 

compared with normal counterparts (193-195) and show its functional ability to suppress cancer 

growth through the targeting of various oncogenes, including MCL1, KRAS and CCND1 (196-198). In 

hepatocellular carcinoma cells, miR-193b exerts tumor suppression through direct targeting and 

downregulation of the oncogenes CCND1 and ETS1 (199). In one study, miR-193b was found to be 

downregulated during progression of breast cancer, and overexpression of this molecule resulted in 
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decreased invasive, migratory and proliferative capacities of breast cancer cells through direct 

targeting of PLAU (200). In contrast to this, it has been demonstrated that miR-193b is overexpressed 

in glioma patient samples and cell lines compared with normal brain tissues (201). Furthermore, the 

same study showed that miR-193b increased the proliferative rate of glioma cell lines through direct 

targeting and downregulation of SMAD3, clearly showing an oncogenic role of this miRNA. Another 

study on head and neck squamous cell carcinomas (HNSCC) also reported on the propensity of miR-

193b to act in an oncogenic fashion. In this study, miR-193b expression was shown to be increased in 

HNSCC relapse-tumors as compared with tumors from non-relapse patients, and this miRNA was also 

overexpressed in HNSCC cell lines relative to normal oral epithelial cells (202). 

 

1.5 Exosomes 
Exosomes are nanosized (typically reported between 30-200 nm in diameter) lipid bilayer vesicles 

released into the extracellular space by cells and are likely produced by all cell types (203, 204). 

Exosomes are present in various bodily fluids including urine, blood, saliva, breast milk and 

cerebrospinal fluid (205). These vesicles are endosomal in origin and are formed by the internal 

budding of the membrane of late endosomes into multivesicular bodies (MVBs) (206). The MVBs can 

fuse with the plasma membrane and thereby release their internal vesicles as exosomes. Exosomes are 

enriched in markers reflecting their endosomal origin including tetraspanins (CD9, CD63, CD37, 

CD81, and CD82), heat shock proteins, proteins involved in MVB biogenesis (i.e. TSG101) and 

various membrane fusion proteins (203). In addition to exosomes, the major extracellular vesicles 

produced by cells are microvesicles and apoptotic bodies, see figure 9 (207). These vesicles are non-

endosomal in origin and occur through budding directly from the plasma membrane, they also have a 

distinct size distribution (microvesicles 50-2000 nm, apoptotic bodies 50-500 nm) and lack exosomal 

markers.  

 
Figure 9. The main types and origin of different extracellular vesicles. Microvesicles (left) are generated by direct budding 

from the plasma membrane, exosomes (middle) originate from endosomal derived MVBs and apoptotic bodies are arise from 

the plasma membrane in cells undergoing apoptosis. Adapted from (208), with permission. 
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Exosomes contain a variety of biomolecules, including lipids, miRNAs, mRNAs, proteins and DNA 

(figure 10), and their cargo is reflective of the cell of origin (209). Exosomal content is dynamic and 

the molecular makeup of these vesicles has been shown to change in the transition from health to 

disease states (210). Exosomes were initially thought to serve as a route of cellular “garbage disposal” 

by ridding the cell of unnecessary biomolecules (211). In the last decade, the role of exosomes as 

mediators of cellular communication has emerged, and perhaps the main focus of exosome research in 

recent years is the role of exosomes as intercellular messengers. Secreted exosomes can be taken up by 

recipient cells where their cargo can be released (figure 10). The biomolecular cargo of secreted 

exosomes can allow the cell of origin to regulate cellular processes of surrounding cells in a paracrine 

fashion or distant cell populations in an endocrine fashion. Exosomes have been shown to have both 

oncogenic and tumor suppressive functions in in preclinical cancer models (212).  

 

 

 
Figure 10. Exosomes as intercellular messengers, from (213), reused with permission. Donor cell (left) releases exosomes 

into the extracellular space. Exosome cargo includes different DNA- and RNA-molecules and proteins (lower right). 

Exosomes are internalized by the recipient cell (upper right) where the cargo is released.  
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1.5.1 The function of exosomes and exosomal miRNAs in cancer 
Exosomes released from cancer cells in primary tumors have been demonstrated to condition distant 

tissues to favor the establishment of metastases and to direct the organotropism of metastatic tumor 

cells (214-216). This happens through the formation of a pre-metastatic niche. In a mouse model of 

pancreatic adenocarcinoma (PDAC), PDAC derived exosomes were taken up by Kupffer cells 

(specialized liver macrophages) and induced Kupffer cell secretion of TGFβ (215). Secreted TGFβ 

resulted in increased levels of fibronectin in surrounding liver stellate cells. These alterations of the 

liver microenvironment led to an increase in the PDAC liver metastatic burden. The study revealed 

that PDAC derived exosomes were enriched in macrophage migration inhibitory factor (MIF) and that 

blockade of this protein prevented the formation of the pre-metastatic niche and liver metastasis. The 

same group also published a study demonstrating that melanoma derived exosomes induced a pre-

metastatic niche in the lung by increasing lung capillary permeability and recruiting bone marrow 

derived progenitor cells (216). This was shown to be mediated by MET receptor tyrosine kinase 

present in melanoma exosomes, and blockade of MET reduced the presence of metastatic disease in 

the lung. 

 

Several studies have shown that miRNAs in exosomes contribute to tumorigenesis and cancer cell 

derived exosomal miRNAs have been implicated in inducing a protumorigenic phenotype in recipient 

cells, both through the canonical mechanism of targeting the 3’UTR of mRNAs and through novel 

processes. MiR-92a released from leukemia cells was shown to induce angiogenic tube formation of 

recipient HUVEC cells (217). This study also showed exosomal miR-92a to be functional in HUVEC 

cells by direct regulation of a miR-92a sensitive luciferase reporter and through downregulation of the 

protein expression of known target gene ITGA5. In a study of breast cancer, extracellular vesicles 

containing miR-200 released from highly metastatic breast cancer cell lines promoted a metastatic 

phenotype in non-metastatic cell lines. Also, miR-200 was shown to directly regulate target gene 

expression in the recipient cells (218). Other studies have revealed a novel mechanism of action of 

exosomal miRNAs, independent of their ability to directly regulate gene expression. It has been 

demonstrated that miRNAs present in exosomes can bind to and activate Toll-like receptor 8 (TLR8) 

in receiver cells. TLR8 is an intracellular receptor present in the endosomal membrane that is 

important for detecting pathogen-associated molecular patterns in the form of ssRNA, and 

subsequently eliciting a cytokine response (219). A study of lung cancer showed that activation of 

TLR8 in immune cells by exosomal miR-21 and miR-29a secreted from lung cancer cells induced a 

pro-tumorigenic inflammatory environment (220). Exosomal secretion also provides a way for tumor 

cells to rid themselves of tumor suppressive miRNAs. In a study of ovarian cancer, tumor cells evaded 

the growth impairing effects of miR-6126 by discarding it into the extracellular environment through 

exosomal transport (221). The same mechanism was present in liver cancer cells for tumor suppressor 

miR-198 (222). It is also established that exosomal miRNAs secreted from non-malignant cells can 



 

35 

mediate tumor suppression when taken up by malignant cells. In a study of prostate cancer, the growth 

of prostate cancer cells was inhibited by the conditioned medium of normal prostate epithelial cells 

(223). The growth suppression was revealed to be mediated by exosomal secretion of tumor 

suppressor miR-143. 
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2 Aims 
Increased understanding of the detailed molecular biology underlying various cancers has led to some 

of the most significant breakthroughs in modern oncology, including the widespread use of targeted 

therapy with specific receptor tyrosine kinase inhibitors and immunotherapy. Despite large general 

improvements in cancer therapy, the survival of high-risk neuroblastoma patients is low and the 

treatment related morbidities for this group of patients remains high. Enhancing the knowledge of the 

molecular mechanisms present in high-risk neuroblastoma is key to devising new and better therapies.  

MNA is one of the ”molecular hallmarks” of high-risk neuroblastoma and understanding how MNA 

impacts neuroblastoma cells and how MycN and MycN regulated processes can be targeted for 

therapeutic purposes, is a large focus of neuroblastoma research. MycN is a well established regulator 

of various aspects of the RNA metabolism of the cell. It has been established as a driver of rRNA 

production. Additionally, MycN has been shown to regulate the expression of several distinct miRNAs 

and is also itself subject to targeting by several miRNAs. Understanding the aberrancies of rRNA and 

miRNA expression in high-risk and MNA neuroblastoma and how these aberrancies can be exploited, 

could lead to new therapeutic opportunities. 

 

The overall aim of the thesis was to identify novel molecular aspects and therapeutic targets in high-

risk neuroblastoma, with emphasis on MYCN, ribosomal RNA and miRNAs. 

 

Paper 1: The aim was to characterize RNA pol I inhibitors in preclinical models of high-risk and 

MNA neuroblastoma 

Paper 2: Here, we aimed at characterizing tumor suppressive miR-193b as a potential candidate for 

miR-based repression of neuroblastomas.  

Paper 3: In this study, we aimed to profile the miRNAs present in MNA neuroblastoma derived 

exosomes and to investigate the functionality of exosomal miRNAs in recipient cells. 
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3 Materials and methods 
Most of experimental techniques used in this thesis are regarded as standard methods in molecular 

biology, and are not described in this section. These methods are presented in the individual articles 

and include: Western blotting, RT-qPCR, luciferase assay, culturing and propagation of cell lines, 

siRNA and plasmid transfection (lipofection) into cells, flow cytometric analysis of cell cycle 

distribution and apoptosis, Alamar blue (Resazurin) cell viability assay and transmission electron 

microscopy (TEM). In this section, a more detailed description of selected methods used in this thesis 

is presented. 

 

3.1 Bioinformatics using the R2: Genomics Analysis and 

Visualization Platform 
The R2: Genomics Analysis and Visualization Platform (http://r2.amc.nl) is a freely accessible, web-

based tool for analysis and visualization of genomics data developed by Jan Koster and his team at the 

department of Oncogenomics in Academic Medical Center (AMC) in Amsterdam, the Netherlands. 

On this platform there are several publicly available neuroblastoma tumor expression datasets, both 

RNAseq and microarrays. In paper 1, we used R2 to perform a k-means clustering analysis to 

partition neuroblastoma tumors from various RNA expression datasets into two groups according to 

expression of genes defined by the KEGG pathway “Ribosome Biogenesis in Eukaryotes”. This 

resulted in two distinct clusters; “high ribosome biogenesis” (high-RiBi) and low-RiBi. The clusters 

were in turn correlated to available patient data, including overall and event-free survival, disease 

stage and MYCN expression, also within the R2 platform. 

 

3.2 Neuroblastoma xenografts: 
In paper 1, we used immunodeficient mice bearing human neuroblastoma xenografts to test the in 

vivo efficacy of orally delivered CX-5461. These studies were conducted at Karolinska Institutet in 

Stockholm with approval by the regional ethics committee for animal research (approval N304/08 and 

N391/11) in line with the Animal Protection Law (SFS1988:534), the Animal Protection Regulation 

(SFS 1988:539) and the Regulation for the Swedish National Board for Laboratory Animals 

(SFS1988:541). We used 4-6 week old female NMRI nu/nu mice (Scanbur, Stockholm, Sweden). This 

mouse strain has non-functional Foxn1, resulting in thymic aplasia and therefore a lack of T-cells. In 

addition, this genotype results in a keratinization defect in the skin, rendering the mouse nude. 

Defective T-cell immunity permits the establishment and growth of human tumor cells (xenografts). 

Xenografts were established from exponentially growing neuroblastoma cell lines BE(2)-C and IMR-

32 by subcutaneous injection into the right flank of mice under isoflurane anesthesia. BE(2)-C were 

suspended in RPMI-1640 alone and IMR-32 in RPMI-1640 1:1 with Matrigel (Corning, NY). The 
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addition of Matrigel for IMR-32 xenografts was based upon tumor growth assessment in a pilot 

experiment showing more consistent tumor take and growth as compared with mice injected with 

IMR-32 cells without Matrigel. Matrigel is a solubilized basement membrane matrix containing the 

main proteins of the extracellular matrix and various growth factors, and has been shown to enhance 

the in vivo tumorigenicity of cancer cell lines (224).  

 

Tumors were measured daily using a digital caliper, and tumor volume (cm3) was calculated using the 

formula Length (cm) x Width2 (cm) x 0.44. When tumors reached or exceeded 0.15 cm3, animals were 

randomized into treatment or no treatment groups. Treatment with CX-5461 (50 mg/kg) was given by 

oral gavage, and the volume of administrated drug never exceeded 10 mL/kg, as is considered good 

practice for this route of administration (225). BE(2)-C bearing animals were treated with one dose 

every three days and sacrificed after 12 days of treatment. Due to no observed side effects as judged 

by changes in animal behavior and weight at this dosing schedule, it was decided to treat IMR-32 

bearing mice with more intensive dosing. IMR-32 bearing mice received 3-6 consecutive doses CX-

5461 (50 mg/kg) and then every third day for a total treatment of 10 days. The initial mice included 

(n=2) received 6 consecutive doses and lost some weight, therefore consecutive day dosing was 

reduced for the remaining mice (n=8) and these maintained their weight through the remainder of the 

experiment. Tumor volume was measured every day and normalized to tumor volume at day 0 to yield 

the tumor volume index (TVI). TVI from treated and untreated tumors for each day were compared in 

GraphPad Prism 7.0 using repeated measures two-way ANOVA and the Bonferroni post hoc test to 

correct for multiple comparisons. p ≤0.05 was considered statistically significant.  

 

3.3 XCelligence 
The XCelligence system allows for label-free, continuous and real-time monitoring of cellular 

proliferation using electrical impedance as the readout (226). This system uses special tissue culture 

plates with gold microelectrode arrays fabricated in the bottom of each well (E-Plates). When cells 

grown on E-Plates attach to the microelectrodes, there is an increase in the electrical impedance. The 

larger the number of cells covering the microelectrodes, the larger the increase in impedance. 

Electrical impedance is displayed in the XCelligence software as cell index values (CI). The CI 

provides continuous information about the amount of cells present in the E-Plate wells, but can also be 

affected by changes in cell morphology and adhesion properties. In paper 2, we utilized the 

XCelligence system to measure neuroblastoma cell line growth in response to miR-193b 

overexpression. Neuroblastoma cell lines were reverse transfected with 25 nM of control or miR-193b 

mimics in 16-well E-Plates. CI was measured every 30 minutes for a total of 7 days (168 hours). 
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3.4 Preparation of exosome-free medium and production and 

isolation of exosomes  
To avoid contaminating the exosomes of interest (neuroblastoma derived) with exosomes present in 

the fetal bovine serum (FBS) which is added to the cell medium, exosome-free FBS was prepared. 

Tubes containing 25 mL FBS were ultracentrifuged at 170 000 x g at 4°C overnight. The upper 10 mL 

in each tube was then carefully removed and pooled into a new tube, the remainder of the FBS was 

discarded. The exosome-free FBS was then passed through a 0.22 µm filter. Exosome-free serum was 

added to RPMI-1640 at a final concentration of 10% to make exosome-free medium (EFM). 

For exosome isolation, BE(2)-C and Kelly cells were grown in Celline Adhere 1000 Bioreactors 

(CLAD 1000, Sigma-Aldrich). This system was originally designed for monoclonal antibody and 

cellular protein production, but has also been used for exosome isolation and yields a much higher 

concentration of exosomes compared with exosomes isolated from the supernatant of a conventional 

cell flask (227). The vessels consist of a compartment for cell cultivation and a chamber for the 

growth medium separated by a semi-permeable membrane. The membrane allows for nutrient 

diffusion and waste elimination, but is impermeable to media constituents >10 kDa. For our studies, 

suspensions of 25 x 106 BE(2)-C or Kelly cells in 15 ml of EFM were added to the cellular 

compartment of the CLAD 1000s. 550 mL of normal medium (RPMI-1640 containing 10% FBS) was 

added to the medium compartment. The cells were grown for 10 days before harvesting the medium in 

the cell chamber for exosome isolation. After harvesting the cell medium, the cell compartment was 

washed 4x with 1x PBS and fresh EFM was added. The medium in the cell-free compartment was 

replaced. Subsequent harvesting of medium for exosome isolation was carried out once per week in 

the same manner as described. Exosomes were isolated by differential ultracentrifugation based on a 

previously published protocol (228). Briefly, medium harvested from the cell chamber of the CLAD 

1000 was centrifuged at 200 x g for 10 minutes at 4°C to remove viable cells. The resulting 

supernatant was centrifuged for 20 minutes at 2000 x g at 4°C to sediment large cell particles/cell 

debris. The supernatant was transferred to a new tube and centrifuged for 30 minutes at 10 000 x g at 

4°C to remove small cell debris and microvesicles. Finally, the supernatant was ultracentrifuged at 110 

000 x g for 70 minutes at 4°C to sediment the exosomes, and the supernatant was removed by careful 

pouring. The exosome pellet was resuspended in 1x PBS (for TEM and NanoSight), RIPA buffer (for 

protein extraction) or Qiazol reagent (RNA isolation). Resuspended exosomes were either frozen at -

80°C or used directly in the various downstream procedures. 

 

3.5 NanoSight Tracking Analysis 
Nanoparticle Tracking Analysis (NanoSight, Salisbury, UK) is a method utilized to assess the size 

distribution and median diameter of nanosized particles present in a solution, and is commonly used in 

the characterization of secreted vesicles from mammalian cells (229). Samples containing extracellular 
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vesicles in liquid suspension are exposed to a laser beam and filmed by a camera attached to a 

microscope. The resulting video film is analyzed by the Nanoparticle Tracking Analysis software, 

which calculates the size (diameter) of the individual vesicles present in the laser beam based on their 

Brownian motion using the two-dimensional Stokes-Einstein equation.  

In paper 3, extracellular vesicles from Kelly and BE(2)-C in 1x PBS were loaded onto the viewing 

unit of a NanoSight LM10 (calibrated using 100 nm polystyrene latex beads (NanoSight)) and 

illuminated with a 405 nm laser. The vesicles were filmed for 90 seconds, recorded at 16.55 

frames/second and camera shutter was set to 33 milliseconds. Analysis conditions were set to 

automatic.  

 

3.6 MiRNA qPCR panels and IPA pathway analysis 
For paper 3, we used miRCURY LNA microRNA qPCR panels 1+2 V2.M (Exiqon) to profile the 

miRNA content of neuroblastoma cell line exosomes. These two panels allowed for sensitive and 

accurate detection of 739 predefined miRNAs in a 384-well format, using a method based on universal 

reverse transcription and subsequent RT-qPCR with LNA (locked nucleic acids) enhanced primers. In 

the first step of this system, a polyA tail is added to the mature miRNA template. cDNA is then 

synthesized through reverse transcription using a PolyT primer with a 3’ degenerate anchor and 5’ 

universal tag. The resulting cDNA template is subsequently amplified using miRNA-specific and 

LNA enhanced forward and reverse primers. LNA are synthetic high-affinity RNA analogs where the 

ribose ring is engineered to be in an ideal conformation for Watson-Crick binding. This gives LNA-

containing oligonucleotides high thermal stability when hybridized to a complementary DNA or RNA 

strand. Inclusion of LNA into oligonucleotides has been demonstrated to increase the sensitivity and 

specificity for nucleic acid hybridization-based technologies including PCR. Total RNA from Kelly 

and BE(2)-C exosomes was extracted using the Trizol method and 40 ng RNA was reverse transcribed 

with the miRCURY universal cDNA synthesis kit. The cDNA obtained was then used in the 

miRCURY LNA microRNA qPCR panels 1+2 V2.M. Profiling of RNA from EFM was used to 

determine the potential interference of bovine RNA molecules remaining in the exosome-depleted 

serum. CT values <35 were considered detected when the CT of EFM was >35. Samples were also 

included if (CT EFM)–(CT sample) >6.6, indicating a bovine background of <1% of the sample 

expression. The 25 most highly expressed miRNAs in Kelly and BE(2)-C exosomes were subjected to 

bioinformatics using the Ingenuity Pathway Analysis platform (IPA; Qiagen) to determine potential 

target genes, biological functions and canonical pathways predicted to be affected. This software 

contains a large database (Ingenuity Knowledge Base) of structured collections of cell line and human 

tissue genomics data, including observed cause–effect relationships that relate to expression, 

transcription, activation, molecular modification and transport as well as binding events. This database 

is the source for the algorithms used in the IPA software predictions. 
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4 Results 
Paper 1 
In this paper, we found that tumors from neuroblastoma patients clustered into two groups with 

regards to high or low expression levels of genes involved in ribosome biogenesis. Furthermore, we 

showed that high-RiBi tumors had a far worse prognosis both with regards to event-free and overall 

survival compared with their low-RiBi counterparts. Moreover, high-RiBi tumors correlated with 

higher expression levels of MYCN and more advanced disease stage as opposed to low-RiBi tumors. 

Due to the negative clinical impact of high ribosome biogenesis in tumors from neuroblastoma 

patients, we evaluated the effects two small-molecule RNA pol I inhibitors, quarfloxin and CX-5461 

in a panel of neuroblastoma cell lines. Both compounds reduced the viability of the cell lines, with 

absolute IC50 values in the nanomolar range. Neuroblastoma cell lines with MNA or MYC 

overexpression and wild type TP53 (wt-TP53) were the most sensitive. Also, MNA and mutated TP53 

(mut-TP53) were more sensitive than non-MNA cell lines with mut-TP53. We further analyzed 

microarray data from MNA IMR-32 cells after siRNA induced MYCN knockdown and showed that 

high MYCN (control) samples correlated with high-RiBi and low MYCN knockdown samples 

correlated with low-RiBi. We then demonstrated that neuroblastoma cell lines with MNA or MYC 

overexpression and wt-TP53 efficiently underwent apoptosis after treatment with quarfloxin or CX-

5461, and that this treatment activated p53-signaling. Mut-TP53 neuroblastoma cell lines failed to 

undergo apoptosis, but were arrested in the G2/M-phase of the cell cycle. We proceeded to show that 

pre-treatment depletion of MycN or p53 decreased the loss of cell viability and blocked apoptosis after 

exposure to quarfloxin and CX-5461. Furthermore, MycN overexpression in a MYCN inducible 

neuroblastoma cell line increased the loss of cell viability after drug treatment. We also found that 

both quarfloxin and CX-5461 downregulated MycN and that they exerted genotoxicity. In addition, 

we found that the activity of RNA pol I was inhibited after high dose exposure to both agents. Finally, 

we showed that oral administration of CX-5461 repressed the growth of two different neuroblastoma 

xenografts in mice and induced proliferation arrest, DNA damage, apoptosis and MycN 

downregulation in vivo. In conclusion, we have demonstrated the anti-neuroblastoma effect of two 

small molecular RNA pol I inhibitors, quarfloxin and CX-5461, both in vitro and in vivo.  

 

Paper 2 
In this study, we investigated the potential of tumor suppressive hsa-miR-193b-3p (hereafter miR-

193b) as a candidate for miRNA-based anti-neuroblastoma therapy. We assessed the expression levels 

of miR-193b in 69 neuroblastoma primary tumors and two cell lines, and found that this miRNA was 

expressed at a similar level as tumor suppressor miR-34a, a miRNA previously shown to be expressed 

at low levels in aggressive neuroblastomas. Furthermore, miR-193b was expressed at significantly 
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lower levels compared to established neuroblastoma oncogenic miRNAs, miR-92a and miR-17. We 

then demonstrated that exogenous introduction of miR-193b mimics into 9 different neuroblastoma 

cell lines with different cytogenetic aberrations significantly reduced the cell viability and 

proliferation after 48 hours of all cell lines tested. We also showed that miR-193b caused a G1 cell 

cycle arrest and induction of apoptosis in several cell lines. Furthermore, we determined that the cell 

cycle arrest and apoptosis were in part due to downregulation of miR-193b target genes CCND1 and 

MCL1, respectively. We also revealed for the first time that MYCN is a direct target gene of miR-193b 

using a luciferase based assay and site-directed mutagenesis and that MYCN downregulation likely 

contributed to the cell cycle arrest. In conclusion, we have shown that miR-193b has a low expression 

in neuroblastoma primary tumors and that this miRNA exerts tumor suppressive activity in a large 

panel of neuroblastoma cell lines through targeting of oncogenes CCND1, MCL1 and MYCN.  

 

Paper 3 
In this article, we isolated and characterized exosomes from two MNA-neuroblastoma cell lines 

(BE(2)-c and Kelly) grown in vitro. We demonstrated that we could isolate vesicles present in the cell 

medium with size distributions, morphologies and biochemical markers consistent with exosomes. The 

exosomes contained RNAs and were enriched in small RNAs (<200 nt). We profiled the miRNA 

content of the exosomes using miRNA-arrays, and we identified 11 miRNAs highly expressed in 

exosomes derived from both cell lines investigated. We found that fluorescently stained exosomes 

could be taken up by recipient cells using flow cytometry and fluorescent microscopy. However, we 

failed to demonstrate that three of the highly expressed exosomal miRNAs (miR-9, miR-21 and miR-

92a) could regulate target sequence luciferase reporters or activate TLR8 signaling in recipient cells. 

Finally, we conducted a bioinformatic analysis of the 25 most abundant miRNAs expressed in 

neuroblastoma exosomes by using the IPA software to predict mRNA targets and performed a 

functional enrichment analysis on the predicted targets. The functional enrichment analysis indicated 

that the miRNAs from neuroblastoma exosomes can regulate signaling pathways associated with 

cancer, including cellular growth, cell survival and cell death. In conclusion, we demonstrated that 

MNA neuroblastoma cell lines secreted exosomes. Isolated exosomes contained a distinct miRNA 

population predicted to regulate signaling important in cancer. The exosomes could be taken up by 

recipient cells, but we could not demonstrate functional effect of the transferred exosomal miRNAs. 
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5 Discussion 
The individual articles in this thesis have detailed discussions and are included in the appendix. In this 

section I will expand on topics discussed in the publications, address some limitations and outline 

suggestions for future investigations. 

 

5.1 Inhibition of ribosomal RNA production as neuroblastoma 

therapy 
Targeting ribosome biogenesis through inhibiting RNA pol I has been demonstrated as an efficient 

strategy to impede the growth of wt-TP53 and MYC-driven cancers in several studies (160, 161, 230, 

231). High-risk neuroblastomas rarely have TP53-mutations at diagnosis, are frequently MYC-driven 

and have nucleolar hypertrophy as a result of hyperactive production of ribosomes (40, 144, 145). 

These features indicate that neuroblastoma represents a disease likely to respond favorably to 

inhibition of ribosome production. In paper 1, we demonstrated the preclinical efficacy of small 

molecular inhibitors of RNA pol I, quarfloxin and CX-5461, in neuroblastoma. 

 

5.1.1 Suppression of MycN expression and the role of TP53 
Our study showed MNA cell lines were more sensitive to the cytotoxic effects of quarfloxin and CX-

5461 compared with non-MNA cells. We also observed a prominent reduction of MycN in vitro after 

quarfloxin and CX-5461 treatment in wt-TP53 IMR-32 and CHP-134. In addition, CX-5461 led to a 

pronounced MycN depletion in vivo in the IMR-32 xenograft model. The ability of CX-5461 to 

downregulate MycN in neuroblastoma has recently been shown by others (232, 233). CX-5461 has 

been found to reduce c-Myc levels through enhanced MYC mRNA degradation in multiple myeloma 

cells (230). We have investigated the effects of quarfloxin and CX-5461 on MYCN mRNA levels in 

IMR-32, which were not suppressed by these compounds, in fact we saw a small relative increase in 

MYCN transcripts (unpublished; Appendix, suppl. figure 1). This result implies that quarfloxin and 

CX-5461 lead to MycN suppression through a post-transcriptional mechanism. We did not observe 

MycN downregulation in mut-TP53 Kelly and BE(2)-C cells. P53 has previously been shown to 

directly activate transcription of FBXW7, an ubiquitin E3-ligase known to destabilize MycN (72, 234). 

Also, reactivation of p53 by the small molecule RITA in neuroblastoma cell lines has been shown to 

reduce MycN through induction of FBXW7 (235). We saw a robust downregulation of MycN only in 

wt-TP53 cells, and we have unpublished results showing an upregulation of FBXW7 mRNA levels 

upon quarfloxin or CX-5461 treatment in IMR-32 cells (Appendix, suppl. figure 2). A potential 

explanation for MycN downregulation could involve a p53-mediated upregulation of FBXW7, 

subsequently leading to ubiquitination and proteasomal degradation of MycN. Further studies 

assessing the mechanism of MycN downregulation could therefore involve investigating whether the 
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upregulation of FBXW7 is in fact p53 dependent and how blocking FBXW7 or the proteasome in the 

presence of quarfloxin/CX-5461 treatment would affect MycN levels. Another possibility for MycN 

reduction could involve the G4 stabilizing effects of quarfloxin and CX-5461. Intriguingly, two G4s 

have been identified in the MYCN promoter (236, 237). Promoter G4s have been shown to be 

repressive on both transcription and translation (152, 238). The function of the MYCN promoter G4s 

are not yet known and is currently being investigated in our lab.  

 

We firmly established that wt-TP53 sensitized neuroblastoma cells to quarfloxin and CX-5461. Drygin 

et al. who published the first report characterizing the effects of CX-5461 in a large panel of cancer 

cell lines and in xenografts, noted that the IC50 value of this drug was significantly lower in cell lines 

without TP53 mutations (149). Also, they showed that CX-5461 could stabilize the p53 protein in wt-

TP53 cells, but did not investigate whether a functional activation of the p53 pathway occurred. 

Several other reports have subsequently demonstrated that CX-5461 induces activation of the p53 

signaling pathway (160-162, 239). We showed a clear induction of p53 signaling upon exposure of wt-

TP53 neuroblastoma cell lines to quarfloxin and CX-5461 and knockdown of TP53 before exposure to 

the inhibitors, blocked apoptosis. However, when we reconstituted the expression of wt-TP53 in mut-

TP53 BE(2)-C cells, we did not see an induction of apoptosis or increased loss of cell viability after 

quarfloxin and CX-5461 exposure. The reason for this is not clear. In our paper, we speculate that this 

could, at least in part, be an effect of the specific TP53 mutation (TP53mut C135F) which BE(2)-C 

cells harbor. In a study of TP53-variants in neuroblastoma cell lines, the C135F-mutant was shown to 

act in a dominant negative fashion with regards to wt-p53 thereby creating a potential to inhibit the 

actions of the exogenously expressed wt-protein (240). However, we saw an induction of the protein 

expression of p53 transcriptional target p21 when transfecting BE(2)-C with a wt-TP53 expression 

plasmid, indicating the reconstitution of functional p53 signaling. One study has shown that the level 

of p21 induced after doxorubicin treatment in MNA/wt-p53 neuroblastoma cells was insufficient to 

reduce the activity of MycN upregulated CDK4 (241). Active CDK4 promoted S-phase progression 

and cell death resistance. Elevated CDK4 expression by MycN in BE(2)-C cells could therefore 

provide a way to avoid cell death after treatment with quarfloxin or CX-5461 in the setting of 

reactivated wt-TP53 expression. In order to further understand the role of p53 with regards to RNA 

pol I inhibitor sensitivity, reestablishing wt-TP53 in a panel of cell lines with different TP53 mutations 

seems reasonable. Furthermore, knockout of the TP53 C135F variant in BE(2)-C before re-expression 

of wt-TP53 is feasible using the CRISPR-Cas9 system. In addition, co-inhibition of CDK4 and RNA 

pol I after re-expressing wt-TP53 could address the possibility of CDK4-mediated cell death 

resistance. 
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5.1.2 The role of DNA damage 
The initial studies on both quarfloxin and CX-5461 reported that these molecules did not cause DNA 

damage (148, 149). This in contrast to our results and the findings of others. We showed an increase of 

phosphorylation at serine 139 of histone H2A.X (γ-H2A.X), a commonly used DNA damage marker, 

in all cell lines tested. DNA damage occurred at the same quarfloxin and CX-5461 dose as p53 

dependent apoptosis in wt-TP53 cell lines. However, we did not see a suppression of RNA pol I at this 

dosage. This is in line with the results of Xu et al., which showed that both quarfloxin and CX-5461 

can cause genotoxicity and cell death independent of their ability to suppress RNA pol I activity (158). 

In this study, the authors investigated the effects of quarfloxin and CX-5461 in a preclinical model of 

BRCA1/2 deficient breast and ovarian cancers, and showed that both inhibitors primarily exerted their 

toxic effects through the induction of replication dependent single-strand breaks and to a lower extent 

double-strand breaks. They also found that CX-5461 acts as a G4 stabilizer, a property already known 

to be possessed by quarfloxin (148). Stabilized G4s can cause replication fork arrest by providing a 

physical hindrance for the replication fork (152). Replication fork arrest leads to replicative DNA 

damage through the uncoupling of DNA polymerases from the replicative helicase, thereby generating 

tracts of ssDNA (single-strand breaks) which leads to recruitment of the DNA damage kinase ATR 

and activation of ATR-Chk-1 signaling (242). If the damage is not sufficiently repaired, replication 

over single-strand breaks will progress to double-strand breaks and subsequent activation of DNA 

damage kinase ATM and ATM-Chk-2 signaling (242). Both ATM and ATR are known to 

phosphorylate H2A.X on ser139 (243). Activation of the ATR/ATM signaling cascade can lead to a 

variety of downstream effects including activation of specific repair pathways and induction of 

apoptosis (244). Defective DNA damage signaling has been shown to sensitize cancer cells towards 

quarfloxin and CX-5461. Xu et al. showed that BRCA1/2 deficient cancer cells were highly sensitive 

towards both quarfloxin and CX-5461 as compared with cells with functional BRCA1/2 (158). It is 

well established that BRCA1/2 deficient cells have defective DNA repair. BRCA1 has a diverse role 

in DNA damage signaling and is important for transducing the signals of several DNA repair 

pathways including homologous recombination (HR), non-homologous end-joining and single-strand 

annealing, whereas BRCA2 is restricted to HR and is an essential mediator of this process (245). CX-

5461 treatment has been shown to induce signaling through ATR and ATM with subsequent 

downstream activation of their effector kinases Chk-1 and Chk-2, respectively (162, 163). We have 

unpublished results investigating the contribution of ATR-Chk1 and ATM-Chk2 signaling in 

neuroblastoma resistance to CX-5461. Combining CX-5461 with VE-822 (ATR-inhibitor ) or MK-

8776 (Chk-1 inhibitor) in “CX-5461-resistant” SK-N-AS cells led to an enhancement of viability loss 

measured by Alamar blue (Appendix, suppl. figure 3A) and to the activation of apoptosis as judged by 

cleavage of PARP-1 on western blot (Appendix, suppl. figure 3B). These results indicate that activated 

DNA damage signaling mediates resistance to CX-5461. However, we did not observe induction of 

apoptosis or an increase in viability loss when co-treating SK-N-AS with CX-5461 and KU-60019 
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(ATM-inhibitor). In line with our findings, Negi et al. showed a large activation of apoptosis in acute 

B-lymphoblastic leukemia cell lines SEM and KOPN-8 when combining CX-5461 with VE-822, but 

not with CX-5461 and KU-60019 (162). One potential explanation could be that the CX-5461 dose 

used in our experiment (230 nM) and in the study by Negi et al. (250 nM) mainly induces ssDNA 

breaks (in line with the results of Xu et al.), which results in activation of ATR-Chk1 signaling.  

 

5.1.3 Clinical use of quarfloxin and CX-5461 
Our findings and the results from others show that quarfloxin and CX-5461 can induce growth arrest 

in a variety of cancers, making these compounds interesting candidates for clinical use in cancer 

patients. One limitation of our study with regards to assessing preclinical therapeutic efficacy is the 

use of an immunodeficient mouse model. The immune system is known to contribute to the 

therapeutic effect of chemotherapeutic agents (246). In order to evaluate the role of functional 

immunity to the response against RNA pol I inhibitors in a preclinical neuroblastoma model,  

transgenic TH-MYCN mice could be used. Another limitation of our study with regards to evaluating 

the potential of quarfloxin and CX-5461 as future anti-neuroblastoma drugs is the lack of studies on 

normal cells. These compounds can potentially lead to severe side effects in patients by their effects 

on the normal cell population both as inhibitors of RNA pol I and due to their genotoxic properties. 

Several studies have shown that CX-5461 has minimal effects on normal cells and is well tolerated in 

animal models (149, 158, 160, 161). CX-5461 is currently being evaluated in patients with advanced 

solid tumors (ClinicalTrials.gov identifier: NCT02719977) and advanced hematological cancer 

(Australian New Zealand Clinical Trials Registry identifier: ACTRN12613001061729). Preliminary 

results from the latter, a phase I dose-escalation study, demonstrated tolerability with extended periods 

of dosing in their patient sample (n=17) (247). In addition, there were patients with sustained and 

beneficial clinical responses. Quarfloxin has completed a phase 1 trial in patients with advanced solid 

tumors and lymphomas (ClinicalTrials.gov identifier: NCT00955786) and a phase 2 trials in patients 

with and neuroendocrine/carcinoid tumors (ClinicalTrials.gov identifier: NCT00780663). No study 

results from the quarfloxin trials have been published and the reason for discontinuing research of this 

compound on patients is unknown.  

 

5.2 MicroRNA-based neuroblastoma therapy: Overexpression of 

microRNA-193b  
The capacity of a single tumor suppressive miRNA to simultaneously target and downregulate 

multiple oncogenes, has drawn attention to these molecules as potential anti-neoplastic agents. In our 

study, we showed that tumor suppressor miR-193b to be lowly expressed in neuroblastoma tumor 

samples and that this miRNA acted as a potent tumor suppressor in a large panel of neuroblastoma cell 

lines.  
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5.2.1 MiR-193b –”mechanism of action” 
Mechanistically, we demonstrated that miR-193b arrested neuroblastoma cells in the G1/S-phase of 

the cell cycle and induced apoptosis. We showed downregulation of CCND1, MYCN and MCL-1 at the 

mRNA level and also of their protein products. Previous studies have shown interactions between 

miR-193b and specific binding sites in the 3’UTRs of CCND1 and MCL-1 using a luciferase-based 

assay, confirming these transcripts as direct targets of this miRNA (196, 197). In a study by Beckers et 

al. utilizing a high-throughput luciferase reporter screen in HEK293T cells, 470 miRNAs were 

assayed for potential interaction with the 3’UTR of MYCN. This paper showed that miR-193b can 

target the MYCN 3’UTR (248). In our study, we corroborated this finding and further identified the 

exact binding site of miR-193b to be present at position 463-470 in MYCN 3’UTR using Targetscan 

prediction (targetscan.org) and a MYCN 3’UTR luciferase reporter system with site directed 

mutagenesis, thus confirming that MYCN as a direct target of this miRNA.  

 

A partial rescue of the miR-193b induced G1/S-phase blockage was observed when re-expressing a 

CCND1 expression plasmid lacking the 3’UTR. CCND1 encodes Cyclin D1, which is a regulatory 

subunit of the cyclin-dependent kinases CDK4/6. CDK4/6 leads to cell cycle progression from G1 into 

S-phase by phosphorylation of the retinoblastoma protein thereby releasing E2F transcription factors 

which activates transcription of various genes required for S-phase entry (249). Deregulation of 

CCND1 has been implicated in neuroblastoma tumorigenesis. One study showed two thirds of 

neuroblastoma tumors and cell lines overexpressed CCND1 (250). In addition, high levels of CCND1 

and its partner kinase CDK4 has been found to correlate to an undifferentiated phenotype in 

neuroblastomas and siRNA mediated knockdown of both these genes in neuroblastoma cell lines 

induces neuronal differentiation (251). The partial rescue of cell cycle progression implies that other 

mechanisms contribute to the to the cell cycle arrest induced by miR-193b. A possible way to 

elucidate the role of CCND1 could involve CRISPR-Cas9 mediated in vivo mutagenesis of the 

genomic CCND1 miR-193b seed sequence in a neuroblastoma cell line and subsequently analyzing 

the effects of miR-193b transfection. 

 

We speculated that MYCN repression by miR-193b contributed to the observed cell cycle arrest. We 

confirmed that MYCN depletion using RNA interference led to a G1/S-phase arrest, a finding 

previously shown by our group (252). Re-expressing a MYCN cDNA construct devoid of a 3’UTR 

(and perhaps also co-expressing CCND1) with miR-193b mimics could be a viable strategy to further 

understand the precise mechanism of the cell cycle arrest.  

 

MiR-193b overexpression induced apoptosis in several neuroblastoma cell lines through 

downregulating anti-apoptotic gene MCL-1. The activation of the apoptosis pathway is triggered by 

upregulation of BH3-only proteins of the Bcl-2 family such as Noxa, Bim and Puma in response to an 
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apoptotic stimuli, reviewed in (253). The BH3-only proteins bind to anti-apoptotic Bcl-2 family 

members (including Bcl-2 and Mcl-1) leading to the release of pro-apoptotic effector proteins BAK 

and BAX which are sequestered by the anti-apoptotic Bcl-2 family proteins. Freed BAK and BAX can 

form oligomeric pores in the mitochondrial membrane necessary for cytochrome c release and caspase 

activation. The initiation of apoptosis is therefore dependent on the balance between the pro- and anti-

apoptotic Bcl-2 family members. MCL-1 is implicated in neuroblastoma and it has been shown that 

neuroblastoma cell lines are “primed” for cell death through the binding of Bim (the principal BH3-

only death activator in neuroblastoma) with either Mcl-1 or Bcl-2 (254). In our study, Mcl-1 primed 

BE(2)-C and SH-SY5Y cells and Bcl-2 primed CHLA-20 all underwent apoptosis after miR-193b 

overexpression, whereas siRNAs against MCL-1 only caused apoptosis in the Mcl-1 primed cell lines. 

Furthermore, we saw a partial reduction of apoptosis with exogenous MCL-1 overexpression in Mcl-1-

primed but not in Bcl-2 primed neuroblastoma cells after miR-193b overexpression. These results 

support the notion of a selective dependence on Mcl-1 or Bcl-2 for neuroblastoma cell survival and 

also show that miR-193b can activate apoptosis independent of Mcl-1. In a study of liposarcoma cells, 

miR-193b overexpression was shown to induce apoptosis through direct targeting of CRKL, PTK2 and 

MSRA (255). Investigating whether miR-193b also targets these genes in neuroblastoma cell lines 

would be of value for a deeper understanding of the apoptotic phenotype. 

 

5.2.2 Potential of miR-193b as an anti-neuroblastoma drug 
MiR-193b represents an interesting candidate for miR-based therapy in neuroblastoma. It targets three 

oncogenes important in neuroblastoma pathogenesis and induces a robust antiproliferative and pro-

apoptotic phenotype in a large panel of neuroblastoma cell lines with different cytogenetic 

abnormalities. A limitation of our study with regards to therapeutic efficiency is the lack of testing 

manipulation of miR-193b in normal cells and in vivo studies. Little is known about the role of miR-

193b in normal cells and tissues.  

 

In vivo efficacy of miRNA-based therapy in cancer has been investigated in some animal models. 

Intravenous delivery of tumor suppressive miR-34a in human non-small lung cancer (NSCLC) 

xenografts and in a spontaneous NSCLC mouse model led to a robust growth inhibition of tumors and 

was well tolerated by the mice (256). Furthermore, in vivo inhibition of oncogenic miR-221 was 

shown effective in reducing malignant plasma cell proliferation in a mouse model of multiple 

myeloma (257). In this study, a synthetic 13-mer locked nucleic acid (LNA), which specifically 

recognizes the complementary sequence of miR-221 and blocks the biological effects of this 

oncogenic miRNA, was administered intravenously. The treatment did not result in damage to normal 

organs, weight loss or behavioral changes in the mice, indicating low off-target toxicity.  
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MiRNA based treatment has been assessed in cancer patients. A promising drug from a mechanistic 

standpoint, MRX34 containing a mimic of tumor suppressive miR-34, was in phase I clinical trials for 

patients with primary liver cancer, other selected solid tumors and hematologic malignancies 

(ClinicalTrials.gov identifier: NCT01829971) (258). In this study, patients were treated intravenously 

with a liposomal formulation of MRX34. However, the study was terminated prematurely due to 

serious immune related adverse events in several patients. Whether the adverse events were caused by 

the liposomal carrier or the miR-34a mimic was not possible to know by the study design.  

 

5.3 The microRNA content of MYCN-amplified neuroblastoma 

exosomes 
We showed that neuroblastoma cell lines secrete exosomes with a distinct miRNA profile. The 

miRNAs present in the exosomes were predicted to regulate cancer associated signaling pathways. To 

our knowledge, this study was the first characterization of the miRNA content of neuroblastoma 

exosomes.  

 

5.3.1 Functional effects of exosomal miRNAs 
Exosomes allows for the transfer of biomolecules between different cells. Several studies have shown 

that cancer cell derived exosomal miRNAs are functional in recipient cells, reviewed in (259). 

We investigated whether neuroblastoma derived exosomal miRNAs could regulate the expression of 

known target genes through 3’UTR interaction and their ability to activate TLR8 signaling. However, 

we were not able to show a functional effect of exosomal miRNA in recipient cells in our study.  The 

failure to show a functional effect in our experiments could be due to several reasons. We showed an 

uptake of neuroblastoma exosomes when adding them to the media of recipient cells as judged by 

fluorescence microscopy and flow cytometry. However, we did not address the precise subcellular 

location of the added exosomes or measure whether we could see an increase in exosomal miRNAs in 

the recipient cells. If the exosomes were in fact clustered to the outer surface of the recipient cells, this 

could explain a lacking functional effect of miRNAs in our experiments, as the cellular response to 

miRNAs require internalization. The exact subcellular location of added exosomes could be addressed 

by high-resolution microscopy. In addition, measuring an increase of exosome-enriched miRNAs in 

recipient cells after exosome exposure would indicate an uptake. One study demonstrated that 

exosomes derived from K562 and MT4 cells were efficiently internalized by phagocytic cells through 

phagocytosis, but not by various non-phagocytic cell lines where the exosomes adhered to the cell 

surface (260). Challagundla et al. showed a functional effect of neuroblastoma derived exosomal miR-

21 (261). In this study, neuroblastoma cell derived exosomes containing miR-21 led to an activation of 

TLR8 signaling in recipient monocytes. This resulted in upregulation of miR-155 in the monocytes. 

Furthermore, exosomes containing miR-155 were secreted from the monocytes and taken up by 
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neuroblastoma cells, where miR-155 directly targeted TERF1 (an inhibitor of telomerase), leading to 

increased cisplatin resistance. TLR8 is an endosomal receptor which recognizes GU-rich single 

stranded RNA and activation of the receptor requires the internalization of the RNA ligand (262). In 

our study, we evaluated the activation of TLR8-signaling using HEK-Blue hTLR8 (HEK293 cells 

transfected with human the TLR8 gene and an inducible secreted embryonic alkaline phosphatase 

(SEAP) reporter) as the recipient cell line. HEK293 cells are non-phagocytic and the lack of an 

activated TLR8 phenotype could therefore be attributed to this. A further study could investigate if a 

phagocytic receiver cell would result in a functional uptake of exosomal miRNAs and activation of 

TLR8 signaling. 

 

5.3.2 The biomarker potential of exosomal miRNAs 
The miRNAs present in the MNA neuroblastoma derived exosomes isolated in our study were 

predicted to regulate signaling pathways important in cancer. A limitation of our profiling of exosomal 

miRNAs is the use of arrays with a fixed number of miRNAs. In order to further characterize the 

miRNA content of neuroblastoma exosomes an RNA deep sequencing approach could be used.  

 

Exosomes are present in bodily fluids, which are accessible by minimally invasive methods. 

Therefore, profiling of exosomal miRNA-content from patient blood or other fluids can potentially be 

useful as clinical biomarkers. A recent study showed downregulation of tumor derived exosomes and 

their miRNA cargo in blood samples from neuroblastoma patients after induction chemotherapy (263). 

Furthermore, this study demonstrated that post-induction expression of three exosomal miRNAs (miR-

29c, miR-342-3p and Let-7b) could discriminate between different clinical responses. Patients with a 

minor treatment response showed a significant downregulation of these miRNAs as compared with the 

pre-treatment levels. The expression was unchanged in patients with a very good partial response 

when comparing pre- and post-treatment samples. Further profiling of the tumor derived exosomal 

miRNAs present in the various bodily fluids of neuroblastoma patients, could lead to the discovery of 

new clinically relevant biomarkers for diagnostics and disease monitoring.     
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6 Conclusions 
The results presented in this thesis have contributed with new insights into aspects of the molecular 

biology of high-risk neuroblastoma. We have demonstrated that small molecular inhibitors of RNA 

polymerase I are promising agents for targeting high-risk disease and that these molecules can provide 

a novel way of depleting MNA neuroblastomas of MycN. Furthermore, we found that the 

pleiotropically acting miR-193b inhibits the growth of neuroblastoma cells and targets important 

neuroblastoma oncogenes, including MYCN. We also showed that MNA neuroblastoma cells secreted 

exosomes with a distinct miRNA profile predicted to regulate signaling pathways involved in cancer. 

 

With the current therapy, many high-risk neuroblastoma patients do not survive or have severe 

treatment related late effects. The discoveries which have been made in this thesis will hopefully be 

useful for devising better high-risk neuroblastoma biomarkers and therapies in the future. 
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Supplementary figures 1-3 



	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



Supplementary figure 1 

	

	
Suppl. figure 1 MYCN mRNA levels in IMR-32 after 24 hours treatment with 150 nM quarfloxin (quar) or 230 nM CX-5461 

(CX). Treatment with both compounds lead to a slight relative increase in MYCN mRNAs. The data represents the mean and 

SD of two independent experiments performed with two biological replicates pr. condition. Relative expression of transcript 

levels was evaluated using the ddCT method with the geometric mean of two housekeeping genes (SDHA and ACTB). 

Primers: MYCN: forward 5’-	ACACCCTGAGCGATTCAGAT-3’, reverse 5’-TTCTCCACAGTGACCACGTC-3’, SDHA: 

forward 5’-CTGATGAGACAAGATGTGGTG-3’, reverse 5’-CAATCTCCCTTCAATGTACTCC-3’, ACTB: forward 5’-

CACCATGTACCCTGGCATT-3’, reverse 5’-ACGGAGTACTTGCGCTCAG-3’. 

 

 

 

 

 

 

 

 

 

 

 

 

 



Supplementary figure 2 

 

	
Suppl. figure 2 FBXW7 mRNA levels in IMR-32 after 24 hours treatment with 150 nM quarfloxin (quar) or 230 nM CX-

5461 (CX). Treatment with both compounds led to a distinct relative increase in FBXW7 mRNAs. The data represents the 

mean and SD of two independent experiments performed with two biological replicates pr. condition. Relative expression of 

transcript levels was evaluated using the ddCT method with the geometric mean of two housekeeping genes (SDHA and 

ACTB). Primers: FBXW7: forward 5’-CCTCCAGGAATGGCTAAAAA-3’, reverse 5’-

AAGAGTTCATCTAAAGCAAGCAA-3’, SDHA and ACTB: Same primers as in suppl. figure 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Supplementary figure 3 

 

A) 

 
A) Viability (Alamar blue) of neuroblastoma cells 48 hours after exposure to CX-5461 in combination with ATM-inhibitor 

KU-60019, ATR-inhibitor VE-822, DNA-PKc-inhibitor NU7441, MK-8776 or MK-571. The viability of vehicle + respective 

drug was set to 100%, against which CX-5461 + respective drug were normalized against. The data represents the mean cell 

viability and Sc.D. of two individual experiments each performed in duplicate. These results show that the loss of cell 

viability is most pronounced with the combination of CX-5461 and ATR/Chk-1 inhibitors compared with CX-5461 alone or 

the combination of CX-5461 and the other compounds. ATM and DNA-PKc inhibition was assessed due to their importance 

as upstream activators of DNA-damage signaling. MK-571 was included to investigate whether CX-5461 could be subject of 

MRP-1 mediated drug efflux. 

 

B) 

 
B) Western blot assessing apoptosis in neuroblastoma cells 48 hours after exposure to CX-5461 in combination with ATM-

inhibitor KU-60019, ATR-inhibitor VE-822, DNA-PKc-inhibitor NU7441, MK-8776 or MK-571. These results show that 

the presence of apoptotic marker c-PARP is enhanced with the combination of CX-5461 and ATR/Chk-1 inhibitors 

compared with CX-5461 alone or the combination of CX-5461 and the other compounds.  
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Abstract
Abnormal increases in nucleolar size and number caused by dysregulation of ribosome biogenesis has emerged as a hallmark
in the majority of spontaneous cancers. The observed ribosome hyperactivity can be directly induced by the MYC
transcription factors controlling the expression of RNA and protein components of the ribosome. Neuroblastoma, a highly
malignant childhood tumor of the sympathetic nervous system, is frequently characterized by MYCN gene amplification and
high expression of MYCN and c-MYC signature genes. Here, we show a strong correlation between high-risk disease, MYCN
expression, poor survival, and ribosome biogenesis in neuroblastoma patients. Treatment of neuroblastoma cells with
quarfloxin or CX-5461, two small molecule inhibitors of RNA polymerase I, suppressed MycN expression, induced DNA
damage, and activated p53 followed by cell cycle arrest or apoptosis. CX-5461 repressed the growth of established MYCN-
amplified neuroblastoma xenograft tumors in nude mice. These findings suggest that inhibition of ribosome biogenesis
represent new therapeutic opportunities for children with high-risk neuroblastomas expressing high levels of Myc.

Introduction

Neuroblastoma, a childhood tumor of the peripheral sym-
pathetic nervous system, originates from neural crest cells
and usually manifests in the adrenal gland or in a paraspinal
location in the abdomen or chest. The clinical features of

neuroblastoma are characterized by heterogeneity spanning
from spontaneous regression or differentiation with an
overall survival of 85–90%, to treatment-refractory pro-
gression and metastatic tumors with less than 50% of the
patients surviving despite intensive therapies [1]. Currently,
no effective therapy exists for patients with recurrent or
relapsed neuroblastoma, and new treatment modalities for
these patients are urgently needed.

A molecular hallmark of high-risk neuroblastoma is
genetic amplification and high expression of the MYCN
oncogene [2]. Also, single-copy high-risk neuroblastomas
frequently show high expression of the MYCN homolog c-
MYC [3]. The MycN and c-Myc proteins are transcription
factors, and exert their oncogenic effects through the acti-
vation and repression of a wide array of genes controlling
fundamental cellular processes, including proliferation, cell
growth, metabolism, differentiation, and migration [4].

Ribosomal biogenesis is upregulated in malignant cells,
and nucleolar enlargement has been used as a marker for the
histopathological diagnosing of cancer for over a century
[5]. MycN has been shown to positively regulate the
expression of a large set of genes involved in ribosomal
biogenesis [6], and also c-Myc is well-established as a
driver of this process [7]. In line with these observations,
tumor cells from MYC-driven neuroblastomas frequently
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display nucleolar hypertrophy [8, 9]. In recent years, spe-
cific inhibitors of ribosomal biogenesis have been devel-
oped and characterized. Two small molecular compounds,
quarfloxin (CX-3543) and CX-5461, target and inhibit RNA
pol I activity. CX-5461 is currently being tested in patients
with advanced solid tumors (NCT02719977) and advanced
hematological cancer (ACTRN12613001061729) [10].
Quarfloxin has completed phase 1 and 2 trials in patients
with advanced solid tumors and lymphomas
(NCT00955786) and neuroendocrine/carcinoid tumors
(NCT00780663), respectively. Inhibition of RNA pol I
activity has been shown to induce apoptosis, nucleolar
surveillance signaling, p53 pathway activation, senescence,
and pro-death autophagy [11–14].

In this study, we demonstrate a strong correlation
between advanced stage disease, high MYCN expression
levels, and elevated expression of genes involved in ribo-
some biogenesis in several large neuroblastoma patient
cohorts. Based on these observations, we evaluated the
effects of quarfloxin and CX-5461, two small molecule
inhibitors of ribosome biogenesis in neuroblastoma cell
lines and xenografts. Both quarfloxin and CX-5461 are
cytotoxic to neuroblastoma cells in nanomolar concentra-
tions and orally administered CX-5461 represses the growth
of MYCN-amplified neuroblastoma xenografts in mice.
Mechanistically, we demonstrate that both compounds
induce p53 signaling, cell cycle arrest, DNA damage, and
apoptosis of neuroblastoma cells and reduced MycN and
RNA pol I activity.

Results

Neuroblastoma tumors with high ribosome
biogenesis activity have poor a prognosis

A previous study by Boon et al. showed that the MycN
protein enhances the rate of ribosome biogenesis in neuro-
blastoma cell lines [6]. To investigate how genes regulating
ribosome biogenesis correlate with clinical parameters in
neuroblastoma, we performed an unsupervised clustering
analysis (k-means clustering) to subdivide the tumors in a
large neuroblastoma RNAseq dataset (SEQC-498) in two
groups according to expression of genes defined by the
KEGG pathway “Ribosome Biogenesis in Eukaryotes”. The
498 neuroblastoma tumors clustered into two well-defined
groups characterized by low (Low-RiBi, n= 354) and high
(High-RiBi, n= 144) expression of ribosome biogenesis
genes (Supplementary Figure 1). Eighty-five percent of
tumors defined by the High-RiBi group belong to advanced
stage disease (INSS 3 and 4) (Fig. 1a). Furthermore, the High-
RiBi tumors were characterized by high MYCN expression
(Fig. 1b). Kaplan–Meier analyses of the two clusters showed

that tumors from the High-RiBi group had a very poor
overall- and event-free survival (log-rank test, p= 4.7 × 10−32

and p= 7.4 × 10−20, respectively, Figure 1c, d). Similar
results were observed for several independent neuroblastoma
cohorts investigated (Supplementary Figure 2A–D). These
data demonstrate that neuroblastoma tumors with enhanced
ribosome biogenesis activity are characterized by high MYCN
expression, advanced stage disease, and poor prognosis.

Inhibitors of ribosome biogenesis decrease
neuroblastoma cell viability

Given that the expression of genes involved in ribosome
biogenesis strongly correlated with neuroblastoma high-risk
disease and prognosis, we evaluated the effects of two
compounds inhibiting RNA polymerase I in a panel of
neuroblastoma cells (Supplementary Table 1). Neuro-
blastoma cells were incubated with an 8-log dose range of
CX-5461 (0.0005–5000 nM) or quarfloxin (0.001–10000
nM) for 48 h (Fig. 2a), and absolute IC50 values were cal-
culated (Table 1). MYCN-amplified (MNA) and wild-type
TP53 (wt-TP53) IMR-32 and CHP-134 cells, and c-MYC
overexpressing/wt-TP53 CHLA-15 cells, were highly sen-
sitive to the action of both drugs. Also, the IC50 of MNA/
mut-TP53 cell lines BE(2)-C and Kelly were substantially
lower than those of non-MNA/mut-TP53 SK-N-AS and
SK-N-FI cells.

These data show that quarfloxin and CX-5461 effectively
inhibit the growth of neuroblastoma cells in vitro. MNA (or
high c-Myc) and wt-TP53 cell lines were found to be more
sensitive to these drugs compared with cells with single-
copy MYCN and inactivating TP53 mutations.

High MycN expression sensitizes neuroblastoma cell
lines to quarfloxin and CX-5461

To further investigate the relationship between MycN
expression and ribosome biogenesis in neuroblastoma cell
lines, we reanalyzed microarray gene expression data from a
previous MYCN siRNA experiment on IMR-32 cells per-
formed by Bell et al. [15]. K-means clustering with all
genes in the KEGG pathway “Ribosome Biogenesis in
Eukaryotes” revealed two distinct clusters defined by a
High-RiBi and a Low-RiBi group (Supplementary Figure
3A). The High- and Low-RiBi clusters consisted of samples
with high MYCN expression (no siRNA, siSCR-16h, and
siSCR-48 h) and low MYCN expression (siMYCN-16 h and
siMYCN-48 h), respectively. The expression of MYCN was
significantly higher in the High-RiBi cluster compared with
the Low-RiBi cluster (Supplementary Figure 3B). These
data show that siRNA-mediated knockdown of MycN
expression represses the expression of genes involved in
ribosome biogenesis.
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To functionally investigate the role of MycN on the
sensitivity of neuroblastoma cell lines to the ribosome
biogenesis inhibitors, we utilized the SHEP-TET21N model
system. SHEP-TET21N is a MycN-inducible cell line
derived from the parental single-copy MYCN human neu-
roblastoma cell line SHEP [16]. In the presence of 1 μg/mL
doxycycline (dox), SHEP-TET21N cells express undetect-
able levels of MycN, whereas removal of dox induces high
MycN expression (Fig. 2b, insert).

High MycN SHEP-TET21N cells grown without dox
had a lower IC50 value for quarfloxin and CX-5461 com-
pared with their low MycN expressing counterparts treated
with 1 µg/mL doxycycline (Fig. 2b, Table 1).

Next, we used two different siRNAs targeting MYCN to
knockdown MycN expression in the MNA neuroblastoma cell
line IMR-32. Cells were transfected with siMYCN-1 and
siMYCN-2 (siRNAs targeting MYCN) or siNC (a negative
control siRNA), and treated with CX-5461 and quarfloxin.
Efficient MycN knockdown was confirmed by western blot
(Supplementary Figure 4A). After 48 h of drug treatment, both
siMYCNs repressed the cytotoxic effect of the drugs when
compared with siNC-treated cells (Fig. 2c). Similar results were
observed in CHP-134 cells (Supplementary Figure 5).

These data confirm that neuroblastoma cells with high
MycN expression are more sensitive to CX-5461 and
quarfloxin than cells with low MycN expression.
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Quarfloxin and CX-5461 induce DNA damage,
p53 signaling, cell death, and cell cycle arrest in
neuroblastoma cell lines

To investigate the mechanisms underlying the observed
growth repression of neuroblastoma cells treated with
quarfloxin and CX-5461, we analyzed several cell lines for
the presence of apoptotic markers. First, we assessed the
presence of the 89 kDa cleaved PARP (c-PARP) fragment

and p53 on western blots of protein extracts isolated from
cells treated with 150 nM quarfloxin or 230 nM of CX-5461
or 0.1% vehicle (DMSO and DMF, respectively). For all the
wt-TP53 cell lines tested (IMR-32, CHP-134, and CHLA-
15), we detected increased presence of c-PARP and
induction of the p53 protein after 24 h of treatment (Fig. 3a).
On the contrary, mut-TP53 cells (Kelly, SK-N-AS, and BE
(2)-C) showed no significant increase in c-PARP or p53
expression. We further confirmed these observations by
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showing that two representative wt-TP53 neuroblastoma
cells (IMR-32 and CHLA-15) treated with quarfloxin or
CX-5461 had increased expression of the 17/19 kDa
cleaved-Caspase-3 (c-Casp-3) and induction of p21 protein
and mRNA expression (Fig. 3b, Supplementary Figure 6).
Enhanced c-Casp-3 or p21 expression was not observed in
the mut-TP53 neuroblastoma cell lines BE(2)-C and SK-N-
AS treated with quarfloxin or CX-5461 (Fig. 3b).

Next, we used flow cytometry to analyze representative
wt-TP53 and mut-TP53 neuroblastoma cell lines for the
apoptotic marker Annexin V after treatment with quarfloxin
or CX-5461. As shown in Fig. 3c, an increase in the pro-
portion of Annexin V-positive cells after treatment with
quarfloxin or CX-5461 was only observed in the wt-TP53
cell lines IMR-32 and CHLA-15.

To further confirm the importance of functional p53 on
the cytotoxic effect observed upon exposure of neuro-
blastoma cell lines to quarfloxin and CX-5461, we per-
formed knockdown of TP53 using two siRNAs (siTP53-1
and siTP53-2, Supplementary Figure 4B). When p53
expression was repressed by siTP53-1 and siTP53-2 in
IMR-32 cells, the cytotoxic effect of quarfloxin and CX-
5461 was reduced (Fig. 3d) and c-PARP was almost com-
pletely abolished (Fig. 3e). A similar, but less prominent,
reduction in cell viability upon p53 knockdown was
observed in CHP-134 cells (Supplementary Figure 5).
Induction of functional p53 signaling by quarfloxin or CX-
5461 was validated using a p53-responsive luciferase assay
[17]. Only the wt-TP53 cell lines (IMR-32 and CHLA-15)
showed a significant increase in luciferase activity,

indicating induction of functional p53 expression in cells
exposed to CX-5461 or quarfloxin (Fig. 3f).

However, when we reconstituted functional p53 in BE
(2)-C cells by exogenous overexpression of wt-p53, we did
not observe a rescue in viability (Supplementary Figure 7A)
or increased apoptosis (Supplementary Figure 7B) upon
treatment with quarfloxin or CX-5461.

To further understand the growth impairing effects of
quarfloxin and CX-5461 in the cell lines failing to undergo
apoptosis, we evaluated cell cycle distribution profiles in
BE(2)-C and SK-N-AS cells after treatment with these
compounds. Both cell lines showed an accumulation in the
G2/M-phase of the cell cycle after 24 h exposure to the
drugs (Fig. 4a).

Genotoxic stress is a major activator of p53 signaling,
therefore we investigated whether quarfloxin and CX-5461
have the propensity to induce DNA damage in neuro-
blastoma cell lines. In order to assess this, we evaluated the
presence of DNA damage biomarker γ-H2A.X on western
blots from several neuroblastoma cell lines. In all cell lines
tested, we detected an increase of this marker, compared
with vehicle-treated cells (Fig. 4b).

Together these results show that CX-5461 and quarfloxin
induced DNA damage and impaired growth of neuro-
blastoma cells by apoptosis in wt-TP53 cells and G2/M-
arrest in mut-TP53 cells.

Quarfloxin and CX-5461 reduce the expression of
MycN and pre-rRNA (47S-rRNA)

To further explore how the RNA pol I inhibitors influence
the biology of MYCN-amplified neuroblastoma cells, we
examined the effect of quarfloxin and CX-5461 on MycN
expression in several different MYCN-amplified neuro-
blastoma cell lines. MycN was downregulated in IMR-32
and CHP-134 cells, but not in mut-TP53 BE(2)-C and Kelly
cells after 48 h of drug treatment (Fig. 5a).

As quarfloxin and CX-5461 originally were character-
ized as direct inhibitors of RNA pol I activity, we assessed
the ability of quarfloxin and CX-5461 to suppress the
expression of RNA pol I transcript 47S-rRNA. The 47S-
rRNA contains the 5’ETS of rDNA genes, which is the first
region to be processed with fast kinetics, and is therefore
often used as a proxy for the pre-rRNA transcriptional
activity of RNA pol I [18]. To our surprise, quarfloxin and
CX-5461 concentrations, which effectively induced DNA
damage, cell death, p53 signaling, and cell cycle arrest, did
not downregulate the expression of 47S-rRNA after 24 h of
treatment (Fig. 5b). However, a downregulation of 47S-
rRNA was observed after 24 h with a 10-fold increase of the
quarfloxin or CX-5461 doses (Fig. 5c). In order to inves-
tigate other components of the ribosomal subunits, we
measured the expression of mature rRNAs (18S-, 5.8S-, and

Table 1 Half-maximal inhibitory concentration (IC50 values) from
neuroblastoma cell lines treated with quarfloxin and CX-5461

Cell line MYCN status TP53
status

IC50 (nM)±SD

Quarfloxin CX-5461

IMR-32 Amp. Wt 5.0 ± 2.2 7.6 ± 0.21

CHP-134 Amp. Wt 23.0 ± 14.7 40.1 ± 13.9

CHLA-15 Non-amp. Wt 54.0 ± 3.7 25.8 ± 2.2

BE(2)-C Amp. Mut 84.3 ± 5.0 106.9 ± 2.4

Kelly Amp. Mut 150.1 ± 33.7 275.6 ± 29.7

SK-N-AS Non-amp. Mut 965.2 ± 122.8 747.5 ± 65.8

SK-N-FI Non-amp. Mut 967.6 ± 178.8 618.3 ± 99.1

SHEP-
TET21N
-dox

Exogenous,
high MycN

Wt 20.2 ± 0.03 14.4 ± 2.8

SHEP-
TET21N+
dox

Exogenous,
low MycN

Wt 357.2 ± 151.5 311.8 ± 9.1

Data from two independent experiments each consisting of two
biological replicates per concentration. SD is the standard deviation
between the individual experiments
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28S-rRNA) and a subset of ribosomal proteins (RPL13A,
RPL32, RPS5, and RPS19) in IMR-32 cells exposed to low
and high doses of quarfloxin or CX-5461. Similar to our

observations of 47S-rRNA expression, no significant
changes were observed for the other components of ribo-
somal subunits when IMR-32 cells were exposed to the low

CX-5461 (CX) Quarfloxin (Quar)A

B

C

D
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cytotoxic doses of the inhibitors, except a minor reduction
in expression of RPL32. However, when the same cells
were exposed to 10-fold higher doses of quarfloxin and CX-
5461, we measured increased levels of 18S-rRNA and 28S-
rRNA. A similar increase was observed for ribosomal
proteins RPL13A and RPS5 (Supplementary Figure 8).

CX-5461 represses the growth of neuroblastoma
xenografts

Since quarfloxin and CX-5461 show almost identical effects
in all neuroblastoma cell lines tested and because CX-5461
is currently in clinical trials, we decided to limit our pre-
clinical in vivo investigations to CX-5461. In order to
evaluate the therapeutic potential of CX-5461 in vivo,
NMRI nu/nu mice with established IMR-32 or BE(2)-C
xenograft tumors were treated by oral administration of CX-
5461. In both models, a significant decrease of tumor
growth was observed, with treated IMR-32 tumors reduced
to 38% (Fig. 6a) and BE(2)-C to 69% (Fig. 6b) at the end of
treatment compared with their respective control groups.

Histological analysis of tissue sections from treated
tumors revealed a pale appearance with regional necrosis,
hemorrhage and significant increase in damaged cells with
disintegrated cytoplasm (Fig. 6c, Supplementary Figure 9).

In addition, higher number of apoptotic cell bodies and
fragmented nuclei were evident as confirmed by immuno-
histochemical detection of c-Casp-3 (Fig. 6d) and γ-H2A.X
(Fig. 6e) levels in tumors from mice treated with CX-5461
compared with control tumors. Furthermore, compared with
control tumors, treatment was associated with a prominent
reduction in staining of the cell proliferation marker Ki-67
(Fig. 6f) and reduced levels of MycN protein (Fig. 6g).
These histological features were in particular evident in
tumor tissue from the MYCN-amplified IMR-32 xenograft.
The data suggest an inhibitory effect of CX-5461 on tumor
proliferation by induction of a DNA damage response and
apoptosis.

Discussion

Despite intensive treatment modalities, the survival of
patients with high-risk neuroblastoma is still around 50%.
The major marker attributed to high-risk neuroblastoma is
MYCN gene amplification and high-risk neuroblastoma
patients without MYCN-amplification frequently exhibit
high expression of either MycN, c-Myc, or Myc signature
genes [19]. Our analysis of publicly available gene
expression RNAseq and microarray data, show that high-
risk neuroblastoma with high MYCN expression strongly
correlates to elevated expression of genes involved in
ribosome biogenesis and poor patient survival. Several
observations have shown that c-Myc is an important reg-
ulator of ribosome biogenesis by affecting the expression of
ribosomal genes as well as auxiliary factors important in
ribosome biogenesis [7]. Also, elevated MycN expression
has been suggested to augment the expression of several
genes involved in ribosome biogenesis and protein synth-
esis [6]. Similarly, we found that siRNA-mediated down-
regulation of MycN expression resulted in reduced
expression of genes involved in ribosome biogenesis.
Hyperactive ribosome biogenesis, which morphologically
can be detected by an increase in nucleolar size and number,
is a hallmark for the majority of cancers and is frequently
associated with poor prognosis [5]. In neuroblastoma,
poorly differentiated cells exhibit increased number of
nucleolar organizer regions [20] suggesting increased pro-
liferation and elevated ribosome biogenesis. Furthermore,
neuroblastomas with high expression of MycN or c-Myc
have been shown to exhibit enlarged nucleoli [8, 9].
Together, these data suggest that inhibition of ribosome
biogenesis in neuroblastoma should be tested as a treatment
option for neuroblastoma patients expressing high levels of
MycN and/or c-Myc. In the present study, we show that
treatment with quarfloxin or CX-5461, two small molecule
inhibitors of RNA polymerase I, inhibited the growth of
neuroblastoma cells with IC50 at nanomolar concentrations.

Fig. 3 Quarfloxin and CX-5461 induce p53-dependent apoptosis in
TP53-wt neuroblastoma cells. a Representative western blot (WB) for
the assessment of cleaved PARP (c-PARP) and p53 expression in
neuroblastoma cell lines treated for 24 h with 150 nM quarfloxin (left
panel) or 230 nM CX-5461 (right panel) or 0.1% vehicle (DMSO and
DMF, respectively). b Representative WB evaluation of cleaved-
Caspase-3 (c-Casp-3), p53, and p21 expression in neuroblastoma cell
lines treated as in a. c FACS analysis of Annexin V-positive neuro-
blastoma cells after 24 h treatment with 150 nM quarfloxin or 230 nM
CX-5461 or vehicle. The data represents the mean and SD of repre-
sentative experiments performed with two biological replicates pr.
condition (ns, not significant; **p≤ 0.01; ***p≤ 0.001). d p53
induction sensitizes neuroblastoma cells to quarfloxin and CX-5461.
The day after transfection with siRNAs targeting TP53 (siTP53-1 and
siTP53-2), 50 nM quarfloxin (left panel) or 75 nM CX-5461 (right
panel) were added and cell viability was measured 48 h after treatment.
The viability of vehicle+ respective siRNA was set to 100%, and
quarfloxin and CX-5461 treated cells were normalized against their
respective controls. The data represents the mean cell viability and s.d.
of two individual experiments performed in duplicate (***p≤ 0.001;
****p≤ 0.0001). e Representative WB assessing c-PARP levels after
p53 knockdown. IMR-32 cells were reverse transfected with siTP53-1
and siTP53-2, and treated with 150 nM quarfloxin (left panel) or 230
nM CX-5461 (right panel) for 24 h before harvesting and immuno-
blotting. f Assessment of p53 transcriptional activity. Neuroblastoma
cells were co-transfected immediately after seeding with a p53-
responsive firefly luciferase reporter (pg13) and CMV-renilla lucifer-
ase. 150 nM quarfloxin or 230 nM CX-5461 were added the following
day and cells were treated for 24 h before harvesting and analysis. Pg-
13 expression was normalized to Renilla expression (RLU) and the
data shown represents the mean of one experiment with three biolo-
gical replicates and is representative of two independent experiments
(ns, not significant; **p≤ 0.01; ***p≤ 0.001)
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Neuroblastoma cells expressing high levels of MYCN or c-
MYC were significantly more sensitive to treatment with
these compounds. We also show that both drugs reduce the
levels of MycN protein and that wt-TP53 neuroblastoma
cell lines activate p53 signaling and undergo apoptosis,
whereas mut-TP53 cells undergo cell cycle arrest in the G2/
M-phase. Previously, CX-5461 has been shown to prevent
initiation of rRNA synthesis by RNA polymerase I through
inhibiting the binding of the transcription factor SL1 to the
rDNA promoter, with subsequent release of free ribosomal
proteins and activation of the nucleolar stress pathway
promoting the activation of p53 signaling [21]. Exogenous
addition of wt-TP53 cDNA by transient transfection did not
result in increased effects of CX-5461 or quarfloxin in BE
(2)-C cells, a neuroblastoma cell line expressing high levels
of mutant TP53 (TP53mut C135F). TP53-C135F lies within
the DNA-binding domain of the p53 protein (UniProt.org)
and confers a loss of function to the p53 protein as
demonstrated by loss of p53 transactivation activity [22]. In
fact, the C135F-mutated version of p53 from SK-N-BE(2)
cells has been shown to exert a moderate dominant negative
effect on wt-p53 transcriptional activity [23]. Hence, the
reason for the lack of increased effects of CX-5461 or

quarfloxin in BE(2)-C could be caused by the presence of
high levels of endogenous mutant-p53 protein that interferes
with the exogenous wt-p53 during complex formation and
binding to DNA, resulting in an incomplete restoration of
the transactivation activity [24]. This also partly explains
that we observed an increase in p21 expression in wt-TP53
transfected cells but no increase in apoptotic marker (c-
PARP) or rescue of cell viability. Together, this can, at least
partly, explain the differential effects observed in neuro-
blastoma cells containing wt-TP53 versus those cells with
mutated TP53.

Destabilization of MycN or c-Myc proteins mediated by
RNA polymerase I inhibitors has also been established by
others [25, 26]. In our study, we did not observe reduction
of MycN expression in the TP53-mutated cell lines Kelly
and BE(2)-C, whereas MycN was robustly downregulated
in wt-TP53 IMR-32 and CHP-134 (Fig. 5a). A similar
observation was very recently reported by Niemas-Teshiba
et al. [21]. In this study, a low dose of CX-5461 (250 nM)
efficiently repressed MycN expression in wt-TP53 LAN5
cells after 24 h exposure, whereas a fourfold higher dose
(1000 nM), only led to a very slight suppression of MycN in
TP53-mutated Kelly cells. This differential response to the
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drugs with regards to MycN expression could be explained
by several possible mechanisms. Kelly and BE(2)-C cells
have been characterized as drug-resistant cell lines whereas
IMR-32 and CHP-134 are drug sensitive [27–29]. There-
fore, the difference in MycN downregulation caused by CX-
5461 and quarfloxin might be due to enhanced drug efflux
caused by high levels of transporter molecules present in
Kelly and BE(2)-C cells. In fact, the multifunctional drug

transporter protein RALBP1/RLIP76 has been shown to be
repressed by p53 in neuroblastoma cells expressing wt-p53.
In contrast, SK-N-BE(2) cells expressing mutant-p53
showed overexpression of RALBP1/RLIP76 and increased
drug resistance [30]. Another mechanism contributing to the
difference in MycN expression could be explained by
effects on the MycN degradation machinery. The FBXW7
E3-ubiquitin ligase is an important regulator of MycN sta-
bility in neuroblastoma cells [31]. In a study by Burmakin
et al., reactivation of p53 by RITA was shown to induce a
rapid and substantial downregulation of MycN via FBXW7-
mediated proteasomal degradation in neuroblastoma cells
[31]. Furthermore, reports from both ovarian and gastric
cancers have shown that FBXW7 is downregulated in
TP53-mutated tumors [32, 33]. When a dominant negative
(R175H) p53 was overexpressed in wt-TP53 ovarian cancer
cell lines, the expression of FBXW7 was suppressed.

Interestingly, the c-MYC gene contains a G-quadruplex
motif in its gene promoter and MYCN contains a G-
quadruplex in intron 1, a region shown to be important for
the transcriptional activation of this gene [34–36]. Quar-
floxin has previously been described as a G-quadruplex
stabilizer and reduces rRNA synthesis through disruption of
the interaction between putative G-quadruplex structures in
the rDNA and nucleolin [13]. Stabilization of G-
quadruplexes in promoter regions has been shown to inhi-
bit transcription, thereby providing another potential
mechanism of MYC gene suppression by quarfloxin and
CX-5461 [37].

Both quarfloxin and CX-5461 have previously been
described as RNA polymerase I inhibitors [12, 13]. In our
experiments, we did not observe any change in expression of
47S-rRNA when IMR-32 cells were exposed to quarfloxin and
CX-5461 at doses which effectively induced DNA damage,
cell death, p53 signaling, and cell cycle arrest (Fig. 5b). In
addition, the expression of other components of the ribosomal
subunits (mature rRNAs and ribosomal proteins) was also
unaffected by this treatment (Supplementary Figure 8A and
8C). We therefore conclude that treatment with low cytotoxic
doses of quarfloxin and CX-5461 does not significantly inhibit
ribosomal biogenesis in MYCN-amplified neuroblastoma cell
lines. However, when the cells were exposed to 10-fold higher
doses of the drugs, we observed a marked downregulation of
47S-rRNA expression (Fig. 5c). These high concentrations of
quarfloxin and CX-5461 also increased the levels of 18S-
rRNA, 28S-rRNA, RPL13A, and RPS5 (Supplementary Fig-
ure 8B and 8D). We do not have a reasonable biological
explanation for the discrepancy observed during exposure of
high doses of the drugs. From the raw Cq values, we observe a
significant increase, indicating reduced levels, of the mRNA
housekeeping genes (SDHA and ACTB), 5.8S- and 47 S rRNA
when cells were exposed to high doses of the drugs. This may
explain the apparent increase of 18S- and 28S-rRNA
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measurements as a normalization artifact, rather than increased
expression of these highly expressed and very stable rRNAs. A
similar observation was reported in a study by Xu et al.,
demonstrating that these drugs caused synthetic lethality in
BRCA1/2-deficient breast and ovarian cancers at doses which
did not inhibit RNA pol I activity [38]. This study uncovered a
novel mechanism of action for these drugs through causing
replication-dependent ssDNA damage and subsequent growth
arrest and apoptosis by stabilization of G-quadruplex structures
in the genomic DNA. We demonstrate DNA damage in all
neuroblastoma cell lines tested after treatment with quarfloxin
and CX-5461, and in vivo DNA damage after CX-5461
treatment of nude mice bearing neuroblastoma xenografts. Our
findings suggest that quarfloxin and CX-5461 cause cellular
toxicity through a process involving stabilization of G-
quadruplexes. The initial characterization studies by Drygin
et al. described quarfloxin and CX-5461 as non-genotoxic
using the Ames and Comet assay [12, 13]. This is in contrast to
our results and the findings of Xu et al. [38] Furthermore,
reports by Negi et al. and Quin et al. have shown that CX-5461
induces the ATM/ATR signaling pathway leading to a G2/M-
phase cell cycle arrest [39, 40]. ATM and ATR are crucial
sensors of DNA damage and activate the DNA damage
response upon the presence of dsDNA or ssDNA breaks,
respectively [41]. Negi et al. [39] demonstrated the enhance-
ment of apoptosis in leukemia cells when co-treating with VE-
822, an ATR inhibitor, and CX-5461. These results suggest
that CX-5461 induces ssDNA damage, and show that co-
targeting DNA damage response pathways can be utilized to
overcome potential resistance to this agent.

CX-5461 significantly inhibited the growth of estab-
lished MYCN-amplified neuroblastoma grown as xenografts
in nude mice. Growth suppression was more pronounced in
tumors harboring wt-TP53 (IMR-32) compared with neu-
roblastoma containing mutated TP53 (BE(2)-C). These
results further support the notion that RNA polymerase I
inhibitors activate p53 signaling and that p53 activation is
one mechanism for the growth inhibiting effects seen by
RNA polymerase I inhibitors in tumor cells.

Taken together, RNA polymerase I inhibitors are pro-
mising agents that should be further investigated in clinical
studies as a treatment options for neuroblastoma patients
with high expression of MycN or c-Myc.

Materials and methods

Cell culture

All cells were grown in a humidified incubator at 37 °C with
5% CO2. BE(2)-C, SK-N-AS, CHP-134, Kelly and SHEP-
TET21N cells were maintained in RPMI-1640 supple-
mented with 10% sterile-filtered fetal bovine serum (FBS).

IMR-32 and SK-N-FI were grown in low glucose DMEM
supplemented with 10% FBS and 1% non-essential amino
acids (NEAA). CHLA-15 cells were grown in IMDM with
20% FBS, 1x ITS, and 4 nM L-glutamine. All cell identities
were confirmed by short tandem repeat analysis, and the
cells were regularly checked to be mycoplasma-free.

Chemicals

CX-5461 (Selleckchem) was resuspended in dimethylforma-
mide (DMF) to a 5mM stock. Quarfloxin (AdooQ) was
resuspended in DMSO to a stock of 10 mM as recommended
by the manufacturers. Aliquots of both chemicals were kept at
−80 °C and were thawed and diluted in their respective vehi-
cles (DMF or DMSO) for working solutions. The concentra-
tion of vehicle never exceeded 0.1%. For animal studies, CX-
5461 was dissolved in 50mM NaH2PO4 (pH 4.3) at 5mg/mL.

Viability assays

For IC50 experiments, cells grown in 24-well plates were
treated with an 8-log dose range of quarfloxin and CX-5461
in a total volume of 500 μL/well for 48 h before the addition
of 50 μL Alamar blue reagent (Thermo Fisher) directly to
the wells. Cells were incubated at 37 °C for an additional 2
h and 100 μL of media was transferred to a black-walled 96-
well plate and fluorescence was measured at 540 nm exci-
tation and 590 nm emission wavelengths using a micro plate
reader (CLARIOstar). The raw data was normalized to
vehicle treated, and IC50 was calculated using the Prism
7 software and the equation: log(inhibitor) vs. normalized
response—Variable slope. All experiments were repeated
twice with two biological replicates.

Flow cytometry

For cell cycle distribution profiling, cells were treated for
24 h in the presence of vehicle or 150 nM quarfloxin or 230
nM CX-5461. Floating and adherent cells (trypsination)
were harvested and subsequently fixed and permeabilized in
ice-cold 70% EtOH. Fixed cells were subsequently stained
in PBS containing 50 μg/mL Propidium Iodide (PI) and 100
μg/mL RNaseA for 30 min protected from light at room
temperature and then placed on ice. PI-stained cells were
analyzed using a BD LSR Fortessa, and cell cycle data were
further analyzed using FlowJo v.10 with the Watson model
for evaluation of cell cycle distribution.

For the Annexin V apoptosis assay, cells were treated for
24 h in the presence of vehicle or 150 nM quarfloxin or 230
nM CX-5461 and analyzed using the FITC Annexin V
Apoptosis Detection Kit according to the manufacturer’s
instructions (BD Biopharmigen). Annexin V-positive cells
were detected using a BD LSR Fortessa.
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Western blotting

Cells were treated with vehicle, quarfloxin, or CX-5461 as
indicated. At harvesting, floating cells and adherent cells
(trypsination) were collected for analysis. Protein isolation and
blotting were performed essentially as previously described
using NuPAGE 4–12% bis-tris precast polyacrylamide gels
and Immobilon-PVDF membranes (Millipore) [42]. For wes-
tern blots containing Caspase-3 and p21, 4–20% Tris-Glycine
gels (Lonza) were used for better separation of these low MW
proteins. Primary antibodies used in this study were mouse
monoclonal anti-MycN (sc-53993, Santa Cruz Biotechnology,
CA, USA), mouse monoclonal anti-p53 (sc-126, Santa Cruz
Biotechnology, CA, USA), rabbit monoclonal anti-p21 (#2947,
Cell Signaling Technology, MA, USA), rabbit polyclonal anti-
PARP (#9542, Cell Signaling Technology, MA, USA), rabbit
polyclonal anti-Caspase-3 (#9662, Cell Signaling Technology,
MA, USA), mouse monoclonal anti-γ-H2A.X (05–636, Merck
Millipore, MA, USA), rabbit polyclonal anti-actin (A2066,
Sigma-Aldrich, MO, USA) and mouse monoclonal anti-actin
(AB3280, Abcam, Cambridge, UK). Membranes were detected
using the Odyssey Infrared Imaging system (LI-COR).

RT-qPCR

Floating and adherent cells were lysed in 1 mL of Qiazol
(Qiagen), 0.2 mL of chloroform was added for phase
separation, and RNA was precipitated overnight from 0.4
mL of the aqueous phase 1:1 in isopropanol at −20 °C. The
RNA pellet was washed twice in ice-cold 75% EtOH and
resuspended in TE-buffer (10 mM Tris-HCl, 1 mM dis-
odium EDTA, pH 8.0). RNA quality and quantity was
assesed using the Nanodrop 2000. In total, 1200 ng of RNA
was reverse transcribed using the High Capacity cDNA kit
w/RNase inhibitor (Thermo Fisher). Each RT-qPCR reac-
tion (20 μL) contained 12.5 ng of cDNA in 5 μL, 10 μL of
Power SYBR (Thermo Fisher), 0.8 μL of 5 μMF+R pri-
mers, and 4.2 μL of nuclease-free H2O. Amplification of
cDNA was carried out using a LightCycler 96 SW 1.1
(Roche). Relative expression of transcript levels was eval-
uated using the ddCT method with the geometric mean of
two housekeeping genes (SDHA and ACTB). Expression of
rRNA transcripts was normalized using the geometric mean
of all rRNA transcripts according to [43]. Primer sequences
were; SDHA: forward 5′-CTGATGAGACAAGATGTGGT
G-3′, reverse 5′-CAATCTCCCTTCAATGTACTCC-3′,
ACTB: forward 5′-CACCATGTACCCTGGCATT-3′,
reverse 5′-ACGGAGTACTTGCGCTCAG-3′, p21: forward
5′-GCAGACCAGCATGACAGATTT-3′, reverse 5′-GGA
TTAGGGCTTCCTCTTGGA-3′, 47S-rRNA: forward 5′-C
CGCGCTCTACCTTACCTAC-3′, reverse 5′-GCATGGCT
TAATCTTTGAGACAAG-3′, 5.8S-rRNA: forward 5′-AC
TCGGCTCGTGCGTC-3′, reverse: 5′-GCGACGCTCAGA

CAGG-3′, 18S-rRNA: forward 5′-GTAACCCGTTGAA
CCCCATT-3′, reverse 5′-CCATCCAATCGGTAGTAG
CG-3′, 28S-rRNA: forward 5′-GGGTGGTAAACTCCATC
TAAGG-3′, reverse 5′-GCCCTCTTGAACTCTCTCTT
C-3′, RPL13A: forward 5′-TAAACAGGTACTGCTGG
GCCG-3′, reverse 5′-CTCGGGAAGGGTTGGTGTTC-3′,
RPL32: forward 5′-TACGACCCATCAGCCCTTGC-3′,
reverse 5′-CATGATGCCGAGAAGGAGATGG-3′, RPS5:
forward 5′-ATCATCAACAGTGGTCCCCG-3′, reverse 5′-
AGATGGCCTGGTTCACACG-3′, RPS19: forward 5′-
AAACCCCGTCGTTCCCTTTC-3′, reverse 5′ GCTTCCC
GGACTTTTTGAGG-3′.

p53 activity assays

Cells in 12-well plates were reverse transfected using
Lipofectamine 2000 (Thermo Fisher) with 0.5 µg p53
transcriptional reporter (PG13) (Addgene), (originally
published in Ref. [17]) and 0.02-μg pCMV-Renilla luc
(Promega). On the next day, cells were treated with vehicles
or 150 nM quarfloxin or 230 nM CX-5461. After 24 h of
treatment, cells were collected in 200 μL 1x PLB buffer, and
luciferase activity was measured using the Dual-Luciferase
Reporter Assay according to the instructions from the
manufacturer (Promega). PG13 firefly activity was nor-
malized to renilla (RLU).

siRNA transfections and TP53 overexpression

Transfections were carried out using Lipofectamine 2000
and were performed essentially as described [44]. The fol-
lowing siRNAs were used (all from Qiagen): AllStars
Negative Control siRNA (siNC), Hs_MYCN_4 FlexiTube
siRNA (siMYCN_1), Hs_MYCN_6 FlexiTube siRNA
(siMYCN_2), Hs_TP53_3 FlexiTube siRNA (siTP53_1),
and Hs_TP53_9 FlexiTube siRNA (siTP53_2). Final con-
centrations of the respective siRNAs were 20 nM in all the
experiments. The wt-p53 overexpression plasmid was a
kind gift from Dr. Ugo Moens, University of Tromsø,
Norway, empty vector was pCMV-XL4 (Origene). Final
DNA plasmid concentration was 1 μg/mL of media.

Xenografts

Four-to-six-week-old female Sca:NMRI nu/nu mice (Scan-
bur, Stockholm, Sweden) were maintained in pathogen-free
conditions and given free access to sterile water and food.
For BE(2)-C xenografts, 10 × 106 cells were injected sub-
cutaneously on the right flank under isoflurane anesthesia
and for IMR-32 9 × 106 cells in 50% Matrigel were injected
following the same procedure. Tumors were measured
every day with a digital caliper and tumor volume (mL) was
calculated as volume=width2 × length × 0.44. When
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tumors reached ≥ 0.15 ml, mice were randomized into
treatment with CX-5461 or control groups (no treatment).
Mice in the treatment groups received 50 mg/kg CX-5461
by oral gavage every third day for 12 days for BE(2)-C or
3–6 consecutive days and then every third day for 10 days
for IMR-32. Tumor volume index (TVI) was determined by
dividing the tumor volume of each day by the starting
volume (day 0). TVIs from treated and untreated tumors
were compared in GraphPad Prism 7 using repeated mea-
sures two-way ANOVA with Bonferroni correction and p-
values ≤ 0.05 were considered statistically significant. No
significant weight changes were observed in both untreated
and treated groups. At autopsy, tumors were fixed in 4%
paraformaldehyde (PFA) at 4 °C for 24 h and then kept in
70% EtOH at 4 °C before further analysis. All animal
experiments were approved by the regional ethics com-
mittee for animal research (N231/14), appointed and under
the control of the Swedish Board of Agriculture and the
Swedish Court. The animal experiments presented herein
were in accordance with national regulations (SFS
1988:534, SFS 1988:539, and SFS 1988:541).

Immunohistochemistry

Formalin-fixed and paraffin-embedded tissue sections were
deparaffinized in xylene and graded alcohols, hydrated, and
washed in a phosphate-buffered saline (PBS). After antigen
retrieval in a sodium citrate buffer (pH 6) in a microwave
oven, the endogenous peroxidase was blocked by 0.3%
H2O2 for 15 min. Sections were incubated overnight at 4 °C
with primary antibodies anti-γ-H2A.X (#9718 Cell Signal
Technology, MA, USA), anti-cleaved Caspase-3 (Asp175)
(Cell signaling Technology, MA, USA) or anti-Ki-67 (SP6,
Neomarkers, CA, USA), respectively. As a secondary
antibody, the anti-rabbit-horseradish peroxidase (HRP)
SignalStain Boost IHC detection kit was used (# 8114, Cell
Signaling Technology, MA, USA). For the assessment of
MycN expression, a monoclonal mouse anti-MycN anti-
body was used (sc-53993, Santa Cruz Biotechnology, CA,
USA). As a secondary antibody, anti-mouse EnVision-HRP
(Dako, Agilent Technologies, Inc., Santa Clara, CA, USA)
was used. A matched isotype control was also used as a
control for nonspecific background staining.

Statistical analysis

Differences between two groups were compared using the
two-sided Student’s t test. Differences in treated and
untreated xenograft tumor volume indexes were studied
using repeated measures two-way ANOVA with Bonferroni
correction. All statistical analysis was done using the
GraphPad Prism 7 software and a result was considered
statistically significant when p≤ 0.05.
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ABSTRACT

Neuroblastoma is the most common diagnosed tumor in infants and the second 
most common extracranial tumor of childhood. The survival rate of patients with 
high-risk neuroblastoma is still very low despite intensive multimodal treatments. 
Therefore, new treatment strategies are needed. In recent years, miRNA-based 
anticancer therapy has received growing attention. Advances in this novel treatment 
strategy strongly depends on the identification of candidate miRNAs with broad-
spectrum antitumor activity. Here, we identify miR-193b as a miRNA with tumor 
suppressive properties. We show that miR-193b is expressed at low levels in 
neuroblastoma cell lines and primary tumor samples. Introduction of miR-193b mimics 
into nine neuroblastoma cell lines with distinct genetic characteristics significantly 
reduces cell growth in vitro independent of risk factors such as p53 functionality or 
MYCN amplification. Functionally, miR-193b induces a G1 cell cycle arrest and cell 
death in neuroblastoma cell lines by reducing the expression of MYCN, Cyclin D1 and 
MCL-1, three important oncogenes in neuroblastoma of which inhibition has shown 
promising results in preclinical testing. Therefore, we suggest that miR-193b may 
represent a new candidate for miRNA-based anticancer therapy in neuroblastoma.

www.oncotarget.com Oncotarget, Advance Publications 2018

INTRODUCTION

Neuroblastoma, a neoplasm of the sympathetic nervous 

system, is the most common diagnosed tumor in infants and 

the second most common extracranial tumor of childhood 

[1, 2]. During the last decades, the survival of children with 

neuroblastoma has significantly improved. New advances and 

continued research on treatment strategies are contributing to 

increasing survival rates [2, 3]. Today, the estimated survival 

of children with low and intermediate-risk neuroblastoma is 

>98 and 90–95%, respectively. On the contrary, the survival 

rate of patients with high-risk neuroblastoma is still only 

40–50% despite intensive multimodal treatments [2]. More 

than half of high-risk neuroblastoma patients experience a 

relapse after treatment with tumors refractory to standard 

chemotherapeutic agents and there are currently no salvage 

regimens known to be curative for these patients [2, 4]. These 

patients have a very poor prognosis with a ten year overall 

survival rate of less than 20% [5]. Thus, improvements in 

survival rates for children with high-risk neuroblastoma are 

dependent on novel treatment approaches. 

MicroRNAs (miRNAs) are small (~22 nucleotides), 

non-coding RNA molecules regulating the expression 

of their target genes at the post-transcriptional level. 
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MiRNAs have been implicated to be involved in the 

regulation of virtually all physiological processes 

including proliferation, differentiation, apoptosis, and cell 

survival [6, 7]. Whole-genome miRNA profiling studies 

revealed that miRNAs are deregulated in most human 

cancers, indicating that miRNAs have critical functions 

in carcinogenesis and tumor progression by acting as 

oncogenes or tumor suppressors [7–9]. 

In recent years, miRNAs have been reported as 

valuable biomarkers for diagnosis and prognosis of cancer, 

and miRNA-based anticancer therapy has emerged as a 

promising therapeutic strategy for the treatment of human 

cancers [10–13]. 

Emerging evidence has demonstrated that miRNAs 

play a vital role in the initiation and progression of 

neuroblastoma (reviewed by [14, 15]). A number of 

studies have demonstrated that miRNAs are differentially 

expressed between high-risk and low-risk neuroblastomas 

[16, 17], and also between MYCN-amplified and non-

MYCN-amplified neuroblastomas [18–20]. We have 

recently demonstrated that several miRNAs have a distinct 

expression pattern in isogenic neuroblastoma cell lines 

isolated from patients at diagnosis and at relapse after 

intensive treatments [21]. In addition to miRNA profiling 

studies, several studies have focused on individual 

miRNAs, and performed functional in vitro and in vivo 

studies to analyze their specific roles in neuroblastoma. 

These studies identified a number of tumor suppressive 

and oncogenic miRNAs involved in proliferation, 

metastasis and differentiation of neuroblastoma cells 

(reviewed by [14, 15, 22, 23]). 

For instance, miR-34a, which is downregulated in 

neuroblastoma, exhibits potent tumor suppressive functions 

in neuroblastoma by inducing apoptosis, cell cycle arrest 

and differentiation [24–29]. The miR-17-92 cluster, a 

direct target of N-Myc, exhibits oncogenic functions in 

neuroblastoma by inhibiting neuronal differentiation, 

increasing cell proliferation, inhibiting apoptosis, and 

decreasing cell adhesion (recently reviewed by [15]).

Recent studies in mice have supported the potential 

of miRNA replacement therapy in neuroblastoma in vivo 

[25, 26, 30–32]. For instance, nanoparticle-based targeted 

delivery of miR-34a into neuroblastoma tumors in a 

murine orthotropic xenograft model resulted in decreased 

tumor growth, increased apoptosis and a reduction 

in vascularization [26]. Treating nude mice bearing 

neuroblastoma xenografts with miR-542-3p-loaded 

nanoparticles also decreased cell proliferation and induced 

apoptosis in vivo [32]. Thus, research on miRNA-based 

therapy in neuroblastoma offers a chance to develop new 

drugs to successfully treat high-risk neuroblastoma.

To develop miRNA-based therapeutics for high-risk 

neuroblastoma, identification of candidate miRNAs with 

broad-spectrum antitumor activity is needed. In this study, 

we demonstrated that treatment of neuroblastoma cell 

lines with miR-193b mimics strongly reduces cell viability 

and proliferation by inducing a G1 cell cycle arrest and 

cell death (mainly apoptotic). Our data identified miR-

193b as a candidate for miRNA-based anticancer therapy 

in neuroblastoma.

RESULTS

Low expression of miR-193b in primary 
neuroblastoma tumors and cell lines

MiR-193b-3p (henceforth referred to as miR-193b) 

has been described as a tumor suppressor in several 

cancers. To investigate a potential tumor suppressive role 

of miR-193b in neuroblastoma, we assessed miR-193b 

expression in 69 primary neuroblastoma tumors previously 

profiled for miRNA expression by RT-qPCR [33]. 

The expression level of miR-193b was significantly 

lower (p value < 0.0001) as compared to that of the well-

defined oncogenic miRNAs miR-92a-3p and miR-17-5p 

(Figure 1A). In addition, the expression level of miR-

193b was found to be comparable to that of miR-34a, a 

tumor suppressor miRNA that is expressed at low levels in 

unfavorable primary neuroblastoma tumors and cell lines 

[24]. Then, to extend the clinical data even more, we also 

analyzed miR-193b expression compared to miR-92a-3p 

and miR-17-5p expression in ten primary neuroblastoma 

samples by deep sequencing (Figure 1B, data from [18]). 

These data confirmed the RT-qPCR data indicating that 

miR-193b is downregulated in neuroblastoma, which 

points to a tumor suppressive function of miR-193b 

in this tumor entity. In addition, we used RT-qPCR to 

compare the expression of mir-193b to well established 

neuroblastoma oncogenic and tumor suppressor miRNAs 

in two neuroblastoma cell lines, Kelly and SK-N-BE(2)-C 

(Supplementary Figure 1). As for the tumor samples, the 

expression of mir-193b was significantly lower as compared 

to miR-92a and comparable to miR-34a in these cell lines. 

In concordance to these findings, analysis of miR-193b 

expression in neuroblastoma cell lines previously profiled 

by us for miRNA expression by deep sequencing [21] also 

revealed low expression of miR-193b when compared to 

known oncogenic miRNAs or tumor suppressor miRNAs, 

respectively (Supplementary Table 1).

MiR-193b reduces cell viability and proliferation 
in neuroblastoma cell lines

 In order to investigate a potential tumor suppressor 

role of miR-193b in neuroblastoma cells, miR-193b 

mimics (mir-193b) or scrambled control miRNA 

mimics (C) were transfected into nine neuroblastoma 

cell lines with distinct genetic characteristics. RT-qPCR 

was performed to validate miR-193b overexpression 

(Supplementary Figure 2). As shown in Figures 2 and 3, 

miR-193b had a significant effect on cell viability and 

proliferation. In all neuroblastoma cell lines tested, a 
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reduction in cell viability and proliferation was detected 

within 24 or 48 hours post-transfection, and loss of 

cell viability by more than 50% was apparent in SK-N-

BE(2)-C (BE(2)-C), Kelly, SHSY-5Y and CHLA-20 cells 

96 hours after transfection. 

MiR-193b induces caspase-dependent and 
-independent cell death in neuroblastoma

To determine the possible mode of the anti-

proliferative activity of miR-193b, the cytotoxic effect of 

miR-193b was assessed following transfection of miR-

193b or control mimics into each cell line. The MultiTox-

Fluor Multiplex Cytotoxicity Assay simultaneously 

measures two protease activities; one is a marker of 

viability, and the other is a marker of cytotoxicity. As the 

ratio of viable cells to dead cells is independent of the cell 

number, the data can be normalized. 

High cytotoxic effects were detected in BE(2)-C, 

Kelly and SHSY-5Y cells by day two. Significant, but 

lower cytotoxic effects were observed in NBL-S, CHLA-

20 and NBL-W cells. MiR-193b had only a modest 

cytotoxic effect (less than 10%) in SMS-KAN, CHLA-15 

and SK-N-AS cells (Figure 4 ).

Next, to investigate whether the cytotoxic effect of 

miR-193b is mediated through the induction of apoptosis, 

activation of caspase-3/7 and PARP-1 cleavage was 

assessed following transfection of miR-193b into each 

cell line (Figure 5 ). In CHLA-15, SMS-KAN, SK-N-

AS cells (1.12–1.31-fold relative change) and in NBL-W 

cells (average fold change 1.65) there was only a small 

increase in the caspase-3/7 enzymatic activity in miR-193b-

transfected cells as compared to control-transfected cells.
In BE(2)-C, SHSY-5Y, NBL-S, CHLA-20 and Kelly cells, 

the caspase-3/7 activity had increased more than two-fold 

48 hours post-transfection (Figure 5A). In concordance 

with this, miR-193b mimic transfection also caused an 

increase in PARP-1 cleavage in BE(2)-C, Kelly, SHSY-5Y, 

NBL-S, CHLA-20 and NBL-W cells with a concomitant 

decrease in total PARP-1, whereas there was only a modest 

increase in PARP-1 cleavage in SK-N-AS and SMS-KAN 

cells (Figure 5B). To analyze whether miR-193b may 

induce secondary cell death, we also analyzed PARP-1 

cleavage at 72 hours post-transfection in those cell lines 

where no PARP-1 cleavage was detected 24 hours post-

transfection. 72 hours post-transfection, PARP-1 cleavage 

had increased in SK-N-AS but not in SMS-KAN cells 

(Figure 5B). Surprisingly, while miR-193b only slightly 

increased caspase-3/7 activity in CHLA-15 cells (average 

fold change 1.26), miR-193b substantially increased PARP-

1 cleavage 24 hours post-transfection, which may indicate 

caspase-independent cell death in this cell line (Figure 5B). 

To summarize, these results indicate that miR-193b induces 

both caspase-dependent and -independent cell death in 

neuroblastoma cell lines. 

MiR-193b induces a G1 cell cycle arrest in 
neuroblastoma

To assess whether mir-193b-induced growth 

inhibition of cells is mediated via alterations in cell cycle 

regulation, we analyzed the cell cycle distribution profiles 

of mir-193b-transfected cells by flow cytometry in six of 

the nine cell lines. In all neuroblastoma cell lines tested, 

Figure 1: miR-193b is downregulated in primary neuroblastoma tumor samples. (A) 10 different neuroblastoma samples 

were analyzed by RNA sequencing. The expression of miR-193b-3p was comparable to the expression level of the tumor suppressive miR-

34a-5p and signifi cantly lower than the expression of the known oncomiRs miR-92a-3p and miR-17-5p (p < 0.0001). (B) 69 neuroblastoma 

tumor samples, independent of the fi rst cohort, were analyzed by qRT-PCR. In this cohort we also found a signifi cant downregulation of 
miR-193b in comparison to the oncomiRs (p < 0.0001).
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miR-193b increased the number of cells in the G1-phase 

of the cell cycle by 11.5–22.5% with a concomitant 

decrease in the number of cells in the Sphase and G2/M-

phase (Figure 6 ). Thus, in addition to apoptosis, miR-

193b decreases cell growth in neuroblastoma cell lines by 

inducing a G1 cell cycle arrest.

MiR-193b targets Cyclin D1, MCL-1 and MYCN 
in neuroblastoma

Next, we investigated the mechanism by which 

miR-193b may suppress cell growth in neuroblastoma 

cells. Both myeloid cell leukemia 1 (MCL-1) and Cyclin 
D1, which are associated with apoptosis and cell cycle 

regulation, respectively, have been found to be direct targets 

of miR-193b in other cancers [34–42]. We also performed 

a bioinformatic analysis using TargetScan algorithm [43] 

to identify further potential target genes of miR-193b 

associated with cell cycle progression and apoptosis. 

The analysis revealed a highly evolutionarily conserved 

miR-193b binding site in the 3′-UTR of the v-myc avian 
myelocytomatosis viral oncogene neuroblastoma derived 
homolog (MYCN) oncogene (Supplementary Figure 4 ). 

To test whether these genes are targeted by miR-

193b in neuroblastoma, cells were transfected with either 

miR-193b or control mimics and the expression levels of 

the potential target genes were analyzed by Western blot 

and quantitative RT-PCR. The mRNA and protein levels 

of MCL-1 and Cyclin D1 were reduced upon miR-193b 

overexpression in all neuroblastoma cell lines tested 

(Figure 7A and 7B, Supplementary Figure 5). MiR-193b 

mimic transfection reduced MYCN mRNA expression in the 

MYCNamplified cell lines SMS-KAN, NBL-W and Kelly

but there was no reduction in MYCN mRNA expression 

when miR-193b mimics were introduced into BE(2)-C 

cells (Figure 7B). However, N-Myc protein expression 

was reduced in all MYCN-amplified cell lines tested 24 

or 72 hours post-transfection (Figure 7A, Supplementary 

Figure 5). In BE(2)-C and SMS-KAN cells there was only 

a slight decrease in N-Myc protein expression 24 hours 

after transfection, but 72 hours post-transfection, N-Myc 

protein expression was lower in miR-193b transfected 

cells as compared to control-transfected cells (Figure 7A, 

Supplementary Figure 5). Thus, these results indicate 

that miR-193b targets MCL-1, Cyclin D1 and MYCN in 

neuroblastoma cell lines.

To investigate whether miR-193b directly binds 

to the predicted 3′UTR binding site of MYCN, we used a 

vector containing the MYCN 3`UTR downstream of the 
firefly luciferase gene (Table 1). In addition, we designed 

a construct containing mutations at the predicted miRNA-

193b seed sequence (Figure 8A). The resulting 3′-UTR-

Figure 2: miR-193b reduces cell viability in neuroblastoma cell lines. Neuroblastoma cell lines were transfected with control 

mimics or miR-193b mimics. Cell viability was analyzed using alamarBlue at indicated time points. The average cell viability of cells 

transfected with control mimics was set to 100% (not shown) and the cell viability of miR-193b-transfected cells was calculated relative to 

control-transfected cells. Data are mean of at least three experiments, each performed in triplicate. Standard deviations have been included 

in Supplementary Figure 3.
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Figure 3: miR-193b reduces proliferation in neuroblastoma cell lines. Neuroblastoma cell lines were transfected with control 

mimics or miR-193b mimics and cell proliferation was monitored in real time for seven days using xCELLigence. Data are mean of one 

representative experiment of at least two, each performed in octuplicate. (Solid line: control mimics; Dotted line: miR-193b mimics).
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Figure 4: miR-193b is cytotoxic to neuroblastoma cell lines. Cells were transfected with control mimics or miR-193b mimics. 

Cytotoxicity was analyzed at the indicated time points using the MultiToxFluor Multiplex Cytotoxicity Assay. Cytotoxicity (defi ned as 
the ratio of viable cells to dead cells) in miR-193b-transfected cells was calculated in relation to that in control-transfected cells. Data are 

mean ± SD of at least two independent experiments, each performed in triplicates (*p < 0.01 Student`s t-test).

Figure 5 : miR-193b induces apoptosis in neuroblastoma cell lines. (A) Cells were transfected with control mimics or miR-193b 

mimics and caspase activity was measured 48 hours after transfection. The results are expressed as relative caspase activities of miR-193b-

transfected cells, which is the ratio between the caspase activity of miR-193b-transfected cells and that measured in control-transfected 

cells. Data are mean ± SD of at least two independent experiment, each performed in triplicates (*p < 0.01 Student`s t-test). (B) Cells were 

transfected as in (A). Total PARP1 and PARP-1 cleavage (c-PARP-1) was assessed by Western blot 24 and 72 hours post-transfection, 

respectively. The experiment was performed at least two times giving similar results, and the result from one representative experiment is 

shown. 
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luciferase reporter plasmids were co-transfected with 

control or miR-193b mimics into several neuroblastoma cell 

lines (MYCN-amplified cell lines: SMS-KAN and BE(2)-C 

and non-MYCN amplified cell line: SK-N-AS). Activity of 

the luciferase reporter gene carrying the wild-type MYCN-

3-UTR was significantly lower in cells overexpressing 

miR-193b, while no repression of luciferase activity was 

observed in the reporter construct carrying the mutant 

MYCN 3`UTR (Figure 8B). These results confirm that miR-

193b repress MYCN expression by directly binding to the 

3`-UTR sequence of the MYCN mRNA. 

MiR-193b induces a G1 cell cycle arrest by 
targeting Cyclin D1 and MYCN

To address whether miR-193b induces a G1 

cell cycle arrest by targeting Cyclin D1, cells were 

co-transfected with miRNA mimics and a Cyclin D1
expression plasmid lacking the 3′UTR.

Overexpression of Cyclin D1 in Kelly, SHSY-5Y 

and BE(2)-C was confirmed by Western blot analysis 

(Figure 9A). Unfortunately, we were not able to overexpress 
Cyclin D1 in SMS-KAN, CHLA-15 and CHLA-20 cells 

Figure 6: miR-193b induces a G1 cell cycle arrest in neuroblastoma. Cells were transfected with control or miR-193b mimics. 

24 hours after transfection, cells were fi xed with ethanol and cell-cycle profi les were determined by propidium iodide incorporation and 
fl ow cytometry analysis. Results are presented as percentage of cells in a particular phase. Data are mean ± SD of one representative 
experiment of at least two, each performed in triplicate.
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(data not shown). Co-transfection of control mimics and 

the Cyclin D1 overexpression plasmid had no (BE(2)-C and 

Kelly) or only a minor (SHSY-5Y; less than 5%) effect on 

cell cycle profiles (Figure 9B). Cyclin D1 overexpression 

partly rescued cells from miR-193b-mediated G1 cell 

cycle arrest, confirming an important role of miR-193b in 

regulating cell cycle progression by targeting Cyclin D1 

(Figure 9B). However, the incomplete rescue by Cyclin 
D1 implies that miR-193b may also modulate cell cycle 

progression by other mechanisms. 

We and others have previously shown that 

downregulation of MYCN expression induces a G1 cell cycle 

arrest in MYCN-amplified neuroblastoma cell lines including 

Kelly and BE(2)-C cell lines [44, 45]. To investigate whether 

miR-193b-mediated downregulation of MYCN may explain 

the incomplete rescue by Cyclin D1, BE(2)-C and Kelly cells 

were transfected with siRNA against MYCN and cell cycle 

profiles were analyzed. Knockdown of N-Myc was verified 

by Western blot analysis (Figure 10A). The results confirmed 

that MYCN knockdown causes a G1 phase arrest in Kelly 

and BE(2)-C cells, although the effect is considerably 

smaller as compared to that of miR-193b overexpression 

(Figure 10B). The fraction of cells in the G1 phase of the 

cell cycle increased from 60.7% (control siRNA) to 65.9% 

(MYCN siRNA) for BE(2)-C cells and from 46.7% (control 

siRNA) to 56.3% (MYCN siRNA) in Kelly cells transfected 

with 2 nM MYCN siRNA. 

These results suggest that both MYCN and Cyclin 
D1 may be important miR-193b targets genes mediating, 

at least in part, the effects of miR-193b overexpression on 

proliferation of neuroblastoma cells lines by inducing a 

G1 cell cycle arrest.

MiR-193b induces cell death by targeting MCL-1

Furthermore, we analyzed whether miR-193b 

induces cell death by targeting MCL-1. For this purpose, 

cells were co-transfected with miRNA mimics and a 

MCL-1 expression plasmid lacking the 3′UTR (Table 1). 
The restoration of MCL-1 expression was confirmed by 

Western blot analysis (Figure 11). In all cell lines tested, 

co-transfection of miR-193b and an empty vector resulted 

Figure 7 : miR-193b reduces the expression of Cyclin D1, MCL-1 and MYCN in neuroblastoma. (A) Cells were transfected 

with miR-193b mimics or control mimics. 24 hours or 72 hours post-transfection, cells were harvested and protein expression was assessed 

by Western blot. Actin was used to demonstrate equal protein loading. The experiment was performed at least two times giving similar 

results, and the result from one representative experiment is shown. (B) Cells were transfected as in (A). 24 hours post-transfection, the 

total RNA was isolated, reverse transcribed into cDNA and the expression of genes were analyzed by RT-qPCR. Transcripts levels of 

individual genes were normalized to SDHA to allow relative quantifi cation of gene expression relative to control-transfected cells by the 
DDCT method. Data are means ± SD of two independent experiments, each performed in triplicates (*p < 0.05 Student`s t-test). 
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in increased PARP-1 cleavage, indicating cell death. 

Ectopic expression of MCL-1 partly rescued SHSY-5Y 

and BE(2)-C cells from miR-193b-induced cell death: 

When transfected with both miR-193b and a vector 

overexpressing MCL-1, PARP-1- cleavage was reduced 

as compared to cells co-transfected with miR-193b and an 

empty vector (Figure 11). These results confirm that miR-

193b induces cell death in SHSY-5Y and BE(2)-C cells by 

targeting MCL-1. 

However, there was no rescue in CHLA-20 cells 

when co-transfected with the MCL-1 expression plasmid 

(Figure 11). These results indicate that in addition to MCL-1, 

other miR-193b target genes are involved in mir-193b-

induced cell death in neuroblastoma cells.

To verify that MCL-1 downregulation can trigger 

cell death in neuroblastoma, siRNA against MCL-1 was 

transfected into neuroblastoma cell lines. In concordance with 

the rescue experiments, MCL-1 downregulation increased 

PARP-1 cleavage in BE(2)-C and SHSY-5Y whereas there 

was only a very modest increase in PARP-1 cleavage in 

CHLA-20 in response to MCL-1 knockdown (Figure 12). 

To summarize, these results indicate that the 

targeting of MCL-1 by miR-193b contributes to miR-

193b-induced cell death in neuroblastoma cells.

DISCUSSION

Targeted therapy intercepting with a single oncogene 

is often insufficient due to preexisting or acquired 

resistance [46, 47]. Therefore, therapeutic approaches 

should simultaneously affect several targets, e.g. by 

using miRNAs repressing the expression of multiple 

targets. MicroRNAs are involved in virtually all cellular 

processes and exert essential roles in tumorigenesis 

through acting as oncogenes or tumor suppressors [6, 48]. 

During the last decade, development of miRNA-based 

anticancer therapies has received growing attention. 

However, picking the right miRNA exhibiting a robust 

Figure 8: MYCN is a direct miR-193b target in neuroblastoma. (A) Illustration of the putative target site of miR-193b in the 

3′-UTR of MYCN according to TargetScan prediction and mutant MYCN-3`-UTR sequence. (B) Cells were cotransfected with miRNA 

mimics (either miR-193b or control mimics), a fi refl y luciferase report plasmids (either pMIR-Report-MYCN-UTR-WT or pMIR-Report-
MYCN-UTR-MUT), and a renilla plasmids. Cells were harvested 24 hours post-transfection. Protein extracts were prepared and assayed 
for fi refl y and renilla luciferase activities. Firefl y luciferase activity was normalized to renilla luciferase activity. The normalized luciferase 
activities of miR-193b-transfected cells were calculated relative to those of control-transfected cells (set to one). Data are means ± SD of 

two independent experiments, each performed in triplicate (*p < 0.01 Student`s t-test).
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phenotype and being potent and safe enough to be used as 

therapeutics represents a significant challenge [46].

Recent evidence suggests that miR-193b has both 

oncogenic and tumor suppressor functions in human 

cancer. MiRNA profiling studies have shown that the 

expression level of miR-193b is frequently downregulated 

in human cancer tissues as compared to non-cancerous 

adjacent tissues. Reduced expression levels of miR-193b as 

compared to (adjacent) non-cancerous cells were found in 

ovarian [49], hepatocellular carcinoma [34, 42], non-small 

cell lung cancer (NSCLC) cells [37], meningioma [50] and 

endometrioid adenocarcinoma [51], and also in pancreatic 

[52] and gastric [53, 54] cancer cells. In other cancer types, 

including glioma [55], multiple myeloma [56] and head 

and neck squamous cell carcinoma (HNSCC) [57], the 

expression of miR-193b has been reported to be upregulated 

compared to non-cancerous cells, and increased miR-193b 

expression levels were found in relapsed relative to non-

relapsed primary HNSCC tissues [57]. Functional studies 

have identified both tumor suppressive and oncogenic 

targets of miR-193b regulating proliferation, apoptosis, 

differentiation, migration and invasion of various cancer 

Figure 9: Cyclin D1 overexpression rescues neuroblastoma cells from miR-193b-induced G1 cell cycle arrest. Cells 

were co-transfected with control or miR-193b mimics and an empty (– Cyclin D1) or a Cyclin D1 (+ Cyclin D1) overexpression plasmid. 

24 hours after transfection, cells were harvested for Western blot analysis to show Cyclin D1 overexpression (A) or cells were fi xed with 
ethanol and cell-cycle profi les were determined by propidium iodide incorporation and fl ow cytometry analysis (B). Results from cell 

cycle analysis are presented as percentage of cells in a particular phase. Cell cycle data are mean ± SD of one representative experiment 

of at least two, each performed in triplicate. Western blot data show one representative experiment. Actin was used to demonstrate equal 

protein loading.
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cells. Thus, miR-193b regulates multiple hallmarks of 

cancer by targeting both oncogenes and tumor suppressors 

(Supplementary Figure 6). It is therefore likely that the 

miR-193b functions depend on multiple target genes, and 

both intrinsic and extrinsic factors determine whether this 

miRNA dominantly exerts tumor suppressive or oncogenic 

functions in a specific cell type.

The results of this study indicate that miR-193b 

exhibits tumor suppressive functions in neuroblastoma. 

We here demonstrated that miR-193b is generally low 

expressed in primary neuroblastoma samples and cell 

lines. A previous study revealed higher expression of 

miR-193b in unfavorable versus favorable neuroblastoma 

[18], and we recently reported increased expression of 

miR-193b in post-therapy neuroblastoma cell lines as 

compared to the matched cell lines isolated at diagnosis 

before treatment [21]. However, additional analyses 

(Figure 1B) demonstrated that miR-193b is expressed 

at low levels in both unfavorable neuroblastoma and 

in post-therapy neuroblastoma cells (Supplementary 

Table 1) when compared to the well-defined oncogenic 

miRNAs miR-92a-3p and miR-17-5p. Analysis of primary 

neuroblastoma samples by RT-qPCR validated low 

expression of miR-193b in neuroblastoma. In concordance 

to these findings, a previous study by Beckers et al.
indicated that endogenous miR-193b levels do not reach 

the threshold to exert its tumor suppressive functions 

in neuroblastoma [58]. Although we and Beckers et al.
demonstrated that MYCN is directly targeted by miR-

193b, Beckers et al. found neither a negative correlation 

between miR-193b and MYCN expression nor miR-193b 

expression and MYCN activity [58]. Thus, the direct 

miR-193b target MYCN is insufficiently counteracted 

by low endogenous miR-193b expression levels in 

neuroblastoma. Our in vitro data indicate that correcting 

these deficiencies by miR-193b replacement therapy, 

effectively represses MYCN and two further important 

oncogenic miR-193b targets, namely MCL-1 and cyclin 
D1 resulting in the activation of anti-proliferative and pro-

apoptotic pathways. We thereby showed that the increase 

Figure 10 : MYCN knockdown increases the number of cells in G1. Cells were transfected with control siRNA or MYCN 
siRNA. 24 hours after transfection, cells were harvested for Western blot analysis to show N-Myc knockdown (A) or cells were fi xed with 
ethanol and cell-cycle profi les were determined by propidium iodide incorporation and fl ow cytometry analysis (B). Results from cell 

cycle analysis are presented as percentage of cells in a particular phase. Cell cycle data are mean ± SD of one representative experiment 

of at least two, each performed in triplicate. Western blot data show one representative experiment. Actin was used to demonstrate equal 

protein loading.
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Table 1: Plasmids used in this study
Name Insert/property Reference
Expression vectors
pcDNA3.1-Mcl-1 MCL-1 cDNA without 3′UTR

Flag-Tag (8aa) between START codon 

and MCL-1 cDNA

[70]

pCMV-CyclinD1 CyclinD1 cDNA without 3′UTR [71] 

(Addgene # 19927)

Luciferase reporter plasmids
pMIR-Report-MYCN-UTR-WT MYCN-3′UTR reporter plasmid [69]

pMIR-Report-MYCN-UTR-MUT Mutated MYCN-3′UTR reporter 
plasmid

this study

pGL4.75[hRluc/CMV] Renilla luciferase reporter Promega

Figure 11: MCL-1 overexpression partly rescues neuroblastoma cells from miR-193b-induced cell death . Cells were co-

transfected with control or miR-193b mimics and an empty (- Mcl-1) or an Mcl-1 (+ Mcl-1) overexpression plasmid. Cells were harvested 

24 hours post-transfection. Actin was used to demonstrate equal protein loading. PARP-1 was quantifi ed using ImageJ. Data are expressed 
as the ratio of cleaved PARP-1 to uncleaved PARP-1 and relative to control + empty-vector- transfected cells (set to 1). The experiment was 

performed at least two times giving similar results, and the result from one representative experiment is shown. 
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in miR-193b levels upon mimic transfection significantly 

augments the antagonizing functions of miR-193b beyond 

the threshold at which this miRNA becomes dominantly 

tumor suppressive. Thus, oncogenic pathways, which 

are insufficiently counteracted by endogenous miR-193b 

levels, are effectively repressed upon miR-193b mimic 

transfection. Further studies are required to determine the 

extent to which cyclin D1, MYCN and MCL-1 are actually 

regulated by endogenous levels of miR-193b.

MicroRNA-193b Induces a G1 Cell Cycle Arrest 
by Targeting Cyclin D1 and MYCN 

Previous studies have shown that deregulation of the 

cell cycle, in particular G1 entry checkpoint dysregulation, 

appears to be an important factor in driving neuroblastoma 

tumorigenesis [59–61]. Several cell cycle regulators, 

especially those within the cyclin D1/CDK4/CDK6/RB 

pathway, are hyperactive in neuroblastoma [61]. Recent 

in vitro and in vivo studies on the therapeutic utility of 

inhibitors targeting the cyclin D1-associated kinases 

CDK4/CDK6 revealed promising results in various cancer 

types including neuroblastoma [59, 61]. 

The present study demonstrates that introduction of 

miR-193b into neuroblastoma cell lines results in a G1 cell 

cycle arrest via downregulation of cyclin D1. However, 

overexpression of cyclin D1 only partly rescue miR-193b-

mediated G1 cell cycle arrest pointing to additional miR-

193b target genes whose inhibition directly or indirectly 

induces a G1 cell cycle arrest. 

Our data indicate that the oncogene MYCN is one 

such target regulated by mir-193b. We have previously 

shown that downregulation of MYCN induces a G1 cell 

cycle arrest in MYCN-amplified neuroblastoma cell lines 

[44]. In concordance with this, we demonstrated that 

siRNA-mediated knockdown of MYCN increases the 

proportion of MYCN-amplified neuroblastoma cells in the 

G1 phase of the cell cycle. 

Based on these results, we conclude that the 

observed anti-proliferative effect of miR-193b in 

neuroblastoma is mediated, at least in part, through 

targeting both cyclin D1 and MYCN, two oncogenes with 

Figure 12: PARP-1 cleavage in response to MCL-1 knockdown in neuroblastoma. Cells were transfected with control siRNA 

or MCL-1 siRNA for 24 hours. Actin was used to demonstrate equal protein loading. PARP-1 was quantifi ed using ImageJ; data are 
expressed as the ratio of cleaved PARP-1 to uncleaved PARP-1 and relative to control-transfected cells (set to 1). The experiment was 

performed at least two times giving similar results, and the result from one representative experiment is shown. 
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essential roles in neuroblastoma tumorigenesis and thereby 

attractive therapeutic targets.

MicroRNA-193b Induces cell death in 
neuroblastoma

The functions of miR-193b in the control of the 

cell cycle are complemented by functions regulating cell 

death. Apoptosis is the best-characterized mechanism 

of programmed cell death in which activation of the 

executioner caspase cascade promotes cell shrinkage, 

membrane blebbing, chromatin condensation, DNA 

fragmentation, and finally the formation of apoptotic 

bodies and cell death [62]. In recent years, a number of 

non-canonical cell death mechanisms, which are often 

caspase-independent, have been described. These include 

caspase-independent apoptosis (CIA), necrosis, mitotic 

catastrophe, ferroptosis, paraptosis, and pyroptosis [62].

To investigate whether the anti-proliferative effect 

of miR-193b is also mediated through the induction of 

apoptosis, we analyzed caspase-3/7 activity and poly(ADP-

ribose)-polymerase (PARP)-1 cleavage, which are hallmarks 

of apoptosis. We found that miR-193b significantly 

increases both caspase-3/7 activity and PARP-1 cleavage 

in six of nine investigated neuroblastoma cell lines within 

24 hours. Interestingly, while miR-193b only slightly 

increased caspase-3/7 activity in CHLA-15 cells (1.26 

fold), it significantly increased PARP-1 cleavage in this 

cell line within 24 hours post-transfection, indicating that 

miR-193b may also induce caspase-independent cell death 

in neuroblastoma. In SK-N-AS cells, miR-193b-mediated 

PARP-1 cleavage was not observed before 72 hours post-

transfection, suggesting that miR-193b does not directly 

trigger cell death in this cell line, but rather induces cell death 

indirectly by modulating signaling cascades, which leads to 

secondary (delayed) cell death. Thus, these findings suggest 

that miR-193b may induce directly or indirectly (secondary) 

cell death in neuroblastoma by several distinct mechanisms.

A number of studies have revealed that miR-193b 

triggers apoptosis in various cancer cells via downregulation 

of MCL-1 [35, 39, 41, 42]. We demonstrated that miR-

193b overexpression reduces MCL-1 mRNA and protein 

expression in neuroblastoma cells. However, while MCL-1 

overexpression could partly rescue SK-N-BE(2) and SHSY-

5Y cells from miR-193b-mediated apoptosis, it could not 

rescue CHLA-20 cells.

Previous studies established that neuroblastoma cells 

are primed to death through sequestration of BIM by either 

MCL-1 or BCL-2 [63, 64]. CHLA-20 is a well-defined 

BCL-2-primed cell line, whereas SK-N-SH (SHSY-5Y is 

a subclone of this cell line [65]) and SK-N-BE(2) cells are 

MCL-1-primed [63]. Goldsmith et al. demonstrated that 

BCL-2-primed cell lines are significantly less sensitive 

to MCL-1 inhibition by AT-101 (a BH3 mimetic that 

also binds to BCL-2 but less potently than to MCL-1) as 

compared to MCL-1-primed cell lines [64]. Concordantly 

we demonstrated that, while MCL-1 knockdown by siRNA 

effectively induces PARP-1 cleavage in MCL-1-primed 

SHSY-5Y and SK-N-BE(2) cells, it does not trigger PARP-

1 cleavage in the BCL-2-primed cell line CHLA-20. These 

findings support a selective dependence of neuroblastoma 

cells on either BCL-2 or MCL-1, and explain why MCL-
1 overexpression could rescue BE(2)-C and SHSY-5Y 

cells, but not rescue the BCL-2-primed neuroblastoma cell 

line CHLA-20 from miR-193b-induced apoptosis. The 

mechanisms through which miR-193b may induce apoptosis 

in BCL-2-primed cell lines remain to be determined.

To summarize, our date provide evidence that miR-

193b is capable of inducing cell death by several, distinct 

mechanisms. Simultaneously targeting several signaling 

pathways activating cell death may increase the antitumor 

efficiency of miR-193b-based anticancer therapy and 

reduce acquired resistance to miR-193b-mediated cell 

death. Further studies are needed to fully understand 

the mechanisms by which miR-193b exerts its tumor 

suppressive function in neuroblastoma.

In summary, miR-193b overexpression induces 

a cell cycle arrest and apoptosis in neuroblastoma by 

reducing the expression of MYCN, cyclin D1 and MCL-
1, three important oncogenes in neuroblastoma whose 

inhibition by inhibitors have shown promising results 

in preclinical testing [59, 61, 66, 67]. Our data suggest 

that miR-193b may be a promising strategy to treat high-

risk neuroblastoma resistant to conventional anticancer 

agents. This is especially supported by the finding that this 

miRNA has anti-tumor properties in all neuroblastoma cell 

lines tested. MiR-193b induced a cell cycle arrest and cell 

death independent on risk factors such as amplification of 

the MYCN oncogene or p53 functionality (Supplementary 

Table 2). Even cell lines from high-risk neuroblastoma 

such as BE(2)-C and SK-N-AS, which are highly resistant 

to most of the currently used neuroblastoma treatment 

strategies, are sensitive to the treatment with miR-193b. 

There are clearly certain limitations to our study. First of 

all, the analyses of mir-193b expression in neuroblastoma 

tumors were performed in a limited number of tumors. 

A larger cohort of tumors should be used to validate our 

finding. And secondly, all the functional analyses were 

performed in neuroblastoma cell line models. Although 

cell lines are useful and easily available for in vitro
analyses, animal models are needed to explore the effect 

of miR-193b on neuroblastoma tumors in vivo.

MATERIAL AND METHODS 

Tumor specimens

Previously published expression data by us from 

primary neuroblastoma tumor specimens representing the 

whole disease spectrum was reanalyzed for this study [18, 

33]. In short, a panel of 69 tumor samples was analyzed by 

RT-qPCR, and 10 different tumor samples were analyzed 
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by RNA-Seq. The expression of miR-193b in comparison 

to tumor suppressor, or oncomiRs was analyzed and 

statistically evaluated. For technical details please refer to 

our previous publications.

Cell lines

CHLA-20 and CHLA-15 cells were grown in 

Iscove’s modified Dulbecco’s medium supplemented 

with 20% fetal bovine serum, 4 mM L-Glutamine and 1× 

ITS (5 µg/ml insulin, 5 µg/ml transferrin, 5 ng/ml selenous 

acid). The remaining cell lines were grown in RPMI-1640 

supplemented with 10% fetal bovine serum and 2 mM 

L-Glutamine (final concentrations). An overview of the 

genetic abnormalities for cell lines used in this study is 

shown in Supplementary Table 2.

All cell lines were cultured at 37° C in a humidified 

incubator containing a 5% CO
2
 atmosphere. The identity 

of all cell lines was authenticated by short tandem repeat 

analysis at the Center of Forensic Genetics, The Arctic 

University of Norway – UiT, Norway. Cells were tested 
and confirmed negative for mycoplasma contamination. 

Transient transfections of miRNAs, plasmids 
and siRNA

All cell lines were transiently transfected immediately 

after seeding using Lipofectamine2000 (ThermoFisher 

Scientific) according to manufacturer’s instructions. 

To analyze the effect of miR-193b mimics on 

neuroblastoma cell lines, 25 nM of control mimics or 

miR-193b-3p mimics (GenePharma) were transfected into 

neuroblastoma cell lines. 

For rescue experiments, cells were co-transfected 

with 500 or 1 µg of an overexpression plasmid (Table 1) 

and 40 nM control or miR-193b mimics. 

Small inhibitory RNAs (siRNA; OnTargetPLUS 
SmartPool) directed against MCL-1 (siMcl-1) and control 

siRNA were purchased from Dharmacon. SiRNA directed 

against MYCN (siMYCN, Hs_MYCN_6 FlexiTube 

siRNA) and negative control siRNA (AllStars Negative 

Control siRNA) were purchased from Qiagen. Cells were 

transfected with 20 nM (siMcl-1) or 2 nM (siMYCN) 

siRNA. 

Cell viability assay

Cell viability was evaluated using alamarBlue 

(ThermoFisher Scientific) according to manufacturer’s 

recommendation. Briefly, 1/10th volume of alamarBlue® 

reagent was directly added to cells in culture medium 

and cells were incubated at 37° C for three hours. One 

hundred microliter of supernatant were then collected 

from each well, transferred to a black-walled 96-

well plate and fluorescence was monitored at 540 nm 

excitation wavelength and 590 nm emission wavelength 

in a microplate reader (CLARIOstar, BMG LABTECH). 

Cell viability was calculated as a percentage of control-

transfected cells. 

xCELLigence

Cells were seeded into a 16-well E-Plate (harboring 

a high-density gold electrode array to measure electrical 

impedance) and transfected with control or miR-193b 

mimics immediately after seeding as described previously. 

The culture medium was changed 72–96 h post-transfection. 

Cell proliferation was monitored continuously and recorded 

as a delta cell index (DCI) every 30 min for 168 hours by 

the xCELLigence Real-Time Cell Analyzer (RTCA)-DP 

system (ACEA Biosciences). The DCI was defined as the 

cell index (CI) at a given time point plus a Delta value. The 

Delta value is the difference between a reference value (=1) 

and the cell index at the Delta time point (CI
1 
= CI one hour 

post-transfection): DCI = CI + (1−CI
1
). 

Cytotoxicity assay

Cytotoxicity was analyzed using the MultiTox-Fluor 

Multiplex Cytotoxicity Assay (Promega) according to 

manufacturer`s recommendation. Briefly, one volume of 

the MultiTox-Fluor reagent was directly added to cells in 

culture and incubated at 37° C for 30 min. One hundred 

microliter of supernatant was then collected from each well, 

transferred to a white-walled 96-well plate and fluorescence 

was measured in a microplate reader (CLARIOstar, BMG 

LABTECH). Amounts of cells with intact (living) and 

disrupted cell membranes (dead) were measured at 400 nm 

and 485 nm excitation wavelength or 505 and 520 nm 

emission wavelength, respectively. Normalization involved 

two steps. First, the number of viable cells was normalized 

to the number of dead cells, and then the ratio of viable 

to dead cells of miR-193b-transfected cells was calculated 

relative to that of control-transfected cells for which the 

ratio was set to 100%. A decrease in the ratio of viable to 

dead cells indicates cytotoxicity. Apoptosis assay

Caspase-3/7 activity as an indicator of apoptosis was 

determined using the Caspase-Glo 3/7 assay (Promega) 

according to manufacturer`s recommendation. Briefly, one 

volume of the Caspase-Glo 3/7 reagent was directly added 

to cells in culture and incubated at room temperature for 

90 minutes. One hundred microliter of supernatant were 

then collected from each well, transferred to a white-

walled 96-well plate and luminescence was measured in a 

microplate reader (CLARIOstar, BMG LABTECH). 

Cell cycle analysis

To monitor cell cycle profiles, cells were seeded 

into 25 cm2 culture flasks and transfected immediately 

after seeding as described previously. 24 hours post-

transfection, the medium was collected and the cells were 
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removed from plates using trypsin. Cells in suspension 

were then added to the collected medium, centrifuged at 

200 g and washed twice with phosphate-buffered saline 

(PBS). The cells were fixed in ice-cold 70% ethanol. After 

incubation at 4° C overnight, the fixed cells were washed 

twice with PBS and resuspended in 50 μl PBS containing 
100 μg/ml RNase. 200 μl PBS with 50 μg/ml propidium 
iodide (PI) was added to each sample, incubated in the 

dark at room temperature for 30 minutes and stored on ice 

until analyzed by flow cytometry (BD LSRFortessa™ cell 

analyzer, BD Bioscience). Cell-cycle data were analyzed 

with the FlowJo 7.6.5 software using the Watson model 
for cell-cycle evaluation. 

Real-time (RT)-PCR

Total RNA was isolated using TRIzol (ThermoFisher 

Scientific) according to manufacturer’s instructions. Purity 

and concentration of TRIzol-isolated RNA used for reverse 

transcription was estimated photometrically by calculating 

the ratio of absorbance at 260 nm to the absorbance at 280 

nm, as well as the ratio of absorbance at 260 nm to that 

of 230 nm using a NanoDrop™ 1000 spectrophotometer 

(ThermoFisher Scientific). 
Complementary DNA (cDNA) from miRNAs was 

synthesized from isolated total RNA using the miScript II 

RT Kit (Qiagen). In short, 1 µg of isolated total RNA was 

brought to a total volume of 12 µl with deionized water. 

2 µl of miScript Reverse Transcriptase Mix and 2 µl of 

miScript Nucleics Mix diluted in 4 µl of 5 × miScript 

HiSpec buffer were added to each sample. The reverse 

transcription was performed at 37° C for 60 minutes 

followed by 95° C for 5 minutes to terminate the reaction. 

The resulting cDNA was diluted with deionized water to 

achieve a concentration of 1 ng/µl and stored at -20° C 

until used in the real-time polymerase chain (RT-PCR) 

reaction. The miScript SYBR® Green PCR Kit (Qiagen) 

was used for quantitative RT-PCR. The PCR was 

performed in a 10 µl reaction volume according to the 

following protocol: Each 10 µl reaction was composed of 

1 µl of cDNA equivalent to 1 ng of cDNA, 2 µl of water, 

5 µl of QuantiTect SYBR Green, 1 µl of 10 x Universal 
primers and 1 µl of 10 × specific miScript primers. 

The following miScript Primer Assays (Qiagen) were 

used: Hs_miR-193b_3 (MS00031549), Hs_miR-34a_1 

(MS0003318), Hs_miR-92_1 (MS0006594) and Hs_

RNU6-2_11 (MS00033740) that was used as an internal 
control for normalization.

cDNA from mRNAs was synthesized from 1 μg 
of total isolated RNA by Maxima Reverse Transcriptase 

(ThermoFisher Scientific) using oligo dT primer: 1 μg of 
isolated RNA and 1 μl of both oligo dT primer (20 μM) 
and dNTP (10 mM each) was brought to a total volume of 

15.75 μl with deionized water. The mixture was incubated 
for 5 minutes at 65° C to break down secondary structures 

and subsequently incubated at 4° C until the reverse 

transcription mix was added. 0.25 μl Maxima Reverse 
Transcriptase diluted in 4 μl 5 × RT-Buffer was added to 
each sample. The reverse transcription was performed at 

60° C for 30 minutes followed by 85° C for 5 minutes to 

terminate the reaction. The resulting cDNA was diluted in 

80 μl deionized water to achieve a concentration of 10 ng/μl 
and stored at –20° C until used in the RT-PCR reaction. 

The RT-PCR was performed in a 10 μl reaction volume 
according to the following protocol: Each 10 μl reaction 
was composed of 1 μl cDNA equivalent to 10 ng cDNA, 
3.2 μl water, 5 μl POWER SYBR (ThermoFisher Scientific) 
and 0.4 μl of 10 μM sense and antisense primer (Table 2).

Amplifications were carried out according to 

manufacturer’s recommendations using the LightCycler 

96 SW 1.1 (Roche). To confirm amplification specificity, 

a melt curve was generated after the completion of the 

amplification reaction. Expression levels of mRNAs were 

evaluated using the 2–ΔΔCT comparative cycle threshold 

method [68]. To determine differential expression of 

mRNAs between control and miR-193b-transfected cells, 

mRNA expression levels of miR-193b-transfected cells 

were calculated relative to mRNA expression levels of 

control-transfected cells whose mean mRNA expression 

was set to 1. 

Western blot analysis

Cells were harvested by standard procedure. 

Briefly, the culture medium was collected and the cells 

were washed with PBS. To dissociate adhesive cells from 

the culture plates, trypsin was added. Cells in suspension 

were then added to the collected culture medium and 

centrifuged at 200 g for 5 minutes. After an additional 

washing step with PBS, cells were lysed in RIPA buffer 

(50 mM Tris-HCl pH 8, 150 mM NaCl, 1% NP-40, 0.5% 

sodium deoxycholate, 0.1% SDS) supplemented with 1× 

Protein Inhibitor Cocktail (Roche) and 1 mM dithiothreitol 

(DTT). Protein concentrations were determined using 

the DC™ protein assay kit (Bio-Rad) according to 

the manufacturer’s recommendation. The total protein 

concentration was calculated based on a bovine serum 

albumin (BSA) standard curve using a microplate reader 

(CLARIOstar, BMG LABTECH).

20–40 µg of protein in NuPAGE® LDS Sample Buffer 

(ThermoFisher Scientific) was separated on NuPAGE®

Novex 4–12% Bis-Tris precast polyacrylamide gels 

(ThermoFisher Scientific) and subsequently electroblotted 

onto Immobilon-FL PVDF (Millipore). PVDF membranes 

were blocked in Odyssey blocking buffer (LI-COR 

Biosciences) for 1 hour at room temperature, and incubated 

with primary antibodies overnight at 4° C. The membrane 

was treated with secondary antibodies goat anti-rabbit 

IRDye800CW (1:5000) (Rockland Immunochemicals) and 

goat anti-mouse Alexa Fluor 680 (1:5000) (ThermoFisher 

Scientific) for 1 hour at room temperature. Antibody 

binding was detected using the Odyssey CLx infrared 



Oncotarget17www.oncotarget.com

imaging system (Li-Cor). Primary antibody specifications 

are specified in Table 3.

Dual-luciferase reporter assay

The pMIR-Report MYCN-UTR vector containing 
the wildtype putative target site of MYCN 3′UTR has been 
previously generated by our group [69]. QuikChange Multi 

Site-directed Mutagenesis Kit (Agilent Technologies) was 

used to mutate the putative miR-193b seed sequence. 

The sequences of all constructs were confirmed by 

bidirectional sequencing. Primers used for cloning and 

site-directed mutagenesis are listed in Table 2. 

Cells were co-transfected with 20 ng pGL4.75 

[hRluc/CMV] (Promega), 40 nM of either control mimics 

or miR-193b mimics, and 100 ng of either wild-type 

MYCN-3-UTR construct (pMIR-Report-MYCN-UTR-WT) 
or the mutant variant (pMIR-Report-MYCN-UTR-MUT) 
using Lipofectamine2000. At 24 hours post-transfection, 

renilla and firefly luciferase activities were analyzed using 

the Dual-Luciferase Reporter Assay (Promega) according to 

the manufacturer’s instructions. Normalization included two 

steps: first, the firefly luciferase activity was normalized to 

the renilla luciferase activity, and second, the luciferase 

activities of miR-193b-transfected cells were calculated 

relative to control-transfected cells that were set to one. 

Statistical analysis

Statistical analyses were carried out using R (http://

www.r-project.org). Statistical differences between 

means were determined using the parametrical Student`s 

t-test, or where not-applicable, the non-parametric Man-

Whitney-U test.
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Table 2: Oligonucleotides used in this study
Name Orientation Sequence (5′ to 3′) 
Site directed mutagenesis
MYCN-3′UTR-193b-f forward ATGAGAGGTGGCTTTTGCGGGATCCA

TTAGACTGGAAGTTCATAC

MYCN-3′UTR-193b-r reverse GTATGAACTTCCAGTCTAATGGATC

CCGCAAAAGCCACCTCTCAT

RT-qPCR
MCL-1-f forward GATGCAGCTTTCTTGGTTTATGG

MCL-1-r reverse GATGCAGCTTTCTTGGTTTATGG

CCND1-f forward CCGTCCATGCGGAAGATC

CCND1-r reverse ATGGCCAGCGGGAAGAC

MYCN-f forward ACACCCTGAGCGATTCAGAT

MYCN-r reverse TTCTCCACAGTGACCACGTC

SDHA-f forward CTGATGAGACAAGATGTGGTG

SDHA-r reverse CAATCTCCCTTCAATGTACTCC

Oligonucleotides were purchased from Sigma-Aldrich or Invitrogen.

Table 3: Primary antibodies used in this study
Antibody Epitope Origin Dilution Supplier
MCL-1 (S-19) Human MCL-1 Rabbit, polyclonal 1:1000 Santa Cruz 

Biotechnology

Cyclin D1 (H-295) Human Cyclin D1 Rabbit, polyclonal 1:200 Santa Cruz 

Biotechnology

PARP-1 (9542) Human full length and 

cleaved PARP-1

Rabbit, polyclonal 1:1000 Cell Signalling 

Technology

N-Myc (B8.4.B) Human N-Myc Mouse, monoclonal 1:400 Santa Cruz 

Biotechnology

Actin (ab3280) Human actin Mouse, monoclonal 1:1000 Abcam
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SUPPLEMENTARY MATERIALS

Supplementary Table 1: Low expression of miR-193b in neuroblastoma cell lines. Total RNA was isolated from cell lines, 
enriched for small RNAs and small RNA sequencing was performed according to Roth et al. 2016. See Supplementary_Table_1

Supplementary Table 2: Genetic characteristics of neuroblastoma cell lines used in this study

Cell line Stage Origin Treatment MYCN-
amplified p53 1p del 11q del 17q gain References

BE(2)-C 4 Bone marrow
(primary: unknown) YES YES MUT YES NO NO [1, 2]

Kelly 4 Bone marrow YES YES MUT YES YES YES [3, 4]

SHSY-5Y* ? Bone marrow
(primary: thorax) YES NO WT NO NO YES [1, 5, 6]

CHLA-20 4 Primary, progressive  YES NO WT ? ? ? [7, 8]

NBL-W 4S Adrenal (primary) NO YES WT YES ? NO [1, 9]

CHLA-15 4 Primary NO NO WT ? ? ? [7, 10]

NBL-S 3 Adrenal (primary) NO NO WT NO ? NO [1, 11]

SK-N-AS 4 Bone marrow
(primary: adrenal) YES NO MUT YES YES NO [1, 12, 13]

SMS-KAN  4 Pelvis (primary) NO YES WT YES YES YES? [1, 14, 15]

*parental cell line: SK-N-SH
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Supplementary Figure 1: Relative expression of selected miRNAs (mir-193b, mir-34a and mir-92a) in BE(2)-C and 
Kelly cells. RT-qPCR was performed on RNA isolated from BE(2)-C and Kelly according to description in Materials and Methods 
section. Raw fluorecence values (non-baseline corrected) were used to calculate mean PCR efficiencies in the LinRegPCR software [1]. 
PCR efficiency corrected Cq values were used to calculate the relative miRNA abundance according to 2^-Cq(MiR)/2^-Cq(RNU6). qPCR 
reactions were performed in triplicates on 3 independent biological replicates. Standard deviations were calculated taking into account the 
principle of error propagation (including technical and biological replicated and standard deviations from PCR efficiency determinations).



Supplementary Figure 2: MicroRNA-193b expression in neuroblastoma cell lines transfected with control or miR-
193b mimics. 24 hours post-transfection, the total RNA was isolated, reverse transcribed into cDNA and the expression of miR-193b was 
analyzed by qRT-PCR. The expression levels of mature miR-193b were evaluated using the ΔΔCT comparative cycle threshold method. 
MiRNA expression levels of miR-193b mimic-transfected cells were calculated relative to miRNA expression levels of cells transfected 
with control mimics whose mean miRNA concentrations were set to 1. RNU6 was used as housekeeping genes. The experiment was 
performed at least two times giving similar results, and the result from one representative experiment is shown. Results are given as mean 
± STDV from three independent samples and triplicate qPCR reactions.



Supplementary Figure 3: miR-193b reduces cell viability in neuroblastoma cell lines. Data from Figure 2 including standard 
deviations. 

Supplementary Figure 4: The miR-193b binding site in the 3′-UTR of MYCN (highlighted in yellow) is highly 
conserved. 





Supplementary Figure 5: MicroRNA-193b reduces the expression of cyclin D1 (A), MCL-1 (B) and N-MYC (C and D). Cells were 
transfected with miR-193b mimics or control mimics. 24 or 72 hours post-transfection, cells were harvested and protein expression was 
assessed by Western Blot. Blot intensities were quantified using ImageJ. The densitometric values were normalized to Actin. The boxplots 
(with median, 1st quantiles, 3rd quantile, maximum and minimum from at least two independent experiments) show protein expression of 
miR-193b-transfected cells relative to control-transfected cells (normalized values set to 1).



Supplementary Figure 6: Overview of miR-193b regulation and functions. MiR-193b expression is negatively regulated by 
gene methylation, MAPK and TGF-β1 signaling, and by TAL1, and positively regulated by MYC. MiR-193b affects multiple hallmarks of 
cancer by targeting numerous tumor suppressors and oncogenes.
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Abstract. Background: In recent years, evidence has
accumulated indicating that both normal and cancer cells
communicate via the release and delivery of macromolecules
packed into extracellular membrane vesicles. Materials and
Methods: We isolated nano-sized extracellular vesicles from
MYCN-amplified neuroblastoma cell lines using
ultracentrifugation and exosome precipitation (Exoquick)
protocols. These vesicles were characterized by transmission
electron microscopy (TEM), nanoparticle tracking analysis
and western blotting. Exosomal miRNA profiles were obtained
using a reverse transcription-polymerase chain reaction (RT-
PCR) ready-to-use panel measuring a total of 742 miRNAs.
Results: In this study, we showed that MYCN-amplified
neuroblastoma cell lines secrete populations of miRNAs
inside small exosome-like vesicular particles. These particles
were shown to be taken-up by recipient cells. By profiling the
miRNA content, we demonstrated high expression of a group
of established oncomirs in exosomes from two MYCN-
amplified neuroblastoma cell lines. Despite the fact that other
studies have demonstrated the ability of exosomal miRNAs
both to repress mRNA targets and to stimulate Toll-like
receptor-8 (TLR8) signaling in recipient cells, we did not
observe these effects with exosomes from MYCN-amplified
neuroblastoma cells. However, functional enrichment analysis
reveals that mRNA targets of highly expressed exosomal
miRNAs are associated with a range of cellular and
molecular functions related to cell growth and cell death.
Conclusion: MYCN-amplified neuroblastoma cell lines
secrete exosome-like particles containing oncogenic miRNAs.
This work showed for the first time that neuroblastoma cells
secrete exosome-like particles containing miRNAs with
potential roles in cancer progression. These findings indicate

a new way for MYCN-amplified neuroblastoma cells to
interact with the tumor environment.

Neuroblastoma is the most common solid tumor in children
and comprises 7% of pediatric cancers. It has a clinical
behavior ranging from spontaneous regression to progressive
and fatal disease resistant to currently known treatments (1). In
order to develop more effective treatments, a broader
knowledge of neuroblastoma pathogenesis and tumor biology
is needed. One of the most important prognostic factors in
neuroblastoma is amplification of the MYCN oncogene,
present in 20% of cases (1, 2). MYCN encodes a transcription
factor (N-Myc), which contributes to a malignant phenotype
through transcriptional regulation of several genes (3).

Micro-RNAs (miRNAs) are a group of small, non-coding
RNAs of great importance in normal gene regulation.
Aberrant miRNA expression patterns have been linked to
development of many diseases, including cancer. These
molecules function primarily by post-transcriptionally
down-regulating gene expression by binding to the 3’
untranslated region (UTR) of messenger-RNAs (mRNAs),
either by inhibiting their translation or through facilitating
mRNA degradation (4). MYCN has been demonstrated to
both increase and decrease the expression of oncogenic and
tumor suppressive miRNAs, respectively. Several studies
have investigated the role of MYCN in regulating miRNAs
using RNAi-based approaches in MYCN-amplified
neuroblastoma cell lines (5, 6). Other studies have used
experimental over-expression of MYCN as a system for
differential profiling of miRNAs (7-9). While different
studies suggest that MYCN primarily functions as a
suppressor of miRNA expression, it can also trans-activate
the 17-92, 106a-363, 106b-25 clusters, as well as mir-9 and
mir-421 through direct promoter binding (10). 

Exosomes are nano-sized extracellular membrane vesicles
containing several RNA species, including mRNAs and
miRNAs, as well as proteins and DNA (11). Recent studies
revealed that these biological macromolecules can function
in intercellular communication through exosomal trafficking
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from immune cells, fibroblast and cancer cells to a range of
different recipient cells (12). Exosomes originate by intra-
luminal budding in endosomes to form multivesicular bodies
and are further transported to the cell membrane where they
are released extracellularly (13). MiRNAs transported in
exosomes are protected against degradation by RNases in
the extracellular space and in the circulation. Exosomal
miRNAs have been demonstrated not only to function
through classical negative gene regulation by binding to
mRNAs 3’UTR but also through stimulation of the Toll-like
receptor 8 (TLR8) in humans and TLR7 in mice (14). This
receptor is known to activate nuclear factor-κB (NF-kB)
signaling in response to pathogen-associated RNA
sequences (15). Recent investigations suggest that miRNAs,
to a greater extent, allocate to multivesicular bodies with
subsequent extracellular secretion when intracellular target-
transcripts are scarce. In an abundance of target transcripts,
miRNAs tend to favor sites associated with intracellular
gene silencing (16).

Cancer cell-derived exosomes can modulate a diverse array
of processes, including angiogenesis (17-19), anti-tumor
immune responses (11) and metastatic potential (20-22). On
the other hand, non-cancer cell-derived exosomes can also act
by promoting growth inhibition of malignant cells (23). 

The aim of the present study was to investigate whether
miRNA-containing exosomes are secreted from MYCN-
amplified neuroblastoma cells. We also wanted to test if
exosomes could function as intercellular players in
tumorigenesis by affecting gene expression in recipient cells. 

In the present study, we utilize an improved protocol for
culturing cells, which yield large amounts of exosomes
(24). The miRNA content of exosome-like particles from
two MYCN-amplified neuroblastoma cell lines was profiled
and validated. The potency of exosomes to associate with
different recipient cells and regulate target seed sequences
or stimulate TLR8 signaling within recipient cells was
investigated. Finally, we performed functional enrichment
analyses on targets of highly expressed exosomal miRNAs.
Our results indicate that exosomes derived from MYCN-
amplified neuroblastoma cells may have important roles in
tumor development. 

Materials and Methods
Cell culture. All cells were cultured at 37˚C and 5% CO2. The
MYCN-amplified Kelly (ECACC, Porton Down, Salisbury, UK) and
SK-N-BE(2)-C (kindly provided by Dr John Inge Johnsen,
Karolinska Institutet, Stockholm, Sweden) neuroblastoma cell lines,
as well as the non MYCN-amplified SK-N-AS (ATCC, Manassas,
VA, USA) cell line were cultured in Roswell Park Memorial
Institute medium (RPMI)-1640 containing L-glutamine and non-
essential amino acids (Sigma-Aldrich, St. Luis, MO, USA).
Similarly, HEK-293T (ATCC) cells were cultured in Dulbecco's
modified Eagle's medium (DMEM; Sigma-Aldrich). The medium
was supplemented with 10% fetal bovine serum (FBS). HEKblue-

TLR8 cells (InvivoGen, San Diego, USA), stably expressing TLR8
and a reporter construct responsive to activator protein 1 (AP-1) and
NF-kB activation as a readout for TLR8 stimulation, were cultured
in high-glucose DMEM supplemented with 10% heat-inactivated
FBS. Commercially provided HUVEC cells pooled from donors in
accredited institutions (Life technologies, Carlsbad, CA, USA) were
grown in medium-200 with low serum growth supplement (LSGS)
(Life technologies). Consent for use of the cells in research
applications was obtained from next of kin (25). Cells were split
and subcultured before confluency. 

The identity of the neuroblastoma cell lines used in this study
was verified by short tandem repeat (STR) analysis at Center of
Forensic Genetics, University of Tromsø, Tromsø, Norway. All cells
used in this study were tested for mycoplasma contamination. 

Isolation of exosomes. Exosome-depleted FBS was prepared by
centrifugation at 4˚C over night at 170,000 ×g, followed by sterile
filtration using 0.2 μm filters (Millipore Corporation, Billerica, MA
01821, USA). Exosome-free media (EFM) was prepared by addition
of 10% exosome-depleted serum to RPMI-1640.

SK-N-BE(2)-C and Kelly cells were grown in Celline Adhere
1000 bioreactors (CLAD 1000) (Sigma-Aldrich) as previously
described (24). The flasks have a small compartment for cells and
a large compartment for media. A 10-kDa semi-permeable
membrane that retains cells, exosomes and larger proteins, but
allows exchange of nutrients and waste products, separates the two
compartments. During exosome production, the medium
compartment contained 500 ml complete RPMI-1640 and the cell
compartment 15 ml EFM. Media from the cell compartment was
collected for exosome isolation once a week. The compartment was
then flushed vigorously 4 times using sterile 1× PBS, removing
floating cells and other debris, before addition of fresh growth
media to both compartments. After 4 isolations, adherent cells were
trypsinized and checked for viability using PBS/0.4% Trypan blue
staining. Exosomes were isolated by ultracentrifugation according
to previously described protocols (26). Briefly, conditioned media
was centrifuged at 200×g for 10 minutes, 2,000×g for 20 minutes,
10,000×g for 30 minutes and 110,000×g for 70 minutes to remove
cells, debris and microvesicles, respectively. Unconditioned
exosome-free media (EFM) was treated in parallel as a negative
control. The amounts of exosomes isolated were measured using
the Bio-Rad DC protein assay (Bio-Rad, Hercules, CA, USA) and
stored at –80˚C or directly used in experiments. 

Western blotting. Cells and exosomes were lysed in RIPA buffer
(50mM Tris HCl, pH 8, 150 mM NaCl, 1% NP-40, 0.5% sodium
deoxycholate, 0.1% SDS) supplemented with protease inhibitor
cocktail (Roche Applied Science, Indianapolis, IN, USA). Thirty
μg proteins were separated on NuPAGE 4-12% Bis-Tris Gels (Life
technologies). Proteins were transferred onto Immobilon-FL
polyvinylidene difluoride (PVDF) membranes (Millipore Corp.,
Bedford, MA, USA), blocked for 1 hour at room temperature in
Odyssey Blocking Buffer (LI-COR, Lincoln, NE, USA) before
incubation at 4˚C overnight with the primary antibodies CD9 sc-
13118, CD63 sc-5275, GAPDH sc-25778, N-MYC sc-53113 (Santa
Cruz, Dallas, TX, USA), TSG101 ab83 (Abcam, Cambridge, UK),
GRP78 G8918, Actin A2066 (Sigma-Aldrich). Secondary
antibodies were goat anti-rabbit IRDye800CW (Rockland,
Gilbertsville, PA, USA) and goat anti-mouse Alexa Fluor 680 (Life
technologies). Antibody binding was detected using the Odyssey
Infrared Imaging System (LI-COR). 

ANTICANCER RESEARCH 35: 2521-2530 (2015)

2522



Characterization of the size and morphology of isolated particles
using transmission electron microscopy (TEM) and Nanosight
analysis. Exosome samples isolated by ultracentrifugation were
washed, re-suspended in PBS and fixed in 2% paraformaldehyde
(PFA). Subsequently, samples were loaded on formvar-coated
electron microscopy (EM) grids. After washing, the samples were
post-fixated in 1% gluteraldehyde. They were washed once more
and, subsequently, stained in methyl cellulose-uranyl acetate for 
10 min on ice. Grids were dried and examined using TEM at
80,000× magnification. 

Isolated exosomes were further analyzed using the Nanosight
LM10 system equipped with a 405 nm blue laser (Nanosight Ltd,
Wiltshire, UK). The laser illuminated the isolated vesicles and the
software recorded their movement under Brownian motion. Videos
were subjected to nanoparticle tracking analysis using the provided

software to acquire size distribution. All analysis parameters were
kept constant within the experiments. 

Profiling of exosomal miRNAs. Exosomal miRNA content was
profiled from SK-N-BE(2)-C and Kelly cells. All miRNA assays
were run in at least two biological isolates. Exosomes were isolated
as specified and lysed in Qiazol reagent (Qiagen, Valencia, CA,
USA). RNA was precipitated using isopropanol. RNA concentration
was determined using the Qubit 2.0 RNA assay kit (Life
technologies). The content and quality of the exosomal RNA was
determined using the 2100 Bioanalyzer instrument with the small
RNA and Eukaryote total RNA kits (Agilent technologies, Santa
Clara, CA, USA). Forty ng total RNA was reverse transcribed using
the miRCURY universal cDNA synthesis kit (Exiqon, Copenhagen,
Denmark). RNA from exosomes and cells was profiled with the
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Figure 1. Characterization of exosome isolates. A) Nanosight (nanoparticle-tracking analysis). Size distribution of isolated Kelly exosomes. B)
Transmission electron microscopy (TEM) of PFA fixed exosomes on formvar grids at 80,000× magnification. The scale bar measures 100 nanometers.
C) Western blotting of lysed exosomes and cells from the MYCN-amplified neuroblastoma cell lines SK-N-BE(2)–C and Kelly. The blot shows the
exosomal markers CD63, CD9 and TSG101, as well as cellular GRP78, N-Myc and β-actin proteins. M1 and M2, markers.  D) Analysis of total (left)
and small (right) RNA fractions using the Agilent Bioanalyzer. The marker indicates nucleotide (nt) size.



miRCURY qPCR panels 1+2 V2.M (Exiqon, Copenhagen,
Denmark). ROX was included as a passive reference dye. Variations
between plates were normalized using interplate calibrators and
cycle threshold (CT) values were, then, averaged between replicates.
Unconditioned EFM was also profiled to determine background
signal. CT values <35 were considered detected. We included
miRNA assays where the CT value of the EFM control was >35,
indicating no interfering bovine miRNAs. However, samples were
included if (CT EFM)–(CT sample) >6.6, indicating a bovine
background of less than 1% of the sample expression. 

To further validate the origin of the isolated miRNAs, Kelly
exosome preparations were obtained in parallel using both differential
centrifugation and the Exoquick-TC polymer-based exosome
precipitation solution. Exoquick isolation was performed according

to the manufacturer’s protocol (System Biosciences, Mountain View,
CA, USA). Equal amounts of RNA were used as input and a spike in
control was added before cDNA synthesis. The relation between the
different isolation methods were compared and presented as ΔCT
normalized to the spike in (CT spike-in-CT miRNA). Individual miRNA
primer assays (Exiqon) for mir-106a, mir-20a, mir-92a and a spike-in
control were used to measure miRNA expression. Student’s t-test
statistics was used when comparing the isolation methods.

RNase A/Triton X-100 experiments. Equal amounts of exosomes
were treated with 5 U/ml RNase A (Qiagen) in the presence or
absence of 1% Triton X-100. Samples were incubated at 37˚C for
30 minutes followed by addition of Qiazol reagent. RNA was
isolated and reverse transcribed as for profiling experiments. mir-

ANTICANCER RESEARCH 35: 2521-2530 (2015)

2524

Figure 2. miRNA expression in neuroblastoma exosome-like extracellular particles. A) Venn diagram of miRNAs expressed in exosomes from Kelly
and SK-N-BE(2)-C cells (left). Average CT values of miRNA assays in exosomal samples (right) from Kelly and SK-N-BE(2)-C cells. miRNAs
commonly expressed among the top 25 in both cell lines constitute the overlapping fraction in the Venn diagram and are marked by a circle (o) in
the table. B) The relative expression of three different miRNAs were measured in exosomal isolates from Kelly cell using two different isolation
protocols (Exoquick and ultracentrifugation). ΔCT =(CT miRNA assay–CT spike-in ). C) ΔCT values in untreated samples (NO-set to 0), RNAse and
RNase+Triton X-100 treated samples. Untreated samples were used as calibrators and set to zero. Increases in ΔCT (compared to untreated samples-
NO) indicate degradation in response to the treatment. Exosomes isolated from Kelly cells. Error bars indicate standard deviation. ns illustrates
*p>0.05, **p<0.05, 0.01 and ***p<0.001.



106a, mir-20a ,mir-92a were assayed as previously mentioned. Data
are presented as ΔCT (CT sample–CT untreated) using non-treated
samples as calibrators. Statistical comparison of the treatments was
performed using one-way ANOVA and Tukeys post-test.

Exosomal fluorescence staining and uptake. Kelly and SK-N-BE(2)-C-
derived exosomes were isolated and washed in serum free RPMI-1640
to remove dye-binding proteins. The pelleted exosomes were
resuspended in the provided buffer and stained with the lipophilic dye
PKH67 (Sigma-Aldrich). Excess dye was inactivated using ten volumes
exosome-depleted, serum containing media (EFM) and re-pelleted.
Subsequently, the exosomes were washed twice in PBS, resuspended
in unsubstituted medium, analyzed for protein concentration and added
to recipient HEK-293T and SK-N-AS cells. Cells for microscopy and
flow cytometry were exposed to 40 μg/ml exosomes. Twenty-four
hours after addition, cells subjected to exosomes were examined using
immunofluorescence microscopy and flow cytometry. 

miRNA responsive luciferase assays. HEK-293T and SK-N-AS cells
were used to measure uptake of functional miRNAs. For transfection,
we used 1 μl/ml Lipofectamine 2000 (Life sciences) according to the
manufacturer’s instructions. Cells were co-transfected with the pMIR-
report firefly-luciferase reporter vector (Promega, Madison, WI, USA)
containing miRNA responsive seed sequences and the constitutively
Renilla luciferase expressing vector pRL-TK (Promega). miRNA
mimics targeting the relevant seed in the reporter vector and a
scrambled control miRNA was used as positive and negative controls,
respectively (Shanghai genepharma, Shanghai, China). The mir-92a
insert was created by annealing the primers 5’-CTAGTATCTGG
ACCAGGCTGTGGGTAGATGTGCAATAGAAATAGCTA-3’(sense)
and 5’-AGCTTAGCTATTTCTATTGCACATCTACCCACAGCCTG
GTCCAGATA-3’ (antisense), corresponding to the mir-92a binding

site of the DKK3-3’UTR (27). The annealed primers were ligated into
SpeI/HindIII-treated pMIR-Report vector to generate a mir-92a
responsive firefly luciferase construct (pMIR-92a). Similarly, the
pMIR-report-derived pMIR-9 (18) and pMIR-21-luc (kindly provided
gift From Dr. Anders H. Lund, Copenhagen) vectors contain 3’UTR
binding sites for mir-9 and mir-21 downstream of the firefly luciferase
coding sequence. One-way ANOVA with Tukeys post-test was used
when comparing the treatments.

TLR8 activation assay. One hundred thousand human HEKblue-TLR8
cells (Invivogen) were seeded in each 4 cm2 well. Twenty-four hours
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Figure 3. Uptake of labeled exosomes in recipient cells. A) HEK-293T cells
exposed to PKH67 (green)-labeled Kelly exosomes (KELLYexo) and EFM
control. Pictures were taken at 400x magnification. B) Flow cytometry
analysis of SK-N-AS cells exposed to fluorescent exosomes (KELLYexo) or
controls (Blank=no treatment, EFM=exosome-free media). 

Figure 4. Reporter activity for different exosomal miRNAs and ELISA
for the mir-92 target DKK3 after treatment with exosomes. A) SK-N-AS
cells expressing reporter constructs containing binding sites for no
human miRNAs (pMir-Control), mir-92 (pMir-92a), mir-9 (pMir-9) and
mir-21(pMir-21) were incubated with the corresponding miRNA mimics
(40 pmols). Mimics without human targets (NC) (40 pmols) were used
as negative controls. Luciferase activity was measured 24 h after
transfection. RLU=relative luciferase units. B) Same as A, except 
40 µg/ml isolated exosomes from Kelly (KELLYexo), SK-N-BE(2)-C
(SKNBEexo) or control isolates (EFM control) were added to the
transfected cells instead of miRNA mimics. C) Optical density (OD)
measurements of culture media from HEKblue-TLR8 cells containing
AP-1 and NF-kB responsive SEAP-expressing elements. Ccells were
stimulated with positive controls r848 (5µg) or ssRNA40 (5µg), SK-N-
BE(2)-C exosomes (SKNBEexo), EFM exosome control and untreated.
Error bars indicate standard deviation. ns indicates p>0.05, *p<0.05. 



after seeding, the cells were treated with exosomes (50 μg/ml) from
SK-N-BE(2)-C cells . As positive controls, parallels were either
transfected with 5 μg/ml of the viral ssRNA40 using 2 μL/ml
Lipofectamine 2000 (Life sciences) or maintained in the presence of
the molecular agonist R848 (5μg/ml). Twenty hours after treatment,
the media was harvested and centrifuged at 21,100×g for 5 min to
remove debris and secreted embryonic alkaline phosphatase (SEAP)
levels in the supernatant was quantified using the QuantiBlue assay
(InvivioGen, San Diego, CA 92121, USA). The data were statistically
analyzed using one-way ANOVA with Tukeys post-test.

Functional enrichment analysis. Potential targets for the 25
highest expressed exosomal miRNAs were predicted using the
Ingenuity Pathway Analysis (IPA) software (Ingenuity Systems,
Redwood City, CA, USA). Here, three miRNA-mRNA interaction
algorithms were used (TargetScan, TarBase and miRecords) and,
to limit the total number of predicted mRNA targets, only the
experimentally validated targets were selected for further analysis.
The relationships among the predicted targets were also analyzed
using IPA. Core analyses, filtered to use the Ingenuity Knowledge
Base reference set with all human tissue and cell lines, were
performed separately on each set of predicted miRNA targets.
Finally, a comparison analysis was performed to identify common
biological functions and canonical pathways predicted to be
affected by exosomal miRNAs isolated from both SK-N-BE(2)-C
and Kelly neuroblastoma cell lines.

Results

MYCN-amplified neuroblastoma-derived particles exhibit
exosome-like characteristics. To determine if MYCN-
amplified neuroblastoma cells secrete exosome-like vesicles,
we isolated extracellular vesicles by a standard
ultracentrifugation protocol from in vitro cultured Kelly and
SK-N-BE(2)-C cells. Transmission electron microscopy and
Nanosight size distribution analysis demonstrated a
population of small circular particles between 50 to 350 nm,
with a mode of 172 nm (Figure 1A and B). The EFM control
media did not contain measurable levels of particles (data not
shown). Western blot analysis demonstrated a striking
enrichment of the tetraspanin exosomal markers CD63 and
CD9. A more modest enrichment of another exosomal
marker, TSG101, was seen. In contrast, the endoplasmic
reticulum marker GRP78, the cytoskeletal component β-actin
and the N-myc protein were almost exclusively detected in
cellular lysates (Figure 1C). RNA composition analysis using
a Bioanalyzer revealed that the exosome-like particles were
highly enriched in small RNAs less than 300-400 nucleotides
(nt). In contrast to cellular RNA, they also lacked cellular 18S
and 28S ribosomal peaks, identifying the RNA composition
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Figure 5. Canonical pathways potentially affected by neuroblastoma exosomal miRNAs. Ingenuity pathway analysis (IPA) showing the canonical
pathways that are most significantly affected by the target genes for the 25 highest expressed miRNAs isolated from SK-N-BE(2)-C and Kelly cells.
The pathways are indicated on the y-axis. The x-axis indicates the significance score as negative log of p-values calculated using the Fisher’s exact
test. Numbers within the bars indicate identified predicted target genes to the pathway (of total genes in the pathway).



as fundamentally different from their cells of origin (Figure 1
D, left panel). Analysis of small RNAs revealed a population
of RNAs at about 23 nt, consistent with the expected size of
miRNAs. In combination, these results confirm successful
isolation of exosome-like particles from neuroblastoma cells.

MYCN-amplified neuroblastoma cells secrete exosome-like
particles with a distinct miRNAs content. The miRNA content
of exosome-like particles from MYCN-amplified
neuroblastoma cell lines Kelly and SK-N-BE(2)-C was
investigated using LNA-qPCR arrays. The top 25 expressed
exosomal miRNAs isolated from both cell lines were
compared and 11 of the exosomal miRNAs identified (mir-
16, 125b, 21, 23a, 24, 25, 27b, 218, 320a, 320b and 92a) were
common to both cell lines (Figure 2A, marked by circles). 

To validate the origin of the assayed miRNAs, we
compared the expression of three different miRNAs from
Kelly exosomes using two different exosome isolation
protocols. The Exoquick-TC and the ultracentrifugation
exosome-isolates had almost identical expression of the three
assayed miRNAs, mir-20a, mir-92a and mir-106b (Figure
2B). Furthermore, we investigated whether the secreted
miRNAs were in fact resistant to RNase mediated
degradation. Kelly-derived exosomes were treated with
RNase in the presence or absence of Triton X-100 and the
levels of mir-20a, mir-92a and mir-106b were quantified. A
similar level of partial degradation across all samples was
present when adding RNase A to the exosome suspension,
while the degradation was further enhanced by addition of
the detergent 1% Triton-×100 (Figure 2C).

Collectively, these results strongly suggest that the
miRNAs investigated are indeed present within the isolated
exosome-like particles.

Neuroblastoma exosomes associate with various recipient
cells. To investigate if recipient cells take-up the isolated
exosome-like particles, fluorescently labeled exosomes were
added to cultured HEK-293T cells and tracked by microscopy.
HEK-293T cells displayed significant uptake of labeled Kelly-
derived exosomes after 24 h co-incubation (Figure 3A). Flow
cytometry analysis of SK-N-AS (Figure 3B) cells similarly
demonstrated exosome uptake, as measured by increased
recipient cell fluorescence. Similar uptake in other cell lines
tested, including HUVEC, SK-N-BE(2)-C and Kelly cell lines,
was verified by both fluorescence microscopy and flow
cytometry suggesting a wide range of potential recipient cells,
including an autocrine uptake. 

Exosomal miRNAs do not repress target gene expression or
activate the endosomal TLR8 receptor in recipient cells. Mir-
92a was the most highly expressed miRNA when considering
exosomes from both cell lines examined. To investigate
whether miRNA-containing exosomes could regulate
established 3’UTR target seed-sequences in recipient cells,
we transfected cells with miRNA sensing luciferase reporter
vectors. Luciferase activity was significantly reduced after
co-transfection with purified miRNA mimics (Figure 4A).
However, we did not observe any significant differences in
luciferase activity using mir-92a (pMIR-92a), mir-9 (pMIR-
9) and mir-21 (pMIR-21-luc) responsive constructs when
exposing SK-N-AS or HEK-293T cells to 40 μg/ml Kelly or
SK-N-BE(2)-C exosomes. (Figure 4A). 

Finally, we tested the recent finding that exosomal miRNAs
may induce NF-kB activation through TLR8 activation. We
stimulated HEKblue-TLR8 cells stably transfected with TLR8
and NF-kB/AP-1 SEAP reporter constructs with exosomes and
controls. In contrast to the positive controls ssRNA40 and r848,
SK-N-BE(2)-C exosomes did not give significant increases in
SEAP levels compared to untreated cells (Figure 4C).

Functional enrichment analysis indicates that miRNAs from
neuroblastoma exosomes are associated with signal
pathways important for cell growth, survival and death. To
evaluate the functions of miRNAs from neuroblastoma cell-
derived exosomes, we used the IPA software to predict
mRNA targets and performed a functional enrichment
analysis on these predicted targets. 

The 25 most abundantly expressed miRNAs from Kelly and
SK-N-BE(2)-C exosomes were predicted to target 565 and 499
experimentally observed mRNAs, respectively. Furthermore,
when these mRNAs were analyzed for functional categories, a
range of cellular and molecular functions related to cell
development, growth and death were identified (Table I). 

When IPA was further used to analyze canonical pathways,
we identified “Molecular Mechanisms of Cancer”
(SKNBE2exo: p=8.8×10–30 n=59, KELLYexo: p=6.4×10–29
n=62), in addition to several well-characterized pathways like
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Table I. IPA pathway analysis of neuroblastoma exosomal miRNA
targets genes. Enriched functional categories as reported by IPA from
the target genes for the 25 highest expressed miRNAs isolated from SK-
N-BE(2)-C and Kelly cells. Number of molecules indicates potential
miRNA target genes linked to each category. Range p-value shows the
lowest and highest p-values from all under-categories.

Category Analyzed Molecules Range p-values
exosomal miRNAs

Cellular KELLYexo 226 1.6E-53-1.2E-07
development SKNBEexo 185 8.6E-42-4.2E-07

Cellular growth KELLYexo 242 1.6E-53-1.2E-07
and proliferation SKNBEexo 206 8.6E-42-3.5E-07

Cell death KELLYexo 227 2.8E-47-1.4E-07
and survival SKNBEexo 191 1.2E-35-4.5E-07

Cellular KELLYexo 161 5.6E-37-1.2E-07
movement SKNBEexo 123 2.7E-26-3.9E-07

Cell cycle KELLYexo 134 1.8E-32-1.6E-07
SKNBEexo 123 4.2E-32-3.5E-07



aryl hydrocarbon receptor- (SKNBE2exo: p=1.9×10–19 n=30,
KELLYexo: p=8.0×10–23 n=35), apoptosis- (SKNBE2exo:
p=4.9×10–18 n=24, KELLYexo: p=1.9×10–14 n=22), p53-
(SKNBE2exo: p=5.7×10–18 n=25, KELLYexo: p=1.5×10–17
n=26), cell cycle (G1/S checkpoint)- (SKNBE2exo:
p=3.0×10–14 n=18, KELLYexo: p=1.1×10–16 n=21), STAT3-
(SKNBE2exo: p=2.7×10–15 n=20, KELLYexo: p=2.4×10–16
n=22) and PTEN- (SKNBE2exo: p=6.7×10–16 n=25,
KELLYexo: p=2.1×10–15 n=26) signaling, to be the most
significantly enriched pathways by the predicted miRNA
targets (Figure 5). The full list of putative targets related to
all significant pathways for both SK-N-BE(2)-c and Kelly
exosomal miRNAs can be provided upon request. 

Discussion

The aim of our study was to identify and profile exosomal
miRNAs from MYCN-amplified neuroblastoma cells and to
investigate their role in intercellular signaling by tumor cells. 

The present data show that MYCN-amplified neuroblastoma
cells secrete a population of small vesicles exhibiting the
characteristics of exosomes. Enrichment of established
exosomal markers like CD63, CD9 and TSG101, and absence
of intracellular GRP78, β-actin and N-myc proteins provide
further support for this conclusion. Previously, a full proteomic
analysis of neuroblastoma-derived exosomes showed that, in
addition to the exosomal markers, exosomes from
neuroblastoma cells, also express proteins involved in defense
response, cell differentiation, cell proliferation and regulation
of other important biological processes, including the
neuroblastoma specific marker GD2 disialoganglioside (28). 

To further characterize the secreted vesicles, we performed
nanoparticle tracking analysis using Nanosight and TEM and
showed a size distribution of these particles similar to that
found in exosome isolates (29-31). In addition, the enrichment
in small RNAs and relatively low content of ribosomal RNA is
also a previously described trait of exosomes. The RNA
profiles identified in our samples match the findings in the two
most in-depth descriptions of exosomal RNA content (32, 33).
The authors of these articles used deep sequencing approaches
and identified significant enrichments of small RNAs not
restricted to and, in fact, not dominated by miRNAs. They also
observed large amounts of Y-RNAs in the exosomes. We
incidentally discovered high expression of a Y-RNA,
previously believed to be a miRNA (mir-1979) (34) in
exosomes from both Kelly and SK-N-BE(2)-C (average CT of
22.2 and 21.1, respectively). The RNA distribution profiles of
our exosome preparations clearly indicate larger populations
of small RNAs in addition to the observed band corresponding
to the size of miRNAs (20-25 nt). These different RNAs may
have yet un-identified important functions. Deep sequencing
approaches could be utilized in order to map for the complete
transcriptome of these small vesicles. 

By profiling the exosomal miRNA content, we identified a
population of 11 miRNAs highly expressed from both
screened cell lines. These miRNAs included several known
oncogenic miRNAs. Recipient cells were associated with
fluorescently stained exosomes after 24 h co-incubation,
indicating uptake. However, luciferase reporter studies on
mir-92a, mir-9 and mir-21 in cells exposed to exosomes did
not yield any reduction in reporter activity in recipient cells.
This was the case, even after addition of 40 μg/ml
neuroblastoma exosomes, compared to 12.5 μg/ml exosomes
in a comparable study (35). 

Our experiments indicate that exosomal mir-92a, mir-9 and
mir-21 do not have functional effects on established mRNA
3’UTR seed targets in the tested recipient cells, at least not
without some co-stimulatory factor not yet identified. The
recent finding that exosomal miRNAs can stimulate NF-kB
signaling through binding and activating TLR8 in cellular
endosomal compartments does not seem to be relevant with
exosomes from MYCN-amplified neuroblastoma cells. 

In order to obtain information regarding the potential role
of the neuroblastoma-derived exosomal miRNAs, we
performed a functional enrichment analysis using predicted
mRNA target genes from the 25 highest expressed miRNAs.
One of the highest scores was obtained for AHR signaling,
shown to be involved in multiple aspects of cancer like
survival, proliferation, differentiation, apoptosis,
angiogenesis and invasion, reviewed in Feng et al. (36). Very
recent data suggest that AHR is inversely correlated to
MYCN expression in neuroblastoma tissue. Ectopic over-
expression of AHR suppressed MYCN promoter activity
resulting in down-regulation of MYCN expression, while
AHR shRNA promoted the expression of E2F1 and MYCN
in neuroblastoma cells. AHR was suggested to be an
important upstream regulator of MYCN (37).

The analyses further revealed that several canonical
pathways known to be deregulated in most cancers are
potentially impacted by the exosomal miRNAs. These
include apoptosis-, p53- and G1/S checkpoint regulation
signaling. Aberrant STAT3 signaling is well-known to
promote initiation and progression of several human cancers
by either promotion of cell proliferation, survival, invasion,
metastasis and angiogenesis, or inhibiting apoptosis (38).
Recently, a critical role for STAT3 in metastatic drug
resistant neuroblastoma was documented (39). Several
reports during the last years have also established the
importance of PTEN/PI3K/Akt signaling, including its
relation to MYCN, in neuroblastoma survival, proliferation,
invasion and angiogenesis (40-43).

The trophism and uptake of exosomes into different cells
have been debated, but is believed to involve surface receptors
(13). In contrast to other studies demonstrating direct seed
interaction by exosomal miRNAs, we were not able to show
any significant effects in recipient cells using our miRNA
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reporter assays. A recent study performed on immune cells
demonstrated that exosome substitution alone was not enough
for effects on miRNA reporters in recipient cells. Cell-to-cell
contact and the subsequent formation of an immunological
synapse were required for functional transmission of
functionally active miRNA contents (44). Another recent study
demonstrates that the lipid raft-associated Caveolin1 (CAV1)
can inhibit uptake and function of exosomes by inhibiting
ERK1/2 (29). It has also been demonstrated that phagocytic
cells have a high uptake of exosomes, while the non-
phagocytic cells only associate with exosomes without
internalizing them (45). Considering these observations, it is
not unlikely that the cell systems used in our studies lack the
specific prerequisite conditions for exosomal miRNA function. 

Conclusion

In this article, we present data demonstrating the secretion
of exosome-like particles from two well-studied MYCN-
amplified neuroblastoma cell lines. The exosomes are
internalized into recipient cells and contain miRNAs with
known oncogenic properties. Exosomal miRNAs may have
roles in cell-to-cell signaling in neuroblastoma pathogenesis.
However, our data do not support the theory that this
happens through miRNA-seed sequence interaction or by
activating the TLR8 receptor, as previously described in
model systems of other cancers.
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