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an diesem... leib... lieblichen Ort, wollte der Hirte rasten und sein Mittagsmahl 

einnehmen.” 

--<Heidi> 2015 film 1:11:30/1:50:50 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 



 

 

Popular science summary of the thesis  
 

Neuroblastoma (NB) is a pediatric cancer that originates in the peripheral nervous system. 
Some low-risk tumors can regress without treatment, but high-risk cases are aggressive and 
difficult to treat. Much effort has been made to investigate the developmental and cellular 
origin of this disease and the molecular bases for its behavior, especially in the high-risk type. 

In study I, we investigated the role of nuclear hormone receptors in MYCN-amplified NB. 
MYCN amplification is frequently observed in poor-outcome NB cases. We found that upon 
combined signaling from the glucocorticoid, estrogen, and retinoic acid receptors, the impact 
of MYCN amplification is reduced, driving cancer cells into a more mature or differentiated 
state. This is accompanied with metabolic alterations and reduced tumor burden in mice. These 
results could be translated to clinical use where today retinoic acid is used as single treatment 
for minimal residual disease. 

In study II, a comprehensive model for predicting the survival of NB patients was designed. 
We screened pre-defined target genes of MYCN and c-MYC to select those of clinical and 
biological relevance for NB. We used prediction models in different patient cohorts and 
showed that a risk score computed for MYCN and c-MYC targets could effectively classify 
patients into different groups with different survival chances. Patients with a high-risk score 
showed poor clinical outcomes and reduced survival rates. Interestingly, we found that c-MYC 
and MYCN target genes have different expression patterns during development. Together these 
data highlighted the role of target genes of c-MYC and MYCN during development and the 
NB biology. 

In study III we examined the role of the DIAPH3 gene and protein in NB. DIAPH3 is a member 
of the formin protein family that regulates the cell skeleton structure, and it has received much 
attention in various tumors, except in NB. We found that overexpression of DIAPH3 is 
associated with poor survival and outcome of NB patients. We also showed that this gene is 
expressed in tumors with a low maturation grade.  Notably we observed that the proliferation 
of cancer cells was reduced when the gene was silenced, suggesting that DIAPH3 may be a 
promising target for future NB treatment.





 

 

Abstract 
Neuroblastoma (NB) is a pediatric cancer derived from the cells of neural crest origin that form 
the sympathoadrenal system. Typically, the tumor cells migrate along the spinal cord and 
spread to the chest, neck, and/or abdomen. Different clinical behaviors are observed in this 
disease: some tumors spontaneously regress without treatment, while others are highly 
aggressive and resistant to current therapies. Approximately 40% of high-risk NB patients have 
MYCN amplification while 10% have MYC (i.e. encoding c-MYC) overexpression. These 
patients have undifferentiated tumors with a poor prognosis. 

Our group previously found that the expression and activation of nuclear hormone receptors 
(NHRs) estrogen receptor alpha (ERα) by 17-β-estradiol (E2), and the glucocorticoid receptor 
(GR) by dexamethasone (DEX), could trigger differentiation by disrupting the regulation of 
the miR-17 ~ 92 microRNA cluster by MYCN. In paper I, we sought to investigate whether 
the simultaneous activation of both ERα and GR has a more beneficial effect compared to the 
activation of either ERα or GR alone. We examined cell survival, alterations in cell shape as 
indicated by neurite extension, variations in metabolic pathways, accumulation of lipid droplets, 
and performed xenograft experiments. Our findings revealed that the simultaneous activation 
of GR and ERα, compared to their single activation, led to reduced viability and a more robust 
differentiation. This dual activation also caused changes in glycolysis and oxidative 
phosphorylation, increased lipid droplet accumulation, and decreased aggressiveness in mouse 
models. The triple activation with an additional activation of the retinoic acid receptor using 
all trans-retinoic acid (ATRA), amplified the differentiation phenotype. Bulk-sequencing 
analysis showed that patients with high levels of NHRs are related to favorable survival and 
clinical outcome. In summary, our data suggest that combination activation of these NHRs 
could be a potential differentiation induction treatment.   

Paper II investigates target genes of c-MYC and MYCN to explore if it is possible to obtain a 
better prognosis prediction using the expression of this group of genes, instead of the 
expression of MYC and/or MYCN alone. In addition, we analyzed if there are different 
prediction power capabilities between c-MYC and MYCN target genes, and their different role 
during sympathoadrenal development. We screened lists of target genes by using 
comprehensive approaches, including differential expression analysis between clinical risk 
groups, INSS stages, MYCN amplification status, progression status; Univariate Cox regression 
analysis to select the target genes related to prognosis prediction power, and protein interaction 
network analysis to select genes that share a meaningful biology function. Following the 
training and validation of (LASSO) regression prediction models in three different patient 
cohorts (SEQC, Kocak, and Versteeg), we found that a risk score computed on c-MYC/MYCN 
target genes with prognostic value, could effectively classify patients in groups with different 
survival probabilities. The high-risk group of patients exhibited unfavorable clinical outcomes 
and low survival rates. Further, single cell RNA sequencing analysis revealed that c-MYC and 
MYCN targets have different expression patterns during sympathoadrenal development. 
Notably, genes linked to adverse outcomes were predominantly expressed in sympathoblasts 



 

 
 

in comparison to chromaffin cells. In summary, our research provides new insights into the 
importance of c-MYC/MYCN target genes during sympathoadrenal development and their 
value in predicting patient outcome. 

In paper III we studied the function of one member of the formin protein family involved in 
cytoskeleton modulation: Diaphanous Related Formin 3 (DIAPH3). We found that high 
DIAPH3 expression in NB tumors are associated with MYCN amplification, higher stage, risk, 
progression and negative clinical outcome. Elevated DIAPH3 expression was also found in 
specific cells during mouse sympathoadrenal development and in progenitor cells of the post-
natal human adrenal gland. Furthermore, the knockdown of DIAPH3 resulted in a slight 
decrease in cell growth and cell cycle arrest. Our study suggests that DIAPH3 could be a 
promising target for new therapeutic strategies.  
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1.1 Cancer  
 

1.1.1 Hallmarks of cancer 

The hallmarks of cancer are a variety of characteristics that cancer cells acquire during the 

intricate process of tumor development. The original version of this framework included six 

biological properties [1], but it has now been expanded to include fourteen traits [2,3]   

The first six characteristics of cancer consist of: 

(1) Sustaining proliferative signaling: Cancer cells are continuously growing and dividing. 

They achieve this by manipulating growth signals, either through self-production or by altering 

their environment to receive these signals, leading to uncontrolled proliferation and growth [4,5]. 

(2) Evading growth suppressors: This is achieved by deactivating tumor suppressor proteins; 

two well-known examples are retinoblastoma-associated (RB) and p53 proteins. RB reacts to 

extracellular growth-inhibitory signals, and its absence could lead to continuous growth and 

division of cells [6]. P53 is an intracellular sensor to detect damage and stress. It can repair 

damage by stopping the cell cycle, however it can also cause apoptosis in extreme or 

irreversible circumstances [7]. 

(3) Resisting cell death: Apoptosis is a programmed cell death that involves blebbing 

formation, cytoskeleton breakdown, and fragmentation of the nucleus. Tumor cells develop 

strategies to evade apoptosis, such as losing p53 function or altering the balance of pro- and 

antiapoptotic factors [7,8].  

(4) Enabling replicative immortality: Telomerase is an enzyme that extends telomeres by 

adding repeat segments to the ends. In normal cells, telomeres get shorten during each division, 

which could lead to senescence or crisis. However, in cancer cells, telomerase activity 

maintains telomere length, allowing continuous division and avoiding these growth barriers [9].  

(5) Inducing angiogenesis: Tumors require nutrients and oxygen, to achieve this, an 

"angiogenic switch" would be triggered, leading to the formation of new blood vessels. This 

process is modulated by key regulators include vascular endothelial growth factor A (VEGF-

A) that promotes angiogenesis, and thrombospondin 1 (TSP-1) that inhibits it [10].  

(6) Activating invasion and metastasis: As carcinomas progress, they often lose important 

adhesion molecules like E-cadherin. The process of invasion and metastasis cascade, includes 

several steps: local invasion, intravasation into vessels, transit through lymphatic and 
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hematogenous systems, extravasation into distant tissues, and the growth of micro metastases 

into macroscopic tumors. Transcription factors such as Snail, Slug, Twist, and Zeb1/2 are vital 

important in regulating the epithelial-mesenchymal transition (EMT) [11]. 

In the updated 2011 review, Hanahan and Weinberg added two emerging hallmarks [2]:  

(7) Reprogramming Energy Metabolism: Otto Warburg demonstrated that cancer cells 

frequently rely on fermentation for energy production, even in the presence of oxygen. 

Although this aerobic glycolysis process is less effective than mitochondrial oxidative 

phosphorylation. It provides intermediate metabolites that are important for producing 

nucleotides, amino acids, and lipids, which are essential for rapidly dividing cancer cells [12-

14]. 

(8) Evading Immune Destruction: Studies in immunodeficient mice have shown that 

deficiencies in various immune cells such as CD8+ T cells and natural killer (NK) cells could 

increase tumor formation. It highlight the importance of  innate and adaptive immunity in 

surveillance of cancer [15]. Clinical epidemiology also showed patients with higher infiltration 

level of Cytotoxic T lymphocytes (CTLs) and NK cells have better prognoses [16]. 

In their 2011 review, Hanahan and Weinberg updated two enabling characteristics [2]: 

(9) Genome instability: Cancer cells often exhibit increased rates of mutation, that could be 

induced by mutagenic agents or a malfunction of genomic maintenance machinery or the 

surveillance systems. A key player involved in this process is the p53 gene, which is also 

referred to as the "guardian of the genome" [17]. 

(10) Tumor-Promoting Inflammation: Inflammation provides bioactive molecules to the 

tumor microenvironment. It releases factors or enzymes that support cell proliferation, invasion 

and metastasis, prevent cell death, and promote the formation of blood vessels that facilitate 

cancer development [18-20]. 

In 2022, new dimensions of hallmarks and characteristic were proposed by Hanahan [3], which 

include:  

(11) Unlocking phenotypic plasticity: This hallmark include three parts: Dedifferentiation is 

that the cell reverts to a progenitor-like state and allow the cell proliferate again [21]; Trans-

differentiation in which cells initially on a differentiation path and then change to the different 

developmental trajectory [22]. Blocked differentiation involves progenitor cells that have not 
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fully differentiated and may undergo regulations that block their progression into completely 

differentiated [23].  

(12) Non-mutational epigenetic reprogramming: This process is independent from DNA 

instability and mutations. It can regulate cell growth and differentiation, and its flexible and 

reversible characteristics make it vulnerable to external and environmental factors [24]. 

(13) Polymorphic microbiomes: The microbiome has a crucial importance in the 

development, progression, and treatment resistance in cancers. Studies indicate that the host 

microbiome could promote inflammation and influences the effectiveness of immune 

checkpoint inhibitor treatments [25].  

(14) Senescent cells: Senescence is an irreversible state of cell cycle arrest that serves as a 

mechanism to maintain tissue homeostasis. It involves cell morphology changes, metabolism 

reprogramming, and the presentation of a senescence-associated secretory phenotype (SASP) 

[26]. Traditionally, senescence was viewed as a defense against cancer, however, recent studies 

also suggests that in some contexts senescent cells can actually promote tumor progression by 

generating a cytokine shield that protects non-aging tumor cells against the immune system 

[27].  

1.1.2 Oncogenes and tumor suppressor genes 

An oncogene is a gene whose product has the potential to initiate cancer. In particular, the 

aberrant activation of an oncogene can trigger unregulated cellular proliferation, which is an 

important characteristic of cancerous transformation [28]. Proto-oncogenes can transform to 

active oncogenes through mechanisms such as, point mutation, gene amplification, 

chromosomal translocation, insertion, deletions, or truncations [29]. Oncogenes include, for 

example, the RAS family which consist of HRAS, KRAS, and NRAS. These are important for 

cell signaling and growth [30]. Another example is MYC whose overexpression can lead to 

uncontrolled cell growth and division. Its amplification can be found in many types of cancer, 

for example, breast, lung, and osteosarcoma [31,32]. The human epidermal growth factor 

receptor 2 (HER2/neu, also known as ERBB2) encodes epidermal growth factor receptor 

(EGFR) 2 that involved in cell growth and division. HER2/neu amplification is most commonly 

associated with breast cancer, but can also occur in other types of cancer [33]. 

A tumor suppressor gene (TSG), also referred to as an anti-oncogene, is the gene whose product 

controls and influences the behavior of a cell during the crucial activities of cell division and 

replication, and tumorigenesis [34]. For example, p53 is a tumor suppressor gene that is 
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frequently found in up to 50% of all cancers and is thus called “the guardian of the genome” 

[35,36]. The main function of p53 protein includes halting cell growth, repairing DNA, and 

inducing cell death (apoptosis) [35]. Mutant p53 proteins exhibit properties that help cells to 

grow and evade programmed cell death [37].  

1.1.3 Cell cycle 

The cell cycle is a strictly controlled process comprising of  interphase, mitosis, and cytokinesis 

phases, which lead to the growth and division of a cell [38]. The interphase consists of Gap1 

(G1), Synthesis (S), Gap2 (G2) phase, and mitosis (M) which can be divided into four phases: 

Prophase, Metaphase, Anaphase, and Telophase [39].  

Cell cycle check points are important to cell cycle control because they detect errors that occur 

in the process of DNA replication, chromosome segregation and trigger a cell cycle arrest to 

repair the damages. For example, the G1/S checkpoint (also known as the restriction point) 

assesses the presence of growth factors and DNA damage [40]. The G2/M checkpoint ensures 

that the chromosome is appropriately duplicated and that there is no DNA damage [41]. 

Cyclins together with their partner cyclin-dependent kinases (CDKs) are crucial regulators of 

the cell cycle. The first discovery was cyclin A and B, which associate with CDK1 (also known 

as CDC2) [42,43]. Together, they regulate mitosis by phosphorylating substrates including 

cytoskeleton proteins, histone H1, and possibly components of the mitotic spindle [44,45].  The 

degradation of cyclins A and B is necessary for cells to exit mitosis [46]. Cyclin E is induced 

during G1 and interacts with CDK2, thus facilitates cells to move from G1 to S phase. Cyclin 

E/ CDK2 complexes keep Rb in a hyperphosphorylated state (inactive) and activate a positive 

feedback loop for the accumulation of E2F [47], which is a transcriptional factor that regulate 

genes in S phase [48].  This is shown in Figure 1. 

Cell cycle arrest is referred to the event when a cell’s normal progression is stopped due to 

DNA damage or malnutrition. For example, a cell can pause the cell cycle to allow for DNA 

repair when it detects DNA damage before proceeding with DNA replication and cell division. 

Checkpoint kinases coordinate this reaction, including the ataxia telangiectasia mutated (ATM) 

kinase, ATM and Rad3-related kinase (ATR), and checkpoint kinase (CHK)1/2 [49-51]. 

Moreover, tumor suppressor proteins like p53, p21, and p16 can block activity of CDK and 

lead to stop of the cell cycle [51,52]. Inhibiting growth factor signaling may also arrest the cells 

to stop in a distinct cell cycle phase [53]. For instance, inhibition of the phosphoinositide 3-

kinase (PI3K)/protein kinase B (AKT) pathway through antagonist of PI3K, phosphatase and 
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tensin homolog (PTEN) or PI3K inhibitor could leads to G2 phase cell cycle arrest [54].  

Additionally, microtubule-depolymerizing agents can induce G1/G2 arrest before cells enter 

mitosis [55]. 

 

Figure 1. Cyclins, CDKs and check points in the cell cycle. This Figure shows the cyclins with their 

paired CDKs across different cell cycle phases. Different checkpoints are also illustrated. Created with 

Biorender.com 

 

1.1.4 Cell death 

When a biological cell stops functioning, it is referred to have undergone cell death. Traditional 

major types of cell death are programmed cell death and necrosis [56].  

Apoptosis is a programmed form of cell death characterized by cell shrinkage, chromatin 

condensation (pyknosis), cell membranes blebbing, and formation of apoptotic bodies [57]. The 

process of apoptosis is regulated by a complex of caspases proteins which could be divided 

into two categories: initiator caspases (caspase-2, -8, -9, and -10) and effector caspases 

(caspase-3, -6, and -7) [58]. The initiation of apoptosis includes extrinsic, intrinsic and the 

perforin/granzyme pathway. In the extrinsic (death receptor) pathways death receptors like Fas, 

Tumor necrosis factor receptor 1 (TNFR1), and TNF-related apoptosis-inducing ligand 

(TRAIL) receptors, are activated upon binding to their respective ligands (e.g., Fas Ligand 

(FasL), TNF-A, and TRAIL) [59].  The intrinsic (mitochondrial) pathway could be triggered by 



 

6 

 

DNA damage, oxidative stress, and other factors that could produce cellular stress. The intrinsic 

pathway is regulated by the B-cell lymphoma 2 (BCL-2) family proteins, which includes both 

pro-apoptotic and anti-apoptotic members. The pro-apoptotic members [e.g., BCL-2 associated 

X (BAX) and B-cell antagonist killer (BAK)], promote the release of cytochrome c from the 

mitochondria. While the anti-apoptotic members [e.g., BCL-2 and B-cell lymphoma-extra 

large (BCL-xL)], prevent the release of cytochrome c and support cell survival [60]. The 

perforin/granzyme pathway is used by cytotoxic lymphocytes to destroy virus-infected cells 

[61].   

Autophagy is a programmed self-degradative process that could be triggered by nutrition 

deficiency and wherein lysosomes remove malfunctioning components [62]. There are 

following forms exist: macroautophagy, microautophagy, and chaperone-mediated autophagy 

(CMA) and crinophagy [63,64]. During autophagy, cytoplasmic components such as damaged 

organelles and/or proteins are sequestered into vesicles with double-membrane which is called 

autophagosomes [65].   

Necrosis is an uncontrolled cell death caused by various factors such as damage, infection, 

toxins and hypoxia [66]. It typically releases proinflammatory signals that affects nearby cells 

and could also promote angiogenesis, proliferation, and inflammation. Necrotic cell could 

exhibit characteristics such as cell size enlargement, disrupted cellular membrane, and 

cytoplasm release [57,67]. 

1.1.5 Cytoskeleton modulation 

Studies have revealed that the shape of a cell and the tension in its cytoskeleton play crucial 

roles in cell function [68]. Researchers have shown that controlling cell shape by using 

micropatterned substrates coated with adhesive islands of extracellular matrix, can switch cells 

between proliferation, apoptosis and differentiation, alter cell migration speed, and promote 

tissue formation [69,70]. 

The cytoskeleton consists of three components: microtubules, intermediate filaments, and 

microfilaments. The microtubules are assembled by the polymerization of α-tubulin and β-

tubulin which formed a hollow pipe-like structure [71,72]. Microtubules are essential for motor 

driven intracellular transport, structural support against tension, as well as chromosomes 

separation during cell division [73]. Actin filaments are also known as microfilaments due to 

their assembly from thin and flexible actin fibers that have a diameter of approximately seven 

nanometers. Microfilaments provide cell with a flexibility that is vital for cell adhesion, cell 
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shape maintenance, and cell membrane mobility [74]. Intermediate filaments have a diameter 

of approximately ten nanometers, and are responsible for maintaining cell integrity and 

providing mechanical strength support [75]. These components interact with each other to 

support cellular morphogenesis processes like vesicular transport, vesicular shedding, and 

differentiation [76,77].  

During the metastatic process, the cytoskeleton require to be dynamically remodeled and 

reorganized to support the mobility and shape modifications of cancer cells [78]. Reorganization 

of the actin cytoskeleton is important for epithelial-mesenchymal transition (EMT) by 

dynamically regulating cell elongation and directed motility [79-81]. 

Cytoskeleton modulations are also important in relation to the immune response. For example, 

phagocytosis utilizes actin polymerization to envelop and wrap the target particle [82-84]. The 

rearrangement of cortical actin is associated with the close interaction between T-cells and 

antigen-presenting cells (APCs), and the CTL-mediated killing process [85]. Additionally, 

microtubule repositioning towards the cellular interface is required for polarized vesicle 

secretion [86]. The cytoskeleton plays a critical role in NK cell effector functions, including 

their motility, infiltration, conjugation with target cells and assembly of immunological 

synapse [87].  

There are key regulators that are essential for modulating cytoskeletal dynamics. For instance, 

small guanosine triphosphate binding proteins (i.e. Rho GTPase) belonging to the Ras 

superfamily and are essential for controlling the actin cytoskeleton, cell migration, and stem 

cell development [88]. One important factor that mediate Rho GTPase activation is the Rho-

associated kinase (ROCK), which is essential for controlling the arrangement and interactions 

that modulate the cytoskeleton. ROCK phosphorylates proteins for instance, myosin light chain 

[89], and actin binding protein such as Lin-11, Isl-1, and Mec-3 (LIM) and profilin. This 

phosphorylation process plays a key role in modulating the structure and stability of actin 

filaments [90,91]. 

Studies have demonstrated that neural crest progenitors originally reside within the dorsal 

neural tube (NT). These progenitors, which begins as epithelial cells, undergo an EMT phase 

to acquire cellular motility and further migrate. The successful delamination process also 

requires the involvement of effector proteins, which play a role in reorganizing the actin 

cytoskeleton, altering adhesive properties, and leading subsequently to the loss of epithelial 

polarity [92-94]. For example, the downregulation of active RhoA and RhoB in the cell 

membrane of epithelial progenitors is an important step during delamination [95,96].  
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Formins (formin homology proteins) are a group of conserved actin polymerization factors that 

are essential for the assembly of actin filaments, by binding to their rapidly elongating region 

[97]. The comprehensive information of Formin family is shown in Table 1. Formins are 

important for the formation of cellular structures like filopodia, lamellipodia, and stress fibers 

[98]. Filopodia serve as cellular antennae enabling cells to explore and sense their surroundings 

[99]. The lamellipodium are involved in firmly adhering to the underlying substrate [100]. Stress 

fibers are contractile bundles of actin [101]. During development events, formins also play a 

vital role in gastrulation during which the embryo transforms from one layer to muti-layer and 

are also important in neural tube closure which eventually forms the brain and spinal cord [102-

104].  

Table 1. Comprehensive information on the Formin proteins family [105]. The table shows the 

detailed gene names, full names, UniProt accession numbers, chromosome locations, and Gene 

Ontology (GO) terms of each member. The GO terms provided in the table represent Molecular 

Functions, as sourced from GeneCards (https://www.genecards.org/).  

Gene name Full name 
UniProt 
accession 
numbers 

Chromosome 

location 
Qualified GO term 
(GeneCards) 

DAAM1 

Disheveled-
associated 
activators of 
morphogenesis 1 

Q9Y4D1 
14q23.1 

 

actin binding 
protein binding 
small GTPase binding 

DAAM2 

Disheveled-
associated 
activators of 
morphogenesis 2 

Q86T65 6p21.2 
actin binding 
protein binding 
small GTPase binding 

DIAPH1 
Diaphanous  
related formin 1 O60610 5q31.3 

RNA binding 
actin binding 
signaling receptor 
binding 

DIAPH2 
Diaphanous   
related formin 2 O60879 Xq21.33 

actin binding 
signaling receptor 
binding 
small GTPase binding 

DIAPH3 
Diaphanous  
related formin 3 Q9NSV4 13q21.2 

actin binding 
small GTPase binding 
cadherin binding 

https://www.genecards.org/)
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FHDC1 (INF1) FH2 domain 
containing 1  4q31.3 actin binding 

microtubule binding 

FHOD1 

Formin 
homology 
domain 
containing 
proteins 1 

Q9Y613 16q22.1 

actin binding 
protein binding 
protein domain specific 
binding 

FHOD3 

Formin 
homology 
domain 
containing 
proteins 3 

Q2V2M9 18q12.2 
actin binding 
protein binding 
actin filament binding 

FMNL1 Formin Like 1 O95466 17q21.31 

actin binding 
protein binding 
small GTPase binding 
GTPase activating 
protein binding 

FMNL2 Formin Like 2 Q96PY5 2q23.3 

actin binding 

small GTPase binding 
cadherin binding 
actin filament binding 

FMNL3 Formin Like 3 Q8IVF7 12q13.12 

actin binding 
protein binding 
small GTPase binding 
GTPase activating 
protein binding 
actin filament binding 

FMN1 Formin 1 Q68DA7 15q13.3 
actin binding 
microtubule binding 
SH3 domain binding 

FMN2 Formin 2 Q9NZ56 1q43 

actin binding 
small GTPase binding 
cadherin binding 
actin filament binding 

GRID2IP  

Delphilin/Grid2 
Interacting 
Protein 

A4D2P6 7p22.1 protein binding 

INF2 
Inverted Formin 
2 Q27J81 14q32.33 

actin binding 
protein binding 
small GTPase binding 
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DIAPH3, or Diaphanous Homolog 3, is a member of the Formin family subgroup of the 

Diaphanous family. This protein is involved in the assembly of filopodia, essential for cell 

migration [106], as well as in the creation of the contractile ring and the cleavage furrow, 

essential for cytokinesis [107,108]. DIAPH3 was found to be a diagnostic biomarker by the pan-

cancer analysis, and pathway enrichment analysis showed it is involved in tumor expansion, 

movement, programmed cell death, and alterations in the tumor microenvironment [109]. The 

function of DIAPH3 in the development of tumors varies based on the specific type of cancer, 

as shown in Table 2. The structure of diaphanous and activation program is shown as Figure 

2. 

Table 2. Role of DIAPH3 in various cancer types.  

Cancer Type Role of DIAPH3 

Cervical Cancer Its expression was associated with poor prognosis and described to have 

positive correlation with angiogenesis and TGF-β signaling [109].  

Colorectal Cancer 

(CRC) 

DIAPH3 knockdown increased the ability of CRCs to proliferate and 

migrate. DIAPH3 was suggested to decrease the progression of CRC by 

preserving EGFR degradation [110].  

Hepatocellular 

Carcinoma 

DIAPH3 facilitated the proliferation, migration, EMT, and metastasis of 

hepatocellular carcinoma cells [111]. 

Lung 

Adenocarcinoma 

Expression of DIAPH3 increased in lung adenocarcinoma (LUAD) and 

stimulated LUAD cell proliferation and colony formation [112].  

Osteosarcoma DIAPH3 knockdown inhibited osteosarcoma cell growth and metastasis 

[113].  

Pancreatic cancer Knocking down DIAPH3 reduced ROS levels, TrxR1 expression, and tumor 

development [114].  
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Figure 2. Structure of diaphanous-related formins. The interaction between the DID (Diaphanous 

Inhibitory Domain) and the DAD (Diaphanous Autoregulatory Domain) causes the inactive form of 

formin in a closed conformation. When Rho-GTPase interact with GTPase-binding domain (GBD), it 

lead to disruption of the DID-DAD binding. This disruption enables the molecule to adopt an active, 

open conformation. In this activated state, the FH1 (Formin Homology 1) domain interactives Profilin. 

Profilin then supplies G-actin (globular actin) to the FH2 (Formin Homology 2) domain, enabling the 

assembly of actin filaments.  Created with Biorender.com 

 

1.1.6 MYC Proteins 

The Myelocytomatosis (MYC) family comprises three members: c-MYC (encoded by MYC), 

L-MYC (encoded by MYCL), and N-MYC (encoded by MYCN) [115,116]. The c-MYC gene 

was the first identified in this family, due to its similarity to the viral gene v-myc in the chick 

retrovirus [117]. MYC acts as a transcription factor and belongs to the basic-helix-loop-helix-

leucine zipper (bHLH-Zip) family residing in the cell nucleus [118]. Its 439 amino acid structure 

includes a C-terminal domain (CTD) and an N-terminal transactivation domain (TAD). Three 

highly conserved sections called MYC Boxes (MB0, MBI, and MBII) are found in the N-

terminal region and play a crucial role in the regulation of transcription and protein degradation 

[119].  The bHLH-Zip motif found in the C-terminal domain is also necessary for the protein's 

ability to regulate transcription. This is done by binding of a specific region named “E-box” 

(enhancer boxes), with a canonical sequence “CACGTG” [118,120]. Located in the center of the 

protein is the PEST domain that has proline (P), glutamate (E), serine (S), and threonine (T), 

and three additional conserved MYC boxes, MBIIIa, MBIIIb, and MBIV, associated with 

transcription [121].   
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Via the HLH-Zip domain, MYC (i.e. c-MYC, MYCN, L-MYC) forms a heterodimer with the 

protein MYC-associated factor X (MAX). The MYC-MAX complex then binds to the specific 

DNA regions (i.e. E-boxes), thereby activate the transcription of genes involved in cell 

proliferation, metabolism and apoptosis. On the other hand, MXD proteins (encoded by MXD1-

4), MNT, and MGA are also act as partners for MAX through the formation of heterodimers. 

They achieve this by competing with MYC for binding to MAX, resulting in the inhibition of 

MYC’s transcriptional activity, and by binding to target genes on the DNA [122].  Thus, the 

balance between MYC-MAX and MXD-MAX complexes is critical for cell function. MYC is 

predominantly expressed in proliferating cells, while MXD proteins are present in 

differentiating cells. This spatial separation in expression patterns ensures that there is no direct 

competition between MYC and MXD proteins, highlighting the specialized roles of these 

complexes in distinct cellular processes. Studies suggest that dimerization of c-MYC with 

MAX increases c-MYC stability by reducing its ubiquitination and subsequent proteasomal 

degradation, and result in increased c-MYC levels upon MAX overexpression [123]. MAX-like 

protein (MLX) binds to MXD-1 and -4 as well as with MONDOA and MONDOB [124]. Figure 

3 illustrates the intricate network of interactions involving the MYC family. 

 

Figure 3. MYC interaction network. The MYC family form dimers with MAX and on the other side, 

MAX form dimers with MXDs. MLX binds to MNT, MXD-1 and -4 as well as with MONDOA and 

MONDOB. Created with Biorender.com  

In normal cells, MYC expression is governed by mitogenic signals. Due to the rapid degradation 

of both the protein and mRNAs, the balance between these elements sustains cell proliferation. 

However the activation or overexpression of MYC alone in normal cells does not cause cancer, 

because of the existence of balanced control mechanisms encompassing proliferative halt, 
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apoptosis, and senescence [125]. In tumor cells, the aberrant expression of MYC is rarely due to 

mutation but to chromosome amplification and translocation, or driven by upstream pathways 

such as the Ras and Notch pathways and also super enhancer activation [126]. Post-translational 

modification, such as the phosphorylation of serine at position 62, helps in reducing the 

degradation of MYC and enhancing its stability [127,128].  In cancer cells, MYC activation is 

the trigger for various ‘hallmarks” of cancer, including proliferation and growth, protein or 

RNA synthesis, genomic instability, metabolism reprogramming, or angiogenesis [129-132].  

c-MYC is an intrinsically disordered protein, it resides in the nucleus and lacks enzymatic 

activity or a particular binding pocket for traditional small molecules, making it difficult to 

target [133]. Since c-MYC also plays a vital role in normal cells, targeting c-MYC might cause 

side effects that disrupt normal cell function. MYC is abnormally expressed in over 70% of 

human cancers and strongly associated with poor prognosis, thus making it an interesting gene 

to target [119]. Currently, strategies targeting c-MYC include small molecules like IIA6B17, 

10058-F4, 10074-G5, Mycro1, 3jc483 and MYCMI-6, which inhibit the dimerization of c-

MYC/MAX or prevent their binding to DNA, yet they lack the specificity to target c-MYC 

effectively [119]. Notably, 10058-F4 [5-(4-ethyl-benzylidene)-2-thioxo-thiazolidin-4-one)] and 

10075-G5 [1-(3-Chloro-phenyl)-3-diethylamino-pyrrolidine-2,5-dioneand] were initially 

identified through a high-throughput drug screening approach utilizing a yeast two-hybrid 

system [134]. To interact with DNA, c-MYC needs to form a heterodimer with MAX. The 

compounds 10058-F4 and 10075-G5 interact with c-MYC while it is in a disordered state, 

thereby preventing the formation of a heterodimer with MAX and thus inhibiting the 

transactivation of c-MYC target genes [134]. To enhance the binding efficiency and affinity, 

these two inhibitors were designed covalently connected, thus potentially engaging with 

multiple sites on the target proteins [135].  Modified versions of 10075-G5, such as 3jc48-3 and 

JY-3-094, have demonstrated higher potency then the initial generation [136,137]. 

Unlike small molecules or large proteins, peptides are smaller and can often penetrate cells 

more easily and can interact with biological targets in multiple ways and on a broader scale, 

which could result in better treatment outcomes [138]. Omomyc is a peptide that acts as a mimic 

of MYC’s bHLH-Zip domain thus could bind to c-MYC, MYCN, MAX and Miz-1, but not 

MXD1 or other bHLH-Zip proteins [139]. This selective binding prevents MYC interacting on 

E-boxes to transactive target genes and at the same time repress other genes by binding to Miz-

1. Omomyc also leads to a reduced acetylation and increased methylation at a specific site on 

histone H3, a protein that helps package DNA [139]. Moreover, Omomyc has shown its effect 

on various cell lines or animal model, for example, renal carcinoma, pancreatic ductal 
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adenocarcinoma (PDAC), and non-small cell lung cancers [140-142]. The encouraging 

development of Omomyc (OMO-103), has successfully passed the phase I clinical trial which 

involved 22 patients, encompassing pancreatic, bowel, and non-small cell lung cancers 

(https://www.peptomyc.com/, released in November 2023). There are also ongoing studies 

(NCT06059001 and NCT04808362) that investigate the safety, efficacy, and pharmacological 

aspects of OMO-103, one in combination with standard chemotherapy in metastatic pancreatic 

cancer and the other as a monotherapy in various advanced solid tumors 

(https://clinicaltrials.gov, access during December 2023). 

c-MYC works as a global transcriptional factor,  regulating 10-15% of the genome [143]. It 

targets genes involved in processes like DNA replication, the creation of ribosomes, the 

translation of mRNA, controlling the cell cycle, and managing stress responses, affecting key 

biological activities including cell proliferation, differentiation, programmed cell death, and the 

regulation of immune functions [144]. By attaching the hormone-binding domain of the ER to 

c-MYC, researchers can turn the c-MYC protein on and off in cells by regulated exposure to 

estrogen or anti-estrogen compounds [145]. For example, this technique was employed to 

discover α-prothymosin (PTMA) and ornithine decarboxylase 1 (ODC1) as target genes of c-

MYC [146,147]. 

The introduction of expression microarrays facilitated the extensive analysis of c-MYC 

regulated genes on a large scale. Nonetheless, these studies faced with difficulties due to the 

small changes in mRNA expression levels of genes influenced by c-MYC, which resulted in 

signal-to-noise ratio problems in the initial analyses [143]. More recently, chromatin 

immunoprecipitation (ChIP) assays have significantly improved the process of identification 

of direct c-MYC targets. ChIP revealed that c-MYC binding to genomic loci depends on 

chromatin structure and modifications, such as histone methylation [148]. ChIP-sequencing 

(Chromatin Immunoprecipitation followed by sequencing) sequences all the DNA fragments 

bound to the protein after ChIP which provides a high-resolution map of protein-DNA 

interactions across the genome [149]. ChIP-chip, also known as Chromatin 

Immunoprecipitation followed by DNA microarray, is a method that involves the extraction of 

DNA-protein complexes and subsequent hybridization of the DNA onto a microarray chip 

loaded with numerous genomic DNA sequences [150]. One study that utilized ChIP and 

promoter microarrays identified 1469  genes as direct targets of c-MYC, which are mostly 

involved in mitochondrial biogenesis [151]. 

 

https://www.peptomyc.com/
https://clinicaltrials.gov/
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1.2 Pediatric cancers and their features 

Childhood cancer presents an incidence rate of 15.3 per 100,000 children each year [152]. The 

most common types of cancer in children are leukemia [especially acute lymphoblastic 

leukemia (ALL)], brain tumors, (e.g., medulloblastomas, gliomas), lymphoma, neuroblastoma, 

Wilms tumor, rhabdomyosarcoma, and retinoblastoma [153].   

Childhood cancer arises during development when cells that expected to undergo maturation 

instead remain in a proliferate state [154]. Childhood cancer is rare compared to adult cancer 

and has lower mutations rates. This difference could be attributed to less exposure to 

environmental carcinogens and the effects of aging over time [155]. Adult cancer comprises 

malignancies like breast, lung, prostate, colorectal cancers, and others [156]. It is influenced 

both by endogenous factors like aging, inflammation, and exogenous factors like radiation, 

carcinogens, environmental variables, occupational factors, and lifestyle decisions [157].  

Apart from large doses of radiation and chemotherapy, childhood cancer appears to be 

associated with inherent factors like congenital abnormalities, weight at delivery, and maternal 

age [158].  

 

1.3 Pathology and classification of peripheral neuroblastic tumors   

Peripheral neuroblastic tumors (PNTs) have a neural crest origin and are thought to be 

embryonal remnants from the developing sympathetic nervous system [159]. These 

malignancies are common extracranial solid tumors that account for 7-10% of cancer in 

children [160]. Based on microscopic features, including neuroblast differentiation grade and 

Schwannian stromal development quantity [161], the International Neuroblastoma Pathology 

Committee defines four groups of peripheral neuroblastic tumors: 1) Neuroblastoma 

(Schwannian stroma-poor),  2) Ganglioneuroblastoma, intermixed (Schwannian stroma-rich), 

3) Ganglioneuroma (Schwannian stroma-dominant), and 4) Ganglioneuroblastoma, nodular 

(Schwannian stroma-dominant) [162]. 

Neuroblastoma is the most common and the least mature/differentiated form among these 

categories. Following the tumor histology, this disease can be classified in three subgroups: 

undifferentiated, poorly differentiated, and differentiating [161,163]. The undifferentiated 

neuroblastoma subtype presents unfavorable histology and rare occurrence [164]. There are 

small to medium size tumors, presenting diffuse cytoplasmic limits, few hetero-chromatin and 

round to elongated nuclei, granular chromatin, and a distinctively  prominent nucleolar 
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formation [165]. This subtype presents unfavorable outcomes in association with MYCN-

amplification, but MYC-protein enrichment may provide a better predictor of more aggressive 

clinical behavior [164].  

The poorly differentiated subtype of neuroblastomas shows differentiation features in less than 

5% of the tumor cells [161]. Within this subtype, favorable tumors present more pronounced 

differentiation, higher expression of TrkA, and larger content of Schwannian stromal cells, 

compared with biologically unfavorable undifferentiated tumors [163,166]. Histologically, the 

differentiating subtype of neuroblastomas usually shows abundant axon outgrowth and neurite 

production and have a favorable prognosis. More than 5% of tumor cells in this subtype present 

differentiating neuroblasts [163,167]. 

Ganglioneuroblastoma is a neoplasm with miscellaneous forms of neuroblasts and ganglion 

cells in different proportions. Tumors in this category have contrasting differentiation levels 

and stroma abundance and can be classified as stroma-rich (well-differentiated, intermixed, 

nodular) or stroma-poor [168]. Ganglioneuroblastoma, nodular (Schwannian dominant) GNB-

N is a rare subtype of neuroblastic tumors. The tumors of this subtype have traditionally been 

considered as either biologically and clinically non-aggressive (Schwannian stroma-rich and 

stroma-dominant) or aggressive nodular (Schwannian stroma-poor). Stroma-poor component 

usually shows hemorrhagic and/or necrotic [161]. 

Ganglioneuroma (Schwannian stroma-dominant) are biologically benign malignancies from 

the neural crest, that can be classified as maturing and mature tumors. The former consists of a 

mixture of maturing and mature ganglion cells, whereas the latter contains only mature 

ganglion cells. The stromal tissue is usually well organized and displays Schwann cell fasciculi. 

The composite subgroup is composed of different clones. The stroma-poor component is 

usually hemorrhagic and/or necrotic.  

 

1.4 Neuroblastoma 

1.4.1 Incidence and Epidemiological Features of Neuroblastoma 

Neuroblastoma (NB) is the third most common pediatric cancer after leukemia and primary 

central nervous system (CNS) tumors. It has an incidence of 11 to 13 per million children in 

the USA, which accounts for 15% of childhood cancer deaths [169-171]. Each year 

approximately 20 new cases occur in Sweden, 1500 cases in Europe, and 700 cases in the USA 
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and Canada [172]. In recent years, remarkable improvements in the treatment of NB patients 

have been achieved with 5-year survival increasing from 52% (1975-1977) to 82 % (2011-

2017), as reported by the Surveillance, Epidemiology, and End Results databases for the USA 

(www.seer.cancer.gov). Nevertheless, half of the newly registered cases display metastases, 

which result in a low quality of postoperative life [173]. In the Nordic region, the five-year 

survival rate for NB improved from 61% in 1999-2001 to 80% in 2005-2007 [174]. One single 

center in Beijing, China performed a retrospective study on 1041 cases during 2007-2019.  The 

result revealed that the five-year overall survival rate was 97.5%, 96.7%, and 48.9% in low-

risk, intermediate-risk and high-risk group, respectively [175]. 

1.4.2 Origin and development of Neuroblastoma   

Neuroblastoma usually arises in the adrenal medulla, abdomen, or chest [176].  It is thought to 

have origin in neural crest derive cells that fail to properly migrate or differentiate during the 

sympathetic nervous system development [177]. Neural crest cells form at the edges of the 

neural plate, which is also precursor to the CNS [178-180].   

In recent years, single-cell RNA sequencing (scRNA-seq) has been utilized to study the 

phenotypic variability of the neural-crest-derived cell populations giving origin to the 

sympathoadrenal system. scRNA-seq is a powerful technology for analysis of complex tissues 

or mixed cells, that also allows to track the gene expression changes during development [181]. 

Single-cell transcriptomic analyses conducted by Jansky et al. (2021) showed that the 

transcriptional characteristics of NBs are similar to those of normal fetal adrenal neuroblasts 

[182]. In addition, NBs with different clinical features resemble distinct differentiation 

trajectories and statuses in association with their clinical outcome [182]. Single-nuclei analysis 

performed by Bedoya-Reina et al. (2021) identified that NBs with low-risk resemble more 

committed sympathoblast and chromaffin cells, while high-risk subtype resembles a 

neurotrophic tyrosine kinase receptor B (TRKB) cholinergic progenitor population [183]. 

Kildisiute et al. (2021) demonstrated that the similarities in gene transcription between NB 

cells and sympathoblasts could imply that neuroblastoma originates directly from 

sympathoblasts [184]. Olsen et al. (2020) have identified a role of SCP in the origin of NB [185]. 

For a comprehensive overview of recent studies applying single cell/nucleus analyses, please 

see Table 3. 

Table 3. Summary of single cell/nucleus analysis on NB. The table presents author's last name, publication 

year, and key methodologies. Studies employing either single cell or single nucleus analysis are shown in the 

table. "Yes" denotes the use of such analysis, and "-" denotes that it was not utilized. The sequencing 
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platforms of each study, including 10x, CEL-seq2, Smart-seq2, or GEXSCOPE, are specified. The number 

of patients involved in each study is listed, along with data availability. Datasets with "GSE" prefixes are 

entries in the Gene Expression Omnibus (GEO) database, asterisk-marked (*) numbers showcase other 

databases, or "Not available" if the data is not publicly accessible.  

1*: http://neuroblastomacellatlas.org.  

2*: https://adrenal.kitz-heidelberg.de/developmental_programs_NB_viz/ 

3*: https://oxygen.mtc.ki.se/nc_nb_2021.html 

4*: European Genome-Phenome Archive (EGA), EGAS00001004781 

5*: EGA, under EGAS00001004781 and EGAS00001005322. 

 

 

Study Slyper 
 

Dong Kildisiute Jansky Reina Verhoeven Costa Yuan Janoueix
-Lerosey 

Year 2020 2020 2021 2021 2021 2022 2022 2022 2023 
Single cell Yes Yes Yes - - Yes Yes Yes Yes 

Single 
nucleus 

Yes - - Yes Yes - - - - 

Platform 10x 10x 10x/CEL 
seq2 

10x Smart-
seq2 

10x 10x Smart-
seq2 

10x 

Patient 
number 

4 16 20 14 11 19 10 5 18 

Access GSE 
140819 

GSE 
137804 

1* 2* 3* GSE 
147766 

4* GSE 
192906 

5* 

 

Schwann cell precursors (SCPs) is a nerve-associated cell originated from a second wave of 

migrating neural crest cells. They are important for myelination and axonal homeostasis. 

Adameyko’s group (2022) has found evidence suggesting that early-stage SCPs and later-stage 

neural crest cells share a common, multipotent state where they can develop into different cell 

types. The “hub” gene Sox8, for example, impacts how SCPs develop, particularly along the 

nerves and in their choice to become sympathoadrenal cells [186]. The group also identified 

with the usage of lineage tracing experiments that SCPs originates both sympathoblasts and 

chromaffin cells in mouse and observed a similar pattern in humans [187,188].  Jansky et al. 

(2021) investigated the entropy of single cells from adrenal medulla and found that SCPs have 

the highest differentiation potential and therefore they are at the root of the adrenal medullary 

differentiation hierarchy. The authors identified that in human, SCPs led to the formation of 

three lineages: chromaffin cells; sympathoblast/neuroblasts; and late SCPs [182,188]. 

Chromaffin cells of the adrenal gland medulla produce catecholamines include epinephrine 

(adrenaline) and norepinephrine (noradrenaline) that help triggering the "fight-or-flight" 

https://adrenal.kitz-heidelberg.de/developmental_programs_NB_viz/
https://oxygen.mtc.ki.se/nc_nb_2021.html
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response [189]. It is believed that during the later stages of adrenal medulla development, bridge 

cells serve as a transitional stage from SCPs to chromaffin cells [188]. Phenylethanolamine N-

methyltransferase (PNMT) is one of the signature gene of chromaffin as PNMT catalyzes the 

conversion of norepinephrine to epinephrine [190,191]. Sympathoblasts, also known as 

neuroblast, originate from neural crest cells and serve as precursors to sympathetic neurons. 

Kildisiute  et  al. (2021) performed sc-RNA showing that NB  cancer  cells  resemble  the  fetal  

sympathoblast  state, and NB cells share transcriptional characteristics with sympathoblasts by 

using transcriptional featured signature validated by bulk data [184]. Figure 4 show human 

sympathoadrenal lineage development. Arguably, during development chromaffin cells could 

originate sympathoblast/neuroblast and vice versa [182,187,192]. 

 

Figure 4: Human Sympathoadrenal Lineage Development. The differentiation of Schwann Cell 

Precursors into Chromaffin Cells and Sympathoblasts. Adapted from KI Lundberg et al, 2022. With CC BY 

licence. 

 

Adrenergic and Mesenchymal Subtypes: NB can be categorized into adrenergic (ADR 

/ADRN or formally NOR) and Mesenchymal (MES) types. ADR-type neuroblastoma 

features neuronal traits and neuroblastic characteristics. Cells in the ADR state are committed 

to a sympathetic noradrenergic lineage and have the potential to partial neuronal differentiation 

when exposed to RA. MES-type neuroblastoma, resemble neural crest derived precursor cells 

[193]. MES-type neuroblastoma cells are resilient to treatments with Anaplastic Lymphoma 

Kinase inhibitors (ALKi) even when carrying mutations in the tumor-promoting ALK oncogene 

[194]. The activation of PRRX1 [193], or an inducible NOTCH-IC transgene reprogram the 
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ADRN cells into a MES state [195].  It is considered that ADR is a differentiated status while 

MES is an immature form. However it is challenging to define an immature MES-like state, 

primarily due to heterogeneity of NB, the use of diverse ADR/MES cell state markers, and the 

employment of various sample sources like cell lines, mouse models, and patient derived 

xenografts (PDXs) [196]. 

Morphological Subtypes of NB Cells: NB cell lines have three different subtypes based on 

morphologies and behaviors. The first type is neuronal (N-type) neuroblastoma cells that 

display characteristics similar of neurons from the sympathoadrenal lineage and a 

transcriptional profile of ADR cells. This type of cell has the expression of neuron-specific 

neurofilaments, morphological differentiation, and the ability to secrete neurotransmitters, and 

are highly invasive. For example, SH-SY-5Y, SK-N-BE(1), SK-N-BE(2), BE(2)-M17, SMS-

KCN, IMR-32, SK-N-FI. The second type is substrate adhesive (S-type) neuroblastoma cells 

that showed the unique flat and adherent cellular morphology as they spread. They display a 

transcriptional profile of MES cells. For example, SH-EP, SK-N-AS and SK-N-MC. The third 

type is intermediate (I-type), showed a mixed phenotype and could differentiate into both types 

[197]. For example, SK-N-SH is an I-type cell line that was subcloned to SH-SY5Y and SH-

EP. The initial clone derived from metal cylinders isolation and culture was named SH-SY. 

This was then subcloned to generate SH-SY5, and finally SH-SH5Y. On the other hand, 

epithelial-like cells subgroup from SK-N-SH were also subcloned to generate the SH-EP and 

SH-FE cell lines [198].  

1.4.3 Classification and Risk Stratification of Neuroblastoma 

The "International NB Staging System" (INSS) was initially proposed in 1988 and further 

updated in 1993, to stratify the NB cases into five different stages (Table 4) , according to the 

anatomical location at diagnosis and assessment after the initial surgery [199,200]. In this 

classification, stage 1 presents localized tumors that can be surgically removed, and stage 2 

localized tumors that cannot be entirely removed. Higher stages 3 and 4 classify spread tumors 

with regional and distant lymph node infiltration. There is a special stage 4S, which may have 

potentially spread to lymph nodes, liver, skin, and/or bone marrow, patients in this group tend 

to undergo spontaneous regression [201].   

The International NB Risk Group (INRG) classification system was proposed in 2005 and 

analyzed by an international consensus on risk assignment of 8800 patients diagnosed between 

1990–2002. Compared to the INSS, the INRG stage was determined by the results of imaging 

tests performed prior to surgery but not by surgery results or lymph node spread (Table 5). 
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INRGSS was developed to help surgeons and physicians determine the resectability or 

unresectable of loco-regional disease depending on the image-defined risk factors. In this 

system, stages L1 and L2 are defined as localized malignancies without- and with image 

defined risk factors, respectively. The stage M and MS group are metastatic cases, in which S 

means "special" to children under 18 months old with metastases restricted to skin, liver, and/or 

bone marrow [202].  

 

Table 4. International Neuroblastoma Staging System Committee (INSS) system. Adapted from 

Lucena et al, 2018, Rev Paul Pediatr [203]. 

Stage   Description 

Stage 1 The tumor and its adjacent lymph nodes can be fully excised through surgery. While 

these removed nodes may have cancer, other nearby lymph nodes do not. 

Stage 2A The tumor is confined to its original area and cannot be fully removed surgically. Nearby 

lymph nodes are cancer-free. 

Stage 2B The tumor, restricted to its initial area, might not be fully removable in surgery, and 

nearby lymph nodes are cancerous. 

Stage 3 The tumor cannot be removed and has spread to nearby lymph nodes and adjacent areas, 

but not to distant body parts. 

Stage 4 The initial tumor has metastasized to distant lymph nodes, bones, bone marrow, liver, 

skin, and other organs, excluding those specified in stage 4S. 

Stage 4S The initial tumor remains at its origin (as in stages 1, 2A, or 2B) and has only spread to 
the skin, liver, and/or bone marrow in infants under one year old, with minimal bone 
marrow involvement (typically under 10% cancerous cells). 

 

Table 5. The International Neuroblastoma Risk Group Staging System (INRGSS). Adapted from 

Monclair et al, J Clin Oncol. 2009  [204]. 

Stage    Description 

Stage L1 The tumor is located only in the area where it started; no image-defined risk factors 

(IDRFs) are found on imaging scans, such as a CT or MRI scan. 

Stage L2 The tumor has not spread beyond the area where it started and the nearby tissue; IDRFs 

are found on imaging scans, such as a CT or MRI scan. 

Stage M The tumor has spread to other parts of the body (except stage MS). 

Stage MS The tumor has spread to only the skin, liver, and/or bone marrow (less than 10% bone 

marrow involvement) in a patient under 18 months. 
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A better understanding of NB biology has led to the implementation of risk stratification 

methodologies used to predict prognosis and more precise treatments. One widely used 

classification system is the Children's Oncology Group (COG) classification, which divides 

patients into three risk groups based on the International Neuroblastoma Staging System 

(INSS): low, intermediate, and high-risk groups [205]. INRG also developed a pretreatment 

classifier (Table 6, on next page) by using INRGSS and based on seven prognostic risk factors; 

these factors were then used to categorize 16 groups and 4 categories: very low, low, 

intermediate, and high-risk groups [206,207].  

1.4.4  Genetic Alterations in Neuroblastoma 

Spontaneous versus familial NB 

Spontaneous NB arises sporadically, and the genetic alterations are acquired, which contribute 

to the majority of NBs. On the other hand, familial NB is less common and comes from 

inherited genetic changes [208]. In familial NB, there are two main genes often found to be 

altered, anaplastic lymphoma kinase (ALK) and paired-like homeobox 2b (PHOX2B) [208]. 

MYCN amplification 

The MYCN oncogene is located on chromosome 2p24 and is amplified in approximately 20-

25% of all NB and in 40% of high-risk patients with stage 3 and 4 diseases. MYCN 

amplification is regarded to be one of the strongest hallmarks of high-risk NB with poor 

prognosis [209]. Besides NB, MYCN amplification can also occur in medulloblastoma, 

retinoblastoma, glioblastoma, Wilms tumor, prostate cancer, and lung cancer [210-214]. MYCN 

belongs to the MYC family, which contains a specific domain known as a bHLH-Zip domain. 

In 1983, Schwab et al. identified MYCN as an amplified gene homologous to v-myc but 

different from MYC in NB.  As a result, a different name was given to this gene [215]. The 

analysis of high-throughput pharmacogenomic data reveals MYCN-amplification as a potential 

predictor of response to bromodomain inhibitors, which function by displacing the 

Bromodomain containing protein 4 (BRD4) from the promoter of the MYCN gene [216].  MYCN 

overexpression has been implicated in promoting malignancy and an aggressive phenotype, 

characterized by a stem-like/undifferentiated state, increased proliferation, migration, which 

are observed in approximately 50% of patients with NB at the time of diagnosis [169,217]. 
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Table 6. The International Neuroblastoma Risk Group Pretreatment Classification Schema [202]. 

Abbreviations: GN, ganglioneuroma; GNB, ganglioneuroblastoma; INRG, International 

Neuroblastoma Risk Group; NA, not amplified. Pretreatment risk group, A,B,C: very low risk; D,E,F: low 

risk; G,H,I,J :intermediate risk; K,O,P,Q,R,N: high risk; Adapted from Susan L et al,  J Clin Oncol 2009. 

INR
G 

stage 

Age 
(months) 

Histologic 
category 

Grade of tumor 
differentiation 

MYCN- 
amplification 

11q 
aberration Ploidy Risk 

group 

L1/L
2   GN maturing; 

GNB intermixed         A 

L1   
Any except GN 

maturing or 
GNB intermixed 

  
NA     B  

Amplified     K  

L2 

<18 
Any except GN 

maturing or 
GNB intermixed 

  

  
NA 

No   D  

Yes   G  

≥ 18 GNB nodular; 
neuroblastoma 

Differentiating NA 
No    E  

Yes   

H  Poorly 
differentiated or 
undifferentiated 

      

  Amplified     N  

M 

<18     NA   Hyper-
diploid F   

<12     NA   Diploid I  

12 to <18     NA   Diploid J  

<18     Amplified     O  

≥ 18           P  

MS <18 

  

  

  

  

  

  

NA 
No   C  

Yes   Q 

Amplified     R  
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This phenotype is characterized by an increase in matrix metalloproteinase (MMP) activity [218] 

and inhibition of E-cadherin, resulting in epithelial to mesenchymal transition (EMT) [219]. 

Neuroblastoma is believed to be derived from neural crest cells. Neural crest cells undergo 

maturation, migration, and differentiation during this developmental phase [177]. MYCN is 

highly expressed in migration and post migration cells, as these cells mature into sympathetic 

neurons, MYCN expression gradually decreases [220]. Excessive MYCN expression in 

neuroblasts prevents them from differentiating, which lowers the number of chromaffin cells 

[220,221]. 

ALK mutation 

The ALK is located on the 2p23 chromosomal segment and encodes for the ALK receptor 

tyrosine kinase and is a member of the insulin receptor superfamily [222,223]. ALK which was 

originally identified as a fusion kinase found in non-Hodgkin’s lymphoma [224], is mutated in 

approximately all familial NB and in 10% of the spontaneous cases [225,226]. The majority of 

all ALK variants in NB are concentrated at three sites (R1275, F1174, and F1245) located in 

the tyrosine kinase domain [227]. Over-expression is significantly associated with high-risk and 

unfavorable prognosis [228]. When recurrence of disease occurred, ALK alterations experienced 

a 70% rise in prevalence [229]. Note that amplification of ALK is associated with adverse 

outcome of NB [229]. ALK is a MYCN target gene and MYCN-amplification is associated with 

ALK mutation, these aberrations synergistically drive disease progression and enhanced 

lethality [230,231].  

PHOX2B mutation 

PHOX2B is located on chromosome 4p12, a locus frequently altered in NB and for which 

mutations are involved in the initiation of tumorigenesis [232]. Mutations in PHOX2B have 

been reported in a group of NB patients with either sporadic or familial NB, implicating its 

potential role in NB predisposition [232]. Jansky et al. (2021) identified and characterized the 

primary cell types within the sympathoadrenal lineage in humans by using scRNA sequencing, 

from which the result showed that PHOX2B was expressed during SCPs to bridge cells 

transition. Dubreuil et al. (2000) demonstrated that when the PHOX2B gene is overexpressed 

in the developing spinal cord of chicks, it encourages neural crest cells to exit the cell cycle and 

differentiate [233]. PHOX2B is also responsible for the specific transcription of the dopamine 

beta-hydroxylase gene in noradrenergic cells [234]. In alignment with its function as a crucial 

gene in neurodevelopment, the overexpression of the not-mutated (wild type) PHOX2B gene 
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in NB cell lines led to a reduction in cell growth [235].  A study by Naftali et al. (2016) suggested 

that it functions as a suppressor of NB progression [236]. 

PHOX2B was also reported as a specific indicator of minimal residual disease in NB [237]. Fan 

et al. (2020) found that the presence of PHOX2B in bone marrow and peripheral blood at 

diagnosis was associated with worse event-free survival (EFS) and overall survival (OS) in 

non-high-risk NB patients, suggesting that PHOX2B could be a potential biomarker for 

predicting metastasis and prognosis in these patients [238]. Further research is required to 

completely understand the role PHOX2B plays in NB. 

ATRX mutation 

The ATRX gene is located on the long arm of X chromosome (Xq13.3) [239]. ATRX is a 

transcriptional regulator that contains an ATPase/helicase domain, sometimes referred to as 

ATP-dependent helicase ATRX [240]. As part of its function, it recognizes guanine-rich DNA 

segments and deposits the H3.3 histone variant to prevent G-quadruplex (G4) formation, then 

DNA replication or transcription can be hindered. ATRX mutation is implicated in 

tumorigenesis but does not show a positive correlation with elevated MYCN [241]. ATRX 

mutations are usually found in NB tumors in children older than 5 years with a progressive 

clinical character or with a chronic disease [242]. 

Rearrangements of the Telomerase Reverse Transcriptase (TERT) gene  

TERT rearrangements derived from genomic translocations occurring at chromosome 5p15 

[243]. The telomerase enzyme TERT comprise the most important unit within the telomerase 

complex [244]. Rearrangements of the TERT gene are common in NB and predict aggressive 

tumor behavior and identify a subgroup of high-risk tumors [243,245].  

Loss of chromosome 1p 

One homozygous deleted region has been identified at 1p36, which is associated with MYCN- 

amplification [246,247]. Loss of heterozygosity (LOH) of this region might harbor tumor 

suppressor genes like CHD5 or KIF1 and is related to poor prognosis in various kinds of 

tumors including NB [248-250]. 

Gain of 17q chromosome 

Chromosome 17q gain caused by the recurrent unbalanced translocations has been detected in 

more than 90% of untreated high-grade NBs [251,252]. This gain has been associated with 
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deletion of 1p and MYCN-amplification which indicates a poor outcome [253-255]. A genomic 

instability study had identified Protein Tyrosine Phosphatase Receptor Type D (PTPRD) as a 

candidate tumor suppressor gene in NB [256].  

Loss of chromosome 11q 

Prevalence of 11q LOH in primary NBs is 44% [257]. Loss of chromosome 11q is a marker of 

high-risk tumors and correlates with features of metastatic relapse and unfavorable outcome 

[258]. Contrary to 1p LOH, 11q allelic deletion is negatively correlated with MYCN-

amplification [257]. There has been some evidence that calmodulin 1 (CAM1) is a potential 

tumor suppressor gene at 11q [259]. 

Gain of chromosome 2p 

Javanmardi et al. (2019) reported that 30% of 365 NB cases showed gain of chromosome 2p 

which is located close to MYCN, ALK, and ALKAL2 (ALK ligand) [260]. All these three loci 

are located in the region of 2p-gain, which was reported to be associated with poor event free 

survival in a study comprising 177 NB patients [261]. 

1.4.5 Treatment of Neuroblastoma 

Treatment options for NB depend on various pretreatment prognostic factors, which include 

the size and location of the tumor, whether it has spread, the risk group classification of the 

tumor, along with additional relevant criteria. In the low and intermediate risk groups, the 

treatment strategy includes observation, surgical resection and moderate chemotherapy, and 

survival rate is larger than 90% with or without chemotherapy [80]. Infants with localized NB 

may not need treatment, including surgery or chemotherapy, and could spontaneously regress. 

In a prospective trial conducted by the Children’s Oncology Group (COG) to study infants 

under six months of age with small adrenal masses and no indication of metastasis beyond the 

primary tumor site, it was found that around 80% of the participants were successfully spared 

resection through closely monitored expectant observation, and achieve favorable event free 

survival outcome in a large majority of the patients [262].  

High-risk NB is defined by patients with MYCN amplification, except for those with 

completely resected L1 MYCN amplified disease, and encompasses any patient aged 18 months 

or older with metastatic disease, regardless of MYCN amplification status [202,263]. High-risk 

NB contributes to about half of all NB patients, remains difficult to treat with poor outcomes. 

Large cooperative group studies report long-term survival rates of approximately 40-50% [264];  
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In most North American institutions, the current treatment for this condition is divided into 

three phases: induction, consolidation, and post-consolidation or maintenance therapy. 

Induction therapy involves multi-agent chemotherapy, surgical resection of the primary 

tumor and followed by peripheral blood stem cell (PBSC) therapy. The induction regimens 

utilized in North America currently consist of vincristine, doxorubicin, cyclophosphamide, 

cisplatin, and etoposide. The COJEC regimen employed by the Society of Pediatric Oncology 

Europe Neuroblastoma Group (SIOPEN), incorporates cisplatin [C], vincristine [O], 

carboplatin [J], etoposide [E], and cyclophosphamide [C] for treatment [265].  The final 

response after induction therapy shows similarities across different international regimens, with 

less than 50 percent of patients achieving complete remission (CR) and over ten percent of 

patients experiencing progressive disease (PD). Furthermore, the end induction response serves 

as a predictor of the overall treatment response [266].  Consolidation therapy includes high-

dose chemotherapy (HDC), autologous stem cell transplantation (ASCT), radiation therapy 

(XRT), and PBSC infusion [267-269].  Busulfan and melphalan have demonstrated improved 

event-free survival in high-risk NB patients who respond well to initial treatment, with fewer 

severe adverse events compared to carboplatin, etoposide, and melphalan, making them 

potential standard high-dose chemotherapy agents [270]. For individuals with high-risk NB, 

tandem transplant demonstrated a notably superior event-free survival (EFS) outcome 

compared to single transplant [271]. Finally, the post-consolidation therapy consists of the anti-

ganglioside 2 (GD2) antibody (and cytokines) and 13-cis-retinoic acid (isotretinoin) [272,273].       

The utilization of 13-cis-retinoic acid following chemotherapy or transplantation showed 

beneficial effects in patients without progressive disease [267].  Compared to standard therapy, 

immunotherapy incorporating ch14.18, a monoclonal antibody targeting the tumor-associated 

disialoganglioside, along with granulocyte-macrophage colony-stimulating factor (GM-CSF) 

and interleukin-2, exhibited a better outcome in patients with high-risk NB [274].  

High-risk NB standard treatment protocol involves four elements, induction therapy, tumor 

management, integration, and maintenance therapy. Currently, conventional induction 

chemotherapy includes platinum, alkylating, and topoisomerase agents. local surgery, 

radiotherapy, immunotherapy including antibodies against GD2, followed by 13-cis-retinoic 

acid treatment [275-278]. It has been shown that one or two autologous stem cell transplantations 

using healthy blood stem cells to supplant diseased bone marrow result in better outcome [279]. 

For children with localized, low-risk disease, surgical removal of the tumor gains beneficial 

prognosis, however, aggressive surgical resection of the high-risk NB is controversial [280].  
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1.4.6 Neural differentiation in Neuroblastoma 

Nuclear Hormone Receptors and their role in NB differentiation: The nuclear hormone 

receptors (NHRs) are commonly referred to as intracellular receptors. They are a family of 

transcription factors that bind to thyroid and steroid hormones, retinoids, vitamin D, and other 

ligands, usually located in the cytoplasm [281,282]. Humans and mice have 48 and 49 NHRs, 

respectively [283]. Upon activation by their ligands, these receptors recognize and bind 

specifically to hormone response elements (HRE) to regulate gene transcription. NHRs play a 

vital role in neural stem cells fate decision, balance of proliferation, differentiation, and are of 

particular relevance for cancer cells [284,285]. Estrogen receptors (ERs) significantly influence 

the development and progression of breast cancer. Breast tumors are classified based on ER 

alpha (ER) status as either ER-positive or ER-negative. The ER-positive tumors can be treated 

with tamoxifen to downregulate the hormone levels and reduce tumor burden [286], while 

estrogen receptor beta (ER) has been associated with tumor suppressive effect. However, the 

splice variant ER2 has been linked to prostate cancer initiation and progression [287,288]. 

Contrary to its oncogenic role in breast cancer, ERα expression has been connected to growth 

arrest and differentiation in NB [289,290].  

Our research group has demonstrated that MYCN promotes upregulation of the miR-17~92 

cluster, which in turn represses the expression of several NHRs including ERα and the 

glucocorticoid receptor (GR) inhibiting NB cell differentiation. In addition, with ERα 

overexpression, an increase of neuronal features and inhibition of mouse tumor progression 

were observed [291,292]. Additionally, our lab showed that MYCN inhibition or GR 

overexpression could induce neural differentiation and reduce tumor burden [293].   

Retinoic acid (RA) exists in three isomers: all-trans-RA (ATRA), 9-cis RA, and 13-cis RA. 

Among the three RA isoforms, 9-cis RA appears to be the most potent in vitro inducer of NB 

cell differentiation [294]. Furthermore, 13-cis RA is used for residual minimal disease 

differentiation therapy in high-risk NB [295].  Retinoic acid receptors (RARs) are crucial for 

early embryonic development, and the ligand retinoic acid (RA) can activate it to trigger 

differentiation and stop NB cell proliferation [296-299]. Incubation of certain NB cell lines with 

retinoic acid causes visible morphological changes that resemble differentiated cells. However, 

clinical treatment has shown ineffective for many high-risk patients due to the resistance caused 

by MYCN [300]. Our recent data has shown that combined expression and activation of GR, 

ERα, and RARα promote neuronal differentiation, and high expression of these receptors was 

associated with a favorable outcome in several NB cohorts (Paper I). Understanding the 
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interactions between retinoic acid isomers, nuclear receptors, and MYCN could guide more 

effective therapeutic strategies for high-risk NB patients. 

1.4.7 Metabolism in Neuroblastoma 

Cellular metabolism provides energy and carries out biosynthetic process that are necessary for 

cell function. Certain metabolites in cancer cells not only create energy and mass, but also 

control genes and impact nearby healthy cells [301]. 

Cells use glycolysis to convert glucose into pyruvate. Then, under normal oxygen conditions, 

pyruvate enters the mitochondria to the tricarboxylic acid cycle for further energy production. 

However, in the absence of oxygen, pyruvate can stay in the cytoplasm and turn into lactate. 

Notably, cancer cells exhibit a unique metabolic behavior, they can carry out aerobic glycolysis 

for rapid energy production and formation of building blocks, even in the presence of oxygen 

[302].  

MYCN amplification induces metabolic reprogramming in NB cells, leading to increased fatty 

acid uptake and accumulation of neutral lipids [303]. Lipid accumulation in NB tumors is caused 

mainly by disruptions in β-oxidation, and we have previously described that MYCN-amplified 

NB cells prefer fatty acids as an energy source [304,305]. Inhibition of fatty acid synthesis 

promotes differentiation and lower tumor burden in NB [306]. 

Reactive Oxygen Species (ROS) are chemical molecules containing oxygen atom and unpaired 

electrons [307]. They are created naturally as a consequence of oxygen metabolism and are 

crucial for maintaining homeostasis and cell signaling. ROS includes free radicals such as 

superoxide and hydroxyl radical, and non-radical species like hydrogen peroxide that can be 

converted to radicals  [308]. External factors like tobacco, pollution, smoke, drugs, xenobiotics, 

or ionizing radiation can trigger the production of ROS [309]. They can be generated in various 

cellular locations including the mitochondria, peroxisomes, and endoplasmic reticulum [310]. 

Cancer cells adjust their metabolism to balance internal ROS levels, promoting their growth 

and survival while reducing their likelihood of undergoing programmed cell death, or apoptosis 

[311,312]. Moderate levels of ROS play important roles in physiological processes. For instance, 

they are involved in macrophages, influencing both innate and adaptive immunity, as well as 

modulating the immune response [313]. However, if ROS levels increase dramatically, it can 

be harmful to cells and result in a process of oxidative stress, causing damage to DNA, RNA, 

proteins, and lipids [314].   
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Our bodies use antioxidants to guard against the harmful effects of ROS. These antioxidants 

neutralize ROS, preventing them from causing cell damage and maintaining cell homeostasis  

[315]. 

1.4.8 Hypoxia in the Initiation and Progression of Neuroblastoma   

Hypoxia, an oxygen deficient microenvironment, is a major feature of solid tumors and is 

commonly used as a prognostic hallmark because of its association with vasculogenesis, 

angiogenesis, invasiveness, metastasis, and metabolic reprogramming [316,317]. To adapt to 

hypoxia environments and sustain continuous growth and proliferation, cancer cells altered 

their metabolism often increasing glycolytic capacity and antioxidant capacity [318,319]. 

The hypoxia inducible factor 1 alpha (HIF-1α) is the most important transcription factor 

typically activated under hypoxic conditions. It functions by dimerizing with HIF-1β [encoded 

by Aryl Hydrocarbon Receptor Nuclear Translocator (ARNT)], and binding to the hypoxia 

response elements of the promoter of target genes [320,321]. HIF-1α has been proposed to be a 

fundamental requirement for normal embryonic development and HIF-1α knock down mice 

present severe neural tube defects [322]. Correlating with MYCN-amplification, HIF1-α 

expression shows an antiapoptotic effect via Survivin upregulation [323]. Hypoxia mediates 

every step of the metastatic progression, from initial epithelial-mesenchymal transition to 

migration and colonization, which occurs in majority of newly diagnosed patients [324,325]. 

Low oxygen condition also affects neural crest development, including deficiency of neural 

crest cells migration and differentiation which could result in initiation of NB [317,322,326].  

1.4.9 Cytoskeletal Modulation in Neuroblastoma 

Studies have shown that the state of the cytoskeletal network has a direct impact on the severity 

and capacity for tumor formation of SK-N-BE(2) cells, by using a sensitive single-cell force 

spectroscopy technique to assessing this status [327]. According to another study, disruption of 

the cytoskeleton leads to mitochondrial membrane collapse and induces apoptosis in NB cells 

treated with okadaic acid [328]. In a NB cell line, it was found that cell attachment to matrix 

components is facilitated by integrins. When these integrins bind to their ligands, they promote 

the reorganization of cytoskeletal proteins, enabling the cell to spread out on the surface and 

encouraging neurite outgrowth and differentiation [329]. The actin cytoskeleton and 

intermediated filaments showed significantly changes during 1-Methyl cyclohexane carboxylic 

acid (CCA) triggering morphological differentiation of NB, which is observed by neurite 

extension and synthesis of tubulin subunits [330]. Moreover, unique changes in the synthesis of 
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cytoskeletal associated proteins were observed after RA induced NB differentiation [331], and 

it has been reported that high expression of the Transient Receptor Potential Cation Channel 

Subfamily M Member 7 (TRPM7), involved in cytoskeletal reorganization and adhesion 

remodeling, contributes to NB progression [332].  

 

1.5 Methods for statistical analysis  

Regression models such as the Cox proportional hazards model are often used in healthcare 

studies to examine and determine prognostic variables. The model simultaneously assesses the 

impact of several parameters on survival. Proportional hazards assumptions state that the risk 

of an event in any group present the same proportion over time. According to this assumption, 

the groups’ hazard curves require to be proportional and unable to intersect. A number of 

techniques can be employed to evaluate the viability of the Cox model assumptions, such as 

evaluating the proportional hazards assumption by Schoenfeld residuals, estimating for 

nonlinearity using Martingale residuals, and examining significant observations with a 

symmetrical transformation of these residuals (i.e. Deviance residuals) [333,334].  

Least Absolute Shrinkage and Selection Operator (LASSO)-Cox regression is a statistical 

approach that merges the Cox proportional hazards model with LASSO regularization. This 

method is useful in survival analysis, especially when study multiple factors relate to the timing 

of an event, such as failure or death [335].  LASSO aims at finding the best fitting model 

measured by “log partial likelihood” under a specific constraint. Under this constraint, the sum 

of the absolute values of the coefficient score must be less or equal to a certain constant which 

is the tuning parameter log Lambda. 

For high-dimensional datasets in which the number of variables is significantly more than the 

number of observations, LASSO-Cox regression works well. It can effectively manage such 

data while avoiding overfitting [336].  

The LASSO regression is called L1 normalization while Ridge regression is called L2 

normalization.  Ridge Regression is a technique that modifies the ordinary least squares (OLS) 

method by adding a penalty to the sum of the squared coefficients. Ridge regression lessens 

the influence of less important predictors rather than removing any predictors from the model, 

which is different from LASSO regression, so it does not do feature selection [337].  
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Elastic Net Regression is a computation method combined with both LASSO regression and 

Ridge regression; thus, it balances the power of feature extraction and feature preservation. 

When working with strongly associated predictor variables, Elastic Net regularization is useful 

[338].  
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1 Research aims 
 

Study I:  

To examine differentiation induction as a therapeutic approach for patients with neuroblastoma 

(NB), focusing on simultaneously activating the glucocorticoid receptor (GR), the estrogen 

receptor (ERα), and retinoic acid receptor alpha (RARα). We aimed to determine the effects of 

combining their expression and activation on neuronal differentiation, cell viability, metabolic 

changes, lipid droplet accumulation, and tumor burden.  

Study II:  

To develop a multigene risk score model for NB patients by analyzing genetic and clinical data 

from 498 individuals, particularly examining MYCN and c-MYC target genes. We aimed to 

understand how these genes correlate with clinical outcome and overall survival, thereby 

enhancing prognostic predictions for high-risk NB cases to shed light on their roles in 

tumorigenesis. In addition, we examined their expression during development of the peripheral 

nervous system. 

Study III:  

To investigate DIAPH3 expression levels in NB patient cohorts, assessing its impact on 

survival and contribution to poor clinical outcome. We also explored effects of DIAPH3 

inhibition on cell proliferation, cell cycle regulation, and lipid metabolism in vitro.  
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2 Materials and methods 
 

Paper I: Expression and activation of nuclear hormone receptors result in neuronal 

differentiation and favorable prognosis in neuroblastoma. 

We used previously generated GR overexpressing SK-N-BE(2) cells [293], hereafter named 

“BE(2)-GR”. To generate cells co-expressing GR [encoded by Nuclear Receptor subfamily 3 

group C member 1, (NR3C1)] and ERα [encoded by Estrogen Receptor 1, (ESR1)], BE(2)-GR 

cells were transduced with a lentivirus carrying the ERα cDNA or a control vector, resulting in 

BE(2)-GR + ERα and BE(2)-GR + EV cell lines, respectively. The cell lines with stable 

expression were selected using puromycin or hygromycin. Similarly, KCN69n and  IMR32 

cells with overexpression of GR and ERα were generated  were produced. Cells were treated 

with the corresponding ligands for these NHRs, 17-β-estradiol (E2), DEX, and/or ATRA, with 

optimized concentrations. WST1 was used to assess cell viability. GR, ERα, RAR and 

MYCN protein expression levels were evaluated by Western blot, together with the 

differentiation markers, p75NTR, secretogranin 2 (SCG2), βIII-tubulin, tyrosine hydroxylase 

(TH), and Glial Fibrillary Acidic Protein (GFAP).  

The development of neurites was observed using bright field microscopy. In addition, 

differentiation markers such as βIII-tubulin, vimentin, and SCG2 were visualized by 

immunofluorescence to further study this process.  Other markers TRKA, Neurofilament Light 

Chain (NEFL), Neuroepithelial Stem Cell Protein, Nestin (NES), MYCN, and Discs Large 

MAGUK Scaffold Protein 2 (DLG2) mRNA were analyzed by RT-qPCR. For the detection of 

lipid droplets within cells, Nile red staining was applied.   

Extracellular acidification rate (ECAR) and oxygen consumption rate (OCR) were analyzed 

using the Seahorse XF Analyzer as estimation of glycolytic capacity and mitochondrial 

respiration. 

For xenograft studies, we employed BE(2)-EV or BE(2)-GR, as well as  BE(2)-GR + EV or 

BE(2)-GR + ERα cells which were injected subcutaneously into one flank region of the mice.  

Tumor growth was followed and at endpoint when tumors in the control group reached the 

maximum allowable volume of 1 cm³, the animals were sacrificed. The tumors collected and 

fixed with formaldehyde for Immunohistochemistry staining. Expression of Ki67, GR, ERα, 

SCG2, βIII tubulin, p75NTR, and endomucin were analyzed.  
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We then explored the mRNA expression level of the three NHRs genes on publicly available 

NB cell line RNA sequencing data. Furthermore, we examined the expression profiles of these 

genes in two patient cohorts, SEQC (498 patients) and Kocak (649 patients). Patients were 

divided in low and high expression groups based on the expression score of the first and last 

quartile of GR, ER, and RAR expression levels. We named the intersection of low GR and 

low ER group as Low GR+ER, and similarly, High GR+ER. We examined the expression level 

of the genes encoding TH, SCG2, p75NTR. By using gene set enrichment analysis performed 

on GSEA software, pathways or processes enriched differently between HighGR+ER and 

LowGR+ER were identified. The Suntsova dataset was analyzed to examine the expression 

levels of available genes of interest, NR3C1, NGFR, Tubulin Beta 3 class III (TUBB3), and 

Receptor Tyrosine-Protein Kinase erbB-3 (ERBB3) in normal and embryonic adrenal tissue.  

By examining the single nuclei data from Bedoya-Reina et al. (2021), we explored the 

expression pattern of these three NHRs in the clusters of post-natal adrenal glands. Additionally, 

we analyzed gene expression statuses using single cell sequencing data from Dong et al (2020), 

which includes data on human fetal adrenal gland. In this study, we also applied pseudo-time 

progression analysis to investigate the alterations in gene expression levels throughout the early 

and late phases of development. 

Ethical Considerations:  

All procedures involving animal experiments were conducted in compliance with the ethical 

guidelines and regulations of Karolinska Institutet and the Swedish law. The Ethical Committee 

at the Northern Court of Stockholm granted approval for these procedures, under the ethical 

permit numbers N71/15 and 10579-2020. 

Paper II: Target Genes of c-MYC and MYCN with Prognostic Power in Neuroblastoma 

Exhibit Different Expressions during Sympathoadrenal Development. 

This project aimed to build a prognosis model based on the gene expression on c-MYC and 

MYCN targets.  

For our study, we selected three well defined c-MYC/MYCN target gene sets. First, we took 

from the GSEA molecular signature database two specific gene sets: 

“HALLMARK_MYC_TARGETS_V1” and “HALLMARK_MYC_TARGETS_V2”. These 

sets were originally created through computational methods and refined with manual expert 

curation. Following the removal of duplicate entries, the total of unique genes in these c-MYC 

target sets were 240. The second gene set was derived from a ChIP-Seq and promoter 
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microarray results conducted on Hela cells and human fibroblasts. After removing duplicates, 

1459 c-MYC target genes were identified [151]. The third gene contained 157 genes affected 

after MYCN knockdown mediated by shRNA silencing, with validation obtained through chip-

on-chip analysis [339]. These gene sets were labeled as “c-MYC”, “c-MYC ChIP”, and 

“MYCN”, respectively. 

Expression data and patient information including clinical parameters and survival of patients 

were obtained for the different neuroblastoma cohorts from the R2 database. The SEQC dataset 

which contains 498 samples was used as a training cohort and the Kocak and Versteeg datasets 

including 649 and 88 samples, respectively, were used as validation cohorts. We evaluated 

different approaches to filter target gene set and select those with biological and clinical 

relevance. In detail, we examined the normalized gene expression and determined significant 

differences between patients with contrasting clinical features by using Wilcoxon rank-sum 

tests, corrected with the Benjamini-Hochberg approach. These clinical features were provided 

for each patient in the SEQC cohort, and include high risk, INSS stage, MYCN-amplification, 

and disease progression status. Genes were further filtered by selecting those with prognostic 

power using Univariate Cox regression. Additional filtering was conducted by selecting genes 

encoding proteins that have similar biological functions by using protein-protein interaction 

(i.e. PPI) network analysis. For this, we used data extracted from the STRING database which 

is a public database including protein interaction data computed by co-expression data and 

supported by text mining or experiments. With these genes, we used a least absolute shrinkage 

and selection operator (LASSO) method with Cox regression to build models. Each patient got 

a risk score as a bi-product of these models, and was grouped into high or low scoring.  

We used different methods to evaluate the efficiency of this new risk score. First, the Log-rank 

survival analysis was used to compare the difference between the high and low risk-score 

groups. Second, the area under curve (AUC) values by the receiver operating characteristic 

(ROC) to evaluate the accuracy of the risk score. Third, t-distributed stochastic neighbor 

embedding (t-SNE) was employed to examine whether risk scores could classify patients into 

distinct groups. Fourth, we investigated the risk score distributions across various clinical 

category groups, to analyze if the risk score was high or low in patients with different clinical 

features including INSS stages, MYCN-amplification, progression, favorable outcome, age, and 

gender. We also investigated the molecular function of c-MYC and MYCN target genes by 

using gene ontology (GO) analysis.  
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We then investigate the expression of the target genes with prognostic power in different cell 

populations during sympathoblast development in human and mice, as well as in human 

neuroblastoma. The data utilized for the developing sympathoadrenal system was obtained 

from Furlan et al. (2017) and Jansky et al. (2021) and the tumor data was obtained from van 

Groningen et al. (2017), Kildisiute et al. (2021), and Bedoya-Reina et al. (2021). Note that the 

genes included in these steps are “Full gene set” which consist of target genes without any 

filtering such as differential expression analysis/Univariate Cox regression and protein-protein 

network analysis and were instead generated directly by the LASSO-Cox model.  

Using the gene sets identified in each cluster from the single-cell data, we applied the same 

method as used for c-MYC/MYCN target genes to derive a risk score for each patient. 

Subsequently, we computed the overlap of patients classified as high-risk based on both the 

gene sets from the single-cell data and those identified by c-MYC/MYCN targets. We also 

used orthologue c-MYC/MYCN target genes from mouse adrenal anlagen at E12.5 and E13.5 

to generate a signature score. This signature score computed as the mean expression of 

orthologous c-MYC/MYCN target genes per 10,000 cells, incremented by 1, and then by 

subtracting the mean expression of a set of randomly selected genes (per 10,000 cells, 

incremented by 1). 

Ethical Considerations:  

This study does not need any ethical permits since it relies solely on the analysis of existing, 

publicly available datasets, which were collected and shared in accordance with the ethical 

standards and permissions stipulated by the original researchers.  

Paper III: DIAPH3 is expressed during sympathoadrenal development and correlated 

with poor prognosis in neuroblastoma. 

We generated SK-N-BE(2) NB cells with stable DIAPH3 downregulation by shRNA lentiviral 

transduction. Real-time monitoring of cell behavior, including proliferation, was evaluated 

using the IncuCyte live cell imaging system. Cells were seeded at 96 well plates and images 

were taken every 4 hours for a period of 7 days. Cells were grown on coverslips fixed and then 

stained with a 0.3% Oil Red O solution diluted in 60% isopropanol, to examine the lipid droplet 

accumulation. Knockdown efficiency of DIAPH3 and expression levels of p21 were evaluated 

by Western blot. 

Expression and clinical data were extracted from the SEQC, Kocak, Versteeg, and NRC 

cohorts using the R2 database. The expression scores were normalized, and differential 
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expression analysis between high and low expression of DIAPH3 was conducted utilizing the 

"limma" package. The expression levels of DIAPH3 across different clinical groups were 

analyzed using non-parametric estimation, and Kaplan-Meier curves were utilized to 

demonstrate the prognostic value of DIAPH3 in determining survival outcomes. To execute 

the gene set enrichment analysis, the hallmark gene set, collection 2 which contains curated 

online pathways and literature, and collection 5 contains gene ontology resources, and human 

phenotype ontology were incorporated in the analysis. After conducting 1000 permutations, a 

significant gene set between comparison of high and low DIAPH3 was considered as 

FDR<0.25 and normalized enrichment score >1.25, which is recommended by GSEA group. 

Single cell sequencing was utilized to investigate the differential expression of DIAPH3 across 

various cell clusters. The study incorporated multiple datasets: mouse adrenal anlagen E12.5 

and E13.5 from Furlan et al. (2017), human adrenal gland from Jansky et al. (2021), another 

postnatal dataset from Bedoya-Reina et al. (2021), NB tumors were derived from Kildisiute et 

al. (2021) and Bedoya-Reina et al. (2021). 

Ethical Considerations:  

The Bulk-Seq data were sourced from the R2 database, and the single-cell/single-nuclei data 

were acquired as detailed in the original publication where the data were first presented. Wet 

lab experiments were carried out on established commonly used human cell lines. Ethical 

permit is not needed since our study did not involve any clinical data or animal work.
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3 Results 
 

Paper I: Expression and activation of nuclear hormone receptors results in neuronal 

differentiation and favorable prognosis in neuroblastoma.  

Summary of results:  

We employed the BE(2)-GR and BE(2)-EV cell lines previously established by transfection 

containing NR3C1 vector or an empty vector, respectively [293]. These cells were then treated 

with ATRA, DEX, a synthetic ligand for GR, or the combination (DEX+ATRA). We found 

that DEX+ATRA treatment induced significant neurite outgrowth compared with DEX alone. 

Additionally, with DEX treatment, the BE(2)-GR cells showed a higher expression of the 

neuronal differentiation marker TH, and a minor increase in p75NTR levels. However no 

noticeable alterations were observed in the levels of secretogranin 2 (SCG2) or βIII-tubulin by 

Western blot. The expression of SCG2 was found to be upregulated in both cell lines following 

treatment with ATRA, whether applied independently or in combination with DEX. 

Additionally, we conducted a xenograft experiment using both BE(2)-EV or BE(2)-GR cells 

to investigate potential differences in tumor growth. We found that tumor size was decreased 

in mice  which injected with cells that overexpressing GR compared to control. Analysis of 

tumor sections confirmed the higher expression of GR protein and low Ki67 expression in 

BE(2)-GR-derived tumors.   

We next generated the BE(2)-GR + EV and BE(2)-GR + ERα cell lines, by introducing 

lentiviral vectors carrying the ERα gene or an empty vector into the previously established 

BE(2)-GR cells. Our aim was to investigate the potential of simultaneous activation of ERα, 

GR, and RARα in promoting cell differentiation and reducing tumor proliferation. Initially, we 

observed a decrease in the number of colonies when comparing BE(2)-GR + ERα cells to 

control cells. We also found that neurite outgrowth was induced by the combination E2 + DEX, 

and that neuronal differentiation was further promoted by the triple combination of E2 + DEX 

+ ATRA. In control cells, E2 + DEX treatment led to a modest rise in TH levels. Furthermore, 

ATRA by itself or in conjunction with E2 + DEX increased the levels of TH, SCG2, p75NTR, 

and βIII-tubulin. In BE(2)-GR + EV cells, DEX or ATRA were associated with increased 

NEFL and TRKA, whereas ATRA, the double (E2 + DEX), and triple combination (E2 + DEX 

+ ATRA) resulted in a downregulation of SOX2 and NES. Similarly, in KCN69n and IMR32 

cells, triple activation of GR, ERα, and RARα enhanced neuronal differentiation. These 



 

42 

 

findings indicate that the combined activation of ERα, GR, and RARα, effectively promote 

neuronal differentiation and inhibit proliferation. 

We also investigated the impact of combination treatments on metabolism, including glycolysis, 

oxidative phosphorylation, and lipid accumulation. Our results showed that the GR and ERα 

co-expressing cells were less glycolytic and had a lower oxidative phosphorylation capacity 

than GR-expressing cells. In the SK-N-BE(2)-GR+ERα cells, glycolysis was increased by 

independent E2 and DEX treatments, and this effect was further amplified when E2 and DEX 

were combined. Moreover, a more significant increase in glycolysis was observed with ATRA 

alone or in the triple combination treatment. Furthermore, these combination treatments also 

led to an accumulation of lipid droplets in the cells. Our findings showed that co-activation of 

GR and ERα in BE(2)-GR+ERα caused strong differentiation along with reduced tumor burden 

and angiogenesis in mice xenograft model.  

By examining three public NB patient cohorts, SEQC, Kocak, and Oberthuer, we studied the 

role of GR, ERα, and RARα in the survival and prognosis. Patients were divided into high and 

low GR, ERα, and/or RARα based on the quartile score of RNA expression level. Our analysis 

revealed that high expression level of these genes is associated with favorable survival in the 

SEQC, Kocak, and Oberthuer cohort dataset, with the exception of GR in the Kocak cohort. 

Furthermore, individuals with MYCN-amplification exhibited reduced expression level of these 

genes. We then considered the combination score of these patients and defined the HighGR + ERα 

versus Low GR + ERα patient groups based on the intersection of the GR and ERα groups. We 

found that the High GR + ERα patients with a non-MYCN amplification status showed a better 

survival than the patients with Low GR + ERα carrying MYCN-amplification. Interestingly, there 

was no patient with MYCN-amplification with High GR + ERα. By using GSEA, we investigated 

the gene sets or pathways enriched differently in High GR+ERα versus Low GR+ ERα, and we 

identified pathways related with differentiation and metabolism. 

Notably, through single-nuclei analysis we identified genes expressed in the process of 

sympathoadrenal differentiation. Our findings revealed that GR (NR3C1) was significantly 

highly expressed in chromaffin cell clusters and RARA in non-cycling chromaffin cells. Using 

pseudotime reconstruction on human adrenal glands, our results showed that ESR1, NR3C1, 

and RARA are expressed sequentially during the stage from early progenitor and late 

chromaffin cells. 
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Paper II: Target Genes of c-MYC and MYCN with Prognostic Power in Neuroblastoma 

Exhibit Different Expressions during Sympathoadrenal Development. 

We first performed differential expression analysis of c-MYC and MYCN targets across 

various risk groups, INSS stages, MYCN amplification and progression status, as well as 

utilized Univariate Cox regression analysis and protein-protein interaction network analysis to 

select the genes with prognosis value and biological relevance. Following this, a LASSO-Cox 

regression analysis was applied to derive a beta coefficient score. This score was then used to 

develop a signature risk score model, which also incorporated gene expression levels. To test 

the accuracy of this model, we performed survival analysis comparing the patients with high 

and low risk scores and found that patients with a high c-MYC/MYCN signature have poor 

survival when compared to the low signature group.  This was also confirmed by ROC curves, 

where the AUC values were all significantly high indicating that this model has a good 

performance. The t-SNE plots showed NB patients from the SEQC cohort could be 

distinctively separated based on clinical risk classification and on the risk score produced by 

the model. 

We subsequently examined the functions of the gene lists generated from the original c-MYC, 

c-MYC ChIP, and MYCN target sets. The gene ontology analysis revealed that methods 

incorporating differential expression analysis and Univariate Cox regression analysis provided 

a greater number of ontology items (“PPI” and “Without PPI”) compared to methods without 

any screening (“Full gene set”). We found that c-MYC targets are mostly enriched in protein 

and RNA binding molecular functions, while MYCN targets were enriched in small nucleolar 

RNAs (snoRNA) and telomerase RNA ontologies.  

To explore the binding position at the transcription, start sites on the identified c-MYC/MYCN 

target genes, we investigated the public ChIP-seq data on NB cells from R2 database. We found 

a significant enrichment of c-MYC ChIP-seq peaks at the TSS of c-MYC targets genes, and 

evident enrichment of MYCN ChIP-seq peaks at the TSS of MYCN targets genes. 

We then studied the expression patterns of the identified genes (the “Full gene set” which was 

only screened with LASSO-Cox) during the sympathoadrenal development and in 

neuroblastoma samples. c-MYC targets genes were found to be highly expressed in mouse 

developing sympathoblasts at both E12.5 and E13.5, as well as in Schwann cell precursors 

(SCPs) at E12.5. MYCN targets genes were upregulated in SCPs at E12.5 and in developing 

sympathoblasts at E13.5. Both c-MYC targets and MYCN targets were expressed in the cluster 

of malignant tumors.  
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We next explored if the LASSO-Cox risk stratification strategy could be applied on the marker 

genes from each cluster in sympathoadrenal development and neuroblastoma. We found that 

the high-risk scoring patients identified from each of these cell clusters, strongly overlapped 

with high-risk scoring patients computed by the c-MYC, c-MYC ChIP, and MYCN target 

genes, with an overlap over 80%. Note that the c-MYC ChIP targets model has a stronger 

overlap with murine adrenal anlagen.  Further, we noticed that the overlap of c-MYC and 

MYCN targets genes was higher for marker genes in mouse adrenal anlagen and human tumor 

tissue.  

We then explored in depth the expression levels of the c-MYC and MYCN genes, as well as 

the target genes regulated by c-MYC/MYCN, during stage E12.5 and E13.5 of the mouse 

adrenal anlagen. The MYC gene was highly expressed in chromaffin clusters at E12.5 and in 

chromaffin and bridging cells at E13.5. The MYCN gene was highly expressed in 

sympathoblast during E12.5 and E 13.5 as well as in SCPs at E12.5. Furthermore, we found 

that c-MYC and MYCN targets with poor prognosis were significantly expressed in the murine 

developing sympathoblast cluster at E12.5 and E13.5, except for the c-MYC ChIP targets 

which did not show any significance. In addition, MYCN target genes with good prognosis had 

lower expression in SCPs.    

We then examined the expression of the identified genes in mouse sympathoadrenal 

development. Several of these genes have already been reported in existing literature. 

Specifically, genes including DKC1, PLK1, FBXO8, ODC1, and CDK4 were similarly noted 

for their roles in poor prognosis in various studies. 

Paper III: DIAPH3 is expressed during sympathoadrenal development and correlated 

with poor survival in neuroblastoma. 

 

By analyzing the expression on bulk-seq data matrix with clinical variables from four different 

NB cohorts, SEQC, Kocak, NRC, and Versteeg, we found that the high expression level of 

DIAPH3 is associated with reduced overall survival rate and/or event free survival. High 

expression was also related to a high-risk status, higher INSS stage (stage 3 and 4), MYCN-

amplification, disease progression, and age at diagnosis.  

We further investigated the single cell/single nuclei data, to explore the expression pattern of 

DIAPH3 during sympathoadrenal development in mice and human, as well as within post-natal 

adrenal gland and tumor tissue in human. The results showed that Diaph3 is highly expressed 

in sympathoblast clusters in mouse at E12.5 and E13.5. In the human embryo, DIAPH3 was 
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elevated in cycling SCPs and cycling neuroblasts. In human post-natal tissue, DIAPH3 was 

associated with progenitor clusters while in NB tumor tissue, expression was abundant in the 

undifferentiated cluster 3 which is associated with high risk. Furthermore, DIAPH3 expression 

was shown to be upregulated in tumor clusters 2 and 3 in the biopsy or tumor samples from the 

Great Ormond Street Hospital (GOSH) cohort. 

Next, we performed differential expression analysis based on the median expression score of 

DIAPH3 in SEQC cohort. This allowed us to identify elevated genes such as TOP2A, MKI67, 

and CENPF, which have previously been reported to be linked to poor prognostic. Moreover, 

the downregulated gene NTRK1 is associated with a good prognosis in NB. Gene Ontology 

and Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis showed that enriched 

pathways are involved in cell cycle, senescence, and mitosis. By using GSEA, we discovered 

key pathways enriched in terms of "Mitotic," "DNA repair," "G2/M checkpoint," 

"Cytoskeleton," and others. 

To validate those bioinformatics results, we established DIAPH3 stable knockdown SK-N-

BE(2) cells. We detected a slight upregulation of the cell cycle inhibitor p21 and a slower, 

although not significant, growth rate in the knockdown cell lines. Accumulation of lipid 

droplets was also observed upon DIAPH3 silencing.  
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4 Discussion 
 

Paper I: Expression and activation of nuclear hormone receptors result in neuronal 

differentiation and favorable prognosis in neuroblastoma. 

The therapeutic application of hormone modulation has shown considerable promise in the 

treatment of various cancers, as evidenced by several strategies targeting hormonal pathways. 

For example, DEX is a synthetic glucocorticoid that has potent anti-inflammatory and 

immunosuppressive properties, which can be a benefit when treating cancers such as 

lymphoma and leukemia [340]. Additionally, androgen suppression therapy is utilized to inhibit 

the progression of prostate cancer [341] and blocking estrogens is common treatment in ER 

expressing breast cancer. In addition, high ERα expression is thought to be beneficial for the 

management of endometrial and ovarian malignancies [342,343].  

Compared to a single drug treatment, combinatory treatments are more effective as they target 

important pathways in a way that is additive or synergistic. Retinoic acid and histone 

deacetylase (HDAC) inhibitors alone cannot produce effective results, however, combination 

of HDAC inhibitor, suberoylanilide hydroxamic acid (SAHA) and retinoids, or SAHA with N-

4-hydroxyphenyl retinamide (4-HPR),which is a semisynthetic retinoid, has a synergistic anti-

tumor effect, and reduced toxicity [344,345]. 

Earlier research in our lab showed that MYCN maintains an undifferentiated state in NB cells 

by suppressing nuclear hormone receptors, including ERα and GR. However, this approach did 

not lead to full differentiation. Therefore, we studied the co-expression and co-activation of 

these nuclear hormone receptors, potentially leading to more effective differentiation. 

In our study, we used previously generated GR-overexpressing SK-N-BE(2) cells, creating SK-

N-BE (2)-GR, which we then activated using DEX [293]. This led to visible differentiation in 

the cells and reduced tumor volume in the xenograft model. To explore the effects of combined 

treatment with ERα, we established ERα-overexpressing cell lines based on the SK-N-BE (2)-

GR model. When ERα and GR were activated simultaneously, these cells exhibited more 

pronounced differentiation, as evidenced by morphological changes and the expression of 

neural differentiation markers, compared to cells treated with a single agent. Furthermore, the 

addition of the ligand of RARα, ATRA, in a triple treatment regimen resulted in a further 

enhanced differentiation phenotype. In our mouse model with overexpression of combined GR 
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and ERα, we observed a significant increase in markers indicative of neural differentiation, 

also obtained a decrease in tumor volume and weight, as well as reduced vasculature.  

In endometrial cancer, elevated levels of ERα may limit the progression of the malignancy via 

regulating angiogenic factors [346,347]. In our mouse model, the activation of ERα led to a 

diminished angiogenic appearance in tumors. However, additional research is required, for 

instance, examining the angiogenesis factors to understand their interaction with ERα. 

Upon evaluating patients with HighGR + ERα versus Low GR + ERα, and HighGR + ERα + RARα versus 

those with Low GR + ERα + RARα mRNA expression group, we found that patients with high 

expression levels of NHRs showed better prognosis. This aligned with our Lab's prior research, 

which demonstrated that activating GR signaling promote neural differentiation and decreases 

tumor burden [293]. Overexpressing ERα effectively triggers NGF-stimulated neuronal 

differentiation in MYCN-amplified NB cells [292]. ATRA was identified as one of the strongest 

agents for inducing differentiation in human neuroblastoma cells [297]. In addition, our findings 

indicates that a higher expression level of neuronal differentiation markers in patients are 

associated with high expression of these receptors as mentioned above. It hints a potential 

differentiation-inducing role of GR, ERα, and RARα in tumor cells. The negative correlation 

between NHR gene expression and MYCN amplification is a critical observation in our results. 

Since MYCN amplification is typically associated with aggressive and undifferentiated cancer 

phenotypes, the inverse relationship suggests that high GR, ERα, and RARα expression might 

be protective or indicative of less aggressive tumor behavior. 

These findings propose a possible therapeutic approach for NB directed to the GR, ERα, and 

RARα receptors. The synergistic effect observed with combined receptors activation opens 

avenues for developing multi-targeted therapies. Further research is needed to understand the 

underlying molecular mechanisms and to evaluate the long-term efficacy and safety of such 

treatments. 

Paper II: Target Genes of c-MYC and MYCN with Prognostic Power in Neuroblastoma 

Exhibit Different Expressions during Sympathoadrenal Development. 

Neuroblastoma requires a  multi-modal treatment approach, particularly in the high-risk group, 

where, despite the aggressive interventions, the survival rate remains disappointingly low, less 

than 50% [263]. Typically, side effects come after the multiple aggressive treatments.  

Accurately identifying solid target genes and biomarkers is crucial for efficient risk 

stratification in NB. This process can significantly impact treatment plans and outcomes, 
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tailoring therapies more precisely to individual patient needs. Emerging studies utilize 

computational methods that incorporate gene expression scores into prediction models, 

yielding better performance than traditional classifications. Considering the significant roles 

that c-MYC and MYCN play in NB, we aimed to explore the targets of c-MYC and MYCN to 

investigate whether utilizing these targets could help in building a more efficient model. By 

doing so, we used the LASSO-Cox model which allows an accessible result interpretation, 

selecting relevant variables (genes, in this scenario) that have the survival prediction power.   

We choose targets genes of biological and clinical relevance by three distinct approaches, 

Differential expression analysis determined genes that have significant differential expression 

between clinically high risk and non-high-risk groups, across higher (stage 3 and 4) and lower 

(stage 1, 2, and 4S) INSS stages, and between cases with progression or without, as well as 

with different MYCN amplification status. Therefore, these clinical parameters enabled us to 

select the genes that have clinical relevance.  Further, we used the PPI network analysis by 

utilizing data from the STRING database, to select the genes with a potential functional 

interaction within each other. We observed no significant distinction between employing or not 

employing PPI screening, which might be attributed to the LASSO-Cox model selection power 

to identify genes and formulate a robust predictive model through its regularization. However, 

choosing genes based on PPI yield a set of genes with greater biological relevance as evidenced 

by gene ontology enrichment.  

After the different selection steps tested, we found that there was minimal overlap between the 

final generated c-MYC and MYCN targets. A study on spontaneous regression and aggressive 

cases in NB showed different patterns of gene activity regulated by MYCN and c-MYC [348]. 

Specifically, c-MYC is responsible for the aggressive behavior of stage 4-non-MYCN amplified 

tumors.  Conversely, there is only a moderate increase in MYCN activity in stage 4S NB 

without MYCN amplification. This results in the activation of few genes, a pattern that aligns 

with the potential for the tumors to undergo spontaneous regression [348].  

Our findings identified multiple genes previously researched in NB and other types of cancer. 

For instance, inhibiting Polo-like kinase 1 (PLK1) has been observed to decrease the growth of 

tumor xenografts, including those from NB [349]. Additionally, inhibiting ODC1 and CDK4 

has demonstrated advantages for NB patients and in cell culture models [350,351]. 

Of relevance, genes targeted by c-MYC and MYCN exhibit varied expression patterns in the 

development sympathoadrenal system. Targets of c-MYC and MYCN associated with poorer 

prognoses tended to be more frequently expressed in sympathoblasts, which are precursor cells 
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in the sympathetic nervous system. This could suggest that sympathoblasts pathologies might 

be potentially driven by aberrant expression of c-MYC and MYCN targets. This could offer a 

new perspective on targeting sympathoblasts for therapeutic interventions. Conversely, the less 

frequent expression of MYCN targets associated with favorable outcomes in SCPs than in other 

cell clusters hints at a potentially aggressive role of these cells in disease progression. The 

oncogenic targets activated by c-MYC and MYCN in sympathoblasts might involve complex 

regulatory networks that promote cell differentiation. Understanding these targets could 

provide valuable insights into how these oncogenes contribute to disease progression. 

Paper III: DIAPH3 is expressed during sympathoadrenal development and correlated 

with poor survival in neuroblastoma. 

Our study showed that DIAPH3 expression is associated with poor survival and indicates poor 

prognosis encompassing various clinical parameters.  Its expression is also found to be active 

in clusters of sympathoblasts during the sympathoadrenal development of mice, as well as in 

cycling neuroblasts and cycling SCPs in human embryos, progenitors within the postnatal 

human adrenal gland, and in clusters exhibiting undifferentiation within NB tumors. Thus, 

these results reflect its crucial role in the regulatory pathways that control the differentiation. 

 As cells undergo differentiation and organ formation, they experience alterations in their form 

and dimensions that are mediated by cytoskeleton dynamics, which are crucial for the 

development of their new specialized functions [352]. For instance, cell shape and cytoskeletal 

tension that influenced by RhoA signaling, are critical determinants of human mesenchymal 

stem cells' differentiation into adipocytes or osteoblasts, revealing that mechanical cues are 

essential in stem cell fate determination.  Cytoskeleton disruption with Cytochalasin D affected 

the morphology and mechanical stiffness of the human mesenchymal stem cells (hMSCs), with 

notable differences between cell types in response and recovery, suggesting that hMSCs 

undergo cytoskeletal changes during differentiation [353].  

Gene set enrichment analysis showed that DIAPH3 expression is associated with proliferation, 

cell cycle and lipid accumulation processes. In addition, preliminary experimental work 

indicated a slowdown in growth rate following knockdown, alongside with elevated levels of 

p21, an inhibitor of the cell cycle. The cytoskeleton undergoes significant dynamic changes to 

meet the mechanical demands of different cellular processes like chromosome separation and 

cell division during mitosis. Specifically, spindle microtubules, originating from the 

centrosomes,  seek kinetochores that connect to the replicated chromosomes during metaphase 

and then separate them, drawing them to opposite ends of the nucleus in anaphase [354]. One 
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study showed that DIAPH3 is important for the spindle assembly and bipolarity and that 

DIAPH3 inhibition led to mitotic errors [355]. 

Nonetheless, to conclusively determine cell cycle dynamics, fluorescence-activated cell sorting 

(FACS) should be employed, and the expression levels of cyclins, cyclin-dependent kinases or 

other cell cycle proteins needs to be measured. Further research will be required to confirm our 

preliminary wet lab data and provide insights into the roles of DIAPH3 in NB tumorigenesis. 
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5 Conclusions 
 

Paper I: Expression and activation of nuclear hormone receptors result in neuronal 

differentiation and favorable prognosis in neuroblastoma. 

In silico analysis suggested that a high expression of genes encoding GR, ERα, and RARα is 

associated with a positive prognosis. Our research has demonstrated that when these receptors 

are simultaneously activated, it greatly enhances the process of neuronal differentiation and 

reduces tumor burden in mouse models. Through single-nuclei RNA sequencing analysis, we 

have discovered that these receptors are expressed in a specific sequence during the 

differentiation of chromaffin cells in the post-natal human adrenal gland. These findings 

provide a foundation for further exploration of the potential therapeutic benefits of activating 

NHRs as a means of inducing differentiation for high-risk NB treatment. Additionally, 

combination treatment approach might be effective in combination therapies with lower ligand 

concentrations, potentially reducing adverse side effects. However, both measuring and 

administering estradiol present challenges in children, and even more so in boys than in girls. 

Overall, this study represents a notable progression in understanding and potentially treating 

high-risk NB, highlighting the importance of targeted receptor stimulation and combination 

therapies in the field of cancer treatment.  

Paper II: Target Genes of c-MYC and MYCN with Prognostic Power in Neuroblastoma 

Exhibit Different Expressions during Sympathoadrenal Development. 

We have developed a robust pipeline that summarizes a set of genes into a risk score. This 

pipeline can be utilized for various marker genes associated with NB and can also be extended 

to include other types of tumors. We discovered that high-risk scores associated with c-MYC 

and MYCN targets are indicative of lower survival rates and unfavorable prognoses across a 

range of clinical parameters. Significantly, the target genes that hold prognostic significance 

vary between c-MYC and MYCN, showing unique patterns of expression within the 

developing sympathoadrenal system. During sympathoadrenal development, genes linked to 

adverse outcomes are predominantly observed in sympathoblasts instead of chromaffin cells. 

Our study opens up the potential to investigate a cluster of genes instead of a single gene for 

cancer stratification and could offer insight into employing customized treatments for specific 

patient risk signatures. 
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Paper III: DIAPH3 is expressed during sympathoadrenal development and correlated 

with poor prognosis in neuroblastoma. 

Our preliminary data provides evidence of the potential role of DIAPH3 in the development 

and progression of NB. Our analysis suggests that DIAPH3 may play a critical role in 

cytoskeletal regulation, cell cycle dynamics, and lipid metabolism in NB cells. We also 

observed a correlation between elevated DIAPH3 expression and adverse clinical outcomes in 

NB patients, highlighting the potential of exploring DIAPH3 as a therapeutic target for high-

risk NB cases. 
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6 Points of perspective 
 

Paper I: Expression and activation of nuclear hormone receptors result in neuronal 

differentiation and favorable prognosis in neuroblastoma. 

Future research should focus on the clinical translation of these findings, exploring the potential 

of personalized medicine approaches. This could involve stratifying NB patients based on the 

expression levels of GR, ERα, and/or RARα, tailoring treatment regimens to individual 

receptor profiles for optimized efficacy. Additionally, the intriguing role of lipid metabolism 

in NB progression and differentiation, as highlighted by this study, warrants further 

investigation. Understanding the interplay between metabolic reprogramming, differentiation, 

and tumorigenesis could uncover new metabolic targets for therapy. The potential for NHR 

activation to induce differentiation in other cancer types, leveraging similar receptor interplays, 

also presents an exciting area for exploration. Ultimately, this research paves the way for 

developing more effective, less toxic treatments for high-risk NB, potentially improving 

survival rates and quality of life for affected children. 

Paper II: Target Genes of c-MYC and MYCN with Prognostic Power in Neuroblastoma 

Exhibit Different Expressions during Sympathoadrenal Development. 

The present study has laid a foundational framework for refining the prognostic stratification 

of NB by incorporating c-MYC and MYCN target gene analysis. The next step would be to 

develop a more comprehensive list of MYC/MYCN target genes. This involves the integration 

of ChIP-seq data and experimental work that shows the direct or indirect regulation of genes 

by c-MYC/MYCN. Our future efforts would also aim to integrate broader genetic and 

molecular datasets, possibly incorporating machine learning algorithms that can handle multi-

dimensional data, such as genomics, transcriptomics, proteomics, and metabolomics data that 

derived from NB cell lines or patient samples. Thus, could generate a more complete c-

MYC/MYCN target gene set serving for research. Further, this could improve risk stratification 

and individualize patient treatment plans further, leading to more targeted and effective 

interventions. Additionally, the future research will be to detail the specific roles of the 

identified genes in the pathogenesis and progression of NB.  
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Paper III: DIAPH3 is expressed during sympathoadrenal development and correlated 

with poor prognosis in neuroblastoma. 

Further research is needed to investigate the underlying mechanisms by which DIAPH3 affects 

cell cycle, proliferation, and lipid metabolism. The potential synergistic effects of targeting 

DIAPH3 along with c-MYC/MYCN should also be explored. Ultimately, our study aims to 

provide a fundamental theory for the identification and exploration of novel therapeutic targets 

to enhance the prospects of successful treatment outcomes for NB patients, particularly those 

who are considered high-risk and currently face limited curative options. 
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