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ABSTRACT 

High-risk neuroblastoma (NB) is an aggressive childhood tumor that originates from 

progenitor neural crest cells. Even if the therapeutic protocol for NB is articulate and 

aggressive, the outcome remains dismal, with the 5-year disease-free overall survival 

below rating 50%. A novel drug combination strategy can possibly provide a new 

solution to this unmet therapeutic need. 13-cis retinoic acid (13-cis-RA, isotretinoin) is 

an anti-proliferative and pro-differentiative agent currently used in the post-

consolidation phase of NB therapy. To identify molecules able to potentiate the anti-

proliferative activity of 13-cis-RA, NB cells were treated with a library of 169 naturally 

occurring polyphenols in combination with the retinoid. This in vitro screen led to the 

identification of isorhamnetin as a synergistic partner of 13-cis-RA, producing an 80% 

reduction in cell viability. At the molecular level, this synergistic effect is followed by a 

marked increase in the expression of a member of the catecholamine receptor 

superfamily: the adrenergic receptor alpha-1B (ADRA1B) suggesting that this receptor 

might represent a key mediator of the synergistic effect of 13-cis-RA and isorhamnetin 

observed in vitro. This finding redirected our attention to the class of adrenergic 

receptors (ARs) as novel targets in NB. To investigate the role of ADRA1B in the 

synergism, we generated CHP134 NB cell lines knocked-out (KO) for the receptor and 

observed that exposure of CHP134 KO cell to 13-cis-RA leads to a reduction of cell 

viability and neural differentiation. We, therefore, substituted the genetic KO strategy 

with the alpha-1B adrenergic antagonist, L765,314, obtaining the same results. 

Subsequently, we extended the analysis on the role of adrenergic receptors (AR) 

performing a biased screen using two libraries of AR-ligands. The screen results confirm 

that the molecules working as alpha-1-ARs antagonists are those that greatly increase 

cell sensitivity to 13-cis-RA with reduction of cell viability and increase in differentiation. 

We confirmed our observation in NB xenograft mice models in vivo, treating mice with a 

combination of 13-cis-RA and the FDA approved alpha-1 AR antagonist doxazosin. The 

proposed pharmacological treatment was effective in slowing tumor growth, leading to 

tumors of smaller size. From our results, we can conclude that the deletion or inhibition 
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of alpha-1-AR sensitizes NB cells to 13-Cis-RA, both in terms of induction of apoptosis 

and neural differentiation.  

Since NB is a catecholamine-rich tumor, we propose that antagonization of alpha-1-AR 

disrupts the established autocrine pro-survival circuit generated by catecholamines in 

NB and restores the ability of the cells to follow the pro-differentiative and pro-apoptotic 

programs endorsed by 13-cis-RA. Considering the druggable nature of the alpha-1-AR 

receptors, we indicate this class of receptors as a novel pharmacological target for the 

treatment of neuroblastoma. 
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INTRODUCTION 
 

1. Neuroblastoma  

Neuroblastoma (NB) is a neuroendocrine extracranial solid tumor of the sympathetic 

nervous system.  NB is a childhood tumor: almost 90% of NBs are diagnosed before 5 

years of age, the average age at diagnosis is 22 months (Esiashvili et al, 2009) and the 

majority of the patient is under 15 years. With an annual incidence of 7-12 new cases per 

million children (Maris, 2010), NB accounts for 7-8% of all paediatric malignancies which 

makes NB the third most common tumor of childhood after leukaemia and brain tumors; 

globally, 15% of children who die of cancer have NB (Maris et al, 2007; Kaatsch, 2010; 

Maris, 2010). Clinically NB is a heterogeneous disease both in terms of manifestation and 

prognosis. In some cases, it completely regresses spontaneously with full recovery, while 

in other cases the outcome is unfavourable. Around 50% of the diagnosed patients 

present a clinically aggressive form of NB with relapse occurring in more than 50% of 

them (Maris, 2010). Most NBs (∼65%) develop in the abdomen at the level of the 

sympathetic ganglia and/or of the adrenal medulla. Often, metastases are found already 

at diagnosis (Brodeur, 2003; Maris, 2010).   

 

 
 Cellular origin  

Despite NB progression has been extensively studied, there is still debate about the early 

stages of its pathogenesis. NB is an elusive cancer deriving from the transient population 

of the neural crest (NC) cells (Anderson & Axel, 1986; Brodeur, 2003) that, during 

embryonic development, delaminates from the neural tube undergoing epithelial to 

mesenchymal transition (Simões-Costa & Bronner, 2015). As such, NB can be considered 

a developmental tumor caused by an early impairment of the NC cells differentiation 

program, resulting in poorly differentiated stromal Schwann and neuroblastic cells.  

The NC cells, depending on their localization along with the cranium to sacrum anterior-

posterior axis, give rise to a variety of cell types including ganglia, cartilage and bones, 

thymus, melanocytes, adrenal medulla and part of the heart and septum. Till recently, NB 

was believed to emerge from the trunk NC cells, and particularly from the 
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sympathoadrenal (SA) sub-lineage, from which the neurons of sympathetic ganglia and 

the chromaffin cells (ChCs), composing the adrenal medulla, are derived (Huber et al, 

2009).  

 

In 2017, Furlan et al. proposed a new model for adrenal medulla cellular origin  (Furlan 

et al, 2017). Furlan and co-workers demonstrated that, in mice, the chromaffin cells of 

the adrenal medulla are not all deriving from the SA precursors, but the majority of them 

(about 80%) originate from the Schwann cell (SC) precursors (Furlan et al, 2017). Thus, 

the adrenal medulla is composed of cells of different origins: 20% derived from SA 

precursors and 80% from SC precursors (Figure 1). The direct consequence of this theory 

on the origin of the cells composing the adrenal medulla is that NB could originate from 

two distinct lineages that separate early during embryonic development: SA precursor 

that gives rise to the para-sympathetic ganglia and a limited portion of the adrenal 

medulla, and SC precursors that after migration give rise not only to the sympathetic 

neurons of the ganglia but also to most of the chromaffin cells composing the adrenal 

medulla (Figure 1). The early split of the NC precursors in the two sub-lineages, SCP and 

SAP, could explain the observed heterogeneity of NB.  

 

This model has been recently debated by a novel study performed by single-cell RNAseq 

analysis on human samples of adrenal glands collected at different developmental stages 

by Jansky et al. In their work, they identify neural crest-derived SCP population as the 

founder of both adrenal chromaffin cells and medullar neuroblasts (Jansky et al, 2021).  

The discrepancy among the mentioned studies could be due to differences in 

differentiation timing between mice and humans and it highlights the need for more 

studies on adrenal gland development to better understand the cellular origin of NB.  
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 Genetic lesions  

Neuroblastoma is mainly a sporadic tumor with just 1-2% of the cases ascribed as 

familial; in these few cases, the inheritance is autosomal dominant with incomplete 

penetrance (Claviez et al, 2004). The most frequent genetic alteration found in NB is the 

focal amplification of the MYCN (MYCN amplification, MNA) gene, present in 22% of the 

NB cases and associated with high-risk NB with poor prognosis (Brodeur et al, 1984; 

Seeger et al, 1985). The MYCN transcription factor is involved in the control of 

proliferation, apoptosis, stem-like state and neoplastic transformation (Ruiz-Pérez et al, 

2017). MYCN expression is detected during the first phases of embryogenesis and is 

maintained in new-born mice in the kidney, hindbrain, and forebrain, while later in 

adulthood the expression of MYCN is lost (Zimmerman et al, 1986). In humans, the 

expression of MCYN was found to be present in undifferentiated neural cells of the 

 

Figure 1. Cellular origin of sympathetic neurons and chromaffin cells according to Furlan et al. 

2017. The model shows the developmental path of adrenal gland and sympathetic ganglia that are the 

main anatomical locations of NB. According to this study, the SA precursors give origin to sympathetic 

ganglia and to 20% of chromaffin cells while the other 80% derives from the SC precursors. According 

to this model, NB could originate from two subcellular origin lineages.  
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fetuses of 12-24 weeks (Grady et al, 1987). The embryonic expression of MYCN 

collimates with its role in pluripotency maintenance, inhibition of differentiation and 

promotion of proliferation also observed in NB cell lines (Wakamatsu et al, 1997; Kang 

et al, 2006; Cotterman & Knoepfler, 2009). Nonetheless, less mature NB cells express 

higher levels of MCYN and MYCN expression is down-regulated by retinoic acid-induced 

differentiation of NB cells lines (Thiele et al, 1985).  

 

Another gene associated with NB manifestation is PHOX2B (Mosse et al, 2004; Trochet et 

al, 2004) encoding for a homeodomain transcription factor involved in the promotion of 

cell cycle arrest and the determination of autonomic peripheral nerve cells from NC cells 

(Pattyn et al, 1999; Trochet et al, 2005). As such, a mutation in PHOX2B can contribute to 

the perturbation of sympathoadrenal lineage differentiation leading to NB onset PHOX2B 

(Mosse et al, 2004; Trochet et al, 2004).  

 

 The ALK gene (anaplastic lymphoma receptor tyrosine kinase), is another well 

recognized oncogenic driver of NB; it presents either somatic activating mutations or 

copy number alteration in about 9-14% of NB cases (George et al, 2008; Janoueix-Lerosey 

et al, 2008; Mossé et al, 2008; Ogawa et al, 2011). During embryo development, ALK is 

expressed in the sympathoadrenal lineage of NC cells (Iwahara et al, 1997; Degoutin et 

al, 2009) where it is involved in the decision between proliferation and differentiation 

through the activation of multiple signal transduction pathways such as the MAPK-ERK 

and PI3K-AKT pathways (Souttou et al, 2001). When ALK mutation or amplification is 

concomitant to MYCN amplification the disease is very aggressive and often associated 

with a lethal outcome (Berry et al, 2012).  

 

Mutations in α-thalassemia/mental retardation syndrome X-linked, ATRX, are also 

correlated with sporadic neuroblastoma (Molenaar et al, 2012). The ATRX gene encodes 

for an SWI/SNF chromatin-remodelling ATP-dependent helicases important for the 

maintenance of guanine-(G)-rich DNA stretches like those present at the centromeres 

and the end of telomeres (Clynes & Gibbons, 2013; Clynes et al, 2015). There is no a clear 

correlation between ATRX mutations and the onset of NB, but the presence of variations 
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on the ATRX gene is highly associated with age at diagnosis and prognosis with a 

recurrence of 44% of ATRX mutation in patients older than 12 years with very poor 

prognosis (Cheung et al, 2012). Interestingly the MYCN amplification and ATRX genetic 

lesions appear to be mutually exclusive leading to synthetic lethality in mice (Zeineldin 

et al, 2020). The existing connection between NB and ATRX mutations points out the role 

of telomere maintenance in NB, and in general in cancers. Thus, it is not surprising that 

the TERT gene (telomerase reverse transcriptase), is overexpressed in 30% of NB and is 

a marker of reduced event-free survival (Hiyama et al, 1995; Coco et al, 2012).   

 

Another oncogenic maker of NB is LIN28B. LIN28B is an RNA binding protein frequently 

activated in NB that exerts its oncogenic activity through the suppression of biogenesis 

of microRNAs of the Let-7 family (Molenaar et al, 2012). The let-7 family members are 

tumor suppressors thanks to their silencing action on key oncogenes like MYCN, RAS and 

CDK6 (Johnson et al, 2007; Kumar et al, 2007; Yong & Dutta, 2007). The suppression of 

Let-7 miRNAs by LIN28B results in increased expression of the MYCN protein (Molenaar 

et al, 2012). Other markers of poor prognosis in NB are the abnormal number of 

chromosomes (aneuploidy) (Look et al, 1984), and large segmental chromosomal lesions 

(Schleiermacher et al, 2010). The most frequent segmental chromosomal alterations are 

deletions of chromosomal regions (LOH) harbouring tumor suppressor genes, such as 1p 

loss (1p-) (Maris et al, 1995; Caron et al, 1996), 11q loss (11q-) (Attiyeh et al. 2005), 3p 

loss (3p-) (Spitz et al, 2003) and gain of the regions 17q (17q+) (Bown et al, 1999).  

 

 

 Classification 

Neuroblastoma is a tumor characterized by high clinical heterogeneity which poses some 

problems in the classification and stratification of patients into risk categories, essential 

to tailor treatments and make a prognosis. Thus, a big effort has been done to establish 

risk stratification schemes considering all the prognostic factors available. There are two 

main approaches to stratify NB: the old International Neuroblastoma Staging System 

(INSS) (Table 1) and the new International Neuroblastoma Risk Group staging system 
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(INRGSS) (Table 2). The INSS is considering surgical and pathological criteria like the 

presence of infiltrations and lateralization of the tumor to categorize the disease in five 

stages: 1, 2, 3, 4 and 4S (Brodeur et al, 1988).  NB tumors classified as 4S (S for “Special”) 

according to the INSS staging are those NBs of patients under 12 months that show 

metastatic spread limited to liver, skin and moderate bone marrow infiltration and are 

characterized by a very favourable prognosis with a high rate of spontaneous tumor 

regression. Many studies have been done to try to elucidate this phenomenon, for 

example, it has been observed that the NB cells derived from 4S patients express high 

levels of the neurotrophin receptor TrKA (tropomyosin receptor kinase A) and as such 

are more responsive to the ligand NGF (nerve growth factor) leading to neural 

differentiation (Nakagawara et al, 1993; Nakagawara & Brodeur, 1997). Anyway, a clear 

and defined mechanism through which the tumor regression frequently occurs in this 

tumor type has not been found yet (Brodeur & Bagatell, 2014).  

 
 
Table 1. International Neuroblastoma Staging System (INSS) 

Stage Definition  

1 
Localized tumor with complete gross excision, with or without microscopic 
residual disease; representative ipsilateral lymph nodes negative for tumor 
microscopically 

2A Localized tumor with incomplete gross excision; representative ipsilateral non-
adherent lymph nodes negative for tumor microscopically 

2B 
Localized tumor with or without complete gross excision; representative 
ipsilateral non-adherent lymph nodes positive for tumor. Enlarged 
contralateral lymph nodes must be negative microscopically. 

3 

Unrespectable unilateral tumor infiltrating across the midline, with or without 
regional lymph node involvement; or localized unilateral tumor with 
contralateral regional lymph node involvement or midline tumor with bilateral 
extension by infiltration or by lymph node involvement 

4 Any primary tumor with dissemination to distant lymph nodes, bone, bone 
marrow, liver, skin and/or other organs 

4S 
Localized primary tumor (as defined for stages 1, 2A or 2B), with 
dissemination, limited to skin, liver, and/or bone marrow. Limited to infants < 
1 year of age and bone marrow with <10% tumor cell involvement 

 

https://en.wikipedia.org/wiki/Tropomyosin
https://en.wikipedia.org/wiki/Receptor_(biochemistry)
https://en.wikipedia.org/wiki/Kinase
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The new INRGSS classification, developed in 2004 and based on the analysis of 8800 

cases of NB, relies on imaging criteria to stratify the disease into four risk groups: very 

low, low, intermediate and high (Cohn et al, 2009) (Table 2).  

 

Table 2. International Neuroblastoma Risk Group Staging System (INRGSS) 

Stage Definition  

L1 
Localized tumor not involving vital structures and defined by the list of 

image-defined risk factors and confined to one body compartment 

L2 Localized tumor with the presence of one or more image-defined risk factors 

M Metastatic disease (except stage MS) 

MS 
Metastatic disease in children younger than 18 months of age at diagnosis 

with metastases limited to the skin, liver, and or bone marrow 

 

This new staging system allowed the implementation of INRG classification system 

(Table 3) that combines the INRGSS with other seven prognostic risk factors: age, 

histologic category, the grade of tumor differentiation, MYCN status (amplified, MNA vs 

non-amplified), 11q aberration and ploidy (Look et al, 1984) to classify NB into 16 

different pre-treatment groups (Pinto et al, 2015). 

 

http://paperpile.com/b/A8kkcu/Wx2Z
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Table 3.International Neuroblastoma Risk Group (INRG) classification system. *except GN (ganglioneuroma) maturing, GNB (ganglioneuroblastoma) intermixed   

INRG 
stage 

Patient age 
(months) 

Tumor Histology 
Tumor 

differentiation 
MYCN 

amplification 
11q 

aberration 
DNA ploidy 

Pre-treatment 
risk group 

L1/L2 Any 
GN Maturing, GNB 

intermixed 
Any Any Any Any Very Low 

L1 Any Any* Any No Any Any Very Low 

MS <18 Any Any No No Any Very Low 

L2 <18 Any* Any No No Any Low 

L2 ≥18 
GNB nodular, 

neuroblastoma 
Differentiating No No Any Low 

M <18 Any* Any No Any Hyperdiploid Low 

L2 <18 Any Any No Yes Any Intermediate 

L2 ≥18 
GNB nodular, 

neuroblastoma 
Differentiating No Yes Any Intermediate 

L2 ≥18 
GNB nodular, 

neuroblastoma 

Poorly differentiated 

or undifferentiated 
No Any Any Intermediate 

M <18 Any Any No Any diploid intermediate 

L1 Any Any* Any Yes Any Any High 

L2 Any Any Any Yes Any Any High 

M <18 Any Any Yes Any Any High 

M ≥18 Any Any Any Any Any High 

MS <18 Any Any Yes Any Any High 

MS <18 Any Any Any Yes Any High 
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 Neuroblastoma cell lines  

Being a highly heterogeneous disease it is not surprising that also among the established 

NB cell lines great variability exists. Three distinct NB cell line cellular phenotypes have 

been identified and characterized: neuroblastic N-type, substrate adherent S-type and 

intermediate I-type.  

 

N-type cells appear small and rounded with weak adhesion to cell culture vessels and 

neurites like processes, thus are considered as precursors of the sympathoadrenal cell 

lineage of the neural crest, and express enzymes for the biosynthesis and uptake of 

norepinephrine (TH, and DBH) (Ciccarone et al, 1989; Ross et al, 2003). The N-type cells 

are fast proliferating cells with high tumorigenic potential and can be induced to 

differentiate toward the neural phenotype (Piacentini et al, 1996; Spengler et al, 1997).  

 

On the contrary, the S-type NB cells, are considered to be the precursors of the non-neural 

lineage of NC cells, so they are the multipotent precursors to Schwann cells, melanocytes 

and glial cells (Ciccarone et al, 1989). At the phenotypic level, the S-type cells display a 

large and flattened appearance like epithelial or fibroblast cells and adhere easily to the 

cell-culture substrate. The S-type NB cells 

are characterized by the expression of 

vimentin, fibronectin and collagens, which 

are typically expressed by Schwann cells, 

melanocytes and mesenchymal cells while 

lacking neural properties (Ciccarone et al, 

1989). S-type cells are poorly tumorigenic 

in nude mice (Piacentini et al, 1996; 

Spengler et al, 1997).  

 

Finally, I-type cells are morphologically and 

biochemically considered to be 

intermediate to N- and S-type cells.   

 

Figure 2. MYCN levels in parental NB cell 

lines. Haploid MYCN DNA copy number 

obtained by qPCR. Image form Image from  

(Sidarovich et al, 2014) 
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I-type cells may be a multipotent stem cell or an intermediate stage in the trans-

differentiation between N- and S-type cells (Ross et al, 1983, 1995; Ciccarone et al, 1989).  

 

NB cell lines can also be classified according to the amplification status of the MCYN locus 

but this is not strictly related to the morphological appearance of NB cells neither to their 

ability to differentiate or tumor aggressiveness (Edsjö et al, 2004). This supports the 

already mentioned heterogeneity of neuroblastoma and further points out the difficulties 

in finding a highly efficient therapeutic protocol. 

 

 

 Neuroblastoma therapy 

The treatment protocol used for NB is tailored to the INSS, so it varies according to the 

risk classification.  

As already mentioned, infants with INSS stage 4S often show spontaneous regression and 

as such the patient do not need any treatment (Kholodenko et al, 2018).  

Low-risk patients with tumor confined 

to one compartment of the body and 

on lymph nodes infiltration are treated 

by surgical resection and, eventually, 

also chemotherapy just for those who 

show relapse. Thanks to these 

treatments, the 5-year overall survival 

(OS) probability of these patients rates 

99% (Strother et al, 2012) (Figure 3).   

The intermediate-risk NB patients are 

treated with a combination of surgical 

resection and multidrug 

chemotherapy; in this case, the 5-year 

OS is almost 96% (Figure 3).  

Unfortunately, 50% of children 

 

Figure 3. Event free survival (EFS) based on 

Children's Oncology Group stratification. Kaplan-

Meir survival curves were calculated for children 

enrolled in the Children's oncology Group, Children's 

Group and Pediatric Oncology Group Neuroblastoma 

studies. Image from: Julie R. Park, Rochelle Bagatell, and 

Michael Hogarty. Children’s Oncology Group’s 2013 

Blueprint for Research: Neuroblastoma. Pediatric Blood 

Cancer, 2012, DOI 10.1002/pbc.24433. 
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diagnosed with NB present metastatic high-risk tumors (Kholodenko et al, 2018). 

Currently, these patients are treated with one of the most aggressive treatment protocols 

used in paediatric oncology that is divided into three phases: induction, consolidation 

and maintenance  (Smith & Foster, 2018) (Figure 4). The induction phase aims to first 

reduce the tumor mass by chemotherapy and surgery. The following consolidation phase 

includes high dose chemotherapy combined with autologous hematopoietic stem cells 

rescue and finally, radiotherapy directed to body sites still showing active disease, to 

eliminate any residual disease. Finally, the maintenance phase is carried out to reduce as 

much as possible the eventuality of relapse, by inducing cell differentiation with 13-cis 

retinoic acid (13-cis-RA) and by immunotherapy with anti-ganglioside 2 antibodies 

(GD2) (Smith & Foster, 2018). Despite these treatments, children with high-risk NB have 

still very unfavourable outcomes: up to 60% of patients experience relapses and the 5-

year disease-free survival rates between 25% and 35% (Figure 3) (Park et al, 2013).  

 

 

 

1.5.1 13-cis-Retinoic Acid  

Interest in differentiating agents for the NB treatment first came from the clinical 

observation of spontaneous maturation of the INSS stage 4S NBs. Retinoids have been 

studied in cancer therapy, for their ability to block proliferation and induce 

differentiation. Retinoic acid (RA), the main biologically active component of vitamin A 

(retinol) is known to reverse malignant cell growth in vivo and in vitro of several types of 

tumors (Bushue & Wan, 2010), and is well known for its role as anteroposterior 

determinant during embryonic development (Duester, 2008). 

 

Figure 4. Workflow of neuroblastoma therapy. The treatment protocol for NB is composed 

of three subsequent phases: induction, consolidation, and post-consolidation. For each phase 

is reported the administered treatment.  
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The multiple effects of retinoids are mediated by the classical pathway involving two 

classes of nuclear receptors: retinoic acid receptors (RARs: α, β and γ) and retinoid X 

receptors (RXRs) (Bayeva et al, 2021). RA is transported into the nucleus by the cellular 

RA-binding protein (CRABP) and delivered to RAR/RXRs receptors, which, after hetero-

oligomerization, function as ligand-dependent transcription factors to inhibit cells 

growth, induce cells cycle arrest and promote cell differentiation (Di Masi et al, 2015a; 

Bayeva et al, 2021) (Figure 5). Another possibility is the so-called non-genomic pathway, 

in which the RA is bound by non-classical receptors such as ER, and PPAR gamma. These 

non-genomic pathways exert a strong anti-apoptotic and proliferative effect, anyway,  

given the stronger affinity of RA for RARs than for other receptors, the classical pathway 

has a dominant role over the non-genomic pathways (Di Masi et al, 2015a) (Figure 5). 

 

Figure 5. Retinoic Acid signaling pathway. RA binding protein transports RA into the 

nucleus, where RA binds to its receptors (RAR/RXRs), which function as ligand dependent 

transcription factors to promote inhibition of cells growth, cells cycle arrest and cell 

differentiation In alternative RA binds to ER receptor for the activation of non-genomic 

pathway for promotion of proliferation (Di Masi et al, 2015; Bayeva et al, 2021). RDH= 

Retinol Dehydrogenase, RALDH= Retinaldehyde Dehydrogenase, CRABP= Cellular 

Retinoic Acid Binding Protein, RARs=Retinoic Acid Receptos, RXR=Retinoic X Receptor, 

ER=Estrogen Receptor, RA=Retinoic Acid 



15 
 

The RAR and RXR family of retinoic acid receptors are expressed in several human NB 

cell lines (Li et al, 1994), and RA can inhibit proliferation and promote neurite outgrowth 

in several human NB cell lines in vitro and in vivo (Sidell et al, 1982, 1983; Phhlman et al, 

1984; Abemayor, 1992; Mena et al, 1994). RA exist in three isomeric forms: all-trans RA 

(ATRA), 13-cis-RA (isotretinoin) and 9-cis-RA. Due to its favourable pharmacokinetic 

profile, lower toxicity and higher stability with respect to other isoforms, 13-cis-RA is the 

preferred one for NB therapy (Matthay et al, 1999; Ponthan et al, 2001; Veal et al, 2013).  

 

Several pharmacokinetic studies have demonstrated that the peak blood drug levels 

achieved in NB patients receiving 13-cis-RA administered as high-dose pulse therapy, is 

above the 5µM (Villablanca et al, 1995) which is in line with the concentration required 

to inhibit the growth of NB cells in vitro (Reynolds et al, 1994). A trial showed that 13-

cis-RA improved event-free survival in advanced stage NB patients when given after 

either autologous bone marrow transplantation or non-myeloablative chemotherapy. 

However, approximately 50% of patients develop resistance or are unresponsive to 13-

cis-RA therapy, emphasizing the need for novel approaches (Matthay et al, 1999).  

 

At the molecular level, the exposure of NB cell lines to 13-cis-RA has been reported to 

associate with a  down-regulation of MCYN (Thiele et al, 1985; Gaetano et al, 1991) and 

with an increased expression of “classical” and “newly” identified neural differentiation 

markers such as Trk (Tropomyosin receptor kinase A ), βIII-tubulin, Map2 (microtubule 

associate protein), TH (tyrosine hydroxylase), NeuN (Neural nuclear protein), GAP43 

(growth-associated protein), p-ERK (extracellular signal‐regulated kinase), pAKT 

(protein kinase B) and p21  (Qiao et al, 2012; Bayeva et al, 2021) and neurites-like 

outgrowth. The 13-cis-RA induced differentiation is also accompanied by a decreased 

expression of the neuroblastoma driver PHOX2B which goes along with a diminished 

self-renewal capacity and inhibition of tumorigenicity (Yang et al, 2016).  

 

A role for the transcription factor SOX9 (SRY-Box Transcription Factor 9) as a mediator 

of 13-cis-RA induced growth inhibition has been reported in breast cancer, where it has 

been observed that RARs agonists induce SOX9 expression (Afonja et al, 2002). The same 
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group demonstrated that the activation of SOX9 transcription by RA leads to its binding 

to the enhancer of the transcription factor gene HES-1 (Hairy and enhancer of split-1) 

with consequent promotion of its expression (Müller et al, 2010). HES-1 is highly 

expressed in neo-epithelial and epithelial cells during embryo development and loss of 

HES-1 in mice leads to defects in neural tube formation, indicating its role in the 

regulation of neurogenesis (Ishibashi et al, 1995). Importantly, studies on NB 

differentiation demonstrate that transient activation of HES-1 plays a pivotal role in 

promoting sympathetic neural differentiation of SH-SY5Y and SK-N-BE NB cells lines 

(Grynfeld et al, 2000; Axelson, 2004).   

 

RA effects are caused by the activation of downstream signalling pathways (Figure 5), 

therefore, some compounds that are able to interact with these cascades can influence 

RA final action. For example, MEK inhibitors decreased the pro-differentiative effects of 

ATRA in SHSY5Y NB cells. On the contrary, inhibition of PKC (protein kinase C) resulted 

in the promotion of neurite formation (Delaune et al, 2007).  

 

Finally, it is clear that the response to RA treatment largely varies across NB cell lines 

with some showing resistance to 13-cis-RA, which could explain the lack of complete 

response in patients (Gaetano et al, 1991; Cohen et al, 1995; Di Francesco et al, 2007; 

Bayeva et al, 2021).  
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 Catecholamines in Neuroblastoma 

Neurotransmitters are endogenous chemical messengers used by the cells of the nervous 

system to communicate among them and to communicate with other target cells spread 

all around the body. The components of the sympathetic peripheral nervous system such 

as the postganglionic neurons of the sympathetic ganglia and the chromaffin cells of the 

adrenal medulla, secrete specific neurotransmitters known as catecholamines, which 

are: dopamine (DA), noradrenaline (NA or norepinephrine, NE) and adrenaline (ADR, or 

epinephrine, E). NE and E neurotransmitters, exert their effects on target cells by binding 

to different adrenergic receptors (ARs).  

 

Generally, the adrenoceptors are expressed in several tissue and organs, where they are 

involved in the control of important functions such as vasodilation\vasoconstriction, rate 

and strength of cardiac muscle contraction, digestion, respiration, metabolism, and 

endocrine functions. The importance of catecholamine metabolisms in NB is widely 

recognized as it can be classified as a neuroendocrine tumor. Almost 90% of NBs secretes 

high levels of catecholamines and their metabolites are detectable in patient’s urine 

samples (Maris 2010). For this reason, the serum and/or urinary level of catecholamine 

metabolites like vanillyl mandelic acid (VMA), homovanillic acid (HVA) and dopamine 

(DA) has been introduced as diagnostic and prognostic parameters  (Maris, 2010).  

 

A high level of urinary dopamine has been associated with INSS stage 4 NBs, while the 

favourable 4S stage is characterized by low levels of DA and high levels of VMA (Strenger 

et al, 2007). The high ratio VMA/HVA is a predictor of good prognosis and is indicated as 

a parameter for the classification of high risk and low-risk NBs (Brodeur et al, 1993). 

Patients with stages 3 and 4 NB have higher levels of DA compared to lower stages 

patients (Nakagawara et al, 1988; Strenger et al, 2007). More recently the metabolite 

normetanephrine (MNA) has been evaluated and found to correlate with the NB stages: 

low levels are found in stage 1 patients with increasing levels toward the 4 stage and 

lower levels in 4S (Verly et al, 2017).   
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2. Adrenergic receptors signalling  

ARs are members of the class of the guanine nucleotide-binding G-protein coupled 

receptors, so are receptors able to activate heterotrimeric G proteins after the binding of 

the ligand. The ARs are divided into three subfamilies: the α1, α2 and β based on different 

pharmacological features and catecholamine affinity, the type of G protein-associated 

and thus the type of secondary messenger targeted and the effect on it (Table 4) (Figure 

6).  Each subfamily is composed of several subtypes: α1A, α1B and α1D, α2A, α2B and α2C, β1, 

β2, and β3 (Ruffolo et al, 1991; Stein, 2012).  

 

Figure 6. Signal transduction pathways of adrenergic receptors. The α1-ARs are coupled with Gq G 

proteins and their signalling pathway starts with the activation of the phospholipase C for the hydrolysis of 

phosphatidylinositol 4,5 bisphosphate (PIP2) which in tuns generates the second messenger inositol (1,4,5 

triphosphate) (IP3) and diacylglycerol (DAG). PIP3 is then responsible for the release of Ca2+ from the 

intracellular stores that will act synergistically with DAG in the activation of protein kinase c (PKC). The α2-

ARs are coupled with Gαi proteins, their activation provokes reduction of cAMP (cyclic adenosine 

monophosphate) and Ca2+ levels that lead to smooth muscle contraction and suppression of NA and ADR 

release. β1/2-ARs coupled with Gαs which promote the action of adenylyl cyclase with consequent increase 

in cAMP and positive chronotropic and inotropic effect at cardiac level and increase in lipolysis. On the other 

hand, β3-ARs action is mediated by Gαs and Gαi, the last mediates inhibition of cAMP production and thus 

smooth muscle relaxation (Ruffolo et al, 1991; Stein, 2012). 
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Table 4. Adrenergic receptors subtypes characteristics. For each receptor is reported 

the type of coupled G-protein and the effect on the second messenger  

Receptor Affinity 
G 

protein 
Effect on the second 

messenger 

α1A α1B α1D NA>ADR Gq Activation of PLCγ 

α2A α2B α2C NA>ADR Giα Decrease of AMPc  

β1 β2 β3 NA=ADR Gsα Increase of AMPc  

 

Adrenergic receptor agonists and antagonists are used for therapeutic porpoise for 

decades. In general, adrenergic drugs are used as bronchodilators, vasopressors, and 

cardiac stimulators. For example, the alpha-blockers work by inhibiting the uptake of 

circulating catecholamines and thus leading to a lowering of blood pressure because of 

smooth muscle relaxation; while the beta-adrenergic antagonists are commonly used to 

control cardiac arrhythmias and angina pectoris (Miller & Cumpston, 2014; Dézsi & 

Szentes, 2017). 

 

 

2.1 Adrenergic signalling in the control of cancer cell proliferation  

As part of the G-protein coupled receptors superfamily, the adrenoceptor has been 

recognized as a modulator of pivotal pathways involved in the regulation of cell growth 

and proliferation.  

 

Originally, in 1991, Allen and colleagues demonstrated that transfection of the α1B-

adrenergic receptor into Rat-1 and NIH3T3 fibroblasts, and consequent treatment with 

a receptor agonist, lead to the formation of foci, signs of the high rate of cell proliferation. 

The transfected fibroblast also showed a gain of tumorigenic ability when injected into 

mice (Allen et al, 1991). These data indicate that the gene encoding for α1B-AR acts as a 

proto-oncogene, and was further confirmed by mutagenesis experiments in which 

activating mutations at specific sites (288, 290 and 293) augment the number of formed 

foci without agonist stimulation (Allen et al, 1991). In vivo studies on α1B-AR confirmed 



20 
 

its role in the control of cell proliferation; transgenic mice with the constitutively active 

form of α1B-ARs expressed specifically in the heart exhibit cardiac hypertrophy with 

defect of heart contraction (Milano et al, 1994).  

 

Several studies focused on the downstream pro-proliferative signalling pathways 

modulated by different ARs families. It has been demonstrated that α1-ARs stimulate the 

MAPK pathways (Hu et al, 1999), and in particular, studies on rat pheochromocytoma 

cells line PC12, establish that α1A-AR acts on all the three major subfamilies of MAPK 

(JNKs, p38 and ERKs), α1B-AR activates p38 and ERKs, while α1D-AR exerts its action just 

through the ERKs (Zhong & Minneman, 1999). In contrast, another study with NIH3T3 

cells demonstrated that α1A and α1B, but not α1D, stimulates the MAPK, PI3K and RAS 

pathways (Hu et al, 1999).  

 

Studies employing AR-agonists and antagonists further demonstrated their involvement 

in the modulation of cancer progression. For instance, challenging PC-2 and PC-3 cell 

lines with the α2-ARs antagonist yohimbine leads to inhibition of cell proliferation (Shen 

et al. 2008); the blockage of β2-AR or β2-AR with antagonists induces apoptosis and stops 

the proliferation of NB cell lines in vitro and in vivo (Wolter et al, 2014) via suppression 

of the mTOR pathway (Deng et al, 2019); the non-selective α1-antagonists doxazosin has 

been reported to promote cell death in glioblastoma cell lines through the inhibition of 

the PI3K/AKT pathway and the increase in TP53 protein levels (Gaelzer et al, 2016).   

 

All these data are in line with the observation that both E and NE have pro-proliferative 

effects when added to cells in culture. Xin-you and colleagues demonstrated that the 

exposure of pancreatic cancer cells to NE stimulates cell proliferation, with an increase 

in the S-phase population, and induction of phosphorylation of the MAPK p38  (Huang et 

al, 2011). A study on breast cancer cell lines reports that addition to culture media of NE, 

E or α2-ARs agonists stimulate cell proliferation and the effect is reversed by the 

antagonist rauwolscine (Vázquez et al, 2006). Also, β-ARs have been implicated in breast 

cancer progression; the treatment of MDA-MB-231, ER-negative breast cancer cell line, 
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with NE, augments the migration and adhesion of the cancer cells to endothelial cells, and 

that this effect is mediated by the β1-AR (Strell et al, 2012).  

 

 

2.2 Adrenergic signalling in the control of neurogenesis 

Recently, taking advantage of the existing AR modulators, studies have been published 

addressing the role of adrenergic receptors in neural differentiation.  

 In 2009, Gupta et al. demonstrated that neurospheres isolated from α1A-AR expressing 

mice present lower cloning efficiency and mainly originate neural germ layer cells  

(Gupta et al, 2009). α2-ARs has been shown to induce neural differentiation also in rat 

pheochromocytoma PC-12 cells following a subtype-specific agonist stimulation 

(Lymperopoulos et al, 2006). In this case, the induction of neural differentiation by alpha-

2-Ars resulted to be sustained by the activation of CREB (cAMP response element-

binding protein) mediated by GRK-2 (TrkA-activated GPCR kinase) (Karkoulias et al, 

2020).  

 

On the other hand, other studies demonstrate that blockage instead of activation of α- 

ARs promotes neural differentiation. For example, the α1-AR antagonist tamsulosin has 

been demonstrated to sustain neurogenesis by activation of PKC/CREB and PI3K/Akt 

pathways in old rats(Kim et al, 2017), and the α2-AR antagonist dexefaroxan was shown 

to be able to promote hippocampal neurogenesis (Rizk et al, 2006).  

 

The opposing effect has been also reported not only in terms of activation and inhibition 

but also among the different sub-families of ARs.  For example, the activation of different 

adrenergic receptor subtypes has been reported to have a divergent effect on 

hippocampal neurogenesis: the stimulation of α2-AR decreases the hippocampal 

neurogenesis, while β-AR activation improves the activity of hippocampal precursors 

cells (Jhaveri et al, 2014).  
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All these observations indicate that the role of adrenergic receptors in neural 

differentiation can vary according to the activated\inhibited receptor subtype and to the 

target tissue. Even though there is not a clear picture of the role of all the ARs in 

induction/inhibition of neurogenesis, all the reported studies suggest that ARs are 

interesting targets whose role in NB differentiation is worth investigating.   

 

 

2.3  Crosstalk of 13-cis-RA and adrenergic signalling  

Due to the role of RA as an activator of pathways involved in the control of cell 

proliferation and differentiation in tissues relevant for the adrenergic signalling (i.e. 

cardiac  (Nakajima, 2019) and sympathetic nervous system (Chandrasekaran et al, 

2000)), some studies have been carried out to assay the presence of a cross-talk between 

the RA and AR signalling. For example, it has been demonstrated that the biosynthetic 

and transport pathways for RA are both deregulated in cardiomyocytes of adrenergic-

deficient mice (Dbh-/-) (Osuala et al, 2012).  As a consequence of the adrenergic deficiency 

and alteration of RA pathways, the Dbh-/- mice embryos die at E10.5 by heart failure 

indicating that RA could be a mediator of adrenergic action in early phases of heart 

development (Osuala et al, 2012).  

 

An interplay between adrenergic signalling and RA has also been reported in some types 

of cancer. A study on teratocarcinoma stem cells demonstrated that the endodermal 

differentiation pursuit by these cells upon RA exposure is accompanied by an increase in 

the expression of β-AR and modulation of G-proteins expression levels (Galvin-Parton et 

al, 1990). This finding was further confirmed by the identification of the RA-responsive 

domain in the promoter of the β1-AR gene (Bahouth et al, 1998). Furthermore, it has 

been reported that in lung cancer cells, RA is involved in the modulation of cAMP levels; 

the exposure of the cells to either 13-cis-RA or 9-cis-RA lead to an increase in intracellular 

levels of cAMP the secondary messenger of alpha-2-AR and beta-AR (Al-Wadei & 

Schuller, 2006).  
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All these studies indicate the presence of crosstalk between the AR and the RA signalling 

pathways and since both are involved in the control of cancer proliferation (See section 

1.5.1 and section 2.1) this interplay can open new routes for the setup of novel therapy 

via the co-modulation of these two signalling cascades.  

 

 

3. Flavonoids  

In the last 15 years, research for new drugs to be used in oncology has refocused on 

natural products. Flavonoids are plant secondary metabolites characterized by a low 

molecular weight phenolic structure with a diphenyl propane (C6C3C6) skeleton. The 

diphenyl propane skeleton is shared by all flavonoids but they can be classified into six 

classes depending on the carbon of the C ring on which the B ring is attached and the 

degree of unsaturation and oxidation of the C ring: anthocyanins, chalcones, flavanone, 

flavones, flavonols and isoflavonoids (Panche et al, 2016).  

 

All these compounds have been subjected to wide experimentation, to check their 

possible roles in human health. Flavonoids have been demonstrated to exhibit a broad 

spectrum of biological activities beneficial for human health serving as anti-oxidants 

(Procházková et al, 2011), anti-microbial, anti-viral, anti-inflammatory, cardio-

protective (Hertog et al, 1993), neuroprotective (Gutierrez-Merino et al, 2011) and anti-

cancer compounds (Rodríguez-García et al, 2019). Initially, the beneficial biological 

functions of flavonoids have been ascribed to their antioxidant properties; anyway, more 

recently their role as a modulator of key signalling pathways has emerged, with the 

regulation of inflammation and cell proliferation (Ramos, 2008).  

 

For example, they can modulate the PI3K/AKT/mTOR pathway to induce cell cycle 

arrest, apoptosis and autophagy in breast cancer cell lines (Zhang et al, 2018). Other 

pivotal cancer-related pathways reported to be modulated by flavonoids are the NFkB(Li 

& Sarkar, 2002), the MAPK (Huang et al, 2005) the Notch (Wang et al, 2006) and the WNT 

pathways (Kawahara et al, 2009; Sarkar et al, 2009; Amado et al, 2011). Flavonoids can 
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induce cell cycle arrest, by increasing levels of CDIs (Cyciline dependent kinase 

inhibitors) and inhibiting cyclins, and apoptosis, through cytochrome-c release, 

activation of caspases and down- or up-regulation of Bcl-2 family members (Ramos, 

2008). The role of flavonoids has been also recognized in inhibition of 

survival/proliferation signals (AKT, MAPK, NF-κB, etc.) and inflammation (COX-2, TNF 

secretion, etc.), as well as suppression of key proteins involved in angiogenesis and 

metastasis in cellular and animal cancer models (Ramos, 2008).  

The anti-cancer properties of flavonoids have been evaluated also on NB cells. For 

example, it has been shown that the flavonoids isoliquiritigenin and epigallocatechin can 

induce growth arrest and cell death in SH-SY5Y cells (Escobar et al, 2019) (Wan et al, 

2021).  
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 AIM OF THE STUDY 
 

This thesis project aims at the identification of a new therapeutic strategy for 

neuroblastoma. Currently, the therapeutic protocol for NB foresees the tumor resection 

followed by chemotherapy and a final pro-differentiative treatment with 13-cis-RA. This 

last step of the protocol is of pivotal importance to reduce the tumor proliferative 

potential and to avoid tumor relapse. Thus, the goal of this study is to identify a 

compound that can improve the anti-proliferative and pro-differentiative effect of 13-cis-

RA. The alpha-adrenergic receptors are a member of the G-protein-coupled receptors 

(GPCRs) family and as such, they are involved in the control of essential cellular functions 

like cell proliferation. Moreover, a role in neural differentiation and a cross-talk with 

retinoic acid signalling has been proposed for this class of receptors (see sections 2.2 and 

2.3) in other types of malignancies. Starting from these considerations we investigated 

the role of ARs in modulating the cellular response to the treatment with 13-cis-RA in 

terms of inhibition of proliferation and increase of differentiation.  
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 STARTING RESULTS  
 

To identify a molecule able to potentiate the anti-proliferative effects of 13-cis-RA, a high 

throughput screening was performed challenging CHP134 neuroblastoma cells with a 

low dose of retinoic acid in combination with a library of 169 natural compounds (Figure 

7 A). Setting the threshold to 80% growth inhibition, the screening highlighted 10 ten 

natural compounds representing different chemical or sharing strong structural 

similarities able to increase the anti-proliferative role of 13-cis-RA (Figure 7 B). Further 

analysis on these hits pointed out that 13-cis RA and isorhamnetin combination showed 

the most synergistic effect on the inhibition of CHP134 cell growth. Evaluating different 

combinations of drug concentrations, the rate 1:3 between the retinoid and 

isorhamnetin, resulted to be the more effective with significant reduction of cell viability 

already at 5µM of 13-cis-RA and 15µM of isorhamnetin (Figure 7 C-D).  

 

The reported synergistic effect was observed in different neuroblastoma cell lines, 

regardless of the status of MYCN amplification status (Figure 8 A-D).  

We tested the drugs combination also on CHP134 3D spheroids used to mimic tumour-

like cell aggregates; when used together, 13-cis-RA and isorhamnetin lowered cell 

viability (Figure 9 B) and induced cell death of the cellular spheroids already after 48h as 

showed by the sytox dye staining (Figure 9 A).  
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Figure 7. 13-cis-RA and the flavonoid isorhamnetin have a synergistic impact on NB cells 

viability. (A) Results of the high throughput screening; cell viability CHP134 cells treated with 169 

natural compounds library (10µM) and 0.05 μM 13-cis-RA for 48h is represented as the percentage of 

viable cells relative to 0.1% DMSO-treated controls considering time-zero measurement. Ten 

compound combinations inhibiting more than 80% of cell growth (lower dotted line), were selected for 

validation (in bold). (B) CHP134 cells were treated with ten hits (10µM) alone or in presence of 13-cis-

RA (5µM) for 48h. Cell viability represents the percentage of viable treated cells compared to viable 

cells before treatment starts. Statistically significant differences between double treatment and 13-cis-

RA treatment (black asterisks) and natural compound treatment (grey asterisks) were calculated 

according to a two-tailed unpaired t-test.  (C) Cell viability of CHP134 cells exposed for 48h to 2-fold 

serial dilutions of isorhamnetin and 13-cis-RA at 1:3 ratio. Data are normalized on DMSO treated cells. 

Statistically significant differences between double treatment and 13-cis-RA treatment (black asterisks) 

and natural compound treatment (grey asterisks) were calculated according to two-way ANOVA 

followed by Dunnett's multiple comparisons tests. (D) Representative images of the effect of single and 

combined treatments for 48h on CHP134 cells. Cells were stained with the live cell labelling dye, calcein 

(green) and the dead cell marker Sytox (red). Cells imaged with 20X long WD objective. (A-B-C). Data 

obtained by Dr Pamela Gatto. 
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Figure 8. The combination of isorhamnetin and 13-cis-RA is effective and synergistic in several 

neuroblastoma cell lines.  Cell viability of (A) NB3, (B) Kelly, (C) IMR32 and (D) SIMA treated with a 

range of 2-fold serial dilution of isorhamnetin and 13-cis-RA for 48h. Statistically significant differences 

between double treatment and 13-cis RA treatment (dark grey asterisk) and natural compound treatment 

(light grey asterisk) were calculated according to two-way ANOVA followed by Dunnett's multiple 

comparisons tests. Data obtained by Dr Pamela Gatto. 
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Figure 9. The combination of 13-cis-RA and isorhamnetin lowers the cell viability of NB spheroids. 

(A) Images of 3D spheroid (CHP134 cell line) treated with 13-cis-RA and isorhamnetin alone or in 

combination. After 48h the spheroids were stained with the death cell marker Sytox and imaged with 10X 

long WD objective. (B) Cell viability of 3D spheroids after 24h, 48h, and 72h from the start of indicated 

treatments. The data are displayed as the percentage of vehicle-treated controls at 24h post-treatment 

start. Statistically significant differences between double treatment and 13-cis-RA treatment (black 

asterisks) and natural compound treatment (grey asterisks) were calculated according to two-way ANOVA 

followed by Dunnett's multiple comparisons tests.   
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Figure 10. 13-cis-RA in combination with isorhamnetin deregulates the cell cycle and induces 

apoptosis. (A) Caspase activity determination in CHP134 cells treated with either DMSO, 13-cis-RA (5µM) 

isorhamnetin (15µM) or their combination for 6h, 15h 24h and 48h. Caspase-3 and -7 activities were 

normalized on cell viability. (B) Analysis of the treatment's effect on cell cycle progression was performed 

by high content image analysis of cells stained as reported in material and method. The percentage of cells 

in various phases is expressed relative to the total number of cells. All the reported statistically significant 

differences between double treatment and 13-cis RA treatment (R), natural compound treatment (I) and 

control (C) were calculated according to one-way ANOVA followed by Tukey multiple comparisons. (C) 

Representative images of treated cells fixed and stained as follows: cells in the S phase were detected with 

Click-iT EdU Alexa Fluor 594 imaging assay and cells in the M phase were displayed with primary anti-

phospho-histone H3 antibody and Alexa Fluor 488 secondary antibody. Cells imaged with 20X long WD 

objective. Data obtained by Dr Pamela Gatto. 

 

Investigating the cellular mechanisms behind the reduction of cell viability induced by 

the drug combination, we reported that the use of isorhamnetin and 13-cis-RA in concert 

is effective in the induction of apoptosis (Figure 10 A) and blockage of cell cycle 

progression (Figure 10 B). To explore the molecular players involved in the synergism a 

gene expression analysis has been done by microarray on polysomal RNA of differentially 

treated cells. This analysis revealed the occurrence of 214 differentially expressed genes 

in the cells treated with 13-cis-RA and isorhamnetin combination relative to single 
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treatments. In detail, the microarray gene expression analysis pointed out that combination 

treatment of 13-cisRA plus isorhamnetin led to coherent perturbations of gene expression 

including negative regulation of cell proliferation and lipid and drug metabolism, activation of 

specific neural cell differentiation and migration gene pathway, up-regulation of specific G 

protein-coupled receptor downstream signalling, cell cycle arrest and apoptosis gene sets.  

Further validation of the microarray data pointed out that the reduction of cell viability 

prompted by the combination of isorhamnetin and 13-cis-RA is specifically accompanied 

by a marked increase in the expression of the adrenergic receptor alpha 1-B (Figure 11).  

 

 

ADRA1B (ADRα1B) belongs to the superfamily of G-protein coupled receptors and to the 

subfamily of adrenergic receptors (AR) that are catecholamine receptors expressed in 

the sympathetic nervous system (SNS). Of note, the adrenergic receptor alpha2A 

(ADRA2A), another member of the AR-Family, also resulted to be modulated by our 

treatments: its expression was inhibited by the presence of 13-cis-RA either alone or in 

combination with isorhamnetin (Figure 11). These two receptors, even if are members 

of the same family, are involved in different signal transduction pathways (Figure 6).  

Figure 11. The exposure of NB cell to 

isorhamnetin and 13-cis-RA leads to 

variation in gene expression. (A) 

Validation of the microarray gene 

expression analysis by TaqMan real-time 

qPCR. The validation was performed on 

the top 10 genes that resulted as 

modulated in the cells treated with the 

drug combination. (13-cis-RA, 5 µM plus 

isorhamnetin 15µM) Data obtained by Dr 

Pamela Gatto and Dr Toma Tabaldi 
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Interestingly, the SNS other than the expression tissue of AR, is also the anatomical 

location of NB onset and high levels of catecholamines are found in NB patient’s samples 

with a prognostic/diagnositc value. With these considerations in mind and the 

knowledge that the adrenergic receptors have a role in the modulation of pivotal 

pathways involved in the control of proliferation and neural differentiation, we decided 

to direct our attention to this class of receptors. Moreover, the druggable nature of ARs 

makes these receptors an interesting target to be explored in NB for drug repurposing 

efforts. Given the specific overexpression of ADRA1B only in the combined treatment 

with 13-cis-RA and isorhamnetin, we decided to move on focusing in particular on the 

role of this alpha-AR.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



33 
 

Figure 12. Genetic KO of ADRA1B in CHP134 cells (A) Sanger sequencing chromatogram of the DNA locus 

of ADRA1B targeted by designed CRISPR/Cas gRNA. The upper part of the panel is referred to KO cells, while 

the lower part represents the chromatogram of control cells. (B) Real-time qPCR of ADRA1B in WT and 

ADRA1B KO cells treated for 24h, 48h and 72h with 13-cis-RA (5µM) and isorhamnetin (15µM) alone or in 

combination. Data are normalized on DMSO treated cells for each time point.   

 

RESULTS 
 

1. Knock-out or pharmacological blockage of ADRA1B 

sensitize NB cells to 13-cis-RA treatment 

To study the role of ADRA1B in the mediation of the synergistic effect of 13-cis-RA and 

isorhamnetin, we decided to generate NB cell line KO for this adrenergic receptor. 

Exploiting the CRISPR/Cas9 technology, we knocked out ADRA1B from CHP134 and SK-

N-AS NB cells (Figure 12 A, Figure 13 A). We selected these two cell lines since the first 

one is sensitive to 13-cis-RA and to the combination of the retinoid with isorhamnetin 

(Figure 7 C), while the second line is known to be refractory to 13-cis-RA and as such its 

cell viability is not affected by the co-treatment with the flavonoid (Figure 14 A). The 

generated ADRA1B KO cells were then challenged with 13-cis-RA and isorhamnetin 

either alone or in combination. Evaluating the expression of ADRA1B in WT and KO 

cHP134 cells, we reported that upon the exposure to either DMSO or 13-cis-RA or 

isorhamnetin the mRNA is detectable at very high Ct values (~36-37), indicating low 

expression of the receptor in these conditions. On the other hand, when we challenged 

the cells with the combination of 13-cis-RA and isorhamnetin, we observed a shift toward 

lower Ct values representing overexpression of ADRA1B only in WT cells, while in KO 

cells the mRNA quantity remains very low (Figure 12 B). The induction of the expression 

increases along with the prolongation of the treatment period.  
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The increase of the amount of mRNA of ADRA1B was not observed in SK-N-AS cells, 

where its expressions remained very low regardless of the type of treatment (Figure 13 

B). This observation is in line with the refractory of this cell line to 13-cis-RA and its 

combination with isorhamnetin (Figure 14 A).  

 

 

 

Figure 13. Genetic KO and 

expression of ADRA1B in SK-

N-AS cells. (A) Sanger 

sequencing chromatogram of 

the DNA locus of ADRA1B 

targeted by designed 

CRISPR/Cas gRNA. The upper 

part of the panel is referred to 

as KO cells, while the lower part 

represents the chromatogram 

of control cells. (B) Real time 

qPCR of ADRA1B in SK-N-AS 

treated for 48h with 13-cis-RA 

(5µM), isorhamnetin (15µM) 

alone or in combination. Data 

are normalized in DMSO treated 

cells.  

 

Figure 14. SK-N-AS are unresponsive to treatment with 13-cis-RA and isorhamnetin. Cell 

viability of SK-N-AS cells. (A) WT and (B) KO for ADRA1B exposed for 48h to serial dilutions 

of 13-cis-RA and isorhamnetin alone or in combination. Reported data are normalized on DMSO 

treatment. (SD are not shown to have a clearer graph). 
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Interestingly, we observed that the CHP134 ADRA1B KO cells undergo a high reduction 

of cell viability not only when faced with the combination of 13-cis-RA and isorhamnetin, 

but also in presence of the retinoid alone (Figure 15 A-B). This sensitization over the 13-

cis-RA was not detected in ADRA1B KO SK-N-AS cells that remained insensitive to the 

treatment (Figure 14 B). 

 

To further validate this result, we selected the highly selective ADRA1B antagonist 

L765,314 (Patane et al, 1998) to be administered to NB cells along with 13-cis-RA to 

mimic the effect of the genetic KO of ADRA1B. Thus, we treated the cells with the 

antagonist alone or in combination with either 13-cis-RA or isorhamnetin and with the 

sum of the two. The combined treatment of CHP134 NB cells with the alpha-1B-AR 

antagonist and the retinoid leads to a decrease in cell viability, which resembles what 

was observed in KO cells challenged with 13-cis-RA, with an IC50 of 20uM for L765,314 

in combination with  13-cis-RA  (Figure 15 B-C-D, Figure 16 A). The use of L765,314 alone 

or in combination with isorhamnetin does not lead to any consistent change in cell 

viability compared to cells exposed to the single compounds (Figure 15 C-D). in detail, 

we just observed a mild reduction of cell viability in ADRA1B KO cells exposed to 

L765,314 together with isorhamnetin respect to cells exposed to isorhamnetin alone 

with a mean difference of only 13.17. This result can be due to some off-targets effect of 

L765,314 that could also explain the slight decrease of cell viability registred when the 

antagonist was given alone both in WT and KO cell line (DMSO vs L765,314 mean diff of 

13.63 in WT and of 22 in KO cells) (Figure 15 C-D).  

 

We applied the same treatment scheme to other cell lines, focusing our attention on the 

effect on cell viability of the 13-cis-RA used together with the ADRA1B inhibitor. All the 

tested cell lines showed augmented sensitivity to retinoid-induced loss of cell viability 

when the 13-cis-RA is administered along with L765,314 (Figure 16 B). In detail, we 

observed that the cell line previously reported as sensitive to the synergism of 13-cis-RA 

and isorhamnetin show a comparable level of reduction of cell viability when the 

flavonoid is substituted by the alpha-1B-AR antagonist L765,314 (Figure 8 and Figure 16 

B: Kelly, SIMA, IMR32, NB3).  
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Figure 15. Genetic KO or antagonization of ADRA1B sensitizes CHP134 cells to 13-cis-RA treatment. 

(A) Cell viability assay on CHP134 either non-traduced or infeced with CRISPR/Cas9 vector contiaing 

gRNA to target ADRA1B site (KOcells) or a scramble gRNA (scramble). Statistically significant differences 

between KO and non-trasduced cells (black asterisks) and cells transduced with scramble CRISPR/Cas9-

V1 plasmid (grey asterisks) were calculated according to one-way ANOVA followed by uncorrect Fisher 

LSD test. (B) Representative images of the effect of pharmacological blockage of ADRA1B by L765,314 

(20μM) on cell response to 13-Cis-RA (5µM) and isorhamnetin (15µM) exposure for 72h. Cells imaged in 

digital phase contrast channel with 10X long WD objective. (C)(D) Cell viability of WT (scr) and ADRA1B 

KO cells after exposure for 72h to indicated compounds. Statistical analysis was performed by  one-way 

ANOVA followed by Bonferroni’s multiple comparisons test. All presented data were normalized on 

vehicle-treated cells.  
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In SK-N-AS cells, we observed a slight decrease of cell viability in the presence of L765, 

314 relative to control cells, which is reflected in the combinatorial treatment with 13-

cis-RA; the addition of the 13-cis-RA does not augment the loss of cell viability, which is 

in line with expected resistance to retinoic acid of this cell line (Figure 16 B; SK-N-AS). 

The mild effect of L765,314 was present with a lower extent also in SK-N-AS ADRA1B KO 

cells indicating some off-target effects like observed in the CHP134 cell line (Figure 15 C-

D).  

 

We further tested the co-treatment with the alpha-1B antagonist and 13-cis-RA also on 

non-NB cell lines: MCF10A (breast epithelial) and CCD18-Co (colon fibroblast). The colon 

fibroblasts-derived cells showed a little responsiveness to the treatments with 13-cis-RA 

combined with either isorhamnetin or L765,314, while the MCF10A cells resulted 

completely non-responsive with no decrease of cell viability upon administration of the 

tested compounds either alone or in concert.  

 

In summary, these data indicate that the genetic KO or the pharmacological blockage of 

the adrenergic receptor alpha 1B leads to a sensitization of NB cells to 13-cis-RA, leading 

to an overall reduction of the cell viability. Therefore, it is likely that the observed 

synergistic effect between 13-cis-RA and isorhamnetin was mediated at least in part by 

the action of isorhamnetin as an antagonist of the ADRA1B receptor.  
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Figure 16. L765,314 sensitize cells to the 13-cis-RA treatment of several NB cell lines. (A) Dose-

response curve of CHP134 cells WT and KO for ADRA1B treated with 13-cis-RA (5µM), isorhamnetin 

(15µM), 13-cis-RA/isorhamnetin plus/minus the ADRA1B inhibitor L765,314. Data were normalized on 

DMSO control and then the difference (fold) in cell viability upon addition of L765,314 was calculated. 

(B) Cell viability of different NB and non-NB cells (CCD18-co, MCF10A) upon the indicated treatments: 

13-cis-RA (5µM), isorhamnetin (15µM), L765,314 (20µM). Data are displayed as the percentage of 

vehicle-treated control. Statistically significant differences between L765,314 plus 13-cis-RA (L+RA) 

treatment and 13-cisRA (RA)alone or in combination with isorhamnetin (RA+ISO) and L765,314 (L) 

alone, were calculated by one-way ANOVA followed by Dunnett’s multiple comparisons tests. The 

statistical significances are reported following the graph colour code: RA+L vs RA, teal green asterisks, 

RA+L vs ISO grey asterisks, RA+L vs RA+ISO violet asterisks, RA+L vs L orange asterisks.  
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2. NB cells lacking ADRA1B are more sensitive to 13-cis-RA 

induced apoptosis and differentiation. 

The activation of the retinoic acid pathway resulted in the decrease of cell viability 

through the induction of apoptosis and differentiation (Figure 5). Thus, we wanted to 

assay the extent of these cellular events in RA-sensitive NB cells challenged with 13-cis-

RA and expressing or not the ADRA1B receptor, to start understanding if these two cell 

programs are the drivers of the observed reduction of cell viability, and to what extent 

these programs depend on ADRA1B.  

 

 For the analysis of apoptosis induction, we used the CellEvent™ Caspase-3/7 Green 

Detection Reagent that allows real-time monitoring of apoptosis in live cells: apoptotic 

cells with activated caspase-3/7 show bright green-fluorescent nuclei. The ADRA1B KO 

and WT CHP134 cells were exposed to 13-cis-RA and isorhamnetin alone or in 

combination for 72h during which the caspase signal was registered at fixed time points. 

To evaluate the rate of apoptosis induction, the percentage of assay positive cells were 

normalized over time zero, i.e., the number of green-fluorescent cells detected before 

drug administration. In the treatment with the drug combination, 13-cis-RA with 

isorhamnetin, we observed a consistent rise in the percentage of the green-fluorescent 

cells over time as a consequence of caspase 3/7 activation. The detected signal reached 

higher values in KO cells with respect to WT (Figure 17 A). A consistent induction of 

apoptosis has been also registered in ADRA1B KO cells exposed to the retinoid alone at 

even greater values of what observed in WT cells challenged with isorhamnetin and 13-

cis-RA (Figure 17 A) After 48h of treatment the majority of KO cells exposed to the 

retinoid were found positive for the CellEvent™ Caspase-3/7 Green Detection Reagent 

(Figure 17 B). In conclusion, the apoptosis analysis reveals that the lack of ADRA1B is of 

favour to undertake the pro-apoptotic fate induced by 13-cis-RA.  
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To evaluate if the decrease of cell viability of ADRA1B KO cells is also due to augmentation 

of the 13-cis-RA induced neural differentiation process, we performed a neurite 

phenotypical analysis. CHP134 cells either WT or KO for ADRA1B were treated with the 

isorhamnetin and 13-cis-RA alone or together, ad imaged every 24h for a total of 144h. 

Figure 17. The KO of ADRA1B renders NB cells more prone to 13-cis-RA pro-apoptotic 

effect. (A) Timeline of the induction of apoptosis in cells exposed to the compounds for a 

total of 72h. Data are expressed as fold to increase respect to time 0 and normalized over 

the total number of cells for each time point. Statistically significant differences between 

treatments effects (WT vs ADRA1B KO) were calculated according to two-way ANOVA 

followed by Bonferroni’s multiple comparison test. (B) Representative images of cells 

treated with 13-cis-RA (5µM) and isorhamnetin (15µM) alone or in combination for 48h 

and stained with CellEvent™ Caspase-3/7 Green Detection Reagent. Cells imaged by 10X 

high NA objective in DPC and 488 channels.  
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The obtained images were analysed by high content analysis approach to identify and 

measure the length of neurite protrusions, which are a marker of neuronal differentiation 

(Figure 18 A).  

 

Figure 18. ADRA1B KO gmakes CHP134 cells more prone to 13-cis-RA pro-differentiative effect. 

(A) Quantification of maximum neurite length observed in CHP134 cells WT or KO for ADRA1B treated 

with 13-cis-RA, isorhamnetin alone and in combination for a total time of 144h. Cells were imaged every 

24h. Statistically significant differences between treatments in the two different cell lines (WT and 

ADRA1B KO) were calculated according to two-way ANOVA followed by Bonferroni’s multiple 

comparison test. (B) Representative images of ADRA1B WT and KO NB cells exposed for 72h to 13-cis-

RA. Cells imaged by 20X LWD objective. 
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The images clearly showed that after exposure to 13-cis-RA the remaining KO cells 

extrude longer neurite-like branches with respect to WT (Figure 18 B). The 

quantification of maximum neurites length confirmed the observation: the cells lacking 

the receptor and challenged with 13-cis-RA for at least 48h protrude longer neurite-like 

protrusions relative to WT (Figure 18 A) indicating the is engaged the neural 

differentiation process. 

 

 

3. CHP134 ADRA1B KO cells express higher levels of neural 

differentiation markers 

To further examine the extent of the differentiation process started by 13-cis-RA in 

ADRA1B KO cells, we decided to assay the expression of some well-characterized 

differentiation markers used in NB, both at mRNA and protein level. . We treated ADRA1B 

WT and KO cells with 13-cis-RA, isorhamnetin and the combination of the two molecules 

for 48h. We reported an increase in the amount of mRNA of some differentiation-

associated genes like TH, Beta3-tubulin, Sox9 and its downstream target Hes1, in cells 

exposed to 13-cis-RA either alone or in combination with isorhamnetin (Figure 19 A-B).  

The increase of gene expression of these neural differentiation markers was statistically 

significantly higher in the ADRA1B KO cells compared to the WT. We also detected in KO 

cells a higher amount of GAP43, beta3-tubulin and Sox9 proteins after the incubation 

with isotretinoin alone or together with isorhamnetin. On the other hand, we detected a 

reduction in the protein signal of the NB oncogenic driver PHOX2B in samples incubated 

with 13-cis-RA especially in ADRA1B KO genetic background where a greater decrease 

was observed (Figure 19 A-B). Furthermore, we assayed the expression level of MCYN 

which is known to be downregulated by 13-cis-RA. The MCYN expression resulted to be 

decreased in all the samples treated with isotretinoin; the downregulation is augmented 

in the presence of isorhamnetin and cells lacking ADRA1B. The exacerbation of the 

decrease of MCYN mRNA and protein amounts related to the presence of 13-cis-RA is also 

obtained co-treating cells with L765,314, reaching similar levels of what observed in KO 

cells treated with 13-cis-RA alone (Figure 19 C).  
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Figure 19. CHP134 KO for ADRA1B, upon exposure to 13-cis-RA, express higher levels of neural 

differentiation markers. (A) RT-qPCR of neural differentiation markers TH, Beta3-tubulin, Sox9 and 

Hes1 on samples of CHP134 cells either WT or KO for ADRA1B upon treatment with 13-cis-RA (5µM) 

and isorhamnetin (15µM) alone or in combination. Data were normalized on DMSO treated samples. 

Statistical evaluation between WT vs KO samples for each treatment condition was done by a Two-

way ANOVA test followed by Bonferroni’s multiple comparisons test. (B) Western blot analysis of 

neural differentiation markers: GAP43, PHOX2B, beta3-Tubulin and Sox9 on protein lysates of CHP134 

cells WT and KO for ADRA1B treated with indicated compounds for 48h. (C) Analysis of the expression 

of MCYN by RT-qPCR and WB in WT and KO cells after 48h of indicated treatment 

.  
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These deregulations of MYCN, TH, Beta3-tubulin, Sox9, Hes1 and GAP43 expression, were 

not detected in SK-N-AS WT or KO for ADRA1B, which is in agreement with the 

unresponsiveness of this NB cell line to treatments (Figure 20 A-C).   

Figure 20. Treatment of WT or ADRA1B KO SK-N-AS cells with 13-cis-RA and isorhamnetin 

does not lead to variation in neural differentiation markers expression. (A) RT-qPCR of 

neural differentiation markers MCYN, TH, Beta3-tubulin, Sox9 and Hes1 on SK-N-AS cells either 

WT or KO for ADRA1B upon treatment with 13-cis-RA (5µM) and isorhamnetin (15µM) alone or in 

combination. Statistical comparison has been done comparing WT vs KO samples for each 

treatment condition by two-way ANOVA test followed by Bonferroni multiple comparisons test. 

(B) Images of SK-N-AS exposed for 48h to 13-cis-RA. Cells imaged with 5X magnification. (C) 

Western blot analysis of neural differentiation markers: GAP43, and Sox9 on protein lysates of SK-

N-AS cells WT and KO for ADRA1B treated with indicated compounds for 48h. WBs for the same 

proteins on CHP134 lysates are reported for comparison.   
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The results presented up to here indicate that the lack of or inhibition of ADRA1B leads 

to sensitization of CHP134 NB cells to both anti-proliferative and pro-differentiative 

effects of 13-cis-RA.  

 

 

4. Screening of a focused library of ARs ligands highlights 

alpha-AR as good targets in NB  

Since the involvement of ARs in the control of cell proliferation and differentiation is 

well known (see sections 2.1 and 2.2), and since the druggable nature of these receptors 

poses some interesting advantages in the view of clinical application, we decided to 

perform a wider evaluation of the AR-ligands that can be potentially indicated as novel 

enhancers of the state of the art pro-differentiative therapeutic protocol for NB.   

To this aim, we set up a screening with a focused library of 201 adrenergic receptor 

ligands used at two concentrations (20µM or 40µM) alone or in compresence of 13-cis-

RA at 5µM. The cells were treated for 72h and then the cell viability was evaluated. The 

assay of the quality of the screening was previously evaluated by calculating the Z-

factor showing the separation between the distributions of the positive (13-cis-RA plus 

isorhamnetin) and negative controls (DMSO) (Figure 21 B). The Z-factor equal to 0.68 

which is above the cut-off 0.5, is an indicator of an excellent assay.  

Screening raw data were processed performing normalization of all samples to the 

average of on-plate vehicle-treated controls with the open-source platform KNIME. The 

screening results are summarized in Figure 21 A.  For hit selection, the following 

criteria were applied: first, compounds that at 20µM and 40µM alone reduced the cell 

viability to 0- 50% were filtered out; then compounds that at 20µM and/or at 40µM in 

combination with 13-cis-RA caused a decrease of cell viability greater than that of 13-

cis-RA alone (by 30% at least) were further selected. The molecules that fulfil these 

requirements are reported in Table 5.  
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Figure 21. Results of the high-throughput screening with adrenergic receptors ligands. (A) Cell 

viability of CHP134 was assayed after 72h of treatment with 201 catecholamines receptors agonists and 

antagonists at 20μM (lighter dots) and 40μM (darker squares) alone and in combination with 13-cis-RA 

(5μM). Each point represents the mean of two technical replicates. Data are normalized on the mean cell 

viability of vehicle-treated cells. The yellow dotted line represents the chosen cytotoxicity level (i.e., cell 

viability reduction ≥ 50%). The black, red, and purple dotted lines indicate the mean cell viability of cells 

treated with DMSO (negative control), 13-cis-RA (5μM) and the combination 13-cis-RA (5μM) and 

isorhamnetin (15μM) (i.e., the positive control) respectively. (B) Cell viability values of the screening 

experimental control conditions. For the Z-factor calculation, 13-cis-RA plus isorhamnetin was the 

positive control, while DMSO was the negative control. (C) Hits’ targets analysis focusing on the sub-

classification of agonist vs antagonist and then on receptor subfamily. 
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Table 5. Screening hits and corresponding IC50. For each selected hit we report here the calculated 

IC50 when given alone or in combination to 13-cis-RA to NB cell for 72h. 

 IC50 µM  

Drug name +13-cis-RA Drug alone Target 

AH 11110 HCl 10,29 134,9 α1B- AR antagonist 

CGP 20712A 2HCl 28,58 1814 β1- AR antagonist 

Imipramine HCl 32,24 43,63 AR antagonist 

Doxepin HCl 33,98 43,65 α1- AR antagonist 

Isoproterenol HCl 36,15 52,82 β1/2-adrenergic agonist 

Amitriptyline HCl 36,18 26,27 α1- AR antagonist 

Phenoxybenzamine HCl 36,83 39,72 α1 AR antagonist 

Carazolol 37,32 89,11 β1-adrenergic antagonist 

Corynanthine 42,33 41,27 α1/2- AR antagonist 

ICI-118,551 HCl 45,27 44,95 β2- adrenergic agonist 

Bopindolol malonate 55,47 23,64 β1-AR antagonist 

Dobutamine HCl 57,50 86,51 β1/2- adrenergic agonist 

Maprotiline HCl 59,97 96,74 α1- AR antagonist 

Nicardipine HCl 71 94,52 AR antagonist 

Trimipramine maleate 71,02 42,56 α1/2- AR antagonist 

Ifenprodil hemitartrate 145,90 44,79 α1- AR antagonist 

Dipiveferin HCl 1781 1677 Adrenergic receptor agonist 

 

Of note, 13 out of 17 (76%) of selected hits are adrenergic receptor antagonist and 

specifically, among those that have specificity for either the alpha or beta-AR, 8 out of 

11 (73%) are specific ligands of the alpha-1 subfamily (Figure 21 C). The hits were 

validated by performing dose-response curves of CHP134 cells treated with 2-fold 

serial dilutions of the AR-ligand, (from 80µM or 40µM till 2.5μM), in the presence or 
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absence of 13-cis-RA (5μM). After 72h of treatment cell viability was assessed. The hits-

validation results are reported in (Figure 22). Applying a nonlinear regression model, 

we calculated the IC50 (inhibitory concentration) for each molecule alone or in 

combination with 13-cis.RA. The obtained IC50 values are reported in Table 5.  

 

Some of the evaluated hits present a shift of IC50 toward lower values when 

administered together with 13-cis-RA, indicating potentiation of the growth inhibitory 

capacity of the 13-cis-RA. The hits showing this behaviour are the following: AH11110A 

HCl, GCP20712A 2HCl, imipramine, doxepin HCl, isoproterenol HCl, phenoxybenzamine 

HCl, carazolol, dobutamine HCl, maprotiline HCl and nicardipine HCl. Most of these 

compounds (8/10) are adrenergic receptor antagonists and, 4 out of 8 are specific 

alpha1-AR antagonists (Table 5). Only 2, isoproterenol HCl and dobutamine HCl are AR-

agonist, but both are specific for the subfamily of β-AR.   

 

The hit showing the lowest IC50 when employed along with 13-cis-RA is AH1110A HCl 

which is an ADRA1B antagonist. We tested the efficacy of AH1110A HCl plus 13-cis-RA 

on other NB cells lines; Kelly, Sima, IMR-32, NB3 and SK-N-AS. All the tested NB cell 

lines showed a reduction of cell viability when incubated with AH1110A HCl and 13-

cis-RA already using the alpha-1B antagonist at 15µM. No reduction of cell viability was 

detected in cells treated with AH1110A HCl alone. The SK-N-AS only show 

unresponsiveness to all the assayed drug treatments, which is expected due to their 

intrinsic resistance to retinoic acid (Figure 23).  
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Figure  SEQ Figure \* ARABIC 22. Hits validation of the adrenergic receptor ligand screening. 

(A) Cell viability of CHP134 cells after 72h of treatment with 2-fold serial dilutions of selected 

screening hits given to cells alone (blue curves) or in combination with 13-cis-RA (5 μM) (light 

green curve). The red dotted line represents the mean cells-viability of CHP134 cells exposed to 13-

cis-RA alone for 72h. Data are normalized on DMSO treated cells. Statistical analysis was done with 

Two-way ANOVA test followed by Sidak’s multiple comparison test. 

Figure 22. Hits validation of the adrenergic receptor ligand screening. (A) Cell viability of CHP134 

cells after 72h of treatment with 2-fold serial dilutions of selected screening hits administered to cells 

alone (blue curves) or in combination with 13-cis-RA (5μM) (light green curve). The red dotted line 

represents the mean cells-viability of CHP134 cells exposed to 13-cis-RA alone for 72h. Data are 

normalized on DMSO treated cells. Statistical analysis was done with Two-way ANOVA test followed by 

Sidak’s multiple comparison test. 
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Considering these data and the previous results on ADRA1B KO cells, we decided to 

focus our attention on the class of alpha-adrenergic receptor antagonists for further 

experiments. We selected 5 out of the 8 AR-antagonists showing a low and consistent 

shift of the IC50 when administered together with 13-cis-RA. Thus, the selected hits for 

further analysis were: AH1110A HCL, CGP 20127A 2HCl, imipramine HCl, doxepin HCl 

and carazolol.  

 

 

 

 

 

Figure 23.  Combined treatment with AH1110A and 13-cis-RA is effective in the reduction of cell 

viability of several 13-cis-RA-sensitive NB cells. (A) Cell viability of indicated NB cell exposed to two 

concentrations of AH1110A alone or in combination with 13-cis-RA (5µM) for 72h. Statistically 

significant differences between treatments with AH1110A plus 13-cis-RA and either 13-cis-RA (black 

asterisks) or AH1110A alone (grey asterisks) were calculated by one-way ANOVA followed by Dunnett's 

multiple comparisons test. 
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5. Adrenergic receptors antagonization promotes NB cells 

differentiation  

Since we observed an enhanced expression of differentiation markers and concomitant 

downregulation of PHOX2B and MYCN in ADRA1B KO or L765,314 treated WT cells 

exposed to 13-cis-RA, (Figure 19 C), we decided to perform neurite outgrowth assay by 

high content image analysis  (HCA) of cells exposed to the selected AR-antagonists 

together with 13-cis-RA.   

The CHP134 NB cells were treated with 2-fold serial dilutions of the following ARs-

antagonist: AH1110A HCL, CGP 20127A 2HCl, imipramine HCl, doxepin HCl and 

carazolol administered either alone or concomitantly with 13-cis-RA. The cells were 

imaged after 120h of treatment. The acquired images were analysed with segmentation 

protocol sets to identify neurites, which indicate the start of the in vitro neural 

differentiation process.  

 

The evaluation reveals an overall increase in the number of identified neurites in cells 

exposed to the combination of AR-antagonist and 13-cis-RA compared to the control 

(13-cis-RA alone) (Figure 24). The increase in neural differentiation resulted to be AR-

antagonist dose-dependent with a higher number of long protrusions per cell for 20µM 

dose of compounds plus retinoid with respect to lower ones (Figure 24 B). This 

experimental data suggest that the adrenergic receptors antagonists can augment the 

pro-differentiative effect of 13-cis-RA in a dose-dependent manner.  

Thanks to this analysis, we confirmed that the strategy of combining 13-cis-RA with AR-

antagonists is not only of value to reduce the overall cell viability but also to promote 

cellular differentiation which is of pivotal importance to reduce tumor aggressiveness.  
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Figure 24. The presence of an ARs antagonist enhances the pro-differentiative potential of 13-cis-

RA. (A) Representative images of CHP134 cells treated for 120h with 20µM of selected adrenergic 

receptor ligands alone or in combination with 13-cis-RA (5μM). Cells imaged by 20X LWD objective. (B) 

Quantification of lneurite number per cell (with a length above a certain threshold) by high content image 

analysis. For each treatment and compound concentration, the difference between the numbers of long 

neurite was calculated relative to the retinoid alone. Statistically significant differences between 

catecholamine ligand alone treatment and the combined exposure with retinoid were calculated 

according to two-way ANOVA followed by Dunnet’s multiple comparison tests. 
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6. The FDA approved alpha-1-AR antagonist doxazosin 

combined with 13-cis-RA reduces NB cell viability 

All the presented data point out the validity of alpha-adrenergic receptors as novel 

targets for a combinatorial therapy in NB along with 13-cis-RA. Our data indicate that 

the blockage of the adrenergic receptor, rather than stimulation, is the best strategy to 

augment the decrease of cell viability obtained by exposure of cells to 13-cis-RA.  Among 

the subclasses of ARs, the alpha-1 receptor resulted to be the most represented target 

among the top 10 screening hits. From the hits-validation process, the most promising 

AR-ligand resulted to be AH1110A. Unfortunately, neither AH1110A HCl nor L765,314, 

both specific alpha-1B AR antagonists that showed good synergisms with 13-cis-RA in 

the reduction of NB cells viability, are routinely used as drugs. The available literature 

about their use in vivo is very limited, which is of concern for the set-up of the in vivo 

testing procedure. Some of the other alpha-1 AR antagonists selected as hits in our 

screening are FDA approved drugs, such as imipramine HCl and doxepin HCl, both 

employed primarily for the treatment of depression. The psychotropic nature of these 

drugs raises some worries about their potential use in children. Thus, we decide to 

select for our in vivo study a drug that: is a specific alpha-1 AR antagonist, is already 

used in children and is not a psychotropic molecule. Our search leads to the choice of 

doxazosin (commercial name: Cardura®) (Ganesh et al, 2009). This drug is generally 

prescribed to keep under control the symptoms related to benign prostate hyperplasia 

but is also used to manage hypertensive status in patients with NB (Seefelder et al, 

2005).   

 

Before the starting of the in vivo testing, we verified the efficacy of the doxazosin in vitro 

both on 2D and 3D cell models (Figure 25). The combination of doxazosin with 13-cis-

RA resulted to be effective in the reduction of cell viability of CHP134 cells in a dose-

dependent manner (Figure 25 A-B). The observed decrease of cell viability is 

maintained on spheroid aggregates exposed to the alpha-1 AR inhibitor and the 

retinoid; the formed spheres, once exposed to the combination of the compounds, stop 
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growing and start to disaggregate similarly to what observed in the treatment with 13-

cis-RA and isorhamnetin or L765,314 (Figure 9 and Figure 25 C).  

 

 

 

 

Figure 25. Doxazosin augments the anti-proliferative effect of 13-cis-RA on NB cell monolayer 

and spheroids. (A) Cell viability of cells treated with the indicated compounds for 72h. The data are 

displayed as the percentage of vehicle-treated control mean ± SD of at least three biological 

experiments. Statistically significant differences between double treatment and 13-cis-RA treatment 

(black asterisks) and doxazosin compound treatment (grey asterisks) were calculated according to 

one-way ANOVA followed by Dunnett's multiple comparisons tests. (B) Representative images of 

CHP134 cells treated with DMSO, doxazosin (10μM), 13-cis-RA (5μM) and the combination of the two 

for 72h. Cell imaged in bright filed with 10X magnification. (C) CHP134 spheroids were exposed to 

L765,314 and doxazosin alone or in combination with 13-cis-RA and imaged every 24h. Representative 

images of treated spheroids are reported. Spheroids imaged by 10X long WD objective. 
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 We tested the efficacy of combinatorial treatment also on other RA sensitive NB cell 

lines and on SK-N-AS cells as a negative control. The tested NB cells lines resulted to be 

responsive to the concomitant exposure to doxazosin and 13-cis-RA, reflected by a 

reduction of cell viability in the combined treatment relative to single ones (Figure 26). 

The decrease in cell viability observed in the NB3 cell line in the treatment with 13-cis-

RA and doxazosin is less striking than what was observed in the combination of the 

retinoid with L765,314 (Figure 16 B).  This outcome can be imputed to the lower 

specificity of doxazosin over ADRA1B, thus indicating that the specificity over the 

receptor subtype is important for the sensitization of cells over 13-cis-RA.  

 

Also, the SIMA cell line resulted to be more refractory to the combined treatment 

compared to the other RA-sensitive cells line (Kelly, IMR32, NB3); this is consistent 

with the reduced susceptibility of this cell line to the other drug combinations tested in 

this work (i.e. isorhamnetin Figure 8, L765,314 Figure 16 B, and AH1110A Figure 23). 

The SK-N-AS cells showed a slight decrease in cell viability when exposed to 20µM of 

doxazosin alone but without an additive effect with 13-cis-RA, again reproducing what 

was observed for treatment with L765,314 (Figure 16 B).    

 

Collectively, these data indicate that the combination of the FDA approved doxazosin 

with 13-cis-RA is effective in reducing cell viability in different in vitro models of NB, 

thus posing the basis for further in vivo analysis.  
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Figure 26. The combined treatment of doxazosin with 13-cis-RA is effective in the reduction of 

cell viability of several RA-sensitive NB cells. (A) Cell viability of different NB cell exposed to two 

concentrations of doxazosin alone or in combination with 13-cis-RA (5μM) for 72h. Statistically 

significant differences between treatments with doxazosin plus 13-cis-RA and either 13-cis-RA (black 

asterisks) or doxazosin alone (grey asterisks) were calculated by one-way ANOVA followed by Dunnett's 

multiple comparisons tests.  

 

 

7. In vivo treatment of NB xenografts with doxazosin and 13-

cis-RA blocks tumor growth 

To evaluate the effectiveness of the proposed combined treatment with an alpha-1-AR 

agonist and 13-cis-RA in vivo, we decided to use a xenograft model in nude mice. We 

xenografted CHP134 cells, expressing luciferin, into the right flank of athymic nude 

mice. After the establishment of a visible tumor mass, mice were divided into four 

treatment groups: DMSO, 13-cis-RA, doxazosin, and 13-cis-RA plus doxazosin. We 

waited until the formation of the tumor mass to start the treatment to better mimic 

what occurs in patients where the start of the pharmacological treatment is performed 

after the diagnosis of the tumor.  

All the compounds were given daily for two weeks. The doses for treatment has been 

chosen starting from those currently used in humans for both drugs and following the 
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indication reported by Nair et al. (Nair & Jacob, 2016) to translate the human doses into 

doses suitable for mice. Thus, we administered 10mg/kg of 13-cis-RA and 10mg/kg of 

doxazosin once a day for a total of 15 days. The luminescence signal from CHP134 

luciferin expressing cells was used to monitor the tumor growth. Mice were live imaged 

on day 0, as a baseline, and then, every 7 days till the end of the treatment (15 days) 

and then monitored for an additional week for a total of 21 days (Figure 27 A).  

 

The mice administered with doxazosin plus 13-cis-RA develop smaller tumors at the 

end of the treatment period with respect to the control and single drug groups which 

suggests that the drug combination slows down tumor growth. To quantify the 

phenomenon, we take into account two parameters: the tumor overall growth and the 

growth velocity both based on tumor volumes. The tumor volumes, V, was calculated as 

follows: 𝑉 = (𝑊𝑖𝑑𝑡ℎ2 ∗ 𝐿𝑒𝑛𝑔ℎ𝑡)/2, where the width and length parameters were 

obtained from the analysis of the acquired in vivo images. The overall growth of tumor 

masses was analysed normalizing the volume's values detected the day before the 

treatment start. The growth velocity evaluation, instead, was done by fitting the tumor 

volumes to a linear regression model (y=βx+q), where the unknown y is the volume and 

the β parameters indicate the slope of the linear model, so it is the indicator of how fast 

the tumor volumes varies over time. The analysis confirmed that the alpha-1-AR 

antagonist, doxazosin, and the retinoid, work together to slow down tumor growth 

(Figure 27 B). The restraints posed to the tumor growth by the double treatment led to 

the establishment of statistically significant smaller tumors in mice of this treatment 

cohort (Figure 27 C). Importantly, the double-treated tumors do not speed up their 

growth rate after the end of treatment periods (first 14 days) (Figure 27  B-C).  This 

observation suggests that the treatment is effective even after the suspension of daily 

administration in keeping the tumor progression under control. Further analyses are 

needed to understand to which extent the effectiveness of the combined treatment with 

13-cis-RA and doxazosin in reducing tumor aggressiveness is due to impairment of cell 

proliferation and malignant cells differentiation.  The observations done by in vivo 

imaging has been confirmed on the day of mice suppression when the tumors were 
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extracted and measured: the tumors deriving from double-treated mice resulted to be 

smaller compared to those of all the other treatment groups (Figure 27 D). 

 

 
 

 

Figure 27. The co-administration of 13-cis-RA and doxazosin to mice xenograft controls tumor 

growth. (A) Workflow of the in vivo study. (B) Tumor xenograft volume increase. Tumor volumes were 

normalized on the V detected on day 0. Statistical analysis was performed on log2 (Vt/V0). (C) The tumor 

growth rate was evaluated by fitting the registered tumor volumes to a linear regression model (y=βx+q). 

The statistical significance was calculated comparing the β factors (i.e. the slope of the linear model) 

obtained for each treatment. (D) Representative images of in vivo monitoring of the differentially treated 

mice.  
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DISCUSSION AND CONCLUSIONS 
 

Despite the aggressiveness of the treatment protocol for high-risk NB tumors, in ˃30% 

of these patients relapse occurs (Park et al, 2013). The tumor reoccurrence is due to the 

residual disease that has not been eradicated. Since the 1970s several molecules have 

been tested for their use as pro-differentiative agents in different types of cancer, 

including acute myeloid leukaemia and breast cancer (Xu et al, 2014). The main 

conceptual advantage of pro-differentiation agents over antiproliferative ones is the 

abrogation of malignant stem cell self-renewal by terminal maturation, which could 

bring to a less efficient selection of resistant clones (De Thé, 2018). For neuroblastoma, 

the leading drug used for this purpose is 13-cis-RA Even if the introduction of 13-cis-

RA in NB therapy has contributed to the improvement of the prognosis of children 

diagnosed with high-risk disease, the 3-year disease-free survival rate for these 

patients is only about 50% (Masetti et al, 2012). Thus, other drugs have been proposed 

to ameliorate the effectiveness of 13-cis-RA in the eradication of the minimal residual 

disease. For example, it has been shown that the combination of retinoid and histone 

deacetylase inhibitors are synergistic to inhibit tumor growth in vitro (De Los Santos et 

al, 2007).  

 

Starting from the aim of finding a novel double-drug therapy to increase the 

pharmacological value of 13-cis-RA, we identified the flavonoid isorhamnetin as a 

natural compound able to synergize with the retinoid. The exposure of NB cells to the 

combination of the two drugs leads to reduction of cell viability together with induction 

of apoptosis and stop of cell cycle progression (Figure 7, Figure 8, Figure 9, and Figure 

10). Interestingly, we report that the cell viability decrease exerted by the 

combinatorial therapy is accompanied by the overexpression of the adrenergic 

receptor alpha-1B (Figure 11). The ARs are involved in the mediation of the 

catecholamine signalling in the peripheral sympathetic nervous system that is the 

anatomical location of NB. The role of catecholamines in the stimulation of proliferation 

is widely recognized and high levels of these neurotransmitters are present in NB 

patient’s urine samples (Maris, 2010) Due to their role as mediators of catecholamine 
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signalling, also ARs have been investigated for their role in the control of pivotal 

signalling cascades such as control of proliferation and neural development (see 

sections 2.1 and 2.2). In particular, ADRA1B has been classified as an oncogene whose 

constant activation leads to foci formation in fibroblasts (Allen et al, 1991). These 

considerations and our data that indicate ADRA1B as an effector of the anti-cancer 

synergism of 13-cis-RA and isorhamnetin stimulated us to focus on ADRA1B and more 

generally on the class of adrenergic receptors as new targets in neuroblastoma.  

 

To study the role of ADRA1B in NB, we started generating genetic KO cell lines for this 

AR. We showed that the lack of this receptor leads to sensitization of CHP134 cells to 

13-cis-RA induced loss of cell viability (Figure 15 A).  The observation was confirmed 

by incubation of cells with the ADRA1B specific inhibitor L765,314: the combination of 

this alpha-1B-AR antagonist with 13-cis-RA provokes a consistent fall of cell viability 

(Figure 15 B, C, and D) to values similar to what observed in the combination of the 

retinoid with isorhamnetin. This similarity of treatments outcome can be attributed to 

the possible role of isorhamnetin as an alpha-1-AR antagonist; the metabolic precursor 

of isorhamnetin, the flavonol quercetin, has been reported to be an antagonist of the 

alpha-1-AR (Ajay et al, 2003) so it is possible that also isorhamnetin works as an alpha-

1-AR inhibitor.  

We confirmed the effectiveness of the blockage of the alpha-1B-AR in augmentation of 

the anti-proliferative effect of the 13-cis-RA on a panel of different NB cell lines; the 

responsiveness is maintained regardless of MYNC status; the only exception is the SK-

N-AS cell line, either WT or KO for the receptor (Figure 16 B). The resistance of this last 

cell line is due to its intrinsic refractory to 13-cis-RA therapy, indicating that retinoid 

responsiveness is essential to obtain a reduction of cell viability. The tested non-NB cell 

lines do no show to be impacted by the combination of L765,314 and 13-cis-RA (Figure 

16 B).  

 

We showed that the 13-cis-RA promoted reduction of cell viability observed in the 

ADRA1B KO cells is the result of high induction of apoptosis and neural differentiation. 

The occurrence of the differentiation process upon exposure of CHP134 cells to 13-cis-
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RA was confirmed by the analysis of the expression of a selected panel of recognized 

markers. We observed a  consistent induction of the expression of neural 

differentiation-associated markers, such as TH, beta3-tubulin, Sox9 and GAP43 and 

downregulation of MCYN (Figure 17, Figure 18 and Figure 19) that is, again, 

significantly more evident in cells lacking the adrenergic receptor alpha-1B. These 

fluctuations in expression of neural markers were not detected in SK-N-AS cells upon 

exposure to the retinoid alone or along with isorhamnetin, even in the SK-N-AS 

ADRA1B KO cells (Figure 18 A-C). This confirms that the intrinsic responsiveness to 13-

cis-RA is essential to trigger the differentiation program, which is then facilitated by the 

lack of ADRA1B.  

The direct consequence of these observations is that targeting of ARs could be 

beneficial to significantly potentiate the clinical effectiveness of 13-cis-RA and that such 

combinatorial therapy can be indicated to be applied in the post-consolidation phase of 

NB treatment to obtain a full differentiation of residual tumor cells, thus impacting 

tumor aggressiveness.   

 

To carry out a wider validation of ARs as a new target in NB and to better understand 

which class of ARs in the best choice for the proposed combinatorial therapy, we 

performed a focused screening with ARs modulators to be administered along with 13-

cis-RA looking for those combinations that augment the reduction of cell viability 

started by the retinoid. The high-throughput experiment leads us to the identification 

of 10 hits. The great majority of the hits, 8 over 10, are AR-antagonists (Figure 21, Table 

5). This clearly indicates that the best option to develop a new combinatorial therapy 

with 13-cis-RA to affect the minimal residual disease is to inhibit rather than 

stimulating the AR-mediated signalling, as predicted. The most represented sub-family 

of ARs among the screening hits is the alpha-1-AR one. Notably, all the alpha-1 

modulators that emerged from our analysis are AR-antagonist and the best hits resulted 

to be AH11110 HCl, with an IC50 of 10.29 µM when administered with the retinoid, that 

is a specific inhibitor of ADRA1B. The only AR-agonist that emerged from the screening 

are specific for beta-ARs, no alpha-AR agonist results to be able to potentiate the 13-

cis-RA. The alpha and beta ARs are involved in different signalling cascades (Figure 6) 
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indicating that treatment specificity toward a particular AR family is of pivotal 

importance for the outcome of the proposed approach. We showed that the 

combination of AH11110A HCl with 13-cis-RA is effective in reducing cell viability on 

several NB cell lines (Figure 23). We then performed a neurite outgrowth quantitative 

analysis using the best AR-antagonists emerged by the hits-validation. The analysis 

demonstrates that the decrease in cell viability observed in the combination of the AR-

antagonists with 13-cis-RA is also accompanied by augmentation of neural 

differentiation (Figure 24).  

The overall results of the high-throughput assay on AR-ligands further confirmed the 

data obtained with our experiments on ADRA1B KO cells and with the specific inhibitor 

L765,314.  

 

 

In general, from our analysis, we can confirm that the antagonization of AR, and in 

particular of alpha-1-AR is the most promising strategy to improve the therapeutic 

effects of 13-cis-RA. This approach has several advantages: the first is that being 

receptors the ARs are an excellent target to modulate their downstream signalling 

pathways; the second, the fact that on the market several FDA approved drugs are 

available that specifically modulate the AR; the third, the fact that thanks to the wide 

use of these drugs we have easy access to their pharmacokinetic properties and we are 

aware of possible sides effects, which is very useful for a successful drug repurposing 

strategy. 

 

The first synergistic compound that we identified in the preliminary results of the 

thesis, the flavonoid isorhamnetin, has a pharmacokinetic profile not favourable; its 

bioavailability after oral intake is very low (Thilakarathna & Vasantha Rupasinghe, 

2013). Studies on quercetin, the metabolic precursor of isorhamnetin, showed that its 

bioavailability in humans is only 1% (Gugler et al, 1975). The low bioavailability poses 

the problem of having to administer high doses to reach a therapeutically relevant dose 

at the target site. We tested in vivo, the efficacy of the combination of isorhamnetin 

(50mg/kg/daily) and 13-cis-RA (10mg/kg/daily) in the control of tumor growth; we 
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did not register any difference between the tumor’s masses developed in double-

treated vs single-treatment mice (data not shown). We also observe the formation of a 

light-yellow spot at the administration sites in mice treated with isorhamnetin either 

alone or together with 13-cis-RA, which is a sign of an abdominal accumulation of the 

flavonoid. These in vivo preliminary results further corroborate the choice of focusing 

on ARs, for the evaluation of new therapeutic approaches.  

 

Unfortunately, AH1110A, our leading compound that emerged from the screening, is 

not a drug already used for therapeutic purposes. Among the other best hits, 

imipramine, doxepin (two tricyclic antidepressants) and carazolol (a beta-blocker used 

in animals) are FDA approved drugs. For their primary use, these molecules could pose 

some concern about safety in children, as testified by a debate (Dwyer & Bloch, 2019).  

Thus, we decide to look for another specific alpha-1-AR antagonist, that we can employ 

to perform the in vivo evaluation of the proposed combinatorial therapy, and that it is 

not used as a psychotropic drug. To this aim, we selected doxazosin which is routinely 

used to mitigate symptoms related to prostate hyperplasia and to treat hypertensive 

status in children with pheochromocytoma and neuroblastoma (Sendo et al, 1996; 

Seefelder et al, 2005; Ganesh et al, 2009). We tested the efficacy of the combination of 

doxazosin with 13-cis-RA in reduction of cell viability on a panel of NB cell lines (Figure 

26) and 3D spheroid models, used to mimic a tumor mass (Figure 25).  

 

Interestingly, in all the analysed drug combinations (ie. 13-cis-RA with isorhamnetin or 

L765,314 or AH11110A or doxazosin), we observed a range of response of the different 

NB cell lines tested.  Being NB an heteregenous tumor, also the NB cell lines bear 

different somatic and genetic alterations (Table 6) that may have an impact on the 

degree of responsiveness to the proposed treatment.  To  better understand this point, 

we build a “response classification” ranking the cell lines on the base of the mean 

difference in loss of cell viability between each single treatment (i.e., 13-cis-RA or 

isorhamnetin or L754,314 or AH1110A or doxazosin) and the double treatment (i.e. 

isorhamnetin or the alpha-1-AR antagonist administered together with 13-cis-RA); the 

greater the mean differences were the higher ranking-score of responsiveness was 
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assigned to the cell lines (table 7). Interestingly the extent of reduction of cell viability 

experienced by the different cell lines is quite  consistent among the combination of 13-

cis-RA with first isorhamnetin and then the selected alpha-1-AR inhibitors (L765,314, 

AH1110A and doxazosin)(see table 7). 

 

Table 6. Most common Somatic and genomic aberrations reported in letterature for the here  

tested neuroblastoma cell lines (Bedrnicek et al, 2005; Ordóñez et al, 2014; Harenza et al, 2017).  

Cell line MYCN 1p 3p 11q 17q ALK p53 

NB-3 Amp Loss None None 
Gain 

\Loss  
R1275Q WT 

CHP134 Amp Gain\Loss Gain None Gain WT WT 

IMR-32 Amp Loss  Loss LOH  Gain  WT WT 

Kelly Amp 
Loss 

\Gain  
Loss  Loss  Gain  F1174L P177T 

SiMa Amp 
Loss 

\Gain 
Loss  Loss  Loss  R1275Q R376Q 

SK-N-AS 
Non- 

Amp 
Loss Loss Gain  Gain  WT H168R 

 

 

Table 7.Cell line ranking on the base of responsiveness to the indicated combined treatment with 
13-cis-RA 

  13-cis-RA + 
  Isorhamnetin L765,314 AH1110A doxazosin 

 Rank 15 µM 20 µM 15 µM 20 µM 10 µM 20 µM 

cell 
line 

1 CHP134 CHP134 NB3 NB3 NB3 Kelly 

2 NB3 NB3 IMR32 CHP134 CHP134 IMR32 

3 IMR32 IMR32 CHP134 IMR32 Sima NB3 

4 Kelly Kelly Kelly Kelly Kelly CHP134 

5 Sima Sima Sima Sima IMR32 Sima 

6 SK-N-AS SK-N-AS SK-N-AS SK-N-AS SK-N-AS SK-N-AS 
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The SK-N-AS cell line showed the lowest responsive profile and never show any 

consistent reduction of cell viability when the retinoid is co-administered with 

isorhamnetin or the alpha-1-AR antagonists. This refractory behaviour can be mainly 

imputed to the intrinsic resistance of SK-N-AS to the 13-cis-RA, and not to the lack of 

MCYN amplification since the non-MYNC amplified SK-N-SH cell lines are responsive to 

retinoidn therapy (Bayeva et al, 2021) indicating that is not the only factor involved.  

On the other hand, CHP134 and NB-3 reveal a great sensitivity over the proposed 

treatment combinations, IMR-32 and Kelly demonstrated an intermediate level of 

response, and SiMa resulted to be more refracotry to the analysed treatments.  

Looking at the different genomic landscapes of the tested NB cell lines, CHP134 and NB-

3 share some somatic and genetic alterations like the MYCN amplification and the 

presence of a WT p53 protein but differs for others like the ALK status and the loss/gain 

on chromosome 1p, 3p and 17q. Kelly and IMR-32, also have MCYN locus amplification 

and share aberration on chromosomes 3p, 11q and 17q. The gain on chromosome 17q 

is present also in the more responsive cell line CHP134 while the aberration in 

chromosome 11q is shared with the less sensitive SiMa cell line.  This last cell line has 

a loss on chromosome 17q also present in NB-3 with whom also shares the same 

mutation on ALK gene. Of note, the three most responsive cell lines have WT p53 

protein, but the presence of mutation of p53, per sè is not sufficient to abolish 

sensitivity over the treatments as demonstrated by Kelly and SiMa, which, even if at 

lower level, maintain susceptibility over the proposed synergistic treatments. CHP134 

and NB-3 do not have aberration on chromosome 11q and among the tested cell lines 

only the CHP134 has a gain in 3p, but again the presence of loss on 11p or deletion on 

3p are not enough to abolish responsiveness as demonostrated by decrease of cell 

vibility of IMR-32, Kelly and SiMa when exposed to proposed treatment with 13-cis-RA 

and alpha-1-AR anatagonists. Regarding the status of ALK; NB-3, Kelly and SiMa have a 

mutated locus, while CHP134, IMR-32 and SK-N-AS have a WT gene.  

In general we can hypothesis that the impact on the efficacy of our treatment probably 

comes from a combination of somatic and genomic aberrations which need to be 

further investigated since the current data are not enough to pull the strings to draw a 
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clear picture. The heterogenicity of NB genomic landscape is for sure a pivotal aspect 

that need to be taken into account when proposing a new therapeutic strategy. For this 

purpose will be important to further expand the panel of tested NB cell lines and 

correlate the outcome with a deep analyse of the somatic and genetic aberrations bared 

by the NB cell lines used.  

 

After validation of the selected alpha-1-AR antagonist, we moved from in vitro to in vivo. 

Here we report that the daily administration of doxazosin, whose bioavailability is 60-

70% (https://go.drugbank.com/drugs/DB00590), together with 13-cis-RA in NB mice 

xenograft blocks the tumor progression. The tumors mass in mice receiving the double 

treatment grows at significantly lower rates than what is observed in control mice or 

those injected with just 13-cis-RA or doxazosin, as a consequence the tumor mass 

developed in these mice is significantly smaller than that on control mice. Therefore, 

we can conclude that the use of the specific alpha-1-AR inhibitor, doxazosin, together 

with 13-cis-RA is efficient in impairing the tumor growth and keep the disease 

progression under control in mice (Figure 27 B, C and D).  

 

In summary, in this thesis, we demonstrated that the inhibition of the alpha-1–AR can 

improve the beneficial effects of 13-cis-RA therapy both in terms of reduction of tumor 

growth and induction of differentiation, in NB. Several other studies investigate the 

modulation of AR as anti-cancer therapy. For example, work on pancreatic cells showed 

that the blockage of β2-AR increments the inhibition of cell proliferation exerted by 

chemotherapeutic agent gemcitabine (Shan et al, 2011). Moreover, the overexpression 

of alpha and beta ARs has been associated with poor outcome tumors like in breast and 

ovarian cancer (Perez et al, 2011; Deutsch, 2016). Analysing publicly available data sets 

of NB patients samples (Molenaar et al, 2012), we found indication that also in NB the 

overexpression of alpha-1B-AR negatively correlates with overall free survival 

probability (Figure 28 B).  

 

The other two members of the alpha-1-AR family, ADRA1A and ADRA1D, do not show 

a significant correlation between the overall survival probability and level of their 
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expression (Figure 28 A, C). This further indicates that specificity of treatment could be 

of pivotal importance for the outcome of the therapy. Our data in vitro, corroborate this 

consideration since we observe higher reduction of NB cell viability when we combine 

13-cis-RA with the ADRA1B specific antagonist L765,314 rather than what obtained 

with doxazosin which is a general alpha-1-AR antagonist. Nonetheless remains the 

important of the positive results obtained with doxazosin both in vitro and in vivo since 

it is a drug already used in clinic which is of advantages for drug repositioning 

porpoises.  

 

 

The analysis on the correlation between the overall survival probability and the level 

of expression of the members of the alpha-1-AR was performed also on other available 

data-sets and we observed contrasting results: for example the analysis on the datasets 

from Kocak’s study (GSE45547)(Kocak et al, 2013)  gives opposite result indicating as 

indicator of poor prognosis the low expression of ADRA1B. On the other hand, the 

analysis on the expression data from Maris lab (GSE3960) (Wang et al, 2006) is in 

accordance with the results obtained with Veersteg datasets (GSE16476) (Molenaar et 

Figure 28. Kaplan Meier curve of overall survival probability of NB patients relative to ADRA1 

receptor family expression. (A) ADRA1A (B) ADRA1B and (C) ADRA1D. Data of sequencing from 

Versteeg database composed of 88 NB patient samples  (Molenaar et al, 2012). Data elaborated by R2 

platform https://r2platfrom.com. The samples with levels of expression in the last-quartile were 

categorized as high-expressing and compared to all the other samples in the dataset.  

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=gse45547
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE3960
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE16476
https://r2platfrom.com/
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al, 2012). but with less significant results. The discordance of results among the datasets 

indicates the need of further investigations on this point.  

Taking into account that NB is a neuroendocrine catecholamine-secreting tumor, that 

the stress-hormone rich environment can favoure tumor progressio (Eng et al, 2014) 

(see section 2.1), that the major mediators of the stress associated signalling are the 

adrenergic receptors, that there is interplay between the AR and RA signalling (see 

section 2.3) and the evidence reported in this thesis we suggest the molecular 

mechanism reported in Figure 29 to explain the increase in sensitivity to 13-cis-RA 

following alpha-1-AR inhibition. In detail, we propose that the blockage of the 

catecholamine signalling via specific antagonization of alpha-1-AR frees NB cells to 

undergo the pro-differentiative and pro-apoptotic pathways promoted by 13-cis-RA 

(Figure 29). In conclusion, we indicate the alpha-1-AR as novel targets to be employed 

in combinatorial therapy, along with 13-cis-RA, for NB. Our work points out the ability 

of alpha-1-AR antagonists to potentiate the therapeutic value of 13-cis-RA for the 

eradication of the minimal residual disease by promotion of tumor cell apoptosis and 

blockage of self-renewal by inducing differentiation.  

 

 

Figure 29. Proposed molecular mechanisms underneath the sensitization to 13-

cis-RA of NB cells exposed to alpha-1-AR antagonist. Since NB is a catecholamine-

rich tumor, we propose that the interruption, by ADRA1 blockage, of the pro-

proliferative circuit generated by catecholamines restores in the cells the ability to 

undergo the pro-differentiative and pro-apoptotic programs promoted by 13-cis-RA. 
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MATERIALS AND METHODS 

 

Cell culture  

The human NB cell lines CHP134, IMR-32, Kelly were obtained from the European 

Collection of Cell Culture (ECACC) (Salisbury, UK), while SiMa was purchased from 

Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH (Braunschweig, 

Germany). The human NB cell line UKF-NB3 was kindly provided by the Pediatric 

Oncology Unit (Fondazione IRCCS Istituto Nazionale dei Tumori, Mialn, Italy). CHP134, 

UKF-NB3, Kelly and SiMa cells were grown in RPMI-1640 media supplemented with 

10% v/v FBS, 1% v/v L-glutamine, 100U/ml penicillin and 100 U/ml streptomycin. 

IMR-32 cells were cultivated in EMEM supplemented with 10% v/v FBS, 1% v/v L-

glutamine, 1% v/v NEAA and 100U/ml penicillin and 100 U/ml streptomycin. SK-N-AS 

cells were kept in DMEM medium supplemented with 10% v/v FBS, 1% v/v L-

glutamine, 100U/ml penicillin and 100 U/ml streptomycin. All the cell lines were 

maintained at 37°C under a 5% CO2/95% air atmosphere at constant humidity. To 

detach cells the Trypsin-Versene (EDTA) Mixture (1X) was used.  

 

Generation of ADRA1B KO cells  

To generate NB cell lines lacking ADRA1B we exploit the CRISPR/Cas9 technology. The 

gRNAs were designed using the GPP WEB Portal (Broad Institute: 

https://portals.broadinstitute.org/gpp/public/) (sgRNA seq: 5’-

GGGCAGGTGCTGATGTGT-3’) and cloned into LentiCRISPR plasmid (Addgene, #56961). 

For lentiviral particles production HEK 293T packaging cells were co-transfected with 

the lentiviral vector, the packaging plasmid psPAX2 (Addgene, #12260) and the 

envelope plasmid pMD2.G (Addgene, #12259). Generation of stable KO cell lines was 

performed transducing target cells with To generate stable cell lines, NB cells (CHP134 

and SK-N-AS) were transduced with 1 RTU/ml of lentiviral particles. Positively 

transduced cells were selected with puromycin at 1-2µg/ml. Single clones were 

generated by clonal selection seeding 0,5cells/well in 96 well plate. Effective KO was 

https://portals.broadinstitute.org/gpp/public/
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assayed by PCR amplification of the gRNA target site followed by Sanger sequencing 

(Eurofins Genomics) and chromatogram analysis (SynthegoTM). 

Primers for PCR of ADRA1B: Fw 5’-TGGACCATTAAACTTGGAGCTGCCG -3’, Rv 5’- 

AGCGGTAGAGCGATGAAGAAGGG-3’.  

 

Chemicals 

13-cis-RA (Cat. N. R3255, Sigma-Aldrich) and isorhamnetin (Cat. N. 17794, Sigma 

Aldrich) were dissolved in dimethyl sulfoxide (DMSO) at a concentration of 100 

mM.  The ADRA1B-specific inhibitor L765,314 (Ref. sc-493741, Santa Cruz 

Biotechnology) and the alpha-blocker doxazosin (Cat. N. D9815, Sigma-Aldrich) were 

dissolved at 25mM and 100mM respectively in DMSO. Stock solutions were stored at -

20°C. The intermediated dilutions were performed in PBS. For ARs ligand screening, 

the molecules of the two libraries (Enzo Screen-Well adrenergic ligand library (#BML-

28110000) and Target Mol 2700-100μl) were dissolved at 10mM in DMSO or water.  

 

Cell viability assays/Growth inhibition assay 

Cell viability was assessed using CellTiter-Glo (Promega) assay following the 

manufacturer’s instructions. When evaluated on 3D spheroids, cell viability was 

assessed by the CellTiter-Glo® 3D Cell Viability Assay (Promega). The percentage of 

viable cells is expressed relative to control-treated cells, or to the time zero (right 

before the drug administration). Where indicated, IC50 of a drug was calculated by a 

non-linear regression model to the log (inhibitor) vs response curve (three parameters) 

using the GraphPad Prism Software.  

 

Death/live cell marker staining  

Live cells were stained with 0.5µM of Calcein AM green Viability Dye (Thermofisher) 

and with the nuclear dye Hoechst. After 1h of incubation at 37°C, cells were also stained 

with 5nM of Sytox Red dead cell stain (Thermofisher) and incubated for 20min at RT. 

Cells were imaged with Operetta (PerkinElmer) with LWD 20X objective and the 

appropriate filter settings; images were analyzed for positively stained cells by 

Harmony software (PerkinElmer).  
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Screening of natural compounds library in combination with 13-cis-RA treatment  

1x104 CHP134 cells were seeded in 96-well plates. After 24h, cells were contemporary 

exposed to a sublethal dose of 13-cis-RA (0.05µM) and the library of natural compounds 

at 10µM final concentration in 0.1% DMSO. Every plate included the following controls: 

vehicle-treated control cells (0.1% DMSO v/v), 0.05µM 13-cis-RA and 20µM 13-cis-RA 

alone. After 48h of incubation cell viability was assessed using Cell Proliferation 

Reagent WST-1 (Roche). The percentage of viable cells was expressed relative to time-

zero measurement. To evaluate the performance and feasibility of the screening, we 

determined the Z’ factor. As top controls, 0.1% DMSO (the top control) and 20µM 13-

cis-RA (the bottom control) leads to 100% inhibition of cell viability at 48 hours. The 

calculated Z’-factor of 0.568 along with a CV of 0.004 and signal to background ratio of 

0.45 indicated the assay as robust and reliable. Hits validation was performed 

challenging cells with 10µM of selected natural compounds either used alone or in 

combination with 5µM of 13-cis-RA. After 24h of treatment, cell viability was assayed 

referred to as time zero, using Cell Proliferation Reagent WST-1 (Roche). 

 

Polysomal RNA extraction  

For polysomal RNA extraction, 24h after indicated treatment start, cells were incubated 

with 100 μg/ml cycloheximide for 4 min at 37°C, rinsed with PBS+10 μg/ml 

cycloheximide, lysed on ice with 300 μl lysis buffer [10 mM NaCl, 10 mM MgCl2, 10 mM 

Tris–HCl, pH 7.5, 1% Triton X-100, 1% sodium deoxycholate, 0.2 U/μl RNase inhibitor, 

100 μg/ml cycloheximide and 1 mM dithiothreitol] and centrifuged at 12000g @4°C for 

10min. Then, the obtained supernatants were loaded onto a 15–50% linear sucrose 

gradient containing 30 mM Tris–HCl, pH 7.5, 100 mM NaCl, 10 mM MgCl2, to perform 

fractionation by ultracentrifugation for 100 min at 180,000 g. Fractions were collected 

monitoring the absorbance at 254 nm.  The polysomal fractions were incubated at 37°C 

for 2 hours in the presence of 100 µg/mL proteinase K and 1% SDS and then used to 

extract RNA by phenol-chloroform protocol. Polysomal RNA was resuspended in 30 μl 

of RNase-free water and quantified using NanoDrop ND 1000. RNA quality was 

assessed by the Agilent 2100 Bioanalyzer (Eukaryote Total RNA Nano kit, Agilent 

Technologies). 
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Gene expression profiling using TaqMan assay  

1µg of polysomal RNA was reverse transcribed using iScript cDNA Synthesis Kit (Bio-

Rad Laboratories). 10ng of cDNA was used to perform TaqMan quantitative real-time 

PCR in a 10μl reaction volume containing: 1x Kapa Probe Fast qPCR Universal Master 

Mix (Kapa Biosystems, Boston, USA) and 1x TaqMan Gene Expression assay (Life 

Technologies). The qPCR was performed on a CFX96 real-time PCR Detection System 

(Bio-Rad Laboratories) with the following cycling conditions: 3min at 95°C followed by 

40 cycles at 95°C for 3sec, 60°C for 20sec, and 72°C for 1sec. The expression levels of 

target genes were normalized to the geometric mean of three reference genes (HPRT1 

Hs99999909_m1, SDHA Hs00417200_m1, and RLPL0 Hs99999902_m1) and calibrated 

to the DMSO-treated control sample. The Cq values were determined by the CFX 

Manager 3.0 software (Bio-Rad Laboratories), applying a multi-variable, non-linear 

regression model to individual well’s fluorescence traces. 

List of analysed genes and used probes: ADRA1B Hs00171263_m1, SGK1 

Hs00985035_m1, Dusp6 Hs00737962_m1, CYP26B1 Hs01011223_m1, CYP1A1 

Hs00153120_m1, NFATC1 Hs00542678_m1, ADRA2A Hs01099503_m1.  

 

Cell cycle analysis 

For cell cycle analysis evaluated by high content image analysis, the newly synthesized 

DNA was detected utilizing Click-iT EdU Alexa Fluor 594 HCS assay (C10354, Life 

Technologies) following the manufacturer’s instructions. The assay was multiplexed 

with Hoechst 33342 to counterstain the nuclei and with an anti-phosphorylated histone 

H3 antibody (Abcam, ab5176, 1:500) to evaluate mitotic activity. Alexa Fluor 488 goat 

anti-rabbit antibody (Life Technologies, A-11070, 1:1000) was used as a secondary 

antibody. Stained cells were imaged by Operetta (PerkinElmer) with LDW 20x objective 

and the appropriate filter settings and analyzed by Harmony software (PerkinElmer).   

 

Determination of apoptosis/Apoptosis assay 

1*104 CHP134 cells plated in white 96-well plates were exposed to a single dose of 13-

cis-RA (5µM) and isorhamnetin (15µM) and their combination for indicated time 

points. At each time point for each condition, half of the wells were used to evaluate 
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caspase-3 and -7 activities by the Caspase-Glo 3/7 Luminescent Assay (Promega), while 

the other half was used to assess cell viability by Cell Titer-Glo Luminescent Cell 

Viability Assay (Promega). The caspase-3/7 luminescent signal was normalized to the 

corresponding cell viability value. Caspase-3/7 levels in the treated samples were 

expressed as the percentage of untreated cells.  

Alternatively, the apoptosis was quantified using Cell Event™ Caspase-3/7 Green 

Detection Reagent (Sigma Aldrich) following manufacturer instructions. The cells were 

imaged by Operetta (PerkinElmer) with LDW 20x objective and the appropriate filter 

settings at time 0h, 3h, 6h, 12h, 18h, 24h, 36h, and 72h. Images were analysed by 

Harmony software (PerkinElmer) to quantify the number of positive cells. The 

percentage of apoptotic cells was then calculated relative to time zero.  

 

Three-dimensional multicellular spheroids 

CHP134 cell was plated in a round bottom ultra-low attachment 96-well plate (Corning) 

at a concentration of 1000 cells /200μl per well and centrifuged at 300g for 8min. 

Spheroids were let to form for 3 days and then imaged by the high-content imaging 

system Operetta (PerkinElmer) with LWD 10X objective (in bright-field). After imaging 

at day 0, the spheroids were treated with selected compounds and imaged at 24, 48 and 

72 hours of treatment. Where indicated, spheroids were stained after 48h of treatment 

with 10nM Sytox Red dead cell stain (Thermofisher) to verify the presence of cells 

death. The first treatment of spheroids was done with serial dilution of 13-cis-RA (20-

1.25μM) and isorhamnetin (60-3.75μM) alone or in combination. Further treatment of 

3D spheroids was performed with DMSO (0,04%), 13-cis-RA (5μM), isorhamnetin 

(15μM), L765,314 (25μM), AH11110A HCl (20μM) or a combination of 13-cis-RA with 

one of the adrenergic receptor inhibitors and images were acquired at 0h, 24h, 48h, 72h 

after treatment. Morphological parameters such as spheroid area, roundness and dye 

intensity were quantified by Harmony software (PerkinElmer)(data not shown). 

 

High-content imaging and analysis: neurites quantification 

For differentiation assay, cells were seeded at a concentration of 6*103 cells/well in 96 

well plate and treated after 24h with 5μM of 13-cis-RA, 15μM of isorhamnetin and the 
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combination of the two. Images were taken every 24h for a total of 144h. For neurite 

quantification, images of each well were acquired by Operetta (PerkinElmer) with LWD 

20X high NA objective in the digital phase contrast (DPC) channel two Z-Stack in bright 

field computationally processed) and analysed by Harmony software (PerkinElmer). 

Based on the DPC signal, cells were segmented and then neurites were detected using 

the building block “Find Neurites” which automatically calculated for each cell the 

neurite related features like total neurite length (sum of the length of all neurites 

attached to the cell), maximum neurite length (length of longest neurite), number of 

neurite segments (the number of ends of individual neurites) and number of roots (the 

number of starts of individual neurites in the cell body). Depending on the properties 

of these morphological neurite parameters, cells with neurite length above a certain 

threshold were further selected. 

 

Total RNA extraction 

For total RNA extraction, cells were pelleted and lysed in 1ml of Trizol (Thermo Fisher) 

per 5 × 106 cells. Briefly, after 5min incubation at RT, 0.2ml of chloroform was added 

and samples were centrifuged at 9000g for 15min at 4°C. The formed aqueous phase 

was transferred to a new tube and 0.5ml of isopropanol was added. After incubation of 

10min at RT, samples were centrifuged at 12000×g for 10min at 4° C, the supernatant 

was removed and pellets washed with 1ml of 70% ethanol. Finally, samples were 

centrifuged at 5000×g for 10 min at 4° C, the supernatant removed and the RNA-

containing pellet air-dry pellet for 5-10min before being dissolved in 20 μl DEPC-

treated water and proceed quantified with NanoDrop. 

 

Quantitative real-time PCR 

1µg of total RNA was reverse transcribed using RevertAid RT kit (ThermoFisher, 

K1619) following manufacture instructions. Sybr green quantitative real-time PCR was 

performed in a reaction volume of 10μl containing: 20ng template cDNA, 1X ExcelTaq™ 

Q-PCR Master Mix (SYBR, no ROX, SMOBIO) and 0,4µM of each primer. The qPCR 

reaction was performed on a CFX96 real-time PCR Detection System (Bio-Rad 

Laboratories) with the following cycling conditions: 95°C for 2min, followed by 40 
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cycles at 95°C for 15sec, 60°C for 60 sec. The ΔΔCq method was used to calculate the 

relative mRNA levels of each gene. As a reference gene, HPRT was used. As an internal 

calibrator, DMSO treated samples were used.  

Used qPCR primers: ADRA1B Fw 5’-TCTACCGCTTGGCTCCTTGTT-3’ Rv 5’-

GGAGCATGGGTAGATGATGGG-3’, TH Fw 5’-CATCACCTGGTCACCAAGTT-3’ Rv 5’-

GGTCGCCGTGCCTGTACT-3’, β3-Tubulin Fw 5’-TCAGCGTCTACTACAACGAGGC-3’ Rv 5’-

GCCTGAAGAGATGTCCAAAGGC-3’, MCYN Fw 5’-CCGGGCATGATCTGCAA-3’ Rv 5’-

CCGCCGAAGTAGAAGTCATCTT-3’, Sox9 Fw 5’-GTACCCGCACTTGCACAAC-3’, Rv 5’-

TCTCGCTCTCGTTCAGAAGTC-3’, Hes1 Fw 5’-TCCTAAACTCCCCAACCCA-3’, Rv 5’-

AGTCCTCTTCTCTCCCAGTATTCA -3’, HPRT 5’-TGACACTGGCAAAACAATGCA-3’ Rv 5’-

GGTCCTTTTCACCAGCAAGCT-3’.  

 

Western Blotting 

Cells were pelleted and lysed in 1X RIPA buffer (Millipore, 20-188) with 1X phosphatase 

and protease inhibitor.  The lysates were centrifuged for 10 minutes at +4°C at the 

maximum speed. Supernatants were collected and quantified by BCA protein assay 

(Pierce). 20-30ug total proteins were boiled at 98°C for 10min, separated by SDS-PAGE 

and transferred to nitrocellulose membranes (Bio-Rad Laboratories). Membrane 

blocking was performed with 5% Milk (BioRad) in TBS-T for one hour. Primary 

antibodies were diluted in 5% Milk-TBS-T and incubated overnight at +4°C. Primary 

antibodies used were: MYCN (Cell signalling, TA150014), SOX9 (Life technologies, 

702016), PHOX2B (Santa Cruz, sc-376797), GAP43 (Merk Millipore, AB5220), GPADH 

(Santa Cruz, sc32233), α-actinin (Santa Cruz sc17829). Incubation with secondary 

antibody goat anti-mouse IgG-HRP (Santa Cruz, sc-2005) or anti-rabbit IgG-HRP (Santa 

Cruz, sc-2005) was performed for 1 hour at room temperature. After incubation with 

ECL Prime detection reagent (GE Healthcare, Buckinghamshire, UK), blots were imaged 

with the ChemiDoc XRS1 imaging system (Bio-Rad Laboratories).   
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Screening with a focused library of adrenergic receptor libraries 

CHP134 were seeded at a concentration of 2.5*102 cells/60 μl per well in TC 384-well 

plates (Life Technologies, Nunc 384-well flat-bottom white TC sterile 164610). After 

24h, cells were treated with 20μM and 40μM of libraries’ molecules (Adrenergic 

Receptor Compound Library, TargetMol, L2700) (SCREEN-WELL® Neurotransmitter 

library, EnzoLifeScience, BML-2810-0100)  in presence or absence of 13-cis-RA (5μM). 

The screening was performed in technical duplicates. Cell seeding and drug treatment 

were performed using the Tecan Evo 200 robotic platform. Cell viability was evaluated 

with CellTiter-Glo assay after 72h. Luminescence was measured using the Ensight plate 

reader (Perkin Elmer). Data analysis was performed with KNIME software (Berthold et 

al, 2008).  The percentage of viable cells was expressed relative to the on plate DMSO-

treated cell. For hit selection, compounds that at 20µM and 40µM alone reduced cell 

viability to 0- 50%, were first filtered out and then those molecules that in combination with 

13-cis-RA caused a decrease of cell viability greater than that of 13-cis-RA alone of at 

least 30%, were selected. To validate the selected hits, serial dilution of the molecules 

(40μM, 20μM, 10μM, 5μM, 2.5μM) was performed in the presence or absence of 13-cis-

RA (5μM) and cell viability was evaluated after 72h.  Every treated plate included: 

vehicle-treated control cells (0,08% DMSO v/v), cells treated with 5μM 13-cis-RA alone, 

negative control cells treated with isorhamnetin 15μM or L765,314 20μM, and positive 

control cells treated with isorhamnetin or L765,314 in combination with 13-cis-RA. 

 

In vivo treatments 

7*106 CHP134 cells transduced with luciferase-expressing vector were re-suspended 

in a mixture 1:1 of cell medium: Matrigel (BD bioscience) and injected subcutaneously, 

into the right flank of crl:Nu (Ncr)-Foxn1 nu (nude mice) of 7-8 weeks old. After 10-15 

days, the appearance of a palpable, subcutaneous mass indicates that the tumor has 

developed. The day before the treatment start, the tumor mass imaged was by live 

imaging with the Bruker-XTreme system after D-luciferin i.p. injection (150mg/kg, 

Sigma Aldrich L9504)(Dickson et al, 2007). Mice were divided into groups based on the 

pharmacological treatment. The control group was treated with DMSO (10%), the other 

https://www.enzolifesciences.com/BML-2810/screen-well-neurotransmitter-library-10-plate-set/
https://www.enzolifesciences.com/BML-2810/screen-well-neurotransmitter-library-10-plate-set/
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3 groups were treated as follows: 13-cis-RA alone (10mg/kg/day), doxazosin 

(10mg/kg/day) and 13-cis-RA in combination with doxazosin and doxazosin alone 

(10mg/kg/day).  All the drugs were administered via i.p. injection every day for 15 

days. All the molecules were initially suspended in DMSO 100% and then diluted in a 

mixture of 20% corn oil and 80% PBS (i.e., the final concentration of DMSO is 10%). The 

evolution of the tumor mass was followed weekly by live imaging. At the end of the 

treatment period, mice were further monitored for 1 week.  After 21 days from the start 

of the treatment, mice were sacrificed, and tumor mass was extracted and measured. 

Tumor volume was calculated applying the following formula modified ellipsoid 

formula: 𝑉 = (𝑊𝑖𝑑𝑡ℎ2 ∗ 𝐿𝑒𝑛𝑔𝑡ℎ)/2 based on the values obtained by in-vivo imaging 

(Jensen et al, 2008). The tumor growth for each mouse was calculated normalizing 

tumor volume with respect today 0. The tumor growth rate was evaluated using raw 

volume values. The tumor growth rate was evaluated by fitting the tumor volumes to a 

linear regression model (y=βx+q). The statistical significance was calculated by 

comparing the β (i.e. the slope of the linear model, which indicates how fast the tumor 

volume changes) of the obtained linear equations. 

 

Statistical analysis  

Cell viability assay. All presented data were normalized over DMSO treated cells and 

represent mean ± SD of at least three biological experiments.  

● Statistically significant differences between treatments were calculated according 

to 1-way ANOVA followed by Dunnett's or Bonferroni’s multiple comparisons tests 

● Statistical analysis of cells viability on 3D spheroids was performed by a 2-way 

ANOVA test, followed by Dunnet’s multiple comparisons tests.  

● Statistical analysis to compare the impact of different treatments (13-cis-RA, 

isorhamnetin or the combination of the two) on non-transduced, scramble ctrl or 

ADRA1B KO CHP134 cells was performed, for each treatment, by one-way ANOVA 

followed by uncorrected Fisher’s LSD multiple comparisons test. 

In all the analysis the significant level was reported as follows:  p-value≤ 0.0001 (****), 

p-value ≤ 0.001 (***), p-value≤ 0.01 (**), p-value ≤ 0.05 (*).  
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Apoptosis and differentiation assay. The data are represented as the mean ± SD of at 

least three biological replicates and normalized on DMSO treated controls. Statistically 

significant differences between treatments in the two different cell lines (WT and 

ADRA1B KO) were calculated according to two-way ANOVA followed by Bonferroni’s 

multiple comparison test. Significant level was reported as follows:  p-value ≤ 0.001 

(***), p-value≤ 0.01 (**), p-value ≤ 0.05 (*). 

Real-time qPCR. Gene expression data of treated samples are normalized on the mean 

of the non-treated control cells (DMSO). The Two-way ANOVA test followed by 

Bonferroni’s multiple comparisons test has been used to calculate the significance of 

differential expression of neural differentiation markers between different treatments.  

Significant level was reported as follows:  p-value ≤ 0.001 (***), p-value≤ 0.01 (**), p-

value ≤ 0.05 (*). 

AR ligand Screening Hits validation. Cell viability data were normalized on DMSO 

treated cells. Mean ± SD of at least three biological replicates is represented. Statistical 

analysis was done with a two-way ANOVA test followed by Sidak’s multiple comparison 

test. Significant level was reported as follows: P-value ≤0.0001 (****), p-value ≤ 0.001 

(***), p-value≤ 0.01 (**), p-value ≤ 0.05 (*). 

In vivo experiments. The significance of the difference in tumor growth among the 

treatments groups was evaluated, for each time point, by multiple two-tailed t-tests on 

the logarithmic transformation of the fold change (= Vtx/Vt0).  

The tumor growth rate was evaluated by fitting the tumor volumes to a linear 

regression model (y=βx+q). The statistical significance was calculated by comparing the 

β (i.e. the slope of the linear model) of the obtained linear equations.  

 

All the reported statistical analyses were performed using the software graph pad 

version 8.4.2 
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