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Abstract 

 

The β3-Adrenergic Receptor (β3-AR) is one of the β-ARs subtypes regulating 

various physiological responses, including thermogenesis, vasodilatation and 

cardiac functions, following activation mediated by catecholamines. Recently, 

increasing evidence demonstrated the role of β3-ARs in the tumorigenesis, 

growth and progression of various cancer types. Despite the efficacy of current 

therapies and the identification of several genes involved in the onset and 

growth of pediatric cancers, they remain the second leading cause of death in 

children.  

This thesis had two major aims. First, to investigate the link between β3-

ARs and cancer-evoked pain and tumor metabolism in pediatric cancers. We 

found that the development of cancer-evoked pain is mediated by oxidative 

stress in a murine osteosarcoma model, associated with the recruitment of 

neuronal macrophages, and that the β3-ARs, but also β2-ARs, antagonism 

contributes to the reduction of tumor growth and cancer-associated pain. 

Second, to characterize the metabolic adaptation of malignant rhabdoid tumor of 

the kidney (MRTK) G-401 cells to nutrient deprivation to sustain cell survival. In 

particular, we identify that tyrosine/phenylalanine and glutamine deprivation 

leads to enhanced glucose metabolism, regulated by β3-ARs.  

These results indicating the β3-ARs as possible pharmacological targets 

for preventing cancer-evoked pain and metabolic compensatory mechanism that 

allow MRTK cell survival even during nutrient deprivation. 
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Chapter 1. Introduction 

 

1.1     General introduction 

Beta-Adrenergic Receptors (β-ARs) are members of the large family of the G-

protein-coupled receptors (GPCRs), responsible for mediating a wide range of 

physiological responses following their activation elicited by catecholamines, 

such as adrenaline or noradrenaline. Presently, three subtypes of β-ARs have 

been characterized, β1-, β2-, β3-AR, with a fourth β4-AR remaining controversial 

[1]. Different β-ARs are expressed in numerous cell types and tissues, where 

they are able to activate downstream pathways that can be distinct for each 

subtype of β-ARs or even overlapped. β-ARs signaling regulates multiple cellular 

processes that contribute to thermogenesis, cardiac functions, vasodilatation, 

increasing metabolism, and other various responses in healthy tissues. While 

the β1-AR and β2-AR are expressed almost ubiquitous in humans, the β3-AR 

exhibits a restricted expression pattern in humans.  

Since its discovery in 1989, β3-AR has been detected in various human 

tissues such as adipose tissue, myocardium, urinary bladder, blood vessels, 

brain and retina [2]. Several studies have shown that β3-AR plays an important 

role in metabolic homeostasis by stimulating lipolysis and releasing fatty acids in 

the white adipose tissue and activating thermogenesis in brown adipose tissue 

[3]. Growing evidence suggests a role of β-ARs signaling in the initiation and 

progression of cancer, including inflammation, angiogenesis, cell motility, cellular 

immune response and epithelial-mesenchymal transition. The role of β-ARs in 

cancer initiation and progression is supported by several studies which reported 

that β-blocker treatment significantly reduced cancer metastasis, recurrence and 

mortality [4]. In view of the emerging role of β-ARs in new pathologies, it 

becomes all the more pertinent better to understand the regulation of β-ARs 

function and signaling.  
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1.2     β3-Adrenergic Receptors  

β3-AR belong to the GPCRs family, the largest family of membrane-localized 

proteins in mammals, whose function consists of transmitting extracellular stimuli 

such as peptides, chemokines, hormones into intracellular functional changes. 

β3-AR consists of a seven-transmembrane-spanning (TM) domains, with three 

intracellular and three extracellular loops. The C-terminus of β3-AR is 

intracellular, whereas the N-terminal tail is extracellular and glycosylated. The 

classical signal transduction via GPCRs depends on receptor-mediated 

activation of heterodimeric G proteins, which are composed of three subunits, 

Gα, Gβ and Gγ that provide specificity and functionality of GPCRs. G proteins 

are classified into four families according to the α subunit, Gi, Gs, G12/13, and Gq 

whit different activities. The Gi and Gs families regulate adenylyl cyclase (AC) 

activity, whereas Gq activates phospholipase C (PLC) and G12/13 activates small 

GTPase families [5]. The Gq family is composed of four members, Gq, G11, G14 

and G15/16 and their respective subunits are Gαq, Gα11, Gα14 and Gα15/16. When 

bound to GDP, Gα associates with Gβγ to form the inactive heterotrimer. After 

ligand binding, the receptor undergoes a conformational change that induces an 

exchange of guanosine diphosphate (GDP) for guanosine triphosphate (GTP), 

leading to dissociation of the G protein into Gα and Gβγ protein subunits causing 

their activation (Figure 1).  

 

Figure 1. β3-AR signaling. 
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Both subunits modulate the activity of different downstream effector proteins. 

Activation of Gαs subunits leads to activation of AC that catalyzes the conversion 

of adenosine triphosphate (ATP) into cyclic adenosine monophosphate (cAMP). 

The second messengers, cAMP, activates protein kinase A (PKA), which 

phosphorylated effector molecules and subsequently mediates a functional 

response. The type of the downstream effectors is determined by the subtype of 

β-AR that is activated; all β-ARs are coupled with the stimulatory G protein (Gαs) 

activation, but only β2-AR and β3-AR can be coupled to the inhibitory G protein 

(Gαi) [6]. One of the functional responses of cAMP-mediated PKA activation is 

the mobilization of Ca
2+ 

mediating the cardiac contraction [7]. Furthermore, PKA 

activation can also mediate relaxation by phosphorylation of protein involved in 

Ca
2+ 

sensitivity and cross-bridge cycling of smooth muscle cells [8] (Figure 1).  

 

1.2.1     β-ARs signaling regulation 

Once the cell manifests a functional response, the β-ARs initiated signal need to 

be dampened despite continuing agonist stimulation through an adaptive 

mechanism called desensitization, which occurs through three different 

processes; the uncoupling of GPCR/G-protein signal mediated by 

phosphorylation of β-ARs, recruitment of β-arrestin that suppress further β-AR-

G-protein coupling, and endocytosis of GPRCs into endosomes.  

The functional uncoupling of β-ARs from G-protein occurs through 

receptor phosphorylation by PKA or G-protein coupled receptor kinases (GRKs) 

family. The second messenger cAMP activates PKA, which in turn 

phosphorylates β-ARs, reducing G-protein coupling, a process known as 

heterologous desensitization or non-agonist-specific desensitization. In contrast, 

agonist-occupied GRKs’ phosphorylation through a mechanism called 

homologous desensitization or agonist-specific desensitization. There are 

seven-member of the GRKs family (GRK 1-7) and four arrestins. GRK2, 3, 5, 

and 6 are ubiquitously expressed and mediated agonist dependent β-AR 

phosphorylation recruiting the cytosolic adaptor protein β-arrestin to the 

receptor. In particular, GRK2 and GRK3 are recruited to the activated β-ARs by 

Gβγ subunits, whereas GRK5 and GRK6 are associated with the plasma 

membrane [9, 10]. Arrestin1 and arrestin4 have restricted tissue expression, 
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localizing primarily to visual sensory tissue, while arrestin2 and arrestin3, also 

called β-arrestin1 and β-arrestin2, respectively are ubiquitously expressed and 

interact with the majority of G-protein coupled receptors [2]. The phosphorylation 

of agonist-occupied GPCRs by GRKs enhances the receptor’s affinity for 

interaction with β-arrestin, which binds to the β-ARs, forming a complex that 

interdicts further G-protein coupling. This process prevents further activation of 

the stimulatory protein Gαs and the subsequent stimulation of AC. The increase 

of GRKs activity induces β-AR towards the inactive state and subsequently 

reduced responsiveness to catecholamines [11, 12]. Receptor binding produces 

significant conformational changes in arrestin with the exposition of the C-

terminus tail, whereas arrestin binding stabilizes the receptor [13]. 

β-arrestin1 and β-arrestin3 also play a crucial role in desensitization 

followed by the internalization of GPRCs through the clathrin-dependent 

mechanism. The arrestin C-terminus directly binds the clathrin heavy chain and 

the adaptor complex 2 (AP-2) subunit, a complex involved in protein transport 

via vesicles in different membrane traffic pathways. The binding between clathrin 

and AP-2 induces arrestin-bound receptors to cluster in clathrin-coated pits, 

which are pinched off membrane by the motor protein dynamin [14-16]. This 

arrestin-dependent endocytosis removes receptors from the cell surface, leading 

to minor responsiveness to stimuli. The β-ARs exhibit a higher affinity to β-

arrestin1 and β-arrestin3 and forms transient receptor-arrestin complexes that 

dissociated rapidly after the receptor internalized, with subsequent 

resensitization and recycling back to the plasma membrane (Figure 2).  

In addition to the above classical mechanism of desensitization, β-ARs 

are predisposed to become dysfunctional during inflammation. Evidence 

suggests that in the human airway smooth muscles and in cardiomyocytes have 

shown that the pro-inflammatory cytokines such as tumor necrosis factor-alpha 

(TNF-α), interleukin 1 -beta (IL-1β), and interleukin 13 (IL-13) predispose β-ARs 

to desensitization [17, 18]. Resensitization of β-ARs is an important process that 

restores the responsiveness of the desensitized receptor either in the continued 

presence or absence of desensitizing stimulus, to maintain tissue homeostasis 

as receptor becomes refractory to responding to their environment upon 

desensitization [19, 20]. Following dynamin mediated pinching of the clathrin 



 
 

Dr. Angela Subbiani 
Multiple roles of β3-adrenergic receptor in pediatric cancers. 

PhD course in Biochemistry and Molecular Biology – Bibim 2.0 XXXIV Cycle – Università degli Studi di Siena 

 
18 

 

vesicle, receptor-containing vesicle could be transported as a recycling 

endosome or targeted to lysosomal mediated degradation. Multiple processes, 

including nitrosylation, regulate dynamin function. Inhibition of nitrosylation of 

dynamin results in a reduction in β-ARs internalization that affects resensitization 

[21]. 

 

 

 

 

Figure 2. GPCRs activation and regulation. (A) Binding of a GPCR ligand to the 

extracellular side of the receptors enables the exchange of GDP to GTP by the α subunit of 

the G protein. (B) The GTP-bound α subunit then acts as a second messenger leading to the 

activation of adenylate cyclase (AC) or phospholipase C (PLC). (C) Second-messenger 

molecules such as cAMP and inositol-1,4,5-triphosphate (InsP3) are products of enzymatic 

conversion of ATP and phosphatidylinositol-4,5-bisphosphate (PIP2) respectively, whereas 

cytosolic Ca
2+

 is released upon activation of reticular calcium channels. (D) Second 

messenger molecules can induce a cascade reaction that lead to gene expression 

regulation. (E) Protein kinase or G protein-coupled receptor kinases (GRKs) phosphorylates 

the intracellular side of the receptor and decouple the G protein. (F) β-arrestin recognize the 

phosphorylated GPCR and induced the internalization process. (G) Modification on β-

arrestin define the fate of internalized molecules; the dephosphorylation lead to the recycling 

of the molecule, whereas ubiquitination lead to its degradation (adapted from [22]). 
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Resensitization is also due to the transport of the endocytosed β-ARs to an 

appropriated location in cells, dependent on local actin synthesis and 

reorganization, and mediated by small Rab GTPases, which are critical to the 

formation of recycling endosomes in which resensitization occurs. The alteration 

of these processes leads to improper localization of the endocytosed receptor 

and reduced resensitization efficiency [23-26]. Many GPCRs, including β-ARs, 

contain carboxyl-terminal motifs that interact with PDZ scaffold proteins like 

postsynaptic density protein 95 (PSD-95), PDZ Domain Containing Family 

Member 1 (GIPC) and Membrane Associated Guanylate Kinase, WW And PDZ 

Domain Containing 2 (MAGI-2) that regulate multiple biological processes such 

as receptor trafficking, ion channel signaling and other signal transduction 

system. PSD-95 binding to β1-AR results in inhibition of receptor internalization, 

which in turn affects the process that regulates resensitization, whereas binding 

of PDZ domain on β1-AR by WW And PDZ Domain Containing 3 (MAGI-3) 

initiated a signaling pattern but did not affect internalization, suggesting that the 

binding of PDZ domain on the receptor by different PDZ containing scaffolding 

proteins will elicit a specific transport for the receptor [27].  

Once internalized, β-ARs undergo dephosphorylation in the endosomes 

by protein phosphatase 2A (PP2A) and are recycled to the plasma membrane 

[28]. Several studies have observed that sequestered receptors in the 

endosomal compartments are less phosphorylated than desensitized receptors 

on the plasma membrane. Moreover, isolated vesicles containing sequestered 

receptors showed higher phosphatase activity than plasma membrane, 

suggesting that internalization was required for dephosphorylation and functional 

resensitization [29-33]. However, it has been shown that blocking the 

internalization with inhibitors does not lead to a block of receptor resensitization 

[34]. To better understand if resensitization could occur at the plasma 

membrane, it has been demonstrated that inhibition of phosphorylated β-ARs 

internalization results in β-ARs dephosphorylation at GRK and PKA sites. 

Moreover, although the use of β-ARs agonists leads to a block of receptor 

internalization, β-ARs can still undergo dephosphorylation following selective 

PKA site phosphorylation which occurs at the plasma membrane under 

conditions precluding agonist-induced GRK phosphorylation, β-arrestin binding, 
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or internalization [35, 36]. Although inhibiting β-ARs internalization, agonist 

treatment had an effect also in GRK site dephosphorylation, albeit to a lesser 

extent. In these conditions, resensitization measured by AC activity occurred 

faster than the rates of PKA and GRK site dephosphorylation, suggesting that 

the rapid phase of resensitization occurs by the dissociation of arrestin after 

blockade of agonist stimulation and that the GRK site phosphorylation causes 

little desensitization, confirming a rapid dissociation of β-arrestin from the β-ARs 

after agonist removal. In vivo studies show that short-term desensitization of β-

ARs is incomplete due to a continued balancing of resensitization that constantly 

restores the responsiveness of desensitizing β-ARs, indicating that 

internalization and resensitization due to dephosphorylation may be two 

independent events linked due to the absence of a blocking process [19] (Figure 

3).   

 

 

 

Figure 3. Classical view of β-ARs resensitization. Receptors on the cell membrane are 

phosphorylated (desensitized) in response to agonist stimulation, internalized by arrestin and 
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the internalization machinery, dephosphorylated (resensitized) in the endosomes, and 

subsequently recycled to the membrane as naïve receptors (taken from [37]). 

 

Although the analysis of β-ARs dephosphorylation has been used to understand 

the receptor function, the mechanism underlying resensitization of β-ARs is 

poorly known. Recently, various studies have identified the A-kinase-anchoring 

protein 250 (AKAP250), also known as gravin or AKAP12, which acts as a 

scaffold protein that binds PKA, protein kinase C (PKC), and protein 

phosphatases, associating reversibly with the β-ARs and required for recovery 

from agonist-induced desensitization to occur. AKAP250 interaction with β-ARs 

increases with agonist stimulation recruiting PP2A to the receptor complex. 

Suppression of AKAP250 expression interrupts recovery from agonist-induced 

desensitization, indicating the role of these scaffold proteins in the organization 

of β-ARs signaling complex [38, 39]. Another AKAP associated with β-ARs is 

AKAP79 which influences β-ARs phosphorylation by complexing to PKC and the 

protein phosphatase 2B (PP2B or calcineurin). It has been shown that 

overexpression of AKAP79 with the β-ARs enhances receptor phosphorylation, 

whereas mutants of AKAP79, which fail to bind to PKA or to β-ARs, are 

ineffective in reducing phosphorylation. Moreover, AKAP79 regulates the ability 

of GRK2 to phosphorylate agonist-occupied β-ARs, enhancing receptor 

phosphorylation [40]. In addition, AKAP79/150, also known as AKAP5 has a 

central role in mediating the localization of second messenger kinases, such as 

PKA, PKC and PP2B, to the β-ARs at the plasma membrane, increasing 

receptor phosphorylation. Furthermore, it has been reported that PKA 

phosphorylation of the β-ARs promotes a receptor-regulated MAP kinase 

pathway [41]. In this context, suppression of AKAP79/150 results in loss of 

extracellular regulated kinase 1/2
 
(ERK1/2) activation and the ability of the cells 

to resensitize internalized desensitized β-ARs [42]. These studies suggest that 

dephosphorylation of β-ARs occurs due to factors present constitutively at the 

plasma membrane or recruited following agonist stimulation and represent a 

critical step in the regulation of receptor function.  

Although the increasing studies in β-ARs resensitization, the mechanism 

that underlying this process is poorly understood. In vivo studies showed that 

downregulation of cardiac β-ARs can be prevented by inhibition of 



 
 

Dr. Angela Subbiani 
Multiple roles of β3-adrenergic receptor in pediatric cancers. 

PhD course in Biochemistry and Molecular Biology – Bibim 2.0 XXXIV Cycle – Università degli Studi di Siena 

 
22 

 

phosphoinositide 3-kinase (PI3K) activity within the receptor complex since PI3K 

is necessary for β-ARs internalization. Cardiac-overexpression of a catalytically 

inactive PI3Kγ isoform and PI3Kγ knockout in mice prevents β-ARs 

downregulation despite the presence of cardiac stress. In contrast, β-ARs were 

desensitized in the wild-type controls indicating that the presence of active PI3K 

leads to significant β-ARs desensitization [43-45]. Based on these observations, 

it has been hypothesized that PI3Kγ negatively regulates β-ARs resensitization. 

However, a recent study reveals that pharmacological and genetic inhibition of 

PI3Kγ results in PP2A activation which, in turn, dephosphorylates β-ARs 

resulting in resensitization and maintenance of β-ARs function. Furthermore, 

since PI3Kγ is necessary for β-ARs internalization, inhibition of PI3Kγ attenuates 

β-ARs internalization, suggesting that receptors undergo resensitization at the 

plasma membrane [46].  

 

1.2.2     β3-AR gene and protein 

The adrenergic beta3 receptor (ADRB3) gene has been identified in various 

species, including mouse, rat, bovine, goat and dog [47-50]. In humans, ADRB3 

is localized on chromosome 8 and is identical for 81% to the mouse gene, with 

the highest homology in the transmembrane domain and the lowest in the third 

intracellular loop and C-terminal tail. However, the latter differs in sequence and 

length, ranging from 6 and 12 additional residues in human and mouse/rat, 

respectively. Moreover, the human and mouse ADRB3 differs in the number of 

exons/introns. In particular, the human ADRB3 comprises two exons and a 

single intron, whereas in mice, there are three exons and two introns. Sequence 

analysis of the human ADRB3 identified regions in the intron that were 

homologous to the rat gene’s second intron and second exon. In both species, 

exon 1 spans the 5’ untranslated region and the major part of the coding block 

and utilizes homologous 3’ acceptor sites of the final exon. However, in humans, 

exon 2 contains 19 bp of the coding region and the 3’ untranslated region, while 

in mice it contains 37 coding nucleotides and 31 bp of 3’ untranslated region. 

The rest is carried by exon 3. Although intron presence, no spliced variants have 

been described for the human ADRB3, while two have been identified in the 

mouse, which differs within the coding region [51-53].  
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ADRB3 encodes a single 408-amino acid residue-long peptide chain that shares 

approximatively 40-50% of amino acid sequence homology with β2-AR and β1-

AR, respectively whit main differences located in the third intracellular loop and 

C-terminal tail, which contains an S-palmitoylation site on Cys
361/363 

involved in 

G-protein coupling and AC activation. S-palmitoylation on Cys
361/363 

of β3-AR is 

involved in both G-protein coupling, in receptor abundance and stability, and in 

mediating AC stimulation by the agonist bound receptor, leads to the promotion 

of various adjacent residues into the plasma membrane and forming an 

additional intracellular loop resulting in an active conformation for G-protein 

coupling. Recently, two new specific β3-AR S-palmitoylation sites on Cys
153 

and 

Cys
292 

within the second and third intracellular loops, respectively, have been 

described, which regulate membrane receptor abundance and stability [54]. 

Notably, based on the absence of threonine and serine residues sequences 

targeted by GRKs, and the lack of PKA phosphorylation on the third cellular loop 

and C-terminal tail in β3-AR that are present in β1- and β2-AR, β3-ARs have 

been assumed to be resistant to agonist-induced desensitization. Unlike β1-AR 

desensitization that occurs by internalization/degradation of the receptor, β3-AR 

desensitization occurs through downregulation of downstream components of 

the signaling pathway or mRNA regulation. It has been reported that a chimeric 

receptor constituted of a β3-AR with substitution of its third cytoplasmic loop and 

C-terminal tail for the corresponding region of the β2-AR in Chinese hamster 

fibroblast (CHW) and murine Ltk-cells (L cells), resulting in a less reduction in 

AC stimulation and a higher reduction in agonist potency, leading to the 

resistance to desensitization [55, 56]. Moreover, has been demonstrated a 

down-regulation of β3-AR mRNA expression due to changes in expression of 

functional receptor protein, indicating that the reduction in mRNA expression is 

caused by changes in transcription and not for mRNA stability. Several studies 

reconsidered the potential of β3-AR to be desensitized during prolonged agonist 

exposure. In hamsters treated for 6 days with β1-, β2- and β3-AR agonists, the 

responses to β1- and β2-AR were reduced, those to β3-AR were unchanged, 

indicating that in contrast to β1- and β2-AR, the β3-AR was refractory to 

desensitization [57]. In mouse ileum, treatment with β3-AR selective agonist 

reduced maximum relaxation in a time-dependent manner, indicating that the 
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occurrence of desensitization upon long-term stimulation but not shorter-time 

stimulation [58]. This feature contributed to making β3-AR an attractive 

therapeutic target suitable for chronic treatments in various diseases in which 

the β3-AR appears to be up-regulated, including heart failure.  

 

1.2.3     β3-AR polymorphism 

Each subtype of β-AR is known to have some recognized single-nucleotide 

polymorphism (SNPs) in humans. To date, only one major polymorphism has 

been described for the ADRB3 at codon 64 at the beginning of the first 

intracellular loop, a tryptophan (Trp) is substituted by an arginine (Arg) 

(Trp64Arg), reducing the activation of ADRB3. This mutation occurs in 

approximately 8-10% of the Caucasian population, 20% in the Japanese 

population and 40% in the Alaskan population. Several groups reported 

homozygotes for Trp64Arg exhibited abdominal obesity and resistance to 

insulin, increased capacity to gain weight, earlier onset of type 2 diabetes and a 

lower resting metabolic rate, confirming the association of Trp64Arg 

polymorphism with disorders in different populations. Kurabayashi et al. 

investigated the relationship of Trp64Arg with obesity-related traits in 686 

subjects in Australia and showed that female heterozygotes exhibit significantly 

increased total body weight and Body Mass Index, with an allelic frequency of 

7.5% [59]. Two studies conducted with Chinese subjects confirm the direct 

involvement of Trp64Arg polymorphism in the development of obesity but not in 

diabetes, with a higher frequency in obese hypertensive male patients than in 

the non-obese hypertensive population and healthy controls [60, 61]. In 

Japanese, most of the subjects with the Trp64Arg polymorphism exhibit 

abnormal obesity and/or higher Body Mass Index, earlier onset of type 2 

diabetes and hyperinsulinemia [62-64]. Moreover, it has been demonstrated that 

the Trp64Arg polymorphism had a positive correlation with insulin resistance. 

Considering that insulin resistance is associated with obesity, further analysis 

indicated that the association between Trp64Arg and insulin resistance was 

significant in obesity. Garcia-Rubi et al. have found that obese women with 

Trp64Arg polymorphism had greater insulin resistance than those without based 

on age, physical activity and body composition [65]. In addition to insulin 
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resistance, the Trp64Arg polymorphism is associated with insulin secretion. In a 

study of male twins who carried the Trp64Arg polymorphism, insulin resistance 

and secretion were significantly lower, without any effects in plasma glucose 

response [66, 67].  

In addition to the association with obesity and type 2 diabetes, the 

Trp64Arg polymorphism has a prominent role in other disorders, such as 

hypertension, cardiovascular disease and overactive bladder. For example, a 

study based on meta-analysis revealed that Trp64Arg polymorphism was 

associated with the significantly increased risk of hypertension, and particularly, 

the heterozygotes carry were 1.23-times more likely to develop hypertension 

than the homozygote carries [68]. Recently, a study based on meta-analysis 

reveals the role of Trp64Arg polymorphism in the development of hypertension 

in Chinese and Caucasian populations. The meta-analysis study including 9555 

patients showed a significant relationship between ADRB3 Trp64Arg 

polymorphism and hypertension in the whole population had been described, 

especially in the Chinese and Caucasian population [69].  

Another study conducted with 218 women showed that both 

heterozygous and homozygous carries of Trp64Arg polymorphism were 

associated with overactive bladder [70]. However, some studies report no 

correlation between Trp64Arg polymorphism and overactive bladder. Indeed, 

although the Trp64Arg allele was reported to be significantly more frequent in 

subjects with overactive bladder than in those without, no significant association 

was detected between Trp64Arg and lower urinary tract function in a cohort of 

more than 1000 men [71]. This may be because, clinically, Trp64Arg is 

considered to encode a hypofunctional variant of the receptor-associated with 

reduced bladder compliance, suggesting that the polymorphism may have 

functional relevance in a situation when it is activated such as overactive bladder 

syndrome.   

Although several studies have reported a correlation between Trp64Arg 

polymorphism of ADRB3 and various disorders, many studies showed no 

association due to significant differences between subjects with Trp64Arg 

polymorphism and controls. These different results may be due to the number 
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and ethnic origin of the subject’s studies, and interaction between Trp64Arg 

polymorphism and variants in other genes [72]. 

Furthermore, a strong linkage between the Trp64Arg polymorphism and 

other polymorphic variants of the same gene or other genes has been shown. It 

has been identified a linkage between the occurrence of Tpr64Arg polymorphism 

and the Gln27Glu ADRB2 variant. The Gln27Glu polymorphism consists of the 

substitution of glutamine (Gln) for glutamate (Glu) at protein position 27 of the 

ADRB2. A study carried out on 1054 diabetic and non-diabetic subjects revealed 

that homozygote subjects for the low-risk alleles Glu27 in the ADRB2 and Trp64 

in the ADRB3 had a lower prevalence of diabetes than subjects with other 

genotype combinations [73]. In addition, it has been shown that the Gln27Glu 

ADRB2 and the Trp64Arg ADRB3 polymorphisms affect gain in body weight or 

blood pressure elevation in male subjects who were previously non-obese. 

Notably, the subjects carrying the polymorphism of Glu27 and Trp64 alleles 

show higher frequency in those who had significantly gained weight or blood 

pressure elevation over 5 years [74]. Other than this association, Trp64Arg 

polymorphism has been reported to be associated whit several noncoding 

variants in the ADRB3 intronic region or 3’-UTR and 3’-downstream region that 

possibly affect transcription of the gene and the stability of the mRNA transcript, 

influencing receptor expression [71, 75]. Moreover, various studies reported the 

association of Trp64Arg polymorphism with SNPs in other genes, such as 

lipoprotein lipase (LPL), type 2 deiodinase (DIO2) and Mitochondrially Encoded 

NADH:Ubiquinone Oxidoreductase Core Subunit 2 (MT-ND2) genes that are 

critical in lipid and energy metabolism [76-78].  

Various in vitro studies have been performed to understand the effect of 

Trp64Arg polymorphism on the metabolic function of β3-AR. In CHO-K1 and 

HEK293 cells, polymorphism of ADRB3 results in reduced maximal cAMP 

accumulation independent of Gi coupling under stimulation of β3-AR agonists 

[79]. Similarly, in 3T3-l1 and rat insulinoma cells, the mutant receptor is less 

responsive to β3-AR agonists with lower maximal cAMP accumulation [80, 81]. 

In contrast, Vrydag et al. reported no difference in cAMP accumulation and 

receptor desensitization between Trp64Arg polymorphism of ADRB3 and the 

wild-type receptor upon agonists stimulation in CHO-K1 and HEK293 cells [82]. 
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Besides Trp64Arg polymorphism, other SNPs and mutations have been 

identified in the coding region of ADRB3, which results in being associated with 

human diseases. It has been reported a very rare SNP in the intracellular loop 3 

of the receptor, which consists of the substitution of threonine (Thr) with 

methionine (Met) at protein position 265 (Thr265Met) of ADRB3. Teitsma et al. 

described a leucine (Leu) substituted with phenylalanine (Phe) at protein 

position 306 (Leu306Phe), which is involved in catecholamine binding [71]. 

Recently, a study carried out in 1337 healthy Chinese healthy subjects and 

related patients identified two other SNPs in the coding region that are 

significantly higher in the patient’s group compared to control: a substitution of 

serine (Ser) with proline (Pro) at protein position 165 (Ser165Pro) and 257 

(Ser257Pro). These two polymorphisms reduce receptor function lead to lower 

fasting, insulin resistance, and the development of type 2 diabetes [83]. 

Furthermore, two studies have reported SNPs in the noncoding region of 

ADRB3. Voruganti et al. showed that SNP rs35361594 in the 5’-UTR could be 

involved in the development of obesity since this SNP shows an association with 

Body Mass Index and percentage of fat [84]. In addition, SNP rs4998 in the 3’-

UTR of ADRB3 has been found to be associated with Alzheimer’s disease [85]. 

The Trp64Arg polymorphism, in combination with Thr265Met and Leu306Phe 

variants, affects ligand binding, function and regulation of receptor 

responsiveness [82]. A functional study regarding the association of Ser165Pro 

and Ser257Pro polymorphism with type 2 diabetes in the Chinese population 

has been proposed. Huang et al. showed that these two variants do not affect 

receptor expression and trafficking but impair cAMP accumulation in response to 

different concentrations of β3-AR agonist in HEK293 and CHO-K1 cells. It is 

hypothesized that Ser165Pro and Ser257Pro, preferentially affect receptor 

interaction with Gs protein rather than Gi protein, leading to impaired cAMP 

signaling [83].  

 

1.2.4    Pharmacology of the β3-AR 

Several studies have helped identify and define the β3-AR pharmacological 

response to develop agonists and antagonists of β3-AR. However, in general, 

the affinity, selectivity and potency of the β3-AR agonist and antagonist widely 
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vary between species due to differences in the β3-AR amino acid sequences 

and levels of expression. In humans, β3-AR has emerged as a novel potential 

target for treating several pathologies, such as obesity, type 2 diabetes, heart 

failure, overactive bladder and preterm labor.  

 

β3-AR agonists 

Besides endogenous ligands, β3-AR is activated with high affinity and potency 

by two main classes of preferential antagonists, which differs according to the 

time of their discovery: the first-generation compounds such as BRL37344 and 

5-(2-[[2-(3-chlorophenyl)-2-hydroxyethyl]-amino]propyl)1,3-benzodioxole-2,2-

dicarboxylate (CL316243) were developed in the 1990s. In contrast, the second-

generation such as mirabegron (YM178), solabegron (GW427353), ritobegron 

(KUC-7483) and amibegron (SR58611A) were improved later [86].  

BRL37344 is the most used β3-AR agonist in human and mouse models. 

The affinity for β3-AR and the potency, as measured as the ability to stimulate 

AC, is higher in rodents than humans. Various studies have reported the high 

potency of BRL37344, which is similar to the selective agonist mirabegron on 

human bladder strips, and the higher selectivity for β3-AR whit respect to β1- 

and β2-AR [87, 88]. In addition, BRL37344 was recently used to corroborate the 

hypothesis that β3-ARs are involved in the protection against myocardial 

infarction injury, in the relaxation of corpus cavernosum and detrusor smooth 

muscle, liver steatosis and inflammation associated with nonalcoholic fatty liver 

disease (NAFLD) [89-91]. 

CL316243 exhibits the lowest potency but good selectivity for the human 

β3-AR than β1- and β2-AR, and it has been used in the relaxation of urinary 

bladder strips, in skeletal muscles where improve muscle force production and 

skeletal muscle strength and in the relaxation of endothelium during vascular 

complication of diabetes [92-94]. 

 

Second-generation agonists have been tested for their abilities to induce 

human detrusor relaxation in adults with overactive bladder and is currently the 

most promising agent in over 30 years. Recently, mirabegron has also been 

investigated in pediatric patients with neurogenic detrusor overactivity (NDO) 
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and received the first approval in patients aged 3 years or older [95]. This drug 

has been extensively studied with Phase II and Phase III trials worldwide, 

showing a good balance between efficacy and tolerability [96]. Mirabegron was 

approved in Japan, the United States and Canada for the treatment of 

overactive bladder, and in Europe in 2013. Solabegron has been found to relax 

isolated human bladder strips at low concentrations and reduce detrusor 

spontaneous contractile activity by almost 80% [97]. Amibegrom was first 

described for its inhibitory effects on colon motility in rats and later for its 

potential use as an antidepressant and in the reduction of portal pressure in a 

mouse model [98-100]. 

 

β3-ARs antagonists 

Two of the most used β3-AR antagonists are SR59230A and L748337. 

SR59230A has been reported to improve ventricular function in pulmonary 

arterial hypertension in a mouse model [101] and reduce the induction of 

lipolysis, the stimulation of AC, and the increase of cAMP in isolated murine 

adipocytes [102]. Moreover, it has been reported that SR59230A can promote 

the differentiation of progenitor cells in hematopoietic tumors. Calvani et al., 

reported that SR59230A treatment promotes hematopoietic differentiation by 

increasing the ratios of lymphoid/hematopoietic stem cells and myeloid 

progenitor cells/ hematopoietic stem cells, the number of granulocytes 

precursors, and inducing the mesenchymal stem cells differentiation into 

adipocytes of melanoma cells [103]. 

L748337 is a selective β3-AR antagonist with higher selectivity for β3-AR 

whit respect to β1- and β2-AR [104], and it has been reported to increase cAMP 

in CHO cells expressing β3-AR, leading to induction of thermogenesis and 

lipolysis [105].  

 

1.2.5     β3-ARs function and expression 

Since its discovery, β3-AR has been detected in several human tissues such as 

adipose tissue, myocardium, urinary bladder, retina and brain, suggesting that 

β3-AR is an important regulator of various physiological functions (Figure 4). β3-

ARs are expressed predominantly in rodent white (WAT) and brown (BAT) 
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adipose tissue, where it mediates lipolysis and thermogenesis triggered by the 

sympathetic nervous system [47, 106]. In humans, β3-AR expression appears to 

be lower when compared with rodent adipose tissue [51].  

 

Figure 4. Graphic summary of β3-ARs localization. Pathway studied in human tissues 

and cell lines are in the yellow boxes. Pathway studied in mouse are in the blue boxes (taken 

from [107]). 

 

Norepinephrine-mediated β3-AR activation results in the coupling of β3-

AR to the Gα subunits and induces the activation of the cAMP-PKA axis, which 

stimulates lipolysis of lipid droplets protein as hormone-sensitive lipase (HSL) 

and perilipin in the adipocytes. However, HSL activation can also be triggered by 

β3-AR coupling to Gi and consequent activation of the ERK1/MAPK signaling, 

resulting in the hydrolysis of triglycerides stored in the lipid droplets and the 

release of free fatty acid (FFAs). In brown adipocytes, FFAs activate Uncoupling-

Protein 1 (UCP1) in mitochondria, inducing thermogenesis. Moreover, β3-AR 

activation can induce lipolysis by increasing the expression of the inducible nitric 

oxide synthase (iNOS) and, in turn, nitric oxide (NO) levels in a PKA-dependent 

manner [108]. Recently, β3-AR activation seems to be involved in the generation 

of hyperthermia arising from WAT lead to tissue remodeling and impairment in 
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triglyceride storage capabilities [109]. β3-AR knock-out mice showed impaired 

cold-induced thermogenesis with a reduction in white adipocytes, according to 

the observation that β3-AR activation induces transdifferentiation of mature 

white adipocytes. β3-AR KO mice also show a compensatory overexpression of 

β1-AR in WAT and BAT and can survive cold exposure through β1-AR-mediated 

thermogenesis and UCP1 increase [110].  

In humans, the β3-AR expression level is reduced in obese patients, 

raising the interest in developing compounds for the treatment of type 2 

diabetes. Unfortunately, clinical studies have shown poor selectivity of the drugs 

for the human β3-AR, and no agonist has overcome beyond phase II clinical 

trials [111-113]. Recently, a clinical study investigated the use of mirabegron in 

patients with detectable cold-activated BAT. Mirabegron induced BAT activation 

and increased resting energy expenditure via cardiovascular stimulation and 

BAT activation [114].  

The human β3-AR was first identified in human cardiac biopsies in 1996 

[115]. Under physiological conditions, β3-AR is expressed at low levels in 

myocardial tissue compared to β1- and β2-AR. During diseases, including failing 

heart, the expression of β3-AR results to be upregulated, while β1-AR is 

downregulated, and β2-AR remains stable but is functionally desensitized [116, 

117]. After catecholamines stimulation of β3-AR, PKA phosphorylates Ca
2+

 

handling proteins in the myocardium leading to positive ionotropic and 

chronotropic effects. Moreover, in the heart, the stimulation of β3-AR leads to 

increased endothelial NO synthase (eNOS) or neuronal (nNOS) activation, 

inducing NO generation and activation of cGMP and cGMP-dependent protein 

kinase G (PKG) activation. PKG is a serine/threonine kinase that mediates the 

biological effects of NO/cGMP. PKG downstream of β3-AR enhances myocytes’ 

relaxation, resulting in a cardioprotective mechanism that can be beneficial in 

failing myocardium [118].  

Evidence has reported that the β3-AR has specific beneficial effects in 

the cardiovascular system, including cardioprotection [119]. However, chronic 

exposure of the heart to high levels of catecholamines can lead to progressive 

deterioration of cardiac function and structure. β3-AR desensitization represents 

a protective mechanism at lower catecholamines stimulation, but chronic 
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stimulation can cause β1- and β2-AR dysregulation and promote the progression 

of the disease [120]. However, β3-ARs are not subject to desensitization and 

downregulation, and their levels within the failing human heart remain 

unchanged or become upregulated. Therefore, this mechanism could represent 

either a protective process against the effects of chronic β3-AR stimulation or a 

mechanism that may lead to deterioration of the heart. Some reports have 

suggested that sustained activation of β3-AR in failing hearts could contribute to 

impaired cardiac function [121]. A potential strategy proposed against failing 

heart development has resulted in being the use of β3-AR antagonists. In 

contrast, it has been demonstrated that in the failing myocardium, β3-ARs are 

able to inhibit the accumulation of Na
+
 in cardiac myocytes leading to a block of 

cAMP generation and reducing the activation of cAMP-downstream oxidative 

pathways [122]. Accumulating evidence supports the idea that overexpression or 

persistent activation of β3-AR has a cardioprotective effect and can attenuate 

pathological left ventricular hypertrophy induced by activation of NOS and 

subsequent NO generation responsible for β3-AR-induced cardioprotection in 

mice [123].  

Since 2007, various studies have investigated the relationship between 

β3-AR and β-blockers and proposed that β1-AR blockers and their protective 

effects in heart failure could induce enhancement of β3-AR expression and 

protection signaling [124], [117]. Moreover, it has been recently showing the 

potential of the selective β1-AR blocker nebivolol as a β3-AR blocker. In 

particular, nebivolol administration activated β3-AR leading to a significant 

reduction of infarct and cardiac fibrosis and improved cardiac function [125, 

126].   

The evidence of the expression of the β3-AR transcript was first reported 

in the detrusor smooth muscle, and protein was first described in the detrusor 

and urethelium, where it predominantly mediates the relaxation of the detrusor 

muscle [127, 128]. The first studies conducted in human detrusor muscle strips 

showed bladder relaxation following the use of β3-AR agonists, indicating that 

the β3-AR activation in the bladder represents the most relevant mechanism to 

increase bladder capacity without affecting bladder contraction [129-131]. Few 

information regarding β3-AR presence in the kidney has been reported. 
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Recently, it has been demonstrated the presence of β3-AR in the mouse 

nephrons. The use of BRL37344 in isolated kidney tubules and slices from wild 

type and β3-AR knock-out mice showed that β3-AR coupling to Gs/AC had a 

positive effect on water and solute transporters, indicating a role of β3-AR in 

renal homeostasis [132]. Various evidence showed the presence of β3-AR also 

in the lower urinary tract where undergoes expression changes due to ureteral 

stenosis, chronic kidney disease, or carcinoma [133, 134].  

β3-ARs are also expressed in different human brain regions, such as the 

hippocampus and frontal cortex [135]. Given the involvement of β3-AR in the 

regulation of depressive states, the administration of amibegron has been 

demonstrated to have anxiolytic-like effects in rats [136]. In addition, the 

treatment with amibegron increased 5-hydroxytryptamine (5-HT) levels and 

noradrenaline release via activation of β3-AR [137]. Improving evidence has 

shown the involvement of β3-AR in memory consolidation, a process that 

required both modulations of hippocampal neuron excitability and activation of 

brain glucose metabolism. Notably, the administration of β3-AR antagonist in 

chicks enhanced memory and learning by increasing glucose uptake via GLUT3, 

suggesting that β3-AR also modulates glucose uptake [138].   

  β3-ARs also exert antiangiogenic and vasorelaxant effects in the retina 

blood vessels and retinopathies. β3-AR  stimulation with BRL37344 increased 

vascular endothelial growth factor (VEGF) release in hypoxic conditions, while 

treatment with β3-AR antagonist prevented VEGF increase in the same 

conditions, indicating a potential role for β-blockers in the treatment of retinal 

diseases [139]. In contrast, non-selective inhibition of NOS abolished 

BRL37344-induced VEGF increase while supplementation of NO bypassed the 

beneficial effect of the β3-AR blockade, suggesting NO as a key effect in this 

pathway [140].  

 

1.2.6     β-ARs and cancer 

Recently, it has been widely demonstrated the role of β3-AR in sustaining the 

pathogenesis of various cancer types, from benign tumors, such as the infantile 

hemangioma [141, 142],  to several malignant cancer types, including melanoma 

[143], breast cancer [144], ovarian cancer [145], lung carcinoma [146] and some 



 
 

Dr. Angela Subbiani 
Multiple roles of β3-adrenergic receptor in pediatric cancers. 

PhD course in Biochemistry and Molecular Biology – Bibim 2.0 XXXIV Cycle – Università degli Studi di Siena 

 
34 

 

pediatric cancers, like neuroblastoma [147] and Ewing sarcoma [148]. Several 

studies have investigated the relationship between β3-AR and tumorigenic 

processes such as cellular proliferation and apoptosis, angiogenesis and 

vasculature normalization, which are important in cancer cell invasion and 

metastasis during cancer development, and the influences of β3-AR on energy 

metabolism and immune system (Figure 5).  

 

 

 

 

Figure 5. The β-ARs signaling pathway in cancer. Abbreviations: ATP: adenosina 

triphosphate, cAMP: cyclic adenosine monophosphate, IL6: interleukin 6, IL8: interleukin 8, 

IL12B: interleukin 12B, PKA: protein kinase A, EPAC: Exchange Protein activated by 

Adenylil Cyclase, FAK: Focal Adesion Kinase (taken from 147).  
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The relationship between stress, chronic depression, and other psychological 

factors, and tumor onset has been demonstrated in the last years through 

various experimental and clinical investigations [149, 150]. The β-adrenergic 

system mediates sympathetic nervous system (SNS)-induced fight-or-flight 

responses lead to the release of catecholamine norepinephrine, whose 

concentration increase in response to physiologic, psychologic, and 

environmental threats to homeostasis [151]. The catecholamines epinephrine 

and norepinephrine are stress hormones released in a stress reaction that 

induce an increase in heart muscle contraction, dilatation of airways, and 

glycogen broke down. Notably, SNS and catecholamine exert pro-tumorigenic 

actions through the modulation of β-ARs, which in turn affect numerous 

biological processes related to cancer progression and metastasis, such as 

tumor cell proliferation, invasiveness, vascularization, and migration [152]. In 

vivo models have shown the ability of β-ARs agonists to enhance tumor 

metastasis, corroborating the involvement of β-ARs in cancer biology [153-155]. 

In contrast, β-ARs antagonists have been found to block stress-induced 

enhancement of tumor progression in various cancer types, including leukemia 

[156], melanoma [157], breast [153], and prostate cancers [154]. Besides the 

direct effects on tumor cells, β-ARs are involved in regulating pathways of non-

tumoral cells of tumor microenvironment [158]. 

 

The first report showing that β3-AR influences the risk of cancer, 

suggested that the Trp64Arg polymorphism decreased the risk of breast cancer 

in Japanese woman. In particular, a woman who simultaneously carried the 

association of Trp64Arg polymorphism of ADRB3 and the Gln27Glu 

polymorphism showed a markedly reduced risk for breast cancer, with an odds 

ratio of 0.37 even if not statistically significant [159]. Another study conducted on 

169 subjects has reported an association between the Trp64Arg polymorphism 

and endometrial cancer in overweight/obese patients, suggesting involvement of 

β3-AR cancer biology [160]. Perrone M.G. et al., for the first time, have 

described a significant up-regulation of β3-AR mRNA, compared to β1- and β2-

AR mRNA in patients operated for colorectal carcinoma [161]. Interestingly, 

Magnon et al., have investigated the role of SNS in prostate cancer 



 
 

Dr. Angela Subbiani 
Multiple roles of β3-adrenergic receptor in pediatric cancers. 

PhD course in Biochemistry and Molecular Biology – Bibim 2.0 XXXIV Cycle – Università degli Studi di Siena 

 
36 

 

development. To assess the contribution of β-ARs in tumor development, the 

human prostate PC-3 cell line was injected into the prostate of mice genetically 

deficient for β2-, β3-, or both β2- and β3-ARs. Whereas tumor development was 

slightly delayed in mice lacking a single adrenergic receptor, it was severely 

compromised in both ADRB2-/- and ADRB3-/- mice. Moreover, tumor 

dissemination into the lymph nodes and distant organs was significantly reduced 

in the double knockouts. These results were confirmed by using human prostate 

LNCaP cell line in the same animal model, indicating that both β2- and β3-ARs 

expressed in stromal cells of the tumor microenvironment appear to be critical 

for the tumor development in this mouse model [162]. In the last few years, β3-

AR mRNA and protein have found expressed in various cancer types, including 

infantile hemangioma, breast cancer, acute lymphoblastic leukemia, lung 

carcinoma, and thyroid carcinoma, confirming the hypothesis that β3-AR could 

play a role in the onset and progression of multiple cancers [163-165]. Recently, 

several studies have reported the expression of β3-AR in melanoma. Dal Monte 

et al., have demonstrated for the first time the involvement of β3-AR in 

melanoma growth and vascularization, using murine melanoma B16-F10 cell 

line injected in C57BL mice and treated with β3-AR antagonists. Tumor cell 

proliferation and growth were reduced, while apoptosis was increased after 

administration with SR59230A and L-748,377 [166]. In addition, the use of β3-

AR blockers was able to reduce tumor vasculature through apoptosis of 

endothelial cells, suggesting that β3-AR is necessary for the proliferation and 

survival of melanoma cells [167]. The effect of β3-AR modulation on melanoma 

cell proliferation and survival was found mediated by iNOS. The treatment with 

β3-AR blockers reduced iNOS expression and NO levels, suggesting that NO 

mainly produced by iNOS represents a major downstream effector of β3-AR in 

melanoma [168]. 

Interestingly, the treatment with β3-AR antagonists leads to inhibition of 

melanoma cell proliferation either in the presence or not of noradrenaline 

stimulation, indicating a partial constitutive β3-AR activity in melanoma cells, 

which was previously reported [166, 169]. β3-AR was found expressed in 

different stromal cells of the tumor microenvironment, including cancer-

associated fibroblasts (CAFs), endothelial cells, and macrophages. Calvani et 
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al., showed the ability of primary melanoma cells to recruit stromal cells in 

response to ligand activation of β3-AR and in eliciting stromal reactivity, to 

sustain secretion of proinflammatory cytokines, and to drive de novo 

angio/vasculogenesis. In addition, β3-AR appears to be responsible for 

instructing melanoma cells to respond to environmental cell signals and induce 

CAFs and macrophages to enhance their motility and stem-like straits [170]. The 

β-adrenergic system has been identified as a regulator of the immune system. 

The use of the β3-AR antagonist SR59230A, and siRNA targeting of β3-AR, 

injected in B16-F10 melanoma-bearing mice, indicated an involvement of β3-AR 

in the regulation of the immune-tolerance in the melanoma microenvironment. In 

particular, the β3-AR antagonist increased the number of natural killer (NK) and 

CD8
+
 cells as well as their cytotoxicity, M1/M2 macrophages ratio and N1 

granulocytes, while abrogated Treg and MDSC subpopulations in the tumor 

microenvironment. The reduction of the immune-suppressive and the increase of 

the immune-competent subpopulation cells in the tumor microenvironment 

suggests a role of β3-AR in promoting of immune tolerance in melanoma [171]. 

Recently, it has been demonstrated that in murine B16-F10 melanoma-bearing 

mice, the pharmacological β3-AR blockade was able to attenuate the expression 

of stemness markers, such as CD44, NANOG, OCT3/4 and CD24, and to induce 

MSCs differentiation in adipocytes and a differentiated phenotype of numerous 

hematopoietic progenitors recruited in the tumor microenvironment. Thus, 

targeting the metastatic potential of melanoma using β3-AR blockers could 

represent an efficacious strategy to counteract the progression to advanced 

states of this malignancy [103]. Induction of β3-AR protein expression during 

hypoxia has been reported in murine B16-F10 and human A375 melanoma cells 

[166], [170]. Hypoxia is a condition of solid tumors, including melanoma, that 

reduces in the normal level of tissue oxygen tension, contributing to the 

malignant phenotype and to aggressive tumor behavior. The induction of β3-AR 

expression in a hypoxic microenvironment suggests that melanoma cells exploit 

the activation of β3-AR to acquire aggressiveness features required in the 

tumorigenic process [172].  

Clinical investigations of β3-AR expression in melanoma patients are not still 

available. However, the expression of β3-AR has been confirmed in melanoma 
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biopsies from different patients. Immunohistochemical analysis for β3-AR 

expression in melanoma biopsies, including in situ primary melanoma, common 

and atypical melanocytic nervi, nodular melanoma, superficial spreading 

melanoma and cutaneous and lymph-nodal metastatic melanoma, showed that 

all examined melanocytic lesions expressed β3-AR higher than benign lesions 

[170]. β3-AR was also found to be also expressed in stromal, inflammatory and 

endothelial cells of the tumor microenvironment, suggesting that β3-AR 

expression correlates with melanoma malignancy features in human 

melanocytes lesions. Recently, a preliminary clinical investigation of β3-AR 

expression has been conducted in Ewing Sarcoma patients. Clinical data have 

shown β3-AR expression on peripheral blood of all patients with no statistical 

differences between the metastatic and non-metastatic patients. In addition, a 

higher β3-AR expression was shown in the surface of bone marrow and 

microenvironmental cells of metastatic patients compared to a lower expression 

in non-metastatic patients, suggesting a possible role of β3-AR as a new marker 

for the prediction of recurrence or disease severity in Ewing Sarcoma patients 

[173]. Bruno et al., demonstrated that β3-AR is constitutively expressed in both 

murine and human neuroblastoma cell lines and in tumor biopsies from 

neuroblastoma patients. In this study, the pharmacological antagonism of β3-AR 

was able to reduce tumor growth by affecting the neuronal differentiation of 

neuroblastoma cancer cells through its functional cross-talk with sphingosine 

kinase 2 (SK2)/sphingosine 1 phosphate receptor 2 (S1P2) axis. Since the 

available therapies are still not compelling enough for metastatic neuroblastoma, 

the crucial role of β3-AR in regulating neuroblastoma tumorigenesis may have 

implications for therapeutic purposes [147].  

 

1.2.7     β3-ARs and oxidative stress 

The relationship between β3-AR and reactive oxygen species (ROS) production 

has recently been evidenced in various physiological and pathological diseases. 

Studies have reported an essential role of ROS in modulating adrenergic 

function. Increased ROS production following β-AR activation contributes to 

altering downstream signals and a feedback loop that mediates receptor 

phosphorylation and internalization [174, 175]. As previously reported, β3-ARs 
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are upregulated in failing hearts, representing a potential target for the treatment 

of cardiovascular diseases. It has been demonstrated that β3-AR stimulation 

leads to an Akt/PKB-dependent phosphorylation of eNOS
Ser117

 associated with 

dephosphorylation of eNOS
Ser114

. The complementary alteration of these two 

sites leads to NO release in the cardiac myocytes of human nonfailing 

ventricular myocardium [176]. The antioxidant effects of β3-ARs were also 

observed in the myometrium. β3-AR stimulation exhibits dual antioxidant 

proprieties by directly inhibiting NADPHoxidase activity and inducing the 

expression of catalase, an enzyme that plays an endogenous antioxidant role. In 

addition, β3-AR exerts an anti-inflammatory effect since its functional expression 

in the human macrophages, confirming the protective role of β3-AR in the 

human myometrium [177]. In the last few years, various studies have reported 

the involvement of β3-AR in the modulation of NO release, contributing to tumor 

growth and metastatic process in various cancer types [178]. Different works 

have associated reduced NO levels with decreased growth of melanoma cells, 

whereas increased NO levels promote melanoma growth. Sikora et al., showed 

that targeting iNOS in NOD/SCID mice bearing mel624 xenografts model 

inhibited iNOS-dependent NO production and suppressed melanoma growth, 

associated with a decrease in tumor vessels and increased number of 

intratumoral apoptotic cells. In addition, a combination of iNOS inhibitor with 

cisplatin, enhanced cytotoxic therapy of melanoma, suggesting a promising 

approach to melanoma and other solid tumor therapy [179]. The first report 

showing the antioxidant effect of β3-AR suggested the involvement of iNOS in 

the antitumoral effects exerted by pharmacological β3-AR blockade in 

melanoma cells. In particular, the use of β3-AR antagonist induced a reduction 

of iNOS expression, resulting in a decreased activity in the NO pathway, leading 

to a reduction of melanoma tumor growth [166]. Pharmacological inhibition of 

β3-AR inhibited iNOS expression by reducing the basal nitrite production, while 

β3-AR stimulation increased this production by activation iNOS expression. 

Moreover, β3-AR blockade effects were prevented by NOS activation, and β3-

AR activation effects were prevented by NOS inhibition, indicating that iNOS-

induced NO production is a crucial event in melanoma growth and that β3-AR 

could regulate melanoma cell proliferation and survival through the NO pathway 
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[168]. Yoshioka et al., showed that treating human U-251 MG astrocytoma cells 

with norepinephrine leads to an increase in intracellular glutathione 

concentration by inducing glutamate-cysteine ligase catalytic subunit (GCLc) 

protein. This increase was inhibited by SR59230A, while the treatment with β3-

AR agonist increased the intracellular GSH in U-251 MG cells, indicating that 

norepinephrine increased the GSH concentration in astrocytes by inducing 

GCLc protein via β3-AR stimulation [180]. 

Recently, has been identified a relationship between nutraceutical 

compounds, mitochondrial ROS production, and β3-AR expression in human 

A673 Ewing Sarcoma cells. Bioactive nutraceutical compounds with antioxidant 

activity have recently attracted the attention as a supplement used during cancer 

treatments; in vitro and in vivo experiments have demonstrated the efficacy of 

nutraceutical compounds in the inhibition of different pathways involved in 

tumorigenesis, angiogenesis, and metastasis in pediatric and adult cancers 

[181, 182]. In particular, the intracellular expression of mitochondrial ROS 

(mtROS) was low in Ewing sarcoma cells treated with prosurvival antioxidants, 

such as ascorbic acid, flavon, capsaicin and formononetin, and was increased 

when Ewing sarcoma cells were treated with curcumin, retinoic acid, gingerol 

and genistein. Interestingly, A375 cells treated with curcumin, retinoic acid, 

gingerol and genistein showed reduced cell survival and β3-AR expression, 

while no change in cell viability but upregulation of  β3-AR was observed in A375 

cells treated with prosurvival antioxidants compounds, indicating that since β3-

AR is expressed in mitochondria, it may drive mitochondrial bioenergetics and 

redox state of the cells inducing or not cell survival under nutraceutical treatment 

[183]. These results suggest that β3-AR may be considered one of the 

regulators of cellular response to oxidative stress. Thus, inhibiting β3-AR could 

dramatically increase ROS levels lead to cell death due to the inhibition of 

antioxidant response.  

 

 

1.3     Osteosarcoma 

Childhood cancers comprise less than 1% of all new cancer diagnoses each 

year and represent the second leading cause of death in children. The 5-year 
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survival of children and adolescents diagnosed with cancer is approximately 

80% in many high-income countries because of the access to modern 

treatments and supportive care. Unfortunately, only 40% of children who live in 

low- and middle-income countries tend to survive 5 years after diagnosis [184]. 

Among pediatric cancers, leukemia is by far the most common, representing 

about 28% of childhood cancers, brain tumors represent about 27%, lymphomas 

about 12% and certain bone cancers, such as osteosarcoma and Ewing 

sarcoma, represent approximately 4% [185].  

Osteosarcoma (OS) is the most common primary malignant tumor of 

bone in children and young adults and the eighth-most frequent childhood 

cancer. Osteosarcoma accounts for 20% of all primary malignant bone tumors, 

with a worldwide incidence of 3.4 per million people per year [186, 187]. 

Osteosarcoma has an annual incidence of 4.1 cases per million children under 

the age of 15 years [188, 189] and 5.0 cases per million for the range 0-19 

years, with approximately 400 new cases diagnosed each year in the United 

States [190]. Osteosarcoma has characterized by a bimodal age distribution; the 

first peak occurs during adolescence, and the second occurs in older adults. 

Osteosarcoma is rare in children younger than 5 years of age, representing 2% 

of osteosarcoma patients. The first peak incidence of osteosarcoma ranges 

between 10 and 14 years of age, coinciding with the puberal growth spurt, 

followed by an incidence decline. The second peak of incidence occurs in adults 

older than 65 years, representing a second malignancy, frequently related to 

Paget’s disease that is a disorder of the bone remodeling process. The 

incidence rate is higher in males (5.4 cases per million) than in females (4.0 

cases per million) [191], and are different across the world regions and 

ethnicities, whit rates ranging from 5.2 per million in African Americans to 4.6 per 

million in white children. The highest incidence of osteosarcoma is reported in 

Hispanic patients (6.5 per million) between 15 and 29 years of age and the 

lowest is in white [187]. According to the stage of the disease, the general 

overall 5-year survival rate for children aged 0-19 with osteosarcoma is 68%. If 

osteosarcoma is diagnosed and treated before its spreading outside the bone, 

the 5-year survival rate is 74%, while it is 66% if osteosarcoma has invaded 

other tissues and/or regional lymph nodes, and it is reduced to 27% if the tumor 
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has metastasized distant tissues or organs of the body. The 5-year survival rates 

for patients younger than 45 years of age with osteosarcoma was greater than 

65% but continued to be less than 45% for the 45 years and older age group. 

The lower 5-survival rate (19-39%) has been observed in Estonia, Slovakia and 

Denmark [192], while the highest (58%) has been reported in Finland [193]. In 

Italy, the 5-year survival rate was 57% for patients of all ages, 68% for those 

younger than 41 years, and 22% for patients older than 65 years [194, 195]. 

Numerous studies have established a correlation between rapid bone 

growth during puberty and osteosarcoma development. Bone is a mineralized 

connective tissue that exerts important functions, including locomotion, support 

and protection of soft tissues, harboring bone marrow, and calcium and 

phosphate storage [196, 197]. Bones are present in the body in different sizes 

and shapes. A long bone consists of two main regions: the diaphysis and the 

epiphysis. The diaphysis is the tubular part between the proximal and distal ends 

of the bone, containing the medullary cavity filled with yellow bone marrow in an 

adult. The outer of the diaphysis is composed of dense, compact bone called 

cortex or cortical bone. The epiphysis consists of the wider section at each end 

of the bone filled internally with spongy bone, another type of osseous tissue. 

Each epiphysis is connected to the diaphysis through the metaphysis. The latter 

contains the site of long bone elongation, which is present during growth and is 

called epiphyseal plate. In adulthood, when the bones stop growing, the 

epiphyseal plate becomes the epiphyseal line. Inside the bone is present a layer 

of bone cells, called endosteum, which contains the bone cells responsible for 

bone growth, repair and remodel. These cells are part of the outer double 

layered structure called the periosteum that contains blood vessels, nerve and 

lymphatic vessels. Except for the region where the epiphysis meets other bones, 

which is covered by the articular cartilage, the periosteum covers the entire 

surface of the bone. In addition, the periosteum is the attachment site for 

tendons and ligaments (Figure 6). Osseous tissue is a connective tissue that 

contains few cells and a large amount of extracellular matrix. The latter consists 

of calcium phosphate salt for the most part and collagen for the rest part. The 

collagen provides a surface for the adhesion of inorganic salt crystals developing 

after calcium phosphate and calcium carbonate combine to form hydroxyapatite. 
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These crystals provide hardness and strength to bones or flexibility if they calcify 

on the collagen fibers.  

 

 

 

 

Figure 6. Anatomy of long bones. 

 

 

Bone is continuously remodeled through the concerted action of four types of 

cells: osteoblast, osteocytes, osteoclast and bone lining cells. Osteoblasts are 

cells derived from mesenchymal stem cells (MSCs) located along the bone 

surface responsible for bone forming function. When the collagen matrix is 

synthesized and secreted from osteoblast calcified, the osteoblast become 

trapped within it, changing their structure and becoming osteocytes, the primary 

cell of mature bone [198]. Osteocytes are the most abundant cells that have a 

different morphology depending on the bone types. For example, osteocytes 

from cortical bone have an elongated morphology, while osteocytes from 

trabecular bone display a rounded morphology. Osteocytes are derived from 

osteoblasts differentiation and are involved in bone remodeling through the 

regulation of osteoblast and osteoclast activity [199]. Osteoclasts are 

differentiated multinucleated cells responsible for bone resorption, which derives 
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from mononuclear cells of the hematopoietic stem cell lineage. This 

differentiation is regulated by various stimulatory factors, including the 

macrophage colony-stimulating factor (M-CSF), secreted by osteoprogenitor 

mesenchymal cells and osteoblasts, and the receptor activator for nuclear factor 

κ-B ligand (RANKL) secreted by osteoblast, osteocytes and stromal cells [200, 

201]. Osteoclasts are continually breaking down old bone, while osteoblasts are 

continually forming new bone. In addition to resorption, osteoclasts have also 

involved a source of cytokine that influences the activity of other cells, including 

osteoblast and hematopoietic stem cells niche [202]. Bone limiting cells are 

quiescent flat-shaped osteoblasts that cover the bone surface. The function of 

these cells is not fully understood. However, it has been described as a 

preventive action of bone limiting cells in osteoclast differentiation and 

preventing the direct interaction between osteoclasts and bone matrix [203].  

Osteosarcoma commonly occurs in the long bones of the extremities near the 

metaphyseal growth plates and arises as an enlarging and palpable mass, with 

progressive pain. The most common bone affected the knee area. In particular, 

the femur for the 42% of cases with 75% of tumors in the distal femur, the tibia 

for the 19% of cases with 80% of tumors in the proximal tibia and the humerus 

for 10% of cases with 90% of tumor in the proximal humerus. Other locations are 

the skull or jaw and the pelvis [190].  

 

1.3.1     Osteosarcoma pathogenesis 

A better understanding of the cellular origin of osteosarcoma is essential to 

improve the outcomes of patients. In the last few years, various hypotheses 

concerning the origin of osteosarcoma have been made. Some reports propose 

that osteosarcoma originates from MSCs; others suggest osteoblast precursor 

cells as the origin of osteosarcoma [204]. MSCs are non-hematopoietic 

precursors cells that have been found in various human tissues, such as bone 

marrow, peripheral blood, and adipose tissue, that contribute to the maintenance 

and regeneration of a variety of tissues, including bone [205]. MSCs also exhibit 

an ability to differentiate into a variety of mesenchymal cell lineage, like 

osteocytes, chondrocytes, and adipocytes based on the predominant cancer cell 

type, suggesting that MSCs may be the cells of origin of osteosarcoma [206, 
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207].  Several in vivo studies support the hypothesis of the origin of 

osteosarcoma from MSCs. The overexpression of c-Myc with loss of Ink4a/Arf, 

the locus that encodes two tumor suppressor proteins that regulate the Rb and 

p53 pathways, may induce the malignant transformation from MSCs to 

osteosarcoma [208]. Moreover, the simultaneous knockdown of Rb and 

overexpression of c-Myc, a combination observed in patients with poor survival, 

have been described to induce MSCs differentiation and osteosarcoma in 

murine models [209]. In contrast, increasing evidence suggests that 

osteosarcoma arises from defective differentiation of osteoblast-committed cells. 

Yang et al., have demonstrated that the implantation of MSCs and 

preosteoblasts (pOB) differentiated from the same MSCs, induced tumor growth 

simultaneously. However, compared to MSCs, only the pOB tumors showed a 

histological appearance characteristic of osteosarcoma [210]. The most 

compelling evidence that supports the hypothesis of osteosarcoma deriving from 

osteogenic progenitors comes from in vivo experiments deleting p53 or both p53 

and Rb after MSCs differentiation. Mouse with these deletions induced the 

formation of osteosarcoma-like tumors, suggesting that osteoblast rather than 

MSCs are the cells of origin of osteosarcoma [211].  

Another factor that affects the differentiation of MSCs is the bone 

microenvironment, a specialized and highly dynamic system composed of bone 

cells, stromal cells, vascular and immune cells, and a mineralized extracellular 

matrix (ECM). Osteosarcoma communicates with the bone microenvironment via 

growth factors, such as transforming growth factor β (TGF-β) and stromal-

derived factor (SDF1), and plasminogen that induces homing of MSCs to the 

tumor site, where it changes to acquire a phenotype that promotes tumor 

progression and metastasis [212]. Rubio et al., have shown that p53, Rb, or both 

p53 and Rb MSCs depletion into immunodeficient mice developed into 

osteosarcoma-like tumors in the recipients’ bone. In addition, tumor position far 

away from the host bone exhibited a different pathology from osteosarcoma, 

indicating that the host bone environment might be another factor in 

programming the sarcoma phenotype of transformed MSCs [211]. Recently, it 

was reported that osteosarcoma might also arise from osteocytes. In fact, 

injection of osteocyte cell lines in immortalized mice induces tumor development, 
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and the osteocyte marker dentin matrix acidic phosphoprotein 1 (DMP1) was 

increased in human osteosarcoma samples, suggesting that osteocytes might 

also constitute an osteosarcoma progenitor cell type [213].  

A vicious cycle between bone and osteosarcoma cells occurring during the 

development of osteosarcoma, promoting tumor growth and dissemination (Figure 

7). Osteosarcoma cells produce interleukin 6 (IL-6), interleukin 11 (IL-11), tumor 

necrosis factor alpha (TNF-α) and RANKL that activates osteoclastogenesis and 

bone degradation, leading to the release of TGF-β in the bone microenvironment, 

which stimulates tumor growth and metastatic progression [214, 215].  

 

 

 

 

 

 

Figure 7. The vicious cycle between tumor and bone cells during osteosarcoma 

development. Osteosarcoma cells produce receptor activator of nuclear factor kappa-B 

ligand (RANKL), interleukin 11 (IL-11), interleukin 6 (IL-6), and tumor necrosis factor alpha 

(TNF-α) that activate osteoclastogenesis, lading to bone degradation. Osteosarcoma cells 

produce bone morphogenetic protein (BMP) or parathyroid hormone-related protein (PTHrP), 

that stimulate the production of RANKL by osteoblasts and increase osteoclasts activity. 

Following bone degradation, the transforming growth factor β (TGF-β) are released into the 

bone microenvironment and stimulate tumor growth and dissemination (taken from [216]). 

 

 

 

 



 
 

Dr. Angela Subbiani 
Multiple roles of β3-adrenergic receptor in pediatric cancers. 

PhD course in Biochemistry and Molecular Biology – Bibim 2.0 XXXIV Cycle – Università degli Studi di Siena 

 
47 

 

1.3.2     Osteosarcoma subtypes 

Osteosarcoma is a highly heterogeneous disease. Over the last decades, 

morphological analysis, but also genomic, transcriptomic, and proteomic 

analysis, were applied to identify new molecular markers with prognostic and 

predictive value to better determine the appropriate therapy.  

Microscopic heterogeneity is the first marker for osteosarcoma. 

Depending on the morphological features of the cancer cells, osteosarcoma can 

be classified into central or surface tumors.  

Central osteosarcoma, also called medullary tumor, can be divided into 

four subtypes depending on the histology: conventional, telangiectatic, small-

cell, and low-grade osteosarcoma. Conventional central osteosarcoma (CCO) is 

a high-grade intraosseous sarcoma containing neoplastic bone-producing cells, 

usually arising from the intramedullary cavity. CCO is the most common type of 

osteosarcoma and represents 80% of all osteosarcoma cases affecting children 

between 0-14 years of age and adults older than 40 years [217]. CCO can be 

divided into osteoblastic, chondroblastic, and fibroblastic, depending on the 

histological features of the cells. In most cases, CCO is located in the 

metaphysis of long bones, but it can also arise in the axial skeleton and the 

metaphysis of long bones [218]. Telangiectatic osteosarcoma (TOS) is a rare, 

high-grade osteosarcoma which represent the 4% of all osteosarcomas. TOS 

occurs between 5 and 25 years of age with a higher incidence in males than 

females (median male-to-female 2:1). The exact etiology of TOS is still unknown 

but is presumed to derive from either transformed osteoblast or stem cells of 

mesenchymal origin. In most cases (42%), TOS arises in the distal femoral 

metaphysis, but also in the proximal tibia (17%), proximal humerus (9%), and the 

proximal femur (8%). Histologically, TOS is composed of blood-filled or empty 

cystic spaces resembling an aneurysmal bone cyst [219]. Although the TOS 

prognosis is worse than CCO, recent studies suggest that there are no 

differences between the two types [220, 221]. Small-cell osteosarcoma (SOS) is 

a very rare type of osteosarcoma, representing 1-2% of all osteosarcomas, 

mainly in young adolescents with a mild female incidence compared to males. 

Histologically, SOS cells are small cells with scant cytoplasm and round 

hypochromatic nuclei, making it difficult to distinguish from Ewing’s sarcoma, 
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another type of pediatric cancer of the bone [222]. However, SOS cells are 

characterized by focal osteoid production, a morphologic feature that represents 

the diagnostic hallmarks of all types of osteosarcoma, allowing to distinguish 

SOS from other small cell malignancies [223]. Low-grade osteosarcoma (LOS) 

accounts for 1-2% of all osteosarcomas ad usually arise in the third or fourth 

decade of life, with equal gender distribution. LOS is a well differentiated 

osteosarcoma that consists of the fibroblastic stroma of variable cellularity and 

amounts of osteoid production, resembling parosteal osteosarcoma, making 

LOS diagnosis difficult [224].  

Surface sarcoma, also called peripheral tumor, arises from the cortical 

and periosteal surface of the bone, in contrast to conventional osteosarcoma, 

which has an intramedullary site of origin. Surface sarcoma is divided into three 

different subtypes: parosteal, periosteal, and high-grade osteosarcoma. 

Parosteal osteosarcoma (POS) is low-grade osteosarcoma and accounts for 5% 

of all osteosarcomas. POS usually arises in early adult and middle age with a 

peak incidence in the third decade, with a slightly higher incidence in females 

than males [225]. POS usually arises from the outer layer of the distal femur, but 

it may also occur in other sites, including the proximal tibia and humerus. 

Histologically, it is a well-differentiated tumor with the woven bone formation that 

rarely metastasizes unless it undergoes malignant transformation into a 

differentiate POS (dPOS) [226]. Periosteal osteosarcoma (PIOS) is an 

intermediate-grade tumor that represents 1.5% of all osteosarcomas. PIOS 

usually occurs in patients between 15 and 25 years of age with a higher 

incidence in females than males and commonly involves the diaphysis of long 

bones, such as the tibia and femur. PIOS is characterized by zonated lobules 

that are primarily composed of malignant cartilage [227]. High-grade 

osteosarcoma (HGSOS) accounts for only 0.5% of all osteosarcomas, whit a 

peak incidence in the second and third decade of life. It usually arises in the 

lower limb diaphysis, with a local growth higher than POS [228].  

 

1.3.3     Genetics of osteosarcoma  

In the last few years, numerous molecular genetic studies have allowed 

identifying somatic mutation and mutational processes involved in osteosarcoma 
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to understand better the pathogenesis of the disease and ongoing therapeutic 

approach for osteosarcoma patients. Several genomic studies using whole-

genome sequencing (WGS) and whole-exome sequencing (WES) have allowed 

us to identify chromosomal abnormalities, mutations, and candidate driver genes 

involved in osteosarcoma pathophysiology [229]. RB1 encodes the tumor 

suppressor protein Rb that is essential in preventing cell cycle progression 

through G1/S phase after DNA damage [230]. Inactivation of RB1 or Rb pathway 

deregulation is frequent in sporadic osteosarcoma. For example, amplification of 

the cyclin-dependent kinase (CDK4) and DNA primase subunit 1 (PRIM1), which 

are involved in the transition from G1 to S, has been detected respectively for 

about 10% and 40%of osteosarcoma tumors [231, 232]. TP53 is another driver 

of osteosarcoma development. Mutation of TP53 has been detected in 30-42% 

of sporadic osteosarcoma [233, 234], whereas deletions and loss of 

heterozygosity (LOH) for 10-40% of cases [235]. Functional inactivation of p53 

can also occur through the regulation of other proteins, including MDM2 that is a 

p53 inhibitor. Amplification of MDM2 accounts only for 3.-25% of cases of 

osteosarcoma, but this amplification was highly frequented in metastasis and 

recurrence [232, 236]. E2F3 (E2F transcription factor 3), which encodes the 

E2F2 transcription factor, was detected gained or amplified in approximately 

60% of osteosarcoma. Increasing levels of this gene were associated with DNA 

damage and increased proliferation rate in cancer [237-239]. Also, RUNX2 

(Run-related transcription factor 2), which encodes for a transcription factor 

involved in osteogenesis, was found gained for about 60% of osteosarcoma, 

correlating with poor response to chemotherapy [240].  

 

1.4     Malignant rhabdoid tumor of the kidney 

Pediatric renal tumors account for around 7% of all cancers occurring before 15 

years [241].  In Europe, each year, about 1000 children are diagnosed with renal 

tumors. This is a highly heterogeneous group of tumors, each with its 

therapeutic management, outcome, and association with germline 

predispositions.  

Malignant rhabdoid tumor of the kidney (MRTK) is a rare, highly aggressive 

tumor occurring in infancy and early childhood. It was recognized as a distinct 
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tumor type in 1978, although initially, it was classified as a possible 

rhabdomyosarcomatoid variant of Wilms’ tumor [242]. Subsequent studies 

identified tumors with similar histology at other sites, particularly soft tissues and 

the central nervous system [243]. MRTK is a rare tumor, accounting for 0.9-2% 

of renal cancers, with a peak of incidence between 10 and 18 months of age and 

85% of cases occurring within the first 2 years of age. The incidence rate in men 

is slightly higher than in women (1:5) [244]. In the United States, the annual 

incidence among children less than 15 years is 0.19 per million. MRTK is 

considered one of the deadliest malignant solid tumors of childhood, with overall 

survival rates of not more than 20% to 25% [245]. The overall 3-years survival 

rate in patients with MRTK ranges from 12% to 38%; it is the highest in children 

aged 24 months or older and the lowest in those between 0 and 5 months of 

age. In China, a recent study reported that within a 5-year follow-up, out of 35 

cases, one survived [246]. In addition, in children younger than 6 months, this 

condition is often accompanied by distant metastases, including brain 

metastasis [247]. Over 70% of children with MRTK are already in stages III and 

IV at the time of diagnosis, with overall survival of 15% compared to 40% of 

stages I and II. Progression on therapy and relapse are common in patients with 

MRTK, with about half of patients having a relapse after initial remission. The 

median time from diagnosis to relapse is less than 8 months, but the majority of 

patients with MRTK have disease progression far earlier (3–4 months after 

diagnosis) without ever obtaining a complete remission [242, 247]. 

The kidneys are the central organs in maintaining body homeostasis 

through the filtration of blood from metabolic waste products, blood pressure 

regulation, calcium and phosphate levels, the resorption of nutrients, and the 

maintenance of a homeostatic balance of tissue fluids. The kidneys are bilateral 

bean-shaped organs located retroperitoneally in the abdomen, one for each side 

of the vertebral column. Each kidney typically extends for three vertebrae in 

length, although the right kidney is generally slightly and smaller compared to 

the left due to the presence of the liver. The kidneys are encased in complex 

layers of fascia and fat that entirely surround and protect the kidneys. Internally, 

the parenchyma of the kidney consists of the outer renal cortex and the inner 

renal medulla. The cortex extends into the medulla, dividing it into triangular 
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structures, known as renal pyramids (8-18 per kidney). The apex of the renal 

pyramid is the renal papilla which opens to the minor calyx that collects urine 

from the pyramids. Several minor calyces unite to form a major calyx that 

merges to form the renal pelvis, from which urine drains the ureter that emerges 

and leaves the kidney through the renal hilum (Figure 8).  

 

 

 

 

Figure 8. Anatomy of nephrons. 

 

 

The kidney’s functional units are the nephrons (1.000.000 per kidney), contained 

inside the renal pyramids, that filter the blood to produce urine. Each nephron 

contains a renal corpuscle and a renal tubule which filters the blood and carries 

the filtered fluid to the system of calyces, respectively. The renal corpuscle 

comprises the glomerular capsule, also called Bowman’s capsule, which lies the 

glomerulus consisting in arterioles and capillaries able to filter the blood through 

the glomerular membrane. After living the renal corpuscle, the filtrate passes 

through the renal tubule that consists in the proximal convulted tubule, the Loop 

of Henle, and the distal convoluted tubule, responsible for reabsorption and 
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recovery of water and small molecules, such as glucose, amino acid, and ions, 

and then flow into the collecting duct for the final reabsorption of water and urine 

storage. The kidneys are richly supplied with blood and lymph vessels that 

contribute to the draining excess fluid and protein under physiological and 

pathological conditions. Each kidney has a single renal artery which is a direct 

lateral branch of the abdominal aorta, and a single renal vein that conducts the 

blood out of the kidney. 

The lymph vessels collect and move lymph fluid away from the kidney 

into the small bean-shaped masses of lymphatic tissue, called lumbar lymph 

nodes that are placed around the origin of the renal artery. The lymph vessels 

and the lymph nodes are part of the lymphatic system, which has a crucial role 

during the extravasation of cancer cells, together with blood vessels. Once 

cancer cells detached from the primary site, they can arrive at the lymph nodes 

outside the abdomen through the lymph vessels and invade other tissues and 

metastasize.  

 

1.4.1     MRTK histology 

MRTK often presents as masses centered in the renal hilum with a grossly 

indistinct tumor border between the tumor and normal renal tissues. There are 

many variant patterns histologically, but characteristically, these tumors stain 

diffusely positive for vimentin. Epithelial membrane antigen (EMA) and 

cytokeratin appear to be the next most frequently expressed markers. 

Expression of a variety of other markers has been less commonly (neuron 

specific enolase [NSE], S-100, and Leu 7) or only sporadically (CD99 and 

desmin) identified [248].  

Histologically, MRTK is characterized by rhabdoid cells, large polygonal 

cells with juxtanuclear, globular, eosinophilic cytoplasmatic inclusions, and 

vesicular nuclei that often contain single prominent nucleolus. A solid pattern is 

the most common without architectural organization, but trabecular, pseudo-

alveolar and myxoid patterns may also be seen. Although for most cases of 

renal MRTK, the diagnosis is relatively straightforward, the combination of 

histologic heterogeneity and potential to occur in a diverse array of sites can 

create a diagnostic challenge for any given case. Among the more challenging 
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differential, diagnostic considerations are epithelioid sarcoma and a subset of 

rhabdomyosarcomas exhibiting rhabdoid-type inclusions [249], [250]. 

 

1.4.2     Genetics of MRTK 

The cause of MRTK is largely unknown, and the histogenetic origin of this tumor 

has not yet been determined [251]. Most MRTKs demonstrate a normal 

karyotype, but few studies report numerical or structural chromosomal 

abnormalities, involving mainly chromosome 22. Molecular genetic investigation 

of MRTK cells has revealed heterozygous or homozygous deletions at of the 

region 11.2 of the long arm of chromosome 22 (22q11.2) as a recurrent genetic 

characteristic of MRTK, indicating that this locus may encode a tumor 

suppressor gene [252, 253]. Versteege et al., have mapped the most frequently 

deleted region of chromosome 22q11.2 from a panel of MRTK cell lines and 

delineated a common region of deletion that includes marker A006E25, which is 

an expressed sequence tag for hSNF5/INI1, a human homolog of the yeast 

SNF5 gene [254]. hSNF5/INI1 encodes a member of the SWI/SNF complexes, 

which are thought to facilitate the transcriptional activation of inducible genes 

through the remodeling of chromatin [255, 256]. hSNF5/INI1 works as an indirect 

cell cycle suppressor or increases mutually retroviral DNA intake with some viral 

proteins. Thus, it could be involved in other malignancies, including cervical and 

anogenital cancer, due to stimulation of human papillomavirus DNA replication 

[257]. Recently, hSNF5/INI1 gene mutations were found in medulloblastoma 

[258], rhabdomyosarcoma (RMS) [259], plexus choroid carcinoma, plexus 

choroid atypical papilloma, and glioblastoma [260]. Several studies have 

reported an abnormal expression of the tumor suppression gene SMARCB1/INI-

1 in MRTK patients. The SMARCB1/INI1 gene is located in chromosome band 

22q11.2 and is inactivated by deletions and/or mutations. SMARCB1 is an 

invariant member of the SWI/SNF chromatin-remodeling complex of proteins 

and thus controls gene transcription. SMARCB1/INI1 is inactivated 

homozygously in most of the malignant rhabdoid tumors; up to 20% of tumors 

show no alterations at either the DNA or RNA levels. Different immunochemistry 

staining for SMARCB1/INI1, have reported that expression of SMARCB1/INI1, 

was not detected in neoplastic cells in the rhabdoid tumors of the kidney [261, 
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262]. The expression of SMARCB1/INI1 was also evaluated in other models of 

rhabdoid tumors and kidney tumors. Interestingly, immunochemistry staining for 

SMARCB1/INI1 has shown nuclear expression by neoplastic cells in all renal 

carcinomas, clear cell sarcomas and, Wilms’ tumor, while no nuclear staining in 

atypical teratoid/rhabdoid tumors and soft tissue malignant rhabdoid tumors, 

indicating SMARCB1/INI1 as a candidate tumor suppressor gene involved in 

renal and extra-renal rhabdoid tumor pathogenesis. In addition, it has been 

demonstrated that SMARCB1 is required for the integrity and stabilization of 

SWI/SNF complexes, enabling them to bind and facilitate enhancer formation 

and function. SMARCB1 loss results in a marked reduction in the amount of 

SWI/SNF complexes, decreasing their levels since they are not able to maintain 

normal enhancer function. The small amount of residual SWI/SNF complex that 

remains is preferentially bound to super-enhancers. Loss of SMARCB1 impairs 

the function of enhancers required for differentiation, while super-enhancers 

were largely unaffected and could drive oncogenic transformation by locking 

cells into a lower differentiated and highly proliferative state [263].   

Recently, RNA-seq technology has allowed the identification of new 

possible targets related to the occurrence and development of MRTK. RNA-seq 

analysis of MRTK tissues showed 2203 differential genes expressed compared 

to healthy kidney tissues; 1123 were downregulated, and 1080 genes were 

upregulated, and most of them involved in protein binding, suggesting that many 

proteins involved in protein binding are implicated in MRTK development. In 

addition, the INI1 protein corresponding gene SMARCB1 showed a significant 

downward trend, corroborating the involvement of this gene in the pathogenesis 

of MRTK. Subsequently, KEGG signaling pathways analysis has reported 62 

genes involved in the phosphoinositide 3-kinase (PI3K)-AKT signaling pathway, 

indicating the crucial role in the occurrence and development of MTRK. PI3K-

AKT pathway is the most commonly activated pathway in human cancers. 

Oncogenic activation of the PI3K-AKT pathway in cancer cells reprograms 

cellular metabolism by augmenting the activity of nutrient transporters and 

metabolic enzymes, supporting the anabolic demands of growing cells. Besides 

PI3K-AKT, other signaling pathways such as the cell cycle and calcium signal 

pathway were found in MRTK tissues. PI3K-AKT pathway signaling in MRTK 
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was confirmed in vitro. Primary rhabdoid tumors and G-401, TTC549, and 

TTC709 cell lines have shown p-AKT expression, associated with higher levels 

of epidermal growth factor receptor (EGFR) expression, an upstream growth 

factor that positively regulates AKT signaling. In addition, insulin-like growth 

factor receptor 1b (IGFR1b) is expressed in MRTK G401, TM87-16, and TTC549 

cell lines [264]. Furthermore, up to 33 miRNA-related genes were found 

changed in MRTK compared to health tissues [246]. Among miRNA, RNA-seq 

analysis has shown and high upregulation of miR-214-3p in human G-401 and 

WT-CLS1 MRTK cell lines compared to Kelly and SH-SY5Y neuroblastoma cell 

lines. miR-214 is a conserved mammalian miRNA located in the intron 14 of the 

Dynamin-3 gene (DNM3), which plays an important role in development, 

myogenesis, and neurogenesis. In addition, miR-214-3p  was found significantly 

elevated in the serum of BALB/c-nu mice injected with WT-CLS1 and G-401 cell 

lines, indicating miR-214-3p as a possible marker for MRTK [265].  

 

1.5     Pain 

Chronic pain is a major health concern that affecting for 25-35% of European 

adults [266]. It is estimated that 20% of adults in the United States had chronic 

pain, and 8% had high-impact chronic pain, with a higher prevalence among 

women and older adults [267]. A prevalence between 3% and 17% of 

neuropathic pain is reported worldwide, with an incidence higher in women than 

men and in manual workers and among people from rural areas [268]. There is 

also a different ethnic prevalence of pain-related conditions. Caucasians have 

less painful experience than black and lower chronic pain than Asians, black, or 

mixed ethnicity [269, 270]. The most common reported pains in children and 

adolescence are low back, abdominal and headache pain. The 1-year incidence 

of low back pain ranges from 12% to 33% in children and adolescents, while the 

incidence of neck pain is 49% and 30% for upper back pain. The 1-month 

prevalence of low back pain ranges from 10% to 36%, whereas chronic back 

pain ranges from 18% to 24%. The prevalence of multiple pains in children and 

adolescents ranges from 12% to 36% [271, 272].  
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1.5.1     Nociceptors: transducers of pain 

Nociceptors are sensory neurons that function as the primary unit of pain, 

associated with receptors and ion channels that facilitate the detection of stimuli 

that may potentially cause damage. Some nociceptors are myelinated Aδ-fibers, 

and others are unmyelinated C-fibers that are sensitive to different stimuli and 

terminate in the skin, muscle, and visceral organs [273]. Nociceptors have three 

functions: transduction, conduction and transmission of the noxious stimuli. 

These receptors are activated by inflammatory mediators such as prostaglandin 

E2 (PGE2), bradykinin and cytokines such as TNF-α, IL-1β and pro-inflammatory 

chemokines that bind and stimulate GPCRs, tyrosine kinase receptors and 

ionotropic receptors [274-276]. Activation of these latter receptors induces 

modulation of various ion channels, such as transient receptor potential (TRP) 

channels (TRPA1, TRPV1 and TRPV4) and sodium channels (Nav1.7, Nav1.8, 

and Nav1.9) that results in hypersensitivity and hyperexcitability of nociceptors 

[274, 277].  

TRPA1 responds to electrophilic reactive chemicals and inflammatory 

products, including oxidized lipids and lipid peroxidation products. TRPA1 

activation by bradykinin induced the bradykinin receptor B2R signaling that leads 

to PLC activation and the release of IP3, which in turn gates TRPA1 opening 

[278]. TRPA1 activation may also drive by tyrosine kinases, such as p38 MAPK, 

PKA and PKC signaling [279, 280]. 

TRPV1 is also known as the capsaicin receptor and mediates 

thermal hyperalgesia during inflammation. The expression and activity of this 

large-pore cation channel are mediated by cytokines, prostaglandins, 

neurotrophic nerve growth factor (NGF) and bradykinin signals released during 

tissue inflammation or damage [281, 282]. In particular, NGF and bradykinin 

potentiated TRPV1 via PLC-dependent hydrolysis of diacylglycerol and IP3 

[283]. The latter mediates the intracellular calcium release, leading to TRPV1 

sensitization as well as TRPA1 [278, 284]. In addition, immune mediators 

activate MAPK, PKA and PKC that phosphorylate residues of TRPV1 and 

facilitate its opening. In particular, p38 MAPK activation induces peripheral 

sensitization by increasing TRPV1 and sodium channel activity in response to 

TNF-α and IL-1β, respectively [285, 286].  
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TRPV4 is a Ca
2+

-permeable ion channel that is activated by warm 

temperatures, hypotonicity and acidic pH. Moreover, TRPV4 mediates pain-

related behaviors in response to inflammatory mediators and contributes to 

mechanical hyperalgesia induced by PGE2, serotonin and bradykinin involved in 

cAMP-PKA and PKC signaling [287, 288]. In addition, TRPV4 has been reported 

to be involved in the activation and differentiation of innate immune cells, 

adhesion and chemotaxis, and production of reactive oxygen species in 

response to inflammatory stimuli [289]. 

Nav1.7, Nav1.8, and Nav1.9 are essential for the generation of electrical 

impulses. Pro-inflammatory mediators, such as TNF-α and IL-1β, signal through 

tyrosine kinases facilitating the opening of sodium channels [285, 290]. 

  

1.5.2     Nociceptors and immune response 

Nociceptors directly interact with immune cells in a bidirectional way, forming an 

integrated protective mechanism. Indeed, nociceptors release pro-inflammatory 

mediators, including cytokines and chemokines, that act on innate and adaptive 

immune cells, such as macrophages, neutrophils, mast cell and dendritic cells, 

to modulate their functions, and immune cells, in turn, release mediators that 

modulate nociceptors activity and pain sensitivity [291]. Thus, pain is not only a 

sign of inflammation but also participates in regulating immunity. Innate and 

adaptive immune cells express receptors for calcitonin gene-related peptide 

(CGPR) and substance P, two neurotransmitters released from nociceptors 

following noxious stimulation or activation of TRPA1 and TRPV1 [291], [292] 

(Figure 9). Macrophages are mononuclear phagocytes that originate from 

hematopoietic myeloid progenitors (HSCs) in the bone marrow responsible for 

phagocytosis, antigen presentation and cytokine production. Once macrophages 

are activated after infection and tissue lesion, they release inflammatory 

cytokines, lipids and growth factors that directly stimulate nociceptors to 

generate pain. 
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Figure 9. Immune cytokines as important mediators in the activation of nociceptors 

during inflammatory pain. Abbreviations: TNF: Tumor necrosis factor, IL-1β: interleukin 1 

beta, PGE2: Prostaglandin E2, NGF: Neurotrophic nerve growth factor, PKA: protein kinase 

A, PKC: protein kinase C, MAPK: Mitogen-activated protein kinase (taken from [293]). 

 

Substance P induces the release from murine macrophages of pro-inflammatory 

cytokines, including TNF-a, IL-1β and IL-6 via activation of ERK-p38 MAPK-

mediated nuclear factor kappa B (NF-kB) activation [294], whereas CGPR has 

an anti-inflammatory effect through down-regulation of interleukin 10 (IL-10) in 

macrophages and dendritic cells [295]. Nociceptors also interact with 

macrophages via neuropeptides, including the pro-inflammatory chemokine 

CCL2, also known as chemokine monocyte chemoattractant protein-1 (MCP-1), 

produced by immune cells and neurons [296]. Nociceptor-produced CCL2 

induces peripheral sensitization through activation of TRPV1 and macrophages 

infiltration and activation after nerve injury [286, 297]. Several evidences suggest 

the role of macrophages in the resolution of pain through the release of IL-10 

and specialized pro-resolving mediator (SPM). It has been demonstrated that 

GRK2 regulates the resolution of inflammatory pain through IL-10 secretion in 

myeloid cells [298]. In fact, loss of GRK2 was associated with reduced 

production of IL-10 in macrophages [299]. Among SPM, neuroprotectin D 

(NPD1) promoted macrophage phagocytosis, limited neutrophil infiltration and 
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analgesic action during inflammatory and neuropathic pain in a mouse model 

[300]. Importantly, GPR37 has been identified as a receptor for NPD1, which 

turned out to be necessary for NPD1 activity. In addition, GPR37 is responsible 

for upregulation of the anti-inflammatory cytokines IL-10 and TGF-β and down-

regulation of the pro-inflammatory cytokines IL-1β and TNF-α in macrophages 

[299, 301].  

Neutrophils are short-lived leukocytes generated by myeloid precursors in 

the bone marrow and represent the first immune cells recruited to the damaged 

tissue to fight against infection [302]. During neurogenic inflammation, the 

release of neuropeptides, such as chemokines, TNF-α and interleukin 17 (IL-17), 

by nociceptors activation, facilitates chemotaxis that promotes the infiltration and 

accumulation of neutrophils in nerves [303, 304]. In contrast, some studies 

showed a suppressive role of nociceptors in recruiting and activating neutrophils 

during inflammation [305, 306]. Moreover, neutrophils at the site of inflammation 

can secrete analgesic mediators, such as opioid peptides, that can inhibit 

nociceptive transmission [307].  

Mast cells are granulated immune cells that reside close to nerve fibers 

and participate in innate defense through their degranulation and release of 

histamine, pro-inflammatory cytokines, chemokines, NGF and serotonin, which 

acts on the nervous system and/or immune cells contributing to pain 

sensitization [308]. The interaction between mast cells and nociceptors in pain 

conduction has been described in inflammatory disease, indicating a correlation 

of mast cells with pain symptoms [309, 310]. Indeed, in vivo studies conducted 

in mast cell-deficient mice have shown a reduction in pain, demonstrating the 

involvement of mast cells in the regulation of peripheral sensitizations [311, 312]. 

Furthermore, mast cells have been found to contribute to hyperalgesia in 

transgenic mice by releasing neuropeptides [313]. Degranulation of mast cells 

can be due to the activation of numerous cell surface receptors, including GPCR 

and Fcɛ receptors. The latter induces the secretion of S1P, which recruits mast 

cells to the injury site and stimulates their degranulation by binding to GPCR 

[314]. In addition, substance P was able to activate mast cells by Mas-related G-

protein coupled receptor member B2 (MRGPRB2) lead to the release of pro-

inflammatory cytokines and chemokines that facilitates immune cells infiltration 
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[315]. Moreover, pannexin 1 (Panx1) is a pore membrane channel expressed in 

neurons and immune cells that promotes sensitization following activation and 

induces degranulation of mast cells during hypersensitivity [316, 317].  

Dendritic cells (DCs) are a type of antigen-presenting cells (APC) that are 

in contact with nociceptors in peripheral tissues and modulate cutaneous 

immunity. Intact skin of mice model revealed that depletion of nociceptors 

suppresses IL-23 production from DCs and IL-17 by γδ T cells and recruitment 

of other inflammatory cells [318]. Mikami et al., have shown that CGPR acts 

through the cAMP/PKA pathway lead to inhibition of interleukin 12 (IL-12) from 

DCs, a decrease of DCs activation and migration, and suppression of Th1 cell 

responses [319].  

 

1.5.3     Neuropathic pain 

The definition of neuropathic pain was released by the International Association 

for Study of Pain (IASP), which indicate that neuropathic pain is caused by a 

lesion or disease of the somatosensory nervous system, including peripheral 

fibers and central neurons, representing the most common chronic pain 

condition that affects for the 7-10% of the general population. The 

somatosensory system enables the perception of touch, pain, temperature, 

position, movement and pressure which arise from the muscles, skin and fascia. 

Conditions associated with neuropathic pain include metabolic disorders, 

neuropathies associated with viral infects, chemotherapy-induced peripheral 

neuropathies and autoimmune disorders affecting the central nervous system 

[320]. Usually, the perceived neuropathic pain is spontaneous without stimulus 

and affects the quality of life of patients. Notably, neuropathic pain differs from 

inflammatory pain in terms of diagnosis and treatment [321]. In general, 

neuropathic pain is unrecognized and challenging to diagnose due to how the 

pain message is modulated in the CNS. The pain signal can be augmented, 

relayed, or altered from other interfering pathways. In addition, most of the 

pharmacological and nonpharmacological approaches that are used target the 

clinical symptoms instead of the causative factors, making difficult the treatment 

of neuropathic pain [322].  
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Chronic neuropathic pain includes central and peripheral neuropathic pain 

conditions. Central neuropathic pain results from any type of injury to the central 

nervous system, including vascular, infectious, traumatic or neoplastic disorders. 

However, central neuropathic pain is commonly following stroke, spinal cord 

injury, or multiple sclerosis [323]. Peripheral neuropathic pain results from 

damage of the nerves located in the peripheral nervous system due to traumatic 

injuries, metabolic problems, infections, inherited causes and diabetes. 

Peripheral neuropathic pain is more common than central neuropathic pain 

because of the aging of the global population, the increased incidence of 

diabetes and cancers. Peripheral neuropathic pain disorders can be subdivided 

into generalized distribution and focal distribution. Generalized peripheral 

neuropathies include diabetes and metabolic disorders, infectious diseases, 

immune and inflammatory disorders, chemotherapy and inherited neuropathies. 

These types of disorders involve the distal extremities, such as feet and hands, 

and are characterized by progressive sensory loss, weakness and pain. Focal 

distribution disorders involve one or more peripheral nerves and include post-

traumatic and post-surgical neuropathy, post-herpetic neuralgia, HIV infection 

and diabetes [324]. Peripheral neuropathy alters the electrical proprieties of 

sensory nerves leading an imbalance between the inhibitory and central 

excitatory signaling and alteration of the transmission of sensory signals. These 

changes produce a gain of hyperexcitability that contributes to the neuropathic 

state becoming chronic.   

Neuropathic pain also causes alterations in both ion channels called 

channelopathies and second-order nociceptive neurons. Yang et al., have 

reported that increased expression and function of sodium channels lead to an 

increase of excitability, signal transduction, and release of neurotransmitters 

[325]. The enhanced excitability due to the release of excitatory amino acids and 

neuropeptides induces changes in the second-order nociceptive neurons, 

including an excess of signaling due to phosphorylation of N-methyl-D-aspartate 

(NMDA) and α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) 

receptors [326]. Furthermore, neuropathic pain contributes to interneuron 

dysfunction lead to an alteration between excitation and inhibitory signaling in 
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favor of excitation. For this, the brain receives altered and abnormal sensory 

messages which cause high pain, anxiety and depression [327].  

 

1.5.4     β-ARs and pain 

In the last few years, an increased number of studies have demonstrated the 

involvement of noradrenergic transmission in neuropathic pain. Among β-ARs, 

the β2- and β3-ARs subtypes can directly produce pain by increasing the 

excitability of primary nociceptors and activating immunoregulatory cells. Indeed, 

it has been reported that the increase in catecholamine levels after stress or 

pharmacologic targeting leads to β2-ARs-mediated activation of macrophages, 

mast cells, T-cells, and β3-ARs-mediated activation of adipocytes and pro-

inflammatory cytokines that sensitize nociceptors. Recently, it has been 

demonstrated that the inhibition of catechol-O-methyltransferase (COMT), an 

enzyme that metabolized catecholamines, induced the β2- and β3-ARs-

mediated the increase in plasma levels of TNF-α, IL-6 and IL-1β, and the 

phosphorylation and activation of MAPKs in nociceptors resulting in 

neuroinflammation and allodynia [328]. Notably, the combination of persistent 

COMT-inhibition with TNF-α or p38 MAPK inhibition reversed COMT-dependent 

allodynia, suggesting that pain is maintained by TNF-α or p38 MAPK following 

β2- and β3-ARs stimulation [329]. The involvement of the adrenergic system and 

pain is further demonstrated by using the β2- and β3-ARs antagonists in mouse 

model of nerve injury. Kanno et al., have shown that the treatment with 

propanolol following noradrenaline administration inhibited the increased 

frequency of neuron-evoked single-channel currents (NeSCCs), whereas the 

treatment with the β3-AR antagonists, but not with β1- and β1-AR antagonists, 

abolished the noradrenaline effect, indicating that noradrenaline increases the 

frequency of NeSCCs via β3-AR stimulation. In addition, the treatment with β2- 

and β3-AR antagonists, reduced the NADPH signal in DRG neurons mediated 

by noradrenaline, indicating that noradrenaline stimulates ATP release from 

DRG neurons via β3-AR after peripheral nerve injury, triggering allodynia. In 

fact, treatment with SR59230A relieved mechanical allodynia in a rat model 

[330]. Furthermore, it has been reported a correlation between β3-ARs and 

temporomandibular joint (TMJ) pain. In fact, the treatment with atenolol, ICI 
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118.551 and SR59230A in the rat’s TMJ significantly reduces inflammatory pain 

resulting from injection of formalin in a dose dependent response, indicating that 

blockade of β-ARs might be beneficial in the treatment of TMJ pain [331].  

 

1.5.5     Neuropathic pain and cancer 

Neuropathic pain in cancer is debilitating and affects up to 39% of patients with 

advanced cancer. The presence of neuropathic pain in cancer patients could 

delay treatment, limit treatment options or lead a patient to refuse treatment. 

Neuropathic cancer pain is divided into tumor-related and treatment-related 

pains. In particular, about 60% of neuropathic pain in cancer is tumor-related, 

while around 20% is related to cancer treatment, and the last 10-15% is 

associated with comorbid diseases. The association of neuropathic cancer pain 

with anti-cancer treatment lead to worse physical, social and cognitive 

functioning and poor outcome [332].  

Neuropathic cancer pain is the result of a multi-step process that 

contributes to neuronal sensitization. However, the final event that induces 

neuropathy differs between individuals. Indeed, neuropathic cancer pain may be 

due to direct infiltration by the primary tumor or metastasis into a component of 

the central or peripheral nervous system, or to compression of the nerve, or 

changes in the neuronal milieu resulting from cancer growth, or from 

inflammatory response such as acidosis and the release of chemokines and 

cytokines [333]. These mechanisms have been reported to be more critical in 

neuropathic cancer pain compared to other neuropathies. In addition, also 

paraneoplastic neurological syndromes and infection may lead to neuropathic 

damage or hypersensitivity in cancer patients [334]. Neuropathic pain is also 

related to cancer therapy, such as radiotherapy, chemotherapy and surgery. 

Radiation can result in chronic painful-induced neuropathy. Indeed, local 

damage to the nervous system due to radiation-induced fibrosis or nerve and 

blood vessels injury could appear months or years after radiation treatment, as 

in lung and breast cancer [335]. Chemotherapy-induced neuropathy is a 

common and painful side effect of chemotherapy [336]. Common drugs such as 

paclitaxel, cisplatin, vincristine and bortezomib have been reported to induce 
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sensory neuropathies, paraesthesias in the distal extremities and nerve fiber 

loss and demyelination in the first two months of treatment [337]. Seretny et al., 

have reported that chemotherapy-induced neuropathy affects the 60% of 

patients in the first three months of treatment and the 30% at six months or more 

[338]. Surgery could cause direct damage to peripheral nerves, for example, 

during thoracotomy or mastectomy. In addition, up to 40% of 5-year cancer 

survivors report pain [339].  

Increasing studies have been performed to understand the mechanism of 

neuropathic cancer pain. Inoculation of HCa-1 murine hepatocarcinoma cells in 

the thigh or dorsum of the foot of mouse model induced mechanical and cold 

allodynia and hyperalgesia 4 weeks after inoculation. In particular, mechanical 

and cold allodynia were developed in mice inoculated into the foot, while only 

cold allodynia was observed in mice that received an inoculation into the thigh 

[340]. Moreover, subcutaneous inoculation of SCC-7 squamous cell carcinoma 

in a mouse model induced spontaneous heat hyperalgesia and mechanical 

allodynia after 12 days from inoculation and a decrease after 15 days post-

inoculation [341]. The involvement of the TRPA1 and TRPV1 channels in cancer 

pain was also demonstrated in melanoma and bone cancer, respectively. 

Inoculation of B16-F10 murine melanoma cells into the plantar region of the paw 

induced mechanical allodynia and thigmotaxis behavior, which are absent in 

TRPA1-deficient mice [342]. De Logu et al., have reported that inoculation of 

B16-F10 cells into the paw C57BL/6J mice induced cold and mechanical 

hypersensitivity and increased the number of monocytes and macrophages 

within the tumor and adjacent tissue. In addition, they showed that the increased 

levels of the growth factor M-CSF induced macrophages expansion and cancer-

evoked allodynia via TRPA1. In fact, in TRPA1-depleted mice, M-CSF failed to 

induce mechanical allodynia [343]. Finally, in an in vivo model of bone cancer 

pain, TRPV1 depletion or administration of TRPV1 antagonist attenuated 

movement-evoked pain-related behaviors, suggesting TRPV1 as a novel target 

for pharmacological treatment of bone cancer pain [344]. 
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1.5.6     Cancer-induced bone pain 

Cancer-induced bone pain is the most common type of pain in cancer. 

Approximately 60-84% of patients with advanced cancer are estimated to 

experience varying degrees of bone pain, with a reduction of patients’ quality of 

life [345]. Cancer-induced pain is a complex phenomenon that is distinct from 

other forms of chronic pain, such as inflammatory or neuropathic pain, due to the 

interaction between tumor cells, bone cells, activated inflammatory cells and 

bone-innervating neurons [346]. In addition, it has been demonstrated that the 

crosstalk between bone microenvironment cells, including those that regulate 

bone remodeling, immune cells, stromal cells, and endothelial cells, and bone 

metastatic cancer cells is crucial for bone metastatic progression [347-349].  

During bone metastatic progression, osteolytic cancer cells originated 

from the primary tumor, stimulate osteoblasts to release RANKL, a protein 

member of the cytokine family of TNF-α produced by tumor cells, the 

osteoblastic cell line and activated T cells. The osteoblast-derived RANKL binds 

to its receptor RANK expressed on osteoclasts inducing osteoclasts maturation 

and increasing osteolytic activity. This process results in enhanced bone 

resorption which causes the release of growth factors such as TGF-β, insulin-

like growth factor 1 (IGF-1) leading to metastatic progression. During the bone 

resorption process, osteoclasts acidify the extracellular space stimulating the 

sensory nerves to thermal, mechanical and chemical stimuli through the 

activation of acid sensing receptors, including TRPV1 and acid-sensing ion 

channels (ASICs) expressed on sensory nerves and triggers cancer-induced 

bone pain [350-352]. In addition, osteoclasts release accumulated intracellular 

ATP into the extracellular space, inducing the activation of purinergic receptors 

such as P2X, also known as the ATP-gated ion channels, expressed in the 

afferent neurons innervating bone and involved in cancer-evoked bone pain 

development [353-355]. Thus, pharmacologically targeting the ATP/P2X axis 

could be a potential therapeutic strategy for cancer-evoked bone pain (Figure 

10).   

Unlike osteoclasts, the mechanism driving osteoblastic bone metastatic 

progression is not yet well known. However, it has been demonstrated that 

overexpression of endothelin-1 (ET-1), a vasoconstrictor and an osteoblast 
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inducing factor, induced osteoblastic metastases along with new bone formation 

after inoculation of breast cancer cells into murine bone [356, 357]. Therefore, 

treatment with the endothelin A receptor (ETAR) antagonist reduced osteoblastic 

lesion and cancer-induced bone pain [358]. 

 

 

 

Figure 10. Mechanism of bone microenvironment involvement in cancer-induced bone 

pain. Abbreviation: IL-6: interleukin 6, IL-8: interleukin 8, IL-15: interleukin 15, IL-1β: 

interleukin 1 beta, TNFα: tumor necrosis factor alpha, NGF: neurotrophic nerve growth 

factor, BDNF: brain neurotrophic growth factor, CCL5: Chemokine Ligand 5 (taken from 

[359]). 

 

 

Macrophages contribute to the tumor microenvironment through the release of 

inflammatory factors, following interaction with tumor cells, which induced both 

disease progression and cancer-induced pain [360, 361]. Different types of 

cancer cells that metastasize to the bone, secreted NGF and the brain-derived 

neurotrophic factor (BDNF) that activated macrophages, which express the NGF 
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and BDNF receptors, inducing the release of pro-inflammatory cytokines, such 

as TNF-α, IL-6 and IL-1β, and inflammatory regulator, such as PGE2, that 

sensitize nociceptors [290, 362].   

Mesenchymal stem cells (MSCs) and fibroblasts express high levels of 

acid sensing receptors, including ASIC3, ASIC4, G-protein coupled receptor 4 

(GPR4) and GPR65, which results activated by the acid environment generated 

by metastatic tumor cells. This interaction induced the expression and secretion 

of inflammatory cytokines, such as IL-6, IL-8, IL-15 and CCL5, NGF and BDNF, 

leading to cancer-induced bone pain [363].  

 

1.6     Tumor metabolism 

The hallmarks of cancer are the different biological capabilities that cancer cells 

acquire during tumor development and progression [364]. Genomic instability 

and thus mutability is the most important enabling characteristic of the cancer 

cell alteration that drives tumor progression through increased sensitivity to 

mutagenic agents and breakdown in one or several components of the genomic 

maintenance machinery [364]. Reprogramming of energy metabolism is an 

established hallmark of cancer. Most cancer cells exhibit metabolic adaptations 

that promote their survival and progression under nonphysiological conditions to 

support enhanced proliferation and cell division. Although cellular transformation 

occurring in different cell types arises from many different pathways, the 

metabolic reprogramming of different cancer cells is generally similar [365]. To 

sustain the metabolic demands of this increased growth and proliferation, cancer 

cells must generate energy in the form of ATP, promote macromolecules 

synthesis and manage the high oxidative stress levels. Cancer cells are 

surrounded by different cell components of the tumor microenvironment that 

contribute to the acquisition of hallmarks traits. The metabolic adaptations also 

affect the tumor microenvironment by exerting additional selective pressure on 

the cancer cells to adapt to the harsh condition, such as acidity, hypoxia and/or 

nutrient starvation (Figure 11).   
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Figure 11. Hallmarks of cancer: the next generation. There are now 10 established 

hallmarks of cancer, including inflammation, metabolism and genomic instability (taken from 

220). 

 

1.6.1     Glucose metabolism 

Under aerobic conditions, normal cells metabolize glucose, first to pyruvate via 

glycolysis in the cytosol and after that to the mitochondria tricarboxylic acid 

(TCA) cycle for its complete oxidation. This reaction produces nicotinamide 

adenine dinucleotide NAD
+
 reduced (NADH) that fuels oxidative phosphorylation 

(OXPHOS) for maximum ATP production. Under anabolic conditions, glycolysis 

is favored, and relatively little pyruvate undergoes OXPHOS, while a high 

pyruvate quantity is converted in lactate in a process called fermentation. Otto 

Warburg first observed that even in the presence of oxygen, cancer cells could 

reprogram their glucose metabolism, and thus their energy production, 

consuming glucose at a high rate compared to normal cells by an increase of 

glycolysis and lactate release, leading to a state that has been termed “aerobic 

glycolysis” or “Warburg effect” (Figure 12) [366]. Warburg initially hypothesized 

that cancer cells developed a defect in mitochondria which led to an impairment 

in aerobic respiration and subsequent reliance on glycolytic metabolism [366]. 
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Nevertheless, subsequent studies showed that mitochondrial function was not 

affected in most cancer cells [367, 368]. 

 

 

 

 

Figure 12. Comparison of glycolysis between a normal tissue and tumor/proliferated 

tissue (taken from 339). 

 

Although ATP production by glycolysis can be more rapid than OXPHOS, it is far 

less efficient in terms of ATP generated per unit of glucose consumed. This shift, 

therefore, demands that tumor cells implement an abnormally high rate of 

glucose uptake to meet their increased energy, biosynthesis, and redox needs 

[366, 369]. To promote glucose uptake, many cancer cells upregulate the 

glucose transporters (GLUTs), a family of 14 transporters that can contribute to a 

substantial increase in glucose import into the cytoplasm. Among these 

transporters, GLUT1, GLUT3, and GLUT4 are the most overexpressed and 

studied in cancer [370]. Indeed, markedly increased uptake and utilization of 

glucose have been documented in many human tumors using positron emission 

tomography (PET) with the radiolabeled analog of glucose (
18

F-

fluorodeoxyglucose, FDG) [371]. In addition to producing ATP, glucose could be 
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used to generate biomass needed to support cell proliferation. Degradation of 

this metabolite provides cells with intermediates of the glycolytic flux that 

represent precursors for biosynthetic pathways, including non-essential amino 

acids for protein synthesis and/or citrate for lipogenesis. In addition, glucose-6-

phosphate derived from the first step of glycolysis can be oxidized into the 

pentose phosphate pathway (PPP) to produce nicotinamide adenine 

dinucleotide phosphate (NADPH), essential for biosynthetic reactions and 

protection against ROS, and ribose-5-phosphate for nucleotides synthesis [372]. 

The availability of biosynthetic precursors is enhanced by regulating the last 

rate-limiting step of the glycolytic pathway, which is catalyzed in normal cells by 

pyruvate kinase M1 (PKM1). PK catalyzes the conversion of 

phosphoenolpyruvate (PEP) to pyruvate, with concomitant phosphorylation of 

ADP to ATP. In addition to PKM1, it also exits another PK isoform, which has 

reduced catalytic activity. PKM1 and PKM2 are produced by alternative splicing 

of the primary RNA transcript of the PKM gene. The non-allosteric PKM1 isoform 

is constitutively active and expressed in a differentiated tissue with a great 

demand for ATP, such as the brain and muscles. PKM2 is allosterically activated 

by fructose-1-6-biphosphate (FBP) and expressed in tissue with anabolic 

functions, including proliferating cancer cells [373, 374]. PKM2 can exist as both 

dimer and tetramer forms. The PKM2 dimer is less active compared to its 

tetrameric form in converting PEP to ATP and pyruvate. While tetrameric PKM2 

favors ATP production through the TCA cycle, dimeric PKM2 plays a critical role 

in aerobic glycolysis [375, 376]. This reduced catalytic activity allows the 

reduction of the glycolytic flux rate and causes the accumulation of intermediates 

that fuel several biosynthetic pathways [374]. The dynamic equilibrium between 

the dimeric and the tetrameric form of PKM2 allows proliferating cells to regulate 

their need for anabolic and catabolic metabolism [377]. PKM2 activity can be 

regulated by post-translational modifications, which favor the dimeric state of 

PKM2, such as phosphorylation at tyrosine-105 (Y105), acetylation of the 

lysine305 (K305) and the oxidation at cysteine-358 (C358) [378-381]. The 

genetic transcription of PKM2 can be mediated by various factors, including 

Hypoxia-inducible factors 1 (HIF-1)  that binds Hypoxia Response Elements 

(HREs) regions, promoting PKM2 transcription and c-Myc either directly by 
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binding with the gene promoter or indirectly by activating genes that facilitate 

alternative splicing [382, 383]. Moreover, a missense mutation in the PKM2 

gene, including H391Y and K422R, may promote cancer metabolic 

reprogramming, conferring advantages in tumor growth [384]. 

In addition, the PI3K/AKT/mTOR pathway has a crucial role in controlling 

glucose metabolism and in the regulation of biological processes, such as cell 

proliferation, apoptosis, and angiogenesis. The AKT serine/threonine kinase, 

also known as protein kinase B (PKB), is an oncogenic protein that regulates cell 

survival, proliferation, growth, apoptosis, and glycogen metabolism. AKT is 

activated by phosphorylation on Thr308 or Ser473  by PI3K or phosphoinositide-

dependent kinases (PDK) as well as growth factors, inflammation, and DNA 

damage, and it phosphorylates a variety of downstream protein substrates 

and induces signals that interfere with normal regulatory mechanisms activating 

mTOR [385]. AKT directly and/or indirectly regulates the transcription and 

translation of GLUT1 leads to the switch to glycolytic metabolism in cancer [386, 

387]. mTOR is the conserved serine/threonine kinase that regulates nutrient 

uptake, cell growth, metabolic state, proliferation, and cell survival [388, 389]. 

Notably, multiple points along the glycolytic pathway are influenced by mTOR 

via regulation of critical transcription factors such as HIF-1α and Myc. During 

normoxia, HIF-1α undergoes a degradation following posttranscriptional 

modifications, while during hypoxia, HIF-1α expression is normally elevated. 

However, in several cancer cells, HIF-1α is stable in the presence of oxygen, 

and this is due to mutations that can involve HIF-1α itself or its regulators [390]. 

Increased HIF-1α expression is sufficient to induce the expression of genes 

whose products increase glycolytic flux [391]. Another effector of mTOR that 

promotes glycolytic gene expression is the transcription factor Myc. HIF-1α and 

Myc have overlapping metabolic gene targets. For example, both regulate the 

expression of lactate dehydrogenase (LDH), which converts pyruvate to lactate 

[392, 393]. Lactate is transported out of the cancer cells across the plasma 

membrane by the monocarboxylate transporters (MCTs) family. MCT1 is an 

importer used in oxidative tumors to transport exogenous lactate, produced by 

glycolytic cells in the tumor microenvironment, as an energy source, which can 

be metabolized through OXPHOS. Conversely, MCT4 acts as an exporter that 
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releases lactate produced from glycolytic cancer cells [394]. The lactate 

produced and released in the tumor microenvironment by glycolytic cancer cells 

results in increased acidity in the tumor microenvironment, which promotes 

tumor cells adaptation and contributes to the evolution of the tumor niche [395].  

In addition to HIF-1α and Myc, p53 is another transcription factor involved in 

regulating the glycolytic pathway. Hexokinases (HK) are important enzymes that 

regulate the first step of glycolysis, converting glucose into glucose 6-phosphate. 

HK2 is the isoform expressed specifically in skeletal muscle, adipocytes, and 

cancer cells. In cancer cells, the HK2 gene is amplified, activated and induced 

by multiple signal cascades [396]. HK2 can be regulated from both p53 and HIF-

1α. The upstream regulatory elements of the HK2 gene contain response 

elements for protein kinase A, protein kinase C, HIF1-α, and p53 [397, 398]. In 

cancer cells, the HK2 gene is amplified, activated and induced by multiple signal 

cascades [399]. Moreover, HIF-1-α induces the expression of [400, 401]. The 

inhibition of PDH impairs the entry of pyruvate into the TCA cycle and promotes 

the conversion of pyruvate into lactate.  

 

1.6.2     Amino acids metabolism 

Cancer cells have a continued and increased requirement for amino acids to 

sustain their rapid growth and proliferation. Amino acids can be divided into two 

classes: essential amino acids (isoleucine, leucine, methionine, valine, 

phenylalanine, tryptophan, histidine, threonine and lysine) and non-essential 

amino acids (alanine, glutamate, glutamine, aspartate, asparagine and serine). 

Amino acids can be used as substrates for protein synthesis but also as a 

source of energy (Figure 13).  

Serine and glycine are linked to biosynthetic pathways and represent 

essential precursors for synthesizing building blocks including protein, nucleic 

acids and lipids. Serine can be an external source or internal when driven from 

glucose metabolism. Upregulation of de novo serine and glycine synthesis has 

increased as a result of general metabolic reprogramming of glycolysis by the 

Warburg effect in various cancer types. Several studies suggested that cancer 

cells increase de novo serine synthesis via the phosphoglycerate 

dehydrogenase (PDGH) pathway. PHGDH oxidases around 10% of 3-
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phosphoglycerate produced during glycolysis by converting it to 3-phospho-

hydroxypyruvate [402-404]. This compound is then transaminated and 

dephosphorylated to serine. Both de novo synthesized and imported serine can 

be further converted into glycine by the serine hydroxymethyl transferase 

(SHMT) enzyme, a direct transcriptional target of c-Myc [405]. 

 

 

 

 

 

Figure 13. Amino acids metabolism in cancer cells and its crosstalk with other 

metabolism pathways. Amino acids synthesis, utilization, and involvement in other 

metabolism pathways are usually changed in cancer cells. Abbreviations: α-KG, α-

ketoglutarate; GSA, glutamic semialdehyde; P5C, pyrroline-5-carboxylate; GLS, 

glutaminase; GLUD1, glutamate dehydrogenase 1; ASS, argininosuccinate synthetase; ASL, 

argininosuccinate lyase; ADI, arginine deaminize; IDH1, isocitrate dehydrogenase-1; ACO1, 

aconitase 1; SSR serine racemase. Dashed arrows represent indirect effects or serial 

reactions (taken from [406]). 
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The glycine cleavage system represents a major metabolic pathway of the one-

carbon metabolism that provides cofactors for purine and pyrimidine nucleotides 

biosynthesis essential for proliferating lymphocytes, cancer cells and fetal tissue 

[407, 408]. In addition to PHGDH, SHMT is also implicated in tumorigenesis. 

Numerous studies have reported that exogenous glycine cannot be replaced by 

serine to support cell proliferation. In fact, cancer cells use exogenous serine, 

which is then converted into glycine and one carbon units for nucleotide 

synthesis [409]. In contrast, uptake of exogenous glycine without the presence 

of serine impaired the synthesis of nucleotides indicated that cancer cell 

proliferation is supported by serine rather than glycine consumption.  

Another important essential amino acid involved in numerous metabolic 

pathways, including biosynthesis nucleotides, nitric oxide, glutamate and proline, 

in several cancer types is arginine. Arginosuccinate, derived from the reaction 

catalyzed by argininosuccinato synthase (ASS), is converted into L-arginine and 

fumarate, an intermediate of TCA. Therefore, arginine is linked to glucose-

generate energy metabolism via the TCA cycle. Recent clinical investigations 

have shown that some human cancers do not express ASS, leading to the 

inability of these cancer cells to generate de novo arginine. Thus, they were 

susceptible to arginine deprivation therapy [410]. 

Proline is a proteinogenic amino acid that contributes to collagen 

formation, the most abundant protein in the body [411]. Proline can be converted 

by a reversible reaction to glutamate, in which α-pyrroline-5-carboxylate (P5C) 

and glutamic-γ-semi-aldehyde (GSA) are used as intermediates. During this 

reaction, FAD is reduced to FADH2, which may be used to generate ATP 

through OXPHOS. Proline dehydrogenase (oxidase) (PRODH/POX), which 

catalyzes the reaction from proline to P5C has a mitochondrial suppressor 

function and is induced by p53 and peroxisome proliferator-activated receptor 

gamma (PPARγ) and suppressed by c-Myc and microRNA-23, a small non-

coding RNA molecule with RNA silencing function that thus inhibits gene 

expression of mRNA target [412]. The role of PRODH-mediated proline 

oxidation in cancer proliferation and survival has been well described [413]. 
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Phenylalanine and tyrosine are aromatic amino acids involved in synthesizing 

protein and secondary metabolites implicated in various anabolic pathways. 

Phenylalanine is an essential amino acid required for the synthesis of the 

nonessential amino acid tyrosine. This conversion is catalyzed by the enzyme 

phenylalanine hydroxylase (PAH), which expression could be altered during 

inflammation and malignancy [414, 415]. Deficiency of the PAH gene correlates 

with phenylketonuria, an autosomal recessive disorder characterized by 

phenylalanine accumulation, which causes brain dysfunction [416]. Tyrosine is 

further catabolized into several catabolites, including pyruvate [417] fumarate, 

phenol [418], and catecholamines [419]. Tyrosine-derived catecholamine 

synthesis is efficiently regulated by the rate-limiting enzyme tyrosine hydroxylase 

(TH), which catalyzes the convection of tyrosine to L-dihydroxyphenylalanine (L-

DOPA). TH protein synthesis primarily controls long-term regulation of TH 

activity, while short-term regulation is modulated by phosphorylation of three key 

Ser residues on TH, Ser19, Ser31, and Ser40 [420]. In particular, 

phosphorylation on Ser40 directly increases TH activity by relieving end-product 

feedback inhibition by the inhibition by the catecholamine [421]. Various studies 

have reported the dependency of different cancer types on tyrosine and 

phenylalanine. Restriction of tyrosine and phenylalanine induces apoptosis and 

inhibits invasion via inhibition of the GTP binding to Ras and Rho, two G proteins 

involved in cell movement and actin cytoskeletal arrangement, melanoma and 

prostate cancer cells [422]. The induction of apoptosis also depends on the 

alteration of mitochondrial integrity and function. Thus, loss of this integrity leads 

to the release of cytochrome c and apoptosis [423]. In addition, tyrosine and 

phenylalanine deprivation affects other mitochondrial functions. Restriction of 

these specific amino acids decreased ATP synthesis and mitochondrial ROS in 

melanoma cancer cells [424]. A recent study has reported that the impairment in 

tyrosine metabolism due to inactivation of the second tyrosine catabolic enzyme 

4-hydroxyphenylpyruvate dioxygenase  (HPD) regulated metabolic alteration 

through the activation of the AKT/mTOR signaling pathway in liver cancer, 

suggesting that tyrosine catabolism is closely associated with poor clinical 

outcome in liver cancer patients [425]. Several clinical investigations have 

reported decreased serum concentration of tyrosine and phenylalanine, while an 
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increase of these aromatic amino acids in tissue and urine of gastroesophageal 

cancer patients [426]. Moreover, a low expression of tyrosine catabolic enzyme 

correlates with poor survival in patients with liver cancer [427]. Despite tyrosine 

metabolism has not been well investigated in cancer development, there have 

been efforts to take advantage of tyrosine metabolism in the clinic. In fact, 

tyrosine PET tracers are a readout of the activity of the amino acid transporter 

LAT1 which expression and activity are elevated in various cancer types [428, 

429]. Thus, tyrosine-based PET imaging techniques could be effective for 

therapeutic responses [430, 431]. 

Glutamine is the most important amino acid for the survival and 

proliferation of human cancers, which cancer cells use for both energy 

generation and, as a source of carbon and nitrogen, for biomass accumulation 

[432]. Glutamine is transported into cells through several membrane transporters 

and used for biosynthesis or exported back out of the cell by antiporters in 

exchange for other amino acids [433]. In addition, glutamine-derived glutamate 

can also be exchanged through the xCT (a heterodimer of two solute carrier 

transporters, SLC7A11 and SLC3A2) antiporter for cystine, which is quickly 

reduced to cystine inside the cell [434]. Glutamine is converted by mitochondrial 

glutaminases (GLS) to an ammonium ion and glutamate upon entry into the 

cells. In mitochondria, glutamate can then be converted to α-ketoglutarate (α-

KG), which enters the TCA cycle to generate ATP through the production of 

NADH and flavin adenine dinucleotide (FADH2). This reaction can be catalyzed 

by either glutamate dehydrogenase (GDH), an ammonia-releasing process, or 

by numerous non-ammonia-producing aminotransferase that transfer nitrogen 

from glutamate to produce another amino acid and α-KG [435]. In addition to 

energy and amino acids production, glutamine is involved in the lipogenesis 

process. Glutamine metabolism can serve as an alternative source of carbons 

for fatty acids synthesis. Indeed, glutamine-derived α-KG can be exported to the 

cytosol and reduced through reductive carboxylation to citrate, which is then 

cleaved to generate oxaloacetate (OAA) and acetyl-CoA, the substrate for fatty 

acid synthesis. It has been demonstrated that this reaction is important for 

cancer growth and involved in tumor progression [436-438]. Alternatively, 

glutamine-derived α-KG can generate pyruvate in the TCA cycle from malate via 
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glutaminolysis [439]. Many cancer cells utilized acetyl-CoA produced from 

glucose-derived pyruvate, but under glucose deprived-conditions, citrate 

produced by glutamine-derived α-KG can be converted to acetyl-CoA by ATP 

citrate lyase (ACLY) enzyme [440], inducing glutamine dependent lipid 

synthesis. A recent study showed that the import of glucose-derived pyruvate 

into mitochondria by mitochondrial pyruvate carrier (MPC) suppressed GDH 

activity and glutamine-dependent acetyl-CoA formation. The MPC inhibition 

activated GDH and diverted glutamine metabolism to generate both 

oxaloacetate and acetyl-CoA, indicating a compensatory mechanism that allows 

cancer cells to generate lipid in glucose deprived-conditions [441]. In addition, 

glutamine-derived fumarate, malate and citrate were increased during glucose 

deprivation, indicating that glutamine drives the glucose-independent TCA cycle 

during nutrient deprivation [440]. Moreover, glutamine provides carbon and 

nitrogen for the biosynthesis of non-essential amino acids and nucleotides. 

Indeed, glutamine provides an amide (γ-nitrogen) group contributing directly to 

de novo biosynthesis of purines and pyrimidines, which functions as a rate-

limiting factor in cancer cell proliferation [442, 443]. It has been demonstrated 

that growth-promoting signals regulate the glutamine-derived nitrogen 

production, including c-Myc, which induces the expression of various enzymes 

of the nucleotide biosynthetic pathways, such as phosphoribosyl pyrophosphate 

amidotransferase (PPAT), a rate-limiting enzyme in the purine biosynthesis [444, 

445]. In fact, PPAT expression has been observed to increase in human lung 

cancer and related to disease in patients [446]. Moreover, glutamine can 

contribute to nucleotides synthesis through other pathways. Aspartate derivate 

from glutamine via the TCA cycle is required for de novo purine synthesis and 

provides carbons for de novo pyrimidine synthesis [447]. Indeed, aspartate 

supplementation can rescue cell cycle arrest caused by glutamine deprivation in 

cancer cells [448]. Glutamine metabolism reprogramming is activated by 

oncogenic alteration, such as c-Myc and Kirsten rat sarcoma viral oncogene 

homolog (KRAS) gene, and anti-oncogenic alterations, such as p53 and 

retinoblastoma (Rb). c-Myc overexpression upregulates GLS [449] and 

increases both the expression of high-affinity glutamine transporters and 

glutamine synthetase (GS) [450-452], making cells dependent on exogenous 
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glutamine for cell survival. KRAS has been shown to reprogram glutamine 

metabolism by aspartate transaminase (GOT1) and repressing GDH in 

pancreatic cancer [453]. Glutamine metabolism is regulated by p53, a tumor 

suppressor that induces GLS, reducing cellular sensitivity to ROS-associated 

apoptosis via glutathione-dependent antioxidant defense [454]. Another tumor 

suppressor, Rb, can regulate glutamine metabolism through the modulation of 

various glutamine transporter leading to a reduction of glutamine uptake [455].  
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Chapter 2. Materials and Methods 

 

2.1     Materials 

 Unless specified, all reagents used for cells culture were purchased from 

Euroclone group, Invitrogen and Sigma-Aldrich. 

 Reagents for real-time PCR were from Qiagen.  

 Solutions and equipment for protein analysis were purchased from 

Biorad.  

 Ripa buffer, proteases and phosphatases inhibitors were from Sigma-

Aldrich.  

 Bradford reagent for protein dosage and all materials for SDS-PAGE 

were from Biorad.  

 Chemiluminescence revelation kit was from Biorad. 

 

2.1.2     Drugs and Compounds 

 Tyrosine: dissolved in 1 M HCl at 25 mg/ml stored at RT purchased from 

Merck Life Science (T4321 - 100G). 

 Phenylalanine: dissolved in 1 M HCl at 50 mg/ml stored at RT purchased 

from Merck Life Science (P5482 – 10 MG). 

 2-DG: dissolved in Phoshate buffered saline (PBS) at 100 mg/ml stored 

at +4°C purchased from Merck Life Science. 

 SR59230A: dissolved in H2O at 10 mM stored at – 20°C purchased from 

Tocris Bioscence (1511). 

 Propanolol: dissolved in H2O at 50mg/mL stored at 4°C purchased from 

Merck Life Science. 

 Atenolol: dissolved in H2O at 0.3 mg/mL stored at RT purchased from 

Merck Life Science. 

 PMA: dissolved in DMSO at 10 mg/mL stored at – 20°C purchased from 

Merck Life Science. 

 PBN: dissolved in DMSO at 50 mg/mL stored at – 20°C purchased from 

Merck Life Science. 
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 NTBC: dissolved in DMSO at 5 mg/mL stored at – 20°C purchased from 

Merck Life Science 

 

2.1.3     Common use solution 

 PBS (Phosphate buffered saline): 0.27 g/L KH2PO4, 0.2 g/L KCL, 8.0 g/L 

NaCl, 2.16 g/L Na2HPO4-7H2O. 

 SDS−PAGE 4X Sample Buffer: 40% Glycerol, 240 mM Tris/HCl pH 6.8, 

8% SDS, 0.04% bromophenol blue, 5% β-mercaptoethanol.  

 SDS-PAGE 1X running buffer: 25 mM Tris, 192 mM glycin, 0.1% (W/V) 

SDS, pH 8.3.  

 SDS-PAGE 1X blotting buffer: 25 mM Tris, 192 mM glycin, 10% 

methanol, pH 8.3.  

 Blocking solution: non-fat dry milk 5 %, tween 0.05 % in PBS.  

 Washing solution: tween 0.1 % in PBS (T-PBS).  

 

2.1.4     Antibodies 

 

 

2.1.5     Cell lines 

The rhabdoid tumor G-401 (CRL-1441) cells, osteosarcoma K7M2 (CRL-2836) 

murine cells and macrophages RAW 264.7 (TIB-71) murine cells were from 

American Type Culture Collection (ATCC). G-401 cells were cultured in McCoy’s 

5A Modified Medium (Sigma-Aldrich) supplemented with 10% Fetal Bovine 

Serum (FBS, Euroclone), 2 mM L-glutamine and penicillin/streptomycin solution 

(1x) (both Euroclone). K7M2 cells were cultured in Dulbecco’s Modified eagle’s 

medium high glucose (4.5 g/L) (DMEM) (Gibco, Euroclone) plus FBS, 2 mM L-

glutamine and penicillin/streptomycin solution (1x). RAW 264.7 cells were 
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cultured in phenol red-free Roswell Park Memorial Institute (RPMI) 

supplemented with FBS, 2 mM L-glutamine and penicillin/streptomycin solution 

(1x). Cells were amplified, stocked, and once thawed were kept in culture for a 

maximum 3 months. 

 

2.1.6     Cell culture medium 

Custom made medium used for cell treatments were purchased from Cell 

Culture technologies LLC. Custom medium contains glucose (3 g/L) as McCoy’s 

5A Modified Medium. Glutamine (2 mM), tyrosine (104 mg/L) were added at the 

moment of treatment. 

 

2.2     Methods 

2.2.1     General culture conditions 

Cell lines were grown under 5% CO2 at 37°C in their respective media. When 

passaging cells, growth medium was removed, washed with PBS and the cells 

incubated with a covering volume of trypsin. After the cells were detached, 

media was added to the cells to neutralize the trypsin and the cells seeded into a 

new plate. 

2.2.2     Frozen storage cells 

Cells were detached using trypsin, re-suspended in the culture medium and 

pelleted by centrifugation at 1200 rpm for 5 minutes. The cells were re-

suspended in 1 ml of cell freezing medium (90% complete growth medium and 

10% DMSO) and then moved in specific freezing vials. Vials wee then placed in 

polystyrene insulated boxes at -80°C.  

 

2.2.3     Protein manipulation 

Protein extraction: cells were washed twice in PBS solution and then lysed with 

RIPA lysis buffer supplemented with proteases and phosphatases inhibitors. 

Protein lysates were collected, kept in ice and centrifuged at 12000 rpm for 10 

minutes. After centrifugation, the supernatant was collected and total proteins 

were quantified with Bradford assay.  
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Protein quantification: protein quantification is evaluated with Coomassie Brilliant 

Blue (Bradford protein assay), which binds to basics and aromatics amino acidic 

residues (especially arginine) of the proteins, leading to maximum absorption at 

595 nm wavelength. Thus, Coomassie Brilliant Blue intensity is positively 

correlated to protein concentration. To obtain the standard curve of reference, 

we used Bovine Serum Albumine (BSA), diluting BSA 2 mg/ml concentrated in 

deionized water and then obtaining rising BSA concentrations from 2 μg/mL to 

15 μg/mL. Then Bradford reagent is prepared diluting 1/5 of starting solution with 

Coomassie Brilliant Blue in 4/5 of deionized water. To run the assay, 5 μL of 

each sample, opportunely diluted in 45 μL of water, were added to 950 μl of the 

working solution. After 5 minutes incubation, the absorbance of each sample is 

evaluated at a wavelength of 595 nm, subtracting the blank value. From the 

values obtained from the standard curve it is possible to create a curve of 

absorbance in function of its concentration, thus, interpolating absorbance 

values to the standard curve, it is possible to calculate the final protein 

concentration. Correlation between absorbance and concentration is expressed 

by Lambert-Beer law: A=εdc, where ε represents the molar extinction coefficient, 

d the path length and c represent sample concentration. For each Western 

Blotting experiment from 20 to 50 μg of total proteins are loaded in each lane on 

a 4–20% pre-cast Mini-PROTEAN TGX Gel.  

 

Polyacrylamide gel electrophoresis: it is a technique utilized for proteins 

separation based on their ability to move within an electric current, based on the 

length of their polypeptide chains or of their molecular weight.  

SDS polyacrylamide gel electrophoresis (SDS- PAGE) samples are boiled for 5 

minutes in a sample buffer containing SDS and β-mercaptoethanol, which leads 

to disulphuric bonds reduction and destabilization of eventual protein tertiary 

structure. In addition, sample buffer is supplemented with bromophenol blue, 

ionizing coloured-tracking solution for the electrophoretic run, and glycerol, 

which increases sample density and promotes its stratification at the bottom of 

the loading well.  

Once the samples are loaded in the stacking gel, an electric field is applied 

across the gel, causing the negatively-charged proteins to migrate across the gel 
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towards the positive electrode (anode). Stacking gel, characterized by very low 

acrylamide concentration (4%), is required to better stratify the samples before 

entering the separating gel. Proteins relative molecular mass is evaluated by 

comparison with protein ladder standard molecular weights, separated in the 

same gel. Running is carried on at 100V for almost 1 h.  

 

Western blotting: Once the protein samples are run, in order to make the 

proteins accessible to antibody detection, they are moved from within the gel 

onto a membrane made of polyvinylidene difluoride (PVDF). The method for 

transferring the proteins is called blotting and uses the Trans-Blot Turbo 

Transfer Pack to pull protein from the gel into the PVDF membrane. The proteins 

embedded into the gel are transferred onto the membrane while maintaining the 

organization they had within the gel. Proteins transfer is carried out at 25V, 2.5A 

for 7 minutes (for proteins with low molecular weight) or 10 minutes (for proteins 

with high molecular weight). After blotting the PVDF membrane is incubated 

overnight in slow agitation at 4°C with specific primary antibodies in a blocking 

solution containing non-fat dry milk 3% and Tween 0.05%. After incubation, the 

membrane is washed three times with a washing solution containing PBS 1X 

and Tween 0.1% and, in order to reveal the specific protein, the membrane is 

incubated with horseradish peroxidase (HRP) conjugated secondary antibody for 

1h at room temperature and then washed again for three times. In the 

chemiluminescence reaction horseradish peroxidase catalyzes the oxidation of 

luminol into a reagent which emits light when it decays. Since the oxidation of 

luminol is catalyzed by HRP, and the HRP is complexed with the protein of 

interest on the membrane, the amount and location of emission light is directly 

correlated with the location and amount of protein on the membrane. 

Chemiluminescent protein revelation is carried out with ECL Western Blotting 

reagents and developing of blots is carried out at the ChemiDoc (Biorad). 

Exposure is repeated, varying the time as needed for optimal detection.  

 

2.2.4     Quantitative real-time RT-PCR (qRT-PCR) 

Total RNA was extracted from tissue culture cells, grown as a monolayer, using 

RNasy Plus Mini Kit (Qiagen). RNA concentration and quality of the samples 
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were determined by measuring the UV absorbance at 260 nm and 280 nm on 

Nanodrop 1000 (Thermo Scientific) and 1µg of total RNA were reverse 

transcribed to strands of cDNA using iScript gDNA Clear DNA Synthesis Kit 

according to the manufacturer’s instructions (Biorad). mRNA expression by qRT-

PCR analysis was performed using Sso Advanced Universal SYBR Green 

Supermix (Biorad) for GLUT1 (qHsa CID0022232), HPD (qHsa CID0017734). 

Data were normalized on GAPDH (qHsa CED0038674). 

 

2.2.5     Lactate assay 

G-401 cells were plated in 24-well culture dishes and treated as reported in the 

Figures and described in the Results section. Lactate concentration was 

evaluated by using Lactate Colorimetric/Fluorometric Assay Kit (K607-100, 

Biovision). Cells culture medium were filtered with 0.2 µm filters and 20 µl/well of 

test samples were added to a 96-well plate and volume were adjusted to 50 

µl/well with Lactate Assay Buffer. A total of 50 µl Reaction Mix, containing 46 µl 

of Lactate Assay Buffer, 2 µl of Lactate Enzyme Mix and 2 µl of Probe, were 

added to each well containing the Lactate Standards and test samples. The 

reaction was incubated for 30 minutes at room temperature protected from light 

and quantified measuring absorbance at 570 nm wavelength using a microplate 

reader. The lactate concentration was calculated by subtracting the 0 standard 

reading from all readings and applying the corrected absorbance to the Lactate 

Standard Curve to obtain the nmol of Lactate in the sample wells. Lactate 

concentration was normalized on cell counts.  

 

2.2.6     ATP production 

G-401 and 17.94 cells were plated in flat bottom white 96-well microplate and 

treated as reported in the Figures and described in the Results section. ATP 

concentration was evaluated by using ATPlite 1step (10 mL kit, PerkinElmer) 

based on the production of light caused by the reaction of ATP with added 

luciferase and D-luciferin, according to the reaction ATP+ D-luciferin + O2  

Oxyluciferin + AMP + PPi + CO2 + light. 30 minutes before starting the assay, the 

microplate was removed from the incubator to adapt to room temperature. The 
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lyophilized substrate solution was reconstituted with 10 mL of substrate buffer 

solution, mixed by inversion and left to stand for 5 min. 100 µl of the 

reconstituted solution were added to each well containing cells and the 

microplate were shaken for 2 minutes at 700 rpm using an orbital microplate 

shaker with an orbit diameter of 2 mm. For stabilize the luminescent signal the 

microplate was adapted to dark for 10 minutes and subsequently quantified 

measuring luminescence using a microplate reader. The emitted light is 

proportional to the ATP concentration and data were normalized on cell counts.  

 

2.2.7     Mitochondria isolation 

G-401 cells were plated in p100 dishes and treated as reported in the Figures 

and described in the Results section. Mitochondria isolation was performed by 

using Mammalian Mitochondria Isolation Kit for Tissue and Cultured Cells (K288-

50, Biovision). 2 x10
7 

cells were collected, centrifugated at 600 x g for 10 

minutes and then the supernatant was removed carefully. 1 ml of Mitochondria 

Isolation Buffer were added to the cell pellet and vortexed for 5 seconds, 

followed by incubation on ice for 2 minutes. Then, 10 µl of Reagent A were 

added to cells, vortexed for 5 seconds, incubated on ice for 5 minutes while 

vortexing every minute for 5 seconds and centrifugated at 600 x g for 10 minutes 

at 4°C. The supernatant was collected in a separate tube and centrifugated at 

7,000 x g for 10 minutes at 4°C. After centrifugation, the supernatant was 

discarded, the pellet washed with Mitochondria Isolation Buffer and centrifugated 

at 600 x g for 10 minutes at 4°C. After centrifugation, the pellet was 

resuspended in 100 µl of Storage Buffer and stored a -80°C for future use.  

 

2.2.8     Succinate dehydrogenase activity 

Mitochondria isolated from G-401 were used for the evaluation of succinate 

dehydrogenase activity assed by using the Succinate Dehydrogenase Activity 

Colorimetric Assay Kit (K660-100, Biovision). 20 µl/well of isolated mitochondria 

were added to a 96-well microplate and the volume adjusted to 50 µl with SDH 

Assay Buffer. For the SDH positive control, 20 µl of SDH Positive Control were 

added into a single well and the volume were adjusted to 50 µl with SDH Assay 
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Buffer. A total of 50 µl Reaction Mix, containing 46 µl of SDH Assay Buffer, 2 µl 

of SDH Substrate Mix and 2 µl of Probe, were added in each well containing the 

cells and the positive control. The absorbance was measured immediately at 

600 nm wavelength in kinetic mode for 10-30 minutes using a microplate reader. 

In this assay, succinate dehydrogenase converts succinate to fumarate and 

transfers the electron to a probe, which changes the color from blue to a 

colorless product depending on the sample enzymatic activity, according to the 

reaction Succinate + SDH-FAD          Fumarate + SDH-FADH2          Product 

(colorless). Two different absorbance measurement at two different time points 

were chosen to calculate the amount of succinate dehydrogenase that 

generates 1.0 µmol of 2,6-Dichlorophenolindophenol (redox dye) per min and 

normalized to cell counts. 

 
2.2.9     Fumarase activity 

Mitochondria isolated from G-401 cells were used for the evaluation of fumarase 

activity assessed by using the Fumarase Activity Colorimetric assay Kit (K596-

100, Biovision). 20 µl/well of isolated mitochondria were added to a 96-well 

microplate and the volume adjusted to 50 µl with Fumarase assay Buffer. A total 

of 50 µl Reaction Mix, containing 36 µl of Fumarase Assay Buffer, 2 µl of 

Fumarase Enzyme Mix, 10 µl of Fumarase Developer and 2 µl of Fumarate 

Substrates were added in each well containing the cells standard and the 

positive control. The absorbance was measured immediately at 450 nm 

wavelength in kinetic mode for 10-60 minutes using a microplate reader. In this 

assay, fumarase converts fumarate into malate, which then reacts with Enzyme 

Mix to form an intermediate that subsequently reduced the developer to a 

colored product, according to the reaction Fumarate + H2O     Malate      

Intermediate    Color detection. Two different absorbance measurement a two 

different time points were chosen to calculate the amount of fumarase that 

generates 1.0 µmol of NADH per min and normalized to cell counts.  

 

2.2.10     Fumarate detection 

G-401 cells were plated in 24-well culture dishes and treated as reported in the 

Figures and described in the Results section. Fumarate detection was 
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performed by using Fumarate Detection Kit (ab102516, Abcam). Cells were 

collected and centrifugate at 13,000 x g for 10 minutes to remove insoluble 

materials. After centrifugation, 20 µl/well of supernatants were added to a 96-

well microplate and diluted in the Fumarate Assay Buffer to a final volume of 50 

µl. A 50 µl of reaction Mix, consisting of 90 µl of Fumarate assay Buffer, 8 µl of 

Fumarate Developer and 2 µl of Fumarate Enzyme Mix, were added to each well 

containing the Fumarate Standard and test samples. The reaction was 

incubated for 60 minutes at 37°C protected from the light and then quantified 

measuring absorbance at 450 nm wavelength using a microplate reader. The 

Fumarate Enzyme Mix recognizes fumarate as a specific substrate leading to 

proportional color development. The fumarate concentration was calculated by 

subtracting the 0 fumarate control from all sample readings and applying the 

corrected absorbance to the Fumarate Standard curve to obtain the µM of 

fumarate in the sample wells. Fumarate concentration were normalized on 

protein content.  

 

2.2.11     Flow cytometry analysis 

Tibial nerves were dissected from euthanized mice and mechanically 

dissociated to obtain a single cell suspension. Nerve were dissociated in a 

solution containing HEPES (25 mM), Hanks’ Balanced Salt solution (HBSS, 1x), 

FBS 10% and dnase (10µM) by using the gentleMACS Octo Dissociator 

(Miltenyi Biotec). Cells were stained with anti-CD45-VioBlue conjugated antibody 

(130-110-664, Miltenyi Biotec), anti-F4/80-PE conjugated antibody (130-116-

449, Miltenyi Biotec), and anti-CD64-APC conjugated antibody (130-126-950, 

Miltenyi Biotec). G-401 and 17.94 cells were plated in 12-well culture dishes and 

treated as reported in the Figures and described in the Results section. Cells 

were collected and centrifugated at 1,200 rpm for 5 minutes. After centrifugation 

the supernatants were resuspended in autoMACS Running Buffer (130-091-

221), fixed, permeabilized and stained with anti-Ki-67-FITC conjugated antibody 

(130-117-691, Miltenyi Biotec), and anti-Glucose Transporter GLUT1-PE 

conjugated antibody (ab209449, Abcam). For glucose uptake assay, G-401 and 

17.94 cells were washed with PBS and 2-NBDG-FITC (600470, Cayman 

Chemical) were added to a final concentration of 100 µg/ml in PBS. After 20 
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minutes of incubation, cells were detached and collected and centrifugated at 

1,200 rpm for 5 minutes. After centrifugation, the pellet was resuspended in 200 

µl of Cell-Based assay Buffer and centrifugated again. After staining, cells were 

subjected to flow cytometry by using a Miltenyi Biotec MACSQuant Analyzer 10. 

Results were analyzed by using FlowlogicTM Software. 

 

2.2.12     H2O2 Assay 

H2O2 level was assessed by using the Amplex Red® assay (Thermo Fisher 

Scientific). Tibial nerve tissue was rapidly removed and placed into modified 

Krebs/HEPES buffer [composition in mmol/l: 99.01 NaCl, 4.69 KCl, 2.50 CaCl2, 

1.20 MgSO4, 1.03 KH2PO4, 25.0 NaHCO3, 20.0 Na-HEPES, and 5.6 glucose 

(pH 7.4)]. Samples were minced and incubated with Amplex red (100 μM) and 

HRP (1 U/ml) (1 h, 37°C) in modified Krebs/HEPES buffer protected from light. 

Fluorescence excitation and emission were at 540 and 590 nm, respectively. 

H2O2 production was calculated using H2O2 standard and expressed as μmol/l of 

mg of dry tissue. RAW 264.7 cells were seeded in 96-well plates (30.000 

cells/well) and grown in phenol red-free Roswell Park Memorial Institute (RPMI). 

The cultured medium was replaced with Krebs-Ringer phosphate (KRP, 

composition in mM: 2 CaCl2; 5.4 KCl; 0.4 MgSO4; 135 NaCl; 10 D-glucose; 10 

HEPES [pH 7.4]) added with SR59230A, propranolol, atenolol (all, 100 nM) or 

vehicle (0.01% DMSO in KRP) for 20 min at room temperature. Cells were 

activated by the addition of phorbol-myristate-acetate (PMA, 16 μM), along with 

Amplex Red (50 μM) and HRP (1 U/ml) at a total volume of 100 μl. Signal was 

detected 60 min after exposure to the stimuli, at 560 nm H2O2 release was 

calculated using H2O2 standards and expressed as nmol/l.  

 

2.2.13     Immunofluorescence 

The tumor and tibial nerve were dissected from anesthetized and transcardially 

perfused with PBS, followed by 4% paraformaldehyde, mice. The tibial nerve 

and the hindlimb were postfixed for 24 h, and cryoprotected in sucrose 30%. 

Immunofluorescence staining was performed according to standard procedures. 

Briefly, after the antibody retrieval with citrate buffer pH 6, tissue sections (10 
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μm) were incubated with the following primary antibodies: F4/80 [1: 50, 

MA516624, rat monoclonal (Cl:A3-1), RRID:AB_2538120 Thermo Fisher 

Scientific], PGP9.5 (1:250, ab108986, rabbit monoclonal, RRID:AB_ 10891773 

Abcam), β1 receptor (1:400, ab3442, rabbit polyclonal, RRID:AB_ 10890808 

Abcam), β2 receptor (1:100, ab182136, rabbit monoclonal, RRID:AB_2747383 

Abcam), β3 receptor (1:100, ab94506, rabbit monoclonal, RRID:AB_ 10863818 

Abcam) diluted in block solution (5% normal goat serum and normal donkey 

serum, in PBS and triton-x100, PBST) 1 h at room temperature. Sections were 

then incubated for 2 h in the dark with the fluorescent secondary antibody 

polyclonal, Alexa Fluor® 488 (1:600, Thermo Fisher Scientific) or Alexa Fluor® 

594 (1:600, Thermo Fisher Scientific). Sections were coverslipped using a water-

based mounting medium with 4′6′-diamidino-2-phenylindole (DAPI, Abcam). The 

analysis of negative controls (non-immune serum) was simultaneously 

performed to exclude the presence of non-specific immunofluorescent staining, 

cross-immunostaining, or fluorescence bleed-through. For histological 

evaluation, sections were stained with hematoxylin/eosin and based on the 

morphology, the boundaries of the nerve trunk corresponding to the epineurium 

were identified and reported in adjacent immunofluorescence images with 

dashed lines. The number of F4/80+ cells was counted in 104 μm2 boxes in the 

tibial nerve trunk. 

 

2.2.14     Mechanical Allodynia 

The measurement of mechanical paw withdrawal threshold (PWT) was carried 

out using von Frey filaments of increasing stiffness (0.02–2 g) applied to the 

plantar surface of the mouse hindpaw, according to the up-and-down paradigm. 

The 50% mechanical paw-withdrawal threshold (g) response was then 

calculated from the resulting scores. 

 

2.2.15     In vivo experiments 

BALB/c mice (male, 4 weeks old, Envigo RMS) were used. Mice were housed in 

a temperature- and humidity-controlled vivarium (12 h dark/light cycle, free 

access to food and water). Behavioral experiments were done in a quiet, 
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temperature-controlled (20–22°C) room between 9 am and 5 pm and were 

performed by an operator blinded to the drug treatment. Animals were 

anesthetized with a mixture of ketamine and xylazine (90 mg/kg and 3 mg/kg, 

respectively, i.p.) and euthanized with inhaled CO2 plus 10–50% O2. For cells 

inoculation, 50 μl of K7M2 (7 × 105) cells were suspended in PBS and injected 

para-tibial. Control groups (sham) were injected with 50 μl of PBS. K7M2 cell 

lines are isogenic with the BALB/c mouse strain. Tumor growth rate was 

evaluated by measuring tumor mass with a caliber, and tumor mass volume 

calculated as volume = [(length x width)2/2]. Mice were sacrificed at day 20 after 

K7M2 cells inoculation or sham. SR59230A, propranolol and atenolol (10 mg/kg 

i.p.) or vehicle (NaCl 0.9%) were administered twice a day (every 8 h) starting 

from day 10 after K7M2 cells inoculation, when a palpable tumor was present, or 

sham. Phenyl-alpha-tert-butyl nitrone (PBN, 100 mg/kg, i.p.) or vehicle (4% 

dimethyl sulfoxide, DMSO, 4% tween 80 in 0.9% NaCl) was given at day 14 after 

K7M2 cells inoculation. 

 

2.2.16     Statistical analysis 

The group of n = 6 animals for behavioral experiments was determined by 

sample size estimation using G*Power (v3.1) to detect size effect in a post-hoc 

test with type 1 and 2 error rates of 5 and 20% respectively. Mice were allocated 

to vehicle or treatment groups using a randomization procedure 

(http//:www.randomizer.org/). Investigators were blinded to the treatments, which 

were revealed only after data collection. No animals were excluded from 

experiments. 

Densitometric analysis of the WB bands was performed by ImageJ software. 

Graphical representations were obtained by Graphpad Prims 8.0 (GraphPad 

Software, San Diego, CA) and statistical analyses were performed using 

Unpaired student’s t-test, one-way and two-way ANOVA analysis of variance 

followed by Dunnett and Bonferroni’s post hoc test as described in the figure 

legend and Results section. Differences were considered statistically significant 

when p < 0.05. 
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Chapter 3. Role of β-ARs in cancer-associated pain 

 

3.1     Introduction 

Although numerous clinical investigations have allowed us to identify some 

potential genetic markers involved in the onset and growth of pediatric cancers, 

they still remain the second leading cause of death in children. Different 

pharmacological compounds have been developed to target these altered 

signaling pathways. However, given the adaptability of tumor cells, targeting a 

single growth factor or a downstream signaling hub likely leads to a 

compensatory mechanism and many patients fail to benefit from these 

therapeutic approaches. As extensively described in the Introduction section, the 

β3-ARs have been proposed to contribute to the initiation and proliferation of 

several cancer types, including childhood cancers, by regulating inflammation, 

angiogenesis, cell motility and cellular immune response [147, 166, 170]. 

Different studies have elucidated the potential role of β3-ARs blockade to 

contrast tumor growth and progression.  

The final goal of this project was to identify and characterize the 

involvement of β3-ARs in pediatric tumors, with a particular focus on cancer-

evoked pain and neuroinflammation. Understanding the involvement of β3-ARs 

in cancer evoked pain in osteosarcoma can allow us to identify a novel 

therapeutic targets for this condition.  

 

3.2     Results 

 

3.2.1 K7M2 osteosarcoma cell inoculation induces tumor growth 

and allodynia in BALB/c mice. 

As described in the Material and Methods section, K7M2 cell line is a murine 

cellular model of osteosarcoma. Therefore, para-tibial inoculation of K7M2 cells 

into the hindlimb of BALB/c mice, induced a rapid tumor growth in the soft tissue 

from the eighth day after K7M2 inoculation (Figure 14A). The increase in tumor 

growth is associated with a time-dependent (0-20 days) hindlimb thickness and 
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with a parallel increase in mechanical allodynia in the hind paw ipsilateral to the 

injected site compared to sham mice, as showed by mechanical paw-withdrawal 

threshold (PWT) that is considered the force at which withdrawal occurred after 

stimulation with a monofilament that delivers a constant pre-determinate force 

(Figure 14B). Reduction in the PWT correlates with increased mechanical 

allodynia. These results indicated a time-dependent association between the 

osteosarcoma tumor mass growth and the development of mechanical allodynia.  

 

 

 

 

Figure 14. Tumor growth and mechanical allodynia induce by K7M2 osteosarcoma 
cells in BALB/c mice. A, 50 μl of K7M2 (7 x 10

5
) cells were suspended in PBS and then 

injected para-tibial in BALB/c mice. Sham (control) were injected with 50 μl of PBS. Mice 
were sacrificed at day 20 after K7M2 cells inoculation or sham, and the tumor mass were 
measured. B, mechanical allodynia was measured from day 0 to day 20. BL, baseline. PWT, 
paw withdrawal threshold. N = 6. *p < 0.05, ***p < 0.001 K7M2 vs Sham. Two-way ANOVA 
and Bonferroni post hoc test.  

 

 

3.2.2 Para-tibial K7M2 cells inoculation induces the recruitment of 

macrophages in tibial nerve. 

To investigate the involvement of peripheral nerve macrophages in the 

development of pain in mouse model of neuropathic cancer pain, 

monocytes/macrophages inside the inoculated hindlimb were evaluated by flow 

cytometry and immunofluorescence analysis. Tibial nerve trunk ipsilateral to the 

inoculated hindlimb showed an increased number of F4/80+/CD64+ 

monocytes/macrophages associated with tumor growth. Sham did not increase 

the number of monocytes/macrophages inside the tibial nerve (Figure 15A, B), 
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suggesting an association between tumor growth in K7M2 osteosarcoma-

bearing mice and an increased neuroinflammation in the tibial nerve, as 

indicated by the increased number of macrophages. 

 

 

         

 

 

 
               
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 15. Tibial nerve displays an increased number of F4/80

+
/CD64

+
 

monocytes/macrophages compared to sham. A, Gating strategy of flow cytometry 

analysis and relative quantification of F4/80
+
/CD64

+
 monocytes/macrophages in tibial nerve, 

compared to sham mice, after tibial nerve dissociation, and staining with anti-CD45-VioBlue 
conjugated antibody, anti-F4/80-PE conjugated antibody, and anti-CD64-APC conjugated 

A 

 B 
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antibody. B, typical images and pooled data of F4/80
+
 cells in the ipsilateral tibial nerve. 

Tumor and tibial nerve were dissected, fixed and then incubated with F4/80 and PGP9.5 
(neuronal marker). N=6. *p < 0.05, ***p < 0.001 K7M2 vs Sham. Data are presented as 
mean ± SEM, data points overlaid. Unpaired student t-test.  
 

 
 

3.2.3 β-ARs antagonism reduces osteosarcoma tumor growth and 

mechanical allodynia. 

To investigate the possible involvement of the β-ARs in the modulation of tumor 

growth and mechanical allodynia induced by para-tibial inoculation of K7M2 

osteosarcoma, mice were treated with the β1-antagonist atenolol, the β1/β2-

antagonist propranolol and the β3-antagonist SR59230A. The treatments have 

been carried out 10 days after K7M2 osteosarcoma cells inoculation, when 

allodynia was already present. The treatment with the antagonist’s propranolol 

and SR59230A induced a reduction in tumor size, while the treatment with 

atenolol reduced slightly, but not significantly, the tumor size, suggesting the 

crucial role of β2- and β3-ARs and a minor role of β1-ARs in regulating 

osteosarcoma tumor growth (Figure 16A). Interestingly, treatment with the β2- 

and β3-AR antagonists, but not with β1-antagonist, markedly reduced 

mechanical allodynia in K7M2 osteosarcoma-bearing mice (Figure 16B). To 

investigate the role of the β-ARs signaling in tumor and macrophages 

accumulating in the neuronal space, we first evaluated the expression of the 

three β-ARs in both tumor cells and macrophages inside the tibial nerve. 

Immunofluorescence analysis showed that tumor cells express all of the three β-

ARs subtypes (Figure 16C), whereas macrophages located in the tibial nerve 

expressed only the β2- and β3-AR subtypes but not the β1-AR (Figure 16D). 

These results suggest that β1-AR blockade have a minor influence on 

osteosarcoma tumor growth and mechanical allodynia. In contrast, β2- and β3-

AR blockade is able to impact osteosarcoma tumor growth and to attenuate 

mechanical allodynia resulting from osteosarcoma tumor growth.  
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Figure 16. β2- and β3-AR, but not β1-AR antagonist treatment reduces K7M2 
osteosarcoma growth and mechanical allodynia in BALB/c mice. A and B, time 
dependent increase in K7M2 osteosarcoma tumor growth and reduction of mechanical 
allodynia in BALB/c mice or sham administrated daily with atenolol (10 mg/kg i.p.), 
propanolol (10 mg/kg i.p.), SR59230A (10 mg/kg i.p.) or vehicle (Veh) after 10 days following 
cells inoculation. C and D, immunofluorescence images of β1-, β2- and β3-ARs expression 
in both tumor and macrophages, and F4/80

+ 
expression in macrophages in tibial nerve after 

20 days to para-tibial K7M2 osteosarcoma cells inoculation. BL, baseline. PWT, paw 
withdrawal threshold. N _ 6 mice. **p < 0.01, ***p < 0.001 vs Sham; 

§
p < 0.05, 

§§
p < 0.01, 

§§§
p < 0.001 vs K7M2 + Veh. Data are presented as mean ± SEM. Two-way ANOVA and 

Bonferroni post hoc test. 

 
 

C D 
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3.2.4 β2- and β3-ARs antagonism impairs macrophages in 

BALB/c mice. 

Given the efficacy of β2- and β3-ARs antagonists in reducing mechanical 

allodynia, we investigated if β2- and β3-ARs antagonism could modulate the 

number of macrophages recruited in the tibial nerve of K7M2 osteosarcoma-

bearing mice. The treatment with propranolol and SR59230A showed a 

significant reduction in the number of macrophages located in the tibial nerve 

compared to vehicle-treated mice, whereas atenolol treatment had no effect in 

macrophages recruitment as showed by flow cytometry (Figure 17A) and 

immunofluorescence analysis (Figure 17B).  

                   

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

A 
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Figure 17. β2- and β3-AR antagonists reduce the number of macrophages in tibial 
nerve of K7M2 osteosarcoma-bearing mice. A and B, representative flow cytometry 
analysis and relative quantification of F4/80

+
/CD64

+ 
macrophages, and immunofluorescence 

images and poled data of F4/80
+
 macrophages after 20 days from para-tibial K7M2 

osteosarcoma cell inoculation in BALB/c mice treated daily with atenolol (10 mg/kg i.p.), 
propanolol (10 mg/kg i.p.), SR59230A (10 mg/kg i.p.) or vehicle (Veh). N=6. *p < 0.05. Data 
are presented as mean ± SEM. One-way ANOVA and Bonferroni post hoc test. 

 

 

3.2.5 β2- and β3-ARs antagonism regulates neuroinflammation 

responsible of mechanical allodynia. 

Since it is established that the increase of the number of macrophages induces 

an increase in oxidative stress at the tissue levels and consequently pain [343, 

456, 457], we evaluated the levels of ROS in K7M2 osteosarcoma-bearing mice 

and sham. Results showed an increase of H2O2 levels after para-tibial K7M2 

osteosarcoma cell inoculation compared to sham mice. Interestingly, the 

treatment with β2- and β3-ARs antagonists, but not with β1-AR antagonist, 

significantly reduced H2O2 levels in tibial nerve (Figure 18A). Since 

macrophages showed no expression of the β1-AR subtype, we speculated that 

reduction of mechanical allodynia in K7M2 osteosarcoma-bearing mice after 

daily treatment with β2- and β3-ARs antagonists, was principally due to H2O2 

release which lead to neuroinflammation, dependent on β2- and β3-ARs 

blockade on tibial macrophages. To validate this hypothesis, macrophages RAW 

264.7 murine cells were stimulated with the pro-oxidant agent phorbol 12-

myristate 13-acetate (PMA) (16μM) alone or in combination with the different β-

AR antagonists. The treatment with PMA induced a release of H2O2 from RAW 

264.7 cells, whereas the treatment with propranolol and SR59230A, but not with 

atenolol, reduced the H2O2 release (Figure 18B). To assess if the increase of 

H2O2 levels was associated with mechanical allodynia, K7M2 osteosarcoma-

bearing mice were treated with the antioxidant PBN. Results showed that a 

single treatment with PBN at day 14 after cells inoculation, when mechanical 

allodynia was already present, was able to revert mechanical allodynia (Figure 

18C). These data suggest that the accumulation of macrophages located in the 

tibial nerve of K7M2 osteosarcoma-bearing mice induces the development of 
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mechanical allodynia through the release of H2O2, and these processes are 

regulated by β2- and β3-ARs but not β1-ARs. 

 

 

 

Figure 18. β2- and β3-ARs antagonism reduces neuroinflammation in tibial nerve of 
K7M2 osteosarcoma-bearing mice. A, H2O2 levels in tibial nerve after inoculation of K7M2 
osteosarcoma cells or sham in BALB/c mice, and treated daily, starting from day 10, with 
atenolol (10 mg/kg, i.p.) propranolol (10 mg/kg, i.p.), SR59230A (10 mg/kg, i.p.) or vehicle 
(Veh). B, H2O2 content in macrophages RAW 264.7 cell line treated with PMA (16 μM) in 
combination with atenolol (100 nM), propanolol (100 nM) and SR59230A (100 nM) or Veh 
(n=3 independent experiments). C, mechanical allodynia at 14 days after para-tibial K7M2 
osteosarcoma cell inoculation or sham in BALB/c mice treated with PBN (100 mg/kg, i.p.) or 
Veh. BL, baseline. PWT, paw withdrawal threshold. N=6 mice. *p < 0.05, ***p < 0.001 vs 
Sham, Veh-Veh; §p < 0.05, §§§p < 0.001 vs K7M2 + Veh, Veh-PMA, K7M2 + Veh PBN. 
Data are presented as mean ± SEM. One-way (A) or two-way (B-C) ANOVA and Bonferroni 
post hoc test. 
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3.3     Conclusion 

These results showed that the development of mechanical allodynia in K7M2 

osteosarcoma-bearing mice is associated with the recruitment of neuronal 

macrophages in the tibial nerve ipsilateral to tumor mass. Interestingly, the β2- 

and β3-ARs antagonism contributes not only in the reduction of tumor growth, 

but also in cancer pain. For this, targeting β2- and β3-ARs signaling, could be a 

promising strategy against tumor progression and the development of cancer-

evoke pain in osteosarcoma.  

 

3.4     Discussion 

β-ARs are an essential component of the sympathetic nervous system, involved 

in the regulation of multiple physiological responses following activation by 

catecholamines [1]. Three types of β-ARs with different localization and function 

have been identified so far; the β1-, β2- and β3-ARs subtypes. The β3-ARs 

subtype exhibits a restricted expression pattern in humans, such as adipose 

tissue, myocardium, urinary bladder, brain and retina, where modulates multiple 

cellular processes including vasodilatation and cardiac function, thermogenesis 

and metabolism [3]. Increasing evidence suggested an emerging role of β3-ARs 

in the initiation, growth and progression of cancer [143, 144, 146]. Thus, 

modulation of β3-ARs signaling effectively reduces cancer metastasis, 

recurrence and mortality [103, 147, 168]. Moreover, recent studies have 

highlighted the involvement of β-ARs also in the modulation of various 

neuropathic pain [329-331]. Among β-ARs, the β2- and β3-ARs are the principal 

subtypes involved in pain generation by increasing the excitability of nociceptors 

and activation of immunoregulatory cells [328]. However, the mechanism by 

which these receptors promote the development and maintenance of pain is not 

yet fully understood.  

Cancer-evoked pain is an important debilitating symptom related to tumor 

growth at both primary site and metastasis. It is considered a multi-step process 

that may results from direct infiltration by primary tumor or metastasis into a 

component of the central or peripheral nervous system, inflammatory responses 

or to compression of the nerve. Despite the increased interest, understanding 
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the molecular mechanism that underling the development and maintenance of 

cancer-evoked pain can allow us to identify novel therapeutic targets for this 

condition. Various studies have reported that β2- and β3-ARs may induce the 

activation of macrophages, T-cells and mast cells, as well as cytokine and 

chemokines, in various models of neuropathic pain following stress or 

pharmacological inhibition [458-461]. The role of the β-ARs, and in particular of 

the β3-ARs subtype, in cancer-evoked pain remains poorly investigated. To 

date, there are no clinical studies available that show whether the use of β-ARs 

antagonists might be effective in contrast cancer-evoked pain. However, a 

phase 2 study (https://clinicaltrials.gov/ct2/show/NCT01222091) investigated 

whether the concomitant treatment with propranolol and remifentanil (opioid) 

could improve thermal and mechanical hypersensitivity [462]. This study showed 

that the treatment in combination of these two drugs prevented the remifentanil-

induced post infusion hyperalgesia, indicating β-ARs as possible 

pharmacological targets for preventing different types of pain.  

To study the involvement of β3-ARs in modulating cancer-evoked pain in 

osteosarcoma, we have used an array of different in vitro and in vivo models. As 

such, we investigated primarily whether the treatment with β3-ARs antagonist 

might reduce osteosarcoma tumor growth in a syngeneic osteosarcoma murine 

model and whether β3-ARs targeting could be able to modulate mechanical 

allodynia developed with tumor growth and neuroinflammation since the 

expression of these receptors has been reported on tumor and inflammatory 

cells. First, we have found that the osteosarcoma-bearing mice developed 

sustained mechanical allodynia after 10 days from K7M2 osteosarcoma cells 

inoculation, but not in sham mice. Then, based on previous data that showed the 

crucial role of peripheral nerve macrophages in the induction and maintenance 

of mechanical allodynia, we wondered whether also in this cancer model, 

macrophages in the tibial nerve played a role in the development of cancer pain 

[343, 456, 463]. Results showed that the number of neural macrophages in the 

peripheral tibial nerve that runs ipsilateral to the tumor of osteosarcoma-bearing 

mice, were enhanced compared to sham mice. To evaluate the involvement of 

the β-ARs in the modulation of cancer-evoked pain in our cancer model, mice 

were treated daily with atenolol, propranolol and SR59230A, the β1-, β2- and β3-

https://clinicaltrials.gov/ct2/show/NCT01222091
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ARs antagonists, respectively. Data showed that the treatment with atenolol had 

no effect in reducing mechanical allodynia, whereas the treatment with 

propranolol and SR59230A significantly reduced mechanical allodynia and 

tumor growth. These data confirm the involvement of the β2- and β3-ARs in the 

induction of cancer-evoked pain and in sustaining tumor growth and 

development as reported in previous data obtained in other cancer models [103, 

147, 162, 164]. Next, we evaluated whether the β-ARs activity was correlated to 

the increase of neuronal macrophages and neuroinflammation in our model. 

Notably, the treatment with propranolol and SR59230A was able to reduce the 

number of macrophages in the peripheral tibial nerve compared to vehicle 

treated mice. These results suggested that the reduction in mechanical allodynia 

following the treatment with β2- and β3-ARs antagonisms were partially due to 

the reduction in macrophages localized in the tibial nerve, associated with a 

reduction of tumor size. As we observed the expression of all the three subtypes 

of β-ARs in osteosarcoma tumor cells but only β2- and β3-ARs expression on 

neuronal macrophages, we hypothesized that the β2- and β3-ARs signaling on 

neuronal macrophages could sustain the mechanical allodynia developed in 

osteosarcoma-bearing mice. Since oxidative stress results correlated to 

macrophages in tibial nerve and nociceptors activation in several pain models 

[342, 343, 464], we analyzed the amount of H2O2. Notably, the levels of H2O2 

were increased in tibial nerve of osteosarcoma-bearing mice compared to sham 

mice, whereas the treatment with β2- and β3-ARs antagonists abrogated this 

effect. Accordingly, the treatment with an antioxidant transiently abrogated the 

established mechanical allodynia in osteosarcoma-bearing mice. Overall, these 

data suggest a role of β2- and β3-ARs in sustaining both tumor growth and 

cancer-evoked pain, and demonstrated that macrophages recruited into the 

peripheral tibial nerve and oxidative stress generation represent the cellular and 

molecular mediators for the development of painful conditions in a syngeneic 

osteosarcoma murine model. Moreover, these results demonstrated the ability of 

β-ARs antagonists in the modulation of both tumor growth and cancer-evoked 

pain, identifying the β-ARs, mainly the β2- and β3-ARs, as a promising 

therapeutic target for cancer therapy and associated pain.  
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Chapter 4. β3-ARs blockade impairs compensatory 

mechanism to overcome nutrient deprivation in 

malignant rhabdoid tumor of the kidney. 

 

4.1     Introduction 

The different and specific amino acid requirements of tumor cells provide the 

chance to target tumors via enzymatic reduction of amino acids or dietary 

restriction. Lowering serum tyrosine and phenylalanine was reported to limit 

growth and metastasis, and improve chemotherapy in various in vivo models of 

melanoma, hepatocarcinoma and lung cancer [426, 427]. Serum analysis 

conducted in malignant rhabdoid tumor patient’s caring at Meyer Children’s 

Hospital have shown a reduction in selected amino acid levels, including 

tyrosine and glutamine (Table 1.) 

 

 

 

Table 1. Serum levels of tyrosine and glutamine in MRTK patients. 

 

Given the reduction of these two amino acids in serum of patients with MRTK, 

we tried to mimic in vitro the effect of glutamine and tyrosine deprivation. In 

addition, G-401 cells were also deprived of phenylalanine, the precursor of 

tyrosine, to enforce the effect of tyrosine deprivation. In addition, since β3-ARs 

could be one of the players involved in regulating the compensatory mechanism 

following nutrient deprivation, understanding the involvement of β3-ARs 

signaling pathways during amino acids withdrawal will help to identify potential 

metabolic-related predictive biomarkers and/or potential therapeutic targets that 

can be further exploited for treatment approaches. 
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4.2     Results 

 

4.2.1 Amino acid deprivation reduces cell survival and proliferation 

in G-401 cells. 

To investigate whether deprivation of glutamine and tyrosine/phenylalanine 

could lead to survival advantages in MRTK tumor cells, G-401 cells were 

exposed to limited conditions for 24h, 48h and 72h as described in Materials and 

Methods. Deprivation of tyrosine/phenylalanine, glutamine or both, reduced cell 

survival and proliferation, assessed by measuring the number of cells and flow 

cytometry analysis of Ki-67, a nuclear marker for proliferating cells, respectively, 

in all conditions compared to control. Interestingly, G-401 cells exposed to 

glutamine deprivation do not show a reduction in cell survival and proliferation 

with respect to the tyrosine/phenylalanine and/or glutamine counterpart (Figure 

19A, B).  

 

 

 
Figure 19. Tyrosine/phenylalanine and both tyrosine/phenylalanine and glutamine 
deprivation reduces cells survival and proliferation in G-401 cells. A, G-401 cells were 
subjected to tyrosine/phenylalanine (-Tyr/Phe), glutamine (-Gln) or both (-Tyr/Phe –Gln) 
deprivation for 24h, 48h and 72h and then the number of cells were count. B, flow cytometry 
analysis quantification of G-401 cells treated as in A and then stained with anti-Ki-67 
conjugated antibody. N=4. *p < 0.05, **p < 0.01, vs Ctrl. Data are presented as mean ± 
SEM. Two- way ANOVA and Dunnett corrected (A, B).   
 
 
 
 

A B 
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4.2.2 Amino acids deprivation induces glucose uptake in G-401 

cells. 

After the unexpected results obtained following glutamine deprivation, we 

investigated the mechanism underlying G-401 survival during the absence of 

this nutrient. Upregulation of the glucose importer GLUT1 and subsequently 

glucose uptake has been demonstrated in many types of cancer to prevent cell 

death cells caused by growth factors deprivation [465, 466]. Therefore, we 

hypothesized that GLUT1 might be regulated and responsible for the cell 

survival of G-401 cells exposed to limited conditions.  

 

 

 

Figure 20. Glutamine and/or tyrosine/phenylalanine deprivation induces GLUT1 
expression and glucose uptake in G-401 cells. A, G-401 cells were deprived of 

tyrosine/phenylalanine (-Tyr/Phe), glutamine (-Gln) or both (-Tyr/Phe –Gln) for 24h, 48h and 
72h and then subjected to qRT-PCR to evaluated GLUT1 expression. B and C, flow 
cytometry analysis quantification of G-401 cells exposed to nutrient deprivation as in A and 
then stained with anti-GLUT1-FITC conjugated antibody and 2-NBDG. D, G-401 cells were 
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treated as in A for 2 days and then subjected to 2-DG treatment for further 3 days. Data are 
presented as the ratio of cell survival inhibition measured compared to untreated cells. N=3 
(A), N=5 (B-D). *p < 0.05, **p < 0.01, ***p < 0.001 vs Ctrl. Data are presented as mean ± 
SEM. Two- way (A-C) and one-way (D) ANOVA and Dunnett corrected (A-D).   

 

 

qRT-PCR analysis showed that glutamine and both glutamine and 

tyrosine/phenylalanine deprivation for 48h and 72h induced an increase in 

GLUT1 expression compared to control (Figure 20A). This increased expression 

of GLUT1 was further confirmed by flow cytometry analysis in the same 

conditions (Figure 20B). Given the increase of the expression of this transporter, 

we next evaluated the uptake of glucose in G-401 cells exposed to limited amino 

acids. The increased GLUT1 expression was paralleled by a significant increase 

in glucose uptake in the same conditions (Figure 20C). Thus, the hypothesis 

was that the unchanged cell survival and proliferation during glutamine 

deprivation was related to GLUT1 expression and glucose uptake in G-401 cells 

as a compensatory mechanism implemented by cells to survive during this 

condition. However, the increase of GLUT1 expression and glucose uptake in G-

401 cells exposed to both amino acids deprivation, is not able to restore cell 

survival. Crucially, a single treatment with the metabolic poison 2-DG, which 

inhibits the glycolytic pathway, significantly impaired G-401 cells survival in 

absence of glutamine and both glutamine and tyrosine/phenylalanine (Figure 

20D) compared to control.  

 
 
 

4.2.3 Aerobic glycolysis is enhanced in G-401 cells following 
nutrient deprivation. 

 
Since the increase in GLUT1 and glucose uptake, the expression of the key 

molecular components of the glycolytic pathway was analyzed in G-401 cells 

exposed to limited conditions. After 3 days of glutamine and/or 

tyrosine/phenylalanine deprivation, G-401 cells showed higher protein 

expression level by Western Blot analysis of the glycolytic enzyme HK2 

compared to control and tyrosine/phenylalanine deprivation (Figure 21A). 
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Figure 21. G-401 cells display higher aerobic glycolytic activity during glutamine 
and/or tyrosine/phenylalanine deprivation. A, Western Blot and relative densitometric 
analysis showing expression of HK2 in G-401 exposed to 24h, 48h and 72h of 
tyrosine/phenylalanine (-Tyr/Phe), glutamine (-Gln) or both (-Tyr/Phe –Gln) deprivation. Total 
protein lysates were subjected to Western Blot analysis as indicated. B, G-401 cells were 
treated as in A and then subjected to lactate assay. C, G-401 cells were treated as in A and 
then subjected to ATP assay. N=3 (A, B), N=5 (C). *p < 0.05, **p < 0.01, vs Ctrl. Data are 
presented as mean ± SEM. Two-way ANOVA and Dunnett corrected (A-C).  
 

 

The increase in glycolysis-associated components was accompanied by 

reduced glucose respiration, assessed by extracellular lactate release in the 

same conditions (Figure 21B). This increased lactate production was paralleled 

by a significant increase in ATP production (Figure 21C). These data show that 

the enhanced glucose uptake in G-401 cells deprived of glutamine or both 

glutamine/phenylalanine have a glycolytic phenotype compared to control or to 

tyrosine/phenylalanine deprivation alone.  
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4.2.4 TCA cycle enzymes are upregulated in G-401 cells following 

amino acids withdrawal. 

Tyrosine/phenylalanine and glutamine can be metabolized to fumarate and α-

ketoglutarate, respectively, which can fuel the TCA cycle contributing to energy 

production and biosynthesis to support cell survival [467]. To investigate whether 

blocking the availability of these amino acids could impair the TCA cycle and 

mitochondrial function, we evaluated the production of fumarate and the activity 

of the enzymes of the TCA cycle. qRT-PCR analysis showed that glutamine 

deprivation induced a significant increase in HPD expression compared to 

control, tyrosine/phenylalanine and both tyrosine/phenylalanine and glutamine 

deprived G-401 cells in time dependent manner (Figure 22A). The increased 

expression of HPD during glutamine deprivation was paralleled to an increased 

fumarate production in the same conditions, whereas tyrosine/phenylalanine 

deprivation showed reduced production of this metabolite (Figure 22B), 

indicating that tyrosine/phenylalanine was an important source of fumarate in 

these conditions. Notably, although HPD expression appears to be lower after 

48h and 72h of tyrosine/phenylalanine and glutamine withdrawal compared to 

control, no difference in fumarate production was observed. Thus, the 

hypothesis was that enhanced fumarate production during the simultaneous 

deprivation of both amino acids in G-401 cells was due to alternative 

mechanisms to maintain an active TCA cycle during limited conditions. This was 

further supported by the observation that succinate dehydrogenase and 

fumarate hydratase activity, two TCA cycle enzymes, were significantly 

increased in this condition compared to control (Figure 22C, D). These data 

suggest that even in the absence of tyrosine/phenylalanine and glutamine, G-

401 cells might use other recycling pathways that provide intermediates that 

refilled the TCA cycle during limited conditions, including a small portion of 

glucose which was not metabolized by the glycolytic pathway. Indeed, no effect 

in G-401 cell survival (Figure 22E) and fumarate production (Figure 22F) was 

observed after treatment with NTBC, which inhibits HPD, in all conditions 

compared to control, confirming a compensatory mechanism in G-401 cells 

following tyrosine/phenylalanine and/or glutamine deprivation.  
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Figure 22. Succinate dehydrogenase and fumarate hydratase are upregulated during 
both long-term amino acid deprivation in G-401 cells lead to fumarate production. A, 

G-401 cells were deprived of tyrosine/phenylalanine (-Tyr/Phe), glutamine (-Gln) or both (-
Tyr/Phe -Gln) for 24h, 48h and 72h and then subjected to qRT-PCR to evaluated HPD 
expression. B, G-401 cells were treated as in A and then evaluated the fumarate production 
assessed by using the fumarate assay. C, succinate dehydrogenase activity of mitochondria 
extracted from G-401 cells treated as in A. D, fumarate hydratase activity of mitochondria 
extracted from G-401 cells treated as in A. E, G-401 cells were treated as in A for 2 days and 
then subjected to NTBC treatment for further 2 days. Data are presented as the ratio of cell 
survival inhibition measured compared to untreated cells. F, G-401 cells were treated as in A 
for 2 days and then subjected to NTBC treatment for further 2 days and fumarate assay. N=3 
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(A-D, F), N=4 (E). *p < 0.05, **p < 0.01, vs Ctrl. Data are presented as mean ± SEM. Two- 
way (A-D, F) and one-way (E) ANOVA and Dunnett corrected (A-F).   
 

 

4.2.5 β3-ARs blockade reverts the compensatory mechanism 

induced by nutrient deprivation.  

Since it is established that the β3-ARs could modulate the expression of the 

glucose importer GLUTs and glucose uptake in adipocytes and skeletal muscles 

[468, 469], we analyzed the expression of GLUT1 and glucose uptake in G-401 

cells following β3-ARs modulation. First, G-401 cells were exposed to 

tyrosine/phenylalanine and/or glutamine deprivation and then subjected to flow 

cytometry analysis. Deprivation of glutamine or both tyrosine/phenylalanine and 

glutamine increased β3-ARs expression already from 24h, with a maximum 

expression at 72h. Interestingly, also tyrosine/phenylalanine deprivation induced 

an increase of β3-ARs expression at 72h (Figure 23A), suggesting an activation 

of this receptor during stress conditions. Given the increased expression of β3-

ARs in G-401 cells, we evaluated the possible correlation between β3-ARs and 

GLUT1 expression. G-401 cells were subjected to tyrosine/phenylalanine, 

glutamine and both deprivations and then treated with SR59230A (1 μM). After 2 

days of treatment with the β3-AR antagonist, flow cytometry analysis showed a 

significantly reduced GLUT1 expression of G-401 cells compared to untreated 

during glutamine and both tyrosine/phenylalanine and glutamine deprivation 

(Figure 23B). This reduction in GLUT1 expression correlated whit a reduction of 

glucose uptake (Figure 23C) assessed by 2-NBDG staining and subsequent flow 

cytometry analysis in the same condition, indicating that β3-AR expression could 

modulates glucose metabolism in G-401 cells exposed to amino acid 

deprivation. Finally, we evaluated the effect of β3-ARs antagonism in G-401 cell 

survival during nutrient deprivation. The treatment with SR59230A showed a 

dose-dependent decrease in cell survival in response to the β3-AR antagonist 

during glutamine and both tyrosine/phenylalanine and glutamine deprivation 

(Figure 23D), suggesting that β3-ARs contributes to G-401cells adaptation and 

survival.  
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Figure 23. β3-ARs antagonism reduces glucose metabolism and survival in G-401 
cells. A, flow cytometry analysis quantification of G-401 cells exposed to 
tyrosine/phenylalanine (-Tyr/Phe) and/or glutamine (-Gln) deprivation for 24h, 48h and 72h 
and then stained with anti-β3-AR-PE conjugated antibody. B and C, flow cytometry analysis 
quantification of G-401 cells exposed to nutrient deprivation as in A for 2 days and treated 
with SR59230A (1 μM) for further 2 days, and then stained with anti-GLUT1-FITC conjugated 
antibody and 2-NBDG. D, G-401 cells were treated as in A and then subjected to SR59230A 
treatment for further 2 days. Data are presented as the ratio of cell survival inhibition 
measured compared to untreated cells. N=4 (A), N=3 (B-C), N=6 (D). *p < 0.05, **p < 0.01, 
***p < 0.001 vs Ctrl. Data are presented as mean ± SEM. Two-way ANOVA and Dunnett 
corrected (A, D) and Bonferroni (B-C) post hoc test.  

 

 

 
 

4.3     Conclusion  

β3-ARs expression is increased and plays a role in the regulation of MRTK cells 

during nutrient deprivation. The acquisition of a glycolytic phenotype via GLUT1 

upregulation and subsequent glucose uptake could be involved in MRTK 
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aggressiveness. Further investigations are necessary to understand the 

involvement of β3-ARs in compensatory metabolic mechanisms in order to 

identify both potential metabolic related-biomarkers and therapeutic targets in 

MRTK. 

 

4.4     Discussion 

Nutrient deprivation is an environmental stress factor that can influence the 

behavior of cancer cells. Increased demand and overutilization of amino acids 

by tumor tissue may account for the reduced concentration of serum amino 

acids [426, 470]. The kidneys are one of the predominant organs where 

glutamine catabolism takes place, with a higher expression of glutamine 

catabolic enzymes and transporter than other organs, which correlates with poor 

prognosis [471, 472]. Moreover, low levels of tyrosine and phenylalanine have 

been demonstrated in the serum of several types of cancer, including renal 

cancers [426, 473]. In addition, deregulation of phenylalanine and tyrosine 

metabolism has been implicated in several types of disease such as 

Huntington’s disease [474], tyrosinemia [475] and alkaptonuria [476]. Preliminary 

data that have been obtained in the last year of my PhD program suggest that 

β3-ARs signaling and modulation are also involved in the regulation of metabolic 

adaptation following nutrient deprivation in malignant rhabdoid tumor of the 

kidney. Based on the serum amino acids analysis carried out on patients with 

malignant rhabdoid tumor of the kidney, showing a reduction of these two 

aromatic amino acids levels, we have used G-401 cells to mimic in vitro the 

effect of serum amino acid deprivation. It has been reported, that cancers cells 

can undergo metabolic adaptation following nutrient deprivation to sustain 

growth and survival in many types of tumor [154, 477]. Metabolic adaptation is 

essential for the cancer cells to satisfy the different energetic requirements that 

support cancer cell from the initial proliferation, growth, survival and 

dissemination. First, we evaluated the impact of amino acid deprivation in G-401 

cells in terms of survival and proliferation. Notably, tyrosine/phenylalanine or 

both tyrosine/phenylalanine and glutamine deprivation reduced cells survival and 

proliferation, in contrast, to control and glutamine withdrawal. Glutamine 

metabolism is an alternative energy source for cancer cells and is thought to be 
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a central metabolic pathway cooperating with glycolysis by providing 

intermediates for amino acids [478, 479] and lipid synthesis necessary to sustain 

the higher proliferation rate [480]. Many cancer types are also dependent on 

tyrosine and phenylalanine. Indeed, restriction of these two aromatic amino 

acids affects mitochondrial function, leading to apoptosis and inhibition of 

invasion [422, 481]. To identify the metabolic pathways associated with amino 

acids deprivation, we analyzed the expression of key glycolytic components and 

performed metabolic assays in G-401 cells exposed to limited conditions. The 

results showed that glutamine and both glutamine and tyrosine/phenylalanine 

deprivation in G-401 cells have a glycolytic phenotype. Indeed, G-401 cells 

showed and increased HK2, GLUT1 expression associated with increased 

glucose uptake and lactate secretion, during glutamine and both 

tyrosine/phenylalanine deprivation. As expected, targeting glycolytic metabolism 

in these conditions affected cell survival. This suggests that the acquisition of a 

glycolytic phenotype correlates with aggressive clinical features of G-401 cells. 

Indeed, malignant rhabdoid tumor of the kidney has a poorer prognosis and it 

has been reported that this cancer types show a high FDG-PET signal (i.e. 

higher glucose uptake) [482]. Consequently, 2-DG used in combination with 

standard therapy may be of clinical benefit to the malignant rhabdoid tumor of 

the kidney. To assess whether amino acids deprivation could be responsible for 

the TCA cycle and mitochondrial impairment, we analyzed the expression of the 

enzyme involved in the fumarate production and performed enzyme activity 

assay in G-401 cells during tyrosine/phenylalanine and/or glutamine deprivation. 

Dysfunction of succinate dehydrogenase and fumarate hydratase has been 

demonstrated involved in several types of cancer [483], and mutation of FH has 

been described in the pathogenesis of various pediatric cancers [484]. 

Surprisingly, TCA cycle enzyme activity was increased in G-401 cells exposed to 

simultaneous amino acids deprivation for 48h and 72h. This suggests that this 

enzymatic activity was due to alternative mechanisms to maintain an active TCA 

cycle during limited conditions. Indeed, targeting tyrosine metabolism in G-401 

cells did not affect cell survival and fumarate production. A very recent study has 

shown a metabolic link between tyrosine and glutamine metabolism. In fact, 

deregulation of HPD expression increased the dependency and flux of glutamine 
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as a source of the TCA cycle in lung cancer. Therefore, combinational targeting 

could be exploited as a potentially promising anticancer therapy [425]. 

Next, we evaluated the molecular components that could be involved in the 

regulation of the compensatory metabolic mechanism that G-401 undergoes 

under nutrient deprivation. β3-ARs expression has been demonstrated involved 

in several types of cancer and the β3-ARs blockade has been previously 

described to reduce tumor growth and progression [103, 147]. To investigate the 

involvement of β3-ARs in G-401 cells, we analyzed the expression of this 

receptor during tyrosine/phenylalanine and/or glutamine deprivation. The results 

showed that nutrient deprivation induced β3-ARs expression in G-401 cells in a 

time dependent manner. Furthermore, it has been demonstrated that β3-ARs 

regulate the expression of GLUTs and increase the glucose uptake of 

adipocytes and skeletal muscles. As GLUT1 expression and glucose uptake 

were found to be upregulated in G-401 cells following amino acids deprivation, 

we hypothesized that β3-ARs could be responsible for the regulation of the 

altered metabolism observed in these cells. Notably, impairing β3-ARs signaling 

by treating G-401 with SR59230A, showed a reduction in GLUT1 expression 

and glucose uptake. Consequently, targeting β3-ARs with SR59230A impaired 

cell survival, indicating that β3-ARs targeting could have a potential therapeutic 

implication in G-401 cells during nutrient deprivation.  

 

Alterations in other metabolic-related genes are also frequent in malignant 

rhabdoid tumor of the kidney. Pyruvate dehydrogenase kinase (PDK) has been 

recognized as an oncogene for its role in carcinogenesis and it has been 

reported to be upregulated in several cancers [485]. Preliminary data of 

microarray analysis showed an increased expression of PDK, in particular the 

isoform 4, in G-401 cells following both tyrosine/phenylalanine and glutamine 

deprivation. Conversely, no changes in PDK-4 expression in G-401 cells limited 

for tyrosine/phenylalanine or glutamine compared to control. In addition, 

aquaporin 5 (AQP5), a transmembrane protein that has been demonstrated to 

be involved in cell migration and proliferation [486], showed the same 

expression pattern of PDK-4. In G-401 cells exposed to amino acid deprivation, 

these genes could be activated in stress nutrient conditions and could confer an 
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advantage in terms of a compensatory mechanism. Future aims of the current 

study are the identification of one or more molecular players involved in the 

described compensatory mechanism. On one hand, β3-ARs could be used as a 

potential biomarker, since there are still difficulties in understanding the 

molecular mechanism that underlies the malignant rhabdoid tumor of the kidney; 

on the other hand, an interesting area of research could be the investigation of 

potential targeting approaches of the pathways that are controlled by the 

deregulated β3-ARs to be used as monotherapies or in association with current 

therapy. Amino acid deprivation strategies show great promise in the treatment 

of cancer. However, before amino acid depletion could be applied more broadly 

in the clinic, the metabolic dependencies of malignant rhabdoid tumor of the 

kidney and metabolic reprogramming need to be investigated in detail. 

Therefore, future application of amino acid depletion therapies in combination 

with targeted agents might represent a possible strategy against malignant 

rhabdoid tumor of the kidney. 

 

 

 

 

 

 

 

A part of this study was published on Frontiers in Pharmacology: Bruno G, De 

Logu F, Souza Monteiro de Araujo D, Subbiani A, et al. β2-and β3-Adrenergic 

Receptors Contribute to Cancer-Evoked Pain in a Mouse Model of 
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