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1 ABSTRACT 

 

The tumor suppressor protein, Numb, safeguards against the emergence of cancer stem cells 

(CSCs) in the mammary gland by ensuring homeostasis of the stem cell (SC) compartment and 

proper progenitor maturation. Upon its downregulation, expansion of the mammary SC 

compartment accompanied by the acquisition of tumorigenic potential ensues, highlighting the 

potent tumor suppressor function of Numb in breast cancer. Indeed, Numb loss occurs in ~30% 

of human breast cancers and correlates with biological aggressiveness and poor prognosis. 

Notably, restoration of Numb expression curbs tumorigenic potential of Numb-deficient breast 

cancers through the selective targeting of CSCs. Thus, the development of therapeutic strategies 

capable of restoring Numb expression in breast cancer could present new treatment 

opportunities.  

A well-established mechanism responsible for Numb loss in BC is its excessive 

polyubiquitination and consequent proteasomal degradation. Thus, it has been proposed that 

deregulation of the ubiquitin-proteasome system (UPS) could underlie Numb loss. The 

identification of the UPS machinery responsible for Numb loss would not only provide clues as 

to the underlying lesions in Numb-deficient cancers, but could pave the way to the development 

of novel strategies to restore Numb expression. 

In our lab, through a siRNA-based high-throughput screening of the ubiquitination machinery, 

we previously identified the RING-type E3 ligase, RBX1, and the F-BOX protein, FBXW8, as 

determinants of Numb degradation. The involvement of these proteins was validated in 

established BC cell lines through high-resolution studies. Notably, RBX1 and FBXW8 are 

components of multiprotein E3-ligase complexes, Cullin RING Ligases (CRLs). Based on these 

observations, the founding hypothesis of this thesis is that deregulation of an RBX1-FBXW8 

CRL complex could be responsible for Numb loss in BC, and, thus, represent a potential target 

for therapeutic intervention in Numb-deficient tumors.   

Here, we initially generated Numb-deficient (MDA-MB-361) and -proficient (MDA-MB-231) 

cell lines stably expressing doxycycline-inducible shRNA against candidate Numb regulators. 
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This genetic tool enabled us to achieve the in vitro and in vivo conditional ablation of RBX1 or 

FBXW8, thus mimicking the administration of putative drugs inhibiting specifically CRL 

component activity. We exploited this tool to determine the impact of RBX1 and FBXW8 

silencing on the formation of outgrowths in in vitro 3D Matrigel organotypic culture: a widely 

used proxy of in vivo tumorigenesis. We demonstrated that the downmodulation of CRL 

components led to Numb restoration and impaired tumorigenic potential in vitro, selectively in 

Numb-deficient 3D outgrowths. We next used pre-clinical in vivo models based on orthotopic 

xenografts of Numb-deficient and -proficient cells to elucidate the therapeutic value of targeting 

the components of the UPS system. We showed that doxycycline-induced RBX1 and FBXW8 

ablation curbed tumor growth selectively in Numb-deficient models, recapitulating the effects 

achieved upon proteasome inhibition in vivo (e.g., with Bortezomib). To investigate whether this 

inhibition of in vivo tumor growth was strictly dependent on Numb protein restoration, Numb-

deficient cells expressing doxycycline-inducible shRNA against Numb were used as genetic tool 

to prevent Numb rescue upon proteasome inhibitor treatment. We showed that Numb conditional 

ablation induced resistance to Bortezomib treatment. We further demonstrated in vitro that the 

more specific Cullin ligase inhibitor, MLN4924, successfully recapitulated the effects of 

Bortezomib on Numb rescue in Numb-deficient model cells. 

Overall, the results of this thesis argue for the involvement of a CRL complex, composed of 

RBX1 and FBXW8, in the excessive ubiquitination of Numb in Numb-deficient breast cancers. 

Through pre-clinical in vivo models we have also provided proof-of-principle of the therapeutic 

value of targeting the UPS machinery directly involved in Numb hyperdegradation. In particular, 

we have identified two potential drugs, already in clinical use or under clinical development 

(Bortezomib and MLN4924, respectively), which could eventually be repositioned towards the 

treatment of Numb-deficient breast cancers. 
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2 INTRODUCTION 
 

This thesis will give insights into the molecular machinery responsible for Numb 

degradation in breast cancer, and also provide evidence that such mechanisms might be valid 

therapeutic targets for Numb-deficient breast cancers. In this Introduction section, I will 

discuss Numb ontology, starting with its classification and evolution, and ending with an 

outline of its function in physiological or pathological contexts. I will then deal with the 

description of Ubiquitin-Proteasome System (UPS), with a particular focus on the Cullin 

RING Ligase (CRL) family of E3 ubiquitin ligases, whose components were previously 

identified in the lab as candidate Numb regulators. Finally, in the last part of the Introduction, 

I will provide a brief overview of the array of available pharmacological interventions 

designed to modulate proteasome-dependent protein degradation, thus, setting the stage for 

considering a subset of CRL components as potential druggable targets in Numb-deficient 

breast cancers. 

 

2.1 Numb: origin, anatomy and molecular functions 
 
 
2.1.1 Numb identification, classification and structural insight 
 
 
Numb was originally identified in 1989 1 as a cell fate determinant in Drosophila 

melanogaster (d-Numb), in which loss-of-function mutants displayed profound alterations 

in both peripheral and central nervous system development (PNS and CNS, respectively), 

causing flies to become “numb” 1,2. It was soon demonstrated that the alteration in the mode 

of division of neuroblasts and sensory organ precursor (SOP) cells (symmetric vs. 

asymmetric) was the mechanism whereby nonfunctional Numb protein drives major neural 

differentiation and maturation defects 2–4.  

Although Numb has received a good deal of attention since its discovery in the Drosophila 

model system, it took almost a decade to provide clear-cut evidence of its presence in 
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vertebrates (i.e., in chicken 5 and in mice 6–9). In particular, in mammalian murine models, 

the existence of mouse Numb (m-Numb) and its less characterized paralogue, mouse Numb-

like (m-NumbL) (Figure 1), has been demonstrated. Aligning protein primary structures, 

Zhong et al. 8 pointed out the strong sequence similarity among N-terminal regions of m-

NumbL, m-Numb and d-Numb; whereas at the C-terminal portion, the homology is 

conserved only among mammalian proteins (Figure 1) 8. Besides their sequence similarity, 

vertebrate and invertebrate Numb also exert analogous functions in neurodevelopment. It 

has been reported that: i) the ectopic overexpression of m-Numb could rescue the phenotypes 

of d-Numb mutants in Drosophila 7,10; ii) m-Numb is expressed in mice neuronal precursor 

cells 6,8,9; iii) functionally impaired m-Numb induces major defects in mice CNS 

development 9,11–17. Unlike m-Numb, m-NumbL functions remain ill-defined. Although a 

partial functional redundancy with m-Numb has been described, it is likely that m-NumbL 

also has divergent roles 18,19. 

 

 

 

 
 

Figure 1. Schematic comparison of mouse Numb-like, Drosophila Numb and mouse Numb 

proteins.  

The percent identity between adjacent protein regions of mouse Numb-like and Drosophila Numb is 

shown. Percentages in parentheses indicate the identity between mouse Numb and Numb-like 

proteins. The phosphotyrosine binding (PTB) domain and the polyglutamine repeat (Q) are shown 

in boxes. The presumptive PTB boundaries are shown. Figure taken from Zhong et al.  8. 
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Structurally, the multiple protein binding domains and motifs that compose mammalian 

Numb support the concept that it could act as a scaffold or adaptor protein in multiple 

signaling pathways 7,20. In particular, Numb is composed of two main protein-protein 

interaction domains: an N-terminal phosphotyrosine-binding (PTB) domain and a C-

terminal proline-rich region (PRR) which, includes several putative Src homology 3 (SH3) 

domain-binding sites. Numb also contains two Aspartate-Proline-Phenylalanine (DPF) 

motifs and one Asparagine-Proline-Phenylalanine (NPF) motif (Figure 2). The peculiar 

presence of a flexible hydrophobic groove confers higher structural versatility to the Numb 

PTB domain, compared with other PTB domains, allowing the interaction with a larger array 

of peptides 21,22. 

Increasing the structural complexity of Numb, Verdi et al. identified from a human neuronal 

precursor NT2 cDNA library in 1999, different human Numb (h-Numb) isoforms that are 

generated upon alternative splicing events 7. Concurrently, similar isoforms were reported 

also for m-Numb 20. In detail, the four most widely expressed variants are coded by 

transcripts that differ in the retention or skipping of exon 3 (Ex 3, 33-nt) in the PTB domain-

encoding region, and exon 9 (Ex 9, 144-nt) in the PRR-encoding sequence. Accordingly, 

alternative splicing gives rise to: h-Numb 1 (p72) and h-Numb 2 (p66), containing the so-

called PTB-long (PTBL), and h-Numb 3 (p71) and h-Numb 4 (p65) whose shorter PTB 

(PTBS) lacks the 11 amino acids stretch encoded by Ex3. Instead, at C-terminal region, h-

Numb 1 and h-Numb 3 harbor the PRR long domain (PRRL), which differs from the PRR 

short domain (PRRS) present in h-Numb 2 and h-Numb 4 by the inclusion of the 48 amino 

acids insert coded by Ex 9 (Figure 2).  
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Figure 2. Schematic diagram of human Numb isoforms. 

In the upper part, the modular structure of the longest human Numb isoform: Numb 1. The 

phosphotyrosine-binding (PTB) and the proline-rich region (PRR) are indicated. Two DPF and one 

NPF motifs are showed in red. Arrowheads indicate the boundaries of protein stretches encoded by 

two alternatively spliced exons: exon 3 (orange) and exon 9 (dark green). In the lower part, schematic 

representation of Numb transcript variants (Numb 1-9) generated upon alternative splicing events. 

The retention or skipping of exon 3 and exon 9 (orange and dark green boxes, respectively) gives 

rise to the four most come Numb isoforms: Numb 1-4. Molecular weights are shown on the right. 

Adapted from Haider et al. 23. 

 

 
 
 

Besides the structural differences, Numb isoforms have distinct functions. In fact, the in vitro 

ectopic overexpression of PRRL (Numb 1/3) or PRRS (Numb 2/4) h-Numb variants in 

primary neural crest cells promote either proliferation or differentiation, respectively 7,10. 

Also, in in vivo murine models, a switch in PRRL vs. PRRS Numb isoform expression is 

required for a proper cortical neurogenesis 24, as well as for retinal 25 and pancreatic islet 

development 26. Mechanistically, the PRRL/PRRS switch impacts on Notch signaling, with 

only Ex 9-retaining isoforms (Numb 1 and 3) able to sustain Notch activation 7,27.  

Similarly, PTBL and PTBS seem to mediate different biological effects, acting as important 

determinants in Numb localization at the plasma membrane or in the cytosol, respectively 
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20. Interestingly, Colaluca et al. have provided convincing evidence of PTB-dependent 

Numb isoform-specific modulation of p53 activity 28. In fact, PTBL isoforms (Numb 1 and 

2) selectively prevent MDM2-mediated p53 degradation, ensuring physiological 

chemosensitivity to genotoxic agent (e.g. cisplatin) in MCF10A normal immortalized breast 

cancer cells. 

Beyond the physiological context, Numb alternative splicing has been found to be 

misregulated in several tumors (i.e. breast, colon, lung, pancreas, and bladder) 27,29–32, 

suggesting a possible role in oncogenesis. Indeed, human breast tumors expressing low 

levels of PTBL isoforms showed poor prognosis, which was mechanistically linked to 

reduced p53 activity and ensuing increased chemoresistance 28. 

Beside the aforementioned four common Numb variants, two papers also reported other five 

novel human Numb isoforms cloned by PCR from NT2/D1 neuronal precursor 33 and 

HTR8/SVneo extravillous trophoblast cells 23, although their specific functions remain 

elusive (Figure 2).  

Among them, Numb 5 and 6 have been described to act in Notch-independent fashion 33, 

and they have been recently shown to promote invasion in breast cancer established cell lines 

by activating epithelial-to-mesenchymal transition (EMT) program and cytoskeleton 

remodeling 34.  

Overall, the pleiotropic role of Numb could be partially ascribed to the differential 

expression of Numb isoforms and, hence, to the resulting heterogeneity of interacting 

proteins.  
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2.1.2 Multifaceted role of Numb: a pleiotropic pathway regulator 
 
 
2.1.2.1 Numb as a cell fate determinant 
 
 
Numb debuted as the first intrinsic cell fate determinant identified in Drosophila. Uemura et 

al. reported “numbness” in flies bearing non-functional Numb mutants, due to severe 

alterations during sensory organ formation 1. Numb identification marked a critical step 

forward in our understanding that “functional” asymmetry recapitulates the “physical” 

asymmetry of cellular components. In fact, in Drosophila SOP cells, Numb is homogenously 

distributed around plasma membrane in interphase, but during cytokinesis it becomes 

localized at one of the two spindle poles 2. This unequal distribution of Numb, results in 

asymmetric cell division (ACD), giving rise to two daughter cells committed to different 

developmental fates: i) the pIIb cell, which retains Numb and which generates sheath and 

neuronal cells; ii) the pIIa cell, which loses Numb and which produces hair and socket cells 

(Figure 3) 2. The antagonism of the transmembrane receptor Notch by Numb (or lack of in 

pIIa cells) has been shown to central to this function of Numb as a cell fate determinant, as 

will be discussed in Paragraph 2.1.2.3.a.   

In Drosophila, much effort has been placed on unravelling the molecular mechanisms 

underlying Numb asymmetric partitioning. These efforts resulted in the identification of the 

evolutionary conserved polarity complex (PAR), composed by Bazooka (Par3 in mammals)-

Par6-aPKC (atypical Phosphokinase C), as a major author of Numb selective segregation. In 

brief, at the onset of mitosis, PAR complex localizes asymmetrically at one of spindle poles, 

where the kinase Aurora A activates it, thereby enabling aPKC to promote Numb 

phosphorylation and subsequent release from plasma membrane. This event, assisted by 

other cell fate determinants and adaptors (such as, Pon, Mira, and Prospero), yields to Numb 

accumulation to the opposite pole which not express aPKC (Figure 4) 35–40.  
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Figure 3. Numb and asymmetric cell division in the Drosophila sensory organ precursor (SOP) 

system. 

The figure shows asymmetric cell division (ACD) during SOP development. Dashed line depicts the 

plane of division. Numb is depicted in green, as a crescent in SOP cell and as dots in the pIIb cell. 

For simplicity, only the first round of ACD is depicted in detail. However, pIIa and pIIb cells also 

undergo ACD, involving Numb asymmetric partitioning. The red bar represents a glial cell that 

undergoes apoptosis. Figure adapted from Pece et al. 41.  
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Figure 4. Molecular mechanism of asymmetric Numb partitioning in Drosofila neuroblasts. 

The figure represents the molecular machinery responsible for Numb localization during neuroblast 

asymmetric cell division (ACD). In interphase, Numb (in cyan) is homogeneously distributed around 

plasma membrane (left). During the mitosis, Aurora A kinase activates the PAR polarity complex 

(Par6-Bazooka-aPKC) which is localized to the apical neuroblast pole, leading to Numb 

phosphorylation and to its removal from plasma membrane (showed as red line). At basal site, Polo 

kinase enables Pon to recruit Numb (cyan crescent), in a process assisted also by other adaptors (i.e. 

Miranda, Prospero; not shown). Ganglion mother cell (GMC) originates from the daughter cell which 

inherits Numb, whereas the other cell maintains SC properties. aPKC, atypical PKC; Baz, Bazooka; 

Pon, Partner of Numb.  
 

 

 

Similarly to the Drosophila model system, Numb is involved in neurogenesis also in 

mammals 7,20, where it ensures a correct embryonic corticogenesis by its asymmetric 

inheritance upon progenitor ACD mitosis, and consequently commitment of daughter cells 

to distinct fates. In radial glia (RG) cells mitosis, the unequal distribution of Par3, a known 

component of polarity complex, may contribute to Numb asymmetric partitioning and to 

ensuing differential Notch signaling. In fact, Par-3 counteracts the antagonizing effect of 

Numb over Notch by sequestrating Numb at the level of plasma membrane, resulting in 

higher Notch activity and in the maintenance of self-renewing properties 42–46.  

Although it is clear that Numb localization plays a key role in ensuring a proper cell fate, 

there are indications it might not be sufficient. In fact, an additional superimposed level of 
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“functional” asymmetry, defined by a network of signaling pathways regulated in a context-

dependent manner, should be also considered. It is the case of ACBD3 Golgi associated 

protein, a Numb interactor whose distribution change during the cell cycle phases. It has 

been postulated that Golgi fragmentation which occurs in mitosis relocalizes ACBD3 to 

cytosol, where it cooperates with Numb to specify SC fate during mammalian neuroblast 

division. In contrast, in interphase, Numb-ACBD3 interaction is prevented by the re-

association of this latter to Golgi apparatus, thereby sustaining neural differentiation 17. 

However, despite the extensive investigation of these processes, an exhaustive overall 

understanding of how Numb controls cell fate choices has not been achieved as yet.  

 

2.1.2.2 Numb as an endocytic protein 
 
 
For years, the molecular mechanisms through which Numb mediates its cell determinant 

functions are mediated remained obscure. Despite the efforts dedicated to the study of the 

Numb-Notch liaison, Notch downstream signaling dominated the stage. Then, accumulated 

clues indicated that Numb was more than a simple bystander: its almost ubiquitous 

expression in tissues, the evidence of its predominant equal distribution in the two daughter 

cells at differentiated cell mitosis, and the tight cross-talk with other signaling pathways 

(Section 2.1.2.3), finally led to the hypothesis that is involved in the regulation of many basic 

cellular processes. 

Unexpected results from studies of the endocytic network provided the first indication of the 

mechanism of action of Numb, placing the protein among the endocytic players 41,47. In fact, 

the Numb modular domain structure (Figure 2) allows its interaction with the major clathrin 

adaptor protein, AP2 (a-adaptin subunit), and the EH domain-containing endocytic adaptor 

proteins (Eps15, Eps15R, EHD1 and EHD4) via DPF and NPF motifs, respectively 47–49. 

Also the Numb PTB domain, as well as containing SH3-binding motifs, contributes to its 

localization at specific sites of cellular membranes, where it could promote receptor 
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recruitment 22,50,51. Moreover, Numb localization in endocytic organelles and its co-

trafficking with internalized receptors, further corroborate its function as a proper endocytic 

protein. 

Over the years, despite some discrepancies, several studies have strengthened the concept of 

the participation of Numb in cellular logistics by shedding light on its control of receptor 

internalization/recycling 52–55 and membrane trafficking 48,56. In Drosophila, mutation of a-

adaptin phenocopies loss of functional Numb in SOP development 57. Berdnik and Cotton 

57,58 in their studies, even suggested that the Numb:a-adaptin axis could generate functional 

asymmetry through the unequal endocytosis of Notch and Sanpodo in the two daughter cells 

(pIIa and pIIb). In mammals, Numb has been found to regulate the internalization of 

integrins (a1, a5 and b1), cadherins, L1 adhesion molecule, EGFR (epithelial growth factor 

receptor), transferrin receptors, low-density lipoprotein (LDL) receptor, and RAC1 motility 

protein (Figure 5) 54,59–62. 

In conclusion, although some progress has been made in gaining insight into Numb action 

in the endocytic machinery, it is clear that the precise molecular mechanisms underlying its 

endocytic functions are only now starting to be addressed. 
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Figure 5. Numb role in cellular trafficking and sorting. 

The figure shows Numb involvement in the endocytosis and trafficking of several molecules, 

including Notch, Sanpodo, low-density lipoprotein receptor (LDLR), integrins, and cadherins. In red 

are shown the cellular processes controlled by Numb. Violet, red and green arrows represent 

internalization, degradative and recycling routes, respectively. AJ, adherent junction; ECM, 

extracellular matrix; FA, focal adhesion. Figure taken from Pece et al. 41.  

 
 

2.1.2.3 Numb acts at the biochemical level: Numb-controlled cellular pathways  

 
 
2.1.2.3.a The NOTCH pathway 

The Numb story has been intertwined with Notch signaling from the start. Notch is a 

transmembrane receptor highly conserved throughout evolution, involved in the 

physiological control of delicate developmental processes and in safeguarding the proper 

tissue homeostasis 63. Hence, it is not surprising that Notch pathway dysfunction could 

underlie the pathogenesis of several diseases, including cancer 64. 

Mechanistically, Notch is a juxtacrine signaling pathway in which the information is 

polarized from a signal-sending to a signal-receiving cell. By definition, the relative amount 

of Notch ligands and receptors expressed on plasma membrane determine the cell identity 
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as either sender or recipient; since the interaction between ligands and receptors expressed 

on the same cell are inhibitory 65.  

In mammals, upon DSL-family (Delta, Serrate, Lag-2) canonical Notch ligand [Jag1 and 

Jag2; Delta-like 1 (DLL1), DLL3 and DLL4] binding to cognate receptors (Notch1-4) 66, a 

cascade of proteolytic events lead to the cleavage of the intracellular C-terminal portion of 

the Notch receptor (Notch intracellular domain, NICD). NICD then translocates to the 

nucleus, where it enters a transcriptional complex with the CSL [acronym derived from 

mammalian CBF1, Drosophila Su(H), and Caenorabditis Lag-1] transcription factor, 

Mastermind (MAML 1-3, in human), and other co-activators to promote Notch target genes 

expression (Figure 6)  63,67–69.  

Notch signaling can be also initiated by non-canonical ligands (lacking the DSL domain) or 

in a ligand-independent manner 70,71, or can promote transcription in CSL-independent 

manner. In-depth descriptions of non-canonical Notch activation are provided in the reviews 

by D’Souza et al. 66 and Heitzler et al. 72. 

Notch signaling benefits from multiple tiers of regulation, from receptor/ligand expression 

and maturation to their internalization or degradation, resulting in a fine-tuning of the 

pathway activity (Figure 6) 67. In this context, endosomal processing and trafficking emerges 

to have a key role in Notch signaling modulation. Multiple lines of evidence mechanistically 

imply Numb as inhibitor of Notch; as witnessed by genetic (i.e., epistatic analysis) and 

biochemical interactions, as well as by functional studies, where loss of functional Numb 

phenocopies gain-of-function Notch mutants 73. The first elucidation of the mechanism by 

which Numb counteracts Notch activity comes from Drosophila. In the SOP system, the 

membrane-tethered protein Sanpodo, whose expression is temporally restricted to ACD, is 

required for Notch activation. Numb, which is retained in the pIIb cell during mitosis, drives 

the selective removal of Sanpodo from the plasma membrane by stimulating its 

internalization. This event generates a Notch-attenuated context in the pIIb cell, which 

influences cell fate determination (Figure 3) 53,74. 
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Figure 6. Schematic representation of the Notch signaling pathway. 

Notch receptor is synthesized in the endoplasmic reticulum, matures in Golgi complex and is 

eventually exposed on the plasma membrane. Upon binding of Delta Serrate-like ligand (DSL) 

expressed on the surface of the signal-sending cell, the Notch receptor undergoes cleavage events, 

which culminate in the release of the Notch intracellular domain (NICD) into the cytoplasm of the 

signal-receiving cell. NICD translocates to the nucleus where it associates with the transcription 

factor CBF-1/Su(H)/Lag-1 (CSL), and the co-activators, Mastermind (Mam) and Co-activator, to 

modulate target genes. Notch receptor can also be cleaved at the level of endosomes, leading to non-

canonical pathway activation. The magnitude and duration of the signal are modulated by trafficking 

of the Notch receptor and ligands, as well as by proteasome-dependent NICD degradation 75. Numb 

sites of action are shown. S1, S2, and S3 are the cleavage sites in the Notch receptor; MVB, 

multivesicular body. Figure adapted from Hori et al. 67. 

 

 

In mammals, even in the absence of a Sanpodo equivalent, the general framework of 

endocytic control of Numb over Notch signaling is maintained, suggesting partial 

conservation of molecular mechanism throughout evolution. McGill et al. 56 demonstrated 

that Numb overexpression could promote Notch1 intracellular trafficking in the signal-
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receiving cells towards late endosome/lysosomal degradation, thereby negatively regulating 

its function. In contrast, Numb downregulation led to Notch1 recycling to the plasma 

membrane, thereby enhancing its activity. Moreover, Numb could dampen Notch activation 

by acting at the level of signal-sending cell, where it inhibits the post-endocytic recycling of 

DLL ligand (i.e. DLL4), with the co-operation of AP-1 adaptor protein 76 (Figure 5). 

Together, these data indicate that Numb is more than a rheostat that controls cell 

responsiveness to Notch signaling, but it could also generate physical and functional 

asymmetry by controlling endocytic routes and trafficking. 

Another theory looks at the involvement of E3-ligases in Notch pathway regulation. Indeed, 

it has been widely demonstrated that E3-ligases are integral in endocytic network control 

(See paragraph 2.2.1). Although, these mechanisms are already present in invertebrates, they 

reach their highest level of versatility in mammals 67,70,75. Among the various E3-ligases, the 

HECT-type E3-ligase, Itch, has been documented to drive Notch signaling downmodulation 

through a two-fold Numb-dependent mechanism: on one hand, Numb recruits Itch to 

membrane-bound Notch receptor mediating its polyubiquitination and ensuing trafficking 

towards lysosomes; on the other, Numb acts as an adapter between Itch and cytoplasmic 

NICD, which is afterwards targeted to proteasomal degradation 56,77,78 (Figure 6).  

 

2.1.2.3.b The p53 pathway 

p53 was originally identified in 1979 as a binding partner of the large T-antigen, a SV40 

viral oncoprotein 79,80. Soon after, it was dubbed “the guardian of the genome”, due to its 

function in maintaining genome stability 81,82. However, over the years it became evident 

that p53 stands at the center of an highly-integrated signal network. Indeed, a plethora of 

stress signals, ranging from DNA damage to metabolic insults, have been found to initiate 

p53 activation, which culminates with its phosphorylation 83 and ensuing tetramerization 

(Figure 7) 84. This homo-oligomeric form of p53 enters the nucleus, where it acts as a 

transcription factor inducing the expression of target genes and, consequently, promoting 
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different downstream effects, such as apoptosis 85, cell senescence 86, DNA repair 87 and cell 

cycle arrest 88 (Figure 7).  

The hetero-dimeric RING-type E3-ligase MDM2 (Mouse double minute 2, also called 

HDM2 in human) is the major regulator of p53 89,90. Indeed, the well-characterized feedback 

loop engaged by these two players ensures physiological low levels of p53: increased levels 

of MDM2, a transcriptional target of p53, enhance polyubiquitination and proteasome-

dependent degradation of p53 itself 91 (Figure 7). Aside from the aforementioned 

transcriptional control, p53 also modulates several pathways through non-transcriptional 

mechanisms 92,93.  

In this scenario, p53 exerts a tumor suppressor function, by acting in several cancer-related 

processes both as a “gatekeeper” (it prevents cells from undergoing aberrant proliferation) 

and a “caretaker” (it prevents propagation of genome instability). Not surprisingly, almost 

50% of human tumors bear p53 inactivating mutations, which include: p53 biallelic loss, 

expression of dominant negative versions of protein (e.g., the mutation at tetramerization 

domain prevents the formation of the functional oligomeric state), and expression of 

transcriptionally inactive mutants. Interestingly, the latter accounts for more than 80% of 

p53 mutations 81,94. 

Recently, Numb has been shown to prevent p53 degradation through a mechanism 

remarkably reminiscent of that used by the well known p53 regulator Arf, which binds 

MDM2 antagonizing its activity 95. In fact, in breast cancer cells, Numb enters into a 

Numb/p53/MDM2 tri-complex, resulting in inactivation of MDM2, thereby protecting p53 

from proteasomal-dependent degradation 96. As expected, Numb ablation reduces p53-

mediated responses in these cells, including response to chemotherapy drugs (i.e cell cycle 

arrest and increased apoptosis) 96 and maintenance of homeostasis in the stem cell (SC) 

compartment (see Paragraph 2.1.3.2) 97. Of note, Colaluca et al. recently provided evidence 

of Numb isoform-specific function over p53 stabilization 28. Reduced levels of Numb 

isoforms 1 and 2, characterized by the retention of an 11 amino acid stretch encoded by exon 
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3 in the PTB domain (Figure 2), negatively affects p53 stability, causing increased 

chemoresistance and worse prognosis in breast cancer patients harboring wild-type p53 28. 

In contrast, the levels of Numb isoforms 3 and 4 have no effect on p53 stability and function, 

since the lack of PTB insert prevents Numb binding to MDM2, which therefore loses its 

counteraction activity over p53 ubiquitination.  

 

 

 

 
 

Figure 7. The p53 pathway. 

The figure shows transcriptional and non-transcriptional effects (green boxes) of p53 activation 

induced following several cellular stresses (beige boxes). Phosphorylation and other post-

translational modifications required for p53 function are depicted as a yellow circle and green 

hexagon, respectively. Upon activation p53 forms tetramers that translocate into the nucleus, where 

they activate transcription of target genes. p53, in liaison with its target gene, the E3-ligase MDM2, 

engages the autoregulatory feed-back loop, where p53 activation leads to MDM2 transcription, 

which in turn stimulates degradation of p53, as depicted in the figure. MDM2 also promotes nuclear 

export of p53 and blocks its transactivation activity. Non-transcriptional activities of p53 can also 

occur as indicated. Dashed double arrow represents the shuttling of p53 between cytoplasm and 

nucleus. ARF, p14ARF tumor suppressor protein that inhibits MDM2. DDR, DNA damage response.  
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2.1.2.3.c The Hedgehog pathway 

The Hedgehog (Hh) signaling pathway is one of the best characterized morphogenic 

pathways, found in most Eumetazoan and functionally conserved throughout evolution 98–

100. Originally discovered in Drosophila as a “segment polarity” determinant, it owes its 

name to the appearance of fly larvae lacking the Hh gene, which resemble the homonymous 

animal 101. The Hh pathway is a master regulator of tissue development and differentiation, 

although recent studies point to its role in numerous additional physiological processes, such 

as, tissue regeneration, stem cell homeostasis, and cell migration 102,103. In particular, Hh 

plays a relevant role in sustaining proper maturation of CNS, lungs, limb, hair-follicle, gut 

and teeth 100,104–106. Not surprisingly, the spatio-temporal subversion of this tightly regulated 

signaling pathway has been implicated in developmental defects and cancer 103,106–109. 

Molecularly, Hh protein is the ligand which triggers downstream signaling events. Unlike 

invertebrates, where only one Hh gene is expressed, in vertebrates three paralogue genes 

exists: Indian hedgehog (Ihh), Desert hedgehog (Dhh), and the most widely studied Sonic 

hedgehog (Shh) 110–112. Although these ligands could drive little functional divergencies, the 

main signaling framework is conserved 106. Hh protein biogenesis is quite peculiar: the 

molecules are exposed on the plasma membrane upon autocatalytic cleavage at the C-

terminus (Hog domain), and covalent addition of cholesterol and palmitate moieties, at the 

C- and N-terminus (Hedge domain), respectively. Active forms of Hh ligands are released 

as monomers, with the cooperative action of the transmembrane protein Dispatched (DISP), 

or as multimers, lipoprotein particles, or exovesicles 107. Once Hh protein interacts directly 

with its cognate receptor Patched (Ptch1 and 2), it relieves the inhibition that Patched exerts 

on Smoothened (Smo) 111–113. Smo is then recycled to the plasma membrane where it triggers 

a cascade of events that converge on the activation, and consequent translocation to the 

nucleus, of Gli-family transcription factors (in vertebrates, Gli1 and Gli2 act as activators, 

whereas Gli3 functions as a repressor) 114,115 (Figure 8). Among the several target genes (e.g., 

Cyclin D2, IGF-2, Bmi-1, Jag1, Bcl-2), Gli1 engages a feed-forward loop enhancing its own 
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expression which results in signal strengthening 103. The proteosomal degradation of Gli 

factors controls the magnitude and duration of Hh signaling. In addition, Hh pathway is 

tightly intertwined with other cellular pathways, such as Wnt/b-Catenin, TGF-b, and 

receptor tyrosine kinase (RTK) pathways, thereby generating a complex signaling network. 

Further details on the non-canonical or ligand-independent activation of the Hh pathway can 

be found in several reviews 103,107,116,117. 

Relevant to this thesis, Di Marcotullio et al. have identified Numb as a regulator of Hh 

signaling during cerebellar neurogenesis in mouse 118. Indeed, Numb association with the 

Gli1 transcriptional activator, recruits the E3-ligase, Itch, thereby stimulating Gli1 

polyubiquitination and, consequently, its proteasomal degradation. Moreover, Numb-

mediated abrogation of Hh signaling in granule cell progenitors (GCPs) leads to growth 

arrest and differentiation. Thus, based on these observations, it is reasonable to postulate a 

role of Numb loss-of-function in brain tumorigenesis 119–121. 
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Figure 8. The canonical Hedgehog pathway in vertebrate cells. 

Left, the absence of Hedgehog (Hh) ligand leads to smoothened (SMO) inhibition and ensuing Gli 

factor phosphorylation. This induces the degradation of Gli1 as well as the proteolytic cleavage of 

Gli2 and Gli3 to produce their repressor forms (Gli2R and Gli3R, respectively). Right, the presence 

of Hh ligand (SHH) induces Patched (PTC) and GPR161 displacement from primary cilium (PC); 

and so SMO is recruited to PC, together with EVC and EVC2, to transduce Hh signaling response. 

Active SMO relieves SUFU-dependent suppression of Gli proteins within PC, which eventually 

translocate to the nucleus where they promote target gene transcription. KIF7 is a motor protein 

partially involved in Gli protein transport within PC. CAM-related/downregulated by oncogene 

(CDO), brother of CDO (BOC), growth-arrest specific 1 (GAS1) and low-density lipoprotein 

receptor-related protein 2 (LRP2) assist and foster Hh-PTC binding. Although the canonical pathway 

requires PC 103, SMO is also involved in Gli-independent signaling outside PC, where it acts as a G-

protein coupled receptor (GPCR). Figure adapted from Briscoe and Théronde 107. 

 

 

2.1.2.3.d The TCTP pathway 

TCTP [alias fortilin, histamine-releasing factor (HRF), Q23, and p23], the acronym for 

translationally-controlled tumor protein, is an highly conserved and widely expressed 

protein, from yeasts to metazoan 122–126, originally identified in 1989 in mice tumor 127. The 

protein owes its name to the fact that its expression is controlled at the translational level 

128,129. TCTP is almost ubiquitously present in tissues, suggesting a relevant role in normal 

and physiological “house-keeping” processes. Indeed, embryonal ablation in mice leads to 

early stage lethality (i.e., E9.5-E10.5) 130. Moreover, TCTP has been reported to modulate 
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multiple cellular homeostatic processes such as: cell proliferation/growth, gene regulation, 

heat-shock response, stress response, apoptosis, cell cycle and cell migration 131–134. Thus, it 

is not surprising that the TCTP pathway is dysregulated in cancer, as well as in other non-

cancerous diseases 135. 

TCTP is usually regulated at transcriptional level, albeit it withstands an additional 

translational control in cell stress conditions (e.g. starvation and calcium stress). In facts, the 

accumulation of the highly structured TCP1/TCTP mRNA transcript binds and activates 

interferon-inducible Protein-Kinase R (PKR), thereby halting the protein translation 

machinery 136,137. Additionally, at the protein level, TCTP triggers different phenotypes, by 

interacting with different downstream effectors (Figure 9) 138. In cancer, TCTP is postulated 

to act as an oncogene, based on the evidence that: i) TCTP protein is frequently 

overexpressed in many types of tumors; ii) its overexpression – at least in breast cancer – 

negatively affect prognosis 139; and iii) its silencing enhances apoptotic death 140. 

Additionally, Tuynder et al. developed a system to unravel genes responsible for the 

reversion of tumor phenotypes, exploiting the ability of Parvovirus H-1 to kill preferentially 

transformed cells 141,142. These studies revealed that cancer phenotypes could be reverted 

upon TCTP downregulation, suggesting also its putative direct role in malignant 

transformation. 

Regarding the mechanism of TCTP-dependent transformation, one of the most validated 

hypotheses involves the abrogation of Numb’s stabilizing action on p53 through a TCTP-

Numb-p53 negative loop (Figure 9). Indeed, TCTP attenuates p53 activity by a two-tier 

action: it fosters MDM2-mediated ubiquitination, and consequent degradation of p53; it also 

competes with Numb for binding to MDM2-p53, thereby preventing p53 stabilization. Thus, 

TCTP overexpression structurally and functionally disrupts the already described Numb-

MDM2-p53 tricomplex, recapitulating the negative effect of Numb loss on p53 function. 

Furthermore, p53 downregulation closes the loop, by mediating increased transcription of 

TCTP and repression of the tumor-suppressor, TSAP6 139,143.  
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Figure 9. The TCTP pathway. 

The figure shows the schematic representation of TCTP regulatory loops (on the left) and its 

involvement in different reprogramming networks (in the box). Loop 1, TCTP enhance MDM2 

ubiquitination activity over p53, promoting its degradation. Loop 2 is the transcriptional inhibition 

of TCTP transcript by p53. Loop 3, p53 transcriptionally promotes TSAP6 protein, which in turn 

inhibits the secretion of TCTP. Loop 4, TCTP compete with Numb to the binding to MDM2-p53 

complex, thereby preventing p53 stabilization. Increment of p53 mediates Numb degradation via the 

E3-ligase SIAH. Tumorigenic phenotypes induced from TCTP overexpression are shown in the box, 

and their molecular effectors are in brackets. Figure adapted from Amson et al. 139. 

 

 

2.1.3 Numb regulates several physiological processes: Numb-controlled 

phenotypes 
 
 
2.1.3.1 Numb involvement in cellular adhesion, migration and EMT 
 

The endocytic machinery is a very efficient intracellular communication infrastructure that 

governs, in space and time, the transit of cellular components, playing a role of master 

regulator in signaling and polarity functions 41. The involvement of the endocytic protein 

Numb, as an adaptor module, in the trafficking and recycling of adhesion molecules, 

suggests the participation of Numb in the regulation of cell-to-cell contacts and cell 

migration 43,62,144. Indeed, Numb has been reported to bind directly E-cadherin at the level 
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of adherens junctions (AJs). AJs are membrane specializations that mediate intercellular 

connections, composed of E-Cadherin transmembrane proteins and cytoplasmic a- and b-

catenin connected to the actin cytoskeleton. Due to the nature of these components, AJs are 

also implicated in mechano-transduction processes, gaining relevance as hot-spots of 

signaling networks 145–147. In the epithelial context, Numb sustains the continuous 

internalization of cadherins and their recycling to the cell surface via Rab11-endosomes, an 

essential process for functional AJ maintenance 43. However, although AJs often interplay 

with another junctional complex, the tight junctions (TJs) 148–151, there are few controversial 

indications of an involvement of Numb in TJ dynamic modulation 46,152.  

Numb also cooperates with the PAR complex to couple cell-matrix adhesion with cell 

polarity and cell migration, by controlling directional trafficking of integrins 59,153. 

Nishimura et al. 59, provided evidence that Numb inactivation results in reduced integrin 

internalization at the leading edge of the cell and at focal adhesions, thereby impairing 

integrin-based motility. 

Together, these data suggest a putative role of Numb in EMT, a physiological process 

exploited by cancer cells to acquire metastatic and “stemness” traits 154–159. Indeed, EMT is 

a multistep process characterized by destabilization of cell-to-cell contact sites, loss of cell 

polarity, modulation of cell-to-matrix adhesions, and enhanced cell motility; all events for 

which an involvement of Numb protein has been reported. 

 

2.1.3.2 Numb and the stem cell compartment  
 
 
By definition, SCs display the abilities of self-renewal (cells go through multiple rounds of 

division without differentiating and retaining SC identity) and potency (the progressive 

gaining of specialized function). The homeostasis of SC compartment, a cornerstone for 

morphogenesis and tissue repair, is ensured by tightly controlled, hierarchically arranged, 

multiple rounds of asymmetric and symmetric cell division. During ACD, one daughter cell 
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retains SC identity (and generally become quiescent), whereas the second daughter cell 

divides, expands – in what is known as the transit-amplifying (TA) compartment - and 

eventually generates differentiated cell populations 160.  

The prerequisite for asymmetry is the existence of either physical or functional polarization; 

hence, the unequal segregation of fate molecules or spatially confined signals from the 

“niche” microenvironment are phenomena that could drive distinct modes of division, 

thereby, committing the cell to different fates. In the mammalian CNS, Numb ensures a 

correct cortical neurogenesis and it seems to partition asymmetrically during the mitosis of 

neuroblast, although, the actual localization of Numb in the mother and daughter cells is still 

disputed 43,161,162. Controversies over Numb localization have also been raised in the context 

of muscle, where endogenous Numb counteracts, at multiple levels, Notch activity by 

localizing selectively in precursor-committed cells during myogenesis 163,164. In contrast, 

overexpressed protein is likely to segregate in what appears to be cells with SC-traits and 

drives the “stemness” phenotype in Notch-independent manner 165,166. Moreover, La Roux 

et al. demonstrated that Numb participation in muscle regeneration is p53-dependent 167. 

Recent evidence has implicated Numb also in myocardial development, identifying its role 

in the prevention of aberrant proliferation of cardiomyocyte 168,169.  

Finally, Numb, in liaison with p53, has been elucidated to have a dual physiological role in 

mammary gland homeostasis. At the level of the normal SC compartment, the Numb-p53 

axis favors an asymmetric mode of division. Instead, at the level of progenitors, Numb 

ensures proper lineage maturation into terminally differentiated cells 97. Indeed, ablation of 

Numb in the mouse mammary gland results in morphological abnormalities and the 

appearance of pre-neoplastic lesions. These alterations are associated with the expansion of 

the SC compartment, accompanied by the emergence of cells with cancer stem cell (CSC) 

traits (i.e., unlimited self-renewal, aberrant proliferation and tumorigenic potential upon 

orthotopic transplantation) from progenitors that have undergone EMT 97. Notably, re-
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expression of Numb or restoration of p53 using the MDM2 inhibitor Nutlin-3a reversed these 

effects in the mouse mammary gland 97. 

Overall, these data strongly suggest that the role of Numb as cell fate determinant is context-

dependent.  

 

 

2.1.4 Aberrant Numb function: role in disease 
 
 
Since Numb stands at the crossroads of critical signaling pathways, it is not surprising that 

Numb dysfunction is linked to human pathogenesis, including Alzheimer’s disease 170–173 

and cancer.  

 
 
2.1.4.1 Numb acts as a tumor suppressor  
 
 
Early clues of the role of Numb in cancer came from studies in Drosophila, in which loss-

of-function Numb mutants led to Notch-dependent uncontrolled neuroblast proliferation 

and, eventually, to tumor formation 174. Interestingly, these tumors could undergo serial 

propagation in the abdomen of disease-free adult animals, thus, demonstrating CSC-like 

behavior 174. Following these observations additional evidence has accumulated arguing that 

Numb is a bona fide tumor suppressor in human cancers. Indeed, Numb downregulation has 

been observed in several different cancer types, including breast, lung, pancreas, esophagus, 

liver, prostate sand salivary gland 175–184. In breast cancer, Numb loss occurs in ~30% of 

tumors and correlates with worse clinicopathological parameters (i.e., grade and 

proliferation index), higher CSC content and, ultimately, poor prognosis 175,185,186. In non-

small cell lung carcinomas (NSCLCs), loss of Numb protein occurs also in ~30% of cases 

and correlates with the activation of Notch. Activation of Notch, via gain-of-function 

mutations in the NOTCH-1 gene, was detected in an additional 10% of cases, and in the 

subset of patients with a WT p53 status, Notch activation correlated with poor prognosis 176. 
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Interestingly, both in breast and lung cancers, the major mechanism responsible for Numb 

loss is its excessive ubiquitination and ensuing proteasomal degradation, as evidenced by the 

rescue of Numb protein levels upon administration of the proteasome inhibitor drug, MG-

132, selectively in Numb-deficient tumors, with no effect in Numb-proficient tumors 175,176. 

Consistently, mutation of the Numb locus and abnormal mRNA transcript levels were ruled 

out in these tumors by direct Numb cDNA sequencing and mRNA in situ hybridization, 

respectively 175,176. Therefore, it is likely that the lesions underpinning Numb status in these 

tumors involve enzymes of the ubiquitination cascade (e.g., E3-ligases and de-

ubiquitinases), or their upstream regulators (e.g., kinases and phosphatases); a point I will 

be returning to later (see Paragraph 2.2.2.3) 175,176. Notably, it has recently emerged that 

mechanisms acting at the transcriptional level could also be responsible for downregulating 

Numb protein in cancer, because low levels of exon 3-retaining Numb isoforms 1 and 2 has 

been found to be a negative prognostic predictor 28.  

At the molecular level, Numb exerts its tumor suppressive function by influencing at least 

two key cancer-relevant pathways: i) it negatively controls Notch-dependent proliferation 

176; ii) it sustains the tumor suppressor activity of p53 by inhibiting its ubiquitination by the 

E3-ligase, MDM2, and its subsequent degradation (Figure 10) 96. Accordingly, ectopic re-

expression of Numb in Numb-deficient tumors leads to reduced proliferation and enhanced 

chemosensitivity in a Notch- and p53-dependent fashion, respectively 96,176. In contrast, 

Numb ablation in Numb-proficient breast cancers confers chemoresistance 96. Moreover, it 

has been uncovered that the counteraction of p53 degradation is Numb isoform 1/2 -

dependent 28. 

Beside enhanced Notch and attenuated p53 activity, loss of Numb could also contribute to 

cancer by: i) fostering Hh oncogenic pathway activation, ii) disrupting endocytic 

homeostasis, which has been proposed as a bona fide tumor suppressor mechanism 187–189, 

and iii) altering polarity functions (Figure 10) 190–192. 
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Figure 10. Numb and cancer. 

The figure juxtaposes cancer relevant Numb functions in a normal cell (on the left) with those exerted 

in a tumor cell which has lost Numb expression (on the right). Tumor-relevant pathways are 

schematized. Numb has been demonstrated to antagonize Notch and Hedgehog oncogenic pathways, 

whereas it stabilizes p53. Being an endocytic protein, Numb is involved in the maintenance of 

adherent junctions (AJs) and promotes integrin internalization, resulting in reduced invasive or 

metastatic potential. In the perspective of the stem cell hypothesis of tumorigenesis, the figure might 

also depict a hypothetical cell division where Numb segregates asymmetrically in two daughter cells. 

Loss-of-Numb occurs in the cell which is the actual target of transformation. Both signaling pathways 

and cell adhesion processes are shown. Figure taken from Pece et al.41. 

 

 

2.1.4.2 Numb controls CSC generation and proliferation  
 
 
CSCs are a subpopulation of neoplastic cells endowed with SC-like properties, such as self-

renewal and the ability to spawn differentiated progenitors (i.e., the subpopulation of cells 

that forms the bulk of the tumor mass) (Figure 11). Increasing evidence indicates that CSCs 

have a crucial role in tumorigenesis and metastasis, being the only cells within a tumor able 

to give rise to tumor outgrowths upon transplantation 193–195. Notwithstanding the 

fragmentary evidence collected so far, CSCs are speculated to be a common constituent of 

many, if not all, cancers; even if their abundance might vary widely 196. Due to their intrinsic 
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therapy-refractoriness and low immunogenic potential, CSCs are also thought to drive 

therapy failure and disease relapse 195,197. 

In this context, the Numb-p53 axis is a tumor suppressor barrier against the emergence and 

expansion of CSCs in the mammary gland 97. Indeed, using Numb-defective breast cancer 

patient-derived xenografts (PDXs), it has been shown that restoration of p53, via treatment 

with the Mdm2 inhibitor Nutlin-3a, is an effective therapeutic approach to reducing CSC 

content and impairing the tumorigenic potential of these tumors 198. 

 

 

 

 
 

Figure 11. The cancer stem cell theory. 

According to the CSC theory, only a small subset of cancer cells, called cancer stem cells (CSCs), 

shows long-term self-renewal potential and can give rise to new tumors upon transplantation, 

whereas the rest of the tumor cell population displays limited proliferative potential. The figure 

shows how CSCs (in red) give rise to committed progenitors whose propagation eventually generates 

“differentiated” cancer cells. New somatic mutations and signals from the microenvironment, 

indicated as red stars, introduce clonal diversity and phenotypic plasticity, respectively. Overall, 

these processes contribute to further increase tumor heterogeneity. Figure adapted from Beck et al. 
195. 
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In summary, Numb exerts pleiotropic roles within the cell under physiological conditions, 

including the maintenance of SC homeostasis, the control of endocytic trafficking, the 

safeguarding of p53 stability, and the modulation of various signaling pathways. Not 

surprisingly, the disruption of this key signaling regulator in cancer has been implicated in 

the emergence of CSCs and the acquisition of aggressive cancer phenotypes. Thus, targeting 

Numb-regulated pathways in cancer could lead to the development of effective anti-cancer 

strategies. 
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2.2 The Ubiquitin-Proteasome System (UPS)  

 

2.2.1 Ubiquitination as a versatile code-generator for multiple cell 

functions 
 

Ubiquitin (Ub) is a 76 amino acid globular polypeptide 199, which acts as a post-translational 

modifier targeting tagged-proteins to several cellular fates in a highly-specific fashion. Ub 

is one of the most distinctive and evolutionarily conserved features in eukaryotes, found to 

be present as far back as the last common ancestor 200–202. However, in both Eubacteria and 

Archea kingdoms, prokaryotic ubiquitin-like molecules (Pup) 203,204 and a ubiquitin-like 

bacterial protein (UBac) 205 have been identified, which share similar function with 

eukaryotic ubiquitin, although they differ in the enzymology of target-protein covalent 

modification 203,206,207. 

Biochemically, ubiquitination is achieved through a hierarchically organized cascade of 3 

enzymatic steps catalyzed by: i) E1 Ub-activating enzyme, which activates ubiquitin 

reactivity by the formation of a thioester bond; ii) E2 Ub-conjugating enzyme, that acts as 

transient acceptor for activated ubiquitin molecule; and iii) E3 Ub-ligase that mediates the 

transfer of the ubiquitin moiety to the substrate protein. This final reaction induces the 

formation of an iso-peptide bond between either a lysine side chain (e-amino group) or a free 

N-terminal amino group on the targeted substrate and the C-terminal of Ub (Figure 12) 208–

213. In humans, two E1 209, around 38 E2 210, and more than 600 E3-ligases have so far been 

identified (see Paragraph 2.2.2)211. Although E3-ligases are responsible for specific 

recognition of target substrates, the interactions occurring at the different levels of the 

pyramid-shaped Ub-conjugation cascade could also contribute to the regulation, in space and 

time, of substrate protein recruitment and ubiquitination outcome 212,214.  

In the ubiquitination cascade, the final protein substrates can be marked with one (mono-

ubiquitylation) or a few (multi-monoubiquitylation) individual ubiquitin molecules or with 
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a polymer of ubiquitin molecules (poly-ubiquitination), by undergoing successive rounds of 

ligation. In fact, ubiquitin can itself be ubiquitinated, via one of the seven acceptor lysine 

residues (K6, K11, K27, K29, K48, and K63) or its N-terminal methionine residue, resulting 

in poly-ubiquitin chains of different topologies and lengths (Figure 12) 215–218. 

Moreover, new tiers of ubiquitin modulation are emerging involving, for example, ubiquitin-

like modifiers [Ubls, are proteins that share with ubiquitin the structural b-grasp fold, also 

called the ubiquitin-fold domain, rather than sequence homology], modified polyubiquitin 

chains 219–221, phosphorylated/acetylated ubiquitin moieties 222–225, and unanchored ubiquitin 

chain-dependent signaling 217,226,227. 

Together, the combination of several ubiquitination events is reminiscent of a “code”; in 

fact, distinct modifications drive different cellular outcomes, which can be roughly grouped 

into proteolytic and non-proteolytic events 217,228,229. Mechanistically, the different 

ubiquitination patterns generate diverse conformations recognized by proteins harboring 

ubiquitin-binding domains, which are finally responsible for downstream effects 215,217,230 

(Figure 12).  

Given the emerging complexity of the ubiquitination system, not surprisingly, it has been 

postulated that it is involved in almost all realms of physiology; indeed, it has been 

demonstrated that ubiquitination is a phenomenon relevant for protein degradation, cellular 

logistics, genome stability, transcriptional regulation, cell cycle progression, and immune 

response 231–234. In particular, K48-ubiquitin linked chains represent the canonical 

degradation signal responsible for substrate targeting to proteasomal degradation 215,218,235, 

whereas K63-ubiquitin linked chains are mostly involved in non-proteolytic functions, such 

as membrane trafficking, assembly of functional signaling hubs, modulation of enzyme 

activity, and protein localization 215,216,236–241. However, in some contexts, K63-ubiquitin 

chains could mediate lysosome/autophagosome-dependent proteolysis with two-fold 

synergic actions 242–247: by preventing marked protein association with the proteasome and 

supporting the binding with endosomal sorting complex required for transport (ESCRT, 
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recently reviewed in 248,249). Furthermore, also K11-linked ubiquitin polymers play a relevant 

role in protein turnover, especially, during cell cycle progression 250,251 and in the 

endoplasmic reticulum-associated protein degradation (ERAD) pathway 252–254. 

Finally, it is worthy pointing out that ubiquitination is not an irreversible modification. In 

fact, deubiquitination enzymes (DUBs) mediate the removal of Ub moieties from marked 

substrates, outlining an additional level of regulation in the ubiquitination molecular 

machinery. In humans, there are found around 100 DUBs, grouped in six families [i.e., 

ubiquitin-specific proteases (USP), ubiquitin C-terminal hydrolases (UCH), Machado-

Josephin domain protease (MJD), ovarian tumour proteases (OTU), Jab1/Mov34/Mpr1 

metalloprotease (JAMM), and finally motif-interacting with Ub-containing novel DUB 

family protease (MINDY)] 255–257. Biochemically, DUBs mediate iso-peptide bond 

hydrolysis in an ATP-independent manner, using two reaction mechanisms depending on 

the protease class they belong to: cysteine protease or metalloprotease 256. Moreover, 

likewise ubiquitin ligases, diverse mechanisms ensure a tight regulation of DUB abundance, 

activity, and subcellular localization; all essential features for ensuring appropriate responses 

256.  
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Figure 12. The ubiquitin system. 

The enzymatic cascade that leads to substrate ubiquitination is depicted. De-ubiquitinase (DUBs) 

enzymes mediate the removal of ubiquitn (Ub) from the protein substrate. A single round of 

ubiquitination leads to substrate monoubiquitination. Multi-monoubiquitination and polyubiquitin 

chains are instead generated following multiple round of ligation. The different types of 

polyubiquitin chains including homotypic and heterotypic are indicated with associated functions. 

The status of the Ub moiety bound to substrate depends on the balance of many parameters: distinct 

enzyme types and relative abundance, E3-ligase processivity, and DUB activity. Functional 

outcomes of substrate ubiquitination are mediated by proteins harboring ubiquitin recognition 

domains. Examples of cellular processes controlled by Ub system are shown. The curvy line joining 

Ub to E1 represents a thioester bond. Red triangles are catalytic cysteines. Substrate lysine involved 

in the formation of the iso-peptide bond is shown with a red star. E1, ubiquitin-activating enzyme; 

E2, ubiquitin-conjugating enzyme; E3, ubiquitin-ligase; DUB, Deubiquitinating enzyme; DDR, 

DNA damage response; ERAD, Endoplasmic reticulum-associated protein degradation; PTM, post-

translational modification. 
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2.2.2 The players of the ubiquitination machinery: E1, E2 and E3 

enzymes 
 
 
2.2.2.1 E1: Ubiquitin-activating enzymes 
 
 
Over the years, accumulated knowledge in the field has forced us to abandon the prevailing 

dogma of one E1 enzyme responsible for charging all E2 proteins dedicated to the ubiquitin 

system. To date, two E1 enzymes, Ubiquitin-like modifier activating enzyme 1 (UBE1) and 

6 (UBA6), have been found to catalyze ubiquitin activation in vertebrates and echinoderm 

209. In addition, another six E1-related proteins have been shown to promote the activation 

of diverse Ubls 258.  

UBE1 and UBA6 possess a canonical monomeric modular structure, which allows ubiquitin 

binding, adenylation, and final transfer to E2-conjugating enzymes 258. Biochemically, the 

overall process could be subdivided into four elemental steps. At the beginning, upon the 

binding to E1, Ub is acyl-adenylated (AMP•UB) at its C-terminus in a Mg2+-dependent 

manner. Then, the AMP•Ub intermediate cis reacts with the active site cysteine thiol group 

establishing a covalent thioester bond. Formed Ub~E1 (the “~” symbol represents the 

thioester bond) is ready to host and promote adenylation of a second ubiquitin moiety, which 

might act as an allosteric modulator to confer the permissive conformation during the last 

trans-thioesterification reaction 258–261. Finally, activated Ub~E1 binds E2 (the interaction is 

mediated by the E1 ubiquitin-fold domain) and subsequently withstands nucleophilic attack 

from the catalytic E2 cysteine thiol group, resulting in Ub loading on E2. Then, the thioester 

linked Ub~E2 product is rapidly released from E1 262. Interestingly, the initial ubiquitin 

adenylation might induce a conformational change required to increase accessibility and 

affinity to the ubiquitin-binding site on E1s 213,262. 

Besides the central role in initiating the ubiquitin conjugation cascade, E1 is the first step 

which confers specificity for the terminal set of substrates, since it could match particular 

Ub (or Ubl) molecules with cognate E2s 258. Indeed, UBE1 and UBA6 show dissimilar 
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preferences for E2 charging, mostly ascribable to differences in the C-terminal ubiquitin-

fold domain, since UBE6 is the only enzyme responsible for Ub loading onto the USE1 E2-

conjugating enzyme 209.  

 

2.2.2.2 E2: Ubiquitin-transferring enzymes 
 
 
E2-conjugating enzymes are present in all Eukaryotes, and the protein family has 

progressively expanded during evolution: from 13 to 38 genes in Saccharomyces cerevisae 

and human, respectively 263,264. Similarly to E1 molecules, also for E2 enzymes has a 

stringent specificity toward ubiquitin or Ubls been postulated. All E2s, including those for 

Ubl proteins, share a highly conserved Ubiquitin-conjugating (UBC) domain of 150 amino 

acids, containing the catalytic Cys residue. Instead, they differ at the N- or C-terminal 

portions, which are amenable for the interaction with cognate E1 and E3-ligases. In 

particular, the N-terminal a-helix of E2s recognize the ubiquitin-fold domain of E1s 

ensuring the specific match between enzymes of either ubiquitin or ubiquitin-like pathways 

203,210,265.  

Functionally, E2s cooperate diversely with the two major classes of E3 ligases, HECT 

(Homologous to E6-AP C-Terminus) and RING (Really Interesting Genes), to generate 

ubiquitin-modified target substrates (see Paragraph 2.2.2.3). In HECT family E3s, ubiquitin 

is transiently bound to the HECT domain of the E3 (though a trans-thioesterification 

reaction) before being attached to the substrate; whereas in RING class E3s, the substrate is 

directly tagged by E2. In both cases, thioesterified ubiquitin undergoes nucleophilic attack 

by properly positioned target protein lysine residues, thereby generating the iso-peptide 

bond. In this context, ligases could also provide allosteric modulation of E2 catalytic activity 

266,267. Once the reaction has taken place, the E2 conjugation-enzyme dissociates rapidly and 

is ready again to reload ubiquitin 209,268. Notably, direct protein ubiquitination by E2 can 

occur, although this reaction is very inefficient 233. 
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Although E2s have been considered a trait d’union between E1 and E3, the reality has 

contradicted its role as a simple carrier of the activated ubiquitin moiety. Structural studies 

have broadly confirmed that E2s lie at the heart of ubiquitination by regulating the process 

on several levels. Indeed, E2s could orient acceptor ubiquitin in a way to expose specific 

lysine sites for iso-peptide bond formation, thereby influencing topology of ubiquitin chains. 

Yet, regulating the abundance and activity of E2s that preferentially mediate the initiation or 

elongation of ubiquitin polymers, ultimately impacts on Ub chain length. Since, also the 

modulation of chain assembly processivity (defined as number of Ub attached to a growing 

chain in a single round of target protein binding) 269 influences the final polymer outcome, 

E2s control this aspect in many ways: partial recognition on substrate motifs could foster 

substrate ubiquitination, additional E2-E3 interaction sites modify mutual affinity, and pre-

assembled Ub chains could be directly charged on E2 and then transferred en bloc 210. 

The multi-tiered fine-tuning of E2 function results in substrates marked with ubiquitin 

polymers that differ in topology and length, and hence for functional outcomes.  

 

2.2.2.3 E3: Ubiquitin-ligase enzymes 
 
 
The E3 ligases stand at the end of the three-step ubiquitination enzymatic cascade, thus, 

conferring selectivity and specificity towards their target substrates. In the cell, E3-ligases 

are functionally pleiotropic (each enzyme could catalyze the ubiquitination of different 

proteins) and redundant (distinct enzymes are responsible for tagging the same final 

substrate), both requisites to deal with the broad range of target molecules they survey. By 

simultaneously binding a charged E2 (Ub~E2) and the specific substrate, E3s catalyze the 

final reaction, which culminates in protein ubiquitination. 

To date, bioinformatics analyses have predicted more than 600 human ligases 211, which can 

be subdivided into three classes based on their structure and mechanism of ubiquitin transfer 

to substrate: the HECTs, the RINGs, and the RBRs (RING between RING) E3s (Figure 13) 
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233,270. 

Although structural and biochemical studies contributed outstandingly to the comprehension 

of mechanisms underlying substrate recruitment, the exhaustive scenario still remains to be 

elucidated 233,270. Early studies demonstrated the existence of degron, short linear motifs 

necessary and sufficient to direct the protein to ubiquitination. Often, degron 

phosphorylation (phosphodegrons), as well as other covalent modifications (i.e., sugars) 271, 

are critical to maximize substrate-ligase interaction and recruitment. However, post-

translational modifications are not always necessary for a protein degron to engage its ligase. 

In fact, other mechanisms have been inferred to confer specificity, such as: the recognition 

of conformational 3D degrons, the use of matchmaker proteins (i.e., Cbl is localized to its 

target EGFR by GRB2) 272, the involvement of non-protein compounds (i.e., small molecules 

or cofactors), and even the spatial confinement of ligases in particular subcellular 

compartments (i.e., CRLDDB1) 273,274. Moreover, the substrate recognition domain/sequence 

of many E3s is still unknown, thus it has been also speculated that the conformation and 

spatial constraints of E2-E3 complex might drive substrate selectivity 233,270,275. 

The particular ubiquitination outcome of a substrate requires various integrated mechanisms, 

which contribute to fine-tune the E3 ligase activity throughout their catalytic cycle, from the 

selection of the substrate, to the determination and accomplishment of the reaction type 

(number of bound ubiquitin moieties, topology and length of the Ub-chain). Although the 

exact mechanisms underlying the isolation, prioritization and selection of target lysine 

residues might vary among E3 classes, they can generally be distinguished as intrinsic and 

extrinsic. Among the former, auto-inhibition (consisting of E3s with a catalytically inactive 

conformation) and auto-NEDDylation 276,277 are the best characterized. In contrast, the major 

extrinsic controllers are: post-translational modifications (i.e., phosphorylation, 

NEDDylation, poly-ADP-ribosylation), interactions with protein or non-protein molecules, 

and the selective recruitment at the site of action (Figure 14). Interestingly, so far, a 
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consensus motif that commits the substrate to a precise ubiquitination fate is far from being 

established 270,276.  

 

 
 

Figure 13. The E3-ubiquitin ligase family. 

E3-ubiquitin ligases are classified in three distinct classes according to their structure and mechanism 

of substrate ubiquitination. Examples of the most relevant ligases are shown below each group. The 

table depicts the different compositions of Cullin-RING ligases. In parentheses, the estimated 

number of substrate receptors hitherto described. The curvy line between Ub and E2 represents a 

thioester bond. Yellow triangles are catalytic cysteines. Substrate lysines involved in the formation 

of iso-peptide bonds are shown with a red star. Ub, ubiquitin; E2, ubiquitin-conjugating enzyme; 

RING, really interesting new gene protein; IBR, in-between RING; CRL, Cullin-RING ligase; SR, 

substrate receptor; BTB, bric-a-brac tamtrack broad complex domain-containing protein; DDB1, 

DNA damage binding protein; VHL, Von Hippel-Lindau protein; DCAF, DDB1- and CUL4-

associated factor protein; SOCS, suppressor of cytokine signaling proteins. Figure adapted from 

Buetow et al. 233. 



55 
 

 

 
Figure 14. Regulation of E3-ligases. 

The cell tightly regulates E3-ligase function in space and time. Several mechanisms are exploited 

(i.e., epigenetic, genetic, post-translational modification, and protein-protein interaction) to promote 

either proteolytic or non-proteolytic outcomes. Dashed double arrow represents the possible crosstalk 

between two degradative machineries. 

 

 

 

2.2.2.3.1 HECT-type E3 ligases 

This class of ligases has a peculiar structure characterized by an N-terminal substrate-

binding domain and a C-terminal catalytic HECT domain, which was originally identified 

in the first E3 ligase ever discovered: E6 associated-protein (E6-AP) 278. Structurally, the 

HECT domain itself consists of an N-terminal lobe (N-lobe), responsible for Ub~E2 binding, 

and a C-terminal lobe (C-lobe) containing both the catalytic cysteine and the enzymatic 

activity, connected by a flexible hinge. 

In humans, 28 HECT ligases have described, which can be further divided into 3 families 

based on their substrate recognition domain: i) NEDD4 family (9 member) containing WW 

domains; ii) HERC family (6 members) endowed with regulator of chromosome 

condensation 1 (RCC1)-like domains (RLDs); and iii) HECTs with neither WW or RLDs 

domains (13 members) 279.  

Substrates can bind directly the N-terminal substrate-binding domain, via one or more 



56 
 

protein-protein or protein-lipid interaction domains, or through other adaptors 280. Once the 

target protein and ubiquitin-loaded E2 simultaneously bind to the HECT ligase, ubiquitin is 

initially transferred from E2 to the catalytic cysteine in the C-lobe (forming a ubiquitin-

thioester intermediate), and then to the acceptor substrate. Of note, hinge flexibility is one 

of the most relevant structural features influencing catalysis. Thus, in HECT-type ligases, 

the specificity for the substrate, as well as the array of ubiquitination outcomes, conceivably 

depend on the steric constraints imposed by E2-E3~Ub 3D conformation 233.  

Likewise other ligases, HECTs are also carefully regulated. Indeed, auto-inhibition (e.g., 

Itch) 281,282, cis or trans NEDDylation (e.g., Smurf1) 277, and modulation by other proteins 

(i.e., NEDD4 family members use an additional Ub molecule as an allosteric modulator) are 

all mechanisms described to influence ligase function 276. Finally, the intrinsic catalytic 

activity of HECT-type ligases makes them an ideal target for drug development 283,284. 

 

 

2.2.2.3.2 RING-type E3 ligases 

The most abundant class of E3-ligases, with approximately 570 members, is the RING-type 

ligase distinguished by the presence of a RING domain containing Zn2+ coordination, which 

is the minimal structural module required for Ub~E2 recruitment and substrate 

ubiquitination 211,275. This class of E3-ligases is highly heterogeneous, encompassing ligases 

that are active as monomers, homo- or hetero-dimers, or multi-subunit molecular 

machineries: namely, Cullin-RING-ligase and Anaphase Promoting Complex/Cyclosome 

(APC/C, recently reviewed by Primorac 285 and Chang 286). Interestingly, U-box proteins are 

classified among the RING-type E3-ligases, since they adopt the same RING fold but lack 

the Zn2+ co-factor. Similarly, also U-box proteins are functional as monomers or homo-

dimers 287,288. 

With regards to the biochemical mechanism of substrate ubiquitination, all members of the 

RING-type ligase class catalyze the reaction in a one-step reaction: upon binding of the target 



57 
 

protein and the ubiquitin-loaded E2, the ligase assumes a competent conformation that 

promotes the direct transfer of the ubiquitin moiety to target molecule 275. 

 

i) Monomeric (or dimeric) RING-type ligases 

The distinct RING domains found in different structural contexts give rise to a wide 

repertoire of E3-ligases, which are functionally active as monomers, homo- or hetero-

dimers, such as, the well-characterized c-Cbl 289, cIAP 290 and BRCA1-BARD1 291, 

respectively. Although, the RING domain is the major domain responsible for dimerization, 

some ligases are described to use different motifs and structures 275,291–293. Usually in RING-

type E3-ligases, the paired E2 enzyme specifies the poly-ubiquitin chain type, while 

substrate recognition and lysine accessibility for ubiquitination is directed by the E3 ligase 

233.  

Functionally, while for homo-dimeric E3-ligases both moieties could normally interact with 

E2 or substrate, this appears to be not the case for hetero-dimeric RINGs, in which each 

monomer is able to interact either with conjugating enzymes or the target protein 291,294–297. 

Upon the formation of the ligase complex, spatial constraints properly orient substrate and 

Ub~E2, allowing E2 to directly catalyze target protein ubiquitination. Intriguingly, some 

RING-type ligases have been described to act as allosteric modulators of E2 enzymatic 

activity, enhancing the processivity of ubiquitin transfer to the substrate 210,267,270,275.  

Similarly to other ligases, also for this class of ligases have multiple layers of regulation 

been identified, from auto-inhibition (i.e., cIAP) to protein-protein interactions and post-

translational modification 275,276. 

 

ii) Multimeric RING-type ligases: Cullin RING ligases (CRLs) 

CRLs exist as multi-unit assemblies and comprise the largest known class of E3-ligases, 

accounting for up to 20% of intracellular protein degradation 268. CRLs adopt a modular 

architecture consisting of: an elongated crescent-shaped Cullin-family scaffold protein 

(Cullin 1, 2, 3, 4A, 4B, 5, and 7 in human) 298, a small RING-protein [i.e., RING-box protein 
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1 (RBX1) or 2], and a substrate receptor (SR, e.g., F-BOX proteins) linked to Cullin by an 

adaptor protein (e.g., SKP1) (Figure 13) 275,299.  

Cullin proteins harbor an N-terminus Cullin Repeat (CR) and C-terminus Cullin Homology 

(CH) domain, responsible for adaptor and RBX1/2 docking, respectively. SRs, not only 

oversee the specific recognition of substrates committed to ubiquitination, but often 

participate in CRL complex assembly 300–303. Although bioinformatic tools have predicted 

the existence of around 240 CRL ligases, this prediction has not yet been experimentally 

verified; thus, the actual number of functional complexes in human cells it is still unknown. 

Instead, it is well accepted that CRLs promote ubiquitination of a wide range of substrates 

299, whereby they control an awe-inspiring set of essential biological processes 299,304, as also 

witnessed in in vivo murine models 305. In this context, the homo or hetero-dimerization 

exploited by some substrate receptors (i.e., SPOP 301, b-TrCP1, b -TrCP2 306, and FBXW7 

307–309), albeit not required for E3 activity, could serve to expand the repertoire of target 

proteins through a combinatorial mechanism 270,299. 

Most, if not all, CRLs are usually regulated by two intertwined events: i) the covalent 

modification by NEDD8 ubiquitin-like protein and ii) the association with Cullin-associated 

NEDDylation-dissociated 1 (CAND1) protein. Although the general framework has been 

unraveled only for the Cullin 1 (CUL1)-based complex, it has been suggested that similar 

mechanisms could be extended also to other members of the class 298,310. At steady state, 

CAND1 binds the Cullin-RBX1 complex and hampers its association with the SKP1-F-BOX 

module. Upon local increase of SKP1 311 or Cullin NEDDylation 208,312,313 (which occurs at 

a conserved Lysine near the C-terminal region 314), CAND1 is displaced and the 

Cullin/SKP/F-BOX complex can eventually recruit both E2~Ub and the target protein. 

Extensive conformational changes induced by NEDD8 conjugation, bring Ub and the 

substrate into close proximity, thus, enabling the ligase catalytic activity 315,316. Once CRLs 

release ubiquitinated protein, the multi-subunit de-ubiquitinase COP9 signalosome (CSN) 

317–320 cleaves the NEDD8 moiety, leaving the ligase available for CAND1 interaction again. 
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Moreover, multiple cycles of Cullin NEDDylation/de-NEDDylation have been implicated 

in the dynamic exchange of F-BOX proteins and, consequently, might contribute to the 

regulation of the substrate repertoire 321–323. 

The archetypal CRLs are exemplified by Cullin 1-based (CRL1) complexes, also called 

SKP1/Cullin/F-BOX protein (SCFs) ligases. SCFs are composed of the CUL1 scaffold 

protein, RBX1, SKP1 adaptor and the substrate receptor F-BOX. So far, 69 putative FBOX 

proteins have been identified 324, harboring the characteristic F-BOX motif responsible for 

the binding to SKP1 325,326, and the substrate interaction domains [i.e., WD40 repeats 327, 

Leucine-rich repeat (LRR)328, or others], whose structure categorize these molecules into 

three classes: FBXW (21 members), FBXL (12 members), and FBXO (38 members), 

respectively.  

Several processes could participate in controlling specific target recognition; in fact, beyond 

substrate post-translational modification (e.g., phosphorylation or acetylation), also protein-

protein interactions could be relevant 329. Finally, transcriptional or post-translational events 

could have an impact on F-BOX functions, conferring further versatility to the entire SCF 

machinery.  

 

2.2.2.3.3 RBR-type E3 ligases 

This emerging class of RING-between-RING (RBR) ligases includes 14 human members, 

including Parkin, HHARI (Human Homologue of Ariadne) and HOIP (HOIL-1L interacting 

protein), which have been demonstrated to be involved in several processes, such as 

mitophagy 330–332, NF-kB and cell cycle progression 333.  

RBR ligases are considered as a HECT-RING hybrid 270,334,335. Indeed, they harbor two 

predicted RING domains (RING 1 and 2) separated by the in-between-RING (IRB) domain, 

but in analogy with HECT ligases, the ubiquitination catalysis occurs via a two-step reaction: 

i) upon RING1 binding to Ub~E2, a ubiquitin-thioester intermediate is formed with a 

catalytic cysteine in RING2; ii) then iso-peptide bond formation is promoted by the transfer 
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of ubiquitin to the target molecule. Despite the identification of numerous substrates, the 

mechanism regulating protein recognition and the processes determining ubiquitination 

outcome are still elusive 336. In contrast, structural studies have determined that the major 

regulators of RBR E3-ligase activity are: i) release from the auto-inhibitory state, ii) protein-

protein interactions (e.g., phospho-Ub and NEDDylated CRLs have been described as Parkin 

233 and HHARI 337,338 regulators), and iii) post-translational modifications 334. 

 

 

2.2.3 The proteasome machinery 
 
 
The discovery of the proteasome represents a milestone in the history of protein degradation 

systems. Until 1978, when Ciechanover et al. 339 provided the first evidence of an additional 

ATP-dependent proteolytic system, the lysosome was considered the unique degradation 

machinery. Soon after, the multiprotein proteolytic complex, the 26S proteasome, was 

isolated, characterized and functionally placed at the end of the ubiquitination enzymatic 

cascade. 213,340. 

The 26S proteasome is a machinery highly conserved, in terms of structure and regulation, 

throughout evolution, found in some Eubacteria, Archea and Eukaryotes, where it is 

responsible for 80-90% intracellular protein degradation 212,341–343. Almost ubiquitously 

expressed in all tissues, the 26S proteasome localizes mostly in the cytoplasm and nucleus 

344–346, where it contributes to the surveillance of a correct proteostasis 218,253. 

Structurally, 26S consists of a cylindrical complex endowed with proteolytic activity, the 

constitutive 20S core particle (CP), and one or two variable regulatory particles (RPs) 347–349 

(Figure 15). The inducible immunoproteasome, or tissue-specific (i.e., thymus and testis) 

proteasome variants have also been identified, which differ to the constitutive 26S complex 

in their 20S subunit composition and coupled RPs 347,349–351.  

Upon protein degradation signal recognition 352–354, the ubiquitination machinery marks 

target substrates with canonical (poly-K48 chains) or non-canonical (i.e., poly-K11, 
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K11/K48 heterotypic chain or multiple-monoubiquitination) ubiquitin moieties, committing 

molecules to ATP-dependent protesomal degradation 218,235,247,355. Usually, RPs are 

responsible for substrate binding, unfolding, and translocation to the catalytic active site of 

the proteasome, where proteins are chopped into smaller polypeptides (2-10 amino acids)356–

358. Although ubiquitinated substrates mostly bind directly to the proteasome RP subunits, 

sometimes an adaptor protein might be required (i.e., UBA-Ubl proteins) 359,360. Moreover, 

the evidence that some proteins could undergo ubiquitin-independent proteasome 

degradation, contributes to make the entire process more complex 355,357,360–363. 

Of note, virtually all cellular processes might be linked to the proteasome machinery, 

basically due to the repertoire of cellular substrates it potentially targets. Not surprisingly, 

the proteasome is tightly regulated from its assembly to degradation 364–366. 

Overall, compelling evidence points to ubiquitin as a master regulator of intracellular 

degradation, since the message conveyed by the “ubiquitin code” is able to direct molecules 

or structures to different degradative pathways: proteasome- or lysosome-dependent 218,367–

369.  
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Figure 15. The proteasome. 

On the left, the 20S subunit core of the proteasome, composed of two eptameric a-rings and two 

eptameric b-rings, the latter of which harbors the proteolytic activity. Tissue-specific (e.g., thymo- 

or testicular-proteasome) or immunologic-induced (i.e., immunoproteasome) proteasomes mostly 

differ in b protein composition 347,349,351. Mixed assortment of constitutive and alternative b proteins 

characterize the “intermediate proteasomes”. On the right, the four regulatory particles (RPs), which 

associate with one or both sides of 20S and modulate proteasome function. Hybrid proteasome, 

where 20S binds distinct RPs, are shown. RPs usually contribute to the recruitment, unfolding and 

translocation of ubiquitin marked substrates inside the catalytic chamber of 20S. Of note, the 

composition of the proteasome strongly influences the spectrum of peptides resulting from 

proteolysis. The canonical 26S proteasome is shown. Adapted from Vigneron et al. 370. 
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2.3 Targeting the UPS system in cancer therapy 
 
 
The UPS is the most important system entrusted with the surveillance of the cellular 

proteostasis 253,254,371, thus, it is involved in critical cellular events, such as, cell proliferation, 

apoptosis, signal transduction, and gene regulation. Indeed, UPS dysregulation could 

contribute to the pathogenesis of many human disorders, such as acquired infections 372–375, 

sleep disorders 376,377, chronic immunological diseases 378,379, neurodegeneration 380,381 

metabolic syndromes 382–386, and cancer 333,384,385,387,388. Not surprisingly, the components 

most often altered in disease are E3 ligases, which are crucial sites of substrate specific 

recognition 333. In the cancer context, the oncogenic potential of dysfunctional ligases is 

directly related to the action exerted by the proteins targeted to ubiquitination. For instance, 

over-expressed or over-active HECT E3s were found to drive cell transformation after the 

identification of their substrates with tumor suppressor roles 389. However, also a defective 

indirect modulation of ligase activity (i.e., the alteration of pathways involved in E3 

regulation) could contribute to the acquisition of tumor phenotypes. 

Similarly to HECTs, CRLs have multiple connections to cancer, especially CUL1- and 

CUL4-based complexes with their relevant impact on cell cycle regulation and DNA damage 

repair, respectively 390. Among the CRL components, the substrate recognition F-BOX 

proteins are frequently deregulated. Thus, Wang et al. 391 have classified these molecules 

according to their role in tumorigenesis as: i) universal tumor suppressors (e.g., FBXW7) or 

oncoproteins (e.g., SKP2), which target functionally homogenous substrates; and ii) context-

dependent F-BOX proteins, which lead to degradation different proteins with opposing 

biological functions.  
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2.3.1 Proteasome inhibitors in tumor therapy: advantages and caveats 
 
 
The proteasome monitors protein homeostasis under physiological conditions, but it also 

contributes to pathogenic processes linked to human diseases, such as heart failure, 

reperfusion injury 392, autoimmune diseases (e.g,. systemic lupus erythematosus, psoriasis, 

and rheumatoid arthritis) 379, and cachexia 393. Proteasome inhibitors were originally 

developed to treat muscle wasting in cachectic patients 394,395, but it soon become clear that 

they had therapeutic potential also in cancer treatment.  

Bortezomib, a peptide boronate molecule, was discovered in 1999 from a screening of 

compounds with anti-proliferative effects 396, and soon it became the first proteasome 

inhibitor approved for therapeutic purposes 397. Molecularly, its mechanism of action has not 

yet been completely unraveled; however, it is clear that the disruption of the 

oncoprotein/tumor suppressor equilibrium might play a role 398. Moreover, Bortezomib 

prevents NF-kB pro-survival pathway activation by stabilizing its inhibitor kB-a (IkBa) 398, 

and therefore promotes apoptotic cancer cell death, as well as sensitizes cells to chemotoxic 

agents 399,400 or radiation 401. Additionally, other proteins (i.e., p21, p27, p53, caveolin-1) are 

stabilized upon proteasome inhibition, resulting in reduced cell proliferation, migration, 

tumor angiogenesis and enhanced apoptosis 398. 

The accumulation of poly-ubiquitinated and misfolded proteins, sustained by proteasome 

inhibition, causes a dramatic proteotoxic stress, which is per se a pro-apoptotic event, further 

supporting the value of Bortezomib, or analogous drugs, as effective anti-cancer agents 

402,403. Indeed, many preclinical in vitro and in vivo studies successfully provided evidence 

that proteasome inhibitors have beneficial effect against hematologic (e.g., multiple 

myeloma, mantle cell lymphoma and some leukemias), as well as solid (e.g., lung, breast, 

prostate, pancreatic, head and neck, colon, and melanoma) tumors 356,397,398,404–410. 

To date, Bortezomib, has been approved for multiple myeloma and relapsed mantle cell 

lymphoma 411,412; nevertheless, many clinical trials are ongoing to assess the efficacy and 
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safety of proteasome inhibitors (alone or in combination with conventional chemotherapy) 

in solid tumors, such as breast, lung, prostate and colon 411,413. Unfortunately, the results of 

these trials have not been so encouraging, mostly due to dose-limiting toxicity and the onset 

of drug-resistance 414. 

Notwithstanding, pharmaceutical industries have remained committed to developing and 

testing new inhibitors, aiming to improving their pharmacological proprieties, such as 

bioavailability and toxicological profile, and reducing inhibition of off-target proteases 

379,415. Carfilzomib, a second-generation proteasome inhibitor belonging to the epoxy-ketone 

class, has received in 2012 the approval for the treatment of relapsed or refractory multiple 

myeloma 416, showing higher specificity, no off-target proteasome inhibition, and less 

adverse effects compared to Bortezomib.  Currently, Marizomib, Ixazomib and Oprozomib 

are also under scrutiny as orally bioavailable proteasome inhibitors 379,411.  

The outstanding clinical challenge is to combine lower doses of optimized inhibitors with 

conventional therapies, exploiting the synergistic effects and benefits from fewer side 

effects. 

 

2.3.2 E3-ligases as valuable drug targets 
 
 
Targeting the UPS components that confer substrate specificity represents a good strategy 

to assure the highest therapeutic index (defined as the ratio between the effective and toxic 

blood concentration of a drug), while eliminating the vast majority of side-effects 390,417. 

Following the success in developing kinase inhibitors, pharmaceutical companies have 

focused their attention to the development of ubiquitin ligase-based therapies.  

The role of a specific E3-ligase in driving or curbing tumorigenesis depends on the repertoire 

of substrates that it targets. For this reason, pharmacological intervention, exploiting agonists 

or inhibitors, should aim to restore the native activity of dysfunctional or aberrantly 

expressed ligases 333,390,418. For example, MDM2, the crucial negative regulator of p53, has 
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been well studied for its oncogenic potential. It is amplified in many tumors 419,420, where it 

commits p53 to degradation, thereby promoting chemoresistance and aberrant proliferation. 

Nutlins are small molecules that act both in cell culture and in in vivo xenografts as bona 

fide competitive inhibitors of MDM2 binding to p53, leading to the stabilization of the latter 

and ensuing reversion of tumor phenotypes 421,422. Similarly, SKP2 (alias FBXW2), the best 

characterized F-BOX protein, has been found to act as an oncoprotein in many animal 

models, since its gain-of-function directs the known cell cycle inhibitor, p27, to proteasomal 

degradation 423–425. The in-depth knowledge gained over the years on the CRLSKP2 structure 

and biochemical mechanism, led to the development of several ligase inhibitors, which in 

turn has been used in preclinical studies to restore beneficial p27 levels and ensuing growth 

arrest 390. 

Preclinical studies have been also focused on MLN4924, an inhibitor of NEDD8-activating 

enzyme (NAE), the E1 enzyme responsible for the first step of the cascade that culminates 

in cullin NEDDylation. MLN4924 binds NAE at the level of ATP binding pocket, forming 

a covalent adduct and resulting in inactivation of the enzyme 426. Since the NEDD8 moiety 

is needed for cullin activity, MLN4924 leads to broad-spectrum inhibition of CRLs, 

promoting the accumulation of a plethora of substrates targeted by this class of ligases. 

Promising in vitro and in vivo results with MLN4924 as an anti-cancer drug in several 

tumoral contexts (i.e., ovary, breast, leukemia, myeloma, melanoma, and Ewing’s sarcoma), 

have recently prompted the scientific community to start clinical trials 427–445 . From a 

pharmacological perspective, although inhibiting CRLs might result in off-target effects due 

to lack of specificity, it is still more selective than inhibition of the proteasome.  

Overall, inappropriate substrate degradation resulting from dysfunctional or deregulated E3-

ligases could set the stage for malignant transformation and chemoresistance, making these 

molecular machineries attractive targets for cancer therapy. 
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3 AIMS AND RATIONALE OF THE PROJECT 
 
 
 

Numb, originally characterized as a cell fate determinant, has been shown to fulfil a pivotal 

role in cancer biology 175–177, acting as a tumor suppressor. In particular, in human breast 

cancer, loss of Numb protein is a frequent event that correlates with poor prognosis and is 

associated with the emergence of CSCs and the acquisition of aggressive tumor phenotypes 

41,97,198. Notably, loss of Numb in these cancers is mostly ascribable to its excessive 

ubiquitination and ensuing degradation by the proteasome machinery 187. Thus, deregulation 

of the UPS cascade could underlie, at least in a subset of cases, Numb loss in cancer. 

Ubiquitination is one of the most versatile post-translational modifications exploited to 

control cell homeostasis. In fact, ubiquitin, originally identified as a tag moiety to target 

proteins to 26S proteasome-mediated degradation, also plays a key role in diverse non-

proteolytic processes, such as endocytosis and DNA damage response, acting as a 3D-signal 

217,229. Thus, it is not surprising that alterations of the ubiquitin-dependent pathways underlie 

many human pathologies, including cancer 384. Aberrant expression or dysregulation of E3-

ligases often underpin cellular transformation. Examples of dysfunctional ligases span 

across all the different classes. Smurf1 and Itch HECT ligases have been described to drive 

tumorigenesis by fostering tumor suppressor downregulation 277,446–448. Moreover, also 

components of SCF E3-ligase complexes have been found to be abnormally regulated in 

cancer tissues, behaving as oncogenes (e.g., SKP2) or inactivated tumor suppressors (e.g., 

FBXW7) 333,449.  

Based on the accumulated knowledge of deregulated UPS system in cancer, the proteasome 

has emerged as an attractive target for cancer therapy (as described in Paragraph 2.3). 

Bortezomib was the first proteasome inhibitor drug applied to clinical practice, approved by 

FDA as a first-line treatment for multiple myeloma and for refractory mantle cell lymphoma. 

The outstanding results obtained in hematological malignancies prompted clinicians to test 
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this drug in the treatment of solid tumors 398,411,412. Unfortunately, the frequent onset of dose-

dependent adverse effects has limited the extensive use of proteasome inhibitors. Attempting 

to resolve the key pharmacological issues associated with Bortezomib, second-generation 

proteasome inhibitors have been developed over recent years. Among them, the most 

promising is Carfilzomib, already available for second-line treatment of relapsing multiple 

myeloma 450. However, given that these inhibitors act on the last step of UPS cascade and 

result in the stabilization of a broad range of proteins, even the best pharmacological 

inhibitor would be affected by unavoidable off-target effects. 

This problem could be circumvented by identifying upstream components of the UPS 

cascade that are responsible for substrate-specific ubiquitination. In this context, E3-ligases 

are the obvious choice of a druggable target. Indeed, pharmaceutical companies have 

engaged in the development of E3-ligase inhibitors (i.e., Nutlins, and inhibitors of SKP2 and 

b-TrCP) 390,451–454. In line with this rationale, the aim of this PhD thesis is the extensive 

characterization of molecular machinery involved in the excessive Numb degradation 

observed in Numb-deficient breast cancers. The long-term aim is the development of specific 

drugs or therapeutic strategies capable of restoring Numb to physiological levels in Numb-

deficient breast tumors, which has been shown, in a pre-clinical setting, to effectively target 

the CSC population in these tumors 198. Moreover, we also expect that such a phenotype 

would be ascribed to the restoration of Numb-p53 axis function, at least in those tumors 

harboring WT p53 198. 

 

This project builds on previous work performed in our lab, which led to the identification of 

upstream negative regulators of Numb protein levels in a suitable cell-based model of Numb-

deficient breast cancer, the MDA-MB-361 cell line. Indeed, although MDA-MB-361 cells 

express NUMB transcript at levels equivalent to the quasi-normal, non-transformed breast 

epithelial cell line, MCF10A, they express low levels of Numb protein, which however can 

be restored upon proteasome inhibitor treatment (Figure 16). In contrast, the MDA-MB-231 
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breast cancer cell line was selected as a Numb-proficient model, since it expresses normal 

levels of Numb protein, and therefore are insensitive to proteasome inhibition. As proof-of-

concept that pharmacological inhibition of the UPS is a potential therapeutic strategy for 

Numb-deficient breast cancer, orthotopic xenografts of MDA-MB-361 and MDA-MB-231 

cells, obtained in immunocompromised mice (NSG), were treated with the proteasome 

inhibitor MG-132. Selective inhibition of tumor growth was observed in MDA-MB-361 

tumor outgrowths upon MG-132 treatment, while MDA-MB-231 outgrowths were not 

affected. Numb restoration upon drug administration was confirmed in Numb-deficient, but 

not Numb-proficient, xenografts by immunoblot (IB) analysis (Figure 17). 

Based on these results, the MDA-MB-361 Numb-deficient breast cancer model was used to 

perform a high-throughput siRNA-based screening of human ubiquitin conjugation enzymes 

(~600 target genes, 4 siRNA oligos/gene, Dharmacon siGenome library) with the ultimate 

goal to identify the ubiquitin enzymes involved in Numb degradation. Top hits from this 

screening were validated through transient knockdown (KD), confirming RBX1 (Figure 18) 

and the F-BOX protein, FBXW8 (data not shown), as negative regulators of Numb levels. 

 

 
 

Figure 16. Proteasome inhibition restores Numb levels selectively in Numb-deficient breast 

cancer cell lines. 

Numb-deficient (MDA-MB-361) and Numb-proficient (MDA-MB-231) breast cancer cell lines were 

treated or not with the proteasome inhibitor, MG-132, at the indicated concentrations and treatment 

times. Lysates were analyzed by immunoblotting with an anti-Numb antibody. MCF10A was used 

as a control for basal Numb expression in normal mammary epithelial cells. Vinculin, loading 

control.  
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Figure 17. In vivo inhibition of Numb-deficient xenografts growth upon MG-132 treatment. 

MDA-MB-361 (left) or MDA-MB-231 (right) tumor outgrowths were generated by injecting cells 

into the mammary fat pads of NSG mice. When outgrowths reached 40 mm3, mice were treated every 

3 days with MG-132 (1 mg/kg), a proteasome inhibitor, or ethanol in controls (Ctrl). Tumor growth 

was measured by in vivo caliper measurements. Top: Representative images of tumor outgrowths 

(bar: 1 cm) and IB analysis of Numb and β-catenin expression are shown. Bottom: Graphs showing 

fold-increase in tumor size relative to Day 0. Data are the mean ± s.dev. of 3 independent 

experiments, where n = 9. 

 
 

      
 
 
Figure 18. Silencing RBX1 restores Numb levels in Numb-deficient breast cancer cells. 

Effect of transient KD of RBX1 (oligos #1 and #2) on Numb expression was determined by IB in: i) 

Numb-deficient (MDA-MB-361) and -proficient (MDA-MB-231) cell lines (Left); ii) Numb-

deficient (12-B1-54P) and -proficient (12-M-176T) primary human breast tumor cells (Right). 

Proteasome inhibition with bortezomib (30 nM for 24 h) or MG132 (1 µM for 24 h) was used as a 

positive control of Numb restoration. A non-targeting siRNA oligo (Ctrl) was used as a negative 

control. Actin, loading control. 

 

Notably, these proteins form part of the CRL multi-protein E3-ligase complex. Thus, we 

hypothesized that deregulation of a RBX1/FBXW8-based CRL complex could be 
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responsible for loss of Numb protein in cancer and thus represent a potential target for 

therapeutic intervention in Numb-deficient tumors.  

The specific aim of this thesis was the validation of the RBX1/FBXW8-CRL complex as a 

potential therapeutic target for Numb-deficient breast cancers. To achieve this goal, we used 

pharmacological and genetic approaches to impair RBX1/FBXW8-CRL function in in vitro 

and in vivo Numb-deficient and Numb-proficient breast cancer model systems, and 

compared effects on Numb levels and tumor phenotypes. 

Initially, to corroborate the existence of a CRL E3-ligase complex targeting Numb, we 

compared the effects of MLN4924 (Pevonedistat), a NAE inhibitor that prevents CRL 

complex activation induced by Cullin NEDDylation 268, on the Numb-deficient MDA-MB-

361 and Numb-proficient MDA-MB-231 established breast cancer cell lines (see Results 

Section 4.1).  

Encouraged by our results, we next developed a genetic tool to achieve conditional ablation 

of candidate Numb regulatory proteins. Our aim was to use this experimental system to 

specifically ablate candidate protein expression in vivo, thus, mimicking the in vivo 

administration of putative drugs inhibiting CRL component activity. Numb-deficient and -

proficient breast cancer cell lines were transduced with doxycycline-inducible shRNAs 

against RBX1 and FBXW8 and efficiency of KD verified (see Results Section 4.2). 

Exploiting this tool, we then investigated the effects of candidate silencing in Numb-

deficient and -proficient cells on the generation of 3D organotypic outgrowths, a well-

established proxy for measuring tumorigenicity in vitro (see Results Section 4.3). 

With the aim of elucidating the therapeutic value of in vivo targeting of the components of 

CRL complex, we have exploited pre-clinical models based on orthotopic xenografts of the 

Numb-deficient and -proficient cells stably expressing doxycycline-inducible shRNAs. 

Tumor growth was evaluated upon doxycycline administration or following Bortezomib 

treatment, this latter used as a positive control for UPS inhibition (see Results Section 4.4). 

In this context, we have also investigated whether Numb-deficient cells are addicted to loss-
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of-Numb function for their tumorigenic potential. To this end, we determined the 

combinatorial effect of Numb silencing and Bortezomib treatment on tumor outgrowth 

formation (see Results Section 4.5). Furthermore, we have characterized suitable Numb-

deficient PDX models, which will be used to assess the effects of RBX1/FBXW8 functional 

ablation in an in vivo system more closely resembling natural occurring breast cancers (see 

Results Section 4.6). 

Finally, we have attempted to unravel the composition of the molecular machinery 

responsible for Numb degradation through in vitro assays. Co-immunoprecipitation 

experiments have been used to investigate Numb interaction with the other players of the 

CRL complex (see Results Section 4.7). 
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4 RESULTS 
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4.1 VERIFICATION OF THE INVOLVEMENT OF CRL COMPLEXES IN 

EXCESSIVE NUMB DEGRADATION IN CANCER BY 

PHARMACOLOGICAL AND GENE TARGETING APPROACHES 

 

Loss of Numb expression in Numb-deficient human breast cancers is mostly ascribable to 

its hyperdegradation, and can be successfully counteracted by treating these cells with 

proteasome inhibitors 175. In vitro screening for components of the ubiquitin conjugation 

machinery responsible for aberrant Numb degradation led to the identification of two 

proteins belonging to CRL1 complexes (also called SCF complexes): the adaptor, RBX1, 

and the F-BOX protein, FBXW8. These findings suggested that a CRL1 complex could be 

responsible for mediating excessive Numb degradation in breast cancer cells and thus 

represent a molecular target for therapeutic intervention in Numb-deficient breast cancers. 

To verify this possibility, we set out to pharmacologically abrogate CRL activity exploiting 

the only commercially available NAE inhibitor, MLN4924, which traps the CRL complexes 

in a non-functional state by preventing Cullin NEDDylation 268, and to compare its effects 

on Numb levels with those of the proteasome inhibitor, Bortezomib (see Paragraph 4.1.1). 

We also compared the effects of MLN4924 with those induced by genetic ablation of our 

candidate CRL complex components, RBX1 and FBXW8, involved in Numb degradation 

(see Paragraph 4.1.2.)  

 

4.1.1 Effect of MLN4924 treatment on Numb levels in Numb-deficient 

MDA-MB-361 and Numb-proficient MDA-MB-231 breast cancer cell lines 

 
The MDA-MB-361 established breast cancer cell line was selected as a suitable Numb-

deficient model, since it features low basal levels of Numb protein despite having NUMB 

transcript levels equivalent to the non-transformed breast epithelial cell line, MCF10A 

(Figure 19A, B). Moreover, Numb protein levels are restored to physiological levels in these 

cells upon treatment with proteasome inhibitor (Figure 19). In contrast, the MDA-MB-231 

breast cancer cell line, which expresses normal Numb levels, was chosen as a Numb-
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proficient breast cancer model, in which treatment with proteasome inhibitor has no effect 

on Numb levels (Figure 19). 

To determine the effects of CRL inhibition on Numb degradation in our cell model systems, 

we treated cells with different drug concentrations of MLN4924 and Bortezomib and 

performed IB analysis to evaluate the pharmacological effects on protein levels. In Numb-

deficient MDA-MB-361 cells, MLN4924, at all concentrations used, efficiently restored 

Numb levels, with a maximum effect observed already at the lowest concentration tested: 

0.5 µM (Figure 19). In contrast, no effect was detectable in Numb-proficient MDA-MB-231 

cells. Bortezomib, as expected, successfully rescued Numb expression in Numb-deficient 

cells at both 15 and 30 nM, while it had no effect on Numb levels in Numb-proficient cells 

(Figure 19).   

To control the efficiency of proteasome and CRL inhibition in Bortezomib- and MLN4924-

treated cells, respectively, we analyzed the expression of p21, whose ubiquitination and 

ensuing degradation is known to occur in a CRL1- and CRL4-dependent fashion 455. Results 

confirmed effective restoration of p21 in the presence of both inhibitors (Figure 19). 

Moreover, IB analysis showed the disappearance of the upper band in the CUL1 signal, 

which corresponds to the NEDDylated fraction of CUL1 268,438,456, in MLN4924-treated cells 

only, supporting the effective inhibition of NEDD8 conjugation to Cullin proteins in these 

cells (Figure 19). We also showed that the NAE inhibitor, likewise Bortezomib, induced an 

increase in Nrf2 protein levels, a known CRL3-specific substrate 457, arguing that MLN4924 

does not impair selectively CUL1 activity, but also influences the activity of other Cullin 

proteins. Furthermore, we analyzed the expression of Akt as an internal control protein, that 

was insensitive to both treatments under our experimental conditions.  

From this analysis, we concluded that a CRL complex does indeed mediate excessive 

Numb degradation in breast cancer cells, supporting previous results from the original 

screening aimed at identifying Numb negative regulators. Of note, a complete restoration 

of Numb levels could be already achieved with the lowest inhibitor concentrations (i.e., 0.5 
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µM MLN4924 and 15 nM Bortezomib). In the perspective of the therapeutic application of 

these compounds in the clinical setting, our findings point to the possibility to exploit 

regimens that will be likely deprived of off-target and/or toxic effects. 

 

 

 
Figure 19. MLN4924 and Bortezomib pharmacological titration in MDA-MB-361 and MDA-

MB-231 established breast cancer cell lines. 

A) The effects of treatment with the CRL inhibitor, MLN4924, and the proteasome inhibitor, 

Bortezomib, used at the indicated concentrations for 24 h, on Numb-deficient MDA-MB-361 and 

Numb-proficient MDA-MB-231 breast cancer cell lines was determined by IB using the indicated 

antibodies. p21 and Nrf2 levels were used as positive controls to check the efficiency of proteasome 

and CRL inhibitors, respectively. Anti-CUL1 antibody was used as additional control to show 

inhibition of Cullin1 NEDDylation. Akt, as protein unrelated to UPS pathway, acts as internal 

control. Actin served as loading control. MW markers are shown. Results are representative of two 

independent experiments. B) Basal NUMB transcript level measured by qRT-PCR expressed relative 

to the reference cell line MCF10A (=1). 
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4.1.2 Comparison of MLN4924 treatment and candidate silencing in 

restoring Numb expression 
 
 
Since MLN4924 targets CRL complexes in general, while our screening study identified the 

specific CRL components, RBX1 and FBXW8, as mediators of Numb degradation, we 

decided to compare the restoration of Numb protein expression upon MLN4924 treatment 

or following silencing of FBXW8 and RBX1. In keeping with our previous results, we 

observed a marked increase in Numb expression upon RBX1 and FBXW8 silencing in the 

Numb-deficient cell line, MDA-MB-361 (Figure 20A). The extent of Numb restoration was 

almost comparable to that observed in cells treated with MLN4924 (Figure 20A). Little 

discrepancies in Numb rescue are likely to be ascribed to different efficiency of inhibition 

in siRNA or drug-treated cells.  MDA-MB-231 Numb-proficient cells displayed no 

substantial variation in Numb levels upon either candidate silencing or drug treatments. p21 

levels were used to control for the efficient pharmacological inhibition of the proteasome 

and CRLs. However, p21 expression was not modulated upon transient silencing of FBXW8, 

which was not surprising considering that it is not a substrate of FBXW8-based CRL 

complexes 458–463. The efficiency of RBX1 silencing was confirmed by IB analysis, while 

FBXW8 KD was assessed by qRT-PCR (Figure 20), due to the lack of a suitable anti-

FBXW8 antibody. 

Overall, these results argued for a RBX1/FBXW8-based CRL complex involved in Numb 

aberrant degradation in Numb-deficient breast cancer cells, setting the stage for further 

functional characterization of RBX1 and FBXW8 proteins as therapeutic targets in Numb-

deficient breast tumors.  
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Figure 20. RBX1 and FBXW8 silencing recapitulates the effects of CRL and proteasome 

pharmacological inhibition in the restoration of Numb protein levels in MDA-MB-361 cells. 

A) The restoration of Numb levels upon RBX1 or FBXW8 silencing occurred selectively in Numb-

deficient breast cancer cells (MDA-MB-361), with no effect on Numb-proficient (MDA-MB-231) 

cells. RBX1 and FBXW8 were silenced with 10 nM oligos. Non-targeting siRNA oligo (siCtrl) was 

used as a negative control. The proteasome inhibitor Bortezomib and the NAE inhibitor MLN4924 

(30 nM and 0.5 µM, respectively, for 24 h) were used as a positive control for Numb restoration. 

Numb and RBX1 levels were determined by IB. Actin, loading control. MW markers are shown. s.e., 

short exposition; l.e., long exposition. B) qRT-PCR analysis to confirm FBXW8 silencing efficiency. 

Results are representative of 2 independent experiments. 
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4.2 DEVELOPMENT OF A CELLULAR MODEL TO ACHIEVE 

CONDITIONAL SILENCING OF RBX1 AND FBXW8 
 
 
The strategy hitherto used to validate RBX1 and FBXW8 candidates relied on transient 

siRNA-based silencing. Notwithstanding the various advantages of this approach, among 

which the time-saving protocol and its applicability to high-throughput screening, it has 

some intrinsic drawbacks. Indeed, transient silencing is not a suitable tool for the 

investigation of phenomena that require a highly efficient and long-lasting protein ablation, 

which is typically the case for experiments aimed at investigating 3D tumor outgrowth 

ability in vitro or tumorigenicity in vivo. Thus, we generated Numb-deficient and -proficient 

cell lines stably expressing doxycycline-inducible shRNAs against our target genes, RBX1 

and FBXW8, to study the long-term effects of their ablation in functional studies. The 

development of a cellular tool in which the use of a drug, doxycycline, can be used to 

abrogate the expression, and as a consequence the activity, of the RBX1/FBXW8-based CRL 

complex was also instrumental to provide preclinical proof-of-concept of the efficacy of 

pharmacological targeting of upstream negative regulators of Numb stability as a suitable 

therapeutic strategy in Numb-deficient breast cancer.  

 

4.2.1 Optimization of puromycin concentrations for the selection of 

stable MDA-MB-361 and MDA-MB-231 transfectants 
 

To optimize selection conditions, we generated survival curves of MDA-MB-361 and MDA-

MB-231 cells treated with increasing doses of puromycin, over a 72 h time period, using the 

crystal violet method.  

Based on our observations, we concluded that MDA-MB-361 cells are slightly more 

sensitive to puromycin compared with MDA-MB-231 cells, however, at the highest dose of 

puromycin used (2 µg/mL) a dramatic drop in cell survival was observed in both cell lines 

(Figure 21). From these experiments, we established that the minimum concentrations of 
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antibiotic required to induce almost complete cell death after 48 h of treatment were 1 µg/mL 

and 1.5 µg/mL puromycin for MDA-MB-361 and MDA-MB-231 cells, respectively (Figure 

21). 

 
 

 
 

Figure 21. Puromycin dose titration in the selection of stable MBA-MB-361 and MDA-MB-231 

transfectants. 

Numb-deficient MDA-MB-361 cells and Numb-proficient MDA-MB-231 cells were treated with 

incremental doses of puromycin (legend on the right) and monitored for cell viability over 72 h. Cells 

were plated in triplicate and data represents the mean ± s.dev. While both cell lines shared a dramatic 

drop in cell survival upon 2 µg/mL antibiotic treatment, they displayed different sensitivities to a 

range of antibiotic doses. The concentrations of 1 µg/mL and 1.5 µg/mL were selected as most 

suitable conditions to select MDA-MB-361 and MDA-MB-231 cell line transfectants, respectively. 
 

 
 

 

4.2.2 Generation of Numb-deficient MDA-MB-361 cells stably 

expressing shRNAs against RBX1 and FBXW8 
 
 
To silence RBX1 and FBXW8 expression, we transduced the MDA-MB-361 Numb-

deficient cell line with the lentiviral doxycycline-inducible vector (pTRIPZ) expressing 

shRNA against RBX1 or FBXW8. The pTRIPZ vector also contains a RFP reporter that 

allows one to check for the silencing efficiency. Notably, for RBX1, we decided to test both 

commercially available shRNAs against this gene (indicated as shRBX1_1 and shRBX1_2). 

Control cells were transduced with vector expressing non-targeting shRNA.  
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We first verified, in preliminary experiments, the efficiency of infection and RBX1/FBXW8 

silencing in vitro. After 72 h of doxycycline treatment, we used the Evos microscope 

(Thermofisher) to confirm high and widespread expression of the RFP reporter protein in 

the bulk population (>90% of positive cells) (Figure 22). We then assessed the effective KD 

of RBX1 at the protein level by IB analysis. Upon doxycycline administration, we observed 

a strong decrease in RBX1 protein expression achieved by both shRNAs; whereas no effect 

was observed in control cells (Figure 23A). Based on RBX1 protein levels, we did not 

appreciate leakiness of shRNA expression in absence of doxycycline (Figure 23A).  

Conversely, due to the lack of a suitable commercially available antibody, silencing of 

FBXW8 was monitored at the transcript level by qRT-PCR. Again, the treatment with 

doxycycline resulted in a considerable reduction of FBXW8 transcript expression only in 

shFBXW8 transduced cells (Figure 23B).  

Together, these observations prompted us to consider RFP protein expression a bona fide 

surrogate for target gene silencing. Moreover, we confirmed that the infection per se did not 

have any effect on the proliferative rate of the cell line (Figure 24), which was important to 

exclude possible off-target effects on cell growth, possibly caused by insertional 

mutagenesis events due to random integration of the lentiviral expression cassette in the host 

genome 464. 
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Figure 22. RFP protein expression demonstrates high infection efficiency in MBA-MB-361 cell 

line transfectants. 

Analysis of RFP reporter gene expression in MDA-MB-361 cells stably infected with lentiviral 

vectors expressing inducible shRBX1, shFBXW8 or non-targeting shRNA (shCtrl), following the 

administration of doxycycline-hyclate (5 µg/mL) for 72 h. shRBX1_1 and _2 were two different 

oligos directed against RBX1. High level and homogeneous RFP expression can be appreciated in 

the magnifications on the right. Yellow scale bar and magnification box sides indicate 500 µm.  
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Figure 23. Analysis of RBX1 and FBXW8 silencing efficiency upon doxycycline induction in 

MDA-MB-361 cell line transfectants. 

A) IB shows the efficacy of both shRBX1 oligos (shRBX_1 and shRBX_2) in achieving RBX1 

silencing in cells treated with doxycycline-hyclate (DOX, 5 µg/mL) or vehicle control for 72 h. 

shCtrl, is the negative control. Vinculin is the loading control. MW are shown. B) Efficiency of 

FBXW8 KD in cells treated as in (A) was determined by qRT-PCR. shCtrl, negative control. 
 

 
 
 
 
 

 
 

Figure 24. Growth kinetics of MDA-MB-361 cell line transfectants. 

MDA-MB-361 cells, stably infected with lentiviral vectors expressing inducible shRBX1 

(shRBX1_1 and _2), shFBXW8 or non-targeting shRNA (shCtrl), were plated in triplicate in 12-well 

plates at a concentration of 200,000 cells/well and monitored over 6 days. MDA-MB-361 WT cells 

were used as a control baseline. Each data point represents the mean ± s.dev. of triplicate samples, 

representative of 3 independent repeats. The time 0 was considered as the moment of seeding cells. 
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4.2.3 Generation of Numb-proficient MDA-MB-231 cells stably 

expressing shRNAs against RBX1 and FBXW8 

 
 
Similarly to MDA-MB-361 cells, we generated MDA-MB-231 transfectants by infecting 

cells with lentiviral doxycycline-inducible vectors (pTRIPZ) expressing the same shRNAs 

already described in section 4.2.2. High infection efficiency was confirmed in these cells by 

widespread RFP reporter protein expression (>80% of positive cells) after 72 h of 

doxycycline treatment (Figure 25). Effective KD of RBX1 and FBXW8 expression were 

then verified by IB (Figure 26A) and qRT-PCR analyses (Figure 26B), respectively. Upon 

the induction of shRNAs targeting RBX1, a strong reduction in protein level was 

successfully achieved. In particular, shRBX1_1 oligo performed better, as witnessed by 

almost undetectable residual RBX1 protein expression (Figure 26A). In parallel, qRT-PCR 

demonstrated FBXW8 high silencing efficiency upon doxycycline treatment (Figure 26B). 

Similarly to Numb-deficient transfectants, we verified that the infection did not impact on 

cell growth (Figure 27). 

Overall, we concluded that Numb-deficient and Numb-proficient transfectants are suitable 

tools for investigating the effects of RBX1 and FBXW8 silencing on tumor phenotypes using 

assays such as 3D Matrigel organotypic assay as well as in vivo tumorigenicity assays. 
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Figure 25. RFP protein expression demonstrates high infection efficiency in MBA-MB-231 

transfectants. 

Analysis of RFP reporter gene expression in MDA-MB-231 cells stably infected with lentiviral 

vectors expressing inducible shRBX1 (shRBX_1 and shRBX2, two different oligos), shFBXW8 or 

non-targeting shRNA (shCtrl), following the administration of doxycycline-hyclate (5 µg/mL) for 

72 h. On the right, the magnification of the bulk population shows high and widespread RFP 

expression. Yellow and white scale bars indicate 500 µm, whereas black bar represents 50 µm. 
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Figure 26. Assessment of RBX1 and FBXW8 silencing efficiency in MDA-MB-231 cell line 

transfectants stimulated with doxycycline. 

A) IB shows the efficacy of both shRBX1 oligos (shRBX_1 and shRBX_2) in achieving RBX1 

silencing in cells treated with doxycycline-hyclate (5 µg/mL) for 72 h. shCtrl, is the negative control. 

Vinculin is the loading control. MW are shown. B) Efficiency of FBXW8 KD in cells treated as in 

(A) was determined by qRT-PCR. shCtrl, negative control. 

 

 
 

 
 
 

 
 

Figure 27. Growth kinetics of MDA-MB-231 cell line transfectants. 

MDA-MB-231 cells (50,000 cells/well) stably infected with lentiviral vectors expressing inducible 

shRBX1 (shRBX1_1 and _2), shFBXW8 or non-targeting shRNA (shCtrl) were plated in triplicate 

in 12-well plates and monitored over 6 days. MDA-MB-231 WT cells were used as a control baseline. 

Each data point represents the mean ± s.dev. of a representative experiment of 3 repeats. The time 0 

was considered as the moment of seeding cells. 
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4.3 FUNCTIONAL VALIDATION OF RBX1 AND FBXW8 IN 3D 

MATRIGEL ORGANOTYPIC CULTURE SYSTEMS 
 
 
For decades, the overwhelming majority of the studies on cancer were carried out in 2D cell 

culture systems. Over recent years, growing cells in 3D culture systems has been rapidly 

adopted in the scientific arena and taken a central role as models for the study of normal and 

tumor organogenesis 465. Indeed, culturing cells in reconstituted extracellular matrix is held 

to better recapitulate in vivo conditions, enabling cells to adopt phenotypic features that 

might be lost in 2D culture systems, where essential signals from microenvironment are lost 

466,467.  

Based on these considerations, we relied on the above described Numb-deficient and -

proficient breast cancer models stably expressing doxycycline-inducible shRNA against 

RBX1 and FBXW8, to test the effect of RBX1 and FBXW8 ablation on tumor growth in 3D 

Matrigel cultures, an approach extensively exploited to study tumorigenicity in vitro. 

 

4.3.1 Optimization of 3D Matrigel outgrowth staining 

 

We opted for immunofluorescence (IF) analysis to check Numb expression in 3D cell 

structures. It is well established that fixation and permeabilization steps could affect 

dramatically staining outcomes, as these steps are crucial to confer epitope accessibility to 

antibodies 468,469. Notwithstanding the bulk of the literature reports the use of 4% 

paraformaldehyde to fix cells, alternative protocols have been reported to achieve an optimal 

permeabilization 470–472. In particular, the permeabilization of 3D organotypic outgrowths 

can be performed using several protocols involving either the use of non-ionic detergents 

(i.e., Triton X-100) or saponin compounds (i.e., saponin and digitonin), which extract lipids 

from membranes or form transient pores interacting with membrane cholesterol moieties, 

respectively 473. Therefore, we exploited accumulated expertise in our lab to seed the 

appropriate number of cells required for formation of 3D structures, with similar dimensions 
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in a defined timeframe. This strategy maximized the probability that each outgrowth was 

derived from a single cell.  

We first plated MDA-MB-361 Numb-deficient and MDA-MB-231 Numb-proficient cells 

on Matrigel, allowed them to form 3D structures of ~100 µm in diameter (approximately 12-

18 days), and finally stained samples using three distinct permeabilization conditions (0.025 

% saponin; 0.2 % and 0.5 % Triton X-100). Outgrowth development was monitored with 

bright-field microscope. Of note, the two cell lines differed in 3D structure morphology; 

indeed MDA-MB-361 cells generated cohesive round-shaped masses, whereas MDA-MB-

231 outgrowths displayed more irregular shapes with multiple protrusions, suggestive of 

higher invasive potential (Figure 28). Numb expression was assayed by IF analysis. No 

substantial variation in Numb expression was observed across the different experimental 

conditions (Figure 29). Thus, we showed that the permeabilization method did not affect IF 

outcome in MDA-MB-231 or in MDA-MB-361 outgrowths. Furthermore, we also noticed 

different Numb staining patterns in 3D spheroids generated from the two model cell lines. 

Indeed, in MDA-MB-361 cells, Numb is predominantly localized at the level of the plasma 

membrane, whereas MDA-MB-231 cells showed a more homogeneous and cytoplasmic 

distribution (Figure 30). 

Since no method showed superiority over the others, we decided to permeabilize fixed cells 

with 0.2% Triton X-100, the most commonly used detergent in the field. 
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Figure 28. Morphology of 3D Matrigel outgrowths derived from MDA-MB-361 and MDA-MB-

231 cell lines. 

Cells were seeded onto a Matrigel layer and allowed to form 3D structures (spheroids) of 

approximately 100 µm diameter. Experimental conditions strongly favored the development of 

clonally-derived spheroids, and also minimized 3D structure coalescence. Arrowhead indicates cell 

protrusions, which likely invade the Matrigel layer. Scale bars are shown. Pictures are representative 

of several experiments. 
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Figure 29. Optimization of sample permeabilization for Numb immunofluorescence staining. 

The figure shows the three different approaches used to achieve cell permeabilization required for 

Numb immunostaining. Both MDA-MB-361- and MDA-MB-231-derived spheroids are shown. 

Images of 3D structures of comparable size were acquired with Leica SP8 confocal microscopy, and 

the selected pictures represent the middle focal planes. Spheroid aggregates shown in the figure are 

most likely ascribable to incomplete removal of the sticky layer of Matrigel surrounding these 

structures. Alexa647-fluorophore (red) was used to detect the Numb signal. DAPI (blue) was used 

to counterstain the nuclei. 
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Figure 30. Different subcellular localization of Numb in 3D organotypic outgrowths from 

MDA-MB-361 and MDA-MB-231 cells. 

The different patterns of Numb localization are shown in the representative images. A predominant 

plasma membrane staining was observed in MDA-MB-361 cells, while a mainly cytoplasmic and 

diffuse signal was detected in MDA-MB-231 cells. The magnified images were acquired with 

confocal microscopy. Images of multiple sections and spheroids per slide were collected, giving 

consistent results. Numb in red pseudo-color (Alexa647-fluorophore) and nuclei are in blue (DAPI). 

Given the substantial gap in Numb protein levels in the two model cell lines, distinct exposition times 

were used, aiming to highlight better the differential localization pattern of Numb expression, rather 

than total protein levels. 

 

 
 

4.3.2 Effect of Bortezomib and MLN4924 treatment on Numb-deficient 

and -proficient 3D Matrigel outgrowths 

 
 
Before embarking on further investigations, we first tested whether the 3D culture conditions 

could perturb per se the responsiveness of Numb-deficient cells to Bortezomib and 

MLN4924 inhibitors. Briefly, Numb-deficient and Numb-proficient cells were seeded on 

Matrigel and 3D structures were allowed to reach around 100 µm diameter, before finally 

treating with the drugs for 24 h. Numb proteins expression levels in the outgrowths were 
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assessed by IF. p21 protein levels were monitored as a positive control of effective 

proteasome and CRL inhibition.  

As expected, Numb-deficient MDA-MB-361 outgrowths showed lower basal Numb 

expression levels compared with Numb-proficient MDA-MB-231 3D structures (Figure 31). 

Moreover, Bortezomib and MLN4924 strongly restored Numb levels selectively in the 

MDA-MB-361 cell model, while no apparent effect was detectable in the MDA-MB-231 

model. Inhibitor efficacy was witnessed by the increase in p21 expression and its 

predominant nuclear localization (Figure 31). Therefore, we confirmed that the 3D 

organotypic culture system was suitable for gaining insights into the Numb degradation 

machinery, since the behavior of Numb-deficient and -proficient cells observed in 2D 

systems was recapitulated. 
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Figure 31. Response of Numb-deficient and -proficient 3D Matrigel outgrowths to proteasome 

and CRL inhibitor treatments. 

Analysis of Numb protein expression in MDA-MB-361 and MDA-MB-231 spheroids, as Numb-

deficient and -proficient models, respectively, upon the administration of proteasome inhibitor 

Bortezomib (15 nM) or CRL inhibitor MLN4924 (0.5 µM) for 24 h. Treatment with an equal amount 

of vehicle was used as negative control. p21 serves as a positive control of drug efficacy. Nuclei are 

marked with DAPI dye (blue), whereas Alexa488 (green) and Alexa647 (red) fluorophores show p21 

and Numb protein, respectively. Images were acquired with a confocal microscope and middle focal 

planes were selected as representative snapshots to assess protein levels. Results are representative 

of at least 2 independent experiments and at least four spheroids per slide were analyzed. 
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4.3.3 Effect of RBX1 and FBXW8 silencing on Numb-deficient and -

proficient 3D Matrigel outgrowths 
 
 
These results prompted us to assess the effects of RBX1 and FBXW8 ablation on the tumor 

growth in 3D Matrigel cultures, using the doxycycline-inducible transfectants previously 

described. In particular, for RBX1 silencing we used the shRBX1_1 oligo, which showed 

the highest efficiency in both model cell lines (see Results Sections 4.2.2 and 4.2.3). 

We decided to adopt a strategy that could mimic the in vivo situation in which a putative 

targeted treatment against determinants of Numb degradation is administered to affect the 

growth of a clinically evident Numb-deficient breast cancer. Briefly, we plated cells on 

Matrigel, allowed them to form 3D outgrowths of 40 µm in diameter, and then we induced 

RBX1 and FBXW8 silencing with doxycycline. We harvested and analyzed the 3D-

outgrowths in different treatment conditions when, in control samples, they had reached the 

size of 100 µm in diameter. Bortezomib was used as positive control for selective Numb 

restoration in the Numb-deficient model cell line.  

At the phenotypic level, we evaluated the outgrowth-forming efficiency (OFE) – 

conceptually equivalent to the sphere-forming efficiency (SFE) in mammosphere assays 474 

– and the distribution of spheroid diameters, as valuable functional parameters to assess the 

effects of FBXW8 or RBX1 silencing on tumor growth. To prevent uneven cell plating from 

affecting the final outcome, we verified the homogeneity of starting conditions by counting 

cells sitting on Matrigel 24 h after seeding. In the Numb-deficient MDA-MB-361 cell model, 

we observed that RBX1 and FBXW8 silencing yielded a reduction of OFE, compared with 

their untreated counterpart and the scramble shRNA control (Figure 32A). Moreover, we 

also observed a significant reduction in the average diameter of outgrowths generated by 

RBX1- and FBXW8-silenced cells, compared to control, with a remarkable impairment in 

the number of structures exceeding the size of 70 µm in diameter (Figure 32C).  
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At the biochemical level, we confirmed by IF that both RBX1 and FBXW8 silencing 

increased Numb levels in MDA-MB-361 3D Matrigel structures, to a similar extent as that 

achieved upon Bortezomib treatment, whereas scramble shRNAs did not affect Numb 

expression. The increased p21 levels confirmed effective proteasome inhibition in 

Bortezomib treatment samples (Figure 33). Of note, target gene silencing was assessed using 

RFP reporter expression as a surrogate of shRNA synthesis. 

FBXW8 KD was monitored also at the transcript level by qRT-PCR taking advantage of the 

superior sensitivity of the Cell-to-Ct kit, which enabled RNA analysis starting from small 

amounts of cells. We demonstrated a considerable reduction of residual FBXW8 transcript 

upon doxycycline treatment, consistent with that expected based on RFP reporter expression 

(Figure 35). 

As a control, we performed the same set of experiments in the MDA-MB-231 Numb-

proficient model cell line, and demonstrated that they were insensitive to RBX1 and FBXW8 

silencing achieved upon doxycycline treatment (Figure 32B, D). Also at the protein level, 

no Numb variations were detected upon either proteasome inhibition or target gene silencing, 

the efficacy of which was controlled by the increment in p21 protein levels and RFP protein 

expression, respectively (Figure 34).  

We therefore concluded that silencing of RBX1 or FBXW8 was able to selectively restore 

Numb expression only in cells displaying an exaggerated proteasomal degradation of the 

Numb protein, thereby pointing to a mechanistic role for a RBX1-/FBXW8-based CRL 

complex in the pathogenesis of Numb-deficient breast cancer. Moreover, we also 

demonstrated that rescue of Numb expression was functionally associated with a remarkable 

decrease in the number and dimension of 3D Matrigel outgrowths, further arguing that the 

RBX1/FBXW8 ligase machinery might represent a valuable therapeutic target for Numb-

deficient breast cancer.  
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Figure 32. Effects of RBX1 or FBXW8 silencing on the ability of MDA-MB-361 and MDA-MB-

231 cells to generate 3D Matrigel outgrowths. 

A-B) Bar chart represents the outgrowth-forming efficiency (OFE) calculated by dividing the number 

of 3D structures formed at the end of the observation period by the number of cells initially seeded 

in the well, expressed as a percentage (n=2). Data are the mean ± s.dev.; *, p < 0.05. n.s., not 

significant. Unpaired t-test was used to calculate the p-value. C-D) Whisker plot shows the 

distribution of spheroid size. For each experimental condition, a spheroid size of 70 µm in diameter 

was used as a threshold to generate two sub-samples (top panels, samples with diameter < 70 µm; 

bottom panels, samples with diameter > 70 µm), with statistical features as depicted in the figure 

(n=2). *, p < 0.05. n.s., not significant. Unpaired t-test was used to calculate the p-value. 
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Figure 33. Effects of RBX1 and FBXW8 ablation on MDA-MB-361 Numb-deficient 3D 

Matrigel outgrowths. 

A) Assessment of Numb protein expression in 3D Matrigel structures generated by the indicated 

MDA-MB-361 stable transfectants, upon treatment with doxycycline (5 µg/mL) to  induce RBX1 

and FBXW8 silencing. Vehicle was added to the negative control. RFP reporter protein acts as a 

positive control for shRNA expression and a surrogate for efficient target silencing. Nuclei were 

counterstained with DAPI dye (blue), whereas Alexa647 fluorophore (red) shows Numb protein. 

Scale bars are displayed. B) Detection of Numb protein level response to proteasome inhibitor 

Bortezomib (15 nM) after 24 h of treatment. p21, visualized by Alexa488 (green), serves as a control 

for drug efficacy. Images were acquired with a confocal microscope and middle focal planes were 

selected as representative of the whole spheroid to assess protein levels. Results are representative 

of at least 2 independent experiments and at least 3 spheroids per slide were analyzed. 
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Figure 34. Effects of RBX1 and FBXW8 ablation in MDA-MB-231 Numb-proficient 3D 

Matrigel outgrowths. 

A) The indicated stable MDA-MB-231 transfectants were stimulated with doxycycline (5 µg/mL) to 

induce RBX1 or FBXW8 silencing. Vehicle was added to the negative control. RFP reporter protein 

acts as a positive control for shRNA expression and surrogate for efficient target silencing. Nuclei 

were counterstained with DAPI dye (blue), whereas Alexa647 fluorophore (red) shows Numb 

protein. Scale bars are shown. B) Detection of Numb protein level response to proteasome inhibitor 

Bortezomib (15 nM) after 24 h of treatment. p21, visualized by Alexa488 (green), was used as 

positive control of drug efficacy. Images were acquired with a confocal microscope and middle focal 

planes were selected as representative of the whole spheroid to assess protein levels. Results are 

representative of at least 2 independent experiments and at least 3 spheroids per slide were analyzed. 
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Figure 35. Verification of FBXW8 silencing in 3D Matrigel structures generated by MDA-MB-

361 or MDA-MB-231 cells. 

Efficiency of FBXW8 KD in 3D outgrowths derived from Numb-deficient MDA-MB-361 cells (left) 

or Numb-proficient MDA-MB-231 cells (right) exposed to doxycycline (5 µg/mL) was determined 

by qRT-PCR. Vehicle, negative control. 

 

4.4 VALIDATION OF THE IN VIVO EFFICACY OF TARGETING RBX1 

AND FBXW8 AS A SUITABLE THERAPEUTIC STRATEGY FOR NUMB-

DEFICIENT BREAST CANCER 
 
 
Our in vitro data suggested that an RBX1/FBXW8-based CRL complex could represent a 

molecular target for therapeutic intervention in Numb-deficient breast cancers. To assess the 

translational relevance of this finding, we set out to investigate the effects of silencing RBX1 

and FBXW8 in vivo, using xenografts generated from MDA-MB-361 and MDA-MB-231 as 

suitable preclinical models of Numb-deficient and -proficient breast cancers, respectively. 

To this aim, we exploited the described MDA-MB-361 and MDA-MB-231 cell lines stably 

transfected with the lentiviral doxycycline-inducible vector (pTRIPZ) expressing shRNA 

against RBX1 or FBXW8, compared to control cells stably transfected with a vector 

expressing non-targeting shRNA.  

 

4.4.1 Effects of RBX1 silencing on Numb-deficient and Numb-proficient 

xenografts 
 
 
We established xenografts by transplanting 2 x 106 MDA-MB-361 or 1.5 x 105 MDA-MB-

231 stable transfectant cells into the inguinal mammary fat pads of NOD/SCID IL2R 
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gamma-chain null (NSG) female mice. This murine model has the advantages of negligible 

immunological background, thereby avoiding immune response bias in the tumor growth 

outcome. We regularly monitored tumor growth through in vivo caliper measurement. Once 

tumors reached palpable size (~20 mm3), mice were administered with doxycycline to induce 

shRNA expression or were treated with Bortezomib as a positive control for Numb 

restoration over a 15-day period (Figure 36). Ad libitum administration of ordinary food 

pellet or drug vehicle injection served as controls. We used cells expressing scramble shRNA 

as an additional control to exclude the possibility that shRNA expression could drive per se 

an effect on tumor growth. As expected, Bortezomib treatment markedly inhibited the 

growth of MDA-MB-361 Numb-deficient xenografts, but not of MDA-MB-231 Numb-

proficient xenografts. Likewise, RBX1 silencing significantly impaired the growth of MDA-

MB-361, but not MDA-MB-231, xenograft growth (Figure 37).  

We also attempted to gain insight into the processes underpinning tumor growth arrest 

promoted by RBX1 silencing. To do this, the proliferative marker, Ki-67, was evaluated by 

IHC analysis. We found that RBX1 ablation did not affect appreciably Ki-67 index score in 

Numb-deficient or -proficient xenografts. However, the intrinsically higher proliferation rate 

of MDA-MB-231 tumors was evident by Ki-67 immunostaining (Figure 38). Thus, since 

proliferation rate was not affected by RBX1 silencing, it is possible that growth impairment 

in these xenografts might be attributed to the induction of apoptosis in the bulk tumor 

population, although further investigations are needed to test this hypothesis. 

Although the lack of a suitable IHC antibody against RBX1 prevented the direct assessment 

of RBX1 silencing efficiency directly in outgrowths, we overcame this hurdle by analyzing 

RFP expression. Representative images of the excised tumor outgrowths confirmed the in 

vivo induction upon doxycycline administration of shRNA expression, as evidenced by the 

red color conferred by RFP reporter expression (Figure 39). 
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Together, these results support the involvement of RBX1 in the excessive degradation of 

Numb in Numb-deficient breast cancers, providing also proof-of-concept of its role as pro-

tumorigenic factor. 

 

 

Figure 36. Experimental strategy for investigating the effects of in vivo RBX1 silencing on 

Numb-deficient and -proficient xenografts. 

Schematic representation of the doxycycline administration protocol. Once tumors had reached 

palpable size, doxycycline, or saline as control, was administered (Day 1) to mice uninterruptedly 

via food pellets. Bortezomib was administered at days 1, 3, 8 and 10 (a regimen similar to the human 

protocol 475–477).  

 

 

 

 
 

Figure 37. In vivo silencing of RBX1 selectively inhibits the growth of Numb-deficient MDA-

MB-361 xenografts. 

Growth rate analysis of xenografts generated by MDA-MB-361 and MDA-MB-231 cells stably 

infected with doxycycline (DOX)-inducible shRNA-RBX1 construct, or with a control shRNA 

(shCtrl), and treated in vivo with DOX-laced or ordinary food pellets (NT) as a control. Bortezomib-

treated mice were also included as controls. The size of the tumor mass, measured at each time-point, 

is expressed as a fold-increase relative to the size of the lesion at day 0. Transfectants correspond to 

those shown in Fig. 22-27. Data are the mean ± s.dev.; n = 2. *, p-value < 0.01. n.s., not significant. 

p-values were calculated using t-student unpaired test. 
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Figure 38. In vivo silencing of RBX1 does not have an impact on cell proliferation in Numb-

deficient and -proficient xenografts. 

Bar chart represents the Ki-67 score calculated by dividing the number Ki-67–positive nuclei by the 

total number of cells. Color code corresponds to those shown in Fig. 37. Data are the mean ± s.dev.; 

n = 2. All the differences are not significant. p-values were calculated using t-student unpaired test 

 

 

 

 

 

 
Figure 39. In vivo RFP expression demonstrates shRBX1 expression in MDA-MB-361 and 

MDA-MB-231 xenografts. 

Representative images of the excised tumor outgrowths at day 15 confirm the in vivo induction upon 

doxycycline (DOX) administration of shRNA, evidenced by the red color conferred by RFP reporter 

expression. Bar, 5 mm.  
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4.4.2 Effect of FBXW8 silencing on Numb-deficient and -proficient 

xenografts 
 
 
A strategy similar to that employed for RBX1 (Figure 36) was used to provide evidence of 

the role of FBXW8 in Numb degradation in vivo. FBXW8 ablation selectively impaired the 

growth of Numb-deficient xenografts, recapitulating the effect achieved by Bortezomib 

administration. In contrast, as expected, Numb-proficient xenografts did not exhibit any 

response to FBXW8 ablation (Figure 40). Furthermore, we demonstrated that the Ki-67 

proliferation score did not display any substantial variation following either proteasome 

inhibitor treatment or FBXW8 silencing, prompting us to speculate about the induction of 

cell death in the bulk tumor population, rather than proliferative impairment (Figure 41). 

Despite the lack of a good commercially available anti-FBXW8 antibody, we monitored the 

appearance of the red color in the tumor mass due to the RFP reporter expression as a 

surrogate of FBXW8 silencing. Indeed, upon doxycycline administration, xenografts 

expressing shRNA against FBXW8 became red and smaller, compared to untreated tumors, 

thereby arguing for an efficient FBXW8 ablation (Figure 42).  

Overall, with all the possible limitations linked to a cell-based xenograft model, these data 

strongly argue that a FBXW8-based CRL complex is mechanistically involved in sustaining 

the growth of Numb-deficient breast cancers. 
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Figure 40. In vivo silencing of FBXW8 selectively inhibits the growth of Numb-deficient MDA-

MB-361 xenografts. 

Growth rate analysis of xenografts generated by MDA-MB-361 and MDA-MB-231 cells stably 

infected with a doxycycline (DOX)-inducible shRNA-FBXW8 construct, or with a control shRNA 

(shCtrl), and treated in vivo with DOX-laced or ordinary food pellets (NT) as a control. Bortezomib-

treated mice were also included as positive controls. The size of the tumor mass, monitored every 

three days by caliper, is expressed as a fold-increase relative to the size of the lesion at the onset. 

Transfectants correspond to those shown from Fig. 22-27. Data are the mean ± s.dev.; n = 4. *, p-

value < 0.01. n.s., not significant. p-values were calculated using t-student unpaired test. 

 

 

 

 
Figure 41. In vivo silencing of FBXW8 does not have an impact on cell proliferation in Numb-

deficient and -proficient xenografts. 

Bar chart represents the Ki-67 score calculated by dividing the number Ki-67–positive nuclei by the 

total number of cells. Color code corresponds to those shown in Fig. 40. Data are the mean ± s.dev.; 

n = 2. All the differences are not significant. p-values were calculated using t-student unpaired test. 
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Figure 42. In vivo RFP expression as a surrogate marker of FBXW8 shRNA expression in 

MDA-MB-361 and MDA-MB-231 xenografts. 

The figure shows representative images of the excised tumor outgrowths at day 15. Doxycycline 

(DOX)-induced RFP protein expression confers red color to xenografts, thus confirming the in vivo 

induction of shRNA. Bar, 7 mm. 

 

 

 

4.5 IN VIVO DEMONSTRATION OF ADDICTION OF NUMB-

DEFICIENT BREAST CANCERS TO LOW NUMB EXPRESSION 

 
 
The overall goal of this thesis was to validate the role of RBX1 and FBXW8 as drug targets 

to curb tumorigenesis selectively in Numb-deficient breast cancers. In this section, we 

describe a series of experiments aimed at investigating whether the anti-tumorigenic effects 

achieved in Numb-deficient breast cancer cells upon pharmacological inhibition of the 

proteasome machinery (Bortezomib), or selective inactivation of the RBX1/FBXW8 CRL 

complex, can be attributed to restoration of Numb expression, instead of other possible 

mechanisms of action or even off-target effects. The overall strategy involved in these 

experiments was based on the use of MDA-MB-361 Numb-deficient cells in which, upon 

proteasome inhibition or FBXW8/RBX1 silencing, Numb restoration can be prevented by 

the inducible activation of an shRNA targeting the NUMB gene.  
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4.5.1 Development of a Numb-deficient cell model stably expressing 

shRNA against Numb 

 
 
To generate a model of Numb-deficient MDA-MB-361 cells with inducible impairment in 

Numb restoration, we infected cells with a lentiviral vector (pTRIPZ) harboring 

doxycycline-inducible shRNA against Numb. The resulting transfectants would allow the 

conditional abrogation of the ability to restore Numb expression following proteasome 

inhibition (or RBX1/FBXW8 silencing). The efficiency of infection and Numb silencing 

was verified in vitro. Cells were stimulated with doxycycline for 72 h, and then observed 

using a Evos microscope (Thermofisher) to confirm high and widespread expression of the 

RFP reporter protein in the bulk cell population: almost 100% of cells were positive (Figure 

43).  

We then assessed Numb KD efficiency by both IB and qRT-PCR analyses. Upon 

doxycycline administration, we observed a strong decrease in protein expression achieved 

by both shRNAs (i.e., shNUMB_59 and shNUMB_77, targeting ORF and 3’UTR regions, 

respectively); whereas no effect was observed in untreated control cells (Figure 44A). Not 

surprisingly, NUMB mRNA levels corroborated IB results, supporting an excellent silencing 

efficiency (Figure 44B). Notably, the higher sensitivity of qRT-PCR analysis compared with 

IB analysis revealed a negligible shRNA expression leakage in untreated cells, as witnessed 

by the slight reduction in NUMB transcript, which however was not detectable at the protein 

level. Moreover, we confirmed that the infection per se did not have any effect on the 

proliferative rate of the cell line (Figure 45). 

Based on these results, since MDA-MB-361 cells expressing the shNUMB_59 oligo showed 

a slightly higher efficiency in target gene silencing, we used these cells for in vivo 

xenotransplantation experiments. 
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Figure 43. RFP protein expression demonstrates high infection efficiency in MDA-MB-361 

shNumb transfectants. 

Analysis of RFP reporter gene expression in MDA-MB-361 cells stably infected with lentiviral 

vectors expressing inducible shNumb_59 and shNumb_77, two different oligos directed against 

Numb, or non-targeting shRNA (shCtrl), upon the administration of doxycycline-hyclate (DOX, 5 

µg/mL) for 72 h. High level, homogeneous RFP expression was detected. Yellow and white scale 

bars indicate 500 µm. 
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Figure 44. Analysis of Numb silencing efficiency upon doxycycline induction in MDA-MB-361 

cell line transfectants. 

A) IB shows the efficacy of both shNumb oligos (shNumb_59 and shNumb_77) in achieving protein 

KD in cells treated with doxycycline-hyclate (DOX, 5 µg/mL) or vehicle alone for 72 h. shCtrl, is 

the negative control. Numb signal was acquired after a long exposure to emphasize residual protein 

levels upon KD. Actin, loading control. MW markers are shown. B) Efficiency of Numb KD in cells 

treated as in (A) was determined by qRT-PCR. shCtrl, negative control. 

 

 

 

 
 

Figure 45. Growth kinetics of MDA-MB-361 shNUMB cell line transfectants. 

MDA-MB-361 cells (200,000 cells/well) stably infected with lentiviral vectors expressing inducible 

shNumb (shNumb_59 and _77) or non-targeting shRNA (shCtrl) were plated in triplicate in 12-well 

plates and monitored over a 7 day period. MDA-MB-361 WT cells were used as a control baseline. 

Each time-point represents the mean ± s.dev. of a representative experiment, performed in triplicate, 

of independent 3 repeats. The time 0 was considered as the moment of seeding cells. 

 

 
 



110 
 

4.5.2 Effect of in vivo proteasome inhibition in Numb-deficient MDA-MB-

361 cells incompetent for Numb protein restoration 
 
 
We established xenografts of MDA-MB-361 shNUMB transfectants by transplanting 2 x 

106 MDA-MB-361 infected cells into the inguinal mammary fat pad of NSG female mice 

and regularly monitored tumor growth through in vivo caliper measurement. Once tumors 

reached palpable size (~20 mm3), mice were administered with doxycycline for three days, 

a reasonable timeframe to induce Numb protein level abrogation in tumor tissues. Mice were 

then treated with Bortezomib and doxycycline over a 15-day period. Following this 

schedule, we should prevent the confounding effects of residual Numb levels on growth 

phenotypes (Figure 46). Ad libitum administration of ordinary food pellet or drug vehicle 

injection served as controls.  

Phenotypically, we observed that inhibiting Numb restoration by inducing Numb silencing 

with doxycycline led to the development of resistance to Bortezomib treatment in MDA-

MB-361 shNUMB xenografts. Indeed, only xenografts which could restore Numb displayed 

impaired tumor growth (Figure 47). Of note, Numb silencing did not affect per se xenograft 

growth, which is not surprising considering the low levels of constitutive Numb expression 

in these cells (Figure 47).  

At the molecular level, we checked Numb status on excised tumor masses processed for IHC 

analysis. In particular, we first verified Numb protein ablation before starting the treatment 

with proteasome inhibitor (Figure 48). At the end of the treatment, we confirmed that Numb 

expression was increased upon Bortezomib administration selectively in xenografts not 

silenced for Numb (Figure 49).  

Based on these data, we concluded that MDA-MB-361 cells appear to be strictly dependent 

on the presence of low basal levels of Numb to fully display their tumorigenic potential, and 

that restoration of Numb expression represents the selective mechanism of action through 

which proteasome inhibition exerts anti-tumorigenic effects in these cells. 
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Figure 46. Experimental strategy to achieve Numb KD in vivo in MDA-MB-361 shNUMB 

transfectant xenografts. 

Schematic representation of the administration protocol. Once tumors had reached palpable size, 

doxycycline supplemented food pellets were administered (Day -3) to mice uninterruptedly. Ad 

libitum ordinary food was given to control mice. Bortezomib was administered on days 1, 3, 8 and 

10, recapitulating the regimen used in human diseases. 

 

 

 
Figure 47. Numb restoration is required for the inhibitory effects of Bortezomib on tumor 

growth in vivo. 

Growth rate analysis of xenografts generated by MDA-MB-361 cells stably infected with a 

doxycycline (+DOX)-inducible shRNA-Numb construct and treated in vivo with DOX-laced or 

ordinary food pellets (-DOX) as a control. Bortezomib, or equal amounts of vehicle (-Bortezomib) 

as control, were then administered to mice. The size of the tumor mass, monitored every three days 

using calipers, is expressed as a fold-increase relative to the size of the lesion at Day 1. Transfectant 

corresponds to that shown in Fig. 25 and 26. Data are the mean ± s.dev.; n = 6. *, p-value < 0.001. 

n.s., not significant. p-values were calculated using t-student unpaired test. 
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Figure 48. Numb expression levels in MDA-MB-361 shNUMB xenografts at the start of 

Bortezomib treatment. 

A subset of xenografts was removed after three days (corresponding to day 1 indicated in Fig. 28) of 

doxycycline administration by food pellets. Ad libitum ordinary food was used in controls. 

Xenografts were processed for IHC staining. Numb expression status was assigned by IHC analysis 

and analyzed at low and high magnification, in the upper and lower part, respectively. Dashed line 

delimitates the tumor (on the left) from normal tissue; the arrow indicates a normal mammary duct, 

which expresses normal Numb protein levels; arrowheads emphasizes Numb expression in normal 

fibroblast; and * are sparse cells resistant to Numb KD. Boxes delineate the area shown at higher 

magnification. 
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Figure 49. Bortezomib efficiently restores Numb levels in MDA-MB-361 shNUMB xenografts 

not treated with doxycycline. 

Xenografts generated by MDA-MB-361 cells stably infected with doxycycline (DOX)-inducible 

shNumb construct, and administered in vivo with DOX or Bortezomib, were removed at the end of 

treatment and processed for IHC analysis of Numb expression. Ordinary food or equal amount of 

vehicle were used in controls. High magnifications are enclosed in black boxes. Interestingly, upon 

proteasome inhibition, Numb is no longer predominantly located at the plasma membrane, but 

accumulates in the cytoplasm.  
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4.6 ESTABLISHMENT OF PDX MODELS OF HUMAN BREAST 

CANCERS 
 

Although established human cancer cell lines are a useful tool to study both physiological 

and pathological phenomena occurring in cells, they suffer several drawbacks, i.e., genetic 

and biological drift over passages and adaptation to culture conditions, which make them 

less representative of naturally occurring cancers 478,479. Thus, to establish the clinical 

relevance of the set of results obtained in established cell line models, we set out to 

investigate the role of the Numb degradation machinery in PDX models, which more closely 

recapitulate the pathophysiology of naturally occurring breast cancers 480,481.  

We used biopsy samples from breast cancer patients, stratified for basal Numb status by IHC 

analysis, to generate breast cancer PDXs. Independently of the Numb status of the primary 

tumor, PDXs were further characterized for Numb protein and transcript levels by IB (using 

PDX-derived dissociated cells) and qRT-PCR on OCT (Optimal Cutting Temperature 

mounting medium) sections, respectively (Figure 50). Selected Numb-deficient and Numb-

proficient PDXs, with similar clinicopathological parameters and NUMB transcript levels 

(Figure 51A, B), were then assessed for sensitivity to proteasome inhibition, in order to select 

those PDXs displaying Numb restoration following UPS inhibition (Figure 52).  

Based on this molecular characterization, we selected the PDXs, P1 and P2 as Numb-deficient 

models, and PA and PB as Numb-proficient models, to be used to analyze the effects of 

RBX1/FBXW8 silencing in “real” human breast cancers.  
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Figure 50. Schematic representation of PDX generation and expansion. 

Primary breast tumor biopsy samples, not needed for diagnostic purposes, were cleaned of necrotic 

areas, chopped into small pieces (~3 mm3) and transplanted in 5-6 week-old NSG female mice. Once 

engrafted PDXs (TX1) had reached a suitable size, they were removed, processed (i.e., phenotypic 

characterization, cultured ex vivo after mass dissociation, immunohistochemistry, transcript analysis, 

etc.) and small pieces of the outgrowth were used for further expansion of the PDX cohort (TX2 to 

TXn, according to the number of passages in vivo). 

 

 
 

 
Figure 51. Selected Numb-deficient and -proficient PDXs were homogeneous for 

clinicopathological parameters and NUMB transcript. 

A) The table summarizes some clinicopathological features (tumor grade, receptor expression status 

[ER, PR and HER-2], and KI67 proliferative index) of selected Numb-proficient (PA and PB) and 

Numb-deficient (P1 and P2) PDXs. B) Bar plot shows NUMB transcript levels, determined by qRT-

PCR, in selected PDXs. MCF10A cells, representing the normal breast cell line counterpart, was 

used as the reference sample. 
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Figure 52. Human breast cancer PDX response to proteasome inhibitor treatment. 

Cells derived from PDXs described in (Fig. 33) were treated in vitro with Bortezomib (30 nM, 24 h) 

and analyzed by IB as indicated. b-catenin and p21 were used as positive controls of proteasome 

inhibition. Dynamin II, actin and tubulin, are loading controls. MCF10A cells were used as controls 

for basal Numb levels in normal mammary epithelial cells. MDA-MB-361 and MDA-MB-231 cells 

were controls for Numb-deficient and Numb-proficient cells, respectively. Samples have been 

analyzed at different times. Solid lines mark lanes from different blots.  
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4.7 NUMB PHYSICALLY INTERACTS WITH COMPONENTS OF CRL 

COMPLEXES 

 
 
To provide further support for the existence of an RBX1/FBXW8-based CRL complex that 

mediates Numb degradation, we performed Co-IP experiments. Since our initial attempts to 

perform Co-IP with endogenous Numb in MDA-MB-361 cells failed due to its low 

expression levels, we adopted an alternative strategy relying on ectopic expression of Numb 

in HEK293 cells. To this aim, we took advantage of a pCDNA3.1 vector expressing a FLAG-

tagged version of Numb already available in the lab 96. The pCDNA3.1 vector backbone 

allows high and constitutive expression of the gene-of-interest, which is put under the control 

of the human cytomegalovirus immediate-early promoter (hCMVie). Furthermore, the 

FLAG-tag moiety fused with Numb protein acts as an easily accessible epitope recognized 

by a specific anti-FLAG antibody, thereby, allowing one to overcome possible problems 

linked to the use of antibodies directed against the endogenous protein (for instance, epitopes 

that remain buried or have undergone post-translational modification), which might cause 

failure of immunoprecipitation experiments. 

Calcium-phosphate transfection was used to overexpress Numb-FLAG protein in HEK293 

cells; then, using the IgG1 anti-FLAG M2 antibody, we immunoprecipitated Numb-FLAG 

and identified endogenous interactors by IB analysis. A purified antibody directed against 

an irrelevant antigen (i.e., HA-tag epitope) and the excess of FLAG peptide used to compete 

the IP, served as negative controls. In addition to the known Numb interactor, p53, used as 

a positive control, we demonstrated that Numb co-immunoprecipitates with RBX1, SKP1, 

CUL1, and Cullin 7 (CUL7): all components of CRL complexes (Figure 53A).  

Due to the lack of suitable antibody against FBXW8, we opted for a reverse approach to 

prove the physical interaction of Numb with FBXW8-based CRL complexes, based on 

FBXW8 immunoprecipitation. To this purpose, we generated a lentiviral construct to 

transiently overexpress an HA-tagged version of FBXW8 using the pLentilox 3.7 backbone 



118 
 

(pLL 3.7). After HEK293 cells were transfected, anti-HA antibody was used to 

immunoprecipitate FBXW8-HA protein, and endogenous interactors were checked by IB. 

We were able to show that FBXW8 interacts with endogenous Numb, as well as with the 

other CRL proteins identified in the previous experiment. Consistently to what has been 

reported in literature, FBXW8 associates much more efficiently with CUL7 rather than 

CUL1 482. Cyclin D1, a known cognate substrate of FBXW8, was used as a positive control 

458 (Figure 53B). 

 

 
 

Figure 53. Numb physically interacts with the FBXW8-based CRL complex. 

A) HEK293 cells transfected with FLAG-tagged-Numb were subjected to anti-FLAG 

immunoprecipitation (IP). Co-immunoprecipitating (Co-IP) endogenous proteins were detected by 

immunoblot (IB) with the indicated antibodies. Specificity of the Co-IP was controlled by adding an 

excess of the FLAG peptide. IP with anti-HA, an unrelated antibody, was used as an additional 

control. p53, a known Numb interactor, acts as a positive control. Blot shows input of the IP reaction 

(15 µg) and one half of the anti-FLAG immunoprecipitates. MW markers are shown on the left. B) 

HEK293 cells overexpressing HA-tagged FBXW8 were subjected to anti-HA IP (A). FBXW8 

endogenous interactors were detected by IB analysis with the indicated antibodies. Specificity of the 

Co-IP was controlled by adding an excess of the HA peptide. IP anti-FLAG unrelated antibody was 

used as an additional control. Cyclin D1, a known FBXW8 interactor, serves as positive control. Blot 

shows input of the IP reaction (15 µg) and IP has been performed on 5 mg of total lysate. MW 

markers are shown on the left. 
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Together, these experiments demonstrate that Numb can be detected in the context of a 

higher order RBX1/FBXW8-based CRL complex, likely involved in the regulation of Numb 

turnover. Interestingly, in the literature the existence of a higher-order multi-protein CRL 

complexes have been described, characterized by the concomitant presence of different CRL 

complexes tethered by FBXW8 (Figure 54) 483,484. To address the existence of such a 

machinery in our experimental system, we decided to exploit a standard co-

immunoprecipitation approach based on Numb-FLAG overexpression in HEK293 cells in 

the presence of FBXW8 silencing. If the model in Fig. 36 is correct, we would expect that, 

under such conditions, Numb would still able to interact with some CRL components but 

not those dependent on FBXW8.  

 

 

 

 
 

Figure 54. Schematic model of CRL complex: canonical vs. “atypical” complex arrangement. 

A) The figure shows a canonical CRL complex. The F-box protein confers substrate specificity to 

the CRL (e.g., Numb). SKP1, Cullin and RBX1 are the constitutive scaffold of the complex. E2, is 

the Ubiqutin-conjugating enzyme. Ub, is the ubiquitin. B) Schematic model showing how FBXW8 

can act as a “bridge” between two or more different SCF complexes (adapted from Ponyeam and 

Hagen 484).  
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We initially committed our efforts to time-sparing approaches based on transient transfection 

of both cDNA and siRNA oligos. However, we were not able to achieve a concomitant 

appropriate expression of the bait protein Numb-FLAG and ablation of FBXW8 protein. For 

this reason, we opted for an alternative strategy based on HEK293 cells stably 

overexpressing FLAG-tagged Numb protein and doxycycline-inducible FBXW8 silencing. 

We therefore generated HEK293 cells constitutively overexpressing Numb-FLAG under the 

control of the CMV promoter, using the pLVX-Puro lentiviral vector. IB analysis confirmed 

a strong Numb-FLAG overexpression (Figure 55).  

 

 
 

Figure 55. Numb overexpression in HEK293 cells. 

HEK293 cells infected with pLVX Numb-FLAG construct were tested for Numb-FLAG expression. 

Numb-FLAG expression was detected with the anti-Numb or anti-FLAG antibodies. Not transduced 

cells were used to show endogenous Numb expression levels. Actin is the loading control. MW 

markers are shown on the left. 
 

. 
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HEK293-Numb-FLAG transfectants underwent an additional round of infection with a 

doxycycline-inducible vector (pTRIPZ) expressing the already described shRNA against 

FBXW8. Control cells were transduced with vector harboring scramble shRNA. Since 

homogeneity of cell population is required to successfully accomplish our strategy, we opted 

to exploit doxycycline-dependent RFP reporter protein expression to enrich the cell 

population in cells with concomitant Numb-FLAG and shRNA-FBXW8 expression. 

HEK293-Numb-FLAG-shRNA transduced cells were plated at low confluence (around 

20%), stimulated with 10 µg/mL doxycycline-hyclate for 4 days (Figure 56), and FACS-

sorted for high RFP expression (Figure 57). Positive cells were plated and expanded for one 

passage in tetracycline-free complete medium, before they were sub-cloned through serial 

dilution methods. Following an initial screening of those clones which expressed RFP 

reporter protein level upon doxycycline treatment, we selected two clones, Ctrl #5 and 

FBXW8 #26, which showed the highest fluorescence signal upon inspection with the Evos 

microscope (Figure 58). We amplified and characterized these clones for Numb-FLAG and 

FBXW8 expression. In brief, Numb protein level was substantially increased in both clones, 

as showed by IB analysis; whereas FBXW8 ablation, monitored through FBXW8 transcript 

quantitation, selectively occurred in clone #26 (Figure 59 A and B). We are also planning to 

assess NUMB transcript level to confirm that the different degree of FLAG-tagged Numb 

overexpression we observed in the two clones, was likely attributable to a different 

expression efficiency of pLVX Numb-FLAG vector in those cells. 

Based on these results, we have developed a powerful tool for investigating the effects of 

conditional FBXW8 silencing on Numb interactors. We are now ready to perform anti-

FLAG immunoprecipitation in HEK293-Numb-FLAG-shFBXW8 cells in presence or 

absence of doxycycline. Similar immunoprecipitation experiments will be carried out in 

control cells expressing scramble shRNA, mostly to exclude that RFP expression could 

impact on the Numb interactome. 
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Figure 56. Scattered RFP reporter protein expression in HEK293-Numb-FLAG cells infected 

with inducible shFBXW8 or shCtrl vectors. 

HEK293 cells overexpressing Numb-FLAG (HEK293 pLVX Numb-FLAG) were infected with 

doxycycline-inducible lentiviral pTRIPZ constructs expressing shFBXW8 or scramble shRNA 

(shCtrl) and the RFP reporter. Analysis of RFP reporter gene expression was analyzed upon the 

administration of doxycycline-hyclate (DOX, 10 µg/mL) for 96 h. High level, but scattered, RFP 

expression was detected, demonstrating modest infection efficiency. 
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Figure 57. FACS-sorting of RFP-positive HEK293-Numb-FLAG transfectants. 

A – B) HEK293-Numb-FLAG cells infected with inducible scramble shRNA (shCtrl) (A) or 

shFBXW8 (B) were treated with doxycycline-hyclate (10 µg/mL) for 96 h. The bulk cell population 

was sorted by FACS based on RFP expression. Gates are indicated, and relative percentage of 

positive cells are shown. Not induced cells (vehicle) were used as a control for basal RFP signal. Bi-

exponential scale was used to plot RFP intensity signal. 
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Figure 58. RFP expression in HEK293-Numb-FLAG clones transfected with shCtrl or 

shFBXW8 lentiviral vectors. 

Analysis of RFP reporter gene expression in HEK293-Numb-FLAG clones #5 and #26, expressing 

doxycycline-inducible non-targeting shRNA (shCtrl) or shRNA-FBXW8 (shFBXW8), respectively. 

Cells were treated with doxycycline-hyclate (10 µg/mL) for 48 h. The whole population shows 

homogeneous high RFP expression.  

 

 

 

 

 
Figure 59. Characterization of HEK293-Numb-FLAG clones transfected with shCtrl or 

shFBXW8 lentiviral vectors. 

A) IB shows Numb protein expression in clones #5 and #26, described in Fig. 40, upon induction of 

shRNA expression with doxycycline-hyclate (10 µg/mL) for 48 h. FLAG indicates the degree of 

tagged Numb overexpression. Actin represents the loading control. MW markers are shown on the 

left. WT HEK293 cells were analyzed to show basal Numb levels. B) Bar plot shows FBXW8 

transcript levels, determined by qRT-PCR, in the selected clones. Same experimental conditions as 

in (A) were used. 
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5 DISCUSSION 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



127 
 

5.1 IN VITRO AND IN VIVO STRATEGIES TO CORROBORATE THE 

ROLE OF RBX1 AND FBXW8 AS NEGATIVE NUMB REGULATORS IN 

NUMB-DEFICIENT TUMORS 
 
 
The last decades have seen the widespread use of high-throughput screening techniques as 

strategic approaches to unravel pathways and networks critical for the regulation of cellular 

processes, such as cell growth, differentiation, and apoptosis, in homeostatic or 

dysfunctional contexts. Notwithstanding the drawbacks associated with these approaches 

(i.e., the impact of threshold definition on the final outcome of positive hits, the need for 

additional validation steps to distinguish real hits from false positive events, etc. 485–488), they 

have successfully yielded pivotal information on diverse basic molecular mechanisms. 

Based on this premise, a genome-wide siRNA-based screening approach has been exploited 

to profile the molecular determinants of Numb hyperdegradation in Numb-deficient breast 

cancers, which lead to the identification of RBX1 and FBXW8, two components of the CRL 

complex. We hypothesized that, in keeping with the general mechanisms of action of F-box-

based CRL complexes, FBXW8 might confer specificity to the RBX1-based CRL complex 

towards Numb. 

In this thesis, we exploited pharmacological and genetic approaches to validate RBX1 and 

FBXW8 involvement in Numb degradation. We initially took advantage from the broad 

pharmacological inhibition of CRLs, achieved by the MLN4924 (Pevonedistat) NAE 

inhibitor, and from RBX1/FBXW8 KD, to functionally confirm the pivotal role of this 

machinery in Numb turnover in 2D cell culture systems. We then corroborated our findings 

in 3D Matrigel organotypic cultures, an approach extensively exploited to study 

tumorigenicity in vitro. To this purpose, we generated and characterized Numb-deficient and 

Numb-proficient model cell lines stably expressing doxycycline-inducible shRNA against 

RBX1 or FBXW8, as suitable tools to achieve conditional ablation of the target proteins in 

3D culture.  
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After optimization of the experimental set up, to define the most suitable staining conditions 

for spheroids and verification of the response of Numb-deficient spheroids to drug 

treatments (i.e., Bortezomib and MLN4924), we demonstrated that RBX1 and FBXW8 

abrogation leads to Numb restoration and impaired tumorigenic potential in vitro, selectively 

in Numb-deficient 3D outgrowths. Due to the lack of antibodies suitable for IF analyses, we 

could not formally prove RBX1 and FBXW8 silencing in 3D structures; however, the 

concomitant high-level expression of RFP reporter protein and efficient target KD achieved 

in 2D culture, enabled us to consider RFP expression as a surrogate marker for efficient KD 

of targets.  

Based on these promising results, we assessed whether the in vivo conditional silencing of 

RBX1 or FBXW8 impaired tumor growth and found that, similarly to Bortezomib 

administration, RBX1/FBXW8 KD selectively impaired the growth of Numb-deficient 

tumor xenografts. The absence of any detectable effect of these treatments in Numb-

proficient tumors argued for the specificity of the mechanism of action linked to Numb 

restoration in Numb-deficient tumors. We formally proved this point through the 

demonstration that xenografts of Numb-deficient breast cancer cells, in which restoration of 

Numb by Bortezomib treatment was prevented by inducible ablation of Numb itself, become 

intrinsically resistant to proteasome inhibition. This finding also indicates that Numb-

deficient tumors are strictly dependent on loss-of-Numb for the maintenance of their 

tumorigenic potential. Despite this body of functional data, we obtained inconsistent results 

when we attempted to evidence, by immunohistochemistry analysis of excised tumor 

xenografts, the restoration of Numb expression in vivo, following proteasome inhibition with 

Bortezomib (or RBX1/FBXW8 silencing). We reasoned that this could be due to variations 

in the drug pharmacokinetics profile and, related to this, to the variable effects in the 

selection of a subpopulation of tumor cells insensitive to the treatments, which might have 

progressively enriched throughout the duration of the experiment. In support of this 

contention, we note that we could obtain highly reproducible results in terms of phenotypic 
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restoration of Numb expression upon proteasome inhibition and/or FBXW8/RBX1 silencing 

in the more controlled experimental setting represented by the 3D Matrigel outgrowth assay. 

From a mechanistic viewpoint, one important aspect concerns how Numb restoration leads 

to impaired tumorigenesis. Of note, in our in vivo experiments, we did not observe any 

detectable effects related to reduced cell proliferation, as witnessed by the absence of 

variations in the proliferative marker, Ki-67, in Bortezomib-treated or RBX1-silenced 

xenografts. Further investigations are warranted to elucidate the other possible mechanisms 

that might underpin the anti-tumor effects of Numb restoration, which might involve the 

induction of apoptosis or, alternatively, selective anti-CSC effects that do not depend on 

reduced cell proliferation of increased apoptosis in the bulk tumor population, in accordance 

with previous studies 198. 

Regardless, the sum of results that we obtained in the series of in vitro and in vivo 

experiments employing established cell line-based models, point to the mechanistic 

involvement of a RBX1/FBXW8-dependent CRL machinery in the degradation of Numb in 

Numb-deficient breast cancer. 

To strengthen the clinical relevance of these findings, we set out to verify the involvement 

of RBX1 and FBXW8 as determinants of Numb loss in naturally occurring human breast 

cancers. To this aim, we established and molecularly characterized a set of Numb-proficient 

and Numb-deficient PDXs, which will be instrumental to tackling a two-fold aim in future 

studies: i) the actual relevance of a RBX1/FBXW8-dependent machinery to the pathogenesis 

of Numb-deficient human breast cancers; ii) the possible anti-CSC effects of RBX1/FBXW8 

targeting, which would be expected based on previous evidence of the tumor suppressor role 

of Numb on the CSC compartment 97,198. 
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5.2 MOLECULAR CHARACTERIZATION OF THE CRL COMPLEX 

REGULATING NUMB TURNOVER 
 
 
RBX1 and FBXW8 are known components of the CRL1 and CRL7 complexes, a subclass 

of multimeric RING E3-ligases containing CUL1 and Cullin 7 (CUL7), respectively 

437,482,489. In particular, RBX1 is constitutively present in all SCFs, where it tethers Ub-loaded 

E2 enzymes to Cullin partner, thereby acting as a scaffold. FBXW8, on the other hand, is an 

F-BOX protein, which confers specificity for the binding to cognate ligands 299,324,329. 

Through a combination of cellular and molecular biology, biochemistry and in vivo 

approaches, we validated RBX1 and FBXW8 as negative regulators of Numb. Through co-

immunoprecipitation experiments, we confirmed that Numb can be detected in the context 

of a higher-order complex together with RBX1, FBXW8 and CUL1, suggesting the 

involvement of a canonical FBXW8-SCF (CRL1) complex in Numb degradation (Figure 53 

and 54A). However, we also detected CUL7 as a Numb interactor. Interestingly, it is well 

established that FBXW8 can enter a CRL complex (CRL7) together with RBX1, SKP1 and 

CUL7 482,483,490,491. Such a complex has been implicated in developmental processes, 

showing a critical role in ensuring proper placental function, promoting a correct 

vasculogenesis, and modulating embryonic SC activity 483,491–494. Consistently, some 

pathological phenotypes, ranging from intra-uterine growth retardation, post-natal growth 

impairment, facial dysmorphism, and skeletal abnormalities have been ascribed to 

dysfunction of the FBXW8/CUL7-based ligase complex 483,491,495–497. Intriguingly, FBXW8 

is the only F-BOX known to interact with CUL7 in a CRL complex. Nevertheless, the 

phenotype of CUL7-/- transgenic mice showed alterations, which were not found in FBXW8-

/- mice, suggesting that CUL7 could exert both FBXW8-dependent and -independent 

functions 483,495. In particular, the latter actions might be mediated by other, as yet 

unidentified F-BOX proteins, or even ubiquitination-independent reactions, for instance, 

through the interaction with PARC (also known as CUL9) 490,498–501 or p53 490,502–504.  
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The CRL7 E3 ligase has been shown to control the stability of only a few substrates, 

including cyclin D1 458, insulin-receptor substrate 1 (IRS-1)459, Golgi reassembly stacking 

protein (GRASP65) 460, Hematopoietic progenitor kinase 1 (HPK1) 461, TBC1D3 protein 462, 

and Mof4 family-associated protein 1 (MRFAP) 463. Moreover, there is also evidence that 

CUL7 is structurally different from other Cullin proteins, as it does not bind directly SKP1, 

but instead binds FBXW8, which, in turn, can act as a bridge promoting the 

heterodimerization of CUL7/CUL1-based CRL complexes, and ensuing “cross” 

ubiquitination 482–484 (Figure 54B).  

Based on these observations, we could hypothesize that Numb is a novel substrate of a 

FBXW8-based CRL1 or CRL7 complex, recruited directly by FBXW8, or it could be 

recruited by another F-BOX protein within the context of a RBX1/CUL1/CUL7 high-order 

complex. The identification of such a higher-order complex came from experiments by 

Tsunematsu et al. in HEK293T cells. They demonstrated that FBXW8 could coordinate the 

assembly of Cullin complexes by binding concurrently CUL1-SKP1 and CUL7, via its F-

BOX and WD40 repeat domains, respectively483. Subsequently, Ponyeam et al. successfully 

showed that FBXW8 dimerization with other F-BOX protein partners (i.e., FBXW2 and b-

TrCP) led to high order heterodimeric complexes, which were able to potentiate substrate 

ubiquitination 484. 

Further investigations are required to gain insights into the precise composition of the CRL 

machinery responsible for Numb turnover. To this aim, the silencing of CUL1 and CUL7, 

alone or in combination, should shed light on the involvement of these Cullins in controlling 

Numb stability, and on their functional redundancy. Alternatively, characterization of the 

CRL could be achieved through biochemical approaches. The strategy we initially devised, 

based on mass spectrometry analysis of proteins resulting from the sequential 

immunoprecipitation of Numb and RBX1, was unsuccessful due to the low level of 

enrichment of CRL proteins during the sequential immunoprecipitation steps. However, the 

demonstration of the physical interaction of Numb-FBXW8-RBX1 by co-



132 
 

immunoprecipitation, prompted us to examine the existence of a higher-order CUL1/CUL7 

CRL complex by co-immunoprecipitation of Numb under conditions of FBXW8 silencing. 

Thus far, we have generated HEK293 cells stably overexpressing Numb-FLAG and 

concomitantly transduced with doxycycline-inducible shRNA against FBXW8. To ensure 

the highest level of homogeneity in the cell culture, we have sub-cloned the bulk population, 

and we are now in a position to start experiments.  

If FBXW8 was the recognition module for Numb in a canonical RBX1-based CRL complex 

(Figure 54A), then ablation of FBXW8 should impair the interaction between 

immunoprecipitated Numb and RBX1. Conversely, in the multicomplex context, the Numb-

RBX1 interaction might still be retained through CUL1, while the interaction with CUL7 

would be lost (Figure 54B). 

Furthermore, we are aware that we might encounter some pitfalls, including CRLs 

redundancy over Numb ubiquitination or FBOX proteins cooperative binding to the 

substrate; nevertheless, we envision our strategy as instrumental to better define the future 

experimental directions.  

Overall, understanding the precise composition and structure of the CRL machinery 

responsible for Numb degradation, could provide insights into the underlying lesions 

responsible for enhanced Numb ubiquitination in cancer and drive the development of novel 

targeted drugs for the treatment of Numb-deficient breast cancers.  
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5.3 CRLs AS NOVEL AND VALUABLE TARGET FOR NUMB-

DEFICIENT BREAST CANCER TREATMENT 
 

We have already discussed that CRL complexes regulate the stability of approximately 10-

20% of intracellular proteins, thereby, acting as essential modulators of basic cellular 

processes, including cell cycle progression, cell death, signaling, and DNA damage 

response, among others 268,299,390. Not surprisingly, dysfunctional CRL machineries could 

contribute to the subversion of homeostatic circuitries leading to disease pathogenesis, 

including cancer 333,391,505. In the literature, several studies have reported that CRL 

components could be altered in cancer. In particular, depending on the repertoire of target 

substrates and cellular context, CRL players could be conceptually classified as oncogenes 

or tumor suppressors. Indeed, RBX1 has been suggested to act as an oncogene, since it is 

frequently overexpressed in liver, breast, colon and gastric cancers 506,507. Moreover, 

transient RBX1 KD, achieved in established cell lines of distinct tissue origin, resulted in 

cell proliferation arrest, reduced clonogenic potential, and enhanced cell death, further 

corroborating the role of RBX1 in the maintenance of the transformed phenotype 506,508,509. 

Similarly, CUL1 has been classified as an oncogene, since it is often overexpressed in lung 

and colon cancer 510–512. In colon cancer, CUL1 has been shown to promote tumorigenesis 

by maintaining high levels of cyclins and low levels of p21 and p27 512. In contrast, CUL7 

was initially considered a potential tumor suppressor, since it was discovered as a strong 

interactor of the SV40 large T antigen, which drives cellular transformation 513–517. However, 

other reports revealed an oncogenic role of CUL7, mostly exerted by antagonizing p53 

function 490,498,503,504,518,519, as well as by regulating the EMT process in a choriocarcinoma 

cell line 520. Although further investigations are required, we can envision a context-

dependent role of CUL7 in tumorigenesis. 

Among the F-BOX proteins, only a few members have been extensively characterized and 

linked to cancers. FBXW7 acts as tumor suppressor, by targeting to degradation known 
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oncogenes: Cyclin E, Notch, MYC, and Jun 391. Consistently, FBXW7 has been found 

mutated or deleted in several types of cancers, ranging from breast to gastrointestinal or 

prostate cancers 309,521–531. In contrast, Skp2 is a well-known oncogene, frequently 

overexpressed in breast, prostate and lung cancer 532–536. b-TrCP, on the other hand, is a 

prototype of F-BOX proteins that can act as either an oncogene or a tumor suppressor 

depending on the tissue context 391,537–540. 

Focusing on our candidate, FBXW8, it too has been implicated in tumorigenesis. Despite its 

activity on proliferation-promoting substrates, e.g., Cyclin D1 or IRS-1, preliminary data has 

demonstrated an oncogenic role of FBXW8. Indeed, in the choriocarcinoma established cell 

line, JEG-3, FBXW8 KD negatively regulated cell cycle progression and cell proliferation, 

by inducing the accumulation of p27 and the indirect downmodulation of cyclins and CDK1 

520,541. Okabe et al. further corroborated the pro-tumorigenic effect of FBXW8 exploiting 

colon cancer and glioblastoma cell lines 458. They mechanistically confirmed that FBXW8 

depletion prevented Cyclin D1 fast turnover, which was essential for efficient DNA 

synthesis, thereby causing a drastic reduction in cell proliferation 458. Recently, two studies 

showed that FBXW8 downregulation could play a role in breast and prostate cancer 

tumorigenesis 542,543. 

Based on our data, we validated RBX1 and FBXW8 as potential oncogenes in Numb-

deficient breast cancer. However, we have not yet elucidated the mechanism leading to their 

deregulated activity. Analyses performed in Numb-deficient and -proficient model cell lines 

did not point to substantial variation in RBX1 and FBXW8 expression levels, prompting us 

to speculate functional dysregulation of these proteins in cancer. Nevertheless, a more in-

depth analysis of RBX1 and FBXW8 expression levels in primary breast cancer samples, or 

PDX models, is necessary to rule out aberrant expression of these proteins.  

We checked in “The Cancer Genome Atlas” (TCGA) the frequency of the alterations 

involving components of the CRL complex, in particular, RBX1, FBXW8, CUL1, 

CUL7,  and SKP1, in human breast cancer.  Although a more systematic analysis of point 
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mutations should be considered in future studies, we focused on genetic lesions most likely 

to yield a gain-of-function phenotype in our candidate genes (i.e., gene amplification or 

transcript overexpression) and found that such lesions occurred in 12.8% of breast cancers. 

 However, besides quantitative alterations of CRL component expression, also the 

deregulation of their upstream regulators could lead to aberrant ubiquitination in cancer. 

Indeed, NEDD8 conjugation of Cullin proteins, an important event required for CRL 

activation, could be altered in cancer 428, and, thus, represent a potential therapeutic target. 

Moreover, FBXW8 and FBX4 have been shown to be activated upon PI3K- and GSK3b-

dependent phosphorylation, respectively 383,544, demonstrating how kinases might influence 

CRL complex function. Thus, the precise identification of the CRL complex responsible for 

Numb degradation, as well as the in-depth characterization of the mechanisms that regulate 

its activity, are essential to define the most suitable therapeutic strategy to successfully 

counteract tumor progression with lower risk of adverse effects. 

 
5.4 POSSIBLE CLINICAL IMPLICATIONS FOR THE TARGETED 

TREATMENT OF NUMB-DEFICIENT BREAST CANCERS 

 

Accumulated knowledge in the lab point to restoration of Numb, or its downstream effector 

pathways, as a valuable approach to treat Numb-deficient tumors 97,175,198. In this thesis, we 

demonstrated in vitro and in vivo that Bortezomib, a proteasome inhibitor already used in 

clinical practice, rescued Numb expression and curbed tumorigenesis selectively in Numb-

deficient cells. Given that several proteasome inhibitors are already used in clinical practice 

for the treatment of hematological malignancies or are under investigation in clinical trials 

for the treatment of other neoplasms 414,545, our data provide the rationale for re-positioning 

these drugs in the treatment of Numb-deficient breast cancers characterized by Numb 

hyperdegradation. However, proteasome inhibitors often induce a plethora of adverse side 

effects due to their lack of specificity 414. Thus, targeting the UPS cascade upstream of the 

proteasome, at the level at which substrate specificity is determined (i.e., E3-ligases), could 
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represent a valuable option for the development on new anti-cancer drugs. Relevant to Numb 

degradation, several small molecule inhibitors of CRL complexes have been developed, 

which prevent assembly of the complex, activation via Cullin neddylation (e.g., MLN4924), 

or F-BOX/substrate interaction 268,390,452,453. Although the inhibition of the entire repertoire 

of CRLs might be still associated with undesired adverse effects, we postulate a great 

improvement in terms of pharmacological safety and efficacy, compared with broad 

inhibition of the proteasome, especially in light of the possibility to accurately stratify 

patients based on their Numb status. Indeed, phase III clinical trials are already ongoing to 

assess MLN4924 effects on acute myeloid leukemia (AML) or refractory myelodysplastic 

syndrome (MDS) 434,435. Moreover, the interest in this drug has increased over the years, 

evidenced by the multitude of pre-clinical studies and phase I/II trials that have evaluated 

MLN4924 therapeutic potential in both hematological and solid malignancies 

430,431,433,438,439,441–444,546. Based on our results obtained from 3D Matrigel organotypic 

culture, we plan to test in the forthcoming future the in vivo efficacy of MLN4924 against 

Numb-deficient tumor growth using cell line xenografts and eventually PDX models. 

Furthermore, by the combination of in vitro and in vivo strategies, we validated FBXW8 as 

a determinant of Numb stability and provided evidence of its potential oncogenic role in 

Numb-deficient models. Thus, we provide a rationale for the future development of a novel 

drug targeting the FBXW8/Numb direct interaction, ideally achieving the highest specificity 

and the lowest off-target effects. 
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5.5 CONCLUDING REMARKS 
 

Together, the results of this thesis provide substantial evidence for the involvement of a CRL 

complex, composed of RBX1, FBXW8, CUL1/CUL7 and SKP1, in the excessive 

degradation of Numb in Numb-deficient breast cancers. Importantly, through in vitro and in 

vivo tumorigenicity assays (i.e., 3D Matrigel and orthotopic xenotransplantation), we have 

provided proof-of-principle of the therapeutic value of targeting the UPS machinery directly 

involved in Numb hyperdegradation. Moreover, we have identified two potential drugs, 

already in clinical use or under clinical development (Bortezomib and MLN4924, 

respectively), which could eventually be repositioned towards the treatment of Numb-

deficient cancers. Future studies involving the use of PDX models, which are believed to be 

more accurate in the prediction of tumor response in the patient, are now essential to 

strengthen our findings and provide the rationale for embarking on translational studies. 

 
 
 
 
5.6 FUTURE DIRECTIONS 
 
In future studies, we intend to formally prove the involvement of RBX1 and FBXW8 in 

sustaining tumor growth and transformed phenotypes of Numb-deficient human breast 

cancers by exploiting PDX models. To this aim, we are planning to use the already selected 

Numb-deficient and -proficient PDXs to reproduce the same set of experiments already 

performed in cell lines, which have been thoroughly described in this thesis. In particular, 

we will assess the effects of RBX1 and FBXW8 KD on Numb restoration and tumorigenic 

potential, relying on in vitro patient-derived organoids (PDO) and in vivo xenografts. To 

achieve a conditional ablation of CRL components in these systems, we will transduce 

primary epithelial cells, derived from selected PDXs, with the already described lentiviral 

pTRIPZ vectors expressing doxycycline-inducible target shRNAs. Moreover, given the 

promising results obtained with MLN4924 in vitro and the stage of clinical development of 
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this drug, we plan to investigate the efficacy of MLN4924 in vivo using first Numb-deficient 

cell line xenografts and eventually PDX models. Since Numb loss plays a pivotal role in the 

expansion and maintenance of CSCs in breast tumors 97,185,198, we will also study whether 

RBX1 and FBXW8 ablation exert selective anti-CSC effects, which would be expected 

based on Numb restoration. If these experiments prove successful, they would formally 

demonstrate that the CRL complex is a valuable target for an anti-CSC therapy, paving the 

way for the development of novel treatments for Numb-deficient cancers. 

The biochemical characterization of CRL machinery responsible for Numb ubiquitination is 

a compelling prerequisite for drug development. To this aim, we will use standard co-

immunoprecipitation experiments to assess the physical interaction among Numb, RBX1 

and FBXW8. In particular, we will try to gain insights into the CRL composition relying on 

Numb immunoprecipitation upon FBXW8 KD. This strategy should help us to discern 

between a canonical vs. high-order oligomeric CRL machinery arrangement. We also plan 

to perform a more accurate biochemical analysis of Numb-FBXW8 binding, which should 

eventually lead to the identification of their interaction surface, the most tempting site for 

new drug development.  
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6 Materials & Methods 
 
 

 

6.1 Clinical samples 

Breast cancer specimens were collected at European Institute of Oncology (IEO, Milan) 

following standard operating procedures (SOPs) approved by the ethical board, and after 

obtaining informed consent from patients. Fresh, frozen and formalin-fixed paraffin-

embedded (FFPE) tissue samples were obtained for each patient. Numb status was 

determined by immunohistochemistry (IHC) analysis of FFPE samples and breast cancers 

were assigned an IHC score ranging from 0 (not expressed) to 3 (high expression, 

comparable to normal luminal cells in mammary gland lobule). Numb-deficient breast 

cancers were defined as those having an IHC score ≤1 in >70% of the cells, whereas Numb-

proficient breast cancers were defined as those having an IHC score = 3 in >60% of cells. 

 

6.2 Cell culture 

Primary epithelial human breast cancer cells were isolated from human breast cancers 

samples or PDXs and cultivated in adhesion. In brief, tumor masses were mechanically 

minced and enzymatically digested in DMEM/F12 medium (Gibco) supplemented with 2 

mM L-glutamine (Lonza), 100 U/mL hyaluronidase type IV (Sigma) and 200 U/mL 

collagenase type I (Sigma) at 37°C for 4 h in a rotating wheel. Samples were centrifuged at 

800 g for 5 min and red blood cells lysed (ACK buffer, Lonza) in order to enrich the cellular 

population in epithelial cells. The cell suspension was then sequentially filtered through 

filters with decreasing pore size (100, 70, 40 µm) and the resulting flow-through was plated 

onto collagen-coated 6-well dishes at a density of 2x105 viable cells/mL in Stem Cell 

Medium containing MEBM (Lonza), 2 mM L-Glutamine (Lonza), 5 µg/mL human insulin 

(Sigma), 0.5 µg/mL hydrocortisone (Sigma), 20 ng/mL hEGF (Peprotech), 20 ng/mL hFGF 
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(Peprotech), 1 U.I./mL heparin (Sigma), 2 % B-27 supplement (Gibco), and 1% FBS (North 

America origin, Hyclone).  

Cell lines MDA-MB-361 and MDA-MB-231 were cultivated in DMEM (Lonza), 2 mM L-

Glutamine and 10% FBS (North America origin). Instead, HEK293 and HEK293T cells 

were grown in DMEM, 1 mM L-Glutamine and 10% FBS (South America origin, 

Microgem). All cells were grown in 5% CO2  humidified incubators at 37°C. To avoid 

phenotypic and genetic drift, cell lines were always splitted in log phase and were kept in 

culture for about 1 month; then a new batch of cells from original stock was thawed.  

Mycoplasma test was routinely performed on culture cell line. 

 

6.3 3D Matrigel organotypic culture 

Pre-chilled four-chamber slides (Nunc LabTek Chamber slides, Thermofisher) were coated 

with 80-100 µL of Matrigel growth factor reduced basement membrane matrix (Corning), 

then they were allowed to gel completely for 15 minutes in humidified incubators at 37°C. 

Single-cell suspensions were obtained from 2D bulk culture by trypsinization with 0.05% 

trypsin-EDTA for 3-5 minutes at 37°C, then cells were carefully counted in triplicate with 

Burker counting chamber.  

MDA-MB-361 (~2000 cells/well) and MDA-MB-231 (~1000 cells/well) cells were 

resuspended in 800 µL/well of complete medium containing 2% Matrigel, seeded in coated 

four-chamber slides, and finally transferred to humidified 5% CO2 incubator at 37°C. 

Complete medium was changed every 4 days.  

Resulting organotypic structures were observed, photographed and counted using EVOS FL 

digital microscope over 12-18-day period after seeding,  a suitable timeframe to allow the 

outgrowths to reach ~100 µm in diameter. 
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6.4 3D organotypic structure recovery from Matrigel matrix 

 

3D organotypic structures (spheroid) were recovered from Matrigel with a non-enzymatic 

procedure. Briefly, samples were washed twice with ice-cold DPBS, scraped in 500 µL of 

ice-cold Cell Recovery Solution (Corning), and collected into a tube sitting in ice. Each well 

was further rinsed with 500 µL of Recovery solution to retrieve the largest number of 

spheroids. After 1 h of incubation at 4 °C in slow rotation (~ 10 rpm) to allow the complete 

melting of Matrigel matrix, 3D outgrowths were recovered by centrifugation (200 g) for 5 

min, washed with ice-cold DPBS and processed for further analysis 

 

6.5 Viability assays 

The viability of primary cells isolated from tumor tissue was assessed with Trypan blue 

exclusion assay. A small aliquot of cell suspension was diluted 1:1 with 0.4 % Trypan blue. 

Live cells, having intact membranes, actively exclude Trypan dye, resulting in clear 

cytoplasm. Burker’s glass chamber was used to count viable and dead cells. 

Crystal violet assay was used to evaluate cell survival upon puromycin administration.  

Cells plated in the morning, were allowed to attach to the dish for 6 hours, and then treated 

with four concentrations (0.5, 1, 1.5 and 2 µg/mL) of puromycin. At different timepoints (0, 

24, 48, and 72h), plates were collected cells were stained with crystal violet solution (0.05 

% Crystal violet, 20 % methanol) for 10 minutes at RT, and then thoroughly washed twice 

with tap water. A solution of 10 % acetic acid was used to withdraw the dye intercalated to 

DNA of live cells, and then its absorbance was read with spectrophotometer at 595 nm. The 

absorbance resulted to be proportional to the number of live cells which retained DNA 

intercalating crystal violet dye. 
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6.6 Expression vectors 

Doxycycline-inducible shRNA pTRIPZ lentiviral vectors were directly purchased from 

Dharmacon and used to abrogate the expression of: RBX1 (Clones V3THS_337317 and 

V2THS_199229 corresponding to shRBX1_1 and 2 in Fig. 22-27, respectively); FBXW8 

(Clone V2THS_276692); NUMB (Clone V2THS_23977 and V3THS_397259 

corresponding to shNUMB_59 and 77 in Fig. 43-45, respectively). The non-silencing 

shRNA pTRIPZ vector served as a control.  

The pCDNA 3.1 FLAG-Numb expression vector has been described in Colaluca et 

al 96.  

The pLL3.7 FBXW8-HA expression vectors were engineered by subcloning FBXW8 

into pLL3.7 vector in-frame with either the HA-tag (C-terminus) using standard PCR-based 

molecular cloning protocols. The vector was cut with EcoRI and NheI restriction enzymes. 

The human FBXW8 coding sequence, from FBXW8 transcript variant 1 mRNA 

(NM_153348), was purchased from Origene (see Section 6.20, Table 2). In pLL3.7 vector, 

the expression of tagged-FBXW8 was driven by early CMV minimal promoter. 

The pLVX-puro lentiviral vector was exploited to overexpress a FLAG-tagged 

version of NUMB (C-terminus) in target cells. NUMB-FLAG sequence was amplified by 

PCR and inserted by digestion with XhoI and EcoRI restriction enzymes in pLVX-puro 

backbone. Such an expression system drives constitutive NUMB-FLAG expression by 

human cytomegalovirus immediate early promoter (ieCMV); whereas puromycin-resistance 

gene is under the control of murine phosphoglycerate kinase promoter (mPGK).  

All constructs were verified by Sanger sequencing. 
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6.7 Cloning techniques (and large-scale DNA production) 

 
6.7.1 Primer design 

Primers were carefully designed to amplify the target insert flanked by restriction enzyme 

sequence. Detailed primer sequences are in Table 2. 

 

6.7.2 PCR amplification, vector digestion and ligation 

Q5 high-fidelity DNA polymerase was used to amplify target DNA inserts according to the 

manufacturer’s protocol. Both DNA inserts and backbone vectors were digested with 

restriction enzymes to generate compatible ends. Moreover, Antarctic phosphatase was used 

to dephosphorylate the vector, to reduce background due to backbone re-ligation. Digested 

inserts and vector were run onto 0.8% agarose gel along with DNA. The samples were loaded 

with 10X Orange G DNA loading dye (50% Glycerol, 0,002 g/mL Orange G, TAE buffer) 

onto agarose gels made in TAE buffer (1 mM EDTA pH 8, 40 mM TRIS free base and 20 

mM glacial acetic acid. Final pH should be around 8.6) containing 1X Gel Red Nucleic Acid 

Stain (Biotinum). A 60-100V voltage was applied for the DNA electrophoresis until the 

desired band separation was achieved. DNA bands were visualized with UV-lamp 

transilluminator, they were cut, and finally nucleic acids were purified with Wizard SV Gel 

and PCR Clean-up System (Promega). Inserts and vectors were quantified on agarose gel. 

Ligation was performed with T4 ligase (Promega) overnight at 16°C, according 

manufacturer’s instructions. 

  

6.7.3 Transformation of competent cells 

TOP10 chemically competent cells (Invitrogen) were used for the cloning. Cells (50µL) 

were thawed on ice, then 1-2 µL of ligation mixture was added. After 30 min of incubation 

in ice, transformed cells underwent a heat shock for 42 sec at 42°C, and finally returned to 

ice for at least 30 min. About 300 µL of pre-warmed SOC medium (2% Tryptone, 0.5% 
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yeast extract, 10 mM NaCl, 2.5 mM KCl, 10 mM MgSO4, 10 mM MgCl2, 20 mM glucose) 

was added and the cells were shaken at 37°C for 1 h at 300 rpm. An aliquot (200 µL) of 

suspension was plated on LB-agar plates with the appropriate antibiotic and placed overnight 

in classic incubator at 37°C. The remaining transformation mix could be stored at 4°C for a 

week at most. 

 Lentiviral vector propagation and expression vector expansion were performed in Stbl3 and 

DH10B (produced in-house) chemical competent E. coli cells, respectively. Transformation 

was achieved following the protocol described above. 

 

6.7.4 Minipreps of plasmid DNA 

Positive colonies from transformation were randomly chosen, inoculated in 5 mL LB 

medium (containing the appropriate antibiotic) and grown in shaking incubator overnight at 

37°C at 180 rpm. Bacterial suspensions were pelleted for 15 min at 3500 g and further 

processed for minipreps with Wizard Plus SV Minipreps Kit (Promega) following 

manufacture’s protocol. Purified plasmids were eluted in 100 µL of nuclease-free ddH2O. 

 

6.7.5 Diagnostic DNA digestion and sequencing 

To determine which plasmid deserves to be sequenced, 1 µg of DNA was digested with the 

same couple of restriction enzymes used in the cloning, and then loaded on 0,8% agarose 

gel. Samples which showed the expected pattern of bands were sent to Sanger sequencing. 

 

6.7.6 Large-scale DNA plasmid expansion 

Competent cells transformed successfully with target DNA were expanded in 250 mL of LB 

(containing the appropriate antibiotic) overnight at 37°C at 180 rpm in shaking incubator. 

Plasmid DNA was purified from cell suspension using Nucleobond Xtra Maxi kit 

(Macherey-Nagel) according manufacturer’s protocol. Finally, DNA was eluted in modified 

TE Buffer (10 mM TRIS, 0.1 mM EDTA pH 8).  
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6.8 Transient transfection of cell lines 

siRNA transfections were performed following reverse protocol in 6-well plates. For each 

well, 500 µL of Opti-MEM medium (Invitrogen), 4 µL Lipofectamine RNAiMAX 

(Invitrogen) and 10 nM of siRNA oligos were mixed and incubated for 20 min at RT. Then, 

2 mL of MDA-MB-361 (3x105 cell/mL) or MDA-MB-231 (75x104 cells/mL) were diluted 

in complete growth medium without antibiotics and plated in each well. Finally, the 

RNAiMAX/siRNA mixture was added to cell suspension. 24 h after transfection, cells were 

trypsinized and re-seeded in complete growth medium for 48-72 h (or as indicated) before 

performing immunoblot (IB) analysis. siRNA oligo duplexes were directly purchased from 

Dharmacon and used to achieve transient knockdown of: RBX1 (D-004087-1 and D-

004087-3 corresponding to siRBX1 #1 and #2 in Fig. 18, respectively), FBXW8 (D-012431-

3, in Fig. 20)  

Overexpression of pCDNA 3.1 FLAG-Numb and pLL3.7 FBXW8-HA in HEK293 

cells was achieved using the calcium phosphate transfection method. Briefly, 3x106 cells 

were plated in 10 cm-dishes the day before transfection. Transfection mixture (15 µg DNA, 

61 µL CaCl2, 439 µL H2O, 500 µL HBSS and 20 µM chloroquine) was left for 5 min at RT 

before adding to cells. After 6 h in CO2 incubator at 37ºC, growth medium was replaced with 

fresh complete medium. Cells were harvested after 48 h. 

 

6.9 Stable transfection of cell lines 

MDA-MB-361 and MDA-MB-231 cells were stably transfected with the pTRIPZ lentiviral 

vector expressing shRNA targeting RBX1, FBXW8 or NUMB (see “Expression vector” 

section), which had been produced in HEK293T cells. Briefly, HEK293T packaging cells 

were plated on 10 cm-plates and then co-transfected overnight with 3rd generation packaging 

vectors (2.8 µg VSV-G, 5 µg pMDL, 2.5 µg REV) and 10 µg of target construct using the 

calcium phosphate method. The day after, the exhausted medium was replaced with 5 mL of 
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fresh complete medium to concentrate the virions. After another 24 h, supernatant was 

collected, filtered through a syringe membrane (pore size 0.45 µm), and added to 40-50% 

confluent target cells (MDA-MB-361 or MDA-MB-231) for 8 h. Packaging cells were re-

fed with 5 mL of fresh medium, and after 24h a second round of infection was performed 

for 8 h. The infected target cells were then splitted and placed in fresh medium for 48 h, 

before selection with 1 µg/mL of Puromycin for 72 h. Stable transfectants were treated in 

vitro with 5 µg/mL of doxycycline hyclate (Sigma) at least for 50 h to test the correct shRNA 

expression. 

HEK293 cells stably overexpressing NUMB-FLAG were generated using pLVX-puro-

NUMB-FLAG vector, following the same strategy described above. 

 

6.10 In vivo studies 

Orthotopic xenografts of cell lines were generated by injecting 40 µL ice-cold 1:1 

DPBS:Matrigel phenol red-free (Corning) single cell suspensions into the inguinal 

mammary fat pads of 8 week-old female NOD/SCID/IL2Rgnull (NSG) mice. All procedures 

were carried out under anesthesia with 150 mg/Kg Tribromoethanol. To ensure synchronous 

onset of MDA-MB-361 and MDA-MB-231 tumors, different numbers of cells were 

transplanted according to the different proliferative rates of the cell lines: 2x106 and 5x105 

cells/fat-pad, respectively. When lesions reached palpable size (~20 mm3), mice were treated 

with proteasome inhibitors and/or doxycycline. The proteasome inhibitors, MG-132 (Enzo 

Lifetechnology) and Bortezomib (Velcade®, generously supplied by the European Institute 

of Oncology, Milan, Italy), were administered intraperitoneally: 1 mg/Kg every 3 days and 

350 µg/Kg at days 1, 3, 8 and 10 (similarly to the human protocol), respectively. Ethanol 

and saline were used as negative controls for MG-132 and Bortezomib, respectively. 

Doxycycline was administered continuously by food pellets (Mucedola, 625 mg/Kg). Ad 

libitum ordinary food served as a negative control. At day 15, mice were euthanized by CO2 
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administration, in accordance with national regulations for use of animals in research, then 

tumoral lesions were removed and finally processed for further analysis. Outgrowths were 

monitored routinely by Vernier caliper measurements and tumor volume was estimated 

using the formula: V=(LxW2)/2, where V=Volume, L=longer diameter, W=shorter diameter. 

 

6.11 Generation of PDXs 

For PDXs, fresh samples from human breast cancers were put in ice-cold MACS Tissue 

storage solution (Miltenyi Biotech) and processed for transplant as soon as possible. For 

optimal engraftment, the time between tumor removal and transplant should not exceed 4 h. 

Under sterile conditions, tissue was chopped into small pieces (2 x 2 mm) and necrotic areas 

removed using a razor blade. Fragments were then embedded into Matrigel and transferred 

into the pouch inside the inguinal mammary fat pad of NSG mice. All procedures were 

carried out under anesthesia with 150 mg/Kg Tribromoethanol. Mice were euthanized before 

the tumor outgrowth exceeded 10% of body mass. Excised PDX fragments were dissociated 

according to the protocol described above (see Cell Culture). The resulting cell suspensions 

were cultured in adherent conditions in Stem Cell medium supplemented with 1% FBS 

(North America) and then treated with proteasome inhibitor, Bortezomib (30 ng/ml) for 24 

h. To prevent adaptation to cell culture conditions, primary PDX-derived cells were used 

within 10-15 days of collection. PDX fragments were also included in Tissue-Tek Optimal 

Cutting Temperature (O.C.T.) compound (Sakura), sliced and further processed for RNA 

analysis. 

 

6.12 Protein extraction 

Cells from 2D culture were washed twice with ice-cold DPBS and lysed directly on the 

plates in ice-cold RIPA buffer (50 mM TRIS pH 7.5, 150 mM NaCl, 0.5 mM EDTA pH 8, 

1% NP-40, 0.5% Na-deoxycholate, 0.1% SDS) supplemented with protease inhibitor 
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cocktail (Calbiochem) and phosphatase inhibitors (Roche) for 30 min in ice. Alternatively, 

cells were harvested directly on the plates in complete medium using a cell scraper, pelleted 

at 150 g for 5 min, washed in ice-cold DPBS and lysed in RIPA buffer. Appropriate drugs 

(15 nM Bortezomib or 0.5 µM MLN4924 ) was added to ice-cold DPBS to keep 

pharmacological inhibition during the washings. Then, samples were centrifuged for 20 min 

at 16.1 x 103 g at 4°C, supernatants were transferred into fresh ice-cold tubes, quantified with 

either Bradford or BCA protein assay, and finally resuspended in 4X Laemmli loading buffer 

(250 mM TRIS pH 6.8, 40% glycerol, 8% SDS, 0.02% bromophenol blue, 10% b-

mercaptoethanol). 

 

6.13 Co-immunoprecipitation assay 

For co-immunoprecipitation (Co-IP) assays, cells were washed in DPBS and immediately 

lysed in ice-cold JS buffer (50 mM HEPES pH 8, 150 mM NaCl, 5 mM EGTA, 1.5 mM 

MgCl2, 10% glycerol, 1% Triton X-100) supplemented with protease inhibitor cocktail 

(Calbiochem) and phosphatase inhibitors (Roche). For anti-FLAG immunoprecipitation, 

lysates were then incubated with anti-FLAG M2 agarose beads (Sigma) at 4°C for 2 h with 

rotation. In control samples, 100 µg/mL FLAG peptide (Sigma) was used to compete the IP. 

Samples were then centrifuged 500 g for 60 sec at 4°C and agarose pellets were washed 4 

times in 500 µL lysis buffer, resuspended in 1:1 volume of 2X Laemmli loading Buffer, 

boiled for 5-7 min at 95°C, added with 2.5% b-mercaptoethanol (b-ME) and resolved by 

SDS-PAGE.  

For anti-HA immunoprecipitation, lysates were incubated with anti-HA agarose beads 

(Sigma) and processed following the protocol described above. Similarly, HA peptide (100 

µg/mL, Sigma) was used as control. 

For endogenous anti-Numb immunoprecipitation, lysates were pre-cleared with 50-100 µL 

of slurry Sepharose-protein G beads beads (thermofisher) for 1 h on a rocking and then were 
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quantified with Bradford protein assay. Pre-clearing step allowed to minimize the 

background due to off-target bead-protein interactions. A proper amount of lysate (5-10 mg) 

was incubated with specific antibody (2 µg antibody per 1 mg of lysate) overnight in 

rotation. To capture the immunocomplexes, Protein G beads were then equilibrated in lysis 

buffer, blocked with 5% filtered BSA (Sigma) overnight at 4°C, and added to the samples 

for 1h in rotation. Then, beads were washed, eluted with 2X Laemmli Buffer plus b-ME and 

loaded onto polyacrylamide gels, as described above. All passages were performed in ice or 

at 4°C. 

 

6.14 Immunoblotting 

Pre-casted polyacrylamide gels were chosen depending on the desired protein band 

resolution. Fixed (8% and 12%) or gradient (4-15% and 4-20%) Criterion TGX and 

Miniprotean TGX gels (Biorad) were used. Desired amount of protein extracts (10-20 µg) 

were loaded onto the gels and run 120-140 V for about 1 h. Protein were then transferred to 

nitrocellulose membranes (Biorad) with Trans-Blot Turbo system at constant intensity (2.5 

A) for 12 min. The even protein transfer was assessed by Ponceau stain. Filters were 

thoroughly washed in TBS-T 0.1% (25 mM Tris, 150 mM NaCl, 2 mM KCl, and 0.1% 

Tween-20) and then blocked 1 h at RT or overnight at 4°C in 5% non-fat milk, or 5% BSA, 

resuspended in TBS-T. Primary antibodies were left 1 h at RT or overnight at 4°C. Filters 

were then incubated with appropriate HRP-conjugated secondary antibody for 30 min at RT. 

Both primary and secondary antibodies were diluted in TBS-T with 5% non-fat milk or 5% 

BSA, according the datasheet. After each incubation step, membranes were washed three 

time for 10 min with TBS-T. Depending on the expression level of the proteins, 

chemiluminescence signal was revealed with appropriate detection reagents (Amersham and 

Pierce). Detailed information about antibodies used for IB were in the Table 3. 
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6.15 Immunofluorescence staining of 3D Matrigel outgrowths 

Glass coverslips were coated with 15 µg/mL poly-D-lysine for 30 min at 37 °C, washed 

twice with PBS and seeded with 3D organotypic structures recovered from Matrigel matrix. 

Once spheroids attached firmly to the glass, they were fixed with 4 % paraformaldehyde in 

PBS pH 7.4 for 30 min at RT and washed twice with 100 mM Glycine in PBS. After 1 hour 

of permeabilization with 0.2 % Triton X-100 in PBS, unspecific hybridization was prevented 

by incubating 3D structures with blocking buffer (10% Normal Donkey Serum, 0.1% Triton 

X-100, 0.05 % Tween-20 and 0.1% BSA in PBS) for 3 h at RT. Appropriate primary and 

secondary antibodies diluted in blocking buffer were incubated overnight at 4 °C and 3 h at 

RT, respectively. Nuclei were stained with DAPI for 30 min RT. After each incubation, two 

extensive washes with PBS were performed. Finally, coverslips were mounted in glycerol 

mounting medium added with DABCO antifade, and 4 drops of nail polish were used to 

anchor the coverslip to glass slide. Detailed information about antibodies used for IB were 

in the Table 3.  

Fluorescent dye signals were acquired sequentially using Leica SP8 confocal microscopy, 

in order to eliminate cross-talk among different channels. Leica HC PL APO 40X/1.13 oil-

immersion objective was used. ImageJ software allowed picture management and analysis. 

 

6.16 Histological and Immunohistochemical analysis 

Samples were cut into pieces smaller than 5 mm of diameter, put in embedding cassette and 

fixed in 10 % neutral buffered formalin at 4 °C. After 18 h, samples were moved in cold 70 

% ethanol and were either stored up to 7 days at 4 °C or immediately embedded in paraffin. 

In particular, tissues were dehydrated through graded alcohol series (70 %, 95 %, 100 %), 

and finally embedded in paraffin. Then, two-µm sections were cut from formalin-fixed 

paraffin-embedded (FFPE) specimens and mounted onto positive-charged glass slides 

(Menzel Glazer SuperFrost PLUS, Themo Scientific). Glass slides were deparaffinized in 
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Bioclear, re-hydrated through graded alcohol series (100 %, 95%, 70%, and distilled H2O) 

and routinely processed for hematoxylin/eosin (H&E) or immunohistochemical (IHC) 

stains. Regarding IHC stains, samples were placed in epitope retrieval solution (1 mM EDTA 

pH 8, 0.05 % Tween-20) for 50 min at 95 °C, endogenous peroxidase activity was quenched 

with 3 % H2O2, unspecific antibody binding was removed using a blocking buffer (2 % Goat 

serum, 2 % BSA, 0.05 % Tween-20 in TBS), and primary antibodies diluted in blocking 

buffer were incubated for 1 h at RT. Appropriate EnVision Plus detection system (DAKO), 

based on HRP-labelled polymer, was used according manufacturer instructions. DAB plus 

Substrate chromogen system (Dako) allowed the visualization of bounded antibody. 

Counterstain with Gill’s hematoxylin (2 mg/100 mL) for 30 sec was performed to 

counterstain nuclei. Before mounting slides with Eukitt medium (Sigma), samples passed 

through a graded alcohol series (95 %, 100% and 100 %) 1 min each and three steps in 

Bioclear for 1 min each. 

Appropriate negative and positive controls were included in each experiment.  

The entire panel of IHC were performed with the collaboration of Molecular Pathology 

facility at IEO. 

 

6.17 mRNA extraction and RT-PCR 

RNeasy mini kit (Qiagen) was used for RNA extraction. cDNA synthesis was performed 

with SuperScript VILO cDNA Synthesis Kit (Invitrogen) Quantitative RT-PCR analysis was 

performed using TaqMan assays (Ambion) and tested in triplicate. Results were further 

analyzed through the DDCt method, which allows the comparison of target gene mRNA 

expression in a sample, normalized against housekeeping genes, with an external reference. 

TaqMan probes (Invitrogen) were purchased for Numb (Hs01105433_m1 probe) and 

FBXW8 (Hs00395481_m1 probe). 
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6.18 FACS Sorting 

Cells were harvested with Trypsin-EDTA at 37 °C, counted with Burker’s glass chamber 

and resuspended in sterile Sorting Buffer (1% BSA, 25 mM HEPES and 1 mM EDTA in 

DPBS). To reduce the cell aggregates or doublets, around 1 mL of cell suspension with 107 

cells/mL were filtered through 100 µm pore size filter and finally put in sterile FACS tubes.  

Melody FACS sorter was used to analyze cell size, granularity and RFP fluorescence, then 

RFP-positive cells were purified from bulk cell population. In brief, the instrument lasers 

were configured to acquire RFP fluorophore signal. Appropriate gates were created in FSC-

SSC dot plots to select only living single cells (debris and doublet were so excluded). To set 

the gate for RFP positivity, RFP-negative cells were exploited as negative control. Then, 

target bulk cell population was passed through the FACS sorter and RFP-positive cells were 

sorted in a tube containing 300 µL sorting medium (DMEM, 33 % FBS, 3 % 

penicillin/streptomycin and 0.3 % gentamycin). To ensure the lowest rate of false-positive 

event during the sorting, “Purity” modality was chosen. RFP-positive sorted cells were then 

plated in p100 dishes and allowed to grow. 

 

6.19 Tables of Reagents  

Table 1. List of key reagents 

Reagent Source Identifier 
Cell line reagents 
DMEM Lonza Cat #BE12-614F 
DMEM/F-12 Gibco Cat # 31331028 
MEBM Lonza Cat #CC-3151   
L-Glutamine Lonza Cat #17-605E 

Penicillin/Streptomycin Lonza Cat #DE17-602F 

FBS North America origin Hyclone  Cat #SH30071.03;  
Lot. AB10129007 

FBS North America origin, Tet-free Hyclone Cat #SH3007003T 

FBS South America origin Biowest Cat #S1860-500;  
Lot. S15867S1860 
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FBS South America origin, Tet-free Euroclone Cat #ECS0182L;  
Lot. EUS033883 

OptiMEM Gibco Cat #51985034 
HEPES Sigma Cat #H0887 
hEGF Peprotech Cat #AF-100-15 
hFGF  Peprotech Cat #AF-100-18B 
Human insulin Sigma Cat #11376497001 
Hydrocortisone Sigma Cat #H4001 
Heparin (Epsoclar) 5000 U.I./mL Pfizer   
Hyaluronidase type IV-S Sigma Cat #H3884 
Collagenase A Sigma Cat #C2674 
B-27 supplement, serum free Gibco Cat #17504044 
Matrigel matrix Corning Cat #356231 
Corning Cell Recovery Solution Corning Cat #354253 
Trypsin/EDTA Euroclone Cat #ECB3052D 
ACK lysis buffer Lonza Cat #10-548E 
Doxycycline hyclate Sigma Cat #D9891 
Chloroquine diphosphate salt Sigma Cat #C6628 
Poly-D-Lysine hydrobromide Sigma Cat #P6407 
Fibronectin Roche Cat #11080938001 
Gelatin from porcine skin Sigma Cat #G2500 
MycoAlert mycoplasma detection kit Lonza Cat #LT07-318 
Nunc™ Lab-Tek™ II Chamber Slide™ System Thermofisher  Cat #154526  
MACS Tissue Storage Solution Myltenyi Biotec Cat #130-100-008 
Tissue-Tek O.C.T. Compound Sakura Cat #4583 

Cell transfection reagents 
Lipofectamine RNAiMAX Invitrogen Cat #13778150 
Molecular biology reagents 
EcoRI-HF NEB Cat #R3101S 
NheI-HF NEB Cat #R3131S 
Antarctic phosphatase NEB Cat #M0289S 
T4 ligase (HC) Promega Cat #M1794 
Q5 High-Fidelity DNA Polymerase NEB Cat #M0491S 
dNTP Mix Thermo Scientific Cat #R0191 
Gel RED Nucleic Acid Stain Biotinum Cat #41003 
Wizard SV Gel and PCR Clean-up System Promega Cat #A2981 
Wizard Plus SV Minipreps Kit Promega Cat #A1460 
Nucleobond Xtra maxi Macherey-Nagel Cat #740410.10 
RNeasy mini kit Qiagen Cat #74104 
TOP10 Chemically competent E. coli cells Invitrogen Cat #C404006 
Stbl3 Chemically competetent E. coli cells Invitrogen Cat #C737303 

SuperScript VILO cDNA Synthesis Kit Invitrogen Cat #11754050 

TaqMan Cell-to-CT kit Invitrogen Cat #AM1728 

Numb TaqMan assay Invitrogen Cat #4331182; 
ID: Hs01105433_m1 

FBXW8 TaqMan assay Invitrogen Cat #4331182; 
ID: Hs00395481_m1 
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Drugs 

Velcade (Bortezomib) Generously supplied by the European Institute of 
Oncology, Milan, Italy 

Pevonedistat (MLN4924) Selleckem Cat #S7109 

MG-132 Enzo lifetechnology Cat #BML-PI102-0005 
Reagents for protein analysis 
PhosphoSTOP Roche Cat #04906837001 
Protease inhibitor cocktail EDTA-Free, set III Calbiockem Cat #539134 
Bradford protein assay BioRad Cat #5000006 
BCA protein assay Pierce Cat #23227 
Agarose Anti-FLAG M2 Affinity gel Sigma Cat  #A2220 
Agarose Anti-FLAG monoclonal gel Sigma Cat #A2095 
Recombinant Protein G - Sepharos 4B Thermofisher Cat #101242 
FLAG Peptide Sigma Cat #F3290 
HA Peptide Sigma Cat #I2149 

Bovine Serum Albumin , Fraction V Sigma Cat 
#000000010735086001 

Criterion TGX stain-free polyacylamide pre-casted 
gels Biorad   

Mini-protean TGX stain-free polyacylamide pre-
casted gels Biorad   

Trans-Blot Turbo Mini Nitrocellulose Transfer 
Pack Biorad Cat #1704158 

Trans-Blot Turbo Midi Nitrocellulose Transfer 
Pack Biorad Cat #1704159 

Trans-Blot turbo system Biorad Cat #1704150 
Milk powder, non fat (skim milk) VWR Cat #IC90288705  
SuperSignal West Femto Maximum Sensitivity 
Substrate Pierce Cat #34095 

Amersham ECL Western Blotting Detection 
Reagent Amersham Cat #RPN2109 

DAPI (4′,6-Diamidino-2-phenylindole 
dihydrochloride) Sigma Cat #32670-25MG-F 

Mowiol Sigma Cat #81381 
DABCO (1,4-Diazabicyclo[2.2.2]octane ) Sigma Cat #D27802 

Normal Donkey Serum Jackson 
ImmunoResearch Cat #017-000-121 

Normal Goat Serum Jackson 
ImmunoResearch Cat #005-000-121 

Liquid DAB+ Substrate Chromogen system Dako Cat #K3468 
Eukitt® Quick-hardening mounting medium Sigma Cat #03989 
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Table 2. List of oligo used for cloning 

 
Primer or cDNA Source Sequence (5'-3') or Identifier 
Primers for molecular cloning 

FBXW8_pLL3.7_FW Sigma GCGGCTAGCGCCACCATGGACGACTACAGCCTGGATG 

FBXW8-
HA_pLL3.7_RV Sigma CGTTGAATTCCTAAGCGTAATCTGGAACATCGTATGGGT

AAACATGGTTATAGGGAAAGGCC 

NUMB-
FLAG_pLVX_FW Sigma GAATCTCGAGATGAACAAATTACGGCAAAGTTTTAGGAG

AAAG 

NUMB-
FLAG_pLVX_RV Sigma GTAAGAATTCCTACTTGTCATCGTCATCCTTGTAATC 

cDNA ORF 
FBXW8 transcript 
variant 1 Origene Cat #SC318948 

 

Table 3. List of antibodies and their working dilutions 

Antigen Source Product 
code 

Host 
species Clonality 

Usage 
information 
WB IF 

Actin Sigma A3853 Mouse Monoclonal 1:1000 
 

Tubulin Sigma T5168 Mouse Monoclonal 1:5000 
 

Vinculin Sigma V9131 Mouse Monoclonal 1:10000  
Dynamin II Santa Cruz sc-6400 Goat Polyclonal 1:1000 

 

Numb In house In house 96 Mouse Monoclonal 1:1000 1:750 

Cullin 7 Thermofisher PA5-22313 Rabbit Polyclonal 1:1000 
 

Cullin 1 Thermofisher 71-8700 Rabbit Polyclonal 1:500 
 

RBX1 Abcam ab133565 Rabbit Monoclonal 1:1000 
 

SKP1 (D3J4N) Cell Signalling 12248 Rabbit Monoclonal 1:500 
 

Nrf2 (D1Z9C) Cell Signalling 12721 Rabbit Monoclonal 1:500  
Cyclin D1 [EPR2241] Abcam Ab134175 Rabbit Monoclonal 1:2000  
p53 (DO-1) Santa Cruz sc-126 Mouse Monoclonal 1:1000 

 

p21 Cell Signaling 2947 Rabbit Monoclonal 1:1000 1:100 
b-Catenin BD 610153 Mouse Monoclonal 1:1000 

 

Akt Cell Signaling 9272 Rabbit Polyclonal 1:2000  
FLAG (M2)-Tag Cell Signaling 14793 Rabbit Monoclonal 1:1000 

 

FLAG (M2)-Tag Sigma F1804 Mouse Monoclonal 1:1000 
 

HA-Tag Cell signaling 3724 Rabbit Monoclonal 1:1000 
 

Anti-mouse IgG 
(H+L) HRP-
Conjugate 

Biorad 1721011 Goat Polyclonal 1:5000 
 

Anti-rabbit IgG 
(H+L) HRP-
Conjugate 

Biorad 1721019 Goat Polyclonal 1:5000 
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Anti-goat IgG (H+L) 
HRP-Conjugate 

Biorad 1721034 Rabbit Polyclonal 1:10000 
 

Anti-rat IgG (H+L) 
HRP-Conjugate 

Cell Signaling 7077 Goat Polyclonal 1:10000 
 

VeriBlot Abcam ab131366 
  

1:1000 
 

Anti-mouse IgG 
(H+L) Alexa488-
Conjugate 

Jackson 
Immuno 
Research Europe 

715-545-150 Donkey Polyclonal 
 

1:400 

Anti-mouse IgG 
(H+L) Alexa647-
Conjugate 

Jackson 
Immuno 
Research Europe 

715-605-150 Donkey Polyclonal 
 

1:400 

Anti-rabbit IgG 
(H+L) Alexa488-
Conjugate 

Jackson 
Immuno 
Research Europe 

715-545-152 Donkey Polyclonal 
 

1:400 

Anti-rabbit IgG 
(H+L) Alexa647-
Conjugate 

Jackson 
Immuno 
Research Europe 

715-605-152 Donkey Polyclonal 
 

1:400 
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