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ABSTRACT 
 
The epidermal growth factor receptor (EGFR) plays a pivotal role in physiological cellular 

processes, but its aberrant activation is linked to cancer progression. Endocytosis is a critical 

regulator of EGFR activity. We have previously identified a novel endocytic route of the EGFR, 

non-clathrin endocytosis (NCE), which is activated only after stimulation with high doses of the 

ligand epidermal growth factor (EGF). Unlike canonical clathrin-mediated endocytosis (CME) 

that directs receptor mainly to recycling, NCE leads mostly to receptor degradation, restricting 

EGFR signaling and protecting cells from overstimulation.  

The molecular characterization of the NCE pathway, led to the identification of a key 

functional regulator of NCE: the endoplasmic reticulum (ER)-shaping protein, reticulon-3 

(RTN3). This regulator is necessary for the formation of contact sites between the plasma 

membrane (PM) and the ER during NCE internalization. Localized Ca2+ release at these contact 

sites induces the fission of NCE vesicles, completing the internalization process. In addition, 

CD147, a member of the immunoglobulin superfamily, was identified as a cargo co-

internalizing with the EGFR in NCE vesicles. CD147 has been validated as a specific marker of 

NCE, and together with RTN3, represents an invaluable experimental tool for investigating this 

pathway.  

In the present work, we have dissected the signaling pathway promoting Ca2+ release from 

the ER upon EGFR-NCE activation, uncovering a specific role of the phospholipase C g2 

(PLCg2) enzyme. PLCg2-dependent Ca2+ release at NCE sites occurs through the activation of 

the inositol trisphosphate receptor (IP3R) on the ER membrane and is required for the fission of 

EGFR/CD147-positive NCE vesicles from the PM. 

At the functional level, we extended the relevance of NCE to alternative EGFR ligands, 

beyond the EGF. Saturating doses of the two EGFR ligands, amphiregulin (AREG) and 

transforming growth factor-α (TGF-α), differentially triggered EGFR/CD147 internalization via 

NCE: while AREG efficiently activated NCE and Ca2+ release at the PM, TGF-α was less 

effective at triggering this pathway. This finding led us to hypothesize that the differential ability 

of alternative EGFR ligands to activate NCE could be responsible for the differences in the 

EGFR fate and biological output exerted by these ligands. Interestingly, stimulation of cells with 

another growth factor, hepatocyte growth factor (HGF), induced CD147-NCE similarly to 

stimulation with EGF, implying a broader role of NCE in the regulation of surface proteins.  
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As a model system to test the physiological relevance of NCE, we are using organoids 

prepared from the non-transformed breast epithelial cell line MCF10A and from primary mouse 

intestinal crypt and mammary gland epithelial cells. These cells are dependent on EGFR 

signaling for their growth and differentiation in Matrigel. Our data showed that treatment with 

compounds that inhibit EGFR-NCE increase growth of mice intestinal and mammary organoids. 

In conclusion, we have molecularly dissected the signaling pathway leading to EGFR-NCE 

and expanded its relevance to alternative EGFR ligands and other growth factors. Given its 

crucial role in downregulating signaling and mediating growth restriction, NCE could behave 

as a possible tumor suppressor pathway and its regulators could represent novel targets in cancer 

therapy.  
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1. INTRODUCTION 
 

1.1. Endocytosis 
 

Endocytosis is a dynamic cellular process by which cells internalize extracellular material 

together with surface proteins and the cell membrane. This process is mediated by the inward 

budding of the plasma membrane (PM) that creates invaginations that need to be pinched from 

PM to generate vesicles that can travel through the endosomal vesicular compartments to reach 

their final destination. Endocytosis plays an important role in the regulation of proliferation, cell 

survival, neurotransmission, embryogenesis, and cell fate determination [1, 2].  

Due to the variety of cargos that are internalized by endocytosis, there are many different 

endocytic pathways, each with their own molecular machinery (e.g., coating, adaptor, 

cytoskeleton, and energy proteins), which destine their cargo to different intracellular 

compartments. These pathways can be either constitutive or regulated by specific signals, and 

are also selectively activated in specific cellular contexts.  

Endocytosis is divided into different mechanisms (Figure 1 and Table 1) [3-5]. Firstly, 

phagocytosis and macropinocytosis are processes that are mainly dependent on the remodeling 

of the actin cytoskeleton, and which internalize large particles >500 nm (phagocytosis) or fluids 

(macropinocytosis) [6, 7]. The size of the vesicles formed by these two mechanisms is much 

larger than the other endocytic pathways, known collectively as micropinocytosis. 

Micropinocytosis can be divided into several pathways based on the protein machinery that is 

required for the particular pathway. A major distinguishing component of these pathways is 

clathrin allowing the division into clathrin-dependent and -independent pathways. Within the 

clathrin-independent classification several pathways have been identified, such as caveolin-

dependent endocytosis, flotillin-mediated endocytosis, CLIC/GEEC [clathrin-independent 

carrier (CLIC)/glycosylphosphatidylinositol-anchored protein (GPI-AP)-enriched endocytic 

compartment (GEEC)], fast endophilin-mediated endocytosis (FEME) and epidermal growth 

factor receptor non-clathrin endocytosis (EGFR-NCE) (see detailed descriptions below) [3, 8].  
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Figure 1. Depiction of the main endocytic pathways.  

Phagocytosis and macropinocytosis are pathways for internalization of large particles or fluids, 

respectively. Micropinocytosis includes smaller invaginations (<200nm), generally divided into 

clathrin-dependent and -independent endocytosis. Clathrin-independent endocytosis can be 

further divided based on dependency on other proteins. The best-known pathways are illustrated 

including, caveolin-dependent endocytosis, flotillin-mediated endocytosis, CLIC/GEEC 

(clathrin-independent carrier/GPI-AP-enriched endocytic compartment) endocytosis, FEME 

(fast endophilin–mediated endocytosis) and EGFR-NCE (epidermal growth factor receptor 

non-clathrin endocytosis). EndoA, endofilin A. Adapted from Mayor, Nat Rev Mol Cell Biol, 

2007 [8] 

 

Table 1. Molecular features of the different endocytic pathways 

 
Coat 

Fission 

machinery 

Regulatory/ 

associated proteins 

Cytoskele

ton 
Cargo 

Phagocytosis - Dynamin ARF6, Cdc42, Rac1, 

RhoA (depending on 

type), amphiphysin, 

adhesion proteins  

Actin, 

microtubu

le, myosin 

Pathogens, 

apoptotic remnants  

Macropinocytosis - CtBP1, actin 

polymerisati

on  

PAK1, PI3K, Ras, 

Src, HDAC6, ARF6, 

Actin, 

microtubu

le, myosin 

Fluid phase 

markers, RTKs  
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Cdc42, Rac1, Rab5, 

Arp2/3 

CME Clathrin Dynamin, 

actin, 

Arp2/3, 

NWASP, 

cortactin, 

HIP/HIP1R, 

amphyphysi

n, 

endophilin, 

myosin VI, 

synaptojanin

, auxilin, 

HSC70  

Clathrin, AP2, SNX9, 

synaptojanin, 

amphiphysin, Rab5, 

ARF6, FCHO1/2, 

Eps15/L1, epsin 1, 

DAB2, ARH, 

AP180/CALM, 

NUMB, stonin, b-

arrestins, intersectins, 

endophilin  

Actin, 

microtubu

le 

RTKs, GPCRs, 

TfR, LDLR, 

integrins  

Caveolae Caveolins 

and cavins 

Dynamin PTRF, Src, SDPR, 

SRBC, EHD2, pacsin, 

syndapins, FBP17 

Actin, 

microtubu

les 

CTxB, SV40, 

GPI-linked 

proteins, integrins 

Flotillin Flotillin 1 

and 2 

- Fyn kinase  unclear CTxB, CD59, 

TfR, E-cadherin, 

cationic molecules 

and polyplexes, 

proteoglycans and 

proteoglycan-

bound ligands 

CLIC/GEEC - Actin 

(Arp2/3), 

endophilin 

A2/3, dynein  

Cdc42, ARF1, ARF6, 

GRAF1/2, Arp2/3, 

GBF1, PICK1, 

IRSp53, PI3K, 

endophilin A2/3 

Actin Fluid phase 

markers, CTxB, 

GPI-linked 

proteins, MHC 

class I proteins, 

CD59, CD98, 

CD44, 

carboxypeptidase 

E, myoferlin, 

dysferlin, shiga-

toxin, CD166/ 

ALCAM, β1 

integrins 
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FEME - Dynamin, 

actin, 

dynein, 

endophilin 

A2, Bin1 

 

RhoA, Rac1, PAK1/2, 

endophilin A2, 

NWASP, Arp2/3, 

PI3K, Dynein 

- RTKs, GPCRs, 

CD36, VGLUT1, 

AMPAR, plexin 

A1, ROBO1  

IL2R - Dynamin, 

endophilin, 

actin 

(Arp2/3, N- 

WASP, 

cortactin)  

RhoA, Rac1, PAK1, 

PAK2, NWASP, 

endophilin, PI3K 

Actin IL2R, IgE 

receptor, γc-

cytokine receptor 

EGFR-NCE - Dynamin RTN3, Eps15/L1, 

epsin 1 

- EGFR, CD147 

The table summarizes internalization pathways described in the literature. The presence or not 

of a coat, the fission machinery, known regulatory/associated proteins and the type of 

internalized cargo are showed for each internalization pathway. ARF6, Adenosine diphosphate-

ribosylation factor 6; Cdc42, cell division control protein 42; Rac1, Rac family small GTPase 

1; RhoA, Retrovirus associated sequence (Ras) homolog family member A; CtBP1, C-terminal 

binding protein 1; PAK1/2, P21-activated kinase 1/2; PI3K, Phosphoinositide 3-kinase; 

HDAC6, Histone deacetylase 6; Rab5, Ras- related protein in brain 5; Arp2/3, Actin-related 

proteins-2/3; RTK, Receptor tyrosine kinase; NWASP, Neural Wiskott-Aldrich syndrome 

protein; HIP1R, Huntingtin interacting protein (HIP) 1 related; HSC70, Heat shock protein 70; 

AP2, Adaptor protein 2; SNX9, Sorting nexin 9; FCHO1/2, Fer/Cip4 homology domain only 

protein 1 and 2; Eps15, Epidermal growth factor receptor pathway substrate 15; Eps15L1, 

Epidermal growth factor receptor pathway substrate 15 like 1; DAB2, disabled homolog 2; 

ARH, autosomal recessive hypercholesterolemia;  CALM, Calmodulin; GPCRs, G protein-

coupled receptors; TfR, Transferrin receptor; LDLR, Low-density lipoprotein receptor; PTRF, 

polymerase I and transcript release factor; SDPR, serum deprivation response; SRBC, SDR-

related gene product that binds to c-kinase; EHD2, Eps15 homology domain-containing 2; 

FBP17, formin binding protein 17; CTxB, cholera toxin B; SV40, simian virus 40; GPI, 

glycosylphosphatidylinositol;ARF1, Adenosine diphosphate-ribosylation factor 1; GRAF-1/2, 

GTPase regulator associated with focal adhesion kinase-1/2; GBF1, guanine nucleotide 

exchange factor 1; PICK1, protein interacting with C Kinase 1; IRSp53, insulin receptor 
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tyrosine kinase substrate p58/53; MHC, major histocompatibility complex; ALCAM, activated 

leukocyte cell adhesion molecule; Bin1, bridging integrator-1; VGLUT1, vesicular glutamate 

transporter 1; AMPAR, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor;  

ROBO1, roundabout guidance receptor 1; IL2R, interleukin-2 receptor; IgE, Immunoglobulin 

E; RTN3, Reticulon 3; EGFR, epidermal growth factor receptor; 

 

1.1.1. Clathrin-dependent endocytosis 
 

Clathrin-dependent endocytosis or clathrin-mediated endocytosis (CME), as it is also referred 

to, is the best characterised mechanism of protein internalisation [9]. It is active in all cellular 

contexts although with some differences in terms of morphology and kinetics [10, 11]. The 

process begins with the recognition of sorting signals in the cytoplasmic tail of the cargo by 

adaptor proteins [i.e., adaptor protein 2 (AP2)] (Figure 2, step 1). The binding of the AP2 to the 

cargo triggers the recruitment of clathrin and other accessory proteins, during growth phase. 

Clathrin is a heterohexamer protein composed of three heavy and three light chains that form a 

three-legged structure – a triskelion. This induces polymerisation of clathrin into a lattice that 

leads to membrane bending and the formation of a clathrin-coated pit (CCP) (Figure 2, step 2) 

[12]. Accessory proteins [e.g., epidermal growth factor receptor pathway substrate 15 (Eps15), 

epsins, disabled homolog 2 (DAB2), the autosomal recessive hypercholesterolemia (ARH)] are 

temporarily recruited to the CCP, helping the assembly and growth of the clathrin lattice. 

Dynamin, a dimeric GTPase, assembles into a helix [13] around the neck of the invaginating 

pit, inducing constriction and eventually fission of the membrane at the neck in a manner 

dependent on guanosine triphosphate (GTP) hydrolysis (Figure 2, step 3). This leads to the 

formation of a free clathrin-coated vesicle (CCV) [14], and several accessory proteins 

participate in this process such as amphiphysin, synaptojanin and endophilin [15, 16]. After 

formation of the CCV, the disassembly of the clathrin coat takes place, leaving an uncoated 

vesicle free to fuse with an early endosome (Figure 2, step 4) [17]. From early endosome 

cargoes are either recycled back to the PM or destined for degradation and sorted to cisternal 

parts of early endosomes [18]. Proteins destinated for late endosomes and lysosomes, are sorted 

into intralumenal vesicles that detach from endosomes, leading to appearance of multivesicular 

endosomes or multivesicular bodies (MVBs) [19]. Finally fusion of MVBs with lysosomes 

results in degradation of cargo [19]. 



INTRODUCTION 
 

 22 

 

 
Figure 2. The formation of CCV. 

Different steps involved in CME include: 1. nucleation of AP2 and adaptor proteins at the PM, 

and recruitment of clathrin during the growth phase; 2. maturation of CCP, stabilized by actin 

filaments, and finally 3. fission from the PM by the action of dynamin and formation of CCV, 

followed by 4. disassembly of the clathrin coat. Adapted from Takei, Trends Cell Biol, 2001 [20] 

 

The best characterized cargoes endocytosed by CME (Table 1) are low-density 

lipoprotein receptor (LDLR) [21], receptor tyrosine kinases (RTKs) such as epidermal growth 

factor (EGF) receptor (EGFR)) [22],  G protein-coupled receptors (GPCRs) and transferrin (Tf) 

receptor (TfR)  [23], that is often used as marker of CME.  

Recently, evidences are suggesting existence of distinct CME pathways that include 

different regulators and differentially control fate and signaling of receptors (Figure 3) [2]. 

Endocytosis of TfR depends on AP2 adaptor, and leads to recycling of Tf-TfR (Figure 3A) [23]. 

On the other side, internalization of LDLR, in addition to AP2, requires specific adaptors ARH 

and DAB2, and this process leads to degradation of the ligand, but recycling of empty receptor 

(Figure 3B) [24].  

GPCRs-CME requires specific regulator β-arrestin and ubiquitination of receptors 

(Figure 3C). Upon binding to their ligand, GPCRs activate associated G protein and induce 

canonical G-protein signaling. Activated receptor is phosphorylated by G protein-coupled 

receptor kinase (GRK) and this leads to binding of β-arrestins, further resulting in endocytosis 
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of receptor and its desensitization [25]. However, depending on the type of GPCRs, β-arrestin 

can also trigger kinase specific non-canonical signaling pathways [26].  
Even though AP2 was considered as a basic component of CCPs, some CME pathways 

were shown to be AP2-independent (Figure 3D). For instance, the EGFR can be internalized 

via different CMEs, depending on cell context: AP2-dependent pathway, leading to receptor 

recycling and consequent sustained signaling and AP2-independent pathway, leading to 

lysosomal degradation of receptor. 
Final step of internalization, displayed as a fission of CCPs, can be done by different 

dynamin isoforms. While dynamin 2 is widely expressed and crucial for endocytosis in all the 

cells, dynamin 1 is mainly active in neurons, while it can be expressed in other cell types where 

it is negatively regulated by glycogen synthase kinase 3β (GSK3β)-dependent phosphorylation 

(Figure 3E). However, in cancer, this kinase can be inhibited, leading to dynamin 1 

dephosphorylation and activation, finally resulting in aberrant endocytosis and signaling of 

cargoes (e.g., EGFR). 
 

 
Figure 3. Distinct clathrin-mediated endocytic pathways 
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A. Endocytosis of TfR is AP2 dependent and leads to recycling of receptor and ligand. B. LDLR 

internalization depends on specific adaptors DAB2 and ARH, resulting in degradation of ligand, 

but recycling of free receptor. C. Recruitment of GPCR to endocytic pathway by β-aresstin, 

induce receptor desensitization or “non-canonical” G-protein mediated signaling. D. EGFR 

can be internalized via AP2-dependent or AP2-independent pathways, that result in recycling 

and degradation, respectively. E. Degradation of glycogen synthase kinase 3β (GSK3β) by 

activation of AKT in cancer cells, leads to activation of dynamin 1 and aberrant endocytosis 

and signaling of EGFR. Adapted from Sigismund, Nat Rev Mol Cell Biol, 2021 [2] 

 

1.1.2. Clathrin-independent endocytosis 
 

In contrast to the canonical CME pathway, clathrin-independent endocytosis (CIE) pathways 

are not fully defined, with information lacking on the sorting signals, adaptor proteins and the 

range of cargoes and their functions [4, 8]. The CIE mechanisms are highly heterogeneous and 

cell context-dependent, but can be broadly divided into dynamin-dependent and -independent 

endocytosis. They can be further categorized based on the presence or absence of a coat marking 

the internalized part of the PM or the involvement of small GTPases that regulate actin 

organization. Dynamin-dependent pathways include caveolar endocytosis, FEME and EGFR-

NCE, while dynamin-independent endocytosis includes CLIC/GEEC and flotillin-mediated 

endocytosis [4]. These dynamin-independent endocytosis pathways are regulated by the 

GTPases: cell division control protein 42 (Cdc42) and adenosine diphosphate-ribosylation 

factor 6 (ARF6), or mediated with flotillin [8].  

Nevertheless, the classification of CIE mechanisms is still under debate, and the current 

framework, while allowing a better organization and discussion of emerging data in this rapidly 

growing field, is still evolving. One of the main factors distinguishing the different mechanisms 

is the location of the cargo molecules in specific microdomains of the PM, i.e., lipid rafts. 

Initially, it was assumed that molecules located in these lipid rafts were endocytosed exclusively 

by CIE, however some cargoes in lipid rafts have since been shown to be endocytosed by CME 

[27, 28]. This finding again demonstrates the high complexity and fluid crosstalk between the 

different endocytic pathways. 
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1.1.2.1. Caveolar endocytosis. Caveolae are flask-shaped PM invaginations generally 

associated with CIE. They are present on all cell types but are particularly abundant in 

adipocytes, skeletal muscle and endothelial cells [29]. Caveolins and cavins are membrane-

associated proteins that play a fundamental role in structure of caveolae [30]. Caveolin is a 

dimeric palmitoylated, integral membrane protein that binds cholesterol, with both the N- and 

the C-terminal domains localized in the cytosol, forming a hairpin-like structure inserted into 

the inner layer of the PM. There are three types of caveolin: caveolin-1 and caveolin-2 have 

broad tissue-specificity and are typically co-expressed, whereas caveolin-3 is predominantly 

expressed in striated muscle. Caveolin-1 and -3 are necessary and sufficient for caveolae 

formation, while caveolin-2 is dispensable. Caveolins are responsible for the formation of 

elongated and shallow invaginations and togheter wih cavins are forming coat around the bulb 

of caveolae (Figure 4A) [31]. Accessory proteins involved in caveolae formation include Eps15 

homology domain-containing 2 (EHD2), pacsin/syndapins, and the Bin/Amphiphysin/Rvs 

(BAR) protein, formin binding protein 17 (FBP17) (Table 1). The actin cytoskeleton plays an 

important role in caveolar internalization, as its disruption results in clustering of caveolae and 

inhibition of their internalization [32, 33]. Fission of caveolae from PM is driven by dynamin 

[34]. After budding, caveolae can follow different routes. They can fuse with the early 

endosomes, maturate into late endosome, that fuses with or mature into lysosomes, leading to 

final degradation of their content. On the other side, caveolae can traffic to ER and lipid droplets, 

or they can return to the PM. Pathogens, such as cholera toxin B subunit (CTxB) [35] and simian 

virus 40 [36], were generally considered as cargoes of this pathway. However, their 

internalization is not exclusively driven by caveolae and potentially they can enter the cell by 

other endocytic mechanisms depending on the cell type, cell adherence, and the intensity of 

aggregation of surface molecules [37]. 

Caveolae are highly dynamic membrane domains, able to move laterally in the PM. They 

are rich in sphingolipids, cholesterol, signaling proteins and GPI-APs, similar to lipid rafts [38]. 

However, they can be distinguished from lipid rafts by the presence of caveolin-1/3. Also, it is 

been shown that EGFR is present in lipid rafts but not in caveolae [39, 40].  
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Figure 4. Formation and dynamics of caveolae. 

A. Formation of caveolae starts by caveolin insertion in cholesterol rich-PM domains, and 

recruitment of cavin coat proteins and accessory proteins such as EHD2. PtdSer, 

Phosphatidylserine. PIP2, phosphatidylinositol 4,5-bisphosphate. B. Mechanical stress that 

induces increased PM tension results in flattening of caveolae and release of cavins and EHD2, 

while caveolin is redistributed into the bulk PM. Adapted from Parton, Curr Opin Cell Biol, 

2020 [29] 

 

Caveolae have a mechanoprotective role in buffering PM tension, consistent with their 

abundance on muscle, endothelial and adipocytes cells, which are subjected to mechanical stress 

at PM [41, 42]. Upon exposure of the PM to mechanical stress, e.g., during osmotic swelling 

and migration, caveolae numbers are reduced since they are flattened (Figure 4B) allowing a 

cell to stretch and change a shape. In contrast, low PM tension increases clustering of caveolae 

and possibly their internalization. Moreover, caveolae formed due to low PM tension at the rear 

of migrating cells are crucial for cell motility, since they are recruiting the RhoA [retrovirus 

associated sequence (Ras) homolog family member A] exchange factor and actomyosin 

machinery, required for retraction and forward migration [43]. 
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In recent years there has been some controversy over the role and existence of caveolar 

endocytosis [31]. Due to lack of cargoes that are internalized specifically via this pathway [42], 

important question of caveolae has been raised: is it about internalizing cargoes or protecting 

the PM with no specificity of the proteins that are being internalized? The emerging viewpoint 

is that the principal role of caveolae budding is in regulating density of surface caveolae, rather 

than internalization and trafficking of specific cargoes.  

 

1.1.2.2. Flotillin. Flotillin 1 and flotillin 2 are proteins with a caveolin 1-like topology, which 

form invaginations that are similar to caveolae but slightly larger [44]. Flotillins are found 

mainly in PM lipid rafts, providing a signaling platform, while they can also localize in 

intracellular organelles such as Golgi, endosomes, lysosomes and exosomes. The molecular 

mechanism of endocytosis by flotillins is not completely clear, but it was shown to be dependent 

on the Src family kinase Fyn (Table 1)[45]. Although it was first shown that flotillin-mediated 

endocytosis does not require dynamin [46], recently it has been described that growth factor 

stimulation induces flotillin-mediated endocytosis in dynamin-dependent manner [47]. 

Flotillin-mediated endocytosis contributes to the internalization of cargoes such as the 

GPI-anchored protein CD59, CTxB, cationic molecules and polyplexes, proteoglycans and 

proteoglycan-bound ligands (Table 1) [44]. Recently, flotillins are showed to play role in 

generation and release of exosomes, but detailed mechanism is unknown. On the other side, 

some studies showed role of flotillins, in association with Ras-related protein Rab-11A 

(Rab11a)/Sorting Nexin 4 (SNX4), in recycling of TfR and E-cadherin in epithelial cells [48].  

 

1.1.2.3. CLIC/GEEC. CLIC/GEEC endocytosis is mediated by large uncoated tubulovesicular 

invaginations called CLICs, which arise directly from the PM and later mature into tubular early 

endocytic compartments called GEECs [4]. This pathway involves clustering of glycosylated 

cargoes, via extracellular galectins, that can be considered as a sort of extracellular coat [49, 

50]. Clusters are formed upon galectin-3 (Gal-3) recruitment to glycosylated cargo on the PM, 

where it oligomerizes with glycosphingolipid-bound Gal-3. These clusters induce mechanical 

stress on the membrane, leading to membrane bending and the formation of CLICs [4]. 

The main regulators of this pathway are the small GTPases – adenosine diphosphate-

ribosylation factor 1 (ARF1) and Cdc42, which are necessary for the activation of the neural 

Wiskott-Aldrich syndrome protein (NWASP) and of actin-related protein-2/3 (Arp 2/3) (Table 
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1). Other proteins involved in the CLIC/GEEC machinery are BAR proteins [GTPase regulator 

associated with focal adhesion kinase-1 (GRAF1), Insulin receptor tyrosine kinase substrate 53 

kDa (IRSp53), Protein Interacting with C Kinase – 1 (PICK1)] that can interact with Arp2/3. 

Finally, fission is executed by endophilin A2 [51] together with the pulling forces of the actin 

cytoskeleton and motor proteins. The resulting CLIC fuses with endosomal GEEC, generally 

leading to recycling of cargoes.  

CLIC/GEEC is a high-capacity endocytic sorting system, particularly active in 

fibroblasts and kidney epithelial cells [2], and able to turn over the fibroblast PM in 12 min [52]. 

This mechanism mediates the endocytosis of GPI-AP, glycoproteins, such as CD44 and CD98, 

and toxins (Table 1) [4]. The CLIC mechanism can also regulate PM tension, but in contrast to 

caveolae, CLICs are formed at the leading edge of migrating cells [52, 53].  

Some CLIC/GEEC pathways are regulated by ARF6 GTPase [54]. ARF6 GTPase was 

shown to act by activating Rac family small GTPase 1 (Rac1), phosphatidylinositol 4-

phosphate-5-kinase (PIP5K) and phospholipase D (PLD), which play an important role in 

remodulating the actin cytoskeleton [55]. The products of PLD activation are phosphatidic acid 

(PA) and diacylglycerol (DAG), which induce membrane curvature, strongly affecting all 

endocytosis processes, especially recycling [56]. Once an ARF6-positive vesicle is formed, it 

can reattach to the cell membrane very quickly after internalization, thus enabling the recycling 

of endocytosed molecules. It is generally considered that the ARF6 GTPase has a more 

significant role in the recycling process than in the endocytic process itself [57]. Furthermore, 

it is known that ARF6 can influence the process of CME [58], but its role may depend on the 

cellular context. The ARF6 GTPase plays a role in the endocytosis of major histocompatibility 

complex (MHC) class I molecules, CD44, CD98 and CD147 (Table 1) [59]. However, 

depending on cellular context the listed molecules can be endocytosed by other endocytosis 

mechanism. 
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Figure 5. Different CIEs mechanisms. 

A. CLIC/GEEC depends on clustering of glycosylated cargoes, via extracellular galectins, that 

induce bending of membrane and small GTPases (ARF1, Cdc42), which activated NWASP and 

of Arp 2/3. BAR proteins (GRAF1, IRSp53, PICK1) that can interact with Arp2/3, at initial step 

of vesicle formation. Fission is done by endophilin A2 (EndoA2), with the pulling forces of the 

actin cytoskeleton and motor proteins (dynein). Internalized CLIC fuses with GEEC, leading to 

recycling of cargoes. B. FEME requires endophilin A2 for formation of vesicles, as well as actin 

polymerization, NWASP and BAR proteins (Bin1). Fission is done by dynamin 2, together with 

help of endophilin A2 and dynein. EGFR is internalized via this pathway upon stimulation with 

high doses of ligand. C. Upon stimulation with high doses of ligand, EGFR can also be 

internalized via EGFR-NCE requires contact sites between PM and ER, that depends on RTN3, 

ubiquitination of EGFR and ubiquitin (Ub) binding proteins (Eps15, Eps15L1 and EPN1, 

epsin1). Local Ca2+ release at these sites together with dynamin is necessary for the fission of 

these vesicles. EGFR-NCE targets receptor to lysosomal degradation and consequently signal 

termination. Adapted from Sigismund, Nat Rev Mol Cell Biol, 2021 [2] 

 

1.1.2.4. FEME. FEME is an extremely rapid endocytic mechanism similar to CLIC/GEEC that 

is mediated by tubulovesicular compartments (<1 μm), is dependent on endophilin A and is 

active in fibroblasts and kidney epithelial cells, like CLIC/GEEC [2]. Endophilin A recognizes 

cargoes through its Src homology 3 (SH3) domain, induces PM curvature with the aid of its 
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BAR domain (Figure 5B), and executes fission by the insertion of multiple amphipathic helices 

contained within its structure. The small GTPases that regulates this process (RhoA and Rac1) 

together with the adaptor NWASP, that promotes actin polymerization, are also necessary for 

FEME (Table 1) [60, 61]. Fission is mediated by dynamin, together with a help of dynein.  

The formation of FEME endocytic carriers is induced upon ligand binding to specific 

receptors, such as GPCRs (α2a- and β1-adrenergic receptors), interleukin-2 receptor (IL2R), 

and RTKs (and including the EGFR) [51, 60]. At first IL2R endocytosis (Table 1) was described 

as separated pathway, however later was discovered that IL2R endocytosis is dependent on 

endophilin A2 and presents all the characteristics of FEME [60]. 

 

1.1.2.5. EGFR-non-clathrin endocytosis. Another CIE pathway is non-clathrin endocytosis of 

the EGFR (EGFR-NCE), which is induced upon stimulation of cells with high doses of EGF 

and leads to degradation of the receptor [62]. This mechanism is active in different cervical and 

breast epithelial cells and in keratinocytes [63]. EGFR-NCE relies on the formation 

interorganelle contact sites between the PM and the endoplasmic reticulum (ER) in a reticulon-

3 (RTN3) dependent mechanism (Figure 5C) [63]. Ca2+ release from the inositol trisphosphate 

receptor (IP3R) on the ER and dynamin are required for the membrane fission step and 

completion of EGFR-NCE. The PM protein CD147 was identified as cargo, co-internalizing 

with EGFR through NCE [63]. This pathway will be described in detail in the Section 1.2.2.2. 

At the molecular level, NCE differs from other CIE pathways described in the literature 

which display dependency on galectins, caveolins and endophilins [63]. In common with other 

pathways, however, it seems to require players such as dynamin, Eps15, Eps15L1, epsin1 

(Table 1) [63].  

 

1.1.3. Role of membrane microdomains - lipid rafts in endocytic pathways 
 

The cell membrane has been described as a fluid mosaic membrane composed of a lipid bilayer 

randomly studded with floating proteins. According to the lipid composition, the membrane can 

be divided into organized microdomains (known as lipid rafts) or disorganized regions. Lipid 

rafts are heterogenous dynamic areas of membrane (typically 50-200 nm in diameter) with 

special physical characteristics that can vary depending on protein-protein and protein-lipid 

interactions. For example, rafts are constantly changing protein composition and sometimes size 
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when smaller rafts merge to form larger rafts. The lipid part of the rafts consists of cholesterol, 

ceramide, glycosphingolipids, sphingomyelin, and phospholipids with saturated acyl residues, 

which contrasts with the disorganized parts of the membrane that are made up mostly of 

phospholipids consisting of phosphoglycerolipids with polyunsaturated fatty acids [64-66]. The 

protein part consists of proteins that are either permanently located in them (e.g., flotillins, 

synaptophysin) or only occasionally located in them [e.g., CD44, MHC-II, T-cell receptor 

(TCR)] [67]. Some properties of proteins can increase their association with lipid rafts. For 

example, GPI-APs have a glycolipid anchor that allows their localization in rafts. Post-

translation modifications of proteins (e.g., palmitoylation and myristoylation) and protein 

clustering can also increase the affinity of proteins to lipid rafts [68]. The latter can also stabilize 

rafts. In addition to the PM, lipid rafts are present also in early endosomes, recycling endosomes, 

and the trans-Golgi network [69].  

There are different techniques for studying lipid rafts and the proteins in them. The use 

of non-ionic detergents is the simplest and most commonly applied method. The method relies 

on the strong lipid-lipid interactions in lipid rafts that make the molecules in them more resistant 

to dissolution in non-ionic detergents and thus float in low density fractions. Triton-X-100 is 

the most frequently used detergent [64, 70]. Another common method involving the removal of 

cholesterol (using cyclodextrins, statins and polyene antibiotics [e.g., filipin]) is based on the 

fact that cholesterol is very important for maintaining the integrity of lipid rafts [64]. Other 

possibilities for studying lipid rafts is by labeling lipid components of the membrane (e.g., 

gangliosides) or using different lipophilic dyes that can be followed (e.g., polycyclic aromatic 

hydrocarbons (PAH) dyes) [71].  

It has been shown that many endocytic pathways are dependent on cholesterol. Almost 

all CIE pathways (e.g., caveolae, EGFR-NCE, Cdc42-dependent endocytosis) are inhibited by 

cholesterol depletion, but to different extents [72-74]. Also, interfering with other lipids e.g., 

inhibition of sphingolipid synthesis, can affect CIE, while inhibition of sphingomyelin synthesis 

impairs activation of both Rho GTPases Cdc42 and Rac1 [75]. However, upon depletion of 

clathrin and cholesterol, Shiga toxin internalization is increased, suggesting that rafts can also 

have a role in the prevention of internalization of some molecules and pathways. 

Lipid rafts have a huge impact on cellular signaling and membrane trafficking, as they 

can compartmentalize signaling pathways by acting as a platform for recruitment of different 

players [76]. Since alteration in lipid rafts results in aberrant immune signaling (e.g., 
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Immunoglobulin E (IgE), B-cell receptor (BCR)- or TCR- signaling [77, 78]) and association 

with cancer [76], lipid rafts and modulation of their organization may serve as a promising target 

in anti-cancer therapies. 

 

1.1.4. Role of endocytosis in control of receptor signaling 
 

Receptors present on the PM are a critical means of communication between the cell and the 

extracellular microenvironment. Upon activation by binding of ligands, receptors transduce 

signals and trigger intracellular responses. These responses can be regulated in different ways 

by endocytosis, for example, by controlling the number of receptors present on the PM. 

Typically, the activation of receptors induces endocytosis of receptor-ligand complexes, leading 

to a reduction of receptor surface levels, thereby downregulating receptor signaling. However, 

endocytosis does not only inhibit signaling, but can also determine the duration and spatial 

distribution of the signaling response [79-81].  

The role of endocytosis in the regulation of signaling is summarized in Figure 6 [82]. 

Signal downmodulation is achieved by removal of activated receptors, such as RTKs or GPCRs, 

from the PM and trafficking receptors to MVBs and eventually the lysosome where they are 

degraded (Figure 6A) [83]. In contrast, endocytosis can lead to signal maintenance by recycling 

receptors back to the PM. This can be triggered by the dissociation of ligand-receptor complexes 

in the gradually acidified endocytic vesicle, considering differential pH sensitivities of distinct 

ligand-receptor complexes. Receptors, such as TfR or LDLR, release their ligands at the stage 

of early endosomes, where pH is ~6.5, and they are rapidly recycled back to PM from where 

they can be activated again. 

Endocytosis can also generate an additional layer of signaling in the cell; for example, 

AKT is activated at the PM by the EGFR, but to sustain its activation, cycles of EGFR 

endocytosis and recycling back to the PM are required [84, 85]. On the other side, when 

receptors are internalized, they can still interact with signaling effectors (e.g., extracellular 

signal-regulated kinase 1/2 (ERK1/2), signal transducer and activator of transcription 3 

(STAT3) [86]) in the endosomes [87]. The endosomes therefore serve as signaling platforms 

(Figure 6B). For instance, the mitogen-activated protein kinase (MAPK) pathway with its final 

executor ERK is initially activated at the PM, but it remains active on endosomes (Figure 6B). 

Since different signaling effectors are present on the PM and the endosomal membranes, 
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endocytosis is able to generate new signals by bringing receptors to the endosomes (Figure 6C). 

Thus, endocytosis can target receptors to lysosomal degradation to switch off signaling, and also 

traffic receptors to recycling to sustain signaling or to different signaling compartments 

(endosomes) allowing the generation of new signals or the integration of signaling pathways to 

establish specific responses [88]. The differential distribution of signaling effectors on the PM 

and in the endosomal compartment contributes to the spatial and temporal regulation of signals 

[89]. 

  

Figure 6. Role of endocytosis in controlling signaling pathways.  

A. By targeting receptors (e.g., RTK, GPCR) to lysosomal degradation, endocytosis is 

downmodulating the signaling. B. MAPK pathway (with final executor ERK) is activated at PM, 

but it is maintained active at early endosomes, from where ERK detaches and activates 

transcription in the nucleus. C. Transforming growth factor-β receptor (TGFβR) is activated on 

the PM, but only on endosomes is SMAD2 recruited to the TGFβR by the Smad anchor for 

receptor activation (SARA). SMAD2 is then activated and it translocates to the nucleus to induce 

transcriptional activation. Adapted from Dobrowolski, Nat Rev Mol Cell Biol, 2011 [82] 

 

Another way endocytosis can have an impact on signaling is illustrated by the trafficking 

of adhesion molecules, such as integrins. Integrins are receptors on the PM that communicate 
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with the extracellular matrix (ECM) and intracellular protein complexes, allowing the transition 

of signals in both directions, thus establishing a communication route between the ECM and the 

cell [90]. Interestingly, unlike other receptors that can be internalized and targeted to 

degradation, the majority of internalized integrins are recycled back to the PM. This intracellular 

trafficking between the PM and endosomes provides both spatial and temporal dimensions to 

integrin signaling which is critical for establishing specific biological responses. For example, 

integrin endocytosis requires integrin-mediated focal adhesion kinase (FAK) activation, and 

FAK signaling from endosomes has been linked to anchorage-independent growth and anoikis 

resistance, thus supporting metastasis [91]. Moreover, constant cycles of integrin adhesion 

assembly and disassembly at the PM are crucial for cell motility, and endocytic trafficking of 

integrins between the PM and intracellular pools is critical for  fine tuning the spatial distribution 

and strength of focal adhesions/focal complexes and thus the generation of directional 

movement in response to extracellular signals [92].  

Endocytosis is also a key regulator of RTK signaling. RTKs are receptors that in 

response to their ligands (e.g., growth factors, hormones, cytokines) become enzymatically 

active and, via a series of phosphorylation events, trigger different signaling cascades, thus 

regulating various cell signaling processes. Since their aberrant activation is linked to human 

disease, in particular, cancer, it is of great importance to understand how the strength, duration 

and spatial distribution of their signaling is regulated. Endocytosis has a critical role in this 

regulation of RTK, and through this action on RTK signaling, endocytosis contributes to the 

control of different aspects of cell function and long-term outcomes, such as organism 

development [93]. The integration of different endocytic pathways can also affect RTK 

signaling, as has been shown for the EGFR that can be internalized by both CME and NCE [74]. 

Upon internalization with CME, receptor is mainly recycled back to the PM while, 

internalization via NCE mainly leads to its degradation. While CME is active at all doses of 

ligand, NCE is active only at higher doses, suggesting that the integration of these two pathways 

can affect signaling in different ways in response to dose of ligands [74].  

While the EGFR has been studied in-depth as a model of RTK endocytosis, the 

trafficking of other RTKs has also been shown to play an important role in their signaling [88]. 

ErbB2 and ErbB3 are members of same receptor family as EGFR – the ErbB family. They form 

ErbB2-ErbB3 heterodimers, known as the most potent signaling platforms among ErbB dimers. 

It has been shown that the sorting protein, sortilin‐related receptor with A-type repeats (SORLA) 
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regulates the recycling of ErbB2 and ErbB3 and their signaling, contributing to resistance to 

ErbB2-targeted therapy in breast cancer [94, 95]. SORLA interacts directly with ErbB2 and 

ErbB3 and this interaction is necessary for SORLA‐dependent proliferation of ErbB2 (also 

known as HER2)‐positive breast cancer cell lines [94, 95]. 

Another example of the role of trafficking in the regulation of receptor signaling is 

provided by the hepatocyte growth factor receptor (HGFR)/Met. HGFR is activated after 

binding of HGF, its only known ligand, and it can be ubiquitinated by the E3 ligase Cbl 

[Casitas B-lineage Lymphoma] leading to its lysosomal degradation, similarly to EGFR [96]. 

Moreover, endocytosis controls the sorting of HGFR to specific endosomes and its activation of 

signaling effectors, such as Gab1[growth factor receptor-bound protein 2 (Grb2)-associated-

binding protein 1], ERK 1/2, STAT3 and Rac1, which are implicated in cell survival, invasion 

and metastasis [97].  

Since endocytosis is a key regulator of RTK signaling, which is frequently upregulated 

in cancer, aberrant endocytosis could contribute to the oncogenic function of RTKs through 

inefficient downmodulation of the receptor and/or aberrant activation of their downstream 

effectors. On the other side, acting as an attenuator of signaling, by targeting receptors to 

degradation, endocytosis can have possible tumor suppressor effects [79, 98].  

Many of endocytic proteins that regulate receptor signaling are altered in cancer [99]. 

Upregulation of clathrin light chain isoform (CLCb) in non-small-cell lung carcinoma (NSCLC) 

cells increased cell migration and accelerated EGFR endocytosis and recycling [100]. Mutant 

Cbl, characterized by the loss of the E3 ligase activity, induce aberrant endocytosis of RTKs 

and consequent sustained signaling [101]. In the same way, mutant forms of RTKs that escape 

Cbl-mediated ubiquitination, showed the similar phenotype [102]. Endocytosis can also 

contribute to metastasis by affecting cell motility [99]. Understanding the molecular interactors 

and regulatory mechanisms of endocytosis could led to the discovery of novel targets in cancer 

therapy.  

 

1.2. Epidermal growth factor receptor  
 

The EGFR is known to play a pivotal role in physiological cellular processes, but its aberrant 

activation is linked to the development and progression of many types of cancer, including brain, 
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lung, colon, and breast cancer [103, 104]. It belongs to the ErbB family of RTKs that is 

composed of 4 members: EGFR (ErbB1), ErbB2, ErbB3, and ErbB4.  

EGFR contains a cysteine-rich extracellular ligand-binding domain, a lipophilic 

transmembrane (TM) domain and an intracellular domain that includes the juxtamembrane (JM) 

regulatory region, the kinase domain, and the intracellular C-terminal regulatory tail (Figure 

7A) [105]. The C-terminal regulatory segment contains the tyrosine residues that are trans-

autophosphorylated upon ligand binding and responsible for signaling. The intracellular region 

also contains lysine acceptor residues, located primarily in the kinase domain, which are critical 

for receptor ubiquitination [106]. Upon ligand binding, EGFR homodimerizes or 

heterodimerizes with other ErbB receptors (Figure 7B). This induces a series of structural 

rearrangements, finally leading to transphosphorylation of tyrosine residues in the C-terminal 

regulatory tail [107]. Phosphotyrosine (pY) residues are docking sites for adaptor proteins that 

can initiate different signaling cascades (see Section 1.2.3.).  

 
Figure 7. EGFR domains and dimerization. 

A. EGFR consist of extracellular domain (domains I, II, III and IV), transmembrane domain 

(TM) and intracellular domains [juxtramembrane domain (JM), tyrosine kinase domain (TK) 

and Carboxy tail]. B. Upon binding to its ligand (e.g., EGF), EGFR can homo/heterodimerize, 

leading to transphosphorylation of carboxy tail and activation of EGFR dimers. Adapted from 

Sigismund, Mol Oncol, 2018 [108] 
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1.2.1. EGFR ligands 
 

Seven known EGFR ligands are responsible for the different biological outcomes of EGFR 

signaling: EGF, transforming growth factor-α (TGF-α), amphiregulin (AREG), epiregulin 

(EPR), heparin-binding EGF-like growth factor (HB-EGF), betacellulin (BTC), and epigen 

(EPG). These ligands can be divided into high-affinity EGFR ligands (EGF, BTC, HB-EGF, 

TGFα,) with a KD of 1-100 nM and low-affinity EGFR ligands (AREG, EPR, EPG) with KD 

>100 nM (Table 2). While EGF, TGF-α, AREG, and EPG are specific for the EGFR, the other 

ligands can also bind to ErbB4 (Figure 8). In addition, upon ligand binding, EGFR can 

heterodimerize with the other family members, including the orphan receptor ErbB2, leading to 

the activation of specific signaling effectors. The overexpression of EGFR and of the other ErbB 

family members, and the increased secretion of EGFR ligands are associated with tumorigenesis 

[109].  

 

Table 2. Summary of molecular characteristics of EGFR ligands  

Ligand Binding affinity (KD) 
Predicted mass 

(kDa) 
Group 

EGF 
High affinity ~ 0.1 nM 

Low affinity ~ 10 nM 
6.4 

High affinity TGF-α 9.2 nM 5.5 

BTC 1.4 nM 9.8 

HB-EGF 7.1 nM 9.7 

AREG 350 nM 11.3 

Low affinity EPR 350 nM 5.6 

EPG > 500 nM 7.9 

The table summarizes features of EGFR ligands, invoving their binding affinity (in nM) and 

predicted molecular mass (in kDa). 
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Figure 8. Schematic of the binding of different EGFR ligands to ErbB receptors.  

From seven known EGFR ligands, EGF, TGF-α, AREG, and EPG are specific for the EGFR 

(blue), while EPR, BTC and HB-EGF can also bind to ErbB4 (green). ErbB2 (red) has no known 

ligand, while ErbB3 and ErbB4 can bind to neuregulins. Created with biorender.com 

 

Each EGFR ligand appears to activate the receptor in the same way: through ligand 

binding, receptor dimerization, receptor trans-autophosphorylation, and the recruitment of 

signaling proteins or adaptors. In addition, all EGFR ligands induce EGFR internalization and 

trafficking to early endosomes [104]. Despite these similarities, the different EGFR ligands 

stimulate different downstream signals and biological outcomes starting from the activation of 

same receptor [24,97]. This occurs even when the ligands are present at saturating doses and 

therefore cannot be explained by their quantitative differences in binding affinities. Thus, these 

distinctions in signaling are independent of ligand affinity or potency and appear to reflect 

differences in the intrinsic ligand activity or efficacy.  

Several theories have been proposed to explain how different ligands can produce 

different signaling patterns and biological outcomes. For example, the ligands could bind 

preferentially to specific EGFR/ErbB receptor dimers [110], receptor dimers could have 

different stabilities [111], differential conformations of dimerized receptors could result in the 

distinct recruitment of signaling players to the C-terminus [109], and differences in the 

trafficking (recycling vs. degradation) of receptor-ligand complexes after internalization [112]. 

Since differential endocytic sorting of RTKs is considered a fundamental process regulating 
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signaling duration and long-term responses, it could be that the differential responses induced 

by EGFR ligands are due the differential activation of endocytic pathways.  

Two major ligands of EGFR, EGF and TGF-α, share similar three-dimensional 

structures, but induce different downstream biological responses. TGF-α is the most potent 

EGFR mitogenic ligand and this correlates with the fact that this ligand induces scarce EGFR 

ubiquitination and targets receptors to recycling [113, 114]. This effect cannot be interpretated 

by the quantitative differences in biological activities, because TGF-α and EGF bind to the 

receptor with a similar KD and induce receptor autophosphorylation at similar concentrations. 

A possible explanation could be the different pH sensitivities of the ligand binding to EGFR. 

While at neutral pH both EGF and TGF-α have similar affinities for the receptor, at lower pH, 

the EGF/EGFR complex remains stable, while TGF-α is dissociated from the EGFR, leading to 

receptor deubiquitination and recycling before entering the lysosomal compartment. However, 

AREG is acid-resistant and remains bound to the receptor at lower pH, but still induces EGFR 

recycling [112]. This finding can be explained by the fact that AREG induces lower levels of 

ubiquitination and recruitment of Cbl to the EGFR than EGF (due to lack of phosphorylation of 

Y1045).  

EGF is a growth factor whose concentration is regulated locally and not systemically 

like hormones; thus, EGF concentration varies depending on the organ. For example, EGF is 

found at high concentrations (50–500 ng/mL) in bile, urine, milk, and prostate fluid, at medium 

concentrations (5–50 ng/mL) in tears, follicular fluid, sperm, and seminal plasma, and at low 

concentrations (1–2 ng/mL) in plasma, serum, and saliva [93,94]. However, EGF knockout mice 

do not exert defeats, probably due to the presence of other EGFR ligands. While EGF is 

extensively studied, in the last years increased knowledge of other ligands has become available. 

Although the exact concentration that different ligands can reach in organs is unknown, in some 

types of cancer they can reach very high levels (e.g., TGF-α and HB-EGF in breast cancer 

[115]). In NSCLC patients, the levels of TGF-α and AREG in the serum correlate with tumor 

aggressiveness, while the EGF levels does not correlate and they are lowered in NSCLC patients 

than in healthy individuals [116]. 

AREG is mainly expressed in placenta and breast, where it plays an important role in 

the morphogenesis and differentiation of the mammary gland [117]. AREG is distributed widely 

in normal tissues (mainly breast and placenta) – inducing ductal morphogenesis in breast [118] 

– and can be found in many forms of cancer. Controversial data about AREG-induced cell 
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growth are present in literature: while it promotes growth of normal epithelial cells, fibroblasts 

and keratinocytes, AREG inhibits growth of certain aggressive carcinoma cell lines [119].  

TGF-α is widely expressed in many normal tissues, while its concentration is elevated 

in tumors. It has been implicated in cell migration, growth and differentiation. TGF-α expression 

correlates with more aggressive breast tumors than EGF [115]. Similarly, also increased 

expression of AREG and decreased expression of EGF were observed in early hyperplastic 

precursors of breast cancer [120]. Both TGF-α and AREG stimulate equivalent levels of DNA 

synthesis in MDCK, canine kidney, cells [121]. In the same cells, AREG stimulates a 

morphologic change and redistribution of E-cadherin, while TGF-α does not. In MCF10A 

human mammary epithelial cells, AREG stimulates greater motility and invasiveness than EGF 

[122].  

Together these data indicate that each ligand–EGFR pair influences signaling events and 

duration in specific ways and dependent of cell context, induce different biological outcomes. 

 

1.2.2. EGFR endocytosis 
 

EGFR can be internalized constitutively, without ligand stimulation. This pathway exhibits a 

slow rate of internalization and regulates EGFR steady-state levels at the PM. In the presence 

of ligand, EGFR can be internalized via CME or NCE, and the choice of the route depends on 

ligand concentration, cell context, the nature of homo-/hetero-dimers of the receptor, and the 

presence of specific endocytic signals in the intracytoplasmic tail [74, 123, 124] (Figure 9).  
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Figure 9. EGFR endocytosis: integration of the CME and NCE pathways.  

Upon stimulation with low doses of EGF (~1 ng/ml), EGFR is internalized via clathrin-mediated 

endocytosis (CME). In the presence of high, yet physiologically relevant, EGF concentrations 

(>10 ng/ml) the EGFR can be internalized through both, CME and non-clathrin endocytosis 

(NCE). While CME mainly targets EGFR to recycling, NCE mostly leads to its degradation. 

Adapted from Barbieri, Curr Opin Cell Biol, 2016 [125] 

 

1.2.2.1. Clathrin-dependent endocytosis of the EGFR 

 

Clathrin-dependent endocytosis is active at all doses of ligand stimulation and destines the 

majority of EGFRs to recycling (~70%), although a fraction of receptors (~30%) is also targeted 

to degradation by this pathway. In the canonical CME pathway, upon stimulation of EGFR, AP2 

recognizes sorting signals on the activated receptor and recruits clathrin and other accessory 

proteins of the CME machinery (e.g., Eps15, Eps15L1, epsin 1), inducing the formation and 

maturation of CCPs. The fission of the pits is exerted by dynamin, leading to formation of free 

CCVs in the cytosol that fuse with endosomes.  

In addition to the canonical AP2-dependent CME pathway, EGFR can also be 

internalized via AP2-independent CME (Figure 3D). This mechanism relies on Eps15, 

Eps15/L1 and epsin 1 (note that these proteins are also necessary for AP2-dependent CME). 
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Interestingly, the two CME routes target EGFR to distinct intracellular fates. While AP2-

dependent CME of the EGFR leads to its recycling and is required for sustained AKT signaling 

and cell migration, AP2-independent CME destines the receptor to degradation [126]. While the 

precise role of eps15/L1/epsin1 in AP2-independent CME needs to be resolved, it is possible 

that ubiquitin (Ub) and ubiquitin-binding domains can play a role in mediating the protein-

protein interactions occurring in AP2-independent CME. Indeed, it has been shown that 

monoubiquitination of endocytic adaptors is necessary for AP2-independent EGFR-CME. For 

example, ubiquitination of Eps15, Eps15/L1 and epsin1 by NEDD4 [Neural Precursor Cell 

Expressed, Developmentally Down-Regulated 4] E3 ligase was shown to be critical for AP2-

independent EGFR-CME [127]. 

 

1.2.2.2. Non-clathrin endocytosis of the EGFR 

 

NCE is a novel endocytic route of the EGFR, which is activated only after stimulation with high, 

but physiologically relevant, doses of EGF (>10 ng/ml). Unlike canonical AP2-dependent CME, 

NCE leads mostly to receptor degradation [74, 123]. Thus, NCE appears to be a negative 

regulator of EGFR signaling, protecting cells from overstimulation when ligand concentrations 

are high [128]. Loss of this route has therefore been speculated to lead to the aberrant regulation 

of EGFR signaling in cancer. The integration of the NCE and CME pathways seems to be 

coupled with the different concentrations of EGF found in biological fluids: CME would protect 

the EGFR from a degradative fate in conditions of low ligand availability and sustain signaling, 

while NCE would protect cells from overstimulation in conditions of high ligand concentration 

and maximal receptor activation. 

NCE is dependent on EGFR ubiquitination and requires the ubiquitin-binding proteins 

Eps15, Eps15L1 and epsin 1, and cholesterol-enriched PM microdomains [62, 123]. Indeed, in 

HeLa cells the KD of these adaptor proteins or the disruption of cholesterol -enriched rafts using 

filipin inhibited EGFR degradation specifically at high EGF doses [123]. In addition through 

KD experiments and analysis of EGFR mutated at specific pY sites, it was established that the 

E3 ligase Cbl is recruited to the active receptor both directly via the EGFR autophosphorylation 

site pY1045 [129] and indirectly through Grb2, the latter binding to pY1068 and Y1086 [130]. 

Cbl then ubiquitinates the EGFR stimulating recruitment of adaptor proteins with ubiquitin-

binding domains (Eps15, Eps15L1 and epsin 1) and internalization by NCE. Notably, Cbl-
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mediated ubiquitination of the EGFR occurs over a narrow range of EGF doses between 1-10 

ng/ml, resulting in a ubiquitination threshold that correlates with EGFR internalization by NCE 

[62].  

In order to identify NCE regulators and cargoes co-trafficking with EGFR via NCE, an 

unbiased proteomics approach was undertaken in our laboratory to isolate EGFR-containing 

NCE vesicles [63]. This strategy involved the immunopurification of EGFR-NCE vesicles 

coupled to stable isotope labeling by/with amino acids in cell culture (SILAC)-based mass 

spectrometry. Proteins specifically enriched in the NCE vesicle preparation were identified. 

Among these proteins, selective NCE regulators were identified through small interfering 

ribonucleic acid (siRNA) screening and the analysis of the impact of siRNAs on EGFR 

endocytosis; candidates with a role in EGFR-NCE, but not in EGFR-CME were selected for 

high-resolution studies.  

Several functional NCE regulators were identified and, among them, the ER-shaping 

factor RTN3 had the strongest effect on EGFR internalization at high doses of ligand when 

knocked down (KD) (Figure 10A, bottom), with minimal impact at low EGF concentration 

(Figure 10A, top). Consistent with the role of NCE in EGFR degradation, RTN3 KD inhibited 

EGFR degradation and increased EGFR-dependent signaling (Figure 10B). 

 
Figure 10. RTN3 is critical regulator of EGFR-NCE. 
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A. EGFR endocytic rate constants (Ke) at low (1 ng/ml) and high (30 ng/ml) EGF doses in HeLa 

cells silenced for the indicated proteins (clath, clathrin; dyn, dynamin; RTN3, reticulon-3). 

RTN3 KD reduced EGF internalization at a high EGF dose, when NCE is active. The double 

RTN3 and clathrin KD (RTN3/clath) reduced EGF internalization almost to the levels of 

dynamin KD, which inhibits both EGFR-CME and -NCE. P-value, Student’s t-test two tailed; 

*, P<0.05; ***, P<0.005. ns, not significant. B. Immunoblots showing the effect of RTN3 KD 

on total EGFR levels (upper blot) and EGFR downstream signaling effectors (lower blot). RTN3 

KD delayed EGFR degradation and increased EGF-induced signaling, as shown for 

phosphoERK1/2 (pERK1/2) and phosphoAKT (pAKT). Total ERK1/2 and AKT levels are shown 

as controls. Tubulin, loading control. Adapted from Caldieri, Science, 2017 [63] 

 

In addition to functional regulators, NCE-specific cargoes were also identified in the 

SILAC-based proteomics analysis, among them, CD147 (Figure 11). CD147 is an integral 

membrane glycoprotein, that induces the activation of extracellular matrix metalloproteases 

(MMP) and binds to different partners (e.g., other CD147 molecules, integrins, 

monocarboxylate transporters (MCTs), cyclophilins, annexin II and caveolin1) [131]. Through 

these interactions, CD147 is involved in variety of processes (such as cell adhesion, tissue repair 

and remodeling, interaction with the ECM and embryo implantation) [131]. CD147 is highly 

expressed on the surface of some cancer cells and is associated with tumor progression/invasion 

and poor prognosis [132]. CD147 was previously shown to enter HeLa cells through a slow 

constitutive a clathrin- and dynamin-independent endocytic pathway together with CD44, CD98 

and MHCI [59]. CD147, CD44 and CD98 appear to directly enter recycling tubules thus 

avoiding trafficking to lysosomes and degradation [133].  

In the presence of high EGF doses, CD147 was shown to enter the cell and to colocalize 

with EGFR in a clathrin-independent, but RTN3- and dynamin-dependent manner. Thus, in this 

setting, CD147 can be used as a specific NCE marker [63]. Interestingly, as a partner of MCTs 

(that can transport lactate and pyruvate) and the glucose transporter 1 (GLUT1), CD147 has 

been shown to regulate aerobic glycolysis and promote cancer cell growth when its cell surface 

expression is altered [134, 135]. Thus, EGFR signaling, through the regulation of these 

transporters by CD147-NCE, might influence cell metabolic functions not typically connected 

with the EGFR pathway.  
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Figure 11. CD147 is specific cargo of NCE pathway.  

A. Immunofluorescence analysis of CD147 internalization in HeLa cells subjected to the 

indicated KD. CD147 is a specific marker of NCE that internalize in HeLa cells only upon 

stimulation with high doses of EGF and colocalizes with EGF. Its internalization was abolished 

by RTN3 KD. CD147 internalization was followed for 8 min at 37°C in the presence of Alexa-

555-EGF using a specific antibody applied to cells in vivo. Cells were subjected to acid wash 

prior to fixation to remove PM signal and visualize only internalized CD147/EGF. Bars, 10 µm. 

B. Time course of CD147 internalization after EGF addition measured through a plugin 

designed ad hoc. Mean integrated fluorescence density +/- SD is reported (a.u., arbitrary units). 

*, P<0,05 (RTN3 KD vs. control). Clath, clatrhin; contr, control; RTN3, reticulon-3. Black 

dotted line with squares, clatrhin KD; black solid line with circles, control; red solid line with 

circles, RTN3 KD; red dotted line with squares, RTN3/Clathrin KD. Adapted from Caldieri, 

Science, 2017 [63] 

 

Recently, different steps of the NCE pathway were mechanistically characterized 

(Figure 12) [63]. Firstly, the morphology of EGFR endocytic structures was revealed by 

employing electron microscopy (EM) in HeLa cells upon stimulation with high dose of EGF, 

where EGFR has been labeled with gold. It was found that NCE is mediated by tubular 
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invaginations (TIs), structures that were persistent in clathrin KD (Figure 13A, B). 

Interestingly, RTN3 KD decreased the number of TIs, suggesting that RTN3 is involved in the 

early step of TI formation.  

 
Figure 12. Mechanism of non-clathrin endocytosis of EGFR.  

Schematic showing the different steps of NCE. For initiation of the formation of TIs, NCE 

requires ER-PM contact sites, that depends on RTN3. At these sites there is local Ca2+ release, 

necessary for the final step – fission of TIs, together with dynamin, and completion of TI 

internalization. Adapted from Caldieri, Science, 2017 [63] 

 

RTN3 is necessary for the formation of ER-PM contact sites (Figure 13C, D). To 

visualize contacts between the ER and EGFR-containing endocytic structures, high-resolution 

EM is performed on HeLa cells, in which cortical ER was labeled by transient transfection with 

the HRP-KDEL construct [136] and EGFR was gold-labeled. Contacts sites were observed 

between the ER and TIs, but not with CCPs, indicating that TIs are a distinctive feature of 

EGFR-NCE. Moreover, RTN3 KD strongly affected formation contact sites. 
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Figure 13. RTN3 is required for the formation of TIs and ER-PM contact sites. 

A. Representative EM image of EGFR congaing structures – CCPs and TIs, upon stimulation 

with high EGF. Bar 100 nm. B. Quantification of gold-labeled EGFR-positive endocytic 

structures (TIs and CCPs) upon stimulation with high dose of EGF in HeLa cells silenced for 

the indicated proteins. RTN3 KD decreased numbers of TIs, alone or in combination with 

clathrin KD, while it did not affect CCPs. N, number of analyzed cell profiles. Data are 

expressed as the number of gold-positive structures, normalized to PM profiles of 100-μm 

length, ± SD. C. Contacts between the ER and EGFR-containing endocytic structures are 

analysis by EM upon stimulation with high EGF, labeling ER with HRP-KDEL and EGFR with 

gold. The proximity analysis of labeled ER structures with gold-labeled EGFR in TIs vs. 

clathrin-coated pits (CCPs) at distance ≤ 20 nm. Contact sites were observed between ER and 

TIs, but not CCPs, in RTN3 dependent manner. Quantification showed as a percentage of 

structures in contact with ER on total number of structures expressed as percentage ± SD. The 

number of counted structures in contact with the ER is indicated. D. 3D reconstruction of a 

contact sites formation between PM – TI (in green), internalizing the cargo CD147 (white dots), 

and cortical ER (in blue) that depends on RTN3 function. The 3D image represents the 
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segmentation of the tomogram. Bar, 200 nm. P values, *P < 0.05, **P < 0.01, ***P < 0.001. 

Adapted from Caldieri, Science, 2017 [63] 

 

At these ER-PM contact sites, there is localized Ca2+ release, observed by PM tagged- 

Ca2+ sensor, that was again dependent on RTN3 (Figure 14A). Ca2+ response is mediated by the 

IP3R located on the ER, and its inhibition by xestospongin C, as inhibition of the GTPase 

dynamin, was shown to reduce length but not the number of TIs (Figure 14 B-D). This argues 

that the role of dynamin and Ca2+ is in promotion of the fission of NCE TIs and completion of 

the internalization process [63].   

 
Figure 14. Ca2+response and dynamin are necessary for the fission of TIs. 

A. The Ca2+ sensor aequorin was fused to a PM-targeting sequence. PM-aequorin detected a 

peak of Ca2+ release induced by high, but not low, EGF doses, that was reduced in RTN3 KD 

cells. B. Quantification of gold-labeled EGFR-TIs upon stimulation with high dose of EGF in 

HeLa cells inhibited with xestospongin C (Xesto) or silenced for dynamin. N, number of 

analyzed cell profiles. Data are expressed as the number of gold-positive structures, normalized 

to PM profiles of 100-μm length, ± SD. C.-D. Morphometric analysis of the length of EGFR 

gold-positive TIs. Both xestospongin C and dynamin KD increase the length of TIs. Data 

expressed as the ratio between the number of long vs. short structures normalized to PM profiles 
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of 100-μm length ± SD. N, cell profiles analyzed. *P < 0.05. Adapted from Caldieri, Science, 

2017 [63] 

 

EGFR-NCE has been shown to be cell context dependent, with only specific cell types, 

such as cervical and breast epithelial cells, skin and keratinocytes, showing activation of this 

pathway upon stimulation with high doses of EGF (Table 3) [62, 63]. One of parameters that 

seems to be relevant for NCE activation in different cells is the number of EGFRs on cell 

surface. For instance, while NCE has a critical role in EGFR endocytosis and signaling in the 

HeLa Milan clone used in our laboratory, another HeLa clone (called HeLa Oslo) that has fewer 

surface EGFRs, is inactive for the NCE pathway [62, 63]. Other parameters might also be 

relevant for NCE activation in different cell contexts and this issue is under further investigation. 

In addition, it is not known whether the NCE pathway is also relevant to other growth factors 

or RTKs. 

 

Table 3. Cell lines characterized for EGFR-NCE activation 

Cell Line Cell type Surface EGFRs/cell NCE 

HeLa - Milan Cervix adenocarcinoma 2.5-3.0 x 105 YES 

HeLa - Oslo Cervix adenocarcinoma 0.8 x 105 NO 

NR6-EGFR Fibroblast normal 2.5 x 105 YES 

HaCaT Keratinocyte normal 4.0 x 55 YES 

A431 Skin carcinoma 1.2 x 106 YES 

BT20 Breast carcinoma 1 x 106 YES 

MCF10A Breast normal 2.9 x 105 YES/NO 

BT549 Breast ductal carcinoma 0.8 x 105 NO 

HCT116 Colorectal carcinoma 0.5 x 105 NO 

The presence of EGFR-NCE was evaluated by the 125I-EGF (high vs. low dose) and/or CD147 

internalization assays, in control, RTN3 KD, clathrin KD and/or dynamin KD cells. 125I-EGF 

saturation binding assay was used to measure EGFR surface number/cell. 

 

1.2.3. EGFR signaling – different pathways 
 

Upon activation by its ligands, EGFR undergoes a transition from an inactive monomer to an 

active EGFR dimer, which stimulates its intrinsic intracellular protein tyrosine kinase activity 
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and results in the trans-autophosphorylation of several tyrosine residues in the C-terminal 

domain of EGFR (Figure 15A). There are nine tyrosine residues in the intracellular domain of 

the EGFR that can be phosphorylated. These pY sites act as docking sites for the recruitment of 

different proteins harboring domains capable of binding to pY, such as those with Src homology 

2 (SH2) or pY binding (PTB) domains. The recruitment of these signaling effectors then triggers 

a variety of signaling cascades, including the ERK/MAPK, phosphoinositide 3-kinase/protein 

kinase B (PI3K/AKT), STAT, phospholipase Cγ (PLCγ) - Ca2+ pathways (Figure 15B) [137]. 

As these pathways are interconnected, the activation of the EGFR stimulates an entire signaling 

network associated with a wide number of biological outcomes, such as cell proliferation, 

differentiation, migration, and survival. In the following sections, the different downstream 

signaling cascades are described, focusing in particular on the PLCγ pathway since it leads to 

Ca2+ release from ER and as such, could have role in EGFR-NCE. 

 
Figure 15. EGFR signaling pathways.  

A. Schematic representation of the EGFR transmembrane (TM) and intracellular domain 

composed of the tyrosine kinase domain (TK) and the regulatory domain (RD). The exons 

encoding each domain are shown as well as the sites of the nine pY residues and proteins 

recruited to these docking sites. B. Summary of the different signaling cascades and associated 

biological outcomes that can be triggered from activated EGFR homodimers. Adapted from 

Kwon, Cancers, 2019 [138] 
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1.2.3.1. ERK-MAPK pathway 

The ERK-MAPK pathway starts with the recruitment of Grb2 and Src homology 2 domain-

containing (SHC) protein to the EGFR autophosphorylation sites (Grb2 recruitment to: pY1068, 

pY1086 or pY1148; and SHC recruitment to pY1148 or pY1173). Grb2 also binds to 

phosphorylated SHC and recruits SOS1 [Son of sevenless homolog 1], a guanine nucleotide 

exchange factor (GEF) for Ras small guanosine triphosphatase (GTPase). SOS1 activates Ras 

by inducing it to exchange guanosine diphosphate (GDP) to GTP. Ras then activates the MAPK 

signaling pathway by activation of rapidly accelerated fibrosarcoma (Raf) kinase that in turn 

activates mitogen-activated protein kinase/extracellular signal-regulated kinase (MEK1/2), also 

known as MAPK kinase (MAPKK), which then phosphorylates ERK1/2. The ERK Ser/Thr 

kinase then phosphorylates downstream substrates located in the cytosol or the nucleus, which 

eventually leads to various biological responses, such as chromatin remodeling, ribosome 

synthesis, and protein translation implicated in cell survival and proliferation [139]. 

 

1.2.3.2. PI3K-AKT pathway 

 

The PI3K-AKT signaling pathway plays a role in controlling cell metabolism, proliferation and 

survival. PI3K is activated downstream of the EGFR (Figure 7B) [139]. PI3K is composed of 

the p85 regulatory subunit and the p110 catalytic subunit. Binding indirectly to the activated 

EGFR through the adaptor Gab1, allows the p110 subunit to phosphorylate the membrane lipid, 

phosphatidylinositol 4,5-bisphosphate (PIP2), producing phosphatidylinositol (3,4,5)-

trisphosphate (PIP3) [140]. PI3K can also be activated by Ras downstream of the activated 

EGFR (Figure 15B) [139]. Ras binds to the PI3K p110 subunit promoting its membrane 

recruitment. Activation of PI3K leads to recruitment and activation of the Ser/Thr kinase AKT. 

In addition, EGF-induced ubiquitination of AKT also recruits AKT to the PM. PM-recruited 

AKT is phosphorylated at Thr308 and Ser473. While phosphorylation of Thr308 is necessary 

and sufficient for AKT activation, maximal activation is got by phosphorylation at Ser473. 

Activated AKT can result in proliferation, metabolism, migration, protein synthesis and cell 

survival. AKT can also activate mammalian target of rapamycin (mTOR) signaling, leading to 

increased protein synthesis.  
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1.2.3.3. STAT pathway 

 

Phosphorylated EGFR can activate STATs by phosphorylating their tyrosine residues via Janus 

kinase family (JAK) dependent [141] or JAK-independent mechanisms [142]. Activated STATs 

form dimers that translocate to the nucleus where they activate transcription of target genes. 

Active STAT1, STAT3 and STAT5 are known to have role in cancer through stimulation of cell 

proliferation, survival and oncogenesis [143].  

 

1.2.3.4. PLCg-Ca2+ pathway 

 

PLCg is membrane-associated enzyme that belongs to the PLC family consisting of 13 isozymes 

in six families (β, γ, δ, ε, ζ, η) that differ in structure [144]. PLCg exists as two isozymes, PLCg1 

and PLCg2, which are recruited and phosphorylated by the EGFR following EGF stimulation. 

This leads to their activation and results in the hydrolysis of PIP2 into DAG and inositol 

trisphosphate (IP3) [145]. IP3 is needed for Ca2+ release from the ER via the IP3R [146], the 

main Ca2+ channel on the ER membrane. DAG and the released Ca2+  activate protein kinase C 

(PKC) which has many substrates, including EGFR and Raf kinase [147].  

Common to all PLC isozymes, PLCγ consists of an N-terminal pleckstrin homology 

(PH) domain, four EF hands, a catalytic region, and a C-terminal C2 domain [148] (Figure 

16A). The PH domain regulates the activation and translocation of PLCγ to the PM by anchoring 

it to PIP2 and PIP3, allowing them to interact with other signaling players. In addition, it is 

involved in the binding of PLCγ to the dimeric protein complex Gβγ (a component of 

heterotrimeric G proteins). The four EF hands are helix-loop-helix motifs with calcium-binding 

ability. The catalytic region consists of the triosephosphate isomerase (TIM) barrel, an X and Y 

catalytic domain and an X-Y linker. The TIM barrel is highly conserved among the PLCs, with 

60–70% sequence identity. The X and Y domain form the Ca2+-binding site and a catalytic active 

site. This region serves for the hydrolysis of PIP2 into DAG and IP3. The C-terminal C2 domain 

is tightly packed against the TIM barrel and maintains the structural integrity of the catalytic 

core. In addition, it also enhances membrane recruitment of the enzymes upon Ca2+ release.  

Specific to the PLCγ isozymes is γ-specific array (γSA) part, consisting of a split PH 

(sPH) domain, tandem SH2 domains, and an SH3 domain. These different domains present 

different levels of homology between PLCγ1 and PLCγ2 (Figure 16A). The sPH domain shows 
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affinity for PIP2 and binding proteins that control PLCγ activity and intracellular localization. 

The C-terminal half of the PH domain can interact with the TRPC3 Ca2+channel. 

In the absence of signal, PLCγs are autoinhibited (Figure 16B). PLCγs are recruited to 

receptors through the binding of the nSH2 domain to pY residues on RTKs; these interactions 

induce phosphorylation and activation of PLCγ1/2. Binding of pY783 of PLCγ1 or pY759 of 

PLCγ2 to the cSH2 domain is necessary for their activation and these sites are primary sites of 

phosphorylation coupled to enzyme activation [149, 150]. Other Tyr residues that are 

phosphorylated following activation of the EGFR are Y771, Y775, Y783, and Y1254 for 

PLCγ1; and Y753, Y759, Y1197, and Y1217 for PLCγ2. Interaction between primary pY sites 

of PLCγ and cSH2 induces a conformational change, reorienting the X-Y linker to allow the 

substrate to access the active site. Although phosphorylation of pY775 for PLCγ1 or pY753 for 

PLCγ2 is necessary to increase lipase activity, alone it could not induce the activation of 

PLCγ1/2.  

 
Figure 16. PLCγ structure and activation.  

A. PLCγ structure with percentage of similarity between PLCγ1 and PLCγ2. PLCγ consists of 

the PLC core (an N-terminal PH domain, EF-hands, TIM-barrel-like fold, a C2 domain) and 

the γSA (sPH domain, two SH2 domains (nSH2 and cSH2), and one SH3 domain). Adapted from 

Koss, Trends Biochem Sci, 2014 [151] B. Activation of PLCγ by RTKs (here shown for PLCγ1 

and fibroblast growth factor receptor 1[FGFR1]). At steady state, PLCγ1 is autoinhibited, while 

upon activation of receptor, in this case FGFR1, the nSH2 domain of PLC1γ regulates its 
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recruitment to receptor. The nSH2 domain binds to pY of receptor (pY766), and this binding 

leads to destabilization of the interaction between the cSH2 and C2 domains of PLCγ1, priming 

the lipase for phosphorylation-dependent activation. PLCγ1 is then phosphorylated on Tyr783, 

which leads to the full dissociation of the cSH2 domain from the C2 domain and the catalytic 

core, and finally leading to activation of PLCγ1 and membrane binding and hydrolysis of PIP2. 

Adapted from Hajicek, Elife, 2019 [148] 

 

The SH3 domain of PLCγ binds to proline-rich sequences on the target protein, such as 

scaffolding proteins [Cbl, Strumpellin and WASH-interacting protein homolog (SWIP), 

lymphocyte cytosolic protein 2 (Lcp2)], cytoskeleton components (dynamin, cortical actin 

complexes, microtubule-associated proteins), and signaling proteins (AKT, TrpC3 [Transient 

Receptor Potential Cation Channel Subfamily C Member 3] channels, SHIP1 [Src homology 2 

(SH2) domain containing inositol polyphosphate 5-phosphatase 1]). In the case of Grb2, it 

negatively regulates PLCγ1 by competing with PLCγ1 for binding to fibroblast growth factor 

receptor 2 (FGFR2) via the SH3 domain, and by direct interaction with PLCγ1 [152, 153]. The 

SH3 domain of PLCγ1 also can act as a GEF for PI3K Enhancer (PIKE) and dynamin-1 [154]. 

PLCγ2 activity is stimulated by the small GTPases Rac1 and Rac2. Rac2 binds the sPH domain 

of PLCγ2 and this induces a conformational change in PLCγ2 and movement of the X-Y linker 

from an autoinhibitory position [155]. The activation by Rac is independent of phosphorylation 

and is also associated with translocation of PLCγ2 to the PM. PLCγ1 is not activated by Rac1 

and Rac2; however, the requirement of PLCγ1 in Rac1-mediated nuclear factor of activated T-

cells (NFAT)5 activation was suggested [156]. 

PLCγs are also stimulated by high concentrations (40–100 μM) of PIP3 [157]. This 

activation of PLCγ by PIP3 is mediated by both the N-terminal PH domain and the cSH2 

domains of PLCγ.  

PLCγ1 is widely expressed with a prominent role in T cell and natural killer cell function, 

whereas PLCγ2 expression is mainly restricted to immune cells, such as mast cells, natural killer 

cells, B cells, and platelets [151, 158]. However, PLCγ2 is also found to play role in brain. It is 

known that activating mutations of PLCγ1 are the most frequent mutations in adult T cell 

leukemia/lymphoma [159, 160], while activating mutations in PLCγ2 have high frequency in 

patients with B cell leukemias treated with ibrutinib, an inhibitor of Bruton's tyrosine kinase 

(BTK), a kinase that is active downstream of the BCR. Therefore, ibrutinib prevents 
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downstream activation of PLCγ2 and finally, blocks downstream BCR signaling. Nevertheless, 

ibrutinib resistance due to acquired mutations in BTK and PLCγ2 has been documented [160]. 

Mutated forms of PLCγ2 isozymes were also found in other cancers mainly linked to immune 

responses [161, 162]. Moreover, an activating mutation in PLCγ2 was found to have protective 

role in Alzheimer’s disease [163] highlighting the fact that the same mutations can have different 

effects depending on cellular context. Although the activation of PLCγ enzymes is associated 

with cancer progression, their regulation and interactors are not fully characterized [164]. 

 

1.1.1. EGFR in physiology and cancer 
 

EGFR activated by its different ligands plays a crucial role in physiology and tissue homeostasis. 

Its ability to induce cellular proliferation, migration and differentiation, means that EGFR plays 

crucial role in development and organogenesis. EGFR is implicated in the morphogenesis of 

many organs and EGFR knockout mice display an embryonic lethal phenotype with profound 

defects in many organs, including gastrointestinal tract [165]. Also, EGFR ligands are involved 

in morphogenetic processes. For example, EGF together with WNT is involved in maintaining 

the stem cell compartment of intestinal crypts, as EGFR is enriched in stem and progenitor cells 

[166]. Intestinal crypts consist of stem cells (in the bottom of the crypt, leucine-rich repeat-

containing G-protein coupled receptor 5 (LGR5)-cells), Paneth cells, transit amplifying cells 

and +4 cells (cells on position +4 from the base of the crypt). EGF is mainly secreted by Paneth 

cells and together with other factors [WNT, Notch, and bone morphogenetic protein (BMP)], it 

regulates the survival, self-renewal and differentiation of intestinal stem cells. In addition to 

EGF and EGFR, other ErbB receptors (e.g., ErbB2, ErbB3) and ligands (e.g., AREG, EPR) are 

important components of the intestinal crypts [167, 168]. 

Overexpression (with or without gene amplification) or activating mutations of EGFR 

have been associated with cancers, including lung, glioblastoma and epithelial tumors of the 

head and neck [169]. Moreover, mutations of other members of the ErbB family, ErbB2, are 

implicated in 15-30% breast carcinomas [170]. For these reasons, many cancer therapies are 

focused on downmodulating the levels of ErbB receptors and their signaling, by using TK 

inhibitors (e.g., gefitinib, erlotinib) or monoclonal antibodies (e.g., cetuximab, panitumumab) 

[108, 171-174]. Even though they have been approved for treatment  of cancer (TK inhibitors 

for lung and pancreatic cancers [171, 172] and monoclonal antibodies for colorectal cancer and 
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head and neck cancer [173, 174]), they show to have limited response and evoke resistance in 

patients [108] so improvements of cancer therapies are of key importance.  

Mechanism of action of monoclonal antibodies is to prevent ligand binding and therefore 

block receptor activation and downstream signaling. However, antibodies induce EGFR 

dimerization and further endocytosis of antibody-bound EGFR in low-rate internalization and 

usually are recycled back to PM [175]. Interestingly, combination of EGFR antibodies against 

different epitopes showed increased internalization of EGFR and its degradation [176], 

implicating that regulation of EGFR trafficking can act as a possible point for improvement of 

targeted therapies [175]. Thus, a better understanding of EGFR trafficking will allow future 

advances in drug discovery and cancer treatments. 
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2. HYPOTHESIS AND AIMS OF THE PROJECT 
 

Since NCE promotes EGFR degradation and leads to extinction of EGFR signaling in the 

presence of high doses of EGF, we hypothesize that it could have a critical role in cell 

physiology, protecting cells from excessive activation of the EGFR pathway and its associated 

biological responses, e.g., proliferation, differentiation, and survival. It follows therefore that 

loss of NCE function could contribute to the oncogenic function of EGFR through the inefficient 

downmodulation of the receptor, arguing for a possible tumor suppressor role of NCE. Detailed 

molecular characterization of the EGFR-NCE pathway could therefore highlight novel targets 

for cancer therapy. 

Several critical regulators of EGFR-NCE have already been characterized, e.g., Cbl-

mediated ubiquitination of EGFR is necessary for the recruitment of endocytic adaptors 

(Eps15/L1, epsin1) and the initiation of NCE [62, 123, 129], RTN3 is critical for the formation 

of PM-ER contact sites and the release of Ca2+ from the ER via the IP3R which is needed for 

dynamin-mediated fission of NCE TIs and completion of the internalization step [63]. However, 

the involvement of the various signaling cascades triggered by the activated EGFR in the 

regulation of the NCE machinery is still unclear, as are the exact physiological and pathological 

roles of the NCE pathway.  

The present study was undertaken to decipher the signaling pathways emanating from 

the EGFR that can influence NCE, and to expand our understanding of the potential 

physiological and pathological relevance of NCE by investigating whether other EGFR ligands 

and growth factors are internalized by this pathway. To investigate these issues, we have 

addressed the following specific aims:  

1) Characterization of the signaling events originating from the activated EGFR that are 

critical for EGFR-NCE. Initially, we investigated whether activation of the EGFR 

downstream signaling pathways correlates with EGFR-NCE activation. This led to the 

identification of PLCγ as a potential regulator of NCE. A series of experiments were 

then carried out to define the precise role of PLCγ in EGFR-NCE focusing on its known 

role as a regulator of Ca2+ release from the ER; 

2) Characterization of the specific involvement of the PLCγ2 isozyme (but not PLC γ1) 

and its associated second messengers in EGFR-NCE; 
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3) Identification of other EGFR ligands and RTKs that can be internalized by NCE, in order 

to expand the relevance of NCE to the regulation of other signaling molecules;  

4) Characterization of the possible physiological role of NCE focusing on its potential 

involvement in cell metabolism due to the known function of CD147 in the regulation 

of glucose transporters;  

5) Characterization of the presence of EGFR/CD147-NCE in non-tumorigenic breast 

epithelial cells and its involvement in the growth of primary mammary and intestinal 

organoids to gain insights into the relevance of NCE in cell physiology.
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3. MATERIALS & METHODS 
 

3.1. Reagents 
 

Ligands used for receptor stimulation: EGF, TGF-a, AREG (Peprotech) and HGF (R&D) were 

used at the indicated concentrations. Alexa-labeled EGF was used at a concentration (400 ng/ml 

or 1 µg/ml of the conjugated species) corresponding to an actual EGF concentration of ~40 

ng/ml and ~100 ng/ml, as indicated. Alexa-EGF and Alexa-Tf were from Molecular Probes. 

List of oligos and antibodies used are showed in Tables 4 and 5. Inhibitors were used at the 

following concentrations: DAG kinase inhibitor (R59949) – 10 µM, cyclosporine A (CsA) – 10 

µM, FK506 – 5 µM, xestospongin C – 2 µM, gefitinib – 10 µM, PPMP – 5 µM. 

 

Table 4. List of RNAi oligo sequences  

ID Sequence 

PLCγ1 Smart pool Dharmacon 5’-GCAGCAAGAUCUACUACUC-3’ 

5’-GAUGGGAUGCCAGUUAUUU-3’ 

5’-GAGACAACCGCCUCUAGUU-3’ 

5’-GAAUGGAAUUUCGCCUGAA-3’ 

PLCγ2 Dharmacon 5’-GGGAUGCCCUGGUUAAAGA-3’ 

IP3R Ribox Smart pool 5’-AUUAAGGUAAACUGAGUCCCCC-3’ 

5’-UUAUUCUUGUCAGUCCACGCCCCC-3’ 

5’-UAUAGAUGUUAUGGCCCACCCCC-3’ 

RTN3 Stealth 5'-CCCUGAAACUCAUUAUUCGUCUCUU-3' 

Clathrin heavy chain Riboxx 5'-UAAAUUUCCGGGCAAAGAGCCCCC-3' 

DAG kinase (DGK) a Stealth 5'-CGAGGAUGGCGAGAUGGCUAAAUAU-3' 

Dynamin 1 Riboxx 5'-UUUCACAAUGGUCUCAAAGCCCCC-3' 

Dynamin 2 Riboxx 5'-UGAACUGCAGGAUCAUGUCCCCC-3' 

Rac1 Stealth 5'-CCGGUGAAUCUGGGCUUAUGGGAUA-3' 
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Table 5. List of antibodies  

Antibody Producer Clone or Epitope Catalog 

number 

Dilution 

AKT Cell Signaling  #9272 1:1000 

CD147 BD HIM 6 555961 1:300 

CD147 Biolegend OX114 123701 1:50 

Clathrin BD clone 23 610499 1:1000 

DGKa Abcam Amino acids 331-370 ab64845 1:500 

EGFR Genentec Clone 13A9 13A9 1:2000 

EGFR  In-house 806 serum  IF 1:200 

WB 1:10000 

ERK1/2 Sigma ERK-1, 351-368 M7927 1:5000 

GAPDH Santa cruz 6C5 sc-32233 1:3000 

HA Biolegend 16B12 901503 WB, IF 

1:5000 

HGFR R&D Glu25-Thr932 AF276 1:200 

IP3R BD Clone 2 610312 1:500 

Cytokeratin (CK) 5 Abcam Amino acids 541-590 ab53121 1:200 

CK 8 In-house TROMA-1  1:200 

LGR5 Abcam Amino acids 689-719  ab75732 1:200 

pAKT Cell Signaling Thr308 # 9275 1:500 

pERK1/2 Cell Signaling Thr202/Tyr204 #9106 1:1000 

PLCG1 BD Clone 10 558575 1:500 

PLCG2 R&D 346404 MAB3716 1:500 

pPLCG1 Cell Signaling Tyr1783 #2821 1:1000 

pPLCG2 R&D Tyr759,  

Clone #744757 

MAB7377 1:500 

pSHC Cell Signaling Tyr239/240 #2434 1:500 

pTyr Millipore 4G10 05-321MG 1:1000 

pY 1045 EGFR  Cell Signaling Tyr 1045 #2237 1:1000 

pY 1068 EGFR WB Cell Signaling Tyr 1068, D7A5 #3777 (XP) WB 1:1000 
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IF 1:200  

pY 1173 EGFR  Cell Signaling Tyr 1173, 53A5 #4407 1:1000 

pY 992 EGFR  Cell Signaling Tyr 992 #2235 1:1000 

RTN3 In-house Amino acids 1-47   1:250 

SHC BD Clone 20 #610878 1:500 

Tubulin In-house serum  1:500 

Ub Santa Cruz P4D1 sc-8017 1:1000 

Vinculin Sigma clone hVIN-1 V9131 1:5000 

WB: western blot; IF: immunofluorescence. 

 

3.2. Cell Culture 
 

Human epithelial cervical cancer HeLa cells were cultured in Minimum Essential Medium 

(MEM, Sigma) supplemented with 10% FBS, 2 mM glutamine, sodium pyruvate 1 mM 

(Euroclone), 0.1 mM non-essential amino acids (Euroclone). The inducible clathrin KD HeLa 

clone was grown in the same medium as HeLa cells but supplemented with 10% TET-System 

Approved FBS (PAA) instead of standard FBS. Non-tumorigenic epithelial breast MCF10A cell 

line was cultured in a 1:1 mixture of DMEM and HAM’S-F12 (Gibco, Life Technologies), 

supplemented with 5% horse serum (Invitrogen), 2 mM Glutamine, 50 ng/ml cholera toxin, 10 

μg/ml insulin, 500 ng/ml hydrocortisone (Sigma) and fresh 20 ng/ml human EGF (Invitrogen). 

In the case of ligand stimulation, different concentrations of human recombinant ligands were 

added to serum-starved medium for the indicated time points. All cells were cultured at 37°C 

and 5% CO2. 

  

3.3. RNA interference (RNAi) 
 

RNAi was performed with Lipofectamine RNAimax from Invitrogen, according to the 

manufacturer’s protocol: for RTN3 KD (Stealth), Clathrin heavy chain KD (Riboxx) and Rac1 

KD (Stealth), cells were transfected with 2 cycles of 8 nM of oligos; for PLCg1 KD and PLCg2 

KD, cells were transfected with 2 cycles of 16 nM of oligos; for Dynamin KD (Riboxx), cells 

were transfected with 1 cycle of 8 nM of oligo.  
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Briefly, 1.5 x 106 cells in a 10 cm culture plate were transfected in reverse: liposome 

complexes carrying siRNAs were formed for 15 min at room temperature (RT) and then added 

to trypsinized cells in suspension. The next day, cells were transfected in forward, adding the 

liposome/siRNA complexes to cells in adhesion. On the fourth day, cells were plated at the 

required concentration for the assays the next day. KDs were verified after 5 days, and as a 

negative control, cells were transfected with lipofectamine alone. See Table 4 for the nucleotide 

sequence of siRNAs employed.  

 

3.4. Lentiviral infections 
 

HeLa and the inducible-clathrin KD cells were infected with lentiviral pLVX vectors: empty 

vector (EV) or vectors encoding for PLCg1-hemagglutinin (HA) and PLCg2-HA. 293T 

packaging cells were cultured in a humid atmosphere containing 5% CO2 in DMEM 

supplemented with 10% FBS, 2 mM glutamine, 100 U/ml penicillin and 100 μg/ml 

streptomycin. Medium was changed 2 h before transfection and cells at 70% confluence were 

transfected overnight with the calcium-phosphate procedure with a mixture of 5 μg GAG-POL, 

5 μg ENV, 5 μg REV, and 10 μg of lentiviral vector. The medium of 293T cells was replaced 

after 12-16 h post-transfection and the viral supernatant was collected at 36 h post-transfection 

and filtered with a 0.45 μm syringe-filter and added to 40-50% confluent target cells for 

overnight infection at 37°C. The following day, the appropriate medium for the target cells was 

added and cells were passaged. 

 

3.5. Biochemical assays 
 

3.5.1. Western blot 
 

Cells were lysed by adding RIPA buffer (50 mM Tris–HCl, 150 mM NaCl, 1 mM EDTA, 1% 

Triton X-100, 1% sodium deoxycholate, 0.1% SDS), plus protease inhibitor cocktail 

(CALBIOCHEM) and phosphatase inhibitors (20 mM sodium pyrophosphate pH 7.5, 50 mM 

NaF, 2 mM PMSF, 10 mM Na3VO4 pH 7.5), directly to cell plates. Lysate was clarified by 

centrifugation at 13,200 rpm for 20 min at 4°C. Protein concentration was measured by the 
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Bradford Assay (Biorad) and 30μg of protein was prepared in Laemmli 1x buffer (2% SDS, 

62.5 mM Tris HCl, pH 6.8, 10% Glycerol, 0.1% Bromophenol blue, 5% b-Mercaptoethanol). 

For detection of pPLCg2 and total PLCg2, due to low expression of PLCg2 in HeLa cells and 

inefficient antibodies, 45μg of proteins were prepared. Protein samples were run on pre-cast 

gels with a gradient 4-20% (Biorad) and transferred to a nitrocellulose membrane (Biorad) using 

Trans-Blot (Biorad) according to manufacturer’s instructions. Membranes were blocked with 

5% milk diluted in tris buffered saline 0.1% Tween (TBS-T) and then incubated overnight with 

primary antibody according to the datasheet. Following 3 washes with TBS-T, membranes were 

incubated with the appropriate secondary antibody conjugated to horseradish peroxidase. After 

3 more washes, the signal was detected at Chemidoc (Biorad) using ECL from Amersham or 

Biorad. See Table 5 for the list of antibodies employed.  

 

3.5.1.1. Anti-Ub western blot 

 

After resolving protein lysates on pre-casts gels as above, proteins were transferred to a PVDF 

(polyvinylidene fluoride) membrane (Biorad), previously activated by incubation in 100% 

MeOH for 5 min at RT. Ponceau staining was avoided since it might interfere with antibody 

recognition. After transfer, membranes were subjected to denaturing solution (6 M guanidium 

chloride, 20 mM Tris, pH 7.4, 1 mM PMSF, 5 mM  b-mercaptoethanol) for 30 min at 4°C, in 

order to denature Ub and facilitate the recognition of latent Ub epitopes by the anti-Ub antibody 

resulting in intensification of the anti-Ub signal. After extensive washing in TBS-T buffer, 

membranes were blocked overnight at 4°C in 5% BSA (dissolved in TBS-T). After blocking, 

membranes were incubated with the the P4D1 antibody (Santa Cruz, 1:1000) against Ub, diluted 

in TBS-T 5% BSA, for 1h at RT, followed by 3 washes of 10 min each in TBS-T. Membranes 

were then incubated with the appropriate secondary antibody conjugated with horseradish 

peroxidase. After 3 more washes, the signal was detected at Chemidoc (Biorad) using ECL from 

Amersham or Biorad. 

 

3.5.2. Immunoprecipitation 
 

Cells were serum starved overnight and then stimulated for the indicated times with 100 ng/ml 

of EGF or TGF-a. Lysates prepared in JS buffer (50 mM HEPES pH 7.5, 50 mM NaCl, 1% 
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glycerol, 1% Triton X-100, 1.5 mM MgCl, 25 mM EGTA) were incubated in the presence of 

specific antibodies (about 1-2 μg/mg of lysates) for 2h at 4°C with rocking. Assays were 

performed using 1 mg of lysate, respectively. Protein G Sepharose beads (Zymed) were then 

added, and samples were left for an additional hour at 4°C, rocking. immunoprecipitants were 

then washed 4 times in JS buffer.  

To detect ubiquitination of PLCg-HA, anti-HA antibody (Biolegend) was used for 

immunoprecipitation and anti-Ub antibody for Ub recognition. Cells expressing Eps15-HA 

were used as a positive control for ubiquitinated protein. To detect different post-translational 

modifications upon stimulation with EGF or TGF-a, EGFR was immunoprecipitated using an 

anti-EGFR antibody produced in-house (see Table 5). 

 

3.5.3. GST pull-down assays 
 

For the glutathione S-transferase (GST) pull-down assays, cells were serum starved overnight, 

stimulated with EGF 100 ng/ml for 5 min and then 1 mg of lysate (PLCg-HA or Eps15-HA as 

positive control) in JS buffer was incubated with 20 μg of GST-3Ub or GST alone (as a negative 

control) for 2 h at 4°C. Beads were then washed 4 times with JS buffer, before elution of bound 

proteins by the addition of Laemmli buffer 2x. 

 

3.5.4. Density gradient fractionation assay 
 

Cells were serum starved for 4 h, followed by stimulation with EGF 100 ng/ml for 1 min. Cells 

were lysed in Triton-X-100 lysis buffer (1% Triton-X-100, 150 nM NaCl, 25 mM TrisHCl, 5 

mM EDTA, with protease inhibitor cocktail). 1 mg of lysates in 1 ml volume was added to 2 ml 

of cold Optiprep 60%, to give a 3 ml sample with 40% final concentration. This fraction was 

put at the bottom of the tube. On the top of it, 6 ml of Optiprep 30% was added, following by 

2.5 ml of Optiprep 5%. Tubes are centrifugated for 16 h in a SW41 rotor at 120,000g (25,000 

rpm) at 4°C. After the overnight centrifugation of gradients, fractions of 1 ml were collected 

starting from the top of each gradient. Proteins were precipitated in these fractions with 5X 

trichloroacetic acid/Na-deoxycholate (TCA/DOC) solution to give a final concentration of 10% 

TCA, 0.4 mg/mL DOC. After mixing, samples were kept on ice for 1.5 h, followed by 
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centrifugation for 10 min at 13,000 rpm 4°C. Pellet was washed twice with cold acetone, and 

after drying resuspended in 50 μl of 2X Laemmli buffer. 

 

3.6. Radioactive assays 
 

3.6.1. Internalization assay with 125I-EGF and 125I-Tf 

 

Cells were serum starved for at least 2 h and then incubated at 37°C in the presence of 

radiolabeled ligands, 125I-EGF or 125I-Tf, in binding buffer (MEM, BSA 0.1%, Hepes pH 7.4 20 

mM) for 2, 4 and 6 min. For low dose stimulations, 1 ng/ml 125I-EGF was used. For high dose 

stimulations, 1 ng/ml 125I-EGF + 29 ng/ml unlabeled EGF were used. 125I-Tf was used at a 

concentration of 1 ng/ml. After the incubation time, cells were put on ice, washed three times in 

PBS, and then incubated for 5 min at 4°C in 300 µl of acid wash solution pH 2.5 (acetic acid 

0.2 M, NaCl 0.5 M). Then, the solution was removed from the cells and the radioactivity present 

in this solution was measured. This measurement represents the amount of 125I-EGF/Tf bound 

to the receptor on the cell surface. Cells were then lysed with 300 µl of a solution containing 1 

M NaOH and radioactivity was measured. This sample represents the amount of internalized 
125I-EGF/Tf. The unspecific binding was measured at each time point in the presence of an 

excess of non-radioactive EGF/Tf (300x and 500x, respectively). After being corrected for non-

specific binding, the rate of internalization was expressed as the ratio between internalized and 

surface-bound radioactivity. Endocytic rate constants [Ke and Ke obs, [177] were calculated 

from the slope of the trend-line. Results are expressed as the internalization rate constant (Ke or 

Ke obs) or as a % of Ke in control cells, as indicated, and are the mean of duplicate or triplicate 

points. Statistical analysis was performed using JMP 10.0 statistical software (SAS Institute, 

Inc).  

 

3.6.2. Downmodulation assay 

 

Cells were serum starved for at least 2 h in binding buffer and incubated for various times (60’, 

30’, 10’, 5’, 0’) with 100 ng/ml of EGF/TGF-a at 37 °C, washed with cold PBS, and surface-

bound EGF was removed by treatment with mild acid/salt wash buffer (pH 4.5) for 5 min. This 

mild acid/salt treatment removed more than 90% of the total 125I-EGF bound to the cells at 4°C 
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without affecting cell permeability, EGF receptor binding, internalization, or degradation. The 

number of binding sites at the different time points was then determined by incubating the cells 

at 4°C for 4 h with 100 ng/ml of 125I-EGF: 10 ng/ml of 125I-EGF + 90 ng/ml of unlabeled EGF. 

Cells were washed 3 times with cold PBS and lysed in 1 N NaOH. The lysate was collected and 

the radioactivity present in it was measured. This sample represents the amount of EGFR at the 

PM at the different time points. Non-specific binding was measured for each time point in the 

presence of 30  µg/ml (300x 100 ng/ml) of unlabeled EGF, and generally was not more than 3-

4% of the total counts and was subtracted from the total radioactivity. After correction for non-

specific binding, the rate of downmodulation was expressed as a percentage of EGFR remaining 

at the cell surface with respect to the initial amount (100%, calculated at time=0).  

  

3.7. Measurements of intracellular Ca2+ concentration 
 

3.7.1. Aequorin 
 

Aequorin measurements were performed as previously described [63]. Briefly, cells were grown 

on 13-mm-round glass coverslips at 50% confluence and were transfected with PM-targeted 

aequorin.  PM-aequorin was obtained by fusing aequorin with SNAP25, a neuronal protein that 

is recruited to the PM after the post-translational addition of a lipid anchor [178]. Aequorin 

constructs and protocols were previously described [179]. All aequorin measurements were 

performed in Krebs-Ringer modified buffer (KRB) (135 mM NaCl, 5 mM KCl, 0.4 mM 

KH2PO4, 1 mM MgSO4, 20 mM HEPES and 5.5 mM glucose, pH 7.4), supplemented with 1 

mM Ca2+. When EGTA treatment was performed, aequorin measurements were recorded in 

KRB buffer plus 100 µM EGTA. Stimulation with EGF was performed as specified in the figure 

legends. The experiments were terminated by lysing the cells with 0.01% Triton in a hypotonic 

Ca2+-rich solution (10 mM CaCl2 in H2O), thus discharging the remaining aequorin pool. The 

light signal was collected and calibrated into [Ca2+] values, as previously described [179]. 

Extents of Ca2+ waves were expressed as area under the curve (AUC) and maximal value of 

peak in box plot graphs. Statistical analysis was performed using GraphPad Prism.  
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3.7.2. GCaMP 
 

GCaMP measurements were performed using a more sensitive Ca2+-probe, GCaMP6f. GCaMPs 

were developed for imaging rapid Ca2+ peaks, like the one observed at ER-PM NCE contact 

sites. To localize the probe to the PM, where NCE contact sites are formed, we added the same 

tag (SNAP25) as used for Aequorin [178]. Cells were grown on 24-mm coverslips and 

transfected with the construct 48 h prior to the acquisition of images. For image acquisition, 

cells were washed and supplemented with 1 mM Ca2+/KRB. To determine the PM Ca2+ 

response, cells were placed in an open Leyden chamber on a 37°C thermostat-controlled stage 

and exposed to 494/402 nm wavelength light using the Olympus xcellence multiple-wavelength 

high-resolution fluorescence microscopy system equipped with an ORCA ER CCD camera 

(Hamamatsu Photonics) and an Uplan FLN 40X oil objective (Olympus). After registration of 

baseline ratio, cells were stimulated with EGF, TGF-a and AREG at the indicated 

concentrations. Fluorescence data collected were expressed as emission ratios. The extent of 

Ca2+ peaks was expressed as AUC in box plot graphs. Statistical analysis was performed using 

GraphPad Prism. One-way ANOVA was used to calculate statistical significance between 

different samples. 

 

3.8. Immunofluorescence assays 
 

For immunofluorescence (IF) experiments, cells were plated on glass coverslips the day before 

the experiment. For PLCg-HA recruitment to PM upon EGF stimulation, cells were serum 

starved for 2 h prior to stimulation for 1 min with 100 ng/ml of EGF-Alexa-488. Then, cells 

were transferred on ice, washed with ice-cold PBS and fixed in 4% paraformaldehyde for 10 

min, washed with PBS and permeabilized in 0.1% Triton X-100, 1% BSA/PBS for 8 min at RT. 

To prevent non-specific binding of the antibodies, cells were then incubated with blocking 

solution (1% BSA/PBS) for 30 min at RT. Next, cells were incubated for 1 h with primary 

antibody in blocking solution (anti-HA 1:5 000), washed 3 times with 1X PBS and incubated 

for 30 min with fluorescently-labeled secondary antibodies. After 3 washes with PBS, nuclei 

were DAPI-stained for 5 min and washed again 3 times with 1X PBS. Coverslips were mounted 

with glycerol mounting media. Images were obtained using a Leica TCS SP8 confocal 
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microscope equipped with a 63X oil objective (Leica HCX PL APO CS, 1.4NA) and processed 

using ImageJ (see Table 5 for list of antibodies employed). 

 

3.8.1. EGF and Tf internalization assays 
 

HeLa cells, plated on glass coverslips, were incubated at 37°C for the indicated times with 

indicated doses of Alexa-EGF or Alexa-Tf. When indicated, cells were treated with acid wash 

(100 mM Glycine-HCl, pH 2.2) 3 times for 45’’ at 4°C, in order to visualize only internalized 

ligand. Samples were then washed and fixed. After permeabilization, nuclei were stained with 

DAPI. Images were obtained using Leica TCS SP8 confocal microscope equipped with a 63x 

oil immersion objective using a 1024x1024 scan format and a 2.5x optical zoom (74 nm pixel 

size). EGF or Tf signal was highlighted applying an intensity-based threshold (Default method), 

and then fluorescence intensity per field was calculated using the “Measure” command, limiting 

measurement to threshold. This value was then divided for the number of nuclei in the field, 

counted using the DAPI signal, in order to calculate the EGF or Tf fluorescence intensity per 

cell. Data are the mean ±SD, calculated on ~5-10 different fields.  

 

3.8.2. In vivo CD147 internalization assay 
 

For antibody internalization assays, cells were incubated with anti-CD147 antibody for 30 min 

at 4°C. Cells were then stimulated with high doses of different ligands (Alexa-EGF, EGF, TGF-

a, AREG or HGF) at 37°C for the indicated times. As a control, we also incubated CD147 in 

the absence of ligands and we observed no detectable CD147 internalization. After 

internalization, cells were acid wash-treated as previously. Cells were then fixed and processed 

for IF. After permeabilization, proteins of interest (EGFR, GLUT1, MCT1, HGFR) were labeled 

with adequate primary antibodies in 1% BSA/PBS, followed by incubation with specific 

secondary antibodies. Alexa-488 secondary antibody was used to label the internalized CD147 

antibody.  

Images were acquired with a Leica TCS SP8 confocal microscope equipped with a 63x 

oil immersion objective using a 1024x1024 scan format and a 2.5x optical zoom (74 µm pixel 

size). Quantification of CD147 internalization was done using Fiji plugin or intensity-based 

threshold method. Fiji plugin was used to quantify only CD147 fluorescence density from 
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EGFR-positive vesicles, as described before [63]. Briefly, plugin was developed to calculate 

CD147 integrated fluorescence intensity per cell (expressed as arbitrary units). We used the 

Alexa-EGF signal to identify EGFR-positive vesicles. In order to enhance the signal vs. 

background and identify the vesicles, the image was filtered with a Laplacian of Gaussian filter 

[using the FeatureJ-Laplacian plugin with a smoothing scale parameter of 2], then a histogram-

based threshold was applied. The threshold (Thrvesicle) is calculated with this formula: 

Thrvesicles = Imax - 0.05 * (Imax-Imode), where Imax is maximum intensity and Imode is the 

mode intensity of the histogram. Only those pixels that deviate from the maximum intensity by 

less than 5% of the difference between the maximum intensity and the mode intensity were 

considered to belong to a vesicle. We then measured the CD147 integrated fluorescence 

intensity within the recognized vesicles for each field. This value was then divided for the 

number of nuclei in the field, in order to calculate the CD147 integrated fluorescence intensity 

per cell. The nuclei were identified using the DAPI signal and their boundaries were outlined 

by applying a histogram normalization and then an intensity-based threshold (Li method). When 

it was not possible to identify EGFR-positive vesicles (e.g., upon stimulation with different 

ligands) CD147 signal was highlighted applying an intensity-based threshold (Default method), 

and then fluorescence intensity per field was calculated using the “Measure” command, limiting 

measurement to threshold. This value was then divided for the number of nuclei in the field, 

counted using the DAPI signal, in order to calculate the CD147 fluorescence intensity per cell. 

Data are the mean ±SD, calculated on ~5-10 different fields. Data are the mean ±SD, calculated 

on ~5-10 different fields.  

 

3.9. Super-resolution microscopy  
 

HeLa cells overexpressing PLCg-HA were plated on 35 mm dish, No. 1.5 Coverslip, 14 mm 

Glass Diameter (MatTek). On the following day, cells were serum starved for 2 h and stimulated 

with 100 ng/ml of the indicated ligand for 1 min. Immediately after stimulation, cells were 

transferred on ice, washed with ice-cold PBS and fixed in 4% paraformaldehyde for 10 min, 

washed with PBS and permeabilized in 0.1% Triton X-100 in 1% BSA/PBS for 8 min at RT. 

To prevent non-specific binding of the antibodies, cells were then incubated with blocking 

solution (1% BSA/PBS) for 30 min at RT. After permeabilization, staining was performed with 

appropriate antibodies against proteins-of-interest (EGFR, HA, RTN3, CLATH) or with Alexa-
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tagged CTxB (Thermofisher) in 1% BSA/PBS, followed by incubation with specific secondary 

antibodies. Samples were post-fixed in 4% paraformaldehyde and analyzed by direct stochastic 

optical reconstruction microscopy (dSTORM). Briefly, super-resolution localization imaging is 

based on blinking on and off of the fluorescent molecules induced by reducing agents included 

in the imaging medium [180]. If few molecules are fluorescent at each time point, meaning that 

the diffraction limited spots corresponding to individual fluorophores are well separated, the 

position of each molecule can be quantified with higher accuracy than the resolution limit [181]. 

By acquiring multiple images of the same field (tens to hundreds of thousands) and storing the 

position of the localized molecules at each frame, it is possible to obtain an image of the sample 

with a resolution higher than the diffraction limit. 

 Imaging was performed on a super-resolution Nikon N-STORM microscope configured for 

oblique incidence excitation (N-STORM module 2, Nikon instruments) in STORM buffer 

[Buffer A: 10 mM Tris (pH 8.0) + 50 mM NaCl], an oxygen-scavenging system “GLOX” [56 

mg/mL glucose oxidase (Sigma-Aldrich), 3.4 mg/mL catalase (Sigma-Aldrich) and 1M  

Mercaptoethylamine (MEA) (Sigma-Aldrich)]. Alexa-Fluor 647 dye was excited by using 647 

nm laser (120 m Watts nominal power), while Cy3 was excited with a 561 nm laser (70 m Watts) 

(LU-NV laser unit, Nikon instruments, Tokyo, Japan). 15,000 frames were collected for each 

channel with 20 ms exposure time. Only localization events occurring at the periphery of the 

cell were considered (within 40 nm from the PM). Image cross-correlation spectroscopy (ICCS), 

for nanoscale colocalization analysis was performed as described [182]. Briefly, image cross 

correlation functions were obtained by averaging over the pixels contained in a selected region 

of interest. The amplitude parameters from the resulting curves were employed to calculate two 

coefficients of localizations whose arithmetic mean provides the colocalizing fraction fICCS – 

cross correlation coefficient. For visualization purposes, the super-resolution images were 

reconstructed by rendering each of the detected molecules as a Gaussian distribution, with width 

equal to the localization precision of each event. 

 

3.10. Immunoelectron Microscopy 
 

EGFR-containing endocytic structures (CCPs and TIs) were identified by EM. Serum-starved 

cells, knocked down for indicated proteins, were incubated with anti-EGFR 13A9, followed by 

incubation with rabbit anti-mouse, and, finally, with Protein-A Gold 10 nm (30 min incubation 
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on ice/each step). Cells were then incubated at 37°C for 2 min with 30 ng/ml EGF. A control 

sample left at 37°C for 5 min without EGF was included in the experiment to control that no 

internalization was induced by the antibody in the absence of ligand. Cells were then washed in 

PBS and fixed for 1h at RT in 1.2% glutaraldehyde in 66 mM sodium cacodylate buffer pH 7.2 

containing 0.5 mg/ml of ruthenium red. After quick washes with 150 mM sodium cacodylate 

buffer, the samples were post-fixed in 1.3% osmium tetroxide in a 66 mM sodium cacodylate 

buffer (pH 7.2) containing 0.5 mg/ml ruthenium red for 2h at RT. Cells were then rinsed with 

150 mM Na-cacodylate, washed with distilled water and enbloc stained with 0.5% uranyl acetate 

in dH20 overnight at 4°C in the dark. Finally, samples were rinsed in dH2O, dehydrated with 

increasing concentrations of ethanol, embedded in Epon and cured in an oven at 60°C for 48 h.  

 

3.10.1. Preparation of PM sheets and gold labeling  
 

Preparation of PM sheets was described previously [183]. The coverslips were rapidly chilled 

by immersion in ice-cold Hepes buffer (25 mM Hepes, pH 7, 25 mM KCl, and 2.5 mM 

MgAcetate) and inverted onto nickel EM grids that had been coated with formvar and carbon 

and, on the day of the experiment, glow-discharged and floated on poly-L-lysine (0.8 mg/ml for 

30 min, followed by 10 s dH2O rinse and air drying). Pressure was applied to the coverslip for 

20 s by bearing down with a cork. The coverslips were lifted, leaving sections of the upper cell 

surface adherent to the poly-L-lysine–coated grid. Membranes were rinsed in 4°C Hepes buffer 

and fixed in 2% paraformaldehyde for 10 min. All membranes were labeled from the inside by 

inverting the grids onto droplets containing primary antibodies or biotin-phalloidin (5 units/ml) 

followed by gold-conjugated secondary reagents. Incubations were for 30 min. Intermediate 

washes in PBS were performed by inverting the grids onto droplets. Primary antibody was 

diluted in PBS, 0.1% BSA at the following concentrations: HA 1:1000. gold-conjugated 

secondary reagents were diluted 1:20 from commercial stocks in PBS-BSA. The samples were 

post-fixed in 2% glutaraldehyde in PBS and incubated overnight in PBS. Next, samples were 

stained for 10 min with 1% OsO4 prepared in 0.1 M cacodylate buffer and washed 5 min with 

cacodylate buffer and twice for 5 min in dH2O. Samples were then processed for 10 min in 1% 

aqueous tannic acid, followed by two 5-min rinses with dH2O, 10 min with 1% aqueous uranyl 

acetate and two 1-min rinses with dH2O. Grids were air-dried and examined using a Hitachi 
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600 transmission EM. Samples were analyzed employing the Ripley’s K function [184] tool that 

tests spatial randomness of molecules and explains molecular distribution. 

 

3.11. Matrigel MCF10A morphogenetic assay 
 

MCF10A cells were suspended in their culture medium containing 5 ng/ml EGF (instead of 

20 ng/ml as in standard medium) and 2% of growth factor reduced Matrigel (Corning). Cells 

(4000 cells/well) were plated in 8-well chambers (chamber slide system, Lab-Tek II) on a thin 

layer of Matrigel (~40 μl, previously allowed to solidify on the bottom of the plate). Cells were 

incubated at 37°C, 5% CO2 for 10 days. Medium was changed every 3 days. After 10 days, acini 

were starved for 3 h, stimulated with 500 ng/ml EGF and fixed with 4% paraformaldehyde for 

20 min at RT and permeabilized with 0.5% Triton X-100 in PBS for 10 min. Slides were rinsed 

three times with PBS/Glycine (100 mM), 10 min/wash at RT. Blocking was in 10% donkey 

serum in PBS (with 0.1% BSA, 0.2% Triton X-100, 0.05% Tween-20). Primary antibodies (anti-

CD147, anti-EGFR, anti-pEGFR) were diluted in blocking solution and incubated overnight at 

4°C. Secondary antibodies [donkey anti-mouse or anti-rabbit, Alexa-488- or Alexa-647-

conjugated (Thermo Fisher); donkey anti-mouse or anti-rabbit Cy3 (Jackson ImmunoResearch)] 

were diluted 1:200 in blocking solution and incubated for 40 min at RT. Nuclei were 

counterstained with DAPI. Images were acquired on glass-wells with a Leica TCS SP8 AOBS 

confocal microscope with Las-X software (v3.5, Leica Biosystems) and processed using ImageJ 

software (v1.52, NIH).  

 

3.12. Intestinal and mammary primary organoids from mice 
 

The intestines were harvested from 8-15 week-old mice and prepared as described [185]. 

Briefly, the proximal part of the intestine was collected, opened longitudinally and washed with 

ice-cold PBS. The luminal side of the intestine was scraped using a glass slide to remove luminal 

content and villious structures. After a second wash with ice-cold PBS, the intestine was cut into 

2–4-mm pieces with scissors. The pieces were transferred to a tube and further washed with 

cold PBS (5–10 times) with gentle vortexing. Intestinal fragments were incubated in PBS 

containing 20 mM EDTA, for 20 min on ice. The supernatant was discarded, and cold PBS was 
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added to the fragments. Crypts were released by manually inverting the tube for 5-10 times. The 

supernatant was collected and passed through a 70-μm strainer. The remaining tissue fragments 

were again resuspended in cold 1% FBS PBS and triturated 5–10 times, and the supernatant was 

passed through a 70-μm strainer. The previous step was repeated once again. The isolated crypts 

were then pelleted by centrifugation at 100×g for 5 min and seeded on top of Matrigel that was 

previously polymerized to form a droplet. 500 µl of growth medium was added to each well to 

maintain the culture at 37°C in a humidified incubator with 5% CO2.  

To obtain mammary organoids with a double acini layer, inguinal and thoracic mammary 

glands from mice of 8-15 weeks of age were used. Bilayered organoids were prepared 

essentially as described [186], with modifications. Briefly, mammary glands were minced with 

scissors and partially digested on a rotating wheel (1×g) for 1 h at 37°C (5% CO2) in the 

following digestion medium: 1:1 mixture of DMEM and Ham’s F12 medium (DMEM/F12, 

Gibco, Life Technologies), 1% penicillin–streptomycin antibiotics, trypsin 2.5% and 

collagenase type-1a 1 mg/ml (Sigma-Aldrich, Merck Millipore). Then, mammary glands were 

centrifuged for 5 min at 350 ×g and a three-layer suspension was obtained. The liquid interface 

was discarded, while the fat layer (on the top) was transferred into a new tube, diluted with PBS 

and centrifuged for 10 min at 350×g. The pellet was resuspended in DMEM/F12 and added to 

the pellet of the first centrifugation. Samples were centrifuged again, and the pellet was treated 

with ACK lysis buffer (Gibco, Life Technologies) for 1 min to lyse blood cells, followed by 

dilution with PBS and centrifugation for 5 min at 350×g. The pellet was resuspended in 

mammary epithelial cell growth medium (MEGM) supplemented with the Bullet kit (Lonza) 

and incubated for 30 min in a cell culture dish to allow the attachment of fibroblasts. Then, 

supernatant containing non-attached cells was passed through a 40-μm diameter filter, and the 

filtered organoids were resuspended in MEGM seeded on the top of the Matrigel.  

Mammary and intestinal organoids were treated with gefitinib, PPMP and xestospongin C 

and their growth and morphology were followed using a phase-contrast microscope (Evos) at 

days 6 and 8. For IF staining of organoids, slides were fixed directly in the 8-well chamber slides 

with 4% paraformaldehyde for 20 min at RT. Permeabilization was performed with 0.2% Triton 

X-100 in PBS for 30 min at 4°C and 30 min at RT. Slides were rinsed three times with PBS 

(10 min/wash at RT). Blocking was in 1% bovine serum albumin in PBS (with 0.1% BSA, 0.2% 

Triton X-100, 0.05% Tween-20). Primary antibodies (anti-CK-5, anti-CK-8, anti-CD147, anti-

EGFR), were diluted in blocking solution and incubated overnight at 4 °C. Secondary antibodies 
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[donkey anti-mouse or anti-rabbit, Alexa-488- or Alexa-647-conjugated (Thermo Fisher); 

donkey anti-mouse or anti-rabbit Cy3 (Jackson ImmunoResearch)] were diluted 1:200 in 

blocking solution and incubated for 2.5h at RT. Nuclei were counterstained with DAPI for 

30 min. Images were acquired on glass-wells with a Leica TCS SP8 AOBS confocal microscope 

with Las-X software (v3.5, Leica Biosystems) and processed using ImageJ software (v1.52, 

NIH). 

 

3.13. Statistical analysis 
 

Two-sided student’s T-test was employed to obtain statistical significance of experimental 

differences; p-value <0.05 *, p-value <0.01 **, p-value <0.005 ***, p-value <0.001 ****. 
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4. RESULTS 
 

4.1. Signaling emanating from the EGFR that influences 

EGFR-NCE  
 

Upon activation of the EGFR by EGF stimulation, several signaling cascades are known to be 

activated (see Section 1.2.3, Figure 15B). The major signaling effectors of the EGFR include 

PI3K-AKT, ERK-MAPK, SHC-Ras, and PLCγ-PKC among others. The aim of our first set of 

experiments was to determine whether the activation of signaling effectors downstream of the 

EGF-EGFR ligand-receptor complexes, correlates with the activation of NCE, and therefore 

could be involved in the regulation of this endocytic pathway.  

Interestingly, our results (described in detail below) point to an involvement of the PLCγ 

pathway in NCE. This pathway is the best-characterized signaling pathway that promotes Ca2+ 

release from the ER [145], which we have shown to be essential for completion of internalization 

by NCE [63]. PLCγ enzymes are recruited to the activated EGFR and are phosphorylated by it, 

leading to their activation and the hydrolysis of phosphatidylinositol 4,5-bisphosphate into DAG 

and IP3. IP3 then binds to the IP3R on the ER leading to Ca2+ release [110, 111]. Therefore, we 

have performed an in-depth characterization of the role of PLCγ in EGFR-NCE. 

 

4.1.1. Specific role of PLCγ2 enzyme in NCE  
 

4.1.1.1. PLCγ enzymes are phosphorylated only upon stimulation with high dose 

EGF 

 

We investigated which of the EGFR downstream signaling pathways are activated selectively 

at high dose EGF when NCE occurs. Using HeLa cells, we found that both members of the 

PLCg family, PLCg1 and PLCg2, are activated selectively upon stimulation with high EGF dose 

(100 ng/ml) for different time points, at variance with other signaling effectors (e.g., AKT, 

ERK1/2, SHC) (Figure 17A). Moreover, at 2 min of stimulation with increasing doses of EGF, 

we detected a sharp increase in the EGF-induced phosphorylation of PLCγ enzymes between 3 
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and 10 ng/ml of EGF, reaching a maximum at 30 ng/ml (Figure 17B). This PLCγ 

phosphorylation dose response was similar to that of the ubiquitination of the EGFR, which 

increases rapidly above 1 ng/ml EGF reaching a maximum at 10 ng/ml [62]. In contrast, the 

phosphorylation of SHC can be observed already at low doses of EGF (0.3 ng/ml) (Figure 17B).  

Thus, the activation of PLCg appears to correlate with the activation of NCE.  

 
Figure 17. PLCg1 and PLCg2 are activated only upon stimulation with high dose of EGF.  

A. HeLa cells were stimulated with low (1 ng/ml) and high (100 ng/ml) EGF concentrations for 

the indicated time points. Total cellular lysates were analyzed for the indicated signaling 

effectors by western blot (WB). Vinculin, loading control. B. HeLa cells were stimulated with 
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EGF for 2 min at the indicated EGF concentrations. Lysates were subjected to WB as shown. 

Tubulin, loading control. Data is representative of three independent experiments. MW: 

Molecular weight markers are shown on the left of the blots.  

 

4.1.1.2. PLCγ2 but not PLCγ1 is critical for EGF-induced Ca2+ release  

 

Based on the WB data, we hypothesized that PLCg enzymes might have a role in NCE, in 

particular, in EGF-dependent Ca2+ signaling at NCE sites. To investigate this possibility, we 

used the Ca2+ probe, aequorin, which upon Ca2+ binding emits light that can be measured by a 

luminescence reader. We previously showed that high, but not low doses of EGF were able to 

induce a localized Ca2+ wave in proximity of the PM, detected using a PM-targeted aequorin 

probe [63].  

Interestingly, using this probe, we observed that only PLCg2 seems to have a specific 

role in the activation of EGF-dependent Ca2+ signaling at NCE sites, since the increase in 

intracellular Ca2+ concentration at the PM under high EGF conditions was abolished upon 

PLCg2 knockdown (KD), but not PLCg1 KD (Figure 18A, B). As a control, we also performed 

the KD of the Ca2+ channel on the ER, IP3R, which as expected completely inhibited EGF-

dependent Ca2+ signaling similarly to PLCg2 KD (Figure 18A, B), consistent with our 

previously published data [63]. The efficiency of KD of PLCg1, PLCg2 and IP3R was confirmed 

by WB (Figure 18C). 

Thus, the activation of PLCg2 downstream of EGFR activation appears to have a critical 

role in the generation of Ca2+ wave at the PM, which we know is essential for the completion of 

the NCE pathway [63].   
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Figure 18. PLCg2 KD inhibits EGF-induced calcium signaling at the PM. 

A. HeLa cells were transfected with PM-targeted aequorin, subjected to the indicated KD and 

stimulated with high dose EGF (100 ng/ml). The kinetics of Ca2+ release at the PM was 

measured by a luminescence reader. B. Quantification of the Ca2+ response shown in “A”. The 

area under the curve (AUC) ± SD of an experiment performed in triplicate (bottom). P-value, 

Student’s t-test two tailed; *, P<0.05; **, P<0.01. ns, not significant. C. Efficiency of the 

indicated KDs was assessed by WB. KD of three IP3R isoforms is shown. GAPDH and tubulin, 

loading controls. MW: Molecular weight markers are shown on the left. The experiments were 

performed with the help of Elisa Barbieri and Giusi Caldieri from our lab, in collaboration with 

Prof. Paolo Pinton’s Lab (Section of Pathology, Oncology and Experimental Biology, and 

Laboratory for Technologies of Advanced Therapies Center, Department of Morphology, 

Surgery and Experimental Medicine, University of Ferrara, Ferrara, Italy). 
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4.1.1.3. PLCγ2 but not PLCγ1 is critical for internalization of the EGFR by NCE  

 

To understand the role of PLCg enzymes in EGFR endocytosis, we followed EGFR 

internalization using the radiolabeled iodinated EGF ligand, 125I-EGF, in HeLa cells upon KD 

of the PLCg1 and PLCg2 alone or in combination with clathrin KD. As a control of inhibition 

of EGFR endocytosis, we also used the KD of clathrin to inhibit CME and of dynamin to inhibit 

both CME and NCE.  

After stimulation with low dose EGF (1 ng/ml), the KD of clathrin resulted in marked 

decrease (~70%) of EGF internalization compared to control (Figure 19A). The fact that 

internalization was not completely inhibited by clathrin KD can be explained by an incomplete 

KD of the protein, allowing some CME to occur. Alternatively, the data could be consistent 

with the existence of a clathrin-independent endocytic route that is mediating EGFR endocytosis 

at low EGF ligand concentrations, possibly the constitutive pathway of EGFR endocytosis [62].  

At high dose EGF (30 ng/ml), clathrin KD reduced EGF internalization by ~45% 

(Figure 19B). These data are consistent with EGFR being internalized by both CME and NCE 

at high EGF doses [74]. 

Next, we assessed the role of PLCg enzymes, both at high and low doses of EGF, in 

order to clarify whether they have a specific role in EGFR-NCE. At low dose of EGF, KD of 

PLCg1 or PLCg2 did not affect EGF internalization in comparison with control cells (Figure 

19A). Interestingly, at high dose of EGF, PLCg2 KD reduced the internalization of EGF by 

~35% that is compatible with the inhibition of NCE (Figure 19B). This effect of PLCg2 KD 

was specific since PLCg1 KD at high EGF dose did affect EGF internalization (Figure 19B). 

These findings are consistent with PLCg2 having an essential role in EGFR-NCE. 
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Figure 19. PLCg2 KD selectively inhibits EGF internalization after stimulation of cells with 

high, but not low, EGF concentrations.   

A.-B. Kinetics of 125I- EGF internalization at high (A.) or low (B.) doses were followed at early 

time points (0-8 min) upon KD of the indicated proteins in HeLa cells. Internalization constants 

(Ke) were extrapolated from the internalization curves and correspond to the slopes of the best-

fitting curves. C. Efficiency of the indicated KDs was assessed by WB. The blot shows samples 

from the same membrane, but splicing out irrelevant lines (indicated by dotted line). Tubulin, 

loading control. MW: Molecular weight markers are shown on the left. Experiments are average 

of two biological replicates. Experiments were performed with the help of Giusi Caldieri from 

our lab  

 

In agreement, confocal fluorescence microscopy analysis of HeLa cells stimulated with 

high dose of fluorescently labeled ligand, Alexa-555-EGF, for 8 min confirmed that PLCg2 KD 

alone is able to inhibit the internalization of EGF and of the NCE-specific cargo, CD147 (Figure 
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20A-C). CD147 internalization was assessed in vivo by IF as described previously [63]. In 

contrast, PLCg1 KD did not show any impairment of EGF or CD147 internalization (Figure 

20A-C), confirming that it does not play a functional role in NCE.  

The inhibition of CD147 internalization by PLCg2 KD was quantitatively comparable 

to that achieved upon KD of IP3R (Figure 20B), arguing that the role of PLCg2 in NCE is 

exerted through the IP3 second messenger and Ca2+. These results are in line with our previous 

data showing that Ca2+ is required for NCE [63].  

To provide further confirmation that PLCg2 has a specific role in NCE and not CME, 

we investigated the effect of its KD on the internalization of the CME-specific cargo, Tf, using 

the fluorescently labeled ligand, Alexa-488-Tf. The results clearly showed that PLCg2 KD, as 

well as that PLCg1 KD, did not affect Tf internalization (Figure 20D, E).  

Thus, these results confirm the relevance and specificity of PLCg2 function in 

EGFR/CD147-NCE. 
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Figure 20. PLCg2 KD and inhibition of IP3R inhibit EGF-induced CD147 internalization.  

A-C. HeLa cells were subjected to the indicated KD. Cells were then stimulated with high dose 

Alexa-555-EGF (~30 ng/ml, red) for 8 min and EGF and CD147 internalization were followed 

in vivo by confocal fluorescence microscopy. Alexa-555-EGF internalization was measured 

directly while CD147 internalization was measured by IF using an anti-CD147 antibody as 
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previously described [63]. Cells were subjected to an acid wash treatment prior to fixation to 

remove the PM-bound antibody. Internalized CD147 was revealed with an Alexa-488 secondary 

antibody (green) on permeabilized cells. Blue, DAPI. Bar, 20 µm. B. Internalized CD147 was 

quantified with an ad hoc designed ImageJ macro. Mean integrated fluorescence intensity ± SD 

is reported as % of control cells. P-value, Student’s t-test two-tailed; **, P<0.01, in comparison 

with control. C. Internalized EGF was quantified using ImageJ program. Alexa-555-EGF 

signals were highlighted applying an intensity-based threshold (Default method), and then 

fluorescence intensity per field was calculated using the “Measure” command, limiting 

measurement to the threshold. This value was then divided by the number of nuclei in the field, 

counted using the DAPI signal, to calculate the EGF fluorescence intensity per cell. Mean 

integrated fluorescence intensity ± SD, reported as % of control cells. D. HeLa cells as in “A” 

were stimulated with Alexa-488-Tf (50 µg/ml, green) for 8 min and subjected to acid wash 

before fixation. Internalization of Tf was followed by confocal fluorescence microscopy (D) and 

quantified (E) as described in “C”. Blue, DAPI. Bar, 20 µm. Experiments were performed in 

biological triplicate with the help of Giusi Caldieri and Deborah Salvi Mesa from our lab.  

 

4.1.1.4. PLCg2 is required for the fission of NCE tubular invaginations 

 

Given the requirement of PLCg2 for EGF induced Ca2+ wave generation at the PM (Figure 18A, 

B) and the known involvement of Ca2+ signaling in the fission of NCE TIs [63], we hypothesized 

that PLCg2 is specifically involved in TI fission, rather than initiation and elongation. To 

investigate this, we performed EM experiments employing gold-labeled EGFR to visualize 

EGFR internalizing structures (i.e., CCPs, NCE TIs) in cells stimulated with high dose EGF for 

5 min. KD of PLCg1 and PLCg2 did not affect the number of TIs indicating that they are not 

involved in TI formation (Figure 21A). However, PLCg2 KD increased the ratio of long (>300 

nm) vs. short TIs (150-300 nm), while PLCg1 KD caused only a minor increase that was 

statistically non-significant (Figure 21B, C). The effects of PLCg2 KD were comparable to 

those achieved upon inhibition of the IP3R by xestospongin C [63] arguing that PLCg2 exerts 

its role in NCE through the IP3 second messenger and Ca2+ (Figure 21C). The KD of dynamin, 

which we previously showed is involved in the fission step of NCE [63], also caused a similar 

increase in long vs. short TIs, consistent with an involvement of PLCg2 in TI fission (Figure 
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21C). No significant effects of PLCg1 and PLCg2 KD were observed on number or length of 

EGFR-containing CCPs (Figure 21D), confirming the selective functional involvement of 

PLCg2 in NCE over CME. Thus, these results support a scenario where the PLCg2/IP3 circuitry 

and Ca2+ appear to be required for NCE-TI fission, in concert with the action of dynamin. 

 
Figure 21. PLCg2 is required for NCE-TI fission.  

A. HeLa cells were subjected to the indicated KD and stimulated with high dose EGF (30 ng/ml) 

for 5 min. NCE TIs were quantified using gold-labeled EGFR and EM. Data are expressed as 

the number of gold-positive structures, normalized to PM profiles of 100 μm length ± SEM. B. 
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Definition of short and long TIs used for morphometric analysis of the length of EGFR gold-

positive TIs. C. Right, the ratio of long to short TI structures was quantified in HeLa cells as in 

“A”. Left, the effects of dynamin KD or xestospongin C (Xesto) treatment (2 µM for 16 h) were 

also analyzed and used as a positive control for TI fission inhibition. Data are expressed as 

normalized to PM profiles of 100 µm length ± SD. D. Quantification of the number of EGFR 

gold-labeled CCPs (left) and the ratio of long to short CCPs (right) in cells treated as in “A”. 

N, cell profiles analyzed. P-value, Student’s t-test two-tailed; *, P<0.05; ***, P<0.005. 

Experiments were performed with the help of Elisa Barbieri and Giusi Caldieri from our lab, 

and Andrea Raimondi from Prof. Carlo Tacchetti’s Lab (Centro Imaging Sperimentale, San 

Raffaele Scientific Institute, Milan, Italy). 

 

4.1.2. What is the basis of PLCγ2 specificity? 
 

4.1.2.1. Generation of stable HeLa cell lines expressing HA-tagged PLCγ1 or PLCγ2 

 

The specificity of PLCg2 in NCE was unexpected since PLCg1 is the best-characterized member 

of this enzyme family and is widely expressed, while PLCg2 displays a more restricted and 

regulated expression, dependent on cellular context, with a prominent role in immune cells 

platelets [151, 158].  

To investigate the nature of PLCg2 specificity in NCE, we first needed to generate 

experimental tools for studying this enzyme. Due to the lack of antibodies against the total and 

phosphorylated forms of PLCg2 that are suitable for IF assays, we generated stable HeLa 

transfectants expressing HA-tagged PLCγ1 or PLCγ2 in the WT HeLa background or in a HeLa 

clone (referred to as “clone 53”) stably transfected with a doxycycline-inducible clathrin KD 

system [63] (that will serve us for future examination of role of PLCγ2 in clathrin KD condition). 

We verified that these populations express similar levels of PLCg1-/PLCg2-HA by WB (Figure 

22A). Then, we evaluated the EGF-induced phosphorylation of HA-tagged PLCγ1 or PLCγ2 by 

EGF, as well as EGFR phosphorylation upon stimulation with high dose EGF for 2 and 10 min. 

WB analysis of total cellular lysates revealed no change in the phosphorylation of EGFR (at 

pY992 and pY1068) in HeLa-PLCγ1-HA (Figure 22B) or HeLa-PLCγ2-HA (Figure 22C) cells 

compared with the EV control implying that EGFR activation is not affected by overexpression 

of the HA-tagged PLCγ forms. EGF-induced phosphorylation of PLCγ1-HA (Figure 22B) and 
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PLCγ2-HA (Figure 22C) was also detectable indicating that the HA-tag is not interfering with 

the post-translation modification. 

 
Figure 22. Characterization of HeLa cell lines expressing HA-tagged PLCg enzymes. 
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A. Western blot (WB) analysis of levels of expression of HA-tagged PLCg enzymes in stable 

HeLa clones derived from a WT HeLa (HeLa) background or clone 53 transfected with a 

doxycycline-inducible clathrin KD system. HA was detected using anti-HA antibody. GAPDH 

is a loading control. B-C. WB analysis of the phosphorylation of EGFR (pY992, pY1068) and 

HA-tagged PLCg1 (B) or PLCγ2 (C) in the indicated stable WT HeLa clones upon stimulation 

with high dose EGF (100 ng/ml) for the indicated times. EV, empty vector control. Tubulin is a 

loading control. MW: Molecular weight markers are shown on the left. Experiments are 

performed once. 

 

Having generated the stable PLCg-HA clones, we used them to investigate whether EGF 

treatment affects the subcellular localization of PLCg enzymes. After stimulation with high dose 

Alexa-555-EGF (100 ng/ml), cells were fixed and the localization of PLCg enzymes was 

determined using the anti-HA antibody and a fluorophore (Alexa-488)-labeled secondary 

antibody. In unstimulated cells, both enzymes showed homogenous localization in the cytosol, 

while after high dose EGF stimulation, relocalization to the PM was evident, with colocalization 

of PLCg enzymes and EGF (Figure 23).  

 

 
Figure 23. PLCg recruitment to PM upon EGF stimulation. 
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The effect of EGF stimulation on the subcellular localization of PLCg-HA enzymes in stable 

HeLa clones. Immunofluorescence was performed with the mouse anti-HA antibody and the 

Alexa-488 anti-mouse secondary antibody (green). Left panels: unstimulated cells. Middle 

panels: 2 min stimulation with high dose Alexa-555-EGF. Right panels: merge of Alexa-555-

EGF (red) and Alexa-488 (green). Blue, DAPI. Bar, 20 µm. 

 

4.1.2.2. PLCγ1 vs. PLCγ2 specific modifications - phosphorylation  

 

Previously, we showed that both PLCγ enzymes are phosphorylated only upon stimulation with 

high doses of EGF (Figure 17). We decided to check whether the PLCγ phosphorylation status 

in HeLa cells is altered upon depletion of different NCE or CME regulators: RTN3 (NCE is 

inhibited), AP2 (CME is inhibited) and Cbl (NCE is inhibited). RTN3 KD and AP2 KD did not 

affect phosphorylation of PLCγ1, PLCγ2 or EGFR, the latter measured as phosphorylation of 

the EGFR Tyr residues pY1173 and pY992 (Figure 24). In contrast, Cbl KD reduced both 

PLCγ1 and PLCγ2 phosphorylation. However, since it also reduced the levels of total and 

phosphorylated EGFR, other RNAi oligos will be tested to verify whether this is a specific effect 

of Cbl KD or not. In either case, these results are not very promising for our investigation on 

the differential roles of PLCγ1 and 2, since Cbl KD affects equally the activation of both 

enzymes. 

Since no difference between the phosphorylation of PLCγ1 and PLCγ2 were scored, 

these data suggest that the activation of these enzymes is not affected by their recruitment to 

specific endocytic structures and it is likely that PLCγ activation occurs upstream of the two 

endocytic pathways. 
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Figure 24. PLCγ phosphorylation upon inhibition of CME or NCE 

HeLa cells were subjected to the indicated KD and treated with 100 ng/ml of EGF for indicated 

time points. Lysates were analyzed by western blot (WB) for the expression of the indicated 

endocytic proteins and signaling effectors. Vinculin, loading control. Experiment was perfomed 

once. 

 

4.1.2.3. PLCγ1 vs. PLCγ2 specific modifications – ubiquitination and binding to Ub  

 

Given that EGFR ubiquitination is the signal triggering EGFR-NCE, we investigated whether 

PLCg1 and PLCg2 have different Ub-binding abilities by performing in vitro pulldown assays. 

To this aim, total cellular lysates of HeLa cells stably expressing HA-tagged PLCg1 or PLCg2 

were subjected to pulldown assays with a linear chain of three Ub moieties fused to GST (GST-

3Ub) or with GST alone as a specificity control. As a positive control, we tested the efficacy of 

GST-3Ub to pulldown proteins known to bind Ub: 1) Eps15 from lysates of cells expressing 

Eps15-HA; and 2) endogenous Rabex-5 from lysates of cells expressing PLCγ1-HA or PLCγ2-

HA. Our data show that while Eps15 and Rabex-5 were able to bind specifically to GST-3Ub 

as expected, PLCγ1-HA and PLCγ2-HA appeared to bind to GST alone and this binding did not 
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change in the GST-3Ub pulldown (Figure 25A). This result suggests that PLCγ1 and PLCγ2 do 

not bind significantly to Ub. 

We then tested whether PLCg1, PLCg2 and Eps15 (as a positive control) undergo 

ubiquitination after high dose EGF stimulation of HeLa cells stably expressing the HA-tagged 

versions of these proteins. HA-tagged proteins were then immunoprecipitated from cell lysates 

and immunoprecipitates were assessed for ubiquitination by an anti-Ub WB. While Eps15 

ubiquitination was found to increase upon EGF stimulation, as previously reported [127], PLCg1 

and PLCg2 did not appear to be ubiquitinated in response to EGF stimulation (Figure 25B). 

However, some ubiquitination of these enzymes was observed in unstimulated cells, a result 

that needs to be verified. Since PLCg1 and PLCg2 ubiquitination was not affected by the addition 

of EGF, and considering that there were no apparent differences between PLCg1 and PLCg2 in 

terms of ubiquitination and Ub-binding abilities, we concluded that these factors were not 

determinants for their differential roles in NCE. 
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Figure 25. PLCγ1-HA and PLCγ2-HA are not able to bind to Ub and they are not 

ubiquitinated upon stimulation with EGF  
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A. HA-tagged Eps15, PLCγ1, PLCγ2, and endogenous Rabex-5 expressed in the indicated HeLa 

cell lines were assessed for their Ub-binding abilities in a GST-3Ub (linear change of 3Ub 

molecules) pulldown assay. Total cell lysates (500 µg) were subjected to pulldown by incubation 

with equimolar concentrations of GST-3Ub and GST (the latter was used to assess binding 

specificity). The amount of HA-tagged protein (Eps15, PLCγ1, PLCγ2) pulled-down was 

evaluated by western blotting (WB) using an anti-HA antibody. The amount of Rabex-5 positive 

control was evaluated using an anti-Rabex antibody. Lower panel: Ponceau staining was used 

as a GST-protein loading control. Data are representative of two independent experiments. B. 

HeLa cells as in “A” or empty vector (EV) control cells were stimulated or not with 100 ng/ml 

EGF for 10 min. Total cellular lysates (1 mg) were subjected to anti-HA immunoprecipitation 

(IP). Ubiquitination of immunoprecipitated HA-tagged proteins was evaluated by WB using the 

anti-Ub antibody (upper blot, right). Anti-HA was performed on the input (15 µg) as a control 

of the MW of the HA-tagged proteins (upper blot, left) and on the supernatant and 1/20th of the 

IP samples to check for IP efficiency (lower blot). Data are representative of two independent 

experiments. MW: Molecular weight markers are shown on the left. 

 

4.1.2.4. PLCγ1 vs. PLCγ2 co-clustering with different endocytosis players at the PM 

 

To understand whether the differential role of PLCg1 vs. PLCg2 in EGFR-NCE is due to their 

localization in specific membrane subdomains and/or PM-localized endocytic compartments, 

we employed STORM super-resolution technology. The STORM technique combines 

fluorescent dyes that photo-switch in specific buffers upon laser irradiation, allowing blinking 

from dark to emission states. Imaging of photo-switchable fluorophores over time allowed us to 

resolve the background signal coming from the presence of multiple fluorophores and to 

determine the precise location of individual molecules, thus enabling us to quantify the 

distribution and clustering of specific molecules. We exploited this technique to characterize the 

distribution and possible colocalization of PLCg enzymes and the EGFR. Cells expressing 

PLCg-HA forms were stimulated for 1 min with high dose EGF (100 ng/ml). After stimulation, 

cells were fixed, permeabilized and stained with anti-HA and anti-EGFR primary antibodies, 

followed by staining with appropriate secondary antibodies.  
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In non-stimulated cells, we scored EGFR (red) mainly on the PM, while PLCg1/2 (green) 

were homogenously distributed in the cytosol (Figure 26A). Upon EGF stimulation, recruitment 

of PLCg to EGFR was observed. Cross-correlation of PLCg1/2 and EGFR was performed as 

described [182]. Briefly, cross-correlation was obtained by averaging over the pixels contained 

in a selected region of interest. The amplitude parameters from the resulting curves were 

employed to calculate two coefficients of localization whose arithmetic mean provides the 

colocalizing fraction and we used a mask to quantify specifically the PM-proximal signal 

(Figure 26B). We found an increase in the proximity between the two signals quantified as co-

clustering for both PLCg1 and PLCg2 with EGFR at the PM upon stimulation with high dose 

EGF in comparison to non-stimulated cells. This was not surprising as we expected from the 

literature that PLCg1/2 are recruited to the activated EGFR. 
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Figure 26. PLCγ1/2-HA and EGFR co-clustering upon EGF stimulation. 

A. HeLa cells expressing HA-tagged PLCγ1 or PLCγ2 were stimulated for 1 min with EGF (100 

ng/ml) at 37°C, then fixed, permeabilized and stained with anti-HA and anti-EGFR that were 

revealed with an Alexa-CY3 (green) and Alexa-647 (red) secondary antibody, respectively. 

Cells were analyzed by STORM. A representative median section of the cell is shown for each 

condition. B. Cross-correlation analysis between red and green signals within 40 nm from PM 
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is shown. n, cell number analyzed. Experiments were performed with the help of Stefano Freddi 

from our lab, and Simone Pelicci and Mario Faretta (Imaging Development Unit, IEO).  

 

To understand if the differential role of PLCg2 and PLCg1 in NCE is linked to 

differences in their colocalization with regulators of NCE or CME (i.e., RTN3 and clathrin), we 

performed the STORM experiment as previously described, but this time we stained with 

antibodies against RTN3 and clathrin heavy chain instead of EGFR (Figure 27A). Only 

localization events occurring at the periphery of the cell were considered for quantification of 

co-clustering. Interestingly, we observed significantly higher co-clustering of RTN3 with 

PLCg2 than with PLCg1, while little co-clustering of PLCg2 or PLCg1 with clathrin was 

observed (Figure 27B). These results suggests that PLCg2 is located in PM subdomains in close 

contact with RTN3-enriched ER. Since EGFR-NCE involves PM-ER contact sites containing 

RTN3, then the differential recruitment of PLCg2 vs. PLCg1 to these sites could explain its 

specific role in NCE. Although we observed the co-clustering of PLCg2 and RTN3 in the 

vicinity of the PM in the presence of high EGF, we still need to demonstrate that this proximity 

is induced by ligand stimulation. However, given that we have shown the PLCg2 in unstimulated 

cells is homogenously distributed in the cytosol, while upon EGF stimulation it is recruited to 

the PM (Figure 23), it is likely that this co-clustering of PLCg2 and RTN3 is specifically 

induced by EGF.  
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Figure 27. PLCγ2 but not PLCγ1 specifically co-clusters with RTN3 in the vicinity of the PM 

in the presence of high EGF.  

A. HeLa cells expressing HA-tagged forms of PLCγ1 or PLCγ2 were stimulated for 1 min with 

EGF (100 ng/ml) at 37°C, then fixed, permeabilized and stained with anti-HA and anti-

RTN3/clathrin heavy chain that were revealed with an Alexa-CY3 (green) and Alexa-647 (red) 

secondary antibody, respectively. Cells were analyzed by STORM. A representative median 
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section of the cell is shown for each condition. B. Cross-correlation analysis between red and 

green signals within 40 nm from PM is shown. n, cell number analyzed. P-value, Student’s t-

test two-tailed; *, P<0.05. Experiments were performed with the help of Stefano Freddi from 

our lab, and Simone Pelicci and Mario Faretta (Imaging Development Unit, IEO).  

 

4.1.2.5. PLCγ1 vs. PLCγ2 specific recruitment in different compartments-

microdomains 

 

Since PLCγ1 and PLCγ2 have a high degree of sequence identity and an almost identical domain 

structure (Figure 16), but differ in their involvement in EGFR-NCE, we hypothesized that this 

difference in function might arise from their differential recruitment to EGFR pools located in 

different PM microdomains, as also suggested by our STORM analysis. In agreement with this 

possibility, it was shown that upon mast cell activation, PLCg2 was relocalized predominantly 

to lipid rafts (together with activated IgE receptors), at variance with PLCγ1, which was mainly 

relocalized outside lipid rafts [187]. Since NCE is known to be dependent on lipid rafts [123], 

we investigated whether PLCg2 is specifically recruited to lipid rafts in our model system.  

To this aim, we employed the protocol previously described for mast cells [183]: PM 

sheets from HeLa cells expressing PLCγ1-HA and PLCγ2-HA were immunolabeled with anti-

HA antibody and stained with osmium, which stains membrane regions enriched in unsaturated 

fatty acids (as in lipid rafts) and can be visualized as an electron dense staining in EM. Staining 

with anti-HA in EV cells was performed to quantify non-specific binding. Upon stimulation 

with EGF 100 ng/ml for 2 min, we were able to score clustering of PLCg2, but not PLCg1, in 

osmiophilic patches enriched in unsaturated lipids (Figure 28A). To analyze molecular 

distribution, we employed the Ripley’s K function [184] tool that tests spatial randomness of 

molecules. With this analysis, we found that PLCg1 was localized in small uniform dispersed 

clusters, while PLCg2 formed larger clusters of 300-400 nm (Figure 28B). We hypothesized 

that these large clusters could correspond to NCE active sites. 
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Figure 28. PLCg2 redistributes to osmiophilic patches in HeLa cells stimulated with EGF.  

A. PM sheets from HeLa cells expressing HA-tagged forms of either PLCγ1 or PLCγ2 were 

prepared after stimulation with EGF (100 ng/ml for 2 min). Sheets were labeled with anti-HA 

monoclonal antibody followed by incubation with rabbit anti-mouse secondary antibody, and, 

finally, with Protein-A gold 10 nm, visualized on images with black dots. Osmium staining is 

showed by dark grey areas. Top, representative images are shown. Bottom, magnifications. B. 

Analysis of the spatial organization of molecules with Ripley’s K function. The normalized and 
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centered Ripley’s K function H(d) is proportional to the number of pairs of points that are closer 

in distance than the probability for the field of view. Signal is clustered if H(d)>0 and higher 

than the objective level (showed with dotted boundaries). In contrast, signal is considered 

dispersed if H(d)<0 and lower than the boundaries. If H(d) is within boundaries, signal is 

uniform. H(d) of the PLCγ1 signal (left) is uniform, since it is not significantly different from 0, 

while H(d) of the PLCγ2 signal (right) is clustered since it is significantly different from 0. 

Experiments were performed with the help of Andrea Raimondi from Prof. Carlo Tacchetti’s 

Lab (Centro Imaging Sperimentale, San Raffaele Scientific Institute, Milan, Italy). 

 

As a complementary approach, we performed a density gradient fractionation assay of 

total cell lysates to separate detergent-soluble and insoluble (i.e., lipid rafts) PM fractions from 

HeLa cells expressing HA-tagged PLCγ2. Briefly, cells were stimulated with high EGF 

concentrations for 2 min and then lysates were loaded onto the gradient, in order to isolate 

different fractions. As a marker of lipid rafts, we used flotillin and caveolin, while tubulin was 

used as a marker of soluble fractions. In a preliminary experiment, at steady state, PLCγ2-HA 

and endogenous PLCγ1 were present in raft fractions (5-7) and in non-raft fractions (9-12) 

(Figure 29). Upon stimulation with EGF some PLCγ2 shifted to fraction 3, which corresponds 

to the lipid raft fraction with the highest level of raft markers, caveolin and flotillin. A similar 

increase in fraction 3 was scored also for Rac1 (see Discussion). A very faint band of PLCγ1, if 

any, was also visible in fraction 3.  

While this experiment needs to be repeated, also for PLCγ1-HA expressing cells, our 

preliminary result suggests the differential recruitment of PLCγ2 vs. PLCγ1 to lipid rafts upon 

EGF stimulation. If confirmed, this result would support our hypothesis that the specificity of 

PLCγ2 for EGFR-NCE resides in its ability to be specifically recruited to the activated EGFR 

present in lipid rafts. 
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Figure 29. PLCγ2 is enriched in raft fractions upon EGF stimulation. 

HeLa cells expressing HA-tagged PLCγ2 were stimulated with 100 ng/ml of EGF for 2 min. 

Total cell lysates were subjected to density gradient fractionation and the presence of proteins 

in each fraction was determined by WB analysis with the indicated antibodies. Flotillin and 

caveolin were used as markers of lipid rafts, while tubulin is used as a marker of non-raft 

fractions. PLCγ1 is endogenous protein. Experiment was performed once. 

 

4.1.3. Second-messenger signaling: IP3, DAG and Ca2+ production 
 

We have previously described the role of IP3 in EGFR-NCE and shown that inhibition of Ca2+ 

release impairs NCE by inhibiting the last step of NCE-TI fission, phenocopying the TI 

elongation effect observed upon dynamin 1/2 KD [63]. However, the precise role of other 

second messengers, e.g., DAG (that is produced with IP3 during the conversion of PIP2 by 

PLCγ enzymes) and the molecular target of Ca2+ are still unknown. Some preliminary, yet 

interesting experiments regarding the role of DAG and Ca2+ were performed and will be 

discussed briefly in the following two paragraphs. 

 

4.1.3.1. Role of DAG kinase in NCE 

 

From literature, it is known that DAG can be converted into PA by DAG kinase (DGK) and that 

PA induces the negative curvature of the PM that could possibly lead to recruitment of dynamin 
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[188]. Moreover, it was shown DGKa can can bind to Ca2+ and this binding regulates DGK 

activity [189]. Therefore, we hypothesized that DGK could be a target of Ca2+ and regulator of 

last step of an NCE. 

To test this hypothesis, we knocked down DGKa in HeLa cells or treated cells with an 

allosteric pan DGK inhibitor (R59949). We found that DGKa KD appeared to increase 

internalization of the NCE specific marker, CD147 (although the result was not statistically 

significant), while the DGK inhibitor had the opposite effect (Figure 30A, B, D). Interestingly, 

no effect on EGF internalization was scored upon DGKa KD or upon treatment with DGK 

inhibitor (Figure 30A, C).  

These results suggest that DGKa does not have a major regulatory role in EGFR-NCE, 

as no effects on EGF internalization were scored. In contrast, DGK appears to have a regulatory 

role in CD147 internalization, perhaps controlling its recruitment to the EGFR-NCE pathway 

or to other endocytic pathways. Indeed, the opposite effects of KD and inhibitor on CD147 

internalization can be explained by the fact that the DGK inhibitor is affecting all forms of DGK, 

with at least one of them playing a positive regulatory function, while DGKa might exert a 

negative role on NCE. An alternative explanation might be related to the fact that the KD of 

DGKa was performed for 5 days, thus representing a chronic inhibition, at variance with the 

inhibitor treatment that is instead administered acutely (30 min at 37°C plus the time needed for 

the CD147 internalization protocol). Indeed, from our previous experience, we know that 

chronic inhibition of one endocytic pathway could upregulate other compensatory endocytic 

mechanisms. Thus, in the DGKa KD condition, an alternative endocytic route could be 

upregulated that can internalize CD147, but not EGF.  

More experiments are required to discriminate between these possibilities. Also, we plan 

to check the role of DGK in CME, by performing Tf internalization assays. 
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Figure 30. DGK inhibitor decreases CD147 internalization.  

A. HeLa cells were subjected to the indicated KD or treated with DGK inhibitor (10 µM; 30 

min at 37°C + time of CD147 internalization protocol) and then stimulated with high dose 

Alexa-555-EGF (~30 ng/ml). DMSO was used as the vehicle control for DGK inhibitor. 

Confocal fluorescence microscopy was performed to monitor internalization of Alexa-555-EGF 

(red) and CD147 (detected with an anti-CD147 antibody and an Alexa-488 secondary antibody; 

green). Blue, DAPI. Bar, 20 µm. B. Internalized CD147 was quantified with an ad hoc designed 

ImageJ macro. Mean integrated fluorescence intensity ± SD is reported as % of control cells. 



RESULTS 
 

 103 

C. Using ImageJ program, Alexa-555-EGF signal was highlighted applying an intensity-based 

threshold (Default method), and then fluorescence intensity per field was calculated using the 

“Measure” command, limiting measurement to the threshold. This value was then divided by 

the number of nuclei in the field, counted using the DAPI signal, to calculate the EGF 

fluorescence intensity per cell. Mean integrated fluorescence intensity ± SD, reported as % of 

control cells. D. Efficiency of DGKa KD was assessed by WB. Tubulin, loading control. MW: 

Molecular weight markers are shown on the left. Experiment was performed in biological 

triplicate. P-value, Student’s t-test two-tailed; ***, P<0.005. Experiments were performed with 

the help of Elisa Barbieri from our lab. 

 

4.1.3.2. The role of calcineurin in EGFR-NCE 

 

Dynamin is dephosphorylated by the calcium–calmodulin-activated protein phosphatase 

calcineurin, which leads to its activation. Since Ca2+ and dynamin are required for the last step 

of NCE, we tried to understand if Ca2+ regulates dynamin function through calcineurin. To this 

aim, we stimulated HeLa cells with high dose EGF in the presence of a combination of 

calcineurin inhibitors, namely CsA and FK506 [190, 191]. Our preliminary experiment showed 

that calcineurin inhibitors decreased CD147 and EGF internalization by 20-30% (Figure 31A-

C). In contrast, the inhibitors did not affect Tf internalization, which occurs through CME, 

suggesting that calcineurin is selectively involved in NCE (Figure 31D).  

To confirm the efficacy of calcineurin inhibitors, we checked NFAT phosphorylation, 

since calcineurin is known to dephosphorylate this protein [190, 191]. Upon treatment of HeLa 

cells with the inhibitors, in the presence and absence of EGF stimulation, we observed a shift 

up in the NFAT band in WB, consistent with increased phosphorylation (Figure 31E). This 

result indicates that the inhibitors are functioning correctly. 

These preliminary data suggest that calcineurin might be a regulator of NCE. However, 

more work is required to understand the role of calcineurin for EGFR-NCE. In addition, we will 

need to demonstrate the link between calcineurin activation and NCE-dependent Ca2+ release.  
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Figure 31. Calcineurin inhibitors decrease CD147 and EGF internalization 

A. HeLa cells were treated with calcineurin inhibitors (FK506, 5 µM; CsA, 10 µM) for 1 h prior 

to stimulation with high dose Alexa-555-EGF (~30 ng/ml). Confocal fluorescence microscopy 

was performed to monitor internalization of Alexa-555-EGF (red) and CD147 (detected with 

an anti-CD147 antibody and an Alexa-488 secondary antibody; green). Inhibitor treatments 

were maintained throughout the whole CD147 internalization protocol. Blue, DAPI. Bar, 20 

µm. B. Internalized CD147 was quantified with an ad hoc designed ImageJ macro. Mean 

integrated fluorescence intensity ± SD is reported as % of control cells. C.-D. The effect of 

calcineurin inhibitors on internalized Alexa-555-EGF (C.) or Alexa-488-Tf (D.) was measured 

as following: signals were highlighted applying an intensity-based threshold (Default method), 

and then fluorescence intensity per field was calculated using the “Measure” command, limiting 

measurement to the threshold. This value was then divided by the number of nuclei in the field, 

counted using the DAPI signal, to calculate the EGF/Tf fluorescence intensity per cell. Mean 

integrated fluorescence intensity ± SD, reported as % of control cells. E. Efficiency of the 

calcineurin inhibitors FK506 and CsA shown on NFAT phosphorylation (red arrow pointing to 

higher MW form of NFAT corresponding to phosphorylated protein). MW: Molecular weight 
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markers are shown on the left. Experiment was performed in triplicate. Experiments were 

performed with the help of Elisa Barbieri from our lab. P-value, Student’s t-test two-tailed; *, 

P<0.05. 

 

4.2. NCE activation by other EGFR ligands and RTKs  
 

To investigate if NCE is specific for EGF-EGFR or if it has a broader function in the cell, we 

tested whether other EGFR ligands can induce NCE. Different EGFR ligands can induce 

different biological outcomes starting from the activation of the same receptor [192]. Since these 

differences cannot be explained simply by quantitative differences in ligand affinities, we are 

investigating if the differential activation of endocytic pathways by different ligands could 

contribute to determining specific biological outcomes. We decided to focus initially on TGF-α 

and AREG, since they are specific for the EGFR and not for the other ErbB family members. 

TGF-α is the most potent EGFR mitogenic ligand and has been shown to induce scarce EGFR 

ubiquitination and to target EGFR to recycling [112, 193], providing an alternative framework 

to test the relevance of ubiquitination to NCE and signal extinction. Similar properties were 

shown for AREG, although it is less studied in literature [112]. TGF-α and EGF are high affinity 

ligands with a KD of binding to the EGFR in range of 0.1-10 nM [194] (Table 2). In contrast, 

AREG is considered a low affinity ligand having a KD of ~350 nM [194].  

 

4.2.1. EGFR signaling upon stimulation with different ligands 
 

Initially, we characterized the activation of the EGFR and its downstream signaling effectors 

upon stimulation with TGF-α or AREG in a dose response experiment, in comparison to EGF. 

Saturating concentrations of ligands (100ng/ml for EGF and TGF-α or 5µg/ml for AREG) were 

calculated from molarities (15.62 nM EGF, 18.18nM TGF-α and 442.48nM AREG) that 

correspond to values that are above KD of each ligand. 

By WB analysis, we found that the high affinity ligands EGF and TGF-α induced a similar 

activation of EGFR and downstream effectors, although the intensity of EGFR phosphorylation 

(pY1068, pY992 and pY1045) appeared slightly less upon TGF-α stimulation compared with 

EGF (Figure 32). However, phosphorylation of SHC, AKT, PLCγ1/2 and ERK1/2 were very 

similar as was the total EGFR level (Figure 32).   
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Figure 32. Comparison of the activation of EGFR and downstream signaling effectors by 

EGF and TGF-α.  

HeLa cells were stimulated with increasing concentrations of high affinity EGFR ligands for 2 

min. Total cell lysates were analyzed by WB using antibodies specific for the indicated signaling 

effectors and EGFR pY sites. Tubulin, loading control. MW: Molecular weight markers are 

shown on the left. Blot is representative of two repeats.  

 

In contrast, compared to EGF, the low affinity ligand AREG induced a lower level of 

phosphorylation of the EGFR residues Y992 and Y1068, but a similar phosphorylation of 

EGFR-Y1173 (Figure 33). Notably, AREG also induced a higher phosphorylation of SHC and 

AKT compared to EGF, while the phosphorylation of ERK1/2, PLCg1, and PLCg2 was similar 

(Figure 33).  
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Figure 33. Comparison of the activation of EGFR and downstream signaling effectors by 

EGF and AREG. 

HeLa cells were stimulated with increasing concentrations of EGF and AREG ligands for 2 min. 

Total cell lysates were analyzed by WB using antibodies specific for the indicated signaling 

effectors and EGFR pY sites. The blot shows samples from the same membrane, but with 

irrelevant lines splicing out (indicated by dotted line). MW: Molecular weight markers are 

shown on the left. Blot is representative of two repeats.  
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4.2.1.1. TGF-α is a weak inducer of CD147 internalization  

 

We then followed CD147 endocytosis triggered by EGF (high dose), AREG or TGF-α in HeLa 

cells, interfered or not for RTN3 (NCE inhibited) or clathrin (CME inhibited). CD147 

internalization was followed using an anti-CD147 antibody that recognizes its extracellular 

domain without interfering with endocytosis [63]. We also followed localization of EGFR, 

staining it with a specific antibody after fixation of HeLa cells.  

In unstimulated cells, the EGFR signal was mainly localized at the PM while only a 

small amount of CD147 signal was detectable and located in intracellular vesicles (Figure 34A). 

Upon EGF and AREG stimulation for 8 min, CD147 was internalized and colocalized with 

EGFR via a clathrin-independent process (insensitive to clathrin KD) that was inhibited by 

RTN3 KD indicating NCE activation (Figure 34A, B, D). In contrast, TGF-α was a weak 

inducer of CD147 internalization (Figure 34A, C). Indeed, in the RTN3 KD sample, EGFR 

internalization looked similar to control, whereas in the clathrin KD there was more evident 

EGFR staining on the cell surface, suggesting that internalisation is through a CME pathway 

and not a NCE pathway. This is consistent with the CD147 result too, as only a minor fraction 

of CD147 is internalized in this setting (Figure 34A, C), suggesting that CD147-NCE is not 

efficiently activated by TGF-α, at variance with EGF and AREG. In the RTN3/clathrin KD, 

most of EGFR and CD147 staining is on the PM, while some residues of signal inside the cell, 

can be explained by non-CME/NCE routes or the constitutive pathways [62]. Since in this 

experiment, staining of EGFR was done after fixation, we cannot distinguish between PM, 

internalized and newly synthesized EGFR and this disables proper quantification of the 

internalized EGFR. Further experiments following in vivo EGFR internalization, by using an 

antibody against its extracellular domain can provide us with more information about clear 

endocytic routes activated by different ligands. 
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Figure 34. CD147 internalization upon stimulation with different EGFR ligands. 

A. HeLa cells were subjected to the indicated KD and treated with EGF (~30 ng/ml), TGF-α 

(100 ng/ml) and AREG (5.5 µg/ml) for 8 min. CD147 internalization was followed in vivo, in 

the absence (not stimulated) or presence of the different ligands, using an anti-CD147 antibody 
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and an Alexa-488 secondary antibody (green). EGFR was stained with a specific primary and 

secondary antibody after fixation (red). Blue, DAPI. Bar, 20 µm. B-D. Quantification of CD147 

internalization in cells described in “A”. Signal was highlighted applying an intensity-based 

threshold (Default method) and then fluorescence intensity per field was calculated using the 

“Measure” command, limiting measurement to threshold. This value was then divided by the 

number of nuclei in the field, counted using the DAPI signal, to calculate the CD147 

fluorescence intensity per cell. Mean integrated fluorescence intensity ± SD. n, cell number 

analyzed. P-value, Student’s t-test two-tailed; **, P<0.01, ns, not significant. 

 

4.2.1.2. TGF-α induces a weaker Ca2+ response that is delayed and time-restricted 

compared with the EGF and AREG responses 

 

Since we scored differential effects of EGFR ligands on CD147 internalization, we explored 

their effects on EGF-dependent Ca2+ release in proximity of the PM. We used the Ca2+ probe 

GCAMP6f, a modified GFP that increases fluorescence upon binding to Ca2+ and that allows 

changes in Ca2+  concentration to be followed at the single cell level [195]. We targeted this 

probe to the inner leaflet of the PM to be able to measure Ca2+ released in proximity of NCE 

sites, with the same strategy we previously used to target PM-Aequorin (see Figure 18A and 

[63]). Using the PM-GCAMP6f probe, we observed that stimulation with EGF (high dose) and 

AREG induces Ca2+ oscillatory waves at the PM inner leaflet with a similar magnitude, while 

TGF-α induced a much weaker Ca2+ response (Figure 35A, B). Interestingly, high doses of 

AREG induce more of Ca2+ release than EGF and this feature we will investigate in the future. 

On the other side, singe cell track analysis revealed that TGF-α induced Ca2+ oscillations that 

were delayed with respect to EGF-induced oscillation and were also time restricted (Figure 

35C). This limited Ca2+ response might explain the poor ability of TGF-α to induce NCE. 

Together, these data indicate that different EGFR ligands can differentially activate Ca2+ 

signaling at the PM and, consequently, EGFR-NCE, and this might account for differences in 

biological outcome, something we aim to test.  
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Figure 35. Induction of Ca2+ oscillatory waves at the PM inner leaflet by different EGFR 

ligands. 

A. HeLa cells were transfected with PM-targeted GCaMP6f Ca2+ sensor and stimulated with 

high and low doses of EGF (100 ng/ml and 1 ng/ml), TGF-α (100 ng/ml and 1 ng/ml) and AREG 

(5 µg/ml and 500 ng/ml). The area under the curve (AUC) ± SD of the Ca2+ response at the PM 

is presented in the box plot. B. HeLa cells were stimulated with high doses of EGF and TGF-α 

(100 ng/ml), and Ca2+ response is observed using PM-targeted GCaMP6f. The area under the 

curve (AUC) ± SD of the Ca2+ response at the PM is presented in the box plot.  C. Single-cell 

traces of PM-Ca2+ release from experiment in “B” are. The kinetics of the Ca2+ response is 

presented as the ratio of fluorescence at 488/405 nm emission. P-value, Student’s t-test two-

tailed; *, P<0.05; **, P<0.01; ***, P<0,005; ****, P<0.001. The experiments in “A” were 

performed with the help of Deborah Salvi Mesa from our lab, in collaboration with Prof. Paolo 

Pinton’s Lab (Section of Pathology, Oncology and Experimental Biology and Laboratory for 

Technologies of Advanced Therapies Center, Department of Morphology, Surgery and 
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Experimental Medicine, University of Ferrara, Ferrara, Italy). The experiments in “B” and 

“C” were performed with the help of Giorgia Miloro from our lab. 

 

4.2.2. How do EGF and TGF-α induce differential NCE activation? 
 

4.2.2.1. EGFR ubiquitination upon stimulation with EGF or TGF-α 

 

EGFR-NCE is activated when receptors are fully phosphorylated and ubiquitinated [62]. EGFR 

ubiquitination, in particular, is the signal that triggers NCE [62]. Thus, we investigated if EGFR 

is differentially phosphorylated or ubiquitinated upon stimulation with EGF or TGF-α, as this 

might easily explain the differential activation of NCE. HeLa cells were treated with different 

doses of ligands before performing immunoprecipitation of EGFR and analyzing receptor 

phosphorylation and ubiquitination by WB. Initial experiments showed a small decrease in total 

EGFR phosphorylation upon TGF-α stimulation compared to EGF stimulation (Figure 32), in 

agreement with what we observed with antibodies against specific EGFR pY sites (Figure 36). 

A subtle change in the migration pattern of ubiquitinated EGFR was also observed that needs to 

be eventually further investigated (Figure 36). However, no major differences in the total 

phosphorylation or ubiquitination of the EGFR were apparent after stimulation with the two 

ligands. 

 
Figure 36. Phosphorylation and ubiquitination of EGFR upon stimulation with high 

affinity ligands EGF and TGF-α. 
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HeLa cells were treated increasing doses of EGF and TGF-α for 2 mins. Immunoprecipitation 

(IP) of EGFR with anti-EGFR antibody was then performed on total cell lysates (0.5 mg) and 

immunoprecipitates were analyzed by WB. Top, control WB to test IP efficiency, showing total 

EGFR levels in the immunoprecipitates (~40 µg), the input (30 µg) and supernatant (SUP, 30 

µg). We could observe an enrichment of EGFR in the IP and depletion in the supernatant (SUP), 

as compared to input (>90% efficiency). Bottom, 50 µg or 450 µg of immunoprecipitate was 

analyzed by WB for pY-EGFR using the generic anti-phosphotyrosine antibody 4G10 or Ub-

EGFR using the anti-Ub P4D1 antibody respectively. A representative input (30 µg) of samples 

stimulated with 30 ng/ml of ligand was loaded as a control. 

 

4.2.2.2. PLCγ2 differential activation upon stimulation with EGF and TGF-α 

 

To understand if differential NCE activation by EGF and TGF-α and delayed and time restricted 

Ca2+ response upon TGF-α might be due to inefficient activation of PLCγ2 upon TGF-α, we 

checked the phosphorylation of PLCγ2 after stimulation at different time points with ligands. 

We found that both PLCγ1 and PLCγ2 were less phosphorylated upon TGF-α stimulation 

compared to EGF (Figure 37), however the decrease in PLCγ2 was much stronger (~46%) as 

compared to PLCγ1 (~14%) at 1 min of stimulation. In addition, we also observed a decrease in 

EGFR phosphorylation at different pY sites, with ~30% reduction in pY1068 and pY992, as 

well as a reduction in pY1045 and pY1173 (Figure 38). Thus, these data are compatible with 

TGF-α inducing less efficient EGFR phosphorylation, which is translated in a reduced 

recruitment and phosphorylation of PLCγ2, causing inefficient activation of the NCE.  However, 

while some decrease in STAT3 phosphorylation was scored upon TGF-α, no effect were 

observed on SHC, AKT and ERK1/2 phosphorylation.  



RESULTS 
 

 114 

 
Figure 37. PLCγ2 is less phosphorylated upon TGF-α stimulation as compared to EGF. 

A. HeLa cells were stimulated with 100 ng/ml of either EGF or TGF-α for the indicated time 

points. Lysates were were analyzed by WB for total and phosphorylated PLCγ1 and PLCγ2. 

Tubulin, loading control. B. Quantification of WB signal shown as % of sample stimulated with 

EGF for 1 min. Experiment was performed twice. 
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Figure 38. Activation of EGFR and downstream signaling effectors by EGF vs. TGF-α at 

different time points. 

A. HeLa cells were stimulated with 100 ng/ml of either EGF or TGF-α for the indicated time 

points. The indicated signaling effectors and EGFR pY sites were analyzed by WB. B. 
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Quantification of WB signal shown as % of sample stimulated with EGF for 1 min. Experiment 

performed twice. 

 

The largest difference in signaling activation upon TGF-α vs. EGF stimulation was 

observed at 10 min post-stimulation, as assessed by EGFR and effector phosphorylation in WB 

(Figure 38). However, the WB method is semi-quantitative and the differences observed were 

variable among experiments (Figure 32 vs. Figure 37) and not very strong. For this reason, we 

should employ more quantitative methods to assess signaling players, such as flow cytometry 

or ELISA assays. 

 

4.2.2.3. EGF and TGF-α different EGFR clustering 

 

Since NCE is active only in cells with a high number of activated EGFRs, i.e., in cells with a 

high level of surface EGFR and stimulated with high dose EGF (>10 ng/ml), and it is dependent 

on lipid rafts that facilitate receptor oligomerization, we speculated that NCE could represent a 

mechanism for the internalization of EGFR clusters/oligomers. EGFR is known to form clusters 

that range in size from a few to >30 receptor molecules per cluster in the PM of different cell 

types [196]. For example, EGFR clusters are present on both normal lung epithelial cells and 

lung cancer cells, but cluster diameter and number of EGFR was higher in cancer cells [197]. 

Considering these data, we hypothesized that EGF activating and inducing internalization of 

more clusters compared to TGF-α. 

To test this hypothesis, we examined EGFR clustering upon stimulation with high doses 

(100 ng/ml) of EGF or TGF-α employing STORM super-resolution technology. We quantified 

the size of EGFR clusters close to PM. While smaller clusters (<0.03 µm2) were present in TGF-

α stimulated sample, larger clusters (>0.08 µm2) were found upon EGF stimulation (Figure 39). 

These data suggest that EGF is inducing EGFR clustering more efficiently than TGF-α. In future 

experiments, we plan to examine role of PIP2 and lipid rafts in the recruitment/stabilization of 

EGFR clusters using pharmacological or genetic inhibitors/enhancers of PIP2, and drugs that 

affect lipid rafts (e.g., PPMP, methyl-β-cyclodextrin). We can also employ different techniques 

for investigating clusters such as optogenetics, a tool for fast light-induced and reversible protein 

clustering [198]. 
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Figure 39. EGFR clustering upon 1 min stimulation with high dose EGF and TGF-α.  

A. HeLa cells were stimulated for 1 min with EGF or TGF-α (100 ng/ml) at 37°C, then fixed, 

permeabilized and stained with anti-EGFR that was revealed with an Alexa-647 secondary 

(red). Cells were analyzed by STORM. B. Quantification of total area of red signal close (~2µm) 

to PM upon EGF and TGF-α simulation. C. Quantification of the number of clustered EGFR 

signals close to the PM upon EGF and TGF-α simulation, with different surface areas, as 

indicated. Experiments were performed with the help of Stefano Freddi from our lab, and 

Simone Pelicci and Mario Faretta (Imaging Development Unit, IEO).                 
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4.2.3. NCE activation upon stimulation with different RTKs 
 

We have started to investigate whether other growth factors might induce internalization of their 

receptor and of CD147 similarly to EGF-EGFR. We initially studied HGFR/Met which is highly 

expressed and its signaling is relevant in HeLa cells. Interestingly, HGFR is activated by its only 

known ligand, HGF, and like EGFR it can be ubiquitinated by Cbl, is endocytosed and targeted 

for lysosomal degradation [199].  

We therefore stimulated HeLa cells with saturating doses of HGF (100 ng/ml for 8 min) 

and followed CD147 internalization using an anti-CD147 antibody that recognizes its 

extracellular domain without interfering with endocytosis [63] and HGFR localization, staining 

it with specific antibody after fixation of HeLa cells. In unstimulated cells, the HGFR signal 

was mainly localized at the PM while only a small amount of CD147 signal was detectable in 

intracellular vesicles (Figure 40A).  

Upon HGF stimulation, HGFR internalization was induced as expected (Figure 40A). HGF 

stimulation also induced internalization of CD147, with colocalization observed for HGFR and 

CD147 (Figure 40A). Notably, CD147 internalization was independent of clathrin but required 

RTN3 (Figure 40A, B). The efficiency of the KD of RTN3, clathrin or the double RTN3/clathrin 

KD was verified by WB (Figure 40C). While it seems that HGF stimulation activates CD147-

NCE, we still need to understand what effect if HGFR is endocytosed by CME, NCE or 

combination of these pathways. In this experiment, as in one with EGFR (Figure 34) staining 

of HGFR was done after fixation, disabling us to distinguish between PM, internalized and 

newly synthesized HGFR and consequently to quantify only internalized HGFR. Further 

experiments following in vivo HGFR internalization, by using an antibody against its 

extracellular domain can provide us with more information about endocytic route of this 

receptor. 
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Figure 40. CD147 internalization upon stimulation of HeLa cells with HGF.  
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A. HeLa cells were subjected to the indicated KD. CD147 internalization was followed for 8 

min, using a specific mouse antibody applied to cells in vivo [63] in the absence (not stimulated) 

or in the presence of HGF (100 ng/ml). Cells were subjected to acid wash treatment prior to 

fixation, then stained for CD147 with the Alexa-488 secondary antibody (green). HGFR was 

stained with a specific antibody after fixation (red). Bar, 20 µm. B. Quantification of CD147 

internalization in cells treated as described in A. CD147 signal was highlighted applying an 

intensity-based threshold (Default method), and then fluorescence intensity per field was 

calculated using the “Measure” command, limiting measurement to threshold. This value was 

then divided for the number of nuclei in the field, counted using the DAPI signal, in order to 

calculate the CD147 fluorescence intensity per cell. Mean integrated fluorescence intensity ± 

SD. C. Efficiency of the indicated KD was verified by WB analysis. n, cell number analyzed. P-

value, Student’s t-test two-tailed; *, P<0.05. Experiment performed once. 

 

4.3. The physiological role of EGFR-NCE 
 

4.3.1. Role of NCE in cell metabolism 
 

CD147 was shown to play a crucial role in cell metabolism, working as a chaperone regulating 

the PM localization of the glucose transporter GLUT1 and monocarboxylate transporters like 

MCT1, thus promoting glucose entry and lactate extrusion [200, 201]. Thus, NCE might 

regulate localization, trafficking and fate of these transporters possibly influencing cell 

metabolism. In order to investigate this issue, we performed colocalization experiments of EGF-

induced internalized CD147 with MCT1 (Figure 41) or GLUT1 (Figure 42). Again, in these 

experiments, CD147 internalization was followed in vivo, while staining of MCT1 and GLUT1 

was done after fixation. 

Upon stimulation with high dose Alexa-555-EGF, we observed the colocalization of 

both CD147 and EGF with MCT1, which was maintained in clathrin KD cells, but abrogated in 

RTN3 KD cells (Figure 41A). The efficiency of the KD of RTN3 or clathrin was verified by 

WB (Figure 41B). These results suggest that MCT1 could be co-internalizing with EGF and 

CD147 via the NCE pathway upon EGF stimulation. Thus, it is possible that EGF-EGFR 

signaling, by regulating the PM levels and fate of this transporter, could influence metabolic 

cell functions such as lactate transport; a possibility that merits further investigation. 



RESULTS 
 

 121 

 
Figure 41. Colocalization of MCT1with CD147 and EGF.  

A. HeLa cells subjected to the indicated KDs were stimulated with high dose Alexa-555-EGF 

(red) for 8 min and CD147 internalization was followed in vivo with a mouse antibody 

recognizing the extracellular domain of the protein. Cells were subjected to acid wash treatment 

to remove CD147-bound antibody at the PM, followed by fixation and staining with an Alexa-

488 secondary antibody (green). An anti-MCT1 antibody and Alexa-647 secondary antibody 

were used to visualize MCT1 (purple). Single channels and double merged channels are shown 

with EGF/MCT1 or CD147/MCT1 pseudocolored in green/red. Magnification of merged 
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channels are shown at the bottom. Bar, 20 µm.  B. Efficiency of the indicated KD was verified 

by WB analysis. Tubulin, loading control. Experiment was performed once. 

 

We then performed the same assay for GLUT1 (Figure 42). In control unstimulated cells 

there was more GLUT1 on the PM (some signal was observed inside cell, showing a GLUT1 

cytosolic fraction), in comparison to EGF stimulated cells, suggesting that some part of GLUT1 

can be internalized upon EGF stimulation. It seems that GLUT1 was internalized primarily via 

CME, since more colocalization between GLUT1 and EGF was observed in control and RTN3 

KD cells compared with clathrin KD cells.  

Interestingly, from these preliminary experiments, it seems that both MCT1 and GLUT1 

are internalized upon EGF stimulation, but via different pathways. However, more controlled 

experiments need to be conducted in order to understand the internalization mechanism of 

MCT1 and GLUT1, e.g., in vivo internalization with specific extracellular antibodies against 

these transporters upon stimulation of EGF. Since both transporters are involved in glycolysis, 

which is required for rapid energy production, in the future, it will be important to address how 

endocytosis is affecting this process. 
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Figure 42. Colocalization of GLUT1 with CD147 and EGF.  

HeLa cells subjected to the indicated KDs were stimulated with high dose Alexa-555-EGF (red) 

for 8 min and CD147 internalization was followed in vivo with an antibody recognizing the 

extracellular domain of the protein. Cells were subjected to acid wash treatment to remove 

CD147-bound antibody at the PM, followed by fixation and staining with an Alexa-488 

secondary antibody (green). An anti-GLUT1 antibody and Alexa-647 secondary antibody were 

used to visualize GLUT1 (purple). Single channels and double merged channels are shown with 

EGF/GLUT1 or CD147/GLUT1 pseudocolored in green/red. Magnification of merged channels 

are shown at the bottom. Bar, 20 µm. Experiment was performed once.  
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4.3.2. EGFR endocytosis in MCF10A cells and spheroids 
 

We previously found that NCE is active in different human cell lines, including cervical and 

breast tumor cell lines as well as normal keratinocytes, while it is not active in mouse embryonic 

fibroblasts and other cell types [63]. An interesting case is represented by MCF10A non-

tumorigenic breast epithelial cells that showed only a minor activation of EGFR-NCE, if any 

[63]. However, since these cells are cultured in the continuous presence of EGF, with 

concentrations of 20 ng/ml in the medium, we decided to re-examine them for EGFR 

internalization upon starvation of EGF and serum for 3 h prior to EGF stimulation for 8 min at 

high dose. Using CD147 as a marker of EGFR-NCE, we identified a subset of cells where 

CD147 is internalized and colocalized with EGF indicating the presence of the NCE pathway 

(Figure 43). In RTN3 KD cells, we qualitatively observed a reduction of CD147 internalization; 

however, since MCF10A grow in adherence (not allowing the acid wash to completely detach 

antibodies), we still have signal of CD147 at PM. For this reason, it was not possible to quantify 

CD147 internalization with methods we usually use (Macro or Threshold method). In future 

experiments, we will try to optimize conditions for following CD147 internalization in MCF10A 

cells, with stronger and prolonged acid washes and also, we will prolong time of starvation of 

MCF10A from EGF and serum in order to allow accumulation of EGFR on PM. 
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Figure 43. Presence of EGFR/CD147-NCE in MCF10A cells.  

Confocal fluorescence microscopy images of MCF10A control or RTN3 KD cells, EGF and 

serum-starved for 3 h and treated with Alexa-555-EGF (100 ng/ml, red). CD147 internalization 

was followed for 8 min, using a specific anti-CD147 antibody applied to cells in vivo [63]. Cells 

were subjected to acid wash treatment prior to fixation, then stained for CD147 with the Alexa-

488 secondary antibody (green). Bar, 20 µm. 

 

Interestingly, MCF10A cells were clonally derived from mammary stem cells, which, 

by undergoing self-renewal and differentiation, generate in 3D culture organoids that possess 

an organized architecture that resembles acini-like structures of the mammary gland [202]. 

Therefore, to gain insights into the physiological relevance of NCE, we decided to use MCF10A 

organoids as a model system since they recapitulate many of the features of the mammary gland. 

We have set up protocols for the analysis of MCF10A organoids by IF and have been able to 

visualize EGFR phosphorylation and internalization in organoids stimulated with high dose 

EGF. We grew MCF10A organoids for 10 days, after which they were starved of EGF and 
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serum for 3 h before stimulation with 500 ng/ml EGF for 30 min. Organoids were then fixed 

and permeabilized, and stained with anti-CD147, anti-EGFR and anti-pEGFR primary 

antibodies and appropriate fluorochrome-labeled secondary antibodies. Using this approach, we 

were able to stain CD147 and EGFR in unstimulated cells, and EGFR and pEGFR in stimulated 

cells (Figure 44). Further experiments will be performed to characterize the presence of NCE 

in these organoids.  

 
Figure 44. Relevance of EGFR/CD147-NCE in MCF10A spheroids. 

Immunofluorescence staining of MCF10A organoids with the indicated antibodies (EGFR, 

CD147, pEGFR). Organoids were EGF and serum starved for 3 h and then stimulated or not 

for 30 min with EGF (500 ng/ml). Staining was done after fixation. Blue, DAPI. Bar, 50 µm. 
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4.3.3. Role of NCE in mouse intestinal and mammary organoids 
 

To understand the physiological role of NCE in growth and differentiation, and in the stem cell 

vs. progenitor compartment, we have also established procedures for culturing organoids 

derived from primary cells from the mouse intestinal crypts or mammary glands. These 

organoids are highly dependent on a cocktail of factors, including high EGF concentrations, to 

grow and differentiate ex vivo in Matrigel. The intestinal organoids are obtained from crypts 

from mice intestine (as described [185]), while mammary organoids with double acini layer 

were obtained from inguinal and thoracic mammary glands [186]. We followed growth of these 

organoids upon treatment with different drugs (6 days for mammary and 8 days for intestinal). 

Interestingly, treatment with the EGFR kinase inhibitor, gefitinib, almost completely blocked 

organoid growth (Figure 45) [203]. Preliminary experiments also showed that treatment with 

compounds that inhibit EGFR-NCE, i.e., PPMP and xestospongin C [63], have the opposite 

effect to gefitinib, promoting increased organoid growth (Figure 45). Although these two drugs 

act through different mechanisms (xestospongin C blocks Ca2+ release from the ER, while 

PPMP interferes with glycosphingolipid synthesis), both induced an increase in organoid 

number and size. One explanation of these results is that if we block NCE there is an increase 

of EGFR levels leading to increased proliferation and growth of these organoids. However, we 

should take into consideration that these drugs can affect many cellular targets, thus inhibiting 

not only NCE but other processes that can lead to the result we observed. To correlate effects of 

drugs to NCE, we should firstly examine levels of EGFR in organoids upon different treatments. 

However, we cannot distinguish effects on specific cells from organoids that are possibly 

affected by the drugs.  

Although these results will be further verified through molecular genetic experiments (KD 

of specific NCE/CME players with shRNAs), they indicate that EGFR-NCE might have an 

important role in the regulation of organoid development, and moreover, a potential function in 

organ homeostasis.  
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Figure 45. Effects of EGFR-NCE inhibitors on the growth of mammary and intestinal 

primary organoids.  

A. Mammary organoids were treated for 6 days with gefitinib (10 µM), PPMP (5 µM), 

xestospongin C (Xesto; 2 µM) or vehicle control. Bar, 400 µm. Quantification of the number 

and size of organoids per field of view (1360x1024 pixels) is shown below representative images 

of the organoids. B. Intestinal organoids were treated for 8 days with gefitinib (10 µM), PPMP 

(5 µM) or xestospongin C (Xesto; 2 µM). Bar, 1000 µm. Quantification of the number and size 

of organoids per field of view (1024x768 pixels) as in “A”. Experiment performed once.
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5. DISCUSSION 
 

We have previously described a novel non-clathrin endocytic pathway, defining its uniqueness 

compared to other endocytic routes described in literature. EGFR-NCE relies on several players 

not previously linked to endocytosis (e.g., RTN3) [63]. In the present work, we have dissected 

the signaling pathway promoting Ca2+ release, uncovering a specific role of the PLCg2 enzyme, 

at variance with PLCg1. Both PLCg1 and PLCg2 are recruited and phosphorylated by EGFR 

only at high doses of EGF, which leads to their phosphorylation. However, only PLCg2 is able 

to induce a productive Ca2+ release through the IP3R, the main Ca2+ channel on the ER, in 

proximity of the PM (and, we hypothesize, close to NCE sites) that is ultimately required for 

the fission of EGFR-NCE vesicles from the PM. We uncovered that this specificity of PLCg2 

vs. PLCg1 appears to be determined by the specific localization of PLCg2 in specific regions of 

the PM, the so-called “lipid rafts”, where NCE vesicles are generated and where contact sites 

between the PM and ER cortical tubules enriched in RTN3 are taking place [63].  

At the functional level, we extended the relevance of NCE to EGFR ligands other than 

EGF. Saturating doses of the two EGFR ligands, AREG and TGF-a, differentially triggered 

EGFR internalization via NCE: while AREG efficiently activated NCE and Ca2+ release at the 

PM, TGF-a was much less effective, suggesting that this differential ability could be responsible 

for the specific biological outputs exerted by the two ligands. Interestingly, stimulation of cells 

with HGF, the only known ligand for the HGFR/Met, induced CD147 internalization similarly 

to EGF, providing evidence of the relevance of this novel NCE pathway to the regulation of 

other signaling receptors.  

 

5.1. Signaling deriving from the EGFR that regulates EGFR-

NCE and Ca2+release  
 

In present work, we unveiled a critical role of the PLCg2 isozyme, but not PLCg1, in NCE. 

Although both PLCg1 and PLCg2 are phosphorylated upon stimulation of HeLa cells with EGF, 

with a dose response correlating with the activation of NCE (i.e., only at high EGF doses), 

molecular genetic studies showed that PLCg2 KD alone was able to inhibit EGFR- and CD147-
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NCE, while PLCg1 KD had no effect. PLCg2 together with the IP3R were essential for the NCE-

associated Ca2+ signaling at the PM, which was required for NCE-TI fission, in concert with the 

action of dynamin. Inhibition of IP3R had the same effects as PLCg2 KD, suggesting that the 

role of PLCg2 is exerted through the IP3 second messenger. Thus, the PLCg2/IP3R/Ca2+ 

signaling axis appears to be a specific and essential component of the NCE mechanism (Figure 

46).  

 
Figure 46. PLCγ2 activation upon high dose EGF stimulation. 

Upon EGFR activation in the presence of high dose EGF, PLCg2 is recruited to the receptor 

and activated by phosphorylation, leading to hydrolysis of the phospholipid PIP2 in the PM into 

DAG and IP3. IP3 then binds to the IP3R on the ER and opens it, inducing Ca2+ release from 

the ER lumen, which is necessary for the fission of NCE TIs. Created with biorender.com 

 

A role of PLCg2 in endocytosis was previously shown for Toll-like receptor 4 (TLR4) 

in macrophages, where PLCg2/IP3R/Ca2+ inhibition blocked the translocation of TLR4 from the 

PM to the endosomes [204]. In addition, a hyperactive variant of PLCg2 was found to increase 

the internalization of amyloid beta in microglia and macrophages [205]. We discovered here a 
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specific role of PLCg2 in EGFR endocytosis that has not been reported previously. Ca2+ 

signaling activated downstream of PLCg2 did not affect EGFR-CME, but was necessary for the 

fission of NCE TIs, showing the same phenotype as dynamin 2 KD. Interestingly, in the 

literature it has been reported that PLCg1 and Ca2+ have a critical role in EGFR-CME in retinal 

pigment epithelium (RPE) cells at all doses of EGF stimulation [206]. Since, we demonstrated 

that the activation of NCE is dependent on cell context (Table 3, [62, 63]), this finding in RPE 

cells could be rationalized by the possibility that NCE is not present in these cells. Nevertheless, 

the involvement of the PLCg1/IP3R/Ca2+ circuitry in endocytosis does not necessarily conflict 

with the involvement also of PLCg2/IP3R/Ca2+ in the same cells. Since both PLCg isozymes are 

activated at high doses of EGF, it is possible that PLCg1 can play a role in trafficking events 

downstream of EGFR-CME and/or in Ca2+ signaling in other compartments than PM, while 

PLCg2 is acting specifically on early steps of EGFR-NCE, possibly inducing a more localized 

Ca2+ response at PM-ER contact sites. 

The specificity of PLCg2 was unexpected as PLCg1 is the best-characterized member of 

the family and widely expressed in different tissues, while PLCg2 is expressed in a much more 

tissue-restricted manner, being highly expressed (and having a prominent role) in immune cells 

[151]. Similarly, as NCE is highly cell context dependent (Table 3, [62, 63]) and PLCg2 is a 

critical player in this pathway, we hypothesized that the restricted expression of PLCg2 might 

explain the activation of NCE only in specific cells. Indeed, in our screening, using RNA 

sequencing technology, of three cell lines (HeLa Milan, HaCaT [two cell lines known to have 

EGFR-NCE pathway] and HeLa Oslo [cell line that does not have EGFR-NCE]) we revealed 

that PLCg2 expression correlates with activation of NCE (Figure S1A). We found less 

expression of PLCg2 in HeLa Oslo, where NCE is not active, in comparison to cell lines that do 

have NCE, HeLa Milan, and HaCaT. Moreover, these data were confirmed by WB (Figure 

S1C). On the other side, no significant difference of PLCg1 expression was observed between 

HeLa cell lines, while HaCaT cells show decreased expression of PLCg1 in comparison to HeLa 

Oslo (Figure S1B, C). We will perform further analysis to evaluate expression of these enzymes 

in other NCE-relevant cell lines. However, understanding PLCg2 vs. PLCg1 specificity might 

give important insights on how NCE is regulated, also considering that the activation of this 

mechanism of endocytosis is dependent on the cell context and the strength of stimulation. 
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5.1.1. PLCγ isozymes and their post-translational modifications 
 

To address the mechanism of PLCg2 specificity in NCE and due to the lack of an antibody 

against the PLCg2 enzyme suitable for IF assays, we have generated stable HeLa cell lines 

expressing HA-tagged PLCγ1 or PLCγ2, with and without inducible clathrin KD (for studying 

only NCE). We used control HeLa cells expressing endogenous PLCg and HeLa cells expressing 

the HA-tagged PLCg enzymes, to evaluate the basis of the differential involvement of PLCg1 

and PLCg2 in NCE. 

In this system, we initially checked for any differences in the phosphorylation of PLCg 

enzymes by EGFR, as it is known that RTK-mediated phosphorylation of PLCγ enzymes is 

responsible for their activation [145]. Since we showed that upon stimulation with high dose 

EGF both PLCγ enzymes are similarly relocated from the cytosol to the PM and similarly 

phosphorylated, we hypothesized that there might be differences in the precise PM locations 

where phosphorylation occurs. In particular, we reasoned that PLCg2 might be phosphorylated 

and activated specifically at sites of NCE-TIs, while PLCγ1 phosphorylation might be occurring 

in other regions of the PM – perhaps in CCPs where part of the activated EGFR fraction is 

located. Therefore, selectively abrogating NCE might affect PLCγ2 phosphorylation but not 

PLCγ1. To check this, we performed RTN3 KD and Cbl KD (NCE inhibited – early stage) or 

AP2 KD (CME inhibited) and looked at PLCγ phosphorylation status in HeLa cells. No major 

differences were observed in the phosphorylation status of the PLCγ enzymes in any of the KD 

conditions. It should be noted that the experiment with Cbl KD needs repeating as the total 

levels of EGFR appeared to be downmodulated in these cells. However, given that PLCγ1 and 

2 showed similar phosphorylation patterns in all conditions, it would appear that their 

recruitment to the EGFR and their phosphorylation is occurring upstream of RTN3, AP2 and 

possibly Cbl function. It appears that the differential NCE involvement of the PLCγ enzymes 

cannot be explained from these data. 

In the above scenario, we have considered PLCγ phosphorylation only as an activation 

mechanism, however, it is possible that the phosphorylation of specific residues has different 

effects on enzyme activity, with some phosphorylation reactions resulting in inhibition of 

enzymatic activity. For example, phosphorylation of serin 1248 of PLCγ1 by PKA or PKC upon 

EGF stimulation results in inhibition of the catalytic activity of PLCγ1 [207, 208]. Sequence 

alignments showed that this residue (Ser1248) is not conserved in PLCγ2, so hypothetically 
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soon after stimulation with EGF, the activation of its downstream effector PKC could cause the 

inhibition of PLCγ1, explaining why it is not playing a role in NCE; while PLCγ2 is kept active 

inducing Ca2+ release that is necessary for NCE. To test this possibility, we plan to check the 

PLCγ1-Ser1248 phosphorylation status upon EGF stimulation in our cell system and, if this site 

is phosphorylated, we will mutate it and then examine, in PLCγ2 KD cells, if the mutant PLCγ1 

can compensate PLCγ2 role in NCE. 

Since we have used phosphorylation as proxy for PLCγ enzyme activation and have not 

directly assessed their lipase activity, future experiments will be undertaken to understand if 

both isozymes are enzymatically activated after EGF stimulation. To this end, we plan to 

measure levels of their substrate PIP2 and reaction products, IP3 and DAG, upon stimulation 

with high EGF in PLCγ1/2 KD conditions, to have an indication of their activity levels. 

Ubiquitination is necessary for NCE, since it depends on EGFR-Ub and several Ub-

binding proteins, such as Eps15/L1 and epsin1 [62]. There are some indications in literature that 

PLCg1 can be ubiquitinated. In particular, it was shown that the CISH (cytokine-inducible SH2 

containing protein) E3 ligase is able to form a complex with PLCg1, leading to its ubiquitination 

in T cells [209]. Moreover, upon TCR stimulation, overexpression of Cbl-b in human T 

lymphocyte Jurkat cells increased ubiquitination of PLCγ1. Accordingly, Cbl-b−/− T cells 

showed reduced levels of PLCγ1 ubiquitination [210]. In Cbl-b−/− B cells, B cell receptor 

stimulation induced prolonged PLCγ2 phosphorylation and Ca2+ fluxes, although no evidence 

on PLCγ2 ubiquitination status was reported [211]. These experiments were performed in 

immune cells upon T or B cell receptor stimulation, however, in terms of the EGFR system little 

is known about PLCγ ubiquitination. It was shown that PLCγ1 binds c-Cbl in an EGF-dependent 

way in the A431 epidermoid carcinoma cell line but ubiquitination of PLCγ1 was not observed 

[212]. Although there is not direct evidence that PLCγ2 is ubiquitinated, the PhosphositePlus 

tool suggests that both isozymes of PLCγ have ubiquitination sites 

(https://www.phosphosite.org/homeAction; PLCγ1; PLCγ2).  

Since Ub can act as a signal to recruit adaptor proteins to the activated EGFR in NCE, 

we assessed whether PLCg1 and PLCg2 have Ub-binding abilities by performing in vitro 

pulldown assays with GST-3Ub. Moreover, given that Ub-binding adaptors play a specific role 

in NCE (i.e., Eps15/L1 and epsin1 [123]), we also checked if PLCg1 and PLCg2 undergo 

ubiquitination upon EGF treatment by performing immunoprecipitation of HA followed by anti-

Ub WB. Our data suggest that there is no major binding of PLCγ1-HA and PLCγ2-HA to Ub 
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upon EGF stimulation, while we were able to confirm the increased Ub-binding of known 

interactors Eps15 and Rabex-5. However, since we scored some unspecific binding of HA-

tagged proteins to GST, we plan to repeat pulldown assays with endogenous PLCγ. Moreover, 

the PLCγ enzymes do not appear to be ubiquitinated upon EGF stimulation, as evidenced in 

immunoprecipitation and WB experiments, in which we were able to score an increase in Eps15-

Ub. Interestingly, is this experiment PLCγ1/2 appeared to be ubiquitinated at steady state, 

suggesting that these proteins can be ubiquitinated. However, this ubiquitination might simply 

be due to the high levels of expression of the HA-tagged proteins, and the removal of excess 

protein through ubiquitination and proteasomal degradation. To investigate this possibility, we 

can repeat these experiments in endogenous setting, by immunoprecipitating ubiquitinated 

proteins with an anti-Ub antibody and performing a WB against PLCγ1 and PLCγ2. 

 In conclusion, no post-translational modifications were identified that could account for 

the specific role of PLCγ2 in NCE. 

 

5.1.2. Distinct subcellular distribution of PLCγ1 and PLCγ2 
 

5.1.2.1. PLCγ1 vs. PLCγ2 specific co-clustering with different endocytosis players at 

the PM 

 

We hypothesized that PLCγ isozymes might be enriched/recruited to different EGFR pools or 

PM compartments. To understand this, we first checked how EGF treatment affects the 

subcellular localization of PLCg enzymes by confocal IF microscopy using the anti-HA 

antibody and fluorophore-labeled secondary antibodies. As known from the literature, PLCg is 

recruited to the pY992 residue of the EGFR [213], leading to its phosphorylation by EGFR and 

catalytic activation. The activated enzymes are retained at the PM by binding to PIP3. In 

agreement, we showed relocalization of PLCg-HA enzymes to the PM after high dose EGF 

stimulation, while at steady state both enzymes were homogenously localized in the cytosol. To 

understand if, in our system, PLCγ1 and PLCγ2 are recruited to the activated EGFR at the PM, 

we employed STORM super-resolution technology. We were able to see recruitment of both 

PLCg-HA enzymes to EGFR clusters at the PM. In particular, using a mask to quantify signal 

only at the cell periphery (close to the PM), we observed increased co-clustering of EGFR and 

HA upon high EGF stimulation. However, although both enzymes are recruited to and 
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phosphorylated by the EGFR, we observed that only PLCg2 is localized in PM subdomains co-

clustering with RTN3, likely representing PM-ER contact sites where NCE takes place. In 

contrast, there was little co-clustering of RTN3 and PLCg1 signals. Moreover, no co-clustering 

was observed between clathrin and PLCg enzymes, confirming the specificity of PLCg2-RTN3 

co-clustering and suggesting that the critical role of PLCg2 in EGFR-NCE is exerted through its 

specific subcellular localization. In the future, we will evaluate co-clustering of PLCg1 and 

PLCg2 with other proteins involved in NCE (e.g., CD147) or CME (e.g., AP2) as a negative 

control, upon both high vs. low EGF stimulation. Moreover, we will examine if RTN3/PLCg2 

co-clustering depends on i) phosphorylation of PLCg2; ii) specific pattern of EGFR 

phosphorylation (e.g., pY992 or pY1173 that are docking sites of PLCg2); iii) specific adaptors 

(e.g., Rac, see Section 5.1.3.) that can recruit PLCg2 to RTN3.  

 

5.1.2.2. PLCγ1 vs. PLCγ2 recruitment to different PM compartments/ 

microdomains  

 

The different co-clustering patterns of PLCγ2 vs. PLCγ1 led to the hypothesis that upon EGF 

stimulation, PLCγ2 is recruited specifically to lipid rafts where NCE takes place. Interestingly, 

it was shown upon B cells activation that PLCγ2 is recruited to lipid rafts from where it starts 

signaling from the B cell receptor [214]. Moreover, upon mast cell activation, PLCg2 is 

relocalized predominantly to osmiophilic patches, the so-called “primary signaling domains”, 

together with IgE receptors and other signaling molecules, at variance with PLCγ1, which was 

mainly relocalized to PM outside these patches [187]. The osmiophilic patches are regions of 

the PM (e.g., unsaturated fatty acids, sphingomyelins, cholesterol [215]) that stain darkly with 

osmium in comparison to other parts of membrane. Here, we showed that PLCg2, but not 

PLCγ1, is specifically recruited to osmiophilic patches in our model system using EM and 

immunogold labeling of HeLa membrane sheets stained with an anti-HA antibody that reveals 

the localization of PLCg1/2-HA enzymes. This finding is in line with the STORM analysis and 

provides further support to the differential localization of PLCg enzymes at the PM.  

As a complementary approach, we performed a protein flotation assay to isolate 

detergent-soluble and insoluble (“lipid rafts”) PM fractions from cells stimulated high EGF 

concentrations. We found that upon EGF stimulation, PLCg2 was enriched in the floating 
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fraction with highest expression of flotillin and caveolin (markers of lipid rafts). For PLCg1, we 

did not score differences in localization between fractions in cells stimulated or not with EGF. 

However, this experiment was performed in cells expressing PLCg2-HA and future assays will 

be repeated in both PLCg1-HA and PLCg2-HA expressing cells, in order to verify the 

differential recruitment of PLCg1 vs. PLCg2 to lipid rafts under the same overexpression 

settings.  

In order to investigate further whether PLCg1 and PLCg2 are recruited to specific PM 

domains, we also employed STORM super-resolution microscopy and evaluated the co-

clustering of PLCg1 and PLCg2 with CTxB. CTxB can bind to five GM1-ganglioside receptors, 

located in lipid rafts of PM, and for this reason CTxB is generally considered as a marker of 

lipid rafts [71]. However, no differences were scored between the co-clustering of PLCg1 and 

PLCg2 with CTxB upon EGF stimulation (Figure S2). This can be explained by the fact that in 

some cases CTxB can bind also to other sugar components on PM, such as galactose [216], thus 

not labeling only lipid rafts.  Moreover, it has been found that CTxB/GM1 can be internalized 

through CME [217, 218]. To overcome this issue, we will evaluate co-clustering of PLCg1 vs. 

PLCg2 with other more specific markers of lipid rafts (e.g., GPI-anchored proteins such as 

CD55, CD58, and CD59), or we will try to disrupt lipid rafts (e.g., by depleting cholesterol with 

methyl-β-cyclodextrin) and then check the localization/recruitment of PLCg to EGFR upon EGF 

stimulation. 

Recruitment and catalytic activity of PLCγ largely depends on the lipid content of 

membrane. It has been shown that PLCγ1 is relatively inert towards PIP2 unless it is first bound 

to a tyrosine kinase [219]. It could be that PLCγ2 is more stably bound to PIP2, since the 

engineered cSH2 domain of PLCγ2 was shown to have higher affinity (almost double) to lipids 

at the PM in comparison to the cSH2 domain of PLCγ1 [220]. PIP2 is also required for PLCγ 

signaling. Earlier studies showed that in NR6 cells, EGF-induced signaling of PLCγ1 was 

restricted to the PM in comparison to intracellular compartments (e.g., endosomes) even though 

both EGFR and PLCγ1 were still phosphorylated in these compartments. This was explained by 

limited access to PIP2 by PLCγ1 in endosomes [221]. However, recent studies showed that the 

presence of PIP2 in endosomes is dynamically controlled and its localization could be also cell 

dependent [222], so it would be interesting to evaluate its role and signaling in NCE. 
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5.1.3. PLCγ1 vs. PLCγ2 specific interactors 
 

Tyrosine kinase receptors are known as main activators of PLCγ, however, they are not the only 

proteins that can bind and stabilize PLCγ at PM; for instance, the scaffolding protein SLP-76 

[SH2-domain-containing leukocyte protein of 76 kDa] binds to the SH3 domain of PLCγ1 [223], 

while Rac binds to sPH of PLCγ2 [224] (Figure 47). We hypothesized that the specificity of 

PLCγ2 vs. PLCγ1 in EGFR-NCE could be explained by their differential interactors. 

Importantly, only PLCγ2, and not PLCγ1, is activated by the Rho family of small GTPases - 

Rac1, Rac2 and Rac3 in their GTP-bound forms - and this activation is independent of 

phosphorylation of tyrosine residues on PLCγ. The sPH domain of PLCγ2, is both necessary 

and sufficient for activation of PLCγ2 by Rac [225], and the crystal structure of PLCγ2 sPH:Rac 

complexes revealed a hydrophobic pocket with set of specific amino acids, not conserved in 

PLCγ1, that are necessary for Rac-mediated activation of PLCγ2 [226]. Indeed, mutation of one 

of those amino acids, F897Q, blocked interaction PLCγ2 with active Rac.  

 

Figure 47. PLCγ domains and interactors.  

PLCγ are multidomain enzymes that can bind different targets (PH – PIP3; EF – Ca2+, sPH - 

Rac, SH2n – RTKs, SH2c-lipids, SH3 – Pro rich protein domains, C2 - Ca2+). Red star shows 

pY (783 in PLCγ1 and 759 in PLCγ2). Adapted from Choi, Adv Enzyme Regul, 2007 [227] 

 

Rac1 is the major form of Rac expressed in HeLa Milan cells, and we found that its KD 

inhibited EGF internalization at both low and high doses of EGF (Figure S3A, C). Rac1 KD 

also inhibited Tf internalization, suggesting that Rac1 plays a role in CME (Figure S3B, E). 
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Thus, it is possible that Rac1 is involved in just CME or both CME and NCE. In support of the 

latter, at high EGF doses, in the KD of Rac1, in combination with clathrin KD, further decrease 

of EGF internalization (though not statistically significant) in comparison to clathrin KD alone 

was scored, arguing that it can also affect NCE. Moreover, KD of Rac1 inhibited internalization 

of the NCE specific cargo, CD147 (Figure S3D). Although these data still need to be verified, 

they suggest that Rac1 could play a role in both EGFR-CME and -NCE. 

Rac is not able to disrupt autoinhibition of PLCγ2, but rather it stabilizes the active 

conformation of PLCγ2 once it is recruited to PM [228]. Since also Rac was shown to localize 

in membrane rafts [229], we hypothesized that it could be involved in the recruitment and 

stabilization of PLCγ2 in these membrane subdomains upon EGFR activation. To test our 

hypothesis, we will employ different approaches. We will check: 1) recruitment of PLCγ2 to 

the PM (and/or EGFR) -/+ EGF, in the HeLa cells depleted of Rac1 or expressing Rac1 

dominant-negative or dominant-active forms; 2) colocalization of PLCγ2 and Rac1 upon EGF 

stimulation, using the probe for active Rac1 [230]; 3) EGF and CD147 internalization in Rac1 

dominant-negative or dominant-active expressing cells; 4) EGF and CD147 internalization in 

cells expressing PLCγ2 mutants (F897Q) unable to bind to Rac1. 

While the role of Rac1 will be molecularly dissected, we will evaluate other possible 

interactors. For example, Grb2 was shown to interact with phosphorylated Y783 of PLCγ1, 

inhibiting its activation upon EGF stimulation and consequent catalytic activity [152]. In 

contrast, no evidence of Grb2 interaction with PLCγ2 was found in literature. Thus, one possible 

scenario in our model system is that upon EGF stimulation, phosphorylated PLCγ1 is inhibited 

by Grb2, while PLCγ2 is free to carry out its catalytic activities, explaining their differential 

roles. In addition, we can also look for novel PLCγ2 interactors by immunoprecipitation of 

PLCγ1/2-HA in conditions of +/- EGF and mass spectroscopy to identify co-

immunoprecipitating proteins. This approach could lead to the discovery of novel regulators of 

endocytosis and might allow us to better understand the role of PLCγ2 in EGFR endocytosis.  

 

5.1.4. PLCγ2 in signaling and cell responses 
 

PLCg2 is involved in endocytosis and signaling originating from BCRs. In the literature, it is 

reported that mutations that activate PLCg2 contribute to its pathological role related to 

dysfunction of the immune system: e.g., autoinflammation and autoimmunity, and drug 
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resistance in chronic lymphocytic leukemia [162, 231]. However, one mutation that activates 

PLCg2 has been linked to the protection from the development of Alzheimer's disease [232] due 

to increased endocytosis of dextran and beta amyloid [205]. This is interesting, since it shows 

that aberrant activation of PLCg2 can have advantageous or pathological properties, depending 

on the cell context. Endocytosis of dextran and beta amyloid were blocked upon inhibition of 

both CME (with chlorpromazine [233]) or CIE (with Methyl-β-cyclodextrin [234]) [205], so 

further studies should be performed to understand the role of this mutant in EGFR-NCE. 

The NCE cargo, CD147, is highly expressed in immune cells: T and B lymphocytes, 

dendritic cells, monocytes and macrophages [131]. Given these observations, an intriguing 

scenario – which we would like to evaluate – is that NCE might play a critical role in the immune 

system. One of our future directions is the evaluation of the activation of NCE in immune cells 

(e.g., macrophages or microglia).  

Interestingly, it was recently shown that the SARS-CoV-2 virus can use CD147 as an 

alternative receptor to ACE2 to enter the cells (e.g., in lung and kidney epithelial cells) [235]. 

Potentially, immune cells might also be infected by SARS-CoV-2 and participate in the local 

and systemic spread of the virus [236]. Thus, NCE could be a mechanism of viral entry into 

cells expressing CD147, and PLCg2 could be a novel regulator of virus infection. Future studies 

are required to investigate this possibility, which could pave the way for the development NCE-

targeted drugs, such as PLCg2-specific inhibitors.  

Given its role in the downregulation of EGFR signaling, we propose here that NCE could 

have a potential tumor suppressor function and its dysregulation could contribute to aberrant 

EGFR signaling, as frequently observed in several human tumors. Indeed, inhibition of NCE 

leads to sustained ERK1/2 and AKT signaling in HeLa cells [63] and, as shown here, it induces 

increased growth of primary mammary and intestinal organoids. Thus, loss of NCE could 

contribute to tumor growth. However, this is a simplistic view, as we know that NCE is not only 

a negative regulator of the EGFR downstream signaling cascade, but it is also a positive 

regulator of Ca2+ signaling, which might be important for cell adhesion and migration. Indeed, 

signaling from the EGFR can lead to different cell responses, including cell proliferation, 

survival, differentiation and migration, and these responses are mediated via different signaling 

pathways [237]. The EGFR-activated PLCγ-dependent pathway has been associated with cell 

migration: EGF-dependent cell migration was blocked by inhibition of either PLCγ itself [238], 

EGFR kinase activity or phosphorylation of the pY992 phosphosite in the EGFR cytoplasmic 
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tail (the site of PLCg recruitment) [239]. Mechanistically, it was proposed that PIP2-bound actin 

regulatory proteins are released upon PLCγ activation, restoring their ability to remodel cortical 

actin filaments, a process required for filopodia/lamellipodia extension and retraction in motile 

cells [240, 241]. In agreement, EGFR activation of PLCγ leads to actin reorganization and 

contributes to the initiation of the motile phenotype [242]. PLCγ2 activity has been previously 

linked with activation and mobilization of the actin cytoskeleton in myeloid cells [243, 244] and 

Rac (an activator of PLCγ2), also plays a role in actin polymerization [245]. In addition, many 

actin-regulatory proteins are Ca2+-dependent and might be therefore regulated by PLCγ through 

IP3-mediated Ca2+ signaling [246]. We have initial data showing that the Arp2/3 complex, a 

major actin regulator, is relocalized to the PM upon EGF stimulation and that an inhibitor of 

Arp2/3 is able to block CD147 internalization. Moreover, preliminary experiments show a 

possible involvement of NCE in wound healing in HaCaT cells, a normal keratinocyte cell line 

where NCE is active (Salvi Mesa D., unpublished data). Further studies are needed to clarify 

the role of PLCg2 in NCE, EGFR signaling and biological response, to understand whether the 

NCE-PLCg2 axis is altered in cancer and if PLCg2 mutations have positive or negative effects 

on NCE, promoting or inhibiting cancer-related phenotypes. 

 

5.1.5. The role of Ca2+ and other secondary messengers  
 

We have dissected the role of the IP3 second messenger (from PLCγ signaling) in Ca2+ release 

from the ER and in NCE, however, the function of DAG was not investigated. DAG can be 

converted to PA by DGK and PA is important for negative curvature of the membrane, which 

could lead to recruitment of dynamin and EGFR endocytosis [247]. In addition, from the 

literature it is known that some forms of DGK can be activated by binding to Ca2+. We tested 

the possible involvement of DGK in NCE by ablating DGKα with siRNA and by inhibition of 

all DGK family of enzymes with an allosteric inhibitor. We found that the inhibitor of DGK 

inhibited CD147 internalization, while DGKα KD did not. Thus, it is possible that the DGKα 

isoform does not a have function in NCE, while other isoforms of DGK can play a crucial role; 

this will be further investigated.  

Another point to be clarified is the role of Ca2+. As known from literature Ca2+ activates 

dynamin 1 [248], while dynamin 2 is necessary for NCE [62]. In neurons Ca2+ binds to and 

activates calcineurin, a phosphatase that is able to regulate different proteins including ones 
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involved in endocytosis, such as dynamin, Eps15, epsin1 [249]. To understand effect of 

calcineurin on NCE, we checked EGF and CD147 internalization upon treatment with specific 

calcineurin inhibitors (CsA and FK506). We scored a partial decrease in the internalization of 

both EGF (~25%) and CD147 (~35%), suggesting that NCE is partly inhibited but not 

completely blocked. Since the mechanism of regulation of NCE appears complex and may 

require different regulators, it is possible calcineurin is one of them, but future experiments will 

be performed in order to discard off-target effects of the calcineurin inhibitors.  

Another role of DAG and Ca2+ in NCE could be in the translocation of PLCγ2 to the 

PM: in B cells it was shown that C2 domain of PLCγ2 specifically interacts with Ca2+ and PM, 

inducing translocation of PLCγ2 and amplification Ca2+ signaling [250]. This mechanism 

depends on Ca2+ influx generated by DAG-dependent activation of PM Ca2+ channels (RACC), 

and IP3R. Translocation of PLCγ2 leads again to hydrolysis of PIP2 into DAG and IP3, leading 

to a second Ca2+ wave by IP3R, and amplification of Ca2+ signaling. Since these events are 

happening close to the PM, they could be involved in NCE and they might explain why we 

detected repetitive Ca2+ pulses with PM-targeted Ca2+ sensors (Figure 35C). Interestingly, 

mutations that lead to PLCg2 constitutive activation, as for instance deletion of the C2 domain, 

can induce a continuous release of Ca2+ from ER [251]. Moreover, deletion of some parts in the 

C2 domain showed loss in response to EGF, suggesting that this domain can play a role in EGF 

signaling [251]. Of note, although the C2 domain is present in PLCγ1 and its structure seems to 

be similar to that in PLCγ2, there is no evidence in literature that it can be regulated by Ca2+. 

Thus, it is possible that the C2 domain is critical for the stepwise activation of PLCγ2 and for 

the generation of Ca2+ waves at the PM, determining the specific role of PLCγ2 in NCE. Further 

investigations are required to verify this possibility. 

 

5.2. NCE activation by other EGFR ligands and RTKs  
 

While the identification of players involved in NCE-EGFR signaling is critical to reveal 

endocytic molecular interactors and regulatory mechanisms that could represent novel targets 

in cancer therapy, it is also important to understand other potential activators of NCE. Since 

different EGFR ligands can induce different biological outcomes starting from the activation of 

the same receptor [192], we hypothesized that they might exert this differential function through 

the induction of different endocytic routes. Indeed, by regulating signaling duration and spatial 
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distribution, endocytosis has a key role in controlling the final biological response [128]. 

Therefore, the study of extracellular cues that can promote EGFR-NCE, or are unable to do so, 

should contribute to our understanding of the oncogenic function of these activators, since the 

ones that do not induce NCE could lead to an inefficient downmodulation of the receptor. Along 

this line, we showed a substantial activation of EGFR-NCE upon AREG and EGF stimulation 

but a weak activation upon TGF-α treatment. While EGF and AREG efficiently induced 

internalization of CD147, TGF-α failed to do so. Surprisingly, we could not detect differential 

EGFR phosphorylation and/or ubiquitination or differential activation of early signaling 

effectors (e.g., PLCγ, AKT, ERK1/2, SHC) at 2 min of stimulation with EGF and TGF-α (note 

that some differences between AREG and EGF were observed), suggesting that these effectors 

are not responsible for the differential entry into NCE. Interestingly, both EGF and AREG 

induced a strong Ca2+ response at the PM, while TGF-α induced it with a delay and the response 

was time restricted. Indeed, with EGF, we could score Ca2+ oscillations already 20 sec after 

ligand stimulation, and it lasted more than 5 min, while for TGF-α, the window of response 

started from 1.5 min and lasted for 1 min. Thus, this restricted Ca2+ response might be caused 

by inefficient activation of NCE and it might be not sufficient the NCE fission step. The 

differential activation of NCE by EGF and TGF-α can give us more insights into the mechanisms 

of this pathway. In this direction, it has been shown in proteomics studies that 8 min of 

stimulation with EGF and TGF-α led to the highest ligand-specific diversity [252]. In order to 

explain this difference, we examined activation of signaling effectors at different time points, 

upon stimulation with high doses of EGF and TGF-α. We were able to score decrease in PLCγ2 

phosphorylation upon TGF-α, that could possibly explain differences in Ca2+ response, but since 

data were variable between experiments and as WB is only semi-quantitative method, we could 

not draw strong conclusions. Further experiments employing more quantitative techniques will 

help in understanding this. Moreover, we put forward additional hypotheses, including that EGF 

and TGF-α could induce distinct 1) conformations of the EGFR JM domain [253, 254], or 2) 

EGFR clustering, thus determining their different abilities to activate NCE. 

EGF and TGF-α binding to extracellular domain of EGFR results in different 

conformations of the intracellular JM domain of the EGFR [253, 254]. Formation of different 

conformations was followed with bipartite tetracysteine display; briefly, two different amino 

acids within the JM domain of EGFR were substituted with two cysteines [253, 254]. Upon 

dimerization of these mutants, if the cysteines are in close contact, the assembled tetracysteine 
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motif is able to bind the substrate – the bis-arsenical dye ReAsH – and emit fluorescence. With 

this system, it was shown that binding of EGF to the extracellular domain of the EGFR induces 

the formation of a discrete antiparallel coiled-coil conformation of the JM domain (EGF-type), 

while TGF-α induced an alternative helical interface that is an ‘‘inside-out’’ version of the EGF-

induced JM structure (TGF-α-type). Interestingly, point mutations in the TM domain of the 

EGFR affected the JM coil-coiled structure, inducing the formation of an EGF-type JM interface 

upon stimulation with TGF-α (or vice versa) [254]. The interplay between TM (that is in direct 

communication with extracellular space) and the JM domain provides the basis for further 

research. It is possible that alternative JM conformations can target receptor to different 

endocytic pathways and induce different signaling. If the JM conformation of EGFR is 

necessary for its endocytosis, we can check if different mutations (that induce EGF- or TGF-α-

types of JM structure) are differentially targeting EGFR to NCE or CME.  

The EGFR JM domain was found to play an important role in EGFR clustering and in 

the formation of lipid-protein interactions through interaction with anionic lipid PIP2 [197]. 

Mutation or deletion of the JM domain resulted in a decrease in the number of EGFR clusters 

in COS-7 cells and inhibited the formation of clusters with more than eight EGFR proteins 

[255]. One of the major anionic lipids of the PM that can bind to positively charged residues in 

the JM domain is PIP2. This phospholipid forms clusters at the PM that colocalize with EGFR 

(60% of EGFR clusters colocalize with PIP2) [197]. PIP2 depletion in the PM impaired EGFR 

cluster formation and led to the dissociation of a genetically engineered JM domain from the 

PM. Moreover, in the COS-7 monkey kidney cell line, EGFR forms clusters in lipid rafts at both 

the basal and apical surfaces, but the diameter of the clusters is larger at the apical surface [255]. 

The disruption of lipid rafts with methyl-β-cyclodextrin weakens EGFR clustering in these cells 

[255].  

Interestingly, our preliminary results suggest that EGF is inducing EGFR clustering 

more efficiently than TGF-α. If we verify these data, together with decreased activation of 

PLCγ2 upon TGF-α, an interesting scenario could be that EGF is able to induce the formation 

and internalization of clusters compared to TGF-α, and PLCγ2 is recruited to clusters of EGFRs, 

while PLCγ1 is recruited more to single dimers. Indeed, it was shown that the formation of 

EGFR clusters also affects its signaling [256]. Decreased EGFR phosphorylation was scored 

upon mutation or deletion of the JM region (for EGFR pY1173), or PIP2 depletion (pY992), 

while overexpression of PIP5KIα (the enzyme that leads to PIP2 formation) led to increased 
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phosphorylation of Y992 [257]. Interestingly, these sites are binding sites of PLCg2, suggesting 

that PLCγ2 could be recruited to EGFR clusters. There is also some evidence in the literature 

suggesting that clustering of platelet low affinity Fcγ receptor IIA involves activation of PLCγ2 

[258].  

 

5.2.1. Future plans 
 

Given that other EGFR ligands and another RTK (i.e., HGFR) promote CD147 internalization 

in a clathrin-independent, RTN3-dependent manner, similarly to EGF, while another EGFR 

ligand (TGF-α) does not, we will further characterize NCE activation upon stimulation with 

different ligands/growth factors, by investigating: i) ER-PM contact site formation; ii) TI 

formation; iii) receptor fate, degradation vs. recycling of EGFR (upon stimulation with TGF-

α/AREG) and of HGFR (upon stimulation with HGF); iv) downstream EGFR/HGFR signaling, 

extending the analysis that we have already performed.  

This work will help us to understand if NCE is specific for the EGFR or if it has a broader 

function in the cell. Finally, to understand whether the differential activation of NCE and of 

Ca2+ signaling at PM-ER contact sites by the different EGF ligands determines a differential 

biological response, we will investigate cell growth and proliferation (e.g., BrdU incorporation 

assays, growth curves, colony assays in 2D-culture and in 3D-semisolid medium, see also point 

3), cell migration and invasion (e.g., wound healing, Transwell Matrigel assays) upon 

stimulation with the different ligands/growth factors in control cells or cells inhibited for NCE 

(i.e., KD of RTN3, PLCg2).  

 

5.3. The physiological role of EGFR-NCE 
 

Some of the NCE players, such as CD147, EGFR [104, 259], are mutated in tumors, suggesting 

a possible tumor suppressive role of NCE, however there is no direct evidence that NCE is 

implicated in cancer. Overexpression and overactivation of the EGFR and increased secretion 

of its ligands are associated with tumorigenesis, and its trafficking is elevated in many cancers 

(such as, lung or glioblastoma) [104, 259]. Extending the relevance of NCE from our model 

system (HeLa cells) to physiologically more relevant cell-based systems and, finally, to ex vivo 

organoid models that recapitulate the differentiation and organogenesis programs seen in tissues 
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in vivo, will help us understand how NCE activation might affect cell signaling responses and 

could provide insights into EGFR (and other oncogenic RTKs) signaling in cancer.  

 

5.3.1. NCE role in cell metabolism 
 

The specific NCE cargo, CD147, is a membrane glycoprotein, highly expressed on the cell 

surface of various types of cancer [260]. CD147 induces the activation of extracellular matrix 

metalloproteases (MMPs) and binds to a variety of proteins (e.g., integrins, monocarboxylate 

transporters, P-glycoprotein, annexin II and caveolin1) [260]. It regulates aerobic glycolysis and 

promotes cancer cell growth and its overexpression is associated with unfavorable tumor outputs 

[261]. Thus, dysfunction of NCE could represent a mechanism by which cancer cells upregulate 

surface levels of CD147. 

CD147 is known to be a chaperone of monocarboxylate transporters (MCTs) and the 

glucose transporter, GLUT1, promoting glucose entry and lactate extrusion [262]. Tumor cells 

use glycolysis for rapid energy production, and they extrude the excess lactate via the CD147-

MCT complex to avoid toxicity. As the tumor size increases, expression of CD147 and MCTs 

is boosted to enhance lactate export. Thus, through the regulation of CD147 and these 

transporters, NCE might influence cell metabolic functions not typically connected with this 

pathway. Since upon stimulation of EGF, CD147 is internalized, we tested if together with 

CD147 also MCT1 and GLUT1 are internalized via NCE. Interestingly, it seems that MCT1 is 

internalized in NCE vesicles, where it colocalize with EGF and CD147, in clathrin-independent 

way, suggesting that NCE might regulate MCT1 levels on the PM and lactate extrusion, 

something that will be further investigated. For GLUT1, the results were less clear: while it also 

seems to be internalized upon EGF stimulation and to colocalize with EGF, no colocalization 

was observed with CD147, suggesting that GLUT1 internalization might mainly occur via the 

clathrin-dependent pathway. GLUT1 was shown to co-immunoprecipitate with EGFR in T 

lymphocytes [263], so it is possible that it interacts with the EGFR and co-internalizes with it 

possibly via a CME pathway.  
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5.3.2. NCE role in epithelial cell physiology 
 

We showed that AREG is able to induce EGFR-NCE even more efficiently than EGF. 

Interestingly, AREG is known to induce a greater motility in non-tumorigenic breast epithelial 

MCF10A cells than EGF, by a mechanism that is yet to be defined [122]. One possible 

explanation could be the increased internalization of AREG-EGFR via NCE, enhanced PLCγ2 

activation and Ca2+ signaling. Interestingly, AREG has a prominent role in mammary gland 

development: AREG KO mice show impairment of ductal morphogenesis [264]. Thus, we 

hypothesized that EGFR-NCE could be involved in regulation of normal breast tissue. In this 

direction, we recently found that MCF10A cells overexpressing the small GTPase Rab5 - which 

is overexpressed in breast cancer and correlates with poor prognosis [265] - acquire a collective 

motility phenotype called “unjamming transition”, which is dependent, at least in part, on the 

upregulation of EGFR-NCE and is inhibited by RTN3 KD [265]. The unjamming transition is 

relevant for wound repair and branching morphogenesis during mammary gland development 

and plays a critical role in breast carcinoma dissemination [265]. These data point to a role of 

EGFR-NCE in the migration and invasion potential of breast epithelial cells and in mammary 

morphogenesis. To investigate this, we have started setting up and characterizing different 

mammary epithelial model systems, including MCF10A cells grown in 2D culture or as 3D 

organoids, and murine mammary organoids derived from primary breast tissue.  

We have also established primary organoid cultures from mouse intestinal crypts to 

investigate the role of EGFR signaling and NCE in intestinal morphogenetic program. As both 

mammary and intestinal organoids are highly dependent on high doses of EGF and EGFR 

signaling (together with cocktail of other factors), in order to grow and differentiate ex vivo in 

Matrigel, we hypothesis that NCE can have a role in differentiation and organogenesis of these 

organoids. Moreover, treatment with the EGFR kinase inhibitor, gefitinib, almost completely 

blocked their growth [203]. Preliminary experiments showed that treatment with compounds 

that affect EGFR-NCE, i.e., PPMP (that interferes with glycosphingolipid synthesis) and 

xestospongin C (that blocks the Ca2+ release from the ER) had the opposite effect to gefitinib, 

promoting organoid growth. Although these two drugs act through different mechanisms, both 

induce an increase in organoid number and size, suggestive of upregulated EGFR signaling 

when NCE is inactivated. These results suggest that EGFR-NCE might have an important role 

in the regulation of organoid development, however they need further verification through 
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molecular genetic experiments. For this reason, we have designed shRNA-based lentiviral 

vectors for human and mouse RTN3/4 and PLCg1/2. 

 

5.3.3. Future plans 
 

To investigate the role of NCE in morphogenetic and growth processes, we will use: i) 

MCF10A-derived organoids; ii) breast and intestinal primary organoids derived from WT mice 

(as in Figure 45). We will generate organoids starting from single cells, manipulated ex vivo to 

inhibit CME vs. NCE by KD of clathrin, AP2, RTN3 or PLCg1/2 using shRNA-based lentiviral 

vectors. In these cultures, we will follow: i) organoid dimension, morphology (e.g., regular, 

irregular, invasive) and number (in mammary and intestinal organoids); ii) luminal vs. basal 

epithelial markers (in mammary organoids); iii) LGR5+ cell number, the emergence of Paneth 

cells and crypt formation (in intestinal organoids); iv) EGFR/CD147 levels and localization by 

imaging. These experiments will be also performed upon stimulation in the presence of different 

EGFR ligands to see if they have different morphogenetic abilities that could be linked to NCE. 

To this end, we are setting up procedures for IF imaging of EGFR/CD147 endocytosis in a 3D 

organoid assay to investigate the level and localization of EGFR and CD147. We identified 

EGFR, CD147, leucine-rich repeat-containing G-protein coupled receptor 5 (LGR5), CK5 and 

CK8 specific antibodies suitable for IF in control organoids (Figure S4).  LGR5, the intestinal 

stem cell marker, stained a specific single cell as expected (Figure S4A). EGFR and CD147 

stainings in intestinal crypts showed their expression pattern on surface of all cells (Figure 

S4A). In mammary organoids, the CK5 and CK8 identified basal and luminal layered organoids 

as expected (Figure S4B). EGFR staining was present on the surface of mammary organoid 

cells, while CD147 seem to present on particular types of cells (Figure S4B), that could be basal 

cells, but further investigation and double staining of CD147 and markers of different layers 

(e.g., CKs) will let us understand better the type of CD147-positive cells.  MCF10A cells and 

primary breast mouse epithelial cells derived from the normal mammary gland will also be used 

in ex vivo migration/invasion assays (e.g., wound healing, Transwell Matrigel assay, chemotaxis 

assays, 3D-organoid growth/invasion in Matrigel) upon inhibition of CME vs. NCE, as above. 

Our research will allow us to uncover how broad the impact of NCE is on cell physiology, its 

role in organoid development and morphogenesis, and its relevance to breast cancer.  
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5.4. Conclusion 
 

 In conclusion, we have gained a deeper understanding of EGFR-NCE by revealing 

endocytic molecular players and regulatory mechanisms.   

1) We unveil the signaling pathway by showing that: 

• The PLCγ/IP3R signaling pathway is activated downstream of the EGFR and leads to 

Ca2+ release at the PM; 

• PLCγ2 plays a critical role in EGFR/CD147-NCE at variance with PLCγ1; 

• PLCγ2/IP3R circuitry and Ca2+ signaling are involved in the fission step of NCE tubular 

invaginations together with dynamin. 

2) We expanded role of NCE demonstrating that: 

• Although similar, there were some differences in EGFR activation and downstream 

signaling activated by the 3 EGFR ligands (EGF, AREG and TGF-α); 

• AREG induces CD147-NCE similarly to EGF, while TGF-α was a weak inducer; 

• AREG induces Ca2+ signaling at the PM similarly to EGF, while TGF-α induces a 

delayed and time-restricted Ca2+ response; 

• Activation of HGFR by its ligand HGF induces CD147-NCE. 

3) We set organoid system to investigate role of EGFR-NCE in the morphogenesis and 

development and we showed that: 

• Compounds that affect EGFR-NCE, i.e., PPMP and xestospongin C had the opposite 

effect to gefitinib (that inhibit EGFR kinase function), promoting organoid growth. 

This knowledge can be applied not only to the study this endocytic mechanism in cell 

physiology and cancer, but also in the development of targeted therapies in the future.  
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6. APPENDIX 

 
Appendix Figure S1. Expression of PLCg1 and PLCg2 in different cell lines 

A.-B. Expression of PLCg2 (A.) or of PLCg1 (B.) are showed as transcripts per kilobase million 

in three cell lines (HeLa Milan, HaCaT and HeLa Oslo), as indicated. All analysis were made 

using EdgeR software; ****, P<0,001; ns, non-significant. The experiments were performed 

with the help of Stefano Confalonieri from our lab, and Thelma Capra and Luca Rotta 

(Genomics Unit, IEO). C. WB analysis of expression of PLCg1 and PLCg2 in same three cell 

lines from “A”, as indicated. The blot shows samples from the same membrane, but splicing out 

irrelevant lines (indicated by dotted line). GAPDH, loading control. MW: Molecular weight 

markers are shown on the left. 
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Appendix Figure S2. No differences in the co-clustering of PLCg1 vs. PLCg2 with CTxB upon 

EGF stimulation.  

A. HeLa cells expressing HA-tagged forms of either PLCγ1 or PLCγ2 were stimulated for 1 min 

with EGF 100 ng/ml at 37°C, then fixed, permeabilized and stained with anti-HA and CTxB-

Alexa-647 (red). HA was revealed with an Cy3 secondary antibody (green). Cells were analyzed 

by STORM. B. Cross-correlation coefficient proportional to the fraction of co-clustered HA and 

CTxB signals within 40 nm of the PM is shown. Experiments were performed with the help of 

Stefano Freddi from our lab, and Simone Pelicci and Mario Faretta (Imaging Development 

Unit, IEO).                 
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Appendix Figure S3. Rac1 KD decreased internalization of EGF and CD147.  

A. HeLa cells subjected to the indicated KDs were stimulated with low and high dose 125I-EGF. 

The kinetics of 125I- EGF internalization were followed at early time points (0-8 min). 
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Internalization constants (Ke) were extrapolated from the internalization curves and 

correspond to the slopes of the best-fit curves. Red lines indicate the level of 125I-EGF 

internalization in clathrin KD cells to be compared to the level observed upon Rac1+clathrin 

KD. B. Ke of 125I-labeled Tf (1 μg/ml) internalization in the indicated conditions. A, B. Results 

are mean+/-SD of three independent experiments C. Efficiency of the indicated KD was 

assessed by WB. Tubulin, loading control. MW: Molecular weight markers are shown on the 

left. D. Top, CD147 internalization in the presence of high dose Alexa-555-EGF (~30 ng/ml, 

red) was followed in vivo with an anti-CD147 antibody, as described [63]. Cells were subjected 

to an acid wash treatment prior to fixation to remove the PM-bound antibody. Internalized 

CD147 was revealed with an Alexa-488 secondary antibody (green) on permeabilized cells. 

Bottom left, internalized CD147 was quantified with an ad hoc designed ImageJ macro. Mean 

integrated fluorescence intensity ± SD is reported as % of control cells. Bottom right, EGF 

signal was highlighted applying an intensity-based threshold (Default method), and then 

fluorescence intensity per field was calculated using the “Measure” command, limiting 

measurement to the threshold. This value was then divided by the number of nuclei in the field, 

counted using the DAPI signal, to calculate the EGF fluorescence intensity per cell. Mean 

integrated fluorescence intensity ± SD.  E. Top, HeLa cells were stimulated with Alexa-488-Tf 

for 15 min and subjected to acid wash before fixation. Bottom, Tf signal was highlighted 

applying an intensity-based threshold (Default method), and then fluorescence intensity per 

field was calculated using the “Measure” command, limiting measurement to the threshold. 

This value was then divided by the number of nuclei in the field, counted using the DAPI signal, 

to calculate the Tf fluorescence intensity per cell. Mean integrated fluorescence intensity ± SD. 

Blue, DAPI. Bar, 20 µm. Experiment was performed twice. The experiments from “A”, “B” and 

“C” were performed with the help of Elisa Barbieri and Giusi Caldieri from our lab. 
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Appendix Figure S4. IF staining of intestinal and mammary organoids.  

A. IF staining of crypts from intestinal organoids with the indicated antibodies (EGFR, CD147, 

LGR5). LGR5 is a marker of stem cell of the crypt. B. IF staining of mammary organoids with 

the indicated antibodies (EGFR, CD147, CK5, CK8). CK5 is a basal layer marker, CK8 is a 

luminal layer marker. Blue, DAPI. Bar, 50 µm. 
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