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Abstract: 

Cell surface receptors regulate several processes such as cell proliferation, survival, 

differentiation and migration/invasion. In cancer, several cell surface receptors are candidates for 

targeted therapy since they play critical roles in tumorigenesis and cancer progression. Internalized 

and ubiquitinated signaling receptors are silenced upon multivesicular body formation, a cellular 

process catalyzed by the Endosomal Sorting Complexes Required for Transport (ESCRT) 

machinery. HD-PTP/PTPN23 is an ESCRT protein, it binds to different subunits of the ESCRT 

machinery and it is involved in the lysosomal delivery of several activated cell surface receptors 

such as integrin α5 and EGFR. Moreover, HD-PTP is a haploinsufficient tumor suppressor and its 

heterozygous deletion in mice induces spontaneous B cell lymphoma and upregulates integrin β1 

receptor at the plasma membrane of lymphoma B cells. In addition, HD-PTP suppression in 

mammary epithelial cells triggers an invasive phenotype and predisposes breast tumorigenesis. 

HD-PTP directly binds to Endofin/ZFYVE16, a FYVE-domain protein recruited to early 

endosomes with poorly understood roles.  

In this study, we show that Endofin forms a complex with ESCRT proteins and EGFR on 

early endosomes. Endofin depletion in HeLa cells increased integrin α5 and EGFR plasma 

membrane density and stability by hampering their lysosomal delivery, which in turn sustained 

receptor signaling and increased cell migration. Complementation of Endofin- or HD-PTP-

depleted HeLa cells with wild-type Endofin or HD-PTP, but not with mutants harboring impaired 

Endofin/HD-PTP interaction or cytosolic Endofin, restored EGFR lysosomal delivery. Endofin 

also promoted Hrs indirect interaction with HD-PTP on early endosomes. 

Cell surface proteomics and RNA-sequencing showed that Endofin and HD-PTP depletion 

in HeLa cells upregulated several cell surface receptors and gene expression well-known to be 
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involved in cancer metastasis. Interestingly, bioinformatics showed that ZFYVE16 and PTPN23 

heterozygous deletions are frequent in breast cancer patients with basal-like subtype. This 

coincides with the increase in total integrin α5 receptor levels, signaling and cell 

migration/invasion upon Endofin and HD-PTP depletion in MDA-MB-231 triple negative basal-

like breast cancer cells. Importantly, HD-PTP depletion in 4T1 triple negative murine breast cancer 

cells, increased lung metastasis in a syngeneic tumor mouse model. 

Jointly, our results indicate that Endofin is required for HD-PTP and ESCRT-0 

interdependent sorting of ubiquitinated transmembrane cargoes, ensuring efficient receptor 

desensitization and lysosomal delivery. Moreover, our data demonstrates that HD-PTP plays an 

important role in breast cancer metastasis, and Endofin depletion induces an invasive phenotype 

in triple negative breast cancer cells. Hence, Endofin might exert a tumor suppressor activity. 
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Résumé: 

Les récepteurs de surface cellulaire régulent plusieurs processus cellulaires tels que la 

prolifération, la survie, la différenciation et la migration/invasion. Plusieurs récepteurs de surface 

cellulaire jouent un rôle essentiel dans la progression du cancer et sont des candidats pour une 

thérapie ciblée contre le cancer. Les récepteurs de signalisation internalisés et ubiquitinés sont 

réduits au silence lors de la formation du corps multivésiculaire, un processus cellulaire catalysé 

par la machinerie des complexes de tri endosomaux requis pour le transport (ESCRT). HD-

PTP/PTPN23, une protéine ESCRT, se lie à différentes protéines ESCRT et est impliquée dans la 

délivrance lysosomale de plusieurs récepteurs de surface cellulaire activés, notamment l'intégrine 

α5 et l'EGFR. De plus, HD-PTP est un suppresseur de tumeur haplo-insuffisant et sa délétion 

hétérozygote chez la souris induit un lymphome B spontané. De plus, la suppression de HD-PTP 

dans les cellules épithéliales mammaires déclenche un phénotype invasif et prédispose à la 

tumorigenèse mammaire. HD-PTP se lie directement à Endofin/ZFYVE16, une protéine du 

domaine FYVE recrutée dans les endosomes précoces avec des rôles mal compris. 

Dans cette étude, nous montrons qu'Endofin forme un complexe avec les protéines ESCRT 

et EGFR sur les endosomes précoces. L'épuisement des endofines dans les cellules HeLa a 

augmenté la densité et la stabilité de l'intégrine 5 et de la membrane plasmique EGFR en entravant 

leur délivrance lysosomale, ce qui a à son tour soutenu la signalisation des récepteurs et augmenté 

la migration cellulaire. La complémentation de cellules HeLa appauvries en Endofin ou HD-PTP 

avec Endofin ou HD-PTP de type sauvage, mais pas avec des mutants présentant une association 

Endofin/HD-PTP altérée ou Endofin cytosolique, a restauré l'administration lysosomale d'EGFR. 

Endofin a également promu l'interaction indirecte de Hs avec HD-PTP. 
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La protéomique de la surface cellulaire et le séquençage de l'ARN ont montré que la 

déplétion d'Endofin et de HD-PTP dans les cellules HeLa régulait positivement plusieurs 

récepteurs de surface cellulaire et l'expression de gènes bien connus pour être impliqués dans les 

métastases cancéreuses. Fait intéressant, la bioinformatique a montré que les délétions 

hétérozygotes ZFYVE16 et PTPN23 sont fréquentes chez les patientes atteintes d'un cancer du 

sein présentant un sous-type de type basal. Cela coïncide avec l'augmentation des niveaux totaux 

de récepteurs de l'intégrine 5, de la signalisation et de la migration/invasion cellulaire lors de 

l'épuisement d'Endofin et de HD-PTP dans les cellules cancéreuses du sein de type basal triple 

négatives MDA-MB-231. Il est important de noter que l'épuisement de HD-PTP dans 4T1, cellules 

de cancer du sein murin triple négatif, a augmenté les métastases pulmonaires dans un modèle de 

souris tumorale syngénique. 

Conjointement, nos résultats indiquent qu'Endofin est requis pour le tri interdépendant HD-

PTP et ESCRT-0 des cargaisons transmembranaires ubiquitinées, assurant une désensibilisation 

efficace des récepteurs et une délivrance lysosomale. De plus, nos données démontrent que la HD-

PTP joue un rôle important dans les métastases du cancer du sein et que la déplétion d'Endofin 

induit un phénotype invasif dans les cellules cancéreuses du sein triple négatives. Par conséquent, 

Endofin pourrait exercer une activité suppressive de tumeur. 
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1.1. General introduction on endosomal sorting: 

Internalization of activated cell surface receptors and their subsequent endosomal sorting 

is a key eukaryotic cellular process. The endosomal system is a dynamic trafficking pathway 

connecting multiple cellular compartments including the plasma membrane (PM), endocytic 

vesicles, endosomes, trans-Golgi network and lysosomes. Endosomal sorting is implicated in 

several human diseases including cancer, immune disorders, lysosomal storage diseases, 

neurodegeneration and others. Here, we describe the general concepts of endocytic sorting of cell 

surface receptors starting from their internalization at the PM until their lysosomal degradation. 

1.2. Overview of receptor trafficking: 

The steady-state components of the PM are regulated through receptor-mediated 

endocytosis and consequent cargo sorting in the endolysosomal system. Upon ligand-activation, a 

cell surface receptor is ubiquitinated and internalized by clathrin-dependent or independent 

mechanisms. Next, the internalized receptor is sorted towards Rab5-positive early endosomes. At 

this stage, receptors are either recycled back to the PM which triggers receptor resensitization, or 

it is sorted towards lysosomal degradation to terminate receptor signaling. The sorting process is 

complex and depends on sorting signals, post-translational modifications, ligand interaction, 

sorting adaptor molecules and endosomal pH. Receptors are recycled back to the PM either via 

Rab4 (quick recycling) or Rab11 (slow recycling). However, ubiquitinated receptors are 

incorporated within the endosomal lumen during the formation of multivesicular bodies (MVBs). 

Then MVB fuse with lysosomes and its content gets degraded. Thus, endocytic sorting regulates 

PM components, their localization, levels and receptor signaling (Figure 1). 
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Figure 1: General overview of endosomal trafficking pathways: 

Cell surface receptor endocytosis is initiated upon ligand activation of the receptor followed by 

receptor recruitment into clathrin coated pit. Other endocytic pathways exist (i.e. caveolae, 

pinocytosis, phagocytosis, etc), but are not shown here. The cargo containing clathrin vesicle 

undergoes uncoating and fuses with Rab5-positive early endosome. At this stage, receptors may 

be sorted to rapid (Rab4-mediated) or slow (Rab11-mediated) recycling vesicles. Alternatively, 

ubiquitinated receptors are captured by the ESCRT machinery and internalized within ILVs, 
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forming multivesicular body (MVB). Fusion of MVB with lysosome leads to degradation of 

receptors. (Adapted from Scita et al. Nature 2010). 

1.2.1. Internalization of cell surface receptors: 

Receptor endocytosis is initiated by clustering and internalizing cell surface receptors at 

the PM. Clathrin coating protein mediates receptor internalization through a clathrin-mediated 

endocytosis (CME). On the other hand, receptor internalization is also mediated via “caveolae”, 

orchestrated by the lipid binding protein caveolin, or by other clathrin-independent endocytic 

mechanisms. In CME, clathrin is recruited to the PM via AP2 adaptor molecule, which recognizes 

phosphatidylinositol biphosphate on the inner leaflet of the PM (Cocucci et al., 2012). Clathrin 

forms a triskelion and interacts with other clathrin triskelia to form the coat of a clathrin pit at the 

PM (Kirchhausen et al., 1981). Two clathrins recruited to four AP2 molecules are sufficient to 

nucleate the formation of a clathrin pit and to promote its stable assembly (Cocucci et al., 2012). 

As the clathrin pit matures, accessory adaptor molecules such as Eps15, Epsin and FCHo1/2 are 

recruited (Cocucci et al., 2012). Finally, the growing clathrin coat initiates the invagination of the 

PM to the inside of the cytosol (Stachowiak et al., 2013), and ubiquitinated receptors are 

incorporated in the clathrin pit following their recognition by Eps15 and Epsin (Barriere et al., 

2007). Upon completion of clathrin assembly, the pit becomes a deeply invaginated bud, ready to 

be pinched off from the PM. Dynamin GTPase activity is required to drive the scission of the neck 

and to release the clathrin-coated vesicle into the cytosol (Macia et al., 2006). Next, Hsc70 and 

auxilin activity drive the uncoating of clathrin-coated vesicle (Böcking et al., 2011), so that clathrin 

and other adapter proteins are ready to be reused in the next rounds of CME.  
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Other clathrin-independent endocytosis pathways exist including caveolae, RhoA, Cdc42 

and Arf6 mediated endocytosis, and other processes for large-scale engulfment of extracellular 

molecules such as phagocytosis and pinocytosis (Mayor et al., 2014). 

1.2.2. Cargo sorting at early endosomes: 

 Early endosomes are composed of a vesicular body and tubular extensions (Gruenberg et 

al., 1989). The tubular extensions give rise to recycling endosomes (Maxfield et al., 2004), 

however the large vesicle transit into MVB through the formation of inside small vesicles called 

intraluminal vesicles (ILVs) (Piper et al., 2007).  

 Early endosomal cargo destined for recycling are rapidly sorted towards tubular 

compartments (Maxfield et al., 2004). Arf GTPase activity separates tubular extensions from early 

endosomes to form recycling endosomes. The cargo will be either rapidly recycled back to the PM 

through a Rab4-positive compartment (Sheff et al., 1999) or routed towards slow recycling through 

a Rab11-positive compartment (Sheff et al., 1999). For instance, transferrin and integrin receptors 

are recycled via Rab11 activity (Caswell et al., 2007, Sönnichsen et al., 2000). Sorting cargo on 

the surface of early endosomes towards recycling microdomains depends on specific sorting 

signals and adapter proteins such as sorting nexin family proteins (SNX). The recruitment of 

recycling sorting molecules is highly dynamic and depends on cytoplasmic tail motifs such as 

integrin NPxY-motif recycling by SNX17 (Böttcher et al., 2012). 

 On the other hand, ubiquitinated cargo of the early endosomes are incorporated within the 

lumen of early endosomes after the formation of ILVs, which is catalyzed by the endosomal sorting 

complexes required for transport (ESCRT) machinery (Henne et al., 2011) (Figure 2). Components 

of the ESCRT machinery bind to ubiquitinated cargo at the surface of early endosomes and trigger 

MVB biogenesis (Henne et al., 2011). Once MVBs are fully formed they fuse with lysosomes and 
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cargo is degraded by lysosomal proteases (Luzio et al., 2007). Therefore, ubiquitinated cell surface 

receptors are downregulated and receptor signaling is attenuated (Rodahl et al., 2009).  

1.2.3. Cargo sorting and changes in endolysosomal pH: 

 The lumen of endosomes and lysosomes is characterized by low pH. Early endosomes start 

a rapid acidification process reaching pH values of 6.8 – 6.1. Upon MVB formation, pH drops 

further reaching 6.0 – 4.8 until they fuse with lysosomes where pH is ~ 4.5 (Yamashiro et al., 

1987). Endosomal V-ATPase, which acts as a proton pump, mediates the progressive acidification 

of the endosomal lumen (Marshansky et al., 2008). Endosomal acidification is indispensable for 

ligand dissociation from its receptor, such as integrin α5β1 and fibronectin (Kharitidi et al., 2015). 

This process permits receptor recycling back to the PM and concentrating ligands in the vesicular 

portion of an endosome (Maxfield et al., 2004). Therefore, ligands will be degraded upon lysosome 

fusion and receptors are rapidly resensitized after returning to the PM for additional rounds of 

receptor activation and signaling (Luzio et al., 2007, Maxfield et al., 2004). 

1.2.4. Ubiquitination and lysosomal degradation: 

 Ubiquitination of cell surface receptors is demonstrated as a signal for endocytosis and for 

their subsequent degradation through the formation of MVBs (Lauwers et al., 2009). Lysine 

ubiquitination of a protein is a covalent modification, and it is capable to form poly-ubiquitin 

chains which mediate different signaling pathways. A ubiquitin molecule contains seven lysines 

where the addition of another ubiquitin occurs to form poly-ubiquitin chains of different 

conformations (i.e., K11, K29, K48 and K63 poly-ubiquitin chains) with different signals (Trempe, 

2011).  

 The ubiquitination process is conducted by a ubiquitin-conjugating system composed of 

E1-ubiquitin activating enzyme, E2-ubiquitin conjugation enzyme and E3-ubiquitin ligase 
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(Varshavsky, 2012). These enzymes catalyze the formation of a covalent bond between a ubiquitin 

moiety and the lysine residue of the target protein. However, ubiquitination is not a permanent 

posttranslational modification, since deubiquitinating enzymes (DUBs) can remove ubiquitin from 

its substrate via their protease activity (Clague et al., 2012). Hence, ubiquitin signaling and 

ubiquitin-dependent endocytic sorting are regulated by E3-ubiquitin ligases and DUBs activities. 

 An activated cell surface receptor is usually ubiquitinated by E3-ubiquitin ligase at the PM. 

A mono- or poly-ubiquitinated cell surface receptor is recognized by endocytic adaptor proteins 

such as Epsin and Eps15, which bind ubiquitin (Sigismund et al., 2005), followed by a rapid 

internalization of the receptor complex (Barriere et al., 2008, Barriere et al., 2007). K63-ploy-

ubiquitinated cell surface receptors are sorted towards lysosomal degradation (Lauwers et al., 

2009), since ESCRT proteins recognize poly-ubiquitinated cargo at the surface of early endosomes 

and sort them into the lumen of MVBs (Randles et al., 2012). This terminates receptor signaling 

and leads to the lysosomal degradation of MVB cargo (Rodahl et al., 2009). 

1.3. The ESCRT machinery: 

 Endocytosis is a well-known membrane scission mechanism that enables the cell to 

internalize cell surface molecules, such as activated receptors, to regulate cell signaling. This 

process requires the participation of a complex network of protein–protein interactions resulting 

in the budding of a vesicle towards the cytosol (Sorkin et al., 2009). Reverse-topology membrane 

scission, on the other hand, is the formation of a vesicle budding away from the cytosol and is 

involved in numerous processes such as virus budding, cytokinesis, exosome formation, neuronal 

pruning, autophagy, and plasma membrane repair. All of these mechanisms require the 

participation of ESCRT proteins. ESCRT proteins are also well known for their role in the 

formation of ILVs within late endosomes to form MVBs. These ILVs can then continue their 
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progression to fuse with lysosomes for subsequent degradation (Christ et al., 2017, Schöneberg et 

al., 2017). 

1.3.1. Canonical ESCRT components: 

The ESCRT machinery is composed of several proteins classified into five different 

complexes, named ESCRT-0 to ESCRT-III and Vps4 (Christ et al., 2017, Schöneberg et al., 2017, 

Williams et al., 2007) (Figure 2). Altogether, the successive establishment of these protein 

complexes enables membrane scission events and the formation of ILVs. The ESCRT-0 complex 

mediates the first step of this process and is composed of Hrs and STAM1/2. Hrs is recruited to 

the membrane via its FYVE domain that binds phosphatidylinositol 3-phosphate. STAM1/2 

interacts with Hrs and both of these proteins bind to clathrin. They also specifically recognize and 

bind ubiquitylated cargos through their UIM as well as bind to ESCRT-I components. TSG101, 

Vps28, Vps37, and MVB12 are classical ESCRT-I proteins that bind to ubiquitin and stabilize the 

cargo to be internalized. Along with ESCRT-II proteins EAP20, EAP30, and EAP45, they form 

an ESCRT-I/ESCRT-II supercomplex responsible for the recruitment of ESCRT-III proteins. In 

yeast, the ESCRT-I complex adopts a rod-shaped structure whereas the ESCRT-II is Y-shaped. 

The mammalian ESCRT machinery is conserved and is likely to adopt a similar architecture, 

although there is more diversity among mammalian ESCRT components, as there are four different 

Vps37 isoforms (Vps37A– Vps37D) and three UMA-containing isoforms (MVB12A, MVB12B, 

and UBAP1). The ESCRT-III complex is composed of CHMP1A, CHMP1B, CHMP2A, 

CHMP2B, CHMP3, CHMP4A–CHMP4C, CHMP5, CHMP6, CHMP7, and IST1. The ESCRT-

III proteins undergo conformational changes and assemble on membranes as filamentous 

structures displaying various shapes. ESCRT-III proteins would thus play a major role in 

membrane remodeling and scission events taking place during ILV formation. The final step is 
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achieved by the Vps4 complex composed of the AAAs Vps4A, Vps4B (also known as SKD1), 

CHMP5, and LIP5. The Vps4 complex catalyzes the dissociation of ESCRT-III proteins to 

promote the disassembly of the ESCRT machinery. In addition, Vps4 proteins are also involved 

in membrane constriction and scission events in the final step of ILV formation (Christ et al., 2017, 

Schöneberg et al., 2017, Williams et al., 2007). 

Likewise, clathrin is associated with ESCRTs playing a key role in both cargo 

concentration and ILV formation (Raiborg et al., 2001, Raiborg et al., 2006, Wenzel et al., 2018). 

It is recruited to early endosomes by the ESCRT-0 protein Hrs (Raiborg et al., 2001, Raiborg et 

al., 2006). Static and live-cell imaging of the prototype epidermal growth factor receptor (EGFR) 

indicated that the initial steps of ILV formation consist of a wave of ESCRT-0, ESCRT-I, clathrin 

and HD-PTP recruitment (Wenzel et al., 2018). 
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Figure 2: The ESCRT machinery mechanism: 

Ubiquitinated cargo at endosomal surface is recognized and packaged within endosomal lumen by 

the ESCRT machinery. ESCRT-0 components Hrs/STAM recognize polyubiquitinated cargo via 

their UIM and VHS domains. Then, polyubiquitinated cargo is transferred to ESCRT-I complex, 

which recruits ESCRT-II. Recruitment of DUBs is responsible for cargo deubiquitination prior to 

its incorporation within ILVs. After ESCRT-II recruitment, CHMP4 filaments are polymerized 

driving the ILV neck constriction and scission. The activity of Vps4/Vta1 complex drives the 

depolymerization of CHMP4 filaments promoting the pinching of the ILV and CHMP4 monomer 

recycling. (Adapted from Henne et al. Developmental Cell 2011). 

 

1.3.2. Alternative ESCRT-III recruitment: 

In addition to the classical succession of ESCRT complexes just described, there is an 

alternative route that can also lead to the recruitment of ESCRT-III proteins and ILV formation. 

The Bro1- domain protein family thus constitutes an alternative for ESCRT-I/II to recruit CHMP4 

and the ESCRT-III complex (Ali et al., 2013, Christ et al., 2016, Ichioka et al., 2007, McCullough 

et al., 2008, Parkinson et al., 2015, Tang et al., 2016, Tomas et al., 2015). Alix and HD-PTP are 

two Bro1 domain alternative ESCRT proteins involved in the early steps of MVB formation that 

bind to both clathrin and ubiquitin (Pashkova et al., 2013). Alix and HD-PTP contribute to the 

sorting of activated EGFRs to ILVs during MVB formation (Ali et al., 2013, Mercier et al., 2016, 

Sun et al., 2015a, Sun et al., 2015b, Tomas et al., 2015). Alix also displays partially redundant 

functions with ESCRT-I/ESCRT-II in the recruitment of ESCRT-III proteins for membrane 

scission events involved in viral budding and cytokinesis whereas the function of HD-PTP would 

be more specific for MVB formation (Carlton et al., 2008, Christ et al., 2016, Tang et al., 2016). 
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Interestingly, Alix and HD-PTP display some binding specificities, even though they share some 

interacting partners and have a similar overall architecture (Ichioka et al., 2007). For instance, HD-

PTP, but not Alix, is able to bind UBAP1 (Stefani et al., 2011). 

1.3.3. Proposed endosome-specific ESCRT complex: 

UBAP1 has been proposed to be an endosome-specific ESCRT-I component involved in 

MVB sorting (Stefani et al., 2011). It contains a region conserved in the ESCRT-I protein MVB12 

(De Souza et al., 2010) and a SOUBA domain enabling its interaction with ubiquitin (Agromayor 

et al., 2012). Its N terminus is composed of a UMA domain interacting with other ESCRT-I 

components. UBAP1 is thus part of an alternative ESCRT-I complex formed with Vps37 and 

TSG101 (Wunderley et al., 2014). This complex is required for the MVB sorting of ubiquitylated 

EGFRs and is dispensable for HIV-1 budding and cytokinesis (Agromayor et al., 2012, Stefani et 

al., 2011, Wunderley et al., 2014). UBAP1 selectively associates with the Vps37A isoform in 

endosome-specific ESCRT-I complexes. UBAP1 depletion, but not MVB12A or MVB12B, also 

impaired ubiquitin-dependent EGFR sorting. It is thus possible that the heterogeneity observed 

among ESCRT-I components in mammalian cells enables the formation of endosomal complexes 

specifically involved in lysosomal degradation. Interestingly, UBAP1 also interacts with another 

ESCRT protein called HD-PTP and both of these proteins are involved in EGFR trafficking 

(Gahloth et al., 2016). HD-PTP could therefore act as an accessory protein transiently recruited to 

this endosome-specific complex or even be an integral member of this complex, as it was 

demonstrated for UBAP1. In this model, HD-PTP could act as a scaffold to recruit many proteins 

for efficient sorting in the MVB (Ali et al., 2013, Stefani et al., 2011, Wunderley et al., 2014). In 

addition to its role in MVB sorting and degradation, HD-PTP is also involved in the recycling of 

internalized cargos back to the plasma membrane. Depletion of Myopic, the Drosophila ortholog 
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of HD-PTP, indeed resulted in the endosomal accumulation of the transmembrane protein Frizzled 

and decreased its colocalization with the recycling endosome marker Rab11 (Pradhan-Sundd et 

al., 2015). Similarly, HD-PTP was shown to impact recycling of the α5β1 integrin receptor in both 

Drosophila and human cells (Chen et al., 2012, Kharitidi et al., 2015). 

1.3.4. Role of ESCRTs in diseases:  

Consistent with its essential function in many cell signaling pathways, dysfunctional 

ESCRT machinery due to gene mutations has been linked to several diseases (Saksena et al., 2009). 

For instance, defects in the endosomal–lysosomal system are a major cause of several 

neurodegenerative diseases (Saksena et al., 2009). More specifically, endosomal abnormalities in 

neuronal cells have been associated with Alzheimer’s disease and amyotrophic lateral sclerosis 

(Keating et al., 2006, Yang et al., 2001). In addition, the fact that Huntington’s and Parkinson’s 

diseases are characterized by the accumulation of intracellular ubiquitinated protein aggregates 

might be associated with MVB accumulation caused by the loss of ESCRT function (Saksena et 

al., 2009). ESCRT and MVB formation are the key players of lysosomal degradation of ion 

channels and are crucial for ion homeostasis in different tissues (Saksena et al., 2009). Therefore, 

chronic diseases caused by abnormalities in the levels of ion channels, such as the renal 

pseudohypoaldosteronism type I and hypertension leading to cardiovascular disease, have been 

associated with defective ESCRT-mediated endocytic function (Botero-Velez et al., 1994, Chang 

et al., 1996, Saksena et al., 2009, Stutts et al., 1995). Finally, several classes of enveloped viruses 

utilize the ESCRT machinery for budding out of host cells via an interaction between TSG101 and 

Gag proteins of HIV, Ebola and HTLV (Freed, 2002, Pornillos et al., 2002). 
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1.3.5. ESCRT functions in cancer: 

Owing to their critical function in degradation of cell surface receptors, several reports 

have proposed a tumor suppressive gene (TSG) function of the ESCRT members (Jiang et al., 

2013, Mattissek et al., 2014). However, both oncogenic and tumour suppressor functions of 

ESCRT components were suggested in various types of human cancer. As examples, Hrs is up-

regulated in stomach, colon, liver, cervix and melanoma tumors (Toyoshima et al., 2007); TSG101 

is up-regulated in breast cancer (Oh et al., 2007), papillary thyroid (Liu et al., 2002) and colorectal 

carcinomas (Ma et al., 2008); and CHMP4C is up-regulated in ovarian carcinoma tissues 

(Nikolova et al., 2009). In contrast, Vps37A is reduced in hepatocellular carcinoma (HCC) (Xu et 

al., 2003) and was reported as a growth inhibitory protein capable of decreasing the invasive 

potential of HCC cells (Xu et al., 2003). Moreover, reduced expression levels of UBAP1 in 

nasopharyngeal carcinomas (Xiao et al., 2006) and CHMP1A in pancreatic ductal 

adenocarcinomas (Li et al., 2008) were reported. Furthermore, Vps4B is reduced in high-grade 

breast tumors (Stage IV) (Liao et al., 2013) and correlates negatively with EGFR levels (Lin et al., 

2012). Vps4B is overexpressed in non-small-cell lung cancer (NSCLC) and promotes cell 

proliferation and NSCLC progression (Liu et al., 2013). While correlative expression levels and 

in vitro functional experiments suggested both positive and negative roles in cancer, the bona fide 

function of the ESCRT components in tumorigenesis had not been systematically demonstrated, 

since homozygous gene deletion of ESCRT components is embryonic lethal in mice and most 

ESCRT members are involved in other essential functions described above (Hurley, 2015). 

Strikingly, HD-PTP was recently identified as the first ESCRT component with tumor suppressive 

function in mammals in vivo. 
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1.4. The ESCRT component HD-PTP: 

1.4.1. Domain organization of HD-PTP: 

HD-PTP is a large 1636 amino acid protein of 185 kDa composed of a N-terminal Bro1 

domain followed by a V domain, PRR, phosphatase-like domain, and a C-terminal PEST sequence 

(Figure 3). HD-PTP is thus similar to Alix, which displays a similar Bro1-V-PRR domain 

organization (Zhai et al., 2011).  

These Bro1-containing proteins are homologous to the yeast Bro1 and are associated with 

the ESCRT pathway through their capacity to bind the ESCRT-III protein CHMP4. This protein 

binds to a concave hydrophobic surface within the Bro1 domain of HD-PTP. This region, as well 

as an adjacent specificity pocket, also binds Endofin (Gahloth et al., 2017c), which is localized to 

the early endosomes via its FYVE domain and acts as a Smad1/5/8 anchor for receptor activation 

in BMP signaling (Goh et al., 2015, Shi et al., 2007). In addition, Endofin also binds to Smad4 to 

facilitate TGF-β signaling (Chen et al., 2007b). Immunofluorescence analysis revealed the 

colocalization of Endofin and HD-PTP in the endosomal compartments. In agreement with the 

broader region bound by Endofin, it has a significantly higher affinity compared to CHMP4 and 

both of these proteins compete to bind HD-PTP (Gahloth et al., 2017c). Interestingly, the Bro1 

domain of HD-PTP also interacts with the deubiquitylating enzyme UBPY (also known as USP8) 

and the ESCRT-0 protein STAM2, although the binding of these proteins is more complex and 

does not solely rely on the Bro1 domain of HD-PTP. UBPY and STAM2 participate in the sorting 

of EGF receptors to the MVBs. HD-PTP is also important for sorting of activated EGFRs but was 

found to be dispensable for the ILV formation itself (Ali et al., 2013, Lee et al., 2016). Accordingly, 

reintroduction of HD-PTP Bro1-V in HeLa cells depleted for HD-PTP restored the efficient sorting 

and trafficking of receptors (Doyotte et al., 2008).  
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The V domain of HD-PTP is also involved in the establishment of protein–protein 

interactions. HD-PTP interacts with UBAP1 and these proteins were proposed to be part of an 

alternative ESCRT complex specific to endosomes. The V domain of HD-PTP adopts an elongated 

conformation and contains a FYX2L motif enabling its interaction with a short FPXL motif within 

UBAP1 (Gahloth et al., 2016). Such a binding mechanism is conserved within the yeast Bro1 

protein and its mammalian homologs (Kimura et al., 2015). Interestingly, the V domain of the 

yeast Bro1 displays binding preferences similar to ESCRT-0 proteins, since it is able to bind to 

both clathrin and ubiquitin. Yeast Bro1 would thus act early in the ESCRT pathway, in parallel 

with ESCRT-0, to sort ubiquitylated cargos into ILVs. Alix and HD-PTP retain the capacity to 

bind ubiquitin chains and would play such role in mammalian cells (Pashkova et al., 2013). Despite 

these similarities, the V domain of Alix and HD-PTP are structurally different. The V domain of 

Alix is flexible and can adopt two conformations. The balance between the open and closed 

conformation of the V domain can be regulated by phosphorylation or via the binding of other 

proteins at the site of the intramolecular inhibition between the PRR and Bro1 domains of Alix. 

The closed conformation of Alix was shown to restrict its capacity to bind proteins through its V 

domain (Sun et al., 2016, Sun et al., 2015a, Sun et al., 2015b). HD-PTP does not appear to display 

such regulation, since hydrodynamic analyses revealed that its V domain only adopts an open 

conformation and would thus be constitutively available for protein–protein interactions (Gahloth 

et al., 2017a). 

HD-PTP contains a PRR located between the V domain and the phosphatase-like domain. 

This region is well known for its capacity to interact with the ESCRT-I protein TSG101. The PRR 

of HD-PTP indeed contains two P(S/T)AP motifs that could bind TSG101 (Ichioka et al., 2007). 

The PRR of HD-PTP also contributes to interactions established by its Bro1 domain with UBPY 
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and STAM2, since the coimmunoprecipitation of these proteins was more efficient with the full-

length HD-PTP compared to a Bro1-V construct (Ali et al., 2013). In addition to STAM2, other 

SH3 domain containing proteins such as Endophilin, Grb2, and Grap2 were shown to interact with 

the PRR of HD-PTP (Harkiolaki et al., 2009, Ichioka et al., 2007, Tanase, 2010). Interestingly, 

these proteins are all involved in EGFR trafficking (Jiang et al., 2003, Soubeyran et al., 2002). To 

date, the specific functions of these interactions with the PRR of HD-PTP remain poorly 

understood. 

The catalytic activity of HD-PTP is controversial. It was initially classified as a classical 

phosphatase based on its amino acid sequence. However, in vitro phosphatase assays using the 

highly sensitive DiFMUP substrate, and a panel of phosphatidylinositol phosphates failed to 

identify a phosphatase activity for HD-PTP (Gingras et al., 2009). The PTP-like domain located 

near the C terminus of HD-PTP was also shown to be inactive against a panel of 38 

phosphopeptides (Barr et al., 2009). These results are consistent with the divergence observed for 

three amino acids within the HD-PTP sequence (His1223, Glu1357, and Ser1394) that are usually 

conserved in active phosphatases (respectively, Tyr, Asp, and Ala residues). Reactivation of the 

HD-PTP phosphatase activity was achieved by back-mutation of one residue towards the PTP 

consensus sequence (S1394A) (Gingras et al., 2009). Mariotti et al. reported a phosphatase activity 

for HD-PTP towards Src, but in the absence of a negative control with an inactive mutant, this 

effect could be attributed to the presence of copurified contaminants (Mariotti et al., 2009). A 

recent study also showed phosphatase activity of HD-PTP towards FYN in vitro (Zhang et al., 

2017). This activity was abolished by mutation of the catalytic cysteine critical for the 

dephosphorylation. Intriguingly, mutations of HD-PTP to create an artificial catalytic domain that 

would match the amino acid consensus of active phosphatases further increased its activity, 
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suggesting that HD-PTP only has a low activity. This activity might also be specific for a few 

proteins like FYN, as Src and Yes were not shown to bind to HD-PTP in substrate-trapping 

experiments (Gingras et al., 2009, Zhang et al., 2017). Whether or not HD-PTP is a fully active 

phosphatase, the deletion of the PTP domain was shown to impact colony growth formation, which 

suggests the functional significance of this domain (Gingras et al., 2009). On the other hand, 

studies in Drosophila revealed that ablation of HD-PTP inhibits photoreceptor differentiation 

regulated by EGFR, which can be rescued by reexpression of the wild type and an inactive C/S 

mutant pointing to the insignificance of an active phosphatase (Miura et al., 2008). Additional 

studies are required to shed light on the specific functions of the phosphatase domain of HD-PTP. 

HD-PTP harbors a PEST-rich sequence located at its C terminus. Such a motif is believed 

to act as a proteolytic signal for short-lived proteins by inducing their proteasomal degradation 

(Rechsteiner et al., 1996). HD-PTP expression was indeed stabilized by proteasome inhibitors, 

although the role of the PEST sequence in this specific case is still unknown (Mariotti et al., 2009). 

Despite the presence of a PEST sequence within HDPTP, it does not appear to be a rapidly 

degraded protein. 
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Figure 3: HD-PTP protein domains:  

Domain organization of the HD-PTP protein. Numbers correspond to the amino acids of the human 

protein sequence. Regions involved in protein–protein interactions are highlighted below the 

schematic representation (Liu et al., 2015). 

 

1.4.2. The role of HD-PTP in receptor trafficking and tumorigenesis: 

The first study introducing HD-PTP showed that its overexpression in NIH-3T3 cells 

inhibits Ha-ras-mediated focus formation, a cell-based assay to determine the oncogenic potential 

of a gene, suggesting that HD-PTP may be involved in regulating cell growth (Cao et al., 1998). 

Another study investigating the role of Myopic, the Drosophila homolog of HD-PTP, reported that 

Myopic is localized to intracellular vesicles adjacent to Rab5-containing early endosomes (Miura 

et al., 2008). Moreover, the loss of Myopic prevented cleavage of the EGFR cytoplasmic domain, 

suggesting that it promotes EGFR signaling by mediating its progression through the endocytic 

pathway (Miura et al., 2008). It was also shown that HD-PTP is essential for the down-regulation 

of polyubiquitylated cell surface MHC class I (Parkinson et al., 2015). Ali et al. demonstrated that 

HD-PTP has a role in driving EGFR into ILVs (Ali et al., 2013). This was proposed through a 

model showing the recruitment of CHMP4B and the deubiquitylating enzyme UBPY, which is 

indirectly controlled by HD-PTP function (Ali et al., 2013). A similar mechanism is also present 

in yeast where Doa4, the yeast homolog of UBPY, interacts with Bro1 (HD-PTP in mammals) to 

promote deubiquitylation of the cargo prior to its sorting into MVBs (Richter et al., 2007). Hence, 

HD-PTP has an essential role in MVB formation, since its depletion reduced the transfer of EGFR 

to lysosomes, caused the accumulation of ubiquitylated proteins on endosomal compartments, and 

disrupted the formation of MVBs (Doyotte et al., 2008). The suppression of HD-PTP by RNAi 
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triggered cell invasion due to an increase in E-cadherin internalization, its accumulation in early 

endosomes, and the induction of mesenchymal protein expression (Lin et al., 2011). Since it was 

clearly demonstrated that HD-PTP has a major role in down-regulating cell surface receptors, it 

was also proposed that HD-PTP plays a role in cancer progression. For instance, silencing of HD-

PTP in NIH-3T3 cells resulted in a reduced degradation of activated PDGFRβ (Ma et al., 2015). 

In addition, HD-PTP depletion increased migration, colony formation and tumorigenicity of NIH-

3T3 cells stimulated by PDGF (Ma et al., 2015). Furthermore, Kharitidi et al. demonstrated that 

the loss of HD-PTP induces a proinvasive phenotype. Their depletion was shown to increase the 

cell surface stability of α5β1 integrin receptors, which in turn led to sustained signaling and cell 

migration (Kharitidi et al., 2015). The role of HD-PTP as a tumor suppressor was well established 

in several studies. For instance, Tanaka et al. presented HD-PTP as a tumor suppressor protein 

after showing that its expression in human TGCTs was lower than in normal testicular tissues 

(Tanaka et al., 2013). In addition, the expression of the PTPN23 gene was shown to be regulated 

by miR-142-3p, which is highly expressed in TGCTs. Furthermore, overexpression of HD-PTP in 

NEC8, a human TGCT cell line, suppressed soft agar colony formation in vitro and tumor 

formation in nude mice in vivo (Tanaka et al., 2013). HD-PTP was further demonstrated as a 

haploinsufficient tumor suppressor (Manteghi et al., 2016). The heterozygous loss of the PTPN23 

gene predisposed mice to sporadic lung adenoma and B cell lymphoma and promoted Myc-driven 

lymphoma onset, dissemination, and aggressiveness. PTPN23 deletion and down-regulation is 

frequent and concomitant in human tumors and is also correlated with poor survival (Manteghi et 

al., 2016). Moreover, Zhang et al. correlated the tumor suppressor function of HD-PTP in breast 

cancer cells with its role in regulating the activity of FYN, which belongs to the Src family kinases 

(Zhang et al., 2017). 
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1.5. Endofin protein: 

1.5.1. Structure and function of Endofin: 

 Endofin, a FYVE domain protein, is 1539 amino acids and it is recruited to EEA1-positive 

early endosomes (Figure 4). A single cysteine mutation in the FYVE domain (C753S) is enough 

to abolish Endofin’s endosomal localization. SARA protein is an another FYVE domain protein 

involved directly in the TGFβ signaling pathway. Endofin shares about 50% homology in its 

carboxyl-terminal region and other structure domains with SARA protein. Despite their 

colocalization on early endosomes, Endofin and SARA do not directly interact (Seet et al., 2001b). 

 Unlike SARA, Endofin does not interact with Smad2 neither does it influence the TGFβ 

signaling pathway (Seet et al., 2001b). However, Endofin interacts with BMP-specific R-smad 

Smad1 and regulates its phosphorylation and nuclear translocation. Since the overexpression of 

SARA did not show an effect on Smad1 phosphorylation, this indicates that Endofin plays the role 

of SARA in BMP signaling but there is no crossover in their roles (Seet et al., 2001b, Shi et al., 

2007). Like SARA, Endofin binds PP1c phosphatase catalyzing the dephosphorylation of BMP 

receptor. F872A mutation in Endofin’s PP1c binding domain inhibits their direct interaction and 

enhances BMP receptor phosphorylation (Shi et al., 2007). F872A-Endofin expression in mouse 

osteoblasts increases bone formation and density due to elevated levels of BMP signaling (Zhang 

et al., 2009a). Of note, the downregulation of SARA delayed the degradation of activated EGFR 

(Kostaras et al., 2013), and deletion of SARA gene in mice predispose skin tumorigenesis and 

malignant progression (Chang et al., 2014). 

 In controversy, Chen et al. found that Endofin does influence TGFβ signaling, since the 

expression of a FYVE-mutant Endofin in Hep3B cells suppresses transcriptional responses to 
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TGFβ. Moreover, it is shown that Endofin interacts with TGFβ receptor and Smad4, but not with 

Smad1 (Chen et al., 2007a).  

 Endofin is tyrosine phosphorylated (Y221 and Y515) within 5 to 15 minutes of EGF 

stimulation (Rush et al., 2005, Toy et al., 2010), and its overexpression in A431 cells trapped 

EGFR in large endosomal aggregates (Seet et al., 2001b). Endofin’s C753S mutation and 

disrupting PI3K activity with Wortmannin triggered Endofin’s redistribution to the cytoplasm and 

reduction in the levels of Y515 phosphorylation (Seet et al., 2001b, Toy et al., 2010). Of note, 

upon EGF stimulation Endofin is found in EEA1-negative compartments near the PM as well as 

in EEA1-positive perinuclear endosomes. However, upon treatment with EGFR-kinase inhibitor 

Iressa, Endofin presence in EEA1-negative compartments is abolished (Chen et al., 2007b). 

Moreover, C753S-Endofin expression in HeLa cells increased the phosphorylated levels of 

downstream EGFR effectors: Erk1 and Erk2 (Toy et al., 2010). 

 

Figure 4: Endofin protein domains: 

Domain organization of the Endofin protein. Numbers correspond to the amino acids of the human 

protein sequence. Domains and regions involved in protein–protein interactions are highlighted 

below the schematic representation (Liu et al., 2015). 
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1.5.2. Endofin interaction with Tom1: 

 The C-terminus of Tom1 protein, via two sites, directly interacts with Endofin (Seet et al., 

2004). The overexpression of C753S-Endofin did not affect Tom1 binding indicating that 

Endofin’s localization is not essential for this binding (Seet et al., 2004). However, overexpression 

of both Endofin and Tom1 showed a redistribution of Tom1 from cytosol to the endosomes (Seet 

et al., 2004). Of note, neither SARA nor Hrs, a FYVE-domain ESCRT-0 protein, can bind Tom1 

C-terminus (Seet et al., 2004). 

 Tom1 protein contains a GGA domain, however it is shown that it does not have the same 

role as GGA proteins in transport from Golgi (Tumbarello et al., 2012). Tom1 is shown to play a 

role in autophagosome maturation and lysosome function through its interaction with Myosin VI 

(Tumbarello et al., 2012). In addition Tom1 contains VHS and GAT domains through which it 

interacts with ubiquitin (Katoh et al., 2004, Shiba et al., 2004). Moreover, Tom1 binds clathrin via 

its C-terminus, and through its binding to Endofin, clathrin is recruited to early endosomes (Seet 

et al., 2005). Of note, Hrs protein also directly interacts with ubiquitin and clathrin and recruits the 

latter to early endosomes (Raiborg et al., 2001, Shih et al., 2002). 

 DdTom1 is Tom1’s ortholog and it is the only protein in Dictyostelium discoideum 

containing VHS and GAT domains, thus it interacts with ubiquitin and clathrin (Blanc et al., 2009). 

Therefore, it is proposed that in the absence of Hrs in Dictyostelium discoideum, ddTom1 is 

playing a role of an ancestral ESCRT-0 component (Blanc et al., 2009). In addition, Tom1 

orthologs, but not for Hrs or STAM, are also found in the amoeboflagellate Breviata anathema 

(Herman et al., 2011). S. cerevisiae does not appear to have any Tom1 orthologs (Wang et al., 

2010). Thus, it is proposed that an alternative ESCRT-0 complex is formed since Endofin is 
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recruited to early endosomes and it recruits clathrin through its direct interaction to Tom1 (Clague 

et al., 2012, Seet et al., 2005, Shi et al., 2007, Toy et al., 2010, Wang et al., 2010). 

 Tom1 also binds to Tollip through its GAT domain (Katoh et al., 2004), which is recruited 

to early endosomes through the interaction of its C2 domain with phosphatidylinositol 3-phosphate 

(Ankem et al., 2011). Moreover, Tollip also interacts with ubiquitin through its CUE domain 

(Brissoni et al., 2006). Therefore, both Endofin and Tollip are able to recruit Tom1 and clathrin to 

early endosomes (Katoh et al., 2006, Seet et al., 2005, Seet et al., 2004, Yamakami et al., 2003). 

1.6. Integrin α5 receptor: 

1.6.1. The role of integrin α5 in signaling and cell migration: 

 Integrins are cell surface transmembrane proteins which interact with their extracellular 

domains with the ECM thus launching a cascade of intracellular signaling from its cytoplasmic 

domain. Integrin α5β1 heterodimer activation occurs upon its interaction with fibronectin (outside-

in signaling) or following binding of activating proteins to integrin cytoplasmic tail such as talin 

and kindlin (inside-out signaling) (Luo et al., 2006). In both cases, integrin α5β1 activation 

promotes the formation of focal adhesion, linkage between cytoskeleton and ECM and triggers 

intracellular pro-migratory signaling pathways (Byron et al., 2010). 

 Integrin α5β1 lacks intrinsic tyrosine kinase activity, hence integrins require activity of 

non-receptor tyrosine activity such as FAK to transduce extracellular cues into intracellular 

signaling pathways (Guo et al., 2004). Fibronectin-integrin α5β1 complex facilitates FAK 

autophosphorylation at Y379. Subsequently, the tyrosine kinase Src binds to activated FAK 

through its SH2 domain and induces the phosphorylation of FAK at Y925, which in turn promotes 

the formation of FAK-Grb2-SOS complex (Guo et al., 2004). In cancer, for instance, this complex 



39 
 

activates Ras GTPase and induces MAPK/Erk signaling thus contributing to tumorigenesis and 

metastasis (Lahlou et al., 2011). 

 Since integrin ligands are members of the ECM, it is not surprising that integrin cell surface 

dynamics regulate cell migration and invasion. Integrin recycling back to the PM is shown as a 

key requirement during cell migration (Powelka et al., 2004). In a 3D cell culture system, recycling 

of integrin α5β1 via Rab25 promotes invasion (Caswell et al., 2007). The constant circulation of 

integrins between the PM and Rab25 recycling vesicles maintains integrin at the tip of an invasive 

pseudopod. This is directly responsible for the formation of adhesions at the pseudopod to move 

the cell forward (Caswell et al., 2007). A portion of active integrins is recycled back to the trailing 

edge of an invading cell from CLIC3-positive lysosomal compartments (Dozynkiewicz et al., 

2012). The rear recycling of integrins is likely to be associated with the release of lysosomal 

proteases to digest the ECM and to trigger cell rear release. Moreover, Rab-coupling protein (RCP) 

accelerates integrin α5β1 recycling and promotes invasion in fibronectin rich niche (Caswell et al., 

2008). RCP is also shown to promote EGFR recycling along with integrins (Caswell et al., 2008). 

Together, EGFR and integrins activates Akt signaling and RhoA activation, which in turn enhance 

cell migration. 

1.6.2. The role of integrin α5 in cancer: 

 Endocytic perturbation of β1 and β3 integrins contributes to cancer progression. Endocytic 

adaptors such as Dab2, Numb and HAX1 are shown to be involved in integrin endocytosis and 

their downregulation correlates with increased metastasis and poor patient’s prognosis (Maiorano 

et al., 2007, Tong et al., 2010, Trebinska et al., 2010, Westhoff et al., 2009). In addition, it is shown 

that p53 mutations induces integrin α5β1 recycling and triggers downstream promigratory 

signaling (Muller et al., 2009). Of note, metastasis is promoted in p53 mutant mice, in line with 
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the aggressive tumor behavior in patients with p53 mutations (Muller et al., 2009). It is 

demonstrated that RCP promotes integrin α5β1 recycling to the PM (Caswell et al., 2008). RCP 

high expression in luminal B breast cancer subtype is shown to correlate with low survival and 

cancer aggressiveness (Zhang et al., 2009b). Therefore, RCP role in integrin recycling can be a 

critical factor in breast cancer progression (Mills et al., 2009). In addition, high expression of 

CLIC3, which catalyzes integrin recycling from lysosomes, correlates with poor prognosis of 

ovarian, breast and pancreatic cancer (Dozynkiewicz et al., 2012, Macpherson et al., 2014). These 

examples suggest that the mechanism of integrin recycling plays a critical role in cancer metastasis. 

 Cellular processes related to tumorigenesis and cancer progression such as proliferation 

and angiogenesis are also affected by the extensive crosstalk of integrin with other receptors. For 

instance, blocking integrin αvβ3 with Cilengitide triggers the rapid recycling of VEGFR2 

(Reynolds et al., 2009). Thus, the high VEGFR2 density at the PM increases its downstream 

signaling leading to endothelial migration and tumor vascularization (Reynolds et al., 2009). 

Moreover, the crosstalk of integrin α5β1 with RTKs such as EGFR and Met receptor is initiated 

by RCP recruitment to integrin α5β1 (Caswell et al., 2008, Muller et al., 2013). This enhances 

recycling of integrin α5β1 and RTKs and increases MAPK downstream signaling promoting 

cancer cell survival and migration. 

1.7. The role of EGFR signaling in cancer: 

 EGFR can be stimulated with eight different ligands. Upon ligand activation, EGFR 

undergoes dimerization and internalization (Ogiso et al., 2002). Unstimulated EGFR can also be 

internalized, but a 10-fold slower rate compared to stimulated EGFR (Wiley et al., 1991). 

Activated EGFR dimers undergo autophosphorylation at tyrosine residues in the receptor’s 

cytoplasmic tail (Tomas et al., 2014). Next, phosphotyrosine-binding proteins are recruited 
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activating several downstream signaling pathways such as MAPK, PI3K which recruits Akt/PKB 

to the PM and the phospholipase Cγ pathway which interacts with EGFR and activates PKC (Lill 

et al., 2012). Although EGFR signaling occurs at the PM (Sousa et al., 2012), but activated EGFR-

mediated signaling can proceed from endosomes (Teis et al., 2006). EGFR signaling cascades are 

well known to regulate cell proliferation and migration. 

 EGFR altered trafficking contributes to aberrant signaling and tumorigenesis. For instance, 

EGFR overexpression leads to an increase in its PM density, which in turn hyperactivates EGFR 

downstream signaling (Chung et al., 2010, Sawano et al., 2002). ESCRT perturbation through the 

disruption of Tsg101/Hrs interaction inhibits ligand-induced downregulation of EGFR and 

increases mitogenic signaling (Lu et al., 2003). It is also shown that the overexpression of EGFR 

in cancer cells saturates the endocytic/ubiquitination machinery and sustains EGFR signaling 

(Capuani et al., 2015). Moreover, the high number of activated EGFR saturates Cbl, an E3 

ubiquitin ligase responsible for EGFR ubiquitination at the PM, this sustains receptor signaling 

and delays EGFR downregulation (Capuani et al., 2015). Certain types of cancers are characterized 

by the downregulation of the Rab5 effector, rabaptin-5, which causes an inefficient Rab5-mediated 

endosome fusion leading to the retention of activated EGFR in early endosomes and sustained 

receptor signaling (Wang et al., 2009). Furthermore, it is shown that in cancer patients with p53 

mutations, tumor cells exhibit enhanced recycling of integrin β1/EGFR complex via RCP, 

resulting in continuous activation of integrin/EGFR signaling (Muller et al., 2009). Mutation in 

p53 favors tumor cell migration/invasion and metastatic dissemination (Muller et al., 2009). 
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1.8. Breast cancer: 

1.8.1. Breast cancer subtypes: 

 Based on distinct intrinsic gene sets for cluster analysis, breast cancer is divided into four 

subtypes: luminal-A, luminal-B, HER2-positive and basal-like. 

 Luminal-A: 50-60% of breast cancer correspond to luminal-A subtype. It is characterized 

with estrogen receptor (ER)-positive and/or progesterone receptor (PR)-positive with negative 

HER2 and low Ki67 (proliferating cell nuclear antigen) index (Carey et al., 2006). Luminal-A 

breast cancer cells express cytokeratins (CK) 8 and 18 and other genes related to ER function. 

Hence, patients with luminal-A breast cancer have good prognosis and the relapse rate is 

significantly lower than other subtypes (Yersal et al., 2014). Treatment is mainly based on 

hormonal therapy and metastasis occurs in less than 10% of patients (Guarneri et al., 2009, 

Kennecke et al., 2010). 

 Luminal-B: 15-20% of breast cancer correspond to luminal-B subtype. Compared to 

luminal-A, luminal-B tumors are more aggressive, with higher proliferative index, worse 

prognosis, higher recurrence rate and lower survival rates after relapse (Creighton, 2012, Ellis et 

al., 2008). Immunohistochemistry defines luminal-B tumors as ER-positive, Her2-negative and 

Ki67 high or ER- and Her2-positive tumors (Nishimura et al., 2010). Of note, 6% of luminal-B 

tumors are negative for both ER and HER2 (Nishimura et al., 2010). Overall survival rates in 

untreated patients with luminal-B tumors is similar to patients with basal-like and HER2-positive, 

which are recognized as high-risk tumors (Hu et al., 2006). Luminal-B tumors have poorer 

outcomes with hormonal therapy compared to luminal-A. However, luminal-B tumors have better 

response to neoadjuvant chemotherapy than luminal-A tumors (Rouzier et al., 2005). 
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 HER2-positive: Human epidermal growth factor receptor-2 is a cell surface receptor that 

forms heterodimers with another receptor from a different family of receptors or homodimers with 

itself when it is expressed at high levels. Receptor activation triggers downstream signaling 

pathways involved in cell proliferation, survival, differentiation, angiogenesis and invasion 

(Moasser, 2007). HER2-positive tumors are characterized by the high expression of HER2 gene 

and other genes related to the HER2 pathway and they account for 15-20% of breast cancer 

subtypes. HER2-positive tumors are highly proliferative and 40% have p53 mutations (Tsutsui et 

al., 2003). Approximately 50% of HER2-positive tumors are positive for ER, however ER is 

expressed at lower levels (Yersal et al., 2014). Untreated patients with HER2-positive tumors have 

poor prognosis with the propensity of tumor cells to metastasize to the brain and visceral organs. 

Moreover, they are resistant to hormonal therapy, but sensitive to the chemotherapeutic drug 

doxorubicin (Gabos et al., 2006). 

 Basal-like: The basal-like tumors represent 8-37% of all breast cancer and are characterized 

with high proliferative index, central necrotic or fibrotic zones, aggressive clinical behavior and 

high rate of brain and lung metastasis (Heitz et al., 2009). They express high levels of basal 

myoepithelial markers such as CK5, CK14, CK17 and laminin. Usually basal-like breast cancer 

subtype does not express ER, PR and HER2, hence they are referred as triple negative. It is 

important to mention that the terms triple negative and basal-like are not completely synonymous 

and there is 20-30% discordance across studies. Immunohistochemistry defines triple negative as 

tumors lacking the expression of ER, PR and HER2, however basal-like subtype is defined via 

gene expression microarray analysis (Kreike et al., 2007). Moreover, basal-like tumors 

overexpress EGFR, show P53 mutations and deregulated integrin expression which may contribute 

to the aggressive cell behavior and progression in this subtype (Heitz et al., 2009). In addition, 
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several signaling pathways are deregulated in basal-like tumors such as MAPK, PI3K, Akt and 

NF-κB pathways. It is also shown that cytoplasmic and nuclear accumulation of β-catenin occur 

in basal-like breast cancer subtype (Criscitiello et al., 2012). 

1.8.2. Breast cancer metastasis: 

 The American Joint Committee on Cancer (AJCC) divided the stages of breast cancer into 

the TNM system. T: size of the tumor, N: extent of tumor spread to nearby lymph nodes and M: 

extent of metastasis to other organs of the body. The earliest stage of breast cancer is called stage 

0 or carcinoma in situ. In stage I, the tumor is still small without being spread outside the patient’s 

breast. In stage II, the tumor is less than 2 cm in diameter and may also be found in axillary lymph 

nodes. Stage III tumors can be of any size and usually it is spread to the chest wall and/or the skin 

of the breast. In stage IV, the cancer shows metastasis to distant organs such as the brain, lungs, 

liver or bones (Edge et al., 2010). 

 10-15% of breast cancer patients have an aggressive disease leading to metastasis within 

three years of developing primary tumors (Weigelt et al., 2005). Most patients do not die because 

of the primary tumor, but from the metastasis of breast cancer. Breast cancer metastasis, as any 

other solid tumor, consists of the following steps: 1) Metastasis starts when the cancer cell 

dissociates from the ECM and adjacent cells and starts invading the surrounding tissue through the 

secretion of proteolytic enzymes to degrade the surrounding ECM (Ha et al., 2013). 2) 

Intravasation: the cancer cell attaches to the endothelial wall, invades and moves through the walls 

of lymph or blood vessels (van Zijl et al., 2011). 3) Cancer cells spread through blood and lymph 

circulation to other organs and survive in an anchorage-independent manner (Valastyan et al., 

2011). 4) Extravasation: cancer cells undergo cell cycle arrest, adhere to the capillary walls of the 

target organ and extravasate into the site of metastasis (Azevedo et al., 2015). 5) Finally, cancer 
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cells will proliferate to form small tumors in the metastatic site (Ben-Baruch, 2009). Disrupting 

any of these steps stops metastasis of cancer cells (Poste et al., 1980). Moreover, cancer cells 

should avoid immune reactions and apoptosis signals to survive (Friedl et al., 2008). 

 Integrins play an essential role in cell migration and survival. For instance, integrin α3β1 

is shown to be associated with cancer cell invasion, metastasis and the activity of the matrix 

metalloproteinase MMP-9 (Morini et al., 2000). MMPs are a family of zinc-dependent 

endopeptidases which are secreted by the cell to degrade the ECM and invade the surrounding 

tissue (Reunanen et al., 2013). Moreover, the downregulation E-cadherin, involved in cell-cell 

interaction, is shown to be related to poor prognosis in triple negative breast cancer patients and to 

be associated with increased metastatic potential (Li et al., 2016, Wendt et al., 2011). Importantly, 

the downregulation of E-cadherin is an indicative of epithelial-to-mesenchymal transition (EMT), 

a cellular process playing a critical role in cancer progression and metastasis (Gotzmann et al., 

2004). EMT increases the ability of cancer cells to invade and metastasize. Furthermore, breast 

cancer cells downregulating E-cadherin and overexpressing N-cadherin exhibit an increase in 

tumor cell invasion (Maret et al., 2010). In addition, specific transcription factors are involved in 

EMT such as TWIST, SNAIL, SLUG and ZEB1/2 which suppress E-cadherin expression in cancer 

cells (Cano et al., 2000). Consequently, these transcription factors regulate several signaling 

pathways such as TGFβ, β-catenin, PI3K/AKT which are all suggested to be associated with poor 

prognosis of breast cancer (Tungsukruthai et al., 2018).  

 The aggressiveness of triple negative breast cancer is shown to be associated with elevated 

levels of EGFR (Manupati et al., 2017). It is reported that 15-30% of breast carcinomas expressing 

high levels of EGFR exhibit poor prognosis (Gaedcke et al., 2007). In addition, 15-35% of invasive 

breast cancers expressing high levels of HER2 result in a decrease in patients’ survival rates (Shao 
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et al., 2011). Studies show that EGFR and HER2 contribute to breast cancer metastasis to the brain 

(Lim et al., 2014). 

 Angiogenesis, the process of forming new blood vessels, is a critical step in mediating 

tumorigenesis and metastasis. Anti-angiogenesis therapeutic approaches gained much attention in 

the field of anti-cancer drug discovery. Clinical and experimental studies showed that breast cancer 

is an angiogenesis-dependent cancer (Schneider et al., 2005). The expression of vascular 

endothelial growth factor (VEGF) shows the most potent activity in triggering angiogenesis in 

several types of human cancers (Shibuya, 2011). VEGF stimulates VEGFR1 and VEGFR2 

receptors on the surface of endothelial cells triggering endothelial cell motility, vascular 

permeability, cell survival and proliferation (Shibuya, 2001). Breast cancer patients with early 

tumor stage and with elevated levels of VEGF have higher rates of recurrence and lower survival 

rates (Niu et al., 2010). VEGF signaling facilitates metastasis in breast cancer patients (Valastyan 

et al., 2011). For instance, VEGF pathway in breast cancer enhances cell survival through AKT 

and ERK signaling pathways (Salameh et al., 2005), thus cancer cells avoid apoptosis and increase 

migration (Liang et al., 2006). 

 Hence, to understand more how activated cell surface receptors are sorted towards 

lysosomes and their signaling is regulated, the role of Endofin and the importance of its interaction 

with HD-PTP in receptor trafficking should be investigated. Moreover, Endofin might exert a 

tumor suppressor activity, similar to the role of HD-PTP. 
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2.1. Abstract: 

Internalized and ubiquitinated signaling receptors are silenced by their intraluminal budding into 

multivesicular bodies, aided by the Endosomal Sorting Complexes Required for Transport 

(ESCRT) machinery. HD-PTP, an ESCRT protein, forms complexes with ESCRT-0, -I and -III 

proteins, and binds to Endofin, a FYVE-domain protein confined to endosomes with poorly 

understood roles. Using proximity-biotinylation we show that Endofin forms a complex with 

ESCRT constituents and Endofin depletion increased integrin α5- and EGF-receptor plasma 

membrane density and stability by hampering their lysosomal delivery. This coincided with 

sustained receptor signaling and increased cell migration. Complementation of Endofin- or HD-

PTP-depleted cells with wild-type Endofin or HD-PTP, but not with mutants harboring impaired 

Endofin/HD-PTP association or cytosolic Endofin, restored EGFR lysosomal delivery. Endofin 

also promoted Hrs indirect interaction with HD-PTP. Jointly, our results indicate that Endofin is 

required for HD-PTP and ESCRT-0 interdependent sorting of ubiquitinated transmembrane 

cargoes, ensuring efficient receptor desensitization and lysosomal delivery. 
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2.2. Introduction: 

Receptor signaling is a tightly regulated cellular process. Ligand-activated receptors are 

endocytosed and internalized to the endosomal compartments where they remain an active 

signaling hub (Sorkin et al., 2009). At the endosomal surface, transmembrane cargo segregation 

into different microdomains by different machineries determines cargo fate; sorting towards 

tubulovesicular recycling or towards lysosomal degradation (Norris et al., 2017). Receptor 

resensitization takes place when receptors are recycled back to the plasma membrane (PM). 

Alternatively, signal termination occurs when receptors are targeted for lysosomal degradation. 

Receptor downregulation is initiated by their sorting and incorporation into intraluminal vesicles 

(ILVs) to form the multivesicular bodies (MVBs). This process is accomplished by the Endosomal 

Sorting Complexes Required for Transport (ESCRT) machinery. 

The ESCRT machinery is composed of five protein complexes responsible for the 

formation of an ILV. ESCRT-0, -I and -II proteins are recruited to the endosomal membranes and 

directly interact with multi-mono- or poly-ubiquitinated receptors. ESCRT-III proteins mediate 

membrane deformation and scission, whereas the Vps4 complex is responsible for ESCRT-III 

disassembly and their recycling back to the cytoplasm (Christ et al., 2017, Vietri et al., 2020). The 

MVBs will then fuse to the lysosomes and their cargo will be degraded or exocytosed. By 

controlling the fate of numerous receptors, ESCRT proteins are crucial regulators of cell signaling 

events underlying key cellular processes such as cell migration and proliferation (Kharitidi et al., 

2015, Miller et al., 2018, Szymanska et al., 2018, Toyoshima et al., 2007), as well as in the 

elimination of misfolded or damaged PM proteins (Okiyoneda et al., 2010). 

Likewise, clathrin is associated with ESCRTs playing a key role in both cargo 

concentration and ILV formation (Wenzel et al., 2018, Raiborg et al., 2001, Raiborg et al., 2006). 
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It is recruited to early endosomes by the ESCRT-0 protein Hrs (Raiborg et al., 2001, Raiborg et 

al., 2006). Static and live-cell imaging of the prototype epidermal growth factor receptor (EGFR) 

indicated that the initial steps of ILV formation consist of a wave of ESCRT-0, ESCRT-I, clathrin 

and HD-PTP recruitment (Wenzel et al., 2018). 

The ESCRT protein HD-PTP (PTPN23) was shown to affect the degradation of 

ubiquitinated receptors such as TGFβ/BMP receptors, PDGFRβ, EGFR, integrins, neurotrophin 

and EphB2 receptors (Ali et al., 2013, Doyotte et al., 2008, Kharitidi et al., 2015, Ma et al., 2015, 

Miller et al., 2018, Stefani et al., 2011, Budzinska et al., 2020, Lahaie et al., 2019). HD-PTP 

directly binds to ESCRT-0, -I and -III proteins and contributes to the endosomal sorting of 

ubiquitinated receptors towards MVBs and lysosomal degradation (Ali et al., 2013, Doyotte et al., 

2008, Gahloth et al., 2016, Gahloth et al., 2017c, Ichioka et al., 2007, Kharitidi et al., 2015). During 

the early phase of ILV formation, recruitment of ESCRT-0, -I and HD-PTP increase until ESCRT-

III is recruited, after which they begin dissociating from the endosomal membrane (Wenzel et al., 

2018). HD-PTP also acts as a tumor suppressor and its haploinsufficiency was shown to increase 

cell migration and invasion (Manteghi et al., 2016). Rescue experiments further demonstrated that 

the N-terminus of HD-PTP, containing the Bro1 and V domain, was sufficient to restore most of 

the EGFR trafficking defects observed upon HD-PTP depletion (Doyotte et al., 2008). This 

minimal functional unit of HD-PTP indeed retains the capacity to bind ubiquitinated cargo, as well 

as several components of the ESCRT machinery such as STAM2 (ESCRT-0) and CHMP4B 

(ESCRT-III) (Desrochers et al., 2019, Gahloth et al., 2016, Gahloth et al., 2017c, Lee et al., 2016, 

Pashkova et al., 2013). Interestingly, the same region of HD-PTP, which binds STAM2 and 

CHMP4B, was also shown to bind Endofin (ZFYVE16) (Gahloth et al., 2017c). 
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Endofin is a large protein composed of a central FYVE domain enabling its proper 

localization to the membrane of early endosomes, where it can form a complex with receptors such 

as TGFβR1 (Chen et al., 2007a, Seet et al., 2001b). It also displays a Smad binding domain next 

to its FYVE domain and was found to impact TGFβ and BMP signaling (Chen et al., 2007a, Goh 

et al., 2015, Shi et al., 2007). Furthermore, the C-terminus of Endofin directly interacts with Tom1, 

a protein that binds to clathrin and ubiquitinated receptors (Seet et al., 2004, Yamakami et al., 

2003). Endofin was shown to recruit clathrin to early endosomes via its direct interaction with 

Tom1 (Seet et al., 2005). However, the impact and significance of Endofin-mediated clathrin 

recruitment on ubiquitinated cargo trafficking is still poorly understood. 

Endofin binds HD-PTP with higher affinity than STAM2 and CHMP4B (Gahloth et al., 

2017a, Gahloth et al., 2017c). The competition between ESCRT proteins for HD-PTP binding was, 

therefore, proposed to interfere with the capacity of the receptor to engage with ESCRT 

components and to be efficiently delivered to the lysosomes (Gahloth et al., 2017a, Lee et al., 

2016). The direct interaction between Endofin and HD-PTP also suggests a broader role for 

Endofin in ESCRT-dependent receptor trafficking and signaling, as well as in ubiquitinated 

membrane cargo sorting in general. 

Here, we show that Endofin is required for the ESCRT-dependent lysosomal sorting of 

integrin α5, EGFR as well as other poly-ubiquitinated transmembrane model cargo. We propose 

that Endofin is permissive for HD-PTP interaction and colocalization with ESCRT-0 and 

facilitates clathrin recruitment to early endosomes. Thus, disruption of Endofin binding to HD-

PTP is sufficient to severely compromise ESCRT-mediated lysosomal ubiquitinated-cargo sorting. 

Consequently, Endofin depletion caused sustained receptor signaling and increased cell migration. 
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Altogether, this study identifies Endofin as a key regulator of ESCRT-dependent receptor 

trafficking and cell signaling. 

 

2.3. Results: 

Endofin forms a complex with ESCRTs and EGF receptor: 

Endofin directly binds Tom1 and HD-PTP, which both have direct roles in receptor 

trafficking (Doyotte et al., 2008, Gahloth et al., 2017a, Katoh et al., 2004, Kharitidi et al., 2015, 

Seet et al., 2004, Yamakami et al., 2003). Endofin’s interactome is likely to reflect its function; 

however, it remains poorly characterized. To investigate the binding partners of HD-PTP and 

Endofin in further detail, two proteomic workflows were designed. In the first, we performed 

proximity-dependent biotin tagging (BioID), in which a biotin ligase (BirA*) fused to the N- or 

C-terminus of either HD-PTP and Endofin are used as ‘baits’ to covalently tag nearby proteins 

(‘preys’) with biotin, which can then be purified and identified by MS (Lambert et al., 2015). 

Subsequently, an affinity-purification mass spectrometry (AP-MS) approach was employed, with 

an inducible expression of Flag-tagged HD-PTP and Endofin as baits. Our findings reveal Endofin 

as a robust proximity interactor of HD-PTP by BioID and AP-MS (Figure 1A and Figure S1B), 

and that HD-PTP forms a complex with a variety of ESCRT proteins from different ESCRT 

complexes (ESCRT-0, -I and -III) (Figure 1A). Likewise, HD-PTP was identified as a proximity 

interactor of Endofin-BirA* (Figure 1A), and while interactions between Endofin and ESCRT 

proteins were not detected by BioID (Figure 1A), AP-MS revealed that various ESCRT proteins 

(HD-PTP, ESCRT-I and -III) complex with Endofin (Figure S1B). Further, our results demonstrate 

HD-PTP as a robust interactor of clathrin heavy chain 1 (CLTC) and, more broadly, endocytic and 

trafficking machinery within the cell (Figure S1B). Collectively, these proteomic assays 
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demonstrate that Endofin and HD-PTP complex with endocytic machinery and ESCRTs (further 

annotated in Figure S1A). To better understand the role of Endofin in relation to HD-PTP, BioID 

data were further analyzed using the STRING database, by which networks of interaction were 

designed and clustered into different cellular processes. In support of our observations, Endofin’s 

network is linked to receptor trafficking, a finding that paralleled that of HD-PTP (Figures S2 and 

S3) (Doyotte et al., 2008). 

To validate that Endofin, HD-PTP and ESCRTs are forming a complex on early 

endosomes, isopycnic sucrose gradient centrifugation was performed on 293T cell organelles. 

While Endofin and HD-PTP were absent in cellular fractions containing LAMP1 and Tom20, the 

lysosome and mitochondria markers, respectively (Figure S1C), they were present together within 

cellular fractions containing ESCRT proteins (Hrs, Tsg101 and UBAP1). Tom1 and the early 

endosomal marker EEA1 were also present in these fractions. In addition, subcellular fractionation 

followed by size-exclusion chromatography (HPLC) showed Endofin, HD-PTP and ESCRT-0 

components (Hrs and STAM2) as part of large protein complexes ranging from 525 to 927 kDa, 

however the ESCRT-I component Tsg101 was found mostly within complexes of lower molecular 

weight (Figure S1D). As a further validation of complex formation with ESCRT proteins, co-

immunoprecipitation was performed on transiently expressed myc-Endofin. Indeed, Endofin 

showed to form a complex with HD-PTP, ESCRT-0 (Hrs and STAM2) and ESCRT-I (Tsg101 and 

UBAP1) (Figure 1B), where STAM2, Tsg101 and UBAP1 directly interact with HD-PTP (Ali et 

al., 2013, Gahloth et al., 2016, Ichioka et al., 2007). This data further supports that Endofin is part 

of a complex containing HD-PTP and ESCRTs on early endosomes. 

Finally, we probed whether EGFR activation elicits Endofin recruitment using MiniTurbo 

BioID, which allows for shortened labelling time as compared to the BirA* enzyme. Results 
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showed that, upon EGF stimulation, Endofin and HD-PTP are rapidly recruited to EGFR, along 

with common endocytic machineries (Figure 1C). Altogether, this data demonstrates that Endofin 

forms a complex with HD-PTP, ESCRTs and EGFR, suggesting that Endofin might have a role in 

regulating receptor trafficking. 

 

Endofin regulates plasma membrane density, stability and lysosomal degradation of integrin 

α5 and EGFR: 

HD-PTP is known to have a direct role in regulating EGFR, integrin α5 and PDGFRβ endo-

lysosomal membrane trafficking (Belle et al., 2015, Doyotte et al., 2008, Kharitidi et al., 2015). 

Since Endofin directly interacts with HD-PTP and forms a complex with different ESCRTs 

(Gahloth et al., 2017c) and EGFR, we thought to investigate the role of Endofin in receptor 

trafficking. We used HD-PTP-depleted HeLa cells as a positive control to disrupt receptor 

trafficking (Figure S4A). HeLa cells were Endofin-depleted by shRNA and infected with a non-

target shRNA (NT) as a negative control for depletion (Figure S4A). Western blotting of total cell 

lysates from Endofin- and HD-PTP-depleted cells revealed at least 2.5-fold increase in cellular 

expression levels of integrin α5 (Figure S4B), and ~ 1.2 – 1.6-fold increase in EGFR levels (Figure 

S4C). 

Several studies have demonstrated that ligand-activation, ubiquitination and internalization 

of both integrin α5 and EGFR facilitate their sorting towards lysosomal degradation (Alwan et al., 

2003, Kharitidi et al., 2015, Lobert et al., 2010). Next, we assessed the effect of Endofin depletion 

on integrin α5 and EGFR lysosomal degradation kinetics in comparison to HD-PTP depletion. 

Serum-starved cells were stimulated with fibronectin (3 and 6 h) or EGF (2 and 4 h) in the presence 

of cycloheximide (CHX) to inhibit protein synthesis. To inhibit lysosomal degradation, cells were 
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pretreated with Bafilomycin A1 (1 h) in the presence of CHX. Western blots revealed that upon 

Endofin and HD-PTP depletion, lysosomal degradation of integrin α5 and EGFR was delayed by 

>60% and ~ 40% after 6 and 2 h chase, respectively (Figure 2A), suggesting that Endofin plays a 

role in integrin α5 and EGFR lysosomal degradation. 

Considering the crosstalk between ESCRT and ubiquitinated transmembrane proteins, 

which are preferentially targeted towards lysosomal degradation over recycling back to the PM, 

we asked whether Endofin depletion can delay the PM turnover of activated receptors. Cell surface 

stability of activated integrin α5 and EGFR were measured by cell surface-ELISA (cs-ELISA) 

upon fibronectin (4 h) and EGF (20 min) stimulation, respectively. Compared to NT cells, ~ 20% 

of integrin α5 was stabilized at the PM resembling the effect of an integrin α5β1 blocking antibody, 

which interferes with the activation and internalization of the receptor (Figure 2B). Similarly, ~ 

20% of EGFR was stabilized at the PM upon Endofin depletion. A comparable effect was shown 

for Gefitinib, an EGFR inhibitor that blocks receptor activation, ubiquitination and internalization 

(Figure 2B). Notably, Endofin and HD-PTP depletion had no effect on the internalization rate of 

EGFR upon EGF stimulation (5 min) (Figure S4D). Moreover, using cs-ELISA we measured 

steady state PM receptor density upon Endofin and HD-PTP depletion. Integrin α5 and EGFR cell 

surface densities increased by at least 1.5-fold compared to NT cells (Figure 2C). Thus, Endofin 

depletion likely delays the lysosomal degradation of both integrin α5 and EGFR and increases 

their PM density and stability by facilitating recycling at the early endosome level. 

 

Endofin is required for the efficient lysosomal delivery of integrin α5 and EGFR: 

If the lysosomal degradation of integrin α5 and EGFR is delayed upon Endofin depletion, 

it is plausible that Endofin has a role in ESCRT-dependent receptor sorting from early endosomes 
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towards MVBs and lysosomes. Hence, to better understand the role of Endofin in the endo-

lysosomal transfer kinetics, receptor delivery to lysosomes was determined by monitoring the pH 

of receptor-containing vesicles (pHv) by fluorescent ratiometric image analysis (FRIA) (Figure 

2D) (Barriere et al., 2008). HD-PTP- and Hrs-depleted HeLa cells (Figure S4A) were used as 

positive controls for the disruption of receptor trafficking (Kharitidi et al., 2015, Wenzel et al., 

2018). First, serum-starved cells were labelled on ice with anti-EGFR or anti-integrin α5 followed 

by F(ab’)2 secondary antibody coupled to the pH-sensitive fluorescein isothiocyanate (FITC). 

Next, to induce synchronized receptor internalization, cells were stimulated with EGF (30- and 

60-min chase, 37oC) or with fibronectin (4 h chase, 37oC) and pHv was measured by FRIA. As 

expected, EGFR trafficking was delayed after 30- and 60-min chase in HD-PTP- and Hrs-depleted 

cells (pHv ~ 5.7 ± 0.09 and pHv ~ 5.7 ± 0.1, respectively) compared to NT cells (pHv ~ 5.2 ± 0.07) 

(Figure 2D and Figure S4E). Strikingly, after 30 min EGFR chase in Endofin-depleted cells, the 

receptor is confined to early endosomes (pHv ~ 6 ± 0.17), however in NT cells EGFR is delivered 

to late endosomes (pHv ~ 5.4 ± 0.07) (Figure 2D and Figure S4E). In addition, after 60 min chase, 

EGFR is delivered to late endosomes in Endofin-depleted cells (pHv ~ 5.4 ± 0.23), whereas in NT 

cells EGFR is delivered to lysosomes (pHv ~ 4.5 ± 0.1) (Figure 2D and Figure S4E). Endofin 

depletion also inhibited the egress of integrin α5 from early endosomes (pHv ~ 6.4 ± 0.1), while in 

control NT cells the receptor was delivered to late endosomes (pHv ~ 5.7 ± 0.1) (Figure 2D). The 

FRIA results clearly demonstrate that Endofin has a crucial role in the transport of receptors from 

early endosomes towards MVBs and lysosomes. This is exemplified by the identical effects of 

HD-PTP and Hrs depletion on EGFR trafficking. 

 

Endofin is required for the efficient lysosomal delivery of poly-ubiquitinated model cargo: 
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The recognition of ubiquitinated receptors by ESCRTs is a key step in the sorting process 

of internalized receptors towards MVBs and lysosomes. To examine whether Endofin also 

contributes to the endo-lysosomal sorting of ubiquitinated cargoes incapable of receptor signaling, 

we used the established CD4-Ub chimera which undergoes constitutive poly-ubiquitination. For 

this, two different model receptors were used: truncated CD4 (CD4Tl), in which the cytoplasmic 

tail was deleted and replaced with a linker, thus lacking a ubiquitin acceptor site and sorting signal 

(Barriere et al., 2006). In addition, we used CD4Tl-Ub, a chimera where the linker has been fused 

to a ubiquitin (Ub) moiety. The fusion of a single Ub moiety to the linker is sufficient to induce 

constitutive poly-ubiquitination of the CD4Tl-Ub, which in turn accelerates its ESCRT-dependent 

lysosomal delivery (Apaja et al., 2010, Barriere et al., 2007). 

Endofin- and HD-PTP-depleted cells were transiently transfected with CD4Tl and CD4Tl-

Ub constructs to assess their degradation kinetics by CHX chase (2 h). Western blotting 

demonstrated that the lysosomal degradation of ~ 40% CD4Tl-Ub was delayed upon Endofin and 

HD-PTP depletion compared to NT cells (Figure 2E). As expected, Endofin and HD-PTP depletion 

had no significant effect on the levels of CD4Tl (Figure 2E). Furthermore, FRIA showed that 

Endofin depletion confined CD4Tl-Ub to recycling endosomes (pHv ~ 6.4 ± 0.07) compared to 

NT cells where it is delivered to lysosomes (pHv ~ 4.8 ± 0.07) after 2 h chase (Figure 2F). Hence, 

Endofin is required for the efficient lysosomal degradation of poly-ubiquitinated cargoes, even in 

the absence of second messenger signaling activity. To assess whether Endofin-dependent endo-

lysosomal sorting has a preference towards specific ubiquitinated cargo, lysosomal delivery of the 

tetrameric mono-ubiquitinated cargo (CD4TCC-UbAllRΔG) was also determined by FRIA upon 

Endofin depletion. In CD4TCC-UbAllRΔG, a tetramerization signal was inserted before the Ub 

moiety and all seven Lys residues of the Ub moiety were replaced with Arg and the carboxy-
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terminal Gly residues were deleted (Barriere et al., 2006). Consistent with the effect of HD-PTP 

depletion on CD4TCC-UbAllRΔG trafficking (Kharitidi et al., 2015), Endofin depletion did not 

affect the trafficking of the tetrameric mono-ubiquitinated cargo (Figure 2G), even though it was 

previously shown that the tetrameric mono-ubiquitin can serve as an efficient endocytic signal 

(Barriere et al., 2006). This data show that Endofin does not only play a role in EGFR and integrin 

α5 trafficking, but it regulates the specific sorting of poly-ubiquitinated cargo towards lysosomal 

degradation. 

 

Endofin depletion decreases clathrin recruitment to early endosomes: 

Endofin recruits clathrin via Tom1 to early endosomes (Seet et al., 2005), and Tom1 

directly interacts with Endofin and with clathrin heavy chain (Seet et al., 2005, Seet et al., 2004) 

(Figure S5C). Our data demonstrates that clathrin colocalization with EGFR reached a peak (~ 

0.65 ± 0.09) after 15 min EGFR chase (Figure S5A and B). To better understand why receptor 

trafficking is delayed upon Endofin depletion, we first assessed the effect of Endofin depletion on 

clathrin recruitment to early endosomes by immunofluorescence. Endofin-depleted HeLa cells 

were transiently transfected with Rab5Q79L, a GTPase deficient mutant, to induce the formation 

of enlarged endosomes (Raiborg et al., 2001, Wegener et al., 2010). Upon Endofin depletion, 

clathrin recruitment decreased by 33% ± 3% compared to NT cells (Figure S5D and E). In addition, 

we assessed Tom1 interaction with clathrin heavy chain in Endofin-depleted cells, and co-IP 

showed that clathrin interaction with Tom1 decreased upon Endofin depletion (Figure S5F). Since 

clathrin is indispensable for receptor clustering on the endosomal surface and their accumulation 

in ILVs during MVB biogenesis (Wenzel et al., 2018), this might contribute to the delay in EGFR 

lysosomal delivery. To mimic the recruitment of Tom1 protein to early endosomes via Endofin, 
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as previously described by Seet et. al we used a 2xFYVE-Tom1 chimera construct able to restore 

Tom1/clathrin interaction in Endofin-depleted cells (Seet et al., 2005). Of note, 2xFYVE-Tom1 

chimera in Endofin-depleted cells lacks the ability to form a complex with Endofin binding 

partners once it is expressed, including HD-PTP. Our results showed that the complementation of 

Endofin-depleted HeLa cells with 2xFYVE-Tom1 chimera failed to restore EGFR lysosomal 

delivery (Figure S5G). Hence, although Endofin depletion reduced clathrin interaction with Tom1 

and decreased clathrin recruitment to early endosomes, the delay in EGFR lysosomal delivery 

upon Endofin depletion is not directly linked to the loss of interaction between Endofin and Tom1 

or to the role of Tom1 in receptor trafficking. 

 

Endofin expression enhances HD-PTP colocalization with EGFR, Hrs and CHMP4B: 

HD-PTP directly interacts with ESCRT-0, -I and -III proteins facilitating EGFR sorting 

towards MVBs and lysosomal degradation (Doyotte et al., 2008, Kharitidi et al., 2015). Endofin 

binds to the Bro1 domain of HD-PTP sharing the same binding site with STAM2 (ESCRT-0) and 

CHMP4B (ESCRT-III), however Endofin binds HD-PTP with a higher affinity than STAM2 and 

CHMP4B (Gahloth et al., 2017c). In addition, STAM2 also binds to a motif in the proline rich 

region of HD-PTP, which serves as a second site for STAM2 interaction (Ali et al., 2013). To 

investigate whether Endofin could regulate HD-PTP complex formation with ESCRTs, 

endogenous HD-PTP was immunoprecipitated in Endofin-depleted cells and the co-IP efficiency 

of the ESCRT-0 protein Hrs was assessed. The indirect interaction of HD-PTP with Hrs was 

reduced by ~ 80% upon Endofin depletion (Figure 3A). 

Since HD-PTP interaction with ESCRT-0 and -III on early endosomes is essential for the 

sorting of activated EGFR towards MVBs and lysosomes (Ali et al., 2013) (Doyotte et al., 2008) 
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(Wenzel et al., 2018), we assessed in Endofin-depleted cells the colocalization of EGFR, red 

fluorescence protein-tagged Hrs (RFP-Hrs) and mCherry-tagged CHMP4B (mCherry-CHMP4B) 

with HD-PTP by pulse-chase experiments. EGFR colocalization with HD-PTP showed a 

significant decrease upon Endofin depletion (0.4 ± 0.03), after 5min EGF stimulation and 10 min 

EGFR chase, compared to NT cells (0.54 ± 0.03) (Figure 3B). Consistent with the co-IP result, 

Hrs colocalization with HD-PTP, after 5min EGF stimulation and 0 min EGFR chase, was 

significantly reduced upon Endofin depletion (0.44 ± 0.01) compared to NT cells (0.71 ± 0.03) 

(Figure 3C). Moreover, CHMP4B colocalization with HD-PTP also decreased upon Endofin 

depletion (0.44 ± 0.06) compared to NT cells (0.62 ± 0.05), after 5min EGF stimulation and 20min 

EGFR chase (Figure 3D). Therefore, this data suggests that EGFR, ESCRT-0 (Hrs) and ESCRT-

III (CHMP4B) colocalizations and/or complex formation with HD-PTP are promoted by Endofin, 

which facilitates EGFR sorting towards MVBs and lysosomal degradation via ESCRT-dependent 

mechanisms. 

Next, the colocalization of EGFR and RFP-Hrs with Endofin was also assessed in HD-

PTP-depleted cells by pulse-chase experiments. We found that the colocalizations of EGFR and 

Hrs with Endofin are stabilized upon HD-PTP depletion after 5 min EGF stimulation and until 20 

min EGFR chase. However, EGFR and Hrs showed dynamic colocalizations with Endofin in NT 

cells (Figure S6A and B). This infers that the dynamic colocalizations of EGFR and Hrs with 

Endofin are regulated by HD-PTP. This dynamic colocalization might reflect the egress of cargoes 

from early endosomes towards MVBs and lysosomes, which is indeed regulated by HD-PTP 

(Doyotte et al., 2008). On the other hand, the stabilized colocalizations of EGFR and Hrs with 

Endofin, upon HD-PTP depletion, might reflect the delay in cargo sorting from early endosomes 

towards MVBs and lysosomes. 
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Endofin/HD-PTP interaction is permissive for an efficient lysosomal delivery of activated 

EGFR: 

Endofin directly binds and recruits HD-PTP to early endosomes (Gahloth et al., 2017c). 

The double L202D/I206D-HD-PTP mutation, which abrogates CHMP4B and Endofin binding to 

HD-PTP, prevented L202D/I206D-HD-PTP recruitment to early endosomes even upon its co-

expression with myc-Endofin (Gahloth et al., 2017c). Our data showed that EGFR and ESCRT-0 

colocalizations with HD-PTP are stabilized by Endofin. To assess the functional aspect of 

Endofin/HD-PTP interaction in regulating cargo sorting towards MVBs and lysosomes, we 

generated shRNA resistant wild-type (WT) and mutant Endofin constructs. 

Transient overexpression of the FYVE-domain C753S-Endofin mutant displayed an 

impaired localization to early endosomes, a finding we reciprocated here (Figure S6C) (Seet et al., 

2001a). To weaken Endofin’s interaction with the Bro1 domain of HD-PTP (Gahloth et al., 2017a), 

we employed the L15P-Endofin mutant.  

To investigate the effect of Endofin complementation on EGFR endo-lysosomal 

trafficking, pHv of EGFR-containing vesicles was monitored by FRIA. Endofin-depleted HeLa 

cells were transiently transfected with WT- or mutated-Endofin (Figure S6D), and the mean pHv 

was assessed after 30 min of EGF stimulation. WT-Endofin complementation restored EGFR 

lysosomal delivery (mean pHv ~ 5.1 ± 0.03) compared to mock transfected Endofin-depleted cells 

(mean pHv ~ 5.9 ± 0.09) and NT cells (mean pHv ~ 5.3 ± 0.04) (Figure 4A). L15P-Endofin 

complementation partially restored EGFR lysosomal delivery (mean pHv ~ 5.5 ± 0.02) compared 

to WT-Endofin (Figure 4A), in line with the partially disrupted biochemical interaction of L15P-
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Endofin with HD-PTP (Figure S6E). Conversely, C753S-Endofin complementation completely 

failed to rescue EGFR lysosomal delivery (mean pHv ~ 5.9 ± 0.05) (Figure 4A), by profoundly 

reducing Endofin recruitment to early endosomes.  

Importantly, complementing HD-PTP-depleted HeLa cells with WT-HD-PTP (Figure 

S6D) restored EGFR lysosomal delivery (mean pHv ~ 5.4 ± 0.15) (Figure 4B). T145K-HD-PTP, 

which partially disrupted HD-PTP/Endofin interaction (Figure S6F) (Gahloth et al., 2017b), failed 

to rescue EGFR lysosomal delivery (mean pHv ~ 5.9 ± 0.05) compared to mock transfected HD-

PTP-depleted (mean pHv ~ 6.1 ± 0.08) and NT (mean pHv ~ 5.4 ± 0.09) cells (Figure 4B). 

To better understand the mechanism by which Endofin’s FYVE domain influences HD-

PTP’s recruitment to early endosomes, we extended our BioID investigation to C753S-Endofin N-

terminally BirA* tagged baits. Consistent with our findings, disruption of the FYVE domain did 

not reduce Endofin’s interaction with HD-PTP but did disrupt its proximity interaction with 

ubiquitin as well as several early endosome components, providing insight into a potential 

mechanism by which Endofin supports HD-PTP’s recruitment to ubiquitinated cargoes on 

endocytic vesicles (Figure 4C). These results strongly suggest that both Endofin localization on 

early endosomes via its FYVE domain and its interaction with HD-PTP are necessary for an 

efficient endo-lysosomal transfer of activated EGFR. 

 

Endofin depletion sustains integrin α5 and EGFR downstream signaling: 

We previously showed that the heterozygous loss of PTPN23 is frequent in several types 

of human cancers (Manteghi et al., 2016). Using the cBioPortal database, we show here that the 

heterozygous loss of ZFYVE16 (Endofin gene) is also frequent in several types of human cancers 
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(Figure 5A). In addition, the PRECOG database, which measures associations between mRNA 

expression profiles and cancer prognosis by calculating a Z-score, revealed a negative Z-score of 

ZFYVE16 mRNA in several types of human cancers (Figure 5B).  

Cell surface receptors are competent of signaling from early endosomes or MVBs before 

the formation of ILVs (Mamińska et al., 2016, Rodahl et al., 2009, Wegner et al., 2011). 

Furthermore, HD-PTP depletion was shown to delay integrin α5 lysosomal delivery, thereby 

increasing its downstream signaling (Kharitidi et al., 2015). To investigate whether Endofin could 

also influence integrin α5 signaling, Endofin- and HD-PTP-depleted HeLa cells were stimulated 

with fibronectin (7 h) to assess levels of phosphorylated FAK, Src and Erk1/2 by Western blotting. 

In agreement with our previous study, HD-PTP depletion in serum-starved cells increased the 

levels of pFAK, pSrc and pErk1/2 compared to NT cells, both at steady-state and upon fibronectin 

stimulation (Figure 5C). Remarkably, the same effect was observed upon Endofin depletion 

(Figure 5C). This result clearly demonstrates that, in addition to receptor stabilization, Endofin 

depletion further increased integrin α5 signaling. 

Next, the effect of Endofin and HD-PTP depletion on EGFR activation and the kinetics of 

its downstream signaling were evaluated. Interestingly, Endofin and HD-PTP depletion had no 

significant impact on steady-state EGFR phosphorylation and the activation of its downstream 

kinase MEK (Figure 5D). However, EGFR and MEK activation were both sustained after 30 min 

of EGF stimulation upon Endofin and HD-PTP depletion. The levels of pEGFR also remained 

higher in these cells, even after 60 min EGF stimulation (Figure 5D). Altogether, these results 

indicate that Endofin and HD-PTP do not only regulate EGFR and integrin α5 plasma membrane 

stability, but also control receptor activation and its downstream signaling. 

 



77 
 

Endofin depletion increases cell migration: 

Integrin α5β1’s central role in cell migration and its ESCRT-dependent lysosomal 

desensitization are well-established (Kharitidi et al., 2015, Lobert et al., 2010). Migration rate of 

Endofin-depleted HeLa cells was measured by real time cell analysis (RTCA), using fetal bovine 

serum as a chemoattractant. Endofin depletion revealed the same effect on cell migration rate as 

HD-PTP depletion with ~ 2-fold increase compared to NT cells. Migration of Endofin-depleted 

cells was suppressed by integrin α5β1 blocking antibody (Figure 5E). This shows that the increase 

in cell migration upon Endofin depletion is linked to the increase of PM and total integrin α5 levels 

(Figure 2C and Figure S4B). 

Since Endofin/HD-PTP interaction is permissive for an efficient lysosomal delivery of 

activated EGFR (Figure 4B and C), we next addressed whether simultaneous depletion of Endofin 

and HD-PTP could further impair receptor trafficking. Thus, we compared total EGFR and integrin 

α5 levels between NT and Endofin-depleted cells, transiently transfected either with a non-

targeting shRNA or an shRNA targeting HD-PTP. We found that depleting Endofin or HD-PTP 

increased total EGFR levels by ~ 2-fold and ~ 1.5-fold, respectively, whereas EGFR levels in 

double knock-down cells increased by ~ 2.7-fold in comparison to NT cells (Figure 5F). 

Interestingly, the impact was even more pronounced for integrin α5. Indeed, the individual 

depletion of Endofin or HD-PTP increased integrin α5 levels by ~ 3.4-fold and ~ 2.7-fold, 

respectively, whereas double knocked-down cells exhibited ~ 7.7-fold increase in comparison to 

NT cells (Figure 5F). To address the functional relevance of these findings, we also performed 

migration assays using fetal bovine serum as a chemoattractant. Results showed that the migration 

rate increased in double knock-down cells by ~ 1.5-fold in comparison to Endofin-depleted cells 

(Figure 5G). Altogether, these results indicate that the simultaneous depletion of Endofin and HD-
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PTP has an additive effect on total receptor levels, which in turn increase their migration rate in 

comparison to Endofin-depleted cells. 

In certain types of human cancers, integrin α5 and EGFR are well-known drivers of 

tumorigenesis. Here, we show that Endofin depletion increased integrin α5 and EGFR signaling 

and cell migration, which are two hallmarks of cancer progression. Hence, loss of Endofin 

expression delays receptor lysosomal degradation and increases receptor signaling and cell 

migration, which could ultimately contribute to tumorigenesis and cancer progression. 

 

2.4. Discussion: 

Here we unraveled the role of Endofin in promoting HD-PTP complex formation with 

ESCRT-0 on early endosomes to secure efficient ESCRT-dependent lysosomal degradation of 

internalized and ubiquitinated cell surface receptors and other transmembrane cargoes, a process 

which also desensitizes activated receptors (Wegner et al., 2011), controls cell migration (Kharitidi 

et al., 2015, Lobert et al., 2010, Lobert et al., 2012) and PM proteostasis (Apaja et al., 2014). Our 

findings can be summarized as follows: i) Endofin forms complexes with ESCRT and HD-PTP 

proteins, as well as EGFR on early endosomes. ii) The FYVE domain-dependent endosomal tether 

of Endofin and HD-PTP is required for the activated EGFR efficient lysosomal delivery, which is 

compromised by cytosolic relocation of Endofin or preventing its association with HD-PTP. iii) 

Endofin is also critical for poly-ubiquitinated but not multi-mono-ubiquitinated lysosomal delivery 

of model transmembrane cargoes which lack signaling capacity. iv) Endofin depletion, similar to 

HD-PTP haploinsufficiency, sustained EGF and integrin α5 receptor signaling and increased cell 

migration. 
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Segregation of internalized transmembrane cargoes into different microdomains on early 

endosomes is directed by specific sorting motifs towards the tubulovesicular recycling route, 

retrograde traffic to the Golgi complex or towards MVB/lysosomal degradation (Norris et al., 

2017). Upon ligand stimulation, EGFR undergoes both K63 poly-ubiquitination and multi-mono-

ubiquitination (Huang et al., 2006), while integrin α5β1 is poly-ubiquitinated (Kharitidi et al., 

2015, Lobert et al., 2010), serving as both internalization and endo-lysosomal sorting signals (Piper 

et al., 2014). Ubiquitinated cargoes are recognized cooperatively by multiple low-affinity 

ubiquitin-binding domains of ESCRT-0 and -I proteins, including Hrs, STAM2, UBAP1 and 

Tsg101, which are concentrated at the double-layer clathrin coat (Agromayor et al., 2012, Bache 

et al., 2003, Raiborg et al., 2002, Sundquist et al., 2004). In addition, Tom1 and HD-PTP, binding 

partners of Endofin, can recognize the poly- and mono-ubiquitinated moieties via their 

GAT+VHS- and V-domain, respectively, fostering cargo concentration on the limiting membrane 

of early endosomes (Akutsu et al., 2005, Pashkova et al., 2013, Wang et al., 2010). 

While the lysosomal sorting of activated receptors and MVB biogenesis require the 

dynamic interaction of HD-PTP with STAM2, Tsg101, UBAP1, and CHMP4B (Ali et al., 2013, 

Gahloth et al., 2016, Gahloth et al., 2017c, Ichioka et al., 2007), the functional significance of 

Endofin remained enigmatic in this process (Gahloth et al., 2017c, Seet et al., 2001b). As Endofin 

complex formation with Tom1 recruits clathrin and binds both directly and via Tollip to ubiquitin 

on early endosomes (Katoh et al., 2004, Seet et al., 2005, Seet et al., 2004), we assumed that 

Endofin may participate in endosomal sorting of ubiquitinated cargoes. This possibility was also 

supported by the role of Endofin in TGFβ/BMP signaling (Chen et al., 2007a, Shi et al., 2007), as 

well as Endofin complex formation with ESCRT-I (UBAP1, TSG101, Vps37A, Vps28) (Figure 

S1B). The functionality of the Endofin interaction networks was revealed by Endofin ablation that 



80 
 

stabilized the PM/endosomal pool of EGF and integrin α5 receptors (Figure 2), phenocopying the 

consequences of HD-PTP, Hrs or Tsg101 depletion (Ali et al., 2013, Bache et al., 2006, Doyotte 

et al., 2008, Kharitidi et al., 2015, Lu et al., 2003, Ma et al., 2015, Parkinson et al., 2015, Wenzel 

et al., 2018). Although EGFR internalization remained unaltered by Endofin depletion, it induced 

receptor accumulation in early endosomes and at the PM, presumably by fostering its recycling. 

Accelerated recycling of internalized integrin α5β1 was also observed upon HD-PTP depletion 

(Kharitidi et al., 2015). 

Clathrin is known to be recruited to early endosomes via two different clathrin-binding 

proteins: Hrs and Tom1 (Raiborg et al., 2001, Seet et al., 2005). Dynamic assembly and 

disassembly of clathrin on early endosomes is essential for cargo and ESCRT-0 clustering into 

microdomains and subsequent ILV formation (Raiborg et al., 2001, Sachse et al., 2002, Wegner et 

al., 2011, Wenzel et al., 2018). A significant contribution of Endofin via Tom1 in the double-layer 

clathrin formation (Seet et al., 2005), however, could be excluded, as the 2xFYVE-Tom1 chimera 

failed to rescue EGFR lysosomal delivery in Endofin-depleted cells. We favor the model that 

Endofin binding to HD-PTP (Gahloth et al., 2017c) may also facilitate EGFR transfer from 

ESCRT-0 (Hrs and STAM2) to ESCRT-I and -III, as a prelude towards MVB/lysosomal delivery 

(Ali et al., 2013). In support, the yeast HD-PTP homolog Bro1 also binds to clathrin (Pashkova et 

al., 2013), consistent with our observation that HD-PTP top hit interactor was clathrin by AP-MS 

(Figure S1B). Thus Endofin/HD-PTP interaction on early endosomes might be a key event for 

sorting EGFR towards lysosomal degradation, which was demonstrated by our complementation 

with Endofin and HD-PTP variants, where the deletion of Endofin FYVE-domain also suppressed 

the recruitment of HD-PTP to early endosomes. In line, expression of the L202D/I206D-HD-PTP 
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variant, lacking both Endofin and CHMP4B bindings, prevented HD-PTP recruitment to early 

endosomes even upon its co-expression with myc-Endofin (Gahloth et al., 2017b). 

Considering that ligand-stimulated poly-ubiquitination serves as a critical recognition 

signal for integrin α5 and EGFR engagement with the ESCRT machinery (Eden et al., 2012, 

Kharitidi et al., 2015, Lobert et al., 2010), we propose that dynamic Endofin-ESCRT association 

is a prerequisite for routing a panel of ubiquitinated cargo molecules from early endosomes 

towards MVB/lysosomes independently of the receptors downstream signaling. This inference is 

supported by Endofin-dependent lysosomal delivery of the poly-ubiquitinated (CD4Tl-Ub) model 

cargo, but not tetrameric mono-ubiquitinated (CD4TCC-UbAllRΔG) (Figure 2F and G), mono-

ubiquitinated (CD4Tl-UbRΔG) or the CD4Tl model cargo, which lacks a ubiquitin acceptor site 

(Barriere et al., 2007, Barriere et al., 2006). These results also raise the possibility that the ESCRT 

machinery-driven ubiquitin-chain selectivity may be influenced by the ESCRT complex 

composition, including Endofin. This corollary is in line with Endofin-dependent regulation of 

TGFβ/BMP receptor that undergoes ligand-induced K63 poly-ubiquitination (Chen et al., 2007a, 

Iyengar, 2017). Thus, downregulation of Endofin in cancer cells may differentially alter the cell 

surface receptor proteome and signaling, pending on their ubiquitin-chain modification, which in 

turn could perturb downstream signaling cascades and transcriptional pathways. 

The endosomal signaling of internalized receptors is terminated upon receptor budding into 

ILVs during MVB biogenesis (Platta et al., 2011, Wegner et al., 2011). Integrin α5β1 and EGFR 

uncontrolled signaling plays a major role in cell migration and cancer metastasis (Mierke et al., 

2011, Yamaguchi et al., 2005). Sustained signaling of both integrin α5 and EGFR upon Endofin 

depletion, could be linked to the accumulation of EGFR at early endosomes and their delayed 

MVB/lysosome sorting (Figure 2D). Moreover, the blockage of integrin α5β1 activation and 
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coupled ubiquitination (Kharitidi et al., 2015) demonstrate that elevated PM level of integrin α5 

is, at least partly, responsible for accelerated cell migration (Figure 5E). Augmented PM 

expression and downstream signaling of integrin α5 were also associated with accelerated cell 

migration upon HD-PTP depletion (Kharitidi et al., 2015), consistent with the importance of 

Endofin/HD-PTP interaction in regulating ESCRT-dependent receptor trafficking, receptor 

signaling and cell migration.  

It has been shown that Hrs and STAM2, similar to Endofin, undergo phosphorylation upon 

EGF stimulation (Chen et al., 2007b, Pandey et al., 2000, Row et al., 2005). The sorting of 

internalized receptors triggers Hrs phosphorylation, promoting its dislocation from early 

endosomes (Urbé et al., 2000). Based on published data and our findings, we propose the following 

working model for Endofin role in the endo-lysosomal trafficking of ligand-activated and 

ubiquitinated cell surface receptors. Endofin, via its FYVE-dependent endosomal localization and 

binding to HD-PTP, facilitates HD-PTP recognition of ubiquitinated endosomal cargo in complex 

with STAM2 and Hrs (ESCRT-0), clathrin recruitment, and cargo clustering at endosomal 

microdomains. Subsequent dissociation of Endofin from HD-PTP (and STAM2) enables 

CHIMP4B/HD-PTP association by a presently poorly understood mechanism. We speculate that 

this process may be facilitated by the post-translational modification(s) favoring the dissociation 

of Endofin/HD-PTP, similar to that observed for the phosphorylation-induced Hrs dissociation 

from endosomes (Urbé et al., 2000). Furthermore, cargo loading and assembly of ESCRT-0/-I with 

HD-PTP may induce allosterically Endofin dissociation from the complex. Testing and refining 

this model will be accomplished by monitoring the kinetics of recruitment of fluorescent-tagged 

HD-PTP in relation to other ESCRTs in the presence of Endofin variants during cargo sorting by 

live-cell imaging and related to that described for concerted ESCRT and clathrin recruitment 
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waves to early endosomes by Wenzel et al. (Wenzel et al., 2018). Furthermore, SARA protein, 

Endofin’s homologue, also directly binds to HD-PTP and its recruitment to early endosomes 

(Gahloth et al., 2017c) might serve as a compensatory mechanism in an Endofin-depleted context. 

In summary, we propose that Endofin is required for HD-PTP mediated cargo transfer from 

ESCRT-0/-I to ESCRT-III on early endosomes, a critical step in lysosomal delivery of poly-

ubiquitinated cargoes (Figure 6). 

Disruption of Endofin/HD-PTP interaction (e.g., by Endofin mutants or PTPN23 

haploinsufficiency) leads to sustained EGF and integrin α5 receptor signaling (Figure 5) (Kharitidi 

et al., 2015, Manteghi et al., 2016), including downstream transcriptional activation known to 

promote tumorigenesis and cancer progression (Hou et al., 2020, Sigismund et al., 2018). The 

heterozygous loss of ZFYVE16 and downregulation of Endofin transcript in several types of human 

cancers (Figure 5) suggest that Endofin may exert a tumor suppressor activity, which requires 

further investigations. 

 

2.5. Materials and Methods: 

Constructs, reagents and cell culture: 

Myc-tagged Endofin was a kind gift from Dr. H. Wang (Seet and Hong, 2001). pcDNA3-

Flag-Endofin was generated by PCR amplification using myc-Endofin as a template and 

subcloning into the pcDNA3-Flag vector. pcDNA3-Flag-Endofin resistant to shRNA54 was 

generated by mutagenesis to introduce silent point mutations in the region targeted by the shRNA. 

This construct was used to create the C753S and L15P Endofin mutants obtained from BioBasic. 

Flag-tagged HD-PTP in pcDNA3.1 was described previously by Gingras et al. (Gingras et al., 
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2009). pcDNA3-Flag-HD-PTP resistant to shRNA47 was generated by mutagenesis to introduce 

silent mutations in the shRNA targeted region. This construct was further mutated to obtain the 

T145K HD-PTP mutant (BioBasic). The FYVE-Tom1 chimera was generated in the pcDNA3-

Flag vector by subcloning a tandem repeat of the coding region for Endofin FYVE domain 

followed by a linker and the coding sequence for Tom1 (Biomatik). pcDNA3-CD4 c-tail was 

replaced by a linker followed by either WT Ub (CD4Tl-Ub) or CC tetramerization domain with 

mutant Ub (all K to R and deletion of 76GG (CD4TCC-UbAllRΔG) as described by Barriere et 

al. (Barriere et al., 2006). pCS2-RFP-Hrs was a gift from Dr. E.M. De Robertis (Addgene plasmid 

#29685). pLNCX2-mCherry-CHMP4B was a gift from Dr. S. Simon (Addgene plasmid #116923). 

Complete list of primers is included in Table S1. 

HeLa (ATCC® CCL-2™) and 293T (ATCC® CRL-3216™) cells were cultured in 

DMEM, 10% FBS (Wisent). MISSION® shRNA Lentiviral plasmids pLKO.1-puro for human 

Endofin (clone ID: NM_014733.2-4263s1c1 (sh54), NM_014733.3-3858s21c1 (sh75)), human 

HD-PTP (clone ID: NM_015466.x-571s1c1 (sh47), NM_015466.x-887s1c1 (sh51)), human Hrs 

(clone ID: NM_004712.3-494s1c1 (sh98)) and empty vector (MISSION® pLKO.1-puro Empty 

Vector Control Plasmid DNA, SHC001) were purchased from Sigma. 

The complete list of antibodies used in this study are included in key resources table. 

Complementation experiments were performed via transient transfection using Lipofectamine 

2000 (Invitrogen) according to manufacturer’s instructions. Complete list of reagents used in this 

study are included in key resources table. 

 

AP-MS cloning, stable cell line generation and sample collection: 
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The ORFs were transferred via Gateway cloning into N-terminal 3XFLAG mammalian expression 

vector for isogenic stable cell line generation and tetracycline-inducible expression. Flip-In T-REx 

293T cells were transfected in a 6 well format with 0.2μg of tagged DNA (pcDNA5-FLAG-

protein) and 2μg pOG44 (OpenFreezer V4134), using lipofectamine 2000 (Invitrogen), according 

to manufacturer’s instructions. On day 2, cells were trypsinized, and passaged into 10 cm plates. 

On day 3, the medium is replaced by DMEM 10% Fetal bovine serum, 100 units/ml pen/strep, 200 

ug/ml hygromycin. Medium was replaced every 2- 4 days until non-transfected cells die, and 

isolated clones were ~1-2 mm in diameter (13-15 days). Pools of cells were generated by 

trypsinization of the entire plate and replating in fresh selection medium (the size of the plate was 

dictated by the number and size of initial colonies). Cells at ~ 60-70% confluence were induced 

with 1 µg/ml tetracycline for 24 hours. Subconfluent cells (~85-95% confluent) were harvested for 

AP-MS analysis.  

 

BioID cloning, stable cell line generation and sample collection: 

Constructs for Endofin and HD-PTP were cloned into 5′ BirA* pcDNA5-FRT-TO or pcDNA5-

FRT-TO 3′ BirA*. Constructs for EGFR were cloned into 5’ (MiniTurbo pcDNA5-FRT-TO or 

pcDNA5-FRT-TO 3′ MiniTurbo. Flip-In T-REx 293T cells (Endofin-BirA* and HD-PTP-BirA*) 

or Flip-In T-Rex HeLa cells (EGFR-miniTurbo) were transfected in a 6 well format with 0.2μg of 

cloned constructs and 2μg pOG44 (OpenFreezer V4134), using lipofectamine 2000 (Invitrogen), 

according to manufacturer’s instructions. On day 2, cells were trypsinized, and passaged into 10 

cm plates. On day 3, the medium is replaced by DMEM 10% fetal bovine serum, 100 units/ml 

pen/strep, 200 ug/ml hygromycin. Medium was replaced every 2- 4 days until non-transfected cells 

die, and isolated clones were ~1-2 mm in diameter (13-15 days). Pools of cells were generated by 
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trypsinization of the entire plate and replating in fresh selection medium (the size of the plate was 

dictated by the number and size of initial colonies). For BirA* experiments, cells ~ 60-70% 

confluence were induced with 1ug/ml tetracycline for 24 hours. The next day, tetracycline-

containing medium was supplemented with 50 μM biotin and cells were incubated for an additional 

24 hours. For EGFR-miniTurbo experiments, cells ~ 60-70% confluence were induced with 

1ug/ml tetracycline for 24 hours in biotin-depleted medium. On day 2, cells were switched to 

tetracycline-containing, serum-free medium. After 16 hours of serum starvation, the medium was 

supplemented with 50 μM biotin for 15 minutes in the presence or absence of 100ng/mL EGF. To 

harvest, cells were scraped off in ice-cold PBS, washed x2 in PBS, pelleted and frozen at −80°C 

until processing for MS.  

 

AP-MS and BioID sample processing and Mass Spectrometry analysis: 

For AP-MS studies, FLAG affinity purifications were performed as described previously by St-

Denis et al. (St-Denis et al., 2016) and ¼ of each sample was analyzed by Velos Orbitrap mass 

spectrometry. A spray tip was formed on fused silica capillary column (0.75 µm ID, 350 µm OD) 

using a laser puller (program = 4; heat = 280, FIL = 0, VEL = 18, DEL = 200). 10 cm (+/- 1 cm) 

of C18 reversed-phase material (Reprosil-Pur 120 C18-AQ, 3 µm) was packed in the column by 

pressure bomb (in MeOH). The column was then pre-equilibrated in buffer A (6 µl) before being 

connected in-line to a NanoLC-Ultra 2D plus HPLC system (Eksigent) coupled to a LTQ-Orbitrap 

Velos (Thermo Electron) equipped with a nanoelectrospray ion source (Proxeon Biosystems). The 

LTQ-Orbitrap Velos instrument under Xcalibur 2.0 was operated in the data dependent mode to 

automatically switch between MS and up to 10 subsequent MS/MS acquisitions. Buffer A was 

100% H2O, 0.1% formic acid; buffer B was 100 ACN, 0.1% formic acid. The HPLC gradient 
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program delivered an acetonitrile gradient over 125 min. For the first twenty minutes, the flow rate 

was 400 µL/min at 2% B. The flow rate was then reduced to 200 µL/min and the fraction of solvent 

B increased in a linear fashion to 35% until 95.5 min. Solvent B was then increased to 80% over 

5 min and maintained at that level until 107 min. The mobile phase was then reduced to 2% B until 

the end of the run (125 min). The parameters for data dependent acquisition on the mass 

spectrometer were: 1 centroid MS (mass range 400–2000) followed by MS/MS on the 10 most 

abundant ions. General parameters were: activation type = CID, isolation width = 1 m/z, 

normalized collision energy = 35, activation Q = 0.25, activation time = 10 msec. For data 

dependent acquisition, the minimum threshold was 500, the repeat count = 1, repeat duration = 30 

sec, exclusion size list = 500, exclusion duration = 30 sec, exclusion mass width (by mass) = low 

0.03, high 0.03. 

For BirA* BioID studies, streptavidin pulldowns were performed as described previously St-Denis 

et al. (St-Denis et al., 2016) and ¼ of each sample was run on a TripleTOF™ 5600 instrument 

(AB SCIEX, Concord, Ontario, Canada). Nano-spray emitters were generated from fused silica 

capillary tubing, with 75μm internal diameter, 365μm outer diameter and 5-8μm tip opening, using 

a laser puller (Sutter Instrument Co., model P-2000, with parameters set as heat: 280, FIL = 0, 

VEL = 18, DEL = 2000). Nano-spray emitters were packed with C18 reversed-phase material 

(Reprosil-Pur 120 C18-AQ, 3μm) resuspended in methanol using a pressure injection cell. 

Samples were directly loaded at 400nl/min for 14min onto a 75μmx10cm nano-spray emitter. 

Peptides were eluted from the column with an acetonitrile gradient generated by an Eksigent 

ekspert™ Nano Ultra 1D Plus and analyzed on the TripleTOF. The gradient was delivered at 

200nl/min from 2% acetonitrile with 0.1% formic acid to 35% acetonitrile with 0.1% formic acid 

using a linear gradient of 90 min. This was followed by a 10 min wash with 80% acetonitrile with 
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0.1% formic acid, and equilibration for another 15min to 2% acetonitrile with 0.1% formic acid. 

The total DDA protocol was 140min. The first DDA scan had an accumulation time of 250ms 

within a mass range of 400-1250Da. This was followed by 20 MS/MS scans of the top 20 peptides 

identified in the first DDA scan, with accumulation time of 100 ms for each MS/MS scan. Each 

candidate ion was required to have a charge state from 2-4 and a minimum threshold of 250 counts 

per second, isolated using a window of 50mDa. Previously analyzed candidate ions were 

dynamically excluded for 15 seconds. 

For MiniTurbo BioID studies, streptavidin pulldowns were performed as described previously by 

Hesketh et al. (Hesketh et al., 2020) and 1/6 of each sample was run on a TripleTOF™ 6600 

instrument (AB SCIEX, Concord, Ontario, Canada). Samples were directly loaded at 800 nL/min 

onto an equilibrated HPLC column and LC-MS/MS was performed on a tripleTOF instrument as 

previously reported by Hesketh et al. (Hesketh et al., 2020). Samples were analyzed with two 

separate injections with instrument methods set to data dependent acquisition (DDA) and data 

independent acquisition (SWATH) modes, as reported previously by Hesketh et al. (Hesketh et 

al., 2020). 

 

Data-dependent and independent acquisition data searches: 

Data-dependent mass spectrometry data was stored, searched and analyzed using ProHits 

laboratory information management system (LIMS) platform. Within ProHits, WIFF files were 

converted to an MGF format using the WIFF2MGF converter and to an mzML format using 

ProteoWizard (V3.0.10702) and the AB SCIEX MS Data Converter (V1.3 beta). The data was 

then searched using Mascot (V2.3.02) and Comet (V2016.01 rev.2). The spectra were searched 

with the human and adenovirus sequences in the RefSeq database (version 57, January 30th, 2013) 
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acquired from NCBI, supplemented with “common contaminants” from the Max Planck Institute 

(http://maxquant.org/contaminants.zip) and the Global Proteome Machine (GPM; 

ftp://ftp.thegpm.org/fasta/cRAP/crap.fasta), forward and reverse sequences (labeled “gi|9999” or 

“DECOY”), sequence tags (BirA, GST26, mCherry and GFP) and streptavidin, for a total of 

72,481 entries. Database parameters were set to search for tryptic cleavages, allowing up to 2 

missed cleavages sites per peptide with a mass tolerance of 35ppm for precursors with charges of 

2+ to 4+ and a tolerance of 0.15amu for fragment ions. Variable modifications were selected for 

deamidated asparagine and glutamine and oxidized methionine. Results from each search engine 

were analyzed through TPP (the Trans-Proteomic Pipeline, v.4.7 POLAR VORTEX rev 1) via the 

iProphet pipeline. 

MSPLIT-DIA SWATH MS data were analyzed using MSPLIT-DIA (version 1.0 (Wang 

et al., 2015)) implemented in ProHits 4.0 (Liu et al., 2016). To generate a sample-specific spectral 

library, peptide-spectrum matches (PSMs) from matched DDA runs (BirA*) were pooled by 

retaining only the spectrum with the best MS-GFDB (Beta version 1.0072 (6/30/2014) (Kim et al., 

2010)) probability for each unique peptide sequence and precursor charge state. The MS-GFDB 

parameters were set to search for tryptic cleavages with a precursor mass tolerance of 50 ppm and 

charges of 2+ – 4+. Peptide length was limited to 8–30 amino acids and oxidized methionine 

selected as a variable modification. For MiniTurbo searches, the Human SWATH Atlas 

(Rosenberger et al., 2014) served as the search library. A peptide-level false discovery rate (FDR) 

of 1% was enforced using a targetdecoy approach (Elias et al., 2007). The spectra were searched 

with the NCBI RefSeq database (version 57, January 30th, 2013) against a total of 7 36,241 human 

and adenovirus sequences supplemented with common contaminants from the Max Planck 

Institute (http://141.61.102.106:8080/share.cgi?ssid=0f2gfuB) and the Global Proteome Machine 

http://maxquant.org/contaminants.zip
ftp://ftp.thegpm.org/fasta/cRAP/crap.fasta
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(GPM; http://www.thegpm.org/crap/index.html). The spectral library was then used for peptide 

spectral matching to proteins by MSPLIT with peptides identified by MSPLIT-DIA passing a 1% 

FDR subsequently matched to genes using ProHits 4.0 (Liu et al., 2016).  

SAINT analysis by SAINTexpress (version 3.6.1 (Teo et al., 2014)) was used to score 

interactions for all data. For AP-MS results, bait runs (two biological replicates each) were 

compared against 8 negative controls (GFP-FLAG). For BirA*-MSPLIT results, bait runs (two 

biological replicates each) were compared against four negative control runs (BirA*-FLAG and 

BirA*FLAG-GFP). For MiniTurbo-MSPLIT results, bait runs (two biological replicates each) 

were compared against five negative control runs (GFP-FLAG-miniTurbo and FLAG-miniTurbo). 

Preys with a false discovery rate (FDR) ≤ 1% (Bayesian estimation based on distribution of the 

Averaged SAINT scores across biological replicates) were considered high-confidence proximity 

interactions and were presented using dot plots generated using ProHits-viz (Knight et al., 2017)) 

(prohitsviz.lunenfeld.ca). In ProHits-viz, once a prey passes the selected FDR threshold (here 1%) 

with at least one bait, all its quantitative values across the dataset are retrieved for all baits. Bait-

prey proximity interactions falling below the 5% FDR threshold are indicated by the color of the 

edge.  

 

Proteomics data deposition: 

AP-MS data has been deposited as a complete submission to the MassIVE repository 

(https://massive.ucsd.edu/ProteoSAFe/static/massive.jsp) and assigned the accession number 

MSV00087704. The ProteomeXchange accession is PXD026937. The dataset is currently 

available to the public at ftp://massive.ucsd.edu/MSV000087704/. 

https://massive.ucsd.edu/ProteoSAFe/static/massive.jsp
ftp://massive.ucsd.edu/MSV000087704/
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BirA BioID MSPLIT data has been deposited as an incomplete submission to the MassIVE 

repository (https://massive.ucsd.edu/ProteoSAFe/static/massive.jsp) and assigned the accession 

number MSV00087705. The dataset is currently available to the public at 

ftp://massive.ucsd.edu/MSV000087705/. 

MiniTurbo BioID MSPLIT data has been deposited as an incomplete submission to the 

MassIVE repository (https://massive.ucsd.edu/ProteoSAFe/static/massive.jsp) and assigned the 

accession number MSV00087706. The dataset is currently available to the public at 

ftp://massive.ucsd.edu/MSV000087706/. 

 

STRING analysis: 

Protein-protein interaction networks were generated using the STRING database 

(Szklarczyk et al., 2019). Colored nodes represent the first shell of interactors identified from the 

BioID screen using a BFDR cutoff of 0.01 and SAINT score above 0.85. White nodes represent 

the second shell of interactors extracted from the STRING database. The edges represent protein-

protein interactions collected from STRING experiments and databases. The thickness of the edge 

reflects its confidence score. A maximum of 50 proteins is represented in the second shell of 

interactors and unique interactors were removed from the network. 

 

Immunoprecipitation: 

Cells were lysed on ice in buffer A (50 mM Tris pH 7.5, 50 mM NaCl, 1,5 mM MgCl2, 1 

mM EDTA, 0.2% triton x-100, 5% glycerol, 1 mM DTT and cOmplete (Roche) protease 

inhibitors). Protein extracts were spun at 16,000g for 10 min at 4o C. A fraction of the supernatant 

https://massive.ucsd.edu/ProteoSAFe/static/massive.jsp
ftp://massive.ucsd.edu/MSV000087705/
https://massive.ucsd.edu/ProteoSAFe/static/massive.jsp
ftp://massive.ucsd.edu/MSV000087706/
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was kept for SDS-PAGE and Western blots. The remaining fraction was pre-cleared then 

incubated with the primary antibody under agitation for 1h at 4o C. Protein-antigen complexes 

were retrieved with sepharose (Millipore) or magnetic beads (BioRad) coupled to an equal amount 

of protein A/G. Protein extracts were incubated with the beads under agitation for 1h at 4o C. Beads 

were then washed 3 times and eluted with Laemmli buffer followed by boiling the samples for 10 

min. The immunoprecipitated fractions and the lysates were analyzed by SDS-PAGE followed by 

Western blotting. 

 

Size-Exclusion Chromatography fractionation: 

Cells were lysed in buffer (150mM NaCl, 0.1% NP40, 6.25mM TrisHCl ph8, 2mM EDTA, 

0.1mM MgCl2, 1mM EGTA, Protease inhibitor cocktail) on ice. The lysate was centrifuged first 

at 16,000g for 10min, and then the supernatant was centrifuged at 100,000g for 1h. The supernatant 

was loaded on Superdex200 HPLC column and 0.3ml fractions were collected. Protein analysis 

was performed on collected fraction by SDS-PAGE followed by Western blot. 

 

Isopycnic sucrose gradient cellular fractionation: 

293T cells were washed with PBS on ice, scraped in low volume of ice-cold PBS on ice. 

The cell pellet was resuspended in isotonic buffer (20mM Hepes pH7.5; 150mM NaCl; 1mM DTT 

and protease inhibitor cocktail) and the cells were progressively broken down by needle strokes 

(10 strokes with 25-gauge needle, followed by 20 strokes with 27-gauge needle). The lysate was 

spun at 400g to eliminate nuclei, and the cytosolic supernatant was loaded on 10-40% sucrose 

gradient, centrifuged 16 h at 100,000g in Beckman Ti-55 rotor. The fractions were collected (0.25 

ml) and analysed by Western blotting using the indicated markers. 
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Cycloheximide chase: 

Cells were starved for 2 h in serum-free DMEM media and pretreated for 1 h with 

cycloheximide (CHX, Sigma) (10 µg/ml for HeLa cells, 100 µg/ml for 293T cells). As a negative 

control, cells were pretreated for 1 h in the presence of CHX with Bafilomycin A1 (Sigma) to 

block lysosomal acidification and thus suppressing receptor lysosomal degradation. Next, cells 

were stimulated with EGF (50 ng/ml, 2 and 4 h) or with fibronectin (10 µg/ml, 3 and 6 h) in the 

presence of CHX in 0.5% FBS DMEM media at 37oC. After chasing the receptors for the indicated 

time points, cells were lysed on ice and receptor levels were analyzed by Western blotting. 

 

Cell surface measurements using cs-ELISA: 

Cell-surface ELISA-based assays were performed in live cells as described by Apaja et al. 

(Apaja et al., 2010). Briefly, cells were starved for 2 h in serum-free DMEM media, labeled with 

integrin α5 or EGFR antibodies on ice, and detected with horseradish peroxidase (HRP)-

conjugated secondary antibody (Jackson ImmunoResearch) and Amplex Red (Life Technologies). 

In HeLa cells, internalization was measured after 5 min of EGF stimulation (50 ng/ml) at 37o C. 

For receptor stability experiments at the plasma membrane, integrin α5 and EGFR were stimulated 

with fibronectin (10 µg/ml, 4 h) and EGF (50 ng/ml, 20 min), respectively. 

 

Pulse chase experiments and immunofluorescence: 

HeLa cells were seeded on glass coverslips and starved for 2 h in 0.5% FBS DMEM. For 

EGFR internalization, cells were stimulated with EGF (50 ng/ml, 5 min, 37oC) in 0.5% FBS 
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DMEM. Next, EGF was washed with PBS and fresh 0.5% FBS DMEM media was added to chase 

EGFR for the indicated time points at 37oC. HeLa cells were fixed with 4% paraformaldehyde for 

15 min and permeabilized with 0.1% Triton X-100 for 10 min at room temperature. Cells were 

labeled with primary antibodies for 1 h at room temperature followed by labelling with fluorescent 

secondary antibodies (Molecular probes, Invitrogen) and mounted for imaging. Sequential image 

acquisition was done on LSM780 confocal microscope (Carl Zeiss MicroImaging, Inc), using the 

Plan-Apochromat 63x/NA 1.4 objective. 

 

Complementation experiments and vesicular cargo tracking using FRIA: 

Methodology for cargo labelled vesicular pH determination in live cells using FRIA has 

been described in Kazan et al. and Barriere et al. (Barriere et al., 2008, Kazan et al., 2019). Integrin 

α5 and EGFR were labelled with primary antibody and fluorescein isothiocyanate (FITC)-

conjugated secondary Fab (Jackson ImmunoResearch) on ice and chased for indicated times. 

Transiently expressed CD4-Ub or CD4tCC-UbAllRΔG were used as before by Apaja et al. (Apaja 

et al., 2010). For complementation experiments, HeLa cells, seeded in 6 well plates, were 

transiently co-transfected by Lipofectamine 2000 (Invitrogen) with 0.5 µg of Endofin or HD-PTP 

constructs along with 100 ng of mcherry construct. 24 h post-transfection cells were seeded on 

glass coverslips (1.5 mm thickness, Fisher Scientific) to perform FRIA. FITC-dextran (10 kDa, 50 

μg/ml, Molecular Probes) was used as control for lysosomal delivery. Dextran was endocytosed 

for 1 h and chased for 2 h at 37°C. Zeiss Observer Z1 (Carl Zeiss MicroImaging) equipped with 

X-Cite 120Q system (Lumen Dynamics Group Inc.) and MetaFluor software (Molecular Devices) 

were used to measure fluorescence intensities. 
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HeLa cell migration assay: 

Migration assays were performed using xCELLigence system (ACEA Biosciences). 

30,000 HeLa cells in serum-free DMEM media were allowed to migrate for 24 h towards 10% 

FBS medium serving as a chemoattractant. As a negative control, cells were treated with α5β1 

integrin blocking antibody (10 µg/ml). Rate of cellular migration was analyzed by plotting for the 

slope of the real-time migration curve of each cell line tested. 

 

Signaling experiment: 

HeLa cells were starved for 2 h before treatment with EGF (5 ng/ml) or fibronectin (10 

µg/ml) for the indicated time points at 37oC. Cells were collected and lysed on ice in buffer B (50 

mM Tris pH 7.5, 150 mM NaCl, 1,5 mM MgCl2, 1 mM EDTA, 1% triton x-100, 5% glycerol, 20 

mM NaF, 5 mM NaPPi, 1 mM Na3VO4, 2 mM imidazole, 175 µg/ml PMSF and cOmplete (Roche) 

protease inhibitors). Protein extracts were separated by SDS-PAGE and analyzed by Western 

blotting. 

 

Quantification and Statistical Analysis: 

Western blots and immunofluorescence images were quantified using imageJ software. 

FRIA data was quantified using MetaFluor software, and pHv peaks were drawn and further 

analyzed using Origin software. Statistical analysis was performed using Microsoft Excel 

software. Significance was determined by paired two-tailed Student's t test, and data with p 

values: *<0.05, **<0.01 and ***<0.001 are considered to be significant. 
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Limitations of the study: 

 In this study we have characterized the role of Endofin in targeting integrin α5 and EGFR 

towards lysosomal degradation, whereby regulating receptor signaling and cell migration. We have 

also shown that Endofin is required for HD-PTP association with ESCRT-0/-III for an efficient 

EGFR lysosomal delivery. However, the exact mechanism of Endofin association/dissociation 

with/from HD-PTP, ESCRTs and clathrin complex on early endosomes is still unknown. This will 

be an interesting direction for future research requiring advanced imaging techniques and protein 

structural analysis.  

Furthermore, it is not fully known whether Endofin regulates the endo/lysosomal delivery of all 

cell surface receptors undergoing poly-ubiquitination upon activation. Further investigation would 

be required to address the effect of Endofin depletion on the global cell surface proteome, which 

might further influence downstream transcriptional pathways. 
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Resource Availability: 

Lead contact: 

 Further information and requests for resources and reagents should be directed to and will 

be fulfilled by the Lead Contact, Arnim Pause (arnim.pause@mcgill.ca). 

Materials availability: 

 Plasmids and cell lines generated in this study are available from the lead contact. 

Data and code availability: 

• All proteomics data in this study have been deposited at 

https://massive.ucsd.edu/ProteoSAFe/static/massive.jsp and are publicly available as of the 

date of publication. Accession numbers are listed in the key resources table. 

• This paper does not report original code. 

• Any additional information required to reanalyze the data reported in this paper is available 

from the lead contact upon request. 

mailto:arnim.pause@mcgill.ca
https://massive.ucsd.edu/ProteoSAFe/static/massive.jsp


98 
 

Experimental Model and Subject Details: 

Cell lines: 

 Endofin- and HD-PTP-depleted HeLa and 293T cells were generated from wild-type cells 

purchased from ATCC. All cell lines generated in this study are listed in the key resources table 

and available from the lead contact upon request. 

Key Resources Table 

REAGENT or RESOURCE SOURCE IDENTIFIER 

Antibodies 

Endofin Proteintech 13118-2-AP 

HD-PTP Proteintech 10472-1-AP 

Myc-Tag Cell Signaling 2276 

Hrs Proteintech 10390-1-AP 

STAM Proteintech 12434-1-AP 

Tsg101 Proteintech 14497-1-AP 

UBAP1 Proteintech 12385-1-AP 

Vps37A Proteintech 11870-1-AP 

CHMP4B Proteintech 13683-1-AP 

EGFR (A-10) used for WB and IP Santa Cruz Sc-373746 

EGFR (ICR10) used for cs-ELISA, IF and FRIA Abcam Ab231 

Integrin 5 used for WB Proteintech 10569-1-AP 

Integrin 5 used for cs-ELISA and FRIA BD Pharmingen 555651 

Anti-Human integrin 51 Millipore MAB1969 

CD4 (H370) used for WB Santa Cruz Sc-7219 

CD4 (OKT4) used for FRIA  Invitrogen 14-0048-82 

Flag-Tag (M2) Sigma F1804 

eEF2 Cell Signaling 2332 

-Tubulin Sigma T6074 

Clathrin (X22) Abcam Ab2731 

EEA1 Invitrogen 14-9114-82 

anti-Rat HRP F(ab')2 Jackson 
ImmunoResearch 

712-036-153 

anti-Mouse HRP F(ab')2 Jackson 
ImmunoResearch 

115-036-003 

anti-Rat FITC F(ab')2 Jackson 
ImmunoResearch 

712-096-150 

anti-Mouse AF488 Invitrogen A-28175 

anti-Mouse AF594 Invitrogen A-11032 

anti-Rabbit AF488 Invitrogen A-27034 

anti-Rabbit AF594 Invitrogen A-11012 

anti-Rat AF647 Invitrogen A-21247 
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Chemicals, peptides, and recombinant proteins 

Recombinant Human EGF Gibco PHG0311 

Human Plasma Fibronectin Gibco 33016-015 

Cycloheximide Sigma 66-81-9 

Bafilomycin A1 Sigma B1793 

CCCP Sigma C2759 

Monensin sodium Sigma M5273 

Nigericin sodium salt Sigma N7143 

Amplex Red Invitrogen A12222 

Deposited data 

AP-MS Data https://massive.ucsd.e
du/ProteoSAFe/static/
massive.jsp 

MSV00087704 

BirA BioID MSPLIT Data https://massive.ucsd.e
du/ProteoSAFe/static/
massive.jsp 

MSV00087705 

MiniTurbo BioID MSPLIT Data https://massive.ucsd.e
du/ProteoSAFe/static/
massive.jsp 

MSV00087706 

Experimental models: Cell lines 

HeLa NT  Pause Lab  

HeLa sh54Endofin Pause Lab  

HeLa sh75Endofin Pause Lab  

HeLa sh47HD-PTP Pause Lab  

HeLa sh51HD-PTP Pause Lab  

HeLa sh98Hrs Pause Lab  

293T NT  Pause Lab  

293T sh54Endofin Pause Lab  

293T sh75Endofin Pause Lab  

293T sh47HD-PTP Pause Lab  

Oligonucleotides 

Details of cloning and mutagenesis primers are in Table 
S1 

  

Recombinant DNA 

pcDNA3-Flag-Endofin Pause Lab  

pcDNA3-Flag-Endofin resistant to shRNA54 Pause Lab  

pcDNA3-Flag-L15P-Endofin resistant to shRNA54 Pause Lab  

pcDNA3-Flag-C753S-Endofin resistant to shRNA54 Pause Lab  

pcDNA3-Flag-HD-PTP Pause Lab  

pcDNA3-Flag-HD-PTP resistant to shRNA47 Pause Lab  

pcDNA3-Flag-T145K-HD-PTP resistant to shRNA47 Pause lab  

pcDNA3-CD4Tl Lukacs Lab  

pcDNA3-CD4Tl-Ub Lukacs Lab  

pcDNA3-CD4TCC-UbAllRΔG Lukacs Lab  

Software and algorithms 

MetaMorph/MetaFluor Software Molecular Devices  

Origin Software OriginLab https://www.originlab
.com/ 
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ImageJ Software Schneider et al., 2012 https://imagej.nih.go
v/ij/ 
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2.6. Figures and Figure Legends:  

 

Figure 1: Endofin forms a complex with ESCRTs and EGF receptor. 

(A) Dot plot of BioID screen showing ESCRT proteins in close proximity to HD-PTP and Endofin. 

Flag-tagged biotin ligase (BirA*) was fused to the N- or C-terminus of HD-PTP and Endofin and 

were used as baits. Constructs were transfected into Flp-In T-REx 293T cells. Fill shades in the 

dot plot indicate the average spectral counts (Avg Spec), the size of the dot represents its relative 

abundance across all preys and the outer circle color represents the BFDR value. (B) Co-

immunoprecipitation (co-IP) performed on 293T cells transiently transfected with myc-Endofin 

compared to mock transfected cells. Myc-Endofin was immunoprecipitated (myc antibody) and 

co-IP of HD-PTP, ESCRT-0 (Hrs and STAM2) and ESCRT-I (Tsg101 and UBAP1) were assessed 

by Western blots. Whole cell lysate (WCL) is loaded to reveal protein content. Low exposure (LE) 

and high exposure (HE) immunoblots are shown for Hrs. Data are from n=3 independent 
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experiments. (C) Dot plot of TurboID screen showing ESCRT proteins and other proteins related 

to endocytosis and EGFR activation in close proximity to EGFR in the presence or absence of 

EGF stimulation (100 ng/ml, 15 min). Fast-acting miniTurbo biotin ligase (MT) was fused to the 

C-terminus of EGFR (EGFR-MT) and transfected into Flp-In T-REx HeLa cells and used as a bait. 
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Figure 2: Endofin mediates the efficient sorting of integrin α5, EGFR and CD4 poly 

ubiquitinated cargo model towards lysosomal degradation. 

(A) Integrin α5 (left panel) and EGFR (right panel) cycloheximide chase (10 μg/ml CHX) of total 

receptor levels in Endofin- and HD-PTP-depleted HeLa cells. Cells were serum-starved (2 h), pre-

treated with CHX (1 h) and then receptors were activated either with fibronectin (10 μg/ml FN, 

37oC) or with EGF (50 ng/ml, 37oC). Integrin α5 was chased for 0, 3 and 6 h, whereas EGFR was 

chased for 0, 2 and 4 h in the presence of CHX. Control cells were also pre-treated with 

Bafilomycin A1 (200 nM Baf + CHX, 1 h) to inhibit lysosomal acidification and hence lysosomal 

degradation (6 h FN + Baf or 4 h EGF + Baf). Western blots were performed on cell extracts to 

measure degradation kinetics by densitometric analysis using ImageJ software. Integrin α5 and 

EGFR levels were normalized to eEF2. (B) Integrin α5 (left panel) and EGFR (right panel) plasma 

membrane (PM) stability in HeLa cells measured by cell surface-ELISA (cs-ELISA). After serum 

starvation, receptors were activated either with fibronectin (10 μg/ml FN, 4 h, 37oC) or with EGF 

(50 ng/ml, 20 min, 37oC). α5β1 integrin blocking antibody (10 µg/ml) and Gefitinib (2 µM) were 

used as negative controls to block receptor internalization in Endofin-depleted cells. For each cell 

line, levels of integrin α5 and EGFR are plotted as percentage remaining at the cell surface 

compared to unstimulated cells. (C) cs-ELISA was performed on serum-starved HeLa cells to 

quantify integrin α5 (left panel) and EGFR (right panel) PM receptor density at steady states. 

Endofin- and HD-PTP-depleted cells are compared to control NT cells. (D) (upper panel) 

Schematic representation of changes in vesicular pH during receptor trafficking (EE: early 

endosomes, RE: recycling endosomes, LE: late endosomes, Lys: lysosomes). (Lower panel) FRIA 

analysis of EGFR and integrin α5 endocytosis kinetics in serum-starved HeLa cells. Mean 

vesicular pH of FITC-labeled EGFR- or integrin α5-containing endocytic vesicles determined by 
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FRIA in Endofin-, HD-PTP- and Hrs-depleted HeLa cells compared to NT cells. After serum 

starvation, cells were either stimulated with EGF (50 ng/ml, 30 or 60 min, 37oC) or with FN (10 

µg/ml, 4 h, 37oC). (E) Endofin- and HD-PTP-depleted 293T cells were transiently transfected with 

CD4Tl (negative control for receptor sorting towards lysosomal degradation) or with CD4Tl-

Ubiquitin chimera (CD4Tl-Ub, which serves as a model for poly-ubiquitinated cargo). Serum-

starved 293T cells were pre-treated with CHX (100 μg/ml) to chase total protein levels of CD4Tl 

and CD4Tl-Ub for 2 h. Western blots (CD4 antibody) were performed on cell extracts to measure 

degradation kinetics by densitometric analysis using ImageJ software. CD4Tl and CD4Tl-Ub 

levels were normalized to eEF2. (F) Mean vesicular pH of CD4Tl-Ub- and (G) CD4TCC-

UbAllRΔG-containing endocytic vesicles determined by FRIA in Endofin-depleted HeLa cells 

compared to NT cells after 15-, 30-, 60- and 120-min chase (37oC). CD4TCC-UbAllRΔG serves 

as a model for tetrameric mono-ubiquitinated cargo. Data are mean ± SEM of n≥3 independent 

experiments. Unpaired student t-test: * p<0.05, ** p<0.01, *** p<0.001. 
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Figure 3: Endofin promotes HD-PTP colocalization with EGFR, Hrs and CHMP4B. 

(A) Co-IP performed on control and Endofin-depleted 293T cells upon EGF stimulation (50 ng/ml, 

15 min, 37oC). Endogenous HD-PTP was immunoprecipitated and co-IP of Hrs was assessed by 

Western blotting. Whole cell lysate (WCL 1%) is loaded to reveal protein content. (B and C) 

Colocalization analysis of EGFR (B), Hrs (C) and CHMP4B (D) with HD-PTP in Endofin-

depleted HeLa cells. Serum-starved cells were stimulated with EGF (50 ng/ml, 5 min, 37oC) then 

EGFR was chased for 0, 10, 20 and 30 min at 37o C. Mander’s Colocalization Coefficient (MCC) 

was quantified using ImageJ software (n=30). Representative immunofluorescence images are 

shown for each time point. Data are mean ± SEM of n≥3 independent experiments. Unpaired 

student t-test: * p<0.05, ** p<0.01, *** p<0.001. 



108 
 

 



109 
 

Figure 4: Endofin/HD-PTP interaction is permissive for an efficient lysosomal delivery of 

activated EGFR. 

 (A and B) Mean vesicular pH of FITC-labeled EGFR-containing endocytic vesicles determined 

by FRIA, after 30 min of EGFR chase (50 ng/ml EGF, 37oC), in (A) Endofin-depleted HeLa cells 

transiently co-transfected with mCherry plasmid and Flag-tagged WT-, L15P- or C753S-Endofin 

constructs, or (B) HD-PTP-depleted HeLa cells transiently co-transfected with mCherry plasmid, 

WT- or T145K-HD-PTP (disrupts HD-PTP interaction with Endofin) constructs. Single cell FRIA 

analysis was performed on cells expressing mCherry (vesicles: n>190, microscopic fields: n>10). 

Vesicular pH distribution of internalized EGFR after 30 min of EGFR chase is plotted. The mean 

vesicular pH of the distinct peaks and the number of vesicles in NT, shEndofin, WT-Endofin, 

L15P-Endofin, C753S-Endofin, shHD-PTP- and T145K-HD-PTP HeLa cells are indicated. (C) 

Dot plot of BioID screen showing proteins related to ubiquitination (Ub) and early endosomes 

(EE) in close proximity to WT-Endofin and C753S-Endofin. Flag-tagged biotin ligase (BirA*) 

was fused to the N-terminus of WT-Endofin and C753S-Endofin and were used as baits. 

Constructs were transfected into Flp-In T-REx 293T cells. Fill shades in the dot plot indicate the 

average spectral counts (Avg Spec), the size of the dot represents its relative abundance across all 

preys and the outer circle color represents the BFDR value. Data are mean ± SEM of n≥3 

independent experiments. Unpaired student t-test: * p<0.05, ** p<0.01, *** p<0.001. 
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Figure 5: Endofin depletion sustains integrin α5 and EGFR downstream signaling and 

increases cell migration. 

(A) Frequency of heterozygous loss of ZFYVE16 (Endofin gene) in human patients with different 

types of cancers. Data extracted from cBioPortal database and plotted as the percentage of 

patients with ZFYVE16 heterozygous loss. (B) Z-score analysis of Endofin in human patients 

with different types of cancers. Endofin Z-score for each cancer type was extracted from 

PRECOG database and plotted. (C) Western blots showing the phosphorylation levels of integrin 

α5 receptor downstream effectors: FAK, Src and Erk1/2 in Endofin- and HD-PTP-depleted HeLa 

cells compared to NT cells after fibronectin stimulation (10 μg/ml FN, 7 h, 37oC). eEF2 blots 

serve as a loading control. (D) Endofin- and HD-PTP-depleted HeLa cells compared to NT cells 

were stimulated with EGF (5 ng/ml, 37oC) for 0-, 15-, 30- and 60-min. Western blots were 

performed to reveal the phosphorylation state of EGFR (left panel) and its downstream effector 

MEK (right panel). eEF2 blots serve as a loading control. (E) Real time cell analysis (RTCA) 

measuring cell migration in Endofin- and HD-PTP-depleted HeLa cells compared to NT cells. 

Cell culture media supplemented with 10% FBS was used as a chemoattractant to trigger cell 

migration. Serum-free media (absence of chemoattractant) was used as a negative control. 

Integrin α5β1 blocking antibody (10 µg/ml) was used as a negative control to inhibit cell 

migration in Endofin-depleted cells. (F) Endofin-depleted or control HeLa cells were transiently 

transfected with a non-targeting (NT) shRNA or with HD-PTP shRNA. Receptor levels were 

assessed by Western blotting and quantified by densitometric analysis using ImageJ software. 

(G) Real time cell analysis was performed as in (E) to compare the migration rate of Endofin-

depleted cells transiently transfected with either HD-PTP shRNA or NT control. Data are mean ± 
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SEM of n≥3 independent experiments. Unpaired student t-test: * p<0.05, ** p<0.01, *** 

p<0.001. 
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Figure 6: Schematic model of Endofin’s role in receptor trafficking.  

After internalized receptors are targeted towards early endosomes in wild-type cells (WT), Endofin 

recruits HD-PTP to early endosomes via its FYVE-domain and their direct interaction. Endofin 

promotes HD-PTP interaction with ESCRT-0 on early endosomes, through STAM2 binding to the 

proline rich region of HD-PTP. Next, Endofin may undergo allosteric conformational 

modifications (probably by post-translational modifications), which weakens Endofin/HD-PTP 

association and facilitates HD-PTP/CHMP4B interaction. Eventually, this leads to an efficient 

ESCRT-dependent sorting of EGFR towards MVBs and lysosomal degradation. On the other hand, 

in Endofin-depleted cells (shEndofin), HD-PTP interaction with ESCRT-0 decreases, which favors 

receptor recycling back to the plasma membrane and delays ESCRT-dependent EGFR sorting 

towards MVBs and lysosomal degradation. 

  



114 
 

2.7. Supplemental Figures: 
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Figure S1. Potential role of Endofin in receptor trafficking, Related to Figure 1. 

(A) Dot plot of BioID screen showing proteins in close proximity to HD-PTP and Endofin. Flag-

tagged biotin ligase (BirA*) was fused to the N- or C-terminus of either HD-PTP or Endofin and 

were used as baits. Constructs were transfected into Flp-In T-REx 293T cells. Fill shades in the 

dot plot indicate the average spectral counts (Avg Spec), the size of the dot represents its relative 

abundance across all preys and the outer circle color represents the BFDR value. Dot plots of the 

BioID screen showing the top 10 hits for Endofin and HD-PTP (left and middle panels), as well 

as a list of hits involved in vesicle-mediated transport (GO:0016192, right panel). Gene ontology 

(GO) enrichment bar graph of preys recovered by HD-PTP-N-BirA* revealed an over-

representation of cellular component terms related to vesicular traffic (top 9 terms displayed, based 

on adjusted p-value; search limited to terms <1000 genes, no electronic annotations). The Venn 

diagram illustrates the number of common and specific interactors for Endofin and HD-PTP in the 

BioID screen. (B) Dot plot of an Affinity Purification-Mass Spectrometry performed using Flp-In 

T-REx 293T cells expressing Flag-tagged HD-PTP or Endofin as baits. SAINT analysis was 

performed. (C) Cellular fractionation by isopycnic sucrose gradient centrifugation using 293T cell 

organelles. Dead cells and nuclei were removed before fractionation and post-nuclear supernatant 

(PNS) is loaded along with fractions to reveal protein content by Western blotting. Fraction 

number 1 is the lightest fraction. EEA1, LAMP1 and Tom20 are, respectively, used as markers of 

early endosomes, lysosomes and mitochondria. (D) Subcellular fractionation by size-exclusion 

chromatography (HPLC) of soluble protein complexes extracted from 293T cells. The elution 

profile of molecular mass standards was determined in parallel, and their positions are indicated. 

Whole cell lysate (WCL) is loaded to reveal protein content. 
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Figure S2. Endofin contributes to receptor trafficking among different cellular processes. 

Related to Figure1. 

Endofin protein-protein interaction network showing cellular processes potentially accomplished 

by these interactors. Colored nodes represent interactors identified in the BioID screen, whereas 

white nodes represent second shell of interactors extracted from the STRING database. The edges 

represent protein-protein interactions, and the thickness of the line reflects the edge confidence 

score. 
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Figure S3. HD-PTP contributes to receptor trafficking among different cellular processes. 

Related to Figure 1. 

HD-PTP protein-protein interaction networks showing cellular processes potentially accomplished 

by these interactors. Colored nodes represent interactors identified in the BioID screen, whereas 
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white nodes represent second shell of interactors extracted from the STRING database. The edges 

represent protein-protein interactions, and the thickness of the line reflects the edge confidence 

score. 
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Figure S4. Endofin depletion has the same impact on receptor trafficking as Hrs and HD-

PTP depletion. Related to Figure 2. 

(A) Western blots showing Endofin, HD-PTP and Hrs depletion in HeLa cells and Endofin and 

HD-PTP depletion in 293T cells using different shRNAs. (B) Western blots showing total protein 

levels of integrin α5 and (C) EGFR in Endofin- and HD-PTP-depleted HeLa cells compared to NT 

cells with densitometric analysis using ImageJ software. Integrin α5 and EGFR levels were 

normalized to eEF2. (D) cs-ELISA assay to detect levels of internalized EGFR upon EGF 

stimulation (50 ng/ml, 5 min, 37oC) in serum-starved Endofin- and HD-PTP-depleted HeLa cells. 

For each cell line, levels of EGFR are plotted as percentage remaining at the cell surface compared 

to unstimulated cells. (E) FRIA representative analysis of FITC-labeled EGFR endocytosis 

kinetics in serum-starved HeLa cells. Vesicular pH distribution of internalized EGFR after 30 and 

60 min of EGF stimulation (50 ng/ml, 37oC) is plotted. The mean vesicular pH of the distinct peaks 

and the number of vesicles in NT, Endofin-, HD-PTP- and Hrs-depleted HeLa cells are indicated. 

Data are mean ± SEM of n≥3 independent experiments. Unpaired student t-test: * p<0.05, ** 

p<0.01, *** p<0.001. 
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Figure S5. Endofin depletion decreases clathrin recruitment to early endosomes. Related to 

Figure 3. 

(A) Colocalization analysis of Endofin (green), clathrin (red) and EGFR (blue) in serum-starved 

HeLa cells. EGFR was stimulated (50 ng/ml EGF, 5 min, 37oC) and then chased for 0, 5, 10 and 

30 min at 37oC. (B) EGFR and clathrin colocalization was quantified by Mander’s colocalization 

coefficient (MCC) using ImageJ software (experiments n=2, cells n=30). (C) Co-IP experiment 

performed on 293T cells transiently transfected with Flag-Endofin and stimulated with EGF (50 

ng/ml, 15 minutes, 37oC). Endogenous Tom1 was immunoprecipitated and Endofin co-IP was 

assessed (Endofin antibody). Cells transfected with Flag-only plasmid were used as an 

immunoprecipitation control and a fraction of the whole cell lysate (WCL 1%) was loaded to reveal 

protein content by Western blotting. Low exposure (LE) and high exposure (HE) are shown for 

Endofin immunoblots. (D) Immunofluorescence to assess clathrin (red) recruitment to early 

endosomes (EEA1, green) in Endofin-depleted HeLa cells compared to NT cells transiently 

transfected with Rab5Q79L to induce the formation of enlarged vesicles. Serum-starved cells were 

stimulated with EGF (50 ng/ml, 5 min, 37oC) and then EGFR was chased for 10 min at 37oC before 

fixation. (E) Clathrin recruitment was quantified by normalizing clathrin Mean Fluorescent 

Intensity (MFI) to the vesicle perimeter or to EEA1 MFI using ImageJ software (experiments n=3, 

vesicles n=121). (F) Co-IP experiment performed on Endofin-depleted 293T cells stimulated with 

EGF (50 ng/ml, 15 minutes, 37oC). Endogenous Tom1 was immunoprecipitated and clathrin co-

IP was assessed compared to NT cells. Rabbit IgG was used as an immunoprecipitation control 

and a fraction of the whole cell lysate (WCL 1%) was loaded to reveal protein content. (G) Mean 

vesicular pH of FITC-labeled EGFR-containing endocytic vesicles determined by FRIA in 

Endofin-depleted HeLa cells complemented with 2xFYVE-Tom1 chimera construct, after 30 min 
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of EGFR chase (50 ng/ml EGF, 37oC). Data are mean ± SEM of n=3 independent experiments. 

Unpaired student t-test: ** p<0.01, *** p<0.001. 
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Figure S6. HD-PTP depletion disrupts the dynamic colocalization of EGFR and Hrs with 

Endofin. Related to Figure 3 and 4. 

 (A and B) Colocalization analysis of (A) EGFR and (B) Hrs with Endofin in HD-PTP-depleted 

HeLa cells. Serum-starved cells were stimulated with EGF (50 ng/ml, 5 min, 37oC) then EGFR 

was chased for 0, 10, 20 and 30 min at 37o C. Mander’s Colocalization Coefficient (MCC) was 

quantified using ImageJ software (n=30). (C) Immunofluorescence staining of endogenous HD-

PTP (red) and overexpressed Flag-Endofin (Flag antibody, green) in transiently transfected 

Endofin-depleted HeLa cells with shRNA resistant Flag-tagged WT-Endofin and C753S-Endofin 

(FYVE-domain Endofin mutant). (D) Western blotting showing the expression levels of WT- or 

mutated-Endofin and -HD-PTP in Endofin- and HD-PTP-depleted HeLa cells, respectively, 

transiently co-transfected with mCherry plasmid. (E) Endofin- and (F) HD-PTP-depleted 293T 

cells were transiently transfected with WT- and L15P-Endofin or WT- and T145K-HD-PTP, 

respectively. Serum-starved cells were stimulated with EGF (50 ng/ml, 15 min, 37oC) and after 

cell lysis endogenous (E) HD-PTP or endogenous (F) Endofin were immunoprecipitated and co-

IP of either (E) Flag-Endofin or (F) Flag-HD-PTP were analyzed by Western blotting. WCL is 

loaded to reveal protein content. LH: Low exposure, HE: High Exposure. Data are mean ± SEM 

of n=3 independent experiments. Unpaired student t-test: * p<0.05, ** p<0.01, *** p<0.001. 
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Table S1. List of primers used to clone wild-type and mutant Endofin and HD-PTP. 

Related to STAR Methods. 

 

Primer Name Primer Sequence 5’-3’ 

HD-PTP BirA-N cloning Forward ATTGGCGCGCCTGAGGCCGTGCCCCGC 

HD-PTP BirA-N cloning Reverse CCGCTCGAGTCAGGTCTTGTTGAGTGTC 

HD-PTP BirA-C cloning Forward CCCAAGCTTGGATGGAGGCCGTGCCCC 

HD-PTP BirA-C cloning Reverse AATGGCGCGCCTGGTCTTGTTGAGTGTCCAG 

Endofin BirA-N cloning Forward CGCGGCGCGCCTGACAGTTATTTTAAAGCAGC 

Endofin BirA-N cloning Reverse CGCGCGGCCGCCTAAAAAAGATGTTCTATAATG 

Endofin BirA-C cloning Forward CGCGGATCCATGGACAGTTATTTTAAAGCAG 

Endofin BirA-C cloning Reverse CGCGGCGCGCCAAAAAAGATGTTCTATAATGAAAAAC 

Endofin-pcDNA3-Flag cloning 

Forward TATAGGATCCATGGACAGTTATTTTAAAGCAG 

Endofin-pcDNA3-Flag cloning 

Reverse TATAGCGGCCGCCTAAAAAAGATGTTCTATAATGAAA 

Endofin-sh54-mutagenesis 

Forward TCTAAGGGAATACGTGGATATCTGCTGG 

Endofin-sh54-mutagenesis 

Reverse TCTACTGCATCAACTTTCCCACATGTAATTTTAAAGT 

HD-PTP-sh47-mutagenesis 

Forward ACAAATCCTTACGCTCAACGTCAAC 

HD-PTP-sh47-mutagenesis 

Reverse CGACTCATGTCGACGCTGTAGG 
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3.1. Abstract: 

Cell surface receptors play a critical role in cancer progression. Endofin/ZFYVE16 directly binds 

to HD-PTP/PTPN23 to regulate the lysosomal degradation of activated/internalized cell surface 

receptors. HD-PTP is a haploinsufficient tumor suppressor and its downregulation promotes breast 

tumorigenesis. However, the role of Endofin in cancer is still uncharacterized. Here, we show that 

Endofin and HD-PTP depletion in HeLa cells upregulated a core group of cell surface receptors 

and engaged gene expression programs involved in cancer metastasis. Moreover, ZFYVE16 and 

PTPN23 heterozygous deletions were shown to be most frequent in patients with basal-like breast 

cancer subtype and correlated with poor patient survival. Endofin and HD-PTP depletion in MDA-

MB-231 cells increased total integrin α5 receptor levels, hyperactivated its downstream signaling 

and increased cell migration/invasion. Interestingly, HD-PTP depletion increased 4T1 lung 

metastasis in a syngeneic tumor mouse model. Our data demonstrates that most of the receptors 

with an elevated plasma membrane levels are in common upon Endofin or HD-PTP depletion, 

which in turn increases receptor signaling and triggers an invasive phenotype in triple negative 

breast cancer cells. Furthermore, HD-PTP plays a critical role in lung metastasis of triple negative 

breast cancer cells. Hence, Endofin might exert a tumor suppressor activity.  
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3.2. Introduction: 

Cell surface receptors regulate several cellular processes such as proliferation, 

differentiation, survival and cell migration/invasion. Upon ligand stimulation, activated cell 

surface receptors undergo ubiquitination, internalization and will be either recycled back to the 

plasma membrane or sorted towards lysosomal degradation. Perturbations in sorting activated cell 

surface receptors towards lysosomal degradation stabilize receptors at the plasma membrane and 

hyperactivate their downstream signaling, a well-recognized hallmark of cancer (Mellman et al., 

2013, Wegner et al., 2011). The endosomal sorting complexes required for transport (ESCRT) 

machinery mediates the sorting of internalized/ubiquitinated cell surface receptors towards 

lysosomal degradation and attenuate downstream signaling through the formation of 

multivesicular bodies (Raiborg et al., 2009). Therefore, ESCRT proteins exert a tumor suppressor 

activity (Mattissek et al., 2014). 

 The ESCRT protein HD-PTP/PTPN23 regulates the lysosomal degradation of several cell 

surface receptors involved in tumorigenesis such as PDGFRβ, integrins, EGFR and TGFβ/BMP 

receptors (Ali et al., 2013, Doyotte et al., 2008, Kharitidi et al., 2015, Ma et al., 2015, Miller et al., 

2018). We have previously reported that HD-PTP depletion hyperactivates integrin α5β1 signaling 

and increases cell migration (Kharitidi et al., 2015). In addition, we showed that Ptpn23 exerts a 

haploinsufficient tumor suppressor activity since its heterozygous deletion induced spontaneous B 

cell lymphoma in mice (Manteghi et al., 2016). It was also shown that PTPN23 suppression 

induces an invasive phenotype in mammary epithelial cells (Lin et al., 2011), and promotes breast 

tumorigenesis (Zhang et al., 2017). Furthermore, the decrease in PTPN23 mRNA levels correlates 

with poor survival of breast cancer patients (Manteghi et al., 2016). 
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 Endofin/ZFYVE16, a FYVE-domain protein recruited to early endosomes, binds directly 

to HD-PTP (Gahloth et al., 2017c), and regulates EGFR and integrin α5 lysosomal targeting by 

promoting HD-PTP interaction with ESCRT-0 and early endosomal cargo (Kazan et al., 2021). In 

addition, Endofin depletion increases the density and the stability of EGFR and integrin α5 at the 

plasma membrane, sustains receptor signaling and increases cell migration (Kazan et al., 2021). 

Furthermore, ZFYVE16 heterozygous deletion and negative Z-scores, correlating with poor patient 

survival, are frequent in several types of human cancers, including breast cancer. Of note, the 

deletion of SARA, Endofin’s homologue, promotes skin tumor formation and malignant 

progression in mice (Chang et al., 2014). However, the role of Endofin as a tumor suppressor is 

still uncharacterized. 

 In this study, we compared the impact of Endofin or HD-PTP depletion on the cell surface 

proteome and the downstream transcriptional pathways of HeLa cells. In addition, we investigated 

the effect of Endofin or HD-PTP depletion on receptor signaling, cell migration/invasion and the 

in vivo metastasis of triple negative breast cancer cells. 

 

3.3. Results: 

Individual depletion of Endofin or HD-PTP increases the cell surface localization of various 

receptors and engages transcriptional pathways involved in cancer metastasis: 

We have previously shown that Endofin or HD-PTP depletion in HeLa cells increases the 

plasma membrane density of EGF and integrin α5 receptors (Kazan et al., 2021, Kharitidi et al., 

2015). Moreover, Ptpn23 heterozygous deletion in mice increased integrin β1 receptor levels at 

the surface of lymphoma B cells (Manteghi et al., 2016). We wanted to investigate whether 
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Endofin or HD-PTP depletion affects the plasma membrane density of additional receptors, thus 

we performed cell surface biotinylation-mass spectrometry on serum-starved Endofin- or HD-

PTP-depleted HeLa cells (Figure S1A and B). Results demonstrated that alterations in the cell 

surface receptor proteome, upon individual depletion of Endofin or HD-PTP, were positively 

correlated (Figure S1C). Moreover, Endofin or HD-PTP depletion showed 38 receptors in 

common, with an increased plasma membrane localization (Figure S1D). Receptors that were 

increasingly localized to the plasma membrane in Endofin- or HD-PTP-depleted HeLa cells 

belonged to different cell surface receptor families, including: cell adhesion molecules (CAMs), 

receptor tyrosine kinases (RTKs), glucocorticoid receptors, serine/threonine kinase receptors, 

solute carriers, metzincin metallopeptidases, ABC transporters, cytokine receptors and G protein-

coupled receptors (Figure 1A and S1E). 

Further analysis of our cell surface proteomics data showed that Endofin and HD-PTP 

depletion in HeLa cells upregulated cell surface receptors involved in the different steps of cancer 

metastasis, such as: cell migration, hypoxia and cellular extravasation (Figure 1B). 

Increase in receptor levels at the plasma membrane may hyperactivate downstream 

signaling and enhance the activation of downstream transcriptional pathways, which in turn could 

alter different cellular processes, such as: proliferation, differentiation, survival and 

migration/invasion. To investigate whether alterations in the cell surface proteome, upon Endofin 

or HD-PTP depletion, affects downstream transcriptional pathways, RNA-sequencing (RNAseq) 

was performed on serum-starved Endofin- or HD-PTP-depleted HeLa cells (Figure S2A, B and 

C). Indeed, results have shown that the expression of several genes related to tumorigenesis, cell 

migration, epithelial-to-mesenchymal transition (EMT) and hypoxia were upregulated upon 

individual depletion of Endofin or HD-PTP (Figure 2A, B, C and D). 
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Taken together, our cell surface proteomics and RNAseq data demonstrate that Endofin or 

HD-PTP depletion increases the cell surface localization of certain cell surface receptors, where 

most of the receptors are in common upon both individual depletions, and initiates gene expression 

programs that might enhance tumorigenesis and cancer progression. 

ZFYVE16 and PTPN23 heterozygous deletions are frequent in breast cancer patients: 

We have previously shown that ZFYVE16 and PTPN23 heterozygous deletions are frequent 

in several types of human cancers (Kazan et al., 2021, Manteghi et al., 2016). In addition, we 

showed negative Z-scores for ZFYVE16 and downregulation in HD-PTP protein levels in different 

types of human cancers, including breast cancer (Kazan et al., 2021, Manteghi et al., 2016). 

Therefore, we investigated ZFYVE16 and PTPN23 gene alteration and expression in breast cancer 

patients using bioinformatics approaches. Analysis of data available through the cBioPortal 

revealed that ZFYVE16 heterozygous deletion in patients with breast invasive ductal carcinoma is 

more frequent (~ 30%) than homozygous deletions (< 2%) (Figure 3A). Of note, ZFYVE16 

homozygous deletions also occur at a very low frequency (< 3%) in several types of human cancers 

(Figure S3A). Moreover, breast cancer patients with ZFYVE16 heterozygous deletion showed a 

decrease in overall survival rate compared to an unaltered group (Figure 3B). 

Since Endofin and HD-PTP depletion delays the lysosomal degradation of activated EGFR 

and increases its total protein levels (Kazan et al., 2021), we assessed the correlation between 

ZFYVE16 and PTPN23 expression and EGFR in breast cancer patients. Interestingly, results 

showed that the expression of both ZFYVE16 and PTPN23 negatively correlated with EGFR 

expression (Spearman’s correlation= -0.403 and -0.214, respectively) (Figure 3C). 
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Furthermore, we looked at ZFYVE16 and PTPN23 gene alteration in different subtypes of 

human breast cancer. Patients with basal-like breast cancer subtype showed higher frequency of 

ZFYVE16 and PTPN23 heterozygous deletions (Figure 3D) and a decrease in ZFYVE16 Z-score 

compared to other breast cancer subtypes (Figure 3E). In addition, patients with stage IV breast 

cancer showed a decrease in ZFYVE16 mRNA levels compared to other breast cancer stages 

(Figure S3B). In conclusion, our bioinformatics data demonstrates that ZFYVE16 gene alteration 

and downregulation are frequent in breast cancer patients and correlate with poor patient survival. 

HD-PTP depletion increases 4T1 lung metastasis: 

 PTPN23 suppression promotes breast tumorigenesis in a xenograft tumor mouse model 

(Zhang et al., 2017). In addition, our cell surface proteomics and RNAseq data showed an 

upregulation in cell surface receptors and an engagement of gene expression programs involved in 

cancer metastasis upon HD-PTP depletion in HeLa cells. Therefore, we knocked-down HD-PTP 

expression in 4T1 cells, triple negative highly metastatic murine breast cancer cells, to assess 

metastasis in vivo (Figure 4A). Upon HD-PTP depletion, integrin α5 total protein levels increased 

~ 1.5-2-fold compared to NT cells (Figure 4B). In addition, adhesion of HD-PTP-depleted 4T1 

cells to fibronectin coated surfaces increased ~ 1.6-2-fold compared to NT cells (Figure 4C). 

 Next, we injected HD-PTP-depleted 4T1 cells in the mammary fat pad of BALB/c mice to 

assess tumor growth and lung metastasis. HD-PTP depletion did not affect tumor growth compared 

to mice injected with NT cells (Figure 4D). However, HD-PTP depletion increased the area of 

lung metastatic lesions (~ 50-75%) compared to mice injected with NT cells (~ 25%) (Figure 4E). 

In addition, the number of lung metastatic lesions increased (~ 20 lesions/mouse), upon HD-PTP 

depletion, compared to mice injected with NT cells (~ 10 lesions/mouse) (Figure 4E). 
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 Unfortunately, we were not able to knock-down Endofin expression more than 40% in 4T1 

cells (Figure S4A), hence it was not feasible to assess Endofin-depleted 4T1 tumor growth and 

metastasis. In conclusion, this data clearly shows that HD-PTP depletion increases 4T1 lung 

metastasis. 

Endofin and HD-PTP depletion in MDA-MB-231 cells hyperactivate downstream signaling 

and enhance cell migration/invasion: 

 ZFYVE16 and PTPN23 heterozygous loss are more frequent in patients with basal-like 

breast cancer subtype. Endofin and HD-PTP depletion in HeLa cells upregulated cell surface 

receptors and genes involved in cancer progression, therefore we knocked-down Endofin and HD-

PTP expression in MDA-MB-231, a triple negative basal-like highly metastatic human breast 

cancer cell line (Figure S4B). Endofin and HD-PTP depletion increased integrin α5 total receptor 

levels ~ 1.3-1.8-fold compared to NT cells (Figure 5A). However, Endofin and HD-PTP depletion 

in MDA-MB-231 cells showed a minimal effect on integrin α5 plasma membrane density, 

measured by cell surface-ELISA (Figure S4C). Interestingly, Endofin and HD-PTP depletion in 

unstimulated serum-starved MDA-MB-231 cells showed an increase in the levels of pSrc and 

pErk1/2 compared to NT cells (Figure 5B). Moreover, cell migration, measured by a real time cell 

analyzer, increased > 1.5-fold in Endofin- and HD-PTP-depleted MDA-MB-231 cells (Figure 5C). 

In addition, cell invasion increased ~ 1.4-fold and > 2-folds upon Endofin and HD-PTP depletion, 

respectively (Figure 5D). 

 Finally, this data demonstrates that Endofin and HD-PTP depletion in MDA-MB-231 

breast cancer cells hyperactivate downstream signaling and increase cell migration/invasion. 
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3.4. Discussion: 

 Here we unraveled the role of Endofin and HD-PTP in regulating the plasma membrane 

density of several receptors known to be involved in cancer progression, a process which also 

regulates the activation of downstream transcriptional pathways thus affecting several cellular 

processes such as cell migration and invasion which are hallmarks of cancer metastasis. Our 

findings can be summarized as follows: i) Endofin and HD-PTP depletion in HeLa cells increased 

the cell surface levels of receptors in common and engaged gene expression programs involved in 

cancer progression. ii) ZFYVE16 and PTPN23 heterozygous deletions are most frequent in basal-

like breast cancer subtype and correlate with poor patient survival. iii) ZFYVE16 and PTPN23 

expressions negatively correlated with EGFR expression in breast cancer patients. iv) HD-PTP 

depletion increased 4T1 total integrin α5 receptor levels in vitro and lung metastasis in vivo. v) 

Endofin and HD-PTP depletion in MDA-MB-231 cells increased total integrin α5 receptor levels, 

hyperactivated its downstream signaling and increased cell migration/invasion. 

 CAMs such as integrins and selectins at the plasma membrane of cancer cells facilitate 

metastasis by mediating cell-cell and cell-extracellular matrix (ECM) interaction (Bendas et al., 

2012). Upon integrin interaction with the ECM, the activation of downstream FAK or Src family 

kinases alter cellular morphology/polarity and migratory properties of cells (Huveneers et al., 

2009). The ubiquitous presence of integrins at the cell surface of tumor, blood, endothelial and 

stromal cells demonstrate that integrins are essential key regulators of the metastatic cascade 

(Bendas et al., 2012). For instance, the expression of integrin αvβ3, αvβ5, α5β1, α6β4 at the plasma 

membrane of tumor cells correlates with the metastatic progression of melanoma, breast 

carcinoma, prostate, pancreatic and lung cancer (Desgrosellier et al., 2010). Of note, it is shown 

that integrin α5 expression in human breast cancer mediates bone metastasis and serves as a 
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therapeutic target for the treatment of osteolytic lesions (Pantano et al., 2021). Furthermore, the 

suppression of integrin α3β1 decreases MDA-MB-231 lung metastasis in a xenograft mouse model 

(Miskin et al., 2021). In line with our data HD-PTP depletion increased 4T1 total integrin α5 

receptor levels in vitro and lung metastasis in vivo. In addition, integrin α5 total receptor levels 

and its downstream signaling increased upon Endofin and HD-PTP depletion in MDA-MB-231 

cells. 

 Upregulation of several types of RTKs such as EGFR, VEGFR, PDGFR, IGFR and FGFR 

is found in different types of cancers including breast cancer (Lemmon et al., 2010, Palmieri et al., 

2007, Tomiguchi et al., 2016). RTKs upregulation at the plasma membrane increase breast cancer 

aggressiveness and decrease overall and disease-free survival (Templeton et al., 2014). Pathways 

known to be activated by RTKs include ERK1/2, STAT, JAK and Akt which all have a direct role 

in cancer progression (Butti et al., 2018). Importantly, the upregulation and activation of RTKs 

such as EGFR, Her2 and IGF1R induced drug resistance through the activation of Akt and MAPK 

pathways (Ring et al., 2004). Moreover, VEGFR1 activation induced EMT in cancer cells thus 

promoting invasion and metastasis in breast cancer models (Ning et al., 2013). This coincides with 

the elevation of plasma membrane levels of CAMs and RTKs upon Endofin and HD-PTP depletion 

in HeLa cells, and with the induction of an invasive phenotype in triple negative breast cancer 

cells.  

We have already established that Endofin/HD-PTP direct interaction is required for an 

efficient EGFR sorting towards lysosomal degradation (Kazan et al., 2021). Moreover, Endofin 

and HD-PTP depletion in HeLa cells increase the density and stability of both EGFR and integrin 

α5 at the plasma membrane and sustain receptor signaling (Kazan et al., 2021). HD-PTP is a 

haploinsufficient tumor suppressor, and Ptpn23 heterozygous deletion in mice induces B cell 
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lymphoma and increases integrin β1 receptor levels at the plasma membrane of lymphoma B cells, 

which in turn increases cancer cell dissemination (Manteghi et al., 2016). SARA protein, Endofin’s 

homologue, also binds directly to HD-PTP (Gahloth et al., 2017c), and its depletion delays the 

degradation of activated EGFR (Kostaras et al., 2013). Interestingly, SARA was also shown to 

exert a tumor suppressor activity since its deletion in mice promotes skin tumorigenesis and 

malignant progression (Chang et al., 2014). Since HD-PTP depletion increased 4T1 lung 

metastasis, therefore Endofin might also suppress cancer metastasis.  

 In this study, we show that HD-PTP depletion increased breast cancer metastasis to the 

lungs, and Endofin and HD-PTP depletion induced an invasive phenotype in triple negative breast 

cancer cells. We propose that Endofin and HD-PTP depletion favors the upregulation of cell 

surface receptors involved in cancer progression. Therefore, the downstream receptor signaling is 

hyperactivated leading to the engagement of gene expression programs involved in cancer 

metastasis. Future studies are required to understand whether certain receptor candidates, 

upregulated upon HD-PTP depletion, are directly involved in the increase of 4T1 lung metastasis 

(e.g., integrin α5), and whether Endofin exerts the same effect as HD-PTP on cancer metastasis. 

 

3.5. Materials and Methods: 

Constructs, reagents and cell culture: 

4T1 (ATCC® CRL-2539™) and MDA-MB-231 (Peter Siegel’s Lab) cells were cultured 

in RPMI, 10% FBS (Wisent). MISSION® shRNA Lentiviral plasmids pLKO.1-puro for human 

Endofin (clone ID: NM_014733.2-4263s1c1 (sh54), NM_014733.3-3858s21c1 (sh75)), human 

HD-PTP (clone ID: NM_015466.x-571s1c1 (sh47), NM_015466.x-887s1c1 (sh51)), murine HD-
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PTP (clone ID: XM_135197 (sh43), XM_135197 (sh46)) and empty vector (MISSION® pLKO.1-

puro Empty Vector Control Plasmid DNA, SHC001) were purchased from Sigma. 

Purification and enrichment of cell-surface proteins: 

Two proteomic procedures for the enrichment of cell-surface proteins were adapted from 

previously published methods (Weekes et al., 2010). For Cell Surface Sapture (CSC), cells were 

chilled on ice, rinsed twice with ice-cold biotinylation buffer [phosphate buffered saline (PBS), 

pH 7.4, supplemented with 1mM CaCl2 and 0.5mM MgCl2], and then incubated with 1 mM 

sodium (meta)periodate (Sigma-Aldrich) at 4 °C for 30 min in the dark. The mildoxidation reaction 

was quenched by addition of glycerol at a final concentration of 1 mM. Cells were then washed 

twice with ice-cold PBS (pH 7.4) supplemented with 5% (v/v) FBS, and biotinylated for 1 h at 4 

°C with a mix of 100 μM aminooxybiotin (Biotium Inc.) and 10mM aniline (Sigma-Aldrich) in 

ice-cold PBS (pH 6.7) supplemented with 5% FBS. Cells were then washed once with ice-cold 

PBS pH 7.4/ 5% FBS, and then once with ice-cold biotinylation buffer. Biotinylated cells were 

incubated in Surfaceome Lysis Buffer [noted as SLB; 1% Triton X-100, 150mM NaCl, 10mM 

Tris–HCl, pH 7.6, 5mM iodoacetamide (Sigma-Aldrich), 1× protease inhibitor (cOmplete, without 

EDTA, Roche), 1mM sodium orthovanadate (Na3VO4), and 1mM phenylmethylsulfonyl fluoride 

(PMSF)] for 30 min at 4 °C. Cell debris and nuclei were removed by successive centrifugation for 

10 min at 4 °C, initially at 2800 × g and then 16,000 × g. Next, biotinylated proteins were isolated 

from 10 mg total protein by incubating cell lysates with high-capacity streptavidin agarose resin 

(Thermo Fisher Scientific) for 2 h at 4 °C. Beads were washed extensively with intermittent 

centrifugation at 1000 × g for 5 min to eliminate all potential contaminants bound to biotinylated 

proteins. Three washes were performed with SLB, once with PBS pH 7.4/0.5% (w/v) sodium 

dodecyl sulfate (SDS), and then beads were incubated with PBS/0.5% SDS/100mM dithiothreitol 
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(DTT), for 20 min at RT. Further washes were performed with 6M urea in 100mM Tris–HCl pH 

8.5, followed by incubation with 6M urea/100mM Tris–HCl pH 8.5/50mM iodoacetamide, for 20 

min at RT. Additional washes were performed with 6M urea/100mM Tris–HCl pH 8.5, PBS pH 

7.4 and then water. Biotinylation efficiency was confirmed by blotting aliquots of cell lysates with 

streptavidin horseradish peroxidase (HRP) (Dilution 1:50,000). For proteomic analysis, beads 

were rinsed thrice with 50mM ammonium bicarbonate (NH4HCO3) pH 8.5, and re-suspended in 

400 μL of 50mM NH4HCO3 pH 8.5 containing 4 μg of proteomics grade trypsin (Sigma-Aldrich), 

overnight at 37 °C. The proteins were further digested with an additional 4 μg trypsin for 4 h at 37 

°C. The resulting tryptic peptides were then collected by centrifugation at 10,000 × g, for 10 min 

at RT. The beads were washed twice with MS grade water and the tryptic fractions pooled. The 

tryptic fractions were dried to completion in a SpeedVac and re-suspended in MS solvent (5% 

aqueous Acetonitrile (ACN), 0.2% FA). For Cell Surface Biotinylation (CSB), cells were chilled 

on ice, washed twice with ice-cold biotinylation buffer, and incubated with 1 mg/mL Sulfo-NHS 

LCbiotin (resuspended in biotinylation buffer) for 1 h at 4 °C. The biotinylation reaction was 

quenched by addition of 100mM glycine for 10 min at 4 °C, followed by two washes with ice-cold 

biotinylation buffer. Biotinylated cells were lysed in SLB, proteins isolated and digested for MS 

analysis as described above. 

Mass spectrometry and database searches:  

Samples were loaded on a 1.5 μL C18 pre-column (Optimize Technologies) connected 

directly to the switching valve. They were separated on a homemade reversed-phase column (150 

μm i.d. by 150 mm) with a 56-min gradient from 10 to 30% ACN/0.2% FA and a 600-nl/min flow 

rate on a Ultimate 3000 LC system (Eksigent, Dublin, CA) connected to an QExactive Plus 

(Thermo Fisher Scientific, San Jose, CA). Each full MS spectrum acquired at a resolution of 
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70,000 was followed by 12 tandem-MS (MS–MS) spectra on the most abundant multiply charged 

precursor ions. Tandem-MS experiments were performed using collision-induced dissociation 

(CID) at a collision energy of 27%. Proteomic samples were analyzed as biological, back-to-back 

triplicates per condition. Peptides were identified using PEAKS 7.0 (Bioinformatics Solutions, 

Waterloo, ON) and peptide sequences were blasted against the Rat Uniprot database. Mass 

tolerances on precursor and fragment ions were 10 ppm and 0.01 Da, respectively. The false 

discovery rate (FDR) for peptide and protein was set to 0.5%. The minimum number of peptides 

per protein was set to 2, and minimum peptide length was set to ~6 amino acids. Search criteria 

included a static modification of cysteine residues of +57.0214 Da; a variable modification of 

+15.9949 Da to include potential oxidation of methionines; and a modification of +79.966 on 

serine, threonine, or tyrosine for the identification of phosphorylation. The data were visualized 

with Scaffold 4.4.6. Normalized Spectral abundance factors (NSAF) for the significantly 

upregulated or downregulated cell-surface proteins by shEndofin or shHD-PTP (Log2 FC values), 

for each of the replicates of CSC or CSB technique, were extracted from Scaffold 4.4.6. 

Label-free quantification and data processing: 

Peptide precursor intensities were extracted using an integral algorithm of PEAKS® 

software 8.05. Proteins were then selected based on their detection in at least two replicates of the 

same biological condition (either Control or shEndofin/shHD-PTP), with a minimum of two 

unique peptides, which were verified for uniqueness and leucine/isoleucine switch using the neXt- 

Prot checker54. These proteins were considered as identified with high-confidence. Gene 

Ontology Cellular Component (GO.CC) terms and functional annotations were queried for all 

identified proteins using g:profiler (http://biit.cs.ut.ee/gprofiler/ index.cgi) to get an objective 

estimation about the number of proteins specific to the cell surface. We then manually sorted all 

http://biit.cs.ut.ee/gprofiler/
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identified proteins such that we kept those that contain at least one cell surface-exposed domain, 

which could be potentially biotinylated. To do so, we analyzed proteins identified with 

highconfidence by querying them against the UniProt online database (http://www. uniprot.org/). 

We then defined proteins as integral to plasma membrane proteins when they contained at least 

one transmembrane domain and an extracellular region (e.g., CAMs, RTKs), as belonging to 

secretory or extracellular components when they were known to be secreted and potentially 

interact with the cell surface (e.g., growth factors, cytokines), and as potential contaminants when 

they corresponded to proteins that do not possess an extracellular domain (e.g., abundant 

intracellular proteins that may interact with streptavidin beads, plasma membranetethered proteins 

that interact intracellularly with a biotinylated protein). Proteins were considered differentially 

upregulated by shEndofin/shHD-PTP if log2 FC (shEndofin or shHD-PTP /Control) values were 

≥ 2, and downregulated if ≤ −2. Some proteins were only identified in the shEndofin/shHD-PTP 

or Control condition, making it impossible to calculate fold-change values. The value “±1.4 

(Log2FC=±0.5)” was chosen as it was higher than our highest and lowest sh54Endofin or sh47HD-

PTP/Control fold-change, respectively. 

RNA-sequencing: 

For transcriptome analysis, total RNA was extracted using RNeasy mini Kit (Qiagen). 

Presence of contamination was assessed by NanoDrop (ThermoFisher Scientific) using 260/280 

and 260/230 ratios. Quantification of total RNA was made by QuBit (ABI) and 500 ng of total 

RNA was used for library preparation. Quality of total RNA was assessed with the BioAnalyzer 

Nano (Agilent) and all samples had a RIN above 9.8. Library preparation was done with the KAPA 

mRNA-seq stranded kit (KAPA, Cat no. KK8420). Ligation was made with 9 nM final 

concentration of Illumina index and 10 PCR cycles was required to amplify cDNA libraries. 

http://www/
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Libraries were quantified by QuBit and BioAnalyzer. All libraries were diluted to 10 nM and 

normalized by qPCR using the KAPA library quantification kit (KAPA; Cat no. KK4973). 

Libraries were pooled to equimolar concentration. Sequencing was performed with the Illumina 

Hiseq2000 using the Hiseq Reagent Kit v3 (200 cycles, paired-end) using 1.8 nM of the pooled 

library. Around 120M paired-end PF reads were generated per sample. Library preparation and 

sequencing was made at the Institute for Research in Immunology and Cancer’s (IRIC) Genomics 

Platform. Sequence data were mapped to the reference genome using the Illumina Casava 1.8.1 

package and Refseq release 63. Expression levels of mRNA were displayed as reads per kilobase 

per million (RPKM), these RPKM values were used to analyze the functional enrichment of genes 

associated with the sequencing data by gene set enrichment analysis (GSEA). Data are 

representative of three independent biological experiments. RPKM values of each biological 

replicate were averaged for Control and shEndofin or shHD-PTP conditions, and Log2 FC 

(shEndofin or shHD-PTP/Control) values were calculated. Transcripts were considered 

differentially upregulated by shEndofin or shHD-PTP if log2 FC (shEndofin or shHD-PTP 

/Control) values were ≥2, and downregulated if ≤ −2 (P < 0.05). 

Human data analysis: 

All bioinformatics data were extracted from the cBioPortal database from different studies 

listed in Figure 3 legend. 

In vivo metastasis assay: 

 4T1 cells (500 cells) were injected with matrigel in the mammary fat pad of BALB/c 

mice. Tumor growth was measured by a caliber. Four weeks post-injection and when tumor 

reached ~ 500 mm3 volume, tumors were resected. Mice were left two weeks post-resection and 
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then euthanized. Lungs were collected for H and E staining. Lung metastatic lesion area/tissue 

area was quantified using Imagescope software (Aperio). The mice were housed in facilities 

managed by McGill University Animal Resources Centre and all animal experiments were 

conducted under a McGill University-approved Animal Use Protocol (AUP #4722), which was 

reviewed by the Facility Animal Care Committee for the Faculty of Medicine (Committee A). 

All projects involving live animals were subjected to peer review for scientific merit, in 

accordance with guidelines established by the Canadian Council on Animal Care. 

Cell surface measurements using cs-ELISA: 

Cell-surface ELISA-based assays were performed in live cells as described by Apaja et al. 

(Apaja et al., 2010). Briefly, cells were starved for 2 h in serum-free RPMI media, labeled with 

integrin α5 antibody on ice, and detected with horseradish peroxidase (HRP)-conjugated secondary 

antibody (Jackson ImmunoResearch) and Amplex Red (Life Technologies). Antibodies are listed 

in Table S1. 

Cell migration/invasion assays: 

Migration/invasion assays were performed using xCELLigence system (ACEA 

Biosciences). 30,000 MDA-MB-231 cells in serum-free RPMI media were allowed to migrate for 

24 h or to invade for 48 h towards 10% FBS medium serving as a chemoattractant. As a negative 

control, serum-free media was used. Rate of cellular migration/invasion was analyzed by plotting 

for the slope of the real-time migration/invasion curve of each cell line tested. 

Signaling experiment: 
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MDA-MB-231 cells were collected and lysed on ice in buffer B (50 mM Tris pH 7.5, 150 

mM NaCl, 1,5 mM MgCl2, 1 mM EDTA, 1% triton x-100, 5% glycerol, 20 mM NaF, 5 mM 

NaPPi, 1 mM Na3VO4, 2 mM imidazole, 175 µg/ml PMSF and cOmplete (Roche) protease 

inhibitors). Protein extracts were separated by SDS-PAGE and analyzed by Western blotting. 

Antibodies are listed in Table S1. 

Quantification and Statistical Analysis: 

Western blots were quantified using imageJ software. Statistical analysis was performed 

using Microsoft Excel software. Significance was determined by paired two-tailed Student's t test, 

and data with p values: *<0.05, **<0.01 and ***<0.001 are considered to be significant. 
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Figure 1: Endofin and HD-PTP depletion upregulate cell surface receptors involved in 

cancer metastasis. 

(A) Cell surface proteomics heat maps showing the expression levels of cell adhesion molecules 

(CAMs), receptor tyrosine kinases (RTKs), glucocorticoid receptors (GCRs), serine/threonine 

kinase receptors (STKRs) and solute carriers in Endofin- or HD-PTP-depleted HeLa cells 

normalized to control cells. (B) Cell surface proteomics heat maps for receptors involved in cell 

migration (GO: 0016477), hypoxia and cellular extravasation (GO: 0045123) upregulated in 

Endofin- and HD-PTP- depleted HeLa cells normalized to control cells. Scale bar shows 

expression levels in Log2FC. The Log2FC value (shEndofin/control or shHD-PTP/control) above 

0.5 or below -0.5 (±1.4-fold) were considered as significantly upregulated (red) or downregulated 

(blue), respectively. 
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Figure 2: Endofin and HD-PTP depletion engage gene expression programs involved in 

cancer metastasis. 

(A-D) RNAseq heat maps showing upregulated genes involved in the regulation of pathways in 

cancer (KEGG: hsa05200) (A), cell migration (GO: 0030334) (B), epithelial-to-mesenchymal 

transition (GO: 0001837) (C) and hypoxia (D) in Endofin- and HD-PTP-depleted HeLa cells 

compared to control cells. Scale bar shows expression levels in Log2FC. The Log2FC value 

(shEndofin/control or shHD-PTP/control) above 0.5 or below -0.5 (±1.4-fold) were considered as 

significantly upregulated (red) or downregulated (blue), respectively. 



157 
 

 



158 
 

Figure 3: ZFYVE16 heterozygous deletion and downregulation are more frequent in human 

patients with basal-like breast cancer subtype and negatively correlate with EGFR 

expression. 

(A) Frequency of ZFYVE16 heterozygous deletion (left panel) and homozygous deletion (right 

panel) in different types of human breast cancer (cBioPortal, Breast Invasive Carcinoma, TCGA, 

Firehose Legacy). (B) Overall survival of human breast cancer patients with ZFYVE16 

heterozygous deletion compared to unaltered group (cBioPortal, Breast Cancer, METABRIC, 

Nature 2012 and Nat Commun 2016). (C) Correlation between ZFYVE16, PTPN23 and EGFR 

mRNA expression in breast cancer patients (ZFYVE16 and PTPN23 expression< -2 folds) 

(cBioPortal, Breast Invasive Carcinoma, TCGA, Firehose Legacy). (D) Frequency of ZFYVE16 

and PTPN23 homozygous deletion (dark blue), heterozygous deletion (light blue), diploidy (grey), 

gain (pink) and gene amplification (red) in patients with different breast cancer subtypes (basal: 

basal-like, Her2: Her2 positive, LumA: luminal A, LumB: luminal B, NC: non-classified, Normal: 

normal breast-like and claudin-lo: claudin-low subtype) (cBioPortal, Breast Cancer, METABRIC, 

Nature 2012 and Nat Commun 2016). (E) ZFYVE16 Z-score in patients with different subtypes of 

breast cancer. Data were downloaded from cBioPortal. 
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Figure 4: HD-PTP depletion increases 4T1 lung metastasis. 

(A-B) Western blots showing HD-PTP (A) and integrin α5 (B) expression levels in HD-PTP-

depleted 4T1 cells compared to control cells (NT). HD-PTP is knocked-down using two different 

shRNAs, and NT cells are infected with a non-targeting shRNA. eEF2 blot is used as a loading 

control. Quantification was performed using imageJ. (C) Fibronectin adhesion assay (1 h, 37oC) 

compared to NT cells. (D) Tumor volumes of HD-PTP-depleted 4T1 cells compared to control 

(NT) cells injected in the mammary fat pad of BALB/c mice. (E) H and E stains of lung tissues 

from an orthotopic syngeneic tumor mouse model injected with HD-PTP-depleted 4T1 cells 

compared to NT cells. Four weeks post-injection, tumors were resected, and mice were kept for 

two additional weeks before euthanasia and tissue collection. Scale bar is 1 mm. Percentage of 

metastatic lesions area and number of metastatic lesions were quantified using ImageScope. In 

vitro data are mean ± SEM of n≥3 independent experiments. In vivo data are mean ± SEM of n=10 

mice/cohort. Unpaired student t-test: * p<0.05, ** p<0.01, *** p<0.001. 
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Figure 5: Endofin and HD-PTP depletion in MDA-MB-231 cells increase cell migration, 

invasion, total integrin α5 receptor levels and its downstream signaling. 

(A) Western blot of integrin α5 receptor in Endofin- and HD-PTP-depleted MDA-MB-231 cells. 

eEF2 blot is used as a loading control. Quantification was performed using imageJ. (B) Western 

blot of integrin α5 receptor downstream signaling components pFAK, pSrc and pErk1/2 in 

unstimulated Endofin- and HD-PTP-depleted MDA-MB-231 cells. (C-D) Real time cell analysis 

of Endofin- and HD-PTP-depleted MDA-MB-231 cell migration (C) and invasion (D) compared 

to NT cells. Cell migration and invasion were triggered by a chemoattractant gradient (FBS) and 

compared to NT cells. A negative control (no FBS gradient) was used to assess migration. Invasion 

was assessed by seeding cells on top of a matrigel layer. Data are mean ± SEM of n≥3 independent 

experiments. Unpaired student t-test: * p<0.05, ** p<0.01, *** p<0.001. 
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3.7. Supplemental Figures: 
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Figure S1: Endofin and HD-PTP depletion in HeLa cells upregulate various cell surface 

proteins. Related to Figure 1. 

(A-B) Western blots showing Endofin (A) and HD-PTP (B) depletion in HeLa cells using two 

different shRNAs. Control cells (NT) were infected with a non-targeting shRNA. eEF2 (A) and α-

tubulin (B) were used as loading controls. (C) Correlation of cell surface protein expression 

(Log2FC) in Endofin- and HD-PTP-depleted HeLa cells normalized to control cells. (D) Venn 

diagram showing the number of upregulated receptors which are either in common or unique for 

Endofin or HD-PTP depletion. (E) Cell surface proteomics heat maps showing the expression 

levels of metzincin metallopeptidases, cytokine receptors (TNFRSF-ILRs-CXCR), ABC 

transporters, G protein-coupled receptors (GPCRs) in Endofin- and HD-PTP-depleted HeLa cells 

normalized to control cells. Scale bar shows expression levels in Log2FC. The Log2FC value 

(shEndofin/control or shHD-PTP/control) above 0.5 or below -0.5 (±1.4-fold) were considered as 

significantly upregulated (red) or downregulated (blue), respectively. 
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Figure S2: RNAseq data analysis from Endofin- and HD-PTP-depleted HeLa cells. Related 

to Figure 2. 

(A) Principal component analysis (PCA) of gene expression data from all samples. (Left) PC1 (x-

axis) separate control from the sh47HDPTP and sh51HDPTP samples. (Right) PC3 (y-axis) further 

separates control from sh54Endofin and sh75Endofin samples. (B) RNAseq heat maps showing 

gene clustering as upregulated and downregulated upon Endofin and HD-PTP depletion in HeLa 

cells compared to control cells. Gene clustering for each cell line are shown in triplicates. Scale 

bar shows expression levels in Log2FC. (C) Venn diagram for 4 sets showing common/different 

RNAseq hits between Endofin- and HD-PTP-depleted HeLa cells. 
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Figure S3: ZFYVE16 mRNA expression decreases with advanced stages of human breast 

cancer. Related to Figure 3. 

(A) Frequency of ZFYVE16 homozygous deletions in different types of human cancers 

(cBioPortal). (B) ZFYVE16 mRNA expression (TPM: transcript per million) in patients with 

different stages of breast cancer (TCGA). 

 

 

Figure S4: Endofin and HD-PTP depletion in MDA-MB-231 cells has a minimal effect on 

integrin α5 plasma membrane levels. Related to Figure 4. 

(A) Western blot showing Endofin depletion in 4T1 cells using shRNA. (B) Western blots showing 

Endofin (left panel) and HD-PTP (right panel) depletion in MDA-MB-231 cells compared to NT 

cells. Endofin and HD-PTP are knocked-down using two different shRNAs, and NT cells are 
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infected with a non-targeting shRNA. eEF2 blot is used as a loading control. (C) Cell surface-

ELISA measuring the plasma membrane density of integrin α5 receptor at steady states in Endofin- 

and HD-PTP-depleted MDA-MB-231 cells compared to NT cells. Data are mean ± SEM of n≥3 

independent experiments. Unpaired student t-test: ** p<0.01, *** p<0.001. 
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4.1. Endofin functions as an ESCRT protein in ubiquitinated endo-lysosomal cargo sorting: 

The ESCRT machinery is involved in several cellular processes such as: cytokinesis, viral 

budding and lysosomal membrane repair, as well as ubiquitinated plasma membrane 

transmembrane cargo sorting along the endo-lysosomal organelles. The latter mechanism also 

contributes to ubiquitinated PM receptor downregulation, a critical process not only in the 

termination of a large number of receptors signaling (Wegner et al., 2011) and elimination of non-

native PM proteins to preserve proteostasis (Apaja et al., 2014), but to thwart oncogenic receptors 

uncontrolled signaling in various types of cancer. The loss-of-expression or -function of selected 

ESCRT components stabilizes receptors at the PM and in early endosomes, which in turn increases 

their signaling, a known cancer hallmark. Hyperactivated signaling pathways trigger oncogenic 

cellular responses such as: increased proliferation, migration and survival. Moreover, 

perturbations in the ESCRT machinery might also increase the cell surface availability of other 

receptors related to cell migration/invasion and drug resistance. Hence, deletions/mutations of 

ESCRT components can enhance tumorigenesis and cancer progression. To have a better insight 

on how the levels of cell surface receptors and their downstream signaling are regulated under 

normal physiological and pathological conditions (e.g., cancer), the interactions and the functional 

role of individual components of the ESCRT machinery have to be mapped and understood. 

In this thesis, I uncovered a previously unknown role of Endofin as a component of the 

ESCRT machinery with critical role in a subset of cell surface receptor trafficking (e.g., EGFR 

and integrin), signaling and cell migration. Therefore, I propose that Endofin plays a critical role 

in tumor suppression at cellular and organism levels. I also shed some light on the role of Endofin 

and HD-PTP in cancer metastasis. Several questions need to be addressed: 1) Endofin functional 

and physical relation to HD-PTP and to other constituents of ESCRT-0/-III complexes? 2) How 
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does Endofin association/dissociation from the ESCRT machinery aids receptor sorting towards 

MVBs and lysosomes. 3) What are the consequences of Endofin 

downregulation/haploinsufficiency on receptor recycling and lysosomal targeting, as well as on 

cellular oncogenicity? 4) What is the molecular, cellular and clinical relevance of the altered cell 

surface proteome upon Endofin depletion in cancer? 5) How does Endofin depletion might 

enhance cancer progression at a systematic (organism) level? The relevance of these topics and 

their potential as research avenues are discussed here. 

4.2. The role of Endofin/HD-PTP interaction in the ESCRT machinery: 

 Tom1, a ubiquitin and a clathrin binding protein, is shown to recruit clathrin to early 

endosomes through its direct interaction with Endofin (Katoh et al., 2004, Seet et al., 2005, Seet et 

al., 2004, Shiba et al., 2004). Clathrin recruitment to early endosomes is indispensable for cargo 

sorting towards lysosomal degradation (Raiborg et al., 2006, Sachse et al., 2002). Moreover, the 

Tom1 ortholog in Dictyostelium discoideum, ddTom1 serves as an ancestral ESCRT-0 component 

in the absence of the classical ESCRT-0 complex, Hrs/STAM (Blanc et al., 2009). However, the 

incapability of FYVE-Tom1 chimera to restore EGFR lysosomal delivery, showed that Tom1 is 

dispensable for the role of Endofin in receptor trafficking. Of note, Tom1 is also recruited to early 

endosomes by Tollip protein (Ankem et al., 2011). Therefore, Tollip activity might serve as a 

compensatory mechanism for clathrin recruitment to early endosomes in an Endofin-depleted 

cellular context. Alternatively, Hrs clathrin binding capacity may ensure sufficient recruitment of 

clathrin molecules to form the double layered clathrin layer on the surface of sorting endosomes 

as an initial site of ESCRT assembly and ubiquitinated cargo concentration (Raiborg et al., 2002, 

Sachse et al., 2002). 
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 Although it is shown that L202D/I206D-HD-PTP variant prevented its recruitment to early 

endosomes even upon its co-expression with myc-Endofin (Gahloth et al., 2017c), I thought that 

this experiment does not directly characterize the importance of Endofin/HD-PTP association in 

receptor trafficking. In fact, L202D/I206D mutation disrupts HD-PTP interaction with several 

proteins such as Endofin, SARA, CHMP4B and STAM2, which in turn recruit HD-PTP to early 

endosomes (Gahloth et al., 2017c). Thus, it was essential to assess EGFR lysosomal delivery upon 

complementation with Endofin mutants lacking the interaction with HD-PTP or the localization to 

early endosomes. Furthermore, both BioID and APMS proteomics data showed a significant 

interaction of HD-PTP to clathrin. This interaction whether it is direct or indirect, it is still 

unknown and requires further research. However, it is shown that HD-PTP and clathrin are 

recruited to early endosomes in the early stages of an ESCRT wave just before the sharp 

recruitment of ESCRT-III (CHMP4B) (Wenzel et al., 2018). Therefore, Endofin might either form 

an alternative ESCRT complex consisting of HD-PTP, clathrin and ESCRT-III, or Endofin might 

be mediating the recruitment of HD-PTP to the proper microdomain at early endosomes to 

facilitate its interaction/colocalization with the cargo and ESCRT-0 complex for an efficient cargo 

sorting towards MVBs and lysosomes. The real time recruitment of wild-type and mutant Endofin 

to early endosomes and its association with HD-PTP and other ESCRT components could be 

assessed by live imaging microscopy. This would allow us to figure whether Endofin 

recruitment/interaction with the ESCRT machinery occurs during early or late phases of the 

ESCRT wave. Since Endofin is identified as a phosphorylation target upon EGF stimulation (Chen 

et al., 2007b), further structural/biochemical analysis (e.g., phosphorylation/dephosphorylation 

and conformational changes) permits us to better understand the importance of Endofin/HD-PTP 

association/dissociation in sorting cargo towards MVBs and lysosomes. 
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4.3. Compositional changes of cell surface receptor profile upon Endofin and HD-PTP 

depletion: 

 Internalized/ubiquitinated cargo at the surface of early endosomes are recognized by the 

ESCRT ubiquitin binding proteins, such as Hrs, STAM2, Tsg101 and UBAP1, then sorted towards 

MVB formation (Agromayor et al., 2012, Bache et al., 2003, Raiborg et al., 2002, Sundquist et al., 

2004). HD-PTP and Tom1 are also ubiquitin binding proteins recognizing both poly- and mono-

ubiquitinated cargo (Akutsu et al., 2005, Pashkova et al., 2013, Wang et al., 2010), but the ability 

of Endofin to bind ubiquitinated cargo is still uncharacterized. It is well-known that Hrs, Tsg101 

and UBAP1 depletion disrupt receptor trafficking and delay their lysosomal degradation (Kharitidi 

et al., 2015, Lu et al., 2003, Stern et al., 2007). However, the effect of depleting individual ESCRT 

components on the global cell surface proteome is still undetermined.  

Our cell surface proteomics data showed that Endofin and HD-PTP depletion upregulated 

several receptors at the PM, while some of the receptors’ density remained either unaltered or 

downregulated. This suggests that other factors such as receptor posttranslational modifications 

(e.g., ubiquitination), receptor interactome formation upon ligand-stimulation as well as indirect 

effects via transcriptomic alterations likely play a complex/partially understood role in the 

biochemical consequences of Endofin and/or HD-PTP downregulation and their effect on the cell 

surface receptors’ distribution pattern.  

The effect of Endofin and HD-PTP depletion on the lysosomal targeting of poly- versus 

tetrameric mono-ubiquitinated CD4 cargo models supports this notion (Kazan et al., 2021, 

Kharitidi et al., 2015). Moreover, Endofin showed a strong interaction with EGFR upon EGF 

stimulation, and it also might be interacting with other internalized cell surface receptors to 

mediate their ESCRT-dependent lysosomal targeting. Furthermore, the crosstalk between cell 
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surface receptors, for instance the blockage of integrin αvβ3 triggers VEGFR2 recycling (Reynolds 

et al., 2009), might also affect the cell surface proteome upon Endofin and HD-PTP depletion. I 

suggest that all these factors directly affect receptor sorting and further explain the alteration in the 

cell surface proteome upon Endofin and HD-PTP depletion. 

 One of the limitations is that the effect of Endofin depletion on the cell surface proteome 

should not only be compared to HD-PTP depletion, but also to the depletion of other classical 

ESCRTs such as Hrs, Tsg101, UBAP1 or CHMP4B. It would be important to know whether 

Endofin and classical ESCRT depletions have similar, partially overlapping or distinct impact on 

the cell surface proteome. Hence, Endofin might have a similar or a different impact on 

downstream receptor signaling and transcriptional activation. This permits us to better understand 

the role of Endofin in ESCRT machinery function and the regulation of selective cargo trafficking. 

 

4.4. The role of Endofin in cell surface receptor recycling from early endosomes: 

 The interaction of SNXs with the specific sorting motifs of activated/internalized cell 

surface receptors, segregates cargoes into different microdomains on the surface of early 

endosomes and directs them either towards tubulovesicular recycling routes, Golgi complex or 

towards the MVB/lysosomal degradative pathway (Norris et al., 2017). For instance, SNX17 binds 

integrin α5β1, suppresses its lysosomal degradation and favors its recycling (Brahme et al., 2012). 

HD-PTP is shown to favor the sorting of activated integrin α5β1 towards lysosomal degradation 

and to suppress its recycling route (Kharitidi et al., 2015). This role coincides with the role of the 

classical ESCRT-I protein UBAP1, where its depletion favors the recycling of integrin α5β1 back 

to the cell surface (Kharitidi et al., 2015). This phenotype is the reverse of USP9x deubiquitinating 

(DUB) enzyme depletion, which promoted integrin α5β1 ubiquitination and destabilization at the 



177 
 

PM (Homan et al., 2014). Endofin might also play a critical role in receptor recycling through 1) 

its interaction with the receptor (e.g., EGFR), which might block the interaction of SNXs with the 

specific sorting motifs of a receptor and its subsequent recycling. 2) Endofin promotes HD-PTP 

interaction/colocalization with ESCRT-0 and cargo to mediate an efficient sorting towards 

lysosomal degradation, thus suppressing receptor recycling. 3) Endofin might also block the 

recruitment and DUB activity of USP9x to deubiquitinate cargo on the surface of early endosomes, 

thus promoting its lysosomal targeting by stabilizing cargo ubiquitination. 

 It is shown that tumor cells of cancer patients with p53 mutations exhibit an enhanced 

recycling of both integrin and EGFR, which in turn results in continuous activation of their 

downstream signaling (Muller et al., 2009). In addition, these tumor cells show enhanced 

metastatic behavior (Muller et al., 2009). Moreover, the upregulation of proteins mediating 

integrin recycling such as Rab-coupled protein, are shown to correlate with poor survival and 

cancer aggressiveness in patients with luminal B breast cancer subtype (Zhang et al., 2009b). 

Endofin depletion favored integrin α5 and EGFR recycling, sustained their downstream signaling 

and increased cell migration. Moreover, Endofin depletion in MDA-MB-231 breast cancer cells 

increased their migration and invasive abilities. Importantly, HD-PTP depletion favors integrin 

α5β1 recycling and increases cell migration (Kharitidi et al., 2015). In addition, the heterozygous 

loss of Ptpn23 in mice induced spontaneous B cell lymphoma, increased integrin β1 levels at the 

surface of lymphoma B cells and enhanced cancer cell dissemination (Manteghi et al., 2016). 

Hence, Endofin might exert a tumor suppressor activity through its role in sorting 

activated/internalized cell surface receptors towards lysosomal degradation, thus suppressing 

receptor recycling and their downstream signaling pathways. 
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4.5. Cellular oncogenicity upon Endofin depletion: 

 Cell surface receptors play a critical role in cancer progression. CAMs facilitate cancer 

metastasis by mediating cell interaction with stromal cells and ECM triggering downstream 

signaling cascades, which in turn influence cell morphology, polarity and migratory behavior 

(Bendas et al., 2012, Huveneers et al., 2009). For instance, integrins are involved in almost every 

step of cancer progression including cancer cell proliferation, local invasion and intravasation, 

survival of tumor circulating cells and extravasation into the secondary metastatic site (Hamidi et 

al., 2018). Cell surface proteomics showed an increase in cell surface levels of integrin β1, αv, α5 

and α7 upon Endofin and HD-PTP depletion. Most β1 integrins are necessary for breast 

tumorigenesis with a growth-promoting function (White et al., 2004). Moreover, integrin α5β1 

upregulation in lung cancer is linked to poor prognosis and cancer progression (Roman et al., 

2010). It is also shown that the increase in integrin αvβ3 expression in breast and lung cancer 

increases metastasis (Desgrosellier et al., 2009). Integrin α7 plays a critical role in the growth and 

invasiveness of glioblastoma stem-like cells, and its high expression negatively correlates with the 

survival of glioma patients (Haas et al., 2017). Endofin and HD-PTP depletion also upregulated 

the cell surface levels of RTKs receptors and multi drug resistance proteins. Although I directly 

link the regulation of cell surface receptor levels to the role of Endofin and HD-PTP, however it 

also shown that the crosstalk between receptors affects their trafficking and signaling. For instance, 

the upregulation of integrin β3 may promote TGFβ activation and TGFβ-mediated EMT in breast 

cancer (Truong et al., 2014). It is also shown that blocking integrin αvβ3 with Cilengitide triggers 

the rapid recycling of VEGFR2, which in turn enhance endothelial migration and tumor 

vascularization (Reynolds et al., 2009). Moreover, integrin α6β4 cooperate with EGFR and HER2 

receptors to amplify their downstream signaling in several carcinomas (Guo et al., 2006, Mariotti 

et al., 2001, Trusolino et al., 2001). In addition, the interaction of integrin α5β1 with fibronectin is 
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shown to be sufficient to induce MET activation in ovarian cancer and to enhance metastasis (Mitra 

et al., 2011). Integrins can also induce Src family kinases to phosphorylate RTKs, thus sustaining 

their downstream signaling (Cooper et al., 2019). Therefore, the sustained signaling observed upon 

Endofin and HD-PTP depletion might not only be due to the accumulation of activated/internalized 

receptors at early endosomes, but the bidirectional crosstalk between receptors might also 

hyperactivate and sustain downstream signaling pathways. 

 In line with the sustained signaling observed, our RNAseq data showed that different 

downstream transcriptional pathways are upregulated upon Endofin and HD-PTP depletion, 

driving HeLa cells towards enhanced migratory phenotype. Of note, it is well-known that the 

activation of MEK, Src and Erk signaling cascades trigger the activation of transcriptional 

pathways related to cell proliferation and migration/invasion, which are hallmarks of 

tumorigenesis and cancer progression (Guo et al., 2020). 

4.6. Endofin depletion (or haploinsufficiency) might enhance metastasis formation: 

 In this study, I have shown that HD-PTP depletion significantly increased 4T1 total integrin 

α5 receptor levels and lung metastasis. In addition, Endofin depletion increased MDA-MB-231 

total integrin α5 receptor levels, cell migration and invasion. It is shown that the upregulation of 

integrin β1/Src signaling promotes resistance to HER2 and PI3K inhibitors (Hanker et al., 2017). 

Moreover, blocking integrin α5β1, in triple negative breast cancer, inhibits EGFR and FAK 

signaling pathways and hampers metastasis (Shen et al., 2019). Our cell surface proteomics data 

showed an increase in the cell surface levels of ABCC transporters and matrix metallopeptidases 

which play direct roles in drug resistance and cell invasion, respectively. 

 Breast cancer patients with high expression of integrin β1 and fibronectin show a 

significant decrease in overall survival (Yao et al., 2007). Moreover, integrin α5 expression in 
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human breast cancer mediates bone metastasis and serves as a therapeutic target for the treatment 

of osteolytic lesions (Pantano et al., 2021). Furthermore, the overexpression of integrin αv in 

cancer cells originally exhibiting low integrin αv levels, accelerated cell migration in vitro and 

increased brain metastasis in vivo (Wu et al., 2017). In addition, EGFR overexpression in triple 

negative breast cancer enhances metastasis and decreases survival rates (Park et al., 2014, 

Tischkowitz et al., 2007). Despite the different RNAi approaches used, an efficient Endofin knock-

down in 4T1 cells was not attainable. Hence, I decided to knock-down the expression of Endofin 

and HD-PTP in MDA-MB-231 cells and to assess metastasis in a xenograft tumor mouse model. 

I expect Endofin depletion to enhance cancer metastasis similar to HD-PTP depletion in 4T1 cells. 

It would be interesting to assess cell surface proteome alterations in Endofin- and HD-PTP-

depleted MDA-MB-231 cells to better understand which receptor or family of receptors contribute 

to the expected enhanced metastatic phenotype. This could be further validated by knocking-down 

the expression of a candidate receptor and assessing metastasis upon Endofin and HD-PTP 

depletion. 

 Despite the inefficient downregulation of Endofin in 4T1 cells (40% depletion), these cells 

were injected in the mammary fat pad of a syngeneic tumor mouse model. Results did not show 

any significant differences in tumor growth and lung metastasis compared to control cells (data 

not shown). However, bioinformatics showed high frequency of heterozygous deletion of both 

ZFYVE16 and PTPN23 in basal-like breast cancer subtype. This infers that the level of Endofin 

downregulation might be critical to alter the metastatic potential of cancer cells and might also 

differ between different cell types and cancers. Furthermore, the alterations in the cell surface 

receptor profile upon Endofin depletion, might also differ between different cell types and different 



181 
 

cancers leading to different consequences and phenotypes. This requires further research to 

elucidate the role of Endofin in cancer progression at both cellular and systematic levels.  

4.7. Proposed woking model for the role of Endofin in receptor trafficking and cancer 

development: 

 The ESCRT machinery has been long established as a key mechanism to downregulated 

ubiquitinated cell surface receptors via lysosomal targeting and proteolysis. Here, I introduce 

Endofin as a previously unrecognized player in ESCRT-mediated cargo sorting mechanism 

through its interaction with the haploinsufficient tumor suppressor protein, HD-PTP. Furthermore, 

I implicate that haploinsufficiency of Endofin has an indispensable role in a subset of 

activated/internalized ubiquitinated cell surface receptors accumulation at the cell surface and in 

cancer metastasis. I propose the following model for the molecular mechanism of Endofin action. 

Upon receptor activation/internalization, Endofin is recruited to early endosomes via its FYVE-

domain to mediate HD-PTP interaction/colocalization with the cargo and ESCRT-0 thus 

catalyzing the efficient sorting of cargo towards lysosomal degradation. In an Endofin-depleted 

cellular context, recycling of internalized cell surface receptors is favored which in turn alters the 

cell surface proteome and sustains downstream receptor signaling. Due to the crosstalk between 

cell surface receptors, recycling and signaling of some other receptors could be indirectly affected 

by Endofin depletion. It is well-known that hyperactivated receptor signaling is a cancer hallmark 

driving tumor cells towards more aggressive phenotypes. 

 It is essential to better understand the association/dissociation of Endofin/HD-PTP 

complex and its impact on receptor trafficking. This might be attained through advanced live 

imaging and protein structural analysis, which might elucidate the real time 
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recruitment/dissociation of Endofin to/from the ESCRT machinery and what biochemical or 

conformational changes regulate Endofin’s activity. 

 All in all, these notions discussed here introduce Endofin as an important component of 

the ESCRT machinery and a potential regulator of the cell surface proteome, which in turn might 

regulate several cellular processes playing critical roles in several human diseases, including 

cancer. 

 

4.8. References: 

Agromayor, M., Soler, N., Caballe, A., Kueck, T., Freund, S. M., Allen, M. D., . . . McDonald, 

B. (2012). The UBAP1 subunit of ESCRT-I interacts with ubiquitin via a SOUBA 

domain. Structure, 20(3), 414-428.  

Akutsu, M., Kawasaki, M., Katoh, Y., Shiba, T., Yamaguchi, Y., Kato, R., . . . Wakatsuki, S. 

(2005). Structural basis for recognition of ubiquitinated cargo by Tom1‐GAT domain. 

FEBS letters, 579(24), 5385-5391.  

Ankem, G., Mitra, S., Sun, F., Moreno, A. C., Chutvirasakul, B., Azurmendi, H. F., . . . 

Capelluto, D. G. (2011). The C2 domain of Tollip, a Toll-like receptor signalling 

regulator, exhibits broad preference for phosphoinositides. Biochemical Journal, 435(3), 

597-608.  

Apaja, P. M., & Lukacs, G. L. (2014). Protein homeostasis at the plasma membrane. Physiology, 

29(4), 265-277.  

Bache, K. G., Raiborg, C., Mehlum, A., & Stenmark, H. (2003). STAM and Hrs are subunits of a 

multivalent ubiquitin-binding complex on early endosomes. Journal of Biological 

Chemistry, 278(14), 12513-12521.  

Bendas, G., & Borsig, L. (2012). Cancer cell adhesion and metastasis: selectins, integrins, and 

the inhibitory potential of heparins. International journal of cell biology, 2012.  

Blanc, C., Charette, S. J., Mattei, S., Aubry, L., Smith, E. W., Cosson, P., & Letourneur, F. 

(2009). Dictyostelium Tom1 participates to an ancestral ESCRT‐0 complex. Traffic, 

10(2), 161-171.  

Brahme, N. N., & Calderwood, D. A. (2012). Cell adhesion: a FERM grasp of the tail sorts out 

integrins. Current biology, 22(17), R692-R694.  

Chen, Y., Low, T. Y., Choong, L. Y., Ray, R. S., Tan, Y. L., Toy, W., . . . Lim, S. (2007). 

Phosphoproteomics identified Endofin, DCBLD2, and KIAA0582 as novel tyrosine 

phosphorylation targets of EGF signaling and Iressa in human cancer cells. Proteomics, 

7(14), 2384-2397.  

Cooper, J., & Giancotti, F. G. (2019). Integrin signaling in cancer: mechanotransduction, 

stemness, epithelial plasticity, and therapeutic resistance. Cancer Cell, 35(3), 347-367.  



183 
 

Desgrosellier, J. S., Barnes, L. A., Shields, D. J., Huang, M., Lau, S. K., Prévost, N., . . . 

Cheresh, D. A. (2009). An integrin α v β 3–c-Src oncogenic unit promotes anchorage-

independence and tumor progression. Nature medicine, 15(10), 1163-1169.  

Gahloth, D., Levy, C., Walker, L., Wunderley, L., Mould, A. P., Taylor, S., . . . Tabernero, L. 

(2017). Structural Basis for Specific Interaction of TGFβ Signaling Regulators 

SARA/Endofin with HD-PTP. Structure.  

Guo, W., Pylayeva, Y., Pepe, A., Yoshioka, T., Muller, W. J., Inghirami, G., & Giancotti, F. G. 

(2006). β4 integrin amplifies ErbB2 signaling to promote mammary tumorigenesis. Cell, 

126(3), 489-502.  

Guo, Y. J., Pan, W. W., Liu, S. B., Shen, Z. F., Xu, Y., & Hu, L. L. (2020). ERK/MAPK 

signalling pathway and tumorigenesis. Experimental and therapeutic medicine, 19(3), 

1997-2007.  

Haas, T. L., Sciuto, M. R., Brunetto, L., Valvo, C., Signore, M., Fiori, M. E., . . . Boe, A. (2017). 

Integrin α7 is a functional marker and potential therapeutic target in glioblastoma. Cell 

Stem Cell, 21(1), 35-50. e39.  

Hamidi, H., & Ivaska, J. (2018). Every step of the way: integrins in cancer progression and 

metastasis. Nature Reviews Cancer, 18(9), 533-548.  

Hanker, A. B., Estrada, M. V., Bianchini, G., Moore, P. D., Zhao, J., Cheng, F., . . . Sánchez, V. 

(2017). Extracellular matrix/integrin signaling promotes resistance to combined 

inhibition of HER2 and PI3K in HER2+ breast cancer. Cancer research, 77(12), 3280-

3292.  

Homan, C. C., Kumar, R., Nguyen, L. S., Haan, E., Raymond, F. L., Abidi, F., . . . Gecz, J. 

(2014). Mutations in USP9X are associated with X-linked intellectual disability and 

disrupt neuronal cell migration and growth. The American Journal of Human Genetics, 

94(3), 470-478.  

Huveneers, S., & Danen, E. H. (2009). Adhesion signaling–crosstalk between integrins, Src and 

Rho. Journal of cell science, 122(8), 1059-1069.  

Katoh, Y., Shiba, Y., Mitsuhashi, H., Yanagida, Y., Takatsu, H., & Nakayama, K. (2004). Tollip 

and Tom1 form a complex and recruit ubiquitin-conjugated proteins onto early 

endosomes. J Biol Chem, 279(23), 24435-24443. doi:10.1074/jbc.M400059200 

Kazan, J. M., Desrochers, G., Martin, C. E., Jeong, H., Kharitidi, D., Apaja, P. M., . . . Lukacs, 

G. L. (2021). Endofin is Required for HD-PTP and ESCRT-0 Interdependent Endosomal 

Sorting of Ubiquitinated Transmembrane Cargoes. iScience, 103274.  

Kharitidi, D., Apaja, P. M., Manteghi, S., Suzuki, K., Malitskaya, E., Roldan, A., . . . Pause, A. 

(2015). Interplay of endosomal pH and ligand occupancy in integrin α5β1 ubiquitination, 

endocytic sorting, and cell migration. Cell reports, 13(3), 599-609.  

Lu, Q., Hope, L. W., Brasch, M., Reinhard, C., & Cohen, S. N. (2003). TSG101 interaction with 

HRS mediates endosomal trafficking and receptor down-regulation. Proceedings of the 

National Academy of Sciences, 100(13), 7626-7631.  

Manteghi, S., Gingras, M.-C., Kharitidi, D., Galarneau, L., Marques, M., Yan, M., . . . Witcher, 

M. (2016). Haploinsufficiency of the ESCRT component HD-PTP predisposes to cancer. 

Cell reports, 15(9), 1893-1900.  

Mariotti, A., Kedeshian, P. A., Dans, M., Curatola, A. M., Gagnoux-Palacios, L., & Giancotti, F. 

G. (2001). EGF-R signaling through Fyn kinase disrupts the function of integrin α6β4 at 

hemidesmosomes: role in epithelial cell migration and carcinoma invasion. The Journal 

of cell biology, 155(3), 447-458.  



184 
 

Mitra, A., Sawada, K., Tiwari, P., Mui, K., Gwin, K., & Lengyel, E. (2011). Ligand-independent 

activation of c-Met by fibronectin and α 5 β 1-integrin regulates ovarian cancer invasion 

and metastasis. Oncogene, 30(13), 1566-1576.  

Muller, P. A., Caswell, P. T., Doyle, B., Iwanicki, M. P., Tan, E. H., Karim, S., . . . Gosselin, P. 

(2009). Mutant p53 drives invasion by promoting integrin recycling. Cell, 139(7), 1327-

1341.  

Norris, A., Tammineni, P., Wang, S., Gerdes, J., Murr, A., Kwan, K. Y., . . . Grant, B. D. (2017). 

SNX-1 and RME-8 oppose the assembly of HGRS-1/ESCRT-0 degradative 

microdomains on endosomes. Proceedings of the National Academy of Sciences, 114(3), 

E307-E316.  

Pantano, F., Croset, M., Driouch, K., Bednarz-Knoll, N., Iuliani, M., Ribelli, G., . . . Bonin, F. 

(2021). Integrin alpha5 in human breast cancer is a mediator of bone metastasis and a 

therapeutic target for the treatment of osteolytic lesions. Oncogene, 40(7), 1284-1299.  

Park, H. S., Jang, M. H., Kim, E. J., Kim, H. J., Lee, H. J., Kim, Y. J., . . . Kim, I. A. (2014). 

High EGFR gene copy number predicts poor outcome in triple-negative breast cancer. 

Modern pathology, 27(9), 1212-1222.  

Pashkova, N., Gakhar, L., Winistorfer, S. C., Sunshine, A. B., Rich, M., Dunham, M. J., . . . 

Piper, R. C. (2013). The yeast Alix homolog Bro1 functions as a ubiquitin receptor for 

protein sorting into multivesicular endosomes. Developmental cell, 25(5), 520-533.  

Raiborg, C., Bache, K. G., Gillooly, D. J., Madshus, I. H., Stang, E., & Stenmark, H. (2002). Hrs 

sorts ubiquitinated proteins into clathrin-coated microdomains of early endosomes. 

Nature cell biology, 4(5), 394-398.  

Raiborg, C., Wesche, J., Malerod, L., & Stenmark, H. (2006). Flat clathrin coats on endosomes 

mediate degradative protein sorting by scaffolding Hrs in dynamic microdomains. J Cell 

Sci, 119(Pt 12), 2414-2424. doi:10.1242/jcs.02978 

Reynolds, A. R., Hart, I. R., Watson, A. R., Welti, J. C., Silva, R. G., Robinson, S. D., . . . Jones, 

M. C. (2009). Stimulation of tumor growth and angiogenesis by low concentrations of 

RGD-mimetic integrin inhibitors. Nature medicine, 15(4), 392-400.  

Roman, J., Ritzenthaler, J. D., Roser-Page, S., Sun, X., & Han, S. (2010). α5β1-integrin 

expression is essential for tumor progression in experimental lung cancer. American 

journal of respiratory cell and molecular biology, 43(6), 684-691.  

Sachse, M., Urbé, S., Oorschot, V., Strous, G. J., & Klumperman, J. (2002). Bilayered clathrin 

coats on endosomal vacuoles are involved in protein sorting toward lysosomes. 

Molecular biology of the cell, 13(4), 1313-1328.  

Seet, L.-F., & Hong, W. (2005). Endofin recruits clathrin to early endosomes via TOM1. Journal 

of cell science, 118(3), 575-587.  

Seet, L.-F., Liu, N., Hanson, B. J., & Hong, W. (2004). Endofin recruits TOM1 to endosomes. 

Journal of Biological Chemistry, 279(6), 4670-4679.  

Shen, M., Jiang, Y.-Z., Wei, Y., Ell, B., Sheng, X., Esposito, M., . . . Rowicki, M. (2019). 

Tinagl1 suppresses triple-negative breast cancer progression and metastasis by 

simultaneously inhibiting integrin/FAK and EGFR signaling. Cancer Cell, 35(1), 64-80. 

e67.  

Shiba, Y., Katoh, Y., Shiba, T., Yoshino, K., Takatsu, H., Kobayashi, H., . . . Nakayama, K. 

(2004). GAT (GGA and Tom1) domain responsible for ubiquitin binding and 

ubiquitination. Journal of Biological Chemistry, 279(8), 7105-7111.  



185 
 

Stern, K. A., Visser Smit, G. D., Place, T. L., Winistorfer, S., Piper, R. C., & Lill, N. L. (2007). 

Epidermal growth factor receptor fate is controlled by Hrs tyrosine phosphorylation sites 

that regulate Hrs degradation. Molecular and Cellular Biology, 27(3), 888-898.  

Sundquist, W. I., Schubert, H. L., Kelly, B. N., Hill, G. C., Holton, J. M., & Hill, C. P. (2004). 

Ubiquitin recognition by the human TSG101 protein. Molecular cell, 13(6), 783-789.  

Tischkowitz, M., Brunet, J.-S., Bégin, L. R., Huntsman, D. G., Cheang, M. C., Akslen, L. A., . . . 

Foulkes, W. D. (2007). Use of immunohistochemical markers can refine prognosis in 

triple negative breast cancer. BMC cancer, 7(1), 1-11.  

Truong, H. H., Xiong, J., Ghotra, V. P., Nirmala, E., Haazen, L., Le Devedec, S. E., . . . 

Vreugdenhil, E. (2014). β1 integrin inhibition elicits a prometastatic switch through the 

tgfβ–mir-200–zeb network in e-cadherin–positive triple-negative breast cancer. Science 

signaling, 7(312), ra15-ra15.  

Trusolino, L., Bertotti, A., & Comoglio, P. M. (2001). A signaling adapter function for α6β4 

integrin in the control of HGF-dependent invasive growth. Cell, 107(5), 643-654.  

Wang, T., Liu, N. S., Seet, L. F., & Hong, W. (2010). The emerging role of VHS domain‐

containing Tom1, Tom1L1 and Tom1L2 in membrane trafficking. Traffic, 11(9), 1119-

1128.  

Wegner, C. S., Rodahl, L. M., & Stenmark, H. (2011). ESCRT proteins and cell signalling. 

Traffic, 12(10), 1291-1297. doi:10.1111/j.1600-0854.2011.01210.x 

Wenzel, E. M., Schultz, S. W., Schink, K. O., Pedersen, N. M., Nähse, V., Carlson, A., . . . 

Raiborg, C. (2018). Concerted ESCRT and clathrin recruitment waves define the timing 

and morphology of intraluminal vesicle formation. Nature communications, 9(1), 1-18.  

White, D. E., Kurpios, N. A., Zuo, D., Hassell, J. A., Blaess, S., Mueller, U., & Muller, W. J. 

(2004). Targeted disruption of β1-integrin in a transgenic mouse model of human breast 

cancer reveals an essential role in mammary tumor induction. Cancer Cell, 6(2), 159-170.  

Wu, Y. J., Pagel, M. A., Muldoon, L. L., Fu, R., & Neuwelt, E. A. (2017). High αv integrin level 

of cancer cells is associated with development of brain metastasis in athymic rats. 

Anticancer research, 37(8), 4029-4040.  

Yao, E. S., Zhang, H., Chen, Y.-Y., Lee, B., Chew, K., Moore, D., & Park, C. (2007). Increased 

β1 integrin is associated with decreased survival in invasive breast cancer. Cancer 

research, 67(2), 659-664.  

Zhang, J., Liu, X., Datta, A., Govindarajan, K., Tam, W. L., Han, J., . . . Phua, T. Y. (2009). RCP 

is a human breast cancer–promoting gene with Ras-activating function. The Journal of 

clinical investigation, 119(8), 2171-2183.  

 


