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RÉSUMÉ 
 

L'interrelation entre les régulateurs de tri endosomal RAB21, Retromer et le 

complexe WASH  

Par 

Suveda Vignesh Maran 

Programme de biologie cellulaire 

 

Mémoire présenté à la Faculté de médecine et des sciences de la santé en vue de l’obtention 

du diplôme de maître ès sciences (M.Sc.) en biologie cellulaire, Faculté de médecine et des 

sciences de la santé, Université de Sherbrooke, Sherbrooke, Québec, Canada, J1H 5N4 

L'internalisation de différents récepteurs de surface cellulaire, de leurs ligands, 

macromolécules et agents pathogènes de l'espace extracellulaire est médiée par un processus 

hautement régulé appelé endocytose. Le sort des cargos internalisés est soit d'être acheminés 

vers différents emplacements subcellulaires (tels que le réseau trans-Golgien ou recyclé vers 

la membrane plasmique) ou d’être dirigé pour être dégradé dans le lysosome. Les problèmes 

d'endocytose ont été impliqués dans le développement de maladies neurodégénératives, de 

maladies cardiovasculaires et de maladies inflammatoires (plusieurs types de cancer). Le tri 

des cargos se produit dans le réseau endosomal. L'endosome précoce est la première étape 

du processus de tri. L'endosome précoce recrute plusieurs complexes de tri à savoir le 

retromer, le Commander et le complexe WASH pour faciliter le bon trafic des cargos. Les 

complexes de tri tels que WASH et le complexe retromer sont connus pour interagir les uns 

avec les autres et influencer la localisation endosomale de l'autre par le tri des cargaisons. 

Les complexes de tri sont également connus pour interagir avec d'autres organisateurs 

membranaires tels que les Rab GTPases comme RAB21. Il a été démontré récemment dans 

le laboratoire du Pr Jean, que RAB21 influence le processus de tri de divers cargos. L'objectif 

principal de ce projet est de comprendre l’interrelation entre les différents régulateurs de tri 

endosomal tels que retromer, le complexe WASH et RAB21 dans le processus de tri des 

cargos. Les KO de protéines régulatrices de tri telles que FAM21 (WASH) ou VPS29 

(Retromer) ainsi que les déplétions de RAB21 ont été utilisées en combinaison avec 

l'immunofluorescence pour évaluer la perte de régulateurs de tri. Des expérimentations sur 

l'influence de l'activation de RAB21 sur la polymérisation endosomale de la F-actine médiée 

par WASH, cruciale pour le tri des cargaisons, ont également été effectuées. Mes travaux ont 

montré que les cellules appauvries en VPS29 montrent une perte complète de FAM21 aux 

endosomes. Les observations de cellules appauvries en VPS29 ont montré des résultats 

similaires obtenus à partir des KO de FAM21 et FAM21 + RAB21. Nous avons utilisé des 

cellules appauvries en RAB21, puis les avons sauvées par la réexpression de RAB21 de type 

sauvage (eGFP:RAB21-WT). Ces expériences suggèrent des niveaux de F-actine 

endosomale plus élevés dans ces conditions. Mes travaux ont permis de mieux comprendre 

la relation complexe entre les différents régulateurs de tri endosomal et pourraient fournir 

d'autres pistes d'investigation pour comprendre le tri endosomal de cargos spécifiques. 

Mots-clés : Tri endosomal, RAB21, retromer et complexe WASH   
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SUMMARY 

The interrelationship between the endosomal sorting regulators RAB21, Retromer 

and WASH complex   

By  

Suveda Vignesh Maran 

Programme in Cell Biology 

 

A thesis presented to the Faculty of Medicine and Health Sciences in partial fulfilment of the 

requirements of the degree of Master of Science in Cell Biology, Faculty of Medicine and 

Health Sciences, Université de Sherbrooke, Sherbrooke, Québec, Canada, J1H 5N4 

The internalisation of different cell surface receptors, their ligands, macromolecules, and 

pathogens from the extracellular space is mediated by a highly regulated process called 

endocytosis. The fate of internalised cargoes is either to be trafficked to different subcellular 

locations (such as the trans-Golgi network or recycled back to the plasma membrane) or the 

cargo is directed to be degraded in the lysosome. Issues in endocytosis have been implicated 

in the development of neurodegenerative diseases, and cardiovascular and inflammatory 

diseases (several types of cancer). The cargo sorting occurs in the endosomal network. The 

early endosome is the first step in the sorting process. The early endosome recruits several 

sorting complexes namely retromer, commander and WASH complex to facilitate the proper 

trafficking of cargo. The sorting complexes such as WASH and retromer complex are known 

to interact with each other and influence each other’s endosomal localisation. The sorting 

complexes are also known to interact with other membrane organisers such as Rab GTPases 

like RAB21. RAB21 is previously shown to influence the cargo sorting process of specific 

cargoes based on recent work from Pr Jean laboratory. The primary purpose of this project 

is to understand the interrelationship between the different endosomal sorting regulators such 

as retromer, WASH complex and RAB21 in the cargo sorting process. The KOs of specific 

sorting regulator proteins such as FAM21(WASH) or VPS29(Retromer) along with RAB21 

depletions were used in combination with immunofluorescence to assess the loss of sorting 

regulators. An investigation into the influence of RAB21 activation on WASH-mediated 

endosomal F-actin polymerisation crucial for cargo sorting was also performed. My work 

showed that the VPS29-depleted cells show a complete loss of endosomal FAM21. The 

observations of VPS29-depleted cells showed similar results obtained from the KOs of 

FAM21 and FAM21+RAB21. We used RAB21-depleted cells and rescued them with wild-

type RAB21 (eGFP:RAB21-WT). These experiments suggested an increase in endosomal 

F-actin levels. My studies furthered the understanding of the intricate relationship between 

the different endosomal sorting regulators and could provide additional lines of investigation 

to understand the endosomal sorting of specific cargoes.  

Keywords: Endosomal sorting, RAB21, retromer and WASH complex 
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1. General Introduction 
 

1.1 Endocytosis  

Endocytosis is a highly coordinated and regulated process by which different types of cargo 

such as protein receptors, their ligands, extracellular solutes, pathogens, and lipids are 

transported into the cell through the plasma membrane. It is essential for cell survival, 

proliferation, and overall tissue homeostasis (Sigismund et al., 2021). Endocytosis mediates 

processes ranging from the downregulation of signalling receptors, and uptake of 

therapeutics to the processing of intracellular pathogens. It is involved in every aspect of cell 

physiology (Rennick et al., 2021). The controlled and proper trafficking of internalised 

cargoes to specific subcellular locations involves dynamic membrane changes mediated by 

different proteins, cofactors, lipids, and adaptors molecules in a context-dependent manner. 

Endocytic machinery uses different mechanisms either involving coat proteins like clathrin 

in clathrin-mediated endocytosis (CME) or not dependent on the use of protein coats called 

clathrin-independent endocytosis (CIE). Each of these processes involves an array of host 

proteins which facilitate different aspects of the endocytic process (Kaksonen & Roux, 

2018). 

1.2 Clathrin-mediated endocytosis 

CME is one of the major forms of microscale endocytosis, which is used to internalise 

different types of cargoes such as adhesion molecules, surface receptors (transferrin 

receptors), their ligands, and nutrient transporters into the cell (Kaksonen & Roux, 2018). It 

is essential for maintaining intercellular communication and cellular homeostasis. It is named 

after one of the 50 proteins that are involved in this highly coordinated process of membrane 

trafficking (Pedersen et al., 2020). It is highly conserved across species from mammals and 

yeast to plants. The main differences in species arise in the array of proteins involved in the 

formation of the clathrin pits, their associated adaptor proteins, and actin cytoskeletal 

organisation due to differences in cellular forces experienced by the different cell systems. 

The process consists of the following steps namely initiation/assembly of clathrin-coated pits  

(AP-2, Clathrin), cargo loading  (AP-2), membrane bending/maturation (Actin/Clathrin), 
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vesicle scission (Dynamin) and uncoating of the vesicles (HSC70-auxilin) (McMahon & 

Boucrot, 2011; Mettlen et al., 2018).  

The cargo internalisation process begins with the assembly of the endocytic coat proteins in 

the cytosol along the inner side of the plasma membrane in a spatially specific manner  

(Skruzny et al., 2020). The first complex to assemble is the namesake clathrin coat complex 

(CCC)  which consists of clathrin-adaptor proteins such as AP-2 complex, FCHo1/2,  F-BAR 

domain-containing complex, EPS15 and monomeric cargo adaptors which interact with each 

other and phosphoinositides which then recruits the clathrin protein (Brach et al., 2014; Ma 

et al., 2016; Umasankar et al., 2012). The assembled proteins form the initiation complex 

for inducing membrane bending and the formation of clathrin-coated pits (CCP). 

Alternatively, the random collision of the endocytic adaptor proteins can also initiate this 

process on spatially non-specific sites on the plasma membrane(Cocucci et al., 2012). The 

next step is the loading of the cargo into the endocytic pit but it begins much before the 

recruitment of clathrin  (Kaksonen & Roux, 2018).  

The cargo molecules such as transferrin receptors with their tyrosine motifs (YXXΦ motif) 

on the cytosolic side interact with early endocytic proteins or initiation complex such as     

AP-2 which also interact with PtdIns(4,5P)2 leading to conformational changes in AP-2. This 

interaction is important for the proper trafficking of transferrin receptors (Kadlecova et al., 

2017; Motley et al., 2003; Nesterov et al., 1999). The cargo and phosphoinositide-induced 

conformational change leads to the opening of the clathrin binding site and promotes coat 

assembly. Both the biophysical and biochemical properties of the cargo can influence the 

CME process in a significant manner. Specific cargoes such as FcRII-2B contain cytoplasmic 

inserts which prevent its entry into the CCC via linking to the actin cytoskeleton (Mettlen et 

al., 2018). The increase in the space occupied by the cargo molecules affects the folding of 

the plasma membrane surface and slows down the endocytic vesicle formation. Post-

translational modifications (PTMs) of cargoes such as ubiquitinylation can affect the 

maturation of the  CCP in the case of μ-opioid neuropeptide and prevent membrane scission 

(Henry et al., 2012).  

The next step is to bend the flat or curved phospholipid membrane to accommodate the 

cargoes, and this starts with the polymerisation of clathrin which initially forms flat or curved 
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sheets which turn to icosahedral/hexagonal shapes. The clathrin affects the shape of the 

lattice onto the membrane in a process called scaffolding (Hinrichsen et al., 2006; Saleem et 

al., 2015). The scaffolding is not done without resistance from the membrane which pushes 

against the polymerisation process. But, the scaffolding process is helped by the presence of 

specific adaptor proteins such as AP180 N-terminal homology (ANTH) or chaperones which 

help in membrane deformation (Legendre-Guillemin et al., 2004; Skruzny et al., 2015; Wood 

& Smith, 2021). Actin polymerisation mediated by Wiskott Aldrich Syndrome protein 

(WASP) family proteins and actin nucleator ARP2/3 is also involved in the membrane 

bending process (Akamatsu et al., 2020; Pedersen et al., 2020). Previous evidence from yeast 

experiments shows the complete stalling or slowdown of endocytosis under the inhibition of 

actin polymerisation (Kaksonen et al., 2006). The actin polymerisation process is thought to 

be coupled with clathrin polymerisation to help in membrane bending and is controlled by 

an array of proteins (Almeida-Souza et al., 2018; Picco et al., 2018).  

After the membrane is, curved the fission of the cargo-loaded vesicles begins with the 

assembly of F-BAR domain proteins such as formin-binding protein 17 ( FBP17) and Sorting 

Nexins 9 and 18 (SNX9/18) followed by the recruitment of N-BAR proteins further 

increasing the membrane curvature (Frost et al., 2008; Mettlen et al., 2018; Soulet et al., 

2005). The N-BAR proteins also recruit Dynamin (Dyn2 or Dyn1), a GTPase necessary for 

initiating the vesicle fission process (McMahon & Boucrot, 2011; Meinecke et al., 2013). 

After recruitment by N-BAR proteins, dynamin forms a helical structure around the 

endocytic vesicle neck and begins constriction in a Guanosine-5'-triphosphate-dependent 

(GTP) manner finally leading to the fission of the vesicles from the plasma membrane 

(Takeda et al., 2018). Actin polymerisation also coordinates with the membrane bending and 

coat complexes to help with the complete scission of the vesicles (Galletta et al., 2010; Picco 

et al., 2018). Several cargoes such as TRAIL-DR need Dyn1 which is expressed in low levels 

compared to the ubiquitously expressed Dyn2 for their loading.  

After the vesicle fission, the membrane undergoes uncoating of the clathrin polymer with the 

help of HSC70 (Black et al., 1991) which is recruited by the DNAJ protein auxilin (Avinoam 

et al., 2015; Lemmon, 2001; Massol et al., 2006). The dephosphorylation of the PI(4,5)P2 to 

PtdIns(4)P mediated by synaptojanin and Inositol Polyphosphate-5-
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Phosphatase/oculocerebrorenal syndrome of Low (OCRL), two lipid phosphatase which acts 

upstream is an important step for the recruitment and functioning of the auxilin-HSC70 

complex (He et al., 2017, 2020; McPherson et al., 1996). Phosphoinositide metabolism plays 

an essential role in the proper functioning of CME (He et al., 2017, 2020). 

1.3 Clathrin-independent endocytosis 

1.3.1 Fast endophilin-mediated endocytosis  

Endophilin, a BAR domain-containing protein known, to have peripheral roles in CME 

involving the recruitment of synaptojanin and dynamin, controls the tubulovesicular 

endocytosis called Fast endophilin-mediated endocytosis (FEME). FEME is a newly 

discovered type of clathrin-independent endocytosis which works in a dynamin-dependent 

manner. The process is triggered by the activation of specific cargo receptors such as GPCR 

by their ligands (Boucrot et al., 2015). The receptors such as interleukin-2 receptor (IL-2), 

β1-adrenergic receptor (β1-AR) and Epidermal growth factor receptor (EGFR) are 

endocytosed by the FEME process. It preferentially happens in the leading edge of a 

migrating cell triggered by the ligand activation of their cargo receptor but also in basal or 

dorsal surfaces of the cell (Boucrot et al. 2015).  

The activation of FEME begins with the recruitment of Endophilin to discrete locations on 

the plasma membrane by lamellopodin (Lpd), a (PtdIns(3,4)P2) binding protein. The pre-

enrichment of endophilin near the plasma membrane is an important step for activating the 

FEME process.  The lack of pre-enrichment of endophilin results in the aborting of the FEME 

assemblies. Endophilin binds to the PtdIns(3,4)P2 on the plasma membrane using its BAR 

domain. The availability of specific phosphoinositide pools is crucial for this process. The 

pool of these phosphoinositides is controlled by the action of two lipid phosphatases namely 

SH2 domain-containing inositol 5'-phosphatase 1/2 (SHIP1/2) which convert PtdIns(3,4,5)P3 

essential for the recruitment of the Lpd. The recruitment of lipid phosphatase SHIP2 to the 

plasma membrane is dependent on the activity of a Rho family small GTPase called Cdc42 

(Chan Wah Hak et al., 2018). The GTPase recruits two BAR domains containing proteins 

called FBP17 and CIP14 through their REM domains which in turn recruit SH2 through their 

SH3 domain. The deactivation of Cdc42 by its GTPase activating proteins namely RhoGAP 

interacting with CIP4 homologs protein 1 (RICH1) and SH3 domain-binding protein 1 



5 

 

(SH3BP1) is essential for the brief assembly or abortion of the short-lived endophilin spots. 

The N-BAR domain of the endophilin contains two amphipathic helices which induce 

extensive tubulation and vesicle scission in a dynamin-dependent manner supported by local 

actin polymerisation. Myc box-dependent-interacting protein 1 (Bin1) recruits Dynein to 

transport the vesicles along the microtubules. Apart from the above-mentioned regulators 

Phosphatidylinositol 3-kinase 3 (PI3K), Rac1, N-WASP and p21-activated kinase 1/2 

(PAK1/2) are known to influence the FEME process (Casamento & Boucrot, 2020; Hinze & 

Boucrot, 2018) by controlling the actin polymerisation and phosphoinositide pools.  

The fate of the cargoes is not precisely known but based on the current evidence, these 

cargoes reach the early endosomes (Rab-5 and EEA-1) and are then transported to the late 

endosomes (LEs) and lysosomes for degradation or recycled back to the plasma membrane. 

β1-adrenergic receptor, a FEME cargo, represents an example that reaches the LAMP-1 late 

endosome and lysosomes after stimulation. Cargoes such as EGFR involved many different 

pathways for their entry making it difficult to determine their specific fates. FEME 

components such as endophilin and Bin1 have been implicated in the development of 

neurodegenerative diseases such as Alzheimer's disease (Ren et al., 2008).  

1.3.2 Caveolin-mediated endocytosis 

Caveolin-dependent endocytosis is another important type of clathrin-independent 

endocytosis essential for the uptake of ligands such as albumin, viruses ( Simian Virus 40 

and polyoma) and bacterial toxins (tetanus and cholera) (Sandvig et al., 2018). It is most 

found in cell types such as adipocytes, endothelial cells, astrocytes, and fibroblasts. Defects 

or modifications in Caveolin-dependent endocytosis have been implicated in the 

development of different metabolic disorders such as diabetes, lipid dystrophies, obesity, 

cardiovascular diseases and myopathies(Cohen et al., 2004; H. Yin et al., 2016) 

The formation of shallow plasma membrane invaginations called caveolae is typical of 

caveolin-dependent endocytosis. The caveolae are about 100 nm in size compared to the 

larger 200 nm-sized vesicles observed in CME. The caveolae are formed by the action 

Caveolin(1-3), Cavins(1-4) and BAR domain-containing proteins Syndapin/Pacsin2. 

Caveolin is a hydrophobic protein which predominantly associates with membrane lipids 

(Matthaeus & Taraska, 2020).   
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Caveolin/cholesterol complexes form shallow and elongated invaginations through their 

incorporation into the plasma membrane. Cavin proteins are recruited from the cytosol to 

help in the formation of structured caveolar coats which gives them the typical bulb shape. 

Cavin forms oligomers around the caveolin complex and generates the ‘cave-like ‘structures. 

The membrane bending and stabilisation of the invaginations are performed by the Pacsin2 

protein. EHD2, an ATPase, can bind and bend the phospholipid membrane. EHD2 localises 

to the caveolar necks and stabilises caveolae. The next step is the fission of the caveolae from 

the plasma membrane. Dynamin also has been implicated in the scission of caveolae from 

the plasma membrane. A dynamin-independent mechanism such as CLICs or Endosomal 

sorting complex required for transport III (ESCRT III) complex proteins has also been 

implicated in driving the scission process (Hinze & Boucrot, 2018; Howes et al., 2010).  

After the scission from the plasma membrane, the caveolae are trafficked to intracellular 

organelles. The factors determining the trafficking of the caveolae are not clearly understood 

which contrasts with CME which has clearly defined cargoes and cargo trafficking routes. 

Excess cellular cholesterol, glycosphingolipids and viruses which influence the caveolar 

dynamics are thought to be factors affecting the trafficking of caveola. The detached caveola 

fuse with the early endosome begins maturation to the LE, and finally degrades its contents 

in the lysosome. Rab (Rab 5, 7 and 11) proteins are known to influence the endosomal 

trafficking of the caveolae. Other than the endo-lysosomal network the caveolae are known 

to be trafficked to the endoplasmic reticulum (ER), mitochondria and lipid droplets 

(Matthaeus & Taraska, 2020).  

1.3.3 CLIC/GEEC Pathway 

CLIC/GEEC pathway (CG) is a high-capacity caveolin-independent, clathrin-independent 

and dynamin-independent endocytic process used for the internalisation of fluid phase and 

various cargoes different from macropinocytosis (Hinze & Boucrot, 2018; Redpath et al., 

2020). The CG pathway uses plasma membrane-derived tubulovesicular structures called 

clathrin-independent carriers (CLICs). The CLICs later mature into a GPI-anchored protein 

enriched-early endocytic compartments (GEECs) for the internalisation of various cargoes 

and a large amount of the fluid phase (Howes et al., 2010). The CG pathway is involved in 
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the transport of many cargoes such as cell surface receptors, GPI-anchored proteins (CD59) 

and toxins (Montesano et al., 1982; Römer et al., 2010).  

The CG pathway is mainly mediated by the action of small GTPases ( ADP-ribosylation 

factor 1 (Arf1) and Cdc42) and BAR-domain-containing proteins (GRAF1, IRSp53 and 

PICK1) and actin nucleation complex (Arp 2/3) in either PI(4,5)P2 or PI(3,4,5)P3 enriched 

locations (Sathe et al., 2018). The CLIC formation is initiated by the recruitment of GBPF1 

(Golgi-specific brefeldin A resistance factor 1), an Arf1 GEF followed by activation of Arf1 

at the plasma membrane. The activated Arf1 then recruits the Rho GTPase Activating Protein 

10/11 (ARGHGAP10/11), a Rho GTPase-activating protein (RhoGAP) to form a complex. 

This newly formed complex affects the cycling activity of the small GTPase Cdc42 (Kumari 

& Mayor, 2008). When activated, Cdc42  recruits the BAR-domain containing proteins 

GRAF1 which binds to PI(4,5)P2 (Lundmark et al., 2008), Insulin-responsive protein of mass 

53 kDa(IRSp53) binds to PI(3,4,5)P3 and PI(4,5)P2 (Lim et al., 2008; Suetsugu et al., 2006), 

PICK1 and actin nucleation complex, Arp 2/3 to the plasma membrane. SNX9, a sorting 

scaffold protein is known to activate Cdc42 by inactivating the action of its GAPs thereby 

prolonging the GTP-bound status of the GTPase (Bendris et al., 2016). These proteins are 

necessary to induce membrane curvature and tubulation. This cascade leads to the scission 

of CLICs. The cargo-specific endocytosis is a feature of the CME but not of the CIE. The 

proper spatial control and endocytosis of specific cargoes are essential for homeostatic 

balance. The mechanisms of cargo selection for CIE are still being studied. RAB21 is a small 

GTPase which is known to interact with the alpha-chain of β1 integrins to mediate their 

internalisation and thereby required for its proper trafficking (Pellinen et al., 2006, 2008) but 

the exact mechanism is not known. RAB21 is also implicated in the trafficking of other CIE 

cargoes such as Monocarboxylate transporter 1 (MCT1) through its ability to modulate the 

endosomal sorting complexes and defects in RAB21 leads to MCT1 cargo misrouting (Del 

Olmo et al., 2019b). Recent evidence provides some clarity on the cargo selection process 

for the CG pathway which involves the identification of  Swip1 as a cargo-specific adaptor 

which directs RAB21 and β1-integrins toward the CG pathway (Moreno-Layseca et al., 

2021). Defects in any one of these critical components can result in reduced CG uptake and 
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reduced cellular migration since they are involved in the trafficking of cargoes such as β1-

integrins necessary for cell adhesion and migration (Pellinen et al., 2006). 

1.4. Rab GTPase and their roles in intracellular membrane trafficking 

1.4.1 Rab GTPases  

Rab GTPases are small GTPases which are master organisers of intracellular membrane 

trafficking through mediating fundamental processes such as vesicle sorting and transport 

(Pfeffer, 2017). They are the largest family of small GTPases with about 70 members in total 

found in humans and more than 10 in yeast (Figure 1). Rabs are found in all eukaryotes 

(Stenmark, 2009; Zhen & Stenmark, 2015). They act as molecular switches which are 

switched ‘ON’ by the binding of GTP. They are switched ‘OFF’ when they are bound by 

GDP. The nucleotide-bound status of the Rab affects its localisation  (membrane-associated 

or cytosolic) (Soldati et al., 1994) and activity (ON/OFF). Rab proteins also contribute to 

cell migration, signalling and division.  

The newly synthesized Rab associates with Rab escort protein (REP) and is delivered to the 

Rab geranylgeranyl transferase (Rab GGT) which prenylated the Rab protein (Leung et al., 

2006). This modification enables the integration of the Rabs into the hydrophobic membrane. 

The displacement of inactive forms of Rabs from their GDP dissociation inhibitor (GDI) is 

known to happen in some Rabs (Sivars et al., 2003). This displacement is due to the 

interaction between their GDIs and GDP dissociation factor (GDF). The membrane-bound 

Rab protein can be switched ON by the action of the guanine nucleotide exchange factor 

(GEF) which allows the exchange of GDP for GTP. This process prevents the GDIs from 

back-extracting the protein from its active state (Müller & Goody, 2018). Inactivated Rabs 

are extracted from the membranes by GDIs and retained in the cytosol for future use (Suh et 

al., 2010). The switched ON (active) Rab GTPase localises to specific subcellular 

membranes via their prenylated C termini and is now available for interaction with an 

effector(s) to facilitate membrane trafficking. Rab-GEFs are active determinants of Rab 

localisations (Blümer et al., 2013). GEFs use different mechanisms to control Rab 

activity(Homma et al., 2021) The activated Rabs can be switched OFF (inactive) by the 

action of GTPase activating proteins (GAPs). They stimulate the intrinsic GTPase activity 

of the Rabs to hydrolyse the GTP into a GDP. Rab effectors are different molecules which 
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increase the stability of the active Rab protein either bound to the membrane such as RILP 

for Rab7 which interacts with Rab-interacting lysosomal protein (RILP) via two domains 

and forms a heterotetrameric complex. This interaction is essential for the endolysosomal 

targeting of Rab7 (Wu et al., 2005). Rab effectors also contain membrane-binding domains 

like FYVE which also help in the stabilisation of the Rab protein. Rab proteins play an 

important role in membrane trafficking which is crucial for the maintenance of cellular 

homeostasis. Any defects in the function of the Rab or their associated factors can affect 

human health and result in serious diseases such as neuropathies, immune deficiencies and 

cognitive impairment (Homma et al., 2021; Kiral et al., 2018). Rab7, a ubiquitously 

expressed Rab protein, is needed for multivesicular body maturation and the sorting of 

plasma membrane proteins to the lysosomes. Rab7 is also required for proper autophagic 

function (Kuchitsu & Fukuda, 2018). Defects in Rab7 function can result in axonal 

degradation and lead to Charcot-Marie-Tooth,(CMT) 2B disease (McCray et al., 2010). 

Similarly, pathogenic mutations in RAB-GEFs such as Myotubularin-related protein 13 

(MTMR13) can also lead to the development of CMT subtypes (Negrão et al., 2014). 

Abnormal expression of several Rabs has been implicated in the development of chronic 

inflammation and contributes to disease progression in some cancers (J. Yang et al., 2015). 

 

Figure 1: Subcellular distribution of different Rab proteins. 

The Rab proteins are distributed across various cellular organelles namely the ER (RAB12 and 

RAB18), trans-Golgi network /Golgi apparatus (RAB2, RAB6 and so on) and the endo-lysosomal 
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system consisting of the EE (RAB21, RAB5 and RAB10), Autophagosome (RAB2, RAB7 and 

RAB24.) and LE (RAB7 and RAB 9). Rab proteins act as membrane organisers by their ability to 

bind membrane lipids. 

1.4.2 RAB21 

RAB21 is a small monomeric GTPase with roles in membrane trafficking, autophagy and 

cargo sorting such as integrins. RAB21 was first described as being involved in the vesicular 

transport regulation in intestinal epithelial cells (Opdam et al., 2000).  It localises in the early 

endosome (Egami & Araki, 2008; Simpson et al., 2004) and defects in its nucleotide status 

affect the trafficking of cargo. It is also implicated in the trafficking of certain GPCRs 

(Tower-Gilchrist et al., 2011), Toll-like receptor 4 (TLR-4) (Li et al., 2019), EGFR (X. Yang 

et al., 2012) and also pathogens such as Entamoeba (Emmanuel et al., 2015; Hoffmann et 

al., 2014; Verma et al., 2015). It is also implicated in the trafficking of  Vesicle Associated 

Membrane Protein 7 (VAMP7) (Burgo et al., 2012) to Golgi. RAB21 through its interaction 

with Wiskott Aldrich Syndrome protein and SCAR homologue (WASH) and retromer 

complexes is involved in CIE cargo sorting (Del Olmo et al., 2019b). RAB21 plays an 

important role in cell migration, cytokinesis, and adhesion (Pellinen et al., 2006, 2008) 

through its control of integrin α5β1 trafficking. The endosomal localisation of integrins apart 

from the plasma membrane and its subsequent activation of focal adhesion kinase (FAK) is 

regulated in a RAB21-dependent manner (Alanko et al., 2015). RAB21 downregulation in 

glioma cells induced apoptosis and reduced proliferation (Ge et al., 2017). RAB21 activity 

is mediated by its GEFs namely VPS9-domain ankyrin repeated protein (VARP)  (F. Wang 

et al., 2008; X. Zhang et al., 2006). (Figure 2) and MTMR13. VARP is also a positive 

regulator of neurite growth (Burgo et al., 2009) and its GEF activity is also known to 

influence the transport of enzymes in melanocytes (Ohbayashi et al., 2012). Sbf/MTMR13 

also influences autophagy (Jean et al., 2012) and the maintenance of intestinal homeostasis 

(Nassari et al., 2022). MTMR13 is also required for autophagy in promoting 

autophagosome-lysosome fusion (Jean et al., 2015).  
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Figure 2: RAB21 and its activity modulation. 

RAB21 activity is modulated by the action of cycling of GTP/GDP mediated by GEFs (VARP) and 

GAPs. The switched OFF or inactive RAB21 becomes bound to GDI in the cytoplasm. The RAB21 

is OFF (inactive) because of GAP-catalyzed hydrolysis of GTP.GEF participates in the exchange of 

GDP by GTP and RAB21 is associated with GTP anchors to a target membrane via its geranylgeranyl 

tail and it is switched ON (active).  

1.5. Early endosomes: Structure and functions  

Endosomes are dynamic cellular organelles which primarily act as sorting platforms for 

intracellular cargo trafficking. They play a vital role in the management of endocytosed 

materials such as solutes, receptors, lipids, pathogens such as viruses/bacteria and other 

cargoes. The management of cargo involves the utilisation/recycling and degradation of the 

internalised material and is paramount for the maintenance of tissue homeostasis under 

different cellular contexts. Therefore, the proper sorting of cargo has implications for 

immunity, nutrient signalling, and development. The endosomal network predominantly 

consists of the early endosome (EE), recycling endosome (RE) and the LE. 

The endo-lysosomal network involves the coupling of lysosomes and related organelles with 

the endosomal network which is necessary for the degradation of internalised cargoes. The 

endosomes transport their sorted cargoes either to the plasma membrane or trans-Golgi 

network (TGN) or lysosome or other cellular organelles from different parts of their dynamic 
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network. The controlled regulation of the endocytic trafficking is dependent on the 

coordination exhibited between specific lipid species (phosphoinositides, cholesterol and 

sphingolipids), RAB GTPases and their effectors such as lipid kinases, lipid phosphatases 

and sorting adaptors (Jean & Kiger, 2012). 

The first and key sorting station in the endosomal network is the e EE). The EE receives 

cargoes from different endocytic pathways namely CME and CIE. The delivered cargoes are 

either recycled directly back to the plasma membrane (PM) via fast recycling or indirectly 

through the  RE via slow recycling (Maxfield & McGraw, 2004). They can also be trafficked 

to TGN via retrograde mechanism or to the lysosomes for degradation. The EE is mildly 

acidic (pH 6.2) compared to the highly acidic environments of LE/lysosomes (pH 5.0) and 

has a similar environment to the RE. The enzyme Vacuolar-type ATPase (V-ATPase), a 

proton pump is the reason behind the acidic environment of the endosomes (Murphy et al., 

1984).  The proper functioning of the early endosome requires coordination between a Rab 

GTPase (RAB5) and membrane lipids such as PtdIns(3)P. The pleomorphic early endosomal 

structure partly derived from the plasma membrane and endocytosed cargoes do not contain 

the PtdIns(3)P necessary for binding different effectors. The effectors include the sorting 

complexes PX domain containing retromer recruited by RAB7 (Priya et al., 2015) and 

FYVE-domain containing tethering proteins such as early endosomal antigen (EEA-1) and 

RABenosyn-5 (Stenmark et al., 2002). RAB5 regulates the lipid kinase VPS34 which 

generates the PtdIns(3)P. RAB5 recruits the VPS34:complex II (VPS34/VPS15/Beclin 1/UV 

radiation resistance-associated gene protein (UVRAG)) to the endosomes and activates by 

binding to the VPS34 C2 and VPS15 UVRAG domains (Tremel et al., 2021). PtdIns(3)P is 

also necessary for preventing a switch back to a very early endosomal state with Adaptor 

protein, phosphotyrosine interacting with PH domain and leucine zipper 1 (APPL)  

+ve endosomes (Zoncu et al., 2009). Apart from being enriched in lipid PtdIns(3)P, the EE 

has other phosphoinositides such as PtdIns(4,5)P2 and PtdIns(4)P  

(Naslavsky & Caplan, 2018). It also includes other RAB proteins such as RAB4, RAB10,  

RAB14, RAB21 and RAB22 (Delevoye & Goud, 2015; Moreno-Layseca et al., 2021; 

Simpson et al., 2004). The cargoes destined for TGN, or plasma membrane are collected in 

EE tubules by the action of the sorting complexes such as retromer, CCC complex and others. 
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The cargoes destined for lysosomal degradation are packed into intraluminal vesicles (ILVs)  

which later mature from the EE as a multivesicular body (MVBs) containing many ILVs 

(Scott et al., 2014). The MVB later fuses with the lysosome leading to the degradation of the 

internalised cargo in the ILVs along with it. It has been used for the downregulation of 

surface receptors such as EGFR (Sousa et al., 2012; X. Yang et al., 2012) and exploited by 

viruses for their egress (Huttunen et al., 2021).  

Many cargoes which are not recycled directly back to the plasma membrane from the EE are 

recycled slowly by the  RE (Grant & Donaldson, 2009). They consist of a network of tubulo-

vesicular structures adjacent to the microtubule-organizing centre and located at the 

endocytic recycling compartment (ERC). RAB11 with its effectors RAB11 Family 

Interacting Protein 2 (FIP2) and EHD1 (EH domain-containing protein 1) along with 

interactors such as MICAL-L1 are involved in the transport of cargoes from EE to the ERC 

(Naslavsky et al., 2006; Rahajeng et al., 2010). Late endosomes are heterogeneous organelles 

formed by the conversion of RAB5-containing EE to RAB7-containing LE. They are more 

involved in the degradation of the endosomal cargoes with lysosomes and can be considered 

a part of the endo-lysosomal network (Scott et al., 2014). LEs are more enriched in lipids 

such as PtdIns(3,5)P2 and have a more acidic pH than EE (Shaw et al., 2003). The LEs are 

thought to originate from MVBs with distinct effector and adaptor proteins. EE is a 

prominent sorting station which engages many adaptor proteins, RAB GTPase and effectors 

which influence its function. Any defects in this cascade can throw the sorting station into 

disarray and lead to the development of various diseases such as Alzheimer’s disease 

(Pensalfini et al., 2020; Saitoh, 2022), Parkinson’s disease (Cui et al., 2021) and Down 

syndrome (Kim et al., 2016). Defects in endosomal sorting complexes such as retromer and 

its interactor SNX27 (Loo et al., 2014; X. Wang et al., 2013) or RAB proteins such as RAB5 

have been implicated in the development of down syndrome (Kim et al., 2016; Pensalfini et 

al., 2020). 

1.6 Endosomal sorting complexes  

The EE contains several multiprotein sorting complexes such as retromer and commander 

complex (retriever and CCC complex) which interact with the other sorting regulators such 
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as the WASH complex and RAB GTPases to traffic hundreds of different cargoes to different 

subcellular locations.  

1.6.1 Retromer: Discovery, structure, and function 

Retromer is an endosomal sorting complex conserved across all eukaryotes. It is a master 

conductor for endosomal recycling and is involved in the transport of different types of cargo 

namely such as GLUT1, a glucose transporter, and signalling receptors such as a 

β2-adrenergic receptor, N-methyl-D-aspartate receptor (NMDAR) away from lysosomal 

degradation. The retromer cargoes are mainly trafficked either to the TGN or to the cell 

surface or specialised endosomes. Retromer was initially discovered in a yeast genetic screen 

identifying genes responsible for the delivery of hydrolases to the TGN. The yeast retromer 

consists of a hetero-pentamer made up of VPS26, VPS35-VPS29 and VPS5-VPS17 dimer 

(Kerr et al., 2005; Seaman et al., 1998). The dimers belong to the SNX-BAR family and 

have membrane bending ability and help in vesicle formation. VPS29p is essential for the 

formation of the retromer complex, and the complex is anchored to the endomembrane by 

the interaction of p40 (PX) Phox domains from VPS5 and VPS17 to PtdIns(3)P. 

The mammalian retromer is identical to the yeast retromer and consists of cargo selective 

trimers namely VPS26, VPS29 and VPS35 forming a transient pentamer with VPS5 and 

VPS17 mammalian homologues namely SNX1 or 2 and SNX5 or 6 (Burd & Cullen, 2014; 

Cullen, 2008). The mammalian core retromer complex consists of VPS26, VPS35 and 

VPS29. The different SNX proteins act both as cargo adaptors (Cao et al., 1999), and 

membrane anchors and also aid in the formation of tubular cargo transport carriers. 

Conversely, SNX3/Retromer complex was able to initiate membrane tubulation without a 

BAR domain (Leneva et al., 2021). The recruitment of the retromer from the cytosol to the 

early endosome is mediated by RAB7 and SNX3 (Harrison et al., 2014). The retromer does 

not directly bind to the endosomal membrane (Collins et al., 2005).  

Retromer along with sorting nexin such as SNX27 (Postsynaptic density protein (PSD95), 

Drosophila disc large tumour suppressor (Dlg1), and zonula occludens-1 protein (PDZ) and 

F for 4.1 protein, E for ezrin, R for radixin and M for moesin (FERM) like domains) forms 

a cargo sorting complex with wide variability. SNX27 binds to the retromer via the 

interaction of its PDZ domain with subunit VPS26. SNX27 also acts as a cargo adaptor 
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similar to other retromer-interacting SNX proteins (Steinberg et al., 2013). The retromer 

complex also engages the WASH complex through the interaction between VPS35 and 

FAM21 tail to form a cargo sorting platform (Harbour et al., 2012; Helfer et al., 2013). These 

selective cargo sorting platforms result in the trafficking of different internalised receptors 

through the actin-decorated tubular domains. These subdomains protect the cargoes from 

lysosomal degradation and trafficking either back to the cell surface or the TGN.  

Retromer is regarded as the master regulator of endosomal recycling function and hence 

defects in its functioning can result in systemic issues such as neurodegeneration, cancer, 

and various developmental disorders. The overexpression of retromer components such as 

SNX27 has been linked to various types of cancers such as Acute myeloid leukaemia (AML) 

(Wermke et al., 2015) and breast cancer. Point mutations (D620N) in retromer subunit 

VPS35 have been linked to the development of late-stage Parkinson's disease (Cui et al., 

2021; Rahman & Morrison, 2019; Zimprich et al., 2011) due to their role in the trafficking 

of receptors such as NMDA or α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid 

(AMPA) essential for proper neuronal function. The D620N C-terminus mutation disengages 

the WASH complex from the retromer cargo sorting platform leading to improper trafficking 

of neuronal-specific cargoes (Zavodszky et al., 2014). Defects in retromer accessory SNX27 

can result in the development of infantile epilepsy and early death (Damseh et al., 2015). 

SNX27-retromer complex defects have been linked to the development of Alzheimer's 

disease (AD) (Huang et al., 2016). Viral and bacterial pathogens target the retromer assembly 

to infect and proliferate in human cells. The Hepatitis C virus targets the VPS35 retromer 

subunit and recruits it to the replication site to help with the infection and aid the viral growth 

through the delivery of useful cargo (P. Yin et al., 2017). Herpes saimiri virus inhibits 

retromer activity and is involved in the malignant transformation of immune cells  

(Kingston et al., 2011).  

1.6.2 WASH Complex 

WASH  complex is an Arp 2/3 complex activator which is involved in the regulation of 

endocytosis and trafficking of cargoes (Gomez & Billadeau, 2009; Jia et al., 2010). Arp 2/3 

complex is involved in actin polymerisation as a response to specific stimuli and it does not 

act alone. They are activated by the action of specific factors called nucleation-promoting 
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factors (NPFs). WASH belongs to the WASP family of NPFs along with other members 

namely WASP-family verprolin homologous protein (WAVE), N-WASP/WASP  and 

WASP homolog-associated protein with actin, membranes, and microtubules (WHAMM) 

which activate the branched actin polymerisation activity of Arp 2/3 complex in different 

subcellular locations (Takenawa & Suetsugu, 2007). NPFs use their conserved VCA 

(Verprolin homologous, central hydrophobic and acid) domain to activate the Arp 2/3 

complex function. The function of this VCA is controlled either by the action of a GTPase 

in the case of N-WASP/WASP or the formation of the regulatory complexes in the case of 

other NPFs such as WAVE regulatory complex (WRC) and WASH regulatory complex 

(SHRC) which masks the VCA domain (Rotty et al., 2013).  

WASH complex is a pentameric protein complex consisting of different members namely 

FAM21, Strumpellin, Strumpellin and WASH-interacting protein (SWIP), WASH and 

CCDC53 (Figure 3). WASH complex has similarities to the WAVE complex containing 

analogous members (Jia et al., 2010). The precise nature of the assembly of the WASH 

complex is still being researched. FAM21 contains a long tail which associates with VPS35 

through LFa motifs and contains a highly conserved globular head domain which is essential 

for the formation of the WASH complex. Cofactors such as HSPB1 and small coiled-coil 

proteins are known to promote the formation of the WASH ternary complex consisting of 

WASH, CCDC53 and FAM21 (Visweshwaran et al., 2018).  The endosomal localisation of 

the WASH complex requires hepatocyte growth factor-regulated tyrosine kinase substrate 

(HRS) (MacDonald et al., 2018), VPS35 (Harbour et al., 2010, 2012; Zavodszky et al., 2014) 

and specific pools of phosphoinositides. 
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Figure 3: WASH complex. 

The WASH complex is a pentameric complex consisting of SWIP, Strumpellin, FAM21, WASH and 

CCDC53. The WASH complex localises on the surface of EE. The WASH protein uses its conserved 

VCA domain to activate the Arp 2/3 complex and mediates the F-actin polymerisation. The WASH 

complex-mediated F-actin polymerisation is required for the proper endosomal cargo sorting.  

WASH complex localises at the surface of the EEs by binding to membrane lipids. The 

branched actin networks provide the necessary force required for the scission of cargo 

transport tubules from the endosome. The actin networks also influence the size of the 

WASH domains (Derivery et al., 2012). The WASH complex is also involved in the sorting 

of cargoes such as Cation-independent mannose-6-phosphate receptor (CI-MPR), 

metalloproteases, LDLR1 and β1-integrin in coordination with endosomal sorting regulators 

namely sorting nexin, retromer, retriever and CCC complex. The WASH complex is 

conserved across various eukaryotes from Entamoeba to humans (Linardopoulou et al., 

2007).  

WASH complex interacts with the retromer using its FAM21 tail (Gomez & Billadeau, 

2009). Retromer and FAM21 interactions are essential for the formation of the cargo sorting 



18 

 

platforms used in retromer-mediated cargo sorting (Figure 4). The presence of a complete 

retromer trimer complex is essential for the association of WASH to the endosomes (Harbour 

et al., 2010). Mutations in the FAM21 tail can completely prevent the formation of these 

sorting platforms (Helfer et al., 2013).  

 

Figure 4: Endosomal sorting complexes. 

The endosomal cargo sorting complexes namely retromer, SNX-BAR, commander and WASH 

complexes determine the fate of the various endocytosed cargoes. The complexes together form the 

cargo retrieval domain. The interactions in the cargo retrieval domain with specific cargoes and the 

proper functioning of the various sorting complexes determine whether the cargo is recycled to the 

plasma membrane/trafficked to a cellular organelle or whether it is destined for degradation in the 

lysosome through the endo-lysosomal network.  

Apart from the different structural modifications affecting the localisation of the WASH 

complex, there are other post-translational modifications such as ubiquitination that affect 

its activity. WASH complex is autoinhibited during its association with the retromer complex 

and exists as SHRC. The autoinhibited state is similar to other WASP family NPFs which 

are autoinhibited until they are activated by different factors such as small GTPases cdc42, 

phosphoinositide and kinases (Padrick & Rosen, 2010). The action of tripartite motif 27 

(TRIM27)-E3 Ubiquitin ligase and its enhancer MAGE L2 releases the WASH complex 

from its autoinhibited state by K-63 ubiquitination of the complex and it becomes functional 

to activate actin polymerisation by Arp2/3. This modification is also important for the 

endosomal localisation of the Arp2/3 complex (Hao et al., 2013). The association of the 
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WASH complex with retromer assembly is also dependent on the SNX1-interacting DNAJ 

protein called Receptor-mediated endocytosis 8 (RME-8) through its interaction with the 

FAM21 tail. Loss of RME-8 can result in defects in tubule formation (Freeman et al., 2014).  

The loss of the WASH complex can lead to issues in retromer-mediated endosomal sorting 

of hundreds of cargoes. The overexpression of the Arp2/3 (WASH target) and WASH 

complex have been observed in many types of cancers (Zech et al., 2011). WASH complex 

is important for the delivery of specific cargoes necessary for invasion. Mutations in SWIP, 

a WASH complex protein is associated with the development of intellectual 

disability/impairment and neurodegeneration (Courtland et al., 2021). Loss of hepatic 

WASH has been associated with the dysregulation of cholesterol clearance by affecting the 

trafficking of lipid transporters (LDLR1 and Low-density lipoprotein receptor-related 

protein 1 (LRP1)) (Wijers et al., 2019) Several point mutations in WASH complex protein 

strumpellin (N471D) can lead to the development of spastic paraplegia due to defects in the 

endo-lysosomal system (Song et al., 2018). 

1.6.3 Commander complex 

The ‘commander complex’ is a conserved multi-protein complex composed of 16 proteins 

derived mainly from previously described retriever, a retromer-like multiprotein complex 

(McNally et al., 2017) and a CCC complex totalling about 600 kDa and ubiquitously 

expressed in almost all cells (FANTOM Consortium and the RIKEN PMI and CLST (DGT) 

et al., 2014; Mallam & Marcotte, 2017). The commander complex includes CCC complex 

members such as MURR1-domain containing ten COMMD (1-10) proteins, and the coiled-

coil domain containing proteins (CCDC22, CCDC93). Retriever subunits namely VPS26C 

(DSCR3), VPS29 and VPS35L (C16orf62) are like retromer subunits (Figure 4). It also 

contains a DENN-domain-containing protein (DENND10). The commander complex is 

linked to various functions to endosomal sorting of hundreds of cargoes (such as α5β1-

integrin and LDLR)(Bartuzi et al., 2016), hypoxia adaptation (van de Sluis et al., 2010) and 

immune signalling (Starokadomskyy et al., 2013).  

The COMMD proteins are involved in copper metabolism, ion homeostasis and lipid 

homeostasis. Defects in COMMD function result in developmental disorders such as 

Ritscher-Schinzel syndrome  (RS/3C) and other diseases like Parkinson's disease and cancer  
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(Laulumaa & Varjosalo, 2021).  The coiled-coil domain proteins CCDC93 and CCDC22 are 

both microtubule-associated proteins which are essential for the endosomal recruitment of 

the CCC complex by their C-terminal interaction with FAM21, a WASH complex protein 

(Harbour et al., 2012). The COMMD6 protein along with CCDC93, CCDC22 and WASH 

complex regulates the endosomal trafficking of ATP7A (Keating & Calkin, 2018; Phillips-

Krawczak et al., 2015). CCDC22 and CCDC93 proteins are required for the proper formation 

of the WASH/CCC complex. Any defects in CCDC22 function are related to elevated 

cholesterol levels and result in hypercholesteremia (Keating & Calkin, 2018).  

COMMD5 is important for the stabilisation of the cytoskeleton and acts as a hook between 

endosomes and the cytoskeleton. It also participates in the recycling of EGFR and the 

scission of vesicles into the sorting endosomes (Campion et al., 2018). Any defects in 

COMMD5 function can lead to defects in endosome scission and dysregulation of EGFR 

trafficking.   

The CCC complex negatively regulates the activity of the WASH complex through its 

modulation of PtdIns(3)P levels through the recruitment of PtdIns(3)P phosphatase 

Myotubularin-related protein 2 (MTMR2). Elevated levels of WASH complex, PtdIns(3)P 

and F-actin levels were observed during the depletion of the CCC complex (Singla et al., 

2019). The cargo adaptor SNX17 interacts with VPS26C of the retriever subcomplex for the 

trafficking of α5β1-integrin  (McNally et al., 2017).  DENND10 or FAM45A belongs to the 

family of DENN domain proteins which has  RAB-GEFs activity and also mediates 

endosomal dynamics in different endosomal compartments (J. Zhang et al., 2019). 

DENND10 is a non-classical DENN protein which is involved in vesicle budding and acts 

as a GEF for RAB27a and RAB27b. It is also involved in the recycling of EGFR like 

COMMD5. Like COMMD5 overexpression, the silencing of DENND10 also delays the 

degradation of EGFR. DENND10 knockdown leads to delayed transition of early-to-late 

endosomes and EGFR stuck in small multivesicular endosomes. All these proteins assemble 

to form a commander complex, but the specific details of this process are yet to be fully 

understood.   



21 

 

1.6.4 The relationship between RAB21, Retromer, WASH and Commander complex 

Unbiased phylogenetic profiling of almost 30,000 homologous human genes representing 

protein-coding genes across 177 eukaryotic species backed by experimental validation 

established a genetic link between the components of the WASH complex, Commander 

complex (VPS26C, COMMD) and RAB21. The authors posited the different components 

might have shared functions in autophagy and endosomal morphology regulation (Dey et al., 

2015). The components of the WASH complex (CCDC53 and SWIP) and CCC complex 

components (CCDC22 COMMD2 and COMMD3) have also been identified as top co-

dependencies for RAB21 from the DepMap portal (depmap.org) which has profiled over 900 

cell lines (Tsherniak et al., 2017). 

Previous work from our lab established a relationship between RAB21 and the endosomal 

localisation of the retromer component VPS35. The endosomal localisation of VPS35 was 

decreased in RAB21 KO HeLa cells. It also established that endosomal localisation of 

c16orf62, a commander complex component, increased in RAB21 KO cells. Functional 

interaction of retromer, WASH and RAB21 was also proved via similar cargo impairment 

observed in KO conditions (Del Olmo et al., 2019b). Unpublished data from our lab suggests 

that RAB21 and CCC complex have opposite roles in the modulation of WASH activity 

while coordinating the endosomal cargo sorting process. Hence, there is a need for 

understanding the exact nature of these interactions to uncover the hidden steps of the 

endosomal sorting process.  

 

 

 

 

 

 

https://depmap.org/portal
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2. Research Hypothesis 
 

The endocytic process involves the internalisation of different cargoes such as proteins, 

solutes, and other cargoes that are controlled in a highly coordinated manner. Endocytosed 

cargoes are either directed towards lysosomal degradation or sorted by the action of the 

endosomal sorting complexes namely Retromer and Commander complex (Retriever and 

CCC complex). The polymerization of F-actin is mediated by a pentameric protein called the 

WASH complex. This complex acts as an NPF thereby nucleating F-actin required for 

endosomal sorting regulation. The interaction between the endosomal sorting complexes and 

WASH protein is crucial for proper cargo sorting and maintenance of cellular homeostasis. 

Recent evidence from our lab suggests that RAB21, a small GTPase, is involved in the 

modulation of WASH activity. 

The main hypothesis is that RAB21, through its direct/indirect influence on the WASH 

complex and retromer, influences the endosomal cargo sorting process and WASH activity. 

A clear understanding of this interrelationship between retromer, WASH and RAB21 could 

help us uncover the intricacies of the interaction between these sorting regulators.   

Objective 1: Identify the affected cargoes in WASH, Retromer and RAB21 KOs. The loss 

of a specific protein, such as FAM21 alone or in combination with RAB21 will be used to 

assess the effect of depletion on other sorting regulators and their endosomal localisation. 

They will also be used to confirm the routing of known cargoes (GLUT1) in different 

conditions. The aim will be achieved by using KO cell lines prepared using CRISPR/Cas9 

KO coupled with Immunofluorescence (IF). The second part of this aim is to optimise surface 

biotinylation approaches to be used in the identification of unknown and affected cargoes.   

Objective 2: The second aim is to understand the influence of RAB21 on the endosomal 

sorting process and WASH activity. RAB21 KO cells will be transduced with RAB21 viral 

constructs, namely wild-type rescue (eGFP:RAB21-WT), and the control as mock rescue 

(only eGFP). The routing of known cargoes, sorting complex localization, and endosomal 

F-actin levels will be validated using IF. The characterization of regulatory modulation of 

WASH activity in the context of its interaction with RAB21 and Retromer could be 
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understood. Altogether, these studies will shed light on the regulation of endosomal sorting 

complexes by RAB21. 
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3. Materials and Methods 
 

3.1 Preparation of KO cell lines 

All the knockout HeLa cell populations were engineered using the CRISPR/Cas9 technique 

(Figure 5). HeLa KO (FAM21, FAM21+RAB21, CCDC53, VPS29 and RAB21.) were made 

from gRNAs described earlier (Del Olmo et al., 2019b; Doench et al., 2016; Jimenez-Orgaz 

et al., 2018) and used three guide RNAs except for RAB21 KO which used two gRNAs. All 

knockout cells are cell populations. All guide RNAs are previously published and three 

independent gRNAs for VPS35 (CAACATAGTCCACACGATCA, 

CAAAAAGTTTAATATCCGCT and GGTGTGCAACATCCCTTGAG) cloned into the 

PX330A plasmid were co-transfected with the Puro-eGFP plasmid (addgene #45561) at a 

ratio of 1:1:1:0.3 for 1μg of plasmid in total for the single KO cell lines.  

Table 1: Example of double KO transfection. 

Double KO combination  Plasmids  Plasmid amount(ng) 

 

VPS35 +RAB21 

 

 

FAM21+RAB21 

 

 

 

VPS35 gRNA1 

VPS35 gRNA2             

VPS35 gRNA3 

 

FAM21 gRNA1 

FAM21 gRNA2             

FAM21 gRNA3 

 

 

 

450 ng (150 ng/gRNA)  

 

 

 

 

RAB21 gRNA2            

RAB21 gRNA3 

450ng (225 ng/gRNA) 

Puro-eGFP 100 ng 
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VPS29 KO used a ratio of 1:1:1:0.2 of plasmid for the transfection. The double KO cells 

were prepared by using a similar ratio as mentioned (Table 1).VPS35 KO for three guides 

(1:1:1) and RAB21 KO (1:1) for two guides also used 900 ng of plasmid in total and 100 ng 

of Puro-eGFP. Transfections were performed as detailed above. Twenty-four hours after the 

transfections, cells were selected with 2 μg/ml puromycin for at least 48 hours (Figure 5). 

FAM21 KO cell was transfected twice after 72 hours to achieve proper knockout efficiency. 

The FAM21+RAB21 KO cell line was made by transfecting already transfected FAM21 KO 

cells with RAB21 and FAM21 KO plasmids 

 

Figure 5: Preparation of CRISPR/Cas9 KO cell line.  

The preparation of the KO cell line involves multiple steps starting with cell plating, transfection 

with KO and marker plasmids (Puro-eGFP), selection for 48h, validation of KOs using immunoblot 

and freezing for future use. Each of these steps plays important in the successful preparation of a KO 

cell line.  

The same cells were amplified and used at relatively low passages(P8-P15) for all 

experiments. Knockout efficiencies were monitored by Western blot. The RAB21 KO rescue 

cell lines namely mock rescue (only eGFP) and wild-type rescue (eGFP:RAB21-WT) were 

made by my colleague Dr Sonya Nassari (Pr Jean lab member). A brief protocol of the 
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procedure for making stable cell lines using Lentivirus (prepared previously by Dr Sonya 

Nassari) is added below for reference.  

Day 1:Seed cells at proper seeding density in a well of 6 wells plate (For HeLa cells: 30000 

cells) cells/well. Add a control well that will allow us to assess Puromycin treatment 

efficiency. 

Day 2:Infect cells with the virus (Warning: next steps must be done under the hood for the 

virus).  

1. Prepare infection mix, remove cell medium and transfer infection mix to cells.  

Virus (50% of the volume.)-500 μl 

Polybrene (1μg/μl)-1 μl 

OPTIMEM-500 μl 

2. Incubate for 6 hours in the incubator for the virus and replace the medium with a fresh 

complete medium. 

Day 3:  

3. Replace medium with fresh complete medium containing puromycin at μg/mL and 

incubate 72h at 37°C. 

(For example, 0.4 μl of puromycin 10 mg/mL in 2mL of the medium.) 

4. Split cells and maintain them upon puromycin treatment. 

5. Stable cells are ready to use immediately or must be aliquot and stored at -80°C. 

 

3.2 SDS-PAGE and Immunoblot 

HeLa cells in a 100 mm plate, were washed twice with a 2 ml volume of ice-cold 1x 

Phosphate Buffered Saline (PBS), then lysed in 1 ml volume of lysis buffer (recipe), 

incubated for 20 mins, and spun at 16000g for 10 minutes at 4°C. Supernatants were then 

transferred to new tubes, and protein amounts were quantified by BCA assay (Pierce 

#23225). For immunoblots, protein extracts were separated on 9 or 10% Tris-Glycine (TG) 

gels and transferred to Polyvinylidene Fluoride (PVDF) membranes (Millipore). Beads and 

lysates were mixed with 5X Laemmli buffer diluted final to 2X in the co-IP buffer then 

heated to 95°C for 5-8 min and centrifuged for 1 min at 1000g at room temperature before 
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being loaded in the gel wells. The migration takes place under a constant voltage of 170 V 

until the migration line reaches the bottom of the gel (about 70-80 min) in the migration 

buffer. The gel is then transferred for 10 min at room temperature onto a PVDF membrane 

(GE Healthcare #10600021) by semi-dry transfer using the TurboBlot (Bio-Rad) in 20% 

transfer buffer (5X), 20% ethanol and 60% distilled water. 

Table 2: Transfer Buffer and PBS 

Transfer Buffer (5X) PBS (8X) 

 

Tris 29,1 g (0.24 M) 

Glycine 14,65 g (0.2 M) 

pH 9.2 

SDS 0.1 %  1g  

Complete to 1L 

 

Diluted to 1X for use in 

Immunoblot 

5X Transfer Buffer to 

diluted to 1X  

3 Parts of Milli Q water  

1 Part of 95% Ethanol 

NaCl 64 g (1.1 M) 

KCl  1,6g (0.02 M) 

Na2HPO4  11,52 g (0.08 M) 

KH2PO4 1,92 g (0.014 M)  

Diluted to 1X with MilliQ water for 

use 

 

The membrane is then blocked-in 5% skimmed milk and PBS-Tween 20 (0.1%) solution for 

at least 30 min. It is then rinsed with PBS(1X) for five minutes before being incubated 

overnight at 4°C with the primary antibodies diluted in 1% milk+PBS-Tween 20 (0.1%). 

After 3 washes of 5 min with PBS-Tween 20 (0.1%), the membrane is incubated for 1 hour 

at room temperature with HRP (Horseradish peroxidase) linked polyclonal secondary 

antibodies namely anti-mouse (CST #7076P2), anti-rabbit (CST #7074P2) and anti-goat 

(Jackson ImmunoResearch #111-035-144) diluted (1:10,000) in 1% milk+PBS-Tween 20 

(0.1%). The washing step was carried out, after 3 washes of 5 min with PBS-Tween 20 

(0.1%) and washing with PBS, by adding ECL either Clarity Max™ (Bio-Rad #1705062) or 



28 

 

Luminata forte™ (Fisher Scientific #WBLUF0500) for 3 min. The visualization of the bands 

is done on an LCR imaging system (Azure C280). 

Table 3: Antibody usage information 

Name Species Dilution-IF Dilution-

Immunoblot 

Product ID and details 

CCDC53 Rabbit 1:100 1:1000 Proteintech #24445-1-AP 

FAM21 Rabbit 1:1000 1:10000 Gift from D. Billadeau 

VPS29 Rabbit 1:100 1:1000 Abcam #236796 

EEA1 Mouse 1:1000 Not used BD Bioscience #610456 

VPS35 Goat 1:400 1:1000 Novus Biologicals 

#NB100-1397 

GLUT1 Rabbit 1:500 1:2000 Abcam #115730 

LAMP2 Mouse 1:100 Not used DSHB #P3X653-Ag8 

DM1A-Tubulin Mouse Not used 1:5000 Sigma Aldrich T9026-100UL 

RAB21 Rabbit Not used 1:1000 Invitrogen #PA5-88344 
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Alexa-Fluor 

Phalloidin-546 

NA 1:200 NA Thermo Fisher-Life 

Technologies #22283 

Anti-Mouse 

Secondary 

Antibody, Alexa 

Fluor® 488 

conjugate 

Goat  1:250 Not used Thermo Fisher Scientific 

#A11029 

Anti-Rabbit 

Secondary 

Antibody, Alexa 

Fluor® 546 

conjugate 

Goat t 1:250 Not used Thermo Fisher 

Scientific#A11035 

Anti-Goat 

Secondary 

Antibody, Alexa 

Fluor Plus 647 

Goat 1:250 Not used Thermo Scientific #A32849 

Anti-Mouse 

Highly Cross 

Adsorbed 

Secondary 

Antibody, Alexa 

Fluor 647 

Goat 

 

  

1:250 Not used Thermo Scientific #A-21236  

Anti-Mouse 

Secondary HRP 

antibody 

Goat Not used 1:10000 Cell Signalling Technologies 

#7076P2 
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Anti-Rabbit 

Secondary HRP 

antibody 

Goat  Not used 1:10000 Cell Signalling Technologies 

#7074P2 

Secondary HRP 

antibody 

Goat Not used 1:10000 Jackson ImmunoResearch 

#111-035-144 

  

3.3 Immunofluorescence Microscopy 

3.3.1 Protocol 

A total of 90,000-100,000 HeLa (KO or Control) or 120,000 for VPS29 KO HeLa were 

plated on glass coverslips (#1.5) and grown for 24 h. Cells were then washed twice with 1× 

PBS and fixed for 15 min at room temperature in 4% paraformaldehyde in PBS. Cells were 

then washed three times with PBS for 5 min each, blocked, and permeabilized for 60 min at 

room temperature in PBS containing 5% goat serum and 0.3% Triton X-100. Cells were then 

incubated in primary antibodies overnight at 4°C in PBS containing 1% BSA and 0.3% 

Triton X-100. Primary antibodies were washed three times for 5 min in PBS at room 

temperature and incubated at room temperature for 1 h with secondary antibodies diluted in 

antibody dilution buffer. Following secondary antibody incubation, three 5-min washes in 

PBS at room temperature were performed and cells were mounted in Slow Fade gold 

DAPI-containing mounting media (Fisher Scientific #LSS36938) and subsequently imaged. 

All the antibodies used in the IF experiments are listed in the antibody table (Table 3). The 

images were acquired on a ZEISS LSM880 equipped with a 40X/1.4NA Plan Apo objective 

at a 1.8X zoom. The imaging was done using three Z-sections acquired at 0.36 μm each and 

maximum intensity projections were generated. A total of five images per condition were 

obtained. These maximum intensity projections were used for representation and a single Z-

frame was used for the data analysis for the colocalization experiments. Linear modifications 

of levels were performed for data presentation. Image colocalization was achieved with Cell 

Profiler 4 (Stirling et al., 2021). Cells were identified through a primary object identification 
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module and the correlation coefficient (Pearson) was measured on original images using the 

measure correlation module. All colocalization measurements were exported to Prism 

GraphPad 8 for statistical analyses. 

3.3.2 Statistical analysis 

All other experiments in Control (Parental) and KO HeLa cells were performed in at least 

two independent replicates. Statistical analyses were performed using GraphPad Prism 8 

(GraphPad Software, San Diego, CA, USA) and all graphs show individual data points and 

the standard error of the mean (s.e.m.) to ease the analysis of experimental variations. The 

average Pearson correlation per cell and average punctae count per cell was obtained using 

Cell Profiler 4 program(Stirling et al., 2021). 

For statistical analyses, normality was first assessed using a D'Agostino-Pearson omnibus 

normality test. Samples with non-normal distributions were analyzed by nonparametric 

Mann–Whitney tests. A non-parametric test (Kruskal-Wallis test) with Dunn’s multiple 

comparison test was performed for datasets containing multiple samples. An unpaired t-test 

or non-parametric Mann-Whitney test was performed for analysing average Pearson 

correlation values obtained for GFP colocalisation in RAB21 rescue experiments.  

3. 4 Surface Biotinylation: 

3.4.1 Principle: 

Surface biotinylation is an affinity purification (AP) methodology which is used to label cell 

surface proteins using cell-impermeable biotin and isolate them using avidin beads. The 

labelled cell surface proteins can be ‘pulled down’ or isolated using streptavidin beads. The 

strong affinity between biotin and avidin moiety of the beads helps to isolate only labelled 

cell surface proteins and can be coupled to mass spectrometry (MS) approaches as AP-MS 

to quantitively measure the changes in cell surface proteins (Figure 6). The profiling of cell 

surface proteins was achieved by using two different surface biotinylation approaches 

namely Cell surface capture (CSC) and Cell surface biotinylation (CSB). 

A) CSC approach uses Aminooxy (hydroxyl amine or aminooxy-acetamide) biotin which 

readily reacts with aldehyde or ketone groups to form a stable oxime linkage under mild 
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conditions, without the use of reducing agents. The reaction is fast and usually accelerated 

using a catalyst like Aniline. CSC offers a fast and convenient way to label highly 

glycosylated proteins. 

B) CSB approach uses EZ-Link Sulfo-NHS-SS-Biotin which is a thiol-cleavable amine-

reactive agent. This type of biotin is also cell-impermeable which efficiently labels the 

accessible lysine of the cell surface proteins. 

3.4.2 Protocol-Cell Surface Capture (CSC) 

Cell plates were chilled on ice, rinsed twice with ice-cold biotinylation buffer (Table 4) at 

4 °C for 30 min in the dark and then incubated with 1 mM sodium (meta)periodate (Sigma-

Aldrich # S1878-25G). The mild-oxidation reaction was quenched by the addition of 

glycerol at a final concentration of 1 mM. The cells were then washed twice with ice-cold 

PBS (pH 7.4) supplemented with 5% FBS, and biotinylated for 1 h at 4 °C with a mix of 

100 μM aminooxy-biotin (Biotium Inc. # 89139-726) and 10 mM aniline (Sigma-Aldrich 

#242284-100ML) 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(Table 4) 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 resin (Thermo 

Fisher Scientific) for 2 h at 4 °C. 
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Figure 6: Surface Biotinylation workflow. 

Surface biotinylation is used to study changes in the cell surface proteins. The process starts with 

surface labelling (using the CSB or CSC approach) of plated cells and cell lysis. The biotinylated 

proteins from the cell lysates are pulldown using streptavidin beads. The supernatant from the 

pulldown is used to validate biotinylation and the beads are utilised for MS sample preparation and 

analysis. The obtained MS data analysis filtering for the identification and comparison of various 

proteins profiled by the different approaches. 

 

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/100 mM dithiothreitol (DTT), for 20 min at 

RT. Further washes were performed with 6 M urea in 100 mM Tris–HCl pH 8.5, followed 

by incubation with 6 M urea/100 mM Tris–HCl pH 8.5/50 mM iodoacetamide, for 20 min at 

RT. Additional washes were performed with 6 M urea/100 mM 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 1:5000). For proteomic analysis, 

beads were rinsed with 50 mM ammonium bicarbonate (NH4HCO3) pH 8.5 five times,  
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and re-suspended in 400 μL of 50 mM NH4HCO3 pH 8.5 containing 1 μg of proteomics 

grade trypsin (Sigma-Aldrich), overnight at 37 °C. 

Table 4: CSC Buffers 

Biotinylation Buffer Surfaceome Lysis Buffer (SLB) 

PBS pH (7.4) 

0.5 mM MgCl2 

1 mM CaCl2 

1% Triton X-100,150 mM NaCl, 

5 mM iodoacetamide (Sigma-Aldrich) 

1× protease inhibitor (without EDTA, Roche) 

1 mM sodium orthovanadate (Na3VO4) 

10 mM Tris–HCl, pH 7.6 

1 mM phenyl methyl sulfonyl fluoride (PMSF 

 

3.4.3 Protocol-Cell Surface Biotinylation (CSB) 
 

Table 5: CSB Buffers 

LB1 LB2 LB3 SWS 

1 mM EDTA 

50 mM Tris/HCl 

(pH 7.4) 

150 mM Na Cl 

LB1 +1%Triton 

X-100 (w/v) 

LB2+Protease 

inhibitors 

 

0.1%TritonX-100 (w/v) in PBS 

(pH 7.4) 

350 mM NaCl 

5 mM EDTA 
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Cells were washed twice with 1 ml of ice-cold PBS and incubated for 30 min on ice in the 

cold room with gentle rocking with 400 µl per plate of the biotin solution (2.5 mg/ml biotin 

reagent in DPBS).  Each plate was washed for 5 min three times with 1 ml of cold 100 mM 

Glycine in DPBS, on ice in the cold room with gentle rocking. Plates were further washed 

for 5 min twice with 1 ml of cold 20 mM Glycine in DPBS, as above. Cells were lysed with 

200 µl of lysis buffer LB3(Table 5) into each plate and scraped to remove them. Cell lysates 

were collected in 1.5 ml tubes. For lysis, tubes were placed on a rotating wheel at a slow 

speed for 1 h in the cold room. While the lysis is performed, Streptavidin beads were 

prepared. For each sample, take 40 µl of Streptavidin beads at 50% slurry and wash the beads 

twice with 0.5 ml DPBS+ and twice again with 0.5 ml LB2 (Table 5) (for washing, centrifuge 

30 sec at 3,000 x g at 4 °C and remove the supernatant). After the last wash, precipitated 

beads were resuspended in 20 µl of LB3. Lysates were spun at 16,000 x g (maximum speed) 

for 15 min at 4 °C and transferred (solubilized material) to 1.5 ml tubes. 10-15% of each 

supernatant was kept in another tube and stored at -80 °C (these are the INPUT samples, and 

the rest of the supernatants are referred to as PULL-DOWN samples). Pull-down samples 

were incubated with the 40 µl of streptavidin beads prepared, overnight in the rotating wheel 

at a slow speed in the cold room. The next day, samples were centrifuged at 16,000 x g, 30 

sec at 4 °C and washed once with LB3, twice with LB2, twice with SWS and once with LB1 

(Table 5). Each time,1 ml of the appropriate solution was added and centrifuged at 16,000 x 

g, 30 sec at 4 °C. Precipitated proteins were resuspended in 25 µl of 2x gel loading buffer 

and heated at 70 °C for 10 min in the heat block. Samples were kept at -20 °C for SDS-PAGE 

and Western blot analysis. 

3.5 Mass Spectrometry 

3.5.1 Principle 

The mass spectrometer makes it possible to characterize the proteins present in the sample. 

The peptides are separated by nano-HPLC liquid chromatography before being injected into 

the mass spectrometer (timsTOF, Bruker). The peptides are fragmented and ionized in a 
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vacuum chamber by electron flow and then separated according to their mass on charge (m/z) 

by ion mobility.  

3.5.2 Protocol-Sample digestion with alkylation 

The sample streptavidin beads were washed five times with 20 mM ammonium bicarbonate 

(NH4HCO3) with 0.5 ml wash buffer and kept at -20°C until use. Added an equal bead 

volume of 10 mM DTT in 20 mM NH4HCO3 for complete immersion (usually 50 µl is fine) 

mix and incubate at 60°C for 30 minutes with shaking at 1250 rpm. After a quick spin and 

cooling, an equal volume of 15 mM chloroacetamide (ClAA) in 20 mM NH4HCO3 (usually 

50 µl is fine) was added to the DTT/bead suspension, mixed and incubated in the dark for  

1 hour with shaking at 1250 rpm. 1M DTT was added to increase the concentration to 15 

mM (usually, adding 1 µl of 1M DTT to the 100 ul (total) is fine) to quench the  

ClAA followed by a 10-minute incubation with shaking at 1250 rpm. 1 µg of trypsin was 

then added to the beads and incubated at 37°C overnight with shaking at 1250 rpm. Trypsin 

digestion was stopped by acidifying by reaching a final concentration of 1% formic acid 

(FA), followed by centrifugation at 2,000 x g for 3 min. Supernatants were transferred to a 

new 1.5 ml protein Lobind™ tube. Beads were resuspended in 100 µl of a 60% acetonitrile 

(CH3CN)/ 1% FA solution and incubated at room temperature for 5 min with shaking at 

1250 rpm. Beads were centrifuged at 2,000 x g for 3 min and this second supernatant was 

transferred with the first supernatant. Samples were dried in a speed vac and then 

resuspended in 30 µl of 0.1% trifluoroacetic acid (TFA) and desalted on 10 ul C18 ZipTip 

as per protocol. 

 3.5.3 Analysis of the sample 

For DIA LC-MS analysis, 250 ng of peptides from each sample were injected into an HPLC 

(nanoElute, Bruker Daltonics) and loaded onto a trap column with a constant flow of 4 

µL/min (Acclaim PepMap100 C18 column, 0.3 mm id x 5 mm, Dionex Corporation) then 

eluted onto an analytical C18 Column (1.9 µm beads size, 75 µm x 25 cm, PepSep) heated 

at 50°C. Peptides were eluted over a 2-hour gradient of ACN (5-37%) in 0.1% FA at 400 

nL/min while being injected into a TimsTOF Pro ion mobility mass spectrometer equipped 

with a Captive Spray nano electrospray source (Bruker Daltonics). Data was acquired using 

https://www.usherbrooke.ca/dep-immunologie-biologie-cellulaire/fileadmin/sites/dep-immunologie-biologie-cellulaire/images/plateforme/LCMS/protocoles/ziptips_protocol_2021_June.pdf
https://www.usherbrooke.ca/dep-immunologie-biologie-cellulaire/fileadmin/sites/dep-immunologie-biologie-cellulaire/images/plateforme/LCMS/protocoles/ziptips_protocol_2021_June.pdf
https://www.usherbrooke.ca/dep-immunologie-biologie-cellulaire/fileadmin/sites/dep-immunologie-biologie-cellulaire/images/plateforme/LCMS/protocoles/ziptips_protocol_2021_June.pdf
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data-dependent auto-MS/MS with a 100-1700 m/z mass range, with PASEF enabled with 

several PASEF scans set at 10 (1.27 seconds duty cycle) and a dynamic exclusion of 0.4 min, 

m/z dependent isolation window and collision energy of 42.0 eV. The target intensity was 

set to 20,000, with an intensity threshold of 2,500. The raw data from the mass spectrometry 

were analysed using MaxQuant to obtain the MS/MS counts. The raw files were analyzed 

using MaxQuant (version 2.0.1.0) and the Uniprot human proteome database (21/03/2020, 

75,776 entries). The settings used for the analysis (with TIMS-DDA type in group-specific 

parameters) were: 1 miscleavage was allowed; fixed modification was 

carbamidomethylation on cysteine; enzymes were Trypsin (K/R not before P); variable 

modifications included in the analysis were methionine oxidation, protein N-terminal and 

carbamylation (K, N-term). A mass tolerance of 20 ppm and 40 ppm was used for precursor 

and fragment ions, respectively. Identification values "PSM FDR", "Protein FDR" and "Site 

decoy fraction" were set to 0.05. The minimum peptide count was set to 1. Both the "Second 

peptides" and "Match between runs" options were also allowed. Protein positives for at least 

either one of the "Reverse" or "Potential contaminant" categories were eliminated. The 

proteins with greater than two peptides are tabulated to be analysed by the Crapome software, 

available online (www.crapome.org) and created by the laboratories of Professors 

Nesvizhskii and Gingras. Crapome allows us to analyze the specificity of the proteins 

identified in AP-MS experiments. For this, for each condition, the number of MS/MS counts 

is associated with the identified proteins to generate a list which is analyzed by the software. 

The software determines a SAINT score (Significance Analysis of INTeractome) assigned 

to each protein for each condition. This SAINT score is calculated against the MS/MS count 

of a peptide for the experimental condition. 
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4. Results 

4.1 Generation of CRISPR/Cas9 KO cell lines of endosomal sorting regulators 

To understand the influence of the different endosomal sorting regulators on the cargo sorting 

process and their interrelationship, CRISPR/Cas9 knock out cells of the various sorting 

regulators namely RAB21 (RAB21 KO), WASH (FAM21 and CCDC53) and retromer 

(VPS35 and VPS29) complexes were made from parental HeLa M cells. HeLa M cells were 

chosen because of their previous use in literature for studying the endosomal sorting process 

(Steinberg et al., 2013) and ease of operation. Combinations of RAB21 and other sorting 

regulators mentioned earlier were also made (FAM21+RAB21 or VPS35+RAB21) to further 

delineate the functional relationship between the different sorting regulators. The KO cell 

lines made were validated by immunoblots (Figures 7A and 7B) and frozen for future use 

after validation.  

The generation of KO cell lines was not straightforward and required optimisation of the 

transfection protocol by changing the ratios between the target gRNAs and puromycin-GFP 

marker plasmids. The need for optimisation was particularly evident in retromer KO cell 

lines which were particularly difficult to make because after the transfection and selection 

process was concluded, the KO cell lysates still showed wild-type protein levels indicating 

a takeover by the wild-type/parental cell population. After multiple optimisation and 

continued effort, a partial KO of VPS35 was achieved when using specific ratios of KO 

plasmids such as 1:20 for VPS35 and 1:15 for VPS29 (Figure 7B). Some WASH cell lines 

like FAM21 KO required to be transfected twice with the KO plasmids to achieve a complete 

KO of the protein (Figure 7A) and were subsequently used to make the corresponding double 

KOs of FAM21+RAB21. Other WASH complex proteins KO such as Strumpellin was 

attempted but were not successful. 
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Figure 7: CRISPR/Cas9 KO cell lines of endosomal sorting regulators. 

Immunoblot analysis of A) WASH KO HeLa cell lines (FAM21, CCDC53 RAB21 and 

FAM21+RAB21 KO). B) Retromer KO cell lines (VPS35, VPS35+RAB21 and VPS29).  

4.2 Immunofluorescence microscopy of known cargoes  

4.2.1 GLUT1 trafficking is not significantly affected by the depletion of WASH complex 

proteins 

GLUT1/SLC2A1 is a cell surface protein belonging to the family of SLC2 glucose 

transporters. The internalisation, endosomal sorting and recycling of this protein are essential 

for the maintenance of glucose homeostasis. Retromer is known to be involved in the proper 

trafficking of GLUT1 (Roy & Debnath, 2017). Any defects or depletion of retromer complex 

members (such as VPS35) is known to lead to the misrouting of this retromer cargo (GLUT1) 

towards the lysosome. FAM21 depletion is known to affect the trafficking of 
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SNX27-Retromer cargoes such as GLUT1 towards the Golgi apparatus by increasing PI(4)P 

levels (Lee, Chang, and Blackstone 2016). But FAM21 depletion is not known to lead to 

lysosomal misrouting of GLUT1.  GLUT2, a family member of GLUT1 function is affected 

in WASH conditional KO of murine pancreatic β-cells leading to impaired glucose clearance 

(Ding et al. 2019). Other members of the WASH complex such as CCDC53 and their exact 

role in influencing the trafficking of the SLC2 family of transporters are yet to be determined. 

RAB21 is not known to affect the trafficking of GLUT1 but rather other retromer cargoes 

such as MCT1 (Del Olmo et al., 2019b). Therefore, it is crucial to understand the 

commonalities and differences observed in the phenotypes of various KOs of endosomal 

cargo sorting regulators such as WASH, Retromer and RAB21. CRISPR/Cas9 KOs of the 

various endosomal regulators and IF were used to determine the fate of the retromer cargo, 

GLUT1. It was observed that the WASH KOs (CCDC53 KO, FAM21+RAB21 KO) showed 

a decreased colocalisation of GLUT1 with LAMP2 indicating there was no significant 

misrouting to the lysosomes (Figure 8A). But FAM21 KO showed a slight but statistically 

significant increase in localisation of the cargo with LAMP2 compared to control (parental) 

cells (Figure 8B). Overall, RAB21 KO did not seem to increase the lysosomal misrouting of 

the GLUT1 cargo in experiments focussed mainly on WASH KOs (Figure 8B) but did show 

an increase in colocalisation of GLUT1 with LAMP2 in some cells (Figure 8A). The 

immunoblot analysis performed on the KO cells (Figure 8C) after the IF sample preparation 

shows a possible takeover by parental/wild-type cells for most of the WASH KOs and VPS29 

KO indicative of the difficulties in sustaining the KO conditions for studying sorting 

complexes using KO cell pools. These WB results might explain why cells in the VPS29 

KOs do not all show increased colocalization as observed in previous studies 

 (Steinberg et al., 2013). Also, the takeover of FAM21-positive cells in the 

FAM21+RAB21KO cell population might explain the lack of phenotype observed on 

GLUT1. Possible gene compensatory events in the KO cell line could increase the levels of 

the protein which has been depleted or a possible takeover by the parental cells.  
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Figure 8: GLUT1 trafficking is not significantly affected by the depletion of WASH 

complex proteins.  

A) Representative images of maximum intensity projections of endogenous GLUT1 and LAMP2 in 

WASH KOs (FAM21, FAM21+RAB21 and CCDC53), Retromer KO (VPS29) and RAB21 KO 

cells. B) Average Pearson correlations per cell between GLUT1 and LAMP2 are shown. 
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C) Immunoblot analysis of the different KOs used for the imaging. Bars represent the mean, 

individual points or triangles represent single-cell values, and the error bars are the s.e.m.  

(N=2 independent experiments, n>50 cells). 

4.2.2 Depletion of retromer complex proteins leads to the misrouting of GLUT1 to the 

lysosome. 

GLUT1 is a known retromer cargo (Roy & Debnath, 2017) and was expected to be misrouted 

in this set of experiments focused on the different retromer KOs. The retromer KOs showed 

a strong colocalisation of the retromer cargo with LAMP2 as expected (Figures 8A and 9A). 

GLUT1 is a cell surface glucose transporter which appears to be distributed diffusely along 

the periphery of the cells in the control condition but becomes more localised in the lysosome 

as seen in the VPS29 and other retromer KOs (Figures 9A and 9B).  The KOs cell pools 

appeared to have been taken over by the parental/wild-type cells from the immunoblot 

analysis of the retromer KOs after sample preparation.  Compared to the WASH KO set of 

experiments (Figure 8), RAB21 KO showed a slight increase in the lysosomal misrouting of 

GLUT1 indicating the possibility that the RAB21 KO has only a partial depletion in the 

previous set of experiments compared to the current setting. Another important issue that 

limits the interpretation is the presence of artefacts in the immunoblot (Figure 9C) which 

seems to point to a technical issue in the immunoblot which needs to prevent in future 

experiments for better clarity on the results. The issue with the FAM21 signal for control and 

FAM21KO could potentially issue in using an antibody which has undergone freeze-thaw 

cycles multiple times but requires further validation. VPS29 signal for the control could be 

possible issues during migration /smearing during the transfer and handling of the transfer 

membrane. I have noticed that RAB21 levels being reduced in FAM21 KO are a bit unclear. 

More immunoblot validations or using sequencing to understand the reason could prove 

useful. The issues in the immunoblot could also affect the interpretation of results from the 

IF experiments (Figures 9A and 9C) and need to be rectified by testing the KO cells during 

the culture conditions simultaneously during the IF sample preparation.  
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Figure 9: Depletion of retromer complex proteins leads to the misrouting of GLUT1 to 

the lysosome. 

A) Representative images of maximum intensity projections of endogenous GLUT1 and LAMP2 in 

WASH KO (CCDC53), Retromer KO (VPS29, VPS35 and VPS35+RAB21) and RAB21 KO cells. 

B) Average Pearson correlations per cell between GLUT1 and LAMP2 are shown. C) Immunoblot 

analysis of the different KOs used for the imaging. Bars represent the mean, individual points or 



44 

 

triangles represent single-cell values, and the error bars are the s.e.m. (N=2 independent experiments, 

n>45 cells). 

A recent study also showed that GLUT1 trafficking might be affected by RAB21 KO  

(Pei et al., 2022). This is in contrast to the previous work from our lab which shows that 

RAB21 KO does not affect the trafficking of GLUT1 in a significant way (Del Olmo et al., 

2019b). The differences observed could be explained using single clone KOs compared to 

the KO cell pools in our case. But requires further investigation. Like RAB21 KO, CCDC53 

KO also showed a slight increase in the lysosomal misrouting of GLUT1 compared to the 

control condition and was different from the results obtained from the previous set of 

experiments with WASH KOs. This is indicative of there might be issues in sustaining the 

KO and more careful optimisations in the testing of KO cell lines by immunoblot right before 

the IF samples are prepared or immediately after preparation. The use of lower passage cells 

(less than P8) and prepare IF samples immediately after validating transfection instead of 

freezing the cells are needed to mitigate the issue to precisely understand the effect of the 

different techniques on the results. This was achieved by performing an IF experiment on 

the various CRISPR/Cas9 KO pools of the WASH complex (FAM21 KO, CCDC53 KO), 

RAB21 KO, Retromer KO  (VPS29 KO) and double KO of FAM21+RAB21. The IF showed 

that the colocalisation of FAM21 with early endosomal marker EEA1 was not affected in 

RAB21 and CCDC53 depleted cells (Figure 10A) even though the FAM21 punctae count 

was reduced compared to the control population (Figure 10C). The cells with VPS29 

depletion and double depletion of FAM21+RAB21 showed reduced levels of localisation of 

FAM21 in the early endosome (Figures 10A and 10B). It was expected that FAM21 levels 

would be severely affected or almost absent in both FAM21 and FAM21+RAB21 KOs, 

given that these cells are KOs for the tested protein. Nonetheless, some cells showed the 

presence of FAM21 indicating the presence of wild-type cells present in the KO cell 

population. The presence of parental or wild-type cells in the KO cell becomes more evident 

in the immunoblot of VPS29 KO (Figure 8C) where the depletion of VPS29 is reversed due 

to a possible takeover by the parental population. A similar trend was also observed for the 

other KOs. The interpretation becomes difficult due to the loading and possible migration 

issues (Figure 8C). One possibility is the transfer towards the edges of the membrane might 
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not have happened well as expected. They should be more on the same level unless there is 

some unspecific binding. 

 

 

Figure 10: Proper endosomal localisation of FAM21 is dependent on VPS29, a retromer 

complex protein. 

A) Representative images of maximum intensity projections of endogenous GLUT1 and LAMP2 in 

WASH KOs (FAM21, FAM21+RAB21 and CCDC53), Retromer KO (VPS29) and RAB21 KO 

cells. B) Average Pearson correlations per cell between GLUT1 and LAMP2 are shown.  

C) Quantification of puncta per cell. Bars represent the mean, individual points or triangles represent 

single-cell values, and the error bars are the s.e.m. (N=2 independent experiments, n>62 cells). 
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Particularly, the VPS29 depletion severely affected the levels of endogenous FAM21 

punctae count and its colocalisation with EEA1. Retromer is known to mediate the 

endosomal recruitment of the WASH complex through the interaction of VPS35 and the 

extended tail of FAM21. Any impairments in this interaction affect the WASH recruitment 

process and previously were observed in cells with VPS35 mutations  

(Zavodszky et al. 2014). The potential relationship between VPS29 and FAM21 being 

necessary for the endosomal recruitment of WASH complex mediated by the retromer could 

provide new ways for understanding the specificities of the WASH recruitment by retromer 

to the EE and various other factors influencing the recruitment process.   

 

 

4.3.2 CCDC53 endosomal localisation is affected by the depletion of VPS29 and FAM21  

CCDC53 is the smallest member (21 kDa) of the multiprotein WASH complex and was first 

described during the complex’s discovery (Derivery et al. 2009; Jia et al. 2010). It was later 

implicated in the formation of the ternary complex composed of FAM21, WASH and 

CCDC53 mediated by a small, coiled protein factor called HSBP1 which led to the formation 

of the pentameric WASH complex. During this complex formation, the CCDC53 

homotrimer precursor transitions to a heterotrimer of HSBP1 and CCDC53. 

This heterotrimer complex can form an active trimeric complex with WASH and FAM21 

(Visweshwaran et al. 2018) and finally the pentameric WASH Complex with SWIP and 

Strumpellin. Due to its role in the formation of the WASH complex, it might play an 

important role in also affecting the functional activity of the complex. Hence, it was 

important to study its relationship with other endosomal sorting regulators and the WASH 

complex itself.  

Using a similar CRISPR/Cas9 depletion of endosomal sorting regulators (including WASH) 

and IF validation, I tested the influence of WASH and Retromer KOs on the endosomal 

localisation of CCDC53. It was observed that the CCDC53 endosomal localisation was 

mainly affected in CCDC53 KO as expected but also in WASH KOs (such as FAM21 and 

FAM21+RAB21) and VPS29 KO (Figure 11A and 12A) but not in other retromer KOs 

(VPS35 and VPS35+RAB21) and RAB21 KO. The differences observed in CCDC53 
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endosomal localisation during VPS29 depletion compared to the other retromer KOs could 

be attributed to the ability of VPS29 to influence the localisation of other WASH complex 

proteins namely FAM21 (Figure 10 A).  

 

 

 

Figure 11: CCDC53 requires FAM21, another WASH complex protein for its proper 

endosomal localisation. 
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A) Representative images of maximum intensity projections of endogenous CCDC53 and EEA1 in 

WASH KOs (FAM21, FAM21+RAB21 and CCDC53), Retromer KO (VPS29) and RAB21 KO 

cells. B) Average Pearson correlations per cell between CCDC53 and EEA1 are shown.  

C) Quantification of puncta per cell. Bars represent the mean, individual points or triangles represent 

single-cell values, and the error bars are the s.e.m. (N=2 independent experiments, n>24 cells). 
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Figure 12: Retromer complex proteins do not significantly affect the endosomal 

localisation of CCDC53. 

A) Representative images of maximum intensity projections of endogenous CCDC53 and EEA1 in 

WASH KOs (CCDC53), Retromer KO (VPS29, VPS35 and VPS35+RAB21) and RAB21 KO. 

B) Average Pearson correlations per cell between CCDC53 and EEA1 are shown. C) Quantification 

of puncta per cell. Bars represent the mean, individual points or triangles represent single-cell values, 

and the error bars are the s.e.m (N=2 independent experiments, n>43 cells).  

There were differences observed in the retromer KO set of VPS29 KO (Figures 12A-C) 

which showed higher colocalisation of CCDC53 with EEA1 compared to VPS29 KO from 

the WASH KO set (Figures 11A-C). Interestingly, VPS35 KO does not seem to affect the 

CCDC53 localisation (Figures 12A-C) possibly because of either issue with the KO cell line 

as observed in other IF experiments or some other phenomenon since VPS35 has been 

established to be important for the endosomal localisation of the WASH complex (Del Olmo 

et al., 2019b; Jia et al., 2012). 

4.3.3 VPS35 endosomal localisation is dependent on VPS29   

VPS35 is important for the proper cargo trafficking of many different retromer-dependent 

cargoes, and it is also crucial for the recruitment of FAM21 to the endosomes which directly 

influence WASH function in the endosome (Harbour, Breusegem, and Seaman 2012; Lee, 

Chang, and Blackstone 2016). New evidence is needed for understanding the 

interrelationship between other WASH components like CCDC53 and VPS35 apart from 

FAM21. It is also important to determine the effect of the depletion of specific sorting 

regulator components on VPS35. VPS35 KO did not significantly affect the endosomal 

localisation of VPS35 but showed reduced punctae count compared to the control sample 

(Figures 13A and 13C). This difference could be explained by the difficulties observed in 

maintaining a complete KO either due to partial gene ablation or gene compensatory effects 

(El-Brolosy & Stainier, 2017). As shown in the immunoblot analysis of GLUT1 (Figure 9C) 

trafficking and generation of KO cell pools (Figure 7B) the maintenance of a full KO 

condition has been difficult for the retromer KO set. VPS29 KO showed both reduced VPS35 

endosomal colocalisation and punctae count compared to other KO conditions including 

RAB21 KO (Figure 13A and 13B). The RAB21 KO instead showed an increase in the 

endosomal localisation of VPS35, and this was also observed in the punctae count different 

from the observations made in the literature (Del Olmo et al., 2019b). VPS35+RAB21 KO 
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showed a small decrease in the endosomal localisation of VPS35 but was not statistically 

significant, which is unexpected given that VPS35 was targeted in these cells. Again, an issue with 

maintaining a KO population might be the underlying cause of the observed phenotype. Conversely, 

CCDC53 KO caused a slight increase in the endosomal localisation of VPS35 and punctae 

count.  
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Figure 13: VPS35 endosomal localisation is dependent on VPS29. 

A) Representative images of maximum intensity projections of endogenous VPS35 and EEA1 in 

WASH KOs (CCDC53), Retromer KO (VPS29, VPS35 and VPS35+RAB21) and RAB21 KO.  

B) Average Pearson correlations per cell between CCDC53 and EEA1 are shown. C) Quantification 

of puncta per cell. Bars represent the mean, individual points or triangles represent single-cell values, 

and the error bars are the s.e.m (N=2 independent experiments, n>38 cells). 
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The issues associated with partial KO or differences observed in the IF experiment could 

also be a result of the reduced specificity of the antibody used in the experiment. Many issues 

have been observed with immunoblot validation of the KO ranging from the presence of 

higher levels of protein in KO lines which could be due to the use of cell pools which have 

been taken over by wild-type cells (For example, Figures 8C and 9C). The unexpected loss 

of signal for specific proteins such as FAM21 control samples or other KOs while the same 

experimental set is severely limiting the interpretation from the IF experiments (Figure 8C). 

The issues might arise due to many freeze-thaw cycles of prepared antibody solutions which 

should further complicate the outcome. Possible gene compensatory events in any of the KO 

lines could also explain the conflicting results obtained in the immunoblot which fail to 

confirm the results from the IF experiments for the same experimental sets. A stringent 

loading control, use of low passage cells, and immunoblot validation before and after IF 

experiments could help identify the issues in the KO cell lines. A complementary approach 

to immunoblots for the KO validation either using PCR or sequencing could potentially help 

with easing the interpretations in future validations.  

4.4 The influence of RAB21 on endosomal F-actin, known cargo (GLUT1) and sorting 

complex localisation 

RAB21, a monomeric GTPase has been established to be important for the proper 

functioning of endosomal cargo sorting (Del Olmo et al., 2019b). Therefore, it was important 

to further delineate its role in the different aspects of the cargo sorting process particularly 

focussing on its influence on affecting the endosomal F-actin levels/WASH activity, cargo 

trafficking and localisation of FAM21 and VPS35, endosomal sorting complex proteins. 

4.4.1 RAB21 influences the endosomal F-actin levels and possibly WASH activity     

Endosomal F-actin polymerisation is an essential process for the proper functioning of the 

cargo sorting process (Derivery et al. 2009; Römer et al. 2010). F-actin polymerisation is 

mediated by the action of the WASH complex acting as an NPF and activating the ARP2/3 

complex which in turn initiates the polymerisation (Rotty et al., 2013). But there is no direct 

link between the activity of the WASH complex and RAB21. Hence, measuring the levels 

of endosomal F-actin can be an indirect way to measure the WASH activity and ascertain 

the relationship between these two endosomal sorting regulators. Previous literature  



53 

 

(Del Olmo et al., 2019b) shows that the RAB21 KO is known to reduce the levels of 

endosomal F-actin which in turn could influence the cargo sorting process. The question here 

was to understand the level of influence that RAB21 has on the endosomal F-actin and to 

calculate the extent to which the rescue with a functional wild-type protein can affect the 

endosomal F-actin levels in RAB21 KO cells. The rescue can either return it to the basal 

levels or increase it significantly, since rescue constructs are often overexpressed, or may not 

have any effect at all. After confirming the differential endosomal localisation of the eGFP 

rescue constructs (Figures 14A-C) with EEA1, we proceeded to assess the endosomal F-actin 

levels using Phalloidin staining in the different RAB21 KO conditions which earlier showed 

a strong phenotype (Del Olmo et al., 2019b). The immunoblot (Figure 14C) does not show 

a significant difference in the RAB21 levels between the controls and this could be due to 

the possible takeover by the unedited or wild-type cells in KO control after being in culture 

for a longer time. We observed that the KO-control and mock rescue (only eGFP) showed 

reduced endosomal F-actin levels compared to the parental control (Figures 15A and 15B).  

Another potential issue which affects the interpretation in clarifying the observed effects is 

the presence of a stronger signal in the tubulin lane in KO-control immunoblot (Figure 14C) 

compared to other samples. Additional validation using immunoblot just before the IF 

sample preparation to confirm the KO could have helped with the interpretation as a quality 

control step. It severely limits the interpretation of the IF results. The wild-type rescue 

(eGFP:RAB21-WT) showed a significant increase in the endosomal  

F-actin levels were consistent with previous observations (Del Olmo et al., 2019b). The wild-

type rescue showed F-actin several times higher than observed in the control conditions 

confirming the influence of RAB21. Since the endosomal F-actin levels are mediated by the 

WASH complex, then RAB21 might directly or indirectly influence its activity. This 

preliminary experiment can lead to more questions about the influence of RAB21 activation 

status mediated by its GEFs (Ohbayashi et al. 2012) and unidentified GAPs on influencing 

WASH activity. 
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Figure 14: GFP-tagged RAB21 (Wild-type rescue) shows proper endosomal localisation 

compared to the mock rescue. 

A) Representative images of maximum intensity projections of GFP: RAB21 and endogenous EEA1 

in control conditions (Parental-control and RAB21 KO -control) and rescues (only eGFP-mock 

rescue and eGFP:RAB21-WT-Wild type rescue). B) Average Pearson correlations per cell between 

GFP: RAB21 and endogenous EEA1. Bars represent the mean, individual points or triangles 

represent single-cell values, and the error bars are the s.e.m (N=2 independent experiments, n>40 

cells). C) Immunoblot of the control and rescue cell lines used in the experiments. 
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Figure 15: RAB21 influences the endosomal F-actin levels and possibly WASH activity. 

A) Representative images of maximum intensity projections of endogenous Phalloidin (F-actin) and 

EEA1 in control conditions (Parental-control and RAB21 KO -control) and rescues (only eGFP-mock 

rescue and eGFP: RAB21-WT-Wild type rescue). B) Average Pearson correlations per cell between 

Phalloidin (F-actin) and EEA1 are shown. Bars represent the mean, individual points or triangles 

represent single-cell values, and the error bars are the s.e.m (N=2 independent experiments, n>40 

cells). 

We know that RAB21 with different activation statuses do directly interact with WASH and 

retromer complexes from GFP-IP experiments (Del Olmo et al. 2019a) and following this 

question would help us compare the difference or similarities between RAB21 KOs and its 

GEF KOs on endosomal F-actin. 

4.4.2 RAB21 KO does not influence the cargo trafficking of GLUT1  

GLUT1 is a known retromer cargo and the WASH complex interacts with the retromer in 

the endosomal sorting process. Previous results from the literature show that the RAB21 KO 

does not affect the retromer-mediated recycling of this cargo (Del Olmo et al. 2019) but 

given that RAB21 does influence the endosomal localisation of VPS35, a retromer complex 

protein, it could be that a weak phenotype was missed in the original study. Moreover, the 

results presented above indicate that RAB21 loss did weakly increase GLUT1/LAMP2 
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colocalisation. CRISPR/Cas9 KO of RAB21 has been used to compare with parental HeLa 

cells. In these experiments, we also tested if the reintroduction of the eGFP: RAB21-WT 

construct could rescue some defects in GLUT1 sorting. Hence, the RAB21 KO cells were 

mock-rescued by eGFP or rescued with an eGFP-tagged RAB21-WT (Figures 16 A and 

16B). As observed before (Del Olmo et al., 2019b) KO of RAB21 did not significantly affect 

GLUT1 recycling and showed similar Pearson correlation values for GLUT1 vs LAMP2 

(Figure 16B). Hence, no rescue experiments could be effectively performed. Nonetheless, 

RAB21 KO mock rescued with eGFP showed similar lysosomal localisation of GLUT1 with 

lysosomal markers (Figures 16A and 16B), indicating that RAB21 is dispensable for GLUT1 

sorting. The preparation of an immunoblot to validate whether there is a loss of RAB21 

during the culture conditions could have proved useful in confirming the relationship 

between RAB21 and GLUT1.  

 

Figure 16: RAB21 does not affect the trafficking of GLUT1 in a significant manner. 

A) Representative images of maximum intensity projections of endogenous GLUT1 and LAMP2 in 

control conditions (Parental-control and RAB21 KO -control) and rescues (only eGFP-mock rescue 

and eGFP: RAB21-WT-Wild type rescue). B) Average Pearson correlations per cell between GLUT1 

and endogenous LAMP2. Bars represent the mean, individual points or triangles represent single-cell 

values, and the error bars are the s.e.m (N=2 independent experiments, n>75 cells). 
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4.4.3 RAB21 depletion does not influence the endosomal localisation of endosomal sorting 

complex proteins WASH (FAM21) and retromer (VPS35) 

RAB21 is known to influence the endosomal localisation of sorting complexes such as 

retromer as discussed earlier but does not affect the localisation of WASH complex proteins 

such as FAM21 in RAB21 KO (Del Olmo et al. 2019). Hence, the aim here was to validate 

the previously observed results in a similar context of RAB21 KO and ascertain any possible 

differences in this relationship using mock rescue (only eGFP) and wild-type rescue (eGFP: 

RAB21-WT) of RAB21 depletion. RAB21 KO did not affect the endosomal localisation of 

FAM21 as previously reported in the literature. RAB21-WT rescue showed the FAM21 

localisation comparable to the basal levels of the parental control but a slight increase from 

the only eGFP sample or KO-control was observed (Figures 17A and 17B). 

 

 

Figure 17: FAM21 endosomal localisation is not dependent on RAB21. 

A) Representative images of maximum intensity projections of endogenous FAM21 and EEA1 in 

RAB21 KOs and rescues. B) Average Pearson correlations per cell between FAM21 vs EEA1. Bars 

represent the mean, individual points or triangles represent single-cell values, and the error bars are 

the s.e.m (N=2 independent experiments, n>65 cells). 
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Figure 18: RAB21 does not influence the endosomal localisation of the retromer 

protein, VPS35. 

A) Representative images of maximum intensity projections of endogenous VPS35 and EEA1 in 

control conditions (Parental-control and RAB21 KO -control) and rescues (only eGFP-mock rescue 

and eGFP: RAB21-WT-Wild type rescue). B) Average Pearson correlations per cell between VPS35 

and endogenous EEA1. Bars represent the mean, individual points or triangles represent single-cell 

values, and the error bars are the s.e.m (N=2 independent experiments, n>60 cells). 

RAB21 KO does not seem to have any effect on the endosomal localisation of VPS35. 

Surprisingly, RAB21-WT rescue did not increase the VPS35 endosomal localisation 

(Figures 18A and 18B).  This could be explained by a possible takeover of the RAB21 KO 

by parental/wild-type cells and hence skewing the results, as observed in the WB results 

(Figure 9C).  RAB21 rescue experiments have provided insights into the influence of this 

GTPase on different aspects of cargo sorting. To go further and understand the influence of 

specific sorting regulators on the identification of new cargoes affected by their depletion is 

required to better relate their dependency to specific regulators. This is usually achieved by 

profiling the cell surface proteins using proteomic approaches to quantitatively measure the 

differences.  
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4.5 CSB and CSC approaches identify the unique set of proteins  

The identification of cell surface proteins affected in different KOs helps us determine the 

relationship between the various cargoes and sorting regulators (Del Olmo et al., 2019b; 

Steinberg et al., 2013) and potentially explains the development of specific diseases. This 

identification can be achieved by using surface biotinylation approaches combined with mass 

spectrometry-based analysis. The use of cell-impermeable biotin to label the surface proteins 

followed by their purification using streptavidin beads involves utilising the high affinity of 

the avidin to biotin. This has been routinely used for the profiling and quantitative assessment 

of cell surface proteins (Steinberg et al., 2013). The optimisation of the two surface 

biotinylation approaches namely CSB and CSC was performed to assess which method 

would be suitable to understand the effect of KOs on the cargo sorting process. Each 

approach used a different type of biotin namely Aminooxy biotin in CSC which targets, and 

labels highly glycosylated proteins. The NHS-LC-biotin labelling reacts with the sidechain 

of lysines (K) or the amino-termini of polypeptides and similar primary amines. . Plate 

formats were also validated and settled on using 100 mm plates to obtain more protein 

material for assessment and to increase the coverage of identified proteins.  

A pilot experiment to validate the experimental approach and the optimised plate format was 

performed on Parental HeLa cells (n=2) for each of the two biotinylation approaches. The 

results indicated that each of these methods was able to identify a unique set of cell surface 

proteins with CSB identifying a total of 389 proteins (Figure 19A) not seen in CSC or in 

literature such as the retriever dataset which used a similar approach (McNally et al. 2017). 

This comparison with the retriever data set was done to compare the different approaches 

with already available literature data. The hypothesis was that CSB would have more 

commonality with the retriever dataset compared to CSC. All three datasets had 48 proteins 

common in total consisting of solute carriers (SLC2A1), cytokine receptors (IL6ST) and 

growth factor receptors (EGFR) corresponding to various biological functions such as 

immunity, development, metabolic processes, and cell signalling (Figure 19B; Appendix 

Table A) based on Metascape GO analysis of common proteins. (Zhou et al. 2019).  

Both approaches are working well based on the preliminary data observed from the parental 

HeLa cells. Both approaches and proteomics of parental HeLa cells yielded a unique set of 
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proteins apart from available data in the literature. CSB approach was the best approach for 

the future because of the extensive coverage of proteins, ease of operation and consistency 

in the observed results. 

A  

 

 

B 

Figure 19: Comparison of cell surface proteins profiled by the surface biotinylation 

approaches. 

A) Comparison of CSB vs CSC vs Retriever dataset and set of identified proteins.  

B) Metascape Gene Ontology analysis of commonly identified proteins among the three datasets.  
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5. Discussion 
5.1 The possible cause and effect of decreased endosomal localisation of FAM21 in VPS29-

depleted cells 

FAM21 is an important member of the WASH complex which interacts with the other sorting 

regulators such as retromer particularly with the VPS35/VPS29 part of the complex through 

its tail, while it does not interact with VPS26 (Jia et al., 2012). FAM21 either interacts with 

the complete trimer or mainly with VPS35. It is known these retromer proteins do influence 

the FAM21 recruitment to the early endosome (Del Olmo et al., 2019a; Harbour et al., 2012; 

Helfer et al., 2013; McGough et al., 2014).  

Particularly, retromer protein VPS35 is known to influence the endosomal localisation of 

FAM21 through its interaction with the L-F-[D/E]3-10-L-F motif (Jia et al. 2012). 

Suppression of VPS35 by RNA interference is known to lead to cytosolic dispersal of 

FAM21 due to its detachment from the endosomal membrane (Harbour, Breusegem, and 

Seaman 2012). Mutations in VPS35(D620N) binding sites can abolish the interaction 

between the LFa motifs of FAM21 and have been implicated in Parkinson’s disease and 

autophagy defects (Zavodszky et al. 2014; McGough et al. 2014). The VPS35 D620N causes 

a rare form of autosomal Parkinson’s disease. This has severe consequences for the recycling 

of cargo such as a β2-adrenergic receptor, α5β1 integrin and GLUT1 (McGough et al., 2014). 

One possibility of the VPS29 KO affecting the FAM21 localisation is the fact that VPS29 is 

considered essential for the formation of the yeast/mammalian retromer through its unique 

phosphodiesterase folds acting as a scaffold for the formation of the retromer complex 

(Collins et al. 2005). It is known to act as a scaffold for the dimerization and association of 

other accessory proteins (Baños-Mateos et al., 2019). The depletion of VPS29 might lead to 

defects in the proper formation of the core retromer complex. The disruption of the core 

retromer complex will affect the subsequent interaction between VPS35 and FAM21.  

VPS35 D620N mutation shows a case in which the FAM21 endosomal localisation is 

affected because of the abrogation of LFa binding to the VPS35/VPS29 complex (Cui et al., 

2021; Zimprich et al., 2011). But does not affect the formation of the trimeric complex and 

the endosomal localisation of VPS35. The depletion of VPS29 could result in the loss of 

variable affinity interactions acting as a sort of hooks and hence lead to the cytoplasmic 
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dispersal of FAM21. Deletion of VPS29 in non-mammalian systems such as yeast or C. 

elegans is known to phenocopy the loss of function of VPS35 (Lorenowicz et al. 2014; Ye 

et al. 2020). More data on VPS29 depletion in mammals is needed for further understanding 

of this phenomenon. Alternatively, FAM21 is not recruited to the endosome only by a 

retromer-dependent mechanism but also by a retromer-independent mechanism described 

during the elucidation of the retriever complex (McNally et al. 2017). In this article, they 

described a partial endosomal localisation of FAM21 in VPS35 KO cells and not a complete 

cytosolic departure supported by further evidence in Dictyostelium (Buckley et al. 2016).  

Buckley et al supported the argument for retromer-independent FAM21 recruitment earlier 

made by McNally et al but additionally also stressed the importance of the classical VPS35 

and FAM21 interaction.  

FAM21 is not known to affect the stability of the retromer complex but is known to be 

required for the endosomal localisation of the retriever complex. The retriever forms a larger 

complex called the commander complex with the CCC complex. The CCC complex interacts 

with FAM21 through its Coiled-coil domain proteins (CCDC22, CCDC93)  

(McNally et al. 2017). The retriever also contains the VPS29 protein like the retromer. 

FAM21 is essential for the localisation of the retriever complex to the endosome (Figure 20). 

The important question here is whether the VPS29 KO affects the localisation of FAM21 in 

a retromer-independent manner by preventing its association with the CCC complex. 

Evidence exists to support that the WASH complex is necessary for the cargo sorting 

mediated by the CCC complex (Bartuzi et al. 2016). The interaction between the CCC 

complex and the WASH complex is brought out mainly by FAM21. The pertinent question 

is whether the loss of VPS29 can also affect the FAM21 interaction with the CCC complex. 

It leads to further questioning about the effect VPS29 KO might have on the formation of 

the multiprotein commander complex. Hence, the complete lack of endosomal localisation 

of FAM21 in VPS29 KO and the consequence of VPS29 KO in other complexes raises more 

questions to be answered to help clear our understanding. It would be an interesting 

experiment further to test the endosomal localisation of FAM21 in VPS35+RAB21, VPS29 

and VPS35 KOs. 
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Figure 20: The possible cause and effect of decreased endosomal localisation of FAM21 

in VPS29-depleted cells.  

The impaired endosomal localisation of FAM21 in VPS29-depleted cells raises interesting questions 

about the proper functioning of the WASH complex for proper F-actin polymerisation. The fate of 

the retromer (VPS35-VPS26A-VPS29) or retriever complex formation (VPS35L-VPS26C-VPS29) 

could also be affected due to VPS29 depletion and potentially affect the binding of sorting nexins 

(SNX27 or SNX17) and ultimately the sorting of hundreds of cargoes. The blue-colour phospholipid 

heads in the membrane leaflet represent different species of ‘essential’ minority phospholipids 

(phosphoinositides) which influence membrane dynamics. 
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The experiment would compare the individual contribution of the two retromer proteins and 

RAB21 to the retromer-dependent FAM21 recruitment. It also has the potential to provide 

some information on the compensatory effect mediated by the retromer-independent 

mechanisms on the FAM21 recruitment and thereby WASH activity. It could also delve into 

the consequence of specific depletion's contribution toward the dysregulation of these 

multiprotein complexes and ultimately the cargo sorting process (Figure 20). 

5.2 The proper endosomal localisation of FAM21 is not affected in CCDC53 depleted cells 

but FAM21 and VPS29 depletion affects CCDC53 levels 

CCDC53 is one of the smallest members of the WASH complex compared to FAM21. No 

evidence currently exists that shows the CCDC53 KO affects the endosomal localisation of 

FAM21. Based on preliminary results available from Dictyostelium, mutants of CCDC53 

show a vesicular FAM21 localization pattern (Park et al. 2013). More recent evidence 

strengthened this argument when a WASH complex assembly factor called HSPB1 was 

discovered to be associated with CCDC53 (Visweshwaran et al., 2018). The loss of this 

assembly factor affected the formation of the entire WASH complex. But the loss of this 

factor did not affect the assembly of the larger proteins (FAM21, Strumpellin and SWIP) 

into a complex. This lack of dependence on this assembly factor shows that the assembly of 

larger proteins into a complex might involve a different mechanism or might be influenced 

by different factors. Apart from the similar amoeba model of the previous article, this article 

showed that the depletion of CCDC53 does not affect the levels of any of the larger proteins 

particularly FAM21 in HeLa cells. The current work shows that CCDC53 depletion did not 

affect the endosomal localisation of FAM21, and it was comparable to parental levels and is 

consistent with the literature.  

Conversely, the endosomal localisation of CCDC53 is affected when FAM21 is depleted in 

specific KO conditions. Similar observations have been made in the literature when the 

knockdown of FAM21 results in the reduction of CCDC53 levels (Lee et al., 2016) along 

with Strumpellin and WASH knockdown achieving a similar effect in the same experiment. 

Earlier research with the knockdown of VPS35 was shown not to affect the CCDC53 protein 

levels in immunoblots. The lack of any significant effect observed by VPS35 knockdown 

not having shown that the retromer complex proteins might not have any effect on CCDC53 
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(Hao et al., 2013). Interestingly, VPS29 depletion affected the FAM21 endosomal 

localisation, and a similar effect was observed for CCDC53. The endosomal localisation of 

CCDC53 was significantly affected in VPS29-depleted cells (Figure 11A) as mentioned 

earlier. But another set of experiments focused mainly on the retromer proteins VPS35 and 

VPS29 showed a slight but statistically insignificant decrease in CCDC53 endosomal 

localisation compared to the control (Figure 12A). This could be explained by the takeover 

of KO cell pools by the parental population. This has been an issue with VPS35 KO cells 

which seem to be outcompeted rapidly by wild-type cells much faster compared to the other 

KOs.  

Nonetheless, the depletion of a small retromer protein affecting WASH complex proteins is 

an interesting question that needs to be acknowledged and should be studied further. In the 

current work, VPS29 depletion is shown to affect the endosomal localisation of both FAM21 

and CCDC53. It would be prudent to understand the interaction between these different 

proteins and understand the influence of this depletion on function. And, if there is any 

possible interaction it could lead to a better understanding of the protein domains involved.  

An IF experiment like the RAB21 rescue experiments using GFP-tagged VPS29 could be 

performed. GFP-tagged VPS29 as a rescue construct (Gagoski et al., 2016)to rescue the 

FAM21 and CCDC53 endosomal localisation in VPS29 KO cells. Additionally, the construct 

must first to be tested if affects the normal localisation and formation of the retromer complex 

before performing the rescue experiment.  This would be a good validation for the influence 

of VPS29 for the proper endosomal localisation of these specific WASH proteins and could 

be extended further to Strumpellin and SWIP first validating their endosomal localisation in 

VPS29 KO cells. Earlier, Del Olmo et al. (2019) performed a GFP-IP experiment using GFP-

tagged RAB21 and looked at its interaction with the different WASH complex proteins. A 

similar experiment could be performed using GFP:llVPS29 cells to validate if there is a direct 

interaction between the FAM21, CCDC53 and VPS29. Comparing the results with VPS29 

KO cells rescued with a GFP: VPS29 construct could help us understand this interaction in 

more detail. 

VPS29 KO was earlier shown to affect the endosomal localisation of GFP-tagged RAB21 in 

HeLa cells (Del Olmo et al., 2019a). RAB21 depletion was in turn shown to affect the 
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endosomal localisation of VPS35 and VPS26, other proteins in the core retromer complex 

(Del Olmo et al., 2019a) in HeLa cells. VPS29 depletion in epithelial cell culture affects the 

stability of the core retromer complex (Jimenez-Orgaz et al., 2018) and is known to indirectly 

affect the endosomal localisation of VPS26 in HeLa cells. It has been established earlier that 

the retromer is required for the proper endosomal localisation of RAB21 and RAB21 is 

required for the proper localisation of VPS35. A GFP-IP experiment to show the interaction 

between VPS29 and eGFP: RAB21 would be an additional confirmation of the influence of 

the retromer on the RAB21 function.  

5.3 Proper routing of GLUT1 depends on endosomal sorting regulators and cell type-

specific variations 
 

GLUT1/SLC2A1 is a glucose transporter which is dependent on the SNX-BAR retromer 

complex for its recycling to the plasma membrane after internalisation from the cell surface 

into the tubulovesicular endosomes. Any defects in the retromer assembly either in the core 

retromer cargo sorting complex (VPS29-VPS35-VPS26) or cargo binding sorting nexin 27 

(SNX27) or membrane bending SNX-BAR complex can lead to the misrouting of this cargo 

to the late Endo-lysosomes and results in its colocalization with lysosomal markers 

(Steinberg et al. 2013). The depletion of VPS35 is shown to be one of the major causes of 

the misrouting observed both in HeLa and U2OS cells. The association of retromer-SNX27 

with the Endosomal SNX-BAR sorting complex for promoting exit 1 (ESCPE-1) is also 

known to contribute to the retrieval of GLUT1 from lysosomal misrouting. The loss of the 

core retromer complex assembly could be attributed to misrouting observed in the retromer 

KOs. This was consistently observed in the VPS35 retromer KO and VPS35+RAB21 KO.  

Interestingly, FAM21 KO does not seem to cause the complete misrouting of GLUT1 to the 

lysosome rather this complete misrouted is mainly observed in human U2OS cells 

(Kvainickas et al. 2017). This was characterised by the complete redistribution of 

endogenous GLUT1 from the plasma membrane to the lysosome akin to VPS35 or SNX27 

KOs in HeLa cells. In HeLa cells, the FAM21 suppression is known to cause only a small 

portion of the GLUT1 to be mislocalised (Steinberg et al. 2013), which is consistent with the 

current experiment where FAM21 KO showed a slight increase in the lysosomal localisation 

of GLUT1 (Figure 8A). Conversely, FAM21+RAB21 KO shows a slight decrease in 
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misrouting because RAB21 KO is known to influence the endosomal localisation of VPS35. 

RAB21 KO is interesting because based on previous work by Del Olmo et al. (2019) from 

the lab, showed that only MCT1 was affected by RAB21 KO but not GLUT1. Recent work 

from Pei et al. (2022) showed stronger effects of RAB21 KO showing that it does lead to the 

misrouting of this retromer cargo to the lysosome. Hence, this contrast in the effect of RAB21 

KO warrants further investigation. But we did not observe any significant variations in the 

GLUT1 trafficking when RAB21 KO cells were rescued with the wild-type RAB21. The 

differences could be attributed to the types of KO cellular models use for their study using 

KOs obtained by the clonal selection that is different from ours which did not use this 

approach to select for KOs. The various reasons are discussed in a more detailed manner in 

section 5.6.  

Earlier, Del Olmo et al. (2019) showed the VPS29 KO and FAM21 KO similarly affect 

cargoes such as CD98 while there were differences observed with other cargoes such as 

Basigin (Del Olmo et al., 2019a). The inclusion of more cargoes such as EGFR or LDLR1 

could have an interesting addition along with GLUT1 to also investigate the similarities in 

other defined cargoes (Bartuzi et al., 2016; X. Yang et al., 2012). The use of an optimised 

CSB approach to look at the differences observed in GLUT1 trafficking for RAB21 KO 

rescue experiments could provide further confirmation for the IF experiments.  

5.4 Endosomal F-actin levels show a significant increase in KO rescued by wild-type 

RAB21  

Rabs are master regulators of vesicular traffic and act as molecular timers through their 

ON/OFF cycling activity. RAB21, a small GTPase has the potential to influence the actin 

cytoskeleton through its interaction with the WASH complex thereby actin regulatory 

proteins like Arp 2/3 and N-WASP in eukaryotic cells (Del Olmo et al., 2019b). Endosomal 

cargo sorting involves the coordination of multiprotein complexes such as retromer which 

sort cargoes and require actin-rich domains for their transport of cargoes in tubulovesicular 

structures (Derivery et al., 2012; Kvainickas et al., 2017). The recycling process requires 

continued nucleation of F-actin mediated by the WASH complex.  

Previous work by Del Olmo et al. (2019) established that F-actin density in the endosomes 

was reduced in RAB21 KO. In a similar context, we tested the dependency of endosomal F-
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actin levels on the RAB21 function. We used RAB21 KO cells rescued by two constructs 

namely mock rescue (only eGFP) and wild-type rescue (eGFP: RAB21-WT) with KO and 

parental controls. As expected, we observed that after the introduction of wild-type RAB21 

there was a significant increase in the endosomal F-actin levels compared to the parental-

control levels. The increased endosomal F-actin levels indicated that the wild-type rescue 

has restored the functional phenotype and has improved the endosomal localisation of F-

actin higher than the parental cells (Figures 14A and 14B). The KO-control F-actin levels 

were consistently lower than both parental-control and the wild-type rescue which has a 

functional RAB21 indicating that the rescue indeed works without issues and was consistent 

with the existing literature.  

5.5 RAB21 KO does not affect the endosomal localisation of VPS35 and FAM21 

RAB21 has been shown to influence the endosomal localisation of specific sorting regulators 

such as retromer. Earlier work from Pr Jean’s lab observed that the  RAB21 KO showed a 

decreased colocalisation of VPS35 with EEA1 (Del Olmo et al., 2019b). Unfortunately, the 

RAB21 KO and VPS35 KO did not show reduced endosomal localisation of VPS35 with 

EEA1. Both KOs indicated the endosomal localisation equivalent to the control (parental) 

levels (Figures 13A and 13B). There is a strong possibility that these two KO populations 

might have technical issues to be validated stringent loading control concerning 

immunoblotting in future experiments. VPS35+RAB21 KO showed a slight decrease in the 

endosomal localisation of VPS35 lower than the control (parental) The difference between 

VPS35 KO and VPS35+RAB21 KO in VPS35 endosomal localisation could be due to the 

variability in the rate of the takeover of KO cell pools by the unedited or wild-type cells. 

Another speculation is that the KO of VPS35 and RAB21  can decrease the endosomal 

localisation of VPS35 with EEA1. Hence, the KO of these two factors in the same KO could 

have compounded the effect of the decreased endosomal localisation of VPS35 in the double 

KO. Since both influence VPS35 localisation in the endosome and could counter the 

compensatory gene processes contributing to the increased takeover common in KO cell 

pools (El-Brolosy & Stainier, 2017; Giuliano et al., 2019; Van Campenhout et al., 2019). 

Conversely, CCDC53 KO caused a slight increase in the endosomal localisation of VPS35. 

Currently, no evidence exists for the influence of CCDC53 on the retromer complex, but the 
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contrasting results obtained for the RAB21 and VPS35 KO results indicate a either 

possibility of taking over by the parental population in the KO cell pool during sample 

processing or issues with the specific antibody used in the IF.  

We explored the possibility of influencing the endosomal localisation of VPS35 using the 

RAB21 KO rescue experiment (Figure 18) based on our previously consistent results with 

F-actin (Figure 14A). We observed several unexpected issues in KO cells when introducing 

both mock rescue and WT rescue constructs. It was expected that since VPS35 is dependent 

on RAB21 for endosomal localisation that the introduction of the wild type would increase 

the endosomal localisation of VPS35. Unfortunately, there were no observable significant 

differences between the different experimental conditions. We also notice that mock rescue 

showed a slightly higher endosomal localisation compared to the other conditions (Figure 18 

B). GFP-induced interferences are observed when specific proteins are tagged with GFP. 

The nature of the integration of the GFP tag could potentially affect the crucial interactions 

necessary to facilitate the rescue of the phenotype. 

5.6 The issues associated with the generation of KO cell lines and possible solutions to 

achieving better outcomes 

CRISPR/Cas9 technology has been used to generate KO cell lines in mammalian cells using 

many strategies which have significantly improved the understanding of many biological 

processes (Barrangou & Horvath, 2017). The technology is based on bacterial immunity 

against viruses (Barrangou et al., 2007). The main differences in methodology concerned 

with the use of ribonucleoprotein complexes or plasmids, gRNA design and delivery of gene 

payload into the cells (Van Campenhout et al., 2019). 

In this project, we used a single plasmid/vector system with both the gRNA (Sanson et al., 

2018) and Cas9 nuclease in the same plasmid with lipid transfection for ease of operation for 

most of the KO cell lines. We used at least two single guides aimed at the target to obtain 

proper gene ablation. This was aimed to improve the KO efficiency, reduce off-target effects 

(Doench et al., 2016), and genomic landscape of  HeLa cells (Landry et al., 2013) which can 

affect the overall gene ablation (Sanson et al., 2018). The complete plasmids were sequence-

validated before use and after issues started to arise during the preparation of complete KO 

cell pools for our experiments.  
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As mentioned earlier, one of the major issues that we faced during different experiments 

related to generating a complete KO of specific regulators in the parental HeLa cells (Van 

Campenhout et al., 2019). We used KO cell pools in all the experiments similar to earlier 

work from Pr Jean’s lab (Del Olmo et al., 2019b). We used this approach for several reasons 

namely ease of operation, flexibility, and quick turnaround time to discovery. Since this 

approach allowed us to have a close and fast look into the effect of gene ablation without the 

need for time-consuming protocols and extensive optimisations with clonal selection. But It 

is also known KO cell pools have the disadvantage of KO failure due to overtake of the cell 

pool by the wild-type or unedited cells if the cells were grown for longer periods 

(Jin et al., 2020).  

The other criticism associated with this use of KO cell pools to observe single cell behaviour 

can potentially cause issues with the example of the effect of RAB21 KO on GLUT1 sorting 

(Pei et al., 2022). Previous work from our lab used the same approach in a similar context 

(Del Olmo et al., 2019b) and current work showed almost no effect on the trafficking but  

Pei et al. (2022) showed significant misrouting to the lysosome in RAB21 KO cells. This 

difference could be attributed to their use of single KO clones in their experiments.  

We did not select a single KO clone for generating the sorting regulator KOs because of its 

time-consuming nature. Other technical issues such as interclonal heterogeneity and 

incomplete ablation of genes were also major reasons. The single KO cell isolation is a long 

and arduous process which will in turn significantly delay the discovery process  

(Giuliano et al., 2019). But it is important to acknowledge the approach does come with its 

advantages concerning reproducibility (Pei et al., 2022). But it is also important to look at 

the results (Figures 14 A and 14B) studying F-actin levels in RAB21 KO which confirmed 

the earlier established role of RAB21 in indirectly or directly influencing WASH activity. It 

is also evident from looking at the GLUT1 misrouting (Figures 9A and 9B) and other WASH 

KOs (Figures 10A or 11A) that KO cell pools do work quite effectively as representations 

of loss of function for the specific regulators.  

The KO cell pools cannot be completely discarded but should be used as a quick method 

before committing to the use of single-clone KOs. One strategy could be the immediate use 

of the KO cells after validation instead of freezing. Since freeze-thaw cycles will affect the 
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viability of cells and gene expression levels (Çalışkan et al., 2014). It might further 

exacerbate the problem of unedited cells taking the KO cell pools due to the need for longer 

culture times. This problem was mainly observed in retromer KOs such as VPS35 KO and 

some RAB21 KO IF experiments. Since VPS35 is an essential gene for cell viability (based 

on DepMap data) more stringent quality control should be established to offset the potential 

gene compensatory effects that might arise in the KO cells. The use of two or more cell lines 

such as U2OS which has been previously used in studying similar questions  

(Kvainickas et al., 2017) to generate the KO cell pools could also be useful. A balance of 

priorities is needed to achieve the intended result since they influence the choice of the KO 

generation method used to influence the outcomes.  

  

https://depmap.org/portal/gene/VPS35?tab=overview
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6. Conclusion 
 

Endocytosis is a multi-step process which is used to internalise a significant part of the 

plasma membrane and extracellular cargo using membrane bending motifs and dynamic 

vesicular structures. The internalised materials include various types of macromolecules 

(such as cell surface receptors such as EGFR), small molecule drugs, solutes, fluid phase and 

viruses. The proper functioning of this system is the basis for the maintenance of health. Any 

defects in the endocytosis process can result in serious diseases such as cancer or Parkinson’s 

disease due to the development of localised/systemic inflammation or neurodegeneration 

respectively. The fate of the trafficked cargoes by CIE is determined by a network of 

tubulovesicular structures called the early endosome or the sorting endosome. The early 

endosome dictates whether the cargo is trafficked to a subcellular location like the TGN or 

recycled back to the plasma membrane. The cargo can also be routed to the lysosome via the 

late endosome for degradation. The routing in the early endosome is made by the endosomal 

sorting regulators. These are multiprotein complexes such as retromer, commander complex, 

WASH and Rab GTPases (RAB21). 

The endosomal sorting regulators are known to interact and coordinate with each other to 

facilitate the trafficking of hundreds of cargoes. Particularly, Retromer and commander 

complexes which contain cargo binding cofactors called SNX determine the specificities of 

the cargo trafficked by each of these complexes. For example, retromer traffics GLUT1, a 

glucose transporter and commander complex traffic LDLR1, a lipid transporter. Any defects 

in the trafficking by the retromer or commander could lead to impaired glucose homeostasis 

or issues in lipid homeostasis. WASH is another complex involved in the nucleation of F-

actin necessary for proper cargo sorting. Any defects in its functioning are known to lead to 

serious diseases. RAB21, a small GTPase is also involved in this process and influences cell 

migration and adhesion through its control of integrin trafficking.  

In this study, the aim was to understand the interrelationship between three regulators namely 

RAB21, WASH and retromer. Previous work on this topic has already shown that there is a 
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relationship between these regulators such as FAM21, a WASH protein that requires 

interaction with VPS35, a retromer protein for its endosomal recruitment. Current results 

show that there is a possibility that FAM21 also requires VPS29, another retromer protein 

for its endosomal localisation. The combined depletion of RAB21 with a few sorting 

complexes did not show an amplification or a rescue of the phenotypes. The differences 

observed could influence the trafficking of the cargo differently and studying them would 

lead to a better understanding of this cargo sorting process. RAB21, another endosomal 

regulator is known to influence the endosomal localisation of VPS35 and thereby its other 

associated proteins.  We observed that GLUT1 trafficking was not significantly affected by 

the depletion of RAB21 alone. RAB21 is a Rab GTPase also acted upon by other factors 

such as VARP or MTMR13 (RAB21 GEFs) which might increase or decrease its activity 

and in turn influence the function of other sorting regulators thereby cargoes. AP-MS and 

quantitative proteomic approaches are needed to better understand the relationship between 

the sorting regulators by studying their effect on the cargoes under altered conditions. We 

observed that sorting regulators have a complicated relationship with each other due to their 

functional differences observed in specific contexts such as the choice of cellular models and 

types of cargo trafficked. Hence, it is essential to have a better understanding of the cargo 

sorting process to help us to design and develop new approaches to translate this knowledge 

into the treatment of various degenerative or inflammatory conditions originating from 

impairments in the endosomal cargo sorting process.         
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Figure A: GFP-tagged RAB21 (Wild-type rescue) shows proper endosomal localisation 

compared to the mock rescue (FAM21) 

A) Representative images of maximum intensity projections of GFP: RAB21 and endogenous EEA1 

in control conditions (Parental-control and RAB21 KO -control) and rescues namely only eGFP 

(mock rescue) and eGFP:RAB21-WT (Wild type rescue). B) Average Pearson correlations per cell 

between GFP: RAB21 and endogenous EEA1. Bars represent the mean, individual points or triangles 

represent single-cell values, and the error bars are the s.e.m (N=2 independent experiments, n>40 

cells). 
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Appendix Table A. Overlap observed between the protein covered by CSB, CSC and 

literature data 

 

 

 

 

 

 
 

Shared cell surface proteins between 

CSC, CSB and Retriever datasets. 

(McNally et al., 2017) 

Shared cell surface proteins between CSC, CSB and 

BAR-domain contain coat complex datasets. 

(Simonetti et al., 2019) 

ATP1B3  

BST2 

CD109 

DDX3X 

DDX5 

EEF2 

EGFR 

EPHA2 

FASN 

HNRNPA1 

HSP90AB1 

HSPA1B 

IGSF3 

IGSF8 

IL1RAP 

IL6ST 

ITGA1 

ITGAV 

ITGB1 

LAMC1 

LRPPRC 

MET 

NCSTN 

 

PKM 

PLXNA1 

PTGFRN 

PTPRF 

RAC1ROR1 

RPL23 

SCARB1 

SDC1 

SDC2 

SERPINH1 

SLC16A1 

SLC1A4 

SLC1A5 

SLC2A1 

SLC30A1 

SLC39A14 

SLC43A3 

SLC4A2 

SLC7A1 

SLC7A5 

STEAP3 

TGFBR1 

TPBG 

 

ADAM15 

ANTXR1 

ATP1A1 

ATP1B1 

ATP1B3 

BCAM 

CD44 

CD46 

CSPG4 

CXCR4 

DAG1 

EPHA2 

GGT1 

HLA-B 

HLA-C 

IGF1R 

IGSF3 

IGSF8 

IL6ST 

ITGA1 

ITGAV 

ITGB1 

ITGB5 

LDLR 

LRRC8A 

MET 

 

MMP15 

MPZL1 

NCSTN 

NOTCH2 

NPR3 

NPTN 

PLXNA1 

PLXNB2 

PLXND1 

PODXL 

PROCR 

PTGFRN 

PTPRF 

ROBO1 

SCARB1 

SDC2 

SLC16A3 

SLC1A3 

SLC1A5 

SLC30A1 

SLC38A1 

SLC6A9 

SLC7A1 

SLC7A5 

TMEM132A 

TMEM30A 

VASN 

 

ABCC1 

AXL 

BST2 

CADM1 

CADM4 

CPT1A 

CXADR 

CYC1 

DDR1 

DSG2 

ECEL1 

EPHB4 

ERBB2 

ICAM1 

INSR 

PIEZO1 

PTPRJ 

PVR 

ROR1 

ROR2 

SLC39A10 

SLC39A14 

TFRC 

TGFBR1 
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