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ABSTRACT 

Clathrin-mediated endocytosis (CME) plays a central role in the regulation of 

multiple cellular processes such as uptake of nutrients, recycling of housekeeping 

receptors and transporters, as well as for cell surface removal and downregulation of 

signaling receptors. Once endocytosed, cargo passes through early endosomes where 

sorting mechanisms traffic the cargo to the recycling pathway or to degradation in the 

lysosome. The general objectives of this doctoral research were to identify and 

characterize new players of the clathrin-mediated trafficking pathway to reveal 

differences between the abundant components of the trafficking machinery in two 

tissues, and to examine the mechanisms of endosomal sorting. 

We used subcellular proteomics to reveal the differences in components of 

clathrin-coated vesicles (CCVs) isolated from brain and liver and to identify new 

molecules participating in clathrin trafficking. We demonstrated that the ratio between 

the clathrin adaptor proteins AP-1 and AP-2 is different in brain and liver, which 

indicates differential functions between the two tissues. We also discovered that 

clathrin-light chains, which have been proposed for many years to be regulatory proteins 

in the assembly of CCVs, were less abundant relative to clathrin-heavy chain in liver and 

in non-brain tissues compared to brain. 

We identified a new DnaJ domain-containing protein, receptor-mediated 

endocytosis protein 8 (RME-8) that was detected in liver CCVs specifically. Further 

characterization revealed that the RME-8 DnaJ domain binds to the chaperone heat-

shock cognate 70 (Hsc70) in an ATP-dependent manner. RME-8 is a ubiquitously 

expressed protein that tightly associates with endosomes, and its depletion causes 

intracellular trafficking defects. Moreover, we demonstrated that RME-8 depletion also 

leads to a decrease in levels of epidermal growth factor receptor (EGFR), as a result of 

an increase in EGFR degradation. RME-8 knock-down causes decreased EGFR levels 

even in cancer cells lines where EGFR is generally protected from degradation. 



Globally this doctoral project revealed new insights on specialized functions for 

clathrin-mediated trafficking in different tissues and allowed the identification and 

characterization of a novel protein implicated in sorting decisions occurring on 

endosomes. 
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R E S U M E 

L'endocytose tributaire de la clathrine exerce un role primordial dans differents 

processus comme l'entree de nutriments, le recyclage des recepteurs et des transporters, 

de meme que dans la regulation de la quantite des recepteurs de la signalisation. Apres 

son entree dans la cellule par endocytose, le cargo rejoint les endosomes precoces ou des 

mecanismes de triage le dirigent vers le processus de recyclage ou vers le processus de 

degradation par le lysosome. Les objectifs generaux de cette these de doctorat etaient 

d'identifier et de caracteriser de nouvelles proteines impliquees dans le trafic cellulaire 

tributaire de la clathrine, afin de reveler les differences entre les composantes 

abondantes de la machinerie responsable du trafic intracellulaire au sein de deux tissues, 

et d'examiner les mecanismes impliques dans le triage qui se deroule au niveau du 

compartiment endosomal. 

Nous avons utilise la proteomique subcellulaire afin de decouvrir les differences 

dans la composition des vesicules tapissees de clathrine isolees a partir du cerveau et du 

foie et d'identifier des nouvelles molecules qui participent au trafic cellulaire tributaire 

de la clathrine. Nous avons demontre que le ratio entre les adaptateurs de la clathrine 

AP-1 et AP-2 est different selon qu'il s'agit du foie ou du cei-veau, ce qui est indicatif 

d'une difference au niveau de la fonction entre les deux tissus. Nous avons egalement 

decouvert que les chaines legeres de la clathrine, qui avaient ete proposees pendant de 

nombreuses annees comme etant des proteines regulatrices de l'assemblage des vesicules 

tapissees de clathrine, etaient presentes en moindre abondance dans le foie et les tissus 

dits non-cerebraux comparativement au cerveau. 

Nous avons egalement identifie une nouvelle proteine, RME-8 (de l'anglais 

receptor-mediated endocytosis protein 8), qui contient un domain DnaJ et qui a ete 

detectee specifiquement dans les vesicules tapissees de clathrine isolees a partir du foie. 

La caracterisation de RME-8 nous a appris que RME-8 se lie a la proteine chaperone 

Hsc70 (de l'anglais heat shock cognate Hsc-70) et que cette interaction est tributaire de 

l'ATP. RME-8 est une proteine ubiquitaire associee aux endosomes et sa depletion 
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engendre des perturbations au niveau du trafic intracellulaire. Nous avons aussi 

demontre que la depletion de RME-8 cause une diminution des niveaux d'expression du 

recepteur de l'EGF (EGFR) et que cette diminution est due a une augmentation de sa 

degradation. L'absence de RME-8 cause egalement une diminution des niveaux 

d'expression de EGFR et ce, meme dans des lignees de cellules cancereuses chez 

lesquelles EGFR est normalement protege contre la degradation. 

Globalement, ce projet de doctorat a permis de mettre en lumiere les differentes 

fonctions de specialisation du trafic cellulaire tributaire de la clathrine entre les 

differents tissus et nous a egalement permis d'identifier et de caracteriser une nouvelle 

proteine impliquee dans les mecanismes de triage qui se deroulent dans le compartiment 

endosomal. 
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C H A P T E R 1 

I N T R O D U C T I O N 



1.1 I N T R O D U C T I O N T O M A S S S P E C T R O M E T R Y A N D P R O T E O M I C S 

1 .1 .1 T E C H N I C A L A S P E C T S O F M A S S S P E C T R O M E T R Y 

Genomics can be defined as the study of the global genome of an organism; 

similarly, proteomics refers to the analysis of its gene expression at the protein level. 

Despite many proteomic studies, proteomic analysis remains a challenge. Whereas the 

human genome comprises 25 000 genes, those genes encode as many as one million 

proteins that could be differentially expressed in different cell types and at different 

cellular states. Proteomic analysis has been facilitated by the development of 

sophisticated mass spectrometry (MS) techniques (Aebersold and Mann, 2003; Dreger, 

2003; Cravatt et al., 2007). MS allows the identification of proteins based on the precise 

mass of peptides that are generated upon enzymatic or chemical cleavage. There are 

several enzymes available for cleavage but the most popular is trypsin, which cuts after 

arginine and lysine residues. The information obtained from that cleavage and mass 

analysis is then used to search protein databases or genomic databases following in silico 

translation. The typical experimental approach for analysis of a complex protein sample 

by MS includes a fractionation and proteolysis of the sample, followed by the analysis of 

the digested fractions in the MS apparatus. The design of a mass spectrometer has three 

essential modules: an ionization source, where the digested peptides are vaporized and 

ionized; a mass analyzer, which sorts the ions by their masses by applying 

electromagnetic fields; and a detector to record mass spectra. Mass spectrometers 

operate under vacuum conditions in order to avoid collisions with other ions or with air 

molecules. The two main techniques used for ionization are the electrospray ionization 

(ESI) and the matrix-assisted laser desorption/ionization (MALDI). In ESI, the analyte 

is mixed with an organic solvent (usually methanol, isopropanol or acetonitrile) and 

pushed through a capillary so it forms an aerosol when it exits. The solvent will 

evaporate and leaving only the ion. It is now common to add a chromatography step to 

allow a better separation of the peptides before the ionization procedure with ESI. In 

MALDI, the peptides are mixed with a solvent, dried on a plate, and the sample is then 

hit with a laser, which causes the peptide to be ejected from the plate as an ion. The 
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main types of analyzers are the quadrupoles, the time of flight (ToF), and the trap 

instruments. In quadrupole instruments, parallel rods create oscillatory electrical fields 

and only ions with stable trajectories reach the detector. The ToF analyzer is basically a 

flight tube that uses electric fields to accelerate the ions with equal energy. The ions fly 

within the tube and the time they need to reach the detector depends on their mass. 

Lighter ions fly faster and reach the detector before heavier ones. Trap instruments 

include ion traps and ion cyclotron resonance (ICR) mass spectrometers. In the trap 

instruments, the ions are retained in the analyzer during the entire MS process. It is 

possible to do multiple steps of mass spectrometry with fragmentation procedures in 

between the steps which refers to tandem mass spectrometry (MS/MS). For example, 

quadrupole ToF tandem MS (QToF-MS/MS) is a hybrid tandem MS technique that 

combines a quadrupole analyzer with a ToF analyzer. In this case, the ionized peptides 

are first analyzed in the quadrupole. The most charged ionized peptides are then 

presented to the collision chamber for further fragmentation and from there they reach 

the ToF analyzer. The masses of the fragmented ions are recorded by the detector. 

1.1 .2 P R I N C I P A L Q U A N T I F I C A T I O N M E T H O D S I N M S A N D 

P R O T E O M I C S 

Once mass spectra have been assigned to corresponding peptides and proteins, it 

is crucial to quantify the proteins in order to gain insights into biological systems, and 

many groups have worked on developing quantitative approaches. Many quantification 

methods are based on the use of stable isotopes (SILAC, ICAT, and AQUA), some are 

gel-bases approaches (DIGE) and others are label-free methods (peptide/spectral 

counts). In the stable isotope labeling by amino acids in cell culture (SILAC), a given 

amino acid labeled with stable, heavy isotope is included in the cell culture media of one 

set of cells, while the other set is grown in normal media (Ong et al., 2002). As the cells 

grow and divide, they incorporate the heavy amino acid in all of their proteins. 

Therefore cell populations are mixed and analyzed together in the mass spectrometer, 

which recognizes that a given pair of peptides is chemically identical, but have a 
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different mass. The ratio of the two peptides allows relative quantification. ICAT refers 

to isotope-coded affinity tag, and was developed by Aebersold's group (Smolka et al., 

2001). In ICAT, side chains of cysteine residues of protein samples are labeled with a 

reagent that contains either zero (light isotope) or eight deuterium (heavy isotope) atoms, 

together with a biotin group for affinity purification. The samples are then pooled, 

digested, enriched on an avidin column, and processed in the mass spectrometer, which 

will recognize the difference in mass of a chemically identical peptide. The AQUA 

(absolute quantification of proteins) strategy is based on the addition in the protein 

digestion mixture of known quantities of standard peptide(s), which is (are) stably 

labeled with an isotope (Gerber et al., 2003). This latest technique can not be applied for 

peptide and protein identification but only for quantification, since the peptide sequence 

needs to be known before "in silico" synthesis with the required modification (Gerber et 

al., 2003). Differential gel electrophoresis (DIGE) allows the analysis on a single two-

dimensional gel of up to three samples, each of them being labeled with a different 

fluorescent dye (Wang et a l , 2003; Orenes-Pinero et al., 2007). Label-free 

quantification is aimed to count and compare the number of spectra/peptides of a given 

protein, and is based on the principle that the more abundant is a protein in a sample, the 

more peptides it will generate upon trypsin digest (Liu et al., 2004; Blondeau et al., 

2004; Gilchrist et al., 2006). This peptide accounting approach also takes into 

consideration the fact that larger proteins generate more peptides per mol. Therefore, 

the number of accounted peptides is normalized for the size of the protein it belongs to 

by dividing the number of specific peptides identified for the protein by its mass in kilo 

Dalton (kDa) thus generating a peptide to mass ratio. Moreover, the peptide accounting 

approach has been refined. The absolute protein expression (APEX) profiling method 

introduces correction factors that allow to correct for the differences between the number 

of tryptic peptides that are theoretically expected for a given protein and the ones that 

are practically observed by MS (Lu et al., 2007) A computational approach recently 

developed is based on the prediction of proteotypic peptides and could be used as 

"standards" in MS experiments where absence or presence of a given protein has to be 

assessed (Mallick et al., 2007). 
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1.2 V E S I C U L A R C A R R I E R S A N D T R A F F I C K I N G 

Eukaryotic cells are divided into elaborated functionally distinct membrane-

enclosed compartments. Each compartment is defined as an organelle and possesses its 

own specialized set of proteins. The cell is a highly dynamic structure and its different 

membrane-bound organelles such as endoplasmic reticulum (ER), Golgi apparatus, 

mitochondria and the endosomal/lysosomal system are in constant communication. One 

key aspect of intracellular communication relies on the transport of vesicular carriers 

between the compartments. The donor compartment generates a transport vesicle that is 

received exclusively by the appropriate acceptor compartment. This process is tightly 

regulated since both carriers and organelles need to maintain their cellular identity. 

Characterizing the mechanisms that regulate this transport, as well as the carriers and 

proteins implicated in such trafficking events, are crucial for understanding cellular 

homeostasis. 

1.2 .1 O V E R V I E W O F V E S I C U L A R T R A F F I C K I N G 

Following their insertion into the lumen of the ER, newly synthesized proteins 

are transported to the cis face of the Golgi apparatus, and then to the Golgi cisternae 

where they undergo post-translational modifications. The modified proteins then move 

to the trans-Golgi network (TGN), which acts as a sorting center for the proteins. 

Within the Golgi apparatus, the cargoes are transported in small coated vesicles named 

COPI and COPII vesicles (Orci et al., 1986; Kirchhausen, 2007). From the TGN, 

proteins are directed to their appropriate cellular destination that could be endosomes, 

the plasma membrane, or the cell exterior (for review see van Vliet et al., 2003). The 

different cargoes destined for different compartments will be packaged into different 

types of carriers and the size of the carriers will depend on their content and their final 

destination. For example, in the formation of dense core secretory granules in endocrine 

cells, the cargo is concentrated into aggregates that can not fit into small vesicles and 

therefore requires a relatively large secretory vesicle (Thiele et al., 1997). In contrast, 
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hydrolases that need to get to lysosomes exit the TGN, together with their receptors, in 

CCVs that are approximately 100 nm in diameter (Ghosh et al., 2003b). Carriers arising 

from TGN are therefore variable in size and shape. 

Fusion of TGN-derived vesicles with the plasma membrane is the end point of 

the secretory pathway and it needs to be compensated with endocytosis in order to 

maintain plasma membrane homeostasis. Endocytosis allows large extracellular 

molecules, nutrients, plasma membrane components, and receptors to enter the cell. In 

mammalian cells, endocytosis can occur via five different pathways: pinocytosis, 

phagocytosis, caveolar pathway, clathrin-dependent pathway and clathrin- and caveolae-

independent pathway (for review, see Connor and Schmid, 2003). The clathrin-

dependent pathway is certainly the best understood of the endocytosis pathways and has 

been the focus of many studies over the last 30 years. 

Clathrin-mediated endocytosis (CME) has several important cellular functions 

including the uptake of nutrients, such as cholesterol-bound low-density lipoprotein and 

iron-bound transferrin, as well as the recapture of proteins such as albumin after their 

filtration by kidneys (Royle and Murrell-Lagnado, 2003; Maxfield and McGraw, 2004). 

CME also downregulates several signaling receptors by regulating their levels at the cell 

surface (Di Fiore and De Camilli, 2001; Seto et al., 2002). Moreover, since signaling 

receptors can also signal along the endocytic pathway, including the endosomes, CME 

also has a positive role in the regulation of signaling activity (Miaczynska et al., 2004). 

CME is also crucial in neuronal cells where it is responsible for the internalization of ion 

channels and neurotransmitter receptors, including glutamatergic receptors, thus 

allowing control of synaptic transmission and molecular foundations of learning and 

memory (Carroll et al., 2001). Finally, synapses need to retrieve and reform an 

enormous amount of synaptic vesicles (SVs) following neuronal stimulation and CME is 

the preferred mechanism to fulfill this role (for a review see Murthy and De Camilli, 

2003). 

Following endocytosis of SVs, the vesicles lose their clathrin coat, refill with 
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neurotransmitter and re-enter the functional SV pool (for review see Murthy and De 

Camilli, 2003). However, in most non-synaptic examples, the endocytic vesicles fuse 

with early endosomes that constitute a sorting station in the endocytic trafficking 

pathway (Maxfield and McGraw, 2004). From there, cargoes either recycle back to the 

plasma membrane, or are directed further down the late endosomal pathway. Transferrin 

receptor (TfR) is one receptor that constitutively recycles back to the plasma membrane. 

Receptors that continue to travel along the endosomal pathway are usually destined for 

degradation in lysosomes (Gruenberg and Stenmark, 2004). The receptors that are 

targeted for degradation are often conjugated to a small molecule called ubiquitin at the 

plasma membrane. Once internalized, ubiquitinated receptors will reach the early 

endosomes, will be delivered to late endosomes, and then to lysosomes to be degraded 

(Gruenberg and Stenmark, 2004). 

1.3 CCVs 

The first observation of coated vesicles was by EM in 1964 by Roth and Porter 

who reported their presence close to the plasma membrane and TGN areas (Roth and 

Porter, 1964). In 1975, Barbara Pearse showed that the main constituent of vesicle coats 

was clathrin (Pearse, 1975), and it is now clear that clathrin provides the scaffold 

necessary for protein sorting and membrane budding (Kirchhausen, 1993; Smith and 

Pearse). The clathrin coat of a vesicle has a basket-like shape composed of hexagons 

and pentagons (Ungewickell and Branton, 1981; Kirchhausen and Harrison, 1981) 

(Figure 1.1 A). Clathrin itself is composed of heavy chains (CHCs) and light chains 

(CLCs) that form a triskelion, which consists of three CHCs connected through their C-

terminal region in a central hub region (Ungewickell and Branton, 1981; Kirchhausen 

and Harrison, 1981). Each CHC contains a proximal and distal leg segment and ends in 

an N-terminal globular domain (Figure 1.2B). The proximal leg segment comprises 

sequences mediating CHC trimerization and binding sites for CLCs. Seven CHC repeat 

motifs are distributed within the proximal and distal segments of CHC (Brodsky et al., 

1991; Liu et al., 1995; Ybe et al., 1999). The N-terminal globular domain include 
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binding sites for different clathrin-interacting proteins (ter Haar et al., 1998) 

CLCs bind to the hub region of the triskelion and it has been traditionally thought 

that one CLC associates with each CHC leg (Brodsky et al., 2001). Vertebrates have two 

forms of CLCs (CLCa and CLCb) and each form has a neuronal splice variant (Brodsky 

et al., 1991). Clathrin triskelia have a random distribution of either CLCa or CLCb 

isoforms, which are competing with each other for CHC binding (Brodsky, 1988). 

CLCa and CLCb are differently expressed in tissues and cell lines, but attempts to 

identify differences in their functions have not been conclusive (Acton and Brodsky, 

1990). Both CLCs have a calcium binding site at their N-termini and a central clathrin 

binding domain (Brodsky et al. 1991). When expressed together with CHC in a 1:1 

molar ratio, CLC inhibits clathrin polymerization into cages (Ungewickell and 

Ungewickell, 1991). Assembly proteins such as HIP1 and HIP1R are required to 

overcome this inhibitory effect of CLCs (Chen and Brodsky, 2005; Legendre-Guillemin 

et al., 2005). Thus, the model is that CLCs function as a negative regulator of clathrin 

assembly. Most of the experiments were done using CHC and CLCs purified from 

brain. We compared stoichiometric ratio of CLCs to CHCs by proteomics and found 

differences in CLCs to CHC ratio between brain and liver. In brain, the ratio was 1:1 but 

in liver the CLCs to CHC ratio was 0.2:1 (Blondeau et al., 2004; Girard et al., 2005b), 

and at this ratio, CLCs inhibitory effect on clathrin assembly should be minimal 

(Ungewickell and Ungewickell, 1991). Those findings led to questioning the model that 

has been accepted for years, and it is now clear that CLCs are not universal regulators of 

clathrin assembly. In fact, the regulatory role of CLCs and the 1:1 CLCs to CHCs ratio 

may be unique to brain and its specialized synaptic vesicle retrieval functions. Indeed, it 

has been shown that CHC and CLCs were not forming in a 1:1 ratio when coproduced in 

bacteria (Liu et al., 1995), and loss-of-function experiments also contributed to the 

elucidation of the role of CLCs in non-neuronal cells. In Dictyostelium, loss of CLC has 

no effect on CHC steady state levels and no effect on triskelia formation (Wang et al., 

2003). In non-neuronal mammalian cells, CLC depletion does not affect clathrin-

mediated endocytosis (Yang et al., 2002; Huang et al, 2004) but does perturb actin 

organization and protein trafficking at the TGN (Poupon et al., 2008). We now know 
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that CLCs role in non-neuronal cell is to provide the recruitment platform necessary for 

actin assembly and clathrin-mediated trafficking of the TGN-derived CCVs (Poupon et 

al., 2008) 

F I G U R E 1.1 Structure of clathrin and the AP-2 complex 

A) EM from the inside of the PM of a skin cell. The image shows CCPs and CCVs 
forming on the inner surface of the PM. © 1998 Garland Publishing. 
B) Clathrin triskelion. Proximal and distal segments of CHC are identified. The N-
terminal of CHC forms the terminal globular domain. The C-terminal of CHC is found 
in the central hub region. Positions of CLCs are shown schematically. Adapted by 
permission from Macmillan Publishers Ltd:, Nature, Volume 432, © 2004. 
C) Schematic representation of the AP-2 complex composed of the a , P-2, \x-2 and a-2 
subunits. Structurally, the AP-2 complex comprises the ear domain, the hinge and the 
core (also referred as the trunk). Reprinted by permission from Macmillan Publishers 
Ltd., EMBO Reports, Volume 5, © 2004. 
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1.4. C M E 

At the plasma membrane, CME is responsible for the uptake of nutrients and 

internalization of different classes of receptors such as TfR, epidermal growth factor 

receptor (EGFR) and low-density lipoprotein receptors (LDLR). Clathrin-mediated 

vesicle formation can be subdivided into 4 main steps : 1) the beginning of coat 

assembly and cargo recruitment (initiation); 2) further coat assembly and cargo 

recruitment accompanied by membrane deformation (propagation); 3) completion of the 

coat and vesicle fission (budding); and 4) disassembly of the clathrin coat (uncoating) 

(Kirchhausen, 2000). Clathrin-mediated events involve many accessory proteins in 

order to regulate and coordinate all the various steps from cargo recruitment to vesicle 

uncoating. 

1.4 .1 I N I T I A T I O N S T E P 

In the initiation step, the assembly of clathrin triskeliia into a coat and cargo 

recruitment is beginning. Clathrin recruitment from the cytosol to the plasma 

membrane, as well as recruitment of cargo proteins, is orchestrated by the adaptor 

protein AP-2 (Zaremba and Keen, 1983; Keen, 1987; Blondeau et al., 2004). AP-2 is a 

heterotetrameric protein complex composed of two large a and (3-2 subunits (-100 kDa), 

one \x-2 subunit (-50 kDa), and one a-2 subunit (-17 kDa) (for review see Brodsky et 

al., 2001). Morphologically, AP-2 resembles a head with ears (Heuser and Keen, 1988). 

The head (or the core domain), contains the N-terminal two thirds of the a and (3-2 

subunits, as well as the |o,-2 and a-2 subunits (Figure 1.1C). The ears are formed by the 

C-termini of the a and p-2 subunits linked to the core by hinges (Figure 1.1C). The 

factors responsible for the recruitment of AP-2 itself to the plasma membrane are still 

not fully understood, but in vitro experiments demonstrated that AP-2 recruitment to the 

membrane is dependent on cytosolic factors that require ATP and GTP (Seaman et al., 

1993; Traub et al., 1996). Among potential factors responsible for AP-2 targeting to the 

plasma membrane are protein kinases and small GTPases such as ARF6 (Krauss et al., 
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2003; Paleotti et al., 2005), the lipid phosphatidylinositol 4,5-biphosphate (PI(4,5)P2) 

(Beck and Keen, 1991; Gaidarov et al., 1996; Collins et al., 2002), as well as the protein 

synaptotagmins (Haucke et al., 2000; Marqueze et al., 2000). Together with the hinge 

domain, the (3-2 ear binds to the CHC terminal domain and promotes assembly (Shih et 

al., 1995). Moreover, the globular a and 0-2 ears are platforms for interactions with 

clathrin accessory proteins that contain motifs such as DPF, DPW, FXDXF and WXXF 

(Owen et al., 1999; Traub et al., 1999; Brett et al., 2002; Ritter et al., 2003). The \i-2 

interacts and recruits cargo molecules that contain signal motifs in their cytoplasmic tails 

(Owen and Evans, 198). YXX(j) (tyrosine-based), NPXY, and [DE]XXXL[LI] 

(dileucine-based), where <)) is a bulky hydrophobic residue and X any amino acid, are 

well known binding motifs for AP-2 (Bonifacino and Traub, 2003; McNiven and 

Thompson, 2006). NPXY motif is found in the insulin receptor (InsR), EGFR and 

LDLR cytoplasmic tails, YXX<|) is found in TfR and mannose-6-phosphate receptor 

(MPR), and the dileucine-based motif is found in proteins that are targeted to the 

endosomal/lysosomal compartment (McNiven and Thompson, 2006). 

1.4 .2 P R O P A G A T I O N A N D B U D D I N G S T E P S 

During the propagation step, clathrin assembly and cargo recruitment continue 

and the membrane gradually deforms and invaginates to form a clathrin-coated pit 

(CCP), in a process that is tightly regulated by accessory proteins. For example, the 

accessory proteins epsin, endophilin Al and amphiphysin I, co-operate with AP-2 to 

promote the membrane curvature necessary for vesicle budding (Schmidt et al., 1999; 

Farsad et al., 2001; Ford et al., 2002). 

Once the clathrin lattice is completed and the cargo recruited, the deeply 

invaginated CCP, which is connected to the plasma membrane by a tubular neck, is 

ready to detach from the plasma membrane and to become a mature vesicle. Fission of 

the CCP is done by the GTPase protein dynamin that is massively and rapidly recruited 

to the CCP just before fission and that self-assembles in a spiral around the neck 
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(Hinshaw and Schmid, 1995; Merrifield et al., 2002; Praefcke and McMahon, 2004). 

Although the constriction of the vesicle neck created by the twisted dynamin and its 

GTPase activity is important for fission, it may not be sufficient (Roux et al., 2006). 

Efficient fission of the vesicle needs additional longitudinal tension that might be 

provided by actin motor proteins such as myosin IE and myosin VI (Krendel et al., 

2007; Spudich et al., 2007). However, dynamin's role might not be restricted to the 

fission reaction as electron microscopy studies showed dynamin was found in all stages 

of CCV formation (Damke et al., 1994; Evergren et al., 2004) and other groups 

demonstrated a gradual increase of clathrin and dynamin association before endocytosis 

(Rappoport and Simon, 2003; Ehrlich et al., 2004). 

1 .4 .3 U N C O A T I N G S T E P 

The chaperone Hsc70 

Once the vesicle has pinched off the plasma membrane, it needs to lose its 

clathrin coat to allow fusion of the vesicle with the appropriate intracellular 

compartment, and recycling of the coat components for other rounds of endocytosis. 

The uncoating process involves two molecules: the ATPase Hsc70 (heat shock cognate 

protein of 70 kDa) and the cofactor auxilin (Lemmon, 2001). The cytosolic chaperone 

Hsc70 (also known as Hsp73) is probably the best known member of the heat shock 

protein 70 family (Hsp70). Hsp70 family proteins function as molecular chaperones by 

binding to other proteins and even though their interactions were first thought to be 

specific to certain cellular processes, it is now clear that Hsp70 proteins are functioning 

in various aspects of protein dynamics (Flynn et al., 1991). Hsc70 contributes to folding 

and refolding of newly synthesized and denatured proteins, respectively (Hartl and 

Hayer-Hartl, 2002), and does conformational work at different subcellular 

compartments, and in a vast array of cellular processes such as exocytosis, endocytosis, 

protein transport and trafficking, assembly and disassembly of protein complexes 

(Young et al., 2003). Hsc70 contains an ATPase domain in its N-terminus, and a 
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polypeptide binding domain in its C-terminus (for review see Hartl et al., 1992; Young et 

al., 2004). Hsc70 recognizes short hydrophobic stretches, and its regulation depends on 

the nucleotide-bound state that creates binding and release cycles for substrates (for 

review see Hartl et al., 1992; Hartl and Hayer-Hartl, 2002; Young et al., 2004). 

Recruitment of Hsc70 to specific sites of action is necessary for its activities and co-

chaperones are responsible of such recruitment (Young et al., 2003; Kelley, 1999). 

Hsc70 interacts with co-chaperone proteins that contain a DnaJ domain (also referred to 

as heat shock protein 40s, Hsp40s) (Kelley, 1999). 

DnaJ-domain containing proteins 

Originally, the DnaJ domain was known to stimulate the ATPase activity of 

DnaK, which is the bacterial homolog of Hsc70, and help replicate the X phage DNA in 

host cells (Liberek et al., 1988; Yochem et al., 1978). Since then, a large number of 

DnaJ homologs have been identified in both prokaryotes and eukaryotes, and in 

mammals more than 20 DnaJ homologues with diverse functions have been reported (for 

review see Qiu et al., 2006); which functions will depend on their localization. The 

DnaJ domain proteins are found in diverse cellular compartments including the cytosol, 

nucleus, mitochondria, ER, ribosomes and the endosomal/lysosomal system (for review 

see Qiu et al., 2006). Moreover, DnaJ domain proteins can be either ubiquitously 

expressed, or expressed in a specific tissue (Hu et al., 2004; Terada et al., 2005). The 

DnaJ domain itself is a 70 amino acids a-helical structure composed of four helices 

(helices I-IV) (Cheetham and Caplan, 1998). In addition to the DnaJ domain, many 

DnaJ-domain containing proteins contain other conserved regions critical for their 

functions (Cajo et al., 2006). Based on the DnaJ domain and the differences in the 

presence of these other regions, DnaJ domain containing proteins can be categorized into 

three groups (Cheetham and Caplan, 1998). Type I proteins contain the DnaJ domain in 

N-terminus, followed by a Gly/Phe-rich region and cysteine repeats. Type II proteins 

have the DnaJ domain in their N-terminus and the Gly/Phe-rich region but no cysteine 

repeats. Type III proteins have the DnaJ domain only, and although for most of the type 
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Ill proteins the DnaJ domain is present in the N-terminal region, there are some 

exceptions (for review, see Qiu et al., 2006). For example, auxilins and RME-8 are type 

III DnaJ-domain containing proteins that do not have their DnaJ domain in the N-

terminus. In auxilins, the DnaJ domain is found in the C-terminal region, and the 

protein RME-8, which will be extensively discussed later in this thesis, has an internal 

DnaJ domain (Lemmon, 2001; Girard et al., 2005c). The DnaJ domain binds directly to 

Hsc70 ATPase domain, and stimulates its ATPase hydrolysis activity (Kelley, 1999; 

Cheetham and Caplan, 1998). Within the DnaJ domain, three highly conserved residues, 

HPD (the so called HPD motif), which are located between the helices II and III are 

essential for the interaction of DnaJ domain and Hsc70, as mutating these residues 

completely abolishes the DnaJ stimulated ATP hydrolysis activity of Hsc70 (Genevaux 

et al., 2002; Tsai and Douglas, 1996). 

Auxilins are well characterized DnaJ-domain containing proteins (Lemmon, 

2001). Auxilin-1 was originally identified as a neuron-specific component of CCVs 

(Ahle and Ungewickell, 1990) and auxilin-2 (also known as cyclin G-associated kinase 

or GAK) was later found to be a ubiquitously expressed isoform (Umeda et al., 2000). 

Auxilins are the co-chaperones for Hsc70 in clathrin coat disassembly, and they bind and 

interact with both clathrin (through their clathrin binding region) and AP-2 (through 

DPF motifs) (Lemmon, 2001). Auxilins bound to clathrin baskets recruit ATP-activated 

Hsc70 and stimulate the ATPase activity of Hsc70 (Ungewickell et al., 1995; Jiang et al., 

1997), which causes disruption of clathrin-clathrin interactions, and release of the coat 

(Holstein et al., 1996). The importance of Hsc70 and auxilin interactions in the 

endocytic cycle has been demonstrated in many organisms. In yeast, deletion of the 

auxilin gene causes multiples defects: CCV accumulation, impaired cargo delivery to the 

vacuole, increased clathrin association with vesicles at the expense of cytosolic clathrin, 

and global slowdown of cell growth (Pishvaee et al., 2000; Gall et al., 2000). In the 

nematode C. elegans, inhibition of auxilin expression by RNA interference (RNAi) 

reduces receptor-mediated endocytosis of yolk protein in oocytes, and changes the 

dynamic of clathrin exchange in coelomocytes (Greener et al., 2001). In Drosophila 

deletion of auxilin is lethal (Hagedorn et al., 2006). Injection of peptides that inhibit the 
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uncoating action driven by Hsc70 and auxilin in the squid presynaptic terminal inhibits 

CCV uncoating, as well as presynaptic transmission (Morgan et al., 2001). More 

recently, it was shown that deletion of the GAK (auxilin-2) gene in mice causes 

embryonic lethality (Lee et al., 2008). Auxilin and Hsc70 roles were also extensively 

studied in mammalian cells. In 2001, Newmyer and Schmid showed that overexpression 

of the dominant-negative Hsc70 mutant inhibits CCV uncoating and impairs TfR. 

internalization recycling (Newmyer and Schmid, 2001). Depletion of GAK (auxilin-2) 

causes inhibition of transferrin (Tf) uptake and partial inhibition of the trafficking from 

the TGN to lysosomes (Zhang et al., 2005). Moreover, Lee et al. (2005) observed a 

stronger phenotype, similar to the one observed by Newmyer and Schmid with their 

Hsc70 dominant negative construct. Indeed, they found that GAK (auxilin-2) depletion 

causes a) a decrease in CME, b) an impairment in TGN to lvsosome trafficking, c) a 

significant depletion of clathrin at the plasma membrane and d) a reduction in AP-2 and 

AP-1 at the plasma membrane and TGN, respectively (Lee et al., 2005). From these 

studies it is clear that the interaction between auxilin and Hsc70 is crucial for clathrin-

mediated trafficking. 

1.5 C L A T H R I N - M E D I A T E D M E M B R A N E B U D D I N G A T T H E T G N 

As stated above, the TGN is the exit station of the biosynthetic pathway from 

where newly synthesized proteins leave for other cellular destinations. CCVs are one 

type of carrier that arise from TGN membranes and are involved in TGN to endosome 

trafficking. The same main sequential steps (initiation, propagation, budding and 

uncoating) occur at the TGN, although there are some major differences between the 

formation of CCVs at the plasma membrane and at the TGN with respect to the nature of 

the donor membrane and the adaptor responsible for clathrin and cargo recruitment. The 

donor plasma membrane is flat and cholesterol rich whereas the TGN donor membrane 

is tubulated (for review see Brodsky et al., 2001). Moreover, CCVs arising from the 

TGN are less stable than CCVs arising from the plasma membrane. AP-1 is the adaptor 

responsible for the recruitment of clathrin coats at the TGN and, as is the case for AP-2, 
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AP-1 also binds to clathrin and to peptide motifs within the cytoplasmic tail of cargoes 

(for review see Hinners and Tooze, 2003; Bonifacino and Traub, 2003). Similar to AP-2, 

AP-1 is a heterotetrameric complex composed of two large y and (3-1 subunits (-100 

kDa), one |i-l subunit (-47 kDa), and one CT-1 subunit (-19 kDa) (for review see 

Brodsky et al., 2001). AP-1 recruitment to the TGN membranes, however, depends on 

the small G protein Arfl, which cycles between the cytoplasm (when bound to GDP) 

and membranes (when bound to GTP) (Zhu et al., 1998; Donaldson and Jackson, 2000). 

Other adaptors and accessory proteins also function in clathrin-mediated trafficking at 

the TGN, such as the Golgi-localized, y-ear-containing, Arf-binding (GGA) proteins 1, 2 

and 3 (Bonifacino, 2004), HIP1R (Carreno et al., 2004), dynamin 2 (Cao et al., 2000), 

and enthoprotin (Wasiak et al., 2002). Cargo recognition by CCVs in the TGN can 

occur directly via the interaction of the (J.-1 subunit with cytoplasmic domains bearing 

the YXX(|) motif (for review see Bonifacino and Traub, 2003), or indirectly through 

proteins such as PACS1 (Wan et al., 1998). 

The mechanism for vesicle scission is less well understood than the one at the 

plasma membrane, although dynamin clearly appears to have a role at the TGN in 

addition to the plasma membrane (McNiven et al., 2000). Moreover, CCVs that budded 

from the TGN also need to uncoat in order to be able to deliver their cargo to the 

appropriate compartment. Uncoating of the TGN-derived CCVs is thought to occur by 

the same process as for the CCVs from the plasma membrane, i.e. through Hsc70 and 

auxilin interaction. In the case of the TGN CCVs, the cochaperone working with Hsc70 

is probably GAK (auxilin-2) due to the fact that it was predominantly found at the 

perinuclear area (Greener et al., 2000). However, since less is known about the CCV 

uncoating arising from the TGN, it leaves open the possibility that other protein(s) could 

contribute to the process. 
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1.6. I N T R A C E L L U L A R A N D E N D O S O M A L T R A F F I C K I N G 

1 .6 .1 . M E C H A N I S T I C O F F U S I O N E V E N T S 

What's the fate of a CCV once it loses its coat? After budding from the TGN and 

the plasma membrane, the vesicle fuses with components of the highly dynamic 

endosomal/lysosomal system, in order to deliver its cargo. Fusion with these 

compartments is a tightly regulated process that involves a vast array of proteins 

including SNAREs (soluble JV-ethylmaleimide-sensitive factor attachment protein 

receptor) and Rab proteins (for review see Hong, 2005 as well as Jahn and Scheller, 

2006). Fusion events involve tethering of the transport vesicle to the specific target 

membrane followed by docking and the fusion of the vesicle and its content to its target 

compartment (for review see Hong, 2005). SNAREs play a central role by catalyzing 

the fusion reaction and Rabs and their effector proteins regulate the tethering and 

docking of vesicles with the acceptor compartment (for review see Hong, 2005 as well 

as Jahn and Scheller, 2006). 

In mammalian cells at least 30 different SNAREs are found, each of them being 

associated with a particular organelle of the secretory or endocytic pathway, where they 

orchestrate the orderly transport of cargo molecules (or review see Hong, 2005). 

SNAREs present in opposing membranes associate in a complex that can be dissociated 

by iV-ethylmaleimide-sensitive factor (NSF) (Sollner et al., 1993). Based on that 

observation, SNAREs were divided into v-SNAREs (vesicle-membrane SNAREs) and t-

SNAREs (target-membrane SNAREs) (Sollner et al., 1993). The mode of action of 

SNAREs in transport can be divided into four stages. In the first stage, the v-SNARE is 

packaged into budding vesicles, together with cargo proteins, thus generating a transport 

intermediate competent for fusion with the acceptor compartment. V-SNAREs usually 

consist of a complex of two or three polypeptides (Fukuda et al., 2000). In the second 

stage, tethering factors, such as Rab proteins and their effectors, position the vesicle at 

the target compartment containing the appropriate t-SNARE. In the third stage, v-

SNARE and t-SNARE on the opposing membranes interact to form a trans-SNAKE 
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complex, which then becomes a CM-SNARE complex as the vesicles fuse. In the fourth 

stage, the cw-SNARE complex on the target membrane is disassembled by the ATPases 

NSF and VPS4, thus leaving the SNAREs ready for other fusion and docking events (for 

review see Hong, 2005). Many SNARE proteins are members of the syntaxin and 

VAMP (vesicle-associated membrane protein also known as synaptobrevin) families. 

Different members of syntaxin and VAMP families are found in different subcellular 

compartments. For example, the majority of VAMP4 is located at the TGN where it 

colocalizes with syntaxin 6, and coimmunoprecipitation studies showed that VAMP4 

and syntaxin 6 exit as a complex, thus indicating that VAMP4 and syntaxin 6 are 

involved in TGN to endosomes trafficking (Steegmaier et al., 1999). It has been 

demonstrated that MPR and syntaxin 6 exit the TGN in AP-1-positive CCVs and are 

then delivered to endosomes (Klumperman et al., 1998). Moreover, a mutant syntaxin 6 

that is cytosolic instead of membrane anchored perturbs transport to lysosomes and 

delays endosomal maturation (Kuliawat et al., 2004). 

As stated previously, the ATPase NSF ensures that uncomplexed SNAREs are 

always available for fusion, and these "free" SNAREs are not only capable of interacting 

with each other, but they are also capable of interacting with other proteins (for review 

see Jahn and Scheller, 2006). For example, VAMP4 interacts with AP-1 at the TGN and 

this interaction is necessary for VAMP-4 recruitment into trafficking vesicles at the 

TGN, since when using a VAMP4 construct unable to bind to AP-1, VAMP4 failed to 

localize correctly at the TGN, and instead was redistributed in peripheral structures 

(Peden et al., 2001). Although syntaxin 6 is predominantly localized at the TGN, a pool 

of syntaxin 6 is located at the early endosome compartment where it can bind directly to 

the tethering factor EEA1 (early endosomal antigen 1), and facilitate the formation of 

docking and fusion complexes (Simonsen et al., 1999). So SNARE proteins including 

VAMP4 and syntaxin 6 are implicated in many trafficking events including the transport 

arising from the TGN. 
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1.6 .2 T R A N S P O R T O F V E S I C L E S A N D C A R G O E S F R O M T H E T G N A S 

I L L U S T R A T E D B Y M P R T R A F F I C K I N G R O U T E 

One of the major destinations for TGN-derived CCVs is the 

endosomal/lysosomal system, and in fact, CCVs are responsible for the transport of 

lysosomal hydrolases, thereby contributing to biogenesis of the system (Klumperman et 

al., 1993). MPR is responsible for transporting the hydrolases out of the TGN. 

Lysosomal hydrolases are tagged with a mannose-6 phosphate group as they are passing 

through the lumen of the cis Golgi and this group will be recognized by the 

transmembrane MPR which is present at the TGN. MPR binds to the immature enzymes 

within the lumen of the TGN, and to clathrin adaptors on the cytosolic side, and together 

they exit the TGN in CCVs. The vesicles uncoat and fuse with late endosomes and the 

acidic pH of that organelle causes the enzymes and the receptor to dissociate. From 

there the enzymes reach the lysosome, where they are cleaved into their mature form and 

the MPR recycles back to the TGN, ready for another round of packaging and sorting. 

Not all the hydrolases tagged with mannose-6 phosphate are delivered to lysosomes, and 

some are instead transported to the cell surface and secreted into the extracellular fluid 

as immature enzyme. However, since a portion of the MPR proteins are also routed to 

the plasma membrane, they will act to recapture the escaped enzymes by CME and will 

return them to lysosomes via early and late endosomes (for review see Ghosh et al., 

2003a). AP-1 interacts with the cytoplasmic tail of MPR and clearly has a role in the 

transport of the hydrolases between the TGN and the endosomal/lysosomal system (Le 

Borgne et al., 1996; Le Borgne and Hoflack, 1998). AP-1 was first thought to be 

implicated in the anterograde (TGN to endosome) transport of hydrolases (Le Borgne et 

al., 1996; Le Borgne and Hoflack, 1998; Ghosh et al., 2003a). However, analysis of 

MPR trafficking in |_il A-adaptin knockout mice revealed that MPR accumulates in 

endosomes and does not recycle back to the TGN, thus indicating that AP-1 is required 

for retrograde (endosome to TGN) transport (Meyer et al., 2000; Robinson and 

Bonifacino, 2001). Anterograde cargo transport would be mediated by the interaction of 

AP-1 and GGA adaptor proteins (Puertollano et al., 2001; Doray et al., 2002a; Doray et 

al., 2002b; Bai et al., 2004). Indeed, overexpression of mutated GGAs traps MPR 
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within the TGN (Puertollano et al., 2001), downregulation of GGAs expression impairs 

incorporation of MPR into AP-l-positive CCVs (Ghosh et al., 2003b), and mutated MPR 

that are unable to bind to GGAs are not packaged into CCVs (Doray et al., 2002). 

Therefore, efficient transport of cargo such as MPR between the TGN and endosomes is 

mediated by the GGA and AP-1 adaptor proteins. 

1 .6 .3 T R A N S P O R T O F V E S I C L E S A N D C A R G O E S A R I S I N G F R O M 

C M E 

Newly formed endosomes arising from CME at the plasma membrane can fuse 

with each other or with pre-existing early endosomes (for review see Maxfield and 

McGraw, 2004). The early endosomes are the first arrest following endocytosis, and act 

as a relay to sort the molecules to their appropriate destinations (Gruenberg, 2001). 

Three destinations are possible after the molecules have passed through early endosomes 

(also known as sorting endosomes): the plasma membrane, recycling endosomes, or late 

endosomes/lysosomes. Early, recycling, late endosomes/lysosomes are morphologically 

and functionally distinct compartments, and as different entities, they possess their own 

sets of proteins that have important function for cargo sorting arid organelle biogenesis. 

Recycling pathway 

Early/sorting endosomes are located at the periphery, have a tubulo-vesicular 

morphology, and a lumenal pH of -6.0 (Mayor et al., 1993). Early endosomes accept 

incoming material for about 5-10 minutes and then they translocate along microtubules, 

stop fusing, become more acidic and start to acquire acid hydrolases that are 

characteristic features of the late endosomes as part as their maturation process (Dunn et 

al., 1989). Before the maturation process starts, some constitutively recycling molecules 

will return back to the plasma membrane, either directly or indirectly via the recycling 

endosome compartment. Many receptors are constitutively recycling back to the plasma 

21 



membrane from the early endosomal compartment, and among those are TfR (Hopkins, 

1983), InsR (Knutson, 1991), and LDLR (Brown and Goldstein, 1979). TfR are 

removed rapidly from early/sorting endosomes and, in less than 5 minutes, more than 

95% of endocytosed TfR is removed from the early endosomes before their maturation 

(Dunn et al., 1989; Mayor et al., 1993). Many proteins contribute to the organization of 

early endosomes and to the regulation of the protein transport occurring through this 

compartment and can therefore be considered as markers for the organelle. Rab proteins 

are small GTPases that oscillate between GDP (inactive) and GTP (active) bound states. 

Rab proteins function in the fusion process of vesicles to their proper targeted 

compartment, as well as in vesicle budding and in vesicle interactions with cytoskeleton 

components. Early endosomes are mainly composed of Rab5 and Rab4 together with a 

small portion of Rabl l , although all these three Rab proteins have also been found to be 

localized to other compartments, thus indicating that they are probably involved in many 

trafficking pathways (for review see Zerial and McBride, 2001). Rab5 regulates 

transport of clathrin-derived endosomes from the plasma membrane to the early 

endosomes and homotypic fusion of early endosomes (for review see Zerial and 

McBride, 2001). Rab5 also interacts with its effector protein EEA1 and with the 

SNARE protein syntaxin 6 to regulate docking and fusion of CCP- derived vesicle with 

early endosomes (Simonsen et al., 1999; Woodman, 2005). Early endosomes are thus 

very dynamic structures which constitute the first delivery site proteins that have 

undergone CME. 

As stated previously, there are two main routes back to the plasma membrane 

from sorting endosomes. Some molecules will return directly to the cell surface, others 

will transit through the recycling endosomes, also called the endocytic recycling 

compartment. Recycling endosomes are mainly composed of thin tubules of ~60 nm 

diameter that are associated with microtubules (Hopkins, 1983; Yamashiro et al., 1984). 

Most molecules that transit through the recycling endosomes will be returned back to the 

plasma membrane, although recycling endosomes can also sort molecules to the TGN 

(as it is the case for the protein TGN38 and shiga toxin), and back to the early/sorting 

endosomes (Maxfield and McGraw, 2004). The carriers used by the constitutively 
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recycling molecules arise from the budding of the narrow-diameter recycling tubule 

system (Dunn et al., 1989; Mayor et al., 1993). The majority of LDLR and TfR transit 

via the recycling endosomes (Maxfield and McGraw, 2004) and the regulation of 

transport from the recycling endosomes is ensured, among others, by the proteins Rabll 

(Zerial and McBride, 2001) and RME-1 (Lin et al., 2001). 

Degradation pathway 

As constitutively recycling cargoes bud off early and/or recycling endosomes 

(Gruenberg, 2001), cargoes destined for degradation, such as EGFR, reside in the 

remaining early endosomes that will mature into late endosomes (Rink et al., 2005). 

Maturation of early endosomes to late endosomes occurs through sequential fusion and 

fission events that are coupled to loss of early endosome resident proteins, such as Rab5, 

and acquisition of late endosome resident proteins, such as Rab7 (Rink et al., 2005). As 

part of the endosomal maturation process, the cargoes destined for degradation undergo 

inward invagination into the lumen of the early endosomes, to form endosomal 

intermediates, the multivesicular bodies (MVB), that will detached from early/sorting 

endosomes, fuse with late endosomes, and eventually with lysosomes, to allow 

degradation of the cargoes by lysosomal hydrolases (Gruenberg, 2001). MVBs are large 

-300-400 nm structures that have small vesicles contained in their lumen and that are 

distinct from early and late endosomes. Indeed, MVBs do not contain any of the 

specific proteins or recycling receptors of early endosomes, nor do they contain the 

characteristic lipids and proteins of the late endosomes (Gruenberg, 2001). But how are 

the proteins that are destined for degradation and the ones that are recycled to the cell 

surface sorted? Many factors can influence the sorting decision at early/sorting 

endosomes. For example, the acidic pH of -6.0 that characterizes this compartment will 

cause dissociation of the LDL from LDLR; LDLR will recycle back to the surface and 

LDL will be sent for degradation (Maxfield and McGraw, 2004). Moreover, the 

presence of sorting signals such as YXXij) and [DE]XXXL[LI] can also influence the 

destination of receptors (Bonifacino and Traub, 2003; McNiven and Thompson, 2006). 

23 



In addition to the above motifs, the targeting from the early endosomes to the late 

endosomes/lysosomes is often achieved by ubiquitination of the endocytosed cargo 

within its cytoplasmic domain (for review see Hicke and Dunn, 2003). 

Ubiquitin is a 76 amino-acid protein that forms stable chemical bonds with other 

proteins by linking to their lysine residues (Hicke and Dunn, 2003; Clague and Urbe, 

2006). Ubiquitination is a powerful mechanism that can regulate stability, activity and 

even location of proteins (Hicke and Dunn, 2003). Proteins can be monoubiquitinated 

(only one single ubiquitin moiety is attached to a single lysine within the protein), 

multimonoubiquitinated (single ubiquitin moieties are attached to multiple lysines within 

the protein), or polyubiquitinated (chain(s) containing multiple ubiquitin molecules 

linked to each other are attached to lysine(s) within the protein), and the type of 

ubiquitination will influence the protein fate (Pickart and Eddins, 2004). For example, 

proteins targeted for degradation within the proteasome are polyubiquitinated and 

proteins destined for lysosomal degradation are monoubiquitinated or 

multimonoubiquitinated (Pickart and Eddins, 2004). Indeed, endocytosed cargoes that 

are destined for lysosomal degradation are mono- or multimonoubiquitinated (Williams 

and Urbe, 2007). As mentioned above, the early/sorting endosome is organized in 

microdomains (Gruenberg, 2001). Non-ubiquitinated, recycling cargoes will transit 

through early/sorting endosome microdomains enriched with Rab5 and EEA1 proteins 

(Pfeffer, 2003; Maxfield and McGraw, 2004). In contrast, ubiquitinated cargoes will 

transit through early/sorting endosome microdomains enriched with Hrs (hepatocyte 

growth factor (HGF)-regulated tyrosine kinase substrate) and clathrin proteins (Raiborg 

et al., 2001; Pfeffer, 2003) and then will transfer to the ESCRT (endosomal sorting 

complexes required for transport) machinery for inward budding (Williams and Urbe, 

2007). There are four ESCRT complexes that are known as ESCRT-0, -I, -II, and -III. 

ESCRT complexes are recruited to endosomes through protein and lipid interactions and 

they are essential for sorting of ubiquitinated cargoes and for the formation of MVBs 

(Russell et al., 2006; Hurley and Emr, 2006; Slagsvold et al., 2006; van der Goot and 

Gruenberg; 2006; Williams and Urbe, 2007). 
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ESCRT-0 is probably the best known of the four ESCRT complexes and is 

composed, in mammalian cells, of the proteins Hrs and STAM (signal transducing 

adaptor molecule). Hrs recruitment to endosomes is driven by the binding of the Hrs 

FYVE (Fabl, YOTB, Vacl and EEA1) domain to the membrane lipid 

phosphatidylinositol-3-phosphate (PI3P). Hrs also recruits clathrin and organizes it into 

a poorly defined flat lattice that appears as a bilayer by electron microscopy (Raiborg et 

al., 2001; Sachse et al., 2002) and, in turn, the bilayer endosomal clathrin coat is 

responsible of segregating Hrs to sites of inward invagination (Qualmann et al., 2000; 

Sachse et al., 2002). Hrs binding to clathrin has been mapped to the LISFD clathrin-box 

motif located in its C-terminus (Raiborg et al., 2001). STAM also binds to clathrin but 

the binding site has not been mapped yet (McCullough et al. 2006). Through its 

ubiquitin-interacting motif, Hrs recruits and sorts ubiquitinated cargoes to the clathrin 

lattices (Raiborg et al., 2002; Urbe et al., 2003). STAM also possess an ubiquitin-

interacting motif and has been shown to be involved in sorting the ubiquitinated cargoes 

(Bache et al., 2003). By providing the scaffold for proper localization of Hrs, clathrin 

would act as the organizer of the ESCRT pathway to ensure efficient sorting of 

ubiquitinated cargoes into ESCRT-0, and subsequent ESCRT complexes, and ultimately 

efficient degradation of cargoes in lysosomes. Indeed, Raiborg et al. demonstrated that 

clathrin recruitment to endosomes by Hrs, as well as the ability of clathrin to scaffold 

Hrs in endosomal microdomains, were essential for EGFR efficient degradation 

(Raiborg et al., 2006). Hrs function is also crucial in development since Hrs-deficient 

mice die at the embryonic stage (Komada and Soriano, 1999). The Hrs- and clathrin-

containing endosomal microdomains are very dynamic structures that are constantly 

exchanging the Hrs and clathrin present within these microdomains with cytosolic pools 

of clathrin and Hrs, with a similar kinetic for both proteins (Raiborg et al., 2006). 

Despite the advance in the characterization of ESCRT complexes, the exact molecular 

composition of the Hrs-clathrin coats is still unclear, as is the factor that regulates their 

exchange between the microdomains and the cytosol. However, it has been proposed 

that the mammalian ATPase hVPS4, which is responsible of dissociating the SNAREs 

and the ESCRT complexes, may also participate in disassembly of the endosomal 

clathrin lattice, since overexpression of an ATPase-deficient mutant increases the 
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association of clathrin coats with endosomal membrane (Sachse et al., 2004). 

Within the ESCRT-0 complex, Hrs and STAM are responsible for recruiting the 

ESCRT-I complex which sorts the ubiquitinated cargo into the lumen of the vesicles 

initiating the formation of MVBs (Babst, 2005). In mammalian cells, the ESCRT-I 

complex is composed of the proteins TGS101 (tumor susceptibility gene-101), VPS28 

and one of the four isoforms of the protein VPS37 (VPS37A-D) (for review see 

Williams and Urbe, 2007). Binding of ESCRT-I complex to ubiquitinated cargo is 

ensured by TSG101 ubiquitin-binding domain (Sundquist et al., 2004). Interestingly, 

depletion of TSG101 causes a stronger inhibitory effect on EGFR degradation than does 

Hrs depletion. Moreover, the absence of TSG101 impedes MVB formation, thus 

indicating the importance of the ESCRT-I complex in the maintenance of this endosomal 

carrier (Doyotte et al., 2005; Razi and Futter, 2006). ESCRT-I recruits the ESCRT-II 

complex and then the ubiquitinated cargo is recognized by the ESCRT-II complex and 

transferred to it (Williams and Urbe, 2007). ESCRT-II complex recruits the ESCRT-III 

complex that contains the machinery for inward budding and that is the final relay for 

the cargo within the ESCRT pathway (Williams and Urbe, 2007). Within the ESCRT-III 

complex, the cargo will be deubiquitinated and the ESCRT components will be 

disassembled, probably by the ATPase VPS4 (Williams and Urbe, 2007). It is clear that 

all four ESCRT complexes are involved in sorting of proteins destined for degradation. 

However, recent studies have raised the possibility that they might play diverse roles in 

the different endocytic pathways, thus reflecting the complexity of cellular trafficking 

(Raiborg et al., 2008). 

The next steps for MVBs are the late endosomes and the lysosomes. In 

mammalian cells, late endosomes constitute a very dynamic compartment organized in a 

pleomorphic network of tubules, cisternae, vesicles and membrane invaginations that by 

EM can appear as multivesicular or multilammelar structure (Griffiths et al., 1988; 

Bomsel et al., 1990; Aniento et al., 1993). Late endosomes contain high amounts of 

LAMP1 (lysosomal-associated membrane protein 1) and LBPA (lysobiphosphatidic 

acid), and are characterized by the presence of MPR in their internal membranes, as well 
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as the proteins Rab7 and Rab9 (Griffiths et al., 1988; Gruenberg and Maxfield, 1995; 

Kobayashi et al., 1998). For many reasons, it is difficult to draw a line between late 

endosomes and lysosomes. Both compartments have a very similar acidic pH of ~5.5, 

contain LAMP1 protein, share the same machinery for fusion and docking and have the 

same limiting membrane composition (Gruenberg and Maxfield 1995; Gruenberg, 

2001). Lysosomes can be distinguished from late endosomes by their properties on 

gradients, by their electron-dense appearance by EM, and by the absence of the above 

mentioned proteins that are characterizing late endosomes (Gruenberg and Maxfield, 

1995; Gruenberg, 2001). Late endosomes and lysosomes can exchange proteins very 

rapidly and they are probably forming a hybrid intermediate organelle (Jahraus et al., 

1994; Mullock etal. 1998). 

1.7 S I G N A L I N G A L O N G T H E E N D O C Y T I C P A T H W A Y A S I L L U S T R A T E D B Y 

T H E I T I N E R A R Y O F E G F R 

The endocytic pathway allows molecules to enter and to travel inside the cell, but 

it also provides a platform for signaling events. Over the last few years, much progress 

has been made regarding the partnership between endocytosis and signaling, and most of 

the insights came from the study of EGFR trafficking and signaling pathways, which 

constitute the best characterized example of these links. It is now appreciated that not 

only endocytic events can regulate signaling, but that signaling can also influence the 

endocytic, trafficking and sorting processes. 

1.7 .1 E G F R 

EGFR is a member of the receptor tyrosine kinase (RTK) family. RTK family 

members, including EGFR, are responsible for many biological functions such as 

proliferation, differentiation, cell survival, migration and adhesion (Ullrich and 

Schlessinger, 1990). The RTK family also contains other well studied members such as 
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InsR, platelet-derived growth factor receptor (PDGFR), fibroblast growth factor receptor 

(FGFR), hepatocyte growth factor receptor (HGFR or Met), vascular endothelial growth 

factor receptor (VEGFR), and nerve growth factor receptor (NGFR or TrkA-C) (Ullrich 

and Schlessinger, 1990). 

EGFR, also known as ErbB 1, is a member of the ErbB family of RTKs that also 

comprises three other members, ErbB2, ErbB3 and ErbB4 (Pinkas-Kramarski et al., 

1998). The structure of EGFR comprises an extracellular domain, a short 

transmembrane alpha-helical region and a large intracellular cytoplasmic domain 

(Carpenter, 1987; Ullrich and Schlessinger, 1990). The intracellular domain comprises 

internalization motifs and also exhibits a tyrosine kinase domain and multiple sites for 

tyrosine, threonine and serine phosphorylation. These sites, in particular the 

phosphorylated tyrosine residues, serve to recruit and activate components of the EGFR 

signaling pathways (Sorkin and Waters, 1993). The cysteine-rich extracellular domain 

contains the binding site for EGF and transforming growth factor alpha (TGFa), as well 

as other ligands, such as amphiregulin, betacellulin and heparin-binding EGF-like 

growth factor (HB-EGF) (Michalopoulos and Khan, 2005). 

EGF binding to EGFR activates a vast array of signaling pathways that are 

involved in crucial biological processes such as cell division, differentiation and survival 

(Citri and Yarden, 2006). EGFR signaling cascades triggered by EGF stimulation 

comprises the JAK/STAT, the PI3kinase/AKT, and the well characterized ERK/MAP 

kinase (ERK/MAPK) pathways (Ulrich and Schlessinger, 1990). The tyrosine residues 

that autophosphorylate upon EGF stimulation within the cytoplasmic tail of EGFR serve 

as binding sites for signaling proteins containing SH2 (Src homology) and/or PTB 

(phosphotyrosine binding) domains. The recruitment of the above mentioned signaling 

molecules allows the formation of signaling complexes on the receptor, and thus 

provides the connection between activated EGFR and downstream signaling pathways 

(Pawson and Gish, 1992; van der Geer and Pawson, 1995), Specifically, activated 

EGFR binds to the SH2 domain of Grb2 which, through its SH3 domain, recruits the 

guanine nucleotide exchange factor son of sevenless (mSos) to the plasma membrane, 
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where it activates Ras by converting the small GTPase from its GDP-bound form to its 

GTP-bound form (Bar-Sagi and Hall, 2000; Schlessinger, 2000). Ras activation is the 

starting point of sequential phosphorylation events within the signaling cascade. In the 

case of the ERK/MAPK pathway, Ras-GTP binds to and activates its effector, the kinase 

Raf, which is thus recruited to the plasma membrane where it activates the kinase MEK. 

MEK phosphorylates and activates the kinase ERK/MAPK, which in turn elicits 

phosphorylation of a vast array of membrane and cytoplasmic targets. For example, 

ERK/MAPK will dissociate from MEK and translocate to the nucleus, where it will 

activate transcription factors that stimulate cell proliferation (for review see Kolch, 2000 

and Scott and Pawson, 2000). 

At the plasma membrane, EGFR is present as a monomer. Upon binding of 

extracellular ligand, EGFR dimerizes, which causes autophosphorylation of the tyrosine 

residues located in its cytoplasmic domain (Schlessinger, 1988; Schlessinger, 2002). 

Ligand stimulation of EGFR causes rapid clustering into CCPs and translocation into 

CCVs (Carpentier et al., 1982; Hanover et al., 1984). The tyrosine kinase activity of 

EGFR is necessary for proper phosphorylation by Src of CHC, for the rapid recruitment 

and assembly of clathrin at the plasma membrane, and for the increased endocytosis rate 

seen upon EGF stimulation. Indeed, cells treated with inhibitors of the tyrosine kinase 

Src have delayed EGFR internalization, and tyrosine kinase deficient EGFRs failed to 

localize to CCPs and have impaired internalization (Prywes et al., 1986; Lamaze and 

Schmid, 1995; Wilde, 1999; Sorkina, 2002). Whether or not the increase in clathrin 

machinery recruitment and internalization rate observed upon EGF stimulation may also 

accommodate and increase the endocytosis rate of constitutively recycling cargoes such 

as TfR is still unsolved (Wiley, 1988; Warren et al., 1998). Activation and dimerization 

of EGFR also allow the interaction of the endocytic sorting motif YXX<j) with the \i2 

subunit of AP-2 and AP-2 recruits of accessory proteins such as dynamin and Epsl5 (for 

review see Marsh and McMahon, 1999; McPherson et al., 2001). Epsl5 was first 

identified as a major cytoplasmic substrate of activated EGFR; it is now clear that Epsl5 

is more than a substrate and has important regulatory functions in EGFR endocytosis. 

Upon stimulation with EGF, Epsl5 is phosphorylated and translocated to the plasma 
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membrane where it interacts with AP-2 and clathrin (Benmerah et al., 1995; van Delft et 

al., 1997; Stang et al., 2004). Epsl5, in turn, interacts with other accessory proteins such 

as epsin and synaptojanin and together they contribute to the formation of the CCVs 

necessary for EGFR endocytosis (Salcini et al., 1997). EGFR activation also causes 

elevation in phosphatidylinositol 3,4,5-triphosphate (PI(3,4,5)P3) and 

phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2) lipids which are both known to bind to 

many endocytic accessory proteins (Honda et al., 1999; Heath et al., 2003). Moreover, 

activation of EGFR also triggers phosphorylation of the ubiquitin ligase c-Cbl, which 

will then ubiquitinate the receptor itself, and also possibly other accessory proteins 

implicated in its endocytosis, such as Epsl5 (van Delft et al.., 1997; Levkowitz et al., 

1999). The importance of cargo ubiquitination in endocytosis was first demonstrated in 

the yeast G-protein coupled plasma membrane receptor Ste2p (Hicke and Riezman, 

1996). These studies were followed by others in both vertebrates and invertebrates 

confirming the importance of ubiquination in endocytosis and also throughout the 

endocytic process (for reviews see LeBorgne et al., 2005 and Miranda and Sorkin, 

2007). However, there is still some debate as to whether it is ubiquitination of EGFR 

that is crucial for its internalization, or ubiquitination of other accessory proteins and 

that, because of the fact that an EGFR construct mutated on several lysine residues is 

still able to endocytose normally (Huang et al., 2007). 

As internalization is the first key step of EGFR endocytic transport, its sorting in 

endosomes is surely the second one, and this endosomal sorting is a crucial step for 

EGFR fate, as is the activated state of EGFR (Figure 1.2 for EGFR endocytosis and 

trafficking). Inactive EGFR is recycled back to the plasma membrane and activated 

EGFR is sorted for the degradation pathway (Felder et al., 1990; Futter et al., 1993). 

Endocytosis and degradation of EGFR reduces the number of receptors present at the 

surface and inside the cells, and is therefore a powerful mechanism to attenuate and 

terminate cell signaling (Beguinot et al., 1984; Stoscheck and Carpenter, 1984). In the 

degradative pathway, EGFR sorting is sequentially accomplished through ubiquitination 

of EGFR, recognition of ubiquitinated EGFR, and sequestration in MVBs. Perturbation 

of these sorting steps causes aberrant morphology of MVBs and impaired signaling (Di 
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Fiore and Gill, 1999; Di Fiore and De Camilli, 2001; Waterman and Yarden, 2001; Wiley 

and Burkey, 2001). EGFR interacts with many proteins of the internalization and 

endosomal sorting machineries encountered along the degradation route. Activated 

EGFR is a continuous substrate for ubiquitination by c-Cbl in endosomes, and this 

additional ubiquitination is crucial for EGFR sorting into the lumen of MVBs (Longva et 

al., 2002). Ubiquitinated EGFR is recognized by the protein Hrs within the ESCRT-0 

complex (Bache et al., 2003). From ESCRT-0, ubiquitinated EGFR is probably 

transferred to the ESCRT-I complex where it is recognized by the protein TSG101. 

EGFR is then transferred to the ESCRT-II and ESCRT-III complexes to finally bud 

inward into the lumen of MVBs (for review see Miranda and Sorkin, 2007). The 

sequential passage from ESCRT-I, -II, and -III complexes is still hypothetical since 

direct binding of EGFR to these complexes has not been demonstrated yet (Slagsvold et 

al., 2006). Based on yeast studies, it is also proposed that EGFR gets deubiquitinated by 

enzymes of the ESCRT machinery but again this has not been directly demonstrated yet 

(Slagsvold et al., 2006). Sequestration of EGFR into MVBs, and further degradation 

into lysosomes, terminates signaling since once inward budding has occurred, EGFR is 

no longer in contact with cytoplasmic signaling molecules. Even if some of the 

molecular mechanisms residing behind EGFR sorting in the endosomal pathway have 

not been elucidated yet, it is clear that the endosomal sorting of EGFR receptor is crucial 

for its degradation and the termination of its signaling, as mutsitions in either c-Cbl, Hrs 

or TSG101 impair degradation and increase signaling (for review see Babst, 2005) 

F I G U R E 1.2 EGFR endocytosis and intracellular trafficking 

EGFR bound to EGF enters the cell through CME. Activated EGFR recruits Cbl which 
ubiquitinates EGFR. Cbl associates with CIN85 and endophilins, as EGFR 
phosphorylates and induces the ubiquitnation of Epsl5 and epsin. In early endosomes, 
HRS binds to PI3P through its FYVE domain, and forms a complex with the signal 
transduction adaptor molecule STAM and Epsl5 that interacts with EGFR. Non-
ubiquitinated EGFR recycles back to the cell surface and ubiquitinated EGFR is sorted 
towards the MVB. At MVB, HRS interacts with TSG101 within the ESCRT-I. EGFR is 
then transferred to ESCRT-II and -III and to the intralumenal vesicles of MVB from 
where it reaches late/lysosome for degradation. Adapted by permission from Macmillan 
Publishers Ltd:, Nature Reviews Molecular Cell Biology, Volume 6, © 2005. 
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As activated EGFR travels along the endosomal pathway, it continues to signal. 

That concept of signaling endosomes was first proposed by John Bergeron who observed 

that, shortly after EGF stimulation, the majority of activated EGFRs remains associated 

with signaling molecules such as Grb2, She and mSos in endosomes (Di Guglielmo et 

al., 1994). Since then, the concept has been refined and supported by other studies (for 

reviews see Sorkin and von Zastrow; von Zastrow and Sorkin, 2007). As examples, 

EGFR has been shown to interact with Grb2 in endosomes in living cells (Sorkin et al., 

2000), a computational modeling of the EGF signal transduction via the MAPK cascade 

predicts that, even at low EGF concentrations, endocytosed EGF continues to signal 

(Schoeberl et al., 2002), and TGFp may scaffold specific interactions in endosomes that 

would produce distinct signaling responses from those elicited at the plasma membrane 

(Di Guglielmo et al., 2003; Chen et al., 2007). From a physiological point of view, 

signaling from endosomes may provide temporal regulation as different receptors may 

have different fates upon endocytosis, and given receptors may be targeted differentially 

depending on which ligand is bound to it (Wiley, 2003). The EGFR family provides a 

nice example of this temporal regulation and will be discussed later. They may also 

provide spatial regulation by restricting the signaling events to specific compartments 

and/or specific subdomains within organelles (Miaczynska et al., 2004). Another 

function of signaling via endosomes might be the targeting of signaling complexes to 

their site of actions. For example, in neurons, NGF and its receptor, TrkA, must travel 

long distances from axon terminals to the cell body to reach their effectors, and 

endosomes may serve as transport intermediates. Indeed, activated TrkA was found in 

endosomes, together with activated effectors such as ERK and AKT, in both axons and 

cell bodies (Delcroix et al., 2003). 

Mechanisms other than CME have been proposed for EGFR internalization and 

downregulation, especially in the context of EGFR stimulation with high concentrations 

of EGF ligand (Sigismund et al., 2005). Physiologically, EGF concentrations can vary 

from 1-2 ng/ml (in tissue fluid), to up to 100 ng/ml (in duct lumens of tissues such as the 

mammary gland) (Carpenter and Cohen, 1979; Hayashi and Sakamoto, 1988). In 

normal cells, EGFR is never in contact with high concentrations of EGF, but in cancer 
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cells the compartmentalization of EGFR is impaired and the receptor can access the high 

concentrations of ligand (Mullin, 2004). It was demonstrated that, upon stimulation with 

EGF at 20 ng/ml and 30 ng/ml concentrations, EGFR internalization occurs through 

caveolae (Sigismund et al., 2005; Orlichenko et al., 2006). It was also observed that 

concentrations of 30 ng/ml and 100 ng/ml EGF can induce formation of dorsal waves, 

which progress inward and sequester about 50% of the EGFR from the plasma 

membrane, but the mechanism underlying this process has yet to be elucidated (Orth et 

al., 2006; Roepstorff et al., 2008). However, other studies have shown that an EGF 

concentration of 100 ng/ml did not result in any EGFR internalization via caveolae, and 

that CHC depletion strongly inhibits EGF endocytosis at both 1 ng/ml and 60 ng/ml 

EGF, and therefore CME is still considered as the predominant mechanism for EGFR 

downregulation (Kazazic et al., 2006). 

1.7.2 OTHER DOWNREGULATED RTKs 

Most of the current knowledge about CME and signaling along the endocytic 

pathway, as well as receptor downregulation, is based on the behavior of EGFR upon 

EGF stimulation (for reviews see Dikic, 2003; von Zastrow and Sorkin, 2007). Within 

the RTK family other receptors have been proposed to be degraded and downregulated 

using similar sorting mechanisms as EGFR including PDGFR (Mori et al., 1992), ErbB3 

and ErbB4 (Cao et al., 2007), stem cell factor receptor or c-k.it (Masson et al. 2006), 

NGFR or TrkA (Geetha et al., 2005; Arevalo et al., 2006; Geetha and Wooden, 2008), 

HGFR or Met (Peschard et al., 2001), VEGFR (Duval et al., 2003), colony stimulating 

factor receptor 1 (CSFR-1) (Lee et al., 1999), insulin-like growth factor I receptor (IGF-

IR) (Vecchione et al., 2003) and FGFR1-3 (Lax et al., 2002; Wong et al., 2002; Cho et 

al., 2004). 
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1 .7 .3 O T H E R M E M B E R S O F T H E E G F R F A M I L Y 

As stated previously, different receptors may have different fates upon 

endocytosis, and a given receptor may be targeted differentially depending on which 

ligand is bound to it (Wiley et al., 2003). Since endocytic events and signaling of EGFR 

are intimately linked, these differences in sorting will be reflected in the biological 

outcome of signaling. EGFR, also known as ErbBl, dimerizes upon ligand stimulation 

and this dimerization can occur with itself (homodimerization), or with the other 

members of the family known as ErbB2, ErbB3 and ErbB4 (heterodimerization) (Citri 

and Yarden, 2006). ErbB2, ErbB3 and ErbB4 have a similar structure as EGFR, with an 

extracellular domain, a short transmembrane alpha-helical region and a large 

intracellular cytoplasmic domain, and they can all homo- or heterodimerize (Citri and 

Yarden, 2006). However, only EGFR appears able to undergo ligand-induced 

endocytosis, and the internalization rate of the other ErbB receptors appears to be 

independent of ligand presence (Waterman et al., 1998; Worthylake et al., 1999). ErbB2 

and ErbB3 present characteristic features that render them non-autonomous. Indeed, 

ErbB2 does not bind to any ligand (Klapper et al., 1999) and ErbB3 has no kinase 

activity (Guy et al., 1994). ErbB2 is the preferred dimerization partner for the other 

ErbB receptors (Garret et al., 2003; Graus-Porta, 1997), and it binds to a broader range 

of PTB-proteins than do the other ErbBs (Jones et al., 2006). Moreover, the 

heterodimers that contain ErbB2 bind to ligand with more affinity than the non-ErbB2 

heterodimers, which results in a slower rate of ligand dissociation in the ErbB2-

containing complexes (Jones et al., 2006). The behavior of ErbB2 regarding endocytosis 

is also different than EGFR. The endocytic rate of ErbB2 and ErbB2-containing 

heterodimers is slower than EGFR homodimers, and recycling to the plasma membrane 

is frequent (Baulida et al., 1996; Lenferink et al., 1998; Worthylake et al., 1999). 

ErbB2-containing heterodimers are therefore capable of escaping endocytic 

downregulation and recruiting more signaling molecules, v/hich will consequently 

amplify and prolong the signaling (Pinkas-Kramarski et al., 1996). What is causing this 

difference in the endocytic behavior for ErbB2-containing heterodimers, and especially 

the ones formed by ErbB2 and EGFR, is still unknown and several studies have tried to 
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understand the underlying mechanisms. Among proposed models are reduced targeting 

to lysosomes (Worthylake et al., 1999), inhibited formation of CCPs after ligand 

stimulation (Haslekas et al., 2005), and lack of recruitment of the ubiquitin ligase Cbl to 

the activated heterodimer (Muthuswamy et al., 1999). ErbB3 and ErbB4 were first 

proposed to also have impaired endocytosis (Baulida et al., 1996) but there is now 

evidence that it may not be the case, as both receptors can be ubiquitinated and 

efficiently degraded in pathways involving both the proteasome and the lysosome (Qiu 

and Goldberg, 2002; Cao et al., 2007; Omerovic et al., 2007). 

1 .7 .4 E G F R F A T E U P O N B I N D I N G T O A D I F F E R E N T L I G A N D 

EGFR receptor can bind to EGF as well as to several other ligands, and its fate 

upon binding to most of these other ligands has not been extensively characterized, 

except for TGFa, which has received more attention with respect to EGFR trafficking. 

Upon EGF stimulation, EGFR is efficiently targeted for degradation and its signaling is 

eventually attenuated. In contrast, stimulation of EGFR with TGFa promotes its 

recycling to the plasma membrane (Decker, 1990). This difference in intracellular 

sorting is due to the different sensitivities of both ligands to acidic pH. The first relay 

compartment upon endocytosis of EGFR is the early endosome which has an acidic pH 

of-6 .0 , and although EGF binding to EGFR is relatively stable at the acidic pH found in 

the different compartments of the sorting process, TGFa binding is sensitive to this 

acidic pH and therefore, dissociates from EGFR (Ebner and Derynck, 1991). This 

dissociation of TGFa from EGFR in the early/sorting endosome causes receptor 

dephosphorylation and deubiquitation, and therefore recycling back at the plasma 

membrane (Longva et al., 2002). TGFa potential to induce EGFR degradation is 

weaker than EGF, and this is probably why TGFa induces prolonged signaling 

(Waterman, 1998). Regarding the other ligands, only the effect of amphiregulin have 

been investigated and the study showed that stimulation of EGFR with amphiregulin 

does not induce its degradation, even in a context where EGFR was highly ubiquitinated 

due the overexpression of Cbl, thus suggesting that ubiquitination may not be sufficient 
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to target EGFR for lysosomal degradation (Stern et al., 2008). 

1 .7 .5 E G F R F A M I L Y I N C A N C E R 

ErbB receptors and the signaling cascades they trigger are important for many 

cellular processes and dysregulation in these pathways, or in their associated cellular 

events, can have dramatic effects on homeostasis. ErbB receptors are involved in 

pathogenesis of cancer and are attractive targets in the development of anti-cancer 

therapies (Hynes and Lane, 2005). Several mechanisms can lead to the aberrant 

signaling seen in cancer cells, including increased ErbB receptor expression, mutations 

within the receptors, and escape of endocytic regulation by the receptors (Bache et al., 

2004; Normanno, 2005; Citri and Yarden, 2006; Warren and Landgraf, 2006). EGFR 

overexpression has been reported, among others, in lung, pancreas, head and neck, brain 

gliomas, and breast tumors (Nicholson et al., 2001; Ford and Grandis, 2003). ErbB2 

overexpression was observed in many kind of cancers as well, including lung, pancreas, 

endometrium, ovarian, and breast cancers, where it also correlates with poor prognosis 

for the patients, especially in the case of breast and ovarian cancers (Slamon et al., 1989; 

Ross et al., 2003). ErbB3 and ErbB4 overexpression have been reported in colorectal 

cancer (Lee et al., 2001) and in breast cancer (Kraus et al., 1989; Plowman et al., 1993). 

In cells overexpressing ErbB receptors, ligand-induced degradation is delayed because 

of the limited capacity of the CME machinery, which is causing, at least in part, the 

aberrant mitogenic signaling (Citra and Yarden, 2006). Several EGFR mutations have 

been identified in many type of tumors and the increased signaling they are causing can 

be due to a constitutive activation of the mutated receptor and/or a decrease in its 

downregulation rate, as it the case for EGFR that have mutations affecting the binding 

with the ubiquitin ligase c-Cbl (Frederick et al., 2000; Peschard and Park, 2003; Zandi et 

al., 2007). Since impaired downregulation is an important feature in cancer biogenesis, 

stimulating the endocytosis and lysosomal degradation of ErbB receptors presents an 

attractive therapeutic avenue in treatment tumors. Indeed, some approaches are 

promising. One of the approaches is based on the use of antibody-mediated 

37 



crosslinking, and two monoclonal antibodies have been used either alone or in 

combination to promote endocytic downregulation of EGFR and/or ErbB2 receptors 

(Roepstorff et al., 2008). One approach that has been explored is the use of inhibitors 

against the chaperone Hsp90, since it has been shown that inhibition of Hsp90 leads to 

ubiquitination and subsequent degradation of ErbB2 (Xu et al., 2002; Zhou et al., 2003). 

However, due to the differences in the expression of ErbB receptors in the different 

types of cancers, it is likely that a successful approach for a given type of tumor will fail 

in another type of neoplastic cells and, therefore, more specific therapeutic approaches 

will have to be developed. 

1.8 P R O J E C T R A T I O N A L E A N D R E S E A R C H O B J E C T I V E S 

Intracellular trafficking is a complex process that implicates a vast array of 

proteins that ensure transport, proper targeting, adequate signaling and efficient 

downregulation of the cargoes that are traveling inside the cell. The key to a better 

understanding of the trafficking process lies in the characterization of the proteins that 

are regulating this cellular function. Many efforts have been made over the last decades 

to study the different molecules implicated in intracellular trafficking and also to 

discover and characterize novel proteins. The general objective of my doctoral project 

was to provide new information on the understanding of the regulatory mechanisms that 

govern the endocytic trafficking. This was achieved by 1) the study the CCVs and the 

differences in their composition between tissues that have different trafficking needs and 

2) the study of a novel protein implicated in intracellular trafficking. 

The specific research objectives described in this thesis were: 

I. Having previously developed a spectral/peptide accounting approach that was 

applied in characterizing the proteome of brain CCVs (Blondeau et al., 2004), we 

decided to characterize the proteome of liver CCVs and to quantify abundant CCV 
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components using this new label-free quantitative approach. We hypothesized that 

different tissues would have different trafficking needs that will be reflected in the 

composition and properties of their CCVs. Therefore, upon identification and 

quantification of the abundant components of liver CCVs, we sought to compare these 

data with those obtained from their brain counterparts to examine for indications of 

different functioning of the same organelle in the different tissues. 

II. Since CCVs are key players in the trafficking process, we also performed a 

proteomic study of liver CCVs in order to discover new proteins that could be 

implicated in intracellular trafficking and were successful in identifying new, 

uncharacterized, proteins. We hypothesized that the newly identified molecules would 

likely function in trafficking events. From the list of novel proteins provided by our 

subcellular proteomic approach, we chose the mammalian homolog of the protein RME-

8, and characterized its biochemical properties and its function(s) in order to confirm our 

hypothesis. 

III. Having characterized the biochemical properties of RME-8 and demonstrated 

that RME-8 functions in intracellular trafficking within the endosomal compartments, 

we sought to examine an intriguing observation we made during the RME-8 

characterization process and to investigate the causes of a decrease in EGFR expression 

levels that occurs upon RME-8 depletion from cells. Finding the mechanisms 

underlying this decrease was crucial since it would indicate that RME-8 plays a central 

role in sorting decisions along the trafficking pathway. 
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P R E F A C E T O C H A P T E R 2 

CME is the major entry pathway for nutrients, signalling receptors and viruses. 

The clathrin budding machinery is complex and is regulated by various cofactors. New 

players implicated in clathrin-mediated vesicle formation process are still being 

discovered. Protein identification through MS is a powerful approach that has been used 

to identify protein components of cellular compartments and protein complexes. The 

approach involves purification/enrichment of the organelle to be studied followed by 

identification by MS of its protein contents. Since the complexity of the protein mixture 

is simpler than would be seen in a crude cell or tissue extract, the chance of detecting 

low abundance proteins is increased. Moreover, it allows the assignment of protein to 

particular organelles in the cell. Several groups have used subcellular proteomics to 

determine the composition of different organelles and protein complexes, including 

phagosomes (Garin et al., 2001), the mitochondria (Lopez et al., 2000; Taylor et al., 

2003), the Golgi apparatus (Bell et al., 2001; Wu et al., 2000; Gilchrist et al., 2006), the 

nuclear pore (Rout et al., 2000; Cronshaw et al., 2002), the spliceosome (Zhou et al., 

2002), and many others, including CCVs (Wasiak et al., 2002; Blondeau et al., 2004). 

Not only did the proteomic study of brain CCVs lead to the identification of new 

components of the clathrin machinery, it also has introduced peptide accounting as an 

efficient quantitative way to determine molar ratios of abundant CCV components 

(Blondeau et al., 2004). 

In this chapter, highly purified CCVs from rat liver were isolated using 

differential centrifugation (Pilch et al., 1983) and the relative expression levels of 

abundant protein components were compared to those from brain CCVs using the 

previously developed peptide accounting approach (Blondeau et al., 2004). This 

comparative study provided us with new insights regarding CC V formation and allowed 

the identification of new CCV-associated proteins. 
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S U M M A R Y 

We used tandem mass spectrometry with peptide counts to identify and to determine the 

relative levels of expression of abundant protein components of highly enriched clathrin-

coated vesicles (CCVs) from rat liver. The stoichiometry of stable protein complexes 

including clathrin heavy chain and clathrin light chain dimers and adaptor protein (AP) 

heterotetramers was assessed. We detected a deficit of clathrin light chain compared to 

clathrin heavy chain in non-brain tissues, suggesting a level of regulation of clathrin 

cage formation specific to brain. The high ratio of AP-1 to AP-2 in liver CCVs is 

reversed compared to brain where there is more AP-2 than AP-1. Despite this, general 

endocytic cargo proteins were readily detected in liver but not in brain CCVs, consistent 

with the previous demonstration that a major function for brain CCVs is recycling 

synaptic vesicles. Finally we identified 21 CCV-associated proteins in liver not yet 

characterized in mammals. Our results further validate the peptide accounting approach, 

reveal new information on the properties of CCVs, and allow for the use of quantitative 

proteomics to compare abundant components of organelles under different experimental 

and pathological conditions. 
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INTRODUCTION 

Vesicle budding and trafficking via clathrin-coated pits (CCPs) and vesicles 

(CCVs) provides a major route by which proteins are transported out of the trans-Golgi 

network (TGN) and by which receptors, transporters, and nutrients are endocytosed at 

the plasma membrane (1-3). Many clathrin-dependent trafficking events mediate cargo 

transport that is needed in all cell types. These "housekeeping" forms of clathrin 

trafficking include the turnover of plasma membrane proteins and lipids, endocytic 

uptake of nutrients such as iron saturated transferrin and low-density lipoproteins, and 

endocytosis of a diverse range of activated growth factor receptors (1-3). Moreover, all 

cells have housekeeping trafficking at the TGN. An important example is the delivery of 

mannose-6-phosphate tagged lysosomal hydrolases from the TGN to 

endosomes/lysosomes via the mannose-6-phosphate receptor (MPR) (4). 

In addition to these housekeeping activities of CCVs, some tissues have 

specialized trafficking needs. For example, in secretory cells, clathrin coats are involved 

in the formation of secretory granules at the TGN (5), and polarized cells utilize CCVs 

for the trafficking of certain receptors from the TGN to the basolateral membrane, 

necessary for the maintenance of polarity (2). At the plasma membrane, intestinal 

epithelial cells in rat or placental cells in humans use CCVs for the uptake of maternal 

immunoglobulins, a necessary aspect of maternal derived immunity (6). A striking 

example of specialized CCV function is seen in neurons, which communicate by 

releasing neurotransmitters through fusion of synaptic vesicles with the plasma 
2 + • 

membrane following transient increases in Ca concentration (7). These vesicles are 

then retrieved through CCVs (8-10). Thus, neurons need CCVs not only for 

housekeeping forms of clathrin-mediated endocytosis but also to retrieve synaptic 

vesicle membranes. It has been unclear whether or not the mechanisms mediating these 

two related but distinct events taking place at the plasma membrane could be 

distinguished. Moreover the relative amount of brain CCVs specialized for synaptic 

function has never been assessed. 
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The presence of clathrin adaptor proteins (APs) can provide one level of 

discrimination of vesicle type as CCVs arising from the TGN contain AP-1 and CCVs 

derived from the plasma membrane contain AP-2. AP-1 and AP-2 are heterotetramers 

composed of four subunits each, namely y - Pi-, | i r and oj-adaptin for AP-1 and a- , P2-, 

1̂ 2- and 02-adaptin for AP-2 (11). Two genes code for a-adaptin giving rise to aA and 

aC variants, with an alternative brain-specific splice form for aA (12). AP-1 and AP-2 

provide a link between membranes and clathrin, the major component of CCVs (13). In 

addition, AP-2 stimulates clathrin assembly, whereas this assembly activity is 

significantly reduced for AP-1 (14). The reduced clathrin assembly activity of AP-1 at 

the TGN may be taken up by other proteins such as enthoprotin (15). Clathrin itself is 

composed of heterodimers of clathrin-heavy chain (CHC) and one of two clathrin-light 

chains (CLCs), CLCa and CLCb. CHC/CLC dimers form a structure referred to as a 

triskelia that has been shown in CCVs derived from brain to be composed of three CHCs 

and three CLCs (16,17). The 1:1 stoichiometry of CHC to CLC in brain CCVs has been 

confirmed by quantitative proteomics (18). This notion regarding the structure of 

clathrin triskelia has been extended to all tissues without further testing and has 

gradually become dogmatic. 

To better understand the structure and function of CCVs, we have taken 

advantage of an approach that we recently developed to determine the relative levels of 

proteins within complex mixtures using tandem mass spectrometry (MS) (18). The 

approach works on the principle that the more abundant a protein is, the more peptides it 

will generate upon trypsin digest. These peptides will be sampled more often in the mass 

spectrometer, thus giving more spectra. Of course this will depend on the length of the 

protein as longer proteins will generate more peptides and also on the amino acid 

composition of the protein as certain peptides will be more readily resolved and detected 

than others. Regardless, differences in peptide numbers between proteins within a 

sample should provide a reflection of their relative ratios. Indeed we have been able to 

demonstrate the molar ratios of abundant components of CCVs from rat brain (18). The 

approach was independently demonstrated by Liu et al. (19) who spiked complex protein 

mixtures with known concentrations of test proteins. They determined that changes in 
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the number of MS/MS spectra identified for a given protein correlated directly to 

changes in its concentration over several orders of magnitude (19). In this study, we 

performed a proteomic analysis of highly purified CCVs from rat liver. Application of 

the peptide accounting approach, when compared with similar analysis on brain CCVs, 

allowed us to reveal new information regarding the machinery for CCV formation. 
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EXPERIMENTAL PROCEDURES 

Antibodies - Monoclonal antibodies for CHC, AP-1 (y-adaptin) and AP-2 (a-

adaptin) were from BD Biosciences. Monoclonal antibody CON.l, which recognizes 

CLCa and CLCb, was from Santa Cruz Biotechnology. Monoclonal antibody XI6 

against CLCa (20) was a generous gift of Dr. Frances Brodsky. 

Preparation and analysis of liver CCVs - Liver CCVs were isolated using 

previously described procedures (21,22) from adult rats that had been starved overnight. 

Suspensions of liver CCVs were deposited on 0.22 pm nitrocellulose filters to ensure 

random sampling (23) and were then processed for electron microscopy (EM) using an 

osmium tetroxide and tannic acid double fixation procedure (24). The purity of liver 

CCVs was assessed by counting the number of coated vesicles and contaminants in 

pictures taken from randomly selected fields from six independent preparations. 

Liver CCV proteins were separated by SDS-PAGE and each lane was cut into 66 

slices (Supplemental Fig. 1). Each slice was individually processed for tandem MS as 

previously described (18). Spectra were analyzed by MASCOT software to identify 

tryptic peptide sequences matched to the National Center for Biotechnology Information 

(NCBI) non-redundant protein database with a confidence level of 95% or greater (25). 

Specific and shared peptides with an equal or greater score than the identity score were 

kept and recorded for each band. Peptides from the entire lane were then grouped based 

on their GI number and thus defined as specific peptides for their cognate protein. To 

add another level of confidence, only proteins found in two out of three preparations and 

with five or more peptides were retained (26). 

Other subcellular fractionation procedures - CCVs were isolated from adult rat 

brains as described previously (15,22). For specific experiments, CCVs were isolated 

from the livers of starved adult rats using the same protocol. For analysis on velocity 

gradients, ~1 mg of liver or brain CCVs isolated using this protocol was layered on 

linear 20-50% sucrose gradients prepared in buffer A (100 mM MES, pH 6.5, 1 mM 
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EGTA, 0.5 mM MgCl2) and centrifuged in a Sorvall AH629 rotor at 145,000 x g for 1.5 

h. The gradients were fractionated from the bottom, and proteins from equal volume 

aliquots of each fraction were analyzed by SDS-PAGE and Western blot. To prepare P2 

microsomes, various tissues and cell lines were homogenized in buffer A as described 

(22). The samples were centrifuged at 17,000 x g for 20 min, and the supernatant was 

further spun at 56,000 x g for 1 h. Variable amounts of protein from the resulting 

microsomal (P2) fractions from each tissue were analyzed by SDS-PAGE and Western 

blot in order to generate an equivalent signal for the CHC. The supernatant (cytosolic 

fraction, S2) was also analyzed by Western blot. In other cases, microsomal fractions 

were prepared from 1 g each of two different tissues mixed together prior to 

homogenization or from 2 g of a single tissue. For these samples, gels were loaded with 

100 p,g of microsomes prepared from a single tissue and 200 p.g of mixed tissues in 

order to account for the dilution of the tissues when mixed together. 
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RESULTS 

Isolation of CCVs - CCVs were isolated from the livers of starved, adult rats 

using a well establish protocol (21, 22). Enrichment for protein bands corresponding to 

the molecular masses of CHC, CLCs and the a-, P-, y- and ji-adaptin subunits of the AP-

1 and AP-2 complexes was observed in the consecutive fractions of the CCV preparation 

(Fig. 2.1 A). The enrichment of CHC, CLCs and y-adaptin was demonstrated by Western 

blot (Fig. 2.IB). Transmission EM on six independent preparations using filtration 

methods to ensure a random sampling of the material (22, 23) revealed the presence of 

CCVs recognizable based on their basket-like shape (Fig. 2.1C). Uncoated and partially 

coated vesicles, heterogeneous in shape and size were also seen. Quantitation of the 

number of CCVs compared to various contaminants in 95 randomly selected fields from 

six independent preparations demonstrated that the CCVs were 89.3% pure (see Fig. 

2.1C for a typical view of a randomly sampled EM field). 

Protein identification by tandem MS - The proteins from three independent 

CCV preparations were separated on 5 -16% gradient SDS-PAGE gels and cut into 66 

even, horizontal slices (Supplemental Fig. 2.SI). Each slice was processed for trypsin in-

gel digest followed by LC Q-ToF MS/MS. To minimize the number of false positives, 

only proteins in which MS/MS spectra (identified with a 95% or greater confidence, see 

"Experimental Procedures") were found in at least two of the three replicates with at 

least five peptides in total were retained. All identified proteins were searched against 

each other by BLAST to ensure that all redundant identifications were collapsed into a 

single entry. Because of the high degree of homology between different tubulin 

isoforms, all tubulins were placed into one of two groups, tubulin a and p. With these 

criteria, we reproducibly identified 346 proteins in the liver CCV preparations including 

21 novel proteins (Table 2.1 and supplemental table 2.SI). As expected, all known CCV 

coat proteins were identified with multiple peptides (supplemental table 2.SI). 

Interestingly the total number of peptides for CHC and CLCs and the sum of the total 

number of peptides for the subunits of AP-1 and AP-2 from liver (Fig. 2.ID, right) 

showed a distinct pattern from that seen in brain (Fig. 2.ID, left). Specifically for a 
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comparable portion of CHC, the level of CLCs was reduced in liver compared with brain 

(Fig. 2. ID). Also the ratio of AP-1 to AP-2 was distinct in the two tissues with a high 

AP-1 to AP-2 ratio in liver and a much lower ratio in brain (Fig. 2. ID). 

Ratio of CHC to CLC - When adjusted for protein size, peptide counts provide a 

very good measure of the relative abundance of proteins in complex mixtures (18). 

When applied to CHC and the total amount of both CLCa and CLCb, the peptide :mass 

ratio revealed that there are fewer CLCs than CHC in liver CCVs (3.13 peptides/kDa for 

CHC and 0.65 peptides/kDa for CLCs; Fig. 2.2A). This is surprising because it is 

generally thought that CHC and CLCs form as stable heterodimers leading to a 1:1 ratio 

in all tissues, and peptide accounting on brain CCVs did indeed reveal a 1:1 molar ratio 

for the proteins (Fig. 2.2A) (18). Consistent with peptide counts, Western blot analysis 

with a pan-CLC antibody showed that for a comparable CHC signal there is less CLCs 

in CCVs from liver than CCVs from brain (Fig. 2.2B). CLCs from brain possess 

additional exons making them migrate more slowly on SDS-PAGE gels (27, 28). 

However, the CLC antibody recognizes an epitope that is conserved between the 

different splice forms of both CLCa and CLCb that are found in different tissues. 

Moreover because we apportioned the number of peptides to the size of the protein, 

differences in size would not affect the comparison between CHC and CLCs by peptide 

counts. 

The protocol used to isolate liver CCVs for MS analysis, based on that of Pilch et 

al. (21), was different from that used for isolation of CCVs from brain, which was based 

on the protocol of Maycox et al. (29). This was due to the fact that the later protocol 

yielded CCVs that were -50% pure when applied to liver tissue (data not shown). 

However, the deficit in the ratio of CLCs to CHC determined by Western blot in liver 

CCVs compared with brain CCVs was comparable when the CCVs were prepared in 

parallel using the Maycox et al. protocol (29) for each tissue (Fig. 3 and data not shown). 

Thus, the change in the ratio of CHC to CLCs was not due to different isolation 

procedures. 

We next examined the relative ratio of CHC to CLCs in microsomal 

49 



preparations. This allowed us to compare multiple tissues Jind to minimize sample 

handling times to reduce any potential influence of tissue-specific proteolysis of CLCs. 

For a comparable signal of CHC, normalized to that found in the brain, each tissue 

examined exhibited a deficit of CLCs compared with brain (Fig. 2.2C). Moreover for a 

comparable signal of CHC, CLCs were variably less abundant in five separate cell lines 

with the ratio in COS-7 cells closest to that seen in the brain (Fig. 2.2D). A deficit in 

CLCs relative to CHC was also seen in crude lysates prepared from the cell lines 

compared with crude brain homogenate (Supplemental Fig. 2.S2). To further rule out a 

potential influence of proteolysis, we performed Western blots with monoclonal 

antibody XI6, which is specific to CLCa but is strong on Western blot and is thus 

capable of detecting CLCa fragments. Even on long exposures, no lower molecular 

weight fragments were seen in microsomes prepared from multiple tissues with the 

exception of those from kidney, which demonstrated extensive proteolysis 

(Supplemental Fig. 2.S3). Interestingly proteolysis of CLCa was also seen in liver and 

brain when those tissues were mixed with kidney tissue prior to preparation of 

microsomes but was not observed upon mixing liver and brain with any other tissues 

(Supplemental Fig. 2.S3). Thus, the seeming lack of CLCs in kidney microsomes (Fig. 

2.2C) appears to result from proteolysis, although proteolysis appears unlikely to 

account for the reduction of CLCs seen in other non-brain tissues. Our results support 

the notion that CLCs and CHC are not obligate heterodimers in liver and other non-brain 

tissues. 

It is possible that the deficit in CLCs relative to CHC in liver CCVs occurs 

specifically on a single population of CCVs, that is, AP-1-positive CCVs from 

TGN/endosomes or AP-2- positive CCVs from the plasma membrane. Alternatively the 

deficit may be seen on both CCV populations. To examine this issue, we isolated liver 

and brain CCVs and subjected them to sedimentation on linear sucrose velocity 

gradients. In liver, AP-2 (a-adaptin)-containing CCVs peak one fraction closer to the 

bottom of the gradient than AP-1 (y-adaptin)-containing CCVs, suggesting that, in this 

tissue, AP-2-positive CCVs are slightly larger (Fig. 2.3). CHC and CLCs appear to co-

distribute throughout the gradient, suggesting that the ratio of the two proteins is 
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equivalent at both the AP-1 and AP-2 vesicle peaks (Fig. 2.3). Thus, there does not 

appear to be a selective enrichment of CHC relative to CLCs on a specific population of 

CCVs. Notably the clathrin proteins peak with the AP-1-positive CCVs, which represent 

the major population of CCVs in liver (see below). In brain, AP-l-positive CCVs 

migrate deeper into the gradients than AP-2-positive CCVs (Fig. 2.3, note that the AP-2 

blot was deliberately underexposed to emphasize the distribution of the protein on the 

gradient). CHC and CLCs co-migrate on the gradient as expected given that the ratio of 

the proteins is 1:1 in brain (Fig. 2.3). 

Ratio of AP-1 to AP-2 - AP-2 is a marker of plasma membrane-derived CCVs 

and in brain was found in a 5:1 molar excess to the TGN/endosome adaptor AP-1 (18). 

In contrast, by averaging the subunit counts for each adaptor complex as was done for 

brain (18), we demonstrated an overall 2:1 excess of AP-1 to AP-2 in liver CCVs (Fig. 

2.4A). This inversion of the AP-1 to AP-2 ratio was due to both an increase in the 

relative amount of AP-1 and a decrease in the relative amount of AP-2 in liver compared 

with brain (Fig. 2.4A). Interestingly the decrease in AP-2 in liver appears to be 

accounted for primarily by a decrease in the aA isoform, whereas the aC isoform is 

present in liver and brain at comparable levels (Fig. 2.4B). The ratio of total AP 

complexes to total CHC from liver is the same as in brain; namely CCVs from both 

tissues exhibit the same deficit of APs to CHC (Fig. 2.4A). 

The observations on the ratios of the AP complexes between CCVs from brain 

and liver determined by peptide counts were supported by Western blot. Indeed the y-

adaptin signal is stronger for CCVs from liver than for CCVs from brain, whereas an a-

adaptin antibody specific for the aA isoform reveals the opposite pattern (Fig. 2.4A, 

inset). aA from brain and muscle contains an additional 21-amino acid insert that is 

responsible for the apparent size change of aA between brain and liver (12), although 

the epitope for the antibody is conserved between the splice variants. A stronger signal 

for AP-1 y-adaptin in liver than brain relative to a comparable amount of CHC is also 

seen when CCVs were generated from the two tissues using the same protocol (Fig. 2.3). 

The seeming decrease in AP-2 a-adaptin in brain relative to liver CCVs in Fig. 3 was 

51 



due to the low exposure of the blot, and in fact when the a-adaptin blots from the two 

tissue samples were exposed for the same time, the AP-2 signal was stronger in the brain 

than the liver samples (data not shown). The bias toward AP-1-positive CCVs in liver is 

also in agreement with the detection of a larger amount of TGN cargo such as the cation-

independent and cation-dependent MPRs in liver than in brain CCVs (Fig. 2.4C). 

Determination of the percentage of CCVs in brain specialized for synaptic 

vesicle recycling - The relative ratio of CCVs between the TGN/endosome and the 

plasma membrane that is used for generalized housekeeping forms of membrane 

trafficking should be similar in most tissues. We thus calculated the number of AP-2-

positive CCVs in brain that would come from non-specialized forms of CCV traffic 

based on the ratio between AP-1 and AP-2 found in liver. In liver, AP-1- and AP-2-

positive CCVs represent 65.4 and 34.6%, respectively, of the total number of CCVs 

(Fig. 2.5). This is equivalent to an AP-l:AP-2 ratio of 1.9:1. In brain, AP-1- positive 

CCVs represent 16.9% of the total leaving 83.1% accounted for by AP-2-positive CCVs. 

If the 1.9:1 ratio of AP-l:AP-2 is applied to brain, one would expect that 8.9% (16.9 

divided by 1.9) of AP-2 positive CCVs in brain are involved in general endocytic 

housekeeping functions common to all tissues. The remaining '74.2% (83.1 minus 8.9) is 

thus anticipated to have a specialized function (Fig. 2.5). Comparing the CCVs that are 

derived from the plasma membrane (8.9% housekeeping and 74.2% specialized), we can 

calculate that 89% of the AP-2-positive CCVs are specialized for neuron-specific 

functions, most likely synaptic vesicle recycling. 

Proteins found and novel proteins - In total, 346 proteins were reproducibly 

identified in the liver CCV preparations that were placed into 18 groups (supplemental 

table 2.SI). Abundant Golgi proteins such as GM130, GRASP (Golgi peripheral 

membrane protein p65), or giantin, which are all found with high abundance in the Golgi 

proteome (26), were not detected in the CCV preparations. We did not detect abundant 

endoplasmic reticulum proteins such as calreticulin or ERp99 that Wu et al. (26) found 

in their Golgi proteome. Potential contaminants of the CCV preparations include 

abundant liver soluble enzymes and ribosomal proteins (supplemental table 2.S1). 
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Among the proteins identified, 21 are novel (Table 2.1 and supplemental table 2.S1). We 

kept enthoprotin, NECAP 1, and FENS-1 (bold in Table 2.1) in this group as they were 

referred to as novel when they were originally identified in the brain CCV proteome 

(18). Interestingly, two of the novel proteins, RME-8 and Vacl4, have been shown to be 

involved in endocytosis and vesicle trafficking in non-mammalian species (30-32). Two 

additional proteins can be associated with membrane trafficking by homology (70% 

identity to ADP-ribosylation factor (ARF)-like- 6-interacting protein and EH domain-

containing protein). None of the novel proteins were detected in brain CCVs with the 

exception of NECAP 1, enthoprotin, and FENS-1. This may reflect their involvement in 

more general, housekeeping clathrin-mediated trafficking at the plasma membrane or 

TGN. 
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DISCUSSION 

The sequencing of animal genomes and the large-scale sequencing of expressed 

genes coupled with advances in protein and peptide separation technologies and 

innovations in MS have led to an explosion in the use of proteomic approaches in 

biology. However, due to the complexity and dynamic range of protein expression, it is 

currently difficult to perform a satisfactory proteomic analysis of whole cells or tissues 

(33). Isolated organelles present an attractive target for proteomics as their protein 

complexity is reduced, and lower abundance proteins that are specific to the 

compartment are enriched relative to whole cell lysates (34-216). Numerous organelles 

and suborganellar compartments have now been analyzed by subcellular proteomics, and 

in almost all cases, novel proteins have been identified, and the global analysis of the 

organelle has provided insights into organelle function that may not have been possible 

from the analysis of a smaller subset of the proteins (34-36). 

An important next step in subcellular proteomics is the development of 

approaches that allow for the quantitative comparison of organelle proteomes under 

different experimental paradigms. Several approaches have been tested so far for their 

relative quantitative nature. Among them are stable isotope labeling by amino acid in 

cell culture (SILAC) (37), DIGE (38), ICAT (39), absolute quantification (AQUA) (40), 

protein correlation profiling (41), protein abundance index (42), and peptide/spectral 

counts (18,19). Although no extended comparative studies of all of these approaches 

have been performed, one can predict that each will have advantages and disadvantages 

and that their applicability will be influenced by the sample processing and MS 

apparatus available. The peptide accounting approach described here is extremely 

versatile and is applicable to the analysis of data generated from a wide variety of 

MS/MS configurations. Moreover the peptide accounting approach first analyzes the 

relative amounts of proteins within a sample and then compares the ratios between 

samples. This helps to alleviate changes due to differences in quantity and contamination 

of samples prepared at different time points and under different experimental conditions. 

In this study we applied the peptide counting approach in comparing the relative ratios 
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of CHC and CLCs as well as APs from liver and brain CCVs and have further verified 

the results by Western blot. 

One of the conclusions of our study is that the APs are expressed at lower levels 

than clathrin in different tissues and at both the TGN and the plasma membrane. Thus, it 

is likely that at all sites of clathrin-mediated membrane budding there is sufficient CHC 

to interact simultaneously with AP-1, AP-2, and a variety of other clathrin-binding 

partners even when each of these proteins utilize the same binding sites on the terminal 

domain of the CHC (43-45). As such, there is no need for the sequential interaction of 

these proteins even when they interact with the CHC using the same motif. Thus, 

alternative cargo adaptors that bind to clathrin (43) could be found simultaneously in 

complexes with clathrin in a CCP that also utilizes classical APs. Another important 

finding of our study relates to the ratio of AP-1 and AP-2 in CCVs from brain and liver. 

The high ratio of AP-1 to AP-2 in liver CCVs is opposite to that found in brain, further 

emphasizing that the brain is specialized for endocytosis, likely due to the demand for 

synaptic vesicle recycling. We suggest that in brain, nine of 10 CCVs budding from the 

plasma membrane participate in the recycling of synaptic vesicles. Moreover from our 

calculations, we hypothesize that for a given number of CCVs the percentage that is 

involved in general housekeeping endocytosis in brain will be -4-fold less than in liver 

(34.6% of total in liver, 8.9%) of total in brain). Consistent with this idea, we were 

readily able to identify several endocytic cargo proteins in liver CCVs (supplemental 

table 2.S1) that despite the fact they are known to be present in brain were not detected 

in brain CCVs. Examples include transferrin and transferrin receptor (46), mannose 

receptor C type 1 (47), low density lipoprotein related-protein (48), asialoglycoprotein 

and asialoglycoprotein receptor (49), hyaluronan receptor (50), and ferritin (51). In 

contrast, in brain we identified many of the known components of synaptic vesicles (18) 

in agreement with 74% of brain CCVs functioning in synaptic vesicles recycling. Thus, 

our quantitative organelle proteomic approach allowed us to determine the relative 

abundance of functionally specialized classes of CCVs within tissues. 
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It is generally thought that CHC and CLCs are obligate heterodimers with a 1:1 

stoichiometry, and this has been demonstrated in brain (16-18). However, one study that 

may contradict this notion is from Liu et al. (52) who determined that CLCs and the hub 

domain of CHC co-produced in bacteria do not form in a 1:1 ratio. Moreover loss of 

CLC in Dictyostelium has no effect on CHC steady state levels or triskelia formation 

(53), and knock-down of CLCs in non-neuronal mammalian cells does not affect 

clathrin-mediated endocytosis, further questioning an obligatory role for CLCs in CCV 

formation (54,55). As determined by peptide counts and confirmed by Western blots, we 

now demonstrate that there is a deficit of CLCs in CCVs from liver. Moreover this is 

likely to extend to all non-brain tissues and commonly used laboratory cell lines. The 

inability to detect fragments CLCa with the XI6 antibody in microsome fractions shows 

that for all non-brain tissues and cell lines tested, with the exception of kidney, the 

deficit in CLCs relative to CHC can not be simply explained by proteolytic degradation. 

Moreover, the deficit in CLCs seen in crude cell lysates and the inability to detect the 

proteins in soluble fractions of any of the fractionation protocols utilized (data not 

shown) suggests that the deficit is likely due to the levels of CHC and CLCs stably 

expressed and is not due to a selective incorporation of CHC into CCVs. Previously, 

Steven et al. (56) demonstrated a 1:1 stoichiometry between CHC and CLCs in liver 

CCVs. This ratio was determined by densitometric scanning of bands that were thought 

to correspond to CHC and CLCs in Coomassie Blue-stained CCV preparations. We 

detected CLC peptides from gel slices 16-21 containing bands assumed to correspond to 

CLCs (Supplemental Fig. 2.SI), but we also detect peptides from other proteins 

identified in the proteomic analysis. In fact, CLCs represent -12% of the peptides 

present in this region. Thus, it is not necessarily accurate to assign proteins to a specific 

band based on Coomassie Blue staining. However, proteomic analysis can provide a 

means to determine protein ratios within complex mixtures even in the face of 

heterogeneity within gel bands. 

CLCs are clearly present and co-localized with CHC at CCPs at both the plasma 

membrane and the TGN (57,58), and they are likely to function at both sites even if they 

function in a substoichiometric manner. One function for CLCs is to inhibit clathrin 
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assembly (59), and assembly proteins are thus required to overcome this inhibition 

(60,61). A lower ratio of CLCs to CHC may be necessary to ensure that assembly 

proteins alone are able to stimulate clathrin assembly in non-brain tissues. Since the ratio 

of CHC to CLCs in brain is 1:1, this would suggest that CCV formation in brain requires 

an additional level of regulation of CLCs. We demonstrated that the majority of brain 

CCVs function in synaptic vesicle recycling, and thus the additional level of CLC 

regulation may in fact be specific to synaptic vesicle endocytosis. Ca2+ is known to 

alleviate the inhibitory effect of CLCs on clathrin assembly in vitro (2,62,63). However, 

the physiological significance of this phenomenon has remained unclear given that 

CLCs bind to Ca2+ with a Kd of 25-50 |aM (64). During synaptic vesicle exocytosis, 

there are bursts of Ca2+ at the active zone that can reach 100 |aM or greater (65,66). The 

bursts are local and transient, and Ca concentrations decrease quickly around the active 

zone. Because the Kd for Ca2+ binding on CLCs is low, it would favor cage formation 

close to the active zone as proposed previously (67). The CCVs that begin to assemble 

close to the active zone will continue to mature as they move away from the active zone 

to finally pinch off at much lower Ca2+ concentrations (68). In this model, synaptic 

vesicle endocytosis requires assembly proteins working in conjunction with high Ca 

concentrations. Consistent with this model, Sankaranarayanan and Ryan (69) have 

demonstrated that increases in intracellular Ca concentration cause an acceleration of 

endocytosis of synaptic vesicles. In non-brain tissue where the Ca2+ concentration is low 

and yet the ratio of APs to CHC is similar, a decrease in the total amount of CLCs on 

triskelia could reduce the threshold for clathrin assembly. 

Thus, through quantitative comparative proteomics, we are able to provide a 

model of the specialized role for CLCs in the regulation of synaptic vesicle endocytosis. 

Overall our study has revealed new insights into the composition of coats and 

specializations of CCVs for trafficking. 
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FIGURE LEGENDS 

Figure 2.1: Isolation and characterization of liver CCVs. A, Coomassie blue staining 

of proteins separated by SDS-PAGE from each step of the enrichment protocol for 

CCVs. Aliquots of 40 pg of protein were loaded on each lane. H, homogenate; P, pellet; 

S, supernatant. The predicted migratory positions of CHC, CLCs, and a- , P-, y- and p-

adaptins are indicated. B, protein fractions from each step of the enrichment protocol for 

CCVs were processed for Western blot with CHC, CLC, and y-adaptin (AP-1) 

antibodies. C, CCV fractions were evaluated by random sampling EM. A representative 

field is shown and reveals examples of coated, uncoated and partially coated CCVs. Bar, 

200 nm. D, pie chart representation of the proteomics results showing total number of 

peptides from all three preparations of liver CCVs and previously analyzed brain CCVs 

(18) for CHC, CLCs, and all of the subunits of the AP-1 and AP-2 complexes. 

Figure 2.2: Ratio of CHC to CLCs. A, the total number of peptides found in each 

preparation of liver and brain CCVs for CHC, CLCa and CLCb was divided by the 

calculated mass of each protein (in kilodaltons) giving a peptide:mass ratio. The bars and 

error bars represent the mean and S.E. of the mean between the three preparations for 

each tissue. B, aliquots of liver and brain CCVs (20 pg for each) were processed for 

Western blot with antibodies against CHC and CLCs. C, crude microsomal fractions 

were prepared from different tissues and processed for Western blot with antibodies 

against CHC and CLCs. Variable amounts of protein were loaded to obtain an equal 

signal for the CHC. D, crude microsomal fractions were prepared from different cell 

lines and processed for Western blot with antibodies against CHC and CLCs. Variable 

amounts of protein from each cell line were loaded in to obtain an equal signal for the 

CHC. Different concentrations of brain microsomes were loaded as indicated. HEK, 

human embryonic kidney. 

Figure 2.3: Differential migration profiles of CCV components. CCVs from liver and 

brain were processed by velocity sedimentation analysis on linear sucrose gradients. 

Equal volume aliquots of the gradient, fractionated from the bottom, were processed for 
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Western blot with AP-1 (y-adaptin), AP-2 (a-adaptin), CHC, and CLC antibodies. The 

bands in which each antibody shows the strongest signal are indicated by the black bar 

underneath. 

Figure 2.4: Ratios of AP complexes in liver and brain CCVs. A, comparison of the 

total amount of normalized APs (mean of all 4 subunits) and CHC in brain and liver 

CCVs. For the inset, aliquots of liver and brain CCVs (20 |ig for each) were processed 

for Western blot with antibodies against y-adaptin and the aA isoform of a-adaptin. B, 

the total number of peptides for the a A and aC isoforms of a-adaptin from all three 

preparations of liver or brain CCVs, divided by the calculated mass of each protein, 

were apportioned to the total number of CHC peptides normalized for the molecular 

mass of the protein to yield a peptide/clathrin peptide index, C, the total number of 

peptides for the cation independent (CI-MPR) and cation dependent MPRs (CD-MPR) 

from all three preparations of liver or brain CCVs was used to calculate an MPR peptide 

to clathrin peptide index as described for the a-adaptin isoforms. 

Figure 2.5: Percentage of AP-2 positive CCVs involved in synaptic vesicle recycling. 

The black section of the bars represent the percentage of AP-1 relative to total APs found 

in liver and brain CCVs. The gray section in the liver bar represents the percentage of 

AP-2 relative to total APs in liver CCVs. The gray section in the brain bar represents the 

amount of AP-2 in brain that would be expected according to the ratio of AP-2 to AP-1 

from liver. In white is the remaining AP-2, which is specialized for recycling synaptic 

vesicles. The percentages are based on the mean number of all four subunits for each 

adaptor from each tissue as for Fig. 4B. 
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TABLE 2.1 
Novel proteins found in liver CCV 

NECAP 1, enthoprotin, and FENS-1 are in bold to indicate their previous identification as novel proteins in the proteome of brain CCVs (15). ARF, ADP-
ribosylation factor. 

Protein name Mass Total NCBI GI nos. 
Da peptides 

1 NECAP1 37,228 8 37945074 27229051 27713302 15079260 
2 Enthoprotin; epsin 4 68,273 319 7661968 13278582 20345123 21751443 
3 RIKEN cDNA 6030446119 gene 112,066 7 31542027 13449265 24980923 
4 RIKEN cDNA 5730596K20, homology 

to ARF-like 6 interacting protein 2 
60,993 12 16877810 26326645 31559920 10435296 13477255 

5 Similar to hypothetical protein MGC12103 
(Homo sapiens) 

46,194 5 27679620 27532965 

6 Similar to hypothetical protein KIAA0678 
(RME-8) 

306,705 59 27721389 26006199 28546047 26328693 26350527 

7 KIAA0255 gene product 73,235 6 7662028 26352305 31542095 26339180 
8 KIAAO183 116,963 8 1136426 3005744 8922114 16307515 28524994 
9 Similar to KIAA1414 protein 226,839 16 27478091 26348058 
10 Similar to mKIAA0219 protein 316,133 6 27666086 
11 FENS-1 47,904 5 18482373 7243268 19484187 30795186 
12 Unknown (H. sapiens) 24,209 17 3005742 12857585 12857927 18490304 20531765 
13 Hypothetical protein D10Wsu52e 55,631 15 21703842 6841456 7657015 7688673 2 1703842 
14 Similar to protein transport protein Sec24C 

(SEC24-related protein C) 
112,455 6 27673609 20072091 27722283 28477301 28916673 

15 EH domain-containing 4 60,888 16 10181214 7212811 7657056 10181214 20302075 
16 Similar to Vault poly(ADP-ribose) polymerase 126,096 28 2847954 

(VPARP) 
17 Similar to ATP-binding cassette, subfamily A 

(ABC1), member 6 
65,888 18 27690422 34875258 

18 Dendritic cell protein GA17 42,946 21 21703762 23397429 27702767 3152660 12751096 
19 Similar to deleted in polyposis 1-like 1 39,229 7 27717621 
20 Macrophage expressed gene 1 74,478 5 12018298 2137564 18676680 20482397 
21 Vacuole 14 protein; Vac 14 protein; hydin 89,095 5 29293817 26327751 26338430 315424 
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PREFACE TO CHAPTER 3 

As introduced in chapter 2, subcellular proteomics is a useful tool to assign 

proteins to different cellular compartments and also to identify new components of these 

compartments. Proteomics of CCVs isolated from rat liver revealed 21 novel CCV-

associated proteins. Several of these proteins have been studied, including NECAP 1 

(Ritter et al., 2003), enthoprotin (Wasiak et al., 2002), connecclen (Allaire et al., 2006), 

Vac 14 (Lemaire and McPherson, 2006), FENS-1 (Ridley et al, 2001), and p200 (Lui et 

al., 2003). 

Among the novel proteins, we also identified the mammalian homolog of 

receptor-mediated endocytosis protein 8 (RME-8), which was first identified in 

C.elegans. At that time, RME-8 was partially characterized in C. elegans (Zhang et al., 

2001) and Drosophila (Chang et a l , 2004) and, in both organisms, RME-8 was shown to 

be required for endocytosis. RME-8 was later shown to cause gravitropism defects in 

Arabidopsis when defective (Silady et a l , 2004). Despite the progress made in 

invertebrates and plants, mammalian RME-8 was yet to be characterized and its function 

identified. 

Using biochemical and cellular biology techniques combined with an siRNA-

mediated loss-of-function approach, we demonstrated that RME-8 localizes to 

endosomes, binds to Hsc70 and causes trafficking defects when depleted from the cells. 

We thus provided the first characterization of vertebrate RME-8, as well as the first 

evidence of its implication in intracellular trafficking. 
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ABSTRACT 

Through a proteomic analysis of clathrin-coated vesicles from rat liver we identified 

the mammalian homolog of receptor-mediated endocytosis 8 (RME-8), a DnaJ domain-

containing protein originally identified in a screen for endocytic defects in 

Caenorhabditis elegans. Mammalian RME-8 has a broad tissue distribution, and affinity 

selection assays reveal the ubiquitous chaperone Hsc70, which regulates protein 

conformation at diverse membrane sites as the major binding partner for its DnaJ 

domain. RME-8 is tightly associated with microsomal membranes and co-localizes with 

markers of the endosomal system. Small interfering RNA-mediated knock down of 

RME-8 has no influence on transferrin endocytosis but causes a reduction in epidermal 

growth factor internalization. Interestingly, and consistent with a localization to 

endosomes, knock down of RME-8 also leads to alterations in the trafficking of the 

cation-independent mannose 6-phosphate receptor and improper sorting of the lysosomal 

hydrolase cathepsin D. Our data demonstrate that RME-8 functions in intracellular 

trafficking and provides the first evidence of a functional role for a DnaJ domain-bearing 

cochaperone on endosome 
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INTRODUCTION 

Molecular chaperones of the heat shock protein 70 family including the heat 

shock cognate 70 (Hsc70) function in the cytosol of eukaryotic cells to contribute 

generally to the folding of newly synthesized proteins and to refold proteins following 

stress denaturation (1). The actions of these chaperones result from cycles of substrate 

binding and release governed by ATP binding and hydrolysis (2). In addition, the 

ATPase activity of these proteins can be harnessed to do conformational work on 

specific proteins within a variety of functional contexts, including exocytosis, 

endocytosis, protein transport, and assembly or disassembly of protein complexes (2). 

These activities are accomplished through the actions of co-chaperones that bind to heat 

shock protein 70 family members and recruit them to specific membrane systems (2,3). 

Co-chaperones for heat shock protein 70 family members are defined by the 

presence of a protein module, the DnaJ domain, which mediates chaperone binding (3). 

The auxilins, which are specialized for the uncoating of clathrin-coated vesicles (CCVs), 

provide a well characterized example of co-chaperone function (4). CCVs are 

evolutionary conserved carriers that transport proteins and lipids from the plasma 

membrane and the trans-Golgi network (TGN) to components of the endosomal system 

(5). CCVs pinch off the donor membrane encased in a coat; they must be uncoated for 

vesicle transport and fusion with the acceptor compartment (5,6). Auxilin 1 and its 

homolog, auxilin 2 (also known as cyclin-G-associated kinase), function to uncoat CCVs 

of both plasma membrane and TGN origin (7,8). Auxilins bind to the clathrin coat 

through interactions with the terminal domain (TD) of the clathrin heavy chain (CHC) 

(9) and interact in an ATP-dependent manner via their DnaJ domain with Hsc70, thus 

recruiting the chaperone to CCVs (10). Through its ATPase activity, Hsc70 mediates the 

release of clathrin triskelia by disrupting CHC/CHC interactions (10,11). 

When ATPase-deficient forms of Hsc70 are expressed in mammalian cells, they 

function in a dominant-negative manner to block clathrin-mediated endocytosis (12), 

and in Drosophila, Hsc70 mutants have defects in the internalization of Bride of 
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sevenless (Boss), the ligand for the sevenless receptor tyrosine kinase (13). Interestingly, 

in addition to endocytic defects, Hsc70 mutant Garland cells in Drosophila display 

disruptions in the organization of endosomes (13), and dominant-negative Hsc70 

constructs cause endosomal sorting defects in mammalian cells (12). Thus, Hsc70 has 

multiple roles on the endocytic pathway including regulation of endosomal trafficking 

and morphology. 

In a screen for endocytic defects in Caenorhabditis elegans, Zhang et al. (14) 

identified a novel DnaJ domain-bearing protein that they named receptor-mediated 

endocytosis 8 (RME-8). RME-8 was subsequently identified in Drosophila where its 

disruption causes defects in fluid phase endocytosis and receptor-mediated endocytosis 

of Boss. Genetic interactions between RME-8 and Hsc70 in Drosophila suggested that 

RME-8 functions as a co-chaperone for Hsc70 in endocytosis (15). More recently, RME-

8 was identified as the product of a gene that when defective causes gravitropism defects 

in Arabidopsis (16). Thus, RME-8 represents an evolutionarily conserved gene family 

thought to function widely in endocytosis, and yet there is currently no evidence 

regarding the protein expression or properties of a vertebrate isoform. We have now 

identified and functionally characterized mammalian RME-8. Consistent with its 

localization to endosomal membranes, loss of RME-8 function causes prominent defects 

in trafficking of the cation-independent mannose 6-phosphate receptor (CI-MPR) 

between the TGN and membranes of the endosomal system. These results provide the 

first characterization of vertebrate RME-8 revealing an important role in intracellular 

membrane traffic. 
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EXPERIMENTAL PROCEDURES 

Antibodies and Fluorescent Probes - A rabbit polyclonal RME-8 serum was 

raised against a synthetic peptide, SNLPPPVDHEAGDLGYQT, containing amino acids 

2226-2243 at the C-terminus of human RME-8 coupled to keyhole limpet hemocyanin 

through an added N-terminal cysteine. A rabbit polyclonal serum against human 

enthoprotin/epsinR was previously described (17). Monoclonal antibody against CHC 

used for immunofluorescence was generated from the hybridoma X22 obtained from 

American Type Culture Collection (Manassas, VA). Mouse monoclonal antibodies 

against CHC, syntaxin 6, early endosomal antigen 1 (EEA1), Grb2, and AP-1 (y-adaptin) 

were purchased from BD Transduction Laboratories. Mouse: monoclonal antibodies 

against the following proteins were from the noted commercial sources: Rab9, Abeam 

(Cambridge, MA); CI-MPR and AP-2 (a-adaptin), ABR (Golden, CO); Na+/K+ ATPase, 

Upstate Biotechnology (Lake Placid, NY); auxilin 2/cyclin G-associated kinase, MBL 

International (Woburn, MA); transferrin receptor, Zymed Laboratories Inc. (South San 

Francisco, CA). Rat monoclonal anti-Hsc70 was from StressGen (Victoria, BC) and 

rabbit polyclonal antibodies against cathepsin D and EGF receptor were from 

DAKOCytomation (Mississauga, ON) and Santa Cruz Biotechnology (Santa Cruz, CA), 

respectively. A pan-cadherin polyclonal antibody was from Sigma (St. Louis, MO). 

Polyclonal antibodies recognizing VAMP 4 and CI-MPR were generous gifts of Dr. 

Richard Scheller (Genentech, San Francisco, CA) and Dr. Pa.ul Luzio (University of 

Cambridge, Cambridge, UK), respectively. Transferrin-Cy3 was from Jackson 

Laboratories (Mississauga, ON) and transferrin-Alexa Fluor 647, EGF-Texas Red, EGF-

Alexa Fluor 488, and cholera toxin B-Alexa 594 were from Molecular Probes Inc. 

(Eugene, OR). 

cDNA Constructs - KIAA0678, encoding a large C-terminal fragment of human 

RME-8, was produced by and was a generous gift of the Kazusa DNA Research Institute 

(Chiba, Japan). The RME-8 DnaJ domain (amino acids 1302 to 1366; Fig. 1) was 

amplified from KIAA0678 by PCR and was subcloned in-frame into pGEX-4Tl vector 

(Amersham Biosciences) adding an N-terminal GST tag. The terminal domain (TD) of 
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the CHC fused to GST was previously described (18). 

Subcellular Fractionation and GST Affinity Selection Assays - Various rat tissues 

or cultured cells were homogenized in buffer A (20 mM HEPES, pH 7.4 containing 0.83 

mM benzamidine, 0.23 mM phenylmethylsulphonyl fluoride, 0.5 |ig/ml aprotinin and 

0.5 ng/ml leupeptin) and centrifuged at 800 x g for 10 min. Equal protein aliquots of the 

supernatants were analyzed by SDS-PAGE and Western blot. For some experiments, the 

supernatant was centrifuged at 12,000 x g for 20 min, the pellet (P2) was resuspended in 

buffer A, and the supernatant was spun at 205,000 x g for 1 h. The resulting pellet (P3) 

was resuspended in buffer A, and the supernatant was kept (S3). Equal protein aliquots 

of the fractions were analyzed by SDS-PAGE and Western blot. For extraction 

experiments, kidney P3 fractions were pelleted at 245,000 x g and resuspended in buffer 

A, buffer A containing 1 % Triton X-100 or 150 mM NaCl or 500 mM NaCl or in 50 mM 

NaC03, pH 11.0, and incubated on ice for 15 min. Samples were then centrifuged at 

245,000 x g and equal volume aliquots of the supernatants and pellets were analyzed by 

SDS-PAGE and Western blot. CCVs were isolated from rat liver as described (19,20). 

Plasma membrane was isolated from rat liver as described (21) except that the final 

pellet was resuspended in 1.42 M sucrose, overlaid with 1.0 M sucrose, and centrifuged 

at 82,000 x g for 1 h in a Beckman SW28 rotor. The pellicle at the 1.0-1.42 M sucrose 

interface was collected, and the plasma membranes were pelleted by centrifugation at 

1000 x g after adjusting the sucrose to 0.4 M. 

For affinity selection experiments with the CHC TD, soluble fractions resulting 

from pH 11.0 extraction of P3 pellets, as described above, were neutralized to pH 7.4 by 

dilution in buffer A and were then centrifuged at 245,000 x g. Triton X-100 was added to 

the supernatant to 1 % final and 2-mg aliquots of the extracts were incubated overnight at 

4°C with GST or GST-CHC-TD pre-coupled to glutathione-Sepharose beads. After 

incubation, beads were washed with buffer A containing 1% Triton X-100 and proteins 

specifically bound to the beads were analyzed by SDS-PAGE and Western blot. In other 

experiments, adult rat kidneys were homogenized in 10 volumes of buffer B (20 mM 

HEPES, pH 7.4, 25 mM KC1, 2 mM MgCl2, 10 mM NH2S04, 0.83 mM benzamidine, 
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0.23 mM phenylmethylsulphonyl fluoride, 0.5 pg/ml aprotinin and 0.5 pg/ml leupeptin) 

and centrifuged at 800 x g for 10 min. The resulting supernatant was centrifuged at 

205,000 x g for 30 min, and 2-mg aliquots of the resulting supernatant were incubated 

with 10 mM EDTA or varying concentrations of adenine nucleotides for 10 min at 25°C 

before incubation for 1 h at 25°C with GST-DnaJ domain fusion protein pre-coupled to 

glutathione-Sepharose beads. Incubations with ATP were performed in the presence of 

an ATP regenerating system. After incubation, beads were washed with buffer B with or 

without 0.1 mM adenine nucleotide and specifically bound proteins were analyzed by 

SDS-PAGE and Western blot or bands were extracted from Coomassie-stained gels and 

analyzed by tandem mass spectrometry as described (22). 

Immunofluorescence Analysis of RME-8 Localization - Cells grown on poly-L-

lysine coated coverslips were washed in PBS (20 mM Naf^PCXi, 150 mM NaCl, pH 7.4) 

and then fixed for 20 min in 2% paraformaldehyde, PBS. In some cases, cells were first 

incubated for 1 h in serum-free DMEM and then incubated with 5 pg/ml Cy3-transferrin 

or 100 ng/ml Texas Red-EGF for 20 min at 37°C before fixation. After fixation, cells 

were permeabilized with 0.2% Triton X-100/PBS (or 0.05% ssiponin/PBS for AP-2 and 

EGF receptor) and processed for immunofluorescence with the appropriate primary and 

secondary antibodies. All immunofluorescence images presented in the study were 

obtained using a Zeiss 510 laser scanning confocal microscope. 

siRNA-mediated Knock Down of RME-8 - siRNAs matching selected regions of 

RME-8 sequence were synthesized by Qiagen with dT overhangs already annealed. The 

sequences were submitted to BLAST search to ensure specificity of the target. Of the 

four sequences selected, one (RME-8.3) led to a decrease of RME-8 protein expression 

superior to 90%. The DNA target sequence of RME-8.3 was 5'-

AAGCTGCTCCAGATATGAAAA-3'. For siRNA transfection, COS-7 cells were plated 

in DMEM without antibiotics. Cells were plated in 6-well plates or coverslips in 24-well 

plates such that they would be 60% confluent 24 h post-plating. At this time, cells were 

transfected with siRNAs at a final concentration of 80 nM using Lipofectamine 2000 

(Invitrogen) according to the manufacturer's instructions, and transfections were 
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repeated 24 h later. For the control, cells were transfected with Lipofectamine 2000 only. 

Experiments were performed 72 h after the first transfection. 

Analysis of EGF, Transferrin and Cholera Toxin B Endocytosis - COS-7 cells, 

mock- transfected or transfected with RME-8.3 siRNA, were serum-starved for 1 h in 

DMEM and were then incubated for 15 min at 37° with transfeirrin-Cy3 (5 ng/ml), EGF-

Texas Red (10 ng/ml), or cholera toxin B-Alexa 594 (5 ng/ml). Cells were processed for 

immunofluorescence analysis as described previously. Alternatively, cells were treated 

the same but were incubated with transferrin-Alexa Fluor 647 (5 ng/ml) or EGF-Alexa 

Fluor 488 (10 ng/ml). In these cases, one set of cells for each ligand was washed twice in 

PBS and then fixed in 2% paraformaldehyde,PBS. A second set of cells was washed in 

acidic buffer (0.2 M acetic acid, pH 2.8 containing 0.5 M NaCl) for 15 min at 4°C to 

strip cell surface EGF or transferrin, and the cells were then washed twice in PBS and 

fixed as above. The levels of fluorescent EGF and transferrin were assessed using a 

FACScan with data analyzed using the CellQuantPro program (BD Biosciences). The 

percentage of ligand internalized was determined by dividing the amount of ligand in 

cells (acid washed samples) versus total ligand (cells washed with PBS alone) for 10,000 

cells. 

Cathepsin D Sorting Assay - COS-7 cells mock-transfected or transfected with 

RME-8.3 siRNA were washed and placed in cysteine/methionine-free DMEM 

(Invitrogen) for 1 h at 37 °C. Cells were then pulsed for 10 min with 0.25 mCi/ml Pro-

Mix [35S] (Amersham Biosciences), washed, and chased in DMEM with 1% fetal bovine 

serum, 5 mM mannose-6-phosphate and 1 mM methionine. At 1-, 2-, 3-, and 4-h time 

points, media were collected, cell lysates were prepared, and cathepsin D was 

immunoprecipitated as described (23). Immunoprecipitated proteins were separated on 

SDS-PAGE and processed for autoradiography using a STORM Phosphoimager 

(Amersham Biosciences) followed by exposure to x-ray film. Quantitation was 

performed using ImageQuant software. 
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RESULTS 

Identification of Mammalian RME-8 - A proteomic analysis of CCVs isolated 

from rat liver identified proteins that are predicted products of cDNAs and genomic 

sequence (24). One such protein, identified in the annotated rat genome under gi 

27721389, is the rat homolog of RME-8. The rat sequence could be aligned with fly and 

worm orthologs with the exception of the N-terminal most 448 amino acids. Three 

overlapping human clones (gi3327169, gil8799409, gil5948602) were aligned to 

predict a protein (Fig. 3.1) with homology to full-length invertebrate forms. When this 

sequence was searched against the human genome using the blat algorithm, a series of 

56 exons from region q22.1 of chromosome 3 could be annotated to reveal a sequence 

that was identical to the sequence predicted from the overlapping clones. siRNAs 

targeting each of the three clones were effective in reducing the expression of the 

endogenous protein in COS-7 cells as detected with a polyclonal antibody against a C-

terminal peptide (Fig. 3.6 and data not shown). The human RME-8 sequence (entered 

into Genbank under accession number AY779857) encodes a 2243-amino acid protein 

that is 46, 43, and 28% identical throughout its length to Drosophila, C. elegans, and 

Arabidopsis RME-8, respectively. As originally described for the C. elegans protein 

(14), human RME-8 has a central DnaJ domain flanked on either side by two IWN 

repeats of unknown function (Fig. 3.1). 

RME-8 is detected as a protein of -220 kDa in most tissues and cell lines 

examined (Fig. 3.2, A and B). A reactive band seen in selective extracts at -140 kDa may 

represent a proteolytic fragment or an alternatively spliced foim of RME-8 (Fig. 3.2). 

Subcellular fractionation of kidney extracts reveals that RME-8 is enriched in P3 

microsomes with no protein detectable in a cytosolic (S3) fraction whereas the plasma 

membrane protein cadherin is enriched in PI and P2 fractions that sediment at lower g 

forces (Fig. 3.2C). Purified plasma membrane that is highly enriched for cadherin and 

EGF receptor has a relatively weak RME-8 signal (Fig. 3.2D). RME-8 does not extract 

from microsomal fractions following treatment with 1% Triton X-100, 150 mM NaCl, or 

500 mM NaCl but is partially extracted by sodium carbonate, pH 11.0 (Fig. 3.2E). The 
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integral membrane protein Na+/K+ ATPase is resistant to NaCl and pH 11.0 but is 

extracted with 1% Triton X-100 (Fig. 3.2E). Thus, RME-8 appears to be an extrinsic 

membrane protein tightly associated with a Triton X-100-insoluble microsomal 

compartment. 

RME-8 Binds through Its DnaJ Domain to Hsc70 - To further characterize 

mammalian RME-8, we sought to identify RME-8-binding partners. We first performed 

pull-down assays from kidney extracts using a GST-RME-8-DnaJ domain fusion protein 

in the presence or absence of ATP. Coomassie blue staining revealed a single affinity 

selected band at -70 kDa only in the presence of ATP (Fig. 3.3^4). Tandem mass 

spectrometry identified Hsc70 with 33 unique peptides, consistent with the observation 

that Drosophila RME-8 binds to Hsc70 in vitro (15). However, for Drosophila RME-8, 

binding was dependent on the presence of ADP. This is surprising because proteins 

bearing DnaJ domains generally bind to heat shock protein 70 family members when the 

chaperones are in their ATP-bound state (3). We, thus, examined the interaction of 

human RME-8 with Hsc70 under different nucleotide conditions. Incubation of GST-

RME-8-DnaJ domain with kidney extracts in the presence of ATP led to an efficient 

affinity selection of Hsc70 with less binding observed in the presence of ADP and only 

weak binding seen in the presence of EDTA, which chelates Mg2+ leaving Hsc70 in a 

nucleotide-free state (Fig. 3.35). This ATP-dependent interaction is direct as it was 

verified using purified His-tagged Hsc70 (data not shown), and is dose-dependent, with 

maximal binding observed between 1 and 5 mM (Fig. 3.3C), comparable with ATP 

concentrations required for auxilin interactions with Hsc70 (8). These data demonstrate 

that mammalian RME-8 interacts with Hsc70 in an ATP-dependent manner. Attempts to 

identify additional binding partners for RME-8 have been unsuccessful in that the large 

size of the protein has made it difficult to generate constructs for additional affinity 

selection experiments, and co-immunoprecipitation experiments are complicated by the 

fact that the endogenous protein can only be solubilized under conditions that are likely 

to disrupt protein-protein interactions (Fig. 3.2E). 

The auxilins, which bind to Hsc70 via a DnaJ domain, also bind to the TD of the 
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CHC and function in the uncoating of CCVs by recruiting Hsc70 to clathrin coats (4). 

The identification of mammalian RME-8 on CCVs and the presence within the protein 

of four potential type II clathrin boxes (LLDFL, LLEMV, LLEFL, LLDYI; Fig. 3.1), 

interaction motifs for the CHC TD (25-27), suggest that RME-8 could function 

analogously to auxilins. To address this issue, we first tested if RME-8 binds to the CHC 

TD. Proteins were extracted from kidney P3 microsomes with NaCC>3 buffer, pH 11.0, 

and the extracts were subsequently adjusted to pH 7.4 and incubated with a GST-CHC-

TD. RME-8 failed to bind the TD, whereas enthoprotin/epsinR and the clathrin adaptor 

protein 1, which bind to the TD through type II clathrin boxes in whole or in part, 

respectively (28,29), both bound in the same experiment (Fig. 3.4,4). Moreover, whereas 

RME-8 is present on CCVs purified from liver, consistent with its identification in this 

organelle, it was not enriched (Fig. 3.45). Neuron specific auxilin 1 (30) and 

ubiquitously distributed auxilin 2/GAK (Fig. 3.42?) are both highly enriched on CCVs. 

Thus, RME-8 is unlikely to function analogously to auxilins in the uncoating of CCVs. 

Localization of Endogenous RME-8 in Mammalian Cells - Studies in 

invertebrates demonstrated that GFP-RME-8 was localized to endosomal structures in 

coelomocytes of C. elegans (14) and that RFP-RME-8 partially overlaps with GFP-

tagged Rab5 and Rab7 in Garland cells of Drosophila (15). Confocal 

immunofluorescence analysis of COS-7 (Fig. 3.5) and HeLa cells (data not shown) 

reveals that endogenous mammalian RME-8 has a distributed punctate pattern with 

accumulation of larger puncta in a perinuclear region. RME-8 puncta are partially co-

localized with early endosomal antigen 1 EEA1 (Fig. 3.5A) and transferrin that has been 

endocytosed for 20 min (Fig. 3.55), indicating that pools of the protein are present on 

early and recycling endosomes. RME-8 also co-localizes with the CI-MPR (Fig. 3.5Q 

and is found in puncta surrounding puncta of Texas Red-EGF following 20 min of 

endocytic uptake (Fig. 3.5D), suggesting that pools of RME-8 are present on late 

endosomes. That RME-8 puncta surround EGF may reflect the presence of EGF within 

the lumen of the late endosome with RME-8 on the limiting membrane, and in fact, 

endocytosed EGF can even be seen in many cases to be adjacent to or surrounded by the 

EGF receptor (Fig. 3.5E). Little co-localization is seen between RME-8 and syntaxin 6, 
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a TGN marker and no co-localization is seen with LAMP1, a marker of lysosomes (data 

not shown). Moreover, RME-8 does not co-localize with AP-2, indicating that it is not a 

component of clathrin-coated pits on the plasma membrane (Supplemental Fig. 3.SI). 

Together, these results demonstrate that RME-8 is found predominantly on endosomes. 

RME-8 Loss of Function Causes Defects in EGF Endocytosis - To explore the 

functional roles of RME-8, we took a loss of function approach. Four siRNAs were 

designed to sequences from the coding region of the mRNA of the human protein. Upon 

transfection into COS-7 and HeLa cells, three of these siRNAs suppressed RME-8 

protein expression by greater than 50% (data not shown). The most effective, RME-8.3 

reduced RME-8 expression in COS-7 cells to near undetectable levels based on 

immunofluorescence microscopy (Fig. 3.6^4) and Western blot (Fig. 3.65). Quantitation 

of the Western blots revealed that RME-8 expression in RME-8.3 treated cells was 6 ± 

0.7%) of that seen in mock transfected cells (Fig. 3.65). Depletion of RME-8 did not 

affect the expression levels of CHC, Hsc70, EEA1, NaVK - ATPase, syntaxin 6, Rab9, or 

Grb2 (Fig. 3.6B). 

We first examined for alterations in clathrin-mediated endocytosis in COS-7 cells 

depleted of RME-8. RME-8 knock down caused no apparent defect in uptake of 

fluorescent transferrin as determined by immunofluorescence microscopy, but there was 

a noticeable decrease in intracellular EGF (Fig. 3.7A). To quantify this result, we used 

fluorescence-activated cell sorting. Control and knock down cells were incubated with 

fluorescent ligands for 15 minutes to allow internalization and were then fixed after a 

PBS wash (total ligand) or acid wash (internalized ligand) before fluorescence-activated 

cell sorting analysis. Interestingly, we noticed a decrease in the total amount of EGF 

associated with knock-down cells compared to control, whereas transferrin levels were 

not affected. Western blots revealed that this result reflected a decrease in EGF receptor 

expression levels (Fig. 3.75). In addition, the percentage of total EGF that was 

internalized was decreased by -50%, indicating that the ability of the remaining pool of 

receptor to undergo endocytosis was compromised (Fig. 3.7C). No effect of RME-8 

knock down was observed on the endocytosis of cholera toxin B (Fig. 3.ID), a marker of 
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the caveolae-mediated endocytic pathway (31). 

We also noticed an effect of RME-8 depletion on the localization of CHC. 

Specifically, a proportion of RME-8-depleted cells showed less cytosolic CHC staining 

(Fig. 3.8, A and B). Cells counts revealed that -30% of RME-8 knock-down cells 

display the CHC phenotype (Fig. 3.8Q. Cells with the strongest changes in CHC 

distribution often showed the most obvious reduction in EGF endocytosis (Supplemental 

Fig. 3.S2). 

RME-8 Loss of Function Causes Defects in MPR Trafficking - Given the 

localization of RME-8 to endosomes, we examined for potential defects in endosomal 

trafficking. MPRs are responsible for the transport of lysosomal hydrolases including 

pro-cathepsin D from the TGN to endosomes. The enzyme is subsequently targeted to 

lysosomes where it is cleaved into mature cathepsin D, whereas the MPR escapes 

degradation by recycling back to the TGN (32-34). Interestingly, RME-8 depleted cells 

show a striking clustering of the CI-MPR in the perinuclear region whereas mock-

transfected cells demonstrate a more distributed pattern of CI-MPR staining (Fig. 3.9A). 

The clustered receptor is co-localized with syntaxin 6 and VAMP 4, markers of the TGN 

(Fig. 3.95), suggesting that the perinuclear compartment is the TGN or is a compartment 

that clusters near to the TGN. Pro-cathepsin D trafficking was monitored using an assay 

that examines processing of pro-cathepsin D to its mature form in pulse-chase 

experiments (23). Mock-transfected cells show a time-dependent accumulation of 

mature cathepsin D at 31 kDa, whereas RME-8 knock down cells accumulate less 

mature form (Fig. 3.9Q. A portion of pro-cathepsin D normally escapes transport to 

endosomes and is instead secreted (Fig. 3.9C and see, for example, Ref. 35). 

Interestingly, the secretion of pro-cathepsin D is also reduced after RME-8 knock down 

(Fig. 3.9Q. Averaging over multiple experiments reveals that the percentage of 

cathepsin D that is sorted (released and processed relative to total) is significantly 

reduced from 52.2 to 34.6% (n=9) at the 3-h time point in mock- versus RME-8.3-

transfected cells, respectively (Fig. 3.9D). The percentage sorted in mock-transfected 

cells increased to 69.6% at 4 h, where again a significant decrease (to 52.9%, n=l l ) is 
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seen after RME-8 knock down (Fig. 3.9D). Thus, loss of RME-8 function leads to 

defects in the trafficking of cathepsin D via the MPR. 
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DISCUSSION 

RME-8 was originally identified as a mutant defective in yolk protein uptake in 

C. elegans (14) and was subsequently shown to function in ligand-stimulated and 

constitutive endocytosis in Drosophila (15). In both invertebrate systems, RME-8 was 

found to partially co-localize with endosomal vacuoles (14,15). Here we demonstrate 

that mammalian RME-8 is localized throughout the endosomal system and is enriched 

on microsomal membranes spinning at 205,000 x g. It is not, however co-localized with 

AP-2, a marker of clathrin-coated structures at the plasma membrane, and its knock 

down does not affect AP-2 distribution (Supplemental Fig. 3.SI). Moreover, RME-8 is 

expressed at relatively low levels in highly enriched plasma membrane preparations. 

Thus, although it is not possible to definitively rule out that a small pool of RME-8 may 

be present at the plasma membrane, the protein appears to be predominantly endosomal. 

Given the seeming discrepancy between the localization of RME-8 to 

intracellular endosomes and its role in entry of endocytic tracers, we sought to examine 

for endocytic defects in mammalian systems. Interestingly, we found no effect of RME-8 

knock down on endocytosis of transferrin, a cargo of the constitutive endocytic pathway. 

However, we did observe a reduction in endocytosis of the EG F receptor. EGF receptor 

can enter cells via clathrin-mediated mechanisms and via caveolae, and the use of these 

two pathways is very sensitive to the concentration of EGF (36). We thus tested for a 

potential affect of RME-8 knock down on endocytosis of cholera toxin B, a marker of 

the caveolae-mediated endocytic pathway (31). Cholera toxin B endocytosis was 

normal, suggesting that disruption of the caveolae pathway is not responsible for the 

defect in EGF endocytosis. However, we did make the surprising observation that the 

level of EGF receptor was significantly reduced in RME-8 knock-down cells. In 

contrast, the levels of transferrin receptor, as well as those of multiple signaling and 

vesicle trafficking proteins were unaffected. The EGF receptor displays significant rates 

of constitutive endocytosis (1-2%/minute) with trafficking through early and late 

endosomes (37). Enhancing transport from early to late endosomes or decreasing EGF 

receptor recycling to the plasma membrane from late endosomes can decrease EGF 
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receptor levels (37). Thus, RME-8 knock down could disrupt the steady state levels of 

EGF receptor by disrupting endosomal trafficking. The precise mechanism causing loss 

of EGF receptor remains under investigation. 

RME-8 knock down was also seen to alter the distribution of CHC with -30% of 

knock-down cells demonstrating reduced cytosolic staining. This is reminiscent of the 

depletion of cytosolic clathrin that is seen after overexpression of dominant-negative 

forms of Hsc70 in mammalian cells (12). Moreover, it is consistent with results in 

Garland cells in Drosophila in which RME-8 mutants demonstrate a redistribution of 

GFP-tagged clathrin light chain from peripheral puncta to larger intracellular puncta, a 

phenotype mimicked by loss of Hsc70 function (13, 15). Thus, in both mammalian and 

invertebrate systems, RME-8 and Hsc70 are likely to function in a common pathway. It 

is unlikely however that RME-8 function is directly analogous to that of auxilins in 

uncoating CCVs as RME-8 does not bind directly to CHC and is not enriched on CCVs 

to the same extent as auxilin 1 and 2. This is consistent with the observation in 

Drosophila that overexpressed auxilin and RME-8 exhibit different genetic interactions 

with Hsc70 (15). Regardless, disruption of CHC distribution following RME-8 knock 

down may contribute to endocytic defects, as cells with the strongest CHC redistribution 

phenotype appear to have the most severe impairment of EGF endocytosis. In fact, the 

selective defect in endocytosis of EGF versus transferrin may result from a combination 

of this clathrin redistribution phenotype and the reduced levels of EGF receptor. 

Despite the localization of RME-8 to intracellular membranes, no defect in 

intracellular trafficking has been described upon loss of RME-8 function. We noticed an 

accumulation of the CI-MPR in a perinuclear pool after RME-8 knock down. The CI-

MPR along with the cation-dependent MPR carry out the delivery of newly synthesized 

acid hydrolases from the TGN to early and late endosomes for their subsequent transfer 

to lysosomes (34). To avoid degradation, MPRs recycle back to the TGN before reaching 

the lysosomal compartment (41). Our data demonstrate that RME-8 is necessary for the 

normal activity of this trafficking pathway. The receptor accumulates in the vicinity of 

the TGN based on co-localization studies with TGN markers syntaxin 6 and VAMP 4. 
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This accumulation may represent trapping of the receptor in the TGN itself or an 

accumulation in a membrane compartment that accumulates near the TGN. However, 

when we examined the trafficking of cathepsin D, a lysosomal hydrolase, we noticed a 

decrease in the processing of cathepsin D to its mature form as well as a decrease in the 

normal basal rate of cathepsin D secretion. The former obseivation suggests that the 

MPR does not reach the lysosome, where processing of the pro form of cathepsin D 

occurs. However, if the CI-MPR was trapped in the TGN, one might expect to see an 

increase in pro-cathepsin D that escaped the TGN in constitutive vesicles. Thus, we 

favor a scenario in which cathepsin D can traffic with the MPR from the TGN but is 

unable to properly traffic through the endosomal pathway to reach lysosomes. Thus, in 

addition to providing the first characterization of mammalian RME-8, our data provide 

the first evidence of a role for the protein in intracellular trafficking. Given its broad 

tissue distribution and evolutionary conservation, RME-8 is likely to contribute to such 

trafficking events in the context of many cell types. 
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FIGURE LEGENDS 

Figure 3.1. Amino acid sequence of human RME-8. Dash line denotes the DnaJ 

domain, underlines denote the IWN repeats, bold letters denote sequences that match a 

consensus for binding to the terminal domain of the CHC, and double underlines 

denotes the peptide sequence used to raise the RME-8 antibody. 

Figure 3.2. Tissue distribution and membrane association o f RME-8. A and B, equal 

protein aliquots of post-nuclear supernatants prepared from different rat tissues (A) or 

cultured cells (B) were processed by SDS-PAGE and Western blot with RME-8 

antibody. C, equal protein aliquots of subcellular fractions prepared from kidney extracts 

were processed by SDS-PAGE and Western blot with RME-8 and pan-cadherin 

antibodies. H, homogenate; P, pellet; S, supernatant. D, equal protein aliquots of liver 

homogenate (H) and highly enriched plasma membrane (PM) were processed by SDS-

PAGE and Western blot with RME-8, pan-cadherin and EGF receptor (EGFR) 

antibodies. E, equal protein aliquots of kidney P3 fraction were incubated with buffer A 

(no extraction), HEPES buffer containing 1% Triton X-100, 150 mM NaCl, or 500 mM 

NaCl, or NaCC>3 at pH 11.0. After 15 min of incubation, samples were spun for 15 min 

at 245,000 g and the resulting supernatants (S) and pellets (P) were processed by SDS-

PAGE and Western blot with RME-8 and Na+/K+ ATPase antibodies. 

Figure 3.3. Interaction of RME-8 with Hsc70. A, GST and a GST fusion protein 

encoding the DnaJ domain of RME-8 (GST-DnaJ) were coupled to glutathione-

Sepharose and used for affinity selection assay from soluble kidney extracts. Kidney 

extract or buffer alone was incubated with (+) or without (-) 3 mM ATP for 10 min at 

25°C before the addition to the fusion proteins. Proteins specifically bound to the beads 

along with a 1/10 aliquot of the kidney extract (starting material (SM)) were processed 

by SDS-PAGE and Coomassie Blue staining. The -70 kDa protein that bound to the 

GST-DnaJ domain in the presence of ATP was excised and analyzed by tandem mass 

spectrometry revealing 33 unique peptides for Hsc70. All other bands detected were 

present when fusion proteins were incubated with buffer alone, indicating that they are 
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aggregated fusion protein or are proteins co-purifying from bacterial extracts. B, GST 

and GST-DnaJ domain fusion protein were coupled to glutathiione-Sepharose and used 

for affinity selection assay from soluble kidney extracts. Kidney extracts were first 

incubated for 10 min at 25°C with EDTA (nucleotide-free, NF), 3 mM ADP, or 3 mM 

ATP. Proteins specifically bound to the beads along with a 1/10 aliquot of the kidney 

extract (starting material (SM)) were processed by SDS-PAGE and Western blot with 

Hsc70 antibody. C, equal protein aliquots of a soluble kidney extract containing no ATP 

(0) or increasing concentrations of ATP (1 pM to 5 mM in an ATP regenerating system) 

were incubated with GST-DnaJ domain pre-coupled to glutathione-Sepharose. Proteins 

specifically bound to the beads were processed by SDS-PAGE and Western blot with 

Hsc70 antibody. 

Figure 3.4. Association of RME-8 with CCVs. A, GST and a GST fusion protein 

encoding the terminal domain of the CHC (GST-TD) were coupled to glutathione-

Sepharose and used for affinity selection assay from soluble kidney extracts. Proteins 

specifically bound to the beads along with a 1/10 aliquot of the kidney extract (starting 

material (SM)) were processed by SDS-PAGE and Western blot with antibodies against 

RME-8, y-adaptin (AP-1) and enthoprotin. B, equal protein aliquots of the various 

fractions of the subcellular fractionation procedure leading to highly enriched CCVs 

were processed by SDS-PAGE and Western blot with RME-8, auxilin 2, and CHC 

antibodies. H, homogenate; P, pellet; S, supernatant. 

Figure 3.5. Localization of endogenous RME-8. A-D, endogenous RME-8 

localization, determined by indirect immunofluorescence was compared to that of EEA1 

(A), CY3-labeled transferrin that had been endocytosed for 20 min (B), CI-MPR (Q, and 

Texas Red labeled EGF (D) that had been endocytosed for 20 min. A blend of the RME-

8 staining (green) with the various markers (red) is revealed in the left-most panels 

(blend low mag). Higher magnification individual images of FLME-8 and the respective 

markers as well as a blend of these images (blend high mag) are from the areas indicated 

by boxes in the lower magnification images. E, panels are presented as in A-D, except 

that localization of endogenous EGF receptor (EGFR), determined by indirect 
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immunofluorescence, was compared to that of Texas Red-labeled EGF that had been 

endocytosed for 20 min. For A-C, arrows point to co-localizing punca. In D and E, 

arrows indicate where RME-8 and EGF receptor is found in punca that surround EGF 

puncta. Scale bars represent 10 and 2 |im for the low and high magnification images, 

respectively. 

Figure 3.6. siRNA-mediated RME-8 knock down. A and B, COS-7 cells were 

transfected twice at 24-h intervals without (Mock) or with RME-8.3 siRNA. At 72 h past 

the first transfection cells were processed by indirect immunofluorescence with RME-8 

antibody (A) or cell lysates were prepared and equal protein aliquots were processed by 

SDS-PAGE and Western blot with antibodies for the various proteins indicated (B). Blot 

signals for RME-8 were quantified using ImageJ software, and the signal in the siRNA-

treated cells was plotted in relation to the mock-treated cells, which was set to 100%. 

The scale bar represents 10 (j.m. 

Figure 3.7. RME-8 knock down ceils have reduced EGF endocytosis. A, mock or 

RME-8.3 siRNA transfected COS-7 cells were allowed to endocytose Cy3-transferrin or 

Texas Red-EGF for 15 min and were then fixed and processed by indirect 

immunofluorescence with antibody against RME-8. Scale bars represent 10 jo,m. B, 

mock or RME-8.3 transfected cells were lysed, and equal protein aliquots were 

processed by SDS-PAGE and Western blot with antibodies against EGF receptor 

(EGFR) and transferrin receptor (TfR). C, cells were treated as in A except that 

transferrin-Alexa Fluor 647 or EGF-Alexa Fluor 488 was used. The percentage of 

transferrin and EGF internalized by the cells was determined by fluorescence-activated 

cell sorting analysis as described under "Experimental Procedures". D, mock or RME-

8.3 siRNA-transfected COS-7 cells were allowed to endocytose Alexa 594-cholera toxin 

B (CTB) and were then fixed and processed by indirect immunofluorecence with 

antibody against RME-8. The scale bar represents 10 |_im. 

Figure 3.8. Knock down of RME-8 alters CHC distribution. A, mock or RME-8.3 

siRNA-transfected COS-7 cells were fixed and processed by indirect 
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immunofluorecence with antibodies against RME-8 and CHC. B, cells prepared as 

described for A were scanned in both the x-y plane (top panels) and with a z section 

(bottom panels) from the region indicated by the blue line. For A and B, scale bars 

represent 10 and 5 pm, respectively. C, cells were grouped into two categories based on 

the presence or absence of CHC redistribution. 

Figure 3.9. Knock down of RME-8 alters CI-MPR trafficking. A, mock or RME-8.3 

siRNA-transfected COS-7 cells were processed by indirect immunofluorescence with 

antibodies for RME-8 and CI-MPR. The scale bar represents 10 pm. B, RME-8.3-

transfected cells were processed by indirect immunofluorescence with antibodies against 

CI-MPR and either syntaxin 6 or VAMP 4. Blends of the CI-MPR staining (green) with 

syntaxin 6 (red) and the CI-MPR (red) with VAMP 4 (green) are revealed in the right-

most panels. The scale bar represents 2 pm. C, COS-7 cells transfected twice at 24 h 

intervals without (Mock) or with RME-8.3 siRNA were pulsed for 10 min with 35S-

labeled methione/cysteine followed by a chase with unlabeled methione. At the indicated 

time points, cathepsin D was immunoprecipitated from cell lysates (C) or culture media 

(M), and the immunoprecipitated samples were analyzed by SDS-PAGE and 

autoradiography. D, the mean ± S.E. of the percentage of sorted cathepsin D is plotted 

for Mock and RME-8.3 transfected cells for the 3 h (n=9) and 4 h (n=ll) time points. 

Paired t tests reveal a significance of less than 0.01 and 0.001 for the 3- and 4-h time 

points, respectively. Note that the y axis has been truncated at 30%. 
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2201 SQTAGYLTGPGVAGYLTAGTSTSVMSNLPPPVDHEAGDLGYQT* 
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SUPPLEMENTAL FIGURE LEGENDS 

FIGURE 3.S1. Mock or RME-8.3 siRNA transfected COS-7 cells were processed by 

indirect immunofluorescence with antibodies for a-adaptin (AP-2) and RME-8. The 

higher magnification images (bottom panels) are from the areas indicated by boxes. The 

scale bars represent 10 and 2 pm for the low magnification and high magnification 

images, respectively. 

FIGURE 3.S2. RME-8.3 transfected cells were incubated at 37°C with 10 ng/ml Texas 

Red-EGF for 15 min and were then fixed and processed by indirect immunofluorecence 

with antibodies against CHC and RME-8. The higher magnification images in the 

bottom six panels are from the areas indicated by the boxes in. the lower magnification 

images in the top panel. The images in the middle panels provides an example of a cell 

in which clathrin depletion from the cytosol correlates to a complete block in EGF 

endocytosis whereas the images in the bottom panels provides an example of a cell in 

which a seemingly normal clathrin distribution correlates to detectable EGF 

internalization. Scale bars represent 10 pm and 2 pm for the low and high magnification 

images, respectively. 
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PREFACE TO CHAPTER 4 

Chapter 3 aimed to characterize RME-8 and provide the foundation in 

understanding its functional role in the intracellular trafficking network. During the 

course of this study, we observed that the steady-state expression levels of EGFR were 

decreased upon RME-8 depletion (Girard et al., 2005b). 

EGFR is a key player in regulating different cellular processes such as 

proliferation, migration, tumorigenesis and metastasis (Ullrich, and Schlessinger, 1990). 

It is therefore not surprising that EGFR itself is subjected to tight regulatory control. 

Upon ligand-induced endocytosis, EGFR is normally degraded in the lysosomes and this 

downregulation has a major role in its cellular activity (Wang et al., 1999; Ceresa and 

Schmid, 2000). However, when EGFR heterodimerizes with another member of the 

EGFR family, ErbB2, the complex is recycled back to the plasma membrane and that 

situation causes dramatic effects such as an increase in signalling and proliferation that 

is also seen in many cancers (Wang et al., 1999; Ceresa and Schmid, 2000). 

In this chapter, we demonstrate that RME-8 depletion does not affect recycling 

receptors but increases EGFR degradation rates and consequently decreases its steady-

state expression levels. We also show that RME-8 depletion can cause a decrease in 

EGFR protein levels, even in cancer cell lines that are overexpressing ErbB2. Not only 

does this paper propose RME-8 as a regulator of EGFR trafficking and degradation but it 

also suggests that RME-8 could be a valuable target in cancer treatment. 
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Abstract 

We recently identified receptor-mediated endocytosis 8 (RME-8) as a DnaJ domain-

bearing protein localized to endosomes. We now demonstrate that siRNA-mediated 

knock down (KD) of RME-8 leads to a decrease in the steady-state expression level of 

epidermal growth factor receptor (EGFR) without influencing the levels of receptors that 

primarily recycle to the plasma membrane. Decreases in EGFR are detected at both 

surface and intracellular pools. RME-8 KD significantly increases EGFR degradation 

rates without influencing the rate of synthesis, providing a potential mechanism to 

explain the alterations in receptor levels. Interestingly, RME-8 KD also leads to a 

decrease in EGFR levels in breast cancer cell lines in which overexpression of the EGFR 

family member ErbB2 has been shown to protect EGFR from degradation. These data 

implicate RME-8 in sorting decisions influencing EGFR at the level of endosomes and 

point to RME-8 as a potential regulatory target in ErbB2-positive breast cancers. 
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1. Introduction 

Clathrin-coated vesicles (CCVs) are the major carriers for endocytic cargo. 

Following their fission from the plasma membrane, CCVs uricoat and fuse with early 

endosomes, the initial sorting station in the endocytic pathway [1]. Cargo such as the 

transferrin receptor (TfR), which predominantly recycle, segregate into thin membrane 

tubules that bud off endosomes for transport back to the plasma membrane [1] whereas 

the remaining early endosome develops into late endosomes, possibly through a series of 

fusion and fission events coupled with retrograde flow of early endosome resident 

proteins [2]. Cargo, such as the epidermal growth factor receptor (EGFR), which are 

predominantly degraded undergo inward invagination into the lumen of the endosome 

during the maturation process leading to multivesicular bodies (MVBs) that fuse with 

lysosomes for degradation [1,3]. 

The process by which cargo is targeted for inward invagination is complex and 

involves four protein assemblies on endosomal membranes referred to as endosomal 

sorting complex required for transport (ESCRT) 0 through ESCRT III [4], Receptors 

targeted for degradation, such as EGFR are tagged with ubiquitin [5], which is 

recognized by Hrs within the ESCRT 0 complex [4], The ubiquitinated cargo is then 

transferred to the other ESCRT complexes and is eventually coupled to the machinery 

for inward budding [4], Hrs binds to phosphatidylinositol-3-P, which is enriched on 

early endosomes, and also binds clathrin, helping recruit clathrin to early endosome 

membranes where it forms a poorly defined bilayered clathrin coat that in turn stabilizes 

Hrs and restricts it to the regions of the endosome where inward invagination occurs 

[6,7]. Like other clathrin coats [8], the bilayered coat undergoes a dynamic exchange 

with the cytosol, fluctuating between assembled (membrane associated) and 

disassembled (cytosolic) states and interestingly, the degree of association of the Hrs-

rich coat with the membrane is a critical factor in recruiting ubiquitinated cargo for 

eventual degradation [7], 

We recently identified and characterized the mammalian form of receptor-
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mediated endocytosis 8 (RME-8) [9], a DnaJ domain-containing protein originally 

identified in a screen for endocytic defects in C. elegans [10]. As for RME-8 in 

invertebrates and plants, mammalian RME-8 co-localizes with multiple markers of the 

endosomal system including internalized transferrin and EGF and the early endosomal 

marker EEA1 [9-12], Through its DnaJ domain, RME-8 binds the chaperone Hsc70 

[9,11], which regulates uncoating of CCVs [13-15] and which is also involved, in an 

unknown manner, in regulating receptor trafficking at endosomes [16]. We now use a 

loss of function approach to demonstrate that RME-8 regulates the cellular levels of 

EGFR by contributing to the control of EGFR endosomal trafficking and degradation. 
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2. Materials and methods 

2.1. Antibodies 

A polyclonal RME-8 antibody was previously described [9]. Mouse monoclonal 

antibodies against the following proteins were purchased from the indicated commercial 

sources: Na+/K+ ATPase, Upstate Biotechnology (Lake Placid, NY); EGFR, Santa Cruz 

Biotechnology (Santa Cruz, CA); TfR, Zymed Laboratories Inc. (South San Francisco, 

CA). Polyclonal antibodies against EGFR, LDLR and ErbB2 were from Santa Cruz 

Biotechnology (Santa Cruz, CA), Fitzgerald Industries International Inc. (Concord, MA) 

and Abeam (Cambridge, MA), respectively. Polyclonal antibody against insulin receptor 

was a gift of Dr. John Bergeron (McGill University, Montreal, Canada). Dr. William 

Muller (McGill University, Montreal, Canada) kindly provided SKBR3 and BT474 cell 

lines. 

2.2. Analysis ofprotein levels following siRNA-mediated KD of RME-8 

RME-8 siRNA and transfection procedures were previously described [9]. 

Briefly, COS-7, HeLa, SKBR3 or BT474 cells were plated in DMEM without antibiotics 

at 60% confluency. At 24 h post-plating, cells were transfected once with 80 nM siRNA 

using Lipofectamine 2000 (Invitrogen) with the transfection repeated 24 h later. 

Experiments were performed 72 h after the first transfection for COS-7 and HeLa, and 

96 h after the first transfection for SKBR3 and BT474. For Western blot, cells were 

scrapped in RIPA buffer (10 mM HEPES, pH 7.4, 150 mM NaCl, 1% Triton X-100 and 

0.1%SDS supplemented with 0.83 mM benzamidine, 0.23 mM phenylmethylsulfonyl 

fluoride, 0.5 pg/ml aprotinin and 0.5 pg/ml leupeptin) and centrifuged for 10 min at 800 

x g. Proteins from equal protein aliquots of the supernatant were separated by SDS-

PAGE, analyzed by Western Blot and blot signals were quantified using NIH ImageJ 

software. 
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2.3 EGFR immunofluorescence and FACS analysis 

For EGFR immunofluorescence, COS-7 cells were plated on poly-L-lysine 

coverslips. One set of cells (surface EGFR) was cooled to 4°C, washed in cold PBS, 

incubated for 3 h on ice with an antibody against EGFR, fixed for 20 min with 3% ice-

cold paraformaldehyde (PFA) and incubated with a CY3-conjugated secondary antibody. 

A second set of cells (total EGFR) was first fixed in 3% PFA, pre-permeabilized for 10 

min with 0.05% saponin, incubated for 3 h with EGFR antibody diluted in 0.05% 

saponin, followed by detection using a CY3-conjugated secondary antibody. 

Immunofluorescence images were collected using a Zeiss 510 laser scanning confocal 

microscope and the acquisition settings were kept constant between mock and siRNA 

treated cells. 

Fluorescence activated cell sorting analysis (FACS) was performed using 

FACScan with data analyzed using the CellQuantPro program (BD Biosciences). COS-7 

cells, mock transfected or transfected with RME-8 siRNA were first cooled on ice. One 

set of cells, used to assess the level of surface EGFR, was incubated with EGFR 

antibody at 4°C for 3 h, washed with cold PBS, incubated with CY2-conjugated 

secondary antibody at 4°C for 1 h and resuspended in cold PEJS. A second set of cells, 

used to assess total EGFR level, was pre-permeabilized with 0.05% saponin, incubated 

with EGFR antibody diluted in 0.05% saponin for 3 h at 4°C, washed with cold PBS, 

incubated with CY2-conjugated secondary antibody at 4°C for 1 h and resuspended in 

cold PBS. 

2.4. EGFR degradation assay 

Mock and RME-8 KD COS-7 cells were serum-starved O/N and then incubated for 1 h 

at 37°C in cysteine/methionine-free DMEM (Invitrogen). Cells were then pulsed for 2 h 
T C 

at 20°C with 0.1 mCi/ml Pro-Mix [ S] (Amersham Biosciences), washed, and chased at 

37°C for 0, 2, 4, and 6 h in DMEM containing methionine (0.06 mg/ml), cysteine (0.1 
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mg/ml), cycloheximide (25 ug/ml), and EGF (100 ng/ml). At each, time point, the cells 

were washed, lysed (50 mM TRIS pH 7.4, 150 mM NaCl, 10% glycerol, 5mM EDTA, 

1% Triton X-100), spun at 20000 x g max and equal protein aliquots of the supernatants 

were added to 25 pi protein-G beads (Amersham Biosciences) and 10 pi of EGFR 

monoclonal antibody in order to immunoprecipitate EGFR. Immunoprecipitated proteins 

were separated on SDS-PAGE and processed for autoradiography using a STORM 

Phosphorlmager (Amersham Biosciences) followed by exposure to x-ray film. 

Quantification was performed using ImageQuant software. 
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3. Results and discussion 

We previously established conditions using small inhibitory RNA (siRNA) to 

knock down (KD) RME-8 in cultured cells without influencing the levels of multiple 

control proteins [9]. During these studies, we noticed that the steady-state level of 

endogenous EGFR was decreased following loss of RME-8 function in COS-7 cells [9]. 

We thus sought to further examine this intriguing observation. Importantly, the decrease 

in EGFR levels resulting from RME-8 KD is not limited to COS-7 cells and is also seen 

in HeLa cells (Fig. 4.1 A). EGFR is decreased by 46.6% and 6:5.5% of that in control in 

COS-7 and HeLa, respectively (Fig. 4. IB). The decrease in total level of EGFR was also 

readily detectable by immunofluorescence when using an EGFR antibody on fixed and 

permeabilized COS-7 cells (Fig. 4.2A). This decrease appeared to be roughly 

proportional to a decrease in surface levels as determined by adding the EGFR antibody 

(which recognizes the extracellular domain) to live cells at 4°C prior to washing and 

fixation (Fig. 4.2A). To quantify this observation, we performed FACS to measure total 

versus surface levels of EGFR in control and RME-8 KD conditions. We detected a 

similar decrease for total and surface pools, 35.5% and 39.3%, respectively (Fig. 4.2B), 

consistent with the decrease in COS-7 cells measured by Western blot (Fig. 4.1). Thus, 

the decrease in EGFR levels does not represent a selective loss of the surface pool of 

receptor. 

In contrast to EGFR, the levels of TfR and insulin receptor (InsR) in COS-7 and 

HeLa cells and the level of low-density lipoprotein receptor (LDLR) in HeLa cells 

(LDLR is not detected in COS-7 cells with the antibody employed) are unaltered 

following RME-8 KD (Fig. 1A/B). Na+/K+-ATPase is used as a loading control (Fig. 

4.1 A). Following constitutive clathrin-mediated endocytosis, TfR, InsR and LDLR enter 

early endosomes and are targeted primarily to recycling pathways for return to the 

plasma membrane [17-19]. Thus, RME-8 KD does not appear to influence the 

constitutive recycling pathway but does alter the levels of EGFR, which is targeted from 

early endosomes to late endosomes/lysosomes [20]. In fact, EGFR undergoes 

constitutive endocytosis at a rate of 1-2%/min [21]. Thus, it is possible that RME-8 
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normally plays a negative regulatory role in trafficking of EGFR to the degradative 

pathway and that loss of RME-8 function allows more EGFR to enter this pathway 

during the course of the KD leading to decreased steady-state levels. However, it is also 

conceivable that RME-8 KD leads to decreased EGFR by decreasing mRNA levels or by 

altering the rate of receptor synthesis. 

To examine these possibilities, we performed metabolic labelling experiments. 
ic . 

Cells were first pulsed with [ S[cysteine/methionine to label newly synthesized proteins 

and cell lysates were subjected to immunoprecipitation analysis with an EGFR antibody. 

Equivalent amounts of newly synthesized EGFR were immunoprecipitated under control 

and KD conditions (Fig. 3A), strongly suggesting that RME-8 KD does not influence 

EGFR synthesis. We next chased the metabolically labelled cells for various time points 

in the presence of 100 ng/ml EGF. Importantly, over a time; course of 6 hours, the 

amount of EGFR decreased more rapidly in RME-8 KD cells than in control (Fig. 4.3B). 

Quantification of multiple experiments confirmed that RME-8 KD significantly 

increases the rate of EGFR degradation (Fig. 3C). Thus, we hypothesize that RME-8 is a 

negative regulator of EGFR trafficking to the degradative pathway and as a 

consequence, KD of RME-8 increases degradation rates leading to a decrease in receptor 

steady-state levels. A role for RME-8 in the regulation of degradative trafficking at the 

level of endosomes is consistent with the recent demonstration that in plants, RME-8 

functions in vesicle trafficking from MVBs to the lytic vacuole, the plant equivalent of 

lysosomes [12]. 

Trafficking decisions regarding degradation versus recycling have critical 

pathological implications. For example, although EGFR is normally targeted for 

degradation following EGF activation, overexpression of the EGFR family member 

ErbB2 leads to EGFR/ErbB2 heterodimers that are directed towards the recycling 

pathway [22,23]. This leads to prolonged mitogenic signaling downstream of EGFR and 

may explain why ErbB2 overexpression is found in many carcinomas and correlates 

with poor prognosis [23,24]. Since RME-8 KD enhances EGFR degradation we sought 

to test if it could, at least in part, overcome the ability of ErbB2 to prevent EGFR down 
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regulation with implications for ErbB2-positive cancers. ErbB2 normally undergoes 

constitutive endocytosis and recycling. Thus, we examined its steady-state levels in non-

overexpressing cells. In this set of experiments, EGFR is decreased by 45.8% and 63.1% 

in COS-7 and HeLa cells, respectively, following RME-8 KD, whereas in the same 

experiments there is no significant change in the levels of ErbB2 (Fig. 4.4A/B). Thus, 

consistent with earlier results, RME-8 KD does not influence the levels of a 

constitutively recycling receptor. 

We next turned to experiments in BT474 and SKBR3 human breast cancer cells 

lines, which we obtained from Dr. William Muller (McGill University). These cells 

overexpress ErbB2 and have been used as a model to establish that ErbB2 

overexpression leads to increased EGFR recycling [22]. Transfection with RME-8 

siRNA led to a large decrease in RME-8 levels (Fig. 4.5A; 73.2% and 74.1% decrease in 

RME-8 in BT474 and SKBR3 cells, respectively). Although this level of KD is 

somewhat less than that seen in COS-7 and HeLa (Fig. 4.IB), there was still a 

significant decrease in the levels of EGFR (37.3% and 32.6% in BT474 and SKBR3, 

respectively; Fig. 5A/B; note that the EGFR antibody employed in this study cross-

reacts with ErbB2 at high levels of ErbB2 expression). As for COS-7 and HeLa cells, 

RME-8 KD did not influence the steady-state levels of ErbB2 in either breast cancer cell 

line (Fig. 4.5A/B). Thus, although ErbB2 overexpression may be partially protective of 

the decrease in EGFR levels caused by RME-8 KD, to the large part, RME-8 KD is an 

effective method to reduce EGFR levels even in the face of gross ErbB2 overexpression. 

These data suggest that RME-8 may be a valuable target in the treatment of ErbB2-

positive breast cancers. 

The mechanism by which RME-8 may function in endosomal trafficking and 

EGFR degradation is not currently understood. An interesting hypothesis is that RME-8 

interacts with Hsc70 on endosomes to regulate the association of bilayered clathrin coats 

with endosomal membranes. In fact, Hsc70 was previously implicated in trafficking 

decisions on early endosomes [16]. Normally, RME-8/Hsc:70 would disassemble 

endosomal clathrin coats as part of the normal kinetic equilibrium of clathrin coats and 
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Hrs between membranes and the cytosol [7]. RME-8 KD would thus lead to increased 

association of coats and Hrs with membranes. Ubiquitinated cargo would have more 

binding sites on endosomes, which would increase their targeting to ESCRTs, entry in 

MVBs and degradation. In fact, RME-8 KD cells have less CHC in the cytosol with no 

overall change in CHC levels [9]. If this hypothesis is correct, RME-8 could have a 

general influence on the trafficking of receptors that are targeted via ubiquitination to the 

degradative pathway and in fact RME-8 KD decreases the levels of the NGF receptor 

TrkA when transfected in cultured cells (data not shown). Future studies will be directed 

towards testing this hypothesis. 
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Figure legends 

Fig. 4.1. RME-8 KD decreases steady-state levels of EGFR. (A) COS-7 or HeLa cells 

were mock transfected or transfected with RME-8 siRNA. At 72 hours following 

transfection, cell lysates were prepared and processed for Western blot with antibodies 

against the indicated proteins. (B) Western blots as in A were quantified. The bars 

represent mean ± s.e.m. (n=between 6 and 8 for the various proteins). Significant 

differences were detected for RME-8 and EGFR (paired t-test, pO.OOl). 

Fig. 4.2. EGFR is decreased at the surface proportional to the total decrease. (A) COS-7 

cells, mock transfected or transfected with RME-8 siRNA, were fixed, permeabilized 

and stained with an antibody against EGFR (TOTAL EGFR). Alternatively, live cells, 

held at 4°C, were incubated with the EGFR antibody before washing and fixation 

(SURFACE EGFR). (B) COS-7 cells, mock transfected or transfected with RME-8 

siRNA were incubated with EGFR antibody with (TOTAL) or without (SURFACE) 

permeabilization as described in Materials and methods and were then resuspended and 

subjected to a FACS analysis. Significant decreases in EGFR were detected for both 

total and surface pools following RME-8 KD (paired t-test, p d . O l for total and p<0.001 

for surface, n=6 for each). 

Fig. 4.3. RME-8 KD increases EGFR degradation rates. (A) COS-7 cells, mock 

transfected or transfected with RME-8 siRNA, were pulsed with 

[35S]cysteine/methionine to label newly synthesized proteins. Soluble cell lysates were 

prepared for immunoprecipitation with an EGFR antibody and immunoprecipitated 

proteins were subject to autoradiography. (B) Cells prepared as in A were subsequently 

chased for various time points, as indicated, in regular media containing EGF before 

soluble cell lysates were prepared for immunoprecipitation with EGFR antibody, 

followed by autoradiography. (C) The levels of EGFR as determined in B were 

quantified. The points represent mean ± s.e.m., n=4 for each condition. 

Fig. 4.4. RME-8 KD does not influence the levels of ErbB2. (A) COS-7 or HeLa cells 
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were mock transfected or transfected with RME-8 siRNA. At 72 hours following 

transfection, cell lysates were prepared and processed for Western blot with antibodies 

against the indicated proteins. (B) The EGFR and ErbB2 Western blots from A were 

quantified. The bars represent mean ± s.e.m. (n=6 for each blot). Significant differences 

were detected for EGFR (paired t-test, p<0.01). 

Fig. 4.5. ErbB2 does not protect EGFR from degradation following RME-8 KD. (A) 

BT474 or SKBR3 breast cancer cells were mock transfected or transfected with RME-8 

siRNA. At 96 hours following transfection, cell lysates were prepared and processed for 

Western blot with antibodies against the indicated proteins. (B) The EGFR and ErbB2 

Western blots from A were quantified. The bars represent mean ± s.e.m. (n=6 for each 

blot). Significant differences were detected for EGFR (paired t-test, p<0.05). 
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CHAPTER 5 

ORIGINAL CONTRIBUTION TO SCIENTIFIC KNOWLEDGE 



The work presented in chapter 2 provided new insights into the composition of 

CCVs and their specialized functions in different tissues. Our lab previously developed 

a label-free quantitative approach applicable to proteomic studies (Blondeau et al., 

2003). In the present study we used this approach to quantify and compare abundant 

CCV components between two different tissues. We were able to confirm quantitatively 

for the first time that CCVs can exert different specialized functions depending on the 

tissues. Indeed, we found that in brain, 89% of the plasma membrane-derived CCVs are 

dedicated to specialized synaptic vesicle recycling and that liver CCVs are performing 

more general housekeeping endocytic and trafficking tasks. This study also contributed 

to ending the dogma of the obligatory 1:1 CHC to CLCs ratio and showed that the role 

of CLCs could be different, at least in non-neuronal tissues, than the one initially 

proposed. This surprising finding was the basis for other studies on the role of CLCs in 

both neurons and other cell lines and tissues. 

Not only did the work described in chapter 2 provide new information on CCVs 

but it also allowed us to identify new proteins that are potentially linked to clathrin-

mediated trafficking events. Among these novel proteins, we identified and 

characterized RME-8 and that characterization led to the studies described in chapters 3 

and 4. Chapter 3 provides the first characterization of the mammalian RME-8 homolog 

and demonstrates that RME-8 binds to the chaperone Hsc70 which is known to exert a 

role in a variety of contexts including assembly and disassembly of protein complexes. 

In addition to the biochemical characterization of RME-8, this study showed that RME-8 

localizes throughout the endosomal system where it functions as a regulator of the 

endosomal intracellular trafficking. Moreover, this study provided the first evidence of a 

functional role of a DnaJ domain-containing protein within the endosomal compartment. 

While characterizing RME-8 we made the intriguing observation that RME-8 

depletion causes a decrease in the expression levels of EGFR. The studies described in 

chapter 4 investigate the causes of this decrease. RME-8 absence causes an enhanced 

EGFR degradation and, more importantly, this enhanced degradation does not affect 

constitutively recycling receptors. This increase in EGFR degradation upon RME-8 

142 



depletion can also be observed in cancer cell lines where EGFR is normally protected 

from degradation due to its association with the overexpressed recycling receptor ErbB2. 

In addition to providing the mechanism underlying the aberrant EGFR degradation upon 

RME-8 depletion, this study indicates that RME-8 is a crucial player in EGFR sorting 

decisions and point to RME-8 as a potential valuable target in the treatment of cancers 

featuring ErbB2 overexpression. 
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CHAPTER 6 

DISCUSSION AND CONCLUSION 



6.1 RATIOS OF CLATHRIN AND ITS ADAPTORS IN BRAIN AND LIVER 

A striking evolutionary leap in eukaryotic cells is the appearance of specialized 

cellular compartments. This compartmentalization provides the proper cellular 

environment for the plethora of biochemical processes occurring in cells and is 

accompanied by the compartmentalization of proteins meaning that protein localization 

is intimately linked to subcellular function. Subcellular proteomics takes advantage of 

this compartmentalization and can provide a global analysis of the protein components 

of an organelle. This approach has gradually replaced the two-dimensional gel 

electrophoresis of whole cell lysates. Using subcellular proteomics, as opposed to 

"entire homogenate proteomics", has advantages. It reduces the complexity within the 

sample and therefore proteins that are less abundant are not overwhelmed by more 

highly expressed proteins. It also allows the localization of the identified proteins. On 

the other hand, subcellular fractionation methods are giving enrichment and not "pure" 

organelles, which means that any given preparation will always have some degree of 

contamination. Moreover, subcellular compartments are dynamic structures and their 

protein components are in constant exchange. Thus, it can make data interpretation 

difficult, since it is unlikely that a given organelle will have a definite and static 

proteome. Protein correlation profiling, which uses MS of marker proteins for an 

organelle to define their profile through a fractionation step such as sucrose density 

gradient, compares peptides obtained from consecutive fractions to the reference profile, 

was aimed to address these issues (Andersen et al., 2003; Foster et al., 2006). 

Regardless, subcellular proteomics has been widely used for different organelles and has 

proven to be a useful tool to provide insights of organelle function (for review, see Yates 

et al., 2005). 

The workflow we used in both brain and liver CCV proteomic analysis started 

with subcellular fractionation protocols that led to highly enriched CCV fractions. The 

CCV fractions are then separated by one-dimensional SDS-polyacrylamide gel 

electrophoresis (ID SDS-PAGE). This eliminates problems arising from two-

dimensional gel electrophoresis, including the incapacity of many proteins to enter the 
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first dimension, or to be resolved by their isoelectric points, and the fact that integral-

membrane proteins are not well represented. Once the ID SDS-PAGE-based separation 

is achieved, the gel lane is cut into even horizontal gel slices that are digested with 

trypsin in order to generate tryptic peptides and to allow extraction of the peptides from 

the gel slices. The digested peptide mixture is then analyzed by reversed-phase liquid 

chromatography quadrupole time-of-flight tandem MS (LC-Q-To F MS/MS) and 

MS/MS spectra are then assigned to the peptides. Because the proteolytic peptides 

generated upon digestion exhibit a wide range of physicochemical properties such as 

charge, size, hydrophobicity, and potential of ionization, MS and, by extension 

proteomics, is not inherently quantitative. 

Many efforts have been made to develop quantitative approaches and most are 

based on the use of heavy stable isotopes. These quantification methods present several 

advantages, such as the possibility of combining the samples, of reducing the complexity 

of the peptide mixture, and performing additional separation steps on labeled samples. 

However, none of the various methods were suitable in our case. The SILAC method 

(Ong et al., 2002) is applicable mainly to cells in culture, even though some groups 

demonstrated the feasibility of the method in other organisms such as C.elegans, 

Drosophila (Krijgsveld et al., 2003), plants (Gruhler et al., 2005), and even rats (Wu et 

al., 2004), but with a cost that increases with the complexity of the organisms. The 

ICAT method has not been tested in peptide mixtures from tissues and also limits the 

analysis to proteins bearing cysteine residues. Stable isotope incorporation by 

enzymatic labeling could have been used in theory, but has not been extensively tested in 

samples derived from tissues. During our analysis, we realized that the Coomassie blue 

intensity in the ID SDS-PAGE run prior to the MS analysis correlated with the number 

of peptides/spectra found within each band. This suggested a possible quantitative 

nature of peptide counts. This correlation was observed by Blondeau et al. (Blondeau et 

al., 2004) using LC-Q-ToF analysis and it was later independently verified by Liu et al. 

(Liu et al., 2004) using MudPIT (multidimensional protein identification technology) 

analysis with an LC-Q ion trap mass spectrometer. This indicates that peptide counting 

is valuable for quantification independently of the nature of the MS apparatus used. In 
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our case, because of a) the low complexity in the number of proteins, b) the elution 

profile of abundant peptides, and c) the sensitivity of the MS apparatus used for the 

analysis, the more abundant a protein, the more redundant peptide identifications that 

were seen in a given band. For example, in Girard et al. (Girard et al., 2005b), in 

preparation 1 there were 309 MS/MS spectra that were assigned to 77 CHC peptides. 

Because of their abundance, these peptides have broad peaks of elution off the LC 

column and are therefore sampled multiple times. However, the fact that some peptides 

are detected with multiple spectra is also due to low resolution in the LC, which can be 

explained by their hydrophobicity or other intrinsic physico-chemical properties. This 

illustrates one of the limitations of the technique, as it would ideally require proteins that 

have a "homogenous" peptide composition to cover all physico-chemical properties, and 

average for changes from one peptide to another for a given protein. Another limitation 

concerns the transmembrane proteins that contain highly hydrophobic residues and that 

won't optimally resolve in the CI8 liquid chromatography column used, or may never 

elute, depending on the conditions used. That could explain why in Blondeau et al. 

(2004), the peptides corresponding to the small transmembrane domain proteins of the 

ATPase subcomplex were not found in the expected ratios. Another limitation can come 

from the trypsin digestion profile. For example, the y subunit of the adaptor protein AP-

1 in the brain CCVs analysis has an uneven distribution of lysine and arginine and 

therefore shows a deficit in the number of peptide/spectra relative to other AP-1 subunits 

(Blondeau et al., 2004). Despite its limitations, the peptide/spectral count approach is a 

valuable and versatile tool for determining relative protein abundance. Indeed, Liu et al. 

(2004) have spiked a yeast protein mixture with known concentrations of sample 

proteins and have demonstrated that spectral count is accurate as they obtained an almost 

perfect linear correlation with a R value of more than 0.99 for the six proteins studied 

(Liu et al., 2004). 

We used peptide counting together with Western blot analysis to compare ratios 

of CHC, CLC, and AP subunits in CCVs enriched from brain and liver and then to 

examine how these ratios compared between the two samples. Several studies in brain, 

including the brain CCV proteomics analysis, suggest that CHC and CLCs are stably 
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associated in a 1:1 molar ratio and, with time, this notion had been extended to all 

tissues (Kirchhausen and Harrison, 1981; Ungewickell and Branton, 1981; Blondeau et 

al., 2004). We were thus surprised to find that, in liver CCVs, the CLCs to CHC ratio 

was 0.2:1 ratio. Western blot analysis showed a decreased amount of CLCs in liver 

compared to brain for an equivalent amount of CHC. Moreover, these differences were 

seen when using two different CCV isolation protocols. In fact, the 1:1 ratio might be a 

unique characteristic of brain CCVs since no other tissues or commonly used cell lines 

taht we tested exhibit this equimolar ratio. At a lower than 1:1 ratio, according to the 

model that CLCs function as stoichiometric negative regulators of CHC assembly, CHC 

should be over assembled and non functional. In fact, loss of function experiments are 

not consistent with this model. In non-neuronal cells, CLC knock-down (KD) has no 

effect on endocytosis (Yang et al., 2002; Huang et al., 2004; Poupon et al., 2008). 

Moreover, a recent study showed that the role of CLCs is to regulate actin assembly and 

membrane trafficking at the TGN (Poupon et al., 2008). In this model of function, CLC 

can readily work at substoichiometric levels. In the case of brain, it was previously 

demonstrated that the major role of CCVs is recycling of SVs (Blondeau et al., 2004). 

Thus, it is possible that the 1:1 ratio of CLCs to CHC in brain is specific in an unknown 

manner to regulation of SVs. 

We also found differences in the ratios of AP-1 to AP-2 between the two tissues. 

In liver, there was more AP-1 than AP-2, and in brain, these ratios were inverted. This 

strongly reinforces the idea that brain is specialized in endocytosis as a way to retrieve 

SVs. This notion is also supported by our calculations demonstrating that approximately 

90% of the AP-2 positive CCVs are dedicated to SV recycling. It was, thus, not 

surprising to find some endocytic cargoes such as TfR and EGFR that were detected in 

liver CCVs were not detected in brain, likely because they were present but 

overwhelmed with the abundant SV protein cargo. It is of interest to note that the 

composition of AP-2 subunits differs in brain compared to liver. In brain, AP-2aA 

isoform is more present, whereas in liver AP-2aC predominates. Since brain CCVs are 

highly specialized and biased toward SV recycling, this opens a field of investigation in 

which the brain specific isoform AP-2aA may have a specialized function in SV 
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recycling. Taken together, the CHC to CLC and the AP2 to API ratios validate the 

approach of spectral counting as a quantitative feature of MS. It is likely that such an 

approach would not be limited to the two examples we described in this thesis. 

In agreement with the above biological findings, and with the feasibility of 

protein quantification by MS/MS after subcellular fractionation, new areas of 

investigation are now open. For example, it would be possible to follow individual 

proteins, as well as protein complexes, over a complete fractionation protocol. The brain 

CCV isolation protocol generates 8 different fractions with increasing CCV enrichment. 

They could be analyzed for CHC enrichment. For any given protein, its distribution 

across fractions could be compared to other proteins and to CCV markers. By analyzing 

the complete set of fractions derived from the CCV protocol (Girard et al, 2005a), we 

should be able to assign individual proteins to protein complexes, and possibly give 

insights regarding their function. 

Even though the peptide/spectral counting approach does not measure any 

physical properties of a peptide, and is therefore not as accurate as quantitative 

approaches that factor in those properties (Old et al., 2005), it has gained in popularity in 

the field and was validated by several groups, who used this easy and relatively reliable 

technique together with traditional biochemical experimental approaches, in order to get 

insights on biological systems. For example, Gilchrist et al., used the technique to 

assign subcellular localization of new proteins and confirm the role of COPI vesicles in 

recycling and cisternal maturation (Gilchrist et al. 2006). Despite its limitations, the 

label-free approach has to be considered when choosing a quantification method. It is 

less time-consuming since the biochemical workflow is simplified, and is also less 

expensive than the labeling approaches, especially if the sample to analyze is from an 

animal tissue. The number of experiments that can be compared is, in theory, unlimited 

(so multiple states can be analyzed), as compared to labeling techniques, which can only 

accommodate a comparison of 2-8 experiments. Moreover, the peptide accounting 

approach allows a more dynamic range of quantification which is certainly an advantage 

if the goal is to perform a global proteomic analysis. In addition, and as shown 
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previously, to compare the ratios between two proteins (CHC and CLCs), or two stable 

protein complexes (AP-2 and AP-1), the peptide/spectral counting approach is proven to 

be accurate and will certainly be a method of choice for new biological discoveries. 

6.2 IDENTIFICATION OF NEW COMPONENTS OF THE TRAFFICKING 

MACHINERY 

Proteomics analysis of brain CCVs led to the identification of 8 novel proteins 

that, at the time, were hypothetical gene products not yet detected at the protein level 

(Wasiak et al., 2002; Blondeau et al., 2004). Since then, 7 of them have been linked to 

vesicle trafficking. FENS-1 localizes to early endosomes and is implicated in vesicular 

trafficking (Ridley et al., 2001). AAK1 localizes to the plasma membrane and is a 

kinase that phosphorylates AP-2 and regulates cargo recruitment (Conner and Schmid, 

2002). CVAK104 is a kinase that phosphorylates AP-2 but that has also been proposed 

to function in clathrin-dependent pathways between the TGN and the endosomes as well 

as in SNARE sorting (Conner and Schmid, 2005; Diiwel and Ungewickell, 2006; Borner 

et al., 2007). NECAP1 and NECAP2 are enriched on the coats of CCVs and partially 

localize with CCPs at the cell surface. NEC APs are binding partners for both AP-1 and 

AP-2, although AP-2 is the major interactor (Ritter et al., 2003). Enthoprotin colocalizes 

with AP-1 and Arf at the TGN and stimulates clathrin assembly (Wasiak et al., 2002). 

Clavesin (gi 12855458 in the analysis) contains a Secl4 domain, enriches in CCV 

fractions, and is mainly localized to the TGN (Yohei Katoh, personal communication). 

The protein corresponding to gi 12859193 has not been characterized yet, but contains a 

putative GTP-binding domain. 

The proteomics analysis of liver CCVs validated the peptide accounting 

approach and revealed new insights on the properties and trafficking specialization of 

CCVs. In terms of novel proteins, 21 were identified including NECAP1, enthoprotin 

and FENS-1, which were also identified in the brain CCVs analysis. Many of the 

remaining proteins have been characterized since the publication of the table and, among 
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them, many have been linked to membrane trafficking. Connecdenn (RIKEN cDNA 

6030446119) is a binding partner for AP-2 and is thought to function in SV endocytosis 

(Allaire et al., 2006). Atlastin-3 (RIKEN cDNA 5730596K20) localizes to endosomal 

structures (Viviane Poupon, personal communication). The protein p200 (similar to 

KIAA1414 protein) binds to AP-1 (Lui et al., 2003). Vacl4 protein interacts with nNOS 

through a new PDZ motif (Lemaire and McPherson, 2006). RME-8 localizes 

throughout the endosomal system and regulates endosomal trafficking (Girard et al., 

2005c; Fujibayashi et al., 2008; Girard and McPherson, 2008). SEC14-related protein C 

is implicated in the selective export of membrane proteins from the endoplasmic 

reticulum (Wendeler et al., 2007). EHD4 (EH domain containing-4) is found at the early 

endosomes and regulates transport from the early endosome to the recycling endosome 

(George et a l , 2007). TB2 like-1 (similar to deleted in polyposis 1-like 1) shows a 

cytoplasmic punctate pattern and is thought to be implicated in membrane trafficking 

regulation (Sato et al., 2005). All other ten proteins in the category of novel proteins 

(Girard et al., 2005b) remain uncharacterized gene products. 

Many proteomics analysis have been published over the last ten years, but the 

challenge for scientists now is to integrate these data into biological systems. The ideal 

way to achieve that goal would be to combine and integrate several approaches. The 

first approach will use MS and proteomics to identify and quantify new proteins in 

different tissues and subcellular fractions. The second approach will aim to generate 

antibodies for each protein identified, in order to assess the biochemical properties and 

localization of these proteins within tissues and cells. This will provide biological 

studies as well as a validation of the proteomics findings. Validation is an important step 

since high-throughput approaches, such as large scale protein identification in "semi-

pure" enriched subcellular fractions, may lead to some misidentifications and false 

positives. The third approach will be to identify the binding partners of each previously 

identified protein in order to build up the protein machineries necessary for organelle 

homeostasis. The fourth approach, but not the least, will be to manipulate the levels of 

each of the different proteins identified in order to evaluate how it will influence the 

proper function of the organelle under investigation. So far, this was achieved by 
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overexpression of full length proteins, or truncated dominant-negative and positive 

constructs for proteins that have an already known activity such as phosphatidyl-

inositol-3 kinase (PI3K) (Krasilnikov et al., 2003). Less popular, because of technical 

costs and time spent for validation, was the use of knock-out in cell lines (mainly 

embryonic stem cells), and in laboratory animals (Ibarra-Sanchez et al., 2001; Qiu et al., 

2004). With the recent increased knowledge in RNA metabolism, it is now possible to 

cause the destruction of an mRNA, and to inhibit the production of its corresponding 

protein (Filipowicz, 2005). Techniques such siRNA, shRNA and microRNA, where the 

silencing RNA is introduced in cells either by simple transfection, or by viral infection, 

are now widely used, and are very powerful tools to investigate endogenous function of 

a single protein (Huang et al., 2004; Girard et al., 2005c; Poupon et al., 2008). This 

ambitious project represents an enormous amount of work, and that will necessitate 

collaboration from many scientific teams around the world to generate the data, develop 

bioinformatics tools, and integrate all the information so high-resolution models of cell 

function can emerged. 

6.3 RME-8, A NEW PLAYER IN ENDOSOMAL TRAFFICKING 

6.3.1 IDENTIFICATION AND BIOCHEMICAL PROPERTIES OF 

MAMMALIAN RME-8 

The mammalian form of RME-8 was identified in the proteomics analysis of 

liver CCVs as the rat homolog of RME-8 that was first found in a genetic screen for 

endocytic defects in C. elegans (Zhang et al., 2001). RME-8 was subsequently found in 

Drosophila (Chang et al., 2004) and Arabidopsis (Silady et al., 2004) but there is no 

known RME-8 in yeast. Mammalian RME-8 sequence was predicted by aligning three 

partial human EST (expressed sequence tag) cloned sequences. Even though RME-8 

sequence was in silico assembled from three different clones, we are confident that the 

predicted sequence is accurate since, when searched against the human genome, the 

RME-8 sequence mapped to a series of 56 exons from chromosome 3 that reveals a 
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sequence identical to the one predicted from the overlapping clones. Moreover, the 

predicted sequence aligns from the beginning to the end to its C. elegans and Drosophila 

counterparts, and its predicted molecular weight agrees with the RME-8 endogenous 

signal seen by Western blots. 

The RME-8 sequence encodes for a 2243 amino acids protein that possesses a 

central DnaJ domain, flanked on either side by two IWN repeats of unknown function, 

as well as four putative type II clathrin boxes. The highest degree of homology between 

RME-8 forms is found for the DnaJ domain and IWN repeats, which are also well 

conserved between species. This high degree of homology for both the DnaJ domain 

and the IWN repeats suggest they are critical for RME-8 function. 

RME-8 protein is detectable in a variety of tissues as a ~220 kDa band with the 

highest expression levels being in kidney, liver and testis, as well as in many routinely 

used cell lines, including COS-7 and HeLa cells. At the subcellular level, RME-8 is 

enriched in a microsomal P3 fraction, inexistent in the cytosolic fraction, and only 

present as traces in an plasma membrane-enriched fraction. So even though we can not 

totally rule out the possibility that a small pool of RME-8 might be present at the plasma 

membrane, we can certainly say that RME-8 is predominantly a microsomal "resident" 

protein. RME-8 can not be extracted from the microsomal fraction with Triton X-100, 

which is efficient in extracting integral plasma membrane proteins. Instead, RME-8 can 

be extracted only by using sodium carbonate at pH 11.0, which is characteristic of 

extrinsic membrane-associated proteins. This unique biochemical property of RME-8, 

together with the almost absence of RME-8 from plasma membrane-enriched fractions, 

indicates that RME-8 is not an integral plasma membrane protein, but instead a 

peripheral membrane protein that is tightly associated with microsomal compartment. 

The expression pattern we observed for RME-8 is consistent with previous 

reports on RME-8 in invertebrates and confirms that RME-8 has a ubiquitous expression 

pattern. In C. elegans, RME-8 is also present in multiple cell types including oocytes, 

gut, gonads, coloemocytes (macrophage-like structures), and muscle cells, and is 
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essential for the worm development and viability (Zhang et al., 2001). The study done in 

Drosophila showed that RME-8 is expressed in Garland cells (nephrocyte-like cells) and 

photoreceptors, but the authors focused their study on these cell types only and did not 

investigate the expression of RME-8 in other cells (Chang et al., 2004). However, given 

the ubiquitous distribution of RME-8 in other organisms, it is reasonable to think that 

RME-8 would be ubiquitously expressed in Drosophila as well. 

Mammalian RME-8 biochemical properties may differ from those of other 

species. Like its mammalian orthologue, the plant RME-8 is found in microsomal 

fractions. However, it can be solubilized from the microsomal fraction using denaturing 

agents such as urea as well as with the detergent Triton X-100 but can not be extracted 

with high basic pH 11.0 (Silady et al., 2008). This suggests that, in Arabidopsis, RME-

8 is an integral membrane protein, or a protein that shares hydrophobic interactions with 

other integral membrane protein(s). This result is surprising, especially since the RME-8 

sequence does not contain any known or putative membrane spanning domains, but we 

can not rule out that the sequence may contain new domain(s) responsible for that 

different characteristic. Moreover, it is possible that this different biochemical property 

reflects a different function of RME-8 in non-mammalian organisms. 

Another study of mammalian RME-8 later confirmed its resistance to Triton X-

100 and high salt, but sensitivity to NaC03 pH 11.0 (Fujibayashi et al., 2008), thus 

confirming our study in COS-7 cells. This study also determined that RME-8 was not a 

typical raft-associated protein. In addition, Fujibayashi et al. (2008) found that the N-

terminal region spanning amino acids 1-453 of RME-8 is responsible for its membrane 

association, but more extensive mutagenesis studies will be necessary to determine if 

there are any specific motifs or residues implicated in RME-8 membrane association. 

The function of the IWN repeats are unknown and further investigations will be 

required to assess their biochemical properties. Indeed, preliminary results demonstrate 

that they are mostly insoluble when individually expressed in bacteria. Unfortunately, 

the small portion that is soluble might not be sufficient for resolving their crystal 
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structure, which would be the ideal method to determine their tertiary structure, as well 

as their electrostatic and hydrophobic patches. Alternatively, IWN repeats could be 

expressed in SF9 insect cells as these eukaryotic cells may contain the machinery 

necessary for proper folding and solubility that maybe is not present in bacteria. How 

IWN repeats influence RME-8 localization and membrane association still has to be 

determined. 

RME-8 possesses a central DnaJ domain, which is known in other proteins to 

bind to heat shock proteins in an ATP-dependent manner. Interestingly, two other DnaJ 

domain-containing proteins, GAK (auxilin-2) and auxilin-1 are implicated in clathrin-

mediated trafficking events. GAK and auxilin are responsible for CCV uncoating at the 

plasma membrane and at the TGN. GAK and auxilin-1 bind to the terminal domain of 

CHC, and the ATP-dependent interaction of their DnaJ domain with the molecular 

chaperone Hsc70 mediates the uncoating of CCVs (Lemmon, 2001; Eisenberg and 

Greene, 2007). Since RME-8 was found in the proteomics analysis of CCVs and, given 

the presence in its sequence of four potential type II clathrin boxes, which are consensus 

sequences for binding to the terminal domain of clathrin heavy chain, one hypothesis 

was that RME-8 function is similar to that of auxilins. Moreover, genetic interactions 

between RME-8 and Hsc70 were observed in Drosophila, thus suggesting that RME-8 

could also be a co-chaperone for Hsc70. Our studies demonstrated that the RME-8 DnaJ 

domain binds to Hsc70 in an ATP-dependent manner. Interestingly, Drosophila RME-8 

also binds to Hsc70 but, in this case, the binding is ADP dependent, which is surprising 

since to date, all DnaJ domain containing-proteins usually bind Hsc70 in an ATP-

dependent manner (Kelley, 1999). As stated previously, Drosophila RME-8 was found 

to be predominantly a cytosolic protein and not a microsomal protein as is the case in the 

other species. Therefore, it is possible that the difference seen in the nucleotide binding 

is responsible for the difference seen in RME-8 association to the microsomal 

compartment. Thus far, Hsc70 is the only binding partner that has been identified for 

mammalian RME-8 as well as for Drosophila and C.elegans RME-8. It has been 

difficult to identify more binding partners due to the large size of the protein which 

complicates the generation of constructs, and also because RME-8 can only be extracted 
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using sodium carbonate pH 11.0, which disrupts protein interactions and is therefore not 

suitable for any co-immunoprecipitation experiments. Since the affinity selection assays 

that identify Hsc70 as a binding partner for RME-8 were done using only a RME-8 DnaJ 

domain construct, it is likely that the use of a full-lenght RME-8 construct would be 

successful in identifying other RME-8 binding partners. Surprisingly, despite the 

presence of four potential consensus sequences for clathrin binding, RME-8 does not 

bind to clathrin. One possible explanation is that, even though RME-8 was found in a 

CCV proteomics analysis, it is not dramatically enriched in the CCV fraction, especially 

when compared to auxilin-2 (GAK). In contrast, Hsc70 which is ubiquitously expressed 

and has many different cellular functions, is present in all fractions. This raises the 

possibility that a pool of RME-8 could be present in a CCV positive compartment, 

and/or in another compartment close to the CCVs compartment, where its role might not 

need direct binding to clathrin, and where it could exert a function different than 

auxilins. 

6.3.2 ENDOGENOUS LOCALIZATION OF RME-8 

Studies done in non-mammalian species showed that RME-8 is localized 

throughout the entire endosomal system. In C.elegans, RME-8 is present in many cell 

types and is localized to the limiting membrane of large endosomes that are likely to be 

late endosomes (Zhang et al., 2001). In Drosophila, although predominantly cytosolic, 

RME-8 is also found associated with multiple endocytic compartments, including the 

early and late endosomal compartments (Chang et al., 2004). In Arabidopsis, RME-8 

localizes to late endosomal structures as well (Silady et al., 2008). Thus it is likely that 

RME-8 would exert a role in the endosomal pathway, either at early or late endosome 

levels, or at both. 

When characterizing the role of a protein, it is important to assess where it 

resides within the cell, since this localization can be indicative of the protein function. 

Immunofluorescence is a way to assess the localization of a protein. By staining cells 
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with an antibody that recognizes endogenous RME-8, together with antibodies that are 

labeling different compartments within the cell, we can have clues regarding the 

localization of RME-8. RME-8 staining showed a punctate staining pattern that was 

found throughout the cell. RME-8 staining also presents an accumulation on large 

punctate structures within the perinuclear area of the different cell lines we examined. 

RME-8 staining did not show any cytosolic component, which is consistent with the fact 

that RME-8 was clearly not found in the cytosolic fraction of a subcellular fractionation 

preparation. The staining pattern observed for RME-8 is reminiscent of an endosomal 

staining pattern. Indeed, RME-8 partially colocalizes with different markers of the 

endosomal population. EEA1 and 20 minutes endocytosed Tf are markers of the early 

and recycling endosomes respectively, and these markers have been extensively used 

and characterized in the literature (Mu et al., 1995; Trischler et al., 1995; Raiborg et al., 

2001; Lawe et al., 2002). Endogenous RME-8 partially colocalizes with both EEA1 and 

Tf which indicates that RME-8 is present in both early and recycling structures. 

However, the colocalization is partial and there are RME-8-positive structures not found 

labeled with EEA1 or Tf. Staining with other markers showed that RME-8 is also 

partially colocalized with MPR and with 20 minutes endocytosed EGF, which are both 

markers of late endosomes. RME-8 would therefore be present in the late endosomal 

structures as well. Moreover, the fact that RME-8, punctate structures surround or are 

adjacent to the endocytosed EGF may indicate that RME-8 is localized to the limiting 

membrane of the late endosomes. This is consistent with the observation that 

mammalian RME-8 is probably an extrinsic membrane protein due to the fact that it can 

only be extracted under pH 11.0 treatment. Given that particular feature of RME-8 it is 

reasonable to think that RME-8 would also be associated with the membrane of early 

and recycling endosomes. However, whether or not RME-8 has the same or different 

function at the different endosomal compartments can not be deciphered by 

immunofluorescence. Another study characterizing mammalian RME-8 found it to be 

colocalized with EEA1 and Tf but also with Hrs, another marker of early endosomes 

(Fujibayashi et al., 2008). This helps confirm our observations regarding the presence of 

RME-8 at early and recycling endosomes. However, there were some discrepancies 

regarding the presence of RME-8 at the late endosomes between our results and theirs. 
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As stated previously, our colocalization studies demonstrated that a pool of RME-8 was 

localized to late endosomes. In their study, Fujibayashi et al. (2008), did not observe 

any colocalization with late endosomals markers LBPA and GFP-Rab7. This difference 

could be due to the fact they were using the A549 cell line, which is a human lung 

adenocarcinoma epithelial cell line, as our studies were done in COS-7, which is a 

kidney fibroblast cell line from the African Green monkey. They also found partial 

colocalization of RME-8 with labeled EGF after 15 minutes of chase, which for them 

indicated the presence of RME-8 at the early endosomes. This kinetic may be particular 

to that specific A549 cell line, since EGFR was shown to be associated with late 

endosomal structures after 15-20 minutes in a variety of other cell lines (Haglund et al., 

2003; Schmidt and Dikic, 2006). 

Little colocalization of RME-8 is seen with syntaxin 6, which is a marker of the 

TGN, and with the lysosomal marker LAMP1, thus indicating that RME-8 is probably 

not associated with either of these structures. RME-8 does not colocalize with either 

AP-2 or AP-1, which is somewhat surprising given the fact that RME-8 was first 

identified in a proteomics analysis of CCVs. On the other hand, this can be explained by 

the fact that, although RME-8 is present in the CCV enriched fraction of the CCV 

preparation, it is not enriched. In addition, RME-8 does not contain any known AP-2 

binding motif, such as DPW, DPF, FXDXF and WXXF, which are features of accessory 

proteins that are binding to AP-2. However, studies have shown the presence of clathrin 

lattices that are assembling at the membrane of the early endosomes (Raiborg et al., 

2001; Raiborg et al., 2002; Raiborg et al., 2006). Although the protocol for enrichment 

of CCVs leads to a degree of purity close to 90%, the preparation does not allow to 

differentially isolate vesicles that are budding at the plasma membrane, from the ones 

budding at the TGN or at the endosomal compartments. This may explain the lack of 

colocalization of RME-8 with classical markers of the CCV pathway such as AP-2, since 

the presence of RME-8 within the CCV preparation could be due to its partial 

association with the endosomal system, or to its presence with an AP-1 derived 

endosomal cargo. If it is the case, that would explain why RME-8 is not enriched in 

CCVs, but was still detected by MS. Furthermore, we are confident about the lack of 
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colocalization with AP-2 at the plasma membrane or with AP-1 at the TGN, since the 

endosomal punctate immunofluorescence signal disappeared upon RME-8 knock-down, 

implying that the endogenous RME-8 localization is real as seen in different cell lines 

and by others (Girard et al., 2005c; Fujibayashi et al., 2008) 

6.3.3 RME-8 LOSS-OF-FUNCTION PERTURBS ENDOSOMAL 

TRAFFICKING 

Immunofluorescence studies are useful to assess the localization of a protein and 

to get an indication as to where it could function, but it does not provide direct 

information regarding its functional role. We thus turned to small interfering RNA 

(siRNA)-mediated KD as a means to study the function of RME-8. 

Among four selected siRNA sequences for mammalian RME-8, two were 

efficient in knocking down the protein levels at the concentrations and conditions tested. 

The absence of RME-8 did not affect the expression levels of many other proteins, 

including EEA1 and CHC. The omnipresence of RME-8 throughout the endosomal 

system prompted us to study the effect of RME-8 depletion on endosomal trafficking. 

We observed that RME-8 depletion causes MPR to cluster in the vicinity of the TGN. 

However, we did not see any obvious change in the total amount of MPR staining 

between mock and siRNA treated cells. One of the disadvantages of siRNA is the 

possibility of off-target effects and, therefore, of phenotypes that would not be caused by 

the depletion of the protein. We can be confident that the MPR clustering observed upon 

RME-8 KD is not an off-target effect of the siRNA, since the same phenotype was 

observed in two different cell lines and with two different siRNA sequences. As 

introduced previously, MPR transports the lysosomal enzymes, including cathepsin D, 

from the TGN to late endosomes, and then to lysosomes. This transport allows 

maturation of cathepsin D, as the pro-cathepsin D that exits the TGN gets cleaved into a 

mature product once in the lysosome. However, a portion of cathepsin D will escape 

transport and maturation and will be instead secreted. The cathepsin D assay takes 
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advantage of that maturation route and monitors the trafficking through the maturation 

of the enzyme. In this assay, newly synthesized proteins, including cathepsin D, are 

metabolically labeled with S-methionine/cysteine and cathepsin D maturation status is 

then immunoprecipitated at different time points. We observed that RME-8 depleted 

cells accumulate less mature cathepsin D over time when compared to their mock 

transfected counterparts. Moreover, RME-8 KD cells also have reduced secretion of 

cathepsin D. Since there is a decrease in the maturation of cathepsin D in RME-8 

depleted cells, it suggests that MPR is not able to reach the lysosome. It is thus possible 

that MPR is trapped within the TGN in the absence of RME-8. However, it is probably 

not the case because if MPR would accumulate at the TGN, the amount of secreted 

cathepsin D would be expected to increase, as demonstrated by other studies showing 

that when the TGN exit is blocked, MPR enters the default secretory pathway from the 

Golgi (Davidson, 1995). Moreover, RME-8 is not localized to the TGN so it is unlikely 

that TGN is the site of function of RME-8. Thus it seems most likely that MPR is able 

to leave the TGN but is incapable of reaching the lysosome. RME-8 could be 

responsible for completing the uncoating of the VAMP4- and syntaxin 6-positive 

vesicles that are leaving the TGN. In the absence of RME-8, the uncoating process 

would be impaired, and the VAMP4- and syntaxin 6-positive vesicles would accumulate 

between the TGN and the endosomal/lysosomal compartment. Interestingly, CLCs do 

not function in budding but instead in actin organization and trafficking of vesicles 

towards lysosomes (Poupon et al., 2008). Thus, RME-8, through Hsc70, could regulate 

the association of CLC with the transport vesicle and RME-8 KD could then alter the 

trafficking of the TGN-derived vesicles. A third possibility is that RME-8 in late 

endosomes works on the retrograde pathway from endosomes to TGN. Disruption of 

RME-8 would thus disrupt the delivery back to the TGN of a factor needed for cathepsin 

D transport and maturation. 

It would be interesting to see what happens to the cathepsin D phenotype in 

rescue experiments in which we reintroduce wild-type RME-8 and mutant DnaJ RME-8 

constructs in RME-8 KD cells. We predict that wt RME-8 would rescue the cathepsin D 

phenotype but mutant DnaJ RME-8 would not, which would mean that RME-8 

160 



interaction with Hsc70 is crucial for the proper trafficking of the lysosomal enzymes. 

What could be happening in this case is that RME-8 interacts with Hsc70 to uncoat 

TGN-derived vesicles so they can correctly fuse with endosomes or to otherwise 

regulate a protein complex needed for transport or fusion. In the first model, when 

RME-8 is absent from the cell, the uncoating is impaired, the vesicles accumulate 

because they can not properly fuse with endosomes, and the delivery of lysosomal 

enzymes is perturbed. This would explain the cathepsin D phenotype we see upon 

RME-8 KD. This scenario also predicts that RME-8 acts downstream of the TGN 

CHC/AP-1 -mediated budding machinery. This would explain the lack of colocalization 

between AP-1 and RME-8 as well as the accumulation of immature cathepsin D and 

MPR in syntaxin-6 and VAMP4 positive structures, but AP-1 and LAMP1 negative 

structures. 

6.3.4 RME-8 DEPLETION AFFECTS EGFR, A RECEPTOR DESTINED 

TO DEGRADATION, BUT DOES NOT AFFECT RECYCLING 

RECEPTORS 

In non-mammalian organisms, RME-8 was identified in genetic screens for 

endocytic defects (Zhang et al., 2001; Chang et al., 2004) and gravitroprism defects 

(Silady et al., 2004). In C.elegans, RME-8 is essential for both receptor-mediated 

endocytosis and fluid-phase endocytosis (Zhang et al., 2001). In Drosophila, RME-8 

mutants show defects in internalization of Boss (Bride of sevenless), which is the ligand 

for the receptor tyrosine kinase sevenless, as well as defects in fluid-phase endocytosis. 

Moreover, RME-8 mutant flies have disorganized endosomal compartments, as well as 

mislocalized clathrin, two phenotypes that are also abserved in Drosophila Hsc70 

mutants. In Arabidopsis, RME-8 mutants did not show any defect in endocytosis but 

traffic between the pre-vacuolar compartment (PVC; the equivalent of MVB) and the 

lytic vacuole was perturbed (Silady et al., 2008), which is consistent with the 

predominant late endosomal localization of RME-8 in plants. 
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We thus sought to examine the effects of RME-8 depletion on CME. We first 

studied TfR which is constitutively internalized via CME and then recycles back to the 

plasma membrane. We did not see any changes in the internalization of Tf either 

qualitatively by immunofluorescence or quantitatively by fluorescence-activated cell 

sorting (FACS). Moreover, Western blot for TfR of lysates from mock and RME-8 KD 

cells did not reveal any difference in the expression levels between control and siRNA 

treated cells. We then studied EGFR, which is also internalized through CME but then 

goes for degradation in lysosomes. RME-8 depletion causes a decrease in intracellular 

EGF as observed by both immunofluorescence and FACS. Unlike TfR, which is a cargo 

of the constitutive endocytosis pathway, EGFR receptor can enter the cells via CME but 

also via caveolae (Sigismund et al., 2005; Xiao et al., 2008). It is thus possible that the 

effect seen in RME-8 depleted cells regarding the EGF decrease is due to defects in the 

caveolae internalization pathway, instead of the clathrin-mediated pathway. However, 

this is most likely not the case since the uptake of cholera toxin B, which uses the 

caveolae pathway, is not affected by RME-8 depletion, and especially since the caveolae 

internalization pathway is not the main one utilized for the low concentration of EGF we 

used (Sigismund et al., 2005). Surprisingly, we noticed by Western blot that the 

expression levels of EGFR were decreased in the absence of RME-8. Therefore, it is 

most likely that the decrease in intracellular EGF observed in RME-8 KD cells is due to 

the fact that there is less EGFR expression in these cells, with the consequence that less 

EGF gets into the cells. This is in agreement with Fujibayashi et al. (2008) who did not 

observe any endocytosis phenotype or decrease for EGFR upon RME-8 depletion. This 

other study regarding mammalian RME-8 also used an siRNA approach to assess the 

RME-8 functional role and Fujibayashi et al. (2008) were successful in decreasing the 

expression levels of RME-8 by more than 95% using this technique. Since they found 

that RME-8 was predominantly colocalized with early endocytic markers, they first 

tested the implication of RME-8 in the early endocytic pathway. No significant effect 

could be observed on EEA1 and CHC subcellular localization in RME-8 depleted cells. 

There were also no differences in Tf and EGF uptake as well as in TfR and EGFR 

endogenous expression levels upon RME-8 KD, which they claimed might be due to 

lower endogenous levels in A549 compare to COS-7 cells. Their RME-8 KD did not 
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seem to have any effect on endocytosis. This does not disagree with our study since the 

effect we found on EGF endocytosis was an indirect effect coming from the decrease in 

expression levels of EGFR. Moreover, as they mention, it is still possible that in their 

particular cell line other proteins are compensating for the RME-8 knock-down and that 

therefore no effect would be seen on EGFR expression levels. Given the absence of 

phenotype in their siRNA treated cells, they studied the effect of overexpression of 

RME-8 truncated constructs on early endosome-mediated membrane trafficking. 

Fujibayashi et al. (2008) found that overexpression of an artificial RME-8 construct 

comprising the DnaJ domain and the first three N-terminus IWN repeats and lacking the 

last IWN repeat, caused the formation of large early endosomes as well as a delay in the 

transport of EGF and transferrin from early endosomal structures. They thus concluded 

that the trafficking through the early endosomes is compromised in these overexpressing 

cells. Although very interesting, that phenotype was obtained in the context of an 

overexpressed truncated protein, which does not always reflect physiological conditions. 

Nevertheless, this trafficking defect, although different and more pronounced than our 

observation in knock-down cells, is still in agreement with RME-8 being involved in 

endosomal sorting. 

As seen previously, Western blot analysis of control and siRNA treated cells 

showed that RME-8 depletion causes a decrease in EGFR expression levels in COS-7 

and HeLa cells. Moreover, immunoflorescence staining for total EGFR versus cell 

surface EGFR did not reveal any striking differences, thus suggesting that the decrease 

in EGFR receptor is a global generalized decrease, and not a compartment specific 

decrease. This qualitative observation was confirmed by FACS analysis that 

quantitatively showed a similar decrease for both the total and the surface EGFR pools 

compared to control cells. Since RME-8 depletion causes a decrease in EGFR 

expression levels but has no effect on TfR, it is possible that only receptors destined for 

degradation are affected by RME-8 absence and that was confirmed in four different cell 

types (HeLa, COS-7, SKBR3 and BT474). In fact, we demonstrated that other receptors 

that recycle, such as InsR and LDLR, were also not affected by RME-8 KD, thus 

reinforcing the possibility that RME-8 depletion does not affect the recycling pathway. 
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Other RTKs such as TGFpR, HGFR or Met, PDGFR and NGF or TrkA, are clearly 

destined to degradation (Zerial, 2004; Miranda and Sorkin, 2007). It would be of 

relevance to decipher if RME-8 function is specific to EGFR or is general for all RTKs 

destined for degradation. One way to confirm if RME-8 absence affects only receptors 

that are destined for degradation would be to transfect such receptors (EGFR, TGFpR, 

HGFR and TrkA), as well as recycling receptors (TfR, LDLR and InsR), in HEK293T 

cells already KD for RME-8. This experiment would allow a direct comparison between 

both recycling and targeted for degradation receptors. However, it is possible that the 

transfection efficiency of the receptors will be different between mock and siRNA-

treated cells (thus affecting their expression in the cells) which would complicate the 

comparison. Moreover, the main disadvantage of the transfection system is that it could 

self-activate RTKs and make the interpretation for basal levels complicated. RTK 

family members share common signaling pathways as well as some endocytic accessory 

proteins even though they have specific binding partners. This is the case for EGFR 

which signals through Erk/Ras/MAPK pathway and requires specific adaptors such as 

Epsl5 and Grb2. Whether or not RME-8 will be specific to EGFR among the RTK 

family still remains to be investigated. 

6.3.5 RME-8 KD AFFECTS EGFR DEGRADATION RATES 

Two reasons can explain the decrease in EGFR steady-state levels in RME-8 KD 

cells. First, RME-8 depletion could affect the synthesis rate of EGFR, meaning that 

RME-8 acts upstream of translation. Second, RME-8 depletion could increase the 

degradation rate of EGFR protein, and consequently decrease its steady-state levels. 

Metabolic labeling with 35S-methionine/cysteine of newly synthesized proteins in both 

mock and RME-8 KD cells, followed by immunoprecipitation of EGFR, allowed us to 

rule out the first option since in both conditions the same amount of EGFR was 

immunoprecipitated (before stimulation with EGF), which implies that there is no 

difference in protein synthesis. Previous studies have shown that degradation of EGFR 

can be monitored simply by treating cells with EGF for different time periods, in the 
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presence of translation inhibitors, and blotting for EGFR on equal amounts of cell 

lysates (Huang et al., 2006). However, in our case this approach was far from being 

ideal, since EGFR expression levels are already decreased at steady-state levels in RME-

8 depleted cells. That problem was overcome by doing metabolic labeling of newly 

synthesized proteins (including EGFR), and by chasing with cold media for different 

periods of time with EGF in a so-called pulse-chase assay. Using that technique, we 

found that EGFR degrades faster in RME-8 KD cells, thus confirming the increase 

degradation rate hypothesis. EGFR degradation can occur through the lysosome and/or 

through the proteasome (Alwan et al., 2003). Even though we already found that RME-

8 was causing an increase in EGFR degradation rate, we still don't know if this is the 

result of an increase in lysosomal or proteasomal degradation. We should be able to 

decipher between these two possibilities by doing pulse-chase assays using mock and 

RME-8 KD cells treated with lysosomal and/or proteosomal inhibitors. If the increased 

degradation of EGFR in RME-8 knock-down cells is lysosomal dependent, treating 

these cells with lysosomal inhibitors (Werner et al., 1984) should bring back the EGFR 

expression levels to those seen in mock cells. More explicitly, if the increased 

degradation of EGFR in RME-8 KD cells is lysosomal dependent, here is what should 

happen in theory: 1) mock cells non-treated with lysosomal inhibitors will have a normal 

EGFR degradation rate; 2) mock cells treated with lysosomal inhibitors will not degrade 

over time or may degrade slower if the proteasome compensates for the inactivity of the 

lysosome; 3) RME-8 KD cells not treated with lysosomal inhibitors will degrade EGFR 

faster than the mock untreated cells, as observed previously; and 4) RME-8 KD cells 

treated with lysosomal inhibitors will not be able to degrade EGFR as fast anymore, and 

therefore the EGFR degradation rate should be similar to the one seen in mock cells also 

treated with lysosomal inhibitors. The same scenario should occur using proteasome 

inhibitors (Lee and Goldberg, 1998), providing the increased degradation is proteasome 

dependent. However, this is the perfect situation and it is still possible that both the 

lysosome and the proteasome are contributing to increased EGFR degradation rate upon 

RME-8 knock-down, especially given that it has already been shown that both the 

lysosome and the proteasome are necessary for EGFR degradation (Alwan et al., 2003). 

Lysosomal and proteasomal inhibitors will also have to be used in pulse-chase assays for 
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the other RTKs if these also show an increased degradation rate, although it is 

reasonable to think that if they have the same fate as EGFR upon RME-8 knock down, 

they will also be degraded in the same pathway. In this case, RME-8 will act as a 

chaperone which slows down the EGFR degradation pathway by preventing or delaying 

its targeting to either to the proteasome or the lysosome. 

EGFR can accommodate different ligands and depending on which ligand is 

bound, the signaling generated by its activation, as well as its fate, will differ. Indeed, 

EGFR processing differs whether the ligand is EGF or TGFa, with EGF favouring 

proteolytic degradation, and TGFa favoring the recycling of the receptor to the cell 

surface (Ebner and Derynck, 1991). It would therefore be interesting to look at the 

degradation of EGFR in TGFa stimulated cells. In mock cells, TGFa is not expected to 

promote degradation of EGFR. However, in RME-8 depleted cells two scenarios are 

possible. In the first scenario, the amount of EGFR is comparable, indicating that RME-

8 acts downstream of the recycling pathway. In the second scenario, degradation is 

increased, thus indicating that RME-8 functions at early endosomes in sorting EGFR out 

of the degradation pathway, to favor its recycling, or to delay its degradation and 

modulating its signaling. Even though the majority of EGFR gets internalized and 

degraded upon activation, some studies suggest that still 25-30% of the EGFR recycles 

back to the plasma membrane (Wiley, 2003; Sorkin et al., 2001). It is thus possible that 

RME-8 depletion increases the degradation rate by redirecting EGFR recycling pool to 
19 S 

the degradative pathway. One way to address that possibility is to perform an I-EGF 

recycling/degradation assay, which is also a pulse-chase assay but with a radioligand, 

with both EGF and TGFa ligands. Since this assay monitors both recycling and 

degradation of EGFR, it would allow us to monitor recycling and confirm the 

degradation rate observed with the 35S-methionine/cysteine pulse-chase assay. 

Moreover, it would also determine the effect of RME-8 knock down on binding of a 

ligand that promotes exclusively the recycling of EGFR. 

Another factor that influences EGFR trafficking fate is the composition of the 

EGFR dimer. When EGFR is a homodimer it is targeted to the degradation pathway and 
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the receptor can terminate its signaling. However, when EGFR heterodimerizes with 

ErbB2, it is redirected to the recycling pathway, and the major consequence is sustained 

signaling, and that sustained signaling has a positive impact on cell proliferation (Ceresa 

and Schmid, 2000; Wang et al., 1999). Indeed, ErbB2 overexpression is a common 

feature in many types of cancer including breast cancer where it strongly correlates with 

poor prognosis for the patients (Slamon et al., 1987). Since RME-8 depletion enhances 

degradation of EGFR, we sought to examine if this KD could overcome the effect of the 

presence of ErbB2, and therefore have potential implication for mitogenesis and cancer. 

In order to test that hypothesis, we used two human breast cancer cell lines, BT474 and 

SKBR3, which are known to overexpress ErbB2, and in which it is established that 

ErbB2 overexpression increases EGFR signaling (Wang et al., 1999). We first verified 

the endogenous expression levels of ErbB2 in COS-7 and HeLa cells, and found no 

difference between mock and siRNA-treated cells, thus indicating again that RME-8 

depletion does not affect the expression levels of receptors that are primarily recycling 

back to the plasma membrane. In both BT474 and SKBR3 cancer lines we were able to 

significantly KD RME-8 and we did not find any difference in ErbB2 expression levels 

between mock and RME-8 depleted cells. However, we did observe a significant 

decrease in EGFR steady-state levels in the siRNA-treated cells. So even in a context 

where ErbB2 is overexpressed, and therefore a large part of EGFR receptor is recycling, 

RME-8 knock down still causes an increase in EGFR degradation. This finding could 

have some clinical value in treatment of ErbB2 positive cancers since decreasing RME-8 

expression in neoplastic cells could increase degradation of EGFR and attenuate 

mitogenic signaling. It would be crucial to test if the increase in EGFR degradation in 

RME-8 knock down cancer cells also correlates with attenuation in signaling, by testing 

the activation and the fate in response to EGF, of key signaling components, such as Ras, 

Erkl and Akt. Since signaling is intimately linked to cells viability, the effect of RME-8 

KD on growth rates of cancer cells will also have to be investigated, and that could be 

done using MTT assays. Another interesting feature of the SKBR3 and BT474 breast 

cancer cell lines is their anchorage-independent growth, which is thought to be mediated 

by overexpression of ErbB2 and activation of Erkl/2 and Akt (Lin et al., 2007). We 

could assess if RME-8 knock-down interferes with that property by using soft agar 
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assays in which cells in suspension from both mock and siRNA-treated cells would be 

resuspended, supplemented with soft agarose, and plated on solidified media where they 

will grow colonies (Lin et al., 2007). Signaling and growth rate could also be tested 

using these same assays, but this time in the context of an overexpressing system where 

293 T cells mock and siRNA-treated will be transfected with EGFR with or without 

ErbB2 constructs. Since RME-8 KD downregulates EGFR expression by increasing its 

degradation, and that this kind of downregulation is a well described mechanism to turn 

off signaling (Wiley, 2003), we predict that RME-8 KD would decrease signaling, slow 

down growth rate, and disrupt the anchorage-independent growth of cancer cells. 

6.3.6 MECHANISTIC FUNCTION OF RME-8 AND CLATHRIN 

REGULATION ON ENDOSOMES 

We established that RME-8 localizes throughout the endosomal system, interacts 

with Hsc70 through its DnaJ domain, and regulates EGFR degradation rate. We propose 

that RME-8, together with Hsc70, functions as a negative regulator of clathrin coat 

assembly on endosomes. Previous studies revealed the presence of clathrin coat on 

endosomes (Raiborg et al., 2006) and Hsc70 has already been described as a key 

molecule in sorting decisions on early endosomes (Newmyer and Schmid, 2001). 

Normally, RME-8 and Hsc70 would disassemble clathrin coats on endosomes in order to 

maintain equilibrium of clathrin coats and Hrs between the endosomal membranes and 

the cytosol (Raiborg et al., 2006). In the absence of RME-8, the equilibrium is perturbed 

and more clathrin coats and Hrs are associating with the endosomal membrane. This 

creates more sites for ubiquitinated cargoes on the endosomal membrane and thus more 

cargo can be targeted to ESCRT complexes, enter the MVBs, and reach the lysosome for 

degradation. This would explain why EGFR degrades more in RME-8 depleted cells. In 

addition, this hypothesis is even more plausible given the fact that RME-8 KD cells have 

less clathrin in their cytosol even though their total clathrin levels are not changed. 

Moreover, this model has the advantage of being readily testable. We could first assess 

the degree of colocalization of endogenous RME-8 with Hrs. According to our model, 

RME-8 may regulate the assembly of clathrin by keeping a balanced kinetic between 
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clathrin coats and Hrs at the endosomal membrane. Therefore it is likely that RME-8 

and Hrs would colocalize. Colocalization of CHC with Hrs and TgslOl would have to 

be examined in mock and KD cells. Following our hypothesis, CHC should colocalize 

more with Hrs upon RME-8 depletion compared to mock cells, since RME-8 absence 

would favor assembly of clathrin coats on endosomal membranes. Ubiquitin is also an 

important molecule implicated in intracellular transport that can act as a sorting signal to 

target proteins, including EGFR, for degradation (Haglund et al., 2003; Mosesson et al., 

2003). Moreover, clathrin coats and Hrs association are critical for recruitment of 

ubiquitinated cargoes such as EGFR (Raiborg et al., 2003). It is thus very important, in 

the light of our model, to test for the ubiquitination status of EGFR: we expect to see an 

increase in EGFR ubiquitination in knock down cells. 

We could transfect wt RME-8 and DnaJ mutant RME-8 constructs into RME-8 

depleted cells and see if we can rescue the different phenotypes we observed in RME-8 

KD cells. Constructs where the DnaJ-domain critical tripeptide HPD was mutated into 

QPN have already been described to block the binding of DnaJ to Hsc70 (Genevaux et 

al., 2002; Walsh et al. 2004), and we will have to confirm by pull-down assay that our 

RME-8 mutant construct disrupts the interaction of RME-8 DnaJ domain with Hsc70. If 

RME-8 depletion causes more clathrin to assemble at the endosomal membrane, putting 

back wt RME-8 into KD cells should bring back the equilibrium between the assembled 

and disassembled pools of clathrin, whereas the DnaJ mutant RME-8 should not have 

any effect, thus proving the crucial role of RME-8 and Hsc70 interaction. These 

constructs could also be used to check if we can rescue the EGFR degradation 

phenotype, and if it is possible to bring back the EGFR expression levels close to the 

ones seen in control cells. If the model is accurate, EGFR phenotypes should be rescued 

with wt RME-8 construct and no effect should be seen with the DnaJ mutant construct. 

Moreover, if the prediction that RME-8 depletion causes a decrease in mitogenic 

signaling and proliferation in ErbB2 cancer cells is true, reintroducing RME-8 should 

reinstate the signaling and increase the proliferation rate. Not only will these rescue 

experiments allow us to assess the functional role of RME-8 and but they will also 

introduce RME-8 as a potential therapeutic tool in ErbB2 positive cancers. 
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6.4 GENERAL CONCLUSION 

The liver CCVs allowed us to use the peptide/spectral accounting approach for 

the first time in order to compare abundant proteins between two different proteomes. 

To our surprise, we found that CLCs are not stoichiometrically associated with CHC 

and, as such, are unlikely the universal regulator of clathrin assembly, at least in non-

neuronal tissues. The proteomics also revealed differences in CHC adaptor proteins 

between brain and liver and confirm that the brain possesses a very specialized form of 

endocytosis compared to liver which exhibits more general housekeeping endocytic 

tasks. New proteins that will give insights into different protein complexes and 

subcellular compartments were identified. Among these novel proteins, RME-8 was 

characterized and we found that it was localized throughout the endosomal system 

where it is thought to function in the intracellular trafficking of cargoes such as MPR. In 

the context of MPR, RME-8 might be involved in late stages of TGN sorting towards the 

lysosomes to render vesicles competent for fusion with the late endosome/lysosome 

compartment. RME-8 is also a new regulator of EGFR downregulation processes and 

may therefore play an important role in regulation of cell signaling. RME-8 function on 

RTKs regulation is still elusive, but in light of this first set of data, it may be implicated 

in the sorting and/or timing as an Hsc70 co-chaperone of EGFR from the endosome to 

the Hrs/ESCRT-0 complex toward its ultimate fate of signaling downregulation and 

degradation. 
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ANNEXE 1 

SUPPLEMENTAL TABLE 2.S1 

PROTEINS IDENTIFIED IN RAT LIVER CCV PREPARATIONS 



Supplemental Table 2.S1 - Proteins identified in rat liver CCV preparations 
The peak gel band number represents the band in which the peak number of peptides were identified for each protein within each preparation. 
The range of gel bands from which peptide matches were obtained is also indicated. 
The number of specific and shared peptides is indicated for the corresponding protein. 
Proteins with like lower case letters share peptides. 

group name 
protein name 

group protein peak gel band, range of gel bands mass 

COAT PROTEINS 

1 
prepl 
prep2 
prep3 

clathrin, heavy polypeptide 
52, 40-66 
48, 18-65 
51, 38-62 

193187 

2 
prep2 
prep3 

Clathrin heavy chain 2 
46, 
50, 38-62 

189020 

3 
prepl 
prep2 
prep3 

clathrin light chain A 
21;20, 8-21 
16, 16-17 
20, 

23608 

4 
prepl 
prep2 
prep3 

clathrin light chain B 
17,3-18 
14, 
I8;19, 18-19 

26013 

5 
prepl 
prep2 
prep3 

AP-1 beta 1 
47, 39-60 
40;41, 29-45 
43, 34-45 

104768 

6 
prepl 
prep2 
prep3 

AP-1 gamma 1 
44, 37-48 
38,31-39 
40, 39-43 

92147 

7 
prepl 
prep2 
prep3 

AP-1 gamma 2 
42, 38-43 
36, 36-37 
39, 36-39 

88607 

SUPPLEMENTAL TABLE 



specific shared 
peptides peptides NCBI GIs 

1638 172 9506497 25072051 33438248 
386 0 a 
857 36 
395 136 

5 172 2506298 4502903 7441348 9257202 1335854 
1 36 a 
4 136 

31 0 203278 
20 0 

6 0 
5 0 

17 0 71563 203361 116505 4502901 12844891 
12 0 
1 0 
4 0 

377 128 6671553 8392872 1703167 
128 48 b 
119 53 
130 27 

208 0 6753070 2765190 7512448 12643391 18104998 
67 0 
63 0 
78 0 

31 0 6671555 4503843 27700033 
14 0 
11 0 
6 0 

193 



group name 
protein name 

group protein peak gel band, range of gel bands mass 

8 
prepl 
prep2 
prep3 

AP-1 mu 1 
29, 28-29 
24, 23-24 
27, 27-28 

48727 

9 
prepl 
prep2 
prep3 

AP-1 sigma 1 
7.7-9 
5,5-6 
9.8-9 

18949 

10 
prepl 
prep2 
prep3 

AP-2 alpha 1 
45, 35-46 
40,39-41 
42,41-43 

108679 

11 
prepl 
prep2 
prep3 

AP-2 alpha C 
44, 35-46 
39, 13-42 
41, 18-42 

104863 

12 
prepl 
prep2 
prep3 

AP-2 beta 2 
45,41-60 
39, 35-45 
41, 37-42 

105398 

13 
prepl 
prep2 
prep3 

AP-2 mu 1 or mu 2 
30,29-31 
25, 24-26 
29, 29-30 

49965 

14 
prepl 
prep2 
prep3 

AP-2 sigma 1 or 2 
4, 3-4 
4, 
5,4-6 

17178 

15 
prepl 
prep2 
prep3 

CALM 
36, 32-39 
30, 29-33 
33;34, 25-36 

71108 

16 
prepl 
prep2 
prep3 

cyclin G-associated kinase 
55, 48-56 
49, 44-55 
51,51-52 

144981 

SUPPLEMENTAL TABLE 



specific shared 
peptides peptides NCBI GIs 

122 0 14210504 6671557 
53 0 
33 0 
36 0 

28 0 4557471 5630084 27664100 
11 0 
11 0 
6 0 

53 26 6671561 27731549 90292 2246667 4314340 
12 6 c 
18 11 
23 9 

181 26 90292 6671563 13591908 14042895 14714884 
46 6 c 
80 11 
55 9 

121 128 4557469 1703167 18034787 
26 48 b 
54 53 
41 27 

68 0 
27 0 
25 0 
16 0 

11 0 
6 0 
1 0 
4 0 

145 0 
49 0 
48 0 
48 0 

43 0 
11 0 
25 0 

7 0 

6729920 6730004 7448827 6753074 7448828 

231553 4757996 12621128 23595927 30851514 

16758324 18204423 2792500 6005733 18204423 

13591947 28519095 



group name 
protein name 

group protein peak gel band, range of gel bands 

Hsc70 70989 
prep I 38, 38-39 
prep2 32, 
prep3 36, 

huntingtin interacting protein 1 112648 
prep I 48, 48-49 
prep2 42, 
prep3 45, 

huntingtin interacting protein 12 
prepl 49,49-50 
prep2 43, 
prep3 46, 

ACCESSORY PROTEINS 

20 Epsin 1 60235 
prepl 42,42-43 
prep2 36, 
prep3 39,39-40 

21 m-Nurob 64980 
prepl 38, 
prep2 35, 32-35 
prep3 36,36-38 

22 epidermal growth factor receptor pathway substrate 15 98924 
prep2 42;44;45,42-45 
prep3 46;47,46-47 

VESICLE TRAFFICKING-SNARE 
SNARE proteins 

23 NSF 83811 
prepl 25,24-40 
prep2 34, 
prep3 23,22-37 

SUPPLEMENTAL TABLE 



specific shared 
peptides peptides NCBIGIs 

59 
17 
26 
16 

123647 347019 476850 5729877 13242237 

24 
13 
4 
7 

3510693 22122461 23831094 

33 
15 
4 

14 

12718814 27665094 

17 
4 
7 
6 

16923990 28422275 

1575756 4050088 4102705 4691549 5713183 

6679671 28981402 27715647 

16 
7 
1 
8 

90219 4505331 134267 1171774 7435752 

195 



group name 
protein name 

group protein peak gel band, range of gel bands 

24 SPNAP alpha 33549 
prepl 19, 18-200 
prep2 15, 15-16 
prep3 20, 19-20 

25 SNARE Vti la-beta protein 25145 
prepl 15, 
prep2 12, 
prep3 15, 

26 syntaxin7 29888 
prepl 22, 
prep2 17, 
prep3 21;22,21-22 

27 syntaxin 8 27122 
prepl 14, 13-14 
prep2 10, 
prep3 14, 

28 syntaxin 12 31318 
prepl 22,21-22 
prep2 18, 
prep3 21, 

29 syntaxin 13 30563 
prepl 22,21-22 
prep2 17, 
prep3 22, 

30 VAMP-2 3547 
prepl 4,2-5 
prep3 6, 

31 GES30 26465 
prepl 16, 16-26 
prep3 16, 

VESICLE TRAFFICKING-Rab and others 

32 RAB1A 22891 
prepl 13, 
prep2 10, 
prep3 12;13, 12-13 

SUPPLEMENTAL TABLE 



specific shared 
peptides peptides NCBI GIs 

42 0 12851441 18034791 13385392 2143586 12851441 
17 0 
16 0 
9 0 

5 0 12831221 13928668 
2 0 
2 0 
1 0 

5 0 11177920 
2 0 
1 0 
2 0 

10 0 13928908 9055356 4433649 4759188 
5 0 
1 0 
4 0 

6 7 14715019 19527102 
0 7 d 
2 0 
4 0 

5 7 3184552 12621104 
0 7 d 
3 0 
2 0 

9 0 479872 2253399 4759300 4894188 6678551 
5 0 
4 0 

5 0 4104432 13124606 31980617 
3 0 
2 0 

8 6 4758988 13592035 27692431 32527715 
2 1 e 
2 1 
4 4 

196 



group name 
protein name 

group protein peak gel band, range of gel bands 

33 RablB 22347 
prepl 13, 
prep2 10, 
prep3 13, 12-13 

34 Rab2 23688 
prepl 11,11-12 
prep2 9, 
prep3 12, 

35 Rab4B 23899 
prepl 12, 12-13 
prep2 10,9-10 
prep3 13, 13-14 

36 RAB5C 23626 
prepl 14, 
prep2 11, 
prep3 14, 

37 Rab6 23692 
prepl 13, 
prep2 10, 
prep3 14, 

38 Rabl4 24078 
prepl 13, 
prep2 10, 
prep3 13, 13-14 

39 ARF1 20610 
prepl 8,7-9 
prep2 6,6-7 
prep3 9,8-9 

40 CD-mannose-6-phosphate receptor 31589 
prepl 26,23-28 
prep2 22, 19-24 
prep3 25,23-26 

41 CI-mannose-6-phosphate receptor 280179 
prepl 61,62-64 
prep2 58,57-58 
prep3 59,58-60 

SUPPLEMENTAL TABLE 



specific shared 
peptides peptides NCBI GIs 

5 6 92339 131803 131804 234746 420269 
1 1 e 
1 1 
3 4 

11 0 266878 106185 4506365 10946940 12837642 
4 0 
4 0 
3 0 

19 0 15986733 131791 21361509 33150586 
6 0 
6 0 
7 0 

9 0 18606182 20072723 27689503 285I44I5 
4 0 
2 0 
3 0 

9 2 131796 13195674 17512290 19923231 
4 1 e 
3 1 
2 0 

12 3 420272 16758368 18390323 
4 1 e 
2 1 
6 1 

20 0 1065361 4502201 4502203 4502209 6671571 
9 0 
4 0 
7 0 

48 0 27713160 4505061 16877746 14916479 27706250 
19 0 
13 0 
16 0 

51 0 6981078 1709091 52979 23956054 14647149 
28 0 
12 0 
11 0 

197 



group name 
protein name 

group protein peak gel band, range of gel bands mass 

42 
prepl 
prep2 
prep3 

SCAMP-1 
20; 19, 19-20 
16, 15-16 
19;20, 19-20 

38222 

43 
prepl 
prep2 
prep3 

SCAMP-3 
23, 23-24 
18, 18-19 
22, 12-23 

38743 

44 
prepl 
prep2 
prep3 

SEC23A 
41, 
36, 35-36 
38, 38-39 

87019 

45 
prepl 
prep2 
prep3 

VPS35 
41,41-42 
35, 35-36 
39, 

92349 

46 
prepl 
prep2 
prep3 

VPS45 
36, 
30, 
34, 34-35 

65310 

47 
prepl 
prep2 
prep3 

Transmembrane protein Tmp21 
9;8, 9-8 
6;7, 6-7 
9, 9-10 

25033 

48 
prepl 
prep2 
prep3 

similar to pantophysin; Pan I 
21, 
16;18;20, 16-20 
16, 

18392 

49 
prep2 
prep3 

ERS-24 
10, 
14, 13-14 

24824 

50 
prepl 
prep2 
prep3 

phosphatidylinositol 3-kinase, C2 domain containing, alpha polypeptide 
56, 
50, 50-51 
52, 

172381 

SUPPLEMENTAL TABLE 



specific shared 
peptides peptides NCBI GIs 

8 0 2232239 2791682 3395572 3914958 I2854I43 
2 0 
4 0 
2 0 

23 0 27692941 2232243 6755404 10764629 10764631 
8 0 
6 0 
9 0 

25 0 25052355 26389719 6677901 5454042 22477159 
2 0 

15 0 
8 0 

14 0 7022978 9622850 10435637 12053275 13928670 
8 0 
5 0 
1 0 

22 0 7447775 25742604 4583679 7305631 18105063 
8 0 
7 0 
7 0 

12 0 3915123 3915137 16758214 20894167 21312062 
2 0 
6 0 
4 0 

5 0 27717207 
1 0 
3 0 
1 0 

6 0 1927215 4759086 14290512 
2 0 
4 0 

16 0 6755058 11259849 
3 0 
7 0 
6 0 



group name 
protein name 

group protein peak gel band, range of gel bands mass 

51 phosphatidylinositol 4-kinase type II 54388 
prepl 32, 
prep2 27, 
prep3 30, 

4 INTEGRAL PLASMA MEMBRANE AND CARGO RECEPTORS 

52 Sodium/potassium-transporting ATPase alpha-1 chain 113936 
prepl 44, 
prep2 39, 
prep3 40, 

53 Porin 31HM [human, skeletal muscle membranes] 30737 
prepl 18;19, 18-19 
prep2 16, 
prep3 19, 

54 Vesicular integral-membrane protein VIP36 precursor 40530 
prepl 21, 
prep2 17, 
prep3 21,20-21 

55 CD36 antigen (collagen type I receptor) 54513 
prep2 36,36-37 
prep3 39,38-39 

56 lysosomal membrane glycoprotein-type B precursor 43556 
prepl 45, 
prep2 39;40,39-40 
prep3 41,41-43 

57 rat CD1 antigen precursor 38993 
prepl 32, 
prep2 27,27-28 
prep3 30, 

58 similar to NSE1 34769 
prepl 23;24,23-24 
prep2 19, 
prep3 22;23,22-23 

SUPPLEMENTAL TABLE 



specific shared 
peptides peptides NCBI GIs 

13559514 16758554 21703986 

114373 114375 114377 164382 179212 

238427 4507879 6063691 8745552 6755963 

1353234 27682691 13385300 21264125 26350553 

16758914 

205169 1346462 8393690 

2118857 5420461 8393070 

27719075 

199 



group name 
protein name 

group protein peak gel band, range of gel bands mass 

59 36 kDa beta-galactoside binding lectin 36692 
prepl 20;21,20-21 
prep2 17, 17-19 
prep3 21,20-24 

60 lipoprotein receptor-related protein 523309 
prepl 63,43-64 
prep2 60,39-61 
prep3 61,39-62 

61 mannose receptor precursor, macrophage 167666 
prepl 56, 56-57 
prep2 51,51-52 
prep3 53,52-54 

62 asialoglycoprotein receptor 1 (hepatic lectin) 33398 
prepl 27,26-28 
prep2 21;22;23, 20-23 
prep3 25,24-27 

63 asialoglycoprotein receptor R2/3 35548 
prepl 30;34, 30-37 
prep2 29;30, 25-31 
prep3 31, 29-35 

64 107 kDa sialoglycoprotein 42275 
prepl 48;47,47-48 
prep2 28, 
prep3 31;32;33;44,31-44 

65 transferrin 78090 
prepl 40,40-41 
prep2 35,34-36 
prep3 46,39-46 

66 transferrin receptor 2 92146 
prepl 44,44-45 
prep2 38, 38-39 
prep3 40,40-42 

67 polymeric immunoglobulin receptor 86057 
prepl 48,47-48 
prep2 42,41-42 
prep3 45,44-45 

SUPPLEMENTAL TABLE 



specific shared 
peptides peptides NCBI GIs 

18 0 1916610 2851467 6981156 
4 0 
3 0 

11 0 

113 0 6678720 15825005 15825096 4758686 
20 0 
27 0 
66 0 

69 0 477362 6678932 27688835 4505245 
7 0 

21 0 
41 0 

58 0 7705290 202988 
10 0 
19 0 
27 0 

45 0 126136 206649 6680734 7110516 8392926 
12 0 
10 0 
23 0 

7 0 56578 91900 6981144 
2 0 
1 0 
4 0 

59 0 8394439 33086606 33187764 6175089 202176 
16 0 
24 0 
19 0 

43 0 27663630 7141286 15718463 20140821 31982728 
11 0 
12 0 
20 0 

34 0 27151742 458422 8099665 31981570 
6 0 

10 0 
18 0 



group name 
protein name 

group protein peak gel band, range of gel bands mass 

68 hyaluronan receptor for endocytosis HARE precursor 161856 
prep2 52;53;58,52-58 
prep3 54, 53-59 

69 Fc Receptor (Neonatal) Complexed With Fc (Igg) (FcFCRN Complex) 11743 
prep2 2, 
prep3 2,2-3 

70 gp250 precursor 232635 
prepl 61, 
prep3 59, 

71 ApoE 38359 
prepl 19, 
prep3 20, 19-20 

72 glucose transport protein, hepatic 57448 
prepl 33;35, 32-35 
prep2 29, 
prep3 32;33,31-33 

73 solute earner family 25, member 13 74819 
prepl 37, 
prep2 31, 

74 ferritin heavy chain 21257 
prepl 62, 10-66 
prep2 57;58,7-60 
prep3 58, 10-60 

75 Ferritin light chain (Ferritin L subunit) 20827 
prepl 62, 10-65 
prep2 58,8-59 
prep3 59, 10-62 

5 CYTOSKELETON 

76 beta actin 42066 
prepl 27, 15-27 
prep2 22, 
prep3 26, 

SUPPLEMENTAL TABLE 



specific shared 
peptides peptides NCBI GIs 

17 0 24285893 
3 0 

14 0 

5 0 999862 
2 0 
3 0 

6 0 2654025 
3 0 
3 0 

9 0 913986 
3 0 
6 0 

16 0 6981548 
7 0 
4 0 
5 0 

14 0 7657583 
6 0 
8 0 

48 0 6978859 
13 0 
16 0 
19 0 

148 0 2119695 
79 0 
39 0 
30 0 

41 0 71620 
18 0 
8 0 

15 0 

7549746 27573700 

7513715 8928391 

202959 1703338 114041 20301954 

90518 111669 535722 1911419 

12833101 12849571 

111625 120519 15076951 27703550 

120527 2119695 6679873 6753914 

71621 71625 576368 809561 



group name 
protein name 

group protein peak gel band, range of gel bands mass 

77 tubulin alpha 50748 
prepl 32,31-34 
prep2 27,26-28 
prep3 30, 29-31, 

78 tubulin beta 50361 
prepl 31,31-32 
prep2 27,26-28 
prep3 30, 

79 radixin 68523 
prep2 35, 
prep3 38, 

80 myosin, heavy polypeptide 9, non-muscle 227646 
prepl 58, 
prep3 56, 

81 Moesin (Membrane-organizing extension spike protein) 67733 
prepl 40, 
prep2 34, 33-34 

6 SIGNALING GTPases 

82 G protein beta subunit like 35453 
prepl 18, 17-18 
prep2 15, 14-15 
prep3 19, 

83 GTP-binding protein (G-alpha-i2) 41007 
prepl 25, 
prep2 19;20, 19-20 
prep3 24,23-24 

84 GTP-binding protein, 23K 23075 
prep2 10, 
prep3 13;14, 13-14 

85 RAP1A, member of RAS oncogene family 21316 
prep2 8,8-9 
prep3 11,11-12 

SUPPLEMENTAL TABLE 



specific shared 
peptides peptides NCBI GIs 

60 
40 
11 
9 

90217 135412 5174477 6678469 37492 

100 0 92930 135451 5174735 13542680 23958133 
56 0 
25 0 
19 0 

18 
10 

0 91254 6677699 131821 4506467 28436809 
0 

0 12667788 553596 625305 20137006 29436380 
0 

0 127236 462608 4505257 6754750 13540689 
0 

32 0 475012 5174447 12848861 18543331 30025862 
3 0 

23 0 
6 0 

13 0 183182 348273 1730227 4504041 13591955 
2 0 
2 0 
9 0 

0 92022 131797 1174149 1709999 4105819 
0 

0 4506413 5821936 14595132 539995 1942609 
0 

202 



group name 
protein name 

group protein peak gel band, range of gel bands mass 

7 CALCIUM & PHOSPHATE 

86 annexin VI 76106 
prepl 37,37-38 
prep2 32,31-32 
prep3 35;36,21-36 

87 Annexin V 35458 
prepl 18, 
prep2 14; 15, 14-15 

88 nucleobindin CALNUC 53698 
prep2 29;30,29-30 
prep3 33,32-33 

8 RNA GRANULES AND NUCLEUS 

89 elongation factor 1-alpha 50437 
prepl 29,28-30 
prep2 22, 
prep3 26,22-29 

90 heterogeneous nuclear ribonucleoprotein A2/B1 isoform A2 36041 
prepl 21,21-28 
prep2 17;18, 14-19 
prep3 21,20-22 

91 heterogeneous nuclear ribonucleoprotein C 33721 
prepl 25;26, 19-26 
prep2 16, 15-16 
prep3 21;24,20-24 

92 heterogeneous nuclear ribonucleoprotein L 60712 
prepl 35,35-41 
prep2 30,29-30 
prep3 33, 

93 M4 protein 77940 
prepl 38, 33-39 
prep2 32, 31-33 
prep3 31;37,31-37 

SUPPLEMENTAL TABLE 



specific shared 
peptides peptides NCBI GIs 

12 0 13994159 35218 113962 2914360 3121751 
7 0 
4 0 
7 0 

0 1421099 2981437 3318923 4139938 999926 
0 

0 189308 2506255 6679158 12841873 16758210 
0 

46 0 1169475 72870 1169475 2119924 31092 
8 0 
1 0 

37 0 

32 0 4504447 14043072 133262 7949053 21071091 
14 0 
12 0 
6 0 

26 0 8393544 3660678 4758544 8393544 12847394 
16 0 
5 0 
5 0 

21 0 20824058 12832989 27729903 29165751 32363497 
11 0 
4 0 
6 0 

50 0 21313308 16124253 479852 1710636 14141152 
39 0 

8 0 
3 0 

203 



group name 
protein name 

group protein peak gel band, range of gel bands mass 

94 laminin-binding protein 31888 
prepl 18, 
prep2 22, 19-22 

95 ribosomal protein S2 28403 
prepl 18,17-18 
prep2 14, 14-15 
prep3 18;19, 17-19 

96 ribosomal protein S3, cytosolic [validated] 26814 
prepl 17,17-18 
prep2 13, 13-14 
prep3 18, 17-19 

97 ribosomal protein S8; 40S ribosomal protein S8 24475 
prepl 15, 
prep2 1;12, 11-12 
prep3 15, 15-16 

98 Major vault protein 99982 
prepl 46,44-49 
prep2 40,37-42 
prep3 43,40-44 

99 splicing factor 3a, subunit 1, 120kDa 88888 
prepl 49, 
prep2 43, 
prep3 46, 

100 eukaryotic translation initiation factor 3, subunit 6 interacting protein 66912 
prepl 36, 35-36 
prep2 30,30-31 
prep3 24,33-35 

101 ATP-binding cassette sub-family E member 1 (RNase L inhibitor) 68240 
prepl 35, 35-36 
prep2 30, 30-31 
prep3 34, 33-35 

102 polypyrimidine tract-binding protein PTB-1 56918 
prepl 32,31 
prep2 28,27-28 
prep3 30;31,30-31 

SUPPLEMENTAL TABLE 



specific shared 
peptides peptides NCBI GIs 

18 0 34234 34272 91035 226005 250127 
4 0 

14 0 

24 0 2920825 25032791 2920833 18087805 27681907 
3 0 

12 0 
9 0 

42 0 70850 6755372 7765076 12848978 13097759 
4 0 

13 0 
25 0 

16 0 4506743 20838041 20859553 20892859 26353710 
4 0 
6 0 
6 0 

394 0 12083689 28515979 2498602 26352970 18079351 
127 0 
92 0 

175 0 

5 0 5032087 20988230 26324776 26325080 26326219 
2 0 
1 0 
2 0 

61 0 7705433 6572154 18700307 21553089 21758474 
10 0 
25 0 
26 0 

36 0 22001498 7657518 4506559 
7 0 

11 0 
18 0 

28 0 110819 266862 480289 6679515 13487910 
7 0 
7 0 

14 0 



group name 
protein name 

group protein peak gel band, range of gel bands mass 

103 heterogeneous nuclear ribonucleoprotein H1 49484 
prepl 31,27-31 
prep2 22;26,22-26 
prep3 28, 

104 eukaryotic translation initiation factor 3, subunit 5 epsilon, 47kDa 37654 
prepl 30,27-30 
prep2 25,21-25 
prep3 29,25-29 

105 translation initiation factor eIF-4A2 homolog 47088 
prepl 28, 
prep2 23, 
prep3 27, 

106 eIF3-p44 35682 
prepl 28, 
prep2 23,22-23 
prep3 27,26-27 

107 Splicing factor, arginine/serine-rich 5 (Pre-mRNA splicing factor SRP40) 30987 
prepl 26,25-27 
prep3 24,23-24 

108 heterogeneous nuclear ribonucleoprotein A3 37291 
prepl 23,23-26 
prep2 20, 19-21 
prep3 23;24,22-24 

109 translation initiation factor eIF3 p40 subunit; eIF3p40 40075 
prepl 26, 
prep2 20, 
prep3 24, 

110 eukaryotic translation initiation factor 3, subunit 2 beta, 36kDa 36878 
prepl 24, 
prep2 19, 
prep3 23,22-23 

111 eukaryotic translation initiation factor 3, subunit 1 alpha, 35kDa 29087 
prepl 22, 
prep2 18, 
prep3 21,21-22 

SUPPLEMENTAL TABLE 



specific shared 
peptides peptides NCBI GIs 

9 0 5031753 10946928 26353116 27769212 9624998 
6 0 
2 0 
1 0 

31 0 4503519 17426420 21313620 21754858 26353564 
6 0 

13 0 
12 0 

20 0 631472 7661920 20149756 26344810 
6 0 
6 0 
8 0 

16 0 4097873 4503517 23503064 31980808 27663624 
1 0 
7 0 
8 0 

7 0 1168968 2435501 3929378 6677919 12841460 
4 0 
3 0 

28 0 31559916 23274114 20849702 20849702 23274114 
16 0 
5 0 
7 0 

19 0 3986482 4503515 18079341 26353442 27718783 
2 0 
6 0 

11 0 

17 0 4503513 9055370 27664176 
2 0 
6 0 
9 0 

9 0 4503511 10435304 20878026 23503065 26349519 
3 0 
1 0 
5 0 

205 



group name 
protein name 

group protein peak gel band, range of gel bands mass 

112 TAR DNA binding protein 44918 
prepl 27, 
prep3 26, 

113 splicing factor, arginine/serine-rich 1 (splicing factor 2) 27842 
prepl 21, 17-21 
prep2 17, 
prep3 21,20-21 

114 Splicing factor, arginine/serine-rich 7 (Splicing factor 9G8) 27578 
prepl 19;20, 19-20 
prep3 20, 

115 ribonucleoprotein 36217 
prepl 19, 18-20 
prep2 15;16, 15-16 

116 ribosomal protein S3a, cytosolic 30168 
prepl 18, 
prep2 15, 14-15 

117 ribosomal protein S6 28842 
prepl 17, 
prep2 14, 
prep3 19, 

118 ribosomal protein S7; 40S ribosomal protein S7 21835 
prepl 11, 
prep2 9,8-9 
prep3 11, 11-12 

119 ribosomal protein S9; 40S ribosomal protein S9 22635 
prepl 11, 
prep2 9,8-9 
prep3 11;12, 11-12 

120 ribosomal protein S l l ; 40S ribosomal protein SI 1 18590 
prepl 8, 
prep2 6, 
prep3 1;8;9, 1-9 

SUPPLEMENTAL TABLE 



specific shared 
peptides peptides NCBI GIs 

5 0 21704096 26350443 
2 0 
3 0 

22 0 5902076 105294 105295 284701 5902076 
11 0 
4 0 
7 0 

5 0 3929380 15928796 20071765 22122585 26328639 
4 0 
1 0 

8 0 13124196 26330019 26344670 26347149 2137740 
6 0 
2 0 

12 0 7441114 8394221 20872608 27675360 31980669 
1 0 

11 0 

8 0 337514 6677809 15342049 20381196 26389925 
3 0 
4 0 
1 0 

12 0 4506741 337518 20887033 20985952 
1 0 
5 0 
6 0 

15 
1 
8 
6 

0 14141193 27665858 
0 
0 
0 

7 0 4506681 12836870 5441535 12847180 25046185 
2 0 
2 0 
3 0 



group name 
protein name 

group protein peak gel band, range of gel bands mass 

121 ribosomal protein S13; 40S ribosomal protein S13 17212 
prepl 6;7, 6-7 
prep2 4;5,4-5 
prep3 8;7,7-8 

122 ribosomal protein S25; 40S ribosomal protein S25 13791 
prepl 6,5-6 
prep2 4, 
prep3 7,6-7 

123 ribosomal proteinS 18 17730 
prepl 6, 
prep2 4;5,4-5 
prep3 7,7-8 

124 ribosomal protein S17 15395 
prepl 6, 
prep2 4;5,4-5 
prep3 6;7,6-7 

125 ribosomal protein S16; 40S ribosomal protein SI6 16549 
prepl 5, 
prep2 3, 
prep3 6;7,6-7 

126 ribosomal protein S20; 40S ribosomal protein S20 13478 
prepl 4;5,4-5 
prep2 3, 
prep3 6, 

127 ribosomal protein S14 16462 
prepl 5, 
prep2 4, 
prep3 6,6-7 

128 ribosomal protein S21 9236 
prepl 1, 
prep2 2, 
prep3 2, 

129 40S ribosomal protein S27; metallopanstimulin 1 9797 
prepl 1, 
prep2 2, 1-2 
prep3 2,2-3 

SUPPLEMENTAL TABLE 



specific shared 
peptides peptides NCBI GIs 

12 0 4506685 4633275 15029927 20881046 20887059 
2 0 
4 0 
6 0 

10 0 4506707 20836444 20846986 23633141 27484941 
5 0 
2 0 
3 0 

16 0 6755368 27715307 28189422 28189549 198578 
2 0 
6 0 
8 0 

5 0 950111 2119133 4506693 6677801 26377673 
1 0 
2 0 
2 0 

9 0 4506691 7305445 27721735 70920 18591367 
2 0 
1 0 
6 0 

6 0 4506697 20875700 27659246 27715719 27720981 
2 0 
2 0 
2 0 

9 0 3097244 5032051 5441523 7440317 12083607 
1 0 
2 0 
6 0 

5 0 13592073 21536222 26369983 3088341 4506699 
2 0 
1 0 
2 0 

10 0 4506711 7705706 13277528 13559175 27479204 
1 0 
4 0 
5 0 



group name 
protein name 

group protein peak gel band, range of gel bands mass 

130 splicing factor 3b, subunit 1, 155kDa 146464 
prepl 52, 
prep3 48, 

131 splicing factor 3b, subunit 3, 130kDa 136575 
prepl 51, 
prep2 44;45,44-45 
prep3 47, 

132 U5 snRNP-specific protein, 116 kD 110336 
prepl 49, 
prep2 43, 
prep3 45,45-46 

133 Eukaryotic translation initiation factor 3 subunit 9 (eIF-3 eta) 75275 
prepl 48, 42-48 
prep2 42,36-42 
prep3 44,44-45 

134 eukaryotic translation initiation factor 3, subunit 7 (zeta) 64202 
prepl 36;37,36-37 
prep2 31, 
prep3 35,34-35 

135 heterogeneous ribonuclear particle protein U 88492 
prep2 37,35-37 
prep3 39, 

136 eukaryotic translation initiation factor 3 subunit k 25329 
prepl 12, 
prep2 9, 
prep3 13, 12-13 

137 eIF-3 p i 10 subunit 106163 
prepl 48,41-48 
prep2 35,32-37 
prep3 38,38-45 

SUPPLEMENTAL TABLE 



specific shared 
peptides peptides NCBI GIs 

5 0 6912654 14042921 
1 0 
4 0 

16 0 11034823 19527174 19863446 
2 0 
4 0 

10 0 

14 0 4759280 6755594 12803113 24474791 30851704 
3 0 
3 0 
8 0 

51 0 13938120 20847610 23271707 3123230 7513399 
11 0 
17 0 
23 0 

36 0 9055214 26337171 26340494 
6 0 

13 0 
17 0 

13 0 16923996 17390825 26354194 284156 14044052 
8 0 
5 0 

8 0 10801345 5114051 21312044 27730981 
1 0 
1 0 
6 0 

37 0 19263839 22203755 1931584 4503525 27679942 
5 0 

15 0 
17 0 

208 



group name 
protein name 

group protein peak gel band, range of gel bands mass 

138 U5 small nuclear ribonucleoprotein 200 kDa helicase 233221 
prepl 60, 
prep2 54,54-55 
prep3 56, 

139 DEAD (Asp-GIu-Ala-Asp) box polypeptide 5; DEAD box-5 67394 
prepl 34;37, 34-37 
prep2 28, 
prep3 34, 32-35 

140 eukaiyotic translation initiation factor 2, subunit 1 alpha, 35kDa 36374 
prep2 18, 
prep3 22, 

141 Eukaryotic translation initiation factor 3 subunit 10 (eIF-3 theta) 162251 
prep2 46,42-4 
prep3 47,47-49 

142 Eif4gl protein 176076 
prep2 55, 
prep3 56, 

143 Ribosome-binding protein 1 (Ribosome receptor protein) (mRRp) 143890 
prep2 42, 
prep3 40,40-45 

144 acidic ribosomal protein P0 34365 
prep2 16, 15-18 
prep3 21, 19-22 

145 ribosomal protein S4 29892 
prep2 12, 12-13 
prep3 16, 16-17 

146 ribosomal protein S5, cytosolic 22934 
prep2 8;9, 8-9 
prep3 11, 

147 ribosomal protein S10;40S ribosomal protein S10 18886 
prep2 5,5-6 
prep3 8;9,8-9 

SUPPLEMENTAL TABLE 



specific shared 
peptides peptides NCBI GIs 

22 
1 
8 

13 

20521660 12643640 24307975 28893243 

4758138 226021 6681157 25029528 27690065 

4758256 9506571 27671772 

30 
17 
13 

6686292 4503509 32449796 

20892055 

15 
2 

13 

27703664 

19 
9 

10 

11693176 71138 2293577 3041728 4506667 

22 
4 

18 

227229 337930 1350996 2119059 4506725 

1362935 3717978 13904870 27675812 

11 
5 
6 

0 13399310 27669179 
0 

4506679 

209 



group name 
protein name 

group protein peak gel band, range of gel bands mass 

148 ribosomal protein S12;40S ribosomal protein S12 14859 
prep2 3,2-3 
prep3 5, 

149 ribosomal protein S19; 40S ribosomal protein S19 16051 
prep2 4,3-4 
prep3 6,6-7 

150 ribosomal protein L4, cytosolic [validated] 47565 
prep2 24,21-24 
prep3 27,26-28 

151 ribosomal protein L5 34534 
prep2 16;17, 16-17 
prep3 20,20-21 

152 ribosomal protein L6 33663 
prep2 17, 17-21 
prep3 20, 

153 ribosomal protein L7, cytosolic 30367 
prep2 13, 
prep3 17, 16-17 

154 60S ribosomal protein L7a; surfeit 3 30148 
prep2 13, 13-14 
prep3 18, 16-18 

155 60S ribosomal protein L9 21694 
prep2 10, 
prep3 13,12-13 

156 ribosomal protein LI 1, cytosolic 19062 
prep2 7,6-7 
prep3 9, 1-10 

157 ribosomal protein L14 23438 
prep2 11, 
prep3 14;15, 14-15 

158 60S ribosomal protein L24; ribosomal protein L30 17882 
prep2 7,6-7 
prep3 9, 1-10 

SUPPLEMENTAL TABLE 



specific shared 
peptides peptides NCBI GIs 

6 0 133742 6755366 13928992 14277700 27485488 
5 0 
1 0 

9 0 4506695 12963511 16924231 27676006 2500494 
3 0 
6 0 

9 0 1363989 11968086 132958 337580 347964 
3 0 
6 0 

10 0 206734 1173054 13592051 14591909 21483852 
4 0 
6 0 

6 0 16758864 27668585 6755354 9488975 14210106 
3 0 
3 0 

12 0 11383729 27660180 133023 206736 11383729 
5 0 
7 0 

17 0 4506661 7305443 25025731 25051544 27729543 
5 0 

12 0 

8 0 15431303 27676004 27717985 687604 2136121 
3 0 
5 0 

8 0 3914659 14719845 13385408 18204109 631361 
3 0 
5 0 

6 0 12621122 12841593 12846159 13385472 27781339 
2 0 
4 0 

9 0 4506619 26346504 28189765 28174943 28189314 
4 0 
5 0 

210 



group name 
protein name 

group protein peak gel band, range of gel bands 

159 60S ribosomal protein L26 17267 
prep2 6, 
prep3 9, 

160 nucleolin 77059 
prep2 27, 
prep3 30, 

161 SYNCRIP 62733 
prep2 31, 
prep3 33, 

162 histone Hid 21832 
prep2 15, 
prep3 17, 16-19 

163 60S ribosomal protein L17(L23) 21637 
prep2 8, 
prep3 10;11, 10-11 

164 ribosomal protein L23a 17692 
prep2 6, 
prep3 9,1-9 

165 regulator of nonsense transcript stability 124351 
prep2 44;45,44-45 
prep3 47,45-47 

166 40S ribosomal protein SA (P40) (34/67 kDa laminin receptor) 31888 
prep2 14, 
prep3 26, 16-26 

167 Tho2 171128 
prepl 51,50-51, 
prep2 44;45,44-45 
prep3 47,46-47 

168 matrin 3 95085 
prepl 49,40-50 
prep2 35,34-35 
prep3 46,45-46 

SUPPLEMENTAL TABLE 



specific shared 
peptides peptides NCBI GIs 

5 0 132827 292435 4506621 27729769 28189641 
1 0 
4 0 

7 0 92559 6981248 
3 0 
4 0 

9 0 6576815 15809588 15809590 21619168 23397427 
2 0 
7 0 

10 0 92378 109973 121903 121915 356168 
1 0 
9 0 

9 0 22001904 23682842 27679110 27730945 202990 
4 0 
5 0 

13 0 404015 16741485 20071865 17105394 306549 
2 0 

11 0 

8 0 1575536 1885356 13507601 1944407 17380291 
2 0 
6 0 

21 0 34234 34272 91035 730679 226005 
1 0 

20 0 

19 0 20799318 22055158 27692565 27714887 
2 0 
4 0 

13 0 

29 0 25141233 6563246 111944 9506881 6497041 
17 0 
6 0 
6 0 

211 



group name 
protein name 

group protein peak gel band, range of gel bands mass 

169 telomerase associated protein 1; telomerase protein component 1 295173 
prepl 59,59-61 
prep2 56,54-59 
prep3 57,56-58 

170 EBNA-2 co-activator (lOOkD) 100313 
prepl 47, 
prep2 41,41-42 
prep3 44,34-44 

171 DEA/H (Asp-Glu-Ala-His) box polypeptide 15; DEAD/H box-15 93568 
prepl 43, 
prep2 37, 
prep3 40, 

172 DEAD/H (Asp-Glu-Ala-Asp/His) box polypeptide 1 83587 
prepl 43, 
prep2 37,36-37 
prep3 39, 

173 acinusS 67754 
prepl 43, 
prep2 37,37-61 
prep3 55, 

174 nuclear pore-targeting complex protein, 97K 98377 
prepl 43, 
prep2 37, 
prep3 40, 

175 THO complex 1 76130 
prepl 42, 
prep2 36, 
prep3 38,38-39 

176 DEAD-box protein 3 (Helicase-like protein 2) (HLP2) 69793 
prepl 40,36-40 
prep3 38, 32-38 

177 Polyadenylate-binding protein 1 (Poly(A)-binding protein 1) (PABP 1) 70826 
prepl 39, 
prep2 33,27-34 
prep3 36, 30-37 

SUPPLEMENTAL TABLE 



specific shared 
peptides peptides NCBI GIs 

66 0 12018250 
15 0 
27 0 
24 0 

23 0 7657431 9790067 12083649 13938020 100313 
1 0 

10 0 
12 0 

7 0 4557517 6681155 13124667 31563436 4557517 
3 0 
3 0 
1 0 

23 
2 

12 
9 

0 14250287 19527256 
0 
0 
0 

6 0 5931961 5931963 5931965 7513059 7662238 
2 0 
3 0 
1 0 

6 0 2137601 5107666 8393610 19923142 30931411 
1 0 
2 0 
3 0 

10 
1 
4 
5 

0 23956332 26343023 
0 
0 
0 

26 0 27707738 3023628 6753620 13514813 14861844 
12 0 
14 0 

50 0 129535 3183544 4505575 12229876 19705459 
1 0 

25 0 
24 0 

212 



group name 
protein name 

group protein peak gel band, range of gel bands mass 

178 Apobec-1 complementation factor 65864 
prepl 36,36-37 
prep2 31, 
prep3 35, 34-35 

179 transformation upregulated nuclear protein 51325 
prepl 35,34-35 
prep2 30,22-30 

180 nuclear matrix protein NMP200 related to splicing factor PRP19 55603 
prepl 32, 
prep2 27;28,27-28 
prep3 31, 

181 mammary tumor integration site 6 oncogene protein 46815 
prepl 29, 
prep2 24,23-24 
prep3 27,27-28 

182 protein synthesis initiation factor 4A 46688 
prepl 28, 
prep2 23, 
prep3 27, 

183 interferon response element-binding factor IREBF-2 30785 
prepl 19;20, 19-24 
prep3 20, 

184 repressor of estrogen receptor activity; B-cell associated protein 33276 
prepl 20, 
prep2 16, 

185 14.5 kDa translational inhibitor protein (Perchloric acid soluble protein) 14352 
prepl 2, 
prep2 2, 
prep3 3;4,3-4 

186 splicing factor Prp8 274922 
prepl 60, 
prep2 55, 55-56 
prep3 57, 

SUPPLEMENTAL TABLE 



specific shared 
peptides peptides NCBI GIs 

14 0 15072439 19173760 6996658 8515877 8515879 
7 0 
2 0 
5 0 

12 0 460789 473912 1083569 12230546 13384620 
6 0 
6 0 

5 0 7657381 19527358 21326455 26338912 26345812 
1 0 
2 0 
2 0 

27 0 7513720 4503521 17389740 12847562 20902039 
6 0 

10 0 
11 0 

24 0 673433 4503531 7305019 7582292 50815 
3 0 

14 0 
7 0 

9 0 423485 1405747 4506899 6755478 26345390 
7 0 
2 0 

5 0 6005854 28526501 
4 0 
1 0 

5 0 1709863 14269572 631868 
1 0 
2 0 
2 0 

22 0 3661610 20149742 17999537 2463577 21961512 
5 0 
8 0 
9 0 

213 



group name 
protein name 

group protein peak gel band, range of gel bands mass 

187 Stp20 14422 
prepl 10, 
prep2 8,8-16 
prep3 11;12, 11-12 

188 heterogeneous nuclear ribonucleoprotein G 47419 
prepl 27, 
prep2 22, 
prep3 26, 

9 METABOLIC ENZYMES 

189 phosphofructokinase, liver, B-type 86083 
prepl 40, 
prep2 35, 
prep3 38, 

190 Fructose-bisphosphate aldolase B 39961 
prepl 25, 
prep2 20, 19-20 
prep3 24,23-24 

191 Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 36098 
prepl 23,22-23 
prep2 19;18, 18-19 
prep3 21,21-22 

192 Glycogen synthase 2 (liver) 81424 
prepl 41,38-43 
prep2 32;33;36, 32-36 
prep3 38, 36-38 

193 3-phosphoglycerate dehydrogenase 57344 
prepl 32, 
prep2 27, 
prep3 31, 

194 lactate dehydrogenase A 36712 
prepl 21;20,20-21 
prep2 17, 16-17 

SUPPLEMENTAL TABLE 



specific shared 
peptides peptides NCBI GIs 

10 0 2125864 4506901 5441529 12844972 26351845 
2 0 
4 0 
4 0 

6 0 542850 15030328 4504451 20930284 6755296 
1 0 
3 0 
2 0 

5 0 6981352 31560653 
1 0 
2 0 
2 0 

32 0 113611 178357 359734 1619606 2160383 
9 0 
7 0 

16 0 

24 0 120707 6679937 8393418 20820032 20821496 
12 0 
4 0 
8 0 

50 0 13242186 6981002 517112 7595922 11496237 
43 0 

3 0 
4 0 

8 0 29789074 13928850 20877520 20894859 23308577 
5 0 
2 0 
1 0 

5 0 8393706 27719855 5031857 13786849 17368677 
2 0 
3 0 



group name 
protein name 

group protein peak gel band, range of gel bands mass 

195 glutamine synthetase (glutamate-ammonia ligase) 42982 
prep2 21;22,21-22 
prep3 25, 25-26 

10 OTHER ENZYMES 

196 serine/threonine kinase 16 34843 
prepl 18, 
prep2 15, 14-16 
prep3 19, 

197 tripeptidylpeptidase II ^ 139688 
prepl 51, 
prep2 44,44-46 
prep3 48,47-48 

198 carboxypeptidase D 153546 
prepl 58,57-58 
prep2 52,52-53 
prep3 54, 53-54 

199 ATP citrate lyase 121471 
prepl 48,48-49 
prep2 42,42-43 
prep3 45, 

200 dipeptidyl-peptidase IV 91610 
prepl 46;48,46-48 
prep2 41,30-41 
prep3 44,33-44 

201 fatty acid Coenzyme A ligase, long chain 2 79155 
prepl 39, 38-40 
prep2 33, 32-35, 
prep3 37, 36-37 

202 enoyl-Coen2yme A, hydratase 79179 
prepl 40,39-40 
prep2 34, 33-34 
prep3 37, 

SUPPLEMENTAL TABLE 



specific shared 
peptides peptides NCBI GIs 

0 121376 
0 
0 

228136 8393456 

27465615 4106342 13124556 26327983 4106342 

51 
20 
19 
12 

13592121 6678419 

36 
14 
13 
9 

6978699 6681001 9652339 

39 
26 

3 
10 

8392839 17028103 18204829 21754275 28514402 

15 
2 
4 
9 

111948 6978773 109788 111948 6753674 

85 
17 
52 
16 

25742739 729927 31560705 

33 
9 
9 

15 

19424318 



group name 
protein name 

group protein peak gel band, range of gel bands mass 

203 hydroxyacyl-Coenzyme A dehydrogenase/3-ketoacyI-Coenzyme A hiolase 83202 
prepl 39, 
prep2 34, 
prep3 37, 

204 acyl-Coenzyme A oxidase 2, branched chain 77548 
prepl 38, 
prep2 32,32-33 
prep3 36,35-36 

205 acyl-Coenzyme A oxidase 3, pristanoyl 79080 
prepl 37, 37-38 
prep2 32, 
prep3 35;36, 35-36 

206 Amine oxidase [flavin-containing] A (Monoamine oxidase) (MAO-A) 60097 
prepl 35, 
prep2 29, 
prep3 32, 

207 aldehyde dehydrogenase family 3; aldehyde dehydrogenase 4 54503 
prepl 34, 
prep2 27,27-29 
prep3 30,30-31 

208 choline dehydrogenase 49193 
prepl 34, 
prep2 29, 
prep3 32, 

209 flavin containing monooxygenase 60530 
prepl 33, 
prep2 29, 
prep3 32, 

210 Catalase 60013 
prepl 33, 
prep2 29, 
prep3 32, 32-33 

211 formiminotransferase cyclodeaminase 59504 
prepl 32, 
prep2 27, 
prep3 30;31,30-31 

SUPPLEMENTAL TABLE 



specific shared 
peptides peptides NCBI GIs 

12 
6 
5 
1 

18677763 20824845 

26 
9 

10 
7 

21955130 

15 
7 
6 
2 

16758056 26324764 28703869 

113979 220810 383383 8170739 27707494 

22 
3 

13 
6 

6680678 27679356 13929028 12698456 12698457 

1154950 27667200 

21426797 

40 
1 
2 

37 

115704 6978607 15004258 26344712 

10 
2 
4 
4 

16758338 18252784 

216 



group name 
protein name 

group protein peak gel band, range of gel bands mass 

212 ATP synthase alpha chain, mitochondrial precursor 58904 
prepl 31, 
prep2 27,26-27, 
prep3 30, 

213 Dihydrolipoamide succinyltransferase 47668 
prepl 31, 
prep2 26, 
prep3 30, 

214 phosphoribosylaminoimidazole carboxylase 47807 
prepl 27, 
prep2 22, 
prep3 26, 

215 paraoxonase 38660 
prepl 27, 
prep2 22,20-22 
prep3 23;25,23-25 

216 Arginase 1 (Liver-type arginase) 35122 
prepl 25;26,25-26 
prep2 20, 
prep3 24,23-24 

217 fumarylacetoacetase (AA 1-349) 46231 
prepl 26, 
prep2 21, 
prep3 25, 

218 alcohol dehydrogenase 40532 
prepl 25,23-25 
prep2 19;20, 19-20 
prep3 24;23, 23-24 

219 phosphoribosyl pyrophosphate synthetase-associated protein 2 41299 
prepl 25, 
prep2 20, 
prep3 23;24,23-24 

220 phosphoribosylpyrophosphate synthetase-associated protein 39753 
prepl 24, 
prep2 19, 
prep3 23, 

SUPPLEMENTAL TABLE 



specific shared 
peptides peptides NCBI GIs 

30 
17 
10 
3 

114523 6729934 

266684 21313536 22775474 27667044 643589 

18266726 13385434 15214218 5453539 27671151 

10 1945471 2829441 27708566 

16 
4 
5 
7 

114146 3212816 8392920 13786702 14488500 

4557587 31291 8393349 

15 
6 
4 
5 

91930 113392 1168349 31982384 28404 

1 
0 f 
0 
1 

4506133 16923984 20837615 21450169 26346208 

11968140 23623796 24418495 26346302 
0 f 
0 
1 



group name 
protein name 

group protein peak gel band, range of gel bands mass 

221 hydroxysteroid 11-beta dehydrogenase 1 31977 
prepl 20, 
prep2 16, 
prep3 20, 19-20 

222 3-hydroxybutyrate dehydrogenase 38721 
prepl 17, 17-18 
prep2 14;15, 14-15 
prep3 18; 19, 18-19 

223 Retinol dehydrogenase type 1 or III 35982 
prepl 16;17, 16-17 
prep2 15, 12-15 
prep3 18, 17-19 

224 RETINOL DEHYDROGENASE TYPE II (RODHII) 35973 
prepl 17, 
prep2 13; 14, 12-14 
prep3 18, 18-19 

225 Epoxide hydrolase 1 (Microsomal epoxide hydrolase) 52719 
prepl 28, 
prep2 23,23-24 
prep3 27, 

226 arginosuccinate synthetase; arginosuccinate synthetase 1 46752 
prepl 27, 
prep2 22, 
prep3 26, 

227 bile acid CoA ligase 77129 
prep2 32, 
prep3 35, 

228 mannosidase 1, alpha 73458 
prep2 32, 31-32 
prep3 35, 

229 Dihydrolipoamide acetyltransferase 59126 
prep2 31, 
prep3 34,34-35 

SUPPLEMENTAL TABLE 



specific shared 
peptides peptides NCBI GIs 

10 0 8393570 23830928 1583519 1706408 23477364 
1 0 
5 0 
4 0 

12 0 16758902 26345604 20071589 31982169 
4 0 
6 0 
2 0 

19 8 1710629 1710631 31377477 27545384 27680727 
2 4 g 
1 1 

16 3 

23 8 1710630 27671254 27671310 
1 4 g 

20 1 
2 3 

21 
5 

12 
4 

0 123928 6978813 
0 
0 
0 

11 
2 
3 
6 

0 25453414 20860648 
0 
0 
0 

10 0 13162326 
7 0 
3 0 

8 0 6678788 27705330 631290 1083160 1170852 
5 0 
3 0 

6 0 266685 220838 2117706 27681529 27720121 
3 0 
3 0 

218 



group name 
protein name 

group protein peak gel band, range of gel bands mass 

230 fatty acid amide hydrolase 64228 
prep2 29,28-29 
prep3 31;32, 31-32 

231 Protein disulfide isomerase precursor (PDI) 57315 
prep2 28,27-28 
prep3 31, 

232 carboxylesterase (EC 3.1.1.1) ES-10 precursor, microsoma 62376 
prep2 28, 
prep3 31, 

233 Liver carboxylesterase 4 precursor (Carboxyesterase ES-4) 62634 
prep2 28, 
prep3 32, 31-32 

234 UDP-glucuronosyltransferase 1 family, member 1 60422 
prep2 27, 
prep3 30, 

235 flavin-containing monooxygenase 1 60427 
prep2 27, 
prep3 30, 

236 L-gulonolactone oxidase (EC 1.1.3.8) 51295 
prep2 24, 
prep3 28,27-28 

237 glucuronosyltransferase (EC 2.4.1.17) 3 precursor 61131 
prep2 24, 
prep3 28,298-30 

238 betaine-homocysteine methyltransferase 45404 
prep2 22, 
prep3 26,25-26 

239 hydroxy-delta-5-steroid dehydrogenase 42465 
prep2 21, 
prep3 25,25-26 

240 Peptidyl-prolyl cis-trans isomerase B precursor (PPIase) (Cyclophilin B) 22785 
prep2 7,6-7 
prep3 9, 10-9 

SUPPLEMENTAL TABLE 



specific shared 
peptides peptides NCBI GIs 

13162304 27573966 

24 
15 
9 

129731 202549 6981324 129729 129729 

14 
7 
7 

92053 119596 1162964 420265 807109 

11 
4 
7 

28849913 

625202 11560006 

92287 31543923 136733 27677480 57449 

13540663 7709990 28525627 

13 
6 
7 

6981050 

118090 118092 181250 2118329 

219 



group name 
protein name 

group protein peak gel band, range of gel bands mass 

241 fatty acid Coenzyme A ligase, long chain 5 77211 
prep2 32, 
prep3 36, 

242 cystathionine gamma-lyase 44236 
prep2 21, 
prep3 24,24-25 

243 UDP-N-acetylglucosamine-2-epimerase/N-acetylmannosamine kinase 80193 
prepl 39, 
prep2 33, 

244 multifunctional protein 2 79654 
prepl 41, 
prep2 35, 
prep3 38, 

245 Fms interacting protein / serum/glucocorticoid regulated kinase 2 79347 
prepl 41, 
prep2 36,35-36 
prep3 38, 

246 Mammalian 2-Cys Peroxiredoxin, Hbp23 22250 
prepl 12, 
prep2 9, 
prep3 12, 

247 electron transffering flavoprotein, dehydrogenase 68903 
prepl 35,35-36 
prep2 30, 

248 methylenetetrahydrofolate dehydrogenase (NADP) 101662 
prep2 40, 
prep3 42,42-43 

249 UDP glycosyltransferase 2 family, polypeptide B 61459 
prep2 25, 
prep3 29, 

SUPPLEMENTAL TABLE 



specific shared 
peptides peptides NCBI GIs 

14 0 16758398 7437838 
4 0 

10 0 

7 0 13699175 8393215 
3 0 
4 0 

5 0 4885285 16758602 25048862 4456673 32352100 
2 0 
3 0 

6 0 1620451 2492741 4504505 7514017 13242303 
1 0 
4 0 
1 0 

9 0 24980875 27369587 27696878 
1 0 
5 0 
3 0 

9 0 6435547 6754976 6942233 12846314 
2 0 
4 0 
3 0 

7 0 15214778 21313290 26344475 27691916 
5 0 
2 0 

12 0 111430 26335437 11968082 19850913 20270275 
1 0 

11 0 

7 0 13928718 57453 
5 0 
2 0 

220 



group name 
protein name 

group protein peak gel band, range of gel bands mass 

11 COATOMER 

250 Coatomer gamma subunit (Gamma-coat protein) (Gamma-COP) 98635 
prepl 43;44,43-44 
prep2 37;38, 37-38 
prep3 40,39-40 

251 coatomer protein complex, subunit beta; beta coat protein 108214 
prepl 44, 
prep3 41,41-42 

252 Coatomer delta subunit (Delta-coat protein) (Delta-COP) 57694 
prepl 35, 
prep2 30, 
prep3 33, 

253 Coatomer alpha subunit (Alpha-coat protein) 140832 
prep2 46, 
prep3 48,47-48 

254 Cop-coated vesicle membrane protein p24 precursor 22289 
prep2 8, 
prep3 11, 11-12 

255 beta prime COP 103342 
prep2 39, 
prep3 41,40-41 

12 ENDOPLASMIC RETICULUM 

256 ribophorin II; ribophorin 66375 
prep2 30, 
prep3 33, 

257 BIP ER dnaK-type molecular chaperone HSPA5 precursor 72185 
prepl 40, 
prep2 34, 
prep3 27, 37-38 

258 thioredoxin domain containing 4; endoplasmic reticulum resident protein 47222 
prep2 23, 
prep3 27, 

SUPPLEMENTAL TABLE 



specific shared 
peptides peptides NCBI GIs 

9 0 1706000 11559929 6912320 8567340 14198159 
3 0 
2 0 
4 0 

19 0 7705369 12644310 15426055 18158449 
1 0 

18 0 

17 0 1705999 11863154 22122433 
3 0 
1 0 

13 0 

14 0 23512328 23620060 23958509 31981828 
3 0 

11 0 

8 0 1352660 5803149 9790015 13929014 26354785 
3 0 
5 0 

16 0 11120716 20893607 486784 4758032 27805865 
4 0 

12 0 

6 0 9790203 12836555 14714733 13928974 
3 0 
3 0 

18 0 87528 109893 121570 627823 1304157 
1 0 

11 0 
6 0 

5 0 19072792 3043670 
3 0 
2 0 

221 



group name 
protein name 

group protein peak gel band, range of gel bands mass 

259 protein disulfide-isomerase (EC 5.3.4.1) ER60 precursor 57044 
prepl 34, 
prep2 28, 
prep3 31, 

13 CHAPERON PROTEIN FOLDING 

260 chaperonin subunit 5 (epsilon) 60654 
prep2 29, 
prep3 32, 31 

261 chaperonin 58598 
prep2 28, 
prep3 31, 

262 chaperonin subunit 6a (zeta); chaperonin containing TCP-1 58424 
prep2 29;30,29-30 
prep3 33;32, 32-33 

263 matricin 61021 
prep2 30, 
prep3 33, 

264 T-complex protein 1, alpha subunit (TCP-l-alpha) 60814 
prepl 35, 
prep2 30, 
prep3 33, 

265 T-complex protein 1, theta subunit (TCP- 1-theta) 60008 
prepl 33, 
prep2 29, 
prep3 32, 

266 chaperonin subunit 2 (beta) 57753 
prepl 31, 
prep2 27, 
prep3 30, 

267 T-complex protein 1, eta subunit (TCP-l-eta) 60127 
prep2 28, 
prep3 31, 

SUPPLEMENTAL TABLE 



specific shared 
peptides peptides NCBI GIs 

31 
1 

18 
12 

91897 1083311 

0 6671702 603955 12804225 14495685 24307939 
0 

0 460317 2559008 6753322 13358930 33414505 
0 

0 6753324 184462 4502643 6094438 14517632 
0 

0 631730 2136253 6753320 27692905 31542292 
0 

9 0 135536 135538 201725 228954 1729865 
1 0 
5 0 
3 0 

11 0 1174621 5295992 31560613 
2 0 
3 0 
6 0 

6 0 6671700 7670405 22654291 26376306 
1 0 
2 0 
3 0 

0 549060 27712178 31982472 
0 

222 



group name 
protein name 

group protein peak gel band, range of gel bands mass 

14 OTHERS 

268 ubiquitin 8446 
prepl 24;35;42;64,24-64 
prep2 37;28,23-57 
prep3 24-56 

269 Alpha-I-inhibitor III precursor 165038 
prepl 58, 
prep2 53, 
prep3 54,54-55 

270 arsenite-resistance protein 25823 
prepl 50, 
prep3 46,33-46 

271 Ig mu chain C region 38189 
prepl 39, 
prep2 33;34;35,33-35 
prep3 38,37-38 

272 hemopexin 52000 
prepl 38, 
prep2 32, 32-33 
prep3 36, 35-37 

273 albumin 70670 
prepl 36,33-38 
prep2 31,30-32 
prep3 35, 33-36 

274 Serum albumin precursor 70700 
prepl 35, 33-37 
prep2 30;31;32, 30-32 
prep3 35, 33-36 

275 Transthyretin precursor (Prealbumin) (TBPA) 15824 
prep 1 26, 
prep3 25, 

276 complement component 3 187828 
prepl 37, 36-37 
prep2 31;50,31-50 
prep3 34;35;45,34-45 

SUPPLEMENTAL TABLE 



specific shared 
peptides peptides NCBI GIs 

30 
4 

15 
11 

70637 91870 91871 136670 1050930 

11 

2 

112893 202577 12831225 

1127863 4336349 12652667 13492031 13492032 

111977 70047 1346606 27717429 

31 
4 
8 

19 

16758014 1881768 22022646 23956086 

75 
20 
29 
26 

86 
23 h 
29 
34 

19705431 

12 
5 
3 
4 

86 
23 h 
29 
34 

5915682 26340966 26341396 

136467 3212532 6981684 20663827 

8393024 1352102 23956044 28175786 

223 



group name 
protein name 

group protein peak gel band, range of gel bands mass 

277 serine proteinase inhibitor 1 45881 
prepl 36,35-36 
prep2 30,27-31 
prep3 33, 31-34 

278 Tum-P91 A antigen 60726 
prepl 35, 
prep3 32, 

279 ADP-ribosylation-like factor 6 interacting protein 2 65114 
prepl 35, 33-35 
prep2 29,29-30 
prep3 32;33,32-33 

280 fetuin beta 42361 
prepl 32;34, 32-34 
prep2 28,27-28 
prep3 31, 

281 lectin, mannose-binding, 1 58206 
prepl 34, 
prep2 28,28-29 
prep3 31,31-32 

282 ALPHA-1-ANTIPROTEINASE PRECURSOR (ALPHA-1-ANTITRYPSIN) 46278 
prepl 32, 
prep2 27,27-28 
prep3 30,31-30 

283 Cathepsin L precursor (Major excreted protein) (MEP) (Cyclic protein-2) 38206 
prepl 22;23,21-23 
prep3 22, 

284 preprohaptoglobin 30428 
prepl 22,3-23 
prep2 18, 16-18 
prep3 22,4-22 

285 major beta-hemoglobin 16097 
prepl 3,2-3 
prep3 4,3-4 

SUPPLEMENTAL TABLE 



specific shared 
peptides peptides NCBI GIs 

23 
7 
7 
9 

57233 92335 92880 266407 6981576 

2137840 2656092 15126760 19705424 19856169 

25 
3 
7 

15 

16041114 22476866 31565344 11641303 22476865 

17865327 10947006 26331904 

21 
1 
8 

12 

16758758 21312570 

12 
2 
6 
4 

112889 203063 11968100 

6978723 67650 246148 

21 
4 
5 

12 

204657 484201 6016254 123513 33086640 

18 
5 

13 

204570 546056 984679 17985949 

224 



group name 
protein name 

group protein peak gel band, range of gel bands mass 

286 fatty acid-binding protein, hepatic 14249 
prepl 2,2-3 
prep2 2, 
prep3 4;3,3-4 

287 hemoglobin alpha chain 15446 
prep 1 2, 
prep3 4, 

288 Aal064 537740 
prep2 55,54-55 
prep3 56, 

289 fibrinogen, B beta polypeptide 54828 
prep2 28, 
prep3 31, 

290 DnaJ protein homolog 45590 
prep2 23, 
prep3 27, 

291 RER1 protein 23057 
prep2 8, 
prep3 11, 11-12 

292 alpha-2u globulin precursorO 20454 
prep2 5,5-6 
prep3 8, 

293 similar to Microsomal triglyceride transfer protein, large subunit precursor 130787 
prep2 37;38, 37-38 
prep3 40,48, 

294 fibroblast growth factor 2-interacting factor 49800 
prep2 30, 
prep3 32,22-33 

295 ATP-binding cassette, sub-family A (ABC1), member 6 184864 
prep2 51,51-53 
prep3 53,54-58 

296 ATP-binding cassette, sub-family A (ABC1), member 8a 185760 
prep2 52,51-52 
prep3 53, 

SUPPLEMENTAL TABLE 



specific shared 
peptides peptides NCBI GIs 

20 
4 

71857 204074 2392417 6978825 

15 
2 

13 

1304381 6981010 552374 

14 
7 
7 

32492562 

27692042 29789106 32527707 

219588 4504511 6680297 20830104 219588 

6226763 7688699 13385882 19923787 

204261 22219450 8307686 27714645 204264 

27697569 

16 
2 

14 

12656083 5729730 6671567 20839855 2623761 

2 
0 i 
2 

22267462 

23346593 27690222 

225 



group name 
protein name 

group protein peak gel band, range of gel bands mass 

297 MAL2A 36044 
prepl 10; 14, 10-14 
prep2 9, 
prep3 10;15, 10-15 

298 stromal membrane-associated protein SMAP1A 48313 
prep2 25,23-28 
prep3 29,28-29 

15 ATPases 

299 bB206I21.1 (ATPase, Class VI, type 11C) 95006 
prepl 48,48-50 
prep2 43,41-56 
prep3 46,45-47 

300 H+-exporting ATPase 31814 
prepl 23;24,23-24 
prep2 19, 
prep3 22;23,22-23 

301 Transitional endoplasmic reticulum ATPase (TER ATPase) 89936 
prepl 44, 
prep2 38, 
prep3 40, 

302 H+-transporting two-sector ATPase (EC 3.6.3.14) beta chain 50738 
prepl 30, 30-31 
prep2 26,25-26 

303 ATP synthase, H+ transporting, mitochondrial F0 complex, subunit b 28965 
prepl 13, 12-13 
prep2 10, 

304 ATPase 7B 122242 
prepl 65,55-66 
prep2 46, 
prep3 48;49,48-49 

SUPPLEMENTAL TABLE 



specific shared 
peptides peptides NCBI GIs 

5 0 32693285 27718963 
2 0 
1 0 
2 0 

12 0 16303736 10435055 13561010 21264558 23273590 
9 0 
3 0 

38 0 27709974 17644260 28528317 30315929 
11 0 
11 0 
16 0 

15 0 89602 542837 3955100 15029719 19913432 
4 0 
3 0 
8 0 

6 0 400712 6005942 17865351 26350783 1174636 
1 0 
4 0 
1 0 

24 0 92350 114562 1374715 1827812 3660251 
16 0 
8 0 

5 0 19705465 87611 114617 13543618 20875157 
3 0 
2 0 

8 0 6680758 6006291 6006293 6978561 631354 
4 0 
2 0 
2 0 



group name 
protein name 

group protein peak gel band, range of gel bands mass 

16 CYTOCHROME 

305 Cytochrome P450 2D1 (CYPIID1) (P450-DB1) (P450-CMF1A) 57595 
prepl 30,29-31 
prep2 24;25,24-25 
prep3 29,28-29 

306 cytochrome P450, subfamily IID3 57061 
prepl 30, 30-31 
prep2 25, 
prep3 29, 

307 Cytochrome P450 2D2 (CYPIID2) (P450-DB2) (P450-CMF2) 56876 
prepl 30,30-31 
prep2 25,24-26 
prep3 29,28-29 

308 cytochrome P450 2D9-like 56988 
prepl 30, 
prep2 25, 

309 Cytochrome P450 2C11 (CYPIIC11) (P-450(M-1)) (P450H) (P450-UT-A) 57658 
prepl 30, 
prep2 25, 
prep3 29, 

310 Cytochrome P450 2C6 (CYPIIC6) (P450 PB1) (PTF2) 56708 
prepl 30, 
prep2 25, 
prep3 29,30 

311 Cytochrome P450 4A2 precursor (CYP1VA2) 58274 
prepl 30, 
prep2 26, 
prep3 29, 

312 Cytochrome P4502C13, male-specific (CYPIIC13) (P450-G) (UT-5) 56337 
prepl 29, 
prep2 24, 
prep3 28, 

SUPPLEMENTAL TABLE 



specific shared 
peptides peptides NCBI GIs 

62 20 117241 
10 3 j 
23 8 
29 9 

14 17 27465519 
2 4 j 
4 8 
8 5 

40 21 117242 
7 3 j 

16 9 
17 9 

3 3 21728384 
1 0 j 
2 3 

24 0 117228 
2 0 

13 0 
9 0 

13 0 117223 
1 0 
5 0 
7 0 

8 0 117164 
1 0 
2 0 
5 0 

14 0 117230 
1 0 
7 0 
6 0 

203803 203807 

92147 

6978747 92145 

203695 226036 

203875 27684019 

27715769 27715855 

2117406 25453406 

23463315 27545374 

28461155 27715857 

227 



group name 
protein name 

group protein peak gel band, range of gel bands mass 

313 cytochrome b5 [mice, D2, liver microsomes] 11203 
prepl 6, 
prep2 4;5,4-5 
prep3 7,6-7 

314 NADPH-cytochrome P-450 oxidoreductase 77285 
prepl 40, 
prep2 34, 
prep3 38, 37-38 

315 cytochrome P450, family 4, subfamily a, polypeptide 3 58530 
prepl 31, 
prep3 30, 

316 cytochrome P450 2B3 37388 
prep2 25,24-25 
prep3 28, 29 

317 Cytochrome P450 2E1 (CYPIIE1) (P450-J) (P450RLM6) 56990 
prep2 25, 
prep3 29, 

318 Cytochrome P450 2C23 (CYPIIC23) (Arachidonic acid epoxygenase) 57024 
prep2 25, 
prep3 30, 

319 cytochrome P450 2C7 56777 
prep2 25, 
prep3 29, 

320 cytochrome P450, subfamily 2A, polypeptide 1; Cytochrome P450IIA2 56480 
prep2 24, 
prep3 27;28, 27-28 

321 cytochrome-b5 reductase (EC 1.6.2.2), microsomal form 34347 
prep2 15, 15-16 
prep3 19, 

322 Cytochrome P450 2C22 (CYPIIC22) (P450 MD) (P450 P49) 56690 
prep2 24, 
prep3 28, 

SUPPLEMENTAL TABLE 



specific shared 
peptides peptides NCBI GIs 

11 
3 
4 
4 

251978 2098349 2914179 2554670 3660010 

17 
2 

205660 3318958 13928780 15826744 15826748 

28461155 27715769 

10 
7 
3 

562164 27676490 

12 
7 
5 

1352193 13928734 259785 

10 
5 
5 

482947 8393233 

6978741 

1070444 20302049 

117236 19924039 



group name 
protein name 

group protein peak gel band, range of gel bands mass 

17 GLUTATHIONE TRANSFERASE 

323 glutathioneS-transferase Yb-1 subunit (EC 2.5.1.18) 26127 
prepl 14, 
prep2 11,10-11 
prep3 14, 

324 glutathione transferase (EC 2.5.1.18) class alpha chain Yal 25737 
prepl 13, 
prep2 10, 
prep3 14, 13-14 

325 microsomal glutathione S-transferase 1 17517 
prep2 4, 
prep3 6,5-6 

18 NOVEL 

326 NECAP 1 37228 
prepl 27, 
prep2 19, 19-20 
prep3 24;25,24-25 

327 enthoprotin; epsin 4 68273 
prepl 40;39,22-42 
prep2 34, 36-36 
prep3 37, 28-39 

328 RIKEN cDNA 6030446119 gene 112066 
prepl 50, 
prep2 44;45,44-45 
prep3 46, 

329 RIKEN cDNA 5730596K20, homology to ARF-Like 6 interacting protein 2 60993 
prep2 27;28,27-28 
prep3 31, 

330 similar to hypothetical protein MGC12103 [Homo sapiens] 46194 
prep2 27, 
prep3 31, 

SUPPLEMENTAL TABLE 



specific shared 
peptides peptides NCBI GIs 

12 0 204503 442967 1943431 1943433 90534 
8 0 
3 0 
1 0 

9 0 66611 121712 6680119 7110611 11514499 
4 0 
2 0 
3 0 

7 0 19705453 
3 0 
4 0 

8 0 37945074 27229051 27713302 15079260 
1 0 
5 0 
2 0 

319 0 7661968 13278582 20345123 21751443 26006105 
116 0 
112 0 
91 0 

7 0 31542027 13449265 24980923 
1 0 
2 0 
4 0 

12 0 16877810 26326645 31559920 10435296 13477255 
7 0 
5 0 

5 0 27679620 27532965 
1 0 
4 0 

229 



group name 
protein name 

group protein peak gel band, range of gel bands mass 

331 similar to hypothetical protein KIAA0678 (RME-8) 306705 
prepl 58, 
prep2 54, 
prep3 55, 55-56 

332 KIAA0255 gene product 73235 
prepl 34, 
prep2 28,27-28 
prep3 31, 

333 KIAA0183 116963 
prepl 50, 
prep2 44;45;, 37-45 

334 similar to K1AA1414 protein 226839 
prepl 58, 
prep3 55, 

335 similar to mKIAA0219 protein 316133 
prep2 56, 
prep3 57, 

336 FENS-1 47904 
prep2 21, 
prep3 25,25-26 

337 unknown [Homo sapiens] 24209 
prepl 12, 10-14 
prep2 9,10,9-10 
prep3 13, 12-14 

338 hypothetical protein D10Wsu52e 55631 
prep2 28,27-28 
prep3 31, 

339 similar to Protein transport protein Sec24C (SEC24-related protein C) 112455 
prep2 42;43,42-43 
prep3 45, 45-46 

340 EH domain containing 4 60888 
prepl 35, 33-35 
prep3 32, 32-33 

SUPPLEMENTAL TABLE 



specific shared 
peptides peptides NCBI GIs 

59 0 27721389 26006199 28546047 26328693 26350527 
5 0 

28 0 
26 0 

6 0 7662028 26352305 31542095 26339180 
1 0 
3 0 
2 0 

8 0 1136426 3005744 8922114 16307515 28524994 
1 0 
7 0 

16 0 27478091 26348058 
13 0 
3 0 

6 0 27666086 
1 0 
5 0 

5 0 18482373 7243268 19484187 30795186 
1 0 
4 0 

17 0 3005742 12857585 12857927 18490304 20531765 
7 0 
4 0 
6 0 

15 0 21703842 6841456 7657015 7688673 21703842 
4 0 

11 0 

6 0 27673609 20072091 27722283 28477301 28916673 
2 0 
4 0 

16 0 10181214 7212811 7657056 10181214 20302075 
4 0 

12 0 
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group name 
protein name 

group protein peak gel band, range of gel bands mass 

341 similar to Vault po!y(ADP-ribose) polymerase (VPARP) 126096 
prepl 60;58,57-60 
prep2 53, 
prep3 55,54-55 

342 similar to ATP-binding cassette, sub-family A (ABC 1), member 6 65888 
prep2 51,51-54 
prep3 53, 53-55 

343 dendritic cell protein GA17 42946 
prepl 25, 
prep2 20, 19-20 
prep3 24,23-25 

344 similar to deleted in polyposis l-like 1 39229 
prepl 7;6,6-7 
prep2 4;5,4-5 
prep3 8, 

345 macrophage expressed gene 1 74478 
prep2 38;39, 38-39 
prep3 40,40-41 

346 vacuole 14 protein; Vac 14 protein; hydin 89095 
prepl 43, 
prep2 37, 

SUPPLEMENTAL TABLE 



specific shared 
peptides peptides NCBI GIs 

28 0 28479540 
4 0 
8 0 

16 0 

16 2 27690422 34875258 
9 0 i 
7 2 

21 0 21703762 23397429 27702767 3152660 12751096 
1 0 
6 0 

14 0 

7 0 27717621 
4 0 
2 0 
1 0 

5 0 12018298 2137564 18676680 20482397 
2 0 
3 0 

5 0 29293817 26327751 26338430 31542488 
1 0 
4 0 

231 



ANNEXE 2 

ETHIC CERTIFICATES 



R E S E A R C H P E R S O N N E L : (attach additional sheets if preferred) 

k N a m e Department Job Title/Classification 
Trained in the safe use of biological 
safety cabinets within the last 3 
years? If yes, indicate training date. 

Peter McPherson Neurology & Neurosurgery PI No 

Lyne Bourbonniere Neurology & Neurosurgery Technician No 

Jacynthe Philie Neurology & Neurosurgery Technician No 

Martine Girard Neurology & Neurosurgery Graduate Student No 

Patrick Allaire Neurology & Neurosurgery Graduate Student No 
Brigitte Ritter 
Francois Blondeau 
Jonathon Burman 
Andrea Marat 

Neurology & Neurosurgery 
Neurology & Neurosurgery 
Neurology & Neurosurgery 
Neurology & Neurosurgery 

Research Associate 
Post-doctoral fellow 
Graduate Student 
Graduate Student 

No 
No 
No 
No 

6. Briefly describe: 

i) the biohazardous material involved (e.g. bacteria, viruses, human tissues, toxins of biological origin) & designated 
biosafety risk group 

^^"on ta inement level 1: We are using complementary DNA fragments and plasmids and cell lines that express specific human and rat 
ies. We are also maintaining cell culture lines of non-human origin (rat). Manipulations of DNA are performed in a designated 

^roboratory area which is properly cleaned after use. The DNA samples are kept in a specific freezer. The cell lines are cultured in a tissue 
culture hood and grown in a tissue culture incubator. 
- Containment level 2: In addition to our previous protocols at a containment level of 1, we will now begin to produce and use 
adenovirus. The adenoviruses will encode for rat and frog proteins that function in endocytosis. The adenovirus does not replicate. It is 
used routinely by many laboratories at McGill University 

ii) the procedures involving biohazards 

- The plasmids contain gene fragments for sequencing on expression of fusion proteins in bacteria. 
-Cel l lines (PC-12, A431, COS) are used for biochemical studies or are transfected with plasmid to express a specific rat protein. 
- Adenovirus will be produced in 239-A cells in culture. The adenovirus will be used to infect mammalian cells in culture 

iii) the protocol for decontaminating spills 
- All l abora tory personne l are aware that there is no eating, dr inking, or smoking in the laboratory. T h e laboratory is equipped with a f u m e 
h o o d and two s inks. Research personnel will wash their hands fo l lowing manipulat ion of b iohazards . 
- In the event of a spill , any contamina ted surface or tool will be identified and decontaminated with bleach. 
- In case of a large spill, the McGUl Safe ty Of f i ce will be contacted. 
- All manipu la t ions involving adenovi rus will be pe r fo rmed in a LabConco Purifier Class II b iosafe ty cabinet . Samples will only be 
r e m o v e d f r o m the safety cabinet in sealed containers. Liquid waste will be treated with mild bleach before disposal . Dry waste will be 
sea led in a b iohazard bag in the safety cabinet and will then be placed in biohazard boxes for disposal . All surfaces in contact with the 
a d e n o v i r u s will be decon tamina ted with bleach or E T O H 

EHS-FORM-014 v.1.0 Page 2 of 3 



7. Does the protocol present conditions (e.g. handling of large volumes or high concentrations of pathogens) that could 
increase the hazards? 

No 

8. Do the specific procedures to be employed involving genetically engineered organisms have a history of safe use? 
Yes 

9. What precautions will be taken to reduce production of infectious droplets and aerosols? 
N/A 

10. Will the biohazardous materials in this project expose members of the research team to any risks that might require 
special training, vaccination or other protective measures? If yes, please explain. 

No 

11. Will this project produce combined hazardous waste - i.e. radioactive biohazardous waste, biohazardous animal 
carcasses contaminated with toxic chemicals, etc.? If yes, please explain how disposal will be handled. 

No 

12. List the biological safety cabinets to be used. 

Building Room No. Manufacturer Model No. Serial No. Date Certified 

MNI BT206A Forma Scientific 
Purifier Class 
IIA/B3 19727-302 August 21, 2006 

EHS-FORM-O14 v.1.0 Page 3 of 3 



4 

Include here ALL procedures described in the original protocol. New and changed procedures in 
CAPS (was section 10a in main protocol); Please only attach SOPs related to new and changed 
procedures to this renewal form. 

1. t jnd jpo in t s . 

^ ) ^ o r B ^ n d C l c v e b f invasiveness, , V 

The procedures are the same as the original protocol: YES[X] NO • 

IF NO, supply new endpoints that are different from the original protocol: 

Experimental endpoints: 

Clinical endpoints: 

*•%) ;For D level of invasiveness, 
Include here ALL endpoints, including the ones described in the original protocol as well as new 
and changed endpoints in CAPS: 

Experimental endpoints: 

Clinical endpoints: 

l l a z a W s ' ' (check here if none are used: [X]) 
a) Are the hazards different from original protocol? (infectious, radioactive, toxic, carcinogen, tumours) 

Y E S Q N O D if yes, supply details (material, risks, precautions): 

b) Have the celllines been tested for human and animal pathogens? YES-.Q NO:Q Noneused:[><3 

9. Description of A 
d u a l i t y Control Assutarice: T o prci 
required prior to receiving animals 
and further testing may be required 

n i til a Is to be used in the coming year (only): 
'ent introduction of infectious diseases into animal facilities, a health status report or veterinary inspection certificate may be 
from all non-commercial sources or from commercial sources whose animal health status is unknown or questionable Quarantine 
for these animals. If 'more than 6 columns are needed, please attach another page : 

Sp/strain 1 Sp/strain 2 Sp/s(rain 3 Sp/strain 4 Sp/slrain 5 Sp/strain 6 

&I>ecics s R a t T i m e d 

p r e g n a n t r a t 

M i c e 

Supplier/Source C h a r l e s R i v e r C h a r l e s R i v e r C h a r l e s R i v e r 

Strain' S p r a g u e -

D a v v l e y 

S p r a g u e -

D a w l e y 

C D 1 

Sex M / F F M / F 



5 
Age/Wt 150g 300-400g 30-50g 

4 to be -purchased 480 50 10 

p r o d u c e d % io-
K l ^ b r e e d i t i g 

0 0 0 

4 Cftbfcr 
(e.g.field studies) 

0 0 0 

fOTAU/YYfiAR 480 50 10 

10, JExt) 1 atlatioii of Animal Numbers: 
| A | E D O f t t & E EXPgRlMjE^TAL OBJECTIVES O f THE PROJECT, describe (he number of animals required for one 
y j $ f i includeinforlfiation on experimental ahd control groups, # per group, and failure rates. 

7 *• * '< i f * V - - *Yf f 

f b / breeding specify how many adults arc used, number of offsprihg produced, and iiow many offspring are usjtd in 
expetiirtenfai procedures. The arithmetic fexplainihg how the total of animals for cafli column in tlic ta&le abofo is calculated 
ih f fufd faitiade cleat-

- Rats (SD) are used for protein purification. Each protein prep, requires 10 rats. For the studies in this grant, 
we do approximately 4 prep/month. This number of rats allows for one years worth of preps (10 rats x 4 
prep/mth x 12 months = 480). 

- Timed pregnant rats (SD) are used for neuronal cultures. Each pregnant rat yields enough material for one 
culture. We need to prepare 1 culture/week = 50 rats. 
- Mice (CD1) are used for tissue extraction. Each mouse yields approximately 200mg of brain tissue. We 
require approximately lg of tissue for RNA production. We anticipate isolating RNA 2 times/year (1000/200 
x 2 = 10). 

Submit to your local Facility Animal Care Committee. Please note that after two renewals, a full protocol needs 
to be submitted. 

This approval does not imply that space will be made available. If a major increase of space needs is 
anticipated, please contact the appropriate animal facility manager. 



4. R E S E A R C H P E R S O N N E L : (attach additional sheets if preferred) 

Name Department Check appropriate classification Fellow 
Investigator Technician & 

Research 
Assistant 

Student 

Undergraduate Graduate 

Peter McPherson Neurology & Neurosurgery X 

Elain DeHeuvel Neurology & Neurosurgery X 

Jacynthe Philie Neurology & Neurosurgery X 

Annie Angers Neurology & Neurosurgery X 

Valerie Legendre-Guillemin Neurology & Neurosurgery X 

Brigitte Ritter Neurology & Neurosurgery X 

Francois Blondeau Neurology & Neurosurgery X 

Sylwia Wasiak Neurology & Neurosurgery X 

Martine Girard Neurology & Neurosurgery X 

Patrick Allaire Neurology & Neurosurgery X 

5. EMERGENCY: Pcrson(s) designated to handle emergencies 

Name: Peter McPherson Phone No: work: 398-7355 home: 639-1249 

Name: Elaine DeHeuvel Phone No: work: 398-6644 Ext: 00209 home: 630-4167 

6. Briefly describe: 

i) the biohazardous material involved (e.g. bacteria, viruses, human tissues) & designated biosafety risk group 

- Containement level 1: We are using complementary DNA fragments and plasmids and cell lines that express specific 

human and rat genes. We are also maintaining cell culture lines of human and non-human origin. Manipulations of 

DNA are performed in a designated laboratory area which is properly cleaned after use. The DNA samples are kept in 

specific freezers. The cell lines are cultured in a tissue culture hood and grown in a tissue culture incubator. 

- Containment level 2: In addition to our previous protocols at a containment level of 1, we will produce and use 

adenovirus. The adenoviruses will encode for proteins that function in endocytosis. The adenovirus does not replicate, 

k It is used routinely by many laboratories at McGill University 



ii) the procedures involving biohazards 

The plasmids contain gene fragments for sequencing an expression of fusion proteins in bacteria and mammalian 

cells. 

- Cell lines (PC-12, A431, COS, HEF293, C6 glioma, HER14) are used for biochemical studies or are transfected with 

plasmid to express a specific rat protein. 

- Adenovirus will be produced in 239-A cells in culture. The adenovirus will be used to infect mammalian cells in 

culture 

iii) the protocol for decontaminating spills 

- AH laboratory personnel are aware that there is no eating, drinking, or smoking in the laboratory. The laboratory is 

equipped with a fume hood and two sinks. Research personnel will wash their hands following manipulation of 

biohazards. 

- In the event of a spill, any contaminated surface or tool will be identified and decontaminated with bleach. 

- In case of a large spill, the McGill Safety Office will be contacted. 

- All manipulations involving adenovirus will be performed in a Forma Scientific Purifier Class II biosafety cabinet. 

Samples will only be removed from the safety cabinet in sealed containers. Liquid waste will be treated with mild 

bleach before disposal. Dry waste will be sealed in a biohazard bag in the safety cabinet and will then be placed in 

biohazard boxes for disposal. All surfaces in contact with the adenovirus will be decontaminated with bleach or 

ETOH 

7. Does the protocol present conditions (e.g. handling of large volumes or high concentrations of pathogens) which could 
increase the hazards of the infectious agent(s)? NO 

8. Do the specific procedures to be employed involving genetically engineered organisms have a history of safe use? 
YES 

9. What precautions are being taken to reduce production of infectious droplets and aerosols? N/A 

10.' List the biological safety cabinets to be used. 

Building Room No. Manufacturer Model No. Serial No. Date Certified 

Montreal Neurological Institute BT206A Forma Scientific Purifier Class 

IIA/B3 

19727-302 2002/07/10 



• Renewal requires submission of full Animal Use Protocol form 
Form version July 2007 

3 

liejifth prfajtie^dvah*cc'trfent of scientific knowledge (was section 5a in,main protocol). 

i humah/ajumal 

We study proteins that are involved in neuronal communication. It is important to understand how these proteins 
function as neuronal communication forms the basis of important abilities such as the ability to learn and 
remember. Abnormal changes in neuronal communication can lead to diseases such as Alzheimer's disease and 
Schizophenia. 
We study proteins that are involved in endocytosis. Alterations in this process are associated with many 
psychiatric and neurological diseases. 

imal '£ar6 l$Sueg? • Y E S D N O g j if yes, supply details: 

^ „ fMmKpmfmg ne»v p h e n o t y b C l i a v c bfeeh 'produced. submit a Phenotype biscfosurfi/orthf 
l inktor jm$k1t( tp :7/wwy.Mcgi lLcWres^ ' ' ' ' 

^ r g and C IfeVei of i n v a s i v e n e s s , 

The procedures are the same as the original protocol: YES[ N O D 

IF NO, complete the following: 
Detail new procedures that are different from section 10a of the original protocol, including 
amendments (include a copy of the entire revised procedure section 10a of the original protocol with 
the changes and/or new procedures in CAPS): 

• 

4)) For D l e v e l of invasiveness, ? tit 

Include here ALL procedures described in the original protocol. New and changed procedures in 
CAPS (was section 10a in main protocol); Please only attach SOPs related to new and changed 
procedures to this renewal form. 

%i Endpoints 
^a) For B and C level of invasiveness. 

The procedures are the same as the original protocol: YES[Xj NO • 

IF NO, supply new endpoints that are different from the original protocol: 



Experimental endpoints: 
4 

Clinical endpoints: 

; lil $ o r I) . I c y e l of invasiveness,, , ! 
Include here ALL endpoints, including the ones described in the original protocol as well as new 
and changed endpoints in CAPS: 

Experimental endpoints: 

Clinical endpoints: 

a) Are the hazards different from original protocol? (infectious, radioactive, toxic, carcinogen, tumours) 

YES • NO • if yes, supply details (material, risks, precautions): 

b) Have the cell lines been tested for human and animal pathogens? YES:Q NO.'d None used:[X] 

^ i l^escr i i i t ion of Animals to be used in thfe cominc vear (onlv): < \ . - ' . -
lOiif i iK Cort'lrbl IftssufSnfe To rfreverfl!n<ro*duct(6nof mfectiofc disease! into'artimal facilities. a heaitfi statu? report or veterinary inspkctiofi certificate 'tna\ be 

pri6||oVeceiving ahimalsfrom all fian-cpmmfcrcial sources or front commercial Sources whose inimal health statuses uriknowi or questionable QuaranfmC 
Ilia further tesfmg't taj b% required Tor these animal* If more than 6 columns are needed, please attach another'nape * _ * 
W' * sT.f '*<•<' ' ' > " - >•> i / - i . , \ 4 . ! 

II Sp'strain 1 Sp/strain 1 Sp/strain 3 Sp/strain 4 Sp/strain S Sp'stiain 6 

Lfrccfes Rat Timed 
pregnant rat 

Frogs (Rana 
pipiens) 

Supplicr/Sourcc < 
* * • i 

i 

Charles River Charles River Carolina 
Biological 
Supply Co. 

I 

Strain' " * f 

' /• S' y. •> , 
*> 1 1 i ' ' 

Sprague-
Dawley 

Sprague-
Dawley 

SH M/F F 

Afe/Wt ' 150g 300-400g 2 inches 

4 T o be purchased 240 100 150 

tt Produced by in-
lipu'se breeding 
f a t h e r * * 
(e.fc.field studies) 

• 

f<5TAL# /YfeAR - 240 100 150 



5 

idifeplanatioA 6f Animal Mnmbfrm i ~ ~ ~ ~ ~ ~ 
1 O f e j f c C T p E S OF TIIE PROJECT, describe the rtumber of^ninials reqnire<f,forone 

f i ^ M ^ ^ ^ ^ p ^ ^ rfhd control groups, # pef- group, and fa i lu re ra tes / . \ v* ^ 

^ ' M ^ ^ ^ s p ^ i f y M w ^ t i y adults ^ re qsed, fiurtiber of offspring produced, and how mafty offspring a r t used in 
^rocpd^res. fhe>aritlnrietic fexplainfne hdw the total of anifflds for each column in the tahie abpvfrtS Calculated 

WmKmaetMr*/'' * % ' . . ' ' ' , * , - > x 

- Rats are used for protein purification. Each protein prep, requires 10 rats. For the studies in this grant, we do 
approximately 2 prep/month. This number of rats allows for one years worth of preps (10 rats x 2 prep/mth x 
12 months = 240). 
- Timed pregnant rats are used for biochemical studies. Each pregnant rat yeilds approximately 2g of 
embryonic brain tissue. We need approximately 200g of tissue/year (200g/2g/rat = 100) 
- Frogs: This model will provide us the opportunity to study our novel clathrin-coated vesicle protiens in an 
intact, isolated and well characterized synapse. In addition, frogs maintain their vital functions for many hours 
after being pithed. This feature will allow us to administer very specifically compunds to the nerve terminals 
using axonal transport. The neuromuscular junction preparations prepared from the sacrificed frogs are stable 
for only one day of experimentation. Thus, each experiment requires 1 frog. We will do 3 experiments per 
week x 50 weeks per year =150 frogs. 

Submit to your local Facility Animal Care Committee. Please note that after two renewals, a full protocol needs 
to be submitted. 

This approval does not imply that space will be made available. If a major increase of space needs is 
anticipated, please contact the appropriate animal facility manager. 


