
Yosef Yarden · Gabi Tarcic    Editors 

Vesicle 
Traffi  cking 
in Cancer



  Vesicle Traf fi cking in Cancer 



    



        Yosef   Yarden     •    Gabi   Tarcic     
 Editors 

 Vesicle Traf fi cking in Cancer            



 Editors 
   Yosef   Yarden  
   Department of Biological Regulation 
Weizmann Institute of Science
  Rehovot ,  Israel 

     Gabi   Tarcic  
   Department of Biological Regulation 
 Weizmann Institute of Science 
  Rehovot ,  Israel   

 ISBN 978-1-4614-6527-0   ISBN 978-1-4614-6528-7 (eBook) 
 DOI 10.1007/978-1-4614-6528-7 
 Springer New York Heidelberg Dordrecht London 

 Library of Congress Control Number: 2013933446 

 © Springer Science+Business Media New York   2013 
 This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part of 
the material is concerned, speci fi cally the rights of translation, reprinting, reuse of illustrations, recitation, 
broadcasting, reproduction on micro fi lms or in any other physical way, and transmission or information 
storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar methodology 
now known or hereafter developed. Exempted from this legal reservation are brief excerpts in connection 
with reviews or scholarly analysis or material supplied speci fi cally for the purpose of being entered and 
executed on a computer system, for exclusive use by the purchaser of the work. Duplication of this 
publication or parts thereof is permitted only under the provisions of the Copyright Law of the Publisher’s 
location, in its current version, and permission for use must always be obtained from Springer. Permissions 
for use may be obtained through RightsLink at the Copyright Clearance Center. Violations are liable to 
prosecution under the respective Copyright Law. 
 The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication 
does not imply, even in the absence of a speci fi c statement, that such names are exempt from the relevant 
protective laws and regulations and therefore free for general use. 
 While the advice and information in this book are believed to be true and accurate at the date of 
publication, neither the authors nor the editors nor the publisher can accept any legal responsibility for 
any errors or omissions that may be made. The publisher makes no warranty, express or implied, with 
respect to the material contained herein. 

 Printed on acid-free paper 

 Springer is part of Springer Science+Business Media (www.springer.com)  

www.springer.com


v

 The engulfment of small portions of the plasma membrane, along with an assortment 
of speci fi c surface proteins, and their packaging in vesicles, which subsequently 
travel to various organellar destinations, is a vital process tuned by multiple lipids, 
nucleotides, and proteins, which undergo ubiquitination, phosphorylation, and other 
reversible covalent modi fi cations. The highly complex endocytic process is both 
ubiquitous and robust. The reason why endocytosis and intracellular traf fi cking are 
essential for life is dictated by the nature of their diverse surface-bound cargo; nutri-
ent receptors and transporters, intercellular and matrix adhesion molecules, as well 
as a plethora of receptors for growth factors, chemokines, and cytokines are all 
transported to and from the plasma membrane by means of vesicular traf fi cking. 
Hence, the endocytic process critically regulates metabolism, signal transduction, 
and cell polarity/migration. The remarkable robustness of intracellular traf fi cking is 
the outcome of a unique hub-centric design: distinct modular hubs (e.g., AP2-
EPS15 and HRS-LST2) comprising a phosphoinositol-binding, membrane-anchor-
ing component, an ubiquitin-binding module, and a machinery enabling 
homo-assembly are distributed along the pathway. Their bistable regulation entails 
a set of small GTP binders of the RAB family. Scheduled hub transitions de fi ne 
points of commitment to vesicle docking, fusion, scission, and and subtly manipu-
lates conferring the characteristic unidirectional nature of intracellular traf fi cking. 

 While viruses and other cellular invaders utilize the endocytic machinery as their 
port of entry, according to observations reported over the last decade, cancer multi-
plies and subtly manipulates vesicular traf fi cking to imbalance energy and metabo-
lism, signal transduction, and cellular invasion. This volume reviews the plethora of 
molecular mechanisms that manipulate vesicular traf fi cking in tumors. The notion 
of derailed endocytosis in cancer  fi rst emerged from studies of receptors for growth 
factors, such as the epidermal growth factor receptor (EGFR) and c-MET, the recep-
tor for the hepatocyte growth factor (HGF). However, later studies extended the 
notion to additional families of surface molecules, such as integrins and cadherins, 
and G-protein-coupled receptors. At this rather initial phase of research, it is still 
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dif fi cult generalizing the strategies enabling deliberate manipulation of the endocytic 
process by malignant transformation. Nevertheless, it seems safe arguing that 
malignancies target the fundamental attributes ensuring unidirectional cargo prog-
ress, such as phosphoinositol metabolism, speci fi c RAB proteins, certain E3 ubiq-
uitin ligases or deubiquitinating enzymes (DUBs), as well as the actin/tubulin 
meshwork. 

 Importantly, mammalian cells maintain several endocytic pathways and portals, 
such as the caveolae-mediated pathway and macropinocytosis, but the best under-
stood and apparently most relevant to cancer is the clathrin-mediated pathway. In 
the opening chapter of this book,  Alexander Sorkin  and  Manojkumar Puthenveedu  
review the sequence of events taking place within clathrin-coated areas of the plasma 
membrane when cargo is actively recruited to the coated area. They also describe 
how such receptors in fl uence nucleation, stabilization, and size of the clathrin-
coated pits, which are considered the bottleneck of receptor endocytosis. Accordingly, 
overexpression of c-MET and other growth factor receptors, a frequent aberration in 
carcinomas, appears to saturate the pit and thereby slows down the rate of receptor 
inactivation. In another chapter,  Tal Hirschhorn  and  Marcelo Ehrlich  describe 
one of the major regulators of endocytosis, namely, actin dynamics, which control 
not only invagination and scission but also vesicle movement along actin cables. 
One critical regulator, the huntingtin-interacting protein-1 related (Hip1R), binds 
both clathrin and actin, hence acting as a coordinator of actin remodeling and vesi-
cle dynamics. Remarkably, overexpression of HIP1R has been observed in brain 
and prostate tumors. In a subsequent chapter,  Eli Zamir ,  Nachiket Vartak , and 
 Philippe I. H. Bastiaens  highlight the importance of the concentration parameter of 
membrane proteins. This is determined by the spatial distribution of proteins, their 
translocation to membrane surfaces, and the interactions between mutant and wild-
type versions. 

  Giorgio Scita  and colleagues explain how endocytosis and recycling ensure the 
asymmetric distribution of membrane proteins, which is crucial for proper polarized 
cellular functions, including directed cell migration. Viewing the topic from a dif-
ferent perspective,  Shreya Mitra  and  Gordon Mills  propose that abnormal vesicu-
lar traf fi cking disturbs cell polarity by eliminating tight junctions and diminishing 
apical-basal polarity, which regulate a myriad of cellular functions, including 
metabolism and asymmetric division of stem cells. Concentrating on cadherins and 
integrins, especially on their roles in epithelial to mesenchymal transition, a process 
thought to precede epithelial cell migration and metastasis,  Crislyn D’Souza-
Schorey  and  Guangpu Li  argue that sustained signaling from endosomes leads to 
the formation of invasive structures reminiscent of tumorigenic phenotypes. In line 
with this view,  Iwona Pilecka  and  Marta Miaczynska  consider endosomes as plat-
forms that can sustain signals generated by internalized G-protein-coupled recep-
tors and receptor tyrosine kinases, thereby enhancing downstream biological 
outcomes, such as cell migration. They also highlight the presence of endosomal 
proteins in the nucleus, where they might regulate transcription or chromatin remod-
eling.  Ying-Nai Wang, Jennifer Hsu, and Mien-Chie Hung  extend this to evi-
dence favoring shuttling of internalized receptors, for example, EGFR and HER2, a 
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cancer-promoting kin of EGFR, to the nucleus and to other subcellular compartments, 
where they act as transcriptional regulators. Furthermore, they review evidence 
linking the translocation of EGFR into the nucleus with poor clinical prognosis, as 
well as with the outcome of anticancer treatments (e.g., speci fi c kinase inhibitors 
and monoclonal antibodies). 

 Cargo ubiquitination, along with ubiquitination of the endocytic machinery, has 
emerged in the last decade as drivers or by-products of malignant transformation. 
This is the reason why four chapters of this volume are devoted to ubiquitin-
mediated regulation of the endocytic process.  Daniela Hoeller  and  Ivan Dikic  
provide an introduction to the versatility of the ubiquitin system and the crosstalk to 
other posttranslational modi fi cation. In another chapter,  Elena Maspero ,  Hans-
Peter Wollscheid,  and  Simona Polo  describe ubiquitination of a vast array of mam-
malian signaling receptors, such as growth factor receptors, G-protein-coupled 
receptors, NOTCH, various channels, and interferon receptors. They highlight puta-
tive roles of monoubiquitination of a set of endocytic adaptors, which bind ubiqui-
tin. In addition, they review implications for cancer, such as the ability of HER2, an 
internalization-defective receptor, to shunt internalized EGFRs to the recycling 
route. Several E3 ubiquitin ligases play critical roles in the regulation of endocytosis 
and malignancy. The list includes Hakai, Nedd4, Deltex, and the CBL family. 
 Stanley Lipkowitz  and colleagues devote a chapter to the three CBL proteins, 
emphasizing, on the one hand, their regulation by phosphorylation and more than 50 
interacting proteins, and, on the other hand, the variety of oncogenic mutations that 
inactivate CBL. Remarkably, over the past  fi ve years, CBL mutations have been 
found in ~5% of a wide variety of myeloid neoplasms, including the myelodysplas-
tic syndrome, myelo fi brosis, refractory anemia, acute myeloid leukemia, atypical 
chronic myelogenous leukemia (aCML), and juvenile myelomonocytic leukemia 
(JMML; up to 15%).The action of CBL and other E3 ubiquitin ligases is reversed 
by a large set of deubiquitinating enzymes (DUBs).  Han Liu ,  Sylvie Urbé , and 
 Michael Clague  describe in depth the DUBs engaged in the regulation of vesicular 
traf fi cking. For example, two endosome localized DUBs, AMSH and USP8, accel-
erate recycling of receptors by reducing active sorting to lysosomal degradation. 
Predictably, such DUBs might act as tumor suppressors, but their actions appear 
more complicated than expected, as clari fi ed by Clague and colleagues. 

 To deepen the description of aberrant endocytosis, several chapters of the book 
concentrate on speci fi c cargos: c-MET, EGFR, and integrins.  Stéphanie Kermorgant  
and colleagues underscore the importance of c-MET’s signaling from endosomes, 
as well as the ability of certain oncogenic mutants of the receptor to enhance down-
stream signals, by means of defying normal endocytosis. Similarly,  Sergio Anastasi , 
 Stefano Alemà , and  Oreste Segatto  present endocytosis as an element of spatial 
receptor regulation. They focus on the diverse mechanisms through which receptors 
escape from downregulation in cancer cells. Speci fi cally, they highlight the intrinsic 
refractoriness of brain and lung mutants of EGFR to endocytosis-mediated down-
regulation. In contrast to the well-understood behavior of ligand-activated receptors, 
ligand-independent activation mechanisms of EGFR remain poorly understood. 
 Tzipora Goldkorn ,  Simone Filosto , and  Samuel Chung  highlight stress-dependent 
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activation, internalization, and traf fi cking of EGFR. Accordingly, under cellular 
oxidative stress, p38-MAPK, c-SRC, caveolin-1, and ceramides, membrane sphin-
golipids generated during oxidative stress undertake driver roles in vesicular sort-
ing. In a subsequent chapter,  Elena Rainero ,  Peter V.E. van den Berghe , 
 and Jim Norman  argue that endocytosis and recycling of integrins is important 
during tumor progression and clarify how mutations of p53 drive invasion and 
metastasis by altering integrin and EGFR recycling. 

 Finally, because of the pivotal roles played by derailed endocytosis in cancer, 
future studies will likely translate this new understanding to improved cancer ther-
apy, as well as to efforts that link aberrant traf fi cking to mechanisms promoting 
patient resistance to speci fi c drugs. An exempli fi cation is provided in Jim Norman’s 
chapter: the overall lack of ef fi cacy of anti-integrin drugs (i.e.,  α v β 3 inhibitors) in 
tumor angiogenesis is attributable to enhanced recycling of both  α 5 β 1 integrin and 
receptor tyrosine kinases. Along this vein, the closing chapter, written by  Gabi Tarcic  
and  Yosef Yarden , discusses the possibility that antireceptor monoclonal antibodies 
commonly used to treat various types of cancer (e.g., trastuzumab, an anti-HER2 
antibody) actually force endocytosis of their oncogenic antigens and subsequently 
target them to degradation in lysosomes. Thus, future studies will not only shed 
new, endocytosis-relevant light on molecular modes of oncogenic processes; they 
also might open new avenues in cancer therapy.   
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    Abstract     Clathrin-mediated endocytosis is the main portal of entry into the cell for 
many soluble and membrane molecules. Clathrin-coated vesicles are formed from 
the plasma membrane in a sequence of coordinated protein-lipid and protein-protein 
interactions, starting with adaptor-mediated recruitment of clathrin to the mem-
brane, proceeding to clathrin polymerization and assembly into deeply curved 
coated buds, and ending with the dynamin-dependent scission of a coated vesicle. 
Clathrin coats trap and concentrate endocytic cargo by using a multitude of adaptor 
proteins that recognize specifi c sequence motifs in the cytosolic domains of recep-
tors and other transmembrane cargo molecules. Endocytic cargo that is concen-
trated in this manner, such as signaling receptors, may regulate the stability, size, 
and dynamics of individual clathrin coats and thereby infl uence endocytosis.  

1.1         Introduction 

 Endocytosis is a process by which cells internalize extracellular and cell-surface 
materials. These materials include membrane proteins, which comprise of a third of 
the genome. Many of these proteins have critical functions at the plasma membrane 
or need to pass through the cell surface on the way to their intracellular sites of func-
tion. Therefore, the localization and function of all these proteins (also referred as 
endocytic “cargo”) are regulated by endocytosis. Endocytic cargo is captured in 
small areas of the plasma membrane that invaginate to form buds, which eventually 

    Chapter 1   
 Clathrin-Mediated Endocytosis 
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pinch off to form vesicles that move into the cytoplasm. Newly formed endocytic 
vesicles typically fuse with early endosomes, and the endocytosed cargo is then 
sorted into recycling, lysosomal, or other traffi cking pathways. 

 Endocytic vesicles are formed by several mechanisms. Clathrin-mediated endo-
cytosis (CME) is an evolutionary conserved pathway that is the main and best char-
acterized pathway of endocytosis, although several clathrin-independent endocytosis 
pathways have also been described [ 1 ,  2 ]. CME is essential for many fundamental 
cellular processes, such as synaptic transmission, signal transduction, nutrient 
uptake into the cell, and membrane homeostasis. It is the fastest and highly regu-
lated pathway of endocytosis. The specifi c internalization rate constants measured 
for the CME cargo, such as transferrin and epidermal growth factor (EGF) recep-
tors, can be as high as 0.3–0.4 min −1  (30–40% of surface receptors are endocytosed 
in 1 min) [ 3 ]. 

 The process of formation of an endocytic clathrin-coated vesicle (CCV) has been 
studied intensively for about 50 years using various methodologies. CCV is formed 
by the assembly of clathrin-coated pits (CCPs)—small areas of the cytosolic surface 
of the plasma membrane that are covered by a protein coat consisting mainly of 
clathrin—followed by their scission from the membrane generating free vesicles. In 
recent years, remarkable progress has been made in understanding the molecular 
mechanisms of this process through the development of two main experimental 
approaches: One, resolving the atomic structures of clathrin and other components 
of clathrin assembly has ultimately led to the high-resolution structure of an entire 
CCV formed in vitro. Two, total interference refl ection fl uorescence (TIRF) and 
other live-cell optical microscopy methods have allowed detailed real-time imaging 
of the CME process and have unveiled a sequence of events and protein recruitment 
to the clathrin coat during endocytosis with very high temporal resolution. Many 
comprehensive review articles have been dedicated to the mechanisms of CME (for 
example [ 2 ,  4 ,  5 ]). In this chapter, we will discuss recent advances in understanding 
the molecular machineries involved in CME in mammalian cells. The endocytosis 
of “signaling” receptors, e.g., receptors that are capable of triggering cellular signal 
transduction processes, will be specifi cally described, and examples of the regula-
tory mechanisms by which these receptors can modulate CME will also be 
illustrated.  

1.2     Structure of Clathrin and Clathrin Vesicles In Vitro 

 Clathrin is the main component of coated pits and vesicles. It is a soluble cytosolic 
protein that cannot bind lipids directly and is therefore recruited to the membrane 
by a specialized set of proteins called adaptors (discussed below) to assemble into 
coated pits and buds. The ability of clathrin to polymerize into a lattice and assemble 
into vesicles in vitro under mildly acidic pH allowed comprehensive biochemical 
analysis of the assembled state of clathrin. Elucidation of the high-resolution struc-
ture of the clathrin molecule and the clathrin lattice has led to a remarkable level of 
understanding of the mechanisms of lattice assembly and clathrin  interactions 
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involved in this process [ 6 ]. Clathrin functions as a heterohexamer, adopting a three-
legged triskelion structure of three heavy chains and three light chains [ 7 ,  8 ] 
(Fig.  1.1a ). Approximately 100 clathrin triskelion units are present in the assembled 
coated vesicle.

  Fig. 1.1    Schematic structures of clathrin triskelion, polymerized clathrin, and AP-2. ( a ) The clath-
rin triskelion consists of three CHC and three CLC (not shown) molecules. Names of segments of 
one heavy chain are indicated with the terminal domain at the amino-terminus and the vertex at the 
carboxyl-terminus (adapted from [ 6 ,  11 ] with permission from  Nature ). ( b ) Image reconstruction 
at 7.9 Å resolution of a clathrin coat (in a shape of “hexagonal barrel”) assembled in vitro from the 
bovine-brain clathrin (heavy chains only) and AP-2 using cryo-electron microscopy images. There 
are 36 clathrin triskelions in the structure. The colored triskelions show three independent triskel-
ions. Noisy central density, from spatially disordered and substoichiometric AP-2 complexes, has 
been fl attened (adapted from [ 6 ,  11 ] with permission from  Nature ). ( c ) Clathrin adaptor complex 
AP-2 consists of the core and appendage domains connected to the core by fl exible hinge domains. 
AP2 binds initially to negatively charged PI (4,5)P2 headgroups in the membrane mainly through 
the positively charged interfaces in the α subunit and, additionally, in the β2 subunit. The large 
conformational change in AP-2 is then triggered by the electrostatic attraction of C-terminal lipid- 
binding patches of μ2 to the negatively charged membrane, which results in an “open” conforma-
tion form of AP-2. AP-2 in open conformation can bind tyrosine- and leucine-based internalization 
motifs present in the cytosolic domains of the membrane cargo       
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   Clathrin heavy chains (CHC) serve as structural element of the clathrin lattice, 
whereas clathrin light chains have mainly regulatory functions. 

 The CHC consists of eight CHC repeat (CHCR) motifs (CHCR0-7) forming a 
right-handed super-helix coil of α-helices [ 6 ,  9 ], arranged into proximal, distal, and 
terminal domains [ 10 ]   . The proximal domains (CHCR6 and 7) of three CHC mol-
ecules interact to form the vertex of the triskelion. CHCR5 makes the “knee,” 
CHCR3 and 4 constitute the distal domain, and CHCR1 and 2 with the carboxyl 
(C)-terminal part of CHCR0 make the ankle domain (Fig.  1.1a ). The clathrin vertex 
and three proximal domains form the clathrin hub. The hub provides stability to the 
triskelion and allows assembly into the characteristic polyhedral lattice. High- 
resolution cryo-electron microscopy structure analysis revealed a helical tripod, 
composed of the C-terminal domains of CHCs and positioned beneath the vertex 
towards the center of the lattice. This tripod contacts the ankles from neighboring 
triskelia, thus stabilizing the lattice (Fig.  1.1b ) [ 6 ,  11 ]. 

 The clathrin knee is fl exible, and this allows the lattice to adapt to varying vesicle 
sizes in vitro and varying membrane curvatures in vivo. Each triskelion vertex is 
centered at a lattice vertex, and the heavy chain legs form two adjusted edges of a 
planar (consisting mostly of hexagons) or polyhedral lattice (consisting of penta-
gons and hexagons). The legs appear to interact via proximal and distal domains, 
each edge consisting of two antiparallel proximal domains with two antiparallel 
distal domains situated beneath proximal domains. Because the knee is fl exible, 
these interactions can generate either hexagons or pentagons. An increase in the 
number of pentagons leads to increased curvature of the polyhedral lattice. 

 The amino (N)-terminal domain is attached to the distal domain by an α-zigzag 
linker that positions the terminal domain inside the lattice. The N-terminal domain 
is structured as a seven-bladed β-propeller [ 12 ], in which the β-sheets are organized 
regularly around the central axis. This β-propeller has at least three distinct binding 
sites for many proteins, including adaptors that recruit clathrin to the membrane. 
Proteins containing a “clathrin box” motif Lφxφ[D/E], where φ is a bulky hydropho-
bic amino acid and x is any residue, have been shown to bind the site between blades 
1 and 2 [ 12 ]. Peptides with W-based motif (PWxxW) are thought to fi t into a pocket 
in the center of the domain, formed by the upper regions of blades 1, 4, 6, and 7 [ 13 ]. 
A third binding site, between blades 4 and 5, binds specifi c sequences via hydropho-
bic interactions [ 12 ]. 

 Clathrin light chains (CLCa and CLCb) bind residues 1438-51 in the proximal 
domains of CHC through their carboxyl-terminal domains [ 14 – 16 ]. CLCs have a 
helical rodlike shape and face the outside of the lattice when they contact the proxi-
mal domain [ 6 ]. Interestingly, in contrast to RNA interference (RNAi) knockdown 
of CHC, which results in complete disappearance of coated pits at the plasma mem-
brane and strong inhibition of the endocytosis of many types of cargo, knockdown 
of CLC does not lead to inhibition of endocytosis of classical CME cargo such as 
the transferrin receptor [ 17 ]. Thus, although CLC has been proposed to stabilize the 
lattice [ 18 ], this function of CLCs is apparently not essential for general  endocytosis. 
Recently, CLCs have been implicated in clathrin-mediated endocytic processes that 
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require actin [ 19 ,  20 ]. In this situation, CLCs bind huntingtin-interacting protein 
related protein (HipR1) that in turn binds cortactin and F-actin, thus linking the 
clathrin coat to actin fi laments [ 21 ,  22 ]. Further, knockdown of CLC or overexpres-
sion of its non-phosphorylatable version has been shown to impair the endocytosis 
of G protein-coupled receptors (GPCRs) [ 23 ]. Thus, CLCs might play a role in 
specialized endocytic scenarios.  

1.3     Steps of Coated Vesicle Formation 

1.3.1     Coat Nucleation/Initiation 

 Formation of an endocytic coated pit at the membrane is initiated by concentrating 
several clathrin triskelions in a small area of the inner leafl et of the plasma mem-
brane leading to triskelion interactions, clathrin polymerization, and lattice assem-
bly. Clathrin triskelions are recruited from the cytosol to the membrane by adaptor 
proteins that are capable of simultaneous interaction with triskelions and lipids con-
taining negatively charged head groups. Clathrin lattices are also formed on mem-
branes of endosomes and the Golgi apparatus. The specifi city of the formation of 
CCPs at the plasma membrane is achieved by adaptors with preferential binding to 
phosphatidylinositol-4,5-biphosphate [PI (4,5)P2], a lipid that is enriched in the 
plasma membrane (Fig.  1.2 ).

   Historically, adaptor protein complex-2 (AP-2) has been considered to be the 
main adaptor that recruits clathrin to the plasma membrane (Fig.  1.1c ). AP-2, pres-
ent with the highest stoichiometry to clathrin among all other CCV components, is 
a heterotetramer consisting of tightly associated α, β2, μ2, and σ2 subunits [ 24 ,  25 ]. 
The 200-kDa core domain of AP-2, that contacts the membrane, consists of the 
trunk domains of large α and β2 subunits, assembled together with the μ2 and σ2 
subunits [ 26 ,  27 ]. α and β2 subunits have 30 kDa bilobal C-terminal appendages 
connected to the trunks with long fl exible linkers [ 28 ]. Appendage domains are 
capable of binding to different sequence motifs found on many accessory/regulatory 
proteins (reviewed in [ 29 ]). The β2 hinge domain contains two clathrin-binding 
motifs and strongly interacts with the terminal domain of CHC. Structures of the 
AP-2 core bound to a phosphoinositol phosphate headgroup analog (inositol 
hexakisphosphate) were solved [ 26 ].    Four positively charged interfaces, that can 
bind PI (4,5)P2, on α, β2, and μ2 subunits were identifi ed [ 26 ,  30 – 33 ]. The α subunit 
site appears to play a key role in the initial docking of AP-2 onto PI (4,5)P2 [ 30 ]. 

 Several other proteins, such as epsin, clathrin assembly lymphoid myeloid leu-
kemia (CALM), and its neuronal homolog AP180, satisfy the criteria that defi ne 
clathrin adaptors: an ability to bind lipids and the terminal domain of CHC [ 34 –
 37 ] (Fig.  1.2 ). The formation of the clathrin lattice in vitro on liposomes and the 
entire process of coated vesicle formation was reconstituted using a membrane-
bound fusion protein of epsin-1 and, with lesser effi ciency, AP180 [ 38 ]. In these 
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experiments, the truncated mutant of epsin-1, containing clathrin-binding motifs 
and lacking ENTH (lipid-binding) domain, but fused to an artifi cial membrane 
attachment moiety, was incorporated into liposomes. Recruitment of soluble clath-
rin to the membrane-bound epsin mutant resulted in the assembly of a slightly 
invaginated lattice adopting the concave shape of individual clathrin triskelions 
and ultimately formation and scission of CCVs. These experiments supported the 
previously proposed hypothesis that the membrane-bending ability of polymer-
ized clathrin is suffi cient for generating an initial curvature of coated pits [ 6 ,  39 ]. 
The question still remains—what is the relative contribution of individual adaptors 
in the coated pit formation in an intact cell? Is AP-2 suffi cient for the initiation of 
the lattice assembly, or does an assembly process initiated by monomeric adaptors 
take place in parallel to the AP-2-mediated assembly? Single-molecule imaging 
analysis demonstrated that two consecutive events of sequential recruitment of 
two molecules of AP-2 and one clathrin triskelion to a future endocytic site on the 
plasma membrane typically precede the assembly of a clathrin-coated structure 
[ 40 ]. This recent study, therefore, suggested that membrane AP-2 recruitment is 
suffi cient and essential for coat initiation. 

 How initial clathrin assembly at the membrane and the initial membrane invagi-
nation are coordinated and the mechanisms of this invagination are currently under 
debate. Recent studies by McMahon and coworkers implicated proteins containing 

  Fig. 1.2    Formation of clathrin-coated vesicle at the plasma membrane. Schematic representation 
of consecutive stages of the cycle of CCV assembly and disassembly in mammalian cells, based 
on the heroic systematic analysis by Merrifi eld and coworkers [ 61 ] and numerous other studies. 
Various adaptors, scaffolds, and other accessory proteins are recruited to the site of forming or 
assembled clathrin structures at different stages of the process (indicated by  arrows ).    Adaptor 
proteins are shown in generic modular shape consisting of cargo, clathrin coat, and lipid-binding 
interfaces.  Asterisk  points out on adaptors that require AP-2 binding for linking their cargo to a 
CCP. Scaffolds do not bind lipids directly but interact with multiple membrane-associated adaptors 
and may interact with cargo (Eps15/Eps15R)       
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the membrane shaping F-BAR domain (see below), FCH domain only (FCHo1 
and 2) in the nucleation step [ 41 ]. FCHo proteins bind Eps15, highly homologous 
Eps15-related protein, Eps15R, and intersectin, all three proteins with scaffold 
properties, capable of interacting with multiple clathrin coat accessory/regulatory 
proteins. It was proposed that binding of the FCHo1/2 “module” to the future 
endocytic site on the membrane takes place prior to AP-2 recruitment and that 
F-BAR domain recognizes low membrane curvatures and generates initial curva-
ture of the coated pit. siRNA knockdown of FCHo1/2 blocked formation of coated 
pits and buds [ 41 ]. Subsequent studies confi rmed the role of FCHo proteins in coat 
nucleation [ 42 ]. However, translational silencing of FCHo1/2 did not eliminate 
clathrin- and AP-2 positive structures in the plasma membrane or inhibit endocy-
tosis of the transferrin receptor [ 43 ], and FCHo siRNA had only partial effects on 
endocytosis [ 44 ]. Likewise, RNAi experiments demonstrated that depletion of 
Eps15 and Eps15R causes no signifi cant inhibition of CME [ 17 ] or at best a partial 
inhibition [ 45 ]. Furthermore, at least in some cells, all cellular Eps15 could be co- 
immunoprecipitated with AP-2, suggesting that an AP-2 independent function of 
Eps15 is unlikely [ 46 ]. Therefore, further research is necessary to clarify the pre-
cise role of FCHo1/2 and associated proteins and reconcile contrasting models of 
coordinated coat nucleation and membrane bending. 

 A number of other adaptor proteins found in CCPs, such as Disabled-2, NUMB, 
β-arrestins, and autosomal recessive hypercholesterolaemia (ARH), are capable of 
binding PI (4,5)P2, the terminal domain of clathrin (directly or through AP-2), and 
transmembrane cargo (Fig.  1.1 ) but are not directly demonstrated to be suffi cient to 
promote coat assembly [ 47 ]. For instance, the clathrin box on β-arrestins is exposed 
only after they interact with their transmembrane cargo, GPCRs [ 48 ,  49 ]. The com-
mon theme is that all clathrin adaptors including AP-2 and monomeric adaptors are 
capable of binding to the transmembrane endocytic cargo, suggesting that cargo 
recruitment into a forming coat may have a regulatory function during the CCV 
formation [ 47 ]. In fact, FCHo1 has been proposed to act also as the cargo adaptor, 
as the μ-homologous domain in FCHo can interact with the BMP receptor [ 43 ]. The 
possibility that cargo alone is suffi cient to initiate coat assembly is diffi cult to envi-
sion, because coated pits are not formed on other intracellular membranes where the 
same cargo molecules are present. It is more plausible to propose that cargo binding 
to the adaptor proteins occurs after the nucleation step and plays a regulatory role in 
the kinetics of the CCV cycle. Indeed, the hypothesis was proposed whereby cargo 
recruitment into forming clathrin coat is necessary for the completion of the CCV 
formation process and that coats not bearing cargo undergo disassembly before full 
assembly of the coated bud (see below) [ 50 ].  

1.3.2     Formation of the Clathrin-Coated Bud 

 Following initiation of clathrin lattice assembly on the membrane that is slightly 
bent by assembled clathrin and/or F-BAR proteins, the coat expands simultaneously 
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with the increase in the membrane curvature, thus forming the coated “bud” connected 
to the membrane by the “neck” (Fig.  1.2 ). The intrinsic curvature of assembled clathrin 
due to pentagonal faces of the polyhedral lattice makes it capable of deforming mem-
branes into stable highly curved buds. During the growth of the coat and formation 
of the bud, proteins such as Eps15 that are involved in the initial nucleation step 
and, possibly, cargo recruitment are “pushed” to the edge of the coat [ 46 ] (Fig.  1.2 ). 
In the same time, epsin, which interacts with lipids and is directly bound to clathrin, 
remains distributed throughout the clathrin coat [ 51 ]. 

 The mechanisms of coat assembly on highly curved membranes are not fully 
understood. According to one model, the shape of assembled clathrin provides suf-
fi cient energy to promote high curvature of the membrane ([ 38 ] and references 
therein). Another model suggests that the energy provided by assembled clathrin 
coat would not be suffi cient to support highly curved membranes, because clathrin 
triskelions bind to fl exible regions of adaptors. This model proposes that additional 
proteins must provide energy to bend the membrane and form coated buds [ 2 ]. 
Several proteins might bind to slightly curved areas of the membrane and further 
increase the membrane curvature, either by inserting an amphipathic helix into the 
inner layer of the membrane (in the case of the ENTH domain of epsin) or through 
membrane shaping by BAR (Bin/amphiphysin/Rvs) and N-BAR domain scaffolds 
[ 52 ,  53 ] (Fig.  1.2 ). Dimerization of BAR domains produces a crescent-shaped struc-
ture with a positively charged concave interface, thus enabling generation of the 
membrane curvature by electrostatic interactions of this surface with negatively 
charged head groups of lipids [ 53 ]. Proteins containing N-BAR and BAR domains 
also have capacity to bind accessory proteins located in coated pits (Fig.  1.2 ). This 
second model proposes that clathrin plays a role in stabilizing the curved membrane 
and the entire coat structure. The ability to reconstitute the process of clathrin- 
coated bud formation and vesicle scission from liposomes in the absence of BAR or 
other lipid-binding domains supports the fi rst model [ 38 ]. Furthermore, lack of 
effects of siRNA knockdown of epsins and BAR domain proteins on endocytosis 
rates of the conventional CME cargo like the transferrin receptor [ 17 ,  51 ,  54 ] argues 
that clathrin is suffi cient to carry out all stages of membrane remodeling during 
CME until vesicle scission. However, it is possible that membrane-bending proteins 
are required for more effi cient membrane bending in the situation when cargo 
 molecules with larger extracellular domains are being packaged into the CCV. 
Furthermore, there is signifi cant redundancy among membrane-bending proteins, 
and the absence of the effects of single and double RNAi knockdowns on endocy-
tosis should be interpreted with caution.  

1.3.3     Vesicle Scission 

 As the CCP nears completion, the large GTPase dynamin concentrates at the narrow 
neck that attaches the forming vesicle to the membrane and promotes vesicle scis-
sion (reviewed by Ferguson and De Camilli [ 55 ] and Schmid and Frolov [ 56 ]). 
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There are three mammalian dynamin genes, which encode proteins that are 80% 
homologous. Dynamin 1 is expressed at high levels exclusively in neurons, although 
low levels of dynamin 1 are detected in many non-neuronal cultured cell lines. 
Dynamin 2 is expressed ubiquitously. Dynamin 3 is found predominantly in the 
testis and, at low levels, in brain and other tissues. All three have the same domain 
organization: an amino-terminal G domain, a “middle” or “stalk” region, a pleck-
strin homology (PH) domain, a GTPase effector domain (GED), and a Pro-rich 
carboxy-terminal region (Pro-rich domain, PRD). Although dynamin can bind to 
the membrane through its PH domain, its concentration at the neck appears to 
require the interaction of the PRD with the SH3 domains of amphiphysin, endophilin, 
and/or SNX9, proteins that contain BAR and N-BAR domains. At the neck, dyna-
min assembles into dimers and higher oligomers, and this assembly stimulates GTP 
hydrolysis and results in a conformational change in the dynamin oligomeric com-
plex. This conformational change provides energy necessary for constricting the 
neck of the nascent vesicle, fi ssion of the membrane at the constricted neck, and 
pinching off a CCV [ 55 ,  56 ]. The mechanisms of dynamin-dependent fi ssion are not 
fully understood. When the activity of dynamin is inhibited by addition of non- 
hydrolyzable analogs of GTP or mutations, long membrane necks covered by the 
dynamin collar are observed, indicative of the function of long dynamin oligomers 
at the late stage of membrane fi ssion [ 57 ]. However, long necks are not observed 
under normal conditions, and it is likely that fi ssion is mediated by short dynamin 
scaffolds. Analysis of dynamin’s interaction with membrane nanotubes suggested 
that dynamin catalyzes membrane remodeling by generating regulated curvature 
constraints and bringing membranes to the point of spontaneous fi ssion [ 58 ]. 

 In living cells, the fi ssion process is very rapid, and it is likely that the dynamin 
activity is coordinated with the activity of other accessory proteins. Recently, the 
ENTH domain of epsin was proposed to be involved in membrane fi ssion by insert-
ing the amphipathic helix into the membrane [ 59 ]. Under certain experimental con-
ditions, epsin was shown to rescue the inhibition of fi ssion in the dynamin-depleted 
cells. On the other hand, accumulation of N-BAR domain containing proteins at the 
forming neck of coated buds was found to inhibit fi ssion, suggesting that release of 
these proteins from the nascent vesicle is an important checkpoint during the vesicle 
scission process. Furthermore, in another recent study, a distinct mechanism of 
coated pit closure was proposed [ 60 ]. In this study, coated pits located on the top 
surface of substrate-adherent cultured cells were often seen in the close proximity 
to microvilli. Actin-based structures in the microvilli were proposed to participate 
in the closure of the clathrin-coated buds, presumably by projecting over an open 
neck from one side of the narrow and fusion of the end of a microvilli with the 
opposite side of the neck [ 60 ]. In mammalian cells, F-actin and regulators of actin 
branch assembly such as Arp2/3 (actin-related protein 2/3), N-WASP (Wiscott- 
Aldrich syndrome-like), and cortactin are transiently recruited to clathrin structures 
at the time of or immediately before vesicle scission [ 61 ,  62 ]. Actin cytoskeleton 
has been implicated in CME, although, in mammalian cultured cells, actin polym-
erization is not essential for coated pit assembly and endocytosis of various cargos 
[ 19 ]. The role of actin in endocytosis is discussed in detail in the Chap.   2    .  
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1.3.4     Uncoating 

 After pinching off from the plasma membrane, CCVs are rapidly uncoated by the 
ATPase heat shock cognate 70 (Hsc70) and its co-chaperone, the J domain- 
containing protein auxilin [ 63 ,  64 ]. Auxilin 1 is expressed in neurons, whereas auxi-
lin 2/GAK (cyclin G-associated kinase) is ubiquitously expressed. The LLGLE 
motif of auxilin binds to the terminal domain of CHC [ 65 ]. High-resolution struc-
ture of the clathrin vesicle demonstrated that auxilin also interacts with an ankle 
region of CHC [ 11 ]. Binding of auxilin to the clathrin lattice formed in vitro causes 
change in CHC interactions and moves the clathrin terminal domains slightly out-
wards. This repositioning causes substantial structural alterations in the lattice, 
increasing the diameter of a barrel-shaped CCV. The J domain of clathrin-bound 
auxilin recruits Hsc70, thus positioning Hsc70 in the proximity to several critical 
interactions of assembled clathrin. In vitro, one auxilin and three or less Hsc70 
molecules per triskelia are necessary for uncoating. Hsc70 is a chaperone protein 
involved in many folding, degradation, and translation processes, and therefore it is 
diffi cult to conduct functional experiments to analyze the uncoating function of 
Hsc70 in intact cells. Hsc70 binding causes a global distortion in the lattice, pre-
sumably by interfering with interactions of proximal and distal domains of CHC. In 
cells, it is likely that budded vesicles have a coat that is interrupted at the site of 
membrane fi ssion. Therefore, it is possible that the process of uncoating starts from 
the exposed edge of the coat [ 2 ]. 

 The lipid phosphatase, synaptojanin, is recruited to nascent vesicle at the time of 
scission with kinetics similar to that of dynamin and several BAR domain proteins 
(Fig.  1.2 ) [ 61 ,  66 ]. Binding of synaptojanin to the SH3 domain of endophilin is 
proposed to mediate the association of synaptojanin with forming vesicles [ 67 ]. 
Synaptojanin dephosphorylates the head group of PI (4,5)P2 at position 5′ [ 68 ]. 
Decrease in PI (4,5)P2 concentrations releases AP-2, AP180, CALM, and other PI 
(4,5)P2-binding adaptors to the cytosol. Phosphoinositol-3-kinases that use PI (4,5)
P2 as substrate and that are capable of binding to clathrin may also contribute to the 
reduction of PI (4,5)P2 concentration [ 30 ]. Another lipid phosphatase, SHIP2, is 
shown to be recruited to CCPs earlier than synaptojanin and may also participate in 
PI (4,5)P2 dephosphorylation [ 66 ]. Additionally, oculocerebrorenal syndrome of 
Lowe (OCRL) lipid phosphatase is proposed to participate in lipid remodeling at the 
late stages of endocytosis, e.g., immediately after vesicle scission [ 61 ,  66 ,  69 ]. 
Finally, released clathrin triskelions, adaptors, and accessory proteins recycle back 
to the plasma membrane to form new clathrin-coated structures.   

1.4     Cargo Recruitment and Endocytosis 

 A key feature of endocytosis of membrane proteins is that it is highly selective. 
That is, some proteins are concentrated in CCPs compared to the surrounding 
membrane, while many others are not. Endocytic proteins are concentrated by a 
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simple affi nity principle, whereby they are physically linked to the clathrin coat 
machinery by “adaptor” proteins that recognize specifi c sorting sequences on cargo 
(Fig.  1.3 ). The sorting sequences of some proteins bind adaptors irrespective of 
whether they are bound to extracellular ligands, leading to “constitutive” internal-
ization of these receptors [ 47 ]. For many other proteins, such as signaling recep-
tors, adaptor-cargo binding requires posttranslational modifi cations and 
conformational changes of the cargo protein, often induced by ligand binding. 
Therefore, the internalization of these cargo molecules is regulated [ 70 ]. The 
molecular mechanisms involved in cargo sorting into CCPs in both these modes of 
endocytosis are discussed below.

  Fig. 1.3    Endocytic sorting signals and adaptors. Schematic of the main endocytic sorting motifs, 
example cargo molecules that contain these motifs, and the adaptors that mediate their interactions 
with clathrin.  Dotted lines  indicate the proposed interactions. Single letter amino acid notations are 
used for the sequence motifs, and  square brackets  indicate alternate residues at the same position. 
X indicates any residue, and φ indicates a bulky hydrophobic residue. Pho denotes phosphoryla-
tion, and Ub denotes ubiquitination       
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1.4.1       Constitutive Endocytosis 

 Many surface proteins, such as nutrient receptors like the transferrin receptor (TfR) 
and the low-density lipoprotein (LDL) receptor, are continuously internalized from 
the plasma membrane and recycled back to the cell surface from the endosome. 
Most of these receptors use specifi c sorting sequences on their cytoplasmic surfaces 
to either directly or indirectly bind adaptors. Careful analysis of many examples 
over the years has yielded several common sequence motifs that mediate adaptor 
binding and endocytosis [ 47 ,  71 ]. 

 The best-known example of such endocytosis signals is the Yxxφ motif, in which 
x is any amino acid and φ a bulky hydrophobic amino acid. Originally identifi ed on 
TfR, this motif directly binds AP-2, the main endocytic adaptor [ 72 ]. Structural 
studies have since pinpointed this binding interface. The extended Yxxφ motif 
forms a transient antiparallel β-strand with the C-terminal β-16 strand of μ2, stabi-
lized by interactions of the Y and the φ residues with compatible pockets on either 
side of the β-16 strand [ 73 ]. In some cargo, like the γ subunit of the GABA 

A
  receptor 

(YGYECL), the affi nity of Yxxφ-μ2 binding is substantially increased by residues 
upstream of Yxxφ, which interact with additional hydrophobic pockets on μ2 [ 74 ]. 
A highly related YDYCRV sequence has been identifi ed in BST-2/tetherin [ 75 ], a 
clinically relevant protein due to its antiviral properties. However, this sequence 
appears to bind the α-appendage domain outside the AP-2 core [ 76 ]. 

 Interestingly, while the binding of Yxxφ to AP-2 is typically independent of the 
presence of ligand, the accessibility of the binding domain on μ2 is regulated to 
prevent uncontrolled internalization of cargo. The μ2 subunit is normally in a closed 
conformation, with the Yxxφ-binding region masked by the β2 subunit [ 26 ,  31 ]. 
During CCP initiation and assembly, binding of AP-2—in particular, positively 
charged patches in the C-lobe of μ2—to PI (4,5)P2 frees the μ2 from the β2 subunit 
and switches it into an open conformation that allows Yxxφ binding [ 31 ,  77 ] 
(Fig.  1.1c ). It has also been proposed that phosphorylation of a specifi c threonine 
156 residue on μ2 by adaptor-associated kinase-1 (AAK-1), stimulated by clathrin 
assembly, plays an additional stabilizing role in this switch in conformation [ 31 , 
 78 – 83 ]. Further, the affi nity of Yxxφ with μ2 may be inhibited by phosphorylation 
of this motif, such as with the GABA 

A
  receptor and CTLA-4 [ 74 ,  84 ]. In the case of 

the GABA 
A
  receptor, phosphorylation of either tyrosine in the YGYECL sequence 

(where the last four residues form the Yxxφ motif) by Src family kinases inhibits 
AP-2 binding [ 74 ,  85 ]. 

 The acidic di-leucine ([DE]xxxL[LIM]) motif is another well-studied internal-
ization motif. These motifs bind AP-2 on the σ2 subunit adjoining the PI (4,5)
P2-binding region of the α subunit in the AP-2 core [ 32 ]. Much like with the tyro-
sine motif, diLeu binding to AP-2 is also regulated at multiple levels. The binding 
pocket on σ2 is masked by the N-terminal domain of the β2 subunit and must be 
made accessible before cargo binding. Lipid binding of multiple subunits of AP-2 
[ 31 ] might contribute to the large-scale movements required for moving the β2 seg-
ment away (Fig.  1.1c ). Evidence also suggests that phosphorylation of a specifi c 
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tyrosine residue on β2 that packs against the binding domain [ 86 – 88 ] may stabilize 
a conformation of AP-2 that is accessible to diLeu motifs [ 32 ]. Interestingly, struc-
tural studies show that the μ2 subunit can remain in the closed conformation even 
under conditions where diLeu can bind σ2 [ 32 ], suggesting that AP-2 might differ-
entially bind these two motifs. However, evidence also suggests that different sort-
ing motifs can infl uence the binding of each other to adaptors [ 89 ,  90 ]. A more 
straightforward way of regulating diLeu binding to AP-2 is seen in the regulation of 
E-cadherin turnover by p120 catenin [ 91 ]. p120 contains a diLeu-binding motif that 
competes with AP-2 for E-cadherin binding and prevents its internalization. 
However, p120 itself has an internalization motif that binds Numb, an alternate 
adapter discussed below, and evidence suggests that the complex itself may be inter-
nalized in a Numb-dependent manner [ 92 – 94 ]. The molecular details of how all 
these diverse cargo can infl uence adaptor binding and endocytosis of each other are 
still not fully understood. 

 In addition to these well-studied sequence motifs, a cluster of basic residues has 
been shown to act as internalization signals for a set of cargo proteins, including the 
GluR2 subunit of AMPA receptors, the β3 subunit of the GABA 

A
  receptor, and the 

synaptic Ca 2+  sensor Synaptotagmin 1. While these are thought to bind the μ2 sub-
unit of AP-2, the exact binding interface and regulation are not clear. 

 A fourth signal, the [FY]xNPx[YF] motif, was in fact the fi rst internalization 
signal identifi ed on any cargo protein, in the classic experiments by Brown and 
Goldstein on LDL receptor (LDLR) internalization [ 95 ,  96 ]. This tyrosine-based 
motif has since been identifi ed on several proteins, including β-integrins and amy-
loid precursor protein (APP). Surprisingly, despite the similarity to the Yxxφ motif, 
this motif does not directly bind AP-2. Further, the internalization of LDLR pro-
ceeds effi ciently even when most of AP-2 is depleted from cells, even though TfR 
internalization is inhibited [ 97 ,  98 ]. This led to the idea that alternate adaptors, not 
AP-2, drive LDLR internalization. Several alternate adaptors that show remarkable 
specifi city to [FY]xNPx[YF], including ARH, Dab2, and Numb, have been now 
identifi ed [ 99 – 102 ]. Overexpression of exogenous Dab2 selectively increases the 
internalization of β-integrins without affecting TfR [ 103 ]. Further, depletion of both 
Dab2 and ARH, but not either alone, inhibits the internalization of LDLR, but not 
TfR [ 104 – 106 ]. This suggests that ARH and Dab2 are largely functionally redun-
dant in LDLR internalization, although ARH might depend on AP-2 for CCP local-
ization [ 105 ,  106 ]. 

 A characteristic of these adaptors is that they contain “phosphotyrosine-binding” 
(PTB) domains, which are 100–150 amino acid modules that were originally identi-
fi ed as protein folds that bind phosphorylated tyrosines in an NPxY motif [ 107 ]. 
PTB folds are characterized by an orthogonal β-sandwich, on which the NPxY 
peptide forms a temporary antiparallel β-strand with the NP residues stabilizing a 
tight β-turn to present the Y into its binding pocket [ 108 ]. In the case of these adap-
tors, however, it seems that the PTB domain is a misnomer, as they mostly prefer 
non- phosphorylated Y or F residues [ 101 ,  109 ]. A recent crystal structure suggests 
that ARH recognizes a longer sequence of the LDLR motif and that it uses an atypi-
cal hydrophobic pocket to bind the critical tyrosine [ 110 ]. This variation might 
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explain the fl exibility of ARH in recognizing pY/Y/F on that position. At the other 
end, ARH uses a consensus helical motif that is shared by several adaptors such as 
epsin and arrestin (see below) to bind the β2 appendage of AP-2 and link cargo to 
the coat [ 111 ]. 

 Much like AP-2, these alternate adapters are also regulated. A well-studied 
example is Numb, which mediates the internalization of APP, Notch receptor, and 
integrins, although it requires AP-2 for its localization in CCPs [ 102 ,  112 ,  113 ]. 
Phosphorylation of Thr102 by AAK1 induces Numb redistribution from the plasma 
membrane into endosomes, while a T102A mutant is constitutively localized to 
surface puncta [ 114 ]. Further, phosphorylation of multiple serines by calcium/
calmodulin dependent protein kinase or by atypical protein kinase C also modulate 
Numb activity by inhibiting AP-2 binding [ 94 ,  115 ,  116 ]. Similarly, ARH function 
could be potentially regulated by phosphorylation of Tyr888 on the ARH-binding 
domain on the β2 appendage of AP-2 [ 111 ,  117 ]. Such selective phosphorylation 
of different adaptors by spatially restricted kinases provides a mechanism for 
localized endocytosis of cargo from defi ned areas of cells, as is required for cell 
migration [ 115 ]. 

 In addition to these general mechanisms, several cargo proteins use relatively 
distinct alternate signals and adapters. Arginine (R)-soluble NSF attachment protein 
receptor (SNARE) proteins—key mediators of membrane fusion—are interesting 
examples [ 118 ]. These need to be included in forming CCVs, as they mediate fusion 
steps including that of endocytic vesicles and endosomes. However, SNAREs do 
not have the linear internalization motifs discussed above. Instead, small R-SNAREs, 
such as synaptobrevin and VAMP8, 3, and 2, are internalized by specifi c and direct 
interactions between the N-terminal halves of their SNARE motifs and the ANTH 
(AP180 N-terminal homology) domain of the endocytic clathrin adaptor CALM 
[ 119 ,  120 ]. Other SNAREs such as the R-SNAREs VAMP7, and Vti1b use a folded 
N-terminal domain, called the longin domain, to interact with the ArfGAP Hrb and 
EpsinR, which might serve as the respective clathrin adapters for these SNAREs 
[ 121 ,  122 ]. Other adaptor proteins implicated for specifi c cargo include stonin 2, 
which binds a set of basic residues on the C2A domain of Synaptotagmin 1 [ 123 , 
 124 ], and endophilin, which, in addition to its role in membrane bending, might 
moonlight as a sorting adapter for the transporter VGLUT-1 [ 125 ].  

1.4.2     Regulated Endocytosis 

 In contrast to many of the proteins above, various signaling receptors, channels, and 
transporters are internalized in response to specifi c triggers. In the case of signaling 
receptors, the most common trigger is the binding of extracellular ligands. These 
triggers typically initiate one of two covalent and reversible modifi cations on the 
cargo—phosphorylation and ubiquitination. 

 Phosphorylation on defi ned serine (Ser) and threonine (Thr) residues form the 
internalization signal for many signaling receptors. This has been best established 
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for members of the GPCR family of signaling receptors [ 126 ]. Agonist-binding and 
activation of GPCRs on the cell surface causes hyperphosphorylation of multiple 
Ser/Thr residues mainly on the third intracellular loop and C-terminal tail of the 
receptors [ 127 ,  128 ]. This recruits the specifi c adaptor β-arrestin (or nonvisual 
arrestin) to the GPCRs [ 129 ,  130 ]. β-arrestins consist of an N- and a C-terminal 
globular domain linked by a fl exible region and an extended C-terminal tail that 
contain one or two regions with consensus LφxφD/E clathrin-binding sequences 
[ 131 – 133 ] and an IVFxxFxRxR domain that binds the β2 appendage domain of 
AP-2 [ 134 ,  135 ]. Before GPCR activation, β-arrestins are kept in an inactive or 
“closed” conformation by intramolecular interactions of the IV residues in the AP-2 
binding domain with a hydrophobic pocket on the N-terminal domain [ 133 ,  136 ]. 
GPCR activation and binding induce a conformational shift that releases the 
C-terminal tail and exposes the clathrin- and AP-2-binding motifs [ 137 ]. 
Interestingly, the AP-2-binding motif exists as a part of a β-strand in the closed 
conformation of β-arrestin. Upon activation, the released sequence undergoes a 
strand-to-helix transition to adopt a structure highly similar to the AP-2 binding 
motif on ARH [ 111 ]. Arrestin activity is also regulated by PI (4,5)P2 binding [ 138 ], 
phosphorylation [ 139 ], and ubiquitination [ 140 ,  141 ], but the precise roles of these 
regulations appear to be complex and not fully understood. Emerging data suggest 
that arrestins and related proteins might serve as adaptors for non-GPCR cargo mol-
ecules such as the transforming growth factor beta receptors [ 142 ] and surface 
transporters [ 143 ], while some GPCRs might use alternate/additional adapters such 
as disheveled 2 [ 144 ]. 

 Ubiquitination is widely used as an internalization signal by many endocytic 
cargo including growth factor receptors [ 70 ], GPCRs [ 145 ,  146 ], and various chan-
nels and transporters [ 147 ]. Ubiquitination is a posttranslational modifi cation, 
where ubiquitin (Ub), a conserved 76 amino acid peptide, is covalently conjugated 
onto typically lysine residues by sequential reactions involving Ub-activating (E1), 
Ub-conjugating (E2), and Ub-ligase (E3) enzymes [ 148 ]. These Ub signals are 
 proposed to be recognized primarily by epsins, Eps15 and Eps15R, clathrin- and 
AP-2-associated proteins (Figs.  1.2  and  1.3 ) which contain tandem arrays of 
ubiquitin- interacting motifs (UIMs), and which are capable of binding simultane-
ously to multiple Ub moieties conjugated to cargo [ 149 ]. The distance between 
individual UIMs in this array might defi ne the specifi city of epsins and Eps15 to 
different Ub-linked cargo [ 150 ,  151 ]. Epsins and Eps15/Eps15R use a helical motif 
similar to ARH and arrestins to bind the α- and β-appendages of AP-2 [ 47 ]. Epsins 
also bear a clathrin box allowing their direct binding to the clathrin terminal domain 
[ 152 ], and a colocalization study suggested that clathrin binding might negatively 
regulate epsin’s ability to bind Ub [ 21 ] (for further reading, please see Chap.   9    ). 

 The EGF-receptor (EGFR), a receptor tyrosine kinase (RTK) frequently overac-
tive in cancer [ 153 ], has been extensively studied as an example of Ub-dependent 
endocytic cargo. Upon ligand binding, EGFR is dimerized, which leads to activa-
tion of its intrinsic tyrosine kinase and cross-phosphorylation of several tyrosines on 
the C-terminus [ 154 ,  155 ]. Among the many effectors that these phosphotyrosines 
recruit is the adapter Grb2, which in turn recruits the E3 Ub-ligase Cbl, which also 
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binds EGFR directly on Tyr1045 [ 156 – 159 ]. Cbls (c-Cbl, Cbl-b, and Cbl-c) are 
RING domain E3 ligases that recruit an E2 enzyme that catalyzes ubiquitination of 
the kinase domain of the receptor [ 160 ,  161 ] (for further reading, see Chap.   11    ). 

 However, there is considerable controversy regarding the role of Ub in EGFR 
endocytosis. A version of EGFR with 15 Lys mutated, which was ubiquitinated less 
than 1%, internalized effi ciently, suggesting that Ub is not required for EGFR inter-
nalization [ 162 ]. However, adding two Ub sites onto a kinase- and internalization- 
defi cient EGFR, or an in-frame fusion of a single Ub polypeptide to an EGFR 
without its C-terminus, was suffi cient to promote receptor internalization [ 162 ,  163 ]. 
Additional lysines in the distal C-terminus of EGFR were found to be acetylated 
and, when mutated together with the kinase domain lysines, resulted in a mutant of 
EGFR with slow internalization [ 86 ]. Moreover, classical linear Yxxφ [ 88 ] and 
diLeu [ 87 ] internalization motifs have also been identifi ed on EGFR. Elimination of 
these signals together with multiple lysine mutations results in dramatic inhibition of 
clathrin-mediated EGFR internalization [ 86 ]. Further, ligand- dependent recruitment 
of adaptors to activated RTKs can directly mediate their recruitment to CCPs, such 
as in the case of Grb2-Tom1L bridging of EGFR to clathrin and RALT/MIG-6 link-
ing EGFR to AP-2 [ 164 ,  165 ]. The current model of EGFR endocytosis assumes that 
multiple redundant, and arguably cell-type-dependent, mechanisms mediate EGFR 
endocytosis [ 166 ,  167 ] (for further reading, see Chap.   14    ). 

 Cbl proteins bind to and mediate ubiquitination of numerous RTKs, such as 
fi broblast growth factor, platelet-derived growth factor, vascular endothelial 
growth factor, colony stimulating factor-1, hepatocyte growth factor (c-Met), 
macrophage- stimulating protein (Ron), and ephrin receptors, as well as other 
RTKs [ 168 – 174 ]. In addition, HECT domain Ub E3 ligases of NEDD4 family are 
implicated in ubiquitination of insulin, insulin growth factor 1, fi broblast growth 
factor, ErbB4, and TrkA receptors [ 175 – 179 ]. As in case of Cbl, NEDD4 family 
E3s bind either directly to these receptors or indirectly through the SH2 adaptor 
Grb10 (see references above). The overall theme in the regulation of RTK endocy-
tosis is the substantial redundancy of the mechanisms involving ubiquitination, 
AP-2 binding motifs, and other mechanisms. Moreover, multiple E3 ligases are 
often implicated in ubiquitination of a single RTK. It is important to note that in 
many instances, the involvement of ubiquitination in downregulation/degradation 
of RTKs is well established but the direct role of ubiquitination in the internaliza-
tion step is not. One of the main reasons for such an uncertainty is technical diffi -
culties in demonstrating and analyzing ligand-induced and ubiquitination-dependent 
recruitment of RTKs into CCPs and their binding to ubiquitin adaptors in CCP, 
such as epsins and Eps15/R. 

 Ubiquitin is emerging as the major endocytic sorting signal in many channel and 
transport proteins [ 180 ]. The best-studied example is the epithelial Na +  channel 
ENaC [ 180 ,  181 ]. PPxY motifs on the α and β subunits of ENaC recruit the HECT 
family E3 Ub-ligase Nedd4-2, which binds the PPxY motif using its WW domain 
and ubiquitinates the Lys residues in several subunits of ENaC. Requirement of Ub 
in ENaC endocytosis has been demonstrated in cells, where mutating the Lys to Arg 
resulted in an increased number of ENaC on the cell surface [ 182 ]. In addition, 

A. Sorkin and M.A. Puthenveedu

http://dx.doi.org/10.1007/978-1-4614-6528-7_11
http://dx.doi.org/10.1007/978-1-4614-6528-7_14


17

several transporters, including those for dopamine [ 183 ], glutamate [ 184 ], glycine 
[ 185 ,  186 ], and cationic amino acids [ 187 ], are also internalized via NEDD4/4-2-
mediated ubiquitination that is triggered by activation of protein kinase C.  

1.4.3     Cargo-Mediated Control of Endocytosis 

 In the recent years, it has become increasingly evident that cargo molecules play a 
far more active role in dictating the behavior of CCPs than was previously appreci-
ated. As mentioned above, early observations, based on monitoring clathrin and 
dynamin in live cells, suggested that many CCPs were aborted early on after nucle-
ation without continued clathrin assembly or scission. Most of these “abortive” 
events were observed in CCPs before they recruited detectable fl uorescent cargo 
like TfR. Based on this, it was proposed that the presence of cargo stabilized ran-
domly nucleated CCPs and allowed them to proceed to completion of coat forma-
tion and scission [ 50 ] (Fig.  1.4 ). This was further confi rmed in a large-scale 
automated analysis study, which showed that TfR overexpression, in an AP-2 
dependent manner, increased the fraction of CCPs that went on to completion [ 188 ]. 
In the case of LDLR, however, overexpression resulted in more CCP nucleation 
events, but most of them were abortive [ 189 ]. Signaling receptor cargo like the 
EGFR have also been proposed to initiate the formation of CCPs [ 190 ,  191 ], maybe 
through the effi cient recruitment of adaptors [ 40 ,  47 ]. However, TIRF microscopy 
analysis demonstrated that active EGFR are recruited into preexisting coated pits 
and that EGF stimulation does not result in formation of new CCPs [ 192 ]. Similarly, 
activation of beta-2 adrenergic receptor (B2AR) did not result in the increase in the 
number of CCPs [ 193 ]. Therefore, the question of cargo-induced de novo CCPs 
warrants further investigation using quantitative microscopic methods.

  Fig. 1.4    Cargo-mediated control of endocytosis. This fi gure shows a representation of example 
cargo and the steps they control. While the mechanistic details of cargo-mediated control, how-
ever, still need to be fully investigated, evidence suggests that it is based on local interactions of 
cargo with adaptors or accessory proteins involved in CME       
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   In addition to nucleation and stabilization, it is now clear that cargo molecules 
can actively control the features of formed CCPs (Fig.  1.4 ). One such feature is the 
size of CCPs. Typically, coated pits are ~100 nm in diameter in cultured cells and in 
tissues in vivo. Recruitment of a large cargo, such as the stomatitis virus, to a clath-
rin structure results in a larger coat (up to 200 nm) [ 194 ]. Moreover, recruitment of 
GPCRs [ 193 ] or clustering of TfR [ 195 ] can also increase the size and clustering of 
CCPs. In addition to cargo, ANTH domain containing proteins AP180 and CALM 
are proposed to regulate size of coated pits; however, the mechanisms of this regula-
tion are not well understood [ 196 – 198 ]. Further, large, fl at clathrin lattices are often 
found on the substrate-bound membrane of many widely used lines of cultured cells 
[ 199 ]. It is unclear why these large planar lattices are formed in some but not in 
other cell types [ 200 ]. 

 Further, cargo molecules can also modify the dynamics of CCPs (Fig.  1.4 ). This 
was fi rst observed for the B2AR, a prototypical GPCR, which delayed the lifetimes 
of the specifi c CCPs in which they were localized after activation. This delay was 
mediated by a PDZ ligand sequence present in the C-terminal cytoplasmic tail of the 
receptor, which slowed the recruitment of dynamin and therefore scission [ 201 ]. 
Interestingly, binding of this tail to actin was both required and suffi cient for CCP 
delay. This suggested that such “cargo-mediated control” of CCPs is a general 
mechanism, as many signaling receptors have PDZ or related actin-binding 
sequences on their cytosolic domains [ 202 ]. How this interplays with the proposed 
role for actin in promoting vesicle scission is not clear. Recent data also suggest that 
even though LDLR increases the fraction of abortive events, it also increases the 
lifetimes of productive CCPs by approximately 10% [ 189 ]. Clustering of TfR can 
also induce increases in CCP sizes and lifetimes, but the mechanisms of either of 
these are not understood [ 195 ], though it has been proposed that TfR might use a 
specifi c adapter that changes dynamin activity [ 203 ]. Further, the signifi cance of 
these relatively small but robust increases in lifetimes is not clear at present. In the 
case of signaling receptors, considering that small changes in the rates of internal-
ization can generate larger changes in surface levels of receptors over time, the 
threefold increase in lifetimes observed [ 201 ] might have signifi cant effects on sig-
naling in vivo.  

1.4.4     Selectivity in Cargo Endocytosis 

 Having just one common mechanism—CCPs—to internalize hundreds of different 
cargo molecules causes a potential problem for the cell. Considering that these 
coated pits have limited capacity, one would expect cargos to compete with each 
other and interfere in each others’ endocytosis. But, surprisingly, they do not. For 
example, TfR endocytosis can be saturated by overexpression, as expected with 
limited binding sites for these sequences [ 204 ]. But, even under these conditions, 
EGFR endocytosis continues at near-normal rates. This noninterference (noncom-
petitive nature) is important for physiologically sensitive cargo like signaling recep-
tors, as their endocytosis has delicate consequences in their downstream signaling. 
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 How do cells reduce interference between cargo? This is a fundamental question 
in traffi cking not limited to endocytosis, as most steps in traffi cking rely on one or 
two core machineries, such as coat complexes, to transport hundreds of different 
cargo molecules. One straightforward way to achieve this is to use separate adaptors 
for separate cargo. While this is certainly part of the answer [ 204 ,  205 ], there are far 
fewer adaptors than there are cargo molecules, and even cargos that bind the same 
adaptor do not compete with each other [ 206 ]. A potential explanation for this is 
that different signals bind different domains on the same adapter [ 47 ]. As described 
above, the Yxxφ and diLeu motifs bind distinct regions on adapters, and data sug-
gest that the binding of these signals might be independent of each other [ 32 ]. 
Elucidation of the exact binding domains for various other signals and cargo will 
provide a better understanding of how multiple cargos can be endocytosed without 
too much interference. 

 An additional question that is gaining increasing interest is whether there are 
biochemically distinct subsets of CCPs, as defi ned by distinct cargo molecules. 
Live-cell imaging of endocytosis by TIRF microscopy still remains the best tool to 
address this question, although it is subject to the limitations of detection limits and 
the effects of exogenous expression of tagged proteins. Within these limitations, it 
has been demonstrated that cargo, including GPCRs [ 201 ,  207 ,  208 ], TfR [ 195 , 
 203 ], LDLR, and EGFR [ 209 ,  210 ], localizes to a subset of CCPs present on the 
surface. In the case of GPCRs and TfR, as mentioned above, this results in a change 
in behavior of those CCPs, suggesting that functionally different subsets of CCPs 
may be generated on demand by such cargo segregation. One possible explanation 
for these subsets could be that adaptor proteins are typically limiting in many cells. 
Consistent with this, when arrestins or Dab2/ARH were also co-expressed, the frac-
tion of CCPs occupied by GPCRs [ 201 ] or LDLR [ 105 ], respectively, increased. 
The existence of cargo-selective CCPs, the mechanisms generating them, and their 
physiological relevance warrant further careful investigation.   

1.5     Concluding Remarks 

 In this chapter, we briefl y described multiple biochemical reactions, macromolecu-
lar conformational changes, molecular interactions, and membrane-remodeling 
events that occur during the cycle of CCV assembly and disassembly. CME is prob-
ably the best-studied membrane-traffi cking process. The number of accessory and 
other regulatory proteins identifi ed as being involved in CME continues to grow, but 
at the same time, examples of experiments demonstrating the essentiality of indi-
vidual proteins during CME in mammalian cells are strikingly rare. Several expla-
nations can account for this disparity. First, many accessory components are 
functionally redundant at least in some cell types, and elimination of one of the 
redundant components often has a very minimal effect on the effi ciency of the CME 
process. Second, some clathrin-associated components, such as cargo adaptors, are 
specifi c to a particular class of cargo, and their functional signifi cance in CME can 

1 Clathrin-Mediated Endocytosis



20

be revealed only if endocytosis of this particular cargo is examined. In this respect, 
understanding what determines the heterogeneity of coated structures and specifi c-
ity of populations of coated pits to individual types of cargo will be important. This 
is especially true for physiologically specialized proteins like signaling receptors, 
which have different roles in distinct cell types in our body. Third, while TIRF 
microscopy and in vitro protein-protein interaction experiments provided the most 
critical data about the involvement and dynamics of many participating molecules, 
these data may need to be revised when the same measurements are performed by 
monitoring endogenous proteins under physiological conditions, such as by using 
cells expressing their tagged versions prepared using emerging genome-editing 
techniques [ 211 ]. It will also be critical to standardize the analytic methods that are 
used to defi ne and monitor an endocytic event. Such attempts towards objective 
classifi cation of these events are in progress in several laboratories [ 212 – 215 ]. 
Another outstanding technical challenge is to develop methodologies that would 
allow measurements of endocytosis kinetics over the whole surface of the cell with 
the same time and space resolution that is achieved on the bottom membrane of 
cultured cells using TIRF microscopy. Finally, there is clearly a lack of information 
about the mechanisms of CME in vivo in mammals. Further development of high- 
resolution and quantitative intravital imaging will be critical to elucidation and com-
parative analysis of these mechanisms in various normal tissues and tumors [ 216 ].     
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    Abstract     Clathrin-mediated endocytosis (CME) involves the timely coordination 
of plasma membrane deformation, clathrin coat assembly, and cargo inclusion. 
CME culminates with vesicle release through membrane scission, followed by 
internalization and uncoating en route to the endosome. The biochemical and bio-
physical requirements of CME are supplied by a broad number of regulators, many 
of which bind actin and/or modify actin dynamics. The multidomain structure of 
these regulators enables their integration into signal-based cellular programs. The 
architecture and dynamic nature of the actin cytoskeleton establish its infl uence on 
distinct aspects of CME, ranging from membrane compartmentalization and acqui-
sition of membrane curvature to coated pit invagination and vesicle movement. 
However, in mammalian cells, the regulation of CME by the actin cytoskeleton may 
be facultative, as CME still occurs, in certain cellular contexts, in the absence of 
actin polymerization. This chapter addresses the complexity of CME regulation by 
actin and expands on the role of membrane compartmentalization on the spatial 
organization of clathrin-coated pits and on the multiplicity of differently structured 
regulators of actin dynamics at the coated pit.  

2.1         Introduction 

 Membrane dynamics in general and endocytosis in particular refl ect and regulate 
timely alterations to the biophysical and biochemical properties of the plasma mem-
brane. The agility and robustness of the co-regulation of membrane composition 
and its dynamics result from intertwined feedback loops involving (1) local enzyme- 
mediated alterations to lipid composition; (2) modifi cations to the structure and 
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dynamics of the actin cytoskeleton in the proximity of the membrane; (3) the  sensing 
and manipulation of membrane curvature, tension, and area; and (4) the recruitment 
and/or removal of regulatory proteins through membrane traffi c, lateral diffusion, or 
cytosol-membrane exchange. These feedback loops are fully integrated into signal 
transduction cascades and form part of the cellular response to diverse stimuli. 
Thus, membrane traffi cking typically determines the sensitivity of the cell to 
 exogenous stimuli through the determination of the levels and localization of 
 signaling receptors and their second messengers at the plasma membrane [ 1 – 3 ]. 
Complementarily, the degree of regulation of membrane traffi c by signal-mediated 
cellular programs is exemplifi ed by the sensitivity of clathrin-mediated endocytosis 
(CME) to perturbations to the expression of numerous kinases [ 4 ]. Notably, typical 
behaviors of tumor cells in general and metastatic cells in particular, such as their 
adhesiveness, motility, and invasiveness, stem from the derailment of membrane 
traffi cking processes at critical regulatory nodes [ 5 ,  6 ]. In this context, loss of polar-
ity through dedifferentiation and epithelial to mesenchymal transition, and the adhe-
sion of the cell to different surfaces in the course of invasion, may alter the endocytic 
process and the degree of its dependency on an active actin cytoskeleton (see below). 

 The overall objective of the present chapter is to describe and discuss mecha-
nisms of involvement of actin in the regulation of endocytosis. Due to the greater 
degree of mechanistic understanding that has been achieved on CME relative to 
other endocytic pathways, I center on the roles performed by the actin cytoskeleton 
and actin dynamics in CME. 

 Initially, the role of actin in CME was addressed through the observation of the 
effects of actin-perturbing drugs (such as the G-actin sequester latrunculin, the actin 
polymerization inhibitor cytochalasin, and the inducer of actin polymerization and 
stabilization jasplakinolide) on the uptake of ligands and receptors known to be inter-
nalized through CME and on the amount and localization of arrested endocytic inter-
mediates [ 7 – 13 ]. These studies identifi ed a variable degree of dependency of CME on 
the actin cytoskeleton. For example, in polarized cells, CME at the apical membrane 
depended on actin dynamics while no such dependency was observed at the basolat-
eral membrane. The development of fl uorescence-based time-lapse microscopy tech-
niques allowed for experiments addressing the role of actin in “endocytic dynamics.” 
These experiments are now routinely performed at submicron resolution in  x -,  y -, and 
 z -axis, at ~ microsecond temporal resolution and on large number endocytic events, 
constituting a critical addition to biochemical and electron microscopy experiments. 
These technical developments allow for the study of the recruitment kinetics of spe-
cifi c factors to individual coated pits, of the alterations to the dynamic parameters of 
coated pit assembly upon experimental manipulations, and of the regulation of the 
spatial distribution of the sites of formation of clathrin-coated structures. 

 Notable contributions to the understanding of the role of actin dynamics in 
CME were obtained through the combination of quantitative microscopy tech-
niques with yeast genetics [ 14 – 16 ]. The picture that emerges from multiple stud-
ies is of a multistep process, involving ~50 different factors, and three main 
phases: patch assembly and cargo inclusion, actin-mediated invagination and scis-
sion, and vesicle movement along actin cables [ 14 – 16 ]. A modular mode of 
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recruitment and action of regulatory components has also been proposed for the 
basic endocytic event in mammalian cells. The canonical (also termed terminal) 
endocytic event is consensually divided into initiation, selection of cargo, invagi-
nation and coat assembly, scission, internalization, and uncoating [ 17 – 20 ]. In 
contrast to the apparent uniformity of the endocytic event in yeast, a considerable 
degree of heterogeneity in the dynamics, requirement for the actin cytoskeleton, 
and apparent organization of endocytic structures on the plasma membrane has 
been revealed in different mammalian model systems. This heterogeneity may 
stem from inherent variability amongst mammalian cells, where differences in 
cell type or state lead to alterations to the expression or posttranslational modifi -
cations of endocytic regulators. Moreover, mammalian cells also differ in plasma 
membrane composition and in the relative abundance of membrane sub- 
compartments. Importantly, variability in the endocytic process in mammalian 
cells may also be refl ective of its integration with signal transduction programs, as 
CME is thought to occur in either constitutive or induced modes. The concept of 
a constitutive mode of endocytosis has been recently challenged as the internal-
ization of the prototypical constitutive clathrin endocytic cargo, the transferrin 
receptor, was propos  ed to depend on the transferrin-induced Src-mediated phos-
phorylation of dynamin and cortactin, two regulators of the assembly of coated 
pits and of actin dynamics ([ 21 ] and see below). Differences amongst studies may 
also refl ect variations in experimental procedures such as the levels of co- or over-
expression of the molecules in study, the identity of the membrane which is 
observed (dorsal or ventral), and the plating surfaces and conditions of the cells in 
culture (see below). A recent study employing genome editing to express fl uores-
cent fusion proteins (clathrin light chain and dynamin 2) reported a greater effi -
ciency and uniformity of endocytic events, suggesting that the well- accepted 
notion of an inherent variability of endocytic events may result from an imbalance 
in expression levels of different factors [ 22 ]. 

 The facultative requirement for actin dynamics in endocytic events in mamma-
lian cells, the inherent parameters of a dynamic cytoskeleton, and the susceptibility 
of actin dynamics to regulation by different signaling pathways place the actin cyto-
skeleton as a key candidate mechanism for the integration of modulations to endo-
cytosis in broader cellular programs.  

2.2      Spatial Regulation of Endocytosis: Roles of the Actin 
Cytoskeleton 

 The actin cytoskeleton may regulate CME through    the compartmentalization of the 
plasma membrane. The notion that the actin cytoskeleton compartmentalizes the 
plasma membrane is supported by studies on the mode of diffusion of lipids and 
proteins on the plane of the membrane. These studies revealed a slower diffusion 
rate of lipids and proteins in biological membranes when compared to artifi cial 
membranes or membrane blebs and a hop-like mode of mobility of receptors and 
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lipids in biological membranes. This mode of mobility was characterized by 
transient confi nement into microdomains of differing size (on the nano- and meso-
scale, from few to hundreds of nanometers in diameter). Importantly, these 
movement- confi ning microdomains were sensitive to manipulations to the structure 
of the actin cytoskeleton [ 23 – 26 ]. The model resulting from these observations is 
one of the picket-fence-like organizations of the membrane, in which proteins 
anchored to the cortical actin cytoskeleton act as pickets in a fence demarking 
microdomains and retard/confi ne the movement of lipids and proteins through tran-
sient/reversible interactions. The notion of a restriction of the lateral mobility of 
lipids such as phosphatidylinositol (4,5) biphosphate PI(4,5)P2 by picket-like struc-
tures was recently substantiated through biophysical measurements in cells carrying 
out phagocytosis [ 27 ]. The putative functional consequences of such a compartmen-
talization mechanism were addressed through computerized simulations, where an 
increase in the effi ciency and output levels of chemical reactions at the plasma 
membrane resulted from the transient focusing of molecules to form clusters 
through interactions with a contractile cytoskeleton prone to remodeling [ 28 ], and 
the compartmentalization of the membrane was predicted to promote burst-like 
kinetics of chemical reactions [ 29 ]. These phenomena may be of particular impor-
tance in overcoming limiting concentration barriers for the formation of multicom-
ponent complexes such as clathrin-coated pits. In a broader context, the importance 
of cytoskeleton-based nanoclustering in signal transduction is becoming increas-
ingly apparent [ 30 ,  31 ]. This supports the notion of an integration of signaling and 
traffi cking through the similarity of the organizational principles involved in the 
generation of active regions enriched in the molecular complexes that mediate both 
of these functions at the plasma membrane. 

 A nonhomogeneous membrane environment, resulting from cytoskeleton- 
mediated compartmentalization, is predicted to present areas which differ in their 
propensity of supporting the formation of clathrin-coated structures or pits. A well- 
studied example of such compartmentalized membrane regions, specialized in 
endo- or exocytosis, is observed at the presynaptic nerve terminal. At the active 
zone, actin and other classical cytoskeletal components, such as tubulin, myosin, 
and spectrin, form a protein-rich electron-dense matrix that aligns docked vesicles 
to calcium channels localized at the plasma membrane, ensuring effi cient fusion 
and neurotransmitter release upon calcium entry [ 32 ]. Adjacent to the active zone is 
the periactive zone, a region from which the CME of synaptic vesicle components 
allows for their effi cient recycling. The involvement of actin structures and dynam-
ics has also been shown to couple exocytosis and compensatory endocytosis in 
additional cellular contexts such as neuroendocrine cells and activated Xenopus 
eggs [ 33 ,  34 ]; however, a role for CME in these processes may depend on the nature 
and strength of the inducing stimuli and the kinetics of vesicle retrieval. Interestingly, 
a spatial coupling between sites of endocytosis and immobile structures, termed 
eisosomes, was identifi ed in yeast, a cellular context in which clathrin-mediated 
endocytosis is entirely actin-dependent [ 35 ]. However, the functional signifi cance 
of this membrane compartmentalization mode in yeast to vesicular traffi c has been 
recently questioned [ 36 ]. 
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 The degree of spatial organization of sites of coated pit formation has also been 
addressed in fi broblast and epithelial cell lines. Initial studies employing confocal 
time-lapse microscopy proposed that coated pits occurred at defi ned sites at the 
membrane, termed “hot spots,” and suggested the tethering of coated pits to a 
“membrane skeleton” [ 37 ]. On similar lines, a co-organization in linear arrays of 
coated pits containing AP2, the actin cytoskeleton, and nonmuscle myosin was 
observed in HeLa, NIH-3T3, and CHO cells [ 38 ]. This distribution pattern was best 
observed in the top cortical region of the cells, depended on myosin, and was dis-
rupted by cytochalasin D and by the expression of clathrin hub. Such a pattern of 
alignment of coated pits to actin was also observed on the bottom surface of live 
NIH3T3 cells imaged by total internal refl ection microscopy (TIRFM) [ 39 ]. In addi-
tion to the actin cytoskeleton, large and long-lived clathrin structures were also 
proposed to spatially organize clathrin-coated pit initiation. These clathrin plat-
forms, which may be structurally similar to the clathrin profi les identifi ed by Heuser 
[ 40 ], were proposed to support multiple endocytic events [ 39 ,  41 ,  42 ], possibly by 
serving as clathrin reservoirs. 

 In    contrast to the view of fi xed sites of coated pit formation, studies employing 
stably transfected BSC-1 cells, clustering analysis of coated pit formation sites, and 
computerized simulations identifi ed a predominance of a nucleation-growth mode 
of coated pit formation, albeit with a deviation from a random distribution of coated 
pit nucleation sites [ 18 ]. These studies proposed a model in which de novo nucle-
ation of coated pits occurred in areas prone to coated pit formation (of ~400 nm in 
diameter), surrounded by areas in which coated pits did not form. This mode of 
organization was dependent on cell type and on an assembled actin cytoskeleton 
[ 18 ,  43 ], which was hypothesized to function as a restriction barrier of factors such 
as PI(4,5)P2. Depolymerization of the actin cytoskeleton correlated with a reduc-
tion in coated pit initiations and with a lack of ability of up-regulation of coated pit 
nucleations (observed upon the washout phase of the treatment with small primary 
alcohols) [ 43 ]. Similarly, inhibition of actin polymerization with latrunculin inhib-
ited the ability of the β2-adrenergic receptor to induce an enlargement of the coated 
pit signal following stimulation with isoproterenol in cells expressing GFP-arrestin 
3 [ 44 ]. Recently, a new pattern of coated pit nucleation sites was proposed [ 45 ]. In 
this model, coated pit nucleations occur either randomly throughout the membrane 
or within “hot spots” (active sites of 200–270 nm radius that turnover every 160 s), 
which depend on the presence of the actin cytoskeleton but not on its dynamics. In 
accord with a barrier-concentration function of the cytoskeleton-delineated clusters, 
overexpression of type I phosphatidylinositol 4-phosphate 5-kinase-α (PIP5KI-α), 
exogenous addition of PI(4,5)P2, or the clustering of transferrin receptors dimin-
ished the clustering tendencies of nucleation sites while the knockdown of PIP5KI-α 
or of the μ2 subunit of AP2 increased the clustering of coated pit nucleations [ 45 ]. 
A different type of endocytic hot spots, formed by tubovesicular plaques (2–10 μm 
in size) which concentrate dynamin 2, AP2, and clathrin, was recently identifi ed in 
cultured hepatocytes [ 46 ]. Surprisingly, these clusters were induced by serum 
starvation, possibly connecting the distribution pattern of coated pits with the 
nutritional status of the cell. 
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 In addition to intracellular determinants, the spatial organization of the CME 
machinery may also be infl uenced by the cell’s surroundings. In this context, 
clathrin- based structures and CME were proposed to mediate and regulate the inter-
actions of cells with the extracellular matrix. Maupin and Pollard [ 47 ] employed 
electron microscopy and observed structures that resembled a combination of fl at 
and curved clathrin-coated pits and clathrin-coated vesicles which closely apposed 
the underlying substrate in proximity to focal contacts. Similarly, clathrin sheets are 
prominent in osteoclast membranes that contact the matrix [ 48 ]. A role for clathrin 
structures and endocytosis in mediating cell matrix interactions is in accord with the 
requirement for CME in the dismantling of focal adhesions [ 49 ], the inhibition of 
cell spreading that is observed upon dynamin inhibition [ 50 ], the role played by the 
CME adaptors Dab2 and Numb in integrin traffi cking and cell motility [ 51 ,  52 ], the 
enhancement in cell spreading and the enlargement of clathrin assemblies observed 
upon Dab2 overexpression [ 53 ], and the increase in cell motility upon the reduction 
of clathrin plaques through the expression of mutant clathrin light chain [ 54 ]. 
However, clathrin clusters, possibly related to clathrin sheets or plaques, were also 
identifi ed    in adipocytes, which fl oat due to the buoyancy of the stored lipids [ 41 ], 
and thus may not be strictly dependent on cell-matrix attachment. The mode and 
degree of infl uence of cell adhesion on endocytosis may have both methodological 
and biological implications in different experimental setups and may constitute a 
possible source of variability in the results obtained in different studies, as these 
routinely employ model systems based on different cell lines, plating conditions, 
and microscopy techniques. For example, studies employing TIRFM (e.g., [ 17 ,  20 , 
 39 ,  42 ,  43 ,  55 – 58 ]) concentrate on the imaging of the membrane that contacts the 
glass coverslip and are thus prone to a greater degree of infl uence of cell adhesion 
to the distribution and dynamics of clathrin assemblies. Moreover, the fl at and rigid 
structure of glass coverslips on which cells are cultured and imaged can infl uence 
cell behavior. For example, studies addressing the stress cells exert on matrices 
report that cells pull harder on stiffer surfaces altering in this manner different 
aspects of cell morphology and intracellular signaling, which may in turn infl uence 
traffi cking in general and endocytosis in particular [ 59 ]. The contribution of cell 
adhesion to endocytosis has been addressed through the coating of coverslips with 
different substances such as bovine serum albumin (inert in terms of cell matrix 
interactions), polylysine, and fi bronectin [ 60 ], which lead to differences in the 
dependence of CME on actin dynamics, possibly refl ecting the direct attachment of 
CME cargo (β1 integrin) to the extracellular matrix and the force required to deform 
a membrane containing such cargo during clathrin-coated vesicle formation [ 60 ]. 
On micropatterned fi bronectin substrates, which induce spatial heterogeneity in the 
cortical actin architecture within a single cell, the lifetimes of clathrin-coated pits 
were prolonged within the fi bronectin-coated islands [ 61 ]. This modulation was 
proposed to stem from alterations to cortical tension and not from the adhesion per 
se as it depended on stress-fi ber formation and was countered by pharmacological 
agents that alleviate cortical tension. Interestingly, platting of cells on a nano- 
environment generated by colloidal lithography suggests that cells sense and 
react to nanoscale topologies as human fi broblasts accumulate attempts of endocytosis 
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of nano-columns with marked effects on the distribution of clathrin and the 
organization of the cytoskeleton [ 62 ]. A requirement for actin polymerization-
mediated force in order to counter membrane tension and allow the membrane 
curvature necessary for vesicle formation has been proposed to occur in yeast, 
where there is a need to counter turgor pressure [ 63 ], in the apical membranes of 
polarized cells [ 64 ], in cells in which membrane tension has been manipulated 
through hypo- osmotic medium or physical stretching [ 64 ], or when endocytosing 
cargo of exceptional dimensions [ 65 ,  66 ]. Interestingly, membrane tension has been 
proposed as a trigger for an exocytotic burst observed in the course of cell spreading 
and could function as a general mechanism in the establishment of a balance 
between endo- and exocytosis [ 67 ]. 

 The infl uence of an active cytoskeleton on the motility of clathrin-coated pits 
was initially addressed by Gaidarov et al., which proposed that coated pits demon-
strate a measurable but highly restricted motility (within an area of 0.6–0.8 μm in 
diameter) [ 68 ]. In this study, the sevenfold increase in mobility range upon treat-
ment with latrunculin B led to the conclusion that an actin-based framework restricts 
this lateral mobility. A possible role for the actin cytoskeleton in the regulation of 
the lateral mobility of membrane-bound clathrin-coated structures was also 
addressed in additional cell types [ 39 ,  43 ,  69 ]. However, a mechanistical under-
standing of the manner by which a multimeric clathrin structure that binds adaptors, 
auxiliary proteins, and receptors, and induces the local deformation of the plasma 
membrane, moves laterally relative to its immediate membrane surroundings is 
lacking. Indeed, alternative explanations for the observed motility of clathrin struc-
tures at the plasma membrane are the coordinated motion of different coated pits 
through the movement of the membrane itself [ 43 ], and the possibility that a portion 
of the motile clathrin-labeled structures may represent endosomes [ 69 ].  

2.3       Regulators of the Actin/Endocytosis Interface 
at the Coated Pit 

 In this section, I will expand on the structure and mode of action of a subset of the 
regulators of the actin/endocytosis interface. The intention is not to give a compre-
hensive list of all such regulators, but rather to exemplify the diversity and complex-
ity of their modes of action. 

2.3.1     Phosphatidylinositol (4,5) Biphosphate (PI(4,5)P2) 

 Regulators of the polymerization, organization, and capping of the actin cytoskele-
ton and endocytic regulators share an affi nity towards PI(4,5)P2 [ 19 ,  70 ], allowing 
for the coordination of their recruitment, the timely and localized modulation of 
their enzymatic activity, and the coupling of exocytosis and endocytosis.    In accord 
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with the repertoire of endocytic proteins which bind PI(4,5)P2, which includes (but 
is not limited to) the α-, β2-, and μ2-subunits of the AP2 adaptor complex, epsin, 
Disabled 2 (Dab2), CALM/AP180, sorting nexin 9 (SNX9), Huntingtin interacting 
protein 1 and Huntingtin interacting protein 1-related (HIP1/HIP1R), and dynamin 
[ 68 ,  71 – 78 ], PI(4,5)P2 has been proposed to regulate all stages of clathrin-mediated 
endocytosis [ 79 ]. This notion has been substantiated by the overexpression or 
knockdown of PI(4,5)P2 generating or consuming proteins and by procedures that 
lead to the acute depletion of PI(4,5)P2 from the membrane [ 45 ,  80 – 82 ]. Interestingly, 
PI(4,5)P2 also regulates exocytosis [ 83 ,  84 ] and may thus be required for the cou-
pling of exocytosis and endocytosis, at least partially through the regulation of actin 
dynamics. In this context, by regulating the localization and activity of actin- 
polymerizing/depolymerizing/modifying proteins, PI(4,5)P2 promotes the forma-
tion of actin fi lament structures beneath the plasma membrane [ 70 ]. Typically, 
binding to PI(4,5)P2 activates inducers of actin fi lament assembly and inhibits the 
activity of actin fi lament disassembly factors [ 70 ]. For example, PI(4,5)P2 binds to 
the N-terminal basic domain of the neural Wiskott–Aldrich syndrome protein 
(N-WASP) and releases it from its auto-inactivated conformation, allowing it to 
positively regulate Arp2/3 and promote the assembly of branched actin fi laments 
[ 70 ]. Also, profi lin, which in the absence of free fi lament ends acts as an ATP–actin 
monomer sequestering protein, while promoting actin polymerization in their pres-
ence, was proposed to sequester dynamin and inhibit endocytosis in neurons, an 
inhibitory interaction that was relieved by the binding of profi lin to PI(4,5)P2 [ 85 ]. 
PI(4,5)P2 also negatively regulates the activity of the actin depolymerizing factor 
cofi lin, possibly by sequestering it to the membrane [ 86 ]. However, in yeast, cofi lin 
was shown to be required for the maintenance of the actin fl ux and is necessary for 
the optimal functioning of the endocytic process [ 87 ], underscoring the complexity 
of the regulation of actin dynamics at the coated pit.  

2.3.2     BAR-Domain Proteins 

 BAR (Bin–Amphiphysin–Rvs)-domain (F-BAR and N-BAR) proteins coordinate the 
induction and/or sensing of alterations to membrane curvature, the recruitment of 
dynamin, and the onset and maintenance of actin polymerization at the neck of the 
clathrin-coated pit (recently reviewed in [ 88 ,  89 ]). The coordination of these different 
functions is made possible by their multidomain structure which integrates mem-
brane-binding modules (such as the BAR domain and amphipathic helices) with pro-
tein–protein interaction modules. Examples of these protein–protein interaction 
modules are Src Homology 3 (SH3) domains, which recruit factors endowed with 
proline-rich domains (PRDs) such as dynamin and N-WASP; sequences involved in 
the recruitment of AP2 and clathrin, such as clathrin boxes, DPF/W and FxDxF 
motifs; and NPF motifs that bind Eps15 homology (EH) domains. The precise func-
tion of BAR-domain proteins as well as their degree of specifi city or redundancy is an 
active fi eld of study. In a recent temporal mapping of the kinetics of recruitment of 
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different endocytic factors relative to the scission of clathrin-coated vesicles [ 17 ], the 
recruitment of syndapin2 (endowed with an N-terminal F-BAR domain, NPF motifs, 
and a C-terminal SH3-domain that mediates its autoinhibition or its activation via 
conformational changes induced by interactions with PRDs [ 90 ]) coincided with the 
recruitment of N-WASP and preceded the recruitment of N-BAR proteins (endophilin2, 
BIN1, and amphiphysin1) [ 17 ]. This order of recruitment is in line with the differ-
ences in curvature sensing/induction by F-BAR and N-BAR domains [ 91 ]. The latter, 
in addition to the curvature-inducing/sensing/stabilizing BAR domain, also contains 
an amphipathic helix that inserts into the membrane bilayer and generates higher cur-
vature angles.  

2.3.3     N-WASP 

 N-WASP is a ubiquitously expressed member of the mammalian WASP family. This 
family (comprising WASP, N-WASP, and WAVEs 1–3) is characterized by the VCA 
region (C-terminal verprolin-homology domain, cofi lin-homology domain, and the 
acidic domain) and by its function in the scaffolding of factors involved in the conver-
sion of signals to localized actin polymerization [ 92 ]. Structurally, N-WASP contains 
binding motifs for regulatory factors such as the WASP- interacting protein (WIP); 
negatively charged phosphoinositides; small GTPases such as cdc42; SH3-domain 
containing proteins such as dynamin, cortactin, and N- and F-BAR proteins; actin; 
and the Arp2/3 complex [ 92 ]. N-WASP activation involves the coordinated release 
from an auto-inhibitory conformation through its binding to phosphoinositides, cdc42, 
SH3-domain proteins (such as amphiphysin [ 93 ], SNX9 [ 94 ], syndapins [ 95 ], and 
intersectin [ 96 ]), and posttranslational modifi cations such as phosphorylation by tyro-
sine kinases of the Src family [ 92 ]. The regulatory role for N-WASP in endocytosis is 
underscored by its timely recruitment to internalizing clathrin-coated pits [ 17 ,  57 ,  97 ], 
by the accumulation of the receptors for transferrin [ 98 ] or epidermal growth factor 
(EGF) at the plasma membrane upon N-WASP depletion or deletion [ 97 ,  98 ], and by 
the interference with transferrin internalization upon the sequestering of N-WASP to 
the mitochondria or upon the introduction of anti-N-WASP antibodies into cells [ 95 ]. 
Moreover, different N-WASP regulators such as Abi1, WIP, and Nck 1/2 also dynami-
cally localize to coated pits [ 17 ,  95 ,  97 ,  98 ].  

2.3.4     Dynamin 

 Dynamin is a multidomain large GTPase (~96 kD) whose function is essential for 
clathrin-mediated endocytosis [ 19 ,  20 ,  50 ,  99 ,  100 ]. Dynamin comprises an 
N-terminal catalytic GTPase domain, a middle domain involved in intracellular 
 targeting and oligomeric assembly, a pleckstrin homology (PH) domain that 
mediates PI(4,5)P2 binding, a GED (GTPase effector domain) that mediates 
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self-assembly and enhances GTPase activity upon assembly, and a C-terminal 
PRD that binds to multiple SH3-containing protein partners (reviewed in [ 100 , 
 101 ]). Dynamin differs from small regulatory GTPases (such as those belonging 
to the Ras superfamily) as it binds GTP with low affi nity and shows a propensity 
towards self-assembly [ 100 ,  101 ]. The GTPase activity of dynamin is greatly 
stimulated upon self-assembly into helical arrays on lipid templates [ 102 ]. The 
dynamics of dynamin recruitment to the coated pit reveal a peak of recruitment 
immediately prior to vesicle release [ 17 ,  18 ,  20 ,  42 , 56,  103 ] in accord with a con-
nection between its oligomerization, GTPase activity, and biological function 
in vivo. Further support of this notion comes from the observation, by electron 
microscopy, of the morphology of the endocytic structures arrested upon the 
expression of dynamin mutants [ 99 ,  104 ] or upon the acute inhibition of its 
GTPase activity with dynasore, a specifi c dynamin GTPase inhibitor [ 50 ]. 
However, based on the recruitment profi le of dynamin at early stages of coated pit 
maturation and on the effects of its acute inhibition or of mutations altering its 
nucleotide affi nity or catalytic activity, additional functions for dynamin in coated 
pit assembly have been proposed [ 20 ,  50 ,  55 ,  105 ]. In a recent analysis of the 
recruitment profi les of wild-type dynamin, dynamin mutants, actin, and the 
N-BAR proteins endophilin2 and BIN1, in cells in which actin dynamics were 
unperturbed or inhibited, a positive feedback loop between the GTPase activity of 
dynamin and actin dynamics on the recruitment of these different factors and on 
vesicle scission was proposed [ 55 ]. While a broad consensus exists on the central-
ity of dynamin functions in clathrin-mediated endocytosis, the precise mechanism 
by which dynamin mediates membrane fi ssion and the involvement of dynamin in 
earlier steps in coated pit formation remain under debate [ 20 ,  50 ,  100 ]. Three dif-
ferent (although possibly nonexclusive) modes of action of dynamin were pro-
posed for its execution of membrane fi ssion: (1) conformational changes of 
oligomerized dynamin, coupled to its GTPase cycle, enabling it to act as a mecha-
nochemical fi ssion apparatus and either constrict, twist, or elongate the lipid neck 
connecting a deeply invaginated pit to the membrane [ 100 ,  102 ,  106 – 108 ]; (2) the 
recruitment of effectors by GTP-bound dynamin (similarly to small G proteins) 
[ 109 ] (the recruited effectors may then mediate membrane fi ssion through the 
coupling of the enhancement of membrane curvature and the localized activation 
of cytoskeletal dynamics); and (3) a model in which oligomerized dynamin, based 
on its tendencies to bind and sequester PI(4,5)P2, contributes to a lipid phase 
separation, at the coated pit neck, that drives fi ssion [ 110 ]. 

 At clathrin-coated pits and at other intracellular sites of action such as actin com-
ets and tails [ 111 ,  112 ] and podosomes [ 113 ], the recruitment and function of dyna-
min are coupled to actin dynamics. This coupling stems from PRD/SH3 interactions 
of dynamin with regulators of actin dynamics such as cortactin, profi lin, N-WASP, 
and N-BAR proteins [ 114 ] and from a recently identifi ed direct interaction of dyna-
min and actin [ 115 ]. In the context of the latter case, the ability of dynamin to bind 
and bundle F-actin, the stimulation of the dynamin GTPase activity by short actin 
fi laments, and the ability of oligomerized dynamin to specifi cally promote the 
 de- capping and elongation of gelsolin-capped actin fi laments form a feedback loop 
and support the regulation of global actin dynamics and cell adhesion by dynamin 
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in podocytes [ 115 ]. Interestingly, perturbations to this mode of regulation did not 
markedly affect dynamin-dependent endocytosis [ 115 ].  

2.3.5     Cortactin 

 Cortactin, originally identifi ed as an Src kinase substrate, is a multidomain molecular 
scaffold involved in the regulation of actin dynamics at various intracellular localiza-
tions (including membrane ruffl es, podosomes, invadopodia, and clathrin- coated pits). 
The strategic placement of cortactin, at the crossroads of signal transduction, membrane 
dynamics, and cytoskeleton remodeling, supports its role as a promoter of tumor patho-
genesis. Indeed, cortactin is overexpressed in a number of epithelial carcinomas, includ-
ing head and neck and breast cancers [ 116 ]. Structurally, cortactin contains an N-terminal 
acidic domain (NTA) that mediates binding and activation of the Arp2/3 complex [ 117 ], 
six complete and one partial tandem repeats segments (cortactin repeats) that bind 
F-actin, an α-helical domain, a proline-rich region (PRR) containing tyrosine and serine 
phosphorylation sites involved in its regulation, and an SH3 domain that mediates its 
interactions with the proline-rich binding sequences of WIP [ 118 ], N-WASP [ 119 ], 
dynamin 2 [ 120 ], and Hip1R [ 121 ]. Cortactin promotes actin assembly through direct 
binding to Arp2/3 and F-actin, through the activation of N-WASP, and through interac-
tions with WIP [ 122 ]. Moreover, binding of cortactin to Arp2/3 branch points stabilizes 
the branched architecture of the cortical cytoskeleton [ 123 ]. A functional role for cortac-
tin in CME is in accord with the inhibition in transferrin uptake observed upon its RNAi- 
mediated knockdown in HeLa cells and with the decrease in coated vesicle formation 
upon its depletion in a cell-free system [ 124 ]. However, cortactin is only identifi ed in a 
~ third of the coated pits at the ventral membrane of cells [ 56 ,  121 ], and in a different 
study [ 125 ] its knockdown did not affect transferrin uptake in HeLa or in NIH3T3 cells. 
The recruitment of cortactin to clathrin-coated pits presents similar dynamics to the 
recruitment of actin, Apr2/3 and other actin-binding proteins, and to the late-phase 
recruitment of dynamin, as it accompanies invagination and peaks just prior to vesicle 
scission [ 17 ,  56 ]. Dynamin is considered a main interaction partner for cortactin in 
coated pits. The dynamin–cortactin interaction depends on actin polymerization and is 
enhanced by the tyrosine phosphorylation of cortactin by Src [ 124 ,  126 ], in accord with 
the proposed role for Src kinase activity in CME [ 21 ]. Moreover, dynamin and cortactin 
may directly regulate actin dynamics through the bundling/cross-linking of actin fi la-
ments [ 127 ]. Interestingly, a contrasting function, of inhibition of actin polymerization, 
was proposed for the cortactin–Hip1R complex [ 121 ] (see below).  

2.3.6     Hip1R 

 Hip1R is the mammalian homolog of the yeast Sla2p protein, which performs cen-
tral functions in endocytosis in yeast. The endocytic function of Hip1R, as a regula-
tor of clathrin-coated pits-actin, is mediated by its structural elements: an amino 
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terminal ENTH domain that binds PI(4,5)P2 [ 73 ,  128 ], the central region containing 
predicted coil–coils which mediate homo-oligomerization [ 129 ] and the interaction 
with clathrin light chain [ 128 ,  130 ], and the talin-HIP1/R/Sla2p actin-tethering 
C-terminal homology (THATCH) domain that mediates binding to actin [ 131 ]. In 
accord with a role in mediating clathrin–actin interactions, RNAi-mediated knock-
down of Hip1R leads to excessive actin polymerization at coated pits and to a stable 
association between the endocytic machinery and the actin assembly machinery 
[ 132 ]. Similarly, the knockdown of clathrin light chains causes an overassembly of 
actin and the accumulation of cargo and Hip1R at the trans-Golgi network [ 133 ]. 
The maximal recruitment of Hip1R to coated pits was shown to coincide with that 
of clathrin and cortactin [ 121 ,  132 ], and Hip1R was suggested to form part of the 
dynamin/myosin module [ 17 ]. While a role for Hip1R–clathrin light chain interac-
tions in the regulation of the interaction between actin and the coated pit is well 
accepted, a mechanistical understanding of how this occurs is less clear. The 
Hip1R–clathrin light chain interaction was proposed to be necessary for the inter-
nalization of clathrin-coated plaques (large and long-lived clathrin-based structures 
which form at the bottom membrane of cultured cells and abruptly internalize in an 
actin-dependent fashion [ 54 ]). Similarly, this interaction was shown to be necessary 
for the overcoming of membrane tension in the endocytosis of apical clathrin-coated 
pits, of coated pits of cells in which membrane tension was elevated, but not of 
coated pits localized to the basolateral membranes of unperturbed polarized cells 
[ 64 ]. A similar requirement was shown for actin dynamics, and in their proposed 
model the authors draw Hip1R as the connector between the coated pit and the actin 
fi lament [ 64 ]. However, a Hip1R–cortactin complex was suggested to inhibit actin 
assembly and block actin fi lament barbed-end elongation [ 121 ]. Moreover, the 
binding of clathrin light chain to Hip1R induces a compact conformation and atten-
uates actin binding by their THATCH domains, suggesting that clathrin is a negative 
regulator of Hip1R–actin interactions [ 129 ]. Furthermore, based on studies in yeast, 
a function of pruning Sla2p-actin attachments in the clathrin lattice was proposed 
for clathrin light chain [ 134 ]. Thus, in accord with the complexity of the molecular 
environment at the coated pit/actin interface, further studies may be required for a 
precise understanding of the regulation of actin polymerization by Hip1R and clath-
rin light chain in mammalian cells.  

2.3.7     Myosins 

 The notion of the involvement of myosins, motor proteins that employ the energy of 
ATP hydrolysis to move cargo along actin fi laments, in the regulation of endocyto-
sis was suggested by the identifi cation of severe endocytic defects and the reduction 
of the motility of actin patches away from the membrane, in yeast strains deleted for 
the type I myosins Myo5p and Myo3p [ 135 ], and by the defects in fl uid-phase 
uptake in Dictyostellium lacking long-tailed Myo1s (myosins B, C, and D) [ 136 ]. 
Indeed, the analysis of the kinetics of recruitment of actin and Myo5p [ 14 ], 
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the localization of Myo5p to both the basement and the tip of invaginated actin 
patches revealed upon the ultrastructural analysis of the distribution of endocytic 
regulators [ 137 ], and the demonstration that both the actin nucleation promoting 
and the motor activities of Myo5p were necessary for endocytosis [ 138 ]; all favor a 
central role for type I myosin activity in the endocytosis in lower eukaryotes. 
Recently, type I myosins have also been proposed to be involved in clathrin-medi-
ated endocytosis in mammalian cells. Thus, the long-tailed myosin 1E was shown 
to interact with synaptojanin and dynamin [ 139 ], the expression of its SH3-domain 
containing tail inhibited transferrin uptake [ 139 ], and a fl uorescent myosin 1E-Apple 
construct presented similar recruitment dynamics to coated pits as dynamin, Hip1R, 
N-WASP, and myosin VI, peaking just prior to the generation of the coated vesicle 
[ 17 ]. Myosin VI, an unconventional and unique myosin that moves towards the 
minus end of actin fi laments [ 140 ], is a candidate mediator of the regulation of 
clathrin- mediated endocytosis by the actin cytoskeleton in mammalian cells. In 
accord with a function in endocytosis, myosin VI interacts with PI(4,5)P2 [ 141 ], 
with the endocytic adaptor and coated pit component Dab2 [ 142 ], and with the 
PDZ-domain containing adaptor GIPC, which localizes to uncoated vesicles [ 143 ]. 
This localization pattern, which apparently depends on the alternative splicing of 
myosin VI, the cell type in which it is expressed, and the levels of expression of its 
interactors [ 143 ], supports the notion of multiple functions for myosin VI in clathrin-
mediated endocytosis [ 144 ,  145 ]. Thus, myosin VI has been suggested to mediate the 
concentration of endocytic cargo to the basis of microvilli, the invagination of coated 
pits, and the movement of vesicles in regions of the cell characterized by a dense 
actin cortex [ 145 ,  146 ]. The viability and relatively mild phenotype of the Snell’s 
waltzer mouse, which bears an intragenic deletion in the myosin VI gene that leads 
to an absence of its expression [ 147 ] suggests that either the function of myosin VI 
is not essential, or that compensatory mechanisms enable viability. Interestingly, a 
recent analysis of fi broblasts from the Snell’s waltzer mouse reported an accumula-
tion of shallow clathrin-coated pits, a decrease in clathrin-coated vesicles and a redi-
rection of the internalization of transferrin receptors to an alternative (caveolar) 
endocytic pathway [ 148 ], suggesting a compensatory mechanism for defects in 
CME. In addition to its functions in endocytosis, myosin VI has been implicated in 
diverse cellular functions such as Golgi traffi c, cell division and migration [ 145 ]. 
Interestingly, overexpression myosin VI has been associated with prostate cancer 
[ 149 ] and with the dissemination of ovarian cancer cells [ 150 ], reinforcing the notion 
of the importance of traffi cking regulators in the signaling output of cells.  

2.3.8     Intersectin 

 Intersectin (ITSN) is a multidomain protein that functions as an adaptor and coordi-
nator of endocytosis and exocytosis (reviewed in [ 151 ]). In humans, ITSN is encoded 
by two genes ( ITSN1  and  ITSN2 ) both of which are processed to different alterna-
tively spliced forms that differ in domain composition [ 151 ]. In its longest form, 
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ITSN contains two EH domains which mediate its interactions with NPF- containing 
endocytic proteins such as epsin and stonin 2; a coiled–coiled domain which inter-
acts with eps15 and the Q-SNARE Snap25; fi ve SH3 domains that interact with 
the proline-rich regions of multiple proteins such as dynamin, synaptojanin, and 
N-WASP; DH (disabled homology) and PH domains which function as a gua-
nine-nucleotide exchange factor (GEF) for the actin polymerization regulator 
cdc42; and a C2 domain that binds Ca 2+  [ 151 – 153 ]. Based on its repertoire of 
interactors, ITSN is expected to co-modulate clathrin and actin dynamics. In 
accord with a role in clathrin endocytosis, a region between the SH3 domains A 
and B was shown to bind the appendages of the α and β subunits of AP2, an inter-
action that is important for the synaptic vesicle cycle [ 154 ]. ITSN was also shown 
to be recruited early in the coated pit nucleation cycle by FCHO1/2 and to mediate 
AP2 recruitment [ 155 ]. Alterations to ITSN expression levels by either overex-
pression or knockdown affect the internalization of cargo of the clathrin-mediated 
pathway [ 156 ,  157 ]. Moreover, ITSN2 knockdown was shown to affect the matu-
ration kinetics of coated pits [ 58 ]. Furthermore, ITSN also regulates exocytosis 
[ 151 ,  153 ,  158 ], thus providing a link between the exocytic and endocytic pro-
cesses. In the tightly organized context of the neuromuscular junction, ITSN was 
shown to change localization between the synaptic vesicle cluster, a region of 
exocytic activity, and the periactive endocytic zone after Ca 2+  infl ux [ 159 ]. ITSN2 
was also shown to regulate the internalization of caveolae, possibly through a 
regulation of the actin cytoskeleton [ 160 ]. Recently, connections between ITSN 
and parameters of tumorigenesis are being revealed as ITSN1 expression was 
shown to be necessary for neuroblastoma tumorigenesis [ 74 ] and low level of 
ITSN2 expression was associated with poor prognosis of breast cancer patients 
after chemotherapy [ 161 ].  

2.3.9     Small G Proteins, Rhos, and Arf6 

 Small G proteins, such as Arf1 and Sar1, play essential and defi ned roles in the 
formation of COPI- and COPII-coated vesicles at intracellular membranes and 
establish the nucleotide dependency of these vesicular transport events [ 162 ]. In 
these regulatory factors, the rearrangement of the switch I and II regions, following 
the exchange of GDP for GTP, is accompanied by the displacement of a membrane- 
interacting amphipathic α-helix, thus effectively coupling activation with mem-
brane translocation, anchorage, and membrane bending [ 163 – 165 ]. Such a defi ned 
role for small G proteins is not a characteristic of the process of formation of 
clathrin- coated vesicles at the plasma membrane. In CME, the recognition and 
induction of membrane curvature and the coupling of these events to coat assembly, 
cargo recruitment, membrane deformation, and scission is carried out by multiple 
factors (other than small G proteins) with partially overlapping functions. 
Interestingly, the important role recently ascribed to the membrane insertion of the 
VL1 loop of the PH domain of dynamin is reminiscent of the regulation of 
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membrane curvature by the above-mentioned small G proteins [ 166 ] and may 
connect this function to nucleotide dependency. 

 A less than clear picture emerges when addressing the action of small G proteins in 
CME. Initially, activated Rac and Rho were shown to inhibit transferrin uptake [ 167 ]. 
In accord with these results, overexpression of constitutively active Rac induced the 
membrane translocation of synaptojanin 2, a Rac effector and inositol- polyphosphate 
5-phosphatase that uses PI(4,5)P2 as a substrate, resulting in an inhibition of the inter-
nalization of the transferrin and EGF receptors [ 168 ]. In contrast, Rac1 inhibition with 
NSC-23766 had a marked inhibitory effect on clathrin dynamics at the apical mem-
brane of polarized MDCK cells, while showing a lesser inhibition of clathrin dynamics 
at basolateral membranes [ 64 ]. Thus, while Rac activity does not seem to be an absolute 
requirement for the basic endocytic event, a balanced effect of Rac on actin dynamics 
and on the recruitment of endocytic regulators may be required for optimal endocytosis 
in different cellular contexts. A similar role was also proposed for Arf6, where inhibi-
tion of the Arf-GEF cytohesin with SecinH3 induced similar effects on the clathrin 
endocytic dynamics of polarized MDCK cells as those described for NSC-23766 [ 64 ]. 
In addition to its putative role as a regulator of the actin cytoskeleton, Arf6, when GTP 
bound, was shown to interact with AP2 and modulate its recruitment to the membrane 
[ 169 ]. Notably, cdc42 inhibition with    Secramine A was devoid of effects on CME at all 
surfaces of polarized MDCK cells [ 64 ]. The minor roles proposed for Rho and Arf 
GTPases in CME are in sharp contrast to the central roles these enzymes play in clath-
rin-independent forms of uptake [ 170 ], possibly refl ecting the facultative role of actin 
dynamics in most cellular contexts of CME and the greater role the actin cytoskeleton 
may play in other forms of vesicular transport from the plasma membrane.   

2.4     Summarizing Comments 

 Great progress has been made in the identifi cation of the factors involved in clathrin- 
mediated endocytic events. The integration of structural information, of the descrip-
tion of the recruitment dynamics of different factors, and of the phenotypes obtained 
upon genetic manipulations in yeast and mammalian cells supports a modular view 
of the endocytic event, with clear parallels in different species across evolution. In 
this context, the roles performed by the actin cytoskeleton, such as the compartmen-
talization of the plasma membrane, the facultative local application of force, and the 
initial traffi cking of the internalized vesicle, may constitute a basis for the adapt-
ability of the endocytic machinery to diverse biological settings (see scheme, 
Fig.  2.1 ). The notion of a fl exible endocytic machinery is further supported by the 
large number of players with partially overlapping functions, which regulate the 
basic CME internalization event in mammalian cells. The understanding of the indi-
vidual characteristics and roles of these different factors and the unraveling of the 
manipulation of their expression and posttranslational modifi cations by signal 
transduction pathways is one of the main challenges of the fi eld. Moreover, the 
 dissection of this fi ne-tuning of the endocytic machinery will require a careful 
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  Fig. 2.1    Proposed functions for actin in clathrin-mediated endocytosis. The architecture and 
dynamic attributes of the actin cytoskeleton form the basis of the different modes of its contribu-
tion to clathrin-mediated endocytosis. Thus, the actin cytoskeleton functions as a spatial organizer 
of the plasma membrane, generating in this manner zones of high propensity for coated pit forma-
tions and zones in which coated pit nucleations rarely occur (see Sect.  2.2 ). Moreover, the timely 
recruitment of actin polymerization regulators to different localizations of the coated pit via inter-
actions with multidomain regulators of endocytosis (see Sect.  2.3 ) allows for the contribution of 
actin dynamics to coated pit invagination and vesicle release. SH3-PRD interactions constitute an 
important mode of interactions amongst regulators of endocytosis and actin dynamics at the coated 
pit. Furthermore, the structure of the actin cytoskeleton and the activity of myosins may also con-
tribute to the motility of the internalized vesicle (see Sect.  2.3 )       

examination of the experimental models to be employed, as the physical and physi-
ological conditions of the cells in study are likely to alter the results which can be 
obtained in any particular setting. In this context, the membrane traffi cking fi eld in 
general, and the study of the interaction between actin and endocytic dynamics in 
particular, will certainly benefi t from the development of technologies that will 
enable us to address, with a same degree of precision as the one obtained with the 
simplifi ed systems of today, systems of a higher complexity, such as cells plated in 
three dimensional biologically relevant environments and cells challenged with 
combinations of different stimulatory factors.
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Abstract Signaling reactions on membranes play an important role in extracellular 
information processing by cells. The amount of signaling proteins on the plasma 
membrane is dynamically maintained by cells to tightly control the qualitative 
response properties of the signaling system. When oncogenic mutations occur in 
signaling proteins that are associated with the plasma membrane, the ensemble 
behavior of signaling molecules can change to a completely different response 
regime that changes the phenotype of the cell. In order to illuminate the relevance 
of this spatial dimension in signaling systems, we will first describe how the con-
centration of signaling proteins determines the qualitative response properties of 
simple reaction cycles in homogenous protein solutions. From there, we discuss 
how this concentration parameter is determined by the spatial distribution of pro-
teins in cells and expand this to explain how the translocation of signaling proteins 
to membrane surfaces elicits a signaling response by changing their local concentra-
tion. Within this framework we then describe how an oncogene product’s interac-
tion with its wild-type variant can lead to qualitatively different signaling behaviors 
that depend on their local concentration at membranes as maintained by spatially 
organizing reactions. We then argue that spatially organizing reaction systems pro-
vide an interesting target for cancer therapy.
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3.1  Time and Space in Information Processing  
by Protein Networks

The second law of thermodynamics implies that isolated systems tend to reach a 
thermodynamic equilibrium in which all energy is thermal and no energy is left 
available for work (i.e., maximal entropy)—a state that does not allow life. Living 
systems must maintain themselves far away from thermodynamic equilibrium to 
generate asymmetries in their organization by using free energy from the environment. 
At the cellular level, these processes lead to dynamically maintained steady states in 
the localization and conformational state of signaling proteins. Such steady states 
reflect a net balance between rates of opposing biochemical reactions such as 
phosphorylation as catalyzed by kinases and dephosphorylation as catalyzed by 
phosphatases. Binding of a growth factor to a cognate receptor will induce a change 
in the relative rates of these reactions (e.g., by upregulating the activity of a kinase) 
and thereby alter the steady-state concentration of a reaction state of signaling mol-
ecules in response to signals. Such a dynamically maintained network state that 
corresponds to a specific cell phenotype has been termed “cytoplasmic state” [1].

Cellular phenotypes emerge as a system property of an interconnected ensemble 
of proteins by changing the dynamically maintained network state. In order to grasp 
the logic of such a dynamic information processing system, it is helpful to describe 
it in terms of causality between the active states of their components. Thus, a protein 
(e.g., an active kinase) that enhances the rate of conversion of another protein to its 
active state (e.g., phosphorylated state) has a positive causal effect on it. Importantly, 
causal connections between proteins make their states depend on each other and 
therefore constrain the possible response properties of the system [2].

We will elaborate on a few simple hypothetical biochemical reaction schemes to 
clarify these concepts discussed above. Consider a reaction cycle in which a kinase 
phosphorylates a substrate that is then subsequently dephosphorylated by a phos-
phatase (Fig. 3.1a). Both enzymes operate in the saturatable Michaelis–Menten 
kinetic regime. The steady-state concentration of the phosphorylated substrate in 
this ATP-consuming reaction cycle exhibits a sigmoidal response curve to the con-
centration of the input signal. This provides a reversible switch-like dose–response 
to kinase activity. It is noteworthy that the output of such systems can be reversibly 
turned on and off as the input signal crosses the switching threshold. Many cellular 
functions, such as cell-fate decisions and memory, require irreversible switches. 
Achieving this property requires the addition of a fundamental causal topology 
motif into this system—a positive feedback loop (e.g., Fig. 3.1b). Such a system can 
get locked in an “on” state once the input signal crosses a threshold [3]. In contrast 
to responses reaching a fixed-point steady state, many important cellular functions 
require a stable, but dynamic oscillatory response to signal. Negative feedback 
loops can generate damped oscillations and autoregulated homeostasis, while their 
combination with positive feedback loops can give rise to stable oscillations [3].

While the causal topology of a protein network confines the possible types of 
responses to a signal, the actual response that takes place depends on the kinetic 
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parameters and concentrations of the reactants. Here, it is important to realize that 
a change in the total concentration of any of the reactants in the system can com-
pletely alter the response profile of the system. Let’s consider a reaction scheme of 
a receptor tyrosine kinase (RTK) and its inactivating phosphatase (PTP) that now 
contains two feedback loops (Fig. 3.2a, b): (1) The RTK is autocatalytic (phos-
phorylating itself) and (2) the PTP that inhibits the phosphorylation of the kinase is 
inhibited by the kinase activity. This type of network architecture has been postu-
lated to explain the response properties of epidermal growth factor receptor [4–6]. 
An important system parameter is the ratio between the expression levels of the 
kinase and the phosphatase, R [4]. By plotting the level of the phosphorylated sub-
strate against R, one obtains a bifurcation diagram (Fig. 3.2c), indicating that the 
system can exhibit three possible behaviors (Fig. 3.2d): (1) At high R values (PTP 
dominates) the system has a single steady state and responds in an analog fashion to 
input signals that increase the kinase activity (Fig. 3.2d, right). (2) At intermediate 
R values (balance of activities) the system has three steady states of which one is 
instable. This is the bistable (all-or-none) regime in which a stimulus that raises the 
kinase activity above a threshold will trigger the full activation of the kinase by its 
autocatalytic loop and thereby lead to the phosphorylation of most of the kinase 
(Fig. 3.2d, middle). This state has interesting emergent properties that allow it to 
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Signal

S SP

Kinase

Phosphatase
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Fig. 3.1 The causal topology of biochemical networks shapes their response properties. (a) A 
biochemical reaction scheme of enzymatic phosphorylation and dephosphorylation of a substrate 
(S and Sp, respectively) in which the kinase gets further activated by a signal while the phospha-
tase has a constant constitutive activity level (left). If we regard the phosphorylated form of the 
substrate, Sp, as the active form (hence the “output”), there is a positive causal effect of the signal 
on the output (middle). Given enzymes with Michaelis–Menten kinetics, such a system exhibits a 
sigmoidal dose–response behavior (right). (b) The same biochemical system as above except that 
the phosphorylated form of the substrate (Sp) activates the kinase (left). This generates a positive 
feedback of Sp on itself (middle). Due to the positive feedback, the system can become bistable, 
exhibiting hysteresis to the point of irreversibility and thereby memory. Once the signal passes a 
certain threshold level the output switches to a high (on) level. This steady state is maintained even 
if the input signal is no longer present (right)
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Fig. 3.2 The relative concentration of proteins can determine the response properties of the net-
work. (a) A hypothetical biochemical network containing RTKs and PTPs. Horizontal arrowheads 
indicate conversions while vertical arrowheads indicate influences on the conversion kinetics.  
(b) The same system as in (a) with arrows indicating causal relations. (c) A bifurcation diagram 
showing the steady state of the phosphorylated RTK output (RTKp) as a function of the ratio of 
total PTP level (active + inactive PTP, PTPa and PTPi, respectively) over total RTK level 
(RTK + RTKp), R. (d) Dose–response curves showing the steady-state output level (RTKp) as a 
function of its ligand concentration. The three curves represent different ranges of the bifurcation 
parameter R. (e) Normal and pathological processes tune the concentration ratio parameter R and 
accordingly affect the qualitative response properties of the system
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propagate signals through space much faster than, for example, by simple diffusion 
of the kinase. (3) At low R values (RTK dominates) the system has a single (perma-
nently active) steady state that does not respond to input signals (Fig. 3.2d, left).

The example discussed above demonstrates that one can switch the qualitative 
response properties of a kinase/phosphatase system by changing the ratio of protein 
concentrations (Fig. 3.2e). Of relevance to our discussion on spatial regulation is 
that this ratio can be locally regulated in the cell, especially on membranes. For 
example, the level of RTKs at the plasma membrane is determined by the net bal-
ance between the rates of delivery of newly synthesized receptors from the ER to 
the cell surface, the internalization of the receptors from the surface by endocytosis, 
and their recycling back to it. In the canonical example of EGFR [7], the internaliza-
tion rate constant of the receptor in the absence of ligand is slower (~0.02–0.05 min) 
than its recycling rate (>0.2 min). Therefore, under basal conditions a substantial 
amount of EGFR is at the plasma membrane at steady-state levels that correlates 
with its overall expression level. Binding of EGF to EGFR activates the receptor but 
in parallel also enhances its internalization rate by an order of magnitude (~0.2–
0.4 min). While endocytosed inactive EGFRs get recycled rapidly to the plasma 
membrane, endocytosed active EGFRs are directed to the lysosome to be degraded. 
Overall, this mechanism thus changes locally the ratio between overall RTK versus 
PTP activity levels, keeping it low enough to maintain it in a regime that exhibits 
responsiveness to ligand. On the other hand, genetic aberrations that cause over- 
expression of EGFR or prevent its downregulation by internalization and degrada-
tion bring the system into a permanently active regime on the bifurcation diagram 
that is unresponsive to ligand and thereby leads to oncogenicity [8–10].

3.2  Dimensionality Reduction and Binding Affinities  
at the Plasma Membrane

Many signaling paths involve the translocation of cytosolic proteins to the plasma 
membrane where they interact with other proteins. In some cases these interactions 
are with proteins that have to be at the plasma membrane for their function, like 
transmembrane receptors. But in many other cases the plasma membrane hosts 
interactions between cytosolic proteins that are transiently located there. A funda-
mental implication of this phenomenon is the reduction of the space dimensionality 
at which the reaction occurs from the 3D cytosol to the 2D membrane. The effect of 
space dimensionality reduction on the kinetics and thermodynamics of biochemical 
reactions is profound and had been explored in several studies. One of these [11] 
described the binding rate of membrane-associated ligands to the extracellular 
portion of their receptors. In this model, reduction of dimensionality is generated by 
nonspecific adsorption of the ligand to the cell surface, followed by 2D surface 
diffusion to the receptor. As a mirrored analogy, we will adopt here the same formal-
ism to discuss the effect of translocation of cytosolic proteins to the inner aspect of 
the plasma membrane.
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The kinetics and steady states of a reversible protein-binding reaction is deter-
mined by the balance between its forward (association) and backward (dissociation) 
rates. The association rate of proteins is the product of the rate of their random col-
lisions and the probability that a collision will lead to binding. While it is hard to 
dissect these parameters experimentally, the law of mass action factorizes the asso-
ciation rate to the concentrations of the unbound proteins and a remaining factor, k

on
:
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The concentration of a protein (C) determines the probability to find one of its 
particles at a certain time and place. Accordingly, the multiplication of the concentra-
tions of two proteins determines the probability that their particles coincide in space. 
For a given concentration of two proteins, the probability that their particles will be 
in a colliding distance depends also on their space occupancy (surface area for 3D 
and circumference length for 2D) as determined by their molecular radius (R

a
). 

Importantly, the rate of collisions depends not only on the concentration of the two 
proteins but also on how fast they change their positions and thereby integrate ran-
dom coincidences. Therefore k

on
 has to encapsulate the diffusion speed of the pro-

teins (D). In addition, k
on

 also accounts for the probability (χ) that a collision will lead 
to binding. Hence, the association rate (i.e., forward rate, F) of a binding reaction in 
2D and 3D is proportional to the product of C, D, and χ (to simplify the formalism 
we consider a binding reaction between two copies of the same protein) [11]:

 F R D C F R D C2 2 2 2 2 3 3
2

3 3 3» »c s c sa a/ /  

where σ is the free-run distance of the proteins between their collisions with solvent 
molecules and approximated to be comparable in the membrane and the cytosol 
(σ

2
 ≈ σ

3
)[11].

To understand what makes association rates at the plasma membrane and in the 
cytosol different, we can factorize their ratio (F

2
/F

3
) to ratios between concentrations, 

diffusion speeds, space occupancy, and probability of a collision to be successful:
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 1. Changes in concentrations (C
2
/C

3
) and space occupancies ( R Ra a/

2
) (Fig. 3.3 

right)—the concentration of a protein with a given copy number, r, located inside 
a sphere with a radius r or on its surface will be C

3
 = r/(4πr3/3) and C

2
 = r/(4πr2), 

respectively. Therefore, assuming spherical cell geometry, recruitment of all pro-
tein molecules from the cytosol to the plasma membrane will increase their effec-
tive concentrations by a factor of C

2
/C

3
 = r/3. Since this ratio has a dimension of 

distance, it is useful to combine it with the ratio of the space occupancies ( R Ra a/
2 ), 

which has a dimension of distance. The product of these two components equals 
r/3R

a
, and is dimensionless.
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 2. Change in diffusion speed (D
2
/D

3
)—the translocation of proteins to the plasma 

membrane changes their diffusion speed, roughly reducing it by ten- to hundred-
fold due to the higher viscosity of the membrane in comparison to the cytosol 
(Fig. 3.3 middle).

 3. Change in the probability for a productive collision (χ
2
/χ

3
)—the probability that 

two proteins will encounter each other in orientation that enables binding 
depends on their rotational degrees of freedom (i.e., rotational entropy) [12]. In 
3D all three Euler rotational angles are unrestricted, while in ideal 2D situation 
only one rotational angle is unrestricted. If two proteins evolved to bind each 
other while being anchored to the plasma membrane, their anchoring should 
allow them to orient properly for interaction between their binding sites. 
Therefore, any confinement that membrane anchoring of proteins imposes on 
their rotational diffusion will increase the probability that their collision will lead 
to binding (Fig. 3.3, left).

Overall, both the gain in concentration and reduction of rotational entropy 
increase the binding rate between proteins, while the decrease in the diffusion speed 
counters this effect. Quantitatively, since r R� a,  it appears that for a wide range of 
parameters the gain in concentration obtained by the dimensionality reduction is by 
far the most dominant factor. Therefore, the translocation of proteins to the plasma 
membrane will lead to a dramatic increase in their association rates. In contrast, as 

Fig. 3.3 Decomposing the influences of dimensionality reduction on protein-binding rates. At the 
plasma membrane the rotational entropy of proteins is reduced due to partial confinement of two 
rotational angles (left). This reduction in the degrees of freedom is likely to increase the probability 
that the proteins that collide will be in an orientation that enables binding. The higher viscosity at 
the plasma membrane reduces the frequency of collisions by slowing down diffusion (middle). On 
the other hand, the local concentration of proteins gets dramatically higher when they are recruited 
from the cytosol to the plasma membrane, which increases the frequency of collisions (right)
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a first-order reaction the dissociation of a protein complex is independent on its 
concentration and diffusion and hence not expected to vary between the cytosol and 
the plasma membrane. Since the association rate increases at the membrane, while 
the dissociation rate remains the same, the steady-state concentration of proteins in 
a complex, determined by the ratio of association/dissociation rates, will be signifi-
cantly higher at the plasma membrane.

The discussion so far assumed the translocation of all cytosolic copies of a protein 
to the plasma membrane. Live cell imaging indicates that in many cases the translo-
cation of fluorescently tagged proteins to the membrane is indeed dramatic. Yet, 
even if just a small fraction (α) of a protein translocates to the plasma membrane, its 
binding rate there will significantly increase, as long as a � ( / )R ra . In order to put 
these concepts into the context of signaling mechanisms, we describe one of the first 
discovered proto-oncogene products that is a switchable membrane recruitment factor 
and a central node in early signal transduction networks.

3.3  Switching on Ras Signaling by Recruiting Proteins  
to the Plasma Membrane

The Ras small GTPases transmit growth factor signals from the plasma membrane 
to which they are anchored by posttranslational lipid modifications at their 
C-terminal hypervariable region (HVR). Several Ras molecules are known that can 
be distinguished by the posttranslational modification at the HVR that determines 
their distribution on membranes. Ras is activated by the exchange of bound GDP for 
GTP mediated by the interaction with guanine nucleotide exchange factors (GEFs) 
that expose the guanine nucleotide-binding pocket for effective exchange with the 
surplus of cytoplasmic GTP. Ras proteins are themselves inefficient GTPases requir-
ing interaction with catalytic residues provided by GTPase activating proteins 
(GAPs) for hydrolyzing GTP to GDP to switch back off. In the active GTP state the 
conformation of the two so-called switch regions enables the interaction with down-
stream effectors that harbor Ras-binding (RB) or Ras association (RA) domains. 
For example, in the canonical Raf–Mek–Erk MAPK cascade, activated Ras-GTP 
can bind and recruit the cytoplasmic effector Raf to the plasma membrane. This 
Ras–Raf interaction alone is however not sufficient to fully activate the Raf protein. 
It is the Ras-mediated enrichment of Raf on the plasma membrane that enables it to 
be efficiently phosphorylated on several residues by a plethora of plasma membrane- 
associated kinases (such as Src, protein kinase C (PKC), protein kinase A, and Akt) 
to become fully active [13] (Fig. 3.4). Ras is in essence a switchable recruitment 
factor that brings its effector proteins to the plasma membrane and thereby elicits a 
dimensionality reduction in the space where they can diffuse. This translocation 
increases their effective concentration by at least an order of magnitude and thereby 
enhances their reactivity towards each other as discussed above. The amount of Ras 
that is maintained at the plasma membrane by spatially organizing reaction cycles 
determines the concentration of translocated effectors that react at the plasma mebrane 
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and therefore has a major effect on Ras signaling output. In the cytoplasm, Raf 
concentrations are in the sub-micromolar range, which is far below the Michaelis–
Menten constant (K

m
) for an activating kinase such as PKC (Fig. 3.4). Furthermore, 

phosphatase activity that operates at low K
m
 will maintain a dephosphorylated state 

of Raf in this cytoplasmic space [14]. The cytoplasm can thus be perceived as a 
signaling inactivating space or milieu, in contrast to the signaling activating space 
of the plasma membrane. The recruitment of effectors to the same cellular compartment 
where the activating kinases are located not only increases their reactivity towards 
the activating kinases but also integrates the output of various signaling pathways to 
make the response more robust to spurious activation events in any of the individual 
signaling components. For example, if PKC is the activating kinase of Raf, propaga-
tion of growth factor signals would require the simultaneous activation of the 
RasGEF “Son of sevenless” (Sos)—to activate Ras and translocate Raf—and phos-
pholipase Cγ, to generate the signaling lipid diacylglycerol to translocate PKC to 
the plasma membrane [15].

When the effector itself is a regulator of Ras activity, the efficiency of plasma 
membrane recruitment of such an effector by Ras will also determine the Ras  activity 
response profile. Sos has been extensively studied in that context [16, 17]. Sos is 
normally recruited to the plasma membrane via its interaction with the adapter pro-
tein Grb2, containing SH2 domains that bind phosphotyrosines on activated growth 
factor receptors. This recruitment of Sos to the plasma membrane is sufficient to 
activate Ras, representing a straightforward mechanism for downstream Ras signal-
ing to continue. However, Sos also possesses an allosteric binding site to which acti-
vated Ras-GTP can bind and enhance its GEF activity. Active Ras-GTP can also 

Fig. 3.4 Activation of Raf through dimensionality reduction. (a) In the absence of input signal Raf 
is in the cytosol. In this compartment Raf is maintained inactivated due to its low concentration and 
that of its activating kinase PKC. On the other hand, the low Km of PKC’s phosphatases enables 
an efficient inactivation. (b) Upon growth factor signal, both Raf and PKC, but not the phospha-
tases, get recruited to the plasma membrane. This shifts the phosphorylation–dephosphorylation 
balance to promote net phosphorylation and thereby leads to Raf activation
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directly recruit Sos to the plasma membrane through this allosteric interaction, 
thereby increasing its concentration on the plasma membrane. Although the acces-
sibility of the allosteric site exhibits another level of regulation via the interaction of 
the histone and PH domains on SOS with lipids on the plasma membrane [18, 19],  
it clearly constitutes a node for positive feedback regulation of Ras activity.  
As explained above, such a system can generate an all-or-none (bistable) response 
dependent on the strength of the feedback connection [3, 20]. Because the strength of 
the feedback on Sos is given by the local Ras concentration on the plasma membrane, 
the reaction systems that maintain Ras on the plasma membrane will also affect the 
response of Ras to growth factors. The spatial organization of Ras therefore has 
major implications for the cell’s signaling response to growth factor levels in the 
extracellular milieu. We therefore now describe the reaction systems that maintain 
the spatial distribution of Ras molecules on membrane compartments in cells.

3.4  The Spatial Organization of Ras GTPases

From where Ras transmits signals in the cell depends on a variety of posttransla-
tional modifications (PTMs) at the C-terminal HVR of Ras. Irreversible prenylation 
via a thioether bond at the C-terminal cysteine of Ras proteins, which include either 
addition of a 15-C chain (farnesylation) or a 20-C chain (geranylgeranylation), is an 
important prerequisite for these proteins to form weak associations with any mem-
brane in the cell [21]. Some Ras family proteins—typically but not exclusively H/
NRas—undergo reversible S-palmitoylation via a thioester bond on cysteines at the 
C-terminus. A subset of the 25 members of DHHC-cysteine-rich domain proteins 
that are encoded in the human genome catalyzes this palmitoyltransferase (PAT) 
reaction with broad substrate specificity [22, 23]. Palmitoylation further increases 
the hydrophobicity of these farnesylated Ras molecules and hence stabilizes the 
interaction with any membrane in the cell. The specific plasma membrane distribu-
tion of palmitoylated Ras proteins is maintained by an acylation cycle that works in 
concert with the secretory functionality of the Golgi [24, 25]. De novo synthesized, 
farnesylated, but still un-palmitoylated Ras proteins undergo rapid intermembrane 
diffusion leading to an unspecific partitioning over the extensive and densely packed 
(endo-)membrane systems of an eukaryotic cell. Upon chance encounter with the 
Golgi, the Golgi-localized PAT activity ensures efficient palmitoylation of Ras trap-
ping it at the Golgi [26]. From there palmitoylated Ras is transferred to the plasma 
membrane by the vesicular transport in the secretory pathway [25, 27]. The highly 
concentrated palmitoylated Ras on the Golgi and the plasma membrane will tend to 
slowly redistribute to all membranes in the cell by both passive diffusion and active 
vesicular transport. This entropy-driven randomization of palmitoylated Ras to all 
membranes is countered by ubiquitously distributed acyl protein thioesterase (APT) 
activity [28] that depalmitoylates Ras in order to increase its diffusion speed and 
thereby enhance the kinetics of re-trapping farnesylated Ras at the Golgi by re- 
palmitoylation to start a new cycle (Fig. 3.5a).
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A central factor in the spatial organization of palmitoylated Ras isoforms is 
the chaperone that aids in enhancing the diffusion speed of depalmitoylated Ras in 
the cytoplasm. The 17 kDa delta subunit PDEδ of phosphodiesterase 6 (PDE6) was 
identified as this factor that specifically binds the farnesyl moiety and thereby 
solubilizes Ras that is depalmitoylated by thioesterase activity [29]. We have termed 
the functionality of PDEδa “GDI-like solubilizing factor (GSF)” because it bears 
structural similarity with guanine nucleotide dissociation inhibitors (GDIs) but does 
not exhibit preferential binding to the GDP state of G-proteins, as is the case for 
Rho- GDIs [30]. Knockdown of PDEδ by RNA interference leads to randomized 
distributions of not only palmitoylated H/NRas but also polycationic KRas to all 
membranes in the cell, which emphasizes its prominent role as a general solubilizer 
of farnesylated Ras proteins [29]. The proto-oncogene product KRas4B (hence 
referred to as KRas) is a prominent member of the class of Ras proteins that bear a 
polybasic stretch instead of palmitoylatable cysteines in the HVR. This positive 
charge stabilizes the KRas interaction specifically with the dense negatively charged 
inner leaflet of the plasma membrane [31, 32]. Consistent with previous findings 
that KRas reaches the plasma membrane via a non-vesicular, diffusional mechanism 
[33], newly synthesized, solely farnesylated endomembrane-bound KRas undergoes 
an intermembrane transfer to be enriched at the plasma membrane by the favorable 
electrostatic interaction. Because the rate of intermembrane transfer of prenylated 
Ras is a slow process [34], its interaction with PDEδ facilitates its diffusional explo-
ration of the cytoplasm and thereby increases the kinetics of trapping at the nega-
tively charged plasma membrane (Fig. 3.5b). Fission and fusion processes that 
maintain the size and shape of the plasma membrane continuously perturb the 
resulting KRas distribution. Energy-driven processes such as various forms of endo-
cytosis create a flux of KRas on vesicles towards endomembranes where its interac-
tion is weakened by lack of the electrostatic component. Here, KRas is limited to 2D 
diffusion and low-frequency detachment from membranes where the probability of 
encountering another endomembrane is far greater than encountering the plasma 
membrane. This presents a substantial kinetic barrier to plasma membrane (re-)
binding leading to a persistent dispersive distribution of KRas on endomembranes. 
The solution to this kinetic barrier occurs in the form of the GSF, PDEδ, that binds 
the lipophilic prenyl group of Ras, thus shielding its hydrophobicity from the aque-
ous cytosol. The soluble GSF-KRas complex increases the diffusional mobility of 
KRas by an order of magnitude resulting in higher frequency of plasma membrane 
encounter, where it can rebind to reinstate equilibrium (Fig. 3.5b).

Despite that KRas leaves the plasma membrane at a much lower rate as compared 
to endomembranes, this difference in off-rate is offset by the excess of binding sites 
on the large surface of the endomembrane system that is at least an order of magnitude 
greater than that of the plasma membrane [35]. The GSF-mediated rapidly equili-
brated KRas distribution would thus still be biased towards the surface of endo-
membranes. To obtain the experimentally observed five to tenfold KRas enrichment 
at the plasma membrane [32], an additional energy input is necessary that drives the 
release of PDEδ-bound KRas specifically at the plasma membrane. This may well be 
the function of the GDI displacement factor (GDF), Arl2/3 [36]. The allosteric release 
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of KRas from PDEδ by Arl2/3-GTP at the plasma membrane would generate an 
out-of-equilibrium population of KRas specifically at the plasma membrane as driven 
by the energy of GTP hydrolysis on Arl2/3. So far, Arl3 has been identified on the 
Golgi in interphase cells as well as to a much lesser extent on the plasma membrane 
[37]. This might open up the interesting possibility that KRas is also transported via 
vesicular transport to reach the plasma membrane. However, further experiments 
need to be done to map the activity profile of Arl2/3 in the cell since it is ARL2/3-
GTP that interacts with PDEδ and thereby releases Ras at the right membrane.

3.5  Targeting the Systems that Maintain Ras Organization

Oncogenic, gain-of-function mutations in the components of signaling networks 
such as in the RTK–Ras–ERK cascade have an effect that the cell becomes uncou-
pled from the composition of the extracellular milieu that normally guides its social 
behavior within the tissue. Oncogene addiction [38, 39] has been described in these 
terms where the cancer cell becomes dependent on strong intrinsic survival signals 
that emanate from the signal network in which the oncogene product resides to 
counter the intrinsic apoptotic signals that occur due to the chromosome aberrations 
and lack of extrinsic survival signals from the extracellular milieu. Ras proteins 
occupy a central node in early signal transduction from which both proliferative/
survival Raf–Mek–Erk signals and survival/anabolism signals from the PI3K-Akt 
axis emanate [40]. This central position in the transmission of proliferative and 
survival signals from extracellular growth factors is reflected in the 30 % overall 
frequency of Ras mutations in cancer. Strikingly, up to 90 % of pancreatic cancers 
have mutations in KRas [41], and a high incidence of HRas mutations occurs in 
other malignancies [42] and in Costello syndrome patients [43]. Oncogenic muta-
tions in position G12 (G12V or G12D) or Q61 (Q61K) render Ras in a permanently 
active, GTP-bound state by abolishing its intrinsic GTP-hydrolyzing activity as 
accelerated by the catalytic residues of interacting GAPs. Developing inhibitors for 
constitutively active signaling on the level of Ras has proven extremely challenging, 
as is evidenced by the complete lack of potent direct Ras inhibitors [44].

As discussed above, the signaling activity of Ras is tightly coupled to its associa-
tion with specific membranes in the cell. It is therefore to be expected that the 
 signaling activity of the Ras oncogene product is also affected by the oncogene 
product’s spatial distribution in the cell which makes the molecular systems that 
maintain Ras localization lucrative targets for the modulation of oncogenic Ras sig-
naling. Here, it is important to consider that the signaling output of wild-type Ras is 
determined by the regulatory GEF and GAP activities as well as its interaction with 
downstream effectors, whereas the signaling activity of permanently GTP-bound 
oncogenic RasG12V is a result of its interaction with downstream effectors only. 
The first level at which the distribution of oncogenic Ras in the cell affects its sig-
naling output is therefore the interaction with its effectors at the plasma membrane 
such as for Raf and the catalytic P110 subunit of PI3K [40]. Active Ras-GTP recruits 
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these factors to the plasma membrane, but it is the other protein activities that are 
localized to the plasma membrane that fully activate these kinases. Any interference 
with the systems that maintain oncogenic Ras at the plasma membrane, or the post-
translational modifications that let it get there in the first place should therefore 
reduce its oncogenic signaling activity by uncoupling recruitment of signaling fac-
tors by Ras from plasma membrane-localized growth factor-induced activating 
activities. Farnesyl transferase inhibitors are based on this principle but suffer on the 
one hand from their obvious pleiotropic effects on cell signaling by completely 
inhibiting signaling from farnesylated molecules [9, 45], and on the other hand from 
the compensatory mechanism of geranylgeranylation that reinstates Ras plasma 
membrane distributions that take over in case of farnesyl transferase inhibition [46].

Before we move on to discuss approaches to affect the spatial distribution of Ras 
proteins, we need to consider another layer of Ras signal output regulation that is 
dependent on its localization at the plasma membrane. For this, it is important to 
realize that oncogenic mutations occur mostly on a single allele. This implies that 
an oncogene product such as RasG12V can coexist with its wild-type variant in the 
cell, if it is not lost due to genetic instability. If the activity of the oncogene product 
and wild-type GTPase would be completely uncoupled, the oncogene product 
would cause an offset in the activity state of downstream signaling molecules such 
as Erk. Given that some of the gene expression machinery behaves in accordance 
with Weber’s law [47], not responding to absolute levels of signaling activity but to 
fold changes in activity relative to the background, as for example shown for MAPK 
and Wnt signaling [48], the wild-type Ras population might still provide the switch-
able activity that transmits changes in the composition of the extracellular milieu to 
the gene expression machinery and thereby control the phenotype of the cell. 
However, the guanine nucleotide binding state of oncogenic and wild-type Ras are 
coupled via positive feedbacks as described above for the RasGEF, Sos [49]. The 
activation of Sos, and thus Ras, via this feedback mechanism is dependent on the 
localization of active Ras at the plasma membrane. Oncogenic RasG12V-GTP can 
thus activate the exchange activity of Sos at the plasma membrane and thereby 
switch the wild-type Ras population to the active GTP-bound state. This activation 
is dependent on the dose of oncogenic RasG12V that resides at the plasma mem-
brane because the interactions between Sos and Ras are driven by their high local 
concentrations there. By lowering the amount of Ras at the plasma membrane below 
a threshold for effective feedback coupling to Sos, the remaining wild-type Ras 
population could reacquire its GEF-regulated switching ability that is dependent on 
growth factor receptor activation by extracellular ligands.

The objective would therefore be to develop pharmacological agents that lower 
the dose of oncogenic Ras at the plasma membrane to down-modulate oncogenic 
signaling from Ras by uncoupling it from its effectors. Ubiquitous depalmitoylation 
plays a crucial role in the maintenance of palmitoylated Ras localization and the 
inhibition of thioesterase activity is not lethal to cells [28]. Based on these premises, 
the thioesterase inhibitor Palmostatin B was recently developed and was shown to 
inhibit the Ras-depalmitoylating enzyme APT. Most strikingly, treatment of cells 
with Palmostatin B leads to a random distribution of fully palmitoylated Ras over all 
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membrane systems in the cell. The net result of thioesterase inhibition is the 
reduction of Ras at the plasma membrane and thereby the envisioned effect of the 
reduction of its interaction with effectors. On the phenotypic level, thioesterase 
inhibition by Palmostatin B caused a partial reversion of a tumor-like phenotype to 
a normal phenotype in H-RasG12V transformed MDCK-f3 cells. Thioesterase inhi-
bition is still in its infancy as an approach to affect the phenotype of cancer cells and 
much research needs to be done to prove its efficacy in tumor models. The fact is 
that it will only have a chance of working in cancer cells that bear oncogenic palmi-
toylated Ras.

To also affect the spatial distribution of polybasic stretch containing oncogenic 
KRas, one needs to interfere with the spatially organizing systems of Ras proteins 
at a more fundamental level. The universal functionality that maintains the spatial 
organization of farnesylated Ras proteins by enhancing their diffusion in the cyto-
plasm is the GSF PDEδ. The importance of PDEδ in maintaining the spatial organi-
zation of Ras proteins is apparent from the loss of the plasma membrane partitioning 
of both palmitoylated H/NRas as well as polybasic stretch containing KRas in 
MDCK cells in which PDEδ had been knocked down by RNA interference [29]. 
The loss of the spatial organization of Ras in these cells was paralleled by a reduc-
tion in EGF-induced Erk activity, and ectopic expression of PDEδ showed a several 
fold increase in EGF-induced Erk activity. Reinstating PDEδ by ectopic expression 
in human hepatocarcinoma cells that do not express PDEδ also reinstates the plasma 
membrane enrichment of Ras as well as EGF-induced Erk signaling. These experi-
ments clearly demonstrate that effective coupling of Ras to its effectors indeed 
occur at the plasma membrane. Evidence that PDEδ also affects oncogenic Ras 
signaling by maintaining its spatial distribution came from PDEδ knockdown 
experiments in both HRasG12V-transformed fibroblasts and KRasG12D knock-in 
models for pancreatic adenocarcinoma cells [29, 50]. PDEδ downregulation resulted 
in a randomized distribution of endogenous oncogenic Ras and strongly reduced 
cell proliferation/survival as observed by clonogenic assays. The reduction in pro-
liferation was paralleled by a reduced pErk phosphorylation within 72 h of PDEδ 
knockdown. Erk activity down-modulation was lost after longer times of PDEδ 
knockdown, possibly reflecting a selection process in the clonogenic assay that 
overcomes the lack of PDEδ-mediated Ras signaling from the plasma membrane by 
switching to a Ras-independent signaling pathway. Despite the general problem that 
genetically instable cancer cells can become resistant to therapy by selection 
 processes under chemotherapeutic pressure, the approach of inhibiting the PDEδ-
Ras interaction to affect the spatial organization of Ras has another boon to it that 
makes its pursuit worthwhile. Similar to thioesterase inhibition, the inhibition of 
PDEδ- Ras interaction will not completely remove Ras from the plasma membrane, 
and the residual wild-type Ras at the plasma membrane in “normal” cells could still 
respond to growth factors and thereby maintain their viability. This is reflected by 
the fairly normal development of PDEδ knockout mice that have 20–30 % less body 
weight, apart from the retinal degeneration that occurs because of the role of PDEδ 
in transporting GRK1 and the catalytic subunit of PDE6 to the outer segment of 
photoreceptors [51]. PDEδ is a target with two sites for which small molecules 
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could be developed. The farnesyl-binding pocket offers a site for competitive inhibition 
of Ras binding, and the allosteric Arl2/3 site offers the possibility of locking PDEδ 
in either the closed or open conformation that will interfere with the delivery of Ras 
at the right membrane trap.

Tuning signaling network states by the pharmacological manipulation of the spa-
tial organization of oncogenes as described here might well be a more general 
approach to reinstate some social behavior in cancer cells with a minimal impact on 
the functioning of normal tissue.
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    Abstract     Endocytosis, originally thought of as a device to transport nutrients and 
membrane-associated molecules across the plasma membrane through vesicles, is 
emerging as a connectivity infrastructure (which we have called “the    endocytic matrix”) 
of different cellular networks necessary for the execution of various cellular pro-
grammes. A primary role of the endocytic matrix is the delivery of space- and time-
resolved signals to the cell, and it is thus essential for the execution of polarised 
functions. Here, by discussing paradigmatic cases, we intend to outline emerging 
concepts of how the endocytic wiring system functions as a highly interconnected 
intracellular highway that mobilises membrane and signalling molecules, ensuring 
polarised compartmentalisation of signals. We will speci fi cally focus on two exem-
plar cases: the impact of the endocytic matrix on cell migration and on asymmetric 
cell division. In each of these cases, endocytosis and recycling have been shown to 
ensure the asymmetric distribution of biological molecules, which, in turn, is crucial 
for proper polarised cellular functions.  
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4.1        Introduction 

 Cells of unicellular and multicellular organisms must sense and decode spatial 
information. This is achieved by adapting cytoskeletal and membrane components 
and signalling machineries so as to acquire and maintain an asymmetric architectural 
organisation and a polarised distribution of cellular structures and signalling 
molecules whose output, thus, becomes spatially restricted. 

 One powerful tool to confer spatial dimensions to signalling is through endocytosis 
and recycling of membrane-bound receptors and effector molecules. Endocytosis, 
originally viewed as a device to transport nutrients across the plasma membrane, 
appears today as a pervasive programme that permeates every aspect of cell 
 physiology, with a primary role in the delivery of space- and time-resolved signals 
to the cell in an interpretable format [ 1 ,  2 ]. Endocytic internalisation of plasma 
membrane-localised receptor, for example, has emerged as built-in mechanisms 
required for chemotactic gradient sensing and directed cell migration. In addition, 
internalisation of membrane and membrane-associated proteins is frequently 
accompanied by recycling of these factors back to the plasma membrane. These 
cycles of endo-/exocytosis (or EEC), on the one hand, function to replenish ligand-
free receptor for the next round of signalling and transport. On the other hand, EEC 
can also serve either as a mean to redirect and con fi ne signalling molecules to 
 specialised and distinct areas of the plasma membrane or as a positive feedback 
mechanism capable of maintaining the polarisation state of critical signalling mol-
ecules. Endocytic-dependent spatial restriction of signalling is, thus, considered as a 
critical device for the execution of polarised cellular functions, including directed 
cell migration and cell invasion of metastatic cells, epithelial cell polarisation during 
tissue morphogenesis, and asymmetric cell division (ACD) [ 2 ]. Here, we will dis-
cuss paradigmatic examples that support this notion with the explicit intent to con-
ceptualise, rather than being comprehensive, how spatially directed traf fi cking of 
membrane and membrane-associated signalling molecules critically contributes to 
the initiation and maintenance of polarised cellular functions. Due to space limitation, 
we will primarily focus on the impact of traf fi cking networks, which we have 
recently termed “endocytic matrix” (to indicate a complex network of intersections 
between input and output functioning as a decoder of cell signalling) on directed cell 
migration and cell fate determination. However, a variety of additional polarity func-
tions, including epithelial morphogenesis and neuronal cell organisation, have also 
been shown to rely on endocytic-dependent spatial restriction of cell signalling.  

4.2     Endocytosis Spatially Restricts Signalling and Processes 
During Directed Cell Migration 

 One process that depends on the intertwined connection between signalling and 
localisation is cell motility, where the precise perception of extracellular cues in a 
three-dimensional setting is remarkably complex, particularly when cells move 
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towards chemoattractants in a polarised fashion. Under these conditions, cells must 
reorient directionally by polarising key plasma membrane proteins according to the 
direction of travel. Additionally, coordination between membrane traf fi c, cell sub-
strate adhesion, and actin remodelling is required to generate propulsive forces 
responsible for the protrusive activity at the leading edge of motile cells. Not sur-
prisingly, multiple mechanisms have been revealed in recent years through which 
traf fi cking of membrane and membrane-associated motogenic transducers directly 
impinges on cell migration. 

4.2.1     Endocytosis Extinguishes the Signal at the Proper 
Time and Location 

 The endocytic process is commonly regarded as a critical means to attenuate extra-
cellular ligand-induced responses. This is of particular relevance for those soluble 
signals that promote directed cell migration. This is intuitively achieved by direct 
clearance of motogenic receptors, which function as the  fi rst-line sensors of the cel-
lular microenvironment from the plasma membrane limiting the intensities of the 
ensuing signalling events. In addition to this, internalised activated receptors are 
often destined to traf fi cking routes that lead to their degradation, thus hampering the 
ability of cells to respond to the continuous presence of extracellular cues by directly 
reducing the number of responsive receptors. A number of plasma membrane recep-
tors, for example, receptor tyrosine kinases and G protein-coupled receptor (GPCR) 
function as motogenic sensors, which especially during developmental morphogen-
esis respond to gradients of chemotactic factors that guide the migration of cells to 
their  fi nal destination. These cells, in addition to migrate directionally, must also be 
capable to arrest at their target sites, where the concentration of the chemotactic fac-
tors is the highest [ 3 ] (Fig.  4.1a ). Thus, a ligand-dependent internalisation/sorting 
mechanism that drives a motogenic receptor towards a degradative pathway may be 
critical to switch off the migratory signal and the ensuing actin polymerisation/
depolymerisation cycles when appropriate. A scenario of this kind has been, for 
instance, demonstrated to operate during the migration of primordial germ cells 
(PGCs) towards the gonads in  zebra fi sh  development [ 3 ]. PGCs express the chemo-
kine receptor CXCR4b and directionally migrate towards sites in the embryo at 
which the ligand SDF-1 is expressed [ 4 ]. Binding of SDF-1 elicits also internalisa-
tion of the receptor promoting its spatial redistribution and restricting its signalling, 
two factors that are required for proper chemotaxis. Indeed an internalisation 
 defective receptor led to aberrantly elevated signals and increased time spent “running”, 
preventing cells to reach their  fi nal target while promoting ectopic cell migration [ 5 ] 
(Fig.  4.1a ). Recently, an additional non-cell-autonomous endocytic mechanism has 
been also shown to contribute to the directed migration of PGC [ 6 ]. The somatic 
cells surrounding the germ cells were found to express another SDF-1 receptor, 
CXCR7. Binding of the “somatic” receptor to SDF-1 was shown not to enhance cell 
signalling, but rather to clear the ligand from the extracellular environment ensuring 
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that SDF-1 protein does not spread too far from the source (Fig.  4.1a ). In other 
words, CXCR7 would clear SDF-1 protein from areas that are no longer needed as 
sources of attractant. In the absence of CXCR7, SDF-1 protein would spread further 
and be maintained for longer, resulting in the aberrant guidance of germ cells.

   How does SDF-1 control cell-autonomously polarised cell migration? An obvi-
ous mechanism for controlling cell polarisation and migration involves increased 
actin polymerisation at the leading edge of migrating cells [ 7 ]. An additional mech-
anism has also been proposed suggesting that hydrostatic pressure in the cytoplasm 
constitutes the driving force for deformations of the cell surface by the generation 
of protrusions or blebs [ 8 ]. According to this model, myosin-dependent contractility 
at the cell cortex generates local hydrostatic pressure or ruptures in the cortex that 
lead to membrane detachment from the cytoskeleton and  fl ow of cytoplasm that 
expands the cellular protrusion. It was also shown that actomyosin contraction 
could be regulated by an in fl ux of calcium ions into the cell presumably by activat-
ing calcium-dependent kinases that mediate myosin contractility [ 9 ]. Thus, the pre-
cise region where a bleb forms could depend on the level of local hydrostatic 
pressure or on the position where contractility generates breaks in the cell cortex as 
well as on the local strength of the connection between the membrane and the actin- 
based cortical cytoskeleton [ 8 ]. Consistent with these notions, in migrating PGC 
polymerised actin is not enriched underneath the expanding cell membrane. 
Additionally, the mode of cell PGC motility resembles the one topically observed in 
amoeboid moving cells, such as  Dictyostelium discoideum  and human leukocytes, 
and appears to be driven by the extension of blebbing-like protrusion powered by 
cytoplasmic  fl ow, rather than canonical  fl at lamellipodia. Finally, the blebbing pro-
trusions are formed at sites of higher levels of free calcium where activation of 
myosin contraction occurs. Thus, one reasonable scenario is that polarised activa-
tion of the receptor CXCR4 leads to a rise in free calcium that in turn activates 
myosin contraction in the part of the cell responding to higher levels of the ligand 
SDF-1. The biased formation of new protrusions in a particular region of the cell in 
response to SDF-1 de fi nes the leading edge and the direction of cell migration [ 10 ].  

4.2.2     The Route Taken by Internalised Motogenic Receptor 
In fl uences Cell Migration 

 A large body of emerging evidence points to the fact that signalling is not restricted 
to the plasma membrane. As internalisation proceeds, activated transmembrane 
molecules, with their tails exposed towards the cell cytoplasm, are con fi ned into 

  Fig. 4.1    Endocytosis and directed cell migration. ( A ) Endocytic control of chemotaxis. In  zebra fi sh , 
PGCs, the progenitors of the gametes, migrate from the (anterior) position where they are speci fi ed 
towards the (posterior) region where the gonad develops in response to soluble chemokine, such as 
SDF-1 [ 3 ]. Gradients of SDF-1 are sensed by the chemokine receptor CXCR4. Activation of CXCR4 
leads to a cyclic migratory behaviour composed of “running” phase in the direction of the SDF-1 
gradient, followed by pausing, during which cells loose polarity and tumble, before resuming their 
correct migration towards the gonads. In endocytic defective CXCR4 mutants, the time spent 
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endomembrane organelles, which thus become bona  fi de signalling platforms 
in fl uencing not only the time and amplitude of the resulting signal but also its 
speci fi city [ 11 ]. Consistent with this view, more and more signal transduction path-
ways are reported to require an active endocytic machinery or strikingly to originate 
from various types of endosomes. A variation and an extension of this latter concept 
has further emerged with the recognition that plasma membrane receptors are inter-
nalised through different pathways, e.g.    clathrin-mediated endocytosis (CME) or 
non-clathrin endocytosis (NCE), which have been shown to control directly the 
biological outcome of their signalling [ 12 ,  13 ]. During the endocytic transport, 
molecules undergo a discrete set of route-dependent posttranslational modi fi cations, 
such as phosphorylation/dephosphorylation and ubiquitination, that directly 
in fl uence the composition of the signalling cascade that is being activated [ 11 ]. 
Thus, the biological output might be controlled not only through compartmentalisation 
of signalling into endosomal platforms but also by the routes through which mole-
cules reach the different compartments. 

Fig. 4.1 (continued) running and tumbling is altered and PGC fails to arrest at gonads ( a1 ). The 
SDF-1 gradient is also maintained by a decoy receptor CXCR7 present on somatic cells that sur-
round germ cells ( a2 ). ( B ) Endocytic routes regulate the signalling response to soluble factors. RTK 
can either be internalised through a CME or NCE [ 12 ]. The different internalisation routes elicit 
different signalling responses. For example,  fi broblasts stimulated with low doses of PDGF responds 
by acquiring migratory properties in a CME-dependent manner. Mitogenesis and cell proliferation 
are, instead, preferentially induced by higher concentration of PDGF, a response that requires a 
functional raft/caveolin, NCE pathway [ 14 ]. ( C ,  D ) Spatial restriction of RAC and integrin signal by 
endo-/exocytic traf fi cking. Coordination between membrane traf fi c, cell substrate adhesion and 
actin remodelling is required for the formation of polarised cell protrusions, such as lamellipodia and 
circular dorsal ruf fl es (CDR) ( inset  shows a  fi broblast moving in a mesenchymal mode, stained for 
 fi lamentous actin to highlight the presence of PDGF-induced polarised, apical CDR). Two endo-
cytic/signalling networks implicated in polarised migration are shown. In the  fi rst ( C ), in response to 
stimulation of RTKs, such as HGF stimulation of the MET receptor, CME and RAB5 activation 
promote the internalisation of RAC and its GEF, TIAM1, into early endosomes ( c1 ). Activated GTP-
bound RAC is subsequently recycled through the ARF6 endosomal pathway ( c2 ) to PM regions, 
where actin polymerisation supports the formation of CDR. In the second network ( D ), the traf fi cking 
of integrins, through CME and raft-dependent NCE, enables sustained and polarised signalling as 
well as precise coordination of integrin activity with the changing dynamics of focal adhesions. 
Integrins, such as α5β1, are continuously internalised ( d1 ) and recycled to the PM, through RAB25 
endosomes that are compartmentalised at the leading edge of cells for lamellipodial extension. 
Coordination of integrin adhesion and lipid raft endocytosis and recycling is also crucial to integrate 
RAC and integrin activation ( d2 ). Lipid rafts are endocytosed through caveolin-1 (CAV1) containing 
caveolae ( d3 ). Lipid rafts are also binding sites for RAC ( d3 ). Integrin signalling blocks lipid raft 
internalisation by promoting CAV1 phosphorylation and its retention in focal adhesions at the PM 
( d3 ). Thus, when integrins are engaged by the ECM, RAC binding sites at the PM become available. 
Cell detachment abrogates integrin activation and extinguishes RAC signalling at the PM, by 
enabling the relocalisation and subsequent caveolae- mediated internalisation of CAV1 and lipid rafts. 
Recycling of CAV1, as well as of RAC and integrins may be coordinated by ARF6. Mature, integrin-
containing focal adhesions at the rear of the cells need to be disassembled to enable effective cell 
locomotion. This process involves dynamin and CME ( d4 ). Finally, internalised integrin, bound to 
ECM ligands such as FN, may be speci fi cally directed to lysosomes for degradation, through a 
mechanism involving integrin ubiquitination and recognition by the ESCRT machinery ( d5 )       
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 In keeping with this latter notion, it has been recently shown that the stimulation 
of one of the most potent  fi broblastic motogenic factors, platelet-derived growth 
factor (PDGF) and its cognate receptors, can elicit either proliferation or cell migra-
tion depending on the ligand concentrations and the routes taken by the activated 
receptor. Cells stimulated with low doses of PDGF responded by rearranging their 
cytoskeleton and acquiring migratory properties in a CME-dependent manner. 
Mitogenesis and cell proliferation were, instead, preferentially induced by higher 
concentrations of PDGF, a response that required a functional raft/caveolin pathway 
[ 14 ] (Fig.  4.1b ). In this case, the precise mechanisms and molecular targets that 
control actin-based machineries responsible for directional motility are yet to be 
fully de fi ned. It is, however, tempting to speculate that a low dose of PDGF stimula-
tion, in analogy to EGF [ 13 ], may preferentially promote recycling of PDGFR or of 
its key signal transducers back to the plasma membrane, triggering positive feed-
back loops that ensure localised and sustained signalling to actin-based dynamics 
(Fig.  4.1b ). Within this context, the members of the RhoGTPases, and in particular 
RAC proteins, which are known to control multiple critical events (e.g. de novo 
actin nucleation through the nucleation promoting factors (NPF), WAVEs, Capping 
proteins, and F-actin depolymerisation, through ADF/co fi lin [ 15 ]) concomitantly 
required for actin dynamics, may represent ideal cargos that hitchhike a traf fi cking 
ride back to the plasma membrane resulting in spatial restriction and polarisation of 
their signalling output. 

 Endocytic-dependent signal dysregulation has also been shown to account for 
the acquisition of oncogenic and prometastatic properties of protumorigenic mutants 
of the c-MET [ 16 ]. Certain tumour-associated c-MET activating mutations exhibit 
increased endocytosis/recycling activity and decreased levels of degradation, lead-
ing to accumulation on endosomes, hyperactivation of the GTPase RAC1 and 
increased levels of cell migration and invasion. Blockade of endocytosis hampered 
mutants anchorage-independent growth, in vivo tumorigenesis and metastasis while 
maintaining their activation [ 16 ]. Thus, prolonged endosomal signalling or increased 
recycling of oncogenic c-MET receptor contributes to aberrant invasive migration 
leading to augmented tumour dissemination.  

4.2.3     EEC and Membrane Flow 

 A default mechanism linked to EEC that potentially has direct consequences on 
polarity phenotypes is the generation of membrane  fl ow. By analogy with actin 
tread-milling, the  fl ow of internalised and recycled membranes was proposed more 
than a decade ago either to generate forces for the extension of migratory protrusions 
[ 17 ] or to promote the rearward movement of molecules bound to the surface of 
these protrusions during cell motility. Results consistent with membrane  fl ow have 
been obtained in various cell types [ 17 ], although, for other motile cell types, a num-
ber of experiments failed to detect any signi fi cant rearward membrane  fl ow [ 18 ]. 
Thus, membrane  fl ow may not be a universal property of moving cells, though it 

G. Scita et al.



81

may be important for some of them. This notwithstanding, the requirement for a 
continuous  fl ow of membranes propelled by endocytic molecules is essential for 
the highly dynamic changes of cell shape that occur during directional, chemotactic 
migration of the amoeba  Dictyostelium discoideum , a professional mover [ 19 ,  20 ]. 
Clathrin-null  Dictyostelium  mutants, in addition to displaying dysfunctional cyto-
kinesis, are characterised by increased roundness, defective polarity, reduced cell 
velocity and inef fi cient chemotaxis [ 19 ]. This was originally proposed to be due to 
an impaired ability to extend polarised cell protrusions at the front of the cell. 
More recent evidence suggests, instead, that an intact clathrin-dependent EEC of 
membrane is necessary for a moving cell to adjust its cell surface area to match 
changes in cell shape. Lack of this adaptation system thus severely impairs cell 
locomotion [ 20 ].  

4.2.4     EEC Spatially Restricts Signals for Directional Migration 

 One additional way to achieve signal polarisation and directional motility is through 
localised redistribution, via EEC, of signalling molecules in response to extracel-
lular cues. The  fi rst genetic evidence in support of this concept was produced in 
 Drosophila melanogaster . Disruption of typical endocytic regulators, such as the E3 
ubiquitin ligase CBL, the RAB5 activator SPRINT (the homologue of mammalian 
RIN1) or the recycling regulators RAB11 [ 21 ], resulted in aberrant cell migration in 
response to stimulation [ 22 ], by affecting the EEC of the motogenic RTKs of the 
EGFR and PVR (PDGF/VEGF receptor) families. Thus, endocytic pathways, par-
ticularly those impinging on RAB5, are required to ensure the spatial resolution of 
chemotactic signalling emanating from different RTKs, in order to regulate actin- 
based, polarised protrusive activity and motility. 

 There is evidence that a similar circuitry also operates in mammalian cells to 
modulate polarised cellular function. Endocytic traf fi cking of RAC, and its recy-
cling to the PM, is required for the transduction and spatial resolution of informa-
tion emanating from motogenic stimuli [ 23 ]. As occurs in  Drosophila , an endocytic 
RAB5-based circuitry is pivotal. By activating endocytosis, RAB5 causes internali-
sation of RAC, its activation in recycling endosomes and its subsequent delivery 
through ARF6-dependent routes to speci fi c regions of the PM. Once redelivered to 
the membrane, polarised RAC-dependent functions take place, leading to the for-
mation of migratory protrusions that promote a mesenchymal mode of cell motility 
[ 23 ] (Fig.  4.1c ). Notably, ARF6-dependent recycling controls also the spatial and 
polarised distribution of CDC42 in migratory cells [ 24 ]. 

 The importance of endosomal recycling routes for directional migration is high-
lighted by various studies in different mammalian cells. There is evidence, for 
example, that inhibition of the slow recycling pathway by expression of dominant 
negative RAB11 or truncated myosin Vb or RAB11-FIP, an effector of RAB11, 
impairs cell migration [ 25 ] and chemotaxis of basophilic leukaemia cells [ 26 ]. 
These latter results have been recently con fi rmed in epithelial PtK1 cells, where, 
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however, interference with the RAB11 recycling pathway increased random 
motility and impaired directional and persistent migration, possibly as a conse-
quence of the delocalised formation of protrusive lamellipodia [ 27 ]. Thus, polarised 
endosomal recycling is not required for cell locomotion per se, but rather, it appears 
to be critical for the maintenance of the polarity of cell migration, which when 
disrupted leads to disorganised motility. The relevance of RAB11 recycling for 
polarised cell migration has recently been extended also in border cells in  Drosophila . 
In this system, a traf fi cking loop between the plasma membrane and the RAB11- 
recycling endosome was demonstrated to be essential for collective cell migration 
in vivo. This loop regulates the spatial restriction of active RTKs at the leading edge 
of the cell cluster, transforming the extracellular gradient into a robust intracellular 
polarity [ 21 ]. 

 A similar endo-/exocytic cycle appears to control the cellular traf fi cking of 
integrins. These major cell surface adhesion receptors play a critical role in cell 
migration. Several different mechanisms control their activity, including expression 
and subunit heterodimerisation patterns, clustering and lateral diffusion in the plane 
of the PM and interaction with the actin cytoskeleton and the inside of cells 
(reviewed in [ 28 ]). In addition to this, many integrins are continually internalised 
from the PM into endosomal compartments and are subsequently recycled, prompt-
ing the proposal that spatially polarised EEC of these adhesion receptors is essential 
to control various aspects of cell locomotion (reviewed in [ 29 ]). Consistent with this 
view, for instance, the blockade of integrin α5β1 recycling by functional interfer-
ence with the integrin-associated RAB25, a member of the RAB11 family of pro-
teins that control endosomal recycling, impaired the formation of “pseudopodal 
protrusions” (mesenchymal motility) and directional motility during 3D cell migra-
tion [ 30 ] (Fig.  4.1d ). Recently, it has been shown that in addition to recycling from 
late RAB25 endosome, α5β1 can also be targeted to lysosomes and multivesicular 
bodies, which concentrate towards the rear of a migratory cells. Importantly, active 
α5β1 integrin, instead of being degraded within these organelles as most cargo 
would be, is retrogradely transported and recycled to the plasma membrane at the 
back of invading cells via a pathway requiring the Chloride Intracellular Channel 
Protein 3 (CLIC3). Integrin retrograde recycling is thought to maintain active Src 
signalling and contribute to cell invasion and tumour dissemination [ 31 ]. 

 Mechanistically, one important question that these  fi ndings raise is how signal-
ling molecules are recycled to speci fi c regions of the PM (as opposed to the bulk PM) 
to execute spatially restricted signalling. In the case of RAC and integrins, one pos-
sible answer came from recent studies connecting localised RAC activation with 
integrin-mediated adhesion and lipid raft internalisation (Fig.  4.1c ). These studies 
suggested that RAC positioning at and traf fi cking from and to speci fi c locations of 
the PM may be regulated through raft-dependent endocytosis. This process is 
needed, in turn, to specify the localisation of RAC activity for the execution of rel-
evant biological processes. Thus, upon activation of integrins, sites of high RAC 
af fi nity become available on the PM preventing RAC internalisation, which only 
occurs following cell detachment in a    dynamin and caveolin-1-dependent manner 
[ 32 ]. Indeed, caveolin-1-de fi cient cells show increased RAC activation, which how-
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ever is not spatially con fi ned, leading to loss of directional migration [ 33 ]. The 
RAC/integrin EEC and targeting circuitry appears to require the coordinated action 
of two different routes of endocytosis (clathrin-dependent [ 23 ] and raft/caveolar- 
mediated [ 34 ]). Within this context, ARF6-dependent recycling appears to be the 
critical factor controlling not only the redelivery of RAC [ 23 ] and integrins [ 32 ,  34 ] 
but also of lipid rafts, back to the PM, ultimately coordinating RAC signalling and 
directional migration with adhesion-dependent cell growth [ 35 ] (Fig.  4.1d ). 
Alternatively, other phospholipids, such as diacylglycerol kinase-α (DGK-α)-
generated phosphatidic acid (PA), may serve as local, pseudopodia tip-restricted 
anchor points for either RCP-integrin complex [ 36 ] or RhoGDI, a key regulator of 
RAC proteins [ 37 ]. 

 One additional attractive hypothesis to account for how various endocytic 
routes may promote directional migration in a coordinated fashion is based on 
observations that caveolar-based endocytosis frequently occurs only at the trailing 
edges of migrating cells [ 38 ], while CME, coupled to fast recycling, is restricted to 
the advancing leading edges [ 39 ]. These  fi ndings suggest that polarised locomo-
tion may be facilitated by a front-rear distribution of diverse endocytic routes. This 
notion has recently been extended to include clathrin- and raft-independent endo-
cytic routes as well as macropinocytosis. The clathrin-independent carrier (CLIC) 
internalisation pathway has been shown to be responsible for the vast majority of 
bulk endocytosis in lamellipodia and to be required for directional cell migration 
by promoting rapid non-clathrin-mediated EEC of focal adhesion cargoes [ 40 ]. 
Conversely, macropinocytosis induced by PDGF was shown to promote the rapid 
redistribution of both β1 and β3 integrins to circular dorsal ruf fl es, their subse-
quent internalisation through macropinosomes and redelivery to nascent focal 
adhesions at the leading edge of migratory  fi broblasts [ 41 ], ultimately promoting 
cell locomotion. 

 In the case of integrin traf fi cking, questions that still remain to be addressed are 
the following: (1) whether integrins that undergo EEC are the active ones bound to 
their extracellular matrix (ECM) ligand and (2) whether their activation status 
affects their endocytic routes and intracellular fate. One recent report shed lights on 
these issues, further providing evidence in support of the notion that proper target-
ing of activated integrins to lysosomal degradation is required for cell motility [ 42 ] 
(Fig.  4.1d ). A sizable fraction of internalised Fibronectin (FN)-bound α5β1 integrin 
dimers are speci fi cally directed to lysosomes for degradation through a mechanism 
involving integrin ubiquitination and recognition by the ESCRT machinery. Cells 
expressing an α5β1 integrin mutant, which could no longer be ubiquitinated, were 
severely impaired in cell migration, suggesting that FN-integrin complex turnover is 
essential for locomotion. Since FN degradation is also required for cell migration [ 43 ], 
it is possible that the FN-integrin complex must be degraded, instead of being continu-
ously recycled, to avoid the formation of dysfunctional adhesion sites that would 
result in increased adhesion and build-up of ECM, both of which would hinder cell 
migration. Alternatively, degradation, as opposed to or in equilibrium with recy-
cling, may be required for the proper attenuation of integrin signalling in order to 
have an impact on migration. 
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 An additional traf fi cking mechanism that impinges on the ability of cells to sense 
and respond to shallow differences in the concentrations of soluble gradient during 
development has been recently unveiled. Morphogen gradients orchestrate develop-
mental processes, such as differentiation and cell migration. A case in point is 
represented by FGF8 gradients during zebra fi sh gastrulation. FGF8 is expressed 
and secreted by cells positioned at the embryonic margin during gastrulation. FGF8 
then diffuses away from this source, forming a concentration gradient across the 
neighbouring tissue to induce graded expression of target genes that promote dif-
ferentiation. FGF8 binds to the receptor tyrosine kinase FGFR1 ( fi broblast growth 
factor receptor 1) on the surface of target cells, and this triggers endocytosis of the 
ligand- receptor complex, which then subsequently progresses through early endo-
somes towards MVBs and lysosomes for degradation. The conjugation of ubiquitin 
to FGFR1 cytoplasmic domains, which is key to this progression, is catalysed by the 
E3 ubiquitin ligase CBL. To explore the impact of traf fi cking on FGF8 sensing, 
Nowak et al. [ 44 ] implanted a source of exogenous FGF8 (FGF8-loaded beads) into 
embryos and monitored the amount of endosomal FGF8 in cells at various distances 
from the beads. The amount of endosomal FGF8 was high near the bead and 
decreased with increasing distance from the source. However, after interference 
with CBL function, the differential between the amounts of endosomal FGF8 in 
cells at various distances from the bead was markedly reduced. This indicated that 
the rate at which internalised receptors are transported to lysosomes dictates the 
relationship between the morphogen concentration and the signalling response of 
the cell. Normal rates of endosome to lysosome transport yield a close relationship 
between FGF8 dose and the cellular response (e.g. high FGF8 concentrations give a 
high response and low FGF8 concentrations yield a low response), whereas inhibi-
tion of lysosomal targeting  fl attens this relationship such that the extent of FGFR1 
signalling differs less over a broader range of distances from the source. Thus, the 
time spent by motogenic receptors en route to lysosomal degradation is critical for 
the accurate and precise sensing of morphogen gradients.  

4.2.5     Endocytosis Acts Locally to Regulate Focal 
Adhesion Turnover 

 A key aspect of directional migration of adherent cells is the establishment of tran-
sient attachments to the ECM through integrin clusters that form plaques known as 
focal adhesions. Focal adhesions establish a connection between the ECM and the 
actin cytoskeleton and serve as points of traction for the cell. The contraction of 
focal adhesion-associated actin stress  fi bres is thought to propel the cell body for-
ward. During migration, there is a constant turnover of focal adhesions that form at 
the leading edge, often as focal complexes that mature into focal adhesions as ten-
sion builds up, and that are then disassembled, allowing for tail retraction, and inte-
grin detachment from the ECM [ 45 ]. While the mechanisms of adhesion assembly 
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have been largely de fi ned, focal adhesion disassembly still remains unclear. Given the 
importance of integrins in adhesion and the role of integrin traf fi cking in migration, a 
prevailing idea is that the formation and disassembly of focal adhesions during cell 
migration are coupled to the endo-/exocytic cycles of integrins [ 29 ]. In keeping with 
this notion, focal adhesion disassembly was shown to be dependent on the activity 
of dynamin, which can form a complex with the kinase FAK and the adaptor GRB2, 
and is essential for microtubule-dependent focal adhesion disassembly [ 46 ,  47 ]. 
Additionally, clathrin and various clathrin accessory proteins can accumulate at 
focal adhesion sites where, following targeting by microtubules, they promote the 
localised internalisation of integrin and focal adhesion disassembly [ 48 ,  49 ] 
(Fig.  4.1d ). Thus, while integrin EEC may globally serve as a device to maintain a 
spatially con fi ned front-to-back gradient of adhesion receptors, focal adhesion-
restricted CME may terminate mechanosignalling, suggesting that membrane 
traf fi cking is a versatile system for the temporal and spatial control of motogenic 
inputs.  

4.2.6     Crosstalk Between PM Receptors Within 
the Endocytic Network 

 An additional emerging level through which PM motogenic receptors, including 
mechanosensors, such as integrins, and canonical signal transducers, such as RTKs, 
in fl uence cell migration is by exerting a reciprocal control over their traf fi cking routes. 

 It is well established that RTK and integrin signalling are inextricably linked in 
such a way that full activation of various RTK pathways can be achieved only if cell 
adhesion is engaged, while inside-out integrin activation is frequently promoted by 
growth factors in a variety of cellular processes ranging from cell spreading, epithe-
lial cell morphogenesis and cell migration (reviewed in [ 50 ]). 

 One mechanism to initiate inside-out signalling is through the mobilisation of 
the endosomal pool of integrin heterodimers for rapid redelivery to the PM [ 29 ]. 
PDGF selectively promotes the recycling of integrin αvβ3, but not of integrin 
α5β1, through RAB4-dependent endosomal routes, enhancing cell adhesion and 
spreading [ 51 ]. Endocytic and signalling pathways are deeply integrated as indi-
cated by the observation that integrin αvβ3 primarily activates RAC, which is 
essential for the formation of lamellipodia and focal complexes, and which drives 
directional cell migration, while integrin α5β1 controls RHOA-dependent stress 
 fi bre formation and cell contraction [ 52 ]. The selective activation of integrin het-
erodimers, therefore, in fl uences the balance of their signalling to RHO-GTPases, 
ultimately controlling the mode of cell motility.    Fibroblast growth factor receptor 1 
(FGFR1) and cell-cell adhesion molecules display a similar mode of interaction. For 
example, Neural Cell Adhesion Molecule (NCAM) associates with FGFR1 [ 53 ]. FGF 
induces endocytosis and degradation of FGFR1, while NCAM instead  promotes sta-
bilisation of the receptor, which is recycled to the cell surface in a RAB11- and SRC- 
dependent manner, resulting in sustained signalling. This promotes NCAM-induced 
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cell migration, and presumably also accounts for the NCAM pro-invasive role 
 during tumour progression. 

 There is accumulating molecular evidence of interactions between different 
 integrin heterodimers along the endocytic routes and of integrin regulation of RTK 
traf fi cking (reviewed in [ 29 ]). A speci fi c case in point is provided by studies linking 
integrins αvβ3 and α5β1 with EGFR traf fi cking networks. Upon αvβ3 ECM ligand 
engagement, the heterodimer is actively routed to RAB11-recycling compartments 
through its interaction with RAB-coupling protein, RCP [ 54 ]. Disruption of αvβ3 
function causes RCP to dissociate from αvβ3 integrin and to bind α5β1 instead. 
This mechanism results in ef fi cient rerouting of integrin α5β1 back to the PM, 
effectively accomplishing an integrin heterodimer switch that enhances RHOA 
 signalling with concomitant enhanced turnover of lamellipodial extension and 
increased random cell migration. Importantly, disruption of αvβ3 by cyclic 
 peptidomimetic drugs not only drives the recruitment of RCP to the cytoplasmic tail 
of β1 integrin but also enables RCP to associate with EGFR [ 54 ]. α5β1 integrin and 
EGFR thus coordinately recycle to the PM, with a striking effect on EGFR and inte-
grin signalling that enhances the invasiveness of various epithelial tumour cells [ 54 ]. 
The “endocytic interaction” of integrins with RTKs is not limited to this speci fi c 
example. In endothelial cells, pharmacological inactivation of αvβ3 results in 
enhanced VEGFR2 recycling through a RAB4-dependent pathway, diverting this 
receptor away from degradation while boosting VEGFR2 cell surface levels, endo-
thelial sprouting and tubulation, ultimately resulting in neoangiogenesis [ 55 ]. This 
is the opposite effect to that originally predicted for αvβ3 interfering drugs, such as 
Cilengitide, highlighting the importance of understanding endocytic networks in 
regulating complex pathophysiological processes.   

4.3     Endocytosis and the Determination of Cell Fate 

 While the majority of cell divisions generate two identical daughter cells, in a 
number of cases the two progenies assume different fates; in these instances one of 
the two daughter cells might retain the mother cell fate, or both daughters can 
assume fates that are different from the mother cell and from each other. These 
events are crucial in development and in the maintenance of stem cell (SC) compart-
ments in adult life. Furthermore their subversion is thought to play a central role in 
cancer (reviewed in [ 56 ]). 

 The phenomenon de fi ned as ACD sits at the heart of the process of cell fate 
determination. ACD can be in fl uenced by intrinsic and extrinsic mechanisms. In 
the former case, the unequal partitioning of molecular machinery at mitosis 
gives raise to daughter cells that are intrinsically different. In the latter, the 
in fl uence of external stimuli, for instance, an SC niche, imparts different cues to 
the two progenies, helping shaping their fates. Endocytosis plays a paramount 
role in both intrinsic and extrinsic mechanisms, and it is one of the major pro-
grammes (arguably, the major) through which ACD, and ensuing cell 
speci fi cation, is achieved. 
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4.3.1     Learning From Genetics: The SOP System 

 The most advanced mechanistic knowledge of how endocytosis impacts on ACD 
derives from studies in the fruit  fl y and in particular on the bristle sensory organ. 
This organ is formed by four cells that originate from a mother cell (the sensory 
organ precursor—SOP—cell) through a pattern of ACDs. The SOP cell (Fig.  4.2 ) 
divides asymmetrically along the anteroposterior axis to originate an anterior 
pIIb cell and a posterior pIIa cell. The pIIb and pIIa cells give rise, through fur-
ther ACDs, to the  fi nal four cells of the organ, the sheath cell and the neuron 
(from the pIIb), and the socket and shaft (hair) cells (from pIIa) (for details, see 
[ 56 ]). Although the SOP cell does not constitute a bona  fi de SC compartment, 
being devoid of self-renewal ability, the study of the divisions it undergoes to 
form the pIIa and pIIb cells has enormously advanced our knowledge of the 
intrinsic mechanism of ACD.

   It has been known for many years that a protein called NUMB partitions asym-
metrically at one of the poles of the dividing SOP, thereby being inherited almost 
exclusively by the pIIb cell and imparting cell speci fi cation (for extensive reviews 
of the mechanism of the asymmetric partitioning of NUMB and of several other 
cell fate determinants identi fi ed in Drosophila, see [ 56 ]). Genetically, NUMB 
counteracts the action of the signalling receptor NOTCH [ 57 ,  58 ]. It has also been 
known for several years that, in  Drosophila  neurogenesis, the signalling function 
of NOTCH requires dynamin, and therefore presumably endocytosis [ 59 ]. These 
two observations, however, were not rationalised together until the discovery that 
NUMB was an endocytic protein [ 60 ]. It was then discovered that NUMB binds to 
the major endocytic adaptor AP-2 and determines its asymmetrical segregation 
in the pIIb cell (Fig.  4.2 ). A  fl urry of papers subsequently de fi ned how a series 
of differential endocytic/recycling events, taking place in the pIIb and pIIa cell, 
create suf fi cient asymmetry in the repertoire of signalling molecules, at the PM 
and in intracellular signalling compartment, to allow directional signalling from 
the pIIb cell (which behaves as a signal-sending cell) to the pIIa cell (the signalling- 
receiving cell). At least four endocytic-based circuitries concur to create this 
asymmetry (Fig.  4.2 ):

   (a)      NUMB (and/or AP-2)-dependent endocytosis in the pIIb cell of NOTCH or of 
SANPODO, a positive regulator of NOTCH signalling during ACDs in 
 Drosophila  [ 61 ]. It is of note that recent evidence in mammalian cells argues for 
a role of NUMB as an inhibitor of NOTCH recycling to the PM [ 62 ], rather than 
as a positive modulator of internalisation, suggesting that the function of NUMB 
in the pIIb cell might be that of preventing NOTCH recycling to the PM, favour-
ing its commitment to degradation. Whatever the case, the presence of NUMB 
determines a functional NOTCH-null (or attenuated) situation in the pIIb cell 
(Fig.  4.2 ).   

  (b)    DELTA activation by neuralised-dependent endocytosis in the pIIb cell. The 
UB-ligase neuralised is also asymmetrically segregated during SOP cell mitosis, 
being preferentially partitioned into the pIIb cell, where it ubiquitinates the 
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  Fig. 4.2    Endocytosis in asymmetric cell division (ACD). ( A ) ACDs in the SOP lineage of 
 Drosophila . The SOP lineage is shown. All divisions are asymmetric with directional (DELTA to 
NOTCH) signalling between daughter cells ( red arrows ) [ 56 ]. The  fi rst division (from SOP to pIIa 
and pIIb) is shown in detail. The plane of division with orientations and asymmetrically partitioned 
molecules (NUMB, AP-2 and SARA endosomes) are indicated [ 73 ]. ( B ) Endocytosis generates 
asymmetry in pIIa and pIIb cells. ( a ) NOTCH is non-functional in pIIb cells, because it is inter-
nalised and degraded or because SANPODO is internalised [ 56 ]. While the internalisation of 
SANPODO is established, it is not clear whether NOTCH is preferentially internalised/degraded 
in the pIIb cell. Evidence from mammals [ 62 ] indicates that in the pIIb cell, the function of NUMB 
may be to prevent NOTCH recycling to the PM, favouring its degradation. ( b ) DELTA-related 
events in pIIb. The E3 ligase    neuralised is asymmetrically partitioned in pIIb, allowing endocytosis 
of DELTA [ 63 ,  64 ]. DELTA is traf fi cked by epsin to a RAB11/SEC15 endosome [ 66 ] that is 
directed, for cargo release, along actin networks to a microvillar-dense region of the apical mem-
brane of the pIIb [ 69 ]. ( c ) DELTA-related events in pIIa. DELTA is also internalised in the pIIa cell 
through a neuralised and Ub-independent mechanism. In this cell the recycling to the PM is 
blocked and DELTA is destined to degradation, because the RAB11-positive endosomal compart-
ment cannot form, possibly because a critical RAB11 partner (Nuclear fallout/Arfophilin 1) is 
inactivated [ 66 ]. DELTA might also be internalised before mitosis of the SOP cell; in pIIb it could 
be recycled to the PM, whereas in pIIa it might be destined to a degradative pathway. 
( d ) Asymmetric distribution of SARA endosomes. In the SOP cell, both NOTCH and DELTA are 
traf fi cked to SARA endosomes before cell division [ 72 ]. These endosomes are then transported 
asymmetrically to the nascent pIIa cell [ 72 ]. The described events are not necessarily “all or none” 
situations. They might occur in both cells, with a cell-speci fi c bias in favour of one of them that is 
further ampli fi ed through reinforcement/extinction events that lead from a quasi-symmetric situa-
tion to the  fi nal DELTA/NOTCH asymmetry needed for directional signalling ( e )       
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NOTCH ligand DELTA, thereby promoting its internalisation [ 63 ,  64 ]. In this 
case, internalisation functions as an “activation” strategy, as it is known that the 
internalisation of DELTA and its recycling to the PM (through as yet unknown 
molecular mechanisms) are necessary for the ability of DELTA to engage 
NOTCH on neighbouring cells [ 65 ]. Neuralised might actually promote endocy-
tosis of DELTA through a particular pIIb-speci fi c pathway. Indeed, DELTA is 
traf fi cked differently in pIIa and pIIb cells. In the latter, it is routed through 
RAB11-positive recycling endosomes and probably recycled to the PM. In pIIa 
cells, conversely, RAB11 endosomes do not form, and DELTA cannot be recy-
cled and is presumably destined to degradation [ 66 ]. This mechanism would 
ensure that the expression of DELTA (and possibly of “activated” DELTA) at 
the PM is skewed towards the pIIb (signal-sending) cell. These results reinforce 
the notion of recycling as an important aspect of the mechanisms of cell fate 
speci fi cation, as also supported by the involvement of SEC15, a component of 
the exocyst (a complex involved in tethering and spatially targeting exocytic 
and recycling vesicles to the PM), in the ACD of SOP cells [ 67 ] (Fig.  4.2 ).   

  (c)    Recycling- and actin-dependent topological segregation of signalling molecules. In 
 NUMB  or  a - ADAPTIN  SOP mutants, SANPODO is enriched at the pIIa-pIIb cell 
interface [ 68 ]. In addition, it has been recently reported that the apical surface of 
pIIa and pIIb cells display actin-rich microvillar structures, to which DELTA is 
preferentially recy led. The formation of these structures depends on the pres-
ence of the actin nucleator complex ARP2/3, and the presence of ARP3 is 
required in the signal-sending pIIb cell for fate speci fi cation [ 69 ]. In a system in 
which both ligands and receptors are membrane-tethered, the PM region within 
the area of cell-to-cell contact is clearly the most relevant for directional signal-
ling. This suggests that the overall PM level of effector molecules (SANPODO, 
NOTCH or DELTA) might not matter as much as their levels within de fi ned sig-
nalling domains, which in the case of pIIa and pIIb might be represented by 
microvillar structures that would greatly amplify the surface area available for 
cell-cell contacts (Fig.  4.2 ).   

  (d)    Asymmetric partitioning of smad anchor for receptor activation (SARA) endo-
somes. The asymmetric partitioning of entire endocytic compartments also plays 
an important role in cell fate speci fi cation. Unequal distribution of endosomes 
between daughter cells is observed frequently during ACD, for instance, at the 
 fi rst cleavage of the  Caenorhabditis elegans  embryo [ 70 ], or during ACD of mam-
malian hematopoietic SCs [ 71 ]. In SOP cells, both NOTCH and DELTA are 
traf fi cked to SARA endosomes before ACD [ 72 ] (Fig.  4.2 ). These endosomes are 
then directionally transported to the nascent pIIa cell [ 72 ]. This is functionally 
important, since mistargeting of SARA endosomes to the pIIb cell causes ectopic 
activation of NOTCH in that cell [ 72 ]. These  fi ndings de fi ne a mechanism, operat-
ing in the pIIa cell that acts synergistically with the other described mechanisms 
towards the generation of asymmetry.    
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4.3.2       Endocytosis and Stem Cells 

 ACD is crucial in the maintenance of adult SC compartments, in which SCs divide 
asymmetrically to give rise to a daughter cell that retains the mother fate (i.e. becomes 
an SC and withdraws into quiescence) and to a daughter, the progenitor, that undergoes 
multiple rounds of cell division to generate a vast progeny that eventually differentiates. 
Most of what we know about the role of endocytosis and SC compartments revolves, 
not surprisingly, around the role of NUMB as an intrinsic determinant of ACD in SCs. 
Such a role has been demonstrated, both in lower organisms and in mammals, in 
 neuroblasts, in muscle satellite cells, in hematopoietic SCs and in mammary SCs [ 73 ]. 
At the mechanistic level, one issue deserves additional comments, since it has been 
shown that in neuroblasts, NUMB might couple with different signalling pathways, in 
a context-dependent manner. One such pathway involves ACBD3, a NUMB-interacting 
Golgi protein, which undergoes changes in its subcellular distribution during the cell 
cycle [ 74 ]. When ACBD3 is redistributed in the cytosol after Golgi fragmentation at 
mitosis, it acts synergistically with NUMB in specifying an SC fate, whereas, when 
it is associated with the Golgi during interphase, it can promote neuronal differentia-
tion in post-mitotic neurons [ 74 ].   

4.4     Summary 

 Our view of the functional implications of endocytosis and recycling has signi fi cantly 
changed in the course of the past 15 years. A variety of experimental evidence 
points to the notion that EEC networks are intimately intertwined with signalling 
pathways and represents communications and supply routes (“the endocytic matrix” 
[ 2 ]) of the cell. Indeed, a more precise de fi nition of endocytosis is that of a vast 
programme, deeply ingrained in the cellular master plan and inextricably inter-
twined with signalling, which constitutes the major communications infrastructure 
of the cell. As such, it governs almost all aspects of the relationships of the cell with 
the extracellular environment and of intracellular communication. Its evolution 
constitutes, arguably, the major driving force in the evolution of prokaryotic to 
eukaryotic organisms. 

 Within this framework it is not surprising that the endocytic matrix is pivotal in 
processes that require the interpretation and transduction of signals in a spatially 
de fi ned and temporally controlled manner, ultimately promoting the acquisition of 
polarised cellular functions and phenotypes. Cell migration represents the perfect 
case in point as endo-/exocytic traf fi cking pervasively regulates virtually all aspects 
of cell motility. This control extends from cell autonomous interpretation of soluble 
cues and    physical constraints imposed by the ECM via the dynamically controlled 
positioning of motogenic receptors and mechanosensory device, to the precise dis-
tribution and spatially restricted activation of signalling adaptors. It is the genera-
tion of a dynamic and  fl exible cell endocytic circuitry that plastically adapts cellular 
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cytoskeletal forces, intracellular hydrostatic pressure and plasma membrane ten-
sions with the ever-changing conditions of the extracellular environment, enabling 
the choice of the optimal mode of cell locomotion or impacting on cell fate decision. 
Our understanding, however, of the molecular and regulatory circuitry controlling 
the traf fi cking of cargos and membrane through the intracellular road network is 
still in its infancy. As the molecular players come into focus, it will be possible 
to build integrated cellular maps of signalling cascades and traf fi cking routes. 
This will be critical to unravel the mechanisms controlling physiological and patho-
logical processes that must respond to spatial cues, such as tissue morphogenesis or 
cell migration, or subvert spatial con fi nements, such as tumour invasion.     
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    Abstract     Epithelial cancers demonstrate loss of cell polarity, hyperproliferation, 
and altered cellular metabolism due to acquisition of a suite of genomic aberrations 
as well as a consequence of metabolic challenges in the tumor microenvironment. 
Whether these neoplastic properties represent a coordinate process leading to tumor 
initiation and progression is still poorly understood. In this review, we posit that 
abnormal vesicular traffi cking targets cellular metabolism not just by altering traf-
fi cking of receptor tyrosine kinases and nutrient transporters but also by disrupting 
tight junctions and cell polarity. Apical–basal polarity is required for the formation 
of normal cellular structures that maintain cellular junctions as well as to regulate 
asymmetric division of stem cells; disruption of these processes contributes to 
tumor initiation and progression. Indeed, derailed endocytosis and subsequent aber-
rations in targeting of vesicles and their cargoes to the correct intracellular compart-
ments is an emerging hallmark of cancer. This chapter will review existing literature 
to highlight the vicious nexus between traffi cking, polarity, and metabolism in order 
to identify potential “Achilles heels” that can be exploited therapeutically.  

5.1         Introduction 

 Polarized holographic structures are a recurring theme in living organisms [ 1 ]. 
Indeed loss of polarity and breakdown of normal cell–cell interactions in polarized 
epithelium are required to bypass cellular competition, a process that limits the 
consequence of cellular damage and oncogenic stress [ 2 ]. These checkpoints must 
be overcome for a cell to adopt a number of malignant behaviors including prolif-
eration, motility, and invasion [ 3 – 9 ]. 
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 The stability of the “polarized state” is susceptible to effects of mutations in 
multiple oncogenes including Ras, phosphatidylinositide 3-kinase (PI3K), Notch 
[ 10 – 13 ], as well as tumor suppressor genes such as LKB1, p53, and Scribble [ 14 – 20 ], 
making aberrant polarity both an emerging hallmark and a precondition for tumor 
initiation and progression. Not surprisingly, during tumor progression, epithelial 
polarity pathways are hijacked leading to collapse of structured epithelium, break-
down of cell–cell junctions, and cell–extracellular matrix (ECM) interactions, 
allowing the metastatic cascade to progress [ 21 – 24 ]. However, the nature of the 
initial trigger leading to loss of epithelial polarity has remained largely unknown. 

 In the epithelium, a uniform polarized architecture leads to effi cient cell–cell and 
cell–matrix communication, which is critical for tissue homeostasis [ 6 ,  7 ,  25 ]. This 
homeostasis is sensitive to energetic stress resulting from microenvironmental fl uc-
tuations in nutrient and oxygen levels [ 26 ], indicating that microenvironmental cues 
leading to metabolic changes in the tumor could infl uence cell polarity and subse-
quently altered polarity would also impact cellular metabolic state. In normal tissues, 
the complexity of the endosomal recycling network allows effi cient compensation 
for resource scarcity by recalibrating uptake and usage of cellular resources during 
energy and nutrient stress [ 27 ,  28 ]. Thereby, the traffi cking machinery is equipped to 
maintain polarized states by spatiotemporal regulation of import, sorting, traffi cking, 
and export of growth factors, nutrients, integrins, polarity, and junction proteins 
[ 29 – 34 ]. Polarity and vesicular traffi cking networks are thus intricately intertwined, 
with defects in one process having marked consequence on the other (Fig.  5.1 ).

   Moreover, spatially localized intra-tumoral mutational heterogeneity as well as 
adaptive responses of cancer cells to mutational stress and changes in the microen-
vironment further contribute to the challenge of integrating the complex genomic 
aberrations in the tumor with metabolic diversity, growth profi les, and microenvi-
ronmental stresses [ 35 ]. While the actors in the recycling vesicle pathways linking 
polarity and metabolism are beginning to be identifi ed and functionally characterized, 
there is as yet insuffi cient information to provide an integrated systems biology 
approach to accurately model the network of traffi cking systems and how they 
impinge on accompanying changes in the cellular metabolic profi le and polarity. 

 In this chapter, we will present evidence for potential mechanisms by which aberrant 
vesicular traffi cking could lead to a loss of cell polarity with consequent metabolic 
changes allowing survival and progression of cancers. Given the complex interactions 
within these homeostatic networks, determining the cause and effect between altered traf-
fi cking, loss of polarity, and changes in metabolism has been and remains challenging.  

5.2     Interrogating the Interrelationship Between Vesicular 
Traffi cking and Cell Polarity 

 Multiple polyvalent interactions, involving signaling pathways, cytoskeletal systems, 
ECM, and most importantly the traffi cking machinery, coordinately establish 
and regulate cell polarity [ 27 ,  36 – 38 ]. Polarity is cell type specifi c and dynamic 
[ 7 ,  9 ,  39 ]. It is evident that loss of polarity precedes epithelial–mesenchymal transition 
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  Fig. 5.1    Vesicular traffi cking integrates epithelial polarity proteins and cellular energetic sensors 
to maintain tissue homeostasis. The highly complex vesicular traffi cking network in eukaryotes is 
critical for transportation of polarity proteins as well as junctional proteins, integrins, growth factors 
and nutrient transporters. Polarity tool kit itself cross talks with metabolic pathways to communicate 
cellular energy status across the epithelium. The metabolic and bioenergetics pathways maintain 
equilibrium across the tissue based on its interactions with junctional proteins and polarity check-
points. Thus the three pathways are intimately linked to each other. Deregulation of any of these 
three wheels would alter tissue homeostasis and lead disease including malignancy       

(EMT) [ 12 ,  40 ] and several key polarity proteins (e.g., LKB1, Scribble) are potent 
tumor suppressors [ 15 ,  19 ,  21 ,  41 – 43 ]. 

5.2.1     Endosomal Traffi cking Machinery Is the Architect 
of Dynamic Cell Polarity 

 Vesicular traffi cking plays a pivotal role in establishment of the two most prevalent 
forms of polarity observed in normal and malignant cells (Fig.  5.2 ). In the following 
section, we will highlight how vesicular traffi cking systems comprising of small 
GTPases of Rab and Rho superfamily are key integrators of the information pro-
cesses linking vesicle dynamics, polarity, and metabolism in multicellular organ-
isms [ 37 ,  44 ,  45 ].

5.2.1.1       Establishing “Front–Back” Polarity to Favor Motility 
in Response to Environmental Cues 

 Front–rear asymmetry facilitates rapid response to environmental cues and repre-
sents the earliest polarity state that evolved in unicellular organisms. By forming a 
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leading edge and a lagging end, an internal directional compass sensitizes the 
cytoskeleton towards an external chemotactic gradient. Following installation of 
polarity proteins, microtubule tracts are laid out to carry bulk cargo towards the 
leading edge allowing directed migration [ 46 ]. 

 Polarized traffi cking of integrins (cell–matrix-focal adhesion interactions) and 
RTKs (chemotactic response) are integral to the creation of the front–rear polarity 
axis [ 47 – 50 ]. In a migrating cell, these receptors are internalized and traffi cked via 
Rab GTPase decorated vesicles to the front of the cell to fuel actin polymerization 
[ 51 – 55 ] generating differential cytoskeletal activity, especially actin turnover and 

  Fig. 5.2    Front-rear polarity and apico-basal polarity. The  left side box  is a schematic  representation 
of a mesenchymal cell with typical front-back polarity. The axis of polarity is dictated by the 
chemotactic gradient, with the leading edge, place for high actin turn over, geared to move 
towards nutrient rich microenvironment. The front part of the cell is marked by polarity proteins 
such as Scribble and GTPases namely CDC42 and Rac1. The GTPases communicate with the 
actin cytoskeleton and facilitate the formation of lamellipodia and fi lopodias. Integrins are 
 rapidly endocytosed from the rear and recycled to the front by Rab25 and Rab11 to enhance 
migration. The rear end (marked by  dotted line ) of the cell remains attached to the basement 
membrane and enriched in Rho GTPases.   Th e  right box  represents 2 adjacent polarized epithelial 
cells. The axis of polarity is vertical, apico-basal type where the apical end faces the lumen and 
the basal end adheres to the basement membrane. Cellular junctions demarcate the apical part of 
the cell along with polarity proteins, Par6, Par3/aPKC and Crumb. CDC42 is the main GTPase 
found in the apical region. Par1, 2 and Scribble are present in the typo basal part (marked by dot-
ted line). Growth factors, integrins, nutrients are available to the cell from the basement mem-
brane and the vasculature feeding the ECM. The apicobasal polarity facilitates vectoral transports 
and cellular wastes are released into the lumen. The cellular junctions maintain limited paracel-
lular permeability and help to keep receptors and their mitogenic ligands separated to achieve 
regulated cell proliferation       
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remodeling at cellular poles. The internalization, sorting, and fate of vesicle cargos 
are determined by the dynamic exchange of specifi c Rab family members with vesi-
cles. Furthermore, the polarized activity of actin is mediated by localized activation of 
specifi c Rho family small GTPases [ 56 – 58 ]. For example, in migrating cells, Cdc42 
and Rac1 populate the expanding front membrane where they increase actin assembly 
by promoting Arp2/3-mediated actin nucleation [ 59 ]. As the expanding plasma mem-
brane forms an anterior lamellipodia, integrins from the rear of the cell are endocy-
tosed in Rab coated vesicles, dissolving focal adhesions [ 60 ,  61 ]. Coordinate, 
RhoA-mediated assembly and activation of actin–myosin contractile networks, 
detaches the rear pole of the cell from the ECM, allowing forward motion [ 62 ]. 

 Epithelial cancer cells co-opt processes that normally promote front–rear polarity 
to facilitate cell migration during development and response to injury as well as to 
mediate the early steps of invasion and metastasis. Consistent with a major role in 
tumorigenesis, components of the front–back polarity regulatory process, such as 
small GTPases of the Rab and Rho family and integrins, undergo marked copy number 
and expression changes in addition to traffi cking alterations during oncogenic 
progression [ 34 ,  53 ,  56 ,  63 – 69 ].  

5.2.1.2     Establishing “Apicobasal” Polarity to Enable Vectorial Transport 

 During phylogeny, epithelium-specifi c polarized, compact organization of cells 
arose from “coalesced” aggregation and subsequent epithelial differentiation of 
migratory mesenchymal cells [ 46 ]. The modifi cation of the existing “front–back” 
polarization mechanics of the mesenchymal cells to a columnar (vertical) apico- 
basal axis was developmentally advantageous since it synchronized and unifi ed 
responses to signaling inputs and outputs of a larger mass of cells within the tissue. 
Indeed, evolution of this social network proved critical for survival of multicellular 
organisms. A sophisticated and complex polarity system evolved as sheets of cells 
formed an interface between the organism and its environment or folded into ducts 
and villi along a luminal axis [ 23 ]. Importantly, the adhesive side remained attached 
to a basement membrane (BM) and eventually acquired perfusion with blood ves-
sels and a coordinated interaction with a mitogen enriched stroma, while the other 
end faced the lumen and was in direct contact with the microenvironment of the 
organism [ 22 ]. Subsequently, junctions developed in these epithelial cells to ensure 
adhesion. Cellular junctions selectively regulates permeability of the epithelial 
sheets to specifi c ions and small molecules [ 22 ]. However, there are several varia-
tions to this theme that allow normal cells to initiate cytokinesis as well as cell 
migration during tissue repair. Many of these processes are maintained in tumor 
cells, but rather than being used for the social benefi t of the whole organism, are 
exploited for the growth and metastasis of the tumor [ 21 ,  22 ,  70 ,  71 ]. 

 The basal membrane allows cell-BM connections via integrins [ 22 ]. Strikingly 
the loss of attachment of normal epithelial cells to the BM leads to programmed cell 
death through anoikis, again providing a form of tissue surveillance of cellular state that 
must be overcome during epithelial tumorigenesis. The “normal” mutual exclusion 
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of proteins to the apical or baso-lateral domains is frequently lost early in oncogenic 
transformation [ 22 ]. 

 Functionally, maintenance of the apico-basal axis is a key component of cellular 
differentiation as well as the surveillance of cellular state and removal of damaged 
or mutated cells [ 2 ]. Studies on cooperative tumorigenesis (e.g., Ras and Notch) and 
cellular competition suggest that endocytic machinery and apico-basal polarity 
toolkit collaborate to protect against neoplastic development [ 13 ]. In drosophila, 
aberrant Scribble increases endocytosis of JNK activators, leading to JNK-driven 
apoptosis. Tumorigenesis requires bypass of JNK activation as a consequence of 
endocytosis. Similarly, in polarized mammalian cell complexes, cellular competition 
can prevent the outgrowth of cells with oncogenic mutations providing an additional 
hurdle to tumor initiation and progression [ 2 ]. Thus deregulation of the “polarity 
checkpoint” is required to bypass apoptosis and cell elimination [ 72 ]. 

 Rab and Rho GTPases not only transport and stabilize polarity complexes but 
also remove aberrant apical proteins from the baso-lateral membrane [ 73 ]. Notably, 
growth factors receptors such as Her2 and EGFR normally localize strictly to the 
basolateral membrane in polarized cells [ 74 ]. In contrast, their ligands are restricted 
to apical sides. A disruption of apico-basal polarity either due to injury or a malig-
nant transformation allows ready access of growth factors to their cognate receptors. 
Oligomerized Caveolin-1 [ 75 ] and EPS8 (Epidermal Growth Factor Receptor 
Substrate 8) [ 76 ], a scaffold interacting with Rab5 GAP [ 77 ] and connecting Ras to 
Rac [ 78 ,  79 ], are key molecular guards that restrict EGFR and other receptors to the 
basolateral membrane [ 78 ,  80 ] in normal cells. A loss of Caveolin-1 or changes in 
EPS8-binding interactions would disrupt membrane segregation and cause exces-
sive receptor activation and increased motility and proliferation. 

 The segregation of receptor and ligand ensure that apico-basal polarized cells 
remain quiescent but provide the opportunity for a rapid and effi cient response to 
injury. In tumor cells, loss of apico-basal polarity allows access of growth factor 
to their cognate receptors acting to propagate aspects of the malignant phenotype.   

5.2.2     Polarity Checkpoint Proteins and Their Spatiotemporal 
Regulation by Endosomal Traffi cking Machinery 

 Initially identifi ed via fl y screens but highly conserved throughout metazoans, the 
polarity toolkit includes the Scribble complex (Scribble, DLG, and LGL), the PARtition 
(PAR) complex (Par3/Par6/atypical protein kinase C [aPKC] and Par4/LKB1), and 
the transmembrane Crumbs complex (Crumbs, PALS1, and PATJ) [ 81 ,  82 ]. These 
complexes are common mediators engendering both apico-basal polarity and front–
tail polarity. Indeed, the use of the same complexes in both apico-basal and front–tail 
polarities are energy conserving and also ensures coordinate transition from one to the 
other state. The PAR-aPKC system converts initial cues to establish complementary 
membrane domains along the polarity axis [ 83 ]. Par6 facilitates functional junctions 
leading to an initial segregation of the Par3/aPKC complex at the apical end of the cell 
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with Par1 or 2 and the Scribble complex at the baso-lateral (BL) end of the cell [ 84 ] 
(Fig.  5.2 ). Subsequent mutual exclusion occurs with Scribble in the BL surface sup-
pressing apical membrane identity by inhibiting the function of the Par3 complex. 
In the apical surface, recruitment of Crumb to Par3 locally activates the polarity 
checkpoint [ 85 ]. 

 Intriguingly, the polarity complexes appear to act both upstream and downstream 
of small GTPases. For example, Scribble complexes with a guanine exchange factor 
(GEF) for Cdc42/Rac1, namely, βPIX (PAK-interacting exchange factor), and with 
GIT1 (G-protein-coupled receptor interacting protein1) [ 86 ], during Cdc42 activation 
and localization [ 87 ], which facilitates its relocalization to the leading edge. LGL, 
also a part of this complex, then enables vesicle fusion with the plasma membrane 
via SNARE proteins [ 88 ]. In epithelial cells, interaction of GTP bound CDC42 with 
Par6 recruits CDC42 to the apical cortex [ 89 ,  90 ] and increases the activity of both 
aPKC [ 89 ,  91 ] and Crumbs [ 92 ]. CDC42, by virtue of its dynamic interactions with 
Par6, regulates polarity in migrating cells [ 56 ,  93 ,  94 ], and Par6 itself mediates 
alignment of centrosome and nucleus with respect to the direction of migration in 
astrocytes and fi broblasts [ 95 ,  96 ]. Again, the dynamic roles of CDC2, aPKC, and 
Crumbs coordinate the transitions between apico-basal and front–tail polarity. 

 TGFβ induces EMT in breast cancer cells when TGFβ receptors, present at tight 
junctions of breast cancer cells, bind to and phosphorylate Par6 (on Ser 345), 
recruiting Smurf1 to the complex [ 97 ]. Presence of Smurf destroys RhoA at tight 
junctions and reverses junction assembly leading to loss of apico-basal polarity with 
consequent hyperproliferation and EMT [ 98 ]. In another instance, aPKC proteins, 
specifi cally PKCι, is deregulated as part of the 3q26.2 amplicon that is present in 
multiple tumor lineages [ 99 ]. Overexpression of PKCι as a consequence of the 
3q26.2 amplicon alters polarity leading to increased expression of cyclin E and 
subsequent cellular proliferation. Indeed, coordinate elevation of cyclin E and PKCι 
is associated with worsened outcomes in human cancers. aPKC also cross talks with 
the GTPase system via T-cell lymphoma invasion and metastasis1 (TIAM1) [ 100 ], 
a GEF for Rac1 [ 101 ]. The apical recycling endosome protein Rab11a associates 
with PDK1, that phosphorylates the T-loop of aPKC, to maintain steady state levels 
of active aPKC [ 102 ]. This coordinates the effects of cell signaling (PDK1), vesicle 
recycling (Rab11a), and cell polarity (aPKC) and potentially cell proliferation 
(cyclin E). It is important to note that aPKC also interacts with metabolic proteins 
as discussed later suggesting that it may represent a key node integrating and coor-
dination of transmission of information between polarity and metabolism.   

5.3     Interrogating the Interrelationship Between Polarity 
Proteins and Bioenergetic Stress Sensors 

 Polarity proteins are highly sensitive to oncogenic insults as well as microenviron-
mental stress, including bioenergetic stress. For example, aPKC, which as 
described above is a key regulator of polarity, appears to represent a nodal point 
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linking polarity and metabolism. Phosphorylation of glycogen synthase kinase-3β 
(GSK3β), by aPKC when sequestered in vesicles inactivates GSK3β, potentially 
altering cellular metabolism and energy storage as GSK3β determines the rate of 
synthesis of glycogen. Phosphorylation of GSK3β also alters APC (Adenomatous 
Polyposis Coli) phosphorylation, resulting in destabilization of microtubules at 
the plasma membrane [ 103 ]. If aPKC and GSK3β are not sequestered into com-
plexes, their functionality becomes limited. Thus aPKC functions as a key coordi-
nator of information determining polarity, vesicle recycling, and metabolic fates 
of cells. 

 Strikingly, the demonstration that the Par4/LKB1 polarity protein regulates cel-
lular metabolism through the adenosine monophosphate (AMP)-activated protein 
kinase (AMPK) [ 104 ], a key sensor of cellular energy status [ 105 ] under stress con-
ditions, uncovered an intriguing but powerful link between loss of polarized archi-
tecture and altered metabolism [ 106 ,  107 ]. Importantly, germ line inactivation of 
LKB1 in the Peutz Jaegers syndrome [ 108 – 111 ] and somatic inactivation of LKB1 
in many tumor lineages underlines a potential critical link between polarity, metabo-
lism and tumor progression. LKB1 regulates metabolic control of cell growth, mito-
sis, cell polarization, and asymmetric cell division [ 111 ] while coordinated effects of 
LKB1 and AMPK maintain epithelial cell polarity under energetic stress. LKB1 
potently inhibits motility and invasion pathways and downregulates the expression 
of several mesenchymal marker proteins such as ZEB1, a transcriptional repressor 
for E-cadherin and an EMT inducer in lung cancer [ 112 ]. Additionally, kinase activ-
ity of LKB1 affects cellular metabolites such as lactate by inducing apical traffi ck-
ing of lactate transporters such as Sln (a homolog of the MCT lactate transporter) in 
polarized cells in drosophila. LKB1-mediated localization of the lactate transporter 
inhibits apoptosis and expands the repertoire of usable fuels for survival [ 113 ,  114 ]. 
Thus, in recent years, multiple reports showcasing a major role of LKB1 in regulat-
ing metabolic balance through both AMPK and non-AMPK mechanisms show great 
promise in unraveling the link between altered polarity and cancer cell 
metabolism.  

5.4     Vesicular Traffi cking Ensures Epithelial Homeostasis 
via Maintenance of Cell–Cell Interactions 

 Sequential establishment of the different types of cellular junctions, namely, tight 
junctions (TJ), adherent junctions (AJ), and gap junctions (GJ), is necessary for the 
establishment of overall polarization. Oncogenic insults, such as Ras and TGFβ, 
by derailing the traffi cking machinery alters the molecular composition of junc-
tions, leading to their collapse [ 22 ]. Key junction proteins, namely, cadherins and 
claudins, are replaced by integrins (especially b1 integrins) [ 115 ] allowing a switch 
from an apical–basal polarity to a front–back polarity, facilitating EMT and cell 
motility. 
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5.4.1     Formation of Tight Junctions and Their Role 
in Oncogenesis 

 TJ, the trademark feature of apico-basal polarity, fences off the two protein pools 
[ 116 – 118 ] from apical and basal membranes. Furthermore TJs form a selective 
paracellular barrier to ion and macromolecule transit. TJ comprises  cytoplasmic 
zona occludens (ZO), membrane spanning claudins, and occludins macromolecular 
modules [ 85 ,  119 ] as well as cytoskeletal proteins and signaling molecules [ 118 ]. 
Extracellular homotypic interactions with adjacent cells stabilize TJ while the cyto-
plasmic ends of the transmembrane proteins interact with growth regulatory path-
ways [ 120 – 122 ]. There is emerging evidence that the formation and dissolution of 
TJ as well as the intercellular cross talk that they mediate, both regulate and are 
regulated by the metabolic status of the cell as well as by nutrient availability in the 
microenvironment. 

 Expression analysis of multiple epithelial cancer lineages shows deregulation of 
TJ proteins associated with EMT, invasion, and metastasis [ 123 ,  124 ]. Junction pro-
teins such as claudins are gaining relevance as novel clinical targets [ 125 ] and also 
as cancer biomarkers [ 126 ]. In fact, frequent loss of claudins 3, 4, and 7 in breast 
carcinomas identifi es a new intrinsic subtype of breast cancer called the “claudin- 
low” tumors [ 127 ,  128 ], featuring low levels of E-cadherin, along with a unique 
mutational landscape consistent with being an independent lineage from basal-like 
tumors [ 128 ]. The claudin-low tumors are poorly differentiated, enriched in stem cell 
markers, with high resistance to chemotherapy and with poor prognosis [ 127 ]. 

 A number of Rab family members, in particular Rab13 and to a lesser extent 
Rab3B, Rab8, and Rab14, are implicated in the formation and dissolution of TJ in 
polarized normal epithelial cells [ 129 ]. Rab13 regulates protein kinase A (PKA) 
during TJ assembly [ 130 ] and also recycles occludin and claudin 1 by forming a 
complex with its TJ-specifi c effector, junctional Rab13-binding protein, and 
MICAL-L2 [ 131 ]. Rab13 and Rab8 bind to the same complex albeit at spatially 
distinct locations compatible with a collaborative role in TJ and AJ formation [ 131 ]. 
Rab5a, an early endosomal protein, is also indirectly involved with polarity and TJ. 
Rab5a drives EGFR traffi cking and sorting with a consequent regulation of the 
EGFR scaffold protein, Gab1 [ 132 ]. Gab1, in turn, contributes to cell polarity by 
acting as a PAR protein scaffold [ 133 ], linking Rab5a to polarity regulation. In 
endothelial cells, Rab5a also regulates localization of claudin- 1 in a proteasome-
dependent manner [ 134 ]. This suggests that Rab5a-coated endosomes serve as a 
hub where EGFR signaling modules, polarity regulators, and TJ proteins intersect. 
Furthermore, in migrating cells, Rab14 and its effector form an endocytic-recycling 
pathway that traffi c ADAM protease and regulates cell–cell junctions [ 123 ]. 

 The Rab11 family, comprising Rab 25 (aka Rab11c), and its related family mem-
ber, Rab11a, are both implicated in formation of TJ in normal and cancer models. In 
normal MDCK cells, phosphorylation of Rab11Fip2, a target of Rab11a, at Ser227 is 
essential for the formation of TJ and AJ [ 135 ]. This phosphorylation allows retention 
of occludin and specifi c claudins at TJs in a Rab11a-independent manner [ 135 ]. 
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   Interestingly, we found that claudin-low tumors have greatly reduced levels of Rab25 
(unpublished) suggesting a potential link between Rab25 and expression of junction 
proteins. A role for recycling endosomes in regulation of polarity is further supported 
by the observation that Rab25 is necessary for claudin 4 expression and localization 
at TJ [ 32 ,  136 ]. As Rab25 is a key regulator of cellular metabolism [ 28 ,  137 ], this 
supports a coordinate regulation of vesicle recycling, cellular polarity, and cellular 
metabolism. Based on our unpublished data, we speculate that Rab25 may be the key 
Rab11 family member that interacts with the effector Rab11Fip2 to regulate the com-
position of TJ. 

 The experimental evidence discussed here supports a role for abnormal vesicular 
traffi cking in loss of TJ as an early event during metastatic progression. Would 
detection of aberrant traffi cking provide an earlier window of intervention or serve 
as a predictive marker for tumor aggressiveness? Towards that end, our laboratory 
and others are working to unravel the mechanisms of TJ regulation by endocytic 
traffi cking proteins.  

5.4.2     Formation of Adherent Junctions: The Critical Nexus 
Between E-cadherin and the Recycling Endosomes 

 AJ designate the contact points between adjacent epithelial cells serving as sensors 
for contact inhibition thereby limiting the growth potential of a cellular aggregate. 
Cell–cell adhesion is mediated by homophilic interactions ( trans  and  cis ) of cadher-
ins, which are connected to the cytoskeleton via catenins (p120). E-cadherin is a 
calcium-dependent adhesion receptor present at the AJ of epithelial cells [ 138 ]. The 
dynamic cellular distribution of E-cadherin facilitates response to biochemical and 
mechanical stimuli during remodeling and stabilization of AJ. In mature  junctions, 
membrane E-cadherin renewal is regulated by small GTPase-mediated endocytosis 
and traffi cking [ 139 ]. Upon cellular contact, E-cadherin is traffi cked via a Rab11a 
module consisting of a ternary complex of Rab11a, myosin Vb, and Rab11/FIP2 
[ 140 ] from the trans-Golgi network (TGN) to the lateral membrane where it senses 
the mechanical forces generated by contact with the adjacent cell. E-cadherin trans-
mits a “contact inhibition” message to F-actin, which in turn stabilizes a nonmotile 
cytoskeletal confi guration and suppresses cell proliferation pathways [ 140 ]. In the 
absence of stable cell–cell contacts, a limited pool of surface E-cadherin is main-
tained via constant endocytosis and recycling [ 141 ]. 

 E-cadherin is a classical epithelial cell maker that is lost during EMT, typically 
postulated due to transcriptional deregulation. However, new evidence suggests that sort-
ing endosomes may be the dominant determinant of the fate of cellular E-cadherin [ 142 ]. 
The transmembrane domains of signaling proteins within sorting compartments possess 
targeting information for active sorting to the apical surface. Sorting endosomes 
with multiple tubular extensions form sub-compartments that provide a platform for 
distinct combinations of transport carriers and their specifi c cargo (e.g., MET vs. 
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transferrin receptor) interactions. In an oncogenic setting, prolonged exposure to 
growth factors, in particular EGF or TGFβ, leads to internalization of cell surface 
E-cadherin [ 143 ] which is then traffi cked for degradation via Rab7/Rab9 or recycled 
via Rab11a vesicles. EGF stimulation of ER-positive breast cancer cells induces Rac1-
modulated macropinocytosis of the E-cadherin–catenin complex into early endosomal 
complexes (EEA1), decorated with the sorting nexin, SNX1 [ 144 ]. SNX1 extracts 
E-cadherin out of EEA1 and channels it to Rab11a coated vesicles, thus bypassing 
lysosomal degradation and returning E-cadherin to the membrane. The absence of 
nexin thus leads to cytoplasmic accumulation and degradation of E-cadherin and loss 
of the adhesion junction [ 144 ]. In the absence of functional adhesion junctions, the 
polarity axis is weakened facilitating EMT. Since Rab11a vesicles carry E cadherin to 
a basolateral membrane address, Rab11a mutants also perturb E-cadherin [ 145 ] func-
tion. Errors in the early endosomal sorting machinery could misregulate transport of 
AJ to appropriate Rab11a-coated recycling vesicles and relegate E-cadherin cargo for 
degradation via Rab7 vesicles. In fact there is strong evidence that E-cadherin accu-
mulates in Rab7-coated vesicles during Src-mediated EMT [ 146 ].  

5.4.3     Cell–ECM Interactions Are Constructed by Polarized 
Vesicular Traffi cking and Are Deregulated in Cancers 

 Cell–ECM interaction occurs primarily through the integrins. Integrin traffi cking is 
a key consequence of polarization and also necessary for maintenance of cell polar-
ity. These transmembrane proteins function as mechano-transducers between actin 
and the BM and engage with the BM, forming focal adhesion at the basolateral end 
of a polarized cell. Endocytic traffi cking by Rab family members, including 
Rab4A, Rab5, Rab8A, Rab11, Rab21, Rab25, and Rab11FIP1, critically regulate 
the integrated vesicle cascade leading to integrin loc.lization [ 32 ,  147 – 151 ]. 
Essentially, endocytosis redistributes integrins from the rear to the front of the cell 
or restricts them to the baso-lateral domain, in the case of apico-basally polarized 
epithelial cells. 

 In migrating cells, integrins are relocated to the leading edge via endocytic traf-
fi cking from the rear of the cell. Multiple Rab family members and effectors are 
involved in the coordinate relocalization of integrin complexes. Rab5 and Rab21 
regulate endocytosis and recycling of b integrins, while Rab25 facilitates transport of 
α5β1 integrin to actin hotspots [ 51 ,  55 ]. Further Rab25 facilitates the formation 
of functional EGFR-α5β1 integrin complexes at the leading edge of the cell 
(Fig.  5.3 ). Specifi cally, short loop Rab4-decorated recycling vesicles carry integrin 
α5β3 and transferrin receptor while long loop perinuclear recycling endosomes 
traffi c components required for actin polymerization, via Rab11, and its two effectors 
Fip2 and Myosin Vb. Once at the leading edge, other Rab11 effectors, namely, Fip3 
and Fip4, bind to Rab11 and Arf and promote nucleation required during actin 
polymerization [ 152 ].
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   Integrin expression and function are typically deregulated in cancers. Rab25 and 
its effector Rab11Fip1, which promotes tumor invasion and migration via association 
with α5β1 in 3D culture models and tumors, underscore the contribution of vesicular 
traffi cking in regulating integrin function [ 55 ,  149 ]. Rab25-decorated vesicles in 
collaboration with its effector, Rab-coupling protein (RCP), physically promote 
interactions between beta-l integrin and EGFR within the cytosolic compartment, 
promoting cellular motility [ 51 ,  55 ]. That both Rab25 and Rab11Fip1 are aberrant in 
a large number of cancers and correlate with poor patient outcomes is consistent with 
being drivers of tumor behavior, at least in part, through altering integrin function. 

  Fig. 5.3    Endocytic machinery as a link between polarity and cellular energetics. A schematic 
representation of known and suggested interactions between vesicular traffi cking by Rab GTPases, 
key junctional proteins, and energy sensors in (apico-basal) polarized epithelial cells. Both TJ and 
AJ are traffi cked via sorting endosome and recycling endosomes (Rab11a, Rab25 and Rab4). 
E-cadherin is traffi cked to basolateral region via recycling endosome. During oncogenic progres-
sion, aberrant traffi cking could misplace TJ and AJ proteins into late endosome/lysosome vesicles 
where the junctions are degraded leading to EMT. Alternatively, loss of Rab11a, or Rab25 could 
prevent recycling of critical junctional proteins favoring metastasis. In contrast, integrins and 
growth factors, could be increasingly sorted into recycling compartment rather than into late endo-
somal compartment, enhancing mitogenic signaling. This would break the epithelial homeostasis 
that prevents uncontrolled growth and metastasis. In parallel, cross talk between polarity protein 
LKB1 with intact cellular junction is necessary for activation of energy sensor AMPK. The 
Rab11a/Rab25 decorated recycling vesicle could be a potential platform where this critical interac-
tion takes place. PI3K pathway, which dictates mitogenic signaling as well as bioenegetic path-
ways, is another node where traffi cking proteins such as Rab25 can cross talk with metabolic 
pathways       
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 The BM provides a directional context for polarized integrin function. Therefore 
basal restriction of BM is essential for epithelial polarization. Rho kinase (ROCK), an 
effector of RhoA, by restricting the microtubule stabilizer, Par1B (MARK2) to the 
outer basal periphery, correctly positions the BM. Interestingly, in non-epithelial 
fi broblasts, the rigidity of the membrane contributes signifi cantly to its polarization. 
Tensile strength of matrix and its contributions to tumorigenesis is gaining promi-
nence as a likely regulator of function of the HIPPO tumor suppressor-signaling 
cascade [ 8 ,  153 ,  154 ]. Further, the ability of transmembrane molecules in the apico- 
basal complex to sense tension and act as mechano-transducers contributes to the 
regulation of HIPPO function. Whether internalization and fate of integrin traffi cking is 
altered based on adhesion to matrices of different tensile strength remains to be tested.   

5.5     Polarity and Metabolism Pathways Intersect at 
Endosomal Traffi cking Platforms at Cellular Junctions 
and During Cytokinesis 

 Perturbations resulting from internal cellular energetics and external microenviron-
mental cues alter the GTPase traffi cking networks to generate operational “systems.” 
By corollary, multiple systems are in constant competition to develop and enforce 
stable steady states. Outcomes of this competition could be decisive for maintenance 
or loss of polarized organization and promote hyperproliferation (aberrant cell 
division) and EMT (loss of cell junctions). Indeed, in various models, the Rab11a-
driven recycling system is a major driver and determinant of epithelial morphogenesis 
[ 142 ,  145 ]. However, if instead of a Rab that is sensitive to the effects of GAPs and 
GEFs such as Rab11a, there is an overexpression of a constitutively active Rab such 
as Rab25, or if GAP vs. GEF ratios were altered, a different endpoint would result. 
Indeed Rab25, which does not appear to be regulated by GAPs and GEFs and not 
Rab11a that is regulated by GAPs and GEFs, is frequently aberrant in cancer accom-
panied by an upregulation of EMT markers [ 155 ]. 

5.5.1     Cell–Cell Junctions: Recycling Endosome as a Hub 
for LKB1, E-cadherin Cross Talk 

 As presented previously, vesicular traffi cking, especially the recycling endosome, 
is critical for delivery of junction proteins like E-cadherin to the appropriate 
 membrane compartment. Interestingly, in polarized epithelial cells, E-cadherin-
mediated localization of LKB1/STRAD complex at AJ is required for AMPK 
activation at threonine 172 [ 156 ]. Conversely, LKB1 is also essential for matura-
tion of AJ [ 106 ,  107 ,  156 ,  157 ]. 

 Although it is known that LKB1 has to complex with the pseudokinase STRAD 
and scaffolding protein MO25 to achieve its functional role at the junction, further 
studies are required to uncover the upstream factors that mediate LKB1/STRAD 
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interaction with E-cadherin and how they are transported to AJ. Since recycling 
endosome Rab11a recycles E-cadherin to plasma membrane AJ, it is possible that 
LKB1 is also transported in the same vesicular compartment. Overall, the involve-
ment of AMPK at cellular junctions underscores a tight link between cellular energy 
status and TJ function [ 104 ,  158 ]. 

 In general, AMPK activation exerts cytostatic effects by inhibiting biosynthetic 
pathways thus decreasing cellular ATP consumption. Whether the activation of 
AMPK and alterations in biosynthetic pathways as a result of metabolic stress 
drives contact inhibition via AJ needs to be tested. Indeed, aberrant E-cadherin 
traffi cking could block contact inhibition-dependent activation of AMPK and thus 
lead to increased mTOR activity, protein synthesis, and increased proliferation. 
Alternatively, as found in ovarian cancers, PI3K/mTOR signaling could downregu-
late E-cadherin and increase proliferation by increasing transcriptional represses of 
E-cadherin, namely, Snail and Slug [ 159 ].  

5.5.2     Cytokinesis and Regulation Phosphoinositide 
Traffi cking by GTPases 

 Arguably the biggest collaboration between energetics, traffi cking machinery, and 
the polarity toolbox occurs during cytokinesis [ 160 ]. In both front–rear and apico- 
basal polarized cells, the recycling endosome directs the formation of furrows in the 
mid-body of the cell in a Rab11a and Crumbs-dependent manner [ 161 ]. This step is 
especially critical during asymmetric division necessary to sustain a subpopulation 
of stem cells. In several studies, Rab11 effectors, Fip3 and Fip4, along with Arf6 
and the exocyst are implicated in this critical abscission step of cytokinesis [ 161 ]. 
Whether aberrations in this process contribute to tumor initiation or progression 
remains to be fully elucidated. 

 Furthermore, during cytokinesis, differential distribution of endogenous phos-
phoinositides, second messengers for various signaling modules, defi nes surface 
microdomains. Phosphatidylinositide-3 phosphates (PIP3) are generated by the 
activity of phosphatidylinositol 3-kinase (PI3K) and are traffi cked to specifi c 
membranes locations via binding to vesicular traffi cking proteins containing FYVE 
domains (PIKFYVE). Dephosphorylation of PIP3 by PTEN is a prime tumor- 
suppressive mechanism. Indeed, demonstrating the importance of this dynamic 
process, the PI3K–PTEN pathway is more commonly mutationally activated than 
any other pathway in tumors. PIP2, generated by dephosphorylation of PIP3 by 
PTEN, is enriched at the apical surfaces in a Par3-dependent process, while PIP3 
species dominate basolateral surfaces [ 74 ] and AJ [ 90 ,  162 ,  163 ]. In fact, PTEN 
actively localizes to the apical surface to degrade PIP3 locally, resulting in the accu-
mulation of PIP2 [ 164 ]. Enrichment of PIP2 at the apical membrane is responsible 
for the recruitment of a suite of proteins that bind PIP2 such as the CDC42–annexin 
2 complex [ 164 ], triggering downstream signaling networks. Since Par6 and aPKC 
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are recruited subsequent to CDC42, localization of PIP2 provides an critical early 
step for organization of key polarity proteins [ 74 ]. Thus PTEN loss/inactivation, one 
of the most frequent aberrations in cancer, contributes directly to polarity defects 
[ 118 ,  165 – 169 ] resulting in abnormal cell division. 

 Rab GTPases coordinate with the PI3K pathway to achieve precise traffi cking 
of PI3K activation [ 170 ] involving not just the plasma membrane but also major 
intracellular compartments such as early and late endosomes, Golgi, autophago-
somes, TGN, and endoplasmic reticulum, where phosphoinositides and specifi c 
Rabs co- localize [ 170 ]. In the context of cytokinesis, Rab11 and Rab21 are critical, 
with Rab11 being recruited to mid zone to facilitate furrowing and asymmetric 
division. 

 The p85α, regulatory subunit of PI3K, contains a Rho GAP domain proposed 
to interact with Rab4 and Rab5 traffi cking pathways [ 171 – 173 ]. Although this 
interaction of p85α with Rab GTPases is linked to regulation of RTK signaling 
[ 172 ], it could potentially effect PIP2 localization by sequestering CDC42 [ 174 ] 
as well as regulate other functions of p85α. As p85 is the key adapter and regula-
tor of PI3K, its localization determines the site of production of PIP3 and subse-
quent conversion to PIP2. This coordinates localization of the components 
regulating cell signaling and polarity. Furthermore since p85α homodimers bind 
and regulate PTEN stability [ 16 ], the recruitment of p85α to particular subcellu-
lar compartments could further regulate cellular polarity and vesicle recycling. 

 Strikingly, during front–rear polarity, activation of PI3K at the leading edge of 
cells combined with exclusion of PTEN from this domain with continued PTEN 
activity throughout the remainder of the cell, concentrates PIP3 at the leading edge 
[ 81 ,  90 ,  164 ,  166 ]. The localization of PI3K activity could be CDC42-dependent 
through recruitment of p85α and the associated p110 PI3K catalytic subunit [ 174 ]. 
Indeed, since p85α binding to p110 and PTEN are mutually exclusive, this could 
further contribute to increased PIP3 levels at the leading edge of cells. Thus, onco-
genic mutations in PI3K that enhance its binding to CDC42 could contribute to 
early changes in apico-basal polarity that could contribute to tumorigenesis as well 
as to EMT. Indeed, while the PI3K pathway is implicated in cellular motility, inva-
sion and metastasis, a coordinated mathematical model based on systems approaches 
able to account for the multiple functions of the PI3K pathway including potent 
direct roles in regulation of polarity remains beyond the availability of high-quality 
integrative data. 

 Cellular energetics dictates cell growth and proliferation. The presence of active 
AMPK (Thr172), which is a key sensor of metabolic states and in particular ATP/
AMP ratios at mitotic structures refl ects a need for an in situ energy sensor that 
communicates the bioenergetic state of the cell to the chromosomal and cytoskeletal 
dimensions of the mitotic system [ 175 – 177 ]. How AMPK is traffi cked to the mitotic 
apparatus remains unknown. Nevertheless, the presence of LKB1 and MO25 at 
mitotic spindles in  C. elegans  and Drosophila models supports the need to exten-
sively explore the interactions between traffi cking and metabolic pathways in 
human cancers [ 178 ].   

5 Aberrant Vesicular Traffi cking Contributes to Altered Polarity and Metabolism…



110

5.6     Derailed Endocytosis as a Cause and Consequence 
of Energetic Stress 

 Solid tumors, especially at the center, are frequently challenged by low nutrients, 
growth factors, and oxygen levels and high lactate levels, resulting in a hypoxic and 
acidic microenvironment, which alters traffi cking networks, TJ, and subsequently 
disrupt polarity [ 179 ]. 

 Protein traffi cking by Rab and Arf family small GTPases in response to amino 
acid availability regulates mTOR activation. A number of Rab GTPases including 
Rab5, Rab7, Rab11, and Rab31, when bound to GTP, selectively blocks mTORC1 
activation in response to amino acids [ 180 ]. This again emphasizes the link between 
energy balance and vesicle traffi cking. Constitutive activation of Rab5 and Arf1 
strongly inhibits mTORC1 activity in mammalian systems post amino acid stimula-
tion via Rag GTPases. Endocytic traffi cking and in particular the integrity of the late 
endosome is essential for the ability of nutrients to regulate mTORC1. Indeed, 
blocking early (Rab5) to late endosomal (Rab7) conversion stalls insulin- and amino 
acid-stimulated mTORC1 activation resulting in restriction of mTORC1 to hybrid 
early/late endosomes [ 181 ]. 

 The loss of cell polarity and alterations in protein localization due to aberrant 
traffi cking are two key non-transcriptional systemic and rapid responses to nutrient 
depletion, especially low glucose levels [ 182 – 184 ]. Activation of AMPK by low- 
energy balance results in phosphorylation AS160, a Rab GAP, and triggers its asso-
ciation with 14-3-3 proteins and its consequent dissociation from glucose transporter, 
Glut4, carrying vesicles [ 185 ]. This facilitates transfer of Glut4 from intracellular 
storage vesicles to the plasma membrane and increases glucose uptake, alleviating 
the metabolic stress [ 185 – 187 ]. Again, this suggests that a tight coupling between 
polarity, traffi cking, and metabolism is integral to normal cellular function and is 
co-opted by tumor cells to allow responses to the microenvironment. 

 Recently, our laboratory identifi ed Rab25, which is frequently genomically 
amplifi ed in multiple tumor lineages, as a key regulator of cellular bioenergetics and 
autophagy [ 28 ,  137 ] in epithelial cancers. The Rab25 transcriptome is highly 
enriched in metabolic genes suggesting a role in cellular metabolism. Indeed Rab25 
enhances survival during nutrient stress by preventing apoptosis and autophagy in a 
PI3K-dependent manner. In addition to activating AKT, Rab25 associates with glu-
cose transporters and translocates Glut1 to the membrane, increasing uptake of glu-
cose leading to accumulation of glycogen in epithelial cancer cells. The action of 
Rab25 in elevating basal ATP levels and increasing glycogen stores allows cancer 
cells to transiently accommodate to energy stress [ 28 ] and favors cell survival in the 
toxic tumor microenvironment and during anoikis stress. 

 An unexpected molecular link between nutrient levels and polarity was reported 
in yeast, where glucose starvation transiently inhibited translation initiation, cell 
polarity, and traffi cking networks. The alterations in traffi cking were PKA- 
dependent and temporarily delocalized clathrin adaptors from the PM. It appears that 
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activity of PKA prior to glucose depletion dictates adaptive responses of endosomal 
and TGN traffi cking [ 188 ]. 

 In ischemia models (tumor hypoxia), depletion of cellular ATP results in disrup-
tion of the epithelial TJ barrier, followed by loss of membrane polarity. At the 
molecular level, low ATP favors a stable complex of TIAM1 and Par3, thus seques-
tering the activating GEF away from Rac and reducing aPKC-Par3 complex forma-
tion. With subsequent reduction in Rac and aPKC activity, the TJ disassembles 
[ 189 ], destroying cellular polarity. Now growth factors can access to their cognate 
receptors increasing glucose uptake as well as inducing expression of cell survival 
mediators. 

 As described above, nutrient stress disrupts apico-basal polarity. However, rather 
than immediately reinstituting polarity, once nutrients become available, cancer 
cells with compromised apico-basal polarity, benefi t from transitioning to a front–
rear state, favoring their migration machinery. High glucose uptake that occurs fol-
lowing nutrient stress increases Rac1 activity, priming cells for migration. 

 Interestingly MARK2/Par1, a microtubule stabilizing protein, which is phosphory-
lated and activated by Par4/LKB1, may play an important role during an apico-basal to 
front–rear transition. Such transition could be prompted by accumulating microenvi-
ronmental stresses such as hypoxia and/or altered energetics, potentially collapsing the 
polarity axis. Moreover, changes in mechanical forces at work between adjacent tumor 
cells and between tumors cells and the tissue matrix can contribute to cytoskeletal 
alterations towards a more migratory phenotype. MARK2/Par1 dictates the alignment 
of microtubules either in columnar or horizontal organization [ 190 ]. In a simplifi ed 
scenario, a change in the axis of alignment of microtubules would also change the 
direction of travel of Rab GTPase-coated vesicles. Once again, Rab11a emerges as a 
major player since its effector, Rab11FIP2, is a substrate of MARK2, and contributes 
to the establishment of cell–cell junctions [ 140 ]. Other Rabs, such as Rab 20, which 
regulates mitochondrial homeostasis under hypoxic conditions, could play a key role 
in response to cellular energy changes [ 191 ], are deregulated in various inherited and 
acquired disorders, notably in pancreatic carcinomas. 

 Thus microenvironmental stress, leading to energy crisis, promotes the evolution 
of a heterogeneous population of genetically altered cells [ 5 ,  6 ,  192 – 196 ]. Systems 
involved in maintaining uniform epithelial tissue organization are outcompeted by 
systems promoting alternative metabolic pathways with subsequent changes in 
polarity and increased cellular motility. As suggested above, the increased cellular 
motility may be a phylogenetic memory of the response of unicellular organisms to 
stress that is co-opted for the function of mammalian cells or alternatively a residual 
function that is not benefi cial to the mammalian cells. The physical and cytoskeletal 
changes accompanying loss of apico-basal polarity and function of cellular junc-
tions subsequently stimulate transcriptional programs that translate to a more glyco-
lytic phenotype, i.e., the Warburg effect [ 197 ,  198 ]. 

    Overall, we have snapshots of how polarity proteins are transported by Rho and 
Rab GTPases but further studies are needed to determine (1) whether vesicular 
traffi cking is a fundamental non-transcriptional regulator of polarity proteins that 
effects tumor progression, (2) how Rab GTPases communicate junctional status to 
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polarity checkpoints and energy sensors, and vice versa, (3) whether altered 
traffi cking precede changes in polarity and metabolism, (4) at what stage of tumori-
genesis do aberrations in the Rab GTPases and transport of polarity proteins occur, 
and (5) how polarized traffi cking alter anabolic and catabolic processes in the cell. 

 A systems biology approach, incorporating a detailed analysis of DNA copy 
number, methylation and mutation, mRNA and miRNA levels, protein levels as well 
as dynamic changes in protein complexes and localization as a consequence of per-
turbations in traffi cking and polarity pathways, will likely be necessary to integrate 
the functional effects of the complex cross talk between members of the traffi cking 
and polarity programs.  

5.7     Conclusions 

 Cell “polarization” is essential for creating the gradients within the cell that drive 
biochemical reactions, cellular energetics, motility, and cell–cell interactions. 
It appropriates allocation of cellular components during cytokinesis and distributes 
plasma membrane with specifi c external interacting ligands. The vesicular traffi ck-
ing system, as the master manager and distributor of cellular resources including 
polarity checkpoint proteins, defi nes various functional hotspots in the cell. 
Therefore, oncogenes target polarity proteins to disrupt glandular organization dur-
ing tumor initiation and progression. 

 Oncogenic transformation engages the “polarity and traffi cking systems” that 
normally function during wound healing to bring about EMT. Tumor acidosis 
resulting from the release of lactate as a component of the Warburg glycolytic meta-
bolic phenotype found in the majority of cancer cells can compromise BM and 
cell–BM adhesion. Through a series of unknown events, the orientation of the cyto-
skeletal axis changes, as the adhesion junctions are degraded, slowly depolarizing 
the cell. The cell then gains a new front–rear polarity, which allows growth factor 
ligands to activate their cognate receptors contributing to cell survival as well as 
motility. This can lead to directional motility towards the vasculature due to a gradi-
ent of lactate and pH, resulting in cancer cells coming into contact with the vascu-
lature, a critical step in the metastatic cascade. Considering that cytoskeletal motors 
and various ion pumps consume a large fraction of cellular energy, it is worth evalu-
ating how this energy consumption pattern is altered in highly glycolytic cancers, 
where cellular energy usage is focused on driving biosynthetic processes. 

 Aberrations in multiple members of the polarity complex are found in human 
tumors and animal models of cancer. For example, PKCι, which is critical for apico- 
basal polarity, is genomically amplifi ed with increased protein expression in serous 
ovarian cancers. Importantly, PKCι is also mislocalized in these tumors. The aberrant 
expression and mislocalization of this polarity protein elevates cyclin E expression 
and increases proliferation [ 99 ]. 

 In normal systems Rab11a is arguably the single most important Rab GTPase 
in terms of polarized transport [ 49 ]. However, it is important to note that Rab25 
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(aka Rab11c) a close homolog of Rab11a has overlapping as well as competing 
functions and is implicated in the pathophysiology of an increasing array of cancers. 
Stress inputs like hypoxia that leads to the expression of mesenchymal gene signa-
tures favoring invasion and migration also favor “resource conservation” routes of 
vesicle traffi cking. Indeed, during hypoxia, Rab11a reinstates α6β4 integrin expres-
sion by recycling these proteins to the cell membrane instead of to the degradation 
pathway. Elevated levels of recycled α6β4 results in a microtubule confi guration 
that facilitates migration and cytokinesis. The diversity of Rab11 family effectors 
implies that their spatial distribution and their dynamic association with vesicles as 
they transit the cell are important matrices for their function [ 199 ]. 

 While the PI3K signaling pathway represents a critical intersection point between 
the polarity and metabolic pathways, the geographical coordinate of this interaction 
is possibly the recycling endosome. Although oncogenic activation of the recycling 
endosomal Rab11a is relatively rare in tumors [ 155 ], its homolog, Rab25, is fre-
quently amplifi ed and is regarded as a driver of tumorigenicity in a variety of cancers. 
Our laboratory has also shown that oncogenic activities of Rab25 are PI3K-dependent 
and include altered metabolism and increased metastasis [ 28 ,  167 ]. However while 
overexpression of Rab25 promotes metastasis in various cancer models, it also 
appears to function as a tumor suppressor in a context-dependent manner in the clau-
din-low subset of breast cancers [ 200 ], reportedly with a relatively increased glyco-
lytic index [ 201 ]. The observed increase in mesenchymal gene signatures and loss of 
TJ [ 127 ,  128 ] in claudin-low cell lines suggests a complex role for Rab25 in “epithe-
lial polarity programs” in cancer cells. With recent fi ndings of our group that Rab25 
regulates cancer cell metabolism [ 28 ], we are using the multiple functions of Rab25 
to probe the integration of polarity and metabolism in epithelial cancers. 

 Cancer is a product of evolution and it systemically hijacks latent developmental 
programs to its advantage. Loss of polarity and altered metabolism, which are inti-
mately related to vesicle traffi cking, are established hallmarks of cancer [ 202 ,  203 ]. 
The evidence presented herein calls for the inclusion of “derailed endocytosis” as a 
hallmark of cancer. Indeed the vesicular traffi cking system forms a regulatory link 
between cellular energetics and polarity states, which presents a novel option for 
clinical intervention.     
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    Abstract     Endosomes play key roles in the control and execution of such diverse 
and spatially restricted processes as cell signaling, epithelial to mesenchymal transi-
tions as well as cell adhesion and migration. The endocytosis of growth factor 
receptors and adhesion molecules, such as cadherins and integrins, is coming into 
focus as a major mechanism in the regulation of cellular processes that govern cell 
growth, differentiation, survival, and motility. Subversion of these pathways accom-
panies disease progression, especially cancer. We suggest that endosomes are mul-
tifunctional dynamic platforms on which unique sets of molecular components are 
assembled and sorted to adapt to different environmental and cellular cues. A better 
understanding of how endosomes can function as conduits for the acquisition of 
oncogenic phenotypes will lead to more specifi c therapeutic approaches to combat 
cancer progression.  

6.1         Introduction 

 Although endocytosis has long been regarded as a conduit for the internalization 
and degradation of nutrients and cell surface receptors, it is now accepted that 
the endosomal membrane system plays a vital role in the control and execution 
of  spatially restricted functions, such as cell adhesion and motility. Cell adhesion is 
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essential for the maintenance of multicellularity in living organisms. Intercellular 
adhesion and cell-to-extracellular matrix (ECM) adhesion are a result of the assem-
bly and functional integrity of “adhesion complexes” at sites of cell–cell or cell–
ECM contacts, respectively [ 34 ]. These complexes consist of transmembrane 
adhesion molecules coupled to intracellular scaffold or signaling proteins and the 
cytoskeleton. Cadherin family cell adhesion molecules and their associated scaffold 
proteins, the catenins, are major components of cell–cell adhesive contacts, namely, 
the adherens junctions and desmosomes [ 34 ]. The major transmembrane protein at 
cell–ECM adhesive contacts (i.e., focal adhesions and hemidesmosomes) is the 
heterodimeric integrin receptors [ 34 ]. These cell–cell and cell–ECM adhesion com-
plexes are linked to and stabilized by the actin or intermediate fi laments but undergo 
signifi cant remodeling during the acquisition of migratory and invasive phenotypes 
in tumor cells [ 93 ,  94 ]. In the initial stages of tumor progression, tumor cells some-
times undergo epithelial–mesenchymal transition, which requires the disruption of 
cell–cell adhesions [ 5 ]. The traffi cking of cadherins along the endocytic pathway is 
now accepted as an important mechanism involved in the remodeling of cell–cell 
adhesions [ 39 ]. Some cancer cells maintain or reestablish cell–cell adhesions during 
metastasis and their collective migration requires that both cell–cell and cell–ECM 
adhesions stay intact [ 25 ]. Mesenchymal tumor cells will migrate and invade into 
the basement membrane and surrounding stromal tissues [ 54 ]. To facilitate migra-
tion and invasion, tumor cells continuously form new cell–ECM adhesions at the 
leading edge, whereas focal adhesions at the trailing edge are disrupted by 
endocytosis. 

 Besides serving as carriers and sorting stations for the traffi cking of adhesion 
molecules, emerging evidence suggests that endosomal compartments are also 
essential sites of signal transduction [ 53 ,  77 ,  84 ]. Activated receptors can func-
tion in endosomes, and certain signaling components are localized, even exclu-
sively, to endosomes. Signals transmitted from endosomes are robust and 
typically long- lived, different from those that arise from the plasma membrane. 
Endosomal signaling is widespread across species and regulates essential pro-
cesses including growth and differentiation in addition to cell adhesion and motil-
ity. Subversion of the mechanisms involved is predicted to play an important role 
in several human diseases and, most especially, cancer. Pharmacological agents 
that target receptor signaling at the plasma membrane have proved to be effective 
therapeutics for some cancers [ 53 ]. Thus, selective disruption of receptor signal-
ing in endosomes, which can be accomplished by targeting endosomal-specifi c 
signaling pathways that are altered in cancers, could also provide novel therapies 
for tumor progression. 

 In this review chapter, we discuss current evidence coupling endocytosis and the 
regulation of signaling pathways in cells and how altered regulation of these pathways 
can lead to acquisition of oncogenic phenotypes. We also describe how endocytosis 
and recycling of adhesion molecules, such as cadherins and integrins, is coming into 
focus as a major mechanism in the regulation of adhesive and migratory properties 
of cells.  
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6.2     Endocytosis Regulates Signal Transduction 

 Endocytosis plays an important role in the duration and extent of signal transduction 
via controlling the number and accessibility of cell surface receptors [ 52 ,  82 ,  84 ]. 
Signal transduction starts at the cell surface when ligands such as growth factors and 
hormones bind to their cognate receptors, which recruit and activate signaling mol-
ecules such as adaptors and enzymes (e.g., kinases) that further activate downstream 
effectors to amplify the signal transduction processes ultimately leading to regula-
tion of gene expression, cell proliferation, or cell differentiation. Malfunction of the 
signal transduction processes is a major cause of cancer. 

 Receptor tyrosine kinases (RTKs) constitute a large family of receptors whose 
signal transduction processes promote cell proliferation or differentiation. A well- 
characterized example is the epidermal growth factor receptor (EGFR). Ligand 
(EGF) binding causes conformational changes, dimerization, and tyrosine phosphor-
ylation of EGFR, which activates phosphoinositide 3-kinase (PI3-K), phospholipase 
Cγ (PLCγ), and the mitogen-activated protein (MAP) kinase pathways at the cell 
surface. The ligand also induces endocytosis of EGFR into endosomes and eventu-
ally intraluminal vesicles (ILVs) and lysosomes for degradation, which reduces the 
number of active EGFR molecules and attenuates the signaling in the so-called 
“downregulation” process. This process is delayed under hypoxia conditions charac-
teristic of cancer cells where hypoxia-inducible factor HIF1α blocks Rabaptin-5 
expression, leading to reduced Rab5-mediated endosome fusion and endocytosis 
[ 91 ]. As a result, EGFR signaling is prolonged with increased cell proliferation. 

 EGFR in endosomes, before delivery to ILVs and lysosomes, may remain 
engaged to the ligand, and its cytoplasmic domain may continue signaling. Indeed, 
the fi rst evidence of endosomes serving as a platform for EGFR signaling inside the 
cell came from a study that showed reduced phosphorylation/activation of MAP 
kinases in the cells where endocytosis was blocked by a dynamin mutant [ 90 ]. This 
concept was later generalized as the signaling endosome hypothesis [ 32 ]. Signaling 
endosomes not only continue the signaling processes initiated at the cell surface but 
also gain access to new signaling molecules and start new signaling processes. For 
example, EGFR can activate the small GTPase Rab5 via RIN1 on endosomes [ 85 ]. 
Rab5-GTP and certain receptors can directly recruit APPL1 to endosomes, which 
activates Akt and regulates its substrate specifi city for GSK-3β, a process critical for 
cell survival and embryonic development in zebrafi sh and possibly other vertebrates 
[ 76 ]. On the other hand, an intriguing recent observation suggests that accumulation 
of activated EGFR on endosomes via blocking ILV formation triggers apoptosis 
[ 72 ], although the signaling pathway is yet to be established. It is clear that the 
endosomes provide a membrane environment distinct from that of the plasma mem-
brane and their mobility inside cells allows access to additional signaling molecules 
leading to new functional consequences. 

 Endosomal transport is critical for retrograde signaling by nerve growth factor 
(NGF) and its receptor (TrkA) in neuronal survival, migration, axon growth, and 
target cell innervation [ 3 ,  10 ]. In this case, target-derived NGF binding at the tip 
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of the axon induces endocytosis of the NGF–TrkA complex into the signaling 
endosomes that start signaling locally inside the axon and undergo retrograde trans-
port along microtubules towards the cell body/soma. The signaling endosomes 
carry signaling molecules such as the activated TrkA, ERKs, and Akt [ 28 ,  32 ] as well 
as specifi c transcription factors (e.g., CREB) translated in the axon [ 11 ] to activate 
specifi c nuclear gene expression in the soma, including a positive feedback loop of 
increased expression of TrkA [ 48 ]. The functional consequences are the aforemen-
tioned neurotrophic effects. 

 Endosomal membrane is enriched with PI3P, which recruits PI3P-binding 
signaling molecules such as the FYVE domain-containing proteins important for 
TGFβ receptor- and G protein-coupled receptor (GPCR)-mediated signal transduc-
tion processes. In the case of TGFβ signaling, the TGFβ receptor is endocytosed into 
endosomes where it interacts with SMAD anchor for receptor activation (SARA), a 
FYVE domain-containing adaptor protein that recruits SMAD2 to the endosomes 
for phosphorylation by the TGFβ receptor [ 88 ]. The phosphorylated SMAD2 then 
forms a complex with SMAD4, followed by translocation to the nucleus for activa-
tion of gene expression. In the case of GPCR signaling, activated G protein on endo-
somes can activate the PI3K Vps34 to produce PI3P that in turn recruits FYVE 
domain-containing proteins to promote MAPK and Cdc42 signaling pathways [ 84 ]. 

 Endocytosis also plays an important role in Notch-mediated signal transduction 
and neuronal cell proliferation [ 22 ,  39 ]. Both Notch and its ligands (the Delta/
Serrate/Lag2 (Dsl) domain-containing proteins) are transmembrane proteins on 
apposing cells. Ligand binding leads to two consecutive proteolytic cleavages (S1 
and S2) in the ectodomain of Notch. The C-terminal fragment of Notch is then 
endocytosed, followed by another cleavage (S3) in the transmembrane domain by γ 
secretase to release the cytoplasmic intracellular domain that translocates to the 
nucleus and activates expression of target genes. Interestingly, the ligand itself, 
e.g., Delta, requires endocytosis and recycling to concentrate at specifi c regions on 
the plasma membrane for effi cient binding and activation of Notch on the signal- 
receiving cells [ 22 ,  39 ]. 

 An important mechanism that controls the endocytosis and/or endosomal sorting 
of the signaling receptors involves ubiquitination at their cytoplasmic domains. 
While polyubiquitination with the Lys-48 linkage marks the substrate for degrada-
tion by the proteosome, polyubiquitination with the Lys-63 linkage and monoubiqui-
tination may regulate other functions of the substrate including endocytosis and 
endosomal sorting [ 84 ]. Ubiquitination is necessary for the endocytosis of Ste2, a 
GPCR, in yeast [ 29 ], but it is not essential for other GPCRs and RTKs in animal cells 
[ 20 ,  79 ]. In the latter case, ubiquitination may still increase the interaction of these 
signaling receptors with components of clathrin-coated pits to facilitate their endocy-
tosis [ 2 ,  36 ]. Importantly, ubiquitination is critical for subsequent sorting of signaling 
receptors into ILVs/MVBs [ 20 ,  79 ], via interaction with the ESCRT complexes, to 
terminate the signal [ 35 ,  81 ,  82 ]. Consistently   , ubiquitination-defi cient EGFR shows 
increased signaling activity. A well-documented E3 ubiquitin ligase, Cbl, is respon-
sible for the ubiquitination of various RTKs. Mutations that abrogate Cbl ubiquitin 
ligase activity are known to cause cancer such as myeloid leukemia and lung cancer 
[ 74 ,  86 ], suggesting that ubiquitination-mediated RTK sequestration in ILVs/MVBs 
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and signal termination are critical for normal signal transduction processes and cell 
growth. In the case of Notch, non-ligand-bound Notch is ubiquitinated by the E3 
ligase ITCH, endocytosed and delivered to lysosomes for degradation [ 8 ]. 

 In addition to signaling receptors, ubiquitination of downstream signaling 
molecules on the plasma membrane, such as the Ras GTPases (H- and N-Ras), 
leads to endocytosis and signal downregulation in both mammalian cells and 
 Drosophila  where the system controls organ development [ 96 ,  97 ]. The E3 ubiqui-
tin ligase responsible for Ras ubiquitination is Rabex-5 [ 96 ,  97 ], which was origi-
nally identifi ed as a GEF for activation of the endosome-associated Rab5 and 
endosome fusion [ 31 ]. Rabex-5 targets early endosomes and plasma membrane by 
binding to Rab22 [ 99 ,  100 ] or by forming a complex with Rabaptin-5 that in turn 
binds to Rab5 [ 31 ]. The K-Ras isoform, on the other hand, is not ubiquitinated, but 
a recent study shows that a fraction of K-Ras is endocytosed via the clathrin-depen-
dent pathway and follows the conventional endocytic pathway to early endosomes, 
late endosomes/MVBs, and lysosomes [ 46 ]. Interestingly, K-Ras is able to recruit 
Raf1 to elicit signal transduction on late endosomes [ 46 ], which normally degrade 
endocytosed cargoes and reduce signaling. 

 Endocytosed receptors are not always destined to degradation in late endosomes 
and lysosomes; instead they can be recycled to the plasma membrane for reutiliza-
tion and additional rounds of signaling, depending on the types of ligands and 
endocytic portals. For example, TGFα also interacts with EGFR but its affi nity is 
lower than EGF and readily dissociates from the receptor in early endosomes [ 19 , 
 24 ]. As a result, the receptor is sorted back to the plasma membrane, due to insuf-
fi cient ubiquitination [ 45 ], which likely contributes to the high potency of TGFα 
in promoting tumor cell growth [ 56 ]. In addition, receptors can be endocytosed 
via clathrin- dependent or clathrin-independent pathways or both [ 17 ,  81 ]. In the 
case of EGFR, low concentrations of EGF induce clathrin-dependent endocytosis 
while high concentrations of EGF promote clathrin-independent endocytosis [ 81 ]. 
The former pathway largely recycles EGFR back to the plasma membrane for con-
tinual signaling and the latter pathway promotes EGFR traffi c to late endosomes 
and lysosomes for degradation and signal attenuation [ 81 ]. In addition to the RTKs, 
some GPCRs such as the β2 adrenergic receptor (β2AR) require endocytosis and 
recycling to be resensitized for sustained signaling. In this case, β2AR can be inac-
tivated by phosphorylation at the plasma membrane and endocytosis allows β2AR 
to gain access to the endosome-associated phosphatase 2A for dephosphorylation 
and resensitization [ 66 ]. The active β2AR is then recycled back to the plasma mem-
brane, via a Rab4-dependent fast recycling pathway, for ligand binding and new 
rounds of signaling [ 21 ,  59 ,  78 ].  

6.3     EMT in Cancer 

 Most solid tumors are epithelial in origin. A loss of epithelial cell markers and 
concomitant acquisition of mesenchymal cell markers have been observed in some 
epithelial tumors, such as non-small cell lung cancer (NSCLC) and pancreatic, 
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colorectal, and hepatocellular cancers particularly at the invasive front [ 37 ,  87 ]. 
This profound phenotypic conversion, referred to as epithelial to mesenchymal 
transition (EMT), is orchestrated by integrated networks of signal transduction 
pathways that direct marked alterations in cell adhesion and motility. Although 
EMT is best known for its role in embryonic development, in the adult, several 
oncogenic pathways (growth factors, Src, Ras, Wnt/beta-catenin, and Notch) may 
induce EMT [ 87 ]. 

 Although there are accumulating data to suggest a critical role for EMT in cancer 
progression, the demonstration of this process in human cancer has been controversial 
[ 67 ]. Moreover, the acquisition of mesenchymal phenotypes is not a prerequisite for 
cell migration/invasion and in many cases appears to be characteristic of only a few 
cells at the invasive fronts in a tumor mass. The evidence to date suggests that the 
induction of EMT depends on the tumor type and its genetic alterations as well as on 
its interaction with the extracellular matrix [ 67 ]. Over the last decade, however, it’s 
been shown that some cancer cells reactivate EMT in an effort to escape their normal 
boundaries [ 67 ]. The loss of epithelial cell markers (e.g., E-cadherin) is associated 
with disease progression and metastatic potential of a tumor. There is accruing evidence 
that cancer cells can dedifferentiate through activation of specifi c biological pathways 
associated with EMT, thereby gaining the ability to migrate and invade. Hence, what 
has been observed experimentally regarding EMT and normal embryonic develop-
ment is also thought to apply in the progression of solid tumors—a cellular repro-
gramming process whereby epithelial tumor cells lose cell polarity and cell junction 
proteins and at the same time gain signal transduction activities associated with cell 
invasion and survival in an anchorage- independent environment. Mesenchymal-like 
tumor cells gain migratory capacity at the expense of proliferative potential. Cellular 
changes resulting in EMT in cancer are thought to play a major role in disease 
progression and have been associated with poor prognosis in patients [ 37 ].  

6.4     Endocytic Traffi cking of Cadherins in EMT 

 A critical molecular event underpinning the dissolution of cell–cell contacts during 
EMT is the loss of the cell–cell adhesion molecule, E-cadherin, a key component of 
the adherens junctions [ 87 ]. EMT and metastatic progression are most often associ-
ated with a reversible downregulation of E-cadherin (encoded by  CDH1 ) involving 
either hypermethylation of the  CDH1  promoter or repression by EMT-inducing 
transcription factors [ 5 ,  87 ]. In particular, EMT is accompanied by the activation of 
two related zinc fi nger-containing transcription factors, Snail and Slug. The basic 
helix–loop–helix proteins, Twist 1 and Twist 2, and the ZEB family proteins have 
also been shown to induce EMT via transcription regulation. Notably, however, in 
addition to transcriptional downregulation, posttranscriptional regulation of adhe-
sive structures can also markedly infl uence the progression of EMT [ 12 ]. The endo-
cytosis and lysosomal degradation of E-cadherin as described below is one such 
cellular mechanism that can have a profound impact on the initial stages of EMT. 
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 The cytoplasmic domain of E-cadherin contains a dileucine motif, which is a 
binding site for clathrin adaptor complexes, and mutations in the motif inhibit 
E-cadherin endocytosis [ 50 ]. The E-cadherin dileucine motif also binds to p120ctn, 
which in polarized poorly motile epithelia masks the dileucine motif to prevent the 
endocytosis of E-cadherin [ 51 ]. Cellular depletion of p120ctn results in the internal-
ization of cadherins and loss of cell–cell contacts [ 9 ,  14 ,  95 ]. The binding of an 
adaptor molecule, Numb, to p120ctn negates the p120ctn-mediated suppression of 
E-cadherin endocytosis since Numb recruits the AP-2 clathrin adaptor complex pro-
moting endocytosis [ 75 ]. Numb can also interact with the NVYYY motif on 
E-cadherin, which in turn can hinder the p120ctn–E-cadherin interaction [ 92 ]. 

 Growth factors such as HGF, as well as oncogenic v-Src, can also induce epithe-
lial–mesenchymal transition (EMT) in part by promoting the endocytosis of cad-
herin molecules [ 12 ,  94 ]. Src-mediated phosphorylation of the NVYYY motif on 
E-cadherin induces the dissociation of p120ctn and recruits a c-Cbl-related E3 ubiq-
uitin ligase, Hakai [ 26 ]. Hakai induces the ubiquitination of E-cadherin and subse-
quently its endocytosis and lysosomal degradation, which require the activation of 
the Rab small GTP-binding proteins, Rab5 and Rab7 [ 63 ]. HGF treatment or v-Src 
expression activates ARF6, an ARF family small GTP-binding protein, which 
enhances E-cadherin endocytosis [ 60 ]. In Madin–Darby Canine Kidney (MDCK) 
cells, ARF6-GTP recruits the nucleoside diphosphate kinase, Nm23-H1, initiating a 
downregulation of Rac1 activity and promoting the clathrin-dependent endocytosis 
of E-cadherin to the early endosome, both of which facilitate the disassembly of the 
adherens junctions [ 62 ]. Furthermore, upon Src-induced loss of cell–cell contacts, 
internalized E-cadherin is targeted to the lysosome for degradation in an ARF6- 
dependent manner so that it cannot be recycled to the plasma membrane, thus ensur-
ing that cell–cell contacts will not be reformed. The TBC/RabGAP Armus is thought 
to play a role in this process, bridging signaling between ARF6, Rac1, and Rab7 
[ 23 ]. Armus was shown to bind Rac1 and locally facilitate lysosome biogenesis and 
the degradation of E-cadherin. Inhibition of ARF6 activity, by expression of a domi-
nantly interfering mutant, ARF6(T27N), enhances the epithelial phenotype by pre-
venting the internalization of E-cadherin into endosomal compartments and thereby 
blocking hepatocyte growth factor (HGF) and Src-induced cell scattering [ 60 ,  61 ]. 
In addition, the downregulation of ARF6 activity, established by a positive feedback 
loop between EphA2 and E-cadherin, has been shown to enhance E-cadherin-based 
adhesion and the maturation of apical–basal polarity in MDCK cells [ 49 ]. The for-
mation of stable adherens junctions during epithelial cell polarization is dependent 
on the spatially regulated activation of ARF6, which is modulated by the formation 
of a complex between FRMD4A/GRSP-1/PAR3 and the ARF6-GEF cytohesin-1 at 
cell junctions [ 33 ]. HGF also induces Ras-mediated activation of RIN2, an activator 
for Rab5, which also facilitates the endocytosis of E-cadherin [ 38 ]. 

 The aforementioned effects of ARF6 on the internalization of E-cadherin and 
other cell surface receptors have also been shown to impact epithelial glandular 
organization in 3D cell cultures [ 89 ]. In this regard, sustained ARF6 activation in 
basement membrane cultures of epithelial cysts, a structural unit of epithelial glan-
dular organs, leads to the internalization of E-cadherin as well as growth factor 
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receptors by ARF6-regulated pathways. Sustained signaling from endosomes 
(described further below), in turn, leads to the formation of aberrant glandular 
morphologies, reminiscent of tumorigenic phenotypes seen in vivo [ 16 ]. 

 In addition to clathrin-mediated endocytosis, caveolin-mediated endocytosis is 
also involved in E-cadherin internalization in some cell types [ 1 ,  47 ]. EGF treatment 
of MCF-7 cells, on the other hand, promotes E-cadherin into endosomes via clathrin- 
independent pathways [ 64 ]. While multiple internalization routes have been impli-
cated in E-cadherin endocytosis, collectively these fi ndings show that the cycling of 
E-cadherin along the endosomal pathway can markedly impinge on the dynamics 
of the adherens junctions of epithelial tissues and loss of the epithelial phenotype.  

6.5     Endocytic Traffi cking of Integrins and Acquisition 
of Motile Phenotypes 

 Migrating and invading cells display an increased internalization and recycling of 
integrins from the retracting edge of the cell to the leading edge and at sites of cell 
invasion. β1 integrin receptors have been localized to clathrin-coated pits [ 15 ] 
where the endocytic adaptors Numb and Dab2 bind to integrin receptors to facilitate 
internalization [ 57 ]. HS1-associated protein X-1 (HAX-1) has been shown to bind 
to the cytoplasmic tail of β6 integrin to facilitate the clathrin-mediated internaliza-
tion of αvβ6 integrin receptors, which in turn enhances migration and invasion of 
oral sqaumous carcinoma cell lines [ 69 ]. While the above is one example, integrin 
traffi cking has been associated with migratory potential of several tumor cells lines 
[ 54 ,  70 ]. Integrin endocytosis is also thought to facilitate the uptake of ECM pro-
teins such as fi bronectin and vitronectin and transport of these molecules to the 
lysosomes [ 43 ,  80 ]. 

 In actively migrating cells, ARF6 and Rab family GTPases have been linked to 
the traffi cking of integrin receptors. In this regard, β1 integrin has been shown to 
localize to ARF6-regulated recycling endosomes [ 6 ,  68 ]. Expression of dominant- 
negative ARF6 inhibits the cell’s ability to recycle this endosomal compartment to 
the plasma membrane leading to a decrease in receptors at the migrating edge 
[ 6 ,  68 ]. In addition, the recycling of β1 integrin is regulated by an ARF6-GAP, 
ACAP1; the inhibition of ACAP1 or its phosphorylation by Akt inhibits integrin 
recycling and cell migration [ 41 ]. The ARF6 GEF, GEP100, which is upregulated 
in breast cancers, has also been implicated in the traffi cking of β1 integrin receptors 
[ 18 ,  73 ]. The migratory ability of cells is also modulated by engagement with the 
extracellular matrix and requires ARF6-mediated activation of Rac1 for the forma-
tion of protrusive structures such as lamellipodia at the leading edge [ 13 ]. 
The formation of an α4 integrin–paxillin–Arf-GAP complex at the trailing edge of 
the cell assists in directional migration by inhibiting ARF6 activity, thereby block-
ing adhesion- dependent Rac1 activation and the extension of lamellipodia [ 58 ]. 
Slit2-Robo signaling can block the ARF6 and Rac1 activation induced by integrin 
engagement, important in pathologies of endothelial cell protrusive activity [ 44 ]. 
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 A subset of Rab GTPases on the plasma membrane, early and recycling 
endosomes control the integrin traffi cking, and altered expression levels of these 
Rabs are often associated with various types of cancer [ 40 ]. Rab5 and Rab21 are 
associated with the plasma membrane and early endosomes and regulate the inter-
nalization of β1 integrins via direct interaction with their α subunits [ 65 ]. Reduction 
of Rab5 or Rab21 in carcinoma-associated fi broblasts can decrease α5 integrin at 
the plasma membrane and remodeling of cell–extracellular matrix interaction, 
which is required for the invasion of squamous cell carcinoma [ 30 ]. Indeed, Rab5 is 
highly expressed in lung adenocarcinoma and hepatocellular carcinoma [ 27 ,  42 ]. 
The Rab11 subfamily members (Rab11 and Rab25) are localized in a perinuclear 
recycling compartment that controls a slow recycling pathway important for traf-
fi cking of integrins back to the plasma membrane at the leading edge. Rab11 appears 
to collaborate with ARF6 to control the exit of integrins from the perinuclear recy-
cling compartment [ 68 ]. Importantly, Rab11 controls α6β4 integrin recycling 
involved in hypoxia-induced breast cancer cell invasion [ 98 ]. Rab25 is related to 
Rab11 and directly binds to the β1 subunit of α5β1 integrin to facilitate its recycling 
to the leading edge of the plasma membrane, a process implicated in cancer cell 
invasion and metastasis [ 7 ]. Overexpression of Rab25 is well documented in many 
types of cancers [ 40 ] including ovarian cancer, breast cancer, testicular tumor, 
Wilms tumor, and bladder and hepatocellular carcinomas. Interestingly, Rab25 
expression is decreased in colorectal adenocarcinomas, which correlates with poor 
prognosis of colon cancer patients [ 55 ]. In this regard, mouse models of colon can-
cer show that loss of Rab25 can increase colonic tumor formation [ 55 ]. It is not yet 
clear why different types of cancers require overexpression and loss of Rab25, 
respectively, to promote cell invasion and aggressiveness. In contrast to Rab11/
Rab25-mediated slow recycling, Rab4 is localized in a fast recycling compartment 
and facilitates the fast recycling of certain integrins (e.g., αvβ3) to the cell surface 
in response to the platelet-derived growth factor (PDGF) [ 71 ].  

6.6     Concluding Remarks 

 Endocytosis has emerged as an important regulatory mechanism in signal transduc-
tion/cell proliferation, cell polarity/EMT, and cell adhesion/invasion, in addition to 
its conventional role in the uptake and digestion of nutrients. The regulatory  function 
of endocytosis in these processes involves internalization and sorting of signaling 
receptors, cell junction molecules (e.g., cadherins), and integrins to degradative or 
recycling pathway. Aberrant endocytic machinery and unbalanced endocytosis can 
contribute to uncontrolled cell proliferation, EMT, and aggressive cell invasion, 
which are hallmarks of cancer cells. Indeed, altered expression and/or mutations in 
endocytic genes are frequently found in tumors [ 82 ]. One well-documented exam-
ple is Cbl, an E3 ubiquitin ligase involved in ubiquitination and endocytosis of sig-
naling receptors. Inactivating mutations in Cbl are associated with myeloid 
malignancies [ 74 ]. In addition, mutations in the cytoplasmic domain of signaling 
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receptors may abrogate their endocytosis and reduce degradation, contributing to 
tumorigenesis. For example, ErbB-2, an endocytosis-defective variant of EGFR, 
shows strong transforming effect and is highly expressed in breast cancer [ 4 ,  83 ]. 
A better understanding of the endocytic machinery that regulates the degradation 
and recycling of signaling receptors, cadherins, and integrins should help develop 
novel and specifi c therapeutics against cancer.     
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    Abstract     The concept of signaling endosomes originated from the observations 
that receptors activated at the plasma membrane can continue signaling after their 
endocytic internalization into endosomal compartments. In this chapter we discuss 
how the unique features of endosomes, such as their biochemical properties, regu-
lated cytoskeleton-mediated transport or heterogeneity, can be exploited to modulate 
signal transduction. While endosomes may regulate the magnitude, kinetics, and 
specifi city of the signals, they can also control the intracellular localization of signal-
ing molecules and spatial signal propagation, thus contributing to cell polarization. 
In particular, we describe known mechanisms by which early or late endosomes act 
as platforms for signal propagation, diversifi cation, or sequestration. Finally, we 
review some examples of how signaling endosomes contribute to the development or 
physiology of multicellular organisms and how aberrations in these processes may 
lead to pathologies.  

7.1         The Signaling–Endocytosis Nexus 

 The mutually dependent relationship between signal transduction and endocytosis is 
an important feature that determines functioning of many types of transmembrane 
signaling receptors. Generally speaking, the process of endocytosis controls signal 
transduction by integrating different signaling cascades on the surface of plasma 
membrane and of endocytic vesicles which affects the duration, intensity, specifi city, 
and distribution of signaling events. Frequently endocytosis is stimulated by the acti-
vation of receptors, resulting in ligand-dependent internalization of receptors and 
associated molecules. Obviously, endocytosis controls the receptor availability at the 
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cell surface, thus providing a regulatory loop that prevents excessive ligand- induced 
activation. Eventually the internalized receptors get delivered to lysosomes for 
degradation (leading to the irreversible signal termination) or become recycled back 
to the plasma membrane (e.g., for the next round of activation). According to this 
classical schema that was discovered in the late 1970s and prevailed for over two 
decades, endocytosis plays a mostly negative but also regulatory role in signal trans-
duction. However, since the 1990s, there has been accumulating evidence for the 
presence of activated receptors and associated signaling complexes on endosomal 
membranes in the cytoplasm. Thanks to the development of advanced resources and 
technologies, nowadays we gained certain insights into a complex and largely posi-
tive role of endocytosis in signaling. First, receptors traffi cked through the endo-
somal compartments may retain or even gain signaling abilities, resulting in signal 
prolongation or diversifi cation. Second, signaling molecules residing in/on endo-
somes are effi ciently delivered to distant areas of the cell thanks to actin- and micro-
tubule-based vesicle transport. Third, the orchestra of molecules that coordinate 
endocytic transport participates directly in a variety of signaling complexes, regulat-
ing such diverse processes as gene transcription, cellular division, and differentia-
tion. Thus, endosomes can be viewed as platforms for sustained and specifi c signaling 
that add temporal and spatial dimensions to signaling downstream the plasma mem-
brane receptors. In this chapter we will discuss in more detail various aspects of 
endosome-specifi c signaling events (recently reviewed also in [ 58 ,  65 ,  71 ,  80 ]).  

7.2     Distinct Internalization Routes 

 Effi cient signal transduction requires precise regulation at multiple levels. At the 
plasma membrane, receptor signaling is controlled by the availability of ligands and 
receptors as well as by distribution of signaling components. Upon ligand binding, 
signaling receptors residing at the plasma membrane become internalized via clathrin- 
mediated endocytosis or via several types of clathrin-independent endocytosis and 
eventually arrive in early endosomes. These represent a highly dynamic compartment 
from where receptors can be recycled back to the plasma membrane or sorted to late 
endosomes/multivesicular bodies (MVBs) and eventually degraded in lysosomes 
(Fig.  7.1 ). The critical sorting steps that coordinate the traffi cking via a fast and slow 
recycling route or towards late endosomes are dependent on specifi c members of the 
Rab GTPase family [ 82 ]. In addition, sorting towards degradation is coordinated by 
the ubiquitylation and endosomal sorting complexes required for transport (ESCRT-0, 
ESCRT-I, ESCRT-II, and ESCRT-III) [ 34 ,  67 ]. The numerous examples of how the 
route of internalization affects the biological outcome of receptor activation have 
been recently reviewed [ 22 ,  65 ,  71 ]. Each internalization route promotes formation of 
particular signaling complexes and favors distinct signaling events. For example, it 
was proposed that clathrin-mediated endocytosis preferentially directs the epidermal 
growth factor receptor (EGFR) towards  recycling and sustained signaling, while 
clathrin-independent pathways of endocytosis destine it for degradation [ 78 ]. 
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Similarly, clathrin-mediated endocytosis promotes signaling of transforming growth 
factor-β (TGF-β), while the lipid raft–caveolar internalization pathway preferentially 
induces the receptor turnover [ 20 ]. The endocytosis route may determine signal 
specifi city, as exemplifi ed by Wnt signaling, where caveolin-dependent and clathrin-
dependent internalization activate or inhibit the canonical β-catenin pathway, respec-
tively [ 91 ]. In addition, clathrin-mediated endocytosis contributes to the noncanonical 
Wnt signaling in the planar cell polarization (PCP) pathway [ 29 ,  60 ].
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7.3        Unique Features of Endosomes 

 Upon internalization, receptor signaling is subjected to additional control 
mechanisms which depend on the preferred internalization route and require the 
specifi c biochemical properties as well as lipid/protein composition of endo-
somes. As activated receptors accumulate in endosomes, these intracellular 
compartments serve as motile carriers where receptor signaling may be sus-
tained, reactivated, and terminated. The general defi nition of “signaling endo-
somes” is a consequence of the observation that receptors continue to signal 
after internalization. 

 Endosomes represent a highly diverse and dynamic endomembrane com-
partment, with frequent fusion/fission events, where a general membrane flow 
from the cell periphery towards the cell nucleus is accompanied by progressive 
changes in membrane composition and acidification of endosomal lumen [ 21 , 
 38 ]. Thanks to the distinct biochemical properties of endosomal subpopulations; 
it is feasible to obtain enriched endosomal fractions using density gradient 
ultracentrifugation, gel filtration, electrophoretic, and immunoaffinity tech-
niques [ 28 ,  57 ]. Usage of such techniques demonstrated the existence of endo-
some-bound active signaling molecules. The early evidence for signaling 
complexes assembling on endosomal membranes came from subcellular frac-
tionation studies of rat liver that demonstrated the presence of activated EGFR 
and associated signaling molecules Shc and Grb2 on endosomal membranes 
following EGF stimulation [ 19 ]. Subsequently, abundant evidence established 
a positive role of endocytosis in signal propagation and diversification and 
demonstrated that virtually all endosomal compartments are signaling compe-
tent (reviewed in [ 22 ,  54 ,  65 ]). In particular, development of high-resolution 
microscopy provided multiple examples of signaling functions of endosomes 
(for review, see [ 52 ]). On the other hand, signaling of activated receptors from 
endosomes may not always be an absolute requirement for their biological 
function, as recent reports show that the transcriptional response as well as 
MAPK and AKT activation are primarily mediated by activated EGFR at the 
cell surface [ 5 ,  81 ]. 

 The important features of endosomes that specifi cally affect signaling are (a) 
unique lipid and protein composition in comparison to the plasma membrane; 
(b) progressive acidifi cation of endosomal lumen occurring during endosomal 
maturation; (c) small volume and limited surface area that favor assembly of 
multiprotein complexes containing active receptors, adaptors and signaling mol-
ecules, as well as support multiple weak intermolecular interactions; (d) intra-
cellular actin- and microtubule-mediated transport that enables rapid and 
controlled transmission of endosome-derived signals; (e) existence of heteroge-
neous endosomal populations in terms of morphology, localization, composition, 
and function. Below we will present selected examples showing the importance 
of two of these unique features. 
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7.3.1     Specifi c Lipid/Protein Composition of Endosomes 

 Endosomal membranes are differentially enriched in particular phosphoinositides 
that contribute to compartmental identity and anchor a number of phosphoinositide- 
binding proteins [ 31 ,  41 ,  51 ] (Fig.  7.1 ). Thanks to its association with several 
phosphoinositide kinases and phosphatases, Rab5 GTPase regulates both gen-
eration and turnover of these phospholipids and thus coordinates sorting and sig-
naling events [ 77 ]. Dynamic changes in lipid composition of endosomal 
membranes occurs either via fusion with preexisting compartments or through 
vesicle maturation. Typically, early endosomes are enriched in phosphatidylinosi-
tol 3-phosphate (PI3P), which in turn becomes converted to phosphatidylinositol 
3,5-bisphosphate (PI(3,5)P 

2
 ), prevalent in late endosomes. In early endosomes, 

the Rab5 effector phosphatidylinositol 3-kinase (PI3K) VPS34 is responsible for 
PI3P generation. The presence of PI3P is required for recruitment of EEA1, 
Rabenosyn-5, sorting nexins (SNXs), and the plus-end-directed kinesin-3 motor 
KIF16B to early endosomes [ 41 ]. The PI3P level is controlled through the lipid 
kinase PIKFyve and the lipid phosphatase MTM1 [ 41 ]. Vesicles maturing to late 
endosomes contain PI(3,5)P 

2
 , which is necessary for retrograde membrane traf-

fi cking to the trans-Golgi network, but not required for degradative sorting of 
receptors [ 70 ]. Additionally, the internal membranes of late endosomes contain 
lysobisphosphatidic acid (LBPA), which controls membrane invagination and 
endosome biogenesis [ 50 ].  

7.3.2     Endosomal pH and Ionic Content 

 Endosomal transport depends on the gradual acidifi cation of endosomal com-
partments, ranging from 6.8–6.1 in early endosomes to 6.0–4.8 in late endosomes 
and 4.5 in lysosomes [ 38 ]. The acidic pH of late endosomes affects the fate of 
EGFR in a ligand-specifi c manner [ 69 ]. Ligands such as EGF, heparin-binding 
EGF-like growth factor (HB-EGF), and betacellulin (BTC) remain bound to the 
receptor, which targets EGFR for lysosomal degradation. In contrast, acidic pH 
causes dissociation of TGF-α from EGFR already in early endosomes, which 
enables recycling of unoccupied receptors to the surface and prolonged receptor 
phosphorylation and signaling. Importantly, the ability of certain ligands to induce 
receptor recycling rather than degradation affects downstream signaling and can 
partially determine oncogenic potential of the various EGFR ligands [ 69 ]. 

 Simultaneously but independently of acidifi cation, endosomal changes in the 
luminal concentrations of chloride, sodium, or potassium ions may directly affect 
the regulation and function of endocytic processes [ 75 ]. The ionic environment can 
regulate the membrane curvature and fusion events and eventually affect the fate of 
the transported cargo.   
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7.4     Multifaceted Signaling from Endosomes 

 Over the past years, substantial experimental evidence proved the involvement of endo-
somes in the regulation of signal magnitude, kinetics and specifi city, as well as in the 
control of spatial signal propagation and cell polarity. Below we will summarize the cur-
rent knowledge on endosomal contribution to signal transduction on the molecular level. 

7.4.1     Signal Propagation 

 The collective action of the essential signaling molecules, which are shared between 
the plasma membrane- and endosome-originating complexes, ensures the proper 
duration and intensity of the signal. There are multiple examples of receptors from 
the GPCR (G protein-coupled receptor) and RTK (receptor tyrosine kinase) families 
that can continue signaling from endosomal compartments. Certain GPCRs remain 
associated with β-arrestins at the plasma membrane and endosomes, with the con-
tribution of endosomal signaling proportional to the residence time in endosomes 
[ 7 ,  94 ]. Similarly, the ligand-bound and phosphorylated EGFR has been detected on 
early and late endosomes, together with all the components of the ERK/MAPK 
signaling cascades [ 61 ]. Of note, different cellular responses may be triggered by 
apparently the same signaling events originating with different kinetics from the 
cell surface and from intracellular sites. Growth factors induce acute MAPK activa-
tion from the plasma membrane and more sustained from endosomes. In PC12 
cells, stimulation with nerve growth factor (NGF) leads to different outcomes 
depending on the location of Trk receptors: activated receptors at the cell surface 
promote prolonged AKT activation and proliferation, while catalytically active 
receptors on endosomes initiate neuronal differentiation [ 93 ]. Also, thyroid- 
stimulating hormone (TSH) receptor and parathyroid hormone (PTH) receptor con-
tinue to signal to Gα 

s
  and adenylyl cyclases after internalization, leading to persistent 

cAMP production [ 8 ,  26 ] (Fig.  7.2a ). Signaling from internalized TSH receptors, 
likely located in the perinuclear endosomal recycling compartment, is required for 
VASP phosphorylation and actin rearrangement [ 8 ].

7.4.2        Signal Diversifi cation 

 Specifi c signaling pathways originating from various endosomal populations were 
studied for several receptor systems, including RTKs, GPCRs, tumor necrosis factor 
receptor (TNFR1), TGF-β receptor family, Toll-like receptors, and Notch [ 58 ]. 
Below we will describe some available examples of unique signals originating from 
early and late endosomes. Importantly, these endosomal compartments are largely 
heterogeneous, often with particular proteins acting as markers of separate sub-
populations of endosomes, traffi cking intermediates, or membrane subdomains. 
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7.4.2.1     Early Endosomes 

 Early endosomes serve as the fi rst sorting compartment for receptors internalized 
via clathrin-dependent and clathrin-independent pathways. Characteristically, the 
membrane of early endosomes is enriched in Rab5 and PI3P, the latter recruiting 
proteins that contain FYVE and PX domains [ 46 ]. 

 One example of the signaling role of FYVE domain-containing proteins is a family 
of endosome-associated ubiquitin ligases CARPs. They have been implicated in 
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diverse signaling events, such as regulation of endosomal recycling [ 16 ], degradation 
of p53 [ 92 ], and negative regulation of TNF-induced NF-κB activation [ 47 ]. 

 Another example is represented by three FYVE domain-containing proteins, 
SARA, endofi n, and Hrs, that are positive regulators of signaling stimulated by TGF-β 
and related growth factor family, including activin and bone morphogenetic proteins 
(BMPs). Endosomal SARA, endofi n, and Hrs have been shown to facilitate formation 
of complexes containing type I and II receptors and Smads and to promote signaling 
after stimulation with TGF-β [ 12 ,  55 ,  87 ] (Fig.  7.2b ). As a consequence, clathrin-
mediated endocytosis is required for the phosphorylation and thus activation of 
Smad2/3, nuclear accumulation of Smads, and effi cient Smad- dependent transcrip-
tional responses [ 11 ]. Also, affecting Rab5 function by overexpression of Rab5-S34N, 
a GDP-bound dominant-negative mutant, increases the expression of a Smad-
dependent promoter in a ligand-independent manner, while the GTP-bound Rab5-
Q79L mutant attenuates the transcriptional activity induced by activin [ 63 ]. On the 
other hand, blocking clathrin-mediated endocytosis, mislocalization of SARA, or dis-
turbing the binding between SARA and Smad2 do not inhibit Smad2 activation [ 48 ]. 

 A subpopulation of Rab5-positive early endocytic vesicles enriched in adaptor 
protein APPL1, termed APPL endosomes, is endowed with signaling properties 
[ 18 ,  53 ] (Fig.  7.1 ). These endosomes are involved in signaling from a variety of 
receptors, including RTKs, and serve as a scaffold for AKT2 and PI3K subunits [ 18 ]. 
APPL1 is required for proper activation of the anti-apoptotic AKT–GSK3β signaling 
axis [ 74 ], for GLUT4 translocation and glucose uptake after stimulation by insulin 
[ 72 ], and for the cross talk between adiponectin and insulin signaling pathways [ 49 ]. 
Eventual enrichment in PI3P causes dissociation of APPL1, recruitment of EEA1 
protein, and further maturation of such vesicles into late endosomes [ 68 ,  96 ]. 

 Cumulatively, available data position early endosomes among the multiple comple-
mentary stations that contribute to the maximal activation of vital signaling systems.  

7.4.2.2      Late Endosomes 

 Late endosomes or MVBs have characteristic morphology and are marked by the 
presence of Rab7, LAMP-1, and LBPA [ 32 ]. 

 MAPK signaling is sustained in late endosomes, thanks to the endosome-specifi c 
lipid raft adaptor protein p18 that anchors the p14–MP1–MEK1 complex [ 59 ,  90 ] 
(Fig.  7.2c ). EGF-dependent activation of MEK was signifi cantly suppressed in 
p18 −/−  cells, since approximately half of the total MEK–ERK activity in cells 
engages the endosomal p18–p14–MP1 scaffold. Knockdown of p14 or MP1 in cul-
tured cells decreased the basal activity of MEK1/2 and ERK1/2 [ 86 ]. The endo-
somal MAPK signaling may have regulatory function in late endosome-specifi c 
membrane dynamics [ 85 ]. Interestingly, the endosomal p18–p14–MP1 complex has 
been also implicated in amino acid-specifi c activation of the mTORC1 pathway 
[ 73 ] (Fig.  7.2c ). Termed Ragulator, this trimeric protein complex recruits the Rag 
GTPases and mTORC1 to the lysosomal surface, which promotes cell growth in 
response to amino acids [ 73 ]. Interestingly, amino acids must accumulate in the 
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lysosomal lumen to initiate signaling, and the vacuolar H + -adenosine triphosphatase 
ATPase (v-ATPase) is required for Rag and mTORC1 activation [ 95 ]. 

 Also, the sustained activation of Rap1 small G protein on late endosomes pro-
longs the activation time of the MAPK cascade and results in the upregulation of 
gene expression. Stimulation of TrkA neurotrophin receptor with NGF results in 
initial activation of Rap1 on early endosomes via a specifi c GDP/GTP exchange 
factor called C3G and subsequent transport of GTP-Rap1 in complex with TrkA 
receptor to late endosomes, where it recruits PDZ-GEF1 [ 35 ]. Late endosomes pro-
vide platform for the formation of a tetrameric complex containing TrkA receptor, 
PDZ-GEF1, synaptic scaffolding molecule (S-SCAM), and ankyrin repeat-rich 
membrane spanning protein (ARMS). Such complex induces sustained activation of 
Rap1 and ERK that leads to neurite outgrowth [ 35 ].   

7.4.3     Signal Termination 

 Endocytosis can attenuate signaling at various levels. First, internalization may separate 
the receptors from signaling mediators localized at the plasma membrane and absent in 
endosomes (e.g., phosphatidylinositol 4,5-bisphosphate or phospholipase Cγ). In the 
case of receptor traffi cking to late endosomes, prior to their lysosomal degradation, their 
signaling capabilities are terminated after they are sorted into the lumen of the MVBs 
by the coordinated action of the ESCRT complexes and the ubiquitin system [ 67 ].  

7.4.4     Sequestration of Signaling Components 

 In contrast to the above-mentioned sequestration of activated receptors within the 
MVB lumen leading to signal termination, analogous sequestration of an inhibitor 
would lead to enhanced signaling. This has been elegantly demonstrated for the canon-
ical Wnt pathway, where upon stimulation by Wnt, its receptors Frizzled and LRP6 
become internalized and associate with the GSK3 kinase. In the absence of Wnt 
ligands, the cytosolic GSK3 phosphorylates β-catenin and promotes its degradation, 
thus preventing signaling. Upon stimulation, sequestration of GSK3 together with 
Wnt-bound receptor complexes into internal vesicles of late endosomes in an ESCRT-
dependent manner results in the accumulation of β-catenin, thus activating signaling 
[ 83 ] (Fig.  7.2d ).  

7.4.5     Intracellular Transport 

 Retrograde transport of signaling endosomes enables effective transmission of 
information from its origin at the plasma membrane to its effectors in the cell 
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nucleus. Specifi c features of endosomes rely not only on a unique protein and lipid 
composition and intraluminal pH but also on their localization within the cell. 
Altered residence of signaling molecules within distinct endocytic compartments 
could underlie pathologies involving aberrant activation of a variety of signaling 
pathways. 

 According to the large-scale simulations of diffusing STAT3 molecules coupled 
with probabilistic modeling of dephosphorylation kinetics, signal propagation 
over the distances greater than 200 nm from the plasma membrane preferentially 
utilizes vesicular transport rather than spreading of signaling molecules by free 
diffusion [ 37 ]. Experimental work on localization of STAT3 and tyrosine phos-
phorylated STAT3 supports this model, pointing to early endosomes serving as a 
carrier delivering STAT3 from the plasma membrane to the cell nucleus [ 76 ]. In 
another study, transcriptional activity of STAT3 downstream of hepatocyte growth 
factor (HGF) requires endosomal traffi cking of active Met receptors to the peri-
nuclear region [ 43 ]. Overall, endosomes provide a regulatory role enhancing rela-
tively weak signals initiated by some stimuli (i.e., interleukin-6 or HGF), while 
strong activation of STAT3 via the cytokine oncostatin M occurs independently of 
endosomal transport [ 43 ]. 

 By modulating the level of the PX domain-containing kinesin KIF16B it was 
possible to relocate early endosomes to the cell periphery, which slowed down degra-
dation of EGFR, or to cluster them in the perinuclear region, which accelerated EGFR 
degradation [ 36 ]. Interestingly, forced localization of late endosomes to the cell periph-
ery or the perinuclear region also affects the kinetics of EGF receptor degradation and 
signaling [ 84 ]. In particular, the peripheral translocation of late endosomes resulted in 
prolonged EGFR activation, sustained ERK and p38 signaling, and hyperactivation of 
the nuclear target Elk-1. Conversely, induced clustering of late endosomes in the peri-
nuclear region delayed EGFR degradation and sustained MAPK signaling but reduced 
the activation of nuclear targets [ 84 ]. In conclusion, the spatial organization of 
endosomes affects EGFR traffi cking and degradation kinetics and thus fi ne-tunes 
MAPK signaling.  

7.4.6     Exosomes and Intercellular Communication 

 Exosomes are extracellular vesicles (40–100 nm diameter) that origin from 
intraluminal vesicles of MVBs and can be secreted upon fusion of MVBs with 
the plasma membrane (reviewed in [ 27 ,  79 ]). Exosomal release may be an 
alternative to lysosomal processing but may also provide means of cell–cell 
communication. Exosomes can directly fuse with the plasma membrane or can 
be internalized by the recipient cell. They are able to propagate genetic material 
[ 88 ] as well as oncogenes and their associated transforming phenotypes [ 2 ]. 
Furthermore, exosomes participate in modulation of the immune response, dis-
semination of viral particles and prions, and pathogenesis of neurodegenerative 
diseases [ 79 ].  
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7.4.7     Endocytic Proteins in Nuclear Signaling 

 Membrane sorting and cargo transport within the endocytic system is governed by a 
multitude of adaptor and accessory proteins. Intriguingly, some of these proteins 
have been observed in the cell nucleus, where they may regulate the activity of vari-
ous nuclear factors. Endosomal proteins can act as transcriptional coactivators and 
corepressors through at least two mechanisms (reviewed in [ 64 ,  66 ]): (1) acting at 
the regulatory step of transcription initiation by affecting the activity (e.g., TSG101), 
stability (e.g., HIP1), or localization (e.g., β-arrestins) of transcription factors and (2) 
functioning in chromatin modifi cation/remodeling (i.e., APPL1/2 and ESCRT- III 
proteins). Such functions of endocytic adaptors may imply that they can act as scaf-
fold platforms not only in endocytic compartments but also in the nucleus, recruiting 
transcription factors, and cofactors. Still, the functional interdependence between the 
nuclear and endocytic roles of the same protein is in most cases not clear.   

7.5     Physiological Relevance of Signaling Endosomes 

 Mutual dependence between endocytosis and signaling has functional consequences at 
the level of individual cells, affecting their differentiation, proliferation, survival, motil-
ity, and metabolism. Proper coordination of these processes warrants correct develop-
ment and functioning of tissues and whole organisms, while any aberrations may lead 
to pathologies. Among the best described examples of physiological processes affected 
by endosomal signaling are embryogenesis, cell migration, neurotrophin action within 
the nervous system, and metabolic regulation (Fig.  7.3 ) which we will review below. 
Dysfunction of each of these processes can result in diseases. Aberrations in embryonic 
development or cell migration may lead to tumorigenesis and tumor invasion, abnor-
mal neuronal signaling—to neurodegeneration, while improper metabolic regulation 
may cause metabolic diseases, including diabetes (Fig.  7.3 ). Importantly, some of these 
pathologies can be at least in part attributed to the disruption of signaling cascades 
which at the cellular level take place on endosomes. In the following paragraphs we 
will present selected paradigms illustrating the role of signaling endosomes at the level 
of a cell and an organism, with relevance to pathogenesis.

7.5.1       Embryonic Development and Cell Fate Determination 

 A striking example of how signaling endosomes are exploited to determine cell fate 
in embryonic development is provided by an asymmetric distribution of SARA 
endosomes observed during division of sensory organ precursors (SOP) cells in 
Drosophila [ 17 ]. SARA endosomes, named after their marker protein, can carry 
various signaling molecules such as TGF-β and its receptors (termed Dpp and Tkv 
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in fl ies, respectively) [ 4 ] or Delta–Notch complexes [ 17 ]. SARA endosomes can 
associate with the mitotic spindle during mitosis which regulates their inheritance 
by the daughter cells. While in the developing wing epithelial cells, SARA endo-
somes carrying Dpp-Tkv are partitioned symmetrically to provide equal amounts of 
signaling molecules to the daughters [ 4 ]; during the sensory organ biogenesis, 
SARA endosomes ferrying Delta–Notch complexes are distributed asymmetrically 
[ 17 ]   . Specifi cally, during the division of the SOP pI cell, SARA endosomes are 
inherited only by one of the daughter cells, termed pIIa. This mechanism leads to 
the activation of Notch signaling in the pIIa and its suppression in the pIIb daughter 
cell, thus guiding their further differentiation. Experimental mistargeting of SARA 
endosomes causes abnormalities in the development of sensory organ, arguing that 
signaling endosomes contribute to cell fate determination. Importantly, asymmetric 
cell division is crucial for maintenance of stem cells, including cancer stem cells, 
and therefore shifting the balance between the asymmetric and symmetric cell divi-
sions was shown to contribute to cancer development in humans [ 13 ].  

7.5.2     Cell Migration and Invasion in Tumorigenesis 

 Endocytosis and endocytic compartments may contribute to various stages of 
tumorigenesis in a number of ways which are comprehensively covered in some 
excellent recent reviews [ 1 ,  45 ,  56 ]. In brief, endocytic processes regulate 
establishment and maintenance of cell polarity, cell–cell contacts and adhesion, cell 
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migration, and proliferation and cell fate determination, all of which are frequently 
aberrant in tumorigenesis. In particular, the signifi cance of signaling endosomes has 
been well documented in the regulation of cell migration and invasion. Signaling 
endosomes carrying active Rac and their polarized delivery to the plasma mem-
brane have been shown to direct localized formation of actin-rich protrusions and 
drive migration, also in cancer cells [ 62 ]. Similarly, polarized traffi cking of late 
endosomes carrying active integrins to the rear of migrating cells is crucial for inva-
sion of cancer cells [ 23 ].  

7.5.3     Neurotrophin Signaling and Neurodegeneration 

 Some of the earliest examples of signaling endosomes refer to the compartments 
transporting neurotrophins, such as NGF, in neurons [ 30 ]. In these cells, NGF binds 
its receptor TrkA in axon terminals and undergoes internalization into endosomes. 
Subsequently, endosomes ferrying active NGF–TrkA complexes are transported 
retrogradely along the microtubules to the cell body, to elicit pro-survival signaling 
[ 15 ,  37 ]. Intriguingly, the ability to generate signaling endosomes depends on the 
neurotrophin ligand rather than the TrkA receptor itself. Neurotrophin NT3 also 
binds TrkA but it does not induce retrograde endosomal transport and pro-survival 
signaling. As explained recently, NT3–TrkA complexes are dissociated in the acidic 
pH of endosomes, while NGF–TrkA complexes remain stable and induce Rac1–
cofi lin signaling, leading to actin depolymerization around the endosomes and their 
retrograde transport [ 33 ]. 

 Intriguingly, aberrations in the endosomal system are frequently observed in 
neurodegenerative syndromes, such as Alzheimer’s disease, Huntington’s disease, 
or Charcot–Marie–Tooth neuropathies (reviewed in [ 6 ]). Among others, endosomes 
contribute to processing of amyloid precursor protein (APP), as one of the secre-
tases responsible for APP cleavage (β-site APP-cleaving enzyme or BACE) is local-
ized to endosomes [ 25 ,  89 ]. Indeed, a number of reports document abnormally 
enlarged early endosomes in patients with Alzheimer’s disease or Down syndrome 
[ 9 ,  10 ,  39 ,  40 ]. While it is diffi cult to separate the roles of endosomes in traffi cking 
and in signaling, it remains possible that aberrant endosomal signaling contributes 
to some neuropathologies.  

7.5.4     Metabolic Regulation 

 The endosomal system is obviously linked to various aspects of metabolic regula-
tion. As already mentioned under Sect.  7.4.2.2 , late endosomes and lysosomes serve 
as amino acid-sensing platforms for mTORC1 signaling in response to the nutrient 
status of the cell [ 73 ,  95 ]. Moreover, mTOR is a key cellular regulator of autophagy 
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and lysosomes participate in the degradation of autophagic substrates [ 42 ]. 
Intriguingly, nutrient- and pH-dependent intracellular positioning of lysosomes was 
recently shown to coordinate mTOR signaling and autophagy [ 44 ]. Under nutrient 
rich conditions, lysosomes are localized peripherally, concomitant with mTORC1 
activation and suppression of autophagy. Under starvation, increase in the intracel-
lular pH induces clustering of lysosomes in the perinuclear region, promoting gen-
eration of autophagosomes and their fusion with lysosomes. 

 Another aspect of metabolic regulation involving endosomal organelles is 
insulin signaling. Insulin stimulates translocation of GLUT4 glucose transporters 
from endosomal storage vesicles to the cell surface to promote glucose uptake, 
followed afterwards by GLUT4 internalization [ 3 ]. Cycling of GLUT4-containing 
vesicles requires coordination between exocytosis, endocytosis, and recycling 
which is regulated by PI3K, AKT, and atypical protein kinase C (aPKC) signal-
ing [ 24 ]. Ongoing efforts to decipher the exact targets of insulin signaling on 
GLUT4 endosomal vesicles will contribute to our understanding of diabetes and 
related pathologies. 

 Finally, many more regulatory links between metabolic signaling and endocyto-
sis are bound to be discovered. In a recent genome-wide siRNA screen, the loss of 
function of many metabolic enzymes exhibited endocytic phenotypes, arguing that 
they impact, directly or indirectly, endocytic processes [ 14 ]. It remains an interest-
ing possibility that some of the metabolic processes are compartmentalized on 
endosomes, in a way similar to mTORC1 signaling from lysosomes.   

7.6     Conclusions and Perspectives 

 In the “signaling endosome” hypothesis, endocytic compartments provide intracellular 
platforms that generate quantitative and qualitative differences in signals. While it 
is likely that not under all circumstances the signaling from endosomes is crucial, it 
provides additional means to ensure the specifi city of signaling. This is particularly 
important considering that several pathways, although evoking different responses, 
employ many common signaling effectors. If compartmentalized on different popu-
lations of endosomes, such effectors face different molecular environments and cer-
tain interactions with other membrane-localized molecules (both proteins and 
lipids) may be specifi cally favored. Moreover, the types of endosomes and their 
composition vary in different cell types or in the course of development and tissue 
differentiation. Such functional diversity of endosomal compartments can be there-
fore exploited to modulate tissue-specifi c or developmental signaling. We anticipate 
that future development of supra-resolution imaging techniques and specifi c endo-
some-localized probes will deliver further examples for the contribution of the 
endosomal network to the regulation of intracellular signaling. Considering a very 
broad involvement of endocytosis in multiple aspects of physiology and pathology, 
it is conceivable that endosomal signaling may be exploited as a future target for 
selective therapeutic approaches.     
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    Abstract     Accumulating evidence suggests that alteration of subcellular  protein 
localization and compartmentalization results in various types of cancer. Since the 
receptor tyrosine kinases (RTKs) are highly expressed and activated in human 
malignancies and frequently correlated with poor prognosis, it is critical to under-
stand subcellular traffi cking of the RTKs, such as the epidermal growth factor 
receptor (EGFR) family. A novel nuclear mode of EGFR signaling has been gradu-
ally deciphered, in which EGFR is shuttled from the cell surface to the nucleus after 
endocytosis. Nuclear EGFR acts as a transcriptional regulator, transmits signals, 
and is involved in multiple biological functions, including cell proliferation, DNA 
repair and replication, and chemo- and radio-resistance. In this chapter, we sum-
marize the functions of nuclear EGFR family and the potential pathways by which 
cell surface EGFR is traffi cked to a variety of intracellular organelles such as the 
Golgi apparatus, the endoplasmic reticulum, the mitochondria, as well as the 
nucleus. Understanding the molecular mechanism of EGFR traffi cking will contrib-
ute to both the receptor biology and potential therapeutic targets of anti-EGFR ther-
apies for clinical application.  

8.1         Introduction to Receptor Tyrosine Kinases in the Nucleus 

 Receptor tyrosine kinases (RTKs) mediate crucial cellular signal transduction by 
extracellular ligand binding. Each RTK contains an extracellular ligand-binding 
domain, a transmembrane domain, and an intracellular tyrosine kinase domain. 
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Multiple cell surface receptors have been reported to localize in the nucleus. In this 
chapter, we will focus on the epidermal growth factor receptor (EGFR) family, as it 
is the best characterized family in terms of nuclear translocation among the RTKs. 
There are four members in the EGFR family: EGFR/ErbB-1/HER-1, ErbB-2/
HER-2/neu, ErbB-3/HER-3, and ErbB-4/HER-4. With the exception of ErbB-3, all 
ErbB family members are associated with tyrosine kinase activity. Upon ligand 
binding, EGFR family proteins dimerize by either receptor homo- or hetero- 
dimerization to activate tyrosine kinase activity and trigger a myriad of downstream 
signaling pathways. These, including phosphatidylinositol-3 kinase, mitogen- 
activated protein kinase, signal transducer and activator of transcription (STAT), 
phospholipase C, and the modulation of calcium channels, regulate proliferation, 
mobility, and differentiation in many different cell types [ 1 – 4 ]. 

 The EGFR family proteins, such as EGFR and ErbB-2, are overexpressed and/or 
constitutively activated in human tumors of epithelial origin, leading to aggressive 
tumor behaviors, including cancer initiation, increased tumor growth/progression, 
poor patient outcome, metastasis, and chemo-resistance [ 5 – 8 ]. Therefore, EGFR 
and ErbB-2 have been considered as effective targets for anticancer therapies. Many 
of them have been developed and approved by the US Food and Drug Administration, 
including ectodomain-binding monoclonal antibodies, e.g., cetuximab and trastu-
zumab, and small-molecule tyrosine kinase inhibitors (TKIs) targeting EGFR and 
ErbB-2, e.g., erlotinib, gefi tinib, and lapatinib. The role of ErbB-4 as an oncogene 
or a tumor suppressor is less clear, and controversial results have been reported 
[ 9 ,  10 ]. Further systematic investigation is required to clarify this issue. 

 In addition to their roles in traditional signaling cascades, several lines of evi-
dence to date from various groups have indicated unique biological functions asso-
ciated with nuclear translocation of the EGFR family receptors in which they are 
shuttled from the cell surface to the nucleus [ 11 – 35 ], also known as membrane 
receptors in the nucleus (MRIN) [ 36 ]. More recently, studies have unraveled the 
molecular mechanism underlying the cell surface membrane-to-nucleus traffi cking 
of EGFR [ 37 ,  38 ]. In this chapter, recent discoveries in the MRIN fi eld and the sub-
cellular traffi cking pathways of the EGFR family proteins from the cell surface to a 
variety of cellular organelles, including the Golgi apparatus, the endoplasmic retic-
ulum (ER), the mitochondria, as well as the nucleus, will be discussed.  

8.2     The Discovery of EGFR in the Nucleus 

8.2.1     Detection of Nuclear EGFR and its Clinical Relevance 

 The expression of EGFR in the nucleus was fi rst detected in hepatocytes during regen-
eration [ 39 – 42 ]. The fi rst function of nuclear EGFR was then shown to be involved in 
transcriptional regulation [ 43 ]. Nuclear EGFR was further shown to be involved in 
cell proliferation, DNA replication, DNA repair, and chemo- and  radio- resistance 
[ 44 – 48 ]. The translocation of EGFR into the nucleus is also associated with DNA 
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damage events, including cisplatin treatment, oxidative stress, heat treatment, ionizing 
radiation, ultraviolet irradiation, and cetuximab/C225 treatment, a monoclonal anti-
EGFR antibody, in a ligand-independent manner [ 49 – 52 ]. In diverse cancer types, 
such as breast cancer, ovarian cancer, and oropharyngeal and esophageal squamous 
cell carcinomas, nuclear EGFR is associated with poor clinical prognosis [ 53 – 58 ].  

8.2.2     The Role of Nuclear EGFR in Therapeutic Resistance 

 The presence of nuclear EGFR has been shown to contribute to therapeutic resis-
tance, e.g., radiation, cisplatin, and cetuximab [ 59 – 61 ]. In head and neck squamous 
cell carcinoma, cetuximab- and radiation-induced EGFR nuclear translocation can 
be blocked by dasatinib, a potent Src inhibitor [ 28 ]. Lapatinib, a dual TKI of EGFR 
and ErbB-2, has also been reported to inhibit the nuclear transport of EGFR and 
ErbB-2 and sensitizes cancer cells to fl uoropyrimidine by downregulating thymi-
dylate synthase, a commonly overexpressed protein in fl uoropyrimidine-resistant 
cancer cells [ 62 ]. Two studies have recently demonstrated that nuclear EGFR con-
fers acquired resistance to gefi tinib, an EGFR-TKI, through increased expression of 
breast cancer-resistant protein (BCRP), an ATP-binding cassette transporter that 
pumps anticancer drugs out of cells [ 17 ,  63 ]. Collectively, evidence to date suggests 
that nuclear EGFR contributes to the resistance to EGFR-targeting treatments.  

8.2.3     EGFR Variant Is Also Present in the Nucleus 

 Nuclear EGFRvIII, a constitutively activated EGFR type III variant, was fi rst 
reported in hormone-refractory prostate cancer and associated with poor patient 
survival [ 64 ]. EGFRvIII can be found in the nucleus of normal glial cells and pri-
mary glioblastomas and forms an oncogenic complex with STAT3 to mediate 
EGFRvIII-dependent glial transformation [ 26 ]. Moreover, the nuclear EGFRvIII- 
STAT3 complex can also activate  cyclooxygenase - 2  ( COX - 2 ) gene expression in 
glioblastoma cells [ 30 ]. Interestingly, a splicing variant of EGFR that lacks multiple 
domains, called mLEEK, functions as a transcription factor in the nucleus [ 16 ].   

8.3     Nuclear Translocation of Other EGFR Family Members 

8.3.1     ErbB-2/HER-2/Neu 

 Heregulin, a glycoprotein that binds to EGFR and thus elevates tyrosine phosphoryla-
tion of ErbB-2/neu receptor, has been shown to increase the levels of ErbB-2/neu in the 
nucleus [ 65 ]. The rat version of human ErbB-2, p185neu, was reported to be located in 
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the nucleus and was the fi rst membrane-associated RTK shown to associate with 
 transcriptional activation [ 66 ]. In breast cancer cells, a full- length form of nuclear 
ErbB-2 plays a role in transactivation of the  COX2  gene promoter [ 67 ]. More recently, 
nuclear ErbB-2 was also demonstrated to activate transcription of ribosomal RNA 
genes by its association with RNA polymerase-I and β-actin to ribosomal DNA, which 
results in increased protein synthesis and cell growth [ 29 ]. In addition to full-length 
nuclear ErbB-2 (p185 ErbB-2 ), a truncated form of ErbB-2 (p95), which is generated by an 
alternative translation initiation site and lacks the N-terminal extracellular domain, has 
also been found in the nucleus [ 68 ,  69 ]. It has been reported that p95 contributes to 
acquired therapeutic resistance to ErbB-2 TKIs [ 70 ].  

8.3.2     ErbB-3/HER-3 and ErbB-4/HER-4 

 Similar to EGFR and ErbB-2, full-length ErbB-3 has also been identifi ed in the 
nucleus [ 24 ]. Interestingly, in patients with prostate cancer, low expression of 
nuclear ErbB-3 is a predictor of a higher risk of biochemical recurrence (rising lev-
els of serum prostate-specifi c antigen found in patients with localized prostate can-
cer after radical prostatectomy) [ 71 ,  72 ]. While full-length ErbB-4 can be detected 
in the nuclei of some normal cells [ 73 ,  74 ], a truncated form of ErbB-4 in which its 
intracellular domain (ICD) is cleaved by γ-secretase has been reported in the nucleus 
of cancer cells [ 20 ,  75 ]. The role of nuclear ErbB-4 ICD remains ambiguous as it 
has been shown to be involved in both shorter patient survival [ 76 ] yet improves 
patient response to tamoxifen therapy [ 77 ] for estrogen receptor-α positive cancers. 
Specifi cally, these reports showed that nuclear cleavable ErbB-4 is associated with 
shorter survival than cell surface ErbB-4 in the estrogen receptor- positive subset of 
breast cancer patients [ 76 ]. On the other hand, researchers have demonstrated that 
nuclear ErbB-4 ICD acts as a co-activator of estrogen receptor-α and improves 
patient response to tamoxifen therapy [ 77 ]. In addition, ErbB-4 ICD has been shown 
to enhance the ubiquitination and degradation of the oncogene Hdm2, following 
increased expression of p53 [ 78 ], while blocking transcriptional repression  mediated 
by Ero2, which is involved in cell differentiation [ 79 ]. Taken together, the contro-
versial role of ErbB-4 ICD as an oncogene or a tumor suppressor requires further 
investigation.   

8.4     Nuclear Translocation of Other Cell Surface Receptors 

 Accumulating evidence indicates that several full-length RTKs and cell surface 
receptors other than EGFR family proteins also translocate to the nucleus, for exam-
ple, fi broblast growth factor receptor (FGFR), vascular endothelial growth factor 
receptor, insulin-like growth factor-1 receptor, interleukin receptors, interferon-γ 
receptor, growth hormone receptors, cMet, and TrkA [ 45 ,  46 ,  80 ]. In addition, 
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receptor tyrosine kinase-like orphan receptor 1 (Ror1), which belongs to the ROR 
RTK family, also translocates to the nucleus via its juxtamembrane domain [ 81 ]. 
Nuclear translocation of cell surface prolactin receptor mediated by prolactin was 
shown to recruit a chromatin-modifying protein to activate Stat5a-driven gene 
expression [ 82 ]. Taken together, aside from members of the EGFR family, other cell 
surface receptors are also found in the nucleus, supporting that MRIN is likely a 
general phenomenon.  

8.5     EGFR Family Ligands in the Nucleus 

 Studies have shown that ligands of the EGFR family, e.g., EGF, pro-transforming 
growth factor-α, pro-heparin-binding EGF-like growth factor, and Schwannoma- 
derived growth factor, are also found in the nucleus [ 83 – 88 ]. In addition, the ICD 
fragment of neuregulin-1, a ligand of ErbB-3/ErbB-4, also translocates into the 
nucleus and increases neuronal survival by repressing the cell death response [ 89 ]. 
Hence, in addition to RTKs, their ligands can also translocate into the nucleus. 
These fi ndings suggest that the association of receptor and ligand might also take 
place in the nucleus. Indeed, a study has demonstrated the presence of the EGF/
EGFR complex in the nucleus by a cross-linking experiment between EGF and 
EGFR [ 43 ].  

8.6     Functions of Nuclear EGFR Family Proteins 

8.6.1     Transcriptional Co-activator 

 EGFR family members, including EGFR, ErbB-2, and ErbB-4, contain an intrinsic 
transactivation activity at the acidic C-terminal region [ 20 ,  43 ,  66 ,  67 ] that can regu-
late transcription by activating transcriptional factors to enhance target gene expres-
sion. Promoters targeted by the nuclear EGFR family receptors include  cyclin D1  
[ 43 ],  B - Myb  [ 90 ],  iNOS  [ 91 ],  Aurora - A  [ 92 ],  COX - 2  [ 30 ],  c - Myc  [ 14 ],  thymidylate 
synthase  [ 62 ], and  BCRP  [ 17 ], all of which have been shown to play a role in tumori-
genesis, chromosome instability, and chemo-resistance (Fig.  8.1 ). After ligand stim-
ulation, EGFR acts as a transcriptional co-activator by binding to an AT-rich response 
sequence (ATRS) of the  cyclin D1  promoter and stimulating  cyclin D1  expression 
[ 43 ]. Using an unbiased mass spectrometry approach, Huo et al. identifi ed RNA 
helicase A (RHA) as a nuclear EGFR-interacting protein and showed the EGFR-
RHA complex bind to the ATRS through RHA to activate the transcription of  cyclin 
D1  and  iNOS  [ 93 ]. Nuclear EGFR also interacts with MUC1 to mediate  cyclin D1  
gene expression [ 11 ]. Through interaction with transcription factors, such as E2F1, 
STAT3, and STAT5A, activated nuclear EGFR can bind to the ATRS motif and 
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promote the expression of  B - Myb ,  iNOS ,  COX - 2 , and  Aurora - A  genes [ 30 ,  90 – 92 ]. 
Serine phosphorylation by Akt was shown to promote the transport of EGFR to the 
nucleus to target multiple ATRSs on the  BCRP  promoter in gefi tinib-resistant cells, 
which is involved in chemo-resistance [ 17 ,  94 ]. In addition, both nuclear EGFR and 
ErbB-2 can activate transcription of the  thymidylate synthase  gene by binding to its 
promoter, and this can be blocked by the dual EGFR/HER2-TKI, lapatinib [ 62 ]. 
EGFR also forms a novel heteromeric nuclear complex with c-Src kinase and STAT3 
that associates with the  c - Myc  promoter in pancreatic cancer, suggesting that this 

  Fig. 8.1    A summary of nuclear function of EGFR as a transcriptional co-activator. Nuclear EGFR 
can function in transcriptional regulation to enhance expression levels of target genes, including 
iNOS ( a ),  cyclin D1  ( b ),  COX - 2  ( c ),  Aurora - A  ( c ),  c - Myc  ( c ),  B - Myb  ( d ),  thymidylate synthase  ( e ), 
and  BCRP  ( e ), through activation of transcriptional factors, such as STAT3/5 and E2F1. Researchers 
further identifi ed that EGFR can associate with RHA in the nucleus, where the EGFR/RHA com-
plex binds to the target gene promoter, including  iNOS  ( a ) and  cyclinD1  ( b ), through the recruit-
ment of RHA to the ATRS of the target gene promoter to mediate its transcriptional activation. In 
addition to RHA, EGFR is also recruited to the  iNOS  gene promoter through STAT3 to the STAT3- 
binding site ( a ). Furthermore, it is unexplored yet whether RHA is involved in the nuclear EGFR- 
mediated activation of  thymidylate synthase  and  BCRP  ( e ) (adapted from Wang et al., Cell and 
Bioscience, 2012)       
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complex plays a role in  c - Myc  gene regulation [ 14 ]. Consistent with the studies of 
nuclear EGFR, nuclear ErbB-2 can also transactivate  COX - 2  gene expression by 
binding to the HER2-associated sequence, a specifi c DNA element within the  COX - 2  
promoter. Currently, the transcriptional factors that are involved in the nuclear ErbB-
2-mediated  COX2  activation have yet to be identifi ed [ 67 ]. Moreover, in glioblastoma 
cells, nuclear EGFRvIII cooperates with STAT3 to activate  COX - 2  gene expression 
that results in glioma tumorigenesis [ 26 ,  30 ]. Upon ligand stimulation and cleavage 
by the γ-secretase, the ICD of ErbB-4 translocates to the nucleus and associates with 
STAT5A to transactivate the promoter of  β - casein  [ 95 ]. Nuclear ErbB-4 ICD also 
interacts with the nuclear corepressor, Eto-2, and block Eto-2-dependent transcrip-
tional repression [ 79 ]. A recent study that utilized unbiased approaches to profi le the 
human protein-DNA interactome further demonstrated EGFR as one of the DNA-
binding proteins [ 96 ], supporting the concept that EGFR functions in transcriptional 
regulation in the nucleus.

8.6.2        Protein Kinase and Protein-Protein Interaction 
of EGFR Family Proteins 

 Nuclear EGFR associates with and phosphorylates the chromatin-bound form of 
proliferative cell nuclear antigen (PCNA) to stabilize it for DNA replication and 
DNA damage repair [ 19 ]. Several studies have shown that the interaction between 
nuclear EGFR and DNA-dependent protein kinase (DNA-PK) can be induced by 
DNA damage cascades, including those activated by ultraviolet irradiation or cis-
platin treatment [ 15 ,  50 ,  60 ]. DNA-PK is a central enzyme of the nonhomologous 
end-joining repair system of DNA double-strand breaks and has been shown to 
contribute to DNA repair and chemo- and radio-resistance. It is not yet determined 
whether EGFR phosphorylates DNA-PK to regulate its activity. ErbB-2 co- localizes 
both in the cytoplasm and the nucleus with the cyclin-dependent kinase p34 Cdc2  and 
phosphorylates it, which has been shown to contribute to taxol resistance in breast 
cancer [ 97 ], suggesting that the kinase activity of ErbB-2 remains while it is in the 
nucleus. The ICD fragment of ErbB-4 interacts with and phosphorylates the nuclear 
protein Hdm2 to enhance Hdm2 ubiquitination, leading to increased  p53  transcrip-
tional activity and p53 and p21 expression [ 78 ].   

8.7     Traffi cking of EGFR from the Cell Surface 
to Subcellular Organelles 

 Membrane and vesicular traffi cking processes regulated by receptor endocytosis 
determine the duration and intensity of transmembrane RTK signaling stimulated by 
extracellular ligands. After ligand-induced endocytosis, cargo proteins are carried 

8 Nuclear Functions and Traffi cking of Receptor Tyrosine Kinases



166

in budding vesicles and delivered from donor membranes to acceptor subcellular 
organelles by membrane fusion pathways. In this process, both RTKs and their cog-
nate ligands are internalized into cytoplasmic vesicles and sequentially detached 
from the cell surface [ 98 ,  99 ]. A wide array of evidence points to several potential 
destinations of the internalized EGFR embedded within the early endosomes 
through endosomal sorting: (1) EGFR is recycled back to the cell surface by either 
the recycling endosomes or a direct recycling pathway; (2) EGFR is sorted into the 
late endosomes destined for degradation by lysosomes. In addition to the above- 
mentioned traffi cking routes, EGFR after endocytosis can also be transported from 
the cell surface to various cellular compartments, including the Golgi apparatus, the 
endoplasmic reticulum (ER), and the mitochondria, as well as the nucleus [ 25 ,  27 , 
 45 ]. The subcellular traffi cking mechanisms of EGFR are described in the following 
sections. 

8.7.1     Golgi Apparatus and Endoplasmic Reticulum 

 After endocytosis, cargo proteins carried in budding vesicles are sorted to the bio-
synthetic/secretory compartments, such as the Golgi apparatus and the ER. This is 
also known as a retrograde transport pathway that is crucial to cargo protein trans-
port. Mammalian cargo proteins utilize the retrograde route from the early endo-
somes to the Golgi apparatus [ 100 ] while exogenous viruses and toxins are 
commonly routed from the early endosomes to the ER [ 101 ]. The fi rst example of 
retrograde traffi cking in regulating the nuclear transport of cell surface RTKs was 
recently identifi ed in which EGFR was transported to the ER from the Golgi, which 
is part of the regulatory mechanism of EGFR nuclear transport [ 37 ]. After EGF 
stimulation, the full-length EGFR anchors to the membranes of the Golgi and the 
ER, with the N-terminus masked inside the Golgi and ER lumen and the C-terminus 
exposed to the cytoplasm [ 37 ]. Other studies have reported that EGFR is traffi cked 
from the cell surface to the ER in response to EGF [ 32 ]. It has also been shown that 
coat proteins, such as coat protein complex I (COPI), which plays a role in Golgi- 
to-ER retrograde transport and COPII in ER-to-Golgi anterograde transport, are 
crucial for vesicular transport of targets to reach their intracellular destination [ 102 –
 104 ]. It was reported by Wang et al. [ 37 ] that γ-COP, which is one of the subunits of 
the COPI coatomer, associates with EGFR and mediates EGF-dependent EGFR 
nuclear transport. Together, these fi ndings indicate that cell surface EGFR embed-
ded in endosomal membranes remain in a membrane-associated environment as it 
travels from the cell surface to the nucleus along the Golgi and ER membranes by 
COPI-mediated vesicle traffi cking. More recently, Yang et al. showed that COPI is 
not only involved in vesicular retrograde transport but in tubular formation for 
anterograde intra-Golgi transport [ 105 ]. Thus, it would be worthwhile to determine 
the physiological roles of COPI tubules to further unravel the mechanisms of how 
the COPI complex regulates subcellular cargo sorting.  
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8.7.2     Mitochondria 

 Full-length EGFR can also anchor to the mitochondria after EGF stimulation and 
associate with cytochrome  c  oxidase subunit II, which is a key component of the 
oxidative phosphorylation cascade in regulating apoptosis [ 106 ,  107 ]. A putative 
mitochondrial localization signal found within the juxtamembrane domain of EGFR 
and c-Src kinase activity is required for EGFR translocation to the mitochondria by 
clathrin-mediated endocytosis [ 107 ]. Subcellular localization of EGFR to the mito-
chondria may be an alternative survival pathway to modulate cytochrome  c  oxidase 
subunit II-dependent mitochondrial functions. A recent study showed that both 
EGFR and EGFRvIII can be transported to the mitochondria upon treatment of 
EGFR-TKI and apoptosis inducers, suggesting that mitochondrial targeting of these 
receptors contributes to drug resistance [ 108 ]. Furthermore, cetuximab has also 
been shown to enhance mitochondrial accumulation of EGFRvIII [ 109 ], implying 
that mitochondrial EGFR/EGFRvIII are responsible for therapeutic response to 
EGFR-targeting drugs. How EGFR is transported to the mitochondria remains 
unclear, and more investigations would be required to determine if the integration of 
EGFR into the mitochondrial membrane occurs through endosomal membrane 
fusion or other pathways.  

8.7.3     Nucleus 

 EGFR family receptors are known to transport to the nucleus, where they exist as 
full-length or truncated forms to carry out a number of important biological func-
tions. However, the mechanism of traffi cking of endosome-embedded EGFR family 
proteins from cell surface to the nucleus has been unnoticed for many years. In addi-
tion to the recent report showing nuclear translocation of EGFR is regulated by 
COPI-mediated retrograde traffi cking [ 37 ], there are also those that have identifi ed 
the putative nuclear localization signals (NLSs) within all of the EGFR family 
members [ 24 ,  30 ,  67 ,  91 ,  95 ]. Unlike the traditional mono- and bipartite NLSs, 
EGFR contains a tripartite NLS, which consists of three clusters of basic amino 
acids and is conserved within the juxtamembrane regions among the EGFR family 
members [ 110 ]. Moreover, studies have demonstrated the role of the NLS and 
importin-β in the nuclear translocation of EGFR and ErbB-2 [ 111 ,  112 ]. Specifi cally, 
importin-β forms a complex with NLS-harboring proteins and binds to the nucleo-
porins of nuclear pore complexes during nuclear translocation (Fig.  8.2 ). In addi-
tion, studies have shown that nuclear translocation of EGFR and ErbB-2 requires 
receptor endocytosis and endosomal sorting by associating with early endosomal 
markers in the nucleus [ 111 ,  112 ].

   Interestingly, ErbB-2 has also been observed to localize in the nucleolus, where it 
associates with RNA polymerase-I [ 29 ]. The traffi cking mechanism of ErbB-2 to the 
nucleolus as well as other EGFR family receptors warrants further investigations. 
Moreover, the exportin CRM1 is also shown to play a role in the nuclear export of 
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cell surface RTKs, such as EGFR, ErbB-2, and ErbB-3, albeit unidentifi ed nuclear 
export signals [ 24 ,  111 ,  112 ].  

8.7.4     Inner Nuclear Membrane to the Nucleoplasm 

 EGFR is also present in the inner nuclear membrane (INM) or nuclear matrix [ 113 , 
 114 ]; however, the exact traffi cking mechanism in INM translocation is not well 
understood. A new pathway, namely, integral traffi cking from the ER to the nuclear 
envelope transport (INTERNET) was identifi ed to explain the mechanism of cell 
surface-to-IMM translocation of EGFR under EGF stimulation [ 38 ,  45 ]. In these 
studies, the INM-localized Sec61β translocon associates with EGFR that is anchored 
to the INM to mediate the release of EGFR into the nucleoplasm within the nucleus. 
This newly identifi ed ER-associated translocon Sec61β demonstrates a previously 
unrecognized location and role in regulating EGFR nuclear transport and explains 
how the membrane-bound cell surface EGFR remains membrane-embedded while 

  Fig. 8.2    Proposed model of 
EGFR traffi cking from the 
cell surface to the nucleus. 
Diagram of integral 
traffi cking of EGFR from the 
Golgi/ER/NE to the nucleus 
by EGF treatment. The scale 
of the diagram does not 
refl ect the relative sizes of 
different molecules or 
subcellular structures.  EV  
endocytic vesicle;  Impβ  
importin β;  ER  endoplasmic 
reticulum;  NPC  nuclear pore 
complex (adapted from Wang 
et al., J. Biol. Chem, 2010)       
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it travels from the lipid bilayer of the INM to the nucleus [ 38 ] (Fig.  8.2 ). However, 
other than these fi ndings, the traffi cking mechanism remains largely unexplored. It 
is possible that an endocytosis-like mechanism in the nuclear envelope is involved 
in the transport of EGFR from the INM to the nucleoplasm. More in-depth and 
systematic studies are needed to further address this notion. Traditionally thought to 
be localized in the ER, Sec61β has been proposed to extract EGFR from lipid layers 
of the ER membrane for delivery to the cytoplasm by an ER-associated degradation 
pathway, which then allows the cytoplasmic EGFR to be transported to the nucleus 
through the association of importin-β [ 32 ]. More investigations will be required to 
show that Sec61β-mediated ER-associated degradation model is involved in EGFR 
nuclear traffi cking as there is no report of EGFR detected in the cytoplasm under 
EGF stimulation [ 32 ].   

8.8     Exosome Secretion of EGFR from Cells 

 In addition to subcellular traffi cking of cell surface EGFR within the cells, secretion 
of EGFR from cells into the exosomes has also been reported [ 115 – 118 ]. Exosomes 
are small membrane-bound vesicles (30–100 nm in diameter) derived from the mul-
tivesicular bodies and released into the extracellular environment via fusion of the 
multivesicular bodies with the cell surface membrane [ 119 ]. Exosomes that carry 
proteins, mRNAs, and microRNAs can function in intercellular communication and 
are involved in promoting angiogenesis, cell proliferation, and invasion, supporting 
the tumor microenvironment and suppressing the immune surveillance [ 120 – 123 ]. 
The existence of full-length and C-terminal remnant fragment of EGFR in the exo-
somes has been identifi ed in human keratinocyte and pancreatic cancer cells [ 115 , 
 116 ]. The secretion of EGFR into the exosomes can be stimulated by EGF treatment 
[ 115 ]. The exosomal forms of EGFR and EGFRvIII have also been detected in brain 
tumors [ 124 ]. Furthermore, a soluble extracellular domain of EGFR in the condi-
tional culture media generated via metalloprotease-dependent ectodomain shedding 
has been found in different cancer cell lines [ 115 – 117 ,  125 ]. In addition to EGFR, 
its ligands, such as HB-EGF, TGF-α, and amphiregulin, have been found in the 
exosomes, and exosomal amphiregulin can contribute to increased invasiveness 
[ 126 ]. The recently discovered mechanism of exosomes has become more common 
in cancer; therefore, it is worthwhile to further investigate the potential roles and 
traffi cking mechanism of EGFR in the exosomes.  

8.9     Summary 

 Many integral membrane proteins, including all members of EGFR family, have 
been reported to function in the nucleus. Recently, researchers have delineated a 
logical pathway for the transport of EGFR from the cell surface to the nucleus in 
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response to EGF. Specifi cally, studies have demonstrated that EGFR travels in form 
of a membrane-bound protein from the cell surface through the Golgi-to-ER retro-
grade pathway and INTERNET model to the INM in the nucleus [ 37 ,  38 ]. The 
entire process of EGFR traveling from the cell surface to the INM has been shown 
to be membrane-bound (Fig.  8.2 ). Nonetheless, there are many questions that 
remain unanswered: (1) How is membrane-embedded EGFR in the endosomal 
membrane shuttled to the Golgi apparatus? A possibility would be the involvement 
of the small GTPase protein Rab7b, which is essential for retrograde traffi cking 
from the endosomes to the Golgi [ 127 ]. (2) Is membrane-bound traffi cking a gen-
eral mechanism for nuclear transport for all RTKs and cell surface receptors? For 
example, unlike EGFR family proteins, FGFR-1, which has an atypical transmem-
brane domain, can function as a membrane-embedded RTK or a soluble cytoplas-
mic protein [ 128 – 130 ]. It might be useful to compare the nuclear translocation 
traffi cking mechanism between FGFR-1 and EGFR. (3) How does subcellular traf-
fi cking of EGFR to different compartments impact its role? Identifying the mecha-
nisms underlying how cell surface RTKs travels to various destinations will advance 
our understanding of their unique functions and may have important clinical impli-
cation as RTKs are implicated in many cancers. The membrane-bound traffi cking 
mechanism provides a new understanding of how EGFR as well as other cell sur-
face receptors travel from the cell surface to the nucleus. Finally, it would be of 
great interest to determine if the same membrane-bound traffi cking is reversible, 
i.e., if nuclear membrane-bound proteins also utilize this pathway to travel to the 
cell surface.     
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         Abstract     Ubiquitin (Ub) has emerged as a potent cellular signal that regulates a 
wide variety of processes in normal as well as malignant cells. Its potency is based 
on an elaborate system of “writing” and “reading” a diverse Ub code on substrate 
proteins. In this chapter we give an overview on the principles of Ub-based signal-
ling and explain how effi ciency and specifi city is ensured in the cell. Moreover, we 
discuss how the capacity of Ub signalling is further enhanced by crosstalk with 
other post- translational modifi cations such as phosphorylation and acetylation.  

9.1     Ubiquitin: A Signalling Module 

9.1.1     Biochemical and Biophysical Properties of Ubiquitin 

 Ubiquitin is a highly conserved protein of 76 amino acids that fold into a compact, 
globular structure. The fl exible C-terminal tail pokes out from this structure and 
exposes the characteristic RGG motif that can be covalently linked to lysine resi-
dues of substrate proteins. This event requires the subsequent action of three 
enzymes (Fig.  9.1 ): the Ub-activating enzyme (E1), the Ub-conjugating enzyme 
(E2) and the Ub-ligating enzyme (E3). In the fi rst step of this enzymatic cascade, E1 
activates the C-terminal glycine (G) by forming an    E1~Ub thiolester in an ATP- 
dependent manner. The activated Ub is then transferred from E1 to the active cysteine 
of E2 forming an E2~Ub thiolester. In the last step,    E2~Ub cooperates with the E3 
Ub ligase to covalently couple Ub to the substrate protein by forming an isopeptide 
bond between the ε-amino group of a lysine and the C-terminal G of Ub (reviewed 
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in [ 18 ,  34 ,  42 ]). This process is spatiotemporally regulated inside the cell, thus pro-
viding the compartment specifi c dynamics in the ubiquitination events [ 14 ]. To a 
lesser extent, also serine, threonine, cysteine [ 5 ,  37 ,  44 ] as well as the N-terminal 
amino group of the substrate protein [ 8 ] serve as acceptor sites for Ub. The ubiqui-
tinated substrate can be relieved of its tag by the action of de-ubiquitinating enzymes 
(DUBs) that cleave Ub from the modifi ed protein and recycle it to the cellular pool 
(Fig.  9.2 ) (reviewed in [ 2 ]). Five different subfamilies of DUBs are known: 
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  Fig. 9.1    Ub activation and conjugation by E1, E2 and E3. The covalent attachment of ubiquitin 
(Ub) to a substrate requires the subsequent action of three enzymes. In the fi rst step, the C-terminus 
of Ub is activated in an ATP-dependent manner by forming a thiolester with the E1 Ub-activating 
enzyme. It is then passed on to the E2 conjugating enzyme. Ubiquitination occurs when an E3 
ligase enzyme binds to both substrate and E2 ~ Ub, bringing them in proximity so that the ubiquitin 
is transferred from the E2 to the ε-amino group of a lysine in the substrate. Whereas RING-type 
ligases mediate the direct transfer of Ub from E2 to the substrate, HECT-type ligases form 
themselves a thioester intermediate with Ub to achieve ubiquitination       
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  Fig. 9.2    Concept of Ub-based signalling. E3 enzymes (in cooperation with E2 enzymes) function 
as “writers” of Ub signals. They identify the substrate and assemble the Ub code. Up to now, around 
600 E3 ligases have been identifi ed. The message of the “writers” can be “erased” by de- ubiquitinating 
enzymes (DUBs). Currently around 100 “erasers” are known. Ub receptors are the “readers” of the 
Ub code. They are equipped with one or more Ub-binding domains (UBDs) that can distinguish 
different types of Ub modifi cations. The list of Ub receptors (and UBDs) is growing. To date 
around 1,000 proteins are known to function as “readers”       
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ubiquitin- specifi c proteases (USP) (forming the largest family), ubiquitin carboxy- 
terminal hydrolases (UCH), Machado-Joseph disease protein domain proteases 
(MJD), ovarian tumour (otubain) proteases (OTU) and JAB1/MPN/Mov34 metal-
loenzyme motif proteases (JAMM) [ 29 ].

    Ub itself contains seven lysines (Lys6, Lys11, Lys27, Lys29, Lys33, Lys48 and 
Lys63) that allow homotypic linkage types as well as a great variety of heterotypic 
linkages. In this way ubiquitination provides an enormous spectrum of specifi c and 
reversible signals that affect almost all aspects of cellular physiology. Indeed, each 
type of ubiquitination seems to trigger a specifi c cellular answer [ 24 ,  43 ] (Fig.  9.3 ). 
The attachment of a single Ub molecule (monoubiquitination) serves as an impor-
tant signal during endocytic traffi cking and lysosomal degradation of activated 
cell surface receptors. Lys48-linked chains label proteins for proteasomal degra-
dation, Lys63-linked chains act as sorting signals and Lys11-linked chains  promote 
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  Fig. 9.3    Different types 
of Ub modifi cation and their 
cellular function. Various 
types of ubiquitination have 
been detected in cells and 
linked to the indicated 
cellular processes. The 
attachment of a single Ub 
molecule is called 
“monoubiquitination”. 
The monoubiquitination of 
multiple lysines within a 
substrate molecule results in 
“multiubiquitination”. 
Polyubiquitination occurs 
when a lysine in ubiquitin 
serves as acceptor side in 
iterative rounds of 
ubiquitination. Dependent on 
the utilized lysine chains of 
different topologies is 
assembled. There is evidence 
that each possible type of Ub 
chains exists in the cell. 
However, the respective 
function has been studied for 
only few linkage types       
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proteasomal degradation of targets during cell cycle progression [ 25 ] and play an 
important role in endoplasmic reticulum-associated degradation (ERAD) [ 49 ]. The 
cellular roles of many other types of ubiquitination have not yet been studied in 
detail. However, mass spectrometry of cellular Ub conjugates has proven that each 
possible linkage type exists in the cell [ 49 ]. In order to exploit this signalling poten-
tial, the cell needs to ensure that the correct substrates are identifi ed and modifi ed at 
the correct time points with the correct type of Ub tag.

9.1.2        What Determines Substrate Specifi city? 

 The attachment of ubiquitin to another protein is supposed to change its biochemical 
and biophysical properties [ 23 ]. It is therefore very important to ensure that the cor-
rect substrate is selected and modifi ed. Within the ubiquitination machinery, it is the 
E3 ligase that is endowed with substrate specifi city because it is the only component 
that directly binds to the substrate whereas neither E1 nor E2 touch it. Hence, the 
functions of Ub ligases are tightly regulated by signal-induced mechanisms such as 
compartmentalization, degradation, oligomerization and post-translational modifi ca-
tions (PTMs). The human proteome contains app. 600 E3 enzymes that can be 
divided in three groups, RING type [ 9 ], homologous to E6-AP carboxyl terminus 
(HECT) type [ 39 ] and U-box type. The most prevalent E3 ligases contain a zinc- 
fi nger domain called RING (really interesting new gene) that has an essential role in 
Ub transfer but does not possess catalytic activity itself. The RING-type E3 ligases 
rather function to bridge E2~Ub and the substrate. In contrast, the HECT-type ligases 
take over Ub from the E2-conjugating enzyme and catalyze the transfer to the sub-
strate without further help of E2. The U-box E3 ligases are characterized by a modi-
fi ed RING motif and act in a similar way as RING E3s. Regardless of their way of 
Ub conjugation, E3 ligases have to fi rst identify their substrates within a huge pool 
of proteins. In addition, effi cient signal transduction usually requires that proteins are 
modifi ed at a certain time point, e.g. during cell cycle or receptor stimulation, whereas 
before and/or after this event they are not supposed to be ubiquitinated. How can this 
be accomplished? In the fi rst instance, specifi city is provided by distinct substrate 
binding sites on the E3 and is further enhanced by additional layers of regulation. 

 The most common strategy to regulate ubiquitination events is to induce phos-
phorylation of the substrate, thereby creating (or destroying) a recognition signal for 
binding of an E3 ligase. This happens, for example, during downregulation of 
ligand-activated EGFR. Transphosphorylation at position Tyr1045 allows docking of 
c-Cbl that mediates multiubiquitination and thus ensures lysosomal sorting of the 
receptor [ 15 ]. Besides the substrate, the E3 ligase can be regulated by phosphoryla-
tion: for example, phosphorylation of c-Cbl at the linker region releases the autoin-
hibited conformation and allows E2 binding. This activation is required for EGFR 
ubiquitination [ 11 ]. Another example is the activation of Itch through JNK Ser/Thr 
phosphorylation [ 12 ] or inhibition through Fyn-mediated Tyr phosphorylation in 
the WW domain region [ 50 ]. 
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 The spatial separation of substrate and ligase (subcellular compartmentalization) 
is another mechanism by which the ubiquitination of proteins can be regulated. 
Specifi c signals induce cellular translocation of either substrate or ligase and allow 
the ligase to encounter its substrate [ 14 ]. 

 A special way to achieve substrate selectivity is employed by multimeric cullin- RING 
ligases (CRLs) [ 33 ]. The best-studied example of CRLs are the SCF (Skp1- Cdc53/cullin 
F-box protein) complexes that contain four subunits: a scaffold (Cdc53/cullin) that binds 
the RING-H2 fi nger protein and the adaptor protein (Skp1) and fi nally, a substrate-rec-
ognition subunit (F-box protein). The adaptor Skp1 binds the F-box protein, which acts 
as the substrate-recognition subunit that positions the substrate for ubiquitination by the 
E2. The dynamic exchange of F-box proteins creates unique SCF complexes that bind 
and ubiquitinate distinct sets of substrates. To be fully active, SCF ligases need to be 
post-translationally modifi ed with Nedd8 (neddylation), which promotes the recruitment 
of the E2 through direct interaction between Nedd8 and the E2 [ 27 ].  

9.1.3     What Determines Linkage Topology? 

 Ubiquitin modifi cations come in many fl avours: monoubiquitination (attachment of a 
single ubiquitin molecule), multiubiquitination (multiple single Ub molecules are 
attached) and polyubiquitination (Ub chains of specifi c linkage types are formed on the 
substrate) (Fig.  9.3 ). Importantly, ubiquitin tags are not generated randomly on a sub-
strate but in a highly specifi c way and like molecular signatures each type of modifi ca-
tion has specifi c consequences. It is not yet fully understood how the ubiquitination 
machinery accomplishes the generation of distinct tags based on a single building block. 
Why does a ligase stop after adding monoubiquitin to a given substrate while on another 
substrate it assembles polyubiquitin chains? And how is linkage specifi city achieved? 

 Cellular strategies to create monoubiquitin signals include the use of 
monoubiquitination- dedicated E2-conjugating enzymes (e.g. Ube2w) or the trim-
ming of a growing chain by DUBs. In the simplest scenario for the assembly of a 
specifi c type of chain, the E3 ligase exhibits a preference for one type of linkage. 
This is, for example, the case for some HECT ligases. Rsp5 is specialized on K63 
chains; E6AP catalyzes mostly the assembly of K48 chains, while KIAA10 main-
tains some fl exibility by conjugating both K48 and K29. It appears that conjuga-
tional specifi city is primarily encoded in its C-terminal HECT lobe domain and is 
independent of the type of E2 used [ 28 ]. Unlike HECT ligases, RING-type ligases 
do not possess enzymatic activity themselves but operate by bridging the Ub-loaded 
E2 enzyme and the substrate. In this constellation the E2 enzymes play a major role 
in specifying the chain type. Ube2w supports monoubiquitination, Ubc13-Mms2 E2 
conjugates K63 chains and Ube2S is specifi c for K11 chains [ 46 ], while Ube2k, 
CDC34 and E2-25K have been shown to conjugate K48 chains. By cooperating with 
different E2 enzymes, RING ligases can promote the generation of various types of 
Ub chains. BRCA1, for example, associates with at least eight diverse E2 enzymes, 
which govern its conjugational specifi city [ 4 ,  7 ]. BRCA1 is also a classic example of 

9 Effi cient Enhancement of Signalling Capacity: The Ubiquitin System



182

a RING-type E3 ligase that can augment its conjugational ability by dimerization 
with another ligase (BARD1), allowing K6 polyubiquitin chain assembly [ 47 ]. 
Another example is LUBAC (linear ubiquitin chain assembly complex), a 600 kDa 
multisubunit ligase that utilizes another strategy of achieving conjugational specifi c-
ity (reviewed in [ 43 ]). The ligase plays a major role in NF-κB signalling and is special 
because it assembles head-to-tail Ub chains. Instead of linking the Ub molecules via 
a lysine of the proximal Ub (the Ub molecule attached to the target protein), it uti-
lizes the free N-terminal amino group. The resulting Ub chains exhibit an extended 
conformation that can be recognized in a specifi c manner with the ubiquitin-binding 
domain of NEMO adaptor molecule [ 35 ]. However, linear ubiquitin can also form a 
closed conformation [ 38 ]. Moreover, Lys-linked ubiquitin chains are dynamically 
changed by shifting from closed to open conformations (reviewed in [ 10 ]).  

9.1.4     Diversity of Ub Signals: Different Types of Ub Modifi cation 
and Their Functions 

 Like other PTMs, the attachment of Ub has a profound impact on the targeted pro-
tein. Allosteric effects may regulate binding specifi city and/or enzymatic activity or 
expose modifi cation sites or localization signals. The importance of Ub-dependent 
protein localization has been recently shown for Ras proteins (NRas, HRas and 
KRas) that play a central role in transducing signals that control cell proliferation, 
differentiation, motility and survival. Ras proteins can dynamically partition to dif-
ferent cellular membranes, and their localization dictates the signalling outcome. 
Rabex-5 is an E3 ligase that mono- and diubiquitinates Ras proteins and thereby 
promotes their endosomal association [ 48 ] as well as endosomal-specifi c signalling 
(or signal attenuation as is the case for Erk2). Yet, the factor that traps ubiquitinated 
Ras proteins at endosomal membranes needs to be identifi ed. 

 In addition of having a direct impact on the functionality or the localization of 
the modifi ed protein, new interaction surfaces are created that spur the assembly or 
disassembly of protein complexes with specifi c functions. Moreover, Ub signals are 
propagated by Ub receptors that detect Ub modifi cations on proteins. These effector 
proteins are equipped with Ub-binding domains (UBDs) that discriminate between 
different types of Ub modifi cation [ 10 ].   

9.2     Ub-Binding Proteins: Readers of Ub Signals 

9.2.1     Different Types of UBDs and How They Manage 
to Discriminate Ub Signatures 

 There are currently around 20 known families of UBDs that can be divided into 
several subfamilies based on their structure [ 10 ]: UBDs containing single or multi-
ple alpha helices (UBA, UIM, DUIM, MIU, CUE, GAT, VHS, UBAN), zinc fi ngers 
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(NZF, ZnF-UBP, ZnF-A20, UBZ), pleckstrin-homology fold (GLUE, PRU), UBC- like 
(UEV, UBC) or other structures (SH3, ubiquitin-binding motif [UBM], PFU, Jab1/
MPN). Regardless of this apparent structural diversity, almost all of these UBDs 
bind to the same hydrophobic patch centred on Ile44 of the Ub molecule. There are 
only some exceptions to this rule, including the UBM of some Y-family translesion 
synthesis (TLS) polymerases (binds to the hydrophobic patch centred on Leu8), 
ZnF A20 domain of Rabex-5 (interacts with Asp58) and the ZnF-UBP domain of 
isopeptidase T (USP5) (contacts the C-terminal part of ubiquitin as well as a surface 
centred on Ile36). 

 Given the common mode of binding to Ub, the question arises on how UBDs 
distinguish different Ub modifi cations. In fact, in vitro most UBDs interact with 
monoubiquitin and do not show a clear preference for one linkage type either. Only 
a small subset of UBDs is known to recognize the linker region between two ubiq-
uitin moieties and is thus able to directly discriminate between different linkage 
types. All other UBDs rely on linkage-specifi c avidity; in other words, they are able 
to detect the spatial distribution and positioning of the individual units of the chain 
without interacting with the linkage [ 10 ]. In order to do so, Ub receptors are either 
equipped with multiple UBDs or dimerize/oligomerize. Different types of chains 
have specifi c conformations in solution. K48-linked di- and tetraubiquitin chains 
adopt a closed conformation, with the hydrophobic patch surfaces around Ile44 
buried at the inter-domain interface (interactions with UBD-containing proteins still 
occur since this conformation is dynamic, oscillating between the open and packed 
structure) [ 40 ]. Many UBA domains bind K48-linked chains in strong preference to 
monoubiquitin and other linkage types. K63-linked diubiquitin chains form an 
extended conformation without any contacts between hydrophobic surfaces and are 
fully exposed. UIM domains such as those present in endocytic adaptor proteins or 
NZF domains of TAB2 and TAB3 (subunits of the TAK1 kinase complex) show a 
high preference for K63-linked chains [ 10 ]. It should be noted however that the situ-
ation in vivo seems to be complex because the same type of domain can have another 
linkage specifi city when present in a different Ub receptor. It is becoming clear that 
linkage-specifi c binding of UBDs is greatly infl uenced by the microenvironment in 
which the interaction takes place. Moreover, recent data indicate that the affi nity 
and/or specifi city of UBDs can be modulated by phosphorylation [ 31 ].  

9.2.2     How Can Low-Affi nity Ub/UBD Interactions Support 
a Specifi c and Effi cient Signalling Network? 

 Another notable feature of UBD-Ub interactions is the low binding affi nity, with Kd 
values in the micromolar range. However, interactions studies are mostly performed 
in vitro using the isolated UBD rather than the integral Ub receptor. In vivo avid-
ity due to oligomerization of ubiquitin receptors and multi- or polyubiquitinated 
substrates, the presence of multiple UBDs in the Ub receptor (different UBDs in 
the same protein or multiplication of the same UBD within protein) plays a central 
role. Moreover, in comparison to recognition of phosphorylated proteins by 
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phospho- specifi c-binding domains, it strikes that the interaction of monoUb with 
UBDs generally does not depend on the sequence of amino acids immediately 
around the ubiquitinated residue, whereas phospho-binding domains are infl uenced 
by the primary sequence embedding the pSer/pThr/pY. This raises the question of 
how specifi city is determined. One likely possibility is that proteins harbouring a 
UBD have weak but direct interactions with proteins that are ubiquitinated or both 
proteins are part of the same large protein complex (signalosome). Such a bipartite 
interaction provides increased affi nity and specifi city (e.g. binding of Y-polymerases 
to proliferating cell nuclear antigen (PCNA) during TLS is mediated via Ub/UBZ 
and PCNA/PIP box interactions, see below).On the other hand, it has been proposed 
that the endolysosomal transport of ubiquitinated cell surface proteins indeed ben-
efi ts from a low-affi nity interaction network because this facilitates the effi cient 
passage of the cargo along multiple sorting complexes [ 17 ].  

9.2.3     UBD Proteins Regulate Specifi c Cellular Responses 

 The fi rst described function of protein ubiquitination was the degradation of the 
modifi ed protein by the proteasome. It is now clear that ubiquitination serves as an 
important non-proteolytic signal in numerous cellular processes including endocy-
tosis, DNA repair, NF-κB signalling, virus budding and traffi cking. The key ele-
ments in Ub-dependent processes are Ub receptors (UBD-containing proteins) that 
provide the link between Ub signals and a specifi c cellular pathway. Examples are 
endocytic adaptor proteins such as Epsin, Eps15, Hrs and STAM2. They are respon-
sible for the delivery of plasma membrane proteins (e.g. activated RTKs) to the 
lysosome [ 22 ]. All of them contain one or more UBDs (mostly UIM domains) that 
detected monoUb as well as K63-linked diubiquitin on the endocytic cargo and link 
it with the sorting machinery. Proteins that are not labelled with ubiquitin are not 
recognized and recycled back to the plasma membrane instead of being degraded in 
the lysosome [ 22 ]. 

 TLS is another pathway that depends on an ubiquitin signal. Upon DNA damage, 
monoubiquitination of PCNA induces bypass of the lesion by directing the replica-
tion machinery into the TLS pathway. The crucial step here is the recognition of the 
monoubiquitin by the UBZ domains of Y-polymerases. Y-polymerases also contain 
a PIP box that binds directly to PCNA. In order to induce TLS, both interaction 
surfaces must be engaged in binding [ 3 ].   

9.3     Crosstalk Between Ub Signals and Other Post-translational 
Modifi cations 

 An additional degree of signalling complexity is generated by the crosstalk of ubiq-
uitination with other PTMs such as phosphorylation or acetylation. The crosstalk 
usually functions in both directions and can be positive (one modifi cation triggers 
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the addition or removal of a second PTM) or negative (direct competition for 
modifi cation of a single residue in a protein). 

9.3.1     Phosphorylation and Ubiquitylation: Inseparable Duo 

 The intersection between phosphorylation and ubiquitination is probably the best- 
studied example of PTM crosstalk [ 21 ]. Both types of modifi cations are very abun-
dant and implicated in the regulation of virtually any cellular process. Since they do 
not compete for the same residues, the nature of their crosstalk is positive. They 
share a number of common features (inducibility, reversibility, large number of 
transferases, i.e. kinases/Ub ligases, huge number of cellular targets and ATP depen-
dence), and there are several cross–points of interactions between these systems. As 
indicated above phosphorylation events are fundamental for the specifi city as well 
as the right timing of ubiquitination. Phosphorylation can regulate ubiquitination at 
multiple levels: (1) activity of the E3 ligases, (2) recognition of the substrate by E3 
ligase and (3) substrate availability (subcellular compartmentalization) [ 14 ]. There 
is accumulating evidence that also the reading of Ub signals by Ub receptors can be 
regulated by phosphorylation [ 31 ]. On the other side, ubiquitination can affect 
kinase activity via degradation or allosteric activation/inactivation as well as 
Ub-dependent shuttling of kinase or substrate [ 21 ]. 

9.3.1.1     Regulation of Ubiquitination by Phosphorylation-Mediated 
Compartmentalization 

 Subcellular compartmentalization is an important and widely used strategy of cells to 
separate cellular processes such as DNA synthesis (nucleus), energy production 
(mitochondria) and protein/organelle digestion (lysosomes) for most effi cient perfor-
mance in a specialized environment. The same concept is also used for signal trans-
duction, and the regulated traffi cking of effector proteins between different 
compartments provides a means to control signalling pathways [ 32 ,  45 ]. Very often 
ubiquitination and phosphorylation team up to orchestrate these events. For example, 
the E3 ligase Parkin and the PINK1 kinase co-operate during autophagic clearance of 
depolarized mitochondria [ 13 ,  30 ]. While PINK1 is a mitochondrial protein, Parkin 
is evenly distributed in the cytosol. Parkin is recruited to depolarized mitochondria to 
promote their autophagic removal. Subcellular redistribution of Parkin requires mito-
chondrial localization and kinase activity of PINK1, while phosphorylation targets 
remain unknown. Once present on mitochondria Parkin ubiquitinates certain mito-
chondrial surface proteins such as VDAC1 and Mfn1/2 and initiates a cascade of 
events that govern the mitophagic clearance of damaged mitochondria [ 13 ,  30 ]. 

 Another example is provided by the tumour suppressor p27 that is present in the 
nucleus where it acts as a cell cycle inhibitor. Phosphorylation on certain residues 
promotes the cytoplasmic translocation of p27 in G1 phase where it becomes a sub-
strate of the cytosolic KPC ligase complex [ 26 ].  
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9.3.1.2     Regulation of Ub Receptors by Phosphorylation 

 Not only the ubiquitination machinery can be subjected to phosphorylation- 
dependent regulation. There is accumulating evidence that the modulation of Ub 
receptors by phosphorylation of critical residues within the UBD is a common way 
to affect their ability to read Ub signals. In principle, this modifi cation can enhance, 
reduce or shift specifi city of Ub binding. A recent example is provided by Syntenin-1, 
a PDZ domain-containing adaptor that controls traffi cking of transmembrane pro-
teins. Syntenin-1 contains a novel type of UBD characterized by a conserved LYPSL 
motif. It was shown that the Ser within this motif is targeted by the kinase Ulk1, 
thereby abolishing Ub binding of Syntenin-1 [ 36 ]. 

 Another intriguing case of UBD regulation by phosphorylation is the UBA of the 
autophagic adaptor p62. Casein kinase 2 (CK2) mediates specifi c phosphorylation 
of p62 within its UBA domain. This modifi cation increases the affi nity between 
UBA domain and ubiquitin chains and enhances the ability of p62 to act as an 
autophagy receptor for ubiquitinated protein aggregates [ 31 ].  

9.3.1.3     Regulation of Kinase Activity by Ubiquitination 

 Ubiquitination can affect kinase activity in two different ways: (1) permanent inacti-
vation by degradation and (2) activation or inactivation by non-proteolytic ubiquiti-
nation [ 21 ]. The degradation of soluble protein kinases is mediated by K48-linked 
polyubiquitination and subsequent proteasomal cleavage. Receptor-tyrosine kinases, 
on the other hand, are degraded in the lysosome. Ligand-induced K63- linked diubiq-
uitination and multiple monoubiquitination trigger internalization and endolysosomal 
sorting of the activated receptor. There is evidence that the activated receptor contin-
ues signalling until it reaches the lysosome. Importantly, the emitted signals (i.e. 
activated downstream effectors) differ from those emitted at the plasma membrane, 
and thus, ubiquitination infl uences not only the quantity but also the quality of kinase 
activity [ 20 ]. 

 Protein kinases can also be negatively regulated by ubiquitination without being 
degraded. For example, polyubiquitination of AMPK (AMP-activated protein 
kinase)-related kinases, NUAK1 and MARK4, with K29- and K33-linked chains 
was shown to reduce their activity without affecting protein stability [ 1 ]. 
Ubiquitination can also support the activation of a kinase. For example, the TAK1 
kinase complex is activated downstream of cytokine receptors and Toll-like recep-
tors through TRAF6-mediated K63-linked polyubiquitination of TRAF6 or IRAK1. 
This leads to the recruitment of TAK1, which allows transphosphorylation and acti-
vation of TAK1 probably via a dimer proximity mechanism [ 6 ]. Another example 
of Ub-dependent kinase activation is provided by the activation of inhibitor-kappaB 
kinase (IKK) complex, which is composed of two kinases alpha and beta and one 
non-catalytic subunit called NEMO. NEMO ubiquitination and the ability to bind to 
linear and other Lys-linked ubiquitin chains are critical for the conformational 
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change of the kinase complex, activation of kinase domains and the stimulation of 
the NF-κB pathway [ 35 ].   

9.3.2     Acetylation Modulates Ubiquitin Networks 

 As acetylation and ubiquitination target lysine residues, both modifi cations in 
some cases directly compete with each other for the substrate. Thus proteins can be 
stabilized by acetylation of lysines that would otherwise serve as ubiquitination 
sites leading to protein degradation. A prominent example is the N-end rule path-
way [ 41 ]. Proteins with acetylated amino-terminal group escape degradation via 
N-terminal ubiquitination. 

 In the case of Notch signalling, which is essential for cell specifi cation and tissue 
patterning, it was shown reversible acetylation of the Notch1 intracellular domain 
(NICD) on conserved lysine residues adjusts the amplitude and duration of Notch 
responses by altering ubiquitination and protein turnover by blocking ubiquitina-
tion of the lysines. The NAD + -dependent deacetylase SIRT1 associates with NICD 
and opposes the acetylation-induced NICD stabilization [ 16 ]. This is relevant for 
promoting a non-sprouting, stalk cell-like phenotype and impaired growth, sprout 
elongation and enhanced Notch target gene expression in response to DLL4 
stimulation.   

9.4     Conclusion 

 Rapid scientifi c progress in the last decade has revealed that cells utilize ubiquitin 
not only for regulation of protein stability but also for the establishment and 
enhancement of signalling capacity. In such signalling networks, ubiquitin, either as 
a monomer or diverse ubiquitin chains, functions as a versatile cellular signal that is 
recognized by more than 1,000 ubiquitin-binding proteins. Development of tools to 
identify and decode ubiquitin signals in vivo as well as visualization of their inter-
play in situ remains an important technological advance. In particular, recent prog-
ress in mass spectroscopy and proteomics, coupled with the development of 
ubiquitin chain-specifi c antibodies and ubiquitin sensors, has provided deeper 
insight into the complexity of ubiquitin signalling pathways. The remaining chal-
lenges are associated with the delineation of the spatio-temporal clues controlling 
the ubiquitin networks and the dissection of pathways by which deregulation of 
ubiquitin signalling results in the initiation and progression of various human dis-
eases including neurodegeneration, infl ammation and cancer [ 19 ].     
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        Abstract Posttranslational modifi cation (PTM) of signaling receptors by the covalent 
attachment of one, or often more, ubiquitin (Ub) moieties has emerged as the major 
regulatory mechanism responsible for receptor “downregulation.” Pioneering work 
in yeast has demonstrated that Ub is required for the fi rst step in cargo internalization 
as well as for targeting cargos to vacuoles (the yeast equivalent of lysosomes) [ 1 ,  2 ]. 
Following these initial observations, there are now numerous reports of ubiquitination 
of a vast array of mammalian signaling receptors, such as RTKs, GPCRs, MHC-I, 
NOTCH, various channels and transporters, cytokine, and interferon  receptors 
(reviewed in [ 3 – 8 ]). The molecular basis of Ub-dependent regulation of receptor 
endocytosis is being clarifi ed.    In this chapter, we will give a general overview of the 
mammalian system. 

10.1     The Ubiquitin System 

 Ubiquitin is a small protein of 76 amino acids (aa) that is highly conserved from 
yeast to mammals. Ubiquitination of substrate proteins requires the sequential 
action of three classes of enzymes,ultimately resulting in the covalent attachment of 
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Ub to the ε-amino group of a Lys residue of the target protein (Fig.  10.1a ) (reviewed 
in [ 9 ]). The E1 activating enzyme catalyzes the formation of a thioester bond with 
its active site Cys and the carboxy terminus of Ub through an adenylation intermedi-
ate that requires ATP. To date two E1 enzymes for ubiquitin were identifi ed in mam-
mals. In a second step ubiquitin is transferred to the active site Cys of one of 
approximately 40 E2 ubiquitin-conjugating enzymes. The fi nal ubiquitin transfer to 
a Lys residue within the substrate protein is achieved by the action of ubiquitin E3 
ligases. E3s have the ability to bind both to an E2 (via a RING fi nger, U box, or 
HECT “catalytic” domain) and to the substrate—in many E3s, those two binding 
sites reside in the same polypeptide. The number of ubiquitin E3 ligases in verte-
brates is estimated at around 600 proteins, refl ecting the high substrate specifi city 
provided by these enzymes. From the structure and the function point of view we 
mainly discriminate between two types of ubiquitin E3s [ 10 ] (Fig.  10.1a ). Members 
of the HECT (homologous to E6AP C-terminus)-type ligases receive ubiquitin from 
the E2 and form a thioester conjugate with Ub and their catalytic Cys from where it 
is then transferred to the substrate protein. Contrarily, RING (Really Interesting 
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New Gene)-type ligases do not form any kind of intermediate with Ub but facilitate 
its transfer from the E2 to the substrate. This is achieved not only by bringing E2 
and substrate in close proximity to each other but also through an allosteric activa-
tion mechanism [ 11 ,  12 ].

   An increase in complexity of the ubiquitin pathway is given by the fact that ubiq-
uitin itself can serve as a substrate for the next steps of conjugation. Polymers of Ub 
can be linked via one of the seven Lys resides (Lys6, Lys11, Lys27, Lys33, Lys48, 
Lys63) or through the N-terminus (Met   , forming linear chains) [ 13 ] (Fig.  10.1b ). All 
eight Ub linkage types coexist in eukaryotic cells [ 14 ,  15 ] giving rise to a plethora of 
different signals with possibly diverse functions [ 13 ]. 

 Lys48-linked ubiquitin chains are a bona fi de targeting signal for substrate deg-
radation via the 26S proteasome. For a long time this was believed to be the only 
function of protein ubiquitination. During the last two decades, it became clear that 
Lys63-linked ubiquitin chains and also monoubiquitination serve as non-proteolytic 
signaling tags. Proteins modifi ed with these signals are involved in a variety of dif-
ferent cellular pathways, including DNA repair, kinase activation as well as in many 
steps of various endocytic routes, as we will discuss below. The signaling outcomes 
of chains other than Lys48- and Lys63-linked are yet poorly studied (for further 
reading, please see Chap.   9    ). Recently, tools to investigate the role of linear and 
Lys11-linked ubiquitin chains were generated, connecting these signals to immune 
response [ 16 ] and cell cycle-regulated degradation [ 17 ], respectively. 

 To deal with this relatively high number of different signals provided by the 
“ubiquitin code” [ 13 ,  18 ], the cell is equipped with a multitude of Ub receptors that 
are able to read and translate the signal into a specifi c outcome. These protein mod-
ules, which do not display strict sequence conservation, interact with Ub via diverse 
three-dimensional folds and direct the fl ow of information to specifi c signaling path-
ways [ 19 ]. For instance, once ubiquitinated the epidermal growth factor receptor 
(EGFR) is passed through a series of ubiquitin-binding domain (UBD)-containing 
proteins, responsible for the correct sorting of the receptor (described later in details). 

 In analogy to phosphorylation, ubiquitination is a very dynamic and reversible 
process. Removal of ubiquitin from the substrate protein serves as an additional 
layer of regulation and is accomplished by deubiquitinating enzymes (DUBs) [ 20 ]. 
The human genome encodes around 100 DUBs, which can be classifi ed into fi ve 
distinct families based on homologies within the catalytic domains. DUBs from the 
USP (ubiquitin-specifi c proteases), UCH (C-terminal hydrolases), OTU (ovarian 
tumor proteases), and Josephin families are cysteine proteases. JAB1/MPN/MOV34 
metalloenzyme (JAMM, also known as MPN + ) domain DUBs form the fi fth family 
belonging to the Zn 2+ -dependent metalloproteases. In recent years several RNAi- 
based screenings have indeed demonstrated the critical role of DUBs during 
ubiquitin- dependent endocytic signaling. For instance USP15 and DUBA are found 
to act directly on the plasma membrane where they deubiquitinate TGF-beta recep-
tor [ 21 ] and TRAF6, the Toll-like receptors associated E3 ligase [ 22 ], while Cezanne, 
counteracting EGFR ubiquitination, is able to enhance EGFR signaling[ 23 ]. Acting 
at different biological levels, DUBs balance the fate of the specifi c receptors to regu-
late the signaling outcome (for further reading, please see Chap.   12    ).  
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10.2     Ubiquitination and Internalization of Cargos 

 One of the fi rst non-proteasomal functions discovered for Ub came from studies 
performed in yeast, in which Ub was shown to be a critical determinant for intracel-
lular protein traffi cking. Several groups have demonstrated that monoubiquitination 
alone of several transmembrane receptors (α-factor receptors, permeases, and trans-
porters) is suffi cient to trigger their internalization in yeast, although modifi cation 
with Lys63-linked Ub chains speeds up this process [ 8 ]. 

 In mammalian cells, the picture is complex, as Ub is one of the multiple internal-
ization signals that might be present in various receptors. In addition not only the 
receptor but also the endocytic adaptors are often ubiquitinated in response to extra-
cellular stimuli [ 24 ,  25 ]. The situation is even more complicated by the existence of 
various entry portals and by the fact that only some of them appear to be regulated 
by Ub(reviewed in [ 8 ]). 

 Here we will describe how Ub can regulate endocytosis, fate, and signaling of 
plasma membrane receptors using representative models. 

10.2.1     GPCR 

 The fi rst evidence for a role of Ub in receptor endocytosis was obtained studying the 
G-protein-coupled receptor (GPCR) Ste2p in  Saccharomyces cerevisiae . Hicke and 
Riezman showed that Ste2p undergoes signifi cant ubiquitination following addition 
of its physiological agonist, α-mating factor and that single lysine residue within the 
C-terminal internalization signal was required for rapid endocytosis of Ste2p [ 1 ]. 
In mammalian cells, the transmission of information through GPCR-initiated sig-
naling pathways is modulated in several ways [ 5 ,  6 ]. It is generally thought that 
direct ubiquitination is not required for effi cient internalization of GPCRs via 
clathrin- mediated endocytosis (CME) but the details of how GPCR endocytosis is 
regulated can vary substantially (see [ 26 ], Table  10.1  and references therein).

   Early studies on the growth hormone receptor (GHR) have shown that although 
ubiquitination of the receptor itself is not essential for internalization, intact ubiqui-
tination machinery is required [ 27 ]. Similar results were obtained for GPCRs that 
are ubiquitinated upon agonist stimulation. In the case of the β2-adrenergic receptor 
and the chemokine receptor, CXCR4, mutation of all the lysine residues in the cyto-
plasmic tail did not affect the initial internalization event, but severely impaired the 
downstream endocytic sorting step that targets receptors to the degradative pathway 
[ 28 ,  29 ]. In this case, ubiquitination of GPCR-associated β-arrestins (ARR), medi-
ated by MDM2, has been proposed to be necessary for the internalization of receptors 
in clathrin-coated pits ([ 29 ], see also below). Intriguingly, the interaction between 
β-arrestin2 and MDM2 was enhanced by GPCR activation, leading to sequestration 
of MDM2 at the plasma membrane and to a reduction of MDM2- mediated p53 ubiq-
uitination and degradation [ 30 ]. Moreover, β-arrestin2 has the additional role of 
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recruiting Nedd4, the E3 responsible for β2-adrenergic receptor ubiquitination and 
degradation [ 31 ]. The detailed mechanism for ubiquitin- dependent lysosomal degra-
dation of the β2-adrenergic receptor has yet to be determined. 

 The best understood model for GPCR ubiquitin-regulated endocytosis is 
provided by the chemokine receptor CXCR4. The HECT E3 ligase ITCH is 
responsible for the agonist-induced ubiquitination of CXCR4 [ 32 ]. ITCH can 
interact directly with CXCR4 via a noncanonical WW domain-mediated interaction 
involving serine residues within the carboxyl-terminal tail of CXCR4. These 
serine residues are phosphorylated upon agonist activation and are critical for 
mediating agonist- promoted binding of ITCH and the subsequent ubiquitination 
and degradation of CXCR4 [ 33 ]. Ubiquitination of CXCR4 serves as a sorting 
signal on endosomes for entry into the degradative pathway and long-term atten-
uation of signaling [ 33 ]. 

 An alternative function for Ub-mediated regulation has been described recently 
for the protease-activated receptor PAR1 [ 34 ]. PAR1 displays two modes of inter-
nalization, which are clathrin- and dynamin-dependent but are independent of arres-
tins. Constitutive internalization of unactivated PAR1 is mediated by the clathrin 
adaptor protein complex-2 (AP-2) that binds directly to a tyrosine-based motif 
localized within the receptor C-tail domain. Agonist-induced internalization of 
PAR1 requires AP-2 and is negatively regulated by ubiquitination. Activated PAR1 
is phosphorylated, rapidly internalized, and sorted from endosomes to lysosomes 
through an SNX1-dependent pathway [ 35 ]. Upon agonist stimulation PAR1 basal 
ubiquitination is reduced rather than increased, pointing to a negative regulation of 
PAR1 internalization by receptor ubiquitination. Indeed, a Lys mutant, which is 
defective in ubiquitination, exhibits increased internalization, whereas a C-terminal 
PAR1 fusion with ubiquitin inhibited PAR1 constitutive internalization [ 34 ].  

   Table 10.1    GPCRs regulated by ubiquitination (adapted from [ 26 ])   

 Receptor  E3 ligase 
 Agonist-induced 
ubiquitination 

 ESCRT 
required?  References 

 Beta1AR     ?  No  ?  [ 129 ] 
 Beta2AR  Nedd4  Yes  ?  [ 29 ,  31 ,  130 ] 
 CLR  ?  No  Yes  [ 131 ,  132 ] 
 CB1  ?  ?  ?  [ 133 ] 
 CXCR4     ITCH/AIP4  Yes  Yes  [ 28 ,  32 ,  33 ,  134 ,  135 ] 
 DOR  ITCH/AIP4  Yes  Yes  [ 136 ,  137 ] 
 D2R  ?  ?  ?  [ 138 ] 
 KOR  ?  Yes  ?  [ 139 ,  140 ] 
 NK1  ?  Yes  ?  [ 141 ,  142 ] 
 PAF  Cbl  ?  ?  [ 143 ] 
 PAR1  ?  No  No  [ 35 ,  144 ] 
 PAR2  Cbl  Yes  Yes  [ 131 ,  145 ] 
 V2R  ?  Yes  ?  [ 146 ] 

10 Molecular Mechanism of Ubiquitin-Dependent Traffi c



196

10.2.2     EGFR 

 The role of ubiquitination in receptor tyrosine kinases (RTKs) internalization has 
been extensively studied. Indeed, platelet-derived growth factor receptor (PDGFR) 
and EGFR were the fi rst mammalian receptors found to be ubiquitinated [ 36 ,  37 ]. 
Since these studies, several other RTKs have been shown to be ubiquitinated in a 
ligand-dependent manner by the E3 ligase Cbl (see Table  10.2  and references therein).

   Ligand-induced EGFR traffi cking is one of the best-characterized examples of how 
the regulation of receptor turnover is modulated by the Ub signal. Initial studies based 
on the use of a chimeric protein composed of EGFR and a Ub mutant that could not be 
extended by polyubiquitination showed that a single Ub was suffi cient to drive inter-
nalization, although at a lower rate compared to wild-type receptor [ 38 ]. Later mass-
spectrometry analysis has revealed that EGFR is both mono- and polyubiquitinated 
through Lys63-linked chains [ 39 ]. Whether these two PTMs may have different impact 
on EGFR, fate is not known. Although monoUb is suffi cient for internalization, it 

   Table 10.2    Tyrosine kinase receptors regulated by ubiquitination (adapted from [ 3 ]).   

 RTK  E3 ligase  Type of Ub modifi cation  References 

 EGFR  Cbl, Cbl-b  MultimonoUb  [ 38 ,  39 ] 
 PolyUb Lys63 

 VEGFR-1  Cbl  ?  [ 147 ] 
 VEGFR-2  Cbl  ?  [ 148 ,  149 ] 

 Nedd4 
 PDGFR  Cbl, Cbl-b  PolyUb  [ 37 ,  38 ,  150 – 152 ] 

 MultimonoUb 
 FGFR  Cbl  MultimonoUb  [ 153 – 155 ] 
 IGF-1R  Nedd4  ?  [ 156 – 158 ] 

 MDM2  PolyUb Lys63 
 Cbl  PolyUb Lys48 

 MET/HGFR  Cbl, Cbl-b  MultimonoUb  [ 82 ,  159 ] 
 PolyUb Lys48 

 TrkA  Cbl  PolyUb Lys63  [ 160 – 162 ] 
 TRAF6  MultimonoUb 
 Nedd4L 

 ErbB3  NRDP1  PolyUb  [ 163 ,  164 ] 
 ErbB4  NRDP1  PolyUb  [ 164 – 167 ] 

 Nedd4  ? 
 ?  WWP1 

 ITCH  MonoUb 
 c-KIT  Cbl, Cbl-b  ? 

 MonoUb 
 [ 118 ,  168 ,  169 ] 

 TGFβ  Smad7/Smurf2  PolyUb  [ 170 – 173 ] 
 WWP1 
 Nedd4L 

 RET  Cbl  MonoUb/PolyUb  [ 174 ,  175 ] 
 CSF-1R  Cbl  ?  [ 176 – 178 ] 
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might be that Lys63 polyubiquitination generates a more effi cient internalization sig-
nal, possibly by increasing the binding avidity of the endocytic Ub receptors [ 19 ,  40 ]. 
Another possibility, which needs to be experimentally verifi ed, is that monoUb and 
Lys63-linked chains represent distinct signals acting at different steps along the endo-
cytic route. Recent data obtained again in yeast indeed suggest that Lys63 chains are 
required for cargo sorting into the multivesicular body (MVB) pathway [ 41 ,  42 ]. 

 EGFR ubiquitination is not essential for internalization through clathrin-coated 
pits. Indeed, EGFR mutants defective in ubiquitination, either mutagenized in the 
E3 ligase binding site or in the Ub acceptor lysines, show no major internalization 
defects [ 43 – 45 ]. This apparent discrepancy between ubiquitination being suffi cient, 
but not required, for EGFR internalization can be explained by the existence of 
alternative internalization pathways possibly regulated by different signals beside 
Ub, the AP-2 recognition motif and multiple phosphorylated tyrosines present in 
receptor tail [ 46 ]. Interestingly, the level of EGFR ubiquitination, regulated by 
ligand concentration, correlates with the differential recruitment of the EGFR into 
distinct endocytic pathways [ 18 ,  44 ]. At low EGF doses, receptor ubiquitination is 
not detected and the EGFR is internalized through CME only, while at high EGF 
doses, both clathrin-dependent and clathrin-independent internalization routes 
come into play as the receptor becomes ubiquitinated. Indeed, ubiquitination 
appears to be required for clathrin-independent endocytosis while it is dispensable 
for clathrin-dependent internalization [ 44 ]. Recent observations suggest the exis-
tence of a cooperative mechanism controlling receptor ubiquitination, which dis-
plays sigmoidal behavior as a function of EGF dose (EM and SP, unpublished). One 
possible explanation for the threshold in EGFR ubiquitination could reside in the 
mechanism of Cbl recruitment to the receptor. Indeed multiple direct and indirect 
(through Grb2) binding sites for Cbl are present in the receptor tail of EGFR and 
these sites might cooperate in E3 binding (Fig.  10.2 ).

   The existence of distinct endocytic pathways raises a number of questions. Are all 
endocytic routes equivalent from a functional point of view? Or are they associated with 
different receptor functions? Finally, if endocytosis is required for both receptor attenu-
ation and signaling, how are these two opposing outcomes coordinated? Interestingly, 
the majority of EGFRs internalized via CME is not targeted to degradation, but rather 
are recycled to the cell surface [ 47 ]. Conversely, clathrin- independent internalization 
preferentially commits the receptor to degradation [ 47 ]. This has profound implications 
for signaling, as by skewing EGFR fate towards recycling rather than degradation, CME 
prolongs the duration of the signal [ 47 ]. Thus, Ub might play a critical role in deciding 
between receptor signaling and downmodulation, already at the internalization step.  

10.2.3     SLCs 

 The solute carrier (SLC) superfamily is a major group of membrane transport pro-
teins present in mammalian cells and is conserved from yeast to humans [ 48 ,  49 ]. 
These molecules are gatekeepers for cells and organelles and control the uptake and 
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the effl ux of important metabolites such as glucose and other sugars, amino acids, 
vitamins, neurotransmitters, nucleotides, and inorganic and organic ions. Important 
insights into the regulation of transporter endocytosis by extracellular signaling 
events have been obtained from studies performed in yeast. In this model system 
most transporters are endocytosed in an inducible manner, through sudden changes 
in the availability of the cognate substrate [ 50 ]. 

 Interestingly, transporter ubiquitination is among the fi rst events that occur after 
stimulation and is a prerequisite for transporter internalization [ 51 – 53 ]. A mutation 
in the critical E3 enzyme responsible for this ubiquitination, Rsp5, leads to strong 
defects in endocytosis [ 54 ]. 

 In a striking parallelism with the yeast model the few SLCs that have been 
characterized at the molecular level (the dopamine transporter DAT/SLC6A3 and 
the cationic amino acid transporter CAT-1/SLC7A1) are regulated by the human 
homologues of Rsp5, the E3 ligases Nedd4 and Nedd4L [ 7 ]. In the case of DAT, 
Nedd4L- specifi c KD leads to impaired transporter ubiquitination and degradation, 
whereas overexpression of Nedd4L resulted in the opposite effect [ 55 ,  56 ]. 
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  Fig. 10.2    Activation of Cbl and recruitment to the EGFR.  Bottom panel , unphosphorylated c-Cbl 
exists in an equilibrium between an open, catalytically competent conformation and a closed, auto-
inhibited conformation, in which the E2-binding surface of the RING associates with the TKBD. 
Upon EGF-dependent receptor activation, the GRB2-Cbl complex binds to the receptor through 
interactions of (1) the SH2 domain of GRB2 with pY1045 of EGFR and (2) the TKB domain of 
Cbl (either c-Cbl or Cbl-b) with pY1068 or pY1086. This substrate interaction may either stabilize 
or select for a partially open Cbl conformation (see  bottom panel  and main text). EGFR-bound Cbl 
becomes phosphorylated on a critical tyrosine, leading to full rotation of the linker region. This, in 
turn, exposes the RING domain for ubiquitin-charged E2 binding, resulting in the allosteric activa-
tion of the E2 by Cbl and ubiquitination of the EGFR. Note that, to simplify the picture, Cbl bound 
to one receptor molecule is depicted to ubiquitinate the other molecule of the dimer. No available 
data suggest that this is indeed the case. For simplicity, the EGF receptor is depicted as monoubiq-
uitinated: in reality, it is both multimono- and polyubiquitinated (see main text)       
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Once ubiquitinated, DAT is internalized via the CME pathway thanks to the endo-
cytic Ub receptors Epsin, Eps15, and Eps15R that co-localize with internalized 
DAT in clathrin-coated pits [ 55 ]. PKC activation leads to increased transporter 
Lys63-linked ubiquitination and mutagenesis of three Lys residues mapped within 
the DAT N-terminus resulted in a strong decrease of PKC-induced ubiquitination 
and consequently, in a signifi cantly impaired CME [ 56 ]. A very similar mechanism 
has been described for the cationic amino acid transporter CAT-1. Upon PKC acti-
vation, CAT-1 is ubiquitinated and internalized via CME. Notably, in contrast to 
DAT that is ubiquitinated by Nedd4L, CAT-1 was shown to be ubiquitinated by 
Nedd4 and Nedd4L in a cell type-dependent manner [ 57 ]. 

 Due to the remarkable analogy between the above-described SLCs, it is tempting to 
speculate a generalization of the model in which Ub controls the function of various SLCs 
by regulating their internalization and endocytic traffi cking. Interestingly, a recent pro-
teomic approach demonstrated for the fi rst time EGF-mediated ubiquitination of SLC 
proteins [ 58 ]. Although the molecular mechanism behind deserves further investigations, 
the noticeable number of SLC proteins ubiquitinated upon EGF stimulation suggests an 
intriguing connection between traffi cking of EGFR and regulation of SLCs/transporters.  

10.2.4     NOTCH 

 Signaling can also be modulated by the regulation of ligand accessibility through 
endocytosis. NOTCH receptor signaling provides a specialized example of this 
kind, since not only the receptor but also the ligand is regulated via endocytic mech-
anisms (reviewed in [ 59 ,  60 ]). 

 The NOTCH pathway is an evolutionary conserved signaling pathway that con-
trols key developmental processes and numerous cell-fate specialization events in 
higher organisms [ 61 ]. In order to fulfi ll its multitude of different functions, NOTCH 
signaling is tightly controlled in time and space. 

 NOTCH signaling is induced through the direct engagement of the receptor by 
ligands of the DSL (Delta, Serrate, Lag-2) family that are present, in a membrane- 
anchored form, on an adjacent signal-sending cell. Following binding, a series of 
events ensues in the NOTCH-containing (signal-receiving) cell leading to two proteo-
lytic cuts in NOTCH (the so-called S2 and S3 cuts). The S3 cut, executed by 
γ-secretases, occurs in the transmembrane region of NOTCH, leading to the release of 
a soluble cytoplasmic fragment of NOTCH, which translocates to the nucleus and 
activates the expression of target genes. Genetic evidences provided mainly by  studies 
in  Drosophila melanogaster  revealed the importance of the endocytic machinery for 
the activation of the NOTCH receptor. Key-endocytic genes like dynamin, rab5, and 
the endocytic proteins syntaxin and avalanche are necessary for the ligand- dependent 
receptor activation [ 26 ]. Studies performed in vivo and in cell culture show a correla-
tion between the expression of the E3 ligase Deltex and NOTCH ubiquitination [ 60 ]. 
Monoubiquitination of NOTCH is reported to be a sorting signal for the NOTCH/γ-
secretase complex into endocytic compartments allowing an effi cient S3 cleavage. 
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 NOTCH activation in the signal-receiving cell requires specifi c endocytosis to 
occur also in the signal-sending cell. Extensive studies of the ubiquitin ligases 
Mindbomb (Mib) and Neuralized (Neur) revealed their importance in the DSL- 
ligand endocytosis [ 60 ].    Both Neur and Mib1 bind and ubiquitinate Delta and 
Serrate inducing their endocytosis, a process required to activate the NOTCH-ligand 
complex through a not fully understood mechanism. Several possibilities are envi-
sioned. One model contemplates a mechanotransduction mechanism in which pull-
ing forces exerted by the internalizing DSL ligand “strip” the extracellular domain 
of NOTCH from the intracellular membrane-anchored moiety thereby allowing 
proteolytic cleavage of NOTCH, as recently demonstrated in  Drosophila  germ lines 
[ 62 ]. In another, not mutually exclusive model, endocytosis and recycling of Delta 
to restricted regions of the plasma membrane may be required to maintain loc.lly 
high levels of ligand in order to obtain robust NOTCH activation [ 63 ]. Consistent 
with this idea, clustering of DSL ligands can potentiate their signaling effects in 
mammalian cell culture assays [ 64 ]. Monoubiquitination of DSL intracellular 
domains might also activate the ligands through possible conformational changes 
not yet identifi ed. In sum the exact mechanism of Ub-dependent activation in the 
signal-sending cell remains to be clarifi ed.   

10.3     Endocytic Adaptors and Their Ubiquitination 

 Ub-mediated internalization/sorting of membrane receptors requires accurate rec-
ognition of the ubiquitinated cargo by endocytic Ub receptors, proteins containing 
one or more UBDs. Such Ub-binding “route controllers” inexorably ferry the inter-
nalized receptor towards a degradative fate in lysosomes and away from a recycling 
pathway (reviewed in [ 3 ,  7 ,  65 ]). 

 These endocytic adaptors have the ability to interact on one hand with the ubiq-
uitinated cargos and on the other hand with different components of the endocytic 
machinery like clathrin and AP-2. Clathrin adaptor proteins are collectively called 
CLASPs (clathrin-associated sorting proteins) to distinguish them from AP-2 [ 66 ]. 
CLASPs can be classifi ed on the basis of the motif recognized on the cargo and 
among them Epsins, Eps15, and Eps15R are the ones able to recognize ubiquiti-
nated cargos. For these adaptors, cargo selectivity comes from tandemly arrayed 
Ub-interacting motifs (UIMs) [ 25 ]. Epsins associate with Eps15 through the bind-
ing of Epsin NPF motifs to Eps15 EH domain; moreover, Epsins are able to bind to 
clathrin [ 67 ] and to bend the membrane [ 68 ]. These properties of Epsins allow 
assembly of clathrin coat in the absence of AP-2. 

 Due to their overlapping binding abilities, CLASP adaptors often play redundant 
roles. Depending on cell context, cargo, and signal, the same machinery might be 
utilized by cells to trigger different intracellular routes. Indeed, although both 
Eps15s and Epsins have traditionally been linked to CME [ 68 ], they are absolutely 
required for clathrin-independent endocytosis of the EGFR [ 44 ]. This latter func-
tion is exerted through the binding of adaptor UIMs to the ubiquitinated EGFR [ 44 ]. 
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 Another class of CLASPs is the previously mentioned ARR family of proteins 
that is able to direct internalization of the GPCR cargo. Signaling from activated 
GPCRs is terminated when GPCRs are phosphorylated by G-protein-coupled recep-
tor kinases (GRKs), leading to the recruitment of ARR that binds to AP-2 and clath-
rin, causing the whole complex to be internalized [ 69 ]. These endocytic adaptors 
apparently do not possess any UBD. 

 In parallel with receptor ubiquitination, ubiquitination of endocytic adaptors 
plays a critical role in endocytosis. Indeed, agonist-stimulated ubiquitination of 
ARR mediated by the E3 Ub ligase MDM2 is critical for rapid receptor internaliza-
tion [ 70 ]. MDM2-ARR binding occurs constitutively and does not persist after 
receptor activation, suggesting that Ub modifi cation might cause a conformational 
change on ARR required to promote internalization. Several components of the 
downstream endocytic machinery are modifi ed by monoubiquitination upon EGFR 
activation [ 25 ,  71 – 73 ]. In most cases, these adaptors are Ub receptors that are ubiq-
uitinated by the E3 ligase Nedd4. The presence of a UBD is required for monoubiq-
uitination of the UBD-harboring adaptor, in a process termed “coupled 
monoubiquitination” whose molecular workings have been elucidated using the 
endocytic proteins Eps15s and Epsins as model systems [ 25 ,  74 ,  75 ]. On the con-
trary, the mechanism by which the upstream signal induced by the activated EGFR 
causes Nedd4 recruitment remains to be clarifi ed. 

 What is the role of adaptor ubiquitination? Monoubiquitination might permit the 
formation of several tiers of ubiquitination-dependent interactions in the endosome, 
by allowing binding of ubiquitinated cargo (through UBDs) and recruiting another 
layer of Ub receptors through a monoUb signal. The result would be signal amplifi -
cation and progression of ubiquitinated cargos along the endocytic pathway [ 18 ,  40 ]. 
Monoubiquitination of Ub receptors may also result in an intramolecular interaction 
between their UBDs and monoubiquitinated residues, with resulting dissociation 
from the ubiquitinated cargo [ 76 ,  77 ]. These two possibilities are not mutually 
exclusive and both mechanisms may be involved in the regulation of endocytic pro-
cesses, possibly by acting at distinct traffi cking steps and/or regulating different 
endocytic adaptors. 

 Summarizing all these data, we can conclude that, acting in parallel with the 
“phosphorylation code” on the receptor carboxyl tail, Ub modifi cations on both 
adaptors and receptors result in a “ubiquitination code” that fi ne-tunes signal 
strength, localization, and cellular functions of signaling receptors.  

10.4     E3 Ligases Involved in the Endocytic Process 

 In the endocytic pathway distinct E3 enzymes may catalyze the ubiquitination of 
cell-surface receptors and of the endosomal sorting proteins [ 3 ,  78 ]. Therefore the 
endocytic sorting of a given target generally involves more than one E3 ubiquitin 
ligase. Below, we discuss the E3 ligases that have a prominent role in the endocytic 
process. 
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10.4.1     The Cbl Family 

 Elucidation of tyrosine-based signaling pathways has led to the discovery of the E3 
ligase Cbl, which is responsible for the ubiquitination of several RTKs [ 79 ,  80 ]. The 
mammalian Cbl protein family consists of the three homologues c-Cbl, Cbl-b, and 
Cbl-3, all of which associate with a wide variety of signaling proteins [ 81 ]. Two 
highly conserved amino-terminal domains (NTDs) contribute strongly to E3 regula-
tory function. First, the N-terminal tyrosine kinase binding (TKB) domain of Cbl 
recognizes phosphotyrosine residues and allows Cbl to interact directly with acti-
vated RTKs at the plasma membrane (Fig.  10.2 ). Second, the RING fi nger domain 
recruits Ub-loaded E2s, whose interaction with Cbl results in the ubiquitination, and 
subsequent degradation of the associated RTK. In the case of the EGFR and the 
hepatocyte growth factor receptor Met, the molecular mechanism of receptor ubiqui-
tination has been investigated in detail. In both cases, Cbl binds directly to phospho-
tyrosine (pY)-sites on the activated receptor through its TKB [ 80 ,  82 ], as well as 
indirectly through its constitutive partner GRB2, which is recruited to receptors via 
other pY sites [ 7 ,  83 – 85 ]. Both direct and indirect interactions of Cbl with the EGFR 
or Met are required for full ubiquitination of these receptors (Fig.  10.2 ). Once bound, 
the ligase is phosphorylated and consequently activated [ 86 ]. Two structural studies 
have now shed light on the mechanism of phosphorylation-induced activation of 
c-Cbl and Cbl-b [ 87 ,  88 ]. In the absence of substrate binding, the TKB and RING 
domains form a compact structure that masks the E2 binding site. Binding of the 
TKB to the substrate induces a fi rst rotation of the linker region, allowing phosphory-
lation of tyrosine 371 (363 in Cbl-b). This phosphorylation event induces a complete 
rotation of the linker region that unmasks the RING E2 binding surface and activates 
the ligase ([ 87 ,  88 ] and Fig.  10.2 ).  

10.4.2     The Nedd4 Family 

 Another class of E3 ligases, the HECT Nedd4 family [ 89 ] whose regulation has 
been extensively studied, also regulates endocytosis and sorting of numerous 
signaling receptors [ 3 ,  7 ,  65 ]. These enzymes present a conserved modular orga-
nization with an N-terminal C2 domain that is crucial for membrane localization, 
between two and four WW domains capable of recognizing substrates and adap-
tor proteins through PY motifs, and a C-terminal catalytic HECT domain. In con-
trast to RING- based ligases in which the RING is an allosteric activator of the E2, 
HECT- containing E3s have intrinsic catalytic activity and directly ubiquitinate 
their targets. In humans, there are nine members of this family: Nedd4 (also 
known as Nedd4-1), Nedd4L (also known as Nedd4-2), ITCH (also known as 
AIP4), WWP1, WWP2, SMURF1, SMURF2, NEDL1 (also known as HECW1), 
and NEDL2 (also known as HECW2). Rsp5 is the unique, essential member of 
the Nedd4 family in  S .  cerevisiae . In normal conditions most of them appear to be 
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in an inactive state due to an intramolecular inhibitory interaction between the 
C-terminal HECT and the N-terminal C2 domain (in the case of SMURF2, 
Nedd4, and WWP2 [ 90 ]) or the WW domains (in the case of ITCH [ 91 ]). 
Activation of this class of enzyme can occur in various ways that will be briefl y 
described below (Fig.  10.3 ).

   As previously mentioned, ITCH is the E3 ligase for the chemokine receptor 
CXCR4 [ 32 ]. The Ub moiety on CXCR4 serves as a signal on endosomes for entry 
into the degradative pathway and long-term attenuation or downregulation of sig-
naling [ 32 ]. Also in this case, the ligase appears to be regulated by phosphorylation. 
ITCH phosphorylation is activated by JNK1 [ 91 ], which presumably leads to con-
formational changes that disrupt the inhibitory intramolecular interactions between 
its WW and the HECT domains (Fig.  10.3a ). 

 In the case of SMURF2, autoinhibition of the HECT domain by the C2 domain 
helps in maintaining the steady-state levels of this E3 ligase and can be relieved by 
adaptor-mediated substrate targeting [ 90 ]. SMURF1 and SMURF2 bind to TGF-β 
family receptors via the inhibitory Smads, SMAD6, and SMAD7, to induce their 
ubiquitin-dependent degradation. Wiesner et al. demonstrated that intramolecular 
interactions between the C2 and HECT inhibit SMURF2 catalytic activity interfer-
ing with ubiquitin thioester formation [ 90 ]. This in cisautoinhibition can be relieved 
by binding of the NTD of the adaptor protein SMAD7 to the E3 HECT domain. In 
addition, the SMAD7 NTD further enhances the catalytic activity of the SMURF2 
ligase by recruiting the E2 UbcH7 to the HECT domain [ 92 ]. By releasing 
C2-mediated autoinhibition, stimulating E2 binding, and recruiting SMURF tar-
gets, SMAD7 functions at multiple levels to control E3 activity and ensure specifi c-
ity in SMURF-catalyzed ubiquitination (Fig.  10.3b ). 

 Recently, a role for a UBD present on the N-lobe of the HECT domain of Nedd4 
and Rsp5 has been identifi ed [ 93 ,  94 ]. The ability of the HECT domain to bind non- 
covalently to the distal Ub at the growing end of the polyubiquitin chain on the 
substrate allows enzyme processivity [ 93 ]. It is tempting to attribute an inhibitory 
role of the C2 binding for this critical feature of these enzymes. Accessibility of the 
UBD may be restored in response to upstream signaling events capable of inducing 
phosphorylation and/or ubiquitination of critical sites in the C2 or in the HECT 
domain, leading to full ligase activation (Fig.  10.3c ). While this hypothesis needs to 
be experimentally verifi ed, we notice that ubiquitination of Nedd4 is a critical event 
for the coupled monoubiquitination of    Eps15 [ 74 ]. 

 In some cases, such as for the epithelial Na +  channel (ENaC), receptor-ligase 
interaction—and consequent receptor ubiquitination—is the default pathway, 
with phosphorylation negatively regulating ligase activity. Nedd4L binds consti-
tutively to ENaCPPxY-containing motifs and catalyzes its ubiquitination, inter-
nalization, and lysosomal targeting. This prevents Na +  overload in epithelial cells 
and is necessary for the maintenance of salt and fl uid balance in the body. To 
increase ENaC abundance at the surface and enhance epithelial Na +  absorption, 
Nedd4L is phosphorylated by various kinases, including PKA, SGK, and IKKβ. 
Phosphorylation induces binding of 14-3-3, which prevents Nedd4L from bind-
ing to ENaC [ 95 ,  96 ].  
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  Fig. 10.3    Activation of HECT E3 ubiquitin ligases and recruitment to their receports. ( a ) Ubiquitination 
of CXCR4 by ITCH. ITCH activity is inhibited as a result of the intramolecular interaction between 
the WW domain and the carboxy-terminal catalytic HECT domain. Upon agonist-mediated activa-
tion, CXCR4 becomes phosphorylated at Ser324 and Ser325 by an unknown kinase. This leads to 
the recruitment of ITCH, through its WW domain, and consequent release of the inhibitory intramo-
lecular interaction, allowing ubiquitination of the receptor. ( b ) Ubiquitination of the TGF-β receptor 
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10.4.3     E3 Ligases Involved in NOTCH Signaling 

 Endocytosis both in the signal-generating (Delta-expressing) cell and in the 
signal- receiving (NOTCH-expressing) cell is required for appropriate NOTCH 
activation [ 60 ]. During these processes, ubiquitination plays a crucial role in both 
cellular contexts. The activity of DSL ligands is tightly controlled by two distinct 
RING- containing E3 ligases, Neuralized (Neur 1 and Neur2 in mammals) and 
Mind bomb (Mib) 1 and 2 that directly promote DSL ubiquitination and endocy-
tosis [ 97 ]. Various E3 ligases (Fig.  10.4 ) have been shown to ubiquitinate NOTCH, 
regulating its constitutive internalization, sorting, and ultimately its signal activity 
[ 60 ]. These E3s belong both to the RING family (Deltex (Dx) and Cbl) and the 
HECT family (Suppressor of Deltex [Su(Dx)] and Nedd4) and are implicated in 
the ubiquitination of the inactivated NOTCH in order to promote its recognition 
by the ESCRT (endosomal sorting complex required for transport) machinery. 
The detailed functional role of these E3s in NOTCH ubiquitination has yet to be 
determined.

10.5         Impact of Ubiquitination on the Subsequent Steps 
of Endocytosis 

 Following internalization, cargos are routed to early endosomes, where they are 
subjected to distinct traffi cking paths that ultimately lead to their fate: either degra-
dation into lysosomes or recycling to the plasma membrane. Early endosomes 
therefore represent an initial common sorting station, where cargos destined for 
degradation are separated from those destined for recycling. The delivery of trans-
membrane receptors into the lumen of the lysosome requires the sorting of these 
proteins into intralumenal vesicles (ILV) in an endosomal compartment, giving rise 
to the MVB. 

 Ligand-induced ubiquitination plays a key and essential role in the MVB targeting. 
Ub-directed sorting into MVBs is mediated by the ESCRT multiprotein complexes 
harboring UBDs ([ 98 – 101 ], also reviewed in [ 65 ]). This conserved machinery per-
forms three distinct but connected functions: fi rst, it recognizes ubiquitinated cargos 
and prevents their recycling and retrograde traffi cking; second, it deforms the 

Fig. 10.3 (continued) by the SMURF2-SMAD7 complex. SMURF2 activity is inhibited as a result 
of the intramolecular interaction between the amino-terminal C2 and the carboxy- terminal catalytic 
HECT domain. The interaction with SMAD7 NTD displaces the C2 domain of SMURF2 from the 
HECT domain and activates the ligase. The activated SMURF2- SMAD7 complex associates with 
activated TGF-β receptor complexes at the membrane via the displaced C2 domain, causing receptor 
ubiquitination. ( c ) Similarly to SMURF2, Nedd4 activity is inhibited as a result of the intramolecular 
interaction between the amino-terminal C2 and the carboxy- terminal catalytic HECT domain. 
Release of the C2, promoted by EGF-induced PTMs (PT in the fi gure), may activate the enzyme 
leading to its re-localization at the membrane where it interacts with its substrates (Eps15, depicted)       
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endosomal membrane, allowing cargo to be sorted into endosomal invaginations; 
third, it catalyzes the fi nal abscission (breaking off) of the endosomal invaginations, 
forming intraluminal vesicles that contain the sorted cargo. 

 Today we have the complete inventory of the proteins that make up the ESCRT 
complexes that act sequentially at the MVBs. Fourteen genes have been fi rst identifi ed 
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in yeast and quickly it became clear that every component as well as their function is 
conserved in mammals: (1) ESCRT-0 is composed of two interacting proteins HRS 
and STAM [ 65 ,  102 ]. (2) ESCRT-I is a heterotetramer of Vps23, Vps28, Vps37, and 
Mvb12 [ 65 ,  102 ]. (3) ESCRT-II is a heterotetramer composed of one molecule of 
Vps22, one molecule of Vps36, and two molecules of Vps25 [ 65 ,  102 ]. (4) ESCRT-
III, unlike other ESCRTs which are stable complexes, is a dynamic polymer of 
ESCRT-III proteins (CHMPs in mammals) that does not have a clearly defi ned or 
unique composition [ 65 ,  102 ]. The ESCRT apparatus is fi lled with a plethora of 
UBDs that ensure recognition and delivery of the ubiquitinated cargos [ 40 ]. The 
ESCRT-0 heterodimer, for example, has no less than fi ve UBDs, housed in both 
α-helical UIMs and the N-terminal VHS domains [ 103 ]. 

 ESCRT complexes are also involved in the recruitment of the enzymes that deu-
biquitinate receptors before they are packaged into ILVs. Recent data have estab-
lished crucial, but distinct, roles for two DUBs in the fi ne regulation of EGFR 
degradation. AMSH (Associated Molecule with the SH3-domain of STAM) rescues 
EGFR from sorting to MVBs and consequently degradation, by removing Ub from 
the receptor at early stages of endosomal sorting, thus promoting its recycling [ 104 ]. 
AMSH might also act at a later step of MVB sorting, by competing with Vps4 for 
ESCRT-III binding, possibly inhibiting vesicles budding [ 105 ]. In contrast, USP8 
(also called UBPY) activity seems to be required for the fi nal commitment of the 
EGFR to MVBs and degradation, similarly to Doa4 in yeast. To exert this function, 
USP8/UBPY acts on multiple substrates along the sorting pathway, targeting the 
receptor itself, as well as endocytic adaptors and components of the ESCRT machin-
ery, e.g., STAM [ 106 ]. Acting at different steps along the EGFR route to lysosomes, 
these DUBs balance the fate of EGFR between downregulation and recycling. 

 Another DUB recently implicated in the EGFR pathway is Usp18 [ 107 ]. Usp18 regu-
lates EGFR at the transcriptional level possibly through a micro-RNA-dependent mech-
anism [ 107 ,  108 ]. Finally, through an RNAi-based screening, Cezanne was found as 
negative regulator of EGFR degradation and enhancer of EGFR signaling [ 23 ], although 
its exact mechanism of action remains to be established. Considering the fi ne-tuning 
regulation of the EGFR signaling and downregulation, it is easy to predict that more 
DUBs able to directly or indirectly impact on EGFR fate will be identifi ed in the future.  

10.6     Impact of Ubiquitination on Receptor Fate, Relevance 
for Cancer 

 Since the rate of receptor downregulation and MVB targeting typically correlates 
with the extent of receptor ubiquitination in endosomes, interference with this post-
translational processing enhances signaling, such as for mutants in EGFR 
 ubiquitination sites [ 39 ]. Similarly, RNA or genetic interference with the Ub adap-
tor HRS in mammalian cells or in  Drosophila  in vivo results in enhanced signaling 
by various RTKs, including EGFR and VEGFR (vascular endothelial growth factor 
receptor) [ 109 ,  110 ]. The opposite effect (signal impairment of various RTKs) is 
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observed in conditional mouse knockouts of the deubiquitinating enzyme USP8/
UBPY [ 111 ]. Furthermore, genetic disruption of members of the ESCRT 
complexes, which are required for membrane fi ssion events, including those that 
lead to endosomal intraluminal vesicle formation, leads to sustained EGFR signal-
ing in mice [ 112 ] and, in  Drosophila , NOTCH hyperactivation and neoplastic trans-
formation [ 113 ]. This latter observation underscores the emerging involvement of 
endosomal sorting, and endocytosis in general, in tumorigenesis [ 114 ]. PM cargos 
are frequently mutated in human cancers, in specifi c determinants that alter their 
vesicular traffi c (reviewed in [ 114 ,  115 ]). This is the case for several RTKs, like 
EGFR, MET, and KIT [ 116 – 118 ]. The most frequent genetic alterations, in these 
occurrences, consist of deletions that affect the region encoding portions of the 
intracellular domains of RTKs, usually encompassing the binding region for Cbl, 
the major E3 ligase involved in RTK ubiquitination [ 114 ]. 

 In addition to this, other mechanisms are exploited by cancer cells in order to 
evade endocytosis-mediated desensitization. For instance, somatic mutations in the 
kinase domain of the EGFR have been reported in non-small cell lung cancers, and 
they have been shown in vitro to cause reduced receptor phosphorylation at Y1045, 
the major Cbl binding site and, consequently, defective receptor downregulation 
[ 119 ]. Similarly, EGFRvIII—an oncogenic deletion mutant of the EGFR, frequently 
observed in glioblastoma—shows hypo-phosphorylation of Y1045 and reduced deg-
radation ([ 120 ,  121 ], see also [ 114 ] and Chap.   14     for more detailed explanations). 

 An endocytic-dependent mechanism has been proposed to contribute to the 
transforming effects of ERBB-2 overexpression in breast cancer. ERBB-2 belongs 
to the EGFR family of RTKs; at variance with EGFR, however, ERBB-2 is 
internalization- impaired [ 122 ]. Heterodimerization of ERBB-2 with ligand- 
occupied EGFRs seems to infl uence the endocytic traffi cking of both ERBB-2 and 
EGFR. Indeed, it has been shown that EGFR-ERBB-2 heterodimers display 
delayed endocytosis, are not effi ciently sorted to lysosomes, and are preferentially 
recycled back to the cell surface, causing aberrant signaling [ 123 – 125 ]. One pos-
sibility is that EGFR and ERBB-2 are not fully ubiquitinated in the heterodimers. 
Indeed, while activated ERBB-2 can recruit Cbl, this recruitment is less effi cient 
compared to EGFR [ 79 ]. An alternative possibility is that heterodimers display 
reduced affi nity for EGF and dissociate from the ligand in endosomes, due to the 
release of the ligand in the acidic environment of endosomes, being recycled back 
to the surface [ 125 ]. However, computational modeling of the traffi cking of EGFR-
ERBB-2 heterodimers predicted that elevated dissociation of ligand in endosomes 
could not explain the observed traffi cking patterns of the heterodimers [ 124 ]. 
Rather, the reduced degradation of EGFR might be explained by a mechanism 
through which ERBB-2 directly competes with EGFR for a stoichiometrically lim-
ited quantity of endosomal retention components, thereby reducing endosomal 
retention and  degradation of EGFR [ 124 ]. Whatever the case, it appears that altered 
traffi cking of EGFR might be one mechanism through which ERBB-2 exerts its 
oncogenic potential. 

 In addition to RTKs, many GPCRs are overexpressed in human cancers and 
contribute to tumor progression (reviewed in [ 126 ]). Recent work has revealed that 

E. Maspero et al.

http://dx.doi.org/10.1007/978-1-4614-6528-7_14


209

deregulated traffi cking of CXCR4 and PAR1 through the endosomal-lysosomal 
station leads to increased surface expression of these cargos in breast cancer cells, 
contributing to cancer progression [ 5 ,  6 ]. Interplay with ERBB-2 seems to have a 
role in breast cancers that display elevated CXCR4 surface levels. Indeed, ERBB-2 
overexpression seems to enhance CXCR4 levels both by increasing protein synthe-
sis and by impairing CXCR4 ubiquitination and lysosomal degradation mediated by 
AIP4, the E3 ligase involved in this process [ 127 ]. It has been proposed that in this 
case, the mechanism may involve CISK, an Ser/Thr kinase downstream of PI3K 
signaling, which phosphorylates and inactivates AIP4, thereby contributing to the 
increased CXCR4 levels [ 6 ,  128 ]. 

 In conclusion, while we have had to necessarily limit ourselves to the description 
of a few paradigmatic cases, it is evident that subversion of endocytosis might be 
involved in cancer in multiple ways. Given this, a deeper an.lysis of the endocytic 
process is predicted not only to advance our understanding of cell regulation and 
how it connects to the pathogenetic mechanisms of cancer but should also help to 
identify novel targets for molecular therapies and clinically relevant biomarkers for 
prognostic, diagnostic, and therapeutic purposes.     
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    Abstract     The Cbl proteins are a family of RING fi nger ubiquitin ligases which are 
found throughout metazoans. In mammalian cells there are three Cbl proteins, Cbl, 
Cbl-b, and Cbl-c. The RING fi nger domain, responsible for ubiquitin ligase activ-
ity, is surrounded by protein interaction motifs that allow Cbl proteins to interact 
with a large number of signaling proteins and thus function in many signaling path-
ways. Receptor tyrosine kinases (RTKs) are rapidly internalized upon activation 
and can either be recycled to the cell surface or degraded in the lysosome (a process 
known as downregulation). The Cbl proteins ubiquitinate the activated RTKs and 
mediate their traffi cking to the lysosome for degradation. Thus, they are critical 
regulators of RTK downregulation. This process is tightly regulated by RTK-
mediated phosphorylation of the Cbl proteins that activates the ubiquitin ligase 
activity of the Cbl protein. In addition, multiple proteins can attenuate Cbl-mediated 
ubiquitination and downregulation of the RTK. Mutations which disrupt the ubiq-
uitin ligase activity of the Cbl proteins result in oncogenic forms, and such muta-
tions have been described in human myeloid neoplasms. In addition mutations in 
the RTK or overexpression of negative regulators of Cbl proteins can result in aber-
rant RTK downregulation and transformation. Thus, the Cbl proteins are critical 
regulators of RTK traffi cking and serve to tune the level of RTK activity.  
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11.1        The Cbl Proteins 

 The Cbl proteins comprise a conserved family of RING fi nger ubiquitin ligase (E3) 
proteins found in metazoans (multicellular animals) that regulates signal transduction 
in a wide variety of pathways [ 1 ,  2 ]. The covalent modifi cation of proteins by 
ubiquitin occurs via the sequential activation and conjugation of ubiquitin to target 
proteins by the ubiquitin-activating enzyme (E1), a ubiquitin-conjugating enzyme 
(E2), and a ubiquitin protein ligase (E3) [ 3 ,  4 ]. The E3 directs the conjugation of 
ubiquitin to one or more lysines of the specifi c target protein and thus confers speci-
fi city to the process. The majority of E3s contain a RING fi nger domain or the related 
U box domains [ 5 ]. RING fi nger E3s can mediate the addition of a single ubiquitin 
to the substrate (monoubiquitination), single ubiquitin molecules to multiple differ-
ent sites on the substrate (multi-monoubiquitination), or chains of ubiquitin on one 
or more lysines of the substrate (polyubiquitination) [ 3 ,  4 ,  6 ]. These ubiquitin chains 
are formed between the C-terminal glycine of the ubiquitin molecule and an internal 
lysine on the preceding ubiquitin, and chains can potentially be formed on all of the 
seven internal lysines of ubiquitin (lysine 6, 11, 27, 29, 33, 48 or 63). Ubiquitination 
with chains of four or more ubiquitin molecules linked via lysine 48 on ubiquitin was 
fi rst demonstrated to target proteins for degradation by the 26S proteasome [ 3 ,  4 ]. 
Also, ubiquitination regulates diverse processes such as endocytosis, activation of 
signal transduction cascades, and DNA repair [ 4 ,  6 ]. The outcome of ubiquitination 
is specifi ed by the type of ubiquitin chain formed on the substrate, cellular location 
and context, interactions with proteins containing ubiquitin interacting motifs, and 
the activity of deubiquitinating enzymes [ 4 ,  6 ]. As will be discussed below, Cbl 
proteins are E3s which ubiquitinate activated receptor tyrosine kinases (RTKs) and 
regulate their endocytic traffi cking to and degradation in the lysosome. 

 v-Cbl, the fi rst Cbl gene identifi ed, is the transforming gene of the Cas NS-1 
murine retrovirus which causes leukemia and lymphoma in mice [ 7 ]. Subsequent 
cloning of the cellular proto-oncogene c-Cbl (herein called Cbl) revealed that v-Cbl 
is a gag-Cbl fusion protein containing only the N-terminal 355 amino acids of Cbl 
(Fig.  11.1 ) [ 8 ]. There are three mammalian Cbl proteins encoded by separate genes: 
Cbl (a.k.a. c-Cbl, CBL2, RNF55), Cbl-b (a.k.a. RNF56), and Cbl-c (a.k.a. Cbl-3, 
Cbl-SL, RNF57) (Fig.  11.1 ) [ 8 – 13 ]. Sequences for Cbl, Cbl-b, and Cbl-c are found 
in numerous mammalian species [ 1 ,  2 ]. Thus, it appears that all mammals have 
three Cbl genes encoding Cbl, Cbl-b, and Cbl-c.

   Cbl genes are found also in nonmammalian chordates [ 1 ,  2 ]. Orthologues of Cbl 
and Cbl-b are present in birds, lizards, amphibians, and fi sh. A third Cbl gene is 
found in lizards and several species of fi sh and encodes a predicted protein which 
lacks an ubiquitin-associated (UBA) domain. Thus, the predicted protein appears to 
structurally resemble Cbl-c although sequence comparisons of this protein to the 
other Cbl proteins suggest that it has greater similarity to Cbl and Cbl-b than to 
Cbl-c [ 1 ,  2 ]. Sea squirt, the most primitive chordate, has a single Cbl gene whose 
predicted protein contains tyrosine kinase binding (TKB), RING fi nger,  proline- rich, 
and UBA domains (see structural features below) [ 1 ,  2 ]. This protein shares similar 

K. Ma et al.



221

homology to both Cbl and Cbl-b and thus is likely to represent a precursor to both 
of the long Cbl genes found in chordates. 

 Cbl genes are also found in invertebrates. A single Cbl gene is present in a variety 
of insects [ 1 ,  2 ]. The fruit fl y  Drosophila melanogaster (D. melanogaster)  produces 
two alternatively spliced mRNAs encoding a short and long form of the Cbl proteins 
(D-Cbl 

S
  and D-Cbl 

L
 , respectively) (Fig.  11.1 ) [ 1 ,  14 – 16 ]. Roundworms, including 

 Caenorhabditis elegans (C. elegans) , the trichinosis worm ( C. briggsae ), cotton 
root-knot worm, and the elephantiasis worm, also have a single Cbl orthologue 
[ 1 ,  2 ,  17 ]. The roundworm Cbl genes (known as  Sli-1  in  C. elegans ) are most similar 
in structure to the mammalian Cbl-c gene (Fig.  11.1 ) [ 2 ,  10 ,  12 ,  17 ]. The sea urchin, 
a member of the  Echinodermata , contains a predicted Cbl protein containing a trun-
cated TKB domain, a linker region, a RING fi nger, and a proline-rich region but 
lacks the UBA domain found in other long Cbl proteins (Fig.  11.1 ) [ 2 ]. 

 The genome of the social amoeba,  Dictyostelium discoideum (D. discoideum) , 
contains a putative Cbl orthologue [ 2 ,  18 ]. This fi nding suggests that Cbl-like 

  Fig. 11.1    Structure of the Cbl proteins. v-Cbl: the Gag-Cbl fusion protein of the Cas NS-1 murine 
retrovirus; Cbl: the human proto-oncogene of v-Cbl; Cbl-b: the second human Cbl protein; Cbl-c: 
the third human Cbl protein; sea squirt Cbl is the Cbl protein from primitive chordate  C. intestina-
lis ; D-Cbl 

L
  and D-Cbl 

S
 : the long and short spliced isoforms of the  D. melanogaster  Cbl protein, 

respectively; Sli-1: the  C. elegans  Cbl protein; sea urchin Cbl is the putative Cbl protein from 
 S. purpuratus ; Dicty Cbl: the putative  D. discoideum  Cbl protein. The tyrosine kinase binding 
domain (TKB) is comprised of a 4-helix bundle (4H), an EF hand (EF), and a variant SH2 domain 
(SH2). The SH2 domain of the  D. discoideum  Cbl is indicated in a different color as it is a true SH2 
domain. The linker (L), RING fi nger (RF), proline-rich (P), and the ubiquitin-associated (UBA) 
domains are indicated on the diagram. The critical linker tyrosine and the tyrosines in the 
C-terminal of c-Cbl and Cbl-b that are phosphorylated are indicated (Y) (fi gure adapted with 
modifi cation from [ 2 ])       

 

11 Cbl as a Master Regulator of Receptor Tyrosine Kinase Traffi cking



222

genes may have originated in unicellular eukaryotes. Database searches have not 
identifi ed Cbl genes in other single cell organisms or in plants.  

11.2     The Structure of Cbl Proteins 

 All Cbl proteins contain a RING fi nger, the catalytic domain responsible for E3 
activity (Fig.  11.1 ) [ 19 – 23 ]. RING fi ngers were fi rst described based on homology 
to the protein “Really Interesting New Gene 1” (RING1) and were predicted to form 
a zinc coordination complex with two molecules of zinc [ 24 ]. Unlike other zinc 
coordination complexes in proteins, the structure of the RING fi nger is a cross- 
braced coordination complex [ 25 ,  26 ]. The RING fi nger domains of the Cbl proteins 
are highly conserved and directly interact with the E2 enzymes [ 2 ,  27 – 29 ]. The 
region immediately downstream of the core RING fi nger (called the RING fi nger 
tail) is highly conserved in Cbl proteins [ 2 ,  30 ]. An arginine residue at the beginning 
of this domain makes contact with the E2 [ 28 ,  29 ]. This arginine is conserved in all 
Cbl proteins including the putative  D. discoideum  Cbl protein [ 2 ]. Additional resi-
dues within this domain make contact with the TKB domain [ 29 ]. This region 
appears to regulate the E3 activity of Cbl proteins [ 30 ]. 

 The RING fi nger of Cbl proteins is surrounded by a number of domains which 
interact with the substrate proteins and/or regulate the activity of the RING fi nger 
(Fig.  11.1 ). All metazoan Cbl proteins contain a highly conserved N-terminal TKB 
domain. The TKB domain is a novel domain found only in Cbl proteins that medi-
ates interactions between Cbl proteins and phosphorylated tyrosines on other pro-
teins [ 31 ]. It is composed of a 4-helix bundle, a calcium binding EF hand, and a 
variant SH2 domain [ 32 ]. The SH2 domain is not recognizable from the primary 
amino acid sequence and was identifi ed by the crystal structure of the N-terminal 
domain of the Cbl protein [ 32 ]. The putative Cbl protein in the sea urchin has a 
truncated TKB containing only the EF hand and the variant SH2 domain found in 
the other Cbl proteins but lacks the 4-helix bundle (Fig.  11.1 ) [ 2 ]. Similarly, the 
predicted putative Cbl protein from  D. discoideum  contains the EF hand and partial 
SH2 domain but lacks the 4-helix bundle (Fig.  11.1 ) [ 2 ,  18 ]. Furthermore, the SH2 
domain in the  D. discoideum  Cbl is a partial SH2 domain with homology to classi-
cal SH2 domains rather than to the variant SH2 domains found in the other Cbl 
proteins [ 2 ]. 

 The TKB domain was fi rst shown to bind to phosphotyrosines within the amino 
acid sequence (D/N)XpYXX(D/E)Ψ (where Ψ represents a hydrophobic residue) in 
the ZAP-70 tyrosine kinase [ 31 ]. The crystal structure of the TKB domain com-
plexed to its binding site in ZAP-70 revealed that the primary specifi city- determining 
interactions are located at the hydrophobic residue at pY+4 and the acidic residue at 
pY+3 [ 32 ]. This consensus TKB binding sequence is found in other Cbl protein 
binding partners including the epidermal growth factor receptor (EGFR), Syk, and 
Sprouty proteins [ 21 ,  33 – 35 ]. Recently, the TKB domain of Cbl proteins has been 
shown to interact with the sequence DpYR in the Met receptor [ 36 ]. The DpYR 
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motif is conserved in the Met RTK family (i.e., Met, Ron, and Sea) and also is found 
in plexins [ 36 ]. A third binding motif, RA(V/I)XNQpY(S/T), has been identifi ed in 
the adaptor protein with a PH and SH2 domain (APS) [ 37 ]. The ability of the TKB 
region to interact with several unrelated pY consensus sequences is not seen in other 
phosphotyrosine interacting domains. Also, the TKB domain of Cbl constitutively 
interacts with SLAP (Src-like adaptor protein) and binds to microtubules [ 38 – 40 ]. 
These interactions appear to be phosphotyrosine independent. 

 The RING fi nger is separated from the TKB domain by a short, conserved alpha- 
helical sequence known as the linker region [ 2 ]. The linker region and the RING 
fi nger domain directly interact with the ubiquitin-charged E2 and catalyze transfer 
of ubiquitin to the target substrate [ 29 ]. In addition, amino acid residues within the 
linker region make contact with the TKB domain [ 29 ]. The linker region is recog-
nizable in all of the Cbl proteins, including the sea urchin Cbl protein, but not in the 
putative  D. discoideum  Cbl protein [ 2 ]. This region is critical for the regulation of 
the Cbl protein E3 activity (discussed below). 

 The Cbl proteins, except v-Cbl and d-Cbl 
S
 , have proline-rich domains that medi-

ate interactions with SH3-containing proteins [ 2 ]. The long forms of Cbl proteins 
(e.g., Cbl, Cbl-b, D-Cbl 

L
 , and sea squirt Cbl) share additional areas of homology in 

the C-terminal half of the proteins [ 2 ]. The long Cbl proteins have more extensive 
proline-rich regions than either Cbl-c or Sli-1. There are multiple SH3-containing 
proteins which interact with the proline-rich region of the Cbl proteins [ 41 ]. 
Additional proline-based interactions occur outside of the proline-rich region. For 
example, Cin85 interacts via an SH3 domain with a proline motif near the UBA 
domains of Cbl and Cbl-b [ 42 ]. The long Cbl proteins (e.g., Cbl and Cbl-b) become 
heavily tyrosine phosphorylated upon activation of tyrosine kinase pathways, and 
many SH2 proteins can interact with the phosphotyrosine residues in the C-terminal 
region of these Cbl proteins [ 41 ]. 

 UBA domains are found at the C-terminus of the long forms of the Cbl proteins. 
UBA domains were identifi ed originally as a motif containing three alpha helices 
found in proteins involved in ubiquitin metabolism and were shown subsequently 
to mediate ubiquitin binding [ 43 ,  44 ]. Interestingly, the UBA domain of Cbl-b, but 
not the UBA domain of Cbl, mediates binding of Cbl-b to ubiquitin and ubiquiti-
nated proteins [ 45 ,  46 ]. The UBA domains of Cbl and Cbl-b have been shown to 
mediate homodimerization via distinct mechanisms. The UBA domain of Cbl 
mediates dimerization of Cbl via an interaction between the second two alpha heli-
ces formed by the UBA domain [ 47 – 49 ]. The UBA domain of Cbl-b mediates 
dimerization via the same alpha helices as that of Cbl [ 50 ]. However, the interaction 
is weak and requires binding of the Cbl-b UBA domain to ubiquitin chains to stabi-
lize the dimer [ 50 ]. Disruption of dimerization via the UBA domain of Cbl and 
Cbl-b has been shown to lead to reduced phosphorylation of the Cbl protein, 
decreased recruitment, and decreased ubiquitination of RTKs [ 47 ,  48 ,  50 ]. Thus, 
dimerization of Cbl proteins by the UBA domain is essential for their optimal func-
tional interaction with RTKs. 

 The multiple binding motifs allow Cbl proteins to target many proteins for 
ubiquitination that interact via distinct mechanisms. For example, Cbl interacts 
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with the EGFR directly via the TKB domain and indirectly via an SH3-mediated 
interaction with Grb2. This leads to EGFR ubiquitination and downregulation [ 21 , 
 51 ,  52 ]. In contrast, Cbl proteins interact with phosphoinositide-3 kinase (PI3K) 
predominantly via the binding of the SH2 domain of the p85 subunit of PI3K to 
phosphotyrosine residues in the C-terminal region of Cbl proteins. In T cell recep-
tor signaling, this results in ubiquitination of PI3K without degradation [ 53 ,  54 ]. 
In addition, the multiple protein-binding motifs in Cbl proteins allow the Cbl pro-
teins to function as adaptor proteins in signaling pathways (reviewed in [ 41 ,  55 ]).  

11.3     Cbl Proteins as Regulators of Endocytic Traffi cking 
and Degradation of Activated RTKs 

 It has been known since the 1970s that ligand activation of many RTKs such as the 
EGFR results in a rapid decrease in the number of cell surface receptors due to inter-
nalization and to an eventual decrease in the cellular content of activated receptors due 
to degradation of the RTK—a process known as “downregulation” [ 56 – 58 ]. Upon 
ligand-mediated activation of the growth factor receptors, the receptors localize to 
specifi c membrane regions known as clathrin-coated pits. Clathrin-coated pits are 
membrane invaginations coated by a lattice of clathrin proteins, and these pits are the 
major site of endocytosis of activated membrane receptors under physiological condi-
tions [ 58 ,  59 ]. These invaginations pinch off to form clathrin-coated vesicles—thus 
internalizing the membrane proteins localized within these clathrin-coated pits. 
Specifi c amino acid sequences within membrane protein cytoplasmic tails target 
proteins to the clathrin-coated pits [ 58 ,  59 ]. Mechanisms of non-clathrin-dependent 
endocytosis have been described for RTKs, and the relative contribution of each may 
be cell type dependent (reviewed in [ 58 ]). Subsequently, the internalized RTKs local-
ize to a vesicular membrane compartment known as the early endosome [ 58 ,  59 ]. This 
compartment sorts the RTKs to either a recycling compartment which returns the 
protein to the plasma membrane or to an endocytic pathway which traffi cks the RTK 
to the multivesicular body (MVB) and then to the lysosome for degradation [ 58 ,  59 ]. 

 Ubiquitination of membrane proteins was fi rst found when sequence analysis of 
purifi ed proteins of the growth hormone receptor and the platelet-derived growth 
factor receptor (PDGFR) yielded two sequences, one for the receptors and one for 
ubiquitin [ 60 ,  61 ]. This suggested that the receptors were covalently modifi ed by 
ubiquitin. Subsequently it was shown that several yeast and mammalian membrane 
proteins are modifi ed by ubiquitin (reviewed in [ 62 ]). Also, it was demonstrated that 
ligand activation resulted in ubiquitination of the cytosolic tails of a number of 
RTKs and that ubiquitination was implicated in the downregulation of these recep-
tors (e.g., CSF1R, EGFR, FGFR, KIT, MET, and PDGFR) [ 63 – 68 ]. Regulation of 
internalization and endocytic traffi cking by ubiquitin was clearly demonstrated in 
studies of G-protein-coupled receptors and transporters in  Saccharomyces cerevisiae  
[ 69 ,  70 ]. These receptors are mono- and di-ubiquitinated upon ligand activation, 
and the ubiquitinated membrane proteins are degraded in the yeast lysosome-like 
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vacuole [ 69 – 71 ]. The di-ubiquitin chains are formed by linkage of the C-terminal 
glycine of the second ubiquitin molecule to lysine 63 of the fi rst ubiquitin molecule. 
Subsequent work has demonstrated that ubiquitinated membrane proteins are recog-
nized by proteins containing ubiquitin-binding motifs which form part of a multiprotein 
ESCRT complex which in turn mediates fusion of the vesicles with the MVB [ 72 ]. 
This leads to degradation of the proteins in the MVB and lysosome. 

 The initial identifi cation of v-Cbl as a viral oncogene did not shed light on the 
mechanisms by which Cbl proteins work [ 7 ,  8 ]. Similarly, when Cbl was fi rst 
cloned, the functions of the critical structural motifs (i.e., the TKB, RING fi nger, 
and UBA domain) were generally unknown, again providing scant clues to the func-
tion of Cbl proteins. Presence of a zinc fi nger (the RING fi nger) and a putative 
atypical leucine zipper (the UBA domain) led to speculation that Cbl was a nuclear 
transcription factor [ 73 ,  74 ]. The recognition that Cbl proteins were involved in 
signal transduction came from a series of studies that showed that Cbl and Cbl-b 
interacted with other signaling proteins and/or became tyrosine phosphorylated in 
response to activation of a number of tyrosine kinase dependent signaling pathways 
[ 11 ,  75 – 85 ]. Also, activation induced tyrosine phosphorylation and association of 
Cbl proteins with RTKs such as the EGFR and the CSF1R was reported [ 78 ,  85 – 88 ]. 
Simultaneously, genetic experiments in  C. elegans  demonstrated that the  C. elegans  
Cbl protein Suppressor of Lineage-1 (Sli-1) is a negative regulator of EGFR signal-
ing [ 17 ,  89 ]. Specifi cally they found that inactivating mutations of Sli-1 could res-
cue a vulvaless phenotype caused by a hypomorphic mutation of Let-23, the 
 C. elegans  orthologue of the EGFR [ 17 ,  89 ]. One of the mutations identifi ed was a 
missense mutation (G315E) which disrupted what was subsequently identifi ed as 
the variant SH2 domain [ 17 ]. This mutation identifi ed a highly conserved site within 
the Cbl variant SH2 domain that is required for the interaction between the TKB 
domain of Cbl proteins and phosphotyrosine [ 90 ]. Subsequent work demonstrated 
that the TKB domain and the RING fi nger of Sli-1 were necessary and suffi cient for 
the negative regulation of Let-23 and that an autophosphorylated tyrosine residue 
on Let-23 was essential for this interaction [ 91 ]. In parallel, similar results were 
reported for the human EGFR [ 21 ,  92 ]. Subsequent experiments in  D. melanogaster  
demonstrated that overexpression of D-Cbl in the eye of  D. melanogaster  embryos 
inhibits EGFR-dependent photoreceptor cell development [ 15 ]. During embryogen-
esis dorsoventral patterning in  D. melanogaster  is determined by a gradient of 
EGFR activity, and inactivation of D-Cbl results in abnormal dorsoventral pattern-
ing as a consequence of EGFR hyperactivity [ 93 ,  94 ]. Overexpression of either 
D-Cbl 

L
  or D-Cbl 

S
  rescues the mutant phenotype [ 93 ,  94 ]. 

 The fi ndings in  C. elegans  stimulated functional studies of the role of mammalian 
Cbl proteins in EGFR signaling as well as in that of other RTKs. Several studies 
demonstrated that overexpression of Cbl proteins could inhibit EGFR signaling in 
mammalian cells [ 10 ,  19 ,  95 ]. In an early study, it was noted that CSF stimulation 
of the CSFR-1 RTK resulted in recruitment of Cbl to a membrane fraction and that the 
Cbl protein associated with membranes was tyrosine phosphorylated and ubiquiti-
nated [ 88 ]. Subsequent studies found that Cbl proteins enhanced ubiquitination and 
degradation of the activated PDGFR and EGFR (Fig.  11.2 ) [ 96 ,  97 ]. In the latter study, 
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it was shown that the Cbl protein is found in a diffuse localization in unstimulated 
cells, but upon EGF stimulation, Cbl colocalizes with the activated EGFR in an 
intracellular vesicular-like compartment [ 96 ]. These observations led to the demon-
stration that Cbl proteins are E3s that mediate the ubiquitination of activated RTKs 
[ 20 ,  21 ,  98 ]. The ubiquitination of the RTK requires kinase activity by the RTK, the 
TKB domain of Cbl which interacts with the tyrosine-phosphorylated RTK, phos-
phorylation of the linker domain, and the RING fi nger, which is the catalytic domain 
required for E3 activity [ 20 ,  21 ,  92 ,  98 ]. Cbl-mediated ubiquitination and down-
regulation of RTKs have been demonstrated for many RTKs (Table  11.1 ).

    Mechanistic studies of Cbl protein-mediated downregulation of RTKs, primarily 
using EGFR as the model substrate, have demonstrated that Cbl proteins bind 
directly to the EGFR via an interaction between the TKB domain of Cbl and a 
specifi c phosphotyrosine on the EGFR (tyrosine 1045) leading to EGFR ubiquitina-
tion [ 21 ]. Also, Cbl can bind to the EGFR indirectly by binding to the SH3 domains 

  Fig. 11.2    Cbl and RTK endocytosis (see text for details). Cbl proteins are recruited to the 
activated RTK by binding to phosphotyrosines on the RTK. The Cbl proteins are in turn phos-
phorylated on a critical linker tyrosine, which activates the E3 function of the Cbl protein leading 
to ubiquitination of the RTK and autoubiquitination of the Cbl protein. The Cbl proteins also 
recruit other proteins involved in endocytosis (e.g., Grb2, Cin85, endophilins, and Eps15) to the 
activated RTK. The complex is internalized in clathrin-coated pits (clathrin shown in green) and 
moves to the early endosome. For simplicity, only clathrin-dependent mechanisms are shown (see 
text for discussion). At the early endosome, ubiquitination is critical for the traffi cking of the RTK 
to the late endosome/multivesicular body (MVB) and eventual degradation in the lysosome. The 
complex is deubiquitinated at the MVB. Cbl-mediated RTK downregulation can be inhibited by 
proteins that sequester or degrade Cbl, by deubiquitination of the RTK, or by PKC-mediated phos-
phorylation of the RTK. The details of endocytic traffi cking are covered in greater detail elsewhere 
in this book       
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   Table 11.1    RTKs and Cbl   

 RTK  Evidence of Cbl function  Ref 

 Alk  Activation induced Cbl phosphorylation and association with Alk  [ 167 ] 
 Axl  Activation induced Cbl phosphorylation, association with Axl and 

ubiquitination of Axl 
 [ 168 ] 

 CSFR1 (FMS)  Activation induced Cbl phosphorylation, association with CSFR1, 
ubiquitination, and downregulation 

 [ 163 ] 

 EphA1  Activation induced Cbl phosphorylation  [ 169 ] 
 EphA2  Activation induced downregulation of EphA2 by Cbl. TKB and 

RING fi nger dependent. No direct evidence of ubiquitination 
 [ 170 ] 

 EphA3  Activation induced Cbl phosphorylation and Cbl induced downregu-
lation. No direct evidence of ubiquitination 

 [ 169 ] 

 EphA4  Activation induced Cbl phosphorylation, association with EphA4, 
and Cbl induced downregulation. No direct evidence of 
ubiquitination 

 [ 169 ] 

 EphB1  Activation does not induce Cbl phosphorylation or association. No 
evidence for Cbl-mediated downregulation 

 [ 170 ] 

 EphB2  Activation does not induce Cbl phosphorylation or association. No 
evidence for Cbl-mediated downregulation 

 [ 170 ] 

 EphB6  Kinase dead family member. Cross-linking of EphB6 induces 
association with Cbl. No evidence for ubiquitination or 
downregulation 

 [ 171 –
 173 ] 

 ErbB1 (EGFR, 
HER1) 

 Activation induced Cbl phosphorylation, association with EGFR, 
ubiquitination, and downregulation (see text for discussion) 

 See text 

 ErbB2 (HER2, 
Neu) 

 Activation induced Cbl phosphorylation, association with ErbB2, 
ubiquitination, and downregulation when ErbB2 is homodimer-
ized. Not recruited to ErbB2 when heterodimerized with other 
ErbB family members 

 [ 166 , 
 174 ] 

 ErbB3 (HER3)  Cbl not phosphorylated upon activation of ErbB3  [ 87 ] 
 ErbB4 (HER4)  Cbl not phosphorylated upon activation of ErbB4  [ 87 ] 
 FGFR1  Activation induced Cbl phosphorylation, association with FGFR1, 

ubiquitination, and downregulation 
 [ 175 ] 

 FGFR2  Activation induced Cbl phosphorylation, association with FGFR2, 
ubiquitination, and downregulation 

 [ 176 –
 179 ] 

 FGFR3  Activation induced Cbl phosphorylation, ubiquitination, and 
downregulation 

 [ 180 ] 

 Flt1(VEGFR1)  Activation induced Cbl phosphorylation, association with Flt1, Cbl 
mediated ubiquitination, and Cbl induced downregulation 

 [ 181 ] 

 Flt3  Activation induced Cbl phosphorylation, association with Flt3, 
ubiquitination, and downregulation 

 [ 139 ] 

 IGF1R  Activation induced association of Cbl with IGF1R, Cbl mediated 
ubiquitination, and downregulation of IGF1R 

 [ 182 ] 

 INSR  Activation induced Cbl phosphorylation. Indirect association of Cbl 
with insulin receptor via Cbl associated protein (CAP). No 
evidence for role of Cbl in ubiquitination or downregulation of 
insulin receptor 

 [ 183 , 
 184 ] 

 KDR 
(VEGFR2) 

 Activation induced Cbl phosphorylation, association with KDR, 
ubiquitination, and downregulation of KDR 

 [ 185 ] 

(continued)
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of Grb2 which in turn binds via its SH2 domain to specifi c phosphotyrosines on the 
EGFR [ 51 ]. Cbl mutants which cannot bind to EGFR via the TKB domain depend 
on the indirect Grb2-mediated interaction to mediate ubiquitination and downregu-
lation of the EGFR [ 51 ]. Interestingly, Grb2 has been shown to be critical for EGFR 
internalization and degradation (reviewed in [ 58 ]). Quantitative mass spectroscopy 
of the activated EGFR has demonstrated that approximately half of the ubiquiti-
nated lysines are monoubiquitinated, and approximately 40% of the ubiquitinated 
lysines have chains formed via lysine 63 of ubiquitin [ 99 ]. Cbl-mediated monoubiq-
uitination of the EGFR is suffi cient for RTK downregulation [ 100 ,  101 ]. These 
results are consistent with data indicating a role for monoubiquitin or lysine 63 
linked chains in endocytosis [ 62 ,  71 ]. A number of proteins which contain ubiquitin- 
binding domains (e.g., Epsin, EPS15, and HRS) are recruited to the ubiquitinated 
EGFR complex via their ubiquitin-binding domains and are implicated in the traf-
fi cking of the EGFR to the MVB for degradation. The cellular location where the 
EGFR becomes ubiquitinated by Cbl is not clear. Cbl proteins can associate with 
and ubiquitinate the activated EGFR at the plasma membrane when endocytosis 

Table 11.1 (continued)

 RTK  Evidence of Cbl function  Ref 

 KIT  Activation induced Cbl phosphorylation, association with KIT, 
ubiquitination, and downregulation of KIT 

 [ 109 ] 

 LTK  Activation induced Cbl phosphorylation. Indirect association of Cbl 
via binding to Shc and Grb2 

 [ 186 ] 

 MET  Activation induced Cbl phosphorylation, association with MET, 
ubiquitination, and downregulation of MET 

 [ 36 ] 

 MUSK  Evidence of no association with MUSK upon activation  [ 187 ] 
 PDGFRα  Activation induced Cbl phosphorylation, association with PDGFRα, 

ubiquitination, and downregulation of PDGFRα 
 [ 97 ] 

 PDGFRβ  Activation induced Cbl phosphorylation, association with PDGFRβ, 
ubiquitination, and downregulation of PDGFRβ 

 [ 188 ] 

 RET  Activation induced Cbl phosphorylation, indirect association with 
RET via Shc or Grb2, ubiquitination, and downregulation of Ret. 
Evidence for CD2AP-dependent Cbl-c association with and 
ubiquitination of RET 

 [ 189 , 
 190 ] 

 RON  Activation induced Cbl phosphorylation, association with RON, 
ubiquitination, and downregulation of RON 

 [ 191 ] 

 TRKA  Activation induced Cbl association with TRKA, ubiquitination, and 
downregulation of TRKA 

 [ 192 ] 

 TRKB  Activation induced Cbl phosphorylation. No evidence for ubiquitina-
tion or downregulation of TRKB by Cbl 

 [ 193 ] 

 TRKC  Cbl-mediated downregulation is not induced by oxidant induced 
activation of TRKC. No data on the effects of Cbl proteins on 
ligand activated TRKC 

 [ 194 ] 

   There are no references demonstrating any interaction for Cbl and the following 
 RTKs: CCK4, DDR1, DDR2, EphA5, EphA8, EphB3, EphB4, FGFR4, FLT4(VEGFR-3), IRR, 
MER, ROR1, ROR2, ROS, RYK, TEC, TIE1, TIE2, TYRO3  
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is blocked [ 102 ]. However, Cbl proteins or ubiquitination may not be absolutely 
necessary for the initial internalization of the EGFR. In some studies internalization 
of activated EGFR is not impaired in cells lacking Cbl proteins [ 99 ,  103 ,  104 ]. Other 
studies have found that while Cbl and Grb2 are essential for internalization, ubiqui-
tination of the EGFR by Cbl is not required [ 99 ]. Further, CHO cells with a 
temperature- sensitive mutation of the mammalian E1 had markedly decreased ubiq-
uitination of the EGFR at the nonpermissive temperature, but internalization was 
not impaired [ 103 ]. In contrast, Cbl protein-mediated ubiquitination is required for 
sorting of the internalized EGFR from the early endosome to the late endosome/
MVB [ 103 ,  105 ,  106 ]. Interestingly, both the RTK and the Cbl proteins are ubiqui-
tinated, and the complex formed between Cbl proteins, the activated RTK, and other 
signaling molecules (e.g., Grb2, Cin85) appears to traffi c en masse for degradation 
in the lysosome [ 102 ,  107 – 109 ]. 

 Also, the Cbl proteins associate with CIN85, an adaptor protein containing three 
SH3 domains that interact with prolines near the UBA domain of Cbl and Cbl-b [ 42 , 
 110 ,  111 ]. The interaction between Cbl and CIN85 is increased upon RTK-induced 
phosphorylation of the Cbl protein although the mechanism underlying this increase 
is not clear [ 42 ]. Cbl proteins also monoubiquitinate CIN85 [ 108 ]. CIN85 is consti-
tutively associated with endophilins which in turn bind to proteins which regulate 
endocytosis such as dyamin, amphiphysin, and synaptojanin (Fig.  11.2 ) [ 110 ,  111 ]. 
These interactions potentially couple the binding of Cbl proteins to the EGFR and 
clathrin-mediated endocytosis [ 110 ,  111 ]. Together these data suggest multiple 
roles for Cbl in the internalization and sorting of RTKs although the indispensible 
role is likely to be the ubiquitin-mediated sorting step from the early endosome to 
the late endosome/MVB. 

 A number of mechanisms have been shown to regulate Cbl-mediated ubiquitina-
tion and downregulation of the EGFR (Fig.  11.2 ) (reviewed in [ 58 ,  112 ]). The Cbl 
proteins are inactive in the absence of their substrate. The N-terminal TKB region 
of Cbl proteins has been shown to regulate negatively the E3 activity of the Cbl 
protein [ 113 ,  114 ]. Based on structural studies, in the absence of substrate peptide 
binding to the TKB or phosphorylation of the linker tyrosine, the TKB domain 
forms a compact structure with the RING fi nger that masks the E2 binding sites [ 27 , 
 28 ]. This effectively inhibits the E3 activity of the Cbl proteins. Phosphorylation of 
the conserved tyrosine in the linker preceding the RING fi nger has been shown to 
be essential for activation of the E3 activity of all Cbl proteins both in vivo and 
in vitro [ 21 ,  113 ,  114 ]. The linker tyrosine is inaccessible for phosphorylation in the 
compact, inactive state [ 27 – 29 ]. However, the inactive protein exists in an equilib-
rium between the tightly folded unphosphorylated protein and a partially unfolded 
structure, even in the absence of substrate binding that would make the linker tyro-
sine accessible for phosphorylation [ 27 ]. Upon phosphorylation of the linker tyro-
sine, there is a dramatic rotation of the linker domain which fully exposes the E2 
binding surface of the RING fi nger, increasing the affi nity of the E2 for the RING 
fi nger, and simultaneously positioning the E2 in close proximity to the substrate 
bound to the TKB domain [ 27 ,  28 ]. Phosphorylation results in increased E3 activity 
by the Cbl proteins [ 21 ,  27 ,  28 ,  113 ,  114 ]. Thus, autophosphorylation of the RTK 
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creates a docking site for the Cbl proteins TKB, and the subsequent RTK-dependent 
phosphorylation of the Cbl proteins stimulates the E3 activity of the Cbl proteins. 

 Deubiquitination of the EGFR can also negatively regulate Cbl-mediated down-
regulation of the EGFR. Recent work has identifi ed the deubiquitinating enzyme 
Cezanne-1 as a protein which binds to the EGFR and deubiqutinates the EGFR, and 
thereby attenuates downregulation [ 115 ]. Cezanne-1 is amplifi ed and overexpressed 
in approximately one third of breast cancer tumors, and high expression is associated 
with poor prognosis [ 115 ]. 

 Several reports have described degradation of Cbl proteins which can poten-
tially dysregulate RTK activity. The HECT E3s Nedd4 and Itch bind to and ubiq-
uitinate all of the mammalian Cbl proteins and target them for proteasomal 
degradation [ 116 ]. Consistent with these observations, Nedd4 prevents Cbl-
mediated EGFR ubiquitination and downregulation and results in the persistence 
of downstream signaling by the EGFR [ 116 ]. Similar regulation of EGFR signal-
ing has been described for Itch [ 117 ]. While a physiological role for HECT-
mediated degradation of Cbl proteins has not been demonstrated in RTK signaling, 
mice that are null for Nedd4 have impaired T cell receptor signaling in part due to 
the loss of ubiquitination and degradation of Cbl-b [ 118 ]. Also, activated forms of 
Src induce ubiquitination and proteasomal degradation of c-Cbl thereby prevent-
ing downregulation of the activated EGFR by Cbl [ 23 ,  119 ]. Activated Src potenti-
ates the transforming activity of the EGFR, and this may be due, at least in part, to 
degradation of the Cbl proteins by activated Src [ 119 – 121 ]. Src kinase activity is 
increased in a wide range of human epithelial malignancies compared to normal 
tissues (reviewed in [ 122 ]). Increased Src activity would be predicted to cause Cbl 
degradation, and this may contribute to the development or progression of these 
cancers by increasing RTK activity. 

 A number of proteins have been described which can sequester Cbl proteins 
and thereby increase RTK signaling. For example, upon EGFR stimulation the 
Ras- related GTPase Cdc42 becomes activated to the GTP-bound form which then 
forms a complex with the protein p85Cool-1 (a.k.a. β-Pix) and Cbl or Cbl-b [ 123 ]. 
This interaction sequesters the Cbl protein and prevents the binding of Cbl to the 
activated EGFR, resulting in decreased ubiquitination and downregulation of the 
activated EGFR and prolonged downstream signaling by the EGFR [ 123 ]. 
Hydrolysis of GTP to GDP by Cdc42 results in dissociation of the Cdc42/p85Cool-1/
Cbl complex and allows Cbl proteins to bind to the EGFR mediating its downregu-
lation. Under normal physiological conditions, the interaction with Cdc42 could 
provide a temporal switch for Cbl proteins to prevent too rapid a recruitment of the 
Cbl proteins to the activated EGFR. Interestingly, Cdc42 and p85Cool-1 are overex-
pressed in some human cancers [ 124 – 128 ]. Constitutively active, transforming 
mutants of Cdc42 sequester Cbl, resulting in enhanced mitogenic signaling by the 
EGFR, and mutations that disrupt the Cdc42/p85Cool-1/Cbl complex prevent trans-
formation by activated Cdc42 [ 123 ]. As another example, Sprouty proteins bind 
constitutively to Cbl and Cbl-b via the RING fi nger domain in a weak interaction 
[ 129 ,  130 ]. Upon EGFR activation, Sprouty2 becomes phosphorylated on tyrosine 
55 and interacts with Cbl proteins via the Cbl TKB domain in a higher affi nity 
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interaction [ 129 – 131 ]. The phosphorylation-dependent binding of Cbl to Sprouty2 
results in ubiquitination and proteasomal degradation of Sprouty2 [ 129 – 131 ]. 
The binding site on Sprouty2 conforms to the (D/N)XpYXXXP motif found in the 
Cbl TKB binding site on the EGFR and ZAP70 proteins [ 21 ,  132 ]. Thus, phos-
phorylated Sprouty2 competes with the activated EGFR for binding to the Cbl TKB 
domain, and this results in decreased Cbl-mediated ubiquitination and downregula-
tion of the EGFR [ 129 – 131 ,  133 ]. Consistent with this, Sprouty2 positively regulates 
transformation of fi broblasts by activated H-Ras, and loss of Sprouty2 leads to 
decreased EGFR activity due to enhanced EGFR downregulation [ 134 ]. 

 Phosphorylation of a juxtamembrane threonine on the EGFR by protein kinase C 
results in decreased degradation of the activated EGFR [ 135 ]. Phosphorylation of 
the EGFR prevents Cbl-mediated ubiquitination of the EGFR. This leads to 
increased recycling of the EGFR from the early endosome and decreased traffi cking 
of the EGFR to the late endosome/MVB. The mechanism remains to be completely 
elucidated.  

11.4     Pathophysiological Functions of Cbl Proteins and Cancer 

11.4.1     Cbl Mutations in Myeloid Neoplasms 

 The mechanistic studies of Cbl proteins suggest that as a negative regulator of RTK 
signaling, Cbl proteins might serve as tumor suppressor genes. However, v-Cbl was 
originally identifi ed as an oncogene, causing leukemia in mice and transforming 
NIH3T3 cells [ 7 ,  73 ]. The v-Cbl protein contains only the TKB domain of Cbl and 
when expressed in cells prevents RTK ubiquitination and downregulation most 
likely by acting as a dominant negative protein and preventing the recruitment of 
endogenous Cbl proteins to the RTK [ 96 ,  136 ]. Two other transforming forms of the 
murine Cbl protein have been identifi ed from a chemically induced murine pre-B 
cell lymphoma and a chemically induced histiocytic lymphoma (70Z Cbl and p95 
Cbl, respectively) [ 8 ,  137 ]. These mutants both contain deletions within the linker 
and RING fi nger regions, and thus these proteins have lost E3 activity [ 8 ,  137 ]. 
Interestingly, the 70Z Cbl deletion arises due to a point mutation in the splice accep-
tor for the exon containing the distal portion of the linker region and the proximal 
portion of the RING fi nger (exon 8) [ 75 ]. This mutation results in the deletion of 17 
amino acids including the critical linker tyrosine that must be phosphorylated for 
activation of the E3 ligase and the fi rst cysteine involved in the fi rst zinc coordination 
complex of the RING fi nger. 

 While mice defi cient in Cbl, Cbl-b, or Cbl-c do not show evidence of leukemia, 
mice that have a RING fi nger mutant Cbl knockin develop myeloid leukemia [ 138 ]. 
Cbl has been shown to ubiquitinate and downregulate the Flt3 RTK [ 139 ]. The 
development of leukemia in these mice is dependent on Flt3 activity, thus identifying 
Flt3 as the RTK dysregulated by the expression of the mutant Cbl protein [ 138 ]. 
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Further evidence that Cbl mutations may contribute to myeloid leukemogenesis 
comes from the identifi cation of a Cbl mutant lacking the exon containing the distal 
portion of the linker region and the proximal portion of the RING fi nger (exon 8) in 
acute myelogenous leukemia (AML) cells arising in a transgenic murine model of 
the progression of myelodysplastic syndrome (MDS) to AML [ 140 ]. Like the 70Z 
Cbl, this mutation arises due to a deletion of the splice acceptor site at the beginning 
of exon 8. The absence of leukemia in Cbl knockout mice and the development of 
leukemia in mice with a Cbl RING fi nger mutant knockin are most readily explained 
by a dominant negative function of the mutant protein. Indeed, mice defi cient in 
both Cbl and Cbl-b in hematopoietic stem cells develop early onset of myeloid leu-
kemia [ 141 ]. However, the positive functions of Cbl proteins in signaling based on 
the adaptor function of Cbl suggest that the mutant proteins may have both loss of 
tumor suppressor function (i.e., the loss of the negative regulatory E3 function) and 
a gain of oncogene function (e.g., coupling the RTK to downstream signaling path-
ways such as PI3K). Consistent with this, the transforming 70Z form of Cbl acti-
vates the EGFR in the absence of ligand and enhances activity of the EGFR and 
downstream signaling upon ligand stimulation [ 142 ]. 

 Over the past 5 years, Cbl mutations have been found in ~5% of a wide variety 
of myeloid neoplasms including myelodysplastic syndrome, myelofi brosis, refrac-
tory anemia with excess blasts, de novo and secondary acute myeloid leukemia 
(AML and sAML, respectively), atypical chronic myelogenous leukemia (aCML), 
CML in blast crisis, chronic myelomonocytic leukemia (CMML), and juvenile 
myelomonocytic leukemia (JMML) [ 139 ,  143 – 153 ]. However, the frequency of Cbl 
mutations appears to be highest in JMML (~15%), CMML (~13%), sAML (~10%), 
and aCML (8%) [ 147 ]. The majority of these mutations are missense mutations that 
cluster within the linker region and at or near the zinc coordinating amino acids 
within the RING fi nger domain. These mutations have been shown to disrupt E3 
function. The critical linker tyrosine (Y371 in Cbl), whose phosphorylation is 
required for E3 activity (as described above), is frequently mutated in myeloid neo-
plasms accounting for ~ 15% of all missense mutations [ 147 ,  153 ]. These mutations 
at Y371 occur mostly in patients with JMML and CMML [ 146 ,  148 ,  151 – 153 ]. 
Deletions of all or portions of the Cbl exon containing the distal portion of the linker 
region and the proximal portion of the RING fi nger have been described [ 143 ,  144 , 
 146 ,  148 ,  150 – 153 ]. These deletions of this exon result from missplicing due to 
mutation, insertions, or deletions in the splice donor and acceptor sites surrounding 
exon 8. Nonsense mutations, frame shift mutations, and insertions within the linker 
and RING fi nger regions have been found as well [ 147 ]. The missense mutations of 
Cbl are usually homozygous mutations (resulting from copy neutral loss of hetero-
zygosity—also known as uniparental disomy) while the deletions that arise from 
splicing mutations are more commonly heterozygous [ 139 ,  143 – 146 ,  148 – 152 , 
 154 ]. In vitro transformation assays in NIH 3T3 cells found that deletions of the 
linker domain were transforming, while point mutations in the linker or RF were not 
[ 155 ]. In addition, one group found that 70Z Cbl induces greater ligand- independent 
proliferation and survival than the R420Q mutation [ 156 ]. However, others found 
no difference in transformation effi ciency between 70Z Cbl and a variety of point 
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mutants found in patients [ 152 ]. Thus, it is unclear why most missense mutations 
are homozygous and the deletion mutations are heterozygous. 

 Mutations of Cbl-b and Cbl-c are much less common in myeloid neoplasms. Two 
studies have described a total of fi ve mutations within Cbl-b, all of which are either 
frame shift or missense mutations within the RF domain [ 144 ,  149 ]. These Cbl-b 
mutants have not been characterized further, but the locations would be predicted to 
disrupt E3 function [ 144 ,  149 ]. Other studies have not found mutations of Cbl-b 
suggesting that the frequency of Cbl-b mutations is low in myeloid neoplasms 
relative to Cbl [ 139 ,  146 ,  150 ]. One report describes four samples with a frame shift 
polymorphism in the RF domain of Cbl-c [ 149 ]. However, expression of Cbl-c is 
restricted to epithelial cells, so the signifi cance of these abnormalities remains to be 
determined [ 10 ,  12 ,  157 ]. 

 Functional studies have demonstrated that the mutant Cbl proteins found in 
myeloid neoplasms lose E3 activity, increase activity of Flt3, increase downstream 
signaling of the PI3K and STAT pathways, and are transforming [ 139 ,  146 ,  151 ,  152 ]. 
The most straightforward explanation is that the mutant Cbl proteins act as dominant 
negative proteins to endogenous Cbl or Cbl-b. However, similar to the ligand-
independent activation of EGFR by 70Z Cbl, the Cbl mutants found in myeloid neo-
plasms can cause ligand-independent activation of Flt3 and enhance ligand-dependent 
activity [ 139 ,  146 ,  151 ]. In addition, expression of mutant Cbl proteins in hematopoi-
etic stem/progenitor cells (HSPCs) results in increased proliferative response to a 
variety of cytokines when introduced into Cbl null HSPCs but not in Cbl wt HSPCs 
[ 152 ]. This suggests that there is a gain of function or oncogene function of the 
mutant Cbl proteins that is unmasked when the normal allele is lost. The recent dem-
onstration that mice with loss of both Cbl and Cbl-b in HSPCs develop leukemia 
suggests that the oncogenic function of the mutant Cbl proteins is most likely an 
inhibition (or dominant negative effect) of endogenous Cbl and Cbl-b [ 141 ].  

11.4.2     Cbl Mutations in Other Tumor Types 

 While v-Cbl also caused B cell lymphomas in mice, mutation in human lymphoid 
malignancies appears rare. Sequencing of Cbl in more than 500 lymphoid malig-
nancies found fi ve somatic mutations, three of which represent splice site mutations 
resulting in the loss of RING fi nger containing exon 8 [ 151 ,  153 ,  158 ,  159 ]. 

 Somatic mutations of Cbl have been found in 10 non-small cell lung tumors out 
of 452 samples [ 153 ,  160 ]. All but one of the mutations described are outside the 
linker and RING fi nger, and all are heterozygous. For those mutants analyzed, E3 
activity was maintained, but overexpression of these mutants in lung cancer cells 
resulted in increased viability and motility [ 160 ]. This suggests that they may be 
impairing the association of Cbl with a critical substrate but the mechanism by 
which these mutants affected viability or motility is not known. 

 Mutations of Cbl in other cancers or mutations of Cbl-b or Cbl-c have not been 
further described.  

11 Cbl as a Master Regulator of Receptor Tyrosine Kinase Traffi cking



234

11.4.3     RTK Mutations That Inhibit Cbl Function 

 Mutations of a tyrosine in the cytoplasmic domain of the human CSF1R that 
enhanced the transforming activity of this RTK were found in children with second-
ary myelodysplasia and secondary sAML [ 161 ,  162 ]. Cbl binds to this tyrosine and 
ubiquitinates the CSF1R upon ligand activation [ 163 ]. Mutation of this tyrosine 
abrogates the interaction with Cbl and the downregulation of the CSF1R [ 163 ]. 
Similarly, mutations of Met that abrogate Cbl binding enhance the transformation of 
NIH 3T3 cells by Met [ 36 ,  164 ]. 

 While mutations of the Cbl binding site have not been described for other RTKs 
in cancer, several reports suggest that there may be disruption of Cbl protein function 
in human cancers. Activating mutations of the EGFR found in non-small cell lung 
cancer tumors may interfere with Cbl-mediated downregulation of the EGFR 
although the mechanism is not clear [ 165 ]. Also, overexpression of ErbB-2 can 
inhibit Cbl-mediated downregulation of EGFR by forming heterodimers with the 
activated EGFR and preventing Cbl binding to the activated EGFR [ 166 ].  

11.4.4     Inhibition of Cbl Function by Overexpression 
of Negative Regulators 

 Evidence exists that proteins which negatively regulate Cbl-mediated downregula-
tion of RTKs (e.g., Cdc42, Cortactin, Dub-2, Src, and Cezanne-1) are aberrantly 
active or overexpressed in human epithelial malignancies and thus may contribute 
to transformation by inhibiting downregulation of RTKs [ 112 ,  115 ].   

11.5     Summary 

 Activated RTKs are rapidly internalized and move to a vesicular compartment 
known as the early endosome where they are sorted either to a recycling or to a 
degradation pathway. The Cbl proteins are RING fi nger E3 proteins that mediate 
RTK downregulation. Upon activation of the RTKs, Cbl proteins are recruited to the 
RTK, the E3 function is activated by RTK-dependent phosphorylation of the Cbl 
protein, and in turn the Cbl proteins ubiquitinate the RTK. The ubiquitination of the 
RTK leads to its sorting from the early endosome to the multivesicular body and 
eventually to the lysosome, where it is degraded. This process is regulated by many 
proteins that affect the stability of Cbl proteins, sequester the Cbl proteins away 
from the activated RTK, and prevent ubiquitination of the RTK by Cbl proteins or 
deubiquitinate the RTK. Inappropriate activity of RTKs is important in the pathogen-
esis of many cancers. Mutations that abrogate the E3 activity of Cbl proteins lead to 
unregulated RTK activity and thereby result in transformation. Such transforming 
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mutations of Cbl, originally found in murine tumors, have now been identifi ed in a 
subset of human myeloid neoplasms. Additionally, it is now appreciated that disrup-
tion of Cbl-mediated RTK downregulation by aberrations in the RTK or other regu-
latory mechanisms may also contribute to the pathogenesis of cancer. Overall, the 
Cbl proteins are key regulators of RTK downregulation, and the importance of 
Cbl-mediated downregulation is highlighted by the aberrations of this process that 
are associated with the development of cancer.     
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    Abstract     As the major route by which activated Receptor Tyrosine Kinases are 
degraded, the endolysosomal pathway may be seen as a tumour suppressor path-
way. The appendage of ubiquitin chains to activated receptors provides a sorting 
signal for sorting into multivesicular bodies which go on to fuse directly with lyso-
somes. Deubiquitylating (DUB) activities, such as the endosome-localised AMSH 
and USP8, can favour recycling of receptors by reducing this active sorting into 
MVBs. These enzymes have an overlapping set of binding partners at the endo-
some, which include both early- and late-acting components of the Endosomal 
Sorting Complex Required for Transport (ESCRT) machinery. The exact interplay 
between these enzymes is still under debate. The consequences of depletion can be 
complex and need to be interpreted with care. Generically endosomal DUBs can 
infl uence receptor traffi cking by direct deubiquitylation of receptors or associated 
proteins, by stabilisation of sorting factors or by contributing to free ubiquitin 
homeostasis by recycling ubiquitin once a MVB cargo molecule has been commit-
ted to degradation. We propose that a single endosomal DUB may carry out multi-
ple functions depending on the suite of interactions being employed. Recent studies 
have provided further examples of DUBs which may associate with endosomes in a 
transient manner to infl uence the sorting of RTKs but also other types of receptors, 
such as GPCRs and various channels.  

    Chapter 12   
 Regulation of Endocytic Traffi cking 
and Signalling by Deubiquitylating Enzymes 

             Han     Liu    ,     Sylvie     Urbé    , and     Michael     J.     Clague    

        H.   Liu   •     S.   Urbé   •     M.  J.   Clague    (*)   
  Cellular and Molecular Physiology, Institute of Translational Medicine , 
 The University of Liverpool ,   Liverpool   L69 3BX ,  UK   
 e-mail: clague@liv.ac.uk  



246

12.1         Introduction 

 Ubiquitylation is a reversible post-translational modifi cation, implicated in most 
complex cellular activities. These include each of three major cellular protein deg-
radation pathways: proteasomal, endolysosomal and autophagolysosomal degrada-
tion [ 1 ]. Ubiquitylation requires activity of the E1-E2-E3 cascade in which more 
than 300 E3 ligases provide substrate specifi city, whilst the attached ubiquitin moi-
ety can be removed by cognate deubiquitylating enzymes (DUBs) [ 2 ]. Hence, a 
major function of DUBs is to promote protein stability by rescuing ubiquitylated 
proteins from degradation. Herein, we shall focus on their roles within the endoly-
sosomal degradative pathway. 

 This pathway represents the major means by which Receptor Tyrosine Kinases 
(RTKs) are turned over, in a manner which is coupled to receptor activation. A key 
regulator of this pathway is the E3-ligase, c-CBL, which ubiquitylates many of the 
activated RTKs that have been studied so far (see Chap.   10    ). In some circumstances, 
ubiquitylation can provide an internalisation signal, but more crucial is its role in the 
sorting of cargo to lumenal vesicles of the multivesicular body (MVB), governed by 
the Endosomal Sorting Complex Required for Transport (ESCRT) machinery [ 3 ] 
(see chapter by Ma, Kales, Nau and Lipkowitz). Once fully mature, MVBs fuse 
directly with lysosomes [ 4 ]. Failure to downregulate activated receptors in this man-
ner may lead to cellular transformation [ 5 ]. Major lines of evidence supporting this 
view come from the transforming properties of v-Cbl, transforming mutations in 
RTKs associated with loss of Cbl binding [ 6 ,  7 ] and transformation associated with 
loss of ESCRT function in fl y models [ 8 ]. Other key signalling pathways such as 
Wnt and Hedgehog may also be regulated through the determination of receptor 
availability by the endocytic pathway. 

 As receptors traffi c through the endocytic pathway, they may continue to signal, 
up until the point when they are sequestered away from the cytosol into MVBs. In 
fact it has been estimated that up to 80 % of the signalling lifetime of an EGFR may 
be manifested at intracellular locations [ 9 ]. As receptors transit intracellular com-
partments, they are exposed to a changing palette of substrates and effectors, such 
that changes to their itinerary may affect signalling output [ 10 ]. Furthermore, ubiq-
uitylation provides for more than a simple degradation signal and is frequently used 
as a means to assemble networks of protein–protein interactions, much like phos-
phorylation [ 11 ]. Hence, endosomal DUBs may infl uence signalling through regu-
lation of receptor traffi cking or by directly reversing ubiquitin-based signalling 
outputs. 

 Several resident endosomal proteins, including components of the ESCRT 
machinery, are themselves monoubiquitylated although the functional consequences 
of this remain murky [ 12 ]. Appendage of a single ubiquitin is suffi cient to provide 
an MVB sorting signal, but many receptors are modifi ed by multiple types of polyu-
biquitin chains [ 13 – 17 ]. Pre-eminent amongst these are chains which are extended 
through isopeptide linkages at Lys63 within ubiquitin which are proposed to 
increase the effi ciency of endosomal sorting [ 18 – 21 ]. 
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 Both the proteasome and the sorting endosome have a complement of associated 
DUBs [ 22 ,  23 ]. Although the choreography and specifi cities of individual DUB 
activities are complex, one function is clear in that they ensure the recycling of 
ubiquitin once a substrate is committed to degradation. Without these activities free 
ubiquitin levels run down and globally impact upon the ubiquitin economy [ 24 ,  25 ]. 
In this review we will highlight three major functions of endosomal DUBs: (i) 
maintenance of ubiquitin homeostasis; (ii) direct deubiquitylation of receptors in 
transit, favouring recycling; and (iii) control of stability of the endosomal sorting 
machinery (Fig.  12.1 ).

12.2        DUBs in the Human and Yeast Genomes 

 The human genome encodes ~100 DUB family members, of which 79 are predicted 
to possess enzyme activity. Based on sequence similarity within the catalytic 
domain, DUBs are sorted into fi ve subfamilies: ubiquitin-specifi c proteases (USP); 
ubiquitin C-terminal hydrolases (UCH); ovarian tumour (OTU) and Machado- 
Joseph domain proteins (MJD), all of which are cysteine proteases, as well as a 
distinct group of zinc-dependent metalloproteases, Jab1/MPN/Mov34 metalloprote-
ases (JAMM) [ 26 ,  27 ]. Many DUBs harbour further protein domains which mediate 
localisation and incorporation into protein complexes [ 27 ,  28 ]. Central to the current 
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  Fig. 12.1    Generic functions of deubiquitylases at the sorting endosome. Activated Receptor 
Tyrosine Kinases (RTKs) are internalised from the plasma membrane and then actively sorted into 
lumenal vesicles of multivesicular bodies. Cbl-dependent ubiquitylation of the RTK provides a 
sorting signal which is recognised by the ESCRT machinery. ( i ) DUBs can negatively regulate this 
process by deubiquitylating receptors at an early stage of the process, ( ii ) endosomal DUBs can 
regulate the stability of the sorting machinery itself by rescuing from proteasomal degradation or 
( iii ) recycle ubiquitin from receptors which are irreversibly committed to the MVB/lysosomal 
pathway, thereby maintaining free ubiquitin levels       
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topic, both yeast and mammalian DUBs are known to associate with components of 
the ESCRT MVB sorting machinery. 

 The DUB families in budding yeast  Saccharomyces cerevisiae  and fi ssion yeast 
 Schizosaccharomyces pombe  are considerably smaller. They are proposed to include 
17 and 20 members, respectively, and lack MJD proteins [ 29 ,  30 ]. There appears to 
be a high level of redundancy amongst the yeast DUBs. None of them are indispens-
able for viability with the exception of the proteasome-associated DUB, Rpn11 
(POH1 in human) [ 29 – 32 ].  

12.3     Yeast DUBs Regulating Endocytosis 

 Following early observations of receptor ubiquitylation in mammalian cells [ 33 , 
 34 ], a defi nitive role for ubiquitin in receptor endocytosis was fi rst established in 
yeast cells [ 35 ,  36 ]. Similarly functional studies of DUBs on the endocytic pathway 
were pioneered in yeast systems. 

 The USP family members, Doa4, Ubp7 and Ubp2, are the critical endosomal 
regulators in  S. cerevisiae . The endosomal recruitment of Doa4 is mediated by 
Bro1, a class E Vps protein that binds the ESCRT-III component Snf7 (CHMP4B in 
human) [ 37 – 39 ]. In addition to recruiting Doa4 to the endosome, Bro1 also stimu-
lates its deubiquitylase activity [ 40 ]. Early studies discovered that depletion of Doa4 
rendered yeast cells with multiple defects [ 41 ]. Endocytosis and degradation of 
various membrane proteins such as maltose transporter, uracil permease Fur4p, the 
a-factor transporter Ste6p and general amino acid permease Gap1p were found to be 
impaired [ 42 – 45 ]. Using GFP-Doa4, Amerik et al. observed its localisation to the 
late endosome/pre-vacuolar compartment in a yeast strain defi cient for the vacuolar 
protein sorting-associated protein 4 (Vps4), an AAA ATPase required for normal 
endosome function [ 46 ]. In  Doa4 Δ yeast that also lack vacuolar protease activity, 
large amounts of ubiquitin conjugates accumulate in membrane-enriched fractions 
and free ubiquitin levels decline [ 24 ,  45 ,  47 ]. Some of the effects of Doa4 loss may 
hence be ascribed to depletion of the free ubiquitin pool, but Gap1 permease down-
regulation still relies upon the catalytic activity of Doa4 even if the free ubiquitin 
pool is restored. This suggests a direct role of Doa4 as a positive regulator of the 
MVB pathway [ 48 ]. 

 The E3-ligase Rsp5 generates Lys63-linked ubiquitin chains on substrate proteins, 
which accumulate if the endosomal DUB Ubp2 is deleted [ 49 ,  50 ]. Based on deple-
tion experiments, an active role for Ubp2 in MVB sorting has also been proposed [ 51 , 
 52 ]. Both these antagonistic activities (Rsp5 and Ubp2 in complex with Rup1) are 
recruited to the ESCRT-0 protein Hse1 (STAM in mammals) through an adaptor 
protein Hua1 [ 50 ]. Hse1 can also bind directly to a second DUB, Ubp7, the deletion 
of which can restore MVB sorting made defective by compromising Rsp5 [ 51 ]. 

 In  S. pombe , multiple redundant DUBs are implicated in endocytosis, as 
severe defects in endocytosis and cell polarity require deletion of 5 DUBs: Ubp4, 
Ubp5, Ubp9, Ubp15 and Sst2 (AMSH in human, not present in catalytic form in 
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 S. cerevisiae ) [ 23 ,  29 ]. How these DUBs cooperate to regulate endocytosis awaits 
further investigation. Interestingly a suppressor screen identifi ed Sst2 as a sup-
pressor of the sterility defect due to loss of Ste12, a PtdIns kinase which has been 
linked to endosomal traffi cking (Fab1 and PIKfyve in  S .  cerevisiae  and human, 
respectively) [ 53 ,  54 ]. Sst2 deletion has been shown to result in a class E Vps 
phenotype typical of components of the endosomal sorting machinery [ 55 ].  

12.4     Human DUBs Regulating Endocytosis 

 We have recently mapped the localisation of 66 human GFP-DUBs in HeLa cells [ 56 ]. 
The most convincing examples of endosome-localised DUBs are the JAMM domain 
proteins AMSH and AMSH-LP, as well as USP8 which translocates to endosomes 
following EGF stimulation [ 57 ]. Of course, this does not preclude the dynamic 
association of other DUBs with endosomal compartments, merely refl ecting the 
steady-state distribution of over-expressed protein. 

12.4.1     AMSH 

 AMSH was identifi ed as a protein interacting with the SH3 (Src Homology 3) 
domain of the ESCRT-0 component, STAM (signal transducing adapter molecule). 
It has been linked to interleukin 2 (IL-2) and granulocyte-macrophage colony- 
stimulating factor (GM-CSF)-mediated signalling as well as the bone morphoge-
netic protein (BMP)-Smad pathway, prior to the recognition of its deubiquitylating 
activity [ 58 ,  59 ]. Expressing GFP-AMSH, McCullough et al. observed a prominent 
nuclear fraction, together with cytosolic and distinct endosomal pools in HeLa cells 
[ 60 ]. The nuclear function of AMSH remains unexplored, whilst most attention has 
been paid to its endosomal engagements. 

 Three motifs in AMSH contribute to its endosomal localisation: a clathrin bind-
ing site, a non-canonical SH3 binding motif PX(V/I)(D/N)RXXKP and a MIT 
domain (Fig.  12.2 ) [ 23 ,  61 ,  62 ]. AMSH interacts with the terminal domain of clath-
rin heavy chain, which is recruited via the ESCRT-0 component Hrs, to a specialised 
“bilayered coat” region on the vacuolar aspect of the sorting endosome [ 63 – 65 ]. 
Clathrin binding appears to be the essential determinant regarding endosomal local-
isation of AMSH or the related AMSH-LP, judged by immunofl uorescence localisa-
tion experiments [ 66 ]. Deletion of the clathrin binding site in AMSH or 
short-inference RNA (siRNA)-mediated depletion of clathrin abrogates AMSH 
accumulation on endosomes in distinction to the deletion of the SH3 binding site or 
MIT domain [ 66 – 68 ]. Two interactions, which can be engaged simultaneously, link 
AMSH (but not AMSH-LP) directly to the ESCRT machinery [ 23 ,  69 ]. Firstly it 
binds the SH3 domain of the ESCRT-0 component, STAM. Secondly, the MIT 
domain binds to MIT domain-interacting motifs (MIMs) within the C-terminus of 
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CHMPs (charged multivesicular body proteins), components of the ESCRT-III 
complex, which function at a late stage of the lumenal vesicle budding process 
[ 3 ,  70 ]. AMSH binds to a subset of CHMPs including CHMP1A, 1B, 2A, 2B, 3 and 
4C [ 71 – 73 ]. Amongst MIT-MIM interactions tested to date, binding between 
AMSH MIT and CHMP3 MIM4 exhibits a signifi cantly higher affi nity, with a Kd 
of ~60nM [ 74 ]. Although the SH3 binding site and MIT domain are not required for 
endosomal localisation of AMSH per se, they play important functional roles at the 
endosome. STAM association via its SH3 domain is required for cargo deubiquity-
lation as well as stimulating DUB activity. HeLa cells expressing an AMSH mutant 
lacking the MIT domain accumulate large amounts of ubiquitylated proteins on 
endosomes [ 67 ,  69 ].

   AMSH provided the fi rst example of chain-linkage selectivity amongst the DUB 
enzymes and remains one of those showing the highest stringency of selection [ 60 , 
 69 ,  75 ]. It is proposed to exclusively process Lys63-linked chains, due to two char-
acteristic insertions (shared with AMSH-LP) in its catalytic domain [ 76 ]. As Lys63 
linkages are of pre-eminence with regard to receptor traffi cking [ 18 ,  20 ,  21 ,  77 ], the 
specifi city matches up well with proposed function. 

 The involvement of AMSH in the regulation of endocytic receptor traffi cking 
was fi rst demonstrated with epidermal growth factor receptor (EGFR) as a model 
endosomal cargo [ 60 ]. Following siRNA-mediated depletion of AMSH in HeLa 
cells, acutely stimulated EGFR and its ligand are degraded at an increased rate [ 60 , 
 78 ,  79 ], implying a negative role of AMSH in regulating EGF-EGFR lysosomal 
traffi cking. As a working model, it is proposed that this effect is exerted through 
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  Fig. 12.2    Architecture of the major endosomal DUBs, AMSH and USP8. Catalytic domains are 
indicated with attendant ubiquitin chain-linkage specifi cities as JAMM and USP for AMSH and 
USP8, respectively, refl ecting their different familial associations. Common elements specify 
binding to ESCRT machinery components. In each case non-canonical SH3 binding motifs (SBM) 
mediate interaction with the ESCRT-0 component STAM, and a MIT domain mediate interactions 
with partially overlapping sets of CHMP proteins belonging to ESCRT-III. AMSH also contains a 
clathrin binding site which is critical for its endosomal localisation. UBPY directly interacts with 
Nrdp1 an E3-ligase implicated in the control of surface levels of ErbB3 by control of the secretory 
pathway [ 110 ]       
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direct counteraction of c-CBL-dependent ubiquitylation of EGFR at the sorting 
endosome, thereby tipping the balance in favour of recycling. However, one should 
note that a requirement for deubiquitylating activity has not been formally demon-
strated, and inconsistent siRNA depletion effects on EGFR traffi cking have been 
reported by others [ 68 ]. AMSH has also been reported to positively regulate the 
MVB/lysosomal routing of various G protein-coupled receptors, such as chemokine 
receptor CXCR4 [ 80 ], calcium-sensing receptor (CaR) [ 81 ] and protease-activated 
receptor 2 (PAR2) [ 82 ].  

12.4.2     USP8 

 USP8, also called UBPY, was originally identifi ed as a growth-regulated DUB [ 83 ]. 
Mice lacking USP8 exhibit embryonic lethality, whilst induced USP8 loss in adult 
mice results in fatal liver failure, suggesting essential and non-redundant roles of 
USP8 during development and adult life [ 84 ]. 

 USP8 was shown to interact with STAM (component of ESCRT-0), through two 
non-canonical SH3 domain binding motifs PX(V/I)(D/N)RXXKP also possessed 
by AMSH [ 61 ]. Thus, USP8 competes with AMSH for a common binding site on 
STAM. Its domain structure is shown in Fig.  12.2 , encompassing an N-terminal 
MIT domain, a rhodanese domain, two non-canonical SH3 binding motifs and the 
catalytic USP domain [ 23 ,  73 ]. Compared with AMSH, endosomal association of 
USP8 is less prominent, possibly due to the absence of a clathrin binding site. 
However, endosomal accumulation is observed in cells expressing catalytically 
inactive USP8 and with wild-type USP8 following over-expression of Hrs or a dom-
inant negative form of Vps4 [ 57 ,  85 ]. Furthermore, under conditions of acute EGF 
stimulation a clear translocation to endosomal structures is observed [ 57 ,  85 ]. 
The MIT domain of USP8 is required for endosomal localisation and shares an 
overlapping set of CHMP protein binding partners with AMSH (CHMP1A, 1B, 2A, 
2B, 4C) but differs in not binding to CHMP3 [ 73 ]. The rhodanese domain interacts 
with Nrdp1, an E3 ligase stabilised by USP8 [ 86 ,  87 ]. 

 As with AMSH, the DUB activity of USP8 is stimulated by STAM binding but 
in contrast to AMSH shows no chain-linkage specifi city [ 73 ]. In a recent report, 
Sixma et al. performed a comprehensive kinetic analysis of 12 USPs, amongst 
which USP8 shows highest  kcat  and processes all seven types of ubiquitin isopep-
tide linkages but not linear chains [ 88 ]. Interestingly, the structure of the USP8 cata-
lytic domain reveals an occluded catalytic site, suggesting conformational fl exibility 
and the potential for allosteric regulation [ 86 ]. 

 The regulation of endocytic traffi cking by USP8 was fi rst investigated with 
EGFR as a model cargo using siRNA-mediated depletion. Mizuno et al. reported 
accelerated degradation of EGFR following acute EGF treatment in USP8-depleted 
HeLa cells, thereby proposing a negative regulatory role of USP8 in lysosomal traf-
fi cking akin to that proposed for AMSH above [ 85 ]. However, following prolonged 
knockdown of USP8, Row et al. observed aberrant endosomal structures enriched 
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with ubiquitin conjugates, as well as inhibited EGFR and c-Met degradation in 
HeLa cells, consistent with data from experiments by Bowers et al. with radioisotope- 
labelled EGF [ 57 ,  78 ]. Later work from Mizuno et al. also concurred with these 
observations following prolonged depletion of USP8 [ 89 ]. Crucially these effects of 
USP8 depletion on EGFR downregulation could be rescued by expression of 
siRNA-resistant USP8 but neither by a catalytically inactive mutant nor by a trun-
cated form lacking the MIT domain which fails to localise to endosomes [ 73 ]. As 
USP8 depletion elicits a failure to deubiquitylate activated EGFR [ 57 ], one might 
have expected enhanced sorting into MVBs and an increased rate of degradation. 
However, the effects of USP8 depletion are pleiotropic. For unknown reasons it 
leads to a global increase in ubiquitin conjugation [ 57 ,  83 ]. It also leads to the accu-
mulation of clustered MVBs “stitched” together by regularly spaced tethers of 
unknown origin, which we speculate could be related to the HOPs tethering com-
plex [ 90 ]. Finally it leads to a depletion of the ESCRT-0 components Hrs and STAM, 
by rescuing them through its deubiquitylating activity from constitutive breakdown 
by proteasomal degradation [ 57 ]. 

 There is now a substantial body of evidence suggesting a positive role of USP8 
on endocytic protein sorting and degradation, similar to that of its yeast orthologue 
Doa4. However, experiments carried out in  Drosophila  or S2 cells suggest an oppo-
site role for USP8 as a negative regulator of receptor downregulation. Deubiquitylation 
by USP8 promotes the recycling and the consequent plasma membrane accummula-
tion of frizzled (Fz) and smoothened (Smo), key cell surface molecules which can 
determine signal strength associated with the Wingless and Hedgehog signalling 
pathways, respectively [ 91 – 93 ].  

12.4.3     Different Outcomes of Deubiquitylating Activity 
at Different Stages of Lysosomal Sorting 

 There is clearly a complex interplay between AMSH and USP8 that includes com-
petition for binding partners such as Hrs and CHMPs, possible redundancy and 
distinct substrate activities. This always needs to be born in mind when interpreting 
the effects of depletion or over-expression of one or the other. According to a recent 
estimate of copy numbers in NIH3T3 mouse fi broblasts, AMSH (9,054 copies per 
cell) exceeds USP8 (1,596 copies per cell) by several fold [ 94 ]. Both AMSH and 
USP8 are capable of deubiquitylating EGFR directly in vitro [ 60 ,  85 ] and positive 
and negative regulatory roles in receptor traffi cking have been proposed for each. 
Here we argue that negative and positive regulatory effects could refl ect the stage of 
the endocytic process where deubiquitylation occurs. 

 The fi rst point of engagement of ubiquitylated receptor with the lysosomal sort-
ing machinery is proposed to be through the interaction with ESCRT-0, which con-
centrates cargo in areas of the endosomes covered by clathrin containing coated 
structures, which differ from traditional clathrin coats [ 63 ,  95 ,  96 ]. Although both 
AMSH and USP8 compete for interaction with the ESCRT-0 component STAM, 
only AMSH binds to clathrin and requires this binding for endosomal localisation. 
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At this early juncture, we propose that receptor is not yet fully committed to the 
degradation pathway and can be diverted towards recycling by deubiquitylating 
activity counteracting any E3-ligase activity. The fraction of cargo recycled depends 
on many factors, but the key determinant is the balance between ubiquitylation and 
deubiquitylation that promote lysosomal sorting and membrane recycling, respec-
tively. There may be a “proofreading” element to this process that is sensitive to 
chain-linkage type or particular substrates [ 1 ]. 

 Both AMSH and USP8 bind to CHMP proteins. These make up the ESCRT-III 
complex that is believed to mediate the fi nal steps of lumenal vesicle budding from 
the limiting membrane of the MVB [ 3 ,  97 ]. DUB interaction with CHMPs requires 
their respective MIT domains, which they partially share with the AAA ATPase, 
Vps4, an enzyme which couples vesicle scission with the disassembly of the 
ESCRT-III complex [ 98 ]. This suggests a deubiquitylation function late in the sort-
ing process that may be used to recycle ubiquitin once an irreversible commitment 
to sorting has taken place. It is tempting to speculate that somehow the endosomal 
DUBs via MIT-MIM interactions block access to Vps4 until this ubiquitin-recycling 
function is accomplished. Coupling to vesicle scission would ensure maximal effi -
ciency of recycling, just as activity of the proteasomal DUB POH1 is coupled to 
proteasomal degradation [ 23 ,  72 ].  

12.4.4     Other Mammalian DUBs 

 To date, AMSH and USP8 are undoubtedly the most thoroughly studied DUBs on 
the endocytic pathway in mammalian cells, for which interactions with the endo-
somal sorting machinery are well characterised. However several other DUBs may 
be transiently recruited to endosomes or in fact the plasma membrane to perform 
similar functions to those described above. Recently, Cezanne-1, a member of the 
OTU family, was reported to promote oncogenesis, by negatively regulating EGFR 
endocytosis and degradation [ 79 ]. USP33 was shown to inhibit β-arrestin-dependent 
internalisation of G protein-coupled receptors by deubiquitylating β-arrestin [ 99 ]. 
In addition, USP33 and its paralogue USP20 constitutively bind β2-adrenergic 
receptor (β2AR) undergoing agonist-induced dissociation leading to receptor ubiq-
uitylation and internalisation. They then reassociate with the receptor after prolonged 
agonist treatment to deubiquitylate and recycle it to the plasma membrane [ 100 ]. 

 A specifi c splice variant of USP2, USP2-45 deubiquitylates the epithelial sodium 
channel (ENaC), therefore suppressing its ubiquitylation-mediated endocytic traf-
fi cking [ 101 ]. The vasopressin-induced USP10 can also regulate endocytosis of 
ENaC indirectly, by deubiquitylating and stabilising sorting nexin 3 (SNX3), which 
promotes recycling [ 102 ]. Moreover, USP10 was also reported to deubiquitylate 
cystic fi brosis transmembrane conductance regulator (CFTR) and promote its recy-
cling from early endosomes [ 103 ,  104 ]. There is also some evidence that protea-
somes bind to endosomes and infl uence RTK traffi cking [ 105 – 107 ]. Allied to this 
the deubiquitylation activity associated with the proteasome is capable of trimming 
Lys63 ubiquitin chains from tropomyosin-regulated kinase A (TrkA) receptor [ 108 ].   

12 Regulation of Endocytic Traffi cking and Signalling…



254

12.5     Conclusions 

 As the physiological roles of DUBs are beginning to be unveiled, they are now 
implicated in a wide range of cellular activities. Amongst these the governance of 
endocytic traffi cking ranks highly. Being either cysteine- or metalloproteases, 
DUBs can be considered to be druggable targets and are now undergoing intensive 
investigation as such [ 109 ]. Since the endocytic pathway can function as a tumour 
suppressor pathway and also represents a major route for targeted drug delivery, 
pharmaceutical manipulation of this pathway offers substantial therapeutic 
opportunities.     
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    Abstract     c-Met, the receptor tyrosine kinase of Hepatocyte Growth Factor (HGF), 
plays a major role in tumour progression and constitutes an attractive target for 
cancer therapy. Upon ligand binding at the plasma membrane, c-Met triggers various 
signalling pathways, which promote cell responses such as proliferation, migration 
and survival. Recent studies have shown that HGF binding to c-Met also triggers a 
rapid endocytosis of c-Met, leading to its intracellular traffi cking and ultimately 
degradation. However, c-Met remains bound to HGF and activated on endosomes 
and in fact its endocytosis is required for optimal signalling. Moreover c-Met 
exploits both its endocytosis and its subsequent intracellular traffi cking to alter its 
signalling capacity. Finally, recent studies on oncogenic mutants of c-Met, reported 
in human cancers, have shown that activated c-Met accumulation on endosomes 
can lead to cell transformation. Here, we review the present knowledge about c-Met 
endocytosis and traffi cking, the interplay between c-Met traffi cking and signalling 
and the consequences on tumorigenesis. We discuss the idea that c-Met localisa-
tion, in addition to its activation, plays a key role in its signalling and possibly in 
cancer progression.  
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13.1         The c-Met Receptor Tyrosine Kinase 

13.1.1     c-Met and HGF 

 c-Met is a receptor tyrosine kinase (RTK), belonging to a subfamily containing Met, 
Ron and the avian receptor Sea [ 14 ]. It is expressed on the surface of both epithelial 
and endothelial cells, where it binds specifi cally to its ligand, the Hepatocyte Growth 
Factor (HGF), also called scatter factor (SF). HGF is produced by mesenchymal 
cells, in close proximity to the epithelial/endothelial cells expressing the c-Met 
receptor. Thus HGF and c-Met signal in a paracrine manner [ 23 , 68 ].  

13.1.2     Cellular Functions Regulated by HGF and c-Met 

 HGF and c-Met mediate numerous cell functions including cell survival, motility 
(such as scattering, migration and invasion), proliferation, tubulogenesis and 
angiogenesis [ 23 , 68 ]. Expression of both c-Met and HGF is necessary during devel-
opment, thus mice lacking either die in  utero  [ 7 , 61 , 70 ]. In adults, c-Met normally 
is expressed at very low levels; however, expression of HGF and c-Met often is 
increased in injured tissues [ 23 , 68 ] and this concordant upregulation has been 
shown to be required for wound healing [ 12 ].  

13.1.3     c-Met and Cancer 

 c-Met is a proto-oncogene and becomes oncogenic either through gene rearrange-
ment, leading to a fusion protein (translocated promoter region (TPR)–MET) [ 16 ] 
or, more frequently, through gene amplifi cation and/or overexpression, as reported 
in many cancer types including solid tumours in the lung, breast and gut [ 23 , 68 ]. 
The oncogenic c-Met is involved in cancer formation and progression. This usually 
occurs through paracrine, and sometimes autocrine, activation of c-Met [ 22 ]. 
In addition, activating mutations of c-Met, leading to its constitutive activation, 
were found in many cancers including papillary renal carcinomas [ 62 ] and ovarian, 
gastric, liver and head and neck cancer [ 6 ]. Thus c-Met currently is under investiga-
tion for the development of novel anti-cancer treatments [ 15 , 23 ].  

13.1.4     c-Met Signalling 

 Binding of HGF to the c-Met receptor leads to the stable dimerisation of two 
molecules of c-Met. This enables trans-autophosphorylation of the tyrosine kinase 
domain at tyrosine residues Y1234 and Y1235, followed by trans-phosphorylation 
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of the two tyrosine residues Y1349 and Y1356 [ 23 , 68 ] in the C-terminal region. 
These two tyrosines form a multisubstrate docking site, which is unique to members 
of the c-Met subfamily [ 53 ] (Fig.  13.1 ), most RTKs having several tyrosines located 
in their intracellular domain, each of which will be responsible for binding to a 
specifi c signalling molecule. The Y1349/Y1356 site alone is responsible for c-Met 
binding to multiple substrates, either directly or through adaptors, leading to the 
activation of a variety of signalling pathways [ 53 ].

   c-Met adaptor proteins include growth factor receptor-bound protein 2 (Grb2) 
and Grb2-associated binder 1 (Gab1). Gab1 can bind directly to c-Met on either 
Y1349 or Y1356 through its specifi c “c-Met binding site” consisting of 13 amino 
acids [ 59 ] or indirectly through Grb2 [ 5 , 47 ], which binds to c-Met at Y1356 [ 47 ], 
through an Src Homology 2 (SH2) binding site [ 19 ]. The signalling molecules bind 
to c-Met through their SH2 domain and include the small GTPase Ras, mitogen- 
activated protein kinase (MAPK), phosphatidylinositol 3-kinase (PI3K), Src, SH2 
domain-containing inositol-5-phosphatase (Ship1), phospholipase C-γ (PLC-γ), 
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  Fig. 13.1    c-Met receptor. c-Met receptor is composed of an extracellular α-chain linked by a 
disulphide bond to a β-chain, which contains an extracellular domain, a transmembrane domain 
and an intracellular domain. The intracellular domain is composed of a juxtamembrane sequence 
which contains the tyrosine 1003 (which, when phosphorylated, binds to c-Cbl leading to c-Met 
degradation) and the serine 985 (which, when phosphorylated, downregulates c-Met kinase activ-
ity); a kinase domain with the two major tyrosines 1234 and 1235, which transphosphorylate upon 
HGF binding and c-Met dimerisation; and a multifunctional docking site with the two docking 
tyrosines 1349 and 1356 which recruit the indicated adaptors and signalling molecules       
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SH2-containing protein tyrosine phosphatase 2 (Shp2), the c-Jun N-terminal kinase 
(JNK) and the transcription factor signal transducer and activator of transcription 
3 (STAT3) [ 8 , 19 , 21 , 26 , 58 ] (Fig.  13.1 ). 

 Due to the wide variety of cellular processes that are initiated following c-Met 
signalling, it is important that its signalling is tightly controlled. The phosphorylation 
of the serine residue S985, in the juxtamembrane region of c-Met, by either PKC or 
Ca 2+ -dependent kinases, negatively regulates the tyrosine kinase activity of c-Met [ 20 ]. 

 Several studies have aimed to identify which individual downstream signalling mol-
ecules are responsible for specifi c cellular responses. In fact, one pathway can regulate 
several functions while one function may be regulated by many pathways [ 68 ]. 
For example, activation of PI3K-AKT, either by direct binding to c-Met or through Ras 
or Gab1, triggers cell survival as well as cell growth and cell scattering [ 17 , 18 , 54 ]. The 
activation of the MAPK pathway by c-Met, leading to the activation of ERK1/2, trig-
gers cell proliferation, survival and motility [ 17 , 54 ].    The activation of Shp2 via Gab1 
is important for branching morphogenesis [ 59 ], while the activation of the pathway 
Grb2–son of sevenless (SOS)–Ras MAPK–paxillin–PI3K–focal adhesion kinase 
(FAK)–Rac1 regulates cell migration and tubulogenesis [ 29 ]. The transcription fac-
tor STAT3 plays an important role in c-Met-dependent tubulogenesis, anchorage-inde-
pendent growth and tumorigenesis [ 8 , 74 ]. 

 How are these many pathways interconnected and how are they integrated in 
space and time to produce cell responses? How the signalling molecules “compete 
with each other” to access the c-Met docking? How the decision to utilise specifi c 
pathways is made? Answers to these questions have remained elusive. However the 
emerging idea is that c-Met signalling is spatially and temporally regulated, such that 
different pathways are activated at specifi c subcellular locations following c-Met 
activation and not just at the plasma membrane as it was assumed (see Sect.  13.3 ).   

13.2     c-Met Internalisation, Traffi cking and Degradation 

13.2.1     c-Met Internalisation 

 Ligand binding triggers rapid internalisation of the receptor, such that a large 
percentage of c-Met can be internalised from the cell surface within a few minutes 
[ 27 , 35 ]. This classically occurs via clathrin- and dynamin-mediated endocytosis. 
Indeed, c-Met endocytosis is impaired upon clathrin heavy chain knockdown by 
siRNA [ 36 ], dynamin mutant overexpression [ 27 , 36 ] or incubation with the phar-
macological inhibitor of dynamin, dynasore [ 34 ]. The endocytic adaptors regulating 
the clathrin-mediated endocytosis of c-Met include eps15 [ 71 ] and AP180 [ 35 ]. 

 The ubiquitin ligase activity of c-Cbl is critical for clathrin-dependent c-Met inter-
nalisation and occurs following the indirect binding of c-Cbl to c-Met via Grb2 [ 40 ]. 
c-Cbl also plays the role of an endocytic adaptor through connecting c-Met to the 
adaptor CIN85, which in turn binds to endophilin [ 52 ], involved in the invagination 
of the plasma membrane [ 9 ] (Fig.  13.2 ).
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13.2.2        c-Met Traffi cking 

 Internalised c-Met is recruited in peripheral endosomes which are positive for the 
early endosome antigen 1 (EEA1) [ 33 , 34 ] and thus correspond to the early/sorting 
endosome. This localisation of c-Met is predominant at 15 min of HGF stimulation 
[ 35 ]. c-Met then traffi cs along the microtubules and gets progressively accumulated 
in a perinuclear endosome containing Lamp1 and Rab7 and thus corresponds to the 
late endosome/multivesicular body (MVB). This localisation is predominant at 
120 min of stimulation [ 35 ]. While PKC inhibition has no effect on c-Met internali-
sation, c-Met traffi cking from peripheral to perinuclear endosomes is promoted by 
the activity of the classical PKC isotype, PKC-α (Fig.  13.2 ). However, the traffi ck-
ing of c-Met to the perinuclear location is not required for its degradation [ 35 ].  

13.2.3     c-Met Degradation 

 Internalised c-Met is sorted for degradation. This occurs progressively with time 
such that, for example, in HeLa cells, after 120 min post-HGF stimulation, 50% of 
c-Met has degraded [ 35 ]. It has recently been reported that a proportion of c-Met 
can recycle through interaction with Golgi-localised gamma ear-containing Arf- 
binding protein 3(GGA3) within Rab4-positive endosomes [ 50 ]. 

 c-Met is targeted for degradation through ubiquitination by c-Cbl following a direct 
binding of c-Cbl to the phosphorylated tyrosine Y1003 in the juxtamembrane domain 
of c-Met [ 51 ]. This interaction between Y1003 and c-Cbl, however, is not required for 
c-Met endocytosis [ 2 ]. Ubiquitinated c-Met interacts with and phosphorylates Hrs 
(HGF-regulated tyrosine kinase substrate) [ 2 , 27 ], a molecule that recognises ubiquiti-
nated receptors within endosomes and consequently prevents them from recycling back 
to the plasma membrane, targeting them for degradation instead [ 56 ]. A requirement for 
K48 polyubiquitination in the c-Met degradation pathway has been shown [ 10 ]. A tran-
scytosis of internalised c-Met to Gab1-positive dorsal ruffl es, followed by the collapse of 
these ruffl es and the subsequent delivery of c-Met to Rab5- and Hrs-positive endosomes, 
has been reported to lead to an effi cient c-Met degradation [ 1 ]. Additionally, the trans-
membrane protein LRIG1 (leucine- rich repeats and immunoglobulin-like domains 1) 
can interact with c-Met and this, independently of HGF stimulation, leads to c-Met 
destabilisation and degradation in a c-Cbl-independent manner [ 65 ] (Fig.  13.2 ). 

 The pharmacological inhibition of proteasome activity completely blocks c-Met 
degradation [ 31 , 35 ] while lysosomal inhibition also has been reported to inhibit 
c-Met degradation [ 10 , 27 ].  

13.2.4     c-Met, c-Cbl and Cell Transformation 

 Studies using c-Met mutant Y1003F, to decouple the direct binding of c-Cbl to 
c-Met, showed that a defect in degradation of c-Met leads to increased signalling 
and cell transformation in vitro [ 51 ] and  in vivo  [ 2 ]. This mutant, although able to 

13 RTKs as Models for Traffi cking Regulation…



266

HGF

HGF

P P

HGF

PP

Hrs

P

Dyn

Clathrin

Ubiquitin

Dynamin

Ub

PM

P

HGF

Grb2 

c-Cbl 
Ub

P

Ub

Grb2

c-Cbl

E
n

d
o

p
h

ili
n

HGF 

P P 

c-Cbl

Lamp1

“PERIPHERAL ENDOSOME”

Degradation

Dorsal ruffle

CCP

CCV

“PERINUCLEAR ENDOSOME”

NUCLEUS

Dyn Dyn

MT

c-Met
c-Met LRIG1

PKC
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peripheral endosome or sorting/early endosome where it remains phosphorylated. c-Cbl binds 
directly to Y1003 in the c-Met juxtamembrane domain, leading to c-Met ubiquitination and 
to the phosphorylation of Hrs; this then leads to c-Met sorting for ultimate degradation. However, 
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internalise and be recruited to Hrs-positive endosomes, is unable to phosphorylate 
Hrs [ 2 ]. In addition, c-Met activity recently has been shown to trigger a loss of c-Cbl 
in gastric cancer cell lines with c-Met amplifi cation [ 37 ].   

13.3      Infl uence of c-Met Endosomal Traffi cking 
on Its Signalling 

13.3.1     c-Met Endosomal Signalling 

 Although as a consequence of ligand-dependent internalisation, c-Met gets degraded; 
c-Met internalisation is not a mechanism for desensitisation only. A signifi cant dis-
tribution of ligand-receptor complexes to intracellular compartments occurs during 
the fi rst 30 min of stimulation, when c-Met receptor downregulation is not yet sig-
nifi cant [ 35 ]. The process of c-Met degradation is slow such that even after 120 min 
of HGF stimulation, still 50% of the mature form of c-Met is present in the cell. 
Furthermore, endosomal c-Met remains bound to its ligand and activated [ 34 , 36 ]. 

 Moreover endocytosis is required for an optimal c-Met signalling [ 34 , 36 ]. Indeed, 
inhibition of internalisation, using pharmacological means (such as the dynamin 
inhibitor dynasore), siRNA (clathrin or c-Cbl) or transfection of a dominant negative 
(K44A dynamin or AP180C), inhibits several HGF/c-Met-dependent signalling 
outputs such as the activation of ERK1/2 [ 36 ], STAT3 [ 34 ] and Rac1 [ 33 , 49 ].  

13.3.2     c-Met Signalling from the Peripheral Endosome 

 From the peripheral endosome, c-Met activates ERK1/2, which further accumulates 
in focal complexes, to participate in regulation of cell migration. The atypical isoform 
of PKC, PKCε, promotes this ERK1/2 accumulation in focal complexes. Indeed 
PKCε knockdown, with siRNAs or inhibition of its activity with pharmacological 
approaches, inhibits the HGF-dependent ERK1/2 accumulation at the plasma mem-
brane. The absence of PKCε (cells isolated from knock-out mice or transiently 

Fig. 13.2 (continued) a proportion of c-Met may recycle either to the plasma membrane 
through interaction with Golgi- localised gamma ear-containing Arf-binding protein 3(GGA3) or 
to Gab1-positive dorsal ruffl es, followed by the collapse of these ruffl es and the subsequent delivery 
of c-Met to Rab5- and Hrs- positive endosomes. From the peripheral endosome, c-Met is 
traffi cked along the microtubule network, under the control of PKCα activity, to accumulate 
progressively in the Lamp1/Rab7- positive perinuclear endosome [corresponding to the late endo-
some/multivesicular body (MVB)]. There, c-Met is still activated and is progressively targeted for 
degradation. Additionally, LRIG1 (leucine-rich repeats and immunoglobulin-like domains 1) may 
interact with c-Met at the plasma membrane, leading to c-Met degradation       
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knocked down with siRNA) prevents HGF-dependent cell migration. However, in 
the conditions where PKCε is absent or inactive, the total level of HGF- dependent 
ERK1/2 phosphorylation has increased in the cells (as assessed by Western blot). 
Thus it is believed that PKCε can dissociate activated ERK1/2 from the endosomal 
c-Met signalling complex, leading to ERK1/2 accumulation at the plasma 
membrane. Accordingly, colocalisations between PKCε and c-Met are observed 
on the peripheral endosomes. The consequence is stimulated cell migration on 
the one hand but a reduction of c-Met-dependent ERK1/2 phosphorylation on the 
other hand, as normally ERK1/2 activation is sustained through the increase in 
lifetime of its association to the endosomal c-Met complex. Thus although the sig-
nal has increased, since it is not at the correct location, the cell function cannot 
occur correctly. This study highlights the importance of signal localisation and 
indicates that signal intensity alone is insuffi cient to act as a unique determinant. 
Activation of molecules in incorrect locations will not provide an effi cient cell 
response (Fig.  13.3 ).

13.3.3        c-Met Signalling from a Perinuclear Endosome 

 While the traffi cking of c-Met to the perinuclear location is not required for its 
degradation [ 35 ], it plays an important role in its signalling as is shown by activation 
of the STAT3 pathway [ 34 , 43 ]. Under basal conditions, unphosphorylated STAT3 
shuttles constitutively between the cytoplasm and the nucleus [ 41 , 55 ]. HGF stimu-
lates STAT3 recruitment to c-Met, triggering STAT3 phosphorylation, dimerisation 
and nuclear translocation [ 8 ]. STAT3 appears to be able to associate with c-Met not 
only at the plasma membrane but also on peripheral and perinuclear endosomes and 
thus becomes activated at these locations. However, STAT3 is only weakly activated 
by HGF/c-Met (as compared, for example, to the stimulation with the cytokine 
oncostatin M). It is believed that the activated STAT3 detaches from c-Met and dif-
fuses through the cytoplasm before reaching the nucleus to activate its target genes. 
When STAT3 is activated at the plasma membrane or on the peripheral endosome, 
its subsequent diffusion through the phosphatase-rich cytoplasm prevents its 
 signifi cant activation and nuclear accumulation. By contrast, when c-Met activates 
STAT3 on the perinuclear endosome, the proximity to the nucleus allows STAT3 
to accumulate effi ciently in the nucleus and STAT3 activation is now signifi cant 
(as measured by Western blot). The process is very dynamic since an acute pharma-
cological inhibition of c-Met when located on the perinuclear compartment leads to 
an immediate signifi cant reduction in STAT3 nuclear accumulation. The threshold 
of activation required to enable STAT3 nuclear accumulation is achieved because 
this locally activated STAT3 is protected from the cytoplasmic phosphatases. 

 The more effi cient STAT3 signal from a perinuclear location might be due to the 
shuttling of STAT3 in and out of the nucleus, the dephosphorylated STAT3 exiting 
the nucleus but rapidly being re-phosphorylated by activated perinuclear c-Met. 
One alternative possible explanation would be that activated c-Met, at the plasma 
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membrane and in the peripheral endosome membrane compartment, is selectively 
associated with a phosphatase that prevents a robust STAT3 phosphorylation. c-Met 
could be sorted away from the phosphatase in the juxtanuclear compartment. 
Nevertheless, these data provide strong evidence that the mechanism controlling 
STAT3 nuclear uptake upon c-Met activation is based primarily on where in the cell 
this signal is generated because of the weakness of the STAT3 signal. When the 
strength of the STAT3 signal is enhanced (using phosphatase inhibition or via a 
more robust agonist—e.g., oncostatin M), STAT3 nuclear accumulation is indepen-
dent of the localisation of the trigger. This perinuclear localisation of c-Met is also 
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  Fig. 13.3    c-Met endosomal signalling. HGF/c-Met effi cient stimulation of ERK1/2 and STAT3 
pathways requires c-Met endocytosis. Thus c-Met remains bound to HGF and activated in the 
peripheral endosome, from where it stimulates ERK1/2 activation. Phosphorylated ERK1/2 further 
accumulates in focal complexes. PKCε promotes activated ERK1/2 translocation to the focal 
complexes by dissociating activated ERK1/2 from the endosomal c-Met signalosome. This leads 
to an enhanced cell migration on the one hand but to a reduction of the cellular level of ERK1/2 
phosphorylation on the other hand. Activated c-Met can bind and activate STAT3 at the plasma 
membrane as well as from the peripheral or perinuclear endosomes. However, the signal generated 
at the plasma membrane, or on the peripheral endosome, is weak, and the subsequent diffusion of 
STAT3 through the phosphatase-rich cytoplasm prevents its signifi cant nuclear accumulation. By 
contrast, when c-Met activates STAT3 on the perinuclear endosome, the proximity to the nucleus 
allows STAT3 to accumulate effi ciently in the nucleus. Interestingly, this perinuclear localisation 
of c-Met is not required for nuclear accumulation of activated ERK1/2 since c-Met strongly acti-
vates ERK1/2 at the peripheral endosome, and thus the threshold for nuclear accumulation is 
achieved despite diffusion through the phosphatase-rich cytoplasm       
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not required for nuclear accumulation of activated ERK1/2, although c-Met 
endocytosis is required for the nuclear accumulation of both activated STAT3 
and ERK1/2. In fact, unlike for STAT3, c-Met strongly activates ERK1/2 at the 
peripheral endosome, and thus the threshold for nuclear accumulation is achieved 
despite diffusion through the phosphatase-rich cytoplasm (Fig.  13.3 ). Interestingly, 
in this model, although c-Met traffi cking to the perinuclear endosome is required 
for effi cient STAT3 signalling, it is believed the two molecules do not need to 
traffi c together along the microtubules, as was described for ERK5 and Trk which 
co-traffi c from distal axons to the cell body, in order to induce ERK5 nuclear 
accumulation [ 73 ].   

13.4     c-Met Endosomal Signalling and Tumorigenesis 

 The signalling pathways and cell functions (such as cell migration and survival) 
[ 3 , 32 , 34 , 36 , 39 , 48 , 64 , 66 , 72 ] controlled by endosomal signalling all are involved in 
tumorigenesis. This suggested that RTK endocytosis could play a role in cancer 
progression. Interestingly, some endocytic proteins, such as HIP1 (Huntingtin inter-
acting protein 1) or Rab25, have been found overexpressed in human cancers 
[ 38 , 44 ], and this could affect RTK traffi cking. Indeed HIP1 overexpression appears 
to increase EGFR internalisation on the one hand and to promote tumour formation 
 in vivo  on the other hand, suggesting a possible link between EGFR traffi cking and 
tumorigenesis [ 57 ]. Such studies report on modifi cations of molecules, which 
impinge on RTK traffi cking and signalling. Increase of RTK endocytosis directly 
leading to enhanced signalling and transformation, had not been reported until the 
demonstration of a direct link between c-Met endocytosis and tumorigenesis. 

 Thus certain point mutations in the kinase domain of c-Met, reported in cancer 
[ 62 , 63 ] and which lead to a constitutive activation of c-Met and subsequent cell 
transformation  in vitro  and  in vivo  [ 4 , 24 , 25 , 30 ], also trigger an enhanced endocy-
tosis of c-Met. Furthermore, it is the combination of endosomal signalling and high 
activation that leads to cell transformation and in vivo tumorigenesis [ 33 ]. 
Classically, it had been assumed that the high activation of these c-Met mutants was 
suffi cient to trigger their oncogenicity. The quantitative and/or qualitative modifi ca-
tions affecting these oncogenic c-Met mutants’ signalling were thought to originate 
from the plasma membrane. This was considered as the whole requirement for 
tumorigenicity without taking into account the subcellular compartment where 
these signals were generated. 

 Thus the traffi cking behaviours of the M1268T and D1246N c-Met mutants were 
compared to that of the Wt (wild type) form of the receptor, in NIH3T3 cells. It was 
observed initially that c-Met mutants were accumulated on endosomal compart-
ments in a signifi cantly higher proportion than c-Met Wt. This is, in fact, the result 
of an enhanced internalisation coupled to an increased stability of the mutants, as 
compared to c-Met Wt, under basal conditions (in absence of the ligand). While Wt 
c-Met is internalised weakly and then degraded after endocytosis, the two activated 
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mutants are internalised continuously into endosomes and, instead of being 
degraded, are recycled to the plasma membrane (Fig.  13.4 ). Thus, these mutants 
appear to shuttle perpetually between the plasma membrane and the endosomes.

   The endocytosis of the c-Met mutants is dependent on clathrin, dynamin, Grb2 
and c-Cbl as pharmacological inhibitors of dynamin (dynasore, dynol 34–2), siRNAs 
or shRNAs of clathrin, c-Cbl or Grb2 or the expression of dominant-negative forms 
of Grb2, all signifi cantly reduced the mutant’s endocytosis. Thus, it was concluded 
that the mutants appear to internalise through the same pathways as c-Met Wt. 

 The cells expressing c-Met mutants display a transformed phenotype as compared 
to the cells expressing Wt c-Met (which is poorly activated and which, in the 
absence of HGF, does not transform the cells). Thus mutant cells display a reduced 
spread morphology and actin stress fi bres are lost. The mutants cells also are more 
migratory, grow in more numerous and bigger colonies in soft agar and trigger 
faster  in vivo  tumour growth and lung colonisation after tail vein injection, com-
pared to the Wt cells. The transformed phenotype of the mutant cells is due to c-Met 
activity since c-Met knockdown reverts the transformed phenotype of the mutants 
expressing cells to the phenotype of the cells expressing Wt c-Met. 
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  Fig. 13.4    Oncogenic c-Met endosomal signalling. While HGF bound c-Met Wt signals from 
endosomes, it gets degraded progressively, leading to the ending of signal generation. In contrast, 
constitutively activated c-Met mutants M1268T or D1246N constantly shuttle between the plasma 
membrane and endosomes, due to a constitutive endocytosis and recycling coupled to a defect in 
degradation. Consequently, the oncogenic c-Met accumulates on endosomes from where it generates 
a persistent endosomal signalling, leading to cell transformation and tumorigenesis. The GTPase 
Rac1 is activated by c-Met mutants on the endosome and is translocated to the plasma membrane 
where it is responsible for actin cytoskeleton remodelling and cell migration; thus it was identifi ed 
as one of the “transforming signals”       
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 Interestingly, the inhibition of c-Met mutants’ endocytosis also reverted the 
transformation of the c-Met mutants expressing cells both  in vitro  and  in vivo . 
However, under these conditions, c-Met mutants still were activated to the same 
level as they were without blocking of their endocytosis. Conversely, and rather 
surprisingly, it was found that the level of internalisation of the mutants was not 
affected by pharmacological inhibition of their activation. This suggests that activa-
tion status and internalisation of the mutants are two separate events, although both 
are triggered by the mutation. Thus, upon endocytosis inhibition, the mutants were 
strongly reduced within the intracellular pool while they remained strongly activated 
at the plasma membrane. Despite their high activation, they lost their tumorigenic 
potential  in vitro  and  in vivo  because they no longer signalled from the correct 
subcellular location. This was the fi rst time that the increased endocytosis of an 
RTK was shown to play a key role in tumorigenesis. 

 Interestingly, one of the two mutants, (D1246N), was resistant to characterised 
c-Met molecule inhibitors  in vitro  and  in vivo . However, its oncogenic potential was 
impaired following endocytosis inhibition. This indicates that interfering with endo-
cytic traffi cking or endosomal signalling could constitute a new anti-tumour strategy 
which might be effective against tyrosine kinase inhibitor (TKI)-resistant cells [ 45 ]. 

 Rac1 was identifi ed as a major signalling molecule activated on endosomes by the 
c-Met mutants, and the activity of this molecule was shown to be responsible for the 
lost of actin stress fi bres and acquisition of the increased cell migratory phenotype. 
Endocytosis indeed is required for c-Met mutants’ dependent Rac1 activation, consis-
tent with what has been shown previously in HeLa cells stimulated with HGF [ 48 ]. The 
model for the c-Met mutants’ signalling is that the specifi c signals generated through 
endosomal signalling, coupled to their persistence due to the accumulation of the 
mutants on endosomes, may together constitute the “transforming signals” (Fig.  13.4 ). 

 In conclusion, c-Met activation on its own appears to be insuffi cient to confer 
oncogenicity. Additional spatial requirements seem necessary for the generation of 
transforming signals. c-Met mutants are oncogenic not only because they are con-
stitutively activated but also because they signal from endosomes, thus resulting in 
a sustained signalling, which is qualitatively different from the signalling generated 
from the plasma membrane.  

13.5     Conclusion and Perspectives 

13.5.1     Conclusion 

 These studies on c-Met traffi cking and signalling strongly suggest that c-Met 
exploits both its endocytosis and its subsequent intracellular traffi cking to adapt its 
signalling capacity. For example, it is able to accumulate STAT3 effi ciently in the 
nucleus when localised in a juxtanuclear compartment and endosomes constitute a 
dynamic modulating platform for c-Met signalling specifi city. Furthermore, c-Met 
accumulation on endosomes leads to cell transformation.  
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13.5.2     Blocking c-Met Endocytosis and Traffi cking Specifi cally 

 One important limitation in the study of the infl uence of c-Met traffi cking on its 
signalling is that it has not hitherto been clear as to how to perturb c-Met endocytosis 
or traffi cking specifi cally without interfering with the traffi c of other cargoes, a way 
of modifying many cellular phenotypes independent of a role for c-Met. To date, the 
most specifi c way to block c-Met endocytosis was to interfere with Grb2 or c-Cbl 
expression levels or their binding to c-Met. A better understanding of which amino 
acid residues or protein domains bind to the endocytic or traffi cking regulators/adap-
tors is required. Interestingly, one such study recently reported a dileucine motif 
located in the C-terminus of c-Met which regulates its endocytosis through interact-
ing with the endocytic machinery, including adaptin β and caveolin- 1 [ 13 ].  

13.5.3     Understanding the Mechanisms of c-Met 
Endosomal Signalling 

 The signal relays between c-Met and its downstream pathways on the endosome 
have not been elucidated yet. There actually are a few examples reporting that, on 
endosomes, specifi c scaffold/adaptor proteins bring the signalling molecules into 
close proximity with each other and facilitate their activation. This is the case for 
p18-p14-MP1 complex which recruit MEK1 and ERK on late endosomes upon 
EGF stimulation [ 46 , 67 ], the Rab5 effector Appl1 which recruits AKT and its sub-
strate GSK-3β in “Appl endosomes” upon IGF-1 stimulation and during zebrafi sh 
development [ 60 ], the scaffold β-arrestin2 which assembles Raf1-MEK1-ERK2 in 
the same complexes with angiotensin type 1 receptor antagonists (AT1aR) in endo-
somes [ 42 ], and the FYVE domain protein SARA which recruits TGFβ receptor to 
the endosome [ 28 , 69 ]. So far the distinction mainly has been made between 
 signalling of RTKs on the endosome versus their signalling from the plasma mem-
brane. Interestingly, some of the above studies indicate the probable existence of 
some “endosome-specifi c” signalling complexes. Thus, further studies should aim 
to determine the signalosome of c-Met on endosomes and whether c-Met triggers 
specifi c pathways from specifi c endosomal compartments.  

13.5.4     Relevance of c-Met Endosomal Signalling in Cancer 
Diagnosis and Therapy 

 The recent study reporting a direct role for c-Met endocytosis in tumorigenesis rep-
resents a proof of principle that c-Met localisation on endosomes may be a determi-
nant in c-Met-dependent cancer progression. It will be important now to establish 
the relevance of c-Met endosomal signalling in human cancer progression using 
human cancer cell lines as well as clinical tissues. Determining the endosomal 
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localisation/activation of c-Met in clinical samples may establish the prognostic and 
therapeutic relevance of c-Met endosomal signalling. TKIs currently used in the 
clinic unfortunately lead to tumour resistance and this could be the case for c-Met 
TKI too, according to a recent study [ 11 ]. The mutant D1246N appears to be resis-
tant to c-Met TKI. Since blocking endocytosis was able to overcome the resistance 
of this mutant, strategies which interfere with c-Met traffi cking/endocytosis may 
prove benefi cial for some patients. To achieve this, it is hoped that further studies 
will lead to approaches that inhibit c-Met endocytosis/traffi cking specifi cally.      
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    Abstract     The epidermal growth factor receptor (EGFR) is a receptor tyrosine kinase 
whose physiological signaling activity regulates the morphogenesis and homeostasis 
of several tissues from worms to man. In contrast, aberrant signaling caused by over-
expression or mutational activation of the EGFR plays a causal role in the pathogen-
esis of a number of human tumors. The fi delity of EGFR signals, which must be 
robust enough to convey instructive cues to the cell while also preventing the threat 
posed by excess receptor activity, is guaranteed by a complex regulatory circuitry. A 
pervasive role in EGFR regulation is played by endocytosis. Owing to its capacity to 
instruct degradation of activated EGFRs and reduce receptor expression at the cell 
surface, endocytosis has been regarded historically as the main cellular mechanism 
deputed to the attenuation of EGFR signaling. More recently, a great deal of attention 
has been focused on understanding endocytosis also as an element of spatial regula-
tion of EGFR activity. Herein, we discuss molecular mechanisms controlling EGFR 
endocytosis, as they relate to the regulation of EGFR signal output and the implemen-
tation of EGFR-driven biological programs. We will then focus on reviewing the var-
iegated mechanisms through which the EGFR escapes from downregulation in cancer 
cells. The emerging picture assigns to faulty endocytosis, in concert with constitutive 
catalytic activation, a prominent role in the ominous oncogenic conversion of EGFR.  
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14.1         Introduction 

 The epidermal growth factor (EGF) receptor (EGFR), also known as ErbB1 or 
HER, is the founding member of the ErbB family of RTKs, which in vertebrates 
includes also ErbB2, ErbB3, and ErbB4 [ 1 ]. Signaling by the EGFR is involved in 
the execution of a number of cellular programs, ranging from cell survival and 
proliferation to cell locomotion [ 1 ]. The biological relevance of EGFR function is 
underscored by its evolutionary conservation and the phenotypes described in 
invertebrate model organisms, such as  C .  elegans  and  D .  melanogaster , that carry 
mutations of either Egfr itself or components of the Egfr signaling axis [ 2 ,  3 ]. In the 
mouse, genetic ablation of  Egfr  has severe developmental consequences, whereas 
genetic manipulations that lead to excess receptor function disrupt tissue homeo-
stasis by causing aberrant cell proliferation and igniting cell transformation [ 4 ]. 
Not unexpectedly, gain-of-function genetic lesions of  EGFR  are causally involved 
in the pathogenesis of several human tumors, including glioblastoma (GBM) and 
carcinomas of lung, colon, head, and neck [ 4 ,  5 ]. This notion has fueled intense 
drug discovery programs aimed at developing therapeutics capable of curbing 
EGFR expression and/or function in tumor cells reliant on EGFR oncogenic signal-
ing, with several EGFR-targeted therapeutics being already licensed for clinical 
use [ 6 ,  7 ]. 

 Owing to its relevance in cell physiology, tissue morphogenesis, and cancer 
pathogenesis and also as a result of being the fi rst growth factor receptor ever to be 
characterized as RTK [ 8 ] and molecularly cloned [ 9 ,  10 ], the EGFR has become one 
of the most popular receptor models for dissecting the molecular composition, 
organizing principles and regulatory logic that underlie the architecture of RTK 
signaling circuits in normal and neoplastic cells. One of the topics that over the 
years has drawn the greatest attention is the role played by endocytosis in regulating 
the quality and quantity of EGFR signals in space and time [ 11 – 14 ]. The scope of 
this chapter is to provide an overview of how endocytic traffi c impacts EGFR func-
tion and discuss how tumor cells may harness EGFR endocytosis to gain and/or 
maintain their oncogenic phenotype. 

14.1.1     Essential Concepts in EGFR Regulation 
at the Cell Surface 

 The EGFR consists of an extracellular domain involved in ligand recognition and 
receptor dimerization, a single transmembrane region that anchors the receptor to 
the plasma membrane and an intracellular portion that contains the catalytic domain 
along with juxtamembrane and C-terminal regulatory regions. In its resting state, 
the receptor adopts an auto-inhibited conformation, which is held by intramolecular 
interactions precluding spurious catalytic activation [ 15 ,  16 ]. Ligand binding 
induces extensive structural rearrangements that lead to activation of the EGFR 
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catalytic domain (Fig.  14.1 ). Key to this process is the stabilization of non-covalent 
dimers generated primarily by intermolecular contacts between the extracellular 
domains of ligand-bound receptors [ 15 ]. This is in turn conducive to allosteric acti-
vation of the EGFR kinase, a process driven by the formation of asymmetric dimers 
between juxtaposed catalytic domains [ 16 ] (Fig.  14.1 ). Ligand-activated EGFR 
dimers undergo in trans phosphorylation on specifi c tyrosine residues located in the 
receptor C-tail. Phosphorylated tyrosine residues create recognition codes for adap-
tors and enzymes containing phosphotyrosine binding motifs. Docking of these sig-
naling proteins onto activated EGFR ignites downstream signal transduction [ 17 ].

   Since the very inception of their signaling activity, ligand-bound EGFRs are tar-
geted by inhibitory mechanisms that include the tonic activity of phosphotyrosine 
phosphatases (PTPs) [ 18 ] and negative feedback regulation of kinase activity 
imposed by phosphorylation of Thr 654 (mediated by protein kinase C [PKC]) and 
Thr 669 (mediated by extracellular regulated kinase [ERK]) [ 19 ]. EGF binding also 
induces rapid receptor endocytosis (Fig.  14.1 ). Endocytosed EGFR may follow dif-
ferent routes, which in turn are associated to different signaling outcomes. On one 
extreme, ligand-receptor complexes may be recycled to the cell surface, a condition 
permissive for reiteration of EGFR signaling; on the other, ligand-receptor com-
plexes may be instructed to traffi c to late endosomes, eventually undergoing degra-
dation in lysosomes [ 12 ,  13 ]. Reduced expression of EGFR at the cell surface 
caused by endocytosis-dependent receptor degradation attenuates cellular respon-
siveness to incoming EGFR ligands, thus restraining EGFR signaling over time. 
This rather intuitive notion was initially derived from studies on cultured cells and 
was later solidifi ed by developmental studies in worms [ 20 ] and fl ies [ 21 ], which 
showed that mutations inhibiting EGFR downregulation cause aberrant tissue 
morphogenesis as a consequence of excess EGFR activity.   

14.2     Routes to EGFR Endocytosis and Fates 
of Internalized Receptors 

 In its inactive state, the EGFR undergoes endocytosis at very slow rates. In contrast, 
ligand binding and attendant triggering of EGFR tyrosine kinase activity are associ-
ated with rapid receptor internalization [ 22 ,  23 ]. EGFR catalytic competence is 
indeed a sine qua non for receptor endocytosis, as genetic [ 24 ,  25 ] or pharmacologic 
[ 26 ] manipulations that cause inhibition of EGFR kinase activity are associated 
with defective EGFR internalization. 

 The EGFR may use different routes for entering the cell, the major distinction 
being between clathrin-mediated and clathrin-independent endocytosis (Fig.  14.1 ). 
In clathrin-mediated endocytosis (CME), cargo is sorted into clathrin-coated pits 
(CCPs), specialized microdomains of the plasma membrane generated by polymer-
ized clathrin. The clathrin coat, along with the longitudinal tension created by actin 
polymerization occurring at the membrane-proximal site of the bud, generates the 
tensile force necessary to progressively deform the plasma membrane from a 
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  Fig. 14.1    Activation of EGFR and endocytic traffi cking. Binding of EGF leads to the allosteric 
activation of the EGFR kinase ( upper left ) via formation of asymmetric kinase dimers. Accordingly, 
the large C lobe of one kinase (activator,  gray ) contacts the small N lobe of the adjacent partner 
kinase (receiver), causing activation of the latter ( orange ) and ensuing in trans phosphorylation of 
tyrosine residues located in the receptor C-tail ( red circles ). Activated EGFRs undergo internaliza-
tion via clathrin-mediated (CME) and clathrin-independent endocytosis. CME is initiated at CCPs 
( upper right ), into which EGFR is recruited via physical interactions with components of the CME 
machinery ( upper right ), such as the major clathrin adaptor AP-2 and accessory proteins, e.g., 
EPS15. CBL proteins participate in CME by acting as scaffold for accessory proteins such as 
ITSNs or ubiquitylating the EGFR itself and endocytic proteins. Ubiquitylated EGFR residues 
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shallow pit to a deep invagination. Eventually, the neck of the invagination undergoes 
constriction and fi ssion, thanks to the activity of spiral-shaped dynamin oligomers. 
Clathrin-coated vesicles released in the cytoplasm undergo uncoating and subse-
quent fusion with the early endosome [ 27 ]. 

 EGFR is sorted into nascent CCPs, thanks to its ability to interact with compo-
nents of the molecular machinery engaged in CCP formation. These include AP-2, 
i.e., the major cargo adaptor complex involved in recruitment and polymerization 
of clathrin at the plasma membrane and accessory proteins (adaptors/scaffolds 
capable of interacting with AP-2 and/or participating in the mechanics of CCP 
formation), such as EPS15, epsin, and intersectins (ITSNs), among others [ 27 ,  28 ] 
(Fig.  14.1 ). Reviewing the large body of literature dealing with the molecular 
mechanisms responsible for sorting EGFR into CCPs is beyond the scope of this 
chapter (see refs. [ 12 ,  13 ]). Here, we will focus on a recent study that attempted to 
provide a unifying view of EGFR coupling to CME through an integrated muta-
tional analysis of receptor determinants involved in molecular recognition of the 
CME machinery. Ubiquitylation of lysine residues located in the EGFR kinase 
domain (A), AP-2 interaction motifs located in the receptor C-tail (B), and Lys resi-
dues at positions 1155, 1158, and 1164, i.e., in the receptor C-tail, (C) were found 
to act redundantly to promote CME of EGFR [ 29 ]. Hence, simultaneous mutational 
inactivation of at least two of the above determinants (e.g., A + B) was required to 
impair CME of the EGFR to a signifi cant extent, with simultaneous targeting of all 
three (A + B + C) being most effective. RNAi to GRB2 eliminated the residual CME 
of the triple mutant [ 29 ]. These data are fully consistent with EGFR activation 
being necessary for rapid receptor CME since (a) recruitment and activation of 
CBL proteins, i.e., the E3 ligases responsible for EGFR ubiquitylation, require 
EGFR kinase activity [ 30 – 32 ]; (b) conformational changes secondary to receptor 
activation are thought to unmask AP-2 recognition motifs in the receptor C-tail 
[ 29 ]; and (c) GRB-2 binds via its SH2 domain to pY1068 and pY1086 of EGFR 
[ 33 ]. Mechanistically, the interaction with AP-2 provides a straightforward expla-
nation for EGFR recruitment into CCPs. Ubiquitylated Lys residues serve as recog-
nition motifs for ubiquitin (Ub)-binding domains present in accessory proteins, 
such as EPS15, epsin, and EPS15R, which are redundantly involved in coupling 
activated EGFR to CCP assembly [ 34 ] via a web of molecular interactions [ 35 ,  36 ] 
(Fig.  14.1 ). As for GRB2, its role in mediating CME of EGFR had been ascribed to 
its ability to recruit CBL proteins onto the EGFR via SH3-mediated interactions 

Fig. 14.1 (continued) ( blue circles ) are recognized by Ub-binding motifs present in endocytic 
proteins. A cluster of Lys residues between positions 1155 and 1164 of EGFR ( yellow circle ) is also 
required for CME of EGFR. A major route of clathrin-independent endocytosis is initiated in 
caveolae. This pathway has an absolute requirement for CBL-dependent EGFR ubiquitylation. 
Endocytic vesicles released into the cytosol undergo fusion with early endosomes. Receptors 
tagged by robust ubiquitylation are sorted into MVBs/late endosomes via an ESCRT-dependent 
process. EGFRs lacking robust ubiquitylation are recycled to the cell surface. For example, TGFα 
( dark yellow ellipses ) dissociates from EGFR in early endosomes, which leads to receptor deubiq-
uitylation and sorting to the recycling route. Different Rab proteins orchestrate the process of 
vesicle maturation/fusion       
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[ 30 ,  37 ,  38 ] (Fig.  14.1 ). However, the above data by Goh et al. suggest that GRB2 
mediates CME of EGFR also via mechanism/s other than CBL-mediated ubiquity-
lation of the EGFR. CBL is thought to ubiquitylate and regulate key endocytic 
protein/s other than EGFR itself [ 39 ,  40 ] and also promote EGFR endocytosis via 
molecular interactions nucleated by its pro-rich C-terminal tail [ 41 ]. The mechanistic 
role of the K1155-1164 cluster in mediating CME of the EGFR is unclear. These 
lysine residues were found to be acetylated [ 29 ], but it is still unknown whether 
acetylation/deacetylation of the K1155-1164 cluster is in fact involved in regulating 
EGFR endocytosis. 

 While not strictly necessary for CME, CBL-driven EGFR ubiquitylation has been 
proposed to be indispensable for clathrin-independent endocytosis via caveolae [ 34 ] 
(Fig.  14.1 ). Caveolae are fl ask-shaped invaginations of the plasma membrane coated 
by oligomerized caveolin. Fission of caveolae releases vesicles (caveosomes) which 
eventually fuse with early endosomes [ 42 ,  43 ]. Ubiquitylated EGFRs are sorted into 
this endocytic pathway via physical interactions with the Ub-binding domain of 
EPS15, EPS15R, and epsin [ 34 ]. A third route of EGFR endocytosis exploits a 
clathrin- and caveolin-independent mechanism. EGFR activation may lead to the 
formation of circular dorsal ruffl es (CDRs), which are ringlike actin-based protru-
sions of the plasma membrane [ 44 ]. CDRs undergo constriction and fusion, leading 
to the endocytic uptake of large areas of the cell membrane in form of elongated 
tubular structures, from which endocytic vesicles are eventually released. CDRs are 
transient, yet, within their 20–30 min lifetime, they are capable of promoting the 
endocytosis of a large fraction of ligand-engaged EGFRs. 

 What dictates the choice of the endocytic route through which the EGFR is 
cleared from the cell surface? While this decision could depend to some extent on 
the cell context, as suggested in the case of CDR-mediated endocytosis [ 45 ], it 
appears that CME and non-CME routes can be used differentially in the same cell 
depending on the sorting signals displayed by activated EGFR. An elegant model 
has been recently proposed whereby robust EGFR ubiquitylation occurs selectively 
under conditions of high receptor occupancy. Caveolae-dependent endocytosis is 
therefore observed only under these conditions, which, it should be noted, are also 
permissive for CME. Instead, at low receptor occupancy, EGFR lacks detectable 
ubiquitylation and undergoes endocytosis exclusively via the clathrin pathway 
(which, as discussed above, does not have an absolute requirement for EGFR ubiq-
uitylation) [ 34 ,  46 ]. This model has important implications on EGFR post- endocytic 
sorting and signaling, as discussed below.  

14.3     Post-endocytic Traffi c of EGFR 

 Endocytic vesicles released from the plasma membrane fuse with early endosomes 
(EE), a process requiring the Rab5 GTPase. Importantly, EGFR activity drives GTP 
loading of Rab5, thus instigating vesicle fusion [ 47 ]. Early endosomes operate as 
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key endocytic stations: the EGFR may be recycled to the cell surface from their 
tubular extensions or, in alternative, it may be retained onto the limiting surface of 
their vacuolar area and be eventually sorted into their lumen as EEs mature to 
become multivesicular bodies (MVBs)/late endosomes [ 12 ,  13 ] (Fig.  14.1 ). 

 A large and concordant body of literature supports the notion that EGFR 
ubiquitylation is the signal necessary to sort EGF-EGFR complexes into MVBs. 
Monomeric Ub and K63-linked polymeric Ub chains are appended to multiple 
Lys residues located in the receptor kinase domain [ 39 ,  40 ] and function as a 
recognition code for Ub-binding domains located in components of the evolution-
arily conserved ESCRT (endosomal sorting complex required for transport) 
complex [ 48 ]. The CBL-associated E3 ligase activity must target the EGFR 
throughout its endocytic traffi c to maintain the robust ubiquitylation necessary for 
the EGFR to be sequestered by the ESCRT machinery [ 49 ] (Fig.  14.1 ). High-level 
ubiquitylation likely ensures that the low-affi nity binding reactions between Ub 
and Ub-binding domains present in ESCRT components are stabilized via the 
high avidity generated by multivalent interactions [ 48 ]. Sorting into MVBs is ini-
tiated by the physical interaction between the EGFR and the HRS/STAM complex 
(ESCRT-0) in clathrin-coated microdomains of early endosomes [ 50 ,  51 ]. 
ESCRT-I and ESCRT-II, whose components also contain Ub-binding domains, 
are then recruited sequentially onto ubiquitylated EGFR to promote invagination 
of the limiting membrane of MVBs. ESCRT-III eventually drives abscission of 
invaginated membrane domains, thus releasing EGFR into intraluminal vesicles 
(ILVs) [ 48 ] (Fig.  14.1 ). Of note, EGFR signaling drives formation of MVBs [ 52 ], 
again emphasizing the instructive role played by EGFR activity in the course of 
receptor endocytosis. Sorting into ILVs segregates ligand-receptor complexes 
from the cytoplasm, thus terminating the propagation of EGFR signals. Late 
endosomes eventually fuse with lysosomes, a process that seems to require Rab7 
function [ 53 ] (Fig.  14.1 ). It is in the endolysosomes that both EGF and EGFR 
undergo proteolysis. 

 While a great deal of attention has been devoted to dissecting the mechanisms 
involved in EGFR sorting to MVBs, our understanding of how EGFR is recycled 
back to the cell surface is much less detailed. A K15R EGFR mutant (which is cata-
lytically competent but unable to undergo ubiquitylation) interacts poorly with 
ESCRT-0, is not sorted into ILVs, and accumulates onto tubular extension of early 
endosomes [ 54 ]. Rather than accelerating receptor recycling, the K15R mutation 
enlarges the pool of EGFR molecules destined to be recycled [ 54 ]. Thus, recycling 
would appear to be the default fate of internalized EGFR, and escape from this route 
is ensured only by robust receptor ubiquitylation (Fig.  14.1 ). EPS15s, an isoform of 
EPS15 which lacks the ubiquitin interaction motifs, has been recently found to play 
a role in EGFR recycling [ 55 ]. Instead, EPS15b, an isoform lacking the three EH 
domains which couple EPS15 to the CME machinery, interacts with HRS, an 
ESCRT-0 component, and is implicated in sorting of EGFR to MVBs [ 56 ]. These 
data raise the intriguing possibility that molecular recognition of different EPS15 
isoforms could instruct EGFR post-endocytic fate.  
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14.4     Ligand Identity Determines EGFR Endocytic Itinerary 

 The models discussed so far are mainly derived from studies employing EGF as 
EGFR agonist. However, there are six ligands known to be able of binding and 
activating the EGFR, namely, amphiregulin (AR), epigen (EPG), epiregulin (EPR), 
heparin-binding epidermal growth factor like (HB-EGF), transforming growth 
factor α (TGFα), and betacellulin (BTC), besides EGF itself [ 1 ]. Early studies led 
to the discovery that TGFα, at variance with EGF, dissociates from EGFR in the 
mildly acidic pH of early endosomes [ 57 ]. Ligand dissociation interrupts EGFR 
catalytic activity and is therefore followed by swift receptor dephosphorylation, 
disassembly of CBL-EGFR complexes, and receptor deubiquitylation [ 49 ,  58 ]. 
Consequently, EGFRs engaged by TGFα are recycled to the cell surface (Fig.  14.1 ). 

 Departing from the above dissimilarities between EGF and TGFα, a few studies 
have addressed the endocytic fate imposed to the EGFR by each of its ligands [ 59 – 62 ]. 
In a recent study employing the HepG2 cell line, TGFα, EPI, and AR were found to 
cause little, if any, EGFR degradation, consistent with their ability to drive receptor 
recycling. HB-EGF and BTC, instead, were found to drive persistent EGFR down-
regulation followed by receptor degradation; this correlated with protracted EGFR 
ubiquitylation and sorting into late endosomes. EGF-bound receptors had an inter-
mediate behavior, in that both recycling to the plasma membrane and sorting to late 
endosomes could be observed [ 63 ]. While essentially confi rmatory of previous 
 publications [ 1 ], this study is nevertheless relevant since it was the fi rst to carry out 
a comparative analysis using identical experimental methodologies in the same 
 cellular background for all but one EGFR ligands. 

 Ligands eliciting prevalent EGFR recycling are imbued with higher mitogenic 
activity when compared to ligands capable of driving receptor downregulation [ 59 , 
 60 ,  62 ]. Importantly, abrogation of CBL-dependent EGFR ubiquitylation increases 
the mitogenic potency of EGF, while being inconsequential in AR-stimulated cells 
[ 62 ]. Hence, it appears that distinct patterns of endocytic traffi c are causally linked 
to differences in the biological potency of EGFR ligands.  

14.5     Role of Inducible Feedback Inhibitors in EGFR 
Endocytosis 

 Cell surface receptors are engaged in the orchestration of cellular programs whose 
execution may span several hours. For instance, growth factor stimulation is required 
throughout the G1 phase of the cell cycle. In EGF-stimulated cells, a dense network 
of transcriptionally induced regulatory modules controls the execution of G1 
traverse by targeting EGFR-activated signaling pathways at the transcriptional, 
translational, and posttranslational level [ 64 ]. Not surprisingly, the EGFR itself is 
also subject to transcriptionally induced feedback regulation during G1: positive 
loops reinforce EGFR signaling via autocrine production of EGFR ligands, whereas 
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negative feedback loops preside to EGFR downregulation [ 65 ,  66 ]. Four inducible 
feedback inhibitors (IFIs) of the EGFR have been identifi ed so far, namely, LRIG1 
(leucine-rich and immunoglobulin-like domains 1), MIG6 (mitogen-induced gene 
6, also known as RALT or ERRFI1), SOCS4, and SOCS5 (members of the suppres-
sor of cytokine signaling family). They are expressed in mid to late G1 in response 
to EGF stimulation and instruct endocytosis-dependent EGFR degradation [ 66 ]. 
LRIG1 [ 67 ,  68 ], SOCS4, and SOCS5 [ 69 ,  70 ] enhance EGFR ubiquitylation through 
mechanisms which may target inactive (i.e., ligand-free) and ligand-engaged EGFR 
molecules in both CBL-dependent and CBL-independent manner (Fig.  14.2 ). MIG6 
inhibits allosteric activation of the EGFR by binding to the kinase domain of ligand- 
activated receptors [ 71 ,  72 ] (Fig.  14.2 ). Moreover, MIG6 is capable of driving also 
endocytosis and degradation of the kinase-inactive receptors to which it binds, 

  Fig. 14.2    Mechanisms of EGFR inhibition by LRIG1 and MIG6.  Left : LRIG1 binds to ligand-free 
EGFRs via its extracellular portion comprising leucine-rich ( yellow ) and Ig-like ( light blue ) 
domains. Inactive EGFR molecules bound to LRIG1 are endocytosed and degraded via a poorly 
defi ned mechanism. A second mechanism involves activated EGFR inducing tyrosine phosphory-
lation of LRIG1-bound CBL, which is then capable of directing EGFR ubiquitylation. Under 
physiological conditions, it is probable that CBL is recruited to the EGFR both directly, as well as 
in an LRIG1-mediated fashion, to allow for maximal ubiquitylation to take place. Right: MIG6 
binds to the kinase domain of ligand-activated EGFR through its EBR domain. Segment 2 of EBR 
( purple ) binds to the kinase active site and interrupts catalytic activity; segment 1 ( green ) prevents 
the MIG6-bound receiver kinase from acting as activator upon reversal of the asymmetric dimer 
orientation [ 72 ]. Upon docking of the EBR onto the EGFR, the endocytic domain RED ( red ) inter-
acts with endocytic proteins: AP-2 and intersectins (ITSNs) mediate MIG6-dependent endocyto-
sis, whereas SNX8 directs early to late endosome sorting of MIG6-bound EGFRs (not shown)       
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owing to its capacity of recruiting components of the endocytic machinery such 
as AP-2, ITSNs, and sorting nexin 8 [ 73 ,  74 ] (Fig.  14.2 ). Interestingly, MIG6- 
dependent sorting of EGFR to late endosomes does not appear to require EGFR 
ubiquitylation [ 73 ].

   A key question is whether the pro-endocytic function of IFIs provides an essential 
function in EGFR regulation. The affi rmative answer comes from genetic studies 
in mice. Lrig1 expression marks stem cells in skin and gut epithelia, and its loss 
disrupts tissue architecture as a consequence of excess Egfr-driven cell proliferation 
[ 75 – 78 ]. Loss of Mig6 is also associated to aberrant cell proliferation, which may 
progress to tumor formation, in several mouse epithelia, including epidermis, liver, 
colon, and bronchial airways [ 79 – 81 ]. The available evidence suggests that loss of 
either Lrig1 or Mig6 maintains high Egfr expression, therefore heightening cells’ 
responsiveness to limiting concentrations of Egfr ligands and propelling tissue 
hyperplasia [ 66 ,  78 ]. This model is congruent with (a) the bias of IFIs for enforcing 
degradation as the sole endocytic fate of EGFR; (b) the ability of LRIG1, SOCS4, 
and SOCS5 to target also ligand-free EGFRs, a scavenging function aimed at 
preventing EGFR activation; and (c) the dual function of MIG6 as kinase suppressor 
(acting synchronously with ligand binding to ablate receptor signaling) and inducer 
of EGFR degradation (acting diachronically to prevent subsequent rounds of 
receptor activation) [ 66 ].  

14.6     Impact of Endocytic Traffi c on EGFR Signaling 

 Whether destined to recycling or degradation, EGFRs present on the limiting 
membrane of endocytic vesicles abut with their cytoplasmic portion into the cytosol 
and are phosphorylated on tyrosine residues [ 82 ,  83 ], conditions indicative of sig-
naling competence. Hence, an outstanding question concerns the quantitative and 
qualitative contribution of endocytic signaling (i.e., signals transmitted by EGFRs 
located on endocytic vesicles) to overall receptor output. For an in-depth discussion 
of the often confl icting literature related to this topic, the reader is referred to recent 
reviews [ 11 ,  14 ]. Here, we will focus on a few paradigms that illustrate different 
patterns of regulation impinging on EGFR signaling during endocytosis. 

 Removal of active EGFR from the cell surface terminates signaling events con-
fi ned to the plasma membrane. This is the case of phospholipase C gamma (PLCγ), 
whose EGF-dependent activation entails a two-step process, namely, translocation 
to the plasma membrane via an SH2-dependent interaction with EGFR pTyr 992 and 
attendant Tyr phosphorylation by EGFR itself [ 84 – 87 ]. Activated PLCγ hydro-
lyzes PtdIns (4,5)P 

2
  (PIP 

2
 ) to generate the second messengers inositol-1,4,5 trispho-

sphate (IP 
3
 ) and diacylglycerol (DAG). PIP 

2
  can be detected at the plasma membrane 

but not on endosomes [ 88 ]. Thus, EGFR endocytosis leads to fast termination of 
EGF-induced PIP 

2
  hydrolysis [ 89 ] (Fig.  14.3 ). An opposite paradigm holds true for 

EGFR signaling via APPL1 and APPL2 (adaptor protein, phosphotyrosine interac-
tion, PH domain, and leucine zipper containing), which are Rab5 effectors localized 
on immature early endosomes [ 90 ,  91 ]. EGFR activation and endocytosis causes 
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APPL proteins to be released from endosomes and migrate to the nucleus where 
they participate in chromatin remodeling [ 90 ]. In addition, increasing the residence 
time of EGFR in APPL endosomes strengthens ERK activation and AKT signaling 
in an APPL1-dependent manner in HeLa cells [ 91 ]. The PTB domain of APPL1 
binds in vitro to EGFR [ 92 ] and APPL1 reportedly binds to AKT2 [ 93 ], consistent 
with EGFR and APPL proteins being assembled in a transient complex that regu-
lates EGFR signaling on EEs. However, EGF-dependent AKT activation in mouse 
embryo fi broblasts lacking both APPL1 and APPL2 was shown to be normal [ 94 ], 
possibly indicating a subtle role of APPL proteins in regulating AKT signaling 
downstream to EGFR.

  Fig. 14.3    Control of EGFR signaling by endocytosis. EGFR signaling is initiated at the plasma 
membrane upon receptor auto-phosphorylation and ensuing recruitment of signal transducers. 
Catalytically active receptors undergo endocytosis and are capable of transmitting signals until 
they are segregated into ILVs. Sustained EGFR catalytic activation is required to counteract phos-
photyrosine phosphatases (PTPs). Recruitment and activation of PLCγ onto EGFR mediates 
hydrolysis of PIP 

2
 , which is present only at the plasma membrane. Receptor endocytosis segre-

gates EGFR-PLCγ complexes away from PIP 
2
  and terminates PIP 

2
  hydrolysis. EGFR recruits onto 

the plasma membrane of the guanine exchange factor SOS in complex with GRB2, thus activating 
RAS. In turn, RAS is recruited onto the MAPK scaffold KSR1 (not shown for simplicity) to acti-
vate ERK at the plasma membrane. Internalized EGFR still binds GRB2-SOS complexes, thus 
allowing for RAS activation to take place onto endosomes. On late endosomes, transmission of the 
RAS signal to the MAPK module is organized by the MP1 scaffold. EGFR activation causes trans-
location of STAT3 from cytoplasm to cell membranes. Endocytosis of the EGFR-STAT3 complex 
is required for STAT3 to migrate into the nucleus and regulate gene transcription       
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   Endocytic regulation of EGFR signaling via the RAS-ERK pathway follows a 
more complex pattern. EGFR activates RAS by recruiting onto cell membranes the 
guanine exchange factor son of sevenless (SOS) via GRB2-SOS or SHC-GRB2-
SOS complexes [ 95 ]. While it was initially thought that RAS activation takes place 
exclusively at the plasma membrane, a number of biochemical and cell imaging 
studies have shown that, upon EGF stimulation, EGFR, GRB2, SOS, and SHC 
co- localize onto endosomes, leading to RAS activation and signaling via ERK [ 96 ]. 
In fact, ERK activation by RAS is organized by different (and not interchangeable) 
scaffolds, namely, kinase suppressor of RAS 1 (KSR1) at the plasma membrane and 
the p18-p14-MP1 complex on late endosomes [ 96 ,  97 ] (Fig.  14.3 ). Maintaining 
EGFR signaling to RAS throughout the endocytic route is a means to generate sus-
tained signals. In addition, however, activation of RAS at distinct endocytic stations 
allows for fast spatial resolution of RAS-dependent signals. This is illustrated by 
experiments in which the mislocalization of late endosomes had signifi cant conse-
quences not only on the duration of ERK activity but also on the ability of activated 
ERK to migrate and signal into the nucleus [ 98 ]. Likewise, ERK nuclear signaling 
was affected differentially depending on whether EGF-driven ERK activation 
occurred at the plasma membrane or on late endocytic stations [ 99 ]. Although 
K-RAS was shown to undergo CME upon EGF stimulation, there is also evidence 
that RAS proteins may reside stably on endosomes, with endocytosis being differ-
entially required for activation of specifi c RAS isoforms [ 96 ]. Hence, endocytosis 
could also be a means to control EGFR coupling to different RAS isoforms. 

 Yet another scenario in which endocytic traffi c imparts spatial control to EGFR 
signaling is that of receptor endocytosis being required for nuclear translocation of 
either EGFR itself [ 100 – 103 ] or EGFR-activated STAT3 molecules [ 104 ,  105 ] 
(Fig.  14.3 ). 

 The data discussed above provide cogent evidence that EGFRs residing on endo-
somes are coupled to downstream effectors. The actual impact of endocytic signal-
ing on the execution of EGFR-driven biological programs, however, remains 
elusive. Gruenberg and colleagues set out to answer this question by addressing the 
impact of EGFR traffi c on EGF-driven global gene transcription [ 99 ]. Prolonging 
the residence time of EGFR at the cell surface (by simultaneous RNAi to either 
clathrin heavy chain plus dynamin 2 or CBL plus CBLB) or on late endocytic 
stations (by RNAi to either ESCRT-0 or ESCRT-I components) caused a compara-
ble gain of EGFR activity and attendant ERK signaling [ 99 ]. Inhibiting EGFR inter-
nalization increased expression of most genes in the EGF signature, recapitulating 
the effect of EGFR overexpression in the same experimental setting. In contrast, 
retention of EGFR on endosomes did not alter the global profi le and architecture of 
the EGF-dependent transcriptome, although the expression of a small number of 
genes encoding cytokines and components of the NFkB pathway was found to be 
increased [ 99 ]. These data indicate that EGFR signaling at the cell surface is 
primarily responsible for triggering the EGF-driven transcriptional program and 
imply that  endocytosis, in general, restrains this process. However, subtle qualitative 
aspects of the EGF-driven transcriptome appear to be regulated by signals originating 
from endosomes.  
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14.7     Dangerous Liaisons Between Oncogenic EGFR 
and Endocytosis 

 Gain-of-function genetic alterations of  EGFR , in the form of amplifi cation of wt 
alleles, single amino acid substitutions, or in frame deletions, play a causative role 
in the pathogenesis of several human tumors [ 106 – 108 ]. These genetic lesions, 
possibly in concurrence with increased availability of ErbB ligands aberrantly pro-
duced by autocrine or paracrine circuits [ 109 ], confer to EGFR the ability to signal 
constitutively. In turn, constitutive EGFR signaling pushes cells towards the 
acquisition of fundamental traits of the transformed phenotype [ 110 ]. We will now 
discuss how faulty receptor downregulation integrates constitutive catalytic activation 
of the EGFR to provide for unabated oncogenic signaling. 

 Gene amplifi cation leads to massive accumulation of EGFR mRNA and protein. 
Increased EGFR density on the cell surface enhances spontaneous EGFR dimeriza-
tion and thus favors receptor activation [ 111 ]. High-level activation of overex-
pressed EGFRs saturates the low-capacity CME compartment [ 112 ], increasing the 
residence time of activated EGFRs at the cell surface and precluding effi cient recep-
tor downregulation. Faulty endocytosis also propels lateral spreading of EGFR 
activation, thus igniting signaling by unoccupied EGFR molecules [ 113 ]. Moreover, 
EGFR overexpression in tumor cells is frequently accompanied by autocrine pro-
duction of receptor ligands, such as TGFα, EPR, and AR [ 109 ], which, as discussed 
above, uncouple EGFR activation from endocytosis-dependent degradation. Finally, 
massive receptor overexpression is likely to represent also an escape route from 
IFIs, whose regulated expression is geared to handle physiological levels of EGFR. 

 Intrinsic refractoriness to downregulation characterizes the behavior of onco-
genic EGFR mutants. EGFRvIII is found in 20–30 % of GBMs, most often in asso-
ciation with amplifi cation of the wt EGFR  allele [ 114 ]. EGFRvIII is expressed also 
in other type of tumors, most notably head and neck squamous cell carcinomas 
(HNSCC) [ 115 ]. EGFRvIII lacks the region of the extracellular domain encoded by 
exons 2 through 7 and, although unable to bind ligands, signals constitutively [ 116 ]. 
Importantly, EGFRvIII undergoes slow internalization, which is followed by recy-
cling to the cell surface [ 117 ]. EGFRvIII binds poorly to CBL and CBL-associated 
proteins, is not ubiquitylated, and has very low turnover rates [ 117 ,  118 ] (Fig.  14.4 ). 
Defective coupling to the endocytic machinery has been proposed to be caused by 
the submaximal catalytic activity intrinsic to EGFRvIII. According to this model, 
refractoriness to downregulation is key to convert the low-level signaling activity of 
EGFRvIII into a persistent oncogenic stimulus [ 118 ].

   Somatic mutations that target  EGFR  exons 18–21 occur in 10–20 % of non-small 
cell lung carcinomas (NSCLC). These mutations disrupt mechanisms responsible 
for maintaining the auto-inhibited conformation of the EGFR kinase domain, thus 
conferring variable degrees of constitutive catalytic activity [ 108 ,  119 ]. In addition, 
exon 18–21 mutations impair receptor downregulation (Fig.  14.4 ). Several reports 
converge on ascribing such defi cit to reduced CBL-dependent ubiquitylation of 
mutant EGFRs [ 120 – 123 ]. Consequently, NSCLC EGFR mutants show an increased 
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propensity to undergo recycling and co-localize extensively with SRC in recycling 
endosomes [ 124 ]. It must be noted that SRC cooperates with EGFR in cell transfor-
mation assays and signals downstream to mutated EGFR in NSCLC cell lines [ 125 , 
 126 ]. Notably, high-level SRC activity is implied in negative regulation of CBL, as 
discussed below. 

 Receptors of the ErbB family are capable of forming combinatorial dimers, 
which confer great signaling versatility to the ErbB network. Heterodimerization 
is also essential to the workings of ErbB2 (a ligandless receptor prone to dimerize 
with other ligand-bound ErbB RTKs) and ErbB3 (a kinase-defi cient receptor that 
acts as a trans-activator of catalytically profi cient ErbB RTKs and signaling plat-
form for PI-3K activation) [ 1 ]. Importantly, ErbB2 and ErbB3 couple ineffi ciently 
to the endocytic machinery [ 127 ]. Thus, EGFR molecules recruited into heterodi-
mers with either ErbB2 or ErbB3 are prevalently recycled and hence degraded 
rather poorly [ 60 ,  128 ,  129 ]. Several mechanisms concur in altering the endocytic 
fate of the EGFR in the context of heterodimers with either ErbB2 or ErbB3. 
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  Fig. 14.4    Oncogenic EGFRs are degraded ineffi ciently as a consequence of poor coupling to 
CBL-dependent ubiquitylation. Under physiological conditions, regulated SRC activity facilitates 
CBL-dependent ubiquitylation of the EGFR, leading to receptor downregulation ( leftmost panel ). 
Constitutive SRC activation (as found, for example, in tumor cells overexpressing wt EGFR) 
inhibits CBL-dependent ubiquitylation and leads to poor receptor downregulation (second from 
 left ). Heterodimerization with ERBB2 also leads to defective EGFR endocytosis through different 
mechanisms, including poor coupling to CBL. Oncogenic conversion of EGFR by the EGFRvIII 
mutation or mutations in exons 18–21 (EGFRmut) also leads to defective receptor ubiquitylation       
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The rates of endocytic uptake of EGFR-ErbB2 dimers are markedly lower when 
compared to those of EGFR homodimers [ 60 ,  129 ] (Fig.  14.4 ). In addition, heterodi-
merization with either ErbB2 or ErbB3 enhances ligand dissociation in the mildly 
acidic environment of early endosomes [ 60 ]. Lastly, both ErbB2 and ErbB3 do not 
couple to CBL [ 130 ,  131 ]. As a consequence, signals generated by EGFR-ErbB2 or 
EGFR- ErbB3 heterodimers are stronger and more durable than those elicited by 
EGFR homodimers and, predictably, have also higher oncogenic potency [ 1 ]. 
Dimerization with ErbB2 has been suggested to be a means through which exon 
18–21 EGFR mutants escape downregulation in NSCLC cells [ 122 ]. Moreover, 
exon 18–21 EGFR mutants show a high propensity to dimerize also with ErbB3 
[ 132 ], which therefore could contribute to divert NSCLC EGFR mutants from 
degradation. 

 Signaling pathways aberrantly activated by EGFR may also contribute to instigate 
refractoriness of EGFR to downregulation. A point in case is SRC, which, as alluded 
to above, lies downstream to EGFR and cooperates with EGFR in driving cell 
transformation. Besides contributing its own signaling potential, SRC also enhances 
EGFR oncogenic fi ring by inhibiting receptor degradation. SRC may quell CBL-
dependent EGFR ubiquitylation by promoting either sequestration or degradation 
of CBL (Fig.  14.4 ). Sequestration of CBL is achieved via SRC- dependent phos-
phorylation of βPIX (Pak-interacting exchange factor beta). As a consequence, the 
guanine exchange factor activity of βPIX towards CDC42 is increased, along with 
the formation of a CDC42-βPIX complex which sequesters CBL away from the 
EGFR [ 133 ,  134 ]. βPIX phosphorylation and CBL sequestration are short-lived in 
EGF-stimulated normal cells, which have been proposed to provide for transient 
augmentation of EGFR signaling. Instead, in v-Src transformed cells, βPIX 
phosphorylation is constitutive and therefore provides for a robust enhancement of 
EGFR expression and signaling [ 133 ]. The latter mechanism is likely to be at work 
in tumors driven by oncogenic EGFR signaling and exhibiting high-level SRC 
activity. In addition, high SRC activity is associated with accelerated destruction of 
CBL [ 135 ]. It must be noted that functional SRC is required for CBL-mediated 
ubiquitylation of EGFR [ 136 ,  137 ], again suggesting that constitutive, rather than 
timely regulated, activation is key to subvert the role of SRC in EGFR regulation via 
CBL (Fig.  14.4 ). CBL-dependent EGFR ubiquitylation is also inhibited in HNSCC 
cell lines that overexpress cortactin. This is caused by an ill understood reduction of 
EGFR-CBL complex formation [ 138 ]. 

 Owing to their role in regulating EGFR turnover, IFIs have come under scrutiny 
as potential tumor suppressors. Most of the studies published so far are essentially 
descriptive, but in a few instances, there is convincing evidence that loss of IFIs 
unleashes oncogenic EGFR signaling [ 66 ]. For example, homozygous deletions or 
epigenetic silencing of the  ERRFI1 / MIG6  gene have been reported in GBM. These 
alterations occur with the highest frequency in GBMs that contain also  EGFR  
amplifi cation, consistent with a role of MIG6 as an EGFR suppressor [ 74 ,  139 ]. 
Indeed, restoration of MIG6 expression in GBM cell lines reduced their proliferation 
in in vitro assays. This was associated to enhanced sorting of EGFR from early to 
late endosomes and increased rates of EGFR degradation [ 74 ]. Interestingly, MIG6 
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was reported to be unable to promote downregulation of EGFRvIII [ 74 ]. However, 
loss of MIG6 is still likely to promote EGFRvIII-driven oncogenesis given that (a) 
EGFRvIII expression is detected almost invariably in GBM cells carrying concomi-
tant amplifi cation of the wt EGFR  allele and (b) EGFRvIII oncogenic function 
has been ascribed also to its ability to foster EGFR activation [ 140 ]. 

 At variance with Mig6, loss of Lrig1 in the mouse was not reported to increase 
the rate of spontaneous tumor formation [ 66 ]. However, a recent paper has reported 
that genetic ablation of Lrig1 in the mouse intestinal epithelium causes the develop-
ment of highly penetrant duodenal adenomas marked by absence of  Apc  mutations 
and augmented expression and activation of Egfr and ErbB2 [ 76 ]. Interestingly, 
the phenotypes caused by genetic ablation of Lrig1 appear to be dependent upon the 
genetic background [ 78 ], suggesting that the tumor suppressor activity of Lrig1 in 
the mouse is currently underestimated. As a consequence, the investigation and 
modeling of LRIG1 loss in human tumors reliant on oncogenic EGFR signaling are 
bound to receive a great deal of attention in the near future. 

 In most of the above examples, we have discussed alterations of EGFR endocy-
tosis that occur in tumor cells carrying amplifi ed or mutated  EGFR  alleles. However, 
faulty endocytosis may buttress pathogenetically relevant EGFR signaling also in 
tumor cells in which EGFR does not act as a bona fi de driver oncogene. For instance, 
gain-of-function p53 mutants instigate tumor cell invasiveness and proclivity to 
metastatic dissemination by promoting EGFR-driven random cell motility. This is 
due to formation of a molecular complex between EGFR and the α5β1 integrin, 
which, by enhancing recycling of both EGFR and α5β1, causes prolonged EGFR 
activity and stronger AKT signaling [ 141 ]. Another example is typifi ed by the 
reduced turnover rates of EGFR observed in cells exposed to hypoxia and in cancer 
cells carrying loss of function mutations of the Von Hippel-Lindau (VHL) protein. 
The underlying mechanism involves reduced expression of rabaptin, a Rab5-binding 
protein. Loss of rabaptin attenuates Rab5-dependent vesicle fusion, thus prolonging 
the intracellular retention of active EGFR and attendant pro-survival signaling via 
AKT in the cancer hypoxic environment [ 142 ]. 

 In summation, several mechanisms are capable of rendering the EGFR refractory 
to downregulation in tumor cells. Faulty endocytosis is an effective means of altering 
strength, duration, and compartmentalization of EGFR signaling, thus promoting 
cell survival, proliferation, and invasiveness.  

14.8     Concluding Remarks 

 The role of endocytosis in controlling the quality and quantity of signals generated 
by the EGFR over timescales extending from minutes to hours is incontrovertible. 
There is growing appreciation that different endocytic stations serve as platforms 
from which the EGFR relays signals. However, the impact on cell physiology of 
compartmentalized EGFR signal output remains elusive since conclusions reached by 
different investigators are often confl icting. Advances in cell imaging methodologies 
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and the ever increasing availability of chemical tools for acute inhibition of signaling 
proteins are expected to facilitate the analysis of EGFR signaling from endocytic 
stations. Nevertheless, major hurdles to the elucidation of compartmentalized EGFR 
signaling will still be represented by the biochemical and functional heterogeneity 
of endosomes as well as the numerous kinetic variables inherent to the analysis of 
receptor traffi c. This complexity is likely to remain experimentally intractable, 
unless hypotheses are generated with the aid of mathematical models [ 143 ,  144 ]. 

 We have also seen that endocytosis-dependent degradation of the EGFR is a key 
mechanism responsible for negative regulation of receptor signaling. Refractoriness 
to downregulation may be acquired via multiple and often concurrent molecular 
mechanisms and is in fact an integral component of EGFR oncogenic signaling. It 
will be important to understand whether altered EGFR endocytosis impacts on 
tumor responsiveness to anti-EGFR therapeutics.     
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    Abstract     Epidermal growth factor receptor (EGFR) dysregulation drives several 
human pathological conditions, such as glioblastoma and non-small cell lung can-
cer, and as a result, EGFR activation, internalization, and downregulation are exten-
sively studied for their contributions to tumorigenesis. However, while the 
mechanisms for ligand-dependent EGFR activation and internalization are quite 
well understood, current knowledge of ligand-independent mechanisms for EGFR 
activation and traffi cking is obscured by somewhat confl icting data. Thus, unraveling 
the “unorthodox” machinery driving stress-induced EGFR activation and traffi cking 
remains a very important task. 

 We present in this chapter the progression of the EGFR fi eld, acknowledging 
mechanism(s) of stress-dependent activation, internalization, and traffi cking of 
the EGFR. Emphasis is given within the context of cellular oxidative stress, which 
appears to be a common outcome of several types of stressors and pathological 
conditions, as observed in cancers and chemotherapy. In addition, c-Cbl, p38 
MAPK, c-Src, and caveolin-1 are provided as examples of proteins contributing 
to the aberrant EGFR internalization and traffi cking phenotype observed during 
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cellular stress. Lastly, the role of the membrane itself in stress-induced EGFR 
internalization is discussed within the context of ceramide, a membrane sphingo-
lipid generated during oxidative stress, and ceramide-enriched lipid rafts.  

15.1         Introduction: Canonical EGFR Activation, Intracellular 
Traffi cking, and Degradation 

 The EGFR (ErbB1) is a member of the ErbB family of receptor tyrosine kinases 
(RTKs), which also includes ErbB2, ErbB3, and ErbB4. These receptors have a 
vital role in normal cellular processes such as cell division, differentiation, and 
migration, and their overexpression or dysregulation has been linked to a variety of 
human cancers [ 1 – 3 ]. Hence, their activation, particularly that of the EGFR, has 
been a subject of intense studies. 

 The model of EGFR activation has been established wherein ligand binding 
induces receptor dimerization, leading to the activation of its intrinsic tyrosine 
kinase activity, autophosphorylation, and subsequent phosphorylation of down-
stream signaling molecules [ 3 ,  4 ] involved in cellular survival and proliferation. 
Therefore, to control cellular growth and tumorigenesis, the activation of the EGFR 
has to be tightly regulated in a process that includes degradation of the receptor. 
Upon EGF binding, the EGFRs are rapidly internalized from the cell surface through 
numerous pathways, including clathrin-coated pits [ 5 ]. Indeed, the inability of the 
EGFR to be downregulated via clathrin-mediated endocytosis and degradation has 
been linked to its oncogenicity [ 6 ]. 

 Though the exact mechanism by which the EGFRs are recruited into the clathrin- 
coated pits is under investigation, the general paradigm of EGFR internalization is 
as follows. The EGF-activated EGFRs recruit Grb2 (growth factor receptor-bound 
protein 2) which plays a critical role in the binding of adaptor protein 2 complex 
(AP-2) [ 7 ,  8 ]. AP-2 subsequently recruits clathrin (cytosolic scaffold protein that 
mediates vesicle formation) to the plasma membrane which polymerizes to form a 
clathrin coat that provides the framework required for vesicular budding into the 
cell and eventual internalization of the activated EGFRs [ 9 ]. 

 Internalized RTKs, such as the EGFR, undergo a general modulatory phase con-
sisting of a two-step endocytosis process [ 5 ,  10 – 12 ]: (1) a fast ligand-dependent 
internalization step removes activated receptors from the cell membrane and segre-
gates them in endosomes, followed by (2) sorting of internalized RTK molecules to 
lysosomes, where they go through degradation, or recycling back to the plasma 
membrane. Notably, EGFR classifi ed for lysosomal degradation requires recruit-
ment of c-Cbl (cellular Casitas B-lineage lymphoma), which ubiquitinates EGFR [ 13 ]. 
Expectedly, molecular studies impeding clathrin-mediated endocytosis resulted in 
no subsequent lysosomal degradation of the ligand-activated EGFR [ 4 ,  14 ,  15 ]. 
This could maintain prolonged downstream activation of pro-survival and prolifera-
tion molecules such as Akt and ERK1/2 [ 16 ], thereby enhancing cell proliferation 
and tumorigenesis [ 17 ].  
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15.2     Stress-Induced EGFR Activation and Intracellular 
Traffi cking 

 ErbB proteins are not only activated by their associated ligands but may also be 
trans-modulated by other molecules and pathological states. For example, cellular 
stress conditions, such as exposure to ultraviolet (UV) irradiation, ionizing radia-
tions, hypoxia, infl ammatory cytokines, or H 

2
 O 

2
 , induce either tyrosine phosphory-

lation or serine/threonine phosphorylation of EGFR with direct consequences in 
EGFR signaling and intracellular traffi cking [ 18 – 25 ]. In addition to direct effects on 
EGFR phosphorylation, such cellular stress may cause alterations in the cell mem-
brane followed by accumulation and reorganization of surface-related receptor mol-
ecules [ 18 ,  19 ,  26 ]. However, the mechanisms and nature of the proteins involved 
are yet unknown.  

15.3     Oxidative Stress, a Common Denominator 
of Cellular Stressors 

 Various cellular stressors, such as cytokines, chemotherapeutic drugs, UV irradiation 
[ 27 ], and CS exposure [ 28 ], may have a common denominator in their production of 
cellular oxidative (ox-) stress. Therefore, the purpose of this chapter is to provide 
perspective for the mechanistic studies of oxidative stress (ox-stress) modulation of 
EGFR and the subsequent effects on cell proliferation and tumorigenesis. 

 It was reported quite long ago that exposure to short wavelength UV increases 
EGFR tyrosine phosphorylation [ 29 – 31 ]. 

 Huang and coworkers have suggested that UV-induced EGFR tyrosine phos-
phorylation involves formation of reactive oxygen species (ROS) [ 32 ]. In support of 
this hypothesis, they showed that the ROS scavenger N-acetylcysteine (NAC) inhib-
ited UV-mediated receptor tyrosine phosphorylation. At the same time, it was also 
reported that ROS may disrupt specifi c cysteine-containing sequences of tyrosine 
phosphatases, thereby inhibiting their function [ 33 ]. 

 These studies are in agreement with relatively new fi ndings of Fisher et al. showing 
that UV light causes a ligand-independent EGFR Tyr autophosphorylation which 
could be recapitulated by H 

2
 O 

2
 -induced ox-stress. In that study, the inhibition of a 

receptor protein tyrosine phosphatase (RPTP-k) by ox-stress was emphasized as the 
potential mechanism, which contributes to EGFR Tyr phosphorylation following 
UV irradiation of keratinocytes [ 34 ]. 

 However, the observation that UV irradiation causes EGFR kinase activation has 
been recently challenged by other groups that observed no tyrosine phosphorylation 
of EGFR following UV exposure of HeLa cells [ 23 ,  27 ]. 

 Notably, these studies also investigated the intracellular traffi cking of EGFR fol-
lowing UV treatment, and, within that context, Oksvold et al. [ 23 ] concluded that 
ox-stress does not have a role in the observed UV-dependent phenotype of EGFR 
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traffi cking. Therefore, it is still possible that for some unknown technical reasons, 
some studies that use UV irradiation report induction of ROS-dependent cellular 
ox-stress, which leads to EGFR kinase activation (and its Tyr autophosphorylation) 
[ 29 ,  31 ,  34 ], while in some other cases, no detectable ox-stress was generated by the 
UV exposure and therefore no EGFR kinase activation was observed [ 23 ,  27 ].  

15.4     Stress-Dependent EGFR Internalization Is Ligand 
Independent but p38 MAPK Dependent 

 In contrast to the pronounced Tyr phosphorylation induced by EGF, several cellular 
stressors, including UV irradiation, cytokines, chemotherapy drugs, and lipid raft 
disruption (by MβCD), are unable to induce the specifi c phosphorylation of EGFR 
on tyrosine 1045. Therefore, as it has been shown under H 

2
 O 

2
 -induced ox-stress 

[ 21 ,  35 ], UV-irradiated EGFR could be internalized, but could not reach the lyso-
somes for degradation without having the c-Cbl binding site of phosphorylated Tyr- 
1045 [ 27 ,  36 – 39 ]. Furthermore, UV-mediated internalization of the EGFR has been 
shown to be dependent on specifi c residues of the cytoplasmic carboxy-terminal 
region of the receptor. However, different studies implicated different specifi c resi-
dues within that c-terminal region of the EGFR. For example, Oksvold et al. identi-
fi ed the serine residues 1046, 1047, 1057, and 1142 of EGFR as regulators of 
receptor internalization upon UV irradiation, while Zwang and Yarden implicated a 
short segment of the EGFR tail, which included residues 1002–1022 [ 27 ,  36 ]. 

 Subsequent studies by Zwang and Yarden [ 27 ] clearly demonstrated that p38 
MAPK (mitogen-activated protein kinase) was activated under such stressors as 
UV irradiation, cisplatin (chemotherapeutic agent), and cytokines such as TNF-
alpha or interleukin-1 (IL-1). They found that p38 MAPK was essential for the 
EGFR internalization under these stress conditions in HeLa cells. Importantly, 
other groups also found that p38 MAPK is controlling EGFR internalization under 
cellular stress [ 39 – 41 ]. 

 Yarden et al. further demonstrated that EGFR does undergo stress-induced phos-
phorylation dependent on p38 MAPK, which results in the phosphorylation of sev-
eral serine and threonine residues within a short segment of EGFR (residues 
1002–1022). These authors also reported that they observed some differences in the 
cellular localization of EGFR in response to cytokines or to UV exposure in per the 
different kinetics of p38 MAPK activation. In contrast to the EGF-induced endocy-
tosis, these pathways involve no EGFR ubiquitination, thus leading to intracellular 
accumulation without EGFR degradation [ 27 ]. 

 Importantly, the accumulation of EGFR tends to occur in different cellular sites. 
Stress-induced internalization due to cytokine stimulation results in receptor recy-
cling to the plasma membrane. On the other hand, under UV irradiation, EGFR is 
blocked in early endosomes [ 27 ]. It was also shown that the EGFR phosphorylated 
by p38 MAPK was internalized via the clathrin-dependent pathway, which directed 
the endocytosed receptors to Rab5-containing early endosomes. As soon as p38 
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MAPK is inactivated, the internalized receptors may undergo dephosphorylation 
and cycle back to the cell surface [ 27 ]. 

 Additional data generated by another group in HeLa cells [ 40 ] presented the 
same rationale: it was shown that it was enough to treat the cells with anisomycin, 
which activates p38 MAPK, to induce internalization of EGFR, and vice versa, 
specifi c inhibition of p38 MAPK stopped UV-induced EGFR endocytosis. Both 
Vergarajauregui et al. and Zwang and Yarden proposed that prompting the p38- 
mediated EGFR internalization represents a mechanism to preclude proliferative or 
survival signals under stress conditions and enhance the apoptotic mechanisms to 
get rid of the stress-defected cell. 

 In agreement with the above ideas, keratinocytes were treated with MβCD to 
disrupt lipid rafts and were found to subsequently display a ligand-independent 
internalization process that removes the EGFR from the cell surface in a p38 
MAPK-dependent manner [ 39 ]. Other stress conditions such as keratinocyte mono-
layer scratch wounding could also induce this peculiar mechanism of EGFR inter-
nalization that is not ligand dependent but rather p38 dependent [ 41 ]. 

 However, as already mentioned above, it seems that Zwang and Yarden did not 
observe any effects of ox-stress neither under UV irradiation of cells nor under 
cytokines or cisplatin treatments. Therefore, no activation of EGFR kinase and 
receptor autophosphorylation on tyrosines was reported [ 27 ]. This is in striking 
contradiction to reports by other groups [ 20 ,  34 ]. For example, Benhar et al. showed 
that cisplatin-induced p38 activation was blocked by treatments with the antioxi-
dants glutathione (GSH) or N-acetylcysteine (NAC), as well as by more specifi c 
inhibitors of mitochondrial NAPDH oxidase [ 20 ]. Perhaps, some discrepancies 
between studies may evolve because of using different cells or simply different 
technical conditions. 

 The issue of induction of oxidative stress (ox-stress) could be very critical to the 
outcome of cell fate. 

 While the internalization of an EGFR that is not phosphorylated on tyrosines 
could indeed represent a conserved mechanism of preventing signals of growth in 
cells undergoing stress, it is equally possible that the internalization of an activated 
EGFR (aberrantly phosphorylated on tyrosines) without a negative feedback of 
receptor degradation could represent a survival mechanism under the same stress 
conditions and could also be one of the mechanisms adopted by cancerous cells to 
overcome the need for paracrine growth signaling    (Figs.  15.1 ,  15.2  and  15.3 ).

     Consistent with that possibility, several groups, including Levitzki et al. [ 20 ,  38 ], 
pointed out that tumor cells are known to contain elevated levels of ROS, as mea-
sured by H 

2
 O 

2
  levels or by enhanced oxidative damage [ 42 ,  43 ]. Levitzki et al. 

found that cisplatin activates EGFR and Src in cancer cells, which could be explained 
by generation of ROS. This survival mechanism under stress, caused by cisplatin, 
could obviously counteract the drug’s main mission of killing cancer cells via cross- 
linking their DNA [ 38 ]. Others have also considered the possible involvement of 
ROS as important regulators of stress responses in many cell types and implicated 
ROS in MAPK(s) activation [ 44 – 47 ].  
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15.5     Cigarette Smoke and H 2 O 2  Induce Oxidative Stress 
That Causes Aberrant EGFR Activation 

 (a)  H  
2
  O  

2
  is a ubiquitous molecule that is able to cross cell membranes freely. It is 

present in several air pollutants, including the vapor phase of CS. It is also detected 
in exhaled air of humans [ 48 ], and amounts of exhaled H 

2
 O 

2
  appear greater in 

subjects with lung infl ammation [ 49 ] and in smokers [ 50 ]. 

  Fig. 15.1    EGFR is aberrantly phosphorylated under oxidative stress exposure, impairing (I) c-Cbl 
binding, (II) ubiquitination, and (III) subsequent clathrin-dependent endocytosis and sorting for 
lysosomal degradation       
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 H 
2
 O 

2
  belongs to the group of ROS that includes also superoxide anion (O 2- ) and 

hydroxyl radical ( - OH). Historically, the participation of ROS in diseases was 
explained with simplistic chemistry, in which critical cell proteins and lipids were 
randomly oxidized and rendered inactive for their roles in normal cell function [ 51 ]. 
The recognition that ROS function as signaling molecules has been more recent. It 
is well known that ROS regulate important steps in the signal transduction cascades 
and many critical cellular events [ 52 – 55 ]. As a result, ROS are involved in biologic 
processes ranging from normal tissue homeostasis to many human diseases. In this 
chapter, we present studies, which investigated the role of H 

2
 O 

2
 -induced ox-stress in 

cell proliferation and tumorigenesis through EGFR signaling [ 56 ,  57 ]. 

  Fig. 15.2    EGFR exposed to oxidative stress acquires abnormal phosphorylation and aberrant acti-
vated conformation that impairs canonical dimerization. EGFR is bound to both active c-Src and 
phosphorylated Cav-1. This novel active state of EGFR could be supported by simultaneous 
changes in membrane structure/fl uidity induced by oxidative stress-dependent increase in cellular 
ceramide levels       
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 (b)  Cigarette smoke produces H  
 2 
  O  

 2 
  -induced ox-stress : Since H 

2
 O 

2
  is known to be a 

major component of the gas phase of CS [ 58 ], a study was undertaken by the 
Goldkorn group to determine whether CS has a similar effect as H 

2
 O 

2
  on EGFR 

activation in Human Airway Epithelial (HAE) cells, which included primary, 
immortalized, and transformed cells. 

 First, it was demonstrated that CS generates an amount of H 
2
 O 

2
  that is compa-

rable to the amount generated by the enzyme glucose oxidase (GO), which was used 
in earlier studies to artifi cially generate H 

2
 O 

2
  [ 21 ,  35 ,  59 ]. Next, it was not only 

shown that CS can activate the EGFR in a dose- and time-dependent manner, but 
also that it aberrantly phosphorylated the receptor with a pattern of phosphorylation 
sites that was different from that induced by the ligand, EGF, but identical to the 
phosphorylation pattern induced by GO (namely, H 

2
 O 

2
 ). Moreover, the EGFR was 

not activated and very little or no H 
2
 O 

2
  could be detected in cell culture medium 

exposed to CS in the presence of glutathione (GSH), an antioxidant that specifi cally 
targets H 

2
 O 

2
  and organic hydroperoxides, demonstrating that the H 

2
 O 

2
 -induced 

ox- stress was necessary for the activation of EGFR in HAE cells exposed to CS. 
 However, at the present time, there is no claim that H 

2
 O 

2
  is the sole component 

in CS to cause the aberrant activation of the EGFR, although required. Rather, the 
previous knowledge of the effects of H 

2
 O 

2
  on the EGFR was used to draw parallels 

to the effects of CS on the receptor and suggest that CS-generated H 
2
 O 

2
  has a major 

role in the aberrant activation of the EGFR in the context of CS exposure [ 28 ]. 

  Fig. 15.3    Modeling EGFR structure/function alterations and change in kinase domain conforma-
tion that may lead to TKI resistance following oxidative stress exposure       
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 (c)  The aberrant activation of EGFR by H  
 2 
  O  

 2 
   and CS : Several reports  demonstrated 

the inactivation of protein tyrosine phosphatases (PTPs) by H 
2
 O 

2
  and thus suggested 

that this was the cause responsible for EGFR-enhanced tyrosine phosphorylation 
under ox-stress [ 34 ,  56 ,  60 – 62 ]. For example, data published by Xu et al. indicated 
that H 

2
 O 

2
  induced phosphorylation of EGFR on Y1068, while PTP activity was 

reduced to ~70 % of control. However, Goldkorn et al. as well as Reynolds et al. 
showed that H 

2
 O 

2
  did not induce phosphorylation of a kinase-dead EGFR [ 59 ,  63 ], 

demonstrating that the kinase activity of the receptor is required for its activation by 
H 

2
 O 

2
  and that the bulk inactivation of PTPs cannot explain the phenomenon of dif-

ferential EGFR tyrosine phosphorylation when compared to the EGF-activated 
EGFR. 

 More specifi cally, it was reported that under both CS-induced H 
2
 O 

2
  and direct 

H 
2
 O 

2
  exposure, the pattern of EGFR phosphorylation is aberrant and different from 

the pattern of phosphorylation sites induced by EGF binding. Particularly, tyrosine 
(Tyr) 845 is robustly phosphorylated, and Tyr-1045 phosphorylation remains absent, 
which ultimately results in an active EGFR that is unable to undergo normal down-
regulation, and demonstrates impaired traffi cking and degradation. 

 Upon H 
2
 O 

2
 -induced ox-stress, the aberrantly activated EGFR is unable to bind 

c-Cbl and thus is neither ubiquitinated nor targeted to lysosomes for degradation. 
Instead, EGFR is strongly associated with phosphorylated Cav-1 in a Src-dependent 
manner and thus is recruited into caveolae and not into clathrin-coated pits [ 21 ,  28 , 
 35 ,  56 ,  59 ]. Such ox-stress-dependent impairment of clathrin-mediated endocytosis 
and lysosomal degradation of the EGFR [ 4 ,  14 ,  15 ] result in prolonged downstream 
activation of pro-survival and proliferative molecules such as Akt and ERK1/2 [ 16 ]. 
This coincided with enhanced cell proliferation [ 64 ] and was shown to facilitate 
tumor promotion processes in the epithelial cell line T51B [ 65 ] as well as to mediate 
tumor promotion in other nonneoplastic rat liver epithelial cells [ 17 ]. 

 To gain more insight into H 
2
 O 

2
 -induced EGFR signaling and hyperplasic 

responses, the role of the E3 ligase c-Cbl, as a possible link between ox-stress, 
EGFR signaling, and tumorigenesis was further examined.  

15.6     c-Cbl and EGFR Under Oxidative Stress 

 (a)  c-Cbl does not bind EGFR under exposure to ox-stress : It is well established 
that upon EGF stimulation of cells, c-Cbl binds directly to the EGFR via Tyr-1045 
[ 35 ] and indirectly through the SH3 domain of Grb2 [ 66 ]. c-Cbl binding and its 
consequential phosphorylation result in the activation of the E3 ligase activity of 
c-Cbl, recruitment of the ubiquitin-conjugating enzyme Ubc-H7 [ 67 ], and EGFR 
ubiquitination. 

 On the other hand, upon mapping the EGFR phosphorylation sites, it was found 
that phosphorylation at Tyr-1045, the docking site for c-Cbl [ 13 ], was abrogated 
under ox-stress and thus could not be ubiquitinated and degraded. Therefore, it was 
suggested that this defi ciency might have a key role in linking ox-stress, the EGFR, 
and tumorigenesis by conferring prolonged receptor signaling [ 21 ]. 
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 To gain a better understanding of how a receptor lacking c-Cbl binding may lead 
to tumorigenesis, the mutant EGFR (Tyr-1045 to Phe) was ectopically expressed in 
CHO cells to determine whether the lack of phosphorylation at this site is indeed the 
only cause for prolonged EGFR retention at the membrane under ox-stress. 
Additional fi ndings suggested that the inability of the EGFR to bind c-Cbl under 
ox-stress is not solely due to its abrogated Tyr-1045 phosphorylation because the 
Y1045F mutant is still able to bind c-Cbl, probably indirectly via Grb2. 

 Indeed, other studies suggested that c-Cbl is recruited to the activated EGFR 
through both direct and indirect binding [ 68 ,  69 ]. Whereas direct c-Cbl-EGFR inter-
action is mediated through phosphorylated Tyr-1045 on EGFR [ 13 ], indirect c-Cbl-
EGFR interaction is primarily mediated through Grb2. The SH3 domain of Grb2 
binds to proline-rich sequences of c-Cbl, whereas the SH2 domain binds to auto-
phosphorylated EGFR [ 8 ,  70 ]. Consistently, Huang and Sorkin [ 71 ] reported that 
knockdown of Grb2 by RNA interference inhibits clathrin-mediated endocytosis of 
the EGFR even following exposure of cells to EGF. This was linked to the impaired 
recruitment of the RING domain of c-Cbl to EGFR. 

 Interestingly, the two sites for Grb2 recruitment to the EGFR, Tyr-1068 and Tyr- 
1086, are phosphorylated under H 

2
 O 

2
  exposure, but Grb2, which is still bound to 

c-Cbl, does not bind the EGFR. Furthermore, Shc, whose phosphorylation and 
binding to Grb2 had been shown to be responsible for Grb2 recruitment to the 
EGFR [ 8 ], is still phosphorylated under H 

2
 O 

2
  exposure and is still able to bind to the 

EGFR. Therefore, it is possible that Grb2 fails to bind to the EGFR under ox-stress 
exposure due to conformational changes in the EGFR, and in fact, Goldkorn et al. 
[ 26 ,  72 ] have shown that ox-stress induces a novel active kinase conformer of the 
receptor, which is described in details at paragraph 8 of this chapter (below). 

 Undoubtedly, the studies with the Y1045F mutant (MT) EGFR [ 35 ] led to a bet-
ter understanding of why c-Cbl fails to bind to the EGFR under ox-stress, which is 
due to both the abrogation of phosphorylation of Tyr-1045 and the lack of Grb2 
binding, thereby resulting in a receptor unable to undergo normal internalization 
through the early endosomes and subsequent downregulation [ 59 ]. 

 (b)  When is c-Cbl actually required for EGFR sorting?  Early on, several studies led 
to some confusion about when and where c-Cbl is required for EGFR internaliza-
tion, as well as the role of EGFR Tyr-1045 phosphorylation in c-Cbl recruitment. 
For example, Jiang and Sorkin [ 68 ] showed data suggesting that the Y1045F EGFR 
MT was internalized despite its inability to undergo ubiquitination, whereas 
Mosesson et al. [ 73 ] demonstrated that the Y1045F MT is internalization resistant. 
At the same time, Duan et al. [ 74 ] showed in c-Cbl -/- mouse embryonic fi broblasts 
that the EGFR could still be internalized following EGF stimulation. 

 In order to gain a better understanding of the consequences of EGFR inability to 
recruit c-Cbl under ox-stress, the exact cellular compartment where c-Cbl-mediated 
ubiquitination is necessary for EGFR sorting was investigated. In particular, 
Goldkorn et al. showed [ 35 ] that the administration of PP1 (a Src family kinase 
inhibitor) to A549 cells blocked the EGF-induced phosphorylation of c-Cbl (but not 
of the EGFR) and the ubiquitination of the EGFR, without inhibiting the internal-
ization of the receptor into early endosomes. Notably, an effi cient binding of c-Cbl 
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to the EGFR was observed upon EGF stimulation in the presence of PP1 [in both 
wild-type (WT) and Y1045F MT receptors], which implies that the tyrosine phos-
phorylation of c-Cbl is not required for its binding to the EGFR or for its role in 
EGFR entry into the early endosomes. 

 Subsequently, PP1 inhibitor was used to identify at which stage of EGFR intra-
cellular sorting c-Cbl-mediated ubiquitination is required in EGFR traffi cking. At 
extended time points, EGFR treated with PP1 and EGF remained associated with 
EEA1, an early endosomal marker. Only when PP1 was removed and c-Cbl phos-
phorylation and EGFR ubiquitination recovered, EGFR did migrate out of the early 
endosomes. Therefore, it turned out that the c-Cbl requirement and its mediation of 
ubiquitination may be very important for controlling EGFR exit from the early 
endosomes. 

 In summary, the major fi ndings of that study [ 35 ] were that c-Cbl binding to the 
EGFR is suffi cient to enhance receptor internalization, whereas the E3 ligase 
activity of c-Cbl and EGFR ubiquitination are required for EGFR traffi cking out of 
the early endosomes and eventual transport to the lysosome for degradation of the 
receptor. In addition, that study also implied that the lack of Tyr-1045 phosphory-
lation during exposure to ox-stress is probably not the only factor in the inability of 
EGFR to enter the late endosomes. Rather, the role of Grb2 in the recruitment 
of c-Cbl as an adaptor added an additional level of complexity to the mechanism of 
EGFR sorting under ox-stress. 

 Importantly, the degree of intricacy was further expanded by other studies that 
demonstrated that several proteins with ubiquitin interaction domains are in fact 
required for EGFR transfer from the early endosomes to other vesicular bodies for 
degradation [ 75 ,  76 ]. For example, the proteins Hrs and Tsg 101 were shown to be 
involved in a large sorting complex that is “somehow” responsible for coupling 
EGFR transfer between early and late endosomes. Although the detailed mecha-
nism has yet to be identifi ed, one can imagine a situation where this large protein 
sorting complex binds to the ubiquitinated EGFR, thus allowing its transfer into the 
late endosomes.  

15.7     EGFR Perinuclear Sorting Under Oxidative Stress 

 In light of the above studies, the next question would be how EGFR is specifi cally 
sorted under ox-stress. Findings by Goldkorn et al. [ 59 ] suggested that, under ox- 
stress, EGFR is able to undergo clathrin-independent endocytosis and is sorted to a 
perinuclear compartment, where it is not degraded and remains active. The mecha-
nism of this traffi cking involves activation of Src by H 

2
 O 

2
 , which subsequently 

phosphorylates Cav-1 at Tyr-14 and triggers the caveolar endocytosis of EGFR. 
 Cav-1 and Cav-2 hetero-oligomerize and form caveolae, which are integrated 

into the lipid raft [ 77 – 81 ]. It has been suggested that Cav-1 can function in caveolae 
in a manner analogous to the way clathrin adaptors draw membrane receptors to 
coated pits and/or drive membrane invagination and budding [ 77 ]. Cav-1 is known 
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to interact directly with many signaling molecules through its caveolin-scaffolding 
domain at residues 82–101 [ 82 ,  83 ]. Indeed, EGFR has been reported to interact 
with the caveolin-scaffolding domain through a caveolin-binding sequence motif 
located in the intracellular kinase domain (residues 898–905) of the receptor [ 82 ,  84 ]. 
To elucidate the mechanism by which EGFR is being traffi cked to the perinuclear 
compartment under ox-stress, the involvement of Cav-1 was investigated. 

 Expressing a wild-type (WT) Cav-1 or a Tyr-14 MT (Y14A) Cav-1 in a cell cul-
ture model, Goldkorn et al. demonstrated that EGFR constitutively associates with 
Cav-1. However, Cav-1 was phosphorylated on Y14 only in the presence of H 

2
 O 

2
  

and was subsequently accumulated together with EGFR in the perinuclear compart-
ment. When either Src was inhibited or when the Y14A Cav-1 MT was overex-
pressed, EGFR accumulation was not observed at that unusual site [ 59 ]. 

 Since caveolae-mediated endocytosis has been reported by others to be Src 
dependent, the data in this study are consistent with the notion that H 

2
 O 

2
  induces 

caveolae-mediated endocytosis of EGFR and that Src-dependent Cav-1 Tyr-14 
phosphorylation plays an essential role in the process. 

 Furthermore, although there have been reports that several Src family kinases 
(SFKs) are involved in ox-stress-induced phosphorylation of Cav-1 [ 85 ,  86 ], the 
observation that EGFR Tyr-845, a c-Src target [ 87 ], is robustly phosphorylated 
under ox-stress suggests that c-Src involvement is not coincidental. Consistently, 
Dittmann et al. have recently described a radiation-induced mode of EGFR traffi ck-
ing to the nucleus, and the specifi c knockdown of c-Src (by siRNA) blocked EGFR 
phosphorylation at Y845 as well as the phosphorylation of Cav-1 at Y14, and 
resulted in the blockade of EGFR transport into the nucleus [ 24 ]. It should also be 
noted that Sanguinetti et al. [ 88 ] have reported that c-Abl (Abelson murine leukemia 
viral oncogene homolog) kinase expression is required for ox-stress-induced phos-
phorylation of Cav-1, although its eventual role in the perinuclear sorting of EGFR 
remains to be determined. 

 Even though the above study [ 59 ] demonstrated that Src-mediated phosphoryla-
tion of Cav-1 Tyr-14 was necessary for caveolar endocytosis of EGFR under ox- 
stress, the exact role of Cav-1 remains to be determined. Pelkmans et al. [ 89 ] 
suggested that the manner in which caveolar cargo is taken up and released depends 
on how the cargo interacts with Cav-1 as well as with other caveolar proteins and on 
how the cargo is infl uenced by compartment-specifi c signals such a pH changes. 
Goldkorn’s model thus far indicates that H 

2
 O 

2
  activation of EGFR results in aber-

rant receptor phosphorylation that precludes it from being sorted through clathrin- 
coated pits for eventual lysosomal degradation [ 21 ,  35 ]. Concomitantly, H 

2
 O 

2
  (but 

not EGF) activates c-Src, which in turn phosphorylates Cav-1 at Y14 (a proposed 
trigger for caveolar endocytosis) and also dynamin-2 (at Y231/Y597), which is 
thought to localize at the neck of caveolae such that stimulation of its GTPase activity 
leads to vesicle fi ssion [ 90 – 92 ]. Through this route of caveolar endocytosis, H 

2
 O 

2
 -

activated EGFR is traffi cked to a perinuclear region where continued receptor sig-
naling is identifi ed via Tyr-1173 phosphorylation, potentially contributing to 
prolonged proliferative signaling [ 26 ,  59 ] and tumorigenesis.  
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15.8     Activated Conformation of EGFR Under Oxidative Stress 

 Ox-stress activation of EGFR was found to be ligand independent, did not induce 
“classical” receptor dimerization, and was not inhibited by the TKIs AG1478, erlo-
tinib (Tarceva) and gefi tinib (Iressa) [ 26 ,  72 ]. Thus, an unprecedented, activated 
state of EGFR is generated under ox-stress. This activation mechanism was also 
described to be temperature dependent, suggesting the simultaneous involvement of 
membrane structure [ 26 ]. 

 Recent data from Chung et al. [ 93 ], as well as the work of Bublil et al. [ 94 ], 
demonstrated that EGFR does not need an extracellular ligand to form dimers. 
EGFR continuously changes from a monomer to a dimer state, where the interac-
tions between the intracellular domains are as important as that of the extracellular 
regions of the receptor in forming such dimers, thereby supporting the need of better 
understanding the mechanisms involved in the ligand-independent activation of 
EGFR and the physiological relevance of such mechanisms. 

 Very important indication that EGFR exposed to ox-stress undergoes a unique 
conformational change was supported by the fi nding that EGFR was strongly asso-
ciated with c-Src. Moreover, the interaction between EGFR and c-Src was not 
dependent on the activation of c-Src because it persisted even in the presence of the 
c-Src kinase inhibitor PP1. Consistently, it was reported that under physiological 
conditions c-Src stably interacts with ErbB2, but not with EGFR/ErbB1, because 
of structural differences in the kinase domains of the two receptors [ 95 ]. 
Additionally, studies with the L858R EGFR MT also demonstrated that this MT 
could bind c-Src, whereas the WT EGFR under physiological conditions could not. 
The L858R EGFR MT was crystallized and shown to possess a protein conforma-
tion that differs from that of the WT EGFR at the level of the kinase domain, car-
rying a constitutively open “activating loop.” Interestingly, the L858R EGFR MT 
was shown to have a similar functional phenotype to that of the WT EGFR exposed 
to ox-stress, previously described by Goldkorn et al. [ 21 ,  35 ,  59 ]: i.e., prolonged 
phosphorylation/activation, lack of Y1045 phosphorylation followed by lack of 
ubiquitination, impaired traffi cking, and degradation and constitutive interaction 
with c-Src, without any ligand stimulation [ 96 – 99 ]. This further supported the idea 
that H 

2
 O 

2
  induces a conformational change in the intracellular kinase domain of 

EGFR. Accordingly, dimerization of the extracellular domain could not be cap-
tured by the EDAC (1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide) cross-
linker neither for the WT EGFR under ox-stress [ 26 ,  72 ] nor for the L858R MT 
(unpublished observations). 

 Intriguingly, though WT EGFR under ox-stress appears to acquire a novel acti-
vated conformation, this conformation seems to be different from that of the L858R 
EGFR MT, which is known to be sensitive to TKIs [ 100 ]. Consistently, by employ-
ing a novel anti-EGFR antibody (α4-2 mAb) that is susceptible to the conforma-
tional changes induced by EGF binding to the receptor [ 101 ] or by the somatic 
mutation L858R, it was confi rmed that CS/H 

2
 O 

2
 -generated ox-stress induces a 

unique active conformation of the receptor [ 26 ,  72 ], which is different from that of 
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both the EGF-induced WT EGFR and the L858R EGFR MT. Furthermore, this 
unique conformation/activation mechanism appeared to be temperature dependent, 
suggesting the simultaneous involvement of membrane structure [ 26 ].  

15.9     Is EGFR Aberrant Conformation Under Oxidative 
Stress Supported by Ceramide Generation? 

 Recently, Goldkorn et al. demonstrated that EGFR phosphorylation by ox-stress 
(CS/H 

2
 O 

2
  exposure of HAE cells) is temperature dependent, suggesting membrane 

involvement [ 26 ]. Furthermore, the TKI AG1478 was ineffective in quenching 
EGFR phosphorylation by H 

2
 O 

2
  in living cells, but capable of inhibiting EGFRs in 

a crude membrane fraction, where the normal membrane structure was destroyed. 
This supports the novel concept that the fl uidity and structure of the membranes 
may be involved in either inducing or stabilizing the novel ox-stress-induced active 
conformation of EGFR [ 72 ], a theory encouraged by several interesting observa-
tions involving the EGFR and the membrane lipid components by other groups. 

 It was previously reported that disruption of cholesterol-enriched lipid rafts 
causes ligand-independent activation of EGFR [ 102 ]. One explanation was that a 
population of EGFRs is strongly associated with lipid rafts and their disruption by 
a cholesterol-sequestering agent, such as MβCD, would cause the relocalization of 
EGFR in non-raft portions of the plasma membrane where it could be activated due 
to its release from raft-associated inhibiting factors [ 103 ]. However, recent studies 
suggested the existence of at least two kinds of raft populations, the cholesterol- 
enriched and the ceramide-enriched rafts. The ceramide-enriched rafts are typically 
generated through cholesterol displacement by ceramide and are “less fl uid” [ 104 ]. 
Therefore, Goldkorn et al. proposed a new role for ceramide generation under ox- 
stress exposure in stabilizing the EGFR aberrant activated conformation. 

 Developing this theory over the last 10 years, Goldkorn et al. have been investi-
gating the mechanism of ceramide generation under ox-stress in the lungs, showing 
that ceramide levels are increased not only in the membranes of HAE cells but also 
in the lungs of mice exposed to H 

2
 O 

2
  generated by cigarette smoke [ 105 – 110 ]. 

 First, it was suggested that ceramide can induce the merging of lipid rafts in big-
ger signaling ceramide-enriched membrane platforms [ 104 ,  111 – 115 ]. 

 Second, ceramide generation could support EGFR activation under ox-stress and 
may displace cholesterol in membrane rafts and thus support changes in the EGFR 
conformation, whereas cholesterol uptake in the plasma membrane could inhibit 
such ox-stress-induced activation of EGFR [ 26 ]. 

 Third, because Goldkorn et al. were not able to demonstrate cholesterol deple-
tion upon cellular ox-stress, it was suggested that the generation of cellular ceramide 
(as a result of exposure to ox-stress) may just displace cholesterol from the rafts, 
thereby disrupting cholesterol-enriched rafts and leading to EGFR relocalization to 
the more rigid ceramide-enriched rafts. 
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 Indeed, it was recently shown for the fi rst time that ox-stress-activated EGFR, as 
well as activated c-Src, colocalize within such ceramide-enriched regions of HAE 
cells. In particular, at early time points of ox-stress exposure (15 min), active EGFR 
and elevated ceramide colocalize primarily in the plasma membrane of the cells. 
Later on (30 min), such colocalization is observed mainly in a perinuclear region of 
the cells. Interestingly, as already mentioned above, Goldkorn et al. have previously 
shown that ox-stress-activated EGFR, unlike the EGF-stimulated receptor, is not 
internalized via clathrin-coated pits; while it is not degraded and remains active, 
EGFR can then traffi c via caveolae to the perinucleus because of strong association 
with phosphorylated Cav-1 [ 35 ,  59 ]. Moreover, the ox-stress-activated EGFR colo-
calized with the early endosome marker EEA-1 [ 35 ,  59 ] and the recycling endo-
some marker Rab-11 (unpublished observation). Taken together, the generation of 
ceramide followed by cholesterol displacement may have a role in the aberrant traf-
fi cking of EGFR via caveolae to the perinuclear region under ox-stress exposure. 
Consistent with this hypothesis, it has been recently shown that ceramide generation 
increases the recruitment of Cav-1 into caveolae [ 116 ,  117 ]. 

 Given the well-established pathophysiological function of EGFR and ceramide 
in carcinogenesis and severe lung injury, respectively, the data presented demon-
strate that EGFR in airway epithelial cells exposed to ox-stress is not only aber-
rantly phosphorylated but also acquires a novel conformation that occurs in parallel 
with ceramide accumulation [ 110 ,  118 – 125 ]. Additionally, alterations in EGFR 
conformation are accompanied by c-Src binding to the receptor. Whether the change 
in EGFR conformation under ox-stress occurs as a result of simultaneous alterations 
in the membrane structure or happens independently and is only being stabilized by 
the simultaneous membrane changes requires additional studies.  

15.10     Biological and Clinical Outcomes: Constitutively Active 
EGFR-Driven Non-small Cell Lung Cancer (NSCLC) 
Cells Are Sensitive to TKIs but Become Resistant Under 
(CS-Induced) Oxidative Stress 

 The EGFR and its downstream signaling are implicated in lung cancer development. 
Therefore, much effort was spent in developing specifi c tyrosine kinase inhibitors 
(TKIs) that bind to the EGFR ATP pocket, blocking EGFR phosphorylation/signal-
ing. Clinical use of TKIs is effective in a subset of lung cancers with mutations in 
the EGFR kinase domain. However, these benefi ts are limited, and emergence of 
TKI resistance results in disease progression. 

 Canonically, resistance to TKIs is attributed to additional somatic mutations in 
EGFR, the T790M being the most common [ 126 – 128 ]. However, the fi rst post-
translational mechanism of EGFR resistance to TKIs (with no additional somatic 
mutations or kinase overexpression) was recently described in the context of ox-
stress exposure of lung epithelial cells [ 26 ,  72 ]. Short (15–30 min) exposure of 
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HAE cells, both normal and transformed (NSCLC) cells, to CS or H 
2
 O 

2
  causes 

aberrant phosphorylation/activation of EGFR, resulting in a conformation that is 
different from that induced by the ligand EGF or by some well-characterized 
activating somatic mutations of the EGFR kinase domain (such as the L858R). 
Unlike EGF-activated EGFR, CS/ox-stress-activated EGFR is not inhibited by 
TKIs (AG1478, erlotinib, gefi tinib); in fact, the CS/ox-stress exposure induces TKI 
resistance even in the TKI-sensitive EGFR mutants (L858R and 746–750 deletion 
MT EGFR). These data demonstrated that CS/ox-stress exposure not only stimu-
lates aberrant EGFR phosphorylation impairing receptor degradation but also 
induces a different EGFR conformation and signaling that are resistant to TKIs. 
Together, these fi ndings offer new insights into CS-induced lung cancer develop-
ment and TKI resistance. 

 Importantly, while the “classic” somatic mutations of EGFR and the CS-induced 
receptor alterations may result in similar phenotypes (in terms of EGFR down-
stream signaling and receptor traffi cking), in all likelihood (as already mentioned 
above), they nonetheless represent distinct EGFR conformations and structure 
[ 129 ,  130 ]. This is most notably evidenced by the clinical fi ndings that the sensitiv-
ity to TKIs is mainly observed in adenocarcinoma of nonsmokers, whereas CS 
exposure is primarily associated with squamous cell carcinoma and adenocarci-
noma that are not sensitive to TKIs. Perhaps for this reason, nonsmoking adenocar-
cinoma patients who initially respond to TKIs develop resistance when they begin 
to smoke, while smoking patients (whose cancer developed in the setting of CS 
exposure) are resistant to TKIs in the fi rst place. Therefore, we conclude that ox-
stress-induced posttranslational changes in EGFR could provide an important 
mechanism of disease pathogenesis underlying TKI resistance in the context of 
cigarette smoking or any other source of ox-stress.  

15.11     Summary 

 More than 3 decades of research have established a fairly defi ned mechanism of 
EGFR activation, internalization, and subsequent downregulation upon binding of 
its ligand EGF to the receptor’s extracellular domain. However, much less is known 
about ligand-independent mechanisms of EGFR activation and traffi cking. These 
“alternative” mechanisms substantiate the EGFR as a hallmark of several cancers, 
and thus defi ning them is extremely relevant to the understanding and treatment of 
EGFR-driven tumorigenesis. 

 In this chapter, we have discussed both known and postulated mechanism(s) of 
stress-dependent activation and subsequent internalization of the EGFR. We 
 presented evidence demonstrating that the lack of c-Cbl recruitment to the EGFR 
plays a critical role in the stress-dependent EGFR aberrant endocytosis. 

 Although EGFR can be activated and/or traffi cked within subcellular compart-
ments following exposure to a variety of cell stressors, such as UV irradiation, cyto-
kines, hydrogen peroxide (H 

2
 O 

2
 ), and cigarette smoke, it appears that many, if not 
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all, of these stressors share several similarities in the phenotype of EGFR activation 
and traffi cking. Indeed, within the scope of this chapter, the role for cellular oxida-
tive stress as a common denominator among cell stress events was presented. Both 
we and others found that following cell oxidative stress EGFR is aberrantly activated 
and eventually internalized via a path that differs from that induced by the its ligand 
EGF. This results in the EGFR either cycling back to the plasma membrane or accu-
mulating in early endosomes, with no lysosomal degradation/downregulation. 

 Several molecular players of the aberrant EGFR traffi cking have been proposed, 
such as c-Cbl, p38 MAPK (mitogen-activated protein kinase), c-Src, and caveolin-1 
(Cav-1). However, the details of this complex machinery as well as the outcomes 
remain unresolved. On one hand, it was proposed that internalization of inactive 
EGFR following stress conditions can prevent its activation at the cell surface and 
thus block proliferative signaling in cells undergoing stress. On the other hand, an 
aberrantly tyrosine-phosphorylated/activated, and even  internalized EGFR triggers 
survival signaling during stress conditions which could serve as a pathway usurped 
during tumorigenesis. Consistently, in the presence of cellular oxidative stress, the 
EGFR undergoes a robust and stable activation followed by activation of both sur-
vival and proliferative downstream signaling (such as Akt/protein kinase B and 
extracellular regulated protein kinase (ERK 1/2)). 

 Specifi cally, the abnormal processing of the EGFR under oxidative stress appears 
to stem from its (1) ligand-independent, (2) “monomeric,” (3) tyrosine kinase inhib-
itor (TKI)-resistant, and (4) temperature-dependent activation, which is further 
characterized by c-Src binding to the receptor, an aberrant EGFR kinase conforma-
tion, and an aberrant pattern of EGFR phosphorylation sites. In addition, intriguing 
studies on EGFR activation and simultaneous membrane alteration suggested a role 
for ceramide-enriched lipid rafts in assisting the aberrant oxidative stress-generated 
activation of EGFR. However, whether the change in EGFR conformation under 
oxidative stress occurs as a result of simultaneous alterations in the membrane 
structure or happens independently and is subsequently stabilized by membrane 
alterations requires additional studies. 

 Ultimately, understanding the mechanism(s) of EGFR activation by oxidative 
stress will have important implications towards deciphering resistance to TKIs used 
clinically for treatment of NSCLC in addition to future drug development for 
EGFR-driven cancers.     
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    Abstract     There are now clear indications that endocytosis and recycling of integrins 
is important during cancer progression, invasion and metastasis. In this chapter, we 
will review the recent literature outlining the cellular mechanisms that control inte-
grin endocytosis, endocytic traffi cking and recycling and how these processes may 
be measured experimentally. The infl uence of endocytic processes on integrin func-
tion will then be considered, such as how the spatial dynamics of integrins are con-
trolled in migrating cells. We will then focus on the various ways that integrin 
traffi cking can infl uence cancer cell migration and invasion.    In particular, we will 
highlight (a) how α5β1 integrin and receptor tyrosine kinase (RTK) recycling is 
upregulated following αvβ3 inhibition as this provides a molecular explanation for 
the overall lack of effi cacy of anti-αv integrin drugs in tumour angiogenesis; 
(b) how traffi cking events can dictate whether certain GTPases, such as Rab25, 
function as tumour suppressors or promoters; and (c) how mutation of p53 drives 
invasion and metastasis by altering integrin and RTK recycling, and we will discuss 
whether components of these membrane traffi cking pathways may be targeted ther-
apeutically to reverse oncogenic drive in human cancers.  

16.1         Introduction 

 A primary function of integrins is to mediate adhesion of cells to the extracellular 
matrix (ECM). Thus, integrins present at the plasma membrane bind extracellularly 
to ECM proteins, such as fi bronectin, laminin and collagen, and associate intracellu-
larly with the cytoskeleton and the cell’s signalling machinery [ 1 ]. In adult organisms, 
integrin-mediated adhesion functions primarily to keep cells in their appropriate 
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place and to prevent their inappropriate movement around the body. However, during 
development and in situations such as wound healing, integrin- mediated adhesion 
becomes dynamic and acts to drive cell migration. Moreover, integral to a number of 
diseases is the acquisition of integrin-mediated migratory characteristics by cells that 
should rightly be stationary. Prominent amongst these pathologies is, of course, can-
cer metastasis [ 2 ,  3 ]. Indeed, one of the defi ning characteristics of metastatic cancer 
cells, and one that makes cancer so diffi cult to treat, is their ability to detach from the 
primary tumour and migrate away to form secondary tumours. The acquisition of 
migratory characteristics by cancer cells has been the focus of much attention by cell 
biologists over the last 15 years, and it is now clear that alterations in the behaviour of 
the cell’s adhesion machinery and integrin signalling in particular are integral to the 
metastatic phenotype. For instance, cancer cells are established to invade the ECM by 
adopting either elongated (mesenchymal) or rounded (amoeboid) morphologies, and 
the switch between these two migratory modes is known to be dictated by the way 
that integrins signal to Rho subfamily GTPases [ 2 ,  3 ]. 

 Many cell surface receptors, particularly those that are involved in the uptake of 
nutrients (such as the transferrin receptor (TfnR)), are continuously and rapidly 
internalised into endocytic compartments and then promptly returned (or recycled) 
from these endosomes to the plasma membrane; this is commonly described as an 
‘endo–exocytic cycle’ [ 4 ]. Moreover, following internalisation to early endosomes 
(EEs), cycling receptors are returned to the plasma membrane via one of at least two 
temporally and spatially distinct recycling pathways. One pathway directly returns 
the receptors to the plasma membrane from EEs; this we term ‘short-loop’ recy-
cling. Receptors not returned via the short-loop traffi c from EEs to the perinuclear 
recycling compartment (PNRC) are recycled from here; this less direct route takes 
longer and so has been termed the ‘long-loop’ pathway. 

 Marc Bretscher was the fi rst to report that some integrins are actively engaged in 
endo–exocytic cycling [ 5 ,  6 ]. These observations have been subsequently confi rmed 
by many other laboratories, and it is now clear that, depending on the heterodimer 
in question, integrins can follow both the long- and short-loop pathways of endo–
exocytic cycling and that this can be suffi cient to route the entire plasma membrane 
pool of integrin through the endosomal system at least once every 30 min [ 7 ,  8 ]. It 
had been known for some time that inhibition of endocytosis profoundly disrupts 
the ability of cells to polarise their cytoskeleton and to migrate [ 9 ]. Therefore, the 
observations that integrins are internalised and recycled so quickly indicated a 
potentially important way for cells to control their migration and prompted a num-
ber of laboratories to study the regulation of integrin traffi cking in more detail. As a 
result, it is now clear that the way that integrins are internalised and recycled does 
indeed control cell migration and has particular infl uence on the way that metastatic 
cancer cells move through and invade the ECM. 

 In this chapter, we aim to provide a comprehensive review of the literature which 
covers the role played by integrin internalisation and recycling in cancer cell migra-
tion and invasion. We will aim to emphasise not only the data and conclusions of 
studies reporting the consequences of disrupting integrin transport on cell migration 
and invasion but also the methodologies used to obtain these data. In view of this, 
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we will devote a section of the chapter to looking at the various advantages and 
limitations of experimental approaches used to study integrin endocytosis and recy-
cling and how the choice of a particular method may infl uence the interpretation of 
the results obtained. Following this, we will look sequentially at what is known 
about the pathways of integrin endocytosis and recycling and how these may be 
manipulated experimentally. Finally, we will cover the role played by integrin traf-
fi cking in cell migration and invasion and how this may occur mechanistically. 
Indeed, endo–exocytosis has been proposed to contribute to cell migration by:

    (a)    Mediating the bulk translocation of integrins from the back to the front of the 
cell (anterograde movement) [ 10 ]   

   (b)    Transporting integrins from the cell front to the cell rear (retrograde move-
ment) [ 11 ]   

   (c)    Actively maintaining subpopulations of integrins within particular cellular 
regions (spatial restriction of cycling integrins) [ 12 ]   

   (d)    Facilitating the recycling of other signalling receptors such as receptor tyrosine 
kinases (RTKs) [ 13 ]     

 Indeed, a view is now emerging that although there is little evidence that integ-
rins are transported from the back to the front of migrating cells (as in point 
(a) above), it is now clear that retrograde transport and spatial restriction of cycling 
integrins does occur (points (b) and (c)). Moreover, recent work has shown that 
gain-of-faction mutants of the p53 tumour suppressor act to drive invasion by 
infl uencing integrin recycling which, in turn, affects the traffi cking and signalling 
of RTKs.  

16.2     Experimental Approaches for Measuring 
Integrin Transport 

 To draw meaningful conclusions concerning the role played by integrin traffi cking 
during cell migration and invasion, it is necessary to be able to measure the rates 
at which integrins are internalised and recycled and ideally to visualise the sites 
at which these events occur in migrating cells. Moreover, as the processes of inte-
grin internalisation and recycling are intrinsically linked (i.e. the cell must fi rst 
internalise an integrin before it can recycle it), and also quite rapid, it is some-
times quite challenging to obtain metrics for internalisation and recycling that are 
determined as independently from each another as possible. There are a number 
of established ways to do this, and these fall primarily into two categories: ‘bio-
chemical’ assays that provide information regarding the bulk rates at which inte-
grins are internalised and recycled and ‘imaging’ assays that are primarily 
designed to visualise the spatial distribution of integrin traffi cking but, as we will 
see, can also be used to determine rates of integrin recycling at different positions 
in the cell. 
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16.2.1     Assays to Determine Rates of Integrin Endocytosis 
and Recycling 

 In some cases, particularly when the endosomal pool of a cycling receptor is quite 
large, it is possible to infer alterations in a receptor’s internalisation and recycling 
kinetics simply by measuring its expression at the cell surface. However, inhibition 
of internalisation or stimulation of recycling will both act to increase integrin sur-
face expression. Furthermore, when a receptor’s endosomal pool is quite small 
(as is the case for α5β1 [ 5 ,  14 ] and αvβ3 [ 14 ] integrins), even a large change in the 
rate of recycling will only generate limited alterations in receptor surface expres-
sion. Moreover, it is possible that, under certain circumstances, the internalisation 
and recycling rates for integrins are coordinately regulated (i.e. both rates may 
increase or decrease to the same extent) and this would not be expected to alter the 
steady- state levels of integrin at the plasma membrane. Thus, to study the infl uence 
that traffi cking has on a cycling receptor’s function, it is necessary to independently 
measure its internalisation and recycling as accurately as possible. 

16.2.1.1     Internalisation 

 Assays have been developed in which integrins are labelled at the plasma membrane 
and allowed to internalise to intracellular compartments wherein they are protected 
from the action of reagents that remove or inactivate these tags [ 5 ,  14 ]. There are 
two main categories of internalisation assay depending on the method used to label 
the integrin:

    (a)     Surface biotinylation / reduction . In this approach, cell-surface proteins are bio-
tinylated by incubating cells at 4°C with the membrane-impermeant labelling 
reagent, sulpho-NHS-SS-Biotin. Cells are then shifted to 37°C for various 
times to allow internalisation of surface proteins. Biotin remaining at the cell 
surface is removed by cleavage of the reducible disulphide bond within the 
labelling reagent by incubation at 4°C with a cell-impermeant reducing agent 
such as sodium mercaptoethane sulphonate (MesNa) or glutathione. The inter-
nalised fraction of receptors is protected from reduction and thus remains  biotin 
labelled . Biotinylated integrins may then be selected for and quantifi ed either 
by immunoprecipitation followed by Western blotting with streptavidin or by 
capture-ELISA (Fig.  16.1a ) [ 14 ,  15 ].

Fig. 16.1 (continued)  Cells are then shifted to 37°C for various times to allow internalisation of 
bound antibodies. Antibodies remaining at the cell surface are quenched with an antibody against 
this fl uorophore, which results in reduction of the fl uorescent signal. To measure recycling, the 
internalised antibodies are then ‘chased’ from the cell by incubation at 37°C for various times. 
Antibodies returning to the cell surface are then quenched by a second incubation with an antibody 
against the fl uorophore. The remaining fl uorescent signal within the cell may then be quantifi ed by 
fl uorescent multi-well plate reading, confocal microscopy or by fl ow cytometry       
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  Fig. 16.1    ‘Biochemical’ assays to determine integrin endocytosis and recycling. ( a ) Surface 
biotinylation/reduction method. To biotinylate receptors at the cell surface, cells are incubated at 
4°C with the membrane impermeant labelling reagent, sulpho-NHS-SS-Biotin. Cells are then 
shifted to 37°C for various times to allow internalisation of surface proteins. Biotin remaining at 
the cell surface is removed by cleavage of the reducible disulphide bond within the labelling 
reagent by incubation at 4°C with a cell-impermeant reducing agent such as sodium mercaptoeth-
ane sulphonate (MesNa) or glutathione. The internalised fraction of receptors is protected from 
reduction and thus remains biotin labelled. To measure recycling, this internalised fraction of 
receptors may then be ‘chased’ from the cell by incubation at 37°C for various times. Biotin label 
that returns to the cell surface during this period is then removed by a second exposure to cell-
impermeant reducing agent at 4°C. Biotinylated integrins may then be quantifi ed by either immu-
noprecipitation followed by Western blotting with streptavidin or by capture-ELISA. ( b ) 
Antibody-binding acid strip technique. Integrins are labelled at the cell surface by incubation with 
anti-integrin antibodies at 4°C. Cells are then shifted to 37°C for various times to allow internalisa-
tion of bound antibodies. Antibodies remaining at the cell surface are removed by incubation at 
4°C at low pH. To measure recycling, the internalised antibodies are then ‘chased’ from the cell by 
incubation at 37°C for various times. Antibodies returning to the cell surface are then removed by a 
second incubation at low pH. Antibodies remaining within the cell may then be quantifi ed by 
Western blotting. Alternatively, if the second acid strip is omitted, antibodies reappearing at the 
surface may be detected by fl ow cytometry. ( c ) Antibody-‘quenching’ technique. Integrins are 
labelled at the cell surface by incubation with anti-integrin fl uorophore-conjugated antibodies at 4°C. 
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       (b)      Antibody - binding techniques . To do this, integrins are labelled at the cell surface 
by incubation with anti-integrin antibodies at 4°C. Cells are then shifted to 37°C 
for various times to allow internalisation of bound antibodies. Antibodies remain-
ing at the cell surface are removed by incubation at 4°C at low pH. The level of 
internalised antibody may then be quantifi ed by Western blotting or fl ow cytom-
etry (Fig.  16.1b ) [ 16 ]. Alternatively, in a more recent adaptation of this assay 
[ 17 ], integrins may be labelled at the cell surface using an antibody which is 
covalently coupled to Alexa Fluor 488. Following internalisation, the fl uores-
cence of Alexa Fluor 488-conjugated antibodies remaining at the cell surface is 
quenched with an antibody which alters the spectral properties of this fl uoro-
phore (Fig.  16.1c ). The quantity of internalised antibody is then determined 
using fl uorescence microtitre plate reader and/or its distribution assessed by fl uo-
rescence microscopy or fl ow cytometry.    

  The respective advantages and disadvantages of these two types of approaches 
are summarised in Table  16.1 . Given the likelihood that antibody binding may alter 
the way that integrins are traffi cked, an obvious advantage of the surface biotinyl-
ation/reduction method over the antibody-binding approaches is that the integrin is 
not bound to an antibody when it is internalised. The Ivaska laboratory has com-
pared results obtained from the surface biotinylation/reduction and antibody- 
binding approaches and found them not to be signifi cantly different [ 17 ]. However, 
Roberts et al. [ 14 ] report that antibody binding reduces recycling of αvβ3 by 
approximately threefold, indicating that the infl uence of antibody binding in integ-
rin internalisation and recycling may depend on the particular heterodimer and anti-
body in question. A principal advantage of antibody-binding approaches is that they 
may be easily combined with fl uorescence microscopy to determine the post- 
endocytic traffi cking and intracellular destination of the internalised integrin [ 18 ]. 
Moreover, conformation-specifi c antibodies may be used to report on the distribu-
tion of integrins in their various affi nity states, and Arjonen et al. [ 17 ] have recently 
deployed this approach using the 12G10 and mAb13 antibodies to study traffi cking 
of β1 integrin in the active and inactive conformations, respectively. Conformation- 
specifi c antibodies (SNAKA51 and 9EG7) may also be incorporated into the sur-
face biotinylation/reduction method to report on the differential kinetics of 
internalisation and recycling of particular active integrin conformations [ 19 ]. 
Furthermore, it should be noted that a disadvantage of both surface biotinylation/
reduction and antibody-binding approaches is that they involve thermal cycling of 
the cells between 37 and 4°C and, given the effect that this may have on microtubule 
depolymerisation, this is a factor that needs to be carefully considered in the future.

   Lastly, integrins begin to recycle very shortly following internalisation [ 7 ]. So, in 
order to obtain a measure of internalisation that is not underestimated due to early 
recycling, it is necessary to inhibit recycling whilst performing internalisation 
assays. To do this, the receptor recycling inhibitor, primaquine [ 20 ], may be included 
during the internalisation period. Although primaquine’s mechanism of action is not 
closely defi ned, it is well established to block all known receptor recycling path-
ways in addition to opposing delivery of cargo from the trans-Golgi network to the 
plasma membrane [ 21 ].  
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   Table 16.1    Comparison of key attributes and drawbacks of integrin traffi cking methods   

 Method  Advantages  Caveats 

 Surface biotinylation/
reduction method 

 Interfaces well with capture ELISA 
to provide quantitative/linear 
detection of biotinylated receptors 

 Does not provide spatial 
information 

 Suitable for both endogenous and 
overexpressed receptors 

 Temperature shifts are likely 
to distort microtubular 
cytoskeleton  Small biotin tag is less disruptive 

than bound antibody 
 Use of conformation-specifi c 

antibodies for IP allows detection 
of active and inactive integrin 
conformations 

 Antibody-binding acid 
strip technique and 
antibody- binding 
‘quenching’ 
technique 

 Can be interfaced with immunofl uo-
rescence detection to track 
intracellular receptor journey 

 Antibody binding can alter 
receptor traffi cking; αvβ3 
recycling is slowed two- to 
threefold by bound 
antibody [ 14 ] 

 Use of conformation-specifi c 
antibodies allows tracking of 
active and inactive integrin 
conformations 

 Use of conformation-specifi c 
antibodies may alter the 
balance of ‘active’ vs. 
‘inactive’ integrin 

 Suitability for FACS allows 
simultaneous measurement from 
cell subpopulations 

 Many cell types cannot 
withstand the rigours of 
acid-stripping 

 Photoactivation in 
TIRF 

 Selective photoactivation at/near 
plasma membrane permits 
synchronous pulse labelling of 
endocytic cargo 

 Requires expression of 
fl uorescently tagged 
integrin; does not report on 
endogenous receptors 

 Yields spatial information re site of 
internalisation and destination of 
endocytic cargo 

 Not suitable for cells attached 
to 3D substrates such as 
cell-derived matrix 

 Photoactivation by 
confocal 
microscopy 

 Spatially defi ned photoactivation 
enables discrimination of 
recycling integrins from those 
following an endocytic route 

 Although ideally suited to the 
study of peripherally located 
recycling compartments 
(such as Rab25), photoacti-
vation can occur above and 
below desired region, and 
this must be controlled for 
stop 2-photon laser may be 
more suited to photoactiva-
tion in the perinuclear region 

   The various advantages offered by biochemical and imaging approaches to the measurement of 
integrin traffi cking are summarised in the table. Also considered are a number of drawbacks and 
caveats to each approach  

16.2.1.2     Recycling 

 The assays to measure integrin recycling are formed by extension of the same 
approaches used to measure internalisation (Fig.  16.1 ) [ 14 ,  16 ,  17 ]. Thus, following 
labelling of internalised integrins by either the surface biotinylation/reduction or 
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antibody-binding approaches, the internalised fraction may then be ‘chased’ back to 
the plasma membrane to determine the rate of recycling. Following this, the 
 re-exposed label may be removed by a second round of MesNa reduction, quench-
ing antibody or acid stripping (as appropriate), and the recycled integrin then 
expressed as a proportion of the amount of receptor that was endocytosed during the 
internalisation period.   

16.2.2     Use of Photoactivatable Probes to Measure 
Integrin Traffi c 

 It is becoming clear that much integrin endocytosis and recycling is restricted to 
defi ned cellular regions, such as the pseudopodial tips of invading cells and the lead-
ing edge of cells migrating on plastic [ 12 ,  22 ], indicating the pressing need to 
advance technologies that report on spatio-temporal aspects of integrin traffi cking. 
One of the challenges with the imaging of traffi cking is that, although it is relatively 
straightforward to determine how receptors are distributed spatially, the confusion 
of  endo -  and exocytic vesicles  that are often travelling through the same cellular 
region in opposing directions makes it diffi cult to distinguish endocytic cargo from 
that which is being recycled to the cell surface. These problems are now being over-
come by tagging proteins with photoactivatable GFP (paGFP) which enable the 
selective activation of fl uorescence of a particular receptor subpopulation and the 
subsequent tracking of its movement within the cell both in time and space [ 23 ]. For 
instance, a combination of photoactivation and total internal refl ection (TIRF) 
(to restrict the plane of photoactivation so that only paGFP-tagged receptors present 
at the cell surface become activated) has now been deployed to visualise α5β1 
endocytosis at fi brillar adhesions (Fig.  16.2a ) [ 19 ]. Furthermore, when integrins are 
internalised, they are transported to recycling compartments that are variously posi-
tioned within migrating cells. Sometimes these are located next to the nucleus (as is the 
Rab11-positive PNRC) [ 14 ,  16 ,  24 ,  25 ], but often recycling compartments are posi-
tioned towards the cell front as is the case with the Rab25 compartment during 
migration on 3D matrices [ 12 ]. In this case, ‘single point’ photoactivation has been 
used to selectively activate the fl uorescence of α5β1 within the Rab25 compart-
ment, thus allowing visualisation of spatially restricted integrin recycling to the 
plasma membrane at the tips of pseudopods as cells migrate on a 3D matrix 
(Fig.  16.2b ) [ 12 ]. Furthermore, a recent study has reported the use of photoactivat-
able probes to study cadherin dynamics in tumours grown in mice, indicating that it 
may be feasible to image integrin traffi cking as cells migrate through tissues [ 26 ]. 
However, although ideally suited to the study of peripherally located recycling com-
partments (such as Rab25), photoactivation can occur above and below desired tar-
get region, and this has compromised the application of photoactivatable probes to 
the study of integrin recycling from endosomes in the perinuclear region. 
Furthermore, activation of E-cadherin in tumours in situ was limited to a depth of 
20 μm or less owing to light scattering by the tissue when using a standard laser for 
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Photoactivation in TIRF Observe internalisation  of 
photoactivated integrins in 
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N N N
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(   ) = colocalisation of paGFP 
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Observe recycling of 
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(   ) and Cherry-Rab GTPase (   )
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  Fig. 16.2    Photoactivation methods for imaging integrin traffi cking. ( a ) Photoactivation in total 
internal refl ection (TIRF). Photoactivatable GFP-integrin (paGFP-integrin) is expressed in cells 
plated onto a glass coverslip. paGFP-integrin that is present at the ventral plasma membrane is 
selectively activated by shining a 405 nm laser laterally through the coverslip to generate a photo-
activating evanescent fi eld by TIRF. The subsequent traffi cking of paGFP-integrin is then visual-
ised by epifl uorescence or TIRF microscopy. ( b ) Photoactivation by confocal microscopy. 
paGFP-integrin is expressed in cells and photoactivated using a 405 nm laser in confocal mode to 
tightly restrict the plane of activating fl uorescence. Traffi cking of photoactivated integrin is then 
visualised by confocal microscopy or wide-fi eld epifl uorescence       

photoactivation [ 26 ]. Thus, it will be necessary to develop and refi ne the use of 
2-photon lasers for the photoactivation of integrin probes to image integrin traffi c 
from perinuclear compartments and to visualise vesicular dynamics in cancer cells 
as they invade through living tissue.

16.3         Pathways of Integrin Endocytosis 

 Integrins can be internalised via a number of known endocytic routes, including 
clathrin-dependent endocytosis [ 15 ,  18 ,  22 ,  27 ], clathrin-independent carriers 
(CLICs) [ 28 ], pathways that require caveolin [ 29 ] and macropinocytosis which is 
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associated with circular dorsal ruffl es (CDRs) [ 30 ] (Fig.  16.3 ).    Although it is clear 
that a given integrin heterodimer is not necessarily restricted to entering the cell via 
a particular route, for instance α5β1 is known to follow both clathrin-dependent and 
clathrin-independent routes into  the cell , for the purposes of simplicity, we will deal 
with these internalisation pathways in separate subsections.

16.3.1       Clathrin-Dependent Endocytosis of Integrins 

 It is now well established that β1 integrins are internalised via clathrin-dependent 
mechanisms. The evidence for this comes from a number of different directions, 
but reports indicating a clear role for the unconventional clathrin adaptor, Dab2, in 
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  Fig. 16.3    Pathways to integrin endocytosis. A schematic representation of some of the known 
pathways to internalisation of integrins. Pathways that are clathrin dependent are depicted on the 
 left-hand side , and those which do not require clathrin are on the  right . Endocytic regulators and 
adaptors with a close physical association with integrins are in  yellow boxes . Other regulatory ele-
ments are in  blue ovals / boxes . The involvement of microtubules in triggering Dab2/ARH- 
dependent endocytosis is denoted by the  red microtubule        
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integrin endocytosis have provided the most persuasive arguments so far for the 
involvement of clathrin in integrin endocytosis [ 18 ,  22 ,  27 ]. In studying the mecha-
nisms by which focal adhesions (FAs) are disassembled in response to microtubule 
regrowth following    nocodazole-washout, the Gundersen lab found that a dynamin-
dependent step was essential for this process [ 31 ] (Fig.  16.3 ). This implied that the 
endocytic process is associated with FA disassembly. Further work, involving a 
number of elegant TIRF imaging experiments, indicated that clathrin structures are 
indeed closely associated with disassembling FAs and that Dab2 and ARH (another 
unconventional clathrin adaptor) are required for integrin endocytosis and 
microtubule- induced FA assembly [ 22 ]. Using a similar nocodazole-washout sys-
tem, the Kunz lab has also found that Dab2 is necessary for integrin endocytosis and 
FA disassembly following microtubule regrowth [ 18 ]. Coming from a different 
direction, the Cooper lab has deployed a novel mass spectrometry approach to look 
for proteins whose surface expression is particularly affected by Dab2 knockdown 
and in this way identifi ed β1 integrin as prominent cargo of a Dab2- and clathrin-
dependent endocytic step [ 27 ]. More recently, this lab has shown that Eps15 is 
required for Dab2-dependent β1 integrin internalisation, which further strengthens 
the role played by clathrin in integrin endocytosis [ 32 ]. Furthermore,  Numb , which 
is thought to be a cargo-specifi c adaptor protein that links certain transmembrane 
receptors to elements of the clathrin machinery (such as Eps15 and α-adaptin), has 
been shown to infl uence integrin endocytosis [ 33 ]. In addition to Dab2 and ARH, 
other clathrin adaptors have been shown to control integrin endocytosis, and more 
recently Brag2 (a guanine nucleotide exchange factor [GEF] for Arf5 and Arf6) has 
been shown to drive β1 integrin endocytosis via association with the ‘classic’ 
plasma membrane clathrin adaptor, AP2 [ 34 ,  35 ] (Fig.  16.3 ). 

 The cytoplasmic portions of β subunits contain membrane proximal and mem-
brane distal NxxY motifs, and these conserved sequences are known to recruit sur-
face receptors, such as low-density lipoprotein (LDL) [ 36 ] or insulin receptors [ 37 ], 
to clathrin-coated structures, by allowing their interaction with adaptor proteins 
such as AP2. Even though initial studies, which utilised mutants either lacking the 
NxxY motifs or ones that contained mutated tyrosine residues, indicated no require-
ment for the conserved NxxY sequence in α5β1 internalisation [ 38 ], more recent 
approaches contradict this observation. Indeed, mutation of the membrane proximal 
or membrane distal NxxYs tyrosine to either alanine [ 39 ] or phenylalanine [ 40 ] 
markedly inhibits α5β1 integrin internalisation—but whether these motifs mediate 
physical association with the clathrin apparatus is not known. The integrin cytodo-
main NxxY motifs are certainly capable of binding to clathrin adaptors—the 
cytoplasmic domains of integrin β-subunits can associate with the PTB-binding 
domains of Dab2 and NUMB in vitro [ 41 ]—but the evidence that integrin endocy-
tosis is driven via direct association with the clathrin machinery is not strong. 
Furthermore, although structural studies indicate that tyrosine to alanine substitu-
tions in integrin NxxY motifs would be expected to disrupt association with PTB-
binding domains, it is unlikely that the same is the case for tyrosine to phenylalanine 
substitution [ 42 ]. And, as mentioned above, mutation of NxxY tyrosines to either 
phenylalanine or alanine profoundly inhibits integrin endocytosis [ 39 ,  40 ]. Moreover, 

16 Internalisation, Endosomal Traffi cking and Recycling of Integrins…



338

the Cooper  lab has stated clearly  that they are unable to detect physical association 
between β1 integrin and Dab2 [ 27 ]. A well-established role of the membrane proxi-
mal integrin NxxYs is to mediate association of integrins to actin-binding proteins 
such as talin and tensin [ 42 ,  43 ] which is necessary for recruiting integrins to focal 
and fi brillar adhesions, respectively, and integrin internalisation is known to occur 
from both these structures [ 19 ,  22 ]. Thus, a likely role of integrin NxxYs in endocy-
tosis is not necessarily to mediate association with clathrin adaptors but to position 
integrins within the adhesive structures from which endocytosis occurs. 

 Despite lack of evidence for a functional physical association of integrins with 
clathrin adaptors, it is clear that integrins do directly recruit proteins to assist 
their endocytosis. The small GTPase Rab21 is now well established to interact 
with the conserved membrane-proximal GFFKR motif in the cytoplasmic tail of 
α-integrins [ 15 ,  40 ,  44 ] (Fig.  16.3 ). This is necessary for clathrin-dependent 
endocytosis of α5β1 integrin, and disruption of the interaction compromises inte-
grin function in cell migration and cytokinesis. Furthermore, the cytoplasmic tail 
of β6-integrin interacts directly with  HS - associated protein X - 1  ( HAX -1) which is 
a component of a cortactin-containing complex involved in cell migration [ 45 ]. 
HAX-1 is required for the clathrin-dependent internalisation of αvβ6, and disrup-
tion of the β6-HAX-1 interaction impairs cancer invasion on ligands for αvβ6 
integrin (Fig.  16.3 ).  

16.3.2     Internalisation of Integrins by Clathrin-Independent 
Mechanisms 

16.3.2.1     Caveolin-Dependent Mechanisms 

 It has been known for some time that cholesterol depletion can oppose integrin 
endocytosis, prompting the suggestion that lipid raft-like structures may play a 
role in internalising and traffi cking integrins [ 46 ]. Indeed, a number of studies 
have shown that there is a possibility of physical association between integrins 
and caveolin- 1 [ 47 ,  48 ]. Although it is still not clear how caveolin acts to drive 
endocytosis, there is good evidence that it is required for internalisation of α5β1 
in myofi broblasts and that this pathway is responsible for integrin-mediated uptake 
and subsequent lysosomal degradation of the integrin ligand, fi bronectin [ 29 ]. 
Caveolar endocytosis is normally thought to be dependent on dynamin. Indeed, a 
recent study reporting the role played by the heparin-binding protein, syndecan-4 
in α5β1 endocytosis (see below) indicates that this integrin follows a caveolin- 
and dynamin- dependent pathway into the cell [ 49 ]. Taken together, an implication 
of these and other studies is that β1 integrins that are internalised via a caveolin-
dependent mechanism are in the active conformation and, in some cases, likely to 
be ligand bound. Indeed, a likely scenario is that during ECM remodelling there 
is limited proteolysis of extracellular fi bronectin fi brils and that the resulting 
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fi bronectin fragments which are associated with active-conformation β1 integrins 
are then endocytosed via a caveolin-dependent mechanism and degraded.  

16.3.2.2     Clathrin-Independent Carriers and Macropinocytosis 

 Both clathrin and caveolar endocytosis are dynamin dependent, but recently it has 
become clear that integrins can enter the cell via mechanisms that do not require 
dynamin. Work conducted by the Parton, Mayor and McMahon labs has identifi ed 
a category of morphologically distinct CLICs formed in a dynamin-independent 
fashion which are characterised by enrichment in GPI-anchored proteins and regu-
lation by GTPases such as cdc42 and Arf1 and the BAR domain-containing rhoGAP 
protein, GRAF1 [ 28 ,  50 ,  51 ]. Recently, a mass spectrometry analysis of CLICs 
found them to contain β1 integrins [ 28 ] (Fig.  16.3 ). Moreover, uptake via CLICs is 
concentrated at the leading edge of migrating cells [ 52 ], indicating the possibility 
that these structures play a role in traffi cking integrins during cell migration.    Further 
work on the role played by key regulators of CLIC formation, such as cdc42 and 
GRAF1, in integrin endocytosis will help to establish the relevance of this clathrin- 
and dynamin-independent mechanism to integrin traffi cking. 

 Many cell types, in particular fi broblasts, respond to treatment with growth fac-
tors (such as PDGF, EGF and VEGF) by assembling actin-rich ruffl es on their dor-
sal surface [ 53 ]. These are termed CDRs. CDRs are produced in response to a burst 
of actin polymerisation which occurs as a result of Rac-activation downstream of 
growth factor signalling and, although the function of CDRs is largely unknown, 
they have been suggested to be part of an initial step leading to macropinocytosis [ 54 ]. 
A recent study has shown that β3 and β1 integrins are recruited to CDRs within 
minutes of growth factor addition and then subsequently internalised into macropi-
nosomes [ 30 ] (Fig.  16.3 ). Moreover, internalisation of integrins into macropino-
somes was opposed by knockdown of BARS, a protein which is required for the 
fi nal fi ssion stage of macropinocytosis. Given that oncogenes such as Ras are known 
to massively upregulate macropinocytosis [ 55 ], it will be interesting to determine 
the role played by macropinocytosis and BARS in integrin traffi cking during cancer 
invasion and metastasis.   

16.3.3     Regulation of Integrin Endocytosis 

 β1 integrin and PKCα have been shown to bind directly to one another in an interac-
tion requiring both the integrin NxxY motifs and the V3 hinge domain of PKCα 
[ 56 ]. Although this interaction is required for chemotaxis of tumour cells toward 
gradients of growth factors, it is not clear whether this is owing to its infl uence on 
integrin endocytosis or recycling. Indeed, data on the role of PKCα in integrin traf-
fi cking is somewhat confusing. On the one hand, activation of PKCα with phorbol 
esters drives internalisation of β1 and its accumulation in recycling endosomes [ 57 ]. 
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On the other hand, overexpression of PKCα has been shown to upregulate surface 
expression of β1 integrins, and this effect has been attributed to the PKC regulatory 
domain (RD) rather than the kinase domain [ 57 ]. Thus, it appears that PKCα may 
have both inhibitory and stimulatory infl uence on β1 integrin endocytosis and that 
some of these phenomena may involve both kinase-dependent and kinase- 
independent attributes of PKCα. Furthermore, as PKCα has a better established role 
in controlling caveolar endocytosis over clathrin-dependent pathways, and because 
PKC has been shown to drive α2β1 into caveolae [ 58 ], it would seem most likely 
that PKCα may control integrin internalisation via caveolin-dependent pathways. 

 More recently, PKCα has been shown to drive α5β1 endocytosis not by associat-
ing with the integrin itself, but with another fi bronectin-binding receptor, syndecan-
 4 [ 49 ]. This study provides more weight to the argument that PKCα drives 
caveolin-dependent endocytosis of integrins. Since the pioneering work of Woods 
and Couchman in the 1980s and 1990s [ 59 ], it has been clear that integrin behaviour 
is affected by syndecan-4 which binds not to fi bronectin’s RGD sequences but to its 
heparin-binding domains. Bass et al. [ 49 ] have found that engagement of syndecan-
 4 with the heparin-binding domains of fi bronectin triggers rapid endocytosis of 
α5β1 integrin through a caveolin-dependent pathway. Integral to this mechanism is 
that it is mediated by the recruitment of PKCα to syndecan-4’s (not β1 integrin’s) 
cytoplasmic domain and this leads to kinase activation. Activation of RhoG down-
stream of PKCα then mediates a signal which triggers α5β1 internalisation. Given 
that the nature of the physical association between PKCα and the syndecan-4 
cytodomain is much better characterised than that formed between the PKCα and 
β1 integrin, it seems more likely that PKCα’s control of integrin endocytosis pro-
ceeds via association with co-receptors, such as syndecan-4, rather than by direct 
association with the integrin (Fig.  16.3 ).    However, owing to the lack of good 
reagents for looking at the syndecan-4’s localisation, the physical relationship 
between the syndecan- 4/PKCα complex and α5β1 integrin remains unclear. In 
addition to syndecan- 4’s control of α5β1 endocytosis, there are further examples of 
adhesion receptors other than integrins impacting on integrin internalisation. For 
instance, myelin- associated glycoprotein (MAG) induces de-adhesion and repulsion 
of growth cones by increasing local Ca 2+  concentration to drive clathrin-dependent 
endocytosis of β1 integrins [ 60 ]. 

 Another ECM-related parameter that may affect integrin endocytosis is the 
stiffness of the substrate to which cells are attached. In looking for a possible 
mechanism for how ECM stiffness alters cell-fate decisions, Du et al. [ 61 ] looked 
at endocytosis of β1 integrin in cells plated onto substrates of different stiffness. 
They found that integrins were internalised much more effi ciently when cells were 
plated onto fl exible substrates than on rigid ones and that this was via a caveolin-
dependent and clathrin-independent mechanism. Given the importance of ECM 
stiffness to integrin signalling and the recent evidence that this infl uences cancer 
metastasis [ 62 ], it will be interesting to see how alterations in integrin endocytosis 
are responsible for increased aggression of tumours that reside within stiff colla-
gen microenvironments.   

E. Rainero et al.



341

16.4     Post-endocytic Traffi cking and Recycling of Integrins 

 Irrespective of whether they are endocytosed via clathrin-dependent or independent 
mechanisms, it appears that the fi rst port of call for internalised receptors is the EEs 
[ 63 ] and it is here that they are sorted for degradation in late endosomes and lyso-
somes or for return to the plasma membrane (recycling). Return to the plasma mem-
brane can occur via at least two distinct routes; in a direct and Rab4-dependent 
manner (short loop) or through a Rab11- and/or Arf6-dependent pathway (long loop) 
[ 7 ] (Fig.  16.4 ). The latter requires delivery of recycling cargo from sorting endo-
somes to the PNRC—which is located near to the microtubule organising centre and 
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  Fig. 16.4    Pathways that return internalised integrins to the plasma membrane. Integrins are inter-
nalised and delivered to early endosomes. From here, the heterodimers may follow three distinct 
routes back to the plasma membrane. (1) αvβ3 and β1 integrins may follow a Rab4-dependent 
‘short-loop’ pathway that runs directly from early endosomes to the cell surface. (2) A number of 
heterodimers (including α5β1, α2β1, α6β1 and α6β4) may be delivered to recycling endosomes 
and return from this compartment. (3) α5β1 integrins which are engaged with fi bronectin (FN) and in 
the active conformation are routed to late endosomes/lysosomes. Here they can either be degraded 
or, if CLIC3 is present, protected from degradation and returned to the plasma membrane       
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is often enriched in the Rab11 family GTPases—prior to traffi cking back to the 
plasma membrane. These two recycling pathways differ with respect to the integrins 
they transport and the signalling cascades that modulate them, but are similar in that 
both are tightly controlled.

16.4.1       Recycling of Integrins from Early Endosomes 

 It is now clear that recycling of αvβ3 integrin occurs primarily through the Rab4- 
dependent, short-loop pathway which returns the integrin to the plasma membrane 
from EEs without passage through the PNRC [ 14 ]. Recruitment of αvβ3 into the 
Rab4 pathway relies on direct interaction between the C-terminal domain of the β3 
cytoplasmic tail and protein kinase D1 (PKD1) [ 64 ] (Fig.  16.4 ). Moreover, this 
interaction can only occur when PKD1 is active and autophosphorylated on Ser 916  
[ 65 ]. Although this interaction has been studied primarily in the context of PKD1 
activation by PDGF in fi broblasts, PKD1 can be activated and recruited to αvβ3 by 
other growth factors. Indeed VEGF drives recruitment of autophosphorylated PKD1 
to αvβ3 and rapid recycling of this integrin to the plasma membrane in endothelial 
cells [ 66 ]. PKD1-dependent recycling contributes to maintaining persistent migra-
tion as cells move across plastic surfaces, and this is likely owing to its ability to 
facilitate the rapid recruitment of αvβ3 to newly forming focal complexes [ 65 ]. This 
has been reported to occur during cell spreading on vitronectin and to be required 
for assembly of αvβ3-containing focal complexes at the extreme front of migrating 
fi broblasts—which is consistent with the role played by PKD1 in maintaining per-
sistent migration. 

 Given the role played by PKD1 in integrin recycling and cell migration, it is inter-
esting to consider how the kinase may contribute to cancer progression and invasion. 
Interestingly, there is some disagreement in the literature as to the role played by 
PKD in cancer. Whilst some studies have shown that PKD promotes invasion [ 67 ], 
others have reported that it opposes invasive migration and is downregulated in 
aggressive metastatic disease [ 68 – 70 ]. Indeed, suppression of PKD1 can promote 
α5β1-integrin-dependent invasion of gastric cancer cells [ 69 ]. A likely explanation 
for this is that PKD1-regulated αvβ3 recycling acts to oppose recycling of α5β1 
(see following sections). Thus, by promoting αvβ3 recycling, PKD1 negatively 
impacts α5β1-dependent invasion into fi bronectin-rich matrices. Under these circum-
stances, reduction of invasion by PKD signalling is specifi cally due to the inhibition 
exerted by short-loop αvβ3 recycling over that of α5β1. However, in microenviron-
ments that are fi bronectin defi cient, where invasion is dependent on αvβ3 and not 
α5β1, PKD would be expected to be a strong driver of tumour cell invasion. 

 More recently, it has become clear that Rab4- and PKD1-dependent routes are 
responsible for rapid recycling of integrins other than αvβ3. Following EGF treat-
ment of HeLa cells, the raft-associated protein, supervillin, has been shown to drive 
β1 integrins into a Rab4-dependent rapid recycling pathway which is dependent on 
F-actin polymerisation [ 71 ] (Fig.  16.4 ). Interestingly, Arjonen et al. [ 17 ] have recently 
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shown that β1 integrins can recycle via a Rab4-dependent short-loop pathway in 
breast cancer cells and that this is, like the supervillin pathway, inhibited by cytocha-
lasin D indicating a requirement for actin polymerisation.  

16.4.2     Rab11-Dependent Integrin Recycling 

 Integrins that do not recycle directly back to the plasma membrane via the short- loop 
pathway are normally then transferred to recycling endosomes (Fig.  16.4 ). In cells 
that are cultured on rigid substrates, a signifi cant proportion of the cell’s recycling 
endosomes are concentrated in the perinuclear region and form a structure which 
has been termed the PNRC. Over the last few years, there have been numerous 
reports indicating that a number of integrins, including α5β1, α2β1, α6β1, α6β4 
and αLβ2, accumulate in the PNRC prior to their return to the cell surface [ 14 ,  16 , 
 46 ,  57 ,  72 – 74 ]. Much of the machinery that controls β1 integrin recycling from the 
PNRC is shared with other cargoes that canonically follow this recycling route—
such as the TfnR. For instance, EHD1, which is recruited to the PNRC by 
MICAL-L1, controls recycling of both integrins and TfnR [ 24 ,  75 – 77 ]. Moreover, 
the function of SNAREs (such as syntaxins 2, 3, 4 and 6, SNAP23, SNAP29, 
VAMP2 and VAMP3) that control the docking and fusion of vesicles carrying a 
range of recycling receptors has also been shown to be required for integrin recy-
cling [ 72 ,  78 – 82 ] (Fig.  16.4 ). 

 A number of studies have identifi ed elements that specifi cally control the recy-
cling of integrins and which are not shared with the TfnR. We will discuss these in 
the following paragraphs:

    (a)     PKB / Akt  acts via the phosphorylation of GSK-3β to enable delivery of α5β1 
from the Rab11 compartment to the plasma membrane, but these kinases have 
no effect on TfnR recycling [ 25 ]. Microtubules have a role in Rab11 vesicle 
transport [ 83 ], and GSK-3β could phosphorylate microtubule-binding proteins, 
such as tau or APC [ 84 ], to infl uence integrin recycling. Consistent with this, 
PKB/GSK-3 has been shown to control Rab11-dependent recycling of α6β4 
integrin and to drive cancer cell invasion that is dependent on this integrin via a 
mechanism that likely involves alterations to the microtubular cytoskeleton 
[ 74 ]. Another way in which PKB/Akt can afford selective regulation of β1 inte-
grin recycling is via the phosphorylation of the ArfGAP protein, ACAP1. 
ACAP1 functions as a transport effector to recruit cargoes, such as TfnR and the 
Glut4 glucose transporter into an Arf6-regulated recycling pathway [ 85 ]. But, 
when ACAP1 is phosphorylated at Ser 554  by PKB/Akt, it can bind not only to 
TfnR but also to the β1 integrin cytoplasmic tail [ 86 ]. Thus, in contrast to TfnR 
recycling, the role of ACAP1 in β1 integrin recycling requires its phosphoryla-
tion by Akt, thus providing a critical link between growth factor signalling and 
cell migration and invasion (Fig.  16.4 ).   

   (b)     PKCε  has a well-supported role in integrin-dependent cell migration, and this 
novel PKC isoform likely infl uences these processes by selectively controlling β1 
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integrin traffi cking [ 87 ]. PKCε regulates β1 integrin recycling by phosphorylating 
vimentin to release integrin transport vesicles from cytoskeletal elements in the 
perinuclear region, but, like PKB/Akt, this kinase does not affect TfnR transport 
[ 88 ] (Fig.  16.4 ).   

   (c)     Rab21 and p120RasGAP  both bind to similar regions in the α integrin cytoplas-
mic domain, and recent evidence indicates that these two proteins act sequen-
tially to specifi cally control progression of integrins through the recycling 
pathway [ 44 ]. Rab21 binds to a sequence which is found in membrane proximal 
regions of both the α2 and α5 integrin cytodomains, and this association pro-
motes integrin internalisation and traffi cking through EEs to the PNRC. Once 
the integrin has reached the recycling compartment, p120RasGAP competi-
tively displaces Rab21 from the membrane proximal region of the α-cytodomain 
and takes its place. p120RasGAP then promotes delivery of integrin-containing 
vesicles from the PNRC to the cell surface (Fig.  16.4 ). Consistently, disruption 
of p120RasGAP expression leads to suppression of a nonpersistent mode of 
migration, most likely as a consequence of decreased recycling of α5β1 from 
the PNRC. This competitive binding mechanism may provide a conceptually 
straightforward and rational explanation for how an integrin may process 
through the endocytic pathway and is the fi rst paper to report such a competitive 
hand-on-hand relay in the progression of cargo from one compartment to 
another. A recent report has shown that p120RasGAP may drive tumour cell 
invasion by increasing the activation of Src [ 89 ], and it will be interesting to 
determine whether this is owing to effects on recycling of α5β1 which would be 
likely to increase activation of Src family kinases.   

   (d)     Rab - coupling protein  ( RCP )  and diacylglycerol kinase - α . RCP, a member of the 
FIP family of Rab11-interacting proteins, plays an important role in regulating 
integrin traffi cking, but does not infl uence Tfn recycling [ 13 ,  90 ]. In situations 
when αvβ3 integrin is inhibited by drugs such as Cilengitide, or when cells 
express mutant p53 (see below), RCP is recruited to α5β1 integrin at recycling 
vesicles and integrin recycling then becomes RCP dependent. Interestingly, 
recruitment of RCP to α5β1 enables RCP-dependent recycling of RTKs, such as 
EGFR and cMET, which drives cancer cell invasion and scattering [ 13 ,  90 ,  91 ]. 
RCP possesses a C2 domain in its N-terminal region which has been shown to 
bind particularly strongly to phosphatidic acid [ 92 ]. Phosphatidic acid may be 
produced in the cell via two main routes: via phospholipase  D -mediated hydro-
lysis of phosphatidyl lipids or by phosphorylation of diacylglycerol by diacylg-
lycerol kinases [ 93 ,  94 ]. Diacylglycerol kinase-α (DGKα) is required for 
RCP-mediated recycling of α5β1, but does not seem to play a role in recycling 
of internalised transferrin [ 95 ] (Fig.  16.4 ). Moreover, DGKα and RCP’s 
C2-domain are both required for RCP to be tethered to the tips of invading pseu-
dopods as cancer cells migrate through 3D matrices (Fig.  16.5a ). Thus, deletion 
of the C2 domain or inhibition of DGKα signalling reduces the number of RCP-
positive structures that are tethered at pseudopod tips and correspondingly 
increases the vesicle population in the perinuclear region without apparently 
restricting the overall mobility of RCP endosomes and their ability to move up 
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  Fig. 16.5    Different integrin recycling pathways are directed either to the cell front or the cell rear. 
( a ) Expression of mutant p53 inhibits p63 which promotes recruitment of RCP to endosomal 
α5β1. Association of α5β1 with RCP is not a DGK-dependent event and does not require RCP’s 
PA-binding C2 domain. RCP/integrin recycling vesicles can then move up and down the pseudo-
pod shaft, and the role of DGKα is to generate phosphatidic acid (PA) species which enable the 
tethering of RCP at pseudopod tips, an event that requires RCP’s C2 domain. Inhibition or silenc-
ing of DGKα most signifi cantly affects the interconvertion of 38:4 DAG to 38:4 PA. The 38:4 
species of PA is therefore depicted as the most likely to be involved in tethering RCP at pseudopod 
tips. ( b ) Active-conformation α5β1 integrin is transported from early to late endosomes under 
control of Rab25. Upon arrival at the late endosomes/lysosomal compartment, active α5β1 is traf-
fi cking in lysosomes to the back of the invading cell, and this is dependent on CLIC3. Meanwhile, 
α5β1 that remains in the inactive conformation is recycled at the cell front. CLIC3 and the retro-
grade traffi cking of α5β1 is required for turnover of adhesions which allows the controlled and 
coordinated release of the cell rear as the tumour cells move forward through the ECM       
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and down the pseudopod shaft [ 95 ]. Established vesicle tethers commonly possess 
a Rab GTPase/cargo-binding portion that is linked by an extended coiled-coil 
region to a domain that senses membrane curvature [ 96 ]. These observations 
suggest that RCP may function as a vesicle tether which interacts C-terminally 
with Rab11 and the integrin cargo vesicle and N-terminally with a PA-rich 
region of the plasma membrane.

16.4.3            Integrin Recycling from Late Endosomes/Lysosomes 

 It is generally thought that the majority of internalised integrins are routed to recy-
cling pathways rather than sent to lysosomes for degradation. However, it is now 
clear that a fraction of integrins which are ligand engaged (and thus in the active 
conformation) do not reach recycling endosomes but are sent to late endosomes and 
lysosomes, and this can be associated with increased integrin degradation [ 97 ].    More 
recently the Rab11 GTPase, Rab25 has been found to localise to a late endosomal- 
type compartment and contribute to the delivery of active integrin to lysosomes [ 11 ]. 
In pancreatic and ovarian cancers, Rab25 expression is associated with upregulation 
of a lysosomal protein called CLIC3, which is structurally related to glutathione 
transferase, and CLIC3 prevents degradation of α5β1 within lysosomes and allows 
integrin recycling from this compartment to the plasma membrane (Fig.  16.4 ). 

 At present, the role of Rab25 in development and progression of cancer is 
unclear. Loss of Rab25 is associated with tumour initiation in the colon [ 98 ], and 
several studies have connected loss of Rab25 with progression of breast cancer, 
particularly ER-negative subtypes [ 99 ,  100 ]. On the other hand, Rab25 is found to 
be upregulated in invasive breast carcinoma and in ER- and Her2-positive breast 
cancers [ 101 ]. Furthermore, Rab25 overexpression correlates with decreased sur-
vival and increased aggressiveness of ovarian cancer [ 100 ] and enhanced invasive 
migration of ovarian cancer cells in vitro [ 12 ]. The discovery of CLIC3 as a regula-
tor of integrin recycling from lysosomes may resolve confl icts regarding Rab25’s 
role in tumour progression. Indeed, it is likely that when CLIC3 is present and cells 
can recycle (rather than degrade) lysosomally routed integrins, Rab25 promotes 
α5β1-dependent invasion. However, in tumours where the CLIC3 pathway is 
absent, integrins traffi cked to lysosomes will likely be degraded, thus suppressing 
tumour aggressiveness.   

16.5     Integrin Traffi cking During Cell Migration 

 Integrin endocytosis and recycling has been proposed to infl uence cell migration in 
various ways. It is perhaps unsurprising that there is evidence that the endo–exocytic 
cycle contributes to adhesion assembly and disassembly by respectively delivering 
and removing integrins from the plasma membrane [ 22 ,  34 ]. But there are also 
indications that integrin traffi cking modulates cell migration in more complex ways. 
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For instance, endocytic traffi cking has been shown to promote both the spatial 
restriction of integrins within defi ned cellular locales [ 12 ] and to redistribute integ-
rins en masse from one end of the cell to the other [ 11 ,  40 ]. Furthermore, the way 
that integrins signal to pathways that are key to cell migration, such as the activation 
of Rho GTPases, is infl uenced by the way that integrins are traffi cked [ 65 ,  102 ]. 

16.5.1     Integrin Endocytosis Controls Focal Adhesion Turnover 

 Integrin endocytosis can regulate turnover and stability of FAs, thereby directly 
affecting cell adhesion and migration. In order to specifi cally address the mecha-
nisms involved in the regulation of FA turnover, Ezratty and co-workers developed a 
model system in which the regrowth of microtubules after nocodazole washout 
induces the disassembly of FAs [ 31 ]. Indeed, microtubules can contact β1 integrin- 
containing FAs and induce their disassembly. This process is independent of Rac and 
Rho small GTPases, but requires focal adhesion kinase (FAK) and dynamin-2, a 
large GTPase necessary for endocytosis. Moreover, dynamin-2 itself partially co- 
localises with FAs, and the binding to FAK is required for FA targeting and integrin 
internalisation [ 18 ] indicating that an endocytic event mediates FA disassembly. As 
previously discussed, the clathrin adaptors Dab2 and ARH mediate the targeting of 
clathrin to FAs, and this drives internalisation of the integrin and FA disassembly [ 22 ]. 
Using TIRF microscopy, clathrin positive structures have been shown to co- localise 
with focal adhesion components, such as FAK and vinculin, and to leave the TIRF 
fi eld together with β1 integrin. After internalisation, β1 co-localises with Rab5, 
marker of early endosomes, and Rab11, a marker of recycling endosomes, indicating 
the integrins are then delivered to the PNRC. Interestingly, the downregulation of any 
component of this integrin internalisation system (Dab2, ARH, dynamin-2) impairs 
cell motility [ 22 ]. Furthermore, the activation state of β1 integrin may play an impor-
tant role in endocytosis via this pathway; indeed, the ligand- activated β1 conforma-
tion, recognised by the 12G10 antibody, has been shown to be preferentially 
internalised in a Dab2 and clathrin-dependent fashion from FAs [ 18 ]. The endocytic 
machinery needs to be specifi cally targeted to adhesive sites prior to their disassem-
bly, and it has been shown that the local production of phosphatidyl inositol-
4,5-bisphosphate (PI4,5P2) by type I phosphatidylinositol phosphate kinase beta 
(PIPKIβ) orchestrates the recruitment of components of the endocytic machinery to 
adhesion sites, thus leading to β1 integrin internalisation and FA disassembly [ 103 ].  

16.5.2     Spatial Restriction Versus En Masse 
Redistribution of Integrins 

 By constantly pumping endocytosed receptors back to the very domains from 
which they were internalised, endo–exocytic cycling can function to spatially 
restrict receptors within defi ned regions of the plasma membrane. Indeed, RTK 
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signalling is localised to the leading edge of migrating Drosophila border cells by 
an endo–exocytic cycle that involves dynamin, Cbl and Sprint [ 104 ]. More recently, 
endo–exocytic cycling has been shown to restrict the localisation of active Rac to 
CDRs in a process involving dynamin-dependent endocytosis which transfers Rac 
from the ruffl es to endosomes containing a GEF for Rac [ 105 ]. This leads to Rac 
activation and active Rac then returns to the plasma membrane by an ARF6-
dependent recycling route, and this maintains the concentration of Rac within the 
CDR and thus the polymerisation of actin within this structure. 

 When integrin endo–exocytic cycling was originally described by Marc 
Bretscher, it was proposed that this may contribute to cell migration by internalising 
integrins at the back of the cell and then transporting them forwards within vesicles 
for re-exocytosis at the cell front [ 10 ]. However, although such en masse redistribu-
tion of integrin occurs during cytokinesis and post-mitotic spreading [ 40 ], existing 
evidence does not support a model in which vesicles take integrins from the back to 
the front of cells. There is currently no evidence that endocytic rates are augmented 
at the cell rear. Conversely, most studies indicate increased rates of internalisation 
and localisation of clathrin-dependent endocytosis toward the leading and not the 
trailing edge of migrating cells [ 106 ]. Consistent with this, it appears likely that 
integrins are internalised at FAs near the leading edge [ 18 ] and then transported 
backwards to the PNRC [ 107 ]. Traffi c emerging from the perinuclear region, includ-
ing recycling cargos, travels forwards in migrating cells to sites of focal exocytosis 
near the lamellipodium [ 108 – 110 ], indicating the likelihood that integrins are both 
internalised and recycled near the lamellipodium, thus spatially restricting a popula-
tion of integrins to the front portion of the cell. 

 When cancer cells migrate in a 3 dimensional (3D) environment, endo–exocytic 
cycling of integrins in the inactive conformation is restricted at the tip of invasive 
protrusion by the action of Rab25 [ 11 ,  12 ] (Fig.  16.5b ). Experiments with photoacti-
vatable paGFP-α5 clearly show that α5β1 integrin leaves Rab25 positive vesicles and 
reaches the plasma membrane at the tip of the pseudopod. Most of the photoactivated 
integrin is then maintained in dynamic equilibrium between the Rab25 vesicle and 
the plasma membrane in the front portion of the cell without diffusing backwards. 
This localised targeting of α5β1 appears to promote extension of the invasive pseu-
dopod. However, in the same cells, a smaller pool of α5β1 in the active conformation 
is not spatially restricted to the pseudopod tip, but redistributed from the cell front to 
the back of the cell [ 11 ]. Indeed, integrins that remain in the active conformation are 
sorted into Rab25-positive late endosomes and therein transferred to lysosomes fur-
ther back in the cell. This population of lysosomes are enriched in CLIC3, which 
prevents degradation of the active integrins and facilitates their return to the plasma 
membrane in the rearward portion of the cell. CLIC3 is required for effi cient retrac-
tion of the cell rear, indicating that retrograde integrin traffi cking may be associated 
with the release of lysosomal components, such as proteases that promote the detach-
ment of adhesions to allow the cell to move forward (Fig.  16.5b ). Consistent with 
this, it has recently been shown that exocytosis of Rab27 vesicles (which are largely 
thought to be late endosomal/lysosomal in nature) occurs at the back of migrating 
neutrophils and that this contributes to release of adhesions at the cell rear [ 111 ]. 
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 The endocytic pathway has been shown to contribute to the en masse redistribution 
of integrins during cytokinesis and post-mitotic spreading. During mid telophase, 
Rab21-positive endosomes containing β1 integrins move en masse toward the mid-
body whereupon they concentrate the integrin at the cleavage furrow and anchor 
this structure to the substratum [ 40 ]. This process appears to be reversed following 
cytokinesis as the integrins are transported away from the cleavage furrow toward 
opposing poles of the daughter cells as they migrate away from one another. 

 More recently, it has become clear that Rab21’s capacity to traffi c integrin to 
and from the cytokinetic furrow is likely to be important in preventing genetic 
instability. Rab21 levels are often downregulated in cancer, and the Ivaska lab 
tested the hypothesis that this may lead to aberrant cell division and thus contribute 
to tumour progression [ 112 ]. They found that suppression of Rab21 levels, or dis-
ruption of the association between Rab21 and integrin α-cytotails, decreases the 
fi delity of  chromosome segregation events during mitosis. The resulting chromo-
somal instability is associated with increased oncogenic transformation and is of 
the type that is commonly observed in cancers and thought to drive cancer progres-
sion in humans.  

16.5.3     Integrin Traffi cking Dictates Rho GTPase Signalling 

 Rho family GTPases are central to the regulation of cell migration, and one of the 
ways that integrins are known to infl uence cell movement is by modulating the 
activities of these GTPases. The relative expression levels of αvβ3 and α5β1 integ-
rins determine how cells migrate—when αvβ3 expression is high (and α5β1 is not 
expressed), cells migrate persistently due to downstream Rac activation that allows 
the formation of a fl at lamellipodium at the cell front [ 113 ]. However, when α5β1 
is expressed in the absence of αvβ3, cells migrate with low persistence owing to 
activation of RhoA downstream of α5β1 which (via ROCK phosphorylation) inac-
tivates the actin severing protein cofi lin leading to the lamellipodial collapse and the 
formation of less well-organised protrusions [ 113 ]. 

 Rho GTPase signalling is known to be infl uenced by endosomal transport. As 
mentioned previously, Tiam-1 catalyses the exchange of GTP onto Rac when they 
meet on endosomal membranes, and this promotes spatial restriction of active Rac 
in CDRs [ 105 ]. Endocytic dynamics are also known to coordinate RhoA signalling. 
Indeed the collagen internalisation receptor, Endo180, acts from endosomes near 
the back of the cell to promote detachment of the cell rear [ 114 ]. And, even when 
the relative expression levels αvβ3 and α5β1 remain the same, the way that these 
integrins are traffi cked can infl uence the balance of Rho and Rac signalling [ 65 ]. 
When αvβ3 can recruit PKD1 and recycle via the Rab4-dependent short loop, 
signalling via this integrin to Rac tends to be dominant (over α5β1 signalling to 
Rho- ROCK), and cells assemble a broad fl at lamellipodium and migrate persis-
tently into scratch wounds. Conversely, when this is impaired by inhibiting either 
short-loop traffi cking (by disrupting association with PKD1, or by opposing Rab4 
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function) or by suppressing αvβ3 levels or its ligand-binding capacity (with 
Cilengitide), cells move less persistently [ 13 ,  65 ]. Interestingly, this is not so much 
a direct consequence of reduced αvβ3 function, but due to a compensatory increase 
in α5β1 traffi cking and signalling that occurs following inhibition of αvβ3 traffi ck-
ing or signalling. Indeed, αvβ3 exerts tonic inhibition over α5β1 recycling through 
the RCP- and Rab11-dependent pathway. Thus, when αvβ3 (or its traffi cking) is 
blocked, this inhibition is relieved and α5β1 recycling is increased leading to RhoA- 
ROCK activation, cofi lin phosphorylation and the acquisition of a less persistent 
mode of migration into scratch wounds.  

16.5.4     Integrin Traffi cking and Signalling Infl uences 
Cancer Progression by Regulating the Endocytosis 
and Recycling of Other Cargoes 

 Integrin engagement infl uences the recycling of other receptors, such as RTKs, in a 
way that has relevance to cancer progression, and this is apparent both in terms of 
tumour angiogenesis and invasive migration of tumour cells. Experiments in some 
in vivo and ex vivo models indicated that inhibition of αvβ3 can oppose cell migra-
tion and angiogenesis, and these observations prompted the development of RGD- 
mimetic integrin inhibitors which target αvβ3 [ 115 ]. The highly potent cyclic 
peptide αv integrin inhibitor Cilengitide (cyclo-RGDfNmeV; which inhibits the 
ligand-binding capacity of αvβ3 and αvβ5 integrins) has been evaluated as a poten-
tial anticancer agent in clinical trials, but with disappointing results [ 116 ,  117 ]. The 
lack of effi cacy of Cilengitide is likely explained by recent studies demonstrating 
that αvβ3 integrin can play inhibitory roles both during tumour angiogenesis and in 
invasive migration of tumour cells and that it does this by infl uencing receptor traf-
fi cking [ 118 ]. 

 Indeed, when αvβ3 is present and able to engage ligand, sorting of VEGFR2 into 
the recycling pathway is slow and, correspondingly, VEGFR2 is degraded rapidly 
following addition of VEGF [ 118 ] (Fig.  16.6a ). Following blockade of αvβ3 with 
Cilengitide, however, VEGFR2 is rapidly recycled via a Rab4-regulated pathway, 
and this protects VEGFR2 from degradation. The resulting increase in cell-surface 
levels of VEGFR2 promotes endothelial cell migration, angiogenic sprouting and 
tumour vascularisation. Given the previous literature on the anti-angiogenic effects 
of αvβ3 integrin-blocking agents, some workers expressed surprise that blockade of 
αvβ3 can promote tumour angiogenesis [ 119 ]. But to oppose angiogenesis, 
Cilengitide must be used at a much higher concentrations (μM) than is necessary to 
block the binding of vitronectin and fi brinogen to isolated immobilised αvβ3. 
Indeed the IC 

50
  for the inhibition of vitronectin-αvβ3 binding by Cilengitide is 

0.58 nM [ 120 ], a concentration not dissimilar to that found by Reynolds et al. [ 118 ] 
to promote tumour angiogenesis and VEGFR2 traffi cking. Furthermore, results 
obtained with low nM concentrations of Cilengitide are consistent with the β3 integrin 
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knockout phenotype; β3 −/−  mice display markedly enhanced tumour angiogenesis, 
and this, again, is attributable to increased levels of VEGFR2 [ 121 ].

   As well as promoting angiogenesis, inhibition of αvβ3 activates the traffi cking 
of other receptors to drive invasion and migration of cancer cells. RCP can associ-
ate with both αvβ3 and α5β1 integrins, but treatment with Cilengitide displaces 
RCP from αvβ3 and promotes its recruitment to α5β1 to increase recycling of 
this integrin [ 13 ]. Moreover, inhibition of αvβ3 enables the α5β1-RCP complex 
to also recruit EGFR. This leads to increased EGFR recycling and enhanced 
EGFR signalling (Fig.  16.6b ). Indeed, inhibition of αvβ3 potentiates EGFR auto-
phosphorylation and modulates its downstream signalling to PKB/Akt in a way 
that is dependent on RCP. Given that PKB/Akt promotes cancer cell invasion [ 122 ], 
it is likely that much of the contribution made by RCP-dependent α5β1/EGFR to 
invasive migration is attributable to its ability to potentiate PKB/Akt signalling. 
These studies indicate that a key function of αvβ3 integrin is to suppress traffi ck-
ing of promigratory  receptors. Thus, when αvβ3 is inhibited, this increases recy-
cling of other integrins and their associated RTKs to drive downstream signalling 
leading to enhanced cancer metastasis and tumour angiogenesis. Clearly, these 
studies indicate that inhibition of αvβ3 is not a good strategy to pursue as a poten-
tial cancer therapy. Moreover, it is clear that before pressing forward with strate-
gies to inhibit adhesion receptors, it is necessary to consider the effects that 
anti-integrins might have on the traffi cking and signalling of other integrins and 
adhesion receptors. 

 The p53 tumour suppressor is frequently lost in cancer. However, in many human 
tumours, p53 expression is not lost, but the gene acquires mutations that disrupt its 
ability to bind to DNA, and a growing body of evidence now supports additional 
gain-of-function roles for mutant p53s in cancer invasion and metastasis. Indeed, 
introduction of mutant p53s into p53 null mice increases the incidence of highly 
metastatic carcinomas [ 123 ], and this is associated with enhanced cancer cell migra-
tion and invasion [ 90 ,  91 ,  124 ]. One way that mutant p53s can achieve prometastatic 
gain of function is by binding to and inhibiting the p53-family member, p63. And 
p63, in particular the TAp63 isoform, is now known to play an important role in 
tumour suppression [ 125 ,  126 ]. Reduction of p63 levels in cancer cell lines increases 
invasive migration, and expression of mutant p53 recapitulates the effects of TAp63 
loss, indicating that mutant p53’s gain of function may operate by specifi cally inhib-
iting the TA isoform of p63 [ 90 ,  124 ]. 

 Two recent studies indicate that mutant p53’s achieves its gain of function to 
drive cancer cell invasion and migration by inhibiting TAp63 which leads to recruit-
ment of RCP to α5β1 [ 90 ,  91 ]. This then channels α5β1 integrin and RTKs, such as 
EGFR and cMET, into an RCP-dependent recycling pathway. The consequences of 
this are increased downstream signalling—which in the case of EGFR is to PKB/
Akt [ 90 ], and cMET’s ability to activate the MEK-ERK cascade is also enhanced in 
an RCP-dependent fashion [ 91 ]—which, in turn, leads to disruption of cell–cell 
junctions, increased cell migration on 2D surfaces and enhancement of cancer cell 
invasion into 3D microenvironments (Fig.  16.6b ).   
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  Fig. 16.6    Role of integrins in controlling RTK traffi cking. ( a ) αvβ3 inhibitors promote activation 
of a Rab4-regulated pathway that diverts VEGFR2 from the degradative route to carry it back to 
the plasma membrane. This boosts the levels of VEGFR2 at the cell surface to promote the endo-
thelial cell migration, sprouting and tubulation that drives tumour angiogenesis. ( b ) Inhibition of 
αvβ3 or expression of mutant p53 promotes assembly of an endosomal complex containing RCP, 
α5β1 and EGFR or cMET. α5β1, EGFR and cMET are then coordinately recycled to the plasma 
membrane. This potentiates signalling which contributes to cell scattering and to extension of 
invasive pseudopods and migration of tumour cells into 3D matrices       
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16.6     Concluding Remarks 

 We have seen over the course of this chapter that there are now clear indications that 
integrin traffi cking is important during cancer progression, and we assert that this 
must be considered whilst assessing the effi cacy of emerging potential anticancer 
agents.    Indeed, observations that α5β1 and RTK recycling is upregulated following 
αvβ3 inhibition not only reveal the likely mechanism and molecular explanation for 
the overall lack of effi cacy of anti-αv integrin drugs, but also highlight the need to 
consider any potential compensatory changes in recycling of one receptor following 
the inhibition of another. We have also seen that certain GTPases, such as Rab25, 
can be considered to be either tumour suppressors or promoters depending on the 
cancer type and cellular context. And the discovery of CLIC3 as a protein that pro-
tects lysosomally routed integrins from degradation and allows their recycling may 
dictate whether Rab25 acts to promote or oppose tumour progression. Furthermore, 
the recently described requirement for Rab21-mediated integrin traffi cking in main-
taining genetic stability highlights the need to consider the possibility that targeting 
integrin function may promote chromosomal aberrations that would restrict the effi -
cacy of any potential anticancer agents. Lastly, we have seen that mutation of p53 
(which is considered to be possibly one of the most signifi cant events in cancer 
progression) drives invasion and metastasis by altering integrin and RTK recycling, 
and further work will determine which components of the RCP-dependent recycling 
pathway may be targeted therapeutically to reverse mutant p53’s oncogenic drive in 
human cancers.     
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    Abstract     Monoclonal antibodies targeting specifi c surface antigens of cancer cells 
are rapidly becoming the main stay drugs in specifi c diseases, such as lymphoma 
and breast cancer. Therapeutic antibodies almost invariably induce endocytosis of 
their antigens, and this attribute is already harnessed as a strategy to deliver cyto-
toxic payloads into cancer cells. The therapeutic potential, however, extends to 
direct antitumor activity of naked (unconjugated) antibodies, but the contribution of 
antibody-induced endocytosis to antitumor effects is variable and remains largely 
unclear. Interestingly, mixtures of monoclonal antibodies, each engaging a distinct 
epitope of the same antigen, synergistically induce receptor degradation and corre-
spondingly collaborate in tumor inhibition. Here we describe several examples of 
therapeutic and experimental antibodies, with an emphasis on growth factor recep-
tors and the possibility that future immunotherapy will employ specifi c antibody 
combinations, which robustly strip tumors of their most essential receptors.  

17.1         Introduction 

 When Georges Köhler and César Milstein fi rst generated monoclonal antibodies 
(mAbs) [ 1 ], it was believed that the new method would provide a platform for the 
delivery of “magic bullets,” able to specifi cally eradicate malignant and other 
lesions. Accordingly, through the extremely high target specifi city of mAbs, a 
toxic payload such as a bacterial toxin or a radioisotope might be delivered to spe-
cifi c target tissues, with minimal toxicity and adverse effects. Remarkably, how-
ever, the prerequisite of a toxin or an isotope proved unnecessary with specifi c cell 
surface antigens, like the cluster of differentiation 20 (CD20) and the rodent form 
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of  NEU/HER2, an oncogenic receptor harboring a single transforming mutation 
within the transmembrane segment [ 2 ]. Because murine antibodies to CD20 or 
HER2, from either rodent or human origin [ 3 ], exhibited anticancer actions by 
their own, but administrating murine antibodies to patients inevitably evokes 
human anti-mouse antibodies (HAMA), the original murine mAbs were geneti-
cally manipulated to minimize HAMA. This was initially achieved by the genera-
tion of mouse-human chimeric mAbs [ 4 ] and later by antibody humanization [ 5 ] 
and the development of completely human mAbs in transgenic mice [ 6 ,  7 ]. 

 Since the approval in 1997 of an anti-CD20 antibody (rituximab) for lymphoma 
treatment and trastuzumab, in 1998, for metastatic breast cancer, several more chi-
meric, humanized, or fully human antibodies were approved for clinical application 
in cancer and in other diseases (see Table  17.1 ). As reviewed below, mechanisms 
underlying the therapeutic effects of antibodies may be divided into immune- 
mediated cell killing and direct effects on tumor cells. This chapter will cover pri-
marily one direct mechanism of action of naked antibodies, namely, 
antibody-mediated endocytosis and degradation of surface antigens, such as growth 
factor receptors. Readers are referred to other recent reviews that cover clinical 
aspects of anticancer antibodies [ 8 ,  9 ] and their immunomodulatory actions [ 10 ].

17.2        Mechanisms of Anticancer Effects Involving 
the Immune System 

 Figure  17.1  schematically presents potential mechanisms of tumor cell killing (or 
growth arresting) by antibodies. When dealing with naked antibodies, relevant 
direct mechanisms entail blocking the function of the antigen, for example, curtail-
ing the angiogenic action of the vascular endothelial growth factor (VEGF) by an 
antibody called bevacizumab or cetuximab-mediated blocking of the binding of the 
epidermal growth factor (EGF) to the EGF receptor. Immune-mediated cell killing 
mechanisms include antibody-dependent cellular cytotoxicity (ADCC) and 
complement- dependent cytotoxicity (CDC). So far, most of the antibodies that have 
successfully been applied in clinical wards are intact immunoglobulin G (IgG) mol-
ecules. The Fc domain of such antibodies is particularly important for the recruit-
ment of immune cells, whereas antigen binding and antibody bivalence are essential 
for the majority of the direct mechanisms.

17.2.1       Antibody-Dependent Cellular Cytotoxicity 

 ADCC involves recruitment of Fc receptor expressing immune effector cells, such 
as natural killer lymphocytes, to antibody-decorated tumor cells, followed by the 
killing of the antigen-expressing cancer cells [ 11 ]. Several lines of evidence indi-
cate that ADCC plays critical roles in cancer cell targeting by certain antibodies. 
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Studies involving Fc-gamma receptor-defi cient mice demonstrated that trastu-
zumab and rituximab engaged both activation (Fc-gamma RIIIa) and inhibitory 
(Fc-gamma RIIB) antibody receptors on myeloid cells. Mice defi cient in the inhibi-
tory receptor showed enhanced ADCC. In contrast, mice defi cient in activating Fc 
receptors as well as antibodies engineered to disrupt Fc binding to those receptors 
were unable to arrest tumor growth in vivo [ 12 ]. Consistent with the prediction that 

   Table 17.1    Monoclonal antibodies currently approved for therapy   

 Brand 
name  Antibody  Target  Indication  Company 

 Approval 
date 

 ReoPro  Abciximab  PIIb/IIIa  Cardiovascular  Johnson & Johnson  1984 
 OKT3  Muronomab-CD3  CD3  Autoimmune  Johnson & Johnson  1986 
 Rituxan  Rituximab  CD20  Cancer  Genentech  1997 
 Simulect  Basilixumab  CD25  Autoimmune  Novartis  1998 
 Synagis  Palivizumab  RSV  Infection  MedImmune  1998 
 Remicade  Infl iximab  TNFα  Autoimmune  Johnson & Johnson  1998 
 Herceptin  Trastuzumab  HER2  Cancer  Genentech/Roche  1998 
 Campath  Alemtuzumab  CD52  Cancer  Genzyme  2001 
 Zevalin  Ibritumomab 

tuxan 
 CD20  Cancer  Biogen Idec  2002 

 Humira  Adalimumab  TNFα  Autoimmune  Abbot  2002 
 Xolair  Omalizumab  IgE  Autoimmune  Genentech/Roche  2003 
 Bexxar  CD20  Cancer  Corixa/GSK  2003 
 Erbitux  Cetuximab  EGFR  Cancer  ImClone/Lilly  2004 
 Avastin  Bevacizumab  VEGF  Cancer  Genentech/Roche  2004 
 Tysabri  Natalizumab  α4 

integ-
rin 

 Autoimmune  Biogen Idec  2004 

 Actemra  Tocilizumab  IL-6R  Autoimmune  Chugai/Roche  2005 
 Vectibix  Panitumumab  EGFR  Cancer  Amgen  2006 
 Lucentis  Ranibizumab  VEGF  Macular 

degeneration 
 Genentech/Roche  2006 

 Soliris  Eculizumab  C5  Hematology  Alexion  2007 
 Cimzia  Certolizumab 

pegol 
 TNFα  Autoimmune  UCB  2008 

 Simponi  Golimumab  TNFα  Autoimmune  Johnson & Johnson  2009 
 Ilaris  Canakinumab  IL1B  Infl ammatory  Novartis  2009 
 Stelara  Ustekinumab  IL12/23  Autoimmune  Johnson & Johnson  2009 
 Arzerra  Ofatumumab  CD20  Cancer  Genmab  2009 
 Prolia  Denosumab  RANKL  Bone loss  Amgen  2010 
 Benlysta  Belimumab  BLyS  Autoimmune  Human Genome 

Science/GSK 
 2011 

 Yervoy  Ipilimumab  CTLA-4  Cancer  BMS  2011 
 Adcetris  Brentuximab 

vedotin 
 CD30  Cancer  Seattle Genetics  2011 

   Listed are the generic names and the respective clinical indications of mAbs which were approved 
over the last 28 years for treatment of patients. Note that anticancer antibodies are being used 
either in combination with cytotoxic regimens (chemo- or radiotherapy) or as single agents  
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  Fig. 17.1    Mechanisms underlying the antitumor actions of therapeutic antibodies. Both immuno-
logical (ADCC and CDC) and non-immunological mechanisms are schematically depicted, and 
examples of specifi c mAbs are indicated. Note that the immunological mechanisms depend on an 
intact Fc portion of the therapeutic antibody, which recruits natural killer (NK) lymphocytes and 
components of the complement. Antibody-mediated blockade of the vascular endothelial growth 
factor (VEGF) can inhibit angiogenesis. Likewise, anti-receptor antibodies either interfering with 
growth factor binding or accelerating receptor downregulation may promote growth arrest or 
induce apoptosis       

an optimal antibody against tumors would bind preferentially to activation Fc 
receptors and minimally to the inhibitory partner (Fc-gamma RIIB), the presence of 
the 158V allotype of Fc-gamma RIIIa, which displays a higher affi nity for human 
IgG1 and increased ADCC, associated with a greater objective response rate in a 
group of follicular non-Hodgkin lymphoma patients treated with rituximab (as com-
pared with the more frequent 158F allotype) [ 13 ]. Similarly, Fc-gamma receptor 
polymorphisms were found to be associated with clinical outcome of patients with 
breast cancer who received trastuzumab: the Fc-gamma RIIIa-158V/V genotype 
was signifi cantly correlated with objective response rate and progression-free 
survival in a group of 54 patients with HER2-amplifi ed breast cancer receiving 
trastuzumab plus taxane [ 14 ]. According to another line of evidence, combining 
rituximab with chemotherapy and GM-CSF (granulocyte-macrophage colony-
stimulating factor), a cytokine that causes granulocyte and monocyte expansion and 
increases CD20 expression, is benefi cial due to enhanced ADCC [ 15 ].  
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17.2.2     Complement-Dependent Cytotoxicity 

 The complement system comprises a group of proteins, which are circulating as 
inactive precursors. The precursors represent a series of zymogen activators (C1–C9) 
or inhibitory proteases, able to initiate an amplifying cascade of cleavage events 
leading to activation of the membrane attack complex (MAC), which exerts cyto-
lytic effects on targets cells. Although there is some evidence for the contribution of 
CDC to antitumor activity of mAbs in carcinoma, its involvement in hematologic 
malignancies is more pronounced, probably due the accessibility of components of 
the complement. Alemtuzumab, a humanized anti-CD52 monoclonal antibody, 
which is clinically effective on B-cell chronic lymphocytic leukemia (B-CLL), can-
not induce ADCC, but it is able to initiate a CDC response [ 16 ]. Likewise, two anti-
 CD20 antibodies, rituximab and ofatumumab, can cause CDC-mediated cell killing 
in vitro [ 17 ]. Using a non-immunodefi cient mice model of murine lymphoma ectop-
ically expressing human CD20, it was shown that rituximab fully protected animals 
in an NK cell-independent manner, in line with the fi nding that knockout animals 
lacking C1q, the fi rst component of the classical complement pathway, derived no 
benefi t from rituximab [ 18 ]. Consistent with a critical role for CDC in rituximab 
action, it was demonstrated that C1qA polymorphisms affects the clinical response 
to rituximab therapy of follicular lymphoma [ 19 ]. Likewise, it was shown that com-
plement depletion (using cobra venom factor) markedly reduced the effi cacy of 
rituximab in lymphoma xenograft models, but such depletion had no effect on the 
therapeutic activity of another mAb that does not cause CDC [ 20 ]. Importantly, 
equivalent immunotherapy occurred in the presence or absence of NK cells, and 
F(ab′) 

2
  fragments of the other mAb were able to provide substantial immunother-

apy, indicating that both CDC and non-Fc-dependent mechanisms are involved in 
immunotherapy in this lymphoma model.   

17.3     Target Cell-Dependent Mechanisms 

 Diverse target cell-dependent mechanisms have been shown to mediate the cytotoxic 
effect of antitumor mAbs, including inhibiting cellular proliferation, decreasing 
angiogenesis, and accelerating receptor internalization. Presumably, the majority of 
mAbs act through several direct pathways, in addition to their ability to recruit the 
immune system. An interesting example is provided by mAbs to EGFR. EGFR can 
bind seven different growth factors, but both cetuximab and panitumumab are able 
to inhibit binding of all ligands. Both antibodies are approved for colorectal cancer, 
and it seems that neither is effective on tumors expressing a mutant form of KRAS [ 21 ]. 
Because RAS acts downstream of EGFR, it is likely that cetuximab and panitu-
mumab inhibit tumor growth by displacing the natural ligands of EGFR, thereby 
preventing cell survival, especially when the mAb is combined with chemotherapy. 
In line with ADCC-independent mechanisms, panitumumab, a fully human IgG2 
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molecule, cannot mount a robust ADCC response; hence, other mechanisms might 
be involved in the therapeutic effects of panitumumab. Trastuzumab, an antibody 
approved for breast and gastric cancer, presents a very different case. This antibody 
targets HER2, a ligand-less kin of EGFR, which is overexpressed in 10–25 % of 
breast, gastric, and other tumor types. Because no known ligand can bind with 
HER2, other mechanisms of trastuzumab action have been proposed. For example, 
the mAb might inhibit cleavage of HER2, which normally generates an intracellu-
lar, catalytically active fragment called p95 HER2  [ 22 ,  23 ]. Alternatively, antibody 
treatment might disrupt ligand-independent HER2/HER3 interactions and uncou-
ples the heterodimeric receptor complex from PI3K activity, leading to downregula-
tion of AKT signaling [ 24 ]. 

 Enhancing apoptosis and interfering with mechanisms controlling the cell cycle 
in tumors are considered major routes of mAb action. Apoptosis is the process of 
programmed cell death in which dying cells undergo disassembly into apoptotic 
bodies engulfed by phagocytes. There are two main routes to apoptosis, the extrin-
sic (triggered by cytokines) and intrinsic pathways, and both involve activation of 
the caspase cascade, a series of proteases that cleave effector proteins essential for 
the apoptotic process. Several therapeutic mAbs have been shown to activate the 
intrinsic apoptotic pathway: rituximab can activate apoptosis either by accelerating 
calcium fl uxes or by direct induction of the intrinsic pathway [ 25 ]. Trastuzumab has 
been shown to induce apoptosis by both inhibiting signaling pathways downstream 
to HER2/ErbB-2, as well as by causing TRAIL-induced apoptosis [ 26 ]. Apparently, 
by stimulating the AKT pathway, HER2 overexpression inhibits apoptosis induc-
tion by the tumor necrosis factor [ 27 ], but downregulation of HER2 reduces AKT 
activity and sensitizes tumor cells to both TNF and TRAIL. In analogy, in vitro 
studies that used head and neck cancer cells showed that another mAb, cetuximab 
(anti-EGFR), can induce accumulation of cells in G1, and this is accompanied by a 
decrease in the percentage of cells in S phase. In parallel, the antibody increased 
expression of the pro-apoptotic protein Bax and decreased abundance of the anti- 
apoptotic regulator Bcl-2 [ 28 ]. 

 Inhibition of the cell cycle is another prominent mode of action by which mAbs 
are able to affect tumor cells. The cell cycle is regulated by cyclin-dependent kinases 
(CDKs), which are activated by cyclins and inhibited by specifi c proteins, such as 
p27 Kip , which arrests cells in the G1/S phase. Rituximab can cause cell cycle arrest 
by upregulating the expression of p27 Kip  [ 29 ]. Similarly, the effect of cetuximab on 
cell cycle progression has been attributed to p27 Kip -mediated G1 arrest [ 30 ], and 
trastuzumab-treated mammary tumor cells undergo G1 arrest by a mechanism that 
leads to release of p27 Kip  from inhibitory proteins [ 31 ]. While excessive prolifera-
tion of cancer cells allows expansion of tumor mass, the ability of tumors to induce 
angiogenesis, thereby receive nutrients and oxygen, is a major limiting factor. 
Consequently, inhibition of the angiogenic process holds great benefi ts in restricting 
tumor growth [ 32 ]. One such mAb, bevacizumab, which targets all isoforms of the 
vascular endothelial growth factor A (VEGF-A), has been approved in combination 
with chemotherapy for treatment of colorectal cancer. Transcription of VEGF 
mRNA is induced by low oxygen conditions (hypoxia), as well as by different 
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growth factors and cytokines, including EGF family members. Accordingly, when 
tested in mice, trastuzumab induced normalization of the vasculature in an experi-
mental human breast tumor [ 33 ]. The underlying mechanism might involve mAb- 
induced downregulation of VEGF production by tumor cells [ 34 ]. 

 Another target cell-dependent mechanism, by which certain mAbs might exert 
their therapeutic effects, is antibody-mediated receptor internalization. While 
ligand-induced internalization of activated receptors represent a relatively well 
understood physiological process, which is commonly regarded as a major desen-
sitization step [ 35 ], the process of antibody-mediated internalization is less 
characterized. Because the clinical implications of this process are increasingly 
recognized, we devote the rest of the chapter to the current knowledge pertaining to 
this potential mode of antibody action.  

17.4     A Primer to Receptor Endocytosis 

 While the plasma membrane provides an effi cient barrier, it also needs to act as a 
sensor of extracellular signals. Several mechanisms have evolved to allow such 
sensing, the most notable of which is membrane-bound proteins that specifi cally 
interact with their cognate ligands. These receptors fall into several families, such as 
G protein-coupled receptors (GPCR), receptor tyrosine kinases (RTK), integrins, 
and ion channels. Receptor activation takes place following binding of specifi c 
ligands, thus allowing transfer of extracellular signals to the cellular interior. In 
addition to structural changes, receptor activation involves posttranslational modifi -
cations, such as phosphorylation and ubiquitination. This transfer of information is 
commonly followed by an adaptation to the new activated state, and this entails 
primarily receptor internalization and degradation in lysosomes (“downregula-
tion”). Alternatively, the internalized receptor can be destined to recycling through 
the endocytic machinery (reviewed in [ 36 ,  37 ]). 

 Although the majority of endocytic pathways converge into a common vesicular 
compartment, called the late endosome or the multi-vesicular body, they differ in 
their mechanisms and cargo specifi cities (see Fig.  17.2 ). There are fi ve main endo-
cytic routes that follow receptor activation: clathrin-mediated endocytosis (CME), 
caveolae-mediated endocytosis (CavME), clathrin- and caveolin-independent endo-
cytosis, macropinocytosis, and phagocytosis. While the fi rst three modes corre-
spond to relative small membrane patches, the latter two pathways involve 
internalization of large patches (>1 μM) and will not be discussed in the context of 
antibody-induced endocytosis. Originally identifi ed by studying the uptake of low- 
density lipoprotein, CME is initiated by receptor clustering in clathrin-coated pits [ 38 ]. 
This is followed by membrane invagination, vesicle scission, and fusion with early 
endosomes (EE). Two groups of GTPases act in this process: dynamins (which 
promote membrane constriction and fi ssion) and RAB family members, which pro-
mote vesicle budding, traffi cking, and fusion [ 39 ]. The second mode of endocytosis 
is instigated in specialized forms of lipid rafts enriched in caveolin. Dynamins, as 
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well as protein kinase C and Src family kinases drive membrane budding into larger 
caveosomes (caveolin-enriched organelles), which eventually recycle or fuse with 
EEs, thereby converge with the CME pathway [ 40 ]. The third route of endocytosis 
involves neither clathrin nor caveolin, but in some instances it utilizes dynamin 
and the small GTPase RHOA [ 41 ]. The formed intracellular vesicles are termed 
clathrin- and caveolin-independent carriers, which also converge into EEs, albeit in 
some cases this process involves an intermediate termed GPI-AP-enriched early 
endosomal compartments (GEECs) [ 42 ]. Hence, virtually all internalized vesicles 
converge at the EE, an organelle characterized by both RAB5 and the early endo-
somal antigen-1 (EEA1).

17.5        Antibody-Mediated Receptor Internalization 

 Antibodies directed at various surface antigens variably initiate receptor endocy-
tosis, and this may modulate growth of cancer cells (see a summary list in 
Table  17.2 ). The nature of the antigen, the specifi c epitope engaged by the anti-
body, as well as antibody valence critically determine the rate and route of receptor 
endocytosis, as well as the fraction of internalized receptors that undergo recy-
cling. For example, when engaged by mAbs, RTKs are commonly internalized 
and rapidly recycled, but antibody-mediated endocytosis of CD20 is variable and 

ADCC
(e.g.Rituximab)

CDC
(e.g.Rituximab)

BLOCKING GFS
(e.g.Cetuximab)

ENDOCYTOSIS
(e.g.Trastuzumab)

ANTI-
ANGIOGENESIS
(e.g.Bevacizumab)

DEGRADATION

Cancer cell

Blood
vessel

VEGF

C1q

EGF

MAC

Fc-Receptor

NK
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BASEMENT MEMBRANE

  Fig. 17.2    Pathways of receptor endocytosis. A schematic diagram of the major routes of receptor 
endocytosis and their dependencies on dynamins or on coat proteins (clathrin and caveolin). Note 
the convergence of pathways at the level of early endosomes. Two versions of the clathrin- and 
caveolin-independent pathway exist, either a dynamin-dependent or a dynamin-independent route, 
but only the latter is shown       
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seems uncoupled from recycling [ 43 ]. The internalizing capacities of mAbs are 
relevant to cancer therapy for several reasons. For one, covalent conjugates of 
cytotoxic molecules and mAbs, such as an antibody to CD22 [ 44 ] or an antibody 
to HER2/ERBB-2 [ 45 ], can be delivered into cancer cells by means of receptor-
mediated endocytosis. Below we focus on another therapeutic scenario, namely, 
the variable ability of naked mAbs to directly modulate tumor cell growth while 
undergoing endocytosis.

17.5.1       Antibodies to Integrins 

 Integrins comprise a family of transmembrane receptors present as heterodimers of 
alpha and beta subunits. There are 19 alpha subunits and 8 beta subunits, together 
yielding 25 or more different heterodimers. Integrins are expressed in almost all cell 
types, and they act mainly as adhesion molecules mediating cell-cell and cell- 
extracellular matrix (ECM) interactions [ 46 ]. Upon ligand binding, integrins are 
able to transduce signals into the cell by recruiting adaptor and signaling proteins. 
Additionally, integrins transmit “inside-out” signals by means of conformational 
switches. Acting as ECM attachment sites, integrins are involved in diverse pro-
cesses, including morphogenesis and tumor progression. For example, the receptor 
for laminin, α3β1 integrin, is involved in kidney and lung development [ 47 ]. This 
integrin regulates cell migration and wound healing [ 48 ], as well as angiogenesis [ 49 ]. 
Once activated, α3β1 can promote pro-tumorigenic gene expression in breast cancer 
cells, which identifi es the respective integrin as a potential therapeutic target [ 50 ]. 
Accordingly, a phage display screen aimed at identifying tumor-specifi c single- 
chain variable fragments (scFv), isolated three clones, two of them recognized α3β1 
integrin and caused receptor internalization [ 51 ]. Interestingly, one of the clones 
was studied in details and found to induce functional effects, such as ligand mimetic 
cell adhesion and migration. It is worth noting that enhanced integrin traffi cking, 
which depends on the RAB-coupling protein (RCP), is implicated in p53-mediated 
progression of carcinomas [ 52 ], probably because persistent migration necessitates 
rapid turnover of integrin-based adhesion sites [ 53 ]. Whether or not scFv constructs, 
which target specifi c integrins and undergo internalization, could have signifi cant 
impact on cancer therapy remains to be seen.  

17.5.2     Antibodies to the Transferrin Receptor (TfR) 

 The importance of iron for cell growth and metabolism has long been appreciated; 
iron is bound by circulating transferrin molecules and its association with cells is 
mediated by the TfR. This type II transmembrane protein is abundantly expressed 
on the surface of proliferating cells, which underscores potential utilization for can-
cer therapy. On binding of iron-loaded transferrin, the receptor internalizes via 
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CME into endosomes, but upon acidifi cation the iron is released intracellularly. 
Afterwards, the iron-free transferrin and TfR recycle back to the cell surface [ 54 ]. 
A mAb able to internalize TfR has been reported as early as in 1982 [ 55 ]. The mAb 
was able to block binding of transferrin and consequently inhibited cell growth. 
Following this study, additional mAbs were generated, including an antibody able 
to bind at a site distinct from the ligand-binding site, but still capable of inducing 
rapid receptor internalization [ 56 ]. Using phage display and screening for scFv frag-
ments internalizing into the HER2-overexpressing breast tumor cell line SKBR3, 
three internalizing scFv were identifi ed, two specifi c to HER2 and one to TfR [ 57 ]. 
The mechanism of TfR internalization involved activation of the receptor by acting 
as ligand mimetics. More recent studies identifi ed additional scFvs that bind and 
internalize TfR by acting as ligand mimetics and competing with transferrin [ 58 ]. 
When these monovalent scFvs were converted to a bivalent antibody format, their 
growth inhibitory effects in vitro and in a xenograft model of erythroleukemia were 
markedly increased. 

 Another approach to exploit TfR entails the identifi cation of receptor overex-
pressing malignancies. For instance, Oliver Hermine and his colleagues focused on 
adult T-cell leukemia/lymphoma (ATL), an aggressive disease associated with the 
human T-cell lymphotropic virus type-1 (HTLV-1). Due to TfR overexpression, 
they employed a mAb able to displace iron-bound transferrin and observed apopto-
sis of ATL tumor cells [ 59 ]. Apparently, the cytotoxic effect was achieved by induc-
ing TfR internalization and rerouting from the recycling pathway, thereby causing 
iron deprivation. Another malignancy they targeted is mantle cell lymphoma (MCL) 
[ 60 ], an aggressive non-Hodgkin’s lymphoma subtype, highly expressing TfR. 
Injection of the mAb to mice with preestablished MCL xenografts decreased growth 
rate and also prevented tumor establishment when the mAb was injected together 
with the tumor cells. The antitumorigenic effects were attributed to apoptosis of the 
TfR-expressing cells and mAb-induced rapid endocytosis of the receptor. 
Interestingly, the mAb-bound TfR was routed to lysosomes in a CME-dependent 
process, thus halting recycling and eventually causing detrimental iron defi ciency. 
In conclusion, TfR has emerged as a potential drug target, especially for cancer 
types highly expressing TfR; inhibition of this receptor halts proliferation due to the 
dependence of proliferating cells on iron uptake.  

17.5.3     Antibodies to Type I Insulin-Like Growth Factor Receptor 

 The receptor for the insulin-like growth factor 1 (IGF-IR) belongs to the RTK family 
and shows high homology to the insulin receptor. While initially thought to be func-
tionally redundant with the insulin receptor, it is clear that IGF-IR has many unique 
roles in regulating cellular proliferation and apoptosis. For example, IGF-IR plays 
an important role in cancer progression by promoting mitogenesis and inducing anti-
apoptotic effects [ 61 ]. Upon ligand binding, the intracellular kinase is activated via 
autophosphorylation, causing conformational changes and recruitment of various 
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substrates, which the IGF-IR later phosphorylates, thereby the signal undergoes 
amplifi cation and executes transcriptional responses. Considerable evidence has 
been accumulated attributing pivotal roles for IGF-IR in lung, breast, prostate, gas-
tric, and colon tumors, to name a few. In these cases overexpression of either IGF-IR 
itself or one of its ligands, IGF-I or IGF-II, has been observed, in line with autocrine 
loops [ 62 ]. Relative to other RTKs, the activated IGF-IR is considered a stable pro-
tein, with slow CME internalization rates that require both receptor phosphorylation 
and ubiquitination. 

 Antibodies targeting IGF-IR have already been described in the early 1980s. 
However, the observation that antibodies can accelerate receptor degradation, in 
addition to blocking receptor functions, originated from experiments that employed 
breast cancer cells treated with a neutralizing mAb [ 63 ]. While short-term treatments 
(~1 h) inhibited autophosphorylation and signaling, longer incubations (>4 h) 
resulted in receptor degradation, which was mediated in part by lysosomes. 
Functionally, treatment with the mAb reduced anchorage-independent growth, 
underpinning its therapeutic potential. Similarly, another mAb, EM164, was found to 
antagonize IGF-IR signaling by inhibiting ligand binding [ 64 ]. Unlike treatment with 
the ligand, upon binding to IGF-IR, the mAb caused receptor downregulation, as 
well as inhibited cell proliferation due to cell cycle arrest and induction of apoptosis. 
When tested in vivo, EM164 suppressed the growth of pancreatic cancer xenografts, 
both as single agents and more potently in combination with chemotherapy. Yet 
another antibody, A12 (cixutumumab), was identifi ed in a phage display screen [ 65 ]. 
An interesting cross talk between the IGF-IR and insulin receptor (IR) was uncov-
ered when cells treated with EM164 were checked for IR levels [ 66 ]: EM164 induced 
internalization not only of IGF-IR but also of IR in both cell culture models and in 
xenografts. Moreover, the co-internalization process was localized to lipid rafts, in 
which IGR-IR and IR normally reside. Disruption of lipid rafts partially rescued the 
downregulation of IR but did not affect IGF-IR, indicating that the internalization 
mechanism was not dependent on lipid rafts. In analogy to EM164, mAb A12 also 
inhibits receptor activation and downstream signaling, concomitant with internaliza-
tion and degradation. Along with in vitro growth inhibition, the authors assessed the 
in vivo antitumor effects of this antibody in breast, pancreatic, and colon cancer 
models. In all cases, A12 treatment exerted over 70 % inhibition of tumor growth. 

 Although both studies showed that antibody-mediated IGF-IR internalization 
does not require receptor activation, an scFv fused to a human Fc domain (scFv-Fc) 
that acts as an agonist, was also shown to induce downregulation of IGF-IR [ 67 ]. 
This scFv-Fc activated IGF-IR in a fashion identical to IGF-I and induced down-
stream signaling but also partially inhibited xenograft growth of mammary cancer 
cells. This discrepancy might be explained by a refractory period exerted by the 
antibody, due to receptor internalization and degradation. Even though the antibody 
acts as an agonist similar to IGF-I, unlike this natural ligand, the scFv-Fc causes 
more effective internalization and degradation of the receptor, thereby inhibiting 
further activation and decreasing cell proliferation. 

 Interestingly, unlike the relatively slow IGF1-induced downregulation of IGF-IR 
and weak ubiquitination, antibody-induced receptor degradation and ubiquitination 
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are more robust [ 68 ]. Two lysine residues in the IGF-IR activation loop (Lys-1138 
and Lys-1141) were mapped, which nucleate polyubiquitin chains through both 
Lys-48 and Lys-29 linkages. Mutation of these ubiquitinated lysine residues resulted 
in decreased mAb-induced IGF-IR internalization and downregulation, as well as a 
reduced cellular response to mAb treatment. Interestingly, these sites were weakly 
ubiquitinated upon IGF1 stimulation. Moreover, effi cient receptor endocytosis and 
delivery to lysosomes necessitated ubiquitination of these sites. Importantly, cancer cell 
lines that do not undergo ubiquitination and internalization upon mAb treatment 
were identifi ed, which likely identifi es a mechanism that confers resistance to 
anti-IGF-IR antibodies. In summary, it appears that antibody-mediated internalization 
of the IGF-IR is a major mode of action enabling antitumor effects by the aforemen-
tioned mAbs, as well as by additional anti-IGF-IR antibodies [ 69 – 71 ], including 
fully human antibodies, which are currently being tested on cancer patients.  

17.5.4     Antibodies to ErbB-Family Receptors 

 The founder of the RTK family, EGFR (also called ERBB-1), belongs to a subfam-
ily, which also includes HER2/ERBB-2, a ligand-less receptor [ 72 ], ERBB-4, and 
ERBB-3, a receptor characterized by an extremely weak kinase activity [ 73 ]. 
Because the four receptors can differentially bind 11 different growth factors and 
they can form up to 10 different homo- and heterodimeric complexes, each binds a 
unique combination of cytoplasmic signaling proteins, it has been proposed that the 
ERBB group functions within a framework of a layered signaling network [ 74 ]. 
Importantly, the ERBB network is frequently involved in human malignancies, such 
as various carcinomas and brain tumors. For example, EGFR has been found to be 
overexpressed, amplifi ed, or mutated in multiple human tumors, including cancers 
of the breast, head and neck, lung, colon, ovary, and brain tumors of glial origin [ 75 ]. 
Likewise, amplifi cation of the gene encoding HER2/ERBB-2 was originally 
observed in both breast and ovarian tumors [ 76 ], and this observation was later 
extended to other types of solid tumors. Consistent with a driving role of the ERBB 
network in cancer progression [ 77 ], kinase inhibitors directed at EGFR/ERBB-1 
have been approved already in 2004 to treat lung tumors expressing mutant forms 
of EGFR [ 78 ]. Likewise, mAbs directed at EGFR/ERBB-1 are routinely used in the 
treatment of colorectal and head and neck cancer [ 79 ]. In analogy, lapatinib, a drug 
able to inhibit the kinase activity of HER2/ERBB-2, is approved for treatment of 
breast cancer with amplifi cation of the HER2 gene, while trastuzumab, a humanized 
mAb specifi c to HER2/ERBB-2, is approved for the same clinical indication. 
Unfortunately, resistance to these molecular targeted therapies inevitably evolves in 
patients, which has motivated a major current effort to understand the underlying 
mechanisms and accordingly apply drug combinations able to delay the onset of 
resistance. One recent example is a combination of trastuzumab and pertuzumab, 
another anti-HER2 antibody, which prolonged progression-free survival of HER2- 
positive breast cancer patients [ 80 ].  
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17.5.5     Antibodies to HER2/ERBB-2 

 Preventing posttranslational insertion of the rodent form of HER2 within the 
plasma membrane, by using a fusion protein approach, abolished its transforming 
potential [ 81 ]. Likewise, intracellular antibodies able to arrest HER2 in the 
endoplasmic reticulum prevented cellular transformation [ 82 ], which established 
the notion that antibody-mediated removal of HER2/ERBB-2 from the plasma 
membrane might reduce oncogenicity. The fi rst mAb to HER2/ERBB-2 was gener-
ated in mice immunized with fi broblasts ectopically overexpressing the oncogenic 
rat homolog of HER2 (called NEU) [ 83 ]. Later studies showed that mAb treatment 
reversed the transformed phenotype of NEU-transformed fi broblasts, as determined 
by anchorage- independent growth, and this was associated with the rapid and 
reversible loss of both cell surface and total cellular NEU protein [ 83 ]. While each 
mAb of a set of anti-NEU antibodies was able to cause partial eradication of tumors, 
the administration of mixtures of antibodies reactive with two distinct regions on 
the p185-NEU molecule resulted in synergistic antitumor effects and eradication of 
tumors [ 84 ]. Synergistic effects of mAbs to the human HER2/ERBB-2 protein on 
xenografts of human breast cancer cells were later confi rmed [ 85 ]. In vitro, the more 
effective mAb mixture was also more effective than the single mAbs in inducing 
ADCC and CDC, inhibiting cell growth, inducing apoptosis, and inhibiting the 
secretion of the VEGF. Likewise, synergistic antitumor effects were confi rmed 
using another set of mAbs to HER2 [ 86 ]. Moreover, it was concluded that pairs 
comprising an antibody reactive with the dimerization site of HER2/ERBB-2 
(similar to pertuzumab) and an antibody recognizing another distinct epitope better 
than other pairs inhibit HER2-overexpressing tumors. Because the superiority of 
antibody combinations extended to tumor cell cultures, the authors assumed that 
non- immunological mechanisms contribute to mAb synergy. For example, they 
demonstrated an ability of mAb combinations to remarkably enhance endocytosis, 
ubiquitination, and intracellular degradation of HER2/ERBB-2. Yet another poten-
tial mechanism of synergy emerged from a study that combined trastuzumab and 
pertuzumab in an animal model [ 87 ]. The authors proposed that the strongly 
enhanced antitumor activity was mainly due to the differing but complementary 
mechanisms of action of pertuzumab and trastuzumab, namely, inhibition of HER2 
dimerization (by pertuzumab) and prevention of HER2 cleavage (by trastuzumab), 
which generates p95HER2, a disregulated intracellular kinase fragment. 

 Presumably, depending on their specifi c epitope on HER2, mAbs act by either 
intercepting signaling pathways or by weakly inducing receptor endocytosis when 
singly applied. This notion might explain early reports demonstrating the ability of 
specifi c mAbs, including 4D5, the father of trastuzumab, to activate NEU/HER2 
and consequently downregulate receptor abundance [ 88 – 90 ]. Nevertheless, several 
reports concluded that trastuzumab cannot downregulate HER2/ERBB-2. For 
example, morphological analyses showed that trastuzumab does not infl uence 
HER2/ERBB-2 distribution but instead recycles passively with the internalized pro-
tein [ 91 ]. Similarly, another study observed no antibody-mediated depletion of 
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HER2 but did observe a reduction in phosphorylation of AKT, probably due to 
recruitment of PTEN to the plasma membrane [ 92 ]. In line with this model, it was 
shown that trastuzumab treatment disrupts ligand-independent HER2/HER3 inter-
actions, leading to downregulation of AKT signaling [ 24 ]. Yet another study that 
questioned an endocytosis-related mechanism employed two anti-ERBB-2 scFv 
molecules that induced receptor internalization [ 93 ]. The authors found no correla-
tion between the extent of HER2/ERBB-2 internalization and inhibition of cell 
growth. 

 In line with an epitope-specifi c mode of action, screening of a battery of mAbs 
to HER2/ERBB-2 for their ability to elicit receptor internalization, phosphoryla-
tion, and growth inhibition uncovered two potential mechanisms: one class of mAbs 
accelerated endocytosis whereas another class blocked heterodimerization with 
other ERBBs [ 94 ]. Interestingly, endocytosis and degradation of HER2/ERBB-2 
might depend on the ability of specifi c mAbs to induce ubiquitination of HER2 by 
recruiting the CBL ubiquitin ligase [ 95 ]. Unlike the endocytosis-inducing mAbs, 
the action of which might be limited to HER2-overexpressing cancer cells, mAbs 
able to block formation of ligand-induced heterodimers can block proliferation 
of cancer cells, such as prostate cancer cells, which express moderate levels of 
HER2 [ 96 ]. Interestingly, because HER2 decelerates the rate of EGFR endocytosis 
in the context of EGFR-HER2 heterodimers [ 97 ], by blocking heterodimer forma-
tion, the latter class of mAbs might act also by removing EGFR and other growth 
factor receptors from the cell surface [ 98 ]. In conclusion, mAb-induced down-
regulation of HER2 represents only one out of a list of potential mechanisms of 
HER2-targeted immunotherapy. Nevertheless, this mechanism can be augmented 
by applying appropriate mixtures of mAbs, especially those able to block heterodimer 
formation by HER2 and synergistically sort the oncoprotein for lysosomal degradation. 

17.5.5.1     Antibodies to EGFR/ERBB-1 

 The clinically approved mAbs directed against EGFR, cetuximab, and panitu-
mumab are ligand competitive, meaning that they can displace EGF-like growth 
factors and hence inhibit receptor activation and downstream signaling [ 99 ]. 
In-depth analyses of the biological effects of cetuximab uncovered multiple in vitro 
mechanisms, including cell cycle arrest, inhibition of angiogenesis, invasion and 
metastasis, as well as induction of apoptosis. It is notable that cetuximab induces 
dimerization of EGFR, without activation of the intrinsic tyrosine kinase, resulting 
in receptor downregulation, and this effect appears to be important for its growth 
inhibitory capacity [ 100 ]. Experiments that employed a radio-labeled form of cetux-
imab confi rmed endocytosis of the mAb, albeit with a slower rate than that of EGF, 
but the internalized mAb recycled more effectively than internalized EGF [ 101 ]. In 
addition, internalization of the mAb, in contrast to that of EGF, was independent of 
the receptor’s tyrosine kinase activity, in line with distinct endocytic processing of 
EGF and cetuximab. 
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 In similarity to the synergistic internalizing effects of combinations of mAbs 
directed at HER2/ERBB-2, certain pairs of anti-EGFR antibodies accelerate receptor 
endocytosis and degradation [ 102 ]. To enhance endocytosis, the mAbs must engage 
non-overlapping antigenic epitopes of EGFR. Interestingly, the mechanism of endo-
cytosis appears distinct from the one underlying EGF-induced receptor downregula-
tion: no kinase activity or cytoplasmic domains of EGFR were necessary. The authors 
proposed a “lattice model,” attributing robust endocytosis to the size of the cluster of 
receptors engaged by the combination of mAbs. Another study showed that highly 
potent mAb combinations reduced surface receptor levels by up to 80 % with a 
halftime of 0.5–5 h, through a mechanism consistent with mAb- mediated inhibition 
of EGFR recycling [ 103 ]. Like anti-EGFR mAbs in current clinical use, Sym004, a 
mixture of two anti-EGFR mAbs inhibited cancer cell growth and survival by blocking 
ligand binding and receptor activation [ 104 ]. However, unlike the other antibodies, 
Sym004 induces rapid and effi cient EGFR downregulation and superior antitumor 
effi cacy in vivo. In conclusion, clinical development of Sym004 and other mAb 
combinations may herald a departure from a monoclonal to oligo-clonal mixtures 
of mAbs able to effectively control tumor growth in patients.    

17.6     Concluding Remarks 

 Antibody-induced endocytosis of oncogenic (or survival-mediating) antigens 
emerges as a common process, which might contribute to cancer therapy, along with 
other immunological and non-immunological mechanisms. The relative contribu-
tion of each mechanism to therapy seems to depend on the nature of the antigen; 
antibody-induced downregulation of RTK (e.g., IGF-IR and HER2) is especially 
effective. Currently, the identity of the endocytic route(s) and the respective molec-
ular drivers are largely unknown. Likewise, the necessity of specifi c cytoplasmic 
domains of the internalizing receptor is not understood, let alone potential post-
translational modifi cations (e.g., ubiquitination and phosphorylation). Nevertheless, 
the reported ability of antibody mixtures, mimicking a polyclonal antiserum, to 
enhance receptor endocytosis not only provides hints as to the nature of the endocytic 
pathway but also focuses the attention on the ill-defi ned recycling of internalized 
antigens back to the plasma membrane. 

 Importantly, resolving molecular mechanisms underlying antibody-based endo-
cytosis bears clinical implications. Since the approval of the fi rst monoclonal anti-
body for cancer therapy, in 1997, many additional antibodies have entered routine 
application in oncology institutions, but response rates and durations are far from 
being satisfactory. Both primary resistance of patients as well as resistance that 
evolves following several months of patient treatment with a monoclonal antibody 
severely limit pharmacological effi cacy. In-depth understanding of antibody- 
induced endocytosis is expected to uncover ways to enhance cancer  immunotherapy, 
strategies to better combine immunotherapy with chemotherapy, as well as means to 
delay the onset of patient resistance to specifi c antibodies.     
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