
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Protein kinase C: Its role in RTK processing 

ABSTRACT 
Protein kinase C (PKC) affects signal transduction, 
vesicle trafficking, chemotactic activity, and cell 
polarity. It is the target of phorbol ester tumor 
promoters, but the phorbol esters have a variety 
of effects on cell growth – even opposite effects. 
Despite the importance of tumor promotion in 
cancer, and PKC in tumor promotion, it remains 
unknown how PKC affects signal transduction in 
a way that has major consequences for cancer 
development. PKC has a well-known role in 
downregulating or desensitizing receptors to 
further input at the earliest stages of signaling. 
The signalosomes assembled on receptor tyrosine 
kinases (RTKs) undergo progressive refinement, 
and there is some evidence suggesting PKC 
intervenes at these stages of signal processing. 
New light may be shed on the complexity of 
receptor processing by identifying signaling 
intermediates affected by PKC. It is possible to 
infer the composition of protein assemblies 
(signalosomes) on the epidermal growth factor 
receptor (EGFR) complex by integrating knowledge 
from proteomics studies with results from cell/ 
molecular research. Although the full complexity 
of such complexes cannot be conveyed, the results 
allowed identification of inflection points where 
the signalosome composition is altered. Inflections 
can be anticipated due to Src and Cbl-mediated 
activities, as both are substrates of PKC and dock 
on the receptor. In this context, it is essential 
to develop analogies to convey the complexity 
of signaling downstream of receptor activation.
  
  

We propose an analogy for temporal intervention 
in signalosome composition, similar to the concept 
of temporality of PKC-receptor interactions 
proposed by others. It likens PKC to service 
workers in the economy. To fulfill their roles, 
such workers, for example, caterers and taxi 
drivers, can be mobilized at different times and 
places. PKCs maintain a presence in the cytoplasm, 
and wherever and whenever they are needed, they 
are called up in numbers that have a relationship 
to the strength of the signaling input. 
 
KEYWORDS: actin-binding, clathrin-mediated 
endocytosis, protein degradation, proteomics, 
receptor recycling, signaling network, sorting 
vesicle. 
 
1. Introduction  
Despite five decades or more of research, it is still 
unclear how tumor promoters cause tumors in 
cells exposed to a carcinogenic insult that would 
otherwise be negligible. The role of PKC in cellular 
regulation is complex, but new perspectives are 
emerging from the field of proteomics. These 
techniques allow receptor interactomes to be 
identified by immunoprecipitation of the associated 
proteins or peptides, followed by mass spectrometry. 
The methods have been used frequently to study 
the receptors binding epidermal growth factor 
(EGF) and related ligands. This receptor family, 
also known as avian erythroblastosis oncogene B 
(ErbB) or human EGF (HER), comprises four 
protein species having different ligand binding 
characteristics, each also having differentially 
spliced isoforms. Here, they are referred to 
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collectively as the EGF receptors (EGFRs). 
When occupied by a ligand, the receptors form 
homodimeric or heterodimeric complexes with 
other receptor molecules. Then, each member of 
the dimer is transactivated by having phosphate 
added to tyrosine residues in the intracellular 
domain by the other member. The complex can 
undergo enlargement as dimeric receptors aggregate 
into tetrameric and higher orders (reviewed in 
[1, 2]). Although there are innumerable reports on 
the biochemical nature of the complex, many of 
the constituents found in EGFR complexes by 
proteomics methods were not known, from 
previous reports, to be receptor-associated. Here, 
we interrogate results of proteomics research in 
the light of current concepts about signal 
transduction and especially in relation to PKC’s 
role in receptor processing. This may advance our 
understanding of how the phorbol ester tumor 
promoters can have such variable effects, so that 
they often decrease normal [3] and neoplastic cell 
proliferation [4], but paradoxically accelerate 
tumor production.  

1.1. PKC’s role in receptor-ligand binding and 
receptor processing  
The PKC family of serine-threonine kinases 
comprises some 11 isoforms. Two classes of 
isoforms, α, β, γ, δ, called the conventional PKCs, 
and δ, ε, η, θ, called novel PKCs, are activated 
downstream of membrane-bound RTKs and G-
protein coupled receptors (GPCRs). The RTKs 
make direct contact with phospholipase C (PLC)γ 
whereas the GPCRs are coupled to members of 
the G alpha-Q and alpha-11 classes of GTPases, 
which activate PLCβ. The consequence is 
hydrolysis of phosphatidylinositol(4,5)bisphosphate 
(PIP2) in the plasma membrane, which in turn 
causes the release of second messengers 
diacylglycerol (DAG) and calcium. The novel 
isoforms do not bind to calcium and are activated 
by DAG, cis-unsaturated fatty acids, phosphatidic 
acid, or phosphatidylinositol-3,4,5-trisphosphate 
(PIP3). PIP3 is produced by the activity of 
phosphatidylinositol 3-kinase (PI3-K) on PIP2. 
Members of a third class of PKCs, the atypical 
isoforms, are activated only by free fatty acids, 
acidic lipids, or PIP3. All PKCs exist in a folded 
form, which is enzymatically competent but 
inactive, and all have phosphatidylserine-binding
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domains that are concealed in the folded form. 
Upon occupancy of the calcium- and/or DAG-
binding domains, the conventional and novel 
classes of PKCs translocate to membranes causing 
the proteins to unfold. As PKC unfolds, a 
phosphatidylserine-binding site is revealed, which 
allows the molecule to dock on the membrane 
[5-7]. This allows the kinase domain to have 
access to physiological substrates on or near the 
membrane. The PKCs are closely related to the 
family of PKDs, also known as PKCμ and PKCν, 
which are also regulated by DAG.  
Several PKCs have been recovered by 
immunoprecipitation of EGFR complexes [8-10]. 
Although PKCδ was reportedly required for 
ErbB2-driven mammary gland carcinogenesis [10], 
the role of PKCs in carcinogenesis is undefined. 
The EGFRs are among the many substrates of 
PKCs [11], but they are part of a complex 
network including multiple substrates of PKC. 
Using a chimeric receptor combining the extracellular 
portion of HER1 with the intracellular domains of 
HER2, Seedorf and coworkers showed that PKC 
overexpression increased receptor degradation 
over 6 hours [8]. On the contrary, others found 
that PKC activation by tumor promoters, which 
are degraded slowly and therefore cause persistent 
activation of the PKCs, inhibited degradation of 
the receptor complex [12-14]. Treatment with the 
tumor promoter, phorbol 12-myristate 13-acetate 
(PMA), slowed the rate of ligand-induced 
disappearance of EGFR from the surface [13]. 
A recent study elaborated on the mechanisms by 
showing that PKC mediated the escape of EGFR 
from ubiquitination and degradation [14]. Those 
receptors that were internalized were diverted 
from the degradative path and recycled to the 
plasma membrane contributing even more EGFR 
to the amount retained on the plasma membrane 
[13, 14]. It should be noted that this sequence of 
events contrasts markedly with nonreceptor-
mediated endocytosis, which is increased by phorbol 
ester treatment (see for review [15]).  
One mechanism affecting ErbB1 trafficking involves 
a site in the juxtamembrane domain, namely 
Thr654, that is phosphorylated by PKCµ/PKD and 
other PKC isoforms.  Phosphorylation reduces the 
receptor’s affinity for ligand and its dimerization 
[16, 17], which in turn attenuates signaling [18] 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

PKC in the cellular economy                                                                                                                         3

which include WW1 (WW domain containing E3 
ubiquitin protein ligase 1) and Nedd4 (neuronal 
precursor cell-expressed developmentally down-
regulated 4), undergo extensive interactions with 
RTKs, as does Nedd4 family member, Aip4/Itch 
(atrophin-1 interacting protein 4) [34]. The 
experimental overexpression of an E3 ligase 
usually leads to increased degradation of receptor 
complexes, but there are systems in which such 
a ligase can rescue receptors from degradation 
[36, 37]. In addition to the E3 ligases mentioned, 
RING finger (RNF) family members, RNF126, 
and RNF115 (breast cancer associated gene 2), 
and a protease-associated transmembrane (PA-
TM-RING) family member, RNF13, modulate 
trafficking in endosomal or sorting compartments 
[38-40]. 
There is some debate as to where PKC engages in 
the process, and thus, whether the EGFRs are 
internalized with their kinase activities intact or 
diminished by PKC-mediated phosphorylation 
[41]. PKC is known to be translocated to the 
plasma membrane within minutes after activation 
with either endogenous or exogenous agents, and 
its phosphorylation of EGFR has been found 
to occur on the membrane [13, 14] or within 
microdomains containing annexin A6 [42] or 
caveolin [9]. In direct contradiction, however, 
other laboratories have found that phosphorylation 
on the Thr654 residue was contingent on EGFR’s 
transfer to the endosomal compartment [21, 43], 
(see for review [44]). The receptors were mobilized 
along with conventional PKCs to perinuclear 
vesicles through a PLD-dependent mechanism 
[45]. From these compartments, they were 
directed into recycling endosomal compartments 
[21]. It has been shown that other conventional 
PKCs were mobilized to perinuclear vesicles after 
30-60 minutes of phorbol ester treatment [46]. 
In some reports, phosphorylation was found to be 
mediated by PKD [47], which was in turn 
activated by a novel PKC [16]. The results in the 
aggregate suggest that there is a sequence of 
events, and different PKC isoforms are involved 
in different steps of the process. Other 
interpretations are possible, however, as will be 
mentioned in the section below. 

1.2. Problems in interpretation 
It is possible that the balance of activated PKC 
isoforms is a code dictating how the signals will be

and causes negative cooperativity within the 
receptor complex (for review, see [19, 20]). The 
inhibition of EGFR endocytosis by PMA was 
partially reversed in cells expressing a mutant 
receptor with alanine substituted at the Thr654 
phosphorylation site [13]. The mutant receptors 
also underwent ligand-induced ubiquitination 
and degradation in PMA-treated cells [14, 21]. 
Despite results suggesting that PKCs generally 
redirect trafficking of the EGFR complex, the 
mechanisms are still unclear. PKCα was needed 
for EGFR endocytosis in a squamous cell 
carcinoma line. Here, both the phosphorylation 
of Thr654 and the internalization of the EGFR 
depended on the assembly of a membrane domain 
containing ganglioside, tetraspanin, EGFR, 
caveolin, and PKC [9]. Recycling of platelet-
derived growth factor receptors was likewise 
dependent on PKCα [22]. 
The phosphorylation at Thr654 may introduce 
negative cooperativity simply by decreasing the 
receptor’s ability to interact with docking sites, 
including those mediating receptor-receptor 
interactions. There are two classes of EGFRs at 
the cell surface, based on their EGF-binding 
characteristics. The high-affinity sites account for 
less than 10% of receptors, and treatment of the 
cells with phorbol esters converts them to low-
affinity sites. Signal transduction only occurs 
through high-affinity receptors [23], which are 
capable of assembling into dimeric and higher-
order complexes. Upon ligand binding, the 
high-affinity EGFRs are routed into the cell 
by coordinated interactions between vesicle 
trafficking and ubiquitination. The Casitas B-
lineage lymphoma protein (Cbl) is docked on 
them and is phosphorylated by several Src family 
kinases, probably including Src [24-26]. Cbl is 
recruited to EGFR at a phosphotyrosine site 
created by Src, and it rapidly adds monoubiquitin 
to the receptor complex [27-29]. Despite differences 
in constituents reflecting the different cell types or 
different internalization mechanisms, this ubiquitin 
addition creates markers that are used for receptor 
trafficking [29-31]. In the course of receptor 
processing, the RING (really interesting new 
gene) finger E3 ubiquitin Cbl is supplemented or 
displaced on the EGFR by another RING finger 
[28, 32] or HECT (homologous to E6-AP carboxyl 
terminus) E3 ligase [33-35]. The HECT ligases, 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

both the rates of internalization and recycling [15], 
investigators rarely measure the instantaneous rate 
of internalization. As noted elsewhere, all rates 
except instantaneous uptake are nonlinear and are 
governed by the rate of uptake [15]. The practical 
implication of this is that, any condition causing 
receptors to be trapped in internal compartments 
will decrease the surface display, and this may be 
interpreted as enhanced internalization. Conversely, 
an increase in recycling relative to passage into 
successively later compartments makes the receptor 
display appear greater, and this is often interpreted 
as inhibition of endocytosis. Moreover, the kinetic 
rates are treated as though they are constant over 
the course of treatment. On the contrary, it is 
likely that there is a progressive modification of 
the kinetics because the composition of the complex 
attached to receptors is changing continuously 
following their activation. 
 
2. Changes in the receptor complex following 
receptor-ligand interaction 
It is clear from section 1.1 that PKC may work at 
multiple levels of regulation during its interaction 
with EGFR. Due to the problems identified above 
(section 1.2), however, the complexity of the 
system may be more apparent than real. It is 
equally possible that different isoforms interact 
with EGFR to inactivate some of its functions, but 
the exact PKC isoform driving the interaction and 
its timing is specific to the cell type. 
For the sake of argument, we assumed that PKC 
interacts with the EGFR complex at multiple 
times and/or subcellular sites. If the concept is 
valid, it might be possible, through an analysis of 
progressive changes in the receptor complex, to 
identify points where progress is affected by the 
appearance or disappearance of a substrate or 
binding partner of PKC. A great deal of knowledge 
of the complex assembly of proteins on receptors 
has been gained from studies of RTK interactomes 
isolated by immunoprecipitation of the associated 
proteins or peptides, followed by mass spectrometry. 
Following transphosphorylation of the EGFR, 
constituents are recruited to newly created sites 
on the receptors’ intracellular portion. Here, we 
select some of the proteins that make direct 
contact with the EGFR to represent the core 
constituents (Figure 1). It has become clear that 
the RTKs can be phosphorylated on tyrosine at 
 

interpreted in a cell. DAG and calcium synergistically 
activate the conventional PKCs downstream of 
receptors, but PIP3 activates only the novel and 
atypical PKCs, and it is produced downstream of 
PI-3K. The advantages to the cell of regulating 
physiological functions in this way is clear – 
different cell types may select a different subset 
of proteins to execute signaling from a single 
receptor type. As we have begun to understand 
that numerous isoforms and regulators of PKCs 
exist, the degree of complexity has become more 
apparent. This complexity requires that signaling 
networks be considered as a system, rather than 
a sequence of individual steps each exerting a 
positive or negative effect on signaling outcomes. 
There are several additional problems contributing 
to the lack of consensus about PKC’s role in 
receptor processing. One is the artificial nature 
of procedures used to perform biochemical 
experiments. Cells in culture must be used to 
facilitate experimentation, but to remove ligands 
that would mediate signaling, the cells are 
deprived of serum for a prolonged period. This 
appears to maximize receptor display on the 
cell surface but causes some signal-processing 
proteins to move to the surface of the endoplasmic 
reticulum. With receptor activation, they migrate 
to the plasma membrane and peripheral cytoplasm 
[48]. Thus, the procedure used to remove the 
ligands may alter subsequent receptor trafficking 
by limiting the availability of signaling 
intermediates. Another problem with the conditions 
is that the usual procedure follows a time course 
of events after providing a ligand. This prohibits 
performing an experiment under equilibrium 
conditions. Finally, when investigators use 
phorbol esters to alter receptor processing, they 
are often added in vast molar excess over any 
endogenous activator. The same problem exists 
with regard to EGF or other ligands which are 
used to start a time course. They are often in 
excess of the biologically relevant concentrations. 
There are also nontrivial problems. One is that 
different cell types are used by different 
investigators, and it is not known that they process 
receptor complexes in a similar fashion. Finally, 
studies analyzing internalization and recycling fail 
to consider the kinetics of receptor trafficking. 
Whereas it is known that measurements taken 
over a time scale longer than a few seconds reflect
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PLC and Shc are known to be phosphorylated 
immediately after receptor activation [57]. 
Figure 2 illustrates arrangements of proteins that 
appear to be bound more transiently or indirectly 
to the EGFR. Except for p120 rasGAP, all of the 
core proteins, Abl, Crk, Grb2, p85/PI3-K, PLCγ 
[58], Shc1, Src, and STAT [59], bind to Cbl.    
The many published reports on the EGFR 
interactome may be useful as a basis for analysis 
of signaling complexes. Two teams of investigators 
found interactomes consisting of 183 proteins and 
300 proteins, including 31 [60] and 74 [54], 
respectively, whose phosphorylation status was 
altered by receptor activation. In studies of 
cultured mammary epithelial cells, similar 
interactomes were represented by 58 [61] and 160 
proteins [62], respectively. The interactome of 
HeLa cells consisted of 81 proteins with altered 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

numerous sites, and hence Figure 1 represents just 
one possible assembly of a core of common 
signaling components. The proteins shown are 
nearly universal in tissues of the human body [51, 
52]. The exact residues where binding occurs are 
not relevant to the analysis, and the reader is 
referred to the literature for further information 
[2, 49, 53-55]. 
Some of the core constituents (Figure 1), e.g. Cbl, 
Shc, PLC, and possibly Ras-GAP, appear to be 
substrates of EGFR. Disentangling the sequence 
of phosphorylation is difficult, in part because 
a priming phosphorylation on a substrate by a 
nonreceptor tyrosine kinase increases the 
accessibility of substrate to phosphorylation by 
the receptor kinase [56]. Priming is discussed in 
greater detail in the next section (section 2.2). 
 
 

Figure 1. Core constituents activated early after ligand binding to RTKs. The constituents include the enzymes: Abl, 
Src, and PLC, a lipid phosphatase upstream of PKC. Other core proteins are: GTPase-activating protein, p120 Ras-
GAP, E3 ubiquitin ligase, Cbl, and transcription factor, STAT. Not all of the proteins shown have binding sites on 
all four receptors of the EGFR family. Abbreviations: Abl, Abelson tyrosine kinase; Cbl, Casitas B-lineage lymphoma; 
Crk, CT10 (chicken tumor virus no. 10) regulator of kinase; Grb2, growth factor receptor-bound protein 2; p85/PI3-K, 
phosphoinositide 3’-kinase regulatory subunit; PLC, 1-phosphatidylinositol 4,5-bisphosphate phosphodiesterase 
gamma; p120 Ras-GAP, 120 kDa Ras GTPase-activating protein; Shc, Src homologous and collagen-like protein; 
Src, Rous sarcoma virus protooncogene; STAT, signal transducer and activator of transcription. The core is mainly 
from references [49, 50] and KEGG pathway (http://www.genome.jp/kegg/pathway/hsa/hsa04012.png, last accessed 
July 24, 2018). Constituents assembled on other RTKs differ in details but represent similar functions as those 
shown. 
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Figure 2. Signalosomes consisting of receptor-enzyme-adaptor complexes and similar clusters of proteins. 
Constituents with anchors into the receptor are core constituents. About half of the Abl-initiated signalosomes (left) 
are implicated in actin recruitment. Actin organization (green hexagon) is driven by Nck or Abi through WAVE 
(green circle). The number of signalosomes assembled on the Src kinases and the receptor itself suggest that they are 
implicated in receptor internalization. Receptor complex remodeling is represented as a Src function, but Abl also 
interacts with protein tyrosine phosphatases (PTPs) including Shp2 (not shown). Both kinases also initiate 
ubiquitination, changes in lipid metabolism, and interactions between core constituents and GEFs. In addition to 
initiation by one of these tyrosine kinases, signalosomes may be initiated by receptor-associated constituents acting 
as adaptors, or by the receptors themselves. Abbreviations: Abi, Abl interactor; ACK, activated Cdc42-associated 
kinase; AP-2, adaptor protein complex 2; Dok, downstream of tyrosine kinase; Eps8, EGFR substrate 8; Eps15, EGF 
pathway substrate 15; GAB, Grb2-associated binder; Mena, mammalian homolog of Ena (enabled)/VASP 
(vasodilator stimulated phosphoprotein); Nck, non-catalytic region of tyrosine kinase adaptor protein; Shp2, Src 
homology phosphotyrosyl phosphatase 2 tyrosine phosphatase; Sos, Son of sevenless; Syk, spleen tyrosine kinase; 
Vav, Hebrew letter resembling a tent peg, WAVE, WASP (Wiskott-Aldrich syndrome protein) family verprolin-
homologous protein. The core components are defined in the legend to Figure 1. 
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phosphorylating Cbl, Shc and the EGFR itself 
[67]. Adaptors that are phosphorylated on tyrosine 
serve as platforms for binding to both Abl and 
Csk [75]. Thus, Abl may mediate the interaction 
of both Csk and Shp2 with Src. Because it is 
generally not known which proteins are present 
on an adaptor simultaneously, the results of the 
interaction are not predictable. There are also 
indications that Shp2 binds to Src directly. This 
caused a slight increase in activity, which was not 
mediated by dephosphorylation of the Src Tyr 
527, as Shp2 binding to the Src SH3 domain was 
sufficient [76]. 
Abl enzymatic activity is autoinhibited by 
interactions between the Src-homologies 2 or 3 
(SH2 and SH3) domains and the kinase domain, 
which in turn depend on an N-terminal myristoyl 
modification of the molecule. Autoinhibition is 
common to many kinases but is relieved in an 
unusual way in Abl. The activation loop is 
phosphorylated by an autocatalytic mechanism in 
trans. Thus, at high concentrations, Abl enhances 
its own enzymatic activity by intermolecular 
interactions. Further elevations of its activity 
depend on the ability of tyrosine-phosphorylated 
substrates of Abl to disrupt docking between its 
SH2 domain and the kinase domain. Abl-mediated 
phosphorylation of such substrates further 
enhances the interactions between the partners. 
Docking of such ‘primed’ substrates on the SH2 
domain of Abl positions them favorably for 
further phosphate addition. Many substrates that 
activate Abl at high concentration are thought to 
have this effect (see for review [65] and [77, 78]). 
For a few of them, Abl interactor (Abi), Cbl, and 
Crk [79-81], illustrated in Figure 2, the priming 
effect on Abl activity is indicated by coloring both 
substrate and Abl purple. Otherwise, enzymes are 
represented in blue and substrates in red. Other 
Abl substrates, e.g. Grb2, Nck, and WAVE, are 
not shown in purple but may act similarly [82-84]. 
Adding to the complexity of these interactions, 
Abl phosphorylates PKC δ under conditions of 
oxidative stress [85]. Thus, PKC δ was sometimes 
recovered with the EGFR complex [62, 69]. 
Conversely Abl is phosphorylated by PKC. 
Although this phosphorylation doesn’t change the 
enzyme kinetics of Abl, it may alter some aspects 
of its activation by its binding partners [86]. 

phosphotyrosylation patterns [63]. The typical 
constituent showed an increase in phosphotyrosylated 
sites. Only rarely was a phosphosite negatively 
regulated following receptor activation in these 
cell types, although it often occurred in embryonic 
fibroblasts [64]. Abl is not normally phosphorylated 
on tyrosine [65] and was rarely found among 
phosphotyrosylated peptides recovered for mass 
spectrometry. Crk was typically absent from the 
receptor-associated complex but was found in 
some studies, e.g. lung adenocarcinoma cells [66]. 
Grb2 was usually found if high and unphysiological 
concentrations of EGF were used in experiments 
[67]. Some proteins are seldom represented in 
proteomic surveys for technical reasons [68]. 
To understand the possible consequences of the 
cell’s assembling so many signalosomes, and of 
its varying the order of assembly or activation, we 
estimated the number of states the receptor could 
occupy during its maturation. Let us assume that 
each signalosome appearing in Figure 2 could be 
present or absent and that each could exist in two 
states. The native state would be that shown in 
Figure 2, and a second state would be achieved by 
a posttranslational modification (phosphorylation, 
ubiqitination, sumoylation, acetylation, etc.). Then, 
that would be 321 or about 10 billion states. This 
illustrates the problem encountered when trying to 
predict the state of a receptor complex while it is 
undergoing progressive changes in the cell. 

2.2. Src and Abl recruit constituents to the  
EGFR complex 
Src family kinases (Fyn, Lyn, Src, Yes) were 
phosphotyrosylated constituents of the EGFR 
complex [62, 64, 67, 69, 70]. The Src family 
affects the assembly of signalosomes by its ability 
to phosphorylate Abl [71], which may be a 
prerequisite for Abl being phosphorylated by 
the receptor [72]. Activation of Abl may then 
cause positive feedback on Src by Abl-mediated 
phosphorylation and activation of PTP, Shp2 
[73] (see also Figure 2). It is known that Shp2 
knockdown causes hyperactivation of C-terminal 
Src kinase (Csk), the kinase that suppresses Src by 
phosphorylating it on the Tyr 527 residue [74]. 
Moreover, the Src kinases were responsible 
for altering the interactions between other proteins 
at early stages of receptor processing by
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can be mined to infer how cells construct 
signalosomes. Randomly selected constituents 
recruited by Src and Abl are shown in Figure 2, 
along with constituents recruited by the receptor 
itself. The signalosomes are consistent with 
networks proposed elsewhere [92, 93], but there 
are many more known combinations than shown 
here. Activation of a Src family kinase may precede 
the assembly of Abl-dependent signalosomes, and 
so the signalosomes shown would not be assembled 
over the same time course. One example of how 
constituents are recruited is provided by Cbl 
interacting protein of 85 kDa (CIN85)/SH3KBP1 
(SH3 domain kinase binding protein 1), also 
called CD2AP (CD2-associated protein). CIN85 
is an Abl binding partner [94] and Src substrate 
[95]. As its name implies, it binds to Cbl and 
thereby influences the ubiquitination of the EGFR 
[95]. CIN85 affects trafficking by recruiting 
endophilin, which is an important accessory 
protein in endocytosis (see for review [96]). The 
function and binding partners of CIN85 are 
discussed further in section 2.5.1.  

2.3. Progressive refinement of the interactome 
There is abundant evidence that the receptor 
complex changes over time, a pattern that is 
referred to here as refinement. Sites on the 
receptor itself and the Shc Tyr427 site underwent 
phosphotyrosylation within 10 seconds in MCF-
10A and HeLa cells [57, 67]. PLC and PI3-K 
were among the constituents phosphorylated early 
in cells exposed to a ligand. Phosphorylation 
of these proteins was exquisitely sensitive to 
EGF concentrations over the range of 0.2 to 
2.5 nM [67]. Several other proteins underwent 
phosphorylation early after cells were exposed to 
ligand. The phosphotyrosine content of Cbl, 
Dok1, Eps15, SHIP2, Src family kinases, and Vav 
rose gradually over 1 min [63, 67]. Cbl and Cbl-b 
were represented in the EGFR complex at the cell 
surface, whereas the HECT ligase, Aip4/Itch, was 
present on the internalized complex [54]. This 
was consistent with the concept that Cbl is 
displaced by other E3 ligases during receptor 
processing, as discussed above (section 1.1). Early 
phosphorylation of Shc, PI3-K and PLC was 
typically found even in different cell lines. As 
noted in the very first analysis of the time course, 
however, kinetic curves of phosphorylation varied
  

The Abl kinases are the only known tyrosine 
kinases with an actin-binding domain. They are 
able to mobilize actin on membranes and so may 
affect trafficking in several ways. Abrogation 
of Abl delayed capping and, consequently, 
internalization of the B cell antigen receptor. 
Thus, Abl appeared essential for some aspects of 
endosome and phagosome formation in B cells 
and macrophages [87, 88]. In direct contradiction 
to these findings, constitutively active Abl caused 
EGFR to be confined to the cell surface in 
anchorage-dependent mammalian cells. It also 
reduced Cbl’s interaction with the EGFR and 
decreased Cbl recruitment in response to EGF 
stimulation [89]. In experiments on constitutively 
recycled receptors, the knockout of Abl prevented 
recycling of transferrin and low-density lipoprotein 
receptors to the cell surface and caused internalized 
receptors to be routed into degradative pathways 
[90]. Experiments on different receptor classes 
may give opposite results, in part because Abl 
interacts extensively with Src. Abl and Src mutually 
regulate one another and both also regulate the 
Cbl-EGFR interaction. Abl’s importance in 
regulating recycling is supported by studies on 
Rab5, a GTPase that regulates endocytosis. The 
Rab5 guanine nucleotide exchange factor (GEF), 
Ras and Rab interactor (RIN), is associated with 
the EGFR but also binds to Abl’s SH2 domain. 
A mutant form of RIN with less GEF function 
allowed the EGFR to be recycled, whereas a 
mutant unable to stimulate Abl activity prevented 
EGFR recycling [91].  
Since conflicting experimental results were 
obtained, it is possible that Abl works at multiple 
levels of processing. Although it might be 
hypothesized that some Abl-mediated activities 
could be switched on or off by its phosphorylation 
of PKC, the only isoform known to be 
phosphorylated by Abl is PKC δ. This isoform is 
not known to mediate receptor trafficking, and 
those that do so, e.g. PKCα, PKC ε, and PKC θ, 
are rarely recovered with the EGFR complex (see 
also section 4). There are 11 curated sites of 
tyrosine phosphorylation in PKC δ (https://www. 
phosphosite.org). Four are conserved as tyrosine 
in PKC ε but they are seldom found to be 
phosphorylated. 
As mentioned above (section 1), the EGFR 
interactomes are a rich source of information that 
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p120 RasGAP, in a way dependent on 
phosphotyrosylation of RasGAP itself or a 
binding partner [100]. PKC θ added phosphate to 
Cbl-b at Ser282, a residue that is conserved in 
other Cbl isoforms. This phosphorylation may 
have physiological significance, because PKC 
downregulates the phosphorylation of Cbl on 
tyrosine and inhibits its ability to recruit PI3-K 
and Crk to the EGFR [101]. Cbl is phosphorylated 
by Src, as mentioned above. This suggests that 
signaling from the activated EGFR could be 
affected by the rate at which PKC phosphorylates 
EGFR and inhibits the binding of Cbl and 
subsequent recruitment of its binding partners. 
These rates are regulated by the activators 
upstream of PKC, specifically by the products 
released downstream of PLC activation, calcium 
and/or DAG (see section 1.1). As more PLC 
molecules are activated, there are more PKC 
molecules mobilized to the plasma membrane. 
EGFRs also enable PI3-K activation to differing 
extents depending on the receptor isoform, and 
the production of PIP3 may create an additional 
activator of novel and atypical isoforms. This 
could result in biased activation of the novel and 
atypical isoforms relative to the conventional 
isoforms following ligand binding (see section 1.2).
Where investigators have made constructs of PKC 
with a fluorescent protein and visualized their 
localization in cells treated with DAG or a 
bioactive phorbol ester [102-104], they have been 
found at the plasma membrane at varying times 
from 10 seconds to 20 minutes (see for review 
[105]). That the mobilization of PKC takes place 
over varying times means that PKC could 
intervene at different times in a process stream. 
This is called temporality in studies of the 
abundant mucin-like protein, CD43, that regulates 
T cell receptor trafficking. CD43 is essential for 
regulation of T-cell activation and proliferation, 
and in its absence, the cell is hyper-responsive to 
stimuli. CD43 regulates the T-cell receptor by 
inhibiting Cbl tyrosine phosphorylation in a PKC 
θ-dependent manner [106]. An early interaction 
upstream of Cbl means that receptors remain 
available at the cell surface. Slower intervention 
by PKC allows signalosome assembly by Cbl and 
subsequent removal of receptors from the cell 
surface. A similar PKC θ-mediated downregulation 
of Cbl phosphotyrosylation is mentioned above. 
 

widely among the signalosome constituents. 
Moreover, different sites on the same protein 
often showed divergent patterns [63, 70]. 
An analysis of phosphotyrosylated peptides over a 
longer time course revealed that PI3-K and Src 
peptides were unchanged after an initial increase, 
whereas the phosphotyrosylated Cbl, Crk, PLC, 
Shc, and STAT peptides declined after the 
first 8 mins [69]. There are some interesting 
discrepancies in such time courses. For example, a 
phosphotyrosylated peptide from p130Cas (Crk-
associated substrate) in mammary epithelial cells 
decreased after EGF treatment [61], whereas 
investigators working on HeLa cells found a slight 
increase in overall phosphotyrosylation [63]. 
The second-rank constituents that are actin-
binding proteins, Eps8 and Mena/Ena/VASP, are 
discussed with third-rank proteins below. Actin 
appears to play roles in receptor trafficking, both 
in endocytosis and recycling, but despite rapid 
progress in the field, there is still little understanding 
of these roles. Recent studies suggest that there 
are several mechanisms of internalizing receptor 
complexes. At ligand concentrations of around 
1 ng/ml (0.167 nM), activated EGFRs were reportedly 
taken up by clathrin-mediated endocytosis (CME). 
ACK has a clathrin-binding domain and is 
implicated in CME [97], as well as in receptor 
processing [98]. With high ligand concentrations, 
it is thought that the internalization machinery 
may become saturated, and so receptor internalization 
occurs through other mechanisms, collectively 
called nonclathrin-mediated endocytosis (NCE). 
This may have different consequences for 
signaling. According to some interpretations, 
NCE is the main pathway leading to receptor 
ubiquitination and degradation.   

2.4. Temporality of PKC effects on the  
EGFR complex 
The persistence of a signalosome will depend on 
the rate of inactivation of the complex by 
disaggregation of its constituents. This may occur 
by reducing or reversing EGFR activation and the 
docking of constituents initiated by it. Of the core 
constituents, four, Cbl, Src, STAT, and the EGFR 
itself, which is phosphorylated at both Thr654 and 
Thr693, are known PKC substrates [99]. PKC 
probably phosphorylates a fifth core constituent, 
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remodeling the complex, e.g. Shp2, or for integrating 
it with the actin-mediated force for vesicle 
trafficking, e.g. Ena/VASP, and these functions 
could be profoundly altered by their phosphorylation. 
As yet, however, there is little information on the 
physiological consequences or timing of the 
phosphorylation. There are also several substrates 
of PKC among constituents of the third-rank, 
as indicated in Table 2. These are discussed 
further in sections below (sections 2.5.1 and 
2.5.2). 

The proteins referred to as second-order constituents 
are recruited in a manner not as well understood 
as for core constituents. Table 1 shows the 
binding partners and functions of these second-
rank constituents and, where known, the kinases, 
phosphatases, and ubiquitin ligases that carry out 
relevant posttranslational modifications. Only two 
PKC substrates are known among these constituents. 
PKC phosphorylates Shp2 on Ser576 and Ser591 
(Table 1). It also phosphorylates VASP on Ser157 
[107, 108]. These constituents are important for 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 1. Functions, upstream regulators, and binding partners of the second-rank EGFR complex constituents 
shown in Figure 2*†. 

Constituent Posttranslational 
modification by Function Additional binding 

partners 

Second  
or non-

enzymatic 
activity 

Review 
articles 

Abi Abl Scaffold 

Integrin α4, 
Mena/Ena/VASP,  

N-WASP, Sos  
[109-112] 

Actin 
organization 

[65, 113, 
114] 

ACK/Tnk2 Src  
[115] Kinase 

Cdc42, clathrin heavy 
chain, Hsp90, Nck, 
Nedd4-2, N-WASP, 

p130Cas, SNX9,  
[116, 117] 

GTPase 
effector [118] 

AP-2 

AP2-associated 
kinase, coated 

vesicle associated 
kinase of 104 kDa 

Trafficking 

Subunits 
AP2A1/AP2A2, 
AP2B2, AP2M1, 

Eps15, epsin 

Adaptor 
[119, 
120, 
121] 

CIN85/CD2AP Src Adaptor 

Cortactin, Crk, 
dynamin, FAK, Grb2, 

IQGAP, p130Cas, 
polyubiquitin, SHIP2, 

Sos 

Actin capping 
[122] [123] 

Dok1 IGF-I receptor, Src 
family kinase Adaptor Abl, EGFR, Grb2, 

Nck, p120 RasGAP 

Sequesters 
Grb2 from 

Shc/Sos 
complex 

[124] 

Eps15 
PTPN3, Cdc2  

[125, 126] 
 

Scaffold AP2, Crk, epsin, Nck 

Cargo sorting, 
links 

ubiquitinated 
receptor to 

AP180 

[121, 
127, 
128] 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Many of these constituents are substrates of the 
tyrosine kinases, EGFR, Src, or Abl as indicated 
in Table 2. Others are substrates of enzymes listed 
in the second-rank constituents (Figure 3). For 
example, sorting nexin (SNX9) is a substrate of 
ACK and paxillin a substrate of Shp2. Unlike the 
second-order constituents, several constituents of 
this more distantly associated group contribute to 
focal contact organization. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2.5. Third-rank constituents of the RTK 
interactome 

Additional proteins are found in the EGFR 
interactome whose mechanisms of recruitment to 
the EGFR are unknown. Figure 3 shows a selection 
of such proteins. For both the secondary and 
tertiary constituents, the approximate frequency of 
their recovery in different cell types is indicated. 
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Table 1 continued.. 

Constituent Posttranslational 
modification by Function Additional binding 

partners 

Second  
or non-

enzymatic 
activity 

Review 
articles 

Eps8 
 

MST3 (Mammalian 
Sterile 20 (Ste20)-
like kinase 3), Src 

[129] 

Adaptor 

IRSp53 (Insulin 
receptor substrate 

p53), PIP2  
5-phosphatase A/ 

INPP5J, Shp2, Sos, 
Vav [130-132] 

Actin 
bundling and 

capping  
[133] 

 

GAB Akt, ERK, Src Scaffold 

Crk, EGFR, Grb2, 
Nck, p120 rasGAP, 

paxillin, PI3-K, PLC, 
SHIP2, Sos, Vav 

Adaptor [124] 

Mena/Ena/VASP 
Abl, PKA, PKC, 

PKD, PKG  
[99, 134] 

Subunit 
addition on 

actin 
filaments 

Abi, actin, cortactin, 
IRSp53, profilin, 
tripartite motif-
containing E3 

ubiquitin ligase 

Anti-capping [135] 

Nck Abl  
[136] Adaptor 

Abi, Abl, ACK, 
ARHGEFs, cortactin, 

filamin, GAB,  
N-WASP, PAK,  
p120 RasGAP, 

SNX8/12/17, Sos, 
WAVE [137] 

 [137, 
138] 

Shp2 Abl, PKA, PKC  
[73, 139, 140] PTP Csk, Grb2, p130Cas, 

Src Adaptor [141, 
142] 

Sos Abl, ERK/MAPK 
[143] 

GEF for Ras 
and Rho 
GTPases 

Crk, Eps8, GAB, 
Grb2, Nck, PI3-K, 

PLC, SNX9 
Adaptor [144] 

Vav 
EGFR, Shp2, spleen 

tyrosine kinase 
(Syk) [145, 146] 

GEF for Rac, 
RhoA, and 

RhoG 

Abi, Eps8, GAB, 
Grb2, PLC, talin, 

vinculin [147] 
Adaptor [148] 

*Binding partners already shown in Figure 2 are not included. 
†For databases relied upon see Table 2. 
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  Table 2. Functions, upstream regulators, and binding partners of third-rank constituents shown in Figure 3*. 

Annexin 
Abl, EGFR,  

PKC, Src  
[99, 149] 

Scaffold, 
endocytosis, 
exocytosis 
[150, 151] 

Actin, phospholipids, 
p120GAP, PKC  

[152, 153] 

Inhibits 
filament 

elongation at 
barbed ends, 

bundles 
filaments 

[154] 

[155-
158] 

(Arf)GAP 
GIT1/2 

PKD, Src  
[159, 160] 

Scaffold, 
focal contact 

structure, 
trafficking 

ARHGEFs, GPCR 
kinase, paxillin 

 

Adaptor, PLC 
activation 

[160] 

[161-
163] 

ARHGEFs Abl, PAK, PKC 
[149, 164, 165] 

Receptor 
trafficking 
[166-168] 

Cbl, Cdc42, GIT1/2, 
PAK, Rac [169] 

Activates and 
inhibits 
guanine 

nucleotide 
exchange 

[170] 

Caveolin Src 
Structural 
protein of 
caveolae 

Filamin, GPCR kinase, 
PKC  

[171-175] 

Trafficking, 
inhibits GPCR 
kinase [174] 

[176, 
177] 

Cortactin 

Abl, ACK, 
ERK/MAPK, 
PAK, PKC,  
PKD, Src  

[99, 178-182] 

Filament 
initiation, 
receptor 

trafficking 
[183, 184] 

Actin, Arp2/3, CIN85, 
Mena/Ena/VASP,  

Nck, N-WASP  
[185, 186] 

Actin 
assembly by 
displacing 
WASP or 

VASP family 
protein on 
filament  

[183, 186] 

 

Filamin Abl, PAK, PKC 
[187, 188] 

Actin cross-
linking Actin, caveolin, Nck 

Filament 
cross-linking 

at large angles 
[189] 

Hsp90 
Abl, casein  

kinase 2  
[149, 190] 

Chaperone 

ACK, cAMP-dependent 
protein kinase catalytic 
subunit beta, Rapidly 

accelerated 
fibrosarcoma (Raf) 

kinase, p50 cell  
division cycle protein, 

N-WASP, PKC  
[191] 

Actin 
nucleation and 
cross-linking 

[192] 

[193] 

N-WASP 

Abl, ACK, casein 
kinase 2, Src 

family kinases 
[117, 194] 

GTPase 
effector 

Arp3, Cdc42, cortactin, 
FNBP, Grb2, Hsp90, 
Nck, RNF8, SNX9, 

SNX33 

Adaptor [195, 
196] 

p130Cas/BCAR Abl, Src  
[149, 197] Scaffold ACK, β-COP, FAK, 

PTP1B, SHIP2 Adaptor [198] 

Paxillin 
Abl, FAK and/or 

Src, Shp2  
[199-201] 

Scaffold Csk, FAK, GAB, 
GIT1/2, RNF5 Adaptor [202] 

 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
2.5.1. Proteins organizing actin 

Proteins regulating aspects of actin organization 
include annexin, cortactin, filamin, N-WASP, 
Eps8, and Mena/Ena/VASP. Eps8 has an actin 
capping activity that is activated by Abi, as well 
as bundling activity (Table 1). Proteins of the 
WASP and VASP families bind to actin through 
large domains housing the closely related WASP-
homology 2 (WH2) and globular (G)-actin-
binding motifs [212]. N-WASP also binds to actin 
indirectly through Arp2/3 [213]. Although Arp2/3 
nucleates addition of actin monomers to form a 
branch on the filament, it is incapable of initiating 
actin polymerization on its own. Its binding 
partners, N-WASP and cortactin, enable the 
creation of sites for actin monomer addition. For 
reviews of actin filament initiation, see [214, 215]. 
Cortactin binds directly to actin and enhances 
filament assembly by binding to Arp2/3 and 
displacing a mutual binding partner, N-WASP, on 
the filament [186]. Cortactin is phosphorylated 
at residues Ser405 and Ser418 by p21-activated 
kinase (PAK), and this enhances its affinity for 
N-WASP and hence actin polymerization [179]. 
Cortactin is also a substrate of PKCα and its 
homolog, PKC μ/PKD. The PKCs target different 
residues than PAK, resulting in a reduction in 
cortactin’s actin-binding and -crosslinking activity 
and consequently endocytosis. Thus, the rate of 
actin filament assembly can be regulated by 
N-WASP in cooperation with cortactin. This is 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
thought to be important for generating the forces 
in vesicle fission and fusion, which depend on 
multiprotein assemblies built up around actin 
filaments. Cortactin also interacts with CIN85 
downstream of EGFR-Cbl complex formation 
[185]. The CIN85 signalosome is organized on 
EGFR-Cbl complexes and engages endophilin 
(Figure 2). Endophilin is implicated in both CME 
and NCE mechanisms of receptor internalization 
[216]. By binding to actin via their respective 
actin-binding domains, CIN85 and cortactin may 
interact with filaments around the endocytic 
vesicle, resulting in forces that favor vesicle 
fission. Cortactin was typically turned over at the 
early endosome, but a PKC-cortactin complex 
could be trapped in early endosomes in cells 
treated with calmodulin inhibitor, W13 [184]. 
Whereas one would expect cortactin knockdown 
by siRNA to inhibit the internalization and 
degradation of the EGFR, the opposite is 
observed. Reducing cortactin content in a non-
small cell lung cancer line accelerated EGFR 
degradation [217]. Because cortactin also 
participates in sorting of internalized molecules, 
cortactin knockdown may prevent the sorting of 
EGFR in the endosomal pathway and thereby 
prevent receptors recycling to the plasma 
membrane [218]. Alternatively, the role of 
cortactin in exocytosis may be more important in 
deciding the destination of EGFR.  
Although they both engage in actin organization, 
neither Nck nor Abi has an actin-binding motif. 
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Table 2 continued.. 

SH3PX1/SNX9†, 
SNX2‡, 

SH3PX3/SNX33 

ACK, Itch, Src 
[203, 204] 

Scaffold, 
retromer 

formation 

Crk, dynamin,  
N-WASP, Sos,  
SNX6, SNX9 

Adaptor [205, 
206] 

Shb 
Frk (Fyn-related 

kinase)  
[207] 

Adaptor Abl, Crk, Grb2, Vav 
[208, 209]   

SHIP2 Src family kinase 
[210] 

Lipid 
phosphatase 

CIN85, GAB, Grb2, 
p130Cas Adaptor [211] 

*Databases relied upon: 
https://www.phosphosite.org/homeAction.action (last accessed June 28, 2018). 
https://www.uniprot.org/ (last accessed July 23, 2018). 
https://reactome.org/content/detail/R-HSA-5218820 (last accessed July 23, 2018). 
†SNX9 (SH3PX1) interacts with SNX33 (SH3PX3). 
‡SNX2 interacts with SNX6. 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Nck organizes actin nucleation by binding directly 
to N-WASP [219]. In general, WASP and VASP 
family members, N-WASP, WAVE, and Mena, 
make Nck undergo a phase transition resulting 
in the formation of puncta on phosphorylated 
receptors [220]. Nck’s interaction with N-WASP 
and WAVE [137] appears to cause elongation and 
stabilization of filaments associated with RTKs 
[221].  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The annexins comprise a large family of proteins, 
most of which are PKC substrates and serve as 
scaffolds for PKC recruitment to membranes, 
including the plasma membrane, secretory 
vesicles, and caveolae and lipid rafts. Certain 
isoforms, e.g. annexin A2, are prominently 
associated with macropinocytic vesicles (see for 
review [157, 158]). By binding to phospholipids 
and PIP2, the annexins form a coat that locally
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Figure 3. Proteins associated with the EGFR, as identified by peptides recovered for mass spectrometry. Some 
second-rank constituents are captured by immunoprecipitation in one cell type and not others, e.g. Eps8, Ena/VASP 
or Mena, and Nck (Left). The third-rank constituents consist largely of three classes of proteins, those mediating 
actin organization (annexin, cortactin, filamin, and N-WASP), those involved in trafficking (caveolin, and sorting 
nexins), and those implicated in focal contact regulation (ArfGAP, ARHGEFs, paxillin, and p130Cas) (Right). 
Abbreviations: ArfGAP, ADP-ribosylation factor GTPase-activating protein; GIT, GPCR kinase-interacting target; 
ARHGEF, Rho guanine nucleotide exchange factor; Hsp90, heat shock protein 90; N-WASP, neural Wiskott-
Aldrich syndrome protein; p130Cas, Crk-associated substrate of 130 kDa size; SH3PX3, SH3 and PX domain-
containing protein (sorting nexin); Shb, SH2 domain-containing adapter protein B; SHIP2, PIP3 5-phosphatase also 
called INPPL1. Second-rank constituents are defined in the legend to Figure 2.  



Abl and its substrate, filamin, both bind to actin 
through calponin homology (CH) domains. 
Filamin has the structural protein of the caveolae, 
caveolin, as a binding partner and the filamin-
caveolin complex anchors caveolae in a specific 
arrangement near actin stress fibers [171]. When 
phosphorylated by one of several serine-threonine 
kinases, including PKC, filamin can engage in 
internalization of the caveolae, but a number of 
additional proteins are needed, including Abl 
[225]. Receptors and channels in the caveolae are 
internalized and downregulated in a caveolin- and 
PKC-dependent fashion [9, 174, 175]. Annexin is 
also present in caveolae. PKC phosphorylates 
both Abl and its two substrates, filamin and 
annexin (Table 2), but how this contributes to 
internalization of these organelles is unclear, as 
the PKCs are bound to caveolin in their inactive 
form [17], (see for review [226]). 
A total of three PKC substrates are included 
among the third-rank proteins organizing actin. 
An additional two, if the inclusion of PKD in the 
PKC family is allowed, are found among third-
rank proteins implicated in focal contact dynamics 
(see below). 

2.5.2. Proteins associated with focal contacts 

Some of the third-rank constituents are components 
of focal contact sites. The fact that adhesive 
structures are recovered with the RTK complex 
has no obvious explanation. Identification of the 
binding partners of several core constituents by 
immunoprecipitation suggests that there is a 
closer relationship between receptors and focal 
contacts than previously thought. When the 
interactome is recovered using an anti-EGR 
antibody rather than anti-phosphotyrosine, however, 
there is a noticeable lack of focal contact constituents 
[54, 60]. 
One possible way these constituents appear in the 
interactome is that both of these multiprotein 
assemblies contain Src, and it migrates between 
the receptor complexes and focal contacts.  
p130Cas binds constitutively to many nonreceptor 
tyrosine kinases, including Src family kinases. 
The Crk interaction with p130Cas is an interesting 
example of how an adaptor may participate in 
both structures. Via its SH2 domain, the several 
isoforms of Crk bind to exposed phosphotyrosine 
 
 

reorganizes phospholipids in the membrane. Their 
binding to membranes is sensitive to sub-micromolar 
calcium levels [222]. Some annexin isoforms 
have affinities for specific isoforms of PKC, 
including the novel PKCs which are not calcium-
dependent. For example, isoform A2 interacts 
with PKCs α, β, and ε, and annexin A6 interacts 
with PKCα. Upon activation of the PKCs 
associated with annexins, EGFRs are inactivated, 
presumably because PKC phosphorylates the 
receptors. PKC knockdown restores EGFR 
phosphotyrosylation and internalization [42], as 
does annexin A6 knockdown [223]. These 
experiments suggest that annexins can enhance 
signaling from EGFRs by inhibiting the 
endocytosis of the receptors. The negative effects 
on signaling, due to PKC-mediated phosphorylation 
of receptors, may be outweighed by the retention 
of EGFR on membranes. With prolonged retention, 
the EGFRs may recover their competency for 
signaling. The annexins are multifunctional proteins, 
and so their functions are not easily rationalized in 
terms of cancer or tumor promotion. 
Annexins may also participate in exocytosis of 
recycled EGFRs. When phosphorylated in vitro 
by PKC, annexin A2 is able to reconstitute 
secretion of chromaffin granules in permeabilized 
cells, suggesting that this is the form active in 
exocytosis [224]. Annexin A2 exists in two main 
forms: a monomer and a heterotetrameric complex 
with two A2 molecules bound to a homodimer of 
the 10 kDa protein S100A10. Phosphorylation of 
A2 by PKC disbands the complex. The bundling 
activity associated with the A2-S100A10 complex 
appears integral to the annexin-dependent exocytosis 
of chromaffin granules [150]. This, however, is 
contrary to the evidence that phosphorylation by 
PKC favors exocytosis. Indeed, exocytosis can be 
blocked by a synthetic peptide of A2 that competes 
with the endogenous PKC phosphorylation site 
[151]. Exocytosis may rely on the actin bundling 
activity of A2 more than on its phospholipid-
binding properties, but there is little concordance 
among the results. How the process is regulated 
by PKC is as yet unknown. Annexin levels can be 
increased or reduced in transformed cells relative 
to normal cells, and hence the dualism found with 
regard to signaling is also reflected in relation to 
growth control (see for review [156-158]). 
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3. EGFR endocytic and post-endocytic trafficking 
Internalization pathways were discussed above 
(sections 2.3 and 2.5.1), and several of the third-
rank constituents function in these pathways. The 
endocytic machinery was identified in studies of 
clathrin-coated pits from dynamin knockout cells. 
It contained activated Cdc42-associated kinase 
(ACK), sorting nexin 9 (SNX9), and epsin [233]. 
Epsin is an adaptor that bridges the polyubiquitin 
moiety of a transmembrane protein to adaptor 
protein complex (AP-2) and clathrin [234]. Epsin 
binding partner, Eps15, likewise attaches ubiquitin 
moieties of EGFR to its ubiquitin-interacting 
motifs (UIMs) and forms a bridge to subunits of 
AP-2 [235]. Epsin also induces membrane curvature 
and binds to actin, which stabilizes the clathrin-
coated pit and facilitates vesicle fission [236]. Epsin, 
Eps15, and ACK all have UIM or ubiquitin-
associated (UBA) domains. Eps15 and ACK are 
constituents of signalosomes that interact with the 
receptor and Src, respectively (Figure 2).  
It can be inferred that ubiquitin association is 
an important property for proteins that sort cargo 
in clathrin-coated structures (see for review 
[237]). There is some debate about whether 
polyubiquitination is required for the endocytosis 
of receptors or whether monoubiquitination is 
sufficient. In embryonic kidney cells, mutation of 
EGFR Tyr998 to an alanine residue depressed the 
interaction of the receptor with adaptins, AP-1 
and AP-2. As EGF-stimulated ubiquitination 
of the receptor was decreased, some of the 
internalization machinery may be implicated in 
the ubiquitination [54]. As in the case of debates 
surrounding other timing issues in EGFR 
trafficking, there are conflicting opinions. Another 
interesting feature of EGFR endocytosis is that the 
E3 ligases mediate the degradation of receptors 
along with their accessory proteins, including Src, 
ACK, Grb2, Shc, and Cbl/Cbl-b itself [32, 238], 
(see for review [239]). Cbl is replaced on the 
EGFR by other RING or HECT ligases, 
suggesting that they process a cluster of proteins 
including the receptor, and sort them together into 
the lysosomal degradation pathway.  
 
4. Is PKC in the RTK interactome?  

PKCα was recovered twice as a constituent with 
phospho-serine residues following EGFR exposure

residues of p130Cas. For the longer isoform of 
Crk, the interaction with p130Cas is negatively 
regulated by Abl-mediated phosphate addition 
to a residue located C-terminal to its SH2 
domain, i.e. Tyr221 (see for review [227]). Upon 
phosphorylation, the molecule rearranges itself 
to let the SH2 domain dock on its own 
phosphotyrosine, which blocks the surface of the 
intervening SH3 domain. Thus, phosphorylation 
of Crk-II would release it from the focal complex-
associated p130Cas but also inhibit its ability to 
dock on the receptor through its SH3 domain 
(see for review [228]). Any site with the PTP that 
dephosphorylates Crk, thought to be PTP1B, can 
render the adaptor available for docking once 
again. 
Among this group of constituents are several 
substrates of PKC. The ARHGEFs, including 
p21-activated kinase (PAK)-interactive exchange 
factor (PIX) isoforms, ARHGEF6 and ARHGEF7, 
play a role in both focal complexes and receptor 
trafficking. The β−PIX (ARHGEF7) isoform is 
phosphorylated by unknown serine-threonine 
kinases at several sites in the GTPase-binding 
domain. One tyrosine phosphorylation site was 
identified in the same domain [229]. PIX is also 
phosphorylated on Ser583 by PKC. PIX forms a 
constitutive complex with ADP-ribosylation 
factor (Arf)GAP, GIT1, which is implicated in 
both focal contact dynamics and vesicle 
trafficking. GIT is phosphorylated by PKC μ/PKD 
at sites that share sequence similarity other GAPs 
that are also PKC substrates. These GTPase 
regulators interact with other proteins, PAK and 
Nck, as discussed elsewhere [230-232]. PAK is 
thought to be phosphorylated on Ser199/204 
(PAK1) or Ser192/197 (PAK2), enabling its 
dissociation from PIX at focal contacts. As PIX 
functions as an exchange factor for Cdc42 and 
Rac, this enables it to regulate Rac activity. 
PAK is implicated in both the deposition and 
dissolution of the structural constituents of the 
focal contacts, and it is thought that this activity is 
regulated by the active GTPases supplied by PIX. 
PKC and PKD may cooperate somehow with PIX 
and GIT1/2 in focal contact regulation by PAK, 
but to date no physiological significance can be 
attributed to this arrangement.  
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EGFR degradation, but contradictory results were 
also obtained. Phorbol ester treatment delayed 
their degradation, presumably by activating PKC 
(section 1.1). It is clear that the current knowledge 
of protein and receptor sorting is inadequate to 
understand how it is affected by PKC activation. 
Thus, analogies for the role of PKCs might be 
productive. Here, we consider the analogy to on-
call workers in the economy. Let us consider 
workers, for example taxi drivers, caterers, or day 
laborers, in an economic and geographical area, 
e.g. a city. If they have no work, they advertise 
their availability to employers directly or by 
assembling at a pick-up location. The employers 
then seek out these workers and employ them. 
Like the workers, the PKCs are readily available. 
This model differs radically from the model of 
first and second messengers. Their activities are 
initiated at specific locations, from which they 
may diffuse away to meet binding partners. In 
contrast, PKCs maintain a presence in the cytosol 
and are recruited to the sites required. This means 
that the immediacy of PKC availability is 
essential to their functions. In experimental 
studies showing the importance of temporality 
[106], the timing of PKC recruitment was the 
inflection point that determined whether T cell 
receptors were internalized. An implication of the 
analogy is that, because the cell would rely on 
having on-call PKC, PKC would never be limiting 
for the signaling mechanism.  
The immediate availability of PKC means that 
negative feedback on the signal transduction 
process can be instigated earlier or later, to change 
the direction of the signaling process. This is 
shown conceptually in Figure 4. The opportunities 
for regulating the system are summarized on the 
right side, while sites where the modification 
would take effect are shown on the left. The 
inflection points that are most problematic for 
experiments, because their mechanisms are 
difficult to study, are indicated by curved arrows 
(Figure 4).   
 
5. Receptor cross-talk 
Each ligand-receptor interaction at the cell surface 
is processed through a network of feedback 
mechanisms that edit and refine the incoming 

to ligand, once from HeLa cells [70] and again 
from pro-B Ba/F3 cells [240]. This occurred well 
downstream of receptor activation, as was apparent 
from the fact that neither the receptor nor Src or 
Abl tyrosine kinases would add phosphate to 
serine residues. It suggests a relationship to the 
receptor complex resembling second- or third-
rank constituents. Indirect associations with the 
receptor, mediated by cortactin and/or annexin, 
may suffice to recruit PKC to the complex, but the 
timing of any such interaction may be crucial 
to the fate of the complex. The formation of 
complexes of PKC, cortactin, and/or annexin 
would represent the third rank of constituents 
associated with the receptor. Their recruitment 
may obviously occur later than the constituents 
associated early, e.g. Shc, PLC, PI3-K, Cbl, Dok1, 
Eps15, SHIP2, Src family kinases, and Vav 
(section 2.3). Although the data imply that PKC 
makes contact with the EGFR complex, the 
annexin-mediated interaction may be regulated by 
the local level of calcium. 
At least one PKC isoform must make contact with 
the complex, because it is known to phosphorylate 
the Thr654 residue. Ordinary enzyme-substrate 
interactions would be transient, and so it is 
important to determine whether PKC is associated 
in a more persistent way with the receptor. 
Unfortunately, there is little evidence beyond that 
cited above (section 1.1). Although PKC lacks the 
typical features of an adaptor, it has docking sites 
for receptors for activated C kinase (RACKs) 
which enable it to prolong its presence at a site. 
The RACK is outside the scope of this review, 
and the reader is referred to other reviews for 
information on these topics [241, 242]. Thus, it 
must be concluded that the question of how 
persistent PKC is in the interactome cannot be 
answered at present. Another question of perhaps 
greater importance is whether activated PKC 
functions similarly to Src and Abl and remodels 
the receptor complex through its substrates Cbl, 
Ena/VASP, p120 RasGAP, Shp2, and/or Src itself? 
The importance of timing has been overlooked in 
the past, but it is now apparent that PKCs play a 
role in both endocytosis and exocytosis (section 
2.5.1). Certain experimental studies mentioned 
above showed that PKC overexpression increased 
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6. Summary 
The consequences of PKC activity are many and 
varied, as it affects signal propagation [248], 
vesicle trafficking [249], chemotactic activity 
[250], and cell polarity [251, 252]. A better 
paradigm is needed to understand PKC’s role. In 
one respect, PKC resembles the nonreceptor 
tyrosine kinases, Abl and Src, because it can alter 
the course of signalosome assembly on ligand-
activated receptors. Temporality plays a significant 
role in this process, setting the inflection points 
for functional receptor inactivation. The 
experimental studies have not revealed the exact 
timing or locations of these inflection points, even 
for Abl or Src. It is becoming clear that PKC 
may affect the fate of internalized receptors by 
changing the patterns of vesicle trafficking. The 
PKCs appear to have effects at multiple levels, 
however, beginning with receptors displayed at 
the cell surface. There are some suggestions in 
work done to date, that they also act on 
compartments where the receptors are sorted into 
vesicles for recycling or, alternatively, routed to 
the lysosome (Figure 4).  
Regulation of the RTK complexes by PKC differs 
from regulation by Abl and Src in some important 
 
 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

signal and integrate it into a communications 
stream. The role of PKC in the process is chiefly 
to desensitize receptors to further signal input. 
Such negative signaling mechanisms have been 
worked out for GPCRs, where PKC mediates 
phosphorylation of the β-adrenergic receptor 
kinase, a GPCR kinase, and causes it to 
phosphorylate the receptor [243]. This prevents 
the receptor from activating the G proteins. For 
some GPCRs, e.g. the δ-opioid receptor [244], 
PKC-mediated phosphorylation of the receptor 
directly mediates its desensitization. Whereas this 
inhibits internalization, GPCR desensitization 
by β-adrenergic kinase is accompanied by 
internalization [245]. With activation by PMA, 
PKC ε can mimic this feedback loop and, by 
preventing the receptor from coupling to G 
proteins, downregulate the production of cAMP. 
Thus, it inhibits GPCRs responsive to histamine 
or isoproterenol [246]. The opposite also occurs, 
however.  PKCε causes a shortening of the long 
desensitization of acetylcholine receptors [247]. 
This is not surprising given the fact that the timing 
of intervention by the PKCs, as mentioned, 
routes the trafficking of receptors into different 
pathways.  
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Figure 4. Schematic diagram showing the effect of temporality on signaling. The opportunities for PKC to affect the 
signaling pathways are listed (right) along with the approximate cellular sites where the effect would be observed 
(left). The return of receptors to the plasma membrane is indicated by curved arrows (left). At right, the unknown 
variables’ values, such as the sizes of the different, internal pools of vesicles and the rates of trafficking in and out of 
the pools, are represented by small curved arrows. Aspects of receptor cross-talk with GPCRs are also shown. 



DAG :  diacylglycerol 
Dok : downstream of tyrosine kinase 
EGF : epidermal growth factor 
Ena :  Enabled protein 
Eps8 :  EGFR substrate 8 
Eps15 :  EGF pathway substrate 15 
ErbB1 :  avian erythroblastosis oncogene B1 
ERK/MAPK : extracellular signal-regulated  
                           kinase/mitogen-activated protein 
                           kinase 
FAK :  focal adhesion kinase 
Fyn :  proto-oncogene of the Src kinase 
                           family 
GAB :  Grb2-associated binder 
GAP :  GTPase-activating protein 
GEF : guanine nucleotide exchange  
                           factor 
GIT :  GPCR kinase-interacting target 
GPCR :  G protein-coupled receptor 
Grb2 :  Growth factor receptor-bound  
                           protein 2 
GTPase :  guanine triphosphate hydrolase 
HECT :  homologous to E6-AP carboxyl 
                           terminus 
HER :  human EGF receptor 
Hsp90 :  heat shock protein of 90 kDa 
IGF-I :  insulin-like growth factor 1 
IQGAP : IQ motif–containing-GTPase  
                           activating protein 
IRSp53 : insulin receptor substrate of 53 kDa 
Lyn :  proto-oncogene of the Src kinase 
                           family 
Mena : mammalian homolog of Ena/VASP
N-WASP : neural homolog of Wiskott- 
                           Aldrich syndrome protein 
NCE :  nonclathrin-mediated endocytosis 
Nck : non-catalytic region of tyrosine  
                           kinase adaptor protein 
Nedd4 :  neuronal precursor cell- 
                           expressed developmentally  
                           down-regulated 4 
p120 Ras-GAP: 120 kDa Ras GTPase-activating 
                           protein 
p130Cas : Crk-associated substrate of  
                           130 kDa 
p85/PI3-K : phosphoinositide 3’-kinase  
                           regulatory subunit 
PA-TM-RING: protease-associated,  
                           transmembrane family member 
PAK : p21-activated kinase 

respects. PKC is more distant in association with 
the receptor and is probably present in excess of 
many other constituents. We propose that this 
defines PKC as a temporal or third messenger, 
which works in reverse to first and second 
messengers. It maintains a presence in the 
cytoplasm and responds to the communications 
stream coming into the cell to reprogram the 
signaling patterns. This concept may be 
oversimplified, but it offers a model that will 
enable researchers to interrogate signaling in a 
more incisive way. 
 
ACKNOWLEDGMENTS 
The authors are grateful to Robyn Duckworth for 
editorial help and Christina Brownlee for graphic 
design. 
 
DISCLOSURES 
This study was supported in part by NSF grant 
DIR-9009697 and Ohio Board of Regents.  
 
CONFLICT OF INTEREST STATEMENT 
The authors have no conflicts of interest to 
disclose. 
 
ABBREVIATIONS 
β-COP :  coatomer protein 
Abl :  Abelson tyrosine kinase 
Abi :  Abl interactor 
ACK/Tnk2 : activated Cdc42-associated kinase/ 
                              tyrosine kinase non-receptor 
Aip4/Itch : atrophin-1 interacting protein 4 
Akt : AKT8 virus oncogene cellular  
                           homolog 
AP180 :  adaptor protein of 180 kDa 
AP-2 : adaptor protein complex 2 
ArfGAP : ADP-ribosylation factor GAP 
ARHGEF : guanine nucleotide exchange  
                           factor 
Cbl :  Casitas B-lineage lymphoma  
                           protein 
CD2AP :  CD2-associated protein 
CH :  calponin homology 
CIN85 : Cbl interacting protein of 85 kDa 
CME :  clathrin-mediated endocytosis 
Crk :  CT10 (chicken tumor virus no. 10) 
                              regulator of kinase 
Csk : C-terminal Src kinase 

PKC in the cellular economy                                                                                                                       19 



REFERENCES 
1. Citri, A. and Yarden, Y. 2006, Nature Rev. 

Mol. Cell Biol., 7, 505. 
2. Chen, J., Zeng, F., Forrester, S. J., Eguchi, 

S., Zhang, M.-Z. and Harris, R. C. 2016, 
Physiol. Rev., 96, 1025. 

3. Faria, M. and Armelin, H. A. 1996, Cell 
Grow. Diff., 7, 75. 

4. Trubiani, O., Di Primio, R., Zamai, L., 
Bosco, D., Bollum, F. J. and Vitale, M. 
1993, Immunol. Lett., 35, 265. 

5. Raghunath, A., Ling, M. and Larsson, C. 
2003, Biochem. J., 370, 901. 

6. Pu, Y., Garfield, S. H., Kedei, N. and 
Blumberg, P. M. 2009, J. Biol. Chem., 
284, 1302. 

7. Leonard, T. A., Różycki, B., Saidi, L. F., 
Hummer, G. and Hurley, J. H. 2011, Cell, 
144, 55. 

8. Seedorf, K., Shearman, M. and Ullrich, A. 
1995, J. Biol. Chem., 270, 18953. 

9. Wang, X. Q., Yan, Q., Sun, P., Liu, J. W., 
Go, L., McDaniel, S. M. and Paller, A. S. 
2007, Cancer Res., 67, 9986. 

10. Allen-Petersen, B. L., Carter, C. J., Ohm, 
A. M. and Reyland, M. E. 2014, Oncogene, 
33, 1306. 

11. Whiteley, B. and Glaser, L. 1986, J. Cell 
Biol., 103, 1355. 

12. Beguinot, L., Hanover, J. A., Ito, S., 
Richert, N. D., Willingham, M. C. and 
Pastan, I. 1985, PNAS USA, 82, 2774. 

13. Lund, K. A., Lazar, C. S., Chen, W. S., 
Walsh, B. J., Welsh, J. B., Herbst, J. J., 
Walton, G. M., Rosenfeld, M. G., Gill, G. 
N. and Wiley, H. S. 1990, J. Biol. Chem., 
265, 20517. 

14. Bao, J., Alroy, I., Waterman, H., Schejter, 
E. D., Brodie, C., Gruenberg, J. and 
Yarden, Y. 2000, J. Biol. Chem., 275, 
26178. 

15. Heckman, C. A., Runyeon, C. S., Seubert, 
S. and Wade, J. G. 2001, Bull. Math. Biol., 
63, 431. 

16. Kluba, M., Engelborghs, Y., Hofkens, J. 
and Mizuno, H. 2015, PLoS One, 10, 
e0139971. 

17. Gill, G. N., Bertics, P. J. and Santon, J. B. 
1987, Mol. Cell. Endocrin., 51, 169. 

PI3-K : phosphoinositide 3’-kinase 
PIP2 : phosphatidylinositol 4,5- 
                           bisphosphate 
PIP3 : phosphatidylinositol-3,4,5- 
                           trisphosphate 
PIX : PAK-interactive exchange factor 
PKD : protein kinase D 
PLC : phospholipase C 
PMA : phorbol 12-myristate 13-acetate 
PTP : protein tyrosine phosphatase 
Rac : Ras-related C3 botulinum toxin 
                           substrate 
RACK : receptor for activated C kinase 
RIN : Ras and Rab interactor  
RING : really interesting new gene 
RNF : RING finger protein 
RTK : receptor tyrosine kinase 
SH3KBP : SH3 domain kinase binding  
                           protein 
SH3PX3 : SH3 and PX domain-containing 
                           protein (sorting nexin) 
Shb : SH2 domain-containing adaptor 
                           protein B 
Shc : Src homologous and collagen- 
                           like protein 
SHIP2 : PIP3 5-phosphatase 
Shp2 : Src homology phosphotyrosyl  
                           phosphatase 2 tyrosine  
                           phosphatase 
SNX : sorting nexin 
Sos : Son of sevenless 
Src : Rous sarcoma virus  
                           protooncogene 
STAT : signal transducer and activator  
                           of transcription 
Syk : spleen tyrosine kinase 
UBA : ubiquitin-associated 
UIM : ubiquitin-interacting motif 
VASP : vasodilator stimulated  
                           phosphoprotein 
Vav : Hebrew letter resembling a tent  
                           peg 
WASP :  Wiskott-Aldrich syndrome  
                           protein 
WAVE : WASP family verprolin- 
                           homologous protein 
WH2 : WASP-homology 2 domain 
WW1 : WW domain containing E3  
                           ubiquitin protein ligase 1 
Yes : proto-oncogene of the src kinase 
                           family 
 

20 Carol A. Heckman & J. Gordon Wade 



and Alimandi, M. 2007, FASEB J., 21, 
2849. 

35. Feng, S.-M., Muraoka-Cook, R. S., Hunter, 
D., Sandahl, M. A., Caskey, L. S., 
Miyazawa, K., Atfi, A. and Shelton Earp, 
H. S. III. 2009, Mol. Cell. Biol., 29, 892. 

36. Chen, C., Zhou, Z., Liu, R., Li, Y., Azmi, 
P. B. and Seth, A. K. 2008, Oncogene, 27, 
6845. 

37. Fukushima, T., Yoshihara, H., Furuta, H., 
Kamei, H., Hakuno, F., Luan, J., Duan, C., 
Saeki, Y., Tanaka, K., Iemura, S., 
Natsume, T., Chida, K., Nakatsu, Y., 
Kamata, H., Asano, T. and Takahashi, S. 
2015, Nat. Comm., 6, 6780. 

38. Bocock, J. P., Carmicle, S., Sircar, M. and 
Erickson, A. H. 2011, FEBS J., 278, 69. 

39. Smith, C. J. and McGlade, C. J. 2014, Exp. 
Cell Res., 320, 219. 

40. Burger, A., Amemiya, Y., Kitching, R. and 
Seth, A. K. 2006, Neoplasia, 8, 689. 

41. Felder, S., LaVin, J., Ullrich, A. and 
Schlessinger, J. 1992, J. Cell Biol., 117, 
203. 

42. Koese, M., Rentero, C., Kota, B. P., 
Hoque, M., Cairns, R., Wood, P., Vilà de 
Muga, S., Reverter, M., Alvarez-Guaita, 
A., Monastyrskaya, K., Hughes, W. E., 
Swarbrick, A., Tebar, F., Daly, R. J. and 
Grewal, T. 2013, Oncogene, 32, 2858. 

43. Ouyang, X. M., Gulliford, T. and Epstein, 
R. J. 1998, Carcinogenesis, 19, 2013. 

44. Alvi, F., Idkowiak-Baldys, J., Baldys, A., 
Raymond, J. R. and Hannun, Y. A. 2007, 
Cell Mol. Life Sci., 64, 263. 

45. Becker, K. P. and Hannun, Y. A. 2004, 
J. Biol. Chem., 279, 28251. 

46. Yamamoto, K., Seki, T., Yamamoto, H., 
Adachi, N., Tanaka, S., Hide, I., Saito, N. 
and Sakai, N. 2014, Front. Physiol., 5, 126. 

47. Bagowski, C. P., Stein-Gerlach, M., 
Choidas, A. and Ullrich, A. 1999, EMBO 
J., 18, 5567. 

48. Lotti, L. V., Lanfrancone, L., Migliaccio, 
E., Zompetta, C., Pelicci, G., Salcini, A. E., 
Falini, B., Pelicci, P. G. and Torrisi, M. R. 
1996, Mol. Cell. Biol., 16, 1946. 

49. Schulze, W. X., Deng, L. and Mann, M. 
2005, Mol. Systems Biol., 1, 2005.0008. 

50. Kolch, W. and Pitt, A. 2010, Nat. Rev. 
Cancer, 10, 618. 

18. Decker, S. J., Ellis, C., Pawson, T. and 
Velu, T. 1990, J. Biol. Chem., 265, 7009. 

19. Lemmon, M. A. 2009, Exp. Cell Res., 315, 
638. 

20. Lemmon, M. A. and Schlessinger, J. 2010, 
Cell, 141, 1117. 

21. Liu, M., Idkowiak-Baldys, J., Roddy, P. L., 
Baldys, A., Raymond, J., Clarke, C. J. and 
Hannun, Y. A. 2013, PLoS One, 8, e80721. 

22. Hellberg, C., Schmees, C., Karlsson, S., 
Åhgren, A. and Heldin, C.-H. 2009, Mol. 
Biol. Cell, 20, 2856. 

23. Defize, L. H., Boonstra, J., Meisenhelder, 
J., Kruijer, W., Tertoolen, L. G., Tilly, B. 
C., Hunter, T., van Bergen, H. P. M., 
Moolenaar, W. H. and de Laat, S. W. 1989, 
J. Cell Biol., 109, 2495. 

24. Feshchenko, E. A., Langdon, W. Y. and 
Tsygankov, A. Y. 1998, J. Biol. Chem., 
273, 8323. 

25. Tanaka, S., Neff, L., Baron, R. and Levy, 
J. B. 1995, J. Biol. Chem., 270, 14347. 

26. Kassenbrock, C. K., Hunter, S., Garl, P., 
Johnson, G. L. and Anderson, S. M. A. 
2002, J. Biol. Chem., 277, 24967. 

27. de Melker, A. A., van der Horst, G., 
Calafat, J., Jansen, H. and Borst, J. 2001, 
J. Cell Sci., 114, 2167. 

28. Pennock, S. and Wang, Z. 2008, Mol. Cell. 
Biol., 28, 3020. 

29. Haglund, K., Sigismund, S., Polo, S., 
Szymkiewicz, I., Di Fiore, P. P. and Dikic, 
I. 2003, Nat. Cell Biol., 5, 461. 

30. Shen, F., Lin, Q., Gu, Y., Childress, C. and 
Yang, W. 2007, Mol. Biol. Cell, 18, 732. 

31. Mosesson, Y., Shtiegman, K., Katz, M., 
Zwang, Y., Vereb, G., Szollosi, J. and 
Yarden, Y. 2003, J. Biol. Chem., 278, 
21323. 

32. Ettenberg, S. A., Magnifico, A., Cuello, 
M., Nau, M. M., Rubinstein, Y. R., Yarden, 
Y., Weissman, A. M. and Lipkowitz, S. 
2001, J. Biol. Chem., 276, 27677. 

33. Lin, Q., Wang, J., Childress, C., Sudol, M., 
Carey, D. J. and Yang, W. 2010, Mol. Cell. 
Biol., 30, 1541. 

34. Omerovic, J., Santangelo, L., Puggioni, E. 
M.-R., Marrocco, J., Dall'Armi, C., Palumbo, 
C., Belleudi, F., Di Marcotullio, L., Frati, 
L., Torrisi, M.-R., Cesareni, G., Gulino, A. 
 

PKC in the cellular economy                                                                                                                       21



61. Zhang, Y., Wolf-Yadlin, A., Ross, P. L., 
Pappin, D. J., Rush, J., Lauffenburger, D. 
A. and White, F. M. 2005, Mol. Cell. 
Proteomics, 4, 1240. 

62. Heibeck, T. H., Ding, S.-J., Opresko, L. K., 
Zhao, R., Schepmoes, A. A., Yang, F., 
Tolmachev, A. V., Monroe, M. E., Camp, 
D. G., II, Smith, R. D., Wiley, H. S. and 
Qian, W.-J. 2009, J. Proteome Res., 8, 
3852. 

63. Blagoev, B., Ong, S.-E., Kratchmarova, I. 
and Mann, M. 2004, Nature Biotechnology, 
22, 1139. 

64. Bose, R., Molina, H., Patterson, A. S., 
Bitok, J. K., Periaswamy, B., Bader, J. S., 
Pandey, A. and Cole, P. A. 2006, PNAS 
USA, 103, 9773. 

65. Hantschel, O. and Superti-Furga, G., 
Mechanisms of Activation of Abl Family 
Kinases. 2013, Landes Bioscience: Austin 
(TX), Bookshelf ID: NBK6477 

66. Johnson, H., Lescarbeau, R. S., Gutierrez, 
J. A. and White, F. M. 2013, J. Proteome 
Res., 12, 1856. 

67. Reddy, R. J., Gajadhar, A. S., Swenson, E. 
J., Rothenberg, D. A., Curran, T. G. and 
White, F. M. 2016, PNAS USA, 113, 
3114. 

68. Shi, T., Niepel, M., McDermott, J. E., Gao, 
Y., Nicora, C. D., Chrisler, W. B., 
Markillie, L. M., Petyuk, V. A., Smith, R. 
D., Rodland, K. D., Sorger, P. K., Qian, 
W.-J. and Steven Wiley, H. S. 2016, 
Science Signal., 9, rs6. 

69. Wolf-Yadlin, A., Hautaniemi, S., 
Lauffenburger, D. A. and White, F. M. 
2007, PNAS USA, 104, 5860. 

70. Olsen, V., Blagoev, B., Gnad, F., Macek, 
B., Kumar, C., Mortensen, P. and Mann, 
M. 2006, Cell, 127, 635. 

71. Ferrando, I. M., Chaerkady, R., Zhong, J., 
Molina, H., Jacob, H. K., Herbst-Robinson, 
K., Dancy, B. M., Katju, V., Bose, R., 
Zhang, J., Pandey, A. and Cole, P. A. 
2012, Mol. Cell. Proteomics, 11, 355. 

72. Plattner, R., Kadlec, L., DeMali, K. A., 
Kazlauskas, A. and Pendergast, A. M. 
1999, Genes Development, 13, 2400. 

73. Mitra, S., Beach, C., Feng, G.-S. and 
Plattner, R. 2008, J. Cell Sci., 121, 3335. 

51. Uhlén, M., Fagerberg, L., Hallström, B. 
M., Lindskog, C., Oksvold, P., 
Mardinoglu, A., Sivertsson, Å., Kampf, C., 
Sjöstedt,  E., Asplund, A., Olsson, I., 
Edlund, K., Lundberg, E., Navani, S., 
Szigyarto, C. A., Odeberg, J., Djureinovic, 
D., Takanen, J. O., Hober, S., Alm, T., 
Edqvist, P.-H., Berling, H., Tegel, H., 
Mulder, J., Rockberg, J., Nilsson, P., 
Schwenk, J. M., Hamsten, M., von 
Feilitzen, K., Forsberg, M., Persson, L., 
Johansson, F., Zwahlen, M., von Heijne, 
G., Nielsen, J. and Pontén, F. 2015, 
Science, 347, 1260419. 

52. Human Protein Atlas. http://www. 
proteinatlas.org/ENSG00000136167/, last 
accessed July 27, 2018. 

53. Erba, E. B., Bergatto, E., Cabodi, S., 
Silengo, L., Tarone, G., Defilippi, P. and 
Jensen, O. N. 2005, Mol. Cell. Proteomics, 
4, 1107. 

54. Tong, J., Taylor, P. and Moran, M. F. 
2014, Mol. Cell. Proteomics, 13, 1644. 

55. Williams, C. C., Allison, J. G., Vidal, G. 
A., Burow, M. E., Beckman, B. S., 
Marrero, L. and Jones, F. E. 2004, J. Cell 
Biol., 167, 469. 

56. Begley, M. J., Yun, C. H., Gewinner, C. 
A., Asara, J. M., Johnson, J. L., Coyle, A. 
J., Eck, M. J., Apostolou, I. and Cantley, L. 
C. 2015, Nature Structural Mol. Biol., 22, 
983. 

57. Dengjel, J., Akimov, V., Olsen, J. V., 
Bunkenborg, J., Mann, M., Blagoev, B. 
and Andersen, J. S. 2007, Nat. Biotech., 
25, 566. 

58. Tvorogov, D. and Carpenter, G. 2002, Exp. 
Cell Res., 277, 86. 

59. Hwang, D., Lee, I. Y., Yoo, H., 
Gehlenborg, N., Cho, J.-H., Petritis, B., 
Baxter, D., Pitstick, R., Young, R., Spicer, 
D., Price, N. D., Hohmann, J. G., 
DeArmond, S. J., Carlson, G. A. and Hood, 
L. E. 2009, Mol. Sys. Biol., 5, 252. 

60. Foerster, S., Kacprowski, T., Dhople, V. 
M., Hammer, E., Herzog, S., Saafan, H., 
Bien-Möller, S., Albrecht, M., Völker, U. 
and Ritter, C. A. 2013, Proteomics, 13, 
3131. 

22 Carol A. Heckman & J. Gordon Wade 



91. Balaji, K., Mooser, C., Janson, C. M., 
Bliss, J. M., Hojjat, H. and Colicelli, J. 
2012, J. Cell Sci., 125, 5887. 

92. Samaga, R., Saez-Rodriguez, J., 
Alexopoulos, L. G., Sorger, P. K. and 
Klamt, S. 2009, PLoS Comput. Biol., 5, 
e1000438.  

93. Kolch, W., Halasz, M., Granovskaya, M. 
and Kholodenko, B. N. 2015, Nat. Rev. 
Cancer, 15, 515. 

94. Havrylov, S., Rzhepetskyy, Y., 
Malinowska, A., Drobot, L. and Redowicz, 
M. J. 2009, Proteome Sci., 7, 21. 

95. Schroeder, B., Srivatsan, S., Shaw, A., 
Billadeau, D. and McNiven, M. A. 2012, 
Mol. Biol. Cell, 23, 3602. 

96. Thien, C. B. F. and Langdon, W. Y. 2005, 
Biochem. J., 391, 153. 

97. Teo, M., Tan, L., Lim, L. and Manser, E. 
2001, J. Biol. Chem., 276, 18392. 

98. Grøvdal, L. M., Johannessen, L. E., 
Rødland, M. S., Madshus, I. H. and Stang, 
E. 2008, Exp. Cell Res., 314, 1292. 

99. Kang, J.-H. 2014, New J. Sci., 2014, 
231418. 

100. Gschwendt, M., Kittstein, W. and Marks, 
F. 1993, Biochem. Biophy. Res. Com., 
194, 571. 

101. Liu, Y., Liu, Y.-C., Meller, N., Giampa, L., 
Elly, C., Doyle, M. and Altman, S. 1999, 
J. Immunol., 162, 7095. 

102. Kedei, N., Lundberg, D. J., Toth, A., 
Welburn, P., Garfield, S. H. and Blumberg, 
P. M. 2004, Cancer Res., 64, 3243. 

103. Sakai, N., Sasaki, K., Ikegaki, N., Shirai, 
Y., Ono, Y. and Saito, N. 1997, J. Cell 
Biol., 139, 1465. 

104. Brown, S. G., Thomas, A., Dekker, L. V., 
Tinker, A. and Leaney, J. L. 2005, Am. J. 
Physiol.: Cell Physiol., 289, C543. 

105. Goedhart, J. and Gadella, J., T. W. J. 2009, 
J. Neurosci., 30. 

106. Pedraza-Alva, G., Lilia, B. M., Rio, R., 
Nora, A. F., Cruz-Muñoz, M. E., Olivares, 
N., Melchy, E., Igras, V., Georg, A. H., 
Steven, J. B. and Rosenstein, Y. 2011, 
IUBMB Life, 63, 940. 

107. Chitaley, K., Chen, L., Galler, A., Walter, 
U., Daum, G. and Clowes, A. W. 2004, 
FEBS Lett., 556, 211. 

74. Zhang, S. Q., Yang, W., Kontaridis, M. I., 
Bivona, T. G., Wen, G., Araki, T., Luo, J., 
Thompson, J. A., Schraven, B. L., Philips, 
M. R. and Neel, B. G. 2004, Mol. Cell, 
13, 341. 

75. Sriram, G., Jankowski, W., Kasikara, C., 
Reichman, C., Saleh, T., Nguyen, K.-Q., 
Li, J., Hornbeck, P., Machida, K., Liu, T., 
Li, H., Kalodimos, C. G. and Birge, R. B. 
2015, Oncogene, 64, 4260. 

76. Walter, A. O., Peng, Z. Y. and Cartwright, 
C. A. 1999, Oncogene, 18, 1911. 

77. Hantschel, O. and Superti-Furga, G. 2006, 
Abl Family Kinases in Development and 
Disease, A. J. Koleske (Ed.), Springer: New 
York, 1. 

78. Hantschel, O. 2012, Genes & Cancer, 3, 436. 
79. Ren, R., Ye, Z. S. and Baltimore, D. 1994, 

Genes Development, 8, 783. 
80. Dai, Z. and Pendergast, A. M. 1995, Genes 

Development, 9, 2569. 
81. Sattler, M., Salgia, R., Okuda, K., Uemura, 

N., Durstin, M. A., Pisick, E., Xu, G., Li, J. 
L., Prasad, K. V. and Griffin, J. D. 1996, 
Oncogene, 12, 839. 

82. Li, S., Couvillon, A. D., Brasher, B. B. and 
Van Etten, R. A. 2001, EMBO J., 20, 
6793. 

83. Anselmi, F., Orlandini, M., Rocchigiani, 
M., De Clemente, C., Salameh, A., 
Lentucci, C., Oliviero, S. and Galvagni, F. 
2012, Angiogenesis, 15, 187. 

84. Smith, J. M., Katz, S. and Mayer, B. J. 
1999, J. Biol. Chem., 274, 27956. 

85. Sun, X., Wu, F., Datta, R., Kharbanda, S. 
and Kufe, D. 2000, J. Biol. Chem., 275, 
7470. 

86. Pendergast, A. M., Traugh, J. A. and Witte, 
O. N. 1987, Mol. Cell. Biol., 7, 4280. 

87. Jacob, M., Todd, L. A., Majumdar, R. S., 
Li, Y., Yamamoto, K. and Puré, E. 2009, 
Cell. Signal., 21, 1308. 

88. Wetzel, D. M., Rhodes, E. L., Li, S., 
McMahon-Pratt, D. and Koleske, A. J. 
2016, J. Cell Sci., 129, 3130. 

89. Tanos, B. and Pendergast, A. M. 2006, J. 
Biol. Chem., 281, 32714. 

90. Cao, H., Schroeder, B., Chen, J., Schott, 
M. B. and McNiven, M. A. 2016, J. Biol. 
Chem., 291, 16424. 

PKC in the cellular economy                                                                                                                       23 



128. Naslavsky, N. and Caplan, S. 2010, Trends 
Cell Biol., 21, 122. 

129. Ultanir, S. K., Yadav, S., Hertz, N. T., 
Oses-Prieto, J. A., Claxton, S., Burlingame, 
A. L., Shokat, K. M., Jan, L. Y. and Jan, 
Y.-N. 2013, Neuron, 84, 968. 

130. Disanza, A., Mantoani, S., Hertzog, M., 
Gerboth, S., Frittoli, E., Steffen, A., 
Berhoerster, K., Kreienkamp, H. J., 
Milanesi, F., Di Fiore, P. P., Ciliberto, A., 
Stradal, T. E. and Scita, G. 2006, Nat. Cell 
Biol., 8, 1337. 

131. Chen, H., Wu, X., Pan, Z. K. and Huang, 
S. 2010, Cancer Res., 70, 9979. 

132. Cunningham, D. L., Creese, A. J., 
Auciello, G., Sweet, S. M. M., Tatar, T., 
Rappoport, J. Z., Grant, M. M. and Heath, 
J. K. 2013, PLoS One, 8, e61513. 

133. Hertzog, M., Milanesi, F., Hazelwood, L., 
Disanza, A., Liu, H., Perlade, E., 
Malabarba, M. G., Pasqualato, S., Maiolica, 
A., Confalonieri, S., Le Clainche, C., 
Offenhauser, N., Block, J., Rottner, K., Di 
Fiore, P. P., Carlier, M.-F., Volkmann, N., 
Hanein, D. and Scita, G. 2009, PLoS Biol., 
8, e1000387. 

134. Döppler, H. R., Bastea, L. I., Lewis-Tuffin, 
L. J., Anastasiadis, P. A. and Storz, P. 
2013, J. Biol. Chem., 288, 24382. 

135. Döppler, H. and Storz, P. 2013, Cell 
Adhesion Migration, 7, 482. 

136. Miyoshi-Akiyama, T., Aleman, L. M., 
Smith, J. M., Adler, C. E. and Mayer, B. J. 
2001, Oncogene, 20, 4058. 

137. Eden, S., Rohatgi, R., Podtelejnikov, A. 
V., Mann, M. and Kirschner, M. W. 2002, 
Nature, 418, 790. 

138. Chaki, S. P. and Rivera, G. M. 2013, 
Bioarchitecture, 3, 57. 

139. Rocchi, S., Gaillard, I., Van Obberghen, 
E., Chambaz, E. M. and Vilgrain, I. 2000, 
Biochem. J., 352, 483. 

140. Strack, V., Krützfeldt, J., Kellerer, M., 
Ullrich, A., Lammers, R. and Häring, H. U. 
2002, Biochemistry, 41, 603. 

141. Chan, G. and Neel, B. G., Protein Tyrosine 
Phosphatases in Cancer, B. G. Neel and N. 
K. Tonks (Eds.) 2016, Springer New York: 
New York, p. 115. 

108. Wentworth, J. K. T., Pula, G. and Poole, A. 
W. 2006, Biochem. J., 393, 555. 

109. Ring, C., Ginsberg, M. H., Haling, J. and 
Pendergast, A. M. 2011, PNAS USA, 108, 
149. 

110. Tani, K., Sato, S., Sukezane, T., Kojima, 
H., Hirose, H., Hanafusa, H. and Shishido, 
T. 2003, J. Biol. Chem., 278, 21685. 

111. Singh, A., Winterbottom, E. F., Ji, Y. J., 
Hwang, Y.-S. and Daar, I. O. 2013, J. Biol. 
Chem., 288, 14135. 

112. Fan, P. D. and Goff, S. P. 2000, Mol. Cell. 
Biol., 20, 7591. 

113. Ibarra, N., Pollitt, A. and Insall, R. H. 
2005, Biochem. Soc. Trans., 33, 1243. 

114. Sato, M., Maruoka, M. and Takeya, T. 
2012, J. Signal Transduct., 414913. 

115. Chan, W., Sit, S.-T. and Manser, E. 2011, 
Biochem. J., 435, 355. 

116. Chan, W., Tian, R., Lee, Y. F., Sit, S. T., 
Lim, L. and Manser, E. 2009, J. Biol. 
Chem., 284, 8185. 

117. Yokoyama, N., Lougheed, J. and Miller, 
W. T. 2005, J. Biol. Chem., 280, 42219. 

118. Prieto-Echagüe, V. and Miller, W. T. 2011, 
J. Signal Transduct., 2011, 9 pages. 

119. Ramanan, V., Agrawal, N. J., Liu, J., 
Engles, S., Toy, R. and Radhakrishnana, R. 
2011, Integr. Biol. (Camb), 3, 803. 

120. Salcini, A. E., Chen, H., Iannolo, G., De 
Camilli, P. and Di Fiore, P. P. 1999, Int J. 
Biochem. Cell Biol., 31, 805. 

121. Henegouwen, P. M. P. B. 2009, Cell Com. 
Signal., 7, 24. 

122. Tang, V. W. and Brieher, W. M. 2013, 
J. Cell Biol., 203, 815. 

123. Szymkiewicz, I., Shupliakov, O. and Dikic, 
I. 2004, Biochem. J., 383, 1. 

124. Brummer, T., Schmitz-Peiffer, C. and 
Daly, R. J. 2010, FEBS J., 277, 4356. 

125. Li, M. Y., Lai, P. L., Chou, Y. T., Chi, A. 
P., Mi, Y. Z., Khoo, K. H., Chang, G. D., 
Wu, C. W., Meng, T. C. and Chen, G. C. 
2015, Oncogene, 34, 3791. 

126. Chen, H., Slepnev, V. I., Di Fiore, P. P. 
and De Camilli, P. 1999, J. Biol. Chem., 
274, 3257. 

127. Polo, S., Confalonieri, S., Salcini, A. E. 
and Di Fiore, P. P. 2003, Science's STKE, 
213, re17. 

24 Carol A. Heckman & J. Gordon Wade 



159. Huck, B., Kemkemer, R., Franz-Wachtel, 
M., Macek, B., Hausser, A. and Olayioye, 
M. A. 2012 J. Biol. Chem., 287, 34604.  

160. Haendeler, J., Yin, G., Hojo, Y., Saito, Y., 
Melaragno, M., Yan, C., Sharma, V. K., 
Heller, M., Aebersold, R. and Berk, B. C. 
2003, J. Biol. Chem., 278, 49936. 

161. Frank, S. R. and Hansen, S. H. 2008, 
Seminars Cell Developmental Biol., 19, 
234. 

162. Hoefen, R. J. and Berk, R. C. 2006, J. Cell 
Sci., 119, 1469. 

163. Zhou, W., Li, X. and Premont, R. T. 2016, 
J. Cell Sci., 129, 1963. 

164. Shirafuji, T., Ueyama, T., Yoshino, K., 
Takahashi, H., Adachi, N., Ago, Y., Koda, 
K., Nashida, T., Hiramatsu, N., Matsuda, 
T., Toda, T., Sakai, N. and Saito, N. 2014, 
J. Neurosci., 34, 9268. 

165. Shin, E.-Y., Shin, K.-S., Lee, C. S., Woo, 
K.-N., Quan, S.-H., Soung, N.-K., Kim, Y. 
G., Cha, C. I., Kim, S.-R., Park, D., 
Bokoch, G. M. and Kim, E.-G. 2002, J. 
Biol. Chem., 277, 44417. 

166. Kortüm, F., Harms, F. L., Hennighausen, 
N. and Rosenberger, G. 2015, PLoS One, 
10, e0132737. 

167. Wu, W. J., Tu, S. and Cerione, R. A. 2003, 
Cell, 114, 715. 

168. Feng, Q. Y., Baird, D., Peng, X., Wang, J. 
B., Ly, T., Guan, J. L. and Cerione, R. A. 
2006, Nat. Cell Biol., 8, 945. 

169. Flanders, J. A., Feng, Q., Bagrodia, S., 
Laux, M. T., Singavarapu, A. and A, R. 
2003, FEBS Lett., 550, 119. 

170. Rosenberger, G. and Kutsche, K. 2006, 
Eur. J. Cell Biol., 85, 265. 

171. Stahlhut, M. and van Deurs, B. 2000, Mol. 
Biol. Cell, 11, 325. 

172. Muriel, O., Echarri, A., Hellriegel, C., 
Pavón, D. M., Beccari, L. and Del Pozo, 
M. A. 2011, J. Cell Sci., 124, 2763. 

173. Carman, C. V., Lisanti, M. P. and Benovic, 
J. L. 1999, J. Biol. Chem., 274, 8858. 

174. Oka, N., Yamamoto, M., Schwencke, C., 
Kawabe, J., Ebina, T., Ohno, S., Couet, J., 
Lisanti, M. P. and Ishikawa, Y. 1997, J. 
Biol. Chem., 272, 33416. 

175. Stubbs, C. D., Botchway, S. W., Slater, S. 
J. and Parker, A. W. 2005, BMC Cell 
Biol., 6, 22. 

142. Dance, M., Montagner, A., Salles, J. P., 
Yart, A. and Raynal, P. 2008, Cell. Signal., 
20, 453. 

143. Corbalan-Garcia, S., Yang, S.-S., 
Degenhardt, K. R. and Bar-Sagi, D. 1996, 
Mol. Cell. Biol., 16, 5674. 

144. Rojas, J. M., Oliva, J. L. and Santos, E. 
2011, Genes Cancer, 2, 298. 

145. Aghazadeh, B., Lowry, W. E., Huang, X. 
Y. and Rosen, M. K. 2000, Cell, 102, 625. 

146. Pandey, A., Podtelejnikov, A. V., Blagoev, 
B., Bustelo, X. R., Mann, M. and Lodish, 
H. F. 2000, PNAS USA, 97, 179. 

147. Fischer, K.-D., Kong, Y.-Y., Nishina, H., 
Tedford, K., Marengère, L. E. M., 
Kozieradzki, I., Sasaki, T., Starr, M., Chan, 
G., Gardener, S., Nghiem, M. P., Bouchard, 
D., Barbacid, M., Bernstein, A. and 
Penninger, J. M. 1998, Curr. Biol., 8, 554. 

148. Bustelo, X. R. 2001, Oncogene, 20, 6372. 
149. Wang, Z., Kim, M.-S., Ferrando, I. M., 

Koleske, A. J., Pandey, A. and Cole, P. A. 
2018, Biochemistry, 57, 1390. 

150. Gabel, M., Delavoie, F., Demais, V., 
Royer, C., Bailly, Y., Vitale, N., Bader, 
M.-F. and Chasserot-Golaz, S. 2015, J. 
Cell Biol., 210, 785. 

151. Chasserot-Golaz, S., Vitale, N., Sagot, I., 
Delouche, B., Dirrig, S., Pradel, L. A., 
Henry, J. P., Aunis, D. and Bader, M. F. 
1996, J. Cell Biol., 133, 1217. 

152. Mochly-Rosen, D., Khaner, H. and Lopez, 
J. 1991, PNAS USA, 88, 3997. 

153. Orito, A., Kumanogoh, H., Yasaka, K., 
Sokawa, J., Hidaka, H., Sokawa, Y. and 
Maekawa, S. 2001, J. Neurosci. Res., 64, 
235. 

154. Hayes, M. J., Shao, D., Bailly, M. and 
Moss, S. E. 2006, EMBO J., 25, 1816. 

155. Gerke, V., Creutz, C. E. and Moss, S. E. 
2005, Nat. Rev. Mol. Cell Biol. 6, 449. 

156. Grewal, T. and Enrich, C. 2009, Cell. 
Signal., 21, 847. 

157. Lizarbe, M. A., Barrasa, J. I., Olmo, N., 
Gavilanes, F. and Turnay, J. 2013, Int. J. 
Mol. Sci., 14, 2652. 

158. Hoque, M., Rentero, C., Cairns, R., Tebar, 
F., Enrich, C. and Grewal, T. 2014, Cell. 
Signal., 26, 1213. 

PKC in the cellular economy                                                                                                                       25 



194. Burton, E. A., Oliver, T. N. and 
Pendergast, A. M. 2005, Mol. Cell. Biol., 
25, 8834. 

195. Millard, T. H., Sharp, S. J. and Machesky, 
L. M. 2004, Biochem. J., 380, 1. 

196. Albiges-Rizo, C., Destaing, O., Fourcade, 
B., Planus, E. and Block, M. R. 2009, J. 
Cell Sci., 122, 3037. 

197. Ruest, P. J., Shin, N. Y., Polte, T. R., 
Zhang, X. and Hanks, S. K. 2001, Mol. 
Cell. Biol., 21, 7641. 

198. Janoštiak, R., Pataki, A. C., Brábek, J. and 
Rösel, D. 2014, Eur. J. Cell Biol., 93, 445. 

199. Roy, S., Ruest, P. J. and Hanks, S. K. 
2002, J. Cell. Biochem., 84, 377. 

200. Fu, P., Usatyuk, P. V., Lele, A., Harijith, 
A., Gregorio, C. C., Garcia, J. G. N., 
Salgia, R. and Natarajan, V. 2015, Am. J. 
Physiol.: Lung Cell. Mol. Physiol., 308, 
L1025. 

201. Ren, Y., Meng, S., Mei, L., Zhao, Z. J., 
Jove, R. and Wu, J. 2004, J. Biol. Chem., 
279, 8497. 

202. Brown, M. C. and Turner, C. E. 2004, 
Physiol. Rev., 84, 1315. 

203. Worby, C. A., Simonson-Leff, N., 
Clemens, J. C., Huddler, D., Muda, M. and 
Dixon, J. E. 2002, J. Biol. Chem., 277, 
9422. 

204. Baumann, C., Lindholm, C. K., Rimoldi, 
D. and Lévy, F. 2010, FEBS J., 277, 2803. 

205. Johannes, L. and Wunder, C. 2011, Traffic, 
12, 956. 

206. Bendris, N. and Schmid, S. L. 2017, 
Trends Cell Biol., 27, 189. 

207. Annerén, C. and Welsh, M. 2002, Mol. 
Med., 8, 705. 

208. Welsh, M., Songyang, Z., Frantz, J. D., 
Trüb, T., Reedquist, K. A., Karlsson, T., 
Miyazaki, M., Cantley, L. C., Band, H. and 
Shoelson, S. E. 1998, Oncogene, 16, 891. 

209. Lindholm, C. K., Henriksson, M. L., 
Hallberg, B. and Welsh, M. 2002, Eur. J. 
Biochem., 269, 3279. 

210. Phee, H., Jacob, A. and Coggeshall, K. M. 
2000, J. Biol. Chem., 275, 19090. 

211. Srivastava, N., Sudan, R. and Kerr, W. G. 
2013, Frontiers in Immunology, 4, 288. 

212. Chereau, D. and Dominguez, R. 2006, 
J. Struct. Biol., 155, 195. 

176. Nabi, I. R. and Le, P. U. 2003, J. Cell 
Biol., 161, 673. 

177. Parton, R. G. and Richards, A. A. 2003, 
Traffic, 4, 724. 

178. Boyle, S. N., Michaud, G. A., Schweitzer, 
B., Predki, P. F. and Koleske, A. J. 2007, 
Current Biol., 17, 445. 

179. Grassart, A., Meas-Yedid, V., Dufour, A., 
Olivo-Marin, J. C., Dautry-Varsat, A. and 
Sauvonnet, N. 2012, Traffic, 11, 1079. 

180. Kelley, L. C. and Weed, S. A. 2012, PLoS 
One, 7, e44363. 

181. Eiseler, T., Hausser, A., De Kimpe, L., 
Van Lint, J. and Pfizenmaier, K. 2010, J. 
Biol. Chem., 285, 18672. 

182. Yamada, H., Kikuchi, T., Masumoto, T., 
Wei, F. Y., Abe, T., Takeda, T., Nishiki, 
T., Tomizawa, K., Watanabe, M., Matsui, 
H. and Takei, K. 2015, Biol. Cell, 107, 
319. 

183. Tehrani, S., Tomasevic, N., Weed, S., 
Sakowicz, R. and Cooper, J. A. 2007, 
PNAS USA, 104, 11933. 

184. Lladó, A., Timpson, P., Moretó, J., Pol, A., 
Grewal, T., Daly, R. J., Enrich, C. and 
Tebar, F. 2008, Mol. Biol. Cell, 19, 17. 

185. Lynch, D. K., Winata, S. C., Lyons, R. J., 
Hughes, W. E., Lehrbach, G. M., 
Wasinger, V., Corthals, G., Cordwell, S. 
and Daly, R. J. 2003, J. Biol. Chem., 278, 
21805. 

186. Helgeson, L. A. and Nolen, B. J. 2013, 
eLife, 2, e00884. 

187. Tigges, U., Koch, B., Wissing, J., 
Jockusch, B. M. and Ziegler, W. H. 2003, 
J. Biol. Chem., 278, 23561. 

188. Vadlamudi, R. K., Li, F., Adam, L., 
Nguyen, D., Ohta, Y., Stossel, T. P. and 
Kumar, R. 2002, Nat. Cell Biol., 4, 681. 

189. Zhou, A. X., Hartwig, J. H. and Akyurek, 
L. M. 2010, Trends Cell Biol., 20, 113. 

190. Miyata, Y. and Yahara, I. 1992, J. Biol. 
Chem., 267, 7042. 

191. Park, S. J., Suetsugu, S. and Takenawa, T. 
2005, EMBO J., 24, 1557. 

192. Park, S. J., Suetsugu, S., Sagara, H. and 
Takenawa, T. 2007, Genes Cells, 12, 611. 

193. Schopf, F. H., Biebl, M. M. and Buchner, 
J. 2017, Nat. Rev. Mol. Cell. Biol., 18, 
345. 

26 Carol A. Heckman & J. Gordon Wade 



229. Mayhew, M. W., Jeffery, E. D., Sherman, 
N. E., Nelson, K., Polefrone, J. M., Pratt, 
S. J., Shabanowitz, J., Parsons, J. T., Fox, 
J. W., Hunt, D. F. and Horwitz, A. F. 2007, 
J. Cell Sci., 120, 3911. 

230. Deakin, N. O. and Turner, C. E. 2008, 
J. Cell Sci., 121, 2435. 

231. Bokoch, G. M. 2003, Ann. Rev. Biochem., 
72, 743. 

232. Zhao, Z.-S. and Manser, E. 2012, Cell. 
Logistics, 2, 59. 

233. Shen, H., Ferguson, S. M., Dephoure, N., 
Park, R., Yang, Y., Volpicelli-Daley, L., 
Gygi, S., Schlessinger, J. and De Camilli, 
P. 2011, Mol. Biol. Cell, 22, 493. 

234. Hawryluk, M. J., Keyel, P. A., Mishra, S. 
K., Watkins, S. C., Heuser, J. E. and 
Traub, L. M. 2006, Traffic, 7, 252. 

235. Nesterov, A., Kurten, R. C. and Gill, G. N. 
1995, J. Biol. Chem., 270, 6320. 

236. Messa, M., Fernández-Busnadiego, R., 
Sun, E. W., Chen, H., Czapla, H., 
Wrasman, K., Wu, Y., Ko, G., Ross, T., 
Wendland, B. and De Camilli, P. 2014, 
eLife, 3, e03311. 

237. Traub, L. M. and Lukacs, G. L. 2007, 
J. Cell Sci., 120, 543. 

238. Yokouchi, M., Kondo, T., Sanjay, A., 
Houghton, A., Yoshimura, A., Komiya, S., 
Zhang, H. and Baron, R. 2001, J. Biol. 
Chem., 276, 35185. 

239. Mohapatra, B., Ahmad, G., Nadeau, S., 
Zutshi, N., An, W., Scheffe, S., Dong, L., 
Feng, D., Goetz, B., Arya, P., Bailey, T. 
A., Palermo, N., Borgstahl, G. E. O., 
Natarajan, A., Raja, S. M., Naramura, M., 
Band, V. and Band, H. 2013, Biochim. 
Biophy. Acta - Mol. Cell Res., 1833, 122. 

240. Wandinger, S. K., Lahortiga, I., Jacobs, K., 
Klammer, M., Jordan, N., Elschenbroich, 
S., Parade, M., Jacoby, E., Linders, J. T. 
M., Brehmer, D., Cools, J., and Daub, H. 
2016, PLoS One, 11, e0146100. 

241. Steinberg, S. F. 2008, Physiol. Rev., 88, 
1341. 

242. Adams, D. R., Ron, D. and Kiely, P. A. 
2011, Cell Com. Signal., 9, 22. 

243. Winstel, R., Freund, S., Krasel, C., Hoppe, 
E. and Lohse, M. J. 1996, PNAS USA, 
93, 2105. 

213. Urbanek, A. N., Smith, A. P., Allwood, E. 
G., Booth, W. I. and Ayscough, K. R. 
2013, Curr. Biol., 23, 196. 

214. Shekhar, S., Pernier, J. and Carlier, M.-F. 
2016, J. Cell Sci., 129, 1085. 

215. Rotty, J. D., Wu, C. and Bear, J. E. 2013, 
Nat. Rev. Mol. Cell Biol., 14, 7. 

216. Boucrot, E., Ferreira, A. P. A., Almeida-
Souza, L., Debard, S., Vallis, Y., Howard, 
G., Bertot, L., Sauvonnet, N. and 
McMahon, H. T. 2015, Nature, 517, 460. 

217. Timpson, P., Lynch, D. K., Schramek, D., 
Walker, F. and Daly, R. J. 2005, Cancer 
Res., 65, 3273. 

218. Ohashi, E., Tanabe, K., Henmi, Y., 
Mesaki, K., Kobayashi, Y. and Takei, K. 
2011, PLoS One, 6, e19942. 

219. Rivero-Lezcano, O. M., Marcilla, A., 
Sameshima, J. H. and Robbins, K. C. 1995, 
Mol. Cell. Biol., 15, 5725. 

220. Banjade, S. and Rosen, M. K. 2014, eLife, 
3, e04123. 

221. Sweeney, M. O., Collins, A., Padrick, S. B. 
and Goode, B. L. 2015, Mol. Cell. Biol., 
26, 495. 

222. Lecona, E., Turnay, J., Olmo, N., Guzmán-
Aránguez, A., Morgan, R. O., Fernandez, 
M.-P. and Lizarbe, M. A. 2003, Biochem. 
J., 373, 437. 

223. Koumangoye, R. B., Nangami, G. N., 
Thompson, P. D., Agboto, V. K., Ochieng, 
J. and Sakwe, A. M. 2013, Mol. Cancer, 
12, 167. 

224. Sarafian, T., Pradel, L. A., Henry, J. P., 
Aunis, D. and Bader, M. F. 1991, J. Cell 
Biol., 114, 1135. 

225. Echarri, A., Muriel, O., Pavón, D. M., 
Azegrouz, H., Escolar, F., Terrón, M. C., 
Sanchez-Cabo, F., Martínez, F., Montoya, 
M. C., Llorca, O. and Del Pozo, M. A. 
2012, J. Cell Sci., 125, 3097. 

226. Quest, A. F. G., Gutierrez-Pajares, J. L., 
Torres, V. A. 2008. J. Cell. Mol. Med., 12, 
1130. 

227. Birge, R. B., Kalodimos, C., Inagaki, F. 
and Tanaka, S. 2009, Cell Com. Signal., 
7, 13. 

228. Chodniewicz, D. and Klemke, R. L. 2004, 
Biochim. Biophys. Acta (BBA) - Mol. Cell 
Res., 1692, 63. 

PKC in the cellular economy                                                                                                                       27 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Parker, P. J. 2010, Nat. Rev. Mol. Cell 
Biol., 11, 103. 

249. Kiley, S. C., Jaken, S., Whelan, R. and 
Parker, P. J. 1995, Biochem. Soc. Trans., 
23, 601. 

250. Daviet, I., Herbert, J. M. and Maffrand, J. 
P. 1990, FEBS J., 259, 315. 

251. Quann, E. J., Liu, X., Altan-Bonnet, G. 
and Huse, M. 2011, Nat. Immunol., 12, 
647. 

252. Heckman, C. A., Pandey, P., Cayer, M. L., 
Biswas, T., Zhang, Z.-Y. and Boudreau, N. 
S. 2017, Cytoskeleton, 74, 297. 

 

244. Xiang, B., Yu, G.-H., Guo, J., Chen, L., 
Hu, W., Pei, G. and Ma, L. 2001, J. Biol. 
Chem., 276, 4709. 

245. Moore, C. A. C., Milano, S. K. and Benovic, 
J. L. 2007, Ann. Rev. Physiol., 69, 451. 

246. Byung-Chang, S., Se-Young, C., Jang-Soo, 
C. and Kyong-Tai, K. 1998, Eur. J. Pharm., 
353, 104. 

247. Lee, A. M., Wu, D. F., Dadgar, J., Wang, 
D., McMahon, T. and Messing, R. O. 
2015, Br. J. Pharm., 172, 4430. 

248. Rosse, C., Linch, M., Kermorgant, S., 
Cameron, A. J. M., Boeckeler, K. and
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

28 Carol A. Heckman & J. Gordon Wade 


