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Abstract
Epidermal growth factor receptor (EGFR) controls a 
wide range of cellular processes, and aberrant EGFR 
signaling as a result of receptor overexpression and/or 
mutation occurs in many types of cancer. Tumor cells in 
non-small cell lung cancer (NSCLC) patients that harbor 
EGFR kinase domain mutations exhibit oncogene addic-
tion to mutant EGFR, which confers high sensitivity to 
tyrosine kinase inhibitors (TKIs). As patients invariably 
develop resistance to TKIs, it is important to delineate 
the cell biological basis of mutant EGFR-induced cellular 
transformation since components of these pathways 
can serve as alternate therapeutic targets to preempt 
or overcome resistance. NSCLC-associated EGFR 
mutants are constitutively-active and induce ligand-
independent transformation in nonmalignant cell lines. 
Emerging data suggest that a number of factors are 
critical for the mutant EGFR-dependent tumorigenicity, 
and bypassing the effects of TKIs on these pathways 
promotes drug resistance. For example, activation of 
downstream pathways such as Akt, Erk, STAT3 and 
Src is critical for mutant EGFR-mediated biological pro-
cesses. It is now well-established that the potency and 
spatiotemporal features of cellular signaling by receptor 
tyrosine kinases such as EGFR, as well as the specific 
pathways activated, is determined by the nature of 
endocytic traffic pathways through which the active re-
ceptors traverse. Recent evidence indicates that NSCLC-
associated mutant EGFRs exhibit altered endocytic 
trafficking and they exhibit reduced Cbl ubiquitin ligase-
mediated lysosomal downregulation. More recent work 
has shown that mutant EGFRs undergo ligand-indepen-
dent traffic into the endocytic recycling compartment, a 
behavior that plays a key role in Src pathway activation 
and oncogenesis. These studies are beginning to delin-
eate the close nexus between signaling and endocytic 
traffic of EGFR mutants as a key driver of oncogenic 
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processes. Therefore, in this review, we will discuss 
the links between mutant EGFR signaling and endo-
cytic properties, and introduce potential mechanisms 
by which altered endocytic properties of mutant EGFRs 
may alter signaling and vice versa as well as their im-
plications for NSCLC therapy.

© 2014 Baishideng Publishing Group Inc. All rights reserved.
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Core tip: Since their discovery ten years ago, much 
work has revealed the signaling properties of non-small 
cell lung cancer-associated mutant epidermal growth 
factor receptors (EGFRs). While therapeutic options for 
patients harboring mutants have emerged, these are 
beset with rapid development of resistance, making it 
critical that mutant EGFR biology be better understood 
to design more effective therapies. Emerging data 
suggests that mutant EGFRs exhibit altered endocytic 
trafficking, a process critical for the regulation of EGFR 
signaling. Deregulated endocytic traffic appears to en-
able mutant EGFRs to activate oncogenic signaling 
pathways. This review highlights the signaling and en-
docytic trafficking of mutant EGFR and the intimate link 
between the two processes.
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INTRODUCTION
Epidermal growth factor receptor (EGFR) is a member 
of  the ErbB (avian erythroblastic leukemia virus onco-
gene homolog) or human EGF receptor (HER) family of  
receptor tyrosine kinases (RTKs). The ErbB family com-
prises of  EGFR (also known as ErbB-1/HER1), ErbB-2 
(neu, HER2), ErbB-3 (HER3) and ErbB-4 (HER4). 
Studies of  EGFR as a model RTK and prototypic on-
cogene have provided much of  our understanding of  
cellular and molecular mechanisms of  RTK function and 
regulation[1-4]. EGFR is a transmembrane glycoprotein 
with extracellular domains that bind to ligands such as 
EGF and transforming growth factor α (TGFα) to pro-
mote receptor dimerization and activation of  a cytoplas-
mic tyrosine kinase domain. The resulting phosphoryla-
tion of  the receptor and downstream signaling proteins 
mediate the various biological responses downstream[1,5]. 
In particular, EGFR is known to play crucial roles in cel-
lular proliferation, survival, migration, and differentiation. 
Indeed, impaired epithelial development in several organs 

as well as perinatal lethality among EGFR knockout 
animal models illustrates the essential nature of  EGFR 
in cellular functions[6,7]. Furthermore, oncogenic viruses 
exploit the EGFR signaling network in many different 
ways, altering both receptor tyrosine kinase activity and 
gene expression[8].

The role of  aberrant EGFR signaling in oncogenesis 
has been investigated for many years. A major mecha-
nism for aberrant signaling involves the overexpression 
of  EGFR, found in various epithelial tumors[3]. The 
cancers where overexpression of  EGFR is found include 
breast cancer, glioblastomas, head-and-neck cancer, non-
small cell lung cancer (NSCLC), renal cancer, ovarian 
cancer, and colon cancer[1,9]. Transgenic studies[10] and in 
vitro studies, using NIH 3T3 mouse fibroblasts[11], dem-
onstrate that high-level expression of  EGFR and EGF 
ligands can transform cells. Recent studies using genetic 
deletion of  EGFR illustrate the essential role of  this re-
ceptor in oncogenesis in a pancreatic cancer model[12]. In 
addition, EGFR activation initiates cytoprotective signal-
ing, enabling tumor cells to become resistant to radiation 
and chemotherapy[13,14]. Increased expression of  EGFR 
is associated with poorer survival, and EGFR serves as a 
strong prognostic indicator in many cancer types[15].

In addition to overexpression, recent studies have 
demonstrated a key oncogenic role of  mutant forms of  
EGFR in driving oncogenesis. EGFR overexpression in 
glioblastomas is associated with an alternatively-spliced 
variant, EGFRvIII, lacking the extracellular sequences 
encoded by exon 2-7 as a result of  an 804 base pair 
in-frame deletion that corresponds to the removal of  
N-terminal amino acid residues from 6-273[16]. EGFRvIII 
is expressed in approximately 25% of  glioblastomas[17] 
and in a higher percentage of  patients with EGFR am-
plification[18,19]. This mutant initiates ligand-independent 
signaling and is transforming in animal models of  glio-
blastoma[20]. Missense point mutations or small in-frame 
deletions in the kinase domain have been identified in 
NSCLC and shown to be constitutively active and onco-
genic[21-23]. Notably, NSCLC-associated somatic EGFR 
mutations impart a higher sensitivity to EGFR-directed 
TKIs such as gefitinib (Iressa) or erlotinib (Tarceva)[3,22]. 
Because the NSCLC-associated EGFR mutants are con-
stitutively-active and capable of  transforming cells, they 
present fascinating models to study signaling pathways 
and defects in negative regulatory mechanisms. There-
fore, this review will discuss our current understanding 
of  NSCLC-associated mutant EGF receptors and their 
signaling properties, and the critical links between the 
endocytic and signaling pathways of  mutant EGF recep-
tors.

EGFR MUTATIONS IN NSCLC
Lung cancer is the leading cause of  cancer deaths in 
both men and women in the United States, and NSCLC 
accounts for about 85% of  lung cancers[24]. Studies in 
gastrointestinal stromal tumors showed that activating 
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mutations of  c-KIT gene were associated with clinical re-
sponses to small molecule TKI imatinib, and fueled inter-
est to search for similar mutations in EGFR in NSCLC 
patients that responded favorably to gefitinib and erlo-
tinib[25]. Indeed, in 2004, EGFR mutations associated 
with gefitinib sensitivity were identified in NSCLC[21,23].

Somatic mutations in the EGFR kinase domain are 
found in about 10% of  NSCLC patients from the United 
States and about 25% of  those from East Asia[26,27]. In-
frame deletions in exon 19 (EGFR ∆746-750) and an ar-
ginine to leucine mutation at position 858 (EGFR L858R) 
account for about 90% of  these mutations[26]. The 
mutations confer constitutive activity by disrupting the 
inactive conformation of  the kinase domain of  EGFR, 
and a 20-fold increased TKI binding accounts for their 
hypersensitivity to TKIs[28]. EGFR mutations in NSCLC 
have been correlated with gene amplification[29]. Somatic 
mutations of  the ErbB2 kinase domain in NSCLC (in-
frame insertions in exon 20) have also been identified in 
a subset (1.6%) of  patients with a similar profile as those 
that harbor EGFR mutations: never smoker, East Asian 
ethnicity, and female gender[30]. More recent studies of  
breast cancer patients identified nine additional somatic 
mutations among EGFR family members that represent 
potential TKI therapeutic targets[31].

Multiple factors modify the sensitivity of  NSCLC 
patients with EGFR mutations to EGFR TKIs. For in-
stance, in-frame deletion in exon 19 is more sensitive to 
erlotinib inhibition than the L858R mutant[32]. Similarly, 
patients with an in-frame deletion mutant showed bet-
ter response and longer overall survival with gefitinib 
or erlotinib treatment than did patients with the L858R 
mutant[33]. High EGFR gene copy number identified by 
fluorescence in situ hybridization (FISH) was proposed to 
be an effective molecular predictor of  gefitinib efficacy 
in advanced NSCLC[34]. However, a meta-analysis has 
found that EGFR overexpression is not associated with 
overall survival in NSCLC patients[35]. Increased ErbB2 
expression is also associated with increased sensitivity to 
gefitinib both in the presence[36] and absence of  EGFR 
mutations[37], although phosphorylated-ErbB2 along with 
total ErbB3 levels have been associated with resistance to 
gefitinib in head and neck squamous cell carcinoma[38].

Despite their success in a subset of  patients, the over-
all effectiveness of  EGFR inhibitor treatment for cancer 
therapy remains elusive. While erlotinib can be effective 
for the initial treatment of  those with sensitizing EGFR 
mutations, overall median survival of  patients treated 
with erlotinib vs placebo is only 6.7 mo vs 4.7 mo[24]. To-
gether with the fact that patients with erlotinib reported 
severe side effects including rash and diarrhea[39], it is vital 
that alternative and improved regimens be developed to 
better treat NSCLC. 

Further complicating TKI treatment efficacy, patients 
with drug-sensitive EGFR mutations develop acquired 
resistance after about 12 mo, and up to 50% of  resistant 
cases can be attributed to a secondary mutation at posi-
tion 790 (EGFR T790M)[26,40,41]. It is thought that the 

T790M mutation leads to steric hindrance for erlotinib 
binding due to the bulky methionine side chain in the 
ATP-binding pocket[42]. However, another study revealed 
that the T790M mutation causes drug resistance simply 
by increasing the affinity for ATP[43].

Amplification of  the hepatocyte growth factor recep-
tor tyrosine kinase (MET) has been implicated in drug 
resistance, presumably by driving ErbB3-dependent ac-
tivation of  phosphoinositide-3 kinase (PI3-K)[44]. MET 
amplification was reported in about 20% of  TKI-resistant 

patients, sometimes concomitantly with EGFR T790M[44]. 
In addition, insulin-like growth factor I receptor report-
edly interferes with anti-EGFR directed therapies[45], and a 
block in apoptosis is implicated as one of  the mechanisms 
of  TKI resistance[46]. 

A multigene signature indicative of  an epithelial to 
mesenchymal transition (EMT) was also identified as a 
determinant of  insensitivity to erlotinib[47]. Cells express-
ing the epithelial cell junction protein E-cadherin show 
greater sensitivity to EGFR inhibition, whereas cells that 
have undergone EMT, expressing vimentin or fibro-
nectin, are insensitive[48]. Src-mediated cell signaling has 
been proposed to be another mechanism for anti-EGFR 
directed therapy resistance, by bypassing the dependency 
on EGFR for cell growth and survival[49]. KRAS muta-
tional status also predicts resistance to anti-EGFR di-
rected therapies apparently as cancer cells may no longer 
need EGFR for survival[50-52].

To circumvent the problem of  TKI resistance and to 
enhance the efficacy of  EGFR-directed therapies, alter-
native strategies are being utilized to enhance the survival 
rate of  cancer patients, albeit with mixed results. Because 
erlotinib has a lower IC50 than gefitinib against wild-type 
EGFR, it has been suggested that gefitinib-resistant pa-
tients be treated with erlotinib, but such studies have not 
had much success as erlotinib could not overcome the 
resistance conferred by the T790M mutation[53]. Phase 
II clinical trial data also showed that patients with acti-
vating EGFR mutations do not respond to monoclonal 
antibody-based therapy with cetuximab even though they 
respond to a TKI[54]. However, a different study showed 
cetuximab to be effective against cells expressing either 
TKI-sensitive or resistant NSCLC EGFR mutations[55]. 

Promising results were observed in an animal model 
using a combination of  cetuximab and TKI, which 
yielded enhanced tumor regression[56]. Cells expressing 
mutant EGFR also show sensitivity towards an inhibitor 
of  vascular endothelial growth factor receptor-2 (VEG-
FR-2), ZD6474, indicating that VEGFR-2 may be criti-
cally involved in mutant EGFR-mediated cell survival[57]. 
An irreversible pan-ErbB inhibitor PF00299804 is also a 
potent inhibitor of  gefitinib-resistant EGFR and ErbB2 
mutations[58].

It is evident from the current directions of  the anti-
EGFR directed therapy that it is critical to identify key 
partners and pathways of  EGFR-mediated tumorigenic-
ity and co-target these factors simultaneously. This ap-
proach will not only benefit NSCLC, but other cancer 
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and Src were co-overexpressed[81]. Consistent with these 
studies, EGFR and Src are often co-overexpressed in hu-
man cancers[82], and enhanced Src activity was observed 
in NSCLC tissue compared to normal lung tissues[83]. 

Importantly, mutant EGFR-expressing NSCLC cell 
lines exhibit increased Src phosphorylation[64], and more 
Src is associated with mutant EGFR compared to wtEG-
FR[84,85]. Mutant EGFR-expressing cells were sensitive to 
Src inhibitors such as Dasatinib, PP1, or SKI-606[64,65], 
and Src-dependent phosphorylation on EGFR Y845 
was required for full phosphorylation of  mutant EGFR 
and downstream signaling molecules such as Akt, Erk 
and STAT3[85,86]. Interfering with Src-dependent phos-
phorylation on EGFR Y845 resulted in decreased mutant 
EGFR-mediated biological processes such as cell trans-
formation and migration[85]. Further studies are needed to 
identify additional factors and processes critical to mutant 
EGFR-mediated oncogenic signaling and biological out-
comes.

ENDOCYTIC TRAFFIC OF EGFR
In normal cells, EGFR signaling is tightly regulated by 
endocytic traffic. The ligand-induced EGFR dimerization 
and activation are associated with rapid internalization 
from the cell surface into endosomes followed by further 
traffic into lysosomes, or alternatively into an endocytic 
recycling compartment from which the receptor returns 
back to the cell surface (Figure 1). The pathways of  endo-
cytic traffic to the lysosome and their functional impact 
have been substantially elucidated in recent years. Activat-
ed EGFR undergoes ubiquitination, which provides a sig-
nal for sorting of  internalized EGFR into lysosomes for 
degradation[2,87], a mechanism for signal termination[88,89]. 
In this context, endocytosed EGFR migrates down a sys-
tem of  heterogeneous compartments that have generally 
been characterized as “early” or “late” endosomes based 
on their morphology, kinetics of  labeling with endocytic 
cargo as well as compartment-specific markers[90]. While 
punctate early endosomes are primarily located towards 
the cell periphery, the late endosomes are larger and more 
spherical, and often positioned closer to the nucleus[90]. 
Furthermore, some late endosomes have a multivesicular 
appearance by ultrastructure and are referred to as mul-
tivesicular bodies (MVBs). The ubiquitinated cargo, such 
as EGFR, at the outer limiting membrane of  MVBs is 
recognized by a series of  protein complexes called the 
endosomal complex required for transport (ESCRT) 
1 to 3, and selectively sorted into invaginating vesicles 
that bud off  to form the internal vesicles of  MVB[91]. 
The MVB subsequently matures and/or fuses into the 
lysosome where the receptor is degraded by lysosomal 
hydrolases[91]. Under conditions where EGFR does not 
undergo ubiquitination, or if  ubiquitin chains are cleaved 
by deubiquitinases[92], the receptor is alternatively sorted 
into vesicles that traffic along the endocytic recycling 
pathway back to the cell surface for additional rounds of  
ligand binding and signaling[93]. Endocytic recycling can 

types in which EGFR may play a critical role.

MUTANT EGFR SIGNALING
Early studies using NSCLC tumor cell lines indicated that 
mutant EGFRs are constitutively-active[22,28,59], transform 
nonmalignant cell lines in a ligand-independent man-
ner[60], and enhance tumor growth in xenograft models[60]. 
Furthermore, cells harboring mutant EGFRs undergo 
“oncogene addiction” and require the mutant recep-
tor activity for survival[61]. In transgenic mouse models, 
reduction in the expression of  mutant EGFR or inhibi-
tion of  its kinase activity caused rapid tumor regression, 
demonstrating that mutant EGFR is required for tumor 
maintenance[62]. 

It is becoming increasingly evident that in addition to 
oncogene addiction, cells also depend on non-driver on-
cogenic pathways for survival[63]. It has been found that 
downstream signaling pathways that are key to mutant 
EGFR function include Akt, Erk1/2, and STAT3[23,34,64-67]. 
Sensitivity to growth inhibition by gefitinib is associated 
with signaling molecules downstream of  activated EGFR 
such as Akt and Erk[68,69], and gefitinib effectively blocked 
Akt and Erk phosphorylation in gefitinib-sensitive 
NSCLC cell lines[66].

Transfection studies using the EGFR exon 19 in-
frame deletion mutant revealed highly phosphorylated 
Akt and STAT3 compared to transfection of  wild-type 
EGFR (wtEGFR)[70]. In fact, continued activation of  
PI3-Kinase signaling by a PIK3CA (PI3-K, catalytic, 
alpha polypeptide) oncogenic mutant is sufficient to ab-
rogate gefitinib-induced apoptosis in NSCLC-associated 
EGFR mutant-expressing cells[71]. PI3-K was found to 
exclusively associate with ErbB3 in gefitinib-sensitive 
NSCLC cell lines, and, interestingly, the gefitinib-sensitive 
wtEGFR-expressing NSCLC cell lines showed greater 
ErbB3 expression than gefitinib-insensitive cell lines[72]. 
In addition, the expression of  NSCLC-associated EGFR 
mutants correlates with constitutive activation of  mam-
malian target of  rapamycin (mTOR) and Erk5 as well as 
enhanced expression of  cyclin D1 and EGR1[73-76]. 

Subsequent studies have also identified Src to be 
critical for cell proliferation, survival and migration of  
mutant EGFR-expressing cells. In contrast to mutant 
EGFRs, overexpression of  wtEGFR in primary cells is 
not oncogenic. High levels of  exogenous ligands[77] and/
or cooperating oncogenic partners are required for the 
wtEGFR to transform cells. In this regard, Src has been 
established to cooperate with EGFR and to be an impor-
tant determinant of  EGFR-mediated oncogenesis[78,79]. 
EGFR and Src overexpression in fibroblast systems led 
to synergistic increases in EGF-induced DNA synthesis, 
soft agar colony formation, and tumor formation in nude 
mice[80]. This cooperativity has also been demonstrated in 
a model of  epithelial cell transformation: loss of  polar-
ity in three-dimensional cultures of  nonmalignant hu-
man mammary epithelial cells as well as their anchorage-
independent growth were only seen when both EGFR 
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take place via the fast/direct recycling from the early en-
dosomes back to the plasma membrane, or via a delayed 
recycling pathway that involves the perinuclear endocytic 
recycling compartments (Figure 1)[93,94]. Members of  Rab-
family of  small GTPases play key roles in facilitating al-
ternate sorting itineraries. The delayed recycling pathway 
utilizes Rab11 as well as Arf6 small GTPase[94]. Notably, 
members of  a family of  dynamin-like ATP-binding and 
EPS15-homology domain-containing (EHD) proteins 
have been identified as key regulators of  the delayed en-
docytic recycling compartments[95,96]. 

The endocytic trafficking fates of  EGFR are regulated 
by a complex, and still incompletely understood, molecu-
lar machinery. First, the nature of  the ligand bound to 
EGFR can dictate alternate fates of  the ligand-receptor 
complex. In particular, EGF, which forms a more stable 
complex with EGFR in the low pH environment of  en-
dosomes, primarily targets the receptor for ubiquitination 
and lysosomal degradation; in contrast, other ligands such 
as TGFα and amphiregulin form less stable complexes 
with EGFR, induce lower levels of  ubiquitination, and 
promote recycling of  the receptor accompanied by more 
sustained signaling responses[88,97]. The concentration or 
the availability of  ligands is another factor that deter-
mines the fate of  EGFR degradation as low concentra-
tions of  EGF induce clathrin-mediated endocytosis of  
EGFR for recycling while higher concentrations induce 
internalization via lipid rafts for degradation[98,99]. The 
dimerization partner may also affect the regulation of  
EGFR; for example, overexpression of  ErbB2 has been 
shown to reduce EGFR downregulation by increasing its 
recycling or decreasing internalization[100,101].

The Cbl (Casitas B-lineage Lymphoma proto-
oncogene) family of  ubiquitin ligases plays an essential 
role in promoting ubiquitination and lysosomal degra-
dation of  EGFR[102]. Cbl proteins selectively associate 
with activated EGFR, via phosphorylated tyrosine 1045 
(number corresponding to human EGFR) and facilitate 
the juxtaposition of  Cbl-bound ubiquitin conjugating 

enzymes to facilitate EGFR ubiquitination[102,103]. Once 
bound, Cbl remains associated with the activated EGFR 
throughout its endosomal transport to lysosomes[103]. 
Ubiquitination mediated by the association of  Cbl pro-
teins is essential for EGFR sorting into lysosomes (Figure 
1). It has also been suggested that Cbl can function as an 
adaptor protein to recruit Cbl-interacting protein of  85 
kDa (CIN85) together with its partner Endophilin A to 
promote initial internalization of  EGFR[104]. However, a 
more recent study suggested that CIN85 is dispensable 
for EGFR internalization[105]. Grb2, which interacts with 
the proline-rich region of  Cbl and phosphotyrosine-
containing motifs on EGFR, may also mediate EGFR-
Cbl complex formation and initiate EGFR internalization 
by promoting delivery into clathrin-coated pits[104,106,107]. 
Disruption of  Grb2 interactions with EGFR or Grb2 
knockdown using a small interfering RNA significantly 
inhibited the receptor internalization[108,109]. A recent 
study also demonstrated that the cooperative recruitment 
of  Cbl, in complex with Grb2, to EGFR determines the 
threshold of  ubiquitination of  EGFR[110]. Other factors 
are also known to affect EGFR endocytosis and down-
regulation. For example, Sprouty2 or activated Cdc42[111], 
which appear to block Cbl function, as well as suppressor 
of  T-cell receptor signaling (Sts-1/Sts-2), and Cortac-
tin, inhibit efficient EGFR trafficking to the lysosome 
and block receptor downregulation[107,112,113]. In addition, 
SNX1, stimulatory G protein subunit (Gαs), and factors 
important in mediating or regulating ESCRT complex 
function, such as Hrs (hepatocyte growth factor-regulat-
ed tyrosine kinase substrate), signal-transducing adaptor 
molecule (STAM), tumor susceptibility gene product 101 
(TSG101), and other components of  ESCRT complexes, 
are required for the MVB sorting of  EGFR and efficient 
receptor degradation[7,114]. Interfering with Cbl-dependent 
negative regulatory process prolongs the EGFR activity 
and enhances the EGFR-mediated cell transformation[87]. 
Thus, it is clear that endocytic traffic of  EGFR plays a 
critical role in controlling its signaling and regulating its 
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Figure 1  Model of mutant epidermal growth factor recep-
tor endocytic trafficking. Upon ligand binding, activated 
wtEGFR becomes internalized and localized to endosomes. 
Internalized EGFR has been linked to Erk and Akt activation. 
Depending on type of ligand bound, ligand concentration, 
dimerization partner, mutational statuses and/or availability 
of other regulators, wtEGFR may recycle to cell surface or be 
sorted to lysosomes. EGFR bound to EGF is mostly targeted 
for lysosomes, where it becomes degraded. Sorting of ligand-
induced wtEGFR to lysosome is mediated by E3 ubiquitin 
ligase Cbl which remains attached to receptor throughout 
endocytosis. Mutant EGFR, however, escapes ligand-induced 
downregulation through decreased interaction with Cbl, 
enhanced dimerization with ErbB2, which prefers recycling 
pathway, and/or constitutive interaction with Src, which an-
tagonizes Cbl. EGFR: Epidermal growth factor receptor.

Mutant EGFR
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oncogenicity. 

ENDOCYTIC TRAFFIC OF MUTANT 
EGFRS
Mutant EGFRs function as oncogenic drivers in NSCLC 
and other cancers including glioblastomas. To understand 
the biological basis of  how mutant receptors drive on-
cogenesis, it is important to gain insights into how the 
regulatory mechanisms that control EGFR operate in the 
context of  mutant receptors. A key component of  EGFR 
regulation involves the ligand-induced receptor endocyto-
sis which leads to degradation of  the receptor and termi-
nation of  signaling, or to receptor recycling for continued 
signaling. Because of  the radically different outcomes of  
the alternate endocytic fates, elucidating mechanisms of  
mutant EGFR endocytic trafficking is fundamentally im-
portant to understanding mutant EGFR-driven signaling 
and oncogenesis, with a potential to improve the EGFR-
directed therapies.

Since mutant EGFR exhibits constitutive signaling, it 
is likely that this is associated with altered endocytic traf-
ficking. Indeed, multiple lines of  evidence suggest that 
mutant EGFRs undergo altered endocytic trafficking 
compared to the wild-type receptor[115-118]. In this section, 
we will describe mutant EGFR endocytic trafficking in 
terms of  basal receptor localization, as well as ligand-
induced internalization and degradation.

MUTANT EGFR LOCALIZATION AND 
LIGAND-INDUCED INTERNALIZATION
Mature wtEGFR is primarily localized at the cell surface 
prior to ligand binding, but becomes internalized upon 
ligand binding. There are conflicting reports in regards 
to ligand-induced mutant EGFR internalization com-
pared to that of  wtEGFR. It has been reported that 
EGF-induced internalization of  gefitinib-sensitive mu-
tant EGFR expressed on PC9 cell line was faster than 
that of  wtEGFR on gefitinib-insensitive cell lines A549 
and QG56[68,119]. Another study, however, reported that 
mutant EGFR-expressing NSCLC cell lines H1975 and 
H1650 showed delayed internalization of  labeled EGF in 
comparison to a wtEGFR-expressing cell line H358[116]. 
Yet another study found that rhodamine-conjugated 
EGF uptake was comparable between H1299 cell lines 
permanently transfected with mutant EGFRs or wtEG-
FR, suggesting that NSCLC EGFR mutation did not 
affect ligand-induced receptor internalization[120]. Differ-
ences in EGF-induced mutant EGFR internalization may 
be attributed to cell lines used to compare wtEGFR and 
mutant EGFRs, and underscore the need for more com-
prehensive and concurrent studies using multiple assays 
to fully understand if  and how the NSCLC-associated 
mutations of  EGFR affect its ligand-induced EGFR in-
ternalization. 

Compared to the uncertainty of  the impact of  NSCLC-

associated EGFR mutations on ligand-induced internal-
ization, emerging evidence suggests that mutant EGFRs 
are constitutively internalized. Mutant EGFR ectopically 
overexpressed in a murine pro-B cell line model was 
shown to undergo EGF-independent internalization, 
whereas wtEGFR was primarily localized to the cell sur-
face in the absence of  ligand[121]. Another study showed 
that mutant EGFR in PC9 cell line, but not the wtEGFR, 
in QG56 cell line was distributed inside the cell[119]. These 
data suggest that mutant EGFRs may undergo enhanced 
constitutive internalization compared to wtEGFR. In-
deed, unlike wtEGFR, mutants EGFRs showed con-
stitutively intracellular localization and colocalized with 
endosomal markers[118]. Inhibition of  endocytic recycling 
pathway using monensin resulted in the accumulation 
of  mutant EGFRs in perinuclear vesicles, and mutant 
EGFRs showed colocalization with various recycling 
endosomal markers, suggesting that mutant EGFRs 
undergo altered endocytic trafficking through recycling 
pathway[118]. Importantly, recycling inhibition delayed 
the ligand-mediated mutant EGFR degradation and en-
hanced the mutant EGFR association and colocalization 
with Src (Figure 1)[118]. These findings support the notion 
that enhanced endocytic trafficking of  mutant EGFRs via 
the recycling pathway provides a potential compartment 
where mutant EGFR may engage in preferential interac-
tion with Src and sustained oncogenic signaling. 

As for the cellular localization and internalization of  
EGFRvIII, there remains much confusion. Earlier work 
has suggested that EGFRvIII expressed in a glioma cell 
line remains on the plasma membrane even after EGF 
stimulation, whereas wtEGFR was removed from the cell 
surface and appeared in perinuclear vesicles correspond-
ing to endosomes and lysosomes[122]. Similarly, EGFRvIII, 
when transfected into a small cell lung cancer cell line, 
localizes predominantly at the cell surface[123]. However, 
confocal microscopic analyses on biopsy samples of  hu-
man gliomas showed that the subcellular localization of  
EGFRvIII was identical to that described for wtEGFR; 
predominant cell membrane expression, with some peri-
nuclear distribution[124]. Future studies will need to delin-
eate the exact subcellular localization and endocytosis of  
EGFRvIII.

The mechanisms underlying the tendency of  NSCLC-
associated EGFR mutants to remain constitutively inter-
nalized are currently unclear. As mutant EGFRs are con-
stitutively-active, a role for kinase activity in promoting 
ligand-independent internalization appears plausible. Pub-
lished studies on the role of  kinase activity for internal-
ization of  wtEGFR have arrived at opposite conclusions, 
suggesting either a requirement for or dispensability of  
the kinase activity for internalization[125-127]. In fact, ligand-
induced internalization of  EGFR in the presence of  
TKIs was previously employed by investigators to initiate 
signaling directly from the endosomes[128]. Rather than 
the kinase activity per se, it may be the conformational 
changes associated with activation that expose endocytic 
motifs in EGFR and permit its internalization[43,60]. Fur-
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thermore, activated EGFR recruits adapter proteins such 
as Epsin and Grb2 that have been shown to promote in-
ternalization[129,130]. Given the constitutive activity of  mu-
tant EGFRs, these mechanisms may mediate enhanced 
internalization of  mutant compared to wtEGFR. Nota-
bly, gefitinib inhibits the ligand-induced internalization of  
mutant EGFR in gefitinib-sensitive PC9 cell line but does 
not affect internalization of  wtEGFR in gefitinib-insen-
sitive QG56 cell line[119]. Therefore, kinase activity might 
play a more critical role in the internalization of  mutant 
EGFR compared to wtEGFR. Other studies have shown 
that EGFR dimerization is critical for wtEGFR internal-
ization[125]. Given that mutant EGFR has been found to 
be constitutively dimerized[131], dimerization may indeed 
be critically involved in the constitutive internalization of  
mutant EGFRs. 

Some studies also suggest sensitivity to TKI to play 
a role in ligand-induced EGFR internalization. For ex-
ample, it has been reported that a H1650 NSCLC cell 
line rendered gefitinib-resistant showed increased ligand-
induced mutant EGFR internalization when compared 
to the parental gefitinib-sensitive cell line[132]. In contrast, 
the reverse was true for wtEGFR, as others showed that 
ligand-induced internalization of  wtEGFR in erlotinib-
sensitive H292 cells was greater than that in erlotinib-
insensitive H1703 cells[133]. Quantification also showed 
that inhibition of  EGF-induced EGFR internalization 
by erlotinib was greater in sensitive cell line compared to 
that in the insensitive cells[133]. Further studies are needed 
to more clearly delineate key determinants of  ligand-
induced and constitutive mutant EGFR internalization 
as well as the relationship of  these processes with TKI 
sensitivity vs resistance. 

ALTERED LIGAND-INDUCED 
DEGRADATION OF MUTANT EGFRS
As mentioned in the introduction, lysosomal degrada-
tion of  EGFR is critically dependent on ubiquitination 
promoted by Cbl-family ubiquitin ligases. Upon ligand 
activation and phosphorylation of  EGFR, Cbl associates 
with the phosphorylated (active) receptor and facilitates 
its ubiquitination[102,134-137]. The Cbl-EGFR association 
has been shown to persist throughout the endosomal 
pathway and Cbl-family proteins are essential for the 
lysosomal sorting step of  activated EGFR downregula-
tion[103,134,138]; accordingly, ubiquitin ligase activity-defective 
Cbl mutants enhance the EGFR recycling[135]. Ubiquitin 
ligase activity-deficient Cbl itself  can become oncogenic 
due to loss of  negative regulatory control on receptor 
signals[135,139-141]. Depletion of  Cbl proteins or expres-
sion of  mutant forms has clearly shown that lack of  Cbl 
function deregulates EGFR traffic, elevates downstream 
signaling and promotes epithelial cell migration[134,137,142]. 
As NSCLC mutant EGFRs appear defective in Cbl-
dependent downregulation, it is quite likely that the ensu-
ing recycling and endosomal signaling contribute to the 

oncogenicity of  mutant EGFRs[115-117] (Figure 2).
Several studies have examined the association of  

NSCLC EGFR mutants with Cbl, but have provided 
conflicting results. Reduced ligand-induced association of  
mutant EGFR with Cbl, as compared to that of  wtEG-
FR, was reported in NSCLC cell lines H1975 and PC-9 
expressing EGFR L858R/T790M or ∆746-750 mutants 
respectively, as well as in human embryonic kidney and 
normal lung bronchial epithelial cells made to overex-
press EGFR L858R or ∆746-750[116,117,143,144]. However, 
another study using TGFα as a ligand showed intact and 
constitutive mutant EGFR-Cbl association in NSCLC 
cell lines[115].

Similar to conflicting reports on mutant EGFR-
Cbl association, the phosphorylation status of  the Cbl 
binding site, EGFR-Y1045, on mutant EGFRs remains 
unclear[87]. Reverse-phase protein microarray was used 
to quantify levels of  phosphorylation of  various EGFR 
phosphorylation sites on pure tumor cell populations iso-
lated by laser capture microdissection from human lung 
tumor biopsy specimens[145]. The group found that phos-
phorylation of  EGFR-Y1045 was reduced across patient 
samples that expressed all classes of  mutant EGFRs 
(inframe deletion mutant, EGFR L858R and H773L/
V774M) compared with wtEGFR[145]. Similarly, EGFR 
L858R and EGFR ∆747-753 mutants expressed in a 
mouse fibroblast cell line or COS-7 cells showed lower 
levels of  EGFR-Y1045 phosphorylation when com-
pared to wtEGFR, while EGFR ∆746-750 showed hypo-
ubiquitination, delayed downregulation, and increased 
surface retention upon ligand stimulation[146]. Another 
study, however, showed that when mutant EGFRs were 
stably expressed in a NSCLC cell line H1299, the mutant 
EGFRs showed higher basal phosphorylation levels at 
all tyrosine residues, including Y1045[120]. Intact ligand-
induced Y1045 phosphorylation has been observed in 
other mutant EGFR cell systems, including L858R mu-
tant-expressing and in-frame deletion mutant-expressing 
non-transformed mouse mammary epithelial cells[23], SF9 
insect cells[147], and murine hematopoietic cells[121]. Simi-
larly, endogenous EGFR ∆746-750 or L858R/T790M 
expressed in NSCLC cell lines H1650 or H1975, respec-
tively showed robust phosphorylation on EGFR Y1045 
compared to that in wtEGFR-expressing NSCLC cell 
line H358[116]. Interestingly, human embryonic kidney 293 
cells transfected with EGFR L858R showed intact ligand-
induced Y1045 phosphorylation and association with 
Cbl, whereas EGFR ∆747-753 showed decreased Y1045 
phosphorylation and EGFR-Cbl association[55]. The dis-
crepancies among reported results are likely to be due to 
the difference in EGFR mutation type, different cell type 
used, and/or the types of  cells used as controls to make 
comparisons. Nonetheless, a consistent picture on Cbl-
mutant EGFR association has not emerged, and the role 
of  other Cbl family members remains unclear.

In contrast to a lack of  consensus on Y1045 phos-
phorylation of  mutant EGFRs and their association with 
Cbl, different studies have consistently noted an impair-
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ment of  ligand-induced ubiquitination and downregu-
lation of  mutant EGFRs. It was reported that mutant 
EGFRs undergo reduced ubiquitination and delayed 
downregulation upon ligand stimulation in NSCLC cell 
lines H1650 and H1975, expressing endogenous mutant 
EGFRs, and in human embryonic kidney cells ectopically 
overexpressing mutant EGFR[116,143]. Decreased ligand-
induced ubiquitination and delayed downregulation were 
also observed in various NSCLC cell lines expressing 
endogenous EGFR ∆746-750 or L858R (HCC827 and 
H3255, respectively), and in normal human bronchial 
epithelial cells stably expressing EGFR ∆746-750 or 
L858R[117].

Interestingly, even under conditions that permitted 
mutant EGFR-Cbl association, mutant EGFR showed 
decreased ligand-induced ubiquitination and impaired 
degradation; this correlated with constitutive associa-
tion of  mutant EGFR with the molecular chaperone 
Hsp90[115]. Constitutive association of  mutant EGFR 
with Hsp90[115,148] may provide a mechanism to impair 
Cbl-dependent mutant EGFR downregulation. However, 
Cbl overexpression in HCC827 cell line resulted in en-
hanced mutant EGFR downregulation, suggesting that 
mutant EGFRs retain the ability to undergo Cbl-depen-
dent downregulation but the process is less efficient[117]. 
Among the ErbB family receptors, ErbB2 is known to 
be stably associated with Hsp90 while EGFR-Hsp90 in-
teraction is transient[149]. It is therefore noteworthy, that 
heterodimerization with ErbB2 has been identified as a 
mechanism for the ability of  EGFR L858R or EGFR 
L858R/T790M to avoid ligand-induced downregula-
tion[116] (Figure 1). Previous studies in breast cancer and 
other models have established that ErbB2 is impaired in 
downregulation, and its co-overexpression with EGFR 
inhibits the downregulation of  EGFR by increasing the 
recycling rate of  EGFR and/or inhibiting internaliza-
tion[100,101,150,151]. Indeed, treatment of  gefitinib-resistant 
EGFR L858R/T790M-expressing NSCLC cells with a 
EGFR/ErbB2 dual TKI, lapatinib, decreased STAT3 
activation and this was associated with reduced mutant 
EGFR-ErbB2 heterodimerization[56]. Combining lapa-
tinib and cetuximab treatment resulted in enhanced cyto-
toxicity against gefitinib-resistant EGFR L858R/T790M-
expressing cells in vitro and in xenograft models in vivo[56]. 

However, EGFR mutants expressed in Chinese hamster 
ovary cells were less sensitive to lapatinib, indicated by 
the levels of  autophosphorylation, than wtEGFR[152]. 
Therefore, the impact of  ErbB2 co-expression based on 
the effects of  lapatinib must be considered in the context 
of  the genetic makeup of  the cell system used, including 
the levels of  ErbB2 expression. It has also been shown 
that certain stimuli activate EGFR and promote its in-
ternalization but do not induce efficient downregulation. 
Such stimuli include specific EGFR ligands, such as am-
phiregulin and TGFα, and exposure to certain chemicals 
including H2O2 or cigarette smoke[97,153] and the role of  
such factors in inefficient downregulation of  mutant EG-
FRs in NSCLC needs to be considered. 

A number of  interacting proteins are thought to af-
fect Cbl-dependent lysosomal trafficking of  EGFR. Cbl 
interacting proteins CD2AP and CIN85 are thought to 
cooperate with Cbl to promote EGFR endocytosis[113,154], 
whereas Cool-1, Sprouty and Sts-1/Sts-2 interfere with 
EGFR downregulation[107,112,113,155]. Therefore, alterations 
of  these components may account for defective Cbl-de-
pendent downregulation of  mutant EGFRs even though 
EGFR Y1045 phosphorylation and association with Cbl 
remain intact[23,115,116,120].

In addition, there are other factors to be considered 
for the altered endocytic trafficking of  mutant EGFRs. 
Cdc42-associated tyrosine kinase 1 associates with acti-
vated EGFR and is involved in ligand-induced clathrin-
coated vesicle-mediated EGFR endocytosis and degrada-
tion[156-158]. Rab5 controls endosome fusion and enhances 
lysosomal degradation of  EGFR[159,160], and Rab5 ex-
change factor GAPex-5 mediates EGFR ubiquitination, 
lysosomal trafficking and degradation[161]. Alternatively, 
TBC1D3 enhances EGFR internalization but suppresses 
Cbl-dependent EGFR ubiquitination and degrada-
tion[162]. In addition, STAM1/2, Hrs, Rin1 and ESCRT 
proteins also regulate EGFR endocytic traffic at various 
stages[91,163]. Verifying expression levels of  proteins criti-
cal to Cbl-dependent EGFR downregulation, and/or 
RNAi-mediated knock-down of  proteins implicated in 
interfering with EGFR downregulation may identify those 
critical to mutant EGFR endocytic trafficking and provide 
mechanism of  altered endocytic traffic of  mutant EGFRs. 
Given the biological consequences of  inefficient mutant 
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Figure 2  Mutant epidermal growth factor receptor vs wt-epidermal growth factor receptor signaling. While wtEGFR signaling to Akt and Erk is subjected to 
Cbl-mediated degradation, mutant EGFR cooperates with Src to exaggerate signaling through downstream effectors. EGFR: Epidermal growth factor receptor.
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EGFR downregulation, elucidation of  cell biological and 
biochemical mechanisms responsible represent a fertile 
area of  future research.

ENDOSOMAL SIGNALING BY EGFR
Aside from the importance of  endocytosis as a neces-
sary step in lysosomal downregulation of  ligand-activated 
EGFR, endocytosis has emerged as a requirement for 
efficient activation of  specific downstream signaling 
pathways. For example, inhibition of  the internalization 
machinery demonstrated that activation of  PLCγ1 upon 
EGF stimulation occurs primarily at the cell surface while 
activation of  Erk and Akt signaling occurs primarily 
post-internalization[164]. Therefore, oncogenic signaling 
from mutant EGFRs may result from or be sustained 
by altered receptor endocytic trafficking. It is now well-
established that internalized receptor tyrosine kinases, 
including EGFR, continue to be active unless degraded, 
providing a mechanism for persistent signaling as well as 
activation of  distinct pathways through the formation of  
spatially-distinct signaling complexes[165]. Many studies 
have shown that Erk activation upon EGF stimulation 
critically depends on endosomal localization of  EGFR; 
activated EGFR in endosomal compartments partici-
pate in the activation of  Ras, the upstream activator of  
Erk signaling[166]. A relationship between accumulation 
of  EGFR in endosomes and enhanced Erk activation 
is provided by studies in which overexpression of  SEF 
(for similar expression to FGF) enhances EGF-induced 
EGFR internalization but delays its targeting to lysosome, 
and results in sustained Erk activation and differentia-
tion in the PC12 rat pheochromocytoma cell model[167]. 
Knockdown of  Cbl in 293 cells[168], or lack of  Cbl in 
Cbl-knockout mouse embryonic fibroblasts[134], delayed 
exit of  ligand-stimulated EGFR out of  early endosomes 
towards lysosomes, and resulted in prolonged Erk activa-
tion. Combined knockdown of  Cbl and Cbl-b had a simi-
lar impact on EGFR traffic and Erk signaling in human 
mammary epithelial cells[132]. 

Endosomal localization of  not just EGFR but also of  
Ras signaling cascade proteins is required for Erk activa-
tion. Dynamin-regulated endocytosis of  activated MEK 
is required for Erk activation[169]. Analysis of  endosomal 
localization of  MEK2-GFP suggests that endosomal 
localization of  MEK2 requires clathrin-dependent en-
docytosis, the presence of  an upstream kinase, RAF, and 
the catalytic activity of  MEK[170]. Erk activation mediated 
by beta 2-adrenergic receptor transactivation of  EGFR is 
sensitive to clathrin-dependent endocytosis in transfected 
COS-7 cells[171], although it has been recently reported 
that clathrin-dependent endocytosis is not required for 
Erk activation in HeLa cells[170]. MAP kinase signaling 
may itself  affect EGFR endocytic traffic, as activation of  
p38 MAP kinase induced the internalization of  EGFR, 
suggesting that p38 may provide an important feedback 
regulatory loop in the regulation of  EGFR trafficking 
and signaling[172]. Recently, it was shown that activated 

Akt promotes early endosome to lysosome transition and 
degradation of  EGFR by activating PIKfyve (FYVE-
containing phosphatidylinositol 3-phosphate 5-kinase)[173]. 
By utilizing reversible kinase inhibitors to promote 
ligand-induced internalization into endosomes followed 
by inhibitor removal, it was established that endosomal 
EGFR signaling is sufficient to activate major signaling 
pathways leading to cell survival and proliferation[128,174]. 
Thus, it is easy to visualize how constitutive internaliza-
tion into endosomes together with impaired lysosomal 
downregulation of  NSCLC-associated EGFRs can 
promote endosomal signaling-dependent oncogenic cas-
cades, as further discussed below. 

MUTANT EGFR TRAFFIC AND SIGNALING
As discussed above, studies of  mutant EGFR signal-
ing pathways have identified Akt, Erk, STATs and Src 
as critical downstream molecular players. Our studies 
established that preferential trafficking of  mutant EG-
FRs vs wtEGFR into the endocytic recycling compart-
ment promotes association of  mutant EGFRs with their 
oncogenic partner Src (Figure 1)[118]. The requirement 
of  the major Src phosphorylation site of  the mutant 
EGFRs (Y845) for their ability to transform NIH 3T3 
cells supports a role for Src signaling within the endo-
some in mutant EGFR oncogenic activity[85] (Figure 2). 
This is consistent with the impact of  Src inhibitors on 
NSCLC in vitro and in animal models[85,175]. Further stud-
ies are needed to directly assess if  Src-dependent signal-
ing by mutant EGFRs takes place primarily within the 
endosomal compartments or if  endocytic recycling is 
required to traffic Src to its site of  action. In this regard 
it is notable that inactive Src is primarily localized on 
lysosomal membranes and an endocytic traffic pathway 
orchestrated by the ESCRT machinery is required for its 
traffic to focal adhesions/invadopodia, where Src activity 
is essential for cell migration and invasion[176,177]. Notably, 
lysosomal regulatory small GTPase Rab7 and ESCRT1 
component TSG101 were shown to be required for un-
occupied wtEGFR to enter into the endocytic recycling 
compartment and to recycle back to the cell surface[178]. It 
will be of  considerable interest in the future to determine 
if  NSCLC-associated mutant EGFRs and c-Src co-traffic 
through a lysosomal/MVB compartment to enter the en-
docytic recycling compartment. 

Notably, endocytic traffic-dependent EGFR signal-
ing is also critical for cell migration. The developmentally 
regulated border cell migration in drosophila requires 
localized EGFR signaling, and deletion of  proteins 
involved in endocytic traffic of  EGFR (Cbl and Rab5 
guanine nucleotide exchange factor) disrupted border 
cell migration[142]. In this system, receptor endocytosis 
is necessary to help establish ligand gradients and local-
ized RTK signaling, preserving spatial information that is 
critical to guide migrating cells in a directional manner[142]. 
Recently, it was shown that TGFα-induced cell migration 
in mammalian corneal epithelial cells required endocytic 
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recycling of  EGFR[179]. Thus, it is plausible that endocytic 
recycling and endosomal signaling may contribute to cell 
migration, invasion and metastatic behavior of  mutant 
EGFR-expressing NSCLCs. 

NSCLC-associated EGFR mutants exhibit constitutive 
internalization[118,119,121]. Since hyperactive Erk signaling is 
a prominent feature of  mutant EGFRs in NSCLC[23,66], 
enhanced endosomal localization of  mutant EGFR may 
provide one of  the mechanisms contributing to enhanced 
Erk activation. Indeed, the upstream activators of  Erk 
signaling pathway have been shown to be associated with 
endosomal EGFR. Analysis of  rat livers following admin-
istration of  EGF, internalization of  EGFR coincided with 
recruitment of  the adaptor protein Shc, and its association 
with GRB2 and the Ras guanine nucleotide exchange fac-
tor, mSOS, and the complex of  tyrosine phosphorylated 
Shc, Grb2 and mSOS was largely present in the endosom-
al fraction[180]. FRET measurements also indicated that 
activated EGFR-CFP interacted with YFP-Shc and Grb2-
YFP in endosomes[181]. Similarly, inhibition of  EGFR in-
ternalization through knockdown of  Grb2 by RNA inter-
ference or use of  a dynamin mutant resulted in inhibition 
of  EGF-induced MAPK and Erk activities[106,164]. 

Akt activation has also been linked to endosome-
localized EGFR. Inhibiting internalization through clath-
rin heavy chain or AP-2 knockdown reduced EGFR-
mediated Akt as well as MAPK activation[99]. Initiation 
of  EGFR signaling directly from the endosomes, by 
allowing EGFR endocytosis in the presence of  a wash-
able inhibitor, demonstrated that endosomal signaling 
of  EGFR is sufficient for activating signaling pathways 
including Erk and Akt, as well as cell survival and prolif-
eration[128,174]. Likewise, ligand-induced trafficking of  in-
ternalized EGFR from early endosomes to lysosomes was 
severely delayed in cells lacking presenilin 1 and resulted 
in prolonged EGFR, Akt and Erk activation[182]. A similar 
impact of  depletion of  Cbl proteins has been demon-
strated on EGFR-induced Erk and Akt activation[134,137]. 
Therefore, similar to Erk, Akt activation may also be 
dependent on EGFR localization in endosomes. Inter-
estingly, some studies indicate that endosomal EGFR 
does not recruit and activate PI3-K[183,184], suggesting that 
EGFR-dependent Akt activation may involve additional 
factors and/or mechanisms. Clathrin-dependent EGFR 
internalization has also been shown to be essential for 
STAT3 nuclear translocation and Stat3-dependent gene 
regulation, and Stat3 co-localizes with labeled EGF in 
endocytic vesicles[185]. These studies, done on wtEGFR, 
support the likelihood that constitutively endosome local-
ized mutant EGFRs promote enhanced Map kinase and 
potentially PI3-kinase and STAT signaling through endo-
somal signaling. Future investigations targeting this key 
question are urgently needed.

ROLE OF SRC IN EGFR ENDOCYTOSIS 
In addition to its critical involvement in EGFR-mediated 
oncogenesis[85], Src plays a role in EGFR endocytosis. 

Active Src has been shown to phosphorylate clathrin 
heavy chain[186], and overexpression of  Src was shown 
to accelerate clathrin-mediated internalization of  EGFR 
without increasing EGFR degradation in fibroblasts. 
Interestingly, Src co-overexpression with EGFR in hu-
man mammary epithelial cells led to reduction in surface 
EGFR levels without a decrease in total EGFR levels, 
together with EGFR hyperactivation, suggesting that 
overexpressed Src promotes the traffic of  surface EGFR 
into a non-degradative and likely signaling endosomal 
compartment[187]. Src-mediated tyrosine phosphorylation 
has been shown to be required for dynamin function in 
ligand-induced EGFR internalization[188]. Src is also criti-
cal for proper ubiquitination and degradation of  EGFR; 
Src activity antagonizes the function of  Cbl by mediating 
its phosphorylation and degradation[189]. In the presence 
of  a Src inhibitor, EGF-induced phosphorylation of  Cbl 
and ubiquitination of  EGFR were blocked[190]. Similarly, 
mouse embryonic fibroblasts with deletion of  Src-nega-
tive regulator C-terminal Src kinase results in hyperactive 
Src; suppression of  Src family kinases in these cells result-
ed in delayed EGFR degradation and prolonged EGF-
induced activation of  Erk1/2[191]. Src-mediated phos-
phorylation was also shown to antagonize the function 
ALG-2 interacting protein X (Alix) in receptor tyrosine 
kinase internalization[192]. A study using Src-GFP fusion 
protein showed that upon EGF stimulation, Src traffics 
into endosomal compartments with activated EGFR, and 
that Src expression and kinase activity prolong the EGFR 
activation[193]. Src overexpression also induced activation 
of  EGFR and of  EGFR-mediated downstream signaling 
targets Erk and Shc[193]. At a biological level, Src over-
expression was found to promote the ability of  EGFR 
overexpression to transform rodent fibroblasts[194], and 
promote a transformed phenotype in three-dimensional 
cultures of  human mammary epithelial cells[81]. There-
fore, constitutive interaction between mutant EGFR and 
Src[84,85,118] suggests that, in addition to activating EGFR 
signaling, the hyperactivity of  Src in NSCLC may provide 
a mechanism for delayed ligand-induced association of  
Cbl with EGFR, and reduced EGFR ubiquitination and/
or downregulation[116,117,143,146] (Figure 2). In this scenario, 
the preferential trafficking of  mutant EGFRs to the en-
docytic recycling compartment[118] may be due, in part, to 
their constitutive interaction with Src. Future studies are 
needed to establish if  this mechanism can indeed explain 
the altered trafficking and signaling of  mutant EGFRs.

CONCLUSION
Much insight has been gained on naturally occurring 
NSCLC-associated mutant EGFRs, thanks in large part 
to studies instigated by their clinical relevance which 
resulted in targeted therapies with TKIs. However, ac-
quired resistance and other drug interfering mechanisms 
limit the efficacy of  EGFR-directed therapies in NSCLC 
patients with EGFR mutations. Mutant EGFR biology 
remains poorly understood, and as yet their biologically-
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linked and essential traits of  signaling and endocytic 
traffic have not been integrated for mutant EGFRs. The 
current review summarizes our current understanding of  
mutant EGFR signaling and traffic and areas where we 
lack a clear picture, and points to a need for further un-
derstanding and integration. It is clear that mutant EG-
FRs, in addition to attaining constitutive activity, exhibit 
deregulated endocytic traffic that appears to promote 
the ability of  mutant receptors to signal into oncogenic 
pathways. Increased understanding of  mechanisms that 
underlie defects in mutant EGFR endocytic traffic could 
help define novel approaches to refine EGFR-directed 
therapies by intercepting at key endocytic traffic nodes. 
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