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Abstract: Epidermal growth factor receptor (EGFR) and its family members are key players in both physiological and
pathological settings for which they are well recognized as models for investigating the functions and regulations
of other membrane receptor tyrosine kinases (RTKs) and serve as therapeutic targets critical to clinical need and
fundamental research. The canonical view of the pivotal functions in the EGFR family has been well documented as
being an initiator of signaling amplification cascades from the plasma membrane to different subcellular compart-
ments via receptor endocytic trafficking, intermolecular interaction, and kinase-substrate reaction in a temporal-
spatial manner. However, several lines of evidence have identified non-canonical roles of the EGFR family, acting as
a transcriptional factor and a chromatin regulator in the nucleus to regulate gene expression, DNA replication, and
DNA damage repair. Moreover, the EGFR family can even exert its impact outside the host cell through exosomal
vesicle secretion. The emerging concept of the non-canonical roles of the EGFR family reveals an astonishing and
elaborate scheme on the molecular functions of membrane RTKs, offering new insights into the receptor biology as
well as the development of comprehensive therapeutic strategies in the future.
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Introduction

To date, non-canonical localization of cell sur-
face RTKs in the nucleus, named membrane
receptors in the nucleus (MRIN) [1], has been
reported in 11 out of 20 RTK classes, including
subfamilies of EGFR and insulin, PDGF, VEGF,
FGF, HGF, Trk, ROR, Mer, Eph, and Ryk recep-
tors [2-4]. It has been more than two decades
since the discovery of EGFR family members in
the nucleus, where they exist as intact or trun-
cated forms to transduce signals and exert a
number of important functions [5-8]. The traf-
ficking mechanisms for nuclear transport of
EGFR and ErbB-2 have been gradually elucidat-
ed [9-13]. In addition to their subcellular traf-
ficking from the cell surface, extracellular
secretion of EGFR and ErbB-2 from cells in the
form of exosomes has also been reported [14-
21]. In this review, we highlight the functions,
clinical relevance, and potential pathways of
the members of the EGFR family, which is one

of the best-documented RTK subfamilies in the
MRIN field, trafficked from the cell surface to a
variety of intracellular organelles and to the
exosomes in the extracellular environment.

Nuclear functions of EGFR

The functions of nuclear EGFR have been exten-
sively studied and are mainly related to tran-
scriptional regulation, kinase signaling trans-
duction, and protein-protein interaction, which
affect a variety of physiological and pathologi-
cal functions, such as cell proliferation, tumor
progression, DNA replication/synthesis, DNA
damage repair, and resistance to certain anti-
cancer therapies.

Nuclear EGFR as a transcriptional regulator
The first RTK identified to have direct role in

transcriptional regulation was nuclear ErbB-2
[22, 23], and subsequently, similar activities
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were demonstrated for EGFR and ErbB-4 [24,
25]. Thus far, nuclear EGFR is the best docu-
mented. Nuclear EGFR possesses an intrinsic
transactivation activity at the carboxyl terminus
that regulates target gene promoters, such as
cyclin D1 [24], iINOS [26], Aurora-A [27], cyclo-
oxygenase-2 (cox-2) [28], c-Myc [29], B-Myb
[30], thymidylate synthase [31], breast cancer-
resistant protein (BCRP) [32], and STAT1 [33],
all of which are related to either tumorigenesis,
chromosome instability, drug-resistance, or
inflammation. In 2001, EGF-activated nuclear
EGFR was first reported as a transcriptional co-
activator that binds indirectly to an AT-rich
response sequence (ATRS) within the cyclin D1
promoter to activate its gene expression [24].
Huo et al. further identified RNA helicase A
(RHA) as EGFR’s DNA-binding partner [34] and
showed that RHA functions as a mediator for
EGFR’s transactivation activity by binding to the
ATRS. Moreover, the authors further demon-
strated a positive correlation between the
nuclear expression of EGFR, RHA, and cyclin D1
in  human breast cancer samples [34].
Additionally, the mucin MUC1 has also been
found to associate with EGFR in the nucleus
and increase EGFR-mediated cyclin D1 gene
expression [35]. Two related studies reported
that the Epstein-Barr virus oncoprotein latent
membrane protein 1 upregulates the cyclin D1
promoter activity by associating with nuclear
EGFR through transcriptional factors, such as
transcriptional intermediary factor 2 (a mem-
ber of the p160 nuclear receptor co-activators)
and STAT3, in nasopharyngeal carcinoma [36,
37]. On the other hand, the tumor suppressor
promyelocytic leukemia protein (PMLIV) was
shown to interact with nuclear EGFR and
repress the transcriptional activity of nuclear
EGFR-targeted cyclin D1 gene promoter by
inhibiting the levels of acetylation in the histone
promoter [38]. Similar to nuclear EGFR studies
in regulating cyclin D1 gene promoter, research-
ers demonstrated a bidirectional crosstalk
between progesterone receptor and ErbB-2 sig-
naling in breast tumor growth in which proges-
tin triggers nuclear translocation of ErbB-2 to
activate cyclin D1 expression through the
recruitment of STAT3, progesterone receptor,
and ErbB-2 to the gene promoter [39].

In addition to cyclin D1, activated nuclear EGFR

transactivates certain target genes, such as
iNOS, Aurora-A, c-Myc, and B-Myb, through

2945

association with transcriptional factors that
harbor DNA binding capability, including STAT
proteins and E2F1 [26, 27, 29, 30]. Given that
EGFR does not contain a DNA binding domain,
its association with transcriptional factors
appears to be essential for transactivation of
each target gene. However, it is not yet clear
whether any DNA-binding partners are involved
in nuclear EGFR-mediated transactivation of
thymidylate synthase and BCRP [31, 32]. In
glioblastoma cells, Lo and colleagues per-
formed microarray analysis to identify 19
nuclear EGFR target genes and found that
nuclear EGFR and EGFRvIIl (a constitutively
activated EGFR type Il variant) associated with
STAT3 to activate cox-2 gene expression, which
contributes to glioblastoma tumorigenesis [28].
In addition to EGFR and EGFRvIII, nuclear ErbB-
2 also transactivates cox-2 gene expression by
binding to a specific DNA element, the ErbB-2-
associated sequence, in breast cancer cells
[23]. Other transcriptional factors participated
remain to be discovered. STAT1 gene expres-
sion is also upregulated by nuclear EGFR,
EGFRVII, and ErbB-2 via their association with
STAT3, providing a link between oncogenic RTK
pathways and inflammatory processes through
STAT1 signaling [33]. In 2013, Bogler and col-
leagues performed a ChlIP-Seq in conjunction
with bioinformatics analysis to identify genome-
wide targets of EGFRvIIl and demonstrated that
nuclear EGFRvIIl associates with c-Myc on
E-box-containing promoters, driving oncogenic
functions in glioblastoma cells [40]. Inte-
restingly, analysis of the human protein-DNA
interactome via an unbiased approach identi-
fied EGFR as a DNA-binding protein [41], further
supporting the nuclear function of EGFR in tran-
scriptional regulation. It should be mentioned
that both ErbB-2 and ErbB-4 are also associat-
ed with transcriptional regulation [22, 23, 25].
ErbB-2 also associates with nuclear actin [42,
43] and plays a role in transcriptional activation
of ribosomal RNA by forming a complex with
RNA polymerase-l and B-actin, which in turn
enhances translation and cell growth [44].

Nuclear EGFR as a protein kinase

The tyrosine kinase activity of the EGFR family
members, except for ErbB-3, plays an impor-
tant role in their functions although previous
studies have also reported additional functions
that are kinase independent [45-49]. In the
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nucleus, EGFR also exerts its protein kinase
function as exemplified by EGFR-mediated
phosphorylation of chromatin-bound prolifera-
tive cell nuclear antigen (PCNA) to increase its
protein stability and maintain its functions,
such as DNA replication and damage repair
[50]. In 2013, Weiss and colleagues reported
that EGFRVIIl serves as a substrate for EGFR
and the EGFR-catalyzed phosphorylation of
EGFRVIll associates with EGFR to activate
STAT3 in the nucleus, which leads to malignant
progression of glioblastoma [51, 52]. Various
types of post-translational modifications of his-
tones are known to play fundamental roles in
chromatin dynamics and functions [53]; how-
ever, little is known as to how these important
functions are regulated by the upstream stimu-
li. Chou et al. reported that nuclear EGFR phos-
phorylates histone H4 at residue tyrosine-72,
which recruits histone methyltransferases to
enhance its methylation at K20, an event that
is critical in regulating DNA synthesis and DNA
double-strand break repair [54]. Their findings
open a new avenue toward the investigation of
interrelationship between RTKs and chromatin
structure.

ATM is a serine/threonine protein kinase that
modulates DNA damage response, particularly
DNA double-strand breaks, by controlling
IR-induced foci formation, cell cycle arrest, and
apoptosis [55, 56]. However, how upstream
stimuli regulate ATM activation has not been
well explored. More recently, Lee et al. reported
a novel mechanism underlying ATM regulation
and radiotherapy resistance in which EGFR
associates with and phosphorylates ATM at
tyrosine 370 (Y370) at the site of DNA double-
strand breaks after IR stimulation. Inhibition of
EGFR kinase activity blocked EGFR/ATM asso-
ciation, impaired ATM-mediated downstream
functions, such as foci formation and DNA
repair ability, and enhanced radio-sensitivity.
The authors suggested that EGFR-mediated
ATM Y370 phosphorylation has the potential to
serve as a biomarker to stratify patients for
either radiotherapy alone or in combination
with EGFR inhibition [57]. Interestingly, EGFR
signaling is functionally involved in DNA replica-
tion licensing, which is an important step for
initiating cell proliferation in human cancers, by
enhancing the phosphorylation of minichromo-
some maintenance 7 (MCMT7), a licensing fac-
tor critical for DNA replication, through a nonre-
ceptor Lyn tyrosine kinase phosphorylation
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[58]. Further efforts are required to determine
whether nuclear EGFR also contributes to the
MCM7-mediated DNA replication licensing.

Nuclear EGFR as a protein interactor

A series of reports indicated that certain DNA
damage pathways, such as those activated by
ultraviolet, IR, or cisplatin treatment, trigger
nuclear translocation of EGFR and subsequent
protein-protein interaction of nuclear EGFR
with DNA-dependent protein kinase (DNAPK), a
central enzyme required for the non-homolo-
gous end-joining DNA repair of double-strand
breaks that drives drug- and radio-resistance
[59-62]. Moreover, IR-induced phosphorylation
of EGFR at threonine 654 modulates nuclear
shuttling of EGFR and confers radio-resistance
[63]. A mechanism was proposed for nuclear
EGFR/DNAPK complex-mediated elevation of
c-Myc mRNA, leading to cell survival and radio-
resistance in which upon IR, nuclear EGFR inac-
tivates a newly-identified nuclear EGFR-
associated protein, polynucleotide phosphory-
lase (PNPase), which harbors exoribonuclease
activity in controlling c-Myc mRNA degradation,
through DNAPK-induced serine phosphoryla-
tion on PNPase [64]. A physical association
between nuclear EGFR and fused toes homo-
log, which is an oncogene known to be respon-
sible for the radio-resistance in cervical cancer
cells, was recently reported [65]. Silencing of
fused toes homolog reduced the phosphoryla-
tion of EGFR and DNAPK along with increased
DNA double-strand breaks, suggesting it may
contribute to radio-sensitization. In addition to
nuclear EGFR, radiation treatment also ele-
vates the expression level of nuclear ErbB-2,
which nuclear import can be blocked by trastu-
zumab, a monoclonal antibody against ErbB-2
[66]. It remains unclear but worthwhile to deter-
mine whether ErbB-2 also associates with
DNAPK to regulate DNA damage response.

Clinical relevance of nuclear EGFR

Nuclear EGFR as a marker for prognosis and
therapeutics

The correlation between nuclear EGFR and
poor patient outcome has been shown in differ-
ent types of malignancies, including breast
cancer [67, 68], ovarian cancer [69], non-small
cell lung cancer (NSCLC) [70], gallbladder carci-
noma [71], and oropharyngeal [72] and esoph-
ageal [73] squamous cell carcinomas. In hor-
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mone-refractory prostate cancer, nuclear
EGFRvIIl expression is associated with poor
overall survival [74]. In head and neck squa-
mous cell carcinoma, nuclear EGFR expression
is negatively correlated with p16 serving as a
surrogate marker for human papillomavirus
infection [75]. This inverse relationship may
explain the resistance mechanism to cisplatin
and radiation in pl6-negative tumors, which
express higher level of nuclear EGFR than that
in p16-positive tumors, and may provide a ther-
apeutic benefit for targeting nuclear EGFR in
pl6-negative patients [75]. In addition, the loss
of TIP30, a HIV-1 Tat interacting protein that is
known to suppress metastasis of lung cancer,
delays EGFR endocytic degradation followed by
increased EGFR cytoplasmic and nuclear sig-
naling pathways [76], suggesting a potential
therapeutic strategy using EGFR-targeted ther-
apies for patients with low TIP30-expressing
lung adenocarcinoma. In this regard, it is worth-
while to mention that Woloschak and col-
leagues developed a novel cancer therapy by
using EGFR-targeted Fe,0,@TiO2 nanoparti-
cles to induce significantly more double-strand-
ed DNA breaks, which is dependent on suc-
cessful EGFR nuclear accumulation [77, 78].

Nuclear EGFR in therapeutic resistance

Nuclear EGFR is responsible for resistance to
various cancer therapeutics, including above-
mentioned DNA damage events involving
DNAPK interaction (radiation and cisplatin) [60,
61] and EGFR-targeted therapies (cetuximab
and EGFR-TKIs) [32, 79]. A series of studies by
Wheeler and colleagues indicated a positive
cooperation between nuclear EGFR and Src
family kinases (SFKs) activity in acquired resis-
tance to cetuximab therapy. They first demon-
strated that cetuximab-resistant NSCLC cells
are associated with increased nuclear EGFR
expression, which can be blocked by dasatinib,
an inhibitor of SFKs, leading to re-sensitization
to cetuximab [79]. A follow-up report identified
Yes and Lyn as the SFK members that contrib-
ute to cetuximab resistance via phosphoryla-
tion of EGFR at tyrosine 1101, which impairs its
nuclear translocation [80]. Most recently, a
potential benefit by blocking both nuclear EGFR
translocation with SFK inhibitors and EGFR sig-
naling pathway with cetuximab for triple-nega-
tive breast cancer (TNBC) was reported [81]. It
is worthwhile to mention that a potential EGFR
targeted therapy for cetuximab resistant
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tumors, namely Sym004, which is a mixture of
two antibodies that target non-overlapping epi-
topes on EGFR and effectively degrades EGFR
and delays xenograft tumor growth, may pro-
vide a promising opportunity to overcome
acquired resistance to cetuximab [82]. In addi-
tion, Sym004-directed degradation of EGFR
may also overcome cetuximab resistance
through the inhibition of EGFR nuclear translo-
cation [82]. With regard to EGFR-TKIs resis-
tance, studies have demonstrated that nuclear
EGFR confers acquired resistance to EGFR-TKI
gefitinib. Specifically, the authors demonstrat-
ed that nuclear EGFR phosphorylated by Akt
binds to the promoter of BCRP, which is an ATP-
binding cassette efflux drug transporter that is
capable of transporting chemotherapeutic
agents out of cells, and subsequently upregu-
lates BCRP expression in gefitinib-resistant
cells [32, 83]. Treatment with an Akt inhibitor to
diminish EGFR nuclear function rendered resis-
tant cells more sensitive to gefitinib, further
supporting a therapeutic role of Akt interfer-
ence in gefitinib re-sensitization [32]. Likewise,
treatment with cell-penetrating anti-PCNA pep-
tides to inhibit EGFR-mediated phosphorylation
of PCNA more effectively suppressed tumor
growth in EGFR-TKIs resistant TNBC compared
with the parental cells, suggesting that this
peptide-based strategy has potential for the
drug development against EGFR-TKIs resistant
TNBC [84]. Another group found that nuclear
EGFR and ErbB-2 bind to and transactivate the
gene promoter of thymidylate synthase, which
is frequently overexpressed in fluoropyrimidine-
resistant cancer cells; meanwhile, treatment
with lapatinib, a dual TKI for EGFR and ErbB-2,
blocked the nuclear translocation of EGFR and
ErbB-2 and consequently led to fluoropyrimi-
dine-sensitization by downregulating thymi-
dylate synthase [31]. The evidence to date indi-
cates that nuclear EGFR strongly associates
with clinical relevance, and thus raises an inter-
esting question whether nuclear EGFR may
serve as a biomarker to predict resistance to
the current EGFR target therapies as well as a
potential therapeutic target.

Subcellular trafficking mechanisms of nuclear
EGFR

EGFR targeting to the nucleus
Dynamin-dependent receptor endocytosis via

clathrin-coated pits is required for nuclear entry
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Figure 1. A diagram of non-canonical EGFR trafficking to the intracellular
compartments and extracellular space via exosomes. Following endocytosis
induced by ligand stimulation, the endocytic vesicles (EV) carrying ligand-
bound EGFR fuse with the early endosomes (EE) and are subsequently traf-
ficked to several intracellular organelles, such as the Golgi apparatus, ER,
and nucleus. COPI vesicle-mediated Golgi-to-ER retrograde transport is in-
volved in active EGFR nuclear trafficking. The integral EGFR inserted into
the ER membrane is targeted to the INM by crossing the NPC via INTERNET.
The INM-embedded EGFR is then released from the lipid bilayer to the nu-
cleoplasm by the association with Sec61p translocon located in the INM. In
addition to the nuclear import of cell surface EGFR, the internalized EGFR
can also be transported into the extracellular environment via exosomal se-
cretion after fusion of the MVBs with the cell surface membrane. The scale
of the diagram does not reflect the relative size of the molecules or subcel-
lular structures. EV, endocytic vesicle; EE, early endosomes; MVB, multive-
sicular body; COPI, coat protein complex I; NPC, nuclear pore complex; ER,
endoplasmic reticulum; ONM, outer nuclear membrane; INM, inner nuclear
membrane.
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juxtamembrane domain of
EGFR that is conserved
among the EGFR family mem-
bers [89]. Moreover, NLS-
bearing molecules form a
complex with importin-B for
binding to the nucleoporins of
nuclear pore complexes
(NPCs) to facilitate nuclear
trafficking of EGFR and ErbB-
2 [85, 86]. Notably, a recent
study mapped the nuclear
delivery of EGFR by a high-
resolution imaging using X-ray
fluorescence microscopy [77,
78]. Over the past few years,
a more comprehensive path-
way was demonstrated for
EGFR nuclear transport th-
rough membrane-bound traf-
ficking from the cell surface to
the Golgi apparatus, the ER,
and the nucleus [9-11]. We
summarize the details of this
pathway (Figure 1) below.

Nuclear transport of EGFR
via microtubule and Golgi-to-
ER retrograde trafficking

Microtubule cytoskeleton me-
diates EGF-induced Golgi
translocation via dynamin-
associated vesicle, and con-
sequently the nuclear entry of
EGFR by syntaxin 6-depen-
dent fusion with the Golgi
membrane, which is respon-
sible for the nuclear functions
of EGFR, including cell prolif-
eration and drug-resistance

of EGFR and ErbB-2 [85, 86]. In addition, the
association of EGFR and ErbB-2 with early
endosomal markers in the nucleus further sup-
ports the notion that the endosomal sorting
machinery after endocytosis is involved in
nuclear translocation of endosome-embedded
EGFR and ErbB-2 [85, 86]. The putative nuclear
localization signal (NLS) has been identified in
all of the EGFR family members, including
EGFRVIII [23, 26, 28, 87, 88]. Unlike the tradi-
tional mono- and bi-partite NLSs, Hsu et al.
identified a tri-partite NLS of EGFR that con-
tains three clusters of basic amino acids at the
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[90]. Interestingly, the phosphoinositide lipid
kinase PIKfyve, known to regulate endosome-
to-trans-Golgi trafficking, was found to promote
heparin-binding  EGF-like  growth  factor
(HB-EGF)-induced EGFR nuclear transport and
the associated function in cell cycle progres-
sion [91], further supporting the important role
of Golgi apparatus during the EGFR nuclear
trafficking. Moreover, Wang et al. reported the
first example of Golgi-to-ER retrograde pathway
utilized by cell surface RTK in which EGFR
reaches the nucleus through a membrane-
associated route from the Golgi apparatus to
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the ER membrane [92]. The authors further
identified an association between coat protein
complex |, which is known to deliver cargo pro-
teins involving in Golgi-to-ER vesicular trans-
port, and EGFR, that is necessary for EGF-
induced EGFR nuclear translocation [92]. The
questions of whether other EGFR family mem-
bers and cell surface RTKs also travel along the
microtubule to the nucleus and whether Golgi-
to-ER retrograde trafficking is involved remain
to be addressed.

Membrane-bound trafficking of EGFR from the
ER to the inner nuclear membrane

EGFR is found in the nuclear matrix and inner
nuclear membrane (INM) [93, 94], but the traf-
ficking mechanism of subnuclear translocation
from the cell surface remains largely unex-
plored. Cell surface EGFR stimulated by EGF is
targeted to the INM as demonstrated by multi-
ple experimental methods, such as immuno-
electron microscopy, confocal immunofluores-
cence, sucrose gradient purification, and
biochemical subcellular fractionation [95].
Importin-p facilitates and regulates EGFR trans-
port to the INM by passing the outer nuclear
membrane (ONM) that is contiguous and func-
tionally related to the ER membrane, suggest-
ing a central role of importin-f in EGFR traffick-
ing from the ER/ONM to the INM as well as the
nucleus [95]. Together, this proposed mecha-
nism via the NPCs, termed INTERNET, which
stands for the integral trafficking from the ER to
the nuclear envelope transport, outlines the
route by which the full-length RTKs embedded
in the endosomal membrane travel all the way
from the cell surface to the nucleus through the
NPCs [7, 95]. It should be mentioned that the
entire process of EGFR trafficking from the cell
surface to the INM is membrane associated,
e.g., vesicle-embedded (Figure 1). This vesicle
membrane-associated pathway (V-MAP) mech-
anism provides a logical route for cell surface
receptors to translocate to different subcellular
compartments inside a cell, including the
nucleus. It is not clear whether this V-MAP can
be reversed to transport nuclear materials
back to the cell surface. If so, reversed V-MAP
may utilize the exosome formation process,
which could explain how the exosomes carry
nuclear materials (Please see the later sec-
tion). Of note, a recent study presented another
solid evidence of EGFR nuclear trafficking at a
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single molecule level by a novel high-resolution
three-dimensional tracking method [96]. All
these findings together indicate that EGFR trav-
els from the cell surface to the nucleus in a spa-
tiotemporal manner (see Supplementary Movie
6 [96]).

Subnuclear trafficking of EGFR from the INM
to the nucleoplasm

Following the INTERNET pathway from ER to the
INM of the nuclear envelope, how EGFR trans-
ports from the INM to the nucleus is still not
clear. An endocytosis-like mechanism that
occurs in the nuclear envelope has been pro-
posed to facilitate internalization of INM-
embedded EGFR into the nucleoplasm, where
EGFR remains associated with the vesicle
membrane [95]. This model was supported by
the newly identified location and function of
Sec61p, one of the subunits of Sec61 translo-
con complex traditionally thought to be associ-
ated solely with the ER membrane [97]. Wang
et al. reported that Sec61f3 associates with
EGFR in the INM and is required for nuclear
translocation of INM-embedded EGFR [95].
Since Sec61 is known to export cargo proteins
from ER to cytosol [98], the newly discovered
INM location and function of Sec61p support
the proposed model above. An earlier model
suggested that the ER-localized Sec61p assists
EGFR retrotranslocation from the ER mem-
brane into the cytosol and that cytosolic EGFR
associates with importin-B, resulting in its
nuclear translocation of EGFR [99]. While this
model is attractive based on prior knowledge
on Sec61pB, it does not explain the undetect-
able level of EGFR in the cytosol [99] and how
EGFR could escape from ER-embedded mem-
brane-association to become as a free cytosol
protein. Further systematic investigation is
required to unveil the detailed mechanisms of
EGFR nuclear translocation.

Comparison of nuclear trafficking mechanisms
between EGFR and others

ErbB-2 is reported to utilize the same INTERNET
trafficking mechanism as EGFR, followed by
Sec61pB association in the INM, for transloca-
tion from the cell surface to the nucleus [100].
In addition to nuclear localization, ErbB-2 is
also detected in the nucleolus, where it associ-
ates with RNA polymerase-l to enhance ribo-
somal RNA gene transcription [44]. Currently,
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we do not known how ErbB-2 is targeted to the
nucleolus or whether EGFR family receptors
other than ErbB-2 are localized in the nucleo-
lus. Another pathway named INFS (integrative
nuclear FGFR-1 signaling) [101], has been
shown to facilitate the nuclear transport of
FGFR-1 in which FGFR-1 is extracted from the
cytoplasmic membranes into the cytosol and
subsequently enters the nucleus by interacting
with importin-p indirectly because FGFR-1 has
atypical transmembrane domain without an
NLS that typically associates with importin-$
[102, 103]. Thus, at least two routes of nuclear
entry have been identified for cell surface
receptors which further advances our knowl-
edge of nuclear trafficking mechanisms for vari-
ous endosome-embedded RTKs [100].

EGFR in the exosomes

Membrane-enclosed nanoparticles with a
diameter ranging from 30 to 100 nm, also
known as exosomes, are derived from multive-
sicular bodies (MVBs). After fusion of the MVBs
with the cell surface membrane, exosomes are
secreted from the cell into the extracellular
environment [104, 105]. Exosome secretion
was first observed in transferrin receptor traf-
ficking by electron microscopy during reticulo-
cyte maturation three decades ago [106, 107],
and later thought to be a way of dumping mis-
folded or unessential proteins. More recently,
however, various groups have reported biologi-
cally important functions of exosomes. For
instance, exosomes are present in many body
fluids, such as blood, urine, ascites, saliva, and
milk, and released from both normal and path-
ological conditions including cancer [108, 109].
Exosomes also act as mediators in intercellular
signal communication by delivering a variety of
molecules, including proteins, lipids, mRNAs,
microRNAs, and DNAs, from donor cells to
recipient cells via membrane fusion [18-20,
110-113]. The packaged exosomes prevent the
contents from degradation and allow for pro-
longed transport to local or distant sites, and
correlate to cancer progression, metastasis,
tumor microenvironment support, angiogene-
sis, and immune suppression [114-116].

In addition to the non-canonical subcellular
trafficking described above, EGFR secreted into
exosomes can exist as membrane-associated
full-length or C-terminal remnants, both of
which are enhanced by EGF treatment in human
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keratinocyte [14] (Figure 1). The intact and
C-terminal exosomal forms of EGFR are also
detected in pancreatic cancer cells whereas
extracellular domain of EGFR exists as a solu-
ble form in conditional culture media [14, 15,
117, 118]. We will highlight the functional roles
of exosomal form of EGFR family members in
cell-cell signal transduction, immune therapy,
and drug resistance in cancers.

Exosomal EGFR as a biomarker for cancer
diagnosis

EGFR localized in the exosomes has been stud-
ied in different malignancies, such as pancre-
atic [15, 119], lung [120, 121], bladder [122],
and colorectal cancers [123, 124]. For exam-
ple, membrane-bound isoforms of EGFR within
the exosomes are found in five human pancre-
atic cancer cell lines through the secretome
analysis coupled with mass spectrometry [15].
Lung cancer patients have higher exosomal
EGFR levels in the plasma than normal individu-
als [120]. In addition to the blood circulation
where the exosomes accumulate, EGFR and its
interacting proteins are also highly enriched in
the exosomes derived from human lung cancer
pleural effusions [121]. These findings suggest
the feasibility of utilizing exosomal EGFR as bio-
markers. Interestingly, however, EGFR is not
only present in the exosomes isolated from
pooled sera of 12 patients with high-grade glio-
mas but also detected in human AB serum
from normal individuals [125]. Thus, more stud-
ies are required to examine the differential
roles of exosomal EGFR in various cancer types.

Exosomal EGFR in intercellular communication

Tumor-derived exosomes carrying EGFR is
secreted into the extracellular space that in
turn can be taken up by endothelial cells, which
leads to tumor angiogenesis [126]. This tumor
exosomes-mediated intercellular transfer of
EGFR triggers an angiogenic switch via activa-
tion of MAPK and Akt pathways, accompanied
by the upregulation of VEGF expression and its
autocrine signaling, in endothelial cells [126].
Another study reported that human tumor virus
modulates tumor microenvironment upon the
uptake of exosomes containing EGFR by epithe-
lial, endothelial, and fibroblast cells. For
instance, the Epstein-Barr virus latent mem-
brane protein 1 increases the release of EGFR-
containing exosomes from nasopharyngeal car-
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cinoma, which results in the activation of ERK
and Akt pathways in neighboring cells [127].

Exosomal EGFR in immune therapy

Exosome research was first reported in immune
response following the discovery of antigen-
presenting exosomal vesicles secreted from
B-lymphocytes [128]. Exosomes have been
well recognized to participate in cell-cell com-
munication particularly between immune and
cancer cells [129, 130]. A large number of
EGFR carried by the lung cancer-derived exo-
somes can modulate the immune systems by
increasing tumor-specific regulatory T (Treg)
cells, which suppresses cytotoxic CD8" T cells,
leading to immunosuppression in the tumor
microenvironment [131]. The release of exo-
somes containing distinct microRNAs, which
can be transferred to T helper 1 (Th1) cells to
inhibit Tha cell proliferation and cytokine secre-
tion functions in Treg cell-mediated immuno-
suppression [132]. Since Treg cells are known
to inhibit tumor-specific T cell immunity and
negatively impact patient survival [133, 134],
more studies relating to exosomes, oncogenic
signals, and Treg cells are warranted.

EGFR variant in the exosomes

The constitutively active EGFR type lll variant,
EGFRuvIIl, as a unique brain tumor antigen was
first identified in the exosomes released by glio-
ma cells [135]. The tumor-released exosomes
are transferred intercellularly to deliver EGFRUVIII
to neighboring cells lacking EGFRvIII to promote
their malignant transformed phenotype [135].
Analysis of the exosomes isolated from sera of
glioblastoma patients (7 out of 25) but not of
normal individuals (30) detected the EGFRvIII
mRNA; thus, the serum exosomes-specific
EGFRvIIl transcript may be used as a biomarker
in a non-invasive diagnostic approach to detect
glioblastoma [19]. Moreover, a systematically
proteomic and immunologic analysis of murine
brain tumor exosomes revealed a high content
of EGFRvIII [125]. Most of the brain tumor exo-
somes isolated from sera of pooled patient but
not normal individuals contain EGFRvIII [125].
Interestingly, transforming growth factor beta
(TGF-B), a putative immunosuppressive cyto-
kine, was also present in the murine brain
tumor exosomes and human patient sera, sup-
porting the notion of immune modulatory prop-
erties of tumor exosomes [125].
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Exosomal ErbB-2 in therapeutic resistance

In addition to the exosomal forms of EGFR and
its variants, ErbB-2 has also been shown to
exist in exosome which was first observed in
the ascites fluid of patients with breast and
ovarian cancer [16]. Furthermore, ErbB-2-
overexpressing cancers such as breast, ovari-
an, and gastric cancer were reported to harbor
exosomes containing full-length ErbB-2 [17,
136]. Notably, exosomal ErbB-2 has been
shown to confer therapeutic resistance to the
humanized monoclonal antibody, trastuzumab,
which is mainly used to treat breast cancers
with ErbB-2 amplification [137]. Trastuzumab
interacts with exosomal ErbB-2 on the surface
membrane of exosomes that are either secret-
ed from ErbB-2-positive breast cancer cells or
found in the sera of breast cancer patient,
resulting in continued tumor cell proliferation.
This suggests that exosomal ErbB-2 can pro-
mote tumor aggressiveness by limiting the
availability of therapeutic agents [137].

Ligands of EGFR in the exosomes

In line with the studies of exosomal EGFR family
members, ligands of EGFR, including amphireg-
ulin, TGF-a, and HB-EGF, are also present as
full-length forms in the tumor-derived exo-
somes [138]. Specifically, uptake of exosomal
amphiregulin to recipient breast cancer cells
contributes to a 4-fold increased invasiveness
over two other exosomal EGFR ligands [138].
Furthermore, exosomes purified from colon
cancer cells with mutant KRAS are highly
enriched with amphiregulin and enhances
recipient cell invasion, compared with those
from isogenically matched wild-type KRAS cells
[138]. Recently, Singh and Coffey reported their
unpublished observation that ubiquitylation of
amphiregulin on its three Lysyl residues in the
cytoplasmic tail is responsible for the expres-
sion level of exosomal amphiregulin [21], which
provides a potential mechanism underlying
delivery of amphiregulin into exosomes.

Future perspective of exosomal EGFR

A highly sensitive and rapid analytical tech-
nique was designed for profile circulating exo-
somes directly from blood samples of glioblas-
toma patients with a microfluidic chip, which
allows real-time monitoring of glioblastoma
therapy [139]. The use of protein typing of circu-

Am J Cancer Res 2015;5(10):2944-2958



Non-canonical roles of EGFR

lating exosomes, labeled with target-specific
magnetic nanoparticles and detected by a min-
iaturized nuclear magnetic resonance system,
have consistently revealed elevated expression
of several protein markers, including EGFR and
EGFRvIII mutant [139]. Together, exosomes are
important molecules in the progression and
diagnosis of various diseases ranging from can-
cer and diabetes to liver and neurodegenera-
tive diseases [140-142]. It would be worthwhile
to determine that whether other EGFR family
members carried by exosomes are also associ-
ated with diseases besides cancer.

Conclusion

The presence of cell surface RTKs in the nucle-
us was observed over two decades ago and
has been a mystery in the MRIN field due to
lack of molecular mechanism to demonstrate
how a membrane receptor embedded in the
lipid bilayer can find its way into the nucleus.
The biological significance behind this nucleus-
oriented phenomenon was uncertain since it
can be easily confounded by its traditional
function in non-nuclear compartments, such as
the plasma membrane and endocytic vesicles.
These non-canonical roles of EGFR and its fam-
ily members are gradually unraveled by
researchers’ continuous efforts from different
groups and laboratories. A main theme behind
all these exciting observation is to identify and
characterize a new location for a membrane
receptor to transmit signals from inside the cell
or even function in the extracellular space.
Adding to the well-established knowledge of
membrane RTK signaling, the finding of non-
canonical roles of EGFR provides a novel view-
point and research direction to the field. Since
it is well known that a membrane RTK like EGFR
can transduce signal cascades through interac-
tion with different proteins in a temporal-spa-
tial manner, a nucleus-localized EGFR is also
shown associate with a variety of nuclear pro-
teins to regulate diverse functions, including
histone modification, gene transcription, and
DNA replication and repair. On the other hand,
the detection of membrane receptors and their
cognate ligands on secretory exosomes sug-
gests another novel feature of EGFR to regulate
cells in a paracrine manner, in addition to its
conventional role as an autocrine signaling
transducer. Together, both nuclear and exo-
somal EGFR studies opens a new avenue to
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explore unknown functions and molecular
insight of membrane RTKs, especially with
accumulating evidence indicating that they can
be critical to disease treatment, including ther-
apeutic efficacy, tumor recurrence, metastasis,
etc. A systematic investigation of the molecular
mechanism of EGFR trafficking to various desti-
nations will advance our knowledge regarding
the unique functions of EGFR in different sub-
cellular compartments and shed light on both
the receptor biology and clinical application of
anti-EGFR target therapies.
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