
Biochemical and Biophysical Research Communications 399 (2010) 498–504
Contents lists available at ScienceDirect

Biochemical and Biophysical Research Communications

journal homepage: www.elsevier .com/locate /ybbrc
COPI-mediated retrograde trafficking from the Golgi to the ER regulates EGFR
nuclear transport

Ying-Nai Wang a,2, Hongmei Wang a,1,2, Hirohito Yamaguchi a, Hong-Jen Lee a,b, Heng-Huan Lee a,b,
Mien-Chie Hung a,b,c,d,*

a Department of Molecular and Cellular Oncology, The University of Texas, M.D. Anderson Cancer Center, Houston, TX 77030, USA
b The University of Texas Graduate School of Biomedical Sciences at Houston, Houston, TX 77030, USA
c Center for Molecular Medicine and Graduate Institute of Cancer Biology, China Medical University and Hospital, Taichung 404, Taiwan
d Asia University, Taichung 413, Taiwan

a r t i c l e i n f o a b s t r a c t
Article history:
Received 30 June 2010
Available online 30 July 2010

Keywords:
Nuclear epidermal growth factor receptor
Nuclear transport
Retrograde trafficking
Coat protein complex I
Golgi
Endoplasmic reticulum
0006-291X/$ - see front matter � 2010 Elsevier Inc. A
doi:10.1016/j.bbrc.2010.07.096

* Corresponding author at: Department of Molecula
University of Texas, M.D. Anderson Cancer Center, Hou
713 794 3270.

E-mail address: mhung@mdanderson.org (M.-C. H
1 Present address: Texas Children’s Cancer Center, De

College of Medicine, Houston, TX 77030, USA.
2 These authors contributed equally.
Emerging evidence indicates that cell surface receptors, such as the entire epidermal growth factor recep-
tor (EGFR) family, have been shown to localize in the nucleus. A retrograde route from the Golgi to the
endoplasmic reticulum (ER) is postulated to be involved in the EGFR trafficking to the nucleus; however,
the molecular mechanism in this proposed model remains unexplored. Here, we demonstrate that mem-
brane-embedded vesicular trafficking is involved in the nuclear transport of EGFR. Confocal immunoflu-
orescence reveals that in response to EGF, a portion of EGFR redistributes to the Golgi and the ER, where
its NH2-terminus resides within the lumen of Golgi/ER and COOH-terminus is exposed to the cytoplasm.
Blockage of the Golgi-to-ER retrograde trafficking by brefeldin A or dominant mutants of the small
GTPase ADP-ribosylation factor, which both resulted in the disassembly of the coat protein complex I
(COPI) coat to the Golgi, inhibit EGFR transport to the ER and the nucleus. We further find that EGF-
dependent nuclear transport of EGFR is regulated by retrograde trafficking from the Golgi to the ER
involving an association of EGFR with c-COP, one of the subunits of the COPI coatomer. Our findings
experimentally provide a comprehensive pathway that nuclear transport of EGFR is regulated by COPI-
mediated vesicular trafficking from the Golgi to the ER, and may serve as a general mechanism in regu-
lating the nuclear transport of other cell surface receptors.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

Endocytosis is characterized by membrane and vesicular traf-
ficking along the secretory pathway, which transports budding
vesicles from a donor membrane and then fuses them with an
acceptor organelle. Luminal and membrane cargo proteins are car-
ried by budding vesicles and sorted into destinations regulated by
distinct assemblies of coat proteins [1]. Endosomal trafficking after
endocytosis to the biosynthetic/secretory compartments, such as
the endoplasmic reticulum (ER) and the Golgi apparatus, known
as retrograde transport, is important for diverse cellular functions
[2]. Several mammalian cargo proteins and exogenous viruses/tox-
ins are routed from the early endosomes to the Golgi apparatus
and the ER, respectively, by retrograde transport [2–4].
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In eukaryotes, vesicular transport from the Golgi to the ER via a
retrograde route is mediated by coat protein complex I (COPI) ves-
icles, which consist of the small GTPase ADP-ribosylation factor
(ARF) and coatomer composed of seven subunits (a, b, b0, c, d, e,
and f) [5]. COPI coat assembly is initiated by the membrane
recruitment and activation of ARF1, with GDP-GTP exchange med-
iated by ARF-guanine exchange factors [6]. Membrane-bound ARF1
recruits a preassembled coatomer complex, and cargo proteins are
then recruited through multiple recognition sites on separate sub-
units [7]. Ultimately, disassembly from the membrane occurs
when ARF-GTPase-activating protein hydrolyzes the GTP on ARF1
[7,8].

Multiple cell surface receptor tyrosine kinases (RTKs), such as
insulin-like growth factor 1 receptor (IGF-1R), cMet, fibroblast
growth factor receptor (FGFR), vascular endothelial growth factor
receptor (VEGFR), and the four members of the epidermal growth
factor receptor (EGFR) family, have been reported to localize in
the nucleus [9–14]. Among these, nuclear EGFR/ErbB-1 has been
shown to be involved in transcriptional regulation, cell prolifera-
tion, DNA repair, DNA replication, and chemo- and radio-resistance
[15–21]. It has been reported that endocytosis is required for the
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nuclear translocation of EGFR [16,22,23]. However, after endocyto-
sis, it is unclear which pathway routes EGFR proteins to the nu-
cleus. In this study, we found that EGF-dependent nuclear
transport of EGFR is regulated by a retrograde trafficking from
the Golgi to the ER involving an association of EGFR with c-COP.

2. Materials and methods

2.1. Experimental reagents

The following antibodies and chemicals were purchased for our
study: anti-EGFR antibodies (Santa Cruz; NeoMarker); anti-calreg-
ulin, anti-calnexin, and anti-c-COP antibodies (Santa Cruz);
anti-tubulin antibodies, mouse IgG, brefeldin A, and recombinant
human EGF (Sigma); anti-lamin B antibodies (Calbiochem); and
Texas red-labeled EGF (Molecular Probes). siRNA oligonucleotides
targeting c-COP and nonspecific siRNA control were purchased
from Drarmacon. The GalNAc-T2-GFP plasmid was a gift from Dr.
B. Storrie (University of Arkansas for Medical Sciences). Expression
vectors of ARF1/wt, ARF1/T31N, and ARF1/Q71L were provided by
Dr. J.S. Bonifacino (National Institutes of Health).

2.2. Cell culture and EGF treatment

All cells were maintained in Dulbecco’s modified Eagle’s med-
ium (DMEM)/F12 supplemented with 10% fetal bovine serum and
antibiotics. In this series of experiments, cells were treated with
50 ng/ml EGF under serum-starved conditions for 24 h.

2.3. Double-labeled assay and triple-labeled assay

Cells maintained in a serum-starved medium for 24 h were
treated with or without EGF for 30 min. For a double-labeled assay,
after fixation, the cells were permeabilized with 75 lM digitonin at
4 �C for 6 min and incubated with the first primary antibodies. Sub-
sequently, the cells were refixed, permeabilized with 0.5% Triton X-
100 for 15 min, and incubated with the second primary antibodies.
The third primary antibodies were added for a triple-labeled assay.
Immunostained cells were analyzed using confocal microscopy.

2.4. Confocal microscopy

Cultured cells were washed three times with PBS, fixed in 4%
paraformaldehyde for 15 min, permeabilized with 0.5% Triton X-
100 for 15 min, and incubated with 5% bovine serum albumin for
1 h. Cells were then incubated with the primary antibodies over-
night at 4 �C. Cells were washed with PBS and then further incu-
bated with the appropriate secondary antibody diluted at 1:500
and tagged with fluorescein isothiocyanate, Texas red, or Alexa
647 (Molecular Probes) for 1 h at room temperature. Nuclei were
stained with DAPI contained in the mounting reagent (Invitrogen).
Confocal fluorescence images were captured using a Zeiss LSM 710
laser microscope. In all cases, optical sections through the middle
planes of the nuclei as determined using nuclear counterstaining
were obtained.

2.5. Cellular fractionation and ER purification

Non-nuclear and nuclear fractions were prepared as described
previously [24]. Purification of the ER was performed using the
OptiPrep density gradient medium with a slight modification (Sig-
ma). In brief, cultured cells were harvested and resuspended in a
homogenization buffer (10 mM Tris–HCl, pH 7.5, 250 mM sucrose,
protease inhibitor cocktail). Cells were homogenized using 20
strokes with a Dounce homogenizer in the same buffer and then
centrifuged at 12 000g for 20 min at 4 �C. The resulting supernatant
was further centrifuged at 100 000g for 45 min at 4 �C. After centri-
fugation, the supernatant was collected as a non-nuclear/non-
microsomal fraction, and the microsomal pellet was resuspended
in the homogenizing buffer. The resulting mixture of 6.67 vol. of
the microsomal suspension with 3.33 vol. of the OptiPrep density
gradient medium was transferred to tubes (1 ml/tube) and centri-
fuged overnight at 200 000g. The ER fractions were then collected.

3. Results and discussion

3.1. Distribution and orientation of EGFR in the Golgi and ER
membrane for EGF response in vivo

Previous studies were postulated that the nuclear transport of
EGFR is via a retrograde route from the Golgi to the ER [25,26]. If
the nuclear transport of EGFR requires a membrane-bound environ-
ment involving the intracellular organelles such as the Golgi/ER, we
would expect the COOH– and NH2-terminal domains of EGFR to re-
side on opposite sides of the membrane of these organelles and the
nucleus. To address this issue, we sought to determine the orienta-
tion of EGFR in human breast carcinoma MDA-MB-468 cells using a
double-labeled assay adapted from established procedures,
sequentially permeabilized by digitonin and Triton X-100 [27]. In
brief, we fixed cells treated with EGF or left untreated and perme-
abilized them with digitonin (which left the intracellular organelles
and nucleus structurally intact) [28] and then labeled them with
the mouse anti-NH2-terminal antibody EGFR(N) (Fig. S1A-1). Sub-
sequently, we refixed the cells, permeabilized them with Triton
X-100 to expose the luminal compartment, and incubated them
with the rabbit anti-COOH-terminal antibody EGFR(C) to define
the localization and expression level of expression of EGFR
(Fig. S1A-2). After digitonin permeabilization, we detected EGFR(N)
predominantly on the cell surface membrane without EGF treat-
ment (Fig. S1A-1 and S1A-3, upper panels). Interestingly, we could
not detect EGFR(N) in the cytoplasmic area after EGF treatment
(Fig. S1A-1 and S1A-3, lower panels), suggesting that the NH2-ter-
minus of EGFR is masked inside the intracellular organelles upon
EGF treatment. Once intracellular organelle membranes in the same
cell were permeabilized by Triton X-100, EGFR(C) was able to stain
EGFR inside the cells in response to EGF (Fig. S1A-2 and S1A-4). Fur-
thermore, we detected yellow merged signals representing co-
localization of EGFR(N) (red) and EGFR(C) (green) only on cell sur-
faces, not inside the cells (Fig. S1A-5 to S1A-7), supporting the no-
tion that upon EGF treatment, the NH2-terminus of EGFR is
masked inside intracellular organelles such as the Golgi/ER lumen
and nuclear membrane. We performed a similar experiment using
the reverse order of antibody staining. Specifically, we first stained
the cells with EGFR(C) after digitonin treatment (Fig. S1B-1) and
then stained them with EGFR(N) after Triton X-100 treatment
(Fig. S1B-2). The results showed that EGFR(C) could be detected in
the cytoplasmic area, including the area right next to the nuclear
membrane, after digitonin treatment (Fig. S1B-1 and S1B-3). The
co-localization (yellow) of EGFR(C) (green) and EGFR(N) (red) in
the cytoplasm increased significantly after EGF treatment (Fig.
S1B-5 to S1B-7), suggesting that the COOH-terminus of EGFR is ex-
posed to the cytoplasm in response to EGF. These results suggested
that full-length EGFR anchors to the membranes of intracellular
organelles such as the Golgi/ER lumen with the COOH-terminus ex-
posed to the cytoplasm and the NH2-terminus inside intracellular
organelles upon EGF treatment.

We next performed a triple-labeled assay to further investigate
the distribution and orientation of EGFR in the Golgi and the ER. To
label the Golgi, we used the Golgi stack enzyme N-acetylgalactos-
aminyltransferase-2 (GalNAc-T2) fused with the green fluorescent
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protein (GFP) [29]. After digitonin treatment, EGFR(N) (Fig. 1A-1),
which should be located inside the lumen of organelles, did not
co-localize with GalNAc-T2 (Fig. 1A-3, blue) for 15 min after EGF
treatment (Fig. 1A-4 and A-6, still blue). However, once the Golgi
membrane of the same cell was permeabilized by Triton X-100
and stained with EGFR(C), we detected the white merged signals
(Fig. 1A-5 and A-7) representing co-localization of EGFR(C)
(Fig. 1A-2, green) and GalNAc-T2 (Fig. 1A-3, blue), suggesting that
the NH2-terminus of EGFR is masked inside the Golgi upon EGF
treatment. In a similar experiment performed using the reverse or-
der of antibody staining, EGFR(C) (Fig. 1B-1, green), which should
be exposed to the cytoplasm, and GalNAc-T2 (Fig. 1B-3, blue) were
co-localized as indicated by the white merged signals after digito-
nin treatment (Fig. 1B-4 and B-6), suggesting that the COOH-termi-
nus of EGFR is exposed outside the Golgi upon EGF treatment. In
addition, we identified the distribution and orientation of EGFR
in the ER using a triple-labeled assay with an antibody against
the COOH-terminal cytoplasmic portion of calnexin, an ER
Fig. 1. The NH2-terminus of EGFR resided within the Golgi and ER lumen after EGF treatm
GFP as a Golgi marker were treated with EGF for 15 min. (C and D) MDA-MB-468 cells m
were then immunostained with the indicated antibodies in a triple-labeled assay and ana
with digitonin and incubated with the first primary antibodies: (A-1 and C-1) mouse a
antibodies. Subsequently, the cells were refixed and permeabilized with Triton X-100
EGFR(N), and (C-3 and D-3) goat anti-calnexin antibodies. The boxed areas are shown in
membrane-anchored protein. After digitonin treatment, EGFR(N)
(Fig. 1C-1) did not co-localize with the cytoplasmic portion of caln-
exin (Fig. 1C-3, blue) for 30 min after EGF treatment (Fig. 1C-4 and
C-6, still blue). However, EGFR(C) (Fig. 1D-1, green) could readily
co-localize with calnexin (Fig. 1D-3, blue) as indicated by the
merged white signals (Fig. 1D-4 and D-6). Once the ER membrane
was permeabilized by Triton X-100, both EGFR(C) and EGFR(N)
could co-localize with calnexin (Fig. 1C-5, 1C-7, 1D-5, and 1D-7).
These results suggested that in response to EGF, the NH2-terminus
of EGFR is masked inside the ER lumen, whereas the COOH-termi-
nus of EGFR is exposed to the cytoplasm. Furthermore, Texas red-
labeled EGF, which binds to the NH2-terminal ligand-binding do-
main of EGFR, co-localized with the ER lumen protein calregulin
(Fig. S1C).

Together, these results indicated that upon EGF treatment, the
NH2-terminus of EGFR resides in the Golgi and ER lumen, whereas
the COOH-terminus of EGFR is exposed to the cytoplasm. It’s
worthwhile to mention that we have identified the tripartite nucle-
ent in MDA-MB-468 cells. (A and B) MDA-MB-468 cells transfected with GalNAc-T2-
aintained in serum-starved medium for 24 h were treated with EGF for 30 min. Cells
lyzed using confocal microscopy. Briefly, after fixation, the cells were permeabilized
nti-NH2-terminal EGFR(N), and (B-1 and D-1) rabbit anti-COOH-terminal EGFR(C)

to the second and third primary antibodies: (A-2 and C-2) EGFR(C), (B-2 and D-2)
detail in the insets. Bar, 5 lm.
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ar localization signals (NLSs) of EGFR in the juxtamembrane region
within the intracellular COOH-terminus of EGFR [30], and importin
b is known to interact through NLSs of proteins including EGFR
[22] and ErbB-2 [31]. Here, we found, upon EGF treatment, the
COOH-terminus of EGFR was indeed exposed to the cytoplasm,
allowing the NLSs to interact with importin b.

3.2. Involvement of Golgi-to-ER retrograde trafficking in the EGFR
nuclear transport

To study whether the Golgi-to-ER retrograde trafficking regu-
lates EGFR transport to the ER membrane, we confirmed the local-
ization of EGFR in the ER. In addition to the immunofluorescence
Fig. 2. The Golgi-to-ER retrograde trafficking regulates EGF-dependent EGFR transport
serum-starved medium for 24 h were treated with or without EGF. The ER fraction was i
the indicated antibodies. Calnexin and Rab5 were used as markers for the ER and early e
with BFA inhibited EGF-dependent EGFR translocation to the ER and to the nucleus in
pretreated with BFA (5 lg/ml) for 30 min and then treated with or without EGF, followed
to immunoblotting with the indicated antibodies. The bar diagram indicates the relati
(1.38x; NIH). (C) The dominant ARF1mutants inhibited EGF-dependent EGFR translocatio
and ARF1/Q71L) and then treated with EGF. Cells were immunostained with EGFR an
indicates detection of nuclear localization of EGFR calculated for a total of 50 cells.
studies (Fig. 1C and 1D), immunoblotting analysis of the ER frac-
tions purified using an OptiPrep gradient technique identified
EGFR in the ER membranes in which calnexin but not the early
endosomal protein Rab5 was detected (Fig. 2A). We then asked
whether the COPI-mediated retrograde trafficking from the Golgi
to the ER regulates EGFR transport to the ER membrane because
the COPI-coated retrograde vesicles, which consist of the small
GTPase ARF and coatomer composed of seven subunits, is known
to transport cargo proteins from the Golgi to the ER [5]. To this
end, we pretreated cells with brefeldin A (BFA), a chemical that
inhibits ARF1-guanine exchange factors and prevents the activa-
tion of ARF1, which resulted in the disassembly of the COPI coat
to the Golgi [32]. We found that immunoblotting analysis of ER
to the ER. (A) EGFR was distributed in the ER in A431 cells. Cells maintained in a
solated using OptiPrep gradient purification and subjected to immunoblotting with
ndosome, respectively. Rab5 antibody is validated in lower panel. (B) Pretreatment

MDA-MB-468 cells. Cells maintained in a serum-starved medium for 24 h were
by cellular fractionation and ER purification using OptiPrep gradient, and subjected

ve densities of the immunoblots as quantified using the ImageJ software program
n to the ER. Cells were transfected with ARF1/wt or two ARF1 mutants (ARF1/T31N

d calregulin and analyzed using confocal microscopy. Bar, 5 lm. The bar diagram
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portions purified using an OptiPrep gradient technique showed
that pretreatment with BFA decreased EGF-dependent EGFR trans-
location to the ER (Fig. 2B, lane 4 versus lane 2). We then used two
dominant mutants of ARF1, ARF1/T31N and ARF1/Q71L, that inhi-
bit COPI-coated vesicular trafficking from the Golgi to the ER [33]
to further investigate the role of COPI-coated retrograde vesicles
in the EGFR transport to the ER membrane. As shown in Fig. 2C,
when the cells transfected with these two ARF1 mutants, the yel-
low merged image representing co-localization of EGFR and the
ER marker calregulin was abolished (insets 2 and 3 versus inset
1, arrows), suggesting that EGFR could not be transported to the
ER while ARF1 was inactivated. These results indicated that vesic-
ular trafficking mediated by ARF1 activation plays a critical role in
the EGF-induced EGFR transport to the ER. We further study
whether the Golgi-to-ER retrograde trafficking regulates EGFR
transport to the nucleus. We found that BFA pretreatment inhib-
ited EGF-dependent EGFR nuclear transport (Fig. 2B, lane 8 versus
lane 6; Fig. 3A, lane 8 versus lane 6), indicating the coat assembly is
involved in the nuclear transport of EGFR. In addition, EGF-depen-
dent nuclear transport of EGFR was inhibited in cells transfected
with the two dominant mutants, ARF1/T31N (Fig. 3B, lane 8 versus
lane 4) and ARF1/Q71L (Fig. 3B, lane 10 versus lane 4). The confocal
immunofluorescence studies also supported the biochemical re-
sults (Fig. 3C). Together, these results suggested that COPI-coated
vesicular trafficking mediated by ARF1 activation is involved in
Fig. 3. The Golgi-to-ER retrograde trafficking regulates EGF-dependent EGFR transport to
to the nucleus in MDA-MB-468 cells. Cells maintained in a serum-starved medium for 24
EGF, followed by cellular fractionation and subjected to immunoblotting with the indicat
translocation to the nucleus. Cells were transfected with ARF1/wt or two ARF1 mutants
from the non-nuclear fractions (non-N, odd-numbered lanes) and nuclear fractions (N
indicated antibodies. In (C), cells were immunostained with EGFR and analyzed using
localization of EGFR calculated for a total of 50 cells.
the nuclear transport of EGFR via the retrograde trafficking from
the Golgi to the ER.

3.3. Regulation of EGFR nuclear transport from the Golgi to the ER by
COPI-mediated retrograde trafficking

We observed one of the subunits of the COPI coatomer, c-COP,
strongly interacted with EGFR (Fig. 4A, lane 2). Another COPI sub-
unit, b-COP, was weakly associated with EGFR, but other subunits
did not interact with EGFR, including a-COP and e-COP (Fig. 4A,
lane 2). Furthermore, the interaction between c-COP and EGFR in
response to EGF was in a time-dependent manner, and the maxi-
mum association occurred in cells treated with EGF for 15 min
(Fig. 4B), which was inhibited by BFA pretreatment (Fig. 4C). We
further found that knocking down c-COP using small interfering
RNA (siRNA) approach inhibited EGF-dependent EGFR nuclear
translocation (Fig. 4D, lane 8 versus lane 6). Non-nuclear EGFR
was not affected while knocking down the expression of c-COP
(Fig. 4D, lane 4 versus lane 2). In summary, these results strongly
suggested that nuclear transport of EGFR is regulated by vesicular
trafficking from the Golgi to the ER through the association of EGFR
with COPI vesicle (Fig. 4E).

Although it is well established that the endosome-to-Golgi ret-
rograde trafficking occurs in several mammalian cargo proteins [2],
the Golgi-to-ER retrograde transport is known to occur only in the
the nucleus. (A) Pretreatment with BFA inhibited EGF-dependent EGFR translocation
h were pretreated with BFA (5 lg/ml) for 30 min and then treated with or without

ed antibodies. (B and C) The dominant ARF1mutants inhibited EGF-dependent EGFR
(ARF1/T31N and ARF1/Q71L) and then treated with or without EGF. In (B), proteins
, even-numbered lanes) by cellular fractionation were immunoblotted with the
confocal microscopy. Bar, 5 lm. The bar diagram indicates detection of nuclear



Fig. 4. COPI-mediated retrograde trafficking from the Golgi to the ER regulates EGF-dependent EGFR nuclear transport. (A) Analysis of EGF-dependent association of EGFR
with COP subunits. Total lysates from MDA-MB-468 cells treated with EGF were immunoprecipitated with anti-EGFR antibodies and subjected to immunoblotting with the
indicated antibodies. Immunoprecipitation performed with IgG was used as a negative control. Protein expression levels were duplicated. (B) EGFR associated with c-COP in
response to EGF. (C) Pretreatment with BFA inhibited the association of EGFR and c-COP by EGF treatment for 15 min. (D) Knockdown of c-COP expression by c-COP siRNA
downregulated EGF-dependent EGFR nuclear translocation in HeLa cells. (E) Diagram of retrograde trafficking from the Golgi to the ER transport by EGF treatment. The scale
of the diagram does not reflect the relative sizes of different molecules or subcellular structures. The dashed lines linking the ER and the nucleus are based on postulate from a
previous report [26]. EV, endocytic vesicle; COPI, coat protein complex I; ER, endoplasmic reticulum; NPC, nuclear pore complex.
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exogenous proteins such as Shiga toxin, cholera toxin, the plant
toxin ricin, and viruses [3]. After binding to their respective recep-
tors at the cell surface, the toxin-receptor complexes enter a retro-
grade transport pathway and traffic via the Golgi to the ER [4]. Our
finding that assembly of COPI initiated by ARF1 activation is in-
volved in EGFR transport to the ER identified membrane-embed-
ded EGFR as a cellular protein that uses retrograde trafficking to
travel from the Golgi to the ER and then translocate into the nu-
cleus. Thus, the retrograde trafficking thought to be used only by
exogenous proteins actually is a normal mechanism that plays a
role to transfer membrane-embedded RTKs such as EGFR and
ErbB-2 into the nucleus. Further investigation as to how ER mem-
brane-embedded EGFR transports to the nucleus through the nu-
clear pore complexes, in addition to a potential route for EGFR
nuclear translocation through the ER-associated degradation path-
way [25], may clarify this area of EGFR trafficking, which has been
overlooked for decades, and may contribute to understanding the
functions of nuclear EGFR.
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