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Accumulating evidence indicates that
endocytosis plays an essential role in the
nuclear transport of the ErbB family
members, such as epidermal growth factor
receptor (EGFR) and ErbB-2. Nevertheless,
how full-length receptors embedded in the
endosomal membrane pass through the
nuclear pore complexes (NPCs) and function
as non-membrane-bound receptors in the
nucleus remains unclear. Here we show that
upon EGF treatment, the biotinylated cell
surface EGFR is trafficked to the inner
nuclear membrane (INM) through the NPCs,
remaining in a membrane-bound
environment. We further find that importin
regulates EGFR nuclear transport to the
INM in addition to the nucleus/nucleoplasm
(NP). Unexpectedly, the  well-known
endoplasmic reticulum associated translocon
Sec61p is found to reside in the INM and
associate with EGFR. Knocking down Sec61f
expression reduces EGFR level in the NP
portion and accumulates it in the INM
portion. Thus, the Sec61p translocon plays an
unrecognized role in the release of the
membrane-anchored EGFR from the lipid
bilayer of the INM to the nucleus. The newly
identified Sec61f function provides an
alternative pathway for nuclear transport
that can be utilized by membrane-embedded
proteins such as full-length EGFR.

Receptor  tyrosine  kinases (RTKs),
including insulin-like growth factor 1 receptor

1

(IGF-1R), cMet, fibroblast growth factor
receptor (FGFR), vascular endothelial growth
factor receptor (VEGFR), and the entire
epidermal growth factor receptor (EGFR)
family, have been shown to localize in the
nucleus (1-6). Among these, both EGFR/ErbB-1
and ErbB-2 are suggested to be involved in
transcriptional regulation, cell proliferation,
DNA repair, DNA replication, and chemo- and
radio-resistance (7-14). Nuclear EGFR is
associated with poor clinical prognosis for breast
cancer, ovarian cancer, and in oropharyngeal
and esophageal squamous cell carcinomas
(15-19). In addition, nuclear EGFRVIII, a
constitutively activated EGFR variant, is also
correlated with poor patient outcome in prostate
cancer (20). In the canonical model of nuclear
import, nuclear localization signal
(NLS)-bearing molecules form a complex with
importin o/f} or importin 3 alone. Importin f3 is
responsible for nuclear translocation through
nuclear pore complexes (NPCs) by directly
associating with the nucleoporins (21). Several
studies have shown that importin  and NLS are
involved in the nuclear transport of many cell
surface RTKs, including EGFR (14,22-26),
ErbB-2 (27,28), and fibroblast growth factor
receptor (FGFR) (29). In addition, nuclear
transport of RTKs is mediated by the
mechanisms  involving  endocytosis  and
endosomal sorting by associating with early
endosomal proteins in the nucleus (24,27).
However, the exact mechanisms by which RTKs
embedded in the endosomal membrane
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translocate into the nucleus through NPCs and
exist as non-membrane-bound receptors in the
nucleus are still largely unknown.

In eukaryotes, the membrane system of the
endoplasmic reticulum (ER) is contiguous with
the nuclear envelope (NE), a lipid bilayer that
forms the boundary of the nucleus and separates
the nucleoplasm (NP) from the cytoplasm. The
prominent components of the NE are the outer
nuclear membrane (ONM) and inner nuclear
membrane (INM). The ONM is contiguous and
functionally related to the ER membrane,
whereas the INM has a protein composition
different from that of the ONM and is associated
with the underlying chromatin and lamins (30).
The spatial connection between these two
membranes is provided by the perinuclear space
and is joined at the NPCs, which form aqueous
channels embedded in the NE. The NPCs
regulate the bidirectional trafficking of
facilitated transport for macromolecules (>40
kD) and passive diffusion for ions and small
molecules (<40 kD) (31,32). Recently, authors
reported that large INM proteins, initially
inserted into the ER membrane, travel into the
INM through the ONM and NPCs (33-36). In
the ER membrane, the heterotrimeric Sec61
complex comprises three transmembrane
subunits (Sec6la, Sec61p, and Sec6ly in
mammals) and forms protein-conducting
channels, collectively termed a translocon (37).
Localization of the Sec6l translocon is
well-documented to be in the ER and ER-Golgi
intermediate compartment (ERGIC) (38). In
addition, the role of the Sec61 translocon in the
ER is known to be bidirectional for both protein
import, which inserts transmembrane and
secretory preproteins into the ER during protein
synthesis, and  protein  export, which
retrotranslocates misfolded proteins from the ER
to the cytoplasm for degradation as part of the
ER-associated degradation (ERAD) pathway
(39,40). Sec6la is known to be stabilized by
Sec6ly and mainly responsible for the
translocation activity in the ER (41). In contrast
to the other two subunits, Sec61f3 can be stable
on its own and its function is not as well-defined
(42,43).

In this study, we found that cell surface
EGFR translocates to the INM through the
NPCs, which is mediated by importin .
However, unexpectedly, we discovered a
previously unrecognized role of Sec61p in the
INM, which is required for the release of EGFR
from the INM to the nucleus. This pathway may
provide a general mechanism for trafficking of
membrane-bound proteins, including full-length
cell surface receptors, from the cell surface to
the nucleus through the nuclear membrane.

EXPERIMENTAL PROCEDURES

Biotinylation of cell surface proteins- Cell
surface proteins in MDA-MB-468 cells were
biotinylated using 1 mM Sulfo-NHS-LC-Biotin
(Pierce) at room temperature for 30 min and
then treated with or without EGF (50 ng/ml) at
37°C for 30 min. The biotinylation reaction was
quenched with phosphate-buffered saline (PBS)
containing 100 mM glycine.

Cellular fractionation- For cellular fractionation,
non-nuclear and nuclear fractions were prepared
as described previously (25). Cells were lysed in
Lysis buffer (20 mM HEPES, pH 7.0, 10 mM
KCl, 2 mM MgCl,, 0.5% Nonidet P-40, protease
inhibitor cocktail). After incubation on ice for 10
min, the cells were homogenized using 30
strokes with a Dounce homogenizer. After brief
centrifugation, the resulting supernatant was
collected as a non-nuclear fraction and the
pelleted nuclei were further washed three times
with Lysis buffer to remove any contamination
from the cytoplasmic membranes. To extract
nuclear proteins, the isolated nuclei were
resuspended in NETN buffer (150 mM NacCl, 1
mM ethylenediaminetetraacetic acid [EDTA], 20
mM Tris, pH 8.0, 0.5% Nonidet P-40, protease
inhibitor cocktail) and sonicated (Sonics
Vibra-Cell, amplitude 30; Sonics & Materials,
Newtown, CT). The nuclear fraction was then
collected after centrifugation at maximum speed.

INM purification- INM purification was
performed as described previously with a slight
modification (44). The isolated nuclei in the
nuclear fractions extracted wusing cellular
fractionation were suspended in buffer A
containing 0.25 M sucrose, 50 mM Tris-HCI, pH
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7.4, 10 mM MgCl,, 1 mM dithiothreitol, and
protease inhibitor cocktail (Sigma). The
resulting suspended nuclear pellet was incubated
with 1% (w/v) sodium citrate at 4°C with gentle
rotation gently for 30 min and centrifuged at 500
x g for 15 min. The pellet suspended in buffer A
was digested with DNase I (250 mg/ml; Sigma)
at 4°C for 14 hr. After centrifugation at 10,000 x
g for 2 hr, the supernatant was collected as an
NP portion, and the digested pellet was then
submitted to re-centrifugation at 100,000 x g for
20 min on a sucrose gradient to obtain purified
INM fractions. The membrane fraction collected
at the 0.25-1.60 M sucrose interface was the
purified INM. Another set of digested pellet was
resuspended in NETN buffer and sonicated. The
INM portion was then collected after
centrifugation at maximum speed.

ER purification- Purification of the ER was
performed using the OptiPrep density gradient
medium with a slight modification (Sigma).
Cultured cells were harvested and resuspended
in a homogenization buffer (10 mM Tris-HCI,
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 12,000 x g for 20
min at 4°C. The resulting supernatant was
further centrifuged at 100,000 x g for 45 min at
4°C. After centrifugation, 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 centrifuged overnight at
200,000 x g. The ER fractions were then
collected.

Confocal microscopy and Immuno-electron
microscopy  (Immuno-EM)-  Confocal and
Immuno-EM were performed according to
standard  procedures.  See  Supplemental
Experimental Procedures for further details.

RESULTS

Cell surface EGFR translocates to the INM
in response to EGF. To investigate trafficking
mechanisms of EGFR from the cell surface to
the nucleus, we first performed
three-dimensionally ~ reconstructed  z-stack
images using confocal microscopy (Fig. S1) and
ultrastructural studies using immuno-electron
microscopy (immuno-EM) (Fig. 1A and 1B) to
confirm the nuclear localization of EGFR.
Consistent with previous reports, the confocal
images clearly demonstrated EGF induced
EGFR translocation to the nucleus (Fig. S1). The
immuno-EM studies in human breast carcinoma
MDA-MB-468 cells also showed EGFR was
mainly localized on the cell surface PM without
EGF treatment and after EGF stimulation, EGFR
could be detected in the NE (Fig. 1A, inset 2,
arrow). Furthermore, the nuclear localization of
EGFR was inside the NE in cells treated with
EGF (Fig. 1B, inset 1, arrows) and in the NP as
expected (Fig. 1B, inset 2, arrowheads). In
COS1 monkey kidney cells in which the NE
structure could be better visualized to
distinguish the INM and ONM, EGFR was
clearly detected in the INM upon EGF treatment
(Fig. 1B, insets 3 and 4, arrows). In addition, the
merged image representing co-localization of
EGFR and the INM marker emerin were
detected upon EGF treatment (Fig. 1C, insets 2
and 4 versus insets 1 and 3; also confirmed in
Fig. S4B), suggesting the localization of EGFR
to the INM after EGF stimulation.

Next, we asked whether EGFR translocates

into the nucleus from the cell surface to the INM.

To answer this question, we analyzed proteins in
the INM using cellular fractionation methods
adapted from established procedures (45) (Fig.
2A). Briefly, cell surface EGFRs were labeled
with biotin, then the biotinylated EGFRs were
biochemically separated into various fractions,
including non-nuclear and nuclear fractions. The
nuclear fraction was further separated into the
ONM, NP, and INM pellet. To investigate
whether EGFR can be detected in the INM by
biochemical methods, we subjected the INM
pellet to centrifugation on a sucrose gradient
(INM-Sucrose). Immunoblotting analysis of the
INM-Sucrose fractions with an anti-emerin
antibody indicated that recovery of INM at the
sucrose interface representing two major
fractions (#6 and #7). We found that EGFR was

TT0Z ‘0E YoJey uo ‘Anusianiun [eaipay euly e Bio agl-mmm woly papeojumoq


http://www.jbc.org/

consistently distributed in the fractions in which
we detected emerin, indicating the localization
of EGFR in the INM fractions (Fig. 2B). In
addition, the purity of various fractions was
validated by another set of biotinylated lysates,
which was subjected to subsequent subnuclear
fractionation and extracted the INM portions as
described in EXPERIMENTAL PROCEDURES.
The INM portions (Fig. 2C, lanes 5 and 6) had
undetectable cross-contamination during cellular
fractionation as evident from absence of the ER
markers calnexin and calregulin, cell surface
protein CD44, early/late endosome proteins
Rab5/LAMP1, and nuclear protein Spl in the
INM portion. In these INM portions, the
biotinylated =~ EGFR  precipitated  using
streptavidin-agarose beads increased
significantly after EGF stimulation (Fig. 2D,
lane 2 versus lane 1), and similar results were
obtained using anti-EGFR antibodies to
immunoprecipitate EGFR (Fig. 2D, lane 4
versus lane 3). These results strongly suggest
EGF induced the translocation of EGFR from
the cell surface to the INM.

EGFR transport to the INM is regulated by
importin g through the NPCs. Recently, large
INM proteins have been reported to be initially
inserted into the ER membrane and targeted to
the INM through the NPCs (33,34). We asked
whether the translocation of membrane-bound
EGFR to the INM may be through the ER,
similar to the INTERNET (integral trafficking
from the ER to the NE transport) pathway used
by recently reported large INM proteins (46). To
this end, we analyzed EGF-dependent kinetics of
EGFR translocation from the ER-INM to the
NP, the peaks to reach the ER and INM were 15
and 30 min, respectively, and in the final step,
NP, it continued to increase at 60 min after EGF
stimulation (Fig. 3A-i, -ii, -iii, respectively). The
kinetics supported the order of
ER-to-INM-to-NP for the EGF-induced EGFR
nuclear translocation. We then asked whether
importin , which is involved in the nuclear
translocation of EGFR (24), also regulates
EGFR transport to the INM through the
ER/ONM. To address this issue, we knocked
down importin [ expression using two
individual small interfering RNAs (siRNAs)

targeting importin B (#1 and #2) and then
analyzed the EGFR localization in the ONM,
INM, and NP portions. Indeed, knocking down
importin  expression significantly accumulated
EGF-dependent EGFR translocation in the ONM
(Fig. 3B, lanes 4 and 6 versus lane 2) and
inhibited that to the INM (Fig. 3B, lanes 10 and
12 versus lane 8). Consistent with the previous
studies, = EGF-dependent =~ EGFR  nuclear
translocation was inhibited upon downregulation
of importin B expression (Fig. 3B, lanes 16 and
18 wversus lane 14). These results strongly
suggest that importin [ is responsible for the
EGFR trafficking to the INM and the nucleus. In
addition, it has been reported that interaction
between importin 3 and the nuclear pore protein
Nup62, a nucleoporin that lines the central
regions of NPCs, plays a pivotal role in nuclear
import of proteins and maintenance of the
structural integrity of NPCs (47). We next asked
whether Nup62 is also involved in the nuclear
import of EGFR to the INM through the NPCs.
The results showed that downregulation of
Nup62 expression using siRNA approach clearly
inhibited EGF-dependent EGFR translocation in
the INM and NP (Fig. S2, lane 4 versus lane 2,
lane 8 versus lane 6), suggesting that EGF could
not enhance EGFR translocation to the INM
when the NPCs structure was disrupted. Taken
together with the previous report (25), these
results support the notion that cell surface EGFR
is translocated to the INM and the NP, which is
regulated by importin B, through the NPCs in
response to EGF.

EGFR associates with the translocon
Sec614 in the INM. It has been reported that a
sorting importin captures newly synthesized
INM proteins co-translationally at the ER
translocon Sec61a for the route from the ER to
the INM (33). In addition, EGFR was shown to
associate with Sec61p in the ER (48). Thus, we
asked whether the translocon Sec61 may be
involved in the translocation of
membrane-associated EGFR from the ER to the
INM/nucleus via the INTERNET model (46),
similar to translocation of INM proteins (33). To
further investigate the molecular mechanism of
ER-to-INM of EGFR, we performed a
co-immunoprecipitation assay to confirm that
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the EGFR in the ER membrane is associated
with the translocon Sec61f (48). As expected,
Sec6la and Sec61B were expressed in the
non-nuclear fraction containing the ER as
evident from the ER markers calregulin and
calnexin, however, unexpectedly; they were also
detected in the nuclear fraction which includes
the INM (Fig. 4A). Consistent with the previous
report (48), we detected interaction of EGFR
and Sec61p in the non-nuclear fraction including
the ER (Fig. 4B, lane 1). Additionally, we
detected the EGFR/Sec61p interaction in the
nuclear fraction (Fig. 4B, lane 2), whereas we
only detected the EGFR/Sec61a interaction in
the non-nuclear fraction. It’s well-known that
Sec61a and Sec61p reside in the ER serving as
translocon. The association of EGFR with
Sec61a and Sec61f in the non-nuclear fraction
which contains the ER suggests that EGFR
associates with the translocon in the ER,
consistent to the previous report (48). The
results further demonstrated that EGFR
associates with only Sec61 but not Sec61a in
the nuclear fraction containing both the INM and
NP.

Next, we then asked whether the nuclear
co-localization of EGFR and Sec61f was in the
INM or/and the NP. To this end, we isolated the
INM portions of MDA-MB-468 cells using
subnuclear fractionation and subjected them to

immunoblotting analysis as described in Fig. 2A.

No cross-contamination with the process of
cellular fractionation was detected (Fig. 4C).
Interestingly, we detected Sec61f and Sec6la in
the INM portions but not the NP portions, and
EGF treatment did not alter Sec61p and Sec61a
protein expression in the INM (Fig. 4C). We
further showed that EGF induced interaction of
Sec61f but not Sec61a with EGFR in the INM
(Fig. 4D) in a time-dependent manner, which
was consistent with Fig. 4B. Similar results were
obtained when the same experiment was
performed in another cell line (Fig. S3).
Furthermore, we analyzed the INM-Sucrose
fractions using sucrose gradient purification to
show that EGFR and Sec61p, after EGF
treatment, were consistently distributed in the
fractions in which we detected the INM marker
emerin, supporting the localization of EGFR and
Sec61f in the INM fractions (Fig. S4A). In

addition to the biochemical studies, we further
showed the white merged image representing
co-localization of EGFR, Sec61p, and emerin
upon EGF treatment (Fig. S4B, inset 2), strongly
suggesting the co-localization of EGFR and
Sec61p to the INM. To further support the
co-localization of EGFR and Sec61p in the INM,
we performed ultrastructural studies using
immuno-EM  with the specific primary
antibodies followed by incubating with two
different sized gold particle-labeled secondary
antibodies, including those labeling anti-EGFR
(goat anti-mouse IgG, 1 nm gold, arrows) and
anti-Sec61f3 (goat anti-rabbit IgG, 10 nm gold,
arrowheads) (Fig. 4E). The results clearly
showed that EGFR and Sec6lf were
co-localized inside the nucleus (Fig. 4E, inset)
when the specific primary antibodies against
EGFR and Sec61 were treated. As a negative
control, gold particles were not detected in the
presence of gold particle-labeled secondary
antibodies without specific primary antibodies
(Fig. 4E, right panel), indicating the specificity
of the detected gold particles. The gold particles
labeling Sec61p were confirmed by two
different  specific ~ primary  anti-Sec61f
antibodies obtained from Upstate (Fig. S5, upper
inset panel, arrows) and from Proteintech (Fig.
S5, lower panel, arrows), which demonstrated
that the localization of Sec61B was primarily
detectable in the INM. These results together
indicated that the ER translocon Sec61f3 and
Sec6la can localize in the INM, where only
Sec61B associates with EGFR upon EGF
treatment.

Sec61p is required for EGFR nuclear
transport from the INM to the NP. The above
results suggest that EGF-dependent EGFR
transport to the INM involves membrane-bound
trafficking and the translocon Sec61f associates
with EGFR in the INM. Together, because
translocons at the ER lumen are known to be
required for protein export as part of the ERAD
pathway (40), we hypothesized that Sec61f in
the INM plays a role resembling that of Sec61a
in ERAD by releasing membrane-bound EGFR
from the lipid bilayer of the INM to the NP. To
this end, we knocked down Sec61f expression
in HeLa cells and then analyzed the EGFR
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localization in the INM and NP portions. As a
control (Fig. 5A), EGFR expression was indeed
increased in the INM (lane 2 versus lane 1) and
the NP portion (lane 6 versus lane 5) upon EGF
treatment. Interestingly, once Sec613 was
knocked down by siRNA, EGFR expression was
significantly reduced in the NP portion (lane 7
versus lane 5, lane 8 wversus lane 6) and
accumulated in the INM portion (lane 3 versus
lane 1, lane 4 versus lane 2), suggesting that
EGFR translocation from the INM to the NP
requires Sec61f. Similar results were obtained
from experiments performed in A431 cells by
Sec61p knockdown using different siRNAs (Fig.
S6). These results support the notion that
Sec61B plays a role in the INM to assist
membrane-bound EGFR in releasing from the
INM to the NP. In comparing two other
individual siRNAs targeting Sec61 (#1 and #2),
we interestingly found that the accumulation of
EGFR in the INM and the decrease of EGFR in
the NP mediated by the downregulation of
Sec61 expression were positively correlated
with the knockdown efficiency of Sec61p (Fig.
5B, lane 2 versus lane 4 versus lane 6).
Furthermore, we performed a reconstitution
assay to examine the ability of an exogenous
construct of flag-tagged Sec61p to rescue the
effect of Sec61p knockdown. As shown in Fig.
5C, cells transfected with flag-tagged Sec61f
cDNA decreased the INM-anchored EGFR
induced by knockdown of Sec61f (#3) upon
EGF treatment (upper INM panel, lane 6 versus
lane 4); accordingly increased expression level
of EGFR in the NP (upper NP panel, lane 6
versus lane 4). These results indicated that
knockdown of Sec61B expression prevents
EGF-dependent EGFR translocation from the
INM to the NP, suggesting that transport of
EGFR from the INM to the NP is regulated by
the association of EGFR with Sec61p translocon
in the INM.

Together with the previous studies
indicating endocytosis is involved in nuclear
transport of EGFR and ErbB-2 (24,27), we
proposed a model based on the current study
(Fig. 6). During the trafficking of cell surface
EGFR to the nucleus in response to EGF, EGFR
remains in a membrane environment (Fig. 1 and
2), which after endocytosis, is first embedded in

the endocytic vesicles, fused to the Golgi-ER
membrane via a retrograde route (49),
translocated into the nucleus through ER
membrane (Fig. 3) (33,34), and released from
the lipid bilayer of the INM by the association
with Sec61p (Fig. 4 and 5). The INTERNET
model can explain how EGFR can translocate
from the ER to the nucleus, namely,
membrane-associated EGFR interacts with
importin P and travels from the ER/ONM to the
INM via the NPCs. This way, EGFR remains
embedded in the membrane from the cell surface
to the NE in the entire trafficking process.

DISCUSSION

In this study, we proposed a
comprehensive  trafficking  pathway  for
full-length cell surface receptors to remain in a
membrane-associated environment, traveling
from the cell surface to the nucleus through the
endosomes, Golgi, ER, NPCs, and nuclear
envelope, where membrane-bound receptors are
escaped from the lipid bilayer via the association
of the translocon Sec61p (Fig. 6). It is
worthwhile to mention that we frequently
detected the basal level of nuclear EGFR
without ligand stimulation (7,25,26). It’s
conceivable that some portion of EGFR de novo
synthesized in the ER could transport to the
nucleus directly instead of going to the cell
surface. It’s supporting the notion that we also
detected the basal level of EGFR in the INM in
the absence of EGF stimulation (such as Fig.
2D, lane 3; Fig. 3A-ii; Fig. 4C). However it
should be emphasized that the cell surface
EGFR can be translocated to the INM/NP in
response to EGF treatment (Fig. 2D, lane 2
versus lane 1). Researchers have proposed that
nuclear transport of ErbB-2 is similar to that of
EGFR (3,24,27). Multiple full-length RTKs
have been reported to be located in the nucleus
and their nuclear functions are gradually
discovered (3,9-11,15,50,51). Our proposed
model (Fig. 6) provides a logical route for the
nuclear translocation of EGFR from the cell
surface in response to EGF and may be a general
mechanism for nuclear transport of full-length
RTKs or other cell surface receptors.
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Nuclear transport of INM proteins is a
related example of integral membrane proteins
other than the EGFR family proteins (46). INM
proteins located in the ER membrane can be
regulated by the importin proteins and
transported to the nucleus through the
NLS-mediated INTERNET mechanism (33,34).
On the other hand, investigators have identified
the tripartite NLS of EGFR in the
juxtamembrane region within the intracellular
COOH-terminus of EGFR (23), and importin 3
is known to interact through NLSs of proteins
including EGFR and ErbB-2 (24,27). Of note is
that the NLS of EGFR resembles the viral
INM-sorting motif sequence (INM-SM), a
hydrophobic transmembrane sequence of 18-20
amino acids following positively charged
residues positioned within 4-8 residues of the
end of the transmembrane sequence. The viral
INM-SM can be recognized by an ER
membrane-associated importin-a-16 in sorting
the viral INM-directed proteins to the NE (33).
Given previous findings and our present results
indicating  that =~ EGF-dependent = EGFR
translocation to the INM is reduced upon
knockdown of importin B expression (Fig. 3B),
suggesting that importin B recognizes the EGFR
NLS and may play a critical role in translocating
the EGFR from the ER to the INM.

Researchers have proposed extraction of
EGFR localized in the ER from lipid layers to
the cytoplasm via the ERAD pathway (48).

Regarding the distribution of the core
components of the Sec61 translocon, they do not
permanently reside in the ER, as none of the
Sec61 subunits contain any known ER retention
or retrieval signals normally associated with ER
resident proteins. The Sec61 translocon is thus
far thought to be localized in the ER and ERGIC
(38). In the present study, we unexpectedly
observed a novel functional role of Sec61
localized in the INM, which functioned as an
intranuclear translocon in the INM and played
an ERAD-resembling translocation role in
releasing the INM-bound EGFR from lipid
layers of the INM to the NP (Fig. 5). In addition
to the ER translocon, a yeast ERAD ubiquitin E3
ligase, Doal0, which is thought to be in the ER
has also been shown in the INM (52), further
supporting the notion that the Sec61B-dependent
ERAD-resembling translocation mechanism
exists in the INM. A more systemic study is
required to further address this interesting
observation. Collectively, the current study
identifies a novel pathway that allows trafficking
of full-length membrane receptors in a
membrane-embedded form from the cell surface
to the nucleus (Fig. 6). This pathway involves a
new role of ER-associated translocon Sec61f in
the INM to translocate membrane embedded
proteins into the NP, which may serve as a
general role for nuclear translocation in addition
to the well-known NPCs.
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FIGURE LEGENDS

Figure 1. Localization of EGFR to the INM. A, EGF induced nuclear translocation of EGFR using
immuno-EM. MDA-MB-468 cells were treated with or without EGF for 30 min and subjected to
immuno-EM. PM, plasma membrane; Cy, cytoplasm; NP, nucleoplasm; NE, nuclear envelope. Bar, 2 um.
B, localization of EGFR to the INM was analyzed using immuno-EM. MDA-MB-468 or COS1 cells were
treated with EGF and subjected to immuno-EM. Secondary antibodies labeled with 10-nm gold particles
were used to indicate EGFR. Bar, 2 um. C, EGF-dependent co-localization of EGFR and the INM marker
emerin. MDA-MB-468 cells were immunostained with EGFR and emerin and analyzed using confocal
microscopy. Bar, 5 um. The bar diagram indicates the percentage of cells with co-localization of EGFR
and emerin calculated from a pool of 50 cells, which were positive for nuclear localization of EGFR
under EGF stimulation.

Figure 2. Cell surface EGFR is targeted to the INM for EGF response. A, schematic description of
cellular fractionation of biotinylated cell surface proteins in MDA-MB-468 cells. B, EGFR was
distributed to the INM. INM-Sucrose fractions were purified using sucrose gradient as described in (A)
and subjected to immunoblotting with the indicated antibodies. The arrow above the panels indicates the
direction of the gradient from top to bottom. C, INM portions had undetectable cross-contamination with
the process of cellular fractionation. Biotinylated cell surface proteins of MDA-MB-468 cells were
isolated using cellular fractionation as described in (A) and subjected to immunoblotting with the
indicated antibodies. D, cell surface EGFR was translocated to the INM upon EGF stimulation. The
purified INM portions in (C) were immunoprecipitated using streptavidin-agarose beads and anti-EGFR
antibodies. Immunoprecipitation performed with IgG was used as a negative control.

Figure 3. Importin B-mediated INTERNET membrane trafficking regulates EGF-dependent EGFR
nuclear transport. A, EGF-dependent kinetics of EGFR nuclear translocation from the ER-INM to the
NP. Calnexin, emerin and Sp1 were used as markers for the ER, INM and NP, respectively. The diagrams
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indicate the relative densities of the immunoblots as quantified using the Image] software program
(1.38x). B, knockdown of importin by two individual siRNAs targeting importin 3 (#1 and #2) in HeLa
cells downregulated EGF-dependent EGFR translocation to the INM and NP. The relative density by
quantification is plotted diagrammatically as shown in the middle panel. Similar results were obtained in
three independent experiments.

Figure 4. EGFR associates with the translocon Sec61p in the INM. A, A431 cells maintained in a
serum-starved medium for 24 hr were treated with EGF, followed by cellular fractionation. B, Proteins in
(A) were immunoprecipitated using anti-EGFR antibodies followed by immunoblotting. C, INM portions
had undetectable cross-contamination with the process of cellular fractionation. MDA-MB-468 cells
maintained in a serum-starved medium for 24 hr were treated with EGF in a different period, followed by
cellular fractionation as described in Fig. 2A and subjected to immunoblotting with the indicated
antibodies. The relative density of the INM-EGFR immunoblotting at zero time was defined as 1 after
subtraction of the background by using the ImagelJ software program (1.38x; NIH) to quantify the signals.
The EGFR blotting of left panel has 5 times shorter exposure than that of right panel. D, EGFR associated
with Sec61p in the INM portions but not the NP portions in response to EGF in a time-dependent manner.
The purified INM and NP portions in (C) were immunoprecipitated using the indicated antibodies
followed by immunoblotting. E, co-localization of EGFR and Sec61 in the INM was analyzed using
immuno-EM. An ultrathin section of MDA-MB-468 cells treated with EGF was immunostained with
EGFR (goat anti-mouse IgG, 1 nm gold, arrows) and Sec61f (goat anti-rabbit IgG, 10 nm gold,
arrowheads). Bar, 1 pum. PM, plasma membrane; Cy, cytoplasm; NP, nucleoplasm; NE, nuclear envelope.

Figure 5. Association of EGFR with Sec61f in the nucleus assists INM-anchored EGFR in releasing
to the nucleus. A, knockdown of Sec61f prevented EGF-dependent transport of EGFR from the INM to
the NP in HeLa cells. Cells were transfected with a siRNA targeting Sec61p (#3) (+) or a nonspecific
control siRNA (-) using electroporation. Proteins from the total lysates, INM, and NP by cellular
fractionation were then analyzed using immunoblotting with the antibodies as indicated. Emerin and Spl
were used as markers for the INM and NP portions, respectively. B, knockdown of Sec61p by two
individual siRNAs targeting Sec61p (#1 and #2) in HeLa cells upregulated EGF-dependent EGFR
translocation to the INM. Cells were transfected with two individual siRNAs targeting Sec61p (#1 and #2)
or a nonspecific control siRNA (-) using electroporation. C, exogenous Sec61f rescued the effect of
Sec61p knockdown on INM-anchored EGFR. Cells were co-transfected with a Sec61f3 siRNA targeting
its 3'-untranslated region (UTR) (#3) and a 3'-UTR-deleted flag-tagged Sec61f using electroporation.
The bar diagram indicates the relative densities of the immunoblots as quantified using the Imagel
software program (1.38x; NIH). The relative density by quantification is plotted diagrammatically as
shown. Similar results were obtained in two to four independent experiments.

Figure 6. Proposed model of EGFR trafficking from the cell surface to the nucleus. Diagram of
integral trafficking of EGFR from the Golgi/ER/NE to the nucleus by EGF treatment. The scale of the
diagram does not reflect the relative sizes of different molecules or subcellular structures. EV, endocytic
vesicle; Impp, importin B; ER, endoplasmic reticulum; NPC, nuclear pore complex.

10

TT0Z ‘0E YoJey uo ‘Anusianiun [eaipay euly e Bio agl-mmm woly papeojumoq


http://www.jbc.org/

without EGF without EGF
e PME Inset 1 - Negative control
NP NE
i Cy :
3 NE Cy
b 1 7 :
Fo, : *»."".PI"V[: o
— e i, 4 e rl"‘?'. \.""
with EGF with EGF
Ty 3 -
. PM... Inset 2 PM. 1 T.:N_egatwe control
EA ;
_Cf S Bes C¥

o VLR |

NPy - | o3

D A b Wy g
L n A | e

EGFR! Emerin! EGFR/

EGFR  Emerin Emerin
w
w
W
0] ;
w
+

Merge

MDA-MB-468 cells

Fig. 1

COS1 cells

Inset Inset

Cell %

B nuclear EGFR/Emerin co-localization
per nuclear EGFR

@ (70)

100
80
60
40

TT0Z ‘0S YoJe\ uo ‘AlsIaAiun [ealpan euiy) e 610°ogl-mmm woly papeojumoq

20


http://www.jbc.org/

Treatment of MDA-MB-468 cells

with biotin to label cell surface EGFR

¥
EGF treatment for 30 min
¥
Cellular fractionation
¥ N

Mon-nuclear  Muclear (Isolated nuclei)
(Fig. 2C) Incubation with 1% sodium citrate
| Centrifugation

¥ N

(Fig. 2C) ONM Isolated nuclei excluded ONM

l

Incubation with DNase |

| Centrifugation

£ N

(Fig. 2C) NP

INM pellet

N\

INM-Sucrose  INM portion
fractions (Fig. 2C)
(Fig. 2B) ¥

IP with streptavidin
(Fig. 2D)

INM-Sucrose

Fractons 1234567 8 9101112

e ———

<+ EGFR

- ---ﬂm

<— Emerin

&
* Nuclear
S
< ONM INM NP

EGF - + - + - + - +

-—
(&8

(. '
B -

Lanes 1 2 3 4 5 6 7 8

INM
' i ™

88
P 5\‘*’? EGFR IgG
EGF - + -+ o+

Lanes 1T 2 3 4 5

Fig. 2

<+— Emerin
<+ Calnexin
<+ Calregulin

< CD44

<+ Rab5

<+ LAMP1

-+ Sp1

TT0Z ‘0E YoJey uo ‘Anusianiun [eaipay euly e Bio agl-mmm woly papeojumoq


http://www.jbc.org/

i ER
I

EGF 0 15 30 60 (min)
«—EGFR

Relalive density 10 30 22 18

e

ER-EGFR/Calnexin

<+ Calnexin

Relalive density 10 10 1.0 11

(min)
. INM
I EGF 0 15 30 60 (min) £
Relative density 1‘ 50 11.2 68 E
Relative density 1.0 1.0 1.0 1.0 (min)
NP
1 EGF 0 15 30 60 (min) =
: - +—EGFR %
Relative densify 10 0.8 51 8.3 %‘
< Sp1
Relative density 1.0 1.0 1.0 1.0 EGF 0 15 30 go (min)
ONM INM NP
siRNA-Impp - #1 #2 - #1 #2 - #1 #2
BGF s -%-2 -1 s-2 i

Lanes 172 34 56 789 1011 12

Relative density 1.0 31 1571 1.2 59 1.0 7.5 21 4.2 3.0 4.8

|+ EGFR

« Calnexin

Relative density 10 1.0 1.1 1.0 1.0 1.0

< Emerin

Relative density 10 1.0 1.0 1.2 1.3 1.3

Relative density

| [ |- <o

10 1.0 0.9 1.0 1.0 1.0

§ g 8 [
€ P 5
£ = [=
55 ° sg ° 25 4
=} % E e E
e G 4 Su 4 § 5 3
s0 9 -
2= 2 5= 2 &%
&8 gz 1
iR o [
Lanas 12 34 56 Lanies 78 810 12 Lanes 1314 1516 17 18
EGF -+ + -+ EGF -+ - * -+ EGF -+ -+ -+
siRMNA-Imp{i - #1 #2 siRMNA-Impfi - # #2 siRNA-Imp[ - #1 #2

Total lysates
siRNA-Impp - #1  #2
EGF - + - + - +

— < Importin

s

| m——— [

Fig. 3

TT0Z ‘0E YoJey uo ‘Anusianiun [eaipay euly e Bio agl-mmm woly papeojumoq


http://www.jbc.org/

Lanes

(W |
[
| e
[ ]

1 2

<+ EGFR

| « Sec61p

4+ SecBlu
< Calregulin

<+ Calnexin

<« Lamin B
<+ Tubulin

C <
.o"d@
W™ ONM INM NP
EGF 030 030 0153060 0153060 (min)
R <+ Emerin
-— <+ Calnexin
S - < Calregulin
- + CD44
—— + Rab5
' <+~ LAMP1
e Y s [+ Spl
- - D -— 33051[5
| == WEE8. . . |+ secsiwa
[ : -
l FLEL T L EGFR
1.0 0.8 27 0.5 Relative density
D
INM NP
IP Abs. EGFR 1gG EGFR 1gG
EGF 0 15 30 60 30 0 15 30 60 30 (min)
Rl R e — - EGFR
-.--:sb,g_,._ SecB1p

®

-
a0 1 LA AL Y
- : B ec6la

lgG

Negative control

T

Fig.

TT0Z ‘0E YoJey uo ‘Anusianiun [eaipay euly e Bio agl-mmm woly papeojumoq


http://www.jbc.org/

A C Fig.

INM NP
siRNA-Sec61p3 - #3
siRNA-Sec61p (#3) - - + + - -+ + —_— —
EGF - + - + - o+ - o+ Flag-Sec61p R
- EGF - + - + - +

<+« EGFR

"_q}.-'-q- <« EGFR

Relative density
INM | 1041 12242 1.8 11.3 Relative density

- | + Sp1

— - —— e = | 4 Emerin

Relative density 1.0 1.0 1.0 1.0

.- +- Emerin

1.0 1.0 1.0 1.0 1.0 1.0  Relative density

L
Relative density 1.0 1.2 0.9 1.3 I—_ <+ EGFR
NP| 103405101035 Relative density
L > < SecB1p
< Sp1
Lanes 1 2 3 4 5 6 7 8 _ P
1.0 1.0 1.7 1.7 1.7 1.5  Relative density
c
_E 5 5
odits §5¢* e = w | « Flag-sec61p
4 Sy 3 - - | -
o 10 9 E Total lysates Secb1p
29 z20 2 Y
= = H
2 s sy, <« Tubulin
¢ Z ¥ =
0 0
Lanes 1 2 3 4 Lanes 5 4] 7 lanes 1 2 3 4 5 6
siRNA-SecB1p - - + + siRNA-Sec61p - - +
EGF - + - + EGF - + -
25
Total lysates
siRNA-SecB1p (#3) - - + +

EGF - + - +

o

.

w

Relative ratio of

INM-EGFR/Emerin

CI-
m

TT0Z ‘0E YoJey uo ‘Anusianiun [eaipay euly e Bio agl-mmm woly papeojumoq

2

Redative ratio of
MNP-EGFR/Sp1

1

0

B Lanas 12 34 [3
Flag-SecB1[} B T
. siRNA-Sect1[i (#3) =ttt
SIRNA-Sec61p - #1 # For v e
EGF - + - + - +
Lanes 1 2 3 4 5 6

- -a.a + EGFR

INM 10 3% 32 123 61 206 Relative density

anemamenama | + Emerin

5
0
1.0 1.0 1.0 1.0 1.0 1.0 Relative density 5
4
3
2

|EZ“” !'. « EGFR

NP 10 47 07 07 06 0.3 Relative density

Relative ratio of
INM-EGFR/Emerin

Relative ratio of
NP-EGFR/Sp1

| B e ——— |1- Sp1

1.0 1.0 1.0 1.0 1.0 1.0 Relalive densily § 1.0
_55 08
% 08
- -
—— Sec61p _%;% 04
Total Iysates 1.0 0.8 0.4 0.4 0.7 01 Relative density &g 02
0.0
. Lanes 12 34 56
aaesesesese (< Tubulin EGF -+ -+ o+

1.0 1.0 1.0 0.9 1.0 1.0 Relative density =~ STNASecsts - #1 #2


http://www.jbc.org/

e® ©
® EGF
°
EGFRq )

||——n_.\<§

Fig. 6

TTOZ ‘0E Yose uo ‘Ausianiun [ealpay eulyd e Bioogl-mmm woly papeojumoq


http://www.jbc.org/

