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The epidermal growth factor (EGF)-dependent trafficking of the intact EGF receptor to the nucleus and its requirement for
growth factor induction of cyclin D and other genes has been reported. Unresolved is the mechanism by which this or
other transmembrane proteins are excised from a lipid bilayer before nuclear translocalization. We report that, after the
addition of EGF, the cell surface EGF receptor is trafficked to the endoplasmic reticulum (ER) where it associates with
Sec61f, a component of the Sec61 translocon, and is retrotranslocated from the ER to the cytoplasm. Abrogation of Sec61f
expression prevents EGF-dependent localization of EGF receptors to the nucleus and expression of cyclin D. This
indicates that EGF receptors are trafficked from the ER to the nucleus by a novel pathway that involves the Sec61

translocon.

INTRODUCTION

Although intracellular trafficking destinations for activated
epidermal growth factor (EGF) receptors, such as the lyso-
some or recycling to the cell surface, are relatively well
understood (Sorkin and von Zastrow, 2002), little is known
regarding the mechanism by which this or other cell surface
receptors reach the nucleus. In addition to the EGF receptor
(Lin ef al., 2001), the list of nuclear-translocated hormone
receptors includes several receptor tyrosine kinases (ErbB-2,
Wang et al., 2004; ErbB-3, Offterdinger et al., 2002; ErbB-4, Ni
et al., 2001; FGFR-1, Maher, 1996; Stachowiak et al., 1996;
FGFR-2, Schmahl et al., 2004), as well as G protein—coupled
receptors (angiotensin I, Lee et al., 2004; angiotensin II, Chen
et al., 2000; endothelin, Boivin ef al., 2003; bradykinin, Lee et
al., 2004). In the case of ErbB-4 it is a secretase-produced
intracellular domain fragment that is translocated to the
nucleus (Ni et al., 2001). In the other instances, however, a
full-length receptor is found in the nucleus in a nonmem-
branous environment, raising the question of how these
transmembrane molecules are extracted from lipid layers.
Nuclear localization of the EGF receptor (Lo et al., 2006),
ErbB-2 (Giri et al.,, 2005), and FGFR-1 (Reilly and Maher,
2001) require endocytosis and association of the receptor
with importin-8. However, this does not suggest how a
transmembrane receptor is processed to the nuclear non-
membrane-bound receptor. As cells do have protein com-
plexes that translocate proteins into and out of lipid bilayers
(Wickner and Schekman, 2005), we have explored the pos-
sibility that one of these, the Sec61 translocon, could mediate
nuclear localization of the EGF receptor. This translocon is
located exclusively in the endoplasmic reticulum (ER) and
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ER/Golgi transitional region (Greenfield and High, 1999)
and functions to insert secretory and transmembrane pro-
teins into the ER during protein synthesis (Tsai et al., 2002).
The translocon is bidirectional and retrotranslocates mis-
folded proteins in the ER to the cytosol for degradation as
part of the ER-associated degradation (ERAD) pathway.
Although Sec61 has no known role in signal transduction, it
does retrotranslocate certain toxins trafficked from the cell
surface to the ER to the cytosol and is an essential part of the
intoxication process (Sandvig and van Deurs, 2002).

In the instance of the EGF receptor it is reported that the
nuclear translocation is EGF-dependent and that the nuclear
receptor associates with promoters for cyclin D (Lin ef al.,
2001), iNOS (Lo et al., 2005a), and c-myb (Hanada et al.,
2006). This suggests that nuclear localization of the EGF
receptor is both a trafficking and a signal transduction path-
way. Nuclear EGF receptors have been identified by a vari-
ety of biochemical and morphological techniques in both cell
lines and tumor tissue specimens (Lin et al., 2001, 2005b;
Psyrri et al., 2005). Also, nuclear EGF receptor expression
portends a poorer prognosis for breast (Lo et al., 2005b) and
oropharyngeal (Psyrri et al., 2005) cancer patients.

MATERIALS AND METHODS

Materials

Dulbecco’s modified Eagle’s medium (DMEM) containing L-glutamine and
high glucose and fetal bovine serum (FBS) were purchased from Invitrogen
(Carlsbad, CA), human breast cancer cell line MDA-MB-468 and HeLa cells
were from ATCC (Manassas, VA). EZ-link Sulfo-HS-LC-Biotin was from
Pierce (Rockford, IL). Protease inhibitor cocktail tablet was from Roche (In-
dianapolis, IN). OptiPrep density gradient medium, Pseudomonas exotoxin A
(Exo A), and antibody to Pseudomonas exotoxin A were from Sigma (St. Louis,
MO). Recombinant human EGF was obtained from R&D Systems (Minneap-
olis, MN), and Endoglycosidase H (Endo H), and EGFR kinase inhibitor AG
1478 were from Calbiochem (San Diego, CA). [a-*2P]dATP was purchased
from New England Life Science Products (Boston, MA). Prime-It II random
primer labeling kit was from Stratagene (La Jolla, CA), and Lipofectamine
2000 reagent was from Invitrogen (Carlsbad, CA). Antibodies to EGF receptor
(06-847), phospho EGF receptor, and Sec61 were from Upstate (Lake Placid,
NY), and antibodies to cyclin D1, HSP70, HSP70 agarose conjugate, c-Fos,
HDAC1, EEA1, phospholipase C y-1, Erk 1, 2, and dual phosphorylated Erk
land 2 were from Santa Cruz Biotechnology (Santa Cruz, CA); and antibodies
to Lamp-1 and calnexin were from BD Transduction Laboratories (Lexington,
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KY). Antibody to transferrin receptor was from Zymed (South San Francisco,
CA). pDsRed2-ER construct [calreticulin red fluorescent protein (RFP)] was
from Clontech (Palo Alto, CA). The EGFR-GFP construct was a gift from Dr.
A. Sorkin (University of Colorado Health Science Center, Denver). Mouse
cyclin D1 cDNA was a gift from Dr. B. Law (Vanderbilt University, Nashville,
TN). Human Sec61 B cDNA was a gift from Dr. S. High (University of
Manchester, United Kingdom). Cyclophilin cDNA was a gift from Dr. C. Hao
(Vanderbilt University). Sec61 B siRNAs were synthesized by Dharmacon
(Boulder, CO).

Cell Culture and Biotinylation

MDA-MB-468 and HeLa cells were cultured in DMEM containing 10% FBS.
Forty to 60% confluent cells were incubated overnight in DMEM before
stimulation by EGF (25 ng/ml). Cells were washed three times with PBS (pH
8.0) and then incubated with 0.5 mg/ml Sulfo-NHS-Biotin reagent at room
temperature for 30 min. Cells were then washed three times with PBS plus 100
mM glycine to quench the reaction.

Purification of ER

The basic procedure was described previously (Higashi et al., 2002; see also
OptiPrep Application S16. Axis-Shield POC, AS. http://www.axis-shield.
com/optiprep/S14.pdf). Briefly, cells cultured in 10 15-cm dishes were
treated with EGF for 3 h as indicated. Subsequently, the cells were harvested,
washed twice in ice-cold PBS, and resuspended in 6 ml of homogenization
buffer (10 mM Tris-HCI, pH 7.5, 250 mM sucrose, and protease inhibitor
cocktail tablet, 1 tablet/10 ml). Cells were homogenized (20 strokes) in the
same buffer and centrifuged (12,000 X g, 20 min) at 4°C. The resulting
supernatant was centrifuged (100,000 X g, 45 min) at 4°C to obtain a micro-
somal pellet, which was resuspended in 3 ml homogenizing buffer and 6.67
vol of microsome suspension was mixed with 3.33 vol of Optiprep (final
iodixanol concentration 20%; p = 1.127 g/ml). The mixture was transferred to
tubes (1 ml/tube) and centrifuged (200,000 X g, overnight). One-drop ER
fractions were collected by tube puncture.

ER Retrotranslocation Assay In Vitro

OptiPrep ER fractions (7-14) were combined and mixed with an equal volume
of homogenization buffer. ER was recovered by centrifugation (100,000 X g,
20 min) and resuspended briefly in ice-cold 10X translocation buffer (20 mM
HEPES, pH 7.2, 40 mM Mg acetate, 10 mM DTT, and 1 mM PMSF) before
dilution into retrotranslocation assays. Cytosol was obtained from the
100,000 X g supernatant in ER purification. The following reaction conditions
were used: Control reaction (cytosol 180 ul + 20 ul 10X translocation buffer);
ER-containing reactions (20 ul ER suspension was mixed with either 180 ul
cytosol or homogenization buffer). The mixtures were then incubated for 60
min at 37°C, before centrifugation (100,000 X g, 10 min) to yield a pellet (P)
and soluble (S) fractions. For inhibitor experiments 20 ul of the ER suspension
was preincubated with or without 1 ul Sec61pB antibody or Exo A (1 pg) for
30 min at room temperature.

Preparation of Nuclear Extracts and SDS Lysates

The basic nuclear fraction protocol was described previously (Lin et al., 2001).
Briefly, cells in a 10-cm dish were rinsed twice with ice-cold PBS and removed
with a rubber cell scraper in 1 ml buffer A (10 mM HEPES, pH 7.5, 10 mM KCl,
2 mM MgCl,, protease inhibitor tablet with EDTA at 1 tablet/10 ml) contain-
ing 1% NP-40. Cells were disrupted by 10 passes through a 21-gauge needle
and the extent of nuclear isolation was monitored microscopically. Nuclei
were centrifuged (500 X g, 5 min) and washed once with buffer A. The
resulting supernatant was designated as the nonnuclear fraction. The nuclear
pellet was resuspended in 50 ul buffer A supplemented with 500 mM NaCl
and 25% glycerol and kept on ice for 30 min. Samples were centrifuged
(12,000 X g, 5 min), and the supernatant (nuclear extracts) was aliquoted and
frozen at —80°C. The pellet (SDS lysate) was solubilized in 1X SDS-PAGE
sample loading buffer.

Coprecipitation and Western Blotting

Cells were lysed in cold buffer A containing 1% NP-40 and incubated for 30
min in ice. After centrifugation (12,000 X g, 5 min), anti-Sec6133 antibody and
protein A beads were added to the supernatant and incubated overnight. The
precipitate was then washed three times with buffer A. After SDS-PAGE and
transfer to nitrocellulose membranes, the samples were probed with the
indicated antibody. For Western blots, cell lysates were subjected to SDS-
PAGE, transferred to nitrocellulose membranes, and probed with the indi-
cated antibody. Bound antibody was detected by enhanced chemilumines-
cence (ECL).

Northern Blotting

Total RNA was isolated using a TRIzol Reagent according to the manufac-
turer’s instructions (Invitrogen). An aliquot (5 ug) of total RNA was electro-
phoresed, transferred to Duralon-UV membranes (Stratagene), and probed
with a labeled cDNA fragment of cyclin D1 according to standard procedures.
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A probe for cyclophilin was used as an internal control. The probe was labeled
with [a®2P]dATP using Prime-It I random primer labeling kit.

siRNA Knockdown of Sec61 3

siRNAs for human Sec61 B cDNA were selected using an advanced version of
siRNA Sequence Selector (Clontech). Only those sequences with more than
three mismatches against unrelated genes were selected. Four different
siRNAs were inserted into pSuper vector (Oligoengine, Seattle, WA) and
transfected transiently into MDA-MB-468 cells to monitor expression of
Sec61p protein. The most effective Sec61p siRNA was chosen for experiment.
The RNA sequence is 5'-GCAAGUACACUCGUUCGUA-3' from site 347-366
of human Sec61p mRNA (NM_006808). The mismatch siRNA has a two-base
pair change in the middle of the antisense and the sequence is 5'-GCAAGUA-
GAGUCGUUCGUA-3'. The siRNA duplexes were synthesized in-house as
21-mers with UU overhangs using a modified method of 2'-acid labile or-
thoester chemistry (Scaringe, 2000), and the anti-sense strand was chemically
phosphorylated to ensure maximized activity (Martinez et al., 2002). The
siRNA duplex was resuspended in 1X siRNA Universal buffer (Dharmacon)
to 2 uM before transfection. Cells in six-well plate (50—60% confluent) were
transfected with 100 ul of 2 uM siRNA duplex and 4 pul of transfection reagent
(Dharmacon) in 100 ul DMEM. Cells were subcultured (1:1 split) 24 h after
transfection and placed into normal culture medium for 2 d before experi-
ments, which were performed 3 d after the initial transfection. The final
concentration of siRNA was 0.1 uM and the data in Supplementary Figure S1
show, in titration experiments, that this was the minimal effective concentra-
tion for maximal depletion of Sec61 protein.

Confocal Microscopy and EGFR-mGFP

EGFR-GFP construct (Carter and Sorkin, 1998) was used to make a point
mutation of A206K in the GFP sequence by QuikChange (Stratagene) to
prevent GFP dimerization as described elsewhere (Zacharias et al., 2002).
MDA-MB-468 cells were cotransfected with pEGFR-mGFP and pDsRed2-ER
DNA (Clontech) using Lipofectamine 2000 according to the manufacturer’s
instruction. The cells were subcultured (1:1 split) 24 h after transfection and
placed into normal culture medium for 24 h. Cells were serum-starved
overnight and incubated with or without EGF (25 ng/ml) for the indicated
time. Cells were imaged with a Zeiss LSM510 confocal scanning microscope
Thornwood, NY) and a Plan-Neofluar 40X 1.3 NA oil immersion lens was
used for imaging all the samples with a 1.0-1.5-um optical slice. Green
fluorescent protein (GFP) was excited with an argon laser with excitation at
488 nm, and RFP was excited at a 543 nm. The emission was detected with
filter sets (505-550 bandpass for GFP and 560 longpass for RFP). Image
analysis was performed using Metamorph software (Universal Imaging, West
Chester, PA). A 20-um-width line intensity scan was used to show colocal-
ization of GFP and RFP.

RESULTS

Translocation of Cell Surface EGF Receptor to the ER

To assess possible trafficking of EGF receptors from the cell
surface to the ER, both biochemical and morphological ap-
proaches have been used. In the former experiments, ER was
OptiPrep gradient purified to obtain a fraction with minimal
contamination by other organelles, particularly those ex-
pected to contain mature EGF receptor (plasma membrane,
endosomes). As shown in Supplementary Figure S2, mark-
ers of late endosomes/lysosomes (LAMP-1), cytoplasm
(PLC-y1), nuclei, (HDAC1), early endosomes (EEA1), and
plasma membrane (biotinylated cell surface proteins) were
not present at detectable levels in the purified ER prepara-
tion, whereas the ER marker calnexin was enriched.

To test EGF-dependent trafficking of cell surface receptors
to the ER, MDA-MB-468 cells were cell surface biotinylated
and treated with or without EGF for 3 h before ER isolation.
As a control, the cells were also biotinylated after the incu-
bation with EGF. Analysis of the purified ER fraction from
these cells (Figure 1A) shows that biotinylated EGF receptor
is recovered in the ER fraction from cells treated with EGF
after, but not before, biotinylation. A low amount of receptor
signal is detectable in the absence of exogenous EGF and
likely results from autocrine production of transforming
growth factor a by these tumor cells (Bjorge et al., 1989) that
overexpress the EGF receptor (Filmus et al., 1985). Analysis of
the Optiprep fractions with an antibody to pY1173 EGF recep-
tor (Figure 1B) shows that tyrosine-phosphorylated EGF recep-
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Figure 1. Activated EGFR trafficking to the ER. (A) MDA-MB-468
cells were treated without or with EGF (25 ng/ml) for 3 h and were
subjected to cell surface biotinylation before (pre) or after (post) EGF
treatment. Subsequently, ER was purified by OptiPrep gradient
techniques. Top panel, the ER was lysed, and immobilized NeutrA-
vidin beads were added. Subsequently, the precipitates were blotted
with anti-EGFR. Middle panel, equal aliquots of ER lysate were
blotted for the ER marker calnexin. Bottom panel, cell lysates were
precipitated by NeutrAvidinTM beads and blotted with anti-EGFR.
(B) MDA-MB-468 cells were treated with EGF for 3 h at 37 or 4°C.
ER was isolated and ER fractions were subjected to Western blotting
with anti-phosphoEGFR. The blot was stripped and then blotted
with anti-calnexin. (C) MDA-MB-468 cells were untreated or treated
with EGF for 10 min at 37 or 4°C. The cell lysates were blotted with
anti-phospho EGFR and reblotted with anti-EGFR.

tor is present in the ER from cells incubated with EGF at 37°C,
but not at 4°C. The data in Figure 1C show that EGF treatment
of cells at either temperature results in comparable levels of
activated EGF receptor. Together these results indicate that
after the addition of EGF activated cell surface EGF receptors
are trafficked to the ER in a manner that requires cellular
metabolism.

To independently assess receptor trafficking to the ER, a
noninvasive morphological technique was used. Cells were
cotransfected with EGFR-mGFP and the ER marker calreti-
culin-RFP for 48 h. The cells were then incubated with EGF
for 6 h, and examined by confocal microscopy (Figure 2). In
the absence of EGF, the receptor is predominantly distrib-
uted at the plasma membrane and in organelles that are
most likely Golgi. Only a very low level of EGFR-mGFP
signal is detectable in the ER. After incubation with EGF,
however, there is a large increase in EGFR-mGFP signal that
overlaps with the calreticulin-RFP signal. This occurs
throughout the lattice-like ER network and includes the
nuclear membrane, the outer portion of which is contiguous
with ER. Images of additional control and EGF-treated cells
are presented in Supplementary Figure S3. In Figure 2B, the
overlap of marker profiles along a line from the nucleus to
the plasma membrane is presented. This Metamorph soft-
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Figure 2. EGF-induced EGFR-mGFP translocation to ER. (A)
MDA-MB-468 cells were transiently cotransfected with cDNAs en-
coding the ER protein calreticulin and EGFR fused, respectively,
with RFP or mGFP. The cells were then treated with EGF for 0 or
6 h. Live-cell images were taken by confocal microscopy with a
1-1.5-um optical slice. (B) The merged images from A are repeated
with line intensity scan using Metamorph software to assess of
colocalization of these two markers. A 20-um-wide yellow line was
drawn as indicated in control and EGF-treated cells. Intensity pro-
files corresponding to the yellow lines were determined using Meta-
morph software. Y- and X-axes represent the level of fluorescence
and scanning position, respectively.

Distance (microns)

ware analysis shows increased nuclear EGF receptor (x-axis,
0-5 wm) in the EGF-treated cells.

These results establish a novel destination for the intracel-
lular trafficking of EGF receptors. Exposure of cells to the
selective EGF receptor kinase inhibitor AG1478 prevents
trafficking of receptor to the ER (data not shown) consistent
with reports that kinase activity is required for EGF receptor
internalization (Sorkina et al., 2002). Although nuclear
EGFR-mGFP is difficult to discern in Figure 2, when the
confocal plane is focused on the nucleus this becomes evi-
dent, as shown in Supplementary Figure S4. Interestingly,
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Figure 3. EGF-dependent association of EGFR and Sec61B. (A)
MDA-MB-468 cells were preincubated with 2 uM AG1478 for 30
min before the addition of EGF, as indicated. The cells were then
lysed, anti-Sec 618 was added, and the precipitate was blotted with
anti-EGFR or anti-Sec61. (B) The cells were treated with EGF for
3 hat37 and 4°C. The cells were then lysed, anti-Sec 61 and protein
A beads were added, and the precipitate subsequently was blotted
with anti-EGFR or anti-Sec61B. Lane 1 is a control representing no
addition of anti-Sec61B. The lysates (lanes 2—-4) were immunopre-
cipitated with anti-Sec61$ and protein A beads. A duplicate blot
was probed with anti-Sec61B. (C) The cells were treated with EGF
for 3 h, and the lysates were precipitated with anti-Sec618. The
precipitates (lanes 1 and 2) were then incubated overnight with or
without Endo H and blotted with anti-EGFR. Parallel cultures, not
treated with EGF, were preincubated without or with swainsonine
(SW; 1 ug/ml) for 2 d before precipitation with anti-EGFR, digestion
with Endo H, and blotting with anti-EGFR. (D) Cells were preincu-
bated with 10 uM actinomycin D (act) or 10 ug/ml cycloheximide
(CH) for 30 min before the addition of EGF for 3 h. Top panel, the
cell lysates were precipitated with anti-Sec618 and blotted with
anti-EGFR. Arrows mark the 170-kDa mature EGF receptor and
150-kDa fragment. Bottom panel, the nuclear extracts were blotted
with anti-EGFR. Arrows mark the 170-kDa mature EGF receptor

and the 150- and 130-kDa fragments.

most but not all cells demonstrate a diffuse nuclear signal
consistent with the reported nonmembranous mature nu-
clear EGF receptor (Lin ef al., 2001).

Interaction of EGF Receptor and Sec61

The Sec61 translocon, which contains three transmembrane
proteins (a, B, ), is known to mediate the retrotranslocation
of ER proteins to the cytosol (Tsai et al., 2002). To assess
whether ER-localized EGF receptor could associate with
Secé61, cells were incubated with or without EGF. Cell lysates
were precipitated with antibody to Sec61p, and the precip-
itates were probed with anti-EGF receptor. As shown in
Figure 3A, EGF increased the amount of receptor present in
the Sec61B precipitates in a manner that increased over a
period of 3 h and was blocked by the presence of the
tyrosine kinase inhibitor AG1478. Control data in Figure 3B
show that this association, which is unusually sensitive to
salt and, therefore, probably weak, requires EGF addition at
37°C and does not occur when the cells are treated with EGF
at 4°C, decreasing the possibility of post-lysis association. It is
likely that Sec61p precipitates the Sec61 complex of «, 8, and y
components, and the association data could reflect receptor
interaction with any of these subunits or other translocon-
associated proteins.

In this and other experiments the mature 170-kDa EGF
receptor and a lower M, fragment(s) of 150 kDa or less are
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routinely detected. In many experiments the amount of the
fragment is significantly greater that the level of intact native
receptor. Based on experiments with an N-terminal Flag
construct, these fragments are produced by the loss of N-
terminal sequences (data not shown). Others have reported
similar EGF receptor fragments in cells treated with EGF for
2 h or more (Carter and Sorkin, 1998).

Although it might be expected that misfolded immature
EGF receptor present in the ER would interact with Sec61 as
part of the ERAD pathway, this would not be dependent on
exogenous EGF or tyrosine kinase activity. Nevertheless, we
have used endoglycosidase H (EndoH) digestion to test
whether the Sec6l-associated receptor is, in fact, mature
receptor (Figure 3C). The EGF receptor has 10 N-linked
oligosaccharide chains (Cummings et al., 1985) and when all
are immature, high-mannose chains, EndoH removes all and
the M, decreases from 170 to 130 kDa (Soderquist and Car-
penter, 1984), as demonstrated in lanes 5 and 6. In contrast,
EndoH produces a small decrease, from 170 to ~165 kDa, in
M., of the mature receptor, which has seven complex and
three high-mannose chains (Cummings et al., 1985; Zhen et
al., 2003), as shown in lanes 3 and 4. The lower band in lane
4 arises from a small fraction of immature receptor that is
always present in the intracellular receptor pool. Impor-
tantly, lanes 1 and 2 show the relative insensitivity of the
Sec61-associated EGF receptor to EndoH. The predominant
EGF receptor species present before EndoH treatment is the
150-kDa fragment (lane 1) and EndoH treatment reduces
this to a slightly lower M, of ~145 kDa, consistent with the
removal of the few high-mannose oligosaccharides present
in the mature receptor. Therefore, under these conditions the
majority of EGF receptor associated with Sec61 is mature
and not immature receptor.

Because EGF does provoke an increase in EGF receptor
synthesis in these cells (Kudlow et al., 1986), RNA or protein
synthesis was blocked before the addition of EGF and sub-
sequent immunoprecipitation of Sec61. The results (Figure
3D) show that EGF induces receptor association with Sec61
in the absence of ongoing protein or mRNA synthesis. This
result also indicates that it is mature and not immature EGF
receptor associated with Sec61. Also, in Figure 3D data show
that neither cycloheximide nor actinomycin D prevents the
nuclear localization of the EGF receptor in EGF-treated cells.

Receptor Retrotranslocation by Sec 61

That EGF induces trafficking of its receptor to the ER and
association with Sec61 suggests that, as a consequence, the
receptor could be retrotranslocated to the cytosol. To test
this, OptiPrep-purified ER from EGF-treated cells was pre-
pared and examined for receptor retrotranslocation. The
data in Figure 4A show that when this purified ER fraction
is incubated in the presence of cytosol, but not in its absence,
EGF receptor initially present in the ER is recovered in the
cytosol. In contrast, the ER marker Sec61p is not lost from
the ER indicating that incubation with cytosol does not
promote loss of ER integrity.

In subsequent experiments the retrotranslocation of EGF
receptors in this system is shown to be dependent on cyto-
solic HSP-70 (Figure 4B) and blocked by preincubation with
anti-Sec61B (Figure 4C) or exotoxin A (Figure 4D), which
targets Sec61 (Koopmann et al., 2000) in vitro. These results
establish that movement of EGF receptor from the ER to the
cytosol in these assays is Sec61-dependent. That the assay is
measuring retrotranslocation of mature EGF receptors de-
rived from the cell surface is evidenced by the data in Figure
4E in which cell surface proteins were biotinylated before
EGF treatment and ER isolation. Also, EndoH digestion
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Figure 4. Retrotranslocation of EGFR from the ER to cytosol. (A)
Cells were incubated with EGF for 3 h and the ER was OptiPrep was
purified. Cytosol prepared from control cells was added as indi-
cated to equal aliquots of ER. After a 60-min incubation at 37°3 C,
the reaction mixture was centrifuged to yield pellet (P) and soluble
(S) fractions. These fractions were then blotted for EGFR or Sec61p
as indicated. (B) ER was incubated with control or HSP70 immu-
nodepleted cytosol and then blotted with antibodies as indicated. (C
and D) ER was preincubated with anti-Sec61 (C) or exotoxin A (D)
for 30 min at room temperature before addition of cytosol. (E) Cells
were subjected to cell surface biotinylation and incubated with EGF
for 3 h. The ER fraction was isolated and incubated for 60 min at
37°C without or with cytosol prepared from untreated cells. The
reaction mixture was centrifuged to yield pellet (P) and soluble (S)
fractions. Detergent was then added to solubilize the ER fraction,
and anti-EGFR was added to each fraction and the precipitates were
blotted with HRP-streptavidin. The film was exposed for two dif-
ferent times to more clear show receptor bands in the P and S
fractions. Equal aliquots of P and S fractions were also blotted for
Sec61B. (F) ER fraction was incubated for 60 min at 37°C with
cytosol. The soluble fraction was precipitated with anti-EGFR, and
the precipitate was incubated with Endo H. The mixtures were then
subjected to blotting for EGFR (lanes 1 and 2). EGFR immunopre-
cipitates from cell lysates from control (lanes 3 and 4) or swainso-
nine-treated (SW) cells (lanes 5 and 6) were digested by Endo H and
blotted for EGFR. Arrows mark the 170-kDa mature receptor and a
150-kDa receptor fragment.

(Figure 4F) shows that the retrotranslocated receptor is
slightly sensitive to this glycosidase, typical of the mature
receptor. Lanes 1 and 2 show that two EGF receptor species
are recovered in the cytosol after retrotranslocation and the
M., of each is slightly decreased by exposure to EndoH. This
is in marked contrast to the large M, decrease provoked by
EndoH digestion of immature receptor accumulated in
swainsonine-treated cells.

In these retrotranslocation assays the rate of receptor
movement is slow compared with other substrates in other
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retrotranslocation assay systems, which usually employ
crude microsomes. Also, in our system the addition of ATP
is inhibitory, whereas in other systems it is stimulatory. The
exotoxin A data (Figure 4D) indicate that the OptiPrep pu-
rified ER is not tightly sealed in contrast to microsomal
systems in which transient detergent permeabilization is
necessary for exotoxin A inhibition of Sec61 (Koopmann et
al., 2000). In our assays detergent has not been used and yet
the exotoxin A blocks and associates with Sec 61 retrotrans-
location (Figure 4D). If the OptiPrep-purified ER is not
tightly sealed, this may account for the slow rate of retro-
translocation and the inhibitory effect of ATP, which can
inhibit early lumenal steps in the retrotranslocation process
(Lyman and Schekman, 1997). That ATP inhibits receptor
translocation and yet HSP70 is required indicates that the
chaperone function of HSP70 is not necessary only its capac-
ity to bind hydrophobic substrate regions, in this case prob-
ably the transmembrane domain of the EGF receptor.

If EGF receptor is retrotranslocated to the cytoplasm in
intact cells, then it might be detectable in the cytosol of the
EGF-treated cells unless it is degraded or rapidly translo-
cated elsewhere. However, attempts to detect cytosolic EGF
receptor in vivo have not been successful. While it is theo-
retically conceivable that retrotranslocation might occur di-
rectly into the nucleoplasm from the inner nuclear mem-
brane, this would require gated movement of Sec61 and EGF
receptor from the outer nuclear membrane and is unlikely.

Role of Sec61f in Nuclear Localization and Cyclin D
Expression

The preceding data suggest that Sec61-dependent process-
ing of the EGF receptor could function as a precursor to
remove the receptor from the lipid bilayer, present it to the
cytoplasm, and thereby mediate nuclear translocation. To
test this, siRNA depletion of Sec61p was used. The high-
resolution structures of bacterial Sec61 orthologues suggest
that the a and y component are essential channel compo-
nents, whereas the more peripheral 8 protein has a less clear
functional role (van den Berg et al., 2003). This observation
may suggest that knockdown of Sec618 may be more toler-
able than other Sec61 subunits, particularly regarding inter-
ference with EGF receptor biosynthesis.

The data in Figure 5A show that transient knockdown of
Sec61pB substantially depletes the intracellular pool of Sec613
protein and mRNA, but does not attenuate the level of EGF
receptor protein nor cyclophilin mRNA. Also, this figure
shows that after depletion of Sec61B the addition of EGF
readily provokes activation of the EGF receptor equivalent
to that of control cells.

To determine whether Sec61B knockdown effects EGF
receptor nuclear localization, we first assessed the time
course of this process using a nuclear fraction prepared as
described elsewhere (Lin ef al., 2001) and analyzed for var-
ious markers, as shown in Supplementary Figure S5A. Only
a small level of the ER marker calnexin could be detected. As
shown in Figure 5B, during the first 30-90 min after the
addition of EGF there is a rapid increase in the level of
high-salt extractable mature 175-kDa EGF receptor from the
nucleus, as noted by others (Lin et al., 2001). That the recep-
tor is salt extractable indicates it is not membrane-bound.
However, we note that the level of nuclear receptor contin-
ues to increase during the first 3 h, and during this time 150-
and 130-kDa fragments, observed in our previous experi-
ments, are also detected.

When the EGF-dependent nuclear translocation of EGF
receptor is measured in control and Sec61B-depleted cells
(Figure 5C), it is clear that the level of high-salt extractable
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Figure 5. Influence of Sec61B knockdown on the EGFR transloca-
tion to the nucleus. (A) MDA-MB-468 cells were transiently trans-
fected with Sec618 siRNA duplex for 3 d. Cell lysates were then
blotted with EGFR and Sec61B antibodies, and total RNA was
blotted with human Sec61 or cyclophilin cDNA as indicated. Also,
cells were stimulated with or without EGF for 5 min, and equal
lysate aliquots were blotted with anti-phosphoEGFR or EGFR anti-
bodies. (B) Cells were treated with EGF (25 ng/ml) for the indicated
times, high-salt nuclear extracts were isolated, and blotted with a
C-terminal antibody to EGFR. The same blot was stripped and
reblotted with HDACI. Arrows mark the 170-kDa mature EGF
receptor and the 150- and 130-kDa fragments. (C) Cells were incu-
bated without or with EGF for 3 h, and the nuclear fraction was
prepared as described in Materials and Methods. The nuclear high-
salt extracts and SDS-solubilized residual nuclear material were
blotted with anti-EGFR, stripped, and reblotted with the nuclear
marker, HDACI.

receptor is significantly reduced in the knockdown cells.
This indicates that Sec 618 is necessary for the nonmembra-
nous nuclear localization of the EGF receptor. Interestingly,
if the residual high-salt extracted nuclear fraction is subse-
quently treated with SDS, EGF receptor is recovered from
the small interfering RNA (siRNA)-treated cells. This sug-
gests that the receptor in this nuclear fraction remains in a
membrane environment, either in the nucleus or more prob-
ably in peripheral ER present in the nuclear fraction. The ER
marker calnexin can be recovered from this nuclear fraction
with SDS, but is not high-salt extractable (Supplementary
Figure S5B).

Others have identified the cyclin D promoter as a target of
the nuclear EGF receptor (Lin ef al., 2001) and have provided
evidence that nuclear localization of the receptor is neces-
sary for cyclin D expression in EGF-treated cells (Lo et al.,
2005a). Therefore, we have used Sec61B-depleted cells to test
whether the loss of this translocon component interferes
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Figure 6. Influence of Sec61 mRNA knockdown on cyclin D1
expression. MDA-MB-468 cells or HeLa cells were transiently trans-
fected with Sec61B siRNA and 72 h later EGF was added for the
indicated times. (A) The cells were lysed and the expression of
cyclin D and Sec61p was estimated by blotting, whereas nuclear
extracts were blotted for c-Fos. Erk-1 or phospholipase C-y1 were
used as loading controls, as indicated. (B) Total RNA was isolated
from control and EGF-treated and Northern blotted with a cyclin D1
probe. Cyclophilin3 served as a loading control. Also, control blots
for Sec61B or Erk-1 are shown for both cell types. Control blots show
equivalent level of EGFR in both cells types with or without siRNA
knockdown by Sec61B (data not shown).

with EGF induction of cyclin D. This assay also allows the
assessment of Sec61 function in cells that do not overexpress
the EGF receptor, such as HeLa cells that express 20-fold
fewer receptors than MDA-MB-468 cells (Berkers ef al.,
1991). As a control, the expression of c-Fos has been mea-
sured. The data show that when measured at the protein
(Figure 6A) or mRNA level (Figure 6B), cyclin D and c-Fos
are induced by EGF in both cell types. However, the induc-
tion of cyclin D, but not c-Fos, is significantly diminished in
either cell type exposed to Sec61B siRNA. That the EGF-
induction of c-Fos is not impaired by Sec61 B siRNA indi-
cates that the knockdown does not perturb EGF signaling to
the nucleus in general. Also, a two-base change mutant
Sec61 B siRNA did not abrogate EGF-induced cyclin D1
expression (Supplementary Figure S6). These results indi-
cate that Sec61 is required not only for nuclear localization of
the EGF receptor, but also for the receptor’s capacity to act as
a cotranscriptional activator.

DISCUSSION

The data presented herein, as depicted in Figure 7, describe
a new route of intracellular trafficking not only for the
activated EGF receptor, but for any hormone receptor. How-
ever, this pathway from the cell surface to the ER is known
for certain toxins (Sandvig and van Deurs, 2002) and for the
SV40 virus (Pelkmans and Helenius, 2003). In the former
case toxins, such as cholera toxin, are internalized primarily,
but not exclusively, from caveolae and trafficked first to the
Golgi and then retrogradely transported to ER. Transport to
the cytosolic site of toxin targets is mediated by the Sec61
translocon. SV40 is internalized from caveolae at the cell
surface and via intracellular vesicles, termed caveosomes,
trafficked to the ER. It is not know how virus particles exit
the ER, but interruption of the pathways blocks virus repli-
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cation, which requires nuclear localization. Preliminarily, it
has been reported that translocons in the ERAD pathway
mediate virus penetration to the cytosol (Marsh and Hele-
nius, 2006). These systems show that, in addition to their
role in protein quality control, translocons in the ER facilitate
the mechanism of action of biological agents.

Intracellular trafficking of EGF receptors to the ER has not
been previously reported (Sorkin and von Zastrow, 2002)
and may have been missed for several reasons. We have
attempted to quantitate the level of EGF receptor trafficked
to the ER using cell surface biotinylation and OptiPrep pu-
rification of ER (as in Figure 1A, with calnexin as an ER
marker) and by Metamorph software analysis of EGFR-
mGFP (as in Figure 2B). At 3 h after the addition of EGF,
these analyses indicate that 6 or 12%, respectively, of the
total receptor is present in the ER. At 6 h, Metamorph
analysis indicates that ~25% of the total EGFR-mGFP is
present in the ER of EGF-treated cells. Because neither of
these methodologies is precise for quantitation, the values
are only approximate. Therefore, EGF receptor trafficking
from the cell surface to the ER is relatively slow and in-
volves, in the first hour, a small pool of internalized recep-
tor. Because most published trafficking studies of the EGF
receptor have focused on events within 1 h after growth
factor addition, it seems likely that the ER pool was too
small to be considered significant in previous investigations.

Interestingly, trafficking of SV40 and cholera toxin from
the cell surface to the ER is also on the order of 2-3 h
(Pelkmans et al., 2001; Fujinaga et al., 2003). In terms of a
mechanism of trafficking of the EGF receptor to the ER, little
is known, including whether the Golgi is an intermediate
(Figure 7). Others (Lo et al., 2006) have reported that the
receptor-mediated endocytosis and importin 8 are required
for nuclear localization of the EGF receptor and this is con-
sistent with trafficking to the ER after coated-pit internaliza-
tion (Figure 7).
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Figure 7. Schematic diagram of Sec6l-de-
pendent trafficking of EGF receptor from the
cell surface to the nucleus. Steps 1-4 represent
the well described binding of EGF to its recep-
tor, dimerization activation, translocation to
cell surface coated pits, and internalization.
Endosomal sorting directly to the ER or indi-
rectly via the Golgi is presented in steps 5-7.
ER association of the receptor with Sec61 (step
8) leads to retrotranslocation to the cytosol
(step 9) and association with HSP70 (step 10).
Interaction with importin B (Lo et al., 2006)
precedes nuclear localization (step 11) and in-
teraction with target promoters, such as cyclin
D (step 12). Because Lin et al. (2001) have
reported the presence of EGF in the nucleus,
the intact ligand receptor:complex is depicted.

A major obstacle in understanding trafficking to the nu-
cleus is reconciling a known mechanism with the fact that
the nuclear EGF receptor is a transmembrane domain-con-
taining molecule in a nonmembranous environment (Lin et
al., 2001). Sec61 provides a mechanism to extract the receptor
from its lipid bilayer. As part of the ERAD pathway, Sec61
retrotranslocates malfolded transmembrane proteins to the
cytosol for proteosomal degradation. This often requires a
cytoplasmic chaperone, such as HSP70 (Romisch, 2005),
which we have observed in in vitro assays. HSP70 may
simply function to prevent receptor aggregation in the cy-
tosol (Figure 7).

Efficient proteosomal degradation of retrotranslocated
glycoproteins requires the prior removal of N-linked oligo-
saccharides by peptide-N-glycanase (Hirsch et al., 2003). Gly-
coprotein substrates in the ERAD system contain only high-
mannose chains and peptide-N-glycanase exhibits a strong
preference for high-mannose oligosaccharide-containing
substrates. Therefore, the mature EGF receptor should be a
poor substrate for proteosomal degradation, and this may
indirectly promote receptor translocation to the nucleus.
Recently, EGF receptor has been reported to be associated
with mitochondria (Boerner et al., 2004), which could be
another trafficking site for retrotranslocated receptor.

That depletion of Sec61p abrogates not only nuclear local-
ization of the EGF receptor, but also EGF-dependent cyclin
D expression indicates that the Sec61 translocon participates
in a growth factor signal transduction pathway. Such a role
for Sec61 has not been reported previously for any receptor
signaling pathway. However, there is an increasing level of
evidence that EGF receptor trafficking and signaling are func-
tionally interrelated (Miaczynska et al., 2004a). In particular,
endocytosis of EGF receptors is required for nuclear transloca-
tion of STAT (Bild ef al., 2002) and APPL-1 (Miaczynska et al.,
2004b). Whether the Sec61 pathway also facilitates the de-
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livery of receptor-associated signaling molecules remains
unresolved.
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