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The ErbB3 receptor tyrosine kinase contributes to a variety of developmental processes, and its overexpres-
sion and aberrant activation promote tumor progression and therapeutic resistance. Accumulating evidence
suggests that tumor overexpression may be mediated by the loss of posttranscriptional negative regulatory
mechanisms, such as protein degradation, that normally keep receptor levels in check. Our previous studies
indicate that the RING finger E3 ubiquitin ligase Nrdpl, a protein lost in breast and other tumor types,
suppresses ErbB3 levels by mediating ligand-independent receptor ubiquitination and degradation. Here we
demonstrate that Nrdp1 preferentially associates with the nascent form of ErbB3 to accelerate its degradation,
and we show that the two proteins colocalize at the endoplasmic reticulum (ER). Blocking the exit of ErbB3
from the ER does not affect the ability of Nrdpl to mediate receptor ubiquitination or degradation, while
functional disruption of the conserved ER-associated degradation (ERAD) pathway ATPase VCP/p97 leads to
the Nrdpl-dependent accumulation of ubiquitinated ErbB3 but blocks receptor degradation. Further evidence
indicates that the ErbB3 targeted by Nrdp1 for degradation is properly folded and fully functional. Collectively,
these observations point to a novel mechanism of receptor tyrosine kinase quantity control wherein steady-

state levels of signaling-competent receptor are dictated by an ER-localized degradation pathway.

The maintenance of steady-state levels of ErbB family re-
ceptor tyrosine kinases in cells is critical for the fidelity of
signal transduction. Cells must maintain sufficient receptor
numbers to efficiently receive and propagate survival, prolifer-
ation, and differentiation signals while limiting receptor num-
bers to prevent hypersignaling that can lead to dysplasia or
malignancy. While gene expression certainly contributes to
receptor homeostasis, accumulating evidence suggests that
posttranscriptional mechanisms play key roles in determining
cellular receptor tyrosine kinase levels (12). Importantly, pro-
tein degradation is emerging as a primary mechanism by which
cells govern receptor quantity (6).

The canonical protein degradation mechanism governing
ErbB receptor content involves the endosomal sorting of ma-
ture receptors following their internalization from the cell sur-
face (26, 28, 30), a process thought to be dysregulated in
tumors (26). Upon internalization, receptors are trafficked to
endosomal compartments, where they are sorted for either
lysosomal degradation or recycling to the cell surface. The
efficiency with which receptors are sorted for degradation in
the absence of growth factor stimulation plays a major role in
determining receptor protein half-life and ultimately steady-
state receptor levels (33). This efficiency is often dramatically
increased upon growth factor stimulation, leading to negative-
feedback regulation of receptors and the suppression of fur-
ther signaling (30). Endosomal sorting of receptors is
thought to be carried out by E3 ubiquitin ligases, which
physically associate with receptors to mediate their ubiquiti-
nation and ultimate trafficking to lysosomes (6). An example
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is Cbl, a particularly well characterized ubiquitin ligase
whose recruitment to and ubiquitination of phosphorylated
epidermal growth factor receptor (EGFR) is thought to be
responsible for receptor downregulation following ligand
stimulation (10, 32).

Signaling by the ErbB3 receptor tyrosine kinase is crucial for
the proper development of several tissue types. The overex-
pression and aberrant activation in tumor cells of ErbB3, a
component of the ErbB2-ErbB3 oncogenic axis, are thought to
play a significant role in tumor malignancy (7, 18, 31) and also
to contribute to the resistance of tumors to targeted therapeu-
tics (2, 16, 19). Analyses of tumor samples from breast cancer
patients, as well as tumors derived from a mouse model of
ErbB receptor-driven breast cancer, suggest that a significant
proportion of the overexpressed ErbB3 observed in tumors
results from dysregulation of the posttranscriptional mecha-
nisms that normally keep ErbB3 protein levels in check (20, 25,
29). Nrdpl1 is a RING finger E3 ubiquitin ligase that associates
with and ubiquitinates ErbB3 in a ligand-independent manner
to regulate steady-state levels of the receptor (9, 27). Nrdpl
protein is suppressed in more than half of breast cancer patient
tumors, and its levels are strongly inversely correlated with
ErbB3 protein levels (36). Abrogation of Nrdpl function in
cultured breast cancer cells elevates ErbB3 levels 5- to 10-fold
and potentiates ErbB3 tyrosine phosphorylation, signaling
pathway usage, and cellular proliferation and motility in re-
sponse to the ErbB3 ligand neuregulin-1 (NRG1) (36). These
observations indicate that Nrdpl is a key component of a
posttranscriptional pathway that mediates the degradation of
the vast majority of signaling-competent ErbB3 receptors.

In the present study, we set out to analyze the cellular and
molecular mechanisms by which Nrdpl regulates ligand-inde-
pendent ErbB3 levels in cells. Surprisingly, we find that this
process does not involve lysosome-mediated degradation of
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the internalized mature receptor but instead acts on newly
synthesized receptors at the endoplasmic reticulum (ER).

MATERIALS AND METHODS

Reagents and cell culture. The antibodies used include mouse monoclonal
anti-Flag antibody M2 (Stratagene), antitubulin (Sigma), anti-ErbB3 antibodies
Ab-4 and Ab-6 (Thermo Scientific), anti-myc antibody 9E10 (Calbiochem), anti-
calnexin (BD Transduction Laboratories), anti-protein disulfide isomerase (anti-
PDI; Enzo Biosciences), rabbit polyclonal antibodies against ErbB3 (C-17) and
EGFR (1005) (Santa Cruz Biotechnology), and antibodies against green fluo-
rescent protein (GFP) and hemagglutinin (HA) (Invitrogen). The goat poly-
clonal antibody against glutathione S-transferase (GST) was from GE Health-
care. Horseradish peroxidase (HRP)-conjugated secondary antibodies and
fluorophore-conjugated secondary antibodies were purchased from Molecular
Probes (Invitrogen). Brefeldin A (BfA) was purchased from Sigma, and HRP-
conjugated streptavidin was purchased from Zymed (Invitrogen). The HEK-
293T, MCF7, T47D, and MDA-MB-453 cell lines were purchased from ATCC
and were maintained under an atmosphere of 10% CO, in Dulbecco’s modified
Eagle medium (DMEM) with 10% fetal calf serum (FCS) and 1% penicillin-
streptomycin (all medium components were from Invitrogen). Tran>*S-label
(containing *>S-labeled L-cysteine and L-methionine) was from MP Biomedicals.

Constructs, transient transfection, and viral transduction. Cells were tran-
siently transfected using FuGene-6 (Roche) according to the manufacturer’s
instructions. In those experiments where two or more plasmids were cotrans-
fected, equal amounts of each plasmid were used, and total amounts of DNA
transfected were 500 ng/well for 12-well plates and 5 pg/plate for 10-cm-diameter
dishes. Plasmids encoding wild-type Nrdpl, dominant negative Nrdpl (DN-
Nrdpl), and full-length ErbB3 have been described previously (9). Plasmids
encoding HA-labeled ubiquitin and myc-labeled Lrigl have been described else-
where (24). Wild-type valosin-containing protein (VCP) and dominant negative
VCP (VCP-QQ) cDNAs were obtained from Addgene and were directionally
subcloned into pcDNA3.1 using the Kpnl and EcoRV insertion sites. The
KDEL-GFP plasmid has been described previously (8), and the AF508-CFTR-
GFP plasmid was a gift from Ron Kopito. The pSuper-Nrdpl-shRNA1 (KD1)
plasmid for the silencing of Nrdpl has been described previously (36). For
pSuper-Nrdpl-shRNA4 (KD4), oligonucleotides GATCCCC GA CTA GAC
AGA TGA ACC GAC G TTCAAGAGA CG TCG GTT CAT CTG TCT AGT
C TTTTTA and AGCTT AAAAA GA CTA GAC AGA TGA ACC GAC G
TCTCTTGAA CG TCG GTT CAT CTG TCT AGT C GGG (underlining
indicates the targeting sequence of the shRNA) were first annealed and then
ligated into BglII/HindIII-cut pSuper.retro.neo.gfp. pSuper-scramble was de-
signed not to target any mRNA in the human transcriptome and was constructed
in the same manner as that described above by using oligonucleotides GATC-
CCC GG AAA CGA GGT TGA ATA CA T TCAAGAGA T GTA TTC AAC
CTC GTT TCC TTTTTA and AGCTTAAAAA GG AAA CGA GGT TGA
ATA CA TCTCTTGAA T GTA TTC AAC CTC GTT TCC GGG. Vectors
pMX-pie and pMX-pie-Nrdp1 have been described previously, and mass popu-
lations of stably transduced cells using these vectors were created as described
previously (36).

Immunoprecipitation and immunoblotting. Following treatments, cell mono-
layers were harvested using a cell scraper, pelleted, and snap-frozen in liquid
nitrogen. Pellets were resuspended in 1 ml of ice-cold lysis buffer containing 4
pg/ml each of the protease inhibitors aprotinin, pepstatin, leupeptin, and ami-
noethyl benzenesulfonyl fluoride. For the biotinylation and pulse-chase experi-
ments, radioimmunoprecipitation assay (RIPA) lysis buffer (50 mM Tris [pH
7.5], 0.1% sodium dodecyl sulfate [SDS], 1% NP-40, 0.5% sodium deoxycholate,
150 mM NaCl, 0.5 mM EDTA) containing protease inhibitors was used. For
ubiquitination experiments, RIPA buffer was used along with protease inhibitors,
5 mM N-ethylmaleimide, and 2 pM MG132. For coimmunoprecipitation exper-
iments, pellets were lysed in 1 ml co-IP buffer (20 mM Tris [pH 7.5], 150 mM
NaCl, 1 mM MgCl,, 1% NP-40, 10% glycerol) containing protease inhibitors and
1 mM each sodium orthovanadate and NaF. Fifty microliters of lysate was used
for immunoblotting, while the remainder was precleared with 50 pl of protein
G-agarose beads (Millipore). The precleared lysate was incubated for 2 h at 4°C
with either anti-ErbB3 antibody Ab-6 or anti-FLAG antibody M2, followed by
the addition of 50 pl of protein G-Sepharose beads and an additional 2 h of
incubation. Beads were washed three times with lysis buffer, and bound proteins
were released from beads by boiling in 100 wl of 2X Laemmli sample buffer.
Immunoprecipitates and input samples were resolved by SDS-polyacrylamide gel
electrophoresis (PAGE) and were electrophoretically transferred to nitrocellu-
lose membranes. Membranes were blocked using 5% nonfat dry milk in Tris-
buffered saline plus 0.1% Tween 20 (TBST) for 1 h, followed by overnight
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FIG. 1. Nrdpl suppresses levels of the receptor tyrosine kinase
ErbB3. (A to D) HEK-293T cells were transiently transfected with
Nrdpl-directed shRNAs (KD1 or KD4) or scrambled (scr) constructs
either alone (A) or along with Nrdp1-FLAG (B), ErbB3 (C), or myc-
Lrigl (D). (A) Real-time PCR analysis was carried out using total
RNA, and the relative quantities of the Nrdp1 transcript were plotted.
Error bars represent the standard errors for triplicate samples. (B to
D) Lysates were immunoblotted with antibodies to the indicated pro-
teins. (E) Cells transfected without or with ErbB3 and Nrdpl shRNA
constructs, as indicated, were treated for 2 min with the GST-NRG1
growth factor and were washed extensively prior to lysis. Lysates were
immunoblotted with the indicated antibodies.

30~

incubation in the primary antibody. Membranes were washed three times with
TBST and were incubated for 1 h in HRP-conjugated secondary antibodies
diluted in TBST. Washed membranes were developed using Pierce SuperSignal
West chemicals, and immunoreactive bands were visualized and quantified using
an Alpha Innotech imaging station with AlphaView SA software.

Immunofluorescence microscopy. For subcellular localization of Nrdpl and
ErbB3, COS7 or HEK-293T cells were plated onto coverslips in 6-well dishes and
were transfected with the indicated constructs. Twenty-four hours posttransfec-
tion, cells were fixed with 4% paraformaldehyde and were stained using anti-Flag
antibody M2, anti-ErbB3 antibody C-17, anti-calnexin, or anti-PDI as the pri-
mary antibody. Images were acquired on an Olympus FV1000 Spectral Scan
confocal microscope and were analyzed using Olympus FluoView software
(Olympus, Center Valley, PA). For surface-labeling experiments, HEK-293T
cells on glass coverslips were transfected with ErbB3 for 48 h and were then
treated with either a vehicle control or 1 pg/ml brefeldin A for 6 h. Coverslips
were rinsed three times in ice-cold phosphate-buffered saline (PBS) and were
transferred to ice-cold serum-free DMEM containing 1 pg/ml mouse antibody
Ab-4, directed against the extracellular domain of ErbB3, for 45 min. Coverslips
were rinsed three times in ice-cold PBS and were fixed for 20 min with 4%
paraformaldehyde in PBS at room temperature. Cells were then permeabilized,
blocked overnight in blocking solution (1% bovine serum albumin [BSA], 0.02%
sodium azide, 0.2% NP-40, 5% goat serum in PBS), and incubated for 1 h at
room temperature with rabbit anti-ErbB3 antibody C-17 to label total ErbB3.
Following incubation with fluorescent secondary antibodies and 4',6-diamidino-
2-phenylindole (DAPI), mounted slides were analyzed using an Olympus BX61
fluorescent microscope and SlideBook, version 4.1, imaging software (Intelligent
Imaging Innovations).

Biotinylation. HEK-293T cells in 10-cm-diameter plates were transfected with
5 pg ErbB3, and after 48 h, cells were treated with either a vehicle control or 1
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FIG. 2. Nrdpl does not accelerate the degradation of the major ErbB3 receptor species. (A) HEK-293T cells transiently cotransfected with
ErbB3 and the indicated knockdown constructs were treated for various times with 100 pg/ml cycloheximide (CHX). Lysates were immunoblotted
for the indicated proteins (left); the mature (upper) ErbB3 band was quantified, and the amount relative to that at the zero time point was plotted
(right). (B) 293T cells were transiently transfected with ErbB3 and Nrdpl constructs and were analyzed as described for panel A.

pg/ml brefeldin A for 6 h. Rinsed cells were then incubated for 45 min with 0.5
mg/ml biotin-X-N-hydroxysuccinimide (NHS) (Calbiochem) in borate buffer (10
mM boric acid, 150 mM NaCl [pH 8.0]) at 4°C. Biotinylated cells were washed
three times in ice-cold PBS containing 15 mM glycine to quench uncoupled
biotin and were harvested for immunoprecipitation of ErbB3.

Pulse-chase metabolic labeling. Forty-eight hours after transfection, HEK-
293T cells were incubated for 30 min in cysteine- and methionine-free DMEM
containing 10% dialyzed FCS. Tran*S-label (250 wCi) was then added to the
cells for the pulse period indicated in the figure legends, and cells were washed
once in warm PBS and were chased for various times with intact DMEM con-
taining 10% full FCS and 2 mM supplemental “cold” L-methionine and L-cys-
teine. Cells were then harvested for ErbB3 immunoprecipitation, SDS-PAGE,
and transfer to nitrocellulose filters, and labeled precipitated proteins were
imaged using a Molecular Dynamics Storm PhosphorImager and ImageQuant
analysis software. In all radiolabeling and immunoblotting experiments, esti-
mates of the molecular weight of ErbB3 were based on its mobility relative to
biotinylated molecular weight markers purchased from Cell Signaling Technol-
ogy. To assess the impact of wild-type and dominant negative Nrdpl on the
half-lives of mature and nascent ErbB3, data from four independent pulse-chase
experiments were quantified and averaged. Quantitative analysis was carried out
using nonlinear regression analysis. Curves were fitted by the least-squares
method to a single-phase exponential decay function, and curve slopes were
compared by an F-test to obtain P values.

Neuregulin-binding assay. Transfected HEK-293T cells were incubated with
25 nM GST-NRGI (13) for 2 min. Cells were then washed twice in ice-cold PBS
(supplemented with NaCl to a final concentration of 500 mM), and cleared
lysates were analyzed by immunoblotting.

Subcellular fractionation. HEK-293T cells cotransfected with wild-type Nrdp1
and ErbB3 were fractionated as described previously (11). Briefly, cell monolay-
ers were washed, harvested into ice-cold PBS, pelleted at 200 X g for 10 min, and
then resuspended in ice-cold lysis buffer (100 mM KCl, 5 mM MgCl,, 1 mM ATP,
25 mM Tris-HCI [pH 9.6], and 2 uM MG-132, plus protease inhibitors). Cells
were mechanically disrupted with a tight-fitting 7-ml Dounce homogenizer (50
strokes), and this homogenate was centrifuged at 1,000 X g for 5 min to obtain
a postnuclear supernatant (PNS). The PNS was then centrifuged at 100,000 X g
for 65 min in an SW41 Ti rotor to obtain the cytosolic fraction (supernatant) and
cell membranes (pellet). The membrane pellet was resuspended in a Percoll-

containing gradient solution as described previously (11), and subcellular mem-
branes were separated by ultracentrifugation at 100,000 X g for 21 min in an
SW41 Ti rotor. Membrane fractions were collected from the top of the gradient,
lysed in 1% NP-40 on ice for 10 min, and then centrifuged at 100,000 X g for 1 h
45 min in a Beckman type 50.2 Ti fixed-angle rotor to pellet the Percoll gradient
medium. Membrane proteins were then precipitated out of the solution using
trichloroacetic acid and were washed twice in ice-cold acetone before being
resuspended in Laemmli sample buffer.

Real-time PCR analysis. Total RNA was collected using the RNeasy Mini Kit
(Qiagen, Valencia, CA) according to the manufacturer’s protocol. The High-
Capacity cDNA reverse transcription kit (Applied Biosystems, Carlsbad, CA)
was used to convert 5 pg of total RNA into cDNA. Quantitative PCR amplifi-
cations were conducted in a Bio-Rad iCycler real-time PCR system using Ap-
plied Biosystems TaqgMan gene-specific primers and probes and TagMan Gene
Expression Master Mix. Message levels for Nrdpl and ErbB3 were normalized to
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) levels for each sample.

RESULTS

Nrdp1 suppresses the levels of active ErbB3 in cells but does
not accelerate the degradation of the major receptor species.
To begin to examine the molecular and cellular mechanisms
underlying Nrdpl-mediated ErbB3 degradation, we first devel-
oped reagents that efficiently and reliably knock down Nrdpl
in cells. While the low abundance of endogenous Nrdpl pro-
tein in many cell lines makes detection difficult (34), we ob-
served that the short hairpin oligonucleotides KD1 and KD4,
derived independently from retroviral vectors, very efficiently
suppressed endogenous Nrdpl transcripts (Fig. 1A) and
cotransfected FLAG-tagged protein (Fig. 1B) in HEK-293T
cells. Both short hairpin RNAs (shRNAs) elevated levels of
cotransfected ErbB3 at least 5-fold (Fig. 1C) but had no effect
on cotransfected Lrigl (Fig. 1D), an unrelated transmembrane
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protein (15, 24). Importantly, Nrdpl knockdown concomi-
tantly elevated ErbB3 levels and enhanced the ability of cells to
bind GST-tagged NRG1 growth factor (Fig. 1E), indicating
that the receptor population eliminated by Nrdpl action is
capable of ligand binding at the cell surface. Taken with our
previous observations that Nrdpl knockdown or dominant
negative expression markedly potentiates NRG1-induced sig-
naling, proliferation, and motility in MCF7 breast cancer cells
(36), these observations indicate that Nrdpl very efficiently
mediates the degradation of properly folded, signaling-compe-
tent ErbB3 receptor.

If Nrdpl behaves canonically and mediates the sorting of
internalized ErbB3 receptors to lysosomes for degradation, we
predict that the ligase would accelerate the degradation of the
fully glycosylated mature form of the protein. Surprisingly,
Nrdpl knockdown had no effect on the stability of the major
mature receptor species after inhibition of translation by cy-
cloheximide (Fig. 2A). Likewise, while overexpression of wild-
type or dominant negative Nrdpl suppressed or elevated
steady-state ErbB3 levels, respectively, neither affected the
rate of mature receptor degradation (Fig. 2B). These observa-
tions strongly suggest that Nrdpl influences receptor quantity
through a mechanism independent of the endosomal sorting of
mature receptors.

Nrdpl interacts with nascent ErbB3 at the endoplasmic
reticulum. To determine the cellular site of Nrdpl action, we
used confocal immunofluorescence microscopy to localize
FLAG-tagged Nrdpl with organelle markers in transiently
transfected cells. Unexpectedly, we observed extensive colocal-
ization of Nrdpl with the ER markers calnexin and protein
disulfide isomerase (PDI) in transiently transfected 293T cells
(Fig. 3A). Moreover, in transiently transfected COS7 cells,
ErbB3 and Nrdpl colocalized with each other and with GFP-
KDEL (Fig. 3B), a commonly employed ER marker consisting
of green fluorescent protein fused to the KDEL endoplasmic
reticulum retention signal downstream of the prolactin leader
sequence (8). For the quantitative assessment of ErbB3 and
Nrdpl localization at the ER, we employed Percoll density
centrifugation to fractionate membranous organelles after cel-
lular disruption (see reference 11). As shown in Fig. 3C, the
plasma membrane marker EGFR was present at the top of the
gradient (fraction 1) while the ER marker calnexin was present
largely at the bottom of the gradient (fraction 11). Interest-
ingly, the majority of the Nrdpl and 16% of the total ErbB3
cofractionated with calnexin. Moreover, the ErbB3 present in
the ER-containing fraction was an undersized form of the
receptor (see below). Together, the observations illustrated in
Fig. 3 point to the possibility that Nrdp1 acts on ErbB3 at the
endoplasmic reticulum.

ErbB3 exists as multiple species in many cell types: the
major high-molecular-weight species (210 kDa) analyzed in the
experiments for which results are shown in Fig. 2, as well as
minor lower-molecular-weight species (170 and 190 kDa). The
stabilization of both the lower- and higher-molecular-weight
forms of ErbB3 by the proteasome inhibitor MG132 (Fig. 4A
to C), together with the lack of effect of the lysosome inhibitor
chloroquine (Fig. 4C), suggests that proteasomal degradation
plays the predominant role in suppressing cellular ErbB3 lev-
els. Interestingly, despite a 10-fold greater prevalence of the
high-molecular-weight form of ErbB3, Nrdpl-FLAG specifi-

MoL. CELL. BIOL.

A 293T: Nrdp1

B COS7: ErbB3 + Nrdp1 + KDEL
KDEL

ErbB3 FLAG

merges

fraction #

12 3 4 56 6 7 8 9 10 11

' -4 -J ErbB3

. FLAG
P : ¥ EGFR

@ | calnexin
GAPDH

cytosol

200~

i

IW| ¢ |3@ Pns

o O

FIG. 3. Nrdpl and ErbB3 colocalize at the endoplasmic reticulum.
(A) 293T cells were transiently transfected with Nrdp1-FLAG, and its
colocalization with endogenous calnexin (top) and PDI (bottom) was
examined by confocal indirect immunofluorescence microscopy.
(B) COS7 cells were cotransfected with GFP-KDEL, ErbB3, and
Nrdp1-FLAG. (Top) The localization of each was determined by con-
focal microscopy. (Bottom) The colocalization of proteins was dem-
onstrated by merging red and green pseudocolored channels. (C) 293T
cells were transiently transfected with Nrdp1-FLAG and ErbB3, and
cellular fractionation was carried out by differential centrifugation and
Percoll gradient centrifugation. The postnuclear supernatant (PNS),
cytosolic, and Percoll gradient fractions were immunoblotted with the
indicated antibodies.

cally associated with the lower-molecular-weight species by
coimmunoprecipitation in HEK-293T cells (Fig. 4A). Like-
wise, Nrdp1-FLAG specifically associated with the endogenous
low-molecular-weight ErbB3 species in T47D (Fig. 4B) and
MDA-MB-453 (not shown) breast cancer cells.

The simplest explanation for these observations is that
Nrdpl interacts with newly synthesized ErbB3 at the ER prior
to its transport to the Golgi apparatus, where additional gly-
cosylation increases its molecular weight. To determine
whether the low-molecular-weight species are indeed precur-
sors of the higher-molecular-weight form, we used pulse-chase
experiments with [**S]methionine-cysteine metabolic labeling
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FIG. 4. Nrdpl preferentially interacts with newly synthesized ErbB3. (A) HEK-293T cells cotransfected with Nrdp1-FLAG and ErbB3 were
treated with the vehicle dimethyl sulfoxide (=) or 5 pM MG132 (+) for 8 h. Cleared lysates and anti-FLAG or control anti-myc immunopre-
cipitates (IPs) were immunoblotted with antibodies to the indicated proteins. (B) T47D cells stably transduced with the Nrdp1-FLAG retrovirus
were similarly treated without or with MG132 and were analyzed as described for panel A. (C) 293T cells transiently transfected either with ErbB3
alone or with ErbB3 together with Nrdp1-FLAG were treated with the vehicle, MG132, or chloroquine (CQ), and lysates were blotted with the
indicated antibodies. (D) HEK-293T cells transiently transfected with ErbB3 were pulse-labeled for 20 min with [>*S]methionine-cysteine and were
then chased with excess unlabeled methionine-cysteine. Cleared lysates from cells harvested at the indicated times were immunoprecipitated with

anti-ErbB3 antibodies and were analyzed by autoradiography.

to follow the fate of newly synthesized ErbB3. As shown in Fig.
4D, a 20-min pulse with radiolabeled amino acids labeled the
low-molecular-weight (170- and 190-kDa) forms of ErbB3. A
chase as long as 2 h with unlabeled amino acids resulted in a
shift in the label to a higher form, consistent with the notion
that the lower-molecular-weight ErbB3 species are precursors
of the heavier mature species. With longer chase times, such as
4 h, the abundance of label in the higher-molecular-weight
form subsided, presumably the result of its normal degrada-
tion. Overall, these observations are consistent with the notion
that Nrdp1 preferentially interacts with the immature, newly
synthesized ErbB3 population within the endoplasmic reticu-
lum.

Nrdp1 shortens the half-life of newly synthesized ErbB3. If
Nrdpl regulates ErbB3 levels by acting at the ER, we would
predict that blocking receptor exit from the ER would have
little impact on Nrdpl-mediated ErbB3 ubiquitination or deg-
radation. To examine the impact of Nrdpl on ER-localized
ErbB3, we employed the macrocyclic lactone antibiotic brefel-
din A (BfA), which inhibits the transport of newly synthesized
membrane proteins from the ER to the Golgi apparatus (23).
As expected, treatment of cells for 6 h with BfA very efficiently
inhibited the biotinylation of cell surface ErbB3 (Fig. 5A) and
caused the accumulation of receptors in a perinuclear com-
partment (Fig. 5B) that contains the ER marker calnexin (Fig.
5C). Mature receptors were degraded over the course of BfA
treatment, leaving only the newly synthesized ErbB3 form (Fig.

5A). However, BfA-mediated blockade of ErbB3 exit from the
ER had no impact on the ability of Nrdp1 to mediate receptor
ubiquitination or suppression (Fig. 6A). Moreover, elevation
of ErbB3 levels upon Nrdpl knockdown occurred in the pres-
ence of BfA (Fig. 6B), indicating that the Nrdpl-mediated
degradation of ErbB3 occurs at the endoplasmic reticulum.

To rigorously assess the impact of Nrdp1 on the degradation
of the nascent and mature ErbB3 forms, we coupled metabolic
pulse-chase labeling with brefeldin A treatment. In the exper-
iment for which results are shown in Fig. 7A, HEK-293T cells
transiently cotransfected with ErbB3 and either an empty vec-
tor, wild-type Nrdpl, or DN-Nrdp1 were pulse-labeled for 2 h
and were then chased for the indicated times in a medium
containing BfA. The presence of BfA in the chase medium
prevented the conversion of the immature forms (Fig. 7A,
lower band) to the mature form (upper band) during the chase
period, allowing simultaneous and independent assessment of
the degradation of both ErbB3 species. Quantification of the
bands (Fig. 7B) revealed that while neither construct affected
the rate of degradation of mature ErbB3, wild-type Nrdpl and
DN-Nrdpl1 accelerated and suppressed the degradation rate of
immature ErbB3, respectively.

Our observations with transiently transfected HEK-293T
cells indicate that the Nrdp1 ubiquitin ligase specifically accel-
erates the degradation of the newly synthesized ErbB3 popu-
lation. To confirm that endogenous ErbB3 is targeted by
Nrdpl at the ER, we addressed the impact of BfA treatment
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FIG. 5. Brefeldin A (BfA) blocks the exit of ErbB3 from the ER. (A) HEK-293T cells transfected with ErbB3 were treated without or with BfA;
surface proteins were biotinylated; and cleared lysates (left) were immunoprecipitated (IP) with anti-ErbB3 antibodies (right). Precipitates were
blotted with streptavidin (strept) and anti-ErbB3. (B) 293T cells transiently transfected with ErbB3 were treated either with the vehicle control
(left) or with 1 pwg/ml brefeldin A (right) for 6 h and were immunostained for surface (red) (top) or both surface and total (green) ErbB3 (bottom).
DAPI staining of nuclei is shown in blue. (C) 293T cells transfected with ErbB3 were treated without (top) or with (bottom) BfA, and confocal
immunofluorescence microscopy was used to examine the colocalization of ErbB3 with endogenous calnexin.

on Nrdpl-mediated ErbB3 loss in MCF7 and MDA-MB-453
breast cancer cells. MCF7 cells express modest levels of ErbB3
protein, and knockdown of endogenous Nrdpl markedly ele-
vated steady-state receptor levels even in the presence of BfA
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FIG. 6. Disruption of ErbB3 exit from the ER does not disrupt
Nrdpl-mediated receptor ubiquitination or degradation. (A) HEK-293T
cells were transiently cotransfected with ErbB3 and HA-ubiquitin (HA-
ub), along with vector control or Nrdpl constructs. Cells were then
treated with the vehicle control or 1 pg/ml brefeldin A for 6 h; ErbB3 was
immunoprecipitated (IP) from cleared lysates; and lysates (left) and pre-
cipitates (right) were blotted with the indicated antibodies. (B) HEK-
293T cells transiently transfected with ErbB3 and the indicated knock-
down constructs were either left untreated (0 h) or treated for 3 or 6 h
with 1 pg/ml brefeldin A. Lysates were blotted for the indicated proteins.

scrambled

(Fig. 8A). Likewise, Nrdp1 expression suppressed endogenous
ErbB3 in MDA-MB-453 cells independently of BfA treatment
(Fig. 8B), indicating that ER-localized Nrdpl effects on the
receptor are not an outcome of ErbB3 receptor transfection or
overexpression.

VCP activity is necessary for Nrdpl-mediated ErbB3 degra-
dation. The localization of Nrdpl function to the ER, coupled
with the dependence of ErbB3 levels on the proteasome, sug-
gests that the ER-associated degradation (ERAD) pathway
could be involved in regulating ErbB3 stability. To begin to
explore the relationship between ErbB3 degradation at the ER
and the ERAD pathway, we asked whether a dominant nega-
tive form of the necessary ERAD component VCP (DN-VCP)
that lacks ATPase activity interferes with Nrdpl-induced
ErbB3 degradation. In accordance with the findings of previ-
ous studies (35), we observed that expression of DN-VCP, but
not that of wild-type VCP, stabilized a canonical ERAD sub-
strate (GFP-tagged CFTR-AF508) (Fig. 9A), underscoring the
requirement for VCP in the ERAD pathway. Expression of
Nrdp1 had no effect on CFTR-AF508 stability, indicating that
the ligase likely does not play a universal role in ERAD path-
way-mediated degradation.

We further observed that DN-VCP markedly stabilized
ErbB3 (Fig. 9B), particularly the nascent form, suggesting that
newly synthesized ErbB3 could be an ERAD substrate. Impor-
tantly, Nrdpl-mediated ErbB3 loss was abrogated by DN-
VCP, indicating that VCP acts downstream of Nrdpl in the
ErbB3 degradation pathway. Wild-type VCP had no effect on
ErbB3 levels relative to the vector control (not shown), sug-
gesting that endogenous VCP levels are sufficient for full
ErbB3 degradation activity. Interestingly, Nrdpl-mediated
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FIG. 7. Nrdpl specifically accelerates the degradation of immature ErbB3. Cells transiently transfected with ErbB3 along with either an empty
vector, wild-type (wt) Nrdp1, or dominant negative Nrdp1 (DN-Nrdp1) were metabolically pulse-labeled for 2 h with [**S]methionine-cysteine (at
time point zero) and were chased in the presence of 1 pwg/ml brefeldin A for the indicated times. (A) Cleared lysates were immunoprecipitated
with anti-ErbB3 antibodies (bottom) and were analyzed by autoradiography (top). *, mature ErbB3; **, immature ErbB3. Wild-type Nrdpl in
lysates is observed immediately above a nonspecific band (arrow). (B) Quantification of the radioactivity associated with mature and immature
ErbB3 bands from four independent pulse-chase experiments. Curves show the fits of average values to an exponential decay function. P values
for the differences between the vector and wt Nrdpl, and between the vector and DN-Nrdpl, are given.

ErbB3 ubiquitination was markedly potentiated by DN-VCP
(Fig. 9C), suggesting that the ErbB3 population ubiquitinated
by Nrdpl is normally degraded in a VCP-dependent manner
and that receptor ubiquitination by Nrdpl precedes receptor
translocation by VCP. These observations indicate that VCP is
an essential component of the Nrdpl-mediated ErbB3 degra-
dation pathway.

DISCUSSION

Collectively, the observations outlined here define a novel
receptor tyrosine kinase protein degradation cascade that we
call the Nrdpl-valosin-containing protein (VCP) pathway,
where newly synthesized ErbB3 is recognized and ubiquiti-
nated by Nrdpl to elicit its VCP-mediated proteasomal deg-
radation. Blockage of this pathway by proteasome inhibition,
VCP inhibition, or Nrdpl knockdown leads to the dramatic
accumulation of both nascent and mature ErbB3, pointing to
the remarkable potency of Nrdp1-VCP in keeping ErbB3 lev-
els in check. To our knowledge, ErbB3 is the first example of
a receptor tyrosine kinase whose steady-state levels are criti-
cally regulated at the endoplasmic reticulum. These observa-
tions challenge the widely held notion that the posttranscrip-
tional regulation of cellular receptor tyrosine kinase levels is

mediated predominantly via lysosomal degradation of internal-
ized cell surface receptors.

Roughly one-third of eukaryotic proteins are synthesized in
the ER prior to their trafficking via the secretory pathway to
their final cellular destinations (4). As a primary site of protein
synthesis, the ER harbors a number of pathways collectively
called endoplasmic reticulum quality control (ERQC) that en-
sure the production of intact, active products by facilitating the
folding of newly synthesized proteins and promoting the de-
struction of their misfolded counterparts. While much of the
ERQC system is composed of chaperones and components
dedicated to facilitating proper folding, the ERAD arm of
ERQC is responsible for the degradation of misfolded proteins
whose accumulation could cause damage to the cell. ERAD is
initiated upon the ubiquitination of a target protein, marking it
for retrotranslocation out of the ER and into the cytosol,
where it is ultimately degraded by the proteasome. One of the
key functional components of the ERAD pathway is VCP (also
known as p97), an AAA-ATPase required for the extraction of
ERAD substrates from the ER prior to their delivery to cyto-
solic proteasomes for destruction (21, 35).

The relationship of the Nrdpl-VCP pathway to ERAD re-
mains an interesting question. While a crucial element of
ERAD is employed in mediating ErbB3 degradation, the in-
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ability of Nrdpl1 to act on a canonical ERAD substrate, as well
as the action of Nrdpl-VCP toward a properly folded sub-
strate, calls into question the fit of Nrdpl-VCP to the tradi-
tional view of ERAD. However, work over the past several
years has uncovered roles for ERAD in protein quantity con-
trol, where the ERAD machinery is used to control levels of
native or properly folded proteins (4, 17). For example, intact
apolipoprotein B, the major structural component of low-den-
sity and very low density lipoproteins, is efficiently degraded by
hepatocyte ERAD if insufficient cholesterol is available for
transport (3). In contrast, 3-hydroxy-3-methylglutaryl-coen-
zyme A reductase (HMG CoA reductase), the rate-limiting
enzyme in the biosynthesis of cholesterol and its sterol precur-
sors, is efficiently degraded by ERAD upon accumulation of
excess sterols (22). ER-localized inositol trisphosphate (IP;)
receptors, responsible for the release of Ca®" from the ER,
undergo ERAD-mediated degradation following their activa-
tion (1). Finally, the half-life of type 2 iodothyronine deiodi-
nase (D2), an ER-resident enzyme responsible for the conver-
sion of the thyroid prehormone thyroxine (T4) to the active
hormone triiodothyronine (T3), is shortened as a result of
T4-induced ubiquitination and subsequent ERAD (14).

In each of these instances, ERAD-mediated degradation of
the biologically active substrate is a highly regulated process
and is influenced by proteins specifically committed to medi-
ating the stability of that substrate. We envision a model where
Nrdp1 fulfills the role of the committed regulatory component,
plugging into the ERAD machinery to rid the cell of ErbB3
when signaling by the receptor is counterproductive. The fac-
tors that regulate Nrdpl-mediated ErbB3 degradation remain
a question. It appears that a major mechanism of Nrdpl reg-
ulation is its own lability by autoubiquitination (34), which is
often dramatically enhanced in tumor cells over that in non-
transformed cells (20). We suspect that normal cells harbor

pathways that promote Nrdpl stability and that key compo-
nents of these pathways are disrupted in tumors. Efforts are
under way to identify cellular components that contribute to
Nrdpl stability and to characterize environmental conditions
to which these components respond.

It should be noted that although Nrdpl colocalizes and
cofractionates with the endoplasmic reticulum under the con-
ditions described here, its localization and function may not be
restricted to the ER under all circumstances. Our previous
studies indicate that NRG1 stimulation of ErbB3 in MCF7
breast tumor cells accelerates the degradation of the mature
receptor in an Nrdpl- and lysosome-dependent manner (5).
Part of this effect was ascribed to growth factor-stimulated
stabilization of the ligase; ligand-induced elevation of Nrdpl
levels accelerates the ubiquitination and degradation of inter-
nalized ErbB3. Our results described here suggest that ligand
stimulation may also prompt the relocalization of a population
of Nrdpl from the ER to the late endosome, where it can
ubiquitinate mature ErbB3 to signal its trafficking to the lyso-
some. The mechanisms by which growth factor stimulation can
coopt the function of a factor that controls basal receptor
levels to elicit the downregulation of activated receptors re-
main to be fully explored.

The advantage of employing the ERAD system to degrade
newly synthesized receptors (rather than using the lysosomal
system to degrade internalized mature receptors) for the reg-
ulation of overall ErbB3 levels is unclear. However, one pos-
sibility could be that the destruction of unnecessary receptors
prior to their arrival at the cell surface prevents aberrant sig-
naling by any residual ligand. Such a notion would predict that
receptor tyrosine kinases whose ligands are deposited on the
extracellular matrix are strong candidates for ER-mediated
quantity control.

Overall, our observations uncover a previously unappreci-
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FIG. 9. Nrdpl acts upstream of VCP to regulate the quantities of ErbB3 in cells. (A) HEK-293T cells were transiently transfected with
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ated role for the endoplasmic reticulum in regulating receptor
tyrosine kinase abundance, and they underscore a role for
ER-based processes in tumor development. Whether other
receptor tyrosine kinases are similarly regulated at the ER, and
the mechanisms by which such processes are regulated in non-
transformed cells, remain questions for the future.
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