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The molecular mechanisms underlying epidermal growth factor (EGF) receptor tyrosine kinase down-
regulation in response to growth factor binding are coming into focus and involve cbl-mediated receptor
ubiquitination followed by lysosomal degradation. However, mechanisms underlying the ligand-stimulated
degradation of the related receptor tyrosine kinases of the ErbB family do not involve cbl and remain
unexplored. Previous studies have demonstrated that the E3 ubiquitin ligase Nrdp1 contributes to the main-
tenance of steady-state ErbB3 levels by mediating its growth factor-independent degradation. Here we dem-
onstrate that treatment of cells with the ErbB3 ligand neuregulin-1 (NRG1) stabilizes the deubiquitinating
enzyme USP8, which in turn stabilizes Nrdp1. The catalytic activity of USP8 is required for NRG1-induced
Nrdp1 stabilization. We provide evidence that Akt-mediated phosphorylation of USP8 threonine residue T907
contributes to USP8 stability. Finally, we demonstrate that Nrdp1 or USP8 knockdown suppresses NRG1-
induced ErbB3 ubiquitination and degradation in MCF7 breast cancer cells. We conclude that an NRG1-
induced protein stability cascade involving USP8 and Nrdp1 mediates the down-regulation of ErbB3. Our
observations raise the possibility that the ligand-induced augmentation of pathways involved in the mainte-
nance of basal levels of receptor tyrosine kinases can contribute to ligand-stimulated down-regulation.

The ErbB family of receptor tyrosine kinases (RTKs) con-
sists of four members (epidermal growth factor [EGF] recep-
tor, ErbB2, ErbB3, and ErbB4) that play essential roles in a
variety of developmental processes (7, 8, 15, 49). Years of
accumulating evidence also implicate the aberrant activation of
ErbB receptors in the malignancy of various human tumors.
The overexpression of EGF receptor, ErbB2, and ErbB3 has
been observed in numerous solid tumor types and correlates
with a high degree of receptor activation (21). For example,
amplification of the erbB2 gene is observed in 25 to 30% of
breast cancer patients, and overexpression of the product cor-
relates with an earlier relapse and poor prognosis (46, 47).
ErbB2 is a validated target for therapeutic intervention, and a
number of antibody and small-molecule agents are either al-
ready in clinical use or under development for the treatment of
patients whose tumors overexpress ErbB2 (35).

The members of the ErbB receptor family undergo a net-
work of homo- and heterodimerization events as part of their
signaling mechanism. Particularly noteworthy is a strong pro-
pensity of ErbB2 to heterodimerize with and activate ErbB3
(3, 9, 37, 42). Since ErbB3 lacks intrinsic tyrosine kinase activ-
ity (16) and no diffusible ligand that binds to ErbB2 has been
described, these two receptors must necessarily collaborate in
propagating signals in response to growth factors such as the
ErbB3 ligand neuregulin-1 (NRG1) ( 9, 48). In vitro, ErbB2
and ErbB3 synergize in promoting the growth and transforma-
tion of cultured fibroblasts (2, 10) and the proliferation of
breast tumor cells (20). Several studies suggest that the two
receptors synergize in mediating increased invasiveness in-

duced by NRG1 in breast tumor cell lines (1, 19, 56), and
numerous studies have also established a strong link between
the coordinate overexpression and activation of ErbB2 and
ErbB3 in breast tumor cell lines and in patient samples (26, 36,
40, 45). Moreover, ErbB3 overexpression and activation is also
observed in mammary tumors from transgenic mice generated
by overexpressing Neu/ErbB2 (45). Interestingly, ErbB3 over-
expression in these tumors appears to be at the protein level;
ErbB3 message remains constant in normal and tumor tissue
(45). On the basis of such expression studies, it has been
suggested that the ErbB3 protein may also be used as a marker
for patient prognosis (36) and that ErbB3 may contribute to
the progression of ErbB2-overexpressing breast tumor cells
from noninvasive to invasive states.

Growth factor receptors are subject to a number of negative
regulatory mechanisms that prevent the hyper-signaling asso-
ciated with disease, and it is likely that tumor cells must sup-
press these mechanisms as part of their receptor-dependent
growth program (51). One of the primary mechanisms by
which cells negatively regulate receptor activity is through re-
ceptor degradation. Recent studies point to a key role for
ubiquitination in the down-regulation and degradation of a
variety of plasma membrane proteins (25), including RTKs
(44). Upon growth factor binding, many RTKs localize to
clathrin-coated pits, become internalized, and are delivered
to endosomes. Receptors are sorted in endosomes according to
whether they are to be recycled to the cell surface or degraded in
lysosomes. Ligand binding stimulates the multiple mono-
ubiquitination of EGF receptor (17), and it has been demon-
strated that monoubiquitination is sufficient to drive EGF re-
ceptor internalization and degradation (17, 34). Moreover,
growth factor-stimulated monoubiquitination of endosomal
sorting accessory proteins may regulate their function as ubiq-
uitin receptors (13, 18), underscoring the central role of pro-
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tein ubiquitination in receptor trafficking and degradation.
Very recent evidence suggests that EGF also stimulates the
K63 polyubiquitination of the EGF receptor as well (23), al-
though the function of this modification is unknown.

Ubiquitination of EGF receptor is mediated, at least in part,
by the RING finger E3 ubiquitin ligase cbl. cbl is recruited to
the receptor in an activation-dependent manner by the binding
of its tyrosine kinase binding domain to phosphorylated ty-
rosine 1045 of the EGF receptor (52). Recruited cbl becomes
tyrosine phosphorylated by the receptor, activating its ubiq-
uitin ligase activity (28, 29). cbl is then thought to ubiquitinate
the receptor on kinase domain lysine residues to mediate re-
ceptor trafficking to multivesicular bodies for ultimate degra-
dation in the lysosome (17, 23). A number of studies point to
the notion that the escape of RTKs from cbl-mediated down-
regulation promotes cellular growth properties associated with
oncogenesis (11, 28, 29, 38, 41). Interestingly, cbl has been
reported not to be an efficient substrate of the other ErbB
family receptors under physiological conditions (27). These
observations are consistent with reports that ErbB2, ErbB3,
and ErbB4 may not undergo significant ligand-induced down-
regulation (4, 5) and underscore the importance of other pro-
teins or mechanisms in keeping these receptors in check.

Our previous studies have implicated the RING finger E3
ubiquitin ligase Nrdp1 (neuregulin receptor degradation pro-
tein-1) as a key component in a pathway responsible for main-
taining steady-state levels of ErbB3 and ErbB4 (12). Nrdp1
binds to these receptors independently of growth factor stim-
ulation and promotes their degradation by mediating their
ligand-independent ubiquitination (39). We have also ob-
served that Nrdp1 is labile in cells and that its stability can be
markedly and specifically enhanced by the deubiquitinating
enzyme USP8 (55). Here we demonstrate that the stabilities of
both USP8 and Nrdp1 are regulated by NRG1, and these
components encompass a pathway that contributes to the li-
gand-induced down-regulation of ErbB3.

MATERIALS AND METHODS

Antibodies and cell culture. Mouse antibody to FLAG epitope (M2) and
mouse anti-�-actin AC-15 were purchased from Sigma. Antibody to V5 epitope
(immunoglobulin G2a [IgG2a]) was purchased from Invitrogen. Mouse anti-
green fluorescent protein (GFP) and rabbit anti-ErbB3 antibody C-17 were from
Santa Cruz Biotechnology. Rabbit anti-phospho-Akt (Ser 473) was from Cell
Signaling Technology, and antihemagglutinin (anti-HA) epitope antibody
(12CA5; IgG2b) was from Boehringer Mannheim. Antiubiquitin antibody was
from Covance. Horseradish peroxidase-conjugated goat anti-mouse IgG and
goat anti-rabbit IgG were from Zymed and Chemicon, respectively. Fluorescent
secondary antibodies to mouse IgG2a and IgG2b were from Molecular Probes.
Affinity-purified rabbit antibodies to Nrdp1 and USP8 were described previously
(12, 55). 293T, COS7, and MCF7 cells from the ATCC were maintained in
Dulbecco’s modified Eagle’s medium supplemented with 10% fetal bovine serum
and penicillin and streptomycin antibiotics in 10% CO2. Construction and puri-
fication of the recombinant bacterially expressed beta isoform of NRG1 was
previously described (14).

Plasmids. Plasmids encoding human ErbB2, human ErbB3, and human Nrdp1
C-terminally tagged with the FLAG epitope have been previously described (12).
The pEGFP-C1 vector for GFP expression was from Clontech. Mouse wild-type
and C748A USP8 tagged at the C terminus with the V5 epitope were previously
described (55). A T907A point mutation of USP8 was created using a
QuikChange site-directed mutagenesis kit (Stratagene) according to the direc-
tions of the manufacturer. HA-tagged rat dominant negative Akt1 (K179M,
T308A, S473A [24]) and HA-tagged constitutively active (�PH-myr-Akt) human
Akt1, both in the pAdTrack-CMV plasmid, were the kind gifts of Toshiyuki
Obata.

Transfection, immunoblotting, and coimmunoprecipitation. Transfections
were carried out using Fugene6 (Roche) according to the directions of the
manufacturer, and cells were allowed to express protein for 24 h following
transfection. Dishes were treated with 50 nM NRG1 or control as indicated in
the figure legends. For immunoblotting experiments, cells in six-well dishes were
lysed in 350 �l sodium dodecyl sulfate-polyacrylamide gel electrophoresis sample
buffer. Lysates were resolved by dodecyl sulfate-polyacrylamide gel electrophore-
sis, transferred to nitrocellulose, and blotted with the antibodies indicated in the
figures. Detection was carried out using horseradish peroxidase-conjugated sec-
ondary antibodies. Chemiluminescent images were captured using an Alpha
Innotech imaging station and quantified using FluorChem software. For coim-
munoprecipitation experiments, 293T cells in 100-mm dishes were transfected as
described above. Twenty-four hours posttransfection, cells were lysed with im-
munoprecipitation buffer (20 mM Tris, pH 7.4, 150 mM NaCl, 1 mM MgCl2, 1%
NP-40, 10% glycerol, 1 mM Na3VO4, 1 mM NaF, 1 mM ZnCl2, and 4 �g/ml
[each] of aprotinin, pepstatin, leupeptin, and aminoethyl benzenesulfonyl fluo-
ride). Cleared lysates were immunoprecipitated with 1.5 �g anti-V5 antibody.
Proteins in precipitates were blotted as described above.

Immunofluorescence. Cells were seeded onto coverslips in six-well dishes,
grown overnight, and transfected as described above. Cells were rinsed with
phosphate-buffered saline, fixed with 4% paraformaldehyde for 20 min, and then
immunostained using primary antibodies for 1 h at room temperature. After
three washes with phosphate-buffered saline, Alexa Fluor 488- or Alexa Fluor
546-conjugated secondary antibodies (Molecular Probes) were applied for 1 h at
room temperature. Receptors were visualized using an Olympus BX61 fluores-
cence microscope by capturing 12 z-plane images at 0.5-�m intervals encompass-
ing the depth of the cell. Flat-field-corrected image stacks were deconvolved by
the constrained iterative method to mathematically remove out-of-focus light
from the fluorescent image set using SlideBook 4.1 software (Intelligent Imaging
Innovations), resulting in confocal-quality images of protein localization in three
dimensions. PS-Speck green and orange fluorescent beads (Molecular Probes)
were used to generate the point spread functions used in deconvolutions.

RNAi. For Nrdp1 short-hairpin RNA interference [shRNAi] oligonucleotide
expression, annealed oligonucleotides 5�-gatccccGTACCTCGGATCATGCGG
AACttcaagagaGTTCCGCATGATCCGAGGTACTtttta-3� and 5�-agcttaaaaAG
TACCTCGGATCATGCGGAACtctcttgaaGTTCCGCATGATCCGAGGTA
Cggg (uppercase sequences are directed toward identical sequences in human,
mouse, cow, and dog Nrdp1) were ligated into the BglII/HindIII sites of the
pSuper.retro.neo�gfp vector (OligoEngine, Seattle, WA). 293GPG packaging
cells were cotransfected with a retroviral vector and the pJ6�bleo plasmid (kind
gift of Richard C. Mulligan) using Fugene 6, followed by selection with 100 �g/ml
phleomycin (Zeocin; Invitrogen). Stably transfected packaging cell pools were
sorted by fluorescence-activated cell sorting, and highly fluorescent cells were
maintained in phleomycin. Virus production was initiated by tetracycline re-
moval from the medium for 48 h. Collected medium was filtered using a 0.45-�m
syringe filter and used in the infection of MCF7 cells. Forty-eight hours postin-
fection, MCF7 cells were selected in 800 �g/ml G418 and stable cell pools were
kept for further analysis.

For shRNAi USP8 expression, the annealed oligonucleotides 5�-gatccccAGG
TGAAGTGGCAGAAGAATTcaagagATTCTTCTGCCACTTCACCTTTtttgga
aaa-3� and 5�-ctagttttccaaaAAAGGTGAAGTGGCAGAAGAATctcttgAATTC
TTCTGCCACTTCACCTggg (uppercase sequences are directed toward identical
sequences in human, mouse, and rat USP8) were ligated into the linearized
pShuttle-H1 vector (kind gift of Hongwu Chen [31]), and this was used in
cotransfections. MCF7 cells stably transduced with USP8 shRNA were obtained
as described above.

ErbB3 half-life. MCF7 cells stably transduced with RNAi Nrdp1 or the pSuper
vector were seeded into 35-mm dishes at a density of 4 � 105 cells/dish. Follow-
ing overnight serum starvation, cells were treated with or without NRG1 for 5
min, followed by the treatment with 100 �g/ml cycloheximide for various lengths
of time. Lysates were collected and immunoblotted for ErbB3 and Nrdp1. Bands
were quantified using Alpha Innotech FluorChem software and plotted.

RESULTS

NRG1 stimulates Nrdp1 accumulation. Our previous studies
indicate that Nrdp1 is an intrinsically labile protein and that
autoubiquitination may contribute to its efficient degradation
(55). In further characterizing the stability of Nrdp1, we ob-
served that its levels can be significantly enhanced by stimula-
tion with the NRG1 growth factor. For example, NRG1 stim-
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ulated levels of endogenous Nrdp1 protein two- to fivefold in
MCF7 human breast tumor cells (Fig. 1A) after 6 hours of
growth factor treatment but did not alter Nrdp1 message levels
in these cells (not shown). At the same time, ErbB3 levels were
dramatically suppressed, indicating that growth factor treat-
ment induced the down-regulation of this receptor. These ob-
servations indicate that the Nrdp1 E3 ubiquitin ligase is a
posttranscriptional target of NRG1 signaling, raising the pos-
sibility that NRG1 stimulation of ErbB2/ErbB3 signaling aug-
ments Nrdp1 stability.

To explore this possibility further, we established a tran-
sient-expression system for examining the functions of ErbB
signaling pathway components and their mutants (Fig. 1B).
The expression of FLAG-tagged Nrdp1 in transiently trans-
fected HEK 293T cells was very weak, and expression levels
varied from one experiment to the next, consistent with the
properties of a labile protein. NRG1 poorly stimulated levels
of FLAG-Nrdp1 in cells not cotransfected with the ErbB2 and
ErbB3 receptors, consistent with the low levels of endoge-
nous ErbB2 and ErbB3 receptors in these cells. Cotransfection
of ErbB2 and ErbB3 markedly augmented Nrdp1 accumulation,
consistent with the significant degree of constitutive activity of
these receptors when overexpressed. Treatment of ErbB2/
ErbB3-expressing cells with NRG1 caused a further increase in
ErbB receptor tyrosine phosphorylation and accumulation of
Nrdp1, indicating that Nrdp1 accumulation is downstream of
the ErbB2/ErbB3 signaling cascade. The expression of trans-
fected GFP was not affected by NRG1 treatment, consistent

with the interpretation that the growth factor does not affect
transcription from the cytomegalovirus promoter.

USP8 mediates NRG1-induced Nrdp1 accumulation. Our
previous observations also indicated that the USP8-deubiquiti-
nating enzyme markedly enhances Nrdp1 stability (55). To
determine whether USP8 might contribute to NRG1-induced
Nrdp1 accumulation, we coexpressed FLAG-Nrdp1 and ErbB2/3
receptors in 293T cells without and with V5-tagged USP8. As
shown in Fig. 2A, the presence of USP8 resulted in an eleva-
tion in the basal levels of Nrdp1 and augmented NRG1-stim-
ulated Nrdp1 accumulation. The increase in Nrdp1 levels cor-
related with an NRG1-induced increase in USP8 levels. Figure
2B indicates that although a catalytically inactive form of USP8
(C748A [55]) was similarly augmented by NRG1, this form was
unable to mediate NRG1-mediated Nrdp1 accumulation. Taken
together, these observations point to the existence of a growth
factor-regulated protein stability cascade where NRG1-induced
stabilization of USP8 leads to the stabilization of the Nrdp1 E3
ubiquitin ligase.

To determine whether USP8 expression is required for
NRG1-induced Nrdp1 accumulation, we first developed a vec-
tor-delivered short-hairpin oligonucleotide directed toward
human and mouse USP8 for use in RNAi knockdown experi-
ments. Figure 3A shows that the oligonucleotide efficiently
knocked down the expression of recombinant mouse USP8,
strongly suggesting that it can function on endogenous USP8 in
human and mouse cell lines. As shown in Fig. 3B, USP8 knock-
down reproducibly suppressed NRG1-stimulated Nrdp1 accu-

FIG. 1. NRG1 stimulates Nrdp1 accumulation. (A) MCF7 cells were treated without or with NRG1 for 6 h, and lysates were immunoblotted
with antibodies to ErbB3, Nrdp1, and actin. (B) 293T cells were cotransfected with both ErbB2 and ErbB3, GFP, or FLAG-Nrdp1, as indicated.
Cells were treated without and with NRG1 for 6 h, and lysates were blotted with antibodies to phosphotyrosine (pY), phospho-Akt (pAkt), GFP,
FLAG, and actin.

FIG. 2. USP8-deubiquitinating activity mediates NRG1-induced Nrdp1 accumulation. (A) 293T cells were cotransfected with ErbB2/3 and
FLAG-Nrdp1, without and with V5-USP8 as indicated. Cells were treated without and with NRG1, and lysates were blotted with the indicated
antibodies. (B) 293T cells were cotransfected with ErbB2/ErbB3 and FLAG-Nrdp1 and V5-tagged versions of either wild-type (wt) or inactive
mutant (C748A) USP8.
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mulation in 293T cells. Moreover, stable expression of the
USP8 shRNA oligonucleotide in MCF7 cells resulted in an
�75% loss of endogenous USP8 protein and a suppression of
the ability of NRG1 to induce Nrdp1 accumulation. These
observations suggest that a physiological function of USP8 is to
regulate ligand-stimulated Nrdp1 stability in cells.

NRG1-stimulated USP8 and Nrdp1 accumulation are de-
pendent on phosphatidyl inositol 3-kinase (PI3K) pathway
activity. The six putative p85 binding sites in ErbB3 suggest
that this receptor is uniquely suited to couple to the PI3K
pathway. To determine whether this signaling pathway might
connect activated receptors to USP8, we first examined the

FIG. 3. USP8 knockdown suppresses NRG1-stimulated Nrdp1 accumulation. (A) 293T cells were cotransfected with V5-USP8 or its vector and
USP8 shRNA or its vector, and lysates were blotted with antibodies to V5 epitope and actin. (B) 293T cells were cotransfected with ErbB2/ErbB3
and FLAG-Nrdp1 without and with USP8 shRNA plasmid, and lysates were blotted with antibodies to FLAG tag or actin. Blots were quantified,
and the graph depicts the average (	standard error [SE]) stimulation of NRG1-induced Nrdp1 accumulation over three independent experiments.
(C) MCF7 cells stably transduced with an empty vector or the USP8 shRNA vector were treated with NRG1, and lysates were blotted with the
indicated antibodies.

FIG. 4. USP8 is phosphorylated on threonine 907 in response to NRG1 treatment. (A) 293T cells were transfected with ErbB2/ErbB3 and
FLAG-Nrdp1 and simultaneously treated for 6 h without and with LY294001 and NRG1, as indicated. Lysates were blotted with the indicated
antibodies. (Lower panel) Lysates from NRG1-stimulated cells treated without and with LY294001 were blotted for phosphorylated Akt. (B) 293T
cells were cotransfected with FLAG-Nrdp1 without or with HA-tagged dominant negative Akt (HA-DN-Akt). The graph depicts the average
(	SE) stimulation of NRG1-induced Nrdp1 accumulation from three independent experiments. (C) 293T cells were transfected with either wild
type (wt) or T907A USP8, with or without ErbB2 and ErbB3, as indicated. Cells were treated with NRG1 for 6 h, and anti-V5 immunoprecipitates
were blotted with phosphothreonine and V5 antibodies. Lysates were blotted for phosphotyrosine (pY) and actin.

VOL. 27, 2007 Nrdp1 MEDIATES ErbB3 DOWN-REGULATION 2183



effect of a small-molecule PI3K inhibitor on NRG1-induced
Nrdp1. We observed that the PI3K inhibitor LY294002 signif-
icantly suppressed NRG1-induced Nrdp1 accumulation in
transfected 293T cells (Fig. 4A), suggesting that that the PI3K/
Akt pathway contributes to USP8 stability and thus Nrdp1
stabilization. Likewise, a dominant negative form of Akt re-
producibly suppressed the ability of NRG1 to promote Nrdp1
accumulation (Fig. 4B). Interestingly, the threonine residue at
position 907 in USP8 is a predicted Akt phosphorylation site,
suggesting that this residue may play an important role in
growth factor-induced USP8 function. When cotransfected
with ErbB receptors in 293T cells, wild-type USP8 was effi-
ciently detected with an antibody to phosphothreonine only
after NRG1 treatment (Fig. 4C), suggesting that NRG1 stim-
ulates USP8 phosphorylation on a threonine residue(s). How-
ever, a point mutation form of USP8 with T907 changed to
alanine (T907A) could not be detected following NRG1 treat-
ment, suggesting that this residue is phosphorylated in re-
sponse to NRG1 stimulation.

To determine whether T907 is necessary for USP8 function,
we examined the ability of the T907A mutant to mediate
NRG1-induced Nrdp1 accumulation. As illustrated in Fig. 5A,
the T907A mutant less efficiently mediated Nrdp1 accumula-
tion in response to NRG1. Likewise, this mutant exhibited a
suppressed ability to mediate NRG1-induced Nrdp1 accumu-
lation upon the expression of a constitutively active form of
Akt (Fig. 5B). It should be noted that dominant negative Akt
did not fully block NRG1-induced Nrdp1 accumulation and
that the T907A mutant was not fully impaired in this regard.
These observations suggest that Akt-mediated T907 phosphor-

ylation may not be the only pathway that contributes to USP8-
mediated Nrdp1 accumulation in response to growth factor.

Epitope-tagged Akt could be coimmunoprecipitated with
USP8 in cotransfected 293T cells (Fig. 6A), suggesting that the
two proteins are capable of forming a stable complex. In ad-
dition, USP8 and Akt colocalized at the cell surface and at
perinuclear structures when coexpressed in COS7 cells (Fig.
6C). Finally, NRG1 induced the recruitment of endogenous
USP8 to the periphery of MCF7 cells, consistent with the
recruitment of the Akt-USP8 complex to the plasma mem-
brane (Fig. 6B). Taken together, the observations illustrated in
Fig. 4, 5, and 6 point to a role for Akt in the regulation of USP8
function.

USP8 regulates the ubiquitination of Nrdp1 and ErbB3. A
model that emerges from our observations is that growth factor
augmentation of USP8 function results in the deubiquitination
and stabilization of Nrdp1, which in turn mediates ErbB3 ubiq-
uitination and down-regulation. To test this model, we first
examined the role of USP8 in Nrdp1 ubiquitination. Indeed,
USP8 was able to suppress Nrdp1 ubiquitination (Fig. 7A). On
the other hand, the catalytically inactive mutant augmented
Nrdp1 ubiquitination relative to that of the pcDNA3.1 vector
control, suggesting that this form acts in a dominant negative
capacity. Likewise, expression of USP8 knockdown oligonucle-
otides elevated Nrdp1 ubiquitination relative to that of its
vector control, suggesting that this is a physiological function of
the enzyme. Moreover, we have observed that in MCF7 cells,
NRG1 stimulated the transient ubiquitination of endogenous
ErbB3, which precedes its loss from the cell (Fig. 7B). NRG1-
stimulated ErbB3 ubiquitination is suppressed in MCF7 cells
stably transduced with viruses encoding Nrdp1 (see reference
57) or USP8 (Fig. 3C) short-hairpin RNAi oligonucleotides.
These observations indicate that Nrdp1 and USP8 are involved
in growth factor-induced ErbB3 ubiquitination and hence may
play a role in NRG1-induced ErbB3 down-regulation.

It has been reported that ErbB3 is unable to bind to the cbl
E3 ligase (27) or to become down-regulated in response to
growth factor (4). However, in MCF7 cells we find that ErbB3
protein levels are reduced with NRG1 treatment and that
reduction is inhibited by the lysosome inhibitor concanamycin
(Fig. 8A). In fact, ErbB3 levels increased with time in the
presence of concanamycin, consistent with a model where ly-
sosome-mediated ErbB3 degradation counteracts ErbB3 syn-
thesis to maintain modest steady-state ErbB3 levels in these
cells. The half-life of ErbB3 was significantly reduced upon
NRG1 treatment (Fig. 8B), indicating that NRG1 treatment
augments ErbB3 protein degradation pathways. Interestingly,
ErbB2 was not efficiently down-regulated in response to NRG1
in these cells, suggesting that its trafficking is independent of
ErbB3 despite the dimerization of the two receptors upon
growth factor treatment.

To determine whether the USP8/Nrdp1 pathway is involved
in ErbB3 down-regulation, we analyzed NRG1-induced ErbB3
loss in MCF7 cells with Nrdp1 or USP8 knocked down. We
observed that loss of expression of these proteins reproducibly
elevated steady-state levels of ErbB3 protein (Fig. 9A) and
suppressed the kinetics of NRG1-induced ErbB3 loss (Fig.
9B), indicating that both proteins contribute to the efficiency of
ErbB3 down-regulation. Collectively, our observations are
consistent with a model whereby NRG1 stimulation of Akt

FIG. 5. NRG1-stimulated T907 phosphorylation augments Nrdp1
accumulation. (A) Cells were cotransfected with FLAG-Nrdp1 and
either wild-type or T907A mutant USP8, without and with HA-tagged
constitutively active Akt (HA-CA-Akt), as indicated. (B) Cells were
cotransfected with FLAG-Nrdp1 and either wild-type or T907A mu-
tant USP8, with or without constitutively active Akt (CA-HA-Akt),
and blotted with the indicated antibodies. The graphs in each panel
depict the average (	SE) stimulation of NRG1-induced Nrdp1 accu-
mulation from three independent experiments.
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(and possibly other pathways) augments USP8 stability and
activity, leading to Nrdp1 deubiquitination and stabilization.
Elevated Nrdp1 protein levels in turn contribute to ErbB3
ubiquitination and degradation (Fig. 10).

DISCUSSION

Our previous studies have established that Nrdp1 is an E3
ubiquitin ligase involved in regulating steady-state ErbB3 lev-
els by mediating its ligand-independent ubiquitination and
degradation (12, 39). Those studies demonstrated that overex-
pression of wild-type Nrdp1 suppresses cellular ErbB3 levels
but that overexpression of a dominant negative form potently
augments receptor levels. In the absence of ligand binding,
growth factor receptors undergo constant internalization and
trafficking through endosomes. While most internalized recep-
tors are returned to the cell surface, a fraction of unoccupied

receptors is targeted for degradation. The competing processes
of recycling and degradation establish an equilibrium that de-
fines receptor half-life and hence steady-state levels of cell
surface receptors (54). We envision that Nrdp1 is a key compo-
nent of the mechanism that acts on constitutively internalizing
ErbB3 receptors to divert them from the recycling pathway to the
lysosomal degradation pathway.

Proteins involved in targeting receptors for ligand-indepen-
dent degradation may play a significant role in suppressing
tumor growth properties by suppressing receptor levels. In a
transgenic mouse model of ErbB2-induced mammary tumori-
genesis, the ErbB2 transgene product is highly expressed in
tumors but is scarcely detectable in uninvolved or nontumor
tissue (45, 57). Likewise, endogenous ErbB3 protein is mark-
edly overexpressed only in tumors and not in uninvolved mam-
mary tissues in these animals, and this cannot be attributed to
differences in message levels (45, 57). These observations sug-

FIG. 6. USP8 association with Akt. (A) Lysates from 293T cells cotransfected with HA-Akt and V5-USP8 were immunoprecipitated (IP) with
anti-V5. Lysates and precipitates were blotted with the indicated antibodies. (B) Serum-starved MCF7 cells were treated without and with NRG1
for 15 min, and endogenous USP8 was visualized by immunofluorescence. (C) V5-USP8 (green) and HA-Akt (red) in cotransfected COS7 cells
were visualized by deconvolving immunofluorescence microscopy. White arrows point to regions of colocalization at the cell surface and in a
perinuclear structure.
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gest that normal tissue harbors very potent posttranscriptional
mechanisms that suppress ErbB receptor levels and that these
mechanisms are inactivated during transformation and tumor
initiation. Interestingly, we have observed that Nrdp1 protein
is present in healthy mammary tissue from ErbB2-transgenic
animals but is completely lost in tumors (57), suggesting that

Nrdp1 may play a key role in suppressing tumor initiation and
progression by maintaining ErbB3 at modest levels.

Our previous studies also demonstrate that Nrdp1 is intrin-
sically labile and that its stability may be regulated by USP8
(55). Together, our observations point to a model whereby
cellular ErbB3 levels are inversely related to Nrdp1 levels (50,
51), suggesting that factors that contribute to Nrdp1 stabiliza-
tion could suppress cellular ErbB3 levels. Here we demon-
strate that one such factor is NRG1 and that USP8 and Nrdp1
contribute to ErbB3 down-regulation upon growth factor stim-
ulation. Hence, these studies characterize for the first time a
pathway involved in ligand-induced ErbB3 down-regulation.

Figure 10 contrasts the known E3 ubiquitin ligase pathways
contributing to EGF receptor and ErbB3 down-regulation.
Upon EGF binding, Y1045 of the EGF receptor becomes
phosphorylated, which then acts as a docking site for the ty-
rosine kinase binding domain of cbl. cbl-mediated EGF recep-
tor ubiquitination then traffics receptors to multivesicular bod-
ies for lysosomal degradation. This pathway provides a very
rapid mechanism for mediating the acute degradation of acti-
vated receptors and is independent of mechanisms that are
involved in maintaining steady-state EGF receptor levels in the
absence of ligand. In contrast, NRG1 binding hyperactivates a
pathway responsible for the maintenance of basal ErbB3 lev-
els. The successive stabilization of USP8 and Nrdp1 as an
outcome of PI3K/Akt activation results in the suppression of
ErbB3 levels and a concomitant suppression of NRG1-medi-
ated cellular growth properties (57). In vivo, this pathway
could play a role in growth factor-mediated tissue mainte-
nance; such a mechanism may fine-tune receptor number in
response to signaling intensity in cells that are chronically
exposed to growth factor to provide an overall modest signal-
ing output.

A number of studies have suggested that in contrast to EGF
receptor, the other members of the ErbB family do not un-
dergo significant ligand-induced receptor down-regulation (4,
5, 22, 30, 53). A common feature of these studies is that they
employed human tumor cells that overexpress ErbB receptors.
In contrast, we find that NRG1 stimulates ErbB3 loss in MCF7

FIG. 7. Regulation of Nrdp1 and ErbB3 ubiquitination by USP8.
(A) 293T cells were cotransfected with Nrdp1 and HA-ubiquitin (HA-
Ub) along with wild-type USP8, the C748A mutant, or their vector
pcDNA3.1 or with shRNA USP8 or its vector. Cells were treated with
MG132 to stabilize Nrdp1, and Nrdp1 immunoprecipitates (IP) were
blotted with antibodies to the HA epitope and ubiquitin. (B) MCF7
cells were treated for various times with NRG1, and ErbB3 immuno-
precipitates were blotted with antibodies to ubiquitin and ErbB3.
(C) MCF7 cells stably transduced with the pSuper vector, Nrdp1
shRNA, or USP8 shRNA were treated for the indicated times with
NRG1, and ErbB3 immunoprecipitates were blotted for ubiquitin and
ErbB3.

FIG. 8. NRG1 induces ErbB3 but not ErbB2 down-regulation in MCF7 cells. (A) MCF7 cells were treated without and with 0.1 �M
concanamycin (Con), as indicated. Cells were then treated with NRG1 for the indicated times, and lysates were blotted with antibodies to ErbB2
and ErbB3. (B) MCF7 cells were treated with cycloheximide to inhibit protein synthesis and then treated without and with NRG1 for various times.
Lysates were blotted with anti-ErbB3 (upper panel), and bands were quantified and plotted (lower panel). ErbB3 half-life was calculated by fitting
the data to a single exponential.
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human breast tumor cells, which express modest levels of
ErbB3 and harbor an intact USP8/Nrdp1 pathway. Interest-
ingly, we have observed that ErbB3 protein overexpression is a
relatively common event in breast cancer, occurring in 63% of
patient breast tumors. Moreover, Nrdp1 protein levels were
potently suppressed in almost 70% of the tumors that overex-
pressed ErbB3, indicating that Nrdp1 loss often accompanies
ErbB3 overexpression in tumors (57). These observations raise
the possibility that the ErbB-overexpressing tumor cell lines
employed in previous receptor trafficking and degradation
studies lack intact negative regulatory pathways and are inca-
pable of mediating efficient receptor down-regulation in re-
sponse to ligand.

USP8 (also called Ubpy) may play a much broader role in

growth factor receptor trafficking and degradation than in sim-
ply stabilizing Nrdp1. A series of four recent articles suggest
that USP8 may regulate EGF receptor down-regulation by
mediating the deubiquitination of endosomal trafficking com-
ponents (6, 32, 33, 43). These reports suggest that USP8 func-
tion is required for efficient ligand-induced down-regulation of
EGF receptor (6) by contributing to the efficiency of multive-
sicular body delivery to lysosomes (33, 43), perhaps by medi-
ating the stability of the endosomal protein STAM (43) or by
inhibiting the monoubiquitination of eps15 (33). Hence,
NRG1-induced USP8 stabilization may augment global mem-
brane protein degradative processes as part of the cellular
growth or differentiation program.
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