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The ErbB2 and ErbB3 receptor tyrosine kinases act synergis-
tically to promote cellular properties associated with tumor
development. Previous studies indicate that endogenous ErbB3
protein is markedly elevated in mouse mammary tumors
induced by transgenic ErbB2 overexpression. However, this
occurs in the absence of elevated ErbB3 transcript, indicating
that post-transcriptional regulatory mechanisms play crucial
roles in suppressing ErbB3 protein in normal tissue. Our previ-
ous studies also demonstrate that protein levels of Nrdp1, an E3
ubiquitin ligase that targets ErbB3 for degradation, are mark-
edly suppressed in tumors from ErbB2 transgenic animals rela-
tive to normal tissue. Here we demonstrate that transgenic
expression of Nrdp1l cDNA in the mouse mammary gland is not
sufficient to suppress elevated ErbB3 levels or tumor initiation
and growth in ErbB2 transgenic mice. Unexpectedly, Nrdpl
protein is absent in tumors from Nrdpl/ErbB2 bigenic mice,
and real time PCR analysis indicates that Nrdp1 protein levels
are suppressed post-transcriptionally. Nrdpl protein is more
resistant to proteasome-dependent degradation when exog-
enously expressed in cultured MCF10A nontransformed human
breast epithelial cells than in breast tumor cells. These observa-
tions indicate that mammary tumors use potent post-transcrip-
tional mechanisms to suppress Nrdpl protein levels and that
protein destabilization may play a central role in Nrdp1 loss in
tumors.

Overexpression and aberrant activation of members of the
ErbB family of receptor tyrosine kinases are thought to contrib-
ute to the development and progression of a variety of tumor
types (1). Notably, amplification of the erbB2 gene is observed
in 25—-30% of breast cancer patients, and overexpression of the
ErbB2 protein correlates with earlier relapse and poor progno-
sis (2, 3). Numerous studies with cultured cells suggest that
overexpression of the ErbB2 protein is sufficient to activate its
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protein-tyrosine kinase activity, which is necessary for ErbB2-
induced cellular transformation. ErbB2 overexpression in the
mouse mammary gland is sufficient to induce the formation of
metastatic tumors (4), underscoring the functional importance
of ErbB2 in tumor development. These observations have
pointed to a central role for ErbB2 in breast tumor initiation
and progression, and ErbB2-directed antibody and small mol-
ecule inhibitors are currently employed clinically in the treat-
ment of breast cancer (5, 6).

Members of the ErbB family take part in a complex array of
combinatorial interactions through the formation homo-
and heterodimers between the different family members,
which in turn activate distinct signaling pathways (7-10). It
has been suggested that signaling by the ErbB2-ErbB3 het-
erodimer is the most potent of the 10 ErbB receptor dimeric
complexes (11), and the ErbB2-ErbB3 complex is a proposed
oncogenic unit (12). Recent evidence supports a central role
for ErbB3 in ErbB2-amplified breast cancer (13), and several
reports point to roles for ErbB3 activation in mediating
resistance to cancer therapeutics (14, 15). ErbB3 overexpres-
sion has been reported in up to 63% of human breast tumors
(16) and is positively associated with lymph node metastases,
histological grade, recurrence, and worsened prognosis (17—
21). Together these observations strongly suggest that ErbB3
function is an important aspect of ErbB2-mediated breast
cancer, prompting the need for a more thorough under-
standing of ErbB3 expression and dysregulation in breast
cancer.

Transgenic mouse models have demonstrated that ErbB2
overexpression in the mammary gland using the MMTV* pro-
moter/enhancer is sufficient to induce to metastatic cancer (4,
22). The prolonged latency of tumor development in these
animals relative to mammary tumors driven by more potent
oncogenes suggests that other rate-limiting processes also con-
tribute to tumor onset. For example, it has been demonstrated
that the acquisition of deletions in ErbB2 that facilitate its
homodimerization through extracellular disulfide bonding is
required for ErbB2-induced tumorigenesis (22, 23). However,
transgenic expression of these mutants in the mammary gland
still exhibit prolonged latencies (24), suggesting the involve-
ment of other processes.

*The abbreviation used is: MMTV, murine mammary tumor.
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Interestingly, the vast majority of tumors from transgenic
animals that overexpress ErbB2 also overexpress endogenous
ErbB3 protein by well over 10-fold relative to normal tissue (16,
24), again pointing to a central role for ErbB3 in ErbB2-driven
breast tumors. Remarkably, elevated ErbB3 protein is observed
in tumors, even though transcript levels are similar to unin-
volved (normal) tissue from the same animals (16, 24, 25).
These observations indicate that normal mammary tissue uti-
lizes potent post-transcriptional mechanisms to keep ErbB3
protein levels in check and that tumors disrupt these mecha-
nisms to create a permissive environment for receptor overex-
pression (26, 27).

Nrdpl1 is a RING finger ubiquitin ligase that has been dem-
onstrated to mediate the ubiquitination and degradation of
ErbB3 to regulate steady-state (ligand independent) receptor
levels (28, 29). Overexpression of Nrdp1 in cultured cells sup-
presses ErbB3 levels, whereas overexpression of a dominant-
negative form or knockdown of endogenous Nrdpl elevates
ErbB3 (16). Interestingly, Nrdp1l protein is consistently lost in
mammary tumors from ErbB2-overexpressing transgenic mice,
and we have observed a strong inverse correlation in the levels
of Nrdpl and ErbB3 proteins in breast cancer patient primary
tumors (16). These observations raise the possibility that the
suppression of Nrdp1 protein by breast tumors contributes to
malignancy by allowing ErbB3 overexpression.

In this study we set out to test the prediction that restoration
of Nrdp1l to mouse mammary tumors suppresses ErbB3 levels,
increases tumor latency, and lowers tumor burden in trans-
genic mice with ErbB2-induced mammary tumors. Unexpect-
edly, we find that transgenic expression is not a viable approach
to the restoration of Nrdpl to ErbB2 overexpression-induced
mouse mammary tumors because tumors employ potent post-
transcriptional mechanisms to suppress both endogenous and
transgene-derived Nrdpl protein. Our observations suggest
that tumors dysregulate mechanisms involved in maintaining
Nrdpl protein stability.

EXPERIMENTAL PROCEDURES

Transgenic Mice—All of the mouse procedures were
approved by the Institutional Animal Care and Use Committee
of the University of California, Davis. The cDNA encoding
human Nrdpl was subcloned into the HindIII and EcoRI re-
striction sites of MMTV-LTR vector, and immunofluorescence
microscopy of transiently transfected MMTV-Nrdpl or
MMTV-GFP plasmids was used to confirm MMTV-LTR-
driven expression in dexamethasone-treated cells as previously
described (30, 31). Scal-linearized plasmid was injected into
fertilized FvB mouse eggs, which were transplanted into pseu-
dopregnant females. Potential founder animals were screened
by PCR analysis of tail DNA using primers GCTGTCCTGCT-
TCTATTGT (forward) and GCAGTAGCCTCATCATCAC
(reverse), and founders were confirmed by Southern blotting.
Three independent transgenic lines were established by mating
founder animals with wild type mice. Both FvB MMTV-Nrdp1l
and MMTV-NDL mice overexpressing the rat ErbB2 transgene
(NDL2-5; 24) were bred and maintained at the animal facilities
at the University of California, Davis. For aging studies, the
mice were palpated to identify mammary tumors every other

28692 JOURNAL OF BIOLOGICAL CHEMISTRY

week from 15 to 19 weeks of age and then weekly from 20 to 60
weeks of age. Following tumor development, mammary fat pads
were collected for whole mount and immunohistochemical
analysis. In addition, dissected tumor and adjacent normal fat
pad tissues were collected following tumor development in
these mice and snap frozen in liquid nitrogen for RNA and
protein analysis.

Cell Culture Experiments—MCF10A, BT474, and MDA-
MB-231 cells were obtained from ATCC and grown in the rec-
ommended media. The derivation and growth of the NDL cell
line were described previously (25). For proteasome inhibitor
experiments, cells stably transduced with pMX-pie or pMX-
pie-Nrdpl retroviruses (16) were treated for 6 h without and
with 10 um MG132. Whole cell lysates were resolved by SDS-
PAGE and immunoblotted as described below. For half-life
experiments, transduced cells were treated with 50 um cyclo-
heximide for various times, and whole cell lysates were immu-
noblotted with antibodies to FLAG and actin.

Western Blot Analysis—Mammary fat pads from transgenic
mice were homogenized as described (25). 20 ug of total pro-
tein was then collected in sample buffer (62.5 mm Tris-HCI, 2%
SDS, 5% B-mercaptoethanol, 10% glycerol, 0.05% bromphenol
blue), boiled for 5 min at 95 °C, and resolved by 10% SDS-PAGE.
Following transfer to nitrocellulose (Pall Life Science), the pro-
teins were immunoblotted with various primary antibodies,
detected using horseradish peroxidase-conjugated secondary
antibodies (Invitrogen), and developed using SuperSignal West
chemicals (Pierce). An Alpha Innotech imaging station with
FluorChem FC2 software was used to capture and quantify
immunoblotting images. The antibodies used in these studies
include: FLRF/Nrdpl (Bethyl, Inc.), affinity-purified rabbit
Nrdpl previously described (28), ErbB3 C-17 (Santa Cruz Bio-
technology), GAPDH (Sigma), FLAG (Sigma), and actin AC15
(Sigma).

Immunofluorescence Analysis—MCF10A and MDA-MB-
231 cells on coverslips were transiently transduced with
pMXpie-Nrdpl retroviral particles (16), resulting in nearly
100% transduction efficiency as assessed by viral-mediated GFP
expression. Three days following transduction, the cells were
fixed and processed for immunofluorescence as described pre-
viously (30, 31) using anti-FLAG antibodies and DAPI nuclear
stain. For direct comparisons among cell lines, camera shutter
times and imaging parameters were kept constant for all
samples.

Real Time PCR—Tail genomic DNA was collected by NaOH
extraction. Extraction of RNA from mouse tissues, cDNA syn-
thesis, and real time PCR analysis were all carried out as previ-
ously described (25). Exogenous and endogenous Nrdp1 tran-
script in mouse tissues was quantified using forward primer
TGAACCGACGCTACTATGAGAACT, reverse primer CTG-
GTTCTCACAGGCCATCAC, and probe 6FAM-TGGC-
CAAGCGCATCCCTGG-MGBNFQ. Mouse and human ErbB3
and actin real time primers and probes were purchased from
ABI. Nrdpl and ErbB3 transcript content in tissue samples
were normalized to actin. T cell receptor delta gene reference
was quantified using forward primer CAGACTGGTTATCT-
GCAAAGCAA, reverse primer TCTATGCCAGTTCCAAAA-
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FIGURE 1. MMTV-Nrdp1 expression in transgenic mice. A, the MMTV-
Nrdp1 vector employed to generate transgenic mice is illustrated, depicting
the segment amplified for transgene screening (dashed line) and the segment
amplified in real time PCR experiments (solid line). B, genomic DNA from tails
and RNA from mammary glands were collected from four to six wild type or
line 19 MMTV-Nrdp1 nulliparous female mice and used in real time PCR anal-
ysis. The ratio of signal corresponding to Nrdp1 gene or transcript in trans-
genic relative to wild type animals is plotted. C, lysates from mammary gland
tissue derived from WT and MMTV-Nrdp1 transgenic mice were blotted with
antibodies to ErbB3, Nrdp1, or cytokeratin-18. Blots from four independent
determinations were quantified, and relative ErbB3 levels (normalized to
CK18) were plotted. *, p < 0.05.

AACATC, and probe 6FAM-ATTATAACGTGCTCCTG-
GGACACCC-MGBNFQ.

Immunohistochemistry and Mammary Whole Mounts—All
of the tissues were fixed in 10% formalin and processed by the
Pathology Laboratory of the University of California, Davis.
Four-micrometer-thick paraffin sections were stained with
Mayer’s hematoxilin and eosin. Images of slides were captured
using 4X, 20X, and 40X objectives on a Zeiss Axioskop
microscope with an Axiocam camera and Axiovision 3.1 soft-
ware. Mammary whole mounts were prepared as previously
described (32), and the images were collected using an Epson
scanner and processed using Adobe Photoshop 7.0 software.

RESULTS

Construction of MMTV-Nrdpl Transgenic Mice—To test the
hypothesis that Nrdpl restoration to ErbB2-induced mouse
mammary tumors will suppress tumor onset by lowering ErbB3
protein levels, we sought to examine tumor development in
ErbB2/Nrdp1 bigenic mice. We first created a vector to express
human Nrdpl ¢cDNA in the mouse mammary gland using the
MMTV-LTR promoter/enhancer (Fig. 14) and demonstrated
that this construct could drive Nrdpl expression in cultured
mammary epithelial cells (not shown). Three founder FvB
strain transgenic mouse lines (called lines 12, 15, and 19) were
then generated using a linearized MMTV-Nrdp1 plasmid.

To estimate gene copy number and transcript levels, PCR
primers that amplify an 82-bp region of human Nrdp1 exon 7
that is 100% identical to mouse were employed in real time PCR
strategies. Real time PCR analysis of genomic DNA from nul-
liparous female mice revealed that founder lines 12, 15, and 19
contained ~6, 2, and 14 copies of the Nrdp1 transgene, respec-
tively, using the chromosome 14 T cell receptor delta gene as a
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reference. Real time analysis of genomic and mammary gland
c¢DNA from several wild type and line 19-derived animals
revealed that the transgenic mice contained on average 8-fold
higher Nrdpl-containing genomic DNA than wild type ani-
mals, and ~12-fold higher message levels (Fig. 1B). The lack of
suitable antibodies precluded immunohistochemical analysis
of ErbB3 and Nrdpl in a mouse mammary gland. However,
immunoblotting lysates of mammary glands taken from nullip-
arous adult wild type and MMTV-Nrdp1 female mice revealed
that Nrdp1 protein levels were elevated severalfold in trans-
genic animals (Fig. 1C). This relatively modest elevation in
Nrdpl protein in transgenic versus wild type animals might
suggest that normal mammary tissue establishes an upper limit
to Nrdpl protein expression that cannot be exceeded, even
with significantly higher transcript levels. Although ErbB3 pro-
tein was close to the limit of detection by immunoblotting, it
appeared that its levels were suppressed in the mammary
glands of MMTV-Nrdpl mice, consistent with the role of
Nrdpl in promoting ErbB3 degradation (16, 28, 29).

The impact of Nrdp1 overexpression on mammary gland devel-
opment and morphology in transgenic mice appeared modest.
Using whole mount analysis we observed that mammary gland
development during puberty was delayed in some MMTV-Nrdpl
animals but eventually caught up to development observed in
wild type mice (not shown). No deficiency in mammary devel-
opment during pregnancy was noted, and MMTV-Nrdpl dams
were able to nurse their pups normally. Inspection of nullipa-
rous MMTV-Nrdpl transgenic female mice at very advanced
ages of 52-74 weeks revealed a lobuloalveolar hyperplasic
phenotype, sometimes coupled with a high degree of vacuo-
lation and casein staining, in three of six animals examined.
This phenotype was observed in only one of six wild type
mice. However, the characteristics of the hyperplastic
lesions were very similar to those described previously for
elder FvB strain mice (33), where hyperplastic growths in the
mammary gland were suggested to be secondary to spontane-
ously arising prolactin-secreting lesions of the pituitary gland
independent of transgene expression.

Transgenic Nrdpl Overexpression Does Not Alter ErbB2-in-
duced Tumors—To assess the effect of Nrdpl restoration on
ErbB2-driven mammary tumors, we crossed our MMTV-
Nrdpl1 line 19 mice with the NDL 2-5 line of ErbB2 transgenic
mice (24). We commonly refer to the resulting bigenic line as
NxN. As expected, normal mammary tissue from NxN animals
exhibited ~12-fold elevated levels of Nrdp1 transcript relative
to NDL mice (Fig. 24), but normal tissue from both strains
contained similar levels of ErbB3 transcript (Fig. 2B) as assessed
by real time RT-PCR. These observations indicate that the
Nrdp1 transgene is efficiently transcribed in bigenic mice.

Surprisingly, we found that the latency of tumor formation in
bigenic mice was statistically indistinguishable from the latency
in NDL animals (Fig. 2C). None of the wild type or Nrdp1 trans-
genic mice employed in the study developed tumors over 35
weeks, whereas both NDL and NxN mice exhibited average
tumor latencies of 21-23 weeks. A similar latency was observed
when MMTV-Nrdpl transgenic line 12 was crossed into the
NDL tumor model (data not shown). Tumors derived from
NDL and NxN strains were histologically similar (Fig. 3, A and
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FIGURE 2. Nrdp1 overexpression does not significantly alter tumor onset
in MMTV-NDL mice. Real time RT-PCR was used to measure the relative tran-
scriptlevels of Nrdp1 (A) and ErbB3 (B) in normal mammary tissue of 4—6 each
MMTV-NDL and MMTV-Nrdp1 X MMTV-NDL (NxN) mice. The data are plotted
as the fold transcript level of each gene in bigenic animals relative to MMTV-
NDL mice. C, 10-12 each wild type, NDL, Nrdp1,and NxN mice were aged, and
the time to the first palpable tumor was recorded. The percentage of tumor-
free mice is plotted as a function of age. *, p < 0.05.
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FIGURE 3. Nrdp1 overexpression does not significantly alter tumor phe-
notype in MMTV-NDL mice. A, mammary gland whole mounts from wild
type, NDL, Nrdp1, and NxN mice were stained with hematoxalin/eosin.
B, tumor sections from NDL and NxN mice were stained with hematoxilin and
eosin. The images from A and B are representative of tissue obtained from at
least seven animals of the indicated genotypes. C, the number of mammary
gland tumors was determined for each mouse at sacrifice, and the averages
were plotted for NDL and NxN mice. The error bars represent standard errors
of seven to nine mice. D, the total volume of all mammary tumors for each
mouse was determined at sacrifice, and that number was divided by the age
at sacrifice to control for tumor growth with time. The averages of this ratio
are plotted for NDL transgenics and NxN bigenics.

B). The average numbers of tumors present throughout the
mammary glands (Fig. 3C) as well as the overall tumor burden
at the time of sacrifice (Fig. 3D) were also indistinguishable
between the two groups. These observations indicate that rein-
troduction of the Nrdp1 transcript under an exogenous pro-
moter has little discernable impact on ErbB2-induced tumor
development.
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FIGURE 4. Nrdp1 protein is post-transcriptionally suppressed by mouse
mammary tumors. A, lysates of normal or tumor mammary tissue from three
each NDL transgenic or NxN bigenic mice were blotted with antibodies to
ErbB3, Nrdp1, or GAPDH control. B and C, transcript levels of ErbB3 (B) and
Nrdp1 (C) were determined by real time PCR analysis of cDNA from mammary
glands of NDL and NxN mice and plotted as the tumor to normal ratio.
The data in each panel are representative of two or three independent
determinations.

Transgene-derived Nrdpl Protein Is Post-transcriptionally
Suppressed during the Normal-to-Tumor Transition—The
observation that Nrdp1l overexpression in the mammary gland
does not impact tumor formation and growth contrasts with in
vitro results, where stable overexpression suppressed the pro-
liferation and survival of cultured breast cancer cells (16). One
possible explanation is that, in contrast to cultured cells, over-
expressed Nrdpl may not efficiently remove ErbB3 from the
tumors of bigenic mice. To test this possibility, we immuno-
blotted normal and tumor tissue lysates from NDL and NxN
mice with antibodies to ErbB3. Consistent with previous
reports (16, 24), we observed that ErbB3 protein levels are
10-100-fold higher in tumors from NDL mice than in normal
tissue (Fig. 44, top panel), from virtually undetectable signal
in normal tissue to a very robust band in tumors. This differ-
ence in protein levels did not result from elevated ErbB3
transcript in tumors because real time RT-PCR analysis indi-
cated a difference of less than 2-fold (Fig. 4B). Interestingly,
very similar differences were observed in ErbB3 protein and
message levels in normal and tumor tissue from NxN ani-
mals. These observations indicate that, in contrast with in
vitro studies, overexpression of Nrdpl ¢cDNA in the mam-
mary gland has little impact on ErbB3 protein levels in tumors.
Thus, the inability of overexpressed Nrdpl to suppress ErbB3
protein levels in mouse tumors may underlie its inability to
impact tumor development.

The discrepancy between the in vitro and in vivo results
raises the question as to why transgenically overexpressed
Nrdpl does not function to suppress ErbB3 in tumors. One
possibility is that despite the elevated transcript, transgene-de-
rived Nrdp1 protein in tumors is nonfunctional. To address this
possibility, we compared Nrdp1 protein and transcript expres-
sion levels in normal and tumor tissue derived from NDL and
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cells, and its levels are only mod-
estly increased (2-3-fold) upon
treatment of cells with the protea-
some inhibitor MG132 (Fig. 5A).
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FIGURE 5. Nrdp1 protein is more labile in human breast tumor cells than in nontransformed breast
epithelial cells. A, MCF10A, BT474, NDL, or MDA-MB-231 cells were transduced with control virus or virus
expressing FLAG-tagged Nrdp1 and treated for 6 h without or with 10 um MG132, and lysates were immuno-
blotted with antibodies to FLAG and either actin or tubulin. B, MCF10A and MDA-MB-231 cells were transiently
transduced with pMX-pie retrovirus encoding either nothing (vector) or FLAG-Nrdp1 (Nrdp1) followed by an
IRES sequence and GFP cDNA (16). 72 h following transduction, the cells were fixed and imaged for GFP
expression (green), FLAG-Nrdp1 expression (red), and nuclei (blue). C, MCF10A or MDA-MB-231 cells expressing
FLAG-Nrdp1 were treated with 50 um cycloheximide (CHX) for the indicated times, and proteins in lysates were
immunoblotted with antibodies to FLAG or actin. D, blots from C were quantified, and the fraction of remaining
Nrdp1 in MCF10A cells (squares) and MDA-MB-231 cells (diamonds) was plotted against the time of cyclohex-
imide treatment. FLAG-Nrdp1 half-lives were estimated by fitting the data to a single exponential. The data

from each panel are representative of two to five independent experiments.

NxN mice. Consistent with the comparison of MMTV-Nrdpl
and wild type animals (Fig. 1C), Nrdp1 protein levels in normal
mammary tissue were on average severalfold higher in NxN
mice than in NDL mice (Fig. 4A, middle panel). More impor-
tantly, Nrdpl protein was completely absent in tumors from
both strains, even though Nrdpl transcript levels were only
suppressed by ~35% during the transition from normal mam-
mary tissue to tumor (Fig. 4C). These observations indicate that
endogenous Nrdp1 protein is efficiently eliminated during the
normal-to-tumor transition, raising the possibility that the sup-
pression of Nrdp1 protein levels may be an important aspect of
mammary ErbB2-mediated tumor initiation or growth. Criti-
cally, overexpression of Nrdpl cDNA by better than 10-fold via
an exogenous promoter cannot overcome Nrdpl suppression
by tumors because protein levels are potently suppressed via
post-transcriptional mechanisms.

Nrdp1 Protein Is More Labile in Breast Tumor Cells than in
Nontransformed Cells—To test the hypothesis that Nrdpl
protein is inherently more labile in tumor cells than in non-
transformed cells, we developed an in vitro system for com-
paring the stability of exogenously expressed Nrdp1 in vari-
ous cell lines. Immunoblotting of lysates from transiently
transduced cells revealed that exogenous FLAG-tagged
Nrdpl protein expression is readily detected in non-trans-
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10  ©observations indicate that breast
tumor cell lines efficiently dispose
of Nrdpl via a proteasome-depen-
dent mechanism.

To examine the nature of Nrdp1
suppression by tumor cells, we com-
pared Nrdpl staining in MCF10A
and MDA-MB-231 cells by immu-
nofluorescence. In these experi-
ments, the cells were transiently
transduced with retrovirus encod-
ing either nothing or FLAG-Nrdpl
immediately preceding an IRES-
GFP cassette and examined for the presence of GFP, FLAG
epitope, and nuclei. Comparison of GFP expression with DAPI
nuclear staining revealed that transduction efficiency was
essentially 100% for all conditions, verifying the presence of
GFP- and Nrdp1l-encoding message in all cells. However, only
about half of the GFP-positive MCF10A cells exhibited detect-
able staining for FLAG-Nrdp1 protein (Fig. 5B), suggesting that
post-transcriptional mechanisms suppressed Nrdpl protein
production in some cells. More importantly, less than 10% of
the MDA-MB-231 cells were capable of supporting detectable
FLAG-Nrdpl protein, and Nrdpl protein levels were signifi-
cantly lower in these cells than in the MCF10As. These obser-
vations indicate that only a subpopulation of cells within a given
culture is capable of supporting the efficient expression of
Nrdp1 protein and that this subpopulation is far less prevalent
in tumor cells than in nontransformed cells.

To directly compare Nrdp1 lability in nontransformed and
tumor cells, we compared its half-life when expressed in
MCF10A and MDA-MB-231 cells by monitoring levels of exog-
enously expressed protein after treatment with cycloheximide
(Fig. 5, Cand D). We found that the half-life of FLAG-Nrdp1 is
at least 6-fold longer in the nontransformed line than in the
tumor line. Taken together, our observations strongly suggest
that enhanced protein degradation contributes to the post-
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transcriptional loss of Nrdpl protein observed during the
breast normal-to-tumor transition.

DISCUSSION

Although overexpression of ErbB2 protein in patient breast
tumors very strongly correlates with gene amplification, the
mechanisms by which ErbB3 protein is overexpressed have not
been elucidated. Amplification of the erbB3 gene has been
reported, but PCR and FISH results suggest that this is not as
prevalent as erbB2 amplification (34, 35) and does not account
for the frequency of elevated ErbB3 protein observed in tumors
(17). Tumors from transgenic mice overexpressing ErbB2 in the
mammary gland exhibit elevated and tyrosine-phosphorylated
endogenous ErbB3 (24), pointing to a selective advantage for
the co-expression and activation of this receptor in ErbB2-
overexpressing tumors. Interestingly, we (16, 25) and others
(24) have observed that despite a 10-100-fold elevation in
ErbB3 protein levels during the normal-to-tumor transition,
ErbB3 message levels remain virtually constant. These observa-
tions indicate that very potent post-transcriptional regulatory
mechanisms suppress endogenous ErbB3 protein levels in nor-
mal mammary tissue. Such mechanisms may be important in
tightly regulating receptor levels in cells, ensuring sufficient
signaling for tissue development and maintenance but prevent-
ing oversignaling leading to aberrant development and neopla-
sia. Importantly, it appears that tumors inactivate these post-
transcriptional mechanisms to augment receptor signaling and
promote their growth and malignancy (27).

Because Nrdpl regulates ErbB3 protein levels in cultured
breast tumor cells by targeting receptors for degradation, we
postulated that restoration of Nrdp1 to ErbB2-induced mouse
mammary tumors would suppress tumor onset or progression
by suppressing ErbB3 levels. Our hope was that the creation of
the MMTV-Nrdpl mouse would allow us to test this possibil-
ity. We initially found that Nrdp1 overexpression in the mam-
mary gland suppresses ErbB3 protein levels in adult mice and
elicits a minor delay in mammary gland development during
puberty. It has previously been observed that ErbB3 deletion
partially disrupts mammary gland morphogenesis (36), point-
ing to a role for this receptor in mammary development.
Although the disruption of mammary development in MMTV-
Nrdpl mice was not nearly as striking, it is possible that Nrdp1
protein levels are post-transcriptionally suppressed during
mammary gland development to permit ErbB3 function as they
are in tumors. The necessity of Nrdp1 in mammary gland devel-
opment and ErbB2-induced mammary tumor formation will be
the focus of future studies. A hyperplastic phenotype observed
in a subset of older wild type and transgenic mice was consis-
tent with lesions associated with lactogenic hormone-produc-
ing pituitary tumors common to FvB strain animals indepen-
dent of transgene (33).

Crossing MMTV-Nrdp1 mice into the ErbB2 overexpression
model did not affect the latency or extent of mammary tumor
formation nor the expression of ErbB3 protein. These results
were initially surprising because there is a strong inverse rela-
tionship between Nrdpl and ErbB3 protein levels when the
analogous experiment is carried out with cultured cells (16, 28).
Comparison of Nrdpl transcript and protein levels in normal
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and tumor tissue revealed that transcript was significantly ele-
vated in bigenic mice, as expected, but protein was undetect-
able. These observations indicate that like ErbB3, Nrdpl is
post-transcriptionally regulated by tumors. These post-tran-
scriptional regulatory mechanisms must be sufficiently power-
ful to rid tumors of Nrdp1 protein despite a 12-fold elevation in
its message.

Although other mechanisms such as translation and
microRNA-mediated suppression may play a role in the post-
transcriptional loss of Nrdp1l, our observations point to a key
role for protein degradation. We have previously observed that
the Nrdp1 protein can be markedly unstable when transiently
expressed in selected cell lines, and mutation of the RING finger
domain significantly elevates its stability (37). These observa-
tions suggest that Nrdpl autoubiquitination can promote is
own degradation, in turn raising the possibility that tumor cells
inactivate mechanisms that thwart the efficiency of Nrdp1 deg-
radation. The resulting loss of Nrdp1 allows ErbB3 accumula-
tion, which then contributes to tumor initiation and progres-
sion. In support of this hypothesis, we observed that Nrdpl
protein is more stable in nontransformed MCF10A breast
epithelial cells than in several breast cancer cell lines and that
proteasome-dependent pathways mediate the efficient degra-
dation of Nrdpl in tumor cells. Immunofluorescence studies
revealed that differences in Nrdp1 expression between cell lines
were related to both the percentage of cells capable of support-
ing Nrdp1l expression and the amount of Nrdpl protein pro-
duced in each cell. Our previous ability to stably express Nrdp1
in breast tumor cells (16) was likely due to the clonal selection of
expressing subpopulations.

It should be noted that Nrdp1 is likely not the only protein
dysregulated in either mouse or patient mammary tumors to
augment ErbB2/ErbB3 signaling (25, 27, 38). Numerous pro-
teins have been described that contribute to the degradation of
ErbB receptors by either mediating their trafficking to lyso-
somes or suppressing the signaling activity of receptors. The
loss or suppression of many of these has been reported in vari-
ous tumors. For example, we have observed that like Nrdp1, the
ErbB negative regulatory protein LRIG1 is also suppressed dur-
ing the mammary normal-to-tumor transition in NDL mice
(25). Thus, it is possible that tumors effectively suppress or
inactivate combinations of genes encoding ErbB negative reg-
ulators to elevate ErbB receptor levels and/or augment receptor
signaling activity. Future studies will be aimed at characterizing
combinatorial contributions of ErbB negative regulatory mech-
anisms that are suppressed by mammary tumors.

More broadly, our observations underscore the importance
of post-transcriptional mechanisms in regulating key events in
breast tumor progression. Both ErbB3 and Nrdp1 are dysregu-
lated post-transcriptionally in tumors, and it is known that
other oncogenic and tumor suppressor proteins are similarly
targeted by tumor cells at the level of protein synthesis or sta-
bility. Because such events are overlooked by gene expression
screens, strategies for accurately comparing the levels of a given
oncogenic or anti-oncogenic protein in normal and tumor tis-
sue are essential to provide a complete picture of oncogenic
signaling.
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