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Gene amplification and protein overexpression of MDM2, which is often found in certain types of cancers,
indicate that MDM2 plays an important role in tumorigenesis. Interestingly, several clinical reports have
demonstrated that amplification of the MDM2 gene correlates with the metastatic stage. Using an antibody
array assay, we identified E-cadherin as an MDM2-binding protein and confirmed that E-cadherin is a
substrate for the MDM2 E3 ubiquitin ligase. We demonstrate that MDM2 interacts in vivo with E-cadherin,
resulting in its ubiquitination and degradation. This regulation appears to be clinically relevant, as we found
a significant correlation between high MDM2 and low E-cadherin protein levels in resected tumor specimens
recovered from breast cancer patients with lymph node metastases. Ectopic expression of MDM2 in breast
cancer cells was found to disrupt cell-cell contacts and enhance cell motility and invasive potential. We found
that E-cadherin and MDM2 colocalized on the plasma membrane and in the early endosome, where ubiquitin
moieties were attached to E-cadherin. Blocking endocytosis with dominant-negative mutants of dynamin
abolished the association of MDM2 with E-cadherin, prevented E-cadherin degradation, and attenuated cell
motility as observed by fluorescence microscopy. Thus, we provide evidence to support a novel role for MDM2
in regulating cell adhesions by a mechanism that involves degrading and down-regulating the expression of
E-cadherin via an endosome pathway. This novel MDM2-regulated pathway is likely to play a biologically
relevant role in cancer metastasis.

MDM2 has been shown to play an important role in a variety
of physiological and pathological processes. Overexpression of
the human homologue of MDM2, referred to as HDM2, oc-
curs in diverse human malignancies including soft tissue sar-
comas and cancers of the brain, breast, ovary, cervix, lung,
colon, and prostate (40, 54). Overexpression in tumors corre-
lates with a poor prognosis for those patients (4, 5, 24, 25, 39,
43, 44, 50, 53, 56, 58, 61). Furthermore, several studies have
shown that amplification of the MDM2 gene occurs more
frequently in metastatic and recurrent cancers than in primary
tumors (23, 46). One study examined 100 tumor samples from
patients with esophageal squamous cell carcinoma and found
that MDM2 expression was the most significant risk factor for
distant metastases (52), implicating its potential role in metas-
tasis. Hypoxia, a common condition within solid tumors, has
been shown to lead to the up-regulation of MDM2 expression
and to increase the metastatic efficiency of tumor cells (77).
Additionally, MDM2 expression was shown to correlate with
increased levels of vascular endothelial growth factor, which
may facilitate the intravasation and metastatic seeding of tu-
mor cells (42, 68, 80). Thus, MDM2 expression appears to
correlate with an increased risk of distant metastases, which
may contribute to an overall poorer prognosis for patients with
tumors that overexpress MDM2. However, the precise role

and underlying mechanism of MDM2 in cancer metastasis are
not completely understood at present.

MDM2 is a RING finger-containing E3 enzyme involved in
eukaryotic protein degradation via the ubiquitin proteasome
system. A well-established function of MDM2 involves its neg-
ative regulation of the p53 pathway through the inhibition of
p53 transactivation and the promotion of p53 degradation via
a ubiquitin-mediated proteolytic process (32, 45). Disrupting
the interaction between MDM2 and p53 has been used as an
approach in anticancer drug development (74). Although it is
believed that one major function of MDM2 is to regulate the
stability of the p53 protein, recent studies suggest that MDM2
may also play a critical role in tumorigenesis via p53-indepen-
dent mechanisms (27, 55, 65, 67, 73). Therefore, identifying
additional molecules that interact with MDM2 would be im-
portant for the further understanding of its oncogenic function
and may reveal additional targets for anticancer therapy.

We have previously shown that HER2/neu-mediated resis-
tance to DNA-damaging agents requires the activation of Akt,
which leads to the phosphorylation and nuclear localization of
MDM2 and enhancement of MDM2-mediated ubiquitination
and degradation of p53 (79). Although MDM2 was originally
discovered as a nuclear protein, it has since been reported to
interact with molecules outside the nucleus, such as the insulin-
like growth factor I receptor (30), the �2-adrenergic receptor
(�2-AR), and its adaptor protein �-arrestin (62). Recent stud-
ies have shown that membrane protein trafficking and degra-
dation involve E3 ligase-mediated ubiquitination of these pro-
teins. Indeed, multiple endocytic pathways are now known to
be involved in the regulation of membrane-bound proteins.
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The cytoplasmic domain of plasma membrane “cargo” pro-
teins is recognized by adaptor proteins, and attachment of
ubiquitin (Ub) to either “cargo” protein or adaptor protein by
an E3 ligase is believed to serve as a sorting signal for the
endocytic machinery (2, 35). As an E3 ligase, MDM2 has been
shown to interact with and ubiquitinate �-arrestin, a requisite
step for the internalization of the �2-AR (62, 66). In contrast,
direct ubiquitination of the �2-AR has been shown to lead to
its immediate degradation (62, 66). Aside from G-protein-
coupled receptors, two recent reports have shown that the
epithelial growth factor receptor may also be a target for Ub-
mediated endocytosis (1, 16, 63). One study has demonstrated
ubiquitination of E-cadherin, and this process was shown to be
mediated by a c-Cbl-like E3 ligase called Hakai (28). Thus,
there is mounting evidence to support a role for E3 ligase in
the ubiquitination of membrane-bound proteins, which leads
to either their intracellular trafficking or degradation. Al-
though the details of this mechanism are incomplete, one cur-
rent model proposes that when membrane proteins are ubiq-
uitinated, interaction with adaptor proteins is triggered, which
leads to the internalization and sorting of the proteins and,
ultimately, to the late-endosome/lysosome compartment.

The loss of epithelial differentiation in carcinomas is accom-
panied by increased motility and invasiveness of the tumor
cells, often as a consequence of reduced intercellular adhesion
(9, 15, 19, 41, 69, 72). The down-regulation of cell-cell adherent
junctions is a hallmark of the epithelial-to-mesenchymal tran-
sition, which involves the loss of functional E-cadherin protein
by either transcriptional repression or silencing mutations of
its gene (8, 10, 18, 47, 57). Indeed, we have previously shown
that E-cadherin transcription is repressed by SNAIL through a
pathway mediated by glycogen synthase kinase 3� (78). In
several experimental systems and in a significant percentage of
invasive tumors, others have previously demonstrated that the
E-cadherin gene is normal, raising the possibility that the
down-regulation of E-cadherin and the reduction of cell-cell
junction stability that leads to the increased migratory poten-
tial of tumor cells could be dependent on posttranscriptional or
posttranslational modification of E-cadherin as well (71). In-
terestingly, endocytosis of E-cadherin was recently shown to be
an important step in the regulation of cadherin function in
remodeling adhesive contacts, although the precise mechanism
has not been fully elucidated (60).

In the present study, we identified E-cadherin as a new
substrate of MDM2, demonstrating that MDM2 ubiquitinates
E-cadherin and decreases its protein level. Furthermore, when
we examined primary tumor cells from breast cancer patients
who had lymph node metastases, we found an inverse corre-
lation between MDM2 and E-cadherin protein levels. Ectopic
expression of MDM2 in breast cancer cells was found to in-
crease cell-cell dissociation, cell motility, and invasion. Inter-
estingly, MDM2 and E-cadherin were demonstrated to colo-
calize on the plasma membrane and in the early endosome.
E-cadherin was ubiquitinated in both fractions of the plasma
membrane and the early endosome; furthermore, ubiquitina-
tion of E-cadherin in the early endosome was enhanced by
MDM2. Dominant-negative mutants of dynamin (dn-dy-
namin), which interfere with endocytosis, blocked both the
interaction of MDM2 with E-cadherin and MDM2-induced
cell motility, indicating that endocytosis is necessary. There-

fore, this study provides new evidence that MDM2 plays a role
in modulating cell-cell adhesions by a mechanism that involves
the down-regulation of E-cadherin via an early endosomal
pathway. This novel MDM2-mediated pathway is likely to play
a biologically significant role in cancer metastasis.

MATERIALS AND METHODS

Reagents, antibodies, and plasmids. MG132 was purchased from Sigma. The
anti-E-cadherin antibody was purchased from Transduction Laboratories (Lex-
ington, KY). The anti-MDM2 (N-20) antibody was purchased from Santa Cruz
Biotech Inc. (Santa Cruz, CA), and antibodies against hemagglutinin (HA) and
Myc were purchased from Roche (Nutly, NJ). The anti-ubiquitin antibody was
purchased from Neomark (Fremont, CA). E-cadherin cDNA was inserted into
pcDNA6A (Invitrogen) to generate a Myc-His-tagged fusion E-cadherin protein.
Expression plasmids for MDM2 and deletion mutants of MDM2 were kind gifts
from Jiandong Chen. pAdTrack-CMV/MDM2 was generated by inserting
MDM2 into the pAdTrack-CMV vector (encodes enhanced green fluorescent
protein [GFP] [EGFP] under the control of a separate cytomegalovirus [CMV]
promoter) (33) using the NotI/XhoI restriction enzyme sites. pGEX6p-1/E-
cadherin was generated by in-frame cloning of the E-cadherin coding sequence
into the pGEX6p-1 plasmid (Pharmacia) using the SmalI/XhoI restriction en-
zyme sites. The expression vector of MDM2-2B was generated by ligating two
separated PCR products into pcDNA6A. The expression plasmids for GFP-
tagged dynamin 2 (13), dominant-negative mutant K44A (14), and GFP-tagged
EPS15 (7) were kindly provided by Mark A. McNiven and Alexandre Benmerah.

Antibody array. A standard antibody array was performed according to the
manufacturer’s procedure (Hypromatrix, Worcester, MA).

Cell culture. All the cell cultures were maintained in Dulbecco’s modified
Eagle’s medium-F12 (1:1) supplemented with 10% fetal bovine serum at 5%
CO2 in a humidified incubator at 37°C. Stable clones were selected and main-
tained in the above-described medium supplemented with 400 �g/ml G418 or
G418 plus 200 �g/ml hygromycin depending on the selection markers.

Patients and tumor specimens. One hundred thirty archived, formalin-fixed,
and paraffin-embedded blocks of infiltrating breast carcinomas were obtained
from the Department of Pathology, Shanghai East Breast Disease Hospital,
People’s Republic of China. All blocks were from female patients who had
undergone mastectomy and axillary lymph node dissection between 1988 and
1994 (75).

Immunofluorescence staining and immunohistochemical staining. Cells were
fixed in 4% paraformaldehyde in phosphate-buffered saline (PBS) for 90 min and
then permeabilized for 5 min in PBS containing 0.1% Triton X-100. Cells were
sequentially incubated with primary antibodies followed by secondary antibodies
diluted in bovine serum albumin-containing PBS as a blocking buffer. Cells were
mounted in mounting solution. Immunohistochemical staining was performed as
described previously (75). For negative controls, all incubation steps were iden-
tical except that PBS instead of primary antibody was used. Tumor samples were
examined by light microscopy and scored by an H-score method that combines
the values of immunoreaction intensity and the percentages of tumor cell stain-
ing as described previously (75).

Preparation of cell lysates, immunoprecipitation, SDS-PAGE, and immuno-
blotting. All experiments were performed according to standard protocols.
Briefly, for direct Western analysis, cell lysates were prepared with ice-cold
radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris-Cl, pH 7.4, 150 mM
NaCl, 1% Triton X-100, 1% deoxycholate, 5 mM EDTA, 1% aprotinin, 1 mM
phenylmethylsulfonyl fluoride, and 25 mM NaF). After adjusting to equal protein
concentrations, samples were mixed with sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) sample buffer and boiled for 5 min. For coim-
munoprecipitation experiments, cell lysates were extracted with NP-40 lysis
buffer (components were same as those for RIPA, except that 1% NP-40 was
used instead of Triton X-100 and deoxycholate) as described above. Immuno-
precipitates were separated by SDS-PAGE and immunoblotted with the indi-
cated antibodies. Proteins were detected by immunoblotting (IB) and visualized
by the chemiluminescence method.

In vivo ubiquitination and in vivo [35S]methionine labeling. Expression plas-
mids of either wild-type human MDM2 or its RING finger domain deletion
mutant were individually cotransfected into HeLa cells with His-tagged E-cad-
herin and HA-tagged ubiquitin plasmids. His-tagged E-cadherin was pulled
down using Ni-nitrilotriacetic acid (NTA) agarose beads and then washed with 8
M urea containing 3 mM imidazole to eliminate nonspecific binding. After
separation by SDS-PAGE, membranes were immunoblotted with anti-HA or
anti-Ub to detect E-cadherin ubiquitination. E-cadherin stability was determined
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by a pulse-chase labeling assay. Briefly, cells were preincubated with methionine-
and cysteine-free medium containing dialyzed fetal calf serum and labeled for 20
min (pulse) with 35S-mix (NEN) bound to methionine and cysteine followed by
an additional incubation with excess unlabeled methionine and cysteine (chase)
for the indicated times. Cells were extracted, and lysates were subjected to
immunoprecipitation with an anti-E-cadherin antibody. After SDS-PAGE, gels
were fixed, dried, and subjected to autoradiography (with an intensifying screen).

Cell surface biotinylation. Cells were incubated on ice for 1 h with 1.5 mg/ml
sulfosuccinimidyl-2-(biotinamido)ethyl-1,3-dithiopropionate (sulfo-HNS-SS-
biotin; Pierce, Rockford, IL). This was followed by washing with sulfo-NHS-SS-
biotin blocking reagent (50 mM NH4Cl in PBS containing 1 mM MgCl2 and 0.1
mM CaCl2) to quench free sulfo-NHS-SS-biotin and several additional washes
with PBS. Cells were extracted with RIPA buffer, and after centrifugation at
14,000 � g for 10 min at 4°C, the collected supernatant was subjected to a
Bradford protein assay to measure protein concentrations. Equal amounts of
protein lysates were subjected to pull-down with streptavidin-agarose beads
(Pierce), and biotinylated E-cadherin was detected by immunoblotting with an
anti-E-cadherin antibody.

Transmission electron microscopy. The procedures for transmission electron
microscopy were performed according to previously published methods (49).
Briefly, MCF-7 cells were fixed in 0.4% glutaraldehyde in 0.1 M phosphate buffer
(pH 7.4), following osmication and dehydration. Ultrathin sections of cells were
prepared using an ultramicrotome (Reichert E). After blocking with 5% normal
goat serum, sections were hybridized with specific primary antibodies. Sections
were then incubated with gold particle-labeled goat anti-mouse or an anti-rabbit
secondary antibody (Amersham Biosciences). After washing, the sections were
stained with uranyl acetate and Reynolds’s lead citrate prior to examination
using a Jeol 1200EX microscope. The pictures were obtained at the high-reso-
lution electron microscopy facility at the M.D. Anderson Cancer Center.

Subcellular fractionation. All experiments for subcellular fractionation were
carried out as previously described (11). Cell fractionation was carried out at 4°C
unless otherwise noted. The postnuclear supernatants (PNS) were obtained by
homogenizing cells through a 22-gauge needle with homogenization buffer (HB)
containing 250 mM sucrose, 3 mM imidazole (pH 7.4), 1 mM EDTA, protease
inhibitors, and cycloheximide. Homogenization was assessed by phase-contrast
microscopy. After centrifugation at 3,000 rpm for 10 min, the supernatant was
collected as PNS for additional centrifugation using a two-step sucrose gradient.
Briefly, the sucrose concentration of the collected PNS was first adjusted to 40.6
to 41% by the addition of 62% sucrose. After thorough mixing, the sucrose-
containing PNS was loaded into the bottom of an SW40 centrifuge tube (Beckman).
Sucrose cushion overlays at concentrations of 35% and 25% were then added
sequentially and topped with HB buffer. The samples were then sedimented in a
Beckman Coulter SW40 rotor at 35,000 rpm (14,000 � g) for 1.5 h at 4°C. Fractions
were collected, subjected to Bradford protein assay, and analyzed by immunopre-
cipitation/immunoblotting after diluting with 2� RIPA buffer. Typically, the fraction
of the late-endosome sediments accumulate to the interphase between the 8.6% and
25% sucrose concentrations, and the fraction of the early endosome accumulates
between the 25% and 35% sucrose concentrations.

Cell motility assay, cell dissociation assay, and invasion assay. Cell motility
assay using time lapse microscopy was conducted using Zeiss Axiovert 200 with
a cell observer, AxioCam, and incubator/heating stage. Cells expressing GFP
constructs were kept at a constant temperature of 37°C in 5% CO2. Images were
taken with intervals ranging 10 to 30 min. The average migrating distances
(arbitrary) were measured from a population of GFP-positive cells and control
cells using Carl Zeiss AxioVision software analysis. On average, 10 cells from
each field and three fields were counted for each experiment. The cell dissoci-
ation assay was performed as described elsewhere previously (64), with some
modifications. Cells were grown in regular growth medium, fixed, and stained
with an anti-E-cadherin antibody for immunofluorescence microscopy. The num-
ber of cells based on their attachment to adjacent cells was scored by fluores-
cence microscopy. The extent of dissociation of the cells was represented by the
index Nd/Nt, where Nd is the number of separated cells and Nt is the total number
of cells. Cell invasion was examined as described previously (48, 70).

RESULTS

Identification of a protein that binds to MDM2. In order to
identify novel proteins that may interact with MDM2, we per-
formed an antibody array assay using cell lysates from human
breast cancer MDA-MB-453 cells and an anti-MDM2 antibody
as the probe. Among the antibody candidates, we identified a

positive signal in the position on the filter that was immobilized
with an anti-E-cadherin antibody.

MDM2 interacts with and facilitates degradation of E-cad-
herin. We next confirmed and characterized the interaction
between E-cadherin and MDM2 in vitro and in vivo and ex-
amined the functional significance of this interaction for pro-
tein stability, given the known role of MDM2 as an E3 ligase.
The interaction between endogenous E-cadherin and MDM2
was examined by a sequential immunoprecipitation and immu-
noblotting assay. Endogenous E-cadherin was detected in anti-
MDM2 immunoprecipitates (Fig. 1A), and this association was
confirmed in the reciprocal immunoprecipitation/immunoblot-
ting experiment (Fig. 1B). These results indicate that endoge-
nous E-cadherin binds to endogenous MDM2. This interaction
was enhanced when cells were treated with the proteasome
inhibitors MG132 (Fig. 1A and B) and lactacystin (data not
shown). Furthermore, in a glutathione S-transferase (GST)
pull-down assay, an in vitro-translated MDM2 protein inter-
acted with purified GST–E-cadherin protein (Fig. 1C), which
suggests that the interaction between MDM2 and E-cadherin
could be direct and independent of a third binding partner.

We next examined the effect of MDM2 on the protein level
of E-cadherin. Transient transfection assays demonstrated that
both exogenous and endogenous E-cadherin levels were de-
creased as the MDM2 level was increased in a dose-dependent
manner (Fig. 2A and B). The E-cadherin protein level was
dependent on the ligase activity of MDM2 since an E3 ligase-
inactive MDM2 mutant failed to decrease E-cadherin levels
(Fig. 2C). The E-cadherin from MCF-7 cells appeared as a
double band, the upper part of which represents the unproc-
essed form of E-cadherin, as also reported previously by others

FIG. 1. (A and B) Endogenous MDM2 associates with endogenous
E-cadherin. Exponentially growing MCF-7 cells were treated with 20 �M
MG132, a proteasome inhibitor, for 4 h as indicated. The cell lysates were
subjected to immunoprecipitation (IP) with antibodies against MDM2
(N-20) (A), E-cadherin (B), or control immunoglobulin G (IgG). The
immunoprecipitates were separated by SDS-PAGE and subjected to IB
with an anti-E-cadherin or an anti-MDM2 antibody for the detection of
endogenous E-cadherin and MDM2, respectively. (C) MDM2 interacts
with E-cadherin directly. In vitro-translated MDM2 was mixed with either
purified GST or a GST–E-cadherin fusion protein in RIPA buffer. The
reactions were pulled down with glutathione-agarose beads that were then
boiled and separated by SDS-PAGE followed by IB with an anti-MDM2
antibody. As a control, 5% of the in vitro-translated MDM2 was loaded
into the input lane.
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(28). Moreover, the loss of E-cadherin protein was abrogated
by using the proteasome inhibitor MG132 (Fig. 2B), suggesting
that proteasome degradation is necessary for MDM2-medi-
ated suppression of the E-cadherin protein. Taken together,
these results demonstrate that E-cadherin is a novel MDM2-
interacting protein that is down-regulated by MDM2.

MDM2 and E-cadherin protein expression are inversely
correlated in primary tumors of breast cancer patients with
lymph node metastasis. Based on our observation of E-cadherin
protein down-regulation by MDM2 in a cell culture system, we
further explored the relationship of MDM2 and E-cadherin in
primary tumors cells by performing immunohistochemical stain-
ing analysis of MDM2 and E-cadherin expression in primary
breast cancer tissue from 120 patients. Two subgroups were
analyzed: 57 patients were pathologically axillary lymph node
(ALN) positive, and 63 patients were ALN negative. Repre-
sentative immunostaining patterns with anti-MDM2 and anti-
E-cadherin are shown in Fig. 3. Case 2 demonstrates negative
E-cadherin staining with positive MDM2 staining. The inverse
relationship was also observed in tumors such as case 13, which
demonstrated positive E-cadherin staining with little or no
MDM2 staining. All tissue samples were scored for membrane
E-cadherin and cytoplasmic MDM2 staining. Of 57 tissue sam-
ples from patients with positive ALN metastases, high MDM2
and low E-cadherin levels were found in 21 tumors, while the
inverse staining pattern, with low MDM2 and high E-cadherin
levels, was observed in 11 samples. Of 63 samples from patients
with a negative ALN status, high MDM2 and low E-cadherin
levels were observed in 11 samples, while low MDM2 and high
E-cadherin levels were found in 11 samples. Statistical analysis
with the Pearson chi-square test using SPSS software suggested
that the expression patterns of cytoplasmic MDM2 and mem-
brane E-cadherin are significantly correlated with axillary
lymph node metastasis (P � 0.034) (Table 1). Furthermore, we
used a logistic regression model to test the hypothesis that
having both high MDM2 and low E-cadherin levels is associ-
ated with an increased likelihood of ALN metastasis. The
results of the logistic regression model shown in Table 2 indi-
cate that patients with low E-cadherin levels were 2.83 times
more likely to have ALN metastasis than patients with high
E-cadherin levels (P � 0.01). Patients with high MDM2 levels

were only 1.26 times more likely to have ALN metastasis than
patients with low MDM2 levels (P � 0.66). However, patients
with low E-cadherin but high MDM2 levels were 6.83 times
more likely to have ALN metastasis than patients with high
E-cadherin but low MDM2 levels or neither. Therefore, pa-
tients with low E-cadherin but high MDM2 levels are signifi-
cantly associated with an increased risk of ALN metastasis
(P � 0.02). These results indicate that MDM2 expression is
significantly correlated with E-cadherin suppression in primary
tumors, particularly in those of breast cancer patients with
ALN metastases.

Expression of ectopic MDM2 enhances cell dissociation,
motility, and invasive activity of breast cancer cells. To further
characterize the biologic effect of MDM2 expression in hu-
man cancer cells, MDM2/GFP expression plasmids or GFP
alone (pAdTrack/MDM2) (see Materials and Methods) was
transiently transfected into MCF-7 human breast cancer cells
and examined by fluorescence microscopy. E-cadherin was
visualized by anti-E-cadherin immunostaining. In pAdTrack/
MDM2-transfected cultures of MCF-7 cells, cells that did not
express GFP were considered mock-transfected control cells,
and in these control cells, E-cadherin was found to localize at
cell-cell contact sites, with the cells exhibiting the typical clus-
tered epithelial morphology (Fig. 4A, upper panel). In con-
trast, GFP-expressing cells (which express MDM2) assumed an
irregular shape lacking cell-cell contacts, and the E-cadherin
staining was very subtle and nearly nondiscernible (Fig. 4A,
upper panel). As a control, MCF-7 cells transfected with GFP
alone did not exhibit changes in cell morphology compared to
parental cells (Fig. 4A, lower panel). We also monitored cell
movement by time lapse microscopy. Individual cells that ex-
pressed MDM2/GFP demonstrated much greater motility than
the GFP control. On average, MDM2/GFP-expressing cells
displayed two- to threefold-increased motility compared to
those expressing GFP alone (Fig. 4B). To further investigate
the biological role of MDM2-mediated regulation of E-cad-
herin and to determine if p53 is involved in the observed
MDM2-induced cell motility, we generated two stable human
breast cancer cell lines that expressed MDM2: one was in
MCF-7 cells, which are known to express wild-type p53 pro-
tein, and the other was in MDA-MB-231 cells, which express

FIG. 2. (A) MDM2 facilities the degradation of E-cadherin protein. pCMV-Mdm2, a full-length human MDM2 expression plasmid, was
cotransfected at increasing concentrations together with pCMV-E-cadherin into HeLa cells. Cell lysates were analyzed by SDS-PAGE and IB with
the indicated antibodies. (B) E-cadherin protein accumulates after treatment with MG132 (�MG), a proteasome inhibitor. HEK 293T cells were
transiently transfected with pCMV-Mdm2, and at 48 h after transfection, the cells were treated for 4 h with 20 �M MG132 prior to the detection
of endogenous E-cadherin by SDS-PAGE and IB. (C) A deletion mutant of MDM2 fails to down-regulate E-cadherin. MCF-7 cells were
transiently transfected with expression plasmids for Mdm2 and deletion mutant Mdm2 (mt-Mdm2 �440–491) and cell lysates were subjected to
IB with the indicated antibodies. The arrow and arrowhead indicate the positions of the unprocessed and processed forms of E-cadherin,
respectively. Quantifications using densitometry are indicated below the respective panels.
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codon 280 mutant p53 protein (51). Since MDA-MB-231 cells
lack endogenous E-cadherin expression, we transfected these
cells with E-cadherin prior to MDM2 to generate stably trans-
fected E-cadherin-expressing cell lines. From several stable
clones that expressed exogenous MDM2 (data not shown), two
independent MDA-MB-231 clones (E4 and E9) were used for

further analyses. Ectopic expression of MDM2 led to reduced
levels of E-cadherin (Fig. 4C, left panel), and an alteration of
cell morphology was consistent with the loss of cell-cell con-
tacts as visualized by anti-E-cadherin immunostaining (Fig. 4C,
right panel, E4C2 versus E4M5). Not surprisingly, there was no
detectable E-cadherin by anti-E-cadherin immunostaining in
parental MDA-MB-231 cells due to their lack of endogenous
E-cadherin expression (Fig. 4C, right panel). Since we ob-
served changes in the morphology of MDM2-expressing cells,

FIG. 3. Overexpression of MDM2 correlates with the down-regulation of E-cadherin. The 120 surgical specimens from breast cancer patients
were analyzed by immunohistochemical staining with an anti-MDM2 antibody (a and c), an anti-E-cadherin antibody (b and d), and control serum
(data not shown). Consecutive sections were stained using antibodies against MDM2 (Santa Cruz) and E-cadherin (Transduction Laboratories).

TABLE 1. Expression profiles of cytoplasmic MDM2 and
membrane-associated E-cadherin in the surgical

specimens of 120 breast cancer patients with
or without lymph node metastasesa

Expression pattern

No. of axillary lymph node
metastases (%)

Negative
(n � 63)

Positive
(n � 57) Total

High MDM2, low E-cadherin 11 (9) 21 (18) 32 (27)
High MDM2, high E-cadherin 24 (20) 19 (16) 43 (36)
Low MDM2, high E-cadherin 11 (9) 11 (9) 22 (18)
Low MDM2, low E-cadherin 17 (14) 6 (5) 23 (19)

Total 63 (53) 57 (47) 120 (100)

a Staining patterns were scored as described in Materials and Methods. Anal-
ysis using Pearson chi-square test showed a statistically significant correlation
between MDM2 and E-cadherin expression profiles and axillary lymph node
status (P � 0.034).

TABLE 2. High levels of cytoplasmic MDM2 and low levels of
membrane-associated E-cadherin are associated with an

increased risk for axillary lymph node metastasis
in breast cancer patientsa

Term Odds ratio 95% confidence
interval P value

E-cadherin (low vs high) 2.83 0.81, 9.9 0.010
MDM2 (high vs low) 1.26 0.45, 3.54 0.66
E-cadherin and MDM2 6.83 1.42, 32.78 0.02

a A logistic regression analysis was performed to determine if levels of E-
cadherin, MDM2, or both conferred an increased risk for axillary lymph node
metastasis. The odds ratios and 95% confidence intervals are shown. The reverse
correlation between E-cadherin and MDM2 is significantly associated with an
increased risk of ALN metastasis (P � 0.02).
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FIG. 4. Biological effect of MDM2 overexpression in MCF-7 and MDA-MB-231 cells. (A) MDM2 enhances MCF-7 cell scattering. MCF-7 cells
were transiently transfected with pAd-Track-CMV/MDM2 (MDM2/GFP) (upper panel) or pAdTrack (lower panel). After 48 h, cells were fixed
and immunostained with an anti-E-cadherin antibody (red). Arrows indicate GFP-positive cells. Arrowheads indicate the cell-cell junctions.
(B) The motilities of control (pAd-Track-CMV) and pAd-Track-CMV/MDM2-transfected MCF-7 cells were monitored by time lapse microscopy.
The average migrating distances (arbitrary) measured from a population of MDM2-positive cells and control cells using Carl Zeiss AxioVision
software are shown. Ten different cells from each field and three fields were calculated. (C) Expression levels of MDM2 and E-cadherin were
determined in two representative stably transfected E-cadherin-expressing MDA-MB-231 cell lines (E4 and E9) that were each stably transfected
with pAd-Track-CMV/MDM2 (M clones) or pAd-Track-CMV control plasmid (C clones) as indicated. Cell lysates were immunoblotted with the
antibodies indicated in each panel. Parental MDA-MB-231 cells and two independent clones were chosen for immunofluorescent staining using
an anti-E-cadherin antibody (yellow) and DAPI (4�,6�-diamidino-2-phenylindole) (blue) in the right panel. Photographs were acquired using
identical exposure conditions and times. (D) Control and stably transfected MDM2-expressing MCF-7 cells were analyzed by fluorescence
microscopy to determine a cell dissociation index as described in Material and Methods. The ratio of the number of separate cells, Nd, to the total
number of cells, Nt, was calculated. Cells were scored in 6 to 12 high-power fields for each experiment. Photographs show a representative field.
(E) Effect of MDM2 on the invasive ability of MDA-MB-231 cells. The indicated stable transfectants were used for in vitro invasion assays with
Matrigel. vector, mock transfectant; Vector-M5, MDM2 transfectant on control cells; E4C2 and E4C4, two independent control vector transfec-
tants on E-cadherin stable clone 4; E4M5, MDM2 transfectant on E-cadherin stable clone 4; E9C3, control vector transfectant on E-cadherin stable
clone 9; E9M10 and E9M12, two independent MDM2 transfectants on E-cadherin stable clone 9. Results are the averages of at least two
independent experiments; standard deviations are shown for three independent experiments.
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we next performed cell dissociation assays as described in Ma-
terials and Methods. Control cells were found to display com-
pact cell-cell architecture compared to those that expressed
MDM2 (MDA-MB-231 cells in Fig. 4C, right panel, and
MCF-7 cells in Fig. 4D). A cell dissociation index (see Mate-
rials and Methods) was calculated (dissociated cells/total cells)
to quantify this phenomenon. The MDM2-expressing cells had
a greater dissociation index, reflecting their increased propen-
sity to scatter away from each other rather than to remain
clustered together (Fig. 4D). Furthermore, reexpression of
E-cadherin in MDA-MB-231 cells decreased their in vitro in-
vasive ability as expected. Notably, the concomitant expression
of MDM2 in these E-cadherin-expressing cells resulted in the
partial restoration of their invasive potential (Fig. 4E). Since
cell invasion was not further enhanced by expression of MDM2
alone compared to the vector control cells (Fig. 4E, vector
versus vector-M5), and MDA-MB-231 cells are known to not
harbor wild-type p53, the results suggest that the increased
invasive potential imparted by MDM2 is dependent on the

down-regulation of E-cadherin and independent of p53. Thus,
these observations point to a role for MDM2 in regulating
breast cancer cell dissociation, cell motility, and cell invasive-
ness by a mechanism involving the regulation of E-cadherin
function.

MDM2 facilitates ubiquitination of E-cadherin in vivo. To
further elucidate the mechanism by which MDM2 alters E-
cadherin protein levels, we next investigated whether MDM2
can function as a ubiquitin ligase for E-cadherin. It has been
previously reported that MDM2 possesses a ubiquitin ligase
activity for p53 via its RING finger domain, and indeed, an
MDM2 mutant that lacks the RING finger domain was shown
to have dramatically reduced ubiquitin ligase activity (36–38).
As such, expression plasmids of either wild-type human
MDM2 or its RING finger domain deletion mutant were sep-
arately cotransfected into HEK 293T cells together with Myc-
His-tagged E-cadherin and HA-tagged ubiquitin expression
plasmids in the presence of MG132 to prevent proteasome
degradation. Following Myc–His–E-cadherin pull-down with

FIG. 4—Continued.
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Ni-NTA agarose beads (which binds His-tagged proteins)
and immunoblotting with an anti-HA antibody (which detects
HA-ubiquitin moieties), Myc–His–E-cadherin was found to
be clearly ubiquitinated when cotransfected with wild-type
MDM2 compared to E-cadherin that was cotransfected with
the deletion mutant in which no ubiquitination could be de-
tected (Fig. 5A). Consistent with this, E-cadherin ubiquitina-
tion was also detected by immunoprecipitating and immuno-
blotting with an anti-E-cadherin antibody (data not shown). No
ubiquitination of E-cadherin could be detected by using mu-
tant Ub, K48R, which prevents the formation of polyubiquitin
chains via Lys48 linkages with monoubiquitin molecules (3).
The broad E-cadherin band on immunoblots suggests that it is
polyubiquitinated. Moreover, an aberrantly spliced MDM2
variant, MDM2-B, which lacks p53-binding activity, is still ca-
pable of promoting E-cadherin ubiquitination (Fig. 5B). It
further suggested that the effect of E-cadherin on MDM2 is
independent of p53. Since the level of E-cadherin was reduced
with increasing MDM2 expression, we carried out pulse-chase
experiments to determine if MDM2 alters the half-life of the
E-cadherin protein (Fig. 5C). Control and stably transfected
MDM2-expressing MCF-7 cells were labeled with [35S]methi-
onine/cysteine and subjected to immunoprecipitation with anti-
E-cadherin and autoradiography. As shown in Fig. 5C, total
E-cadherin turnover was increased in MDM2-expressing cells.
Consistent with these results, biotin-labeled cell surface E-
cadherin was also reduced in MDM2-expressing cells com-
pared to control cells (Fig. 5D), indicating that the MDM2-
induced effect of increasing turnover of the total cellular pool
of E-cadherin also affected the stability of the membrane-
bound fraction of E-cadherin. Since E-cadherin is known to be
a membrane protein, and recent data have shown that MDM2
can ubiquitinate �-arrestin, an adapter for a membrane recep-
tor, we next asked whether E-cadherin and MDM2 could be
colocalized at the plasma membrane. Colocalization of MDM2
and E-cadherin at the cell surface could be observed by using
immunoelectron microscopy with gold particles of two differ-
ent sizes that were attached to either an anti-MDM2 or an
anti-E-cadherin antibody (Fig. 5E). The staining pattern of
E-cadherin closely resembled that previously observed for ep-
ithelial growth factor receptor, which was localized at the
plasma membrane (63). Therefore, these results indicate that
MDM2 functions as a ubiquitin ligase for E-cadherin, affecting
the stability of total and membrane-bound E-cadherin. More-
over, these results demonstrate that E-cadherin colocalizes
with MDM2 at the plasma membrane. To further elucidate
that the effect of E-cadherin by MDM2 is not due to ectopic
overexpression, three different mouse embryo fibroblasts
(MEF), the wild type, p53�/�, and p53�/�/Mdm2�/�, were
used. As shown in Fig. 5F, the protein level of E-cadherin was
dramatically increased in p53�/�/Mdm2�/� double knockout
MEF compared to the other controls. A slightly reduced
MDM2 level in p53�/� MEF was likely due to negative feed-
back loop regulation as reported previously (76). More impor-
tantly, cell motility of double knockout MEF was slower than
that of p53�/� alone (Fig. 5G). These data were consistent
with our previous observations using human breast cancer cells
as a model.

MDM2 and E-cadherin colocalize in the early endosome,
where ubiquitin moieties remain attached to E-cadherin. To
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further investigate the downstream fate of E-cadherin during
endocytosis, we used flotation gradient fractionation to isolate
early and late endosomes. The early-endosome marker EEA
and electron microscopy were used to confirm the isolation of
the endosomes as shown in Fig. 6A (upper and lower panels).
MDM2 and E-cadherin appear to be cotransported at least
during the early stages of endocytosis, as we found that the two
proteins were colocalized after immunoprecipitation of the
early-endosome fraction. This observation was confirmed in
two different cell lines as shown in Fig. 6B and C. The associ-
ation of both MDM2 and E-cadherin with the early endosome
was further demonstrated by electron microscopy using gold
particles of two different sizes labeled with either an anti-
MDM2 or an anti-E-cadherin antibody as described above
(Fig. 6D). Furthermore, ubiquitin moieties were found to be
attached to E-cadherin in early endosomes (Fig. 6E).

Endocytosis is necessary for MDM2-mediated regulation of
E-cadherin function. Endocytosis of E-cadherin would also

appear to play a critical role in its regulation, as its fate would
be determined by either terminal degradation or recycling back
to the plasma membrane. To address whether endocytosis may
be required for the regulation of E-cadherin by MDM2, we
first examined the potential role of dynamin, a GTPase whose
involvement has been implicated in various types of endocyto-
sis (12, 22, 29). MCF-7 cells were transiently transfected with a
well-characterized dominant-negative mutant of dynamin
(K44A), which functions as a general endocytosis inhibitor (21,
34). Transfection with dn-dynamin led to a significant increase
in E-cadherin protein and interfered with the interaction be-
tween E-cadherin and MDM2 (Fig. 7A, B, and C), suggesting
that endocytosis is necessary for the degradation of E-cadherin
by MDM2. Increased levels of E-cadherin have been shown to
correlate with decreased cell motility. As such, we used time
lapse microscopy to monitor cell movement for over 6 h. Cells
that expressed both MDM2 and wild-type dynamin were ob-
served to detach from neighboring cells after 380 min, while

FIG. 6. MDM2 associates with and ubiquitinates E-cadherin in the early endosome. (A) MCF-7 cells were treated with MG132 for 4 h, and
cell fractionation was performed as described in Materials and Methods. EE, early endosome; LE, late endosome. (B and C) MDM2 associates
with E-cadherin (E-cad) in the early endosome. The early endosomes from MCF-7 cells and MDA-MB-468 cells were isolated as described above
and then coimmunoprecipitated and immunoblotted with the indicated antibodies. Immunoglobulin G (IgG) was used as a control. (D) Early
endosomes from MCF-7 cells were subjected to electron microscopy staining with an anti-MDM2 antibody (larger particle, arrow) and an
anti-E-cadherin antibody (smaller particle, arrowhead). (E) HEK 293T cells were transiently transfected with the indicated expression plasmids.
The early endosomes were recovered as described above and then subjected to pull-down with Ni-NTA agarose beads followed by SDS-PAGE and
immunoblotting with an anti-HA antibody. Filters were stripped and reprobed with an anti-Myc antibody. The relative intensity was calculated by
the entire signal from an anti-HA blot divided by the signal from an anti-Myc blot.
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FIG. 7. An intact endocytic machinery is required for MDM2 association with E-cadherin and regulation of its function. (A) HEK 293T cells
were transiently transfected with wild-type dynamin (wt-Dyn) or dn-dynamin (dn-Dyn) and lysed following treatment with or without 20 �M
MG132 for 4 h. Protein extracts were analyzed by SDS-PAGE and immunoblotting with the indicated antibodies. (B and C) Dominant-negative
mutants of dynamin disrupt the interaction between MDM2 and E-cadherin. HEK 293T cells were transiently transfected with either the wild type
or a dominant-negative mutant of dynamin, and after 48 h, cells were treated with MG132 prior to protein extraction, reciprocal coimmunopre-
cipitation, and immunoblotting with the indicated antibodies. (D) MCF-7 cells were cotransfected with MDM2 expression plasmid and red
florescence protein expression plasmid (DsRed) (at a 10:1 ratio) plus pEGFP-dynamin or pEGFP-dn-dynamin. Cells were monitored by time lapse
fluorescence microscopy, and photographs were acquired at the indicated times beginning 24 h after transfection. The relative cell migrating
distances (arbitrary units) are shown in the right panel. (E) Model proposed to illustrate that E-cadherin degradation by MDM2 is through
endocytosis.
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cells that expressed both MDM2 and dn-dynamin retained a
greater degree of attachment to other cells as shown in Fig. 7D.
The motility of dn-dynamin-expressing cells was significantly
suppressed (Fig. 7D, right panel). Together, these results in-
dicate that MDM2 facilitates cell motility by degrading E-
cadherin through a mechanism that involves endocytosis. We
confirmed that the interaction of MDM2 and E-cadherin is
facilitated by endocytosis by using a dominant-negative mutant
of Eps15, a Ub-interacting motif-containing protein that has
also been implicated in the endocytosis machinery (data not
shown; 17, 20, 26). Taken together, these data support a role
for dynamin and Eps15 in the regulation of E-cadherin func-
tion by MDM2. Overall, our results suggest that MDM2 is
capable of ubiquitinating E-cadherin, a process that may serve
as a sorting signal for endocytosis, leading to E-cadherin cy-
cling to the early endosome. Furthermore, MDM2 appears to
be physically associated with E-cadherin during the endocytic
process, and this implicates a possible role for MDM2 in the
endocytic machinery.

DISCUSSION

In this study, we showed that E-cadherin is an MDM2-
associated protein that serves as a substrate for MDM2 ligase
activity. We demonstrated that MDM2 triggers the ubiquitina-
tion of E-cadherin in vivo, leading to the down-regulation of
E-cadherin protein levels. Furthermore, our study revealed a
previously undescribed function for MDM2 in down-regulating
E-cadherin-mediated cell-cell contacts. This is likely to be clin-
ically relevant, as we found a statistically significant correlation
between MDM2 overexpression and E-cadherin down-regula-
tion in tumor specimens recovered from human breast cancer
patients with lymph node metastases. Our study also points to
a novel role for MDM2 in an E-cadherin endocytosis pathway,
as MDM2 and E-cadherin were both colocalized at the plasma
membrane and in the early endosome. Lending further support
to these results, we found that E-cadherin both at the plasma
membrane and in early endosomes was ubiquitinated and that
an intact endocytic machinery was required for the observed
interaction between MDM2 and E-cadherin in the early endo-
some (Fig. 7E).

MDM2 is an oncogene that is amplified and/or overex-
pressed in many human cancers including approximately 30%
of soft tissue sarcomas and 7% of all solid tumors (54). MDM2
has been shown to function as a negative regulator of p53 by
binding to the protein and shuttling it out of the nucleus and
into the cytoplasm, where it is degraded by the proteasome.
There is an increasing body of evidence suggesting that MDM2
binds to a number of other cellular proteins, and those tar-
geted molecules are further subjected to the proteasome deg-
radation pathway. Furthermore, expression of alternatively or
aberrantly spliced MDM2 variants lacking the p53-binding do-
main have been observed in both human and murine tumors
(6, 31). Some of these MDM2 variants appear to retain their
capacity to induce tumor formation in E�-Myc transgenic
mice, indicating that MDM2 may mediate tumorigenesis
through p53-independent mechanisms (27). In this study, we
have shown that one of variants, MDM2-B, lacks p53-binding
activity but is still capable of promoting E-cadherin ubiquiti-
nation. Clinical investigators have shown that the amplification

of the MDM2 gene occurs more frequently in cancer patients
with metastases (23, 46). Thus, in addition to the well-known
p53-dependent mechanism, MDM2 down-regulation of E-cad-
herin may also promote tumor development through a p53-
independent mechanism; in addition, the loss of E-cadherin
function seems to be directly correlated with the invasive and
metastatic potential of cancer cells. Thus, it is evident from
both in vitro and clinical studies that reduced or a loss of
E-cadherin expression is a common feature shared by both
primary tumors and cancer cell lines (41). Aside from silencing
gene mutations, several mechanisms could account for the
down-regulation of E-cadherin function observed in cancer
cells, including promoter hypermethylation, transcriptional re-
pression, proteolytic degradation of the extracellular domain
of cadherin, as well as targeting of E-cadherin to a protein
degradation pathway. This latter process appears to be medi-
ated by at least two distinct pathways, i.e., the 26S proteasome
pathway and the endosome/lysosome recycling pathway. Post-
translational modification by ubiquitination has been estab-
lished as an important step in both pathways. One recent study
has shown that Hakai, a c-Cbl-like E3 ubiquitin ligase, can
induce the ubiquitination and the endocytosis of E-cadherin in
epithelial cells in response to Src activation and has thus im-
plicated Hakai as a potential physiologic regulator of cell ad-
hesion (28). Another study reported that during an Src-in-
duced epithelial-to-mesenchymal transition, the ubiquitin
tagging of E-cadherin is a necessary step for proper sorting to
the lysosome and for subsequent degradation (59). The results
of our current study lead us to conclude that under patholog-
ical conditions such as cancer, the overexpression of MDM2
with a concomitant down-regulation of E-cadherin may be a
potential p53-independent mechanism underlying tumorigen-
esis and metastasis, as we also observed that E-cadherin was
ubiquitinated by MDM2-B, a spliced variant of MDM2 lacking
p53-binding ability (Fig. 5B).

Although it is believed that the monoubiquitination of inte-
gral plasma membrane proteins and of endocytic machinery
proteins may serve as a sorting signal for their internalization
to the endocytic pathway, polyubiquitination of cytosolic pro-
teins appears to be essential for degradation via the 26S pro-
teasome. Important questions that remain to be elucidated
include how and what type of ubiquitin modification that oc-
curs on the substrate is determined and how these modifica-
tions ultimately lead to distinct cellular outcomes. First, the
type of modification may depend upon whether E3 is stably or
transiently associated with the substrate, as a stable interaction
could allow for possible polymerization of an ubiquitin chain.
Second, the interaction of a specific adaptor protein with its
ubiquitinated partner may specify their intracellular trafficking
destination and ultimately their mode of degradation. While
others have previously shown that monoubiquitination is suf-
ficient for ligand-mediated receptor endocytosis (35), we de-
tected the polyubiquitinated form of E-cadherin at the plasma
membrane (data not shown) and in the early endosomal com-
partment, which suggests that polyubiquitination of proteins
may also serve as a signal for internalization via the endocytic
pathway. In addition, we found that the proteasome inhibitor
MG132 blocked E-cadherin degradation by MDM2, which in-
dicates that the polyubiquitinated form of E-cadherin under-
goes degradation by a proteasome pathway.
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Other than by direct degradation of E-cadherin, the protea-
some may be involved in regulating one or more steps of the
endocytic pathway. As such, an indirect role for proteasome-
mediated E-cadherin degradation by acting as a sorting signal
to lysosomal degradation cannot be excluded. However, the
questions remain open as to which endosomal compartment is
actually responsible for directing E-cadherin toward lysosomal
degradation and how MDM2 might be involved in signaling
this process. When MDM2, as an E3 ligase, catalyzes the
ubiquitination of �-arrestin, the �2-adrenerigic receptor is rap-
idly internalized. Because MDM2 can potentially ubiquitinate
either �2-AR or �-arrestin, it appears that the ubiquitination
of �-arrestin plays a more important role in the process of
rapid endocytosis. While �-arrestin is not known to be a com-
ponent of the transport machinery, it may instead function as
a ubiquitinated transport modifier for certain proteins such as
the �2-AR. Presently, it is unknown whether such a modifier
exists for the MDM2-mediated E-cadherin endocytosis ob-
served here.

Because of the relatively high frequency of MDM2 overex-
pression in human breast cancers as well as its known role in
regulating the cell cycle, it is reasonable to suggest that MDM2
may be a key player in controlling cancer initiation, growth,
progression, and metastasis. In line with this, there have been
many recent studies that have examined MDM2 as a potential
target for human cancer therapy. Although these strategies
are driven by the most current and advanced molecular ap-
proaches, including the use of small-molecule inhibitors that
disrupt the interaction between MDM2 and p53, we may ulti-
mately discover that these therapeutics have limited anticancer
efficacy, as it is already becoming clear that MDM2 serves
multiple functions, and targeting the interaction of MDM2
with p53 as well as with other critical molecules, such as E-
cadherin, will likely be necessary. In conclusion, our findings
here not only contribute to the basic understanding of MDM2
functions but also reveal novel strategic approaches to cancer
treatment.
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