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The Mdm2 oncoprotein is a well-known inhibitor of the p53 tumor suppressor, but it may also possess
pS3-independent activities. In search of such p53-independent activities, the yeast two-hybrid screen was
employed to identify Mdm2-binding proteins. We report that in vitro and in transfected cells, Mdm2 can
associate with Numb, a protein involved in the determination of cell fate. This association causes translocation
of overexpressed Numb into the nucleus and leads to a reduction in overall cellular Numb levels. Through its
interaction with Numb, Mdm2 may influence processes such as differentiation and survival. This could
potentially contribute to the altered properties of tumor cells which overexpress Mdm?2.

The mdm?2 gene was first described as part of a DNA region
amplified in a spontaneously transformed mouse cell line (7)
and was eventually shown to be responsible for the oncogenic
properties of these cells (16). The idea that mdm?2 is a potential
oncogene was further supported through the discovery that it is
overexpressed in a variety of human tumors (11, 12, 35, 44, 52);
for reviews, see references 41 and 51). In many of these tu-
mors, the mdm?2 locus is amplified, but there are also numer-
ous examples in which overexpression of the Mdm?2 protein
without any gene amplification has been described. Moreover,
overexpression of Mdm2 has been shown experimentally to
have oncogenic consequences, ranging from immortalization
of primary cells to enhanced tumorigenicity in animals (13, 16,
18, 57).

Perhaps the best-known facet of mdm?2 is its intricate inter-
action with the p53 tumor suppressor. The Mdm2 protein
forms a very tight specific association with p53 (42). This as-
sociation occurs through the N-terminal transactivation do-
main of p53 (9, 22, 45, 50). Consequently, Mdm?2 blocks the
interaction of p53 with the transcriptional machinery, resulting
in abrogation of the ability of p53 to transactivate its specific
target genes (42, 45). Furthermore, the complex between p53
and Mdm?2 can actually function directly as a potent transcrip-
tional repressor (59). Recently, it has been found that Mdm?2
can also cause a general decrease in steady-state cellular p53
levels through targeting p53 for rapid degradation via the ubig-
uitin-proteasome pathway (26, 33). All of the above effects of
Mdm?2 probably account for its ability to extinguish efficiently
the biological activities of p53, such as induction of G, arrest
and apoptosis (8, 10, 25).

While Mdm?2 represses the accumulation and activity of p53,
p53 actually enhances the expression of Mdm2. The mdm?2
gene contains within its first intron a cryptic promoter, which
carries two adjacent p53 binding motifs (30, 62, 64). When p53
is induced within a cell, this cryptic promoter becomes func-
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tional and drives the accumulation of mdm2 mRNA (3, 4, 30,
62).

These interactions between p53 and Mdm?2 are believed to
drive an autoregulatory feedback loop, which serves to restrain
the extent and duration of p53 activity under physiological
conditions (4, 47-49, 62). The importance of this autoregula-
tory loop is highlighted by the observations that mice deficient
in Mdm?2 die early in development but that mice deficient for
both p53 and Mdm2 develop rather normally and are viable
(29, 43). Hence, at least during early development, keeping p53
in check is a critical function of Mdm2.

Nevertheless, there are also numerous indications that
Mdm?2 may possess additional p53-independent activities. The
mdm?2 gene can give rise to a complex set of Mdm?2 polypep-
tides (46, 57), which are generated through alternative splicing,
utilization of multiple translation initiation codons, and possi-
bly also posttranslational modifications. Of note, only a subset
of these polypeptides can associate with p53 (46). Moreover,
the Mdm?2 protein contains several distinct structural motifs
(41, 51) which are dispensable for p53 binding (9, 45). Hence,
at least some forms of Mdm?2 are likely to fulfill roles which do
not involve binding to p53.

In support of this conjecture, several p53-independent bio-
chemical properties of Mdm2 have been described. Mdm?2
binds the ribosomal L5 protein (38) and can also bind specific
RNA sequences through its C-terminal RING domain (15).
Perhaps related to its oncogenic potential, Mdm2 can interact
with the product of the Rb tumor suppressor gene (pRB [63])
and with the E2F1/DP1 transcription factor (39); both inter-
actions result in induction of E2F transcriptional activity,
which is crucial for progression into the S phase of the cell
cycle. It is thus conceivable that Mdm?2 not only releases a
proliferative block by silencing p53 but also positively aug-
ments proliferation by stimulating S phase entry through E2F
activation.

The existence of a p53-independent role(s) for Mdm?2 also
gains support from biological studies. Mdm2 can transform
pS53-null cells and can overcome a G, arrest induced in such
cells by the pRB-related protein p107 (13). Furthermore, tar-
geted overexpression of Mdm?2 in the murine mammary gland
uncouples S phase from mitosis and inhibits mammary gland
development in the absence of p53 (37).

In an attempt to gain further insight into the biological
activities of Mdm?2 and into molecular events which regulate its
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function, a search for Mdm2-interacting proteins was under-
taken. We report here that Mdm?2 can associate in vitro and in
vivo with the mammalian Numb protein. The association oc-
curs through the N-terminal domain of Mdm2, which is a
region also involved in p53 binding. Mutations in the N-termi-
nal domain of Mdm?2 strongly attenuate its interaction with
Numb. Elevated Mdm?2 expression can alter the subcellular
localization of Numb as well as cause its accelerated degrada-
tion. The Numb protein is involved in the regulation of cell fate
and in a variety of developmental processes, most notably in
the nervous system. Through its interaction with Numb, Mdm?2
may influence processes such as differentiation and survival.
This could contribute to the altered properties of tumor cells
which overexpress Mdm?2.

MATERIALS AND METHODS

Cells and transfections. 293, 293T, and Saos-2 cells were maintained in Dul-
becco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal calf
serum (FCS) in a 5% CO, atmosphere. H1299 cells were maintained routinely in
RPMI medium supplemented with 10% FCS.

Cells were replated on the day before the transfection. Saos-2 and H1299
transfections were performed by the calcium phosphate procedure in DMEM
plus 10% FCS as described before (30). With 293 and 293T cells, transfections
were done in the presence of 25 wM chloroquine. Eight hours posttransfection,
the transfection medium was replaced by DMEM plus 10% FCS. Cells were
harvested 48 to 70 h posttransfection.

Yeast two-hybrid screen. Y190 yeast (24) were transformed with the N termi-
nus of mouse Mdm2 (first 134 amino acids) fused to the GAL4 DNA binding
domain (DBD) in plasmid pAS1-CYH?2 as bait. Expression of the fusion protein
was confirmed by Western blot analysis with anti-Haemophilus influenzae hem-
agglutinin tag antibodies (data not shown). Y190 yeast cells expressing N-termi-
nal Mdm?2 were transformed with a human peripheral lymphocyte cDNA ex-
pression library fused to the GAL4 activation domain (14). Transformants were
assayed for B-galactosidase activity with 5-bromo-4-chloro-3-indolyl-B-p-galac-
topyranoside (X-Gal) as a substrate. A total of 28 of the 6 X 10° transformants
screened were positive for B-galactosidase staining. The CYH2 gene on the bait
plasmid confers cycloheximide sensitivity on the otherwise resistant Y190 strain.
Therefore, positive yeast transformants were selected for loss of the bait plasmid
(Mdm2-GAL4 DBD) by growth on selective medium containing cycloheximide
(24). Recovered prey plasmids were used to cotransform Y190 yeast with either
the N terminus of mouse Mdm?2, full-length mouse Mdm?2, a deleted form of p53,
cyclin D, lamin, SNF1, or human immunodeficiency virus type 1 (HIV-1) Tat, all
fused to the GAL4 DBD. Eleven plasmids were found to encode proteins that
interacted with both the N-terminal domain of Mdm?2 and full-length Mdm?2, but
not with unrelated control proteins. The human cDNA insert of each of these
plasmids was subjected to DNA sequence analysis. Clone 24 was selected for
further analysis because it contained the largest open reading frame (ORF),
whereas most of the other clones contained much shorter ORFs.

Isolation of a human Numb (hNumb) ¢cDNA clone. A human ALL-AZAPII
cDNA library (cDNA library of an acute lymphoblastic leukemia cell line; gen-
erous gift of E. Canaani) was screened with a PCR-generated 300-bp cDNA
probe derived from Clone 24. Rescued positive clones were analyzed by restric-
tion enzyme analysis and sequencing.

DNA sequencing. DNA sequencing was performed by the Weizmann Institute
DNA sequencing unit. Sequence analysis was carried out with the DNA se-
quence assembly software AutoAssembler (ABI).

Production of anti-hNumb polyclonal antibodies. A C-terminal fragment of
h-Numb, encompassing residues 385 to 549, was fused in frame to glutathione
S-transferase (GST). Abundant expression of the fusion protein in Escherichia
coli was detected upon a 1.5-h induction with 0.1 mM isopropyl-B-p-thiogalac-
topyranoside. The recombinant protein was purified by chromatography over
glutathione agarose, followed by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE), and was employed to immunize New Zealand White
rabbits according to standard procedures (23).

In vitro binding assays. GST, GST-Mdm2 (encoding full-length mouse Mdm2
fused in frame to GST), GST-p53 (residues 1 to 42), or GST—c-Jun (residues 1
to 79) were overexpressed in bacteria and purified according to standard proce-
dures. Full-length hNumb, deletion mutants of hNumb, or control expression
plasmids, all of which were constructed as in-frame fusions downstream to the
FLAG epitope, were transcribed and translated in vitro in the presence of
[**S]methionine with the T7-coupled reticulocyte lysate system (TNT; Promega).
In vitro-translated proteins were incubated with GST fusion proteins immobi-
lized on glutathione agarose beads (Sigma). Incubation was for 2 h at 4°C in 250
wl of binding buffer (25 mM Tris-Cl [pH 7.2], 50 mM NaCl, 0.2% Nonidet P-40
[NP-40]) with continuous shaking. Following incubation, the beads were pel-
leted, washed three times with a large excess of washing buffer (100 mM Tris-Cl
[pH 8.0], 100 mM NaCl, 1% NP-40), and boiled in protein sample buffer.
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Proteins released into the supernatant were resolved by SDS-PAGE and visual-
ized by exposure to X-ray film after fluorography.

Coprecipitation and Western blot analysis. 293 cells (1.5 X 10° to 2.0 X 10°
per 10-cm dish) were transfected with 5 pg of hNumb expression plasmid to-
gether with 5 pg of Mdm?2 expression plasmid or vector control plasmid. At 8 h
posttransfection, the transfection medium was removed, and the cells were re-
plenished with fresh culture medium. Cells were harvested at 48 to 70 h post-
transfection. Cell extracts were subjected to immunoprecipitation with the ap-
propriate antibodies, as described before (4). When indicated, extracts were first
precleared by incubation with preimmune serum. Immunoprecipitates as well as
1% of each extract were resolved by SDS-7.5% PAGE. Western blot analysis was
performed with the enhanced chemiluminescence (ECL) system (Amersham).

Northern blot analysis. Total RNA from transfected 293 cells was prepared by
the RNAzol B method (Biotecx). A 10-ug amount of total RNA was resolved on
a denaturing (formaldehyde) agarose gel, transferred to a Nylon membrane
(Hybond N; Amersham), and hybridized with random-primed probes specific for
hNumb or human GAPDH. Hybridization was at 65°C in 5X SSPE (1X SSPE is
0.18 M NaCl, 10 mM Na,HPO,, and 1 mM EDTA [pH 7.7])-2.5X Denhardt’s
solution-0.25% SDS-150 wg of herring sperm DNA per ml. The blots were
washed at increasing stringencies, with the final wash in 0.1 X SSPE-0.1% SDS at
65°C.

Pulse-chase analysis. Forty-eight hours posttransfection, transfected 293 cells
were starved for 30 min in methionine-free medium and then metabolically
labelled for 15 min with 110 mCi of [**S]methionine per 10-cm plate. Culture
dishes were washed twice in phosphate-buffered saline (PBS) and replenished
with nonradioactive medium. At the indicated time points (chase), cells were
harvested and extracts containing equal amounts of acid-insoluble radioactivity
were immunoprecipitated with anti-hNumb polyclonal serum. Immunoprecipi-
tates were resolved by SDS-7.5% PAGE and visualized by exposure to X-ray film
after fluorography.

Immunostaining. Saos-2 cells were plated 24 h prior to transfection on glass
coverslips at a density of 0.5 X 10° cells per 6-cm dish. Cells were transfected with
FLAG-hNumb together with either control vector DNA or Mdm2 expression
plasmid. At 24 to 48 h posttransfection, the cells were washed with ice-cold PBS
and fixed in cold methanol (—20°C) for at least 20 min. The coverslips were
rehydrated in ice-cold PBS for 5 min, blocked in 1% bovine serum albumin in
PBS for 5 min, and incubated with anti-FLAG monoclonal antibodies M2 (1:300;
Kodak) for 1 h at room temperature. The coverslips were then washed three
times in PBS, incubated in the dark with Cy3-conjugated goat anti-mouse im-
munoglobulin G (Jackson ImmunoResearch Laboratories) and with 4’,6-dia-
midino-2-phenylindole (DAPI; 0.5 pg/ml; Sigma) for 30 min at room tempera-
ture, washed three times in PBS, mounted on glass slides, and viewed under a
fluorescence microscope (Zeiss Axioskop).

RESULTS

Isolation of hNumb as a candidate Mdm2-binding protein.
The yeast two-hybrid screen was employed to identify proteins
capable of interacting with Mdm2. The N terminus of mouse
Mdm?2 (first 134 amino acid residues), fused to the GAL4
DBD, was used as a bait to screen a human peripheral lym-
phocyte cDNA expression library fused to the GAL4 activation
domain (24). One candidate clone, denoted clone 24, was
found to encode a polypeptide interacting in the two-hybrid
assay with the N terminus of mouse Mdm?2 and with full-length
mouse and human Mdm2, but not with unrelated proteins
(cyclin D, lamin, SNF1, HIV-1 Tat, and a deleted form of p53;
data not shown). Therefore, this clone was chosen for further
analysis.

Sequence analysis of the clone 24 cDNA insert revealed that
it is homologous to the Drosophila Numb gene, which is re-
quired for sensory organ formation in the developing nervous
system (32, 53, 60). Numb participates in cell fate specification.
It localizes asymmetrically during cell division and segregates
into one daughter cell, generating two daughter cells with
distinct fates.

Using the clone 24 insert as a probe, we screened a human
cDNA library prepared from an acute lymphoblastic leukemia
cell line (ALL-1) and isolated a clone containing the full ORF
of hNumb. The predicted protein sequence is shown in Fig. 1.
Indicated are a phosphotyrosine-binding (PTB) domain, which
is implicated in the preferential binding of tyrosine phosphor-
ylated proteins (6, 31, 36, 58); eight Pro-X-X-Pro motifs which
might serve as putative SH3-binding elements (1); and a zinc
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1 MNKLRQSFRR KKDVYVPEAS RPHOWQTDEE GVRTGKCSFP VKYLGHVEVD 50

51 ESRGMHICED AVKRLKATGK KAVKAVLWVS ADGLRVVDEK TKDLIVDQTI 100
hNumb -5 ERKFFKGFFGK

101 EKVSFCAPDR NFDRAFSYIC RDGTTRRWIC HCFMAVKDTG ERLSHAVGCA 150

151 FAACLERKQK REKECGVTAT FDASRTTFTR EGSFRVTTAT EQAEREEIMK 200

201 QMQODAKKAET DKIVVGSSVA PGNTAPSPSS PTSPTSDATT SLEMNNPHAI 250
251 PRRHAPIEQL ARQGSFRGFP ALSQKMSPFK RQLSLRINEL PSTMQRKTDF 300
301 PIKNAVPEVE GEAESISSLC SQITNAFSTP EDPFSSAPMT KPVIVVAPQS 350
—
351 PTFQGTEWGQ SSGAASPGLF QAGHRRTPSE ADRWLEEVSK SVRAQQPQAS 400
m)

401 AAPLQPVLQP PPPTAISQPA SPFQGNAFLT SQPVPVGVVP ALQPAFVPAQ 450
— 3 —

451 SYPVANGMPY PAPNVPVVGI TPSQMVANVF GTAGHPQAAH PHQSPSLVRQ 500
—

501 QTFPHYEASS ATTSPFFKPP AQHLNGSAAF NGVDDGRLAS ADRHTEVPTG 550
—

§51 TCPVDPFEAQ WAALENKSKQ RTNPSPTNPF SSDLOKTFEI EL 592
—

FIG. 1. Protein sequence of hNumb. Sequence of the ORF encoded by the
hNumb c¢DNA clone isolated from the ALL-1 library (see text). hNumb-S de-
notes the extra 11 residues present in the hNumb clone reported by Salcini et al.
(54). The putative PTB domain is underlined. Eight putative SH3-binding motifs,
Pro-X-X-Pro (X being any amino acid), are underlined by empty boxes. The
most C-terminal box fits the extended consensus SH3-binding motif with Pro
residues at positions 2, 7, and 10. A zinc finger-like domain is underlined by
dashes.

finger-like domain. The entire ORF comprises 592 amino acid
residues. It is thus shorter than the predicted product of the
hNumb clone described recently by Salcini et al. (54), which
contains 603 residues (hNumb-S; Fig. 1). These 11 extra resi-
dues are present in hNumb-S but not in our cDNA or in the
published mouse Numb cDNA (65). It is formally possible that
the human genome contains two closely related hNumb genes,
encoding a shorter protein and longer protein, respectively.
However, the rest of the sequence is perfectly conserved be-
tween the two human cDNA clones; hence, it is most likely that
both transcripts are derived from a single gene, presumably by
alternative splicing. This can be resolved through future anal-
ysis of genomic hNumb DNA. It is of note that the extra amino
acids reside within the PTB domain (Fig. 1), which is important
for Numb function (20). It is thus conceivable that the two
clones may represent functionally distinct forms of hNumb.

Interestingly, the C-terminal region of hNumb (residues 355
to 592) is identical to clone S171, a partial cDNA clone as-
signed previously to human chromosomal region 14q24.3,
which is associated with familial Alzheimer’s disease (56).
Most likely, S171 is indeed a partial hNumb clone, implying
that the ANumb gene is part of this Alzheimer’s disease-asso-
ciated chromosomal region. Taken together with the docu-
mented involvement of Numb in neuronal development in
Drosophila (53, 60) and its proposed role in mammalian neu-
rogenesis (61, 65), this raises the provocative possibility that
defective hNumb function may contribute to human neurode-
generative disorders.

The hNumb protein associates with Mdm2 in vitro and in
vivo. Full-length hNumb protein was produced by translation
in a reticulocyte lysate, giving rise to a protein of about 65 kDa,
as expected from its amino acid sequence (Fig. 2). This hNumb
protein was tested for binding in vitro to GST-Mdm?2 and to a
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FIG. 2. hNumb binds specifically to Mdm?2 in vitro. Full-length hNumb was
produced by in vitro translation in a rabbit reticulocyte lysate in the presence of
[**S]methionine. Equal amounts of radiolabeled hNumb were incubated with the
indicated GST fusion proteins or with GST alone. Bound proteins were eluted in
protein sample buffer, resolved by SDS-PAGE, and visualized by exposure to
X-ray film after fluorography. Positions and molecular masses of protein molec-
ular size markers are indicated. (A and B) Results are from separate experi-
ments.

series of control proteins, i.e., GST, GST-p53 (amino acids 1 to
42) and GST—c-Jun (amino acids 1 to 79). In agreement with
the data obtained in the yeast two-hybrid screen, hNumb was
found to bind preferentially to GST-Mdm?2 (Fig. 2). Under the
same conditions, a number of other in vitro-translated proteins
failed to exhibit preferential binding to GST-Mdm?2 (data not
shown); these included c-abl, the TFIIH-associated protein
p62, and the p53-inducible protein PAG608 (28). This supports
the existence of a specific direct interaction between Mdm?2
and hNumb.

To determine whether Mdm2 and hNumb can associate in
vivo, hNumb was cloned in frame downstream to a FLAG
epitope and overexpressed transiently in human 293 cells with
or without cotransfected Mdm?2. Cell extracts were precleared
with preimmune serum, followed by immunoprecipitation with
anti-Mdm?2 polyclonal serum. Immunoprecipitates were sub-
jected to Western blot analysis with an anti-FLAG monoclonal
antibody. As seen in Fig. 3A, hNumb was brought down from
extracts of cells cotransfected with an Mdm2 expression plas-
mid (lane 4), but not with empty vector DNA (lane 2). Hence,
the two proteins can associate specifically within living cells as
well.

A similar picture was revealed when identical extracts were
first immunoprecipitated with anti-FLAG monoclonal anti-
bodies and then subjected to Western blot analysis with anti-
Mdm?2 polyclonal serum (Fig. 3B). Again, coprecipitation of
hNumb and Mdm?2 was clearly seen when both proteins were
present (lane 4). In that case, a minute amount of Mdm?2 was
also coprecipitated from extracts of cells transfected with
Mdm?2 alone (lane 3). This implies the existence of some non-
specific background; however, the specific signal was reproduc-
ibly much stronger (Fig. 3B and data not shown). These data
extend the initial observations in the yeast two-hybrid screen
and imply that hNumb can interact with Mdm?2 in vitro and in
vivo.

The hNumb protein contains at least two Mdm2-binding
regions. To identify the region(s) of hNumb involved in inter-
action with Mdm?2, a series of hNumb deletion mutants were
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A IP ¢ Mdm2
m 1
FLAG-hNumb - + - +
Mdm2 - - + +
108 WB- o FLAG

s — —
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FLAG-hNumb - + -
Mdm2 - - +

FIG. 3. Mdm2 associates with hNumb in vivo. Mdm2 and FLAG-hNumb
were overexpressed in 293 cells by transient transfection. (A) Cell extracts were
precleared with preimmune serum, followed by immunoprecipitation with anti-
Mdm2 polyclonal serum. Immunoprecipitates were subjected to Western blot
(WB) analysis with anti-FLAG monoclonal antibodies. (B) Cell extracts were
precleared with preimmune serum, followed by immunoprecipitation with anti-
FLAG monoclonal antibodies. Immunoprecipitates (IP) were subjected to West-
ern blot analysis with anti-Mdm?2 polyclonal serum. Positions of protein molec-
ular size markers are indicated on the left.

generated (Fig. 4A; indicated at the top are the PTB domain,
the zinc finger-like motif, and the eight putative SH3-binding
motifs). Each deletion mutant was produced by translation in
a reticulocyte lysate in the presence of [*>S]methionine and
tested for binding in vitro to either GST or GST-Mdm?2. The
results (Fig. 4B) indicate that the hNumb protein contains at
least two Mdm2-binding domains, one confined to the C-ter-
minal half of the PTB domain (residues 92 to 165) and the
other residing in the C terminus of the protein (residues 352 to
592), while the central part of the hNumb polypeptide (resi-
dues 154 to 353) does not exhibit preferential binding to
Mdm?2. Interestingly, an important activity of the Drosophila
Numb (dNumb) protein, i.e., inhibition of Notch signaling, was
also reported to involve both the PTB and the C-terminal
domains (20). While the PTB domain of dNumb was shown to
bind directly to Notch (21), such interaction was not demon-
strated for the C-terminal domain.

Binding to hNumb requires an intact N-terminal domain of
Mdm2. The bait employed for identifying hNumb in the yeast
two-hybrid screen contained only the first 134 residues of
Mdm?2. This implies that the N terminus of Mdm?2 is sufficient
for hNumb binding. To further explore the importance of the
N-terminal domain for this interaction, a series of Mdm2 mu-
tants were tested for binding to hNumb in vivo.

The first set of mutants encodes proteins with short N-
terminal truncations. The first four in-frame methionines are
located at amino acid positions +1, +6, +50, and +62 of the
mouse Mdm?2 protein (3, 16). Plasmid Mdm2-X2 expresses
full-length Mdm2 protein. Plasmid Mdm2-B, Mdm2-D, and
Mdm?2-AXM all encode polypeptides initiating at positions
+50 and/or +62 (3); all of these N-terminally truncated
polypeptides fail to bind p53 (3, 46). Each of the mutants, as
well as intact Mdm?2 (X2) or an empty cytomegalovirus (CMV)
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FIG. 4. In vitro interaction of Mdm2 with hNumb deletion mutants. (A)
Schematic representation of the hNumb deletion mutants; all mutants were
constructed in pcDNA3FLAG. Indicated are the positions of the PTB domain,
the zinc finger-like domain (Zn), and the eight putative SH3-binding motifs
(vertical bars). (B) hNumb polypeptides described in panel A were translated in
vitro in the presence of [3*S]methionine and analyzed for binding to either GST
or GST-Mdm?2 as described in the legend to Fig. 2. aa, amino acids.

promoter vector control, was cotransfected together with a
hNumb expression plasmid into 293 cells. Cell extracts were
immunoprecipitated with anti-hNumb polyclonal serum. Im-
munoprecipitates (Fig. S5A) as well as 1% of each total extract
(Fig. 5B) were subjected to Western blot analysis with an
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FIG. 5. In vivo interaction of hNumb with Mdm2 mutants. Expression plas-
mids encoding different forms of Mdm?2 were transfected into 293 cells together
with an hNumb expression plasmid. Cell extracts were immunoprecipitated with
anti-hNumb polyclonal serum. Immunoprecipitates (A) as well as 1% of each
direct cell extract (B) were subjected to Western blot analysis with anti-Mdm?2
polyclonal serum. X2 and KC encode full-length Mdm2 protein; D, B, and AXM
encode Mdm?2 polypeptides lacking the N-terminal portion of the protein; and
58A, 58D, 58V, and A58 encode Mdm?2 proteins with alterations at amino acid
position 58 (see text). The positions of protein molecular size markers are
indicated on the left. The band present slightly above Mdm?2 in panel A, partic-
ularly in lanes 1 to 5, corresponds to a nonspecific contaminant observable also
when immunoprecipitation is performed with preimmune serum (data not
shown). Lanes 1 to 5 and 6 to 10, respectively, are from separate experiments
differing in nonspecific background.
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FIG. 6. Mdm2 reduces the steady-state level of hNumb. (A and B) 1% of
each cell extract employed for immunoprecipitation in Fig. 3 was subjected
directly to Western blot analysis with either anti-FLAG monoclonal antibodies
(A) or anti-Mdm2 polyclonal serum (B). hNumb and Mdm?2 are indicated by
arrows. Positions of protein molecular size markers are shown on the left. ECL
exposure time is identical to that used in Fig. 3. (C) Expression plasmids encod-
ing different forms of Mdm2 (see Fig. 5 and text) were transfected into Saos-2
cells, together with a FLAG-hNumb expression plasmid. Total cell extracts were
subjected to Western blot (WB) analysis with anti-FLAG monoclonal antibodies.
hNumb is indicated by an arrow. The positions of protein molecular size markers
are shown on the left. Equal loading was confirmed by reprobing the same blot
with an anti-a-tubulin antibody (bottom panel).

anti-Mdm?2 polyclonal serum. Coprecipitation of Mdm?2 with
hNumb was readily observed in cells overexpressing full-length
Mdm2 (Fig. 5A, lane 2; the band immediately above Mdm?2
represents a nonspecific contaminant, which is brought down
with preimmune serum as well). However, comparable copre-
cipitation was not obtained with any of the N-terminally de-
leted Mdm?2 polypeptides (Fig. 5A, lanes 3 to 5), even if one
corrects for variations in total levels of transfected Mdm?2 (Fig.
5B). The crystal structure of the N-terminal domain of Mdm?2
complexed to a 15-residue p53 peptide reveals that Mdm?2
possesses a deep hydrophobic cleft, to which p53 binds as an
amphipathic o helix (34). This structure further predicts that
residue Gly58 of Mdm?2, which is located within this cleft, is
critical for proper interaction with p53. We generated four
mouse Mdm?2 variants in which Gly58 was either deleted com-
pletely (A58) or mutated to Ala, Asp, or Val (58A, 58D, and
58V, respectively). All mutants were constructed on the basis
of plasmid Mdm2-KC, which was optimized for efficient ex-
pression of full-length Mdm?2 protein (3). As expected and in
agreement with earlier observations (19), none of these mu-
tants retains significant p53 binding (56a).

Following transfection into 293 cells, the wild-type protein
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FIG. 7. Mdm2 does not alter hNumb mRNA levels. 293 cells were trans-
fected with the indicated plasmids. Total cellular RNA was prepared 70 h
posttransfection, and 10 pg of each sample was subjected to Northern blot
analysis. The blots were hybridized sequentially with probes corresponding to
hNumb and to human GAPDH. The positions of 28S and 18S rRNA are indi-
cated. Cont., control.

encoded by Mdm2-KC exhibited easily detectable coprecipita-
tion with cotransfected hNumb (Fig. 5A, lane 10). All muta-
tions at position 58 of Mdm?2 resulted in a marked attenuation
of this association (lanes 6 to 9), despite the comparable levels
of all Mdm?2 forms in the transfected cells (Fig. 5B, lanes 6 to
10). Hence, efficient binding to hNumb depends on the integ-
rity of the N-terminal domain of Mdm?2.

Mdm?2 reduces the steady-state level of hNumb. As a routine
control for efficient expression of transfected plasmids, ali-
quots of transfected cell extracts were subjected directly to gel
electrophoresis, followed by Western blot analysis. A typical
result is depicted in Fig. 6A and B; samples were derived from
the experiment described in Fig. 3, with each lane correspond-
ing to 1% of the total amount of extract employed for immu-
noprecipitation in Fig. 3. It is evident that coexpression of
Mdm?2 caused a significant decrease in the steady-state level of
the transfected hNumb protein (Fig. 6A; compare lanes 2 and
4). This effect was observed in three separate experiments with
293 cells, as well as with 293T cells (derived from 293 by stable
transfection with the simian virus 40 large T antigen). In con-
trast, steady-state levels of Mdm?2 were actually augmented by
cotransfection with hNumb (Fig. 6B).

A similar ability of full-length Mdm?2 to decrease the steady-
state levels of hNumb was also observed with Saos-2 human
osteosarcoma cells (Fig. 6C; compare lane 3 and 4 to lane 2).
In order to find out whether this activity depends on the bind-
ing of Mdm2 to hNumb, a similar analysis was also performed
with N-terminally mutated forms of Mdm2 (AXM and 58A)
defective in hNumb binding (Fig. 5). As seen in Fig. 6C, lanes
5 and 6, both mutants failed to decrease the cellular levels of
hNumb; rather, they actually even caused a mild increase.
Hence, the ability of Mdm?2 to downregulate steady-state
hNumb levels most probably requires a direct interaction be-
tween the two proteins.

Quantitative analysis of hNumb mRNA in transfected 293
cells revealed that the amounts of these transcripts were not
reduced by Mdm?2 coexpression (Fig. 7). Hence, the decrease
in the amount of hNumb protein was not due to an effect of
Mdm?2 on transcription or RNA stability.

Mdm?2 was recently found to promote the degradation of
p53 (26, 33), with which Mdm?2 also associates through its
N-terminal domain. This raised the interesting possibility that
Mdm?2 might enhance hNumb proteolysis too. To further ex-
plore this idea, a pulse-chase experiment was performed. 293
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FIG. 8. Pulse-chase analysis of transfected hNumb in the absence or pres-
ence of excess Mdm2. 293 cells were transiently transfected with an hNumb
expression plasmid, together with either Mdm2 expression plasmid (+Mdm2) or
control vector (—Mdm?2). Cells were metabolically labelled by incubation with
[**S]methionine for 15 min and then chased in nonradioactive medium for the
numbers of hours indicated at the top. Portions of each extract, containing equal
amounts of acid-insoluble radioactivity, were immunoprecipitated with anti-
hNumb polyclonal serum. The immunoprecipitates were resolved by SDS-7.5%
PAGE and visualized by exposure to X-ray film after fluorography. The positions
of protein molecular size markers are indicated.

cells were transiently transfected with hNumb, together with
either Mdm?2 or empty vector (Fig. 8 [+Mdm2 and —Mdm?2,
respectively]). The cells were metabolically labelled with
[**S]methionine for 15 min and then chased in nonradioactive
medium for the numbers of hours indicated above each lane.
Extracts containing equal amounts of acid-insoluble radioactivity
were immunoprecipitated with anti-hNumb polyclonal serum
and were resolved by SDS-PAGE. As seen in Fig. 8, coexpres-
sion of Mdm?2 accelerated the disappearance of hNumb. Den-
sitometric scanning indicated that the half-life of hNumb was
reduced from 11 h in the absence of extra Mdm?2 to 6.5 h in its
presence (data not shown). Thus, Mdm?2 indeed appears capa-
ble of targeting hNumb for faster degradation, although the
effect is not as dramatic as that for p53 (26, 33), probably
because Mdm?2 associates with p53 more efficiently than with
hNumb. It is of note that Mdm2 overexpression caused a slight
reduction in the amount of label incorporated into hNumb
during the pulse (compare lanes 1 and 5); in this particular
experiment, the reduction was by 29%. Thus, although the
main effect of Mdm2 on hNumb is likely to be exerted on
protein stability, a change in translation efficiency cannot pres-
ently be ruled out. In this regard, it is noteworthy that Mdm?2
binds to the L5 ribosomal protein and its associated 5S rRNA
(38), as well as to specific RNA sequences or structures (15),
suggesting a possible involvement of Mdm?2 in translational
regulation.

Mdm2 can modulate the subcellular localization of hNumb.
Mdm?2 is predominantly nuclear (4, 41, 46). On the other hand,
in both Drosophila and mouse cells, Numb was found associ-
ated with the plasma membrane (32, 65). Rat Numb was re-
ported to be present primarily in the soluble cytoplasmic frac-
tion as well as in the particulate membrane fraction (61). The
fact that Mdm2 and Numb appear to reside in totally different
subcellular compartments would seem inconsistent with the
in vivo interactions described above. Therefore, we asked
whether any of these two proteins could influence the other’s
localization. To that end, Saos-2 cells were transiently trans-
fected with expression plasmids encoding Mdm2 and FLAG-
hNumb, either each alone or both together.

The subcellular localization of Mdm2 was not visibly affected
by hNumb expression; Mdm2 remained primarily in the nu-
cleus (data not shown). However, we did observe a reproduc-
ible effect of Mdm?2 on hNumb localization. In cells transfected
with FLAG-hNumb alone, staining was exclusively cytoplasmic
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(Fig. 9A). On the other hand, when Mdm?2 was included in the
transfection, approximately 20% of all of the cells staining
positive for transfected hNumb revealed conspicuous accumu-
lation of FLAG-hNumb in the nucleus. Figure 9B depicts a
field of doubly transfected cells, which were stained for FLAG-
hNumb; DAPI staining of the same field, which displays the
nuclei of all of the cells in that field, is shown in Fig. 9C.
Whereas two of the four positive transfectants in Fig. 9B retain
characteristic cytoplasmic staining (long arrows), the other two
display copious amounts of FLAG-hNumb in the nucleus (ar-
rowheads). While potentially of great interest, the reason why
Mdm? affects the localization of hNumb only in some cells but
not in others is presently unknown. A similar effect of Mdm2
on the subcellular localization of FLAG-hNumb was observed
in transfected H1299 cells (data not shown). Thus, Mdm?2 is
capable of directing hNumb to the nucleus, at least when both
are overexpressed in transfected cells. The ability of Mdm?2 to
modulate the subcellular localization of hNumb argues in favor
of the idea that interactions between the two proteins can
occur in vivo and might actually affect hNumb function.
Enhanced coprecipitation of Mdm2 with hNumb in the pres-
ence of a tyrosine phosphatase inhibitor. Screening of a pep-
tide library has revealed that the PTB domain of dNumb binds
preferentially to phosphopeptides containing the motif YIG-
PYF, where F represents any hydrophobic residue (36). Inter-
estingly, Mdm2 contains a related stretch of amino acids
(YIGQYI in mouse Mdm?2 [16]). This stretch corresponds to
residues 56 to 61 of mouse Mdm?2. It is located at the heart of
the p53-binding cleft of Mdm2 (34), within the N-terminal
region which also mediates hNumb binding. Moreover, the G
in this motif corresponds to Gly58 of Mdm2, whose importance
for hNumb binding is documented in Fig. 5. This segment of
Mdm? is, therefore, an attractive candidate for playing a key
role in the recognition of hNumb through its PTB domain.
The fact that hNumb-Mdm?2 interactions can be easily de-
tected with recombinant GST-Mdm?2 (Fig. 2) argues that phos-
phorylation of Mdmz2 is not required for binding to hNumb.
Similarly, despite its name (phosphotyrosine binding), the PTB
domain of dNumb specifically recognizes the YIGPYF motif in
the absence of tyrosine phosphorylation (36). However, when
peptides carrying this motif are phosphorylated on the tyrosine
at position 5, this significantly enhances their binding to the
dNumb PTB domain (36). Therefore, we monitored Mdm2-
hNumb interactions under conditions which increase the ex-
tent of tyrosine phosphorylation on cellular proteins. To that
end, 293 cells were cotransfected with expression plasmids for
hNumb and Mdm?2 and either left untreated or treated with
H,0O,-sodium orthovanadate (pervanadate) for 10 or 20 min
prior to harvesting. Pervanadate treatment strongly inhibits
phosphotyrosine phosphatase activity, augmenting the fraction
of protein molecules phosphorylated on tyrosine (27). Cells
were then harvested, extracted, and analyzed for Mdm2-
hNumb interaction as in Fig. 3. As seen in Fig. 10, pervanadate
treatment increased the amount of Mdm?2 that could be pre-
cipitated with hNumb (compare lane 2 with lanes 4 and 6).
While rather modest, this increase was seen reproducibly (four
of four experiments; data not shown). This suggests that the
interaction between Mdm?2 and hNumb may be regulated pos-
itively, directly or indirectly, by tyrosine phosphorylation.

DISCUSSION

Although there exists extensive information on the relation-
ship between Mdm?2 and p53, far less is known about possible
interactions of Mdm?2 with other proteins. The present study
describes a novel specific association between Mdm2 and
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FIG. 9. Mdm?2 affects the subcellular localization of hNumb. Saos-2 cells were transfected transiently with FLAG-hNumb expression plasmid DNA together with either vector control (A) or Mdm2 expression plasmid

(B and C). Cells were fixed with methanol, stained with anti-FLAG monoclonal antibody (A and B), and visualized by indirect immunofluorescence. Arrowheads and long arrows identify cells with predominantly nuclear

and predominantly cytoplasmic hNumb staining, respectively. (C) DAPI staining of the field shown in panel B. The photographs were taken at a magnification of X400.
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FIG. 10. Effect of pervanadate on the in vivo association of Mdm2 and
hNumb. 293 cells were transiently transfected with a hNumb expression plasmid,
together with either Mdm2 expression plasmid (+) or control vector (—). The
cells were pretreated with pervanadate (1 mM Na;VO,, 3 mM H,0,) for 0, 10,
or 20 min prior to harvesting. Cell extracts were precleared with preimmune
serum, followed by immunoprecipitation with anti-hNumb polyclonal serum.
Immunoprecipitates were subjected to Western blot analysis with anti-Mdm2
polyclonal serum. The positions of protein molecular size markers are indicated
on the left.

hNumb, which is a protein involved in cell fate determination.
This association can be detected in vitro as well as with trans-
fected cells. In transfected cells, Mdm2 overexpression causes
a decrease in overall hNumb levels, due at least in part to an
accelerated rate of hNumb protein degradation. Moreover,
excess Mdm?2 causes nuclear accumulation of hNumb in a
subset of cells.

While we have not determined the precise boundaries of the
hNumb binding site within the Mdm2 protein, the data argue
strongly that this site may at least partially overlap the p53
binding domain; point mutations within the p53-binding cleft
of Mdm?2, which eliminate p53 binding, also interfere strongly
with hNumb binding. It is conceivable that this cleft has
evolved primarily to accommodate p53, which binds Mdm?2
very tightly and is subject to stringent regulation by Mdm2. All
of the residues which contribute to this cleft may thus be
required for ensuring a tight fit with the p53 transactivation
domain. It is nevertheless of note that this cleft includes a
sequence (YIGQYI and YLGQYI in mouse and human
Mdm?2, respectively) which significantly resembles the YIGPYF
motif, which was recently shown to confer selective binding to the
dNumb PTB domain (36). Of the six residues comprising this
motif, only the Gly at position 58 of Mdm?2 and the Ile at position
61 are directly engaged in interactions with p53 (34). It is tempt-
ing to speculate that the stringent conservation of the entire
stretch may also serve to maintain the association with other
Mdm?2 partners, including Numb.

Also of potential interest is the observation that the amount
of Mdm?2 found in association with hNumb increases upon
treatment of transfected cells with an inhibitor of protein ty-
rosine phosphatases. One attractive possibility is that Mdm?2 is
directly phosphorylated on tyrosine under these conditions,
thereby increasing its avidity for the hNumb PTB domain.
However, there is so far no description of tyrosine phosphor-
ylation on Mdm?2. Therefore, one must also consider indirect
mechanisms through which an overall increase in cellular ty-
rosine phosphorylation affects the formation of Mdm2-hNumb
complexes. Interestingly, exposure of cells to basic fibroblast
growth factor elicits a pS3-independent increase in Mdm?2 pro-
tein levels (55). The basic fibroblast growth factor receptor
possesses tyrosine kinase activity, and its stimulation induces
specific protein tyrosine phosphorylation. Thus, in addition to
being transcriptionally regulated by p53, Mdm2 may also be
responsive to signaling pathways which involve tyrosine phos-
phorylation.

The functional significance of the interaction between
Mdm2 and Numb is presently unclear. At first glance, the
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relevance of this interaction is challenged by the fact that each
of these proteins seems to operate in a totally different sub-
cellular compartment, i.e., Mdm?2 in the nucleus and Numb in
the plasma membrane. However, the ability of Mdm?2 to direct
hNumb to the nucleus, at least in cells overexpressing both
proteins, suggests that there may exist situations in which the
two proteins not only see each other but even affect each
other’s function. There is now a growing list of proteins which
were initially considered nonnuclear and are now known to
reach the nucleus under defined circumstances and contribute
to specific biochemical and biological processes; one such ex-
ample is B-catenin, a cytoplasmic protein involved in the cou-
pling of cell adhesion molecules to the cytoskeleton, which has
recently been shown to participate directly in transcriptional
regulation through interaction with transcription factors (5,
40). By directing Numb into the nucleus, Mdm2 may conceiv-
ably either interfere with the normal activity of the former or,
alternatively, allow it to exert a distinct nuclear activity. Of
note, Mdm?2 itself shuttles very efficiently between the cyto-
plasm and nucleus, and this shuttling is required for the effi-
cient promotion of p53 degradation (53a). It is thus conceiv-
able that some of the effects of Mdm2 on other proteins are
attained through translocation of these proteins into or out of
the nucleus, as part of a complex with Mdm?2. Our data are
consistent with a model in which the subcellular localization of
Numb is also subject to a similar type of modulation by Mdm?2.

Mdm?2 has recently been proposed to possess an E3 ubig-
uitin protein ligase activity, through which it can directly elicit
p53 ubiquitination (27a) and thereby target p53 for proteaso-
mal degradation. It is tempting to speculate that, presumably
via its N-terminal pocket, Mdm2 associates with a variety of
other proteins which are consequently ubiquitinated through
that E3 activity and then degraded. Our data suggest that
Numb is another target of this activity. The approach em-
ployed here, which uses the N-terminal domain of Mdm?2 as a
bait in the yeast two-hybrid screen, is likely to reveal additional
proteins which are subject to a similar type of regulation by
Mdm?2.

A complementary approach should involve the identification
of other proteins, which through binding to Mdm?2 may either
facilitate or inhibit its protein-destabilizing activity. Regulatory
proteins of this type may interact with other domains of Mdm?2,
including those required for its putative E3 enzymatic activity.
In this regard, it is of note that the p19*™ tumor suppressor
protein associates specifically with Mdm2 and prevents it from
promoting the rapid degradation of p53 (51a, 64a). Moreover,
this interaction, which requires structural elements within the
C-terminal part of Mdm?2 and is not abrogated by mutations
within its N-terminal p53-binding domain, also accelerates the
degradation of Mdm?2 itself. Hence, Mdm?2 appears to reside at
the heart of a complex network of protein-protein interactions
which is greatly modulated through changes in protein turn-
over.

The data presented above raise the intriguing possibility that
Mdm?2-Numb interactions may couple the p53-Mdm?2 pathway
with processes regulated by Numb. There are numerous indi-
cations that p53 may contribute to proper differentiation (2).
Abnormally high activity of Mdm?2, which occurs in various
tumors, might therefore disrupt normal tissue differentiation
through neutralizing the resident p53. Another positive regu-
lator of differentiation which is recognized and presumably
inactivated by Mdm?2 is pRB (63). Furthermore, Mdm?2 over-
expression was experimentally demonstrated to interfere with
the differentiation of myogenic cells in culture (17). If the
binding of Mdm?2 to Numb results in inactivation of the latter,
this could represent yet another mechanism through which
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excess Mdm2 might inhibit differentiation. Such a situation is
likely to be particularly relevant in cells of neuroectodermal
origin, in which Numb appears to play a key role in cell fate
determination. This putative ability to maintain cells in a non-
differentiated state might contribute to the oncogenic proper-
ties of Mdm?2. It is noteworthy that Mdm?2 gene amplification
occurs in human neuroblastomas, albeit at low frequency (12).
It will be interesting to find out whether Numb function is
defective in such tumors and whether they are relatively less
differentiated than similar tumors retaining normal Mdm?2 ex-
pression.
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