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Human tumors are believed to harbor a disabled p53 tumor suppressor pathway, either through direct
mutation of the p53 gene or through aberrant expression of proteins acting in the p53 pathway, such as p14*®¥
or Mdm?2. A role for Mdmx (or Mdm4) as a key negative regulator of p53 function in vivo has been established.
However, a direct contribution of Mdmx to tumor formation remains to be demonstrated. Here we show that
retrovirus-mediated Mdmx overexpression allows primary mouse embryonic fibroblast immortalization and
leads to neoplastic transformation in combination with HRas"'2. Furthermore, the human Mdmx ortholog,
Hdmx, was found to be overexpressed in a significant percentage of various human tumors and amplified in 5%
of primary breast tumors, all of which retained wild-type p53. Hdmx was also amplified and highly expressed
in MCF-7, a breast cancer cell line harboring wild-type p53, and interfering RNA-mediated reduction of Hdmx
markedly inhibited the growth potential of these cells in a p53-dependent manner. Together, these results make
Hdmx a new putative drug target for cancer therapy.

Half of human tumors harbor the 7rp53 mutation (20),
whereas genetic or functional aberrations of genes that ulti-
mately lead to disabled p53 function are common features of
the remainder of human tumors (43). The mutual exclusivity of
these widespread events underscores the central role of the
p53 pathway in tumor suppression. A critical negative regula-
tor of p53 is the Mdm?2 protein, which directly blocks its tran-
scriptional activity and stimulates its nuclear export and pro-
teolytic degradation, acting as an E3 ubiquitin ligase (3, 11, 35,
41). Accordingly, Mdm2 was found to be overexpressed in
human tumors and tumor cell lines as a consequence of gene
amplification, increased transcript levels, or enhanced transla-
tion (26).

The Mdm2-related protein Mdmx (or Mdm4) is another key
negative regulator of p53 function in vivo (9, 25, 28) and may
similarly contribute to spontaneous tumor formation. Human
Mdmx (Hdmx) maps in chromosomal region 1q32, a region
frequently amplified in cancer (33, 42), and a low percentage of
gliomas showed amplification of the Hdmx locus (34). More-
over, overexpression of the Hdmx protein was found in numer-
ous tumor cell lines retaining wild-type p53 (32).

In contrast to Mdm?2, Mdmx lacks ubiquitin ligase activity
and is unable to target p53 for ubiquitin-proteasome-depen-
dent proteolysis in vivo (24, 40). However, Mdmx binds p53 in
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its transactivation domain and is thereby able to inhibit its
transcriptional activity. In addition, it was recently proposed
that Mdmx blocks p300/CBP-mediated acetylation of p53 (36)
on several lysine residues at its extreme COOH terminus, a
modification likely to play a critical role in p53 tumor suppres-
sor function (reviewed in reference 29).

Here, we show that Hdmx is an oncogene that becomes
activated upon overexpression and that exerts its function by
inhibiting p53-dependent transcription. A systematic screening
of Hdmx expression or amplification in more than 500 human
primary tumors of different origins revealed Hdmx overexpres-
sion in a wide spectrum of human tumors. In addition, we
further demonstrate a role for Mdmx in regulating the acety-
lation status of p53 in vivo.

MATERIALS AND METHODS

Plasmids. We cloned Flag-tagged Mdmx full-length cDNA and deletion mu-
tants into vector pPBABE-Puro by using BamHI/EcoRI sites. Plasmids pPSUPER
(pS) and pSUPER-p53 (pS-p53) were gifts from R. Agami. Two pSUPER-Hdmx
(pS-Hx) plasmids were constructed as described previously (4) by inserting the
following 19-nucleotide target sequences into the BgIII and HindIII restriction
sites of pS: 5'-GTGCAGAGGAAAGTTCCAC and 5'-TGAGTCAGTATCAG
AGACG. Vectors pBABE(Puro)-E1A and pBABE(Puro)-RasY'? were pro-
vided by S. Lowe (Cold Spring Harbor Laboratory). The expression vectors for
hemagglutinin (HA)-p53, HA-Hdmx, HA-Hdmx-G, and pcDNA3.1-LacZ have
been described elsewhere (6, 23). HA-Hdmx-E was identified by reverse tran-
scription-PCR analysis of different human cells (6). Part of the Hdmx cDNA,
spanning the coding region for the Hdmx-E protein, was cloned into pcDNA3.1.
An N-terminal HA tag was added by PCR.

Cell cultures, transient transfection, and retrovirus infection. Mouse embry-
onic fibroblasts (MEFs) of the C57BL/6 background, Phoenix Eco packaging cell
lines, MCF-7 cells, and C33A cells were grown in Dulbecco’s modified Eagle’s
medium with 10% fetal calf serum. H1299 cells were cultured in RPMI medium
with 10% fetal calf serum. Transient transfection of MCF-7 cells with 4 pg of pS
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plasmids was performed by electroporation as previously described (4). For the
acetylation assay, MCF-7 cells (100-mm dishes) were transfected by the calcium
phosphate coprecipitation method. For retrovirus production, we transfected
packaging cells with various plasmids and infected target cells as previously
described (5). We used cells for experimentation (day 0) after selection for 4 days
in the presence of 2 pg of puromycin ml~ .

Growth curves and immortalization assays. The procedures used for growth
curves and the immortalization assay were essentially those described previously
(37). Low-passage MEFs were used in conjunction with retroviral infection. For
growth curves, 10° cells were plated on 100-mm dishes and counted at daily
intervals. Colony-forming ability was assayed with cells plated at a low density (3
X 10? cells/10-cm dish), cultured for 2 weeks, fixed, and stained (1% crystal violet
in 35% methanol). The life span of MEFs was assayed by plating 3 X 10° cells on
a 60-mm dish in quintuplicate and passaging them on a 3T3 protocol. The colony
assay was performed with MCF-7 cells after transfection with 6 pg of pS plasmids
and 300 ng of pBABE-Puro per 60-mm dish. At 40 h posttransfection, the cells
were split 1:2, 1:5, and 1:10. The cells were provided with fresh medium con-
taining 1 p.g of puromycin ml™~! 6 h later and refed every 2 to 3 days.

Focus formation and soft-agar assays. Focus formation by infected MEFs was
assayed with 10° cells plated on a 100-mm dish, cultured for 8 days, fixed in 70%
ethanol, and stained with Giemsa stain. For soft-agar cloning, we used 20,000
puromycin-selected, infected cells in 0.5% agar to seed each well of a six-well
plate in triplicate.

Antibodies, immunoprecipitation, and Western blot analysis. The primary
antibodies used were as follows: anti-Flag M2 mouse monoclonal antibody,
anti-Flag rabbit polyclonal antibody, antivinculin mouse monoclonal antibody
(clone hVIN-1), anti-y-tubulin mouse monoclonal antibody (clone GTU-88),
and anti-a-tubulin mouse monoclonal antibody (clone DM1A) (Sigma, St. Louis,
Mo.); anti-p53 sheep polyclonal antibody Ab-7 and anti-p21WAF! mouse mono-
clonal antibody Ab-1 (Oncogene Research Products, Cambridge, Mass.); anti-
pS3 goat polyclonal antibody FL393-G, anti-p53 mouse monoclonal antibodies
DO-1 and PAb1801, and anti-p21 rabbit polyclonal antibody F5 (Santa Cruz
Biotechnology, Santa Cruz, Calif.); anti-acetyl-K373/K382 p53 antibody (Upstate
Biotechnology Incorporated, Lake Placid, N.Y.); anti-phospho-p53 (Ser-15)
(Cell Signaling Technology, Beverly, Mass.); anti-HA monoclonal antibody
(BabCO, Richmond, Calif.); anti-p19ARF rabbit polyclonal antibody R562 (Ab-
cam, Cambridge, United Kingdom); anti-acetyl-p53 K379 (a kind gift from E.
Appella); anti-Mdm2 mouse monoclonal antibodies 4B2 and 2A10; anti-Mdmx
rabbit polyclonal antibody Si23; and anti-Hdmx mouse monoclonal antibody
6BIA.

For immunoprecipitation experiments, total cell extracts from trypsinized em-
bryos or lysates of infected MEFs were obtained as previously described (25). To
determine endogenous Mdm2 expression levels or p53 acetylation status in
MEFs, immunoprecipitation was performed with 1 mg of extracts and a mixture
of anti-Mdm?2 antibodies (2A10, 4B2, and SMP14) or agarose-conjugated
PAb421, respectively.

To detect p300-mediated acetylation of p53, transfected MCF-7 cells were
treated with trichostatin A (TSA) (500 nM) for 6 h at 40 h after transfection. The
cells were washed twice with ice-cold phosphate-buffered saline and lysed in
Giordano buffer (50 mM Tris-HCI [pH 7.4], 250 mM NaCl, 0.1% Triton X-100,
5 mM EDTA) containing 10% glycerol and supplemented with protease inhib-
itors and TSA. Anti-p53 immunoprecipitation was performed with 800 wg of
total lysates and anti-p53 FL393-G. Western blot analysis was performed as
described previously (18, 23, 25).

ISH, FISH, immunohistochemical (IHC), and TMA analyses of Hdmx. A total
of 460 formalin-fixed and paraffin-embedded human tumor samples, including
the most common tumor types, were analyzed. Samples were obtained from
Ospedale Maggiore, Novara, Italy; Ospedale Civile, Vimercate, Italy; and the
European Institute of Oncology, Milan, Italy. For each sample, two 0.6-mm
cylinders from a previously selected tumor area and two from a normal coun-
terpart were included. Hdmx mRNA expression was assessed by in situ hybrid-
ization (ISH) with [*>S]JUTP-labeled antisense and sense riboprobes. As a probe
for fluorescence ISH (FISH), we used a bacterial artificial chromosome (BAC)
clone (RP11-430C7) localized on chromosomal region 1q32 and containing the
entire Hdmx locus and a BAC clone (RP11-1064P9) localized on chromosomal
region 12q14 and containing the Mdm?2 locus. The BAC clones were labeled with
Cy3-dUTP and subsequently hybridized to metaphases spreads and tissue mi-
croarrays (TMAs). Immunostaining for p53 and Hdmx on paraffin sections was
performed with mouse monoclonal antibodies DO-1 and PAb1801 and the 6B1A
hybridoma supernatant, respectively.

MoL. CELL. BIOL.

RESULTS

Mdmx oncogenic activity in tissue cultures. We first decided
to analyze the effect of retrovirus-mediated enforced expres-
sion of Mdmx on the proliferation and life span of explanted
MEFs. When wild-type MEFs are placed in cultures, their
proliferative capacity dwindles with passages and eventually
ceases. This permanent cell cycle arrest, the so-called senes-
cence phenotype, results from cumulative trauma imposed by
tissue culturing per se and is the consequence of the progres-
sive activation of p53 function (39). Cells lacking functional
pS3 have an increased growth rate and a greater ability to
proliferate at a low density (15). Similarly, wild-type MEFs
with retrovirus-mediated enforced Mdmx expression (Fig. 1a)
proliferated significantly faster and to a higher cell density than
did control cells (Fig. 1b) and were capable of forming colonies
when plated at a very low density (Fig. 1c). Moreover, the same
cells continuously grew for more than 20 passages in a defined
3T3 culture protocol (Fig. 1d), while mock-infected MEFs en-
tered senescence after about 7 passages. Enforced Mdmx expres-
sion therefore immortalizes early-passage wild-type MEFs.

Mdm?2 residue G58 is critical for the interaction of Mdm?2
with the p53 protein (10). Since structural similarities between the
p53-binding pockets of Mdmx and Mdmx exist (2), we mu-
tagenized residue G57 of Mdmx (corresponding to Mdm?2 G58)
and showed by coimmunoprecipitation experiments that this mu-
tation (G57A) inhibits p53 binding (unpublished data). Impor-
tantly, substitution of this residue as well as deletion of the entire
N-terminal p53-binding site (AN mutant) of Mdmx inhibited its
growth-promoting effect (Fig. 1b and c), clearly indicating that
direct binding of Mdmx to p53 is essential for this function.

The assumption that Mdmx can immortalize MEFs by in-
terfering with p53-induced senescence would predict that these
cells do not show selective pressure for the loss of p53 or
p19RY expression, almost invariantly observed during spon-
taneous immortalization (19, 45). Direct immunoblotting anal-
ysis showed high levels of p19®RF in Mdmx-infected cultures
immediately after infection and selection (data not shown). As
expected from previous observations (30), p19“RF expression
was significantly elevated in the p53-null fibroblasts used here
as control cells (Fig. 1e). Despite variable p19*R" levels among
the various Mdmx-immortalized clones analyzed (the results
for three different clones are shown in Fig. 1e), the protein was
readily detectable in every clone, suggesting that the p19*RE-
encoding locus was intact. A striking reduction of CDKN1A
(p21), a p53-responsive gene product that negatively regulates
progression through the cell cycle (7, 44), was observed in
Mdmx-immortalized cells, confirming impaired p53 activity un-
der these culture conditions. Although basal p53 levels were
almost undetectable in these cells, treatment with UV-C in-
duced p53 stabilization, Ser-15 phosphorylation (data not
shown), and upregulation of p21 expression (Fig. le). To-
gether, these data suggest that enforced Mdmx expression al-
lows primary cell immortalization without p19*RF or p53 loss
of expression or p53-inactivating mutations.

Next, we wanted to gain insights into the mechanism by
which Mdmx inhibits p53 function. Since Mdm?2 levels were
slightly lower in Mdmx-overexpressing MEFs than in mock-
infected cells (Fig. 2a), Mdmx-induced immortalization is not
due to increased Mdm?2 protein expression. This lower level of
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FIG. 1. Immortalization in the absence of concomitant p19*®F or p53 loss in early-passage MEFs with enforced Mdmx expression. MEFs were
infected with recombinant retroviruses encoding Flag-tagged Mdmx (amino acids 2 to 472), Mdmx AN (N-terminal deletion of the p53-binding domain;
amino acids 112 to 472), Mdmx G57A, or puromycin resistance only (pBABE). (a) The Mdmx proteins from infected MEFs were detected by Western
blotting with anti-Mdmx polyclonal antibody Si-23. The asterisk indicates the position of the G57A mutation. (b) Growth curves for infected MEFs; each
100-mm dish was seeded with 10° cells. The numbers represent the means and standard deviations for two independently infected MEF cultures. Cells
were photographed at a magnification of about X30 after 7 days in cultures. (c) Colony formation assay. Infected MEFs were plated at a very low density
(3 X 10 cells/100-mm dish). (d) Proliferation of control (pBABE and E1A) or Mdmx-infected MEFs on a 3T3 schedule. The accumulated number of
population doublings is shown on a log scale on the y axis. (¢) Mdmx-immortalized clones were UV-C irradiated (30 J/m?), and cell extracts were prepared
24 h after treatment and subjected to Western blotting with the indicated antibodies. Passage 4 MEFs infected with pBABE alone and p53-null MEFs

are shown as control cells; vinculin served as a loading control.

Mdm?2 expression can be explained by impairment of the p53-
mediated transcriptional activation of the Mdm?2 gene. It was
recently shown that, in transfection assays, Mdmx can prevent
p300-induced acetylation of p53 (36), a finding which might
explain the inhibition of p53-induced transcription by Mdmx.
In agreement with this observation, the pool of acetylated
endogenous p53 was dramatically reduced in late-passage
Mdmzx-overexpressing MEFs, while robust p53 K379 acetyla-
tion could be detected in control (pBABE-infected) cells (Fig.
2b). Interestingly, p53 levels were largely unaffected in Mdmx-
infected cells and, in agreement with decreased transcriptional
activity, marked downregulation of p21 was observed. In addi-
tion, striking p53 K379 acetylation could be detected in ex-
tracts prepared from Mdmx-deficient embryos and to a much

lesser extent in Mdmx*'~ embryos (Fig. 2¢). Again, the total

level of p53 did not appear to be significantly affected but, as
was previously shown, the expression of p21 was strongly in-
creased in the absence of Mdmx expression (Fig. 2b) (25).
Since it has been suggested that acetylation plays a significant
role in p53-dependent transcriptional activation (14, 38, 1),
these observations provide a putative mechanism for the in-
hibitory effect of Mdmx on p53 activity.

High-efficiency transformation of MEFs by an oncogenic
Ras allele, HRas"'?, requires a loss of p53 function (15, 16,
21). Therefore, we evaluated whether Mdmx could cooperate
with HRasY'? in the neoplastic transformation of MEFs (Fig.
3). Indeed, Mdmx/HRas""'*-expressing cells were no longer
contact inhibited (Fig. 3a) and efficiently grew anchorage in-
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FIG. 2. Mdmx/Hdmx regulates p53 acetylation. (a) Immunopre-
cipitation of Mdm?2 from passage 7 infected MEFs with a mixture of
2A10, 4B2, and SMP14, followed by Western blot analysis with the
mouse monoclonal anti-Mdm?2 antibody 2A10. Mdm?2 levels in extracts
from early-passage, noninfected MEFs were also determined. Total
lysates were analyzed with an anti-y-tubulin antibody to show equal
input in the immunoprecipitations. Ig, immunoglobulin. (b) Immuno-
precipitation of p53 from passage 7 infected MEFs, followed by West-
ern blot analysis with either a pan-p53 antibody (Ab7) or an antibody
specifically recognizing acetylated lysine-379 of murine p53
[PabLys(Ac)379m]. (c) Immunoprecipitation of p53 from pooled ly-
sates of Mdmx~'~, Mdmx*'~, and Mdmx™'* embryos. Immunoprecipi-
tates were first analyzed with the antibody specifically recognizing
acetylated lysine-379 of murine p53 [PabLys(Ac)379m] and then ana-
lyzed, after stripping, with the pan-p53 antibody (Ab7). Total lysates
were also analyzed with anti-p21 and anti-y-tubulin antibodies.

dependently (Fig. 3b). Moreover, MEFs expressing Mdmx/
HRasV'? as well as E1A/HRasY'?-expressing control cells
formed tumors within 3 weeks when subcutaneously injected
into nude mice (Fig. 3c and d). Western blotting analysis con-
firmed that tumor development occurred without a loss of
p192RF (data not shown), p53, or Mdmx, since these proteins
were detectable in Mdmx/HRas"'2-expressing cells before in-
jection into mice (Fig. 3e, lane 2), in the formed tumors (lanes
3 and 4), and in the tumor-derived cell cultures (lane 5).

Hdmx is overrepresented in a fraction of human primary
tumors and amplified in a subset of primary breast cancers.
Since the above results suggest that aberrant expression of
Mdmx/Hdmx contributes to tumorigenesis, we analyzed levels
of Hdmx mRNA expression by ISH analysis with TMAs of
hundreds of primary human tumor samples (Fig. 4a and b). We
observed high levels of Hdmx expression (defined as levels at
least three- to fivefold higher than those in matched controls)
in 19% of breast (41 of 218), 19% of colon (5 of 27), and 18%
of lung (16 of 88) cancers (Fig. 4a).

Since Hdmx maps in a region frequently amplified in human
breast cancers (33, 42), we evaluated Hdmx gene copy numbers
by FISH analysis with TMAs of a large number of primary
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breast tumors. In normal breast tissue or benign breast lesions
(i.e., breast fibroadenoma), we observed two copies of the
Hdmx locus (Fig. 4c). In contrast, we found Hdmx amplifica-
tion (defined as more than 6 to 8 copies per cell) in 5% (8 of
162) of all samples analyzed, with lesion samples carrying up to
20 copies of the gene (Fig. 4c, middle and bottom panels).
Notably, tumors with Hdmx gene amplification showed the
highest degree of Hdmx RNA expression, as indicated by
mRNA ISH (Fig. 4a). Western blotting (Fig. 5a) and IHC
analysis (Fig. 5b) of the same tumor biopsy samples confirmed
Hdmx overexpression at the protein level. Analysis of p53
levels showed elevated p53 protein concentrations (defined as
>10% of cells showing staining) in 17% of the samples tested,
but none of the 8 Hdmx-amplified tumors was shown to have
high p53 protein concentrations by IHC analysis (Fig. 5b) or by
Western blotting (data not shown). Sequencing of the p53 gene
after PCR amplification of exons 4 to 9 (hosting 95% of all
reported p53 mutations in human cancers) confirmed the ab-
sence of mutations. Moreover, FISH analysis with an Hdm2-
specific probe revealed multiple copies of the Hdm2 gene in 3
of the 80 samples analyzed but only two copies per cell in all
Hdmx-amplified tumors (Fig. 5c). Together, the data strongly
suggest mutual exclusivity between Hdmx or Hdm2 gene am-
plification and p53 mutations.

RNA interference-mediated reduction of Hdmx protein lev-
els in breast cancer cell line MCF-7 affects cell growth in a
p53-dependent manner. To evaluate the biological significance
of Hdmx amplification in breast tumorigenesis, we used wild-
type p53-expressing breast tumor cell line MCF-7, which con-
tains multiple copies of the Hdmx gene (five copies) (Fig. 6a)
and expresses a high level of Hdmx protein (32). To test
whether a high level of expression of Hdmx in these cancer
cells is required for long-term growth and whether this expres-
sion occurs through the inhibition of p53, we specifically in-
hibited the expression of Hdmx, p53, or both by RNA inter-
ference. MCF-7 cells were transiently transfected with the pS
empty vector, a combination of two pS-Hx vectors, or a pS-p53
vector (4). Western blot analysis showed efficient suppression
of endogenous Hdmx and p53 expression in pS-Hx- and pS-
p53-transfected cells, respectively (Fig. 6b). Notably, the sup-
pression of endogenous Hdmx expression did not significantly
affect p53 levels, but p21 levels were increased, suggesting the
activation of p53 function.

MCEF-7 cells then were transfected with the same vectors
together with a dominant selectable marker (pBABE-Puro)
and plated at different densities on selective medium to eval-
uate their growth potential. MCF-7 cells efficiently formed
puromycin-resistant colonies when stably cotransfected with
pS or pS-p53 (Fig. 6¢) or with pS-Mx (data not shown). In
contrast, transfection with pS-Hx dramatically reduced the
number of colonies formed (Fig. 6¢). Strikingly, cotransfection
of pS-p53 largely rescued the antiproliferative effect of Hdmx
downregulation, indicating that the growth of MCF-7 cells
depends on Hdmx overexpression and its ability to keep p53
activity low under normal growth conditions.

Finally, we derived monoclonal stable cell lines from the
puromycin-resistant colonies and analyzed Hdmx and p53 ex-
pression (Fig. 6d). The downregulation of Hdmx expression
was observed in a high percentage (50 to 60%) of pS-Hx- and
pS-p53-transfected, puromycin-resistant cell lines, always in
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FIG. 3. Mdmx bypasses HRas"'*-induced senescence and cooperates with HRas"'? in neoplastic transformation. (a) Coinfected MEFs over-
expressing Mdmx and either EGFP (PINCO) or HRas"'? plus EGFP (Ras"'?) were plated for a focus formation assay. (b) MEFs from panel a were
used to seed soft agar. After 2 weeks, foci were photographed at magnifications of X5 and X 100. (c) Animals were injected with MEFs expressing
RasV'?%, Mdmx, Mdmx/Ras¥'?, or E1A/Ras¥'? at 6 to 8 weeks of age and were inspected for the presence of tumors 3 weeks later. (d) The mean
tumor size was estimated at regular intervals after injection. Nine out of nine mice injected with Mdmx/Ras"'?-expressing MEFs and six out of
nine mice injected with E1A/RasY'?-expressing MEFs developed tumors. Error bars indicate standard deviations. (e) Cell extracts were pre-
pared from an E1A/RasY'*-expressing tumor mass (lane 1), from Mdmx/Ras""*-infected MEFs before injection into nude mouse flanks (lane 2),
from two different tumors (lanes 3 and 4), and from cells cultured ex vivo from another tumor mass (lane 5) and were subjected to Western blotting
with the indicated antibodies. Vinculin served as a loading control.
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correlation with a decrease in p53 expression. Importantly,
Hdmx protein levels were unaffected in the cell lines estab-
lished from the rare pS-Hx-transfected colonies. These cell
lines therefore were probably derived from background puro-
mycin-resistant colonies that had not simultaneously inte-
grated the pS-Hx plasmid. These data indicate that Hdmx
expression can be stably reduced only when p53 expression is
simultaneously reduced, reinforcing the notion that growth
inhibition following interference with Mdmx/Hdmx expression
is p53 dependent. This conclusion is supported by the obser-
vation that transfection of pS-Hx in p53-negative H1299 cells
did not affect cell growth (data not shown).

DISCUSSION

We demonstrate here that increased and constitutive Mdmx
expression in primary cells causes immortalization and neo-
plastic transformation in combination with oncogenic
HRasV'2. Hdmx is overexpressed in a sizable fraction of human
primary cancers and is amplified in about 5% of the breast
tumors tested, all of which retain wild-type p53. Importantly,
we show that the breast cancer cell line MCF-7 loses its ability
to grow when depleted of Hdmx and that this effect is strictly
dependent on the presence of wild-type p53. Together, these
data demonstrate that Hdmx directly contributes to human
tumor formation by impeding the ability of p53 to exert its
tumor suppressor function.

of primary breast tumors showing amplification of Hdmx gene copy numbers
breast tissue sample, fibroadenoma, and carcinoma containing normal copy
tive breast carcinoma tissues showing significant amplification of the Hdmx

The molecular mechanism that prevents p53 activation in
the presence of high levels of Mdmx/Hdmx is largely unknown.
Transient overexpression studies with various cell lines have
suggested that Mdmx inhibits Mdm2-mediated p53 degrada-
tion (24, 40). However, it was later proposed that when ex-
pressed at lower levels, Mdmx facilitates Mdm2-dependent p53
degradation by rendering Mdm?2 protein sufficiently stable to
function at its full potential (13). In primary cells expressing
constitutively elevated Mdmx protein levels, no increase in
Mdm?2 expression levels was observed, and p53 expression lev-
els were not significantly affected, suggesting that the inhibition
of p53 activity in this cellular setting does not require p53
degradation. Furthermore, data presented here clearly indi-
cate that the direct binding of Mdmx to p53 is necessary for the
inhibition of p53 function.

We show here a key role for Mdmx in the regulation of p53
acetylation in both physiological and overexpression contexts.
Previous studies proposed a key role for this modification in
pS3-mediated transcriptional activation. If this model holds
true, then the inhibition of p53 acetylation by Mdmx provides
a simple explanation for impaired p53 activity in the presence
of high Mdmx concentrations. However, the relevance of p53
acetylation for its activity is still a matter of debate (8, 27; for
a review, see reference 29), and it was recently proposed that
p53 acetylation could simply be a consequence of the recruit-
ment of the coactivators p300/CBP. The recruitment of p300/
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FIG. 5. Tumors showing Hdmx amplification overexpress Hdmx protein and retain wild-type p53 and two copies of Hdm2. (a) High levels of
Hdmx protein were detected in tumors showing amplification of the Hdmx locus with 6B1A (Hdmx) or 4B2 (Hdm2) antibodies. Ctr, control; T2,
T3, and T4, tumors 2, 3, and 4, respectively; 2c, two copies. (b) Detection of Hdmx and p53 by IHC analysis of selected breast tumor samples with
6B1A (Hdmx) or PAb1801 (p53) antibodies. (¢) Hdm2 FISH (two fields per tumor) analysis of breast cancer samples. (Bottom panels) Samples
carrying multiple copies of Hdmx. (Top panels) Hdm?2 amplification in two samples carrying normal Hdmx copy numbers.

CBP appears, however, to be essential for p53-dependent tran-
scription, at least of the p21 promoter, by elevating the level of
histone acetylation around p53 target promoters (22). Thus,
the binding of Mdmx to p53 could either prevent the recruit-
ment of p300 or inhibits its acetyltransferase activity. A com-
petition of p300 and Hdmx for p53 binding is compatible with
previous observations. Hdmx contacts pS3 at about amino ac-
ids 22 and 23 (2), and a p53 mutant lacking the 23 N-terminal
amino acids does not interact with p300/CBP (22), indicating
overlapping binding sites. In addition, the phosphorylation of
Ser-15, Thr-18, and Ser-20 after DNA damage helps the re-
lease of Mdm2 (and presumably Mdmx) and simultaneously
greatly increases the recruitment of p300/CBP to p53 (12).
Moreover, p53 acetylation itself could also be important in
facilitating recruitment of the coactivators p300/CBP (1). One
could therefore speculate that the oncogenic potential of
Mdmx/Hdmx resides in the abilities to prevent the recruitment
of p300/CBP to the p53 transactivation domain and, as a con-
sequence, to inhibit the essential functions of these coactiva-
tors in p53-dependent transcription.

To determine the domain(s) of Mdmx/Hdmx involved in the
regulation of p53 acetylation, we made use of two Hdmx splic-
ing variants, Hdmx-G and Hdmx-E. As recently described,
Hdmx-G lacks the p53-binding domain (6). Hdmx-E is the
human homolog of Mdmx-S (31) lacking exon 6 through alter-

native splicing. It essentially encodes only the p53-binding do-
main (see supplementary information at http://www.dmbr
.ugent.be/lmbc/contents/mcb_vol24_july2004). The effect of
these variants on p300-induced K373/K382 acetylation of ex-
ogenous p53 was tested in transient transfection assays with
MCEF-7 cells (see supplementary information at http://www
.dmbr.ugent.be/Imbc/contents/mcb_vol24_july2004). Cells were
either mock treated or treated with the histone deacetylase
(HDAC) inhibitor TSA (500 nM) for 6 h before harvesting. In the
absence of TSA treatment, pS3 acetylation was hardly detectable,
whereas in the presence of TSA treatment, both Hdmx and
Hdmx-E inhibited the p300-mediated acetylation of p53. These
results suggest that the pS3-binding domain of Hdmx is necessary
and sufficient to interfere with p300-induced p53 acetylation.

A recent report suggested that Mdm2 promotes p53
deacetylation by recruiting an HDACI-containing complex
(17). To investigate whether this suggestion would hold true
for Hdmx, we tested the ability of Hdmx isoforms to be coim-
munoprecipitated with HDACI. In contrast to both Hdmx and
Hdmx-G, Hdmx-E could not be found in a complex with
HDACI (see supplementary information at http://www.dmbr
.ugent.be/lmbc/contents/meb_vol24_july2004). Since the latter
is able to reverse p300-mediated p53 acetylation, this result
suggests that, in contrast to what has been proposed for Mdm2,
complex formation between HDACI1 and Hdmx does not ap-
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FIG. 6. The RNA interference-mediated reduction of Hdmx protein levels reduces the colony-forming efficiency of a breast cancer cell line in
a p53-dependent manner. (a) FISH analysis of normal white blood cells (WBC) and MCF-7 cells. (Top panel) The probe (BAC clone RP11-430C7)
recognizes the Hdmx locus on chromosome 1g32. (Bottom panel) MCF-7 cells harbor multiple copies of the Hdmx locus (red arrows) and three
copies of a neighboring, more telomeric region (BAC clone 14B15) (green arrows). (b) MCF-7 cells were transiently transfected by electroporation
as described previously (4) with 4 pg of the indicated plasmids and harvested 40 h later. Lysates were analyzed by Western blotting. Blots were
probed with antitropomyosin (a-TM) as a loading control. (¢) MCF-7 cells were transfected with pPBABE-Puro and either pS, pS-Hx, or pS-p53
alone or pS-Hx together with pS-p53; the final DNA amount was adjusted to a total of 6 pg with pS. (d) Puromycin-resistant colonies were isolated
and established as cell lines. The expression of Hdmx, p53, p21, and tropomyosin (loading control) was analyzed by Western blotting.

pear to be a prerequisite for the inhibition of p300-dependent
p53 acetylation. However, our data do not exclude the possi-
bility that the recruitment of HDACI1 in vivo has a further
impact on p53 acetylation or the levels of acetylation of other
relevant proteins present in the p53-containing complex, such
as Mdm?2.

Our data suggest that the Hdmx-E spliced variant, which
essentially encodes only the p53-binding domain, is at least
equally as potent as full-length Hdmx in interfering with p300
recruitment and p53-mediated transcriptional activation. This

suggestion is consistent with the observation that the mouse
counterpart of Hdmx-E, Mdmx-S, was reported to act as a
strong inhibitor of p53-mediated transcriptional activation
(31). It will therefore be of interest to determine the levels of
expression of Hdmx-E and full-length Hdmx in our collection
of human primary tumors.

In conclusion, our findings indicate that increased Hdmx
expression directly contributes to the development of human
cancer and therefore represents a new and promising target for
cancer therapy. In particular, agents that downregulate Hdmx
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protein levels or inhibit the Hdmx-p53 interaction will be ex-
pected to sensitize cancer cells to pS3 tumor suppressor func-
tion.
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