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ABSTRACT: Mdm2 and MdmX function as cellular regulators of the p53 tumor suppressor protein. Mdmz2,

a p53 inducible protein, negatively regulates p53 by inhibiting p53 transcriptional activity and promoting
ubiquitin mediated proteasome degradation. The Mdm2 ring finger domain has been shown to possess
E3 ligase activity and to be a necessary domain for targeting p53 degradation. MdmX, a p53 binding
protein sharing a high degree of structural homology with Mdm2, has emerged as another negative regulator
of the p53 tumor suppressor. MdmX has also been shown to block p53 transactivation but unlike Mdm2
cannot induce p53 degradation. Since MdmX also possesses a ring finger domain that allows MdmX to
associate with Mdmz, this study focused on elucidating how the ring and zinc fingers of these two proteins
affected p53 function. We have generated a series of fusion proteins between Mdm2 and MdmX by
swapping the ring finger domains with or without the zinc finger domains and examined how these fusions
regulated p53 induced transactivation, ubiquitination, and degradation. All fusions inhibited the
transcriptional activity of p53. In the absence of Mdm2, none of the fusion proteins could trigger p53
ubiquitination or degradation. However, in a cell line with endogenous Hdm2, Mdm2:X fusions containing
the ring finger domain with or without the zinc finger domain demonstrated p53 ubiquitination presumably
through stabilization of Hdm2. Additionally, an Mdm2:XZFRF fusion also degraded p53 when endogenous
Hdm2 was present. Results from immunofluorescence studies suggest that p53 is colocalized to the
cytoplasm when coexpressed with a Mdm2:X fusion (Mdm2:XZFRF) and that this fusion is capable of
stabilizing endogenous Hdm2. Since none of the fusions triggered p53 ubiquitination in cells lacking
Mdm2, these results indicate that the E3 ligase domain within the ring finger of Mdm2 when part of
MdmX and the MdmX ring finger fused to Mdm2 were not sufficient to trigger p53 ubiquitination, in
vivo.

The tumor suppressor gepd3is mutated in over 50%  p53 stability, the inappropriate overexpression of Mdm2 can
of human cancerdlj. In nonstressed cells, p53 protein levels reduce the levels of endogenous p%S)(and in many cases
are relatively low due, in part, to its short half-life. However, represents a mechanism by which tumors eliminate p53.
p53 protein levels are increased in response to various typesConsistent with that model, the human homologue of Mdm2,
of DNA damage and cellular stress&3. (Stabilized p53 can  Hdm2, has been found amplified in approximately 7% of
result in either a G1/G2 cell cycle arrest or apoptosis- human tumors, many of which possess wild-type pB3.(
mediated cell deatt8(-5). Mdm2' and MdmX represent two MdmX, a p53 binding protein structurally homologous to
important cellular regulators of p53. Thedm2gene was Mdm2 (17), has emerged as another essential negative
initially described as the second of three genes found regulator of a p53 tumor suppressor since like Mdrhg, (
amplified on murine double minute chromosomes isolated 19), loss of MdmX expression results in p53 dependent
from a spontaneously transformed BALB/3T3 cell lir@. embryonic lethality in miceZ0—22). The region of highest
Mdm2, a transcriptional target of p53, is capable of binding homology between Mdm2 and MdmX is within the p53
to the N-terminal transactivation domain of p53 and inhibit- binding domain in the amino terminus of MdmX3). Both
ing the transactivation and transrepression actifep53 Mdm2 and MdmX show conservation within metal binding
(7—9). Mdm2 is an ubiquitin (Ub) protein ligase (E3) for C-terminal ring finger motifs, which have been defined as a
itself and p53 10, 11) and promotes rapid degradation of spatially conserved set of cysteinkistidine residues of the
p53 through the ubiquitin proteolysis pathway2{14). type C3HC4 17, 24). Despite the structural homology,
While endogenous levels of Mdm2 are sufficient to regulate genetic evidence suggests tmatimxcannot substitute for
mdm2during early embryonic development. Unlikedm2
mdmxgene expression is not modulated by DNA damage
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MdmX and Mdm2 was significantly more stable than clonal antibody Ab-1801 (Neomarkers) were used as indi-
homooligomerization of either proteir2§). cated. The MdmX polyclonal rabbit antibody has been

The purpose of the present study was to investigate thepreviously described?g). The monoclonal Mdm2 antibody
function of different domains of Mdm2 and MdmX on p53 2A10 was a kind gift from Gerald Zambetti (St. Jude
transactivation, ubiquitination, and degradation. Toward this Research Hospital). Horseradish peroxidase-conjugated anti-
end, fusion proteins were generated by swapping different mouse or anti-rabbit secondary antibodies (Promega) were
domains between Mdm2 and MdmX. The results of this work combined with Super Signal substrate (Pierce) in the chemi-
revealed that all the Mdm2:X and MdmX:2 fusions inhibit luminescence detection of proteins. Cy2 and Texas Red
the transcriptional activity of p53. In the absence of Mdm2, conjugated to goat anti-rabbit and goat anti-mouse antibodies
none of the fusions were able to trigger p53 ubiquitination (Jackson Laboratories) were used in immunofluorescence
or degradation. However, when the fusions were expressedexperiments.
in a cell line with endogenous Hdm2, the Mdm2:X fusions  TransfectionsH1299 (5.5x 10°7/10 cm plate) and MEF
containing the ring finger domain with or without the zinc 2KO cells (5x 10°/10 cm plate) were transiently transfected
finger domain of MdmX demonstrated p53 ubiquitination. in serum and antibiotic free media with the indicated amount
Additionally, the Mdm2:XZFRF fusion was found to degrade of plasmids using Lipofectamine (Invitrogen). Afta 5 h
p53. Immunofluorescence studies showed that, when coex-incubation, the serum free media was replaced with DMEM
pressed with Mdm2:XZFRF, p53 was predominately local- containing serum and antibiotics. At 24 h post transfection
ized to the cytoplasm, and coexpression of this fusion resultedcells were harvested, and whole cell extracts were prepared
in a significant stabilization of endogenous Hdm2. Taken by incubating frozen cell pellets in ax2volume of PBSA
together, these results suggest that the ring finger domain oflysis buffer (phosphate-buffered saline [PBS] containing 5
MdmX present in both Mdm2:MdmX fusions seems to be MM EDTA and 0.5% Triton X-100). The pQE-galactosi-
sufficient to affect Mdm2 mediated ubiquitination of p53 dase reporter plasmid was included in all transfections to
through stabilization of endogenous Hdm2. In contrast, the normalize for transfection efficiency. In p53 transactivation
E3 ligase domain within the ring finger of Mdm2, when part assays, the p53 reporter plasmid pG13Luc was included.
of the MdmX:Mdm2 fusions, was not sufficient to trigger Luciferase assays were performed as described by the

p53 ubiquitination and degradation. manufacturer (Promega). The transactivation activity for each
transfection condition was calculated as the relative luciferase
MATERIALS AND METHODS units (average of two independent samples assayed in

) ] ) parallel) divided by the milliunits gf-galactosidase activity.

Plasmids.The following plasmids used for the present Eror pars represent the average deviation of the independent
study have been described previously: pcDNA3ridm2, experiment.
PCDNA3.1-mdmx, and pRChpS26, 26, 30). The synthetic Protein AnalysisFor Western analyses, whole cell extracts
Luciferase reporter plasmid pGt&uciferase containing 13 pased on equivaleri-galactosidase activity were resolved
f:opies of p53 consensus sequence was obta_lined by subclonsy, 4 sodium dodecy! sulfatel0% polyacrylamide gel and
ing the promoter sequence from pG13CAT into pGL3Luc. gypsequently transferred to a poly(vinylidene difluoride)
The plasmid pEGFPN1 was purchased from Clontech. The memprane (Millipore) using a Transblot system (Bio-Rad).
Hiss—ubiquitin expression plasmid was generously provided mynobjotting was performed as described using appropriate
by Dr. Xirodimas from Dr. David Lane’s laboratory. The  imary antibodies at a 1:108:5000 dilution and second-
Mdm2:X and MdmX:2 fusions were generated by PCR uSing 5y antibodies (goat anti-mouse or goat anti-rabbit conjugated
Pix DNA polymerase and fusion primers flanking the (4 horseradish peroxidase) at a 1:5000 dilutiBt) ( Filters
appropriate Mdm2 and MdmX ring and zinc finger regions. \yere then exposed to chemiluminescent reagent and subse-
All fusion cDNA constructs (including stop codons) were g ently exposed to X-ray film. To analyze for p53 ubiquiti-
cloned into pcDNA3.1V5/His (Invitrogen), such thatthe V5 - hation | purification of His—ubiquitinated conjugates was
epitope and six-histidine tag were not in frame with the performed as described by Xirodimas et 82)(
cDNAs. The DNA sequence of each fusion cDNA was * |mmunofluorescence Assay and Antibodfes: immun-
confirmed by DNA sequencing. ofluorescence assays, H1299 and 2KO were initially seeded

In Vitro Translation. Each fusion protein was initially  onto four well chamber slides (LAB-TEK) at a concentration
confirmed by in vitro transcription and translation (TNT T7/  of ~15 000 cells/well 1 day prior to transfection. After
T3 coupled Reticulocyte Lysate System; Promega). The in transfections, cells were fixed in PBS with 3% paraformal-

vitro translated proteins were radiolabeled witB-methion- dehyde for 8 min at room temperature and subsequently
ine and resolved by SDSPAGE. The fixed and dried gel  permeabilized in PBS with 1% TritonX-100 solution for 20
was exposed to X-ray film for 24 h. min at room temperature. Cells were then blocked a€4

Cell Lines and Antibodied41299 cells, a non-small-cell  overnight in PBS solution containing 10% goat serum and
lung carcinoma cell line devoid of p53, was purchased from 0.2% Tween-20. Primary antibodies were incubated for 1 h
the American Type Culture Collection. Mouse embryo at room temperature at a dilution of 1:25800, and the
fibroblast (MEF) 2KO cells, lacking botp53 and mdm2 secondary antibody conjugated with either Texas Red or Cy2
genes were generously provided by Dr. Guillermina Lozano (Jackson Laboratories) was incubated for 45 min at room
(MD Anderson). All cells were maintained in Dulbecco’s temperature at a concentration of L@uL in 1:10 diluted
modified Eagle medium (DMEM) supplemented with 10% blocking solution. Nuclei were stained with Hoechst dye
fetal bovine serum and 10g of gentamicin per mL. p53 33342 (Sigma) in PBS at a concentration ofi@mL for 5
polyclonal antibody FL +393 (Santa Cruz Biotechnology, min at room temperature and mounted in Gel mount
Inc.), monoclonal antibody Ab-6 (Oncogene), and mono- (Biomeda Corp.). Between each antibody or stain addition,



MdmX and Mdm2 Fusion Proteins Biochemistry, Vol. 42, No. 8, 20022293

Caspase Cleavage

Zinc Ring
p53 BD Finger Finger
-—p > ¥ o
¢
1 H——le———(fell Mdm?2
2 (1 | L L ) MdmX

. . == 83kDa

3 T Weeei  MdmX:2RF
4 (o Jeeefefeml MdmX:2ZFRF
5 W0 Mdm2:XRF
6 (——TTTTTTTD) Mdm2:XZFRF

= 48kDa
1 2 3 4 5 6

Ficure 1: (A) Schematic of the Mdm2, MdmX, and fusion proteins. The location of the p53 binding domain (p53BD), ring, zinc, and
caspase 3 cleavage sites are shown. All fusion cDNAs were sequenced to confirm proper reading frames. Mdm2:XRF contains Mdm2
amino acids 436 fused with MdmX amino acids 44289. Mdm2:XZFRF contains Mdm2 amino acids306 fused with MdmX amino

acids 301-489. MdmX:2RF contains MdmX amino acids-441 fused with Mdm2 amino acids 43489. MdmX:2ZFRF contains MdmX

amino acids 299 fused with Mdm2 amino acids 29489. (B) In vitro transcribed and translated Mdm2, MdmX, and fusion proteins
were radiolabeled wit§°S-methionine and resolved by SBBAGE and autoradiography. Size markers are from NEN high molecular
weight markers. Lane numbers correspond to the protein pictured in panel A.

the chambers were extensively washed 5 times with PBS.produced a protein in the range of 780 kDa. It is

p53 was detected either with rabbit polyclonal FE393 interesting to note that Mdm2:XRF migrated at a size
(Santa Cruz Biotechnology) or with mouse monoclonal p53 consistent with a full-length Mdm2 (90 kDa) protein, whereas
Ab-6 antibody (Oncogene Research Products). Mdm2 andMdm2:XZFRF, containing both the zinc and the ring finger
Mdm2:XRF were detected with mouse monoclonal 2A10, of MdmX, migrated at approximately 70 kDa, the size
and MdmX and the other fusions were detected with rabbit reported for full-length MdmX. The fusion containing the

polyclonal MdmX antibody. Mdmz2 zinc finger (MdmX:2ZFRF) also migrated at 90 kDa,
suggesting that the region between the zinc and the ring
RESULTS finger domains of Mdm2 and MdmX affects the difference

Characterization of Mdm2:X and MdmX:2 Fusion Pro- in migration between these proteins in GE.

teins. Mdm2 and MdmX share a considerable degree of _D0se Dependent Effects of Fusion Proteins on p53
structural homology and have been characterized as negative ransactvation and p53 Protein Stabilitygoth Mdm2 and
regulators of the p53 tumor suppressor protein. However, MdmX have been s_hpwn to inhibit the transcriptional activity
while both proteins show conservation of C-terminal zinc ©f P53 (7, 17, 35). Initially, we compared how the Mdm2:X
and ring finger domains, only the Mdm2 ring finger has been and MdmX:2 fusion proteins affected p53 transactivation.
reported to possess E3 ligase activity3,(33, 34). To H1299 cells, a non-small cell lung carcinoma cell line devoid
examine the functional similarities and differences between Of p53, were transfected with expression plasmids of human
the zinc and the ring fingers of Mdm2 and MdmX, we P53 alone or cotransfected with murine Mdm2, MdmX, or
generated a series of fusion proteins by swapping C-terminalincreasing concentrations of each of the four fusions1:2
regions of each protein. The fusions created in this study 1:6). p53 mediated transactivation was monitored by inclu-
are shown schematically in Figure 1A. The MdmX:Mdm2 sion of a reporter plasmid (pG13-Luciferase) containing 13
fusions were constructed by exchanging the ring finger copies of a consensus p53 binding sequence. Consistent with
domain with or without the zinc finger domain of MdmXx  earlier reports 7, 17, 35), both Mdm2 and MdmX were
with that of Mdm2 (MdmX:2ZFRF and MdmX:2RF). Inthe  found to inhibit p53 mediated transactivation (Figure 2A,
same way, the other Mdm2:MdmX hybrids were generated lanes 3 and 4). Coexpression of p53 with increasing
by replacing the ring finger domain with or without the zinc concentrations of Mdm2:XZFRF (lanes-3), Mdm2:XRF
finger domain of Mdm2 with the analogous regions of (lanes 8-10), MdmX:2RF (lanes 1%13), and MdmX:
MdmX (Mdm2:XZFRF and Mdm2:XRF). All constructs 2ZFRF (lanes 1416) each resulted in a dose dependent
were generated by PCR cloning usiftk DNA polymerase decrease in transcriptional activity of p53. Interestingly, the
and subcloned into expression plasmids pcDNA3.1V5/His p53 transcriptional repression was more dramatic with the
(including stop codons). The constructs were initially Mdm2:X fusions as compared to the MdmX:2 fusions. Since
confirmed by DNA sequencing (data not shown), then Mdm2 and MdmX have different effects on p53 protein
transcribed and translated in vitro in the presence®§]{ levels, we next wanted to determine if the differences on
methionine. The autoradiograph of in vitro translated proteins p53 transactivation by the fusions were the effect of
shown in Figure 1B shows that all four fusion constructs alterations on p53 protein levels. In Figure 2A (lower panel),
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Ficure 2: Dose dependent effects of Mdm2:X and MdmX:2 fusion proteins on transactivation and stabilization of p53. H1299 (A) and
2KO (B) cells were transfected with 500 ng (H1299) or 250 ng (2KO) of a hp53 expression vector either alone opgvitti Bldm2,

MdmX, or various increasing doses @), 2 ug, or 3ug) of fusion protein expression vectors. A reporter plasmid (pG13LUC;-025

1g) was used to assess p53 mediated transactivation. /p@dactosidase and pEGFP plasmids were included in each transfection to
normalize for transfection efficiency. Twenty-four hours after transfection, cells were harvested and asgaygaddfctosidase and luciferase
activity. Luciferase activity ¥ 10f) was normalized to transfection efficiency. Thexis represents the relative luciferase activity (ratio of
relative luciferase units per milliunit gi-galactosidase activity). Equivalefitgalactosidase units from each cell extract were resolved by
SDS-PAGE, and p53 protein levels were detected by immunoblotting with a polyclonal p53 antibody. The results show that all the fusions
inhibit the transcriptional activity of p53. The Mdm2:XZFRF fusion degraded p53 when transfected into H1299 but not in 2KO cells. Lane
1, vector; lane 2, p53 alone; lane 3, p53 withu@ of mdm2 plasmid; lane 4, p53 with &g of mdmX plasmid; lanes-57, p53 with
increasing amounts of mdm2:XZFRF plasmid; lanesl8, p53 with increasing amounts of mdm2:XRF plasmid; lanes1B] p53 with
increasing amounts of mdmX:2RF plasmids; and lanes1® p53 with increasing amounts of mdmX:2ZFRF plasmids. GFP western blots
confirmed that the loading extracts basedfegalatosidase activity resulted in normalizing the extracts for transfection efficiency (data not
shown).

Western blot analysis of p53 protein levels was performed line devoid of endogenous Mdm2. To do this, p53 trans-
after loading equivalenfi-galactosidase units of protein activation and degradation was examined in mouse embryo
extract from each of the transfections assayed in Figure 2Afibroblasts devoid of p53 and Mdm2 (MEF 2KO). As in
(upper panel). As previously reportedle( 33, 36), Mdm2 H1299 cells (Figure 2A), all the fusions were able to inhibit
was found to target p53 for degradation, whereas MdmX p53 mediated transactivation in a dose dependent manner in
was unable to elicit p53 degradation (Figure 2A, lower panel, 2KO cells (Figure 2B). In contrast to H1299 cells, the p53
lanes 3 and 4), even though p53 transactivation was inhibitedtransactivation inhibition was more pronounced with Md-
upon coexpression with MdmX. In contrast to MdmX, the mX:2 fusions in 2KO cells (Figure 2B, lanes 116). We
Mdm2:X fusion possessing the MdmX zinc and ring finger are currently exploring whether this might be due to a
domains (Mdm2:XZFRF) was able to degrade p53 in a dose difference in MdmX:2 stability in these two cell lines.
dependent manner (Figure 2A, lanes/A. While p53 However, when examining p53 degradation, we observed
degradation by Mdm2:XZFRF might explain the enhanced that none of the fusions had any detectable effect on p53
ability of this fusion to block p53 transactivation, a strong protein levels. The inability of Mdm2:XZFRF to degrade
inhibition in p53 transactivation was also observed with p53 in 2KO cells suggests that the Mdm2:X fusion was
Mdm2:XRF, a fusion that did not induce a decrease in p53 eliciting its effect on p53 stability through endogenous Hdm2.
protein levels (Figure 2A, lanes-80). Additionally, neither Nevertheless, all four fusions were able to inhibit the p53
of the MdmX:2 fusions (Figure 2A, lanes 116) affected mediated transactivation in both cell lines.

p53 protein levels. Before concluding that the p53 degrada- Mdmz2:X Fusions Trigger p53 Ubiquitination in H1299
tion seen with Mdm2:XZFRF implied that the MdmX zinc  Cells.To further investigate the effects of the fusion proteins
and ring finger domains could substitute for the Mdm2 zinc on p53 ubiquitination, an in vivo ubiquitination assay was
and ring finger domains, we examined whether the p53 performed 82). H1299 cells were transiently transfected with
degradation observed with this fusion could occur in a cell various p53, Mdm2, MdmX, and fusion expression plasmids.
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Ficure 3: Mdm2:X and MdmX:2 fusions are unable to ubiquitinate p53 in cells devoid of Mdm2. In panel A (H1299) and B (2KO0), cells
were transfected with hp53 ig) alone or with 2ug of the indicated plasmids. Each transfection also contained a His-tagged ubiquitin and
pEGFP expression vectors. Cells were untreated (lane 1) or treated 36 h post transfectionuMtMZBL32 for 4 h (lanes 2-8) prior to

extract preparation and analysis as described in the Materials and Methods. Top panel: Nickel purified proteins probed for His-tagged p53
using p53 monoclonal antibodies. Middle panel: Total p53 protein levels were detected by Western blotting with monoclonal p53 antibody.
Bottom panel: GFP protein levels detected by Western blotting of whole cell extracts. Asterisk (*) denotes position of unubiquitinated p53;
m denotes position of mono-ubiquitinated p53.

Ubiquitination was assayed by including an expression vector 5—8). The results suggest that neither the substitution of the
for a His-tagged version of ubiquitin. Thirty-six hour post Mdm2 zinc and or ring fingers for MdmX nor the reverse
transfection cells were treated with 201 MG132, a 26S fusions were able to ubiquitinate or degrade p53 in a cell
proteasome inhibitor, for 4 h. Transfection of p53 alone line lacking Mdm2. However, in a cell line possessing
without MG132 treatment (Figure 3A, lane 1) and with endogenous Hdm2 (H1299), the substitution of the MdmX
MG132 treatment (Figure 3A, lane 2) showed mono- ring (RF) or zinc and ring (ZFRF) finger domains resulted
ubiquitinated p53, most likely the result of either endogenous in fusions with the capacity to trigger an Hdm2 dependent
Hdm2 or to an Mdm2-independent ubiquitinating activity. p53 ubiquitination, and in the case of the Mdm2:XZFRF,
Cotransfection of p53 with Mdm2 resulted in an increase in p53 degradation.
p53 poly-ubiquitination represented by a ladder of p53  Cellular Localization of p53 in the Presence of the
ubiquitinated forms (Figure 3A, lane 3). Coexpression of Mdm2:X and MdmX:2 Fusion3.o address how the fusions
MdmX with p53 resulted in a more modest increase in demonstrated differing effects on p53 ubiquitination and
ubiquitinated forms of p53 (Figure 3A, lane 4), likely degradation, we next investigated whether the coexpression
resulting from the stabilization of endogenous HdB82)( of p53 with the various fusions affected p53 subcellular
The MdmX:2 fusions demonstrated no detectable p53 localization. H1299 and 2KO cells were transfected with
ubiquitination above that seen with p53 alone (Figure 3A, plasmids encoding p53 alone or with Mdm2, MdmX, Mdm?2:
lanes 5 and 6). Interestingly, the reciprocal chimeras (Mdm2: X, and MdmX:2 fusions, and p53 cellular localization was
X) that had the ring finger with or without the zinc finger of examined as described in the Materials and Methods. When
MdmX fused to the N-terminus of Mdm2 were capable of p53 was transfected alone, the majority of p53 transfected
inducing p53 ubiquitination in H1299 cells. It was also cells showed an exclusively nuclear p53 staining pattern
reproducibly observed that the overall level of poly-ubig- (Figure 4A,B). Cells overexpressing both Mdm2 and p53
uitinated forms of p53 was higher when p53 was cotrans- demonstrated a strong nuclear/weak cytoplasmic p53 stain-
fected with Mdm2:XZFRF than with Mdm2:XRF (Figure ing, whereas Mdm2 localization was exclusively nuclear
3A; compare lanes 7 and 8). Thus, the fusion Mdm2:XZFRF, (Figure 4A,B). Coexpression of MdmX with p53 resulted
which facilitated p53 degradation in H1299 cells (Figure 2A, in p53 being localized to both the nucleus and the cytoplasm
lanes 5-7), also triggered an accumulation of multi- or poly- with MdmX being predominately cytoplasmic, although
ubiquitinated p53 (Figure 3A, lane 8). nuclear staining was clearly detected (Figure 4A,B upper and
To investigate whether the ability of Mdm2:X fusions to middle panels). Cotransfection of p53 with the MdmX:2
trigger p53 ubiquitination required H(M)dm2, the in vivo fusions (MdmX:2RF and MdmX:2ZFRF) and Mdm2:XRF
ubiquitination assay was repeated in 2KO cells. As expected,all produced strong nuclear and weak cytoplasmic staining
coexpression of Mdm2 resulted in p53 poly-ubiquitination of p53. Each of these fusions was also localized predomi-
(Figure 3B, lane 3), while MdmX was not capable of nantlyinthe nucleus (Figure 4A,B upper and middle panels).
inducing any p53 ubiquitination above that observed with Interestingly in H1299 cells expressing the Mdm2:XZFRF
p53 alone (Figure 3B, lane 4). These findings reconfirm that fusion, p53 was localized in both the nucleus and the
MdmX by itself does not have ubiquitin ligase activity toward cytoplasm with Mdm2:XZFRF showing strong cytoplasmic
p53 @37). Similarly, none of the fusions resulted in ac- staining (Figure 4A). The ability of Mdm2:XZFRF to induce
cumulation of ubiquitinated forms of p53 (Figure 3B, lanes a cytoplasmic localization of p53 was not observed when
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Ficure 4: Cellular localization of p53 when coexpressed with Mdm2, MdmX, or the fusion proteins. (A) H1299 and (B) 2KO cells were
transfected with expression vectors encoding p53 alone or with Mdm2, MdmX, or the indicated fusions. p53 localization was detected
using p53 polyclonal or monoclonal antibodies and the appropriate secondary antibody conjugated with Cy2 (green panels). Mdm2, MdmX,
or the fusion proteins were detected with the appropriate Mdm2 or MdmX antibodies and a secondary antibody conjugated with Texas Red
(red panels). Nuclei were stained with Hoechst dye (blue panels). The fusion Mdm2:XZFRF itself is localized to the cytoplasm in contrast
to the other fusions that are predominantly in the nucleus.

the proteins were expressed in 2KO cells (Figure 4B). From elevated Hdm2 protein (Figure 5B), a result consistent with
this, we conclude that Mdm2:XZFRF alters p53 localization previous findings that Mdm2 is one of the transcriptional
through endogenous Hdm2. targets of p53. Cotransfection of MdmX:2 fusions (MdmX:
Mdm2:XZFRF Fusion Stabilizes Endogenous Hdbat, 2RF and MdmX:2ZFRF) with p53 resulted in only 20 and
to directly demonstrate that the Mdm2:XZFRF was affecting 12%, respectively, of the transfected cells showing increases
the stability of Hdm2 in H1299 cells, we performed in the levels of endogenous Hdm2 (Figure 5B). It is possible
immunofluorescence experiments in H1299 cells to examine that the decrease in Hdm2 resulted from the inhibition of
if the fusions with the MdmX C-terminal domains could p53 transactivation caused by overexpression of these
stabilize endogenous Hdm2. We first determined which fusions. Interestingly, when the fusion Mdm2:XZFRF, which
specific antibodies could be used to separately detectwas found to inhibit p53 mediated transactivation and
endogenous Hdm2 and the various fusions. In data notincrease p53 degradation, was coexpressed with p53, it
shown, the 2A10 Mdm2 monoclonal antibody was shown resulted in a stabilization of Hdm2 in 72% of the transfected
to be specific for endogenous Hdm2 and not capable of cells analyzed (Figure 5B). To confirm that the effects of
crossreacting with any of the fusions examined. Additionally, the fusion on Hdm2 stabilization were not simply alterations
our MdmX polyclonal antibody was able to detect the of p53 transactivation, the experiment was repeated by
MdmX:2 fusions (MdmX:2RF and MdmX:2ZFRF) and expressing only the fusions in H1299 cells. Again, the
Mdm2:XZFRF fusions and did not detect the endogenous MdmX:2 fusions were unable to stabilize Hdm2 (Figure 5C)
Hdm2. while the Mdm2:XZFRF fusion, even in absence of p53, was
We subsequently carried out immunofluorescence experi- able to stabilize Hdm2 (Figure 5C) albeit to lower levels
ments in H1299 cells, monitoring transfected cells for either than seen when the fusion was cotransfected with p53 (Figure
p53 (Figure 5A, lane b), fusions (Figure 5A), or endogenous 5B). Both immunofluorescence approaches confirm our
Hdm2 (Figure 5A, lanes gl) protein. On the basis of hypothesis that the MdmX carboxyl ring and zinc finger
analyzing approximately 50 transfected cells per condition, domains fused to the N-terminus of Mdm2 can stabilize
43% of the H1299 cells expressing p53 also possessedendogenous Hdm2. This effect leads to ubiquitination and
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FiGure 5: Stabilization of Hdm2 by Mdm2:XZFRF. (A) H1299 cells were transfected with the indicated plasmids and then examined by
immunofluorescence for Hdm2 (lanes-iy using 2A10 antibody, which does not react with any of the indicated fusion proteins (data not
shown). p53 (lane b) or the various fusions were also monitoref).(bluclei (lanes m-r) were stained with Hoechst dye. (B) The localization

of HdM2 in at least 50 transfected cells were counted. The percentage of Hdm2 positive cells showing signal above the level detected in
untransfected cells was plotted as a percentage of the total number of p53 or fusion positive cells. (C) H1299 cells were transfected with
the indicated fusion. As when cotransfected with p53, Mdm2:XZFRF was able to stablize endogenous Hdm2.

degradation of p53. These results suggest a possible role folactivity. Upon Mdm2 activation, p53 transactivation is

the MdmX carboxyl terminal domain on the p58dm?2 repressed, and p53 protein levels are reduced. In contrast,

autoregulatory feedback loop. we and others have demonstrated that MdmX overexpression
can only repress p53 transactivation although under certain

DISCUSSION conditions, MdmX is capable of reversing Mdm2 mediated

On the basis of the embryonic lethality observed in mice P53 degradation2, 27, 29). Recently, several laboratories
lacking eithermdm2or mdmX it appears that the proteins have put forward models to address both the inability of
encoded by these genes represent important cellular regulaMdmX to degrade p53 and the role of MdmX in regulating
tors of p53, at least during the early stages of mouse Mdm2 mediated degradation of p53. Stad et al. recently
development¥8—22). Surprisingly, the embryonic lethality ~ reported that while MdmX was unable to function in
observed, while clearly p53 dependent, occurs at geneticallyubiquitinating p53, it could stimulate the ability of endog-
distinct developmental points. This difference may result enous Mdmz2 to induce p53 ubiquitinatiod7]. The results
from either differences in the developmental expression of in the present study are consistent with that finding as
Mdm2 and MdmX or may be based on the fact that these MdmX, while unable to trigger p53 ubiquitination in 2KO
two proteins possess unique mechanisms for regulating p53cells (Figure 3B), was able to induce a modest level of p53
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ubiqutination in H1299 cells that possess Hdm2 (Figure 3A). does not necessarily equate with an increase in cytoplasmi-
Interestingly, this level of multi- or poly-ubiqutination was cally localized p53.
unable to induce p53 degradation (Figure 2A, lane 4)  With respect to the role of MdmX in Mdm2-mediated p53
consistent with another report that poly-ubiquitinated rather degradation, it has been proposed that MdmX, at low levels,
than mono- or di-ubiquitinated proteins are efficiently is required for Mdm2 mediated degradation of p53 implying
recognized and degraded by the proteasorgp ( that the Mdm2:MdmX heterodimer is an essential component
To test whether the inability of MdmX to degrade p53 for p53 degradation4d). Furthermore they report, as have
was the result of an inactive E3 ligase activity within the others, that MdmX is exclusively cytoplasmic, unless coex-
MdmX ring finger domain, we tested four fusions that were pressed with Mdm?244, 45). These present studies suggest
reciprocal exchanges of the ring finger and the zinc and ring that MdmX and Mdm2:XZFRF, while clearly cytoplasmic,
finger domains of Mdm2 and MdmX. To our initial surprise, are also detected within the nucleus of cells lacking Mdm2
none of the fusions were able to degrade or ubiquitinate p53(Figure 4B). The cytoplasmic localization of Mdm2:XZFRF
in cells lacking Mdm2 (Figure 3B). It appears that the Mdm2 was somewhat surprising, given that this fusion possesses
ring finger, with or without the zinc finger, cannot function the Mdm2 NLS. Given the recent finding that DNA damage
as an E3 ligase when fused to a N-terminal MdmX protein. can affect the cellular localization of MdmX4), it is
This conclusion is supported by the results of Argentini et possible that the MdmX zinc and ring finger domains altered
al., which suggested that the central region of Mdm2 (AA the structure of this fusion to inhibit the Mdm2 NLS signal.
222—-272) was necessary for efficient and effective ubiq- We are presently examining how the localization of these
uitination and degradatation of p539). However, when that  fusions respond following cellular stress.
domain of Mdm2 was fused with either the MdmX zinc and  In H1299 cells, we examined whether the overexpression
ring finger domains or the MdmX ring finger domain, neither of the fusion proteins led to a stabilization of Hdm2 by
fusion was able to elicit p53 ubiquitination in the absence exploring their colocalization with endogenous Hdm2 that
of Mdm2 (Figure 3B), providing further evidence that the was slightly induced by coexpression with p53 (Figure 5A)
MdmX C-terminal domain does not possess a functional E3 or at basal levels (Figure 5C). As predicted from the p53
ligase. ubiquitination results, the Mdm2:XZFRF was able to stabilize
While none of the fusions were capable of eliciting an Hdm2, unlike the MdmX:2 fusions (Figure 5B). Taken
Mdm2-like p53 ubiqutination, all four fusions were able to together, these results suggest that the Mdm2:XZFRF shows
block p53 transactivation (Figure 2). In cells devoid of a unique ability in H1299 cells to repress p53 transactivation
Mdm2, each fusion showed a comparable, dose dependenby stabilizing endogenous Hdm2 thereby triggering an
inhibition of p53 transactivation (Figure 2B). These findings ubiquitin-mediated p53 degradation. This study reinforces
are consistent with the observation that, in the absence ofthe model that the MdmX ring finger domain lacks E3 ligase
p53 degradation, the Mdm2 and MdmX p53 binding domains activity in vivo and that Mdm2 ubiquitination of p53 involves
show nearly equivalent binding affinities to p530j. In more than the Mdm2 E3 ligase domain within the ring finger.
H1299 cells, the p53 transcriptional inhibition by the
Mdm2:X fusions (Figure 2A, lanes-510) was significanty =~ ACKNOWLEDGMENT
more pronounced than the inhibition observed with the
MdmX:2 fusions (Figure 2A, lanes #16). Since both
Mdm2:X fusions blocked p53 transactivation but only
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