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Abstract

MDM2 regulates p53 degradation by functioning as an E3 ubiquitin ligase. The role of MDMX, an
MDM2 homolog that lacks E3 ligase activity, in the regulation of p53 degradation remains
incompletely understood and sometime controversial. This confusion is due at least in part to
studies of p53 degradation mainly carried out in /n vitro settings, as elimination of either MDM2
or MDMX from mice results in p53-dependent embryonic lethality, thus obfuscating /in vivo
studies of the individual roles of MDM2 and MDMX in p53 degradation. To overcome this
problem, we generated mice expressing an inducible p53allele under various MDM2 and MDMX
deletion and mutation statuses and studied /n vivo p53 degradation. Degradation of p53 in vivo
was largely prevented in mice and MEF retaining MDM2 but lacking MDMX. While MDM2 and
MDMX interacted with p53 in the absence of each other, they bound p53 more efficiently as a
heterodimer. MDMX, but not MDMZ2, interacted with ubiquitin-conjugating enzyme UbcH5c, an
interaction that was essential for MDMX to enable MDM2 E3 ligase activity for p53 degradation.
Grafting the C-terminal residues of MDMX to the C-terminus of MDM2 allowed MDM2 to
interact with UbcH5c and enhanced MDM2-mediated p53 degradation in the absence of MDMX.
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Together, these data indicate that MDMX plays an essential role for p53 degradation /7 vivo by
recruiting UbcH5c to facilitate MDMZ2 E3 ligase function.

INTRODUCTION

TP53is the most commonly mutated gene in human cancers. As a transcription factor, p53
monitors genomic damage and inhibits tumor development through promoting numerous
activities, including cell cycle arrest, apoptosis, and autophagy(1). In unstressed cells, p53
expression and activity is kept at low levels primarily by ubiquitin-mediated proteasomal
degradation facilitated by its negative regulator MDMZ2, which harbors E3 ubiquitin ligase
activity in its C-terminal RING (really mteresting /ew gene) finger domain. MDM2
ubiquitinates p53, targeting it for export from the nucleus and degradation in the
cytoplasm(2). In response to stress, a rapid increase in p53 abundance occurs through the
inhibition of MDM2 mediated p53 degradation and accumulates p53 protein in the nucleus.
Moreover, MDM2 can inhibit p53 activity by binding to the p53 N-terminal transactivation
domain(3). Deletion of MDM2 in mice causes increase in p53 protein levels and
transcriptional activity and induces embryonic lethality; and the lethality can be rescued by
co-deletion of p53, demonstrating that a primary function of MDMZ2, at least during mouse
embryogenesis, is to keep p53 at low levels and inactive(4,5). MDMX, also known as
MDM4, is a structural homolog of MDMZ2, but it does not harbor intrinsic E3 ubiquitin
ligase activity. MDMX, like MDM2, binds p53 at its N-terminal transactivation domain and
contains a C-terminal RING domain through which to interact with the MDM2 RING
domain. Deletion of MDMX in mice, also like that of MDM2, leads to embryonic lethality
in a p53-dependent manner(6). The p53-dependent embryonic lethality observed in MDM2
and MDMX deletion mice indicates that MDM2 and MDMX play essential yet non-
redundant roles in p53 regulation. How MDM2 and MDMX play together to regulate p53,
particularly under physiological conditions, remains partially understood.

In particular, the role of MDMX in the regulation of p53 degradation is inadequately
understood. /n vitro studies have suggested that MDMX primarily inhibits p53
transcriptional activity but not its protein stability, which is regulated principally by MDM2
E3 ligase(7,8). Other studies have shown that overexpression of MDMX can stabilize p53
and reverse MDM2-mediated p53 degradation(9), and that MDMX increases MDM2 levels
by reducing MDM2 E3 ligase activity toward itself(10). Conversely, studies also shown that
the MDM2-MDMX heterodimer functions as a better E3 ubiquitin ligase than MDM2 alone,
suggesting that MDMX facilitates MDMZ2 E3 activity(11). Consistent with this notion,
ectopic overexpression of MDMX enhances MDM2 E3 ligase activity toward p53(12) and
rescues the activity of certain MDM2 mutants lacking E3 ligase activity(13).

Our recent study using the Mdam2Y#57A mutant mice, in which the MDM2Y487A mutation
inactivates MDM2 E3 ligase activity without affecting its ability to bind MDMX,
demonstrated that /n vivo the MDM2-MDMX heterodimer plays an essential role in
suppressing p53 transcriptional activity independent of MDM2 E3 ligase function, while the
MDMZ2 E3 ligase function becomes indispensable under stress conditions such as DNA
damage(14). The study recapitulates two recent MDMX mutant mouse models addressing
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questions about the /in vivo functions of MDMX. Deletion of the RING domain of MDMX
(MdmxRING) or introduction of a C462A mutation in the MDMX RING finger
(Mdmx©4624) disrupted MDM2-MDMX binding and caused embryonic lethality in
mice(15,16). In both models, the lethality can be rescued by p53 deletion, suggesting that
disruption of the MDMX RING domain, which will interrupt MDM2-MDMX
heterodimerization, results in uncontrolled activation of p53, implicating once again the
essential role of MDM2-MDMX heterodimer for p53 suppression. Nevertheless, the
contributions of MDMX in MDM2-mediated p53 ubiquitination and degradation remain an
important yet unresolved issue in the field.

Because deletion of either MDM2 or MDMX results in p53-dependent embryonic lethality,
dissecting the individual contributions of MDM2 and MDMX to p53 regulation under truly
physiological conditions is difficult. We took advantage of the p53ERTM (p53ER hereafter)
mouse model, in which the endogenous p53 gene is replaced by one encoding full-length
p53 fused with the hormone-binding domain of a modified estrogen receptor at its C-
terminus(17). The p53 activity in these mice can be rapidly switched “on” and “off” in the
presence and absence of 4-hydroxytamoxifen (4-OHT), allowing generation of mice
containing WT p53 under various MDM2 and MDMX deletion and mutation backgrounds.
The expression of p53ER is controlled by the native p53 promoter, and the p53ER protein
functions normally as the WT p53(17), except an slightly extended half-life of ~50 min(18),
as compared to ~20 min for WT p53(19). We generated pS3ER mice under various MDM2
and MDMX deletion and mutation backgrounds, and studied the contribution of MDMX to
MDM2 E3 ligase function /in vivo.

MATERIALS AND METHODS

Mouse Experiments

Cell lines

Mice and were bred and maintained strictly under protocols approved by the Institutional
Animal Care and Use Committee at UNC (16-026). Mice were treated with vehicle or 10
mg/mL 4-OHT dissolved in peanut oil as previously described(20). After 6 hours, mice were
euthanized and tissue was harvested.

The human osteosarcoma SJSA, osteosarcoma U20S, and breast cancer MCF7 cells were
obtained from the ATCC and came with comprehensive authentication and quality controls.
The cells are grown in DMEM with 10% FBS supplemented with 100 U penicillin/
streptomycin and maintained at 37°C and 5% CO,. The cells were actively passaged for less
than 6 months. All these cell lines were routinely tested for Mycoplasma contamination
using the MycoAlert Mycoplasma Detection Kit (Lonza, LT07-118), and the last
Mycoplasma test was performed in July 2020. Mycoplasma-free cell lines were used in all
of our experiments.

Cloning and Transfections

MDMX and MDM2 mutations were generated using the QuikChange Il XL site-directed
mutagenesis kit (Agilent Technologies, cat. no. 200521). Wild-type human MDMX or
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MDM2 encoded in pcDNA3-Myc3 or pcDNA3.1(-)-GFP vectors were used as templates for
reactions. Transfections were performed using Effectene transfection reagent (Qiagen)
according to the manufacturer’s instructions.

Protein Analysis

MEFs were treated with 4-OHT in the presence or absence of MG132 for the indicated
times, after which the cells were harvested for analysis. Tissues were lysed as previously
described(14). IP and immunoblotting were performed as described(21).

In vivo Ubiquitination Assay

Early passage MEFs were treated with 4-OHT for 2 hours, then with MG132 for 5 hours.
Cells were trypsinized and collected. One-fifth of each sample was lysed as an input control.
The remaining cells were boiled in hot Manabu’s buffer. Then, lysates were diluted in 0.1%
NP-40 lysis buffer for p53 IP. Western blotting was performed to probe for ubiquitinated
forms of p53.

Protein Half-life Assay

Early passage MEFs were treated with 4-OHT for 2 hours prior to treatment with 100 pg/mL
cycloheximide. Cells were harvested using hot SDS lysis buffer at the indicated time points.
Actin and p53 levels were analyzed by western blot. Protein bands were quantified,
normalized to actin, and plotted as the relative amount of protein compared to the 0 minute
treatment. Protein bands were quantified using ImageJ.

Cell Fractionation Assay

Early passage MEF cells were treated with 100 nM 4-OHT for 1 hour. The cells were
collected by centrifugation at 1000 rpm for 5 min, and the pellets were resuspended in TM-2
buffer (0.01 M Tris-HCI, pH 7.4; 0.002 M MgCI2 and 0.5 mM PMSF) and incubate at RT
for 1 minute, followed by incubation on ice for 5 minutes. Triton X-100 was then added into
the cell suspension to a final concentration of 0.5% (v/v) and the cells were incubated on ice
for an additional 5 minutes. The supernatant cytosol fraction was collected by centrifugation
at 1,500 rpm at 4°C for 10 minutes. The pellet containing the nuclei was washed with TM-2
buffer twice and precipitated by centrifugation at 1,500 rpm at 4°C for 10 minutes. The
harvested the nuclei were lysed with NP-40 buffer. The levels of p53, MDM2, and MDMX
were analyzed by western blotting. Tubulin and PARP were used as controls for cytoplasmic
and nuclear fractions, respectively. The bands were compared quantitatively using ImageJ
software.

Mouse Breeding, Maintenance, and Genotyping

MdmZ2™~ and Mdmx™~ mice were gifts from Guillermina Lozano (University of Texas,
M.D. Anderson Cancer Center). p53ER™M knock-in mice were a gift from Gerard Evan
(University of Cambridge, UK). MdmZ2™~and Mdmx™~ mice were crossed with p53ER™AM
mice to generate MamZ2~~;p53" and Mdmx~~;p53F%"- compound mice. Genotyping of
the Mdm2~~, Mdmx ™", and p53ER™M alleles was performed as described
previously(5,6,17). Mice were bred and maintained strictly under protocols (16-026.0)
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approved by the Institutional Animal Care and Use Committee in the UNC Animal Care
Facility. Mice 6-8 weeks of age were treated with either peanut oil or 10 mg/mL 4-OHT
dissolved in peanut oil as previously described(20). After 6 hours of treatment, mice were
euthanized and tissue was harvested.

Cell Culture and Reagents

Primary MEF cells were cultured in a 37°C incubator with 5% CO,, and 3% O, in
Dulbecco’s modified Eagle’s medium supplemented with 10% fetal bovine serum (Gibco)
and 100 IU/ml penicillin and 100 pg/ml streptomycin (Gibco). For activation of p53ER™M,
100 nM 4-OHT dissolved in 100% ethanol was added to the culture medium. Cycloheximide
was purchased from Sigma (cat. no. C7698). MG132 was purchased from Calbiochem (cat.
no. 474790). siRNAs against MDMX or UbcH5c¢ were synthesized by Jima (Jima, Shanghai,
China).

Cloning and Plasmids

MDMX and MDM2 mutations were generated using the QuikChange 11 XL site-directed
mutagenesis protocol (Agilent Technologies, cat. no. 200521). Briefly, WT human MDMX
or MDM2 encoded in the pcDNA3-Myc3 or pcDNA3.1(-)-GFP vector were used as a
template for all site-directed mutagenesis reactions. PCR reactions were performed
according to manufacturer’s instruction. The primers used are as follows: MDMXACT:
Forward, 5’-TGCAAGAAAGAG
ATTCAGCTGTAAGGATCCGTTTTTATAGCATAAGCGGGC-3’; Reverse: 5’-CGC
TTATGCTATAAAAACGGATCCTTACAGCTGAATCTCTTTCTTGCA-3’; MDM2XC7:
Forward: 5’-
TGTAGACAACCAATTCAAATGGTTATTAAGGTTTTTATAGCATAAAATTCTGCAGTC
GACGGTACC-3’; Reverse: 5’-GGTACCGTCGACTGCAGAATTTTATGC
TATAAAAACCTTAATAACCATTTGAATTGGTTGTCTACATACTGG-3’. Mutagenesis
primers were used to amplify the intended product using a thermocycler (Applied
Biosystems, model 2720). PCR reactions were digested with Dpnl (New England Biolabs)
for two hours, and then 5 pl of each reaction was transformed into chemically competent
XL-1 blue Escherichia coli cells. All clones were submitted to the University of North
Carolina Genome Analysis Facility for sequence verification.

Transfections

Cells were plated for overnight and transfections were performed using Effectene
transfection reagent (Qiagen) according to the manufacturer’s instructions. All transfections
included a pcDNA3.1(-)-GFP plasmid to visually confirm transfection efficiency (in all
transfections, at least 50% of cells were GFP-positive).

Protein Analysis

Early passage MEFs were treated with 100 nM 4-OHT in the presence or absence of
MG-132 for the indicated time points, after which the cells were lysed in 0.1% NP-40 for
immunoprecipitation and 0.5% NP-40 buffer for western blot analysis. Tissue was lysed as
previously described(14). Procedures and conditions for immunoprecipitation and
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immunoblotting were also described previously(21). Mouse monoclonal anti-MDM2 (2A-10
and 4B11), mouse monoclonal anti-MDMX (MDMX-82), mouse monoclonal anti-p53
(pAb122), and mouse monoclonal anti-Actin (MAB1501) antibodies were purchased
commercially. Mouse monoclonal anti-MDMX (8C6 and 10C2) was gift from Jiandong
Chen (Moffitt Cancer Center).

In vivo Ubiquitination Assay

Early passage Mdm2*"*;Mdmx*"* ,p53R", Mdm2*"*;Mdmx~"~,p53~", Mdm2~"~;Mdmx
#* p53ER and Mdm2CH#62A/CI62A \amx*/* ;,p53FR/- MEFs were treated with 100 nM 4-
OHT for six hours, after which cells were treated with 10 uM (final concentration) of
MG132 proteasome inhibitor for another five hours. U20S cells were transfected with
indicated plasmid DNA for 24 hours followed by treatment with 10 uM MG132 for five
hours. Then cells were trypsinized and collected. One-fifth of each sample was lysed with
0.1% NP-40 lysis buffer as an input control. The remaining cells were boiled in hot
Manabu’s buffer containing 1X protease inhibitor (Sigma), 1 mM phenylmethylsulfonyl
fluoride (PMSF), 1 mM sodium orthovanadate (NaVO,), and 1 mM dithiothreitol (DTT) for
10 minutes. Then, the lysates were diluted into 0.1% NP-40 lysis buffer containing protease
inhibitor and subjected to immunoprecipitation. Western blotting was performed to probe for
the ubiquitinated forms of p53.

Protein Half-life Assay

Early passage Mdm2*"*;Mdmx*"* 053", Mdm2*"*;Mdmx~"~,p53%/ and
Mdm2™~;Mdmx*"*,p53FR/- MEFs were treated with 100 nM 4-OHT for two hours prior to
treatment with 100 pg/mL cycloheximide. Cells were harvested using sodium dodecyl
sulfate (SDS) lysis buffer at the indicated time points. The levels of p53 and Actin were
analyzed by western blotting. p53 bands were quantified after normalization to Actin, and
were plotted as the relative amount of protein remaining compared to the zero minute
treatment time. Bands were compared quantitatively using ImageJ software.

GST Pulldown Assay

GST pulldown assay was performed as described (22). Briefly, GST and GST-MDMX were
expressed in the Escherichia coli BL21 strain and purified according to manufacturer’s
instructions (GE Healthcare). The UbcH5¢ protein, which was obtained from the whole cell
lysates of 293T cells transfected with the pcDNA3.1(+)-ubcH5c¢ plasmid, was incubated
with GST and GST-MDMX bound to GST beads in 1 mL of binding buffer containing
protease inhibitor cocktail at 4°C for 6 h. GST beads were then washed three times,
resuspended in 30 uL of 1x SDS-PAGE loading buffer and detected by immunoblotting.

Immunofluorescence

Immunofluorescence was performed as described(23). In brief, cells growing in glass
bottom cell culture dish, were treated with 4-OHT for 1 hour, fixed with 4%
paraformaldehyde (VICMED, Xuzhou), and permeabilized with 0.2% Triton X-100
(VICMED) for 5 min. Following primary and secondary antibody incubations in blocking

Cancer Res. Author manuscript; available in PMC 2021 August 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yang et al.

RESULTS

Page 7

buffer (0.5% bovine serum albumin in 1 phosphate-buffered saline), the stained cells were
analyzed using an Olympus 1X-81 microscope with SPOT-camera and software.

MDMX deletion in mice causes p53 accumulation

Because previous studies showed that under Mdm2-null background, two copies of p53ER
alleles (p53FR/ER) could cause partial embryonic lethality due to a “leakage” of the
DP53ER/ER glleles(18), we therefore generated mice containing one p5357 allele and one p53
deletion allele, and bred the p535%/~ mice with mice containing WT MDMX or no MDMX
to generate MdmZ2** :Mdmx*"* ;p53ER"- or Mdm2*"*;Mdmx™"~,p53%/ mice, respectively.
Mouse embryonic fibroblasts (MEFs) were isolated from these mice and cultured in the
presence of 100 nM 4-OHT to restore p53 function. As expected, after exposure to 4-OHT
the MDM2 levels increased immediately in both Mdm2** :Mdmx*/*,p053FR" and
Mdm2*"* :Mdmx~'"~;p53% MEFs, indicative of p53 activation (Figure 1A-B). The p53
protein levels were decreased after 2 hours of 4-OHT exposure in the MdmZ2*"* :Mdmx

** 0535/~ MEFs, apparently due to MDM2-mediated degradation (Figure 1A, 1C).
Surprisingly, p53 protein levels were barely decreased in the Mdm2*"*:Mdmx~,p53ER/-
MEFs despite significantly elevated the MDMZ2 protein levels (Figure 1B—C). This
observation suggested that MDMX might be necessary for MDM2-mediated p53
degradation in unstressed primary MEF cells.

To substantiate the observations made in MEFs, we examined p53 protein levels in mouse
tissues. We injected Mdm2**:Mdmx** 0537/ and Mdm2*"*;Mdmx~~,p535% mice
intraperitoneally with peanut oil or 4-OHT dissolved in peanut oil. Six hours after injection
the mice were sacrificed, spleen and thymus tissues were isolated and examined for p53
protein levels. In the Mdm2** :Mdmx*"* ;p53FR/- mouse tissues, p53 protein levels reduced
to nearly undetectable after 4-OHT injection (Figure 1D-E), indicative p53 degradation.
However, p53 protein levels were basically unchanged and remained high in the
Mdm2*"* :Mdmx "~ p53FR"- mouse tissues 6 hours after 4-OHT injection (Figure 1D-E),
indicating that elimination of MDMX blocked p53 degradation.

To validate the above observation was indeed due to a loss of MDM2 E3 ligase activity, we
generated additional p535%/~ mice containing MDM2C462A or MDM2Y487A mutations as
well as containing MDM2 or MDMX deletions. Both MDM2C462A and MDM2Y487A
mutations abolish MDM2 E3 ubiquitin ligase function, while MDM2C462A mutation also
disrupts MDM2-MDMX dimerization(24) and MDM2Y487A mutation did not affect MDM2-
MDMX dimerization(14). We examined p53 levels in MEFs isolated from these mice. Upon
treatment with 4-OHT, p53 levels were decreased in MdmZ2** ;Mdmx**,p053FR"- MEFs
(Figure 1F). In comparison, p53 levels were unchanged in MEFs containing MDM2 E3
ligase mutations (Mdam2C462A/C462A -\ aimx*/* p535R/~ and Mdm2Y487A/Y457A Mamx

#* p535R/) (Figure 1G—H), or lacking MDM2 or/and MDMX (MdmZ2~"~:Mdmx

#* 53ER Mdm2** -Madmx~p53FR, Mdm2~~:Mdmx~~;p537") (Figure 11-K).
Together, these data support that /in vivo MDMX plays an essential role in allowing MDM?2
E3 function.
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Deletion of MDMX impedes p53 polyubiquitination and proteasomal degradation

To investigate if the failure of MDMZ2 to degrade p53 in the absence of MDMX is due to a
loss of MDM2 E3 ligase activity, we examined p53 ubiquitination in MEFs of various
MDM?2 and MDMX statuses, including Mam2*"* :Mdmx*"* ;p53ER", Mdm2*"* :Mdmx

= 53R Mdm2™~; Mdmx**,p535F/, and Mdm2C462A/C462A -\ famx*/* 535/
genotypes. We treated the MEFs with 4-OHT for 2 hours to activate p5S3ER and to induce
MDM2 expression followed by treating the cells with proteasome inhibitor MG132 for 5
hours. Cell lysates were then harvested and p53 was immunoprecipitated by a p53 antibody
and analyzed by western blot using an anti-ubiquitin antibody. High molecular weight
smears, which are indicative of polyubiquitinated protein species, were observed in
Mdm2**,Mdmx*"*,p53FR/- MEF lysate, but not in MEF lysates lacking either MDM2 or
MDMX, or with MDM2C462A mutation (Figure 2A). Furthermore, treating MEFs with
MG132 resulted in p53 accumulation only in Mdm2*"*:Mdmx*"* ;p53%- MEFs, but not in
MEFs lacking either MDM2 or MDMX, or with MDM2C462A mutation (Figure 2B). These
data indicated that MDMX, like MDMZ2, plays an essential role for p53 polyubiquitination
and proteasomal degradation.

To further investigate p53 degradation that is affected by MDMX, we performed a protein
half-life assay in using the primary MEFs. In the presence of WT MDM2 and WT MDMX
(Mdm2*"* :Mdmx*/*,,p53R), p53 exhibited a short half-life of approximately 20 min
(Figure 2C). By contrast, in the absence of MDM2 (MdmZ2~~:Mdmx*"* p53FR"), p53
degradation was largely inhibited showing a half-life of beyond 3 hours (Figure 2D).
Importantly, in the absence MDMX (MdmZ2** :Mdmx~~;p53FR"), similar to MEFs lacking
MDM2, p53 degradation was also inhibited showing a protein half-life more than 3 hours
(Figure 2E). The relative levels of p53 was quantified, normalized to actin, and plotted in
Figure 2F). We noticed that in the absence of MDMX, MDM2 degradation was somewhat
impeded (compare MDMZ2 panels in Figure 2C and 2E); and the half-life of MDM2 was
extended from less than 30 min in cells containing MDMX to about 60 min in cells lacking
MDMX (Figure 2G). On the other hand, MDMX was a stable protein and its stability was
not affected by the status of MDM2 (compare MDMX panels in Figure 2C and 2D), and its
half-life was well beyond 3 hours (Figure 2H). Together, these data strongly support for an
indispensable role of MDMX in MDM2 mediated p53 ubiquitination and proteasomal
degradation.

MDM2-MDMX heterodimerization facilitates MDM2-p53 binding

Recent /n vivo evidences demonstrated that the MDM2-MDMX heterodimerization is
required for p53 suppression(14-16). In search of mechanisms by which MDMX facilitates
MDM2-mediated p53 degradation, we hypothesize that the MDM2-MDMX heterodimer
might be necessary for or facilitating MDM2-p53 binding so that to support MDM2
mediated p53 degradation. To test this hypothesis, we performed immunoprecipitation-
coupled western blot (IP-western) analysis in MEF cell lysates to determine the role of
MDMX in MDM2-p53 interaction. IP of MDMZ2 pulled down a significant amount of
MDMX and p53 in the Mdm2*"*:Mdmx*'*,p53%- MEF cell lysates (Figure 3A, left lane).
In comparison, in the absence of MDMX a similar amount of MDMZ2 pulled down much less
p53 in the Madmz2*"* :Mdmx~"";p53FR/ cell lysates (Figure 3A, middle lane), suggesting

Cancer Res. Author manuscript; available in PMC 2021 August 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yang et al.

Page 9

MDMX is important for MDM2-p53 binding. Likewise, IP of MDMX pulled down more
p53 in the presence of MDM2 (MdmZ2**;Mdmx*"*;p5357/ cell lysates) than in the absence
of MDM2 (MdmZ2~~:Mdmx*"* ;p53R/ cell lysates), even though the later expresses a
higher level of MDMX (Figure 3A, IP: MDMX, compare left lane and right lane). We
noticed that in our co-IP assay the MDMX antibody (mouse monoclonal anti-MDMX
antibody clone MDMX-82) was unable to pull down MDMZ2, and the reason is currently
unknown.

To determine whether the MDM2-MDMX physical interaction, rather than merely the
presence of both proteins in the cell lysates, is necessary for efficient MDM2-p53 binding,
we assessed p53 binding capability to MDM2 in Mdm2C462A/C462A Mamx** :;p53ER/ cell
lysates. In these MEF cells, both MDM2 and MDMX proteins are expressed, but the
MDM2-MDMX heterodimer is disrupted by the MDM2C462A mutation(24). The binding
efficacy of p53 by either MDM2C462A or MDMX was significantly lower in the
Mdm2C462A/C462A -Mamx** p535R- MEF cell lysates, as compared to the binding efficacy
of p53 by MDM2 and MDMX in the Mdm2*"* :Mdmx*"*,p53FR/- MEF cell lysates (Figure
3B). Because the MDM2C462A mutation not only disrupted MDM2-MDMX binding but also
eliminated MDM2 E3 ligase function, we want to determine whether the MDM2 E3 ligase
function might contribute to MDM2-p53 and MDMX-p53 binding. We took advantage of
the Mdm2Y457A/Y487A -\Mdmxt"* 05357~ MEF cells, in which the MDM2Y487A mutation
inactivates MDM2 E3 ligase activity without affecting its interaction with MDMX(14). The
binding of MDM2Y487A or MDMX to p53 appeared unaffected in the

Mdm2Y457A/YA8IA -\Mdmxt* 05357 MEFs (Figure 3C), suggesting that the MDM2 E3
ligase activity is not required for MDM2-p53 binding, but rather the presence of the MDM2-
MDMX physical interaction is important for p53 binding. We detected somewhat higher
levels of p53 present in the IP of MDM2 and IP of MDMX in the Mdm2Y457A/Y487A -\Mdmx
+# n53ER- MEF cell lysates than that of the Mdm2*/*;Mdmx*/*,p053FR/- MEF cell lysates.
We interpreted this is likely due to the presence of higher levels of p53 in the
Mdm2Y457AY487A -Mdmxt* 05357~ MEF cells, and also a possibility of lacking MDM2 E3
activity might facilitate p53 binding. Collectively, these data demonstrated that /n vivo the
MDM2-MDMX heterodimerization facilitates MDM2-p53 binding, implicating that the
mechanism by which MDMX promotes MDM2-mediated p53 degradation is at least in part
through promoting MDM2-p53 interaction.

MDM2-MDMX heterodimerization facilitates p53 cytoplasmic localization

Because proteasomal degradation occurs mainly in the cytoplasm and MDMX is
predominantly a cytoplasmic protein, we hypothesize that MDMX might facilitate p53
degradation by promoting its cytoplasmic localization. To test this possibility, we carried out
fractionation assays using MEF cell lysates to determine the relative amount of p53 in the
cytoplasmic and nuclear fractions under various MDM2 and MDMX statuses. We found that
the relative amount of p53 in cytoplasm was higher in cells possessing MDM2-MDMX
heterodimers (Mdm2*/*;Mdmx** 053", Figure 4A; Mdm2Y#57AY457A -\ amx

*# -n53FR/ Figure 4B) than in cells lacking MDM2-MDMX heterodimers
(Mdm2CH62A/CI62A -\Mamx*™* 0535/, Figure AC; Mdm2~~;Mdmx*"* ,p53FF"- Figure 4D).
Note that the levels of p53 in the cytoplasmic as well as the nuclear fractions shown in these
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western blots are relative levels, and they do not reflect actual amount of p53 in each
fractions. We noticed that MDM2 was readily identified in both the nuclear and the
cytoplasmic fractions, and the relative levels of MDMZ2 in the cytoplasm seemed somewhat
increased in the Mam2C#62A/CI62A N gmx** ;p53FR/- MEF cells (Figure 4C). In contrast,
MDMX was detected predominantly in the cytoplasm in ay of the cell types and it was not
affected by the status of MDM2. To support observations from the fractionation assay, we
also carried out immunofluorescence staining of p53 in these MEFs. We found that in the
Mam2*"* :Mdmx** ;05357 and Mam2Y467A/Y487A \dmxt* ;,p53ER/- MEFs, where MDM2
and MDMX form heterodimers, p53 was found in both the nucleus and the cytoplasm with
relatively more p53 in the cytoplasm (Figure 4E—4F). On the other hand, in the
Mam2CH62ZA/CA62A N amxt* p53ER- and Mdmz2~~;Mdmx*"* 0535~ MEFs, where MDM?2
and MDMX do not form heterodimers, p53 was mainly observed in the nucleus with little
cytoplasmic presence (Figure 4G—4H). These immunofluorescence results were consistent
with the data from fractionation assays, and together they suggested that the MDM2-MDMX
heterodimerization promotes p53 cytoplasmic localization.

MDMX interacts with UbcH5c

Studies have shown that down-regulation of UbcH5c increases p53 expression(25),
suggesting that UbcH5¢ may be a decisive E2 for MDM2 mediated p53 degradation.
Consistent with UbcH5c being critical for MDM2 E3 ligase activity, /in vitro study
demonstrated that UbcH5c interacts with MDM2(26). Given that MDMX appears to be
critical for the function of MDM2 E3 ligase, we sought to examine whether under /n vivo
conditions MDMX is involved in MDM2-UbcH5c interaction. We performed IP of MDM2
and IP of MDMX using WT (MdmZ2*"*;Mdmx*'* ;p537/) MEFs and MEFs lacking either
MDM2 (Mdm2™~:Mdmx*'*,p53ER") or MDMX (Mdm2*"* :Mdmx~~,;p537") and probed
for UbcH5c binding. Both MDM2 and MDMX were able to pull down UbcH5c¢ from WT
MEF lysates (Figure 5A, left lane). Surprisingly, MDM2-UbcH5c binding was barely
detectable in Madm2*/*;Mdmx~"~;p535% cell lysates, despite a high level of MDM2 was
immunoprecipitated (Figure 5A, middle lane). In contrast, IP of MDMX was able to pull
down substantial amount of UbcH5c in MamZ2™~:Mdmx*"* ;p53FR/- cell lysates (Figure 5A,
right lane). The data suggested that /7 vivo most likely MDMX, but not MDMZ2, directly
interacts with UbcH5c, and the UbcH5c that pulled down by MDM2 IP in the

Mdmz2*"* :Mdmx*"* ;p53FR/- cell lysates could be bridged by MDMX. To test this possibility,
we performed MDM2 IP using Mam2C#62A/C462A Mamx*/* ,p53ER/- MEF cell lysates,
where the mutant MDM2C462A does not bind MDMX(24), and Mdm2Y487A/Y457A Mamx
4 0535 MEF cell lysates, where the mutant MDM2Y487A hinds MDMX(14). While both
MDM2 and MDMX were abundantly expressed in these cell lysates, IP of MDM2 could
only pull down UbcH5c in the Mdm2Y467A/Y487A \pamxt/* 05357/ cell lysates, correlating
with the ability of MDM2Y487A to interact with MDMX, suggesting that MDMX bridges
MDM2-UbcH5c¢ interaction (Figure 5B). We also tested MDM2 and MDMX binding to
UbcH5c¢ in human osteosarcoma SJSA cells, which express high levels of MDM2 but no
detectable MDMX, and breast cancer MCF-7 cells, which express high levels of MDMX but
no detectable MDM2(27). Consistent with MEF cell data, although MDM2 was abundantly
expressed in SJSA cells, no MDM2-UbcH5c¢ binding was detected, whereas MDMX IP
identified UbcH5c in MCF-7 cells (Figure 5C). To further confirm the observed MDM2-

Cancer Res. Author manuscript; available in PMC 2021 August 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yang et al. Page 11

UbcH5c interaction is bridged by MDMX, we carried out MDM2 IP assays in MEFs in the
presence of MDMX knockdown. Consistent with the notion that MDMX is required for
MDM2-UbcH5c interaction, knockdown MDMX diminished MDM2 IP pulling down of
UbcH5c¢ (Figure 5D, compare lane 3 and lane 4). Moreover, we tested whether the
interaction between MDMX and UbcH5c is direct using purified MDMX and UbcH5¢
proteins. Our data showed that purified MDMX could bind purified UbcH5c in an /n vitro
assay, indicating that they directly interact (Figure SE-5F). All together, these data indicated
that MDMX, but not MDMZ2, interacts with UbcH5c, and suggested that MDMX could act
as an “E2 carrier” to bring UbcH5c to the proximity of MDM2 to facilitate MDM2-mediated
p53 ubiquitination and degradation.

The C-terminus of MDMX is essential for UbcH5c binding and MDM2 E3 activity

Previous studies have shown that deletion or mutation of the C-terminal residues of MDM2
ablate its ability to degrade p53, and the diminished MDM2 E3 ligase activity can be
restored by substituting the C-terminus of MDM2 with the corresponding C-terminus of
MDMX(13,28). We speculated that the reason for MDMX C-terminus being able to
substitute MDM2 C-terminus and restore MDM2 E3 activity is because the MDMX C-
terminus is important for UbcH5c binding. We constructed MY C-tagged WT MDMX and
MDMX mutant lacking the C-terminal seven residues (deleting residues 484—490,
MDMXACT) We ectopically expressed these MDMX proteins in U20S cells and examined
their interaction with endogenous UbcH5c by IP-western assays. Ectopic WT MDMX
interacted with UbcH5c (Figure 6A, middle lane), however ectopic MDMXACT interacted
with UbcH5c very poorly (Figure 6A, right lane), suggesting that the C-terminal seven
residues of MDMX are important for UbcH5c¢ binding. Since MDMZ2 does not detectably
interact with UbcH5c¢ (Figure 5), we wondered whether the differences in the extreme C-
terminal amino acid sequences between MDM2 and MDMX determine their UbcH5c
binding ability. We constructed MDM2 mutant in which the last seven amino acids were
replaced by those of MDMX (termed as MDM2XC7) and tested binding of MDM2XC7 with
UbcH5c¢. Remarkably, the binding affinity of MDM2XC7 with UbcH5c significantly
increased as compared with WT MDM2 (Figure 6B). The increased UbcH5c binding
capability of MDM2XC7 was also reflected in its activity to ubiquitinate and degrade p53, as
shown by increased p53 polyubiquitination and degradation by the MDM2XC7 mutant in co-
transfected MamZ2~~;p537~ MEF cells (Figure 6C-6D). Hence, the C-terminus of MDMX
is critical for interacting with UbcH5c¢ and grafting the C-terminal residues to MDM2
enabled MDM2 to interact with UbcH5c¢ and enhanced MDM2 E3 ligase activity for p53
degradation.

We reasoned that if a role for MDMX is to interact with UbcH5c and bring it to MDM2 for
its E3 activity, a fusion MDM2XC7 mutant, which can interact UbcH5c, might be able to
degrade p53 in the absence of MDMX. We tested this possibility by knockdown MDMX in
Mdm2~~;p537~ MEFs followed by co-expressing MDM2 and MDM2XC7 mutant with p53.
Knockdown MDMX hindered p53 degradation by WT MDM2 (Figure 6E, compare lane 2
and lane 5), but it hardly had any effect on p53 degradation by MDM2XC7 mutant (Figure
6E, compare lane 3 and lane 6). To further demonstrate UbcH5c is involved in MDM2
mediated p53 degradation, we knocked down UbcH5¢ in MdmZ2™~,p537~ MEFs and
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showed that reducing UbcH5c decreased p53 degradation by both MDM2 and MDM2XC7
(Figure 6F).
DISCUSSION

MDM2 E3 ligase activity is thought to be the primary mechanism for MDM2-mediated p53
regulation, whereas MDMX is thought to either enhance or inhibit MDM2 E3 activity. The
contribution of MDMX to MDM2-mediated p53 regulation, particularly under physiological
conditions, remains controversial, partly because most studies have been performed using
ectopically expressed proteins. Due to the fact that deletion of either MDM2 or MDMX
causes p53-induced embryonic lethality in mice, it has been challenging to study regulation
of p53 by MDM2 or MDMX individually under /n vivo conditions. To resolve the confusion
of the role of MDMX in p53 degradation and to study p53 regulation by MDM2 and
MDMX under physiological conditions, we took advantage of an inducible p53ER system,
in which the endogenous p53 gene is replaced by one encoding full-length p53 fused C-
terminally with the hormone-binding domain of estrogen receptor(17), and the p53 activity
in these mice can be switched “on” and “off” in the presence and absence of 4-OHT,
respectively. We generated a series of mice that express p53ER under various MDM2 and
MDMX deletion or mutation backgrounds. Contrary to previous studies indicating MDM2
can degrade p53 by itself(29), using inducible p53ER mice and MEF cells our data showed
that in the absence of MDMX p53 protein is barely degraded in mice and cells containing
WT MDM2 (Figure 1), suggesting that /7 vivo MDMX plays an essential role in MDM2-
induced p53 degradation. Our work is consistent with recent /n vivo studies reporting the
positive contribution of MDMX to the regulation of p53 protein expression(15,16). Our
study revealed that MDMX augments MDM2-mediated p53 degradation most likely through
multiple mechanisms including promoting MDM2-p53 binding (Figure 3), facilitating p53
cytoplasmic localization (Figure 4), and interacting with UbcH5c and bringing it to MDM2
proximity (Figure 5). We recognize that the p5S3ER fusion protein, although is regulated by
the native promoter and functions similarly as the endogenous WT p53, is not exactly the
same as the WT p53. For example, the p5S3ER has a longer half-life around 50 min
compared to WT p53’s half-life of 15-30 min(18). Nonetheless, the inducible feature of the
p53ER makes it a convenient system to study /7 vivo regulation of p53 without encountering
the lethality caused by deletion or mutation of MDM2 and MDMX.

The MDM2-MDMX heterodimer is the preferred form for p53 binding

Several mouse models have demonstrated the importance of the MDM2-MDMX
heterodimer in p53 regulation. For example, p53-dependent embryonic lethality is observed
in MadmxARING and Mamx“#62A mice, where MDM2-MDMX heterodimerization is
disrupted(15,16). Similar to the MDMXC462A RING finger mutant mice, the MDM2C462A
mice, in which the MDM2C462A RING figure mutation disrupts E3 ligase activity and
blocks MDMX binding, die in embryogenesis(24). In contrast, the MDM2Y487A mice, in
which MDM2 E3 ligase activity is inhibited by the Y487A mutation but the MDM2-MDMX
interaction is retained, live a normal lifespan, demonstrating that the MDM2-MDMX
heterodimer is critical for p53 suppression, at least under normal unstressed growth
conditions(14). Both MDM2 and MDMX bind the p53 transactivation domain through their
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N terminus(3), but the p53 binding efficiency by either protein alone had not been
determined under physiological conditions. We demonstrated that under physiological
conditions although both MDM2 and MDMX can bind p53 by themselves, the MDM2-
MDMX heterodimer binds p53 more efficiently than either individual protein (Figure 3).

There are several ways in which the MDM2-MDMX heterodimer could facilitate stronger
p53 binding than either protein alone. /n vitro studies have shown that the acidic domain
(AD) of MDM2 weakly interacts with the DNA-binding domain of p53(30). Unlike the
RING domain of MDM2 that is required for MDM2 homodimerization with itself and
heterodimerization with MDMX, the AD of MDM2 is required for MDM?2
homodimerization, but not for MDM2-MDMX heterodimerization(31). Hence, it is possible
that when MDM2 or MDMX is present as a homodimer, their two acidic domains interact,
competing against p53 binding, while MDM2-MDMX heterodimerization prevents acidic
domain interaction and facilitates p53 binding.

A recent study demonstrated that the AD and the RING domain of MDMX interact
internally with the p53 binding domain(32), and the AD of MDMX can also form an
intramolecular interaction with p53 binding domain and RING domain(33), which could
prevent MDMX-p53 binding. Since /in vivo MDMX homodimer has not been detected, it is
thought that MDMX exists either as a monomer or as a heterodimer with MDM2(34). The
RING domain of MDM2 has a higher affinity to bind the RING domain of MDMX than that
of other MDM2 molecules(35). It is possible that upon the formation of an MDM2-MDMX
heterodimer, the AD of both MDM2 and MDMX may release from their respective
intermolecular and intramolecular interactions, and open up for p53 binding.

The MDM2-MDMX heterodimer facilitates p53 cytoplasmic localization

MDMX is a predominantly cytoplasmic protein. The function of MDMX in the cytoplasm
remains partially understood. It has been proposed that cytoplasmic MDMX can play both
and anti-apoptosis and a pro-apoptosis roles, and the choice of which depends on the types
of cellular stress and levels of MDM2(36). Moreover, MDMX can act as a sequestering
factor for cytoplasmic p53 and inhibit p53-induced apoptosis(37). However, opposing
models suggest that MDMX sequesters p53 in the cytoplasm and protects it from MDM2
mediated degradation(38). We and others have previously shown that blocking p53 nuclear
export prevents MDM2 mediated p53 degradation(39,40), suggesting that p53 degradation
occurs mainly in the cytoplasm. Given that MDMX plays an essential role for MDM2
mediated p53 degradation, it can be envisioned that one of the mechanisms of MDMX to
promote p53 degradation is to facilitate p53 to localize into the cytoplasm. Our data showed
that MDMX is indeed plays a role in promoting p53 cytoplasmic accumulation (Figure 4).
Interestingly, this function of MDMX seems to require the formation of MDM2-MDMX
heterodimer, as mere presence of MDMX without MDM2 (Figure 4D), or in the presence of
a mutant MDMZ2 that cannot form heterodimer with MDMX (Figure 4C), high level of p53
accumulation in the cytoplasm is not observed.
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MDMX interacts with UbcH5c

Previous studies have shown that UbcH5b/c functions as an E2 enzyme for MDM2 E3
ligase(25). However, whether UbcH5b/c directly interacts with MDM2 was unknown. Our
study demonstrated that under physiological conditions MDMX, but not MDM2, interacts
with UbcH5c (Figure 5). Importantly, we found that a segment of seven residues from
MDMX C-terminus are critical for UbcH5c¢ binding (Figure 6A). Grafting the seven residues
to MDM2 rendered MDM?2 ability to bind UbcH5¢ (Figure 6B), enhanced MDM2 E3 ligase
activity (Figure 6C-D), and made MDM2 E3 activity somewhat independent of MDMX
(Figure 6E). However, it appears that the seven C-terminal residues of MDMX are necessary
but not sufficient for UbcH5c¢ binding since grafting the seven residues to GFP did not give
the GFP fusion protein ability to bind UbcH5c¢. Hence, it seems that sequences/residues in
MDMX other than the last seven residues are involved in UbcH5¢ binding. In case of the
MDM2XC7 fusion protein, we believe the C-terminally fused residues from MDMX together
with other part of MDM2 gave the fusion protein the UbcH5c¢ binding ability. Collectively,
our data suggest a model that /7 vivo MDMX interacts with UbcH5c via its C-terminus and
brings UbcH5¢ to MDM2 proximity to facilitate transfer of UbcH5¢ to MDMZ2 (Figure 7).
Previous studies have shown that ectopically expressed MDMX can restore MDM2 E3
ligase activity in C-terminal MDM2 mutants(13). Our study complements these studies by
showing evidences suggesting that MDMX enables MDM2 E3 ligase activity through
bringing UbcH5c to nearby MDM2 RING domain thereby facilitating MDM2 transferring
ubiquitin from UbcH5c to p53. Alternatively, it is also possible that MDM2-MDMX binding
induces conformational changes in the MDM2 RING domain, allowing for MDM?2 itself to
interact with UbcH5c and enable its E3 ligase activity. This type of conformation-changing
interaction has been demonstrated in other E3 ligases, such as clAP1-SMAC or
DIABLO(41). Furthermore, previous studies have shown that the AD of MDMZ2 is not only
necessary for MDM2 homodimerization but is also involved in activating MDMZ2 catalytic
activity(31,42). Binding of MDMX to MDM2 could release the AD, allowing it to “turn on”
MDM2 catalytic activity and thus, ubiquitin transfer.
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STATEMENT OF SIGNIFICANCE

This study provides the first in vivo evidence of MDMX facilitating MDM2-mediated
p53 degradation, clarifying its role in the regulation of this critical tumor suppressor.
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Figure 1. Deletion of MDM X in mice causes p53 accumulation.

Early passages of (A) MdmZ2**:Mdmx*'* 0537 and (B) MdmZ2"* :Mdmx~~,p53~"
mouse embryonic stem (MEF) cells were treated with 4-hydroxytamoxifen (4-OHT) for the
indicated times. The levels of MDM2, MDMX, p53 and actin were analyzed by western
blot. (C) The amounts of p53 remained at each time point in A-B were quantified by
densitometry, normalized to actin, and plotted. (D) Spleen and (E) thymus tissues were
isolated from 8 weeks old MdmZ2** :Mdmx**,053FR" and MdmZ2"* :Mdmx~~;p53FR" mice
after treatment with 4-OHT for 6 hours. Tissue lysates were analyzed by western blot.
Relative amounts of p53 were indicated. (F-K) MEFs of varies MDM2 and MDMX statuses
were treated with 4-OHT for the indicated times and cell lysates were analyzed by western
blot. Relative amounts of p53 were indicated.
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Figure 2. Deletion of MDM X impedes p53 polyubiquitination and proteasomal degradation.

(A) MEFs of indicated genotypes were treated with 4-OHT for 2 hours and then with 10 pM
MG132 for 5 hours before harvesting. The cell lysates were isolated and
immunoprecipitated with an anti-p53 antibody and analyzed by western blot using an anti-
ubiquitin antibody. (B) MEFs of indicated genotypes were treated with 4-OHT for 2 hours
and then with MG132 for additional 4 hours. Cell lysates were isolated and the levels of p53
and actin were analyzed by western blot. Relative amounts of p53 were quantified and
shown as a bar graph below. MEFs of Mdm2*"*:Mdmx**;p53FR/(C), Mdm2~~:Mdmx

** p53ER/- (D), and Mdm2**:Mdmx~~;p53"/ (E) genotypes were treated with 4-OHT for
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2 hours followed by treatment with 100 pg/mL cycloheximide and harvested at the indicated
time points. MDM2, MDMX, p53 and actin were analyzed by western blot. The relative
levels of p53 (F), MDM2 (G), and MDMX (H) was quantified, normalized to actin, and
plotted.

Cancer Res. Author manuscript; available in PMC 2021 August 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Yang et al.

Actin | S|
IP: MDM2

L — ¥

MDMX .

P53 | M s |
IP: MDMX

vOMX e .
p53 - -
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(A) MEFs of indicated genotypes were treated with 4-OHT for 2 hours. The cells were then
harvested, lysed, and immunoprecipitated (IP) for MDM2 and MDMX, and blotted with the
indicated proteins. Input represents 5% of total cell lysate utilized for IP. (B) MEFs of
indicated genotypes were treated and blotted as in A. (C) MEFs of indicated genotypes were

treated and blotted as in A.
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Figure4. MDM2-MDM X heterodimerization facilitates p53 cytoplasmic localization.
Cell lysates were isolated from (A) Mdm2**,Mdmx*"*,p53FR" (B) Mdm2*57457 - Mdmx

#* p53ER (C) Mdm262M462:Mamx** ;p53FR/, and (D) Mdm2**;Mdmx~~;p53FR/- MEFs.
The lysates were either untreated (Total) or separated into cytoplasmic (Cyto) and nuclear
(Nucl) fractions and analyzed for MDM2, MDMX, and p53 by western blot. Tubulin and
PARP were used as controls for cytoplasmic fraction and nuclear fraction, respectively. The
relative amounts of p53 in each fraction were shown. (E-H) MEFs of indicated genotypes
were stained with p53 antibody and counter-stained with DAPI, and cell images were taken
by microscope. Representative images were shown.
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Figure5. MDM X interactswith UbcH5c.
(A) MEFs of indicated genotypes were treated with 4-OHT for 2 hours, cell lysates were

harvested and immunoprecipitated (IP) for MDM2 or MDMX, and blotted for indicated
proteins. Input represents 5% of total cell lysate utilized for IP. (B) MEFs of indicated
genotypes were treated as in A and immunoprecipitated for MDM2 and MDMX and blotted
for indicated proteins. (C) SISA and MCF-7 cells were immunoprecipitated (IP) for MDM2
or MDMX, and immunoblotted with indicated antibodies. Input represents 5% of total cell
lysate utilized for IP. (D) MEFs of indicated genotypes were treated with siRNA against
Mdmx (MDMX) or non-specific sequences (NS) for 24 hour followed by treatment with 4-
OHT for 2 hours. Cell lysates were harvested and immunoprecipitated for MDM2 and
blotted for indicated proteins. (E) MDMX expressed in bacterial was analyzed by SDS-
PAGE and Commassie Blue staining. (F) MDMX-UbcH5c complexes were resolved by
SDS-PAGE and blotted for MDMX, GST, and UbcH5c.
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Figure6. MDM X C-terminusis essential for UbcH5c binding and p53 degradation.
(A) U20S cells were transfected with empty vector DNA, MDMX or MDMXAC7 plasmid

DNA. IP was performed with an anti-MDMX antibody and blotted for the indicated
proteins. (B) U20S cells were transfected with vector, MDM2 or MDM2XC7 plasmid DNA.
IP was performed with an anti-MDM2 antibody and blotted for with the indicated proteins.
(C) 2KO (Mdm2~~;p537~) MEFs were co-transfected with p53 and MDM2 or MDM2XC7
plasmid DNA. The levels of MDM2, p53 and actin were analyzed by western blot. (D) 2KO
MEFs were co-transfected with vector, MDMXAC7 or MDM2XC7 plasmid DNA along p53
DNA. The cell lysates were isolated and immunoprecipitated with an anti-p53 antibody and
analyzed by western blot using an anti-ubiquitin antibody. (E) 2KO MEFs were treated with
siRNA against MDMX or non-specific sequences (NS) for 24 hours followed by transfection
with indicated plasmid DNA for another 24 hours. Cell lysates were blotted for the indicated
proteins. (F) 2KO MEFs were treated with siRNA against UbcH5c¢ or non-specific
sequences (NS) for 24 hours followed by transfection with indicated plasmid DNA for
another 24 hours. Cell lysates were blotted for the indicated proteins.
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Figure 7. A hypothetic model for MDM X facilitating MDM 2 E3 ligase function.
Singular MDM2 or MDMX weakly interact with p53 (shown by dashed molecules of p53)

through their N-terminus. When MDM2 and MDMX form a heterodimer via their respective
C-terminal RING domains, the binding affinity of the MDM2-MDMX heterodimer with p53
is increased (shown by solid molecules of p53). At the same time, MDMX brings UbcH5c¢ to
MDM?2 proximity, activates MDM2 RING E3 ligase activity to transfer ubiquitin to p53.
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