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There are currently two distinct models proposed to explain why
both MDM2 and MDMX are required in p53 control, with a key
difference centered on whether these two p53 inhibitors work
together or independently. To test these two competing models,
we generated knockin mice expressing a point mutation MDMX
mutant (C462A) that is defective in MDM2 binding. This approach
allowed a targeted disassociation of the MDM2/MDMX hetero-
complex without affecting the ability of MDMX to bind to p53,
and while leaving the MDM2 protein itself completely untouched.
Significantly, Mdmx©62A/€462A homozygous mice died at approxi-
mately day 9.5 of embryonic development, as the result of a com-
bination of apoptosis and decreased cell proliferation, as shown
by TUNEL and BrdU incorporation assays, respectively. Interest-
ingly, even though the MDMX mutant protein abundance was
found slightly elevated in the Mdmx“462A/“%62A homozygous em-
bryos, both the abundance and activity of p53 were markedly in-
creased. A p53-dependent death was demonstrated by the finding
that concomitant deletion of p53 completely rescued the embry-
onic lethality in Mdmx©62~/€462A homozygous mice. Our data
demonstrate that MDM2 and MDMX function as an integral com-
plex in p53 control, providing insights into the nonredundant na-
ture of the function of MDM2 and MDMX.

knockin mouse model | p53 regulation

nder normal physiological conditions, wild-type p53 protein

levels must be kept low owing to its growth-inhibitory activi-
ties, and this control is mainly modulated via regulation of p53
protein stability. Although a number of different regulators have
been reported to be involved in this protein regulation, MDM2 has
been shown to be the principal player in control of p53 turnover
(1). MDM2 primarily functions as an E3 ubiquitin ligase targeting
p53 for ubiquitination and subsequent degradation. At the same
time, p53 induces the expression of the Mdm2 gene, forming a
negative feedback loop (1). The importance of MDM?2 in p53
control is highlighted by the finding that Mdm2 knockout results in
p53-dependent embryonic lethality in mice (2, 3).

MDMX (also known as MDM4), which was originally isolated
as a novel p53-interacting protein, shares substantial structural
homology with MDM2 (4, 5). The highest sequence similarity
between MDM2 and MDMX lies at the N terminus and contains
a p53-binding domain, and the two also share high sequence ho-
mology in a RING-finger domain, a region that mediates the as-
sociation between MDMX and MDM2 (6, 7). Genetic studies
have demonstrated that like MDM2, MDMX is another essential
negative regulator of p53 (8-10). Although it remains unclear why
both MDM2 and MDMX are required for p53 control, a model
has been proposed that these two proteins function independently.
On the basis of the fact that unlike MDM2, MDMX lacks an in-
trinsic ubiquitin E3 ligase activity, it has been proposed that
MDMX inhibits p53 chiefly by binding to the p53 transactivation
domain and antagonizing p53 transcription activity, whereas
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MDM?2 inactivates p53 primarily by working as an E3 ligase to
control p53 turnover (11).

However, abundant evidence indicates an intricate interplay
between MDM?2 and MDMX in p53 regulation (12-16). Consis-
tent with the prediction made by structural studies that the for-
mation of MDM2 and MDMX heterocomplex is structurally
favored over the homocomplex (17), the MDM2 and MDMX
proteins were found to exist in cells mainly as a heterocomplex
(14). Tt was also shown that MDM?2 alone is a relatively ineffective
E3 ligase (12-14) but can more efficiently ubiquitinate p53 after
heterodimerization with MDMX (15, 16). Thus, a second model
was proposed in which MDM2 and MDMX work together in p53
regulation (18-21).

Results and Discussion

To directly test these two competing models, we sought to assess
p53 activity under a condition whereby the interaction between
MDM?2 and MDMX was selectively disabled. We chose to use
a MDMX RING mutant (C463A) that is defective in MDM2
binding (12-14). By using an MDMX mutant rather than an
MDM?2 mutant, the MDM2 RING domain, and thus the intrinsic
E3 ligase activity of MDM2, was untouched. We initially tested this
strategy in cell culture by replacing endogenous MDMX with
MDMX(C463A). This was achieved by first generating cells that
stably express MDMX(C463A), which was engineered for
MDMXRNAI resistance (Fig. 14), so that introduction of RNAIi
knocked down the expression of only endogenous MDMX. Cells
stably expressing wild-type MDMX resistant to MDMXRNAI
were included as a control. In agreement with our previous ob-
servation (16), MDMX depletion was associated with p53 activa-
tion (Fig. 1B, lane 2). Stably expressed wild-type MDMX efficiently
blocked p53 activation (lane 3), as expected. Significantly, MDMX
(C463A) was unable to rescue the loss of endogenous MDMX
expression, as evident by the elevated p53 activity in these cells
(lane 4). A co-immunoprecipitation (co-IP) experiment indicated
that although the MDMX mutant failed to bind to MDM2 (Fig.
1C, Lower), its binding to p53 was similar to that of wild-type
MDMX (Fig. 1C, Upper), indicating that the pS3 activation in
MDMX(C463A)-expressing cells was not caused by compromised
p53-binding by the MDMX mutant. These in vitro results implicate
that even with the binding of MDMX to p53, and the MDM2
protein unaltered, disassociation of the MDM heterocomplex is
associated with p53 activation.
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Fig. 1. Substitution of wild-type MDMX with MDMX (C463A) results in p53
activation in vitro. (A) Oligonucleotide sequence targeting MDMX is shown in
red. Base alterations were introduced that did not alter the coding amino acids
(in green) to render the MDMX expressing plasmid resistant to the MDMXRNA..
(B) MCF-7 cells that were stably expressing an empty vector (lane 2), wild-type
MDMX (lane 3), or MDMX (C463A) (lane 4) were infected with retroviral
MDMXRNAI (lanes 2-4). The cells were harvested 60 h after infection and
subjected to Western analysis using the indicated antibodies. Normal-growing
MCF-7 cells were included as a control (lane 1). (C) MDMXRNAi MCF-7 cells
reexpressing wild-type or MDMX(C463A) mutant MDMX as in B were subjected
to IP with an anti-MDMX antibody. Immunoprecipitates were analyzed by
Western blots with the indicated antibodies.

We next used a strategy as shown in Fig. 24 to generate a mouse
Mdmx(C4624) mutant (equivalent to C463A in human MDMX).
We targeted codon 462 of the Mdmx allele to replace TGT with
GCT. ES cells were electroporated with the targeting vector, se-
lected, and screened. Correct targeting was verified via PCR and
sequencing. Three independent homologous recombinant ES clones
were injected into C57BL/6 blastocysts to generate Mdmx"7/¢#624
chimeras. From the germ line of Mdmx"7/C4624 chimera, progenies
of heterozygous Mdmx"7/¢4624 mice were produced and verified via
PCR (Fig. 2B), which were viable and appeared phenotypically
normal. RT-PCR analysis of the expression of target gene in the
thymus showed a similar expression level of MDMX in both wild-
type and heterozygous mice (Fig. 2C). Sequencing of RT-PCR
product indicated that Mdmx©#64 allele was expressed, as expected
(Fig. 2D). We went on to cross the heterozygous mice to obtain
MdmxC#624/C4624 homozygous mice. The offspring were genotyped
by PCR of genomic DNA isolated from mouse tail biopsies. Among
a cohort of 188 progenies generated from the intercrosses, 58
(30.9%) were wild-type for Mdmx, and 130 (69.1%) were heterozy-
gous for Mdmx"7/c4624_ Although these data are consistent with the
predicted 1:2 Mendelian ratios (Table 1) for wild-type over hetero-
zygous embryos, no viable homozygous MdmxC#624/C4624 mouse was
obtained, suggesting that expression of Mdnx“#*4#624 i5 associ-
ated with embryonic lethality in mice.

To determine the time of embryonic lethality in Mdpmx©#624/C#624
mice, genomic DNA was isolated from embryos harvested at dif-
ferent stages of pregnant Mdmx""“#?4 mice. Of 136 embryos
isolated, we observed missing or abnormal embryos in 43 of 136
(31.6%) of the conceptuses (Table 2). Approximately 4.4% of the
deciduae were empty. At day 9.5, normal embryos developed hearts,
neural ectoderms, and somites, whereas the abnormal embryos de-
veloped none of these structures (Fig. 3 4 and B). The abnormal
embryos were smaller and detectable at day 10.5 and 11.5 but
absorbed at approximately day 12.5 and 13.5. PCR-based genotyping
of dissected embryos indicated that none of the Mdmx C#624/C4624
embryos was normal. These results suggest that expression of the
Mdmx(C462A) mutant results in embryonic lethality approximately
at day 9.5.

To determine the mechanism underlying the embryonic death,
we measured cell proliferation and apoptosis in the embryos at

12002 | www.pnas.org/cgi/doi/10.1073/pnas.1102309108

day 9.5 using BrdU incorporation and TUNEL assay, re-
spectively. The embryos from both wild-type and MdmixVT/¢4624
mice displayed strong BrdU staining. In contrast, few cells from
Mdmx©#624/C4624 embryos were BrdU positive (Fig. 3C), in-
dicating a cease in cell proliferation. In addition, we observed
substantial TUNEL-positive cells in the Mdmx#024/<#624 em.
bryos, whereas only a very low level of TUNEL staining was seen
in wild-type and Mdmx"7/C4624 embryos (Fig. 3D). These results
imply that a combination of decreased cell proliferation and
induction of agfptosis contributed to the embryonic death of
My CH024/C46247 e o

The embryonic lethal phenotype of Mdmx mice
prompted us to examine whether the MDMX(C462A) mutant
protein was properly expressed. We performed immunohisto-
chemical staining of day-9.5 embryos for expression of MDMX
and p53 (Fig. 44). Consistent with previous reports that MDMX
is expressed during embryonic development (8), our stainin,
showed MDMX expression in both wild-type and Mdmx"7<#
embryos. Interestingly, the abundance of the MDMX mutant
protein in MdmxC#624/C4624 embryos was found to be higher than
that in both wild-type and Mdmx""“**** embryos. Conversely,
we did not detect any increase of Mdmx mRNA level in
Mdmx#24/C4624 e mbryos. These results suggest that the steady-
state level of MDMX is tightly regulated by an MDM2-dependent
mechanism, even during the embryonic developmental stage.
However, despite the elevated level of the MDMX mutant protein,
there was a marked increase of p53 staining in Mdmx©#021/c#624
embryos, whereas p53 was barely detectable in wild-type and
Mdmx"T/C4624 embryos. To determine the activity of p53, we ex-
amined the expression of its target genes. As shown in Fig. 4B, the
MDM2, p21, and Bax protein abundance were significantly higher
in MdmxC#021/C#24 embryos than in wild-type embryos. Quanti-
tative RT-PCR analysis revealed increased expression of these p53
genes at the transcription level (Fig. 4B, Right), indicating p53
activation. The increased levels of p21 and Bax indicate growth
inhibition and apoptosis, consistent with decreased BrdU in-
corporation and increased TUNEL staining observed in the
Mdmx©*024/€#624 embryos. The data collectively indicate that the
expression of MDMX(C462A) mutant protein in mice, even to a
level slightly higher than that of wild-type MDMX, was associated
with increased p53 level as well as activity.

It has been well demonstrated that the lethality of Mdmx
knockout mice can be completely rescued by concomitant p53
depletion. Having observed the increase of p53 activity in

C4624/C4624 "o mbryos, we asked whether the lethality of
Mdmx©#024/C%624 mice was caused by uncontrolled p33 activity.
For this, we crossed the Mdmx"7/¢424 mice into a p53 null
background (22, 23) to create Mdnmx"""“*?4/p53*/~ mice, from
which Mdmx©*024/“4624/553=/= mice were generated BZAfurther
intercrossing (Fig. 54). Significantly, MdmxC#0%1/c#624y,53-/=
mice were born at the expected Mendelian ratio (Table 3) with the
phenotypes almost identical to other littermates. The offspring
were genotyped by PCR of genomic DNA (Fig. 54) and confirmed
by sequencing (Fig. 5B). This complete rescue clearly indicates
a p53-mediated embryonic death. To ensure that the MDMX
(C462A) mutation disrupted the interaction between MDMX and
MDM2 in vivo, we carried out co-IP experiments with mouse em-
bryonic fibroblasts (MEFs) isolated from Mdmx©#*024/¢4624 53/~

C462A4/C462A4

Table 1. Analysis of mice from a Mdmx"W7#62A x \dmx"V/c462A

cross
Expected Observed
Variable frequency, % (n) frequency, % (n) P value
WT 25 (47/188) 30.9 (58/188) 0.2061
WT/C462A 50 (94/188) 69.1 (130/188) 0.0002
C462A/C462A 25 (47/188) 0/188 <0.0001
Huang et al.
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Fig. 2. Creation of Mdmx“24 knockin mice. (A) Schematic representation of the mouse Mdmx wild-type allele, targeting vector, and the predicted ho-
mologous recombination event. The targeting construct contains 4.1 kb of 5" homology arm with exon 11, a loxP-flanked Neo for positive selection, 5.1 kb of
3" homology arm with exon 12 harboring Mdmx“?¢?A mutation (star), and followed by an HSV-Tk negative selection marker. (B) Genotyping of Mdmx"/7<462A
heterozygous. The 5" homology arm was identified by PCR using primers P1 and P2; the 3' homologous arm was identified by PCR using primers P3 and P4. PC,
ES gDNA as positive control; NC, wild-type mice gDNA as negative control. (C) Total RNAs were extracted from Mdmx"V™"7 and Mdmx""“*62A thymus, and
RT-PCR analysis was performed using primers of Mdmx cDNA and -actin. (D) PCR products from C were sequenced. White highlight shows that the codons

that encode C462 of the wild-type mdmx are mutated in the Mdmx"T7<462A heterozygous.

or Mdmx"""T/p53*/* mice. Indeed, the mutation resulted in
disassociation of the binding between MDM2 and MDMX (Fig.
5C). Interestingly, the association with MDMX also affected the
ubiquitin ligase activity of MDM2, as reflected by a much-reduced
ubiquitin signal when comparing the MDM2 protein exg,rTessed in
Mdmx 924746245537/~ mice with that in Mdmx"""7Tjp53+/*
mice (Fig. 5D). Although MDM2 ubiquitination is not necessarily
equivalent to p53 ubiquitination, the data are in agreement with
published findings that MDMX enhances the E3 ligase activity of
MDM?2 (14, 15). Together, these results indicate that the asso-
ciation of MDM2 and MDMX is of great importance in p53
control during embryonic development, supporting the model in

Huang et al.

which MDM2 and MDMX work as an integral complex in p53
regulation.

The current mainstream model of p53 regulation proposes that
MDM?2 inactivates p53 primarily as a ubiquitin E3 ligase and that
MDMX inhibits p53 mainly by its physical binding to and
blocking of the transactivation domain of p53. Even with these
two activities preserved, the targeted disassociation of the MDM
heterocomplex resulted in lethal p53 activity in vivo during em-
bryonic development. Our data imply that a physical binding of
MDMZX to p53 is not sufficient for p53 inhibition. Consistent with
this notion is the result from a recent study showing that targeted
inactivation of MDM2 E3 ligase activity was associated with le-
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Table 2. Analysis of progeny from a Mdmx cross
Phenotypes Genotypes
No. of Total no.

Stage litters of embryos Normal Abnormal MdmxWTWT MdmxWTc4624 Mdmx4624/ca62A
E8.5 2 15 9 6 4 6 3
E9.5 4 41 26 15 14 12 11
E10.5 2 20 10 10 8 4 6
E11.5 3 22 15 7 11 5 4
E12.5 2 18 16 2 7 9 1
E13.5 2 20 17 3 3 14 0
Total 15 136 93 43 47 50 25

Many of the abnormal embryos could not be genotyped because of their small size; the ratios are thus skewed.

thal p53 activity during development (24). However, the MDM2
(C464A) mutant is, in addition to being inactive as an E3 ligase,
also defective in MDMX binding. The available information
implies that the intrinsic E3 ligase activity of MDM?2 is essential
but that its full potential in p53 control depends on its in-
teraction with MDMX. This view is consistent with the findings
that MDM?2 alone is a relatively ineffective E3 ligase and that
MDM2 is a more efficient E3 ligase after association with
MDMX (Fig. 5D and refs. 12-16). The RING domain-mediated
heterocomplex formation seems to be a common mechanism of
regulation in RING domain-containing ubiquitin E3 ligase. A

A C462A/C462A

WT/C462A

Embryo

prototype of this mode of regulation is the activity of the RING
E3 ligase Brcal, which depends on its association with another
RING domain protein, BARD, to form a heterocomplex (25).
Our genetic data imply that the MDM heterocomplex is the
physiological E3 ligase for p53, at least at the developmental
stage. Conditional mouse models will be necessary to investigate
the importance of the MDM heterocomplex in p53 control at
the adult stage and during various stress conditions. Our study
also provides a strong rationale to target the MDM hetero-
complex for p53 activation, which may have important thera-
peutic implications.

WT/WT

H&E

©

BrdU

o

TUNEL
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Fig. 3. Embryonic lethal phenotype of Mdmx“#624/c4624

embryos. (A) Dissected Mdmx wild-type and mutant (het-
erozygous and homozygous) embryos at E9.5. (B) Histology
of embryos from Mdmx wild-type and mutant (heterozygous
and homozygous) mice at E9.5 with hematoxylin and eosin
stain. Arrows indicate where hearts (H), neural ectoderms (N),
or somites (S) are located. Analysis of proliferation and apo-
ptosis in embryos at E9.5 from MdmxWT'<462A . MdmxWT/c4624
cross via BrdU incorporation (C) or TUNEL assays (D), re-
spectively.

Huang et al.
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Fig. 4. Expression of Mdmx, Mdm2, or p53 in day-9.5 embryos. (A) Sections from indicated genotype embryos were stained with antibodies against MDMX
and p53, respectively. (B) Sections from Mdmx<#6?A/“4624 homozygous or wild-type embryos were stained with anti-MDM2, Bax, or p21 antibodies. The
homozygous (HOMO) or wild-type (WT) embryos were also examined for mRNA of MDMZ2, Bax, and p21 using quantitative RT-PCR (Right).

Materials and Methods

Targeting Construct. A 9.2-kb fragment containing intron 11 through 3’ UTR
of the Mdmx gene was isolated from 129 BAC clone bMQ-462H8. The tar-
geting vector for generating the Mdmx mutation allele was designed to
insert a pGK-neo gene upstream of exon 12. The copy of exon 12 in the 3’
arm of homology was mutated by changing the codon of Cys-462 to Alanine.
The final targeting vector contains the Mario Cappeci-1 promoter (MC)
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herpes simplex virus thymidine kinase (MC-hsvTK) expression cassette for
negative selection. The point mutation was confirmed by sequencing.

Generating and Genotyping the Mdmx“*°?A Knockin Mice. The targeting vector
was linearized with Notl and electroporated into 129/Sv ES cells before being
selected for neomycin resistance. Genomic DNA was isolated from individual
ES colonies. Homologous recombination was confirmed by PCR screening

[V N TeTeys)

I TGT/GCT
Jek (CyslAla)

GCT(Ala)

g WTWT Fig. 5. Embryonic lethal phenotype of

+ C462A/C4A62A  Mdmx©624/C962A embryos was completely

rescued by crossing with p53-null mice.

(A) PCR genotyping of offspring from

MAmxWT62A 153+~ 5 MdmxWTIC462A p 53+~

crosses using primers P3, P5, and P6 spe-

e cific for mutated and wild-type Mdmx

Ublqumn alleles. (B) Sequences of PCR products

from C. White highlight shows that TGT,

the codon of the wild-type mdmx C462, is

replaced with GCT in the MdmxW7/¢462A

heterozygous and Mdmx4624/C4624 ho.

mozygous. (C) MEFs isolated from either

MdeC462A/C462A/p53—/— or MdeWT/WT/

p53** mice were subjected to anti-MDMX

IP. Immunoprecipitates were analyzed by

Western blot with anti-MDMX and

MDM2. (D) Anti-MDM2 IP was performed

with the MEFs as in C and analyzed by

Western blot with either anti-MDM2 or
ubiquitin.

Mdm2
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Table 3. Genotypes of mice from a Mdmx X
MdmeT/C462A/p53+/— cross

Variable ~ Mdmx"W™WT  MdmxWTC462A  Mdmx©462A4/C462A - Total
p53** 3 6 0 9
p53+- 5 13 0 18
p537~ 2 9 5 16
Total 10 28 5 43

with primers P1 and P2 for 5" homologous recombination arm (5 kb), P3 and
P4 for 3’ homologous recombination arm (5.7 kb). Three targeted clones
were injected into C57BL/6J blastocysts, which were then implanted into
pseudopregnant females. Germline transmission, through breeding chi-
meras with C57BL/6 mice, was confirmed by PCR using the same primers as
ES colonies identification. The offspring were PCR genotyped using primers
P5, P3, and P6 to distinguish between the wild-type and mutant Mdmx
alleles. P53 knockout mice were purchased from Jackson Laboratories. Trp53
primers p53x7 and p53x6.5 recognize wild-type Trp53. Primers p53x7 and
p53-Neo18.5 amplify the Trp53 mutant allele (Table 4).

Semiquantitative RT-PCR. Total RNA of thymus from Mdmx"¥" and Mdmx"/7¢4624
mice were extracted using TRIzol reagent (Invitrogen) according to the man-
ufacturer’s protocol. cDNA was generated by reverse transcription using AMV
Reverse Transcriptase (TaKaRa). RT-PCR was performed with Mdmx cDNA and
B-actin primers indicated in Table 4. PCR products were analyzed by 1% aga-
rose gels. The amplification fragments were verified by DNA sequencing.

Quantitative RT-PCR. Total RNA was extracted from embryos at embryonic day
9.5 (E9.5) with genotype of Mdmx"7, MdmxWT'<46?A and Mdmx“#624/C462A,
Quantitative PCR was carried out with the SYBR Green PCR kit according to
the manufacturer’s instructions (TaKaRa). Amplifications were performed in
ABI PRISM 7500 Sequence Detection System (Applied Biosystems). Relative
transcript quantities were calculated using the AACt method with p-actin as
the endogenous reference gene. The value of each genotype was identified
by three samples, and each sample was repeated three times independently.

Histological and Immunohistochemical Analysis. Before embedding in paraf-
fin, embryo specimens were fixed in 4% paraformaldehyde in PBS and
dehydrated. For histological analysis, 6-um sections were cut and stained
with hematoxylin and eosin according to the standard procedure. For im-
munohistochemical analysis, paraffin-embedded sections were deparaffi-
nized with xylene, treated with gradually decreasing concentrations of
ethanol, and then processed in 10 mM citrate buffer (pH 6.0) and heated to
92-96 °C for 30 min for antigen retrieval. Tissue sections were treated with
3% hydrogen peroxidase in PBS for 10 min to block endogenous peroxidase
activity. Sections were incubated with blocking serum for 1 h and then in-
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Table 4. Sequence of primers

Primer Sequence

P1 5 GTATGTCCCAGCATTCACACTCTG 3’
P4 5 TTCCTTAGTGTTCAAACAAACCAAC 3/
P3 5 GCCTTCTTGACGAGTTCTTCTG 3’

P2 5 AGTCATAGCCGAATAGCCTCTC 3’

P5 5 CTTGTAAAGGTTTTTTGCTTTGT 3’

P6 5 GCCTAACAACAGGAGCTGAAA 3’
P53-Neo18.5 5 TCCTCGTGCTTTACGGTATC 3’

P53x7 5 TATACTCAGAGCCGGCCT 3’

P53x6.5 5 ACAGCGTGGTGGTACCTTAT 3’
cDNA-up 5 TAACAAGAAGACGGTGGAGG 3’
cDNA-down 5" ATGTACACCTGTGTTACCTGA 3’
B-actin-F 5 AACGAGCGGTTCCGATGCCCTGAG 3’
B-actin-R 5 TGTCGCCTTCACCGTTCCAGTT 3’

cubated with primary antibody overnight at 4 °C. The staining procedure
followed the manufacturer’s instructions for the ABC staining system (Santa
Cruz Biotechnology). Rat anti-BrdU, rabbit anti-p53, and anti-MDM2 were
from Santa Cruz Biotechnology. Mouse anti-MDMX was purchased from
Sigma. Rabbit anti-p21 and anti-bax were purchased from AbCam.

Immunoprecipitation and Western analysis were performed as previously
described (14, 16).

BrdU Staining. Cell proliferation in embryos was measured by the incorporation
of BrdU, which was administered i.p. to mice at a dosage of 100 pg/g body
weight 2 h before killing. BrdU incorporation was detected on sections
by immunohistochemistry.

TUNEL. To detect apoptotic nuclei, paraffin sections were analyzed by the
DeadEnd Fluorometric TUNEL System (Promega) according to the manu-
facturer’s instructions.

Statistical Analysis. All analyses were conducted using SAS 9.12 (SAS Institute).
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