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ABSTRACT
p53 is regulated by heterodimer E3 ligase Mdm2-Mdm4 via RING domain interaction. Mdm2 transcripts
undergo alternative splicing, and Mdm2 splice isoforms are increased in cancer and induced by DNA
damage. Although 2 major Mdm2 splice isoforms that do not bind to p53 were reported to impact the
p53 pathway, the underlying biochemical mechanisms were not understood. Here, we show that these
Mdm2 splice isoforms ubiquitinate Mdm2 and Mdm4 in vivo and regulate the activity of Mdm2-Mdm4 E3
complex in cells. The Mdm2 isoforms are capable of promoting p53 ubiquitination in the absence of
Mdm2 or Mdm4. The 2 isoforms stimulate Mdm2 or Mdm4 activity for p53 ubiquitination in vivo and
promote degradation of p53 and Mdm4 in cells. However, the Mdm2 isoforms have opposing effects on
the steady-state p53 levels depending on the stoichiometric ratios of Mdm2, Mdm4 and the isoforms,
causing either decreased or increased p53 levels in cells. Our data indicate that the Mdm2 splice isoforms
can act as independent E3 ligases for p53 when Mdm2 and Mdm4 are absent, form potent heterodimer E3
ligases with either Mdm2 or Mdm4 for targeting p53 degradation, or act as inhibitory regulators of Mdm2-
Mdm4 E3 ligase activity by downregulating Mdm4. These findings suggest that Mdm2 splice isoforms may
play critical roles in the regulatory loop of p53/Mdm2-Mdm4 via a RING domain-mediated biochemical
mechanism.
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Introduction

The centerpiece of the regulatory mechanisms for restricting
p53 activity is Mdm2-Mdm4 E3 complex.1-3 The N-terminus
of Mdm2 and Mdm4 binds to p53 to mask its transactivation
domain whereas their C-terminal RING domains bind to
each other to form a heterodimer.4-6 Mdm2 is the key E3
ligase for regulating p53 degradation.7-9 We previously
reported that the RING domain-mediated heterodimeriza-
tion of Mdm2 and Mdm4 activates the polyubiquitination
activity of the E3 complex that targets p53 for degradation.10

Mouse genetics studies indicated that RING-RING interac-
tion of Mdm2-Mdm4 domain is essential for restricting p53
activity during embryonic development, since mutation of
either Mdm2 or Mdm4 RING domain causes p53-dependent
embryonic lethality.11-13

Mdm2 alternative splice isoforms were reported years
ago.14 Two major splice isoforms Mdm2-A and Mdm2-B
(referred thereafter as Mdm2-A/B) do not bind to p53 and
induce p53-independent cell growth in vivo and tumorigene-
sis in vivo.15-17 However, Mdm2-A overexpression in Mdm2-
a transgenic mice causes perinatal lethality involving p53
activation and senescence,18 suggesting that Mdm2-A has
significant impact on the p53 pathway, even though it does
not directly bind to p53. How Mdm2 splice isoforms exert
their effects on the p53/Mdm2/Mdm4 regulatory loop

remains unexplored. To address this, we show that the
RING domain of Mdm2 splice variants mediate ubiquitina-
tion of Mdm2, Mdm4 and p53, and regulate their abundance
in context- and stoichiometry-dependent manners. There-
fore, the findings in this report revealed Mdm2 splice iso-
forms as critical components of the central regulatory loop
of p53/Mdm2-Mdm4.

Results and discussions

Mdm2 isoforms can trans-ubiquitinate Mdm2 in vitro

Our previous work has shown that RING domain interaction
of Mdm2 and Mdm4 plays a dual role in the interplay of
p53 with Mdm2/Mdm4 E3 complex. As an activator, Mdm4
is required for Mdm2-mediated p53 polyubiquitination. As a
substrate, Mdm4 competes with p53 and Mdm2 for accept-
ing ubiquitins from E2 enzymes accompanied by Mdm4 deg-
radation. Thus, the relative stoichiometric ratios of Mdm2,
Mdm4 and p53 are determinants of the varying effects of
Mdm2 on p53 and Mdm4.10 Although Mdm2-A/B isoforms
lack the p53-binding region, they both have and intact RING
domain (Fig. 1A). We hypothesize that the 2 isoforms can
directly regulate Mdm2-Mdm4 E3 complex via RING-RING
interaction with Mdm4, in a same manner as Mdm2 inter-
acts with Mdm4. To test this hypothesis, we performed in
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vitro ubiquitination assays with purified recombinant pro-
teins expressed from insect cells. We found that both the
human Mdm2-A/B (Hdm2-A or Hdm2-B, for simplicity, we
use Mdm2-A/B) possess E3 ligase activity as indicated by
their autoubiquitination (Fig. 1B). Both isoforms can activate
the E3 ligase activity of Mdm2 in forms of autoubiquitina-
tion of full-length Mdm2 in a concentration-dependent man-
ner (Fig. 1C), indicating that heterodimers Mdm2-Mdm2-
A/B E3 ligases can be formed in vitro. We previously
reported that human Mdm2 RING domain mutant
Mdm2L468A is an E3-dead mutant with an intact RING
domain structure. Mdm2L468A is capable of interacting
with Mdm4, but it cannot bind to E2, rendering complete
loss of its E3 ligase activity.10,20 However, this E3-dead
Mdm2L468A can be efficiently ubiquitinated by Mdm2-A/B

in vitro, indicating trans-ubiqutination of Mdm2 full length
protein by the splice isoforms (Fig. 1D).

Mdm2 isoforms are super active E3 ligase for
ubiquitination of Mdm4 and p53 in vivo

How does Mdm2-A/B affect the ubiquitination of Mdm4 and
p53 in vivo? Our results indicated that Mdm2-A is approxi-
mately 10-times more active than Mdm2 in promoting ubiqui-
tination of Mdm4 in vitro (Fig. 2A). Similarly, Mdm2-A alone
potently promotes p53 ubiquitination, with a several-fold
more activity than full-length Mdm2 (Fig. 2B). Strikingly,
Mdm2-A-Mdm4 heterodimer E3 is »10-fold more active
than Mdm2-Mdm4 E3 complex in p53 polyubiquitination
(Fig. 2C). Similar results were obtained from Mdm2-B (data

Figure 1. Mdm2-A/B possesses intrinsic E3 ligase activity and can trans-ubiquitinate full length Mdm2 in vitro. (A) A diagram of Mdm2-A/B structure. (B) Mdm2-A/B
autoubiquitination. Western blotting of polyubiquitin chain after in vitro ubiquitination reaction with indicated amounts of Mdm2-A/B. (C) Mdm2-A/B ubiquitinates full
length Mdm2. (D) Trans-ubiquitination of full length enzyme-dead Mdm2L468A by Mdm2-A/B in vitro.

Figure 2. Mdm2-A potently ubiquitinates Mdm4, p53 and strongly stimulates p53 ubiquitination by Mdm2-Mdm4 in vitro. (A) Mdm2-A is more active than Mdm2 in ubiq-
uitination of Mdm4. (B) Mdm2-A is more active than Mdm2 in p53 ubiquitination. (C) Mdm2-A-Mdm4 is more active heterodimer E3 ligase than Mdm2-Mdm4 in promot-
ing p53 polyubiquitination in vitro.
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not shown). These in vitro E3 ligase assays suggest that
Mdm2-A/B by themselves act as more active E3 ligase than
Mdm2, and as more active regulators of the RING domain
heterodimer E3 activities. It is puzzling at first glimpse that
Mdm2 isoforms can ubiquitinate p53 without having p53-
binding domain. Two possibilities may explain these results.
First, the RING domain itself is involved in p53 substrate rec-
ognition. This possiblity was suggested by earlier observations
that Mdm2 RING domain when swapped with the RING
domain of Praja1 protein resulted in loss of p53 ubiquitination
by Mdm2-Praja1-RING hybrid protein, although the N-tern-
minal p53-binding region of Mdm2 was intact in the hybrid
proteins.9 The second possibility is that in in vitro biochemical
assays, the requirement for a stable E3-substrate binding is
low such that Mdm2-A/B can ubiquitinates p53 without the
need of stable protein-protein interactions. Interestingly,
Mdm2-A-Mdm4 heterodimers show super E3 ligase activity
for p53 polyubiquitination compared with Mdm2-Mdm4.
This finding suggests that Mdm2-A promotes processiveness
of the heterodimer E3 ligase, possibly owing to a better inter-
action with RING domain of Mdm4 due to the lack of p53
binding domain. In addition, it demonstrates that Mdm2-A

can fully compensate the biochemical role of full-length
Mdm2 in Mdm2-Mdm4-mediated p53 ubiquitination.

Mdm2 isoforms alone can regulate steady-state levels of
p53 in cells and acts as modifiers of p53/Mdm2/Mdm4
regulatory circuit in a stoichiometry-dependent manner

How does Mdm2-A/B affect p53 steady-state levels in cells? We
first tested the effects of Mdm2-A/B in p53/mdm2/mdm4 triple
knockout mouse embryonic fibroblasts (TKO MEFs) in co-
transfection experiments. In the absence of Mdm4, Mdm2
decreased p53 steady-state levels in a concentration-dependent
manner, suggesting that Mdm2 may form homodimer E3 com-
plex at high levels to promote p53 degradation in cells through
selfoligomerization.21 Mdm2-A alone decreased p53 levels at
higher expression levels, while Mdm2-B decreased p53 levels at
low concentrations but increased p53 levels at high concentra-
tions (Fig. 3A). However, when Mdm4 was co-transfected,
Mdm2 and Mdm2-A more efficiently decreased p53 levels
(Fig. 3A versus 3B). Moreover, Mdm2-Mdm4 is more efficient
than Mdm2-A-Mdm4 in promoting p53 degradation (Fig. 3B,
Mdm2-A vs. Mdm2). This result suggests that Mdm2 and

Figure 3. Effect of Mdm2-A/B on steady-state levels of p53 and Mdm4 in cells. (A) Co-transfection of p53 with indicated amounts of Mdm2 or isoforms in TKO MEFs fol-
lowed by WB 24h after transfection. (B) As performed in A but with addition of Mdm4. (C) As performed in B but in PC3 cells. (D) A model of RING-domain heterodimer
E3 ligases in regulation of the p53/Mdm2/Mdm4 loop.
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Mdm2-A are functionally replaceable with each other in form-
ing active heterodimer E3 with Mdm4. In contrast to Mdm2-A,
Mdm2-B constantly increased p53 levels in the presence of
Mdm4 (Fig. 3B). Of note, Mdm2-B does not have the acidic
domain as Mdm2-A (Fig. 1A). The deficiency of Mdm2-B in
promoting p53 degradation is consistent with previous obser-
vations that the acidic domain of Mdm2 plays a critical role in
p53 ubiquitination and degradation.22,23 Strikingly, both splice
isoforms promoted robust degradation of Mdm4, in contrast to
the weaker effect of full-length Mdm2 on Mdm4 levels
(Fig. 3B). These data suggest that high expression levels of
Mdm2-A promote significant degradation of Mdm4 leading to
reduced abundance of the Mdm2-Mdm4 heterodimers that fur-
ther result in p53 accumulation, when all these molecules coex-
ist. This situation applies to Mdm2-a transgenic mice and
explains why these mice suffer from p53 activation and senes-
cence.18 Moreover, Mdm2-B solely decreased p53 levels at low
concentrations (Fig. 3A, 50 ng of Mdm2-B) while Mdm2-A at
low concentrations worked together with Mdm4 to promote
p53 degradation (Fig. 3B, 50, 100 ng of Mdm2-A). These data
from TKO MEFs suggest that Mdm2-A/B at low expression
levels can be crucial promotors of p53 degradation when
Mdm2 and Mdm4 are insufficient, or unavailable.

To test whether Mdm2-A/B also modulates Mdm2-
Mdm4-mediated p53 regulation in human cells, we per-
formed experiments in human prostate cancer cell line PC3
cells under the background of endogenous Mdm4 expres-
sion. We found that both Mdm2-A and Mdm2-B at low
concentrations (10–40 ng) protected p53 from Mdm2-
Mdm4-mediated degradation (Fig. 3C). However at high
expression levels, Mdm2-A or Mdm2-B cooperated with
endogenous Mdm4 to promote p53 degradation (Fig. 3C,
100, 200ng). These effects are opposed to the stoichiometric
effects of Mdm2-A/B in TKO cells (Fig. 3A and B). There-
fore, these data suggest that Mdm2-A/B modifies the out-
puts of Mdm2-Mdm4-mediated p53 regulation in both
stoichiometry-dependent and cell type-dependent manners.

Based on our biochemical cellular evidence, we propose the
following model for p53 regulation by Mdm2-Mdm4 and
Mdm2 splice isoforms (Fig. 3D). Full-length Mdm2-Mdm4
heterodimers are the major E3 complex for p53 regulation. In
the absence of Mdm2, Mdm2-A/B at high expression levels can
downregulate p53 in complex with either Mdm2 or Mdm4. In
this case, Mdm2 splice isoforms act to compensate the absence
of either Mdm2 or Mdm4. However, when both full-length
Mdm2 and Mdm4 are expressed, Mdm2-A/B promotes Mdm4
degradation to downregulate the abundance of Mdm2-Mdm4
heterodimer E3 complex to maintain basal p53 expression. In
this case, Mdm2 isoforms act as a buffering molecule for the
activity of Mdm2-Mdm4 in a stoichiometry-dependent man-
ner. This complex regulatory module ensures a delicate regula-
tion of p53 degradation in a time and tissue-specific manner
for the destined biologic consequence of p53 during develop-
ment. It has been reported that Mdm2 expression during devel-
opment is tissue-specific and independent of p53.24 For
example, Mdm2 is not expressed in liver, muscle and thymus
on 12.5 dpc and it is not expressed in colon epithelium, intes-
tine, liver, muscle and salivary gland on 14.5 dpc.24 Tissue spe-
cific knockout of Mdm2 or Mdm4 in mice revealed differential

rquirements of Mdm2 and Mdm4 for p53 regulation in differ-
ent tissues at different stages.25-27

The significance of RING-domain-mediated regulation of
the p53 pathway by Mdm2 isoforms remians to be tested in
vivo. However, the biochemical model we proposed here
provides an explanation for the puzzling genetic findings
from the rescue experiments of Mdm2 and Mdm4 knockout
mice in the field. The rescue of Mdm4 knockout and Mdm4
RING domain mutant mice by p53 deficiency concluded
that Mdm4 has a non-overlapping function of Mdm4 with
Mdm2.12,13,19 However, this conclusion is difficult to recon-
cile with the finding that an Mdm2 transgene containing
Mdm2 gene and its native promotor can completely rescue
Mdm4-deficiency-induced p53-dependent lethality, leading
to a conclusion that Mdm2 and Mdm4 are functionally
overlapping in development.28 Based on our biochemical
model, it is higly likely that the Mdm2 splice isoforms
expressed from the Mdm2 transgene, rather than the over-
expression of full-length Mdm2 per se, may have compen-
sated for the loss of Mdm4 as a RING-domain stimulater of
full length Mdm2 activity to fully suppress p53 during
development.

Materials and methods

Cell culture, transfections and western blotting

p53/mdm2/mdm4 triple knockout MEFs19 (from Gigi Lozano,
MD Anderson Cancer Center, Houston, TX) and p53-null
prostate cancer cell line PC3 were maintained in Dulbecco’s
Modified Eagle’s Medium (DMEM) supplemented with 10%
fetal calf serum (FCS, Atlanta Biologicals, Inc. GA, USA) and
antibiotics. Transfection was performed with LipofectamineTM

2000 (Invitrogen). Western blotting analysis was performed
with following antibodies, DO-1 for p53, 4B11 for human
Mdm2 (both were gifts from Moshe Oren, Weizmann Institute
of Science, Israel), and Human Mdm4 was detected with a rab-
bit polyclonal antibody from Proteintech (Cat #17914–1-AP).
HA-Mdm2 isoforms and FLAG-Mdm4 were detected with
either anti-HA (HA.11, Covance, Princeton, NJ) or anti-FLAG
(Sigma, M2, F1804) and polyubiquitin with mouse anti-ubiqui-
tin antibody from BD (cat#550944).

Plasmid and recombinant protein preparation, and in vivo
and in vivo ubiquitination assays

FLAG-MdmX and HA-Mdm2 (human) constructs for insect
cell expression and protein purification were described previ-
ously.10 HA-Mdm2A and HA-Mdm2-B expression plasmids
were PCR-cloned with full length human Mdm2 as a template
into pcDNA3.1 for mammalian expression or pFastBact vectors
for recombinant protein expression in insect cells. Human
Mdm2-a cDNA has a deletion of Mdm2 coding region span-
ning from amino acid 27 to 221 andMdm2-b cDNA has a dele-
tion of Mdm2 coding region spanning from amino acid 27 to
300. The method for recombinant protein expression and puri-
fication in insect cells was described previously.10 In vitro and
in vivo ubiquitination assays for p53, Mdm2 and Mdm4 were
performed as described previously.10
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