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Isoforms derived from alternative splicing, mRNA translation initiation or promoter usage extend the functional
repertoire of the p53, p63 and p73 genes family and of their regulators MDM2 and MDMX. Here we show cap-
independent translation of an N-terminal truncated isoform of hMDMX, hMDMXp60, which is initiated at the 7th
AUG codon downstream of the initiation site for full length hMDMXFL at position C384. hMDMXp60 lacks the p53
binding motif but retains the RING domain and interacts with hMDM2 and hMDMXFL. hMDMXp60 shows higher
affinity for hMDM2, as compared to hMDMXFL. In vitro data reveal a positive cooperative interaction between
hMDMXp60 and hMDM2 and in cellulo data show that low levels of hMDMXp60 promote degradation of hMDM2
whereas higher levels stabilize hMDM2 and prevent hMDM2-mediated degradation of hMDMXFL. These results
describe a novel alternatively translated hMDMX isoform that exhibits unique regulatory activity toward hMDM2
autoubiquitination. The data illustrate how the N-terminus of hMDMX regulates its C-terminal RING domain and
the hMDM2 activity.

Introduction

Expression of isoforms extends and differentiates the cell bio-
logical activity of genes within the p53 family. The role of differ-
ent products of p63 and p73 was early on recognized as key cell
biological determinants.1,2 The full length p63 and p73 carry
transactivation domains and share approximately 60% identity
with the p53 core DNA binding domain and behave similar to
p53 in some respects such as overlapping promoter binding spec-
ificity and gene activation.3 Whereas p53 plays a key role in
tumor progression, p63 and p73 are indispensable for squamous
epithelia and neural development, respectively.4-6 p53 isoforms
are implicated in different stress responses pathways and with
specific cell biological activity. While the alternative initiated p53
mRNA translation product, p53/47, specifically induces G2
arrest following stress to the endoplasmic reticulum and the
unfolded protein response, the p53b and the D133p53 isoforms
play a role in controlling cellular senescence.7,8 The MDM2
(mouse double minute 2) is a key regulator of p53 activity and
has the capacity to suppress p53 activity either via promoting its
degradation and by interfering with its transcriptional activity, or
it can stimulate p53s rate of synthesis following genotoxic stress

by binding to the p53 mRNA.9-12 However, MDM2 interacts
with over 100 different cellular factors, including proteins and
nucleotides and exhibits cell biological effects that reach outside
the p53 pathway.13-16 While over 40 splice variants of mdm2
have been reported, the main isoforms are the MDM2p90 and
the N-terminally truncated MDM2p76.17-19 The latter lacks the
p53 binding pocket and is expressed by alternative translation
initiation or splicing. The expression of the two MDM2 isoforms
is regulated differently and transcripts initiated by the constitu-
tive P1 promoter induce expression of MDM2p76 and
MDM2p90 at different levels depending on tissue and stress con-
text and high levels of MDM2p76 have been reported in mice fol-
lowing radiation.20 As MDM2p76 lacks the p53-binding domain,
it does not promote p53 ubiquitination but retains the capacity
to stimulate p53 synthesis.21 MDM2 and its homolog MDMX
are both essential but non-redundant regulators of p53 activity
during development but MDMX does not exhibit E3 ligase activ-
ity toward p53.11,22 Instead, it has been proposed that the main
activity of full length MDMX toward p53 is mediated via an
interference with p53’s transactivation activity. MDM2 and
MDMX form hetero- and homo-dimers via their respective
C-terminal RING domains but how these respective formations
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are regulated and their physiological roles is relatively unknown.
Both MDM2 and MDMX are over expressed in certain types of
cancers and are implicated in tumor development by the suppres-
sion of p53 activity. While amplification of MDM2 is best
known to occur in different types of sarcomas it has more
recently been shown that approximately 70% of melanomas
overexpress MDMX.23,24 The understanding of how MDM2
and MDMX are regulated and how they control p53 activity
is the focus of intense research both from the academia and
the pharmaceutical industry in search for new therapeutic
strategies to activate p53.25,26 In this study we describe the
MDMXp60 isoform that lacks the N-terminal p53 binding
domain which adds to a previously reported splice variant of
mdmx that includes 114 residues of MDMX N-terminus plus
13 unique C-terminal residues, and a caspase cleaved product
which lacks the C-terminus.27,28 We show that alternative
translation initiation generates MDMXp60 and that different
concentration of MDMXp60 either promote, or prevent,
MDM2 autoubiquitination activity. These results also reveal
that the N-terminus of MDMX controls the interaction
between MDM2 and MDMX RING domains.

Results

The translation of hMDMXp60 is initiated at the 7th in
frame AUG codon downstream of C1

Expression of a cDNA encoding full length hmdmx mRNA
including its 5’UTR (hmdmxwt) in H1299 human lung adenoma
cells resulted in the expression of full length hMDMX
(hMDMXFL) of approximately 76 kDa as well as a band with
the approximate size of 60 kDa (hMDMXp60) as determined
using a polyclonal antibody that reacts against an epitope located
between residues 125 and 175. To understand the origin of this
product we deleted in frame AUG codons downstream of the
first C1 AUG, one by one, until we reached the 7th AUG at
position C384 (codon 128) (hmdmxD2–7 AUG) whereby the
expression of hMDMXp60 vanished. If we instead replaced the
first AUG alone (data not shown), or the first 6 in frame AUGs
with alanines (CGC) (hmdmxD1–6 AUG), or deleted the entire
sequence upstream of codon 7 (hmdmxp60), we could only detect
the hMDMXp60 isoform (Fig. 1A and B). Hence, hMDMXp60 is
initiated at the 7th in frame AUG codon and lacks the N-termi-
nus of full length hMDMX, including the p53-binding domain.
We next tested expression of endogenous hMDMXp60 in HeLa,
MDA-MB-231 and Saos-2 cells and we could identify a band of
an approximate similar size as hMDMXp60 using the same poly-
clonal antibody (Fig. 1C).

Cap-independent translation of hMDMXp60and hMDMXFL

The fact that hMDMXp60 is initiated at the 7th in frame
AUG codon downstream of the C1 AUG makes leaky scanning
or canonical cap-dependent translation initiation unlikely mecha-
nisms to explain its expression.29 We therefore tested if synthesis
of hMDMXp60 could be mediated via cap-independent mecha-
nism of translation initiation that allows the ribosomal pre-

initiation complex to enter direct on the hmdmx mRNA. We
created a bicistronic construct by placing an open reading frame
(GFP) followed by a hairpin structure upstream of the full length
hmdmx mRNA including its 50UTR. This construct prevents
cap-dependent initiation of translation from the hmdmx mRNA
(Fig. 2A). After expression of the bicistronic hmdmx in H1299
cells we could observe the expression of GFP and approximately
equal amounts of hMDMXFL and hMDMXp60 (Fig. 2B). The
relative levels of hMDMXFL as compared to hMDMXp60 are
approximately 4 fold higher when expressed from the hmdmxwt

construct, as compared to the bicistronic setting, indicating that
even though both isoforms can be synthesized by cap-indepen-
dent translation, this mechanism of initiation is more important
for the synthesis of hMDMXp60 (Fig. 2B). In order to ensure
that the bicistronic mRNA remains intact in cells and that we
did not create a cryptic promoter between the 5’UTR of the
hmdmx mRNA and the initiation site for hMDMXp60 by insert-
ing the hmdmx mRNA downstream of the GFP-hairpin sequen-
ces, we carried out a series of RT-PCR and RT-qPCR using
different sets of primers giving similar size products (Fig. 2A).
Using a forward primer starting upstream of the hairpin structure
(P1) together with a reverse primer spanning the C1 AUG site
(P3) resulted in a similar amount of RT-PCR products as com-
pared with a forward primer starting from within the 5’UTR
(P2) plus the P3. Using a primer pair from the coding sequence
(P4 and P5) also revealed a similar amount of RT-PCR products
(Fig. 2C). Using these primer pairs we could verify that the rela-
tive amount of RT-PCR products derived from the primers cov-
ering the 5’ UTR (P2 and P3) and the primers spanning the
initiation site for hMDMXp60(P4 and P5) is similar. To verify
the specificity of the RT-PCR reactions and to ensure that trans-
fected cDNA or cellular DNA did not interfere with the RT-
PCR reactions we also carried out the control reactions in which
we did not add reverse transcriptase (Fig. 2D). Finally, by adding
siRNA toward GFP, the expression levels of GFP and hMDMX
isoforms were reduced similarly from cells expressing the bicis-
tronic construct but had, as expected, no effect on hMDMX iso-
form levels in cells expressing the hmdmxwt construct (Fig. 2E;
Fig. S1). To test if cap-independent translation from the
hmdmx mRNA is responsive to regulatory pathways we sub-
jected cells expressing the bicistronic construct to different lev-
els of UV irradiation and analyzed the effect hMDMX
expression after 4 hours (the suppression is similar after
2 hours, data not shown). The reduction of hMDMX expres-
sion was similarly suppressed by increasing the levels of UV in
the presence, or not, of proteasome inhibitor, indicating that
cap-independent translation of the hmdmx mRNA was
affected by this treatment. The effect of UV radiation on cap-
dependent GFP expression from the same construct was less
affected (Fig. 2F; Fig. S2). These results support the notion
that both hMDMX isoforms can be expressed via cap-inde-
pendent mechanisms of translation and that, at least under
these conditions, cap-independent translation is relatively
more important for controlling the synthesis of hMDMXp60.
The data also suggest that the cap-independent translation of
the hmdmx mRNA is under regulation of UV stress pathways.
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hMDMXp60 binds hMDM2 with higher affinity as
compared with hMDMXFL

As hMDMXp60 does not retain the N-terminal p53 binding
domain we first tested its putative function by comparing the
binding of hMDMXp60 to hMDMXFL and hMDM2, which is
mediated by respective C-terminal RING domains. An equal
amount of hmdmxp60 and hmdmxfl were expressed in H1299
cells together with hmdm2. When hMDM2 was immunopre-
cipitated (IPed) using the 4B2 antibody against an N-terminal
epitope we observed the co-IP of both hMDMXFL and
hMDMXp60 (Fig. 3A). If we instead used anti-HA antibodies
against an hMDMXp60 fused to an HA-tag (hmdmxp60HA)

from cell lysates expressing hmdmxfl, we observed a relative
small amount of co-IPed hMDMXFL, indicating that the two
hMDMX isoforms are found in complexes with each other
and/or with hMDM2. Similarly, hMDM2 was also found to
coIP with hMDMXp60HA (Fig. 3B, left and right panels). In
order to study the interaction between hMDM2 and the
hMDMX isoforms in more detail, we carried out ELISA assays
using a fixed amount of recombinant hMDMXFL or
hMDMXp60 (500 ng) and increasing levels of recombinant
hMDM2. This revealed a higher affinity between hMDMXp60

and hMDM2, as compared to hMDMXFL and hMDM2
(Fig. 3C). Interestingly, the ELISA data also indicated a

Figure 1. The hMDMXp60 isoform is initiated at the 7th in frame AUG codon. (A) Cartoon illustrating the hmdmx mRNA constructs and the mutated AUG
sites (left). The 6 in frame AUG codons after the C1 AUG of the hmdmx coding sequence were substituted with alanine (GCG) (hmdmxD2–7AUG) to
express only full length hMDMX (hMDMXFL). The hmdmxD1–6AUG mRNA lacks the first 6 in frame AUG codons and only expresses hMDMXp60 which is
initiated from the 7th in frame AUG (C384). The hMDMXp60 lacks the first 127 amino acids, including the p53 binding domain (right). (B) Western blot
showing the expression of the two hMDMX isoforms from indicated constructs in H1299 cells. The hmdmxwt mRNA expresses both isoforms. Actin is
used as loading control. (C) The relative expression of the two hMDMX isoforms in different cell lines. H1299 and Saos-2 are p53 negative cell lines
whereas HeLa expresses wild type p53 and MDA-MB-231 expresses a mutant p53(R280K). Western blots show one representative experiment out of 3.
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positive cooperative binding between hMDM2-hMDMXp60

and hMDM2-hMDMXFL. Taken together, these data show
that hMDMXp60 forms a stronger interaction with hMDM2
as compared to hMDMXFL.

hMDMXp60 stabilizes hMDMXFL from hMDM2-
mediated degradation

The differences in affinities between hMDM2-hMDMXFL

and hMDM2-hMDMXp60 were surprising as the interaction

Figure 2. For figure legend, see page 553.
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between hMDMX and hMDM2 takes place between the
C-terminal RING-RING domains. This prompted us to test if
the capacity of hMDM2 to control the stability of each isoform
is also affected by the hMDMX N-terminus. The expression of a
fixed amount of either hmdmxfl or hmdmxp60 (200ng cDNA) in
the presence of increasing levels of hmdm2 (10 to 200 ng
cDNA) showed an approximately 90% reduction in hMDMXFL

levels at 50 ng transfected hmdm2 cDNA. The corresponding
reduction in hMDMXp60 expression was approximately 20% at
the same concentration of hmdm2. At the maximal 200 ng of
hmdm2 the levels of hMDMXp60 were reduced by 80%
(Fig. 4A, left and right panels). When we instead expressed a
fixed amount (200 ng) of both hmdmx isoforms in the presence
of increasing levels of hmdm2 we observed that the presence of
hMDMXp60 stabilized hMDMXFL (Fig. 4B). This stabilizing
effect of hMDMXp60 on hMDMXFL was further demonstrated
by increasing the levels of hmdmxp60 in the presence of a fixed
amount of hmdmxfl, indicating that hMDMXp60 also affects
endogenous hMDM2-mediated regulation of hMDMXFL stabil-
ity (Fig. 4C). These results could be explained by hMDMXp60

being a poor substrate for hMDM2 and hMDMXp60 could,
thus, stabilize hMDMXFL by competing for binding to
hMDM2. An easy explanation for hMDMXp60 being a poor sub-
strate could be that hMDM2 promotes ubiquitination of
hMDMX N-terminal lysine residues. To test this hypothesis we
mutated each, or all together, of the 6 in frame lysines residues
upstream of the 7th AUG initiation codon of hMDMX to argi-
nines. This did, however, not affect the capacity of hMDM2 to
promote degradation, indicating that hMDM2 mediated ubiqui-
tination of hMDMX takes place on lysines residues further
downstream of lysine 104 (Fig. 4D). The idea that the N-termi-
nus of hMDMX is not the target for hMDM2 E3 ubiquitin
ligase activity was further supported by in vitro ubiquitination
assays using recombinant purified proteins showing that
hMDM2 promotes equally well polyubiquitination of
hMDMXFL as of hMDMXp60 (Fig. S3A). Furthermore, in vivo
ubiquitination assays showed that mHMDMXp60 is a substrate
for hMDM2 but that the degradation of the full length form is
more efficient (Fig. S3B). Hence, while these results show that
hMDMXp60 has a higher affinity for hMDM2 as compared to
hMDMXFL and that hMDMXp60 protects hMDMXFL from

hMDM2-mediated degradation, they offer no support to the
idea that hMDMXp60 being a poor ubiquitin substrate for
hMDM2 and instead indicates that the N-terminus of hMDMX
regulates hMDM2 E3 ligase activity.

hMDMX isoforms induce oscillations in
hMDM2 expression

Having observed that hMDMXp60 affects the stability of
hMDMXFL in the presence of hMDM2, we next asked the ques-
tion if hMDMXp60 might affect the stability of hMDM2. E3
RING ligases generally require dimerization to promote E3 ubiq-
uitin ligase activity30 and we tested the effect of hMDMXp60 on
hMDM2’s autoubiquitination activity. Increasing levels of
hmdmxp60 resulted in an increase in hMDM2 levels at the lowest
concentrations of transfected cDNA (10ng). But as the levels of
hmdmxp60 increased to 50 ng the expression of hMDM2
dropped. Further increase in hmdmxp60 resulted in a subsequent
increase in hMDM2 expression and at 200 ng of hmdmxp60

there was a significant increase in hMDM2 expression (Fig. 5A,
panel a). This was not observed using an hMDM2 protein carry-
ing a mutation in residue cysteine 464 which prevents its E3
ligase activity or reduced when proteasome inhibitors were added
(Figs. 5A, panel d; Fig. S4A). This oscillation was reproducible
even though the fluctuation pattern of hMDM2 levels varies
from one experiment to the next and with different combinations
of hMDMX isoforms (Figs. 5A; Fig. S4B). When we carried out
the same increase in hmdmxp60 but in the presence of a fixed
amount of hmdmxfl (200 ng) we observed less fluctuation in
hMDM2 expression levels (Fig. 5A, panel b). However, when we
instead increased the levels of both hmdmxfl and hmdmxp60, the
oscillation of hMDM2 was restored, or even enhanced (Fig. 5A,
panel c). To further test the effect of hMDMXp60 on hMDM2
stability, we carried out in vitro autoubiquitination of hMDM2.
This showed that the amount of polyubiquitinated hMDM2
increases in the presence of increasing amounts of hMDMXp60

(Fig. 5B; Fig. S5A). The corresponding experiment using similar
amounts of hMDMXFL resulted in less polyubiquitinated
hMDM2 as compared to hMDMXp60 (Fig. S5B). These results
indicate that hMDMXp60 has a more profound effect on
hMDM2 autoubiquitination, as compared to hMDMXFL. To
some extent, this difference might be attributed to the higher

Figure 2. (See previous page) hMDMXp60 and hMDMXFL are derived from cap-independent mRNA translation initiation. (A) Cartoon illustrating the
bicistronic hmdmx mRNA inserted downstream of the GFP open reading frame and downstream of a hairpin structure preventing ribosomal read
through from cap-dependent translation initiation of the GFP open reading frame. The location of primers (P1 to P5) is indicated. These were used for
RT-PCR and RT-qPCR to ensure that the bicistronic mRNA remains intact in cells and that no cryptic promoter activity causes alternative RNA species. (B)
The expression of the two hMDMX isoforms from the wild type mRNA and from the bicistronic construct in H1299 cells. The relative level of expression
of the two hMDMX isoforms from wild type vs. bicistronic constructs is estimated (upper graph). (C) RT-PCR using indicated primer pairs repeated 4 times
each for the bicistroninc hmdmx mRNA. (D) The relative amount of RT-PCR products from the bicistronic and the wild type hmdmx mRNAs as estimated
using quantitative RT-PCR from indicated primers. The ratio of RT-PCR products derived from the primers covering the 5’UTR and the initiation site for
hmdmxFL (P2 and P3) and from a sequence covering the initiation site of hMDMXp60 (P4 and P5) are similar between the wild type and the bicistronic
hmdmx mRNAs. This shows that no cryptic promoter or alternative splicing was created by fusing the hmdmx mRNA to the bicistronic construct. No
added RT enzyme (-RT) shows that the quantified PCR products are derived from mRNA. Actin mRNA serves as control. The graph shows data from 3
independent experiments plus SD. (E) The use of siRNA against the GFP results in a similar reduction in expression of GFP and hMDMX from the bicis-
tronic hmdmx mRNA. There is no effect on hMDMX expression form the wild type mRNA (Fig. S1). (F) Western blot showing the effect of indicated UV
doses 4 hours after treatment on cap-independent translation of the hmdmx mRNA as compared to cap-dependent translation of gfp (Fig. S2). Western
blots show one representative experiment out of 3.
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affinity of hMDMXp60 for hMDM2 but it also indicates that the
N-terminus of hMDMX not only regulates the affinity to
hMDM2 but also influences its E3 ubiquitin ligase activity.

Discussion

Isoforms within the p53 pathway and its
extended family of p63 and p73 as well as
of hMDM2, have been shown to play
important roles in expanding the functional
repertoire of these genes. Each of these gene
products forms dimers or multimers either
as hetero- or homo oligomers and these dif-
ferent complexes determine the activity of
respective protein. Most of the factors in
these pathways can interact with more than
one partner and, for example, h-h-p53 can
be co-immunoprecipitated together and it
has been suggested that all isoforms of p53,
p63 and p73 form hetero-oligomers. How-
ever, certain complexes seem to prevail
under certain conditions, indicating that the
formations of these complexes are regu-
lated.31 Hence, the regulation of affinity
between different isoforms is a common
theme in how these gene products exert
their activity. And together with the fact
that certain complexes show a dominant, or
specific, phenotype can help to explain how
a certain cellular biological effect of one iso-
form can be achieved even in the presence
of higher levels of another. Hence, the dele-
tion of a functional domain that at the same
time changes the affinity for a partner can
thus render an isoform to become domi-
nant. p53, for example, is transcriptionally
active as a tetramer but in vitro studies have
indicated that the concentration required to
form tetramers is very high, suggesting this
can be a regulated step in the cells. The
N-terminally truncated alternative transla-
tion product p53/47 lacks the first of p53s
2 transactivation domains (TAs) and shows
a 10-fold higher affinity for its homo-
oligomers during the unfolded protein
response, which can help to explain how rel-
atively low levels of p53/47 can impose a
G2 cell cycle arrest following ER stress even
in the presence of higher levels of the full
length p53 product which instead drives
toward a G1 arrest.7

The regulation of hMDMX and its cel-
lular biological functions are less clear as
compared to the more intensively studied
hMDM2. However, both proteins are criti-
cal for normal embryonic development.
But whereas the role of hMDM2 is linked
to the control of p53 stability, the activity

of hMDMX has been proposed to mainly relate to interference
with p53’s gene regulatory capacity. It has been shown that

Figure 3. hMDMXp60 shows higher affinity toward hMDM2 as compared to hMDMXFL. (A) Immu-
noprecipitation (IP) against hMDM2 shows that hMDM2 interacts with both hMDMX isoforms
(upper panel). The protein levels in whole lysates are shown below. (NS stands for non-specific).
(B) Co-immunoprecipitation of hMDMX isoforms (left) or hMDM2 (right) using an HA-tagged
hMDMXp60. Hsp90 and actin serves as loading controls of total lysates. (C) ELISA using a fixed
(500 ng) amount of recombinant purified hMDMXp60 or hMDMXFL and increasing amounts of
hMDM2. The affinity of hMDMXp60 to hMDM2 is higher as compared to hMDMXFL. Both proteins
bind hMDM2 in a biphasic fashion. The data shows the average of 7 independent experiments
and SD. Western blots (A and B) show one representative experiment out of 3.
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increase of hMDMX expression is fre-
quent (app. 70%) in melanomas and it is
interesting to notice that cap-independent
translation of hmdmx is sensitive to UV
irradiation at relative low doses (5 j/m2)
whereas it is not possible to estimate the
effect of UV irradiation on cap-dependent
translation of hmdmx under these condi-
tions (Fig. 2F and Fig. S2). This is, thus,
an interesting observation and the identifi-
cation of the cellular pathway governing
synthesis of hMDMX might shed light on
a pathway controlling p53 activity during
UV exposure.

There are conflicting reports regarding
the regulation of hMDMX expression by
hMDM2 and both a stabilizing and destabi-
lizing effect have been reported.32-34 The
results presented here indicate that both sce-
narios could in fact be correct and the net
outcome in terms of expression levels might
depend on the ratio of hMDM2 to the
hMDMXFL and the hMDMXp60 isoforms.
The surprising observation that deletion of
the N-terminal p53 binding domain of
hMDMX results in an increase in the affinity
to hMDM2 offers an explanation to
hMDMXp60-mediated stabilization of
hMDMXbased on competition between the
2 isoforms for hMDM2. What is likewise
surprising is that increasing levels of
hMDMXp60 at lower concentrations results
in a decrease in hMDM2 levels and at higher
concentrations in a subsequent increase in
expression. The effect is dependent on
hMDM2 E3 ligase activity as the expression
levels of an E3 ligase inactive hMDM2 pro-
tein is not affected under similar conditions.
This biphasic expression curve is indepen-
dent of p53 and suggests that the ratio of
hMDM2 to hMDMXp60 determines
hMDM2 stability. It is, however, difficult to
see how this can take place, unless the
hMDM2-hMDMXp60 complex includes
more than one copy of hMDMXp60. A possi-
ble scenario could be that as long as the ratio hMDM2:hMDMXp60

is in favor of hMDM2, hMDMXp60 has a destabilizing effect but
when the ratio is in favor ofMDMXp60 it switches to instead stabilize
MDM2 expression. This suggests that N-terminus of hMDMX reg-
ulates the interaction between the RING domains of hMDM2 and
hMDMX and that the increase in affinity between hMDM2 and
hMDMXp60 alterspu hMDM2 E3 ligase activity toward itself. It is
interesting to compare this with the model whereby the N-termini
interaction between the Box-1 domain of p53 and the hydrophobic
pocket of hMDM2 leads to allosteric changes in the core and RING
domains of hMDM2.35 Amore detailed study on how differences in

ligand binding to hMDM2 affect its E3 ligase activity is currently
under way. In addition to a direct effect of MDM2 on the ubiquiti-
nation of the two hMDMX isoforms, the observed differences in
protein stability in cells (Fig. 4A and S3B) vs. a similar MDM2-
mediated ubiquitination of the two substrates in vitro (Fig. S3A),
indicate that post-ubiquitination events might play an additional
role in controlling the turnover rates. For example, it has been shown
that hMDM2 interacts directly with the proteasome and it cannot be
ruled out that something similar does not take place for hMDMX.36

MDM2 and MDMX are both key regulators of p53 activity
and it can be assumed that the effects of MDMXp60 will also affect

Figure 4. hMDMXp60 stabilizes hMDMXFL in the presence of hMDM2. (A) The levels of expression of
hMDMXFL in H1299 cells following increasing amounts of hMDM2 (left). A similar experiment but
using a fixed amount of hMDMXp60 and increasing levels of hMDM2 (right). Compare differences in
the expression of hMDMX isoform in cells transfected with 50 ng hmdm2 cDNA. (B) hMDMXFL is
protected from hMDM2-mediated degradation in the presence of hMDMXp60. (C) Increasing levels
of hMDMXp60 stabilizes hMDMXFL in cells expressing endogenous hMDM2. (D) Mutation of each,
or all 6 together, of the lysine residues in the N-terminus of hMDMX upstream of the initiation site
for hMDMXp60 do not affect hMDM2-mediated degradation of hMDMX. The data are representative
from 3 independent experiments (Fig. S3A and B).

www.tandfonline.com 455Cell Cycle



p53 activity and expression. This can be
envisioned to take place on several levels.
In light of the role of the N-terminus of
MDMX in controlling the hetero-dimer-
ization of the RING domains it is possible
that the p53-MDMX interaction could
affect the MDMX-MDM2 interface. Sec-
ondly, it is also possible that certain stoi-
chiometric conditions of the p53-MDM2-
MDMXFL/MDMXp60 interactome will
affect p53 stability and/or p53 activity in
different ways. However, as MDMX and
MDM2 are both involved in positive and
negative regulation of p53, the addition of
p53 into this model adds a substantial
increase in complexity that will require a
separate study.

We observed that translation of both
hMDMXFL and MDMXp60 can be initi-
ated by cap-independent mechanisms. It is
likely that the initiation of hMDMXp60 at
the 7th in frame AUG reflects an internal
initiation mechanism, suggesting that the
5’UTR of the encoded sequence of hmdmx
is highly structured, presumably together
with the 5’ sequence. We do not yet know
under what cellular conditions the initia-
tion of hMDMXp60 is regulated or, for
that matter, if there is a mechanisms in
place that allows the cell to express one, or
the other, of these isoforms. But as the rela-
tive levels of expression of the two isoforms
differs between cell lines, this is at least a
possibility. The notion that translation of
the hmdmx mRNA is regulated is further
supported by the observation that UV-irra-
diation suppresses cap-independent expres-
sion of both isoforms when expressed from
a bi-cistronic hmdmx construct. We also
observe a similar suppression of expression
using a mono-cistrionic construct (Fig. S2)
but it cannot be concluded if UV irradia-
tion also affects cap-dependent synthesis of
the two isoforms as this construct does not
allow us to distinguish between these two
forms of translation initiation. The fact
that UV irradiation can suppress hMDMX
synthesis might play a role in physiological
conditions to activate the p53 pathway
should be considered in light of the fact
that down regulation of hMDMX is
observed at a high frequency in malignant
melanomas.

The hMDMXp60 isoform shows a simi-
larity with hMDM2p76, which also lacks
the N-terminal p53 binding domain. This

Figure 5. Increasing levels of hMDMXp60 induces oscillation in hMDM2 expression levels in H1299
cells. (A) Expression of a fixed amount of hmdm2 and increasing levels of either (a) hMDMXp60

alone or (b) together with a fixed amount of hmdmxfl, or (c) increasing levels of both isoforms. The
hmdm2(C464A) mutant (d) is E3 ligase dead and is not affected by hMDMXp60 (Fig. S4A and B). (B)
In vitro autoubiquitination of recombinant hMDM2 in the presence of increasing levels of
hMDMXp60. Data shows one representative experiment out of 3 (Fig. S5A and B).
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isoform is induced under conditions of genotoxic stress and since
it does not have the p53 interactive domain it does not have a
direct negative effect on p53 and instead exerts a positive effect.
On the contrary, it retains its capacity to bind the p53 mRNA
and stimulate p53 mRNA translation. Similarly, hMDMXp60 is
also initiated just after the p53 binding domain and can thus not
suppress p53 activity, but it has been shown that the N-terminus
of hMDMX is not required for its capacity to fold the nascent
p53 mRNA and promote hMDM2-dependent synthesis of p53
following activation by the ATM kinase. Further studies will tell
if this isoform can also play a positive role in the activation of
p53.

Material and methods

Cell culture and transfections
H1299 cells were cultured in RPMI-1640 (GIBCO), HeLa

and MDA cells were cultured in DMEM (GIBCO), in a humidi-
fied 5% CO2 atmosphere at 37�C. All medias were supple-
mented with 10% SVF, 1% L-glutamine (GIBCO) and 1%
penicillin/streptomycin (GIBCO).

Cells were transfected using Genejuice (Novagen) with plas-
mids indicated in the figures according to the manufacturer’s
protocol and the total amount of DNA was kept constant by add-
ing empty pcDNA3 vector. Cells were also transfected with
siRNA (Qiagen) as indicated on the figure, using Ribojuice
(Novagen) according to the manufacturer’s protocol. Cells
expressing indicated hmdmx constructs were treated with UV
irradiation and harvested 4 h after. MG132 was used at a concen-
tration of 25 mM.

Western blotting and immunoprecipitation (IP)
For western blots, cells were lysed in buffer containing:

HEPES KOH pH7,5; 50 mM Beta-glycero-phosphate; 1 mM
EDTA pH8; 1 mM EGTA pH8; 0,5 mM Na3VO4; 100 mM
KCl; 10% Glycerol; 1% Triton X-100. For IP, cells were lysed in
buffer containing 1% NP40; 150 mM NaCl; 20 mM Tris-HCl.
Both buffers were complemented with Complete Protease Inhibi-
tor Cocktail Tablets (Roche). The following antibodies were
used: MDMX (Bethyl), Actin (Sigma) and 4B2, GFP, HA (gift
from B. Vojtesek, Masaryk Memorial Cancer Institute, Brno,
Czech Republic). IPs were performed using protein G–Sepharose
beads (Sigma).

Protein expression quantifications were performed using
Bio1d� software.

RT-qPCR
RNA extraction from cells was performed using RNeasy�

Mini kit (Qiagen) according to the manufacturer’s procedure.
Reverse transcription was performed using the Moloney Murine
Leukemia Virus M-MLV (Invitrogen) reverse transcriptase and
oligo dT (Invitrogen). The quantitative PCR were performed
on a StepOne RealTime PCR system (Applied Bioystem)
using the PerfeCTa SYBR Green mix (Quanta BioSciences)
according to the manufacturer’s procedure. The following primers
were used, P1: CGGCATGGACGAGCTGTACAAG; P2:

GGGAGGCCGGAAGTTGCGGCTTCA; P3: GAAAAT-
GATGTCATTTTGGTAGTG; P4: ACTTGGAATATCCA-
TACTGTG; and P5: CAGCAGGTGCGCAAGGTGAA.

Purification of recombinant protein
Histidine tagged recombinant proteins were produced in BL21

(DE3) Escherichia coli and purified on HiTrap Nickel column
(GE healthcare) on €AKTA purifier system. Lysis and binding
buffer contain 25 mM HEPES, 100 mM NaCl, 15 mM Imida-
zol, 10% glycerol, 1 mM Tris, 10 mM ZnSO4 at pH 8 and were
complemented with Complete Protease Inhibitor Cocktail
EDTA-free Tablets (Roche). Recombinant proteins were eluted
from Nickel column with buffer containing 25 mM HEPES,
100 mM NaCl, 300 mM Imidazol, 10mM ZnSO4, 5 mM
b-Mercaptoethanol, 1 mM Tris at pH 8 and dialyzed upon gel
filtration step on Superdex 200 in pH8 buffer containing 25 mM
HEPES, 100 mM NaCl, 1 mM Tris, 10 mM ZnSO4.

ELISA
96 well plates (Thermo scientific) were coated with 500 ng of

either hMDMXFL or hMDMXp60 proteins purified from bacte-
ria in 0.1 M NaHCO3 (200 ml/well) overnight at 4�C. After
incubation plates were washed 6x 200 ml with 0.1% PBS-Tween
and blocked for 1 h at RT with 0.1% PBS-Tween containing
milk 3%. Plates were washed 6x 200 ml with 0.1% PBS-Tween.
The second bound protein was hMDM2 and was diluted (from
0 to 40 mg/ml) and incubated 2 h at RT. Plates were washed 6 £
200 ml with 0.1% PBS-Tween and were incubated with the anti-
MDM2 4B2 mAb (1:1000) for 1 h at RT. After washing 6 £
200 ml with 0.1% PBS-Tween, secondary mouse antibody was
incubated for 1 h at RT. Plates were washed and incubated with
50 ml/well of ECL mix and luminescence was measured.

In vitro ubiquitination assays
In vitro ubiquitination assays were performed 2 h at 37�C,

using reaction mix containing: E3 hMDM2 recombinant protein
(amount as indicated on the figure) and an equal amount of
Ubiquitin-Activating Enzyme E1, (VWR); Ubiquitin Conjugat-
ing Enzyme 5 b (VWR) and in presence or not of Ubiquitin His-
Tagged (VWR) in a solution containing 1 mM ATP (Invitro-
gen); 1 mM DTT (Invitrogen). Equal amount of leammli buffer
was added and samples were loaded on acrylamide gels. After
transfer on nitrocellulose membrane and blocking with milk,
hybridation with MDMX antibody (Bethyl) or 4B2 antibody
and the corresponding secondary antibody, ubiquitination pat-
tern were revealed with SuperSignal West Dura Chemolumines-
cent Substrate (Thermo scientific).
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