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Cancer cells often have high expression of Mdm2. However, in many cancers mdm2 is alternatively spliced, with more than 40 mRNA variants
identified. Many of the alternative spliced madm2 mRNAs have the potential to encode truncated Mdm2 isoforms. These putative Mdm2 isoforms can
theoretically increase the diversity of the cancer proteome. The 3 best characterized are Mdm2-A, Mdm2-B, and Mdm2-C. As described in this review,
the exogenous expression of these isoforms results in paradoxical phenotypes of transformation-associated growth as well as the inhibition of growth.
Interestingly, these Mdm2 isoforms contribute tumor-promoting capacity in p53-null backgrounds. Herein we describe how alternative splicing of
mdm2 may result in Mdm2 protein products that alter signal transduction to promote tumorigenesis. The tumor promoting capacity of Mdm2 isoforms
is discussed in the context of functions that do not require the inhibition of p53. When N-terminal portions of Mdm2 are missing, the biochemical
functions encoded by exon 12 are proposed to become more important. This may result in growth promoting functions when wild-type p53 is absent
or compromised. The p53-independent tumor promoting activity of Mdm2 is proposed to result from C-terminal biochemical contributions of DNA
binding, RNA binding, nucleolar localization, and nucleotide binding.
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Introduction

In cancer cells, the Mdm?2 protein often
contributes to altered molecular pro-
grams that increase growth-promoting
signals and decrease cell death signals.
An important growth inhibitory program
in normal cells is the p53 pathway. A
central negative regulator of p53 is the
Mdm?2 protein, so it is not surprising that
Mdm?2 was first identified by its physi-
cal interaction with p53."* Mdm?2 is well
known for its canonical function; the
protein inhibits p53 through a negative
feedback loop in which p53 activates the
expression of mdm2 and Mdm?2 acts as
an E3 ubiquitin ligase to promote the
degradation of p53.°

High expression of Mdm?2 is seen in
diverse types of human cancer; however,
the predictive value of Mdm2 as an
oncology biomarker is controversial.*
The complexity of Mdm?2 as a biomarker
is partly due to the existence of numerous
alternatively spliced mdm?2 transcripts.”"
Alternative splicing of mdm2 mRNAs in
cancers has the potential to vastly increase
the cancer-associated proteome.'"'? Can-
cer specific splicing events are seen for a
wide range of tumor associated pro-
teins."' This review explores the putative
polypeptide isoforms of Mdm?2 that are

contributed to the cancer proteome and
discusses how Mdm?2 isoform diversity
might support oncogenic transformation.

Alternative Splicing of Mdm2:
Increasing Mdm2 Proteome
Diversity

Human cancers often have high levels of
alternatively spliced mdm2 mRNAs.>"
The wide variety of alternative spliced
mdm2 mRNAs are well described in
a number of excellent reviews.'®"
Whereas the mRNAs of more than 40
mdm?2 variants have been documented,
significantly less has been discussed
about the putative function of the endog-
enous truncated polypeptide isoforms.
The full-length Mdm?2 protein is a 491
amino acid polypeptide; however, it is
doubtful that the overexpression of
Mdm2 in human cancers consists solely
of the full-length Mdm2 isoform
(Mdm2-FL).

In 1996, the Lunec laboratory identi-
fied multiple-sized mdm?2 transcripts
from a group of snap-frozen primary
tumor samples and named them mdm2-
a, mdm2-b, mdm2-¢c, mdm2-d, and
mdm2-e.’ The mdm2-a, mdm2-b, and
mdm2-c mRNAs result from bona fide

alternative splicing. Their translation
products will be focused on in this
review to develop the concept that
Mdm?2 isoforms increase cancer pro-
teome diversity. The detection of endog-
enous polypeptides resulting from
alternatively spliced mdm?2 has not been
published. We delivered an oral report at
the 2011 Mdm?2 meeting documenting
the detection of endogenous Mdm2-C in
human patient derived liposarcomas and
the human breast cancer cell line T47D
(Okoro and Bargonetti, manuscript in
preparation). We detected endogenous
Mdm2-C by using a polyclonal antibody
produced to the polypeptide sequence of
the splice junction of exons 4 and 10.
Our detection of Mdm2-C can be used
as evidence to promote the hypothesis
that Mdm?2 isoforms contribute to can-
cer proteome diversity.
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Figure 1. Domain analysis of Mdm2 coding exons including potential biochemical functions. The Mdm2 protein is shown as 3 regions. The carboxyl,
central, and amino terminal regions are shown with their domains. From C-terminus to N-terminus, the domains represented are the Nucleolar
localization signal (NoLS), the RING finger, the Zinc finger, the acid domain, the nuclear localization (NLS) and export signals (NES), and the SWI/SNF
Chromatin Remodeling (SWIB)/p53 binding domain. The amino acid (AA) sequence numbers are shown for the exons. The potential biochemical
functions of each region are given. Finally, the interacting proteins are listed and references for these are provided. *Proteins that bind in overlapping
regions. National Center for Biotechnology Information (NCBI) blast results were used as a reference for Mdm2 binding proteins.

What suggests that alternatively
spliced messages of mdm?2 encode pro-
teins that control growth regulatory
switches? Two formidable examples of
alternative splicing support a hypothesis
that cancer-related alternative splicing
of mdm?2 can be a profound regulator.
They are the sex-determination regula-
tory switch in Drosophila (involving sxI,
tra, msl2, dsx, and fru) and the activated
hair cell tuning switch in humans (con-
trolled by the calcium-activated potas-
sium channel gene, s/o0)."> Additionally,
a recently discovered splice variant of
traditional FOXP1 that controls human
embryonic stem cell pluripotency and
reprogramming suggests that mRNA
splicing is an important component of
growth control.'*"* The growth regulat-
ing embryonic stem cell specific FOXP1
(FOXP1-ES) places alternative splicing
at the top of the hierarchy for controlling
pluripotency and reprograming.'* The
structure of the mdm?2 gene, its multiple
alternatively spliced products, the
domains present in the amino acid
sequence, and the numerous Mdm2-
interacting proteins suggest important

p53-independent and pS53-dependent
growth regulatory properties of the
Mdm?2 isoforms (Fig. 1).'"*!

The functions of putative Mdm?2 iso-
forms require increased study. The
mdm?2 gene contains 12 exons. Depend-
ing on which promoter is used for the
gene’s transcription, the mature message
contains either exon 1 or exon 2.* Exons
1 and 2 produce noncoding mRNA
sequences. The coding sequences are
found in exons 3 through 12 and encode
the full length Mdm?2 protein (Mdm2-
FL) (see Fig. 1). Most of the mdm?2
splice variants found in cancer have
exon 12, which contains one-third of the
protein coding sequence. This exon
encodes the Zinc finger region, the
nucleolar localization signal (NoLS),
and the RING finger domain. In alterna-
tively spliced isoforms, however, key
information regions are lost. An impor-
tant region removed from the central
domain is the acidic portion of the cod-
ing sequence, which is vital for interact-
ing with p53 and is required for p53
proteolysis.”>*** A region removed
from the amino terminus of Mdm2 has

homologous sequence to the SWI/SNF
chromatin remodeling domains in addi-
tion to a p53 interacting domain.** The
smallest spliced variant found in human
cancers is mdm2-b, and it contains a
combination of exons as follows: Pro-
moter 1 (P1) firing results in a transcript
that contains exon 1 + exon 3 + exon 12
= mdm2-b transcript; promoter 2 (P2)
gives a transcript that contains exon 2 +
exon 3 + exon 12 =mdm2-b. The Mdm2-
B polypeptide comes from translation of
exons 3 and 12. This Mdm2-B isoform
is able to cause tumors in mice,” and
mRNA for mdm2-b is found in many
different types of cancer.”® The Mdm2-
A isoform would arise from translation
of exon 3 +exon 10 +exon 11 +exon 12
and is able to cause tumors in mice.*®
The Mdm2-C isoform would arise from
the translation of exon 3 + exon 4 + exon
10 + exon 11 + exon 12 and has not yet
been examined in transgenic mice.

The association of correlated cancer
phenotypes extends the description of
alternative splicing of mdm2 to tumor
tissues. High levels of alternative mdm2
splicing are seen in tissue samples from
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ovarian and bladder carcinomas, some
types of leukemia, breast carcinoma, soft
tissue sarcoma, Hodgkin’s lymphoma,
glioblastoma, rhabdomyosarcomas, lipo-
sarcomas, and lung carcinomas.>*'%1>#7!
Mouse model information suggests that
the tumor promoting capacity of Mdm2
does not require inhibition of wild-type
p53. Exogenous expression of Mdm2-FL
in mice was documented in 1998 to pre-
dispose the animals to sarcomas in a
p53-independent manner.”> Exogenous
expression of some, but not all, murine
mdm2 splice variant isoforms expressed
in transgenic mouse models also predis-
poses p53 null mice to tumor formation.™
An additional set of p53 null mice data
showed that exogenous expression of
Mdm2-A promotes tumor formation.*
The fact that Mdm2-FL protein and trun-
cated isoforms of Mdm2 promote tumori-
genesis in the absence of p53 indicates an
intricate Mdm2 signal transduction pro-
file. The 12th exon of Mdm2 might be
responsible for the p53-independent
tumor promoting outcomes. It encodes at
least one-third of the amino acids in all
Mdm2 isoforms and has the potential to
participate in RNA binding, DNA bind-
ing, E3 ubiquitin ligase activity, nucleolar
localization, and chaperone activity (see
Fig. 1).>*% Therefore, it stands to reason
that exon 12 encodes some of the non-
p53 targeting tumor promoting biochemi-
cal functions.

The possibility for Mdm2 isoform
diversity exists because of the large
array of alternatively spliced mdm2 tran-
scripts under stressful and/or pathologi-
cal conditions.”” DNA lesions that
correlate with helix distortions promote
alternative splicing of mdm?2, and their
production is not a passive outcome but
rather an active decision.’"** Stress
induces the activation of the mdm2 P2
promoter by p53, Spl, and Estrogen
Receptor (ER).% The mdm2 mRNAs
transcribed from the downstream (P2)
promoter are translated into proteins
more efficiently than those from the
upstream (P1) promoter.”” However,
transcripts resulting from both the Pl
and P2 promoters yield UV-mediated
alternative splicing of the downstream

Table 1. Commonly Used Mdm2 Antibodies

Epitope region Exons included Antibodies Some commercial sources
383-491 12 4B11° EMD Millipore
5B10°
294-339 11-12 2A10° Abcam
EMD Millipore
Thermo-Scientific Pierce Antibodies
100-320 6-12 D-7 Santa Cruz Biotechnology, Inc.
1563-222 8-9 2A9" EMD Millipore
3G9*
154-167 8 SMP14 Abcam
EMD Millipore
Sigma-Aldrich
Santa Cruz Biotechnology, Inc.
Thermo-Scientific Pierce Antibodies
26-169 3-8 IF2 EMD Millipore
Invitrogen
19-50 4 4B2° EMD Millipore
1-50° 3-4 N-20 (polyclonal)  Santa Cruz Biotechnology, Inc.

Note: Antibodies are monoclonal unless otherwise stated.
3Clones originated from the laboratory of Arnold Levine® that are commercially available.
PAn approximate epitope region given by company.

exons.”' Although the health of the cell
has more influence on alternative splic-
ing outcomes than promoter usage, a
transcript from the P2 promoter should
be translated more effectively.
Stress-induced mdm2 mRNAs existing
in aggressive tumors suggest that the
genomic instability in tumors drives
mdm?2 alternative splicing. The biological
function of these mdm?2 mRNAs is most
likely to encode the proteomic diversity
that is required when a cell encounters a
stressful situation. Mdm2-A and Mdm2-B
isoforms, resulting from stress-induced
mdmZ2 mRNAs, inhibit Mdm2-FL activity
and activate the pS3-dependent cell death
pathway.****%% When wild-type p53
function is compromised (by mutation or
the production of oncogenic products),
the mdm2 splice variants may take on new
transforming roles. The correlation of
increased alternative spliced mdm?2
mRNAs with aggressive cancers supports
the need for the putative Mdm2 truncated
isoforms to maintain cell survival follow-
ing a genomic stressful situation. The
spliced variants of mdm2 may be co-opted
for growth promoting functions when
wild-type p53 function is compromised.
The detection of endogenous Mdm?2
truncated isoforms has been a challenge

due to the lack of specific antibodies to
detect such isoforms.” Antibodies to
Mdm2 (see Table 1) are able to detect
multiple isoforms of Mdm?2, but exactly
how these relate to the splice variant iso-
forms is not clear.’>** Additionally, the
Mdm2 protein migrates larger than the
expected size in SDS-PAGE. The reasons
for this discrepancy may be due to poten-
tial post-translational modifications and/
or acidic region contributions (see Fig.
2).** For example, Mdm2-FL has a pre-
dicted molecular weight of 56 kDa but
has an apparent molecular weight of 90
kDa.”® The splice variants show similar
aberrant mobilities. Mdm2-A has a pre-
dicted molecular weight of 30 kDa but
has an apparent molecular weight of 75
kDa.*® This retarded gel mobility of
Mdm2, and the challenge to determine
what forms of Mdm2 the antibodies
detect, have limited the identification of
proposed Mdm?2 isoforms. Mdm?2 is cys-
teine-rich, with 18 Cys in the sequence
(Fig. 2). A total of 13 Cys are encoded
by exon 12. The Mdm2-FL protein
can potentially form 9 disulfide linkages.
We see considerable gel migration dis-
crepancy for Mdm2-FL and Mdm2-C
that is changed after treatment of our
samples with strong reducing agents
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Figure 2. Putative post-translational modifications on the Mdm2 polypeptide. (A) The 3 major regions of Mdm2. (B) The protein coding sequence
of Mdm2 with the putatively modified amino acids. All Cysteine (C) residues are colored orange and represent potential residues for the formation
of disulfide bonds. Some residues are colored to indicate sites of potential modifications: Asparagine (N)-Glycosylation; Glycine (G)-Myristoylation;
Serine (S) and Threonine (T)-Phosphorylation; and Cysteine at position 464 (C)-ubiquitylation/sumoylation. ExPASY.org/prosite program was used

to determine the potential modified residues.

(Okoro and Bargonetti, manuscript in
preparation). The changes in the Mdm?2
disulfide scaffold in the isoforms most
likely contribute to the proteome diver-
sity. Detection of Mdm?2 and its isoforms
by immunohistochemistry (IHC) and
immunofluorescence (IF) does not
encounter mobility problems. We have
observed endogenous Mdm2-C in the
cytoplasm and nucleolus of cancer cell
lines and liposarcoma tissue using our
newly developed specific polyclonal
antibody (Okoro and Bargonetti, manu-
script in preparation). This gives us cause
to speculate that endogenous Mdm?2 iso-
forms confer diversity to the proteome in
cancer tissue.' 2"+

The putative Mdm2 isoforms have
lost a significant portion of the N-termi-
nal p53 binding domain and result pre-
dominantly from exon 12 (Fig. 1). This
suggests an increased role of RNA regu-
lation for truncated Mdm2 isoforms
because they should maintain RNA-bind-
ing activity.”*"** Exogenously expressed
Mdm2-A and Mdm2-B can localize to
the nucleoplasm, although they no longer
contain the nuclear localization signal.”
They have also been detected in the

cytoplasm where binding to RNA could
impart a major regulatory property.”**"*
Due to the fact that no tumor tissue has
been compared for endogenous Mdm?2
isoform polypeptides and all tumor stud-
ies to date have examined mRNA in can-
cer, it is difficult to assess the prognostic
implications for the protein isoforms.
Moreover, many of the Mdm2 antibodies
used for tumor analysis do not interact
with the Mdm2 isoforms that would
result from the spliced variants (Table 1).
Therefore, the published Mdm2 immuno-
histochemistry data of cancers give a low
representation of the cancer specific pro-
teomic diversity. The predictive capabil-
ity of Mdm?2 isoforms markers is missed
when we look at total “Mdm?2 positivity.”
The antibody reagents in the field need to
be improved so we can move forward
with better prognostic indicators.

Mdm2 Isoforms Deliver Multiple
Regulatory Functions

When Mdm?2 is overexpressed in cancer,
there is a disruption in wild-type p53 sig-
nal transduction that leads to increased
cell growth.” However, there is strong

evidence that not all Mdm2 oncogenic
activity comes from targeting p53 for
degradation and/or inhibiting the p53
transcriptional activity.”*”> Many chemo-
therapeutics directed at Mdm?2 target the
p53-Mdm?2 interaction (e.g., the Nutlins)
and are directed to the N-terminal p53
binding pocket of Mdm2.”® This region is
encoded by exons 3, 4, and 5 of the mdm?2
transcript and is truncated in most mdm2
splice variants. Other drugs under devel-
opment target the E3-ubiquitin ligase
activity of Mdm2 via the RING finger
domain.”” However, in the absence of
the central acidic domain, the E3 ligase
activity of Mdm2 toward p53 is lost.*”
Therefore. as we consider the biochemi-
cal activity of the splice variants and
their missing regions, we should contem-
plate what activity would be blocked
by the new era of Mdm2 targeted
chemotherapeutics.

The Mdm?2 protein has several con-
served domains with characterized bio-
chemical activities.” We will consider
the activities resulting from the carboxyl
terminus first because the spliced vari-
ants all contain exon 12. The carboxyl
terminus of Mdm2 has many potential
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biochemical activities (Fig. 1). The Zinc
finger domain is encoded by exon 12
and possesses a structure in solution that
demonstrates potential DNA and RNA
binding activity.”” No documented bio-
chemical activity data exist for the
Mdm?2 Zinc finger domain; however, the
solution structure is similar to that seen
for ribosomal proteins, transcription fac-
tors, DNA replication factors, protein-
DNA interactors, and protein-RNA
interactors.” There are documented bio-
chemical activity data for the C-terminal
RING finger domain of Mdm2 (also
encoded by exon 12). The RING finger
domain is important for Mdm2 binding
to DNA and RNA.>**73 [ addition, the
RING finger domain contains a nucleo-
lar localization signal.”' This domain
also promotes degradation of proteins
including p53, Mdm2, and MdmX.>"
However, the C-terminus alone is not
sufficient to promote p53 proteolysis.
The interaction of Mdm2’s N-terminus
and central acidic domain is also
required for p53 degradation® (Fig. 1).
Mdm2 growth inhibitory domains are
encoded within exons 9 and 10 and part
of 12.” The nuclear localization and
export signals, encoded by exon 9, are
responsible for Mdm2 nucleo-cytoplas-
mic shuttling.’ Some examples of pro-
teins that interact with the central region,
in addition to p53, are p300 and ribo-
somal protein L5.” At the N-terminus is
the p53 binding domain, encoded by
exons 3, 4, and 53> The Mdm2 amino
acid sequence 10 to 139 can bind to both
the N- and C-termini of p53, contribut-
ing significantly to p53 regulation.*
The multiple biochemical activities of
the Mdm2 C-terminus, in the absence of
significant central regions deleted from
the splice variants, could be responsible
for the transforming activity of truncated
Mdm?2 isoforms. Mouse models support
the theory of transforming activity of
truncated Mdm2, as a series of mouse
mdm?2 variants lacking the central region
placed into Ep-myc transgenic mice pro-
mote tumorigenesis.” The expression of
these mdm2 splice variants in mice accel-
erates lymphomagenesis and promotes
aggressive lymphomas.” When p53

heterozygous mice are crossed with
Mdm2-A transgenic mice, the resultant
mice develop aggressive mammary
tumors.*® Furthermore, in a p53 null
background, addition of Mdm2-A
enhances transformation of mouse
embryonic fibroblasts (MEFs) and alters
the tumor spectrum in p53-null and Arf-
null mice.*® In p53-, ARF-, and Rb-null
MEFs, Mdm2-B increases cell prolifera-
tion.* Mdm2-B confers anti-apoptotic
properties due to an increase in protein
levels of the p65 RelA subunit of NFkB.
Tissue restricted expression of the
Mdm2-B isoform in mice induces spon-
taneous tumor formation that correlates
with increased p65 RelA subunit expres-
sion in the tumors.*> Although the mouse
models do not recapitulate all the data
seen in human cell culture, they firmly
support the finding that Mdm?2 isoforms
have p53-independent transforming
activity. Thus, the functions of these
Mdm?2 isoforms may be tissue and/or
cancer-type specific, and, depending
upon the genetic background of the can-
cer, the Mdm?2 isoforms may behave
differently.

The large array of protein-protein
binding partners for Mdm2 will vary in
their activity as the concentration of
spliced variant isoforms is increased
(Fig. 1). Functions of these binding part-
ners place Mdm?2 in pathways involved
in cell cycle progression, differentiation,
DNA synthesis, ribosome biogenesis,
transcription, and membrane traffick-
ing.”* The putative Mdm2 protein iso-
forms lose key binding partners. The
removal of Mdm?2 growth inhibitory
domains may also contribute to Mdm?2
isoform associated proliferation seen in
cancers.”” The retention of the C-termi-
nus including the RING finger domain
may be the most significant indicator
that the p53-independent activities of
the Mdm?2 isoforms are what contribute
to the functional diversity in cancers.™®

Mdm2 Isoforms and Molecular
Partners in Cancer

A way to consider the functions of puta-
tive Mdm2 isoforms in cancer is to

analyze what regions they maintain and
what regions are missing. The majority
of the known mdm?2 splice variants that
would encode protein are devoid of the
NLS and NES domains but retain the
nucleolar localization sequence
(NoLS)."” The cellular localization of
Mdm2 is dependent on post-transla-
tional modifications at residues in the
acidic domain as well as at the NLS and
NES regions.®’ We have examined the
potential post-translational modification
of Mdm?2 using the computer program
ExPASY.org prosite, and we find that
there are more modifications than have
been described in the literature (Fig. 2).
The combinatorial changes in these
modifications coupled with the deletion
of central Mdm2 portions of the protein
could substantially influence proteome
diversity and biochemical functions.
The Mdm?2 protein interacts with p53
using 3 regions: the amino terminus
binding pocket, the central acidic
domain, and a region in the carboxy] ter-
minus.** Mdm2 isoforms that lack
sequence encoded by exons 3-5 will be
unable to promote p53 degradation, but
this would not necessarily inhibit p53
protein binding. Cancers and cell lines
with high levels of alternatively spliced
mdm2 mRNA often have stabilized p53
protein.*”®* The reason for p53 stability
in these cancers could be the due to the
“nanny” functions of Mdm2 isoforms.
Nanny proteins help protect intrinsically
disordered proteins, known as IDPs,
from degradation.”” Full-length Mdm2
can protect p53 in the absence of its abil-
ity to target it for degradation because
p53 is an IDP.* We have observed that
the Mdm2 isoform Mdm2-C, when
exogenously co-expressed with p53, is
unable to degrade p53 compared with
the Mdm2-FL (Okoro and Bargonetti,
manuscript in preparation). Based on
this observation, we hypothesize that the
N-terminally truncated isoforms might
also stabilize oncogenic mutant p53.
Mdm? also functions as a chaperone,
singly or in combination with HSP90,
and assists in p53 folding and subse-
quent DNA binding.® Mdm2 promotes
a change in p53 conformation using the
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RING finger domain to result in cyto-
plasmic shuttling.®® Truncated Mdm?2
isoforms retaining the RING finger
domain should have the ability to act as
molecular chaperones. However, it is
unknown whether the amino terminus of
Mdm2 is required for the chaperone
activity of Mdm2. The E3 ligase activity
of Mdm2 is required for chaperone
activity to ubiquitinate p53 at the central
domain.*® Whether Mdm2 isoforms
retain E3 ligase activity is yet to be
determined.

The interacting regions for many
Mdm?2 protein-binding partners that par-
ticipate in pS53-independent functions
are lost in the truncated isoforms.*"’
However, how loss of these protein
interactions will influence growth out-
comes is not clear. Some examples are
shown in Figure 1. E2F1 is such an
example as it interacts with Mdm2
through the amino terminus and the
RING finger domain.”**’ Because the
RING domain of Mdm2 also binds to
E2F, it is difficult to determine what the
final outcome of truncated isoforms
would do to the Mdm2-E2F interaction.
Mdm?2 also binds to the DNA repair pro-
tein NBS1 using a region absent in trun-
cated isoforms.*® The interaction with
NBS1 induces chromosome instability”
and gives B-cells a growth advantage.”’
The region of Mdm2 that binds to NBS1
is largely missing in Mdm2 isoforms,
implying that overexpression of Mdm2
isoforms will not result in genomic
instability. More research will be needed
to completely understand the different
molecular mechanisms that deliver vari-
able outcomes.

In its carboxyl terminal region, Mdm2
possesses a Zinc finger domain that has a
consensus sequence similar to that found
in proteins associated with transcription
and translation regulation.”® Although
many Mdm?2 isoforms retain this domain,
its function is still unknown. The RING
finger domain of Mdm2 binds to DNA
and contains a Walker A motif that is
common to ATP/GTP binding proteins.*
Mdm2-FL shows some sequence speci-
ficity for the choice of binding to DNA

and RNA molecules.”” The RING finger
domain of Mdm?2 also activates histone
ubiquitylation, leading to transcriptional
repression.* It has not been determined
whether Mdm?2 truncated isoforms have
DNA and RNA binding specificity. The
RING finger is maintained in the Mdm?2
truncated isoforms and therefore most
likely influences DNA- and RNA-medi-
ated events. Interestingly, cells that over-
express Mdm2 via a single nucleotide
polymorphism (mdm2 SNP 309) in the
second promoter region of the mdm?2
gene generate a spectrum of mdm?2 splice
variants that are unique from non-Mdm?2
overexpressing  cells.”” Homozygous
SNP 309 cancer cells also have repressed
activation of p53 target genes in the pres-
ence of wild-type p53 protein.”’ Homo-
zygous SNP 309 cells maintain Mdm?2 on
the chromatin of p53-target genes even
after DNA damage. This suggests that
Mdm?2 isoforms may be present with p53
on the chromatin and thereby block the
activation of transcription needed for
tumor suppression.”’

Mdm?2 binds to RNA using the RING
finger domain.”> When Mdm2 binds to
p53 mRNA, it promotes the translation
of p53 protein®®? and impairs the E3
ligase activity.”” Interestingly, the region
of p53 mRNA that binds to the Mdm?2
RING domain is the same p53 sequence
that encodes the N-terminal amino acids
that interact with the Mdm?2 protein.****
An Mdm?2 isoform, p76, lacking the
p53-binding domain, binds to p33
mRNA and promotes efficient transla-
tion of the mRNA but does not promote
p53 protein degradation.®” This implies
that N-terminal truncated Mdm2 iso-
forms might be better translation effec-
tors than their Mdm2-FL counterpart.

The positive role of Mdm2 on p53
mRNA translation is activated by the
Ataxia Telangiectasia Mutated (ATM)
kinase.”” ATM phosphorylates Mdm?2 at
Ser 395, which increases Mdm2-p53
mRNA binding activity.”” In theory,
Mdm2 truncated isoforms should be
capable of RNA binding that is activated
by ATM. However, Mdm2 isoforms
have not been experimentally examined

for their influence on mRNA translation.
The phosphorylation of Mdm2 by ATM
kinase facilitates the transport of Mdm?2
to the nucleolus, where it binds to the
p353 mRNA.’* Theoretically, Mdm2 can
influence the cancer proteome by inter-
acting with many different mRNA mol-
ecules to activate, or inhibit, the
translation of products that promote
tumorigenesis. In keeping with this
hypothesis, we have found Mdm2-C
localized to the nucleolus and the cyto-
plasm of T47D breast cancer cells
(Okoro and Bargonetti, manuscript in
preparation). T47D cells have mutant
p53, and the translation of this mutant
p53 might be promoted by Mdm2-C.
The p53 mRNA is probably one of many
mRNA target molecules for Mdm2-
RNA interactions. This begs the ques-
tion of why an Mdm?2 isoform would
increase p53 levels if its goal were to
transform the cell. The answer to this
might lie in the levels of other onco-
genes or tumor suppressors expressed in
the cell. The impact of Mdm?2 isoforms
could be profoundly influenced by their
oligomerization  relationship ~ with
Mdm2-FL and whether wild-type or
mutant p53 is expressed in the cell. If
Mdm?2 isoforms increase the translation
of gain-of-function mutant p53, they
will potentiate tumorigenesis. Disrupt-
ing the Mdm2-RNA interaction by
monoclonal antibodies to the C-termi-
nus of Mdm2*® would serve as an effi-
cient approach to decreasing the effect
of the mutant p53 protein and perhaps
other oncogenic determinants.

Conclusion

Ultimately, the effect of the Mdm?2 iso-
forms on cellular processes will depend
on concentration and subcellular local-
ization. The concentration of Mdm2 is
influenced by a number of environmen-
tal factors. One example is the ability
of estrogen to drive estrogen receptor
positive cells to increase Mdm2 expres-
sion.”” Increases in estrogen concentra-
tion also turn on other signal transduction
programs that activate cell growth. The
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concentration of Mdm? is increased by
promoter polymorphisms in the mdm?2
gene sequence.” In the presence of
estrogen, the mdm?2 SNP 309 genotype
further drives expression of Mdm2 from
the P2 promoter generating transcripts
that will be efficiently translated.”
The concentration of Mdm2 isoforms
may be driven by a cross-talk of envi-
ronment and gene interactions.

Localization of Mdm2 isoforms to
the nucleolus and cytoplasm may influ-
ence the RNA metabolism of many gene
targets. It is highly likely that the targets
of Mdm2 go far beyond p53, but they
remain to be determined. When endoge-
nous Mdm?2 isoforms are detected with
more regularity, we will need to stratify
the localization patterns. The localiza-
tion of Mdm?2 isoforms in cancers will
lend further evidence to propose func-
tional consequences.
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