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Background: Mouse double minute 2 (MDM2) is an E3 ubiquitin ligase that is over-
expressed in many cancers and regulates target proteins through ubiquitination. Full-length
MDM2 (MDM2-FL) is best known for targeting wild-type p53 for degradation by the
proteasome, but the functions of the many splice variants of MDM?2 are under-explored.
The three well-studied alternative MDM?2 isoforms are MDM2-A/ALT2, MDM2-B/ALTI,
and MDM2-C/ALT3. MDM2-A and MDM2-B are capable of down-regulating MDM2-FL
activity and have transforming activity in cancers with mutant p53. The MDM2 isoform
MDM2-C is over-expressed in breast cancer and correlates with decreased survival in the
context of mutant p53 expression. Therefore, MDM2-C requires further study to determine if
it has biochemical activities similar to MDM2-FL. Hypothesis: We hypothesized that like
MDM2-FL, the MDM2-C isoform (lacking exons 5-9 and containing a full C-terminal
RING finger sequence) would maintain E3 ubiquitin ligase activity.

Materials and Methods: In order to explore the biochemical function of MDM2-C, we
used an in vitro ubiquitination assay and a glutaraldehyde cross-linking assay.

Results: Here we report, for the first time, that MDM2-C has E3 auto-ubiquitin ligase
activity, which can promote ubiquitination of wild-type p53 and mutant p53 R273H, and also
can form a protein—protein interaction with p53 proteins.

Conclusion: This information strongly positions MDM2-C as a protein with biochemical
activities that may explain the varied outcomes observed in patients with high-level expres-
sion of MDM2-C in the presence of wild-type pS3 versus mutant p53.
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Introduction

The MDM2 E3 ubiquitin ligase belongs to a category of enzymes that regulate
protein level by attaching ubiquitin, a small protein, to their substrates.' > An
important example of an E3 ubiquitin ligase enzyme is MDM2, a protein com-
posed of 491 amino acid residues that interact specifically with polypeptides and
aids in the final step of attachment of ubiquitin passed along from the E1 and E2
conjugating enzymes.* The region of MDM2 that performs the E3 ubiquitin ligase
function is the really interesting new gene (RING) domain, located at the
C-terminal end of the protein.”® The best-known ubiquitination target of
MDM2 is the p53 transcription factor that can act as a tumor suppressor protein
when stress signals allow for the disruption of the p53-MDM2 complex.’
MDM2 down-regulates p53 by binding to the protein and directing it for proteo-
lysis by the proteasome.®’"'? Structural analysis of MDM2 homodimers, and
heterodimers with its related RING domain protein MDMX, make it clear that
the C-terminus of MDM2 can offer differential regulatory activities under differ-
ent circumstances.'® This suggests that alternative spliced forms of MDM2 that
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retain their C-termini might possess biochemical func-
tions for cellular regulation. Stress regulates the alterna-
tive splicing of MDM2 and contributes an additional
level for regulating cellular pathways.'*'® The three
most well-studied splice variants of MDM2 result from
exon skipping and are MDM2-A/ALT2, MDM2-B/ALT],
and MDM2-C/ALT3.'"'® MDM2-C is highly expressed
in breast cancers and maintains a large amount of the
original MDM2 structure, keeping a portion of the
N-terminal p53 interaction domain, the central acidic
domain and zinc finger domains, and the C-terminal
RING domain."?°

The MDM2-A and MDM2-B isoforms contain E3
ligase activity but the potential for the MDM2-C isoform
to regulate ubiquitination pathways has not been
explored.”' The regulation of MDM2 auto-ubiquitination
is a central hub for regulating other pathways.* In addition
to auto-ubiquitination, MDM2 can ubiquitinate oncogenic
mutant p53 although it does not actively target mutant p53
proteins for proteasome-mediated degradation.”*** This is
because the interaction between MDM2 and mtp53 results
in a complex with different interactions due to mtp53 not
binding site-specifically with DNA.** We were particularly
interested to determine the activity of MDM2-C for auto-
ubiquitination and ubiquitination of oncogenic mutant p53
proteins. The auto-ubiquitination ability of MDM2-FL
regulates its level during cell stress.®*> MDM2-C tran-
script and protein are present in liposarcoma and breast
cancer tissue and cell-lines and MDM2-C is known to
promote tumorigenesis in cells that do not express wild-
type p53."%° This suggests that MDM2-C might function
as an E3 ubiquitin ligase for itself and other proteins and
the resulting ubiquitination patterns that might promote
cancer in the presence of mtp53. The ubiquitination of
proteins does not always signal for increased protein
degradation it can also be a post-translational modification
that can alter cellular signaling.'

MDM2-C lacks exons 5-9 due to alternative splicing
but the MDM2 RING domain is kept intact, as the alter-
native splicing does not influence exon 12.'®!'? To test if
MDM2-C maintained E3 ubiquitin ligase activity, we
expressed the protein in bacteria, purified it, and carried
out in vitro ubiquitination assays. In this way, we exam-
ined self-ubiquitination, wild-type p53 (wtp53) ubiquitina-
tion, and mutant p53 (mtp53) R273H ubiquitination. We
detected, for the first time, that MDM2-C has E3 ubiquitin
ligase activity. The type of ubiquitination link was not
identified and the type of cellular signal evoked by

MDM2-C mediated ubiquitination is an area for future
study.

Materials and Methods

Plasmid Construction

pRSETA-mdm2-C was constructed by inserting mdm2-C
into pRSETA by swapping out mdm2-FL from pRSETA-
hdm2, a generous gift from Dr. Lindsay Mayo. Restriction
enzymes EcoRI and Xhol (New England Labs) were used
to excise hdm?2 from pRSETA-hdm2 and to create over-
hangs for mdm2-C. pT7-CFE1-CGST-HA-His-mdm2-C
was used to provide the mdm2-C cDNA sequence.
Ligation was performed to insert Mdm2-C into pRSETA.

Protein Expression and Purification
MDM2-FL and MDM2-C were overexpressed in E. Coli
(BL21DE3) with vectors pRSETA-hdm2 and pRSETA-
mdm?2-C, respectively. The clones were grown in LB
media with 100 uM ZnCl, and 0.5% (w/v) glucose supple-
ments until ODgg, reached early log phase (0.1-0.2). The
strains were induced with 100 uM IPTG for 18 h at 15°C.
Cells were harvested with centrifugation at 6000 rpm for
15 min and lysed with Buffer A (25 mM HEPES pH 7.9,
0.2% Triton-X, 5 mM DTT, 1 M KCI, 1 mM PMSF) via
sonication. Proteins were bound to Ni-NTA agarose beads
(Qiagen) with Buffer A, washed extensively with Buffer
B (Buffer A + 10 mM imidazole), and eluted with Buffer
C (Buffer A + 300 mM imidazole) for 1 h in cold tem-
perature. The eluted proteins were dialyzed in Buffer
D (50 mM HEPES pH 7.9, 100 mM NaCl, 10% (v/v)
glycerol, 1 mM DTT) set in pH 7.4 overnight. For purifi-
cation, Wtp53 and mtp53 were expressed in Sf-21 cells
infected with human wtp53 or mtp53 recombinant baculo-
virus. After 48 h of infection, the cells were harvested,
extracted, and immunopurified using monoclonal antibody
PAb 421 cross-linked to protein A-Sepharose.

In vitro Ubiquitination Assay

The assay was carried out in 1X ubiquitination buffer (50
mM Tris pH 7.5, | mM DTT, 2 mM ATP, 5 mM MgCL,)
with the addition of a combination of the following reac-
tion components: 200 nM Recombinant Human His6
Ubiquitin-activating Enzyme/UBE1), 1 uM Recombinant
UbcHS5c/UBE2D3  Cat. #E2-627 (Boston
Biochem), 100 pM Recombinant Human Ubiquitin Cat.
#U-100H (Boston Biochem), and 1 pg of MDM2-FL or
MDM2-C at 37°C for 1 h. Two micrograms of purified

Human
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wild-type p53 or mutant p53 R273H was incubated in
a final volume of 20 pL. Wild-type p53 and mutant p53
R273H were expressed in Sf-21 cells infected with human
wtp53 or mtp53 recombinant baculovirus and purified as
previously described.”® The reactions were terminated
with 4X Nu-PAGE Lithium Dodecyl Sulphate and 50mM
DTT and were subjected to electrophoresis on a 4—12%
SDS-PAGE gradient gel.

Western Blot

Samples were boiled at 70°C for 10 minutes and added
100 mM iodoacetamide (Sigma) to prevent formation of
disulfide bridges. As high as 4-12% of gradient SDS-
PAGE gel (Invitrogen) was run to separate the protein
samples from in vitro ubiquitination assay, and 10% SDS-
PAGE gel was run to separate the protein samples for
confirming purification. Polyvinylidene fluoride (GE Life
Science), or PVDF, membrane was used in electrotransfer
of proteins. The membrane was blocked with 5% non-fat
milk in 1x PBS/0.1% Tween-20 (PBST), followed by 2x
wash with 1x PBST and incubation with primary antibody
overnight at 4°C. Washes were done 2x with 1X PBST,
and the membrane was incubated with secondary mouse or
rabbit antibody, Cy-3 and Cy-5, respectively (GE Life
Science), for 1 h at room temperature in a dark setting.
Further washes were done 3x with 1X PBST and 1x with
1x PBS to wash the detergent. The membrane was air-
dried at 37°C for 45 minutes and proceeded for visualiza-
tion with Typhoon FLA 7000 biomolecular imager (GE
Life Science).

Glutaraldehyde Crosslinking Assay

The cross-linking assay was performed in 1x ubiquitina-
tion buffer using 1 pg of purified wild-type p53 and 2 pg
of purified MDM2-C dialyzed in dialysis buffer. Reactions
were carried out in the presence or absence of 0.005%
glutaraldehyde. Samples were placed on a shaker at room
temperature for 20 minutes and the reaction was stopped
with the addition of 4X Nu-PAGE Lithium Dodecyl
Sulphate sample buffer and 50 mM DTT. Samples were
heated at 70°C for 10 minutes. lodoacetamide at a final
concentration of 100 mM was added to cooled samples,
which were then run on a 4-12% SDS-PAGE gradient gel.

Antibodies

Figure legends articulate the antibodies used for the spe-
cific experiments. When the p53 mix was used to detect
wtp53 and mtp53 it was composed of 3 different

monoclonal supernatant p53 antibodies, 1801, 240, and
421,
regions, respectively. We also used the primary p53 mono-

detecting N-terminus, Central, and C-terminus
clonal antibody DO1 (Santa Cruz). A variety of antibodies
were used to detect MDM2-FL and MDM2-C for in vitro
ubiquitination assay and purification. Human/Mouse/Rat
MDM2/HDM2 polyclonal antibody (R&D System),
MDM2-C antibody 7C7, and MDM2-FL antibody 2A9,
both of which are monoclonal supernatant MDM?2 antibo-

dies, were used for MDM2-FL and/or MDM2-C detection.

Results
Purified MDM2-FL and MDM2-C are
Recognized by Distinct Monoclonal

Antibodies

MDM2-C retains the RING domain after alternative spli-
cing, but no studies have yet determined if MDM2-C acts
as an E3 ligase. In order to test for this important bio-
chemical activity, we bacterially expressed and purified
MDM2-C and MDM2-FL (Figure 1). MDM2-C is an iso-
form of MDM2-FL and therefore it was critical for us to
know that we were comparing the different polypeptides.
MDM2-FL and MDM2-C were purified from an E. coli
system as His-tagged proteins using nickel beads. Both
Pierce reversible staining for membrane and Coomassie
Blue for in-gel detection were used to determine the qual-
ity of purification. In Figure 1 we are making it clear that
we are working with the two different versions of MDM?2
(ie, MDM2-FL and MDM2-C). The membrane staining
(shown in Figure 1A) was carried out to assess the amount
and quality of the protein that was used for subsequent
Western blot analysis. We observed a single band for
MDM2-FL in lane 1 at 102 kD and MDM2-C in lane 2
at 76 kD (Figure 1A, see arrows). The purification scheme
was reproducible and Coomassie Blue staining demon-
strated some co-migrating protein bands from untrans-
formed bacteria that were not reactive with any of the
MDM?2 antibodies described below (see Supplementary
Figure S1). Untransformed purification samples were
used as a negative control in biochemical assays and the
Western blot indicated that there was no MDM2 present in
the sample (Figure S1).

We used antibody detection of the MDM2-FL and
MDM2-C isoform proteins with antibodies for specific
MDM?2 variants to validate the production of the isoforms
(Figure 1B and C). The antibodies have different recogni-
tion epitopes and therefore can be used to validate MDM2-
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Figure | Bacterially expressed MDM2-FL and MDM2-C can be recognized by distinct monoclonal antibodies. (A) pRSETA-mdm2-C was constructed from pRSETA-hdm?2,*?
a generous gift from Dr. Lindsay Mayo, by PCR-mediated cloning. MDM2-FL and MDM2-C were overexpressed in BL2IDE3 E. coli strains with plasmids pRSETA-hdm2 and
pRSETA-mdm2-C, respectively. 2 ug of the bacterially purified MDM2-FL and MDM2-C, lanes | and 2, respectively, were loaded into 10% SDS-PAGE gel. Proteins were
transferred to PVDF membrane. The quality of purification was confirmed by using either Pierce reversible staining for membrane or Coomassie Blue for in-gel detection.
Arrows indicate the bands for MDM2-FL and MDM2-C. (B) Purified MDM2-C and (C€) MDM2-FL proteins on a Western Blot visualized with either seconday anti-mouse or
anti-rabbit antibody conjugated with Cy-3 and Cy-5. MDM2-FL-specific monoclonal antibody 2A9, or MDM2-C-specific monoclonal antibody 7C7 in combination with R&D
polyclonal antibody (which detects both MDM2-FL and MDM2-C). The bottom image is the superimposition of bands probed with two antibodies. (D) Schematic structural
domains of MDM2-FL and MDM2-C. Mdm2 gene consists of 12 exons. Known motifs are represented in color, Green: p53-binding domain; Blue: Acidic domain; Purple: zinc-
finger domain; Red: RING domain (really interesting new gene). The domain interface clusters and cartoon representation of the complex of MDM2-C RING and UQ_con
are show (E2 Ubiquitin-Conjugating Enzyme D2) and ubiquitin are shown. This data represents results from three independent experiments.

FL or MDM2-C production but the Western blots were not
used to compare the overall levels of the proteins. We used
a monoclonal antibody recognizing just MDM2-C (as pre-
viously described in Loo et al*) to validate cloning and
expression of the MDM2-C isoform (Figure 1B, top
panel). We used a monoclonal antibody that detects an

epitope missing in MDM2-C to detect only MDM2-FL
(Figure 1C, top panel). We used a commercially available
antibody generated against bacterially expressed MDM2
from aa 3-491 to detect both MDM2-FL and MDM2-C
(labeled as Pan-MDM2 Figure 1B and C, middle panel).
We observed that the monoclonal antibody to the epitope,
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comprising the 4-10 splice junction, detected only
MDM2-C with a mobility of 76 kD (Figure 1B compare
top panel lanes 1 and 2). We observed that the monoclonal
antibody to the missing 4-10 splice region detected only
MDM2-FL at both102 kD and slightly above 76 kD
(Figure 1C compare top panel lanes 1 and 2). When the
Pan-MDM?2 antibody was used that could detect both
MDM2-FL and MDM2-C all the forms were observed
(middle images of Figure 1B and C). The reason for
detecting two bands for MDM2-FL is not known and the
Western blot results suggest that the Pan-MDM?2 detects
the MDM2-FL protein avidly when we compare the
stained membrane results to Western blot results (Figure
1A-C). When the detection channels were superimposed,
MDM2-C and MDM2-FL showed up as yellow bands,
indicating the merging of green and red (bottom images
of Figure 1B and C). The antibodies allowed for detection
of MDM2-FL and MDM2-C discriminately and verified
that we had purified the two different MDM2 isoforms.
We previously reported that a form of MDM2-FL migrates
very close to MDM2-C on SDS-PAGE gels'® and there-
fore this verification of the differential antibody detection
was very important. We used the Protein Common
Interface Database (ProtCID)?’ to analyze MDM2-C
RING interactions and found an interaction with the E2
ubiquitin-conjugating enzyme UbcHS5B and ubiquitin
(Figure 1D). This predicted MDM2-C RING interactions
with the E2 ubiquitin-conjugating enzyme (UbcHSB) and
ubiquitin (Ub) by ProtCID (Protein Common Interface
Database).”” The amino acid sequence of MDM2-C was
entered and three PFAM IDs were identified: zf-RanBP
(Zn-finger in Ran binding protein and others) aa: 129-158;
Pinin_ SDK N (pinin/SDK conserved region) aa: 147-255;
and zf-C3HC4 (RING finger) aa: 264-315.

MDM2-C Has Auto-Ubiquitination
Activity

To explore the function of MDM2-C as an E3 ligase, we
first asked if MDM2-C had auto-ubiquitination activity.
MDM2-FL is known to promote its own
ubiquitination.®*> We predicted that MDM2-C would
behave similarly. To test whether MDM2-C could behave
as an E3 enzyme for itself we used an in vitro auto-
ubiquitination assay and compared MDM?2 protein mobi-
lity in the presence, or absence, of E1, E2, and ubiquitin
(Figure 2). We used a polyclonal antibody to detect both
MDM2-C and MDM2-FL (Figure 2A with wtp53 or 2C

with mtp53). In the absence of E1, E2, and ubiquitin the
MDM2 isoforms migrated as expected (Figure 2A and C,
lanes 1 and 2). A major upward shift in size was detected
when E1, E2, and ubiquitin were added to the MDM2-C
samples. The 76 kD polypeptide was modified and shifted
to migrate above 102 kD (Figure 2A and C, lane 3).
A similar result was observed for MDM2-FL, which was
included as a positive control (Figure 2A and C, lane 4).
This demonstrated that MDM2-C had auto-ubiquitination
activity. When purified wild-type p53 (Figure 2A wtp53)
or mutant p53 (Figure 2C mtp53) was added to the reac-
tions with E1 and E2 an inhibition was observed that
resulted in more un-shifted MDM2-C or MDM2-FL band
(see Figure 2 quantification by comparing red (+p53) and
green bars (-p53) in Figure 2B and D, and compare lanes 5
and 6 to lanes 3 and 4 in 2A and 2C). Competition is
expected as different ubiquitination reactions occur at the
same time. The histograms constructed to compare non-
ubiquitinated MDM2 without E1 and E2 and ubiquitin
(Figure 2 blue bars) to non-ubiquitinated MDM2 follow-
ing a ubiquitination reaction in the presence of wtp53 or
mtp53 (Figure 2 red bars) or in their absence (Figure 2
green bars) (Figure 2B and D) we observed that both
wtp53 and mtp53 could compete out MDM2-FL and
MDM2-C ubiquitination.

MDM2-C Ubiquitinates Wtp53 and

Mtp53 R273H

MDM2-FL ubiquitinates wtp53 and mtp53 R273H.**>2?
The data shown in Figure 2 is the first documentation that
MDM2-C has E3 ubiquitination activity. We therefore
asked if MDM2-C could ubiquitinate p53 proteins.
Previous studies regarding MDM2-C showed that
MDM2-C does not lead to robust degradation of wtp53
and MDM2-C expression associates with higher mortality
in patients that express mtp53.'"?° Here we tested if the
purified MDM2-C could ubiquitinate wtp53 and mtp53.
We carried out in vitro p53 ubiquitination assays with the
purified wtp53 or mtp53 and Western blot probed for the
p53 protein products. As a negative control, we used the
bacterial extract and as a positive control, we used
MDM2-FL. Upon the addition of either MDM2-FL or
MDM2-C, multiple bands above 53 kD appeared in the
presence of E1, E2 and ubiquitin (Figure 3A and B,
compare lanes 4 and 5 to lanes 1-3). This led us to
conclude that MDM2-C not only contained auto-
ubiquitination activity but also was able to ubiquitinate
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Figure 2 MDM2-C, like MDM2-FL, has in vitro auto-ubiquitination activity. (A) In vitro ubiquitination assays were performed with |ug of recombinant MDM2-FL or MDM2-
C translated in E. Coli system. The p53 was detected by a mixture of monoclonal p53 antibodies, PAb1801, PAb421, and PAb240. For calculation of un-ubiquitinated protein,
the faster migrating MDM2 signal was assessed by image ). Blue rectangles represent non-ubiquitinated MDM2-FL and MDM2-C. Green rectangles represent non-
ubiquitinated MDM2-FL and MDM2-C in the presence of El and E2 and the absence of wtp53. Red rectangles represent non-ubiquitinated MDM2-FL and MDM2-C in
the presence of El and E2 with the presence of wtp53. (B) The histogram shows the percent of non-ubiquitinated MDM2-FL and MDM2-C from Figure 2A comparing
MDM2 proteins with the presence of wtp53 (red bars representing rectangles from lanes 5 and 6) and without the presence of wtp53 (green bars representing rectangles
from lanes 3 and 4) to MDM2 not subject to an auto-ubiquitination assay (blue bars representing rectangles from lanes | and 2). Student’s T-test was performed for statistical
significance with the following p-value representation: * = p-value < 0.05, ** = p-value < 0.01, *** = p-value < 0.005. (C and D) In vitro auto-ubiquitination and quantitation is
the same as in A and B except that mtp53 is added in lanes 5 and 6. This data represents results from three independent experiments.

wtp53 and mtp53. When we monitored the level of ubi- the glutaraldehyde cross-linking technique as a way to
quitination by Image J we observed that MDM2-C signifi- stabilize any potential interaction (Figure 4).
cantly shifted both non-ubiquitinated wtp53 and mtp53 to  Glutaraldehyde cross-linking can be used to visualize
ubiquitinated forms (Figure S2). p53 dimers and tetramers.”® We observed that glutaralde-

hyde cross-linking of MDM2-C did not result in a discrete
MDM?2-C Forms a Complex with Mtp53 banding pattern. This was not surprising because it has
We recently reported that MDM2-C expression in breast been observed that the RING domain of MDM2 forms
cancers expressing mtp53 correlates with a worse overall ~ only weak homodimer interactions.”* Therefore, when
outcome.”® We carried out experiments to determine if mixing MDM2-C with either wtp53 or mtp53 we focused
MDM2-C, like MDM-FL, was able to form an mtp53 our analysis on detecting changes to the p53 protein glu-
protein-protein complex. The C-terminus of p53 can bind  taraldehyde cross-link pattern. The addition of glutaralde-
to the N-terminal domain of  MDM2."? hyde shifted the mtp53 and wtp53 pattern from monomers
Immunoprecipitation experiments showed very slight at 53kD to higher migrating oligomers including those of
interactions with a great deal of background so we used p53 dimers and tetramers (as evidenced by Western blot
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I ug of recombinant MDM2-FL, MDM2-C, or untransformed negative control extract. The proteins were resolved on a 4-12% SDS-PAGE gradient gel and transferred to
PVDF membrane. The primary p53 monoclonal antibody DO (Santa Cruz) was used to detect p53 by Western blot using Typhoon. Higher mobility bands resolved above
the 53kD-band demonstrate ubiquitinated p53. (B) In vitro ubiquitination assays were performed with | ug of purified mtp53 and |ug of recombinant MDM2-FL, MDM2-C,
or untransformed negative control extract. Higher mobility bands resolved above the 53kD-band demonstrate ubiquitinated p53. This data represents results from three

independent experiments.

reactive species above the 102 and 225 kD markers,
Figure 4A-C, compare lanes 2 and 4 for IB:anti-p53).
When either MDM2-FL or MDM2-C was added to the
reaction we detected new mtp53 and wtp53 glutaraldehyde
cross-linked protein complexes (as indicated by the lower
arrow and upper bracket markers in Figure 4, compare
lanes 4 and 6). The bracketed p53 corresponded to cross-
linked forms higher than the uppermost p53-alone glutar-
aldehyde signal in the absence of MDM2 protein
(Figure 4A—C anti-p53 lane 4). This was visualized in
both the single channel image and as the corresponding
merged yellow signal in regions that previously had barely
detectable green signal). This strongly suggested the detec-
tion of MDM2-C complexed with both wtp53 and mtp53
that was most clearly detectable with mtp53 R273H
(Figure 4B, lane 6). The new lower forms of p53 may be
the result of a single p53 monomer cross-linked with
a single MDM2-C.

Discussion

MDM2-C is an alternative spliced form of MDM2 lacking
a small portion of the N-terminal p53-binding domain and
the nuclear localization signal but it is still able to localize to
cancer cell nuclei.'”? High expression of MDM2-C in
breast cancer correlates with a worse overall outcome in
cases with co-expression of highly expressed mtp53."*2°
We observed that MDM2-C acts as an E3 ligase for mtp53

and wtp53 (Figures 2, 3 and 5 but at this time do not know

how this would influence the p53 proteins in a cellular con-
text. We also found that MDM2-C activated its own auto-
ubiquitination (see Figure 5 for model). The degree of ubi-
quitination by MDM2-C in both auto-ubiquitination and p53
substrate ubiquitination was commensurate to the level of
ubiquitination observed by MDM2-FL. MDM2-C was able
to interact with both wtp53 and mtp53 as documented by
glutaraldehyde cross-linking experiments (Figure 4). It is not
yet clear how RING finger E3 ubiquitin ligases target parti-
cular lysines to be targets of the ubiquitin thioesters. It
remains to be determined which lysines in mtp53, wtp53,
and MDM2-C are targets of MDM2-C as well as what is the
functional role of MDM2-C mediated ubiquitination.

The interaction between MDM2 and mtp53 sequesters
the MDM2 acidic and RING domains and inhibits MDM2
E3 ligase activity.”* We found competitive inhibition of
MDM2-C E3 ligase activity by wtp53 or mtp53 as evidenced
by reduced MDM2-C auto-ubiquitination (Figure 2).
Overall, MDM2-C demonstrated strong auto-ubiquitination
E3 ligase activity that was reduced by the addition of either
wtp53 or mtp53. These results suggest that MDM2-C acts as
an E3 ubiquitin ligase and that its biological activity may be
influenced by wtp53 and mtp53 activities. Overexpressed
MDM2-B interacts with MDM2-FL and promotes the accu-
mulation of mtp53 by inhibiting p53 degradation.’® The
overexpression of MDM2-C in breast cancer shows recipro-
cal correlations for the mortality outcomes of patients with
wtp53 versus mtp53 expression and this may be due to
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Figure 4 MDM2-C in glutaraldehyde cross-linking, like MDM2-FL, shifts the mobility of mtp53 during complex formation. (A) The mtp53 signal was probed for using DOI
primary antibody and Cy-3 anti-mouse secondary antibody (seen in image on the left). The bracket and arrow indicate the new mtp53 cross-linked forms in the presence of
MDM2-FL (lane 6). The same blot was probed for MDM2-FL with MDM2 R&D primary antibody and Cy-5 anti-rabbit secondary antibody, as seen in middle image. The
images were merged, as seen in right image. (B) The mtp53 signal was probed for using DOI primary antibody and Cy-3 anti-mouse secondary antibody (seen in image on
the left). The bracket and arrow indicate the new mtp53 cross-linked forms in the presence of MDM2-C (lane 6). The same blot was probed for MDM2-C with MDM2 R&D
primary antibody and Cy-5 anti-rabbit secondary antibody, as seen in middle image. (C) The wtp53 signal was probed for using DO| primary antibody and Cy-3 anti-mouse
secondary antibody (seen in image on the left). The bracket and arrow indicate the new wtp53 cross-linked forms in the presence of MDM2-C (lane 6). The same blot was
probed for MDM2-C with MDM2 R&D primary antibody and Cy-5 anti-rabbit secondary antibody, as seen in middle image. The images were merged, as seen in right image.
All data represents results from three independent experiments.

mechanisms associated with increased mtp53 stability.
Increased wtp53 causes increased cell death and in spinal
muscular atrophy, wtp53 is upregulated by increased Mdm?2
exon skipping.®! The overexpression of mtp53 is associated
with gained new functions that promote tumorigenesis and

metastasis.>* It is highly likely that MDM2-C, like other
spliced isoforms of MDM2 promotes mtp53 accumulation
and gain-of-function in tumorigenesis.>® The MDM2 splice
variant MDM2-B promotes mtp53 protein accumulation in
cells by inhibiting MDM2-FL to bind to and degrade
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Figure 5 MDM2-C has auto-ubiquitination activity and also ubiquitinates mtp53
and wtp53. The model depicts the interaction and ubiquitination of MDM2-C,
wtp53 and mtp53 R273H all driven by the splice variant MDM2-C.

mtp53.%° Since MDM2-C has an intact RING domain we
predict that MDM2-C can form heterodimers with MDM2-
FL through the RING domain that regulates Mdm2-FL func-
tion, Future studies are needed to address what proteins
MDM2-C may ubiquitinate (in addition to itself and p53)
and regulate in vivo. The diverse set of MDM2-C protein—
protein interactions, which include interacting with MDM2-
FL and mtp53, may participate in context-dependent biolo-
gical pathways that influence multiple different disease
pathways.
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