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Background: The ETS transcription factor myeloid elf-1-like factor (MEF) activates some genes including lysozyme, inter-

leukin-8, and MDM2, and also influences the cell cycle.

Results: MEF protein expression and stability is suppressed by MDM2 in p53-dependent and -independent manner.

Conclusion: MEF is targeted by MDM2 for degradation.

Significance: The previously unrecognized MEF-MDM2-p53 axis highlights a regulatory balance of these transcription factors.

Myeloid Elf-1-like factor (MEF) or Elf4 is an ETS transcrip-
tion factor that activates innate immunity-associated genes such
as lysozyme (LYZ), human B-defensin 2 (Hf3D2), and interleu-
kin-8 (IL-8) in epithelial cells and is also known to influence cell
cycle progression. MEF is transcriptionally activated by E2F1,
but the E2F1-mediated transcriptional activation is inhibited by
p53 through E2F1-p53 protein interaction. Although the tran-
scriptional activation of MEF has been investigated in depth, its
post-translational regulation is not well explored. By overex-
pressing MEF cDNA in human cell lines, here we show that MEF
protein expression is suppressed by p53. By screening a number
of E3 ligases regulated by p53, we found that MDM2 is involved
in the effect of p53 on MEF. MDM2 is transcriptionally activated
by p53 and interacts with MEF protein to enhance MEF degra-
dation. MDM2 reduces MEF protein expression, as well as sta-
bility and function of MEF as transcriptional activator. Further-
more, MDM2 was able to down-regulate MEF in the absence of
p53, indicating a p53-independent effect on MEF. Notably, MEF
transcriptionally activates MDM2, which was previously dem-
onstrated to be the mechanism by which MEF suppresses the
p53 protein. These results reveal that in addition to the potential
of MEF to down-regulate p53 by transcriptionally activating E3
ligase MDM2, MEF participates with MDM2 in a novel autoreg-
ulatory feedback loop to regulate itself. Taken together with the
findings on the effect of p53 on MEF, these data provide evi-
dence that the p53-MDM2-MEEF axis is a feedback mechanism
that exquisitely controls the balance of these transcriptional
regulators.
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The members of the E-twenty-six (ETS)? family of transcrip-
tion factors, which are found exclusively in multicellular organ-
isms, function as transcriptional activators or repressors and
play critical roles in development, cellular differentiation, pro-
liferation, and transformation (1). The ETS factors have onco-
genic and tumor suppressive activities and their aberrant
expressions are associated with many of the processes that lead
to cancer progression (2). One member of the ETS family, mye-
loid elf-1-like factor (MEF) or Elf4, is known for its role in pro-
moting cell cycle progression from G, to S phase and driving
hematopoietic stem cells from quiescent to G, phase (3, 4).
MEF may have tumorigenic functions (5), but it has also been
shown to possess tumor suppressor activity in lung carcinoma
cells (6). As a transcription factor, MEF activates a number of
innate immunity-associated genes, notably lysozyme (LYZ) (7),
human B-defensin 2 (HBD2) (8), granulocyte macrophage col-
ony-stimulating factor (9), interleukin (/L)-3 (9), IL-8 (10), and
perforin (11). Besides activating innate immune molecules, it
was recently reported that MEF is highly expressed in gliomas
and activate SOX2 expression to promote stemness in glioblas-
toma (12). MEF also transcriptionally activates MDM?2, a well
known E3 ligase of the tumor suppressor p53. MEF-mediated
activation of MDM?2 leads to decreased p53 stability and inhi-
bition of p53-dependent oncogene-induced senescence (13).
Given the various target genes of MEF, it is obvious that as a
transcription factor, MEF plays diverse roles in the cell.

With regards to the regulation of MEF, our earlier studies
have made headway in the understanding of MEF transcription
and post-translational modification. MEF transcription is facil-
itated by the ubiquitous zinc finger transcriptional activator
Sp1, which binds to the proximal promoter region of MEF (14).
Notably, we previously demonstrated that MEF transcription is
activated by E2F1, but the E2F1-mediated MEF activation is
suppressed by p53 through E2F1-p53 interaction that seques-
ters E2F1 away from MEF promoter (15). MEF expression and
activity are also governed by post-translational modifications.

3 The abbreviations used are: ETS, E-twenty-six; MEF, myeloid elf-1-like factor;
5-FU, 5-fluorouracil; DMSO, dimethyl sulfoxide; CHX, cycloheximide; LMB,
leptomycin B; P-MT, phosphorylation site mutant; TAD, transactivation
domain; ANOVA, one-way analysis of variance.
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TABLE 1
siRNA oligonucleotide sequences
Gene Forward Reverse
p53 siRNA 5'-gacuccagugguaaucuatt-3’ 5'-guagauuaccacuggaguctt-3’
MDM2 siRNA 5'-gccuggeucuguguguaautt-3’ 5'-uuacacacagagccaggctt-3'
Siah1 siRNA 5'-gcugauaggaacacgcaagcatt 5'-ugcuugcguguuccuaucagctt-3
GL2 siRNA 5'-cguacgcggaauacuucgatt-3 5'-ucgaaguauuccgcguacgtt-3’

MEEF is SUMOylated, which leads to diminished transactivation
functions of MEF (16). MEF activity is enhanced upon interac-
tion with promyelocytic leukemia protein that induces accu-
mulation of MEF in the promyelocytic leukemia nuclear bodies
(17, 18). MEF is phosphorylated by the cyclin A-cdk2 complex,
ubiquitinated by Skpl/Cull/F-box (SCF) E3 ubiquitin ligase
complex SCF**2, and degraded by proteasome at the G,/S
phase transition (19). Skp2 specifically degrades the phosphor-
ylated form of MEF following cyclin A-mediated MEF phos-
phorylation (19). Aside from Skp2, no other E3 ligase has been
reported for MEF.

The P53 gene is a central integrator of multiple signaling
networks that essentially protects the integrity of the genome
against DNA damage and oncogenic processes (20). Normally,
p53 protein levels are low due to its proteasomal degradation
that is mainly directed by MDM?2, which is also a transcrip-
tional target of p53 (21). This ensures a tight control of p53
at the basal state. Stabilization of p53 occurs because of post-
translational modifications during cellular stress or DNA dam-
age, most notably, phosphorylation of p53 serine residues that
preclude p53 interaction with MDM2 (22, 23). After p53 has
served its functions as “cellular stress sentinel,” it is presumed
that p53 reverts to its basal state and kept at low level by MDM2.
Aside from p53, MDM2 has many targets and it degrades
numerous proteins (24). The seemingly opposite functions of
MEF and p53 in cellular proliferation, and the suppression of
p53 expression by MEF via MDM2 (13) led us to consider that
p53 could reciprocally antagonize MEF protein expression.
Here, we show evidence that p53 down-regulates the protein
expression of MEF by transcriptionally activating MDM2,
which interacts with MEF and leads to MEF protein degrada-
tion. Moreover, our results showed that in the absence of p53,
MDM2 could still negatively regulate the expression and stabil-
ity of MEF, revealing MEF as a novel client of MDM2. Because
MEF transcriptionally activates MDM?2 (13), these findings also
reveal that MEF is linked to MDM2 in an autoregulatory feed-
back mechanism.

EXPERIMENTAL PROCEDURES

Reagents and Antibodies—Nutlin-3 (number 430-128-M001)
was obtained from Alexis Biochemicals (San Diego, CA). 5-Fluo-
rouracil (5-FU) was purchased from Wako (Osaka, Japan).
MG-132 was from Calbiochem (number 474790). Cyclohexi-
mide (CHX; number C7698) was obtained from Sigma. Lepto-
mycin B (LMB; sc-358688) was obtained from Santa Cruz Bio-
technology (Santa Cruz, CA). Antibodies purchased from Santa
Cruz Biotechnology are the following: p53 (DOI; sc-126), Elf-4/
MEF (M-20; sc-101947), MDM2 (SMP14; sc-965), Actin (I-19;
sc-1616), y-tubulin (C-20; sc-7396), normal mouse IgG (sc-
2025), and normal rabbit IgG (sc-2027). HA tag polyclonal anti-
body (number 3808-1) was obtained from Clontech (Palo Alto,
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CA). Anti-Hsc70 antibody (SPA-815) was from Stressgen
Bioreagents (Canada). The horseradish peroxidase-conjugated
secondary antibodies were purchased from Jackson Immu-
noResearch Laboratories, Inc. (West Grove, PA).

Cell Culture, Transfection, and Treatment—Human colorec-
tal cell lines HCT116 p53*/* (wild-type) and HCT116 p53~/~
(knock-out) were kindly provided by Bert Vogelstein (Johns
Hopkins University). Cervical carcinoma cells (HeLa), lung
adenocarcinoma cells (A549), and human embryonic kidney
cells (HEK293) were obtained from the American Type Culture
Collection. HCT116 cell lines were cultured in Dulbecco’s
modified Eagle’s medium-Ham’s F-12 (DMEM/F-12) medium.
HeLa was cultured in minimal essential medium. A549 and
HEK293 cell lines were cultured in DMEM. All media were
supplemented with 10% fetal bovine serum (FBS) and 2% anti-
biotics. Cells were maintained at 37 °C in a humidified atmo-
sphere of 5% CO,. Transient transfections of DNAs were per-
formed using TransIT-LT1 reagent (Mirus, Madison, WI)
according to the recommended protocol. Briefly, LT1 reagent
diluted with reduced serum Opti-MEM (Invitrogen) was incu-
bated with DNA at 1:3 ratio (DNA:LT1) for 20 min at room
temperature. The complex was applied to subconfluent cells.
Transfection of small interfering RNA (siRNA) was carried out
using TransIT-TKO reagent (Mirus). Diluted TKO was mixed
with siRNA, and the complex was added to subconfluent cells.
GL2-luciferase siRNA (siGL2) was used as control. The siRNA
oligonucleotides used in these experiments are listed in Table 1.
Forty-eight hours after transfection, samples were collected for
analysis. For chase experiments, at 48 h post-transfection cells
were treated with 0.5 mm CHX and harvested immediately (0
h), or at 3 or 6 h after CHX treatment. For MG132 treatment,
cells were treated with 10 umM MG132 or DMSO (control) and
co-treated with 0.2 mm CHX. Cell lysates were collected imme-
diately, at 3 or 6 h after treatment.

Plasmids—The full-length cDNA for human MEF (1992 bp)
in pCB6 vector and the lysozyme promoter in luciferase
reporter pGL2 vector were generated as described previously
(7). MEF phosphorylation mutant (P-MT) has mutations at
Ser-641, Thr-643, and Ser-648, the potential phosphorylation
sites (3), which were all changed to alanine using the
QuikChange II XL site-directed mutagenesis kit (Stratagene, La
Jolla, CA). HA-tagged MEF was generated by cloning full-
length MEF ¢cDNA into pCMV-HA vector (Clontech). This was
done using pCB6-MEF as template, Zero Blunt TOPO PCR
cloning kit (Invitrogen), and the following primers: 5'-primer,
5'-gcatggctattaccctacageccagtg-3' and 3'-primer, 5'-cacctc-
gagttatatgtcatggggctc-3'. The MEF fragment in TOPO vector
was digested with EcoRI and ligated into pCMV-HA vector.
The resulting plasmid was sequenced to verify the insert. The
P53 wild-type expression plasmid in pCDM8 vector was gener-
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TABLE 2
Primers used for the generation of mutant constructs

MEF Is Targeted by E3 Ligase MDM2

Gene

Sequence”

p53 TAD1 MT_forward
p53 TAD1 MT _reverse
p53 TAD2 MT_forward
p53 TAD2 MT _reverse
MEF P-MT_forward
MEF P-MT _reverse

5'-cattttcagacctatggaaacAaAGtcctgaaaacaac-3’
5'-gttgttttcaggaCTtTgtttccataggtctgaaaatg-3'
5'-ggacgatattgaacaaCAgtCcactgaagaccccaggtc-3'
5'-gacctgggtcttcagtgGac T Gttgttcaatatcgtec-3'
5'-cttctgacaagagcTcccGeeccageecctttcGeececattcaac-3'
5'-gttgaatggggCgaaaggggctggggCgggAgctcttgtcagaag-3’

“ Capital letters are mutated bases.

ously provided by Dr. Hideyuki Saya (25). We constructed the
P53 transactivation domain (TAD) mutant, which has muta-
tions in both TADs, using the primers listed in Table 2 and the
P53 wild-type cDNA as template. The point-mutated construct
was prepared using the QuikChange II XL site-directed
mutagenesis kit (Stratagene). The generated construct was ver-
ified by sequencing before DNA was used for experiments.
MDAM?2 in pcDNA3 (26) was obtained from Addgene (plasmid
16233).

Real-time Quantitative PCR Analysis—Total RNA was iso-
lated from cells using RNAiso Plus (Takara, Japan) according to
the recommended protocol. Real-time quantitative RT-PCR
analyses were carried out with SYBR Green Master Mix
(Applied Biosystems). PCR amplifications were performed as
described previously (27). The C, values for each gene amplifi-
cation were normalized by subtracting the C, value calculated
for 18 Sribosomal RNA (18 S rRNA; internal control). The nor-
malized gene expression values were expressed as the relative
quantity of gene-specific mRNA. The oligonucleotide primers
used in the real-time quantitative PCR amplifications are listed
in Table 3. The human perforin and HBD2 primer sequences
had been previously reported (28, 29).

Luciferase Assay—HCT116 cells were seeded in 12-well
plates. At 40-50% confluent cells, DNAs were co-trans-
fected. Specifically, 0.2 ug of lysozyme-luc promoter, 20 ng
of phRG-TK Renilla reporter (Promega), 0.1 ug of MEF and
the indicated amount of p53 were transfected. Empty vector
was added when necessary to ensure equal amounts of input
DNA. Luciferase activity was determined 48 h after transfec-
tion using the dual-luciferase reporter assay system (Pro-
mega) and a luminometer (TD-20/20; Promega) according
to the manufacturer’s instructions. Luciferase activity for
each sample was normalized to the Renilla reporter as
described previously (18).

Western Blotting and Immunoprecipitation Analysis—For
analysis of protein expression, cells grown in 6-well plates were
lysed on ice for 30 min with lysis buffer (150 mm NaCl, 50 mm
Tris-HCI, pH 8.0, 5mMm EDTA, 0.5% SDS, 5% deoxycholate, and
5% Nonidet P-40). The lysate was added with 4 volumes of
dilution buffer (150 mm NaCl and 50 mm Tris-HCI, pH 8.0) and
mildly sonicated. Samples were centrifuged to remove debris,
and total protein lysates were collected. For nuclear extraction
and isolation of cytoplasmic fraction, HCT116 cells were sus-
pended by gentle pipetting in 100 ul of ice-cold buffer contain-
ing 10 mm HEPES-KOH (pH 7.9), 10 mm KCl, 0.1 mm EDTA
(pH 8.0), and 0.1 mMm EGTA (pH 8.0). The cells were allowed to
swell on ice for 15 min, then 6.25 pl of 10% Nonidet P-40 solu-
tion was added and samples were vortexed vigorously for 10 s.
The homogenate was centrifuged at 15,000 X g for 1 min at
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4 °C. The lysate was collected as the cytoplasmic fraction. The
nuclear pellet was resuspended in 25 ul of ice-cold nuclear lysis
buffer (20 mm HEPES-KOH (pH 7.9), 400 mm NaCl, 1 mm
EDTA (pH 8.0), 1 mm EGTA (pH 8.0)). The samples were vig-
orously vortexed for 20 min at 4 °C, and centrifuged at 15,000 X
gfor 5 min at 4 °C. The nuclear lysate was collected for analysis.
Equal amounts of proteins were subjected to Western blot anal-
ysis using the protocol described previously (18, 27). Immuno-
precipitation was performed as essentially reported in Ref. 18.
Briefly, HCT116 cells were washed with cold PBS(—) twice and
cross-linked with 1 mm dithiobis[succinimidylpropionate] for
30 min at room temperature. Tris-HCl (pH 7.5; 20 mm final
concentration) was added to stop the cross-linking reaction.
Cells were pelleted, and total protein lysates or nuclear extracts
were collected using the methods of protein extraction as
described above. Lysates were pre-cleaned with Sepharose-G
beads (Amersham Biosciences). Pre-cleared lysates were
reacted with 2 ug of MDM2, HA, ELF4, normal mouse IgG, or
normal rabbit IgG antibodies by gentle rotation at 4 °C for 2 h.
Sepharose beads were added and the reaction was continued for
1 h. The beads were washed with wash buffer (150 mm NaCl, 50
mM Tris-HCI, pH 8.0, and 0.5% Nonidet P-40). Immunopre-
cipitates were eluted by boiling for 5 min with 2X SDS sample
buffer (100 mm Tris-HCI, pH 6.8, 4% SDS, 20% (v/v) glycerol,
12% (v/v) B-mercaptoethanol, and bromphenol blue). Samples
were loaded on 7.5% SDS-PAGE gels and blotted onto PVDF
membrane (Millipore Corp., Bedford, MA). Blots were probed
with appropriate antibodies and visualized using SuperSignal
chemiluminescence reagent (Pierce).

Statistical Analysis—Data are presented as mean = S.E. as
indicated in the figure legends. Significance of the difference
between 2 groups was assessed using Student’s unpaired two-
tailed ¢ test. For 3 or more group comparisons, we used one-way
analysis of variance (ANOVA) with Dunnett’s multiple com-
parison test or with Tukey-Kramer (JMP software; SAS Insti-
tute, and Statcel3 3rd edition, OMS Publication, Japan). A p
value of <0.05 is considered statistically significant.

RESULTS

p53 Modulates the Level of MEF Protein—To scrutinize the
relationship between MEF and p53 at the protein level, we com-
pared the exogenously delivered or endogenous MEF protein
expression between HCT116 p53*/" and p53~/ cells. The
endogenous MEF could be detected in nuclear extracts
although it is mostly undetectable in total cell lysate (Fig. 1, A
and B). Confirming the observation we reported previously
(15), endogenous MEF protein was lower in HCT116 p53*/™*
cells than in HCT116 p53~/" cells (Fig. 14). This difference
could be attributed to the inhibitory effect of p53 on E2F1-
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TABLE 3
Primers used for real-time quantitative RT-PCR
Gene Forward Reverse
LYZ 5'-aaaaccccaggagcagttaat-3’ 5'-caaccctctttgcacaagcet-3’
Perforin 5’-cgectacctcaggcttatcte-3’ 5'-cctcgacagtcaggcagtc-3’
IL-8 5'-ctggcegtggetetettg-3’ 5'-ccttggcaaaactgcacctt-3’
Human B-defensin 2 5'-atcagccatgagggtcttgt-3’ 5'-gagaccacaggtgccaattt-3’
UBE4B 5’-tcgccctctaatagecttga-3” 5'-tatcactgaggctccgettt-3’
PIRH2 5'-gacagctggatgatgaagtagcaca-3’ 5'-ctcgtcattgcetgatecagtgaa-3’
SIAHI 5'-ttgcttaccgacttgagctaaatg-3’ 5'-gctgttgcaattccttcatgaa-3’
hMDM?2 5’-acctcacagattccagctteg-3’ 5'-tttcatagtataagtgtcttttt-3’
18 STRNA 5'-cggctaccacatccaaggaa-3’ 5'-gctggaattaccgegget-3'
A B C - =
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FIGURE 1. p53 down-regulates MEF protein expression. A, nuclear protein extracts were isolated from HCT116 p53™/* and p53~/~ cells, and endogenous
MEF expression was assessed by Western blotting. y-Tubulin was used as loading control. B, HCT116 p53 ™" and p53 /" cells were transfected with MEF DNA
or pCB6 vector (control). Forty-eight hours after transfection, total lysates were isolated and analyzed by immunoblotting with the indicated antibodies. C,
HCT116 p53~/~ cells were mock transfected or transfected with MEF and/or p53 as indicated. Protein expression was analyzed by immunoblotting. Right panel,
decrease in expression of the MEF protein in the presence of p53 was assessed by Image Gauge software (version 4.2; Fujifilm) and plotted as relative expression
against MEF-transfected cells. Bar graphs are mean = S.E. of 3 independent experiments. **, p < 0.01 versus control, assessed by ANOVA with Dunnett’s test.
D, HCT116 p53™/* orp53~/~ cells were transfected with pCB6 or MEF. Twenty-four hours after transfection, cells were treated with DMSO or 10 um nutlin-3 for
24h.E HCT116 p53*/* cells were transfected with pCB6 or MEF and co-transfected with si-GL2 (control) or si-p53. F-H, the indicated cell lines were transfected
with pCB6 or MEF and p53. For C-H, total protein lysates were extracted and analyzed by Western blotting using the indicated antibodies. Hsc70 was used as

internal control.

mediated transcriptional activation of MEF as demonstrated
before (15). To exclude the effect of p53 on MEF transcription,
we overexpressed MEF DNA in HCT116 p53*/* and HCT116
p53~/" cells, and in the succeeding experiments MEF was
exogenously introduced. Here, we observed that the MEF pro-
tein level is clearly down-regulated in HCT116 p53™'" cells
compared with that in p53~/~ cells (Fig. 1B). This result was
verified by the quantified dose-dependent effect of p53 on MEF
protein expression (Fig. 1C). Activating the endogenous p53 by
nutlin-3 treatment substantially reduced the level of MEF pro-
tein in HCT116 p53*/" cells but nutlin-3 treatment had no
effect on the level of MEF in HCT116 p53~/~ cells (Fig. 1D).
Conversely, the knockdown of P53 by siRNA in HCT116
p53™/" cells increased the expression of MEF protein (Fig. 1E).
We examined several cell lines to verify our observations. In
HeLa, A549, and HEK293 cells, exogenous addition of p53
reduced the protein level of MEF (Fig. 1, F-H), confirming the
above observations.
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p53 Negatively Influences MEF Activation Function—We
next asked whether the decrease in MEF protein expression
induced by p53 correlates with a decrease in MEF transcrip-
tional activating function. HCT116 p53 /" cells were tran-
siently transfected with empty vectors, p53 and/or MEF.
Total RNA was isolated for quantitative PCR analysis. By
itself, p53 did not affect the transcription of MEF target
genes LYZ, IL-8, perforin, and HBD2 (Fig. 2, A-D). However,
the MEF-induced activation of these genes was dose depen-
dently suppressed by p53 (Fig. 2, A-D). Consistently, we
found that MEF-induced lysozyme promoter activation was
titrated away by the increasing amount of p53 (Fig. 2E).
Taken together with the results in Fig. 1, these data demon-
strate that p53 reduces MEF protein expression and transac-
tivating function.

p53 Enhances the Degradation of MEF Protein—To probe
into the effect of p53 on the stability of MEF protein, we mon-
itored the degradation of MEF in HCT116 p53™/* and p53 ™/~
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FIGURE 2. p53 down-regulates MEF activation function. A-D, HCT116 p53~/~ cells were transfected with MEF and/or the indicated amount of p53.
Forty-eight hours post-transfection, total RNA was isolated. Lysozyme, IL-8, perforin, and HBD2 mRNA expressions were analyzed by quantitative RT-PCR.
MRNA levels were normalized to 78 S rRNA. Values are mean =+ S.E. (n = 3). *, p < 0.05 and **, p < 0.01 versus control. T, p < 0.05 and 11, p < 0.01 versus
MEF-transfected cells, assessed by ANOVA with Dunnett’s test. £, HCT116 p53~/~ cells were co-transfected with lysozyme promoter construct, MEF, or pCB6
and the indicated amount of p53. Luciferase assay was performed 48 h after transfection to assess the lysozyme promoter activity. Luciferase activity
normalized to Renilla (phRG-tk; Promega) is expressed as fold-activation over the pGL2 basic vector. Values are mean = S.E. (n = 3).*,p < 0.05, **, p < 0.01 versus
MEF. p values were assessed by ANOVA with Dunnett’s multiple comparison test.

cells that were treated with the protein synthesis inhibitor
CHX. The MEF protein was degraded to half of its initial level at
6 h of CHX treatment in HCT116 p53™/* cells, but was rela-
tively unchanged in HCT116 p53 /" cells (Fig. 3, A and B). We
then tested the effect of proteasome inhibitor MG132 on MEF
degradation in HCT116 p53™/" cells. The MEF protein level
was down-regulated in control cells during CHX chase but co-
treatment with MG132 suppressed this reduction (Fig. 3, C and
D). These observations indicated that MEF is subject to
enhanced proteasomal degradation in the presence of p53.
When we checked for protein-protein interaction between p53
and MEF by immunoprecipitation, we could not detect their
association (data not shown). Thus, another factor might be
involved in the p53-mediated suppression of MEF.
pS3-regulated E3 Ligase MDM?2 Influences MEF Protein
Expression—Identifying the p53-regulated E3 ligase that mod-
ulates the MEF protein level is important in understanding the
molecular underpinning of the effect of p53 on MEF. The E3
ligase Skp2 was previously identified by Nimer’s group (19) as
the ubiquitin ligase that degrades MEF, and that Skp2-medi-
ated MEF proteolysis is dependent on MEF phosphorylation
status. Interestingly, however, we found that the P-MT MEF
could still be subjected to proteasomal degradation because
treatment with MG132 significantly increased the expression
of MEF P-MT (Fig. 4A). In addition, SKP2 transcription is sup-
pressed by p53 as shown in Fig. 4B and as previously reported by
Barré et al. (30), suggesting that Skp2 is not involved in the
p53-mediated down-regulation of MEF. Among the E3 ligases
previously indicated to be activated by p53 such as UBE4B (31),
PIRH2 (32), SIAHI (33), and MDM2 (34-36), only MDM2
transcription was significantly diminished in HCT116 p53~/~
cells compared with p53*/" cells (Fig. 4, C—F). The MDM2
protein level is also lower in p53 ™/~ cells (Fig. 4G). Because the
TAD of p53 is important for the induction of MDM2 by p53 (37,
38), we checked the mRNA level of MDM?2 in the presence of
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FIGURE 3. MEF protein stability is decreased in the presence of p53. A,
HCT116 p53™/* and p53 ™/~ cells were transfected with MEF cDNA. Forty-
eight hours after transfection, cells were treated with 0.5 mm CHX for the
indicated time, and protein lysates were collected for analysis. B, MEF blots in
A were subjected to densitometric analysis using Image Gauge software and
normalized to Hsc70 (internal control). Values are expressed relative to pro-
tein expression at 0 h. G, HCT116 p53™/* cells were transfected with MEF.
After 48 h, cells were treated with DMSO (control) or 10 um MG132 and co-
treated with CHX for the indicated times. Lysates were extracted and ana-
lyzed by immunoblotting. D, relative expression of MEF was assessed using
Image Gauge software and normalized to Hsc70. For B and D, values are
mean *+ S.E.(n = 3).*,p < 0.05, **, p < 0.01 versus HCT116 p53 /™ cells (B) or
DMSO-treated cells (D) at each indicated time. p values were assessed using t
test.

p53 TAD mutant. Although wild-type p53 induced MDM?2
transcription, p53 TAD mutant (MT) did not increase the
MDM?2 mRNA level (Fig. 4H), congruent with previous obser-
vations (37, 38). In contrast, SIAH1, another p53-regulated E3
ligase, was not activated by p53 or affected significantly by the
p53 TAD mutant (Fig. 41). Introduction of wild-type p53, but
not p53 TAD mutant, in HCT116 p53 '~ cells suppressed MEF
protein expression in a statistically significant manner com-
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FIGURE 4. The p53-regulated E3 ligase MDM2 affects MEF expression. A, HCT116 p53*/* cells were transfected with MEF phosphorylation site mutant
(P-MT). Forty-eight hours post-transfection, cells were treated with DMSO or 2.5 um MG132 for 24 h. Total protein lysates were extracted and analyzed by
immunoblotting using MEF and Hsc70 antibodies. Lower panel, MEF blot intensity was assessed by Image Gauge and normalized to Hsc70. The level of MEF
protein in MG132-treated cells was compared with thatin DMSO-treated cells. Values are mean = S.E. of 3 independent experiments. *, p < 0.05 versus control,
determined by Student's t test. B-F, total RNA was isolated from HCT116 p53 /" and p53 ™/~ cells, and the mRNA level of the indicated p53-regulated E3 ligases
was assessed by quantitative RT-PCR. mRNA expression was normalized to 78 SrRNA, and values are presented as mean = S.E. (n = 3).*,p < 0.05 versus p53 /"
cells, determined by Student’s t test. n.s., not significant. G, total protein lysates from HCT116 p53™/" and p53 /" cells were isolated for immunoblotting
analysis of MDM2 and p53. H and I, HCT116 p53 /" cells were transfected with p53 wild-type (WT) or transactivation domain-mutated (MT) p53 constructs.
Total RNA was extracted, and mRNA levels of MDM2 (H) and SIAHT (I) were analyzed by quantitative RT-PCR. mRNA was normalized to 78 SrRNA. Bar graphs are
mean = S.E. (n = 3).**, p < 0.01 versus control. 1, p < 0.001 versus p53 WT, assessed by ANOVA with Tukey-Kramer comparison test. J, HCT116 p53~/~ cells
were co-transfected with MEF and pcDNA3.1 (con), p53 wild-type, or p53 mutant DNAs. Total lysates were extracted 48 h post-transfection and analyzed by
Western blotting. Right panel, immunoblots were assessed using Image Gauge software and normalized to Hsc70. Values are mean = S.E. of 3 independent
experiments. ¥, p < 0.05 versus con, determined by ANOVA with Tukey-Kramer test. K, HCT116 p53™/* cells were co-transfected with MEF cDNA and si-Siah1,
si-MDM2, or si-control nucleotides. Total protein lysates were extracted forimmunoblotting analysis 48 h post-transfection. Hsc70 served as internal control.
L,HCT116 p53™/* and p53 /" cells were transfected with MEF. Forty-eight hours after transfection, cells were untreated or treated with 10 um 5-FU for 24 h,
Total protein lysates were extracted forimmunoblotting analysis with the indicated antibodies. Data shown are representative of 2 independent experiments.
Right panel,immunoblots were analyzed by Image Gauge software and normalized to Hsc70. Values are mean = S.E. of 3 independent experiments. **, p < 0.01
versus non-treated HCT116 p53™/™* cells, determined by Student’s t test.

pared with control (Fig. 4/). These data point out the impor-
tance of the p53 transactivation domain on the inhibitory effect
of p53 on MEF probably via MDM2. Admittedly, protein
expression of the p53 TAD mutant is noticeably lower than
wild-type p53 (Fig. 4/, p53). This is due to the mutation of
amino acid residues 25 and 26 at the p53 TAD site, which
decreased the efficiency of antibody recognition of epitopes
between 11 and 25 amino acid residues of p53. Consistent with
the involvement of MDM2 on MEF protein down-regulation,
knocking down MDAM?2, but not SIAHI by siRNA resulted in the
increase of MEF protein level (Fig. 4K). During siRNA transfec-
tion, we invariably detected 2 bands of MEF, which could be due
to protein modification. The precise identity and the reason for
their appearance are unknown, but we considered both bands
to be that of MEF, indicated by a bracket. In addition, we found
that activating endogenous p53 by treatment with 5-FU
increased MDM2 expression and decreased the MEF protein
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level in HCT116 p53™/™ cells. But the effect of 5-FU on MDM2
and MEF was not apparent in HCT116 p53~'~ cells (Fig. 4L).
This result indicated that p53 induces MDM2, which in turn
suppresses MEF protein.

MDM?2 Interacts with and Down-regulates MEF Expression
and Stability—To clarify the effect of MDM2 on MEF protein
expression, we overexpressed MDM2, MEF, and ubiquitin in
HCT116 p53™/" cells. MDM2 dose-dependently reduced the
steady-state expression of MEF (Fig. 5, A and B). Conversely,
siMDM2 up-regulated the level of MEF protein (Fig. 5, C and
D). Knockdown of MDM2 in HEK293 cells also increased the
MEF protein level (Fig. 5, E and F). We next examined the pos-
sibility of interaction between MEF and MDM2. HCT116
p53*/* cells were transfected with MEF and MDM2. Total
lysates were isolated from the transfected cells after cross-link-
ing. Immunoprecipitation was performed using MDM2 anti-
body or control IgG (mock immunoprecipitation) and immu-
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FIGURE 5. MDM2 interacts with and down-regulates MEF expression and stability. A and C, HCT116 p53 ™/ cells were co-transfected with MEF, ubiquitin,
and the indicated amount of MDM2 or pcDNA3.1 (con) (A), or with MEF and the indicated amount of si-MDM2 or si-control (C). After 48 h, total protein lysates
were extracted forimmunoblotting analysis. B and D, immunoblots were assessed using Image Gauge software and normalized to Hsc70. Values are mean =
S.E. of 3 independent experiments. *, p < 0.05, **, p < 0.01 versus con, determined by ANOVA with Dunnett’'s comparison test. £, HEK293 cells were co-
transfected with MEF and si-MDM2 or si-control. Total protein lysates were extracted 48 h after transfection. F, immunoblots were quantified using Image
Gauge software and normalized to actin (internal control). Values are mean = S.E. of 3 independent experiments. **, p < 0.01 versus control, determined by
Student’s t test. G-J, HCT116 p53*/* cells were transfected with MEF and MDM2 DNAs (G), with HA-tagged MEF and MDM2 (H), or nontransfected (/ and J).
Cross-linking was performed prior to protein recovery. Total lysates (G and H) or nuclear extracts (/and J) were isolated for analysis of the MEF-MDM2 interaction
by immunoprecipitation using the indicated antibody or the appropriate control IgG. Immunoprecipitates were loaded onto SDS-PAGE gel, blotted, and
probed with the indicated antibody, and immunoblots were visualized using chemiluminescence. Data shown are representative of 2 independent experi-
ments. K, MEF and MDM2 or pcDNA3.1 were co-transfected in HCT116 p53*/™ cells. Forty-eight hours post-transfection, cells were treated with 0.5 mm
cycloheximide and total protein lysates were extracted immediately (0 h), 3 or 6 h after treatment. L, blots were quantified using Image Gauge and normalized

to internal control. Values are mean = S.E. (n = 3).*, p < 0.05, versus control at each indicated time. p values were assessed using t test. WB, Western blot.

noprecipitates were probed with MEF antibody. We detected
exogenous interaction between MEF and MDM2 (Fig. 5G). We
performed reverse immunoprecipitation by transfecting HA-
tagged MEF and MDM2 in HCT116 cells. MEF was immuno-
precipitated using HA antibody, and the immunoprecipitants
were blotted with MDM2 antibody. Interaction between MEF
and MDM2 was also detected in this condition (Fig. 5H). To
determine whether these proteins associate endogenously, we
isolated nuclear extracts from cross-linked, non-transfected
HCT116 p53™/™" cells. The nuclear extracts were subjected to
immunoprecipitation analysis using MDM2 antibody, and
immunoprecipitants were probed with MEF antibody. The
MDM2-immunoprecipated sample but not the IgG-precipi-
tated sample was positive for MEF immunoblotting (Fig. 5I).
Consistent with our observations above, endogenous MDM2
was detectable in the MEF-immunoprecipitated fraction (Fig.
5J/). Importantly, MDM2 clearly decreased the stability of the
MEF protein as determined by CHX chase analysis (Fig. 5, K
and L). These results showed that MDM2 interacts with the
MEF protein and decreases its stability.

MDM?2 Degrades MEF in the Nucleus—Given that MDM?2
shuttles between the nucleus and cytoplasm (39), whereas MEF
is mainly a nuclear protein (40), we wanted to determine
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whether MEF is mainly degraded in the nucleus or cytoplasm.
Interestingly, the expression of MEF in the nuclear fraction was
substantially decreased in the presence of MDM2 (Fig. 6, A and
B). Consistent with what we previously showed (40), MEF was
strongly expressed in the nucleus, whereas it was barely
detected in the cytoplasmic fraction despite that the protein
amount loaded for the latter was 10 times more than the
nuclear extract. At longer exposures, we observed that MEF
expression in the cytoplasm was also down-regulated by
MDMS2 (Fig. 64, MEF?, Cyto). As expected, in total lysate, the
MEF protein level was reduced in the presence of MDM2 (Fig.
6, A and B). When MDM2-transfected cells were treated with
MG132, the MEF protein level was increased in nuclear and
cytoplasmic fractions as well as in the total lysate compared
with their respective controls (Fig. 6, C and D). From these data,
we surmised that MDM2 degrades MEF both in the cytoplasm
and nucleus. But being a mainly nuclear protein, the degrada-
tion of MEF by MDM?2 in the nucleus is likely predominant.
Last, to determine the effect of MDM2 on MEF stability in the
nucleus, we pre-treated HCT116 p53™/" cells for 2 h with 20
nM LMB, an inhibitor of nuclear export. The cells were then
subjected to CHX chase with or without LMB, and the nuclear
and cytoplasmic extracts were isolated. The degradation rate of
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FIGURE 6. MDM2 leads to nuclear degradation of MEF. A, MEF and MDM2 or pcDNA3.1 (con) were co-transfected in HCT116 p53*/™ cells. Forty-eight
hours after transfection, nuclear extracts, cytoplasmic fraction, and total lysates were obtained for immunoblotting analysis of MEF expression. B,
immunoblot of MEF was assessed using Image Gauge and normalized to internal control. Values are mean = S.E. (n = 3).*,p < 0.05, **, p < 0.01 versus
pcDNA3.1-transfected cells in each fraction. p values were assessed using t test. C, MEF and MDM2-transfected cells were treated with DMSO (con) or 2.5
uM MG132 for 20 h. Nuclear extracts, cytoplasmic fraction, and total lysates were obtained for immunoblotting analysis of MEF. D, immunoblot of MEF
was assessed using Image Gauge and normalized to internal control. Values are mean = S.E. (n = 3).*, p < 0.05, **, p < 0.01 versus DMSO-treated cells
in each fraction. p values were assessed using t test. A and C, for the amount of protein, 2.5, 25, and 5 ug of lysates were loaded for nuclear extract,
cytoplasmic fraction, and total lysate, respectively. # indicates longer time and high exposure during chemiluminescence detection. E and H, MEF and
MDM2-transfected cells were pre-treated with ethanol (control) or 20 nm LMB for 2 h. Cells were then co-treated with CHX (0.5 mm) and LMB (20 nm).
Nuclear extracts (E) and cytoplasmic lysates (H) were obtained at the indicated time for analysis of MEF expression. p53 was used as control for LMB
treatment. Actin was used as internal control. The loading amounts of nuclear extract and cytoplasmic fraction for MEF were 2.5 and 25 ug, respectively.
Blots in E and H were quantified and normalized to the internal control using Image Gauge software. Quantification of MEF (F and /) and p53 (G and J)
immunoblots in the nuclear extract (F and G) and cytoplasmic fraction (/ and J) are shown. Values are mean = S.E. (n = 3).*, p < 0.05 versus control at

each indicated time, assessed using Student’s t test. n.s., not significant.

nuclear MEF protein was similar between LMB-treated and
control cells (Fig. 6, E and F), indicating that MDM2 could
degrade MEF in the nucleus. On the other hand, in the nuclear
fraction, the stability of the p53 protein, which we used here as
control for LMB treatment, was lower in the non-treated cells
(con) than in LMB-treated cells (Fig. 6, E and G). This result
suggested the importance of cytoplasmic degradation for p53
(41). Notably, cytoplasmic MEF had lower stability in control
cells than in LMB-treated cells, whereas cytoplasmic p53 was
decreased at a similar rate in control and LMB-treated cells
(Fig. 6, H-)). These observations indicated that MDM?2 facili-
tates MEF degradation mostly in the nucleus.

MDM?2 Down-regulates MEF Expression and Stability in the
Absence of p53—The question that we next addressed is
whether MDM2 can decrease the MEF protein level indepen-
dently of p53. In HCT116 p53~ /" cells, overexpression of
MDM2 dose-dependently suppressed MEF protein expression
(Fig. 7, A and B). Conversely, knockdown of MDM2 by siRNA
increased the MEF expression (Fig. 7, C and D). These results
were confirmed in HeLa cells (Fig. 7, E-H), which do not have
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functional p53 (Fig. 1F) due to inactivation by the HPV E6 pro-
tein (42). MDM2 interacted with the MEF protein in HCT116
p53~/" cells as determined by immunoprecipitation analysis
(Fig. 7, I and J). CHX chase analysis revealed that MDM2 over-
expression decreased stability of the MEF protein compared
with control (Fig. 7, K and L). Together, these results point out
that MDM2 suppresses MEF protein expression and stability
independently of p53.

MDM?2 Decreases the Induction of MEF Target Genes—To
determine the effect of MDM2 on the function of MEF, we
examined the mRNA expression levels of MEF target genes in
HCT116 p53*/" and p53 ™/~ cells. MDM2 alone did not signif-
icantly affect the induction of LYZ, IL-8, and HBD2 mRNA in
HCT116 p53*/" and p53 /" cells (Fig. 8, A—F). As expected,
MEF increased the expression level of its target genes, but the
exogenous addition of MDM2 inhibited the MEF-induced acti-
vation of LYZ, IL-8, and HBD2 genes in both cell lines (Fig. 8,
A-F). These results suggest that MDM?2 suppresses MEF func-
tion. Importantly, congruent with a previous report (13), we
found that MEF increased the mRNA and protein expression
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FIGURE 7.MDM2 down-regulates MEF expression and stability independent of p53.Aand C, HCT116 p53 '~ cells were co-transfected with MEF, ubiquitin,
and the indicated amount of MDM2 or pcDNA3.1 (con) (A), or with MEF and the indicated amount of si-MDM2 or si-control (C). After 48 h, total protein lysates
were extracted forimmunoblotting analysis. Band D, immunoblots were assessed using Image Gauge software and normalized to internal control. Values are
mean = S.E. of 3independent experiments.*, p < 0.05; **, p < 0.01 versus con, determined by ANOVA with Dunnett’s comparison test. n.s., not significant. Eand
G, Hela cells were co-transfected with MEF and MDM2 or pcDNA3.1 (E) or with MEF and si-MDM2 or si-control (G). Total protein lysates were extracted 48 h after
transfection. F and H, immunoblots were quantified using Image Gauge software and normalized to actin. Values are mean = S.E. of 3 independent experi-
ments.*, p < 0.05,**,p < 0.01 versus con, determined by Student’s t test./and J, HCT116 p53 /™ cells were transfected with MEF and MDM2. Cross-linking was
performed prior to protein recovery. Total protein lysates were isolated for analysis of the MEF-MDM2 interaction by immunoprecipitation using the indicated
antibody or the appropriate control IgG. Immunoprecipitates were loaded onto SDS-PAGE gel, blotted, and probed with the indicated antibody, and immu-
noblots were visualized using chemiluminescence. Data shown are representative of 2 independent experiments. K, MEF and MDM2 or pcDNA3.1 were
co-transfected in HCT116 p53 /" cells. Forty-eight hours post-transfection, cells were treated with 0.5 mm cycloheximide and total protein lysates were
extracted at the indicated time. L, blots were quantified using Image Gauge and normalized to internal control. Values are mean = S.E. (n = 3).*,p < 0.05, versus
control at each indicated time. p values were assessed using Student’s t test. WB, Western blot.

levels of MDM2 (Fig. 8, G and H). Taken together with the exposed to DNA damage, and proliferative factors such as MEF
above observations, this result indicates that a negative feed- need to be degraded regardless of its phosphorylation status.
back signaling exists for MEF via MDM2. Because MEF has been shown to facilitate cell cycle progression
DISCUSSION from the G.1 to S phase (3), the ability of MDM2 to suppress the
MEEF protein might also be a cellular mechanism that is part of
The regulation of MEF, especially at the protein level, is  the repertoire of p53 of cell cycle modulation in response to
important for its function as a transcription factor. Our previ-  .qlular stress and damage. As shown in Fig. 4L, treatment with
ous work had implicated an indirect negative effect of p53 on 4} DNA-damaging reagent 5-FU activated p53 and increased
the transcription of MEF via E2F,1 (15). However, it was unclear  yipppo expression leading to the decrease of MEF protein level
yvhether p53 coulcll affect MEF. directly at the pro.te.m level, and in HCT116 p53*/* cells. Admittedly, however, we were not
if so, through which mechanism. Here, we clarified that p53 . . . .
. . able to detect an increase in cell fraction at the S phase in MEF-
down-regulates MEF protein expression. Furthermore, our transfected cells compared with control when the cells were

results revealed that. MDM2 is t he E3 llgasgktlzlat mediates the treated with 5-FU (data not shown). It is probable that the effect
effect of p53. MEF is also a client of SCF>*P%, but the Skp2- ) R ) o
of MEF on proliferation is more detectable in hematopoietic

mediated degradation of MEF is dependent on the phosphory- ) ) R

lation status of MEF (19). However, the MEF construct whose ~ St¢™ cells, in which MEF is highly endogenously expressed (4),

phosphorylation sites have been mutated (P-MT) could still be rather than m eplthellal ce%ls. ".Fhe functional impact of the

subjected to proteasomal degradation (Fig. 44). Proteins could MEE-p53 relationship especially in the context of cellular pro-
liferative control might also be more obvious in cells with

be degraded by more than one E3 ligase, therefore it is not ) St :
surprising that MEF is targeted by an E3 ligase other than Skp2. ~ “stemness” characteristics, such as the glioblastoma stem cells

It is most likely that Skp2 is the specific E3 for phosphorylated ~ (12), than in epithelial cells wherein MEF is mostly known for
MEEF, which is accumulated and degraded at the G,/Sboundary ~ its transactivation function on innate immunity-associated
(3), whereas MDM2 may target non-phosphorylated MEF. genes (7, 8, 10).

Because MDM?2 is a gene target of p53, whereas SKP2 is not, Other E3 ligases that we looked into, such as L/BE4B, PIRH2,
MDM2 might be well placed to influence MEF degradation. and SIAHI are also transcriptional targets of p53 and are E3
This process may be important especially when cells are ligases of p53. Ube4b is overexpressed in brain tumors, leading
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FIGURE 8. MEF-induced activation of target genes is suppressed by MDM2. HCT116 p53 /" (A-C) and HCT116 p53~/~ (D-F) cells were mock-transfected
(con) or transfected with MEF and/or MDM2 as indicated. Total RNA was isolated 48 h post-transfection, and analyzed for the expression of the indicated genes
by quantitative RT-PCR. mRNA levels were normalized to 78 S rRNA. Values are mean = S.E. (n = 3).*, p < 0.05; **p < 0.01 versus non-transfected control. T, p <
0.05; tt, p < 0.01 versus MEF-transfected cells, assessed by ANOVA with Tukey-Kramer test. G, HCT116 p53 ™/~ cells were transfected with pCB6 (con) or the
indicated amount of MEF. Total RNA was isolated and analyzed for the expression of MDM2. mRNA level was normalized to 78 SrRNA. Values are mean = S.E.
(n = 3).*,p < 0.05 versus control, assessed by ANOVA with Dunnett’s test. H, HCT116 p53~/~ cells were transfected with MEF or pCB6. Forty-eight hours after
transfection, total protein lysates were isolated and analyzed by Western blotting. /, schematic representation of MEF and p53 regulation via MDM2. MDM2 is
transcriptionally activated by MEF or p53, and targets MEF and p53 for degradation. Included in the scheme is the previously reported transcriptional activation
of MEF exerted by E2F1, which could be inhibited by p53 through E2F1-p53 interaction (15). Arrows represent transcriptional activation. Lines represent

regulation at the protein level.

to the inactivation of p53. Ube4b contains functional p53 DNA
binding sites and are efficiently transactivated by p53 (31).
PIRH?2 is induced during UV irradiation in a p53-dependent
manner (43). SIAH1 is activated by p53 during telomere dam-
age and cellular senescence (33). The mRNA level of these
genes in HCT116 p53™/" and p53 /" cells, however, had no
significant difference between these cell lines (Fig. 4, C-E). It
could be that although p53 is important for their activation
during certain cellular stress conditions, such as UV-induced
damage and telomere attrition, p53 is not critical for the basal
regulation of these genes. With regards to the activation of
MDM2 by p53, previous reports have shown that the p53 trans-
activation domain is important (37, 38). In line with these stud-
ies, the wild-type p53, but not the TAD mutant, was able to
transactivate the MDM?2 gene (Fig. 4H). Consequently, the p53
TAD mutant was unable to down-regulate the MEF protein
(Fig. 4/), highlighting the role of p53 TAD in the effect of p53 on
MEF via MDM2.

Most nuclear proteins are exported to the cytoplasm for effi-
cient degradation, however, recent studies have shown that
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nuclear proteins are also substrates for proteasomal degrada-
tion in the nucleus (reviewed in Ref. 44). Because MDM2 is
known to shuttle its substrate such as p53 to the cytoplasm for
degradation, we investigated whether MDM?2 would facilitate
the export of MEF from the nucleus to be degraded mainly in
the cytoplasm. Although MEF was detected in the cytoplasmic
fraction and the addition of MDM2 decreased MEF expression
(Fig. 6, A—D), MEF was mainly expressed and down-regulated
by MDM2 in the nuclear extracts. Furthermore, the stability of
nuclear MEF was decreased by MDM2 in cells treated with
LMB, an inhibitor of nuclear export. In addition, cytoplasmic
MEF was more stable in LMB-treated cells than in control cells.
Given that LMB inhibited the export of nuclear MEF, which
was degraded, whereas cytoplasmic MEF had relatively high
stability in the presence of LMB, it can be deduced that MEF
was degraded by MDM2 mainly in the nucleus. In contrast, we
detected that p53 is preferentially degraded in the cytoplasm,
which is consistent with the report demonstrating that shut-
tling of p53 from the nucleus to the cytoplasm is essential for its
degradation (45). MEF being degraded in the nucleus is a logical
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observation considering that MEF is known to be constitutively
nuclear localizing and is barely detected in the cytoplasm (18,
40) (Fig. 6, A and C). This adds MEF to a relatively short but
growing list of transcription factors that are degraded in the
nucleus (44). The mammalian nucleus harbors numerous genes
but only a handful are expressed at a given time point to allow
cells to respond to environmental stimuli. It might then be
imperative that a system for tight regulation of nuclear function
exists within the nucleus itself for rapid response to cellular
demands.

We noted that MDM2 could down-regulate MEF expression
and stability independently of p53. Taken together with the
finding that MEF is a transcriptional activator of MDM?2 (Fig. 8,
G and H, and Ref. 13), our results also revealed a p53-indepen-
dent network in which MEF regulates its own fate by activating
its own E3 ligase akin to the way p53 regulates itself through
MDM2. This intriguing observation adds a layer of complexity
to the mutual and seemingly symmetrical regulation of these
proteins. MDM2 is an E3 ligase of p53 and MEF, capable of
degrading p53 and MEF proteins. As transcription factors, p53
and MEF activate MDM?2 transcription, providing an autoreg-
ulatory negative feedback mechanism (Fig. 81). It was previ-
ously shown that transcriptional activation of MDM2 by MEF
leads to the degradation of p53 (13) and conversely, here we
have shown that transcriptional activation of MDM2 by p53
leads to the degradation of MEF. Based on previous and current
results, a picture emerges in which the known roles of MEF and
p53 as positive and negative cell cycle regulators, respectively,
are reflected on their inhibitory effects on each other via
MDM2. MEF may facilitate cell cycle progression, in part, by
activating MDM?2, which interacts with and suppresses p53.
During DNA damage, however, when p53 is activated, MDM?2
transcription could be abetted by p53. Because activated p53
has minimal interaction with MDM2 due to the p53 phosphor-
ylated status (46), MDM2 might interact mostly with MEF to
promote MEF degradation. Affinity of E3 ligases to its client
proteins changes according to the post-translational modifica-
tion status of the client protein (47), which is influenced by
cellular conditions. Thus, MDM2 interaction with p53 or MEF
could be affected by the state of the cellular environment.
Beyond the effect that MEF and p53 have on each other by
activating MDM2, these proteins could turn that same mecha-
nism on themselves (i.e. activating MDM?2) for negative feed-
back autoregulation. These findings give evidence that the p53-
MDM2-MEF axis is a feedback mechanism that provides
exquisite control on the maintenance and balance of these tran-
scriptional regulators (Fig. 81). It is likely that dysfunction of
one of these factors could affect a fragile balance that could lead
to the dysregulation of some cellular processes.
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