





Introduction

Retinoblastoma protein (Rb) and p53 are two tumor suppressors that have been
found to exhibit loss of function in large percentage of human tumors. The main function
of Rb lies in its regulation of E2Fs, which promote cell cycle progression (Weinberg
1995; Dyson 1998). Oncogenic signals such as Ras, induce the phosphorylation of Rb
through cyclinD-Cdks and free E2F from the sequestration of Rb, promoting entry into S
phase (Sherr 2001). In this pathway, there is another tumor suppressor working in the
upstream of this Rb-E2F pathway: pl 6INK* is a Cdk inhibitor that inhibits cyclin-
dependent kinase 4 and disrupts the cyclin-Cdk complexes, thus maintaining Rb in the
hypophosphorylated and active state in inhibiting the cell cycle progression promoted by
E2Fs (Sherr and Roberts 1995; Weinberg 1995; Sherr 2001). The gene locus of p16™"
on chromosome 9 is mutated at high frequency in human tumors (Kamb, Gruis et al.
1994; Nobori, Miura et al. 1994). Later it was found that the necessity in tumor cells to
mutate p16 locus lies in the fact that this locus encodes a second gene transcribed with an
alternative reading frame, namely ARF (Serrano, Hannon et al. 1993; Quelle, Zindy et al.
1995).

Although ARF is completely unrelated to p16, the mutation of ARF also caused
high frequency of tumor genesis independent of p16, supporting ARF as a tumor
suppressor (Foulkes, Flanders et al. 1997; Ruas and Peters 1998; Sharpless and DePinho

1999). The mechanism of ARF induced cell cycle arrest is distinct from that of p16™~.
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A myriad of genetic stress including E1A, E2F, myc, ras and v-abl induce the expression
of ARF, which activates the function of tumor suppressor p53 by harnessing p53
inhibitor, MDM2 (Kamijo, Weber et al. 1998; Pomerantz, Schreiber-Agus et al. 1998;
Stott, Bates et al. 1998; Zhang, Xiong et al. 1998).

Thus, ARF plays an important role in linking the Rb-E2F with p53-MDM2 signal
transduction pathways. When mitogenic signal induced E2F activity reaches a critical
threshold, ARF is induced and activates another checkpoint protein: p53, which executes

cell cycle arrest or apoptosis.
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Figure 22. ARF connects Rb-E2F pathways to p53-MDM?2
pathway

81



Results

MDMX forms trimeric complex with MDM2 and ARF

It is well recognized that ARF binds to MDM2 in the acidic domain and inhibits
MDM2’s regulation of p53. However, the binding between MDMX and ARF has been
controversial. In order to compare the binding efficiency between MDMX-ARF to that
of MDM2-ARF, FLAG-tagged MDMX or FLAG-tagged MDM2 were cotransfected with
myc-tagged ARF in H1299 cells. The FLAG-tagged proteins were immunoprecipitated
by M2 beads and co-precipitated ARF protein was detected by Western blot using
monoclonal antibody 14P02 against ARF (Fig 23). The result showed that ARF binds to
MDM2. MDMX overexpression does not change the binding efficiency between MDM2
and ARF. No significant MDMX-ARF binding was detected in the absence of
overexpressed MDM2. However, in the presence of overexpressed non-tagged MDM?2,
significant amount of ARF was pulled down by FLAG-MDMX, indicating that MDM2
mediated the binding between MDMX and ARF. MDM?2 lacking the RING domain,
which is the MDMX binding region, did not mediate the binding between FLAG-MDMX
and ARF; neither did the two MDM?2 mutants lacking ARF binding regions. This
experiment suggests that MDM?2 bridges the binding between MDMX and ARF and that

a tertiary complex can be formed among MDM2, MDMX and ARF.
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Figure 23. MDMX forms trimeric complex with MDM2 and ARF. FLAG-
MDMX and FLAG-MDM2 were cotransfected with ARF expression plasmids in
H1299 cells in the presence or absence of non-tagged MDMX or MDM?2
mutants. FLAG-MDMX or FLAG-MDM?2 was immunoprecipitated by M2
beads followed by western blot against FLAG-tagged proteins with rabbit-anti-
FLAG antibody to show the level of immunoprecipitated MDMX and MDM2
(top panel). Co-immunoprecipitated ARF was detected by Western blot using
mouse monoclonal antibody 14P02 against ARF (2™ panel). Expression level of
MDM2 was confirmed by western blot with rabbit-anti-MDM?2 antibody (3"
panel). The level of ARF expressed was verified by direct western blot against
ARF in the whole cell lysate 4" panel). Transfection efficiency was verified by
expression of cotransfected GFP plasmid (bottom panel).
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To further confirm the binding between MDMX and ARF, the experiment was
repeated in H1299 cells with FLAG-p53 as another positive control. FLAG-MDMX and
MDM2 were cotransfected in the presence or absence of overexpressed ARF. Previous
studies showed that ARF binds directly to both MDM?2 and p53 (Kamijo, Weber et al.
1998). Indeed, we observed that ARF was co-precipitated with either FLAG-p53 or
FLAG-MDM2. However, significant ARF-MDMX binding was only detected when

MDM2 was coexpressed, verifying MDM2’s recruitment of ARF to MDMX (Fig 24).
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Figure 24. MDM2 enhances the binding between MDMX and ARF. FLAG-
p53, FLAG-MDMX and FLAG-MDM2were cotransfected in the presence or
absence of ARF in H1299 cells. FLAG-tagged proteins were
immunoprecipitated by M2 beads followed by western blot against FLAG-
tagged proteins with rabbit-a-FLAG antibody to show the level of
immunoprecipitated p5S3, MDMX and MDM2 (top panel). Co-
immunoprecipitated ARF was detected by Western blot using mouse monoclonal
antibody against ARF (2““l panel). Transfection efficiency was verified by
expression of cotransfected GFP plasmid (3™ panel). The level of ARF expressed
was verified by direct western blot against ARF in the whole cell lysate (3rd
panel)
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MDM2 mediates the binding between MDMX and ARF

In order to verify the binding between MDMX and ARF, we used UO2S cells,
which lacks endogenous ARF expression. MDMX was cotransfected with myc-tagged
wild type ARF and ARF deletion mutants. Immunoprecipitation was performed using
protein A beads and mouse monoclonal antibody against myc-tag. Co-precipitated
MDMX was detected in western blot by rabbit polyclonal antibody against MDMX. The
result showed that MDMX was co-precipitated with wild type as well as the N-terminal
mutants of ARF. ARF C terminus cannot bind to MDMX. ARF98Q is mutated at the
NoLS sequence and retains the capability to bind MDMX (Fig 25). To see if MDMX-
ARF binding is cell-type specific, we performed the experiment in H1299 cells and
observed similar result (data not shown). We speculated that the binding is mediated by
endogenous MDM2 in both cell lines. To find out if MDM?2 is required for MDMX-ARF
binding, we performed the same experiment in MEF 174.1, which is a p53/-/MDM2-/-
cell line that lacks endogenous MDM2. Result showed that only in the presence of
MDM2 does MDMX bind to ARF, indicating that the previously observed MDMX and
AREF binding in U20S and H1299 cells was possibly mediated by endogenous MDM?2 in
those cell lines (Fig 25). Thus, MDM?2 bridges the binding between MDMX and ARF
and the MDM2-binding region in ARF N-terminus is required for the indirect binding

between MDMX and ARF.
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Figure 25. ARF N-terminus is required for binding MDMX. MDMX was
cotransfected with myc-tagged wild type ARF or ARF deletion mutants as well
as ARF nucleolus localization-deficient mutant into U20S and MEF174.1(p53-/-
MDM2-/-), respectively. Myc-ARF was immunoprecipitated by protein A beads
and anti-myc-tag antibody. Co-precipitated MDMX was detected by western
blot using rabbit polyclonal antibody against MDMX. The MDMX expression
level was shown by western blot against MDMX using mouse monoclonal
antibody 8C6 against MDMX from the whole cell lysate. Transfection
efficiency was verified by expression of cotransfected GFP plasmid.
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ARF does not affect the binding efficiency between MDM2 and MDMX

Since we observed that MDM2 enhanced the binding between MDMX and ARF
(Fig 23-25), we speculated that the tertiary complex formation results in the increased
binding affinity among the three proteins. To find out if MDMX and MDM2 binding
efficiency can be changed by overexpression of ARF, H1299 cells were transiently
transfected with fixed amount of MDMX and increasing amount of MDM2 and ARF.
MDMX was immunoprecipitated with mouse monoclonal antibody 8C6 and the co-
precipitated MDM2 was detected by rabbit polyclonal antibody against MDM?2. The
result showed that the expression of ARF did not affect the binding efficiency between

MDMX and MDM2 (Fig 26).
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Figure 26. ARF does not affect the binding efficiency between MDM2 and
MDMX. MDMX was cotransfected with increasing amount of MDM2 and ARF
and was immunoprecipitated by protein A beads and mouse anti-MDMX
antibody 8C6. Co-precipitated MDM?2 was detected by western blot using rabbit
polyclonal antibody against MDM2 (top panel). The MDMX and ARF
expression levels were shown by western blot from the whole cell lysate (middle
panels). Transfection efficiency was verified by expression of cotransfected
GFP plasmid (bottom panel).
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Modification of MDMX by Sumoylation

Abstract

MDMX is a homolog of MDM?2 and is critical for regulating p53 function during mouse
embryonic development. MDMX level is regulated by MDM2-mediated poly-
ubiquitination, which results in accelerated degradation after DNA damage or expression
of ARF. In this report, we demonstrated that MDMX can be modified by conjugation to
SUMO-1 both in vivo and in vitro. We found that double mutation of two lysine residues;
K254 and K379 abrogated MDMX sumoylation in vivo. Experiments using the
sumoylation-deficient MDMX mutant showed that it undergoes normal ubiquitination
and degradation by MDM2, normal nuclear translocation and degradation after DNA
damage, and inhibits p53 with wild type efficiency. Therefore, sumoylation is not

required for several activities of MDMX under our assay conditions.
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Introduction

The p53 pathway is regulated by multiple mechanisms, which is critical for its
ability to respond to stress and suppress tumor formation. P53 turnover is regulated by
MDM2, which functions as an ubiquitin E3 ligase to promote p53 ubiquitination and
degradation by the proteasome. Stress signals such as DNA damage induce p53
accumulation by phosphorylation of p53 and MDM2 (Prives and Hall 1999). Mitogenic
signals activate p53 by induction of the ARF tumor suppressor encoded by an alternative
open reading frame in the p16INK4a locus, which inhibits the E3 ligase function of
MDM2 (Kamijo, Weber et al. 1998; Zhang and Xiong 2001). MDM?2 also regulates the
acetylation of p53 by preventing binding of p300/CBP or recruitment of HDAC1 (Kobet,
Zeng et al. 2000; Ito, Lai et al. 2001; Ito, Kawaguchi et al. 2002).

Recent studies revealed that p53 is also regulated by the MDM2 homolog MDMX
(Shvarts, Steegenga et al. 1996). MDMX shares strong homology to MDM?2 at the amino
acid sequence level and can bind to p53 and inhibit its transcription function in transient
transfection assays. MDMX alone does not promote p53 ubiquitination or degradation in
vivo (Stad, Little et al. 2001). However, formation of MDM2-MDMX heterodimer
stimulates the ubiquitin E3 ligase activity of MDM2 for itself and p53 (Badciong and
Haas 2002; Linares, Hengstermann et al. 2003), suggesting that MDMX may function as
a regulator or cofactor of MDM2. Knockout of MDM2 in mice results in embryonic

lethality due to hyper-activation of p53 (Montes de Oca Luna, Wagner et al. 1995).
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Several studies showed that MDMX-null mice also die in uterus in a p53-dependent
fashion, which can be rescued by crossing into the p53-null background (Parant, Chavez-
Reyes et al. 2001; Finch, Donoviel et al. 2002; Migliorini, Denchi et al. 2002). Therefore,
MDMX is also an important regulator of p5S3 during embryonic development. MDMX
overexpression can lead to transformation in cell culture; MDMX gene amplification and
overexpression has been observed in certain tumors with wild type p53, suggesting that it
may contribute to p53 inactivation in cancer (Ramos, Stad et al. 2001; Danovi,
Meulmeester et al. 2004).

Recently, pS3 and MDM2 have been found to be modified by SUMO-1
conjugation (Small ubiquitin-like modifier) (Gostissa, Hengstermann et al. 1999;
Rodriguez, Desterro et al. 1999; Xirodimas, Chisholm et al. 2002). Sumoylation of p53
and MDM2 in vitro are carried out by a universal SUMO activating E1 enzyme
(SEA1/SEA2 heterodimer) and SUMO conjugating enzyme E2 (ubc9) (Hochstrasser
2002). SUMO is activated in an ATP-dependent manner by E1, transferred to E2, and
subsequently attached to the e-amino group of lysines on target proteins (Hochstrasser
2002). The sumoylated lysine residue in many substrates often locates within a consensus
sequence of WKxXE where vy is an aliphatic residue (Rodriguez, Dargemont et al. 2001).
Lysine 386 is the major sumoylation site for p53 (Gostissa, Hengstermann et al. 1999;
Rodriguez, Desterro et al. 1999), whereas the sumoylation site on MDM2 has not been
positively identified (Xirodimas, Chisholm et al. 2002; Chen and Chen 2003).

The functional role of sumoylation is diverse among different substrates. It has
been proposed to be important for regulating the localization, activity, and degradation of

target proteins (Hochstrasser 2002). Initial studies using p53 386 lysine-to-arginine
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mutant resistant to sumoylation suggested that sumoylation moderately enhances p53
transcription activity (Gostissa, Hengstermann et al. 1999; Rodriguez, Desterro et al.
1999). Muller et al. found that the p53 386K mutant has slightly impaired apoptotic
activity (Muller, Berger et al. 2000). Other studies did not observe such an effect (Minty,
Dumont et al. 2000; Kwek, Derry et al. 2001), possibly due to different assay conditions.
MDM2 sumoylation has been shown to be stimulated by ARF through nucleolar targeting
of MDM2 (Xirodimas, Chisholm et al. 2002; Chen and Chen 2003). MDM?2 and ARF
cooperatively stimulate p53 sumoylation (Chen and Chen 2003), suggesting a potential
mechanism that contributes to ARF activation of p53. Despite efforts by several
laboratories, the sumoylation site on MDM2 has not been determined, possible due to
presence of multiple alternative sites. The lack of sumoylation-deficient MDM2 mutants
prevents further investigation of the functional of this modification.

Recent work from several laboratories showed that MDMX is regulated by
MDM2-mediated ubiquitination and degradation (Kawai, Wiederschain et al. 2003;
Linares, Hengstermann et al. 2003; Pan and Chen 2003). Ubiquitination of MDMX leads
to increased degradation after DNA damage and expression of ARF (Kawai,
Wiederschain et al. 2003; Pan and Chen 2003), suggesting that ubiquitination is an
important modification on MDMX. In this report, we present evidence that similar to p53
and MDM2, MDMX is also modified by sumoylation. Two lysine residues critical for
MDMX sumoylation have been identified. MDMX point mutants that cannot be modified
by sumoylation have similar properties as wild type MDMX in several functional assays,

suggesting that sumoylation are not required for these MDMX functions.
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Results

MDMX is posttranslationally modified by sumo-1

MDM2 has been demonstrated to be modified by sumo-1. Since MDMX and
MDM2 share significant sequence homology, we speculated that MDMX might also be
sumoylated in vivo. To detect MDMX sumoylation, we coexpressed MDMX and His6-
sumo-1 by transient transfection into H1299 cells. MDMX conjugated to His6-sumo-1
was purified by Ni*-NTA beads under denaturing conditions and detected by western
blot with MDMX-specific monoclonal antibody 8C6. The result showed that
coexpression of MDMX and his6-sumo-1 resulted in the appearance of MDMX species
at 90 kd molecular weight, suggesting that MDMX was sumoylated in vivo (Figure 28).
Expression of the desumoylating enzyme SENP1 completely eliminated the 90 kd
MDMX band (Gong, Millas et al. 2000), consistent with it being a sumoylated form of
MDMX.

It has been demonstrated that the sumoylation of MDM2 can be significantly
enhanced by ARF (Xirodimas, Chisholm et al. 2002; Chen and Chen 2003). To test if
ARF also stimulates the sumoylation of MDMX, ARF was cotransfected together with
MDMX and His6-sumo-1. In analogy to MDM?2 sumoylation, MDMX sumoylation was
also enhanced by the overexpression of ARF (Figure 28). The significance and

mechanism of this effect remains to be determined.
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Figure 28. ARF stimulates MDMX sumoylation and the sumo-specific
protease SENP1 desumoylates MDMX.

MDMX was coexpressed with His6 -sumo in H1299 cells by transient
transfection. His6-sumoylated proteins were purified, and MDMX was detected by
Western blotting with 8C6 antibody.

The lower panels are control Western blots of nonpurified cell lysate (10% of the
amount used for Ni-NTA purification). Transfection efficiency was verified by
expression of cotransfected GFP plasmid.



We have recently reported that MDM2 functions as an E3 ligase for MDMX
polyubiquitination (Pan and Chen 2003). Furthermore, MDM2 expression also stimulates
p53 sumoylation (Chen and Chen 2003). Therefore, we tested whether MDM2 and p53
regulate MDMX sumoylation. The results showed that expression of MDM2 led to
degradation of MDMX in a RING finger-dependent fashion as expected. The level of
MDMX sumoylation was also reduced accordingly, suggesting that MDM2 does not
stimulate MDMX sumoylation (Figure 28). Coexpression of wild type p53 significantly
reduced transfection efficiency and MDMX expression level due to squelching effects,
the corresponding reduction of sumoylated MDMX level also ruled out a stimulatory
effect.

Next, we tested whether MDMX sumoylation can be recapitulated in cell-free
conditions. In vitro translated MDMX was incubated with Hela cell E1 fraction, purified
E2, and ATP. Significant modification of MDMX was observed after addition of
purified sumo-1 (Figure 29). Addition of in vitro translated ARF had no effect on
MDMX sumoylation level in this assay, possibly due to insufficient amount and poor
binding to MDMX under the assay condition, or that the in vivo stimulatory effect

involved additional factors.
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Figure 29. In vitro sumoylation of MDMX.
In vitro translated proteins were incubated in the presence or absence of E1 fraction,
E2, ATP or SUMOI1. ARF did not stimulate MDMX sumoylation in vitro.

Identification of MDMX sumoylation sites

The consensus sequence for sumoylation has been identified as wKXE, where
represents a large hydrophobic amino acid and K stands for the sumo conjugating lysine
residue. However, despite the presence of such consensus site, previous studies were not
able to definitively identify the sumoylation site on MDM2 (Xirodimas, Chisholm et al.

2002; Chen and Chen 2003). To determine the region containing sumoylation sites on
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MDMX, a panel of MDMX deletion mutants was generated with N or C terminal
truncations (Figure 30). The MDMX deletion mutants were coexpressed with His6-
sumo-1 by transient transfection into H1299 cells, purified by Ni**-NTA beads under
denaturing conditions and detected by western blot with MDMX polyclonal antibody.
The result showed that major sumoylation sites are contained within the region 250-490

(Figure 31).
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Figure 30. The major sumoylation sites of MDMX are contained within the
region 250-490.
A panel of MDMX deletion mutants was generated for their sumoylation status.
MDMX deletion mutants were coexpressed with His6 -sumo in H1299 cells by
transient transfection. His6-sumoylated proteins were purified, and MDMX deletion
mutants were detected by Western blotting with polyclonal rabbit-anti-MDMX
antibody.

The lower panels are control Western blots of nonpurified cell lysate, showing the
expression of the MDMX deletion mutants (10% of the amount used for Ni-NTA
purification).
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Figure 31. Diagram of MDMX mutants and summary of results.

Major MDMX sumoylation sites are contained within the region 250-490.

The MDMX sequence contains three sites that conform to the wKXE consensus,
lysine 254 (IKVE), 379 (IKKE) and 478 (CKKE). To directly test whether these sites are
required for sumoylation, single or combined site-directed mutagenesis of these three
lysines were performed. The mutants were tested for their sumoylation efficiency by
transient transfection of H1299 cells. MDMX sumoylation was not affected by the

mutation of any single lysines. However, double-mutation of K254 and K379 to arginine
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abrogated the sumoylation of MDMX (Figure 32). Therefore, K254 and K379 are likely

to be the major sumoylation sites, which is consistent with the deletion mutant results.
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Figure 32. Characterization of MDMX sumoylation sites on serine 254 and
serine 379.

Point mutants serine 254, 379 and 478 were generated for identification of
MDMX sumoylation sites. Sumoylated wild-type MDMX and MDMX point
mutants K254, K379, K478 and the double mutant of K254 and K379 (DM) as
well as the triple mutant of all three serines in the consensus sequence were
purified by Ni-NTA purification and detected by Western blot with 8C6 antibody.
The lower panels are control Western blots of nonpurified cell lysate (10% of the
amount used for Ni-NTA purification).
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SENP1 has been identified as a sumo-specific protease. In order to further verify
the modification of MDMX by sumo, we cotransfected His6-sumo-1 with wild type
MDMX, MDMX sumo-deficient single mutants, double mutant and triple mutant in
H1299 cells in the presence or absence of SENP1 expression plasmid. Sumoylated
MDMX was purified by Ni*-NTA purification and detected by Western blot. The result
showed that SENP1 reversed the sumoylation of wild type MDMX and all three MDMX
point mutants but had no effect on sumoylation-deficient MDMX double or triple

mutants, confirming the characterization of MDMX sumoylation sites (Figure 33).
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Figure 33. Desumoylation of MDMX by SENPL1.

H1299 cells were transfected with His6-SUMO1 and indicated plasmids.
Sumoylated MDMX was detected by Ni-NTA purification and Western blot.
Expression of SENP1 abrogated MDMX sumoylation.

MDMX sumoylation does not affect its stability and regulation by DNA damage

MDMX forms a heterodimer with MDM2 and is poly-ubiquitinated and degraded
by MDM2. MDMX is also modified by mono-ubiquitination in the absence of MDM?2
expression through unknown mechanism (Pan and Chen 2003). To test if blocking

MDMX sumoylation affects its ubiquitination, we coexpressed MDMX and His6-
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ubiquitin by transient transfection into H1299 cells. MDMX conjugated to His6-ub was
purified by Ni*-NTA beads under denaturing conditions and detected by western blot
with MDMX-specific monoclonal antibody 8C6. The result showed that K254 and K379
single or double mutations had little effect on MDMX mono-ubiquitination (Figure 34).
Interestingly, mutating K478 led to significantly higher mono-ubiquitination either alone
or in the triple mutant background. Since K478 is located immediately after the last
cysteine residue of the RING finger, its mutation to arginine may have stimulated the
weak self-ubiquitination of MDMX (Badciong and Haas 2002). Poly-ubiquitination of
the MDMX mutants by MDM?2 was similar to wild type MDMX (Figure 34), suggesting
that lack of sumoylation does not affect MDMX ubiquitination by MDM2. Surprisingly,
the K478R mutant was also poly-ubiquitinated and degraded at similar efficiency
compared to wild type MDMX, suggesting that increased basal mono-ubiquitination does

not promote poly-ubiquitination and degradation by MDM2.
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Figure 34. Lack of sumoylation does not affect MDMX mono-
ubiquitination or polyubiquitination by MDM?2.

MDMX and His6-ubiquitin were coexpresssed by transient transfection into
H1299 cells. MDMX conjugated to His6-ub was purified by Ni*’-NTA beads
under denaturing conditions and detected by western blot with MDMX-
specific monoclonal antibody 8C6.

MDMX sumoylation status has little effect on the stability of MDMX. The
lower panels are control Western blots of non-purified cell lysate (10% of the
amount used for Ni-NTA purification). Transfection efficiency was verified
by expression of cotransfected GFP plasmid.

Next, the MDMX sumo-deficient double point mutants were cotransfected with

increasing amount of MDM2 in H1299 cells. To further compare the sensitivity of
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MDMX sumoylation mutants to MDM2-mediated degradation, a titration experiment was
performed with fixed amount of MDMX plasmid and increasing amount of MDM?2
plasmid in the transfection. The dose-dependent degradation by MDM2 was also similar
between wild type and mutant MDMX, suggesting that MDMX sumoylation status does

not directly affect its stability regulated by MDM2 (Figure 35).
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Figure 35. MDMX sumoylation status does not affect its MDM2-mediated
degradation.

MDMX and MDMX sumoylation-deficient double mutant were cotransfected with
increasing amount of MDM2. The level of MDMX was detected by Western blot
with 8C6 antibody.

Previous studies showed that MDMX is destabilized upon DNA damage in an
MDM2-dependent fashion (Kawai, Wiederschain et al. 2003; Pan and Chen 2003).
Recent work in our lab suggested that DNA damage-induced phosphorylation of MDMX
might play a role in accelerating MDMX degradation (manuscript in preparation). To
test if blocking MDMX sumoylation affects its regulation by DNA damage, U20S cells

were stably transfected with control vector, wild type MDMX and MDMX sumo-
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deficient mutants. Cells were treated with ionizing radiation and collected at different
time points. We found that both wild type and sumo-deficient MDMX were degraded at

similar efficiency after DNA damage (Figure 36).
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Figure 36. MDMX sumoylation status does not affect its DNA damage induced
destabilization.
U20S cells were stably transfected with control vector, wild type MDMX and
MDMX sumo-deficient mutants. Cells were treated with ionizing radiation and
collected at different time points. The levels of MDMX, MDM2, p53, p21 and actin
were detected by Western blot.
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MDMX is mainly localized in the cytoplasm of cells when expressed at high
levels and undergoes nuclear translocation after DNA damage through both MDM2-
mediated and MDM?2-independent mechanisms (Li, Chen et al. 2002)

. When compared to wild type MDMX, the sumoylation-deficient MDMX
mutants also translocated into the nucleus after ionizing radiation (Figure 37). Therefore,
we conclude that sumoylation is not required for the regulation of MDMX localization

and stability after DNA damage.

Control 10 Gy 18 hr

Figure 37. Sumoylation-deficient MDMX mutants translocated into the
nucleus after ionizing radiation in the same fashion as wild type MDMX.
MDMX mutants were transfected in H1299 cells and r irradiated. Cells were
incubated for 18 hrs before collection. MDMX was detected by 8C6 antibody
and stained with FITC-goat-anti-mouse IgG.

In further experiments, we compared the ability of MDMX sumoylation mutants

to inhibit p53 transcriptional function. The MDMX mutants were cotransfected with p53
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expression plasmid and p53-responsive luciferase reporter into p53-null H1299 cells,
additionally, MDMX mutants were cotransfected with p53-luciferase reporter into p53-
wild type U20S cells to determine the effect on endogenous p53 transcriptional activity.
In both tests, the MDMX sumoylation mutants exhibited similar ability to inhibit p53
function compared to wild type (data not shown). Coimmunoprecipitation experiments
with MDM2 and p53 also did not review changes in the ability of the sumoylation
mutants to bind MDM2 or p53 (Figure 38). Therefore, we concluded that sumoylation of

MDMX is not required for suppression of p53 activity under our experimental conditions.
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Figure 38. MDMX sumoylation status does not affect protein-protein
binding between p53, MDM2 and MDMX.

Wild type MDMX and MDMX sumoylation-deficient mutant were
cotransfected with MDM2 (lane 1-3) or p53 (lane 4-6) or both (lane 7-9) in
H1299 cells. No change of MDMX co-precipitated with MDM2 (compare
lane 2&3) or p53 (compare lane 5&6) was detected by Western blot with anti-
MDMX antibody 8C6. No change of MDM2 co-precipitated with pS3 in the

presence of wild type or mutant MDMX was detected by Western blot with
anti-MDM?2 antibody 3G9.
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Discussion

In this report, we showed that similar to p53 and MDM2, MDMX also undergoes
modification by sumoylation. Conjugation to sumo-1 was detected both in vivo and in
vitro. Similar to other sumoylation substrates, MDMX sumoylation in vitro is highly
efficient in the presence of E1 and E2 enzymes, suggesting that a specific E3 is not
required for this reaction. Previous studies failed to identify the lysine residue important
for sumoylation on MDM?2, possibly due to presence of multiple alternative sites
(Xirodimas, Chisholm et al. 2002; Chen and Chen 2003). Through deletion and point
mutagenesis, we were able to determine that K254 and K379 are important for MDMX
sumoylation. Single mutations on each site had limited effect on MDMX sumoylation,
but the double mutant largely abrogated the modification. Sequence comparison showed
that these sites are not conserved on MDM?2, suggesting that MDM2 sumoylation
involves other lysine residues. Furthermore, mutation of K254 and K379 did not affect
MDMX ubiquitination, eliminating the possibility that sumoylation and ubiquitination
compete for the same lysines on MDMX.

An unresolved question is the role of sumoylation in the function and regulation
of the p53 pathway. Previous studies showed that sumoylation of p53 had very moderate
positive effects on its transcription activation function (Melchior and Hengst 2002).
Inability to identify the sumoylation site on MDM?2 hampered investigation of the role of
this modification on MDM2 and p53 function. Generation of MDMX sumoylation-

deficient mutants in this study enabled us to test whether sumoylation of MDMX is
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involved in several aspects of MDMX function and regulation. At present, the results
suggest that MDMX sumoylation is not required for MDMX ubiquitination and
degradation by MDM2. Furthermore, regulation of MDMX degradation and nuclear
translocation by DNA damage are not affected by lack of sumoylation. The regions of
MDMX that contain the sumoylation sites are not directly involved in binding to p53,
therefore it is not surprising that p53 binding and regulation by the MDMX mutants are
similar to wild type.

Comparison between the level of total MDMX expression in the transfected cells
and the amount of sumoylated MDMX recovered by His6-sumo-1 purification indicated
that only a small fraction of MDMX (<5%) is conjugated to sumo-1 at any given time.
Therefore, it is possible that the modification regulates a specific sub-population of
MDMX. Therefore, the impact of this modification on MDMX function may not be
evident by the overexpression assays we employed. Although the functional analysis so
far have not revealed a requirement for sumoylation in several aspects of MDMX
regulation, we cannot rule out a role for sumoylation in regulating other yet to be
identified MDMX functions. The findings and reagents described in this report should
facilitate future study of the role of sumoylation in regulating MDMX and the p53

pathway.
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Scientific Significance

P53 is a tumor suppressor serving as a guardian of the genome, and controls the
proliferation and apoptosis of abnormal cells. Under normal condition, p53 needs to be
maintained at low level to allow cell growth and proliferation. The two major negative
pS3-regulators identified to date are MDM2 and MDMX. In mouse models, the
abrogation of either MDM2 or MDMX lead to embryonic lethality, which can be rescued
by crossing into p53 null background, demonstrating that both MDM2 and MDMX are
major regulators of p53.

P53 is a well-known stress sensor for cells. After DNA damage, p53
transcriptionally activates the downstream target genes such as p21 and Bax to stop the
cells carrying damaged DNA from proliferating or to eliminate the cells by apoptosis.
Hypothetically, full activation of p53 requires the inhibition of both MDM2 and MDMX,
which would restrain p53 activity under normal conditions. It is well recognized that p53
binding to MDM2 is weakened after DNA damage due to phosphorylation on the MDM2
binding site. However, the question still remains that if MDMX, the other major negative
regulator of p53 can be eliminated after DNA damage to allow the complete activation of
pS3.

Since MDMX and MDM?2 form heterodimers through their RING finger domains

and MDM2 contains the intrinsic ubiquitin E3 ligase activity, we speculated that MDMX
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might be an E3 substrate of MDM2. Indeed, we found that MDM2 can stimulate the
polyubiquitination and degradation of MDMX through the proteasome pathway. From
the in vivo and in vitro experiments, we concluded that MDM2 is the bona fide E3
ubiquitin ligase for MDMX and their heterodimerization through the RING domains is
required. Based on the fact that MDM?2 accumulates due to p53 activation after DNA
damage and that MDMX can be degraded in an MDM2-dependent fashion, we
speculated that DNA damage might induce the degradation of MDMX partially through
the accumulation of MDM?2. This was shown to true. After DNA damage, MDMX level
significantly reduced, which can be rescued by proteasome inhibitor. The reduction of
MDMX protein level is not caused by the mRNA change and is accompanied by the
accumulation of MDM2.

Interestingly, we found that ARF overexpression had a synergistic effect with
MDM?2 in stimulating MDMX polyubiquitination and degradation. This is in contrast to
ARF’s inhibition of p53 polyubiquitination by MDM2. Additionally, ARF
overexpression alone is sufficient in inducing MDMX degradation. This finding changed
our understanding of ARF from a stereotypical MDM2 inhibitor into a dynamic MDM2
E3 regulator, which turns on MDM2’s E3 function towards MDMX oncogene while
suppressing its E3 activity towards p53 tumor suppressor.

Based on the above findings, we proposed the following model: Under normal
condition, p53 remains inactive and unstable due to the negative regulation from both
MDM2 and MDMX. After DNA damage, MDMX is degraded through a proteasome-
dependent pathway. Meanwhile, MDM2-p53 binding is disrupted due to p53

phosphorylation. On the other hand, oncogenic signals such as Ras and E2F1 can induce
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the overexpression of ARF, which stimulates MDM2 ubiquitination of MDMX
degradation and in the meantime, suppressing the ubiquitination of p53 by MDM2. Thus,
both DNA damage and mitogenic signals can activate p53 by abrogating the function of
both p53 negative regulators, namely MDM?2 and MDMX. Our work established MDMX
as an important target of stress signals. Degradation of MDMX by MDM2 connects
MDMX to the well-established p53 signaling pathways and provides further insight into
the mechanisms of effective p53 response to stress (Figure 21).

Posttranslational modification is an efficient way to modulate protein biological
functions. We identified MDMX as an ubiquitin substrate of MDM2. Moreover, we
found that MDMX can be conjugated to SUMO-1 and identified the sumoylation sites on
MDMX to K254 and K379. It is worth noticing that ARF can stimulate both
ubiquitination and sumoylation of MDMX. However, the mechanism through which ARF
modulates MDMX posttranslational modification remains elusive. In this manuscript, we
found that MDM2 significantly stimulates the binding efficiency between MDMX and
ARF. Additionally, ARF stimulates MDMX polyubiquitination in a dose-dependent
fashion associated with a stabilization of MDM2. Ongoing research in the lab is focusing
on the mechanism by which oncogenes signal through ARF to regulate MDMX function
and stability, as well as its implication on p53 activation. In conclusion, data from this
manuscript made important contribution to our understanding of the mechanism of
MDMX regulation, which is vital in understanding p53 activation upon DNA damage or

mitogenic stress.

119



Reference

Ambrosini, G., C. Adida, et al. (1997). "A novel anti-apoptosis gene, survivin, expressed

in cancer and lymphoma." Nat Med 3(8): 917-21.

Appella, E. and C. W. Anderson (2001). "Post-translational modifications and activation
of p53 by genotoxic stresses." Eur J Biochem 268(10): 2764-72.

Atadja, P., H. Wong, et al. (1995). "Increased activity of p53 in senescing fibroblasts."
Proc Natl Acad Sci U S A 92(18): 8348-52.

Avantaggiati, M. L., V. Ogryzko, et al. (1997). "Recruitment of p300/CBP in p53-
dependent signal pathways." Cell 89(7): 1175-84.

Badciong, J. C. and A. L. Haas (2002). "MdmX is a RING finger ubiquitin ligase capable
of synergistically enhancing Mdm?2 ubiquitination." J Biol Chem 277(51): 49668-75.

Bailey, D. and P. O'Hare (2002). "Herpes simplex virus 1 ICPO co-localizes with a
SUMO-specific protease." J Gen Virol 83(Pt 12): 2951-64.

Banin, S., L. Moyal, et al. (1998). "Enhanced phosphorylation of p53 by ATM in
response to DNA damage." Science 281(5383): 1674-7.

Barak, Y., E. Gottlieb, et al. (1994). "Regulation of mdm2 expression by p53: alternative
promoters produce transcripts with nonidentical translation potential." Genes Dev 8(15):

1739-49.
120



Barak, Y., T. Juven, et al. (1993). "mdm?2 expression is induced by wild type p53
activity." Embo J 12(2): 461-8.

Bartek, J., J. Falck, et al. (2001). "CHK2 kinase--a busy messenger." Nat Rev Mol Cell
Biol 2(12): 877-86.

Becker-Catania, S. G. and R. A. Gatti (2001). "Ataxia-telangiectasia." Adv Exp Med Biol
495: 191-8.

Bennett, M., K. Macdonald, et al. (1998). "Cell surface trafficking of Fas: a rapid
mechanism of p53-mediated apoptosis." Science 282(5387): 290-3.

Boddy, M. N., K. Howe, et al. (1996). "PIC 1, a novel ubiquitin-like protein which
interacts with the PML component of a multiprotein complex that is disrupted in acute

promyelocytic leukaemia." Oncogene 13(5): 971-82.

Bottger, V., A. Bottger, et al. (1999). "Comparative study of the p53-mdm?2 and p53-
MDMX interfaces." Oncogene 18(1): 189-99.

Bykov, V. J., N. Issaeva, et al. (2002). "Mutant p5S3-dependent growth suppression
distinguishes PRIMA-1 from known anticancer drugs: a statistical analysis of information

in the National Cancer Institute database." Carcinogenesis 23(12): 2011-8.

Caelles, C., A. Helmberg, et al. (1994). "p53-dependent apoptosis in the absence of
transcriptional activation of p53-target genes." Nature 370(6486): 220-3.

Cahilly-Snyder, L., T. Yang-Feng, et al. (1987). "Molecular analysis and chromosomal
mapping of amplified genes isolated from a transformed mouse 3T3 cell line." Somat

Cell Mol Genet 13(3): 235-44.

121



Canman, C. E., D. S. Lim, et al. (1998). "Activation of the ATM kinase by ionizing
radiation and phosphorylation of p53." Science 281(5383): 1677-9.

Chan, T. A., H. Hermeking, et al. (1999). "14-3-3Sigma is required to prevent mitotic
catastrophe after DNA damage." Nature 401(6753): 616-20.

Chen, J., V. Marechal, et al. (1993). "Mapping of the p53 and mdm-2 interaction
domains." Mol Cell Biol 13(7): 4107-14.

Chen, L. and J. Chen (2003). "MDM2-ARF complex regulates p53 sumoylation."
Oncogene 22(34): 5348-57.

Crawford, T. O. (1998). "Ataxia telangiectasia." Semin Pediatr Neurol 5(4): 287-94.

Danovi, D., E. Meulmeester, et al. (2004). "Amplification of Mdmx (or Mdm4) directly
contributes to tumor formation by inhibiting p53 tumor suppressor activity." Mol Cell

Biol 24(13): 5835-43.

DeLeo, A. B, G. Jay, et al. (1979). "Detection of a transformation-related antigen in
chemically induced sarcomas and other transformed cells of the mouse." Proc Natl Acad

Sci U S A 76(5): 2420-4.

Dimri, G. P., K. Itahana, et al. (2000). "Regulation of a senescence checkpoint response
by the E2F1 transcription factor and p14(ARF) tumor suppressor." Mol Cell Biol 20(1):
273-85.

Donehower, L. A., M. Harvey, et al. (1992). "Mice deficient for p53 are developmentally

normal but susceptible to spontaneous tumours." Nature 356(6366): 215-21.

122



Dornan, D., I. Wertz, et al. (2004). "The ubiquitin ligase COP1 is a critical negative
regulator of p53." Nature 429(6987): 86-92.

Dumaz, N. and D. W. Meek (1999). "Serinel5 phosphorylation stimulates p53
transactivation but does not directly influence interaction with HDM?2." Embo J 18(24):
7002-10.

Dumont, P., J. I. Leu, et al. (2003). "The codon 72 polymorphic variants of p5S3 have
markedly different apoptotic potential." Nat Genet 33(3): 357-65.

Dyson, N. (1998). "The regulation of E2F by pRB-family proteins." Genes Dev 12(15):
2245-62.

el-Deiry, W. S., T. Tokino, et al. (1993). "WAF1, a potential mediator of p53 tumor
suppression.”" Cell 75(4): 817-25.

Fakharzadeh, S. S., S. P. Trusko, et al. (1991). "Tumorigenic potential associated with

enhanced expression of a gene that is amplified in a mouse tumor cell line." Embo J

10(6): 1565-9.

Fang, S., J. P. Jensen, et al. (2000). "Mdm?2 is a RING finger-dependent ubiquitin protein
ligase for itself and p53." J Biol Chem 275(12): 8945-51.

Finch, R. A., D. B. Donoviel, et al. (2002). "mdmx is a negative regulator of p53 activity
in vivo." Cancer Res 62(11): 3221-5.

Foulkes, W. D., T. Y. Flanders, et al. (1997). "The CDKN2A (p16) gene and human
cancer." Mol Med 3(1): 5-20.

123



Freedman, D. A. and A. J. Levine (1998). "Nuclear export is required for degradation of
endogenous p53 by MDM2 and human papillomavirus E6." Mol Cell Biol 18(12): 7288-
93.

Friend, S. H., R. Bernards, et al. (1986). "A human DNA segment with properties of the

gene that predisposes to retinoblastoma and osteosarcoma." Nature 323(6089): 643-6.

Fukasawa, K., F. Wiener, et al. (1997). "Genomic instability and apoptosis are frequent in

p53 deficient young mice." Oncogene 15(11): 1295-302.

Girdwood, D., D. Bumpass, et al. (2003). "P300 transcriptional repression is mediated by
SUMO modification." Mol Cell 11(4): 1043-54.

Girnita, L., A. Girnita, et al. (2003). "Mdm2-dependent ubiquitination and degradation of
the insulin-like growth factor 1 receptor." Proc Natl Acad Sci U S A 100(14): 8247-52.

Gong, L., S. Millas, et al. (2000). "Differential regulation of sentrinized proteins by a
novel sentrin-specific protease." J Biol Chem 275(5): 3355-9.

Gossen, M. and H. Bujard (1992). "Tight control of gene expression in mammalian cells

by tetracycline-responsive promoters." Proc Natl Acad Sci U S A 89(12): 5547-51.

Gostissa, M., A. Hengstermann, et al. (1999). "Activation of p53 by conjugation to the
ubiquitin-like protein SUMO-1." Embo J 18(22): 6462-71.

Gu, J., H. Kawai, et al. (2002). "Mutual dependence of MDM?2 and MDMX in their
functional inactivation of p53." J Biol Chem 277(22): 19251-4.

124



Gu, W., X. L. Shi, et al. (1997). "Synergistic activation of transcription by CBP and p53."
Nature 387(6635): 819-23.

Haas, A. L. and T. J. Siepmann (1997). "Pathways of ubiquitin conjugation." Faseb J
11(14): 1257-68.

Hammond, E. M., N. C. Denko, et al. (2002). "Hypoxia links ATR and p53 through
replication arrest." Mol Cell Biol 22(6): 1834-43.

Hanahan, D. and R. A. Weinberg (2000). "The hallmarks of cancer." Cell 100(1): 57-70.

Hang, J. and M. Dasso (2002). "Association of the human SUMO-1 protease SENP2 with
the nuclear pore." J Biol Chem 277(22): 19961-6.

Hardeland, U., R. Steinacher, et al. (2002). "Modification of the human thymine-DNA
glycosylase by ubiquitin-like proteins facilitates enzymatic turnover." Embo J 21(6):
1456-64.

Harper, J. W. (2004). "Neddylating the guardian; Mdm?2 catalyzed conjugation of Nedd8
to p53." Cell 118(1): 2-4.

Haupt, S. and Y. Haupt (2004). "Improving Cancer Therapy Through p53 Management."
Cell Cycle 3(7): 912-6.

Haupt, Y., R. Maya, et al. (1997). "Mdm?2 promotes the rapid degradation of p53."
Nature 387(6630): 296-9.

Haupt, Y., S. Rowan, et al. (1995). "Induction of apoptosis in HeLa cells by trans-

activation-deficient p53." Genes Dev 9(17): 2170-83.
125



Heffernan, T. P., D. A. Simpson, et al. (2002). "An ATR- and Chk1-dependent S
checkpoint inhibits replicon initiation following UVC-induced DNA damage." Mol Cell
Biol 22(24): 8552-61.

Heise, C., A. Sampson-Johannes, et al. (1997). "ONYX-015, an E1B gene-attenuated
adenovirus, causes tumor-specific cytolysis and antitumoral efficacy that can be

augmented by standard chemotherapeutic agents." Nat Med 3(6): 639-45.

Hochstrasser, M. (2002). "New structural clues to substrate specificity in the "ubiquitin

system"." Mol Cell 9(3): 453-4.

Hollstein, M., D. Sidransky, et al. (1991). "p53 mutations in human cancers." Science
253(5015): 49-53.

Honda, R. and H. Yasuda (1999). "Association of p19(ARF) with Mdm2 inhibits
ubiquitin ligase activity of Mdm2 for tumor suppressor p53." Embo J 18(1): 22-7.

Huang, T. T., S. M. Wuerzberger-Davis, et al. (2003). "Sequential modification of
NEMO/IKKgamma by SUMO-1 and ubiquitin mediates NF-kappaB activation by
genotoxic stress." Cell 115(5): 565-76.

Hwang, B. J., J. M. Ford, et al. (1999). "Expression of the p48 xeroderma pigmentosum
gene is pS3-dependent and is involved in global genomic repair." Proc Natl Acad Sci U S
A 96(2): 424-8.

Ito, A., Y. Kawaguchi, et al. (2002). "MDM2-HDAC1-mediated deacetylation of p53 is
required for its degradation." Embo J 21(22): 6236-45.

126



Ito, A., C. H. Lai, et al. (2001). "p300/CBP-mediated p53 acetylation is commonly
induced by p53-activating agents and inhibited by MDM2." Embo J 20(6): 1331-40.

Jackson, M. W. and S. J. Berberich (1999). "Constitutive mdmx expression during cell
growth, differentiation, and DNA damage." DNA Cell Biol 18(9): 693-700.

Jackson, M. W. and S. J. Berberich (2000). "MdmX protects p53 from Mdm?2-mediated
degradation." Mol Cell Biol 20(3): 1001-7.

Jackson, M. W., M. S. Lindstrom, et al. (2001). "MdmX binding to ARF affects Mdm?2
protein stability and p53 transactivation." J Biol Chem 276(27): 25336-41.

Jin, Y., S. X. Zeng, et al. (2004). "MDM?2 mediates p300/CREB-binding protein-
associated factor ubiquitination and degradation." J Biol Chem 279(19): 20035-43.

Jones, S. N., A. E. Roe, et al. (1995). "Rescue of embryonic lethality in Mdm2-deficient
mice by absence of p53." Nature 378(6553): 206-8.

Juan, L. J., W. J. Shia, et al. (2000). "Histone deacetylases specifically down-regulate
p53-dependent gene activation.”" J Biol Chem 275(27): 20436-43.

Juven, T., Y. Barak, et al. (1993). "Wild type p53 can mediate sequence-specific
transactivation of an internal promoter within the mdm2 gene." Oncogene 8(12): 3411-6.

Kamb, A., N. A. Gruis, et al. (1994). "A cell cycle regulator potentially involved in
genesis of many tumor types." Science 264(5157): 436-40.

Kamijo, T., J. D. Weber, et al. (1998). "Functional and physical interactions of the ARF

tumor suppressor with p53 and Mdm?2." Proc Natl Acad Sci U S A 95(14): 8292-7.
127




Kamitani, T., H. P. Nguyen, et al. (1998). "Covalent modification of PML by the sentrin
family of ubiquitin-like proteins." J Biol Chem 273(6): 3117-20.

Kamitani, T., H. P. Nguyen, et al. (1997). "Preferential modification of nuclear proteins

by a novel ubiquitin-like molecule." J Biol Chem 272(22): 14001-4.

Kastan, M. B., Q. Zhan, et al. (1992). "A mammalian cell cycle checkpoint pathway
utilizing p53 and GADDA45 is defective in ataxia-telangiectasia." Cell 71(4): 587-97.

Kawai, H., D. Wiederschain, et al. (2003). "DNA damage-induced MDMX degradation is
mediated by MDM2." J Biol Chem 278(46): 45946-53.

Khanna, K. K., K. E. Keating, et al. (1998). "ATM associates with and phosphorylates
p53: mapping the region of interaction." Nat Genet 20(4): 398-400.

Kim, E. J., J. S. Park, et al. (2003). "Identification of Daxx interacting with p73, one of
the p53 family, and its regulation of p53 activity by competitive interaction with PML."
Nucleic Acids Res 31(18): 5356-67.

Kim, K. L., S. H. Baek, et al. (2000). "A new SUMO-1-specific protease, SUSP1, that is
highly expressed in reproductive organs." J Biol Chem 275(19): 14102-6.

Ko, L. J. and C. Prives (1996). "p53: puzzle and paradigm." Genes Dev 10(9): 1054-72.

Kobet, E., X. Zeng, et al. (2000). "MDM2 inhibits p300-mediated p53 acetylation and
activation by forming a ternary complex with the two proteins." Proc Natl Acad Sci U S
A 97(23): 12547-52.

128



Kokontis, J. M., A. J. Wagner, et al. (2001). "A transcriptional activation function of p53
is dispensable for and inhibitory of its apoptotic function." Oncogene 20(6): 659-68.

Koumenis, C., R. Alarcon, et al. (2001). "Regulation of p53 by hypoxia: dissociation of
transcriptional repression and apoptosis from p53-dependent transactivation." Mol Cell

Biol 21(4): 1297-310.

Kroemer, G. and J. C. Reed (2000). "Mitochondrial control of cell death." Nat Med 6(5):
513-9.

Kwek, S. S., J. Derry, et al. (2001). "Functional analysis and intracellular localization of
p53 modified by SUMO-1." Oncogene 20(20): 2587-99.

Lambert, P. F., F. Kashanchi, et al. (1998). "Phosphorylation of p53 serine 15 increases
interaction with CBP." J Biol Chem 273(49): 33048-53.

Lane, D. P. and L. V. Crawford (1979). "T antigen is bound to a host protein in SV40-
transformed cells." Nature 278(5701): 261-3.

Lansdorp, P. M. (2000). "Repair of telomeric DNA prior to replicative senescence." Mech
Ageing Dev 118(1-2): 23-34.

Laronga, C., H. Y. Yang, et al. (2000). "Association of the cyclin-dependent kinases and
14-3-3 sigma negatively regulates cell cycle progression." J Biol Chem 275(30): 23106-
12.

Lebedeva, I. V., Z. Z. Su, et al. (2003). "Restoring apoptosis as a strategy for cancer gene
therapy: focus on p53 and mda-7." Semin Cancer Biol 13(2): 169-78.

129



Leng, R. P., Y. Lin, et al. (2003). "Pirh2, a p53-induced ubiquitin-protein ligase,
promotes p53 degradation." Cell 112(6): 779-91.

Levine, A. J., J. Momand, et al. (1991). "The p53 tumour suppressor gene." Nature
351(6326): 453-6.

Levy, M. Z., R. C. Allsopp, et al. (1992). "Telomere end-replication problem and cell
aging." J Mol Biol 225(4): 951-60.

Li, C., L. Chen, et al. (2002). "DNA damage induces MDMX nuclear translocation by
p53-dependent and -independent mechanisms." Mol Cell Biol 22(21): 7562-71.

Li, M., D. Chen, et al. (2002). "Deubiquitination of p53 by HAUSP is an important
pathway for p53 stabilization." Nature 416(6881): 648-53.

Lill, N. L., S. R. Grossman, et al. (1997). "Binding and modulation of p53 by p300/CBP
coactivators." Nature 387(6635): 823-7.

Lin, Y., W. Ma, et al. (2000). "Pidd, a new death-domain-containing protein, is induced
by p53 and promotes apoptosis.” Nat Genet 26(1): 122-7.

Linares, L. K., A. Hengstermann, et al. (2003). "HdmX stimulates Hdm2-mediated
ubiquitination and degradation of p53." Proc Natl Acad Sci U S A 100(21): 12009-14.

Linskens, M. H., C. B. Harley, et al. (1995). "Replicative senescence and cell death."
Science 267(5194): 17.

130



Linzer, D. I. and A. J. Levine (1979). "Characterization of a 54K dalton cellular SV40
tumor antigen present in SV40-transformed cells and uninfected embryonal carcinoma

cells." Cell 17(1): 43-52.

Livingstone, L. R., A. White, et al. (1992). "Altered cell cycle arrest and gene
amplification potential accompany loss of wild-type p53." Cell 70(6): 923-35.

Lu, W., J. Lin, et al. (2002). "Expression of p14ARF overcomes tumor resistance to p53."
Cancer Res 62(5): 1305-10.

Mabhajan, R., C. Delphin, et al. (1997). "A small ubiquitin-related polypeptide involved in
targeting RanGAP1 to nuclear pore complex protein RanBP2." Cell 88(1): 97-107.

Mancini, F., F. Gentiletti, et al. (2004). "MDM4 (MDMX) overexpression enhances
stabilization of stress-induced p53 and promotes apoptosis." J Biol Chem 279(9): 8169-
80.

Mao, Y., S. D. Desai, et al. (2000). "SUMO-1 conjugation to human DNA topoisomerase
Il isozymes." J Biol Chem 275(34): 26066-73.

Mao, Y., M. Sun, et al. (2000). "SUMO-1 conjugation to topoisomerase I: A possible
repair response to topoisomerase-mediated DNA damage." Proc Natl Acad SciU S A
97(8): 4046-51.

Matunis, M. J., E. Coutavas, et al. (1996). "A novel ubiquitin-like modification
modulates the partitioning of the Ran-GTPase-activating protein RanGAP1 between the
cytosol and the nuclear pore complex." J Cell Biol 135(6 Pt 1): 1457-70.

131



Maya, R., M. Balass, et al. (2001). "ATM-dependent phosphorylation of Mdm2 on serine
395: role in p53 activation by DNA damage." Genes Dev 15(9): 1067-77.

Mayo, L. D., J. J. Turchi, et al. (1997). "Mdm-2 phosphorylation by DNA-dependent
protein kinase prevents interaction with p53." Cancer Res 57(22): 5013-6.

McConnell, B. B., M. Starborg, et al. (1998). "Inhibitors of cyclin-dependent kinases
induce features of replicative senescence in early passage human diploid fibroblasts."

Curr Biol 8(6): 351-4.

McGowan, C. H. (2002). "Checking in on Cds1 (Chk2): A checkpoint kinase and tumor
suppressor." Bioessays 24(6): 502-11.

McMasters, K. M., R. Montes de Oca Luna, et al. (1996). "mdm2 deletion does not alter
growth characteristics of p53-deficient embryo fibroblasts." Oncogene 13(8): 1731-6.

Melchior, F. and L. Hengst (2002). "SUMO-1 and p53." Cell Cycle 1(4): 245-9.

Meulmeester, E., R. Frenk, et al. (2003). "Critical role for a central part of Mdm?2 in the
ubiquitylation of p53." Mol Cell Biol 23(14): 4929-38.

Midgley, C. A., J. M. Desterro, et al. (2000). "An N-terminal p14ARF peptide blocks
Mdm?2-dependent ubiquitination in vitro and can activate p53 in vivo." Oncogene 19(19):
2312-23.

Migliorini, D., D. Danovi, et al. (2002). "Hdmx recruitment into the nucleus by Hdm?2 is
essential for its ability to regulate p53 stability and transactivation." J Biol Chem 277(9):
7318-23.

132



Migliorini, D., E. L. Denchi, et al. (2002). "Mdm4 (Mdmx) regulates p53-induced growth
arrest and neuronal cell death during early embryonic mouse development." Mol Cell

Biol 22(15): 5527-38.

Mihara, M., S. Erster, et al. (2003). "p53 has a direct apoptogenic role at the
mitochondria." Mol Cell 11(3): 577-90.

Mihara, M. and U. M. Moll (2003). "Detection of mitochondrial localization of p53."
Methods Mol Biol 234: 203-9.

Minty, A., X. Dumont, et al. (2000). "Covalent modification of p73alpha by SUMO-1.
Two-hybrid screening with p73 identifies novel SUMO-1-interacting proteins and a
SUMO-1 interaction motif." J Biol Chem 275(46): 36316-23.

Miyashita, T., S. Krajewski, et al. (1994). "Tumor suppressor p53 is a regulator of bcl-2
and bax gene expression in vitro and in vivo." Oncogene 9(6): 1799-805.

Momand, J., D. Jung, et al. (1998). "The MDM2 gene amplification database." Nucleic
Acids Res 26(15): 3453-9.

Momand, J., G. P. Zambetti, et al. (1992). "The mdm-2 oncogene product forms a
complex with the p53 protein and inhibits p53-mediated transactivation." Cell 69(7):
1237-45.

Montes de Oca Luna, R., D. S. Wagner, et al. (1995). "Rescue of early embryonic
lethality in mdm2-deficient mice by deletion of p53." Nature 378(6553): 203-6.

Muller, M., S. Wilder, et al. (1998). "p53 activates the CD95 (APO-1/Fas) gene in
response to DNA damage by anticancer drugs." J Exp Med 188(11): 2033-45.
133



Muller, S., M. Berger, et al. (2000). "c-Jun and p53 activity is modulated by SUMO-1
modification." J Biol Chem 275(18): 13321-9.

Muller, S., M. J. Matunis, et al. (1998). "Conjugation with the ubiquitin-related modifier
SUMO-1 regulates the partitioning of PML within the nucleus." Embo J 17(1): 61-70.

Murphy, M., J. Ahn, et al. (1999). "Transcriptional repression by wild-type p53 utilizes
histone deacetylases, mediated by interaction with mSin3a." Genes Dev 13(19): 2490-
501.

Nagayama, Y., K. Shigematsu, et al. (2000). "Inhibition of angiogenesis and
tumorigenesis, and induction of dormancy by p53 in a p53-null thyroid carcinoma cell

line in vivo." Anticancer Res 20(4): 2723-8.

Nakano, K. and K. H. Vousden (2001). "PUMA, a novel proapoptotic gene, is induced by
p53." Mol Cell 7(3): 683-94.

Nishida, T., F. Kaneko, et al. (2001). "Characterization of a novel mammalian SUMO-
1/Smt3-specific isopeptidase, a homologue of rat axam, which is an axin-binding protein

promoting beta-catenin degradation." J Biol Chem 276(42): 39060-6.

Nishida, T., H. Tanaka, et al. (2000). "A novel mammalian Smt3-specific isopeptidase 1
(SMT3IP1) localized in the nucleolus at interphase." Eur J Biochem 267(21): 6423-7.

Nishimori, H., T. Shiratsuchi, et al. (1997). "A novel brain-specific p53-target gene,
BAIL, containing thrombospondin type 1 repeats inhibits experimental angiogenesis."

Oncogene 15(18): 2145-50.

134



Nobori, T., K. Miura, et al. (1994). "Deletions of the cyclin-dependent kinase-4 inhibitor
gene in multiple human cancers." Nature 368(6473): 753-6.

Oda, E., R. Ohki, et al. (2000). "Noxa, a BH3-only member of the Bcl-2 family and
candidate mediator of p53-induced apoptosis." Science 288(5468): 1053-8.

Okura, T., L. Gong, et al. (1996). "Protection against Fas/APO-1- and tumor necrosis
factor-mediated cell death by a novel protein, sentrin." J Immunol 157(10): 4277-81.

Oliner, J. D., J. A. Pietenpol, et al. (1993). "Oncoprotein MDM2 conceals the activation
domain of tumour suppressor p53." Nature 362(6423): 857-60.

Owen-Schaub, L. B., W. Zhang, et al. (1995). "Wild-type human p53 and a temperature-
sensitive mutant induce Fas/APO-1 expression." Mol Cell Biol 15(6): 3032-40.

Pan, Y. and J. Chen (2003). "MDM2 promotes ubiquitination and degradation of
MDMX." Mol Cell Biol 23(15): 5113-21.

Parant, J., A. Chavez-Reyes, et al. (2001). "Rescue of embryonic lethality in Mdm4-null
mice by loss of Trp53 suggests a nonoverlapping pathway with MDM2 to regulate p53."
Nat Genet 29(1): 92-5.

Parant, J. M. and G. Lozano (2003). "Disrupting TP53 in mouse models of human
cancers." Hum Mutat 21(3): 321-6.

Parant, J. M., V. Reinke, et al. (2001). "Organization, expression, and localization of the

murine mdmx gene and pseudogene." Gene 270(1-2): 277-83.

135



Perry, M. E. and A. J. Levine (1993). "Tumor-suppressor pS3 and the cell cycle." Curr
Opin Genet Dev 3(1): 50-4.

Perry, M. E., J. Piette, et al. (1993). "The mdm-2 gene is induced in response to UV light
in a p53-dependent manner." Proc Natl Acad Sci U S A 90(24): 11623-7.

Pickart, C. M. (1997). "Targeting of substrates to the 26S proteasome." Faseb J 11(13):
1055-66.

Pickart, C. M. (2001). "Mechanisms underlying ubiquitination." Annu Rev Biochem 70:
503-33.

Pomerantz, J., N. Schreiber-Agus, et al. (1998). "The Ink4a tumor suppressor gene
product, p19Arf, interacts with MDM?2 and neutralizes MDM2's inhibition of p53." Cell
92(6): 713-23.

Prives, C. and P. A. Hall (1999). "The p53 pathway." J Pathol 187(1): 112-26.

Quelle, D. E., F. Zindy, et al. (1995). "Alternative reading frames of the INK4a tumor
suppressor gene encode two unrelated proteins capable of inducing cell cycle arrest." Cell

83(6): 993-1000.

Ramos, Y. F., R. Stad, et al. (2001). "Aberrant expression of HDMX proteins in tumor
cells correlates with wild-type p53." Cancer Res 61(5): 1839-42.

Riemenschneider, M. J., R. Buschges, et al. (1999). "Amplification and overexpression of
the MDM4 (MDMX) gene from 1q32 in a subset of malignant gliomas without TP53
mutation or MDM2 amplification." Cancer Res 59(24): 6091-6.

136



Ries, S. J., C. H. Brandts, et al. (2000). "Loss of pIl4ARF in tumor cells facilitates
replication of the adenovirus mutant d11520 (ONYX-015)." Nat Med 6(10): 1128-33.

Rodriguez, M. S., C. Dargemont, et al. (2001). "SUMO-1 conjugation in vivo requires
both a consensus modification motif and nuclear targeting." J Biol Chem 276(16): 12654-
9.

Rodriguez, M. S., J. M. Desterro, et al. (1999). "SUMO-1 modification activates the
transcriptional response of p53." Embo J 18(22): 6455-61.

Rogulski, K. R., S. O. Freytag, et al. (2000). "In vivo antitumor activity of ONYX-015 is
influenced by p53 status and is augmented by radiotherapy." Cancer Res 60(5): 1193-6.

Roth, J., M. Dobbelstein, et al. (1998). "Nucleo-cytoplasmic shuttling of the hdm?2
oncoprotein regulates the levels of the p53 protein via a pathway used by the human

immunodeficiency virus rev protein." Embo J 17(2): 554-64.

Ruas, M. and G. Peters (1998). "The pl16INK4a/CDKN2A tumor suppressor and its
relatives." Biochim Biophys Acta 1378(2): F115-77.

Sager, R. (1991). "Senescence as a mode of tumor suppression." Environ Health Perspect
93: 59-62.

Saitoh, H. and J. Hinchey (2000). "Functional heterogeneity of small ubiquitin-related
protein modifiers SUMO-1 versus SUMO-2/3." J Biol Chem 275(9): 6252-8.

Sakaguchi, K., J. E. Herrera, et al. (1998). "DNA damage activates p53 through a
phosphorylation-acetylation cascade." Genes Dev 12(18): 2831-41.

137



Scheftner, M., B. A. Werness, et al. (1990). "The E6 oncoprotein encoded by human
papillomavirus types 16 and 18 promotes the degradation of p53." Cell 63(6): 1129-36.

Schindl, M., P. Birner, et al. (2001). "Downregulation of KAIl metastasis suppressor
protein is associated with a dismal prognosis in epithelial ovarian cancer." Gynecol Oncol

83(2): 244-8.

Schmidt, D. and S. Muller (2002). "Members of the PIAS family act as SUMO ligases for
c-Jun and p53 and repress p53 activity." Proc Natl Acad Sci U S A 99(5): 2872-7.

Serrano, M., G. J. Hannon, et al. (1993). "A new regulatory motif in cell-cycle control

causing specific inhibition of cyclin D/CDK4." Nature 366(6456): 704-7.

Sharp, D. A., S. A. Kratowicz, et al. (1999). "Stabilization of the MDM2 oncoprotein by
interaction with the structurally related MDMX protein." J Biol Chem 274(53): 38189-96.

Sharpless, N. E. and R. A. DePinho (1999). "The INK4A/ARF locus and its two gene
products." Curr Opin Genet Dev 9(1): 22-30.

Shen, Z., P. E. Pardington-Purtymun, et al. (1996). "UBLI1, a human ubiquitin-like
protein associating with human RADS51/RADS52 proteins." Genomics 36(2): 271-9.

Shenoy, S. K., P. H. McDonald, et al. (2001). "Regulation of receptor fate by
ubiquitination of activated beta 2-adrenergic receptor and beta-arrestin." Science

294(5545): 1307-13.

Sherr, C. J. (2001). "The INK4a/ARF network in tumour suppression." Nat Rev Mol Cell
Biol 2(10): 731-7.

138



Sherr, C. J. and J. M. Roberts (1995). "Inhibitors of mammalian G1 cyclin-dependent
kinases." Genes Dev 9(10): 1149-63.

Shieh, S. Y., M. Ikeda, et al. (1997). "DNA damage-induced phosphorylation of p53
alleviates inhibition by MDM2." Cell 91(3): 325-34.

Shvarts, A., M. Bazuine, et al. (1997). "Isolation and identification of the human
homolog of a new p53-binding protein, Mdmx." Genomics 43(1): 34-42.

Shvarts, A., W. T. Steegenga, et al. (1996). "MDMX: a novel p53-binding protein with
some functional properties of MDM2." Embo J 15(19): 5349-57.

Sigal, A. and V. Rotter (2000). "Oncogenic mutations of the p53 tumor suppressor: the
demons of the guardian of the genome." Cancer Res 60(24): 6788-93.

Smith, M. L., I. T. Chen, et al. (1994). "Interaction of the p53-regulated protein Gadd45
with proliferating cell nuclear antigen." Science 266(5189): 1376-80.

Song, S. Y., S. K. Lee, et al. (2002). "Expression of maspin in colon cancers: its

relationship with p53 expression and microvessel density." Dig Dis Sci 47(8): 1831-5.

Stad, R., N. A. Little, et al. (2001). "Mdmx stabilizes p53 and Mdm?2 via two distinct
mechanisms." EMBO Rep 2(11): 1029-34.

Stad, R., Y. F. Ramos, et al. (2000). "Hdmx stabilizes Mdm2 and p53." J Biol Chem
275(36): 28039-44.

139



Stein, G. H., L. F. Drullinger, et al. (1999). "Differential roles for cyclin-dependent
kinase inhibitors p21 and p16 in the mechanisms of senescence and differentiation in

human fibroblasts." Mol Cell Biol 19(3): 2109-17.

Stelter, P. and H. D. Ulrich (2003). "Control of spontaneous and damage-induced
mutagenesis by SUMO and ubiquitin conjugation." Nature 425(6954): 188-91.

Sternsdorf, T., K. Jensen, et al. (1997). "Evidence for covalent modification of the
nuclear dot-associated proteins PML and Sp100 by PIC1/SUMO-1." J Cell Biol 139(7):
1621-34.

Stott, F. J., S. Bates, et al. (1998). "The alternative product from the human CDKN2A
locus, pl14(ARF), participates in a regulatory feedback loop with p53 and MDM2." Embo
J 17(17): 5001-14.

Tanimura, S., S. Ohtsuka, et al. (1999). "MDM?2 interacts with MDMX through their
RING finger domains." FEBS Lett 447(1): 5-9.

Tao, W. and A. J. Levine (1999). "Nucleocytoplasmic shuttling of oncoprotein Hdm?2 is
required for Hdm2-mediated degradation of p53." Proc Natl Acad Sci U S A 96(6): 3077-
80.

Thrower, J. S., L. Hoffman, et al. (2000). "Recognition of the polyubiquitin proteolytic
signal." Embo J 19(1): 94-102.

Tibbetts, R. S., K. M. Brumbaugh, et al. (1999). "A role for ATR in the DNA damage-
induced phosphorylation of p53." Genes Dev 13(2): 152-7.

140



Tsujimoto, Y. (2003). "Cell death regulation by the Bcl-2 protein family in the
mitochondria." J Cell Physiol 195(2): 158-67.

Tsytsykova, A. V., E. N. Tsitsikov, et al. (1998). "The mouse genome contains two
expressed intronless retroposed pseudogenes for the sentrin/sumo-1/PIC1 conjugating

enzyme Ubc9." Mol Immunol 35(16): 1057-67.

Vaziri, H. (1997). "Critical telomere shortening regulated by the ataxia-telangiectasia
gene acts as a DNA damage signal leading to activation of p53 protein and limited life-

span of human diploid fibroblasts. A review." Biochemistry (Mosc) 62(11): 1306-10.

Vaziri, H., M. D. West, et al. (1997). "ATM-dependent telomere loss in aging human
diploid fibroblasts and DNA damage lead to the post-translational activation of p53
protein involving poly(ADP-ribose) polymerase." Embo J 16(19): 6018-33.

Wagner, A. J., J. M. Kokontis, et al. (1994). "Myc-mediated apoptosis requires wild-type
p53 in a manner independent of cell cycle arrest and the ability of p53 to induce

p2lwafl/cipl." Genes Dev 8(23): 2817-30.

Wang, X., T. Arooz, et al. (2001). "MDM2 and MDMX can interact differently with ARF
and members of the p53 family." FEBS Lett 490(3): 202-8.

Waterman, M. J., E. S. Stavridi, et al. (1998). "ATM-dependent activation of p53
involves dephosphorylation and association with 14-3-3 proteins." Nat Genet 19(2): 175-
8.

Weber, J. D., L. J. Taylor, et al. (1999). "Nucleolar Arf sequesters Mdm2 and activates
p53." Nat Cell Biol 1(1): 20-6.

141



Weinberg, R. A. (1995). "The retinoblastoma protein and cell cycle control." Cell 81(3):
323-30.

Weissman, A. M. (2001). "Themes and variations on ubiquitylation." Nat Rev Mol Cell
Biol 2(3): 169-78.

Wilkinson, K. D. (1997). "Regulation of ubiquitin-dependent processes by
deubiquitinating enzymes." Faseb J 11(14): 1245-56.

Wu, G. S., T. F. Burns, et al. (1997). "KILLER/DRS is a DNA damage-inducible p53-
regulated death receptor gene." Nat Genet 17(2): 141-3.

Wu, X., J. H. Bayle, et al. (1993). "The p53-mdm-2 autoregulatory feedback loop."
Genes Dev 7(7A): 1126-32.

Xirodimas, D. P., J. Chisholm, et al. (2002). "P14ARF promotes accumulation of SUMO-
1 conjugated (H)Mdm2." FEBS Lett 528(1-3): 207-11.

Xirodimas, D. P., M. K. Saville, et al. (2004). "Mdm2-mediated NEDDS conjugation of
p53 inhibits its transcriptional activity." Cell 118(1): 83-97.

Yang, A. and F. McKeon (2000). "P63 and P73: P53 mimics, menaces and more." Nat
Rev Mol Cell Biol 1(3): 199-207.

Yeager, T. R., S. DeVries, et al. (1998). "Overcoming cellular senescence in human

cancer pathogenesis." Genes Dev 12(2): 163-74.

Yin, Y., M. A. Tainsky, et al. (1992). "Wild-type p53 restores cell cycle control and

inhibits gene amplification in cells with mutant p53 alleles." Cell 70(6): 937-48.
142



Zauberman, A., Y. Barak, et al. (1993). "Sequence-specific DNA binding by p53:
identification of target sites and lack of binding to p53 - MDM2 complexes." Embo J
12(7): 2799-808.

Zauberman, A., D. Flusberg, et al. (1995). "A functional p53-responsive intronic
promoter is contained within the human mdm2 gene." Nucleic Acids Res 23(14): 2584-
92.

Zhang, Y. and Y. Xiong (1999). "Mutations in human ARF exon 2 disrupt its nucleolar
localization and impair its ability to block nuclear export of MDM2 and p53." Mol Cell
3(5): 579-91.

Zhang, Y. and Y. Xiong (2001). "A p53 amino-terminal nuclear export signal inhibited
by DNA damage-induced phosphorylation." Science 292(5523): 1910-5.

Zhang, Y., Y. Xiong, et al. (1998). "ARF promotes MDM2 degradation and stabilizes
p53: ARF-INK4a locus deletion impairs both the Rb and p53 tumor suppression
pathways." Cell 92(6): 725-34.

143



About the Author

Yu Pan received her degree of Medical Sciences in Stomatology from the Capital
University of Medical Sciences, Beijing, China in 1999. In fall 2000, Yu Pan joined the
Ph.D. program in the department of biology in University of South Florida. During the
year 2000 to 2001, she was granted both Teaching Assistantship and Research
Assistantship by the department of Biology. From fall 2001, Yu Pan transferred to
Cancer Biology program in H. Lee Moffitt Cancer Center & Research Institute and
resumed her goal toward a Ph.D. degree under the instruction of Dr Jiandong Chen.
While in the Cancer Biology Ph.D. program, Yu Pan published a first author paper in Mol

Cell Biol and co-authored two other manuscripts.

144



