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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: p16INK4a 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 p16INK 

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 p16INK.  



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.   

 

 

 
Figure 22. ARF connects Rb-E2F pathways to p53-MDM2 
pathway  
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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 MDM2, 

significant amount of ARF was pulled down by FLAG-MDMX, indicating that MDM2 

mediated the binding between MDMX and ARF.  MDM2 lacking the RING domain, 

which is the MDMX binding region, did not mediate the binding between FLAG-MDMX 

and ARF; neither did the two MDM2 mutants lacking ARF binding regions.  This 

experiment suggests that MDM2 bridges the binding between MDMX and ARF and that 

a tertiary complex can be formed among MDM2, MDMX and ARF. 

 

 



 
 

 
 
 
 
 

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 MDM2 
mutants.  FLAG-MDMX or FLAG-MDM2 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 (2nd panel). Expression level of 
MDM2 was confirmed by western blot with rabbit-anti-MDM2 antibody (3rd 
panel). The level of ARF expressed was verified by direct western blot against 
ARF in the whole cell lysate (4th 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 MDM2 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). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 
 
 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 p53, MDMX and MDM2 (top panel).  Co-
immunoprecipitated ARF was detected by Western blot using mouse monoclonal 
antibody against ARF (2nd panel).  Transfection efficiency was verified by 
expression of cotransfected GFP plasmid (3rd 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 MDM2 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 

ARF binding in U2OS and H1299 cells was possibly mediated by endogenous MDM2 in 

those cell lines (Fig 25). Thus, MDM2 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. 



 
 
 U2OS 
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174.1(p53-/- MDM2-/-) 

 
 
 
 
 
 
 
 
 
 
 

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 U2OS 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 MDM2.  The 

result showed that the expression of ARF did not affect the binding efficiency between 

MDMX and MDM2 (Fig 26). 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
 

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 MDM2 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 MDM2 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). MDM2 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 MDM2 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 p53 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, p53 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 ε-amino group of lysines on target proteins (Hochstrasser 

2002). The sumoylated lysine residue in many substrates often locates within a consensus 

sequence of ψKxE where ψ 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).  MDM2 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 Ni2+-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 MDM2 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.  
 

 

 

 



 100

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. 

 

 

 

 



 

 

Figure 29.  In vitro sumoylation of MDMX.   
In vitro translated proteins were incubated in the presence or absence of E1 fraction, 
E2, ATP or SUMO1. ARF did not stimulate MDMX sumoylation in vitro. 
 

 

 

 

Identification of MDMX sumoylation sites 

 

The consensus sequence for sumoylation has been identified as ψKXE, where ψ 

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 Ni2+-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). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 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 ψKXE 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. 

 

 

 

 
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 Ni2+-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). 

. 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 



 
 

 
 

 
Figure 33.  Desumoylation of MDMX by SENP1.  
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 MDM2 

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 Ni2+-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 MDM2 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. 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

Figure 34. Lack of sumoylation does not affect MDMX mono-
ubiquitination or polyubiquitination by MDM2.   
MDMX and His6-ubiquitin were coexpresssed by transient transfection into
H1299 cells. MDMX conjugated to His6-ub was purified by Ni2+-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 MDM2 

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).  

 

 

 

 

 

 

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, U2OS 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).  

 

 

 

 

 

 

 

 

 

 Figure 36.  MDMX sumoylation status does not affect its DNA damage induced 
destabilization.   
U2OS 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 MDM2-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.  

 

 

 

 

 

 

 

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 U2OS 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. 



 

 

 

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 p53 in the 
presence of wild type or mutant MDMX was detected by Western blot with 
anti-MDM2 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 MDM2, 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 MDM2, 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 MDM2 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 



 116

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 

p53-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 

p53.  

Since MDMX and MDM2 form heterodimers through their RING finger domains 

and MDM2 contains the intrinsic ubiquitin E3 ligase activity, we speculated that MDMX 



 118

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 MDM2 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 MDM2.  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 

MDM2 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 MDM2 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.  
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