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Abstract

Cells in our body are constantly exposed to various stresses and threats to their genomic integrity. 

The tumor suppressor protein p53 plays a critical role in successful defense against these threats 

by inducing apoptotic cell death or cell cycle arrest. In unstressed conditions, p53 levels and 

activity must be kept low to prevent lethal activation of apoptotic and senescence pathways. 

However, upon DNA damage or other stressors, p53 is released from its inhibitory state to induce 

an array of apoptosis and cell cycle genes. Conversely, inactivation of p53 could promote 

unrestrained tumor proliferation and failure to appropriately undergo apoptotic cell death, which 

could, in turn, lead to carcinogenesis. The ubiquitin E3 ligase MDM2 is the most critical inhibitor 

of p53 that determines the cellular response to various p53-activating agents, including DNA 

damage. MDM2 activity is controlled by post-translational modifications, especially 

phosphorylation. However, accumulating evidence suggests that MDM2 is also regulated at the 

level of protein stability, which is controlled by the ubiquitin-proteasome pathway. Here, we 

discuss how MDM2 can be regulated in response to DNA damage with particular focus on the 

regulation of MDM2 protein stability.

DNA damage is one of the major threats to the integrity of the cell. DNA damage can cause 

cell death or genomic instability, which could lead to tumorigenesis. The p53 protein is 

considered the “guardian of the genome” due to its role in inducing cell cycle arrest, 

apoptosis, or senescence upon detection of DNA damage and other stressors (Lane, 1992). 

In healthy cells or in unstressed conditions, p53 is maintained at low levels by rapid protein 

turnover to prevent unnecessary activation of apoptotic and senescence pathways. In 

response to DNA damage, however, p53 protein is stabilized and allowed to accumulate. 

This induces transcription of an array of genes, such as p21 and BAX, which trigger cell 

cycle arrest and apoptotic pathways (for review, see Vousden and Prives, 2009). As 

activation of p53 is crucial to preventing abnormal growth and oncogenesis, in the vast 

majority of cancers the function of p53 is suppressed genetically (e.g., by mutations) or 

functionally (e.g., by inhibitors). Several studies have demonstrated that cancer cells can be 

killed by reactivation of p53 (Tovar et al., 2006; Ventura et al., 2007). Thus, finding a way to 

restore functional p53 activity is a promising therapeutic option in many cancers.
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The murine double minute 2 protein (Mdm2) and its human homolog MDM2 (also referred 

to as HDM2) have been intensively studied because of their established role as the key 

negative regulator of p53. Although a number of negative regulators of p53 have been 

discovered, including more than fifteen E3 ubiquitin ligases that promote rapid protein 

turnover of p53 through the ubiquitin-proteasomal degradation pathway (for review, see Jain 

and Barton, 2010), MDM2 is thought to be the most important for two reasons. First, Mdm2 
knockout mice die during embryogenesis due to elevated p53 levels. However, this 

embryonic lethality can be nullified if p53 is co-deleted (Jones et al., 1995; Montes et al., 

1995). Second, inhibitors of the p53-MDM2 interaction, such as Nutlin-3a, can restore p53 

activity and trigger apoptosis and cell cycle arrest in p53 wild-type cancer cells (Vassilev et 

al., 2004). MDM2 inhibits p53 in two ways; it physically blocks the transcriptional activity 

of p53 by binding to the trans-activation domain of p53 as well as promotes p53 protein 

degradation (Haupt et al., 1997). Importantly, p53 also induces expression of the MDM2 
gene (Barak et al., 1993), indicating that MDM2 and p53 form an autoregulatory feedback 

loop. In unstressed conditions, MDM2 keeps p53 in check. Upon DNA damage or other 

stressors, however, p53 is released from MDM2 inhibition and allowed to accumulate, 

inducing gene expression that triggers cell cycle arrest and apoptosis. It should be noted that 

prior to p53 activation, MDM2 must be inhibited. Although a number of mechanisms that 

regulate p53 have been discovered, the mechanism that suppresses MDM2 to finally trigger 

p53 activation in response to cellular stress remains to be fully elucidated. In this review, we 

will consider the regulation of MDM2 protein stability as a mean to activate p53 following 

DNA damage.

Structure of MDM2

MDM2 consists of several key functional domains, including an N-terminal p53-binding 

domain, a central acidic domain, a zinc-finger domain, and a C terminal RING domain 

(Kostic et al., 2006; Priest et al., 2010; Riley and Lozano, 2012) (see Fig. 1). Whereas the 

Mdm2 gene in mice encodes a 489-amino acid protein, human MDM2 is made of 491 amino 

acids. Both the N-terminal domain and the central acidic domain are important for p53 

recognition, while the C-terminal RING domain is responsible for p53 inhibition (Kussie et 

al., 1996; Yu et al., 2006). The N-terminal domain of MDM2 binds strongly to the N-

terminal transactivation domain of p53 and blocks its transcriptional activity (Yu et al., 

2006). Small molecule inhibitors of the p53-MDM2 interaction, such as Nutlin-3a, are 

designed to target this N-terminal domain of MDM2 (Vassilev et al., 2004). The central 

acidic domain of MDM2 exhibits only a weak affinity for p53, but many of the post-

translational modifications, particularly phosphorylation, of MDM2 that affect its ability to 

regulate p53 occur in this region (Kulikov et al., 2005; Jin et al., 2006; Lu et al., 2007; 

Gannon et al., 2012; Wang et al., 2012). Lastly, although the RING domain of MDM2 does 

not bind to p53 directly, it possesses E3 ligase activity and is thus responsible for 

ubiquitinating p53 and marking it for degradation. The RING domain is also required for the 

dimerization of MDM2 with another MDM2 molecule (homodimer) or the structurally 

similar protein MDMX (also known as MDM4) (heterodimer) (Tanimura et al., 1999). Like 

other RING-containing E3 ligases, this dimerization is crucial to enabling MDM2’s E3 

ligase activity.
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In addition to the key domains, MDM2 also contains a nuclear export signal (NES) and a 

nuclear localization signal (NLS) (Fig. 1). Consequently, MDM2 shuttles between the 

cytoplasm and the nucleus. Since p53 is primarily in the nucleus, shuttling of MDM2 to the 

nucleus is essential to its role in inhibiting the transcriptional function of p53. In the nucleus, 

MDM2 takes p53 away from its transcriptional targets, ubiquitinates p53, and translocates 

p53 into the cytoplasm for proteasomal degradation (Tao and Levine, 1999), although it has 

been shown that p53 can be degraded both in the cytoplasm and the nucleus (Stommel and 

Wahl, 2004). It should be noted that subcellular localization might affect the stability of 

MDM2 itself. It appears that when forming a homodimer, MDM2 is prone to ubiquitinating 

itself for degradation (self-ubiquitination) (Tanimura et al., 1999). In contrast, when forming 

a heterodimer with MDMX, MDM2 is stabilized (Sharp et al., 1999; Gu et al., 2002; Kawai 

et al., 2007; Tanimura et al., 1999). Since MDMX is a cytoplasmic protein (Migliorini et al., 

2002), MDM2 may be more stable in the cytoplasm provided a sufficient amount of MDMX 

is expressed (note that MDMX expression levels are tissue and cell type specific; Grier et 

al., 2006). Nevertheless, the mechanism by which cellular stressors such as DNA damage 

might affect MDM2 stability in different cellular compartments remains elusive.

MDM2 and MDMX cooperate to inhibit p53

The MDM2 binding partner MDMX is structurally similar to MDM2, consisting of an N-

terminal p53-recognition domain and a C-terminal RING domain, which mediates its 

heterodimerization with MDM2. Unlike MDM2, however, MDMX lacks appreciable E3 

ligase activity. Nevertheless, MDMX promotes MDM2-mediated p53 degradation by at least 

two mechanisms. First, as described above, MDMX stabilizes MDM2 (Sharp et al., 1999; 

Gu et al., 2002; Kawai et al., 2007; Tanimura et al., 1999). Second, MDM2-MDMX 

heterodimers have greater E3 ligase activity toward p53 than MDM2 homodimers (Kawai et 

al., 2007). Because of the lack of intrinsic E3 ligase activity, it was initially thought that 

MDMX might only play a supporting role for MDM2. However, mouse studies 

demonstrated that it was not the case (see Fig. 2); the deletion of the Mdmx gene results in 

embryonic lethality, which can be rescued by co-deletion of p53, reminiscent of Mdm2/ p53 
co-knockout mice (Parant et al., 2001). These studies indicate that Mdm2 and Mdmx may be 

equally important for prevention of lethal p53 activation, at least, during embryogenesis. 

How can Mdmx suppress p53 without E3 ligase activity? The answer to this question came 

from subsequent mouse studies. Two studies independently demonstrated that transgenic 

mice with mutant Mdmx incapable of binding to Mdm2 are embryonic lethal (Huang et al., 

2011; Pant et al., 2011). Likewise, mice expressing mutant Mdm2 that is defective in 

forming a heterodimer with Mdmx but retains the ability to bind to p53 are also embryonic 

lethal (Itahana et al., 2007). The phenotypes of these mice can be rescued by the 

concomitant deletion of p53 (Itahana et al., 2007; Huang et al., 2011; Pant et al., 2011). 

Thus, it is indicated that Mdm2–Mdmx heterodimerization is indispensable for the inhibition 

of p53 during embryogenesis (Fig. 2). It should be noted, however, that phenotypes of 

Mdm2 and Mdmx knockout mice are not identical – the deletion of Mdm2 appears to cause 

more severe phenotypic defects than that of Mdmx. Moreover, cardiomyocyte-specific 

deletion of Mdm2 results in embryonic lethality, which can be rescued by p53 co-deletion, 

whereas that of Mdmx results in normal offspring (Grier et al., 2006). Whether MDM2 
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homodimers or MDM2-MDMX heterodimers play a major role in p53 regulation may be 

cell-type- or tissue-specific.

The E3 ligase activity of MDM2 has long been thought to be essential for the suppression of 

p53. However, this common notion was recently challenged by an elegant transgenic mouse 

study. Tollini et al. (2014) created an Mdm2 mutant mouse in which the mutant Mdm2 lacks 

intrinsic E3 ligase activity but retains the ability to bind to Mdmx. Surprisingly, the resulting 

mice remain viable (Tollini et al., 2014), indicating that the E3 ligase activity of MDM2 is 

dispensable for the suppression of lethal p53 activation during embryogenesis. It should be 

noted, however, that although the mutant mice developed normally, their p53 activation in 

response to sub-lethal radiation was greater than that of wild-type mice (Tollini et al., 2014). 

This indicates that the E3 ligase activity of MDM2 is important for p53 regulation but only 

after cellular stresses such as DNA damage; in the absence of stress, p53 can be inhibited by 

the MDM2-MDMX heterodimer in an E3 activity-independent manner.

The idea that the MDM2–MDMX heterodimer plays a key role in p53 suppression not only 

shed light on the novel mechanism of p53 regulation but also opened up a new question 

regarding how the heterodimer is regulated in response to DNA damage. MDMX is a stable 

protein, whereas MDM2 is unstable, at least in part, due to its self-ubiquitination. Upon 

forming the heterodimer complex, MDMX protects MDM2 from degradation. Interestingly, 

in response to DNA damage, MDM2 promotes MDMX degradation (Kawai et al., 2003; Pan 

and Chen, 2003). As a result, MDM2 becomes more susceptible to degradation due to not 

being protected by its binding partner. Indeed, MDM2 undergoes accelerated degradation 

after DNA damage (Stommel and Wahl, 2004). Whether MDMX protects MDM2 only from 

self-ubiquitination or from ubiquitination by other E3 ligases and whether DNA-damage 

induced degradation of MDM2 is mediated by its self-ubiquitination or other E3 ligases 

remain to be fully elucidated (see below).

Phosphorylation of MDM2 in response to DNA damage

While many of the kinases involved in the DNA damage response phosphorylate p53 

directly, several kinases also interact with MDM2 (see Figs. 1 and 3). Phosphorylation of 

MDM2 by these kinases may directly affect the binding affinity of MDM2 for p53. 

Alternatively, they could impact the stability or the intrinsic E3 ligase activity of MDM2. 

While some kinases of MDM2 are not involved in the DNA damage response, here we will 

only focus on kinases that are linked to the DNA damage response (see Fig. 1 for the 

phosphorylation sites and the kinases discussed in this section). An entire list of the kinases 

that phosphorylate MDM2 can be found elsewhere (Riley and Lozano, 2012).

Kinases phosphorylating the central acidic domain

Many of the serine residues within the central acidic domain are targeted by various kinases, 

such as Glycogen Synthase Kinase 3β (GSK-3β), Casein Kinase 1 (CK1), and CK2 (Fig. 1) 

(Winter et al., 2004; Allende-Vega et al., 2005; Kulikov et al., 2005). An earlier study noted 

that the central acidic domain of MDM2 is phosphorylated at multiple serine residues and 

that the hypo-phosphorylation of these residues impairs the ability of MDM2 to promote p53 

degradation (Blattner et al., 2002). Moreover, this hypo-phosphorylation naturally occurs 
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after exposure to ionizing radiation (Blattner et al., 2002), suggesting that dephosphorylation 

of these residues is part of the DNA damage response. Phosphorylation of the central acidic 

domain by kinases, such as GSK-3 and CK2, promotes degradation of p53 (Allende-Vega et 

al., 2005; Kulikov et al., 2005). Conversely, inhibition of GSK-3 or CK2 results in the 

accumulation of p53 by preventing its MDM2-mediated degradation (Allende-Vega et al., 

2005; Kulikov et al., 2005). Of note, GSK-3 is a downstream target of the pro-survival 

kinase AKT that is activated in response to DNA damage by the DNA-dependent protein 

kinase (DNA-PK), a serine/threonine kinase. Thus, it is interesting to know how the 

phosphorylation status of the central acidic domain is coordinately regulated by GSK-3 and 

other kinases following DNA damage.

Although the central acidic domain is known to be the secondary site of interaction with 

p53, modulating the phosphorylation status of the acidic domain does not abrogate the 

ability of MDM2 to bind to p53 (Yu et al., 2006). Thus, it is suggested that phosphorylation 

of the acidic domain may be linked to the suppression of MDM2 E3 activity or MDM2 

degradation. In this regard, it is interesting to note that an E3 ubiquitin ligase complex, 

SCFβ-TrCP, directly ubiquitinates and targets MDM2 for proteasomal degradation in a 

manner depending on CK1 phosphorylation of the central acidic domain (Inuzuka et al., 

2010). Nonetheless, SCFβ-TrCP promotes MDM2 degradation when the acidic domain is 

phosphorylated by CK1, which is, at first, contradictory to earlier observations (see 

discussion below).

ATM and ATR

The ataxia telangiectasia-mutated kinase (ATM) is activated by DNA double strand breaks 

and has been linked to phosphorylation of both the central acidic and the C-terminal RING 

domains of MDM2 in response to DNA damage (Cheng et al., 2011) (Fig. 1). Among the 

multiple ATM phosphorylation sites on MDM2, the most characterized residue is S395 

(S394 in mouse Mdm2). Phosphorylation of S395 by ATM was initially noted for its ability 

to promote p53 activation through impaired p53 nuclear export and reduced p53 degradation 

(Maya et al., 2001). The phosphatase Wip1 counteracts this action by dephosphorylating 

S395 (Lu et al., 2007). Moreover, Wip1 can stabilize MDM2 by inhibiting its ubiquitination 

(Lu et al., 2007). However, a transgenic mouse study has demonstrated that ATM 

phosphorylation of S394 by itself impacts p53 activation but does not appear to affect 

MDM2 protein half-life following DNA damage (Gannon et al., 2012). Therefore, MDM2 

stabilization by Wip1 may be mediated by dephosphorylating other residues on MDM2 or a 

binding partner of MDM2, such as MDMX (Zhang et al., 2009).

In addition to S395, ATM phosphorylates five other sites near the C-terminal RING domain 

of MDM2 after DNA damage (Cheng et al., 2009) (Fig. 1). Mutation of these 

phosphorylation sites, including S395, to alanine or aspartic acid resulted in enhanced p53 

degradation or stability, respectively (Cheng et al., 2009). However, the half-life of these 

mutant MDM2 proteins remained similar to that of wild-type MDM2 (Cheng et al., 2009), 

reinforcing the idea that ATM phosphorylation of MDM2 does not directly affect its 

stability. On the other hand, the mutagenesis study showed that ATM phosphorylation 

prevents dimerization of the MDM2 RING domain induced by DNA damage (Cheng et al., 
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2009), which will significantly diminish MDM2’s E3 activity toward p53. In addition, 

phosphorylation of MDM2 by ATM also reduces the affinity of the central acidic domain for 

p53, suggesting that ATM phosphorylation may also impact the p53–MDM2 interaction by 

affecting the conformation of the MDM2 protein (Cheng et al., 2011). Taken together, it is 

suggested that the ATM phosphorylation primarily impact p53 ubiquitination, but not 

MDM2 ubiquitination.

In addition to phosphorylating MDM2 directly, ATM also regulates MDM2 indirectly by 

phosphorylating MDMX (Chen et al., 2005). Moreover, upon DNA damage, ATM activates 

CHK2, which also phosphorylates MDMX (Pereg et al., 2005). Phosphorylation of MDMX 

by ATM and CHK2 promotes ubiquitination and degradation of MDMX by MDM2 in 

response to DNA damage (Chen et al., 2005; Pereg et al., 2005), resulting in p53 activation. 

Notably, creation of an MDMX mutant that cannot be phosphorylated by the DNA damage 

kinases results in mice that are highly resistant to radiation but also highly tumorigenic 

(Wang et al., 2009). Combined with previous studies indicating that ATM inhibits MDM2 

dimerization and that c-ABL, another downstream target of ATM, can promote MDM2-

mediated degradation of MDMX (Waning et al., 2011), these results showcase a critical role 

of ATM phosphorylation in down-regulating MDM2-MDMX heterodimers to allow for p53 

activation.

A related protein, the Rad3-related kinase (ATR), also phosphorylates MDM2 after DNA 

damage. Phosphorylation of MDM2 by ATR results in a reduction in MDM2-mediated 

nuclear export of p53 (Shinozaki et al., 2003). ATR has also been shown to phosphorylate 

the promyelocytic leukemia (PML) tumor-suppressor protein, thereby sequestering MDM2 

in the nucleolus (Bernardi et al., 2004). However, RNAi knockdown of ATR does not 

prevent p53 activation in response to DNA damage (Boehme et al., 2008), suggesting that 

the ATR-mediated pathway may not be the primary mechanism of MDM2 regulation upon 

DNA damage. This agrees with the fact that, as discussed earlier, nuclear export of p53 is 

not necessary for its degradation (Stommel and Wahl, 2004).

AKT and DNA–PK

AKT is somewhat controversial kinase of MDM2 because accumulating evidence suggests 

that AKT may both promote and inhibit the activity of MDM2. Phosphorylation of MDM2 

by AKT has long been known to repress p53 activation. An early study showed that in 

HER2/neu transformed NIH3T3 cells, AKT phosphorylated MDM2 at S166 and S186, 

which was thought to facilitate its transport into the nucleus where it can inhibit p53 (Zhou 

et al., 2001). However, as mentioned earlier, p53 does not need to be taken out of the nucleus 

for degradation (Stommel and Wahl, 2004). Later on, it was demonstrated that AKT 

phosphorylation stabilizes MDM2 protein levels by inhibiting its self-ubiquitination (Feng et 

al., 2004). Furthermore, it was also shown that AKT stabilizes MDMX by phosphorylating 

S367, which enhances MDM2 stability and, in turn, results in the suppression of p53 

activation (Lopez-Pajares et al., 2008). It should be noted that the CHK1 kinase, a 

downstream target of ATR, also phosphorylates this residue following DNA damage (Jin et 

al., 2006).
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In contrast to the MDM2-stabilizing ability of AKT, there is some evidence to suggest that 

AKT may also contribute to MDM2 inhibition. For instance, the PI3K inhibitor wortmannin, 

which would result in the inhibition of AKT, stabilizes MDM2 and prevents DNA damage-

induced MDM2 degradation (Stommel and Wahl, 2004). Moreover, Akt1−/− mice exhibit 

diminished expression of p53-target genes in response to DNA damage (Bozulic et al., 

2008), suggesting that AKT may play a role in p53 activation after DNA damage. How can 

we reconcile the two apparently contradictory results? It is possible that AKT coordinates 

p53 activation in response to DNA damage by phosphorylating specific substrates other than 

MDM2. Another possibility, however, is that a role for AKT in the regulation of MDM2 

stability may be stimulus-specific. In particular, whereas AKT promotes MDM2 

stabilization under normal conditions, the kinase may, directly or indirectly, facilitate 

MDM2 degradation following DNA damage.

AKT is a downstream target of multiple DNA damage response kinases. In particular, 

activation of AKT by DNA-PK has been well characterized. Upon DNA damage, AKT is 

phosphorylated and activated by DNA-PK in the nucleus (Boehme et al., 2008; Bozulic et 

al., 2008). Once activated, AKT modulates DNA repair and DNA checkpoint response by 

phosphorylating a number of substrates (Bensimon et al., 2011). Also, Akt1−/− mice and 

DNA-PKcs−/− mice, in which the catalytic subunit of DNA-PK is deleted, exhibit similar 

diminished expression of p53-target genes in response to DNA damage (Wang et al., 2000; 

Bozulic et al., 2008). These results strongly suggest that AKT functions downstream of 

DNA-PK and has a role in p53 activation following DNA damage (of note, DNA-PK also 

directly phosphorylates MDM2, which reduces the binding of MDM2 to p53; see Mayo et 

al., 1997).

It is interesting to note that AKT directly phosphorylates and inhibits GSK-3 in response to 

various cellular stimuli. As mentioned earlier, GSK-3 is one of the major kinases that 

phosphorylate the central acidic domain of MDM2, which leads to p53 inhibition by MDM2 

(Kulikov et al., 2005; Boehme et al., 2008). In this model, DNA damage induces the 

activation of AKT through DNA-PK and triggers the inhibition of GSK-3 (Fig. 3). The 

inhibition of GSK-3 would result in the hypo-phosphorylation of MDM2 in the acidic 

domain, which in turn leads to p53 stabilization (Boehme et al., 2008). In summary, it 

appears that in unstressed conditions AKT stabilizes MDM2 by phosphorylating MDM2 at 

S166 and S188, which suppress its self-ubiquitination. However, following DNA damage, 

AKT may trigger the hypo-phosphorylation of MDM2 in the central acidic domain, which 

inhibits MDM2 activity.

Regulation of MDM2 protein stability following DNA damage

Multiple studies have confirmed that one of the main changes that occurs after DNA damage 

is a drastic reduction in the protein half-life of MDM2 (Stommel and Wahl, 2004; Itahana et 

al., 2007; Linares et al., 2007), suggesting that the primary mechanism of MDM2 regulation 

following DNA damage may be controlled at the level of its protein stability. The stability of 

MDM2 protein is regulated by the ubiquitin-proteasome system. In brief, ubiquitin is 

activated by an ubiquitin-activating enzyme (E1), transferred to an ubiquitin E3 ligase 

through an ubiquitin-conjugating enzyme (E2), and conjugated to a substrate protein by the 
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E3 ligase. Consecutive rounds of ubiquitination (e.g., on K48 of ubiquitin) create an 

ubiquitin chain covalently bound to a lysine residue on the substrate protein, which will tag 

the substrate for proteasomal degradation. While MDM2 can serve as an E3 ligase for itself, 

self-ubiquitination is not the only mode of MDM2 regulation. Several E3 ligases and 

deubiquitinases have been identified for MDM2 and may play more crucial roles in MDM2 

regulation after DNA damage (see Fig. 4).

Ubiquitination of MDM2

It was initially thought that the primary mechanism of MDM2 regulation was through self-

ubiquitination (Stommel and Wahl, 2004). After DNA damage, the protein half-life of wild-

type MDM2 decreases dramatically, while the half-life of MDM2 with a C462A mutation in 

its RING domain that abrogates its E3 ligase activity remains unchanged (Stommel and 

Wahl, 2004). However, recent studies have found evidence suggesting that MDM2 

degradation following DNA damage does not solely depend on its own E3 activity (Itahana 

et al., 2007; Linares et al., 2007; He et al., 2014). Although the results are conflicting, it may 

be attributed to differences in methodology and cell types. While the earlier study 

ectopically overexpressed the C464A mutant in a p53 wild-type cancer cell line (U2OS) 

(Stommel and Wahl, 2004), the later studies analyzed embryonic fibroblasts derived from 

C462A Mdm2 knock-in mice (Itahana et al., 2007; He et al., 2014). Itahana et al. (2007) 

used a murine knock-in model to show that in unstressed conditions the C462A mutant has 

nearly the same protein half-life as wild-type MDM2. They also showed that irradiation 

accelerates the degradation of both the C462A and the wild-type MDM2, although the 

C462A mutant degrades at a slightly slower rate. This indicates that while MDM2’s self-

ubiquitinating activity does contribute to its degradation after DNA damage, there are other 

E3 ligases that target MDM2 for ubiquitin-mediated degradation in response to DNA 

damage.

Several ubiquitin E3 ligases targeting MDM2 for degradation have been discovered. One 

example is the p300–CBP-associated factor (PCAF). PCAF is a histone acetyltransferase 

(HAT) and a transcription co-activator for p53, which promotes gene expression induced by 

p53. In addition to its HAT activity, PCAF has intrinsic ubiquitin E3 ligase activity and 

promotes ubiquitination of MDM2 for proteasomal degradation (Linares et al., 2007). 

Knockdown of PCAF by siRNA stabilizes MDM2 in unstressed conditions and prevents p53 

induction after DNA damage. On the other hand, ectopic expression of wild-type PCAF 

promotes MDM2 degradation. Moreover, a dominant negative form of PCAF, which can 

bind to MDM2 but lacks E3 ligase activity, can prolong the protein half-life of both wild-

type MDM2 and the C464A RING mutant MDM2 following DNA damage (Linares et al., 

2007). These observations suggest that PCAF plays a critical role not only in the suppression 

of MDM2 levels under unstressed conditions but also in MDM2 destabilization induced by 

DNA damage. It should be noted that MDM2 can also ubiquitinate PCAF for degradation, 

which indirectly diminishes p53’s transcriptional activity regulated by PCAF’s HAT activity 

(Jin et al., 2004). Thus, MDM2 and PCAF form an interesting trans-ubiquitination network 

that control p53 activity.
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Another ubiquitin E3 ligase shown to target MDM2 for proteasomal degradation is 

SCFβ-TrCP (Inuzuka et al., 2010). SCF is a multi-protein ubiquitin ligase complex containing 

the proteins Skp1, Cullin, and Rbx1/Roc1 whose substrate specificity is determined by an 

associated F-box protein (reviewed in Ang and Harper, 2005). After noticing that depletion 

of Cullin leads to an increase in MDM2 levels, Inuzuka et al. (2010) demonstrated that β-

TrCP is the F-box protein that directs the SCF complex to MDM2. Unlike PCAF, β-TrCP 

requires MDM2 to be pre-phosphorylated by the serine/ threonine kinase CK1δ before it can 

mark it for degradation. CK1δ is known to phosphorylate MDM2 at multiple sites within its 

acidic domain (Fig. 1) as well as near the N-terminal p53 binding domain and between the 

acidic domain and RING finger domain. It should be noted that the interaction between 

MDM2 and β-TrCP is mediated by phosphorylation of multiple serine residues rather than 

just by one key residue (Inuzuka et al., 2010). In particular, successive phosphorylation of 

the serine residues by CK1δ increases the binding affinity of MDM2 for β-TrCP (Inuzuka et 

al., 2010). RNAi knockdown of either β-TrCP (either isoform 1 or 2) or CK1δ can attenuate 

MDM2 degradation after DNA damage (Inuzuka et al., 2010). Although β-TrCP facilitates 

MDM2 degradation in the G1/S transition of cell cycle, it also promotes MDM2 destruction 

in response to DNA damage (Inuzuka et al., 2010). After DNA damage, phosphorylation of 

CK1δ by ATM triggers the translocation of CK1δ to the nucleus where MDM2 is 

phosphorylated by CK1δ and targeted by β-TrCP for proteasomal degradation (Wang et al., 

2012). Interestingly, although DNA damage enhances the interaction between MDM2 and β-

TrCP, siRNA knockdown of β-TrCP does not abrogate initial p53 activation but rather 

attenuates p53 levels at later time points following DNA damage (Inuzuka et al., 2010). 

Thus, it is suggested that the role of β-TrCP may not be to trigger p53 activation itself, but 

rather to suppress MDM2 levels during the recovery phase after DNA damage to maintain 

sustained p53 activation.

As mentioned earlier, the phosphorylation-dependency of β-TrCP-mediated MDM2 

ubiquitination is somewhat counterintuitive, given that degradation of MDM2 by β-TrCP 

requires phosphorylation of the central acidic domain, whereas earlier studies show that this 

region is often hypo-phosphorylated after DNA damage (Blattner et al., 2002; Winter et al., 

2004). In fact, phosphorylation of the acidic domain by GSK-3 has been implicated in 

stabilization, rather than destabilization, of MDM2. It is especially noteworthy that GSK-3 

and CK1δ share at least one of the phosphorylation sites within the central acidic domain 

and, moreover, that GSK-3 phosphorylation can be enhanced by prior phosphorylation on a 

priming site by CK1δ (Winter et al., 2004; Kulikov et al., 2005). Whereas GSK-3 primarily 

phosphorylates two sites within the acidic domain, CK1δ phosphorylates many sites 

including serine residues outside of the acidic domain (Inuzuka et al., 2010) (Fig. 1). Thus, 

phosphorylation of such “CK1δ-specific” residues may be crucial in creating this difference 

and may play a key role in the phosphorylation-dependent ubiquitination of MDM2 by β-

TrCP. Alternatively, it may be that DNA damage first induces hypo-phosphorylation in the 

acidic domain and that CK1δ re-phosphorylates this region afterwards. This would agree 

with the observation that β-TrCP-mediated MDM2 degradation does not seem to impact the 

acute p53 activation phase (Inuzuka et al., 2010).

Yet another Cullin family E3 ligase, the anaphase-promoting complex/cyclosome (APC/C), 

has also been shown to ubiquitinate MDM2 via a scaffold subunit of the APC complex, 
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APC2 (He et al., 2014). Similar to SCF, APC/C is a RING-type ubiquitin ligase complex. 

However, whereas SCF complexes are active at all stages of the cell cycle, the activity of 

APC/C is specific to mitosis and the G1 phase (reviewed in Ang and Harper, 2005). 

Depletion of APC2 results in an accumulation of MDM2, which delays and diminishes p53 

activation in response to DNA damage. Incidentally, APC2 mRNA is down-regulated in 

ovarian, lung, and renal cancers (He et al., 2014), suggesting that increased MDM2 protein 

levels in these cancer types may be attributed, at least in part, to attenuation of APC2-

mediated MDM2 protein turnover.

Finally, while other E3 ligases generally destabilize MDM2, NEDD4-1 has been identified 

as an E3 ligase that rather stabilizes MDM2. NEDD4-1 promotes K63-mediated 

ubiquitination, instead of K48-mediated ubiquitination, on MDM2 (Xu et al., 2015). Since 

K63-conjugated polyubiquitination is not linked to proteasomal degradation, it prevents 

degradation of the target protein by competing with the formation of K48-mediated 

ubiquitination by other E3 ligases (Xu et al., 2015) (Fig. 5). Therefore, K63 ubiquitination of 

MDM2 by NEDD4-1 results in the stabilization of MDM2 and, consequently, the 

suppression of p53 activity (Xu et al., 2015). In the absence of NEDD4-1, MDM2 degrades 

more rapidly and basal p53 levels are slightly higher than that of control cells (Xu et al., 

2015). Moreover, without NEDD4-1, p53 accumulates faster, inducing cell cycle arrest at the 

G1 phase (Xu et al., 2015). Nevertheless, the presence or absence of NEDD4-1 does not 

impact DNA damage-induced MDM2 degradation (Xu et al., 2015), suggesting the 

involvement of another E3 ligase(s) in triggering MDM2 degradation following DNA 

damage. Unlike the other E3 ligases described above, NEDD4-1 may primarily act to 

stabilize MDM2 and suppress p53 in the absence of cellular stress.

SUMOylation of MDM2

Whereas ubiquitination of lysine residues in MDM2 seems to be a major mechanism of 

MDM2 destabilization, other posttranslational modifications on these lysine residues may 

also regulate MDM2 stability. One such modification is SUMOylation. Similar to 

ubiquitination, SUMOylation involves the addition of a small ubiquitin-like modifier 

(SUMO) protein to a lysine residue on a target protein via series of ligases. The SUMO 

protein is first activated by an E1 enzyme such as Aos1-Uba2 then conjugated to a E2 

enzyme (Ubc9) before being attached to its target protein by a E3 ligase (Buschmann et al., 

2001). Once attached, the SUMO protein prevents ubiquitin conjugation in a competitive 

manner. SUMOylation at K446 in the Ring domain stabilizes MDM2 by preventing its self-

ubiquitination (Buschmann et al., 2000). Consequently, this SUMOylation enhances the 

ability of MDM2 to ubiquitinate p53 without affecting the interaction between MDM2 and 

p53 (Buschmann et al., 2000). Interestingly, MDM2 SUMOylation is diminished following 

DNA damage (Buschmann et al., 2000), allowing MDM2 degradation. It is interesting to 

know whether SUMOylation at K446 also protects MDM2 from other ubiquitin E3 ligases.

Since the identification of MDM2 SUMOylation at K446, multiple SUMOylation sites in 

MDM2 as well as SUMO E3 ligases were found (Miyauchi et al., 2002). Interestingly, the 

tumor suppressor protein ARF has been shown to promote MDM2 SUMOylation which is 

inhibited by MDMX (Xirodimas et al., 2002; Ghosh et al., 2005). ARF binds to MDM2 and 
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inhibits its RING activity (Honda and Yasuda, 1999). It can also sequester MDM2 in the 

nucleolus, possibly via an interaction within the nucleolar localization sequence within the 

RING domain (Tao and Levine, 1999; Weber et al., 1999). ARF also promotes MDM2-

mediated degradation of MDMX (Pan and Chen, 2003). Given the roles of ARF and MDMX 

in MDM2 regulation, it is likely that ARF-mediated SUMOylation is inhibitory to the 

function of MDM2. Thus, SUMOylation of MDM2 appears to have multiple roles.

NEDDylation of MDM2

In addition to SUMO and ubiquitin, lysine residues in MDM2 can be modified by another 

small ubiquitin-like molecule called NEDD8. Similar to the SUMO protein, NEDD8 also 

competes with ubiquitin for lysine modification. While ectopic expression of NEDD8 

stabilizes MDM2 protein in a dose-dependent manner, deNEDDylation of MDM2 by the 

NEDD8-specific protease NEDP1 destabilizes MDM2 protein (Watson et al., 2010). 

Interestingly, NEDP1 levels increase after DNA damage (Watson et al., 2010). However, 

since NEDP1 induction does not take place until p53 activation (Watson et al., 2010), it is 

unlikely that NEDP1 is responsible for accelerated MDM2 degradation after DNA damage, 

which precedes p53 activation. NEDP1 may instead play a role in suppressing MDM2 levels 

in the later phase of DNA damage response to maintain p53 levels.

Deubiquitination of MDM2

In addition to competitive inhibition from SUMOylation and NEDDylation, ubiquitination 

of MDM2 can be directly inhibited by deubiquitinating enzymes. One of these proteins is 

HAUSP (also known as USP7). HAUSP was originally reported as an MDM2 antagonist 

because overexpression of HAUSP promotes stability of p53 (Li et al., 2002). However, it 

was later shown that depletion of HAUSP promotes MDM2 destabilization and leads to p53 

activation (Cummins and Vogelstein, 2004; Li et al., 2004). Importantly, HAUSP can 

deubiquitinate MDM2, MDMX, and p53. Upon DNA damage, both MDM2 and MDMX 

reduces their affinity for HAUSP, leading to enhanced ubiquitination of the two proteins, 

while p53 remains associated with HAUSP (Meulmeester et al., 2005). Thus, it may be that 

HAUSP switches its binding partner upon DNA damage. One mechanism through which 

this may occur is via its interaction with the death domain-associated protein 6 (Daxx). Daxx 

promotes the binding of MDM2 to HAUSP and thus increases MDM2 stability (Tang et al., 

2006). After DNA damage, Daxx is phosphorylated by ATM, which triggers its dissociation 

from MDM2 and leads to MDM2 degradation as well as p53 activation (Tang et al., 2013).

In addition to HAUSP, MDM2 has also been reported to be deubiquitinated by the protein 

USP2a (Stevenson et al., 2007). Unlike HAUSP, USP2a does not deubiquitinate p53. Ectopic 

overexpression of USP2a increases MDM2 levels and p53 ubiquitination, while siRNA 

knockdown of USP2a leads to an increase in p53 expression and a slight decrease in MDM2 

half-life (Stevenson et al., 2007). USP2a has also been shown to act as a deubiquitinating 

enzyme for MDMX (Allende-Vega et al., 2010), suggesting that in addition to directly 

stabilizing MDM2, USP2a can also promote MDM2 stabilization by preventing degradation 

of MDMX. Interestingly, USP2a is down-regulated after treatment with cisplatin at both 

mRNA and protein levels (Allende-Vega et al., 2010). It remains elusive whether this down-
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regulation of USP2a could fully account for accelerated MDM2 degradation following DNA 

damage.

Recently, USP15, identified as a negative regulator of T-cell activation, was shown to be a 

deubiquitinase for MDM2 (Zou et al., 2014). USP15 is abundantly expressed in melanoma 

and colorectal cancer cell lines where it stabilizes MDM2 by directly removing ubiquitin 

chains from MDM2 (Zou et al., 2014). Knocking down USP15 in these cell lines results in 

MDM2 degradation and p53-dependent apoptosis (Zou et al., 2014). Whether USP15 also 

modulates MDMX stability, how the activity of USP15 is regulated, and whether DNA 

damage impacts USP15 activity toward MDM2 remain to be elucidated.

Concluding remarks

Although MDM2 was identified more than 15 years ago, much about it remains unknown. A 

number of posttranslational modifications and potential binding partners indicate that 

MDM2 is regulated via several different pathways that have yet to be fully elucidated. 

Phosphorylation can modulate MDM2 stability by modulating its affinity for E3 ligases or 

indirectly by affecting the MDM2–MDMX interaction. However, phosphorylation by DNA 

damage response kinases, particularly ATM and ATR, does not seem to play a direct role in 

MDM2 stability. Nonetheless, these kinases do have effects on p53 activation.

In recent years, more and more evidence suggests that MDM2 regulation of p53 is tied to its 

interaction with the related protein MDMX. It is the disruption of the MDM2-MDMX 

heterodimer, but not the lack of MDM2 E3 ligase activity, that causes embryonic lethality in 

a p53-dependent manner—the loss of MDM2 ligase activity only attenuates the cellular 

response to DNA damage (Tollini et al., 2014). Although several E3 ligases that regulate 

MDM2 degradation were identified, their E3 ligase activity toward MDM2 was analyzed 

without any consideration of whether MDM2 forms homodimers or MDM2-MDMX 

heterodimers (or exists as monomers). In light of these recent discoveries, it is time to 

deliberately investigate the action of the E3 ligases on MDM2-MDMX heterodimers. As 

MDMX protects MDM2 from self-ubiquitination, does it also protect MDM2 from other E3 

ligases? Is monomeric MDM2 more susceptible to degradation than MDM2 in (homo or 

hetero) dimers? Under unstressed conditions, MDMX is much more stable than MDM2. 

However, given the similarities between MDM2 and MDMX, can E3 ligases specific for 

MDM2 also act on MDMX or possibly the MDM2-MDMX heterodimer? Finally, although 

multiple E3 ligases that regulate MDM2 stability were discovered, the mechanism of 

accelerated MDM2 degradation following DNA damage still remains elusive. These 

questions should become interesting topics of research in the coming years. Currently, from 

the pharmacological perspective, inhibitors of the p53-MDM2 interaction, such as Nutlin-3a, 

seem to be a promising approach to restoring p53 function in cancer. However, the 

emergence of primary and acquired resistance to this class of compounds has already been 

demonstrated (Long et al., 2010). Fully elucidating the molecular mechanism of how 

MDM2 is regulated, particularly at the level of its protein stability, may allow us to 

circumvent this resistance and help us identify a novel therapeutic target in cancer treatment.
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Fig. 1. 
MDM2 structure. Structural motifs and regions of interest in the MDM2 protein are shown. 

NLS: Nuclear localization signal; NES: Nuclear export signal; NoLs: Nucleolar localization 

sequence; RING: Really interesting new gene. Several known phosphorylation sites and 

their respective kinases are also indicated.
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Fig. 2. 
Summary of Mdm2 and Mdmx knockout mouse studies. Mdm2 knockout (KO) mice die 

during development but can be rescued if crossed with p53−/− mice (Jones et al., 1995; 

Montes et al., 1995). Mdmx KO mice also die during development and can be rescued if 

crossed with p53−/− mice (Parant et al., 2001). Mice with mutant Mdmx that cannot bind to 

Mdm2 (MdmxC463A and MdmxDRING) also die during development (Huang et al., 2011; 

Pant et al., 2011). Mice expressing the C462A mutant of Mdm2, which lacks E3 activity and 

cannot bind to Mdmx, die during embryogenesis (Itahana et al., 2007) while Mdm2Y487A 

mice, which lack E3 activity but can still bind to Mdmx, remain viable (Tollini et al., 2014).
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Fig. 3. 
MDM2 regulation by the DNA damage kinases. MDM2 is phosphorylated at multiple sites 

by DNA damage kinases, ATM, ATR, and DNA-PK. These kinases can also phosphorylate 

MDM2 indirectly via their downstream effectors. CK1δ is phosphorylated by ATM and 

targets MDM2 for degradation by β-TrCP. See text for more details.
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Fig. 4. 
Regulation of MDM2 and p53 before and after DNA damage. (A) In unstressed cells, 

MDM2 forms a stable heterodimer with MDMX and ubiquitinates p53 for proteasomal 

degradation. The deubiquitinating enzymes USP2a and HAUSP can bind MDM2 and 

MDMX and further increase their stability. MDM2’s affinity for HAUSP is enhanced upon 

binding to the protein Daxx. (B) After DNA damage, MDM2 stability is down-regulated via 

activation of E3 ligases such as PCAF and β-TrCP. Phosphorylation of MDM2 by the DNA 

damage kinases ATM and Chk2 cause it to direct its E3 ligase activity toward MDMX and 

promote its degradation. Degradation of MDMX in turn causes MDM2 to form homodimers 

which are unstable and prone to self-ubiquitination. Incidentally, upon DNA damage, the 

deubiquitinase USP2a is transcriptionally repressed, while HAUSP loses its affinity for 

MDM2, further contributing to MDM2 destabilization.
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Fig. 5. 
Ubiquitination and ubiquitin-like modifications of MDM2 (A) The E3 ligases SCFβ-TRCP, 

APC/C, PCAF, and MDM2 itself can attach K48 ubiquitin chains to MDM2, which mark it 

for proteasomal degradation. Ubiquitination of MDM2 is inhibited by the deubiquitinating 

enzymes HAUSP, USP2a, and USP15 as well as by the process of SUMOylation and 

NEDDylation. (B) NEDD4-1 attaches a K63 ubiquitin chain to MDM2, which does not 

mark it for degradation but does prevent the attachment of K48 ubiquitin chains and 

enhances MDM2 stability.
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