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Abstract
Restoring p53 activity by inhibiting the interaction between p53 and MDM2 represents an
attractive approach for cancer therapy. To this end, a number of small-molecule p53-MDM2
binding inhibitors have been developed during the past several years. Nutlin-3 is a potent and
selective small-molecule MDM2 antagonist that has shown considerable promise in pre-clinical
studies. This review will highlight recent advances in the development of small-molecule MDM2
antagonists as potential cancer therapeutics, with special emphasis on Nutlin-3.
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1. The function and regulation of p53
P53 is a tumor suppressor that is induced and activated by a variety of potentially
tumorigenic stresses, including inappropriate oncogene signaling and DNA damage. The
induction of p53 occurs through post-transcriptional and post-translational mechanisms.
Upon activation, p53 primarily functions as a transcription factor, recruited to binding sites
in chromatin and regulating the expression of genes that control a diverse group of
biological activities, including apoptosis, cell cycle regulation, senescence, DNA
metabolism, energy metabolism, angiogenesis, immune responses, cell differentiation,
motility and migration, and cell–cell communication [1, 2].

Due to its potent tumor suppressor role, the function of p53 is almost always compromised
in tumor cells. Inactivating mutations in p53 are found in approximately 50% of all human
cancers. The frequencies of reported p53 mutations vary among cancer types, ranging from
∼10% in haematopoietic malignancies, 50–70% in colorectal and head and neck cancers,
and nearly 100% in ovarian cancer [3, 4]. The vast majority of tumor-associated p53
mutations are missense mutations within p53's DNA binding domain and inhibit the ability
of p53 to bind DNA and activate transcription [5]. In the remaining cancers in which the p53
gene is not mutated, the function of the p53 pathway is often inhibited through other
mechanisms, including increased expression of MDM2 or MDMX (both negative regulators
of p53) or inactivation of the tumor suppressor protein p14/ARF [6]. The fact that the p53
signaling pathway is inactivated in virtually all cancers has drawn great attention from the
world-wide cancer research community to target the p53 pathway for development of
improved cancer therapies. Recent studies demonstrated that restoring wild-type p53 activity
is sufficient to induce tumor regression in mouse xenograft and endogenous tumor models
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[7, 8]. The transformed phenotype of tumor cells is especially responsive to restoration of
p53 activity, which leads to either apoptotic death or senescence growth arrest followed by
immune system-assisted tumor clearance. Thus, p53 could well be the best target for cancer
specific treatment development.

Wild-type p53 is a short-lived protein. It remains at low or undetectable levels in most
tissues. In normal cells, the activity and level of p53 is tightly controlled by MDM2, an E3
ubiquitin-ligase enzyme responsible for p53 ubiquitination [9, 10]. In humans, the MDM2
gene encodes a 491 amino acid protein with multiple domains, including an N-terminal
domain that contains the binding site for p53 and several other proteins, an acidic domain
capable of interacting with p300 and the tumor suppressor p14/ARF, and a RING finger
domain that harbors the E3 ligase activity responsible for p53 ubiquitination [11]. P53 and
MDM2 form an auto-regulatory feedback loop. P53 binds to the P2 promoter of the MDM2
gene and promotes MDM2 gene expression. In turn, MDM2 protein binds to the N-terminal
transactivation domain of p53 and inhibits p53, primarily by promoting its ubiquitination
and subsequent degradation by the proteasome [12]. Several reports have shown that MDM2
can also inhibit p53 by promoting its ubiquitin-dependent exclusion from the nucleus
[13-15]. The increase in p53 levels following stress results, in large part, from stabilization
of the p53 protein. P53 stabilization following DNA damaging stress is believed to result
from stress-induced modifications in p53 or MDM2 that disrupt p53-MDM2 binding. In
contrast, p53 stabilization in response to other stresses (e.g. oncogenic or ribosomal stress)
can result from an inhibition of the E3-ligase activity of MDM2 that results from stress-
induced interactions of MDM2 with other proteins. For instance, Honda et al. demonstrated
that p14/ARF, whose expression increases in response to oncogenic stress, can bind and
inhibit the ubiquitin ligase activity of MDM2 and promote p53 stabilization [16].
Furthermore, ribosomal proteins L5, L11 and L23 were also reported to activate the p53
pathway by interacting with and inhibiting the E3 function of MDM2 [17-19]. The
importance of MDM2 in regulating p53 has been best demonstrated in mice. MDM2 gene
knockout leads to early embryonic lethality in mice, a phenotype that could be rescued by
simultaneous deletion of the p53 gene [20, 21].

MDMX is an MDM2-related protein that has also emerged as a key p53 regulator. MDMX
has high homology with MDM2, particularly in the N-terminal binding domain for p53 [22].
Like MDM2, MDMX binds with high affinity to the N-terminal transactivation domain of
p53 and inhibits the ability of p53 to activate gene transcription. Importantly, however,
MDMX does not target p53 for degradation [23]. Most current models suggest that MDMX
inhibits the transcriptional activity of p53, whereas MDM2 is responsible for promoting p53
degradation and keeping p53 protein levels in check [24]. It was originally believed that the
MDMX gene is not regulated by p53. However, Chen and colleagues [25] recently identified
a functional p53-binding site in MDMX intron 1, and showed that p53 activation induced a
two-fold increase in MDMX mRNA and protein in testicular germ cell tumors (TGCTs).
Given that MDMX can inhibit p53 transcriptional activity, the results suggested MDMX can
function in an autoregulatory feedback loop with p53, similar to MDM2. More recently,
Jochemsen and colleagues [26] discovered that, like the MDM2 gene, the MDMX gene
contains a promoter (P2) within its first intron that is regulated by p53. Activated p53 was
shown to induce expression of an MDMX transcript from the P2 promoter that encodes a
novel “long-form” of the protein. Importantly, this long-form of MDMX appeared to
function with MDM2 in promoting p53 ubiquitination during recovery from stress. Thus, it
appears that both MDM2 and MDMX can function in an auto-regulatory feedback loop that
keeps p53 levels and activity in check.
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2. Nutlin-3, a non-genotoxic activator of p53
Given that MDM2 is a crucial negative regulator of p53 and a major suppressor of p53
function in most p53 wild-type tumors, blocking the interaction between p53 and MDM2 is
expected to stabilize p53 and activate the p53 pathway, leading to growth arrest and/or
apoptosis in cancer. This notion has led to the development of a number of small-molecule
p53-MDM2 binding inhibitors during the past several years. The first potent and selective
small-molecule MDM2 antagonists, the Nutlins, were identified from a class of cis-
imidazoline compounds using a conventional in vitro biochemical screening method [27].
Nutlins occupy the p53-binding pocket of MDM2 in a way that remarkably mimics the
molecular interactions of the crucial amino acid residues from p53. The Nutlins could
displace p53 from MDM2 in vitro with nanomolar potency (IC50 = 90 nM for Nutlin-3a, the
active enantiomer of Nutlin-3) [27]. (For convenience, we will use Nutlin-3 to refer to all
studies including those in which only the active enantiomer, Nutlin-3a, was used). Among
Nutlins, Nutlin-3 is most commonly used in anti-cancer studies. With multiple types of
cultured cells, Nutlin-3 has been shown to inhibit the p53–MDM2 interaction in the cellular
context with a high degree of specificity, leading to p53 stabilization and activation of the
p53 pathway [28].

P53 is subject to various post-translational modifications, including phosphorylation,
acetylation, methylation, and ubiqitination on different amino acids [29]. Stress-induced
phosphorylations have been shown to be important not only in the dissociation of p53 from
MDM2 but also in the activation of p53 as a transcription factor. Thompson et al. [30]
monitored p53 phosphorylation at six key serine residues (Ser (6), Ser (15), Ser (20), Ser
(37), Ser (46), and Ser (392)) in cells in which p53 was induced by either genotoxic stresses
(doxorubicin or etoposide) or induced by Nutlin-3. P53 phosphorylations induced by
genotoxic stress were not observed in cells in which p53 was induced by Nutlin-3. This led
to the conclusion, subsequently supported by other studies [31, 32], that Nutlin-3 stabilizes
p53 in a non-genotoxic fashion, as would be expected from simply blocking the binding
between p53 and MDM2. Somewhat at odds with this conclusion is a study from Verma et
al. [33]. In their study, Nutlin-3 triggered a DNA damage response in azoxymethane-
induced mouse AJ02-NM(0) colon cancer cells, characterized by the phosphorylation p53 at
Ser 15 and the phosphorylation of H2AX at Ser-139, an accepted marker of DNA double
strand breaks. One potential explanation is that the DNA damage response observed in this
study was a secondary consequence of DNA fragmentation associated with apoptosis, and
not the result of Nutlin-3 itself inducing DNA damage. The notion that Nutlin-3 can activate
the p53 pathway in a non-genotoxic fashion is attractive from a therapeutic standpoint. Most
cancer therapeutics cause DNA damage, drawbacks being the potential for collateral damage
to normal surrounding tissue and the potential for secondary malignancies. By activating
p53 through a non-genotoxic fashion, the usage of Nutlin-3 as a therapeutic would
presumably be without these potential drawbacks.

In addition to Nutlin-3, a number of other compounds that target the p53-MDM2 interaction
have been described, most notably MI-219 and RITA (Reactivation of p53 and Induction of
Tumor cell Apoptosis). MI-219 was designed using a crystal structure guided technique
[34]. Based on the crystal structure of the MDM2–p53 complex, a group of spiro-oxindole
molecules were developed as a new class of inhibitors of the MDM2–p53 interaction.
Among them, MI-219 was developed with extensive modifications. Similar to Nutlin-3,
MI-219 binds to MDM2 and interrupts the p53-MDM2 interaction, stabilizing p53. MI-219
displays a high binding affinity to MDM2 with Ki value of 5 nM (Nutlin-3 has a Ki value of
36 nM under the same assay setting) [34], and is 10,000-fold selective for MDM2 over
MDMX. Treatment with MI-219 was reported to cause cell cycle arrest or apoptosis in cells
with wild-type p53 [34]. Another small-molecule compound, called RITA, was identified
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using a cell-based screen [35]. A pair of isogenic cell lines (HCT116 colon carcinoma),
which differ only in their p53 status, were treated with the National Cancer Institute library
compounds. RITA was identified as it suppressed the growth of HCT116 p53 +/+ cells in a
dose-dependent manner but only slightly inhibited the growth of HCT116 p53-/- cells. In
contrast to Nutlin-3 and MI-219, RITA binds to p53 but not to MDM2. The interaction of
RITA with wild-type p53 prevented its interaction with MDM2 and resulted in accumulation
of p53. Consequently, RITA induced p53 target gene expression and triggered massive
apoptosis in various tumor cells expressing wild-type p53 [35]. Notably, while all three
compounds can block p53-MDM2 binding and thus activate p53, the response of cells to
each compound can vary. For example, Rinaldo et al. [36] compared the responses of
multiple p53 wild-type cell lines with either Nutlin-3 or RITA. While the primary response
to Nutlin-3 in these cell lines was growth arrest, RITA induced abundant apoptosis in these
cells. The basis for these different responses resided, at least in part, on levels of the pro-
apoptotic protein HIPK2 (Homeodomain-Interacting Protein Kinase 2). Specifically, HIPK2
levels decreased in Nutlin-3-treated cells due to MDM2-mediated degradation, whereas
HIPK2 levels were modestly increased in cells exposed to RITA [36].

3. Cell cycle arrest, cell death, senescence, quiescence and other
phenotypes induced by Nutlin-3 in normal cells and cancer cells

In wild-type p53 tumor cells, activation of p53 by Nutlin-3 induces p53- and p21-dependent
cell cycle arrest and p53 dependent death. Tovar et al. [28] tested the effect of Nutlin-3 on
ten wild-type p53 cancer cell lines from different tumor types, including colon, breast, lung,
prostate, melanoma, osteosarcoma, and renal cancer. They showed that Nutlin-3 induced cell
cycle arrest at the G1/S and G2/M boundaries and the depletion of S-phase cells in all ten
cell lines. This indicated that the p53 dependent cell cycle arrest pathway is preserved in
these cancer cells. More recently it was demonstrated cells that arrested in a 4N state in
response to Nutlin-3 treatment are in a tetraploid G1-state [37, 38]. This is based on the fact
that in multiple cell lines Nutlin-3 caused depletion of key G2/M regulators (Cyclin B1,
Cyclin A, cdc2 and geminin) and up-regulation of G1-arrest markers (p53, p21,
hypophosphorylated pRb) in 4N cells. These effects were dependent on both p53 and p21.
The down-regulation of another G2/M phase regulator protein PLK1 (polo-like kinase1) by
Nutlin-3 has also been reported [39]. Notably, in some but not all cell lines, 4N-arrested
cells underwent endoreduplication after Nutlin-3 removal [37, 38]. It was further
demonstrated that this endoreduplication could, in certain cell lines, give rise to stable
tetraploid clones that now displayed increased resistance to irradiation and cisplatin-induced
apoptosis [37, 38]. The results suggested a potentially adverse side effect of Nutlin-3-based
therapies is endoreduplication and the generation of therapy-resistant tetraploid cells.

Ultimately, the outcome of p53 activation (apoptosis vs. growth arrest) by Nutlin-3
treatment may be dependent on cell type and the activation or inactivation of survival
signaling pathways. Thus, most hematologic cancer cell lines with wild-type p53 undergo
apoptosis as their primary response to Nutlin-3 treatment, whereas most but not all non-
hematologic cancer cell lines (sarcomas, carcinomas) undergo a growth arrest. Tovar et al.
[28] reported that SJSA-1 and MHM, two osteosarcoma cell lines with amplification of the
MDM2 gene, were highly sensitive to Nutlin-3 induced apoptosis, whereas HCT-116 (colon
cancer), A549 (lung cancer) and H460 (lung cancer), which contained only one MDM2
gene, were the least sensitive [28]. This suggested amplification of the MDM2 gene in
cancer cells may predispose to p53-dependent apoptosis and such cancer cells may therefore
be highly sensitive to MDM2 inhibitors. In contrast, in the study by Kitagawa et al. [40], it
was found that Nutlin-3 treatment did not cause significant apoptosis in the choriocarcinoma
cell line JAR, which is known to have MDM2 gene amplification. This would suggest
MDM2 gene amplification is not a perfect predictor of sensitivity to Nutlin-3 induced
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apoptosis. Nonetheless, being able to target Nutlin-3 treated cells down the more desirable
apoptotic pathway could presumably increase its therapeutic potential. Indeed, several
factors have been identified that affect the response to Nutlin-3 treatment. As mentioned
earlier, MDMX is an MDM2-related protein that can bind to p53 and inhibit its
transcriptional activity without promoting p53 degradation. While the binding between p53
and MDM2 is effectively blocked by Nutlin-3, the binding between p53 and MDMX is not
[41]. Thus, cancer cells with elevated MDMX levels are reportedly resistant to Nutlin-3
induced apoptosis, due to the ability of MDMX to bind and inhibit p53 that would otherwise
be activated by Nutlin-3 [41, 42]. This has led to the realization that targeting the p53-
MDMX interaction may be equally important as targeting the interaction between p53 and
MDM2, at least in certain cancers. A number of small molecule inhibitors of p53-MDMX
binding have been described that in some cases can induce p53-dependent apoptosis and in
some cases have been reported to function in an additive or synergistic fashion with Nutlin-3
[41, 43, 44]. In another study, Kitagawa et al. [40] reported cancer cells with relatively high
E2F1 activity were more susceptible to apoptosis following Nutlin-3 treatment than cancer
cells with low E2F1 activity. This was linked with the ability of E2F1 to increase expression
of pro-apoptotic p73, a p53-related protein. Finally, Zhu et al. [45] reported acute
lymphoblastic leukemia cells with high PTEN (Phosphatase and TENsin homolog)
expression were more susceptible to Nutlin-3 induced apoptosis than low PTEN expressing
cells. This effect was linked with the ability of PTEN to inhibit survival signaling by the
PI3K/Akt signal transduction pathway.

P53 can induce apoptosis through both transcriptional and non-transcriptional mechanisms,
and both mechanisms have been described in response to Nutlin-3. First, p53 that is
stabilized in response to stress or Nutlin-3 treatment accumulates in the nucleus where it
functions as a transcription factor, activating expression of genes that encode pro-apoptotic
proteins such as PUMA, bax, and Noxa, that drive apoptosis by disrupting the outer
mitochondrial membrane [28, 42]. In contrast, a smaller though significant portion of p53
can also accumulate directly in mitochondria, where it interacts with pro- and anti-apoptotic
members of the Bcl-2 family, resulting in release of factors from the mitochondria that drive
apoptosis [46]. Vaseva et al. [47] reported that the transcription-independent mitochondrial
p53 program is a major contributor to Nutlin-3 induced apoptosis in RKO cells (colon
carcinoma) and ML1 cells (leukemia). They showed that blocking the transcription arm of
p53 via α-amanitin treatment, for example, increased apoptosis induced by Nutlin-3.
Furthermore, blocking p53 movement to mitochondria inhibited Nutlin-3 induced apoptosis
in both cell lines. In contrast, in postnatal neurons it was shown that Nutlin-3-induced
apoptosis without p53 accumulation in mitochondria and, further, that inhibition of
transcription blocked apoptosis by Nutlin-3 [48]. Thus, Nutlin-3 induced apoptosis in
postnatal neurons appears to occur through a p53 transcription-dependent mechanism.
Finally, Saha and Chang [49] provided evidence that Nutlin-3 induced apoptosis in multiple
myeloma cells involves both p53 transcription-dependent and transcription-independent
pathways. It would appear that p53-dependent apoptosis following Nutlin-3 treatment can
occur through different mechanisms in different cell types.

Nutlin-3 was reported to cause permanent, irreversible arrest (senescence) in fibroblasts and
fibrosarcoma cells that was dependent in some cases on the length of Nutlin-3 exposure [31,
50]. In contrast, recent studies have reported that cell cycle arrest induced by prolonged
Nutlin-3 treatment in p53 wild-type cancer cells is largely if not entirely reversible [51, 52].
Specifically, exposure to Nutlin-3 for up to 6 days induced a senescent-like arrest that
included expression of senescence-associated beta-galactosidase in multiple p53 wild-type
cancer cell lines. Despite this arrest, nearly 100% of Nutlin-3 treated cells resumed cycling
after Nutlin-3 removal, as determined by BrdU incorporation. This suggested Nutlin-3
mediated cell cycle arrest is not permanent. These findings revealed a potential complication
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of Nutlin-3 based therapies. Namely, if Nutlin-3 induced cell cycle arrest is not permanent in
some p53 wild-type cancer cells, these cells could recover after treatment and resume
cycling. Nonetheless, the findings also provided a rationale for the potential use of Nutlin-3
against p53-null or mutant cancers. In this rationale, pre-treatment of p53-null or mutant
tumors is predicted to arrest normal tissues and cells surrounding the tumor but allow the
tumor cells to continue proliferation. Subsequent exposure to drugs that target proliferating
cells would then selectively kill the tumor cells while leaving the normal surrounding cells
unaffected [53-55].

More recent studies have implicated mTOR (mammalian target of rapamycin) signaling as a
determinant of whether growth arrest induced by Nutlin-3 is permanent (senescence) or
transient (quiescence) [56-58]. mTOR is a cytoplasmic kinase whose activity is often
elevated in cancer [59]. mTOR converts signals from activated growth factor receptors into
downstream events that promote cell proliferation and survival. Blagosklonny and
colleagues noted that in some cases p53 induction did not induce senescence while ectopic
expression of p21 did [52]. This led them to question whether p53 could unexpectedly
suppress senescence. To address this, they used a cell line in which p21 was expressed from
an inducible (IPTG-driven) promoter [60]. In this cell line, transient p21 expression induced
by IPTG caused the cells to undergo a senescent arrest characterized by flat-cell phenotype,
expression of senescence-associated beta galactosidase, and a complete loss of proliferative
potential after IPTG removal [58]. To test the effect of p53 on this senescent arrest, the
authors first induced p21 by IPTG, and then induced p53 expression in the same cells by
addition of Nutlin-3. Remarkably, cells in which p53 was induced by Nutlin-3 maintained
their proliferative potential and were able to resume cycling and fully recover after IPTG
removal. These results indicated that p53 expression converted the normal senescence
response in these cells to quiescence. The suppression of senescence they observed appears
to be associated with a p53-dependent inhibition of mTOR activity [58]. This is based on the
finding that shRNA-mediated knockdown of TSC2, a negative regulator of mTOR and p53
target gene [61], imposed senescence in these Nutlin-3 treated cells. The results supported a
model in which p53 can suppress senescence through up-regulation of TSC2 and inhibition
of mTOR. These findings, if correct, have obvious clinical implications. For example, if p53
activation by Nutlin-3 can suppress senescence in cancer cells and cause them to arrest in a
quiescent state, then these cells could recover after treatment and resume cycling. This
would conceivably limit the effectiveness of Nutlin-3-based therapies. The findings of
Blagosklonny and colleagues suggest the status of the mTOR pathway can determine, at
least in part, the choice between senescence and quiescence in Nutlin-3 and p53-arrested
cells [57]. In fact, Nutlin-3 failed to inhibit mTOR in melanoma-derived cell lines and
mouse embryo fibroblasts that undergo senescence as their primary response to p53
activation [57]. The findings imply that Nutlin-3 could be effective as a single treatment
agent, but only against cancers in which p53 fails to inhibit or only partially inhibits mTOR.

Finally, effects of Nutlin-3 on the invasive and migratory capacity of cells have also been
described. For example, Sechierro et al. reported an inhibitory effect of Nutlin-3 on
angiogenesis, which was related at least partially to decreased migratory capacity of treated
endothelial cells [62]. In other studies it was shown that Nutlin-3 could inhibit cancer cell
migration and invasion indirectly through repression of stromal-derived factor-1/CXCL12
expression in stromal fibroblasts [63]. In studies from our lab it was found that Nutlin-3
treatment caused a cytoskeletal rearrangement in p53 wild-type human cancer cells from
multiple etiologies [64]. Specifically, Nutlin-3 decreased actin stress fibers and reduced the
size and number of focal adhesions in treated cells. This process was dependent on p53
expression but was independent of p21 expression and growth arrest. Consistent with this,
Nutlin-3 treated cells failed to form filamentous actin–based motility structures
(lamellipodia) and displayed significantly decreased directional persistence in response to
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migratory cues. Finally, chemotactic assays showed a p53-dependent/p21-independent
decrease in migratory and invasive capacity of Nutlin-3-treated cells. Taken together, these
findings reveal that Nutlin-3 treatment can inhibit the migration and invasion capacity of
p53 wild-type cells, adding to the potential therapeutic benefit of Nutlin-3 and other small
molecule MDM2 inhibitors.

4. Other targets of Nutlin-3
Since Nutlin-3 occupies the N-terminal p53-binding pocket of MDM2, it would likely also
interfere with proteins that bind MDM2 at or near this same pocket. In addition to p53, the
N-terminal domain of MDM2 has been shown to functionally interact with other proteins,
including E2F1 [65], HIF-1α [66], p73 [67] and Numb [68]. In some cases, Nutlin-3 has
been shown to modulate the levels/activity of these other MDM2-interacting proteins
(Figure 1).

P73 is a p53 homolog that, like p53, can activate proapoptotic genes and induce cell death.
P73 binds the MDM2 N-terminal hydrophobic pocket, which is the region targeted by
Nutlin-3. Lau et al. [69] were the first to report that Nutlin-3 could disrupt the interaction
between endogenous p73 and MDM2 and, as a result, enhance p73 function. In p53-null and
mutant cells it was demonstrated that dissociation of p73 and MDM2 by Nutlin-3 increased
p73 transcriptional activity, with up-regulation of p73 target genes PUMA and Noxa. The
increase in p73 levels was due in part to stabilization of the p73 protein. Finally siRNA
knockdown of p73 prevented Nutlin-3 induced apoptosis, indicating the apoptosis was at
least in part p73-dependent [69]. These findings provide a rationale for the use of Nutlin-3
against p53-null or mutant tumors, due to its ability to stabilize the p73 protein and promote
p73-dependent death.

E2F1 is a transcription factor that interacts with pRb and regulates the G1/S phase transition.
While E2F1 can promote cell cycle progression, it is also believed to have a tumor
suppressor function, based on its ability to induce apoptosis when highly expressed through
induction of pro-apoptotic target genes, such as p73, PUMA, and Noxa, and also on the fact
that E2F1 knockout mice develop a broad spectrum of tumors [70, 71]. E2Fs function as
heterodimers with members of the DP family of transcription factors. Martin et al. [65]
reported that MDM2 can bind directly to E2F1 through a region in MDM2 that includes the
p53-binding pocket. They reported this binding can stimulate the activation capacity of
E2F1/DP1. Blattner et al. [72] later showed that E2F1 protein was stabilized in cells
transfected with MDM2 antisense oligonucleotides and in cells microinjected with
antibodies that target the p53-binding pocket in MDM2, suggesting MDM2 might target
E2F1 for degradation. This notion was later supported by studies from Loughran and La
Thangue [73] showing MDM2 could decrease E2F1 and DP1 protein levels when all three
proteins were co-expressed in p53-null cells. In their study, MDM2 blocked apoptosis in
E2F1 overexpressing cells, but increased S-phase entry (measured by BrdU incorporation)
and clonogenicity. Based on this it was proposed MDM2 decreases E2F1 to a level at which
it can no longer promote apoptosis, but can promote cell cycle progression. The effect of
Nutlin-3 on E2F1 levels appears to depend on p53 status. In p53 wild-type cells, Nutlin-3
treatment is reported to cause a drastic decrease in E2F1 levels through mechanisms that are
unclear but may involve transcriptional repression of E2F1 mediated by p53-p21, or
enhanced degradation [51, 71, 74]. In contrast, E2F1 levels remain unchanged or are
increased in p53-null or mutant cells treated with Nutlin-3 [71, 75, 76]. In studies by
Ambrosini et al. [71] it was shown that Nutlin-3 blocked endogenous interactions between
E2F1 and MDM2, and E2F1 and pRb, in p53-null/mutant cells. This was associated with a
decrease in E2F1 ubiquitination, consistent with MDM2 promoting E2F1 ubiquitination.
Finally, in at least two separate studies Nutlin-3 enhanced apoptosis in p53-null/mutant cells
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when combined with chemotherapeutic drugs (cisplatin, carboplatin, and doxorubicin), and
this apoptosis was E2F1 and p73-dependent apoptosis [71, 76]. At least one emerging model
based on these findings is that in p53-null/mutant cells Nutlin-3 can stabilize and increase
the levels of “free” E2F1, in part, by blocking MDM2-E2F1 binding. Free E2F1 may then
be subject to therapy-induced modifications that direct it to pro-apoptotic promoters.

HIF-1α (Hypoxia-inducible factor 1α) is a heterodimeric transcription factor that responds
to hypoxic conditions and activates expression of genes, such as vascular endothelial growth
factor gene (VEGF) that promote angiogenesis [77]. HIF-1α has been shown to form a
complex with MDM2 and, in one report, increased association of HIF-1α and MDM2
protected p53 from MDM2-mediated degradation [66]. Mayo and colleagues used mapping
and competition studies to show that HIF-1α binds the p53-binding domain of MDM2 [78].
Further, they demonstrated that Nutlin-3 blocked the interaction between MDM2 and
HIF-1α. Under normoxic or hypoxic conditions, MDM2 binding increased the ability of
HIF-1α to induce VEGF production [78, 79]. Blocking the association of MDM2 and
HIF-1α by Nutlin-3 diminished the level of VEGF under normoxic or hypoxic conditions
[78]. The findings suggest Nutlin-3 can diminish VEGF production and thus may inhibit
tumor angiogenesis by blocking the interaction between HIF-1α and MDM2.

Numb is a cell fate regulatory protein involved in a variety of developmental processes,
most notably development of the nervous system [80]. Oren and colleagues reported MDM2
can bind Numb and promote its degradation [68]. Analysis of MDM2 mutant proteins
demonstrated that Numb binding occurs through the N-terminal p53-binding region of
MDM2 [68]. Moreover, point mutations within the p53-binding domain that are known to
disrupt p53-MDM2 binding also disrupted the binding between MDM2 and Numb. This
suggests that Numb binds the same region of MDM2 as does p53 and, therefore, that the
interaction between MDM2 and Numb may be disrupted by Nutlin-3. To our knowledge, the
effect of Nutlin-3 on Numb levels, activity, and interaction with MDM2 has not been
explored.

5. Nutlin-3 used as a combination agent for cancer cell killing
Most currently available genotoxic therapies, such as irradiation (IR) and chemotherapeutic
drugs, activate p53 pathway by inducing DNA damage. However a potential drawback of
such therapies is that they can impose a high genotoxic burden to normal tissues that may
lead to development of secondary malignancies later in life. As discussed earlier, Nutlin-3
increases p53 through a non-genotoxic mechanism. Therefore, combining Nutlin-3 with
lower doses of conventional genotoxic agents may achieve the desired level/activity of p53
while reducing the genotoxic burden on normal tissues. In vivo experiments with nude mice
demonstrated that Nutlin-3 has little toxicity to animals at therapeutically efficacious dose
schedules [27]. These data suggest that the non-genotoxic activation can be less toxic and
better tolerated than genotoxic p53 activation in vivo.

Perhaps the most promising therapy potential for Nutlin-3 and related compounds is in the
treatment of blood malignancy. In vitro experiments demonstrated that acute myeloid
leukemia (AML), B-chronic lymphocytic leukemia (B-CLL), and multiple myeloma patient
specimens mainly underwent apoptosis in response to Nutlin-3 treatment [81-83]. Since only
10% of AML, B-chronic lymphocytic leukemia and multiple myeloma have p53 mutation or
deletion [3], they are potentially attractive tumor types for Nutlin-3 based therapy or other
therapies that target p53-MDM2 binding. Nutlin-3 was also reported to display additive and/
or synergistic effects when used in combination with genotoxic therapy commonly used for
the treatment of haematological malignancies (Table 1). For example, Nutlin-3
demonstrated synergetic effect with the genotoxic drugs doxorubicin, chlorambucil, and
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fludarabine in B-cell chronic lymphocytic leukemia cells [81]; Also, Nutlin-3 has been
combined with CpG-oligodeoxynucleotide to induces strong immune stimulation coupled to
cytotoxicity in B-cell chronic lymphocytic leukemia cells [84]. These studies suggested
MDM2 antagonists such as Nutlin-3 may enhance the activity of established
chemotherapeutics in vitro.

The effects of combining Nutlin-3 and irradiation have also been examined in several
studies (Table 1). Arya et al reported that wild-type p53 laryngeal carcinoma cells were
significantly radiosensitized by Nutlin-3 and displayed enhanced cell cycle arrest in the
absence of increased apoptosis [85]. In another study, Nutlin-3 has been shown to
radiosensitize hypoxic prostate cancer cells via p53 independent mechanism under low O2
conditions [86].

In addition to genotoxic therapy, Nutlin-3 has also been shown to synergize the cytoxicity of
other drugs (Table 1). Cheok et al. reported that the combination of CDK inhibitors
(Roscovitine and DRB) and Nutlin-3 showed a clear synergism in the activation of p53 and
the promotion of p53 dependent apoptosis in a range of p53 wild-type tumor cells, including
melanoma, colon carcinoma, breast adenocarcinoma, and hepatocarcinoma cells [87]. The
molecular basis of this combined therapeutic activity is that the use of CDK inhibitors
strongly enhanced Nutlin-3 dependent induction of p53 activity. Nutlin-3 has also shown
synergistic anti-leukemic activity with a small molecule multikinase inhibitor Dasatinib in
both p53 wild-type and p53 mutated B chronic lymphocytic leukemia by inhibiting the Akt
pathway [88]. In p53 wild-type AML cell lines Nutlin-3 has been demonstrated to synergize
with recombinant TRAIL in inducing apoptosis [89]. One possible underlying mechanism is
that Nutlin-3 was reported to up-regulate TRAIL-R2 both at the mRNA level and at the cell
surface level.

5. Final Remarks
Wild-type p53 is a tumor suppressor activated by DNA damage and other stresses. There has
been considerable interest in restoring wild-type p53 function as a therapeutic strategy. This
goal has led to the development of Nutlin-3, a small molecule that activates p53 by blocking
its interaction with MDM2, the primary negative regulator of p53 activity in cells. Notably,
Nutlin-3 activates p53 through a non-genotoxic mechanism, and thus its use as a therapeutic
agent may spare tissues of deleterious side-effects associated with common DNA damaging
drugs. Nutlin-3 has shown considerable promise in preclinical studies against p53 wild-type
cancers [27, 28, 83]. Thus, Nutlin-3 treatment induced robust growth arrest or apoptosis in
cultured cell lines that express wild-type p53, and inhibited the growth of p53 wild-type
human tumors grown as mouse xenografts. Most currently available genotoxic therapies
activate the p53 pathway by inducing DNA damage. When combined with radiation or
chemotherapeutic drugs, Nutlin-3 can function in an additive or synergistic fashion to
enhance tumor cell killing (see Table 1). Thus, in a clinical setting, combining Nutlin-3 with
lower doses of conventional genotoxic agents may achieve equivalent tumor killing while
reducing the genotoxic burden to normal tissues.

There is also interest/support for the use of Nutlin-3 against p53-null or mutant tumors. In
one strategy, Nutlin-3 would promote cell cycle arrest in normal tissues that surround a p53-
null/mutant tumor, while the tumor cells themselves would continue to proliferate.
Subsequent treatment with drugs that target proliferating cells would then selectively kill the
tumor cells while having no effect on the arrested normal cells. Support for this strategy
comes from studies in which p53 wild-type cells arrested in G1 and G2-phase by Nutlin-3
pretreatment were resistant to killing by the S-phase drug gemcitabine or the microtubule
poison taxol [54, 55]. Nutlin-3 has also been shown to have some direct growth inhibitory
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effects in p53-null/mutant cells. For example, Nutlin-3 triggered p73-dependent apoptosis in
p53-null cells by disrupting the interaction between MDM2 and p73 [69]. In other studies,
Nutlin-3 enhanced therapy-induced apoptosis that was p73- and E2F1-dependent in p53-
null/mutant cells by disrupting the interactions between MDM2 and p73, and MDM2 and
E2F1 [71, 76]. In sum, there is support for the use of Nutlin-3 against both p53 wild-type
and p53-null/mutant cancers.

The therapeutic potential of Nutlin-3 is not limited to its ability to induce growth arrest or
apoptosis. For example, Mayo and colleagues reported that Nutlin-3 can block VEGF
production by disrupting the interaction between MDM2 and HIF-1α [78]. These results
suggest Nutlin-3 may have anti-angiogenic properties. Nutlin-3 treatment also decreased
expression in stromal fibroblasts of stromal-derived factor 1 (SDF1) and, as a result, blocked
SDF-1 mediated cancer cell migration [63]. In our lab, Nutlin-3 decreased the migration and
invasive capacity of p53 wild-type cancer cells, most likely by decreasing the activities of
RhoA and Rac1 [64].

Finally, it is worth pointing out that Nutlin-3 is not only a potential therapeutic agent, but
also a useful tool for studying the p53 pathway. In the past, the p53 pathway was often
studied in cells exposed to DNA damaging stress. However, the multitude of signaling
events activated by DNA damage made it a challenge to identify those events/outcomes that
were solely p53-dependent. Given its high specificity, Nutlin-3 can be used to identify those
pathways that are modulated specifically and solely by non-genotoxic p53 activation.
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List of Abbreviations

MDM2 Murine Double Minute 2

PI3K Phosphatidylinositol 3-Kinases

PUMA P53 Upregulated Modulator of Apoptosis

TSC2 Tuberous sclerosis protein 2

MEK Mitogen-activated protein kinase

DRB 5,6-dichlorobenzimidazole riboside

CDK Cyclin-dependent kinase
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Figure 1. Molecular Mechanisms of the actions of Nutlin-3
Nutlin-3 binds to the p53 binding pocket in MDM2 and inhibits the p53/MDM2 interaction,
leading to stabilization of p53 and induction of p53-dependent cell cycle arrest or apoptosis.
Nutlin-3 can also inhibit cancer cell migration and invasion in a p53-dependent manner,
most likely through inhibition of RhoA and Rac1 activity. In addition to p53, Nutlin-3 also
blocks the interaction of MDM2 with p73, E2F1, HIF-1α, resulting in increased apoptosis
(p73, E2F1) and decreased VEGF production and decreased angiogenesis (HIF-1α).
Nutlin-3 is predicted to block the interaction of MDM2 and Numb.
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Table 1
Antitumor activity of Nutlin-3 in combination with other drugs or therapies

Cancer Type Combination Therapy (Nutlin-3 +
Treatment)

P53 status Effect of Nutlin-3 Reference

Acute Lymphoblastic Leukemia Ly294002 (PI3K inhibitor) WT Synergistic apoptosis induction [45]

Acute Myeloid Leukemia 1,25-dihydroxyvitamin D(3) WT Enhanced apoptosis [90]

Acute Myeloid Leukemia AZD6244 (inhibitor of MEK
signaling)

WT Synergistic apoptosis induction [91]

Acute Myeloid Leukemia inhibition of X-linked inhibitor of
apoptosis (XIAP) by antisense

oligonucleotide

WT Synergistic apoptosis induction [92]

Acute Myeloid Leukemia MK-0457 (Pan-Aurora kinase
inhibitor)

WT Synergistic apoptosis induction [93]

Acute Myeloid Leukemia PI-103 (dual PI3 kinase/mTOR
inhibitor)

WT Synergistic apoptosis induction [94]

Acute Myeloid Leukemia TRAIL (death ligand) WT Synergistic apoptosis induction [89]

Acute Myeloid Leukemia PD98059 (inhibitor of mitogen-
activated protein kinase kinase)

WT Synergistic apoptosis induction [95]

Acute Myeloid Leukemia ABT-737 (inhibitor of Bcl-2) WT Synergistic apoptosis induction [96]

B Lymphoid & Myeloid
Leukemia

Perifosine (alkylphospholipids) WT Synergistic Cytoxicity [97]

B-cell chronic lymphocytic
leukemia cells

Dasatinib (Multi-kinase inhibitor) WT & Mutant Synergistic Cytoxicity [88]

B-cell chronic lymphocytic
leukemia cells

Doxorubicin, Chlorambucil &
fludarabin (Chemotherapy Drugs)

WT Synergistic apoptosis induction [81]

Endometrial and Ovarian cancer
cells

Low-dose Mithramycin (inhibitor of
Sp1 DNA binding)

WT Synergistic apoptosis induction [98]

Hepatocellular carcinoma Doxorubicin (Chemotherapy Drug) WT & Mutant Enhanced Chemosensitivity [99]

Laryngeal Carcinoma Radiation WT Enhanced Radiosensitivity [85]

Lung Cancer Radiation WT Enhanced Radiosensitivity [100]

Malignant Peripheral Nerve
Sheath & Colon Cancer cells

Cisplatin, Carboplatin & Doxorubicin
(Chemotherapy Drugs)

Mutant & Null Synergistic apoptosis induction [71]

Multiple Myeloma RITA (inhibitor of p53-MDM2
interaction)

WT Synergistic Cytoxicity [101]

Melanoma, Colon & Breast
Cancer cells

Roscovitin & DRB (CDK inhibitors) WT Synergistic apoptosis induction [87]

Mantle Cell Lymphoma Bortezomib (Proteasome inhibitor) Mutant Synergistic apoptosis induction [102]

Multiple Myeloma Velcade (Proteasome inhibitor) WT Synergistic Cytoxicity [103]

Neuroblastoma Doxorubicin (Chemotherapy Drug) Null Enhanced Chemosensitivity [76]

Neuroblastoma Cisplatin & Etoposide
(Chemotherapy Drugs)

WT Synergistic apoptosis induction [104]

Prostate Cancer Cells Radiation WT & Mutant Radio-sensitized under hypoxic
conditions

[86]
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