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The p53 gene plays a critical role in the transcriptional regulation of cellular response to stress, DNA
damage, hypoxia, and tumor development. Keeping in mind the recently discovered manifold physio-
logical functions of p53, its involvement in the regulation of cancer is not surprising. In about 50%
of all human cancers, inactivation of p53’s protein function occurs either through mutations in the
gene itself or defects in the mechanisms that activate it. This disorder plays a crucial role in tumor
evolution by allowing the evasion of a p53-dependent response. Many recent studies have focused on
directly targeting p53 mutants by identifying selective, small molecular compounds to deplete them
or to restore their tumor-suppressive function. These small molecules should effectively regulate vari-
ous interactions while maintaining good drug-like properties. Among them, the discovery of the key
p53-negative regulator, MDM2, has led to the design of new small molecule inhibitors that block the
interaction between p53 and MDM2. Some of these small molecule compounds have now moved from
proof-of-concept studies into clinical trials, with prospects for further, more personalized anti-carcino-
genic medicines. Here, we review the structural and functional consequences of wild type and mutant
p53 as well as the development of therapeutic agents that directly target this gene, and compounds
that inhibit the interaction between it and MDM2.
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Introduction

Numerous biological functions of the p53 gene, which has
been identified as a tumor suppressor gene [51], have been
discovered, including modulation of apoptosis, cell cycle ar-
rest, senescence, metabolism, and DNA repair in response
to various cellular stresses such as DNA damage, oncogene
expression, hypoxia, and viral infection (Fig. 1) [30, 41].
Furthermore, p53 plays an essential role in preventing the
development of cancer [18, 49]. Early on, p53 was classified
as an oncogene and identified as the most frequently mu-
tated gene in a variety of human cancers [21]. Indeed, p53
is inactivated by mutations or loss in about 50% of all human
cancers. Unlike other tumor suppressor genes, p53 is primar-
ily altered in human cancers by missense mutations, which
are located in the DNA-binding domain (DBD) and caused

by a single amino acid change at various sites. Missense mu-
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tations in hot-spot sites (Arg175, Tyrzzo, Gly245, Arg248, Arg249,
Arg”™”, and Arg™) are most frequently observed in human
cancers. Additionally, nonsense or frame-shift mutations,
which are less frequent than missense mutations, constitute
10% of the p53 gene mutations in cancers [36, 40]. Mutations
can result in loss of DNA binding, disruption of structural
stability, and loss of transcriptional transactivation function
[4, 20, 52, 56]. Several recent studies have shown that p53
reactivation leads to tumor regression, which is considered
a very promising anticancer strategy. Therefore, many re-
search groups are searching for small molecules or peptides
that can reactivate mutant p53 [9].

Under normal conditions, the expression of p53 protein
is tightly controlled to remain low by the E3 ubiquitin pro-
tein ligase MDM2 (Mouse double minute 2), which binds
to the N-terminus transactivation domain of p53 [34]. Mouse
double minute 2 regulates p53 stability through mono- or
poly-ubiquitination and proteasome-mediated degradation
[6]. Mouse double minute X (also known as MDM4) is a
structural homologue of MDM2 that plays a critical role in
down-regulation of p53 activity [22]. The presence of cellular
stress inhibits the interaction between p53 and MDM2 by
the post-translational modification of both proteins, leading
to p53 accumulation and activation [45]. Thus, the inter-
action of p53 with MDM2 is an attractive target for develop-
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Fig. 1. The p53 signaling pathway. The p53 tumor suppressor gene acts as the center of a complex network of numerous biological
functions that translates in response to various cellular stresses, DNA damage, oncogene expression, hypoxia, and viral
infection. Activation of p53 acts as a transcription factor that induces the transcription of target genes involved in regulating
cell cycle arrest, DNA repair, apoptosis, senescence, and metabolism.

ment of anticancer therapy, and various small molecules
have been developed as protein-protein interaction in-
hibitors based the structure of the p53-MDM2 complex.
Several compounds, including nutlins, are known to prevent
MDM2/MDM4 from binding to wild-type p53 and thereby
block its degradation. Nutlins derived from imidazole scaf-
fold were first reported, and Nutlin3a, the most potent nutlin
inhibitor, selectively activates p53 and induces apoptosis in
selected cancer cell lines. However, most drug discovery ef-
forts have focused on small molecule inhibitors that interfere
with the p53-MDM2/MDM4 interaction [55].

In this review, we summarize the structures of wild-type
and mutant p53 and their diverse structural and functional
consequences. In addition, we review therapeutic agents that
reactivate mutant p53 and the compounds that directly in-
hibit the interaction between p53 and MDM2, and we look
into the prospect of future development of therapeutic
agents targeting p53.

Structure and function of p53

Human p53, a nuclear phosphoprotein of MW of 53 kDa,
contains 393 amino acids and is composed of structural and
functional main domains: an amino-terminal transactivation
domain (TAD1; amino acids 1-40, TAD2; aa 41-61), a pro-

line-rich domain with multiple copies of the PXXP sequence
(PRD; aa 61-94, where X is any amino acid), the central
DNA-binding domain (DBD; aa 94-292), a tetramerization
domain (TD; aa 318-355) and a carboxyl terminal regulatory
domain (CTD; aa 363-393) (Fig. 2). N-terminal TAD, which
is required for p53 transcriptional activity, interacts with
many proteins including CREB-binding protein (CBP)/
p300, p300/CBP-associated factor (PCAF), MDM2, tran-
scription factor II D (TFIID), transcription factor IIH (TFIIH),
and TATA-binding protein associated factors (TAFs) [27, 48].
These partner proteins overlap with the binding site of TAD.
Few studies of the structure and function of the N-terminal
domain of p53 have been conducted, and NMR studies have
shown this region was natively unstructured. In 1996, the
structure of the transactivation domain peptide of p53 bound
to the N-terminal domain of MDM2 was first solved by
X-ray crystallography. Amino acids 17-28 of TAD form a
random coil to helix that interacts with a hydrophobic cleft
in the N-terminal domain of MDM2 [32]. In NMR structural
studies of the Taz2/p53239 complex, the region of p53 has
been shown to be highly flexible, forming a short a-helical
conformation within amino acids 15-27 of TAD in complex
with CBP Taz2 [14]. The TAD1 region corresponds to con-
served hydrophobic residues essential for the p53 trans-

activation function, while residues 18-25 form an amphi-
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Fig. 2. Overall structure of the p53 gene. (A) Structure of the p53 domain (TAD: Transactivation Domain, PRD: Proline-Rich Domain,
TD: Tetramerization Domain, CTD: C-Terminal Domain). (B) Schematic ribbon diagrams of the human p53 TAD domain
(PDB ID, 5HOU), p53 DBD domain in the absence of DNA (PDB ID, 20(]), and p53 TD domain (PDB ID, 1SAL).

pathic helix when coupled with the partner proteins [26].
Similar to TAD1, the TAD2 region folds into an amphipathic
alpha-helix when it binds to replication protein A and TFIIH
[1, 10]. Investigations of the helical characteristics of the
N-terminal region using molecular dynamics (MD) simu-
lations have shown that the region of p53 (aa 17-29) contains
a stable helical form and depicts aromatic stacking (n-m inter-
action) between Phe' and Trp” [13]. This region is consid-
ered to have an important influence on disturbing the secon-
dary structure of the TAD, and these two amino acids also
play important roles in maintenance of the functional and
structural stabilities of p53 [35]. The PRD contributes to reg-
ulation of the p53 stability, transcription activity and in-
duction of transcription independent apoptosis. This domain
is required for interactions with the co-repressor mSin3A [6
1], prolyl isomerase Pinl [59] and p300/CBP [11].

The central DBD, which is known to be characterized by
high evolutionary conservation, binds directly to sequence-
specific DNA at promoter regions and initiates the tran-
scription of target genes. The structure of DBD contains an
immunoglobulin-like B-sandwich of two antiparallel 3-sheets,
which serves as a scaffold for two large loops (L2 and L3)
and a loop-sheet-helix motif, forming the DNA binding
surface. The loop-sheet-helix motif contains loop L1, a short
B-sheet (S2-S2" hairpin), the C-terminal residues of B-strand

510, and helix H2 [56]. The two loops (L2 and L3) are struc-
turally stabilized by a Zn”" ion, which is tetrahedrally coor-
dinated by Cys", His"”, Cys™, and Cys™. Loss of the Zn**
ion results in loss of DNA binding specificity because it leads
to high structural fluctuations of adjacent loops and in-
creases aggregation tendency [12]. Most cancer mutations
are found in this area, and several frequent mutations are
known as hot-spot mutations. A highly flexible L1 loop with
secondary structural disorder contains a few amino acids
with a low mutation rate and is known as an area of cold-
spot mutations [42]. The DBD is intrinsically unstable and
kinetically stable, rendering it susceptible to oncogenic mu-
tations [5, 29]. The majority of oncogenic P53 mutations oc-
cur in the DBD and result in a loss of DNA binding, thereby
affecting p53 function in cell cycle control. Thus, one of the
goals of cancer therapies is to stabilize the DBD and reverse
the effects of mutations. Many proteins, including simian vi-
rus 40 large T antigen (SV40Tag), ASPP1 (P53BP1), ASPP2
(P53BP2), HIF-1a, BCL-XL, BCL2, BAK and MDM2, are
known as P53 DBD binding partners [8]. The complex struc-
tures of p53 DBD and P53BP1 (PDB ID, 1GZH), p53 DBD
and P53BP2 (PDB ID, 1YCS), p53 core dimer bound to DNA
(PDB ID, 2GEQ), p53 DBD and sv40 (PDB ID, 2HIL) have
been revealed by X-ray crystallography [47].

The TD regulates the oligomer status of p53 and the tet-



ramer formation of p53 is essential to DNA binding, post-
translational modification, and protein-protein interactions.
The structure of TD has been solved by NMR and X-ray
crystallography. Each monomer comprises a short -strand,
a sharp turn (Gly’™), and an a-helix. Two monomers form
a dimer via an anti-parallel interaction of the [ - strands,
and two dimers interact as a four-helix bundle to form a
tetramer [25]. The CTD is subject to alternative splicing and
post-translational modifications. It is known that the CTD
affects non-specific DNA binding and transcriptional activity.
Additionally, the CTD is involved in binding to 14-3-3, GSK3
B, hGen5, PARP-1, S100B (BB), TAF, TAF1, TRRAP and
many other proteins. These p53 domains interact with a vari-
ety of partner proteins that create highly complex signaling
pathways involving post-translational modifications and

these pathways can be used therapeutically.

Therapeutic targets

Many cancer-associated p53 mutants result in the ex-
pression of point-mutated p53 proteins that can exert neg-
ative effects and acquire novel oncogenic functions [16].
Mutations are clustered within seven hot-spot amino acids
(Arg”, Ty, GIy*®, Arg™, Arg?, Arg™, and Arg®) in
the DNA-binding domain of p53. Interestingly, these p53
mutations were found to be associated with new oncogenic
functions (mutant p53 gain-of-function, GOF) that include
cancer cell survival, invasion, and metastasis [39]. Recent
studies have focused on the degradation of mutant p53 or
the restoration of wild-type p53 function (Table 1) [60]. One
of the mutant specific inhibitors reported, CP-31398, was tar-
geted by either formation of wild-type or mutant p53. In

Table 1. Compounds to target mutant p53
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the wild-type human rhabdomyosarcoma (RMS) cell line,
CP-31398 increased the expression of p53, downstream tar-
get p21, and MDM2. In addition, CP-31398 induced mi-
tochondrial translocation of mutant p53, resulting in cyto-
chrome c release and ROS-dependent apoptosis [58]. In an-
other study, interference with the interaction between mu-
tant p53 and other proteins was targeted. The growth sup-
pressive and pro-apoptotic activities of p53 require that its
function be tightly regulated by the E3 ubiquitin protein li-
gase MDM2, which has been shown to be involved in that
regulation [15]. Therefore, drug-discovery groups have tar-
geted the p53 pathway, with the interaction between p53
and MDM2 being the most attractive target (Table 2).
Attempts to regulate the p53-MDM2 interaction have in-
cluded the generation of anti-MDM2 antisense oligonucleo-
tides and scaffold-attached peptides [28, 54]. Additionally,
the studies have revealed potent and selective small mole-
cule inhibitors that block the MDM2 - p53 interaction. From
a structural standpoint, the p53-MDM2 interaction has been
mapped to the N-terminal p53 binding domain (aa 18-101)
of MDM2 and the N-terminal transactivation domain 1
(TAD1; aa 1-40) of p53 [7]. The first potent and selective
small molecule p53-MDM2 binding inhibitors, the Nutlins
(cis-imidazoline analogs), were reported to competitively
bind to the p53-binding pockets of MDM2 [50]. Importantly,
Nutlin-3a inhibits proliferation and promotes apoptosis in
cancer cells in vivo and in vitro [53]. Therefore, these selective
small-molecule inhibitors suggest that targeted inhibition of
p53-MDM2 interaction in p53-mutant cancers inhibits onco-
genic functions.

The p53 is reported to be involved in energy, inflamma-

tion, proliferation and oxidative stress mechanisms which

Compound Mechanism of action Target p53 mutants References
CP-31398 Induction of apoptosis and stabilization of wild-type p53 protein V173A, S241F, [44, 46, 58]
R249S, R273
PRIMA-1 Restoration of mutant p53 by covalent binding to the core domain R175H, R273H [33]
Chetomin  Increase of Hsp40 (DNAJBI) levels and Hsp40-p53R175H binding R175H [19]
capacity, restoration of wild-type p53 conformation, reactivity, and
MDM2- dependent degradation
RITA Reactivation of p53 and induction of tumor cell apoptosis R175H, R248W, [3, 23]
R273H, R280K
PK7088 Binding of p53 Y220C-specific surface cavity, increase of wild-type Y220C [37]

p53 conformation, restoration of transcriptional functions, and
induction of p53 Y220C-dependent growth inhibition and apoptosis
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Table 2. p53-MDM2 interaction inhibitors

Compounds Mechanism of action Targets References

Nutlin 3a Binding MDM2, suppression of MDM2 N terminal p53-binding [48, 53]
proliferation and promotion of apoptosis domain

MI-219 Inhibition of cell proliferation, induction MDM2 N terminal p53-binding [43]
of apoptosis, and completion of tumor domain
growth inhibition

Benzodiazepinediones Hdm2 antagonists, Hdm2 antagonists-p53 p53-binding pocket of Hdm2 [17, 31]
complex suppression of tumor cell
proliferation

sMTide02 and Stapled peptides, arrest of cells resistant Both MDM2 and MDMX N [2]

sMTide02A to p53, induction of apoptosis terminal p53-binding domain

AM-8553 Potent and selective disruption of MDM2 N terminal p53-binding [38]

p53-MDM2 interaction

domain

are also linked to tumor progression as well. Many cellular
stimuli such as physical, physiological and oxidative stress
result in the induction of crosstalk between NF-kB (Nuclear
factor kappa B) and the p53 tumor suppressor [57]. In addi-
tion, p53 and NF-xB crosstalk participates in regulation of
tumor cell metabolism [24]. Therefore, the understanding of
these processes could contribute towards the design of new
therapy for cancer.

In summary, this review suggests the need for a better
understanding of the structural function of p53 and the de-
velopment of more effective anticancer therapy to facilitate

treatment of various cancers.
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pd3 FAAE 2EH 2, DNA &4, Ad44F 9 T S it A2 whgo AA 24 Fad 988
gEdnh 2o HAE gEFd FFHY p53e] AE E4& 4T ps3o] & 2 HAdvE AL =%
gHek do] opyUrh, QI7E &ref oF 50%llE p53 frAAY EdWMe] B p53e EAIAIE 1A AFS A
ps3 B A 75 B2 dEtdth p53 7159 olel @ ol ps3 o E WSO RRE 35 &3O RN
T4 st AR A TS A Frh H2Y B AT EL pi3Y EAWE UF HAATAY p53Y
T4 AA 71es By Aate] AdAd ARA SFES FHTOEZMN p53e] Aol E A 43 e 4
of 242 F otk ol ALAE T2 FEF} FAT EAE FASGEA B FsAES ARHoR 2
ok ot o] T, p53e) HAH XA A MDM29] A& p533k MDM2 o] 435 2-8E& Adste A2
AL qAAY BAE AFHAt. A4 d34E T e A 9 dT7ddA 9 NP AR
3 BEE FYATE F7H2 dgolth £ gitol M ofE p53st AWl p53e 722 2 V)5 A Fadd
p53< AH EAse ASA ML, p53FH MDM2 119 45245 dAste sgEol tsteq AESATG
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