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Abstract

The tumor suppressor p53 is the most frequently mutated protein in human cancer and tops the 

list of high-value precision oncology targets. p53 prevents initiation and progression of cancer 

by inducing cell-cycle arrest and various forms of cell death. Tumors have thus evolved ways to 

inactivate p53, mainly by TP53 mutations or by hyperactive p53 degradation. This review focuses 

on two types of p53 targeting compounds, MDM2 antagonists and mutant p53 correctors. MDM2 

inhibitors prevent p53 protein degradation, while correctors restore tumor suppressor activity of 

p53 mutants by enhancing thermodynamic stability. Herein we explore both novel and repurposed 

p53 targeting compounds, discuss their mode of action, and examine the challenges in advancing 

them to the clinic.

p53 as a cancer drug target

p53 (encoded by the TP53 gene) is the major tumor suppressor protein in vertebrates 

and provides a powerful mechanism to protect from cancer initiation and progression [1], 

Most tumors have developed ways to restrict p53 anticancer activity (Figure 1), making 

this pathway one of the most attractive pharmaceutical targets for cancer therapy. For 

many years p53 had been considered undruggable due to lack of obvious drug-binding 

pockets. Furthermore, therapeutic approaches require restoring or increasing the tumor 

suppressor function of inactive p53, which remains very challenging. However, during the 

past few years conventional and computation-driven strategies have identified several small 

molecules that restore p53 anticancer activity in tumors [2–6]. Some have been or are 

currently being evaluated in the clinic. The mode of action of these small molecules is 

diverse and, in some cases, unexpected.
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In this review we briefly introduce the p53 pathway and its importance in cancer, describe 

various strategies for drugging this pathway, and provide a more detalled discussion 

of compounds that prevent p53 degradation (MDM2 antagonists) and small-molecule 

reactivators of p53 mutants. We discuss their proposed mode of action and summarize their 

current clinical status.

p53 function and regulation

p53 is a DNA-binding transcription factor that orchestrates gene expression programs in 

response to various stress conditions that can compromise genomic integrity and ultimately 

lead to cancer [1,7], Hence p53 is often referred to as the ‘guardian of the genome’ [8]. 

While p53 is constitutively expressed in most normal tissues, its protein levels are kept at 

a very low abundance through constant proteasomal degradation, a pathway initiated by the 

ubiquitin ligase (see Glossary) MDM2 [9,10]. The remaining p53 activity is further reduced 

by MDM4/MDMX, an endogenous p53 inhibitor that blocks transcription factor activity 

by binding to p53. Stress stimuli such as DNA damage, abnormal oncogene activation, 

and deprivation of oxygen or nutrients block MDM2-mediated p53 degradation and disrupt 

MDM4/MDMX binding to p53. The now accumulating active p53 induces gene expression 

programs to halt cell proliferation and allow damage repair, or even cell death if the damage 

persists or cannot be repaired [11,12].

Cancer cells continuously generate and experience multiple stress stimuli, and p53 activation 

thus usually triggers their demise. To overcome p53 tumor suppressor function, successful 

cancer cells find ways to restrict p53 activity by degradation, sequestration, deletion, 

epigenetic silencing, or – most commonly – mutation [1,7].

Almost 40% of human tumors have p53 mutations with varying frequency across tissues 

(Figure 1). A smaller proportion of tumors restrict p53 activity by overactive degradation 

mediated by amplification of MDM2 [13], or in the case of cervical cancer, expression of the 

viral ubiquitin ligase component E6 that contributes to tumorigenicity of high-risk human 

papilloma virus [14].

In human cancers, p53 mutations predominantly affect the DNA binding domain and show 

an interesting pattern [15] (Figure 1 B,C). Not only do missense mutations dominate genetic 

alterations, but six specific residues (R175, G245, R248, R249, R273, R282) stand out 

as hotspots. Changes in residues R175, G245, R249, or R282 destabilize p53 folding and 

are referred to as conformational or structural mutants. Mutation of R248 or R273 leads 

to DNA contact mutants because these residues directly interact with nucleotides in p53-

binding DNA elements [16]. Surprisingly, tumors expressing p53 hotspot mutants are more 

aggressive than p53NULL tumors, indicating that gain-of-function (GOF) oncomorphic 

properties are associated with at least some p53 mutants [17–19]. GOF activities vary among 

different mutants, but have been linked to active stimulation of cell proliferation, increased 

genomic instability, metastatic potential, metabolic reprogramming, and generation of an 

immune suppressive microenvironment [20]. These acquired oncomorphic qualities are not 

well understood, but some mechanistic studies suggest that p53 hotspot mutants gain protein 

binding to several transcription factors and epigenetic modifiers to stimulate, redirect, or 
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suppress their activities [21]. GOF is an important aspect of cancers driven by mutant p53, 

and better mechanistic insight is needed.

Drugging the p53 pathway

The large number of TP53 missense mutations in cancers across different tissues presents 

an attractive target for corrector or reactivation drugs (Figure 1). However, p53 itself 

has long been considered undruggable, and more indirect approaches that target the p53 

pathway have been followed. Probably the most extensively pursued alternative to p53 

mutant correctors are MDM2 antagonists. They prevent degradation of p53 by the ubiquitin 

proteasome pathway [22] (Figure 2A). By contrast, p53 corrector drugs are small molecules 

that cause enough mutant p53 to gain wild-type (WT) activity to suppress tumor progression 

(Figure 2B). This is achieved by compounds binding to p53 mutants and structurally 

stabilizing a WT-like conformation. Note that MDM2 antagonists stabilize protein levels, 

whereas p53 mutant correctors improve thermodynamic stability. Corrector drug approaches 

are very challenging for any target. The past few years have, however, seen promising 

developments for p53 mutant reactivation, with some molecules reaching clinical trial stage 

(Table 1). A host of additional strategies to drug the p53 pathway have also emerged and 

have been summarized in a number of excellent reviews [20,23–26]. Approaches include 

adenovirus as well as RNA/nanoparticle therapeutics to express WT p53 [27–29], induction 

of mutant p53 degradation to eliminate GOF properties [30], targeting TP53 nonsense 

mutations with drugs that trigger translational readthrough or block nonsense-mediated 

mRNA decay [31,32], and stimulating p53 family members p63 and p73 [20]. Furthermore, 

various p53-based immunotherapies have recently emerged [20], including p53 vaccines 

[33] and targeted strategies that mark mutant p53 as neoantigens with bispecific antibodies 

to provoke an immune response [34], Although these diverse approaches are being explored 

in laboratories around the world, this review will focus on encouraging advancement made 

with MDM2 antagonists and p53 reactivators.

Small molecules that block p53 degradation (MDM2 antagonists)

Much of p53 regulation occurs through its MDM2-mediated degradation. MDM2 inhibition 

was thus considered an attractive therapeutic strategy to stimulate p53 tumor suppressor 

activity. Primary clinical targets are cancers with MDM2 amplification and WT p53. 

However, MDM2 is a difficult drug target, because like other E3 ubiquitin ligases it lacks 

defined enzymatic activities and functions by bridging the interaction between p53 and 

other parts of the degradation machinery (Figure 2A). Drugging protein-protein interaction 

surfaces remains challenging, but an attractive hydrophobic pocket involved in p53 binding 

has been successfully targeted [35]. A series of cis-imidazoline-derived drugs were named 

nutlins after their discovery location at the Roche Research Center in Nutley, NJ, USA. 

Many other companies have since developed MDM2 antagonists [36]. Considering that 

they act as protein interaction disruptors, MDM2 inhibitors perform exceptionally well in 

experimental models. They dramatically stabilize p53, induce p53-dependent transcription 

programs that lead to cell cycle arrest and apoptosis, and prevent tumor development in 

animal models [35]. The first clinical report of the first-generation MDM2 antagonist, 

RG7112, targeted liposarcoma, which is characterized by MDM2 12q14–15 amplification 
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[37,38]. Day 8 biopsies demonstrated increased concentrations of p53 and p21 (a cell-cycle 

inhibitor and major p53 target), suggesting that the proposed mode of action could extend 

to human patients. Significant adverse events prompted the development of next-generation 

MDM2 inhibitors.

Next-generation nutlin compounds have frequently been evaluated in patients with acute 

myeloid leukemia (AML) and CD34+ myeloproliferative neoplasms. Orally administered 

idasanutlin (RG7388) showed a 78% overall response rate in nine evaluated patients 

(R05503781) [39]. However, adverse effects remained significant and did not improve 

compared with early-generation nutlins. The pegylated prodrug of idasanutlin (R06839921) 

was developed to allow for intravenous administration, but no significant improvement in the 

biological or safety profile was achieved [40].

MDM2 antagonists based on different scaffolds have also been developed. The oral 

piperidinone-based inhibitor AMG 232 showed improved IC50 in cell proliferation assays 

(9.1 nM versus RG7112: 580 nM, RG7388: 45 nM), and superior binding affinity to MDM2 

(Kd = 45 pM versus RG7112: 2.9 nM, RG7388: 150 pM) [41]. Preclinical studies suggested 

that MDM2 inhibition synergizes with MEK inhibition against TP53-WT AML cells [42], A 

Phase 1 study of AMG 232 with or without the oral MEK inhibitor trametinib was therefore 

performed [43]. Serum MIC-1 and bone-marrow expression of BAX, PUMA, CDKN1A 
(encoding p21), and MDM2 increased during treatment, demonstrating p53 activation. Of 30 

evaluable patients, 20% responded.

Responses appeared significantly different between AMG 232 alone (4/26) and AMG 232 

with trametinib (2/10), but numbers are low. Notably, four of 13 TP53-WT patients (31%) 

and none of three TP53-mutant patients (0%) were responders, suggesting clinical benefit 

primarily for TP53-WT patients. AMG 232-associated adverse effects remained mainly 

gastrointestinal but seemed tolerable.

Several MDM2 antagonists (APG-115, siremadlin, milademetan) were also evaluated in the 

treatment of solid tumors [44–46]. Like outcomes in hematological malignancies, results 

are encouraging, but so far clinical efficacies did not meet the high expectations. Several 

companies have since re-evaluated their small-molecule MDM2 antagonist programs in 

single-agent approaches [47], Alternative approaches to target MDM2 have also been 

progressing and include stapled peptides that block the p53-MDM2 interaction and 

proteolysis targeting chimera (PROTAC)-mediated MDM2 depletion [48–51]. Small 

molecules that bind and activate p53 through a less defined mechanism have also been 

reported [52].

The general concern remains that MDM2-mediated degradation is a major pathway 

that represses p53 activity in most tissues. The therapeutic window opened by MDM2 
amplification in tumors may not be sufficient to prevent significant on-target adverse effects 

of MDM2 antagonists. Nevertheless, these classes of compound may be valuable agents in 

combination therapies, where a lower dose may be effective, as indicated for AMG 232 

combined with MEK inhibition [42,43]. MDM2 inhibitors may also prove important in 

combination with p53 mutant corrector drugs discussed later. Correctors induce a WT-like 
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conformation in p53 mutants, which restores tumor suppressor activities but also triggers 

MDM2-mediated degradation. MDM2 antagonists may thus potentiate the anticancer effects 

of p53 corrector drugs.

Small molecules to correct structural defects of p53 mutants

MDM2 antagonists target tumors with MDM2 amplifications and WT p53. However, most 

tumors with alterations in the p53 pathway already express high levels of p53 but lack 

tumor suppressor function due to mutations (Figure 1). Efforts to directly target p53 

missense mutants have been ongoing for over two decades, only very recently advancing 

to clinical trials. The slow progress highlights the complexity of developing corrector drugs 

(also referred to as reactivators) that restore tumor suppressor activity to mutated p53. 

The first such putative reactivator molecule (CP31398) was identified by Pfizer in 1999 

[53]. CP31398 stabilized a WT-like conformation of several p53 mutants in vitro and in 
vivo, induced p21 expression, and reduced tumor growth in mice. However, the effects 

on tumor growth were subsequently connected to off-target activities [54], The experience 

with CP31398 highlights the remaining problem to clearly connect a molecule’s observed 

effect on mutant p53 with the mode of antitumor action in vivo. Many putative mutant p53 

correctors have since been reported (Table 2). Rigorous structural, biophysical, or structure–

activity-relationship (SAR) studies are available for only a small number of compounds, and 

provide a well-defined mode of action for p53Y220C correctors and arsenicals/antimonials 

[3,4,55]. Most compounds lack this level of understanding regarding their mechanism of 

action.

The past years have seen significant progress in mutant p53 corrector drug research, with 

several molecules being evaluated in human patients, some of which are discussed in the 

following sections.

Y220C correctors

Amino acid changes of tyrosine at position 220 (mostly to cysteine, Y220C) are not 

considered classical hotspot mutations (Figure 1C) but are the most frequent p53 cancer 

mutations outside the DNA-binding surface [15]; p53Y220 mutations affect about 1% of solid 

tumors and present a valuable target for precision oncology. Y220 is part of the hydrophobic 

core of the central β-sheet in p53. Mutation to cysteine and other residues (H, N, S, D, 

or F) thermodynamically destabilizes the p53 core domain and thereby indirectly prevents 

DNA binding [56,57], Furthermore, mutation of Y220 creates a solvent-accessible cleft 

that represents the first druggable pocket identified in p53 [56] (Figure 2B). Subsequently, 

pioneering work led to the development of the methylmethanamine-derived PhiKan083. 

This compound is anchored to the Y220C-induced surface crevice by several hydrophobic 

and hydrogen-bond interactions that result in thermal stabilization of p53Y220C mutants [55]. 

Several additional molecules were subsequently developed that bind to this Y220-mutation-

induced cleft and compensate for the mutation’s conformational destabilization in vitro and 

in vivo [55,58–60]. Molecules restored p53-dependent transcription in cell lines carrying 

the TP53-Y220C allele, albeit high micromolar concentrations were required for pyrazole-

based PhiKan7088 and its iodophenol derivative PhiKan5196 [58,60]. Further development 
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resulted in the aminobenzothiazole derivative MB725 with a much improved dissociation 

constant and cell-based activity [59].

PMV Pharma adopted a similar strategy to target the mutation-induced crevice in p53Y220C 

leading to the development of the orally available compound PC14586 [6]. Progress 

was recently reported for a first-in-human Phase 1 dose-escalation study in patients with 

advanced or metastatic TP53-Y220C mutant solid tumors [6]. The most common adverse 

effects were nausea, vomiting, fatigue, and increased aspartate aminotransferase. Dosing 

reached 1500 mg twice daily without dose-limiting toxicities, and enrollment onto the trial 

is ongoing. Notably, five partial responses (21 patients evaluated) were observed in small-

cell lung, breast, colorectal, and prostate cancers. Pharmacodynamic studies demonstrated 

decreasing TP53-Y220C circulating tumor DNA, consistent with the known mechanism of 

action. Recently, covalent compounds that directly target the unique cysteine of p53Y220C 

have been developed, which may indicate future strategies to develop more potent molecules 

[61].

The importance of work focused on p53Y220C correctors cannot be overestimated, despite 

the comparably small representation among TP53 missense mutations. Compounds targeting 

the Y220C-induced surface crevice act through a well-defined mode of action that is 

supported by rigorous structural biology, and allow detalled evaluation of mechanism and 

clinical potential of mutant p53 corrector drugs. Other compounds (discussed later) target 

a broader panel of TP53 missense mutations, but apart from arsenicals and antimonials, 

their modes of action are less defined. Compounds targeting p53Y220C also show promise in 

combination with cancer immunotherapy in animal models [62], and may suggest a general 

stimulatory role of p53 mutant correctors on tumor immunogenicity.

Arsenicals and antimonials

Compounds containing arsenic (arsenicals) or antimony (antimonials) have very recently 

been identified as p53 mutant correctors [3,4], Cysteine reactivity of the most widely studied 

p53 mutant reactivator PRIMA-1 (discussed later) inspired a computational approach that 

led to the identification of arsenicals [3]. Compounds predicted to bind at least two cysteines 

were mined from a set of small molecules that showed selective growth inhibition of 

cancer cells expressing conformational p53 mutants [3]. The FDA approved drug arsenic 

trioxide (ATO) was among several identified compounds containing thiol-reactive metals. 

A biochemical approach led to identification of the antiparasitic potassium antimony 

tartrate (PAT) as a mutant p53 reactivator [4], PAT was selected from a differential 
scanning fluorometry (DSF) screen of clinical and preclinical compounds by its virtue 

of increasing thermal stability of the temperature-sensitive p53V272M mutant. Cocrystal 

structures demonstrated that a single arsenic or antimony atom is coordinated to C124, 

C135, and C141 in the DNA-binding domain of p53 (Figure 3). These additional contacts 

stabilize an active conformation of p53 mutants. Importantly, mutation of any of these 

arsenic/antimony-coordinating cysteines to alanine blocks reactivation of p53 mutants by 

ATO or PAT, providing strong support for the proposed mode of action [3,4]. Amino-

acid interactions in the C124–C135–C141 pocket have previously been described as 

critical components of p53 structural stability [63]. This region’s amino acid sequences 
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exhibit variability through evolution, and this variability was suggested to coordinate 

thermodynamic stability of p53 with organismal body temperatures. This ensures that p53 

maintains a half-life for spontaneous unfolding in vivo of 10–20 min across different 

homeotherm organisms [64]. Arsenic and antimony atoms delivered by ATO and PAT, 

respectively, act as intramolecular glues that strengthen the C124–C135–C141 pocket. This 

ATO/PAT-induced increased structural stability compensates for the destabilizing effects of 

p53 cancer mutations, leading to reactivation of structural p53 cancer mutants [3,4].

In contrast to the covalent binding of arsenic to p53, antimony binds in a noncovalent 

fashion. The difference in binding modes is manifested in the varying degrees of 

structural stabilization conferred by arsenic and antimony. The weaker interactions 

formed by antimony with the C124–C135–C141 triad can only effectively reactivate 

moderately structurally destabilized mutants [4]. PAT is therefore selective for correction 

of temperature-sensitive p53 mutants, which are inactive at 37°C, but gain activity at 

lower temperature [16,65,66]. Temperature-sensitive p53 variants comprise up to 10% of 

all p53 mutants and represent a significant precision oncology target. The covalent binding 

mode of arsenic makes ATO a strong stabilizing agent that can also restore activity of 

thermodynamically severely destabilized p53 mutants, as exemplified by p53R175H [3]. Both 

ATO and PAT show efficacy in preclinical animal models. ATO significantly delayed tumor 

growth in xenografts expressing TP53-R175H or TP53-R282W, in a p53-dependent manner 

[3], and PAT treatment improved the survival of an AML TP53-V272M mouse model from 

17 to 24 days [4].

ATO is an FDA-approved drug used for the treatment of acute promyelocytic leukemia 

through induction of apoptosis and differentiation of leukemic promyelocytes [67], and 

the approved antimonial sodium stibogluconate (SSG) has been used extensively for the 

treatment of the parasitic disease leishmaniasis, with limited side effects [68]. The exciting 

potential of repurposing ATO and SSG for the targeted treatment of cancers with different 

p53 mutants is currently being evaluated in several clinical trials. Results are anxiously 

awaited. ATO is being tested in Phase 1 clinical trials for refractory cancer patients with 

TP53 mutations (NCT04695223 and CT04869475), and patients with metastatic ovarian and 

endometrial cancers (NCT04489706). A Phase 2 clinical trial was initiated to evaluate the 

safety and effectiveness of SSG in the treatment of myelodysplastic syndrome (MDS)/AML 

with any of the 65 SSG-treatable TP53 mutations (NCT04906031). General toxicity of ATO 

may limit efficacy in solid tumors, but SSG is generally well tolerated and may not face such 

dose limitations.

The discovery of FDA-approved compounds with activity as p53 mutant correctors and 

their repurposing represents a particularly exciting development. These findings have 

dramatically accelerated the pathway for p53-targeting drugs to the bedside and encourage 

other studies that may discover additional clinical-grade compounds as mutant p53 

reactivators.

PRIMA-1 and eprenetapopt (APR-246)

PRIMA-1 was identified in 2002 in a cell-based screen selecting for compounds with 

differential effects on SAOS-2 osteosarcoma cells (p53NULL) and engineered SAOS-2 cells 
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expressing p53R273H [69]. Subsequent work showed that the compound is active towards 

a broad spectrum of TP53 missense mutations and blocks tumor progression in 53R273H-

expressing xenograft models [69,70]. PRIMA-1 and the methylated derivative APR-246, 

developed by APREA Therapeutics for clinical use, are the most widely studied p53 mutant 

corrector compounds today. It is thanks to this pioneering work that we appreciate the 

complexity of mutant p53 reactivation. PRIMA-1 and APR-246 are prodrugs, which under 

physiological conditions are spontaneously converted to methylene quinuclidinone (MQ) 

[70]. Owing to its Michael acceptor activity, MQ covalently attaches to cysteines in proteins. 

0124 as well as 0277 in p53 (Figure 3) were not only shown to be targeted by MQ, 

but also to be necessary for PRIMA-1-mediated mutant p53 reactivation in cells [71–73]. 

Several crystal structures of the p53 core domain bound to MQ have been reported recently 

[73]. p53 mutant and WT cocrystals with MQ were obtained by both cocrystallization 

and crystal soaking with MQ. Depending on the approach, various accessible cysteine 

residues were found to be targeted by MQ in vitro, with 0124, 0229, and 0277 being the 

most consistent MQ acceptors. The cocrystal structures imply that MQ conjugation to the 

these three cysteine residues may contribute in different ways to stabilization of the p53 

structure [73]. Direct assessment of MQ-induced thermal stability changes in vitro identified 

conjugation to 0277 as having the main stabilizing effect, although 0229 was not analyzed 

in these experiments [72], However, in vivo studies demonstrated that both 0124 and 0277 

are crucial for PRIMA-1/APR-246/MQ-mediated reactivation of p53 mutants. Substituting 

either of these cysteine residues with alanine is sufficient to block reactivation of p53R175H 

transcriptional activity [71,72].

An elegant reactivation experiment further supported a direct mode of action for PRIMA-1. 

Recombinant p53R175H or p53G248Q was treated in vitro with PRIMA-1 and transfected into 

SAOS-2 (p53NULL) cells. p53 mutants were as effective in blocking cell proliferation and 

inducing p53-dependent target genes as WT p53, but only after in vitro incubation with 

PRIMA-1 [70]. PRIMA-1/APR-246 show many other hallmarks of mutant p53 reactivation, 

such as stabilization of a WT-like conformation in p53 mutants, stimulation of p53MUT 

association with cognate promoters, and expression of p53-dependent genes [69].

Despite the compelling evidence, alternative mechanisms for the primary mode of action, 

especially in vivo, were proposed recently [73–76]. These activities of PRIMA-1/APR-246 

are related to their thiol reactivity. Depletion of glutathione emerged as a main contributor to 

the anticancer effect of these compounds [74]. The differential sensitivity of p53 missense-

mutant-expressing cells and TP53-NULL cells to PRIMA-1/APR-246 was rationalized by 

a GOF activity associated with mutant p53. According to this model, mutant p53 binds to 

and inhibits the antioxidant transcription factor NRF2, leading to repression of SLC7A11, 

a component of the cystine/glutamate antiporter (Figure 4). Consequently, cysteine import 

is reduced, limiting glutathione production and causing hypersensitivity to reactive oxygen 

species specifically in TP53 missense mutants [74]. MQ reacts with the central cysteine 

in glutathione to form a thioether, and further reduces functional glutathione to a level 

that compromises cancer cell survival (Figure 4). Consistent with this mode of action for 

PRIMA-1/APR-246, decreasing SLC7A11 expression in TP53-NULL cells sensitizes them 

to APR-246, and expressing SLC7A11 in TP53 mutant ceils renders them more resistant 

[74], Furthermore, SLC7A11 levels are a superior predictor to TP53 mutation status for 
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response to APR-246 [77]. Nevertheless, as discussed earlier, there is compelling evidence 

that PRIMA-1/APR-246 can function as mutant p53 reactivators. In particular, this evidence 

includes diminished p53R175H reactivation when the MQ acceptor sites C124 or C277 are 

mutated [71,72], Efficient p53 mutant reactivation may require simultaneous modification 

of multiple cysteines to achieve sufficient thermodynamic stabilization. A ‘two-hit’ model 

would likely require very high concentrations of PRIMA-1/APR-246 given the relatively 

inefficient alkylation yields when p53 is treated with APR-246 in vitro [72]. The high 

abundance in vivo of thiols such as glutathione would compete for modification by MQ and 

further reduce p53-MQ complex formation efficiency [74], Furthermore, the thermodynamic 

stabilization mechanism does not explain reactivation of the DNA contact mutant p53R273H 

[69]. It is thus currently unclear to what extent APR-246-mediated reactivation of p53 

mutants contributes to the therapeutic efficacy. These findings highlight the importance of 

considering contributions from off-target activities such as induction of redox imbalance 

(Figure 4) to p53 corrector drug efficacy, and the intricacies to unambiguously define a 

direct mode of action for corrector drugs in vivo.

Clinical studies with APR-246 are conducted mainly as combination therapies. APR-246 has 

synergistic cytotoxicity when combined with the DNA hypomethylating agent azacitidine in 

TP53-mutant MDS and AML cancer models [78]. A Phase 1 b/2 trial evaluating combined 

treatment with APR-246 and azacitidine was conducted in patients with TP53-mutant MDS 

and AML [79], Azacitidine alone resulted in an overall response rate of 31% (complete 

response 24%). The combination of APR-246 and azacitidine improved the response rate to 

71% (44% complete response). Notably, responding patients had significant reductions in 

TP53 variant allele frequency and p53 expression, with 38% achieving complete molecular 

remission. The treatment was well tolerated, the most frequent adverse effects being febrile 

neutropenia, leukopenia, and neutropenia. These promising results led to a Phase 3 trial of 

APR-246 plus azacitidine for the frontline treatment of patients with TP53 mutant MDS 

(NCT03745716).

Thiosemicarbazones (TSCs)

TSCs are metal chelators that have been explored as antivirals, antimicrobials, and cancer 

therapeutics [80]. They show a broad spectrum of activities due to their metal-chelating 

properties and generation of reactive oxygen species [80]. Two classes of TSCs – zinc 

metallochaperones (ZMCs) and COTI-2 – have been linked to mutant p53 reactivation. 

ZMC1 was identified in an elegant data-mining approach that correlated compound activity 

with mutant p53 status [2], ZMC1 and related compounds show selectivity for a class of 

conformational p53 mutants that are deficient in zinc binding, most notably the hotspot 

mutant p53R175H [81]. A single zinc ion is coordinated by C176, H179, C238, and C242 in 

the p53 DNA-binding domain and is critical to stabilize the active conformation (Figure 3). 

ZMC1 has a remarkably low nanomolar IC50 in cell proliferation assays and shows many 

hallmarks of a mutant p53 corrector. In cells treated with ZMCs, p53R175H adopts a more 

WT-like conformation, binds to target promotors in living cells and cell lysates, and induces 

p53-dependent gene expression programs [2,81,82], ZMC1 is very effective in preventing 

tumor progression in xenograft models, with selectivity for p53R175H tumors [2].
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Thiosemicarbazones are frequently identified in screening campaigns because their metal-

chelating activity is thought to inhibit a spectrum of metal-dependent biological functions. 

A very different mechanism is proposed for ZMCs in p53 reactivation. Here, ZMCs act as 

zinc ionophores to increase intracellular zinc concentrations and facilitate zinc binding to 

p53 mutants. ZMCs thereby compensate for zinc-binding deficiencies of some p53 mutants 

[81]. p53-independent mechanisms are likely contributing to antitumor activities of ZMCs. 

For example, a panel of patient-derived glioblastoma cell lines was growth-inhibited with 

picomolar IC50 independently of the TP53 status [83]. This effect was dependent on ZMC1 

or other TSCs compiexing with the redox-active metal copper and generation of reactive 

oxygen species. No clinical trials have been reported for ZMCs, but preclinical studies 

demonstrated synergistic effects of ZMC1 with MDM2 and B-cell lymphoma 2 (BCL2) 

antagonists in ovarian cancer xenograft models [84].

COTI-2 is another TSC with anticancer activity proposed to reactivate p53 mutants. 

However, its corrector drug function is less well characterized than that of ZMCs [85,86]. 

Further studies are necessary to link COTI-2 to mutant p53 reactivation and exclude 

pleiotropic effects on redox balance and metal chelation as the primary mode of action. 

COTI-2 is currently being evaluated for ovarian cancer and head-and-neck squamous-cell 

cancers in Phase 2 studies (NCT02433626).

Compounds targeting the L1/S3 pocket

Reactivation of mutant p53 has been extensively investigated using intragenic 
compensatory mutation to study feasibility and mechanisms of the reactivation process 

[87–89]. A number of these single-residue reactivation mutations cluster at the L1/S3 region 

of p53, marking it as a potential reactivation site [71]. Molecular dynamic simulation 

revealed a transiently open, relatively shallow pocket in this region. This pocket was targeted 

in a computational docking approach using a dynamic structural model [5,71], Biochemical 

and cell-based assays subsequently selected the benzimidazole-derived compound series 

UCI-LC0023 as putative p53 mutant correctors [5]. The molecules stabilize a WT-like 

conformation of p53R175H and bind noncovalently to the L1/S3 pocket. Notably, this pocket 

expands around C124, a residue involved in APR-246 and arsenic/antimony-mediated p53 

mutant reactivation [3–5] (Figures 2B and 3). UCI-LC0023 was subsequently shown to 

restore sequence-specific DNA binding of p53R175H in a recombinant reconstituted in vitro 
system, indicating a direct mode of action. Mouse models using isogenic ovarian cancer 

xenografts demonstrated TP53-R175H -dependent inhibition of tumor progression [5]. The 

UCI-LC0023 series of compounds contains a putative Michael acceptor, but its reactivity is 

uncertain because no covalent attachment to p53 was observed, and glutathione levels were 

not reduced in tumors after compound treatment [5]. These results exclude indirect effects 

on redox balance as proposed for the mode of action of PRIMA-1/APR-246 (Figure 4). 

However, other off-target effects may contribute to the observed anticancer activity of these 

compounds.
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Concluding remarks and future perspectives

The p53 pathway is among the most attractive precision oncology targets. More than 

two decades have seen great efforts to develop small-molecule drugs to stabilize WT 

p53 in MDM2-amplified cancers and to reactivate p53 missense mutants with corrector 

compounds. MDM2 antagonists have been extensively evaluated in humans, but despite their 

potent anticancer activities in preclinical models, efficacy at tolerable dose ranges in humans 

was underwhelming in monotherapies. There will, however, be value in MDM2 antagonists 

in combination therapies with current cancer therapeutics as well as p53 mutant correctors. 

The latter will benefit because reactivated mutated p53 induces MDM2 expression and 

often also restores MDM2 binding that triggers degradation of reactivated p53 [2–5,69]. A 

combination therapy with MDM2 antagonists may thus significantly enhance p53 mutant 

correctors. A similar dual drug strategy that employs correctors and potentiators in the 
treatment of cystic fibrosis led to wonderful clinical outcomes [90] and may guide the way 

for the treatment of cancers with TP53 mutations.

Mutated p53 has long been considered undruggable, but the past few years have seen 

dramatic progress in the development of p53 mutant corrector compounds. Compounds 

targeting the cryptic crevice in p53Y220C mutants have spearheaded clinical translation and 

have already delivered promising results [6]. The discovery of ATO and the antimonial SSG 

as p53 mutant correctors led to several clinical trials that repurpose these compounds for 

the treatment of human cancers with TP53 missense mutations [3,4], Exciting times are 

ahead for p53 mutant correctors, but several outstanding questions need to be addressed (see 

Outstanding questions).

Despite the recent progress in understanding mechanisms of mutant p53 reactivation, target 

specificity of p53 mutant correctors has received limited attention. This is particularly 

surprising because many of the compounds that have advanced to clinical trials are prone 

to off-target activities because they target thiols [3,4,70] or chelate metals [86]. Therefore, 

it will be important to evaluate their target specificity to determine the contribution of 

off-target activities to therapeutic efficacy.

There is strong experimental support for compound-mediated structural stabilization as 

a mechanism that leads to reactivation of conformational and temperature-sensitive p53 

mutants [3,4,58,81]. Several compounds have also been suggested to reactivate p53 DNA 

contact mutants (residues R248 and R273), albeit direct biochemical evidence is missing 

and mechanisms are not apparent [5,69]. It is thus possible, if not likely, that indirect 

mechanisms contribute to the observed ‘reactivation’ phenotypes of p53 DNA contact 

mutants. Intragenic compensatory mutations have been described that overcome defects of 

DNA contact mutants [89,91,92], Some do so by introducing alternative contact sites such 

as S240R, but other reactivating mutations act through mechanisms that are little understood 

[92], Better understanding of the concepts by which DNA contact mutants can be reactivated 

will be important to target this class of p53 hotspot mutants.

GOF activities associated with p53 missense mutations play an active role in cancer 

development, and it will be interesting to test whether corrector drugs reverse GOF 
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properties [21]. Some evidence has been observed for the L1/S3 pocket-targeting UCI-

LC0023 compound, which suppressed expression of genes suggested to be associated with 

GOF activities [5].

Last, as with all cancer therapeutics, emergence of resistance will likely become a problem 

in the clinic. Dependence of tumors on the GOF activities of p53 mutants may, however, 

reduce the spectrum of resistance mechanisms.

The coming years will bring answers to these outstanding questions and present a 

particularly exciting period for p53 corrector drugs. We anxiously await the results from 

several clinical trials and expect further mechanistic insights into strategies to reactivate 

mutated proteins.

Acknowledgments

We would like to thank Marcus Seldin for help with bioinformatics analyses and Karin Hick for suggestions on the 
manuscript. Work in the Kaiser laboratory is supported by National Institutes of Health (NIH) (R35GM148350 and 
R21CA267495-A1).

Glossary

Correctors and potentiators in the treatment of cystic fibrosis
mutations in the cystic fibrosis transmembrane conductance regulator (CTFR) cause the 

disease cystic fibrosis. Correctors that support the active structure of mutated CTFR proteins 

and potentiator drugs that further stimulate activity of corrected CTFR provide an effective 

therapy for cystic fibrosis patients.

Differential scanning fluorometry (DSF)
a method for measuring protein unfolding as a function of temperature.

Gain-of-function (GOF)
refers to an activity or function that is not detected in the WT protein but is gained by the 

mutated protein. Note that GOF is distinct from dominant negative activities.

Intragenic compensatory mutation
an additional amino add change in the same protein that can overcome defects caused by 

the primary amino add change. For example, the p53 hotspot mutant p53G245S is inactive, 

but the compensatory mutation N239Y that changes residue 239 from asparagine to tyrosine 

creates the reactivated p53G245S,N23gy double mutant.

Neoantigen
a new protein that forms on cancer cells when certain mutations that occur in tumor DNA 

or splice variants are expressed. Neoantigens may play an important role in helping the body 

mount an immune response against cancer cells.

Proteolysis targeting chimera (PROTAC)
a small molecule that hijacks the cellular protein degradation system to induce proteasomal 

degradation of a target protein. PROTACs are bifunctional molecules that bind the target 

protein and a ubiquitin ligase – usually von Hippd-Lindau (vHL) and cereblon (CRBN) 
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proteins – and thereby induce ubiquitylation and degradation of the target protein by 

generating proximity.

Stapled peptides
peptide-based drugs that are covalently linked by one or more hydrocarbon chains to 

stabilize the helical fold and increase biological stability.

Ubiquitin ligase (E3 ubiquitin ligase)
a protein or protein complex that binds a ubiquitylation substrate and a ubiquitin-conjugating 

enzyme (E2) to allow covalent modification of the substrate protein with ubiquitin.

Variant allele frequency
the percentage of sequence reads observed matching a specific DNA variant divided by the 

overall coverage at that locus.
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Highlights

The tumor suppressor p53 is among the most attractive precision oncology targets. The 

two main small-molecule-based approaches for targeting p53 are blocking degradation of 

wild-type p53 and reactivating mutant p53 with corrector drugs.

MDM2 antagonists efficiently increase p53 protein levels and activate tumor suppression 

in preclinical settings, but clinical use may need combination therapy.

Corrector molecules act through diverse mechanisms to stabilize a wild-type-like 

conformation in p53 mutants. Several cysteine residues in p53 play a crucial role in 

the mode of action for a number of compounds.

Molecules binding to the same binding site can reactivate a different spectrum of p53 

mutants.

Early clinical reports using mutant p53 corrector drugs are promising, and the recent 

discovery of mutant p53 reactivator activities in FDA-approved drugs has accelerated 

clinical translation.

Fallatah et al. Page 18

Trends Pharmacol Sci. Author manuscript; available in PMC 2024 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Outstanding questions

What is the target specificity of mutant p53 corrector compounds?

Can DNA contact hotspot mutants be pharmacologically reactivated in the near future?

Do p53 correctors repress p53 mutant gain-of-function activities?

How quickly will resistance mechanisms for p53 mutant correctors develop?
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Figure 1. Types and distribution of p53 alterations in cancer.
(A) A large fraction of tumors show mutations in p53 or amplification of MDM2, which 

encodes a ubiquitin ligase that triggers p53 degradation by the proteasome. Other pathways 

that overcome p53 tumor suppression include degradation of p53 by the high-risk human 

papilloma protein E6 [93], epigenetic silencing of TP53 [94], and diverse mechanisms 

that block p53 signaling without directly affecting p53. (B) Type of mutations in p53 

that contribute to human cancer. (C) Amino acid position distribution and frequency of 

p53 missense mutations. (D) Frequency of p53 mutations in various tumor types. Graphs 

are based on data generated by The Cancer Genome Atlas (TCGA) Research Network: 

www.cancer.gov/tcga. Abbreviations: AD, activation domain; DBD, DNA-binding domain; 

TD, tetramerization domain. Created with BioRender.com.
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Figure 2. Concepts of wild-type (WT) p53 activation and small-molecule-based mutant p53 
reactivation.
(A) Many tumors with WT p53 overexpress the ubiquitin (Ub) ligase MDM2. This leads to 

rapid degradation of p53 by the proteasome and inactivation of tumor suppression. Nutlins 

and other small-molecule MDM2 antagonists block the MDM2/p53 interaction resulting 

in accumulation of p53, assembly of the active p53 tetramer, and induction of genes that 

trigger cell-cycle arrest and cell death. (B) Small molecules that bind mutant p53 and 

stabilize a WT-like conformation are known as corrector or reactivation drugs. Several small 

molecules with different proposed binding modes and mechanisms have been identified. 

PhiKan0083 and PC14586 bind to a cryptic crevice created by the Y220C mutation. Zinc 

metallochaperones (ZMCs) act as zinc ionophores to facilitate zinc binding to p53 mutants 

with reduced zinc binding capacity. Arsenicals (arsenic trioxide, ATO) and antimonials 

(potassium antimony tartrate, PAT) release arsenic and antimony, respectively, which are 

complexed by three specific cysteine residues (three blue circles) that comprise the C124–

C135–C141 pocket (light blue region). Arsenic and antimony binding to this pocket (ABP) 

stabilizes an active conformation of p53 mutants. A degradation product of PRIMA-1 

covalently attaches to several cysteines and reactivates p53 mutants, and UCI-LC0023 binds 

noncovalently to a transiently open pocket (L1/S3 pocket, green area) in the same region to 

restore activity to p53 mutants. Note that C124 is located in the L1/S3 pocket. Created with 

BioRender.com.
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Figure 3. Cysteine residues in the p53 DNA-binding domain involved in mutant p53 reactivation.
The p53 DNA binding domain bound to DNA (PDB ID: 1TSR) with four cysteine residues 

involved in p53 reactivation. Cys124 and Cys277 have been linked to PRIMA-1/APR-246-

mediated reactivation of p53 mutants [71,72]. Cys124, Cys135, and Cys141 coordinate 

antimony and arsenic as part of the corrector drug mode of action for antimonials and 

arsenic trioxide (ATO), respectively [3,4]. Note that arsenic covalently binds to these 

cysteines, whereas antimony interacts noncovalently. Figure was created in PyMOL.
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Figure 4. Proposed off-target mechanism for thiol-reactive p53 correctors.
Glutathione (GSH) depletion by thiol-reactive compounds such as the PRIMA-1/APR-246 

degradation product methylene quinudidinone (MQ) has been suggested as an important off-

target activity that contributes to the In vivo mode of action of these compounds. Some p53 

mutants gain the ability to bind and inhibit the major antioxidant transcription factor NRF2. 

This gain-of-function activity reduces expression of the NRF2 target SLC7A11 (a cysteine/

glutamate antiporter), resulting in reduced GSH levels specifically in p53 mutants. MQ 

covalently reacts with the thiol in GSH and further reduces the pool of active antioxidants. 

Cells with p53 mutants that bind to NRF2 are already sensitized to oxidative stress and 

cannot tolerate the additional PRIMA-1/APR-246-mediated GSH depletion. TP53 missense 

mutant cell lines are thus hypersensitive to these compounds. Abbreviation: ROS, reactive 

oxygen species. Created with BioRender.com.
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Table 1.

Clinical trials targeting p53 in cancer (https://clinicaltrials.gov/ct2/home)

NCT number Agent Indication Phase Status Trial title Mechanism of 
action

NCT02633059 Idasanutlin 
(RG7388, 
R05503781)

Multiple 
myeloma

1/2 Active, not 
recruiting

Idasanutlin, ixazomib citrate, 
and dexamethasone in treating 
patients with relapsed multiple 
myeloma

Nutlin MDM2 
inhibitor

NCT03217266 AMG 232 
(Navtemadlin)

Soft-tissue 
sarcomas

1b Active, not 
recruiting

Navtemadlin and radiation 
therapy in treating patients with 
soft-tissue sarcoma

Piperidinone 
inhibitor of MDM2-
p53 interaction

NCT03787602 AMG 232 
(Navtemadlin)

Merkel cell 
carcinoma

1b/2 Recruiting Navtemadlin (KRT-232) with or 
without anti-PD-1/anti-PD-L1 for 
the treatment of patients with 
Merkel cell carcinoma

Piperidinone 
inhibitor of MDM2-
p53 interaction

NCT03611868 APG-115 
(Alrizomadlin)

Melanoma and 
advanced solid 
tumors

1b/2 Recruiting A Phase 1b/2 study of 
APG-115 in combination with 
pembrolizumab in patients 
with unresectable or metastatic 
melanomas or advanced solid 
tumors

MDM2 inhibitor

NCT03781986 APG-115 
(Alrizomadlin)

Salivary gland 
cancer

1/2 Recruiting APG-115 for the treatment 
p53 wild-type malignant salivary 
gland cancer

MDM2 inhibitor

NCT05155709 Siremadlin Acute myeloid 
leukemia

1b/2 Recruiting A study of siremadlin in 
combination with venetoclax plus 
azacitidine in adult participants 
with acute myeloid leukemia 
(AML) who are ineligible for 
chemotherapy

Imidazopyrro-
lidinone scaffold-
based inhibitor 
of p53-MDM2 
interaction

NCT03975387 ASTX295 Advanced solid 
tumors with 
wild-type p53

1/2 Recruiting Study of ASTX295 in patients 
with solid tumors with wild-type 
p53

MDM2 inhibitor

NCT03725436 ALRN-6924 Advanced solid 
tumors

1b Recruiting ALRN-6924 and paditaxel in 
treating patients with advanced, 
metastatic, or unresectable solid 
tumors

MDM2/MDMX 
inhibitor

NCT03654716 ALRN-6924 Pediatric cancer 1 Recruiting Phase 1 study of the dual MDM2/
MDMX Inhibitor ALRN-6924 in 
pediatric cancer

MDM2/MDMX 
inhibitor

NCT05376800 Bl 907828 Glioblastoma 0/1 a Recruiting A study to determine how Bl 
907828 is taken up in the tumor 
and to determine the highest 
dose of Bl 907828 that could 
be tolerated in combination with 
radiation therapy in people with a 
brain tumor called glioblastoma

MDM2 inhibitor

NCT02340117 SGT-53 Pancreatic 
cancer

2 Recruiting Study of combined SGT-53 
plus gemcitabine/Nab-paditaxel 
for metastatic pancreatic cancer

Liposome complex 
encapsulating 
normal human wild-
type p53 DNA in a 
plasmid backbone

NCT04585750 PC14586 Advanced solid 
tumors with a 
p53 Y220C 
mutation

1/2 Recruiting The evaluation of PC14586 in 
patients with advanced solid 
tumors harboring a p53 Y220C 
mutation

Structural corrector 
of p53 Y220C 
mutant protein

NCT03855371 Arsenic trioxide 
(ATO)

AML/MDS 1 Recruiting Combination of decitabine and 
ATO to treat AML/MDS 
expressing a classified type of 
mutant p53

Structural corrector 
of conformational 
p53 mutants
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NCT number Agent Indication Phase Status Trial title Mechanism of 
action

NCT04906031 SSG AML/MDS 2 Recruiting SS in MDS/AML with one of the 
65 defined p53 mutations that can 
be functionally rescued by SSG

Structural corrector 
of temperature-
sensitive p53 
mutants
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Table 2.

Small molecules with proposed mutant p53 corrector activity

Compounds Proposed mechanism/comments Refs

Antimonials Deliver antimony, which binds noncovalently to the cysteine triad (C124–C135–C141) to structurally 
stabilize temperature-sensitive p53 mutants.

[4]

APR-246/PRIMA-1 Prodrug with the active compound being MQ. MQ binds covalently to several cysteine residues in p53 and 
thermodynamically stabilizes p53 mutants. Off-target thiol reactivity may contribute to anticancer activity.

[70]

ATO Delivers arsenic, which binds covalently to the cysteine triad (C124–C135–C141) to structurally stabilize 
structural p53 mutants.

[3]

Chetomin Restores activity of p53R175H mutants. Binds Hsp40 and increases Hsp40/p53R175H interaction to restore 
wild-type-like conformation.

[95]

COTI-2 Thiosemicarbazone that binds p53 in vitro and induces a wild-type-like conformation in p53R175H mutants. [96]

CP-31398 first identified putative mutant p53 reactivator. Antitumor activity was later attributed to off-target activities. 
The compound reacts with thiols.

[53,54]

KG13 Covalently binds to C220 in p53Y220C mutants and improves structural stability. Selective for p53Y220C 

mutants.
[61]

MANIO Activates wild-type and mutant p53. Binds to the p53 core domain and induces thermal stabilization. [52]

MB710, MB725 Bind to the Y220C-induced surface crevice and structurally stabilize p53Y220C mutants. Selective for p53Y220 

mutants.
[59]

MIRA-1 Stabilizes a wild-type like conformation of p53 mutants and induces DNA-binding. It is a maleimide 
derivative and reacts with thiols and amines. Antiproliferative effect may be due to off-target activity.

[97]

P53R3 Induces DNA binding of p53 mutants in vitro and preferentially inhibits growth of TP53 mutant cell lines. [98]

PC14586 Clinical compound that binds to the Y220C-induced surface crevice and structurally stabilizes p53Y220C 

mutants. Selective for p53Y220 mutants.
[6]

Phenethyl 
isothiocyanate

Natural compound that restores wild-type-like conformation to p53R175H. Depletes glutathione and activity is 
blocked by antioxidants. Mode of action may be indirect.

[99]

PhiKan083 (PK083) The first small molecule targeting the Y220-mutation-induced surface crevice. Structurally stabilizes 
p53Y220C mutants. Selective for p53Y220 mutants.

[55]

PK11007 One of several sulfonylpyrimidine-derived thiol-reactive agents that lead to thermal stabilization of p53 
mutants. Preferentially targets cystine residues in p53.

[100]

PK5196 Binds to the Y220C-induced surface crevice and structurally stabilizes p53Y220C mutants. Selective for 
p53Y220 mutants.

PK7088 Binds to the Y220C-induced surface crevice and structurally stabilizes p53Y220C mutants. Selective for 
p53Y220 mutants.

[58]

PK9328 Improved Y220 pocket binder. Based on PhiKan083. Selective for p53Y220 mutants. [101]

SLMP53-1 Activates wild-type and mutant p53 by inducing thermal stabilization. [102]

Stictic acid Natural compound that was selected as a L1/S3 pocket binder. Induces thermal stabilization of pSS02453 and 
p53R175H mutants in vitro.

[71]

STIMA-1 Enhances DNA binding of mutant p53 and induces p53-dependent gene expression. Compound shows thiol 
reactivity, and antiproliferative effects may be due to off-target activity.

[103]

UCI-LC0019/
LC0023

Binds noncovalently to the L1/S3 pocket. Induces sequence-specific DNA binding of p53R175H mutants in 
vitro.

[5]

ZMC1 
(NSC319726)

Thiosemicarbazone that acts as zinc chaperone to structurally stabilize p53 mutants with reduced zinc-
binding potential.

[81]
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