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ABSTRACT
Point mutations in p53 favour tumour aggressivity, particularly in gastric cancer (GC), 
and offer a target for small molecule-based anticancer treatments. This study focused 
on the p53-Y220C mutation, which causes p53 misfolding due to thermal instability 
associated with the creation of a pocket that may accommodate small molecules. This 
mutation also creates an additional free cysteine thiol group that may react with 
Michael acceptors. Using an integrated in silico and in vitro approach, four compounds 
(AG1, AG2, AG3, and RK349) were screened for potential reactivation of p53-Y220C in 
GC cells. AG3, a compound with zinc chelation and Michael acceptor properties, was 
found to induce p53 target gene expression via p53-dependent and -independent 
pathways. AG3 limited reactive oxygen species production, reducing toxicity to healthy 
cells. Furthermore, AG3 induced p53-dependent cytotoxicity and enhanced 
chemotherapy response. This study presents a novel compound with p53-Y220C 
reactivation potential, highlighting its promise for further development.
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GRAPHICAL ABSTRACT

Introduction

The transcription factor p53 is critical for cellular homeostasis. Implicated in numerous and often redun-
dant pathways, p53 opposes tumorigenesis through anti-proliferative and pro-apoptotic activities1. These 
essential functions explain why over 50% of solid tumours are associated with mutations of p53. Most 
of these (~70%) occur as missense mutations and are predominantly (95%) located in the central 
DNA-binding domain (DBD, 102–292)2–5. The consequences of these mutations can be divided into two 
groups: (i) mutations that eliminate direct DNA contacts (“contact” mutants) without altering the overall 
conformation of the protein, and (ii) mutations that perturb the protein structure (“structural” mutants), 
resulting in mis/unfolding, followed by rapid aggregation6. Some of those mutants are also associated 
with de novo pro-oncogenic features via co-aggregation with proteins that can inhibit anti-tumoral activ-
ity (e.g., co-aggregation with p63 and p73)7,8 or promote increased pro-tumoral activity (e.g., 
co-aggregation with YAP or NRF2)9,10. Tumours that display these mutations have a poorer prognosis, 
showing higher resistance to chemotherapy, more metastases, reduced anticancer immune landscape 
and lower survival rate compared to wild type (WT) p53 tumours. This is particularly true for gastric 
cancers (GC) in which mutations of p53 are considered as oncogenic drivers as they are detected at early 
stages of tumorigenesis and in up to 70% of tumors11. Platinum salts, such as oxaliplatin, are still stan-
dard treatment for GC and are known to cause DNA damage that induces p53 activity12. However, GC is 
associated with more than 75% resistance to chemotherapy and has a very poor outcome. It is currently 
the fourth deadliest cancer globally and is directly responsible for 100 000 deaths per year worldwide11.

Hence, strategies have been developed to either induce p53-independent cytotoxicity (e.g., innovative 
metal-based compounds)13,14 or to reactivate the p53 pathway using various means (peptides, small mol-
ecules, viruses expressing WT p53)15–17. Amongst those strategies, targeting p53 mutations is a corner-
stone to improve clinical outcomes of patients diagnosed with cancer. As those mutations are only 
present in cancer cells, they represent ideal targets for strategies aimed at reducing the side effects of 
conventional chemotherapies (e.g., oxaliplatin) that are widely used18,19. Over the last two decades, several 
compounds that target mutations of p53 and restore its wild-type function inside tumour cells have been 
designed using various approaches16. For example, APR-246 has been shown to covalently modify several 
cysteine residues in the p53 DBD and help to maintain the functional folding of p5320,21. Its impact on 
cancer xenograft cells harbouring R175H and R273H mutations led to phase IB and II clinical trials for 
myelodysplastic disease22 and eventually an FDA approval for this disease. However, APR-246 is a promis-
cuous alkylator and also acts via off-target pathways (e.g., thiol depletion)23, which explains the effects in 
cells with DNA-contact mutants. Another way to improve the stability and folding of p53 is to target 
binding of the zinc ion by the DBD. For instance, ZMC1 is a metallochaperone molecule that improves 
the stability of p53 by increasing cellular zinc levels, but at the cost of significant off-target effects24. More 
recently, we have conceived bifunctional ligands LI and LH to reduce the misfolding of p53 through zinc 
binding with more specificity and fewer off-target effects15. Other studies have shown that many, but not 
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all, structural mutants can be reactivated with arsenic trioxide, which stabilises the p53 DBD by coordi-
nating three cysteines in the loop-sheet-helix motif25. Similar effects were also seen with antimony-based 
compounds, which target the same site but reactivate fewer mutants than arsenic trioxide26.

Overall, numerous approaches exist for targeting structural p53 cancer mutants. Despite their efficacy 
in vitro, many of these molecules are non-specific and show significant side effects. Indeed, many of 
these therapies have off-target effects, namely through reactive oxygen species (ROS) production, which 
have hampered their development in clinical trials.

The Y220C mutant is a key target in the field of p53 mutant reactivation research. It is the 9th most 
frequent p53 cancer mutant, accounting for more than 100 000 new cancers each year worldwide27,28. 
This mutation is also one of the most frequent mutations found in GC and is associated with Approximately 
1% of all tumours globally. The mutation of a tyrosine to a cysteine leads to an unstable DBD and cre-
ates a unique druggable crevice on the surface of the protein29, allowing the design of low molecular 
weight compounds that specifically target this mutant30–32. Importantly, this mutation also results in a 
free cysteine thiol (-SH) group that can potentially react with a Michael acceptor. What makes this mutant 
a particularly attractive target compared to other mutants such as R175H or DNA-contact mutants is its 
associated temperature-sensitive phenotype16. The Y220C mutant is therefore an excellent target for 
developing molecules that either directly or indirectly stabilise the protein, thereby restoring p53 signal-
ling pathways in cells.

Herein, we selected, characterised, and compared four molecules (i.e., AG1, AG2, AG3, and RK349) that 
combine a Michael acceptor with a potential zinc-chelating moiety to evaluate their ability to restore a 
p53-dependent activity and cytotoxicity in cancer cells with a homozygous p53 Y220C mutation33. Due 
to its high lethality and limited therapeutic options, we focused our study primarily on gastric cancer 
and evaluated the cytotoxicity of these four molecules in several GC cell lines, but also other types of 
digestive cancer. We assessed their functional impact on p53 but also their potential off-target effects 
through induction of ROS and also tested the effects in non-tumour intestinal organoids. In addition, we 
benchmarked the four new molecules against the putative p53-reactivating compounds APR-246, ZMC1 
and Phikan083.

Materials and methods

Cell lines

AGS (ATCC©, CRL-1739) and NUGC3 (JCRB0822; JCRB cell bank, Japan) cell lines are derived from human 
gastric adenocarcinoma expressing wild type and Y220C mutant p53, respectively. HCT116 (ATCC©, 
CCL247) and SW480 (ATCC©, CCL228) cell lines are derived from colon cancer expressing wild-type and 
R273H mutant p53, respectively. BxPC3 cells (ATCC©, CRL1687) are from pancreatic cancer expressing 
Y220C mutant p53. They were cultured in Roswell Park Memorial Institute medium 1640 (RPMI, Gibco) 
supplemented with 10% foetal calf serum (FCS, Gibco). The KMST-6 cell line (CVCL_2998), obtained from 
Riken, was established by immortalisation of human skin fibroblasts and cultured in Minimum Essential 
Medium (MEM, Gibco) supplemented with 10% FCS and 1% glutamine (Gibco).

Chemical compounds

APR-246, ZMC1, PhiKan083 and Nutlin-3 were purchased from TOCRIS®. Oxaliplatin was purchased from 
Sigma Aldrich® at 99% purity. AG1, AG2, AG3 and RK349 were synthesised according to literature proce-
dures33–36 (for full details and characterisation see ESI). The compounds were prepared in a stock solution 
of dimethyl sulfoxide (grade for cell biology) at a 50 mM concentration (DMSO, VWR Chemicals). ZVAD-FMK 
and ferrostatin-1 were purchased from TEBU BIO and Euromedex France, respectively.

MTT assay

MTT survival tests were performed with cells seeded in 96-well plates (AGS, HCT116, SW480, BxPC3: 10 000 
cells/well; NUGC3: 20 000 cells/well; KMST-6: 30 000 cells/well) for 24 h and treated for 48 h (5 wells/condition). 
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The supernatant was then aspirated and replaced by medium containing 0.5 mg/mL MTT tetrazolium salt 
(Thiazolyl Blue tetrazolium bromide, Thermo Scientific Chemicals) for 1.5 h (AGS, HCT116, SW480, BxPC3) or 
2.5 h (NUGC3, KMST-6) before solubilisation of the tetrazolium salts with pure DMSO and measurement of the 
photon absorption by a Tristar2 Multimode Reader LB942 spectrometer (Berthold Technologies) at 590 nm. 
The differences in absorbance were normalised to the untreated control conditions. Statistical calculations 
and representations were performed on Prism V8.4 (GraphPad Software). The IC values were obtained by 
non-linear regression for the IC50 (50% of the theoretical maximum effect) and by plotting for the IC75 (75% 
of the theoretical maximum effect).

Clonogenic assay

500 000 cells were seeded in 6-well plates. After 24 h, cells were treated with the compounds for 48 h (3 
wells/condition). Next, cells were counted and seeded in another well (1000 cells/well) for 5 d. Colonies 
were counted after staining with crystal violet (0.1% for 10 min).

ROS detection by DHE probe

200 000 cells were seeded on degreased glass coverslips placed in 12-well plates. After 24 h, they were 
treated for 4 or 18 h with the compounds. Incubation with 25 µM hydroethidine [dihydroethidium] 
(DHE, AAT Bioquest) and 3 μM of Hoechst 33342 (Sigma) in 10% FCS-PBS was performed for 30 min in 
the dark, followed by 3 PBS wash and 20 min of fixation with 1% formaldehyde (PFA, Citifluor-EMS). 
After washing, coverslips were mounted on slides with FluorSave Reagent (Millipore) for 1 h and stored 
at 4 °C. The fluorescence signal was captured for an excitation/emission spectrum of 460/490 nm for 
the Hoechst probe and 480/576 nm for the DHE probe. The fluorescent cell count was performed 
using Image J software by calculating the percentage of positive cells on three different images for 
each slide.

RNA extraction and RT-qPCR

Cells were seeded in 6-well plates (500 000 cells/well) for 24 h and treated for 4–36 h with the com-
pounds. Total RNA was extracted from both adherent cells and floating cells using Tri-reagent (MRC). 
Reverse transcription (RT) was performed with 4 µg of RNA using the High-Capacity RT kit without 
RNAsin (Applied Biosystems) as recommended. qPCR reactions were done in triplicate on a LightCycler® 
480 apparatus (Roche) using 1/100th of RT, the LightCycler® 480 SYBR Green Master mix (Roche) and 
specific oligonucleotide primers (Invitrogen, Table S1). Relative mRNA expression was calculated using 
the ΔΔCt method and RPLPO/GAPDH as reference genes. Data processing was performed on LightCycler 
480® software. Statistical analyses between conditions were performed by Mann-Whitney tests.

Western blot

Cells were seeded in 6-well plates (500 000 cells/well) and treated for 4–24 h with the compounds. 
Adherent cells and floating cells were lysed with a NP40 (Igepal, Sigma, 1%) buffer and sonication. 30 µg 
of proteins were separated by SDS-PAGE (10%) and transferred to nitrocellulose membranes (Amersham 
Protran 0.45 μm, GE Healthcare). Membranes were saturated with 5% bovine serum albumin (BSA, 
Euromedex) in 0.1% Tween-Tris Buffered Saline for 45 min at room temperature (RT). Antibodies were 
diluted in the same buffer containing 1% BSA. Primary antibodies (O/N at 4 °C) included mouse mono-
clonal anti-p53 (DO-1, Santa Cruz Biotechnology; 1/1000), rabbit monoclonal anti-NRF2 (clone D1Z9C, 
Cell Signalling Technology; 1/1000), mouse monoclonal anti-actin (clone C4, Chemicon; 1/15 000). 
Secondary antibodies (45 min at RT) were either anti-rabbit or -anti-mouse IgG, HRP-linked (Cell Signalling 
Technology, 1/10 000). HRP activity was revealed with Immobilon Western Chemiluminescent HRP 
Substrate (Millipore), detected with a Pxie Imager (Syngene) and quantified with Fiji software.

https://doi.org/10.1080/14756366.2026.2638836
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RNA interference

RNA interference for p53 was performed with cells seeded in 6-well plates (300 000 cells/well). The next 
day, synthetic duplexes of siRNA (siCtrl: Control siRNA duplex negative control; sip53: GGA AAC UAC UUC 
CUG AAA A; Eurogentec; 30 nM) were transfected with Lipofectamine RNAiMAX (Invitrogen) as recom-
mended. After 24 h, the medium was removed and the cells were treated with the different compounds 
for 24 – 48 h.

Organoids

Organoids were generated from either murine small intestine from intestinal crypts isolated from a 
2-month old female C57BL/6 mouse (in-house stabulation, animal ethic committee number: Apafis 
N°16115) as previously described15. Mice experiments were performed in compliance with French 
administrative and ethical regulation (Apafis N°16115). After cervical dislocation of 3 months-old mice, 
the ileum was removed, rinsed with cold PBS (D. Dutscher), opened longitudinally, scraped with a glass 
slide to remove the villi and cut into 5 mm-fragments. These were vigorously washed in successive 
baths of antibiotics (Penicillin-Streptomycin 1% v/v, Gentamycin 0.2% v/v in PBS, Gibco). Next, the 
fragments were incubated for 30 min at 4 °C in EDTA (2 mM, Invitrogen) under vigorous agitation to 
detach the intestinal crypts from the underlying tissue. A filtration step (70 µm, Falcon) was performed 
to remove the villi before centrifugation (5 min, 260 g, 4 °C). The pelleted crypts were resuspended in 
500 µL of cold PBS and counted. 200–400 crypts were homogenised in 20 µL of cold Matrigel (Basement 
Membrane Matrix GFR Phenol Red-free, Corning) and the suspension was deposited (“beaded”) into  
a well of a 48-well plate (CELLSTAR, Greiner Bio-one) preheated to 37 °C. The polymerised domes  
(< 10 min, 37 °C) were covered with 250 µL of Intesticult (Mouse Organoid Growth Medium, STEMCELL 
Tech.) containing antibiotics (Penicillin-Streptomycin 1% v/v, Fungizone 1% v/v, Gentamycin 0.08% v/v, 
Gibco) and an apoptosis inhibitor (Y-27632 10 µM, STEMCELL Tech.). Cysts were detected after 24–72 h 
and gradually developed buds as they increased in size. The medium was changed every 2–3 days and 
organoids split every 7–10 days. For mouse organoids and bright-field microscope follow-up, dissoci-
ated organoids were grown in 48-well plates (Greiner Bio-One) for 4 d and treated or not (NT) for 2 d 
with DMSO (Sigma-Aldrich, CT), AG1 (15 µM), AG3 (18 µM), PhiKan083 (37 µM), oxaliplatin 12 µM diluted 
in DMSO in triplicate. These concentrations correspond to the IC50 of each compound in NUGC3 cells. 
For human organoids, human ileal tissue, provided by Strasbourg University Hospitals, in compliance 
with all administrative and ethical regulations (HUS Ethic committee #CE-2021–142), was dissected on 
ice to isolate the mucosal layer. After gentamicin (50 ng/mL) and amphotericin (2.5 ng/mL) incubation, 
crypts were isolated as described37. Briefly, intestinal mucosa was sliced into 0.5 mm3 fragments, incu-
bated for 30 min in sterile PBS with 2 mM EDTA on ice and vigorously shaken for 2 min. After filtration 
of the supernatant (100 µm cell strainer, Falcon), crypts were counted, concentrated by centrifugation 
(1200 rpm at 4 °C for 5 min) and resuspended into growth factor reduced Matrigel (Corning) at a den-
sity of 300 crypts per 20 µL Matrigel dome. Organoids were then cultivated for 7–10 d into Intesticult 
human Organoid Growth Medium (StemCell Tech.) supplemented with 10 µM of Rock-inhibitor Y27632 
(StemCell Tech.) before passaging by enzymatic dissociation (TrypLE, Gibco; 10 min at 37 °C). Y27632 
was added to the culture medium only for the first passage, then only for the first 2 d of culture at 
each passage. Organoids at passage 4 were treated 7 d after seeding in 8-well Lab-Tek™ II Chamber 
Slide (Nunc) with DMSO or AG3 (18 µM) for 24 or 48 h before PFA fixation and staining.

For immunofluorescence microscopy, mouse or human organoids were grown on 8-well LAB-TEK 
Chamber Slides (Nunc). After 48 h, organoids were fixed for 30 min with paraformaldehyde (EMS, 4% in 
60 mM PIPES, 25 mM HEPES, 10 mM EGTA, 2 mM magnesium acetate) and permeabilized for 30 min in 
0.5% Triton X-100 (Euromedex) at room temperature. After a 2 h-blocking at 37 °C in 5% BSA (Euromedex), 
cell nuclei were stained with DAPI (4′,6-diamidino-2-phenylindole, Sigma; 0.5 µg/mL) and actin was 
labelled by Phalloidin-TRITC (Sigma, 1:1000). Slides were mounted in ProLong Gold Antifade Mountant 
(Invitrogen) and analysed with an Axio Imager M2 microscope (Zeiss) coupled to a Hamamatsu’s camera 
Orca Flash 4v3 using the ApoTome.2 function (Zeiss) for optical sectioning.
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Additional materials and methods

Additional materials and methods are described in the Supporting Information. This includes primer and 
RNA sequences, protein expression and purification details, analytical methods; mass spectrometry, DSF, 
GSH off-target analyses. For chemistry, NMR and synthetic details, scanned spectra as well as stability 
studies are detailed.

Statistics

Normality of the data distribution was checked by Shapiro-Wilk or Agostino & Pearson tests, and equality 
of variances was evaluated with the Brown-Forsythe test for all data. If these assumptions were met, 
statistical differences were determined using one-way ANOVA with Tukey’s post hoc test; otherwise, the 
non-parametric Kruskal-Wallis test with Dunn’s post hoc test was applied. Statistical analyses were per-
formed using GraphPad Prism V8.4 software (GraphPad Software). For all analyses, significance was indi-
cated as follows: *, p < 0.05; **, p < 0.01; *** p < 0.001.

Results

Transcriptional activity of wild-type p53 in gastric cancer cells

To monitor in the most relevant manner how our compounds may affect p53 in GC, our first objective 
was to select a set of p53 target genes to be used as markers of p53 transcriptional activity. To do so, 
we developed an original approach combining several sets of transcriptomics data: (i) our own data with 
the GC cell line AGS expressing wild-type p53 in which we silenced p53 using siRNA and/or activated 
p53 with oxaliplatin (Fig. S1a), (ii) published data from gastric tumours expressing wild-type or mutated 
p53 (TCGA database and (22)), (iii) published data from a GC cell line, LMSU, expressing a mutant p53 
that has been silenced or not using shRNA38. Oxaliplatin was chosen because it is the gold standard for 
GC treatment and is known to cause DNA damage that induces p53 activity12.

We identified 248 genes that were downregulated (sip53 versus siCtrl; fold change < −1.3; p values < 
0.05) upon silencing of p53 in the absence of treatment, and 1223 genes after treatment with oxaliplatin 
for 24 h (sip53 oxaliplatin versus siCtrl oxaliplatin; fold change < −1.3; p values < 0.05) in AGS cells 
(Figure 1a). Amongst them, 166 were regulated by p53 both in control conditions and after oxaliplatin 
treatment, 72 were only regulated in control condition, and 1057 were only regulated by p53 after oxal-
iplatin treatment. Oxaliplatin treatment alone induced 1399 genes (siCtrl oxaliplatin versus siCtrl; fold 
change > 1.3; p values < 0.05), of which 556 are regulated by p53. Pathway analysis of the genes regu-
lated by p53 in untreated cells identified the expected molecular mechanisms, namely signalling trans-
duction by p53, DNA-damage response, programmed cell death, and cell response to UV (Figure 1b). In 
addition, a number of uncommon pathways emerged, notably lipid metabolism, cellular response to iron 
metabolism, and cell-cell communication, including hemidesmosome assembly. Similarly, upon oxaliplatin 
treatment, the expected p53-regulated mechanisms were identified, such as p53 signalling pathway, 
apoptotic processes, signalling in response to DNA damage, apoptosis dependent on TRAIL signalling, 
and cell response to chemical stimulus (Figure 1c). Interestingly, other more unexpected pathways were 
also uncovered, such as tube morphogenesis, cell adhesion, laminin interaction, and response to nutrient 
levels including FOXO signalling.

To start the selection process of a list of genes that monitor p53 activity, we analysed the transcrip-
tomic data of the so-called “firehose” collection of GC available within the TCGA database. We classified 
these tumours into two groups based on p53 status, WT or mutated. We identified 791 genes downreg-
ulated (p < 0.01) in p53 mutated tumours. Cross comparison of the p53-regulated genes in AGS with the 
p53-regulated genes in gastric tumours identified 14 common genes (MDM2, FDXR, CDKN1A(p21), FAS, 
DDB2, CYFIP2, TM7SF3, ZMAT3, PTPRU, ABCA12, ISCU, CCNG1, PIK3R1, SULT1C4) (Figure 1d). We further con-
tinued the selection process by using the data of Parhik et  al.39 who identified genes differentially regu-
lated according to p53 status in ten types of tumours, including GC (Figure 1e). Several of these genes 
(MDM2, FDXR, CDKN1, DDB2, ZMAT3) differentially regulated in GC were also present in our list of 14 
genes (Figure 1d). We then re-analysed the published RNA-seq data from the LMSU cell line in which 

https://doi.org/10.1080/14756366.2026.2638836
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Figure 1.  Identification and validation of p53 target genes in gastric adenocarcinoma cells. a) Venn diagram representing the 
overlap of differentially expressed genes (DEGs) identified in RNA-seq analysis across three conditions. Each circle corresponds to a 
comparative analysis between two conditions as follows: light purple circle indicates DEGs of AGS cells transfected with sip53 and 
non-treated (sip53 ct) versus cells transfected with the siCtrl and non-treated (sict ct) (fold change (FC) ≥ 1.3; p < 0.05); blue circle 
indicates DEGs of AGS cells transfected with sip53 and treated with oxaliplatin (sip53 ox) versus cells transfected with siCtrl and 
treated with oxaliplatin (sict ox) (FC ≥ 1.3; p < 0.05); dark purple circle indicates DEGs of AGS cells transfected with siCtrl and treated 
with oxaliplatin (sict ox) versus cells transfected with siCtrl and non-treated (sict ct) (FC ≥ 1.3; p < 0.05). b, c) Molecular mechanisms 
impacted by the genes identified in the comparison sip53 ct versus siCtrl ct (b) and the comparison sip53 ox versus siCtrl ox (c). 
d) Venn diagram as described in a) but with the overlap with the genes deregulated (p < 0.05) in gastric tumours present in the 
firehose collection of the TCGA when tumours with wild-type p53 are compared to tumours with mutated p53. e) Table showing 
the genes identified by Parikh et  al.39 that are deregulated (p values under STAD) in gastric tumours (STAD) with wild-type p53 
versus mutated p53. The table also indicates the number of different types of tumours that have these genes deregulated. The 
genes further analysed are indicated in red. f) Star graphic with the genes from the Tarikh et al. study showing the geomeans with 
the transcriptomic data (FC and p values for all the comparisons in AGS cells, p values of Tarikh et  al. and p values of the genes 
differently expressed in the firehose collection between tumours with wild type p53 and mutated p53). g) Graphic showing the 
genes identified in the comparison between the sip53 ct versus the siCtrl ct conditions using the fold change (FC) and the -log(p 
values). In red, the genes of the Parikh et  al. study. h) Graphic showing the genes identified in the comparison between the sip53 
ct versus the siCtrl ct conditions using the fold change (FC) and the -log(p values). In red, the genes of the Tarikh et  al. study.
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mutant p53 had been silenced38 and compared them to our data (Fig. S1b). None of the genes present 
in the Parikh et  al. study or in our 14 genes list were present in the list of genes of the LMSU cells in 
which mutant p53 had been silenced, suggesting that there was no significant remaining wild-type p53 
activity in LMSU cells. We then combined the data to calculate a geometric mean (GeoMean) = i = 1∏nxi)n1.

We converted all negative values (ex.-Log10 p) into positive values and plotted the data on a radial 
graph in addition to the -FC of the comparison between sip53 and siCtrl in AGS cells and the compari-
son between p53 mutated and p53 wild type GC of the TCGA firehose collection (Figure 1f ). This allowed 
us to select genes with a geometric mean above 2, i.e., CDKN1A, MDM2, RPS27L, ZMAT3, DDB2, FDXR.

Interestingly, these genes displayed a variety of fold changes and p values in the RNA-seq analysis we 
performed, allowing us to have a diversity of responses for testing p53 activity (Figure 1f, g). We decided 
to complete this list of genes with PUMA (BBC3), a well-studied p53 target gene that was only expressed 
in the oxaliplatin-treated AGS cells and showed moderate FC and p values (Figure 1g, h, Fig. S1c).

Next, we validated in an independent experiment in AGS cells the response of the selected genes to 
the silencing of p53 and the activation of p53 using Nutlin-3, an antagonist of the p53-MDM2 interaction 
(23)(24). Nutlin-3 reduced AGS cell survival (Fig. S2a, b) and increased p53 protein levels (Fig. S2c, d). As 
expected, the expression of the selected genes was strongly diminished upon the silencing of p53 and 
activated by Nutlin-3 treatment (Figure 2a, b and Fig. S2e). The induction of the genes by Nutlin-3 was 
strongly dependent on p53 as the expression of p53 target genes strongly diminished upon silencing of 
p53 (Fig. S2e).

Based on the combined transcriptomic and in silico analyses and the activation by Nutlin-3, we chose 
to focus on CDKN1A (p21), BBC3 (Puma), ZMAT3 and RPS27L as indicators of the ability of a chemical 
compound to induce p53 activity in GC cells, and we set out to use them as a readout of p53 activity 
upon treatment of Y220C-mutant cells with bivalent small molecules combining a thiol-reactive warhead 
with a metallochaperone moiety.

Cytotoxicity of the rationally designed compounds towards Y220C p53 and their reactivity in GC 
and healthy cells

Covalent p53-Y220C stabilisers (Figure 2c) have recently been described, which take advantage of the 
reactivity of cysteine residues and offer the potential of longer action32,40,41. Other studies have also 
identified zinc chelators as promising agents, potentially acting as metallochaperones to facilitate zinc 
transport into cells harbouring zinc-binding deficient p53 mutants30,42. More recently, we have conceived 
bifunctional ligands LI and LH to reduce the misfolding of p53 through zinc binding with more specific-
ity15. Given the promise of the covalent approach, we investigated a small library of bifunctional modi-
fiers capable of not only covalently binding to the Cys220 residue or other solvent-exposed cysteines in 
the DBD via a Michael acceptor but also featuring metal-chelating properties (Figure 2d).

The cytotoxicity of AG1, AG2, AG3 and RK349 was initially tested in two widely used GC cell lines, 
expressing either wild-type (AGS) or mutated Y220C (NUGC3) p53 protein. Compounds designed to tar-
get mutant p53 such as ZMC1, Phikan083 and APR-246 were also tested for comparison43–45. Standard 
MTT tests were performed to define inhibitory concentrations required for an effect over 50% (IC50) or 
75% (IC75) of the cells after 48 h (Figure 3a-b, Fig. S3a-b). The amount of GC cells was reduced by all the 
compounds tested, with AG2 exhibiting the lowest IC50 value in both cell lines (5 µM) and other com-
pounds showing similar or higher IC50 values, depending on the cell line. Strikingly, most compounds 
were more efficient in AGS cells. For each compound, we quantified the variability of IC50 by calculating 
the ratio between the one in AGS and the one in NUGC3 cells (Figure 3c).

Only AG3 exhibited a ratio higher than 1 (i.e., IC50 lower in NUGC3 than in AGS), which may be due 
to a preferential effect towards cells with mutated p53. The other compounds (AG1-2 and RK349), includ-
ing the ones reported to target mutated forms of p53 (ZMC1, APR-246, Phikan083), had a ratio equal or 
lower to 1, suggesting a lack of specificity for the Y220C mutation in GC cells. For the Y220C-binder 
PhiKan083 this was expected at the concentration tested, given its relatively weak Y220C-binding affinity 
of about 150 µM and only moderate stabilisation in vitro43 as well as the general toxicity of the 
carbazole-based scaffold at higher concentrations in cells46.

https://doi.org/10.1080/14756366.2026.2638836
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https://doi.org/10.1080/14756366.2026.2638836
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Figure 2. R eactivators of p53 mutants. a) Relative mRNA expression of selected genes after transfection of AGS cells 
by control (siCtrl) or p53-specific silencing RNA (siP53) for 48 h. Values obtained with siCtrl were set at 1 for each gene. 
b) Relative mRNA expression of selected genes after treatment of AGS cells with Nutlin-3 (0.4 µM) for 6 h or 24 h. Values 
obtained with non-treated cells at both timepoints were set at 1 for each gene. c) Chemical structures of covalent p53 
Y220C stabilisers and a metallochaperone. d) Initially screened molecules for Y220C p53 reactivation.
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The cytotoxic effects of AG3 in NUGC3 cells were confirmed using a clonogenic assay (Figure 3d). The 
combination of AG3 with a low concentration of oxaliplatin (IC25), known to upregulate p53, was observed 
to increase the cytotoxicity of both molecules against NUGC3, suggesting that AG3 may boost chemo-
therapy for GC patients (Figure 3d-e, S1d).

Figure 3.  Evaluation of the cytotoxicity of compounds AG1, AG2, AG3, and RK349. a) MTT assays for AGS and NUGC3 
cells treated with increasing concentrations of AG2 (top) and AG3 (bottom) for 48 h (n = 3). b) Mean (-/+ SD) IC50 and 
IC75 values of the different compounds in the indicated cell line treated for 48 h (n = 3). NR: not reached. c) Graphic 
representation of the selectivity of each compound using the ratio of IC50 for AGS (p53 WT) and NUGC3 (p53 Y220C) 
cells indicated in b and Fig S3b. d) Representative wells of a clonogenic assay performed with NUGC3 cells treated or 
not (NT) for 48 h with oxaliplatin (IC25, 12 µM) and/or AG3 (IC50, 18 µM) (n = 3). e) Quantification of clonogenic assays 
performed as described in d, with the number of colonies obtained for non-treated cells set at 100%. (n = 3). f) MTT 
assays for BxPC3 cells treated with increasing concentrations of AG3 for 48 h. g) MTT assays for HCT116 and SW480 cells 
treated with increasing concentrations of RK349 and AG3 for 48 h.

https://doi.org/10.1080/14756366.2026.2638836
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We then confirmed the cytotoxic activity of AG3 on another GC cell line expressing the mutant 
Y220C, BxPC3 (Figure 3f ), and on the colon cancer cell line SW480 expressing the DNA-contact mutant 
R273H (Figure 3g). Interestingly, AG3 showed some selectivity towards the cells expressing mutated 
p53 compared to the colon cancer cell line HCT116 expressing wild-type p53. This was not the case 
for RK349.

To characterise a novel anticancer compound, its intrinsic toxicity is investigated by treating 
non-tumoral cells with the compound alone. To do so, we chose the human immortalised KMST-6 fibro-
blasts. AG3 did not show any significant toxicity towards the latter, at the tested concentrations. In con-
trast, AG1, AG2 and RK349 exhibited up to three times higher IC50 values than on GC cells (Figure 3b, 
Fig S3c). Based on this first set of results and the relatively more complex synthetic procedure for RK349, 
we decided to focus our study on AG1, AG2, and AG3.

To further confirm that the new compounds have fewer adverse side effects on healthy tissues 
than chemotherapy, we used intestinal organoids (IOs) as the gut is one of the most impacted 
organs by chemotherapy side effects47. The use of IOs offers the advantage of providing non-mutated 
cells in an organised tissue-like model with stem cells and various differentiated cells. In addition, it 
limits the use and harm to animals compared to the establishment of a maximal tolerated dose. We 
first performed a survival assay with mouse IOs after a treatment with AG1, AG3, oxaliplatin, and 
PhiKan083 at their IC50. In striking contrast to oxaliplatin, and to a lesser extent PhiKan083, the new 
compounds had only a limited effect on the survival and structure of the IOs. Indeed, after 48 h of 
treatment, more than 90% of IOs were dead with oxaliplatin and PhiKan083, whereas 50 to 80% 
were still alive (e.g., similar shape, volume compared to control) with AG3 and AG1 respectively 
(Figure 4a). In addition, surviving IOs were budding, meaning that new proliferative cells were gen-
erated from stem cells despite the treatment (Figure 4b-c, Fig. S4). Microscopic observation of the 
IOs’ structure confirmed the reduced impact compared to oxaliplatin (Figure 4d, Fig. S5). Similarly, 
we confirmed the absence of toxicity of AG3 in healthy tissues using human intestinal organoids 
grown in culture for 4 d before treatment (Figure 4e). At day 4, organoids were treated with AG3 at 
its IC50 for 24 or 48 h, then stained. No difference in terms of growth or cell death was observed 
either at 24 or 48 h (Figure 4d). Altogether, these data suggest that the new compounds have lim-
ited side effects in non-tumoral tissues.

Ability of the new compounds to induce off-target effects through ROS

Given the lack of specificity observed for most compounds towards the NUGC3 cell line expressing the 
p53 Y220C mutant and the known off-target effect of alkylating agents (i.e., APR-246) to cause reactive 
oxygen species (ROS) production, we examined ROS levels in GC cells. We used a dihydroethidium (DHE) 
probe to measure ROS after 4 h and 18 h of treatment at a wide range of concentrations including IC50 
and IC75 (Figure 5a-b). We observed that even low doses of AG1 led to a rapid and robust production of 
ROS (e.g., 4- to 5-fold after 4 h). ROS production was lower for AG3, as well as AG2 (except for the high-
est concentration).

In addition, we analysed the expression of the anti-oxidant protein NRF2 (i.e., nuclear factor erythroid 
2-related factor 2), a marker of ROS activity48. Increased protein level for NRF2 induced by AG1 and AG2 
showed the functional impact of ROS production following these two treatments (Figure 5c-d). For the 
control compounds, we observed that, as described in the literature, both ZMC1 and APR-246 led to 
significant ROS production after 4 h of treatment at IC50 (Fig. S6a). This correlated with the increase in 
NRF2 expression for APR-246 (Fig. S6e).

To determine the importance of ROS production for the cytotoxicity of the new compounds, we per-
formed MTT assays in the presence of the anti-oxidant N-acetylcysteine (NAC)49 (Figure 5e, Fig. S6b). 
Cytotoxicity of AG1 in NUGC3 cells was almost totally inhibited by NAC, confirming its strong depen-
dence on ROS production. In contrast, little to no impact of NAC was found for cellular viability after 
AG2 and AG3 treatment, indicating that these compounds do not exert their effect through ROS. For the 
control compounds, the cytotoxicity of ZMC1 was unexpectedly not affected by NAC50,51. In contrast, the 
cytotoxicity of APR-246 was dependent on ROS production (Fig. S6b).

https://doi.org/10.1080/14756366.2026.2638836
https://doi.org/10.1080/14756366.2026.2638836
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https://doi.org/10.1080/14756366.2026.2638836
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Figure 4.  Evaluation of the cytotoxicity of the new compounds on intestinal organoids. a) Quantification of organoids 
alive after 24 h and 48 h of treatment with the vehicle (CT) or the indicated compound at the IC50. The initial number of 
organoids was set to 100% for each condition. b) As in panel a for budding organoids. c) Representative images taken 
with a bright-field microscope of untreated organoids (NT) or treated for 48 h with the indicated compound. Arrow: bud. 
Magnification: 5x. d) As in panel c but apical membranes (red) and nuclei (blue) of intestinal cells were stained with 
FITC-phalloidin (red) and DAPI (blue) respectively and imaged using an ApoTome fluorescence microscope for optical sec-
tioning. Magnification: 20x. e) Representative images taken with a bright-field microscope of untreated human-derived 
organoids for 6 d following splitting. f) As in panel (d), apical membranes (red) and nuclei (blue) of intestinal cells were 
stained with FITC-phalloidin (red) and DAPI (blue) respectively and imaged using an ApoTome fluorescence microscope for 
optical sectioning. Human organoids were un-treated or treated with AG3 for 24 h and 48 h at IC50.
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Figure 5.  Effect of the new compounds on ROS production in p53 Y220C-mutated GC cells. a) Representative images 
taken with an ApoTome fluorescence microscope of NUGC3 cells treated for 4 h at the IC50 of the indicated compound. 
Cells were stained with dihydroethidium (DHE) to detect ROS (red) and Hoechst dye to detect nuclei (blue). b) Graphic 
representation of the ratio between DHE-positive cells and total cells after treatment with AG1, AG2, or AG3 for 4 h and 
18 h at the indicated concentrations (n = 3). For both timepoints, the ratio for non-treated cells was set at 1. c) NRF2 
expression detected by western blot in NUGC3 cells untreated (NT) or treated for 6 h with the indicated compound at 
IC50. Actin expression was used to control equivalent protein levels in each lane. d) Quantification of relative NRF2 
expression levels in three independent experiments performed as in c, with untreated cells considered as 1. e) Cell 
viability assay for NUGC3 cells after pre-treatment (orange) or without treatment (red) with N-acetylcysteine (NAC, 
1 mM) for 1 h, followed by treatment with increasing doses of the indicated compound for 48 h (n = 3). Values for 
untreated cells with or without NAC were considered as 100% viability.
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Impact of the new compounds on the expression and activity of p53

We evaluated the protein expression of p53 after 6 h and 24 h of treatment with AG1, AG2, and AG3 
(Figure 6a-b). AG1 treatment resulted in a negligeable to moderate increase of p53 protein expres-
sion levels in NUGC3 cells. In contrast, p53 protein levels were consistently increased by AG2 at 
both time points. AG3 also induced higher levels of p53 after 24 h of treatment by an average of 
3.5-fold compared to non-treated cells. Despite some heterogeneity in the results, AG compounds 
led to higher levels of p53 protein, suggesting higher stability of the protein and/or higher protein 
expression rates.

Next, we assessed the effect of the new compounds on the transcriptional activity of p53 after either 
6 h or 24 h of treatment using the target genes identified by the combined in silico/in vitro screening 
method (Figure 6c). Some small changes in expression were observed upon AG1 treatment, which 
depended on the gene, dose and timepoint considered. In contrast, AG2 clearly increased p21 expression 
at both time points as well as PUMA expression at 24 h. AG3 led to an even higher expression of p21 
and PUMA at 6 h and 24 h. We further confirmed that AG3 has the highest impact on p53 in terms of 
protein expression but also transcriptional activity when treating the cells for 36 h: expression of p21  

Figure 6.  Effect of the new compounds on p53 expression and function in p53 Y220C-mutated GC cells. a) Western 
blot detection of p53 and actin proteins after treatment of NUGC3 cells with the indicated compound for 24 h. b) 
Quantification of relative p53 protein levels obtained in several experiments performed as in panel a and calibrated by 
the non-treated condition (NT) (n = 2–3 at 6 h and n = 3 at 24 h). c) Relative mRNA levels of p21, PUMA, ZMAT3 and 
RPS27L after treatment with AG1, AG2 and AG3 for 6 h (top) and 24 h (bottom) at the IC50 and IC75 (n = 3), with 
non-treated cells considered as 1.
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and PUMA were only slightly up-regulated by AG1, while a 15–30-fold increase was observed with AG3 
(Fig. S7a). Hence, AG3 seems more effective than the other compounds in its ability to increase p53 
transcriptional activity.

Structural and functional determinants of the cytotoxicity of the new compounds

To determine if the effect of AG3 on p53 target genes was directly dependent on p53, we silenced its 
expression by transfecting NUGC3 cells with an siRNA specific for p53. The increase of p21 expression 
observed upon AG3 treatment for 24 h was blunted upon silencing of p53, suggesting a direct effect of 
AG3 on p53 (Figure 7a). It is of note that p53-silencing was also efficient upon AG3 treatment (Figure 
7b). Surprisingly, the silencing of p53 increased PUMA expression in NUGC3 cells, whether they were 
treated or not with AG3, suggesting an inhibitory effect by mutated p53 that seemed slightly less 
important with AG3. Hence, our results are consistent with AG3 restoring the activity of the p53 Y220C 
mutant on a subset of target genes.

Our compounds were selected to induce cytotoxicity by restoring p53 function in tumour cells that 
express the p53 Y220C mutant. We assessed their functional dependence towards p53 by performing 
MTT assays after transfection of NUGC3 cells with control or p53 silencing RNA (Figure 7b-c, Fig. S7b). 
For AG1 and AG2, the absence of p53 had no impact on the cytotoxicity, neither at the IC50 nor at twice 
the IC50. For AG3, the absence of p53 caused a statistically significant reduction of cytotoxicity, indicating 
that AG3’s activity on the NUGC3 tumour cells depends in part on p53. This trend was also observed at 
additional concentrations although without statistical significance (Fig. S8). In contrast, the silencing of 
p53 had no impact on the cytotoxic activity of ZMC1 and APR-246, further suggesting the involvement 
of p53-independent mechanisms (Fig. S8). Clonogenic tests confirmed that the cytotoxic activity of AG3 
depends on p53 levels as three times more colonies were observed upon p53 silencing (Figure 7d). As 
activation of caspases can be observed in a non-cytotoxic context52, we used a pan-inhibitor of caspases 
to assess whether AG3 induces a caspase-dependent apoptosis. The caspase (ZVAD-fmk)53 inhibitor 
reduced AG3 cytotoxicity on NUGC3 cells. Similarly, the ferroptosis inhibitor (Ferrostatin-1)54 reduced AG3 
cytotoxicity. These results suggest that AG3 may induce apoptosis and ferroptosis (Fig. S7b).

As AG3 induced a p53-dependent cytotoxicity, we wanted to identify if either zinc chelation and/or 
its function as a Michael acceptor could be driving its activity. The Michael acceptor ability of AG2 and 
AG3 has previously been verified by mass spectrometry studies at 100 µM protein concentration55, whilst 
potentiometric and NMR studies for selected examples at millimolar concentrations of ligand and zinc 
indicate zinc binding in aqueous-based solutions (Figure 7e, Fig. S9a). Of note, slow ring opening of the 
maleimide by water was also observed both in the presence and absence of ZnCl2, reaching ~ 20% after 
4 h and ~50% after 36 h (Fig. S9). Full maleimide hydrolysis to give a single product was eventually 
observed after multiple days (Fig. S9b). The NMR studies confirm the ability of AG3 to bind Zn, but at 
much higher concentrations than the application of these compounds in vivo, expected to be µM levels 
(i.e., up to 3 orders of magnitude less concentrated solutions). NMR is unsuitable for monitoring com-
pound behaviour or complex formation at lower concentrations, and thus, it is unclear how relevant 
these observations are to the observed activity. Therefore, an alternative approach to understanding the 
role of the structural feature on the cytotoxicity of AG3 was taken.

We investigated a reduced form of AG3 (i.e., AG3-red), devoid of the Michael acceptor properties, 
which was synthesised alongside a naphthalene form (i.e., AG3-naphthyl) lacking the zinc-binding ability, 
which was commercially available (Figure 7f ). MTT assays revealed that the cytotoxicity of AG3 in NUGC3 
cells required its Michael acceptor property (IC50 AG3-red: 179 µM) but not its zinc-binding capacity (IC50 
AG3-naphthyl: 20 µM).

Covalent modification of the p53-Y220C DBD by AG3 and its effect on thermostability

Based on the p53-dependent cellular activity of AG3, we performed mass spectrometry and thermal shift 
assays by differential scanning fluorimetry (DSF) with recombinant p53 DBD to monitor the effects of 
AG3 on p53 alkylation and thermal stability. The Y220C mutation was introduced into a stabilised qua-
druple mutant variant (QM; M133L/V203A/N239Y/N268D) that we routinely used in the past for 
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Figure 7. S tructural and functional determinants of the cytotoxicity of the new compounds. a) Relative mRNA expression of 
p21 and PUMA under the conditions described in Figure 7(e). Values obtained with untreated cells transfected with control 
siRNA were considered as 1 for each gene (n = 3). b) Western blot assessing p53 and actin expression in NUGC3 cells trans-
fected for 48 h with either control (siCtrl) or p53-silencing RNA (sip53) and then treated for 24 h with AG3 (IC50). c) MTT assays 
performed with NUGC3 cells transfected with either control (siCtrl, gray) or p53-silencing RNA (sip53, blue) and treated or not 
(NT) for 48 h with AG1, AG2, or AG3 at the IC50 or 2x the IC50. Values obtained with untreated cells transfected with control 
siRNA were considered as 100% viability (n = 5). d) Clonogenic assay for NUGC3 cells transfected with control (siCtrl) or p53 
(sip53) siRNA and left either untreated (NT) or treated with AG3 at the IC50 (n = 3). e) 1H NMR (600 MHz) spectra of AG3 
(d6-DMSO) upon addition of an aqueous ZnCl2 solution (D2O) (referenced to DMSO δ 2.5 ppm). A: AG3 in d6-DMSO (1 mM). 
B: 0.5 eq. ZnCl2. C: 1 eq. ZnCl2. D: 5 eq. ZnCl2. E. 10 eq. ZnCl2. f) Table summarising the chemical structures of AG3 derivatives, 
their biological and biochemical activities. AG3-red (without the Michael acceptor property) and AG3-naphthyl (without the 
zinc-binding property) are represented with their respective IC50 in NUGC3 cells (n = 3). In vitro GSH and plasma stability of 
AG3 and its variants. Notes: a determined by 1H NMR in KPi buffer, pH 7.0, rt; b no alkenic protons left after 8 min; c no 
observable change over 6 h; d determined by LCMS versus reserpine standard, duplicate measurements.
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biophysical and structural studies on p53 mutants27,56,57. The Y220C DBD contains 11 Cys residues: three 
of them (C176, C238, and C242) are involved in zinc binding. Incubation of the Y220C DBD with AG3 at 
room temperature for 16 h (1:25 ratio, 500 µM AG3) resulted in different species of hyperalkylated Y220C 
mutant but also showed a significant population of nonalkylated protein (Fig. S10c). In addition to the 
expected mass increase of 275 Da (or multiples thereof ), we also observed a mass increase of 293 Da 
(especially at higher temperature and longer incubation time), suggesting hydrolysis and ring opening 
(Fig. S10a). Control experiments with AG3-red showed no alkylation, as expected. Incubation with 
AG3-naphthyl under the same conditions resulted in complete alkylation of all 11 Cys in the Y220C DBD, 
indicating complete unfolding of the protein, which may be facilitated by the higher lipophilicity or 
reactivity of AG3-naphthyl (Fig. S10d). Consistent with this observation, no folding transition could be 
observed in DSF thermal shift assays after incubation with 500 µM AG-naphthyl (Fig. S11b). Treating WT 
and Y220C DBD with 10 µM AG3 had, in both cases, no effect on protein stability in DSF thermal shift 
assays after incubation for 1 or 19 h at RT. The unfolding curves and the derived melting temperatures 
(Tm values) of treated and untreated samples were virtually identical (Fig. S11a). With 50 µM AG3 a slight 
destabilisation was observed after 19 h incubation. At a compound concentration of 500 µM, high initial 
fluorescence combined with no clearly observable folding transition indicated that most of the protein 
had completely unfolded during incubation. A comparison of the thermal shift assays after incubation 
with 500 µM AG3, AG3-red, and the control without compound (Fig. S11b) suggests that unfolding of the 
protein at high AG3 concentrations was induced by alkylation but that the zinc chelating-moiety also 
contributed to destabilising the mutant. The WT protein was more stable under the same conditions.

We also investigated the intrinsic thiol reactivity of AG3, and its stability in human plasma, using pre-
viously reported protocols58. AG3 and AG3-naphthyl were completely depleted in under 8 min upon incu-
bation with excess GSH (pseudo first order conditions), as monitored by 1H NMR spectroscopy (Figure 
7f ). The disappearance of the alkenic protons of the maleimide motif was particularly diagnostic, in com-
bination with new signals consistent with Michael adduct formation visible in the aliphatic region. In 
contrast, AG3-red remained completely stable over 6 h under the same conditions, consistent with its 
lower reactivity. The trends were similar when the same three compounds were incubated with human 
plasma. We could not detect AG3 and AG3-naphthyl by LCMS analysis after 3 h incubation in plasma, 
while approximately half of AG3-red was depleted in the same conditions. Altogether, these data con-
firmed the high thiol reactivity of maleimide derivatives AG3 and AG3-naphthyl, and suggest that this 
reactivity is also the reason for their much-diminished stability in plasma.

Discussion

The discovery of new anticancer agents that can selectively target GC cells, overcome drug resistance, 
and work synergistically with existing treatments may revolutionise the management of this disease. 
Advances in genomics, proteomics, and bioinformatics are paving the way for the identification of novel 
drug targets and the development of precision medicine. In this regard, mutated p53 represents an ideal 
target as it is present only in cancerous cells and is a root cause of cancer. However, such a p53-based 
strategy requires a protocol that can efficiently and precisely monitor p53 activity, despite its immense 
complexity, which is both context-dependent (cell type) and stimulus-dependent (e.g., after DNA damage 
or nutrient depletion).

A subset of p53 target genes to evaluate p53 activity in gastric cancer

To define a subset of p53 target genes that may best represent p53 activity in GC cells, we used an in 
silico strategy combining multiple transcriptomic data sets from cell lines as well as from patients’ tumour 
samples expressing wild-type or mutated p53. Our analysis highlights the difficulty of finding a robust 
subset of p53 target genes that may represent the activity of p53 in GC cells. For instance, the study of 
Parikh et  al. on tumours with wild-type p53 and mutated p53 identified 12 genes that were differently 
expressed recurrently in 10 different types of cancers including GC. However, our analysis of the “fire-
hose” collection of gastric tumours of the TCGA confirmed only 8 of them (p values < 0.05). In addition, 
two of them, SPATA18 and TNFRSF10C, were neither detectable in AGS (wild-type p53) nor in LMSU 
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(mutated p53) GC cells. Hence, to identify p53 target genes for evaluating wild-type p53 activity in GC 
cells, we used RNA-seq on AGS cells treated with oxaliplatin, which induces DNA damage and p53 12, 
and used siRNA to silence p53 expression. This allowed us to identify 642 genes that are both regulated 
by p53 and induced by oxaliplatin, representing 43% of the genes induced by oxaliplatin. As expected, 
the genes regulated by p53 in AGS GC cells are controlling cell death (e.g., BAX, PUMA, FAS, BIK) and are 
involved in the p53 pathway (e.g., MDM2, ZMAT3, RPS27L). Lesser-known mechanisms regulated by p53 
were also unveiled by this analysis, such as lipid metabolism (LRP1, RETSAT), iron metabolism (FDXR) and 
cell adhesion (e.g., CDH17, LAMA3). After comparing the published data set and our analysis of the TCGA, 
we selected 6 genes (CDKN1, RPS27L, ZMAT3, FDXR, MDM2 and BBC3) to be further tested. Based on their 
expression levels in RT-qPCR experiments (i.e., representative of different levels of expression) and induc-
tion by the p53 activator Nutlin-3, we chose for routine screening the genes CDKN1A, RPS27L, ZMAT3, 
and BBC3, representative of the p53 functions in cell-cycle arrest, auto-regulation and apoptosis. Obviously, 
the final choice was somewhat subjective as it could have also included other genes (e.g., FDRX and 
MDM2), but screening the activity of novel compounds at various time points and concentrations for 4 
genes is already more than the norm. In the end, we do believe that CDKN1A, RPS27L, ZMAT3 and BBC3 
represent a pertinent subset of p53 target genes to assess p53 activity in GC cells.

Reactivation of Y220C p53 in NUGC3 gastric cancer cells? AG3 as a hit

To investigate the possible rescue of the p53 mutant Y220C in GC cells, we used as “positive” controls 
several compounds validated in the literature as p53-rescue treatments in vitro (PhiKan083) or in cells 
(APR-246, ZMC-1), and performed cytotoxicity and ROS production assays with them. Our results indicate 
that these molecules do not have a significant selectivity towards the cells expressing the Y220C p53 
mutant. For the confirmed Y220C-binder PhiKan083, this is easily explained by its relatively high binding 
constant of 150 µM. In previous work, we showed that more potent, second-generation Y220C binders 
become effective in NUGC3 cells once a certain threshold affinity is reached59. The tested molecules 
showed significant off-target ROS production, and the efficacy of APR-246 was dependent on ROS, as 
seen previously60. To our knowledge, this is the first evaluation of some of these molecules (i.e., APR-246, 
ZMC1) in GC. The lack of selectivity may explain the recent clinical outcome of APR-246. More recently, 
the Y220C stabiliser Rezatapopt has been developed, which is currently in a clinical trial targeting 
Y220C-mutant solid tumours (NCT04585750) and was shown to inhibit the growth of NUGC3 tumour 
xenografts in nude mice61,62. Unfortunately, Rezatapopt was not available for use as a control at the time 
of the experiments.

In this study, we have tested four novel compounds that were potential candidates to reactivate the 
Y220C p53 mutant based on their chemical characteristics. Out of the four, only AG3 showed a reason-
able selectivity towards GC cells expressing the Y220C mutant, which was confirmed for two different GC 
cell lines (NUGC3 and BxPC3). The three other compounds, AG1, AG2, and RK349, were more efficient in 
cells expressing wild-type p53. In addition, AG1 and AG2 induced higher levels of off-target ROS produc-
tion and were more toxic towards non-transformed cells or intestine organoids that contain multiple 
healthy cell types. It is important to note that AG3 also displayed toxicity towards colon cancer cells 
expressing the DNA-contact mutant R273H, indicating that the AG3-induced effects are not mutant-specific. 
These effects cannot be solely attributed to modulation of p53’s conformational stability, as reactivation 
of R273H through simple thermal stabilisation is mechanistically impossible.

AG3 shows interesting additional features pointing to its potential value as a “hit” for reactivating p53 
function in Y220C p53 GC cells. Firstly, AG3 is less toxic to organoids, and its toxicity is independent of 
ROS production. Secondly, AG3 is also able to increase the expression of two p53 target genes, CDKN1A 
(p21) and BBC3 (Puma), over time (6 h, 24 h and 36 h). Importantly, the cytotoxicity of AG3 in Y220C-p53 
expressing cells is, in part, dependent on the expression of p53 at given concentrations (IC50 and 2x IC50). 
Finally, AG3 synergizes with oxaliplatin in GC cells expressing Y220C p53.

However, although these results are encouraging, it is important to also note several points that 
highlight the limits of AG3, which may also be the absolute limit of this approach. For instance, AG3 
does not increase the expression of the two other p53 target genes we tested, ZMAT3 and RPS27L. 
In addition, only the expression of CDKN1A seems dependent on the expression of p53. These 
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somewhat unsatisfying results highlight the complexity of the p53 signalling pathways and how p53 
regulates gene expression via subtle changes in p53 conformation following post-translational modi-
fications. One possible hypothesis is that AG3, or other putative p53-reactivating compounds, may 
modify the protein to an extent that enables only the binding and activation of a subset of p53 
target genes (i.e., CDKN1A and BBC3 in the case of AG3). This hypothesis is supported by the obser-
vation that pifithrin-α differently affects various p53 target genes following specific post-translational 
modifications of p5363. Alternatively, despite the significantly reduced thermodynamic stability and 
shorter half-life of unfolding of the Y220C mutant, there seems to be a small fraction of correctly 
folded mutant protein in cells, as seen in immunofluorescence studies with conformation-specific 
antibodies in HUH7 liver cancer cells64, that is however not sufficient to induce a full p53 response. 
Nevertheless, it appears to be sufficient to cause p53-dependent cytotoxicity, as demonstrated using 
p53 siRNA.

Additional investigations are required to fully understand how AG3 induces the p53 response, as for 
now the only evidence available is the increase of p53 protein levels in NUGC3 cells. This increase is 
transcription-independent as AG3 did not elevate p53 mRNA levels (data not shown). Hence, AG3 may 
somehow impact Y220C-p53 translation or stability. The latter might be mediated by the covalent mod-
ification of a fraction of the p53-Y220C DBD caused by AG3. It will be interesting to study the alkylation 
patterns of the protein under the cellular conditions where a cytotoxic effect is seen. We did not observe 
a thermostabilization upon AG3 treatment of recombinant Y220C mutant DBD protein at a concentration 
of 10 µM as hyperalkylation induced unfolding. It is however conceivable that partial alkylation of the 
most reactive surface-exposed cysteines of Y220C and other mutants under specific cellular conditions 
may result in moderate thermostabilization, similarly to what was observed for recombinant mutant p53 
protein with sulfonylpyrimidines41 or APR-24620.

It is also important to point out that the cytotoxicity of AG3 is only partially dependent on the expres-
sion of p53 in NUGC3 cells, and that this is statistically relevant only at certain concentrations (IC50 and 
2x IC50). It is possible that at lower concentrations, AG3 is not concentrated enough inside the cells to 
elicit a p53 response. At higher concentrations, it is likely that off-target effects of AG3 take over, com-
mon to all pharmacologically active molecules. Nevertheless, AG3 appears to be an interesting starting 
compound to be further optimised.

Conclusion

In summary, this study identified AG3 as a small molecule chemical tool for targeting GC cell lines 
expressing the p53 mutant Y220C. The exciting biological properties of AG3 are somewhat diminished 
by a risk, yet unsurprising, of short half-life in plasma due to its thiols reactivity. Future studies will aim 
to address these possible pharmacokinetic shortcomings, focusing on properties and stability optimisa-
tion, and possibly formulation65. This characterisation also contributed to setting up a screening strategy 
by providing a list of p53 target genes suitable for assessing p53 function in GC and a system to assess 
the off-target and potential side effects of such molecules. This will help in tackling the major challenge 
of treating more efficiently GC patients by providing a small chemical compound capable of partial res-
toration of p53 function while preserving a positive balance with off-target effects.
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