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Abstract

With advances in chemically induced proximity technologies, heterobifunctional modalities such 

as proteolysis targeting chimeras (PROTACs) have been successfully advanced to clinics for 

treating cancer. However, pharmacologic activation of tumor-suppressor proteins for cancer 

treatment remains a major challenge. Here, we present a novel Acetylation Targeting Chimera 

(AceTAC) strategy to acetylate the p53 tumor suppressor protein. We discovered and characterized 

the first p53Y220C AceTAC, MS78, which recruits histone acetyltransferase p300/CBP to 

acetylate the p53Y220C mutant. MS78 effectively acetylated p53Y220C lysine 382 (K382) in a 

concentration-, time-, and p300-dependent manner and suppressed proliferation and clonogenicity 

of cancer cells harboring the p53Y220C mutation with little toxicity in cancer cells with wild-tvoe 

o53. RNA-seq studies revealed novel p53Y220C-dependent upregulation of TRAIL apoptotic 

genes and downregulation of DNA damage response pathways upon acetylation induced by MS78. 

Altogether, the AceTAC strategy could provide a generalizable platform for targeting proteins, 

such as tumor suppressors, via acetylation.

Graphical Abstract
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1. INTRODUCTION

Since the concept of targeted protein degradation was proposed,1 the proteolysis-targeting 

chimera (PROTAC) field has seen explosive growth over the past 20 years.2,3 PROTACs 

are heterobifunctional small molecules that induce a ternary complex between a protein 

of interest (POI) and an E3 ligase, resulting in polyubiquitination of the POI and its 

subsequent proteasomal degradation.2,4 Multiple PROTACs as novel therapeutic modalities 

for the treatment of cancer have advanced to clinical development.3 Inspired by the 

success of PROTACs, several new chemically induced proximity (CIP) technologies 

have emerged to reprogram the endogenous biological system by inducing protein post-

translational modifications (PTMs) in order to potentially treat challenging diseases. 

Examples of evolving PTM-CIP technologies include deubiquitinase-targeting chimera 

(DUBTAC),5,6 phosphorylation-inducing chimeric small molecules (PHICS),7 protein 

phosphatase-recruiting chimeras (PHORCs)8, and a chemo-genetic approach to induce 

acetylation (AceTAG).9 However, heterobifunctional small molecules that directly induce 

acetylation of target proteins in endogenous cellular systems which are not genetically 

manipulated are unprecedented. The acetylation of historically undruggable tumor 

suppressor proteins such as p53 could potentially activate these tumor suppressors, leading 

to a new potential therapeutic strategy for the treatment of cancer.

Lysine acetylation is a dynamic PTM that is generated when an acetyl group from 

acetyl-CoA is transferred to the ε-amino side chain of lysine by an acetyltransferase, 

resulting in the regulation of distinct protein properties.10 Particularly, lysine acetylation 

functionally regulates important tumor suppressor proteins such as retinoblastoma protein 

(Rb), phosphatase and tensin homologue deleted on chromosome 10 (PTEN), and p53.11-13 

The tumor suppressor protein p53 plays a critical role as the “guardian of genome” 

in regulating cell growth, DNA damage, and cell division and commencing appropriate 

responses to internal and external stimuli.14 Studies have shown that (1) p53 lysine 

acetylation in response to DNA damage can effectively bind the p21 promoter region to 

regulate the cell cycle both in vitro and in vivo,15 (2) p53 lysine acetylation can also lead 

to the destabilization of the p53-MDM2 complex, which regulates p53 protein stability 

during DNA damage and, thus, induces tumor cell growth arrest and apoptosis,16 and 

(3) acetylation of only one of the p53 lysine residues can retain ferroptosis response 

by regulating SLC7A11 gene expression.17 Overall, p53 lysine acetylation is crucial and 

indispensable for the p53-mediated tumor response and ferroptosis.

Wang et al. previously reported a chemo-genetic approach to induce acetylation (termed 

AceTAG),9 based on the published degradation TAG (dTAG) technology.18 AceTAG utilizes 

a small-molecule ligand that recognizes the engineered FKBP12F36V variant fused to a 

POI to study protein acetylation in cells.9,19 While it is a valuable chemo-genetic tool, 

AceTAG requires an engineered tagging system via genetic manipulation, making it difficult 

to be translated into therapeutics.9 In this study, we introduce a novel small-molecule-

based heterobifunctional modality, termed acetylation targeting chimera (AceTAC), which 

directly induces acetylation of a POI by hijacking an acetyltransferase without the need of 

any genetic manipulation. We applied this technology to target the p53 Y220C mutant. 

Y220C, a p53 DNA binding domain (DBD) mutation, is one of the most common 
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p53 hotspot mutations, which results in the loss of p53 DNA-binding affinity due to 

thermal instability and affects approximately 125,000 cancer patients annually.20 While 

significant progress has been made in developing p53Y220C small-molecule stabilizers,21-27 

p53Y220C AceTAC represents a different type of therapeutic modalities, which could have 

more profound antitumor activities compared to p53Y220C small-molecules stabilizers by 

acetylating p53Y220C. Our lead compound, MS78, which simultaneously binds p53Y220C 

and the bromodomain of histone acetyltransferases CREB (cyclic-AMP response element 

binding protein) binding protein (CBP)/E1A binding protein (p300) (CBP/p300), effectively 

acetylated p53Y220C in a concentration- and time-dependent manner. MS78 induced 

cell growth arrest in a p53- and p300-dependent manner and was more potent than the 

parent p53 stabilizer in suppressing the growth and clonogenicity of pancreatic and gastric 

cancer cells. Using RNA-seq studies, we found that the acetylation induced by MS78 led 

to p53Y220C-depedent upregulation of TRAIL apoptosis genes and heat shock protein 

processing in the endoplasmic reticulum while simultaneously downregulating the DNA 

damage response repair (DDR) pathway. Overall, MS78 as the first p53Y220C AceTAC is a 

valuable chemical tool to study the functions of p53Y220C acetylation and could be further 

developed into a potential treatment for cancers harboring the Y220C mutation. AceTAC 

is a novel approach and could provide a generalizable platform to target tumor suppressor 

proteins via acetylation.

2. RESULTS AND DISCUSSION

2.1. Rational Design of p53Y220C-Targeting AceTACs.

The mutation of tyrosine to cysteine at residue 220 results in a druggable cavity on 

the surface of p53, and it was previously shown that a carbazole-based scaffold can 

bind the cavity and restore the thermal stability of p53Y220C to wild-type (WT).25,28 It 

was shown that the 7 position of the carbazole scaffold can be occupied with different 

heterocyclic rings, leading to better binding affinity.25 Thus, we chose PK9323, which 

contains a 2-thiazole substituent, as the starting p53Y220C binding ligand because (1) 

it stabilizes p53Y220C with a melting temperature (Tm) of 3.1 °C, (2) it interacts with 

the D228 backbone of the p53 DNA binding domain (DBD) (PDB ID: 6SI0), (3) it is 

a noncovalent, reversible small-molecule binder of p53Y220C, which allows AceTACs 

to be catalytic, and (4) it is synthetically feasible.25 Based on the p53Y220C-PK9323 

cocrystal structure, we found the methylamine of PK9323 was solvent-exposed and could 

be utilized to attach a linker (Figure 1A). We chose to hijack histone acetyltransferases 

p300/CBP to induce p53Y220C acetylation mainly because p300/CBP are highly expressed 

and are active acetyltransferases for a broad range of substrates.29-31 To hijack p300/CBP 

for inducing acetylation, we chose to utilize selective small-molecule binders of the 

p300/CBP bromodomain, not small-molecule inhibitors of p300/CBP, because p300/CBP 

bromodomain binders do not inhibit the acetyltransferase activity of p300/CBP, the 

very activity we aim to harness.32-34 We analyzed the cocrystal structure of the CBP 

bromodomain in complex with a small-molecule binder (compound 17) (PDB ID: 4NR5) 

(Figure 1B).35 While the isoxazole moiety of compound 17 forms a key hydrogen bond with 

the CBP bromodomain, the right-hand side phenyl ring of compound 17 is solvent-exposed. 

Because compound 33, which contains the para-methoxy- and meta-fluoro-substituted 
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phenyl ring, has higher affinity than compound 17 and was successfully utilized by us to 

recruit CBP/p300 previously,36 we chose to use compound 33 instead of compound 17 for 

AceTAC development. We therefore conjugated different polyethylene glycol (PEG) linkers 

via an amide bond to the terminal methylamine of PK9323, which were then linked with the 

methoxy group of compound 33 via a click reaction, to afford compounds 1–4 (Figure 1C, 

Scheme S1).

To test these compounds, we generated an NCI-H1299 cell line stably expressing the FLAG 

tagged p53Y220C mutant NCI-H1299 (p53Y220C). The background NCI-H1299 cell line 

is a p53 null cell line. We observed that compound 3 (PEG-3) and compound 4 (PEG-4) 

modestly increased p21 expression at 5 μM in the NCI-H1299 (p53Y220C) cell line at 24 h 

while PK9323 and compounds 1 and 2 did not (Figure 1D). The lack of significant effects 

could be due to the fact that the extra methyl group on the terminal amine and the amide 

functionality in compounds 1–4 might impact binding of these compounds to p53Y220C, 

based on the previously reported structure-activity relationship (SAR) results for the PK9323 

series.25,26 Therefore, we designed a second set of AceTACs, compounds 5–9, by removing 

the extra methyl group and amide functionality (Figure 1E, Scheme S2). We were pleased 

to find that compounds 5–9 increased the expression of p21 by about 2-fold compared to 

PK9323 at the same concentration (Figure 1F,G). Particularly, compound 7 (PEG-3) at 5 

μM induced the most significant acetylation of p53Y220C lysine 382 (p53K382ac) among 

these compounds (with PK9323 as a control) at 8 h treatment (Figure 1H). Through these 

initial studies, we demonstrated that our AceTACs can acetylate p53Y220C and induce p21 

expression more effectively than parent p53Y220C binder PK9323.

2.2. Discovery of MS78.

After identifying several hits, we sought to discover a more potent and efficacious 

p53Y220C AceTAC. It was previously reported that the 4-methyl thiophen-2-yl group 

(in PK9328) led to a higher binding affinity (KD = 1.7 vs 5.3 μM) and slightly better 

stabilization of p53Y220C than the thiazo-4-yl group (in PK9323).25,26 Thus, we replaced 

the thiazole group of compound 7 with the 4-methyl thiophen-2-yl group, resulting in MS78 

(Figure 2A). We were pleased to find that MS78 was indeed more effective in inducing 

p53Y220C K382 acetylation in the NCI-H1299 (p53Y220C) cell line (Figures 2B and 

S1). Particularly, MS78, at 10 μM, induced p53K382ac by about 2-fold more compared to 

compound 7 at 24 h (Figure 2B). Because MS78 is more effective than compound 7 in 

inducing p53K382ac, we chose to characterize MS78 further as a p53Y220C AceTAC and 

use it for further biological studies.

To confirm that MS78 binds and stabilizes the p53Y220C protein, we performed a cellular 

thermal shift assay (CETSA) in the NCI-H1299 (p53Y220C) cell line. Similar to previous 

results, DMSO-treated p53Y220C had an aggregation temperature (Tagg) of 39 °C ± 2 °C 

(Figure S2).27 On the other side, both PK9328 and MS78 increased the Tagg shift by 4 °C, 

suggesting that MS78 maintains a similar binding affinity to p53Y22C and a comparable 

stabilization of p53Y220C compared to that of PK9328 (Figures 2C and S2). Furthermore, 

MS78 binds the bromodomain (BRD) of CBP/p300 with an IC50 of 3.02 ± 0.02 μM in 

an AlphaScreen binding assay and is selective for the CBP/p300 BRD over a panel of 
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other BRD-containing proteins (Figure S3). Next, we determined that MS78 induced the 

p53K382ac level in the NCI-H1299 p53Y220C stable cell line in a concentration-dependent 

manner with an ACE50 (the concentration at which 50% of p53Y220C is acetylated) of 

1.87 ± 0.3 μM with the acetylation level induced by MS78 at 10 μM as the maximum 

response (Figure 2C). In addition, MS78 induced p53K382 acetylation in a time-dependent 

manner (Figure 2D). MS78 increased the p53K382ac level by about 2-fold as early as 6 h 

and by about 4-fold within 24 h (Figure 2D). We also conducted a washout experiment by 

treating NCI-H1299 (p53Y220C) cells with 10 μM MS78 for 6 h, then removing MS78 and 

monitoring the p53K382ac level over time. We found that the p53K382ac level returned to 

the baseline DMSO level at 8 h post the MS78 removal (Figures 2E and S4), suggesting that 

the p53Y220C K382 acetylation induced by MS78 is reversible. It was previously reported 

that both HDAC6 and SIRT2 can regulate the p53K382ac level.37,38 Therefore, it would 

be interesting to further investigate the contribution of deacetylases such as HDAC6 and 

SIRT2 in regulating the p53 acetylation level after MS78 treatment. Overall, these results 

demonstrated that MS78 binds p53Y220C and the CBP/p300 bromodomain selectively and 

effectively induces p53Y220C K382 acetylation in a concentration- and time-dependent 

manner.

Next, we performed endogenous IP experiments to pull down FLAG-tagged p53Y220C to 

assess the formation of the ternary complex between p53Y220C and p300 in the presence of 

MS78. We treated NCI-H1299 p53-null and NCI-H1299 p53Y220C cells with MS78 at two 

concentrations. As expected, MS78 induced an interaction between p53Y220C and p300 and 

induced p53K382ac in a concentration-dependent manner in NCI-H1299 p53Y220C cells, 

whereas no interaction was observed in NCI-H1299 p53-null cells (Figure 2F). To further 

confirm that p53Y220C K382 acetylation depends on p300, we knocked down p300 using 

siRNA in the NCI-H1299 (p53Y220C) cell line and monitored p53Y220C K382 acetylation. 

Upon treatment with MS78, there was a concentration-dependent increase in the p53K382ac 

level in control siRNA-treated cells concurrent with the increase in interaction between 

p53Y220C and p300 (Figure 2G). On the other hand, p53Y220C K382 acetylation was 

significantly diminished in the p300 siRNA-treated cells (Figure 2G), thereby confirming 

that the MS78-mediated p53Y200C K382 acetylation is dependent on p300. Finally, we 

performed competition rescue experiments by pretreating the NCI-H1299 p53Y220C cell 

line with 10 μM compound 33 (the p300/CBP bromodomain binder used in MS78) for 2 

h. Compound 33 pretreatment completely abolished the p300-p53Y220C interaction and 

significantly reduced the p53K382ac level induced by MS78 (Figure 2H). Altogether, 

the FLAG-IP, knockdown and rescue experiments in the isogenic cell lines demonstrated 

that MS78 can induce ternary complex formation between p53Y220C and p300, and the 

p53Y200C K382 acetylation induced by MS78 is dependent on p300. It is worth noting that 

the exact role of CBP is not clear, and further investigation is needed in the future.

2.3. Antiproliferative Activity of MS78 in p53Y220C-Harboring Cancer Cell Lines.

As MS78 effectively induces p53Y220C K382 acetylation in a p300-dependent manner, 

we hypothesized that the antiproliferative activity of MS78 also depends on the presence 

of p53Y220C and p300. Therefore, we assessed the effect of MS78 on the cell viability 

and p53K382ac level in p53-null and p53Y220C-expressing NCI-H1299 isogenic cell lines 
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with PK9328 and compound 33 as controls (Figure 3A,B). As expected, in NCI-H1299 

p53-null cells, MS78 as well as PK9328 and compound 33 did not induce any significant 

cell growth inhibition (Figure 3A). On the other hand, in NCI-H1299 p53Y220C cells, 

MS78 concentration-dependently inhibited the cell growth and was more effective than 

the parent p53Y220C stabilizer PK9328 in inhibiting the cell growth, while compound 

33 had no effect (Figure 3B). We next confirmed that while MS78 did not induce K382 

acetylation in NCI-H1299 p53-null cells, it significantly induced K382 acetylation in 

NCI-H1299 p53Y220C cells (Figure 3C). As expected, PK9328 and compound 33 did 

not significantly induce K382 acetylation in either cell line (Figure 3C). Furthermore, in 

p53Y220C-expressing NCI-H1299 cells, knockdown ofp300 abolished the antiproliferative 

effect of MS78 (Figure 3D,E). Interestingly, PK9328 induced about 50% reduction in the 

cell growth in p300-siRNA-treated NCI-H1299 p53Y220C cells, confirming that the main 

mechanism of action of PK9328 is independent of p300 (Figure 3D,E). We also confirmed 

that the effect of MS78 on inducing p53 Y220C K382 acetylation was abolished in p300 

knockdown cells (Figure 3F). Overall, these results suggest that the cell growth inhibition 

effect of MS78 is dependent on p53Y220C and p300.

Next, we examined the tumor-suppressive effect ofMS78 on p53Y220C-harboring cancer 

cell lines. Indeed, MS78 exhibited potent antiproliferative activity in BxPC3 (p53Y220C/−) 

cells with a GI50 of 3.3 ± 1 μM and in NUGC-3 (p53Y220C/+) cells with a GI50 of 

2.7 ± 0.5 μM (Figure 4A-F). Importantly, MS78 displayed about 4-fold higher potency 

compared to the parent compound PK9328 (GI50 of 13.9 ± 2.4 μM in BxPC3; GI50 of 12.6 

± 1.9 μM in NUGC-3 cell line), while compound 33 had minimal antiproliferative activity 

(Figure 4A,D). Consistent with the cell viability results, MS78 also showed a marked 

reduction in clonogenicity in both BxPC3 and NUGC-3 cell lines compared to PK9328 and 

compound 33 (Figure 4B,E). The superior antiproliferative effect of MS78 is likely due to its 

ability to acetylate p53Y220C K382. Indeed, MS78 induced an about 4-fold increase in the 

p53K382ac level at 10 μM in both BxPC3 and NUGC-3 cell lines (Figure 4C,F).

We next assessed the toxicity of MS78 in cancer cells with wild type (WT) p53 with 

PK9328 and compound 33 as controls. In p53 WT U-2OS cancer cells, both MS78 and 

PK9328 did not significantly inhibited cell growth (GI50 > 10 μM) with modest inhibition 

(30–40%) at the highest concentration tested (10 μM) (Figure 4G). As expected, these 

compounds did not alter the p53K382ac level (Figure 4H). Furthermore, because some 

p53Y220C small-molecule stabilizers were reported to induce cell death in WI38, a normal 

fibroblast cell line,21,22,24 we assessed the cytotoxicity of MS78 in a normal prostate cell 

line, PNT2. We found that MS78 as well as PK9328 and compound 33 are not toxic in 

PNT2 cells (GI50 > 10 μM) (Figure S5). Taken together, these results suggest that MS78’s 

antiproliferative activity is selective for cancer cells with the Y220C mutation over cancer 

cells with WT p53 and normal cells and that MS78 could be a potentially useful tool 

compound for selectively targeting cancer cells harboring the p53Y220C mutation.

2.4. MS78-Induced p53Y220C Acetylation Regulates Unique Signaling Pathways.

It was previously reported that several p53Y220C small-molecule stabilizers could restore 

the activity of the p53Y220C mutant to WT activity and induce the expression of 
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PUMA, p21, MDM2, NOXA, and BAX.23,24,27 To compare the effect of p53Y220C K382 

acetylation to traditional p53Y220C stabilization on downstream signaling, we performed 

RT-qPCR to assess changes in the mRNA levels of p53-target genes upon MS78 and 

PK9328 treatment. Similar to the previously reported results, we found that the p53Y220C 

stabilizer PK9328 upregulated the expression of p21 (CDKN1A) and Mdm2 genes (Figure 

S6). On the other hand, MS78 induced less upregulation in CDKN1A and Mdm2 compared 

to PK9328, while both MS78 and PK9328 had little or modest effect on TIGAR, BAX, and 

PUMA (BBC3) genes (Figure S6). To better understand the global impact of p53Y220C 

acetylation induced by MS78 on downstream signaling, we performed RNA-seq studies in 

NCI-H1299 p53-null and p52Y220C-expressing isogenic cell lines treated with MS78.

Using the RNA-seq data, we evaluated and identified enrichment in the 343 high confidence 

p53-target genes previously reported (q-value < 0.01, normalized enrichment score (NES) = 

1.52, Figures 5A-D and S7).39 We first determined the effect of MS78 on genes regulating 

the cell cycle process. Similar to the RT-qPCR results, the RNA-seq studies also confirmed 

the upregulation of the p21 gene (CDKN1A) after 10 μM MS78 treatment for 24 h (Figure 

5A-C). Furthermore, MS78 treatment also led to the upregulation of several cell-cycle 

arrest genes such as GADD45A and BTG1 which were previously shown to induce G2/M 

and G1/S cell cycle arrest.40,41 Finally, we also determined the p53-dependent repression 

of E2F1, CDC25A, CDK1, and CDK4 genes indicative of the activation of the p53-

p21-DREAM-E2F/CHR (p53-DREAM) repressor pathway.39,42 However, the p53Y220C 

stabilizer PK9328 induced a 12-fold increase in p21 mRNA expression, while MS78 

induced an 8-fold increase in p21 mRNA expression (Figure S6), suggesting MS78 may 

lead to other p53Y220C-mediated transcriptomic changes.

Next, we assessed the effect of MS78 on genes regulating apoptosis and found that there 

was no significant upregulation of BAX, PUMA (BBC3), and NOXA (PMAIP1) genes, 

consistent with the RT-qPCR results (Figure S6). However, interestingly, MS78 induced 

a statistically significant induction of TNF-related apoptosis inducing ligand (TRAIL) 

genes such as TRAIL-R1 (TNFRSF10A), TRAIL-R2 (TNFRSF10B), and TRAIL-R4 

(TNFRSF10D) (log2 fold change > 2, p-value < 0.05) (Figure 5A,B). It was previously 

shown that p53 WT has two DNA binding sites on TNFSF10 promoter regions and 

can regulate TRAIL gene transcription to induce cell death.43 Furthermore, it was also 

demonstrated that acetylation of the gain-of-function (GOF) p53 mutant R158G significantly 

reduced tumor growth in vivo by upregulating TRAIP expression which subsequently 

suppresses the oncogenic nuclear factor kappa-B (NF-κB) signaling.44 Our results suggest 

that p53Y220C K382 acetylation may also prompt cell death by inducing the expression of 

TRAIL genes.

To our surprise, while MS78 led to the downregulation of several DDR genes, such as 

ATM, ATR, and CHEK1/2, we also found the upregulation of several heat shock protein 

genes, such as HSPA5, HSP40 (DNAJB1), and HSP1A1/B (Figure 5B). Together with 

the upregulation of heme oxygenase 1 (HMOX1) and nuclear protein 1, transcriptional 

regulator (NUPR1) genes upon MS78 treatment, these data suggest that MS78 may 

regulate ferroptosis response by upregulating key genes such as HSPA5, HMOX1, and 

NUPR1.40,45,46 Further unbiased analysis using differential gene expression (DGE) and 
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enrichment in KEGG pathways revealed downregulation of the proteins involved in 

homologous recombination, base excision repair, and DNA replication pathway with 

simultaneous upregulation of protein processing in the endoplasmic reticulum (ER) 

compared to DMSO (Figure 5E). To determine the p53Y220C-specific effect of MS78, we 

compared the MS78-mediated DGE in NCI-H1299 p53Y220C cells relative to that in NCI-

H1299 p53-null cells and the DMSO control in both cell lines (Figure 5F). Consistently, 

MS78 upregulated TRAIL and key ferroptosis genes while downregulating the DDR 

pathway only in the NCI-H1299 p53Y220C cell line, suggesting that these differentially 

altered pathways are likely due to the p53Y220C acetylation induced by MS78 (Figure 5F). 

However, further investigations are needed to validate the downstream targets of p53Y220C 

K382 acetylation induced by MS78.

3. CONCLUSIONS

In this study, we present the development of AceTAC, a small-molecule-based 

heterobifunctional modality that directly induces acetylation of a POI by hijacking 

an acetyltransferase without the need of any genetic manipulation. We applied this 

technology to target the Y220C mutant of the tumor suppressor p53, one of the most 

common p53 hotspot mutations, which affects approximately 125,000 cancer patients 

annually. We discovered and characterized the first p53Y220C AceTAC, MS78, which 

can effectively acetylate p53 by inducing ternary complex formation between p53Y220C 

and the acetyltransferases p300/CBP. MS78 induced concentration- and time-dependent 

p53Y220C K382 acetylation. We show that the p53Y220C K382 acetylation induced by 

MS78 is dependent on p53Y220C and p300 and is reversible. Our p53Y220C AceTAC 

MS78 displayed superior antiproliferative effect and suppression of clonogenicity to the 

parent p53Y220C stabilizer PK9328 in several p53Y220C-harboring cancer cell lines. The 

cancer cell growth inhibition effect induced by MS78 is dependent on the p53Y220C and 

p300. MS78 was also not toxic in cancer cells with WT p53 and normal cells. We conducted 

RNA-seq studies, which revealed that the p53Y220C AceTAC has a novel mechanism of 

action, induction of TRAIL and ferroptosis genes, and simultaneous downregulation of DDR 

pathways. While there are numerous studies on understanding WT p53 acetylation, this is 

the first study that examines the effect of lysine acetylation on the functions of a p53 mutant 

using a chemical tool. In particular, by conducting the RNA-seq studies in two isogenic 

cell lines, we show that MS78 led to distinctive transcriptomic changes in the apoptosis, 

ferroptosis, and DDR pathways. However, further studies are needed to fully characterize 

the effect of MS78 on regulating gene expression in p53Y220C-harboring cancer cells. It is 

also worth noting that it is unclear currently whether MS78 induces p53Y220C acetylation 

at other lysine residues besides K382, and this warrants further investigation. Overall, we 

successfully applied the novel AceTAC strategy to target p53Y220C and discovered the 

first p53Y220C AceTAC, MS78, which is a valuable tool compound to further investigate 

the functions of p53Y220C acetylation in cancers harboring the p53Y220C mutation. Our 

results suggest that AceTAC could provide a potentially generalizable platform to target 

tumor suppressor proteins via acetylation. Furthermore, AceTAC could further expand the 

heterobifunctional small-molecule-induced post-translational modification field.
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4. EXPERIMENTAL METHODS

4.1. Compound Synthesis.

Synthesis and characterization of compounds 1–9 and MS78, as well as their intermediates, 

are detailed in the Supporting Information.

4.2. Cell Lines, Tissue Culture, and Transfection.

NCI-H1299 (CRL-5803), BxPC3 (CRL-1687), and U-2OS (HTB-96) cells were purchased 

from the American Tissue Culture Collection (ATCC, Manassas, VA). In addition, NUGC-3 

cells were obtained from the Japan Health Science Research Resources Bank (JCRB, 

JCRB0822). NCI-H1299, BxPC3, and NUGC-3 cells were cultured in RPMI 1640 

medium (Thermo Fisher Scientific Inc., Waltham, MA) supplemented with 10% Gibco 

heat-inactivated fetal bovine serum (FBS) (Life Technologies, Grand Island, NY) and 1% 

Gibco penicillin/streptomycin (Life Technologies, Grand Island, NY). U-2OS cells were 

cultured in McCoy’s 5A (modified) medium (Thermo Fisher Scientific Inc., Waltham, MA) 

supplemented with 10% heat-inactivated FBS and 1% penicillin/streptomycin. All cells were 

incubated at 37 °C in a standard humidified incubator containing 5% CO2 and 95% O2.

For siRNA transfection, control and p300 siRNA (sc-29431) were purchased from Santa 

Cruz Biotechnology. Briefly, NCI-H1299 cells were seeded on 6-well plates at a density 

of 3 × 105 cells/well (~75–80% confluency). Cells were transfected the following day 

with Lipofectamine 3000 transfection reagent (L3000008, ThermoFisher Scientific) and 

harvested 48 h after transfection. For the construction of FLAG-p53Y220C stable cell lines, 

transfected NCI-H1299 cells were selected with G418 for 14 days.

4.3. Antibodies and Immunoblotting.

Total cell lysate was used for Western blots, as previously described.47 The following 

primary antibodies were used in the study: Vinculin (Cell Signaling Technology [CST], 

13901), p53 (CST, 2527), acetyl-p53 (lys-382) (CST, 2525), acetyl-p53 (lys-379) (CST, 

2570), p21 (CST, 2947), p300 (CST, 86377), and p53 polyclonal antibody (Proteintech, 

10442-1-AP). Blots were imaged using fluorescence-labeled secondary antibodies on LI-

COR Odyssey CLx imaging systems.

4.4. CBP/p300 Binding Assays and Selectivity against Other Bromodomain-Containing 
Proteins.

CBP/p300 bromodomain binding affinities were determined using the AlphaScreen assay 

(conducted by Reaction Biology Corp.) as described previously.35 MS78 was prepared as 

10 mM stock in 100% DMSO. Kd values were determined by testing MS78 in duplicates 

against the bromodomain of CBP/p300 in 10-concentration with a 2-fold serial dilution 

starting at a concentration of 20 μM. MS78 was further in BromoMelt profiling assay by 

Reaction Biology Corp. tested against other bromodomain-containing proteins at 10 μM in 

duplicates.
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4.5. CETSA.

The CETSA assays were performed as previously described.27 Briefly, p53Y220C stable 

cells were treated with DMSO, PK9328, or MS78 for 1 h, harvested by scraping in PBS, and 

pelleted. Cells were resuspended in 500 μL of PBS with 1× cOmplete EDTA-free protease 

inhibitor cocktail (Sigma, #11836170001) and split into 50 μL aliquots in an 8-tube strip 

(USA Scientific, #1402-4700). The cell suspension was heated with a gradient from 30 to 

50 °C in a thermocycler for 3 min and then cooled to 25 °C for 3 min. The heat-treated 

samples were flash-frozen in liquid nitrogen, thawed at 25 °C, and briefly vortexed. The 

freeze–thaw cycle was repeated three times in total. Samples were cleared of aggregate by 

centrifugation at 20,000×g and 4 °C for 20 min. Cleared supernatant (30 μL) was mixed with 

5× SDS-loading buffer for WB analysis.

4.6. FLAG Immunoprecipitation.

Endogenous co-IP experiments were performed as described previously.48 Briefly, 2 × 106 

cells were seeded in a 10 cm dish and treated with 0, 1, or 10 μM MS78 for 24 h. Cells 

were then washed with ice-cold PBS twice and centrifuged at 200×g for 3 min to get cell 

pellets which were then lysed with 300 μL of lysis buffer (20 mM HEPES, pH 7.4, 150 mM 

NaCl, 2 mM EDTA, 1% Triton X-100, and EDTA-free phosphotase and protease inhibitor) 

for 30 min on ice, and centrifuged at 14,000×g for 10 min to get supernatant as cell lysate. 

The ANTI-FLAG M2 affinity gel (Product #A2220, Sigma-Aldrich, Inc.) was used for the 

purification of FLAG-p53Y220C, according to the manufacturer’s guidelines. Following 

incubation of M2 affinity gel, protein was eluted using 3× FLAG Peptide (Product #F4799, 

Sigma-Aldrich, Inc.), and supernatant was resuspended in 30 μL of 1× SDS-PAGE Laemmli 

buffer for boiling. The protein samples were then tested by WB.

4.7. Cell Viability Assay.

The cell viability assay was performed as previously described.48 Briefly, 5 × 104 cells were 

seeded per well into 96-well microplates. After 24 h, cells were treated with 3-fold serially 

diluted compounds in triplicate for 72 h. Cell viability was evaluated using the WST-8 

reagent (CK04, Dojindo). Absorbance signals were obtained with Infinite F PLEX plate 

reader (TECAN, Morrisville, NC) at 450 nm with 690 nm as reference wavelength after 3 h 

incubation at 37 °C. GraphPad Prism 8 was used in the analysis of GI50 values from the data 

of three independent experiments.

4.8. Clonogenic Assay.

The clonogenic assay was performed as previously described.48 BxPC3 or NUGC-3 cells 

(2000 cells per well) were seeded into 12-well tissue culture plates. After 24 h, cells 

were treated with 0, 1, 3, and 10 μM of indicated compounds for 14 d. Cell medium was 

exchanged with fresh full medium containing indicated compounds every 72 h. The plates 

were then washed with PBS and stained with a solution containing 0.5% (w/v) crystal violet 

and 6% (v/v) glutaraldehyde for 30 min. The plates were then washed with running water 

until cell colonies were clear without background color and then dried at room temperature. 

Epson Perfection V600 Photo was used for the acquisition of the images.
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4.9. Quantitative Reverse Transcriptase Polymerase Chain Reaction (RT-qPCR).

The RT-qPCR was performed as previously described.47,49 Briefly, NCI-H1299 p53Y220C 

stable cells were treated with DMSO or 10 μM PK9328, compound 17, or MS78 for 24 

h. Total RNA was extracted using the Monarch Total RNA Miniprep Kit (T2010S, New 

England Biolabs), and cDNA was generated using the SuperScript IV First-Strand Synthesis 

System (18091050, Thermo Fisher). qPCR was performed using the PowerUp SYBR Green 

Master Mix (Thermo Fisher Scientific, A25742) on an Agilent Technologies Stratagene 

Mx3005p qPCR system. RxnReady premixed primer pairs for p53, p21, TIGAR, BAX, 

PUMA, and MDM2 were purchased from Integrated DNA Technologies, Inc. (Coralville, 

IA). GAPDH forward, 5′-ACAACTTTGGTATCGTGGAAGG-3′, and GAPDH reverse, 5′-
GCCATCACGCCACAGTTTC-3′, were used as controls. The mRNA expression for each 

target gene was first normalized to internal GAPDH and then calculated relative to the 

DMSO control. Experiments were performed in triplicates.

4.10. RNA-seq Study.

NCI-H1299 p53-null and p53Y220C stable cells were treated with DMSO or 10 μM MS78 

for 24 h in quadruplicates. Cells were washed three times using ice-cold 1× PBS and 

subsequently pelleted by centrifuging at 12,000 rpm at 4 °C. The pellet was flash frozen and 

sent to Azenta Life Sciences for further studies. The total RNA in 16 samples was extracted 

using a Qiagen RNeasy Plus Mini Kit according to the protocols in the RNeasy Plus 

Mini Handbook published by Qiagen. RNA-seq libraries were constructed from the PolyA-

selected mRNA using the TruSeq RNA sample preparation guide (Illumina), and paired-end 

150 base pairs sequencing on a HiSeq2500 system (Illumina) was performed at Azenta Life 

Sciences. The raw data in FASTQ format was analyzed as previously described.50

After quality control of FASTQ files using the FASTQC tool (version 0.11.7) (http://

www.bioinformatics.babraham.ac.uk/projects/fastqc/), we trimmed low-quality bases (Phred 

< 10) and adapter sequences and then discarded short reads (length < 60 nt) using the bbduk 

tool (version 37.53) (https://jgi.doe.gov/data-and-tools/bbtools/bb-tools-user-guide/). When 

either the forward or reverse of a paired-end read was discarded, we discarded the complete 

paired-end read. We quantified the expression of transcripts using cleaned paired-end reads 

with the Salmon tool (version 0.9.1)51 using the human reference transcriptome from The 

Cancer Genome Atlas (TCGA; GDC.h38 GENCODE v22).52 We performed the differential 

expression between the NCI-H1299 (p53Y220C) cell lines treated with DMSO or MS78 

and the NCI-H1299 (p53-null) cell lines treated with DMSO or MS78 at the gene level 

using the R tximport library (version 1.26.1) on R (version 4.2.2).53 We prefiltered genes 

to keep only genes that had at least 10 reads in total (Ngene = 22,454) and then performed 

differential gene expression using the R DESeq2 library (version 1.38.3). We identified as 

differential expressed between two conditions when the P value adjusted was at 5% and 

log2 (fold change) was more than 1. The heatmap was drawn using the R ComplexHeatmap 

library (version 2.14.0). We next performed GSEA to capture pathways perturbed toward 

both directions simultaneously using the 22,454 ranked genes identified in our data set and 

annotated in ENSEMBL (version 94) against the 343 p53 target genes listed in a previously 

reported study39 using GSEAPreranked (version 4.3.2.; number of permutations = 1000, no 

collapse) and the KEGG pathways using R GAGE (version 2.48.0).
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4.11. Data Availability.

RNA-seq data have been deposited in the GEO database (GEO accession no. GSE229576). 

There are no restrictions on the data availability.

4.12. Statistics and Reproducibility.

Experimental data are presented as the mean ± SD or SEM of three independent 

experiments, unless otherwise noted. Statistical analysis was performed using an unpaired 

two-sided Student’s t test for comparing two sets of data with an assumed normal 

distribution. The results for immunoblotting are representative of at least three biologically 

independent experiments, unless otherwise noted. All statistical analyses and visualizations 

were performed using GraphPad (Prism v8.4.2) and BioRender.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Design and testing of initial p53Y220C-targeting AceTACs. (A) Crystal structure of the 

p53Y220C-PK9323 complex (PDB ID: 6SI0).25 The cross-section of the occupied binding 

pocket is highlighted, and the structure of PK9323 is shown. (B) Crystal structure of the 

CBP bromodomain compound 17 complex (PDB ID: 4NR5).35 The cross-section of the 

occupied binding pocket is highlighted, and the structures of compounds 17 and 33 are 

also shown. (C) Chemical structure of compounds 1–4. (D) Representative Western blot 

(WB) results of PK9323 and compounds 1–4 on inducing p21 protein expression from 

three independent experiments. NCI-H1299 (p53Y220C) stable cells were treated with 

the indicated compounds at the indicated concentrations for 24 h. (E) Chemical structure 

of compounds 5–9. (F) Representative WB results of compounds 5–9 on inducing p21 

protein expression from three independent experiments. NCI-H1299 (p53Y220C) stable 

cells were treated with the indicated compounds at the indicated concentrations for 24 h. 

(G) Quantification of p21 induction (from panels D and F) by PK9323 and compounds 1–9 
at the 24 h time point, following 5 μM treatment (from three independent experiments). 

(H) Left: representative WB results of the p53K382ac level following the treatment with 

the indicated compounds at 5 μM for 8 h from three independent experiments. NCI-H1299 

(p53Y220C) stable cells were treated with the indicated compounds for 8 h, followed 

by endogenous immunoprecipitation (IP) FLAG pulldown. Right: quantification of the 

normalized p53K382ac level (p53K382ac level over total p53 protein level) following 
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treatment with the indicated compounds at 5 μM for 8 h (from three independent 

experiments).
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Figure 2. 
Discovery and characterization of MS78, an effective p53Y220C AceTAC. (A) Chemical 

structure of MS78, derived from compound 7. (B) Comparison of the normalized 

p53K382ac level between compound 7 and MS78 in NCI-H1299 (p53Y220C) cells treated 

with the indicated compounds at 0, 1, 3, or 10 μM for 24 h. Results shown are the 

mean values ± SD from three independent experiments (** P < 0.01). (C) Left: WB 

results of the p53K382ac level in NCI-H1299 (p53Y220C) cells treated with MS78 at 

the indicated concentrations at 24 h. Results shown are representative of three independent 

experiments. Right: quantification of the normalized p53K382ac level on the left. Results 

shown are the mean values ± SD from three independent experiments. (D) WB results of the 

p53K382ac level in NCI-H1299 (p53Y220C) cells treated with 10 μM MS78 at the indicated 

time points. Results shown are representative of three independent experiments. (E) WB 

result of the p53K382ac level at the indicated time points post treatment of NCI-H1299 

(p53Y220C) cells with MS78 at 10 μM for 6 h. Results shown are representative of three 

independent experiments. (F) Left: WB results of MS78-mediated p53-p300 interaction via 

p53-FLAG pull-down in NCI-H1299 (p53-null) and NCI-H1299 (p53Y220C) cells treated 

with MS78 at the indicated concentrations for 24 h. Results shown are representative of 

three independent experiments. Right: quantification of normalized p300 and p53K382ac 

levels from three independent experiments shown on the left. (G) Left: WB results of 
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p53-FLAG pull-down after treatment of NCI-H1299 (p53Y220C) cells with MS78 at 

the indicated concentrations and with control siRNA or p300 siRNA. Results shown are 

representative of three independent experiments. Right: quantification of normalized p300 

and p53K382ac levels from three independent experiments shown on the left. (H) Left: WB 

results of p53-FLAG pulldown after treatment of NCI-H1299 (p53Y220C) cells with MS78 

alone at 1 μM, compound 33 alone at 10 μM, or compound 33 pretreatment at 10 μM for 

2 h, followed by MS78 treatment at 1 μM for 18 h. Results shown are representative of 

four independent experiments. Right: quantification of the p300 and normalized p53K382ac 

levels from four independent experiments shown on the left (***P < 0.001).
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Figure 3. 
MS78 inhibits cell growth in NCI-H1299 p53Y220C cells but not in NCI-H1299 p53-null 

cells. Cell viability of MS78, PK9328, and compound 33 in (A) NCI-H1299 p53-null and 

(B) NCI-H1299 p53Y220C cells. The cells were treated with the indicated compounds 

at the indicated concentrations for 72 h. The mean values ± SD from three independent 

experiments are shown. (C) Left, representative WB results of the p53K282ac level induced 

by MS78, PK9328, and compound 33 at 0, 1, 3, and 10 μM in NCI-H1299 p53-null and 

NCI-H1299 p53Y220C cells (24 treatment). Right, quantification of the p53K382ac protein 

level normalized to Vinculin from two independent experiments. Cell viability of MS78, 

PK9328, and compound 33 in NCI-H1299 p53Y220C cells treated with (D) control siRNA 

or (E) p300-siRNA. The cells were treated with siRNA for 72 h and then treated with 

the indicated compounds at the indicated concentrations for 72 h. The mean values ± SD 

from three independent experiments are shown. (F) Left, representative WB results of the 

p53K282ac level in NCI-H1299 p53Y220C cells treated with control siRNA or p300-siRNA 

and then treated with MS78, PK9328, or compound 33 at 0, 1, 3, and 10 μM for 24 h. Right, 

quantification of the p53K382ac protein level normalized to Vinculin from two independent 

experiments.
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Figure 4. 
MS78 effectively inhibits cell growth in cancer cell lines that endogenously express 

p53Y220C and is nontoxic in WT p53 cells. (A) Cell viability results of MS78, PK9328, and 

compound 33 in BxPC3 cells, which were treated with DMSO or the indicated compounds 

at the indicated concentrations for 72 h. The mean value ± SD for each concentration point 

(in technical triplicates from three biological experiments) is shown in the curves. GraphPad 

Prism 8 was used in analysis of raw data. (B) Clonogenic assay results of MS78, PK9328, 

and compound 33 in BxPC3 cells treated with DMSO or 1, 3, or 10 μM of the indicated 

compounds for 14 days. Cells were fixed and stained with crystal violet, and the images are 

representative of two independent experiments. (C) Left: representative WB results of the 

p53K382ac protein level in BxPC3 cells treated with MS78, PK9328, or compound 33 at 0, 

1, 3, or 10 μM for 24 h. Right: quantification of the normalized p53K382ac level in BxPC3 

cells from three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001. (D) Cell 

viability results of MS78, PK9328, and compound 33 in NUGC-3 cells treated with DMSO 

or the indicated compounds at the indicated concentrations for 72 h. The mean value ± SD 

for each concentration point (in technical triplicates from three biological experiments) is 

shown in the curves. GraphPad Prism 8 was used in analysis of raw data. (E) Clonogenic 

assay results of MS78, PK9328, and compound 33 in NUGC-3 cells treated with DMSO 
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or 1, 3, or 10 μM of the indicated compounds for 14 days. Cells were fixed and stained 

with crystal violet, and the images are representative of two independent experiments. (F) 

Left: representative WB results of the p53K382ac protein level in NUGC-3 cells treated 

with MS78, PK9328, or compound 33 at 0, 1, 3, or 10 μM for 24 h. Right: quantification 

of the normalized p53K382ac level in NUGC-3 cells from three independent experiments. 

*P < 0.05, **P < 0.01, ***P < 0.001. (G) Cell viability assay results of MS78, PK9328, 

and compound 33 in U-2OS cells treated with the indicated compounds at the indicated 

concentrations for 72 h. The mean value ± SD for each concentration point (in technical 

triplicates from two biological experiments) is shown in the bar graph. (H) WB results of 

the p53K382ac protein level in U-2OS cells treated with MS78, PK9328, or compound 33 
at 0, 1, 3, and 10 μM for 24 h. WB results shown are representative of two independent 

experiments.
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Figure 5. 
The p53Y220C AceTAC MS78 induces downstream signaling of canonical and 

noncanonical p53 pathways. (A) Heatmap enrichment in high-confidence p53-target genes. 

NCI-H1299 p53-null and p53Y220C cell lines were treated with DMSO or 10 μM MS78 for 

24 h in quadruplicate. (B) Volcano plot of differential gene expression (DGE) of upregulated 

protein and pathways upon 10 μM MS78 treatment compared to DMSO for 24 h in NCI-

H1299 p53Y220C cells. (C) Volcano plot of DGE of upregulated protein and pathways upon 

10 μM MS78 treatment in NCI-H1299 p53Y220C cells compared to 10 μM MS78 treatment 

in NCI-H1299 p53-null cells and DMSO treatment in both cell lines. (D) Enrichment plot 

of significant genes upregulated from the 343 high-confidence p53-target genes (q-value < 

0.01, normalized enrichment score (NES) = 1.52) in NCI-H1299 p53Y220C cells treated 

with 10 μM MS78 versus DMSO for 24 h in quadruplicate. (E) KEGG pathway analysis of 

upregulated protein and pathways upon 10 μM MS78 treatment compared to DMSO for 24 

h in NCI-H1299 p53Y220C cells. (F) KEGG pathway analysis of upregulated protein and 

pathways upon 10 μM MS78 treatment in NCI-H1299 p53Y220C stable cell line compared 

to DMSO treatment in NCI-H1299 p53Y220C cells, DMSO treatment in NCI-H1299 p53-

null cells, and 10 μM MS78 treatment in NCI-H1299 p53-null cells. The values of log2 
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fold change and log10 p-values in panels B and C were generated from four independent 

experiments.
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